
Citation: Britto-Júnior, J.;

Medeiros-Teixeira, L.R.; Lima, A.T.;

Dassow, L.C.; Lopes-Martins, R.Á.B.;

Campos, R.; Moraes, M.O.;

Moraes, M.E.A.; Antunes, E.;

De Nucci, G. 6-Nitrodopamine Is the

Most Potent Endogenous Positive

Inotropic Agent in the Isolated Rat

Heart. Life 2023, 13, 2012. https://

doi.org/10.3390/life13102012

Academic Editors: Nadezhda G.

Gumanova and Alexander Kots

Received: 2 September 2023

Revised: 1 October 2023

Accepted: 2 October 2023

Published: 4 October 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

life

Article

6-Nitrodopamine Is the Most Potent Endogenous Positive
Inotropic Agent in the Isolated Rat Heart
José Britto-Júnior 1, Lincoln Rangel Medeiros-Teixeira 1, Antonio Tiago Lima 1, Letícia Costa Dassow 2,
Rodrigo Álvaro Brandão Lopes-Martins 2, Rafael Campos 1,3, Manoel Odorico Moraes 3,
Maria Elisabete A. Moraes 3, Edson Antunes 1 and Gilberto De Nucci 1,2,3,4,*

1 Department of Pharmacology, Faculty of Medical Sciences, University of Campinas (UNICAMP),
Campinas 13083-970, Brazil; josebrittojr@dac.unicamp.br (J.B.-J.); l219199@dac.unicamp.br (L.R.M.-T.);
a234935@dac.unicamp.br (A.T.L.); racampos@unicamp.br (R.C.); eantunes@unicamp.br (E.A.)

2 Laboratory of Biophotonics and Experimental Therapeutics, University Evangélica of Goiás (UniEVANGÉLICA),
Anápolis 75083-515, Brazil; llcdassow@gmail.com (L.C.D.); ralopesmartins@gmail.com (R.Á.B.L.-M.)

3 Clinical Pharmacology Unit, Drug Research and Development Center, Federal University of Ceará (UFC),
Fortaleza 60020-181, Brazil; odorico@ufc.br (M.O.M.); betemora@ufc.br (M.E.A.M.)

4 Department of Pharmacology, Institute of Biomedical Sciences, University of São Paulo (USP),
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Abstract: Background: 6-nitrodopamine released from rat isolated atria exerts positive chronotropic
action, being more potent than noradrenaline, adrenaline, and dopamine. Here, we determined
whether 6-nitrodopamine is released from rat isolated ventricles (RIV) and modulates heart in-
otropism. Methods: Catecholamines released from RIV were quantified by LC-MS/MS and their
effects on heart inotropism were evaluated by measuring left ventricular developed pressure (LVDP)
in Langendorff’s preparation. Results: 6-nitrodopamine was the major released catecholamine from
RIV. Incubation with L-NAME (100 µM), but not with tetrodotoxin (1 µM), caused a significant
reduction in 6-nitrodopamine basal release. 6-nitrodopamine release was significantly reduced
in ventricles obtained from L-NAME chronically treated animals. 6-nitrodopamine (0.01 pmol)
caused significant increases in LVDP and dP/dtmax, whereas dopamine and noradrenaline required
10 pmol, and adrenaline required 100 pmol, to induce similar increases in LVDP and dP/dtmax. The
infusion of atenolol (10 nM) reduced basal LVDP and blocked the increases in LVDP induced by 6-ND
(0.01 pmol), without affecting the increases in LVDP induced by 10 nmol of dopamine and nora-
drenaline and that induced by adrenaline (100 nmol). Conclusions: 6-nitrodopamine is the major
catecholamine released from rat isolated ventricles. It is 1000 times more potent than dopamine and
noradrenaline and is selectively blocked by atenolol, indicating that 6-ND is a main regulator of
heart inotropism.

Keywords: atenolol; b-blocker; tetrodotoxin; L-NAME

1. Introduction

Myocardial inotropism and lusitropism are modulated by the β-adrenoceptors (b-AR)
β1-AR and β2-AR, which are mainly located in human cardiomyocytes (β1-/β2-AR ratio
is 80%:20%) [1]. A higher preponderance of β1-AR over β2-AR has also been observed
in rat right and left atria (67–33%, respectively) [2] and in the rat left ventricle [3]. The
β3-adrenoceptors are also expressed in the heart [4], but they are associated with a negative
inotropic response [5].

The catecholamines noradrenaline and adrenaline are known as potent positive
chronotropic and inotropic agents through β-AR activation [6]. When these receptors
are activated, they cause intracellular signaling via G protein modulation of adenylyl
cyclases, a family of enzymes responsible for cAMP production [7]. β1 agonists such as
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dobutamine increase tissue cAMP production through the β-adrenergic-mediated stimu-
lation of adenylate cyclase [8]. The current understanding is that under basal conditions,
cAMP levels are modulated by either intrinsic β-AR activities or by classical catecholamine
baseline levels. Interestingly, cAMP is rapidly hydrolyzed by phosphodiesterases (PDEs)
and the latter plays an important part in directing intracellular cAMP propagation [9,10].
Indeed, the use of selective phosphodiesterase (PDE) type 3 inotropes such as milrinone [11]
or enoximone [12] provokes indirect increases in cAMP production, and the inhibition of
PDE3 or PDE4 augments the noradrenaline-induced positive inotropic effects in the human
atrium [13].

The novel catecholamine 6-nitrodopamine (6-ND) is released from the human umbili-
cal cord artery and vein [14], aortae obtained from the tortoise Chelonoidis carbonarius [15]
and the marmoset Callithrix spp. [16], and human [17] and rat vas deferens [18] and right
atria [19]. In the atria, 6-ND acts as a potent modulator of heart chronotropism, being
more potent than noradrenaline and adrenaline (100×), and dopamine (10,000×) [19].
Incubation of the atria with the nitric oxide (NO) synthase inhibitor L-NAME causes a
significant reduction in 6-ND basal released levels, whereas incubation with the voltage-
gated sodium channel blocker tetrodotoxin does not affect it, indicating that in contrast
to noradrenaline, the origin of 6-ND is not neurogenic [19]. Indeed, the release of 6-ND
from mice isolated atria and ventricles was significantly reduced in eNOS−/−, but not in
nNOS−/− or iNOS−/− mice [20]. Another characteristic of the 6-ND chronotropic effect in
the rat isolated atria is that the 6-ND-induced positive chronotropic effect was selectively
blocked by the β1-adrenoceptor antagonists atenolol, betaxolol, and metoprolol, since the
concentrations employed had no effect on the chronotropism increases provoked by the
classical catecholamines [19].

Since noradrenaline and adrenaline are considered potent stimulators of heart in-
otropism [21], whether 6-ND is released from rat isolated ventricles and whether it modu-
lates heart inotropism in Langendorff’s preparation was investigated [22].

2. Materials and Methods
2.1. Animals

The animals (male Wistar rats, weighing 280–320 g) were acquired from CEMIB-
UNICAMP (São Paulo, Brazil). The protocols were approved by the local ethics committee
(CEUA; Protocol No. 5746-1/2021; 5831-1/2021) according to the Brazilian Guidelines
(CONCEA) [23]; and the ARRIVE guidelines [24].

2.2. Treatment with NO Synthesis Inhibitor Nω-Nitro-L-arginine Methyl Ester Hydrochloride (L-NAME)

Animals were given filtered water containing L-NAME at a dose of approximately
20 mg/rat/day for a minimum of 4 weeks and a maximum of 6 weeks [25]. Control animals
were treated with filtered water.

2.3. Rat Isolated Ventricles

Isoflurane overdose was employed for euthanasia and the animals were exposed to a
concentration greater than 5% until 1 min after breathing stopped. Exsanguination was
performed to confirm the euthanasia. After euthanasia, the chest was opened and the
heart was rapidly excised. The right and left ventricles were isolated en bloc from each
rat heart and suspended in a 5 mL organ bath containing Krebs–Henseleit solution (KHS;
in mM: NaCl 118, KCl 4.7, CaCl2 2.5, MgSO4 1.7, NaHCO3 24.9, KH2PO4 1.2, dextrose
11, sodium pyruvate 2, pH 7.4) continuously gassed with a mixture (95% O2: 5% CO2) at
37 ◦C, supplemented with ascorbic acid (1 mM) to prevent catecholamine oxidation [26].

2.4. Basal Release of Catecholamines from Rat Ventricles

The right and left ventricles en bloc from each rat were suspended in a 5 mL organ
bath containing KHS (pH 7.4; 95% O2 / 5% CO2; 37 ◦C) containing ascorbic acid (1 mM) for
30 min. Two 2 mL aliquots of the supernatant were transferred to black Eppendorf tubes and
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stored at −20 ◦C until analysis [27]. Basal release of catecholamines was also evaluated from
ventricles obtained from animals chronically treated with L-NAME and from ventricles
of control animals incubated with either L-NAME (100 µM) or the voltage-gated sodium
channel blocker tetrodotoxin (TTX; 1 µM).

2.5. Determination of Catecholamines by Liquid Chromatography Coupled to Tandem Mass
Spectrometry (LC-MS/MS)

The catecholamine LC-MS/MS method [28] was modified to allow the measurement of
the four catecholamines in a single chromatographic run. The method validation following
USFDA guidelines for bioanalytical methods [29] was described elsewhere.

2.6. Isolated Langendorff’s Perfused Heart

Heparin (1000 IU/kg) was injected i.p. to prevent blood clotting and euthanasia was
performed as described earlier (Section 2.3). Exsanguination was performed to confirm the
euthanasia. The chest was opened and the heart was rapidly excised, the ascending aorta
was cannulated, and the heart was mounted in a nonrecirculating Langendorff apparatus.
The isolated heart was perfused with KHS (pH 7.4, 37 ◦C), equilibrated with carbogen
gas mixture (95% O2: 5% CO2) at constant flow (10 mL/min) and maintained 4-10 mm
Hg left ventricular end-diastolic pressure (LVEDP) during initial equilibration [30]. A
water-filled latex balloon, connected to the pressure transducer (MLT1199 BP Transducer,
ADInstruments, Inc., Dunedin, NZ, USA), was inserted into the left ventricle (LV) via
the mitral valve. Left ventricular systolic pressure (LVSP), left ventricular end-diastolic
pressure (LVeDP), and heart rate (HR) were continuously recorded by a PowerLab System
(ADInstruments, Inc., Dunedin, NZ, USA). Left ventricular developed pressure (LVDP)
was calculated by the following formula: LVSP-LVeDP and expressed in mmHg. Rate
pressure product (RPP) was calculated as the product of heart rate (HR) and left ventricular
developed pressure (LVDP) as follows: RPP = (HR × LVDP). One heart was used for a
single drug and for a single dose. Only hearts that presented a basal heart rate between
250 and 300 bpm were employed in the experiments.

2.7. Langendorff’s Perfused Heart Analysis and Experimental Design

Following an equilibration period of at least ten minutes, a single bolus (10 mL) of
6-ND (0.01, 0.1, 1 or 10 pmol), dopamine (1, 10, 100 or 1000 pmol), noradrenaline (1, 10, 100
or 1000 pmol), or adrenaline (1, 10, 100 or 1000 pmol) was injected. One heart was used for
a single drug and for a single dose (for the evaluation of the inotropic effect of 0.01 (n = 5),
0.1 (n = 6), 1 (n = 6), and 10 (n = 6) pmol of 6-ND, 23 animals were employed).

2.8. Effect of Atenolol Infusion on the Positive Inotropic Effect Induced by Catecholamines

Following an equilibration period of at least ten minutes, a ten-minute (100 mL/min)
infusion of atenolol (0.001, 0.01, 0.1 and 1 µM; final concentration) was performed before
the bolus injection of 6-ND (1 pmol), dopamine (10 nmol), noradrenaline (1 nmol), and
adrenaline (1 nmol). The heart was monitored for 15 min. One heart was used for a single
drug and a single infusion.

2.9. Statistical Analysis

The left ventricular developed pressure (LVDP) was calculated as the difference be-
tween the systolic and end-diastolic pressure values, received from the LVDP curve. Left
ventricular systolic pressure (LVSP), left ventricular end-diastolic pressure (LVeDP), and
heart rate (HR) were continuously recorded by a PowerLab System (ADInstruments,
Inc., Dunedin, NZ, USA). Left ventricular developed pressure (LVDP) was calculated
by the following formula: LVSP-LVeDP and expressed in mmHg. Rate pressure prod-
uct (RPP) was calculated by the following formula: HR times LVDP and expressed
as beats × mmHg × min−1. The maximal rate of rise of the left ventricular pressure
(+dP/dtmax) was monitored continuously by a pressure transducer connected to a Pow-
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erLab system (AD Instrument, Dunedin, New Zealand) and expressed as mmHg × s−1.
Changes in LVDP were expressed as the increase above the baseline. Data of the heart rate
are presented as beats per minute (bpm). The results are presented as the mean ± standard
error of the mean (SEM). Paired and unpaired t-tests were used when appropriate. Com-
parisons among three or more groups were evaluated using one-way ANOVA, followed by
Newman–Keuls test. Actual p values are described in Figures.

2.10. Chemical and Reagents

The reagents and suppliers are described in Table 1 below.

Table 1. List of suppliers and chemicals.

Suppliers Chemicals

Sigma-Aldrich Chemicals Co. (MO, USA) Dopamine, adrenaline, and L-NAME (Nω-Nitro-L-arginine methyl ester hydrochloride)

Cayman Chemicals (MI, USA) Noradrenaline and tetrodotoxin (TTX)

Toronto Research Chemicals (ON, Canada). 6-Nitrodopamine-d4 and 6-Nitrodopamine

CDN Isotopes (QC, Canada) Adrenaline-d6 hydrochloride, DL-noradrenaline-d6 hydrochloride, and
dopamine-d3 hydrochloride,

Merck KGaA (Hesse, Germany)
Sodium chloride (NaCl), dextrose, calcium chloride (CaCl2), magnesium sulfate
(MgSO4), sodium bicarbonate (NaHCO3), potassium chloride (KCl), potassium

phosphate monobasic (KH2PO4)

3. Results
3.1. Basal Release of Catecholamines from Isolated Ventricles

The isolated ventricles (Figure 1A–C) presented 6-ND basal release, which was signif-
icantly inhibited by pre-treating (30 min) the isolated ventricles with L-NAME (100 µM;
Figure 1A, n = 6). The basal release of 6-ND was also decreased in the ventricles obtained
from rats chronically treated with L-NAME (Figure 1B, n = 11). The incubation of rat iso-
lated ventricles with TTX (30 min, 1 µM) had no effect on the 6-ND basal release (Figure 1C,
n = 6). Dopamine, noradrenaline, and adrenaline levels were undetected in all samples
(limit of quantitation was 0.1 ng/mL).

3.2. Effect of the Chronic Administration of L-NAME on the Left Ventricular Developed Pressure
(LVDP), dP/dtmax, Heart Rate (HR), and Rate Pressure Product (RPP)

The animals were chronically (4-6 weeks) treated with L-NAME (20 mg/day) in the
drinking water, and the hearts were isolated and perfused in vitro (Langendorff’s prepa-
ration). The hearts obtained from the chronically L-NAME-treated animals presented a
significantly lower left ventricular developed pressure (Figure 2A), lower maximal rate
of rise of left ventricular pressure (dP/dtmax; Figure 2B), lower heart rate (Figure 2C),
and lower rate-pressure product (Figure 2D), compared to hearts obtained from the
control animals.

3.3. Effect of Bolus Injections of Catecholamines on the Left Ventricle Developed Pressure (LVDP)

A bolus injection of 6-ND (0.01 pmol) caused a significant increase in the LVDP
(Figure 3A). Further increases in the doses of 6-ND (0.1 and 1 pmol) also substantially
increased LVDP, but these increases were not significantly different among them (Figure 3A).
In contrast to 6-ND, bolus injections (1 pmol) of dopamine (Figure 3B), noradrenaline
(Figure 3C), and adrenaline (Figure 3D) caused no increases in LVDP. Bolus injections
of higher doses (10–1000 pmol) of dopamine (Figure 3B) and noradrenaline (Figure 3C)
caused significant dose-dependent increases in the LVDP. A bolus injection of higher doses
(100–1000 pmol) of adrenaline (Figure 3D) caused significant dose-dependent increases in
the LVDP.
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Figure 1. Basal release of 6-nitrodopamine (6-ND) from rat isolated ventricles. Panel (A) shows
the effect of pre-incubation (30 min) with L-NAME (100 µM) on the basal release of 6-ND from rat
isolated ventricles (n = 6). Panel (B) shows the basal release of 6-ND from isolated ventricles obtained
from control rats and from chronically L-NAME-treated rats (20 mg/kg/day, 4–6 weeks, n = 11).
Panel (C) shows effect of pre-incubation (30 min) of tetrodotoxin (TTX;1 µM) on the basal release of
6-ND (n = 6).
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Figure 2. Effect of the chronic treatment with L-NAME on the left ventricular pressure (LVDP),
maximal rate of rise of left ventricular pressure (dP/dtmax), heart rate, and rate pressure product
(RPP). The animals were treated with L-NAME (20 mg/day for 4–6 weeks), and the hearts isolated
and perfused in vitro (Langendorff’s preparation). The hearts obtained from chronically L-NAME-
treated animals presented significantly lower left ventricular developed pressure (Panel A), lower
maximal rate of rise of left ventricular pressure (dP/dtmax; Panel B), lower heart rate (Panel C), and
lower rate-pressure product (Panel D), compared to hearts obtained from control animals. Unpaired t-test.
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Figure 3. Effect of bolus injections of 6-nitrodopamine (6-ND), dopamine (DA), noradrenaline (NA),
and adrenaline (ADR) on the left ventricular developed pressure (LVDP). Bolus injections of 6-ND
(0.01–1 pmol; Panel A), dopamine (10–1000 pmol; Panel B), noradrenaline (10–1000 pmol; Panel C),
and adrenaline (100–1000 pmol; Panel D) caused significant increases in the left ventricular developed
pressure (LVDP). ANOVA, followed by Newman–Keuls test.

3.4. Effect of Bolus Injections of Catecholamines on dP/dtmax

A bolus injection of 6-ND (0.01 pmol) caused a significant increase in the dP/dtmax
(Figure 4A). Further increases in the doses of 6-ND also substantially increased dP/dtmax,
but these increases were not significantly different among them (Figure 4A). In contrast to
6-ND, bolus injections (1 pmol) of dopamine (Figure 4B), noradrenaline (Figure 4C), and
adrenaline (Figure 4D) caused no increases in the dP/dtmax. Bolus injections of higher
doses of dopamine (Figure 4B), noradrenaline (Figure 4C), and adrenaline (Figure 4D)
caused significant dose-dependent increases in the dP/dtmax.

3.5. Effect of Bolus Injections of Catecholamines on the Heart Rate

A bolus injection of 6-ND (0.1 pmol) caused a significant increase in the heart rate
(Figure 5A). Further increases in the doses of 6-ND also substantially increased the heart
rate, but these increases were not significantly different among them (Figure 5A). In contrast
to 6-ND, bolus injections (1 pmol) of dopamine (Figure 5B), noradrenaline (Figure 5C), and
adrenaline (Figure 5D) caused no increases in the heart rate. Bolus injections of higher
doses (10-1000 pmol) of dopamine (Figure 5B), noradrenaline (Figure 5C), and adrenaline
(Figure 5D) caused significant dose-dependent increases in the heart rate.

3.6. Effect of Atenolol Infusion on the Increases in the Left Ventricle Developed Pressure (LVDP)
Induced by Catecholamines

The infusion of atenolol (10 nM and 100 nM) almost abolished the increases in the
LVDP induced by 1 pmol of 6-ND (Figure 6A). Atenolol (100 nM) significantly reduced the
increases in the LVDP induced by adrenaline (1 nmol; Figure 6D), without affecting those
induced by either dopamine (1 nmol; Figure 6B) or noradrenaline (Figure 6C). The infusion
of atenolol (1 µM) significantly reduced the increases in the LVDP induced by dopamine
(1 nmol; Figure 6B), noradrenaline (1 nmol; Figure 6C), and adrenaline (1 nmol; Figure 6D).
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Figure 5. Effect of bolus injections of 6-nitrodopamine (6-ND), dopamine (DA), noradrenaline (NA),
and adrenaline (ADR) on the heart rate (HR). Bolus injections of 6-ND (0.1–1 pmol; Panel A), dopamine
(10–1000 pmol; Panel B), noradrenaline (10–1000 pmol; Panel C), and adrenaline (10–1000 pmol; Panel
D) caused significant increases in the heart rate. ANOVA, followed by Newman–Keuls test.
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Figure 6. Effect of atenolol infusions (0.01–1 µM) on the increases in the left ventricle developed
pressure (LVDP) induced by 6-nitrodopamine (6-ND), dopamine (DA), noradrenaline (NA), and
adrenaline (ADR). Atenolol (10–100 nM) blocked the increases in the LVDP induced by 6-ND (1 pmol;
Panel A). Atenolol (100 nM) had no effect on the increases in the LVDP induced by dopamine (1 nmol;
Panel B) and noradrenaline (1 nmol; Panel C), but significantly inhibited the increases in the LVDP
induced by adrenaline (1 nmol; Panel D). Atenolol (1 µM) significantly reduced the increases in the
LVDP induced by dopamine (1 nmol; Panel B), noradrenaline (1 nmol; Panel C), and adrenaline
(1 nmol; Panel D). ANOVA, followed by Newman–Keuls test. The p values reflect significance
compared to control values.

3.7. Effect of Atenolol Infusion on the Increases in dP/dtmax Induced by Catecholamines

The infusion of atenolol (10 nM and 100 nM) almost abolished the increases in the
dP/dtmax induced by 1 pmol of 6-ND (Figure 7A). The infusion of atenolol (100 nM) signif-
icantly reduced the increases in the dP/dtmax induced by adrenaline (1 nmol; Figure 7D),
without affecting those induced by either dopamine (1 nmol; Figure 7B) or noradrenaline
(Figure 7C). The infusion of atenolol (1 µM) significantly reduced the increases in the
dP/dtmax induced by dopamine (1 nmol; Figure 7B), noradrenaline (1 nmol; Figure 7C),
and adrenaline (1 nmol; Figure 7D).

3.8. Effect of Atenolol Infusion on the Increases in the Heart Rate (HR) Induced by Catecholamines

The infusion of atenolol (10 nM and 100 nM) significantly attenuated the increases in
the heart rate induced by 1 pmol of 6-ND (Figure 8A). The infusion of atenolol (100 nM) did
not alter the increases in the HR induced by dopamine (1 nmol; Figure 8B), noradrenaline
(1 nmol; Figure 8C), and adrenaline (Figure 8D). The infusion of atenolol (1 µM) attenuated
the increases in the heart rate induced by dopamine (1 nmol; Figure 8B), noradrenaline
(1 nmol; Figure 8C), and adrenaline (Figure 8D).

3.9. Effect of Atenolol Infusion on the Basal LVDP, dP/dtmax, HR, and Rate Pressure Product

The infusion of atenolol (10 nM) caused significant reductions in the LVDP (Figure 9A),
the dP/dtmax (Figure 9B), the basal heart rate (Figure 9C), and the basal rate pressure
product (Figure 9D).
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Figure 7. Effect of atenolol infusions (0.01–1 nM) on the maximal rate of rise of left ventricular
pressure (dP/dtmax) induced by 6-nitrodopamine (6-ND), dopamine (DA), noradrenaline (NA), and
adrenaline (ADR). Atenolol (10–100 nM) blocked the increases in the dP/dtmax induced by 6-ND
(1 pmol; Panel A). Atenolol (100 nM) had no effect on the increases in the dP/dtmax induced by
dopamine (1 nmol; Panel B) and noradrenaline (1 nmol; Panel C), but significantly inhibited the
increases in the dP/dtmax induced by adrenaline (1 nmol; Panel D). Atenolol (1 µM) significantly
reduced the increases in the dP/dtmax induced by dopamine (1 nmol; Panel B), noradrenaline (1 nmol;
Panel C), and adrenaline (1 nmol; Panel D). ANOVA, followed by Newman–Keuls test. The p values
reflect significance compared to control values.
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Figure 8. Effect of atenolol infusions (0.01–1 µM) on the increases in heart rate induced by
6-nitrodopamine (6-ND), dopamine (DA), noradrenaline (NA), and adrenaline (ADR). Atenolol
(10–100 nM) blocked the increases in the heart rate induced by 6-ND (1 pmol; Panel A). Atenolol (100 nM)
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had no effect on the increases in the heart rate induced by dopamine (1 nmol; Panel B), noradrenaline
(1 nmol; Panel C), and adrenaline (1 nmol; Panel D). Atenolol (1 µM) caused significant reductions in
the increases in the heart rate induced by dopamine (1 nmol; Panel B), noradrenaline (1 nmol; Panel
C), and adrenaline (1 nmol; Panel D). ANOVA, followed by Newman–Keuls test. The p values reflect
significance compared to control values.
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Figure 9. Effect of atenolol on the left ventricular pressure (LVDP), maximal rate of rise of left
ventricular pressure (dP/dtmax), heart rate, and rate pressure product (RPP). Atenolol (10 nM) caused
significant reductions in the left ventricular developed pressure (LVDP; Panel A), maximal rate of
rise of left ventricular pressure (dP/dtmax; Panel B), heart rate (Panel C), and rate-pressure product
(Panel D). Unpaired t-test.

4. Discussion

6-ND is released from the whole heart; as it is not only the main catecholamine released
from rat isolated ventricles, the results presented here extend our original observation that
6-ND is the major catecholamine released from rat isolated atria [19]. As observed in vascu-
lar tissues [14,15], rat and human vas deferens [17,18] and rat isolated atria [19], the basal
release is significantly reduced when the tissues are pre-incubated with the NO synthase
inhibitor L-NAME; or, in the case of the rat vas deferens, rat isolated atria and rat isolated
ventricles (present study) when tissues from L-NAME-chronically-treated rats were em-
ployed. 6-ND biosynthesis could be due to either direct nitrosation of dopamine following
NO synthesis or to nitrite anion (NO2

−) oxidation, formed by the degradation of NO to
the nitrogen dioxide radical (NO2

.), as observed with mammalian heme peroxidases [31]
and myeloperoxidase [32]. The finding that 6-ND basal release is significantly decreased
in mice isolated atria and ventricles obtained from eNOS−/− mice, but is not reduced in
nNOS−/− mouse [20], indicates a non-neurogenic origin in the heart.

The results with Langendorff’s preparation demonstrate that 6-ND is a very potent
positive inotropic agent, being more potent than dopamine and noradrenaline (one thou-
sand times) and adrenaline (ten thousand times). 6-ND should be considered the most
potent endogenous inotropic agent ever reported. Since the synthesis/release of 6-ND
from the ventricles is significantly reduced following both acute and chronic inhibition of
NO synthase, the finding that rat hearts from chronically L-NAME-treated rats present
decreased LVDP is compatible with the major physiological role of 6-ND as a modulator of
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heart inotropy; however, those hearts present extensive areas of fibrosis and myocardial
necrosis [33], which could contribute to the decreased inotropic response.

The inhibition of NO synthase does cause coronary vasoconstriction [34], and coronary
vasoconstriction will decrease myocardial contractility. Whether NO has a direct role in the
regulation of cardiac contractility independently of coronary vasoconstriction remains con-
troversial, since it has been characterized as positive [35,36], absent [37], and negative [6]
on basal myocardial contractility. Similar to the results here presented, in the rat isolated
perfused heart, infusion of the heart with NW-nitro-L-arginine (L-NNA) provoked relevant
decreases in both left ventricular pressure and dP/dtmax [38]. The infusion of another NOS
inhibitor, NG-Methyl-L-arginine acetate salt (L-NMMA), in the rat isolated perfused heart
caused an approximately 40% reduction in coronary flow and 60% in cardiac output [34].
In the rat isolated perfused heart stimulated with isoproterenol, infusion of L-NMA caused
left ventricular dP/dtmax to decrease from 2718 ± 170 to 2070 ± 137 mm Hg/s−1 and
left ventricular peak pressure to decrease from 105 ± 9 to 86 ± 5 mm Hg [39]. In vivo,
intracoronary infusion of the NOS inhibitor L-NMMA (25 mmol/min) in healthy volun-
teers caused a significant reduction in basal LV dP/dtmax (from 1826 to 1578 mmHg/s;
p < 0.002), but had no effect on mean aortic pressure or right atrial pressure, indicat-
ing that endogenous NO has a positive inotropic effect in the normal human heart [40].
The intravenous infusion of L-NMMA (1 mg/kg/min) caused an increase in the mean
blood pressure and significant reductions in both cardiac output and stroke volume by
27.8 ± 2.9% and 15.4 ± 3.5%, respectively [41]. In Long Evans conscious rats, an intra-
venous bolus injection of L-NAME (10 mg kg−1) provoked important decreases in total
cardiac output and stroke volume [42]. Interestingly, in a mouse model of heart failure with
preserved ejection fraction, chronic administration of L-NAME did not alter the ejection
fraction, although the animals presented signs of congestive heart failure. Indeed, acute or
chronic administration of L-NAME is associated with cardio depressive effects [40,43–47].

Although the mechanism responsible for the inotropic action of 6-ND is not known,
the finding that it also has positive chronotropic action may provide some clues. For
instance, positive inotropic drugs increase the force of myocardial contraction through
different pathways. The oldest, cardiac glycoside digoxin, works directly on myocardium
and inhibits Na+/K+-ATPase in the cell membrane [48], resulting in an increase in the intra-
cellular calcium content and its binding to contractile proteins of myofibril [49]. Istaroxime
is a novel inotropic agent, structurally not related to cardiac glycosides but with a similar
mechanism of action; it also inhibits Na+/K+-ATPase at the sarcolemma, increasing the
intracellular calcium content during systole and improving contractility [50]. It is unlikely
that 6-ND acts as an inhibitor of Na+/K+-ATPase since the use of digoxin is associated with
a significant reduction in heart rate [51], and istaroxime, when administered (3 mg/kg/min)
to normally conducted sinus rhythm dogs, decreased the heart rate [52].

Levosimendan, a pyridazinone-dinitrile derivative, is a positive inotropic drug with
a different mechanism of action. It behaves as a calcium sensitizer, increasing troponin
C affinity for Ca2+ and stabilizing the troponin C conformation [53]. Levosimendan can
increase intracellular calcium due to phosphodiesterase inhibition; however, this does not
occur in therapeutic concentrations [54]. The use of levosimendan in severe heart failure
patients is associated with an improvement in haemodynamic functions without significant
changes in heart rate [55]; while 6-ND has positive chronotropic action, the results obtained
here show that 6-ND can have an inotropic effect at dose/concentrations that do not
change the heart rate. Whether 6-ND can increase troponin C’s affinity for Ca2+ remains to
be investigated.

Other positive inotropic agents increase cardiac contractility through pathways such
as an increase in cyclic AMP levels either by stimulation of adenylyl cyclase or by inhibition
of type-3 PDE [56]. The PDE3 inhibitors milrinone [57] and cilostazol [58] have positive
inotropic and chronotropic effects, and the potency parallels their ability to inhibit PDE3.
However, it is unlikely that 6-ND acts as a PDE3 inhibitor since, when incubated in the
rat isolated right atrium, it abolishes the concentration-dependent increase in the atrial
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rate induced by milrinone or cilostazol [59]. In addition, incubation of 6-ND with human
washed platelets was not accompanied by a change in nucleotide levels [60].

β1-receptor stimulation in ventricular myocytes activates the Gs-adenylyl cyclase-
cAMP-protein kinase A (PKA) with consequent phosphorylation of PKA substrates in-
cluding L-type calcium channel, cardiac troponin I, and cardiac myosin-binding protein
C, causing an increase in calcium transients and contractility [61]. In pacemaker cells,
phosphorylation by PKA of membrane ion channels increases calcium cycling and pacing
rate. Thus, the activation of β 1-adrenoceptors by catecholamines is responsible for positive
inotropy [62]. It is interesting that selective β1-adrenoceptor antagonists, atenolol, betaxolol,
and metoprolol, reduced the atrial frequency at concentrations that selectively blocked the
increases in atrial rate induced by 6-ND, indicating that the reduction in heart rate induced
by β1-adrenoceptor antagonists could be due to specific inhibition of the 6-ND receptor,
rather than the β1-adrenoceptor [19]. Indeed, the same phenomena has been observed here,
where atenolol induced a negative inotropic effect at the same concentration that affected
the positive inotropic effect of 6-ND but did not alter the positive inotropic effect induced
by the classical catecholamines. The finding that atenolol presents a negative inotropic
effect in concentrations that selectively affect the 6-ND positive inotropic effect reinforces
the concept that 6-ND has a major modulatory role in heart inotropism.

Although the mechanism(s) by which 6-ND causes a positive inotropic and chronotropic
effect in the rat isolated heart is unclear, the remarkable potency of this endogenous novel
catecholamine presents interesting therapeutic possibilities, mainly in acute heart failure
(AHF). This clinical syndrome, identified by a sudden worsening of AHF symptoms [63],
is one of the most common causes for hospital admission, mainly in aged patients [64].
Guidelines recommend patients should receive temporary intravenous positive inotropic
agents, such as adrenergic agonists, including dobutamine, dopamine, and PDE inhibitors
such as milrinone [65]. Although there is some evidence that this approach maintains sys-
temic perfusion and preserves end-organ performance, positive inotropic agents have not
yet demonstrated improved outcomes in AHF patients in either a hospital or ambulatorial
setting [66]. Interestingly, the most promising therapeutic target in acute decompensated
AHF outside of decongestion with diuresis is the vasodilatory pathway [67], and 6-ND
is also a very potent vasodilator [14,15]. However, it is important to note that, so far, the
positive inotropic effect induced by 6-ND has been observed only in vitro, and therefore
these results need to be validated in both anaesthetized and conscious animal models of
heart failure.

5. Conclusions

6-ND has potent positive inotropic action, presenting a potential novel therapeutic
approach in acute heart failure.

Author Contributions: Conceptualization, J.B.-J. and G.D.N.; Methodology, J.B.-J., L.R.M.-T., A.T.L.,
R.Á.B.L.-M., R.C., M.O.M., M.E.A.M., E.A. and G.D.N.; Formal analysis, G.D.N.; Investigation, A.T.L.
and L.C.D.; Data curation, G.D.N.; Writing—original draft, J.B.-J., E.A. and G.D.N.; Writing—review &
editing, E.A. and G.D.N. All authors have read and agreed to the published version of the manuscript.

Funding: Sao Paulo Research Foundation (FAPESP) grants 2021/14414-8 (J.B.-J.), 2022/08232-7 (R.C.),
2021/13593-6 (A.T.L.), 2017/15175-1 (E.A.); 2019/16805-4 (G.D.N.). Brazilian Ministry of Health
grant 23067.050073/2018-19 (M.O.M. & M.E.A.M.); National Council for Scientific and Technological
Development (CNPq) grant 303839/2019-8 (G.D.N.).

Institutional Review Board Statement: The protocols were approved by the local ethics committee
(CEUA; Protocol No. 5746-1/2021; 5831-1/2021).

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: Charles Nash edited the manuscript.



Life 2023, 13, 2012 13 of 15

Conflicts of Interest: The authors declare that they have no competing interest.

References
1. Heitz, A.; Schwartz, J.; Velly, J. β-Adrenoceptors of the human myocardium: Determination of β1 and β2 subtypes by radioligand

binding. Br. J. Pharmacol. 1983, 80, 711–717. [CrossRef]
2. Juberg, E.N.; Minneman, K.P.; Abel, P.W. β1- and β2-adrenoceptor binding and functional response in right and left atria of rat

heart. Naunyn-Schmiedeberg’s Arch. Pharmacol. 1985, 330, 193–202. [CrossRef]
3. Vago, T.; Bevilacqua, M.; Dagani, R.; Meroni, R.; Frigeni, G.; Santoli, C.; Norbiato, G. Comparison of rat and human left ventricle

beta-adrenergic receptors: Subtype heterogeneity delineated by direct radioligand binding. Biochem. Biophys. Res. Commun. 1984,
121, 346–354. [CrossRef] [PubMed]

4. Yang, J.; Liu, Y.; Fan, X.; Li, Z.; Cheng, Y. A pathway and network review on beta-adrenoceptor signaling and beta blockers in
cardiac remodeling. Heart Fail. Rev. 2013, 19, 799–814. [CrossRef]

5. Gauthier, C.; Leblais, V.; Kobzik, L.; Trochu, J.N.; Khandoudi, N.; Bril, A.; Balligand, J.L.; Le Marec, H. The negative inotropic
effect of beta3-adrenoceptor stimulation is mediated by activation of a nitric oxide synthase pathway in human ventricle. J. Clin.
Investig. 1998, 102, 1377–1384. [CrossRef]

6. Vandecasteele, G.; Bedioune, I. Investigating cardiac β-adrenergic nuclear signaling with FRET-based biosensors. Ann.
d’Endocrinologie 2021, 82, 198–200. [CrossRef]

7. Fu, Q.; Chen, X.; Xiang, Y.K. Compartmentalization of β-adrenergic signals in cardiomyocytes. Trends Cardiovasc. Med. 2013, 23,
250–256. [CrossRef]

8. Marzo, K.P.; Frey, M.J.; Wilson, J.R.; Liang, B.T.; Manning, D.R.; Lanoce, V.; Molinoff, P.B. Beta-adrenergic receptor-G protein-
adenylate cyclase complex in experimental canine congestive heart failure produced by rapid ventricular pacing. Circ. Res. 1991,
69, 1546–1556. [CrossRef] [PubMed]

9. Zaccolo, M. Phosphodiesterases and compartmentalized cAMP signalling in the heart. Eur. J. Cell Biol. 2006, 85, 693–697.
[CrossRef] [PubMed]

10. Xiang, Y.K. Compartmentalization of β-Adrenergic Signals in Cardiomyocytes. Circ. Res. 2011, 109, 231–244. [CrossRef]
11. Alousi, A.A.; Stankus, G.P.; Stuart, J.C.; Walton, L.H. Characterization of the Cardiotonic Effects of Milrinone, a New and Potent

Cardiac Bipyridine, on Isolated Tissues from Several Animal Species. J. Cardiovasc. Pharmacol. 1983, 5, 804–811. [CrossRef]
12. Dage, R.C.; Roebel, E.L.; Hsieh, C.P.; Weiner, D.L.; Woodward, J.K. Cardiovascular properties of a new cardiotonic agent: MDL

17,043 (1.3-dihydro-4-methyl-5-[4-(methylthio)-benzoyl]-2H-imidazol-2-one). J. Cardiovasc. Pharmacol. 1982, 4, 500–508. [CrossRef]
13. Christ, T.; Engel, A.; Ravens, U.; Kaumann, A.J. Cilostamide potentiates more the positive inotropic effects of (−)-adrenaline

through β2-adrenoceptors than the effects of (−)-noradrenaline through β1-adrenoceptors in human atrial myocardium. Naunyn-
Schmiedeberg’s Arch. Pharmacol. 2006, 374, 249–253. [CrossRef] [PubMed]

14. Britto-Júnior, J.; Coelho-Silva, W.C.; Murari, G.F.; Nash, C.E.S.; Mónica, F.Z.; Antunes, E.; De Nucci, G. 6-Nitrodopamine is
released by human umbilical cord vessels and modulates vascular reactivity. Life Sci. 2021, 276, 119425. [CrossRef] [PubMed]

15. Britto-Júnior, J.; Campos, R.; Peixoto, M.; Lima, A.T.; Jacintho, F.F.; Mónica, F.Z.; Moreno, R.A.; Antunes, E.; De Nucci, G.
6-Nitrodopamine is an endogenous selective dopamine receptor antagonist in Chelonoidis carbonaria aorta. Comp. Biochem.
Physiol. Part C Toxicol. Pharmacol. 2022, 260, 109403. [CrossRef] [PubMed]

16. Britto-Júnior, J.; Lima, A.; Santos-Xavier, J.; Gonzalez, P.; Mónica, F.; Campos, R.; de Souza, V.; Schenka, A.; Antunes, E.; De
Nucci, G. Relaxation of thoracic aorta and pulmonary artery rings of marmosets (Callithrix spp.) by endothelium-derived
6-nitrodopamine. Braz. J. Med. Biol. Res. 2023, 56, e12622. [CrossRef]

17. Britto-Júnior, J.; da Silva-Filho, W.P.; Amorim, A.C.; Campos, R.; Moraes, M.O.; Moraes, M.E.A.; Fregonesi, A.; Monica, F.Z.;
Antunes, E.; De Nucci, G. 6-nitrodopamine is a major endogenous modulator of human vas deferens contractility. Andrology 2022,
10, 1540–1547. [CrossRef]

18. Britto-Júnior, J.; Ximenes, L.; Ribeiro, A.; Fregonesi, A.; Campos, R.; Kiguti, L.R.d.A.; Mónica, F.Z.; Antunes, E.; De Nucci, G.
6-Nitrodopamine is an endogenous mediator of rat isolated epididymal vas deferens contractions induced by electric-field
stimulation. Eur. J. Pharmacol. 2021, 911, 174544. [CrossRef]

19. Britto-Júnior, J.; de Oliveira, M.G.; Gati, C.d.R.; Campos, R.; Moraes, M.O.; Moraes, M.E.A.; Mónica, F.Z.; Antunes, E.; De Nucci, G.
6-NitroDopamine is an endogenous modulator of rat heart chronotropism. Life Sci. 2022, 307, 120879. [CrossRef]

20. Britto-Júnior, J.; Prado, G.L.P.D.; Chiavegatto, S.; Cunha, F.; Moraes, M.O.; Moraes, M.E.A.; Monica, F.Z.; Antunes, E.; De Nucci, G. The
importance of the endothelial nitric oxide synthase on the release of 6-nitrodopamine from mouse isolated atria and ventricles
and their role on chronotropism. Nitric Oxide 2023, 138–139, 26–33. [CrossRef]

21. Endoh, M.; Shimizu, T.; Yanagisawa, T. Characterization of adrenoceptors mediating positive inotropic responses in the ventricular
myocardium of the dog. Br. J. Pharmacol. 1978, 64, 53–61. [CrossRef] [PubMed]

22. Langendorff, O. Untersuchungen am überlebenden Säugethierherzen. Pflug. Arch. 1895, 61, 291–332. [CrossRef]
23. Andersen, M.L. Guia Brasileiro de Produção, Manutenção ou Utilização de Animais em Atividade de Ensino ou Pesquisa Cientifica, Conselho

Nacional de Controle de Experimentação Animal; Ministério da Ciência, Tecnologia e Inovação: Brasília, Brasil, 2016.
24. du Sert, N.P.; Hurst, V.; Ahluwalia, A.; Alam, S.; Avey, M.T.; Baker, M.; Browne, W.J.; Clark, A.; Cuthill, I.C.; Dirnagl, U.; et al. The

ARRIVE guidelines 2.0: Updated guidelines for reporting animal research. PLoS Biol. 2020, 18, e3000410. [CrossRef]

https://doi.org/10.1111/j.1476-5381.1983.tb10062.x
https://doi.org/10.1007/BF00572434
https://doi.org/10.1016/0006-291X(84)90729-0
https://www.ncbi.nlm.nih.gov/pubmed/6329198
https://doi.org/10.1007/s10741-013-9417-4
https://doi.org/10.1172/JCI2191
https://doi.org/10.1016/j.ando.2020.04.001
https://doi.org/10.1016/j.tcm.2013.02.001
https://doi.org/10.1161/01.RES.69.6.1546
https://www.ncbi.nlm.nih.gov/pubmed/1659503
https://doi.org/10.1016/j.ejcb.2006.01.002
https://www.ncbi.nlm.nih.gov/pubmed/16466668
https://doi.org/10.1161/CIRCRESAHA.110.231340
https://doi.org/10.1097/00005344-198309000-00015
https://doi.org/10.1097/00005344-198205000-00023
https://doi.org/10.1007/s00210-006-0119-5
https://www.ncbi.nlm.nih.gov/pubmed/17106669
https://doi.org/10.1016/j.lfs.2021.119425
https://www.ncbi.nlm.nih.gov/pubmed/33781827
https://doi.org/10.1016/j.cbpc.2022.109403
https://www.ncbi.nlm.nih.gov/pubmed/35793735
https://doi.org/10.1590/1414-431x2023e12622
https://doi.org/10.1111/andr.13263
https://doi.org/10.1016/j.ejphar.2021.174544
https://doi.org/10.1016/j.lfs.2022.120879
https://doi.org/10.1016/j.niox.2023.06.001
https://doi.org/10.1111/j.1476-5381.1978.tb08640.x
https://www.ncbi.nlm.nih.gov/pubmed/29684
https://doi.org/10.1007/BF01812150
https://doi.org/10.1371/journal.pbio.3000410


Life 2023, 13, 2012 14 of 15

25. Ribeiro, O.M.; Antunes, E.; de Nucci, G.; Lovisolo, S.M.; Zatz, R. Chronic inhibition of nitric oxide synthesis. A new model of
arterial hypertension. Hypertension 1992, 20, 298–303. [CrossRef] [PubMed]

26. van Oene, J.C.; Sminia, P.; Mulder, A.H.; Horn, A.S. The purported dopamine agonist DPI inhibits [3H]noradrenaline release
from rat cortical slices but not [3H]dopamine and [14C]acetylcholine release from rat striatal slices in-vitro. J. Pharm. Pharmacol.
1983, 35, 786–792. [CrossRef]

27. Britto-Júnior, J.; Pinheiro, D.H.A.; Justo, A.F.O.; Murari, G.M.F.; Campos, R.; Mariano, F.V.; de Souza, V.B.; Schenka, A.A.;
Mónica, F.Z.; Antunes, E.; et al. Endothelium-derived dopamine modulates EFS-induced contractions of human umbilical vessels.
Pharmacol. Res. Perspect. 2020, 8, e00612. [CrossRef]

28. Campos, R.; Pinheiro, D.H.A.; Britto-Júnior, J.; de Castro, H.A.; Mendes, G.D.; Moraes, M.O.; Moraes, M.E.A.; Lopes-Martins, R.B.;
Antunes, N.J.; De Nucci, G. Quantification of 6-nitrodopamine in Krebs-Henseleit’s solution by LC-MS/MS for the assessment of
its basal release from Chelonoidis carbonaria aortae in vitro. J. Chromatogr. B Analyt. Technol. Biomed. Life Sci. 2021, 1173, 122668.
[CrossRef]

29. Meesters, R.J.; Voswinkel, S. Bioanalytical Method Development and Validation: From the USFDA 2001 to the USFDA 2018
Guidance for Industry. J. Appl. Bioanal. 2018, 4, 67–73. [CrossRef]

30. Testai, L.; Martelli, A.; Cristofaro, M.; Breschi, M.C.; Calderone, V. Cardioprotective effects of different flavonoids against
myocardial ischaemia/reperfusion injury in Langendorff-perfused rat hearts. J. Pharm. Pharmacol. 2013, 65, 750–756. [CrossRef]

31. Arnhold, J.; Monzani, E.; Furtmüller, P.G.; Zederbauer, M.; Casella, L.; Obinger, C. Kinetics and Thermodynamics of Halide and
Nitrite Oxidation by Mammalian Heme Peroxidases. Eur. J. Inorg. Chem. 2006, 2006, 3801–3811. [CrossRef]

32. Burner, U.; Furtmüller, P.G.; Kettle, A.J.; Koppenol, W.H.; Obinger, C. Mechanism of Reaction of Myeloperoxidase with Nitrite.
J. Biol. Chem. 2000, 275, 20597–20601. [CrossRef] [PubMed]

33. Moreno, H.; Metze, K.; Bento, A.C.; Antunes, E.; Zatz, R.; Nucci, G. Chronic nitric oxide inhibition as a model of hypertensive
heart muscle disease. Basic Res. Cardiol. 1996, 91, 248–255. [CrossRef] [PubMed]

34. Amrani, M.; O’Shea, J.; Allen, N.J.; Harding, S.E.; Jaäyakumar, J.; Pepper, J.R.; Moncada, S.; Yacoub, M.H. Role of basal release
of nitric oxide on coronary flow and mechanical performance of the isolated rat heart. J Physiol. 1992, 456, 681–687. [CrossRef]
[PubMed]

35. Preckel, B.; Kojda, G.; Schlack, W.; Ebel, D.; Kottenberg, K.; Noack, E.; Thämer, V. Inotropic Effects of Glyceryl Trinitrate and
Spontaneous NO Donors in the Dog Heart. Circulation 1997, 96, 2675–2682. [CrossRef]

36. Kojda, G.; Kottenberg, K.; Nix, P.; Schlüter, K.D.; Piper, H.M.; Noack, E. Low Increase in cGMP Induced by Organic Nitrates and
Nitrovasodilators Improves Contractile Response of Rat Ventricular Myocytes. Circ. Res. 1996, 78, 91–101. [CrossRef]

37. Brady, A.J.; Warren, J.B.; Poole-Wilson, P.A.; Williams, T.J.; Harding, S.E. Nitric oxide attenuates cardiac myocyte contraction. Am.
J. Physiol. Circ. Physiol. 1993, 265, H176–H182. [CrossRef]

38. Müller-Strahl, G.; Kottenberg, K.; Zimmer, H.; Noack, E.; Kojda, G. Inhibition of nitric oxide synthase augments the positive
inotropic effect of nitric oxide donors in the rat heart. J. Physiol. 2000, 522, 311–320. [CrossRef]

39. Klabunde, R.E.; Kimber, N.D.; Kuk, J.E.; Helgren, M.C.; Förstermann, U. NGMethyl-L-arginine decreases contractility, cGMP and
cAMP in isoproterenol-stimulated rat hearts in vitro. Eur. J. Pharmacol. 1992, 223, 1–7. [CrossRef]

40. Cotton, J.M.; Kearney, M.T.; MacCarthy, P.A.; Grocott-Mason, R.M.; McClean, D.R.; Heymes, C.; Richardson, P.J.; Shah, A.M.
Effects of nitric oxide synthase inhibition on Basal function and the force-frequency relationship in the normal and failing human
heart in vivo. Circulation 2001, 104, 2318–2323. [CrossRef]

41. Stamler, J.S.; Loh, E.; Roddy, A.M.; Currie, E.K.; Creager, A.M. Nitric oxide regulates basal systemic and pulmonary vascular
resistance in healthy humans. Circulation 1994, 89, 2035–2040. [CrossRef]

42. Gardiner, S.; Compton, A.; Kemp, P.; Bennett, T. Regional and cardiac haemodynamic effects of NG-nitro-l-arginine methyl ester
in conscious, Long Evans rats. Br. J. Pharmacol. 1990, 101, 625–631. [CrossRef] [PubMed]

43. Brett, S.E.; Cockcroft, J.R.; Mant, T.G.; Ritter, J.M.; Chowienczyk, P.J. Haemodynamic effects of inhibition of nitric oxide synthase
and of L-arginine at rest and during exercise. J. Hypertens. 1998, 16, 429–435. [CrossRef] [PubMed]

44. Kiely, D.G.; Lee, A.F.C.; Struthers, A.D.; Lipworth, B.J. Nitric oxide: An important role in the maintenance of systemic and
pulmonary vascular tone in man. Br. J. Clin. Pharmacol. 1998, 46, 263–266. [CrossRef] [PubMed]

45. Zivkovic, V.; Djuric, D.; Turjacanin-Pantelic, D.; Marinkovic, Z.; Stefanovic, D.; Srejovic, I.; Jakovljevic, V. The effects of
cyclooxygenase and nitric oxide synthase inhibition on cardiodynamic parameters and coronary flow in isolated rat hearts. Exp.
Clin. Cardiol. 2013, 18, e102–e110.

46. Rassaf, T.; Poll, L.W.; Brouzos, P.; Lauer, T.; Totzeck, M.; Kleinbongard, P.; Gharini, P.; Andersen, K.; Schulz, R.; Heusch, G.; et al.
Positive effects of nitric oxide on left ventricular function in humans. Eur. Heart J. 2006, 27, 1699–1705. [CrossRef]

47. Brillante, D.G.; O’sullivan, A.J.; Johnstone, M.T.; Howes, L.G. Predictors of inotropic and chronotropic effects ofN G-monomethyl-
l-arginine. Eur. J. Clin. Investig. 2009, 39, 273–279. [CrossRef]

48. Marck, P.V.; Pierre, S.V. Na/K-ATPase Signaling and Cardiac Pre/Postconditioning with Cardiotonic Steroids. Int. J. Mol. Sci.
2018, 19, 2336. [CrossRef]

49. Sukoyan, G.V.; Berberashvili, T.M.; Karsanov, N.V. Submolecular mechanisms underlying in vitro and in vivo effect of cardiac
glycosides on contractile activity of myocardial myofibrils during heart failure. Bull. Exp. Biol. Med. 2006, 141, 424–426. [CrossRef]

https://doi.org/10.1161/01.HYP.20.3.298
https://www.ncbi.nlm.nih.gov/pubmed/1516948
https://doi.org/10.1111/j.2042-7158.1983.tb02897.x
https://doi.org/10.1002/prp2.612
https://doi.org/10.1016/j.jchromb.2021.122668
https://doi.org/10.17145/jab.18.010
https://doi.org/10.1111/jphp.12032
https://doi.org/10.1002/ejic.200600436
https://doi.org/10.1074/jbc.M000181200
https://www.ncbi.nlm.nih.gov/pubmed/10777476
https://doi.org/10.1007/BF00788911
https://www.ncbi.nlm.nih.gov/pubmed/8831944
https://doi.org/10.1113/jphysiol.1992.sp019361
https://www.ncbi.nlm.nih.gov/pubmed/1293292
https://doi.org/10.1161/01.CIR.96.8.2675
https://doi.org/10.1161/01.RES.78.1.91
https://doi.org/10.1152/ajpheart.1993.265.1.H176
https://doi.org/10.1111/j.1469-7793.2000.00311.x
https://doi.org/10.1016/0014-2999(92)90810-Q
https://doi.org/10.1161/hc4401.098515
https://doi.org/10.1161/01.CIR.89.5.2035
https://doi.org/10.1111/j.1476-5381.1990.tb14131.x
https://www.ncbi.nlm.nih.gov/pubmed/2076481
https://doi.org/10.1097/00004872-199816040-00004
https://www.ncbi.nlm.nih.gov/pubmed/9797188
https://doi.org/10.1046/j.1365-2125.1998.00767.x
https://www.ncbi.nlm.nih.gov/pubmed/9764968
https://doi.org/10.1093/eurheartj/ehl096
https://doi.org/10.1111/j.1365-2362.2009.02097.x
https://doi.org/10.3390/ijms19082336
https://doi.org/10.1007/s10517-006-0189-x


Life 2023, 13, 2012 15 of 15

50. Khan, H.; Metra, M.; Blair, J.E.A.; Vogel, M.; Harinstein, M.E.; Filippatos, G.S.; Sabbah, H.N.; Porchet, H.; Valentini, G.;
Gheorghiade, M. Istaroxime, a first in class new chemical entity exhibiting SERCA-2 activation and Na–K-ATPase inhibition: A
new promising treatment for acute heart failure syndromes? Heart Fail. Rev. 2009, 14, 277–287. [CrossRef]

51. Patocka, J.; Nepovimova, E.; Wu, W.; Kuca, K. Digoxin: Pharmacology and toxicology—A review. Environ. Toxicol. Pharmacol.
2020, 79, 103400. [CrossRef]

52. Bossu, A.; Kostense, A.; Beekman, H.D.; Houtman, M.J.; van der Heyden, M.A.; Vos, M.A. Istaroxime, a positive inotropic agent
devoid of proarrhythmic properties in sensitive chronic atrioventricular block dogs. Pharmacol. Res. 2018, 133, 132–140. [CrossRef]

53. Pathak, A.; Lebrin, M.; Vaccaro, A.; Senard, J.M.; Despas, F. Pharmacology of levosimendan: Inotropic, vasodilatory and
cardioprotective effects. J. Clin. Pharm. Ther. 2013, 38, 341–349. [CrossRef]

54. Szilágyi, S.; Pollesello, P.; Levijoki, J.; Kaheinen, P.; Haikala, H.; Édes, I.; Papp, Z. The effects of levosimendan and OR-1896 on
isolated hearts, myocyte-sized preparations and phosphodiesterase enzymes of the guinea pig. Eur. J. Pharmacol. 2004, 486, 67–74.
[CrossRef]

55. Despas, F.; Trouillet, C.; Franchitto, N.; Labrunee, M.; Galinier, M.; Senard, J.-M.; Pathak, A. Levosimedan improves hemodynamics
functions without sympathetic activation in severe heart failure patients: Direct evidence from sympathetic neural recording.
Acute Card. Care 2009, 12, 25–30. [CrossRef] [PubMed]

56. Honerjager, P. Pharmacology of positive inotropic phosphodiesterase III inhibitors. Eur. Heart J. 1989, 10, 25–31. [CrossRef]
57. Overgaard, C.B.; Džavík, V. Inotropes and Vasopressors: Review of Physiology and Clinical Use in Cardiovascular Disease.

Circulation 2008, 118, 1047–1056. [CrossRef] [PubMed]
58. Cone, J.; Wang, S.; Tandon, N.; Fong, M.; Sun, B.; Sakurai, K.; Yoshitake, M.; Kambayashi, J.-I.; Liu, Y. Comparison of the Effects

of Cilostazol and Milrinone on Intracellular cAMP Levels and Cellular Function in Platelets and Cardiac Cells. J. Cardiovasc.
Pharmacol. 1999, 34, 497–504. [CrossRef]

59. Britto-Júnior, J.; Lima, A.T.; Fuguhara, V.; Monica, F.Z.; Antunes, E.; De Nucci, G. Investigation on the positive chronotropic action
of 6-nitrodopamine in the rat isolated atria. Naunyn-Schmiedeberg’s Arch. Pharmacol. 2023, 396, 1279–1290. [CrossRef]

60. Nash, C.E.S.; Antunes, N.J.; Coelho-Silva, W.C.; Campos, R.; De Nucci, G. Quantification of cyclic AMP and cyclic GMP levels in
Krebs-Henseleit solution by LC-MS/MS: Application in washed platelet aggregation samples. J. Chromatogr. B Analyt. Technol.
Biomed Life Sci. 2022, 1211, 123472. [CrossRef]

61. Lefkowitz, R.J.; Rockman, H.A.; Koch, W.J. Catecholamines, cardiac beta-adrenergic receptors, and heart failure. Circulation 2000,
101, 1634–1637. [CrossRef] [PubMed]

62. Motiejunaite, J.; Amar, L.; Vidal-Petiot, E. Adrenergic receptors and cardiovascular effects of catecholamines. Ann. d’Endocrinologie
2020, 82, 193–197. [CrossRef] [PubMed]

63. Ponikowski, P.; Voors, A.A.; Anker, S.D.; Bueno, H.; Cleland, J.G.F.; Coats, A.J.S.; Falk, V.; González-Juanatey, J.R.; Harjola, V.-P.;
Jankowska, E.A.; et al. ESC Guidelines for the diagnosis and treatment of acute and chronic heart failure. Eur. Heart. J. 2016, 37,
2129–2200. [CrossRef] [PubMed]

64. Sinnenberg, L.; Givertz, M.M. Acute heart failure. Trends Cardiovasc. Med. 2020, 30, 104–112. [CrossRef]
65. Yancy, C.W.; Jessup, M.; Bozkurt, B.; Butler, J.; Casey, D.E., Jr.; Drazner, M.H.; Fonarow, G.C.; Geraci, S.A.; Horwich, T.;

Januzzi, J.L.; et al. 2013 ACCF/AHA guideline for the management of heart failure: Executive summary: A report of the
American College of Cardiology Foundation/American Heart Association Task Force on practice guidelines. Circulation 2013,
128, 1810–1852. [CrossRef] [PubMed]

66. The Xamoterol in Severe Heart Failure Study Group. Xamoterol in severe heart failure. Lancet 1990, 336, 1–6, Erratum in Lancet
1990, 336, 698. [CrossRef]

67. Njoroge, J.N.; Teerlink, J.R. Pathophysiology and Therapeutic Approaches to Acute Decompensated Heart Failure. Circ. Res.
2021, 128, 1468–1486. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1007/s10741-009-9136-z
https://doi.org/10.1016/j.etap.2020.103400
https://doi.org/10.1016/j.phrs.2018.05.001
https://doi.org/10.1111/jcpt.12067
https://doi.org/10.1016/j.ejphar.2003.12.005
https://doi.org/10.3109/17482940903434077
https://www.ncbi.nlm.nih.gov/pubmed/19929264
https://doi.org/10.1093/eurheartj/10.suppl_C.25
https://doi.org/10.1161/CIRCULATIONAHA.107.728840
https://www.ncbi.nlm.nih.gov/pubmed/18765387
https://doi.org/10.1097/00005344-199910000-00004
https://doi.org/10.1007/s00210-023-02394-9
https://doi.org/10.1016/j.jchromb.2022.123472
https://doi.org/10.1161/01.CIR.101.14.1634
https://www.ncbi.nlm.nih.gov/pubmed/10758041
https://doi.org/10.1016/j.ando.2020.03.012
https://www.ncbi.nlm.nih.gov/pubmed/32473788
https://doi.org/10.1093/eurheartj/ehw128
https://www.ncbi.nlm.nih.gov/pubmed/27206819
https://doi.org/10.1016/j.tcm.2019.03.007
https://doi.org/10.1161/CIR.0b013e31829e8807
https://www.ncbi.nlm.nih.gov/pubmed/23741057
https://doi.org/10.1016/0140-6736(90)91517-E
https://doi.org/10.1161/CIRCRESAHA.121.318186

	Introduction 
	Materials and Methods 
	Animals 
	Treatment with NO Synthesis Inhibitor N-Nitro-L-arginine Methyl Ester Hydrochloride (L-NAME) 
	Rat Isolated Ventricles 
	Basal Release of Catecholamines from Rat Ventricles 
	Determination of Catecholamines by Liquid Chromatography Coupled to Tandem Mass Spectrometry (LC-MS/MS) 
	Isolated Langendorff’s Perfused Heart 
	Langendorff’s Perfused Heart Analysis and Experimental Design 
	Effect of Atenolol Infusion on the Positive Inotropic Effect Induced by Catecholamines 
	Statistical Analysis 
	Chemical and Reagents 

	Results 
	Basal Release of Catecholamines from Isolated Ventricles 
	Effect of the Chronic Administration of L-NAME on the Left Ventricular Developed Pressure (LVDP), dP/dtmax, Heart Rate (HR), and Rate Pressure Product (RPP) 
	Effect of Bolus Injections of Catecholamines on the Left Ventricle Developed Pressure (LVDP) 
	Effect of Bolus Injections of Catecholamines on dP/dtmax 
	Effect of Bolus Injections of Catecholamines on the Heart Rate 
	Effect of Atenolol Infusion on the Increases in the Left Ventricle Developed Pressure (LVDP) Induced by Catecholamines 
	Effect of Atenolol Infusion on the Increases in dP/dtmax Induced by Catecholamines 
	Effect of Atenolol Infusion on the Increases in the Heart Rate (HR) Induced by Catecholamines 
	Effect of Atenolol Infusion on the Basal LVDP, dP/dtmax, HR, and Rate Pressure Product 

	Discussion 
	Conclusions 
	References

