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Abstract
Cardiac excitation–contraction coupling and metabolic and signaling activities are centrally modulated by nitric oxide (NO), 
which is produced by one of three NO synthases (NOSs). Despite the significant role of NO in cardiac Ca2+ homeostasis 
regulation under different pathophysiological conditions, such as Duchenne muscular dystrophy (DMD), no precise method 
describes the production, source or effect of NO through two NO signaling pathways: soluble guanylate cyclase-protein 
kinase G (NO-sGC-PKG) and S-nitrosylation (SNO). Using a novel strategy involving isolated murine cardiomyocytes 
loaded with a copper-based dye highly specific for NO, we observed a single transient NO production signal after each 
electrical stimulation event. The NO transient signal started 67.5 ms after the beginning of Rhod-2 Ca2+ transient signal and 
lasted for approximately 430 ms. Specific NOS isoform blockers or NO scavengers significantly inhibited the NO transient, 
suggesting that wild-type (WT) cardiomyocytes produce nNOS-dependent NO transients. Conversely, NO transient in mdx 
cardiomyocyte, a mouse model of DMD, was dependent on inducible NOS (iNOS) and endothelial (eNOS). In a consecu-
tive stimulation protocol, the nNOS-dependent NO transient in WT cardiomyocytes significantly reduced the next Ca2+ 
transient via NO-sGC-PKG. In mdx cardiomyocytes, this inhibitory effect was iNOS- and eNOS-dependent and occurred 
through the SNO pathway. Basal NO production was nNOS- and iNOS-dependent in WT cardiomyocytes and eNOS- and 
iNOS-dependent in mdx cardiomyocytes. These results showed cardiomyocyte produces NO isoform-dependent transients 
upon membrane depolarization at the millisecond time scale activating a specific signaling pathway to negatively modulate 
the subsequent Ca2+ transient.

Keywords  Nitric oxide · Calcium transient · Cardiomyocyte · Duchenne muscular dystrophy · MDX · NO-ON · Rhod-2 · 
Fluo-4

Introduction

Cardiac excitation–contraction coupling (ECC) is the central 
physiological process of Ca2+-mediated contractility in the 
heart [9]. The transient Ca2+ released during the ECC is 
also responsible for the activation of kinases, phosphatases, 
calmodulin and other signaling pathways [9], such as NO, an 
active biomolecular gas with a 1-s half-life [50, 87, 89, 109, 
110]. The action of NO is mediated by soluble guanylate 
cyclase (sGC), which activates protein kinase G (PKG), 
resulting in the phosphorylation of a series of proteins, such 
as the l-type Ca2+ channel and ryanodine receptor [50, 69, 
87, 89]. Alternatively, NO also modifies protein activity by 
reacting with specific sulfur moieties from cysteine residues, 
forming S-nitrosylations (SNOs) [69, 93, 110]. The cardiac 
production of NO is mediated by one of three NO synthase 
isoforms expressed under normal conditions: neuronal 
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(nNOS), inducible (iNOS) or endothelial (eNOS) [10, 30, 
57, 69, 88, 105, 109, 110]. The three isoforms are expressed 
differentially and heterogeneously, varying in intensity and 
location between ventricles and in each muscle layer of the 
ventricle [12, 13]. One key differential characteristic of these 
three isoforms is related to their activation. Furthermore, 
nNOS and eNOS are transiently activated once Ca2+ released 
during the ECC binds to calmodulin (Ca2+-dependent NOS 
activation) [69, 101], while iNOS activation is activated 
through a FAK-PI(3)K-AKT signaling pathway dependent 
on contractility and independent of Ca2+ [16]. Indeed, iNOS 
activity summed to approximately one-third of total NOS 
activity in sham pig hearts and even higher after ischemia 
[34]. Under pathological conditions, the expression levels 
and activity of three NOS isoforms change accordingly, thus 
altering NO production [34, 55, 112]. The relevance of NO 
modulatory function in the ECC has been extensively exem-
plified in Duchenne muscular dystrophy (DMD), a lethal 
genetic disease characterized by the absence of dystrophin 
[26, 36], a large protein stabilizing the tissue structure by 
connecting F-actin and the extracellular matrix [69]. Dys-
trophin is associated with various essential regulatory pro-
cesses of the ECC, such as Ca2+ homeostasis and NO pro-
duction [37, 98, 100]. Histological observations of muscle 
degeneration, muscular fibrosis, respiratory insufficiency 
and cardiomyopathy in affected boys have been confirmed 
by electrocardiogram, echocardiograms, and heart vari-
ability analyses [53, 60, 66, 75]. The cellular mechanism of 
cardiomyopathy in DMD patients involves imbalanced Ca2+ 
and NO signaling, which leads to the replacement of healthy 
tissue in very discrete and localized small areas referred to 
as microinfarctions [1, 83]. As described in DMD patients, 
10-month-old mdx mice exhibit advanced signs of cardio-
myopathy, including fibrosis, inflammation, and macrophage 
infiltration, resulting in reduced contractility, reduced ejec-
tion fraction, abnormal left ventricle relaxation and reduced 
ventricular compliance [45, 79]. Cardiomyocytes from mdx 
mice exhibit reduced expression and activity levels of the 
neuronal isoform of NO synthase (nNOS) and thus reduced 
production of NO [69, 82, 97].

Multiple signs of cardiomyopathy in DMD patients and 
mdx mice are reverted with the administration of the NO pre-
cursor l-arginine, NO donors, nitrate supplementation, phos-
phodiesterase-5 blockers, and or overexpression of nNOS in 
an mdx mouse model [97]. Another relevant aspect in the 
DMD is the formation of reactive oxygen species (ROS) dur-
ing the developing of the disease inducing NO production and 
transforming NO into peroxynitrite (ONOO−), recognized as 
a major contributor to myocardial depression [81]. Reactive 
oxygen species (ROS), such as H2O2 and superoxide, induces 
indirectly the expression of eNOS and nNOS, and therefore, 
the NOS-derived NO [4, 114]. Furthermore, nNOS is induced 
by the interplay between angiotensin II type 1 receptor and 

Angiotensin II type 2 receptor, mediated by NADPH oxidase 
and ROS-dependent eNOS activity in cardiac myocytes (from 
Ref. [114]). In addition, nNOS-derived NO also modulates 
intracellular redox status and ROS-dependent downstream 
effects in the myocardium by targeting multiple cardiac oxi-
dases [114]. Therefore, the described above evidence suggests 
a mechanism to explain ROS-dependent NO production.

NO has been measured using indirect methods on an 
extended time scale of the cellular production of l-citrul-
line, cGMP, peroxynitrites, nitrates and nitrites [29, 74, 
109]. However, due to its short half-life, the low specificity 
of NO fluorescence probes in comparison to its byproducts 
and the imprecision of the intracellular NO production time 
scale result in large margins of error, thus influencing results 
and interpretations [35, 71, 72]. The chronoamperometric 
system using a Nafion/ porphyrin-coated carbon electrode 
is the most accurate method to measure extracellular NO 
oxidation [35, 42, 68] and is capable of recording transient 
NO production during systole in both the rat endocardium 
and the rabbit endocardium and myocardium [76], but it 
still imprecisely determines the amount of NO produced 
intracellularly [19, 44, 106]. Consequently, it has not been 
possible to determine the real time scale of endogenous NO 
production, its effect and the signaling pathway activated 
during cardiomyocyte ECC. Therefore, we hypothesized that 
NOS-dependent NO would be transiently produced during 
the ECC accordingly to the pathophysiological alteration, 
modulating the Ca2+ transient through different signaling 
pathways. As a first approach, we addressed the open ques-
tion of the role of NO during ECC by measuring NO produc-
tion using a new copper-based dye specific to NO [62–64] in 
cardiomyocytes isolated from 12-month-old wild-type (WT) 
and mdx mice. Upon electrical stimulation, we detected a 
single NO transient in both WT and mdx cardiomyocytes 
67.5 ms after the beginning of the Ca2+ transient, and it 
persisted for 430 ms. The NO transient was reduced using 
specific NOS isoform blockers or NO scavengers. The NO 
transient produced in WT cardiomyocytes reduced the next 
Ca2+ transient via the nNOS-NO-sGC-PKG pathway, while 
in mdx cardiomyocytes, the inhibitory effect was eNOS- 
and iNOS-dependent via the SNO pathway. These results 
showed isoform-dependent NO transient production after 
each cardiomyocyte membrane depolarization, exerting its 
modulatory effect on the next Ca2+ transient according to the 
pathophysiological condition.

Materials and methods

Mice

Wild type (C57BL/10ScSn) and MDX (C57BL/10ScSn-
Dmdmdx/J) age-matched (average age 54  weeks) male 
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mice were used for the experiments. All experiments 
were approved by the ethics committee of the University 
of Heidelberg Interfaculty Biomedical Research Facil-
ity (T-83/14 and T-21/17) and according to the guide-
lines of the Regierungspräsidium Karlsruhe of State of 
Baden- Wuerttemberg.

Cell isolation

Single cardiomyocyte isolation using Langendorff perfu-
sion set-up was previously described [56, 67, 111] with 
few modifications (Supplemental Information Material & 
Method). The isolated heart was cannulated in between 
the atria for the Perfusion Solution (in mM: 135 NaCl, 4 
KCl, 1 MgCl2, 10 HEPES, 0.33 NaH2PO4, 10 Glucose, 
20 2,3-butanedione monoxime BDM, 5 Taurine, pH 7.2) 
connected to the 37 °C pre-warmed Langendorff set-up. 
After 5 min of Perfusion Solution, the heart was perfused 
with Digestion Solution (Collagenase D, Roche, cat no. 
11088858001, 0.36 mg/g of mouse; Collagenase B, Roche, 
cat no. 11088807001, 0.48 mg/g and Protease from Strep-
tomyces griseus type XIV, Sigma-Aldrich, cat no. P5147-
100MG, 0.06 mg/g) for 20–30 min. After digestion, the 
heart was mechanically dissociated with TB-A solution 
(in mM: 135 NaCl, 4 KCl, 1 MgCl2, 10 HEPES, 0.33 
NaH2PO4, 5.5 glucose, 15 BDM, 5 mg/ml BSA, pH 7.2). 
The single isolated cardiomyocytes obtained from five 
mice per treatment were then seeded into ECM (Engel-
breth-Holm-Swarm murine sarcoma, Sigma-Aldrich, cat. 
no. E1270-5ML) pre-coated 35 mm imaging Petri dish 
(Zell-Kontakt, cat no. 5160–168). In three steps of five 
minutes each, the Ca2+ concentration was increased from 
0.24, 0.6 to 1.2 mM mixing TB-A and TB-B (in mM: 137 
NaCl, 5.4 KCl, 1.8 CaCl2, 1 MgCl2, 10 HEPES, 5.5 Glu-
cose, pH 7.4). The cardiomyocytes were kept in TB-B 
solution at 37 °C and 5% CO2 until use on the same day.

Fluorescence dyes

The cell permanent Ca2+ fluorescence dye 10 µM Rhod-
2-AM (Invitrogen, cat no. R1245MP) dissolved in TB-B 
was incubated for 45 min. For intracellular NO measure-
ments, the cardiomyocytes were incubated with 10 µM 
trappable NO dye Cu2(FL2E) (Nitric Oxide Sensor Intra-
cellular Kit “NO-ON”-FL2E, Strem Chemicals, cat no. 
96-0396) for 2 h, as recommended by the manufacturer. 
Control solution and all drugs mentioned below were 
further dissolved in TB-B containing 200 µM l-Arginine 
(l-Arginine monohydrochloride, Sigma-Aldrich, cat no. 
A5131-10G). All other blockers and activators are sum-
marized on Supplementary Table S8.

Confocal microscopy and data acquisition

A confocal laser scanning microscope (Leica TCS MR 2) 
with a 63 × water immersion objective (PL Apo 63x/1.20 W 
CORR from Leica) was used. The NO fluorescence dye was 
excited by the Argon laser (488 nm) and the emission was 
detected by a photomultiplier in the spectral range of 497-
537 nm. The Ca2+ fluorescence dye Rhod 2 was excited 
with the He/Ne laser (543 nm) and the emission light was 
detected by a photomultiplier between 551 and 701 nm. All 
images were saved as 8-bit images and had a pixel size of 
0.186 µm and a time resolution of 800 lines per second. 
XYT images contained 512 × 512 pixels and XT images 
recorded 5632 lines with 512 pixels per line [27]. The line-
scan trace was set at the center of the cardiomyocyte and 
away from the nucleus. Two seconds after the initial of the 
line scan, the cardiomyocytes were stimulated with a square 
pulse at 0.167 Hz, 20 V and 10 ms duration via two bath 
platinum electrodes connected to a stimulator (Stimulator, 
SI Heidelberg). Six line scans were recorded per cell with 
an interval of 6 s between each line scan. Other two frequen-
cies of stimulations were given during tests of the protocol 
at 0.67 and 1 Hz. The images obtained from the NO-ON 
fluorescent dye were averaged and filtered offline by an 
unweighted moving average (n = 100) reducing noise, while 
the images from Rhod-2 were not filtered. For the analyses 
of the AUC, peak, delta-start parameters of the NO transient, 
each trace was normalized by the ratio between its maximal 
intensity (F1) over to its F0. The value of F0 was obtained 
from the average of 200 ms of the stable raw intensity signal 
recording just before the electrical stimulation (equivalent 
to 160 points; 1.25 ms/ point). The F1/F0 data were then 
analyzed with a custom-made code in Fiji and python3.5.2 
(spyder, anaconda3) to calculate the physiological param-
eters showed on Table 1. Computer code is fully available 
upon request. Different calculation for the baseline param-
eter was used, strategy named as “normalized delta baseline 
(NDB)”. It was obtained subtracting the raw value of the first 
baseline from the raw value of the sixth baseline of the same 
cardiomyocyte and then divided by the highest raw value of 
the same group (NDB = Baseline1 − Baseline6)/maximum 
Baseline. The raw value was obtained from 200 ms before 
the electrical stimulation.

Consecutive Ca2+ transients

Cardiomyocytes obtained as described above from differ-
ent set of five mice per treatment were used to record con-
secutive Ca2+ transients in a different set-up, as previously 
described [67, 111]. Isolated cardiomyocytes were incubated 
during 30 min with 5 µM Fluo-4-AM (Life Technologies, 
Carlsbad, CA, USA). Three 35 mm imaging Petri dishes 
were used for recording consecutive Ca2+ transients before 
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and after different treatments. From each Petri dish, a mini-
mum of 10 cardiomyocytes were recorded as controls and a 
minimum of 15 cells were recorded after drug application. 
Cardiomyocytes that did not respond the field stimulation 
with a single Ca2+ transient were discard from the analy-
sis. The consecutive Ca2+ transients were recorded using 
an Olympus OSP-3 System, second Generation microscope 
connected to a Photomultiplier unit (Olympus, Tokyo, 
Japan) at 20X magnification equipped with a Xenon light 
source system, filtered to provide an excitation wavelength 
of 488 nm. A recording area of 7.5 µm2 and away from the 
nucleus was selected on the photomultiplier unit’s pinhole. 
Cardiomyocytes were flanked by a pair of platinum elec-
trodes connected to a stimulator (Stimulator, SI Heidelberg) 
and single-twitch stimulations at 20 V during 10 ms at fre-
quency of 2.0 Hz. TB-B containing 200 µM l-Arginine was 
used as control solution and to dissolve other drugs. Only 
cardiomyocytes responding to a single Ca transient upon 
electrical stimulation for 10 consecutive transients were 
selected and the fluorescence intensity were analyzed. Sub-
sequently, TB-B was removed and 2 ml of the respective 
drug dissolved in TB-B was added into the petri dish. After 
a period of 10 min of incubation, consecutive Ca2+ tran-
sients were recorded as described above. The fluorescence 
intensity was sampled at 2 KB/s in a PC using LabChart Pro 
V8 (AD Instruments). The AUC calculated by Peak Area 
parameter from LabChart Pro V8′s Peak Analysis package 
of last six consecutive Ca2+ transients was normalized by the 
AUC of the fifth transient (100%).

Fluo-4 AM calibration procedure for converting the volt-
age signal into Ca2+ concentration was performed at the end 
of every experiment as previously described [67, 86, 108, 
111]. Briefly, the background of the petri dish was recorded 
in 10 different spots (no cells). After incubation with cali-
bration solution I containing (in mM): NaCl: 140; KCl: 5; 
KH2PO4: 1.2; MgCl2*6H2O: 1.2; CaCl2*2H2O: 4; HEPES: 
20; Ionomycin: 0.005; CPA: 0.01; Caffeine: 5; Ouabain: 1 

at room temperature, 10 cardiomyocytes incubated in 10 µM 
Fluo-4 AM at 37 °C for 30 min cells were recorded as maxi-
mum fluorescence (Fmax). Then, the Petri dish was washed 
twice with TB-B and incubated at room temperature with 
calibration solution II containing (in mM): LiCl: 140; KCl: 
5; KH2PO4: 1.2; MgCl2*6H2O: 1.2; HEPES: 20; EGTA: 4; 
Ionomycin: 0.005; CPA: 0.01; Caffeine: 5; Ouabain: 1. At 
the end, 10 cells were recorded as minimum fluorescence 
(Fmin). The range of Ca2+ concentration to established Fmax 
and Fmin was 0 to 4 mM, respectively. Once both Fmax and 
Fmin were determined, the background was subtracted and 
then used to transform voltage into Ca2+ concentration using 
the following formula: [Ca2+]i = Kd [(F − Fmin)/(Fmax − F)] 
[33]. Kd is the apparent dissociation constant of the Fluo-
4-AM provided by the manufacturer (345 nM) and F rep-
resents the Ca2+ transient signal in volts recorded directly 
from the photomultiplier.

Western blotting

For each western blot, isolated cardiomyocytes obtained 
from five age-matched WT and five MDX were used. Pro-
teins were extracted from murine cardiomyocytes using 
Whole Cell Lysis Buffer (WCLB) (in mM: 20 Tris–HCl, 
150 NaCl, 1 Na2EDTA, 1 EGTA, 2.5 Na-Pyrophosphate, 
1 Na-Vanadate, 1 PMSF, 1 DTT, 1% Triton, pH 7.5) and 
quantified using NanoDrop One using custom procedure 
at 290 nm wavelength. Protein separation was performed 
in 4–12% SDS-PAGE NuPAGE® Gel (Invitrogen) for dys-
trophin and 10% for nNOS, iNOs, eNOS and GAPDH at 
200 V for 50 min using 1X NuPAGE® SDS Running Buffer 
for electrophoresis (Invitrogen; 50 mM MOPS, 50 mM Tris 
Base, 0.1% SDS, 1 mM EDTA, pH 7.7). Then, the separated 
proteins were transferred into PVDF-membrane with 1X 
NuPAGE® Transfer Buffer (Invitrogen) with 20% methanol 
(in mM: 25 Bis–Tris, 25 Bicine, 1 EDTA, pH 7.2). Mem-
branes were blocked with milk fat free 5% dissolved in 1X 

Table 1   Biophysical parameters 
of NO transients of WT and 
mdx-isolated cardiomyocytes 
recorded in the presence of the 
control solution

Genotype WT (percentile 25, median, 75) mdx (percentile 25, median, 75)

Percentile 25 Median 75 25 Median 75

Biophysical parameter
Baseline (a.u.) 17.07 22.50 28.43 14.33 19.43 37.23
Peak (F/F0) 0.072 0.131 0.230 0.076 0.130 0.196
Time to peak (ms) 114 131 161 108 130 159
Duration (ms) 316 430 553 305.6 455.6 645.9
Tau (ms) 154 216 278 143 230 323
Area under curve (F/F0*ms) 16.23 40.46 67.60 18.91 37.75 68.62
Peak NO/Ca2+ ratio 0.058 0.118 0.196 0.055 0.121 0.208
AUC NO/Ca2+ ratio 0.044 0.097 0.223 0.038 0.107 0.191
Δ peak Ca2+–NO (ms) 39.7 63.8 111.3 34.4 63.8 108.1
Δ start Ca2+–NO (ms) 46.3 67.5 98.8 42.5 63.1 89.0
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Tris-Buffer Solution (TBS; 100 mM Tris–HCl, 1.5 M NaCl 
(1.50 M) and pH 7.4 with NaOH) with 1% Tween 20 (TBS-
T). The following primary antibodies diluted in TBS-T were 
incubated overnight at 4 °C: Dystrophin (Abcam, cat no. 
ab15277, 1:200); nNOS (Abcam, cat no. ab76067, 1:1000); 
iNOS (Abcam, cat no. ab15323, 1:400); eNOS (Abcam, cat 
no. ab50260, 1:1000); GAPDH (Abcam, cat no. ab181603, 
1:10,000). The secondary antibody was diluted in TBS-T 
and incubated for one hour at room temperature: Goat Anti-
Rabbit IgG (Abcam, cat no. ab205718, 1:20,000). Secondary 
antibodies were coupled to HRP (Horse Redish Peroxidase) 
allowing signal detection with the AceGlow Chemilumi-
nescence Substrate (VWR International GmbH, cat no. 
730-1511).

Statistical analysis

Only cardiomyocytes responding to field stimulation with a 
single Ca2+-Transients were used for the statistical analysis. 
Statistically significant outliers were detected by the free 
online available GraphPad QuickCalcs (α = 0.05). Only 
those were removed from the data set and statistical analy-
sis was performed with GraphPad Prism 7. For graphical 
presentation, boxplots were chosen where the line in the 
box represented the median and the 25% and 75% quartiles 
by the extremes of the box. The whiskers reached from the 
minimum to the maximum. The data sets were statistically 
compared by ANOVA with Bonferroni post hoc pairwise 
multiple comparisons vs. control. In each figure, the number 
of cardiomyocytes analyzed is represented by the letter n 
obtained from five mice of each genotype.

Results

Using confocal microscopy, line scans were recorded in 
cardiomyocytes isolated from 12-month-old WT mice that 
were double-loaded with 10 µM Rhod-2 for Ca2+ transient 
visualization (Fig. 1a) and 10 µM “NO-ON” for NO tran-
sients (Fig. 1b). Ca2+ transients were recorded as an internal 
control to evaluate (a) the viability of the cardiomyocyte, 
where only those that responded to each electrical stimu-
lation with a single Ca2+ transient were selected for data 
analyses, and (b) to correlate the temporal NO production. 
At 2 s after the initiation of recording, a single squared elec-
trical pulse (20 V amplitude, 10 ms duration) was applied to 
depolarize cardiomyocytes (dashed yellow line Fig. 1c–e). 
The recording continued for another 4 s to observe the NO 
production pattern related to electrical stimulation. From 
each cardiomyocyte isolated, six consecutive line scans were 
recorded (dashed yellow line Fig. 1c for Rhod-2 and Fig. 1d 
for NO-ON; non-normalized representative data Supplemen-
tary Fig. 1), normalized to their own baseline (F1/F0) and 

then averaged before being transformed into a representa-
tion F1/F0 trace as a function of time (Fig. 1e). Analysis 
with this method showed that both Rod-2 and NO-ON were 
stable for at least 36 s of recording, and a single transient 
was produced after the field electrical stimulation (Supple-
mentary Fig. 1). Based on the established data and analysis 
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Fig. 1   Fluorescence imaging of one isolated cardiomyocyte. An iso-
lated cardiomyocyte loaded with Rhod-2 (10 µM for 45 min) a was 
excited with a laser wavelength of 543 nm, and emission was detected 
between 551 and 701  nm, while the cardiomyocyte loaded with 
NO-ON dye (10 µM for 2 h) b was excited at 488 nm, and emission 
was detected between 497 and 537 nm using a confocal laser scan-
ning microscope (image size: 512 × 512 pixels, pixel size: 0.186 µm). 
The yellow line represents the line-scan region in the recorded car-
diomyocyte. c, d Averaged image of six consecutive line scans (5632 
lines with 512 pixels, 800 lines/s, 8  s of total line scanning) for 
simultaneous recordings of Ca2+ and NO transients along the yellow 
line from the cardiomyocyte shown in a, b. The dotted yellow line 
represents the moment at which a single electrical stimulation was 
given (20 V, 10 ms, 0.167 Hz) per line scan at 2 s after the initiation 
of recording and at another 6  s after the stimulation. e Normalized 
fluorescence intensity, F1/F0, of both the Ca2+ (red) and NO (green) 
traces of the averaged line scans in c, d. The time scale (s) is rep-
resented at the abscissa, and the ordinate represents the normalized 
fluorescence intensity F1/F0. The inlet shows a magnification of the 
NO transient from the trace represented in e. The dotted line shows 
that the baseline returned to the level before electrical stimulation. 
Individual traces of the six single line scans are shown in Fig. S1
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criteria described above, no further significant variation in 
the NO line scan was observed before or after the NO-ON 
transient signal, which may have indicated the occurrence of 
another NO production event. Electrical stimulation-induced 
NO transients were also observed in cardiomyocytes loaded 
with only NO-ON fluorescent dye (non-normalized data 
from three different experiments in Supplementary Fig. 2), 
excluding the possibility of artifact signals from the Rhod-2 
fluorescent dye or eventual cross-activation of the NO-ON 
dye by the other laser.

Ten different biophysical parameters were summarized 
to describe the NO transients (Table 1). The NO transients 
started approx. 67.5 ms after the beginning of the Ca2+ 
transient, with a median duration of 430 ms and a median 
peak of 0.131 F1/F0 (inlet Fig. 1e; Table 1). To quantify and 
thus understand the dimension of the NO transient observed 
herein, we correlated the ratios of the peak and area under 
the curve (AUC) values of the NO transient to the Ca2+ 
transient. This result showed that the NO median peak was 
11.8% of the Ca2+ peak and that the NO median AUC was 
9.7% of the Ca2+ median AUC (Table 1). No differences 
in the NO transient biophysical parameters were observed 
between WT and mdx-isolated cardiomyocytes (Table 1), 
suggesting that NO was evenly produced independent of the 
genotype.

Next, we investigated the differential protein expression 
of dystrophin (Fig. 2a), nNOS (Fig. 2b), iNOS (Fig. 2c) and 
eNOS (Fig. 2d) on isolated cardiomyocytes by immunoblot 
following the same protocol as that used to record the NO 
and Ca2+ transients from five mice of each genotype (full 
membrane Supplementary Fig. 3). All values were normal-
ized to the signal intensity of GAPDH (Fig. 2e), and the raw 
intensities did not differ statistically between the genotypes. 
As predicted, the expression of dystrophin was present in 
WT cardiomyocytes and absent in mdx cardiomyocytes. 
The protein expression of nNOS was significantly reduced 
in mdx cardiomyocytes compared to WT cardiomyocytes 
(Fig. 2b), while iNOS expression was significantly increased 
(Fig. 2c). The expression of eNOS was not significantly dif-
ferent between the two types (Fig. 2d).

These results suggested that, according to the patho-
physiological condition, the activities of the differentially 
expressed NOS isoforms were responsible for producing 
NO during diastole (named baseline) and systole (named 
NO transient). To test this hypothesis, six consecutive line 
scans were recorded, normalized to the baseline (F1/F0) and 
then averaged with other recordings according to the geno-
type and pharmacological tool using the same experimental 
set-up and data analyses as those described in Fig. 1. As 
seen on representative raw NO recordings (i.e., before nor-
malization), no significant alteration in the NO-ON fluo-
rescence signal was observed prior to electrical stimulation 
(from 0 to 2.0 s) or after the NO transient, which lasted 4 s 
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after stimulation (Fig. 3a). However, it was interesting to 
observe that the baseline of the NO signal systematically 
increased after each stimulation (analyzed at the pink marker 
before 2.0 s as shown in Fig. 3a), suggesting increasing or 
continuous NO production during diastole (baseline) after 
each stimulation (Fig. 3a). In comparison to that of the con-
trol solution, the baseline of WT-isolated cardiomyocytes 
from five mice was significantly reduced by the nonspecific 
NOS blocker N-nitro-l-arginine methyl ester (L-NAME, 
5 mM), as well as by the specific nNOS blocker S-methyl-
l-thiocitrulline (SMTC, IC50 100 nM) [48] and the specific 
iNOS blocker 1400 W (IC50 1 µM) [73]. However, it was 
not reduced by the eNOS blocker l-iminoethyl ornithine 
(L-NIO, IC50 1 µM) [22] (Fig. 3b; Table S1). The NO scav-
enger 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-
1-oxyl-3-oxide (carboxy-PTIO, PTIO hereafter) at 200 µM 
[40] was used to exclude the possibility of artifact signals 
produced by byproducts or cytotoxicity of the NO-ON 
fluorescent dye. It is relevant to note that the presence of 
PTIO not only discarded the possibility of cytotoxicity arti-
facts caused by the NO-ON fluorescent dye or the laser but 
also significantly reduced the NO baseline signal produced 
in comparison to that of the control, supporting previous 
observations of continuous NO production during diastole. 
Combining the data analysis from control and PTIO-treated 
cardiomyocytes, we ruled out artifact signal acquisition from 
NO-ON due to cytotoxicity because PTIO could reduce the 
NO-ON signal, and no NO-ON bleaching occurred because 
the baseline signal increased without PTIO.

The isoform responsible for the NO transient was deter-
mined using a low concentration of the specific isoform of 
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Fig. 3   Baseline and AUC values of endogenous NO production. Rep-
resentative recording of six consecutive NO transients (first–sixth) 
from cardiomyocytes isolated from 12-month-old WT mice and 
electrically stimulated (20  V, 10  ms) in a control solution (contain-
ing l-arginine 200 µM) and under treatment with the NO scavenger 
PTIO (200 µM) (a). The pink range symbol at the traces and before 
2.0 s represents the approximate region of 200 ms used to analyze the 
baseline. The inlet shows the analyzed area under the curve (AUC) of 
the sixth NO transient in blue. All six traces (first to sixth) are color-
coded and identified on the right side of the traces. The fluorescence 
intensity is shown in arbitrary units at the ordinate, and the time is 
shown in s at the abscissa. b–e Boxplots of the normalized baseline 
(b, d) and AUC (c, e) values illustrated on the ordinate in median 
arbitrary units (m.a.u.) from the NO transients from WT (b, c) and 
mdx (d, e) cardiomyocytes. Baseline (f) and AUC (g) comparisons 
between genotypes. Isolated cardiomyocytes under the effects of dif-
ferent pharmacological agents dissolved in control solution contain-
ing 200  µM l-arginine (abscissa): control (gray), 5  mM L-NAME 
(red), 100  nM SMTC (green), 1  µM 1400  W (blue), 1  µM L-NIO 
(orange) and 200 µM PTIO (purple). The numbers of analyzed car-
diomyocytes per treatment obtained from five mice per genotype are 
shown under the boxplots. Comparison vs. the respective control 
group: *p < 0.05; **p < 0.01; ***p < 0.001. For the exact data values, 
see Table S1 for the normalized baseline values and Table S2 for the 
AUC values

▸
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the NOS blocker and analyzing the integration of the ampli-
tude over time, as shown by the blue area on the inlet in 
Fig. 3a, hereafter named the AUC. Figure 3c summarizes the 
data analyses in comparison to the control condition, where 
both L-NAME and SMTC significantly reduced the AUC 
of the NO transient. Neither the iNOS blocker 1400 W nor 
the eNOS blocker L-NIO (Table S2) significantly reduced 
the NO transient AUC parameter. However, the AUC of the 
NO transient was effectively reduced in three independent 
experiments using PTIO. These results suggested that in 
isolated WT cardiomyocytes, the NO transient is nNOS-
derived. It is important to note that under control conditions, 
23.3% (29 out of 124) of the recorded and analyzed isolated 
cardiomyocytes did not produce NO transients upon electri-
cal stimulation.

The normalized delta baseline and AUC values of the 
NO transients analyzed in mdx cardiomyocytes were simi-
lar to those obtained from WT cardiomyocytes (Fig. 3d, e; 
Table S1). In comparison to the control solution, L-NAME, 
1400  W and PTIO significantly reduced the baseline 
recorded from mdx cardiomyocytes (Fig. 3d; Table S2). 
Interestingly, the presence of L-NIO significantly increased 
the both raw and normalized delta baseline NO production. 
Treatment with L-NAME, 1400 W, L-NIO or PTIO signifi-
cantly reduced the NO transient AUC parameters in dys-
trophic cardiomyocytes (Fig. 3d; Table S2). As expected, 
SMTC did not affect the baseline or the AUC of NO tran-
sients of dystrophic cardiomyocytes. Taken together, these 
data suggested that both the iNOS and eNOS isoforms are 
responsible for the NO transient in dystrophic cardiomyo-
cytes. Similar to WT cardiomyocytes, 24.2% (37 out of 153) 
of the dystrophic cardiomyocytes showed Ca2+ transients 
without NO transients.

When comparing NO production differences between 
normal and dystrophic cardiomyocytes, we observed that 
unlike in WT cardiomyocytes, the NO baseline production 
in mdx cardiomyocytes was significantly reduced by both 
the control solution and L-NAME treatment and increased 
by SMTC. There were no genotype differences between the 
1400 W and L-NIO treatment groups (Fig. 3f). The signifi-
cant decrease in iNOS-derived NO baseline production in 
both WT and mdx cardiomyocytes suggested that iNOS is 
the isoform responsible for diastolic NO production. A simi-
lar analysis was performed for the NO transient by measur-
ing the AUC (Fig. 3g). After electrical stimulation, there 
was no difference between WT and mdx cardiomyocytes; 
however, L-NAME and 1400 W induced significant reduc-
tions in the NO transient in mdx cardiomyocytes. SMTC 
treatment had the opposite effect, as the NO transient was 
significantly reduced in WT cardiomyocytes in comparison 
to mdx cardiomyocytes (Fig. 3g). Finally, L-NIO induced 
no differences in the NO signals between the two groups 
(Fig. 3g). This analysis supports the initial perception that 

NOS-derived NO transient production was differentially pro-
duced according to the pathophysiological characteristics of 
the cardiomyocytes.

Knowing that reactive oxygen species (ROS) induces 
NO production [84, 85], here it was evaluated whether ROS 
would form a transient signal of NO by incubating WT car-
diomyocytes isolated from four mice with 150 μM H2O2 for 
5 min (Supplementary Fig. 4). Under this specific condi-
tion, significant changes in the baseline NO or NO tran-
sient production were not observed, unlike after electrical 
stimulation. This result suggested that NO-dependent ROS 
production requires a longer time and most likely a different 
mechanism from that of electrical stimulated-derived NO 
transient signals.

The physiological implication of this brief endogenous 
NO transient on the well-established modulatory effect of 
NO on Ca2+ transients was investigated based on an explora-
tory study on different data sets of isolated cardiomyocytes 
reloaded with NO-ON and Rhod-2. In this study, the last 6 
of 10 consecutive NO and Ca2+ non-normalized transients 
recorded were analyzed at two different frequencies of stim-
ulation (0.67 Hz and 1 Hz). Each line scan is separated from 
the next one to indicate a new line scan and the new baseline 
after each stimulation. The Ca2+ transient was reduced after 
each stimulation in the control solution (Fig. 4a, b, g, h), but 
this reduction was absent in cardiomyocytes treated with 
L-NAME (Fig. 4c, d) or PTIO (Fig. 4e, f). In the control 
solution and after 0.67 Hz of stimulation, the NO baseline 
production increased after each stimulation, supporting our 
previous result regarding diastolic NO production. This 
preliminary result supports previous data [21] and further 
suggests that electrically triggered NO transients modulate 
Ca2+ transients independently of the stimulation frequency. 
Based on these exploratory results, we further analyzed and 
quantified the endogenous NO effect on the last 6 of 10 AUC 
Ca2+ transients obtained from electrically stimulated (20 V, 
10 ms, 2.0 Hz) age-matched WT and mdx-isolated cardio-
myocytes loaded with only 10 µM Fluo4-AM using a faster 
data acquisition set-up. Higher frequency of stimulation was 
chosen to avoid large Ca2+ transients due to inactivation. In 
comparison to the control solution, L-NAME and the other 
specific blockers used herein had no significant effects on the 
measured intracellular diastolic Ca2+ (baseline) from both 
WT and mdx cardiomyocytes. However, in isolated WT car-
diomyocytes, the reduction of the last 6 consecutive AUC 
Ca2+ transients observed in the control solution was pre-
vented with L-NAME and the specific nNOS blocker SMTC 
(Fig. 5a) but not with the iNOS blocker 1400 W or the eNOS 
blocker L-NIO (Supplementary Fig. 5). Two-way ANOVA 
indicated a significant interaction effect between NOS block-
ers and consecutive transients (Table S3), as the percentage 
of the WT AUC Ca2+ transients under L-NAME or SMTC 
treatment was significantly larger than that under treatment 
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with the control solution (Fig. 5d). Dystrophic cardiomyo-
cytes did not reduce the percentage of AUC Ca2+ transients 
upon consecutive stimulations when treated with L-NAME, 
1400 W or L-NIO (Fig. 5b, c). Two-way ANOVA reported 
a significant interaction effect between NOS blockers and 
consecutive transients (Table S3), as the percentage of dys-
trophic AUC Ca2+ transients under L-NAME, 1400 W or 
L-NIO treatment was significantly larger than that achieved 
with the control solution (Fig. 5e).

The AUC of the Ca2+ transient is determined by peak 
and duration parameters, which were analyzed to investi-
gate whether one or both would be affected by the NO tran-
sient. In WT-isolated cardiomyocytes, the patterns of peak 
and duration were similar to the AUC analysis. Two-way 
ANOVA of peak parameter showed a significant interac-
tion effect between NOS blockers and consecutive transients 
(Table S4), as the percentage of the WT AUC Ca2+ tran-
sients under L-NAME or SMTC treatment was significantly 

larger than that under treatment with the control solution 
(Supplementary Fig. 7a). Although the pattern of the dura-
tion response was also similar to AUC, where L-NAME 
and SMTC were significantly higher in most of the tran-
sients, two-way ANOVA indicated no significant interaction 
between the number of the transient and NOS blockers (Sup-
plementary Fig. 7b; Table S5). As expected from the results 
of the AUC, 1400 W and L-NIO did not show any difference 
in comparison to control (Supplementary Fig. 7a, b).

Similar analyses of peak and duration parameters were 
performed using dystrophic cardiomyocytes. Two-way 
ANOVA indicated significant interaction between consecu-
tive transient and NOS blockers and in comparison to con-
trol; peak parameter was significantly higher in presence 
of L-NAME, 1400 W or L-NIO (Supplementary Fig. 7c; 
Table S4). SMTC did not change the peak of the Ca2+ 
transient. It is interesting to note that the treatment of all 
blockers used here did not modify the duration of the Ca2+ 
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NOS blocker L-NAME (5 mM). e NO transient and f Ca2+ transient 
signals recorded from WT-isolated cardiomyocytes incubated with 
the NO scavenger PTIO (100 µM). The dashed gray line underneath 
the Ca2+ transient traces serves as a visual reference for the baseline. 
Each transient was triggered with 20 V, 10 ms, and 0.67 Hz (a–f) and 
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transient from dystrophic cardiomyocytes (Supplementary 
Fig. 7d; Table S5). These results suggest that from two 
parameters that define the AUC, the peak is the one affected 

in both WT and MDX genotypes, while with no relevance 
regarding the duration of the Ca2+ transient in dystrophic 
cardiomyocytes.

Fig. 5   Effect of endogenous NO 
on consecutive Ca2+ transients. 
The last 6 of 10 calibrated and 
consecutive Ca2+ transients 
under the effect of specific 
blockers of each NOS isoform. 
Isolated cardiomyocytes were 
loaded with 10 µM Fluo4-AM, 
electrically stimulated (20 V, 
10 ms, 2.0 Hz) and recorded 
at 2 Kb/s from the photomul-
tiplier-amplified signal. The 
scale of the Ca2+ transient 
concentration (20 nM) is shown 
at the ordinate, and time (1.5 s) 
is shown at the abscissa. a 
WT-isolated cardiomyocyte 
Ca2+ transients recorded in the 
presence of the control solution 
(black), 5 mM L-NAME (red) 
and 100 nM SMTC (green) 
are shown. Consecutive Ca2+ 
transients from mdx cardiomyo-
cytes in the presence of the con-
trol solution containing 200 µM 
l-arginine (dotted black) or dif-
ferent pharmacological agents 
dissolved in control solution 
containing 200 µM l-arginine 
(abscissa) are shown as follows: 
5 mM L-NAME (dotted red) 
and 1 µM 1400 W (dotted blue) 
(b) and control solution (dotted 
black), 5 mM L-NAME (dotted 
red) and 1 µM L-NIO (dotted 
orange) (c). d, e Quantification 
of the percentages of the AUCs 
on the abscissa and the last five 
consecutive Ca2+ transients at 
the ordinate for the WT car-
diomyocytes in d and the mdx 
cardiomyocytes in e. The fifth 
Ca2+ transient was considered 
the first Ca2+ transient to be 
analyzed and thus accounted 
for 100% of the AUC. The 
numbers of cardiomyocytes 
analyzed per treatment obtained 
from five mice per genotype 
are shown next to the legend. 
Comparison vs. the respective 
control transient: L-NAME 
**p < 0.01 and ***p < 0.001; 
SMTC ¶¶¶p < 0.001; 
1400 W ###p < 0.001; L-NIO 
+++p < 0.001. For the exact data 
values, see Table S3
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Next, we reasoned that according to the cardiomyocyte 
pathophysiological condition, different NO signaling path-
ways would be activated, reducing the AUC of the NO-
dependent Ca2+ transient. Again, we used pharmacological 
tools to block or activate specific points on the NO-sGC-
PKG or NO-SNO signaling pathway instead of mutants to 
observe an acute effect and to avoid compensatory activi-
ties of other NOS isoforms [6, 92, 95, 109]. In compari-
son to the control solution, the sGC blocker 1H-[1,2,4]
oxadiazolo[4,3,–a]quinoxalin-1-one (ODQ, 10 μM) had an 
effect similar to that of L-NAME (5 mM), as no significant 
reductions in the AUCs of the last six Ca2+ transients from 
three WT mice were observed (Fig. 6a; Table S6). Bay41-
2272, an activator of sGC, had no significant effect on dys-
trophic cardiomyocytes in comparison to that of the control 
solution, and the effects of both the control and Bay41-2272 
treatments were significantly reduced in comparison to those 
of L-NAME (Fig. 6b; Table S7). No significant effects on 
the AUCs of the last six Ca2+ transients under ODQ treat-
ment were observed in dystrophic cardiomyocytes or under 
Bay41-2272 treatment in WT cardiomyocytes (Table S6). 
At the level of PKG activity, the blocker KT5823 (1 μM) 
significantly increased the Ca2+ AUC in WT cardiomyocytes 
in comparison to that achieved with the control solution, 
as detected for L-NAME (Fig. 6c). The effect of the PKG 
activator 8pCPT (10 μM) was similar to that of the con-
trol solution in mdx cardiomyocytes and was significantly 
reduced in comparison to that of L-NAME (Fig. 6d). The 
8pCPT agent had no significant effect on WT cardiomyo-
cytes, and KT5823 had no significant effect on dystrophic 
cardiomyocytes (Tables S6, S7). Both reductants of S-NO, 
N-ethylmaleimide (NEM, 20 μM) and ascorbic acid (AA, 
1 mM) by themselves had no effects on the AUC of Ca2+ 
transients from WT cardiomyocytes. In comparison to the 
control solution, NEM and AA significantly increased the 
AUC only in the presence of L-NAME (Fig. 6e). However, 
in mdx cardiomyocytes, NEM or AA alone did significantly 
increase the AUC from the consecutively recorded Ca2+ 
transients, similar to the effect of L-NAME alone.

Since AA is also a scavenger of reactive oxygen species 
(ROS), we decided to test whether ROS is involved in the 
reduction of Ca2+ transients using 10 mM N-acetylcysteine 
(NAC), a specific ROS scavenger that is widely used in car-
diomyocytes [102, 103] and skeletal muscle [14]. The Ca2+ 
transients in NAC-treated WT cardiomyocytes did not dif-
fer from those of the control, but differences were observed 
when NAC was used in combination with L-NAME (Sup-
plementary Fig. 6A). An analogous approach was used with 
dystrophic cardiomyocytes, yielding results similar to those 
obtained with AA (Supplementary Fig. 6B), where only the 
10th transient of NAC-treated cardiomyocytes was signifi-
cantly different from that of the control. The mdx cardio-
myocytes treated with NAC and L-NAME in combination 

showed a result similar to that achieved with L-NAME 
alone, where all Ca2+ transients were significantly different 
from those of the control. These results suggested that the 
WT cardiomyocytes were probably not influenced by ROS, 
while the main effect observed for mdx cardiomyocytes 
derived from NO with some contributions by ROS.

Discussion

A novel physiological paradigm for intracellular NO produc-
tion is summarized in Fig. 7, proposing that endogenous 
NOS-dependent NO is transiently produced after the Ca2+ 
transient upon electrical stimulation. The NO production 
uncovered in this study is suggested to reduce the next Ca2+ 
transient via a signaling pathway-dependent mechanism 
according to the pathophysiological condition. In WT car-
diomyocytes, the NO transient was nNOS-dependent, while 
it was eNOS- and iNOS-derived in mdx cardiomyocytes. 
In the WT group, the endogenous NO transient effectively 
reduced the subsequent Ca2+ transient via the NO-sGC-PKG 
signaling pathway, while this reduction was SNO-mediated 
in dystrophic cardiomyocytes. Another novelty observed 
herein is the roles of nNOS and iNOS in WT cardiomyocytes 
and iNOS and eNOS in mdx cardiomyocytes in NO produc-
tion during diastole. Interestingly, in mdx cardiomyocytes, 
L-NIO significantly increased the baseline, suggesting a 
compensatory increase in iNOS activity once eNOS activity 
was blocked. Therefore, the NO transient in isolated murine 
cardiomyocytes exerts a negative modulatory effect on the 
subsequent Ca2+ transient during the ECC.

NO is transiently produced in cardiomyocytes

Since this was the first attempt to record intracellular NO 
production in real time, we analyzed select cardiomyocytes 
at 2 s before and 4 s after electrical stimulation. Three con-
ditions were established to analyze the recorded data. First, 
we avoided shape variance and movement during stimulation 
using 2,3-butanedione monoxime (BDM) during cell dis-
sociation and checking for movement artifacts on line-scan 
traces. Second, since NOS-derived NO is directly (nNOS 
and eNOS) and indirectly (iNOS throughout activation of 
contraction-dependent signaling pathway) Ca2+ release and 
only a single Ca2+ transient is triggered by electrical stimula-
tion, we use it as a well-established physiological reference 
event produced in cardiomyocytes [32, 51] to evaluate NO 
production during or after the ECC. Finally, the NO-ON dye 
signal was present only after the initial Ca2+ transient. The 
resulting NO transient lasted for approx. 430 ms during the 
Ca2+ transient and the AUC of the NO transient was only 
11% of that of the Ca2+ transient. Similar transient produc-
tion of NO was previously reported extracellularly in rat 
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and rabbit hearts using porphyrinic chronoamperometric 
microsensors covered with Nafion [76]. In situ, extracel-
lular NO transients are recorded after systole and blocked 
by L-NMMA, a nonspecific NOS blocker [76]. In isolated 
cardiomyocytes, extracellular NO is detected after applica-
tion of an external mechanical force to the cell membrane. 
Although this technique allows for the rapid detection of 
extracellular NO fluctuations, the disadvantages lie in not 

knowing the amount of intracellular NO produced and the 
concentration decreasing proportionally to the square of the 
distance between the target cell and microelectrode. For 
instance, Pinsky et al. could detect NO transient produc-
tion only by placing the porphyrinic microelectrode 2–3 μm 
from the cell membrane and were unable to detect any signal 
at a distance of 35 μm [76]. This well-known issue of the 
chronoamperometric technique was addressed in this study, 
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as we showed that the initial NO transient occurred during 
systole using a sensitive fluorescent dye. Here, we precisely 
report the activation of intracellular NO production after the 
membrane depolarization-induced Ca transient.

It is interesting to note that intracellular NO transients 
were produced under different frequencies of stimulation 
(0.167, 0.67 and 1.0 Hz), suggesting a physiological process 
that is capable of adapting to different heart frequencies. 
Furthermore, the subsequent baseline was increased, sug-
gesting constant NO basal production after electrical stimu-
lation, despite the normal bleaching process of any fluores-
cent dye recorded under low amplitude scale as observed in 
Fig. 3. To discard the possibilities of recording and analysis 
artifacts, such as phototoxicity from the NO-ON dye, the 
NO scavenger PTIO was used, and no significant differences 
in the baseline signals were observed between the first and 
sixth stimulation events. Therefore, the results from the con-
trol and PTIO-treated protocols suggest that no artifacts of 
NO-ON signal recording derived from cytotoxicity occurred 
because (1) of the specificity of the NO-ON fluorescent dye 
[62–64] and (2) the fact that PTIO was able to reduce the 
NO-ON signal, supporting the evidence that the NO-ON dye 
is specific for NO [62, 63]. We also ruled out the possibil-
ity of significant bleaching or bleeding of the NO-ON dye 
because the baseline signal increased after each stimulation 
in control (without PTIO) cardiomyocytes. According to 

the genotype, the source (isoform) of diastolic NO produc-
tion varied, suggesting that all three isoforms contribute to 
basal NO production. In comparison to WT cardiomyocytes, 
dystrophic cardiomyocytes produced significantly lower 
amounts of NO during diastole, supporting previous reports 
of mdx cardiomyocytes producing lower levels of NO [23, 
82]. Interestingly, there was no difference in NO produc-
tion during diastole between WT and mdx cardiomyocytes, 
as both genotypes exhibited reduced NO production after 
treatment with 1400 W and increased NO production after 
treatment with L-NIO. This analysis suggests that the activ-
ity of the NOS isoform dictates a compensatory mechanism, 
as previously described for the heart [95] and other tissues 
[31, 41, 94].

We noticed that approx. 24% of the recorded cardiomyo-
cytes did not produce NO signal despite always presenting 
normal Ca2+ transients, and these cardiomyocytes without 
NO signals were present in all plates and in between car-
diomyocytes with successful NO transients. To eliminate a 
possible technical artifact (loading), we attempted to record 
the NO signals more than once at different time points in the 
cardiomyocytes. To exclude the possibility of a low loading 
capacity, we increased the intensity of the laser to record a 
small NO signal, but no transient signal was successfully 
recorded. It is well established that anatomical and physi-
ological regional differences exist in the ventricle, such as 
differences in wall thickness; Na+, K+ and Ca2+ currents; 
and action potentials [3, 17, 58, 61]. Porphyrinic microsen-
sors revealed differential NO production according to the 
placement of the probe in the heart, where the endocardium 
produced more NO than the myocardium [76]. Similarly, 
heterogenic NOS isoform expression in WT tissue has 
been reported across different layers of the right and left 
ventricles, where the nNOS and iNOS expression patterns 
are opposite that of eNOS [12, 13]. Therefore, these data 
collectively suggest that due to the heterogeneity of ven-
tricular tissues, cardiomyocytes from the left ventricular 
epicardium and right ventricle expressing lower amounts of 
nNOS and iNOS do not produce NO transients after electri-
cal stimulation.

Differential NO sources are dependent on NOS 
isoform expression

Two different approaches were used with the aim of identi-
fying different NOS isoforms that could be responsible for 
the NO transient. First, immunoblot analyses of isolated 
cardiomyocytes were performed, showing that the three 
isoforms were differentially expressed in WT and mdx car-
diomyocytes. The protein level of the nNOS isoform was 
significantly reduced in mdx cardiomyocytes compared to 
that in WT cardiomyocytes, while that of iNOS was signifi-
cantly enhanced, and the eNOS protein expression was not 

Fig. 6   Quantification of the AUCs of the last six consecutive Ca2+ 
transients from WT and mdx cardiomyocytes in the presence of 
specific activators or blockers of NO signaling pathways. Isolated 
cardiomyocytes were loaded with 10  µM Fluo4-AM, electrically 
stimulated (20  V, 10  ms, 2.0  Hz) and recorded at 2  Kb/s from the 
photomultiplier-amplified signal. The data are in comparison to the 
control solution (black) in reference to the point on the NO signaling 
pathway indicated between panels. a, c, e, g Quantification of AUCs 
from WT-isolated cardiomyocytes and b, d, f, h mdx-isolated cardio-
myocytes. a Effects of the sGC blocker ODQ (10 µM, red) and the 
combination of ODQ and 5 mM L-NAME (green) in comparison to 
the control solution (black). b Effects of 10 µM BAY-412272 (green) 
and the combination of BAY-412272 and 5 mM L-NAME (brown). c 
Effects of the PKG blocker KT5823 (10 µM, petrol) and the combina-
tion of KT5823 and 5 mM L-NAME (orange). d Effects of the PKG 
activator 8pCPT (10  µM, orange) and the combination of 8pCPT 
and 5  mM L-NAME (red). e Effects of the S-nitrosylation scaven-
ger NEM (20 µM, brown) and the combination of NEM and 5 mM 
L-NAME in WT cardiomyocytes. f Effects of the S-nitrosylation 
scavenger NEM (20 µM, petrol) and the combination of NEM with 
5 mM L-NAME (red) in mdx cardiomyocytes. g, h Effects of 1 mM 
ascorbic acid (AA) on S-nitrosylation (gray) and in combination 
with 5  mM L-NAME (dark red) in WT cardiomyocytes. h Effects 
of 1 mM AA on S-nitrosylation (dark blue) and in combination with 
5 mM L-NAME (dark red) in mdx cardiomyocytes. The numbers of 
cardiomyocytes analyzed per treatment obtained from five mice per 
genotype are shown next to the legend. The symbols *, ** and *** 
represent p < 0.05, p < 0.01 and p < 0.001, respectively, of the single 
treatment in comparison to the control. The symbols #, ## and ### 
represent p < 0.05, p < 0.01 and p < 0.001, respectively, of the com-
bined treatment in comparison to the control

◂
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significantly different between the two groups. Our results 
support previous reports demonstrating that cardiomyocytes 
express nNOS [90], specifically in the sarcoplasmic reticu-
lum [18, 109] and at the sarcoplasm membrane [104]. eNOS 
is detectable in spatial microdomains of plasma membrane, 
such as caveolae and lipid rafts and at the sarcoplasmic 
membrane [25, 59, 115], and iNOS is normally expressed 
under physiological conditions in the cardiomyocyte cyto-
plasm, perinuclear space, Golgi complex, contractile fibers, 
but not in the sarcoplasmic reticulum [4, 5, 10–12, 57, 90]. 
The second approach was using pharmacological agents at 
the IC50 and thus specifically inhibiting only one NOS iso-
form. In WT cardiomyocytes, the AUC of the NO transient 
was significantly reduced in the presence of L-NAME and 
SMTC [49], while no significant alterations were observed 
in the presence of 1400 W [73] or L-NIO [22]. In contrast, 
the AUC of the NO transient in mdx mice was significantly 
reduced by L-NAME, 1400 W or L-NIO. This evidence sug-
gests that WT and mdx cardiomyocytes produce NO tran-
sients utilizing different isoforms. Moreover, the presence 
of the NO scavenger PTIO on both genotypes significantly 
abolished the NO transient, supporting the data obtained 
from the specific blockers. Together, these results suggested 
that differential NOS isoform expression determines the NO 
transient source, thus resulting in NO production by a differ-
ent isoform according to the pathophysiological condition. 
In WT and mdx mice of an age comparable to those used in 
our immunoblot and NO transient experiments (12 months 
old), Bia et al. showed no difference in total NOS activity in 

the myocardia of the two groups. However, similar to what 
we observed, the nNOS activity was significantly reduced 
in mdx cardiomyocytes, while the iNOS activity was signifi-
cantly enhanced, and no difference in the activity of eNOS 
was observed [11]. Cardiomyocytes treated with 7-NINA, 
another specific nNOS blocker, showed a reduction in NO 
production to approx. 75% of that in the WT, with no dif-
ference being observed in mdx cardiomyocytes, indicating 
that NO is mainly derived from an isoform other than nNOS 
in mdx mice [82]. Therefore, in combination with previ-
ous data [11, 76, 82], our results support previous evidence 
that murine cardiomyocytes transiently produce NO in an 
isoform-dependent manner, extending as a possible com-
pensatory activity in mdx cardiomyocytes from iNOS and 
eNOS in response to the reduced nNOS activity.

The characterization of NO production was also 
extended to the baseline, as the baseline production also 
decreased after the electrical stimulation of WT cardio-
myocytes treated with 1400 W. This result was supported 
and extended by the data obtained with PTIO, showing 
that NO was produced not only after electrical stimulation 
and then followed by the Ca2+ transient but also constantly 
at low levels. Therefore, these results suggest that iNOS is 
the Ca2+-independent isoform responsible for diastolic NO 
baseline production and that at least two NO production 
events occur: one transiently during systole after the sarco-
plasmic membrane depolarization-induced Ca2+ transient 
and another constantly during diastole.

Fig. 7   Schematic representa-
tion of the NOS-dependent 
NO transient and its effect on 
the Ca2+ transient. In normal 
cardiomyocytes (left side; WT) 
in which dystrophin is present, 
nNOS and iNOS are responsible 
for diastolic NO production, 
and nNOS is responsible for the 
systolic NO transient. The NO 
transient is produced after mem-
brane depolarization (red), and 
it exerts its effect by reducing 
the next Ca2+ transient via the 
sGC-PKG signaling pathway. 
In dystrophic cardiomyocytes 
(right side; mdx), the absence of 
dystrophin reduces the expres-
sion and activity of nNOS and 
enhances iNOS, thus regulating 
diastolic NO production. During 
systole, iNOS and eNOS are 
responsible for the NO transient 
modification of the next Ca2+ 
transient via SNO modifications
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The NOS‑dependent NO transient reduces 
the next Ca2+ transient

The role of each NOS isoform regarding the general modu-
latory effect of NO on the ECC and on Ca2+ transients 
and in the contractility in the heart has been extensively 
evaluated [7, 21, 28, 43, 48, 49, 59, 77, 87, 89, 107, 117]. 
However, previous reports and the current results shown 
in Figs. 3 and 4 do not clearly demonstrate the effect of 
NO transients on Ca2+ transients during ECC. To address 
this unsolved issue, a new protocol was established in 
which cardiomyocytes received 10 consecutive electrical 
field stimulations at 2.0 Hz. Once we observed that the 
NO transient was produced at low frequency, we tested 
higher frequencies to observe any differences. Among all 
the frequencies used herein, we did not observe any dif-
ferences in the production of NO transients. To avoid data 
analyses of large Ca2+ transients due to inactivation and 
thus an increased sarcoplasmic reticulum Ca2+ content [8, 
15, 20], only the last six were analyzed. Here, we focus 
the analyses on the AUC parameter as it summarizes the 
total effect of NO production on Ca2+ transients. During 
the experiments exemplified in Fig. 5, the AUCs of the 
Ca2+ transients were reduced after a few stimulations but 
remained constant in the presence of L-NAME in both 
genotypes, with SMTC showing an effect in WT cardio-
myocytes and 1400 W and L-NIO showing effects in dys-
trophic cardiomyocytes. Furthermore, no significant dif-
ference in the intracellular diastolic [Ca2+] was observed 
between WT and mdx cardiomyocytes, suggesting that the 
negative modulatory effect of the NO transient is limited 
to the Ca2+ transient. Therefore, our results suggested 
that the isoform-dependent NO transient exerts a negative 
modulatory effect on the next Ca2+ transient according to 
the pathophysiological condition of the isolated cardio-
myocyte. This result supports numerous data obtained by 
different protocols suggesting that pharmacological nNOS 
inhibition or nNOS gene disruption significantly increases 
the Ca2+ transient or current amplitude, reducing relaxa-
tion and thus increasing contractility [28, 38, 43, 87, 89, 
91, 113, 116]. Contrary results have been reported, where 
knockout nNOS cardiomyocytes showed no increases in 
Ca2+ transients or sarcomere shortening [48, 49]. This dis-
crepancy among data might be due to the ages of the mice 
(2–3 months old vs. 12 months old) and to the fact that 
knockout of nNO leads to cardiac hypertrophy, a patho-
logical condition causing an opposite response [6]. Alter-
natively, compensatory activity from other NOS isoforms 
is possible, as seen in the heart, i.e., under beta-adrenergic 
stimulation, wherein eNOS-derived NO increases Ca2+ 
release and reduces Ca2+ uptake in sarcoplasmic reticu-
lum vesicles from normal cardiomyocytes [6, 92, 109] 

and nNOS expression is enhanced in eNOS knockout mice 
[95].

Previous reports show that NO-dependent Ca2+ transient 
reduction is mediated by two alternative signaling path-
ways, the NO–cGMP–PKG signaling cascade [28, 69] and 
SNO [39, 92]. It has been described that both nNOS and 
eNOs activate sCG-PKG signaling pathway, but due to their 
microdomain localization and different signaling pathways 
involved, the nNOS and e-NOS activation does not produce 
the same effect [4, 114, 115]. Interestingly, under certain 
circumstances, eNOS and iNOS also share the capability 
to produce RNS, which results in S-nitrosylations [4, 114, 
115]. Therefore, it is possible to evaluate the effect of each 
NOS-derived NO applying directed stimulations. Using spe-
cific pharmacological tools for each critical NO signaling 
point, we further tested which NO pathway was activated 
by the NO transient to reduce the Ca2+ transient in each 
of the two genotypes. It is important to note that the use 
of activators of the sGC-PKG signaling pathway does not 
fully recapitulate the effect of the transient NO production 
in the cardiomyocyte, but it is one strategy along with oth-
ers used here to study the role of NO on Ca2+ transient. As 
with L-NAME and SMTC, ODQ significantly increased the 
Ca2+ transient AUC parameter in normal cardiomyocytes, 
suggesting that nNOS-derived NO was responsible for the 
negative modulatory effect on Ca2+ transients. This result 
supports and extends previous results showing that NO-acti-
vated sGC is responsible for the Ca2+ transient reduction and 
twitch amplitude observed in normal cardiomyocytes [28, 
54, 87]. In contrast to what was observed in normal cardio-
myocytes, the activation of sGC in dystrophic cardiomyo-
cytes did not produce any differences in comparison to the 
control solution, suggesting that iNOS- and eNOS-derived 
NO have alternative signaling pathways. To test this hypoth-
esis, we evaluated one point down in the signaling cascade 
using KT5823 and 8pCPT as PKG blockers and activators, 
respectively. We observed an increase in the Ca2+ transient 
AUC parameter in WT cardiomyocytes in the presence of 
KT5823 and in combination with L-NAME, supporting our 
data obtained with ODQ and SMTC. These results support 
a previous report showing that nNOS is the predominant 
cardiac isoform that controls Ca2+ homeostasis, myocyte 
contraction, and relaxation and signaling pathways, includ-
ing nitroso-redox balance [28, 54, 87, 89, 114], suggesting 
that nNOS-derived NO transients act via the NO-sGC-PKG 
signaling pathway. In mdx cardiomyocytes, activation of 
PKG with 8pCPT did not increase the Ca2+ transient, only 
in the presence of L-NAME, supporting previous data that 
iNOS-derived NO transients act via different signaling path-
ways in dystrophic cardiomyocytes.

The alternative NO signaling pathway was tested using 
two different SNO blockers, a specific blocker, NEM, and a 
nonspecific blocker, AA. In contrast to that observed in WT 
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cardiomyocytes, in which neither NEM nor AA reduced the 
Ca2+ transients, these agents did reduce the Ca2+ transients 
in mdx cardiomyocytes. Thus, this result not only further 
supports and extends the suggested data for the NO-sCG-
PKG signaling pathway in WT cardiomyocytes but also 
proposes an alternative modulatory effect of NO on Ca2+ 
transients in dystrophic cardiomyocytes through iNOS- and 
e-NOS-dependent SNO.

ROS is a relevant signaling pathway that mediates several 
responses in normal and dystrophic cardiomyocytes [96]. 
Interestingly, ROS can be produced by NOS under low levels 
of l-arginine (< 100 μM) and/or tetrahydrobiopterin [82], gen-
erating two major oxidative stress signals: superoxide, which 
then is converted into peroxynitrite upon reacting with NO [80, 
82, 107]. It is established that ROS induces NO production 
by activating the three isoforms [24, 47, 84]. For instances, 
brief exposure of HL-1 cardiomyocytes to H2O2 induces phos-
phorylation of nNOS at  serine 1412, which results in an 
increased NO production [47]. In neonatal isolated cardio-
myocytes, H2O2-mediated ROS increases iNOS production 
and NO production [24]. Sartoretto et al. has demonstrated that 
H2O2-stimulated eNOS activation depends on phosphorylation 
of both the AMP-activated protein kinase and kinase Akt, and 
leads NO production [84]. We tested the effect of exogenous 
ROS on Ca2+ transients incubating H2O2 in WT cardiomyo-
cytes and using two different ROS scavengers, AA and NAC. 
In WT cardiomyocytes, H2O2 did not induce a change in the 
baseline nor in the NO transient signal, as neither AA nor NAC 
altered the reduction of the Ca2+ transient, as observed with 
the control solution. Since no NO-dependent ROS produc-
tion was observed as described by others that used a larger 
(minutes) time scale [47, 84, 85], these results supports our 
previous results suggesting that the NO transient signal was 
triggered after the electrical stimulation. The superoxide also 
reacts with NO producing peroxynitrite (ONOO−) a reactive 
nitrogen species (RNS), which nitrosylates thiol groups of 
cysteine promoting significant changes in the activity of the 
cardiac l-type Ca channel and ryanodine receptor type 2 [65, 
70]. The results in mdx cardiomyocytes were similar to those 
obtained with NEM (RNS scavenger), supporting that the 
RNS was responsible for the Ca2+ transient reduction. These 
results agree with previous reports showing that ROS are not 
generated in mdx cardiomyocytes unless they are exposed 
to osmotic stress, stretch activation, ischemia/reperfusion or 
mechanical stress [2, 46, 78, 99]. The results regarding basal 
ROS levels between WT and mdx cardiomyocytes are con-
tradictory, with some studies reporting no difference in ROS 
content [2, 78] and others reporting a 4.6-fold increase in mdx 
compared to WT cardiomyocytes [52], despite that the cardiac 
mitochondrial content is not altered in the mdx mouse heart 
[52]. The differences might be related to the ages of the mice 
(22 weeks old in the Kuno et al. study [52], 12 weeks old in 
the Ascah et al. study [2] and no age reported by Prosser et al. 

[78]) and/ or the background/ origin of the mdx mice (Japan, 
Canada or USA). Although our results suggest an effect of 
RNS on the dystrophic Ca2+ transient, some questions remain 
regarding the sources, amounts and effects of ROS in mdx 
cardiomyocytes.

In conclusion, we report that NO is transiently produced 
upon electrical stimulation after the Ca2+ transient in isolated 
murine cardiomyocytes. The evidence presented herein sug-
gests that NO transients are isoform-dependent according to 
the pathophysiological condition; that is, in WT-isolated car-
diomyocytes, the NO transient is derived from nNOS, while 
in mdx mice, the NO transient is iNOS- and eNOS-dependent 
as a mechanism compensating for the reduced expression and 
activity of nNOS. The baseline NO production appears to be 
iNOS-dependent in both WT and mdx cardiomyocytes, in 
which nNOS and eNOS contribute, respectively. The major 
significance of the NO transient observed in isolated cardio-
myocytes is the reduction of the subsequent Ca2+ transient, 
leading to a reduced systolic Ca2+ transient and thus suggest-
ing how NO modulates contractility.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00395-​021-​00860-0.

Acknowledgements  We thank Dr. Ulrike Zeiger for her comments on 
the manuscript.

Authors’ contributions  Experimental design and statistical data analy-
sis by RK and MM. Acquiring data by RK, CA, CW and MM. Animal 
protocol by RHAF. Manuscript draft and figures by MM. Manuscript 
revision and comments by all authors. Funding and general supervi-
sion by MM.

Funding  Open Access funding enabled and organized by Projekt 
DEAL. The authors acknowledge partial funding support from the Ger-
man Federal Ministry of Education and Science (Bundesministerium 
für Bildung und Forsching), Grant Number 031A552.

Data availability  The extra-material is available in the supplemental 
material of the journal.

Code availability  The code is available upon request.

Declarations 

Conflict of interest  No conflicts of interest, financial or otherwise, are 
declared by the author(s).

Ethical approval  All experiments were approved by the ethics commit-
tee of the University of Heidelberg Interfaculty Biomedical Research 
Facility (T-83/14 and T-21/17) and according to the guidelines of the 
Regierungspräsidium Karlsruhe of State of Baden- Wuerttemberg, 
Germany.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 

https://doi.org/10.1007/s00395-021-00860-0


Basic Research in Cardiology (2021) 116:18	

1 3

Page 17 of 21  18

provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

	 1.	 Ameen V, Robson LG (2010) Experimental models of Duchenne 
muscular dystrophy: relationship with cardiovascular disease. 
Open Cardiovasc Med J 4:265–277. https://​doi.​org/​10.​2174/​
18741​92401​00401​0265

	 2.	 Ascah A, Khairallah M, Daussin F, Bourcier-Lucas C, Godin 
R, Allen BG, Petrof BJ, Rosiers CD, Burelle Y (2011) Stress-
induced opening of the permeability transition pore in the dystro-
phin-deficient heart is attenuated by acute treatment with sildena-
fil. Am J Physiol Heart Circ Physiol 300:H144-153. https://​doi.​
org/​10.​1152/​ajphe​art.​00522.​2010

	 3.	 Ashamalla SM, Navarro D, Ward CA (2001) Gradient of sodium 
current across the left ventricular wall of adult rat hearts. J Phys-
iol 536:439–443. https://​doi.​org/​10.​1111/j.​1469-​7793.​2001.​
0439c.​xd

	 4.	 Balligand JL, Feron O, Dessy C (2009) eNOS activation by phys-
ical forces: from short-term regulation of contraction to chronic 
remodeling of cardiovascular tissues. Physiol Rev 89:481–534. 
https://​doi.​org/​10.​1152/​physr​ev.​00042.​2007

	 5.	 Balligand JL, Ungureanu-Longrois D, Simmons WW, Pimen-
tal D, Malinski TA, Kapturczak M, Taha Z, Lowenstein CJ, 
Davidoff AJ, Kelly RA et al (1994) Cytokine-inducible nitric 
oxide synthase (iNOS) expression in cardiac myocytes. Char-
acterization and regulation of iNOS expression and detection of 
iNOS activity in single cardiac myocytes in vitro. J Biol Chem 
269:27580–27588

	 6.	 Barouch LA, Harrison RW, Skaf MW, Rosas GO, Cappola TP, 
Kobeissi ZA, Hobai IA, Lemmon CA, Burnett AL, O’Rourke 
B, Rodriguez ER, Huang PL, Lima JA, Berkowitz DE, Hare JM 
(2002) Nitric oxide regulates the heart by spatial confinement of 
nitric oxide synthase isoforms. Nature 416:337–339. https://​doi.​
org/​10.​1038/​41600​5a

	 7.	 Belevych AE, Harvey RD (2000) Muscarinic inhibitory and 
stimulatory regulation of the L-type Ca2+ current is not altered 
in cardiac ventricular myocytes from mice lacking endothelial 
nitric oxide synthase. J Physiol 528(Pt 2):279–289. https://​doi.​
org/​10.​1111/j.​1469-​7793.​2000.​00279.x

	 8.	 Bers DM (1985) Ca influx and sarcoplasmic reticulum Ca release 
in cardiac muscle activation during postrest recovery. Am J Phys-
iol 248:H366-381. https://​doi.​org/​10.​1152/​ajphe​art.​1985.​248.3.​
H366

	 9.	 Bers DM, Guo T (2005) Calcium signaling in cardiac ventricular 
myocytes. Ann N Y Acad Sci 1047:86–98. https://​doi.​org/​10.​
1196/​annals.​1341.​008

	 10.	 Bhardwaj M, Sali VK, Mani S, Vasanthi HR (2020) Neophyta-
diene from Turbinaria ornata suppresses LPS-induced inflam-
matory response in RAW 264.7 macrophages and Sprague 
Dawley rats. Inflammation 43:937–950. https://​doi.​org/​10.​1007/​
s10753-​020-​01179-z

	 11.	 Bia BL, Cassidy PJ, Young ME, Rafael JA, Leighton B, Davies 
KE, Radda GK, Clarke K (1999) Decreased myocardial nNOS, 
increased iNOS and abnormal ECGs in mouse models of Duch-
enne muscular dystrophy. J Mol Cell Cardiol 31:1857–1862. 
https://​doi.​org/​10.​1006/​jmcc.​1999.​1018

	 12.	 Brahmajothi MV, Campbell DL (1999) Heterogeneous basal 
expression of nitric oxide synthase and superoxide dismutase 
isoforms in mammalian heart: implications for mechanisms gov-
erning indirect and direct nitric oxide-related effects. Circ Res 
85:575–587. https://​doi.​org/​10.​1161/​01.​res.​85.7.​575

	 13.	 Brahmajothi MV, Campbell DL (2007) Heterogeneous expres-
sion of NO-activated soluble guanylyl cyclase in mammalian 
heart: implications for NO- and redox-mediated indirect versus 
direct regulation of cardiac ion channel function. Channels (Aus-
tin) 1:353–365. https://​doi.​org/​10.​4161/​chan.​5189

	 14.	 Burns DP, Drummond SE, Bolger D, Coiscaud A, Murphy KH, 
Edge D, O’Halloran KD (2019) N-acetylcysteine decreases fibro-
sis and increases force-generating capacity of mdx diaphragm. 
Antioxidants (Basel) 8:26. https://​doi.​org/​10.​3390/​antio​x8120​
581

	 15.	 Capogrossi MC, Kort AA, Spurgeon HA, Lakatta EG (1986) 
Single adult rabbit and rat cardiac myocytes retain the Ca2+- and 
species-dependent systolic and diastolic contractile properties 
of intact muscle. J Gen Physiol 88:589–613. https://​doi.​org/​10.​
1085/​jgp.​88.5.​589

	 16.	 Chu M, Koshman Y, Iyengar R, Kim T, Russell B, Samarel AM 
(2012) Contractile activity regulates inducible nitric oxide syn-
thase expression and NO(i) production in cardiomyocytes via a 
FAK-dependent signaling pathway. J Signal Transduct 2012:11. 
https://​doi.​org/​10.​1155/​2012/​473410

	 17.	 Cook SJ, Chamunorwa JP, Lancaster MK, O’Neill SC (1997) 
Regional differences in the regulation of intracellular sodium and 
in action potential configuration in rabbit left ventricle. Pflugers 
Arch 433:515–522. https://​doi.​org/​10.​1007/​s0042​40050​307

	 18.	 Damy T, Ratajczak P, Robidel E, Bendall JK, Oliviero P, Bocz-
kowski J, Ebrahimian T, Marotte F, Samuel JL, Heymes C (2003) 
Up-regulation of cardiac nitric oxide synthase 1-derived nitric 
oxide after myocardial infarction in senescent rats. FASEB J 
17:1934–1936. https://​doi.​org/​10.​1096/​fj.​02-​1208f​je

	 19.	 Deng X, Wang F, Chen Z (2010) A novel electrochemical sen-
sor based on nano-structured film electrode for monitoring nitric 
oxide in living tissues. Talanta 82:1218–1224. https://​doi.​org/​10.​
1016/j.​talan​ta.​2010.​06.​035

	 20.	 duBell WH, Boyett MR, Spurgeon HA, Talo A, Stern MD, 
Lakatta EG (1991) The cytosolic calcium transient modulates the 
action potential of rat ventricular myocytes. J Physiol 436:347–
369. https://​doi.​org/​10.​1113/​jphys​iol.​1991.​sp018​554

	 21.	 Ebner J, Cagalinec M, Kubista H, Todt H, Szabo PL, Kiss A, 
Podesser BK, Szappanos HC, Hool LC, Hilber K, Koenig X 
(2020) Neuronal nitric oxide synthase regulation of calcium 
cycling in ventricular cardiomyocytes is independent of Cav1.2 
channel modulation under basal conditions. Pflugers Arch 
472:61–74. https://​doi.​org/​10.​1007/​s00424-​019-​02335-7

	 22.	 Egom EE, Mohamed TM, Mamas MA, Shi Y, Liu W, Chirico 
D, Stringer SE, Ke Y, Shaheen M, Wang T, Chacko S, Wang 
X, Solaro RJ, Fath-Ordoubadi F, Cartwright EJ, Lei M (2011) 
Activation of Pak1/Akt/eNOS signaling following sphingosine-
1-phosphate release as part of a mechanism protecting cardio-
myocytes against ischemic cell injury. Am J Physiol Heart Circ 
Physiol 301:H1487-1495. https://​doi.​org/​10.​1152/​ajphe​art.​
01003.​2010

	 23.	 Esposito G, Carsana A (2019) Metabolic alterations in cardio-
myocytes of patients with Duchenne and Becker muscular dys-
trophies. J Clin Med 8:12. https://​doi.​org/​10.​3390/​jcm81​22151

	 24.	 Fei AH, Cao Q, Chen SY, Wang HR, Wang FL, Pan SM, Lin 
ZF (2013) Salvianolate inhibits reactive oxygen species produc-
tion in H(2)O(2)-treated mouse cardiomyocytes in vitro via the 
TGFbeta pathway. Acta Pharmacol Sin 34:496–500. https://​doi.​
org/​10.​1038/​aps.​2012.​209

	 25.	 Feron O, Belhassen L, Kobzik L, Smith TW, Kelly RA, Michel 
T (1996) Endothelial nitric oxide synthase targeting to caveolae. 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.2174/1874192401004010265
https://doi.org/10.2174/1874192401004010265
https://doi.org/10.1152/ajpheart.00522.2010
https://doi.org/10.1152/ajpheart.00522.2010
https://doi.org/10.1111/j.1469-7793.2001.0439c.xd
https://doi.org/10.1111/j.1469-7793.2001.0439c.xd
https://doi.org/10.1152/physrev.00042.2007
https://doi.org/10.1038/416005a
https://doi.org/10.1038/416005a
https://doi.org/10.1111/j.1469-7793.2000.00279.x
https://doi.org/10.1111/j.1469-7793.2000.00279.x
https://doi.org/10.1152/ajpheart.1985.248.3.H366
https://doi.org/10.1152/ajpheart.1985.248.3.H366
https://doi.org/10.1196/annals.1341.008
https://doi.org/10.1196/annals.1341.008
https://doi.org/10.1007/s10753-020-01179-z
https://doi.org/10.1007/s10753-020-01179-z
https://doi.org/10.1006/jmcc.1999.1018
https://doi.org/10.1161/01.res.85.7.575
https://doi.org/10.4161/chan.5189
https://doi.org/10.3390/antiox8120581
https://doi.org/10.3390/antiox8120581
https://doi.org/10.1085/jgp.88.5.589
https://doi.org/10.1085/jgp.88.5.589
https://doi.org/10.1155/2012/473410
https://doi.org/10.1007/s004240050307
https://doi.org/10.1096/fj.02-1208fje
https://doi.org/10.1016/j.talanta.2010.06.035
https://doi.org/10.1016/j.talanta.2010.06.035
https://doi.org/10.1113/jphysiol.1991.sp018554
https://doi.org/10.1007/s00424-019-02335-7
https://doi.org/10.1152/ajpheart.01003.2010
https://doi.org/10.1152/ajpheart.01003.2010
https://doi.org/10.3390/jcm8122151
https://doi.org/10.1038/aps.2012.209
https://doi.org/10.1038/aps.2012.209


	 Basic Research in Cardiology (2021) 116:18

1 3

18  Page 18 of 21

Specific interactions with caveolin isoforms in cardiac myocytes 
and endothelial cells. J Biol Chem 271:22810–22814. https://​doi.​
org/​10.​1074/​jbc.​271.​37.​22810

	 26.	 Finsterer J, Stollberger C (2003) The heart in human dystrophi-
nopathies. Cardiology 99:1–19. https://​doi.​org/​10.​1159/​00006​
8446

	 27.	 Forderer M, Georgiev T, Mosqueira M, Fink RH, Vogel M (2016) 
Functional second harmonic generation microscopy probes 
molecular dynamics with high temporal resolution. Biomed Opt 
Express 7:525–541. https://​doi.​org/​10.​1364/​boe.7.​000525

	 28.	 Gallo MP, Malan D, Bedendi I, Biasin C, Alloatti G, Levi RC 
(2001) Regulation of cardiac calcium current by NO and cGMP-
modulating agents. Pflugers Arch 441:621–628. https://​doi.​org/​
10.​1007/​s0042​40000​475

	 29.	 Garbincius JF, Michele DE (2015) Dystrophin-glycoprotein 
complex regulates muscle nitric oxide production through 
mechanoregulation of AMPK signaling. Proc Natl Acad Sci USA 
112:13663–13668. https://​doi.​org/​10.​1073/​pnas.​15129​91112

	 30.	 Gealekman O, Abassi Z, Rubinstein I, Winaver J, Binah O (2002) 
Role of myocardial inducible nitric oxide synthase in contrac-
tile dysfunction and beta-adrenergic hyporesponsiveness in rats 
with experimental volume-overload heart failure. Circulation 
105:236–243. https://​doi.​org/​10.​1161/​hc0202.​102015

	 31.	 Gericke A, Wolff I, Musayeva A, Zadeh JK, Manicam C, Pfeiffer 
N, Li H, Xia N (2019) Retinal arteriole reactivity in mice lacking 
the endothelial nitric oxide synthase (eNOS) gene. Exp Eye Res 
181:150–156. https://​doi.​org/​10.​1016/j.​exer.​2019.​01.​022

	 32.	 Gomez AM, Schuster I, Fauconnier J, Prestle J, Hasenfuss G, 
Richard S (2004) FKBP12.6 overexpression decreases Ca2+ 
spark amplitude but enhances [Ca2+]i transient in rat cardiac 
myocytes. Am J Physiol Heart Circ Physiol 287:H1987-1993. 
https://​doi.​org/​10.​1152/​ajphe​art.​00409.​2004

	 33.	 Grynkiewicz G, Poenie M, Tsien RY (1985) A new generation of 
Ca2+ indicators with greatly improved fluorescence properties. 
J Biol Chem 260:3440–3450. https://​doi.​org/​10.​1016/​S0021-​
9258(19)​83641-4

	 34.	 Heinzel FR, Gres P, Boengler K, Duschin A, Konietzka I, Rassaf 
T, Snedovskaya J, Meyer S, Skyschally A, Kelm M, Heusch G, 
Schulz R (2008) Inducible nitric oxide synthase expression and 
cardiomyocyte dysfunction during sustained moderate ischemia 
in pigs. Circ Res 103:1120–1127. https://​doi.​org/​10.​1161/​CIRCR​
ESAHA.​108.​186015

	 35.	 Hetrick EM, Schoenfisch MH (2009) Analytical chemistry of 
nitric oxide. Annu Rev Anal Chem (Palo Alto Calif) 2:409–433. 
https://​doi.​org/​10.​1146/​annur​ev-​anchem-​060908-​155146

	 36.	 Hoffman EP, Brown RH, Kunkel LM (1987) Dystrophin: the 
protein product of the Duchenne muscular dystrophy locus. Cell 
51:919–928. https://​doi.​org/​10.​1016/​0092-​8674(87)​90579-4

	 37.	 Hollingworth S, Marshall MW, Robson E (1990) Excitation 
contraction coupling in normal and mdx mice. Muscle Nerve 
13:16–20. https://​doi.​org/​10.​1002/​mus.​88013​0105

	 38.	 Hoydal MA, Wisloff U, Kemi OJ, Britton SL, Koch LG, Smith 
GL, Ellingsen O (2007) Nitric oxide synthase type-1 modulates 
cardiomyocyte contractility and calcium handling: associa-
tion with low intrinsic aerobic capacity. Eur J Cardiovasc Prev 
Rehabil 14:319–325. https://​doi.​org/​10.​1097/​01.​hjr.​0b013​e3280​
128bef

	 39.	 Hu H, Chiamvimonvat N, Yamagishi T, Marban E (1997) Direct 
inhibition of expressed cardiac L-type Ca2+ channels by S-nitro-
sothiol nitric oxide donors. Circ Res 81:742–752. https://​doi.​org/​
10.​1161/​01.​res.​81.5.​742

	 40.	 Irvine JC, Cao N, Gossain S, Alexander AE, Love JE, Qin C, 
Horowitz JD, Kemp-Harper BK, Ritchie RH (2013) HNO/
cGMP-dependent antihypertrophic actions of isopropylamine-
NONOate in neonatal rat cardiomyocytes: potential therapeutic 

advantages of HNO over NO. Am J Physiol Heart Circ Physiol 
305:H365-377. https://​doi.​org/​10.​1152/​ajphe​art.​00495.​2012

	 41.	 Ishioka M, Ishizuka Y, Shintani S, Yanagisawa T, Inoue T, Sasaki 
J, Watanabe H (2014) Expression profiles of NOS isoforms in 
gingiva of nNOS knockout mice. Tissue Cell 46:122–126. https://​
doi.​org/​10.​1016/j.​tice.​2013.​12.​003

	 42.	 Iturriaga R, Villanueva S, Mosqueira M (2000) Dual effects of 
nitric oxide on cat carotid body chemoreception. J Appl Physiol 
89:1005–1012. https://​doi.​org/​10.​1152/​jappl.​2000.​89.3.​1005

	 43.	 Jin CZ, Jang JH, Kim HJ, Wang Y, Hwang IC, Sadayappan S, 
Park BM, Kim SH, Jin ZH, Seo EY, Kim KH, Kim YJ, Kim 
SJ, Zhang YH (2013) Myofilament Ca2+ desensitization medi-
ates positive lusitropic effect of neuronal nitric oxide synthase in 
left ventricular myocytes from murine hypertensive heart. J Mol 
Cell Cardiol 60:107–115. https://​doi.​org/​10.​1016/j.​yjmcc.​2013.​
04.​017

	 44.	 Joshi MS, Lancaster JR Jr, Liu X, Ferguson TB Jr (2001) In situ 
measurement of nitric oxide production in cardiac isografts and 
rejecting allografts by an electrochemical method. Nitric Oxide 
5:561–565. https://​doi.​org/​10.​1006/​niox.​2001.​0369

	 45.	 Judge DP, Kass DA, Thompson WR, Wagner KR (2011) Patho-
physiology and therapy of cardiac dysfunction in Duchenne mus-
cular dystrophy. Am J Cardiovasc Drugs 11:287–294. https://​doi.​
org/​10.​2165/​11594​070-​00000​0000-​00000

	 46.	 Jung C, Martins AS, Niggli E, Shirokova N (2008) Dystrophic 
cardiomyopathy: amplification of cellular damage by Ca2+ sig-
nalling and reactive oxygen species-generating pathways. Car-
diovasc Res 77:766–773. https://​doi.​org/​10.​1093/​cvr/​cvm089

	 47.	 Kar R, Kellogg DL 3rd, Roman LJ (2015) Oxidative stress 
induces phosphorylation of neuronal NOS in cardiomyocytes 
through AMP-activated protein kinase (AMPK). Biochem Bio-
phys Res Commun 459:393–397. https://​doi.​org/​10.​1016/j.​bbrc.​
2015.​02.​113

	 48.	 Khan SA, Lee K, Minhas KM, Gonzalez DR, Raju SV, Tejani 
AD, Li D, Berkowitz DE, Hare JM (2004) Neuronal nitric oxide 
synthase negatively regulates xanthine oxidoreductase inhibi-
tion of cardiac excitation-contraction coupling. Proc Natl Acad 
Sci USA 101:15944–15948. https://​doi.​org/​10.​1073/​pnas.​04041​
36101

	 49.	 Khan SA, Skaf MW, Harrison RW, Lee K, Minhas KM, Kumar 
A, Fradley M, Shoukas AA, Berkowitz DE, Hare JM (2003) 
Nitric oxide regulation of myocardial contractility and calcium 
cycling: independent impact of neuronal and endothelial nitric 
oxide synthases. Circ Res 92:1322–1329. https://​doi.​org/​10.​
1161/​01.​res.​00000​78171.​52542.​9e

	 50.	 Kinugawa KI, Kohmoto O, Yao A, Serizawa T, Takahashi T 
(1997) Cardiac inducible nitric oxide synthase negatively modu-
lates myocardial function in cultured rat myocytes. Am J Physiol 
272:H35-47. https://​doi.​org/​10.​1152/​ajphe​art.​1997.​272.1.​H35

	 51.	 Kong W, Fast VG (2014) The role of dye affinity in optical meas-
urements of Cai(2+) transients in cardiac muscle. Am J Physiol 
Heart Circ Physiol 307:H73-79. https://​doi.​org/​10.​1152/​ajphe​art.​
00751.​2013

	 52.	 Kuno A, Hosoda R, Sebori R, Hayashi T, Sakuragi H, Tanabe 
M, Horio Y (2018) Resveratrol ameliorates mitophagy distur-
bance and improves cardiac pathophysiology of dystrophin-
deficient mdx mice. Sci Rep 8:15555. https://​doi.​org/​10.​1038/​
s41598-​018-​33930-w

	 53.	 Lanza GA, Dello Russo A, Giglio V, De Luca L, Messano L, 
Santini C, Ricci E, Damiani A, Fumagalli G, De Martino G, 
Mangiola F, Bellocci F (2001) Impairment of cardiac autonomic 
function in patients with Duchenne muscular dystrophy: rela-
tionship to myocardial and respiratory function. Am Heart J 
141:808–812. https://​doi.​org/​10.​1067/​mhj.​2001.​114804

	 54.	 Layland J, Li JM, Shah AM (2002) Role of cyclic GMP-depend-
ent protein kinase in the contractile response to exogenous nitric 

https://doi.org/10.1074/jbc.271.37.22810
https://doi.org/10.1074/jbc.271.37.22810
https://doi.org/10.1159/000068446
https://doi.org/10.1159/000068446
https://doi.org/10.1364/boe.7.000525
https://doi.org/10.1007/s004240000475
https://doi.org/10.1007/s004240000475
https://doi.org/10.1073/pnas.1512991112
https://doi.org/10.1161/hc0202.102015
https://doi.org/10.1016/j.exer.2019.01.022
https://doi.org/10.1152/ajpheart.00409.2004
https://doi.org/10.1016/S0021-9258(19)83641-4
https://doi.org/10.1016/S0021-9258(19)83641-4
https://doi.org/10.1161/CIRCRESAHA.108.186015
https://doi.org/10.1161/CIRCRESAHA.108.186015
https://doi.org/10.1146/annurev-anchem-060908-155146
https://doi.org/10.1016/0092-8674(87)90579-4
https://doi.org/10.1002/mus.880130105
https://doi.org/10.1097/01.hjr.0b013e3280128bef
https://doi.org/10.1097/01.hjr.0b013e3280128bef
https://doi.org/10.1161/01.res.81.5.742
https://doi.org/10.1161/01.res.81.5.742
https://doi.org/10.1152/ajpheart.00495.2012
https://doi.org/10.1016/j.tice.2013.12.003
https://doi.org/10.1016/j.tice.2013.12.003
https://doi.org/10.1152/jappl.2000.89.3.1005
https://doi.org/10.1016/j.yjmcc.2013.04.017
https://doi.org/10.1016/j.yjmcc.2013.04.017
https://doi.org/10.1006/niox.2001.0369
https://doi.org/10.2165/11594070-000000000-00000
https://doi.org/10.2165/11594070-000000000-00000
https://doi.org/10.1093/cvr/cvm089
https://doi.org/10.1016/j.bbrc.2015.02.113
https://doi.org/10.1016/j.bbrc.2015.02.113
https://doi.org/10.1073/pnas.0404136101
https://doi.org/10.1073/pnas.0404136101
https://doi.org/10.1161/01.res.0000078171.52542.9e
https://doi.org/10.1161/01.res.0000078171.52542.9e
https://doi.org/10.1152/ajpheart.1997.272.1.H35
https://doi.org/10.1152/ajpheart.00751.2013
https://doi.org/10.1152/ajpheart.00751.2013
https://doi.org/10.1038/s41598-018-33930-w
https://doi.org/10.1038/s41598-018-33930-w
https://doi.org/10.1067/mhj.2001.114804


Basic Research in Cardiology (2021) 116:18	

1 3

Page 19 of 21  18

oxide in rat cardiac myocytes. J Physiol 540:457–467. https://​doi.​
org/​10.​1113/​jphys​iol.​2001.​014126

	 55.	 Lee J, Bae EH, Ma SK, Kim SW (2016) Altered nitric oxide 
system in cardiovascular and renal diseases. Chonnam Med J 
52:81–90. https://​doi.​org/​10.​4068/​cmj.​2016.​52.2.​81

	 56.	 Liao R, Jain M (2007) Isolation, culture, and functional analysis 
of adult mouse cardiomyocytes. Methods Mol Med 139:251–262. 
https://​doi.​org/​10.​1007/​978-1-​59745-​571-8_​16

	 57.	 Luo C, Xie X, Feng X, Lei B, Fang C, Li Y, Cai X, Ling G, 
Zheng B (2020) Deficiency of interleukin-36 receptor protected 
cardiomyocytes from ischemia-reperfusion injury in cardiopul-
monary bypass. Med Sci Monit 26:e918933. https://​doi.​org/​10.​
12659/​MSM.​918933

	 58.	 Main MC, Bryant SM, Hart G (1998) Regional differences in 
action potential characteristics and membrane currents of guinea-
pig left ventricular myocytes. Exp Physiol 83:747–761. https://​
doi.​org/​10.​1113/​expph​ysiol.​1998.​sp004​156

	 59.	 Massion PB, Balligand JL (2003) Modulation of cardiac con-
traction, relaxation and rate by the endothelial nitric oxide syn-
thase (eNOS): lessons from genetically modified mice. J Physiol 
546:63–75. https://​doi.​org/​10.​1113/​jphys​iol.​2002.​025973

	 60.	 McDonald CM, Abresch RT, Carter GT, Fowler WM Jr, Johnson 
ER, Kilmer DD, Sigford BJ (1995) Profiles of neuromuscular 
diseases. Duchenne muscular dystrophy. Am J Phys Med Rehabil 
74:S70-92. https://​doi.​org/​10.​1097/​00002​060-​19950​9001-​00003

	 61.	 McIntosh MA, Cobbe SM, Smith GL (2000) Heterogeneous 
changes in action potential and intracellular Ca2+ in left ven-
tricular myocyte sub-types from rabbits with heart failure. Car-
diovasc Res 45:397–409. https://​doi.​org/​10.​1016/​s0008-​6363(99)​
00360-0

	 62.	 McQuade LE, Lippard SJ (2010) Fluorescence-based nitric oxide 
sensing by Cu(ii) complexes that can be trapped in living cells. 
Inorg Chem 49:7464–7471. https://​doi.​org/​10.​1021/​ic100​802q

	 63.	 McQuade LE, Ma J, Lowe G, Ghatpande A, Gelperin A, Lippard 
SJ (2010) Visualization of nitric oxide production in the mouse 
main olfactory bulb by a cell-trappable copper(ii) fluorescent 
probe. Proc Natl Acad Sci USA 107:8525–8530. https://​doi.​org/​
10.​1073/​pnas.​09147​94107

	 64.	 McQuade LE, Pluth MD, Lippard SJ (2010) Mechanism of nitric 
oxide reactivity and fluorescence enhancement of the NO-spe-
cific probe CuFL1. Inorg Chem 49:8025–8033. https://​doi.​org/​
10.​1021/​ic101​054u

	 65.	 Meissner G (2010) Regulation of ryanodine receptor ion chan-
nels through posttranslational modifications. Curr Top Membr 
66:91–113. https://​doi.​org/​10.​1016/​S1063-​5823(10)​66005-X

	 66.	 Melacini P, Vianello A, Villanova C, Fanin M, Miorin M, Ange-
lini C, Dalla Volta S (1996) Cardiac and respiratory involvement 
in advanced stage Duchenne muscular dystrophy. Neuromuscul 
Disord 6:367–376

	 67.	 Mosqueira M, Aykut G, Fink RHA (2020) Mepivacaine 
reduces calcium transients in isolated murine ventricular car-
diomyocytes. BMC Anesthesiol 20:10. https://​doi.​org/​10.​1186/​
s12871-​019-​0926-0

	 68.	 Mosqueira M, Iturriaga R (2002) Carotid body chemosensory 
excitation induced by nitric oxide: involvement of oxidative 
metabolism. Respir Physiol Neurobiol 131:175–187. https://​doi.​
org/​10.​1016/​s1569-​9048(02)​00020-4

	 69.	 Mosqueira M, Zeiger U, Forderer M, Brinkmeier H, Fink RH 
(2013) Cardiac and respiratory dysfunction in Duchenne mus-
cular dystrophy and the role of second messengers. Med Res Rev 
33:1174–1213. https://​doi.​org/​10.​1002/​med.​21279

	 70.	 Muralidharan P, Szappanos HC, Ingley E, Hool LC (2017) The 
cardiac L-type calcium channel alpha subunit is a target for direct 
redox modification during oxidative stress-the role of cysteine 
residues in the alpha interacting domain. Clin Exp Pharmacol 

Physiol 44(Suppl 1):46–54. https://​doi.​org/​10.​1111/​1440-​1681.​
12750

	 71.	 Nagano T (2010) Development of fluorescent probes for bioimag-
ing applications. Proc Jpn Acad Ser B Phys Biol Sci 86:837–847. 
https://​doi.​org/​10.​2183/​pjab.​86.​837

	 72.	 Nagano T, Yoshimura T (2002) Bioimaging of nitric oxide. Chem 
Rev 102:1235–1270. https://​doi.​org/​10.​1021/​cr010​152s

	 73.	 Pang L, Cai Y, Tang EH, Yan D, Kosuru R, Li H, Irwin MG, 
Ma H, Xia Z (2016) Cox-2 inhibition protects against hypoxia/
reoxygenation-induced cardiomyocyte apoptosis via Akt-depend-
ent enhancement of iNOS expression. Oxid Med Cell Longev 
2016:3453059. https://​doi.​org/​10.​1155/​2016/​34530​59

	 74.	 Paolocci N, Ekelund UE, Isoda T, Ozaki M, Vandegaer K, Geor-
gakopoulos D, Harrison RW, Kass DA, Hare JM (2000) cGMP-
independent inotropic effects of nitric oxide and peroxynitrite 
donors: potential role for nitrosylation. Am J Physiol Heart Circ 
Physiol 279:H1982-1988. https://​doi.​org/​10.​1152/​ajphe​art.​2000.​
279.4.​H1982

	 75.	 Perloff JK, de Leon AC Jr, O’Doherty D (1966) The cardiomyo-
pathy of progressive muscular dystrophy. Circulation 33:625–
648. https://​doi.​org/​10.​1161/​01.​cir.​33.4.​625

	 76.	 Pinsky DJ, Patton S, Mesaros S, Brovkovych V, Kubaszewski 
E, Grunfeld S, Malinski T (1997) Mechanical transduction of 
nitric oxide synthesis in the beating heart. Circ Res 81:372–379. 
https://​doi.​org/​10.​1161/​01.​Res.​81.3.​372

	 77.	 Post H, Schulz R, Gres P, Heusch G (2001) No involvement of 
nitric oxide in the limitation of beta-adrenergic inotropic respon-
siveness during ischemia. Am J Physiol Heart Circ Physiol 
281:H2392-2397. https://​doi.​org/​10.​1152/​ajphe​art.​2001.​281.6.​
H2392

	 78.	 Prosser BL, Ward CW, Lederer WJ (2011) X-ROS signaling: 
rapid mechano-chemo transduction in heart. Science 333:1440–
1445. https://​doi.​org/​10.​1126/​scien​ce.​12027​68

	 79.	 Quinlan JG, Hahn HS, Wong BL, Lorenz JN, Wenisch AS, 
Levin LS (2004) Evolution of the mdx mouse cardiomyopathy: 
physiological and morphological findings. Neuromuscul Disord 
14:491–496. https://​doi.​org/​10.​1016/j.​nmd.​2004.​04.​007

	 80.	 Radi R, Beckman JS, Bush KM, Freeman BA (1991) Peroxyni-
trite oxidation of sulfhydryls. The cytotoxic potential of super-
oxide and nitric oxide. J Biol Chem 266:4244–4250. https://​doi.​
org/​10.​1016/​S0021-​9258(20)​64313-7

	 81.	 Ramachandran J, Peluffo RD (2017) Threshold levels of extracel-
lular l-arginine that trigger NOS-mediated ROS/RNS produc-
tion in cardiac ventricular myocytes. Am J Physiol Cell Physiol 
312:C144–C154. https://​doi.​org/​10.​1152/​ajpce​ll.​00150.​2016

	 82.	 Ramachandran J, Schneider JS, Crassous PA, Zheng R, Gon-
zalez JP, Xie LH, Beuve A, Fraidenraich D, Peluffo RD (2013) 
Nitric oxide signalling pathway in Duchenne muscular dystro-
phy mice: up-regulation of L-arginine transporters. Biochem J 
449:133–142. https://​doi.​org/​10.​1042/​BJ201​20787

	 83.	 Ramaciotti C, Iannaccone ST, Scott WA (2003) Myocardial 
cell damage in Duchenne muscular dystrophy. Pediatr Cardiol 
24:503–506. https://​doi.​org/​10.​1007/​s00246-​002-​0408-9

	 84.	 Sartoretto JL, Kalwa H, Pluth MD, Lippard SJ, Michel T (2011) 
Hydrogen peroxide differentially modulates cardiac myocyte 
nitric oxide synthesis. Proc Natl Acad Sci USA 108:15792–
15797. https://​doi.​org/​10.​1073/​pnas.​11113​31108

	 85.	 Sartoretto JL, Kalwa H, Shiroto T, Sartoretto SM, Pluth MD, 
Lippard SJ, Michel T (2012) Role of Ca2+ in the control of 
H2O2-modulated phosphorylation pathways leading to eNOS 
activation in cardiac myocytes. PLoS ONE 7:e44627. https://​
doi.​org/​10.​1371/​journ​al.​pone.​00446​27

	 86.	 Scheid LM, Mosqueira M, Hein S, Kossack M, Juergensen L, 
Mueller M, Meder B, Fink RH, Katus HA, Hassel D (2016) 
Essential light chain S195 phosphorylation is required for cardiac 

https://doi.org/10.1113/jphysiol.2001.014126
https://doi.org/10.1113/jphysiol.2001.014126
https://doi.org/10.4068/cmj.2016.52.2.81
https://doi.org/10.1007/978-1-59745-571-8_16
https://doi.org/10.12659/MSM.918933
https://doi.org/10.12659/MSM.918933
https://doi.org/10.1113/expphysiol.1998.sp004156
https://doi.org/10.1113/expphysiol.1998.sp004156
https://doi.org/10.1113/jphysiol.2002.025973
https://doi.org/10.1097/00002060-199509001-00003
https://doi.org/10.1016/s0008-6363(99)00360-0
https://doi.org/10.1016/s0008-6363(99)00360-0
https://doi.org/10.1021/ic100802q
https://doi.org/10.1073/pnas.0914794107
https://doi.org/10.1073/pnas.0914794107
https://doi.org/10.1021/ic101054u
https://doi.org/10.1021/ic101054u
https://doi.org/10.1016/S1063-5823(10)66005-X
https://doi.org/10.1186/s12871-019-0926-0
https://doi.org/10.1186/s12871-019-0926-0
https://doi.org/10.1016/s1569-9048(02)00020-4
https://doi.org/10.1016/s1569-9048(02)00020-4
https://doi.org/10.1002/med.21279
https://doi.org/10.1111/1440-1681.12750
https://doi.org/10.1111/1440-1681.12750
https://doi.org/10.2183/pjab.86.837
https://doi.org/10.1021/cr010152s
https://doi.org/10.1155/2016/3453059
https://doi.org/10.1152/ajpheart.2000.279.4.H1982
https://doi.org/10.1152/ajpheart.2000.279.4.H1982
https://doi.org/10.1161/01.cir.33.4.625
https://doi.org/10.1161/01.Res.81.3.372
https://doi.org/10.1152/ajpheart.2001.281.6.H2392
https://doi.org/10.1152/ajpheart.2001.281.6.H2392
https://doi.org/10.1126/science.1202768
https://doi.org/10.1016/j.nmd.2004.04.007
https://doi.org/10.1016/S0021-9258(20)64313-7
https://doi.org/10.1016/S0021-9258(20)64313-7
https://doi.org/10.1152/ajpcell.00150.2016
https://doi.org/10.1042/BJ20120787
https://doi.org/10.1007/s00246-002-0408-9
https://doi.org/10.1073/pnas.1111331108
https://doi.org/10.1371/journal.pone.0044627
https://doi.org/10.1371/journal.pone.0044627


	 Basic Research in Cardiology (2021) 116:18

1 3

18  Page 20 of 21

adaptation under physical stress. Cardiovasc Res 111:44–55. 
https://​doi.​org/​10.​1093/​cvr/​cvw066

	 87.	 Sears CE, Bryant SM, Ashley EA, Lygate CA, Rakovic S, Wallis 
HL, Neubauer S, Terrar DA, Casadei B (2003) Cardiac neuronal 
nitric oxide synthase isoform regulates myocardial contraction 
and calcium handling. Circ Res 92:e52-59. https://​doi.​org/​10.​
1161/​01.​RES.​00000​64585.​95749.​6D

	 88.	 Seddon M, Shah AM, Casadei B (2007) Cardiomyocytes as 
effectors of nitric oxide signalling. Cardiovasc Res 75:315–326. 
https://​doi.​org/​10.​1016/j.​cardi​ores.​2007.​04.​031

	 89.	 Seo K, Rainer PP, Lee DI, Hao S, Bedja D, Birnbaumer L, Cin-
golani OH, Kass DA (2014) Hyperactive adverse mechanical 
stress responses in dystrophic heart are coupled to transient 
receptor potential canonical 6 and blocked by cGMP-protein 
kinase G modulation. Circ Res 114:823–832. https://​doi.​org/​10.​
1161/​CIRCR​ESAHA.​114.​302614

	 90.	 Shao Q, Cheng HJ, Callahan MF, Kitzman DW, Li WM, Cheng 
CP (2016) Overexpression myocardial inducible nitric oxide 
synthase exacerbates cardiac dysfunction and beta-adrenergic 
desensitization in experimental hypothyroidism. Int J Cardiol 
204:229–241. https://​doi.​org/​10.​1016/j.​ijcard.​2015.​11.​040

	 91.	 Simon JN, Duglan D, Casadei B, Carnicer R (2014) Nitric oxide 
synthase regulation of cardiac excitation-contraction coupling in 
health and disease. J Mol Cell Cardiol 73:80–91. https://​doi.​org/​
10.​1016/j.​yjmcc.​2014.​03.​004

	 92.	 Stoyanovsky D, Murphy T, Anno PR, Kim YM, Salama G (1997) 
Nitric oxide activates skeletal and cardiac ryanodine receptors. 
Cell Calcium 21:19–29. https://​doi.​org/​10.​1016/​s0143-​4160(97)​
90093-2

	 93.	 Sun J, Murphy E (2010) Protein S-nitrosylation and cardiopro-
tection. Circ Res 106:285–296. https://​doi.​org/​10.​1161/​CIRCR​
ESAHA.​109.​209452

	 94.	 Takaki A, Morikawa K, Tsutsui M, Murayama Y, Tekes E, 
Yamagishi H, Ohashi J, Yada T, Yanagihara N, Shimokawa H 
(2008) Crucial role of nitric oxide synthases system in endothe-
lium-dependent hyperpolarization in mice. J Exp Med 205:2053–
2063. https://​doi.​org/​10.​1084/​jem.​20080​106

	 95.	 Talukder MA, Fujiki T, Morikawa K, Motoishi M, Kubota H, 
Morishita T, Tsutsui M, Takeshita A, Shimokawa H (2004) Up-
regulated neuronal nitric oxide synthase compensates coronary 
flow response to bradykinin in endothelial nitric oxide synthase-
deficient mice. J Cardiovasc Pharmacol 44:437–445. https://​doi.​
org/​10.​1097/​01.​fjc.​00001​39450.​64337.​cd

	 96.	 Terrill JR, Radley-Crabb HG, Iwasaki T, Lemckert FA, Arthur 
PG, Grounds MD (2013) Oxidative stress and pathology in mus-
cular dystrophies: focus on protein thiol oxidation and dysfer-
linopathies. FEBS J 280:4149–4164. https://​doi.​org/​10.​1111/​
febs.​12142

	 97.	 Timpani CA, Hayes A, Rybalka E (2017) Therapeutic strate-
gies to address neuronal nitric oxide synthase deficiency and 
the loss of nitric oxide bioavailability in Duchenne muscular 
dystrophy. Orphanet J Rare Dis 12:100. https://​doi.​org/​10.​1186/​
s13023-​017-​0652-y

	 98.	 Tutdibi O, Brinkmeier H, Rüdel R, Föhr KJ (1999) Increased cal-
cium entry into dystrophin-deficient muscle fibres of MDX and 
ADR-MDX mice is reduced by ion channel blockers. J Physiol 
515:859–868. https://​doi.​org/​10.​1111/j.​1469-​7793.​1999.​859ab.x

	 99.	 Ullrich ND, Fanchaouy M, Gusev K, Shirokova N, Niggli E 
(2009) Hypersensitivity of excitation-contraction coupling in 
dystrophic cardiomyocytes. Am J Physiol Heart Circ Physiol 
297:H1992-2003. https://​doi.​org/​10.​1152/​ajphe​art.​00602.​2009

	100.	 Vandebrouck A, Ducret T, Basset O, Sebille S, Raymond G, 
Ruegg U, Gailly P, Cognard C, Constantin B (2006) Regula-
tion of store-operated calcium entries and mitochondrial uptake 
by minidystrophin expression in cultured myotubes. FASEB J 
20:136–138. https://​doi.​org/​10.​1096/​fj.​04-​3633f​je

	101.	 Weissman BA, Jones CL, Liu Q, Gross SS (2002) Activation and 
inactivation of neuronal nitric oxide synthase: characterization of 
Ca(2+)-dependent [125I]calmodulin binding. Eur J Pharmacol 
435:9–18. https://​doi.​org/​10.​1016/​s0014-​2999(01)​01560-6

	102.	 Williams IA, Allen DG (2007) Intracellular calcium handling in 
ventricular myocytes from mdx mice. Am J Physiol Heart Circ 
Physiol 292:H846-855. https://​doi.​org/​10.​1152/​ajphe​art.​00688.​
2006

	103.	 Williams IA, Allen DG (2007) The role of reactive oxygen spe-
cies in the hearts of dystrophin-deficient mdx mice. Am J Physiol 
Heart Circ Physiol 293:H1969-1977. https://​doi.​org/​10.​1152/​
ajphe​art.​00489.​2007

	104.	 Williams JC, Armesilla AL, Mohamed TM, Hagarty CL, McI-
ntyre FH, Schomburg S, Zaki AO, Oceandy D, Cartwright EJ, 
Buch MH, Emerson M, Neyses L (2006) The sarcolemmal 
calcium pump, alpha-1 syntrophin, and neuronal nitric-oxide 
synthase are parts of a macromolecular protein complex. J Biol 
Chem 281:23341–23348. https://​doi.​org/​10.​1074/​jbc.​M5133​
41200

	105.	 Wilmes V, Lux C, Niess C, Gradhand E, Verhoff MA, Kaufer-
stein S (2020) Changes in gene expression patterns in postmor-
tem human myocardial infarction. Int J Legal Med. https://​doi.​
org/​10.​1007/​s00414-​020-​02311-2

	106.	 Wu Y, Colbran RJ, Anderson ME (2001) Calmodulin kinase is 
a molecular switch for cardiac excitation-contraction coupling. 
Proc Natl Acad Sci USA 98:2877–2881. https://​doi.​org/​10.​1073/​
pnas.​05144​9198

	107.	 Xia Y, Zweier JL (1997) Superoxide and peroxynitrite generation 
from inducible nitric oxide synthase in macrophages. Proc Natl 
Acad Sci USA 94:6954–6958. https://​doi.​org/​10.​1073/​pnas.​94.​
13.​6954

	108.	 Xiyuan Z, Fink RHA, Mosqueira M (2017) NO-sGC pathway 
modulates Ca2+ release and muscle contraction in zebrafish 
skeletal muscle. Front Physiol 8:607. https://​doi.​org/​10.​3389/​
fphys.​2017.​00607

	109.	 Xu KY, Huso DL, Dawson TM, Bredt DS, Becker LC (1999) 
Nitric oxide synthase in cardiac sarcoplasmic reticulum. Proc 
Natl Acad Sci USA 96:657–662. https://​doi.​org/​10.​1073/​pnas.​
96.2.​657

	110.	 Xu L, Eu JP, Meissner G, Stamler JS (1998) Activation of the 
cardiac calcium release channel (ryanodine receptor) by poly-
S-nitrosylation. Science 279:234–237. https://​doi.​org/​10.​1126/​
scien​ce.​279.​5348.​234

	111.	 Yampolsky P, Koenen M, Mosqueira M, Geschwill P, Nauck 
S, Witzenberger M, Seyler C, Fink T, Kruska M, Bruehl C, 
Schwoerer AP, Ehmke H, Fink RHA, Draguhn A, Thomas D, 
Katus HA, Schweizer PA (2019) Augmentation of myocardial 
If dysregulates calcium homeostasis and causes adverse cardiac 
remodeling. Nat Commun 10:3295. https://​doi.​org/​10.​1038/​
s41467-​019-​11261-2

	112.	 Yu X, Ge L, Niu L, Lian X, Ma H, Pang L (2018) The dual role of 
inducible nitric oxide synthase in myocardial ischemia/reperfu-
sion injury: friend or foe? Oxid Med Cell Longev 2018:8364848. 
https://​doi.​org/​10.​1155/​2018/​83648​48

	113.	 Zahradnikova A, Minarovic I, Venema RC, Meszaros LG (1997) 
Inactivation of the cardiac ryanodine receptor calcium release 
channel by nitric oxide. Cell Calcium 22:447–454. https://​doi.​
org/​10.​1016/​s0143-​4160(97)​90072-5

	114.	 Zhang YH (2016) Neuronal nitric oxide synthase in hyperten-
sion—an update. Clin Hypertens 22:20. https://​doi.​org/​10.​1186/​
s40885-​016-​0055-8

	115.	 Zhang YH (2017) Nitric oxide signalling and neuronal nitric 
oxide synthase in the heart under stress. F1000Res 6:742. https://​
doi.​org/​10.​12688/​f1000​resea​rch.​10128.1

	116.	 Zhang YH, Zhang MH, Sears CE, Emanuel K, Redwood C, 
El-Armouche A, Kranias EG, Casadei B (2008) Reduced 

https://doi.org/10.1093/cvr/cvw066
https://doi.org/10.1161/01.RES.0000064585.95749.6D
https://doi.org/10.1161/01.RES.0000064585.95749.6D
https://doi.org/10.1016/j.cardiores.2007.04.031
https://doi.org/10.1161/CIRCRESAHA.114.302614
https://doi.org/10.1161/CIRCRESAHA.114.302614
https://doi.org/10.1016/j.ijcard.2015.11.040
https://doi.org/10.1016/j.yjmcc.2014.03.004
https://doi.org/10.1016/j.yjmcc.2014.03.004
https://doi.org/10.1016/s0143-4160(97)90093-2
https://doi.org/10.1016/s0143-4160(97)90093-2
https://doi.org/10.1161/CIRCRESAHA.109.209452
https://doi.org/10.1161/CIRCRESAHA.109.209452
https://doi.org/10.1084/jem.20080106
https://doi.org/10.1097/01.fjc.0000139450.64337.cd
https://doi.org/10.1097/01.fjc.0000139450.64337.cd
https://doi.org/10.1111/febs.12142
https://doi.org/10.1111/febs.12142
https://doi.org/10.1186/s13023-017-0652-y
https://doi.org/10.1186/s13023-017-0652-y
https://doi.org/10.1111/j.1469-7793.1999.859ab.x
https://doi.org/10.1152/ajpheart.00602.2009
https://doi.org/10.1096/fj.04-3633fje
https://doi.org/10.1016/s0014-2999(01)01560-6
https://doi.org/10.1152/ajpheart.00688.2006
https://doi.org/10.1152/ajpheart.00688.2006
https://doi.org/10.1152/ajpheart.00489.2007
https://doi.org/10.1152/ajpheart.00489.2007
https://doi.org/10.1074/jbc.M513341200
https://doi.org/10.1074/jbc.M513341200
https://doi.org/10.1007/s00414-020-02311-2
https://doi.org/10.1007/s00414-020-02311-2
https://doi.org/10.1073/pnas.051449198
https://doi.org/10.1073/pnas.051449198
https://doi.org/10.1073/pnas.94.13.6954
https://doi.org/10.1073/pnas.94.13.6954
https://doi.org/10.3389/fphys.2017.00607
https://doi.org/10.3389/fphys.2017.00607
https://doi.org/10.1073/pnas.96.2.657
https://doi.org/10.1073/pnas.96.2.657
https://doi.org/10.1126/science.279.5348.234
https://doi.org/10.1126/science.279.5348.234
https://doi.org/10.1038/s41467-019-11261-2
https://doi.org/10.1038/s41467-019-11261-2
https://doi.org/10.1155/2018/8364848
https://doi.org/10.1016/s0143-4160(97)90072-5
https://doi.org/10.1016/s0143-4160(97)90072-5
https://doi.org/10.1186/s40885-016-0055-8
https://doi.org/10.1186/s40885-016-0055-8
https://doi.org/10.12688/f1000research.10128.1
https://doi.org/10.12688/f1000research.10128.1


Basic Research in Cardiology (2021) 116:18	

1 3

Page 21 of 21  18

phospholamban phosphorylation is associated with impaired 
relaxation in left ventricular myocytes from neuronal NO syn-
thase-deficient mice. Circ Res 102:242–249. https://​doi.​org/​10.​
1161/​CIRCR​ESAHA.​107.​164798

	117.	 Ziolo MT, Katoh H, Bers DM (2001) Expression of induc-
ible nitric oxide synthase depresses beta-adrenergic-stimulated 

calcium release from the sarcoplasmic reticulum in intact ven-
tricular myocytes. Circulation 104:2961–2966. https://​doi.​org/​
10.​1161/​hc4901.​100379

https://doi.org/10.1161/CIRCRESAHA.107.164798
https://doi.org/10.1161/CIRCRESAHA.107.164798
https://doi.org/10.1161/hc4901.100379
https://doi.org/10.1161/hc4901.100379

	Cardiomyocyte depolarization triggers NOS-dependent NO transient after calcium release, reducing the subsequent calcium transient
	Abstract
	Introduction
	Materials and methods
	Mice
	Cell isolation
	Fluorescence dyes
	Confocal microscopy and data acquisition
	Consecutive Ca2+ transients
	Western blotting
	Statistical analysis

	Results
	Discussion
	NO is transiently produced in cardiomyocytes
	Differential NO sources are dependent on NOS isoform expression
	The NOS-dependent NO transient reduces the next Ca2+ transient

	Acknowledgements 
	References




