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Abstract
Cardiovascular disease (CVD) is a public health concern, and the third cause of death worldwide. Several epidemiological 
studies and experimental approaches have demonstrated that consumption of polyphenol-enriched fruits and vegetables can 
promote cardioprotection. Thus, diet plays a key role in CVD development and/or prevention. Physiological β-adrenergic 
stimulation promotes beneficial inotropic effects by increasing heart rate, contractility and relaxation speed of cardiomyo-
cytes. Nevertheless, chronic activation of β-adrenergic receptors can cause arrhythmias, oxidative stress and cell death. Herein 
the cardioprotective effect of human metabolites derived from polyphenols present in berries was assessed in cardiomyocytes, 
in response to chronic β-adrenergic stimulation, to disclose some of the underlying molecular mechanisms. Ventricular 
cardiomyocytes derived from neonate rats were treated with three human bioavailable phenolic metabolites found in cir-
culating human plasma, following berries’ ingestion (catechol-O-sulphate, pyrogallol-O-sulphate, and 1-methylpyrogallol-
O-sulphate). The experimental conditions mimic the physiological concentrations and circulating time of these metabolites 
in the human plasma (2 h). Cardiomyocytes were then challenged with the β-adrenergic agonist isoproterenol (ISO) for 24 h. 
The presence of phenolic metabolites limited ISO-induced mitochondrial oxidative stress. Likewise, phenolic metabolites 
increased cell beating rate and synchronized cardiomyocyte beating population, following prolonged β-adrenergic receptor 
activation. Finally, phenolic metabolites also prevented ISO-increased activation of PKA–cAMP pathway, modulating Ca2+ 
signalling and rescuing cells from an arrhythmogenic Ca2+ transients’ phenotype. Unexpected cardioprotective properties of 
the recently identified human-circulating berry-derived polyphenol metabolites were identified. These metabolites modulate 
cardiomyocyte beating and Ca2+ transients following β-adrenergic prolonged stimulation.
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Introduction

Cardiovascular diseases (CVD) are the third cause of 
death worldwide (http://www.euro.who.int). Because of 
the increased life expectancy, the occurrence of CVD is 
growing dramatically. Moreover, sedentary lifestyle and 
unhealthy diet strongly contribute for CVD rising inci-
dence and progression (http://www.euro.who.int). CVD 
present multifactorial aetiologies, affecting heart and ves-
sels, and comprise hypertension, atherosclerosis, myocar-
dial infarction and heart failure. In response to stressful 
conditions, the heart can undergo several compensatory 
processes to normalize cardiovascular function. Thus, 
activation of the sympathetic nervous system in the heart, 
particularly via β-adrenergic receptors (β-AR), is crucial 
for the acute response and improvement of cardiac out-
put under stressful situations [1]. Circulating catecho-
lamines or other β-AR agonists [such as isoproterenol 
(ISO)] activates β-AR, which in turn, increases cardio-
myocytes’ contractility and relaxation speed, and heart 
rate. Stimulation of β-AR promotes transmembrane ade-
nylyl cyclase activity and production of the second mes-
senger cyclic adenosine monophosphate (cAMP), which 
activates cAMP-dependent protein kinase A (PKA). PKA 
mediates the phosphorylation of key proteins involved in 
Ca2+ excitation–contraction coupling and myofibrillar pro-
teins [2–4]. Thus, β-AR stimulation increases cytoplas-
mic Ca2+ levels, due to Ca2+ entry into the cytoplasm via 
phosphorylated L-type channels and due to Ca2+ release 
from the sarcoplasmic reticulum (SR) via phosphorylated 
ryanodine receptors (RyR) [2, 5, 6]. Furthermore, β-AR 
stimulation also enhances Ca2+ uptake from the cytoplasm 
to the SR via sarcoplasmic reticulum calcium-ATPase 
(SERCA) [2, 5, 6]. Likewise, enhancement of cytosolic 
Ca2+ levels also contributes to the activation of the Ca2+ 
calmodulin-dependent kinase II (CaMKII), leading to the 
phosphorylation of key proteins related to Ca2+ signalling 
and excitation–contraction coupling [2–6]. By facilitating 
the release and uptake of Ca2+ from and to the sarcoplas-
mic reticulum, activation of β-AR promotes the increase 
of Ca2+ transients, inducing cardiomyocytes’ contraction 
and relaxation speed and increasing cell beating rate [2, 3, 
5, 6]. Nevertheless, sustained adrenergic stimulation can 
promote decompensation, and the development of heart 
failure and cardiac arrhythmias [4, 7]. In fact, continuous 
activation of β-AR is associated with increasing oxida-
tive stress, deleterious modulation on Ca2+ signalling and 
generation of arrhythmogenic Ca2+ waves [7–10]. Further-
more, treatment with ISO for 48 h induced deleterious 
adrenergic stimulation and triggered cell death in a mito-
chondria membrane permeabilization-dependent manner, 
in cardiomyoblasts (H9C2 cell line) [10, 11].

Numerous epidemiological studies have correlated high 
consumption of vegetables and fruits to a reduction of 
CVD. High levels of polyphenols are described as crucial 
components for the cardioprotective effects of vegetables 
and fruit-enriched diets [12–15]. Polyphenols are phyto-
chemicals found in plants and they are characterized by 
the presence of one or more phenol structures. Experi-
mental models and clinical studies showed that polyphe-
nol-enriched products may activate antioxidant defences, 
reduce inflammation, limit endothelial dysfunction, pro-
mote vasodilation and decrease cardiac cell death [14–17]. 
Moreover, some polyphenols can also limit damage caused 
by cardiac remodelling [16, 18]. Since polyphenol com-
pounds are identified as xenobiotics by other organisms, 
they are extensively metabolized, which alters their chemi-
cal features, their bioavailability and, consequently, their 
effects [19]. The majority of in vitro studies have identified 
the cardioprotective role of polyphenols by directly test-
ing them on cell culture models, without considering their 
metabolization or bioavailability [20]. Recently, Pimpão 
et al. performed a cross-over human intervention study 
using a specific berry-mixed purée containing commercial 
blueberries, blackberries and raspberries, wild Portuguese 
crowberry and strawberry tree fruit. This study allowed 
the identification of several phenolic metabolites present 
in the plasma and urine of healthy volunteers, as well as 
their circulating time and concentration [21, 22]. Thus, the 
use of human phenolic metabolites on cardiomyocytes’ 
cultures to disclose the molecular mechanisms underlying 
the cardioprotective effects of polyphenols is a unique and 
physiological relevant experimental approach.

Herein it is hypothesized that dietary polyphenols via 
their bioavailable metabolites may be cardioprotective by 
modulating cardiomyocytes’ function and fate. Thus, the 
three most abundant metabolites identified in the plasma of 
human volunteers (catechol-O-sulphate, pyrogallol-O-sul-
phate or 1-methylpyrogallol-O-sulphate) were applied to rat 
neonatal cardiomyocytes and differentiated cardiomyoblast 
H9c2 cells. Cells were exposed to these compounds at their 
physiological concentration and for a time period mimicking 
their circulating time in human plasma [21, 22]. Cardio-
myocytes were challenged with the β-AR agonist ISO, to 
mimic deleterious β-AR stimulation. While the three metab-
olites were not able to prevent ISO-induced cell death, they 
decreased mitochondrial ROS generation and improved cell 
beating. Likewise, these metabolites also prevented ISO-
increased activation of PKA–cAMP pathway, modulating 
Ca2+ transients and limiting arrhythmogenic Ca2+ transients’ 
phenotype.

http://www.euro.who.int
http://www.euro.who.int
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Materials and Methods

Animals

Wistar rat pups obtained from NOVA Medical School ani-
mal facility were used for isolating neonatal cardiomyo-
cytes. All animals were specific-pathogen-free according to 
FELASA recommendations [23]. All applicable institutional 
and governmental regulations concerning the ethical use of 
animals were followed, according to the NIH Principles of 
Laboratory Animal Care (NIH Publication 85-23, revised 
1985), the European guidelines for the protection of ani-
mals used for scientific purposes (European Union Direc-
tive 2010/63/EU) and the Portuguese Law no. 113/2013, and 
approved by Direção Geral de Alimentação e Veterinária.

H9c2 Cell Culture and Differentiation

Cardiomyoblast H9c2 cell line was cultured in plating 
medium 89% (v/v) Dulbecco’s modified Eagle’s medium 
(DMEM) medium supplemented with 4.5 g/L of glucose, 
0.11 g/L of sodium pyruvate and l-glutamine (Sigma), 
10% (v/v) Foetal Bovine Serum (FBS, Sigma), and 1% 
(v/v) 50 U/mL of penicillin and 50 µg/mL of streptomycin 
(Sigma). Cells were maintained at 37 °C and 5% CO2, in 
plating medium, changed every 2–3 days. Once cells reached 
70–80% of confluence, H9c2 cells were subcultured to avoid 
loss of differentiation ability. 24 h after subculture H9C2, 
cell differentiation to cardiac muscle-like cells was con-
ducted by decreasing the media serum to 1% (v/v) Horse 
Serum (Gibco) and by adding 1 µM all-trans retinoic acid 
(Sigma). Differentiation medium was prepared daily, and 
cell medium was changed daily for 5 days. After the 5 days 
differentiation protocol, cells were maintained and manipu-
lated in differentiation medium.

Neonatal Cardiomyocyte Isolation

Ventricular neonatal cardiomyocytes were isolated from 
2- to 3-day old Wistar rat pups, following a protocol 
adapted from Louch et al. [24]. Briefly, all animals were 
rapidly euthanized by decapitation and their hearts were 
removed. Ventricles were minced in ADS buffer (0.12 M 
NaCl, 1.36  mM NaH2PO2, 5.5  mM glucose, 5.37  mM 
KCl, 0.406 mM MgSO4, 18 mM Hepes) and enzymatically 
digested with 30 mg Pancreatin (Sigma) and 26 mg Col-
lagenase (Roche), for 20-min cycles, at 37 °C. The sam-
ples were then centrifuged for 5 min. Collected fractions 
were kept at 37 °C and 5% CO2, resuspended in New Born 
Calf Serum (Gibco). At the end, all fractions were pooled, 
resuspended in ADS buffer and added to a Percoll gradient 

(Sigma). After centrifugation for 30 min at 2095×g, purified 
cardiomyocytes were plated in plating medium 68% (v/v) 
DMEM GlutaMax supplemented with 1 g/L glucose and 
0.11 g/L sodium pyruvate (Gibco), 17% (v/v) Medium 199 
supplemented with 2.2 g/L sodium bicarbonate and 0.1 g/L 
l-glutamine (Sigma), 10% (v/v) Horse Serum (Gibco), 5% 
(v/v) New Born Calf Serum (Gibco), 1% (v/v) l-glutamine 
(Gibco) at a concentration of 7.4 × 104 cells/mL. Plastic 
plates were coated with 0.1% (w/v) gelatine and glass plates 
were coated with 100 µg/mL laminin. Cells were main-
tained, at 37 °C and 5% CO2, in plating medium, changed 
every 3 days, until desirable confluence was reached (around 
7 days) [24].

Phenolic Metabolites Pre‑treatment 
and Isoproterenol Exposure

Phenolic metabolites were chemically synthesized as previ-
ously described [22]. The following experimental conditions 
are based on the concentration and circulating time of the 
metabolites in the human plasma, found by Pimpão et al. 
[22].

H9c2-differentiated cells and ventricular neonatal cardio-
myocytes were pre-treated, for 2 h at 37 °C and 5% CO2, 
with the different metabolites (Supplementary Fig. 1), at 
their circulating concentrations (catechol-O-sulphate: 
12 µM; pyrogallol-O-sulphate: 6 µM; and 1-methylpyro-
gallol-O-sulphate: 3 µM). After washing out the metabo-
lites, cells were then exposed to 200 µM ISO (Sigma) in 
fresh plating medium for 24 h or 48 h. Control cells were 
incubated for the same period, at 37 °C and 5% CO2, with 
new medium as the ones exposed to the phenolic metabo-
lites and/or ISO. Control cells were also subject to the same 
washout process as cells exposed to phenolic metabolites, 
after 2 h. A cytotoxicity assay was previously performed for 
these phenolic metabolites in cardiomyocytes. They do not 
present any toxic effect.

Cell Viability

H9c2 cell viability was assessed by propidium iodide (PI; 
1  µg/mL) (Invitrogen, UK). Flow cytometry (Canto II 
device) was used to analyse cell death-associated param-
eters. This cytometer contains a FL3 red fluorescence chan-
nel for PI detection at 650 nm. The acquisition was done 
with Diva software and data analysis was performed with 
Flowing software. Neonatal rat cardiomyocyte viability was 
quantified by Trypan blue dye and cell counting, using a 
Zeiss Axiovert 40 widefield microscope. Both assays are 
based on the plasma membrane integrity. At least four differ-
ent biological replicates, derived from different heart pools, 
were used.
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Mitochondrial Reactive Oxygen Species (ROS) 
Evaluation

After pre-treatment with phenolic metabolites for 2 h, and 
exposure to ISO, for 24 h, cellular medium was discarded, 
and ventricular neonatal cardiomyocytes were washed with 
phosphate buffered saline pH 7.2. Cells were incubated with 
1 µM MitoSox (Invitrogen), for 30 min, at 37 °C, in the dark. 
ROS levels were measured using a Tecan Infinite F200 PRO 
plate reader. At least four different biological replicates were 
used, each derived from a different heart pool.

Cell Beating Measurement

Ventricular neonatal cardiomyocytes’ cell beating was 
recorded using a Nikon Eclipse Ti-U inverted bright field 
light microscope (× 10/0.25 NA dry objective lens) at room 
temperature (RT) (25 °C). Images were recorded by High 
Speed FASTCAM MC2 camera (Photron Europe, Limited) 
and Photon FASTCAM Viewer software, with a speed of 
60 frames/s (total of 1500 frames per microscopic field). 
By the end of an experimental set, 20 microscopic fields (20 
conditions) were recorded. Temperature is important when 
assessing cardiomyocytes’ beating. To avoid any artefact 
due to non-optimal temperature and pH (25 °C, atmos-
pheric pressure), all experimental conditions were recorded 
in a serial manner. No significant differences were detected 
between the first and the last replicates for each condition. 
Using the recorded videos, cell beating was evaluated. 
From each microscopic field, different cell clusters were 
studied. And from each cell cluster, individual cells were 
analysed using Fiji software (total of 20 cell per condition) 
[25]. The background of cells’ surface shape was removed, 
and images were converted to grayscale (16 bits per sample 
pixel). Cardiomyocytes’ beating was evaluated by measur-
ing light intensity variation through time (1500 frames). The 
frequency of light alteration was considered as the frequency 
of cell beating (beats/min). At least, three different experi-
mental sets were performed, using cells from different heart 
pools for each experiment.

Western Blot

Samples were collected using RIPA lysis buffer (5 mM 
Tris–HCL, 15 mM NaCl, 0.01% SDS, 0.1% Sodium deoxy-
cholate, 0.1% Triton X-100) with 1% (v/v) Protease inhibitor. 
Protein concentration was quantified using Pierce BCA Pro-
tein Assay Kit. Protein extracts (30 μg per sample) were sub-
jected to a 12% sodium dodecyl sulphate-polyacrylamide gel 
electrophoresis for 1 h at 150 V and electrically transferred 
for 1 h and 15 min to a PVDF membrane. Membranes were 
blocked with 5% (w/v) milk, 0.01% (v/v) Tween20 Tris-
buffered saline, for 1 h at RT. Membranes were incubated 

with PhosphoPKA [26, 27] (1:1000; Cell Signalling #4781), 
PhosphoCaMKII [28–30] (1:1000; Invitrogen MA1-047), 
Total PKA (1:1000; Cell Signalling #4782) or Total CaM-
KII (1:200; Santa Cruz Biotechnology sc-9035) in 5% (w/v) 
bovine serum albumin (BSA), 0.01% (v/v) Tween20 Tris-
buffered saline overnight at 4 °C. Incubation with ECL-anti-
mouse IgG horseradish peroxidase-linked whole antibody 
(1:5000; GE Healthcare NA931) or ECL-anti-rabbit IgG 
horseradish peroxidase-linked whole antibody (1:5000; GE 
Healthcare NA934) was performed for 1 h at RT. Proteins 
were detected in a ChemiDoc Touch Imaging System (Bio-
Rad) and images were analysed using Image Lab (BioRad) 
and Fiji software [25]. Four different biological replicates 
were used and each derived from a different heart pool.

Analysis of Calcium Transients by Confocal 
Microscopy

Ventricular neonatal cardiomyocytes were incubated with 
10 µM of the high-affinity Ca2+ indicator Fluo-4 AM (Inv-
itrogen F10471), at 37 °C in the dark, for 30 min in Tyrode 
solution (0.14 M NaCl, 5.4 mM KCl, 1 mM MgCl2, 1.8 mM 
CaCl2, 10 mM glucose and 10 mM Hepes pH 7.4) [31–33]. 
Cell were washed with Tyrode solution and stayed 20 min 
in the dark with Tyrode solution, prior to image acquiring. 
For each microscopic field, a total of 800 frames (6 frames/s) 
were recorded during 2 min, using a Andor Spinning disk 
confocal inverted microscope (× 20) with an enclosed incu-
bator with controlled temperature at 37 °C. Fluo-4 AM was 
excited with an OPSL CW 488-nm laser and fluorescence 
was measured with a 488LP filter (500–1100 nm). Changes 
of cytosolic Ca2+ are presented as normalized fluorescence 
(F/F0), where F stands for fluorescence intensity at time t; 
F0 is the mean baseline fluorescence, calculated from frames 
recorded between beats. Ca2+ transient amplitude was cal-
culated as the mean of the fluorescence maximum at each 
Ca2+ transient. At least, three different biological replicates, 
each from a different pool of hearts, were recorded. A total 
of ten cells were evaluated from different clusters from each 
condition. Although there was no CO2 controlled chamber 
in the confocal microscope, during the assay, there were not 
any alterations to register on Tyrode buffer’s pH.

Statistics

Data are presented as mean ± standard deviation. Reported 
results were statistically evaluated using Sigma Plot 11 soft-
ware (Systat Software Inc.) and GraphPad Prism (Graph-
Pad software Inc.). Data were analysed by two-way analysis 
of variance (two-way ANOVA) on ranks and compared by 
Tukey’s multiple comparison test with a confidence levels 
of 95%. Test results were considered significant at P < 0.05.
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Results

Phenolic Metabolites Do Not Inhibit Cell Death 
in Cardiomyocytes Challenged with ISO

Several polyphenols have been described to inhibit cell 
death in independent studies [14, 16, 17]. Thus, cardio-
myocyte culture was treated with human bioavailable 
phenolic metabolites to address their potential cardiopro-
tective role. In fact, differentiated cardiomyoblast H9c2 
cells and primary cultures of ventricular neonatal cardio-
myocytes were pre-treated with three human bioavailable 
metabolites: catechol-O-sulphate, pyrogallol-O-sulphate or 
1-methylpyrogallol-O-sulphate (Supplementary Fig. 1) for 
2 h and washed out. The used metabolites’ concentrations 
are the concentrations found in human plasma by Pimpão 
et al. [22]. Also, their time of exposure to cardiomyocytes 
mimics the time period that these metabolites are in cir-
culation in human plasma and can contact myocardium 
tissue [22]. Since ISO is a widely used cardio-specific cell 
death inducer, following phenolic metabolite’s treatment, 
differentiated H9c2 cells were exposed to 200 µM ISO for 
48 h (Supplementary Fig. 2) and neonatal cardiomyocytes 
were exposed to ISO for 24 h (Fig. 1a) and 48 h (Fig. 1b). 
ISO treatment for 24 h did not induce cardiomyocytes’ 
cell death (Fig. 1a), but at 48 h, ISO induced cell death 
in differentiated H9c2 cells (Supplementary Fig. 2) and 
neonatal cardiomyocytes (Fig. 1b). These results are in 
accordance with Branco et al.’s previous work [10, 11]. 
Still, pre-treatment with catechol-O-sulphate, pyrogallol-
O-sulphate or 1-methylpyrogallol-O-sulphate did not 
protect cardiomyocytes against cell death, following 48 h 
of ISO treatment (Supplementary Fig. 2 and Fig. 1b). In 

conclusion, unlike other polyphenol compounds, none of 
the metabolites conferred cytoprotection by a direct effect 
on cell death inhibition.

Phenolic Metabolites Modulate Cardiomyocyte Cell 
Beating and Its Synchronization

Cardiomyocyte beating was measured in the presence of 
phenolic metabolites to assess their role on cardiomyo-
cytes’ function. The beating rate of cardiomyocytes is 
greatly dependent on cell-to-cell interaction and electrical 
coupling. Therefore, it depends on cell plating density and 
on the formation of cell clusters. From each recorded micro-
scopic field, several individual cells from different cell clus-
ters were analysed. A total of 20 cells from different clusters 
were evaluated, per condition. Each time a cell beats there 
is an alteration of the light intensity recorded by the micro-
scope. Thus, cardiomyocytes’ beating frequency was con-
sidered equal to the light variation frequency through time.

Continued ISO treatment for 24 h decreased the average 
beating rate of cardiomyocytes (Fig. 2). Likewise, within 
the ISO-treated cardiomyocyte population, there is a more 
asynchronized pattern of cell beating, which is observed 
by the larger distribution of cell beating population 
(Fig. 2). These results are in accordance with the asyn-
chronous behaviour of cardiomyocytes described in the 
prolonged exposure to ISO [8, 9]. When cardiomyocytes 
were pre-treated for 2 h with the phenolic metabolites and 
then exposed to ISO, there was a reversion of ISO delete-
rious effects. Phenolic metabolites increased cell beating 
rate to levels closer to control cells and cell beating dis-
tribution was narrower (Fig. 2a). Thus, in the presence of 
ISO-induced chronic stress, pre-treating cardiomyocytes 
with phenolic metabolites modulated their beating by 

Fig. 1   Cell viability quantification. Cell Viability of neonatal rat car-
diomyocytes, treated with phenolic metabolites for 2 h and exposed to 
200 µM ISO for 24 h (a) or 48 h (b). Data are mean ± SD, from three 

independent experiments (in each condition, n = 4 per independent 
experiment). *P < 0.05, **P < 0.01, ***P < 0.001 (ISO isoproterenol)
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increasing cell beating rate and/or by synchronizing spon-
taneous cell beating. Interestingly, exposure to phenolic 
metabolites alone also modulates cardiomyocyte beating. 
In the presence of the three metabolites, cardiomyocytes’ 
beating distribution is larger, similarly to ISO treatment 
(Fig. 2b). Furthermore, 1-methylpyrogallol-O-sulphate 
decreased cardiomyocytes’ beating to levels close to ISO-
treated cells (Fig. 2b). These results suggested that these 
phenolic metabolites may directly modulate cell beating 
and eventually correct spontaneous beating defects.

Phenolic Metabolites Decrease Mitochondrial ROS 
Production in Cardiomyocytes Exposed to ISO

To further disclose whether these metabolites can directly 
target cardiomyocytes and promote other beneficial effects, 
ROS production was measured. Neonatal cardiomyocytes 
were exposed to ISO for 24 h, which is enough to promote 
cellular stress and mitochondrial ROS production (anion 
superoxide), without triggering cell death (Figs. 1, 3) [7–10]. 
Mitochondrial anion superoxide levels were quantified by 
MitoSox dye following ISO treatment in the absence or pres-
ence of phenolic metabolites’ pre-treatment (Fig. 3). Pre-
treatment with catechol-O-sulphate, pyrogallol-O-sulphate 
or 1-methylpyrogallol-O-sulphate significantly decreased 
the levels of anion superoxide accumulated following ISO 
exposure. These results suggest that phenolic metabolites’ 
pre-treatment limits ISO-induced oxidative stress, a key ele-
ment of the deleterious effect of prolonged ISO stimulation.

Phenolic Metabolites Modulate PKA/cAMP Pathway

A tight control of Ca2+ signalling is crucial for cell beat-
ing modulation. Stimulation of β-AR induces the activation 
of PKA/cAMP pathway, promoting the occurrence of Ca2+ 
transients and stimulating cellular contraction [2–6]. Moreo-
ver, Ca2+ activates CaMKII kinase, which also modulates 
cardiomyocyte beating. Our data suggest that the tested 
phenolic metabolites improve cardiomyocytes’ beating rate 
in response to ISO (Fig. 2). Therefore, it can be hypoth-
esized that these metabolites may regulate cardiomyocyte 

Fig. 2   Cardiomyocytes’ cell beating. Neonatal rat cardiomyocytes’ 
cell beating measurement, after 2  h treatment with phenolic metab-
olites and exposure (a) or not (b) to 200  µM ISO for 24  h. Filled 
circle represents a beating cell and the red bar stands for the mean 
beating rate per minute. Data are mean ± SD from at least three inde-
pendent experiences. In each condition, beating rates of 20 cells 
were measured per independent experiment. *P < 0.05, **P < 0.01, 
****P < 0.0001 versus control. ####P < 0.0001 versus ISO (ISO iso-
proterenol)

Fig. 3   Mitochondrial ROS quantification in neonatal rat cardiomyo-
cytes. ROS was evaluated after a 2-h pre-treatment with the differ-
ent phenolic metabolites and treatment for 24  h with 200  µM ISO. 
Data are mean ± SD, from three independent experiments (in each 
condition, n = 4 per independent experiment). Superoxide levels were 
detected by MitoSox Red. ***P < 0.001 versus control. ###P < 0.001 
versus ISO (ISO isoproterenol)
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beating via PKA/cAMP pathway and CaMKII kinase. Thus, 
the phosphorylation state of these kinases was evaluated for 
addressing PKA and CaMKII activation in the presence of 
the phenolic metabolites. Cardiomyocytes exposed to ISO 
have increased their PKA phosphorylation levels (Fig. 4a). 
Pre-treatment with pyrogallol-O-sulphate significantly 
decreased phosphorylation levels of PKA under both con-
ditions: control and adrenergic stress. However, catechol-
O-sulphate exposure significantly decreases PKA activation 
only following ISO treatment (Fig. 4a). 1-methylpyrogallol-
O-sulphate also seems to decrease PKA phosphorylation in 
response to prolonged ISO treatment, but in a non-statistical 
significant manner (Fig. 4a). Likewise, the three phenolic 
metabolites significantly limited phosphorylation and acti-
vation of CaMKII in response to ISO treatment (Fig. 4b). 
However, there is also a significant increase in CaMKII 
activation due to phenolic metabolites presence, without 
ISO stimulation. These data indicate that these metabolites 
might directly activate CaMKII in cardiomyocytes, possi-
bly in a PKA-independent way. This might contribute to 
the asynchrony cell beating phenotype observed in Fig. 2b. 
Likewise, these results suggest that when cells are exposed 
to ISO, these phenolic metabolites can directly modulate 
Ca2+ signalling pathways, decreasing the activation of PKA 
and CaMKII, which may contribute for the modulation of 
cell beating to a pattern closer to control cells. In addition, 
these three compounds are also capable of altering CaM-
KII activation levels without the presence of ISO (Fig. 4b), 

suggesting they can directly modify cell beating, by modu-
lating the Ca2+ signalling pathways.

Phenolic Metabolites Modulate Ca2+ Transients 
and Their Amplitude

Normal beating rate, contractility and relaxation of cardio-
myocytes are highly dependent on Ca2+ transients’ ampli-
tude and frequency [2, 3, 5, 6]. It has been described that 
continued treatment with ISO generates arrhythmogenic 
Ca2+ transients [8, 9]. In addition, our previous data suggest 
phenolic metabolites modulate cardiomyocytes’ beating rate 
and frequency, as well as Ca2+ signalling via modulation of 
PKA and CaMKII activation, after prolonged ISO treatment 
(Figs. 2a, 4). Thus, to confirm whether Ca2+ transients are 
affected by these phenolic metabolites, evaluation of Ca2+ 
transients was addressed by confocal microscopy. Cardio-
myocytes were treated with phenolic metabolites for 2 h fol-
lowed by 24-h exposure to ISO to promote chronic stress; 
then Ca2+ transients were measured by fluorescence. Fluo4 
fluorescence was evaluated using several cells from different 
cell clusters, per condition.

Non-treated cardiomyocytes present constant Ca2+ tran-
sients throughout the period of acquisition (Fig. 5a top left 
panel). In contrast, prolonged exposure to ISO generates 
unsteady Ca2+ transients, with several pauses between them 
(Fig. 5a top right panel). Moreover, cardiomyocytes exposed 
to ISO present transients with significantly higher amplitude 

Fig. 4   Ca2+ signalling. Activation of Ca2+ signalling in neona-
tal cardiomyocytes, after exposure to phenolic compounds and 
ISO: representative image and quantitative analysis of PKA activa-
tion (a) in cardiomyocytes; and representative image and quantita-
tive analysis of CaMKII activation (b) in neonatal cardiomyocytes. 

Data are mean ± SD from three independent experiences. *P < 0.05, 
**P < 0.01, ***P < 0.001 versus Control. #P < 0.05, ##P < 0.01 versus 
ISO (Cnt control, Cat catechol-O-sulphate, Pyr pyrogallol-O-sul-
phate, MPyr 1-methylpyrogallol-O-sulphate, ISO isoproterenol)
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(Fig. 5a, b). Whenever cardiomyocytes were pre-treated with 
the phenolic metabolites and challenged with ISO, there is a 
decrease in the harmful effect of the β-AR agonist. Indeed, 
these phenolic metabolites promoted a more uniform pro-
file of Ca2+ transients (Fig. 5a). Likewise, they significantly 
reduced the amplitude of Ca2+ transients up to values similar 
to non-treated cardiomyocytes (Fig. 5b).

Cardiomyocytes exposed only to catechol-O-sulphate also 
generate longer Ca2+ transients, with longer pauses between 
cardiomyocyte beats (Fig. 5a), but without any significant 
alteration on amplitude of Ca2+ transients (Fig. 5b). Like-
wise, pyrogallol-O-sulphate and 1-methylpyrogallol-O-sul-
phate-exposed cardiomyocytes presented a decrease in the 
number of Ca2+ transients throughout the protocol (Fig. 5a), 

Fig. 5   Ca2+ transients. a Representative profile of cytosolic calcium 
transients in neonatal rat cardiomyocytes, after a 2-h pre-treatment 
with phenolic metabolites and exposure for 24 h with 200 µM ISO. 
b Calcium transients’ amplitude (F/F0) in neonatal rat cardiomyo-
cytes. F stands for fluorescence measure at time t and F0 stands for 
mean baseline fluorescence, calculated from several frames collected 

between beats. Filled circle represents a calcium transient and the red 
bar stands for the mean calcium transient’s amplitude. Data from at 
least three independent experiments. In each condition, transient 
amplitudes of ten cells were measured per independent experiment. 
****P < 0.0001 versus Control. ####P < 0.0001 versus ISO (ISO iso-
proterenol)
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with a significant increase of Ca2+ transients’ amplitude 
(Fig. 5b). It indicates that these phenolic metabolites might 
be able to directly modify Ca2+ signalling in cardiomyo-
cytes. Moreover, there was some heterogeneity in the Ca2+ 
amplitudes of cells exposed to pyrogallol-O-sulphate and 
1-methylpyrogallol-O-sulphate. These data seem to be in 
accordance with the direct activation of CaMKII (Fig. 4b) by 
pyrogallol-O-sulphate and 1-methylpyrogallol-O-sulphate, 
which may also contribute to the recorded unsynchronized 
beating (Fig. 2b). Thus, the Ca2+ transients’ results are in 
accordance with the modulation of cell beating by the phe-
nolic metabolites.

In summary, generated data indicate these three human 
bioavailable phenolic metabolites are able to modulate 
Ca2+ transients’ occurrence and amplitude in response to 
adrenergic stress, consequently promoting a more synchro-
nous cardiomyocytes’ beating profile similar to control 
cardiomyocytes.

Discussion

Due to the increasing incidence of CVD, polyphenols have 
been in the spotlight as potential efficient and cost-effective 
approaches to limit and eventually to treat CVD, with an 
important social and economic impact [14–18]. Pimpão 
et al. have recently identified and quantified human bio-
available phenolic metabolites present in human-circulat-
ing plasma, following consumption of a specific berries’ 
purée [21, 22]. Herein, the great novelty is the use some 
of the human bioavailable phenolic metabolites identified 
by Pimpão et al. in cardiomyocyte cultures for the assess-
ment of polyphenols’ cardioprotective properties. Neonatal 
rat cardiomyocytes and differentiated cardiomyoblasts were 

exposed to the three most abundant phenolic metabolites 
present in human plasma: catechol-O-sulphate, pyrogallol-
O-sulphate and 1-methylpyrogallol-O-sulphate [22]. These 
human bioavailable phenolic metabolites were tested under 
the concentration and time they were found circulating in the 
human plasma. Thus, this strategy allows a physiologically 
more relevant approach to search for cardioprotective prop-
erties of polyphenols. Although primary cultures of adult 
cardiomyocytes are a more representative in vitro model, 
these cells are more prone to cell death when cultured 
in vitro, which limit their interest for mechanistic studies of 
cytoprotective molecules. Thus, the used model herein was 
neonatal rat cardiomyocyte cultures.

Activation of β-AR increases contractility and relaxation 
of cardiomyocytes and heart rate via phosphorylation and 
activation of PKA, followed by phosphorylation of other key 
proteins involved in Ca2+ dynamics and excitation–contrac-
tion coupling [2, 3]. Although the sympathetic β-AR sys-
tem is crucial to respond against acute stressful situations, 
chronic stimulation of these receptors is harmful, resulting 
in arrhythmogenic cell beating behaviour of cardiomyocytes 
[1–4]. Likewise, it has been described that chronic exposi-
tion to ISO generates arrhythmogenic Ca2+ transients and 
increased ROS levels in cardiomyocytes [8, 9]. Herein, ISO 
treatment of cardiomyocytes for 24 h was used as an in vitro 
model of cardiac stress mimicking continued activation of 
β-AR. The potential cardioprotective role of polyphenols 
was evaluated by treating cardiomyocytes with phenolic 
metabolites for 2 h prior to ISO exposure.

Our data showed that these three phenolic metabolites 
reduced mitochondrial oxidative stress promoted by pro-
longed β-AR stimulation, which is similar to other poly-
phenols previously described to be cardioprotective and 
antioxidant [14].

ISO-induced β-AR stimulation for 24 h decreased cardio-
myocyte beating and synchrony. These effects were reverted 
whenever cardiomyocytes were pre-treated with the phenolic 
metabolites. For the first time, modulation of cardiomyocyte 
beating was described as an event implicated in the benefi-
cial cardioprotective role of polyphenol-derived metabolites.

A tight control of Ca2+ signalling is crucial for the well-
functioning of cardiomyocytes. Activation of β-AR and con-
sequent activation of the PKA/CaMKII pathway promotes 
Ca2+ transients, stimulating cellular contraction [2, 3, 5, 6]. 
Our results showed that phenolic metabolites limited PKA/
CaMKII phosphorylation and activation under adrenergic 
stressful conditions. It has been widely described that the 
activation of PKA/cAMP pathway and CaMKII promotes 
the increased phosphorylation of ryanodine receptors [2, 3, 
5, 6]. This leads to an increase of Ca2+ release from the sar-
coplasmic reticulum. Furthermore, activation of PKA and 
CaMKII also decreases the inhibitory effect of phospholam-
ban on the sarcoplasmic reticulum Ca2+-ATPase (SERCA), 

Fig. 5   (continued)
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which enhances the uptake of Ca2+ by SERCA into the sar-
coplasmic reticulum [2, 3, 5, 6]. The consequent higher rates 
of Ca2+ release and uptake enhance cardiomyocytes’ cell 
beating frequency [2–5]. Nevertheless, prolonged adrener-
gic stimulation and subsequent overactivation of PKA and 
CaMKII lead to decompensated Ca2+ handling, sarcoplas-
mic reticulum Ca2+ leakage, and cardiac arrhythmic features 
[7–9]. Moreover, results from Bovo et al. indicate that oxi-
dation of the ryanodine receptors, alongside the receptors’ 
phosphorylation, will enhance the RyR activity, increasing 
the occurrence of arrhythmogenic calcium waves [8, 9]. 
Thus, by attenuating PKA/CaMKII activation and by limit-
ing mitochondrial ROS generation, these phenolic metabo-
lites might decrease the phosphorylation and/or activity of 
downstream proteins of PKA and CaMKII pathways, par-
ticularly RyR, in cells exposed to ISO. Further research is 
needed to confirm the direct involvement of RyR on poly-
phenol-induced cardioprotection.

Normal beating rate and contractility/relaxation of car-
diomyocytes are directly dependent on Ca2+ transients’ 
amplitude and frequency [2, 3, 5, 6]. Thus, Ca2+ transients 
were assessed in the presence of the three phenolic metabo-
lites with ISO treatment. Prolonged stimulation of β-AR 
increased Ca2+ transients’ amplitude and promoted their 
unsynchronized frequency. Pre-treatment with three metabo-
lites reverted the ISO-induced increase on Ca2+ transients’ 
amplitude. Nevertheless, 1-methylpyrogallol-O-sulphate 
decreased Ca2+ transients’ amplitude but under an unsyn-
chronized manner. Taken all together, the tested phenolic 
metabolites improved Ca2+ transients in response to adrener-
gic stress by modulating amplitude and/or synchronization, 
which might then result in the modulation of cardiomyo-
cytes’ beating.

Interestingly, human bioavailable phenolic metabolites 
also modulate cardiomyocyte beating and Ca2+ signalling 
under normal conditions, i.e. in the absence of ISO treatment 
and adrenergic stress. In fact, the three tested metabolites 
promoted a larger distribution in beating cell population, 
indicating a more asynchronous beating pattern. Likewise, 
1-methylpyrogallol-O-sulphate decreased cardiomyocyte 
beating to levels similar to ISO-treated cells. Accordingly, 
CaMKII phosphorylation and activation also occurred in 
response to the three metabolites. These results suggest 
that phenolic metabolites might also directly activate CaM-
KII kinase in a PKA-independent way. Furthermore, and 
in accordance with beating results, 1-methylpyrogallol-
O-sulphate activates PKA at similar levels of ISO treatment. 
Finally, cardiomyocytes treated with pyrogallol-O-sulphate 
or 1-methylpyrogallol-O-sulphate presented higher Ca2+ 
transient amplitude and heterogeneity.

Thus, taken all together, these data indicate phenolic 
metabolites directly modulate cardiomyocyte beating and 
synchrony, and Ca2+ signalling. And whenever applied 

along with adrenergic stressful stimulation, these metabo-
lites become cardioprotective by reducing ROS generation, 
modulating beating rate, controlling of PKA/CaMKII path-
way and improving regulation of Ca2+ transients’ amplitude 
and frequency.

Catecholamines bind to β-AR with a higher or lower 
degree of efficacy, depending on the compound’s chemical 
nature [34, 35]. Thus, catechol and pyrogallol have already 
been described as agonist of elements of the G protein-
coupled receptors (GPCR) family, including β2-adrenergic 
receptors [36, 37]. One may speculate that the three phenolic 
metabolites may directly interact with the β-AR.

Despite β1-adrenergic receptors being the predominant 
receptors in cardiomyocytes, catecholamines may also inter-
act with other subtypes of receptors that do not follow the 
classic PKA/cAMP signalling pathway [37]. In a context of 
exacerbated catecholamine levels, it has been described a 
downregulation of β1-adrenergic receptors and an upregula-
tion of β3-adrenergic receptors in failing human hearts [38]. 
And these two receptors have a cross-modulation mechanism 
between them [39].

Thus, alterations in cardiomyocytes’ beating and Ca2+ 
signalling after catechol-O-sulphate, pyrogallol-O-sulphate 
and 1-methylpyrogallol-O-sulphate exposure may also be 
due to the balance between their interactions with different 
subtypes of β-AR. Another hypothesis is that metabolites 
could desensitize β-AR, by interacting with them [40, 41]. 
Nevertheless, if these phenolic metabolites desensitized 
β-AR, they would not revert the ISO effect by increasing 
cell beating and synchronization.

Moreover, modulation of cardiomyocyte membrane’s 
ionic currents can alter Ca2+ signalling and the contraction-
relaxation behaviour of cells. One may also speculate that 
these three metabolites may interact with ionic channels pre-
sent in the membrane of cardiomyocytes, as other polyphe-
nols have been described to do [42–46]. By modulating ionic 
channels currents, these compounds may alter Ca2+ currents 
and/or Ca2+ signalling, altering the cell beating of neonatal 
rat cardiomyocytes [42–46]. Further research is needed to 
fully clarify possible modulation of cardiomyocytes’ ionic 
currents by the phenolic metabolites.

This work aims at exploring the molecular mechanisms 
underlying the putative cardioprotective effects of berry-
derived polyphenol metabolites. This knowledge is impor-
tant for future nutritional or therapeutic approaches using 
polyphenols against CVD. However, there is still the need 
to further clarify the efficacy of these compounds in human 
clinical trials, as well as their safety when taken in combina-
tion with other drugs [47].

For the first time, the potential cardioprotective role and 
their underlying molecular mechanisms of polyphenols 
were assessed by using their corresponding human bioavail-
able phenolic metabolites, under physiological conditions. 
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Phenolic metabolites promote cardioprotection by improving 
cardiomyocytes’ beating and Ca2+ signalling in response to 
continued stimulation to β-AR.

Acknowledgements  The authors would like to thank Pedro Sampaio, 
from Cilia Regulation and Disease lab, CEDOC, for technical support 
regarding the cardiomyocyte beating measurement.

Funding  The present work was supported by Fundação para a Ciên-
cia e Tecnologia (FCT, Portugal) [ANR-FCT/BEX-BCM/0001/2013], 
iNOVA4Health Unit (UID/Multi/04462/2013), the Agence National 
de la Recherche (France) [Grant ANR-13-ISV1-0001-01] and by 
the laBex LERMIT. Fundação para a Ciência e Tecnologia provided 
individual financial support to AG (SFRH/BD/103155/2014), HLAV 
(IF/00185/2012) and CNS (IF/01097/2013).

Compliance with Ethical Standards 

Conflict of interest  The authors declare that they have no conflict of 
interest.

References

	 1.	 Baker, A. J. (2014). Adrenergic signaling in heart failure: A 
balance of toxic and protective effects. Pflugers Archiv Euro-
pean Journal of Physiology, 466(6), 1139–1150. https​://doi.
org/10.1007/s0042​4-014-1491-5.

	 2.	 Bers, D. M. (2008). Calcium cycling and signaling in cardiac 
myocytes. Annual Review of Physiology, 70, 23–49. https​://doi.
org/10.1146/annur​ev.physi​ol.70.11300​6.10045​5.

	 3.	 Najafi, A., Sequeira, V., Kuster, D. W., & van der Velden, J. 
(2016). β-Adrenergic receptor signalling and its functional con-
sequences in the diseased heart. European Journal of Clinical 
Investigation, 46(4), 362–374. https​://doi.org/10.1111/eci.12598​.

	 4.	 El-Armouche, A., & Eschenhagen, T. (2009). β-Adrenergic 
stimulation and myocardial function in the failing heart. Heart 
Failure Reviews, 14(4), 225–241. https​://doi.org/10.1007/s1074​
1-008-9132-8.

	 5.	 Bers, D. M. (2002). Cardiac excitation-contraction coupling. 
Nature, 415(6868), 198–205. https​://doi.org/10.1038/41519​8a.

	 6.	 Andersson, D. C., Fauconnier, J., Yamada, T., Lacampagne, A., 
Zhang, S.-J., Katz, A., et al. (2011). Mitochondrial production of 
reactive oxygen species contributes to the β-adrenergic stimula-
tion of mouse cardiomycytes. The Journal of Physiology, 589(7), 
1791–1801. https​://doi.org/10.1113/jphys​iol.2010.20283​8.

	 7.	 Curran, J., Hinton, M. J., Rı, E., Bers, D. M., & Shannon, T. R. 
(2007). Beta-adrenergic enhancement of sarcoplasmic reticulum 
calcium leak in cardiac myocytes is mediated by calcium/calm-
odulin-dependent protein kinase. Circulation Research, 100(3), 
391–398. https​://doi.org/10.1161/01.RES.00002​58172​.74570​.e6.

	 8.	 Bovo, E., Lipsius, S. L., & Zima, A. V. (2012). Reactive oxygen 
species contribute to the development of arrhythmogenic Ca2+ 
waves during β-adrenergic receptor stimulation in rabbit cardio-
myocytes. The Journal of Physiology, 590(14), 3291–3304. https​
://doi.org/10.1113/jphys​iol.2012.23074​8.

	 9.	 Bovo, E., Mazurek, S. R., De Tombe, P. P., & Zima, A. V. (2015). 
Increased energy demand during adrenergic receptor stimulation 
contributes to Ca2+ wave generation. Biophysical Journal, 109(8), 
1583–1591. https​://doi.org/10.1016/j.bpj.2015.09.002.

	10.	 Branco, A. F., Sampaio, S. F., Wieckowski, M. R., Sardão, V. 
A., & Oliveira, P. J. (2013). Mitochondrial disruption occurs 
downstream from β-adrenergic overactivation by isoproterenol in 

differentiated, but not undifferentiated H9c2 cardiomyoblasts: Dif-
ferential activation of stress and survival pathways. International 
Journal of Biochemistry and Cell Biology, 45(11), 2379–2391. 
https​://doi.org/10.1016/j.bioce​l.2013.08.006.

	11.	 Branco, A. F., Pereira, S. L., & Oliveira, P. J. (2011). Isoproter-
enol cytotoxicity is dependent on the differentiation state of the 
cardiomyoblast H9c2 cell line. Cardiovascular Toxicology, 11, 
191–203. https​://doi.org/10.1007/s1201​2-011-9111-5.

	12.	 Mendis, S., Puska, P., Norrving, B. (Eds.). (2011). Global Atlas 
on cardiovascular disease prevention and control. Geneva: World 
Health Organization in collaboration with the World Heart Fed-
eration and the World Stroke Organization.

	13.	 Arts, I. C. W., & Hollman, P. C. H. (2005). Polyphenols and dis-
ease risk in epidemiologic studies 1–4. The American Journal of 
Clinical Nutrition, 81(1), 317S–325S.

	14.	 Vauzour, D., Rodriguez-Mateos, A., Corona, G., Oruna-Concha, 
M. J., & Spencer, J. P. E. (2010). Polyphenols and human health: 
Prevention of disease and mechanisms of action. Nutrients, 2(11), 
1106–1131. https​://doi.org/10.3390/nu211​1106.

	15.	 Johnson, S. A., Figueroa, A., Navaei, N., Wong, A., Kalfon, 
R., Ormsbee, L. T., et al. (2015). Daily blueberry consumption 
improves blood pressure and arterial stiffness in postmenopau-
sal women with pre- and stage 1-hypertension: A randomized, 
double-blind, placebo-controlled clinical trial. Journal of the 
Academy of Nutrition and Dietetics, 115(3), 369–377. https​://doi.
org/10.1016/j.jand.2014.11.001.

	16.	 Watson, R. R., Victor, P., & Zibadi, S. (2014). Polyphenols in 
human health and disease. San Diego: Academic Press.

	17.	 Du, G., Sun, L., Zhao, R., Du, L., Song, J., Zhang, L., et al. (2016). 
Polyphenols: Potential source of drugs for the treatment of ischae-
mic heart disease. Pharmacology & Therapeutics, 162, 23–34. 
https​://doi.org/10.1016/j.pharm​thera​.2016.04.008.

	18.	 Dolinsky, V. W., Chakrabarti, S., Pereira, T. J., Oka, T., Levasseur, 
J., Beker, D., et al. (2013). Resveratrol prevents hypertension and 
cardiac hypertrophy in hypertensive rats and mice. Biochimica et 
Biophysica Acta (BBA) - Molecular Basis of Disease, 1832(10), 
1723–1733. https​://doi.org/10.1016/j.bbadi​s.2013.05.018.

	19.	 Manach, C. (2004). Polyphenols: Food sources and bioavailability. 
American Journal of Clinical Nutrition, 79(5), 727–747.

	20.	 Rodriguez-Mateos, A., Heiss, C., Borges, G., & Crozier, A. 
(2014). Berry (poly)phenols and cardiovascular health. Journal 
of Agricultural and Food Chemistry, 62(18), 3842–3851. https​://
doi.org/10.1021/jf403​757g.

	21.	 Pimpão, R. C., Dew, T., Figueira, M. E., Mcdougall, G. J., Stew-
art, D., Ferreira, R. B., et al. (2014). Urinary metabolite profiling 
identifies novel colonic metabolites and conjugates of phenolics 
in healthy volunteers. Molecular Nutrition and Food Research, 
58(7), 1414–1425. https​://doi.org/10.1002/mnfr.20130​0822.

	22.	 Pimpão, R. C., Ventura, M. R., Ferreira, R. B., Williamson, G., & 
Santos, C. N. (2015). Phenolic sulfates as new and highly abun-
dant metabolites in human plasma after ingestion of a mixed berry 
fruit purée. The British journal of nutrition, 113(3), 454–463. 
https​://doi.org/10.1017/S0007​11451​40035​11.

	23.	 Nicklas, W., Baneux, P., Boot, R., Decelle, T., Deeny, A. A., 
Fumanelli, M., et al. (2002). Recommendations for the health 
monitoring of rodent and rabbit colonies in breeding and experi-
mental units. Laboratory Animals, 36(1), 20–42. https​://doi.
org/10.1258/00236​77021​91174​0.

	24.	 Louch, W. E., Sheehan, K. A., & Wolska, B. M. (2011). Methods 
in cardiomyocyte isolation, culture, and gene transfer. Journal of 
Molecular and Cellular Cardiology, 51(3), 288–298. https​://doi.
org/10.1016/j.yjmcc​.2011.06.012.

	25.	 Schindelin, J., Arganda-Carreras, I., Frise, E., Kaynig, V., Longair, 
M., Pietzsch, T., et al. (2012). Fiji: An open-source platform for 
biological-image analysis. Nature Methods, 9(7), 676–682. https​
://doi.org/10.1038/nmeth​.2019.

https://doi.org/10.1007/s00424-014-1491-5
https://doi.org/10.1007/s00424-014-1491-5
https://doi.org/10.1146/annurev.physiol.70.113006.100455
https://doi.org/10.1146/annurev.physiol.70.113006.100455
https://doi.org/10.1111/eci.12598
https://doi.org/10.1007/s10741-008-9132-8
https://doi.org/10.1007/s10741-008-9132-8
https://doi.org/10.1038/415198a
https://doi.org/10.1113/jphysiol.2010.202838
https://doi.org/10.1161/01.RES.0000258172.74570.e6
https://doi.org/10.1113/jphysiol.2012.230748
https://doi.org/10.1113/jphysiol.2012.230748
https://doi.org/10.1016/j.bpj.2015.09.002
https://doi.org/10.1016/j.biocel.2013.08.006
https://doi.org/10.1007/s12012-011-9111-5
https://doi.org/10.3390/nu2111106
https://doi.org/10.1016/j.jand.2014.11.001
https://doi.org/10.1016/j.jand.2014.11.001
https://doi.org/10.1016/j.pharmthera.2016.04.008
https://doi.org/10.1016/j.bbadis.2013.05.018
https://doi.org/10.1021/jf403757g
https://doi.org/10.1021/jf403757g
https://doi.org/10.1002/mnfr.201300822
https://doi.org/10.1017/S0007114514003511
https://doi.org/10.1258/0023677021911740
https://doi.org/10.1258/0023677021911740
https://doi.org/10.1016/j.yjmcc.2011.06.012
https://doi.org/10.1016/j.yjmcc.2011.06.012
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1038/nmeth.2019


167Cardiovascular Toxicology (2019) 19:156–167	

1 3

	26.	 Willis, B. C., Salazar-Cantú, A., Silva-Platas, C., Fernández-Sada, 
E., Villegas, C., Rios-Argaiz, E., et al. (2015). Impaired oxidative 
metabolism and calcium mishandling underlie cardiac dysfunction 
in a rat model of post-acute isoproterenol-induced cardiomyo-
pathy. American Journal of Physiology-Heart and Circulatory 
Physiology, 308(5), H467–H477. https​://doi.org/10.1152/ajphe​
art.00734​.2013.

	27.	 Moore, M. J., Kanter, J. R., Jones, K. C., & Taylor, S. S. (2002). 
Phosphorylation of the catalytic subunit of protein kinase A. Jour-
nal of Biological Chemistry, 277(49), 47878–47884. https​://doi.
org/10.1074/jbc.M2049​70200​.

	28.	 Song, Y.-H., Choi, E., Park, S.-H., Lee, S.-H., Cho, H., Ho, W.-K., 
et al. (2011). Sustained CaMKII activity mediates transient oxida-
tive stress-induced long-term facilitation of L-type Ca2+ current 
in cardiomyocytes. Free Radical Biology and Medicine, 51(9), 
1708–1716. https​://doi.org/10.1016/j.freer​adbio​med.2011.07.022.

	29.	 Mustroph, J., Neef, S., & Maier, L. S. (2017). CaMKII as a tar-
get for arrhythmia suppression. Pharmacology and Therapeutics. 
https​://doi.org/10.1016/j.pharm​thera​.2016.10.006.

	30.	 Dewenter, M., Neef, S., Vettel, C., Lämmle, S., Beushausen, C., 
Zelarayan, L. C., et al. (2017). Calcium/calmodulin-dependent 
protein kinase II activity persists during chronic β-adrenoceptor 
blockade in experimental and human heart failure. Circulation: 
Heart Failure, 10(5), e003840. https​://doi.org/10.1161/CIRCH​
EARTF​AILUR​E.117.00384​0.

	31.	 Aratyn-Schaus, Y., Pasqualini, F. S., Yuan, H., McCain, M. L., 
Ye, G. J. C., Sheehy, S. P., et al. (2016). Coupling primary and 
stem cell-derived cardiomyocytes in an in vitro model of cardiac 
cell therapy. The Journal of Cell Biology, 212(4), 389–397. https​
://doi.org/10.1083/jcb.20150​8026.

	32.	 Bito, V., Sipido, K. R., & Macquaide, N. (2015). Basic methods 
for monitoring intracellular Ca2+ in cardiac myocytes using Fluo-
3. Cold Spring Harbor Protocols, 2015(4), 392–397. https​://doi.
org/10.1101/pdb.prot0​76950​.

	33.	 Dries, E., Santiago, D. J., Johnson, D. M., Gilbert, G., Holemans, 
P., Korte, S. M., et al. (2016). Calcium/calmodulin-dependent 
kinase II and nitric oxide synthase 1 dependent modulation of 
ryanodine receptors during β-adrenergic stimulation is restricted 
to the dyadic cleft. Journal of Chemical Information and Mod-
eling, 53(9), 1689–1699. https​://doi.org/10.1017/CBO97​81107​
41532​4.004.

	34.	 Vanni, S., Neri, M., Tavernelli, I., & Rothlisberger, U. (2011). 
Predicting novel binding modes of agonists to β adrenergic recep-
tors using all-atom molecular dynamics simulations. PLoS Com-
putational Biology, 7(1), e1001053. https​://doi.org/10.1371/journ​
al.pcbi.10010​53.

	35.	 Lefkowitz, R. J., & Williams, L. T. (1977). Catecholamine binding 
to the beta-adrenergic receptor. Proceedings of the National Acad-
emy of Sciences of the United States of America, 74(2), 515–519.

	36.	 Deng, H., & Fang, Y. (2013). The three catecholics benserazide, 
catechol and pyrogallol are GPR35 agonists. Pharmaceuticals, 
6(12), 500–509. https​://doi.org/10.3390/ph604​0500.

	37.	 Ambrosio, C., Molinari, P., Cotecchia, S., & Costa, T. (2000). 
Catechol-binding serines of beta(2)-adrenergic receptors con-
trol the equilibrium between active and inactive receptor states. 
Molecular Pharmacology, 57(1), 198–210

	38.	 Moniotte, S., Kobzik, L., Feron, O., Trochu, J.-N., Gauthier, C., 
& Balligand, J.-L. (2001). Upregulation of 3-adrenoceptors and 
altered contractile response to inotropic amines in human fail-
ing myocardium. Circulation, 103(12), 1649–1655. https​://doi.
org/10.1161/01.CIR.103.12.1649.

	39.	 Ufer, C., & Germack, R. (2009). Cross-regulation between β 1- 
and β 3-adrenoceptors following chronic β-adrenergic stimulation 
in neonatal rat cardiomyocytes. British Journal of Pharmacology, 
158(1), 300–313. https​://doi.org/10.1111/j.1476-5381.2009.00328​
.x.

	40.	 Lohse, M. J., Engelhardt, S., Danner, S., & Böhm, M. (1996). 
Mechanisms of b-adrenergic receptor desensitization: From 
molecular biology to heart failure. Basic Research in Cardiol-
ogy, 91(S1), 29–34. https​://doi.org/10.1007/BF007​95359​.

	41.	 Hausdorff, W. P., Caron, M. G., & Lefkowitz, R. J. (1990). Turn-
ing off the signal: Desensitization of beta-adrenergic receptor 
function. The FASEB Journal, 4(11), 2881–2889. https​://doi.
org/10.1096/faseb​j.4.11.21659​47.

	42.	 Wallace, C. H. R., Baczkó, I., Jones, L., Fercho, M., & Light, P. 
E. (2006). Inhibition of cardiac voltage-gated sodium channels 
by grape polyphenols. British Journal of Pharmacology, 149(6), 
657–665. https​://doi.org/10.1038/sj.bjp.07068​97.

	43.	 Belevych, A. E. (2002). Genistein inhibits cardiac L-Type 
Ca2+ channel activity by a tyrosine kinase-independent mecha-
nism. Molecular Pharmacology, 62(3), 554–565. https​://doi.
org/10.1124/mol.62.3.554.

	44.	 Obayashi, K., Horie, M., Washizuka, T., Nishimoto, T., & Sasay-
ama, S. (1999). On the mechanism of genistein-induced activa-
tion of protein kinase A-dependent Cl—Conductance in cardiac 
myocytes. Pflügers Archiv European Journal of Physiologygers 
Archiv European Journal of Physiology, 438(3), 269–277. https​
://doi.org/10.1007/s0042​40050​909.

	45.	 Hool, L. C., Middleton, L. M., & Harvey, R. D. (1998). Genistein 
increases the sensitivity of cardiac ion channels to beta-adrenergic 
receptor stimulation. Circulation Research, 83(1), 33–42.

	46.	 LIEW, R., Macleod, K. T., & COLLINS, P. (2003). Novel stimu-
latory actions of the phytoestrogen genistein: Effects on the gain 
of cardiac excitation-contraction coupling. The FASEB Journal, 
17(10), 1307–1309. https​://doi.org/10.1096/fj.02-0760f​je.

	47.	 Bode, A. M., & Dong, Z. (2015). Toxic phytochemicals and their 
potential risks for human cancer. Cancer Prevention Research, 
8(1), 1–8. https​://doi.org/10.1158/1940-6207.CAPR-14-0160.

https://doi.org/10.1152/ajpheart.00734.2013
https://doi.org/10.1152/ajpheart.00734.2013
https://doi.org/10.1074/jbc.M204970200
https://doi.org/10.1074/jbc.M204970200
https://doi.org/10.1016/j.freeradbiomed.2011.07.022
https://doi.org/10.1016/j.pharmthera.2016.10.006
https://doi.org/10.1161/CIRCHEARTFAILURE.117.003840
https://doi.org/10.1161/CIRCHEARTFAILURE.117.003840
https://doi.org/10.1083/jcb.201508026
https://doi.org/10.1083/jcb.201508026
https://doi.org/10.1101/pdb.prot076950
https://doi.org/10.1101/pdb.prot076950
https://doi.org/10.1017/CBO9781107415324.004
https://doi.org/10.1017/CBO9781107415324.004
https://doi.org/10.1371/journal.pcbi.1001053
https://doi.org/10.1371/journal.pcbi.1001053
https://doi.org/10.3390/ph6040500
https://doi.org/10.1161/01.CIR.103.12.1649
https://doi.org/10.1161/01.CIR.103.12.1649
https://doi.org/10.1111/j.1476-5381.2009.00328.x
https://doi.org/10.1111/j.1476-5381.2009.00328.x
https://doi.org/10.1007/BF00795359
https://doi.org/10.1096/fasebj.4.11.2165947
https://doi.org/10.1096/fasebj.4.11.2165947
https://doi.org/10.1038/sj.bjp.0706897
https://doi.org/10.1124/mol.62.3.554
https://doi.org/10.1124/mol.62.3.554
https://doi.org/10.1007/s004240050909
https://doi.org/10.1007/s004240050909
https://doi.org/10.1096/fj.02-0760fje
https://doi.org/10.1158/1940-6207.CAPR-14-0160

	Phenolic Metabolites Modulate Cardiomyocyte Beating in Response to Isoproterenol
	Abstract
	Introduction
	Materials and Methods
	Animals
	H9c2 Cell Culture and Differentiation
	Neonatal Cardiomyocyte Isolation
	Phenolic Metabolites Pre-treatment and Isoproterenol Exposure
	Cell Viability
	Mitochondrial Reactive Oxygen Species (ROS) Evaluation
	Cell Beating Measurement
	Western Blot
	Analysis of Calcium Transients by Confocal Microscopy
	Statistics

	Results
	Phenolic Metabolites Do Not Inhibit Cell Death in Cardiomyocytes Challenged with ISO
	Phenolic Metabolites Modulate Cardiomyocyte Cell Beating and Its Synchronization
	Phenolic Metabolites Decrease Mitochondrial ROS Production in Cardiomyocytes Exposed to ISO
	Phenolic Metabolites Modulate PKAcAMP Pathway
	Phenolic Metabolites Modulate Ca2+ Transients and Their Amplitude

	Discussion
	Acknowledgements 
	References


