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Abstract. The cardiac adrenergic signaling pathway is 
important in the induction of cardiac hypertrophy. The 
cardiac adrenergic pathway involves two main branches, 
phospholipase C (PLC)/protein kinase C (PKC) and the 
adenylate cyclase (cAMPase)/protein kinase A (PKA) 
signaling pathways. It is hypothesized that PLC/PKC and 
cAMPase/PKA are activated by the α-adrenergic receptor 
(αAR) and the β-adrenergic receptor (βAR), respectively. 
Previous studies have demonstrated that exchange protein 
directly activated by cAMP (Epac), a guanine exchange 
factor, activates phospholipase Cε. It is possible that there 
are βAR-activated PKC pathways mediated by Epac and 
PLC. In the present study, the role of Epac and PLC in βAR 
activated PKC pathways in cardiomyocytes was investigated. 
It was found that PKCε activation and translocation were 
induced by the βAR agonist, isoproterenol (Iso). Epac agonist 
8-CPT-2'OMe-cAMP also enhanced PKCε activation. βAR 
stimulation activated PKCε in the cardiomyocytes and was 
regulated by Epac. Iso-induced change in PKCε was not 
affected in the cardiomyocytes, which were infected with 
adenovirus coding rabbit muscle cAMP-dependent protein 
kinase inhibitor. However, Iso-induced PKCε activation 
was inhibited by the PLC inhibitor, U73122. The results 
suggested that Iso-induced PKCε activation was independent 
of PKA, but was regulated by PLC. To further investigate 
the downstream signal target of PKCε activation, the expres-
sion of phosphorylated extracellular signal-regulated kinase 
(pERK)1/2 and the levels of ERK phosphorylation was 

analyzed. The results revealed that Iso-induced PKCε activa-
tion led to an increase in the expression of pERK1/2. ERK 
phosphorylation was inhibited by the PKCε inhibitor peptide. 
Taken together, these data demonstrated that the βAR is able 
to activate PKCε dependent on Epac and PLC, but independent 
of PKA.

Introduction

Myocardial hypertrophy, which is a reaction of cardio-
myocytes to a variety of pathological stimuli, is a common 
complication of hypertension, coronary heart disease, 
valvular heart disease, congenital heart disease, and other 
cardiovascular diseases. However, when stressors persist, the 
compensatory hypertrophy can evolve into a decompensated 
state, with profound changes in the gene expression program, 
contractile dysfunction and extracellular remodeling (1,2). 
Pathological hypertrophy increases myocardial oxygen 
consumption and reduces myocardial compliance, ultimately 
leading to heart failure, arrhythmia and sudden death (3-5). 
Cardiac hypertrophy is an independent risk factor of cardio-
vascular morbidity and mortality (3,4).

The β-adrenergic receptor (βAR) and its signal trans-
duction pathway are important factors leading to cardiac 
hypertrophy (6,7). Although the acute stimulation of βAR 
may have a beneficial effect on cardiac function, evidence 
suggests that the long-term activation of human cardiac βAR 
may lead to heart dysfunction, apoptosis and cardiac remod-
eling (8,9). Studies have revealed that the chronic stimulation 
of βAR may lead to cardiomyocyte hypertrophy (10) and 
inappropriate cardiac hypertrophy may develop into heart 
failure (11). The clarification of the signal transduction mech-
anism of cardiomyocyte hypertrophy by βAR stimulation 
may contribute to improving the prevention and treatment of 
cardiac hypertrophy and heart failure.

Since the adrenergic receptor (AR) was categorized 
into αAR and βAR, it has been suggested that the protein 
kinase (PK)C signal transduction pathway is mediated by 
αAR, and that PKA is a βAR-exclusive downstream effector. 
A new family of proteins, designated exchange protein 
directly activated by cAMP (Epac), has been reported, 
which makes the cAMP-mediated signaling mechanism 
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more complex. These proteins have been identified as the 
nucleotide exchange factors for small GTPases from the 
Rap family (12,13). A previous study by Schmidt et al (14) 
demonstrated that the activated adenylate cyclase (AC)-coupled 
β2AR in HEK-293 cells can stimulate a novel phospholipase C 
(PLC)ε subtype of PLC independently of PKA, but is mediated 
by Epac, suggesting that Epac-mediated signal transduction 
pathways may exist between βAR and PKC (15). An investi-
gation into the inflammatory pain mechanism for nociceptive 
neurons by Hucho et al (16) revealed that βAR stimulation in 
neurons may lead to PKCε activation, and that Epac medi-
ates signal transduction between cAMP and PKCε. Sudies by 
Oestreich et al (17,18) demonstrated that Epac and PLCε can 
mediate the βAR regulation of calcium ion release in cardiomy-
ocytes. These studies suggest that there is a possible association 
between PKC and βAR, with the exception of αAR signaling. 
It is possible that Epac and PLC mediate the interconnection 
between the β-adrenergic and PKC pathways.

PKCε, one of the major PKC isozymes expressed in the 
heart, is important in cardiac cell signal transduction and 
function, including involvement in ischemic preconditioning, 
cardiac hypertrophy, myocardial fibrosis, heart failure and 
other signal transduction pathways (19,20). Upon activation, 
PKCε undergoes translocation from the cytoplasm to the cell 
membrane (particulate fractions) to phosphorylate its targets, 
including extracellular signal-regulated kinases (ERK) (19-21). 
ERK1/2 are considered the downstream kinases of PKC and are 
implicated in a wide range of cellular processes, including cell 
growth, proliferation to apoptosis (22,23). The ERK pathway 
is involved in cardiac development and hypertrophy (24). The 
βAR may activate ERK and ERK may also be activated in a 
PKC-dependent way (7,22,24). It remains to be elucidated 
whether βAR activates PKCε, mediated by Epac and PLC, to 
induce cardiac hypertrophy and the phosphorylation of ERK1/2 
in cardiomyocytes.

The aim of the present study was to investigate PKCε trans-
location by stimulation with the βAR agonist, isoproterenol 
(Iso), in isolated cardiomyocytes, to clarify the role of Epac and 
PLC in the cross-talk between βAR and PKCε, and to investi-
gate the effect of this signaling pathway on the phosphorylation 
of ERK and cardiomyocyte hypertrophy.

Materials and methods

Materials. Iso, phorbol 12-myristate 13-acetate (PMA), and 
PLC inhibitor (U73122) were obtained from Sigma-Aldrich (St. 
Louis, MI, USA). Rabbit polyclonal anti-PKCε (1:2,000; sc-214), 
rabbit polyclonal ERK2 antibody (1:1,000; sc-154), mouse 
monoclonal anti-pERK 1/2 (1:2,000; sc-81492), mouse mono-
clonal β-actin antibody (1:5,000; sc-47778), goat anti-rabbit 
horseradish peroxidase (HRP)-conjugated immunoglobulin G 
(IgG) antibody [1:4,000(ERK2)-1:6,000(PKCε); sc-2004), goat 
anti-mouse IgG-HRP [1:5,000(p-ERK 1/2)- 1:7,500(β-actin); 
sc-2005] and the PKCε translocation inhibitor peptide (sc-3095) 
were obtained from Santa Cruz Biotechnology Inc. (Santa 
Cruz, CA, USA). The Epac agonist 8-CPT-2'OMe-cAMP 
(8-CPT) was obtained from Biolog Life Science Institute 
(Bremen, Germany). The green fluorescent protein (GFP) and 
human mutant Epac R279 K dominant negative (DN) in GFP 
structure were obtained from Genethon Center (Evry, France), 

and the adenovirus coding for rabbit muscle cAMP-dependent 
protein kinase inhibitor (Ad.PKI) was obtained from Rush 
University Medical Center (Chicago, IL, USA). The electroche-
miluminescence (ECL) kit was obtained from GE Healthcare 
(Amersham, UK).

Primary culture of cardioyocytes. Cardiomyocyte culture 
was performed, as previously described, with a minor modi-
fication (25). Briefly, 20 pregnant female rats (Shanghai SLAC 
Laboratory Animal Co. Ltd., Shanghai, China) were maintained 
in a controlled environment (22‑24˚C; 12 h light/12 h dark 
cycle) with ad libitum access to food and water. Subsequent 
to sacrifice by decapitation, the hearts were removed from 
the new-born Wistar rats (1-3 days old) and placed into 
pre-cooled 1X Ads buffer solution (NaCl, 17 g; Hepes, 11.9 g; 
NaH2PO4, 0.3 g; KCl, 1 g; glucose, 2.5 g; MgSO4, 0.25 g; in 
250 ml distilled water; Sigma-Aldrich), the ventricular muscle 
was cut into 1 mm3 sections and a solution of pancreatin and 
collagenase (0.05%; Sigma-Aldrich) was added. Subsequently, 
20 min digestion in pancreatin and collagenase at 37˚C and 
a centrifugation (500x g, 6 min) for supernatant removal was 
performed, 2 ml of newborn calf serum (HyClone Laboratories, 
Inc., Logan, UT, USA) was added and mixed evenly for subse-
quent use. The digested products were collected for all cells and 
subjected to a 6 min centrifugation at 500 x g. The ventricular 
myocytes were then purified with discontinuous Percoll density 
gradient centrifugation (2,000 x g, 30 min). The ventricular 
muscle cell layers were collected, washed with Ads two times 
(6 min centrifugation at 500 x g), the supernatant and culture 
medium [4:1 Dulbecco's modified Eagle's medium/M199 
(Gibco Life Technologies, Carlsbad, CA, USA) containing 
10% horse serum (HyClone Laboratories, Inc.), 5% newborn 
calf serum and 1% penicillin/streptomycin (Sigma-Aldrich)] 
was added. This was then mixed evenly, inoculated in a petri 
dish (5x104 cells/cm2), and cultivated at 37˚C under condi-
tions of 5% CO2. After 48 h cultivation, the medium was 
replaced with serum-free medium and the subsequent experi-
ments were carried out after 24 h. The study was approved 
by the Ethics Committee of Kunming Medical University 
(Kunming, China) and conformed to the standards set by the 
Yunnan Experimental Animal Management Board.

Cell treatment. The βAR agonist, Iso (1 µmol/l, 1 min), Epac 
agonist, 8-CPT (1 µmol/l, 10 min), PLC inhibitor, U73122 
(2 µmol/l, 30 min), and PKC agonist, PMA (1 µmol/l, 5 min), 
were provided for cell treatment. Following cell infection 
(5x102/cm2) by green fluorescent protein (GFP), Epac R279 K 
and Ad.PKI adenovirus, and the cell transfection by specific 
PKCε translocation inhibition peptide and scramble peptide, Iso 
(1 µmol/l, 1 or 10 min) was then provided for cell treatment and 
PKCε and pERK1/2 protein expression were detected.

Cardiomyocyte infection. The role of Epac was analyzed 
using Epac R279 K (dominant negative) to downregulate 
or inhibit Epac. The PKA-dependent activation of PKC 
was analyzed by overexpression of a specific PKA inhibitor 
peptide using Ad.PKI. Following infection with adenovirus 
coding for GFP, Epac R279 K with a multiplicity of infection 
(MOI) of 100 and Ad.PKI with an MOI of 100, the cells were 
treated with Iso (1 µmol/l) for 1 min.
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Peptide transfection. It is hypothesized that the mechanism 
of activation of PKC involves translocation from a cytosolic 
fraction to a membrane-rich fraction. The translocation occurs 
when PKC in the cytoplasm binds to an isozyme‑specific 
membrane-bound anchor protein or Receptor for Activated 
C Kinase (RACK). The RACK then transports the activated 
PKC isozyme to its target protein. Recently, small peptides 
of six to eight amino acids have been used to inhibit specific 
isozymes of PKC from binding to the specific RACK (26,27). 
Therefore, the specific PKCε inhibitor peptide was used in 
the present study to investigate the role of PKCε in ERK 
phosphorylation and cardiomyocyte hypertrophy induced 
by Iso stimulation (1 µmol/l for 10 min and 10 µmol/l 
for 48 h). The primary cardiomyocytes (5x102/cm2) were 
exposed at room temperature to sterile phosphate buffered 
saline (PBS; HyClone Laboratories, Inc.) for 2 min and then 
exposed at room temperature to permeabilization buffer 
(20 mmol/l HEPES pH 7.4, 10 mmol/l EGTA, 140 mmol/l 
KCl, 50 µl/ml saponin, 5 mmol/l NaN3 and 5 mmol/l oxalic 
acid dipotassium salt) containing either the PKCε transloca-
tion inhibitor peptide (22 µg/ml) or a control of scramble 
peptide (22 µg/ml) containing the same amino acids as 
the inhibitor peptide, but in a different sequence. This was 
removed after 2 min and the cells were washed twice with 
PBS at room temperature. The cells were then exposed to 
sterile PBS for 2 min at 37˚C prior to the addition of a fresh 
culture medium at 37˚C. The cells were allowed to recover 
for at least 1 h prior to the initiation of experiments, during 
which the cells began beating normally.

Immunocytochemical staining of cardiomyocytes. The 
cardiomyocytes (5x102/cm2) were inoculated onto a Lab-Tec 
Chamber Slide system (Nunc®, Sigma-Aldrich) coated 
with 0.2% gelatine (Sigma-Aldrich) for culture and fixed 
with 4% paraformaldehyde (Sigma-Aldrich) (5 min, room 
temperature). They were then washed with NH4Cl/PBS 
(Sigma-Aldrich) (pH 7.4, 0.5 mol/l) twice for 5 min each 
at room temperature and permeabilization treatment was 
performed using 1% Triton X-100/PBS (5 min, room tempera-
ture). Following washing with PBS and blocking of unspecific 
sites in 5% bovine serum albumin (BSA; Roche Diagnostics, 
Basel, Switzerland)/PBS, cells were incubated with a rabbit 
anti-PKCε (1:200) primary antibody in 1% BSA/PBS for 1 h 
at room temperature. After 1 h incubation with Alexa-488 
conjugated goat anti-rabbit IgG antibody (Invitrogen Life 
Technologies, Carlsbad, CA, USA) at room temperature, the 
cells were washed with PBS, fixed with Vectashield mounting 
agent (Vector Laboratories, Burlingame, CA, USA), covered 
with a slide and sealed with nail polish. A confocal laser 
scanning microscope (Zeiss LSM510; Carl Zeiss Lase Optics 
GmbH, Oberkochen, Germany) was used to detect the trans-
location of PKCε.

Detection of the expression of PKCε and pERK1/2 by western 
blot analysis. Cell lysis buffer (Tris 12.5 mmol/l, pH 7.4, 
EDTA 1 mmol/l, EGTA 2.5 mmol/l, NaF 100 mmol/l) 
containing protease inhibitors was used to dissolve the 
cells and lysates were obtained following 15 min (4˚C) of 
centrifugation at 14,000 x g. The supernatant consisted of 
the cytosolic fractions. The centrifuged precipitate under a 

second suspension of lysis buffer containing 1% Triton X-100 
consisted of the particulate fractions. The obtained cell 
particulate fractions were subject to protein quantification 
using Bradford's method and western blot analysis. Following 
cell lysis with radioimmunoprecipitation assay lysis buffer, 
containing Tris-HCl 25 mmol/l, pH 7.5, NaCl 150 mmol/l, 
1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS and 
protease inhibitor cocktail (Roche Diagnostics), the lysates 
were collected, subject to a 10 min centrifugation (4˚C) at 
10,000 x g, and the supernatant was collected for pERK1/2 
protein expression detection by western blot analysis.

Western blot analysis. A total of 20 µg protein was used 
for 10% SDS-PAGE and then transferred onto a polyvi-
nylidene difluoride membrane following electrophoresis 
at 35 V overnight. Non‑specific sites were blocked (room 
temperature, 1 h) with Tween-tris-buffered saline (TTBS 
0.1%) containing 5% nonfat dried milk, and PKCε antibody 
(1:2,000) and pERK1/2 (1:2,000) added to incubate at room 
temperature for 90 min. Following washing the membrane 
with TTBS, the membrane was incubated with horseradish 
peroxidase-conjugated IgG secondary antibody at room 
temperature for 1 h. All antibodies were visualized with 
chemiluminescence detection (ECL). β-actin (1:5,000) and 
ERK2 antibody (1:1,000) were used as the internal reference. 
The image signals were quantified by densitometric analysis 
of digitized films using the Scion Image (4.0.3) analysis 
system (National Institutes of Health, Bethesda, MD, USA).

Myocardial cell protein content and surface area determi‑
nation after 48 h treatment with Iso. Following transfection 
with the PKCε inhibitor and scramble peptides, the cells 
(5x102/cm2) were incubated with Iso (10 µmol/l) for 48 h. The 
protein content, DNA concentration and surface areas of the 
cells were then measured. Each dish was rinsed three times 
with PBS. The cell layer was scraped with standard sodium 
citrate containing 0.25% (w/v) SDS and frozen at ‑20˚C. Prior 
to use, the extracts were thawed and vortexed (Vortex-Genie 1; 
Scientific Industries, Inc., Bohemia, NY, USA). Total cell 
protein was assayed using Bradford's method. The results 
were normalized against the DNA content, which was 
measured fluorometrically using Hoechst staining, using calf 
thymus DNA as a standard. Hoechst 33258 and calf thymus 
DNA were obtained from Sigma-Aldrich. Hoechst 33258 dye 
was diluted to 1.5x10-4 mol/l in distilled water, and diluted 
five times with 20X saline-sodium citrate solution (SSC; 
175.3 g NaCl and 88.2 g sodium citrate in 1 liter distilled 
water; Sigma-Aldrich) before testing. Calf thymus DNA 
was dissolved in SSC (1g/l). The cell extracts were mixed 
with Hoechst 33258 dye, and placed in the dark for 10 min. 
Absorbance was detected at 350 nm excitation wave and 
450 nm emitting wave using a Fluorospectrophotometer 850 
(Hitachi Ltd., Tokyo, Japan). The cell surface area measure-
ments involved the use of microscope images ( LV100POL; 
Nikon Corporation, Tokyo, Japan) (magnification, x10) 
captured with a digital camera (E5200; Nikon Corporation) 
and the cell perimeter was measured with an image analysis 
system (Scion Image). A total of five fields in each group 
were randomly selected, with 20 cells per field, to measure 
the cell surface area and to calculate the mean values (n=5).
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Statistical analysis. The results are expressed as the 
mean ± standard error of the mean. Statistical analysis 
was performed using Student's t-test for single compari-
sons. Comparisons among three or more groups were 
made by one-way analysis of variance followed by the 
Student-Newman-Keuls test. P<0.05 was considered to indi-
cate a statistically significant difference.

Results 

βAR stimulation activates PKCε in cardiomyocytes. PKCε 
activation is associated with its translocation from the cyto-
plasm to the cellular particulate fractions (28). For evaluating 
PKCε translocation, cardiomyocytes were incubated with Iso 
(1 µmol/l) for different durations (1-30 min). Following cell 
scraping, differential centrifugation was performed in order 
to separate the particulate and cytosolic fractions. As shown 
in Fig. 1, the PKCε content in the particulate fractions was 
significantly increased following 1 and 5 min incubation 
with Iso (P<0.05). Compared with the control, this increase 
persisted for 15 min and decreased to the control level at 
30 min. The precise sub-cellular PKCε localization was 
examined by immunostaining under confocal microscopy. As 
shown in Fig. 2, PKCε was translocated to the perinuclear area 
as early as 1 min after Iso incubation. Similarly, the western 
blot analysis revealed that this pattern persisted during the 
15 min of Iso incubation, and homogeneous PKCε localization 
emerged after 30 min incubation. These results suggested that 
the Iso-induced translocation of PKCε was transient, with a 
translocation peak at 1 min. Therefore, this duration was used 
in the subsequent experiments to evaluate PKCε translocation.

PKCε activation by Epac agonist 8‑CPT. Similar to that of 
Iso pre-incubation, following incubation of the cells with the 
Epac agonist (1 µmol/l 8-CPT for 10 min), the PKCε content 
in the cellular particulate fractions was significantly higher 
compared with those of the control (Fig. 3). The PKCε content 
of the particulate fractions increased by 168±23% compared 
with the control (P<0.05).

PKA‑independent PKCε activation by Iso. Epac is activated 
by cAMP independently of PKA (29), therefore the present 

study subsequently examined whether the PKCε transloca-
tion produced by βAR stimulation was independent of PKA. 
Following infection with Ad.PKI, which specifically inacti-
vates PKA activity, no inhibition of Iso-induced translocation 
of PKCε was observed (Fig. 4).

Inhibition of Iso‑induced PKCε activation by Epac inhibitor 
Epac R279K. To further confirm whether Epac was involved 
in the Iso-induced PKCε activation, a dominant negative 
(DN) form of Epac (Epac R279K) was used to downregulate 
or inhibit the expression of Epac. The results revealed that 
DN Epac inhibited Iso-induced PKCε translocation (Fig. 5).

PLC‑dependent PKCε activation by Iso. To assess the 
involvement of PLC, the cardiomyocytes were pre-incubated 
with the PLC inhibitor U73122 prior to stimulation with Iso. 
The translocation of PKCε was inhibited by this inhibitor 
(Fig. 6).

Iso‑induced PKCε activation increases the expression 
of pERK1/2. Following introduction of the PKCε control 
scramble peptide into the cardiomyocytes and exposure of 
the cells to Iso (1 µmol/l, 10 min), there was a significant 
increase of pERK1/2 (P<0.05). However, when the PKCε 
inhibitor peptide was introduced into the cells prior to Iso 
exposure, no differences were identified in the expression 
of pERK1/2 compared with the PKCε inhibitor peptide 
alone (Fig. 7).

Iso‑induced PKCε activation leads to hypertrophy in 
cardiomyocytes. The cells, which were exposed to the 
control scramble peptide and followed by Iso (10 µmol/l, 
48 h) revealed significant increases in the cell protein/DNA 
ratio and in the cell surface area compared with the cells, 
which were exposed to the scramble peptide alone. However, 
following transfection of the cells with the PKCε inhibitor 
peptide and exposure to Iso, no significant differences 
were identified in the cell protein/DNA ratio or in the cell 
surface area compared with the PKCε inhibitor peptide alone 
(Figs. 8 and 9). These findings suggested that Iso‑induced 
cardiomyocyte hypertrophy was mediated by PKCε and, 
following inhibition of PKCε activation by the PKCε‑specific 

Figure 1. Time-dependent translocation of PKCε under Iso stimulation. The protein expression levels of PKCε of cellular particulate fractions in cardiomyo-
cytes treated with Iso for different durations were detected using western blot analysis and β-actin was used as an internal reference (n=5). Data are presented 
as the means ± standard error of the mean of five independent experiments. *P<0.05, compared with the control. Iso, isoproterenol; PKC, protein kinase C.



MOLECULAR MEDICINE REPORTS  11:  4373-4380,  2015 4377

translocation inhibitor peptide, this hypertrophic effect was 
eliminated.

Discussion

At least 11 different isozymes have been identified as members 
of the serine/threonine PKC family, which can be divided into 
three categories based on their molecular structures and acti-
vation modes, comprising the classical or conventional PKC, 
the novel PKC and the atypical PKC (30). The G-proteins Gαq 
and Gβγ, rather than Gαs, have been hypothesized to activate 
phospholipase for PKC activation (31). However, previous 
studies on nociceptors have suggested that Gαs may activate 
PKC (32,33). In the Gαs signaling pathway, Gαs/AC/cAMP 
may induce PKCε activation, and this pathway is important 
in βAR signal transduction. Therefore, it was hypothesized 
that the βAR agonist Iso activates PKCε in cardiomyocytes, 
resulting in a series of pathological and physiological reac-
tions.

In the present study, western blot analysis and confocal 
laser scanning microscopy were used to detect PKCε trans-
location following Iso stimulation in cardiomyocytes. The 
results revealed that Iso enhanced the activation of PKCε. 
The Iso-stimulated PKCε activation was relatively short and 

time-dependent, peaking following 1 min of Iso stimulation 
and returning to the baseline level after 30 min. Iso also 
induced PKCε to translocate to the perinuclear area. Since 
the subcellular localization of PKC was key in determining its 
function and specificity regulation, the localization of PKCε 
around the nucleus may lead to the phosphorylation of target 
proteins, thus regulating intranuclear transcription and protein 
synthesis. The results demonstrated that βAR stimulation 
activated PKCε in cardiomyocytes.

It has been reported that the PKA inhibitor CMIQ 
does not inhibit β2-AR-induced translocation of PKCε in 
neurons (16,18,34) and the signaling pathway from AC/cAMP 
to PKC does not involve PKA, indicating other upstream 
branches of the Gs/cAMP second-messenger signaling 
pathway at PKA prior to the activation of PKCε (35). To verify 
whether the Iso-induced PKCε activation passed through 
PKA in cardiomyocytes, Ad.PKI was used to infect cardio-
myocytes. Following specific inhibition of PKA activity, Iso 
remained able to activate PKCε, suggesting that PKA did not 
mediate Iso-induced PKCε activation and that PKCε activa-
tion was PKA-independent, possibly mediated by the novel 
PKA-independent signaling pathway factor, Epac.

Epac, a protein identified by Kawasaki et al (12) and 
de Rooij et al (13), may be directly activated by cAMP and 

Figure 2. Confocal microscope images of Iso stimulation-induced time-dependent PKCε activation (magnification, x1,000; confocal immunofluorescence staining). 
PKCε was distributed evenly in the cytoplasm without Iso treatment. PKCε underwent translocation following incubation with Iso, with translocation around the 
nucleus. Translocation was most marked between 1 and 15 min, and was distributed in the cytoplasm at 30 min (n=3). Iso, isoproterenol; PKC, protein kinase C.
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mediate the cAMP signal transduction process. Epac is involved 
in numerous physiological processes, including cell division and 
differentiation, exocytosis, insulin secretion, cell adhesion and 
amyloid protein secretion (36,37). Studies have revealed that Epac 
may be a positive regulatory protein for cardiomyocyte hyper-
trophy (38). It has been demonstrated that Epac1 is involved in 
the hypertrophic effects of βAR in a PKA-independent manner 
in adult rat ventricular cardiomyocytes (39). In the present study, 
following incubation of cardiomyocytes with the Epac activator, 
8-CPT, PKCε translocation to the cellular particulate fractions 
was observed, suggesting that Epac activated PKCε. The pattern 

of 8-CPT-induced PKCε translocation was similar to that of Iso 
and it was hypothesized that there may be causal association 
between Epac and Iso. To further clarify the role of Epac in the 
Iso-activated PKCε signaling pathway, the mutant Epac R279K 
(DN) was constructed to inhibit the action of the wild-type Epac 
protein. The results revealed that Iso-induced PKCε activation 
was inhibited in the mutant, suggesting an Epac-mediated 
βAR/PKCε signaling pathway in cardiomyocytes.

Epac in cardiomyocytes is considered to mediate the 
activation of PLCε and the βAR-dependent Ca2+ release (17) 
and a signal transduction pathway, beginning with β2AR 

Figure 5. Effect of the Epac inhibitor, DN Epac (Epac R279K), on Iso-induced 
PKCε activation and translocation. Following infection of the cardiomyo-
cytes by adenoviruses carrying EpacR279K (DN) and GFP, Western blot 
analysis was used to determine the PKCε content in the particulate fractions 
of the cardiomyocytes, with β-actin as an internal reference (n=5). Data are 
presented as the means ± standard error of the mean of five independent 
experiments. **P<0.01, compared with the GFP control group. Iso, isoproter-
enol; PKC, protein kinase C; GFP, green fluorescent protein; Epac, exchange 
protein directly activated by cAMP; C, control.

Figure 6. Effect of the phospholipase C Inhibitor, U73122, on Iso-induced 
PKCε activation. Following preincubation with U73122, western blot was 
used to determine the PKCε content in the particulate fractions of the car-
diomyocytes, with β-actin as an internal reference (n=6). Data are presented 
as the means ± standard error of the mean of six independent experiments. 
*P<0.05, compared with the control. Iso, isoproterenol; PKC, protein 
kinase C; C, control.

Figure 3. Effects of Iso and 8-CPT on PKCε translocation in cardiomyo-
cytes. Western blotting was used to determine the PKCε translocation in 
cellular particulate fractions and β-actin was used as an internal refer-
ence (n=6). PMA was used as a positive control. Data are presented as the 
means ± standard error of the mean of six independent experiments. *P<0.05, 
compared with the control. Iso, isoproterenol; PKC, protein kinase C; 8-CPT, 
8-CPT-2'OMe-cAMP; PMA, phorbol 12-myristate 13-acetate; C, control.

Figure 4. Effect of the PKA inhibitor, Ad.PKI, on Iso-induced PKCε acti-
vation. Following infection of the cardiomyocytes by Ad.PKI and GFP, Iso 
treatment (1 µmol/l for 1 min) was performed. Western blot analysis was 
used to determine the PKCε content in the cellular particulate fractions, with 
β-actin as an internal reference (n=4). Data are presented as the means ± stan-
dard error of the mean of four independent experiments.**P<0.01, compared 
with the GFP and PKI control group. Iso, isoproterenol; PK, protein kinase; 
Ad.PKI, adenovirus-coded rabbit muscle cAMP-dependent protein kinase 
inhibitor; GFP, green fluorescent protein; C, control.
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and followed by cAMP, Epac and Rap2B, leading to PLCε 
activation and calcium ion release, has been suggested (15). 
The results of the present study demonstrated that βAR 
stimulation activated PKCε in cardiomyocytes and that Epac 
mediated this signal transduction pathway. Therefore, it was 
hypothesized that Epac may activate PLC and subsequently 
activate PKCε. Following the preincubation of cardiomyo-
cytes with the PLC inhibitor, U73122, the effect of PLC on 
Iso-induced PKCε activation suggested that PLC mediated 
Iso-induced PKCε activation.

ERK signaling is closely associated with the pathological 
processes of cardiomyocyte hypertrophy and apoptosis (40-42). 
Iso-induced cardiac hypertrophy is associated with ERK 
by increasing ERK1/2 mRNA transcription in cardiomyo-
cytes (43). Iso may also activate MAPK in cardiomyocytes and 
phosphorylate the Raf/MEK/ERK pathways (44,45). PKCε 
may phosphorylate Ras/Raf and lead to activation of ERK1/2, 
inducing myocardial protein synthesis and cardiomyocyte 
hypertrophy. Although βAR activates ERK, it remains to be 
elucidated whether βAR acts on ERK by activating PKC. In the 
present study, the PKCε‑specific translocation inhibitor peptide 
was used to inhibit the activation of PKCε to observe the effect of 
PKCε on pERK1/2. The results revealed that the PKCε‑specific 
inhibitor peptide inhibited the Iso-induced pERK1/2 increase, 
suggesting that PKCε mediated the Iso-induced phosphoryla-
tion of ERK1/2. The increase in pERK1/2 was one of the 
downstream effectors of Iso-induced PKCε activation and Iso 
may induce ERK1/2 phosphorylation through the activation of 
PKCε, resulting in cardiomyocyte hypertrophy.

There is considerable evidence demonstrating that chronic 
βAR activation may result in myocardial hypertrophy and 
heart failure, accompanied by cardiomyocyte injury, apoptosis, 
necrosis and cardiac remodeling (46). The results presented in 
the present study demonstrated an interaction between βAR 
and PKCε in cardiomyocytes. The possible pathway of PKCε 

activation by βAR suggested that βAR stimulation may activate 
the Epac guanine exchange protein, which in turn activated PLC, 
resulting in PKCε translocation to the cellular particulate frac-
tions. ERK phosphorylation and cardiomyocyte hypertrophy 
are effects of Iso-induced PKCε activation. The clarification of 
signal transduction of cardiac hypertrophy resulting from βAR 
activation in cardiomyocytes assists in further understanding 
the molecular mechanisms underlying cardiac hypertrophy, 
providing a reference for examining new preventative methods 
and developing effective drugs against cardiac hypertrophy.

Acknowledgements

The authors would like to thank Professor Weimin Yang from the 
School of Pharmaceutical Science and Yunnan Key Laboratory 
of Pharmacology for Natural Products, Kunming Medical 
University, whose guidance and support enabled successful 
completion of the this study. The present study was supported 
by grants from the Yunnan Provincial Science and Technology 
Department (grant no. 2014FB037) and the National Natural 
Science Foundation of China (grant no.81260027).

References

 1. Lorell BH and Carabello BA: Left ventricular hypertrophy: patho-
genesis, detection, and prognosis. Circulation 102: 470-479, 2000.

Figure 9. Effect of Iso-induced PKCε activation on cardiomyocyte surface 
area. The cell surface area of cardiomyocytes following transfection with the 
PKCε inhibitor and scramble peptided followed by 48 h Iso treatment (n=6). 
Data are presented as the means ± standard error of the mean of six inde-
pendent experiments.*P<0.05, compared with the scramble peptide group; 
#P<0.05, compared with the scramble peptide+Iso group. Scramble: scramble 
peptide; PKCε inh: PKCε inhibitor peptide.

Figure 8. Effect of Iso-induced PKCε activation on cardiomyocyte protein 
content. The relative ratio of cardiomyocyte protein/DNA following trans-
fection of cells with the PKCε inhibitor and scramble peptides followed by 
48 h Iso treatment (n=6). Data are presented as the means ± standard error 
of the mean of six independent experiments.**P<0.01, compared with the 
scramble peptide group; #P<0.05, compared with the scramble peptide+Iso 
group. Scramble, scramble peptide; PKCε inh, PKCε inhibitor peptide; Iso, 
isoproterenol; PKC, protein kinase C.

Figure 7. Effect of Iso-induced PKCε activation on the expression of 
pERK1/2 in cardiomyocytes. Following transfection of cardiomyocytes with 
the PKCε‑specific inhibitor and scramble peptides, western blot analysis was 
used to determine the expression of pERK1/2 in the cardiomyocytes, with 
ERK2 as an internal reference (n=4). Data are presented as the means ± stan-
dard error of the mean of six independent experiments.*P<0.05, compared 
with the scramble peptide group. Iso, isoproterenol; PKC, protein kinase C; 
ERK, extracellular signal-regulated kinase; Scramble, scramble peptide; 
PKCε inh, PKCε inhibitor peptide; C, control.



LI et al:  β-ADRENERGIC STIMULATION ACTIVATES PROTEIN KINASE Cε4380

 2. Diwan A and Dorn GW II: Decompensation of cardiac hyper-
trophy: cellular mechanisms and novel therapeutic targets. 
Physiology (Bethesda) 22: 56-64, 2007.

 3. Artham SM, Lavie CJ, Milani RV, Patel DA, Verma A and 
Ventura HO: Clinical impact of left ventricular hypertrophy 
and implications for regression. Prog Cardiovasc Dis 52: 
153-167, 2009.

 4. Vakili BA, Okin PM and Devereux RB: Prognostic implications 
of left ventricular hypertrophy. Am Heart J 141: 334-341, 2001.

 5. Frey N, Katus HA, Olson EN and Hill JA: Hypertrophy of the 
heart a new therapeutic target? Circulation 109: 1580-1589, 2004.

 6. Dorn GW IInd: Adrenergic pathways and left ventricular 
remodeling. J Card Fail 8 Suppl 6: 370-373, 2002.

 7. Barki-Harrington L, Perrino C and Rockman HA: Network 
integration of the adrenergic system in cardiac hypertrophy. 
Cardiovasc Res 63: 391-402, 2004.

 8. Wang W, Zhu W, Wang S, Yang D, Crow MT, Xiao RP and 
Cheng H: Sustained β1-adrenergic stimulation modulates cardiac 
contractility by ca2+/calmodulin kinase signaling pathway. Circ 
Res 95: 798-806, 2004.

 9. Movsesian MA and Bristow MR: Alterations in cAMP-mediated 
signaling and their role in the pathophysiology of dilated cardio-
myopathy. Curr Top Dev Biol 68: 25-48, 2005.

10. Lohse MJ, Engelhardt S and Eschenhagen T: What is the role of 
β-adrenergic signaling in heart failure? Circ Res 93: 896-906, 2003.

11. Osadchii OE: Cardiac hypertrophy induced by sustained 
beta-adrenoreceptor activation: pathophysiological aspects. 
Heart Fail Rev 12: 66-86, 2007.

12. Kawasaki H, Springett GM, Mochizuki N, Toki S, Nakaya M, 
Matsuda M, Housman DE and Graybiel AM: A family of 
camp-binding proteins that directly activate rap1. Science 282: 
2275-2279, 1998.

13. de Rooij J, Zwartkruis FJ, Verheijen MH, Cool RH, 
Nijman SM, Wittinghofer A and Bos JL: Epac is a rap1 
guanine-nucleotide-exchange factor directly activated by cyclic 
AMP. Nature 396: 474-477, 1998. 

14. Schmidt M, Evellin S, Weernink PA, Von Dorp F, Rehmann H, 
Lomasney JW and Jakobs KH: A new phospholipase C-calcium 
signalling pathway mediated by cyclic AMP and a rap GTPase. 
Nat Cell Biol 3: 1020-1024, 2001. 

15. Schmidt M, Evellin S, Weernink PA, von Dorp F, Rehmann H, 
Lomasney JW and Jakobs KH: A new phospholipase-C-calcium 
signalling pathway mediated by cyclic AMP and a Rap GTPase. 
Nat Cell Biol 3: 1020-1024, 2001.

16. Hucho TB, Dina OA and Levine JD: Epac mediates a 
cAMP‑to‑PKC signaling in inflammatory pain: an isolectin B4(+) 
neuron‑specific mechanism. J Neurosci 25: 6119‑6126, 2005.

17. Oestreich EA, Wang H, Malik S, Kaproth-Joslin KA, Blaxall BC, 
Kelley GG, Dirksen RT and Smrcka AV: Epac-mediated acti-
vation of phospholipase Cε plays a critical role in β-adrenergic 
receptor-dependent enhancement of Ca2+ mobilization in cardiac 
myocytes. J Biol Chem 282: 5488-5495, 2007.

18. Oestreich EA, Wang H, Malik S, Goonasekera SA, Blaxall BC, 
Kelley GG, Dirksen RT and Smrcka AV: Epac and phospholipase 
Cε regulate Ca2+ release in the heart by activation of protein 
kinase Cε and calcium-calmodulin kinase II. J Biol Chem 284: 
1514-1522, 2009.

19. Churchill E, Budas G, Vallentin A, Koyanagi T and 
Mochly-Rosen D: PKC isozymes in chronic cardiac disease: 
possible therapeutic targets? Annu Rev Pharmacol Toxicol 48: 
569-599, 2008.

20. Inagaki K, Churchill E and Mochly-Rosen D: Epsilon protein 
kinase C as a potential therapeutic target for the ischemic heart. 
Cardiovasc Res 70: 222-230, 2006.

21. Mackay K and Mochly-Rosen D: Localization, anchoring, and 
functions of protein kinase C isozymes in the heart. J Mol Cell 
Cardiol 33: 1301-1307, 2001.

22. Schonwasser DC, Marais RM, Marshall CJ and Parker PJ: 
Activation of the mitogen-activated protein kinase/extra-
cellular signal-regulated kinase pathway by conventional, 
novel and atypical protein kinase C isotypes. Mol Cell Biol 18: 
790-798, 1998.

23. Nilsson D, Gustafsson L, Wackenfors A, Gesslein B, Edvinsson L, 
Paulsson P, Ingemansson R and Malmsjo M: Up-regulation of 
endothelin type B receptors in the human internal mammary 
artery in culture is dependent on protein kinase C and 
mitogen-activated kinase signaling pathways. BMC Cardiovasc 
Disord 8: 21, 2008.

24. Wang Y: Mitogen-activated protein kinases in heart development 
and diseases. Circulation 116: 1413-1423, 2007.

25. Iwaki K, Sukhatme VP, Shubeita HE and Chien KR: Alpha- 
and beta-adrenergic stimulation induces distinct patterns of 
immediate early gene expression in neonatal rat myocardial 
cells. fos/jun expression is associated with sarcomere assembly; 
egr-1 induction is primarily an alpha 1-mediated response. J Biol 
Chem 265: 13809-13817, 1990.

26. Mochly-Rosen D: Localization of protein kinases by anchoring 
proteins: a theme in signal transduction. Science 268: 247-251, 
1995.

27. Mochly-Rosen D and Gordon AS: Anchoring proteins for protein 
kinase C: a means for isozyme selectivity. FASEB J 12: 35-42, 
1998.

28. Vincent F, Duquesnes N, Christov C, Damy T, Samuel JL and 
Crozatier B: Dual level of interactions between calcineurin 
and PKC-epsilon in cardiomyocyte stretch. Cardiovasc Res 71: 
97-107, 2006.

29. Bos JL: Epac: a new cAMP target and new avenues in cAMP 
research. Nat Rev Mol Cell Biol 4: 733-738, 2003.

30. Newton AC: Protein kinase C: structural and spatial regulation 
by phosphorylation, cofactors and macromolecular interactions. 
Chem Rev 101: 2353-2364, 2001.

31. Gudermann T, Schoneberg T and Schultz G: Functional and 
structural complexity of signal transduction via G-protein-coupled 
receptors. Annu Rev Neurosci 20: 399-427, 1997.

32. Parada CA, Reichling DB and Levine JD: Chronic hyperalgesic 
priming in the rat involves a novel interaction between cAMP 
and PKCε second messenger pathways. Pain 113: 185-190, 2005.

33. Gold MS, Levine JD and Correa AM: Modulation of TTX-R INa 
by PKC and PKA and their role in PGE2-induced sensitization of 
rat sensory neurons in vitro. J Neurosci 18: 10345–10355, 1998.

34. Fan L, Ma J, Chen YH and Chen XQ: Antioxidant and antimi-
crobial phenolic compounds from Setaria viridis. Chem Nat 
Comp 50: 433-437, 2014.

35. Lu ZX, Quazi NH, Deady LW and Polya GM: Selective inhi-
bition of cyclic AMP-dependent protein kinase by isoquinoline 
derivatives. Biol Chem Hoppe Seyler 377: 373-384, 1996.

36. Bos JL: Epac proteins: multi-purpose cAMP targets. Trends 
Biochem Sci 31: 680-686, 2006.

37. Holz GG, Kang G, Harbeck M, Roe MW and Chepurny OG: Cell 
physiology of cAMP sensor epac. J Physiol 577: 5-15, 2006.

38. Morel E, Marcantoni A, Gastineau M, Birkedal R, Rochais F, 
Garnier A, Lompree A, Vandecasteele G and Lezoualch F: 
CAMP-binding protein epac induces cardiomyocyte hyper-
trophy. Circ Res 97: 1296-1304, 2005.

39. Métrich M, Morel E, Berthouze M, Pereira L, Charron P, 
Gomez A and Lezoualch F: Functional characterization of the 
cAMP-binding proteins Epac in cardiac myocytes. Pharmacol 
Rep 61: 146-153, 2009.

40. Wang H, Oestreich EA, Maekawa N, Bullard TA, Vikstrom KL, 
Dirksen RT, Kelley GG, Blaxall BC and Smrcka AV: 
Phospholipase C epsi lon modulates beta-adrenergic 
Receptor-dependent cardiac contraction and inhibits cardiac 
hypertrophy. Circ Res 97: 1305-1313, 2005.

41. Kehat I and Molkentin JD: Extracellular signal-regulated kinase 
1/2 (ERK1/2) signaling in cardiac hypertrophy. Ann N Y Acad 
Sci 1188: 96-102, 2010.

42. Bueno OF and Molkentin JD: Involvement of extracellular 
signal-regulated kinases 1/2 in cardiac hypertrophy and cell 
death. Circ Res 91: 776-781, 2002.

43. House SL, House BE, Glascock B, Kimball T, Nusayr E, 
Schultz JE and Doetschaman T: Fibroblast growth factor 2 
mediates isoproterenol-induced cardiac hypertrophy through 
activation of the extracellular regulated kinase. Mol Cell 
Pharmacol 2: 143-154, 2010.

44. Zhang GX, Kimura S, Murao K, Yu X, Obata K, Matsuyoshi H 
and Takaki M: Effects of angiotensin type I receptor blockade 
on the cardiac RAF/MEK/ERK cascade activated via adrenergic 
receptors. J Pharmacol Sci 113: 224-233, 2010.

45. Takeishi Y, Ping P, Bolli R, Kirkpatrick DL, Hoit B and 
Walsh RA: Transgenic overexpression of constitutively active 
protein kinase cε causes concentric cardiac hypertrophy. Circ 
Res 86: 1218-1223, 2000.

46. Morisco C, Marrone C, Galeotti J, Shao D, Vatner DE, Vatner SF 
and Sadoshima J: Endocytosis machinery is required for 
β1-adrenergic receptor-induced hypertrophy in neonatal rat 
cardiac myocytes. Cardiovasc Res 78: 36-44, 2008.


