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Role of PKA in the process of neonatal cardiomyocyte
hypertrophy induced by urotensin II
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Abstract. The model of urotensin II (UIl)-induced cardiomyo-
cyte hypertrophy has been widely used in studies on hypertrophy.
However, the molecular mechanisms responsible for UIl-induced
cardiomyocyte hypertrophy have not yet been fully elucidated.
It has been demonstrated that cardiomyocyte hypertrophy
induced by UII is associated with changes in the intracellular
Ca”* concentration. In the present study, we investigated whether
the cAMP-dependent protein kinase A (PKA)-mediated upreg-
ulation of the phosphorylation levels of phospholamban (PLN)
at Serl6 contributes to Ull-induced cardiomyocyte hypertrophy.
After primary cultures of neonatal rat cardiomyocytes were
exposed to UII for 48 h, cell size, protein/DNA contents and
intracellular Ca** levels were detected. Western blot analysis
was used to quantify the phosphorylated and total forms of
PKA, PLN and the total amount of sarco/endoplasmic reticulum
Ca?*-ATPase (SERCA)2a. UII increased the cell size, the
protein/DNA ratio and the intracellular Ca** levels, consistent
with the characteristics of hypertrophic response. In addition,
exposure to UII upregulated the phosphorylation levels of PKA,
and the expression levels of its downstream proteins, PLN and
SERCA2a. However, treatment with PKA inhibitor (KT-5720)
reversed all these effects of UII. On the whole, our results
suggest that UII induces cardiomyocyte hypertrophy through
the PKA-mediated upregulation of PLN phosphorylation at
Serl6, which provides a new experimental foundation for the
prevention and/or treatment of cardiac hypertrophy.

Introduction

Cardiac hypertrophy is not only a major risk factor in the
development of heart failure, but also an independent risk factor
for cardiac morbidity and mortality (1,2). The incidence rate
of myocardial hypertrophy is >1/500 in the general popula-
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tion (3-5). Due to the increased workload, the vast majority of
mammalian cardiomyocytes fail to divide soon after birth, and
this leads to hypertrophic growth (6,7). Several factors can lead
to pathological cardiac hypertrophy, such as gene mutations,
ischemic myocardial injury, diabetic cardiomyopathy, valvular
dysfunction and neurohumoral activation (8,9). Cardiomyocyte
hypertrophy may be a compensatory response to the changes
in the molecular and biochemical microenvironment, including
pressure overload. However, clinical therapeutic strategies are
still limited for the treatment of cardiac hypertrophy (10,11). The
better understanding of this disease may contribute to the devel-
opment of novel and more effective therapeutic strategies. Thus,
it is of great importance to determine the molecular mechanisms
responsible for the development of cardiac hypertrophy in vitro.

Urotensin II (UII), an eleven amino acid cyclic peptide,
was originally isolated from the urophysis of teleost fish, which
exhibit full activity in different tissues, including the cardiovas-
cular system (12). It has been demonstrated that UII is a potent
vasoconstrictor. In addition, the expression of UII and its receptor
has been shown to be increased in cardiac tissue from patients
with congestive heart failure, which positively correlates with
disease severity and inversely with cardiac function (13). It has
been certified that Ull-induced cardiac hypertrophy involves
multiple signaling pathwaysis, including mitogen-activated
protein kinase signaling pathways, extracellular signal-
regulated kinase (ERK), epidermal growth factor receptor
transactivation (14,15) and the Akt signaling pathways (16). UII
elicits strong vasoconstriction via the mobilization of intracel-
lular Ca*, as well as through extracellular Ca*" entry (17). It has
been shown that UTI applied in the absence of extracellular Ca**
induces transient cytosolic Ca** release from the sarcoplasmic
reticulum (SR) (18). Recent studies have demonstrated that
Ull-induced cardiomyocyte hypertrophy is associated with the
changes in the intracellular Ca** concentration (19). However,
the precise signaling mechanisms responsible for Ull-induced
cardiac hypertrophy remain to be elucidated.

The cAMP-dependent protein kinase A (PKA), a threonine/
serine kinase consists of two catalytic (C) and two regula-
tory (R) subunits, each of which is capable of binding two cAMP
molecules. With the binding to cAMP, specific conformation
of the regulatory subunits occurs, causing the activation and
release of catalytic subunits (20). In cardiomyocytes, phosphol-
amban (PLN), a membrane protein, is the target of PKA, which
inhibits the sarco/endoplasmic reticulum Ca**-ATPase (SERCA).
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Unphosphorylated PLN binds SERCA, reduces calcium uptake
and further generates muscle contraction. However, once PKA
phosphorylates PLN at Serl6 in the cytoplasmic helix, phos-
phorylated PLN relieves SERCA inhibition and initiates muscle
relaxation (21). The inhibition of Ca**/calcineurin-NFAT has
been shown to be involved in the attenuation of cardiac hyper-
trophy in vitro and in vivo (22); thus, the PKA signaling pathway
may play a role in the development of cardiac hypertrophy.

In cardiac muscle tissues, it has been demonstrated that
calcium (Ca?*) plays an important role in regulating the process
of excitation-contraction coupling (ECC). When a depolarizing
stimulus arrives at the sarcolemma, ECC is activated and opens
L-type Ca** channels in the T-tubule region, leading to an influx
of Ca*" into the cytosol, and further facilitating the release of
Ca?* from the cardiac ryanodine receptor 2(RyR2), which is
known as Ca**-induced Ca?* release (23,24). An increase in the
intracellular free Ca®* concentration after the intracellular Ca®*
release stimulates the binding of Ca** to the troponin complex
and exposes the myosin actin-binding site in the cytosol (24).
The interaction between actin and myosin further facilitates the
generation of the power stroke and muscular contraction. To
initiate muscular relaxation, intracellular Ca®>* must be elimi-
nated from the cytoplasm. There are four main transporters for
Ca?* re-uptake: sarcolemmal Ca?*-ATPase, Na*/Ca®* exchanger,
SERCA and mitochondrial Ca®* uniporter (24). In mammals,
SERCA is the main transporter to transport Ca** from the
myoplasm into the SR (25). Moreover, 92% of Ca*" in rodent
hearts and 70% of Ca** in the human heart are removed via the
SERCA pump (25,26). Thus, there may be a tight association
between intracellular Ca** and cardiomyocyte hypertrophy.

To date, at least to the best of our knowledge, the effect
of UII on the PKA signaling pathway in cardiomyocytes has
not been documented. In this study, we therefore aimed to
determine whether Ull-induced cardiomyocyte hypertrophy is
associated with the activation of the PKA signaling pathway
in an in vitro model, and whether PLN/SERCA is involved
downstream. The treatment of cardiomyocytes with a PKA
inhibitor (KT-5720), allowed us to identify the key role for the
activation of PKA in Ull-induced hypertrophy.

Materials and methods

Reagents and antibodies. Dulbecco's modified Eagle's
medium (DMEM), tissue culture reagents and fetal calf
serum (FCS) were purchased from Invitrogen Life Technologies
(Carlsbad, CA, USA). Antidodies [anti-PKA (SAB1300370),
anti-p-PKA (SAB4301240), anti-PLN (HPA026900),
anti-p-PLN (SAB1305590) and anti-SERCA (S7199)] were
purchased from Sigma-Aldrich (St. Louis, MO, USA). UII was
obtained from Sigma-Aldrich. KT-5720 was obtained from
Tocris Bioscience (Bristol, UK).

Neonatal cardiac myocyte culture and treatment protocol. We
obtained ventricles from 1-day-old Sprague-Dawley (SD) rats
and isolated cardiac myocytes through digestion. All of the
experiments were performed in accordance with the Guide for
the Care and Use of Laboratory Animals and approved by the
ethics committee of Shanxi Medical University. Briefly, SD rats
were anesthetized and decapitated. The ventricles were rapidly
extracted and minced into sections in Hanks' balanced salt solu-
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tion and digested with 1% collagenase (Sigma-Aldrich) in an
incubator with 5% CO, at 37°C for 15 min. The cell suspension
was centrifuged at 90 rpm for 8 min and the supernatant was
resuspended in PBS containing 15% fetal bovine serum (FBS)
(both from Wisent, Inc., St-Jean-Baptiste, QC, Canada). The
cells were cultured for 2 h to allow the fibroblasts to attach to the
dish. Cardiomyocytes were collected from the supernatants and
cultured with DMEM containing 1 g/l glucose plus 10% FBS
and 1% penicillin/streptomycin (Gibco, Carlsbad, CA, USA).
The cardiomyocytes were divided into 4 groups as follows: i) the
control group, in which the cells were treated with PBS in 2 ml
DMEM complete medium as a placebo for 2 h, and then with
2 ml DMEM complete medium for 48 h; ii) the UII group, in
which the cells were treated with PBS in 2 ml DMEM complete
medium as a placebo for 2 h, and then exposed to 100 nM UII in
2 ml DMEM complete medium for 48 h; iii) the UII + KT-5720
group, in which the cells were treated with 5 uM KT-5720 in
2 ml DMEM complete medium for 2 h, and then exposed to
100 nM UII also in 2 ml DMEM complete medium for 48 h;
and iv) the KT-5720 group, in which the cells were treated with
5 uM KT-5720 in 2 ml DMEM complete medium for 2 h, and
then with 2 ml DMEM complete medium for 48 h.

Measurementof cell planimetric area.Todetermine theinvolve-
ment of the PKA signaling pathway in Ull-induced cardiac
hypertrophy, the cells were plated in 6-well plates at about
30/cm? density. The cell grouping and culture were performed
as mentioned above. The pre-treated cells were washed with
PBS twice prior to fixation in 4% paraformaldehyde solution.
After 10 min, the residual paraformaldehyde solutions were
removed with three 5 min washes of 0.1% Triton X-100 (v/v,
in PBS). The cells were double-labeled with phalloidin (for
F-actin labeling) conjugated with Alexa Fluor 488 (The
Jackson Laboratory, Bar Harbor, ME, USA) and DAPI
(Sigma-Aldrich) (for DNA nuclear labeling). Measurements
were calibrated by the measurement of a known standard and
results were determined from 3 independent experiments.

Measurement of protein/DNA content. The cells were collected
and then split into 2 equal aliquots for total protein and DNA
measurements. One aliquot was used to extract protein and the
protein concentration was detected using a BCA protein assay
(Pierce, Rockford, IL, USA) (27). The other aliquot was used
to extract DNA and the DNA concentration was investigated
using Hoechst 33258 with calf thymus DNA as a standard
(both Sigma-Aldrich) (28). The ratio of protein to DNA was
then calculated to estimate potential protein synthesis.

Detection of the intracellular Ca®* concentration. For the
measurement of the Ca** concentration, the cells in the 4 groups
were incubated with 10 uM of Fura-3AM (Molecular Probes,
Eugene, OR, USA) in recording solution (in mM: 135 NaCl,
5.6 KCl, 1.8 CaCl,, 1.2 MgCl,, 10 HEPES, and 10 glucose,
pH 7.4) for 30 min at 37°C and then washed in recording solu-
tion. The staining cells were then co-labeled with DAPI for
DNA nuclear staining. The coverslips were mounted in a 1 ml
plastic chamber and observed under a confocal microscope
(LSM510; Carl Zeiss, Thornwood, NY, USA) to measure fluo-
rescence. Fluo-3AM was excited at 488 nm, and fluorescence
emission was measured using a 505- to 530-nm band-pass
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Figure 1. (A) Effects of the protein kinase A (PKA) inhibitor, KT-5720, on the cell planimetric area, (B) DNA and (C) protein content, (D) protein to DNA ratio,
in cultured neonatal rat cardiomyocytes. “p<0.05 vs. control group; “p<0.05 vs. urotensin IT (UII) group.

filter. Fluorescence images with Fura-3 AM and DAPI were
collected and fluorescence quantification was carried out using
the MetaFluor Imaging system (Molecular Devices).

Western blot analysis of protein expression. The cells were
washed with cold PBS and the protein concentration was
assessed using a BCA protein assay (Pierce). Proteins were
separated on polyacrylamide gels and then electrotransferd
onto nitrocellulose membranes (Amersham, Buckinghamshire,
UK). After being blocked for 3 h in Tris-buffered saline with
0.1% Tween-20 (TBST) and 3% bovine serum albumin (BSA),
the membranes were incubated overnight at 4°C with an
optimized dilution of 1:1,000 of rabbit polyclonal antibodies
against phospho-PKA [p-PKA (Thr197)], PKA, phospho-PLN
[p-PLN (serine-16)], PLN and SERCA2a. The membranes were
then washed and incubated with alkaline phosphatase-conju-
gated secondary antibodies (SAB3700854; Sigma-Aldrich)
in TBST for 2 h and developed with NBT/BCIP color
substrate (Promega, Madison, WI, USA). The densities of the
bands on the membranes were scanned and analyzed using an
image analyzer (LabWorks Software; UVP, Upland, CA, USA).

Statistical analysis. Data are presented as the means + standard
error of mean (SEM). Statistical analyses were performed using
one-way analysis of variance (ANOVA), followed by adjusted
t-tests with P-values corrected by the Newman-Keuls test. A
p-value <0.05 was considered to indicate a statistically signifi-
cant difference (two-tailed statistics). Data were analyzed using
statistical package for social science (SPSS) (SPSS, Inc., Chicago,
IL, USA) software version 14.0 for Microsoft Windows.

Results

KT-5720 inhibits Ull-induced hypertrophy in neonatal rat
cardiomyocytes. In order to gain further insight into the role
played by UII and the effect of pre-treatment with KT-5720, the
candomyocyte planimetric area, DNA content, protein content

and protein/DNA ratio were measured. As shown in Fig. 1A
and C, UII induced a significant increase in cell area and in the
protein content, confirming the occurrence of cardiomyocyte
hypertrophy compared with the untreated cells (p<0.05). On
the contrary, the DNA content of the neonatal cardiomyocytes
only changed slightly under the different treatment condi-
tions (Fig. 1B; p>0.05). This led to a significant increase in the
protein to DNA ratio in the Ull-exposed cells, in comparison
to the untreated cells (Fig. 1D; p<0.05). At the same time,
pre-treatment of the Ull-exposed cells with KT-5720 (a selec-
tive inhibitor of PKA) prevented the hypertrophic response.
KT-5720 abolished the Ull-induced increase in the cell area,
protein content and protein to DNA ratio, suggesting that the
PKA signaling pathway is involved in the effects of UIIL. Of
note, neither UII nor the PKA inhibitor used exerted an effect
on the DNA content. KT-5720 alone exerted similar effects as
those observed with the co-incubation of UII and KT-5720.

KT-5720 decreases the high level of intracellular Ca** induced
by Ul in cardiomyocytes. To determine the mechanisms
responsible for Ull-induced cardiomyocyte hypertrophy, the
double-labeling with DAPI and Fura-3AM immunofluorescence
staining was applied to measure the intracellular Ca** intensity
in cardiomyocytes. As is shown in Fig. 2A and B, UII induced
a significant increase in the Ca?* content in the cardiomyocytes
compared with the control group. However, the effect of UIl was
markedly inhibited by pre-treatment with KT-5720. Incubation
with KT-5720 alone exerted greater inhibitory effects than with
co-incubation (UII and KT-5720) (Fig. 2C and D).

UII activates the PKA signaling pathway. We examined the
involvement of the PKA signaling pathway in hypertrophy by
western blot analysis. As is shown in Fig. 3, the protein expres-
sion level of p-PK A in the UII group was significantly increased
compared with that in the control group. Pre-treatment with
KT-5720 reversed this increasing phenomenon. KT-5720
incubation alone exerted similar effects as those observed with
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Figure 2. Effects of the protein kinase A (PKA) inhibitor, KT-5720, on intracellular Ca** (Fura-3AM) and nuclear (DAPI) double-labeled staining. Representative
fluorescent micrographs of cardiomyocytes; intracellular Ca** is visualized with Alexa Fluor 488-conjugated Fura-3AM stain (green), whereas the nucleus is

visualized by DAPI staining (blue); magnification, x400.
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Figure 3. Effects of the protein kinase A (PKA) inhibitor, KT-5720, on
the phosphorylation of PKA and total PKA. "p<0.05 vs. control group;
#p<0.05 vs. urotensin II (UII) group.

with co-incubation (UII and KT-5720). The total PKA protein
expression remained unaltered. These data directly suggest
that the PKA signaling pathway plays an important role in
Ull-induced cardiomyocyte hypertrophy.

Downstream mechanisms of PKA activation induced by UII.
In cardiomyocytes, PLN phosphorylation at Serl6 by PKA is
sufficient to reverse SERCA inhibition and increase the enzyme
affinity for calcium that is pumped into the SR, initiating muscle
relaxation (29). SERCA is a 110 kDa membrane-embedded
ATP-driven calcium pump and is regulated by intramembrane
interaction with PLN.

In this study, in order to further investigate the down-
stream changes of p-PKA, the expression of PLN/SERCA was
detected by western blot analysis. Compared with the control
group, the results revealed that the p-PLN and SERCA?2a bands
were both dramatically increased in the cells incubated with
UII (Figs. 4 and 5). The results also revealed that UII had did
not affect the total PLN levels compared with the other groups.
Pre-treatment with KT-5720 exerted an opposite effect to UIL.
Incubation with KT-5720 alone exerted similar effects as those
observed with co-incubation (UII and KT-5720). These findings
suggest that the PLN/SERCA2a signaling pathway is involved
in the Ull-induced neonatal cardiomyocyte hypertrophy by the
regulation of the intracellular Ca** content.

Discussion
In this study, we demonstrated that Ull-induced neonatal

cardiomyocyte hypertrophy involves the phosphorylation of
PKA. Calcium is the primary determinant of cardiac force
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Figure 4. Effects of the protein kinase A (PKA) inhibitor, KT-5720, on the
phosphorylation of phospholamban (PLN) and total PLN. “p<0.05 vs. control
group; *p<0.05 vs. urotensin II (UII) group, n=6.
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Figure 5. Effects of the protein kinase A (PKA) inhibitor, KT-5720, on
SERCA2a expression in neonatal cardiomyocytes. “p<0.05 vs. control group;
"p<0.05 vs. urotensin II (UII) group.

production (30). Alterations in the phosphorylation levels of
Ca®*-handing proteins downstream of PKA not only control
myocardial contraction and relaxation, but also represent
molecular signatures of failing hearts. UII is associated with
cardiovascular function and may act as autocrine/paracrine
neurohormonal factor within the heart. UII exerts inotropic
effects via the G-protein-coupled receptor (GPCR) UTR
in cardiac and peripheral vascular tissue. Stimulation of
GpP receptor prompts the activation of adenylyl cyclase, leading
to an increase in the intracellular cAMP levels and finally, the
activation of PKA. PKA substrate phosphorylation is involved
in many cellular processes, such as gene expression, metabolism
and contraction (31).

In cardiomyocytes, PKA phosphorylates many of the
components associated with the excitation-coupling mechanism,
including PLN. The phosphorylation of PLN promotes the relax-
ation of cardiomyocytes by accelerating Ca®* re-uptake into the
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SR by SERCAZ2a. The rise of cytosolic Ca** initiates contrac-
tion by the binding of Ca** to cardiac troponin C, which in turn
binds and displaces cardiac troponin I from its actin-binding site,
thereby allowing myosin heads to interact with actin to form
cross bridges (30). The sustained increase of intracellular Ca?*
levels induces left ventricular hypertrophy and dysfunction (32),
which ultimately leads to the development of heart failure.

Even though cardiac hypertrophy is a compensatory
response to external stimulation for maintaining the function
of the heart, it is finally involved in disorders of contraction
and relaxation (33). Many signaling pathways which respond to
extracellular stimuli are involved in the molecular mechanisms
of cardiomyocyte hypertrophy. It has been indicated that PKC,
as one of the major signal transduction molecules, plays an
significant role in regulating the differentiation and prolifera-
tion of different types of cells (34). It has been demonstrated
that Ca?* influx induced by PKA may activate the Raf-1/MAP
kinase cascade (33). Our previous study has confirmed that
CaMKII signaling pathway also plays an important role in
Ull-induced cardiomyocyte hypertrophy (35). In the present
study, we demonstrate that PK A signaling also plays a crucial
role in modulating intracellar Ca** influx through the phospho-
PLN protein to maintain cardiac contractility. These data
reinforce two possible roles of CaMKII and PKA signaling
pathways as potential treatment agents in pathological cardiac
hypertrophy. The activity of SERCA pump regulated by PLN
is essential to preserve intracellar Ca’* homeostasis and meet
the physiological function requirements of the heart. In the
future, we aim to focus on the effects of UII, its receptor, and
the related signaling pathways in cardiac health and disease.

The effect of UII on the cardiovascular system has been
investigated in vivo (36). Human UII (hUII) has also been
used in the cynomolgus monkey to detect its cardiovascular
effects (37). A complex dose-dependent hemodynamic response
is excited after hUII systemic applications. Following exposure
to 30-300 pmol/kg hUII, a marked systemic vasoconstriction
and a severe myocardial contractile dysfunction occur, which
differs from the effects of other vasoconstrictors, such as endo-
thelin-1 (ET-1) and angiotensin (Ang)II (38). In addition, the
effects of hUII have been investigated in rats (39). These results
suggest that the increase in the levels of UII in myocardial cells
leads to myocardial dysfunction under disease conditions, such
as aortic stenosis (40). Taken together, our in vitro results, as
well as other in vivo data demonstrate that UII induces signifi-
cant cardiac hypertrophy.

In conclusion, the present study demonstrates that UII
induces neonatal cardiomyocyte hypertrophy and this involves
the activation of the PKA/PLN/SERCA?2a signaling pathway.
Our study established that the blockade of the PKA signaling
pathway inhibits hypertrophy. These data provide a new experi-
mental foundation for pathological cardiac hypertrophy, and
may aid in the development of novel treatment strategies for
cardiac hypertrophy.
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