
Introduction

Hypertrophic growth is an adaptive response of the heart to
diverse pathological stimuli and is characterized by cardiomy-
ocyte enlargement, protein synthesis, and activation of a foetal
programme of cardiac gene expression [1–4]. Cardiomyocyte
enlargement is also known to occur without upregulation of foetal
genes during, for example, exercise- and thyroid-induced cardiac
hypertrophy [5, 6]. The development of the hypertrophic pheno-
type is manifested by a coordinated series of events, where sev-
eral transcription factors are activated in response to different

hypertrophic agents [7–9]. Cardiac hypertrophy is also associ-
ated with hyperactivity of the sympathetic nervous system as well
as elevated levels of plasma norepinephrine (NE) [10]. In fact, NE
is known to produce cardiac hypertrophy [11–13], which may, in
part, be mediated via the activation of �1-adrenoceptors (�1-AR)
[14–17]. Furthermore, an early transient increase in the transcrip-
tion factors such as c-Fos and c-Jun has been observed in
response to sympathetic stimulation [18–20]. Mechanical over-
load has also been shown to increase c-Jun expression tran-
siently [21]. Transfection of cardiac myocytes with a dominant
negative c-Jun has been reported to inhibit cardiomyocyte hyper-
trophy in response to phenylephrine (PhE), an �1-AR agonist
[22]. Moreover, activated c-Fos and c-Jun complexes are capable
of inducing the hypertrophic phenotype, in cultured cardiomy-
ocytes [23].

Earlier we have shown that the hypertrophic response of 
cardiomyocytes to NE, as demonstrated by an increase in atrial
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natriuretic factor (ANF) expression and protein synthesis, was
due to activation of phospholipase C (PLC) via the �1-AR [15].
We have also reported that activity of PLC isozymes regulate
their own gene expression [14], which might represent a cycle of
events that perpetuates the hypertrophic response to NE.
Furthermore, by using different pharmacological agents, we
have demonstrated that c-Fos and c-Jun gene expression is reg-
ulated by PLC activity in adult cardiomyocytes through a protein
kinase C (PKC)- and extracellular regulated kinases (ERK) 1/2-
dependent pathway in response to (NE) [24]. However, the iden-
tity of the specific PLC isozymes involved in the regulation of 
c-Fos and c-Jun gene expression as well as the role of these
transcription factors in the regulation of PLC isozyme gene
expression in adult cardiomyocytes is not known. Therefore, by
employing a gene silencing approach, this study was undertaken
to determine which PLC isozyme regulates the expression of 
c-Fos and c-Jun and to determine if c-Fos and c-Jun are involved
in the regulation of PLC isozyme gene expression in response to
NE in adult cardiomyocytes.

Materials and methods

Cardiomyocyte isolation and stimulation

All experimental protocols for animal studies were approved by the Animal
Care Committee of the University of Manitoba, in accordance with the
guidelines established by the Canadian Council on Animal Care. Left ven-
tricle (LV) cardiomyocytes were isolated from male Sprague-Dawley rats
(250–300 g) as previously described [14, 15]. The cells were incubated
with 5 �M NE for 2 hrs for gene expression; this concentration and time of
incubation were previously determined to be optimal [14].

Silencing of c-Fos, c-Jun and PLC isozyme genes
by small interfering (si) RNA

Pre-designed siRNAs were purchased from Ambion. The sequences of
primers used to generate siRNA were as follows: c-Fos siRNA: 5�-
CCUGUCUGGUUCCUUCUAUtt-3� (sense), 5�-AUAGAAGGAACCAGACAGGtc-3�

(antisense); c-Jun siRNA: 5�-CGAUGGACUUUUCGUUAACtt-3� (sense), 
5�-GUUAACGAAAAGUCCAUCGtt-3� (antisense); PLC �1 siRNA: 5�-
CGAUGACUGUAAAAAGUCUtt-3� (sense), 5�-AGACUUUUUACAGUCAUCGtc-3�

(antisense); PLC �3 siRNA: 5�-GCAGCUUAGUCGCAUCUACtt-3� (sense), 
5�-GUAGAUGCGACUAAGCUGCtg-3� (antisense); PLC �1 siRNA: 
5�-GCCAUUAAUGAGAUGUACUtt-3� (sense), 5�-AGUACAUCUCAUUAAUGGCtt-3�

(antisense) and PLC �1 siRNA: 5�-GGAUAAACUAAAGCUGGUGtt-3� (sense),
5�-CACCAGCUUUAGUUUAUCCtc-3� (antisense). The negative control siRNA
comprised of a 19bp scrambled sequence with 3�dt overhangs. The
sequence had no homology to any known gene sequences. Optimal results
were obtained by transfection of 5 nM siRNA and 5 nM non-silencer siRNA
(scrambled sequence, negative control) with the Hi PerFect transfection
reagent for 24 hrs, according to the manufacturer’s instructions (Qiagen).
After 24 hr incubation, cells were incubated with 5 �M NE for 2 hrs for gene
expression and 24 hrs for protein levels and activity measurements.

RNA isolation and semi-quantitative PCR

Total RNA was isolated from LV myocytes using RNA isolation kit (Life
Technologies, ON, Canada), as described [14, 15]. Primers used for ampli-
fication were synthesized as follows: PLC �1: 5�-ATTCGGCCAGGCTAT-
CACTA-3� (forward), 5�-TGCATACGTGTCTGGGACAT-3� (reverse); PLC �3:
5�-TTGGAAATCTTCGAGCGGTT-3� (forward), 5�-AGGAACTGTTTGTTCG-
GCTCAT-3� (reverse); PLC �1: 5�-AGCCAAGGACCTGAAGAACA-3�

(forward), 5�-GCAAACTGCCCATAGGTGAT-3� (reverse); PLC �1: 5�-ACA-
CAAGCCCAAGGAGGATA-3� (forward), 5�-ACGGACAAAACCATTTCCTG-3�

(reverse); ANF: 5�-AGATCTGCCCTCTTGAAAAGCA-3� (forward) and 5�-
TCGAGCAGATTTGGCTGTTATC-3� (reverse); c-Fos: 5�- GGAGCCGGTCAA-
GAACATTA-3� (forward), 5�-ATGATGCCGGAAACAAGAAG-3� (reverse); 
c-Jun: 5�-TGACTGCAAAGATGGAAACGA-3� (forward), 5�-CAGGTTCAAG-
GTCATGCTCTGT-3� (reverse). For the purpose of normalization of the data,
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) primers: 5�-CATGA-
CAACTTTGGCATCGT-3� (forward) and 5�-GGATGCAGGGATGATGTTCT-3�

(reverse) were used to amplify GAPDH gene as a multiplex with the target
genes. The PCR products were analysed by electrophoresis in 2% agarose
gels. The intensity of each band was photographed and quantified using a
Molecular Dynamics STORM scanning system (Amersham Biosciences
Corp., PQ, Canada) as a ratio of a target gene over GAPDH.

Protein synthesis

Cardiomyocyte protein synthesis was assessed as incorporation of [3H]
phenylalanine into cells as previously described [15]. Briefly, after a 10 min
pre-incubation of PLC isozyme, c-Fos and c-Jun si RNA transfected car-
diomyocytes with 0.5 �Ci of [3H] phenylalanine, cells were treated with NE
(5 �M) for 6 hrs. The reaction was terminated by addition of 5 ml ice-cold
10% w/v trichloroacetic acid (TCA). Cells were harvested and the suspen-
sion kept on ice for 20 min followed by centrifugation at 3838 � g for 
5 min at 4 	C. The cardiomyocyte pellet was washed with 1ml ice-cold 10%
w/v TCA and centrifuged again at 3838 � g for 5 min at 4 	C; this step was
repeated once more. The precipitated protein was then suspended in 
0.5 ml of 0.5 N NaOH and radioactivity in the neutralized aliquots was
determined by liquid scintillation counting in 5 ml of CytoScintTM, ICN.

Western blot analysis

Total membrane proteins (20 �g) and high molecular weight marker (Bio-
Rad, Hercules, CA, USA) were separated on SDS-PAGE as described pre-
viously [14, 24–26]. Proteins were transferred onto 0.45-�m polyvinyli-
dene difluoride (PVDF) membrane. PVDF membrane was blocked
overnight at 4 	C in Tris-buffered saline (TBS) containing 5% skim milk and
probed with monoclonal antibodies for PLC isozymes �1, �1 and �1

(Upstate, NY, USA) and polyclonal antibodies for PLC �3 (Santa Cruz
Biotechnology, CA, USA). Primary antibodies were diluted in TBS with
0.1% (vol/vol) Tween 20 (TBS-T) (1:200 for PLC �1 and �3; 1:2000 for PLC
�1 and 1:10,000 for PLC �1) according to the manufacturer’s instructions.
Horseradish peroxidase-labelled antimouse IgG (Bio-Rad) was diluted
1:3000 in TBS-T and used as secondary antibody for PLC �1, �1 and �1 and
1:2000 in TBS-T for PLC �3 isozyme. Protein bands were visualized by
enhanced chemiluminescence according to the manufacturer’s instruc-
tions (Boehringer Mannheim, Laval, PQ, Canada). Band intensities of the
Western blot analysis were quantified using a CCD camera imaging densit-
ometer (Bio-Rad GS 800).
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Determination of PLC isozyme activities

The PLC isozyme activities were determined by measuring the hydrolysis
of [3H]-PIP2, following immunoprecipitation (IP) as described previously
[25, 26]. The IP was conducted overnight at 4 	C with monoclonal antibod-
ies to PLC �1, and �1, and polyclonal antibodies to �3 (5 �g of antibody to
350 �g membrane extract). For control experiments, IP and subsequent
activity measurements were conducted with non-immune mouse IgG. It is
pointed out that the IP of the specific PLC isozymes is complete under the
condition described [25, 26].

Statistical analysis

All values are expressed as mean 
 S.E. The differences between two groups
were evaluated by Student’s t-test. The data from more than two groups were

evaluated by one-way ANOVA followed by Duncan’s multiple comparison
tests. A probability of 95% or more (P � 0.05) was considered significant.

Results

Prevention of the NE-induced increases in PLC
isozyme gene expression, protein content and
activity in cardiomyocytes transfected with PLC
isozyme siRNA

Cardiomyocytes were transfected with specific PLC �1, �3, �1 and
�1 si RNA in a dose dependent manner (1, 5, 10 and 25 nM). Our

Fig. 1 Prevention of the norepinephrine-
induced increases in PLC isozyme mRNA lev-
els by siRNA transfection of cardiomyocytes.
Representative blots (A) showing PLC
isozyme �1 (114bp), �3 (230bp), �1 (123bp)
and �1 (190bp) mRNA levels relative to
GAPDH (138bp) mRNA level in LV cardiomy-
ocytes. Quantified data shows PLC �1 (B), �3

(C), �1 (D) and �1 (E) mRNA levels relative to
GAPDH mRNA level in cardiomyocytes trans-
fected with 5 nM PLC �1, �3, �1 and �1 siRNA
and treated with NE (5 �M) for 2 hrs. Control
cardiomyocytes were transfected with 5 nM
negative control siRNA as described in ‘mate-
rials and methods’ section. Values are 
mean 
 S.E. of five experiments performed
with five different cardiomyocyte prepara-
tions. *Significantly different (P � 0.05) ver-
sus control; #significantly different (P �

0.05) versus NE. GAPDH, Glyceraldehyde 
3-phosphate dehydrogenase; CONT, control;
NC, negative control; NE, norepinephrine;
siRNA, small interfering RNA.
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preliminary data showed that highly efficient transfection and
silencing was obtained using a low concentration (5 nM) of siRNA,
without resulting in any off target effects as demonstrated by the
absence of mRNA degradation. In addition, cardiomyocytes
remained viable and there was no loss of cardiomyocytes following
transfection (data not shown). The prevention of NE-induced
increases in PLC isozyme gene expression (Fig. 1), protein content
and activity (Fig. 2) in PLC isozyme siRNA transfected cardiomy-
ocytes indicated successful siRNA transfection.

Regulation of c-Fos and c-Jun gene expression 
in response to NE in cardiomyocytes transfected
with PLC isozyme siRNA

To examine the involvement of specific PLC isozymes in the NE-
induced increases in c-Fos, c-Jun gene expression, cardiomyocytes

were genetically manipulated to silence PLC isozyme genes with si
RNA. Transfection of cardiomyocytes with PLC �1, �3 and �1 si RNA
inhibited the NE-induced increases in c-Fos and c-Jun gene expres-
sion, whereas PLC �1 gene silencing did not affect the activation of
c-Fos and c-Jun gene expression in response to NE (Fig. 3).

Regulation of PLC isozyme gene expression, 
protein content and activity by c-Fos and 
c-Jun siRNA

While a pharmacological approach was previously used to examine
the role of c-Fos and c-Jun in regulating PLC isozyme gene
expression in response to NE [24], the involvement of transcrip-
tion factors, c-Fos and c-Jun was further examined in cardiomy-
ocytes genetically manipulated to silence c-Fos and c-Jun gene.
Again, transfection of cardiomyocytes with c-Fos and c-Jun siRNA

Fig. 2 Prevention of the norepinephrine-
induced increases in PLC isozyme protein
content and activity in siRNA transfection of
cardiomyocytes. Representative blots (A)
showing PLC isozyme �1 (150 kD), �3

(150 kD), �1 (145 kD) and �1 (87 kD) protein
levels in cardiomyocytes. Quantified data
shows PLC �1 (B), �3 (C), �1 (D) and �1 (E)
protein content in cardiomyocytes trans-
fected with 5 nM PLC �1, �3, �1 and �1 siRNA
and treated with NE (5 �M) for 24 hrs. The
PLC isozyme activities (F) were determined in
siRNA transfected cardiomyocytes following
immunoprecipitation and hydrolysis of 3[H]-
PIP2. preparations. Control cardiomyocytes
were transfected with 5 nM negative control
siRNA as described in ‘materials and meth-
ods’ section. Values are mean 
 S.E. of five
experiments performed with five different
cardiomyocyte preparations. *Significantly
different (P � 0.05) versus control; #signifi-
cantly different (P � 0.05) versus. NE.
GAPDH, Glyceraldehyde 3-phosphate dehy-
drogenase; CONT, control; NC, negative 
control; NE, norepinephrine; siRNA, small
interfering RNA.
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revealed that a highly efficient transfection and silencing was
obtained using 5 nM siRNA without resulting in any off target
effects and loss of cardiomyocytes following transfection (data
not shown). The prevention of the NE-induced increases in c-Fos
and c-Jun gene expression in siRNA treated cells also indicated
successful siRNA transfection (Fig. 4A and B). It should be noted
that a significant basal expression of c-fos and c-Jun in the iso-
lated cardiomyocytes was observed (Fig. 4C). We consider this

not to be an artifact due to the isolation procedure as it was deter-
mined that there is a substantial expression of c-Fos and c-Jun in
control LV tissue. Indeed the amounts of c-Fos and c-Jun mRNA
(as demonstrated by conventional-PCR) in the isolated control
cardiomyocyte preparations were 75% and 78%, respectively, of
that expressed in the LV tissue (Fig. 4C). Transfection of a car-
diomyocytes with c-Fos si RNA inhibited the NE-induced increase
in PLC �1 and �3 isozyme gene expression, but did not affect the
increase in PLC �1 and �1 isozyme gene expression in response to
NE (Fig. 5). On the other hand, transfection of cardiomyocytes
with c-Jun siRNA prevented the NE-induced increase in PLC �1,
�3 and �1 isozyme whereas the increase in PLC �1 isozyme mRNA
level due to NE was unaffected (Fig. 5). These results suggest that
both c-Fos and c-Jun are the transcription factors involved in the
regulation of PLC �1 and �3 gene expression in response to NE,
and that c-Jun specifically may also be involved in the regulation
of PLC �1 isozyme gene expression. Furthermore, it was revealed
that the attenuation of the PLC �1, �3 and �1 gene expression in
response to NE in c-Fos and c-Jun si RNA transfected cardiomy-
ocytes was also associated with an attenuation of the protein con-
tent (Fig. 6) as well as activity of these PLC isozymes (Fig. 7).

Hypertrophic response to NE in cardiomyocytes
transfected with siRNA

To understand the relationship of the prevention of increases in
PLC isozymes and c-Fos and c-Jun gene expression with the
hypertrophic response to NE, ANF mRNA levels and protein syn-
thesis (markers of the cardiomyocytes hypertrophic response)
were measured in cardiomyocytes transfected with siRNA to
silence PLC isozyme and c-Fos and c-Jun genes. It can be seen in
Figure 8 that transfection of cardiomyocytes with PLC �1, �3, �1

and �1 si RNA prevented the NE-induced increase in ANF mRNA
levels and protein synthesis (as demonstrated by the incorpora-
tion of [3H] phenylalanine) (Fig. 8). Furthermore, it was revealed
that the NE-induced increase in the ANF mRNA level (Fig. 9A–C)
and protein synthesis (Fig. 9D) were prevented in c-Fos and c-Jun
transfected cardiomyocytes.

Discussion

Although by using different pharmacological agents we have
reported earlier that PLC activity is involved in the regulation of
transcription factor, c-Fos and c-Jun gene expression [24], we
have now shown in this study that specific PLC isozyme activity
regulate c-Fos and c-Jun gene expression in response to NE in
adult cardiomyocytes. Because concomitant increases in PLC
isozyme, c-Jun and c-Fos mRNA levels have been observed in
response to NE, the relationship between these transcription fac-
tors and PLC isozyme gene expression was further investigated.
The specific knockdown of PLC �1, �3, and �1 with siRNA and

Fig. 3 Inhibition of norepinephrine-induced increases in c-Fos and c-Jun
mRNA levels in cardiomyocytes transfected with PLC isozymes siRNA.
Representative blots (A) and quantified data (B) and (C) showing c-Fos
(74 bp) and c-Jun (163 bp) mRNA levels respectively relative to GAPDH
(138 bp) mRNA level in LV cardiomyocytes transfected with 5 nM PLC
isozyme �1, �3, �1 and �1 siRNA and treated with NE (5 �M) for 2 hrs.
Control cardiomyocytes were transfected with 5 nM negative control
siRNA as described in ‘Materials and methods’ section. Values are 
mean 
 S.E. of five experiments performed with five different cardiomy-
ocyte preparations. *Significantly different (P � 0.05) versus control;
#significantly different (P � 0.05) versus NE. GAPDH, Glyceraldehyde 
3-phosphate dehydrogenase; CONT, control; NC, negative control; NE,
norepinephrine; siRNA, small interfering RNA.
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subsequent attenuation of their protein content and activity pre-
vented the NE-induced increases in c-Fos and c-Jun gene expres-
sion, indicating the involvement of PLC �1, �3 and �1 isozyme
activity in the regulation of c-Fos and c-Jun gene expression. It is
interesting to note that knockdown of PLC �1 did not prevent the
NE-induced increase in the expression of c-Fos and c-Jun genes,
although it prevented the increase in ANF gene expression and
protein synthesis in response to NE. It could be inferred that PLC �1

may be involved in a signal transduction pathway, independent of
c-Fos and c-Jun, which regulates ANF gene expression as well as
protein synthesis. A possible candidate in this pathway could be
the early growth response factor-1 (Egr-1), the expression of
which is known to be induced in response to �1-AR stimulation

[27] and is reported to regulate ANF gene expression [28]. Thus,
it is possible that PLC isozymes induce a distinct set of immedi-
ate early genes, but all induce ANF expression and protein syn-
thesis in adult cardiomyocytes. In addition, Egr-1 could be the
transcription factor involved in the NE-induced increase in 
PLC �1. Furthermore, PLC �1, unlike the G-protein mediated 
activation of PLC � and PLC � isozymes [29–31], is activated pri-
marily through tyrosine phosphorylation [29]. However, it is
interesting to note that a link between Gq and tyrosine kinase pro-
vides a mechanism for the �1-AR mediated activation of PLC �
[4, 32]. Thus, while NE was seen to activate all PLC isozymes in
this study, the �1-AR may display a discrete requirement for PLC
�1 that does not involve the regulation of c-Fos and c-Jun

Fig. 4 Prevention of the norepinephrine-
induced increases in c-Fos and c-Jun mRNA
levels by siRNA transfection of cardiomy-
ocytes. Representative blots (A) and quanti-
fied data showing c-Fos (74 bp) and 
c-Jun (163 bp) mRNA levels relative to
GAPDH (138 bp) mRNA level in cardiomy-
ocytes transfected with 5 nM c-Fos or c-Jun
siRNA and treated with NE (5 �M) for 2 hrs.
Control cardiomyocytes were transfected
with 5 nM negative control siRNA as
described in ‘materials and methods’ section.
Representative blots and quantified data (B)
showing basal c-Fos and c-Jun expression in
LV tissue and cardiomyocytes. Values are
mean 
 S.E. of five experiments performed
with five different cardiomyocyte prepara-
tions. *Significantly different (P � 0.05) versus
control; #significantly different (P � 0.05)
versus NE. GAPDH, Glyceraldehyde 3-phos-
phate dehydrogenase; CONT, control; NC,
negative control; NE, norepinephrine; siRNA,
small interfering RNA.
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Fig. 5 Norepinephrine-induced PLC isozyme
mRNA expression in cardiomyocytes trans-
fected with c-Fos and c-Jun siRNA.
Representative blots (A) of PLC isozyme �1

(114 bp), � 3 (230 bp), �1 (123 bp) and �1

(190 bp) mRNA levels relative to GAPDH
(138 bp) mRNA level and quantified data
showing PLC �1 (B), �3 (C), �1 (D) and �1 (E)
mRNA levels in 5 nM c-Fos and c-Jun siRNA
transfected cardiomyocytes treated with NE
(5 �M) for 2 hrs. Control cardiomyocytes
were treated with 5 nM negative control
siRNA as described in ‘materials and meth-
ods’ section. Values are mean 
 S.E. of five
experiments performed with five different
cardiomyocyte preparations. *Significantly
different (P � 0.05) versus control; #signifi-
cantly different (P � 0.05) versus NE.
GAPDH, Glyceraldehyde 3-phosphate dehy-
drogenase; CONT, control; NC, negative con-
trol; NE, norepinephrine; siRNA, small inter-
fering RNA; LV left ventricle.

Fig. 6 Norepinephrine-induced PLC isozyme
protein content in cardiomyocytes trans-
fected with c-Fos and c-Jun siRNA.
Representative blots (A) of PLC isozyme �1

(150 kD), � 3 (150 kD) and �1 (85 kD) protein
content and quantified data showing PLC �1

(B), �3 (C) and �1 (D) protein content (arbi-
trary densitometric units) in c-Fos and c-Jun
siRNA (5 nM) transfected cardiomyocytes
treated with NE (5 �M) for 24 hrs. Control
cardiomyocytes were treated with 5 nM neg-
ative control siRNA as described in ‘materials
and methods’ section. Values are mean 


S.E. of five experiments performed with five
different cardiomyocyte preparations.
*Significantly different (P � 0.05) versus
control; #significantly different (P � 0.05)
versus NE. CONT, control; NC, negative con-
trol; NE, norepinephrine; siRNA, small inter-
fering RNA.
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expression. It is possible that PLC �1 may be involved in the reg-
ulation of Egr-1 gene expression.

To understand the significance of the prevention of the NE-
induced increases in PLC isozyme gene expression in c-Fos and
c-Jun siRNA transfected cardiomyocytes, the protein content as

well as activities of PLC �1, �3 and �1 isozymes were also deter-
mined. Consistent to the changes in their gene expression, silenc-
ing of c-Jun also resulted in a prevention of the NE-induced
increases in PLC �1, �3 and �1 isozyme activity and protein lev-
els, whereas silencing of c-Fos specifically inhibited the increase
in PLC �1 and �3 isozyme protein content and activity. Therefore,
our data would seem to indicate that both these transcription fac-
tors are differentially involved in the regulation of PLC �1, �3 and
�1 isozyme gene and protein expression as well as activity in
response to NE. Silencing of c-Fos and c-Jun abolished the NE-
induced increase in ANF gene expression indicating that c-Fos
and c-Jun play an important role in the regulation of cardiac
hypertrophic response. It has been suggested that the in vitro
binding of c-Fos/c-Jun heterodimers to ANF gene sequences
plays a role in the regulation of ANF gene transcription [33] and
continued increase in ANF is related to increases in c-Fos and 
c-Jun expression [28]. It is also interesting to note that the over-
expression of c-Jun has been reported to result in an increase in
the transcription of ANF [34, 35]. Thus, we consider that the NE-
induced increase in c-Fos/c-Jun, which is involved in mediating
NE-induced cardiac hypertrophic response, is also characterized
by increases in the gene expression of specific PLC isozymes and
concomitant increases in protein levels as well as activity.
Furthermore, while it is already known that PLC is upstream of 
c-Fos/c-Jun and ANF, our data also seem to suggest that in the
signaling pathway mediated by NE, activation of c-Fos and c-Jun
is upstream of ANF.

The c-Fos and c-Jun proteins form the activator protein-1 
(AP-1), which is a transcription factor considered to be involved in
cardiac hypertrophy [16, 36, 37]. Taimor et al. [16] reported that
PhE promotes the formation of c-Fos/c-Jun AP-1 transcription
complex in cardiomyocytes and that the functional involvement of
AP-1 in hypertrophic growth could only be demonstrated for 
�-adrenergic stimulation in adult cardiomyocytes. Accordingly, it is
possible that the AP-1 mediated hypertrophy could involve the 
activation of PLC isozyme gene expression. It should also be men-
tioned that the hypertrophic phenotype in dominant negative c-Jun
transfected cardiomyocytes has been reported to be inhibited in
response to PhE [22]. On the basis of our earlier [11, 12] and pres-
ent data, it is likely that this inhibitory response to PhE is attributed
to an attenuation of specific PLC isozymes. It should be pointed out
that studies in neonatal cardiomyocytes have shown that preincu-
bation with PLC �3 antisense oligonucleotides abolished insulin
like growth factor-1 (IGF-1)-induced upregulation of c-Fos and 
c-Jun genes [38], indicating that PLC �3 expression seems to be
required for the induction of immediate early genes by IGF-1. The
present data demonstrate a reciprocal regulation of specific PLC
isozymes and c-Fos/c-Jun gene expression may exist in adult car-
diomyocytes in response to NE, which may constitute not only an
early event, but also the progression of cardiac hypertrophy.
Indeed, we consider the activation of PLC isozymes as a primary
signal transduction event in response to �1-AR stimulation due to
NE, involving PKC and ERK 1/2 as downstream signalling media-
tors. This is borne out from the fact that PLC activity is involved in

Fig. 7 PLC isozyme activities in response to norepinephrine in cardiomy-
ocytes transfected with c-Fos and c-Jun siRNA. PLC �1, � 3 and �1

isozyme activities were determined in c-Fos and c-Jun transfected car-
diomyocytes treated with 5 �M NE by measuring hydrolysis of [3H]-PIP2

as described in ‘materials and methods’ section. Values are mean 
 S.E.
of five experiments performed with five different cardiomyocyte prepara-
tions. *Significantly different (P � 0.05) versus control; #significantly dif-
ferent (P � 0.05) versus NE. CONT, control; NC, negative control; NE,
norepinephrine; siRNA, small interfering RNA.
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the (a) NE-mediated increases in c-Fos and c-Jun mRNA and pro-
tein levels via PKC and ERK 1/2 [24], (b) NE-induced increase in the
expression of ANF [15], (c) NE induces increases in PLC isozyme
gene expression, protein content and activity in a PKC- and ERK
1/2-dependent manner [14] and (d) inhibition of PLC activity [14]
silencing of PLC isozymes attenuates the hypertrophic response to
NE. Thus it is evident that activation of PLC isozymes by �1-AR
mediated mechanisms increases the expression of c-Fos and c-Jun
for inducing the hypertrophic response. Because silencing of c-Fos
and c-Jun was observed to depress the NE-mediated increases in
PLC isozyme (with the exception of PLC�1), it is likely that the
increased expression of c-Fos and c-Jun may further augment the
expression of specific PLC isozymes, which then leads to the pro-
gression of the hypertrophic response to NE.

Prazosin, an �1-AR blocker has been observed to attenuate the
progression of cardiac hypertrophy to heart failure [16, 29, 39,
40], it is likely that the mechanism of action of prazosin would
include prevention of the activation of PLC and subsequent signal
transduction events regulating the early response genes, associ-
ated with cardiac hypertrophy. It should be mentioned that in 
addition to the activation of the sympathetic nervous system, acti-
vation of the renin–angiotensin system is also known to occur
during the development of cardiac hypertrophy [41]. Angiotensin
II (ANG II) can initiate cardiac hypertrophy and upregulate PLC �3

[42, 43] as well as increase the expression of c-Fos and c-Jun
[44]. Losartan, an ANG II type 1 receptor blocker has also been
reported to regress cardiac hypertrophy [40, 45, 46]; an effect that
may, in part, be due to an inhibition of the upregulation of PLC

Fig. 8 Inhibition of norepinephrine-induced
increases in ANF mRNA levels and protein
synthesis in cardiomyocytes transfected with
PLC isozyme siRNA. Representative blots (A)
and quantified data showing ANF (161bp)
mRNA levels relative to GAPDH (138bp)
mRNA level in cardiomyocytes transfected
with 5 nM PLC isozyme (B) �1, (C) �3, (D) �1

and (E) �1 siRNA and treated with NE (5 �M)
for 2 hrs. Protein synthesis (F) was deter-
mined as incorporation of [3H] phenylalanine
(DPM) into newly synthesized protein.
Control cardiomyocytes were transfected
with 5 nM negative control siRNA as
described in ‘materials and methods’ section.
Values are mean 
 S.E. of five experiments
performed with five different cardiomyocyte
preparations. *Significantly different (P �

0.05) versus control; #significantly different
(P � 0.05) versus NE. GAPDH,
Glyceraldehyde 3-phosphate dehydrogenase;
CONT, control; NC, negative control; NE, nor-
epinephrine; siRNA, small interfering RNA.
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isozymes [43, 47]. It should also be noted that the activation of
specific PLC isozymes occur in pressure [48] and volume [25]
overloaded hypertrophied heart. Taken together, this study sup-
ports the view that the activation of PLC isozymes is considered to
be an important step in cardiac hypertrophy and thus may be a tar-
get for its prevention.
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