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BACKGROUND AND PURPOSE
IL-6 plays crucial roles in cardiac hypertrophy, cardiac fibrosis and heart failure. Activation of b-adrenoceptors induced IL-6
production in neonatal mouse cardiac fibroblasts (NMCFs) through a Gs/adenylate cyclase/cAMP/p38 MAPK pathway but
independent of PKA. However, how cAMP activates p38 MAPK is still not defined. In this study, we have assessed the role of
the exchange protein directly activated by cAMP (Epac) and PKCd in p38 MAPK activation and IL-6 production by stimulated
by the b-adrenoceptor agonist isoprenaline in NMCFs.

EXPERIMENTAL APPROACH
The IL-6 concentration in cell culture supernatants was measured by ELISA. The levels of phosphorylated and total p38 MAPK
and PKCd were determined by Western blot analysis. The translocation of PKCd was determined by immunoblotting the
soluble and particulate fractions. Expression of Epac1 or PKCd was knocked down by the corresponding, adenovirus-mediated,
small hairpin RNA (shRNA).

RESULTS
In NMCFs, activation of b-adrenoceptors enhanced PKCd phosphorylation and translocation. Furthermore, knock-down of the
PKCd isoform using an adenovirus-mediated shRNA markedly down-regulated IL-6 induction by NMCFs stimulated with
isoprenaline. Moreover, knock-down of Epac1 confirmed that Epac1 was upstream of PKCd in IL-6 production. Additionally,
both Epac1 and PKCd mediated the p38 MAPK activation induced by isoprenaline.

CONCLUSIONS AND IMPLICATIONS
b-Adrenoceptor agonists activate a cAMP/Epac/PKCd/p38 MAPK pathway to produce IL-6 in NMCFs. This study identifies Epac
as the link between cAMP and p38 MAPK signalling pathways and demonstrates that PKCd can function as a novel
downstream effector of this b-adrenoceptor/cAMP/Epac pathway.

Abbreviations
NMCFs, neonatal mouse cardiac fibroblasts; PKCd, protein kinase Cd; PKI, PKA inhibitor 14–22 amide; shRNA, small
hairpin RNA
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Introduction
Inflammation is a key component in the cardiac remodelling
process in response to cardiovascular diseases such as hyper-
tension, myocardial infarction and heart failure. IL-6 is a
multifunctional cytokine and has a broad range of activities
modulating not only innate immune responses but also cell
growth and differentiation. There is clinical evidence for a
role of IL-6 in the pathophysiology of heart failure, in terms
of events such as cardiac hypertrophy, cardiac fibrosis and
apoptosis. It is correlated with the severity of heart failure and
is a better predictor for the severity, prognosis and mortality
of heart failure (Tsutamoto et al., 1998; Haugen et al., 2008).
Administration of anti-IL-6 receptor antibody to inhibit IL-6
signalling suppressed left ventricular remodelling after myo-
cardial infarction in mice(Kobara et al., 2010). Of note, the
increase in plasma levels of IL-6 in heart failure patients was
mainly associated with sympathetic activation, and treat-
ment with b-adrenoceptor antagonists showed an indepen-
dent and significant negative relation with plasma levels of
IL-6 levels (Tsutamoto et al., 1998; Mabuchi et al., 2000;
receptor nomenclature follows Alexander et al., 2011). More-
over, elevated plasma levels of IL-6 were reported to mediate
adverse myocardial remodelling (Melendez et al., 2010) and
chronic b-adrenoceptor stimulation increased myocardial
IL-6 production in rat myocardium (Murray et al., 2000). Fur-
thermore, our group has previously reported that cardiac
fibroblasts, rather than cardiomyocytes, serve as the predomi-
nant source of IL-6 in response to b-adrenoceptor stimulation
in mouse myocardium (Yin et al., 2003). We also demon-
strated a non-canonical pathway – Gs/cAMP/p38 MAPK –
mediated the IL-6 production induced by isoprenaline (Yin
et al., 2006). However, the details of how cAMP activated p38
MAPK in IL-6 production induced by b-adrenoceptor agonists
remained unknown.

Protein kinase C (PKC) is a family of enzymes with three
classes: classical, novel and atypical. Classical (a, b and g) and
novel PKCs (d, e, q, h) rely on phospholipids for activation,
whereas atypical PKCs (z, i and l) do not require these lipids.
Mouse cardiac fibroblasts express various PKC isoforms,
including a, b, e, h, d and z (Braun et al., 2003). A recent study
suggests the participation of PKCd in transactivation of
ERK1/2 induced by angiotensin II in cardiac fibroblasts
(Olson et al., 2008). Several PKC isoforms have been shown to
be required for regulation of IL-6 expression (Smyth et al.,
2006; Hao et al., 2010), but which specific PKC isoforms are
involved in b-adrenoceptor-induced IL-6 secretion is still to
be determined.

Classically, increased cAMP has been linked with activa-
tion of protein kinase A (PKA) (Taylor et al., 1990). However,
recent studies have disclosed PKA-independent effects of
cAMP, which suggests a possible involvement of other cAMP
effectors, such as the exchange protein directly activated by
cAMP (Epac), acting as cAMP-activated guanine nucleotide
exchange factors for Rap and Ras (Bos, 2003; Gloerich and
Bos, 2010). The two variants of Epac, Epac1 and Epac2, are
activated by physiologically relevant concentrations of cAMP.
Epac1 is highly expressed in the heart and has affinity for
cAMP comparable to that of the PKA holoenzyme (Dao et al.,
2006; Metrich et al., 2008). There is increasing evidence that
Epac regulates the assembly of gap junctions (Duquesnes

et al., 2010), Ca2+ movement and the contractile machinery
(Pereira et al., 2007; Cazorla et al., 2009), and plays critical
roles in cardiac remodelling (Morel et al., 2005; Metrich et al.,
2008). However, the role of Epac in the regulation of cytok-
ines in the heart during pathological remodelling is still
unclear.

We have explored the mechanisms leading to
b-adrenoceptor-induced p38 MAPK activation and IL-6 pro-
duction in neonatal mouse cardiac fibroblasts (NMCFs).
We found that b-adrenoceptor-induced activation of p38
MAPK required Epac-dependent activation of PKCd. This
cAMP/Epac/PKCd/p38 MAPK pathway is a novel mediator
of b-adrenoceptor-induced IL-6 production induced by
b-adrenoceptor agonists.

Methods

Cell culture
All animal care and experimental procedures were approved
by the Institutional Animal Care and Use Committee of
Peking University Health Science Center (LA2010-037) and
adhered to the American Physiological Society’s ‘Guiding
Principles in the Care and Use of Vertebrate Animals in
Research and Training’. One-day-old Balb/c mice were
obtained from the Medical Experimental Animal Center of
Peking University. NMCFs were prepared as previously
described (Yin et al., 2006). In brief, central thoracotomy was
performed after neonatal mice were deeply anaesthetized
with 1.0% isoflurane (Baxter Healthcare Corp., Guayama,
Puerto Rico, USA). The hearts were quickly excised and imme-
diately embedded in freezing HBSS. Cardiomyocytes were
dispersed by digestion with 0.25% trypsin (Gibco, Paisley,
UK) and 0.05% collagenase II (Sigma, St. Louis, MO, USA) at
37°C. Then isolated cardiac fibroblasts were cultured with
10% fetal bovine serum (Hyclone) and antibiotics
(50 mg·mL-1 streptomycin, 50 U·mL-1 penicillin) at 37°C in
5% CO2 atmosphere. Cells at the first passage were used in
this experiment, and immunostaining and examination of
morphology demonstrated that the cultured cells were pure
cardiac fibroblasts (>97%). Cells were serum-starved for 24 h
in serum-free medium before treatment. All the treatments
including different kinase inhibitors, PKCd translocation
inhibitor and adenovirus transfection did not affect cell
viability, confirmed by light microscopy (Leica DMIRE2,
Germany) and assay of LDH in the cell culture supernatant
(Supporting Information
Figure S1).

ELISA for IL-6
The concentration of IL-6 in the culture supernatant was
measured by a commercially available ELISA kit (R&D
Systems, Minneapolis, MN, USA) according to the manufac-
turer’s instructions. All samples were assayed in triplicate.

PKC activity assay
The StressXpress PKC Kinase Activity Assay Kit (Assay
Designs/Stressgen, Ann Arbor, MI, USA) was used to measure
PKC serine–threonine activity according to the manufactur-
er’s instructions. This kit utilizes a specific synthetic peptide
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as a substrate for PKC (all isoforms) and a polyclonal antibody
that recognizes the phosphorylated form of the substrate.
Samples were collected at different time points and analysed
in duplicate. Kinase activity (optical density per mg protein)
was quantified by the fold change in absorbance over the
unstimulated levels.

Preparation of soluble and
particulate fractions
Cultured cells were lysed in lysis buffer containing 50 mM
Tris–HCl (pH 7.5), 250 mM sucrose, 50 mM NaF, 5 mM EDTA,
10 mM EGTA, 5 mM dithiothreitol, 50 mg·mL-1 PMSF and
0.1 mM leupeptin. The lysate was centrifuged at 100 000¥ g
for 60 min, and the supernatant was used as soluble fraction.
The pellet was resuspended in lysis buffer containing 0.2%
Triton X-100 and incubated for 60 min at 4°C. The pellet was
centrifuged as before, and the supernatant was used as the
particulate fraction. Translocation ratio was calculated as the
fold amount of PKC or PKCd in the particulate fraction over
the amount in non-treated cells.

Western blot analysis
NMCFs were grown to confluence in growth media and ren-
dered quiescent by serum starvation for 24 h. After the cell
samples were lysed in 60 mL lysis buffer, the protein concen-
tration was estimated by BCA protein assay kit (Pierce, Rock-
ford, IL, USA). Proteins (30 mg) were loaded onto 10% SDS
polyacrylamide gel and electrophoretically transferred to
nitrocellulose membranes (Pall, Port Washington, NY, USA).
The sheets were analysed with antibodies according to the
supplier’s protocol, and immunolabelled bands were visual-
ized by use of the SuperSignal West Pico chemiluminescence
kit (Perbio, Cramlington, Northumberland, UK).

Constructs of mouse Epac1 or PKCd
short-hairpin RNA
The target sequences for mouse Epac1 (GenBank acces-
sion NM_144850) or mouse PKCd (GenBank accession
NM_011103) were 2059–2077 CTA CTC AGG AAG TTC ATC
A or 702–720 CTC ACC GAT TCA AGG TTT A, respectively;
Scrambled sequences was TTC TCC GAA CGT GTC ACG T
(Pager and Dutch, 2005). Chemically synthesized oligonucle-
otides were annealed and then ligated into the BglII/HindIII
sites of pAdTrack-HP (Zhao et al., 2003). The recombinant
shuttle vector was then co-transformed into Escherichia coli
BJ5183 cells with use of a pAdEasy-1 adenoviral backbone
plasmid, both of which were kindly provided by Dr. B. Vogel-
stein (Johns Hopkins University, Baltimore, MD, USA) (He
et al., 1998). Recombinant virus was produced in human
embryonic kidney (HEK) 293A cells and purified by the
ViraBind Adenovirus Purification Kit (Cell Biolabs, San Diego,
CA, USA). Viral titer was determined by testing multiplicity of
infection in HEK 293A cells and was used to infect cells at 50
plaque-forming units per cell. Under these conditions,
approximately 98% of cells were infected. The knock-down
efficiency of PKCd or Epac1 after 48 h of transfection was
verified as shown in Figures 2E and 3B, respectively. Thus, all
the experiments were done at 48 h of transfection.

Peptide treatments
After serum starvation for 24 h, cells were first pretreated with
or without different. isozyme-selective. PKC peptide inhibi-

tors (myristoylated dV1-1 or control) (Feng et al., 2010), then
stimulated with isoprenaline. Cell viability and morphology
was not affected by the myristoylated peptides. The inhibi-
tion of translocation was confirmed (Supporting Information
Figure S2).

Measurement of extracellular
LDH concentration
NMCFs were plated in 96-well plates (5000 cells/well), incu-
bated in DMEM supplemented with or without FBS for 24 h.
Then cardiac fibroblasts were incubated in DMEM containing
various kinase inhibitors for 12 h before harvesting of the
supernatant (S). Negative control cells (N) were incubated in
DMEM alone. Positive control cells (P) were incubated in
DMEM supplemented with Triton X-100 instead of inhibi-
tors. The amount of LDH present in the supernatant har-
vested from the culture was deemed to be total LDH released
from cells. LDH was measured by ELISA (LDH Assay Kit, Bio
Vision, Mountain View, CA, USA) with the use of a microplate
reader (wavelength: 450 nm). Cytotoxicity rate, reflecting the
amount of LDH released into the supernatants of incubated
cultures, was calculated by the following formula: Cytotoxic-
ity rate (%) = 100X(S – N/(P – N) according to the manufac-
turer’s instructions.

Rap1 activation assay
Rap1 activation was determined using commercially available
kit (Upstate, Waltham, MA, USA) according to the manufac-
turer’s protocol. In brief, treated cells from two 70% conflu-
ent 100-mm-diameter plates were lysed in 800 mL of ice-cold
Rap1 lysis buffer [50 mM Tris–HCl (pH 8.0), 500 mM NaCl,
1% NP-40, 2.5 mM MgCl2, 10% glycerol, 1 mM PMSF, 1 mM
leupeptin, 0.5 mM aprotinin]. Lysates were clarified by low-
speed centrifugation, and supernatants containing 2 mg of
total protein were incubated with 30 mL of Ral-GDS-PBD
agarose beads for 1 h at 4°C. Beads were pelleted and rinsed
three times with lysis buffer, and protein was eluted from the
beads with Laemmli buffer. The amount of Rap1 bound to
beads was detected by Western blotting.

Data analysis
Data are expressed as mean � SEM. Differences between
groups was determined by one-way ANOVA or unpaired two-
tailed t-test. All statistical analyses involved use of GraphPad
Prism 5.0 (GraphPad Software Inc., La Jolla, CA, USA). P <
0.05 was considered statistically significant.

Materials
Isoprenaline, 8-pCPT-2′-O-Me-cAMP (8-pCPT) and H-89 were
from Sigma-Aldrich). PKA inhibitor 14–22 amide (PKI) and
phorbol 12-myristate 13-acetate were from Calbiochem (San
Diego, CA, USA). Antibodies against phosphorylated p38
MAPK, PKC, PKCa/b and PKCd were from Cell Signaling
(Danvers, MA, USA), and antibodies against Epac1, p38
MAPK, GAPDH, Caveolin-1, PKC and PKCd were from Santa
Cruz Biotechnology (Santa Cruz, CA, USA). dV1-1 ([Myr]-
SFNSYELGSL; amino acid 8–17 in PKCd) was synthesized at
the peptide facility at Shanghai Sangon Company. Myristoy-
lated peptides were produced by incorporating a myristoy-
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lated lysine during solid-phase synthesis. Peptides were >98%
pure. Peptides were dissolved in deionized water and stored
in aliquots at -70°C.

Results

Isoprenaline induced PKC activation
In order to study the signalling pathway mediating IL-6 pro-
duction after activation of b-adrenoceptors, we assessed the
role of PKC because PKC can be activated by various extra-
cellular stimuli including G protein-coupled receptors
(Markou et al., 2006; Olson et al., 2008). Activation of PKC
stimulated its translocation to cellular membranes and
increased its phosphorylation status and serine–threonine

kinase activity. In this study, we observed that brief incuba-
tion (for 5 min) with isoprenaline stimulated serine phospho-
rylation in PKC and kinase activity (Figure 1A and B). Under
basal conditions, PKC was almost exclusively localized in the
soluble fraction (Figure 1C, lane 1 and 5). Upon the addition
of 10 mM isoprenaline for 5 min, there was a significant trans-
location of PKC from the soluble to the particulate fraction
(Figure 1C, lane 2 and 6). These results indicated that PKC
might be involved in b-adrenoceptor-mediated IL-6 produc-
tion in NMCFs.

PKCd mediated the isoprenaline-induced
IL-6 secretion
To further identify the involvement of PKC isoforms in
isoprenaline-induced IL-6 secretion, PKC isoform-specific
inhibitors or knock-down with small hairpin RNAs (shRNA)

Figure 1
Stimulation of b-adrenoceptors increased protein kinase C (PKC) activation. (A) In the upper half, neonatal mouse cardiac fibroblasts (NMCFs)
were treated with isoprenaline (ISO; 10 mM) for 5, 15 and 30 min, and cell lysates were immunoblotted with anti-phospho-PKC pan antibody or
anti-PKC antibody as a reference control. In the lower half, summary data showing the fold increase of phospho-PKC/total PKC (p-PKC/PKC).
*P < 0.05 vs. value at 0 min, n = 3. (B) The fold increase of PKC activity in these cell lysates. *P < 0.05 vs. value at 0 min, n = 3. (C) NMCFs were
treated with isoprenaline (10 mM) for 5, 15 and 30 min, and cell lysates were separated into soluble or particulate fractions, then were
immunoblotted with anti-PKC antibody, anti-caveolin-1 (Cav-1) or GAPDH antibody as reference control. In the lower half, mean � SEM of data
from three independent experiments.*P < 0.05 vs. value at 0 min, n = 3.
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were used. Mouse cardiac fibroblasts express several PKC iso-
forms including a, b, e, h, d and z, and PKCd has been shown
to be involved in IL-6 production (Smyth et al., 2006; Feng
et al., 2010). Thus, we focused our study on the PKCd isoform.
Phosphorylation of Ser643 in the turn motif of PKC is impor-
tant for the activation of PKCd (Stempka et al., 1999). We
found, by Western blot analysis, that phosphorylation at
Ser643 in PKCd was rapidly increased after 5 min treatment
with isoprenaline and then phosphorylation was slowly
diminished by 30 min (Figure 2A). Meanwhile, phosphoryla-
tion of the major isoform, PKC a/b, was not changed over
this time. Isoprenaline (10 mM) also caused translocation of
the PKCd isoform, from soluble to particulate fraction at
5 min (Figure 2B). In addition, incubation with myristoylated
dV1-1, an isoform-selective translocation inhibitor, dose-
dependently inhibited isoprenaline-induced IL-6 release
(Figure 2C). Furthermore, we infected cardiac fibroblasts with
a recombinant adenovirus expressing shRNAs to specifically
knock-down PKCd (Figure 2D and E) and observed that
isoprenaline-induced IL-6 release was markedly suppressed in
the infected cells (Figure 2F). These data suggested that PKCd
mediated the IL-6 secretion induced by isoprenaline.

Epac1 was involved in IL-6 production by
NMCFs, stimulated with isoprenaline
We had previously reported that isoprenaline-induced IL-6
production was cAMP-dependent but PKA-independent and
recent studies have shown that Epac1 mediated PKA-
independent effects of cAMP. To assess the role of Epac1 in
isoprenaline-induced IL-6 production, we designed adenovi-
rus to express shRNAs to knock-down Epac1 expression. We
first confirmed the transfection and knock-down efficiency of
Epac1 expression by Western blot (Figure 3A and B). To check
that knock-down of Epac1 did affect its signalling pathway,
the activity of Rap1, a direct downstream effector of Epac1,
was measured after knock-down of Epac1. Activation of
b-adrenoceptors activated Rap1 activity in cells transfected
with adenovirus expressing scrambled shRNAs (Figure 3C)
but isoprenaline failed to increase Rap1 activity in the cells
transfected with adenovirus expressing Epac1-shRNAs
(Figure 3C). These results confirmed that knock-down of
Epac1 also blocked the activation of its direct target Rap1. In
cardiac fibroblasts transfected with scrambled adenovirus,
isoprenaline markedly induced IL-6 production but after
knock-down of Epac1, isoprenaline failed to up-regulate IL-6
production (Figure 3D), implying that Epac1 was involved in
the IL-6 production induced by isoprenaline.

Epac pathway mediated isoprenaline-induced
PKC activity
To find the link between cAMP and PKCd, we hypothesized
that Epac might mediate isoprenaline-induced PKCd activa-
tion. Isoprenaline significantly induced PKCd phosphoryla-
tion (at Ser643) in cells after transfection with scrambled
adenovirus but after knock-down of Epac1, phosphorylation
of PKCd was not affected by isoprenaline incubation
(Figure 4A). The translocation of PKCd was also inhibited
after knock-down of Epac1 (Figure 4B). Furthermore, assay of
total PKC activity (Figure 4C) showed that Epac1 knock-down
decreased isoprenaline-induced PKC activity, suggesting that

the PKCd isoform contributed most of the isoprenaline-
dependent increase of PKC activity. These data suggested that
Epac1 functioned upstream of PKCd.

Epac/PKCd pathway is involved
in p38 MAPK activation in
isoprenaline-stimulated NMCFs
Activation of p38 MAPK was known to be crucial for
isoprenaline-induced IL-6 release (Yin et al., 2006) and we
therefore sought a link between p38 MAPK and Epac activa-
tion (Ster et al., 2007; 2009). In cardiac fibroblasts transfected
with the scrambled adenovirus, isoprenaline clearly activated
p38 MAPK, by phosphorylation, whereas this effect was lost
in cells with knock-down of Epac1 (Figure 5A).

PKCd is upstream of p38 MAPK (Feng et al., 2010;
Furundzija et al., 2010) and we therefore assessed the role of
PKCd in p38 MAPK activation in our cells. Cardiac fibroblasts
pretreated with a PKCd-specific translocation inhibitor or
specific knock-down of PKCd showed no increase in p38
MAPK phosphorylation following isoprenaline stimulation
(Figure 5B and C), implying that PKCd was involved in this
iosprenaline-induced activation of p38 MAPK.

Discussion

IL-6 plays crucial roles in cardiac hypertrophy, cardiac fibrosis
and heart failure. We have reported that b-adrenoceptor ago-
nists induced IL-6 production in NMCFs through a Gs/AC/
cAMP/p38 MAPK pathway that was independent of PKA (Yin
et al., 2006). In the present study, we investigated the role of
Epac, as a directly downstream messenger of cAMP, and PKCd
in the p38 MAPK activation and IL-6 production that fol-
lowed activation of b-adrenoceptors in NMCFs. The PKCd
isoform rather than PKC a/b was activated by isoprenaline
and specific inhibition or knock-down of the PKCd isoform
markedly depressed IL-6 production by the b-adrenoceptor/
Gs/AC/cAMP pathway. This is the first report where PKCd is
involved in b-adrenoceptor-mediated p38 MAPK activation
and IL-6 induction in cardiac fibroblasts. We also demon-
strated that Epac activation was required for isoprenaline-
induced PKCd activation and increased output of IL-6,
suggesting a novel role of Epac in cardiac inflammation and
an involvement in cardiac remodelling. Taking all the data
together, we have proposed a more detailed mechanism of
b2-adrenoceptor-induced IL-6 production which is schemati-
cally represented in Figure 6.

PKC comprises a family of serine/threonine kinases that
are involved in growth, differentiation, inflammatory
responses and regulation of other cellular processes. PKC-
dependent regulation of IL-6 release has been reported in
several other cell types, including astrocytoma cells (Lieb
et al., 2005), adipocytes (Ohashi et al., 2005), fibroblasts
(Smyth et al., 2006), mast cells (Fehrenbach et al., 2009) and
cardiac fibroblasts (Feng et al., 2010), although different PKC
isoforms have been reported in various cell types upon
diverse stimuli. Accumulating evidence indicates that
b-adrenoceptor agonists can activate specific PKC isoforms in
the heart. In rat isolated hearts, b-adrenoceptor stimulation
changed the subcellular distribution of PKCd (Yabe et al.,
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Figure 2
PKCd mediated isoprenaline (ISO)-induced IL-6 production. (A) NMCFs were stimulated with isoprenaline for different times, and cell lysates were
immunoblotted with antibodies against PKCd phosphorylated at Ser643 or Thr505 (p-PKCd), p-PKCa/bII phosphorylated at Thr638/641 and GAPDH.
A representative image from three independent experiments is shown. (B) NMCFs were treated with isoprenaline (10 mM) for 5, 15 and 30 min,
and cell lysates were separated into soluble or particulate fractions that were immunoblotted with anti-PKCd antibody, anti-caveolin-1 and GAPDH.
In the lower graph, mean � SEM of data from three independent experiments. *P < 0.05 vs. value at 0 min, n = 3. (C) NMCFs were pretreated
with the PKCd translocation inhibitor (dV1-1) at various concentrations for 60 min and incubated with isoprenaline (10 mM) for 12 h. The
concentration of IL-6 in cell culture supernatants was assayed by ELISA. **P < 0.01, significant effect of isoprenaline; #P < 0.05, ##P < 0.01, significant
effect of dV1-1; n = 3. (D) The transfection efficiency of NMCFs infected with adenovirus expressing PKCd-shRNAs or scrambled RNA for 48 h.
Green, GFP fluorescence. (E) Effect of PKCd-shRNAs on PKCd protein levels. NMCFs were infected with adenovirus expressing PKCd-shRNAs or
scrambled RNA for 48 h. Cell lysates were immunoblotted with PKCd or GAPDH antibody. Data are expressed as mean � SEM of three
independent experiments. **P < 0.01 vs. Scrambled. (F) NMCFs were infected with adenovirus expressing PKCd-shRNAs or scrambled RNA, then
stimulated with isoprenaline (10 mM) for 12 h. The concentration of IL-6 in cell culture supernatants was assayed by ELISA. **P < 0.01 vs. control,
##P < 0.01 PKCd-shRNAs vs. scrambled. n = 3.
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1998). In adult rat cardiomyocytes, isoprenaline caused the
membrane translocation of PKCe rather than that of the a or
d isoforms (Shizukuda and Buttrick, 2001). Chronic
b-adrenoceptor stimulation with isoprenaline for 2 days
increased PKC activity and up-regulated the expression of
PKCa, b and d isoforms in the myocardium (Braun et al.,
2003). Mouse cardiac fibroblasts express various PKC isoforms
including a, b, e, h, d and z (Braun et al., 2003). Gö 6976, a
potent inhibitor of Ca2+-dependent PKC isoforms, had no
effect on isoprenaline-induced IL-6 release up to a concentra-
tion of 100 nM (Supporting Information Figure S3). By using
PKCd translocation inhibitors and shRNA for PKCd, our study
has been able to show that PKCd was the primary isoform
contributing to b-adrenoceptor-mediated IL-6 induction in
NMCFs.

In this study, b-adrenoceptor activation significantly
increased PKCd serine–threonine kinase activity as well as its
phosphorylation and translocation. There are several phos-

phorylation sites in PKCd. Phosphorylation of the V3 region
(Tyr311, Tyr332), the activation loop (Thr505), the turn motif
(Ser643) and the hydrophobic motif (Ser662) are considered as
essential steps in the activation of PKCd (Steinberg, 2004). In
contrast to the PKCd-Thr505 phosphorylation induced by the
a1-adrenoceptor agonist noradrenaline in cardiomyocytes
(Rybin et al., 2003) or angiotensin II-induced PKCd-Tyr311

phosphorylation in vascular smooth muscle cells (Nakashima
et al., 2008), our study found that b-adrenoceptor stimulation
significantly enhanced PKCd-Ser643 phosphorylation in
NMCFs but had no effect on PKCd-Thr505 phosphorylation
(Figure 2A). Ser643 is regarded as a major PKCd autophospho-
rylation site (Li et al., 1997) but it is still not clear if this
phosphorylation site is essential for the kinase activity of
PKCd (Li et al., 1997; Stempka et al., 1999). Thus, it was
important to demonstrate that phosphorylation of Ser643 in
PKCd was sufficient for b-adrenoceptor-induced IL-6 release
in our experimental system. Translocation of PKC to subcel-

Figure 3
Inhibition of Epac repressed b-adrenoceptor-induced IL-6 secretion. (A) The infection efficiency of NMCFs with adenovirus expressing Epac-shRNAs
or scrambled RNA for 48 h. Green, GFP inflorescence. (B) Effect of Epac-shRNAs on Epac protein levels. Cells were infected with adenovirus
expressing Epac-shRNAs or scrambled RNA for 48 h. Cell lysates were immunoblotted with Epac antibody or GAPDH as loading control. Data are
expressed as mean � SEM of three independent experiments. **P < 0.01, PKCd-shRNA vs. scrambled, n = 3. (C) Effect of Epac-shRNA on Rap1
activity after isoprenaline (ISO) by using GST-RalGDS-Ras binding domain as an activation-specific probe. Data are expressed as mean � SEM of
three independent experiments. **P < 0.01 vs. control, ##P < 0.01 PKCd-shRNAs vs. scrambled, n = 3. (D) NMCFs were infected with adenovirus
expressing Epac-shRNAs or scrambled RNAs for 48 h, then stimulated with isoprenaline (10 mM) for 12 h. IL-6 in the supernatant was determined
by ELISA. **P < 0.01 vs. control, ##P < 0.01 PKCd-shRNAs vs. scrambled, n = 3.
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lular targets is a pivotal signalling step in PKC activation. Our
data showed that PKCd Ser643 phosphorylation and transloca-
tion both rapidly peaked after 5 min stimulation with isopre-
naline but, as there is no selective inhibitor of PKCd
phosphorylation, we cannot exclude the possibility that
phosphorylation of PKCd is a prerequisite for its transloca-
tion. Other papers have reported that translocation of PKCd is
inhibited by rottlerin (Tapia et al., 2003; Uecker et al., 2003),
but there is considerable controversy over the non-specific
effects of rottlerin (Soltoff, 2007).

However, we did not know how cAMP activated PKCd. In
NMCFs, inhibition of PKA either by H-89 or PKI did not

inhibit isoprenaline-induced PKCd phosphorylation (Sup-
porting Information Figure S4). Analogues of cAMP activate
PKCz and PKCe in PC-12 cells (Wooten et al., 1996; Graness
et al., 1997)and, in macrophages, db-cAMP induced IL-6 pro-
duction through PKA-dependent activation of PKC (Chio
et al., 2004). Recently, evidence has emerged that Epac1,
another cAMP effector, played a critical role in several cellular
events mediated by cAMP in the heart (Metrich et al., 2010).
We have shown that isoprenaline-induced IL-6 increase was
cAMP-dependent but PKA-independent. 8-pCPT, which was
used as a Epac-specific activator to discriminate between PKA-
and Epac-mediated effects, had no effect on IL-6 release. This

Figure 4
Inhibition of Epac depressed b-adrenoceptor-induced PKCd activation. (A) After knock-down of Epac1 by adenovirus, cells were stimulated with
isoprenaline (10 mM; ISO) for 5 min and PKCd Ser643 phosphorylation was determined. **P < 0.01 vs. control, ##P < 0.01 PKCd-shRNAs vs.
scrambled, n = 3. (B) After knock-down of Epac1 by adenovirus, cells were stimulated with isoprenaline (10 mM) for 5 min.. Cell lysates were
separated into soluble or particulate fractions and PKCd translocation was determined by Western blot. **P < 0.01 vs. control, ##P < 0.01
PKCd-shRNAs vs. scrambled, n = 3. (C) After knock-down of Epac1 by adenovirus, cells were stimulated with isoprenaline (10 mM) for 5 min. and
PKC activity measured by kinase assay. **P < 0.01 vs. control, ##P < 0.01 PKCd-shRNAs vs. scrambled, n = 3.

BJPb-adrenoceptor-induced IL-6 via cAMP/Epac/PKCd/p38 pathway

British Journal of Pharmacology (2012) 166 676–688 683



apparent ineffectiveness of 8-pCPT was not due to the lack of
compound efficacy as it was able to significantly activate
Rap1, a downstream effector of Epac (data not shown). These
results were interpreted to show that Epac was not involved
in isoprenaline-induced IL-6 production. However, here, we
observed that PKCd activation and IL-6 increase induced by
isoprenaline were repressed by Epac knock-down. One pos-
sible explanation of the results is to postulate that 8-pCPT
might also act as a substrate or inhibitor for various phos-
phodiesterases (Poppe et al., 2008; Enyeart and Enyeart,
2009). Here, we demonstrated that 8-pCPT inhibited p38
MAPK phosphorylation (Supporting Information Figure S5),
a step which was crucial for b-adrenoceptor-induced IL-6
secretion. Overall, our study showed that activation of
Epac was necessary to mediate the IL-6 release induced by
isoprenaline.

The usual model of PKC activation focuses on allosteric
activation by calcium and diacylglycerol and how Epac could
induced PKCd activation after b-adrenoceptor stimulation is
still not determined. Epac has been implicated in several
biochemical and biological processes in the cardiovascular
system, such as vascular cell migration and cardiac hypertro-
phy (Metrich et al., 2010). Interestingly, the hypertrophic
effects of Epac1 are independent of its classic effector, Rap1,
but involve the small GTPase Ras, the phosphatase cal-
cineurin and Ca2+/CaMK II (Metrich et al., 2008). In our study,
Epac might regulate PKCd through phospholipase Ce, which
raises intracellular diacylglycerol concentrations (Schmidt
et al., 2001). Epac might directly or indirectly phosphorylate
and activate PKCd because PKCd was phosphorylated and
activated by Src kinase or epidermal growth factor receptor,
without increased calcium concentrations (Konishi et al.,

Figure 5
Inhibition of Epac/PKCd pathway prevented b-adrenoceptor-induced p38 MAPK activation. (A) After knock-down of Epac1 by adenovirus, cells
were stimulated with isoprenaline (10 mM; ISO) for 5 min and p38 MAPK phosphorylation was measured by immunoblot analysis. **P < 0.01 vs.
control, ##P < 0.01 PKCd-shRNAs vs. scrambled, n = 3. (B) NMCFs were pretreated with PKCd translocation inhibitor (dV1-1, 5 mM), or control
peptide for 30 min and incubated with isoprenaline (10 mM) for 5 min. p38 MAPK phosphorylation was measured by immunoblot analysis.
**P < 0.01 vs. Con. NS, isoprenaline vs. Con in dV1-1 group, n = 3. (C) After knock-down of PKCd by adenovirus, cells were stimulated with
isoprenaline (10 mM) for 5 min and p38 MAPK phosphorylation was measured by immunoblot analysis. **P < 0.01 vs. control, ##P < 0.01
PKCd-shRNAs vs. scrambled, n = 3.
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2001; Morita et al., 2008). These possibilities need further
assessment.

We have previously demonstrated that p38 MAPK played
a crucial role in the isoprenaline-induced IL-6 release in
cardiac fibroblasts via a cAMP-dependent but PKA-
independent pathway (Yin et al., 2006). In this study, PKCd
acted as an upstream regulator of p38 MAPK in this process
because of the activation time and the inhibition of p38
MAPK by PKCd-specific kinase inhibitors, translocation
peptide inhibitor and PKCd knock-down. The cross-talk
between PKC and p38 MAPK by agonists has been extensively
studied in various cell systems. Our data are consistent with
previous reports that the PKCd/p38 MAPK pathway mediated
IFN-g-induced inflammatory cytokines in mast cells (Seo
et al., 2009). However, p38 MAPK activation has been
reported to be independent of PKC activation (Shigemoto-
Mogami et al., 2001; Tsiani et al., 2002; Lee et al., 2005),
which may be due to differences in the cell types and stimuli
used in the experimental conditions.

In summary, our data clearly showed that Epac, as a
directly downstream messenger of cAMP, mediated b-
adrenoceptor-induced IL-6 secretion. These results also add
a novel downstream effector, PKCd, to the cAMP/Epac
pathway. This study extends our understanding of
b-adrenoceptor signalling in the heart and provides
potential therapeutic targets for the treatment of heart
diseases.
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Supporting information

Additional Supporting Information may be found in the
online version of this article:

Figure S1 Cytotoxic effects of various kinase inhibitors and
adenovirus infection. (A) NMCFs were incubated with various
kinase inhibitors used in the experiments. LDH in the super-
natant was measured and cytotoxicity rate was calculated.
n = 3. A representative image of each treatment from three
independent experiments is shown in the below. (B) NMCFs
were infected with adenovirus expressing Epac-shRNA, PKCd-
shRNA or scrambled RNA. LDH in the supernatant was
measured and cytotoxicity rate was calculated. n = 3. A rep-
resentative image of each treatment from three independent
experiments was shown. All the images were collected at
100-fold magnification; all the treated cells showed no sig-
nificant difference comparing with control group.
Figure S2 Isoprenaline (ISO)-induced PKCd translocation is
inhibited by PKCd translocation inhibitor. (Upper) NMCFs
were pre-incubated with PKCd translocation inhibitor (dV1-
1;5 mM) for 30 min, then stimulated with isoprenaline
(10 mM) for 5 min, cell lysates were separated into soluble and
particulate fractions, PKCd translocation was quantified by
Western blot. A representative image from three independent
experiments was shown. (Lower) Mean � SEM of data from
three independent experiments.**P < 0.01 isoprenaline vs.
Con. ##P < 0.01 ISO+dV1-1 vs. ISO. n = 3.
Figure S3 PKCa/b is not involved in ISO-induced IL-6 pro-
duction. NMCFs were pre-incubated with Gö 6976 for
30 min, then stimulated with isoprenaline (10 mM) for 12 h,
IL-6 in the supernatant was determined by ELISA. **P < 0.01
isoprenaline vs. Con. n = 3.
Figure S4 PKA is not involved in ISO-induced PKCd phos-
phorylation. NMCFs were pre-incubated with H-89 (10 mM)
for 30 min (left) or PKI (100 nM) for 30 min (right), then
stimulated with isoprenaline (10 mM) for 15 min, PKCd phos-
phorylation was measured by Western blot. A representative
image from three independent experiments was shown.
**P < 0.01 isoprenaline vs. Con. n = 3.
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Figure S5 Activation of Epac by 8-pCPT inhibits p38 MAPK
phosphorylation. NMCFs were pre-incubated with 8-pCPT
(50 mM) for 30 min, then stimulated with isoprenaline
(10 mM), Adenosine-5′-N-ethyluronamide (NECA) (1 mM),
angiotensin II (AngII) (1 mM) for 5 min. Cell lysates were
immunoblotted with anti-phospho-p38 MAPK or anti-p38
MAPK antibody. A representative image from three indepen-
dent experiments was shown. **P < 0.01 ISO, NECA or AngII

vs. Con. #P < 0.05, 8-pCPT vs. Con in isoprenaline group.
##P < 0.01, 8-pCPT vs. Con in NECA or AngII group. n = 3.

Please note: Wiley-Blackwell are not responsible for the
content or functionality of any supporting materials
supplied by the authors. Any queries (other than missing
material) should be directed to the corresponding author for
the article.

BJP C Chen et al.

688 British Journal of Pharmacology (2012) 166 676–688


	bph_1785 676..688

