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ABSTRACT

The sympathetic nervous system and pro-inflammatory cytokines play key roles in
numerous cardiovascular disorders. Chronic B-adrenergic receptor (B-AR) stimulation in
myocardium induces expression of pro-inflammatory cytokines, such as interleukin-1
(IL-1) and interleukin-6 (IL-6), which contribute to cardiac hypertrophy and failure. To
evaluate the relationship between B-AR stimulation and pro-inflammatory cytokines, we
studied the effects of the B-AR agonist isoprenaline (ISO) on IL-1-induced IL-6
production in adult rat ventricular myocytes (ARVMs). We report that 1SO and IL-1
synergistically enhanced IL-6 gene expression and secretion. The synergistic effect of
ISO was mimicked by cAMP elevating agents and involved the Gs protein/CAMP/PKA
signalling pathway, but not the exchange factor EPAC. To evaluate the contribution of
IL-6 to cellular hypertrophy, we examined the signalling pathways stimulated by the
membrane-bound IL-6 receptor (IL-6R), and the IL-6 soluble receptor (sIL-6R)
involved in the mechanism named IL-6 trans-signalling. The IL-6/sIL-6R complex
promoted a rapid and persistent phosphorylation of STAT3™% in ARVMs. Moreover,
IL-6 trans-signalling increased protein synthesis, c-fos gene expression and B-type
natriuretic peptide secretion, three markers of cardiac hypertrophy. IL-6 trans-signalling
also increased cell size. In contrast, IL-6 alone had no significant effect on either cell
size or STAT3 phosphorylation although it induced phosphorylation of ERK1/2, AKT
and S6K, demonstrating the presence of a functional IL-6R in ARVMs. Taken together,
these results demonstrate that B-AR stimulation synergises with IL-1 for IL-6 secretion
in adult ventricular myocytes and indicate that IL-6 induces cardiac hypertrophy only
via IL-6 trans-signalling. The IL-6 soluble receptor may thus serve as a switch for IL-6

to activate STAT3 phosphorylation and hypertrophy.
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1. Introduction

Whereas an acute activation of the adrenergic nervous system stimulates cardiac
function and participates in the “fight-or-flight” response, a chronic activation induces a
pathological remodelling of the heart, which plays a crucial role in the pathogenesis of
heart failure. Part of this process may involve pro-inflammatory cytokines. Indeed,
chronic B-adrenergic receptor (B-AR) stimulation induces cardiac expression of pro-
inflammatory cytokines, such as tumor necrosis factor-a (TNFa), interleukin-1f (IL-1)
and interleukin 6 (IL-6) [1,2]. Moreover, myocardial dysfunction is associated with
increased levels of all three cytokines [3-5] and elevated plasma levels of IL-6 and
TNFa have been found to be associated with increased risk of congestive heart failure in
patients without prior myocardial infarction [6].

Pro-inflammatory cytokines, particularly IL-6 and leukemia inhibitory factor
(LIF), are secreted by both human cardiomyocytes and cardiac fibroblasts [7].
Expression and production of cytokines is controlled by external stimuli, such as
catecholamines, but can also be regulated in an autocrine manner [8]. For instance, IL-1
and TNFa induce expression of IL-6 in dog cardiomyocytes [9] and modulate cell
function in concert with other cytokines [8]. In a number of non cardiac cell types [10-
14], the IL-1-induced IL-6 secretion is strongly increased by cAMP. However, the
CAMP/IL-1 synergism has never been examined in the heart. Thus, the first aim of this
study was to examine the interplay between IL-1 and B-AR on IL-6 production in adult
rat ventricular myocytes (ARVMs). We show that IL-1 induces IL-6 gene expression
and IL-6 secretion, and this effect is strongly synergized by the B-AR/CAMP/PKA
cascade.

The second aim of this study concerns the signalling pathway of IL-6 in

cardiomyocytes. Two different activation pathways for IL-6 have been described



[15,16]. In the classical pathway, IL-6 binds to the gp80 transmembrane IL-6 receptor
(IL-6R), which leads to dimerization and activation of the signal transducing protein
gp130. Whereas gp130 is ubiquitously expressed in most tissues including the heart, the
IL-6R is only expressed in some cell populations. Therefore, the effect of IL-6 through
the classical IL-6 activation pathway is restricted to those cells that express the IL-6R.
The second IL-6 activation pathway, called IL-6 trans-signalling, is mediated by the IL-
6 soluble receptor (sIL-6R) [15]. In this, IL-6 binds to sIL-6R and this IL-6/sIL-6R
complex activates gp130. Therefore, cells lacking the membrane bound IL-6R can still
respond to IL-6 in the presence of sIL-6R.

Whether acting via IL-6R or sIL-6R, it is generally accepted that both activation
pathways converge to activate similar downstream signalling cascades, which include
the JAK/STAT (Janus kinase/signal transducer and activator of transcription) pathway,
the MAPK (mitogen activated protein kinase) cascade and the PI3BK/AKT pathway [15].
This latter pathway can lead to activation of the p70-S6 kinase (S6K) by
phosphorylation on Thr-389 site, which in turn phosphorylates the ribosomal S6 protein
known to play a pivotal role in protein synthesis. S6K can also be phosphorylated by
MAPK on Thr-421/Ser-424 sites [17].

It is now firmly established that IL-6-related cytokines are potent inducers of
cardiac myocyte hypertrophy [18-21]. It was also reported that continuous activation of
gp130 causes cardiac hypertrophy in transgenic mice overexpressing IL-6 and the sIL-
6R [22]. However, IL-6 does not induce a hypertrophic response in neonatal
cardiomyocyte culture in the absence of sIL-6R [22]. As discussed above, this is
classically considered as evidence that the IL-6R is not expressed or is not functional.
However, it may also indicate that IL-6 activates different intracellular signals

depending on whether it binds to IL-6R or to sIL-6R, with only the latter leading to



cellular hypertrophy. Our second goal here was to test that hypothesis in ARVMs where
the role of IL-6 itself remains poorly understood. We found that IL-6 acts via its soluble
IL-6 receptor to activate the STAT3 signalling pathway and increase protein synthesis
and expression of cellular markers associated with cellular hypertrophy. However, IL-6
also acts via its membrane receptor to produce a different response, i.e. phosphorylation

of ERK1/2, AKT and S6K, which does not lead to hypertrophy.

2. Materials and methods

2.1. Hormones and reagents

Recombinant rat IL-1B and IL-6, human IL-6 and human soluble IL-6 receptor
were purchased from PeproTech France (Paris, France), the Epac activator 8-(4-
Chlorophenylthio)-2'-O-methyladenosine-3', 5'-cyclic monophosphate (8-CPT), the
PKA activator N6-monobutyryladenosine-3',5'-cyclic monophosphate (6-MB-cAMP),
and the PKA inhibitor  Rp-8-(4-chlorophenylthio)adenosine-3',  5'-cyclic
monophosphorothioate (Rp-cAMPS) from BIOLOG Life Science Institute (Bremen,
Germany), KT5720 from Tebu-Bio (Le Perray en Yvelines, France), oligonucleotides
from MWG-Biotech (Ebersberg, Germany), pertussis toxin (PTX), cholera toxin (CT),
dideoxyforskolin (ddFSK), JAK Inhibitor | were from Calbiochem EMD Biosciences
Inc. (Darmstadt, Germany), isoprenaline (1SO), 3-isobutyl-1-methylxanthine (IBMX),
forskolin (FSK) from Sigma Aldrich (Saint Quentin, France), and [3H]-leucine was

from GE Healthcare Europe GMBH (Orsay, France).

2.2. Preparation of adult rat ventricular myocytes
All experiments were carried out according to the European Community guiding

principles in the care and use of animals (86/609/CEE, CE Off J n°L358, 18 December



1986), the local ethics committee (CREEA lle-de-France Sud) guidelines and the
French decree n°87-848 of October 19, 1987 (J Off Rép Fr, 20 October 1987, pp.
12245-12248). Authorizations to perform animal experiments according to this decree
were obtained from the Ministére Francais de I'Agriculture, de la Péche et de
I'Alimentation (n°92-283, June 27, 2007).

Male Wistar rats (250-300 g) were anaesthetized by sodium thiopental injection
(100 mg/kg). Adult rat ventricular myocytes (ARVMs) were obtained by retrograde
perfusion as previously described [23]. Isolated cells were suspended in MEM medium
containing 1.2 mM Ca?*, 2.5% heat-inactivated foetal calf serum, 1% penicillin-
streptomycin and 20 mM HEPES pH 7.6, and 200,000 cells were plated on laminin-
coated culture dishes (10 pg/ml) in a 95% Oz, 5% CO: incubator at 37°C for 2h. Cells
were then incubated in serum-free medium for 24h before stimulation. Under these
conditions, most cells remained attached and no contamination with fibroblasts was
observed. In addition, serum-free medium contained 10 pg/ml cytosine-D-
arabinofuranoside to prevent potential fibroblast proliferation.

Phase-contrast photographs of cultured ARVMs were taken after 48h treatment
and cell surface areas were analyzed wusing the NIH ImageJ software

(http://rsb.info.nih.gov/ij/).

2.3. RNA extraction and RT-PCR analysis

Total RNA from ARVMs was extracted using the RNAble kit (Eurobio, Les Ulis,
France). The RNA integrity was confirmed by the microfluidic technology using the
Agilent 2100 Bioanalyzer which also allows RNA quantification. Two micrograms of
RNA were reverse-transcribed using the First-Strand cDNA Synthesis Kit (GE

Healthcare Europe GMBH, Orsay, France). IL-6R mRNA was detected by PCR. The



PCR conditions used were: 94°C for 30 s, 59°C for 30 s, 72°C for 120 s for 35 cycles.
The amplified products were visualised by ethidium bromide/agarose gel
electrophoresis and recorded under UV illumination using the ChemiDoc XRS (Bio-
Rad Laboratories, Marnes-la-Coquette, France). IL-6 and c-Fos mRNAs were
quantified using real-time PCR and the SYBRGreen technology on a LightCycler rapid

thermal cycler (Roche Diagnostics). The following primers were used: for IL-6R[]

sense (5’-CCATACCTGGAAGCCTCGTT) and antisense (5’-
CGTACTGATCCTCGTGGTTGT); for IL-6, sense (5-
TCCTACCCCAACTTCCAATGCTC) and antisense (5-
TTGGATGGTCTTGGTCCTTAGCC); for c-Fos, sense (5°-
GCCGGTCAAGAACATTAGCA) and antisense (5°-

GCTGCATAGAAGGAACCAGA). Results were normalized to cyclophilin A gene
(CyA) expression with the following primers: sense (5°-
GAGCACTGGGGAGAAAGGAT) and antisense (5°-

CTTGCCATCCAGCCACTCAG).

2.4. Assay of secreted IL-6 and BNP

After cell stimulation, the culture medium (2 ml) was collected, centrifuged
(10,000 x g for 10 min, 4°C) to remove debris, and aliquots were stored at -80°C until
analysed. I1L-6 and brain natriuretic peptide (BNP) were assayed using commercially
available enzyme-linked immunoassays (ELISA) from Endogen (Rockford, IL, USA)
and Assaypro (St. Charles, MO, USA), respectively. Absorbance was measured on an

automatic plate reader (Biorad SA, Ivry, France).



2.5. Cell extracts and Western blot analysis

To prepare whole ARVM cell lysates, cells were lysed in cold HNTG lysis buffer
containing 50 mM Hepes (pH 7.5), 400 mM NaCl, 100 mM NaF, 10 mM Na-
pyrophosphate, 1.5 mM MgClz, 1 mM EGTA, 10% Glycerol, 1% Triton X100
supplemented with 1 mM NasVOgs, and a protease inhibitor mixture (1 mM AEBSF,
1 mM benzamidine, 10 pg/ml soybean trypsin inhibitor, 10 pg/ml aprotinin, 1 pg/ml
leupeptin, 1 pg/ml antipain, 1 pg/ml pepstatin). The lysates were centrifuged at
10,000 x g for 10 min and assayed for protein concentration using bicinchoninic acid-
protein reagent (Sigma Aldrich, Saint Quentin, France).

For immunoblotting assays, proteins were resolved by 4-12% or 8-16% SDS-
PAGE (Lonza Verviers, Verviers, Belgium), transferred onto nitrocellulose membranes,
and stained with 3% Ponceau S (Sigma Aldrich, Saint Quentin, France). The
membranes were saturated with 3% bovine serum albumin. Phosphorylation of STAT3
(Tyr705), ERK1/2 (Thr202/Tyr204), S6K (Thr421/Ser424), S6K (Thr3g9), AKT
(Serd73), PKA substrate (RRXS/T) and cardiac troponin | (Ser23/24) (Tnl) was
detected using specific antibodies from Cell Signaling Technology (Beverly, MA,
USA). IL-6R was detected using specific antibodies (M-20) from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). GAPDH expression was revealed using
monoclonal antibodies from Sigma Aldrich. Immunoreactive proteins were revealed
using a 1:20,000 dilution of anti-rabbit or anti-mouse 1gG peroxidase conjugate
antibodies (Promega Corp., Madison, USA), and were visualized with Supersignal West
Pico reagent (Perbio Science, Vigneux, France). The membranes were stripped and
reprobed with specific antibodies against STAT3, ERK1/2, AKT, S6K (Cell Signaling

Technology) or calsequestrin (CS) (Affinity BioReagents, Ozyme, Saint-Quentin-
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Fallavier, France). Densitometric analyses of Western blots were performed using the

NIH ImageJ software.

2.6. [*H]-Leucine incorporation

Protein synthesis was assessed by adding labelled leucine to the culture medium
and measuring its incorporation into the total trichloroacetic acid (TCA)-precipitable
ARVM protein. Triplicate culture wells (100,000 cells) were serum-deprived for 24h,
and then incubated for 24h with agonists. Pulse labelling with [®H]-leucine (2 pCi/ml)
was carried out for 4h before harvesting of the cells. ARVMs were washed twice with
ice-cold phosphate-buffered saline, incubated overnight and then washed with 5% TCA.
Precipitates were solubilized by incubation in 0.1N NaOH, 0.1% Triton X100 for 30
min, and the radioactivity was counted by liquid scintillation (Beckman Instruments,
Inc., Fullerton, CA, USA). The radioactivity was normalized to the DNA content,
measured using Quant-iT PicoGreen dsDNA reagent from Invitrogen (Cergy-Pontoise,
France). The ratio of [°H]-leucine incorporated/DNA from untreated cells was set as

100%, and the results were expressed as fold-increase relative to untreated controls.

2.7. Statistical analysis

Results are given as mean £ SEM. Paired Student’s t-test was used to compare
different treatments. Differences with p values <0.05 were considered as statistically
significant. The number of culture replicates in a given experiment, and the number of
independent experiments performed are indicated in the figure legends. A synergy index
(SI) was defined as the ratio of the IL-6 mRNA or protein induced by IL-1 (minus
control value) measured in the presence and absence of 1SO. A synergy index of 1

indicated no synergy.
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3. Results

3.1. IL-6 gene expression and secretion are synergistically induced by IL-/ and p-AR
stimulation in ARVMs

IL-6 mRNA expression in ARVMs was measured by real-time PCR following a
4h cell stimulation with either IL-1 (40 ng/ml) or isoprenaline (1SO, 1 uM), or both.
Since the maximum IL-6 mRNA rate was observed 3 to 5h following stimulation (not
shown), the cells were routinely stimulated for 4h. Figure 1A shows that treating the
cells with IL-1 induced a ~5-fold induction of IL-6 gene expression (p<0.05), whereas
ISO alone had a small and non-significant effect. However, a concomitant application
of 1ISO and IL-1 induced a synergistic ~12-fold induction of IL-6 gene expression. The
synergy index (Sl), as defined in the Materials and methods section was 2.8.

To determine whether the IL-1/1SO synergistic effect on IL-6 gene expression
also resulted in an increase in the level of IL-6 protein, the secretion of IL-6 by ARVMs
was measured in the culture medium after a 16h-stimulation with either IL-1, ISO, or
both. Figure 1B shows that treating ARVMs with ISO alone induced a low but
significant (p<0.05) increase in IL-6 secretion (0.27+0.03 ng/ml IL-6 secreted by 2x10°
cells, i.e. a 1.5-fold increase over basal). When the cells were treated with IL-1, IL-6
secretion increased 8-fold (p<0.05). However, a concomitant treatment of ARVMs with
ISO and IL-1 induced a much larger increase in IL-6 secretion (5.3£1.2 ng/ml IL-6
secreted by 2x10° cells, i.e. ~29-fold increase over basal). Therefore, ISO and IL-1 have
a clear synergistic effect also on IL-6 secretion (S1=3.9). This synergistic effect was
dose-dependent with respect to ISO (Fig. 1C), with a half-maximal effect (ECso)

obtained at ~10 nM 1SO, and a maximal increase at >100 nM 1SO.
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3.2. Involvement of the Gs/CAMP/PKA pathway in the IL-1/1SO synergistic effect on IL-
6 secretion in ARVMs

B-ARs are classically coupled to Gs proteins that activate adenylyl cyclase leading
to activation of PKA by cAMP. However, B-ARs (particularly f2- and B3-ARS) can also
couple to pertussis toxin (PTX)-sensitive Gi/Go proteins, which subsequently activate
MAPK or PI3K cascades [24,25]. Therefore, we examined whether the IL-1/I1SO
synergistic effect on IL-6 secretion was due to Gs and/or Gi/Go protein activation. As
shown in Fig. 2A, incubation of ARVMs with 2 pg/ml cholera toxin (CT), which ADP-
ribosylates and activates Gs proteins, mimicked the effect of ISO on IL-6 secretion,
producing little effect when applied alone but strongly amplifying the effect of IL-1.
Conversely, preincubation of the cells with 100 ng/ml PTX, which ADP-ribosylates and
inhibits Gi/Go proteins, had no effect, neither on basal IL-6 secretion, nor on the
synergistic effect of 1ISO+IL-1. These results indicate that Gs proteins, but not Gi/Go
proteins, are responsible for the IL-1/ISO synergistic effect on IL-6 production in
ARVMs.

To evaluate the contribution of CAMP in this process, the effect of 1 uM ISO was
compared with that of 10 uM forskolin (FSK), a direct activator of adenylyl cyclase, or
100 uM IBMX, a non-selective cyclic nucleotide phosphodiesterase inhibitor. As shown
in Fig. 2B, ELISA analysis after a 16h-stimulation of ARVMs showed that FSK and
IBMX mimicked the effect of ISO on IL-6 secretion, producing moderate effects when
applied alone (~0.4 ng/ml IL-6 secreted by 2x10° cells) corresponding to respectively,
3- and 2.8-fold induction, but strongly amplifying the effect of IL-1 (respectively, 15-
and 12-fold induction), similarly to 1SO (11-fold induction). In contrast to FSK, 10 uM
dideoxyforskolin (ddFSK), a structural analog of FSK that does not activate adenylyl

cyclase, had no effect by itself either on IL-6 secretion nor on IL-1-stimulated IL-6
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secretion. To confirm the biological impact of the different pharmacological compounds
used above, ARVMs were stimulated with either 10 uM FSK, 100 uM IBMX, 1 pM
ISO or 10 uM ddFSK, and proteins were extracted and analysed by Western blot using
antibodies for phospho-Troponin | (Tnl), known to be activated by cAMP-dependent
phosphorylation via PKA. As shown in Fig. 2C, FSK, IBMX and ISO clearly increased
Tnl phosphorylation, but ddFSK had no effect. These experiments strongly support the
involvement of the CAMP cascade in the IL-1/ISO synergistic effect on IL-6 production.

Cyclic AMP can produce biological effects either by activating PKA
phosphorylation or via a direct binding and activation of the Rap-1 guanine-exchange
factor EPAC. To examine which of these two mechanisms was involved, we compared
the effect of two cAMP analogues: 8-CPT, a selective EPAC activator which does not
activate PKA [26]; 6-MB-CAMP, a selective PKA activator which does not activate
EPAC [27]. As a positive control, the inset in Fig. 3A shows that ISO and 6-MB-cAMP
increased Tnl phosphorylation, but 8-CPT did not. Similarly, ISO and 6-MB-cAMP
increased phosphorylation of PKA substrates, but 8-CPT did not (not shown). As shown
in Fig. 3A, 10 uM 8-CPT had neither no effect by itself on IL-6 secretion, and did not
increase the effect of IL-1 on IL-6 secretion. Even a 20-fold higher concentration (200
puM) of 8-CPT had no effect on IL-6 secretion induced by IL-1 (not shown).
Conversely, 6-MB-cAMP (200 uM) induced a marked increase in IL-1-stimulated IL-6
secretion (S1=6.7). Figure 3B shows that preincubation of ARVMs for 2h with 50 uM
Rp-cAMPS, a competitive inhibitor of PKA type | and Il, significantly decreased the
synergistic effect of IL-1 and ISO on IL-6 secretion. The presence of Rp-CAMPS
reduced the Sl value from 4.8 to 2.2. No significant effect of Rp-cAMPS on IL-1-
stimulated IL-6 secretion was observed while the low effect of 1ISO on IL-6 secretion

was decreased by 50%. The inset in Fig. 3B shows that 10 uM KT5720 (KT), another
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selective PKA inhibitor, also decreased the synergistic effect of IL-1 and ISO on IL-6
secretion by ~2 fold. To confirm the inhibition of PKA activity by Rp-cCAMPS, protein
extracts from control cells or cells pretreated with Rp-cAMPS and then treated with
ISO, IL-1 or IL-1+I1SO were analysed by Western blot using an antibody specifically
directed against a PKA-phosphorylated motif. Figure 3C shows that 1ISO and IL-1+ISO
enhanced PKA-dependent protein phosphorylation and that this effect was inhibited (by
~40-50% as calculated by the ImageJ software) by Rp-cAMPS. We conclude that the
CAMP/PKA pathway, but not the cAMP/EPAC pathway, is involved in the 1SO/IL-1

synergistic effect on IL-6 secretion in ARVMs.

3.3. IL-6 signalling pathways in ARVMs

IL-6 binds to a gp80 transmembrane receptor (IL-6R) and to a soluble IL-6
receptor (sIL-6R). The latter turns on a signal transduction mechanism named IL-6
trans-signalling. Both receptors trigger cellular responses by forming a functional
complex with two gp130 subunits, leading to the activation of the JAK/STAT, MAPK
and PI3K pathways [15]. To get some insights into the mechanisms of action of IL-6 in
ARVMs, we first examined whether the gp80 transmembrane IL-6 receptor was
expressed in these cells. Figure 4A shows that a transcript of 614 bp was detected by
RT-PCR with the IL-6R primers. As a positive control, transcripts of IL-6R were also
examined in PC12 cells, which are known to express the receptor [28]. Using antibodies
directed against gp80 IL-6R, we found that both ARVMs and PC12 cells expressed the
gp80 protein at similar levels (Fig. 4B).

Next, we explored whether the IL-6R was able to stimulate MAPK
phosphorylation, known to be activated by IL-6 in other cell types. Western blot

analysis of phosphorylated MAPK was performed following treatment of ARVMs for
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increasing times with rat IL-6 (rlL-6), using antibodies raised against ERK1/2
phosphorylated on Thr202/Tyr204 residues. Figure 4C shows that 100 ng/ml rIL-6
induced ERK1/2 phosphorylation in ARVMs which occurred within 10 min and was
maintained for at least 1h. IL-6 was also shown to activate the PI3K/AKT pathway in
various cell types including neonatal rat cardiomyocytes [29]. This pathway is involved
in the control of the activity of a number of proteins, such as S6K. Furthermore, it was
reported that simultaneous stimulation of the MEK/ERK and PI3K/AKT cascades is
required for S6K activation [30]. Therefore, we studied by Western blot analysis the
phosphorylation of AKT on Ser473 and of S6K on Thr389 and Thr421/Ser424 residues
[17] in ARVMs exposed to rIL-6. Figure 4D shows that phosphorylation of AKT
increased after a 10-min application of rIL-6 and was maintained for at least 1h. As
shown in Fig. 4E, rlL-6 also induced S6K phosphorylation on both Thr389 and
Thr421/Ser424 residues, but with a slower time course.

Since STAT3 phosphorylation on Tyr705 is essential for dimerisation and
activation of STAT3, we examined whether activation of the transmembrane IL-6
receptor was able to activate STAT3 phosphorylation. Figure 5A shows a typical
Western blot experiment on ARVMs exposed for increasing times to rIL-6. As shown,
activation of IL-6R had no effect on STAT3 phosphorylation. We therefore tested the
hypothesis that STAT3 phosphorylation required activation of IL-6 trans-signalling,
using a combination of human IL-6 (hIL-6) plus the human soluble IL-6 receptor (hsIL-
6R). The rationale for using the human cytokine and its corresponding soluble receptor
rather than their rat counterparts is because the rat soluble IL-6 receptor is not
commercially available. As shown in Fig. 5B, activation of IL-6 trans-signalling
induced a rapid phosphorylation of STAT3 that reached a maximum at 20-30 min and

lasted for at least 6h. On average, hlL-6/hsIL-6R induced a ~4.5-fold activation of
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STATS3 phosphorylation, as evaluated by densitometric analysis of the Western blots,
while rIL-6 had no effect (Fig. 5C). The effect of hlL-6/hsIL-6R was clearly due to IL-6
trans-signalling since hIL-6 alone (like rIL-6) had no effect on STAT3 phosphorylation
(not shown). Moreover, in agreement with the well established lack of effect of rodent
IL-6 on human cells, rIL-6 in combination with hsIL-6R was also unable to activate
STATS3 phosphorylation (not shown). Finally, the effects of IL-6R on ERK1/2, AKT
and S6K phosphorylation and of IL-6 trans-signalling on STAT3 phosphorylation
involved activation of the JAK proteins, since all phosphorylations were abolished by

the JAK inhibitor I (Fig. 5D).

3.4. IL-6 trans-signalling induces c-Fos mRNA expression, protein synthesis, BNP
secretion and increases cell size in ARVMs

Our above results demonstrate that the downstream events differ depending on
whether IL-6 acts via its transmembrane receptor or via the IL-6 trans-signalling. To
examine which of these two pathways is involved in cardiac hypertrophy, we compared
the capacity of IL-6 and IL-6 trans-signalling to activate markers known to be
associated with cardiac hypertrophy. As a control, we used the ai-adrenergic agonist
phenylephrine (PE) known to induce cardiomyocyte hypertrophy [31]. As expected, a
90 min exposure of ARVMs to 100 UM PE led to a strong (~6-fold) induction of the c-
fos gene (Fig. 6A), an immediate early gene which expression is reported to precede
hypertrophic responses [32]. Similarly, a 24h incubation of ARVMs with PE
significantly increased [3*H]-leucine incorporation by the myocytes (by ~30%, Fig. 6B),
a well-known index of protein synthesis. Finally, a 48h stimulation of ARVMs with PE
increased cell size by ~32% (Fig. 6C) and ~3.5-fold the secretion of brain natriuretic

peptide (BNP, Fig. 6D), which is part of the fetal gene program reactivated during
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cardiac hypertrophy [33]. While PE activated all four markers of cellular hypertrophy,
100 ng/ml of either rIL-6 or hIL-6 alone had no effect (Fig. 6A-D). However, a
combination of hIL-6 and its soluble receptor hsIL-6R induced a marked and significant
increase in all parameters (Fig. 6 A-D). These results indicate that the IL-6 trans-

signalling, but not the IL-6 transmembrane receptor, leads to hypertrophy in ARVMs.

4. Discussion

In this report, we describe a synergistic action of the B-AR/CAMP pathway and
IL-1 on IL-6 secretion in isolated ARVMs. Furthermore, we show that IL-6 activates
two different signalling pathways in adult cardiomyocytes: in the presence of its soluble
receptor, IL-6 induces STAT3 phosphorylation and activates cellular markers of cardiac
hypertrophy; in the absence of its soluble receptor, IL-6 activates a separate pathway
leading to phosphorylation of ERK1/2, AKT and S6K.

As shown earlier in neonatal rat cardiomyocytes [34] and mouse cardiac
fibroblasts [2], ISO, FSK and IBMX, which all increase intracellular cAMP, had little
effect by themselves on IL-6 secretion in ARVMs. However, when ARVMs were
exposed to IL-1 plus 1SO, the amount of IL-6 secreted increased by an order of
magnitude, and reached the level reported in cultured human cardiomyocytes from
patients with chronic ischemic heart disease [7]. A similar synergistic effect of CAMP
and IL-1 on IL-6 secretion has been documented in several non-cardiac cell types, such
as mesangial [10], Caco-2 [11], hippocampal [12], and thyroid FRTL-5 cells [13,14]. In
isolated ARVMs, the half-maximum synergistic effect was obtained with ~9 nM 1S0O, a
concentration which is similar to the plasma levels of noradrenaline and adrenaline (~8

nM) measured in cachectic patients with chronic heart failure [35].
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Our results demonstrate the involvement of the Gs protein/adenylyl cyclase/cAMP
cascade in the ISO/IL-1 synergistic effect on IL-6 secretion. In cardiomyocytes, CAMP
activates two independent signalling pathways involving either PKA or EPAC [26,36].
EPAC was recently shown to be involved in IL-6 release in response to activation of the
B2-AR in the RAW murine macrophage cell line [37]. However, we found no evidence
in ARVMs for the participation of EPAC in the synergistic effect of cCAMP and IL-1 on
IL-6 production. In contrast, the cAMP/PKA pathway was clearly involved, as
demonstrated using the PKA-selective agonist, 6-MB-cAMP and the PKA-selective
inhibitor, Rp-cAMPS. Rp-cAMPS did not totally inhibit the synergistic effect of
CAMP/IL-1 on IL-6 production (Fig. 3B), but this was due to an incomplete inhibition
of PKA-dependent protein phosphorylation (Fig. 3C). IL-6 gene expression is known to
be regulated both at the transcriptional and post-transcriptional level [38]. In ARVMs,
we found that enhanced IL-6 protein synthesis and secretion were related to an increase
in IL-6 mRNA levels (Fig. 1 and 2). In neonatal rat cardiomyocytes, it has been shown
that activation of the AP-1 and CRE response elements located in the IL-6 promoter is
necessary and sufficient for ISO-mediated induction of IL-6 [34].

IL-6 plays an important role in the pathogenesis of heart failure. 1L-6 plasma
levels are increased in patients with congestive heart failure [6], and measurement of
IL-6 levels now provides a diagnostic tool for cardiac diseases [39]. However, the
contribution of IL-6 to the progression of hypertrophy in cardiomyocytes and the signal
transduction mechanisms involved remain unknown. In this study, we found that
ARVMs express the transmembrane IL-6 receptor, both at the mRNA and protein level.
Moreover, the IL-6R appeared functional, since IL-6 alone induced ERK1/2, AKT and
S6K phosphorylation. ERK1/2 phosphorylation may result in S6K phosphorylation on

Thr421/Ser424 residues, which are localized in the pseudosubstrate domain of S6K, and
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when phosphorylated may lead to subsequent S6K phosphorylation on Thr389 residues
and kinase function [17,30]. Indeed, we found that IL-6 stimulation of ARVMs induced
phosphorylation of S6K on Thr421/Ser424 and Thr389 residues as well as
phosphorylation of the upstream kinase AKT on Ser473. All these effects were blocked
by the JAK inhibitor I demonstrating the involvement of gp130-JAKSs. Therefore, IL-6
signalling was fully operational in ARVMs, even in the absence of sIL-6R.

Although IL-6 alone activated MAPK, and activation of MAPK is classically
involved in cardiac hypertrophy [40], IL-6 alone did not activate hypertrophy markers.
Recent evidence in mouse heart indicates that ERK1/2 phosphorylation of the threonine
and tyrosine residues in the TEY motif of the activation loop (residues 202-204 in rat
ERK2) is not sufficient to lead to cardiac hypertrophy but requires in addition
autophosphorylation of ERK1/2 (on Thr188 in mouse ERK?2), a process that may be
limited to certain upstream signals, such as Ggq-coupled receptor activation [41]. In
ARVMs, activation of the hypertrophic markers by IL-6 required the presence of slL-
6R and was linked to phosphorylation of STAT3. Like in neonatal rat cardiomyocytes
[42], IL-6 alone was unable to phosphorylate STAT3 in ARVMs. However, in ARVMSs
treated with the IL-6/sIL-6R complex, phosphorylation of STAT3 occurred within
minutes and lasted for several hours (Fig. 5), suggesting an important role of phospho-
STATS. Indeed, we observed that IL-6/sIL-6R, but not IL-6 alone, induced c-fos gene
expression, BNP secretion and protein synthesis. All three parameters are considered as
typical markers of cardiomyocyte hypertrophy, and, as expected, they were similarly
activated in ARVMs treated with phenylephrine. In neonatal rat cardiomyocytes, LIF
and CT-1, which are members of the IL-6-related cytokine family, were also found to

increase protein synthesis [21,43,44] and BNP secretion [43,45]. We also showed that
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IL-6/sIL-6R increased ARVMs surface area and this effect was similar to that reported
for CT-1 in neonatal rat cardiomyocytes [43].

In summary, our study demonstrates for the first time a cross-talk between IL-1
and the B-AR signalling pathway in adult ventricular myocytes which leads to a
synergistic induction of IL-6 production by mechanisms involving Gs proteins and
CAMP/PKA pathway (Fig. 7). Analysis of the IL-6 signalling pathways led to the
finding that IL-6 increased STAT3 phosphorylation, protein synthesis, hypertrophic
cellular markers, and hypertrophy of ARVMs but required to do so the presence of sIL-
6R (Fig. 7). The IL-6 soluble receptor may thus serve as a switch for IL-6 to activate
STATS3 phosphorylation and hypertrophy. These findings may have obvious clinical
implications, since elevated levels of sIL-6R have been reported in patients with
hypertrophic or idiopathic dilated cardiomyopathies [46] as well as in heart failure

patients [47].
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Figure Legends

Fig. 1. Effects of IL-1 and ISO on IL-6 mRNA expression and secretion. ARVMs
(2x10° cells) were incubated in serum-free medium for 24h before stimulation. A, B:
stimulation with 1 uM 1SO, or 40 ng/ml IL-1, or both (IL-1+ISQO), for 4h (A) or 16h
(B). C: stimulation with 40 ng/ml IL-1 and increasing concentrations of 1SO. The
synergy index (SI) is defined in the "Materials and Methods™ section. A: after treatment,
total IL-6 mRNA was quantified using real-time PCR. Results, corrected for the
expression of cyclophilin A (CyA) mRNA, are expressed relative to the values
measured in untreated cells (Ctrl), and are the means + S.E.M. of three independent
experiments, each run in triplicate. B, C: after treatment, the concentration of IL-6 was
measured by ELISA in the culture medium. Secreted IL-6 was expressed in ng/ml of
culture medium. The values are the means £ S.E.M. of 3 independent experiments.

Statistical analysis: *, p<0.05; **, p<0.01 vs. Ctrl; #, p<0.05 vs. IL-1.

Fig. 2. Involvement of Gs/CAMP signalling pathways in the secretion of IL-6. A:
ARVMs were untreated (Ctrl) or treated with 40 ng/ml IL-1, 2 pg/ml CT, 1 uM ISO
alone or in combination for 16h. Where indicated, the cells were pretreated for 16h with
100 ng/ml PTX before addition of the drugs. B, C: ARVMs were stimulated for 16h (B)
or 10 min (C) with the following drugs, alone or in combination, as indicated: 40 ng/ml
IL-1, 1 uM ISO, 10 uM FSK, 10 uM ddFSK, 100 uM IBMX. A, B: the concentration
of secreted IL-6 was measured by ELISA in the culture medium. The values are the
mean £ S.E.M of 3 independent experiments. Statistical analysis: #, p < 0.05; ##, p <
0.01; vs. IL-1-treated cells; ns, p > 0.05. C: Total proteins of ARVMs were extracted

and equal amounts of proteins were analysed by Western blot using antibodies for
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phospho-Troponin | (P-Tnl). Calsequestrin (CS) was used as a loading control. Similar

results were obtained in 3 independent experiments.

Fig. 3. Involvement of the PKA signalling pathway in the synergistic effect of IL-1/1SO
on IL-6 secretion. A: ARVMs were stimulated or not (Ctrl) for 16h or 10 min (inset)
with 1 uM 1ISO, 40 ng/ml IL-1, 10 pM 8-CPT, 200 uM 6-MB-cAMP, alone or in
combination as indicated. B, C: ARVMs were pretreated or not for 2h with 50 uM Rp-
CAMPS or with 10uM KT 5720 (KT: B, inset), and then treated or not (Ctrl) for 16h
with 1 uM 1SO, 40 ng/ml IL-1 or both (IL-1+ISO) as indicated. A, B, B inset: secreted
IL-6 concentration was measured by ELISA in the culture medium. The values are the
mean = S.E.M of 3 independent experiments. Statistical analysis: *, p<0.05. C, A inset:
Total proteins were extracted and equal amounts were analysed by Western blot using
antibodies for phospho-Tnl (A inset) or phospho-PKA substrates (C). Calsequestrin
(CS) was used as a loading control. Similar results were obtained in 2 independent

experiments.

Fig. 4. Expression of IL-6 receptor and phosphorylation of ERK1/2, AKT and S6K in
response to IL-6. A: Total RNA from PC12 cells (used as a positive control) or from
ARVMs was extracted and reverse-transcribed (RT+) or not (RT-) as a negative control.
IL-6R and cyclophilin A (CyA) mRNAs were amplified by PCR with specific primers
and revealed with ethidium bromide as described in "Materials and Methods™ section.
The size of one marker is shown in bp. Similar results were obtained in 2 independent
experiments. B: Total proteins were extracted from PC12 cells or ARVMs, and 50 pg of
proteins were analysed by Western blot for IL-6R and GAPDH expression. A

representative blot from 3 independent experiments is shown. C, D, E: ARVMs were
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treated with 100 ng/ml of rat IL-6 (rIL-6) for different times, as indicated. Whole
proteins were extracted and 50 pg of proteins were analysed by Western blot using
specific antibodies directed to phospho-ERK1/2Tr202/Ty204 (C) ' phospho-AK TS (D),
phospho-S6K ™38 (plack bars) or phospho-S6KT™™2YSer424  (grey  bars) (E). The
membranes were stripped and reprobed with anti-ERK1/2, anti-AKT, or anti-S6K
antibodies. A representative blot for each experiment is shown. Similar results were
obtained from 3 to 4 independent experiments. Quantification of autoradiographs is
shown with corresponding bars positioned under the bands. The intensity of the
phosphorylated signal was normalized by that of the total protein. Data are given as

mean + SEM. Statistical analysis: *, p<0.05, **, p<0.01 vs. no stimulation (time 0).

Fig. 5. Effect of IL-6 and IL-6 trans-signalling on tyrosine phosphorylation of STAT3.
ARVMs were treated with 100 ng/ml rat IL-6 (rIL-6) (A) or with 100 ng/ml human IL-6
(hIL-6) in the presence of 180 ng of human soluble IL-6 receptor (hsIL-6R) (B) for
increasing times, as indicated. Whole proteins were extracted and 50 pg of proteins
were analysed by Western blot using antibodies for phospho-STAT3™% (P-STAT3).
The membranes were stripped and reprobed with anti-STAT3 antibody used as a
loading control. A representative blot is shown, and 3 separate experiments were
performed, giving similar results. C: P-STAT3/STAT3 ratios were quantified in 3
independent experiments performed as in (A, B) and expressed (mean = SEM) as % of
the values measured at time 0. Statistical analysis: 0.01<p<0.05 for all the points
corresponding to the stimulation with hIL-6+hsIL-6R (filled symbols); p>0.05 for all
points corresponding to the stimulation with rIL-6. D : ARVMs were pretreated or not
for 1h with 5 uM JAK inhibitor | and then treated with rIL-6 or with hIL-6 plus hslL-

6R for 10 min (P-Stat3, P-ERK1/2, P-AKT) or for 30 min (P-S6K). Phosphorylation of
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STATS3, ERK1/2, AKT, S6K and expression of CS (as loading control) were analysed

by Western blot. Similar results were obtained from 2 independent experiments.

Fig. 6. c-Fos gene expression, protein synthesis, cell surface area and BNP secretion in
response to IL-6 trans-signalling. Serum was withdrawn for 24h before stimulation of
ARVMs with 100 uM PE, 100 ng/ml rIL-6 or 100 ng/ml hIL-6 in presence or absence
of 180 ng hsIL-6R, as indicated. A: After 30 min of stimulation, total RNA was
extracted and reverse-transcribed. c-Fos mRNA was quantified using real-time PCR and
the results of the c-Fos mMRNA quantification were corrected for the expression of
cyclophilin A mRNA. c-Fos mRNA is expressed as a % of the values measured in
untreated cells (control). For each group, summary data of two independent experiments
are shown, each performed in triplicate. Statistical analysis: * p < 0.05 versus untreated
cells. B: [*H]-leucine incorporation in ARVMs was measured after a 24h-period of
treatment. The radioactivity is normalized to DNA content and the ratio of [3*H]-leucine
incorporation/DNA from untreated cells is set as 100%. The results are expressed as %
increase vs. unstimulated cells (control). Values are the mean = SEM of two
independent experiments, each performed in triplicate culture wells. C: Cell surface
areas of ARVMs were analyzed using NIH ImageJ software. A total of approximately
200 cells were examined for each group. D: After a 48h-stimulation period, BNP
concentration was determined by ELISA in the culture medium. Secreted BNP was
expressed as % increase vs. untreated cells (control). The values are the mean + S.E.M
of 3 independent experiments. Statistical analysis: **, p < 0.01; *, p < 0.05 vs.
unstimulated cells. For each group, summary data of three independent experiments are
shown, each performed in triplicate. Statistical analysis: * p < 0.05 versus untreated

cells.

Fig. 7. Schematic diagram showing the regulation of IL-6 production in adult
cardiomyocytes by B-adrenergic and IL-1p receptors and the involvement of IL-6 trans-
signalling in the induction of cellular hypertrophy. IL-1 induced IL-6 secretion and f-
adrenergic receptors (B-AR) synergistically increased IL-1-induced IL-6 secretion by a

mechanism involving the heterotrimeric Gs protein, CAMP and PKA. IL-6 binds either
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to its membrane-bound IL-6 receptor (IL-6R), or to the IL-6 soluble receptor (SIL-6R).
The IL-6/IL-6R complex induces phosphorylation of ERK1/2, AKT and S6K via the
receptor subunits gp130 and JAK proteins. However, but this does not lead to cellular
hypertrophy. Although not tested, the IL-6/sIL-6R complex (IL-6 trans-signalling) may
also activate phosphorylation of ERK1/2, AKT and S6K, but it activates in addition

STAT3 signalling pathway which is necessary for activation of cellular hypertrophy.
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