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Summary. Interleukin (IL)-6-related cytokines share gp130 as the signal-
transducing protein. Cardiac myocytes produce various kinds of cytokines
including IL-6 and cardiotrophin-1. Activation of gpl130 transduces hyper-
trophic and cytoprotective signals in cardiac myocytes via JAK/STAT, MAP
kinase and PI-3 kinase pathways. Besides various well-established mechan-
isms by which cardiac growth and myocardial remodeling are regulated,
gp130 signalling may be a newly discovered mechanism that regulates these
events in association with cytoprotective effect in myocardial diseases.
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Background

Cytokines in cardiovascular disease

Cytokines are recognized as essential mediators of
normal and pathological immune responses. It is also
accepted that cytokines are involved in the cascade of
events that lead to the wide range of inflammatory
responses to exogenous and endogenous pathogens.
Whereas heatrt failure is recognized as a haemodynamic
disorders, more recent studies have suggested that the
excessive elaboration of biologically active molecules
may play an important role in the pathogenesis of heart
failure by virtue of the direct effect that these molecules
exert on the heart and the vasculature (Finkel et al. 1992;
Packer 1992). In this regard, one of the more recent
interesting and intriguing observations in clinical heart
failure research is that in addition to the classic neuro-
hormones that are elaborated in heart failure, a second
portfolio of biologically active molecules, termed

Correspondence: Dr K. Yamauchi-Takihara, Department of
Molecular Medicine, Osaka University Medical School. 2-2,
Yamadaoka, Suita, Osaka, 565-0871 Japan. Fax: +81 6
6879 3839; E-mail: takihara@imed3.med.osaka-u.ac.jp

© 2000 Blackwell Science Ltd. Int. J. Exp. Path. (2000), 81, 1-16

pro-inflammatory cytokines, are also overexpressed in
heart failure (Levine et al. 1990; Matsumori et al. 1994;
MacGowan et al. 1997). Given that cytokines have been
shown to produce direct effect on myocardium, there has
been increasing interest in studying the role that these
molecules may play as biological mediators of cardiovas-
cular diseases. Accordingly, a number of experimental and
clinical studies have begun to examine the levels of
cytokines and cytokine receptors in various cardiovascular
diseases. Currently, circulating level of tumour necrosis
factor (TNF)« and soluble TNF« receptors are most widely
accepted cytokines those are recognized to implicate in
the development and progression of heart failure (Ferrari
et al. 1995; Torre-Amione et al. 1996; Nozaki et al. 1997).
In addition, circulating level of interleukin (IL)-6 and
soluble gp130 is reported to elevate in the patients with
congestive heart failure and myocardial infarction (Miyao
et al. 1993; MacGowan et al. 1997; Aukrust et al. 1999).

Inflammation plays an important role in the healing of
tissue after injury. However, there is evidence that the
accelerated inflammatory response may also extended
tissue injury. Recent studies have indicated the addi-
tional importance of cytokines in the pathogenesis of
myocardial injury in viral myocarditis (Shioi et al. 1996).
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Although anti-viral effects of inflammatory cytokines such
as IL-1, IL-2, IL-6 and TNFe«, have been studied in vitro
(Weissenbach et al. 1980; Rook et al. 1983; Mestan et al.
1986), neither IL-1 nor TNFa had a beneficial effect on a
murine model of viral myocarditis in vivo (Huber et al.
1994; Yamada et al. 1994). Whereas IL-1 and TNF«
promote inflammation and are involved in the pathogen-
esis of clinical disorders such as septic shock, IL-6
produces a restorative effect by inducing the activity of
immunoregulatory cells in murine model of viral myocar-
ditis (Kanda et al. 1996). Experimental studies showed
that the inflammatory response to myocardial infarction is
associated with the induction of cytokines such as TNFq,
IL-18 and IL-6 (Ono et al. 1998). Especially, recent
studies have demonstrated the induction of IL-6 in the
myocardium of a canine model of ischemia and reperfu-
sion (Gwechenberger et al. 1999; Chandrasekar et al.
1999). These studies demonstrated that IL-6 synthesis is
an integral part of the reaction to injury resulting from
ischemia and reperfusion. Evidence of the cytokine
production by cardiac myocytes (Yamauchi-Takihara
et al. 1995a) has also contributed to the discovery of
novel functions of cytokines in the regulation of cardio-
vascular disease.

Mechanisms inducing cardiac hypertrophy

Cardiac hypertrophy is induced by various stimuli, such
as pressure or volume overload (Mann et al. 1989;
Komuro & Yazaki 1993). Under these conditions, this
hypertrophic response is assumed to be an important
compensation to maintain mechanical function, however,
recent clinical studies have recognized that cardiac hyper-
trophy is an independent risk factor of cardiac morbidity
and mortality (Levy et al. 1990). Well-known stimuli of
cardiac myocyte hypertrophy are mechanical stretch
(Komuro et al. 1990) and various factors utilizing G
protein-coupled receptors, including norepinephrine (NE)
(Simpson 1985), endothelin-1 (ET-1) (Ito et al. 1991) and

Figure 1. Receptor complexes sharing
gp130 as a signal transducer. IL-6, when
bound to either a membrane-anchored or
soluble form of its receptor (IL-6R or sIL-
6R), induces the formation of gp130/
gp130 homodimer. Heterodimer of LIFR
and gp130 is induced by the CNTF-
CNTFR complex, CNTF-sCNTFR
complex, LIF, OSM or CT-1. OSM also
induces another heterodimer composed
of OSM-specific receptor (OSMR) and
130. The IL-11-IL-11R and IL-11-sIL-11R
complex is considered to induce gp130/
gp130 homodimer.
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angiotensin Il (Ang Il) (Baker & Aceto 1990). Moreover, it
has been reported that mechanical stress stimulates
autocrine secretion of Ang Il and ET-1 in cardiac myo-
cytes (Sadoshima et al. 1993; Yamazaki et al. 1996).
Recent studies have indicated that in addition to above
classical neurohumoral factors, growth factors and cyto-
kines are also implicated in myocardial hypertrophy
(Duerr et al. 1995; Thaik et al. 1995; Tanaka et al. 1998).

Recently, a novel IL-6 related cytokine, cardiotrophin-1
(CT-1), was cloned and characterized as a cardiac
myocyte hypertrophy-inducing factor (Pennica et al.
1995a). CT-1 activates several features of cardiac myo-
cyte hypertrophy including sarcomeric organization and
embryonic gene expression through the signal transdu-
cing receptor gpl30 (Pennica et al. 1995b). Although
cardiac hypertrophy is associated with marked changes
in cardiac gene expression, some of which are not
observed with hypertrophy induced by growth factors
and cytokines (Cittadini et al. 1996). gp130 has been
identified as a signal transducing protein of IL-6-related
cytokines (IL-6, IL-11, leukaemia inhibitory factor (LIF),
oncostatin M(OSM), ciliary neurotrophic factor (CNTF)
and CT-1), and is widely expressed in various organs
including the heart (Saito et al. 1992; Kishimoto et al.
1994; Kishimoto et al. 1995) (Figure 1).

Many reports have suggested that the mitogen-acti-
vated protein kinase (MAPK) family plays an important
role in the differentiation and proliferation of many types
of the cells (Davis 1993). One member of the MAPK
family, extracellular signal-regulated protein kinase
(ERK), has been reported to be required for NE-induced
expression of specific genes such as atrial natriuretic
factor (ANF), c-fos, and myosin light chain 2 genes
(Thorburn et al. 1994; Thorburn et al. 1995). In cardiac
myocytes, the MAPK pathway is activated by many
factors, such as NE, ET-1 and mechanical loading, and
is thought to be an important pathway for the induction of
hypertrophy (Sadoshima & Izumo 1993; Yamazaki et al.
1995). However, recent studies demonstrated that the
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activation of ERKs is not sufficient to fully promote
cardiac myocyte hypertrophy (Thorburn et al. 1995;
Post et al. 1996) and the activation of JAK/STAT path-
way is observed in cardiac myocytes subjected to
mechanical stretch (Pan et al. 1999). This activation of
JAK/STAT pathway is partially dependent on autocrine/
paracrine-secreted Ang Il and is mainly dependent on
the IL-6 family of cytokines.

Signal transducing pathway through gp130

Many findings concerning the structure and function of IL-6
family of cytokines and their receptors have greatly con-
tributed to the establishment of a variety of concepts about
cytokines: the establishment of pleiotropy and redundancy
as properties of cytokine function, the cytokine receptor
superfamily, and the sharing of a signal transducing
receptor subunit among several cytokine receptors. In
fact, the IL-6 cytokine family plays pivotal roles in a wide
variety of tissues and organs, including the immune,
haematopoietic, nervous and cardiovascular systems
(Hilton 1992; Patterson & Nawa 1993; Yang 1993; Kishi-
moto et al. 1995; Ip & Yancopoulos 1996). gp130 is a
signal-transducing subunit shared by the receptors for the
IL-6 family of cytokines. The binding of a ligand to its
receptor induces the dimerization of gp130, leading to the
activation of Janus kinase (JAK) and tyrosine phosphor-
ylation of gp130 (Murakami et al. 1993). These events
lead to the activation of multiple signal-transducing path-
ways, such as the STAT (signal transducer and activator
of transcription), Ras-MAPK and phosphatidylinositol (PI)-
3 kinase pathways whose activation is controlled by
distinct regions of gpl30 (Hirano et al. 1997). Three
members of the JAK family, JAK1, JAK2 and Tyk2, are
known to associate with gp130 prior to stimulation and to
be activated when gp130 is stimulated (Kishimoto et al.
1994). Phosphorylated JAKs in turn phosphorylate a
latent cytoplasmic transcription factor, STAT3, allowing
it to bind to a responsive element of the target genes
(Figure 2). Itis now known that JAKs and STATs seem to
play essential roles in cytokine function (Hirano et al.
1997). However, it is also true that the JAK-STAT path-
way alone cannot explain all the events induced through
cytokine receptors, and it is clear that other pathways
involving src-family tyrosine kinases, RAS, MAPK, PI-3
kinase, and as yet unidentified components participate,
and that the interplay among them is critically involved in
the biological activities of cytokines.

In this review, we described the induction of IL-6 and
CT-1 with various stimulations in cardiac myocytes and
functional significance of the activation of JAK/STAT,
MAPK and PI-3 kinase pathways in association with
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gp130 activation. We further discuss recent experimental
data obtained in vivo as well as in transgenic animals that
suggest an important role for gp130 dependent signalling
pathway in cardiovascular disease.

Expression of IL-6 and CT-1 in cardiac
myocytes

The expression of growing number of genes is induced
by hypoxic stimulation in cardiac myocytes and vascular
endothelial cells (Webster et al. 1993; Karakurum et al.
1994; Yamauchi-Takihara et al. 1995a; Yan et al. 1995).
However, the molecular basis for the induction of these
genes has not been fully elucidated in cardiac myocytes.
In addition to NE and IL-13 stimulation, hypoxic stimula-
tion induces the expression of IL-6 and CT-1 mRNAs in
cultured neonatal rat cardiac myocytes (Yamauchi-Taki-
hara et al. 1995a; Hishinuma et al. 1999). Subsequent
reoxygenation after hypoxic stress significantly augmen-
ted the production of these cytokines (Figure 3).

The transcriptional activation of the IL-6 gene has been
reported to depend on the 14-bp palindromic sequence,
located at position —150, and nuclear factor (NF)-IL6
bound to this site (Isshiki et al. 1990). NF-IL6 activates
the IL-6 gene and is also responsible for the regulation of
the genes encoding other inflammatory cytokines, acute-
phase proteins, albumin, c-fos and viral proteins (Akira
et al. 1990). Moreover, the promoter region of the IL-6
gene has a binding site for the transcription factor, NF-
kB, another well-characterized transcription factor that
plays an important role in inflammatory responses and
cell growth regulation, and is considered to be involved in
the expression of many genes that encode cytokines and
acute-phase proteins (Lenardo & Baltimore 1989). Tran-
scription factors, NF-IL6 and NF-«B, are known to syner-
gistically activate the transcription of inflammatory
cytokines (Matsusaka et al. 1993).

Different lengths of IL-6 promoter-luciferase reporter
plasmids were conducted and transfected into cardiac
myocytes. After hypoxic stimulation, luciferase activity
increased by 5.7-fold, whereas either the NF-«kB or NF-IL6
binding site was disrupted, luciferase activity after hypoxic
stimulation decreased by about 77% or 37%, respectively.
Moreover, when both sites were disrupted, luciferase
activity after hypoxic stimulation decreased by about
89%. Electrophoretic mobility shift assays (EMSAS),
using oligonucleotides containing the NF-xB-or NF-IL6-
binding site as a probe, demonstrated enhanced binding
activity in nuclear extracts from hypoxic cardiac myocytes.
The enhanced binding complex obtained with EMSA
using the NF-xB probe displayed a supershift with anti-
body to its subunit, p50 or p65, and another enhanced

© 2000 Blackwell Science Ltd, International Journal of Experimental Pathology, 81, 1-16 3



Cardiovascular pathology in the year 2000

K. Yamauchi-Takihara and T. Kishimoto

CT-1 LIF

P_Y( STAT1&3 )

+P

ﬁ

BMHC mRNA
ANF mRNA

Hypertrophy

Figure 2. Two pathways from gp130 to hypertrophic gene expression. Heterodimerization of gp130 and LIFR activates the STAT

pathway as well as the MAPK cascade.

binding complex obtained using the NF-IL6 probe dis-
played a supershift with antibody to CCAAT-enhancer-
binding protein-3 (C/EBP-B3) (Matsui et al. 1999) (Figure
4). Taken together, although hypoxic stimulation induced
transcription factors both NF-xB and NF-IL6 in cardiac
myocytes, NF-xB may be the primary positive regulator of
transcriptional activation of the IL-6 gene in the context of
hypoxia.

Activation of gp130 transduces hypertrophic
signal in cardiac myocyte

Activation of gp130 transduces hypertrophic signals

IL-6 stimulation induces homodimerization of gp130,

whereas stimulation with CT-1 or LIF leads to the
formation of heterodimers composed of gp130 and LIF
receptor (Pennica et al. 1995b). Evidence that IL-6
generates distinct signal only in the combination with
IL-6 receptor in cardiac myocyte is based on the low
expression level of IL-6 receptor (Saito et al. 1992;
Yamauchi-Takihara et al 1995b). Studies of gp130
mediated hypertrophic signalling have been conducted
by using CT-1 or LIF, because LIF receptor was abun-
dantly detected in cardiac myocytes (Matsui et al. 1996).
LIF stimulation increases the size, induces the expression
of c-fos, B-myosin heavy chain (MHC) and ANF mRNAs
and stimulates [3H] leucine incorporation in cardiac myo-
cytes (Matsui et al. 1996) (Figure 5). The hypertrophic
signalling induced by cytokine signalling through gp130

4 © 2000 Blackwell Science Ltd, International Journal of Experimental Pathology, 81, 1-16
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is known to be distinct from the hypertrophic response
seen after stimulation of G protein coupled receptors,
both on a morphological and a molecular level. CT-1 and
LIF induce a predominant increase in myocardial cell
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induced by G protein vs. gpl30-dependent signalling
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Figure 4. Hypoxia-mediated enhancement of nuclear binding activity for (a) NF-«kB or (b) NF-IL6 motif in cardiac myocytes. Cardiac

myocytes were stimulated with hypoxia or 1ng/ml IL-13 for 1 hour.
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pathways are reminiscent of the changes observed in
cardiac myocytes isolated from pressure and volume
overloaded hearts, respectively (Anversa et al. 1986). It
must be pointed out however, that the relative impor-
tance of G protein vs. gpl30-dependent signalling
pathways, in pressure and volume overload-induced
hypertrophy remains to be clarified.

To evaluate the molecular mechanisms involved in LIF
induced cardiac myocyte hypertrophy, the activation of
the gp130 dependent signalling pathway was examined.
LIF stimulation rapidly tyrosine phosphorylates gp130
and subsequently activates both JAK1 and JAK2 within
a few minutes, followed within 5min by tyrosine phos-
phorylation of STAT1 and STAT3 in cardiac myocytes
(Kunisada et al. 1996). LIF also activates MAP kinase in
a characteristic way, i.e. the magnitude of activation is
half of and the duration is shorter than that of NE-induced
MAPK activation. This distinct kinetic pattern of MAPK
activation observed after gpl130 activation might be
associated with a different physiological function in the
gp130-dependent signalling pathway (Kunisada et al.
1996). Intravenous administration of LIF activates JAK/
STAT and MAPK pathways in the hearts, which is almost
identical time course of the STAT activation observed in
the liver. In addition, it has been also reported that acute
pressure overload activates JAK1, JAK2 and Tyk2
kinases, as well as STAT1, 2 and 3 in the heart (Pan
et al. 1997). To summarize, the JAK/STAT and MAPK
pathways are located at downstream of gp130 in cardiac
myocyte and are rapidly activated both in vivo and in vitro.

Figure 5. Myocardial hypertrophy
induced by norepinephrine, (NE)
leukaemia inhibitory factor (LIF) or IL-6.
Cultured neonatal rat cardiac myocytes
were stimulated for 36 hours with (a)
vehicle, (b) 2 um NE, (c) 10° U/ml LIF, (d)
the combination of 10° U/ml IL-6 and
soluble IL-6 receptor (0.5 ug/ml). The
cells were fixed with 3.7% formaldehyde,
permeablized and incubated with anti-
sarcomeric «-actinin antibody and FIT
conjugated anti-mouse 1gG.

IL-6 and IL-6 receptor double transgenic mouse
demonstrates myocardial hypertrophy

To investigate the physiological role of gp130 in vivo and
to determine the pathological consequence of abnormal
activation of gp130, transgenic mice having continuously
activated gp130 were generated. Although an earlier
study demonstrated abundant expression of gp130, it
failed to detect IL-6 receptor expression in the myocar-
dium (Saito et al. 1992). Transgenic mice (TG) were
carried out by mating mice from IL-6 and IL-6 receptor
trangenic lines. Double TG overexpressing both IL-6 and
IL-6 receptor showed constitutive tyrosine phosphoryla-
tion of gp130 and STAT3 in the hearts. The distinguish-
ing feature of the double TG is a dramatic increase in
cardiac weight, with an increased left ventricular wall
thickness and cardiac myocyte size that became appar-
ent at 5month of age (Hirota et al. 1995) (Figure 6).
Importantly, TG overexpessing either IL-6 or IL-6 receptor
alone did not show detectable myocardial abnormalities
(Suematsu et al. 1989). Likewise, only a combination of IL-6
and soluble IL-6 receptor induces gp130 activation and
hypertrophy of cardiac myocytes in vitro. Conceivably,
cardiac myocytes derived IL-6 may associate with circulat-
ing soluble IL-6 receptor, and the IL-6/IL-6 receptor complex
may then act on gp130 in an autocrine/paracrine manner. In
addition, the expression of CT-1 in the adult myocardium
implies CT-1 as a candidate cytokine to activate a hyper-
trophic response in vivo (Pennica et al. 1996b; Hishinuma
et al. 1999). Ishikawa et al. (1996) reported that CT-1

6 © 2000 Blackwell Science Ltd, International Journal of Experimental Pathology, 81, 1-16
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Figure 6. Transverse sections of the hearts from a 5-month-old control mouse (a) and IL-6 and IL-6R double transgenic mouse (b).

mRNA was highly expressed in the hypertrophied ven-
tricles of spontaneously hypertensive rats-stroke prone/
IZM at a stage of established hypertension.

Role of STAT3 in gp130-mediated cardiac myocyte
hypertrophy

Studies focusing on the significance of STAT3 in indu-
cing cardiac myocyte hypertrophy, an adenovirus vector
was used to overexpress wild-type STAT3 or dominant
negative-type (DN) STAT3 in cultured cardiac myocytes.
Although STAT3 phosphorylation was not observed in
wild-type STAT3 before LIF stimulation, augmented
phosphorylation was observed after the stimulation. In
contrast, phosphorylation of STAT3 was not detected in
DN STATS3 either with or without LIF stimulation. Pre-
treatment with PD98059, a MAPK kinase inhibitor, did
not affect the level of tyrosine phosphorylation of STAT3
in cardiac myocytes. These results indicate that the
activation of the JAK/STAT pathway, especially the
STAT3-dependent pathway, is enhanced in STAT3
transfected, but not fully activated in DN STAT3 trans-
fected cardiac myocytes after LIF stimulation, and that
it is independent of the status of MAPK activation

(Kunisada et al. 1998). Indeed, LIF-induced c-fos and
ANF mRNA expressions were significantly enhanced
with STAT3 overexpression and almost completely inhib-
ited with DN STAT3 in cardiac myocytes (Figure 7).
Although the expression of these mRNAs was reduced
after PD98059 treatment, there were substantial dif-
ferences in the expression level between wild-type
STAT3 and DN STAT3 transfected cells (Kunisada
et al. 1998).

To summarize, the induction of cardiac myocyte
hypertrophy and c-fos and ANF mRNAs expression by
LIF was amplified by STAT3 overexpression, whereas
it was attenuated under the condition with inhibited
STATS3 signalling. Furthermore, when MAPK activity
was inhibited, gene expression and protein synthesis
were significantly suppressed even in the cells that over-
expressed STAT3. This would be explained by the cross-
talk between JAK/STAT and MAPK cascades, both of
which are necessary for maximal transcriptional upex-
pression. Without serine phosphorylation, which is
induced by activated MAPK, the transcriptional activity
of tyrosine-phosphorylated STAT is reduced (Zhang et al.
1995). In addition, gene activation by STAT3, which
obligatorily requires tyrosine phosphorylation to become

© 2000 Blackwell Science Ltd, International Journal of Experimental Pathology, 81, 1-16 7
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Figure 7. Atrial natriuretic factor (ANF)
mRNA expression in cardiac myocytes
after LIF stimulation. Cardiac myocytes
were transfected with control adenovirus
vector (AD), recombinant adenovirus
carrying wild-type STAT3 (AD/WT) or
dominant negative-type STAT3 (AD/DN).
They were stimulated with LIF (10° U/ml)
for 24 hours.

active, is reported to depend for maximal activation on
serine phosphorylation (Wen et al. 1995).

Role of PI-3 kinase in gp130 mediated cardiac myocyte
hypertrophy

PI-3 kinase is activated by cytokine stimulation through
different types of receptors to transduce intracellular
responses. Several growth factor receptors, cytokine
receptors, and G-protein-coupled receptors are able to
stimulate PI-3 kinase activity (Shubeita et al. 1990; Chung
etal. 1994; Gold et al. 1994; Foncea et al. 1997; Saward &
Zahradka 1997). Furthermore, recent studies have
revealed that PI-3 kinase plays an important role in the
activation of p70 S6 kinase (Chung et al. 1994) and the
prevention of apoptosis (Yao & Cooper 1995). Recently,
PI-3 kinase is reported to be involved in the regulation of
gp130-dependent hypertrophic signalling in cardiac myo-
cytes (Oh et al. 1998a). Following the activation of gp130,
a substantial increase in PI-3 kinase activity was observed
in cardiac myocytes, with a rapid increase at 10 min and a
decline at 60 min. JAK1 and JAK2 bound to PI-3 kinase
and LIF stimulation increased the PI-3 kinase activity in
both immunoprecipitates. A specific PI-3 kinase inhibitor,
wortmannin, completely inhibited LIF induced activation of
p70 S6 kinase and protein synthesis and partially inhibited
MAPK activation. Therefore, the maximal stimulation of
the protein kinase cascade by LIF requires the activation
of PI-3 kinase, which may thus be an important mediator in
LIF-induced transduction of hypertrophic signal.

Angiotensin Il interferes with LIF induced STAT3
activation

Ang Il is also known to activate STATs and induce
hypertrophy and apoptosis in cardiac myocytes (Kajstura
et al. 1997; Kodama et al. 1998). Recently, potential
interactions between gp130 dependent and Ang Il sig-
nalling pathways have been reported (Bhat et al. 1996;

- -2

AD/ AD/
WT DN

w. W% B o <€ANF

McWhinney et al. 1997). Although LIF attenuated the
DNA fragmentation induced by serum depletion, Ang Il
augmented the DNA fragmentation and inhibited LIF-
mediated cytoprotective effect in cardiac myocytes
(Tone et al. 1998). LIF is known to tyrosine phosphor-
ylate STAT3 in cardiac myocytes rapidly and transiently,
however, it is not observed by Ang Il stimulation. Ang Il
pretreatment inhibited LIF-induced phosphorylation of
STAT3 in a dose dependent manner, and this inhibitory
effect was blocked by the Ang Il type | (AT1) receptor
antagonist CV11974. These results demonstrate that
negative crosstalk between gpl130 and AT1 receptor
dependent signalling exists in cardiac myocytes. This
crosstalk may contribute to the modulation of pathophy-
siological process in myocardial disease.

Expression of the SSI family of the genes is increased in
gpl130 transgenic hearts

Several clinical studies have demonstrated that
abnormalities in the cytokine network are observed in
patients with severe congestive heart failure (Levine et al.
1990; Torre-Amione et al. 1996; Kelly & Smith 1997), and
thatseveralimmunological parameters, particularly soluble
gp130, correlate with variables reflecting deranged haemo-
dynamicstatus (Aukrust etal. 1999). Recently, the feedback
mechanism responsible for switching off the cytokine sig-
nalling has been described by several groups. A new family
of negative regulators of cytokine signalling was isolated
and characterized, namely CIS (cytokine-inducible SH2
protein) (Yoshimura et al. 1995), SOCS (suppressor of
cytokine signalling) (Starr et al. 1997), JAB (JAK2 binding
protein) (Endo-Takaho et al. 1997) or SSI (STAT-induced
STAT inhibitor) (Naka et al. 1997). Because IL-6 and IL-6
receptor double transgenic mice represent a constitutively
activated model of gp130 in vivo (Hirota et al. 1995), as
described previously, itis not clear whether signalling path-
ways through gp130 are enhanced by exogenous stimuli
when gp130 is overexpressed in vivo.

8 © 2000 Blackwell Science Ltd, International Journal of Experimental Pathology, 81, 1-16
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gpl30 TG were generated under the control of cyto-
megalovirus (CMV)-enhancer and chicken g-actin pro-
moter, and a cardiac selective overexpressing line was
used to examine the activation of signaling pathways
downstream of gp130. The expression of gp130 in TG
hearts increased 8-fold compared to those of wild-type
litermates (WT), and the tyrosine phosphorylation of
gp130 was augmented at basal level, and the activity of
other signal transducing molecules, including STATL,
STAT3 and ERK1/2, was also potentiated in TG.
Enhanced activation of gp130 after LIF stimulation was
observed in both TG and WT hearts. However, the
activation of STAT1, STAT3 and ERK1/2 was not aug-
mented and enhanced 3-MHC mRNA expression was
not observed after LIF stimulation in TG. In this regard,
STAT-induced STAT inhibitor (SSI) family mRNA
expression was examined and demonstrated that SSI-1
and SSI-3 mRNA expressions increased after LIF stimu-
lation and were significantly augmented in TG. These
results indicate that overexpressed gpl30 does not
always enhance downstream signals in the hearts.
Importantly, the increased expression of gp130 upregu-
lated the SSI family of the genes and inhibited down-
stream signals of gp130 in the TG hearts.

Activation of gp130 transduces cytoprotective
signals in cardiac myocytes

Cytoprotective function of IL-6 related cytokines

Cardiac myocyte survival is of central importance in the
maintenance of cardiac function, as well as in the devel-
opment of a variety of cardiac diseases. Adult cardiac
myocytes are terminally differentiated and have lost their
proliferative capacity. As a result, cardiac myocyte survi-
val is critical for the maintenance of normal cardiac
function. Although a wide variety of survival factors
have been identified for neural cells and several other
terminally differentiated cell types, relatively little is
known about the specific growth factors or cytokines
that are required for the maintenance of cardiac myocyte
survival. Two members of the IL-6 family of cytokines,
CNTF and LIF, have been shown to play an important
role in maintaining the viability of motoneurones in long-
term culture (Sendtner et al. 1990; Vejsada et al. 1995).
Recent studies have demonstrated that CT-1 is highly
expressed in embryonic limb buds and has a protective
effect on axotomy-induced degeneration in neural cells
(Pennica et al. 1996a). These results suggest that CT-1
can be expected to participate in normal motoneurone
development and the protection of human degenerative
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motoneurone disease. Therefore, the ligands that acti-
vate gp130 may play an important physiological role in
regulating survival of terminally differentiated cell types.

In terms of a molecular basis of the cytoprotective
effects of IL-6 related cytokines, IL-6 prevented the apop-
tosis induced by IL-6 depletion with the upregulation of bcl-
XL in an IL-6-dependent myeloma cell line (Schwarze &
Hawley 1995). Bcl-x was identified as a bcl-2-related gene
that functions as a regulator of apoptotic cell death (Boise
et al. 1993). Bcl-x has two isoforms, bcl-xL, a preventive
isoform against apoptosis, and bcl-xS, a promotive isoform.

LIF induces bcl-xL in cardiac myocytes for an
antiapoptotic effect

A recent study has provided direct evidence that one of
the mechanisms by which LIF can promote the survival
of cardiac myocytes was via activation leading to inhibi-
tion of the apoptotic signalling pathway. The study
deployed an in vitro assay system whereby cardiac
myocytes enter the apoptotic signalling pathway after
the deprivation of serum. LIF significantly improved
cardiac myocyte survival and was associated with
increased expression of bcl-x mMRNA but not of bcl-2
MRNA. The isoform induced by LIF was identified as bcl-
xL by Western blotting and RT-PCR using specific pri-
mers. The antisense oligonucleotide against bcl-x mRNA
inhibited the protective effect of LIF in conjunction with a
reduction in bcl-xL protein (Fujio et al. 1997) (Figure 8).
Studies focusing on the LIF induced transcriptional
regulation of the bcl-x gene were pursued using the bcl-
X promoter-luciferase reporter gene and EMSAs. The
location of the LIF-responsive cis-element was deter-
mined from —161 to + 10 of the promoter region of the
bcl-x gene, which contains a GAS motif, TTCGGAGAA, at
position —41. This motif bound to STAT1, not to STATS3,
and site-directed mutagenesis revealed that this motif was
essential for LIF-responsive promoter activity (Fujio et al.
1997). These findings taken together indicate that LIF
induces bcl-x mMRNA via the STAT1 binding cis-element in
cardiac myocytes resulting in cytoprotective effects.

LIF activates Akt via PI-3 kinase in cardiac myocytes

The Akt encodes a serine threonine protein kinase that is
activated by several growth factor-generated signals that
are transduced via PI-3 kinase (Burgering & Coffer 1995;
Kohn et al. 1995; Reif et al. 1997). Activation of Akt is
known to deliver a survival signal that inhibits the apopto-
sis induced by growth factor withdrawal in neural cells and
fibroblasts (Dudek et al. 1997; Kulik et al. 1997). In
addition, activation of Akt ultimately leads to inhibition of
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Figure 8. Protective effect of LIF is
mediated by bcl-xL in cardiac myocytes.
a, Neonatal rat cardiac myocytes were
treated with LIF (10° U/ml) in the
presence of 5um antisense (AS) or sense
(S) oligonucleotides for 24 hours. Cells
were directly lysed with SDS-PAGE and
Western blotted with anti-bcl-x antibody.
b, Cardiac myocytes were treated with
LIF (10° U/ml) in the presence of 5um
antisense or sense oligonucleotides for
72 hours. Cells were harvested with
collagenase/trypsin and counted. Results
are given as a percentage of basal cell
number under LIF-stimulated condition
without oligonucleotides. *P < 0.05;

**p < 0.01.

caspase activity and protection from apoptotic cell death
(Yang et al. 1995). Bad is a distant member of the bcl-2
family that promotes cell death. The active but not the
inactive forms of Akt were found to phosphorylate Bad,
and thus act as an antiapoptotic (Peso et al. 1997; Scheid
& Duronio 1998). A recent study has further demon-
strated that IL-3 induced Bad phosphorylation is inhibited
by PI-3 kinase specific inhibitors (Peso et al. 1997).

To confirm the essential role of the PI-3 kinase cascade
in the gpl130-mediated survival function, Akt activation
was examined in LIF stimulated cardiac myocytes. LIF
induced a rapid activation of Akt and Bad, and these were
completely inhibited by wortmannin but not by rapamycin
(Oh et al. 1998a; Oh et al. 1998b). Thus, LIF regulation of
Akt and Bad employs PI-3 kinase in cardiac myocytes.
Further study was conducted to provide gp130-dependent
survival effect in cardiac myocytes by using doxorubicin
(Dox), one of the most effective and widely used groups of
anticancer drugs and well known to present myocardial
cell death (Buzdar et al. 1985). Cardiac myocyte apopto-
sis significantly increased in Dox-treated cells as deter-
mined by TUNEL assay and DNA fragmentation, which
was significantly reduced by LIF pretreatment (Figure 9).
Dox-induced caspase-3 activation and decrease in Bcl-xL
abundance were completely inhibited by LIF. LIF phos-
phorylated Bad through Pl 3-kinase and reduced the
heterodimerization of Bad with Bcl-xL. LIF protected
cardiac myocytes from Dox-induced cell death via PI
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3-kinase/Akt pathway associated with the induction of
Bcl-xL and Bad phosphorylation (Oh et al. 1998b).

Pathological role of gp130-dependent
signalling pathway in the heart

Role of gp130 in the prevention of heart failure

The pleiotrophic functions of the IL-6 family of cytokines
are mediated by the cytokine receptor subunit gp130 as
the common signal transducer. Mice lacking individual
component of this cytokine family or their receptors
displayed milder phenotypes than expected. Not sur-
prisingly, when receptor component used by several
members of the gpl30 family is inactivated, the
consequences are more severe. Thus, mice lacking LIF
receptor, a shared component of the receptor complexes
of LIF, CNTF and CT-1, are not viable and die perinatally,
exhibiting placental, skeletal, neural defect, and loss of
motor neurones (Li et al. 1995; Ware et al. 1995).
Animals that harbor a complete deficiency in the
common signal transducer gp130 display embryonic
lethality and defects in diverse embryonic compartments
(Yoshida et al. 1996). To assess the physiological role of
this cytokine family in adult animal, gp130 was inducibly
inactivated via Cre-loxP-mediated recombination in vivo.
Postnatally induced inactivation of gp130 also results in
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Figure 9. Protective effect of LIF on doxorubicin (Dox) induced cardiac myocyte apoptosis. a, In situ labelling of DNA fragmentation.
Cardiac myocytes were depicted by red fluorescence using anti a-actinin antibody. Green fluorescence presents the TdT labelling of
nuclei. The cells were incubated with (LIF - Dox +) or without (LIF - Dox - ) 0.5um Dox for 16 hours. b, Quantitative analysis of the
percentage of cells undergoing apoptosis as measured by TUNEL technique. Cardiac myocytes were pretreated with LIF (10% U/ml)
and stimulated with or without 0.5um Dox for 16 hours. Data are expressed as mean + SE. *P < 0.05 vs. Dox - ; TP < 0.05 vs. LIF - .

neurological, cardiac, haematopoietic, immunological,
hepatic, and pulmonary defects in mice, demonstrating
the widespread importance of gp130-dependent cyto-
kines (Betz et al. 1998).

A growing body of evidence suggests the possibility
that cytokines which operate via gp130 pathways might
play a critical role in the onset of cardiac failure (Hirota
et al. 1996; Wollert & Chien 1997). Recently, unequivocal
evidence for a critical role of a gp130-dependent myo-
cyte survival pathway was demonstrated by using Cre-
loxP technique to achieve a ventricular chamber-specific
knockout of gp130. This conditional mutant animal pre-
sent normal cardiac structure and function. However,
during acute pressure overload to the hearts from
these mice display rapid onset of dilated cardiomyopathy
and massive induction of myocyte apoptosis vs. the
control mice that exhibit compensatory hypertrophy
(Hirota et al. 1999). This study identified that cardiac
myocyte apoptosis is a critical in the transition between
compensatory cardiac hypertrophy and heart failure and
suggested that ligands operating via gp130 may repre-
sent important role in the prevention of ventricular dilata-
tion. Accordingly, identifying the downstream pathway by
which gp130-dependent ligands can promote cardiac
myocyte survival becomes of critical interest. The
STAT-dependent induction of bcl-xL and PI-3 kinase
mediated Akt activation may represent a part of mechan-
isms by which gp130-dependent cytokines suppress
apoptosis in cardiac myocytes. In addition, the effect of

IL-6 family of cytokines in embryonic cardiac myocyte
survival suggest that deregulation of apoptosis may
contribute to the ventricular chamber hypoplasia
observed in gp130 knock-out mice (Yoshida et al. 1996)

Role of JAK/STAT pathway in acute myocardial
infarction

In case of acute myocardial infarction, a large number of
cardiac myocytes are known to die as a result of apop-
tosis as well as of necrosis (Gottlieb et al. 1994; Itoh et al.
1995; Kajstura et al. 1996; Olivetti et al. 1996; Bialik et al.
1997). The heart from acute myocardial infarction is a
complex of various stressful states characterized by a
reduction in oxygen supply followed by the inflammatory
responses and mechanical stretching. This implies two
main cellular events inducing apoptosis, hypoxia and
mechanical loading (Tanaka et al. 1994; Teiger et al.
1996). Recent in vivo study has demonstrated that acute
myocardial infarction activates JAK/STAT pathway mainly
in the border area of the myocardium in rat hearts (Negoro
et al. 1999). AG-490, a specific JAK2 inhibitor, was found
to block the tyrosine phosphorylation of JAK2 and thus
present the potential to inhibit the JAK/STAT pathway.
AG-490 pretreatment significantly increased the caspase-
3 activity and Bax expression in viable myocardium after
the infarction. In addition, while few apoptotic myocytes
were identified by means of TUNEL assay in the border
area of the infarcted myocardium, a significant increase in
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apoptotic cells was observed when AG-490 was pre-
treated. The administration of JAK2 inhibitor resulted in
a deterioration of myocardial viability in rat acute myocar-
dial infarction. Therefore, the activation of JAK/STAT
pathway in acute myocardial infarction heart may exerts
a pivotal role in the remodeling of the diseased hearts.

Role of STAT3 in the prevention of heart failure

More recently, a direct evidence for the cytoprotective
role of STAT3 mediated signalling pathway was also
demonstrated in vivo. Transgenic mice with cardiac
specific overexpression of the STAT3 gene (STAT3-
TG) were generated and treated intraperitoneally with
Dox. After 10 days, only 25% of the control mice survived
compared with 80% of the STAT3-TG (Figure 10). The
dead mice were found to suffer massive bilateral pleural
effusion and ascites, and identified as congestive heart
failure. The molecular mechanisms of the protective
effects of STAT3 on Dox-treated mice were further exam-
ined. Expression of the cardiac «-actin gene was signifi-
cantly reduced in control hearts after Dox treatment and
this was compatible with previously published data (Ito
et al. 1990; Jeyaseelan et al. 1997). However, a robust
expression of transcript corresponding to cardiac a—actin
was observed in STAT3-TG hearts. In addition, control
hearts showed increased B—MHC and ANF gene expres-
sion after Dox treatment, however, the expression did not
change after Dox treatment in STAT3-TG hearts. The
expression of ANF and 3—MHC genes is induced not only
in myocardial hypertrophy but also in heart failure (Drexler
et al. 1989; Feldman et al 1993). The augmented
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Figure 10. Survival rates for the mice treated with doxorubicin
(Dox). Three-month-old STAT3-TG (n = 20, ----- ) and WT
(n = 20, ——) mice were administered intraperitoneally with
Dox at a single dose of 15 mg/kg and bred under normal
conditions. Survival curves represent significantly better
survival in STAT3-TG than WT.

expression of the ANF and 3—MHC genes observed in
control hearts is probably a compensatory mechanism to
prevent progression of heart failure. In STAT3-TG hearts,
on the other hand, the expressions of these genes were
increased, but they were not further elevated after Dox
treatment. These results suggested that the STAT3-TG
did not suffer from severe congestive heart failure.

In conclusion, the present study demonstrates that
STAT3-TG survive significantly longer after Dox treat-
ment and that the overexpression of STAT3 in the hearts
reduces the deteriorative effects of Dox (Kunisada et al.
1999). Conceivably, STAT3 plays a crucial role in a
cardiac myocyte survival, resulting in the prevention of
progression in heart failure.

Conclusions

In conclusion, the JAK/STAT, MAPK and PI-3 kinase
pathways are all necessary for full activation of gp130-
mediated hypertrophic and cytoprotective signals in car-
diac myocytes. As discussed earlier, investigations of
signalling pathways through gp130 in cardiac myocytes
should uncover novel mechanisms of cardiac myocyte
growth and survival. Although recent investigations have
addressed the participation of cytokines in various car-
diovascular diseases, we have but a limited understand-
ing of their underlying functions and mechanisms. Our
investigations of hypertrophic and cytoprotective func-
tions of IL-6 related cytokines are expected to provide
new insights into the pathophysiological significance of
cytokines in various myocardial diseases. Clarification of
the regulation of these cascades in normal and diseased
human hearts may well lead to a novel therapeutic
approach to myocardial diseases.
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