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Insulin-like growth'factor-1 (IGF-1) is a natural pro-
tectant of cardiac myocytes that has been shown to
improve cardiac function. The role of IGF-1 in attenu-
ating apoptosis induced by osmotic stress (sorbitol,
SOR) or by other known apoptotic stimuli {(doxorubi-
cin, angiotensin II, and serum withdrawal) was deter-
mined in cultured cardiac myocytes. After 6 h of expo-
sure to SOR, apoptosis was initiated, concomitant
with a decrease in cell survival and increases in poly-
[ADP-ribose] polymerase (PARP)} degradation and
DNA fragmentation. These effects were maximal after
24 h. IGF-1 partially attenuated apoptosis induced by
sorbitol but not that induced by angiotensin II, doxo-
rubicin, or serum withdrawal. In cells preincubated
with IGF-1 before the addition of SOR, we detected an
increase in the number of viable cells, a decrease in
the generation of DNA fragments on agarose gel elec-
trophoresis and in the percentage of positive TUNEL
cells, and a reduction on PARP levels. These results
suggest that IGF-1 prevents apoptosis induced by os-
motic stress in cardiac myocytes but not apoptosis
induced by doxorubicin and anglotensin II.
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The mechanisms responsible for the death of cardiac
tissue cells in many heart diseases have been of in-
creasing interest in recent years. It has recently been
proposed that apoptosis plays a major role in cardiac
cell death (1). Apoptosis is a form of cell death that
involves discrete genetic and molecular programs, de
novo protein expression and a unique cellular pheno-
type. This process also represents an active, ubiqui-
tous, evolutionarily conserved, physiological and energy-
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dependent process in which cells participate in their
own destruction (2). Apoptosis differs from necrosis in
that there is condensation of nuclear chromatin, cell
shrinkage with preservation of intracellular organelles
and by extensive degradation of genomic DNA into
oligonucleosomal fragments (3, 4). There is evidence
of a role for apoptosis in several important cardiac
pathologies, such as dilated cardiomyopathy and heart
failure, cardiac allograft rejection, acute myocardial
infarction, right ventricular dysplasia, ischemia-reper-
fusion injury (5-9). Apoptosis is also activated in ter-
minally differentiated cardiac myocytes by many

* pathological conditions and chemical agents (10-15).

Because cardiac myocytes possess minimal capacity to
proliferate (16), the regulation of cardiac myocyte loss
through suppression of apoptotic pathways represents
a povel therapeutic strategy to prevent heart failure.

Insulin-like growth factor-1 (IGF-1) regulates sev-
eral pleiotropic cellular responses and mediates the
cardiovascular effects of growth hormone in vivo (17,
18). Although IGF-1 controls apoptosis and promotes
hypertrophy by growth and differentiation in many
types of cells (19), we know little about its action on
cardiac myocytes where IGF-1 may act in an autocrine
or paracrine manner (20). IGF-1 is also known to play
important roles in the initiation and development of
left ventricular hypertrophy and heart failure (21-24).
Transgenic mice overexpressing IGF-1in cardiac myo-
cytes leads to a physiological, then pathological, car-
diac hypertrophy (25) and also display less myocyte
apoptosis after myocardial infarction (26). More re-
cently, it has been shown that IGF-1 is a critical factor
for the function and survival of cultured cardiac myo-
cytes exposed to doxorubicin (DOX), angiotensin II
(AII) or serum withdrawal (SW) (27).

Osmotic stress has also been shown to induce
apoptosis in cell lines (28-30) and cardiac myocytes
(Galvez et al., unpublished results), but the preventive
actions of IGF-1 on osmotic stress-induced cardiac apop-
tosis are largely unknown. To resolve this issue and
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better characterize the role of IGF-1 in cardiac apopto-
sis, we investigated the effects of IGF-1 on DNA frag-
mentation and PARP degradation induced by sorbitol
in neonatal cultured cardiac myocytes. In addition,
these data have been compared to the IGF-1 effect with
other known apoptotic stimuli in cardiomyocytes such
as DOX, AIl or SW. '

MATERIALS AND METHODS

Reagents.  Sorbitol, doxorubicin, angiotensin I, RNase, protein-
ase K and other biochemicals were from Sigma (St. Louis, MO)
unless stated otherwise. Heat-inactivated fetal calf serum (FCS),
newborn calf serum {NCS) and other tissue culture products were
from Life Technologies Inc. {Gaithersburg, MD). Human recombi-
nant IGF-1 was a kind gift of Dr. C. George-Nascimento {(Chiron
Corp., CA). Antibodies raised against PARP and peroxidase-
conjugated anti IgG were from Santa Cruz Biotechnology (Santa
Cruz, CA). ECL immunoblotting detection reagents, autoradio-
graphic film and prestained molecular mass standard proteins were
from Amersham Pharmacia Biotech (Piscataway, NJ). Protein assay
reagents were from Bio-Rad {Richmond, VA).

Animals. Sprague-Dawley rats obtained from our animal breed-
ing facility (Faculty of Chemical & Pharmaceutical Sciences, Univer-
sity of Chile, Santiago). The investigation conforms to the "Guide for
the Care and Use of Laboratory Animals” published by the U.S.
National Institutes of Health (NIH Publication No 85-23, revised
1985).

Culture and treatment of cardiac myocytes. Neonatal ventricular
myocytes were prepared from hearts of 1- to 3-day-old rats as re-
ported previously (31). Cardiac myocytes were plated at a final
density of 1.4 X 10%mm? on gelatin-pre-coated 60 mm dishes. Serum
was withdrawn before the cells were pre-exposed for 1 h with 100 nM
[GF-1 and further treated with or without 0.3 M SOR, 100 nM All or
1 uM DOX in serum-free medium (DMEM-M199) at 37°C for 0-48 h.
AIIl and DOX concentrations used here has been previously reported
as those inducing maximal apoptotic effects on cardiac myocytes (13,
14}, Cells incubated in the presence of DMEM-M199 containing 10%
FBS served as controls. Cardiac myocytes (0.5 % 10° cells) were
plated on NUNC-8 well coverslip dishes for TUNEL studies and
treated for 24 h with the apoptotic agonists.

Cardiomyocyte viability. The number of viable cells was deter-
mined by trypan blue exclusion. Briefly, cells were rinsed once with
PBS and then resuspeénded with trypsin and EDTA. The cells were
immediately stained with 0.5% trypan blue, and the number of
viable and nonviable cells was determined by counting in a micro-
scope.

Poly-[ADP-ribosejpolymerase (PARF} degradation. PARFP cata-
lyzes the ADP-ribosylation of nuclear proteins at the sites where
DNA strands break spontaneously and thereby facilitates the repair
of this DNA damage (32). A critical step in the regulation of apoptosis
is the proteolytic inactivation of PARP by caspases (32). Degradation
of PARP in cardiac myocytes was analyzed by immunoblotting with
an anti-PARP antibody. Briefly, medium was removed by aspiration
and the cells were washed twice with cold PBS. Cells were scraped
into 100 wl of cold lysis buffer (20 mM Hepes, pH 7.4, 100 mM NaCl,
10 mM EDTA, 1 mM PMSF, 1% (v/v) Triton X-100, 2 ug/mL leupep-
tin and 2 pg/ml aprotinin). The protein content of the lysate was
determined according to Bradford (33) and equal amounts of protein
were separated by SDS-PAGE on 8% gels, and then transferred
electrophoretically to nitrocellulose membrane (0.45 wm). PARP was
probed with a polyclonal anti-PARP antibody and detected with
horseradish peroxidase-conjugated anti-goat immunoglobulin using
an ECL system.
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TUNEL staining. Apoptotic cells were detected by the TUNEL
method using an in situ detection kit (Promega) and the manufac-
turer’s recommended protocol. Briefly, cells were cultured on circular
cover-slips coated with 2% gelatin, fixed in 4% paraformaldehyde for
25 min at 4°C, and then washed in PBS. The fixed cells were per-
meabilized with 0.2% Triton X-100 in PBS for 5 min, and then
incubated with fluorescein-labeled dUTP for 60 min at 37°C to detect
the free 3'-OH fragmented DNA ends. After washing in PBS, the
cells were analyzed by fluorescent microscopy. Apoptotic nuclei were
visualized by incubation with propidium iodide for 5 min, and was
used for nuclear counterstaining.

DNA fragmentation. For the detection of DNA fragmentation,
cells were washed with cold PBS and sedimented by centrifugation.
DNA was prepared by scraping the cells into a 1 mL of lysis buffer
consisting of 0.8 mM EDTA (pH 8.0}, 8 mM Tris-HCI (TE, pH 8.0)
and 4% SDS. The DNA was extracted with an equal volume of
phenol:chloreform:iscamyl alcohol (25:24:1) followed by centrifuga-
tion at 12,000 for 15 min at 4°C. The resulting DNA was incubated
with proteinase K (50 pg/mL, Sigma) for 1 h at 50°C to facilitate
protein disruption. DNA was re-extracted from supernatants with an
equal volume of phenol:.chloroform:isoamyl alcohol (25:24:1). DNA,
precipitated from the upper aqueous phase with 0.1 vol of 3 M
sodium acetate (pH 5.2) and 2 vol of ice-cold ethanol, was left at
----- 20°C overnight before centrifugation. Pellets were resuspended in
200 wpl TE buffer, followed by 60 min incubation with DNase-free
RNase A (2 mg/mL, Sigma) at 37°C. Samples were re-extracted, and
DNA was precipitated as described above. Pellets were resuspended
in TE buffer, and DNA concentrations were quantified from the
absorbency at 260 nm. DNA samples were analyzed by electrophore-
sis on 2% agarose, and visualized by staining with a selution con-
taining 0.2 pg/mL of ethidium bromide. :

Statistical analysis. Results are means = SEM for the number of
independent experiments indicated (n). Mean differences were
compared by ANOVA: P values less than 0.05 were regarded as
significant.

RESULTS

IGF-1 enhances cardiac myocyte viability. To as-
sess_the protective effects of IGF-1 under our experi-
mental conditions, neonatal cardiac cells were exposed
to SOR, AII, DOX or cultured in serum free medium in
the presence or absence of IGF-1, and cell viability was
determined by trypan blue exclusion at various time
points (Fig. 1). In controls (cells cultured in the pres-
ence of serum), more than 70% of cardiac myocytes
remained viable 72 h after plating. In the absence of
IGF-1, cardiac myocytes exposed to SOR or DOX or SW
displayed a time-dependence decrease in cell viability
(Fig. 1). Exposure to SOR rapidly decreased the num-
ber of cardiac myocytes by 57 and 86% at 6 and 24 h,
respectively (Fig. 1). There was only a small reduction
in the cell number by AII (Fig. 1). As depicted in Fig. 1,
IGF-1 partially prevented the decrease in cell survival
induced by DOX, AII, SOR or SW. This protective effect
of IGF-1 (near 50% increase in cell survival) was early
evident in those cells exposed to SOR (6 and 24 h). In
contrast, IGF-1 attenuated cell death induced by DOX
after 72 h.’

IGF-1 prevents osmotic stress-induced PARP frag-

mentation in cultured cardiac myocytes. A critical
step in the control of the apoptotic DNA fragmentation
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FIG. 1. Time course of cell survival effects of IGF-1 on cultured

cardiac myocytes. Cells were preincubated with (M) or without ({0) 100
nM IGF-1 in serum-free media and further exposed to 1 M doxorubi-
cin, 100 nM angiotensin I, or 0.3 M sorbitol for the indicated times, and
surviving cells were counted by trypan blue exclusion assay as de-
scribed under Materials and Methods. Cardiac myocytes cultured in
DMEM-M189 containing 10% FBS served as controls, presenting a 70%
of cell viability throughout the study. Data are shown as means = SEM
for three independent experiments.

is the proteolytic inactivation of poly-[ADP-ribose]-
polymerase (PARP) by caspases. PARP catalyzes the
ADP-ribosylation of nuclear proteins at the sites where
DNA strands break spontaneously and thereby facili-
tates the repair of this DNA damage (32). To document
the activation of the apoptotic pathway at this level,
cardiac myocytes were exposed to SOR, AIl, and DOX
or cultured in serum free medium in the presence or
absence of IGF-1, and we examined the cell lysate for
PARP at various time points (Fig. 2). In the absence of
IGF-1, the PARP amount was markedly reduced after
treatment with DOX or SOR whereas both AIl and SW
lightly decreased PARP levels. As shown in Fig. 2, the

pre-exposure of IGF-1 to cardiac myocytes further in-
cubated with SOR markedly attenuated PARP degra-
dation. This last effect was selective because IGF-1 did
not prevented PARP degradation in cells exposed to
DOX, AIl or SW (Fig. 2).

IGF-1 attenuates osmotic stress-induced DNA frag-
mentation in cultured cardiac myocytes. DNA cleav-
age into nucleosome-sized fragments is a hallmark of
apoptosis. To investigate the occurrence of apoptosis in1
situ, cardiac myocytes were exposed to SOR, All, DOX
or cultured in serum free medium for 24 h in the
presence or absence of 100 nM IGF-1, and broken DNA
in the nucleus was labeled with TUNEL method and
visualized by fluorescence microscopy (Fig. 3A). Con-
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FIG. 2. Time course of PARP degradation effects of IGF-1 on
cultured cardiac myocytes. Cells were preincubated with (M) or with-
out (L) 100 nM IGF-1 in serum-free media and further exposed to 1
uM doxorubicin, 100 nM angiotensin II, or 0.3 M sorbitol for the
indicated times, cardiomyocyte lysates were subjected to Western
blot analysis to PARP as described under Materials and Methods.
Cardiac myocytes cultured in DMEM-M198 containing 10% FBS
served as controls and displayed PARP levels about 100 * 5%
throughout the study. Data are shown as means = SEM for three
independent experiments.
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trol cells displayed nuclear labeling in 0.5 = 0.2% of
cells. In absence of IGF-1, SOR, DOX, AIl or SW in-
creased the number of positive apoptotic nuclei (Fig.
3A). As depicted in Fig. 3A, IGF-1 treatment signifi-
cantly decreased the number of positive cells after SW
or SOR incubation. However, IGF-1 did not change the
number of apoptotic nuclei in cells exposed to DOX or
AIl for 24 h. On the other hand, when the TdT was
omitted in the reaction, no pesitively stained cardiac
myocytes were detected (data not shown). In contrast,
cells treated with 1 mg/ml. DNase I (used as positive
control) exhibited positive staining. Cardiac myocytes,
rather than contaminating fibroblasts, were the pre-
dominant contributor to the apoptosis since our cell
cultures were treated with bromodeoxyuridine (BrdU)
to avoid fibroblast proliferation. BrdU did not induce
cardiac myocyte apoptosis assessed by DNA fragmen-
tation (data not shown).

DNA fragmentation was also analyzed on agarose
gels as described under Materials and Methods. Fig. 3
B showed that control cells displayed a low level of
DNA laddering. In contrast in cells exposed to SOR and
DOX for 24 h, DNA fragmentation was significantly
increased (Figs. 3B and 3C). As shown in the same
figure, moderate DNA laddering was found in the car-
diac myocytes grown for 24 h in serum-free medium or
ATIl. IGF-1 partially attenuated the DNA fragmenta-
tion induced by SOR or DOX (Figs. 3B and 3C). These
data suggested that IGF-1 can prevent osmotic-stress-
induced apoptosis of cardiac myocytes.

DISCUSSION

Cardiac myocytes are terminally differentiated cells
which rarely proliferate after birth but have retain the
ability to die via the apoptotic mechanism. As a result,
the maintenance of cardiac myocyte survival is critical
for the preservation of normal heart function. IGF-1 is
a major cellular survival factor, protecting cells from
apoptosis induced by a wide variety of agents, includ-
ing growth withdrawal, etoposide, oncogene overex-
pression, and overexpression of caspases (34-37). We
showed here that the exposure of cardiac myocytes to
osmotic stress resulted in strong and early increase of

apoptosis, as indicated by PARP degradation and DNA
fragmentation. This effect was also rapid and stronger
in magnitude than the apoptosis induced by AIl, DOX
and serum withdrawal. IGF-1 has also shown te pro-
tect cardiac myocytes from apoptosis induced by AII
(38), by DOX (39), by stretch (40), by hypoxia (41) or by
serum withdrawal (39, 42). The data presented here
suggest that IGF-1 can also regulate apoptosis induce
by osmotic stress in cultured cardiac myocytes. IGF-1
clearly attenuated both PARP degradation and DNA
fragmentation induced by sorbitol in cardiac myocytes.
This antiapoptotic action of IGF-1 on cultured cardiac
myocytes is consistent with the results of recent in vivo
studies (25, 26). In our experimental system, DOX and
All induced an intense and weak apoptotic response,

" respectively, which was only marginally inhibited by

IGF-1. Delpy et al. (13) and Leri et al. (40) have dem-
onstrated that both AIT and DOX induced apoptosis in
cultured rat ventricular myocytes (13) which was pre-
vented by IGF-1 (27, 40).

Feuerstein and Young have proposed five possible
pro-apoptotic signaling pathways in cardiac myocytes
which can provide opportunities for specific pharma-
cological interventions (43). These are: (a) redox-
regulated systems (activated by reactive oxygen spe-
cies and NO/ONOO), (b) the Fas/TNFa family of
cytokines receptors aperating via unique “death do-
mains” that are linked to several intracellular signal-
ing pathways, (c) caspases that are activated either by
receptor originating signals or mitochondrial-associ-
ated cytochrome ¢, (d) G-protein-coupled receptor
(GPCR)-dependent stimulation induced by ligands/
agonists such as All, and (e) phospholipase-C type
biochemical reactions linked to sphingomyelinase acti-
vation and generation of ceramide. The stimuli studied
here (osmotic stress, AIl, DOX and SW) may activate
multiple signal transduction pathways and cross-talk
between various pathways. This can also explain the
time-course and difference in magnitude in cardiac
myocyte apoptosis induced by SOR respect to other
stimuli.

While the effectiveness of IGF-1 on inhibition of
apoptosis in different cell types has been well estab-
lished, the signaling pathways leading apoptosis and

FIG. 3. Effect of IGF-1 on DNA fragmentation induced by osmotic stress and other stimuli on cultured cardiac myocytes. (A) Cells were
preincubated with (solid bars) or without (open bars) 100 nM IGF-1 in serum-free media and further cultured in serum free media (WS) or
containing 1 pM doxorubicin (DOX), 100 nM angiotensin II (AIT), or 0.3 M sorbitol (SOR) for 24 h. Broken DNA in the nucleus was labeled
with TUNEL method and visualized by fluorescence microscopy as described under Materials and Methods. Quantitative apoptosis was
expressed as percentage of total cell counted (apoptotic index). Data are shown as means:= SEM for three independent experiments. i o
0.01 vs Control and #2 < 0.05 vs cells cultured under serum-free conditions or SOR. (B and C) Cells were preincubated with (M) or without
(C1) 100 nM IGF-1 in serum free media and further exposed to 1 uM doxorubicin, 100 nM angiotensin IT or 0.3 M sorbitol for 24 h (B) or for
the indicated times (C). Genomic DNA was isolated from cardiac myocytes, subjected to electrophoresis on 2% agarose gels. and imaged by
ethidium bromide staining and photography (B) or quantitated as described under Materials and Methods (C). Cardiac myocytes cultured
in medium containing 10% FBS served as controls (S) and presented 0.5% of positive cells (TUNEL assay) or basal level near 100 = 4% (DNA
fragmentation assay on agarose gels) throughout the study. MWM: molecular weight markers. Data are shown as means % SEM of three

independent experiments.
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the mechanisms of action by which IGF-1 and other
agents prevent apoptosis are largely unknown in car-
diac myocytes. The activation of apoptotic signaling
pathways may be intercepted and aborted by IGF-1 by
a large number of mechanisms either enhancing anti-
apoptotic mechanisms (e.g., up-regulation of bel-2) or
inhibition of key targets in the pro-apoptotic pathways
such as stress activated protein kinases (reviewed in
43). We and others have found that IGF-1 activates
multiple signal transduction pathways in cardiac myo-
cytes (31, 40, 44) and some of these may be relevant to
the antiapoptotic responses of the heart (45). The up-
regulation of IGF-1 in myocytes of FVB.Igf+/— trans-
genic mice induces Mdm?2 and, by this mechanism,
may attenuated the function of p53, down-regulating
the expression of several p53-inducible genes impli-
cated in the modulation of apoptosis and myocyte
renin-angiotensin system (40). However, there is no
increase in p53 transactivating activity in cardiac myo-
cyte exposed to osmotic stress (Galvez et al., unpub-
lished data). Another potential targets are some mem-
bers of MAPK family, including extracellular regulat-
ing kinases (ERKs), c-Jun-NH,-terminal kinases (JNKs}
and p38 MAPK (46). Whereas activation on the ERK
signaling pathway protects cells from a variety of ex-
tracellular stresses, the JNK and p38-MAPK pathways
may induce apoptosis (46). Daunomycin has shown to
activate all three members of MAPKs in different ways
in cardiac myocytes, ERKs protected from daunomy-
cin-induced apoptosis whereas p38-MAPK promotes
apoptosis. Phosphatidylinositel 3'-kinase (PI-3K) is an-
other critical component in signal transduction path-
ways linked to cell survival. Treatment of cardiac
myocytes with IGF-1 increased activity of both phos-
phatidylinositol 3'-kinase (PI-3K) (31, 41) and its
downstream target, Akt or protein kinase B (PKB) (41).
Constitutively active forms of PI-3 kinase or Akt inhib-
ited apoptosis of hypoxic cardiac myocytes and sub-
jected to hypoxia (41). It remains to be seen whether
the importance of ERK and PI-3K pathways in the
preventive effect of IGF-1 on osmotic stress-induced
apoptosis of cardiac myocytes.

In summary, we provide evidence that IGF-1 pre-
vents cardiac myocyte apoptosis induced by osmotic
stress. These results reinforce the suggestion that
IGF-1 is potential therapeutic agent in controlling car-
diac myocyte apoptosis. The exact mechanisms of
sorbitol-induced apoptosis in cardiac myocytes and
how is modulated by IGF-1 are still not known and
need to be elucidated
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