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ABSTRACT

We describe here novel antioxidant-sensitive events in which activation kinetics are delayed, leading to inhibi-
tion of cell signaling. Hepatocyte growth factor (HGF) transiently phosphorylated p44/42 mitogen-activated pro-
tein kinase (MAPK) with a peak at 3–5 min in HL-1 adult cardiac myocytes. Pretreatment of cells with thiol an-
tioxidants, N-acetylcysteine or a-lipoic acid attenuated MAPK phosphorylation induced by a 3-min incubation
with HGF. However, kinetic analysis revealed that the apparent inhibition of HGF signaling was due to a delay
in the activation because HGF phosphorylated MAPK with a peak at 5–7 min in cells treated with thiol antioxi-
dants. This 2-min delay in HGF activation of MAPK resulted in .5-min delay in phosphorylation of MAPK tar-
gets such as p90RSK and GATA-4. Hydrogen peroxide did not mimic HGF signaling, and HGF did not induce re-
active oxygen species production. Thus, in cardiac myocytes, thiol antioxidants delay HGF-mediated MAPK
activation and suppress subsequent signaling events via reactive oxygen species-independent mechanism. 
Antioxid. Redox Signal. 3, 911–918.
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INTRODUCTION

THE ACTIVITY of hepatocyte growth factor
(HGF) was first demonstrated in the sera

of normal and partially hepatectomized rats
(10, 19), and was found to be a potent mitogen
of hepatocytes (11). Earlier findings that HGF
expression is increased after liver injury in-
duced by CCl4 (7) suggest that HGF may be an
oxidative stress-inducible factor. Similarly, in a
rat model of myocardial ischemia and reperfu-
sion, HGF expression was enhanced (12). Ueda
et al. (21) demonstrated that gene transfection
of HGF attenuated reperfusion injury in the rat

heart. In humans, serum HGF levels are ele-
vated after acute myocardial infarction (9, 16).

Although the biological actions of HGF on
cardiac myocytes appear to have physiological
and clinical importance, HGF signal transduc-
tion mechanisms in cardiac myocytes have not
been documented. We recently found that HGF
can phosphorylate p44/42 mitogen-activated
protein kinase (MAPK) and GATA-4 in cardiac
myocytes (8). In Sarcoma 180 and Meth A cells,
Arakaki et al. (2) reported that reactive oxygen
species (ROS) are involved in the mechanism
of HGF signal transduction. Therefore, we
tested the hypothesis that HGF may activate
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MAPK signaling via ROS generation. Our re-
sults showed that pretreatment of HL-1 cells
with thiol antioxidants, N-acetylcysteine
(NAC) or a-lipoic acid (aLA), blocked HGF sig-
naling. However, this apparent inhibition of
signaling events was due to a delay in HGF-in-
duced MAPK kinase (MEK)–MAPK activation
exerted by thiol antioxidants through an ROS-
independent mechanism.

MATERIALS AND METHODS

Cell culture

HL-1 adult mouse atrial myocytes that retain
differentiated phenotype and contractile activ-
ity (4) were obtained from Dr. William Clay-
comb (Louisiana State University, New Or-
leans, LA, U.S.A.). Cells were maintained in
EXCELL 320 medium (JRH Biosciences,
Lenexa, KS, U.S.A.) supplemented with 10% fe-
tal bovine serum (Life Technologies, Grand Is-
land, NY, U.S.A.), 10 mg/ml insulin (Life Tech-
nologies), 20 mg/ml endothelial cell growth
supplement (Upstate Biotechnology, Lake
Placid, NY, U.S.A.), 1 mM retinoic acid (Sigma
Chemical Company, St. Louis, MO, U.S.A.), 100
mM norepinephrine (Sigma), 1% nonessential
amino acid supplements (Life Technologies),
100 units/ml penicillin, 100 mg/ml strepto-
mycin, and 0.25 mg/ml amphotericin B (Sigma)
in plastic dishes, coated with 12.5 mg/ml fi-
bronectin and 0.02% gelatin, in a 5% CO2 atmo-
sphere at 37°C. Cells were replenished with
fresh media every 2–3 days. For treatment, cells
were starved in EXCELL 320 medium supple-
mented only with nonessential amino acid,
penicillin, streptomycin, and amphotericin B
for 18 h and treated with human recombinant
HGF or H2O2. In some experiments, cells were
pretreated with NAC, R,S-aLA, L-ascorbic acid,
or angiotensin II (Ang II). These reagents were
purchased from Sigma and were dissolved in
culture media without the use of organic sol-
vents as vehicles.

Western blot analysis to determine MEK, MAPK,
and p90 kDa ribosomal S6 kinase (p90RSK)
phosphorylation

To prepare lysates, cells were washed in

phosphate-buffered saline and solubilized with
50 mM HEPES solution (pH 7.4) containing 1%
(vol/vol) Triton X-100, 4 mM EDTA, 1 mM so-
dium fluoride, 0.1 mM sodium orthovanadate,
1 mM tetrasodium pyrophosphate, 2 mM
phenylmethylsulfonyl fluoride (PMSF), 10
mg/ml leupeptin, and 10 mg/ml aprotinin. Fol-
lowing centrifugation in a microfuge, protein
concentrations in the supernatant were deter-
mined (3). Equal protein levels (10 mg) of cell
lysates were electrophoresed through reducing
(5% b-mercaptoethanol) sodium dodecyl sul-
fate (SDS) polyacrylamide gels (10%) and elec-
troblotted onto nitrocellulose membranes.
Completion of protein transfer from gels to the
membranes was checked by staining the gels
with Coomassie Blue R-250. The membranes
were incubated with the rabbit polyclonal IgG
for phospho-specific p44/42 MAPK (Thr202/
Tyr204) (New England Biolabs, Beverly, MA,
U.S.A.), phospho-specific MEK (MEK1/2)
(Ser217/221) (New England Biolabs), phospho-
specific p90RSK (Ser381) (New England Bio-
labs), p44/42 MAPK (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA, U.S.A.), or MEK1
(ZYMED Laboratories, South San Francisco,
CA, U.S.A.). Levels of proteins and phospho-
proteins were detected with horseradish per-
oxidase-linked secondary antibodies and ECL
System (Amersham Life Science, Arlington
Heights, IL, U.S.A.). Equal loading of the sam-
ples onto the gels and equal transfer of the pro-
teins to the membranes were confirmed by
staining the membranes with Coomassie Blue
R-250.

Electrophoretic mobility shift assay (EMSA) to
determine GATA-4 DNA binding activity

To prepare nuclear extracts, cells were
washed in phosphate-buffered saline and in-
cubated in 10 mMHEPES (pH 7.8), 10 mM KCl,
2 mM MgCl2, 0.1 mM EDTA, 0.1 mM PMSF, 5
mg/ml leupeptin, 10 mg/ml aprotinin, 1 mM
sodium fluoride, 0.1 mM sodium orthovana-
date, and 1 mM tetrasodium pyrophosphate for
15 min at 4°C. IGEPAL CA-630 (Sigma) was
then added at a final concentration of 0.5%
(vol/vol). Samples were mixed vigorously and
centrifuged. Pelleted nuclei were resuspended
in 50 mMHEPES (pH 7.8), 50 mM KCl, 300 mM
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NaCl, 0.1 mM EDTA, 0.1 mM PMSF, 5 mg/ml
leupeptin, 10 mg/ml aprotinin, 1 mM sodium
fluoride, 0.1 mM sodium orthovanadate, 1 mM
tetrasodium pyrophosphate, and 1% (vol/vol)
glycerol, then mixed for 20 min, and cen-
trifuged for 5 min. The supernatants were har-
vested, and then stored at 280°C after protein
concentrations were determined (3).

To perform EMSA, binding reaction mix-
tures containing 2 mg of protein of nuclear ex-
tract, 1 mg of poly(dI-dC)?poly(dI-dC), and 32P-
labeled double-stranded oligonucleotide probe
containing consensus GATA sequence (59-CAC
TTG ATA ACA GAA AGT GAT AAC TCT-39)
in 100 mM NaCl, 1 mM EDTA, 1 mM dithio-
threitol, 10% (vol/vol) glycerol, and 20 mM
Tris-HCl (pH 7.5) were incubated for 20 min at
25°C. Electrophoresis of samples through a na-
tive 6% polyacrylamide gel was followed by
autoradiography.

Western blot analysis to determine 
GATA-4 phosphorylation

SDS–polyacrylamide gel electrophoresis gels
(10%) to separate phosphorylated from un-
phosphorylated GATA-4 contained an acryl-
amide/bis ratio of 30:0.165. For western blot
analysis, gels were electroblotted onto poly-
vinylidene difluoride membranes, and the rab-
bit polyclonal IgG for GATA-4 (H-112) (Santa
Cruz Biotechnology) was used at a concentra-
tion of 1 mg/ml. In these experiments, nuclear
extracts isolated as described above were
loaded onto a reducing SDS-polyacrylamide
gel at a protein concentration of 20 mg.

Intracellular H2O2 measurement

Intracellular levels of H2O2 and other perox-
ides were detected by monitoring oxidation of
29,79-dichlorofluorescin to 29,79-dichlorofluo-
rescein (DCF). Serum-starved HL-1 myocytes
were washed twice with Hanks’ balanced salt
solution and treated with 10 mM 29,79-dichlo-
rofluorescin diacetate for 30 min. Cells were
then washed three times with Hanks’ balanced
salt solution and treated with HGF or H2O2.
DCF fluorescence was monitored using a
PerSeptive Biosystems CytoFluor Fluorescence
Multi-well Plate Reader at excitation and emis-

sion wavelengths of 480 nm and 530 nm, re-
spectively.

Statistical analysis

Means 6 SE were calculated, and statisti-
cally significant differences between two
groups were determined by the Student’s t test
at p , 0.05.

RESULTS

Effects of thiol antioxidants on HGF signaling for
MEK-MAPK activation

HGF (10 ng/ml) phosphorylated p44/42
MAPK at threonyl and tyrosyl residues in HL-
1 cardiac myocytes as monitored by western
blot analysis using the phospho-specific anti-
body. Phosphorylation of MAPK at specific
threonyl and tyrosyl residues results in the ac-
tivation of kinase activity, which, in turn, elic-
its serine, threonine phosphorylation of target
molecules (13). HGF-induced phosphorylation
of MAPK was rapid and transient, with the
peak occurring at 3–5 min (Fig. 1A). Control ex-
periments showed that all the lanes had com-
parable levels of p44/42 MAPK proteins (data
not shown).

To determine the effects of antioxidants on
HGF signaling for p44/42 MAPK activation,
HL-1 myocytes were pretreated with 5 mM
NAC for 4 h before the treatment with HGF.
As shown in bracketed portions of Fig. 1A,
NAC significantly attenuated p44/42 MAPK
phosphorylation induced by treating cells with
HGF for 3 min. However, kinetic analysis re-
vealed that this apparent inhibitory effect of
NAC was due to a delay in the activation of
MAPK. Figure 1A shows the typical kinetics of
MAPK activation with the peak at 3–5 min in
untreated HL-1 cells (open circles in the line
graph of Fig. 1A). NAC-treated cells exhibited
a similar degree of HGF-induced MAPK phos-
phorylation, but with a slightly slower kinetics
with the peak at 5–7 min (filled triangles).

The delay in HGF-induced MAPK phospho-
rylation was also elicited by another thiol anti-
oxidant, aLA (100 mM) (Fig. 1B). In contrast, a
nonthiol antioxidant ascorbic acid (100 mM) did
not cause the delay (Fig. 1C).
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In the classical MAPK pathway, in response
to various stimuli, MEK elicits phosphorylation
of regulatory sites within the p44 and p42
MAPK molecules (13). MEK is activated in re-
sponse to phosphorylation at serine residues by

members of the MAPK kinase kinase super-
family. As shown in Fig. 1D, MEK was acti-
vated by HGF with a peak at 3–5 min in un-
treated cells. Pretreatment with NAC caused a
delay in MEK phosphorylation, with the peak
shifted to 5–7 min. Control experiments using
the MEK antibody determined that all the lanes
had comparable levels of MEK protein (data
not shown). These results suggest that the tar-
get of thiol antioxidants to delay MAPK acti-
vation is upstream of MEK.

Effects of thiol antioxidants on HGF signaling for
p90RSK and GATA-4 phosphorylation

p90RSK, also known as the MAPK-activated
protein kinase-1, was among the first substrates
of p44/42 MAPK to be discovered (5). Treat-
ment of HL-1 cardiac myocytes with HGF for
3, 5, or 7 min elicited serine phosphorylation of
p90RSK (Fig. 2). In NAC-treated cells, compa-
rable phosphorylation of p90RSK did not occur
in response to treatment of cells with HGF for
up to 7 min (Fig. 2). Strong activation of
p90RSK was observed at 10 min after HGF
stimulation in NAC-treated cells. Therefore,
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FIG. 1. Effects of thiol antioxidants on HGF-induced
MAPK activation. HL-1 cardiac myocytes were pre-
treated with (A and D) NAC (5 mM), (B) aLA (100 mM),
or (C) ascorbic acid (Asc; 100 mM) for 4 h, and then treated
with HGF (10 ng/ml) for the durations indicated. Cell
lysates were prepared and subjected to western blot anal-
ysis using the antibodies for (A–C) phospho-specific
p44/42 MAPK and (D) phospho-specific MEK. Control
experiments showed that all the lanes had comparable
levels of MAPK and MEK proteins (data not shown). The
line graph shows means 6 SE of the density of p42 MAPK
phosphorylation in untreated ( s ) and NAC-treated (m )
cells as determined by densitometry analysis. Values with
the same symbol (* and 1) are significantly different from
each other at p , 0.05. FIG. 2. Effects of NAC on HGF-induced p90RSK acti-

vation. HL-1 cardiac myocytes were pretreated with 5
mM NAC for 4 h, and then treated with HGF for the du-
rations indicated. Cell lysates were prepared and sub-
jected to western blot analysis using the antibody for
phospho-specific p90RSK. The bar graph shows means 6
SE of density of phospho-p90RSK bands as determined
by densitometry analysis. Band intensities of NAC-
treated samples (1NAC) are expressed as % of untreated
samples (2NAC) at 3 or 5 min of HGF treatment.
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NAC-mediated 2-min delay of MAPK activa-
tion resulted in .5 min-delay in p90RSK phos-
phorylation.

We recently found that the activation of
p44/42 MAPK pathway by HGF can also lead
to the phosphorylation of GATA-4 transcrip-
tion factor in HL-1 cardiac myocytes (8). This
rapid phosphorylation of GATA-4 by HGF can
be visualized as a slight upward shift of elec-
trophoretic mobility in native or SDS–poly-
acrylamide gel electrophoresis. As shown in
Fig. 3A, EMSA experiments showed constitu-
tive activity of a GATA binding protein that has
been determined to be GATA-4 by supershift
experiments. Treatment of cells with HGF
caused a rapid upward shift of the GATA-4
band within 3 min. This upward shift was de-
termined to be due to phosphorylation of
GATA-4 via the MEK-MAPK pathway (8). In

NAC-pretreated cells, the upward shift was not
induced by treatment with HGF for up to 5 min
(Fig. 3A). By 10 min after HGF treatment,
GATA-4 was fully phosphorylated.

Phosphorylation of GATA-4 can also be vi-
sualized by western blot analysis (8). As shown
in Fig. 3B, GATA-4 exists as two species with
different electrophoretic mobility, including a
lower unphosphorylated and higher phos-
phorylated bands. Treatment of cells with HGF
caused a rapid upward shift of the lower band,
indicating phosphorylation of GATA-4. HGF
completely shifted the band to a single upper
band within 3 min. In NAC-treated cells, a com-
plete upward shift did not occur within 5 min
of HGF stimulation (Fig. 3B). At 10 min, phos-
phorylation was noted, indicating that NAC
caused a delay of GATA-4 phosphorylation.
Similar results were obtained when cells were
pretreated with aLA (100 mM) before HGF
treatment. These results suggest that alter-
ations of MAPK activation kinetics by thiol an-
tioxidants markedly influence the resultant
outcomes.

Role of ROS in HGF signaling

To determine whether ROS activate MAPK,
we treated HL-1 myocytes with H2O2. As
shown in Fig. 4, treatment with H2O2 (200 mM)
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FIG. 3. Effects of NAC on HGF-induced GATA-4
phosphorylation.HL-1 cardiac myocytes were pretreated
with NAC (5 mM) for 4 h, and then treated with HGF for
the durations indicated. Nuclear extracts were prepared
and subjected to (A) EMSA using 32P-labeled oligonu-
cleotide containing GATA consensus sequence or (B)
western blot analysis using the GATA-4; antibody. P,
phosphorylated GATA-4; NP, nonphosphorylated
GATA-4.

FIG. 4. Effects of H2O2 on MAPK activation.HL-1 car-
diac myocytes were treated with HGF (10 ng/ml) or H2O2
(200 mM) for the durations indicated. Cell lysates were
prepared and subjected to western blot analysis using the
antibody for phospho-specific p44/42 MAPK. Results of
densitometry analysis of p44 ( s ) and p42 (m ) MAPK are
shown in the line graph.
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caused transient phosphorylation of MAPK
with the peak at 10 min. However, this activa-
tion was much weaker and slower compared
with p44/42 MAPK phosphorylation observed
in response to HGF.

Intracellular generation of H2O2 and other
ROS was monitored using DCF fluorescence
assays. As shown in Fig. 5, HGF did not induce
ROS generation. Thus, ROS do not appear to
serve as second messengers for HGF signaling.

Role of refractory/adaptive mechanism

Thiol-containing compounds have been
shown to induce immediate-early activation of
p44/42 MAPK (18). In HL-1 myocytes, we
found that NAC (5 mM) also activated p44/42
MAPK (Fig. 6A). This raises a question whether
the delay of HGF signaling in NAC-treated
cells may have resulted from the cells being in
a refractory and/or adaptive state for MAPK
signaling even after 4 h of NAC addition. To
test this hypothesis, cells were treated with Ang
II to elicit immediate-early activation of MAPK
(Fig. 6B). We found that pretreatment with Ang
II for 4 h did not influence subsequent HGF sig-
naling for MAPK activation (Fig. 6C). Thus, the
effects of thiol antioxidants to delay HGF sig-
naling do not appear to involve a mechanism
where the initial treatment with thiols triggered
a refractory period or adaptation to modulate
subsequent HGF signaling.

DISCUSSION

HGF has been shown to be released in re-
sponse to myocardial ischemia–reperfusion in-
jury (12) and acute myocardial infarction (9,
16). Serum HGF increased 10-fold to , 3 ng/ml
in a rat model of ischemia–reperfusion and
.30-fold to 10–15 ng/ml in response to acute
myocardial infarction in humans. HGF has
been postulated to serve as a cardioprotective
factor in the heart (17). During early cardio-
genesis, HGF and its receptor are expressed in
cardiac myocytes (14), suggesting the possible
role of HGF signaling in heart development.
We recently found that HGF activated a signal
transduction pathway leading to phosphoryla-
tion of MEK, p44/42 MAPK and GATA-4 in
cardiac myocytes (8).

Arakaki et al. (2) reported that ROS are in-
volved in HGF signaling for apoptosis in Sar-
coma 180 and Meth A cells. As ROS can acti-
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FIG. 5. Effects of HGF on ROS generation. HL-1 car-
diac myocytes were loaded with 29,79-dichlorofluorescin
diacetate, and intracellular generation of H2O2 and other
ROS was detected by observing DCF fluorescence in un-
treated cells and cells treated with HGF (10 ng/ml) for 5
min. The figure also shows control experiments where
cells were treated with H2O2 (20 mM). Values represent
means 6 SE (n 5 3). *Value is significantly different from
the value from untreated cells at p , 0.05.

FIG. 6. Effects of Ang II on HGF-induced MAPK acti-
vation. (A and B) HL-1 cardiac myocytes were treated
with NAC (5 mM) or Ang II (1 mM) for the durations in-
dicated. (C) HL-1 cells were pretreated with Ang II (1 mM)
for 4 h and then treated with HGF (10 ng/ml). Cell lysates
were prepared and subjected to western blot analysis us-
ing the antibody for phospho-specific p44/42 MAPK.
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vate MAPK in cardiac myocytes (1, 15), we hy-
pothesized that HGF may activate p44/42
MAPK through ROS generation. Pretreatment
of cells with thiol antioxidants did not block
HGF-mediated MAPK activation. Although
the activation was delayed for , 2 min, HGF
elicited MAPK phosphorylation in antioxidant-
treated cells as strongly as in untreated cells.
H2O2 only weakly activated MAPK, and the ki-
netics of H2O2-mediated MAPK activation was
slower than that achieved by HGF. HGF 
did not induce ROS generation in HL-1 cardiac
myocytes. Similarly, HGF did not generate
ROS in either A549 epithelial cells or bovine
pulmonary artery endothelial cells (R.M. Day,
unpublished results). Thus, HGF does not ap-
pear to utilize ROS as second messengers to ac-
tivate p44/42 MAPK. We also observed that
phosphorylation of MAPK targets, p90RSK and
GATA-4, were suppressed in antioxidant-
treated cells. Without rigorous kinetic studies,
one may conclude that antioxidants inhib-
ited HGF-induced phosphorylation of p90RSK 
and GATA-4, and therefore that ROS are 
involved in HGF signaling. However, our 
data indicate that the effects of thiol antioxi-
dants are not through their ROS-scavenging
abilities.

The mechanism of delay in HGF-signaling
for MAPK activation is unknown and is ex-
pected to be complex. Our data indicate that
the target of thiol antioxidants is located up-
stream of MEK (Fig. 7). The c-Met HGF recep-
tor is a heterodimer composed of 50-kDa a- and
140-kDa b-chains, and both subunits have a
number of cysteine residues in their extracel-
lular domains (6); thus, c-Met may be under re-
dox regulation. However, the delay in signal
transduction by thiol antioxidants appears to
be a more general phenomenon because we
found that MAPK activation induced by en-
dothelin-1 was also delayed in response to
NAC pretreatment in HL-1 myocytes (unpub-
lished results). Also, in NIH/3T3 cells, pre-
treatment with homocysteine caused a delay in
Ang II signaling (20). Thus, a downstream con-
verging point of signaling cascades activated
by HGF, endothelin-1, and Ang II may be af-
fected by thiol-containing compounds. As
mammalian cardiac myocytes are subjected to
frequent signal transduction cycles for excita-

tion–contraction coupling (i.e., 60–500 times/
min depending on the species), a 2-min delay
in signaling could cause significant impact.
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ABBREVIATIONS

Ang II, angiotensin II; DCF, 29,79-dichloro-
fluorescein; EMSA, electrophoretic mobility
shift assay; HGF, hepatocyte growth factor;
aLA, a-lipoic acid; MAPK, mitogen-activated
protein kinase; MEK, mitogen-activated pro-
tein kinase kinase; NAC, N-acetylcysteine;
PMSF, phenylmethylsulfonyl fluoride; p90RSK,
p90 kDa ribosomal S6 kinase; ROS, reactive
oxygen species; SDS, sodium dodecyl sulfate.
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FIG. 7. Scheme of signal transduction pathway for
HGF-induced MAPK activation and proposed location
of the target for thiol antioxidants to cause a delay.HGF
activates serine phosphorylation of MEK1/2 through a
yet unknown mechanism. This, in turn, elicits threonine
and tyrosine phosphorylation of p44/42 MAPK at 
-T-E-Y- sequence, leading to activation. Activated MAPK
gets translocated and phosphorylates target molecules
such as p90RSK and GATA-4.

http://www.liebertonline.com/action/showImage?doi=10.1089/15230860152665064&iName=master.img-016.png&w=130&h=180


REFERENCES

1. Aikawa R, Komuro I, Yamazaki T, Zou Y, Kudoh S,
Tanaka M, Shiojima I, Hiroi Y, and Yazaki Y. Oxida-
tive stress activates extracellular signal-regulated ki-
nases through Src and Ras in cultured cardiac my-
ocytes of neonatal rats. J Clin Invest 100: 1813–1821,
1997.

2. Arakaki N, Kajihara T, Arakaki R, Ohnishi T, Kazi JA,
Nakashima H, and Daikuhara Y. Involvement of ox-
idative stress in tumor cytotoxic activity of hepato-
cyte growth factor/scatter factor. J Biol Chem 274:
13541–13546, 1999.

3. Bradford MM. A rapid and sensitive method for the
quantitation of microgram quantities of protein uti-
lizing the principle of protein-dye binding. Anal
Biochem 72: 248–254, 1976.

4. Claycomb WC, Lanson NA, Stallworth BS, Egeland
DB, Delcarpio JB, Bahinski A, and Izzo NJ. HL-1 cells:
a cardiac muscle cell line that contracts and retains
phenotypic characteristics of the adult cardiomy-
ocyte. Proc Natl Acad Sci U S A 95: 2979–2984, 1998.

5. Frodin M and Gammeltoft S. Role and regulation of
90 kDa ribosomal S6 kinase (RSK) in signal trans-
duction. Mol Cell Endocrinol 151: 65–77, 1999.

6. Giordano S, Ponzetto C, Di Renzo MF, Cooper CS,
and Comoglio PM. Tyrosine kinase receptor indistin-
guishable from the c-met protein. Nature 339: 155–156,
1989.

7. Kinoshita T, Tashiro K, and Nakamura T. Marked in-
crease of HGF mRNA in non-parenchymal liver cells
of rats treated with hepatotoxins. Biochem Biophys Res
Commun 165: 1229–1234, 1989.

8. Kitta K, Clement SA, Remeika J, and Suzuki YJ. Cal-
cium-independent activation of GATA-4 transcrip-
tion factor in cardiac myocytes. (Abstract) Biophys J
80: 26a, 2001.

9. Matsumori A, Furukawa Y, Hashimoto T, Ono K, 
Shioi T, Okada M, Iwasaki A, Nishio R, and Sasayama
S. Increased circulating hepatocyte growth factor in
the early stage of acute myocardial infarction. Biochem
Biophys Res Commum 221: 391–395, 1996.

10. Michalopoulos G, Cianciulli HD, Novotny AR,
Kligerman AD, Strom SC, and Jurtle RL. Liver re-
generation studies with rat hepatocytes in primary
culture. Cancer Res 42: 4673–4682, 1982.

11. Nakamura T, Nawa K, and Ichihara A. Partial purifi-
cation and characterization of hepatocyte growth fac-
tor from serum of hepatectomized rats. Biochem Bio-
phys Res Commun 122: 1450–1459, 1984.

12. Ono K, Matsumori A, Shioi T, Furukawa Y, and
Sasayama S. Enhanced expression of hepatocyte
growth factor/c-Met by myocardial ischemia and

reperfusion in a rat model. Circulation 95: 2552–2558,
1997.

13. Payne DM, Rossomando AJ, Martino P, Erickson AK,
Her JH, Shabanowitz J, Hunt DF, Weber MJ, and
Sturgill TW. Identification of the regulatory phos-
phorylation sites in pp42/mitogen-activated protein
kinase (MAP kinase). EMBO J 10: 885–892, 1991.

14. Rappolee DA, Iyer A, and Patel Y. Hepatocyte growth
factor and its receptor are expressed in cardiac my-
ocytes during early cardiogenesis. Circ Res 78: 1028–
1036, 1996.

15. Sabri A, Byron KL, Samarel AM, Bell J, and Lucchesi
PA. Hydrogen peroxide activates mitogen-activated
protein kinases and Na1–H1 exchange in neonatal rat
cardiac myocytes. Circ Res 82: 1053–1062, 1998.

16. Sato T, Yoshinouchi T, Sakamoto T, Fujieda H, Mu-
rao S, Sato H, Kobayashi H, and Ohe T. Hepatocyte
growth factor (HGF): a new biochemical marker for
acute myocardial infarction. Heart Vessels 12: 241–246,
1997.

17. Schaper W and Kubin T. Is hepatocyte growth factor
a protein with cardioprotective activity in the isch-
emic heart? Circulation 95: 2471–2472, 1997.

18. Shi SS, Day RM, Halpner AD, Blumberg JB, and
Suzuki YJ. Homocysteine and a-lipoic acid regulate
p44/42 MAP kinase phosphorylation in NIH/3T3
cells. Antioxid Redox Signal 1: 123–128, 1999.

19. Strain AJ, McGowan JA, and Bucher NLR. Stimula-
tion of DNA synthesis in primary cultures of adult rat
hepatocytes by platelet-associated substance(s). In
Vitro 18: 108–116, 1982.

20. Suzuki YJ, Shi SS, and Blumberg JB. Modulation of
angiotensin II signaling for GATA4 activation by ho-
mocysteine. Antioxid Redox Signal 1: 233–238, 1999.

21. Ueda H, Sawa Y, Matsumoto K, Kitagawa-Sakakida
S, Kawahiro Y, Nakamura T, Kaneda Y, and Matsuda
H. Gene transfection of hepatocyte growth factor at-
tenuates reperfusion injury in the heart. Ann Thorac
Surg 67: 1726–1731, 1999.

Address reprint requests to:
Dr. Yuichiro J. Suzuki

Antioxidants Research Laboratory
USDA Human Nutrition Research Center on

Aging at Tufts University
711 Washington Street

Boston, MA 02111

E-mail: ysuzuki@hnrc.tufts.edu

Received for publication March 2, 2001; ac-
cepted May 12, 2001.

KITTA ET AL.918



This article has been cited by:

1. Yuichiro J. Suzuki. 2011. Cell signaling pathways for the regulation of GATA4 transcription factor:
Implications for cell growth and apoptosis. Cellular Signalling 23:7, 1094-1099. [CrossRef]

http://dx.doi.org/10.1016/j.cellsig.2011.02.007

