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Direct Effects of High Glucose and Insulin on Protein Synthesis in Cultured
Cardiac Myocytes and DNA and Collagen Synthesis in Cardiac Fibroblasts

Takeshi Tokudome, Takeshi Horio, Fumiki Yoshihara, Shin-ichi Suga, Yuhei Kawano, Masakazu Kohno,
and Kenji Kangawa

he present study examined the direct effects of high glucose and insulin on protein synthesis in cardiac myocytes and

NA and collagen synthesis in cardiac fibroblasts. Cultured rat cardiac myocytes and fibroblasts were grown in media

ontaining normal glucose, high glucose, or osmotic control, and incubated with or without insulin. In cardiac myocytes,

igh glucose had no effect, but insulin increased protein synthesis and atrial natriuretic peptide (ANP) secretion and gene

xpression. The extracellular signal-regulated protein kinase (ERK)/mitogen-activated protein kinase (MAPK) inhibitor

nd the protein kinase C (PKC) inhibitor blocked insulin-induced protein synthesis. In cardiac fibroblasts, high glucose

nd osmotic control media increased DNA synthesis. Collagen synthesis and fibronectin and transforming growth

actor-�1 (TGF-�1) mRNA expression were stimulated by high glucose, but not by osmotic control. Insulin increased DNA

nd collagen synthesis in fibroblasts, and the insulin-induced increase in DNA synthesis was blocked by the phospha-

idylinositol 3 kinase (PI3K) inhibitor. Our findings suggest that cardiomyocyte protein synthesis is mainly regulated by

nsulin rather than high glucose and both high glucose and insulin contribute to fibroblast DNA and collagen synthesis.

igh glucose accelerates fibroblast DNA synthesis and collagen synthesis, and fibronectin and TGF-�1 mRNA expression,

ependent or independent of osmotic stress. Insulin regulates myocyte protein synthesis and fibroblast DNA synthesis

hrough different intracellular mechanisms.
2004 Elsevier Inc. All rights reserved.
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HE PRINCIPAL pathophysiological feature of cardiovas-
cular complications in diabetes mellitus is the morpho-

ogical and functional alteration of macro- and microvessels.
owever, the presence of myocardial dysfunction independent
f coronary artery disease in diabetes mellitus has also been
ocumented.1 Previous experimental and epidemiological stud-
es showed an association between hyperglycemia/hyperinsu-
inemia and myocardial diabetic complications.2,3 Therefore, it
s important to evaluate the influence of hyperglycemia and
yperinsulinemia on cardiac cells. Nevertheless, few studies
ave focused on the direct effects of high glucose and insulin
n cardiac myocytes and fibroblasts and on the intracellular
echanism of their stimulation.4,5

Hyperglycemia itself is an important factor in the devel-
pment of diabetic vascular and nephrotic complications and
everal biochemical mechanisms have been proposed, in-
luding activation of protein kinase C (PKC),6 extracellular
ignal-regulated kinase (ERK) pathway,7 and P38 mitogen-
ctivated protein kinase (MAPK) pathway.8 On the other
and, insulin induces mitogenic and metabolic effects in
ost cell types. The ubiquitous insulin receptor substrate 1

rotein appears to play a major role in the transduction of the
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roliferative effects of insulin.9 Activation of this protein
esults in immediate activation of the Ras/ERK-MAPK and
hosphatidylinositol 3 kinase (PI3K) pathways.10 In addi-
ion, recent studies demonstrated that the PKC family is
nvolved in the insulin signaling pathway.11,12 However, the
ntracellular signaling of high glucose and insulin stimula-
ion in cardiac myocytes and fibroblasts remains to be elu-
idated.

Thus, we conducted the present study to investigate the
irect effects of high glucose and insulin on cultured cardiac
yocyte protein synthesis and DNA and collagen synthesis by

ardiac fibroblasts, and to examine intracellular signaling of
igh glucose and insulin stimulation in cardiac myocytes and
broblasts.

MATERIALS AND METHODS

ell Culture

Primary cultures of neonatal rat cardiac myocytes and fibroblasts
ere prepared as previously described.13 Briefly, apical halves of

ardiac ventricles from 1-to 2-day-old Wistar rats were separated,
inced, and dispersed with 0.1% collagenase type II. To segregate
yocytes from nonmyocytes, a discontinuous gradient of Percoll was

repared. The purified myocytes were plated on gelatin-coated culture
lates or culture dishes and then cultured in Dulbecco’s modified
agle’s medium (DMEM; Life Technologies, Grand Island, NY) con-

aining 5.6 mmol/L glucose supplemented with 10% fetal calf serum
FCS; Life Technologies) for 24 hours. This purification procedure has
ell been established,14 and in fact more than 95% of the cells we
btained by this method were cardiomyocytes.
Nonmyocytes were plated on uncoated culture dishes and then

ultured in DMEM with 10% FCS. The cells were allowed to grow to
onfluence, trypsinized, and passaged. This procedure yielded cultures
f cells that almost exclusively fibroblasts by the first passage.15 Fi-
roblasts at the second or third passage were cultured in DMEM
ontaining 5.6 mmol/ L glucose with 10% FCS for 24 hours.

xperimental Protocol

After incubation in DMEM containing 5.6 mmol/L glucose with

0% FCS, myocytes and fibroblasts were replaced with 1 of 3 types of

Metabolism, Vol 53, No 6 (June), 2004: pp 710-715
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711CARDIAC EFFECTS OF GLUCOSE AND INSULIN
edia: DMEM containing 5.6 mmol/L glucose (normal glucose), 5.6
mol/L glucose plus 16.6 mmol/L mannose (osmotic control), or 22.2
mol/L glucose (high glucose). These cells were maintained for 72

ours with 10% FCS, and then serum-starved for 24 hours before the
xperiments. After the preconditioning period, porcine insulin (Sigma
hemical Co, St Louis, MO), PD98059, H7, wortmannin, and/or
B203580 (Wako Pure Chemical Industries, Osaka, Japan) were added.
he doses of these inhibitors used in the present study have been
onfirmed to be sufficient to block ERK, PKC, PI3K, and P38 MAPK
ctivities, respectively, as described previously.16-19 For protein syn-
hesis in cardiac myocytes, 0.5 �Ci of [3H]leucine was added. For
NA or collagen synthesis in cardiac fibroblasts, 0.5 �Ci of [3H]thy-
idine or 0.5 �Ci of [3H]proline was added, respectively. After incu-

ation in 1 of 3 types of media with or without insulin and/or inhibitors
or 24 hours, the medium was collected and stored at �80°C for the
adioimmunoassay, and the cells were submitted for the incorporation
tudy or RNA extraction.

rotein, DNA, and Collagen Synthesis

The effects of various agents on protein synthesis in cardiac myo-
ytes, DNA, and collagen synthesis in cardiac fibroblasts were evalu-
ted by the incorporation of [3H]leucine, [3H]thymidine, and [3H]pro-
ine into cells, respectively, as described previously.20 After cultured
ells were treated as described in the experimental protocol, the radio-
ctivity of aliquots of the trichloroacetic acid–insoluble material was
etermined using a liquid scintillation counter.

easurement of Immunoreactive Atrial Natriuretic Peptide

The culture medium (0.5 mL) was acidified with acetic acid, boiled
or 5 minutes to inactivate intrinsic proteases, and lyophilized. The
adioimmunoassay for rat atrial natriuretic peptide (ANP) was per-
ormed, as previously reported.13

orthern Blot Analysis

Total RNA was extracted from cultured cells with TRIzol LS Re-
gent (Life Technologies). Northern hybridization was performed with
DNA probes for rat ANP, TGF-�1, endothelin-1, and glyceraldehyde-
-phosphate dehydrogenase (GAPDH) mRNA and oligonucleotide
robes for rat fibronectin mRNA (GeneDetect Co, Auckland, New
ealand) and 18S ribosomal RNA, according to the method previously

eported.21

tatistical Analysis

All values are shown as the mean � SD. Statistical calculations were
one using the StatView (version 5.0) software package (Abacus Con-
epts, Berkeley, CA). Statistical significance between the 2 groups was
etermined using unpaired t test. For multiple comparisons, data were
ubjected to 1-way analysis of variance (ANOVA) followed by Fish-
r’s multiple comparison test. The interactions between the 2 factors of
lucose, osmotic stress, insulin, and several inhibitors were evaluated
sing 2-way factorial ANOVA. P � .05 was considered statistically
ignificant.

RESULTS

ffects of High Glucose and Insulin on Protein Synthesis and
NP Production in Cardiac Myocytes

There was no significant difference in [3H]leucine incorpo-
ation among treatment with 3 types of media (normal glucose,

�10
igh glucose, and osmotic control), while insulin (10 to w
0�6 mol/L) increased the protein synthesis in cardiac myo-
ytes in a dose-dependent manner (Fig 1A). Treatment with
igh glucose or osmotic control media had no additional effect
n the insulin-mediated increase in protein synthesis of myo-
ytes. To examine which intracellular signaling is involved in
he insulin-mediated increase in protein synthesis of cardiac
yocytes, the effects of the ERK-MAPK inhibitor PD98059,

he PKC inhibitor H7, and the PI3K inhibitor wortmannin were
ested. PD98059 and H7 individually blocked insulin-induced
rotein synthesis of myocytes, but wortmannin had no suppres-
ive effect (Fig 1B).

The secretion of immunoreactive ANP from cardiac myo-
ytes was not increased by exposure to high glucose or osmotic
ontrol media (Fig 2A). In contrast, insulin dose-dependently
timulated the ANP secretion (Fig 2B). PD98059 and H7
nhibited insulin-induced secretion of ANP, but wortmannin
id not (Fig 2C). Insulin also stimulated the expression of ANP
RNA in cardiac myocytes and the increase in ANP gene

xpression was suppressed by PD98059 and H7, but not by

Fig 1. (A) Effects of high glucose and insulin on protein synthesis

n cultured cardiac myocytes. Cardiac myocytes were treated in

MEM with 5.6 mmol/L glucose (NG), 5.6 mmol/L glucose plus 16.6

mol/L mannose (OC), or 22.2 mmol/L glucose (HG) in the absence

r presence of various doses of insulin. Values are given as the

ean � SD of 12 measurements. *P < .05 v control in each medium.

B) Effects of the ERK-MAPK inhibitor PD98059, the PKC inhibitor H7,

nd the PI3K inhibitor wortmannin on protein synthesis in cultured

ardiac myocytes under insulin-stimulated conditions. Cardiac myo-

ytes were incubated in DMEM containing 5.6 mmol/L glucose in the

bsence or presence of insulin and/or inhibitors. Values are given as

he mean � SD of 6 measurements.
ortmannin (Fig 3).
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712 TOKUDOME ET AL
ffects of High Glucose and Insulin on DNA synthesis in
ardiac Fibroblasts

In cultured cardiac fibroblasts, [3H]thymidine incorporation
nder treatment with high glucose and osmotic control media
as higher than that with normal glucose media (Fig 4A).
here was no difference in DNA synthesis of fibroblasts be-

ween treatment with high glucose and osmotic control media.
nsulin (10�9 to 10�6 mol/L) significantly increased the DNA
ynthesis. The extent of the increase in [3H]thymidine incor-
oration by insulin was similar among the 3 types of media. It
as confirmed that high glucose and insulin had no synergistic

ffect. A high glucose- or high osmotic pressure-mediated
ncrease in DNA synthesis was not blocked by PD98059, H7,
ortmannin, or the P38 MAPK inhibitor SB203580, although

ome of them decreased basal [3H]thymidine incorporation
Fig 4B). It was also confirmed using 2-way factorial analysis
hat these inhibitors did not significantly suppress high glucose-

Fig 2. (A) Effects of high glucose on immunoreactive (ir-) ANP

ecretion in cultured cardiac myocytes. Cardiac myocytes were

reated in DMEM with 5.6 mmol/L glucose (NG), 5.6 mmol/L glucose

lus 16.6 mmol/L mannose (OC), or 22.2 mmol/L glucose (HG). Val-

es are given as the mean � SD of 6 measurements. (B) Effects of

nsulin on ANP secretion in cultured cardiac myocytes. Cardiac myo-

ytes were treated with various doses of insulin in DMEM containing

.6 mmol/L glucose. Values are given as the mean � SD of 6 mea-

urements. †P < .01 and *P < .0001 v control. (C) Effects of the

RK-MAPK inhibitor PD98059, the PKC inhibitor H7, and the PI3K

nhibitor wortmannin on ANP secretion in cultured cardiac myocytes

nder insulin-stimulated conditions. Cardiac myocytes were incu-

ated in DMEM containing 5.6 mmol/L glucose in the absence or

resence of insulin and/or inhibitors. Values are given as the mean �

D of 6 measurements.
r osmotic stress-stimulated DNA synthesis. On the other hand, t
nsulin-stimulated DNA synthesis was blocked only by wort-
annin (Fig 4C).

ffects of High Glucose and Insulin on Collagen Synthesis
nd Fibronectin, TGF-�1, and Endothelin-1 Gene Expression
n Cardiac Fibroblasts

Exposure of cardiac fibroblasts to high glucose media sig-
ificantly increased [3H]proline incorporation into cells, but
reatment with osmotic control media did not (Fig 5A). Insulin
10�9 to 10�6 mol/L) significantly increased [3H]proline in-
orporation in cardiac fibroblasts. However, the effect of high
lucose on collagen synthesis was not influenced by the ab-
ence or presence of insulin. High glucose media increased the
xpression of fibronectin mRNA in fibroblasts, and this in-
rease was also independent of high osmotic pressure (Fig 5B).
urthermore, high glucose, independent of high osmotic pres-
ure, increased the expression of TGF-�1 mRNA, but not
ndothelin-1 mRNA (Fig 5C and 5D).

DISCUSSION

We demonstrated that exposure to high glucose had no effect
n cardiac myocytes. In addition, high glucose had no syner-
istic effect on the effect of insulin. In contrast to the lack of an
ffect of high glucose, insulin significantly increased protein
ynthesis and stimulated ANP secretion and gene expression in
ardiac myocytes. The physiological concentration of fasting
erum insulin in patients with glucose intolerance or diabetic
odel rats is less than 300 or 800 pmol/L and after a meal its

oncentration reaches up to 2,000 or 1,400 pmol/L, respec-
ively.2,22 In the present study, 100 to 1,000 pmol/L insulin

Fig 3. Effects of insulin on the expression of rat ANP mRNA and

he effects of the ERK-MAPK inhibitor PD98059, the PKC inhibitor H7,

nd the PI3K inhibitor wortmannin on insulin-mediated upregulation

f ANP transcripts in cultured cardiac myocytes. Cardiac myocytes

ere incubated in DMEM containing 5.6 mmol/L glucose in the

bsence or presence of insulin and/or inhibitors. Values are given as
he mean � SD of 4 measurements.
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713CARDIAC EFFECTS OF GLUCOSE AND INSULIN
lightly but significantly increased protein synthesis in cardiac
yocytes. Therefore, an increase in insulin within the physio-

ogical range may stimulate cardiac myocyte protein synthesis.
It has been unknown which intracellular pathway plays a

ritical role in insulin-mediated cardiomyocyte growth. In the
resent study, we demonstrated that insulin-mediated protein
ynthesis and ANP secretion and gene expression were com-
letely blocked by the ERK-MAPK inhibitor PD98059 and the
KC inhibitor H7, but not by the PI3K inhibitor wortmannin.

Fig 4. (A) Effects of high glucose and insulin on DNA synthesis in

ultured cardiac fibroblasts. Cardiac fibroblasts were treated in

MEM with 5.6 mmol/L glucose (NG), 5.6 mmol/L glucose plus 16.6

mol/L mannose (OC), or 22.2 mmol/L glucose (HG) in the absence

r presence of various doses of insulin. Values are given as the

ean � SD of 12 measurements. *P < .05 v control in each medium;

P < .0001. (B) Effects of the ERK-MAPK inhibitor PD98059, the PKC

nhibitor H7, the PI3K inhibitor wortmannin, and the P38 MAPK

nhibitor SB203580 on glucose concentration- or osmotic pressure-

ependent DNA synthesis in cultured cardiac fibroblasts. Cardiac

broblasts were treated in DMEM with 5.6 mmol/L glucose (NG), 5.6

mol/L glucose plus 16.6 mmol/L mannose (OC), or 22.2 mmol/L

lucose (HG) in the absence or presence of inhibitors. Values are

iven as the mean � SD of 6 measurements. #P < .0001. (C) Effects of

he ERK-MAPK inhibitor PD98059, the PKC inhibitor H7, and the PI3K

nhibitor wortmannin on DNA synthesis in cultured cardiac fibro-

lasts under insulin-stimulated conditions. Cardiac fibroblasts were

ncubated in DMEM containing 5.6 mmol/L glucose in the absence or

resence of insulin and/or inhibitors. Values are given as the mean �

D of 6 measurements. #P < .0001.
ur results suggest that the ERK and/or PKC pathway, but not u
I3K, are chiefly involved in an insulin-mediated myocyte
rowth effect.
The direct effects of high glucose and insulin on cardiac

broblasts have not been known. In the present study, we
emonstrated that exposure to high glucose clearly induced
NA and collagen synthesis, and gene expression of fibronec-

in and TGF-�1 in cardiac fibroblasts. Although endothelin-1
as also been shown to be involved in high glucose-induced
GF-�1 gene expression in glomerular cells,23 high glucose did
ot stimulate the gene expression of endothelin-1 in our cardiac
broblasts. In renal cortical fibroblasts, high glucose increases
GF-�1 gene expression and the augmented TGF-�1 promotes
NA and collagen synthesis.24 Therefore, the stimulatory ef-

ect of high glucose on DNA and collagen synthesis in cardiac
broblasts might be partly mediated by activation of TGF-�1.
owever, this possibility and more detailed roles of TGF-�1
eed elucidation by further investigation.
High osmotic pressure mimicked high glucose-mediated

NA synthesis but not collagen synthesis, fibronectin, and
GF-�1 gene expression in cardiac fibroblasts. Hence, the role
f osmotic stress can be concluded to be as a primary inducer
f fibroblast DNA synthesis. It has been shown that osmotic
tress activates the ERK-MAPK, PKC, and P38 MAPK path-
ays25-28 and these pathways are associated with cell growth.

Fig 5. (A) Effects of high glucose and insulin on collagen synthesis

n cultured cardiac fibroblasts. Cardiac fibroblasts were treated in

MEM with 5.6 mmol/L glucose (NG), 5.6 mmol/L glucose plus 16.6

mol/L mannose (OC), or 22.2 mmol/L glucose (HG) in the absence

r presence of various doses of insulin. Values are given as the

ean � SD of twelve measurements. *P < 0.05 versus control in

ach medium; #P < .0001. (B-D) Effects of high glucose on the ex-

ression of rat fibronectin (B), TGF-�1 (C), and endothelin (ET)-1 (D)

RNA in cultured cardiac fibroblasts. Cardiac fibroblasts were

reated in DMEM with 5.6 mmol/L glucose (NG), 5.6 mmol/L glucose

lus 16.6 mmol/L mannose (OC), or 22.2 mmol/L glucose (HG). Val-
es are given as the mean � SD of 6 measurements.



I
P
n
T
m
c
r
s
a
a

t
g
E
s
o
t
s
P
m
s
c

s
r
fi
t
r
p
t
i
i
s
r
s
i

a
p
h
H
m
fi

t
a
o
a

t
s
c
m
s
t
s
T
r

S

p
m
c
T
c
s
a
t

i
H

d
r
1

m
t
p

h
c

s
H

p
e

t
c

714 TOKUDOME ET AL
n our study, however, the ERK-MAPK inhibitor PD98059, the
KC inhibitor H7, and the P38 MAPK inhibitor SB203580 did
ot block high osmotic pressure-mediated DNA synthesis.
herefore, it is suggested that another intracellular pathway
ay be involved in osmotic stress-induced DNA synthesis in

ardiac fibroblasts, eg, c-Jun NH2-terminal kinases, because a
ecent study revealed that this pathway is activated by osmotic
tress,28 and other signaling stress pathways, including cyclic
denosine monophosphate–activated protein kinase, should
lso be considered.

The present study demonstrated that a physiological concen-
ration of insulin stimulated cardiac fibroblast DNA and colla-
en synthesis. Surprisingly, inhibition of PI3K, but not of
RK-MAPK, suppressed insulin-mediated fibroblast DNA
ynthesis. The findings suggest that insulin accelerates growth
f cardiac myocytes and DNA synthesis of cardiac fibroblasts
hrough different intracellular mechanisms. Recent studies have
hown that not only ERK/MAPK but also the activation of
I3K is related to insulin- and insulin-like growth factor-
ediated proliferation of several cell types.29,30 These findings

upport an involvement of PI3K in the proliferative response of
ardiac fibroblasts to insulin.

It is unclear why myocytes and fibroblasts differently re-
pond to insulin, high glucose, and high osmolarity. As for the
esponse to insulin, cardiac myocytes were more sensitive than
broblasts. One possible mechanism of the different responses

o insulin is the difference in expression levels of insulin
eceptor between myocytes and fibroblasts. Furthermore, in the
resent study, insulin stimulated cardiac myocyte protein syn-
hesis and cardiac fibroblast DNA synthesis through different
ntracellular mechanisms. The different degree of outcome to
nsulin stimulation may also be due to the difference in down-
tream pathways of insulin receptors between cells. As for the
esponse to high glucose, cardiac fibroblasts were much more
ensitive than myocytes. The activation of polyol pathway-

nduced increase in fructose formation was previously reported S
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ynthesis was different from that of fibroblast DNA synthesis.
hese findings may be a cellular basis for explaining cardiac

emodeling in hyperglycemia and hyperinsulinemia.

tudy Limitations
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yocytes and fibroblasts, it is known that the reaction of

ultured cells does not necessarily reflect what occurs in vivo.
herefore, it may not be advisable to directly extrapolate the
urrent findings of protein or DNA synthesis to the in vivo
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