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Summary 

The molecular rnechanism(s) by which overloaded cardiac rnyocytes increase the cell size 

(hypertrophy) remain unknown. Previously, it has been shown that mechanical stress increases 

protein synthesis as well as the expression of proto-oncogene c-fos mRNA in a protein kinase C

dependent manner. It has been known that protein synthesis is increased by the activation of S6 

kinase, which is phosphorylated and activated by mitogen-activated protein (MAP) kinase. In 

add ition, it has been recently reported that MAP kinase kinase which is a MAP kinase activator lies 

downstream of Raf-1 kinase. Furthermore, both MAP kinase and Raf-1 kinase induce the 

transcriptional activation of specific target genes. Thus, to clarify the role of phosphorylation cascade 

as the intracellular signaling of mechanical stress-induced cardiac hypertrophy, I examined the 

activation of these four kinases (Raf-1 kinase, MAP kinase kinase, MAP kinase and S6 kinase) by 

stretch of cardiac myocytes in deformable dishes. In this study, I demonstrated that (l) MAP kinase 

was activated by stretch and the activity reached maximum at 10 min after stretch, (2) kinase assays in 

substrate-containing gel revealed that stretch activated 42 kDa-MAP kinase, (3) threonine and tyrosine 

residues of MAP kinase were phosphorylated de 1wvo by stretch, (4) stretch-induced MAP kinase 

activation was partially dependent on transsarcolcrnmal influx of Ca2+ but independent of the receptor 

tyrosine kinase activation, (5) depletion of protein kinase C partially suppressed stretch-induced MAP 

kinase activation, (6) myocyte-stretch also activated S6 kinase, and (7) sequential activation of Raf-1 

kinase and MAP kinase kinase was induced by stretch. From these results, I conclude that 

phosphorylation cascade involved in protein synthesis as well as gene expression is activated in 

cardiac myocytes by mechanical stress. The results also suggest the presence of multiple pathways in 

the activation of phosphorylation cascade, which may facilitate the formation of cardiac hypertrophy 

in response to mechanical loading. 
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Footnotes 

Abbreviations used in this paper are: 

PKC, protein kinase C; 

MAP, mitogen-activated protein; 

AP-1, activator protein 1; 

MBP, myelin basic protdn; 

TP A, 12-0-tetradecanoylphorbol-13-acetate; 

TPCK, tosylphenylalanine-chloromethyl-ketone; 

DMEM, Dulbecco's modified Eagle's medium; 

ERKl, extracellular signal-regulated kinase 1; 

EGTA, ethylene glycol-bis(b-aminoethyl ether) N,N,N',N', -tctraacetic acid; 

SDS, sodium dodecyl sulfate; 

PAGE, polyacrylamide gel electrophoresis; 

DTI, dithiothreitol; 

HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; 

2-D, two dimension or two-dimensional; 

KRP, Krebs-Ringer-phosphate; 

rMAPK, recombinant MAP kinase; 

S.E., standard error; 

EGF, epidermal growth factor; 

PLC, phospholipase C. 
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Introduction 

Cardiac hypertrophy which is an adaptation to a sustained increase in overload is one of the most 

important clinical complications of cardiovascular disorders. It is known that hypertrophy is 

associated with cardiac failure and an increased mortality rate <1• 2l. Understanding the molecular 

mechanism(s) involved in cardiac hypertrophy is extremely important because the development of 

new treatments for heart diseases and their evaluation will become possible on these basis. 

It has been shown that stretch of cardiac myocytes increased not only total RNA content in the 

cell (3) but also amino acid incorporation into proteins <4l, suggesting that mechanical loading directly 

increases protein synthesis, and that stretch stimulates the expression of fetal-type contractile protein 

genes. Moreover, the expression of proto-oncogene c-fos, an important transcription fac tor, was 

activated by stretch in a protein kinase C (PKC)-dependent manner. However, the intracellular signal 

transduction in cardiac myocytes which mediates between mechanical stress and the acceleration of 

protein synthesis or specific gene expression has not been well characterized. 

increased protein synthesis is generally associated with an increase in phosphorylation of S6 

protein in 40 S ribosome (S). It has been suggested that phosphorylation of S6 protein is increased by 

the activation of S6 kinase. Recent reports have suggested that one of S6 kinases is phosphorylated 

and activated by mitogen-activated protein (MAP) kinase <6• 7l. More recently, Raf-1 kinase which is 

the product of raf-1 proto-oncogene has been shown to activate MAP kinase kinase (S-l 0). Therefore, 

these four kinases (Raf-1 kinase, MAP kinase kinase, MAP kinase and S6 kinase) can be the 

candidates mainly involved in the acceleration of protein synthesis in hypertrophied heart 

(translational activation). 

Furthermore, MAP kinase has also been shown to phosphorylate and activate the proto

oncogene c-jull product (c-Jun) which is a component of the activator protein 1 (AP-1) transcription 

factor (II, 12l. In addition, Bruder et al. have indicated that Raf-1 kinase can trans-activate genes 

containing the AP-1-binding site <13). These data suggest that MAP kinase and Raf-1 kinase are the 

mediators of specific gene expression in cardiac hypertrophy (transcriptional activation). 

However, more detailed analyses on the characteristics and the regulation of these four kinases 

have been hampered by lack of specific antibody. Recently, antibodies against MAP kinase <14l, S6 
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kinase <15l, Raf-1 kinase <16) and MAP kinase kinase <17) have been produced. By 

immunoprccipitation and immunoblotting using these four antibodies, assay systems to measure both 

the quantity and the specific activities of MAP kinase, S6 kinase, Raf-1 kinase and MAP kinase 

kinase have been established (H-!8). 

In order to elucidate the involvement of protein kinase cascade in cardiac hypertrophy, I 

.investigated whether the sequential activation of Raf-1 kinase, MAP kinase kinase, MAP kinase and 

S6 kinase can be induced by myocyte-stretch. I here report that mechanical stress induces 

phosphorylation of these protein kinases followed by the activation of their enzymatic activities. 
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Materials and Methods 

[y-32P]ATP (6,000 Ci/mmole) was obtained from Du Point-New England Nuclear (Boston, MA). 

( 32P)orthophosphate (285 Ci/mg) was from ICN Biomedicals (Irvine, CA). Myelin basic protein 

(MBP), protein kinase inhibitor peptide (rabbit sequence) and 12-0-tetradecanoylphorbol-13-acetate 

(TPA) were purchased from Sigma, and tosylphenylalanine-chloromethyl-ketone (TPCK)/trypsin 

from Worthington. 

Cell Culture and Cardiac M.yoc)l(e-Stretch 

Primary cultures of cardiac myocytes were prepared from the ventricles of 1-day-old Wistar rats 

essentially according to the method of Simpson et a/. (l9l, and myocyte-stretch was conducted as 

described previously (J, 4l. I used silicone rubber culture dishes from Shin-Etsu Chemical Co., Ltd., 

Tokyo, Japan, and cells were plated at a field density of 1 x lOS cells/cm2• The culture medium was 

changed 24 h after seeding to a serum-free solution consisting of Dulbeceo's modified Eagle's 

medium (DMEM). Stretch and control experiments were carried out simultaneously with the same 

pool of cells in each experiment. O>ntrol cells were treated simultaneously in an identical fashion 

except for stretch or TP A stimulation so that the experiments could be performed under the same 

conditions concerning temperature, COz content or pH of the medium between control, stretched and 

TPA-stimulated cells. It bas been previously reported that a 10 % change in the length of the dish 

resulted in a 9.3 ± 0.9 % (n=lOO) change in the length of the cell along a single axis (4l, and after 

pretreatment with TPA, the same result was obtained (9.4 ± 1.2% (11=10)). 

lmmulloblottin~ with anti-MAPkiiU!se antibody, anti-Raf-1 kinase antibodY or anti-MAP ldntJSe 

kinase antibody 

Antibodies against MAP kinase (aY91), Raf-1 kinase, MAP kinase kinase and S6 peptide kinase 

were provided from Dr. Kadowaki's group P 4, 15• 16• 1 7l. Cardiac myocytes were stretched or 

treated with 100 nM TPA, and lysed on ice with buffer A containing 25 mM Tris-HCl, 25 mM NaCl, 

1 mM sodium orthovanadate, 10 mM NaF, 10 mM sodium pyrophosphate, 10 nM okadic acid 

(Wako Pure Chemicals, Japan), 0.5 mM ethylene glycol-his (b-aminocthyl ether) N,N,N',N',-
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tetraacetieacid (EGTA) and 1 mM phenyl-methyl sulfonyl fluoride. After centrifugation, aliquots of 

the supernatants of myocyte-extracts were separated by sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis (SDS-PAGE). After electrophoresis, the proteins were electrotransferred onto 

Immobilon-P membrane (Millipore) using a Milli Blot-SDS system. The unoccupied protein binding 

sites on the membrane were blocked by 3 % bovine serum albumin in buffer containing 10 mM Tris

HCl, pH 7 .5, 150 mM NaCI and 0.1 % Triton X-100 for 1 h at room temperature. The membrane 

was incubated with 10 11g/ml of aY91, anti-Raf-1 kinase antibody or anti-MAP kinase kinase 

antibody for 10 hat 4 °C. After washing, it was incubated 1 h with alkaline phosphatase-coupled 

second antibody (Promega Biotec), and developed using the ProtoBlot immunoblotting system 

(Promega Biotcc) according to the manufacturer's instructions. 

MBP Kinase Assavs 

Cardiac myocytes were treated with 100 nM TPA for 10 min, or stretched by 10 % as described 

previously <3• 4) for 5, 10, 20 or 30 min. The cells were lysed on ice with 0.2 mJ of buffer A. After 

centrifugation, aliquots of the supernatants of myocyte-extracts were incubated in 40 111 of kinase 

buffer (25 mM Tris-HCI, pH 7.4, 10 mM MgCiz, 1 mM dithiothreitol (DTJ'), 40 11M ATP, 2 11Ci [Y-

32P]ATP, 211M protein kinase inhibitor peptide, 0.5 mM EGTA) and substrates (25 11g MBP). After 

10 min at 25 oc, the reaction was stopped by adding 10 111 of stopping solution containing 0.6 % 

HCI, 1 mM ATP, 1 %bovine serum albumin. Aliquots of the supernatants (15 111) were spotted on 

1.5 x 1.5 ern squares of P81 paper (Whatman), washed five times for at least 10 min each in 0.5 % 

phosphoric acid, washed in acetone, dried and counted by Cerenkov <14). 

Kinase Assays i11 M8P-Containing Gels after SDS-PAGE 

Cardiac myocytes were treated with 100 nM TPA for 10 min, or stretched by 10 % for 5 to 30 

min. At the terrnination of stimulation, the cells were lysed. CeU lysates were centrifuged and 

aJiquots of the supernatants were electrophoresed on an SDS-polyacrylamide gel containing 0.5 

mglml MBP <20-22). SDS was removed from the gel by washing the gel with two changes of 100 ml 

each of 20 % 2-propanol in 50 mM Tris-HCl (pH 8.0) for 1 h, and then 250 ml of 50 mM Tris-HCl 

(pH 8.0) containing 5 mM 2-mercaptoethanol for 1 h at room temperature. The enzyme was 
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denatured by treating the gel first with two changes of 100 ml of 6 M guanidine/HCl at room 

temperature for 1 hand then renatured with five changes of 250 ml each of 50 mM Tris-HCl (pH 8.0) 

containing 0.04 %Tween 40 and 5 mM 2-mercaptocthanol at 4 •c for 3 h. After renaturation, the gel 

was preincubated at 25 •c for 1 h with 5 ml of 40 rnM 4-(2-hydroxyethyl)-1-piperazinccthancsulfonic 

acid (HEPES) (pH 8.0) containing 2 mM OTT, and 10 rnM MgCh. Phosphorylation of MBP was 

carried out by incubating the gel at 25 •c for 1 h witb 5 ml of 40 mM HEPES (pH 8.0), 0.5 mM 

EGTA, 10 mM MgCl2, 2 J.lM protein kinase inhibitor, 40 J.lM ATP, and 25 J.lCi [y-32 P)ATP. After 

incubation, the gel was washed with a 7 % acetic acid solution until the radioactivity of the solution 

became negligible. The washed gel was dried and then subjected to autoradiography. 

Kinase Assays of aY91Jmnumoprecjpitates ill MBP-Co11tair1irze Gels qfter SDS-PAQE 

Cardiac myocytcs were treated with 100 nM TPA for 10 min, or stretched by 10 % for 10 min. 

Cell lysatcs were centrifuged and the supernatants were immunoprecipitated with aY91 in the 

presence of 0.15 % of SDS. The immunoprecipitatcs were subjected to kinase assays in MBP

containing gels after SDS-PAGE as described above. 

hnrnunoprecipitatio11 with aY91 from f 2 Plorrhoph05J?hate-/abeled cardiac myocytes 

Cardiac myocytes were incubated for 3 h with 1 rnCi of [32P]orthophosphate per culture dish (2 

x 4 x 1 em) in 1 ml phosphate-free RPM! 1640 medium (Flow Laboratories, U.K.). These 

conditions provide steady-state labeling of endogenous 32P-labeled polypeptides (23• 24). Cells were 

incubated either with or without 10 % stretching for 10 min at 37 •c. The cells were then lysed on ice 

with 0.2 ml of buffer A. lmmunoprecipitation with aY91 was done in the presence of 0.15 % SDS. 

The immunoprecipitates were washed twice with buffer A containing 250 mM NaCI and twice with 

buffer A containing 0.025 % SDS. The immunoprecipitates were subjected to SDS-PAGE followed 

by autoradiography. 

Phosphoamhw Acid Analysis 

The phosphoprotein bands were excised from the dried gel. The gel pieces were then washed 

twice with 25 % isopropyl alcohol for 30 min, twice with 10% ethanol for 30 min, and dried (25l. 
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The gel pieces were resuspended in 1 ml of 50 mM NH.HCO, at pH 8.3 and 100 11g of TPCK

trypsin was added. After incubation at 37 •c for 6 h, additional 100 tJ.g of TPCK-trypsin was added 

and digestion was continued for additional 12 h. The digests were dried, resuspended in HzO, and 

dried again twice and redissolved in a small volume of 30 % formic acid. The phosphopcptides were 

separated in two dimensions (2-D) as described previously <25>. Two-dimensional (2-D) 

phosphoamino acid analysis was performed by hydrolyzing the TPCK/trypsin-treated 

phospbopeptides, or phospbopeptides recovered from the cellulose plates, in 6 N HCl at 110 •c for 

60 min, followed by electrophoresis (first dimension; formic acid/acetic acid/Water (11 :39:450), pH 

1.9, second dimension, pyridine/acetic acid/Water (1:10:189), pH 3.5 <26>. 

lnlrjbjtiQI! of Tra!b~sarco/emma/lnflux of ea2+ 

To investigate the involvement of transsarcolemmal influx of Ca2+ in relation to stretch-induced 

MAP kinase activation, we preincubated cardiac myocytes with Krebs-Ringer-phosphate (KRP) 

buffer added with 50 J.LM ea2+ for 30 min, and stretched them by 10% for 10 min. The cells were 

subjected to MBP kinase assays on P81 paper desctibed above. Further, to deplete the influence of 

either voltage-dependent or -independent Ca2+ influx, I performed the preincubation of cardiac 

myocytes with either 10 nM nifedipine (4-(2'-nitrophenyl) -2, 6-dimethyl -3, 5-decarbomethoxy-1, 

4-dihydropyridine) for 60 min or 1 mM CoCI2 for 10 min . After the preincubation, myocytes were 

stretched by 10 % for 10 min and subjected to MBP kinase assays on P81 paper. 

Down-Re~ulatior1 of the Recevtor Tyrosine Ki11ase a11dPKCActjvjties 

To deplete the receptor tyrosine kinase or PKC activities, I incubated cardiac myocytes with 50 

I'M tyrphostin for 30 min, 20 J.LM genistein for 30 min, 100 nM TPA for 24 h or 2 nM staurosporine 

for 30 min before 10 % stretch for 10 min. The cells were lysed and centrifuged, and the 

supernatants were subjected to MBP kinase assays on P81 paper desctibcd above. Tyrphostin is a 

membrane-permeable inhibitor of EGF receptor kinase activity and can inhibit signal transduction 

cascades initiated by the epidermal growth factor (EGF) receptor <27-29). Genistein is a nonselective 

inhibitor of tyrosine kinase activity that competes with ATP for binding to the enzyme <30>. It has 

been shown that both tyrphostin and genistein are potent inhibitors of the receptor tyrosine kinase 
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with little significant effect on serine/threonine kinases such as PKC <31>. Moreover, it has been 

previously shown that both 100 nM TPA for 24 hand 2 nM staurosporine for 30 min completely 

inhibited PKC activity in cardiac myocytes <3l. 

S6 Peptide Kinase Assays 

Antibody against S6 peptide kinase was provided from Dr. Kadowaki's group {IS)_ From the 

lysates of cardiac myocytes subjected to TPA stimulation or stretch for 10 min , we obtained the anti

S6 peptide kinase antibody or control preimmune rabbit serum inlmunoprecipitates, which were 

incubated with 50 11g of S6 peptide (RRLSSLRA) in the presence of 25 mM Tris-HCl, pH 7.4, 10 

mM MgCiz, 1 mM DTT, 40 11M ATP, 2 !!Ci [y-32 P]ATP, 211M protein kinase inhibitor peptide, 0.5 

mM EGTA. After 10 min incubation at 25 oc, L added 10 111 of stopping solution containing 0.6 % 

HCL, 1 mM ATP, 1 % bovine serum albumin. After centrifugation, aliquots of the supernatants (15 

!11) were spotted on 1.5 x 1.5 em squares of P81 paper, washed five times for at least 10 min each in 

0.5 % phosphoric acid, washed in acetone, dried and counted by Cerenkov. 

Assay of MAP kinase kinase activi(y 

MAP kinase kinase activity was assayed using recombinant MAP kinase fused to maltose 

binding protein (rMAPK). To chromatographically separate MAP kinase kinase from endogenous 

MAP kinase, cell lysates were applied to Q-sepharose column and flow through fractions (32, 33) 

were immunopreciptated with anti-MAP kinase kinase antibody. The irnmunoprecipitates were 

incubated with buffer B containing 25 mM Tris-HCl (pH 7.4), 10 mM MgCl2, 1 mM DTT, 40 11M 

ATP, 2 !!Ci [y-32PJATP, 2 ftM protein kinase inhibitor peptide and 0 .5 mM EGTA and substrates 

(100 ftg rMAPK) for 30 min at 25 °C. rMAPK was collected using amylose resin and was 

electrophoresed on 10 % polyacrylamide gel. 

~ 

Statistical comparisons of control group with treated groups were carried out using the paired 

sample t-test with P values corrected by the Bonferroni method <34). The accepted level of 

significance was P<0.05. 
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Results 

42 kDa-MAP Kinase is Predominant in Cardiac Mvocytes. 

The anti-MAP kinase antibody, aY91 recognizes both 42 kDa- and 44 kDa-MAP kinase in the 

presence of 0.15% SDS <14>. By using this antibody, I first examined the relative abundance of 42 

kDa- and 44 kDa-MAP kinase in cultured neonatal rat cardiac myocytes. As shown in Fig. 1, 42 

kDa-MAP kinase was predominant in rat cardiac myocytes. MAP kinase stimulated by myocyte

stretch was also recognized by a Y91. 

a b 
Cont. Str. 

~44 kDa 
~42 kDa 

Fig. 1. 42 kDa-MAP kinase is predominant in both stretched and unstimulated cardiac 

myocytes. 

cardiac myocytcs stimulated without (a) ot with (b) myocyte-stretch for 10 min were lysed and equalized for 

protein content before electrophoretic separation on 12% SDS-PAGE and transferred to nitrocellulose filters. Protein 

blots were probed with anti-MAP kinase antibody (aY91) and immunologica l reactions were identified by using an 

alkaline phosphatase detection system. 

Stretdt of Cardiac Myocytes Stimulates Kinase Activity toward MBP. 
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I studied whether stretch of cardiac myocytes was able to activate MAP kinase activity. To this 

end, cardiac myocytes before and after the continuous stretch for 10 min or 100 nM TPA stimulation 

for 10 min were lysed with buffer A and centrifuged, and the supernatants were subjected to assay 

for MAP kinase activity using MBP as a substrate. Myocyte-stretch and TPA stimulation activated 

MBP kinase activity by approximately 1.7-fold and 2.7-fold, respectively (Fig. 2A). Next, to 

examine the kinetics of stretch-induced MBP kinase activity, cardiac myocytes before and after stretch 

for the indicated periods of time were subjected to MBP kinase assay. I observed a slight increase in 

the MBP kinase activity at 5 min after stretch and maximal induction of the activity was observed at 

10 min after stretch. The activity returned to the control level at 30 min after stretch (Fig. 2B). Thus, 

the induction of MBP kinase activity by stretch preceded the accumulation of c-fos mRNA by 

stretching which reached at a maximal level at 30 min <4>. 
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Fig. 2. Cardiac myocyte-stretch activates MBP phosphorylation activity. 

cardiac myocytes were stretched by 10 % for the indicated periods of time or treated wiUt 100 nM TPA for 10 

min. Aliquots of the supernatants of canliac myocyte-extracts were incuhated in buffer A and MBP. After stopping Ute 

reaction, aliquots of the supernatants were spotted on P81 paper {Whatman), washed, dried and counted by Ccreokov. 

Data represent the average percentage of control from eight (A) or five (B) independent experiments (mean ± standard 

error (S.E.)) ("P<0.05 , • "P<O.Ol and •••P<O.OO! versus control). 

Stretch of Cardiac Myocvtes Induces 42 kDa-MAP Kiuase Activity. 

To determine the proteins responsible for the increased MBP kinase activity, I carried out kinase 

assays in MBP-containing gels after SDS-PAGE followed by denaturation with 6 M guanidine HCI 

and renaturation in a buffer containing 0.04% Tween 40. When myocytes were treated with 100 nM 

TPA for 10 min, I observed MBP kinase activity migrating at 42 and 44 kDa and the kinase activity 

of 42 kDa-protein was increased by approximately 5.6-fold (Fig. 3A, 38). We observed an 

increased MBP kinase activity migrating at 42 kDa at 10 min after stretch by approximately 2.8-fold, 

and the kinase activity returned nearly to the control level at 30 min after stretch (Fig. 3A, 3C). 

A 
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Fig. 3. Stretch-induced MBP phosphorylation activity migrates at 42 kDa. 

A, cardiac myocytes were treated with 100 nM TPA (lane b), or stretched by 10% for 5, 10, 20 or 30 min (lane c, 

d, e, !). The cells were lysed i11 siru and the aliquots of the supematants of the lysates were electrophoresed on SDS

polyacrylamide gels containing MBP. 1lte gel was incubated with [Y -"P]ATP and subjected to autoradiography. The 

allquots of the supernatants of the cell lysates were also subjected to MBP phosphorylation study using P81 paper, and 

each MBP ldnase activity counted by Cerenkov was 2909 (control), 8790 (TPA), 4045 (5 min), 5011 (10 min), 4223 

(20 min) and 3031 cpm (30 min). Band C, Ute kinase activity at the 42 kDa bands was measured by densitometric 

scanning of the autoradiogram. Their values were 299.8 (control), 995.8 (TPA), 443.2 (5 min), 574.6 (10 min), 452.0 

(20 min), 341.5 (30 min) and 148.3 (background). After the background subtraction, the values became 151.5 

(control), 847.5 (TPA), 294.9 (5 min), 426.3 (10 min), 303.7 (20 min) and 193.2 (30 min). Each datum represents the 

percentage of control. 

To identify these molecules, the anti-MAP kinase antibody (aY91)- irnrnunoprecipitates from 

cardiac myocytes before and after TP A stimulation or stretch for 10 min were subjected to kinase 

assays in MBP-containing gels . After 100 oM TP A stimulation for 10 min, I observed an increase in 

the MBP kinase activity which migrated at 42 and 44 kDa in aY91-irnrnunoprccipitates. After stretch 

for 10 min, I observed an increase in MBP kinase activity which migrated at 42 kDa in aY91-

immunoprecipitatcs (Fig. 4). These data confirmed that myocyte-stretch indeed increased the kinase 

activity of 42 kDa-MAP kinase. I was not able to detect stretch-induced increase in the kinase activity 

of 44 kDa-MAP kinase, because the amount of 44 kDa-MAP kinase in cardiac myocytes may have 

been too low to detect the kinase activity of 44 kDa-MAP kinase in my assay system. In fact, 

Western blotting with aY91 revealed that the amount of 44 kDa-MAP .kinase was low as compared 

with that of 42 kDa-MAP kinase (Fig. 1). 



80-

49.5 -

32.5 -

~- 44kDa 
.....,.- 42kDa 

Fig. 4. Forty-two kDa-MAP kinase is principally activated by both TPA and Stretch. 

Cardiac myocytes were treated with 100 nM TPA Qane b), or stretched by 10 % for 10 min (lane c). The 

supernatants of the lysates were inmmnoprecipitated with anti-MAP kinase antibody (aY91) in the presence of 0.15 % 

SDS. Tite immunoprccipitates were electrophoresed on SDS-polyacrylamide gels containing MDI'. The gel was 

incubated with [y -32P]ATP and subjected to autoradiography. 

I examined whether the activated MAP kinase was phosphorylated. When r2 P)orthophosphate

labcled stretched myocytes were solubilized and immunoprecipitated with anti-MAP kinase antibody 

(aY91), I observed a 42 kDa-phosphoprotein. After stretch for 10 min, phosphorylation of this 42 

kDa-protein was further observed (Fig. 5). These data indicate that MAP kinase which has a 

molecular weight of 42 kDa is phosphorylated in cardiac myocytes, and this phosphorylation is 

increased by stretch. To identify the phosphoarnino acids of 42 kDa-MAP kinase, I further analyzed 

the 32 P-phospboarnino acid content of phosphorylated MAP kinase. In the basal state, the protein(s) 

at Mr 42 kDa contained mainly phosphoserine. Myocyte-stretch induced de 11ovo threonine and 

lyrosine phosphorylation of 42 kDa-MAP kinase (Fig. 6) . It has been previously shown that MAP 

kinase was activated when both threonine and tyrosine were phosphorylated (14• 35• 36\ which 

support the present results. 
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Fig. 5. Cardiac MAP kinase is phosphorylated by stretch. 

[
32P]orthophospbate-labcled cardiac myocytes were treated without (Cont.) or with 10 % stretch for 10 min (Str.) 

at 37 "C, lysed and immunoprocipitated with anti-MAP kinase antibody (aY91). The immunoprecipitates were 

subjected to SDS-PAGE followed by autoradiography. 
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Fig. 6. Threonine and tyrosine residues of MAP kinase are phosphorylated de novo by 

stretch. 

After SDS-PAGE, the bands at Mr 42 kDa were excised from the gel, rehydrated and digested with TPCK/trypsin. 

The digests were subjected to partial acid hydrolysis, followed by Z.D ti1in-laycr electrophoresis. The positions of the 

phosphorylated amino acid standards were visualized by ninhydrin staining. (I'T, phosphothreonine; PY, 

phosphotyrosine; Ori, origin.) 

Stretch-induced htcrease in MAP Kinase Activity is Partially Involved in both Voltage

Dependent mul -Independent Transsarcolemmal Influx ofea2+. 

I investigated whether stretch-induced MAP kinase activation is involved in transsarcolemrnal 

influx of Ca2+ because it has been known that stretch of cardiac myocytes increases the resting 

intracellular Ca2+ concentration <37>. First, to eliminate the influence of transsarcolemrnal influx of 

Ca2+, cardiac myocytes were preincubated with KRP buffer containing only 50 J.tM Ca2+ for 30 min 



(Fig. 7 A, e, f) . In this buffer myocyte-stretch activated MAP kinase activity by approximately 1.3-

fold although in DMEM or KRP buffer containing 1.3 rnM Ca2+ myocyte-stretch increased MAP 

kinase activity by approximately 1.7-fold (a, b, c, d). The reduction of the MAP kinase activation 

was significant (P=0.022 d versus f). Next, I examined the relationship between stretch-induced 

MAP kinase activation and voltage-dependent or -independent transsarcolcmrnal influx of Ca2+ (Fig. 

7B). When voltage-dependent or -independent Ca2+ channels were blocked by 10 nM nifedipine (c, 

d) or 1 mM CoCl2 (e, f), the activities of MAP kinase were decreased by 33 % (d) or 29 % (f) 

compared with the activity in cardiac rnyocytes without pretreatment (b), respectively (P=0.025 b 

versus d, P=0.004 b versus f). Thus, I concluded that stretch-induced MAP kinase activation was 

partially dependent on transsarcolernrnal Ca2+ influx through both voltage-dependent and 

-independent Ca2+ channels. 
200 
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Fig. 7. Stretch-induced MAP kinase activation is partially dependent on transsarcolemmal 

influx or Ca2+. 

A. cardiac myocytes were preincubated witlt DMEM containing 1.3 mM Ca2+ (a, b), KRP buffer containing 1.3 

mM Ca2+ (c, d) or KRP buffer containing 50 IJ.M Ca2+ (e, /) for 30 min. MBP kinase assays on P8J paper were 

performed. Each histogram represents the average percentage of control (a) from eight independent experiments (mean ± 

S.E.) c••P<O.Ol versus control (a), ==P<O.Ol versus control (c), l;P<0.05 versus control (e)). B, myocyte.' were 

preincubated with DMEM a:kled with 10oM nifcdipinc for 60 min (c, d) or 1 mM CoCh for 10 min (e, /). 1ltey were 

stretched by 10 % for 10 min (]>, d, /). MBP kinase assays on PSI paper were perfomted. Each histogram represents 

Ute average percentage of control (a) from at least ten independent experiments (mean ± S.E.) (•••P<O.OOJ versus 

control (a), ===P<O.OOl versus control (c),!;,!;, P<O.OI versus control (e)). 

Neither 1:Vmbostin uor Genistein Inhibits MAP Kinase Activation in Resao1L~e to Stretch of 

Cardiac Mvocytes. 

It has been known that a variety of stimuli such as platelet derived growth factor, EGF or insulin 

etc. activate MAP kinase through activation of the receptor tyrosine kinascs. To clarify whether 

myocyte-stretch activates MAP kinase indirectly through another stimuli, I preincubated cardiac 

myocytes with the receptor tyrosine kinase inhibitors and stretched them by 10 % for 10 min. After 

the preincubation with tyrphostin or genistein, myocyte-stretch activated MAP kinase activity by 

approximately 1.7-fold (Fig. 8), and stretch-induced MAP kinase activation remained unchanged (b, 

d, f) (P=0.751 b versus d, P=0.924 b versus f) . After the prior treatment with tyrphostin or 

genistein, Slimulation with EGF was not able to activate MAP kinase activity (data not shown). 

Therefore, both tyrphostin and 
uo 1r~---------------------------. 

0 

pretreatment with tyrphoslin 

pretreatment witlt genistein (-) (-) (-) 

-19-

(-) 

(-) 

(·) 



Fig. 8. Stretch-induced MAP kinase activation is Independent or activation or the receptor 

tyrosine kinases. 

Cardiac myocytes were pretreated with 50 11M tyrphostin (c, tf) or 20 11M genistein (e, fJ for 30 min. 1l1ey were 

stretched by I 0 % for 10 min (b, d, fJ and MBP kinase assays on P81 paper were perfom1ed. Data represent the average 

percentage of control (a) from live independent experiments (mean ± S.E.) ( .. P<O.Ol, ••• P<O.OOl versus control 

(a)). 

Strerch-iuduced Increase in MAP Kinase Activity js via PKC-Depeudent and lrukpe!!dem 

Parbwavs. 

I examined whether MAP kinase activation by stretch of cardiac myocytes is via PKC-dependent 

or -independent pathway. As shown in Fig. 9, both TPA stimulation and myocyte-stretch activated 

MAP kinase activity in cardiac myocytes which were not pretreated with TP A or staurosporine (a, b, 

c). However, when myocytes were pretreated with 100 nM TPA for 24 h (d, e, [), stretch-induced 

MAP kinase activity was decreased by approximately 60 % as compared with the kinase activity in 

myocytes without pretreatment (c, [). TPA was not able to activate MAP kinase activity (e), 

suggesting that PKC was indeed depleted. Pretreatment with staurosporine, a potent and specific 

PKC inhibitor, also inhibited stretch-induced MAP kinase activation by approximately 70 % (c, i). 

These data demonstrated that stretch-induced MAP kinase activation was via partially dependent on 

the activation of PKC. 
300 

;::-200 
·s: 
-~ 

:g 
8 100 
.... 
0 

"" 
0 

abc defgh i 
Conlrot T1' A Stretch Control T1' A Stretch Control T1' A Stretch 

pretreatment wilh TI'A (-) (-) (-) (+) (+) (+) (-) (-) (-) 

pretreatment wilh staurosporine (-) (-) (-) (-) (-) (-) (+) (+) (+) 

Fig. 9. Stretch-induced MAP kinase acti'vation is partially dependent on the activation of 

PKC. 



Cardiac myocytcs were pretreated with 100 nM TPA for 24 h (d, e, f) or 2oM staurosporine for 30 min (g, /~ i). 

They were either stretched by 10 % for 10 min (c, [. r) or stimulated by 100 nM TPA for 10 min (b, e, lr). MBP 

kinase assays on P8l paper were performed. Each histogram represents Ute avernge percentage of control (a) from five 

independent experiments (mean ± S.E.) (••P<O.Ol , •••P<0.001 versus control (a), ==1'<0.01 versus control (d), 1;; 

P<0.05 versus control (g)). 

Myocyte-Stretch a [so Stimulates S6 PeDtide Kinase Activity. 

I measured S6 peptide kinase activity in the immunoprecipitatcs with control serum (Fig. 10, a, 

b, c) or anti-S6 kinase antibody (d, e, f) from cardiac myocytes. Omtrol serum did not 

immunoprecipitate TPA- or stretch-induced S6 peptide kinase activity using S6 peptide (RRLSSLRA) 

as a substrate (a, b, c). However, both 100 nM TPA stimulation for lO min and 10 % stretch for 10 

min increased S6 peptide kinase activity by approximately 4- and 3-fold, respectively (d, e, f). 
400 

>. 300 
:~ 
tl 
"' 
~ 200 

0 

" '0 
~ 100 

0 

anti-S6Ab (+) 
control serum (+) (-) 

Fig. 10. Stretch of cardiac myocytes activates S6 peptide kinase ac ti vity . 

Cardiac myocytcs were subjected to 10% stretch for 10 min (c, f) or 100 nM TPA stimulation for 10 min (b, e) . 

lltey were lysed and centrifuged, and the supematants were immunoprecipitated with anti-S6 kinase antibody (d, e, f) or 

control preimmune rnbbit serum (a, b, c). The immuuoprecipitates were incubated in kinase buffer and substrates (50 

~g of S6 peptide). After stopping Ute reaction, aliquots of U1e supernatants were spotted on P8l paper (Whatman), 

washed, dried and counted by Cerenkov. Each histogram represents the average percentage of control (d) from three 

independent experiments (mean± S.E.). Tite mean values were 45 (a), 62 (b), 51 (c), tOO (d), 278 (e) and 201 % (f). 

Both Raf-1 Kinase and MAP kinase kinase are Activated by Myocyte-Stretdl. 

I examined whether stretch stimulates Raf-1 kinase activity in cardiac myocytes. Since the 

activation of Raf-1 kinase is correlated with an apparent increase in molecular weight as assayed by a 
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decrease in mobility during SDS-PAGE <38), immunoblot analysis with anti-Raf-1 kinase antibody 

was perfonned. Raf-1 kinase molecules migrated more slowly in 10 %-stretched cells for 5 to 30 

min (Fig. 11, d, e, f) than the Raf-1 kinase molecules in the unstimulated cells (a). The mobility of 

Raf-1 kinase returned nearly to the control level at 60 min after stretch (g). 

106-

so-

a b 
Cont. 1 

c d 
3 5 

e f g 
10 30 60 (min) 

Str. 

Fig . 11. Myocyte-stretch induces Raf-1 kinase activity. 

Cardiac myocytes were stretched by 10 % for the indicated periods of time. Cell lysates were prepared and 

equalized for protein content before electrophoretic separation on 7% SDS-PAGE and transferred to nitrocellulose filters. 

Protein blol• were probed with anti-Raf-1 kinase antibody and immunological reactions were identified by using an 

alkaline phosphatase detection system. Molecular mass markers (in kDa) are shown to the left. 

Next, I studied whether the activation of MAP kinase kinase can be induced by stretch of cardiac 

myocytes. As shown in Fig. 12, myocyte-stretch for 10 min induced MAP kinase kinase activity as 

reflected by a shift in electrophoretic mobility. 
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a 
Cont. 

b 
Str. 

(10 min) 

c 
Cont. 

Fig. 12. Myocyte-stretch also activates MAP kinase kinase activity. 

Cardiac myocytes were stretched by 10 % for 10 min. Cell lysates were electropllorcsed on 12 % polyacrylamide 

gel, blotted onto nitrocellulose filter and incubated with anti-MAP kinase kinase an tibody. Detection of the immune 

complexes is described in the .legend of Fig. II. Molecular mass markers (in kDa) are shown to the left. 

Finally, I examined the time course of the activity of MAP kinase kinase after myocyte-stretch. I 

observed a slight increase in MAP kinase kinase activity at 1 min after stretch. MAP kinase kinase 

activity maximally increased 5 min after stretch and gradually decreased thereafter (Fig. 13). The 

kinase activity returned nearly to the control level at 30 min after stretch (data not shown). 
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a b c d e 

control 1 2 5 10 (min) 
L-------------~ 

Stretch 

Fig. 13. Time course of the kinase activity or MAP kinase kinase 

MAP kinase kinase activity was assayed using rMAPK. To chromatographically separnte MAP kinase kinase 

from endogenous MAP kinase, cell lysates were applied to Q-sepharose column and flow tluough fractions were 

immunopreciptated witlt anti-MAP kinase kinase antibody. Tite immunoprecipitates were incubated with buffer B for 

30 min at 25 °C. rMAPK was collected using amylose resin and was electrophoresed on 10 %polyacrylamide gel. 
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Discussion 

The major findings of the present study are that stretch of cardiac myocytes activates MAP kinase 

which is the principal mediator of specific gene expression, and that myocyte-stretch activates S6 

kinase which should lead to an increase in the efficiency of protein synthesis in ribosome. 

Furthermore, I have demonstrated that Raf-1 kinase and MAP kinase kinase are sequentially activated 

by stretch of cardiac myocytes. 

Cardiac hypertrophy is one of the most important clinical complications of many cardiovascular 

disorders. It has been reported that cardiac death occurs at a higher incidence in hypertensive patients 

with cardiac hypertrophy than in those without hypertrophy <1• 2). Hypertrophied heart has been 

shown to have impaired contractile as well as relaxing functions and the reduced reactive hyperemia 

following transient ischemia, all of which could lead to the higher mortality of ischemic heart diseases 

<2• 39• 40l. Therefore, management of cardiovascular diseases should also be directed to preventing as 

well as reducing cardiac hypertrophy. In order to achieve this, it is mandatory to understand the 

cellular and molecular mechanisms by which cardiac hypertrophy is induced and maintained. 

Especially, cardiac myocytes have developed unique subcellular mechanisms to induce hypertrophy 

in response to mechanical loading. In this study, [ tried to elucidate the intracellular signal 

transduction system of cardiac myocytes elicited by mechanical stress. 

Stretd1 of wrdiac myocytes itz vitro induces woteirz !i.Ynthesis (IJ!d gene exPression dzaracteristic 

ofhyoertropl!ied hearts jn vivo. 

There are many reports that pressure or volume overload not only induces specific gene 

expression but also accelerates protein synthesis in cardiac hypertrophy <41 ·44>. However, molecular 

mechanisms of cardiac hypertrophy induced by mechanical stimuli have not been well characterized 

due to technical difficulties in directly imposing mechanical loading on cardiac myocytes. It remains 

unknown whether mechanical stress directly regulates gene expression and protein synthesis without 

participation of humoral or neural factors. To overcome this, original deformable culture dishes made 

of silicone rubber which can provide the various degree of stretch on the cell have been developed. 

By using this culture system, it has been already clarified that myocyte-stretch directly induces 



specific gene expression and increases protein synthesis. Namely, it has been already reported that 

the gene expression of skeletal actin, 13-myosin heavy chain and c-fos was increased, all of which are 

known to be expressed in hypertrophied hearts. Furthermore, 14C-phenylalanine incorporation into 

proteins was increased by 25 % even 2 h after stretch. These results indicate that myocyte-stretch i11 

vitro can be a good model for studying the intracellular events occurring during the process of stretch

induced cardiac hypertrophy. 

MAP kinase js activated by stretch of cardiac myocvtes. 

lt has been already clarified that mechanical loading i11 vitro stimulates PKC activity as well as c

fos mRNA expression, which is like! y to play key roles in transcription of many genes and an 

increase in protein synthesis <3• 4). However, it remains unknown what kind of signal transduction 

systems exist downstream PKC and which enzymes are more specifically involved in this process. 

First, I showed that kinase activity toward MBP, the specific substrate of MAP kinase is 

increased by stretch as well as by TPA (Fig. 2). Second, using in-gel kinase assay, I demonstrated 

that 42 kDa-protein in cardiac myocytes is responsible for the increased MBP kinase activity 

following stretch (Fig. 3). Third, I identified 42 kDa-protein kinase which phosphorylates MBP is 

one of MAP kinases by using a specific antibody (Fig. 4). All of these resu lts clearly indicate that 42 

kDa-MAP kinase is mainly activated by stretch of cardiac myocytes. Consistent with these results, 

Sadoshima et al. also showed in the recent report that MAP kinase was activated after stretch for 10 

min <45
). I was not able to detect stretch-induced increase in the kinase activity of 44 kDa-MAP 

kinase, probably because the amount of 44 kDa-MAP kinase in cardiac myocytes may have been too 

low to detect the kinase activity in our assay system. In fact, Western blotting with aY91 (one of 

anti-MAP kinase antibody) revealed that the amount of 44 kDa-MAP kinase was lower as compared 

with that of 42 kDa-MAP kinase (Fig. 1). Recently, eDNA of MAP kinase kinase was cloned <46) 

and the purified MAP kinase kinase was shown to specifically phosphorylate the regulatory tyrosine 

and threonine residues of MAP kinase causing its full activation <17• 47). Both TPA and stretch

induced MAP kinase activation are probably via the activation of MAP kinase kinase which is an 

activator of both ERKl and ERK2 (48), because the restricted substrate specificity is found for MAP 

kinase kinase <47• 49), Therefore, r believe that myocyte-stretch increases both 42 kDa and 44 kDa-
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MAP kinase activities, and that the reason why r failed to detect the activation of 44 kDa-MAP kinase 

is the limitation of my detection system. 

MAP kinase activatiOI! is partfa/ly deoe11del!t 011 both voltage-ckpe11dent and -indeoe11dent ca2+ 

infJJg_ 

It has been shown that stretch of cardiac myocytes increases intracellular Ca2+ concentration in a 

few seconds (37). Furthermore, Sigurdson et al. indicated that mechanical stimuli on a model system 

of tissue-cultured heart cells produced a transsarcolemmal influx of Ca2+ which led to waves of 

calcium-induced calcium release and that the response was blocked by removing extracellular Ca2+ 

<50l. Therefore, I examined the relationship between stretch-induced MAP kinase activation and 

transsarcolemmal influx of Ca2+. I showed that MAP kinase activation by stretch of cardiac 

myocytes is decreased by 30 % after blocking either voltage-dependent or -independent Ca2+ 

channels and decreased by 50% by blocking both channels. Stimulation with IQ-6 M Bay K 8644, 

voltage-dependent Ca2+ channel agonist, also activated MBP kinase activity (data not shown). Thus, 

we have shown for the first time that stretch-induced MAP kinase activation is partially dependent on 

Ca2+ signaling pathway. Consistent with these results, Tsuda eta/. reported that angiotensin IT

induced MAP kinase activation in vascular smooth muscle cells was inhibited by 25 % by 

pretreatment with EGTA (51 l. Moreover, since MAP kinase activity is sensitive to Ca2+ in crude cell 

extracts, but insensitive in the partially purified fraction (20), intracellular ea2+ is thought to indirectly 

(through other factors) activate MAP kinase. 

Activation of MAP kinase occurs via both PKC-dependent and -independent pathways and via 

the receptor tyrosine kinase-iltdepetulent pqthways. 

Recently, it has been reported that MAP kinase activation by EGF is PKC-independent, but that 

nerve growth factor-induced activation of MAP kinase is partially dependent on PKC activation <52). 

In the present study, stretch-induced MAP kinase activation in cardiac myocytcs pretreated with TPA 

was decreased by approximately 60 % as compared with the kinase activity in myocytes without 

pretreatment. Furthermore, prior treatment with staurosporine also inhibited stretch-induced MAP 

kinase activation by approximately 70% (Fig. 9). In this study, I have demonstrated that MAP 



kinase is activated by myocyte-stretch in both PKC-dependent and -independent manner. The 

presence of multiple signal transduction pathways may be favorable for cardiac myocytes to quickly 

respond to mechanical stress. On the other band, neither tyrpbostin nor genistein had any effect on 

stretch-induced activation of MAP kinase (Fig. 8). These results indicate that MAP kinase activation 

by stretch of cardiac myocytes can occur via the receptor tyrosine kinase-independent pathway. 

S6 kinase is also activated by stretch in cardiac myocytes. 

Recent reports have revealed that MAP kinase may play some early intermediate regulatory role 

in a protein kinase cascade which regulates protein synthesis via activation of S6 kinase in 40 S 

ribosome (5·
7

• 
53

• 
54l. A sequential activation of MAP kinases and S6 kinase ll in the liver injected 

with insuLin has been recently reported (l 5l. The present study has demonstrated that stretch activates 

S6 kinase in cardiac myocytes (Fig. 10), which in turn increases S6 phosphorylation, possibly 

resulting in an increased efficiency of protein synthesis in 40 S ribosome. 

Myocvte-strerch activates Raf-1 kiiUlse atuiMAP kinase kinase ill sei]Uence. 

I have clarified in this study that myocyte-stretch activates both Raf-1 kinase and MAP kinase 

kinase activity in cardiac myocytes (Fig. 11, 12 and 13). I think that Raf-1 kinase and MAP kinase 

kinase are sequentially activated by myocyte-stretch, because MAP kinase kinase is a kinase activated 

by threonine phosphorylation (!?) and Raf-1 kinase has a serine/threonine-specific protein kinase 

activity (55
-58l. Consistent with this idea, it was recently reported that Raf-1 kinase can activate MAP 

kinase kinase (3Z, 33). 

I have also indicated that Raf-1 kinase can be activated by 100 nM TPA stimulation for 5 min 

(data not shown). It has been known that serine/threonine phosphorylation is responsible for the 

activation ofRaf-1 kinase (JB) and that PKC is a serine/threonine-specific protein kinase. Further, it 

has been previously shown that myocyte-stretch induces PKC activation (J, 4l. Therefore, I assume 

that PKC activated by myocyte-stretch induces Raf-1 kinase activity. However, it remains to be 

answered whether Raf-1 kinase can also be activated via a PKC-independent pathway. 

Activated seri!!elthreonine protein kinase cascade induces cardiac hypertrophy. 
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In this study, I have demonstrated that stretch-induced Raf-1 kinase activation is possibly 

induced by activated PKC and that myocyte-stretch induces sequential activation of MAP kinase and 

S6 kinase . Moreover, it has been clarified that MAP kinase is substrate-specifically activated by 

MAP kinase kinase <32
• 33) . Thus, r propose the presence of stretch-induced protein phosphorylation 

cascade in cardiac myocytes. PKC activation by stretch phosphorylates and activates Raf-1 kinase, 

which phosphorylates and activates MAP kinase kinase, which in tum phosphorylates and activates 

MAP .kinase, which finally phosphorylates and activates S6 kinase. Kyriakis eJ al. also assume that 

insulin or other growth factors sequentially activate in the order of Raf-1 kinase, MAP kinase kinase, 

MAP kinase and S6 kinase. However, Lee eJ at. insist that MAP kinase is the activator of Raf-1 

kinase kinases. Therefore, more detailed analyses are necessary to clarify what kind of 

phosphorylation cascade is involved and in what order these kinases are activated. 

Significance of phosphorylation cascade in the wecific ~ene expression in cardiac hvpertrovhy. 

It has been previously shown that myocyte-stretch induces c-fos expression in a PKC dependent 

manner (J, 
4
), and in this study, l have demonstrated that stretch activates MAP kinase. Interestingly, 

it has been recently shown that MAP kinase is able to phosphorylate and activate c-Jun (11• 12). Since 

both c-Fos (the product of c-fos) and c-Jun are components of AP-1 transcription factor, the 

induction of c-Fos caused by PKC and possible phosphorylation and activation of c-Jun by MAP 

kinase may synergistically activate the function of AP-1 complex in cardiac myocytes. Furthermore, 

I have indicated that myocyte-stretch induces Raf-1 kinase activation. It has recently been shown that 

the activated form of Raf-1 kinase translocates to the perinuclear area and the nucleus and trans

activates AP-1-binding site (13), suggesting Raf-1 kinase can activate the transcription from AP-1 

binding site. In this regard, evidence showing that AP-2 is involved in the altered expression of the 

human ventricular myosin alkali light chain gene has been previously presented (59). Likewise, 

altered function of AP-1 induced by PKC, MAP kinase and Raf-1 kinase may also be involved in the 

altered expression of a panel of other genes which can lead to an increase in specific gene expression. 

Significance of S6 /dllllse activatiQ/1 in a11 increase in the acceleration of vrotejn synthesis in 

fl!rdiac hypertroPhy 



[t has been reported that not only ribosomal RNA content but also the efficiency of protein 

synthesis (synthesis/ribosomal RNA) is significantly increased in the pressure-overloaded rabbit 

hearts <60l, which suggests that pressure overload in the heart has a multitude of effects on protein 

synthesis at different levels. It has been shown in the present study that S6 kinase activity in cardiac 

rnyocytes was increased by approximately 3-fold after stretch for 10 min. Since S6 kinase is known 

to phosphorylate and activate ribosomal S6 protein, leading to an increase in protein synthesis in 

ribosome. Therefore, phosphorylation of S6 kinase as observed in tllis study can be the molecular 

mechanism of the higher efficiency of protein synthesis in cardiac hypertrophy. 

Mechanical stress-induced intraceUular signaling proposed by the data presented in this 

manuscript is illustrated in Fig. 14. 
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MECHANICAL STRESS 

MECHANORECEPTOR? t 
~------------~~ 
~ \PROTEIN SYNTHE+IS 

PKC ~~ jfti%-Je ~~lnaMl\fnase ~~ l!r1Wse ~ I 56 kinase I 
"'- ~/threonine klna~ey • 

~ ¢2 4./ ~0 S ribosome 
Nucleus i c- Fos c- Jun ~NA --

I -~- ' DNA~ 

Fig. 14. Hypothetical molecular mechanisms or cardiac hypertrophy: 
involvement ot protein kinase cascade 

Mechanical stress increases not only PKC activity via phospholipase C activation (3, 4) but also 
MAP kinase activity, which is partially dependent on PKC. Mechanical stress also activates Raf-1 kinase 
and MAP kinase kinase activity. Activated forms of PKC, Raf-1 kinase and MAP kinase activate Ute 
promoters, which end up in increasing the eflicieney of specific gene expression (transcriptional 
activation). Furthennore, activated PKC induces Raf- 1 kinase activation, which induces the 
phosphory lation and activa tion of MAP kina•e kinase, which induces the phosphorylation and activation 
of MAP kinase, which in tum activates S6 kinase in 40 S ribosome. The phosphorylation of S6 protein 
induced by S6l;nase finally increases Ute efficiency of protein synthesis (translational activation). (PLC, 
phospholipase C) 

Cardiac hypertrophy has been regarded as a secondary response of the heart to a sustained 

increase in overload (61l. However, it is known that excessive hypertrophy predisposes to the cardiac 

failure and leads to an increased mortality rate (l, 2). Therefore, the development of prevention and 

treatment of cardiac hypertrophy is an important theme for the cardiologist, which requires elucidation 

of the mechanism(s) of cardiac hypertrophy. 

ln many clinical studies, some kinds of anti-hypertensive agents such as angiotensin converting 

enzyme inhibitors reduce left ventricular hypertrophy with moderate blood pressure control (62·65l, 

whereas vasodilator hydralazine does not reduce ventricular hypertrophy or even accelerates it even 

though blood pressure is controlled to normotensive levels (66• 67l. These discrepancies between 

reduction of afterload and regression of hypertrophy suggest that humoral or neural factors as well as 
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pressure overload directly regulate cardiac hypertrophy. These signal transduction pathways should 

be common at least in part because angiotensin II (one of humoral factors) can activate MAP kinase 

(5 1). To elucidate the intracellular signaling of cardiac hypertrophy may lead to the development of 

new cardioprotective agents. 
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