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The regulatory myosin light chain (MLC) is phosphory!ated in cardiac muscle by Ca2+/calmodulin-dependent MLC kinase 
(MLCK) and is considered to play a modulatory role in the activation of myofibrillar adenosine triphosphatase (ATPase) and the 
process of force generation. Since the depression in cardiac contractile function in chronic diabetes is associated with a 
decrease in myofibrillar ATPase activity, we investigated changes in MLC phosphorylation in diabetic heart. Rats were made 
diabetic by injecting streptozotocin (65 mg/kg intravenously), and the hearts were removed 8 weeks later; some 6-week 
diabetic animals were injected with insulin (3 U/d) for 2 weeks. Changes in the relative MLC and MLCK protein contents were 
measured by electrophoresis and immunoblot assay, whereas phosphorylated and unphosphorylated MLCs were separated 
on 10% acrylamide/urea gel and identified by Western bl0t. MLC and MLCK contents were decreased markedly (40% to 45%) 
and ML C phosph0rylation was decrease d significantly (30% to 45%) in the diabetic rat heart homogenate in comparison to 
control values. The changes in MLC and MLCK content in diabetic heart were partially reversible, whereas changes in MLC 
phosphorylation were normalized upon treatment with insulin; These results suggest that decreased protein contents of MLC 
and MLCK and phosPhorylation of MLC may contribute to the depression of cardiac myofibrillar ATpase activity and heart 
dysfunction in diabetic cardiomyopathy, 
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C HRONIC DIABETES in animals and humans has been 
reported tO produce heart dysfunction.l-5 Previous studies 

have shown that cardiac contractile proteins in the diabetic heart 
are altered with respect to myofibrillar adenosine triphosphatase 
(ATPase), actomyosin ATPase, and myosin ATPas e activities, as 
well as myosin isozyme composition. 1,6-9 The changes in 
regulatory proteins, such as troponin I and T subunits, have also 
been reported in the diabetic heart, l°J1 Although these changes 
in myosin isozyme composition and regulatory proteins can 
explain the depressed myofibrillar ATPase activ!ty and subse- 
quent contractile dysfunction in diabetic heart, the status of 
myosin light chain (MLC), MLC phosphorylation, and MLC 
kinase (MLCK) are not known during the development of 
diabetic cardiomyopathy, It  should be pointed out that the 
phosphorylation of MLC by MLCK has been shown to play a 
modulatory role in the generation of contractile force in 
vertebrate striated muscle. 12 Several investigations hav e pro- 
vided information concerning the function of MLC phosphory- 
lati0n in cardiac muscle. For example, a positive correlation 
was found between MLC phosphorylation and the rate of left 
ventricular pressure development in rats subjected to exercise.13 
Perfusion of rat hearts with some negative and positive inotro- 
pic agents for a prolonged period was observed to result in an 
excellent relationship between active tension an d the extent of 
MLC phosphorylation. 14 The rate of isometric force develop- 
ment was also shown to be associated with an increase of MLC 
phosphorylation in a permeable rabbit psoas fiber prepara- 
tion. 15J6 In fact, increased isometric force was reported to be 
induced by phosphorylation of MLC in permeable rabbit psoas 
fibers] 7 and a similar effect of phosphorylation on the submaxi- 
mal force development was subsequently shown in skinned 
cardiac trabecula.18 

A detailed analysis of the literature showed that MLC 
phosphorylation in both skinned skeletal and cardiac muscle 
fibers showed a leftward shift in the force-pCa relationship, as 
well as decreased cooperativity. 19 However, little information 
regarding the status of MLC phosphorylation in myocardium 
under different pathophysiological conditions is available in the 
literature. In particular, virtually nothing is known concerning 
alterations in MLCK that may occur during the development of 
diabetic cardiomyopathy. The present study was therefore 

undertaken to investigate changes in cardiac contractile activity, 
myofibrillar ATPase activity, protein concentrations of MLC 
and MLCK, and the level of MLC phosphorylation in diabetic 
rat heart. In additio n , this study examined whether these cardiac 
alterations are reversible upon treatment of diabetic rats with 
insulin. 

MATERIALS AND METHODS 

Experimental Model 

Male Sprague-Dawley rats weighing approximately 200 g were 
randomly divided into control and experimental groups. Experimental 
animals received an intravenous injection of 0.1-mol/L citrate-buffered 
streptozotocin (pH 4.5) at a dosage of 65 mg/kg body weight, whereas 
control animals received a similar injection 0f vehicle alone. In some 
experiments, randomly selected diabetic animals at 6 weeks after 
streptozotocin injection were administered subcutaneous injections of 
protamine zinc insulin 3 U/d for 2 weeks and labeled as the insulin- 
treated group. Blood samples were analyzed for glucose and insulin 
levels using the Worthington (Biochemical Co, Freehold, NJ) Statzyme 
Reagent Kit and standard radioimmunoassay techniques (Amersham, 
Oakville, Canada), respectively. Some of the animals were used for 
measurement of cardiac contractile activity in terms of the rate of 
contraction (+dP/dt) and rate of relaxation (-dP/dt) according to the 
method described previously, z° The experimental model used in this 
study was similar tO that used previously for establishing the presence 
of diabetic cardiomyopathy as indicated by alterations in cardiac 
function, metabolism, and uitrastructure.1,2,4,6,21,22 
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Measurements of Myofibrillar and Myosin ATPase Activities 

Myofibrils were isolated according to the procedure used previ- 
ously. 6,9 Marker enzyme analysis and the action of various inhibitors of 
ATPase activity 42°-21 showed that the myofibrillar preparations from 
control and diabetic hearts were completely devoid of contamination by 
mitochondria, sarcolemma, and sarcoplasmic reticulum. Myofibrillar 
MgZ+-ATPase and Ca2+-ATPase activities were determined according 
to the methods used previously. 6,9 Myosin was purified as described 
previously, 23 and myosin Ca2+-ATPase and Mg2+-ATPase activities 
were measured according to procedures described elsewhere. 7.8.24 

MLC Phosphorylation 

The muscle (20 to 30 mg) was homogenized with a Brinkmann 
(Mississauga, Canada) homogenizer with Kinematica 87/Polytron PTA 
7KI for 4 to 6 seconds in the buffer (100 laL buffer/2 mg muscle) 
containing 60 mmol/L KCI, 1 tumol/L cysteine. 20 mniol/L imidazole 
(pH 6.9), 1 mmol/L MgC12, 1 mmol/L ouabain, 10 mmol/L NaN 3, 1 
mmol/L CaC12, 0.01% leupeptin, 250 gmol/L phenylmethylsulfonyl 
fluoride, and 1 mmol/L dithiothreitol (DTT). The level of MLC 
phosphorylation in the homogenate was estimated by mQnitoring the 
ratio of phosphorylated and total (phosphorylated plus unphosphory- 
lated) MLC. 25-27 Tissue homogenate (10 mg per assay tube) was 
equilibrated for 10 minutes at 30°C before initiating the assay proce- 
dures. For the MLC phosphorylation reaction, all samples were 
separated into two sets of assay tubes: one set contained 1 mmol/L 
MgZ+-ATP plus 1 mmol/L CaC12 for maximal activity, and the other set 
had no Mg2+-ATP and CaC12. The samples were further incubated at 
30°C for 10 minutes and the reaction was stopped by adding ice-cold 
10% (wt/vol b trichloroacetic acid (TCA). The TCA-precipitated homog- 
enate was centrifuged at 15.000 × g for 30 minutes, and then the pellet 
was suspended in acetone containing 10 mmol/L DTT and placed on a 
rotator for 1 hour at room temperature. These samples were centrifuged, 
and the pellets were solubilized in 400 laL of the buffer (6.4 mmol/L 
urea. 17 mmol/L Tris hydrochloride. 19.5 mmol/L glycine [pH 8.6], 10 
mmol/L DTT. 10 mmol/L EGTA. 1 mmol/L EDTA, 5 mmol/L NaP, 1 
mmol/L phenylmethylsulfonyl fluoride, and 0.04% bromophenol blue 
in final concentration) by suspending and placing the tubes on a rotator 
for at least 2 hours. These samples were centrifuged (15,000 × g I for 30 
minutes and then immediately loaded onto native polyacry!amide gels. 
Phosphorylated and unphosphorylated MLCs were separated by 10% 
polyacrylamide electrophoresis. 26 All gels. were subjected to pre- 
electrophoresis for 1,5 hours at 400 V; the running-tank buffer contained 
20 mmol/L Tris hydrochloride. 22 mmol/L glycine, l mmol/L sodium 
thioglycate, and 1 mmol/L DTT. Samples (60 gL)were applied to each 
well and subjected to electrophoresis at 350 V for 19 to 21 hours at 4°C 
(assays were stopped within 1 to 2 hours after the bromophenol blue 
tracking dye exited the gel). Separated proteins were then electroblotted 
onto nitrocellulose sheets using a 25-mmol/L NazHPO~t transfer buffer 
at a current of 1.5 A and a temperature of 15°C for 1 hour. After transfer. 
bands of phosphorylated and unph6sphorylated MLCs on nitrocellulose 
sheets were detected by enhanced chemiluminescence (ECL) Western 
blot analysis with mouse anti-MLC antibody (1:1,000; Sigma Immuno 
Chemicals. St Louis. MO). The imaging densitometer was used to scan 
the developed films and to quantify MLC phosphorylation. 27 

Analysis of MLC and MLCK 

The relative protein content in control, diabetic, and insulin-treated 
cardiac muscle homogenates was obtained by 12% mini-sodium 
dodecyl sulfate-polyacrytamide gel electrophoresis (SDS-PAGE) aCcord- 
ing to the procedure described previously. 27 The proteins in hQmogenate 
separated by SDS-PAGE were electrobloned onto Immobilon-P transfer 
membrane (Milhpore, Bedford. MAt in a transfer buffer that contained 
25 mmol/L Tris hydrochloride. 120 mmol/L glycine, and 20% methanol 
tvol/vol) for the determination of relative contents with immunoblotting 
analysis. 28 The transferred membranes were incubated for 1 or 2 hours 

at room temperature with monoclonal mouse anti-MLC antibody 
(1:1,000; Sigma Immun0 Chemicals) or mouse anti-MLCK antibody 
(1:1,000; Sigma Immuno Chemicals). The transferred membranes were 
subsequently incubated with biotinylated anti-mouse IgG (1:1,000; 
Amersham) for 40 minutes, and then finally with streptavidin- 
conjugated horseradisll:per0xidas e (!:5,000; Amersham) for 40 min- 
utes. For ECL detection, the membrane sheets were developed on 
Hyperfilm-ECL (Amersham) to visualize proteins. The relative protein 
content was determined by a model GS-670 imaging densitom~ter 
(Bio-Rad, Mississuaga, Canada) wi}h Image Analysis Software Version 
1.0. 27 

Data Analysis 

The data are expressed as the mean _+ SE. An unpaired Student's t test 
was Used to examine }he difference between control and experimental 
samples. A P value less than .05 was taken to represent a Significant 
difference. 

RESULTS 

General Characteristics, Cardiac Performance, and 
Myofibrillar/Myosin ATPase Activities of Diabetic 
and Insulin-Treated Animals 

In comparison to control animals, bodY weight  and ventricu- 
lar g rowth  were significan.tly decreased and the ventricular 

weight  to body weight  ratio was increased in rats 8 weeks after 

streptozotoci n injection (Table 1). In diabetic animals,  p lasma 
glucose was increased markedly and plasma insulin was 
depressed compared  with con t ro l  Values. Daily injection of  

insulin in diabetic animals for 2 weeks normalized plasma 
glucose and insulin concentrat ions and ventricular weight  and 

the ratio of  ventficular weight  to body  weight;  however,  
insulin-treated diabetic rats still had a lower  body weight.  
Diabetic rats exhibited a depression of  +dP/d t  and - d P / d t  
compared  wit  h control animals; depressed +dP/d t  and dP/dt 
values in diabetic hearts were reversed by insulin treatment 
(Table 1). These  characteristics are similar to those reporte d for 
diabet!c animats f rom this laboratory and others.2 ,4,6,8,9 

Table 2 Shows that myofibri!!ar Mg2+-ATPase and Ca 2+- 

ATPase activities were depressed in diabetic animals, and thai  
these effects were reversed by treatment of  diabetic rats with 

insulin. Myosin  isolated f rom the diabetic heart  exhibited 

significantly lower  Ca2+-ATPase and Mg2+-ATPase activities 
than control preparations, but insulin administratio n to diabetic 
rats resulted in  normalizat ion O f these activities. Control  values 
for myofibrillar and myosin  ATPase activities and the changes  
in diabetic hearts are similar to those reported previously. 9,29 

Table 1. General Characteristics of the Control 
and Experimental Animals 

Diabetic 
characteristic Control Diabetic + Insulin 

Body weight (g) , 556 -+ 23 309 -+ 18" 362 -+ 26* 
Ventricular weight (mg) 1,679 _+ 197 848 _+ 38* 1,020 _+ 28 
Ventricular weight/body 

weight (r0g/g) 2.27 _+ 0.04 2.75 _+ 0.060* 2.40 _+ 0.064 
Plasma glucose (mg/dL) 159 +_ 9.3 498 + 5.2* 192 _+ 7.1 
Plasma insulin (ixU/mL) 29 _+ 2.9 12 -+ 0.9* 34 _+ 1.2 
+dP/dt (m m Hg/s) 5,624 +_ 253 3,578 + 212" 4;790 +- 256 
-clP/dt (mm Hg/s) 5,498 _+ 123 3,258 _+ 221" 4,580 -- 134 

NOTE. Values are the mean _+ SE of 6 experiments. 
*P<  .05, significantly different from contro.I. 
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Table 2. Myofibrillar and Myosin ATPase Activities in Control 
and Experimental Animals 

Diabetic 
Activity Control Diabetic + Insulin 

Myofibrillar (nmol PJmg/5 
min) 

Mg2+-ATPase 
Ca2+-ATPase 

Myosin (ixmol PJmg/min) 
Ca2+-ATPase 
Mg2+-ATPase 

211-+12 14827*  184210 
888 ± 28 562 ± 33* 847 _+ 31 

1.21 -+ 0:03 0.53 ± 0.04* 1.01 -+ 0.03 
0.229 ± 0.007 0.!49 -+ 0.002* 0.212 ± 0.004 

NOTE. Va!ue s are the mean _+ SE of 6 experiments. 
* P <  .05, significantly different from control. 

PhosPhorylation of MLC 

Figure 1 shows the representative immunoblots of unphos- 
phorylated (upper bands) and phosphorylated (lower bands) 
MLC in tiomogenates without (Fig 1A) and with (Fig IB) 
Mg2+-ATP plus CaCI2 from control, diabetic, and insulin- 
}mated diabetic hearts. Figure 2 shows the data regarding the 
ratios of phosphorylated and tota ! (phosphorylate d plus unphos- 
phorylated) MLC. There was a significant increase in the 
phosphorylation level of MLC (30% t 0 45%) in homogenates 
with Mg2+-ATP plus CaC12 compared with the respective 
homogenates without Mg2+-ATP plus CaC12 in control, dia- 
betic, and insulin-treated diabetic animals. However, in hom0g- 
enates either without (Fig 2A) or with (Fig 2B) Mg2+-ATP plus 
CaCI2, the phosphory!ation level in the homogenate of diabetic 

A: Without Mg2+-ATP and CaC12 
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Fig 2. 

# 

Control Diabetic Diabetic+Insulin 

MLC phosphorylation in the homogenat e of control, diabetic, 
and insulin-treated diabetic (ats. Phosphorylation of MLC in cardiac 
muscle homogenates without (A) and with (B) Mg2+-ATP plus CaCI2. 
*P < .05 vcontrol; #P < .05 vdiabetic. Each value is the mean -+ SE of 
6 separate experiments. 

cardiac muscles was decreased by 30% to 45% in cOmparison to 
the control values; This decrease in phosphorylation of MLC in 
diabetic animals was normalized by insulin administration to 
the diabetic rats. 

B: With Mg2+-ATP and CaC12 

a b c 

MLC 
MLC-p 

Fig !. Western blot analysis of unphosphory!ated an d phosphory- 
late d MLC in cardiac muscle homogenate s. MLC phosphorylation in 
control (a), diabetic (b), add insulin-treated diabetic (c) C ardiac muscle 
homogenates without (A) and with (B) MgZ+-ATP plus CaCI2. MLC, 
unphosphorylated MLC; MLC-p, phosphorylated MLC . 

Relative MLC and MLCK Protein Contents 

MLC and MLCK in the cardiac muscle from control, 
diabetic, and insulin-treated diabetic rats were identified by 
ECL Western blot. The representative bands for MLC and 
MLCK with a molecular weight of approximately 18.5 and 70 
kD are shown in Figs 3 and 4, respectively. Laser densitometric 
analysis of MLC bands showed a significant decrease in MLC 
protein content (~40%) in the homogenate of diabetic heart in 
comparison to the controls (Fig 3). Figure 4 shows that the 
MLCK protein content in the homogenate of diabetic heart was 
decreased by approximately 50% compared with control values. 
InSulin administration tO diabetic rats resulted in partial normal- 
ization of the decreased relative protein contents of MLC and 
MLCK in diabetic heart homogenate (Figs 3 and 4). 

DISCUSSION 

The presence of cardiac dysfunction including a depression 
in contractile force generation, cardiac relaxation, and cardiac 
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M y o s i n  Light  Chain  Conten t  
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Fig 3. Semiquantification of MLC protein in cardiac muscle homog- 
enate with immunoblot analysis. A typical immunoblot and the 
analysis of results for relative protein content of MLC in control, 
diabetic, and insulin-treated diabetic hearts are shown. Each value is 
the mean +- SE of 6 separate experiments. *P < .05 vcontrol; #P < .05 
vdiabetic. 

pumping has been reported in clinical and experimental chronic 
diabetes.i, 5,3°,31 This dysfunction in diabetic cardiomyopathy is 
associated with a decrease in the activity of myofibrillar and 
myosin ATPase. 1,7-9,a9 In the present study, we confirmed the 
occurrence of a significant decrease in myocardial function, as 
reflected by the depressed +dP/dt and -dP/dt and a significant 
depression in myofibrillar and myosin Ca2+-ATPase and Mg 2÷- 
ATPase activities in the diabetic animals. Previous investiga- 
tions have shown that the depressed myofibrillar and myosin 
ATPase activities in diabetic animal hearts may be related to 
changes in the myosin isozyme composition 7,8 and in the 
troponin I and T subunits. ~°,~1 However, in this study we 
observed decreased MLC phosphorylation in the homogenate of 
diabetic heart. Since MLC phosphorylation is considered to 
play a modulatory role in the interaction between actin and 

Myosin Light Chain Kinase Content 
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Fig 4. Semiquantification of IVILCK protein i n cardiac muscle homog- 
enate. A typical immunoblot and the analysis of results for relative 
protein content of NILCK in homogenate of control, diabetic, and 
insulin-treated diabetic hearts are shown. Each value is the mean - 
SE of 6 separate experiments. *P < .05 v control; #P < .05 v diabetic. 

myosin, changes in MLC phosphorylation activity can be seen 
to alter the myofibril!ar or myosin ATPase activities. In this 
regard biochemical studies with purified myosin and actin have 
shown an increase in actomyosin ATPase activity by MLC 
phosphorylation, and this change was shown to be due to an 
increase in the affinity of myosin for actin. 32-34 Some investiga- 
tors have shown no Change s in myosin ATPase activityy but 
others have reported a depression in myofibrillar ATPase 
activity upon MLC phosphorylation. 36,37 These variable effects 
O f MLC phosphorylation were considered to be due to aging of 
the myosin preparations, as well as the assay conditions 34,38 and 
thus are difficult to interpret in terms of the myosin and actin 
interaction. 

The depressed MLC phosphorylatio n observed in the homog- 
enate of diabetic heart may partly explain the depression in 
myofibrillar and myosin ATPase activities and the impaired 
contractile function in chronic diabetes. It should be pointed out 
that some investigators have reported that the rates of MLC 
phosphorylation and dephosphorylation are low because of th e 
small amounts of both MLCK and ML C phosphatase present in 
cardiac muscle. 39,4° Furthermore, the degree of MLC phosphor- 
ylation is dependent on the concentrations of MLC and MLCK, 
as well as the dynamics of changes in Ca2+/calmodulin 
concentrations and MLC phosphatase activitY in the tissue. 
Since the data in this study have revealed a decrease in the 
protein contents of MLC and MLCK in the diabetic heart, it 
appears that the observed decrease in the contents of MLC and 
MLCK in homogenates of diabetic rat heart may explain the 
decreased level of MLC phosphorylation. On the other hand, 
changes in Ca2+/calmodu!in concentrations may not be respon- 
sible for the observed alterations, because the decrease in MLC 
phosphorylation in the diabetic heart homogenate with and 
without Mg2+-ATP plus CaC12 was similar (30% to 45%) in the 
diabetic animals. Since the level of MLC phosphorylation 
attained reflects the end result of the relative activities of MLCK 
and MLC phosphatase, experiments are needed to identify 
whether anY change in MLC phosphatas e content or activity 
occurs in cardiac muscle of diabetic animals. 

Treatment of diabetic rats with insulin, which has been 
reported to reverse the depressed myofibrillar and myosin 
ATPase activities and heart dysfunction, 6-9 was observed to 
reverse the decreased level of MLC phosphorylation and the 
decreased concentrations of MLC and MLCK. This can be seen 
to provide evidence that depression of MLC phosPhorylation 
may represent one of the mechanisms associated with decreased 
myofibrillar and myosin ATpase activities in the diabetic heart. 
Our experiments concerning changes in plasma glucose and 
insulin levels in diabetic animals with or without insulin 
treatment indicate that the observed decrease in MLC phosphor- 
ylation may be a consequence of metabolic stress; however, the 
exact metabolic signal leading to changes in regulatory proteins 
affecting MLC phosphorylation remains unclear at present. 
Although the approach used here may provide some indication 
for the modification of MLC phosphory!at!on to occur in vivo, it 
should be noted that the analysis of MLC phosphorylation in 
this study is of indirect nature and may not reflect the in vivo 
situation. Thus, some caution should be exercised in interpret- 
ing the data, considering the technical difficulties of directly 
quantifying th e extent of MLC phosphorylation in vivo. 
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