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ABSTWCT
Although Ca2+-transportactivities in the cardiac sarcoplasmic reticulum (SR) have
been shown to be depressed in chronic diabetes, the status of its regulatory mechanisms is
not fully undentood. Since Ca2+calmodulinand CAMP-dependentprotein kinases (CAMK
and PKA) are known to stimulate SR function, it is possible that these enzymes may be
altered in the diabetic heart. For this purpose, rats were made diabetic by an injection with

streptozotocin; vehicle injected animals served as control. Some of the 4 week diabetic
animals were treated with insulin (3 Ufday) for 2 weeks. He& were removed at 6 weeks
after the induction of diabetes and the ventricular tissue was w d for either SR preparation
or other biochemical determination. The decreased level of glucose, increased level of

insulin and depressed venhicular function in diabetic animals were prevented by insulin

trea tment. Both Caz+-uptakeand Caz'-release activities in SR preparations fkom diabetic
hearts were decreased. The SR protein content as estimated by Western blot analysis for

Ca2'-purnpATPase, Ca2+-releasechannels and phospholamban proteins were also decreased
in the diabetic hearts. Both CAMK- and PKA-mediated protein phosphorylations were

increased in the diabetic SR. These changes in the diabetic heart were associated with
increased SR CAMK, PKA and phosphatase activities. Although insulin eeatment of
diabetic animals provided partial recovery of SR function, it had no effect on changes in
CAMK and PKA activities. These results suggest rnarked changes in the regulatory

rnechanisms for SR fiinction in the diabetic hearts.
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1. INTRODUCTION
Diabetes is a disease which is associated with high levels of blood glucose. Diabetes
mellitus

is of two types:

insulin-dependent diabetes mellitus (IDDM)

and

noninsulin-dependent diabetes mellitus (NIDDM). IDDM, or Type 1, results fkorn lack of
insulin due to the inability of pancreatic 0-ceils to produce ~ ~ c i einsulin;
n t
the elevated
glucose levels are usually maintained by the administration of exogenous insulin. Although
the use of insulin by diabetics has minimized the risk of death from ketotic coma,

cardiovasculardysfunction still remains a major cause of death in patients with diabetes. As
force generation by the heart is a cellular event, it is believed that subcellular defects iire
involved in the pathogenesis of k a r t dysfunction. Sbdies carried out in the past 25 years
have focused on the role of Ca2+in the contraction-relaxation coupling process for muscle
contraction. By virtue of its ability to release and accumulate Ca2', the sarcoplasmic
reticulum (SR) is considered to intimately participate in the process of cardiac contraction
and relaxation. Furthemore, the SR function is regulated by protein phosphorylation. In
view of the central role of SR in cardiac contractile fhction, aiterations in cardiac function

in chronic diabetes may be due to SR dysfunction. Although SR dysfunction in diabetes has

been documented, the mechanisms underlying these alterations are not completely

undentood. In view of the critical role of phosphotylation in regulating the SR function, we
have investigated the role of CAMK and PKA-mediated phosphorylation in control and
diabetic rats.

II. REVIEW OF LITERATURE
1. Clinical classification of diabetes mellitus

Diabetes mellitus (DM) has been known for many centuries. In fact, the ancient
people from Lndia were first to characterize the urine of diabetic patients to be "honeyed" in
approximately 400 6.C.' It is a serious disease that seems to make amicted individuals more
susceptible to heart dysfunction, independent of atherosclerosis,and hypertension. Diabetes
mellitus involves defects in protein, carbohydrate and fat metabolism; these abnormalities

are associated with the deficiency in systemic insulin or inability of insulin to act on the ceIl
and thus creating a hyperglycemic status in the body. According to the National Diabetes

Data GroupZand the World Health Organization,' diabetes mellitus c m be divided in two
groups, narnely the insulin dependent diabetes mellitus (IDDM) and non-insulin dependent

diabetes mellitus (NI DDM). The I DDM (Type 1 diabetes) or Juvenile-onset diabetes
involves the destruction of the P-cells of the pancreas and theu inability to produce insulin.
The IDDM patients are required to take exogenous insulin to control their blood glucose
levels and prevent ketoacidosis. Ketoacidosis occurs when the ketone levels in the body are

high enough that it leads to metabolic acidosis, diabetic coma and sometimes death.
Syrnptoms that accompany IDDM are excessive thirst, unexplained weight loss, polyuria,

and ketosis. The NIDDM (Type II diabetes) or Adult-onset diabetes involves the body's
inability to utilize insulin due to receptor defects or genetic predisposihon, and therefore
individuals are usually hyperinsulinemic. The NlDDM patients are not required to take
exogenous insulin, and their risk of ketosis is rare in cornparison to IDDM. It is estimated
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that approxirnately 80-85% of ail diabetics are NIDDM;' the majority of these patients are
also obese.

2. Diabetes mellitus and its complications

Even with the discovery of insulin by Banting and Best for the treatment of diabetes,
the diabetic patients still suffer a higher mortality than the general population. insuiin has

increased the life expectancy of diabetic patients, but the question remains why about 800/0

of deaths in diabetic patients are related to cardiovascular disea~e.'.~
Even in the absence of

hypertension, atherosclerosis and vascular complications, diabetics still s a e r more

cardiovascular dysfunction. The following are some of the cardiovascular complications
wliich are comrnonly associated with diabetes:
a. Hypertension

Elevated blood pressure seerns to be quite common in diabetes and in fact,
hypertension precedes the microvascular and macrovascular changes seen in diabetics and
is considered to exacerbate the increased mortality. Hypertension in diabetics makes these
individuals more susceptible to the occurrence of renal, stroke, coronary artery disease,
retinal and cardiovascular dysfunction. Studies conducted in the past have e s b a t e d that

diabetics with hypertension are twice that of non-diabetics.' Factor et al8have confinned
that hypertensive-diabetics suffer increased myocel lular damage which may account for their
higher mortality than non-diabetics.

Hyperinsulinemia may provide an answer for the

increased sodium retention seen in diabetics since increased endogenous insulin was shown

4
to increase sodium reab~orption.~
An increase in intracellular sodium poses a threat,

because

it can lead to increased vasoconstriction. The use of anti-hypertensive therapy such as aand P-adrenoceptor blockers, angiotensin converting enzyme (ACE) inhibitors. calcium
channel blockers, vasodilaton and diuretics may provide some benefit in reducing blood

pressure and coronary artery disease. However, these agents are also known to cause some
adverse effect on glucose and lipid metabolism and may in some accelerate vascular

disease.'"'* Nonetheless, hyperîension is of great concem to health practitioners searching
for the reason why diabetics show increased mortality and cardiovasculardisease than nondiabetics.
b. Myocardial infarction

Diabetic patients have been shown to suffer from more m u e n t (2.5 - 5 times) and
severe myocardial infarction (MI) versus non-diabetics.'""

Studies conducted in the past

demonstrated that male diabetics increase the likelihood of cardiovascular problems by 2
times, whereas female diabetics increase the chance of cardiovascular problems by 3 - 5
hmes the normal nsk? Dhalla et ali6have indicated three risk factors that may account for
the increased incidence of cardiovascular dyshuiction in diabetics: atherosclerosis,
microvascular alterations and primaxy myopathie disorder in cardiac muscle. Studies in the
past have demonstrated that two months after an MI the mortality in diabetic patients was
approximately 4 1% in cornparison to 15% in non-diabehcs." Even more a l d n g is the
evidence that regardless of infarct si=, diabetics still suffer a higher mortality than
non-diabetics." The increased incidence of MI in diabetics has k e n linked to glycemic
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status. Studies have shown that when the hyperglycernic state of diabetics was sbingently
controlled the incidence of MI fell sign~ficantly.'~
Hyperglycemia has also been linked to
endothelial dysfunction and hypertension. Another danger that increases the rnortality in
diabetics is the occurrence of a silent MI which has been suggested to be due to the damage

of cardiac nerves and the inability of afferent nerves to transmit information as a result of
viscerai neuropathy.'O

Silent MI was shown to be more cornmon in the diabetic

population21a and is of great concem because the patients are unaware that they have
suffered an MI and thus may not summon the proper medical attention? The survival of
diabetic patients with MI afker 1,Z and 5 years is 82% 78% and 58% whereas that for nondiabetic patients with MI is 94%. 92% and 82% respectively. Thrombolytic therapy with
aspirin andor heparin seems to be the standard treatment for diabetic patients with MC." The
poor outcome in diabetics is the result of advanced coronery artery disease present in the

diabetic population; however, P-adrenoceptor b lockers have proven to provide long-tem
benefit to diabetics with ML." Nonetheless, it has been shown diat diabetes mellitus

increases the prevalence of coronary artery disease? It has been suggested that factors such
as a e , cholesterol and hypertension ampli& the affect of diabetes on the prevalence of

coronary artery disease. tt has also k e n established that diabetics sufZer ûom 4 - 5 times

more incidences of congestive heart failure following MI independent of age, weight,
cholesterol level, blood pressure and coronary artery disease. I4.26-29
c. Coronary thrombosis and stroke

Atherosclerosis involves dysfunction of cerebral artenes and peripheral vasculature.
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As a result of poor lipoprotein metabolism and hypercholesterolernia, plaque formation or

thrombosis has been shown to occur. It has been recognized that high level of LDL
(low-density lipoprotein) and low level of HDL (high-density lipoprotein) lead to the
initiation and progression of arterial lesions. It has been suggested that the atherosclerotic
process is similar in the general population; however, in diabetic patient it proc-eds at a
faster pace." Thrombosis seems to be initiated by injury to the artenal wall; this will result

in alterations in platelet coagulation and fibrin activity in the diabetic patient. It is now

beiieved that thrombosis may occur prior to vascular injury and endothelial ce11 dysfunction
in the diabetic patient. One possible explanation for the increased prevalence of thrombosis
in diabetics could be due to the increased platelet hyperaggregability seen in patients with

lDDM and NIDDM." Some studies have confinned that if patients do not control their
diabetes, their platelets release more vascular growth factors and this results in Uicreased
progression of lesion Ma smooth muscle ce11 proliferation.'' It has been suggested that the
production of thromboxane (a potent vasoconstrictor) is increased in the insulin deficient
diabetic and this may hasten the thrombolytic process." Treatment of diabetic patients with
coronary thrombosis as well as stroke rnay involve proper glycemic status via insulin
regulation, diet and weight reduction, exercise, use of antiaggregant agents such as aspirin,
and also use of anticoagulants. Postmortem studies have shown stroke to be a major cause

of death in diabetic patient.3cM It has been estimated that 7% of deaths in diabetics are
related to stroke, and 25% to cerebrovaxular disease." Women diabetics have also s h o w
to be at more risk than their female counterparts."

3. Cardiac dysfunction d u h g diabetes mellitus

Studies conducted around the world have concluded that the heart is indeed
compromised in diabetic patients. The diabetic hart has been s h o w to have lower ejection
fractions and stroke volume.3-

It has also been suggested that the comprornised heart is due

to decreased cornpliance of the left ventricleu and a slower relaxation pro ces^.^' It has also
been suggested that a lack of systemic insulin may result in loss of membrane integrity. This

rnay alter membrane permeability, allowing for increased entry of cations such as calcium
and resulting in dysfunction of contractile units; this eventually leads to anyihmias and heart

failure. Factors such as isovolwnic contraction or relaxation time and left ventricular
ejection time have

k e n shown to increase in diabetics, a clear indication of cardiac

dysfunction.4L43 A larger ejection hction than normal indicates contractile dysfunction
whereas a lower ejection h c t i o n indicates the presence OC heart di~ease.~'Experimental
data has

pinpointed a direct linear relationship between s e m glucose levels and ejection

fraction l e v e l ~ .Since
~ ~ diabetes mellitus has been linked to other vascular complications
such as hypertension and atherosclerosis, these factors may attenuate the afterload on the

heart resulting in higher filling pressure^.^' It has been indicated that if the hyperglycemic
state

of these patients was regulated with insulin to approximately control levels, their

cardiac performance also improved to control levels.'

When myocardial shortening was

exarnined it was also found to be subnormai in diabeti~s.".'~ Systolic and diastolic

dysfunction have been discussed in the past in correlation with diabetes. Studies have also
s h o w that in most cases diastolic dyshction or impaired isovolumic relaxation, preceded
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systolic dysfunction or impaired isovolurnic contracti~n;'"~this is important clinically,
because it allows for the early detection of cardiac disease in diabetic patients. Studies on
isolated diabetic ventncular tissue have shown that diabetes mellitus itself results in
compromised cardiac f u n ~ t i o n .Experiments
~
on animal models of diabetes mellitus have
shown decreased force generahon, as well as decreese in cardiac output and other

hemodynamic factors.-'

The duration of diabetes may also have a bearuig on the recovery

of contractile fùnction once insulin is administered. It has been indicated that in the
chronically diabetic rat, insulin treatment only led to the partial recoveiy of function to
normal levels but contractile dysfunction was still observed.52.62.63
Treatrnent of diabetics in general has k e n mostly centered around correcting the
hyperglycemic state of diabetics with insulin. It has been shown that if insulin treatment is
given irnmediately afier induction of diabetes, insulin will allow recovery of cardiac function
to normal levels, as well as the restoration of physical attributes such as heart and body

~ e i g h t ? While
~
assessing the effectiveness of insulin treatment, it has been concluded that
factors such as dosage of insulin, severity and duration of diabetes should be taken into
account since insulin did not reverse dysfunction in trials conducted over longer periods of

tin~e.~'Other studies have suggested that insulin itself and not the systemic glucose level
may play a role in recovery of contractile dysfunction." Various investigators have also
examined the possible role of depressed thyroid hormone levels in diabeti~s."*-~
Restoration of thyroid hormone levels did not result in correction of contractile dyshction
to control values but in fact cardiac dysfunction was still e~ident.".'~.~"'*~~
Therefore, the
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possible role of hypothyroidism in generation of cardiac dysfunction in diabetics has not

been validated.

4. Subcellular defects in diabetes mellitus

It has been noted that the heart function in the diabetic population is compromised but

the question still remains on exactly what c a w s this dysfunction. Some invesetigators have

concentrated on the excitation-contractioncoupling mechanism becausethe force generation
by the heart is a cellular event. Other researchen have focused solely on the importance of
Ca2+in the contraction process. Intracellular Ca2+homeostasis is crucial to the Mability of

the heart as a pump, as concentrationsof Ca2+are seen to fluctuate corn 1O-' M in contraction
to IO-' M in relaxation. lnvestigaton have also focused their attention on the subcellular

organelles such as the sarcoplasmic reticulurn (SR), sarcolemmal membrane (SL) and the
mitochondria (Mt), since these organelles regulate cations such as Ca2+and play a vital role
in the process of excitation-contraction coupling. The process of excitation-contraction

coupling involves the binding of Ca2+to troponin C, allowing the release of tropornyosin and
the crossbridge cycling of myosin with actin. The myofibrillar CaZ+-stimuhtedATPase

mediates the crossbridge cyclingmJ1which was found to be decreased in the diabetic
myocardium in cornparison to control value^.^-^' The activities of actomyosin and myosin
were also depressed in the diabetic heart;"treatment."

this defect was corrected upon receiving insulin

It has k e n suggested that the most likely explmation for a decrease in

myofibrillarATPase activity may be the confornational modification et or in L e vicùlity of
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the enzymatic a c t i ~ i t y . ' ~The
~ ~ deficiency in circulating thyroid hormones was also

examined but niled out as a primary cause for the decrease in ATPase activity.76.78 ~

h

defect was considered to be of importance clinically because ATPase activity is associated

with force genenition in the heart, and a decrease in its activity is indicative of heart
dysfunction in d i a b e t e ~ . ~ * ~
a. Changes in the sarcoplasrnic reticulum in diabetes

The sarcoplasmic reticulum (SR) is the major source of Ca2+storage in the h e a and
is primarily responsible for the release and subsequent uptake of Ca2+for the cardiac

contraction and relaxation phases. Ca2'-pump ATPase protein (SERCA2a) accounts for
approxirnately 50-Wh of the SR proteinsa and Ca2'-uptake is an energy dependent process.
It has been postulated that a slower relaxation time in the diabetic heart rnay be due to the

slower removal of cytosolic Ca2+. Since, the SR is the major storage site of Ca2+in the

myocardiurn, it was speculated that the depressed Caz'-uptake may be due to an abnormality
in the SR in the diabetic condition. Penpargkul et al" were the fust to confirm that indeed

the ability of SR to accumulate Ca2+was decreased in the diabetic heart. Other inveshgators
over the years have also confmed these findhgs and also have found that SR CaZ'binding

was also depressed in the diabetic heart.""2a3 It was found that the Mg+-dependentATPase

activity was unaffected;" treatment of diabetic animals with insulin corrected the depression
in S R Ca2'-pump ATPase and Ca2+-uptakeacti~ities."*~'in searchïng for an answer for the

depressed fûnction of the SR in diabetes, it was suggested that hypothyroidism rnay cause
defect in cardiac SR Ca2+-transport,uhowever, treatment of diabetic animais with thyroxine

,

~

I I

did not alter the depressed SR Ca2'-transport." It has also been suggested that the defect in
S R Ca2+-transportcould be due io a change in lipid accumulation, especially long-chain acyl-

camitines observed in the diabetic hearts." Chronic treatment with camitine prevented the
accumulation of long-chain acyl-carnitines and allowed for recovety of SR function but not
cardiac f'unction in diabetics?
The contractile state of the myocardiurn is regulated via protein phosphorylation and

dephosphorylati~n.~*~~
This process ïncludes phosphorylaticm and dephosphorylation of
various intracellular proteins and it is when these regulatory mechanisms fail cardiac
dysfunction occurs. initially rexirchers only focused on the cAMP-dependent processes
mediated by the CAMP-dependentprotein kinase (PKA),"">O but now they have expanded to

include Ca2+calmodulindependent protein kinase (CAMK)?'.~protein kinase C (PKC),93.H
cGMP-dependent protein kinase (PKG),95 tryosine protein kinases,% exhacellularly
signal-regulated kinases," mitogen-acti vated protein
kinases?

and c-j un N-terminal protein

It should be pointed out that the cardiac SR is involved in the regdation of

intracellular Ca2' and therefore i t affects contraction and relaxation through the
phosphorylation of various regulatory proteins such as SERCAZa,Ca2'-release channel or
ryanodine receptor (RyR) and phospholamban (PLB).
It has been recently shown that direct phosphorylation of SERCA2a by CAMK results
in an increased rate of Caz'-uptake by the SR.Im It is believed that in the unphosphorylated

state PLB is bound to SERCA2a in an inhibitory cornplex, preventing Ca2'-uptake €rom
o c ~ u m n g . ' ~This
' Mew is substantiated in PLB deficient SR hearts which show increased
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Ca2+-uptakeactivity.'02 It has been suggested that phosphorylation is a key factor in the
mechanism of Caz+-uptake.It has been proposed that upon phosphorylation PLB undergoes

a conformational change allowing for the activation of SERCA2a p~mp.'~''" Kirchberger

et alloswere the first to show that PKA-dependent phosphorylation of cardiac SR resulted
in a n increase in Ca2'-transport activity. It has been suggested that P K A may accomplish this
by increasing the afinity of the SERCA2a purnp for Ca2'.106-'07
The increase in SERCA2a

pump activity by PKA-dependent phosphorylation of PLB could also be due to the increased

coupling ratio of SERCA2a for Ca2' or an increased turnover of SERCA2a.'08 Numerous
studies have also confmed the role of phospholamban as a regulator of cardiac relaxation
in response to catecholarnine or sympathetic stünulation. For example, P-adrenergic

stimulation increased PLB phosphorylation and SR Cazt-transportin addition to shortening
the myocardial relaxation.u*-'"'

"

ln order to confirm the effects of P-adrenergic

stimulation, some researchers inhibited this stimulation via muscannic and cholinergie
mediated processes and found that the parasympathetic stimulation c m reverse the effects
of 0-adrenergic stimulation on PLB phosphorylation." '-'"

CAMK has also been shown to phosphorylate PLB, and increase Ca2'-uptake. iM*"6~'17
The increase in SR Ca2+-uptakeactivity seems to be due to the increase in a f f i t y of
SERCA2a pump for Ca2'.'

'

It is speculated that both PKA and CAMK are involved in

the phosphorylation of PLB and seem to act independently of each other, but when these

regulatory mechanisms operate together their effect is a d d i t i ~ e . ' ~ * " ~It. "should
~
also be
noted that it is estimated that approximately 50% of PLB phosphorylation is accounted for
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by CAMKH9 It has also been observed that PKG can also increase the phosphorylation of

PLB but the significance of this mechanism is not clearly under~tood.'~
PKC has also been

observed to increase PLB phosphorylation, and therefore Caz+-uptakeactivity .'"*'"

Protein

phosphatases dephosphorylate proteins and regulate a variety of signal transduction
p a t h w a y ~ .Some
'~
researchen have suggested the presence of a 'PLB-specific' phosphatase
that can dephosphorylate PKA and CAMK phosphorylation sites thus resulting in a decrease
in Ca2+-uptakea ~ t i v i t y . ' ~ ~ ' ~

SR Ca2'-release occurs through the RyRs. The influx of Ca2' from voltage-gated
sarcolemmal CaZ+channels in the sarcolemmal membrane leads to M e r release of Cat'

from the SR (via Ry R) by a process called calcium-induced-calciwn-release.' 27 RyR has been
PKA and CAMK phosphorylation
suggested to be regulated by PKA,CAMK and Caz+;'B-131

of RyR promote S R Caz+-release. Calsequestrin is a Ca2+-bindingprotein involved in Le
binding of large arnount of Ca2+that is sequestered by the SERCA2a pump. It is believed
that this phosphoprotein is phosphorylated by casein kinase II, but its effect on calsequestrin
still has to be identified.'32'33 PKA and CAMK have also been implicated in the

phosphorylation of phospholipids present in cardiac muscle. "'
b. Changes in the sarcolemmal membrane in diabetes

The sarcolemmal membrane plays a crucial role in the regulation of membrane

potential and thus excitationsontraction coupling. Ca2' enters the cytoplasm through the
voltage-gaied Ca2+channels in the SL membrane. Upon entry, a small amount of Ca2' Gan
act as tigger Caz+and allow the release of more Ca2+h m the S R through calcium-induccd
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calcium relea~e."'."~ Any alterattons of the SL may therefore result in cardiac dysfunction

in diabetic animals. A decrease in P-adrenergic receptor number rather than changes in the

receptor afinity has been reported in the diabetic hearts."'

The result would be a decrease

in adrenergic stimulation of cardiac function in the diabetic heart.

If the density of

P-adrenergic receptors on the SL membrane is decreased in the diabetic animal, then it must
follow that the ability of catecholamines to bind these recepton and initiate adenylate cyclase
to produce cyclic AMP (CAMP) to M e r phosphorylate other protein kinases to release

more Ca2+for force generation will also be cornpromised. It is believed that diabetes itself
is responsible for the depression ùi adrenergic receptor density; the severity of depression
is dependent upon the duration of diabetes in

Also in support of this hypothesis

is the fact that insulin treatment was able to rectify this defect in the diabetic animal."9 And

lastly, the weight loss experienced by these animals was not a factor, because food
restrictions had no bearing on the receptor density.'" Lt has been suggested that the
hypothy-roid state of the diabetic may be a causal factor in the occurrence of adrenergic
receptor depressi~n-l'~
The Na+-Kt pump allows for the exchange of 3 Na' for 2 Kt agahst their

concentration gradients. The Na+-K+pump of the cardiac sarcolernrnal membrane plays a
critical role in the regulation of membrane depolarization and repolarizatïon.

Lon

homeostasis is essential for the maintenance of proper cardiac function. Schwartz et al"'
have indicated that if the Na+-Kt
pump was inhibited the intracellular concentration of Na'

will rise. This would activate the Na+-Ca2'exchanger, increase the intracellular Ca2' and
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thus result in the contractile dysfunction observed in diabetes. Experirnenis conducted on

diabetic dog h e m by Onji and Liu,lJZprovided the first data that the Na'-K'

ATPase

enzyme system was significantly decreased in cornparison to contml values. Other studies

have also confinned this depression in Nat-K' ATPase in the diabetic animal^.^^'^'^' BY
using the purified cardiac SL from diabetic animais, Pierce and Dhallal&showed that the

Nat-Kt ATPase activity and Kt-pNPPase activity, or the dephosphorylation of Nai-K'
ATPase were significantly decreased. The decrease in enzyme activity and subsequent

Na+-purnpactivity was reversed by the administrationof insulin to diabetic anirnals. "'Some
investigators focused on the Na+-Ca2'exchanger as a possible rnechanîsrn to explain the
contractile dysfunction observed in diabetics. This exchanger is of importance, because Ca2*
is directly involved in the contraction and relaxation of cardiac function and the Na'-Ca2'
I t was demonstrated that the
exchanger is involved in the influx and emux of Ca2+.'4g*149

Na+-Ca2+
exchanger and Ca2+-purnpactivities are decreased in the diabetic heart SL but were
normalized with insulin administration.142-'45~1s0 The role of the Na+-H' exchanger in the
cardiac SL has also been examined as the mechanism for influx of Na' and efflux of H'. If
there is a depression in Na+-Htexchange, as confirmed by Pierce et ~ 1 , "then
~ the diabetic

heart will show a marked depression in recovery due to acidosis; the combined effect of

sodium concentration and intracellular pH will clearly resul t in an altered myocardium.
c. Changes in the mitochondria in diabetes
The mitochondna is an important storage site for calcium. Although the S R is

considered the prirnary source of calcium, the mitochondria is a secondary source of
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Ca2+-upiakewhen a surplus of Ca2' is present in the cytoplasm under pathological
conditions."' This defense mechanism of the rnitochondria will act to prevent any cardiac
contractile dysfunction that may occur."'

It was found that the Ca2+-uptakeactivity in the

mitochondria of diabetic hearts was decreased in cornparison to control animals, and
administration of insulin reversed the decrease in activity observed in d i a b e t i c ~ . ' ~ This
~"~
may be indicative of cardiac dysfunction present in diabetes, especially since insulin

treatment corrected the defect. Mitochondnal oxidative metabolism has been found to be
depressed in the huirts of diabetic animals; this change was corrected with insulin
treatment. 's4*'ss

It should be noted that these studies were conducted on acute diabetic

animals, and thus their relevance to the chronic diabetic animal 1s questionable. Studies on
strepzotocin (STZ)-induced diabetic rats by Pierce and Dhalla' '' demonstrated decreased
oxidative phosphorylation, Mg2'-dependent ATPase, and respiratory control index activities.

Insulin treatment reversed the decrease in activities observed in diabetic animals.
Examinahon of other variables to find the solution to the decreased activity of the
mitochondria in diabetes, uncovered the decrease in ATP content and ATP synthesis
observed in diabetic animal^."^ ATP and phosphocreatine play a vital role in the energy
production and utilization by cardiac muscle; a defect in ATP synthesis could manifest itself

as a dysfunction in conîractility and thus leading to the occurrence of heart dysfunction.l S 9
If insulin treatment was administered, then these alterations were reversible.

III. METHODS
1. St reptozotocin-dia betic rats

Male Sprague-Dawley rats weighing approximately 1 75-2 10 g were made diabetic
with a single injection of streptowtocin (65 mgkg) in citrate buffer (pH 4.5) into the tail

~ e i n . ' ' . " ~After 12-24 hr a dose of 50% dextrose-saline solution was administered

subcutaneously to reduce rnortality. Three days after the streptozotocin injection, urine
glucose levels were assessed using Keto-sticks (Bayer) to confimi the hgh levels of urine
glucose in experimentai animais. nie control animals were injected with citrate buffer.
After 6 weeks both control and diabetic animals were sacrificed and the ventricular
tissue and plasma were col lected for fùrther experirnents. Serurn glucose levels were assessed

using insîmctions from Sigma kit. One group of 4 week diabetic animals were treated with
insulin (3 U/day) for a period of 2 weeks to examine if the diabetes-induced changes were
reversible wi th insulin treatment.

2. Hemodynamic studies

Using a procedure as descnbed elsewhere," experimental anùnals were anesthetized
using sodium pentobarbital (50 mgkg) administered i-p. Hemodynamic assessrnent was
conducted using a microtip pressure transducer (model SPR-249, Miller Instruments,
Houston, TX). Readings from a dynograph recorder (model RSHA, Beckman; Fullerton,

CA) were taken for determinhg the rate of pressure development (+dP/dt) and rate of

pressure decay (-dP/dt) in the lefi ventricle.

3, Isolation o f SR vesicles

The SR vesicles were prepared as descnbed by Osada et ai''' with slight

modifications. Left ventricular tissue was minced and homogenized twice at 20 sec intervals
using hal f-maximal setting on a Polytron homogenizer (Brinkrnan, Westbury, NY). The
homogenization buffer contained (in mmoVL): 15 Tris-HCl, pH 6.8, 10 NaHCO,, 5 NaN,
and protease inhibitors (in pmollL: 1 pepstatin, 100 phenylmethylsulfonylfluoride and 1
leupeptin). The homogenate was centrifùged for 20 min at 9,500 rpm and the supernatant
thus obtained was cenûifuged at 19,000 rpm for 45 min to obtaui the pellet. A buffer

containing 20 mrnoVL Tris-HCI, pH 6.8,and 0.6 moVL KCI was used to suspend the pellet,
which was then centrifuged at 19,000 rpm for 45 min. A mixîure of 10 mmoVL histidine,

pH 7.0 and 0.25 moVL sucrose was used to suspend the resultant pellet and this was the SR
fraction. The entire procedure was perfonned at 0 4 ° C in the cold roorn. Various assays
were conducted using the SR suspension. The protein content and the membrane purity were

assessed by the measurement of the activity of marker enzymes such as cytochrorne c
oxidase, rotenone-insensitive NADPHcytochrome c reductase, glucose-6-phosphatase, and
ouabain-sensitive Nat-K' ATPase were detemined by the methods used preM~usly."~

4. Measurement o f Ca2+-uptakeactivity

The Ca2'-uptake activity was detemined by the method described by Hawkins et al.'58
250 pL of standard reaction mixture was use4 containing in mmoUL: O. 1 ''CaCI, ( 12,000

cpm/nmol), 5 NaN,, 5 ATP, 5 K-oxalate, 5 MgCl,, 120 KCI, 50 Tns-Maleate (pH 6.8) and
25 pmoVL rutheniurn red. The initial Ca2+measured by using Fabiato'si2' program was 8.2
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pmoVL. Ca2'-release was inhibited by the use of ~then1tJ.mred. SR membranes (6 pg) were
added to the reaction mixture, the reaction was tenninated after 1 min by filtering a 200 PL

aliquot of the reaction mixture through 0.45 pm HAWP filters (Millipore, Mississauga,
Canada). The filten were washed, dried at 60°C for I hr and the radioactivity was

detemined in the beta liquid scintillation counter.

5. Measurement o f ryanodine sensitive Ca2+-release

Ca2+-releaseactivity was measured as described by Temsah et al. lS9 625 pL of Ioading
buffer was used to suspend the SR hction (62 pg protein). The loading buffer consisted of
(in rnmoVL): 20 Tris-HCl (pH 6.8), 5 K-oxalate, 100 KCI, 5 MgCl, and 5 NaN,. Incubation
was conducted at room temperature for 45 min, with 5 mmoVL ATP and 10 pmoVL 4'CaCl,

(20 rnCi/L). Ca2+-inducedCaz+-releasewas înitiated by the addition of 1 mM CaCl, plus
1

m M EGTA to the reaction mixture. M e r 15 sec the reaction was temiinated by filtering

through 0.45 pm HAWP filters (Millipon, Mississauga, Canada). The filters were washed

dried and then the radioactivity was determined in a beta scintillation counter.
Approximately 95 to 98% of Ca2+-inducedCa2'-release was prevented via 20 p M ryanodine
treatment of SR preparations.

6. Western blot analysis
Using the method described by Osada et al,'" the protein content of RyR, SERCA2a

and PLB in SR preparations were examined in control, diabetic and insulin-treated diabetic

rats. lmmunoassay was conducted by subjecting SR (20 pg proteinliane) to sodium dodecyl
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sulfate polyacrylarnide gel electrophoresis (SDS-PAGE) in 5, 1O and 15% gels for detecting
R y R SERCA2a and PLB, respectively. For

RyR, proteins from the gels were transferred

electrophoretically to nitrocellulose membrane, and for SERCA2a or PLB to a
polyvinylidene difluoride membrane. These membranes were probed with anti-ryanodine
receptor (1 :1.400). anti-SERCA2a (1 :1,400) and anti-phospholamban (1 :2,ûûû) antibodies.
Peroxidase-linked anti-mouse IgG was used as a secondary antibody for SERCAîa and PLB
( 15,000). Anti-RyR and anti-PLB antibodies were purchased from Upstate Biotechnology

(Lake Placid, NY) while anti-SERCA2a antibody was purchased from At51ty Bioreagents

(Golden, CA). For Ry R, biotinylated anti-mouse IgG ( 1:2,Sûû) was used as the secondary
antibody and then incubated with streptavidin-conjugated horseradish solution ( 1:5,000).

Visualization of protein bands with antibodies was conducted using enhanced
cherniluminescence detection system from Amersham (Amersham, UK). Intensity of each
band was assessed using Imaging Densitometer with the aid of Molecular Analyst Software

version 1-3 (Bio-Rad, Hercules, CA).

7. Measurement o f phosphatase activity
The phosphatase activity of SR was measured as described by Upstate Biotechnology
Ser/Thr phosphatase assay kit. The assay was based on the dephosphorylation of synthetic

phosphopeptide (KRpTIRR). The resultant release of inorganic phosphate was measured ai
a wavelength of 660 m. Assays were carried out in the presence and absence of exogenous

substrate. Phosphatase activity was calculated by subtracting the value in the absence of
exogenous substrate fiom that in the presence of exogenous substrate.
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8. Measurement o f endogenous CAMK activity

The CAMK activity of the SR was detennined using Upstate Bioteclinology (Lake
Placiâ, NY) assay kits. This assay is based on the phosphorylation o f specific substrate

peptide (KKALRRQETVDAL) by transfer of y-phosphate ofadenosine-5'-["P

1 triphosphate

[y--''P] ATP) by CAMK II. The phosphorylated substrate was separated €rom the residual
[Y-)~P]ATPwith P8 1 phosphocellulose paper and quantified using a scintillation counter.
Assays were penomed in the presence and absence of the substrate peptide. CAMK activity
was detemüned by subtracting the value in the absence of exogenous substrate corn that in
the presence of exogenous substrate.

9. Measurement o f SR PKA activity

The PKA activity in the SR fraction was determined using Upstate Biotechnology
(Lake Placid, NY) assay kits. This assay is based on the phosphorylation of specific
substrate (kemptide) using the transfer of the y-phosphate of [y-"P] ATP) by PKA. The

phosphorylated substrate was separated from the residual [y-)'P]

ATP with P81

phosphocelluIose paper and quantified using a scintillation counter. Assays were perfomed
in the presence and absence of kemptide. PKA activity was determined by subtracting the

value in the absence of exogenous substrate fiom that in the presence ofexogenous substrate.

10. Measurement of phosphorylation by endogenous CAMK and exogenous PKA

In order to prevent any dephosphorylation during isolation of the SR phosphatase
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inhibitors were incorprated. The homogenization buffer contained 1 mmoVL sodium
pyrophosphate and 10 nmoVL microcystin-LR. SR protein phosphorylation by CaMK was
detennined using procedures as described by Netticadan et

Phosphorylation by

endogenous CaMK was conducted using a total volume of 50 pL assay medium contauiing:
100 j.tmoVL EGTA, 0.8 mrnoVL [Y-'~P] ATP (specific activity 200-300 cpm/prnol), SR (30
pg protein), 2 pmoVL calmodulin, 100 p o V L CaCI,, 50 rnmoVL HEPES @H 7.4) and 10

mmoVL MgCl,. Initial frce Ca2+
was 3.7 pmoVL,as determined by the program of Fabiato.'*'

In order to monitor Ca2+/cahodulîn dependent phosphorylation, parallei assays were
conducted in the absence of calmoduiin and Ca2'(l mmoVL EGTA present). Phosphorylation
by PKA was conducted in a 50 pL assay medium containing in mmoVL: 10 MgCl, 0.8

[y -"Pl ATP (specific activity 200-300 cpm/pmoI), 50 HE PES (pH 7.4), S R (30 pg protein)
and PKA (catalytic subunit from bovine heart; 5.6 pg).

Assays lacking PKA catalytic

subunit were carried out, in order to monitor PKA-dependent phosphorylation. The assay

medium was preincubated for 3 min at 37"C, then [Y-~*P]ATP was added to start
phosphorylation reaction. Afier 2 min the reaction was terrninated by the addition of 15 pL
ofSDS-sample buffer. SDS-PAGE was then performed using 4- 18% gradient slab gels. The
gels were stained with Coomassie Brilliant BI ue, dried and autoradiographed. Using an
lmaging Densitometer and Molecular Analyst software version 1-3(Bio-Rad, Hercules, CA),
the intensity of each phosphorylated band was analyzed.
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1 1. Statistical analysis

Data was evaluated according to the ANOVA test followed by Students' t-test, and
expressed as mean

* standard error.

Statisticai significance was assessed at P < 0.05

between control, diabetic and insulin treated groups.

IV. RESULTS
1. General characteristics o f control and experimental animals

As shown in Table 1, the body weight and heart weight of the diabetic rats were
significantly depressed in comparison to control values whereas the heart weighthody
weight ratio was significantly increased in comparison to control values. lnsulin treatment

of diabetic animais resulted in partial recovery of these parameten towards the control
values. Assessrnent of plasma glucose and insuiin revealed a significant increase in glucose
and a significant decrease in insulin levels in the diabetic animals; these changes were

reversed by insulin treatment. Hemodynarnic assessrnent of the diabetic animals revealed
depressions in the left venhicular developed pressure (LVDP), rate of pressure development
(+dP/dt) and rate of pressure decay (-dP/dt) in diabetic animals in cornparison to control
values. When diabetic animals were given insulin, cardiac function recovered towards the
control values.

2. S R Caz'-uptake and -release activities

The oxalate-supported S R Ca2+-uptakein the diabetic heart was significantly

depressed in comparison to control values (Fig. 1A). An approximate 42% reduction in Ca2+uptake was observed in the diabetic animals in cornparison to control. Insulin treatment (3

U/day) of the diabetic animals for two weeks produced a partial recovery of SR function in
Ca2'-uptake. Measwement of ryanodine sensitive Caz'-release (Figure 1B) in diabetic
a n h a l s also showed a marked depression in the actiMty in cornparison to control animals.

2s

TABLE I : General Characteristics and Ventricular Function o f Control and
Experimental Anirnals

Control

Diabctic

Diabetic + Insulin

Body weight (BE; g;
Heart weight (HW; g)

HW/B W ratio (mg@
Plasma glucose (g/dL)
Plasma insulin (mU/dL)
LVDP (mm Hg)
+dP/dt (mm Hg/sec)

-dP/dt (mm Hg/sec)
--

-

-

*P < 0.05 in comparison to control values. Each value is the mean

group. a P < 0.05 in comparison to diabetic values.

* SE of6 animals in each

Figure 1:

Oulate supportcd Ci2*-uptake o f the SR vaides (A) and ryanodine
sensitive Ci2+-rdeaseby the SR vcriclcs (B), in control (C), diabctic @)
and inrulin tratcd diabetic @ + 1) groups. Each value is a mean + SE of
6 pnparaüoas in -ch group. *P < 0.W in cornpirison with coatrol;
tP < 0.05 in cornparison to diibetic group.
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Administration of insulin to diabetic animals for two weeks reversed this defect in SR
function partially.

3. Analysis o f SR protein content

In order to assess the mechanism of the depression in Ca2+-transportby the S R in the

diabetic hem protein content of SERCA2a, RyR and PLB were examined by the Western
blot analysis. The data (Figure 2) indicate that for SERCA2a there was a significant
depression in SR content of this protein in diabetic animals. Upon administration of insulin
(3 U/day) for two weeks to the diabetic animals, the protein content of SERCA2a showed

a significant improvement in comparison to diabetics but was still significantly lower than
control value. The data for the protein content of RyR in Figure 2 indicate a significant
depression in comparison to control animals; insulin treatment of diabetic animals
significantly improved the RyR protein content Finally, the analysis of PL% revealed that
there is a significant reduction in the protein content in diabetic animals in comparison to

control animals. Insulin treatment for 2 weeks in diabetic animals significantly reversed this
depression in PLB protein content.

4. Ca2+-calmodulindependent protein kinase phosphorylation of SR proteins

Examination of Ca2'-calmodulin dependent protein kinase phosphorylation of RyR,
SERCA2a. and PLB was conducted to see ifany alterations in protein phosphotylation in the

diabetic heart would account for the depressed uptake and release of Ca2+from the cardiac
SR. Analysis of the data (Figure 3) demonstrate that the phosphorylation of RyR by CAMK

PLB

Figure 2:

Western blot inalysis of cardiic SR proteins RyR, SERCA2a and PLB in
control (C),diabetic (D) and insulin trated diibetie (D+ 1) groups. E i c h
value h a m u a SE of 6 cxperiments in -ch group. *P < 0.05 in
eompar*on to control; tP < 0.05 in coinpirison to diibeüc group.
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was significantly increased in diabetic animals in comparison to control- Furthemore, upon
treatment of diabetic animals with insulin, a M e r increase in phosphorylation of RyR by

CaMK was observed. The quantification of bands in the autoradiogram (Figure 3) also show
an increased phosphotylation of the CAMK phosphorylation of SERCA2a and PLB in

diabetic animals and an even further increase in diabetic-treated groups in comparison to
control values was apparent. The identity of the phosphoproteins have been established

earlier by immunoblotting as well as immunoprecipitation techniques.Ioo.IS7-160

5. CAMK activity

The data for endogenous CAMK activity in Figure 4 show that the CAMK activity
in cardiac S R was significantly increased in comparison to control animals. This increase
in the SR CaMK activity in the diabetic heart was not affected upon treatment with insulin.

6. Phosphorylationof SR protein PLB

The data in Figure 5 indicate that PKA dependent phosphorylation of PL6 in cardiac

SR was significantly increased in diabetic animals in comparison to control. Moreover, in
the insuiin-treated diabetic group there was a fùrther increase in PKA-dependent

phosphorylation of PLB in comparison to the diabetic and control groups.

7. PKA activity

n i e examination of P U activity in the SR fraction (Figure 6) indicates the presence

of increased PKA activity in diabetic and insulin-treated diabetic animals in comparison to
control animais.

PLB

*
t

Figure 3:

SR CAMK phosphorylation of SR proteins in control (C), diabetic (D) and insulin treated diabetics ( B I )
groups. Panel A depicts SR protein bands resolved by SDS-PAGE. Panel B is the corresponding
autoradiogram of phosphorylated SR proteins. Panel C is the analysis of RyR, SERCAZa and PLB. PLB
phosphorylation is the sum of the high molecular weight PLB (A) plus the low molecular weight PLB (L).
Phosphorylation data are mean SE from 4 preparations in each group. *P< 0.05 in cornparison to control
grou p.

*

Figure 4:

SR CAMK activity in control (C), diabetic (D) and insulin treated diabetic
(D+I) groups. Activities were assayed using Upstate Biotechnology KitsE.c~
value i s a mein SE of 4 prepintions in each group. *P< 0.05 in
cornpirison to control group.

*

PKA

.

+

Figure 5:
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;

P U phosphorylation of SR proteins in control (C),diabetic (D) and insulin treated diabetic (D+I) groups.
Panel A depicts SR proteins resolved by SDS-PAGE. Panel B is the corresponding autoradiogram of
phosphorylated SR proteins. Panel C is the analysis of PLB. PLB phosphorylation is the sum of high
molecular weight PLB (A)plus the low molecular weight PLB (L). The phosphorylation data are mean
SE from 4 preparations in each group. *P < 0.05 in comparison to control group.

*

Figure 6:

SR PKA ictivity in control (C), diabetic (D) and insulin treated diabetic
(WIheirt~.
)
Activities were assayed using Upstate Biotechnology Kits.
Each value i s a m a n SE of 4 experiments in each group. *P < 0.05 i n
cornparison to control.

*
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8.

SR phosphatase activity
In order to ensure that the observed increase in PKA and CaMK pliosphorylation

activities were not due to any changes in the S R phosphatase activity we also exarnined this
parameter. However, as depîcted in Figure 7, the phosphatase activity in diabetic and

insulin-treated animals was significantly increased in cornparison to control animais.

Figure 7:

SR ph0Sph8U- activity in control (C),
disktic (D) and inulin t r a t d
diiûetic <NIha)
Phasphita- ictivitie were a-yed using UpsUte
Biotechnology Kits fich value ia a m u n t SE of 4 prepantions in "h
grwp. *P(-6.05 in cornparison to control.
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V. DISCUSSION
The data obtained for the general characteristics of control and experimental animals
are consistent with the results of other investigat~n.'~'-'~~-'"
The decrease in body weight

observed in the diabetic rat may indicate an alteration in metabolism due to the diabetic state.
It has been suggested that normal carbohydrate, lipid and protein metabolism are dismpted

during diabetes mellitus; this metabolic dysfunction could be comlated to the decrease in

energy production and thereby explain the depressed cardiac contractile performance.165-172
We have s h o w that in the diabetic hart the rate of contraction and relaxation were

significantly depressed in cornparison to control values.

This is in agreement with

obsewations in other ~ t u d i e s . ' ~ 'The
- ' ~ reduction in body weight in diabetic anirnals may be
due to a disruption in protein metabolism. It has been demonstrated that diabetic animals
exhibit an increased rate of protein e ~ c r e t i o n . ' ~Other
~
investigators have shown an

approximate 3 144% reduction in protein synthesis in cardiac muscle and a dramatic 70%
reduction from skeletal muscle of diabetic anirnal~.~"-"~
Some investigators have focused
on the role of insulin in stimulating protein synthesis as a possible mechanism for the

observed defecf since diabetic animals were hypoin~ulinemic.'~
Since insulin treatment of
diabetic anirnals resulted in partial recovery of protein synthesis, other mechanisms may play
a role in protein synthesis dysfùnction."

tt should also be noted that the increased content

of circulating lipids in diabetic animals have a detrimental effect on carbohydrate metabolism
in the heart, and also alter the synthesis of high energy phosphate compounds responsible for
Thus, the increased lipid concentration may also account
contractile force generati~n.'~'*~"

for the depressed body weight and contractile function in diabetic animals.

1. SR Ca2'-uptake and -release activities

We have observed a marked reduction in S R Ca2'-uptake and -release activities in

diabetic heart in cornparison to control animals. It has k e n suggested that defects in
Ca2+-uptakeare the cause of dysfûnction in cardiac relaxahon;" *"J"

this correlates with the

depressed relaxation rate (-dP/dt) in diabetic animals. Upon insulin administration to
diabetic anbals, a recovery of cardiac fûnction and SR Ca2'-uptake function was observed
similar to other investigators." SR Caz+-releasewas also found to be depressed in diabetic
animals. Since SR Caz'-release is related to the rate of cardiac contraction (+dP/dt), our data
correlates well with the depression in cardiac contraction observed in diabetic animals.
Insulin treatment of diabetic anhals was also shown to reverse the depression in SR
Ca2'-release to approximately nomal SR function. Our results have shown a decrease in
SERCMa, RyR and PLB protein content in diabetic animals. This is consistent with the

observed depression in SR Ca2+-uptakeand release activities in diabetic anhals and suggests
that these reduchons may critically impair the Ca2'-uptake and -release mechanisms in the

diabetic heart. Since insulin treatment of diabetic animals dernonstrated a recovery of SR
protein content of SERCAîa, RyR and PLB, it is possible that insului may render its
cardioprotective effect by improving the SR function in the diabetic heart.

2. Phûsphorylation of SR proteins
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We examined the CAMK phosphorylation of RyR, SERCA2a and PLB to investigate

the possibility that a defect in the phosphorylation of these regulatory proteins by CAMK in
the diabetic animal may be the mechanisrn for cardiac dysfunction. Analysis of the data
revealed that in diabetic animals phosphorylation of RyR, SERCA2a and PLB by

Ca2+-dependentCAMK phosphorylation was increased in comparison to control animals.
What surprised us was the fact that insulin treatment of diabetic animals did not reverse this
trend to control values, but demonshaied a M e r increase in CAMK phosphorylation in

comparison to diabetic animais. Examination of CAMK activity also showed the parallel
increase in activity in diabetic anirnals and in insulin-treated diabetic a h a l s . The increase
in CAMK phosphorylation was consistent with enhanced S R CAMK achvities in the diabetic
and insulin treated hearts. These results suggest that the upregulation of phosphorylation in

the diabetic heart may be in response to decreased SR function. This upregulation may

however not be effective in correcting the S R function because of the depression of the RyR.
SERCA2a and

PLB protein content. lnsuiin treatment of diabetic anirnals resulted in a

further ïncrease in CAMK phosphorylation in comparison to diabetic anirnals suggesting a

compensatory role for insulin by upregulating phosphorylation in the diabetic heart.

In conducting M e r experiments to examine the effect of PKA dependent
phosphorylation on PLB, we found that PKA phosphorylation of PLB was increased in the

diabetic animal in comparison to controi. This increase related well wtth enhanced SR PKA
activity in the diabetic heart. Furthemore, we found that there was a further increase in
P KA-dependent phosphoryIation of PLB and PKA activity in insulin-treated diabetic animais
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in comparison to diabetic animals. It thus appears that the increased PKA phosphorylation
of PLB may also be a compensatory rnechanism for the loss in the Ca2+-uptakefunction and

insulin may enhance this compensatory rnechanism in the diabetic heart.

Elevated

phosphorylation of SR proteins by CAMK and PKA suggested a depression in phosphatase
activity. In order to confirm this possible defect, we examined the activity of phosphatase

and fond to our surprise that in diabetic and insulin-treated animals there was a parallel
increase in phosphatase activity in comparison to the controi. It thus appears that increased

phosphorylation i s not a result of decruiscd dephosphorylation and the delicate balance of
SR phosphorylation and dephosphorylation is unaffecteci in the diabetic heart.
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VI. CONCLUSIONS

Frorn the data that we have collected in this study, the findings are sumrnarized in the
following statements:
The S R function with respect to ca2+-uptakehd -release activities was depressed

in the diabetic heart; insulin treatment pahally reversed these defects.

The SR protein contents of RyR, SERCAîa and PLB were depressed in the

diabetic hearts and showed recovery upon insulin treatment towards the control
values.

CAMK and PKA phosphorylation of SR proteins were enhanced in the diabetic
heart and these increases were not significantly affected by insulin treatment.

The abnormalities in SR function in the diabetic heart rnay in part be responsible

for alterations in cardiac fùnction in the diabetic animals whereas increased

phosphoiylation of SR proteins may be a compensatory mechanism.
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