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ABSTRACT

Background: Diabetes is associated with myocardial 

electrical instability and prolongation of action potential du-

ration that result in disturbances in the rhythm of the heart.

Objective: Th is study was undertaken to examine the 

role of circulating catecholamines in abnormal cardiac 

rhythm and contractility during diff erent stages of diabetes.

Methods: Diabetes was induced in male Sprague-Daw-

ley rats with streptozotocin (STZ; 65 mg/kg, i.v.). Epineph-

rine (4-128 μg/kg, i.v.) -induced arrhythmias and plasma 

levels of epinephrine (Epi) and norepinephrine (NE) were 

determined in control, 4- and 8-wk diabetic animals. 

Echocardiography was used to assess cardiac remodeling 

and contractile function.

Results: Although diabetes induced cardiac dysfunction, 

there were no signifi cant diff erences in cardiac output, ejec-

tion fraction, left ventricle (LV) dimensions, LV fractional 

shortening between the 4- and 8-wk diabetic animals. Th e 

electrocardiogram of both diabetic groups showed deep S 

wave as well as changes in T wave and ST segment. In ad-

dition, prolongation of the RR interval in the 4- and 8-wk 

diabetic animals was seen, while prolongation of the QT and 

PR intervals were only seen in the 8-wk diabetic animals. Th e 

severity of Epi-induced ventricular arrhythmias, as assessed 

by arrhythmia score, was signifi cantly lower in the 8-wk dia-

betic rats, as compared to the 4-wk diabetic animals. Cir-

culating Epi levels were signifi cantly decreased in the 8-wk 

diabetic rats, whereas NE levels were increased in the 4-wk 

diabetic rats.

Conclusions: Th e sensitivity of the diabetic heart to cat-

echolamine-triggered arrhythmias may be dependent on cir-

culating Epi rather than NE and thus it can be proposed that 

the increased incidence of sudden cardiac death in diabetics 

may not be associated with response to catecholamines.
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SAŽETAK

Uvod: Dijabetes je udružen sa električnom nestabilnošću 

miokarda i produženim trajanjem akcionog potencijala što 

rezultuje poremećajima srčanog ritma.

Cilj: Ova studija je sprovedena sa ciljem da ispita ulogu cir-

kulišućih kateholamina kod poremećaja srčanog ritma i kon-

traktilnosti miokarda tokom različitih stadijuma dijabetesa.

Metode: Kod muških pacova soja Sprague – Dawley 

dijabetes je izazvan streptozocinom (STZ; 65 mg/kg, i.v.). 

Aritmije izazvane adrenalinom (4 – 128 μg/kg, i.v.) i kon-

centracija adrenalina i noradrenalina detektovane su u kon-

trolnoj grupi i nakon 4. i 8. nedelje kod životinja kojima je 

indukovan dijabetes. Remodelovanje srca kao i kontraktilna 

funkcija su procenjene ehokardiografi jom.

Rezultati: Iako je dijabetes izazvao poremećaj srčane 

funkcije, nije bilo značajnijih razlika u udarnom volumenu, 

ejekcionoj frakciji, dimenzijama leve komore, frakcionom 

skraćenju leve komore između životinja koje imaju dijabetes 

4 i 8 nedelja. Elektrokardiogram obe grupe životinja sa dija-

betesom pokazao je duboki S talas i promene u T talasu i ST 

segmentu. Pored toga, došlo je do produženja RR intervala kod 

životinja koje imaju dijabetes 4 i 8 nedelja, dok se produženje 

QT i PR intervala javilo samo kod životinja koje imaju dija-

betes 8 nedelja. Opasnost od ventikularnih aritmija izazvanih 

adrenalinom, koja se procenjuje pomoću aritmija skora, bila 

je značajno niža kod životinja koje imaju dijabetes 8 nedelja u 

poređenju sa životinjama koje imaju dijabetes 4 nedelje. Nivoi 

cirkulišućeg adrenalina su bili značajno niži kod životinja koje 

imaju dijabetes 8 nedelja, dok su nivoi noradrenalina bili po-

višeni kod životinja koje imaju dijabetes 4 nedelje.

Zaključak: Osetljivost dijabetičnog srca na aritmije iza-

zvane kateholaminima može zavisiti više od koncentracije 

cirkulišuceg adrenalina nego od koncentracije noradrenali-

na, zbog čega se može pretpostaviti da povećana incidenca 

iznenadnih srčanih smrti u dijabetesu ne mora biti poveza-

na sa odgovorom na kateholamine.

Ključne reči: dijabetes, aritmije, poremećaji srčane 

funkcije, noradrenalin, adrenalin
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INTRODUCTION

The overactivation of the sympathetic nervous system 

is invariably seen in subjects with high risk for sudden 

cardiac death and elevated circulating catecholamine 

levels are considered to result in lethal ventricular ar-

rhythmias and subsequent sudden cardiac death (1-4). 

Such arrhythomogenic effects of catecholamines are 

generally believed to occur, in part, by producing de-

fects in intracellular Ca2+-handling (1-4). In addition, 

oxyradicals, which are known to generate oxidative 

stress, may play a critical role in the genesis of ventricu-

lar arrhythmias that may result in sudden cardiac death 

(1-4). Both bradycardia and malignant ventricular ar-

rhythmias occur in diabetic subjects (5,6). Prolongation 

of the action potential duration leading to myocardial 

electrical instability predisposes the heart to rhythm 

disturbances and is considered to be a main feature of 

cardiac dysfunction of diabetic subjects (7-10). In ad-

dition, the diabetic heart is characterized by an early 

asymptomatic left ventricular diastolic dysfunction fol-

lowed by late systolic dysfunction (11, 12).

Although  diabetic  cardiomyopathy  is  a  frequent  

complication  of  diabetes,  the mechanisms are not com-

pletely understood. In view of the fact that the activation of 

the sympathetic nervous system is associated with the oc-

currence of arrhythmias as well as impaired cardiac func-

tion, the present study was undertaken to investigate if the 

susceptibility to catecholamine-induced arrhythmias is 

correlated to the stage or duration of diabetes by employ-

ing a well-established streptozotocin (STZ) rat model that 

clinically resembles human type 1 diabetes. Furthermore, 

we examined if the extent of the cardiac dysfunction is cor-

related to the duration of the diabetic state.  This is the first 

study to report that the susceptibility to catecholamine-in-

duced ventricular arrhythmias may be dependent on the 

stage of diabetes and that long-term diabetes may be asso-

ciated with increased resistance to catecholamine-induced 

ventricular arrhythmias.

MATERIALS AND METHODS

Animals

All experimental protocols for animal studies were ap-

proved by the Animal Care Committee of the University 

of Manitoba, following the Guidelines established by the 

Canadian Council on Animal Care. Male Sprague-Dawley 

rats (200-220 g each) were kept at 12-h day/night cycle 

and fed rat chow and water ad libitum. After one week 

of quarantine, the rats were randomly assigned into 3 

groups; control (CON), a 4-wk diabetes (4DM) and 8-wk 

diabetes (8DM).

Induction of experimental

streptozotocin-induced diabetes

Diabetes was induced in rats by a single tail-vein injection 

(65 mg/kg) of streptozotocin (STZ) dissolved in 0.1 M citrate 

buffer, pH 4.5, as described previously (13). CON animals 

were injected with the vehicle only. The blood glucose levels 

were tested by using the Sigma kit for glucose determination 

(Sigma) and plasma insulin was measured using a standard 

radioimmunoassay technique as described elsewhere (13).

ECG parameters

Six-lead electrocardiographic (ECG) monitoring (leads 

I-III, augmented vector right aVR, augmented vector left 

aVL and augmented vector foot aVF) was used and differ-

ent ECG parameters such as PQ, QRS, RR, and QT intervals 

were obtained from baseline recordings (AcqKnowladge 

3.0.3 software). Measurement of all variables was performed 

in a blinded manner. No attempt was made to correct QT 

for heart rate because previous studies have shown that QT 

interval was not rate-dependent in rats (14).

Epinephrine-induced arrhythmias

Epinephrine (Epi) treatment was performed as previ-

ously described (4,15). Briefly, the tail vein of anesthetized 

rats was cannulated and cumulative doses of Epi given 

intravenously in a bolus of 4, 8, 16, 32, 64, 128 μg/kg at 

ABBREVIATIONS

4DM, 4-week diabetes

8DM, 8-week diabetes

AS, arrhythmia score

CaMKII, Ca2+/calmodulin-dependent protein kinase II

cAMP, cyclic AMP

CO, cardiac output

CON, control group

ECG, electrocardiogram 

EF, ejection fraction

Epi, epinephrine

FS, fractional shortening

HPLC, high performance liquid chromatography  

LV, left ventricle

LVEDV, LV end-diastolic volume 

LVESV, LV end-systolic volume 

LVFS, LV fractional shortening 

LVIDD, left ventricular internal  diameter diastole

LVIDS, left ventricular internal diameter systole.

NE, norepinephrine

PKA, protein kinase A

PVBs, premature ventricular beats 

PWTd, diastolic posterior wall thickness

PWTs, systolic posterior wall thickness

SR, sarcoplasmic reticulum

STZ, streptozotocin

VT, ventricular tachycardia
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10 min intervals or until death of the animals. A 10-min 

baseline and continues ECG until the last Epi injection was 

recorded. Epi-induced arrhythmias including premature 

ventricular beats (PVBs), bigemines, salvos and ventricu-

lar tachycardias, were analyzed according to the Lambeth 

Conventions (16). Ventricular tachycardia (VT) was de-

fined as a run of three or more consecutive ectopic beats. 

In addition, each individual animal was evaluated by means 

of a 6-point arrhythmia score (AS), and an assigned num-

ber corresponded to the most severe type of arrhythmia 

observed in that animal. AS was used for the group analysis 

of the severity of arrhythmias.

Echocardiography

An ultrasound imaging system (SONOS 5500 ultra-

sonograph (Agilent Technologies, Mississauga, ON, Cana-

da) was used for the measurement of cardiac output, heart 

rate, left ventricular (LV) wall size and internal diameters 

during systole and diastole as well as fractional shortening 

(FS) and ejection fraction (EF). Echocardiographic mea-

surements were conducted in rats anesthetized using 2.5% 

isoflurane in 2 l/min of oxygen. Briefly, the transthoracic 

short-axis measurements were performed using a 12-MHz 

annular array ultrasound transducer. The M- mode images 

of posterior wall of the LV at the level of the papillary mus-

cle were obtained for posterior wall thickness (PWT) and 

chamber dimensions. Images were stored in digital format 

on a magnetic optical disk for analysis. LV systolic func-

tion was assessed by calculating LV fractional shortening 

(LVFS) using the formula (LV end-diastolic diameter - LV 

end-systolic diameter) x 100/LV end-diastolic diameter. 

Cardiac output (CO), LV end-diastolic volume (LVEDV) 

and LV end-systolic volume (LVESV) were calculated us-

ing the following formulas:

CO = (heart rate x stroke volume)/1 000, LVEDV = 7 

(LV end-diastolic diameter)3/(2.4 + LV end-diastolic diam-

eter) and LVESV = 7 (LV end-systolic diameter)3/(2.4 + LV 

end-systolic diameter). All these parameters were deter-

mined from at least 3 consecutive cardiac cycles (17).

Measurement of plasma catecholamines

Plasma from blood collected from the abdominal aorta 

of experimental animals was used to assess both norepi-

nephrine (NE) and Epi levels by the Bio-Rad plasma Ca 

reagent kit and high performance liquid chromatography 

(HPLC) with electrochemical detection as previously de-

scribed (4).

Statistical analysis

Data are expressed as means ± S.E.M. for 5-8 ani-

mals per group. One-way analysis of variance (ANOVA) 

followed by Duncan`s multiple test were used for com-

parison of differences in parametric variables among the 

groups. Statistical differences between two mean values 

were evaluated by Student`s t-test. The incidence of ar-

rhythmias was expressed as percentage and compared by 

using the 2 x 2 Chi-square test. Since the episodes of ar-

rhythmias are not normally distributed, these data were 

compared using Mann-Whitney test. P < 0.05 indicated a 

significant difference.

RESULTS

General characteristics and cardiac function of the 4-wk 

and 8-wk diabetic animals

The diabetic state of the animals was confirmed by the 

elevated blood glucose and marked reduction in insulin 

levels following STZ injection (Table 1) as reported in our 

previous studies (13, 18-20). Although a further decline in 

the insulin levels was seen in the 8-wk diabetic animals, this 

did not result in a further increase in blood glucose levels. 

Diabetes was also associated with lower body weights, with 

no differences between the 4-wk and 8-wk diabetic animals 

(Table 1). ECG revealed a prolongation of the RR intervals in 

both 4- and 8-wk diabetic rats without any changes in QRS 

complex whereas a prolongation of the PR and QT intervals 

was seen in the 8-wk diabetic rats only (Table 1).

Representative echocardiographic images depicting 

the changes in left ventricular internal diameter (LVID) 

are shown in Figure 1 and the analysis of the data for 

different parameters of cardiac performance is given in 

Table 2. Although the heart rate, stroke volume, CO, EF 

C 4DM                8DM

A. General characteristics

Body weight (g) 555 ± 26 347 ± 11* 358 ± 17*

Plasma glucose (mM) 7.9 ± 0.4 37.3 ± 2.5* 34.6 ± 0.8*

Plasma insulin (pM) 57.8 ± 9.7 35.3 ± 3.5* 16.8 ± 1.2*#

B. Electrocardiographic parameters (msec)

PR 0.035±0.001 0.033±0.002 0.39±0.001*

QRS 0.060±0.002 0.058±0.001 0.057±0.002

QT 0.093±0.004 0.094±0.002 0.100±0.002*

RR 0.175±0.007 0.193±0.007* 0.211±0.006*

Table 1. General characteristics and electrocardiographic parameters of 

the controlas well as 4- and 8-wk diabetic rats.

Table 2. Echocardiographic parameters of the control, 4- and 8-week dia-

betic rats.

Heart rate (beats/min)

Stroke volume (ml)

361 ± 5
0.90 ± 0.02

301 ± 17*          296 ±13*
0.62 ± 0.07*        0.71 ± 0.04*

184 ± 15*          210 ± 14*Cardiac output (ml/min) 247 ± 5

Fractional shortening (%) 54 ± 1 40 ± 3* 45 ± 2*

Ejection fraction (%) 84 ± 3 76 ± 3* 81 ± 1*

LV volume (ml)

Systolic 0.11±0.02 0.22±0.04* 0.18±0.01*

Diastolic 0.71±0.02 0.91±0.07* 0.90±0.03*

LVID (mm)

Systolic 3.47±0.19 4.35±0.35* 4.15±0.03*

Diastolic 6.79±0.08 7.39±0.21* 7.40±0.10*

PWT (mm)

Systolic

2.85±0.17 2.26±0.17* 2.19±0.15*

Diastolic 2.05±0.18 1.53±0.14* 1.55±0.11*
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Abnormalities in the T wave, ST segment and deep S 

wave were observed in both the 4- and 8- wk diabetic groups 

(Figure 2A). No ventricular arrhythmias were observed in 

either of the diabetic groups during stabilization. Figures 2B 

and 2C show representative ECG recordings following Epi 

injections. It can be seen that Epi triggered various types of 

ventricular arrhythmias and the most frequently developed 

arrhythmias observed were PVBs (Figure 2C). 

Figure 1. Baseline transthoracic echocardiographic images. 2D (left pan-

el) and M-mode (right panel) images are shown for control (CON), 4-wk 

diabetes (4DM) and 8-wk diabetes (8DM).  LVIDD, left ventricular inter-

nal  diameter diastole; LVIDS, left ventricular internal diameter systole.

Figure 2. A. Baseline ECG recordings of lead III of the control, 4- and 

8-wk diabetic animals with the indications of the T wave abnormalities, 

QT prolongation and deep S wave. B. Representative 6- lead ECG record-

ing of a control animal before and C. following epinephrine administra-

tion. CON, control; 4DM, 4-wk diabetes; 8DM, 8-wk diabetes; PVBs, pre-

mature ventricular beats; VT, ventricular tachycardia.

Table 3. Incidence and number of epi-

sodes of premature ventricular  beats  

(PVBs) induced by cumulative doses of 

epinephrine (Epi) in control as well as 4- 

and 8-wk diabetes .

Dose of Epi           Incidence PVBs                                Number of episodes PVBs

(μg/kg) CON 4DM 8DM CON 4DM 8DM

4 1/8(13%) 1/5 (20%)  0/5 (0%) 0.88±0.88 4.20±4.2 0.00±0.00

8 3/8 (38%) 4/5 (80%) 1/5 (20%) 0.75±0.41 2.80±1.83 0.20±0.20 #

16  4/8 (50%) 4/5 (80%) 3/5 (60%) 8.38±7.53 7.40±5.22 2.00±0.89*

32 7/8 (88%) 5/5 (100%) 5/5 (100%) 3.75±1.49 10.83±4.13 * 3.40±0.75#

64 8/8 (100%) 5/5 (100%) 5/5 (100%) 8.25±2.39 8.75±3.40 3.60±1.69 *#

128 8/8 (100%) 5/5 (100%) 4/5 (80%) 12.00±2.88 10.40±2.25 4.40±1.63 * #

Th e values are mean + SEM of 5-8 experiments. Th e percentage of animals showing the incidence of PVBs 

are in brackets at each dose of Epr. CON, control; 4DM, 4-wk diabetes; 8DM, 8-wk diabetes. Signifi cant at 

*P<0.05 vs. CON; 
#

P<0.05 vs. 4DM

and FS were depressed in the 4-wk diabetic animals, fur-

ther depressions in these parameters were not seen in 

the 8-wk diabetic animals (Table 2). Both LV volume and 

LVID in systole and diastole were increased in the 4-wk 

diabetic rats, but no further increases were seen in the 

8-wk diabetic rats (Table 2). On the other hand, PWT in 

both systole and diastole were decreased in the 4-wk dia-

betic rats; however, no further changes were seen in the 

8-wk diabetic animals.
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Ventricular arrhythmias induced by cumulative

doses of epinephrine in 4- and 8-wk diabetic animals

At low doses (4-16μg/kg) of Epi, the incidence of PVBs 

was lower in the 8-wk diabetes group as compared to the 

4-wk diabetes group. On the other hand, lower number of 

episodes of PVBs were observed with high doses (32-128 

μg/kg) of Epi in the 8-wk diabetic animals as compared to 

the 4-wk diabetic rats (Table 3). A lower sensitivity to Epi-

induced ventricular arrhythmias as well as shorter duration 

times of arrhythmias were also observed in the 8-wk diabetic 

animals, as compared to the 4-wk diabetic animals (Table 4).

Arrhythmia score and plasma catecholamine

levels in 4- and 8-wk diabetic rats

The overall severity of ventricular arrhythmias, ex-

pressed as AS, was significantly lower in the 8-wk diabetic 

animals, as compared to both 4-wk diabetic and control 

animals, whereas that in the 4-wk diabetic rats was similar 

to control values (Figure 3A). In order to determine if sym-

pathetic nervous activity was increased in the 4- and 8-wk 

diabetic animals, catecholamine levels in the plasma were 

measured. Although Epi levels did not differ between the 

control and 4-wk diabetic rats, Epi levels were significantly 

lower in the 8-wk diabetic animals (Figure 3B). However, in 

contrast, NE levels were markedly higher in the 4-wk dia-

betes group whereas no change was seen in the 8-wk dia-

betic animals, as compared to control values (Figure 3C).

DISCUSSION

The present study was undertaken to investigate the 

association of the sensitivity of the diabetic heart to Epi 

and incidence of ventricular arrhythmias as well as cardiac 

remodeling and dysfunction in rats at different stages of 

diabetes. Although comparable cardiac remodeling and 

impaired cardiac function was seen in both the 4-wk and 

8-wk diabetic animals, a prolongation of the RR interval 

was seen in the 4-wk diabetic animals, which was further 

increased in the 8- wk diabetic animals. This suggests that 

the depression in the conduction of the electrical impulse 

may be dependent on the stage of diabetes. In addition, 

Dose of Epi Number of episodes of all VA Duration of VA
(μg/kg) CON 4DM 8DM CON 4DM 8DM

4 0.88±0.88 4.40±4.40 0.00±0.00 0.11±0.11 0.63±0.73 0.00±0.00

8 0.75±0.41 2.80±1.83 0.20±0.20 0.12±0.06 5.85±5.54 0.03±0.03

16 8.38±7.53 8.00±5.39 2.30±1.02 1.10±0.94 1.14±0.66 0.47±0.23

32 4.38±1.53 13.0±4.71* 3.80±1.66# 1.00±0.35 2.23±0.71 1.12±0.41

64 10.88±2.23 8.20±3.48 3.60±1.69* 2.55±0.57 1.43±0.65 0.51±0.23*#

128 21.00±5.21 12.60±2.52 4.80±1.88*# 18.09±5.25 3.06±0.82* 1.06±0.54*#

Th e values are mean + SEM of 5-8 experiments. CON, control; 4DM, 4-wk diabetes; 8DM, 8-wk diabetes. Signifi cant at *P<0.05 vs. CON;
#

P<0.05 vs. 4DM

Figure 3
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Table 4.   Infl uence of 4- and 8-wk diabetes on the number of episode and duration of all ventricular arrhythmias (VA) induced by cumulative doses 

of epinephrine (Epi).

Figure 3. A. Severity of ventricular arrhythmias (arrhythmia score) and B. 

plasma catecholamine levels after epinephrine injections in 4- and 8-wk 

diabetic animals. Diabetes was induced with a single intravenous injec-

tion of STZ (65 mg/kg). Th e values are mean ± SEM of 5-8 experiments. 

CON, control; 4DM, 4-wk diabetes; 8DM, 8-wk diabetes. *P<0.05 vs. C; 

#P<0.05 vs. 4DM.
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prolongation of the QT and PR intervals were seen only 

in the 8-wk diabetic animals. Similar experimental and 

clinical observations have also been reported by others 

(21-24). While a dose-independent increase in the number 

of PVBs was seen in the 4-wk diabetic animals, the 8-wk 

diabetic rats were more resistant to Epi-induced PVBs as 

compared to control animals. In addition, the number of 

catecholamine-induced arrhythmias was higher in the 

4-wk diabetic rats as compared to the 8-wk diabetic rats. 

In fact, the 8-wk diabetic rats were resistant to Epi-induced 

arrhythmias, indicating that ventricular arrhythmias in-

duced by catecholamines are dependent on the stage of 

diabetes, in other words more ventricular arrhythmias 

were seen at early phase of diabetes. While the arrhythmia 

score and plasma Epi levels in the 4-wk diabetic animals 

were comparable to those of control animals, low plasma 

Epi levels in the 8-wk diabetic rats were associated with a 

lower severity of ventricular arrhythmias. In contrast, NE 

levels were increased in the 4-wk diabetic animals, but un-

changed in the 8-wk diabetic rats.

Heart dysfunction in chronic diabetes has been ob-

served to be associated with Ca
2+

- handling abnormalities 

in cardiomyocytes as defects in the sarcoplasmic reticular 

(SR) and sarcolemmal (SL) calcium transport processes 

have been detected in the diabetic heart (25). Indeed, de-

fects in SL Na+/K+-ATPase, Na+/Ca2+ 
exchanger, Na+/H+ 

exchange, Ca2+-channels and Ca2+-pump activities lead to 

increased concentration of cytosolic Ca2+ 
(26). The mecha-

nism by which hyperglycaemia produces ventricular insta-

bility may be related to the increased sympathetic activity, 

increased cytosolic calcium content in cardiomyocytes, 

or both (27). Thus, it is reasonable to suggest that there is 

an increase in the risk of ventricular arrhythmias in early 

stage diabetes, which may be related to increased NE levels. 

On the other hand, a reduced susceptibility to ventricular 

arrhythmias in the 8-wk diabetic animals may be related 

to reduced catecholamine levels. In this regard, reduced 

plasma NE levels have been reported in long term human 

diabetes (28-31). A higher resistance against ischemia/rep-

erfusion induced arrhythmias has also been reported (32-

35) and several mechanisms have been proposed. Recently, 

diabetic hyperglycemia has been demonstrated to activate 

Ca2+/calmodulin-dependent protein kinase II (CaM KII), 

which results in increased spontaneous SR Ca2+-release 

events that can contribute to cardiac arrhythmias (36). 

Furthermore, genetic ablation of CaM KIIδ prevents high 

glucose induced arrhythmias (36). Accordingly the attenu-

ation of arrhythmias in late stage of diabetes may be related 

to a reduction in CaM KII activity. However, some of our 

earlier observations (18, 37) have reported that although 

SR CaM KII activity is increased in the diabetic (6-wks 

post STZ-induced diabetes) heart, it is decreased in 10 wks 

sucrose-fed rats (38). Therefore, it appears that changes in 

CaM KII activity are biphasic in nature and dependent on 

the stage or severity of diabetes. Biphasic changes in CaM 

KII are also seen during the development of heart failure 

(39, 40). Consequently, some caution must be exercised 

in the implication of CaM KII in arrhythmias and car-

diac dysfunction; thus, examination of the time course of 

changes in CaM KII activity as well as the development of 

experimentally induced arrhythmias is required before any 

meaningful conclusions can be made.

It is well known that excessive amounts of catecholamines 

play a major role in the induction of cardiac rhythm disor-

ders (41). These effects are mediated through the activation 

of β-adrenoceptors-cAMP-PKA system. Furthermore, in 

view of the occurrence of oxidative stress in diabetes (26, 27, 

42), under conditions of increased catecholamines levels, 

there is an increase in the formation of catecholamine oxida-

tion products, aminochromes, which have also been linked 

to arrhythmogenesis (2, 3). Since the plasma levels of both 

Epi and NE were reduced in the 8-wk diabetic animals, there 

could also be a reduced production of aminochromes and 

therefore a reduced susceptibility to catecholamine-induced 

arrhythmias. The reduced susceptibility of catecholamine-

induced arrhythmias could also be, in part, related to the 

reported decrease in β1- and β2- adrenoceptors in diabetic 

hearts (43, 44). The α1- adrenoceptor is known to modulate 

intracellular Ca2+- concentration through the activation of 

phospholipase C-mediated generation of inositol trisphos-

phate and diacylglycerol (20, 45). The myocardial α1- adre-

noceptor signaling system has been reported to be impaired 

in STZ-induced diabetic rats (46, 47). Thus, it is possible 

that the resistance to arrhythmias in longer stage diabetes 

may be related to a reduced capacity for α1- adrenoceptor 

mediated increases in intracellular Ca2+. It is pointed out 

that there is a selective reduction in myocardial Na+/K+-AT-

Pase, which reduces the capacity of the heart for maintain-

ing K+- and Ca2+- homeostasis in STZ-induced diabetes (48), 

and increasing the risk of arrhythmias. It is thus conceivable 

that stage-dependent changes in Na+/K+-ATPase may exist 

in diabetes and impacting on the susceptibility or attenu-

ation to catecholamine-induced arrhythmias; a possibility 

that warrants further investigation.

CONCLUSIONS

Although cardiac function in the 4-wk diabetic animals 

was impaired, it did not deteriorate further in the 8-wk dia-

betic animals. The 8-wk diabetic rats were more resistant to 

ventricular arrhythmias as compared to the 4-wk diabetic 

rats. The increased susceptibility of the 4-wk diabetic ani-

mals to ventricular arrhythmias was associated with an in-

crease in plasma Epi levels. The reported higher incidence 

of sudden cardiac death in diabetic individuals may be due 

to other diabetes-induced cardiovascular complications. 
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