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Abstract

Cardiovascular complications are the major cause of morbidity and mortality in diabetic patients. Pioglitazone (PIO) is used for the
treatment of type 2 diabetes mellitus and there is some evidence that it may improve ventricular function in diabetic patients. The
effects of PIO on electrical conduction in the Goto-Kakizaki (GK) type 2 diabetic rat heart have been investigated. Transmitter devices
were surgically implanted in GK and control rats aged 7 months. PIO at concentrations (2.5 to 20 mg/kg) was added to the drinking
water. Animals received each concentration of PIO for 2 weeks. Bodyweight and blood glucose were measured periodically. The
electrocardiogram was recorded throughout the study. Blood glucose was higher in GK rats compared to controls and was progressively
reduced in GK rats treated with increasing concentrations of PIO. A modest reduction in heart rate was associated with a significant
increase in PQ interval in GK rats compared to controls. Heart rate and PQ interval were not additionally altered by PIO. QRS complex
and QT interval were not altered in GK compared to control or by PIO. In conclusion daily oral doses of PIO in the range 2.5 to 20 mg/
kg during a period of 14 weeks appeared to have little effect on electrical conduction in GK and control rat heart.
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Introduction

It is well known that the prevalence of diabetes mellitus in the United Arab Emirates is among the highest in the world and that
cardiovascular complications are the major cause of morbidity and mortality in diabetic patients [1]. Pioglitazone (PIO) belongs
to the thiazolidinedione group of oral anti-diabetic agents, and is approved in many countries for the treatment of type 2 diabetes
mellitus and can be administered in combination with metformin, sulfonylureas, exenatide, dipeptidyl peptidase 4 inhibitors
or insulin. The thiazolidinediones are insulin sensitizers which act via activation of peroxisome proliferator-activated receptors
(PPAR). PIO improves glycosylated hemoglobin, fasting blood glucose and B-cell function. It also increases glucose uptake in the
periphery while decreasing glucose production in the liver, produces favourable effects on lipid profile and blood pressure and
decreases the risk of certain cardiovascular events. PIO in combination with any insulin containing regimen slightly increases
the risk of hypoglycaemic episodes and may cause weight gain and oedema due to fluid retention, and increases the risk for the
development and/or exacerbation of heart failure [2,3]. Experimentally PIO has been shown to decrease fasting and postprandial
insulin concentrations and lower blood pressure in spontaneously hypertensive rats [4]. PIO improves fasting and postprandial
levels of insulin sensitivity, plasma glucose and lipid levels and also decreases systolic and mean arterial pressure in spontaneously
obese, insulin-resistant rhesus monkey [5]. High oral doses of PIO produces cardiac hypertrophy and mild congestion of the
liver and kidneys in mice [6]. There is some evidence that PIO may lead to improved ventricular diastolic function in diabetic
patients [7,8]. In addition to an increased risk of heart attack and stroke, cardiac electrical conduction abnormalities are frequently
observed in diabetic patients [9-11]. These include various arrhythmias [9-11], atrioventricular block [12], prolonged QT interval
and sudden death [10,11,13]. Hyperglycaemia has been linked to a prolonged QT interval, and the presence of QT abnormalities
are commonly used as indicators of mortality in diabetic patients [13,14]. It is also noteworthy that the incidence of bundle branch
block, bradyarrhythmias and atrioventricular block are significantly higher in diabetic patients than in the general population
[12]. The Goto-Kakizaki (GK) rat is a well characterized experimental model of type 2 diabetes mellitus displaying a variety of
characteristics that are frequently observed in type 2 diabetic patients including elevated blood glucose, insulin resistance, and
disturbances in cholesterol, triglyceride, high-density and low-density lipoproteins [15,16]. The hemodynamic function of the GK
rat heart is compromised and reported defects include reduced ejection fraction, altered amplitude and prolonged time course of
cardiac muscle contraction [17,18]. Previous studies in our laboratory have demonstrated a variety of electrical conduction distu-
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rbances in GK rat heart including reduction in heart rate and heart rate variability, prolongation of QRS complex duration and QT
interval and these changes may occur from an early age [19]. To our knowledge there have been no studies to investigate the effects
of PIO on electrical conduction in type 2 diabetic heart.

Methods

Biotelemetry system

Heart biopotential was monitored with a biotelemetry system (Data Sciences Int., St Paul, MN, USA) using previously described
techniques [19,20]. The system comprised the transmitter devices (TA11CTA-F40, Data Sciences Int.), the receivers (RPC-1, Data
Sciences Int.) a data exchange matrix (20CH, Data Sciences Int.) and a personnel computer for system configuration, control,
acquisition, storage and analysis. The transmitter devices were surgically implanted in 7 GK and 7 Wistar male control rats, 6
months of age, under general anesthesia (sodium pentobarbitone, 45 mg kg™, intraperitoneal). Transmitter devices were inserted
into the peritoneal cavity with the electrodes protruding caudally (towards the tail) and arranged in Einthoven bipolar lead II
configuration (right foreleg and left side of chest at the level of the last rib). Transmitters were activated by use of a permanent
magnet switch. Ethical approval for the project was obtained from the College of Medicine & Health Sciences Ethics Committee
for Animal Research.

Experimental protocol

Before surgical implantation of the transmitter devices, non-fasting blood glucose and bodyweight were measured. After an
overnight fast a glucose tolerance test was administered. Blood glucose was measured at time zero (fasting blood glucose) and 120
min following administration of glucose (2 g/kg, intraperitoneal). Surgical implantation of transmitters was then performed in
animals aged 7 months. Animals received standard rat chow ad libitum throughout the experiment. Data acquisition commenced
one week after surgery and continued throughout the study. During the first few weeks animals received normal drinking water.
PIO was dissolved in dimethyl sulfoxide (DMSO) and then added to the drinking water. During week 4 animals received Water/
DMSO (0.19% v/v), week 5-6 Water/DMSO/PIO 2.5 mg, week 7-8 Water/ DMSO/PIO 5 mg, week 9-10 Water/DMSO/PIO 10 mg,
week 11-12 Water/DMSO/PIO 20 mg and weeks 13-14 back to Water/DMSO. Acquisition was then stopped. Bodyweight and non-
fasting blood glucose was measured at the end of each dose of PIO and at the end of the experiment.

Data collection

Electrocardiogram (ECG) data was collected for 5 min per hour per animal, 24 h per day. From the collected ECG data, secondary
physiological measurements were determined, including the average 5 min heart rate, PQ, QRS and QT intervals.

Statistical analysis

Unless otherwise stated, statistical comparisons were made using analysis of variance (ANOVA) with Bonferroni post hoc using
IBM SPSS Statistics for Windows, Version 20.0. (Armonk, NY: IBM Corp.). P values less than 0.05 were considered significant.

Results

General characteristics of the animals: Prior to implantation of the transmitter devices the fasting blood glucose was significantly
higher in GK rats (101.3+5.6 mg/dl, n = 7) compared to age matched controls (73.9+5.6 mg/dl, n = 7). Blood glucoseat 120 min
after glucose injection (2 g/kg bodyweight, intraperitoneal) was 283.7+24.5 mg/dl in GK rats compared to 91.9+4.0 mg/dl in
controls. Average body weight, fasting blood glucose and blood glucose at 120 min following glucose administration were all
significantly higher in GK rats compared to controls (Table 1).

Control (n=7) GK (n=7)

Bodyweight (g) 345.3+10.5 407.7+7.4%
Fasting blood glucose (mg/dl) 73.9£5.6 101.3£5.6%
GTT (mg/dl) at 120 min 91.9+4 283.7+24.5*

*P<0.01

Table 1: General characteristic of the animals prior to implantation of transmitters
Bodyweights of GK rats and controls measured at different stages of the study are shown in Figure 1. Bodyweights of GK rats were
significantly higher than controls at all stages of the experiment. PIO had no significant effects on bodyweight in either GK rats or
controls. Non-fasting blood glucose in GK rats and controls measured at different stages of the study are shown in Figure 2. At the
start of the experiment blood glucose was significantly higher in GK rats compared to controls. With increasing concentrations of
PIO blood glucose in GK rats was reduced towards control values. PIO appeared to have little effect in controls.

Typical records of average heart rate are shown in Figure 3A. Heart rate was modestly lower in GK rats compared to controls (Figure
3B). PIO had no significant on heart rate in either GK rats or controls. Interestingly, the PQ interval was significantly prolonged in
GK rats compared to controls before administration of PIO (Figure 4A). PIO had no significant effects on the PQ interval in either
GK rats or controls. QRS complex duration was not significantly altered in GK compared to controls or by PIO (Figure 4B). QT
(Figure 5A) and QT corrected for heart rate (Figure 5B) were not significantly altered in GK rats compared to controls or by PIO.
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Figure 1: Effects of Pioglitazone (PIO) on bodyweight gain in GK rats and control. Data are mean + SEM., n =7.
Numbers on the X-axis represent the dose in mg/kg/day. Lines above bars indicate significant differences P<0.05
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Figure 2: Effects of Pioglitazone (PIO) on non-fasting blood glucose in GK rats and control. Data are mean + S.E.M.,
n = 7. Numbers on the X-axis represent the dose in mg/kg/day. Lines above bars indicate significant differences P<0.05
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Figure 3: Effects of Pioglitazone (PIO) on heart rate in GK rats compared to controls. A: Typical recording of heart rate. B: Mean heart rate
in GK rats and controls during administration of different concentrations of PIO. Data are means + S.E.M., n = 7. Numbers on the X-axis
represent the dose in mg/kg/day. Lines above bars indicate significant differences P<0.05
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Figure 4: Effects of Pioglitazone (PIO) on PQ and QRS intervals in GK rats and controls. A: Mean PQ interval and B: Mean
QRS interval in GK rats and controls during administration of different concentrations of PIO. Data are means + S.E.M.,n =
7. Numbers on the X-axis represent the dose in mg/kg/day. Line above bar indicates significant differences P<0.05
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Figure 5: Effects of Pioglitazone (PIO) on QT and corrected QT interval in GK rats and controls. A: Mean QT interval and
B: Mean corrected QT interval in GK rats and controls during administration of different concentrations of PIO. Data are
means + S.E.M.,, n = 7. Numbers on the X-axis represent the dose in mg/kg/day.
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Discussion

Pioglitazone is an exogenous thiazolidinedione and is used in the treatment of type 2 diabetes mellitus. PPAR-a and PPAR-y
activator drugs variously improve dyslipidemia, insulin resistance and diabetes control. In clinical trials PIO appears to reduce
cardiovascular events whilst rosiglitazone potentially increases the risk of myocardial infarction [21]. Some of the effects of PIO
on lipid and glycemic metabolism, perhaps mediated by activation of PPAR-a/y, might have beneficial effects on the electrical
conduction system of the diabetic heart. This study employed in vivo biotelemetry techniques to investigate the effects of PIO on
the electrical conduction system of diabetic and age-matched control hearts. The main findings of the study were as a follows: (1)
Bodyweight was higher in GK rats compared to controls and PIO treatment in the range 2.5 to 20 mg/kg did not significantly alter
bodyweight in either GK rats or controls; (2) Non-fasting blood glucose was significantly elevated in GK rats compared to controls
and with increasing concentrations of PIO treatment blood glucose in GK rats was progressively normalized towards control value;
(3) Heart rate was modestly lower in GK rats compared to controls and was not altered by PIO; (4) PQ interval was prolonged
in GK rats compared to controls and was not altered by PIO. (5) QRS complex duration and QT interval were not significantly
different in GK rats compared to controls and were not altered by PIO.

Bodyweight was higher in GK rats compared to controls a finding that is consistent with some previous studies [18,19,22,23].
Thiazolidinediones are typically associated with weight gain and increased risk of edema [24] so it was interesting to note that
PIO, in the range of concentrations used in this study, had little effect on bodyweight in either GK rats or controls. Consistent
with previous studies the non-fasting blood glucose was elevated in GK rats compared to controls [18,19,22] and treatment with
increasing concentrations of PIO, blood glucose in GK rats was progressively improved towards control values.

Heart rate was modestly reduced in GK rats compared to controls and was not additionally altered by PIO. Previous in vivo
biotelemetry studies have also reported reductions in heart rate in GK rats aged between 2 and 15 months compared to controls
[19]. Reductions in heart rate might be attributed to altered autonomic control and/or altered intrinsic control of the heart.
Action potential experiments in spontaneously beating isolated heart have shown reductions in heart rate suggesting that intrinsic
mechanisms at least partly underlie the reduced heart rate in GK rats [23]. Alterations in sympathovagal control of the heart might
also partly underlie the reduced heart rate in GK rats [25,26]. The PQ interval, time between atrial depolarization and the start of
ventricular depolarization, was prolonged in GK rats compared to controls. This finding may suggest prolonged conduction time
between the atria and ventricles which might be attributed to atrioventricular node dysfunction. Reduced heart rate and prolonged
sinoatrial node conduction time have been previously demonstrated in the streptozotocin-induced diabetic rat heart [27]. The
QRS complex, which represents ventricular depolarization, was not significantly reduced in GK rats compared to controls and was
not additionally altered by PIO. Interestingly, previous studies have demonstrated prolonged QRS complex duration in GK rats
compared to controls, however, the differences were only significant in young 2 month old rats and, consistent with the current
study, were no longer significant in older animals aged 7 and 15 months [19]. Prolonged QT interval, which represents the time
from ventricular depolarization to repolarization, is a frequently reported finding in diabetic patients [28]. In the current study QT
interval and QT when corrected for heart rate were not altered in GK rats compared to controls and were not additionally altered
by PIO. Previous studies have demonstrated small prolongations of QT interval in GK rats aged 2, 7 and 15 months [19].

Collectively, the data reported in this study have shown that bodyweight and blood glucose are elevated, heart rate is modestly
reduced and PQ interval is prolonged in GK rats compared to Controls. PIO in the range 2.5-20 mg/kg administered orally during
a period of 14 weeks had favorable effects on blood glucose and little or no effects on heart rate, QRS complex duration, QT and
PQ intervals.
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