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Purpose: Dapagliflozin exerts cardioprotective effects in Type 2 Diabetes Mellitus (T2DM). However, whether these effects prevent 
electrocardiographic changes associated with T2DM altogether remain unknown. Our aim was to investigate the prophylactic effect of 
dapagliflozin pretreatment on the rat ECG using a high-fat, high-fructose (HFHf) diet and a low dose streptozotocin (STZ) model of 
T2DM.
Methods: Twenty-five (25) rats were randomized into five (5) groups: normal control receiving a normal diet while the other groups 
received an 8-week HFHf and 40mg/kg STZ on day 42, and either: saline for the diabetic control (1 mg/kg/d), low dose (1.0 mg/kg/d) 
and high dose dapagliflozin (1.6 mg/kg/d), or metformin (250 mg/kg/d). Oral glucose tolerance (OGT), electrocardiograms (ECGs), 
paracardial adipose mass, and left ventricular fibrosis were determined. Data were analyzed using GraphPad version 9.0.0.121, with 
the level of significance at p < 0.05.
Results: Compared to the diabetic control group, a high dose of dapagliflozin preserved the OGT (p = 0.0001), QRS-duration (p = 0.0263), 
QT-interval (p = 0.0399), and QTc intervals (p = 0.0463). Furthermore, the high dose dapagliflozin group had the lowest paracardial adipose 
mass (p = 0.0104) and fibrotic area (p = 0.0001). In contrast, while metformin showed favorable effects on OGT (p = 0.0025), paracardial 
adiposity (p = 0.0153) and ventricular fibrosis (p = 0.0291), it did not demonstrate significant antiarrhythmic effects.
Conclusion: Pretreatment with higher doses of Dapagliflozin exhibits prophylactic cardioprotective characteristics against diabetic 
cardiomyopathy that include antifibrotic and antiarrhythmic qualities. This suggests that higher doses of dapagliflozin could be a more 
effective initial therapeutic option in T2DM.
Keywords: electrocardiogram, diabetic cardiomyopathy, sodium glucose co-transporter inhibitors, prophylaxis, animal model

Introduction
Cardiovascular disease stands as the leading cause of both morbidity and mortality in patients with Type 2 Diabetes 
mellitus (T2DM).1 Approximately 20% of patients diagnosed with T2DM develop heart failure, primarily due to 
a distinctive type of cardiomyopathy referred to as diabetic cardiomyopathy (DCM).2 DCM is the presence of abnormal 
cardiac structure and impaired cardiac performance, independent of other risk factors,3,4 and is responsible for more than 
half of the deaths in diabetic patients.5 While the precise patho-mechanisms leading to the development of DCM occur 
irrespective of glycemic control, medical management primarily focuses on glycemic management as a key preventive 
strategy.2,6

T2DM directly affects the cardiac electrical conduction system.7 Changes due to diabetes include sinus tachycardia, 
long QTc, ST-T height changes, and left ventricular hypertrophy.8,9 Signs of myocardial ischemia can also be detected on 
the ECG.8,9 This prolonged and frequent ischemia contributes to extensive myocardial fibrosis that impedes cardiac 
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filling and thus diastolic heart failure.4 In addition, the increased volume of pericardial fat depots in T2DM has been 
shown to alter cardiac electrophysiology.10,11

Sodium-glucose cotransporter-2 inhibitors (SGLT2i) are a class of oral antidiabetic agents that act on the SGLT2 
receptors in the kidney to prevent glucose reuptake by the proximal renal tubules.12 This results in an insulin-independent 
achievement of euglycemia. It was shown in the Dapagliflozin Effect on Cardiovascular Events Trial [(DECLARE)– 
TIMI 58] that dapagliflozin reduced hospitalization due to heart failure by a third in diabetic patients.13 Reducing cardiac 
preload and afterload; myocardial fibrosis and apoptosis; and the size of the epicardial adipose tissue depots are some of 
the proposed mechanisms of SGLT2i mediated cardio-protection in diabetes.14 Currently, the first-line oral antidiabetic 
agent is Metformin, which itself possesses significant cardioprotective benefits alongside glucose control.15 Comparing 
the effects of SGLT2i against the effects of this first-line agent would therefore be beneficial. Furthermore, to our 
knowledge, a rodent in vivo study to elucidate the effects of early dapagliflozin administration on the ECG has not been 
previously carried out. Therefore, our aim was to investigate the prophylactic effect of dapagliflozin pretreatment on the 
rat ECG using a high-fat, high-fructose diet and a low dose of streptozotocin model of T2DM.

Materials and Methods
Animals
Twenty-five (25) (4–6-week-old) freshly weaned male Sprague Dawley rats were procured from the Department of 
Zoology, University of Nairobi and housed in the animal house located within the Department of Medical Physiology, 
University of Nairobi, under the following ambient conditions: room temperature of 24° C, relative humidity of 30–50% 
with a 12-hour light and dark cycle. The rats were group-housed in standard animal cages. There was a habituation period 
of one week prior to the start of the experiment.

Study Groups
The Sprague-Dawley rats were randomized into 5 experimental groups (n = 5), as below:

1. The normal control, NC: rats fed on standard chow pellets and water for 56 days with an intraperitoneal (i.p.) 
injection of normal saline on day 42,

2. Diabetic control, DC: rats fed on a high-fat, high-fructose diet with low-dose streptozotocin [(40mg/kg i.p. on day 
42)] and oral normal saline (1mg/kg/d vehicle) for 56 days,

3. Low dose Dapagliflozin (Dapa) group, LD: rats fed on a high-fat, high-fructose diet with low-dose streptozotocin 
(40 mg/kg i.p. on day 42) and 1 mg/kg/day oral Dapagliflozin for 56 days,

4. High dose Dapa group, HD: rats fed on a high-fat, high-fructose diet with low-dose streptozotocin (40 mg/kg i.p. 
on day 42) and oral 1.6 mg/kg/day Dapagliflozin for 56 days,

5. Metformin group, MET: rats fed on a high-fat, high-fructose diet with low-dose streptozotocin (40mg/kg i.p. 
on day 42) and administration of 250 mg/kg/day Metformin for 56 days.

Specifically, for the LD, HD, DC, and MET groups, the high-fat diet was begun and administered ad libitum following 
the baseline investigations while simultaneously administering the corresponding intervention.

Dosing and Drug Information
The Dapa dosage used in the LD group was based on a previous study by Ye et al,16 while for the HD group it was converted 
from the human dose for T2DM patients with cardiovascular comorbidities to the rodent dose using the formula: Human 
equivalent dose (mg / kg) = Animal does (mg / kg) × Km ratio.17 The MET dosage used in the study was equivalent to that used 
by Argun et al.18

The Dapa used in the experiment was manufactured by AstraZeneca Pharmaceuticals LP, the MET by MerckSerono, 
Nkunzi Pharmaceuticals (Pty) Ltd. and the streptozotocin by Wako Pure Chemical Industries LTD., Japan.
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Diabetes Induction
The 40.8% fat diet and the 20% fructose solution were prepared daily as previously described by Chege et al.19 The high 
fat diet was prepared daily by adding 15 grams of vegetable cooking fat to 85 grams of standard chow pellets (energy 
content due to carbohydrate: 70%, protein: 20%, fat 10%) (Unga Feeds Limited, Nairobi, Kenya). The mixture was 
heated for thirty (30) minutes with regular stirring. Eight (8) grams of Monosodium glutamate (0.9%) (Pradip Enterprises 
E.A. Ltd.) was added to 15 mL of water and added to every 225 grams of chow pellets. Twenty (20) grams of fructose 
was dissolved in 100mL of water daily to achieve 20% fructose concentration. This diet was provided to the experimental 
animals except for the ones in the NC group, ad libitum for eight weeks.

Body Mass Measurement
Each rat was weighed weekly as previously described by Novelli et al.20 A standard electronic weighing scale was used 
and each rat was weighed individually.

Fasting Plasma Glucose Measurement and Oral Glucose Tolerance Test
Fasting plasma glucose and oral glucose tolerance tests (OGTT) were determined according to the method described by 
Ayala et al,21 using a hand-held glucometer (Accu-Chek® Active Blood Glucose Meter, Roche Diabetes Care, Inc., 
Chennai, India). Fasting plasma glucose was recorded after a six-hour fast. OGTT was recorded after the rats were fasted 
for six-hours, a baseline plasma glucose measurement was recorded after which a 2g/kg bolus of glucose was 
administered to each rat via oral gavage and subsequent plasma glucose measurements recorded at the 30th, 60th, 
90th and 120th minute.

Electrocardiogram (ECG) Recording
Lead II ECG recording on day 56 was performed in accordance with the methods described by Mutiso et al22 using the 
Power Lab™ data acquisition apparatus and was set to analyze Rat ECGs (Model ML865, AD instruments, Dunedin, 
New Zealand). The animals were sedated using i.p. injection of Ketamine hydrochloride (75 mg/kg) and Midazolam 
(2.5 mg/kg). The leads were placed as follows: the positive electrode on the left hind paw, the negative electrode on the 
right front paw and the ground electrode on the left front paw. The ECG recording settings were: a range of 2 mV, a low 
pass filter of 20 Hz, and a high pass filter of 0.3 Hz. Averaging the different parameters was performed using Chart 8™ 
(AD Instruments). QTc was analyzed by the software using the Bazett’s correction. The only morphological difference 
between rat and human ECG waveforms is the absence of a ST segment in the former.22

Euthanization and Tissue Collection Procedure
The experimental animals were euthanized using 200 mg/kg pentobarbital delivered i.p. on day 56 after an overnight fast. 
Loss of corneal reflex and pain reflex were used to verify the presence of deep terminal anesthesia. The heart and 
paracardial fat (adipose tissue adherent and external to the parietal pericardium) were surgically excised and weighed.

Histology
The left ventricular tissue samples were prepared and analyzed using a method described by Ye et al.16 The samples were 
fixed and stained using Mason’s trichrome, and the percentage fibrotic area was analyzed using ImageJ™ (National 
Institutes of Health and the Laboratory for Optical and Computational Instrumentation (LOCI, University of Wisconsin)) 
analysis software. Five (5) microscopic fields from each sample were analyzed.

Ethical Approval
Ethical approval to conduct the study was sought and obtained from the Biosafety, Animal Care and Use Committee of 
the Department of Veterinary Anatomy and Physiology, University of Nairobi (BAUEC/2020/279). This study con
formed to the guidelines for animal studies set out by the Biosafety, Animal Care and Use Committee of the Department 
of Veterinary Anatomy and Physiology, University of Nairobi Guide for the Care and Use of Laboratory Animals.
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Five animals per experimental group was chosen in compliance with the 5R’s of animal research ethics (replace, 
reduce, refine, reuse, and rehabilitate), and corresponding statistical analyses has been carried out to accommodate this 
sample size.23

Statistical Analysis
All data were expressed as mean ± SEM. Shapiro–Wilk test was used to determine the distribution of the data using 
R version 4.1.2 (Copyright© 2021 The R Foundation for Statistical Computing). The data were then analyzed using 
GraphPad Prism Version 9.0.0.121 (GraphPad U.S.A.). Normally distributed experimental data variables were analyzed 
using one-way ANOVA and post-hoc statistical analysis performed using Tukey’s multiple comparisons test in cases of 
significance. Nonparametric experimental data variables were analyzed using the Kruskal–Wallis test with post-hoc 
statistical analysis carried out with Dunn’s test of significance. The significance level in all the experiments was set at 
p < 0.05.

Results
Effect on Body Mass Measurement
The body mass of all the experimental groups increased as the study progressed from day 0 until day 56. However, on day 56, 
the HD group and NC group both had a significantly lower body mass compared to the DC group [240.8 ± 9.249 g (NC) vs 
311.4 ± 15.25 g (DC) vs 286.6 ± 18.33 g (LD) vs 247.6 ± 16.17 g (HD) vs 271.2 ± 14.01 g (MET): p = 0.0197].

The significant differences existed between the NC vs the DC (p = 0.0237) and the HD vs DC (p = 0.0467) 
(Figure 1A).

Figure 1 (A) Body mass: The weekly body mass measurements during the experimental period. (B) Fasting plasma glucose: The weekly fasting plasma glucose 
measurements during the experimental period. i.p 40mg/kg of streptozotocin injected on day 42 for all groups except the normal control (NC). (C) Oral glucose tolerance: 
The area under the curve (AUC, measured in mmol/l×min) calculated values from the oral glucose tolerance curves after an oral bolus of 2g/kg of glucose solution. 
Notes: Values are expressed as mean ± SEM (n = 5 rats in each group). Variable analyzed using one-way ANOVA and Tukey’s post-hoc multiple comparisons test (*p < 0.05, 
**p < 0.01, ***p < 0.001, ****p < 0.0001). 
Abbreviations: NC, normal control. DC, diabetic control. LD, low dose. HD, high dose. MET, metformin.

https://doi.org/10.2147/JEP.S443169                                                                                                                                                                                                                                    

DovePress                                                                                                                                         

Journal of Experimental Pharmacology 2024:16 126

Juttla et al                                                                                                                                                             Dovepress

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


Effect on Fasting Plasma Glucose and Oral Glucose Tolerance
At the beginning of the experiment, there were no significant differences between the fasting plasma glucose (FPG) 
measurements between the groups (Figure 1B). The FPG increased as the experiment progressed, most notably in the DC 
group and most drastically after the streptozotocin injection on day 42.

At the end of the experimental period, there were significant differences in the FPG, with the DC group having the highest 
FPG measurement while the NC having the lowest measurement [4.940 ± 0.1749 mmol/l (NC) vs 14.78 ± 0.8680 mmol/l (DC) 
vs 8.260 ± 1.430 mmol/l (LD) vs 6.640 ± 0.6282 mmol/l (HD) vs 8.600 ± 1.460 mmol/l (MET): p < 0.0001].

There were significant differences were between the DC and the NC (p < 0.0001), the DC and the LD (p = 0.0020), 
the DC and the HD group (p = 0.0002), and the DC and the MET (p = 0.0034).

At the end of the experiment, oral glucose tolerance was significantly different between the groups (p < 0.0001) (Figure 1C). 
The DC group was the most glucose intolerant. Significant differences were between the NC vs the DC (p < 0.0001), the DC vs 
the LD group (p = 0.0004), the DC vs the HD group (p = 0.0001) and the DC vs the MET group (p = 0.0025).

Effect on Electrocardiogram
The typical ECG recordings at the end of the experiment are illustrated in Figure 2.

There were statistically significant differences between the experimental groups in the QT-interval [0.07790 ± 0.003167 
s (NC) vs 0.1148 ± 0.01993 s (DC) vs 0.08178 ± 0.001023 s (LD) vs 0.08127 ± 0.001691 (HD) vs 0.08652 ± 0.002114 (MET): 
p = 0.0048] and the corrected QT-interval [0.2079 ± 0.003550 s (NC) vs 0.2701 ± 0.01376 s (DC) vs 0.2198 ± 0.009013 s (LD) 
vs 0.2122 ± 0.01183 s (HD) vs 0.2329 ± 0.01632 s (MET): p = 0.0088].

In addition, the QRS-duration was also significantly different between the groups [0.04545 ± 0.001004 s (NC) vs 
0.07761 ± 0.01301 s (DC) vs 0.04968 ± 0.003807 s (LD) vs 0.04681 ± 0.002980 s (HD) vs 0.05075 ± 0.001724 (MET): 
p = 0.0164]. These findings are shown in Figure 3.

The heart rate of the NC group was the lowest compared to the rest of the groups, however these changes did not reach the 
threshold for statistical significance [313.2 ± 19.34 bpm (NC) vs 421.0 ± 77.69 bpm (DC) vs 383.5 ± 27.41 bpm (LD) vs 441.1 
± 26.73 bpm (HD) vs 440.5 ± 36.28 bpm (MET): p = 0.0649]. Other ECG findings are depicted in Table 1.

Figure 2 Typical electrocardiogram tracings obtained at the end of the experimental period of the (A) NC group, (B) DC group, (C) LD group, (D) HD group and (E) MET 
group. Dotted lines indicate where measurements were taken by the LabChart™ software. 
Abbreviations: NC, normal control. DC, diabetic control. LD, low dose. HD, high dose. MET, metformin.
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Effect on Cardiac Anatomic Indices
The heart mass of the DC group was significantly higher than the NC and LD group (Table 2). While it did not reach the 
threshold for significant, both the HD and MET groups had lower heart masses than the DC group.

Effect on Paracardial Adipose Tissue
The paracardial adipose masses were significantly different by the end of the study period (Figure 4). We found that the 
difference was greater between the high dose and diabetic control (p = 0.0104) compared to the metformin and diabetic 
control (p = 0.0153).

Effect on Left Ventricular Fibrosis
Figure 5 depicts the typical histological findings in the left ventricle between the experimental groups [20.02 ± 1.196% 
(NC) vs 35.65 ± 3.410% (DC) vs 20.60 ± 2.676% (LD) vs 19.12 ± 2.250% (HD) vs 25.52 ± 1.970% (MET): p < 0.0001]. 
The diabetic control group had the highest percentage area fibrosis compared to all the experimental groups. 
Representative histological images can be found in Supplementary Figure 1.

Figure 3 (A) QT interval duration at the end of the experiment. (B) QTc duration at the end of the experiment. (C) QRS interval at the end of the experiment. Values are 
expressed as mean ± SEM. n = 5 rats in each group (*p < 0.05, **p < 0.01). 
Abbreviations: NC, normal control; DC, diabetic control; LD, low dose; HD, high dose; MET, metformin.

Table 1 Other Electrocardiogram Measurements at the End of the Experimental Period

Group PR-Interval 
(s)

R-R Interval 
(s)

R-Wave 
Amplitude (mV)

T-Wave 
Amplitude (mV)

P-Wave 
Amplitude (mV)

Q-wave 
Amplitude (mV)

NC 0.03736 

0.0006329

0.1563 ± 

0.008161

0.1288 ± 

0.004576

0.04754 ± 

0.006420

0.02846 ± 

0.002951

−0.03832 ± 

0.004824

DC 0.06398 
0.01995

0.2371 ± 
0.09209

0.02748 ± 
0.04507

0.01887 ± 
0.01813

0.05635 ± 
0.02254

−0.06285 ± 
0.02705

LD 1mg 0.03409 ± 

0.001641

0.1423 ± 

0.01260

0.1194 ± 

0.02424

0.04237 ± 

0.009093

0.01877 ± 

0.003852

−0.05703 ± 

0.01063
HD 1.6mg 0.03888 ± 

0.002917

0.1728 ± 

0.01832

0.09939 ± 

0.03057

0.03979 ± 

0.02144

0.03358 ± 

0.009492

−0.04583 ± 

0.01466

MET 250 mg 0.05088 ± 
0.01120

0.1545 ± 
0.02721

0.02602 ± 
0.01403

0.02093 ± 
0.009223

0.006293 ± 
0.002003**†

−0.03214 ± 
0.005105

P value 0.2626 0.2919 0.0365 0.5042 0.0079 0.6113

Notes: Values are expressed as mean ± SEM (n = 5 rats in each group). † is compared to DC group (**p < 0.01). 
Abbreviations: NC, normal control. DC, diabetic control. LD, low dose. HD, high dose. MET, metformin.
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The left ventricular fibrotic area was significantly reduced between the NC and the DC group (p = 0.0001), the 
DC and the LD group (p = 0.0002), the DC group and the HD group (p < 0.0001), and the DC and the MET 
group (p = 0.0291).

Table 2 Heart Mass and Indices at the End of the Experimental 
Period

Group Heart Mass (g) Heart Index

NC 1.021 ±0.07906*† 0.004269 ±0.0003641

DC 1.765 ±0.3194 0.005891 ±0.001242

LD 1mg 1.008 ±0.04993*† 0.003570 ±0.0002809
HD 1.6mg 1.115 ±0.1669 0.004699 ±0.0009334

MET 250mg 1.077 ±0.06524 0.004007 ±0.0002901

Notes: Values are expressed as mean ± SEM (n = 5 rats in each group). 
†Compared to diabetic control (*p < 0.05). 
Abbreviations: NC, normal control. DC, diabetic control. LD, low dose. HD, 
high dose. MET, metformin.,

Figure 4 Paracardial adipose mass between experimental groups. Values are expressed as mean ± SEM. n = 5 rats in each group, (*p < 0.05, **p < 0.01, one-way ANOVA). 
Abbreviations: NC, normal control; DC, diabetic control; LD, low dose; HD, high dose; MET, metformin.

Figure 5 The percentage fibrotic area of the experimental groups calculated using longitudinal sections of the left ventricle, (*p < 0.05, ***p < 0.001, **** p < 0.0001, one-way ANOVA). 
Abbreviations: NC, normal control; DC, diabetic control; LD, low dose; HD, high dose; MET, metformin.
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Discussion
Diabetic cardiomyopathy (DCM) is characterized by abnormal ventricular function independent of arterial disease and 
hypertension.24 Recent studies have shown that SGLT2i can reduce new-onset arrhythmias in newly diagnosed T2DM 
patients.25 However, it remains unclear whether these agents can prevent electrophysiological features of DCM when 
administered early. Considering the positive cardiac effects of SGLT2is, we investigated whether prophylactic dapagli
flozin pretreatment could prevent electrocardiographic and fibrotic changes associated with DCM.

The QT interval after prophylaxis with dapagliflozin was significantly shorter, and QT interval prolongation is 
associated with progressively worsening glucose tolerance in T2DM.26 In contrast to our findings, a randomized 
controlled trial in healthy human volunteers showed that empagliflozin treatment did not alter the QTi.27 However, our 
study, albeit in animals, differs by having paralleled treatment with a dietary and chemical insult of diabetes induction.

Dapagliflozin maintained the QTc interval duration at higher doses. Electrocardiographic prolongations in QTc 
intervals are considered reliable predictors of heart disease and fatal ventricular arrhythmias,28 the latter being 
a common cause of mortality among T2DM patients.29 This contrasts with the findings of a study that used dapagliflozin 
at supratherapeutic doses, in which there was no clinically significant effect on the QTc interval in healthy volunteers.30

The duration of the QRS interval was significantly shorter with high dose dapagliflozin pre-treatment. The prolonged QRS 
complex represents intraventricular conduction disturbances in heart failure,9 and is predictive of increased cardiovascular risk 
in asymptomatic diabetes.26 In addition, prolonged QRS interval is associated with left ventricular hypertrophy and is a marker 
of adverse ventricular remodelling.31

To the best of our knowledge, the electrocardiographic findings we present here in relation to dapagliflozin 
pretreatment have not been previously documented in existing literature. These results unveil the remarkable cardiopro
tective effects of dapagliflozin on ventricular function in T2DM and it is noteworthy that the same effects were not 
produced by metformin, which is in contrast to previous in vivo experiments.32

The preservation of QTc in the Dapa results is particularly noteworthy. QTc has been shown to predict all-cause mortality 
in T2DM patients.33 Furthermore, these ECG changes are directly associated with DCM, which is known to adversely affect 
ventricular function,24 and is associated with an increased risk of sudden death.34 These finding underscores the significance of 
dapagliflozin in preserving cardiac electrophysiology and hence, the potential of dapagliflozin to mitigate these ECG changes 
holds great promise for enhancing cardiovascular outcomes in T2DM patients if used as the first-line agent as opposed to 
metformin.

Dapagliflozin’s effects on the ECG may be achieved through multiple mechanisms. In this study, dapagliflozin 
reduced the size of the paracardial adipose tissue depot, similar to previous reports with canagliflozin and dapagliflozin in 
T2DM patients.35,36 This reduction in paracardial fat alleviates myocardial inflammation and arrhythmias,12 which are 
associated with diabetes-induced perturbations in pericardial fat, such as interleukin-1b (IL-1b), tumor necrosis factor- 
alpha (TNF-α), and interleukin-6 (IL-6) altering ion leakiness.11 This occurs along with the modification of gap junctions 
by FFAs from adipose tissue, such as oleic acid, which activates L-type calcium channels while inhibiting fast and slow 
rectifying potassium channels.11 These changes lead to action potential prolongation (manifesting on ECG as increased 
QTc intervals) increasing arrhythmogenicity.11

Furthermore, dapagliflozin treatment also conferred a reduction in the weight of the left ventricle. These results are 
corroborated with those of a randomized controlled trial that showed regression of left ventricular hypertrophy after 
dapagliflozin treatment in T2DM patients.37 Cross-talk between adipose and cardiomyocyte tissue has been suggested to 
foster hypertrophic changes in DCM. Adipocyte-derived TNF-α and IL-6 promote transcriptional programs that induce 
LVH and therefore the positive effects of dapagliflozin on pericardial fat may also underpin these anti-hypertrophic 
effects.38 These effects may also have been further compounded by the sodium and water loss through the kidney after 
SGLT2i administration,1,17 which improves ventricular loading conditions.17

High dose dapagliflozin treatment reduced the body mass of the rodents compared to the diabetic group, and this 
effect was not observed in the metformin treated group. This effect has previously been reported after SGLT2i 
treatment,12,39 and is postulated to occur secondary to the urinary caloric loss which induces a lipolytic state with fat 
depot reduction.39 This postulation is further supported by a study by Daniele et al40 which showed that dapagliflozin 
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increased lipid oxidation and the production of ketone bodies. In particular, the ketone β-hydroxyburate produced after 
SGLT2i therapy is preferred by cardiomyocytes and improves heart function because it is energetically cheaper compared 
to free fatty acids (FFAs) and glucose.12 This shift, therefore, serves the dual purpose of reducing the modifiable risk 
factor for arrhythmogenesis (obesity) and improving the availability of the preferred fuel for the heart.

Furthermore, dapagliflozin exerted significant euglycemic effects. This is in line with its well-documented insulin- 
independent glycemic effects.12,13 Lowering the plasma glucose levels attenuates the proclivity for the development of 
advanced glycosylation end-products.4,12 Advanced glycosylation end-products (AGEs) result from irreversible non- 
enzymatic post-translational glycosylation of matrix proteins.41 This modification by AGEs is thought to provide 
a physical impediment to myocardial compliance.4,41 Thus, this glucotoxicity-dependent development of DCM may 
have been prevented by the plasma-glucose lowering effect of dapagliflozin therapy.

Dapagliflozin also reduced the percentage of left ventricular fibrosis with chronic therapy, supported by studies in 
diabetic mice using dapagliflozin.16 This effect may result from dapagliflozin-induced natriuresis and osmotic diuresis 
antagonizing the renin-angiotensin-aldosterone system (RAAS).1 Additionally, SGLT2i activate non-classical RAAS 
pathways, increasing the production of angiotensin-1-7, which competes with angiotensin-II, further antagonizing the 
classical RAAS pathway and potentially exerting antiarrhythmic and positive inotropic effects.1

The effect on fibrosis suggests that early treatment with a higher dose of dapagliflozin prevented DCM manifestation, further 
underscoring the importance of early initiation of SGLTi. Further, there exists supportive evidence for early aggressive treatment 
of T2DM to tightly control blood glucose levels to reduce cardiovascular risks.42 This is defined as “metabolic memory” which 
postulates that the benefits of early aggressive treatment are maintained in chronic diabetes.42 These effects are underpinned by 
prompt mitigation of mitochondrial damage and decreased production of AGEs and AGE receptors.43 The results of the current 
study taken together may be due to the metabolic memory that was achieved with early intensive treatment.

Our study has some limitations that should be taken into consideration. One of these limitations relates to the use of 
Ketamine for sedation during the recording of the ECG. It is worth noting that Ketamine has been found to interact with 
voltage-sensitive calcium channels, which could potentially influence the electrical activity of cardiac cells.9 However, an 
attempt to mitigate this influence on the results was made by including the normal group in the study. Another limitation arises 
from the use of a rodent model which have a few physiologically different ion channels compared to the human heart. The sole 
recording of the lead II of the ECG would only locate changes in the inferior wall of the myocardium as opposed to the heart in 
its entirety, but this is a common locus for the changes to the myocardium associated with the diabetic state.44

Conclusion
The findings of this study show that the SGLT2 inhibitor dapagliflozin has significant cardioprotective effects in T2DM 
that include antifibrotic and antiarrhythmic effects, of which the latter effect was not exerted by metformin. These results 
are, in our view, especially important because the findings were obtained within a background of a high-fat, high-fructose 
diet, indicating that these agents can be used as prophylactic agents within a clinical setting. They can also, potentially, 
replace metformin as first-line oral antidiabetic agents. It remains uncertain whether these observed effects are unique to 
dapagliflozin alone or extend to other drugs in the same class. Future studies should strive to bridge this knowledge gap 
and facilitate the translation of these findings into practical applications within clinical practice.

Abbreviations
NC, normal control; DC, diabetic control; LD, low dose dapagliflozin; HD, high dose dapagliflozin; MET, metformin; 
STZ, streptozotocin.
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