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Abstract

Diabetic cardiac autonomic neuropathy (DCAN) is an important risk marker for all-cause and cardiac mortality, sudden death, and nephropathy 
progression [1]. The prevalence is very high among patients with diabetes Mellitus (DM). Moreover, despite intensive medical research on mechanism 
of DCAN and new medical treatments of patients living with this pathology, it still remains a major cause of mortality in diabetic patients and 
warrants further testing of novel therapeutic approaches. Carvedilol has been widely used in the treatment of heart failure, hypertension with or 
without DM for its effect on the autonomic system. Its role in the management of DCAN however has not been established. This study was designed 
to investigate the intervention of carvedilol in experimentally induced DCAN in rat model.

Methodology: DCAN was induced in 42 Wistar rats using streptozotocin (STZ) 50mg/kg. DCAN features were then assessed using both non-
invasive time varying ECG and invasive biomarkers. The sham-fed control group received normal saline per oral while the experimental groups were 
treated with varying doses of Carvedilol.

Results: DCAN group had significantly (p<0.05) higher glucose (23.6±8.5 vs 4.68±0.91) and advanced glycated end products (63.54±2.09 vs 
23.04±5.17) levels compared with controls. The level of antioxidants and sorbitol dehydrogenase (SD) (17.23±8.51 vs 32.94±5.07) activity were 
also reduced both of which were improved with administration of carvedilol. Furthermore, Heart Rate (HR) variability indices which were reduced 
with DCAN induction were also ameliorated with carvedilol. The HR variability indices correlated significantly with levels of biomarkers. This 
study shows that while SD activity and HR variability indices are deranged in DCAN, carvedilol may have a role in improving this indices and thus 
promising for the treatment of DCAN.
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Background
Diabetic autonomic neuropathy (DAN) is one of the 

microvascular complication of diabetes with significant morbidity 
impacts. Diabetic cardiac autonomic neuropathy (DCAN) is one of 
the most studied and clinically important form of DAN: defined as 
the impairment of autonomic control of the cardiovascular system  

 
in patients with diabetes after exclusion of other causes [2]. The 
pathogenic mechanism is still uncertain and may be multifactorial 
[3]. Despite intensive study, no medication has been identified 
which can effectively stop or reverse DCAN once clinical features 
are apparent. Management so far is mainly based on prevention 
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strategies which include intensive glycemic control, multifactorial 
intervention, lifestyle and dietary interventions. 

The polyol pathway has been suggested to play an important 
role in the development of both neural and vascular complications 
in diabetes [4]. Inhibition of aldose reductase has been shown 
to reverse vascular and other complications in diabetics, while 
sorbitol dehydrogenase inhibition has been shown to exacerbate 
autonomic neuropathy in streptozotocin (STZ) induced diabetic rat 
model [2,5,6]. Carvedilol, a third generation β-adrenergic blocker 
had earlier been shown to improve survival outcomes in heart 
failure patients with autonomic neuropathy [7], but its role in 
DCAN had not been established. Although, some studies had shown 
its anti-oxidative functions in animal model with diabetes [8–10]. 
We investigate the effect of carvedilol on sorbitol dehydrogenase 
(polyol pathway enzyme) and resultant effect on cardiac autonomic 
neuropathy using non-invasive heart rate variability indices in STZ-
induced rat model.

Materials/Method

Animals

All experimental protocols were approved and done following 
the guiding principles of the University of Ilorin Ethical Review 
Committee (UERC). The research was approved by the same 
Ethical Review Committee (UERC) with approval no: UERC/
ASN/2019/1912. Male Wistar rats were used for the experiment. 
All animals were acclimatized to their environment for 2 weeks 
before commencement of the experiments. They were fed ad 
libitum and housed in pairs in wooden cages.

Experimental groups/Model development

Phase 1: Forty-two male Wistar rats were grouped into two; 
sham control group (n = 10) and 

diabetic group (n =32). Type 1 DM was induced with high dose 
STZ at 50mg/Kg single dose under ketamine anaethesia. Rats with 
plasma glucose >16mmol/L on the third day after STZ-injection 
were randomized into different groups. Whole blood was taken 
from the proximal ventral tail vein for glucose measurement using 
a glucometer (Accu-Chek II Boehringer Mannheim Canada, Dorval, 
Quebec). Fasting plasma glucose levels, water intake and body 
weights were recorded at weekly intervals while other parameters 
were determined at the beginning and end of the experiment. Non-
invasive holter measurement was also done before and after DM 
induction.

Phase2: This consists of the interventional phase which lasted 
for 28 days. Carvedilol was 

administered in varying doses of 0.1mg/Kg, 1mg/Kg and 
10mg/Kg respectively (DCAN 1A, 1B and 1C). A DCAN control group 
without carvedilol had only distilled water administered (DCAN 

1D). The effects of DCAN on all the subgroups of the model were 
studied. These entail both non-invasive and invasive assessment of 
autonomic neuropathy. Time-varying, nonlinear and non-invasive 
methods were used to study cardiac autonomic dys-regulation from 
ECG records using holter ECG.

ECG and Measurement of time and frequency domain 
parameters

The Wistar rats were anesthesized with ketamine (75 mg/
kg) administered subcutaneously to stabilize the animal. The ECG 
signals were continuously recorded for at least 15 minutes in the 
limb, augmented and chest leads. Analysis was focused on the 
delineation technique using the ECG lead II, since it shows more 
amplitude P-, R-, S-, and T-waves. Lead II was achieved in the Wistar 
rat by placement of the positive electrode in the left xyphoid space 
while negative electrode was fixed around the right shoulder, in 
the same way as the Einthoven triangle (right arm position in the 
negative electrode and left leg position in the positive electrode).

Frequency and Time domain parameters including HR (mean 
heart rate), SDNN (standard deviation of normal-to-normal R-R 
intervals) and PNN50 (Percentage of successive RR intervals that 
differ by more than 50ms) were calculated from the HRV (Heart Rate 
Variability) data. The SDNN provided an estimate of overall HRV 
and sympathetic balance while the RMSSD yielded an estimate of 
the short term components of HRV and parasympathetic functions.

Invasive Assay
At the end of the intervention, 5-10 hours after the last dose 

of the medication, the rats were humanely euthanized after been 
anaesthetized, blood samples were collected via cardiac puncture 
after opening of the upper abdominal region. The samples were 
centrifuged at 1500 g x 15 minutes and the plasma samples micro-
pipetted into plain bottles and immediately stored at a temperature 
of 0 -4oC. For the invasive assay, protein expression markers, which 
have been correlated with CAN and diabetes complications in 
previous studies and also recommended by the CAN subcommittee 
of the Toronto autonomic neuropathy working group, were 
assayed. These include; Nerve Growth Factor (NGF), Plasma 
Cathecholamines (CAT), Sorbitol Dehydrogenase (SD), Glutathione 
(GSH) and Total Anti-oxidant Capacity (TAC) [11–15]. These were 
then correlated with the time varying analysis.

Statistical Analysis 
Data was analyzed using Statistical Package for Social Sciences 

(SPSS) software (Version 23.0; SPSS Inc, IL., USA) for windows. 
Results were expressed as the mean±SEM. Comparisons among 
groups was done using one-way ANOVA. Group means for two 
independent samples was compared using Student’s t-test and p 
values less than 0.05 was taken as statistically significant.
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Results and Discussion

Diabetes induction

This study shows that STZ-induced diabetic rats developed 
significantly (p<0.05) higher glucose level compared with the 
controls (Figure 1 & Table 1). There was progressive weight 
loss in the DCAN group compared with the control group. The 
plasma levels of insulin and c-peptide were significantly (p<0.05) 

lower compared with the control. Carvedilol had no statistically 
significant effects on the levels of blood sugar, insulin and c-peptide. 
Diabetic induction was also seen to be associated with higher 
values of total cholesterol and triglyceride. Advanced Glycated End-
products (AGEs) level showed a three-fold increase in the DCAN 
group compared with the control group. No significant effect was 
observed after carvedilol intervention in the level of AGEs (Table 1).

Figure1: Showing Blood sugar before and after DM induction. Pre FBS=Fasting blood sugar before DM induction across each group as outlined 
in the methodology, Post FBS= Fasting blood sugar after DM induction, *p < 0.05 compared with normal control.

Table 1: Showing Laboratory Parameters And Overal Effect Of Dcan Induction And Carvedilol Administration On Serum Biochemical Parameters.

Parameters Baseline/Control Dcan Induction Carvedilol P Value

UREA 15.44±5.93 17.21±3.79 16.55±7.40 0.698

TC 61.85±8.02 67.89±6.80 56.38±3.49 0.317

TG 66.07±5.64 81.64±4.2 56.48±3.49 0.47

AGEs 23.04±5.17 63.54±2.09 61.25±3.66 <0.0001*

C-PEPTIDE 1.13±0.60 0.63±0.53 0.72±0.27 0.16

INSULIN 2.24±2.01 0.56±0.47 0.66±0.42 0.003*

HOMA-IR 0.12±0.05 0.15±0.04 0.16±0.06 0.116

TAC 1.37±O.72 0.62±0.35 0.93±0.17 0.004*#

SORBITOL DEHYDROGENASE 32.94±5.07 17.23±8.51 28.35±8.28 0.018*#

NGF 270.16(111.18-381.34) 120.56(83.27-
160.58) 170.57(150.23-194.28) 0.03*#

NOREPINEPHRINE 119.06±57.88 528.21±279.48 67.82±39.64 0.010*#

GSH 0.41±0.05 0.32±0.03 0.41±0.03 0.786

KEY: GSH=Glutathione, TG=Triglyceride, NGF= Nerve growth factor, TAC= Total anti-oxidant capacity, AGEs= Advanced glycation end product 

*p < 0.05 compared with normal control. # p<0.05 compared with pre treatment.
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Effect of DCAN on sorbitol dehydrogenase, nerve growth 
factor and anti-oxidants 

STZ-induced DCAN significantly reduces sorbitol dehydrogenase 
(SD) activity, alongside the anti-oxidants. SD is an enzyme in the 
polyol pathway which converts sorbitol to fructose. Studies have 
shown that sorbitol along with other metabolite mediates the 

neurotoxicity effect of chronic hyperglycaemia. Carvedilol however, 
increases the SD activity significantly (p<0.05) compared with the 
control (Figure 2). Similar trends were also observed for glutathione 
and total anti-oxidant capacity which were also improved with 
carvedilol administration (Figure 1& 2 & Table 1).

Figure 2: Comparing the effect of varying doses of carvedilol on significant laboratory parameters. Carvedilol at 1mg/Kg and 10mg/Kg 
significantly improves sorbitol dehydrogenase and total antioxidant capacity in figure 
2A and 2B respectively while reducing norepinephrine concentration.
(2C). *p < 0.05 compared with normal control, # p<0.05 compared with pre-treatment. (Deep color bar is preinterventrion, Light color bar is post 
intervention).

Effect of DCAN and carvedilol on heart rate variability indices

Figure 3: Showing Type 1 Dcan Frequency Domain 
3A: The frequency domain was reduced after DM induction, but was significantly increased by administration of carvedilol (most significant effect 
was seen with 1mg/Kg dose)
3B: similar pattern as for low frequency was also seen with the high frequency domain
LF=Low frequency, HF=High frequency. *p < 0.05 compared with normal control, # p<0.05 compared with DCAN control, +p<0.05 compared with 
pre treatment.
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Figure 4: Showing Type 1 Dcan Time Domain
SDNN index (SDNNI): Mean of the standard deviations of all the NN intervals for each 5 min segment of a 24 h HRV recording. PNN50: 
Percentage of successive RR intervals that differ by more than 50ms. *p < 0.05 compared with normal control. # p<0.05 compared with pre 
treatment.

The evaluation of autonomic activity using HR variability 
indices (frequency and time domain spectral) showed similar 
pattern with the biochemical markers. DCAN induction reduced 
both low and high frequency parameters. The group having 1mg/
Kg of Carvedilol had significantly (p<0.05) improved low and high 
frequency spectral activity. Most of the time domain parameters 
were not significantly altered with DCAN induction except for the 
triangular index, PNN50 and mildly the RMSSD. Carvedilol had no 
significant effect on the SDNN in the DCAN group (Figure 3 & Figure 
4).

Discussion

The Sorbitol Pathway and oxidative stress in the 
Pathogenesis of Experimental Diabetic Autonomic 
Neuropathy

Numerous metabolic derangement associated with increased 
sorbitol pathway activity have been implicated in the pathogenic 
mechanism of diabetic complications. Earlier studies by Schmidt et-
al showed that inhibition of SD exacerbates autonomic neuropathy 
in rats with STZ-induced diabetes (5,6). This further supports the 
facts that sorbitol may plays a significant role in mediating nerve 
damage in diabetes autonomic neuropathy [16,17]. Our study 
observed that while, STZ-induced DCAN was associated with 
reduced SD activity, an improvement in SD activity on exposure to 
carvedilol occurred which was further corroborated with the HR 
variability indices. A possible mechanism of production of reactive 
oxygen radicals through the sorbitol pathway is the transfer of 
electrons and proton ion from sorbitol to NAD+ faster than they can 
be utilized for synthesis of ATP and fatty acids [18,19]. The anti-

oxidant effect of carvedilol was seen in the significant improvement 
in TAC activity [20,21] and GSH. 

Heart rate variability indices in DCAN

This results shows that STZ-diabetic rats present changes in 
some of the heart rate variability indices especially the frequency 
domain spectral early in the course of diabetes. However, autonomic 
function evaluated by time-domain indices of HR variability was 
more pronounced about 28 days after STZ injection. Interestingly, 
all of these changes showed a negative correlation with plasma 
glucose and advanced glycated end products while positively 
correlated with SD and anti-oxidants markers. Earlier studies have 
suggested that DCAN have both parasympathetic and sympathetic 
dysfunction with early defective parasympathetic control, 
represented by persistent resting tachycardia and loss of beat-to-
beat variation during deep respiration (22–25). Similar to what 
Faran et al. documented, we observed early changes in the PNN50 
in the DCAN model while SDNN showed no significant changes 
[23]. SDNN had been shown to provide an estimate of overall HR 
variability and sympathetic balance while PNN50 correlates with 
overall parasympathetic events. 

Our findings thus shows that parasympathetic dysfunction 
occur early in DCAN. Carvedilol had no effect on the SDNN but 
modest effect on improving the PNN50. This may be due to the fact 
that it takes longer time for the sympathetic dysfunction to manifest 
in abnormality of HR variability. Since, blood parameters shows 
significant increase in nor-epinephrine levels early after DCAN 
induction; it may then mean that HR variability indices lag behind 
plasma markers of sympathetic dysfunction. SDNN has important 
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correlates with sympathetic function. It has been proposed as a 
prognostic marker for myocardial infarction and sudden death 
[25–31]. Studies have earlier shown significant derangement in 
PNN50 in heart failure subjects with autonomic dysfunction [32–
34]. Several mechanisms have been postulated to be implicated in 
the pathogenesis of diabetic neuropathy in the STZ-diabetic rat, but 
hyperglycemia with formation of advanced glycated end products 
and toxic effect of sorbitol on myelin sheaths plays profound role. 

Peripheral nerves have been shown to have structural changes 
which mimics those of human diabetic neuropathy and are 
observed to be preceded by hyperglycemia-induced biochemical 
abnormalities. Recent findings have emphasized the significance 
of vascular dysfunction, driven by metabolic impairments in the 
nerves, as an etiology of diabetic neuropathy. Non-enzymatic 
glycosylation of myelin components, deprivation of nerve growth 
factor, reduced endoneural blood flow, increased free oxygen radical 
activities and productions have also been hypothesized [35]. Our 
result strengthens the afore-mentioned showing impaired anti-
oxidants activity and reduced NGF which correlates with the HR 
variability spectral events. On the other hand improved SD activity 
appears protective against the toxic neural effect in DCAN.

In conclusion, our results emphasis some well-known cardiac 
alterations using the STZ-diabetic rat model; such as increased 
AGEs, glucose and norepinephrine, with reduced SD activity, 
anti-oxidants and NGF, which all correlate with HR autonomic 
indices derangements. In agreement with previous researchers 
who showed that autonomic nerve structural abnormalities may 
not become apparent before functional changes, we believe that 
these changes could be due to early development of autonomic 
neuropathy in this model. The correlation observed between 
cardiovascular HR variability dysfunction and plasma biomarkers 
are in support of the possible presence of reversible neurological 
dysregulation.
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