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ABSTRACT 
 

This study investigated whether regular aerobic exercise training could prevent the 

dysregulation of autonomic cardiovascular (CV) control in a streptozotocin (STZ)-

diabetes model designed to represent clinical type 1 diabetes mellitus (T1DM). Rats were 

divided into control (C), control exercise (CX), diabetic (D) and diabetic exercise (DX) 

groups. Baroreflex sensitivity (BRS), heart rate variability (HRV) and vascular 

sympathetic tone (VST) were measured following 10 weeks of exercise. 

Parasympathetic-mediated bradycardia BRS was reduced in D compared to C and DX 

(p<0.05). The HF (parasympathetic) HRV was reduced in D compared to CX and DX 

(p<0.05) and the LF/HF ratio (sympathetic HRV) was elevated in D compared to all other 

groups (p<0.05). The VST was increased in D compared to all other groups (p<0.05). 

Diabetes caused a CV autonomic imbalance, which was prevented by exercise training. 

Thus, this model paralleled clinical T1DM and demonstrated that exercise can prevent 

autonomic dysfunction. 

 

 

 

 

 

Keywords: type 1 diabetes, aerobic exercise, diabetic autonomic neuropathy, 

cardiovascular autonomic neuropathy, sympathetic overactivity, heart rate variability, 

baroreflex sensitivity, parasympathetic nervous system 
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CHAPTER 1 

1.1 Introduction 

Type 1 diabetes mellitus (T1DM) is an idiopathic autoimmune disease that 

results in the destruction of pancreatic β cells and subsequently, the inability to 

produce endogenous insulin (4, 7, 144). This results in chronic hyperglycemia and 

imbalances of fat, protein, and carbohydrate metabolism that lead to progressive 

complications, such  as: retinopathy, nephropathy, neuropathy and increased risk of 

microvascular and macrovascular disease (4, 7, 24). These complications can be so 

severe that, even with insulin therapy, a child diagnosed with diabetes at 10 years of 

age will lose an average of 19 years of life due to the disease (97). Epidemiological 

studies have shown that T1DM incidence is continuously rising in both high and low 

incidence populations; particularly, in the 15 years of age and younger demographic 

(63, 99, 163). For example, Onkamo et al. (99) reported that the global incidence rate 

of the under 15 demographic from 1960 to 1996 increased at 3% per year. The 

DiaMond Project Group (26), a multinational effort to investigate and monitor the 

incidence patterns of childhood type 1 diabetes, reported a yearly global increase in 

incidence of 3.4% for the years 1995 to 1999. In Europe it has been predicted that by 

2020 the number of children under the age of 5 afflicted with T1DM will double and 

the number of cases for children under the age of 15 will increase by 70% (104). 

Clearly, this demonstrates that T1DM is a problem that is continuously growing in 

prevalence and importance. Also of importance are the financial costs of T1DM on 

patients and society at large (130). In fact, it was found that patient costs for 

individuals with T1DM are disproportionately higher than costs for those with type 2 

diabetes mellitus (T2DM) (142). Furthermore, the societal costs of T1DM in the USA 

and the UK are estimated at $14.4 billion and $3 billion per year, respectively (46, 



2 
 

142). In light of such profound health and economic impacts, understanding the 

predictors, onset and treatment of T1DM has been a focus of extensive investigation; 

yet, a substantial amount about the disease and its complications remains to be 

elucidated. Although it has been long understood that exercise can generate beneficial 

health outcomes, more recently and increasingly, exercise is being regarded as a 

therapy and is being prescribed by physicians as medicine (123, 128). The benefits of 

exercise in the prevention and treatment of T1DM-related complications has been 

well documented (36, 105, 112). In particular, diabetic autonomic neuropathy (DAN) 

is known to be one of the earliest complications of diabetes which not only precludes 

a variety of related complications but is also directly linked to increased mortality  

(30, 40, 100, 149). Thus, the ability of exercise therapy to reduce DAN is a research 

focus of great importance (9, 18, 105, 150). This chapter will provide an overview of 

T1DM onset and its mediation of neuropathy, the function of the autonomic nervous 

system and its regulation of the cardiovascular system, how neuropathy leads to 

autonomic and cardiovascular dysfunction and the efficacy of exercise in mitigating 

this dysfunction.  

 

1.2 Etiology of Type 1 Diabetes Mellitus 

 Susceptibility to T1DM is determined by both genetic and environmental 

factors (7, 31, 58, 144). The genetic basis of the disease is strongly exhibited by 

studies of monozygotic and dizygotic twins. It has been found that monozygotic twins 

can demonstrate over a 50% concordance rate of T1DM, which is far greater than the 

concordance between dizygotic twins (50). Due to the fact that monozygotic twins 

share the same DNA and developmental environment, whereas dizygotic twins have 

non-identical DNA but also share the same developmental environment, it can be 
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concluded that the difference in concordance between the two types of twins is 

resultant of a genetic influence (31). Through such twin studies, as well as familial 

linkage studies, it has been established that the human leukocyte antigen (HLA) 

encoding genes, which code for many different components of the immune system, 

are the major factors conferring genetic susceptibility to T1DM (24, 31, 48, 50). 

Although a high percentage of T1DM susceptibility can be attributed to a genetic 

component, even at 50% concordance, there remain at least equally substantial non-

genetic factors that are involved in the manifestation of T1DM.  

Environmental factors, including viral infections, diet, growth, toxins and 

stress, have been implicated in the pathogenesis of T1DM (3). D’Angeli et al. (28) 

provide evidence for the “hygiene hypothesis” by demonstrating that a clean 

environment during childhood decreases antigenic stimulation and results in a greater 

vulnerability to developing T1DM.  Further evidence of an environmental 

determinant of T1DM is the apparent role of geography and climate in its prevalence. 

In both Europe and North America there is a north to south, high to low, gradient of 

incidence (58, 144). In accordance with a climatic influence, a lower incidence of 

T1DM during warm seasons than cold seasons has been observed within populations 

(58, 68). Although these genetic, regional and climatic insights provide evidence of 

risk factors for developing T1DM, they are not necessarily predictors of great utility. 

The environmental factors may be correlated with T1DM but most cannot realistically 

be avoided or managed, whereas the genetic factors alone do not yield disease onset; 

as evidenced by the finding that, at most, only 10% of individuals with the highest 

risk susceptibility genes actually become afflicted with T1DM (146).  

The most effective predictors of T1DM are a complement of autoantibodies 

that can be detected years before the disease develops; in fact, they can even be 
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detected during infancy (12, 61). The autoantibodies that predict T1DM are: islet cell 

antibodies (ICA), insulin autoantibodies (IAA), glutamic acid decarboxylase 

antibodies (GADA) and protein tyrosine phosphatase-2 antibodies (IA-2A) (71, 80). 

These autoantibodies direct the infiltration of immune cells, mostly T cells, to the 

islets and facilitate their inflammation and the destruction of β cells (19, 25, 71). It 

has been observed that the detection of two or more of these autoantibodies in 

relatives of T1DM patients has a 90% predictive value for their eventual development 

of T1DM (147). In the general population, marginally elevated levels of 3 to 4 

autoantibodies indicates a risk of roughly 60% for the development of T1DM (12). 

Despite the predictive value of autoantibody detection, no autoantibody based 

treatments exist to avert the onset of T1DM (25). Therefore, for now, the only way to 

delay or prevent T1DM associated morbidity and mortality is to understand and 

ameliorate the progression of the disease-related complications (4, 25, 80). However, 

it has been suggested that exercise could ameliorate the severity of autoantibody 

mediated inflammation and subsequently, reduce T1DM initiation and progression 

(66).  

 

1.3 Pathogenesis of Neuropathy in T1DM 

The neurological complications of T1DM are understood to arise from either a 

metabolic etiology, a vascular etiology or a combination of both (30, 41, 137, 156). 

However, the pathology of metabolism and vasculature in T1DM, as well as the wider 

breadth of complications that develop, arises primarily due to chronic hyperglycemia 

(24, 41, 149). Indeed, the duration and severity of hyperglycemia have both been 

indicated as predictors of the degree of diabetic neuropathy (30, 41). Fittingly then, 

advanced glycation end-products (AGEs), which are formed when hyperglycemia 
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leads to irreversible binding of glucose molecules to intracellular and extracellular 

proteins, have been implicated as a causative link between vascular and metabolic 

dysfunction in T1DM (41).  

 The metabolic factors, whose dysfunction primarily contributes to diabetic 

neuropathy, are many. For example, T1DM leads to increased polyol pathway activity 

and decreased myo-inositol, which are associated with decreased nerve conduction 

velocity (30, 41, 137). It also causes decreased nerve Na/K ATPase activity, the 

function of which is necessary to maintain the transmembrane ionic gradient required 

for electrical impulse conduction (41, 137). Further, T1DM is associated with 

decreased synthesis and transport of axonal proteins, which are supplied from the cell 

body to maintain structural and functional integrity of the axon (41, 87, 137) and 

diminished incorporation of glycolipids and amino acids into myelin, thereby 

reducing axon insulation and conduction velocity (30, 41, 139). T1DM also leads to 

decreased nerve protein kinase C (PKC) activity, which can further reduce Na/K 

ATPase activity (137). Dyslipidemia, consisting of increased triglycerides, increased 

low-density lipoprotein and decreased high-density lipoprotein, is a metabolic factor 

that contributes to neuropathy via the atherosclerotic impairment of the vasculature 

(30, 41, 107).  

Vascular factors that contribute to diabetic neuropathy mostly involve 

pathology of the endoneurial capillaries (92, 152). These vascular impairments 

include: basement membrane thickening and endothelial cell swelling and 

proliferation, resulting in reduced luminal diameter,  decreased nerve blood flow and 

endoneurial hypoxia (41, 83, 143); degeneration of pericytes, which are integral for 

maintaining endothelial cell function at the blood-nerve barrier (41, 129); and 

ultimately, endoneurial capillary atherosclerosis, which leads to the dysregulation of 
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nutrient exchange between axons and blood vessels across the endoneurium  (30, 41, 

129, 143). There is also evidence that hyperglycemia can have tissue-specific, 

bidirectional effects on PKC activity (138). While hyperglycemia decreases PKC 

activity in the nerve as mentioned above, it also becomes overactive in vascular 

endothelium and leads to increased endothelial permeability, the dysregulation of 

endothelial-derived vasodilator nitric oxide (NO) and thus, diminished blood flow 

(127, 138).   

 Despite these metabolic and vascular factors often being considered discrete 

etiologies of diabetic neuropathy, it is more likely that they arise concomitantly and 

share protein glycation as their common cause (see Figure 1.1) (30, 41). For example, 

glycation of antioxidant enzymes hinders their ability to remove reactive oxygen 

species (ROS). This results in the accumulation of ROS that damage membranes, 

cellular proteins and DNA, all of which contribute to neuropathic progression (41). 

Glycation of the nitric oxide synthase (NOS) enzyme  is likely a mechanism by which 

NO production is decreased, driving  the vascular dysfunction described above (41, 

138). Also, glycated elastin and collagen in the endothelium can restrict access of NO 

to the smooth muscle, further inhibiting NO-mediated vasodilation, reducing nerve 

blood flow and nerve oxygenation (41). The manifestation of AGEs in the basement 

membrane, elastic lamina and endothelial cells of the blood vessels causes 

macrophage infiltration, which release macrophage-derived growth factors , leading 

to smooth muscle proliferation and atherogenesis (41). Due to evidence that 

inflammatory cytokines also cause vascular damage by inducing excessive ROS, it is 

plausible that AGE-mediated inflammation is the primary cause of neurovascular 

dysfunction in diabetic neuropathy (36, 134). AGE levels in the endoneurium and 

associated microvessels have been observed to correlate with the degree of axonal 
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atrophy in nerve biopsies; with AGE immunoreactivity detected in 90% of peripheral 

nerves of diabetics compared to a complete absence of AGEs in controls (91). 

Whether or not AGEs can be said to underlay both the metabolic and vascular causes 

of neuropathy, they certainly do represent a link between them. Ultimately, 

hyperglycemia-mediated AGEs, metabolic dysregulation and vascular dysfunction are 

all fundamental to nerve dysfunction and degeneration in T1DM. 

 

1.4 The Autonomic Nervous System and Mechanisms of Autonomic Cardiovascular 

Regulation 

The autonomic nervous system (ANS) is a network of efferent and afferent 

nerves linked to structures of the central nervous system (CNS) that, together, govern 

the motor control of visceral organs (40, 76). Since targets of the ANS include 

multiple endocrine organs, the cardiovascular (CV) system and regions of CNS, the 

ANS is a powerful regulator of homeostasis throughout the entire body (76, 124). The 

ANS differentially regulates these systems by using two antagonistic branches, the 

sympathetic nervous system (SNS) and the parasympathetic nervous system (PSNS), 

which mutually inhibit one another (116). The main neurochemical difference 

between the SNS and PSNS is the neurotransmitters involved in signaling to the target 

organs. Preganglionic neurons of both branches utilize acetylcholine as their primary 

neurotransmitter, whereas the postganglionic neurons of the PSNS emit primarily 

acetylcholine and the postganglionic neurons of the SNS release primarily 

norepinephrine (76, 116). The use of these different neurotransmitters underlies the 

antagonistic physiological actions of the two branches of the ANS (76, 116). To 

understand the discrete roles of the SNS and PSNS in controlling bodily functions, the 

mnemonics “fight or flight” and “rest and digest” are used, respectively (116, 149). 
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The SNS directs oxygen and energy toward organ systems that are recruited in 

stressful or active situations; for example, it acts to increase heart rate (HR) and 

decrease enteric motility. The PSNS, on the other hand, promotes conservation and 

restoration of energy and so, stimulates functions that are more useful at rest while 

inhibiting others; for example, it decreases blood pressure (BP) and facilitates the 

excretion of waste (76, 116). When functioning properly, these two branches maintain 

chronic homeostasis of visceral organ function (116). 

One such autonomically-mediated mechanism of homeostasis is the regulation 

of CV function by the baroreflex (see Figure 1.2). Afferent arterial baroreceptors are 

stretch-sensitive mechanoreceptors located in the aortic arch, carotid sinus and 

elsewhere in the vasculature that send frequency coded signals to the brainstem in 

order to signal increases and decreases in BP (40). Once these signals arrive at the 

brainstem they are processed by several structures that govern the efferent 

sympathetic and parasympathetic output to the heart, the vasculature, kidneys and 

other visceral organs (40, 116). The four major brain regions involved in processing 

these signals include the hypothalamus and three regions of the brainstem: the rostral 

ventrolateral medulla (RVLM), the caudal ventrolateral medulla (CVLM) and the 

nucleus of the solitary tract (NTS) (40, 76, 116). When a rise in BP above the set 

physiological range occurs, the baroreceptors fire rapidly and stimulate the NTS. The 

NTS in turn stimulates the CVLM, which provides inhibitory input to the RVLM. 

Since the RVLM has excitatory input to sympathetic preganglionic neurons in the 

intermediolateral (IML) column of the thoraco-lumbar spinal cord, when 

baroreceptors fire the RVLM, and by extension sympathetic outflow, is inhibited and 

the autonomic balance shifts towards greater parasympathetic activity; the outcome of 

which is reduced HR and the restoration of BP to the physiological range (8, 40, 116). 



9 
 

Alternatively, when arterial pressure declines below the set physiological range, 

baroreceptor firing decreases, removing the stimulation of the NTS and CVLM and 

disinhibiting the RVLM, resulting in increased sympathetic outflow, HR and again, 

the restoration of BP to the physiological range (40, 116).  

The baroreflex also has an important influence on total peripheral resistance 

(TPR); which is the resistance of all peripheral vasculature in the systemic circulation 

(145). Peripheral resistance and the variables that influence it can be described by 

Poiseuille’s law, 𝑅 =  𝛥𝑃
𝑄

 ; where R is resistance, ΔP is the change in pressure between 

two points and Q is the blood flow, which is equivalent to cardiac output (90). 

Resistance can also be represented as 𝑅 = 8ɳ𝐿
𝜋r4

; where ɳ is the viscosity of the fluid, L 

is the length of the vessel, and r is the radius (90). Blood pressure and blood flow 

(cardiac output) are acutely regulated by the baroreflex (77). However, beat-to-beat 

changes in TPR are difficult to measure and thus, most studies examine feedback 

control of HR as opposed to TPR when assessing the baroreflex (10). 

The paraventricular nucleus (PVN) of the hypothalamus also modulates 

sympathetic outflow (11, 21, 40). The PVN receives inputs from circulating hormones 

and molecules (such as norepinephrine and glucose), visceral receptors that detect 

osmolarity and blood volume and other regions of the brain (11). The PVN has many 

complex effector subnuclei but its effects can be summed through its three major 

connections. The magnocellular neurons of the PVN are large cells that interact with 

the posterior pituitary to release oxytocin and vasopressin (also known as antidiuretic 

hormone, ADH; a vasoconstrictor and mediator of water absorption in the kidneys) 

into the blood (113). The medial parvocellular neurons synthesize corticotropin 

releasing hormone (CRH), which stimulates the release of adrenocorticotropic 

hormone (ACTH) from the anterior pituitary, which then acts on the adrenal cortex to 
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stimulate aldosterone (a mediator of water retention in the kidneys)and cortisol 

production (which stimulates gluconeogenesis in the liver); this constitutes what is 

known as the hypothalamo-pituitary-adrenocortical (HPA) axis (11, 125). Another 

subset of parvocellular PVN neurons have direct connections to the RVLM in the 

brainstem and the IML in the spinal cord (8). Thus, these PVN neurons can directly 

and indirectly influence sympathetic nerve activity via inputs to preganglionic 

sympathetic neurons and by modulating RVLM activity (8). Indeed, it has been 

demonstrated that sympathoexcitation is elicited through the PVN in response to a 

drop in blood volume, without a drop in pressure, via the activation of both RVLM 

and ILM connected neurons (8). Conversely,  the autonomic neurons of the PVN have 

been reported to selectively decrease renal sympathetic activity and increase cardiac 

sympathetic activity in response to blood volume expansion (21).  This demonstrates 

that the PVN’s influence on BP and the CV system is mediated through hormones, 

sympathetic neurons and interactions with the kidney. The stimulation of sympathetic 

activity by PVN neurons in response to increased circulating angiotensin II (ANG II), 

generated by the renin-angiotensin-aldosterone system (RAAS), is another example of 

its interaction with the kidneys (11, 54). 

Renin release from juxtaglomerular cells of the kidney primarily occurs in 

response to hypovolemia and increased osmolarity but can also be produced by 

sympathetic stimulation (11, 20, 38). Once released, the renin enzyme acts locally and 

systemically in the blood to cleave angiotensinogen, which is constitutively secreted 

by the liver into circulation, to form angiotensin I (38).  Angiotensin I is then cleaved 

by angiotensin-converting-enzyme (ACE), which is found in blood plasma, vascular 

endothelial cells, the kidneys, the brain, the lungs and many other tissues  (38, 40). 

The product of ACE cleavage is the biologically active ANG II which has a multitude 
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of effects on numerous organs and tissues. For instance, ANG II is a potent 

vasoconstrictor, it acts on presynaptic receptors of sympathetic nerve terminals to 

potentiate norepinephrine release, it decreases glomerular filtration rate and increases 

reabsorption of sodium and water into the blood and it stimulates aldosterone release 

from the adrenal cortex, thus completing the RAAS (38). It also acts on the 

subfornical organ (a circumventricular organ of the brain) to stimulate PVN mediated 

sympathoexcitation to the heart and kidneys (20, 40, 54). However, it is very 

important to note that this classic, endocrine view of the RAAS has undergone 

profound conceptual change due to the discovery of local, tissue-intrinsic renin-

angiotensin systems (RAS – note the distinct acronyms denoting local and circulatory 

renin-angiotensin systems) and its importance in autocrine and paracrine signalling 

which act independently of the circulating RAAS factors (32, 115). 

Thus, both neural and humoral mechanisms interact with the ANS to modulate 

autonomic activity and CV function. For example, the PVN and the RAAS influence 

blood volume, vascular tone and BP; baroreceptors regulate BP and maintain it within 

a set range by modulating cardiac function; ANG II produced by the RAAS can act 

directly on peripheral sympathetic synapses and can modulate PVN activity; and the 

PVN can directly modulate sympathetic outflow and influence the brainstem circuitry 

that mediates the baroreflex (40). All of these systems are integrated through the ANS 

and cooperate to maintain CV homeostasis.  

 

1.5 Autonomic Dysfunction and Cardiovascular Dysregulation in T1DM 

Dysfunction of the ANS is a common and serious complication of T1DM that 

can result in dysregulation of all of the organ systems under its control (30). Known 

as diabetic autonomic neuropathy (DAN), prevalence of this condition has been 
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reported to vary widely, ranging from roughly 10-90% in diabetics depending on the 

assessment criteria used (30, 149). The clinical manifestations of DAN are also 

variable due to the systemic influence of the ANS and can include orthostatic 

hypotension, tachycardia, hypertension, silent myocardial ischemia, gastroparesis, 

xerostomia, decreased heart rate variability (HRV), anhidrosis and many others 

symptoms (30, 33, 69, 95, 149). However, it should be noted that experimental forms 

of diabetes do not always faithfully replicate the full spectrum of clinical 

complications; in some cases, opposing outcomes have been observed, such as resting 

bradycardia and hypotension (6, 47, 81). However, unlike the clinical population, 

most of these studies do not use insulin therapy to manage hyperglycemia, which has 

been shown to reverse those effects (47). DAN can also be a considerably deadly 

complication of T1DM as it underlies diabetes-mediated CV dysfunction (85, 100). 

Indeed, based on an analysis of the Pittsburgh Epidemiology of Diabetes 

Complications Study, Orchard et al. (100) found that mortality increased fourfold in 

patients with DAN.  Similarly, a meta-analysis by Maser et al. (85) found that 

cardiovascular autonomic neuropathy (CAN), a subset of DAN, significantly 

increased the relative risk of mortality by a factor of 3.45. Another form of mortality 

in T1DM is the occurrence of sudden nocturnal death (100, 154). This so called “dead 

in bed” syndrome is thought to be exacerbated by increased susceptibility to nocturnal 

hypoglycemia resulting from abnormal pancreatic α-cell function and impaired 

glucagon release (140, 154). However, even this impaired glucagon response is 

thought to be mediated by autonomic dysfunction and furthermore, sudden death in 

T1DM is more greatly attributed to cardiac arrhythmia than hypoglycemia; thus, 

“dead in bed” syndrome is likely resultant of DAN (140, 154). DAN, therefore, has a 

significant impact on the quality of life, morbidity and mortality of patients with 
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T1DM; the most deadly consequences of which are mediated by loss of CV control 

via CAN (30, 101, 149, 151). 

As described previously, the etiology of general diabetic neuropathy and thus, 

DAN, in T1DM is linked to chronic hyperglycemia (127, 155). Evidence of this was 

reported by the Diabetes Control and Complications Trial/Epidemiology of Diabetes 

Interventions and Complications (DCCT/EDIC) Study Research Group (98) who 

observed that maintenance of near normoglycemia via intensive insulin therapy 

reduced neurologic complications of T1DM and resulted in a 42% decrease in the risk 

of any CV disease event, such as myocardial infarction, stroke or death. The 

neuropathic effects of hyperglycemia that mediate DAN usually affect longer nerves 

first and since the single longest ANS nerve, the vagus nerve, facilitates 75% of all 

parasympathetic activity, a sympathovagal imbalance leading to sympathetic 

overactivity is purported to be an early cause of CAN (30, 149, 151). Furthermore, 

hyperglycemia can lead directly and indirectly to increased sympathetic outflow, 

indicating peripheral and central mechanisms are behind ANS and CV dysfunction in 

T1DM (108, 148). It is pertinent then to understand how the regulation of autonomic 

activity and CV function are affected by T1DM. 

Although there has been some evidence for increased RAAS activity in T1DM 

and hyperglycemia, most of the literature has demonstrated that systemic components 

of the RAAS, such as plasma renin, aldosterone and ANG II, are suppressed (13, 22, 

73, 89). When considering this in the context of the physiological action of circulating 

ANG II (vasoconstriction, volume expansion and sympathoexcitation), it should 

follow that it is not involved in the increased BP and sympathetic tone observed in 

T1DM; however, this is not the case (115, 148). More recent evidence implicates the 

role of local, tissue-intrinsic RAS systems in the pathology of diabetes-related 
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complications (109, 115). Hyperglycemia has been shown to increase local RAS 

activity in numerous tissues and this process is being connected to the onset of many 

downstream complications of T1DM; including, nephropathy, retinopathy and cardiac 

myopathy (27, 34, 67, 110). This widespread deleterious effect of local RAS 

overactivity in diabetes is likely interconnected to oxidative damage mediated by 

locally produced ANG II (34, 115). Thus, RAS activation in diabetes is believed to 

contribute to microvascular complications and has a probable role in the vascular 

etiology of neuropathy (86, 109). Due to the presence of RAS in the brain and the 

known ability of ANG II in the subfornical organ to elicit PVN-mediated increases in 

sympathetic activity, there exists a plausible mechanism by which local RAS may be 

driving increased sympathetic outflow in T1DM (11, 148).  

The PVN of the hypothalamus is known to influence the basal level of 

sympathetic outflow (60). In T1DM there are increases in both basal PVN activity and 

sympathetic activity (35, 56). It has been demonstrated that the excitation of the PVN 

by ANG II is enhanced in rats with streptozotocin (STZ)-induced diabetes; an 

experimental form of T1DM produced by STZ-mediated destruction of β-cells (103). 

This suggests that diabetes induced elevations of sympathetic outflow could be due to 

increased levels of ANG II in the brain produced by local RAS system activation or 

increased sensitivity to ANG II in the PVN (103). Another previously described 

diabetes-related deficit that is also a mechanism contributing to central sympathetic 

overactivity in T1DM is the loss of NOS activity and NO (138, 161). NO is a known 

inhibitor of PVN activity that acts by increasing GABAergic input to the PVN (160). 

Zheng et al. (161) found that STZ-diabetic rats had fewer neuronal NOS (nNOS) 

positive cells and lower NO release in the PVN compared to controls. Thus, there is a 

reduction of GABA inhibition on the PVN in T1DM that facilitates its overactivity 
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and thereby, contributes to sympathetic  overactivity (114). Furthermore, 

overstimulation of the PVN would also cause excitation of magnocellular neurons, 

resulting in the release of vasopressin, which would contribute to increased BP via 

direct vasoconstriction and volume expansion (70). However, the aberration of 

sympathetic tone in diabetes is more directly influenced by the parvocellular neurons 

of the PVN due to their association with the RVLM and IML; hence, PVN 

dysfunction can dysregulate sympathetic outflow and CV parameters by modulating 

neural control of HR, BP and the baroreflex (20, 60, 103).  

The baroreflex itself is an important regulator of sympathetic and 

parasympathetic outflow, BP, HR and TPR (84). Baroreflex dysfunction, in both 

sensitivity and set point, is an established consequence of T1DM, with reductions in 

sensitivity observed to occur as early as 5 days after STZ-diabetes induction (15, 23, 

81). Thus, studies have investigated how each aspect of the baroreflex arc are 

uniquely affected in T1DM; this arc consists of baroreceptors, baroreceptor afferents, 

central regulators and sympathetic and parasympathetic efferents (74). Salgado et al. 

(122) found that aortic baroreceptor neurons have reduced activity in STZ-diabetic 

rats. Further, they determined that the aortic depressor nerves, the afferent nerves 

between baroreceptor neurons and the brainstem, showed morphological signs of 

axonal atrophy by measuring the G ratio; the ratio between axon diameter and whole 

fiber diameter (122). Li et al. (72) observed that the excitability of aortic 

baroreceptors, which mediates the set point of baroreceptor firing, was blunted in 

STZ-diabetic rats and that later, this reduced excitability was due to up-regulated, 

ANG II-NADPH oxidase derived, superoxide within the baroreceptor ganglion (73). 

They also found that microinjection of an ANG II receptor antagonist into the nodose 

ganglia restored aortic baroreceptor excitability, making the case for diabetes-induced 
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local RAS activity being responsible for dysfunction of the afferent portion of the 

baroreflex arc (73). Evidence for the dysfunction of central regulation of the 

baroreflex was presented by Gu et al. (39) using OVE26 T1DM mice; a transgenic 

model of T1DM that acquires β-cell damage through an overexpressed calmodulin 

regulated by an insulin promoter. They found that these mice, compared to controls, 

had a less prominent bradycardia response to aortic depressor nerve stimulation but 

that the bradycardia response to vagal efferent stimulation was increased; suggesting a 

central mechanism was responsible for the blunted response to baroreceptor 

stimulation (39). Also, Chen et al. (16) documented a reduced firing rate in the NTS, 

both basally and after phenylephrine injection, in STZ-induced diabetic rats compared 

to controls. This decreased activity was implicated in their observation of decreased 

baroreflex sensitivity (BRS) and could possibly indicate chronic disinhibition of the 

RVLM; and therefore, increased sympathetic outflow (16). Of the two efferent arms 

of the ANS, the PSNS appears to be the one primarily impaired in T1DM. Maeda et 

al. (81) reported significant decreases in both basal PSNS tone and responsiveness to 

hypertensive drugs in STZ-induced diabetic rats; but non-significant changes to 

similar parameters in the SNS. Lund et al. (79) found that choline acetyltransferase 

(ChAT, the enzyme that produces the chief neurotransmitter of the PSNS, 

acetylcholine), had reduced activity in the hearts of diabetic rats as early as 4 weeks 

post-STZ induction. After 8 weeks of diabetes, they measured a reduction in cardiac 

ganglion size and number, prompting the conclusion that these PSNS deficits may 

contribute to the impaired parasympathetic control of the heart, sympathetic 

overactivity and baroreflex blunting that is common in T1DM (79).  

A non-invasive functional measure capable of detecting such impaired 

autonomic control of the heart in T1DM is the assessment of HRV (75). HRV can be 
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measured by time domain analyses, measuring the changes in the standard deviation 

between R-R intervals or by frequency domain analyses, using Fourier analysis to 

disintegrate HR variance into underlying high and low frequencies (136). Regardless 

of which method is chosen, HRV has been described as one of the earliest indicators 

of autonomic dysfunction in T1DM (126, 162). A variable HR has been known to be 

a characteristic of a healthy heart for roughly a century (37). In frequency domain 

analysis, high frequency (HF) variation (0.15-.4Hz) is considered to be mediated by 

parasympathetic activity, whereas low frequency (LF) variation (0.04-0.15Hz) is 

considered to be entrained by the oscillation of baroreceptor firing; and so, it is 

modulated by both parasympathetic and sympathetic activity (37, 136). As described 

above, T1DM results in baroreflex dysfunction that is largely attributed to damage of 

the PSNS (29). Since PSNS dysfunction occurs first, a reduction in HF variability is 

usually the first sign of autonomic dysfunction (52). Thus, in general, a reduction in 

HRV in T1DM is associated with the onset of autonomic dysfunction and more 

specifically, the loss of parasympathetic tone and baroreflex dysfunction (37, 126, 

157). Now used as a standard indicator in the diagnosis of cardiac autonomic 

neuropathy, reduced HRV is associated with cardiac arrhythmias that can have mortal 

consequences for diabetics and is therefore an important marker of autonomic 

function in T1DM (151).  

 

1.6 The Effects of Exercise on Neuropathy, Autonomic Regulation and 

Cardiovascular Dysregulation in T1DM  

Exercise training is a well-established and widely prescribed non-

pharmacological therapy capable of ameliorating a wide breadth of diseases and their 

complications (98, 105, 141). For example, exercise has been demonstrated to 
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improve heart disease, pulmonary disease, muscle disease, bone disease, joint disease, 

cancer, depression, asthma, obesity, hypertension, dyslipidemia, insulin resistance, 

type 2 and type 1 diabetes (18, 105, 123, 128). Beyond just treating disease, exercise 

is also associated with preventing disease risk factors and manifestation. It has been 

shown to improve cognitive performance, increase longevity and has a strong 

negative correlation with all-cause mortality (1, 64, 78). One of the underlying 

principles likely facilitating the benefits of exercise is the concept of “hormesis”; 

wherein low level stress or damage causes a disruption of homeostasis and results in 

an adaptive overcompensation and increased fitness of a physiological system (14, 

36). In the case of exercise, the acute induction of low-level oxidative stress and 

inflammation results in an increase of endogenous antioxidant enzymes and anti-

inflammatory mediators (59, 132). Continuous exercise training results in the chronic 

upregulation of antioxidants and anti-inflammatory agents which confers constitutive 

resistance to other sources of pathogenic insult (132, 133). Another outcome of 

exercise, which is especially important in diabetes, is increased insulin sensitivity and 

glucose tolerance (43). Exercise training increases the amount and function of 

proteins in the insulin signalling cascade, which facilitates the translocation of glucose 

transporter 4 (GLUT4) into the skeletal muscle membrane (53). Furthermore, muscle 

contraction can upregulate GLUT4 translocation to the plasma membrane via an 

insulin-independent mechanism (118). In T1DM, hyperglycemia mediated ROS act to 

decrease insulin sensitivity by impairing the insulin cascade and GLUT4 translocation 

(44). Therefore, the antioxidant, anti-inflammatory and glucoregulatory effects of 

exercise make it a potent therapy for T1DM and many of its complications (9, 36). 

 The influence of exercise on insulin sensitivity and glucose tolerance both 

directly and indirectly affects nerve health. This is because neither nerves nor 
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endoneurium express GLUT4 or utilize it to transport glucose; instead, they use 

GLUT1 and GLUT3 which do not require insulin for translocation and are 

constitutively active (82, 131). Thus, exercise-mediated sensitization to insulin does 

not occur within neural tissue, yet through improving glucose tolerance in other 

tissues, exercise reduces exogenous insulin requirements and neural hyperglycemic 

insult in T1DM (105, 112, 158). This moderated hyperglycemia reduces the level of 

AGEs, which are known to be major contributors to neuropathy through ROS 

formation and inflammation in the neurovasculature (36, 41, 117). Furthermore, 

exercise-induced insulin sensitivity and AGE reduction also means increased NO 

production and bioavailability, resulting in enhanced function of endoneurial 

capillaries and oxygen delivery to peripheral nerves (117, 135, 138). Exercise training 

also increases endothelial Cu/Zn-superoxide dismutase (SOD) and mitochondrial Mn-

SOD antioxidant enzymes independently of hyperglycemic status, while 

simultaneously decreasing inflammatory cytokines and increasing anti-inflammatory 

mediators (51, 59, 93). Thus, exercise training is capable of ameliorating neuropathy 

through the alleviation of both its metabolic and vascular etiologies by improving 

glucose metabolism and upregulating antioxidant and anti-inflammatory mediators 

(36, 112, 158). Indeed, exercise training has been shown to both, prevent diabetic 

neuropathy from occurring and improve nerve function in individuals previously 

diagnosed with diabetic neuropathy (9, 62).  

 Another mediator of T1DM complications that is influenced by exercise is the 

local RAS (115, 121). RAS overactivity has been shown to be mediated by 

hyperglycemia and is implicated in causing insulin resistance (45, 148). As previously 

described, exercise can reduce hyperglycemia and so can decrease hyperglycemia-

mediated RAS stimulation. Furthermore, exercise results in the down-regulation of 
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components of the RAS system, such as ACE, ANG II, ANG II type 1 receptor 

(AT1), and NADPH oxidase (43, 57, 106, 121). Indeed, exercise has been shown to 

decrease plasma ANGII and local RAS activity in cardiac muscle, blood vessels and 

the brain (2, 121, 159). For example, Kar et al. (57) found that 3 weeks of treadmill 

running decreased ACE mRNA in the NTS, RVLM, PVN and decreased sympathetic 

outflow in rabbits with induced heart failure. Similarly, Pan et al. (102) found that 

non-T1DM Sprague-Dawley rats had decreased AT1 and NADPH oxidase protein 

expression and decreased superoxide production in the PVN following 3 to 4 weeks 

of exercise training. As aforementioned, the PVN is activated in T1DM through 

increased ANGII and decreased NO and this leads to sympathetic overactivity (103, 

161). Thus, inhibiting RAS activity and ANGII production, while increasing NO 

bioavailability, are likely mechanisms by which exercise reduces PVN mediated 

sympathetic outflow (102, 117). This influence of exercise on RAS activity in the 

PVN, NTS and RVLM makes it likely that exercise will also influence baroreflex 

function in T1DM (55, 57, 102). 

 Since exercise can influence both vascular and neural function, both must be 

taken into account when assessing the influence of exercise on BRS and baroreceptor 

set point (65, 120). Indeed, both the neural structures involved in the baroreflex arc 

and the carotid artery compliance can affect BRS and baroreceptor firing in diabetes 

and exercise (65, 94, 120). Monahan et al. (94) found that both age-related and 

exercise induced changes in the BRS corresponded to differences in carotid artery 

compliance in healthy men. However, Komine et al. (65) determined that endurance 

training increased BRS through alterations to the neural circuitry. In this vein, Miki et 

al. (88) reported that exercise has been demonstrated to cause a shift in baroreflex 

control of sympathetic nerve output to visceral organs. Further, Ruiz et al. (120) 
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reported that diabetic neuropathy is a more significant determinant of BRS than 

carotid artery elasticity in T2DM. Whether mediated by carotid artery compliance, 

neural circuitry or a combination of both, exercise has been shown to increase BRS 

after even a single bout of aerobic exercise in STZ-diabetic rats (55). Furthermore, the 

benefits of aerobic exercise on baroreflex function have been shown to persist after 3 

weeks of detraining subsequent to 10 weeks of moderate intensity training (50-70% 

maximal running speed) in STZ-diabetic rats (96). Thus, exercise can be an effective 

means to rescue or prevent baroreflex dysfunction and mitigate aberrations of CV 

function in T1DM (42, 65, 102). 

 Since baroreflex function is directly linked to the neural control of HR, 

fittingly, HRV is also influenced by exercise (119). In T1DM, there is generally a 

reduction in HRV; an indication of autonomic dysfunction (17). However, in 

individuals with T1DM there are inconsistent changes in HRV in response to 

exercise. Chen et al. (17) reported that children with T1DM with moderate to high 

physical activity did not differ in HRV compared to controls, whereas children with 

low physical activity had reduced HRV, suggesting only higher intensity exercise 

prevented a decline in HRV. On the other hand, Zoppini et al. (164) observed no 

change in total HRV following twice-weekly exercise over 6 months but did find that 

it increased HF power and lowered the LF/HF ratio, meaning there was a shift toward 

more parasympathetic output in the sympathovagal balance. Howorka et al. (49) 

tested HRV responses to 12 weeks of bicycle training in diabetic subjects who had 

differing levels of cardiovascular autonomic neuropathy. They found that patients 

without CAN had the greatest increases in HRV, patients with early CAN had lesser 

increases in HRV and patients with severe CAN did not improve following training; 

suggesting the level of neuropathy can dictate the outcomes of exercise (49). 
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Therefore, the intensity of exercise and stage of disease both factor in to the ability of 

exercise to modulate HRV in T1DM.  

Some inconsistency in the effectiveness of exercise modulation of HRV is 

reflected by the somewhat mixed outcomes for the influence of exercise on autonomic 

function in T1DM. For example, De Angelis et al. (5) found that exercise training in 

STZ-diabetic rats did not modify sympathetic tonus nor parasympathetic function. In 

the same model, Wegner et al. (153) reported that training did not induce changes in 

markers of parasympathetic innervation of the heart. However, vagal tonus and 

function have been observed to improve after acute and  prolonged training in the 

STZ-diabetic model (96, 111). Indeed,  the majority of literature supports the role of 

exercise as an effective means to improve and maintain autonomic function in 

diabetes (17, 150).  

 

1.7 Summary 

The pathogenesis of neuropathy in T1DM is a product of hyperglycemia-mediated 

AGEs, oxidative stress, metabolic dysfunction, inflammation and microangiopathy 

(41). Diabetic neuropathy affects peripheral and central aspects of the autonomic 

nervous system, alters the homeostatic maintenance of the sympathovagal balance and 

leads to a variety of systemic complications (30, 40). One of the most common and 

serious complications of DAN is cardiovascular dysregulation (85). The local RAS, 

PVN of the hypothalamus and baroreflex circuitry all interact to regulate autonomic 

cardiovascular control (40, 41). In T1DM, hyperglycemia causes an increase in local 

RAS, which in turn generates local ANGII mediated oxidative stress that can decrease 

insulin sensitivity, blunt the excitability of baroreceptor neurons and increase PVN 

activity (45, 72, 103, 148). This altered PVN activity interacts with the central 
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mediators of the baroreflex and directly with preganglionic neurons to influence 

sympathetic and parasympathetic outflow (8, 56). Thus, the baroreceptors, afferent 

nerves, central neural structures and efferent nerves of the baroreflex arc are all 

affected by T1DM (74). Together, dysfunction of these circuits underlie many of the 

serious functional CV complications associated with DAN (40, 100). Exercise is not 

only known to improve CV function directly but is also capable of improving ANS 

regulation of CV control in diabetics (17, 105, 150). Through improving insulin 

sensitivity and glucose metabolism, as well as the hormetic induction of antioxidant 

and anti-inflammatory factors, exercise is capable of decreasing local RAS, reducing 

PVN activity and improving the baroreflex and overall autonomic function in T1DM 

via both molecular and physiological mechanisms (36, 43, 65, 102, 159). Therefore, 

despite some inconsistencies between clinical and animal trials examining the 

effectiveness of exercise in the improvement of autonomic control of CV function, 

exercise remains an established, promising intervention for improving the prognosis 

of those with T1DM.  
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Figure 1.1. Protein glycation as the common cause of neuropathy; from Harati 

2007 (41). 
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Figure 1.2. The baroreflex circuit; from Guyenet 2006 (40). 

 

 

 

 

 
 
 

 



26 
 

1.8 References  

1.  Aberg MAI, Pedersen NL, Torén K, Svartengren M, Bäckstrand B, 
Johnsson T, Cooper-Kuhn CM, Aberg ND, Nilsson M, Kuhn HG. 
Cardiovascular fitness is associated with cognition in young adulthood. 
Proceedings of the National Academy of Sciences of the United States of 
America 106: 20906–11, 2009. 

2.  Agarwal D, Welsch MA, Keller JN, Francis J. Chronic exercise modulates 
RAS components and improves balance between pro- and anti-inflammatory 
cytokines in the brain of SHR. Basic Research in Cardiology 106: 1069–85, 
2011. 

3.  Akerblom HK, Vaarala O, Hyöty H, Ilonen J, Knip M. Environmental 
factors in the etiology of type 1 diabetes. American Journal of Medical 
Genetics 115: 18–29, 2002. 

4.  Alberti KG, Zimmet PZ. Definition, diagnosis and classification of diabetes 
mellitus and its complications. Part 1: diagnosis and classification of diabetes 
mellitus provisional report of a WHO consultation. Diabetic Medicine : A 
Journal of the British Diabetic Association 15: 539–53, 1998. 

5.  De Angelis KL, Oliveira AR, Dall’Ago P, Peixoto LR, Gadonski G, 
Lacchini S, Fernandes TG, Irigoyen MC. Effects of exercise training on 
autonomic and myocardial dysfunction in streptozotocin-diabetic rats. 
Brazilian Journal of Medical and Biological Research 33: 635–41, 2000. 

6.  De Angelis KL, Schaan BD, Maeda CY, Dall’Ago P, Wichi RB, Irigoyen 
MC. Cardiovascular control in experimental diabetes. Brazilian Journal of 
Medical and Biological Research 35: 1091–100, 2002. 

7.  Atkinson MA, Eisenbarth GS. Type 1 diabetes: new perspectives on disease 
pathogenesis and treatment. The Lancet 358: 221–9, 2001. 

8.  Badoer E. Hypothalamic paraventricular nucleus and cardiovascular 
regulation. Proceedings of the Australian Physiological and Pharmacological 
Society Symposium : The Hypothalamus : 95–99, 2001. 

9.  Balducci S, Iacobellis G, Parisi L, Di Biase N, Calandriello E, Leonetti F, 
Fallucca F. Exercise training can modify the natural history of diabetic 
peripheral neuropathy. Journal of Diabetes and its Complications 20: 216–23, 
2006. 

10.  Batzel J, Baselli G, Mukkamala R, Chon KH. Modelling and disentangling 
physiological mechanisms: linear and nonlinear identification techniques for 
analysis of cardiovascular regulation. Philosophical Transactions. Series A, 
Mathematical, Physical, and Engineering Sciences 367: 1377–91, 2009. 



27 
 

11.  Benarroch EE. Paraventricular nucleus, stress response, and cardiovascular 
disease. Clinical Autonomic Research : Official Journal of the Clinical 
Autonomic Research Society 15: 254–63, 2005. 

12.  Bingley PJ, Bonifacio E, Williams AJ, Genovese S, Bottazzo GF, Gale EA. 
Prediction of IDDM in the general population: strategies based on 
combinations of autoantibody markers. Diabetes 46: 1701–10, 1997. 

13.  Bojestig M, Nystrom FH, Arnqvist HJ, Ludvigsson J, Karlberg BE. The 
renin-angiotensin-aldosterone system is suppressed in adults with Type 1 
diabetes. Journal of the Renin-Angiotensin-Aldosterone System : JRAAS 1: 
353–6, 2000. 

14.  Calabrese EJ, Baldwin LA. Hormesis: a generalizable and unifying 
hypothesis. Critical Reviews in Toxicology 31: 353–424, 2001. 

15.  Chapleau MW, Li Z, Meyrelles SS, Ma X, Abboud FM. Mechanisms 
determining sensitivity of baroreceptor afferents in health and disease. Annals 
of the New York Academy of Sciences 940: 1–19, 2001. 

16.  Chen H-Y, Wu J-S, Chen J-JJ, Cheng J-T. Impaired regulation function in 
cardiovascular neurons of nucleus tractus solitarii in streptozotocin-induced 
diabetic rats. Neuroscience Letters 431: 161–6, 2008. 

17.  Chen S-R, Lee Y-J, Chiu H-W, Jeng C. Impact of physical activity on heart 
rate variability in children with type 1 diabetes. Child’s nervous system : 
ChNS : official Journal of the International Society for Pediatric Neurosurgery 
24: 741–7, 2008. 

18.  Chipkinn S, Klugh S, L C-T. Exercise and diabetes. Cardiology Clinics 19: 
2001, 2001. 

19.  Conrad B. Evidence for superantigen involvement in insulin-dependent 
diabetes mellitus aetiology.pdf. Nature 371: 351–354, 1994. 

20.  Coote JH, Yang Z, Pyner S, Deering J. Control of sympathetic outflows by 
the hypothalamic paraventricular nucleus. Clinical and Experimental 
Pharmacology and Physiology 25: 461–463, 1998. 

21.  Coote JH. A role for the paraventricular nucleus of the hypothalamus in the 
autonomic control of heart and kidney. Experimental Physiology 90: 169–73, 
2005. 

22.  Cronin CC, Barry D, Crowley B, Ferriss JB. Reduced plasma aldosterone 
concentrations in randomly selected patients with insulin-dependent diabetes 
mellitus. Diabetic Medicine : A Journal of the British Diabetic Association 12: 
809–15, 1995. 

23.  Dall’Ago P, Silva VOK, De Angelis KLD, Irigoyen MC, Fazan R, Salgado 
HC. Reflex control of arterial pressure and heart rate in short-term 



28 
 

streptozotocin diabetic rats. Brazilian Journal of Medical and Biological 
Research 35: 843–9, 2002. 

24.  Daneman D. Type 1 diabetes. Lancet 367: 847–858, 2006. 

25.  Devendra D, Liu E, Eisenbarth GS, Davis B. Clinical review Type 1 
diabetes : recent developments. British Medical Journal 328: 750–754, 2004. 

26.  Diamond PG. Incidence and trends of childhood Type 1 diabetes worldwide 
1990-1999. Diabetic medicine : a journal of the British Diabetic Association 
23: 857–66, 2006. 

27.  Durvasula RV, Shankland SJ. Activation of a local renin angiotensin system 
in podocytes by glucose. American Journal of Physiology. Renal Physiology 
294: F830–9, 2008. 

28.  D’Angeli MA, Merzon E, Valbuena LF, Tirschwell D, Paris CA, Mueller 
BA. Environmental Factors Associated With Childhood-Onset Type 1 Diabetes 
Mellitus. Archives of Pediatrics & Adolescent Medicine 164: 732–738, 2010. 

29.  Fazan R, Ballejo G, Salgado MC, Moraes MF, Salgado HC. Heart rate 
variability and baroreceptor function in chronic diabetic rats. Hypertension 30: 
632–5, 1997. 

30.  Fazan SVP, De Vasconcelos CCA, Valencia MM, Nessler R, Moore KC. 
Diabetic Peripheral Neuropathies : A Morphometric Overview. International 
Journal of Morphology 28: 51–64, 2010. 

31.  Field LL. Genetic linkage and association studies of Type I diabetes: 
challenges and rewards. Diabetologia 45: 21–35, 2002. 

32.  Fleming I, Kohlstedt K, Busse R. The tissue renin-angiotensin system and 
intracellular signalling. Current Opinion in Nephrology and Hypertension 15: 
8–13, 2006. 

33.  Fraser RJ, Horowitz M, Maddox AF, Harding PE, Chatterton BE, Dent J. 
Hyperglycaemia slows gastric emptying in Type 1 (insulin-dependent) diabetes 
mellitus. Diabetologia 33: 675–680, 1990. 

34.  Frustaci A, Kajstura J, Chimenti C, Jakoniuk I, Leri A, Maseri A, Nadal-
Ginard B, Anversa P. Myocardial Cell Death in Human Diabetes. Circulation 
Research 87: 1123–1132, 2000. 

35.  Ganguly PK. Neuropeptide Y level in paraventricular nucleus of experimental 
diabetic rats: correlation with sympathetic activity and body weight. 
International Journal of General Medicine 3: 321–5, 2010. 

36.  Golbidi S, Badran M, Laher I. Antioxidant and anti-inflammatory effects of 
exercise in diabetic patients. Experimental Diabetes Research 2012: 941868, 
2012. 



29 
 

37.  Goldstein DS, Bentho O, Park M-Y, Sharabi Y. Low-frequency power of 
heart rate variability is not a measure of cardiac sympathetic tone but may be a 
measure of modulation of cardiac autonomic outflows by baroreflexes. 
Experimental Physiology 96: 1255–61, 2011. 

38.  Greenstein B, Wood D. The endocrine system at a glance. Wiley-Blackwell 
3rd Editio, 2011. 

39.  Gu H, Epstein PN, Li L, Wurster RD, Cheng ZJ. Functional changes in 
baroreceptor afferent, central and efferent components of the baroreflex 
circuitry in type 1 diabetic mice (OVE26). Neuroscience 152: 741–52, 2008. 

40.  Guyenet PG. The sympathetic control of blood pressure. Nature Reviews. 
Neuroscience 7: 335–46, 2006. 

41.  Harati Y. Diabetic neuropathies: unanswered questions. Neurologic Clinics 
25: 303–17, 2007. 

42.  Harthmann AD, De Angelis K, Costa LP, Senador D, Schaan BD, Krieger 
EM, Irigoyen M-C. Exercise training improves arterial baro- and chemoreflex 
in control and diabetic rats. Autonomic Neuroscience : Basic & Clinical 133: 
115–20, 2007. 

43.  Henriksen EJ, Saengsirisuwan V. Exercise training and antioxidants: relief 
from oxidative stress and insulin resistance. Exercise and Sport Sciences 
Reviews 31: 79–84, 2003. 

44.  Henriksen EJ. Oxidative stress and antioxidant treatment: effects on muscle 
glucose transport in animal models of type 1 and type 2 diabetes. In: 
Antioxidants in Diabetes Management. New York: Marcel Dekker, Inc., 2000. 

45.  Henriksen EJ. Improvement of insulin sensitivity by antagonism of the renin-
angiotensin system. American Journal of Physiology. Regulatory, Integrative 
and Comparative Physiology 293: R974–80, 2007. 

46.  Hex N, Bartlett C, Wright D, Taylor M, Varley D. Estimating the current 
and future costs of Type 1 and Type 2 diabetes in the UK, including direct 
health costs and indirect societal and productivity costs. Diabetic Medicine 
(April 2012). doi: 10.1111/j.1464-5491.2012.03698.x. 

47.  Hicks KK, Seifen E, Stimers JR, Kennedy RH. Effects of streptozotocin-
induced diabetes on heart rate, blood pressure and cardiac autonomic nervous 
control. Journal of the Autonomic Nervous System 69: 21–30, 1998. 

48.  Hitman GA. The immunogenetics of insulin-dependent diabetes. Eye 7: 209–
213, 1993. 

49.  Howorka K, Pumprla J, Haber P, Koller-Strametz J, Mondrzyk J, 
Schabmann A. Effects of physical training on heart rate variability in diabetic 



30 
 

patients with various degrees of cardiovascular autonomic neuropathy. 
Cardiovascular Research 34: 206–14, 1997. 

50.  Ikegami H, Ogihara T. Genetics of Insulin-Dependent Diabetes. Endocrine 
Journal 43: 605–613, 1996. 

51.  Inoue N, Ramasamy S, Fukai T, Nerem RM, Harrison DG. Shear stress 
modulates expression of Cu/Zn superoxide dismutase in human aortic 
endothelial cells. Circulation Research 79: 32–7, 1996. 

52.  Javorka M, Javorkova J, Tonhajzerova I, Javorka K. Parasympathetic 
versus sympathetic control of the cardiovascular system in young patients with 
type 1 diabetes mellitus. Clinical Physiology and Functional Imaging 25: 270–
4, 2005. 

53.  Jewell JL, Oh E, Thurmond DC. Exocytosis mechanisms underlying insulin 
release and glucose uptake: conserved roles for Munc18c and syntaxin 4. 
American Journal of Physiology. Regulatory, Integrative and Comparative 
Physiology 298: R517–31, 2010. 

54.  Johns EJ. Angiotensin II in the brain and the autonomic control of the kidney. 
Experimental Physiology 90: 163–8, 2005. 

55.  Jorge L, da Pureza DY, da Silva Dias D, Conti FF, Irigoyen M-C, De 
Angelis K. Dynamic aerobic exercise induces baroreflex improvement in 
diabetic rats. Experimental Diabetes Research 2012: 108680, 2012. 

56.  Kang Y, Qin D, Elks C, Francis J. Pro-inflammatory cytokines increase 
neuronal activity in the hypothalamic paraventricular nucleus and contribute to 
the pathogenesis of streptozotocin-induced diabetes. FASEB Journal, 2009. 

57.  Kar S, Gao L, Zucker IH. Exercise training normalizes ACE and ACE2 in the 
brain of rabbits with pacing-induced heart failure. Journal of Applied 
Physiology (Bethesda, Md. : 1985) 108: 923–32, 2010. 

58.  Karvonen M, Tuomilehto J, Libman I, LaPorte R. A review of the recent 
epidemiological data on the worldwide incidence of Type 1 (insulin-dependent) 
diabetes mellitus. Diabetologia 36: 883–892, 1993. 

59.  Kasapis C, Thompson PD. The effects of physical activity on serum C-
reactive protein and inflammatory markers: a systematic review. Journal of the 
American College of Cardiology 45: 1563–9, 2005. 

60.  Kenney MJ, Weiss ML, Haywood JR. The paraventricular nucleus: an 
important component of the central neurocircuitry regulating sympathetic nerve 
outflow. Acta Physiologica Scandinavica 177: 7–15, 2003. 

61.  Kimpimaki T, Kupila A, Ha A. The First Signs of Beta-Cell Autoimmunity 
Appear in Infancy in Genetically Susceptible Children from the General 



31 
 

Population : The Finnish Type 1 Diabetes. The Journal of Clinical 
Endocrinology and Metabolism 86: 4782–4788, 2001. 

62.  Kluding PM, Pasnoor M, Singh R, Jernigan S, Farmer K, Rucker J, 
Sharma NK, Wright DE. The effect of exercise on neuropathic symptoms, 
nerve function, and cutaneous innervation in people with diabetic peripheral 
neuropathy. Journal of Diabetes and its Complications (June 2012). doi: 
10.1016/j.jdiacomp.2012.05.007. 

63.  Knip M. Descriptive epidemiology of type 1 diabetes-is it still in? 
Diabetologia (March 9, 2012). doi: 10.1007/s00125-012-2522-4. 

64.  Kodama S, Saito K, Tanaka S, Maki M, Yachi Y, Asumi M, Sugawara A, 
Totsuka K, Shimano H, Ohashi Y, Yamada N, Sone H. Cardiorespiratory 
Fitness as a Quantitative Predictor of All-Cause Mortality and Cardiovascular 
Events. JAMA : the Journal of the American Medical Association 301: 2024–
2035, 2009. 

65.  Komine H, Sugawara J, Hayashi K, Yoshizawa M, Yokoi T. Regular 
endurance exercise in young men increases arterial baroreflex sensitivity 
through neural alteration of baroreflex arc. Journal of Applied Physiology 
(Bethesda, Md. : 1985) 106: 1499–505, 2009. 

66.  Krause S, Ivo P, Bittencourt HD. Type 1 diabetes : can exercise impair the 
autoimmune event ? The L -arginine / glutamine coupling hypothesis. Cell 
Biochemistry and Function 26: 406–433, 2008. 

67.  Kurihara T, Ozawa Y, Ishida S, Okano H, Tsubota K. Renin-Angiotensin 
system hyperactivation can induce inflammation and retinal neural dysfunction. 
International Journal of Inflammation 2012: 581695, 2012. 

68.  LaPorte R, Matsushima M, Chang Y-F. Prevalence and incidence of insulin-
dependent diabetes. Diabetes in America. . 

69.  Lafferty AR, Werther GA, Clarke CF. Ambulatory blood pressure, 
microalbuminuria, and autonomic neuropathy in adolescents with type 1 
diabetes. Diabetes Care 23: 533–8, 2000. 

70.  Latchford KJ, Ferguson AV. ANG II-induced excitation of paraventricular 
nucleus magnocellular neurons: a role for glutamate interneurons. American 
journal of physiology. Regulatory, Integrative and Comparative Physiology 
286: R894–902, 2004. 

71.  Leslie RD, Atkinson MA, Notkins AL. Autoantigens IA-2 and GAD in Type 
I (insulin-dependent) diabetes. Diabetologia 42: 3–14, 1999. 

72.  Li Y-L, Tran TP, Muelleman R, Schultz HD. Blunted excitability of aortic 
baroreceptor neurons in diabetic rats: involvement of hyperpolarization-
activated channel. Cardiovascular Research 79: 715–21, 2008. 



32 
 

73.  Li Y-L, Zheng H. Angiotensin II-NADPH oxidase-derived superoxide 
mediates diabetes-attenuated cell excitability of aortic baroreceptor neurons. 
American Journal of Physiology. Cell Physiology 301: C1368–77, 2011. 

74.  Li Y. Cardiovascular Autonomic Dysfunction in Diabetes as a Complication: 
Cellular and Molecular Mechanisms. In: Type 1 Diabetes Complications. 2011. 

75.  Lishner M, Akselrod S, Avi VM, Oz O, Divon M, Ravid M. Spectral 
analysis of heart rate fluctuations. A non-invasive, sensitive method for the 
early diagnosis of autonomic neuropathy in diabetes mellitus. Journal of the 
Autonomic Nervous System 19: 119–25, 1987. 

76.  Loewy AD, Spyer KM. Central Regulation of Autonomic Functions. New 
York: Oxford University Press, 1990. 

77.  Lohmeier TE, Iliescu R. Lowering of Blood Pressure by Chronic Suppression 
of Central Sympathetic Outflow: Insight from Prolonged Baroreflex 
Activation. Journal of Applied Physiology (Bethesda, Md. : 1985) (July 12, 
2012). doi: 10.1152/japplphysiol.00552.2012. 

78.  Lucini D, Pagani M. Exercise: Should it matter to internal medicine? 
European Journal of Internal Medicine 22: 363–70, 2011. 

79.  Lund DD, Subieta AR, Pardini BJ, Chang KS. Alterations in cardiac 
parasympathetic indices in STZ-induced diabetic rats. Diabetes 41: 160–6, 
1992. 

80.  Maclaren N, Lan M, Coutant R, Schatz D, Silverstein J, Muir A, Clare-
salzer M, She J, Malone J, Crockett S, Schwartz S, Quattrin T, Desilva M, 
Vegt PV, Notkins A, Krischer J. Only multiple autoantibodies to islet cells 
(ICA), insulin, GAD65, IA-2 and IA-2 beta predict immune-mediated (type 1) 
diabetes in relatives. Journal of Autoimmunity 12: 279–287, 1999. 

81.  Maeda CY, Fernandes TG, Timm HB, Irigoyen MC. Autonomic 
dysfunction in short-term experimental diabetes. Hypertension 26: 1100–4, 
1995. 

82.  Magnani P, Cherian PV, Gould GW, Greene DA, Sima AA, Brosius FC. 
Glucose transporters in rat peripheral nerve: paranodal expression of GLUT1 
and GLUT3. Metabolism: Clinical and Experimental 45: 1466–73, 1996. 

83.  Malik RA, Tesfaye S, Newrick PG, Walker D, Rajbhandari SM, Siddique 
I, Sharma AK, Boulton AJM, King RHM, Thomas PK, Ward JD. Sural 
nerve pathology in diabetic patients with minimal but progressive neuropathy. 
Diabetologia 48: 578–85, 2005. 

84.  Maliszewska-Scislo M, Scislo TJ, Rossi NF. Effect of blockade of 
endogenous angiotensin II on baroreflex function in conscious diabetic rats. 
American Journal of Physiology. Heart and Circulatory Physiology 284: 
H1601–11, 2003. 



33 
 

85.  Maser RE, Mitchell BD, Vinik AI, Freeman R. The Association Between 
Cardiovascular Autonomic Neuropathy and Mortality in Individuals With 
Diabetes. Diabetes Care 26: 1895–1901, 2003. 

86.  Maxfield EK, Cameron NE, Cotter MA, Dines KC. Angiotensin II receptor 
blockade improves nerve function, modulates nerve blood flow and stimulates 
endoneurial angiogenesis in streptozotocin-diabetic rats and nerve function. 
Diabetologia 36: 1230–1237, 1993. 

87.  Medori R, Jenich H, Autilio-Gambetti L, Gambetti P. Experimental diabetic 
neuropathy: similar changes of slow axonal transport and axonal size in 
different animal models. The Journal of Neuroscience : The Official Journal of 
the Society for Neuroscience 8: 1814–21, 1988. 

88.  Miki K, Yoshimoto M, Tanimizu M. Acute shifts of baroreflex control of 
renal sympathetic nerve activity induced by treadmill exercise in rats. The 
Journal of Physiology 548: 313–22, 2003. 

89.  Miller JA. Impact of hyperglycemia on the renin angiotensin system in early 
human type 1 diabetes mellitus. Journal of the American Society of 
Nephrology : JASN 10: 1778–85, 1999. 

90.  Milnor WR. Cardiovascular Physiology. New York, NY: Oxford University 
Press, 1990. 

91.  Misur I, Zarković K, Barada a, Batelja L, Milicević Z, Turk Z. Advanced 
glycation endproducts in peripheral nerve in type 2 diabetes with neuropathy. 
Acta Diabetologica 41: 158–66, 2004. 

92.  Mizisin AP, Weerasuriya A. Homeostatic regulation of the endoneurial 
microenvironment during development, aging and in response to trauma, 
disease and toxic insult. Acta Neuropathologica 121: 291–312, 2011. 

93.  Moien-Afshari F, Ghosh S, Elmi S, Rahman MM, Sallam N, Khazaei M, 
Kieffer TJ, Brownsey RW, Laher I. Exercise restores endothelial function 
independently of weight loss or hyperglycaemic status in db/db mice. 
Diabetologia 51: 1327–37, 2008. 

94.  Monahan KD, Tanaka H, Dinenno FA, Seals DR. Central Arterial 
Compliance Is Associated With Age- and Habitual Exercise-Related 
Differences in Cardiovagal Baroreflex Sensitivity. Circulation 104: 1627–
1632, 2001. 

95.  Moore PA, Guggenheimer J, Etzel KR, Weyant RJ, Orchard T. Type 1 
diabetes mellitus, xerostomia, and salivary flow rates. Oral Surgery, Oral 
Medicine, Oral Pathology, Oral Radiology, and Endodontics 92: 281–91, 
2001. 

96.  Mostarda C, Rogow A, Silva ICM, De La Fuente RN, Jorge L, Rodrigues 
B, Heeren MV, Caldini EG, De Angelis K, Irigoyen MC. Benefits of 



34 
 

exercise training in diabetic rats persist after three weeks of detraining. 
Autonomic Neuroscience : Basic & Clinical 145: 11–6, 2009. 

97.  Narayan KMV, Boyle JP, Thompson TJ, Sorensen SW, Williamson DF. 
Lifetime risk for diabetes mellitus in the United States. JAMA : The Journal of 
the American Medical Association 290: 1884–90, 2003. 

98.  Nathan D, Cleary P, Backlund J. Intensive diabetes treatment and 
cardiovascular disease in patients with type 1 diabetes. The New England 
Journal of Medicine 353: 2643–2653, 2005. 

99.  Onkamo P, Väänänen S, Karvonen M, Tuomilehto J. Worldwide increase 
in incidence of Type I diabetes--the analysis of the data on published incidence 
trends. Diabetologia 42: 1395–403, 1999. 

100.  Orchard TJ, LLoyd CE, Maser RE, Kuller LH. Why does diabetic 
autonomic neuropathy predict IDDM mortality? An analysis from the 
Pittsburgh Epidemiology of Diabetes Complications Study. Diabetes Research 
and Clinical Practice 34 Suppl: S165–71, 1996. 

101.  Pambianco G. The 30-Year Natural History of Type 1 Diabetes 
Complications: The Pittsburgh Epidemiology of Diabetes Complications Study 
Experience. Diabetes 55: 1463–1469, 2006. 

102.  Pan Y-X, Gao L, Wang W-Z, Zheng H, Liu D, Patel KP, Zucker IH, Wang 
W. Exercise training prevents arterial baroreflex dysfunction in rats treated 
with central angiotensin II. Hypertension 49: 519–27, 2007. 

103.  Patel KP, Mayhan WG, Bidasee KR, Zheng H. Enhanced angiotensin II-
mediated central sympathoexcitation in streptozotocin-induced diabetes: role of 
superoxide anion. American Journal of Physiology. Regulatory, Integrative and 
Comparative Physiology 300: R311–20, 2011. 

104.  Patterson CC, Dahlquist GG, Gyürüs E, Green A, Soltész G. Incidence 
trends for childhood type 1 diabetes in Europe during 1989-2003 and predicted 
new cases 2005-20: a multicentre prospective registration study. Lancet 373: 
2027–33, 2009. 

105.  Pedersen BK, Saltin B. Evidence for prescribing exercise as therapy in 
chronic disease. Scandinavian Journal of Medicine & Science in Sports 16 
Suppl 1: 3–63, 2006. 

106.  Pereira MG, Ferreira JCB, Bueno CR, Mattos KC, Rosa KT, Irigoyen 
MC, Oliveira EM, Krieger JE, Brum PC. Exercise training reduces cardiac 
angiotensin II levels and prevents cardiac dysfunction in a genetic model of 
sympathetic hyperactivity-induced heart failure in mice. European Journal of 
Applied Physiology 105: 843–50, 2009. 

107.  Perez A, Wagner AM, Carreras G, Gimenez G, Sanchez-Quesada JL, 
Rigla M, Gomez-Gerique JA, Pou JM, de Leiva A. Prevalence and 



35 
 

Phenotypic Distribution of Dyslipidemia in Type 1 Diabetes Mellitus. Archives 
of Internal Medicine 160: 2756–2762, 2000. 

108.  Perin PC, Maule S, Quadri R. Sympathetic nervous system, diabetes, and 
hypertension. Clinical and Experimental Hypertension (New York, N.Y. : 1993) 
23: 45–55, 2001. 

109.  Peti-Peterdi J, Kang JJ, Toma I. Activation of the renal renin-angiotensin 
system in diabetes--new concepts. Nephrology, Dialysis, Transplantation : 
Official Publication of the European Dialysis and Transplant Association - 
European Renal Association 23: 3047–9, 2008. 

110.  Price DA, Porter LE, Gordon M, Fisher ND, De’Oliveira JM, Laffel LM, 
Passan DR, Williams GH, Hollenberg NK. The paradox of the low-renin 
state in diabetic nephropathy. Journal of the American Society of Nephrology : 
JASN 10: 2382–91, 1999. 

111.  Da Pureza DY, Jorge L, Sanches IC, Irigoyen M-C, De Souza RR, De 
Angelis K. Acute exercise adjustments of cardiovascular autonomic control in 
diabetic rats. Muscle & Nerve 46: 96–101, 2012. 

112.  Rajabally YA. Neuropathy and impaired glucose tolerance: an updated review 
of the evidence. Acta Neurologica Scandinavica 124: 1–8, 2011. 

113.  Renaud LP, Bourque CW. Neurophysiology and neuropharmacology of 
hypothalamic magnocellular neurons secreting vasopressin and oxytocin. 
Progress in Neurobiology 36: 131–69, 1991. 

114.  Reynolds AY, Zhang K, Patel KP. Renal sympathetic nerve discharge 
mediated by the paraventricular nucleus is altered in STZ induced diabetic rats. 
The Nebraska Medical Journal 81: 419–23, 1996. 

115.  Ribeiro-Oliveira A, Nogueira AI, Pereira RM, Boas WWV, Dos Santos 
RAS, Simões E, Silva AC. The renin-angiotensin system and diabetes: an 
update. Vascular Health and Risk Management 4: 787–803, 2008. 

116.  Robertson D, Biaggioni I, Burnstock G, Low PA, Paton JFR. Primer on the 
Autonomic Nervous System. 3rd ed. Elsevier, 2004. 

117.  Rodrigues AM, Bergamaschi CT, Araújo RC, Mouro MG, Rosa TS, Higa 
EMS. Effects of training and nitric oxide on diabetic nephropathy progression 
in type I diabetic rats. Experimental biology and medicine (Maywood, N.J.) 
236: 1180–7, 2011. 

118.  Rose AJ, Jeppesen J, Kiens B, Richter EA. Effects of contraction on 
localization of GLUT4 and v-SNARE isoforms in rat skeletal muscle. 
American Journal of Physiology. Regulatory, Integrative and Comparative 
Physiology 297: R1228–37, 2009. 



36 
 

119.  Routledge FS, Campbell TS, McFetridge-Durdle JA, Bacon SL. 
Improvements in heart rate variability with exercise therapy. The Canadian 
Journal of Cardiology 26: 303–12, 2010. 

120.  Ruiz J, Monbaron D, Parati G, Perret S, Haesler E, Danzeisen C, Hayoz D. 
Diabetic neuropathy is a more important determinant of baroreflex sensitivity 
than carotid elasticity in type 2 diabetes. Hypertension 46: 162–7, 2005. 

121.  Rush JWE, Aultman CD. Vascular biology of angiotensin and the impact of 
physical activity. Applied Physiology, Nutrition, and Metabolism = Physiologie 
Appliquée, Nutrition et Métabolisme 33: 162–72, 2008. 

122.  Salgado HC, Fazan Júnior R, Fazan VP, Da Silva VJ, Barreira AA. 
Arterial baroreceptors and experimental diabetes. Annals of the New York 
Academy of Sciences 940: 20–7, 2001. 

123.  Sallis RE. Exercise is medicine and physicians need to prescribe it! British 
journal of sports medicine 43: 3–4, 2009. 

124.  Saper CB. The central autonomic nervous system: conscious visceral 
perception and autonomic pattern generation. Annual Review of Neuroscience 
25: 433–69, 2002. 

125.  Sawchenko PE, Li HY, Ericsson A. Circuits and mechanisms governing 
hypothalamic responses to stress: a tale of two paradigms. Progress in Brain 
Research 122: 61–78, 2000. 

126.  Schönauer M, Thomas A, Morbach S, Niebauer J, Schönauer U, Thiele H. 
Cardiac autonomic diabetic neuropathy. Diabetes & Vascular Disease 
Research : Official Journal of the International Society of Diabetes and 
Vascular Disease 5: 336–44, 2008. 

127.  Sheetz MJ, King GL. Molecular understanding of hyperglycemia’s adverse 
effects for diabetic complications. JAMA : The Journal of the American 
Medical Association 288: 2579–88, 2002. 

128.  Shephard RJ, Balady GJ. Clinical Cardiology : New Frontiers Exercise as 
Cardiovascular Therapy. Circulation 99: 963–972, 2000. 

129.  Shimizu F, Sano Y, Abe M-A, Maeda T, Ohtsuki S, Terasaki T, Kanda T. 
Peripheral nerve pericytes modify the blood-nerve barrier function and tight 
junctional molecules through the secretion of various soluble factors. Journal 
of Cellular Physiology 226: 255–66, 2011. 

130.  Simell TT, Sintonen H, Hahl J, Simell OG. The costs of non-insulin-
dependent diabetes mellitus. Diabetic Medicine : A Journal of the British 
Diabetic Association 14: 7–9, 1997. 



37 
 

131.  Simpson IA, Dwyer D, Malide D, Moley KH, Travis A, Vannucci SJ. The 
facilitative glucose transporter GLUT3: 20 years of distinction. American 
journal of physiology. Endocrinology and metabolism 295: E242–53, 2008. 

132.  Siu PM, Pei XM, Teng BT, Benzie IF, Ying M, Wong SH. Habitual exercise 
increases resistance of lymphocytes to oxidant-induced DNA damage by 
upregulating expression of antioxidant and DNA repairing enzymes. 
Experimental Physiology 96: 889–906, 2011. 

133.  Smith JK, Dykes R, Douglas JE, Krishnaswamy G, Berk S. Long-term 
exercise and atherogenic activity of blood mononuclear cells in persons at risk 
of developing ischemic heart disease. JAMA : The Journal of the American 
Medical Association 281: 1722–7, 1999. 

134.  Sprague AH, Khalil RA. Inflammatory Cytokines in Vascular Dysfunction 
and Vascular Disease. Biochemical Pharmacology 78: 539–552, 2010. 

135.  Stabler T, Kenjale A, Ham K, Jelesoff N, Allen J. Potential mechanisms for 
reduced delivery of nitric oxide to peripheral tissues in diabetes mellitus. 
Annals of the New York Academy of Sciences 1203: 101–6, 2010. 

136.  Stein P, Bosner M, Kleiger R, Conger B. Heart rate variability: a measure of 
cardiac autonomic tone. American Heart Journal 127: 1376–1381, 1994. 

137.  Stevens MJ, Feldman EL, Greene DA. The Aetiology of Diabetic 
Neuropathy: the Combined Roles of Metabolic and Vascular Defects. Diabetic 
Medicine 12: 566–579, 1995. 

138.  Stevens MJ. Nitric Oxide as a Potential Bridge Between the Metabolic and 
Vascular Hypotheses. Diabetic Medicine 12: 292–295, 1995. 

139.  Stoffel W, Bosio A. Myelin glycolipids and their functions. Current Opinion in 
Neurobiology 7: 654–661, 1997. 

140.  Taborsky Jr. GJ, Ahren B, Havel PJ. Autonomic Mediation of Glucagon 
Secretion During Hypoglycemia Implications for Impaired alpha-Cell 
Responses in Type 1 Diabetes. Diabetes 47: 995–1005, 1998. 

141.  Tancrède G, Rousseau-Migneron S, Nadeau A. Beneficial effects of physical 
training in rats with a mild streptozotocin-induced diabetes mellitus. Diabetes 
31: 406–9, 1982. 

142.  Tao B, Pietropaolo M, Atkinson M, Schatz D, Taylor D. Estimating the cost 
of type 1 diabetes in the U.S.: a propensity score matching method. PloS One 
5: e11501, 2010. 

143.  Tesfaye S, Malik R, Ward JD. Vascular factors in diabetic neuropathy. Acta 
Medica Scandinavica 37: 847–854, 1994. 



38 
 

144.  Tisch R, Mcdevitt H, Hill C, Carolina N. Insulin-Dependent Diabetes 
Mellitus Review. Cell 85: 291–297, 1996. 

145.  Titapiccolo JI, Cerutti S, Garzotto F, Cruz D, Moissl U, Tetta C, Signorini 
MG, Ronco C, Ferrario M. Blood pressure variability and cardiovascular 
autonomic control during hemodialysis in peripheral vascular disease patients. 
Physiological Measurement 33: 667–78, 2012. 

146.  Todd JA. From genome to aetiology in a multifactorial disease, type 1 
diabetes. BioEssays : News and Reviews in Molecular, Cellular and 
Developmental Biology 21: 164–74, 1999. 

147.  Verge CF, Gianani R, Kawasaki E, Yu L, Pietropaolo M, Jackson RA, 
Chase HP, Eisenbarth GS. Prediction of type I diabetes in first-degree 
relatives using a combination of insulin, GAD, and ICA512bdc/IA-2 
autoantibodies. Diabetes 45: 926–33, 1996. 

148.  Villafaña S, Huang F, Hong E. Role of the sympathetic and renin angiotensin 
systems in the glucose-induced increase of blood pressure in rats. European 
Journal of Pharmacology 506: 143–50, 2004. 

149.  Vinik AI, Maser RE, Mitchell BD, Freeman R. Diabetic Autonomic 
Neuropathy. Virginia Medical 26, 2003. 

150.  Vinik AI, Maser RE, Ziegler D. Autonomic imbalance: prophet of doom or 
scope for hope? Diabetic Medicine : A Journal of the British Diabetic 
Association 28: 643–51, 2011. 

151.  Vinik AI, Ziegler D. Diabetic cardiovascular autonomic neuropathy. 
Circulation 115: 387–97, 2007. 

152.  Weerasuriya A, Mizisin AP. The Blood-Nerve Barrier: Structure and 
Functional Significance. Methods 686, 2011. 

153.  Wegner JA, Lund DD, Overton JM, Edwards JG, Oda RP, Tipton CM. 
Select cardiovascular and metabolic responses of diabetic rats to moderate 
exercise training. Medicine and Science in Sports and Exercise 19: 497–503, 
1987. 

154.  Weston PJ, Gill GV. Is undetected autonomic dysfunction responsible for in 
bed  ’ syndrome revisited. Diabetic Medicine 16: 626–631, 1999. 

155.  Witte DR, Tesfaye S, Chaturvedi N, Eaton SEM, Kempler P, Fuller JH. 
Risk factors for cardiac autonomic neuropathy in type 1 diabetes mellitus. 
Diabetologia 48: 164–71, 2005. 

156.  Wright RA, Nukada H. Vascular and metabolic factors in the pathogenesis of 
experimental diabetic neuropathy in mature rats. Brain : A Journal of 
Neurology 117 ( Pt 6: 1395–407, 1994. 



39 
 

157.  Yang B, Chon KH. Assessment of diabetic cardiac autonomic neuropathy in 
type I diabetic mice. Conference proceedings : ... Annual International 
Conference of the IEEE Engineering in Medicine and Biology Society. IEEE 
Engineering in Medicine and Biology Society. Conference 2011: 6560–3, 2011. 

158.  Yki-jarvinen H, Ralph A, Kqivisto VA. Normalization of Insulin Sensitivity 
in Type I Diabetic Subjects by Physical Training During Insulin Pump 
Therapy. Diabetes Care 7: 520–527, 1984. 

159.  Zamo FS, Barauna VG, Chiavegatto S, Irigoyen MC, Oliveira EM. The 
renin-angiotensin system is modulated by swimming training depending on the 
age of spontaneously hypertensive rats. Life sciences 89: 93–9, 2011. 

160.  Zhang K, Patel KP. Effect of nitric oxide within the paraventricular nucleus 
on renal sympathetic nerve discharge : role of GABA. American journal of 
physiology. Regulatory, integrative and comparative physiology 275: R728–
R734, 2012. 

161.  Zheng H, Mayhan WG, Bidasee KR, Patel KP. Blunted nitric oxide-
mediated inhibition of sympathetic nerve activity within the paraventricular 
nucleus in diabetic rats. American journal of physiology. Regulatory, 
integrative and comparative physiology 290: R992–R1002, 2006. 

162.  Ziegler D, Gries F, Spuler M, Lessman F. The epidemiology of diabetic 
neuropathy. Journal of diabetes and its complications 68 Suppl 9: 538–41, 
2010. 

163.  Zipris D. Epidemiology of type 1 diabetes and what animal models teach us 
about the role of viruses in disease mechanisms. Clinical Immunology 131: 11–
23, 2009. 

164.  Zoppini G, Cacciatori V, Gemma ML, Moghetti P, Targher G, Zamboni 
C, Thomaseth K, Bellavere F, Muggeo M. Effect of moderate aerobic 
exercise on sympatho-vagal balance in Type 2 diabetic patients. Diabetic 
medicine : a journal of the British Diabetic Association 24: 370–6, 2007.  

 



40 
 

CHAPTER 2 

2.1 Introduction 

One of the most common and serious complications of type 1 diabetes mellitus 

(T1DM) is diabetic autonomic neuropathy (DAN) (20, 95). The prevalence of DAN 

can range from roughly 10% in those recently diagnosed with T1DM, up to 90% in 

patients who are awaiting pancreas transplantation (20, 43, 95). Due to the breadth of 

the autonomic nervous system (ANS) throughout the body, DAN can influence the 

dysfunction of virtually any organ system  (95). The involvement of the ANS in the 

homeostasis of so many systems is likely implicated in the four-fold increase in 

mortality observed in T1DM patients with DAN (64). One of the most critical system 

affected by DAN is the cardiovascular (CV) system (57). Cardiovascular autonomic 

neuropathy (CAN) is a subset of DAN characterized by impaired autonomic control 

of the CV system (46). CAN is consistently associated with increased mortality. For 

instance, CAN has been reported to increase mortality of diabetics by a factor of 3.45 

and further, symptomatic CAN 5 years after the onset of type 2 diabetes has been 

shown to predict mortality 5 years later, even after adjusting for other cardiovascular 

disease risk factors (48, 57, 97).  

 The etiology of DAN and thus, CAN, stems from both metabolic and vascular 

pathologies that arise as consequences of sustained hyperglycemia (84, 100). 

Hyperglycemia leads to the irreversible binding of glucose to proteins, forming what 

are known as advanced glycation end-products (AGEs) (30). These AGEs exacerbate 

the formation of reactive oxygen species (ROS) by inhibiting the function of 

antioxidant enzymes and impair vascular dynamics by inhibiting nitric oxide synthase 

(NOS) function, promoting inflammation and atherosclerosis of endoneurial 

microvessels (30, 83, 89). This leads to further metabolic dysfunction, decreased 
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nerve conduction and reduced oxygen delivery to nerve tissue and ultimately, 

neuropathy (30, 81, 84). 

When this neuropathy occurs in the ANS it leads to an imbalance between the 

sympathetic (SNS) and parasympathetic (PSNS) nervous systems and dysregulates 

their control of cardiac and vascular dynamics (20, 97). Often, this balance shifts 

towards greater sympathetic activity in early T1DM as longer nerves are affected first 

and the longest efferent ANS nerve, the vagus nerve, facilitates 75% of all 

parasympathetic activity (20, 95). However, peripheral receptors, afferent nerves and 

central regions regulating autonomic activity are also implicated in the imbalance of 

the ANS during DAN (42, 50, 78). Together, the dysfunction of these ANS 

components leads to the sympathetic overactivity, hypertension, tachycardia and 

cardiac arrhythmias characteristic of  CAN in T1DM (21, 44, 46, 68, 80, 97). 

However, it has been observed that as the duration of T1DM progresses, so does 

neuropathy of the SNS, which can reduce sympathetic overactivity and its associated 

symptoms (46, 80). 

The most common methods for assessing CAN are heart rate variability 

(HRV) analysis and baroreflex sensitivity (BRS) measurement (5, 46, 52).  In T1DM, 

it has been shown that all aspects of the baroreflex arc can be impaired (51). For 

instance, both baroreceptor activity and excitability have been shown to be blunted  

(50, 78); the aortic depressor nerves have been observed to undergo axonal atrophy 

(78); central regions have been implicated  as the limiting factors of BRS (9, 27); and 

autonomic efferents, primarily of the PSNS, have been reported to have decreased 

tone, reduced responsiveness and decreased neurochemical activity in the heart (54, 

55). Each of these changes can act to reduce the sensitivity of the baroreflex 

independently and in conjunction. However, reduced HRV is often the earliest 
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symptom of CAN (80). Whether measured by time domain analysis or by frequency 

domain analysis and whether in clinical or experimental T1DM, HRV is consistently 

reported to be reduced in T1DM, with significant decreases observed as early as 10 

days after diabetes induction in the experimental streptozotocin (STZ) model of 

T1DM (34, 52, 79, 80, 102).  

Exercise has been demonstrated to be an effective means of improving these 

deficits of HRV and BRS in both clinical and experimental T1DM (11, 45, 61, 67). 

Such improvements have been attributed to improved insulin sensitivity, increased 

antioxidant and anti-inflammatory mediators and improved autonomic control of the 

CV system (23, 32, 96). However, despite clinical and experimental forms of T1DM 

demonstrating similar reductions of HRV and BRS in response to diabetes and 

improvement with exercise, there are marked differences in the initial changes to 

other CV parameters in their early stages (33). More specifically, in clinical T1DM, 

increases in heart rate (HR) and blood pressure (BP) are commonly reported  in early 

DAN (12, 14, 46, 47, 80, 95, 96). In contrast, experimental, STZ-induced T1DM is 

regularly associated with decreases in BP and HR beginning shortly after diabetes 

induction (16, 19, 34, 79, 91). Due to these opposing initial changes in BP and HR,  

exercise training is observed to effect contrasting outcomes on these CV parameters in 

experimental and clinical T1DM; namely, it results in an increase in BP and HR in 

experimental T1DM and a decrease in BP and HR in clinical T1DM (1, 31, 33, 53, 

67). As a result, both the increase and decrease of those CV factors are concurrently 

cited as exercise mediated improvements to CAN with little consideration of the fact 

that the changes are reversed between these types of diabetes (33). 

This may be due to a discrepancy between clinical and experimental T1DM in 

the disease progression. The most common method of STZ-diabetes induction is a 
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single bolus injection of STZ typically ranging from 50-100mg/kg (18, 74, 104). 

Aside from causing rapid pancreatic β-cell destruction and severe hyperglycemia, 

high doses of STZ have been associated with bone loss, increased lipid peroxidation, 

liver and kidney oxidative stress and even  immunosuppression (41, 62, 63, 69). 

However, increasingly, a multiple low-dose treatment of STZ is being demonstrated 

to more closely represent the gradual pathogenesis of clinical T1DM and has even 

been demonstrated to induce inflammation (74, 99). Indeed, Wei et al. (99) found that 

5 consecutive days of STZ injection at 25mg/Kg resulted in the generation of 

autoantibodies against insulin and islets of Langerhans and induced T cell infiltration 

in the β-cells of primates. Thus, this model may more closely replicate clinical 

parameters of the progression of DAN and CV dysfunction in T1DM by incorporating 

an immune response and more gradually introducing cytotoxicity and hyperglycemia 

(74, 96, 99). 

Another important difference between experimental and clinical T1DM is the 

common omission of insulin treatment in experimental diabetes. Indeed, of the 

experimental studies listed above that showed reductions in HR and BP, not one 

utilized insulin therapy and all animals presented severe hyperglycemia ranging from 

roughly 17-25mM (16, 19, 34, 79). As the severity and duration of hyperglycemia 

have been shown to influence the degree of diabetic neuropathy and with evidence 

that intensive insulin therapy can reduce neurologic complications of T1DM, it has 

been suggested that such acute and steep elevations of blood glucose levels in STZ-

induced diabetes are causing early-onset neuropathy to not only the PSNS but to the 

SNS and the sinoatrial node as well; which is likely mediating the observed reduction 

in BP and HR (2, 20, 30, 59, 64).  Indeed, intensive insulin therapy has been shown to 

restore BP and HR to control levels in STZ-diabetic rats (33, 35). Therefore, the 
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disparity of insulin therapy in clinical and experimental diabetes can have a 

significant impact on the progression of CAN and the CV dysfunction that is 

observed. However, even in clinical T1DM, it is often the case that chronic, moderate 

hyperglycemia is maintained  as a result of difficulties in regulating blood glucose in 

response to dynamic influences on glycemic control, such as food intake and exercise, 

combined with the tendency to err on the side of hyperglycemia in order circumvent 

the discomfort and danger associated with hypoglycemic episodes; which occur more 

frequently with DAN due to the impairment of the glucagon response (15, 70, 86, 94).  

Thus, whereas many diabetic complications and their modification by exercise 

training are similar between clinical and experimental diabetes, important 

inconsistencies exist that warrant resolution (2, 33). As such, the objectives of this 

study are to mirror the moderate hyperglycemic state common to poorly controlled 

human T1DM by employing a model of multiple low-dose STZ-induced diabetes in 

combination with insulin therapy, while examining the capacity of high intensity 

aerobic training to improve indices of CAN. Specifically, it is hypothesized that: a) 

this model of T1DM will prevent the decline in HR and BP typical of other STZ 

models, result in the hypertension and tachycardia typical of clinical T1DM and 

induce reductions in HRV and BRS; and b) exercise training will improve or prevent 

deficits in HRV and BRS.  
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2.2 Materials and Methods 

Ethics approval         

The protocols used in this investigation were approved by the Research Ethics Board of 

the University of Western Ontario (London, Ontario, Canada) and conformed to the 

guidelines of the Canadian Council on Animal Care (Appendix B.1). 

 

Animals          

Eight-week-old male Sprague-Dawley rats were obtained from Charles River 

Laboratories Canada (Saint-Constant, Quebec). The rats were housed in pairs and maintained 

on a 12-hour dark/light cycle at a constant temperature (20 ±1°C) and relative humidity 

(50%).  Rats were allowed access to standard rat chow and water ad libitum.  

 

Experimental groups         

Sixty-four rats were randomly assigned to one of four groups as follows: 1) Non-

diabetic sedentary control (C; n=16), 2) control exercise (CX; n=16), 3) diabetic sedentary 

control (D; n=16), 4) diabetic exercise (DX; n=16). A subset (n=8) of each group was used 

for tests of autonomic cardiovascular control at the end of the experiment. However, the total 

n used for testing varied based on animal availability at the time of the test. 

 

Experimental procedures 

Diabetes Induction 

Upon arrival rats were acclimatized to the laboratory setting for 5 days. T1DM 

was induced over 5 consecutive days by multiple intraperitoneal (IP) injections of 

20mg/kg streptozotocin (STZ; Sigma-Aldrich) dissolved in a citrate buffer (0.1 M, pH 

4.5). Diabetes was confirmed by blood glucose measurements greater than or equal 

to18mM on two consecutive days. If necessary, subsequent 20mg/kg STZ injections 

were administered until diabetes was confirmed (Appendix A1). Following the 
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confirmation of diabetes, insulin pellets (1 pellet; 2U insulin/day; Linplant, Linshin 

Canada, Inc., Toronto, Ontario, Canada) were implanted subcutaneously in the 

abdominal region. Insulin pellet dosages were then monitored for 1 week and adjusted 

(± 0.5 pellet) in order to obtain daily non-fasting blood glucose concentrations in the 

moderate hyperglycemic range of 9-15mM (Appendix A2). 

 

Exercise Protocol 

Prior to the initiation of the exercise training program, rodents were familiarized 

with the exercise equipment on two consecutive days. The familiarization consisted of 

two 15 minute sessions of running at progressive treadmill speeds up to 30 meters per 

minute. The exercise training program consisted of 1 hour of motor-driven treadmill 

training per day at 27 m/min with a 6 degree incline, 5 days per week, for 10 weeks. 

The exercise intensity was determined based on earlier research that investigated 

oxygen uptake in rats at various treadmill speeds. The chosen intensity was found to 

represent approximately 75-85% VO2max (90). 

 

Experimental measures 

Body Weight and Blood Glucose 

Body weights and non-fasting blood glucose concentrations were obtained 

weekly. Blood was obtained from the saphenous vein by venous puncture with a 30 

gauge needle and measured via Freestyle Lite Blood Glucose Monitoring System 

(Abbott Diabetes Care Inc., Mississauga, Ontario, Canada). 

 

Insulin Dose 

Insulin dose was determined by multiplying the total quantity of pellet implanted (0.5 

pellet increments) by the amount of insulin secreted per pellet (2 units of insulin/day/pellet) 
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divided by the body weight (Kg) of the rat.  Insulin pellet dosages were then monitored and 

adjusted throughout the course of the study in order to obtain daily non-fasting blood glucose 

concentrations in the moderate hyperglycemic range of 9-15 mM (Appendix A2). 

 

Intravenous Glucose Tolerance Test 

Intravenous glucose tolerance tests (IVGTT) were performed on all animals 

immediately prior to week 1 and at the end of week 10 of the exercise-training period. Rats 

were fasted for approximately 8 to 12 hours prior to the assay and did not perform exercise on 

the day of their IVGTT.  A sterile-filtered dextrose solution (50% dextrose, 50% ddH20) was 

injected (1g/kg) into the lateral tail vein of the conscious rat. Following dextrose infusion, 

blood glucose was measured at 5 minutes, 10 minutes and then at 10-minute intervals 

thereafter until blood glucose levels plateaued (Appendix A3).  

 

Non-invasive Blood Pressure 

 Non-invasive blood pressure (NIBP) recording was performed on all animals 

immediately prior to week 1 and at the end of week 10 of the exercise-training period. NIBP 

was recorded using the CODA non-invasive blood pressure system – tail cuff method (Kent 

Scientific Corp., Torrington, Connecticut, USA). Rats were restrained in the provided 

restraining tubes and tails were warmed with the included electrical heating pad. The 

occlusion cuff was fitted at the base of the tail while the volume-pressure recording (VPR) 

cuff was fitted 5cm distally. The occlusion pressure of the tail cuff was set to 180mmHg.  

Data were recorded using the bundled CODA acquisition system software in 3 sets of 5 

cycles. The first set consisted of 5 acclimation cycles, whereas sets 2 and 3 recorded 5 blood 

pressure measurements each.   

 

Surgery and Instrumentation 

To achieve a surgical plane of anesthesia, rats were placed in an induction chamber 

circulating 4% isoflurane (96% O2). Once motor reflexes were undetectable, rats were 
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transferred to a nosecone delivering 3% isoflurane (97% O2) and placed on a hot water pad 

(37°C). Immediately following transfer, rats were injected intraperitoneally (IP) with a 

25mg/Kg “cocktail” of urethane (16mg/mL) and α-chloralose (100mg/mL). A total of 10mL 

of urethane/α-chloralose was made, 5mL of which was diluted with 5mL of ddH2O and was 

used as needed to maintain anesthesia throughout data collection. Isoflurane anesthesia 

continued during instrumentation but was gradually removed near the end of surgery to gauge 

the depth of urethane/α-chloralose mediated anesthesia. 

Rats were cannulated with saline-infused polyethylene (PE90) catheters in the right 

jugular vein and carotid artery and each catheter was attached to a three-way stopcock. The 

jugular vein catheter was used for drug infusions and the carotid artery catheter was 

connected in series with a pressure transducer (PX272, Edwards Life Sciences, Irvine, 

California, USA) for arterial blood pressure measurements. Once cannulation was complete, 

rats were transported to a new location for data acquisition, a process that required roughly 

20-30 minutes. Heart rate (HR), systolic blood pressure (SBP) and mean arterial pressure 

(MAP) were determined from the blood pressure pulse waveform and were collected while 

the rats were under urethane/α-chloralose anesthesia in the supine position. The pressure 

transducer was calibrated using a standard analog manometer. Data were obtained using a 

PowerLab data acquisition system, digitized and recorded at1kHz using the bundled Lab 

Chart 7 Pro software (ADInstruments, Colorado Springs, Colorado, USA). 

 

Heart Rate Variability 

 Five minutes of resting, spontaneous BP and HR data were selected and analyzed for 

HRV parameters prior to drug infusions using the HRV module included with the Lab Chart 

software. Time domain analysis of the standard deviation between normal peak pulses of the 

pressure pulse waveform (SDNN) was quantified as a measure of the total variability of the 

HR. Frequency domain analysis of the high frequency (HF) band of the Fast Fourier 

Transform (FFT) of the data was assessed as an index of parasympathetically mediated HRV. 
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The ratio between low frequency (LF) and HF bands was measured to determine the 

contribution of sympathetic activity to the sympatho-vagally mediated LF HRV.  

 

Baroreflex Sensitivity 

 Baroreflex Sensitivity (BRS) was assessed using the modified Oxford technique (25, 

37). The slope of the linear regression line (see Figure 2.1) was taken for the linear portion of 

the systolic blood pressure-heart rate relationship (BPM mmHg-1) after rapid bolus injections 

of phenylephrine (PE) and sodium nitroprusside (SNP) dissolved in ddH2O. For each drug, 

the catheter was first filled with a 0.2mL volume to ensure the following dosage was accurate. 

After a stable baseline was obtained, a bolus injection of SNP (60ug/Kg, 110ug/mL) was 

rapidly infused (~5s) and the reflex SNS mediated tachycardia response was measured. The 

analysis began at the onset of SBP decrease after SNP infusion and ended when SBP reached 

its nadir. This was followed by a saline flush to washout any remaining SNP in the catheter. 

This same procedure was then followed using PE (12ug/Kg, 10ug/mL) to measure PSNS 

mediated reflex bradycardia, except that analysis began at the onset of SBP increase and 

ended when SBP reached its zenith (See Table 1). Exclusions of data points in the threshold 

and saturation regions of the sigmoid relationship were done manually in order to determine 

linear gain. Responses to PE and SNP were plotted separately and only regression lines 

(slopes) with correlation coefficients (r) ≥ 0.70 and p<0.05 were accepted (76, 85).  

 

Vascular Sympathetic Tone 

 To measure the sympathetic tone of the peripheral vasculature, a rapid bolus injection 

of the α-adrenergic receptor blocker, prazosin (85ug/Kg, 500ug/mL), was infused at the end 

of the baroreflex testing and the change in MAP was assessed. Following this protocol, 

animals were euthanized via exsanguination while still under urethane/α-chloralose 

anesthesia.  
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Data Analysis 

Body weight, blood glucose concentrations, NIBP and IVGTT data were compared 

using a two-way repeated measures analysis of variance (ANOVA) test, where the two factors 

were time (week) and specific treatment group (C, CX, D, DX). When significance was 

found, pairwise comparisons were made using the Fisher LSD post-hoc test. Endpoint 

measures were compared by one-way ANOVA between treatment groups. When significance 

was found, pairwise comparisons were made using the Fisher LSD post-hoc test. If initial 

statistical tests indicated significance, secondary analysis was performed using a two-way 

ANOVA to determine the main effects of and interaction between diabetes and exercise. If a 

significant interaction was found, pairwise comparisons were made using the Fisher LSD 

post-hoc test. 

The insulin dosages were compared using a one-tailed t-test. In the event that both the 

normality and equal variance assumptions were not met and significantly reduced the power 

of the parametric one-way ANOVA, a non-parametric Kruskal-Wallis one-way ANOVA on 

ranks was used and pairwise comparisons were made with a Dunn’s post-hoc test. 
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Figure 2.1. Example of a typical regression line used to calculate the slope of the systolic 
blood pressure-heart rate response to SNP for a single rat.   
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C CX D DX 

 SBP  HR SBP HR SBP HR SBP HR 

Zenith 
160.07 

 
288.17 

 
166.02 

 
297.27 

 
150.07 

 
311.11 

 
171.51 

 
268.72 

 

Baseline 
116.73 

 
357.83 

 
123.17 

 
340.32 

 
107.20 

 
354.66 

 
111.48 

 
333.15 

 

Nadir 
84.45 

 
407.00 

 
87.438 

 
379.50 

 
75.96 

 
398.97 

 
88.58 

 
360.87 

 

Table 2.1. Coincident average systolic blood pressure (SBP, mmHg) and heart rate (HR, 
BPM) at the baseline, zenith post-PE infusion and nadir post-SNP infusion. C, sedentary 
control, n=7; CX, control exercise, n=6; D, sedentary diabetic, n=8; DX, diabetic exercise, 
n=10. 
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2.3 Results 

Body Weight  

All groups (C, n=16; CX, n=16; D, n=15; DX, n=12) significantly gained 

weight over the course of the study (p<0.05). From Week 0 to Week 10, group C was 

significantly different from all other groups (p<0.05). From Week 1 to Week 10, 

group CX had significantly lower weight than C and significantly greater weight than 

D and DX (p<0.05), with the exception of group D at week 4. From Week 4 to Week 

10, with the exception of Week 6, group D had a significantly greater weight than DX 

(p<0.05). Overall, rats in the diabetic conditions were significantly lower weight than 

those in the non-diabetic conditions (p<0.001) and exercise conditions had 

significantly lower weight than their sedentary counterparts (p<0.001). However, 

there was not an interaction between diabetes and exercise on body weight (p=0.528) 

(Figure 2.1). 

 

Blood Glucose 

The C (n=16) and CX (n=15) groups did not change nor significantly differ in 

blood glucose throughout the study. The blood glucose of D (n=15) and DX (n=13) 

increased significantly following STZ treatment (p<0.05) and remained significantly 

elevated compared to C and CX throughout the study (p<0.05). Groups D and DX 

were significantly different from week 2 to week 6 and at week 9 (p<0.05). Rats in 

the diabetic conditions had significantly greater blood glucose concentrations than 

those in the non-diabetic conditions (p<0.001). However, there was not a significant 

interaction between diabetes and exercise on blood glucose (p=0.27) (Figure 2.2).  
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Intravenous Glucose Tolerance Test 

The glucose clearance rate (KG) of D (n=16) and DX (n=8) decreased from 

Week 1 to Week 10 (p<0.05) whereas the KG of CX (n=15) increased (p<0.05).  Both 

diabetic groups (D, DX) were significantly different from both control groups (C, 

n=16; CX) at Week 10 (p<0.05). Indeed, there was a significantly lower KG for rats in 

the diabetic conditions than for those in the non-diabetic conditions at Week 10 

(p<0.05). However, there was not a significant interaction between diabetes and 

exercise (p=0.906) (Figure 2.3).  

 

Insulin Dosages 

The amount of insulin supplementation that DX (n=18) received was 

significantly less than D (n=16) received at Week 10 (p<0.001) (Figure 2.4). 

 

Non-Invasive Blood Pressure 

 At week 1, the diabetic groups (D, =14; DX, n=11) had significantly higher 

BP than the control groups (C, n=15; CX, n=16) (p<0.05). All groups (C, CX, D, DX) 

increased in BP from week 1 to week 10 (p<0.05). At week 10, CX, D and DX had 

significantly greater BP than C (p<0.05). At week 1 there was significantly higher BP 

in rats in the diabetic conditions in comparison to those in the non-diabetic conditions 

(p<0.05), however, there was not a significant interaction between diabetes and 

exercise (p=0.076). Within non-diabetic groups at week 10, there was a significantly 

higher BP in the exercise than sedentary conditions (p<0.05). Within sedentary 

groups, there was significantly greater BP in the diabetic than non-diabetic conditions 

at week 10 (p<0.05). Indeed, there was a significant interaction between diabetes and 

exercise on BP at week 10 (p<0.05) (Figure 2.5).  
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 Heart Rate Variability and Heart Rate Variability 

Resting heart rate (BPM) under anesthesia was not significantly different 

between any groups (C, n=7; CX, n=7; D, n=8; DX, n=11) at week 10 (p=0.122) 

(Figure 2.6). Total HRV, as measured by the standard deviation of the normal pulse 

wave peaks (SDNN), was not significantly different between any groups (C, n=5; CX, 

n=7; D, n=8; DX, n=8) at Week 10 (p=0.369) (Figure 2.7). The parasympathetic, high 

frequency (HF) contribution to HRV had a significantly greater power for CX (n=7) 

and DX (n=8) in comparison to D (n=8) at Week 10 (p<0.05). Further, there was 

significantly greater HF HRV in exercise than sedentary conditions (p<0.05). 

However, there was not a significant interaction between diabetes and exercise on HF 

HRV (p=0.281) (Figure 2.8). The low frequency to high frequency (LF/HF) ratio, an 

index of sympathetically mediated HRV, was significantly greater in the D (n=7) 

group compared to all other groups (C, n=6; CX, n=6; DX, n=7) (p<0.05). The LF/HF 

ratio was significantly greater in the diabetic than non-diabetic conditions and in the 

sedentary than exercise conditions (p<0.05), however, there was not a significant 

interaction between diabetes and exercise (p=0.068) (Figure 2.9).  

 

Vascular Sympathetic Tone 

The decrease in MAP in response to prazosin infusion was significantly 

greater in the D (n=5) group compared to all other groups (C, n=8; CX, n=7; DX, 

n=7) (p<0.05). Within the diabetic groups (D, DX), there was a significantly greater 

decrease in MAP in the sedentary condition compared to the exercise condition 

(p<0.05). There was a significant interaction between diabetes and exercise (p<0.05). 

Within the sedentary groups (C, D), there was a significantly greater decrease in MAP 

in the diabetic than non-diabetic condition (p<0.05) (Figure 2.10).  
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Baroreflex Sensitivity 

The slope of the tachycardia response to sodium nitroprusside infusion was 

not significantly different between any groups (C, n=7; CX, n=6; D, n=6; DX, n=10) 

(p=0.86) (Figure 2.11). The slope of the bradycardia response to phenylephrine was 

significantly greater in the C (n=7) and DX (n=10) groups compared to the D (n=7) 

group (p<0.05) but not CX (n=5). Within diabetic groups, there was a significantly 

greater bradycardia response in the exercise than sedentary group (p<0.05). There was 

a significant interaction between diabetes and exercise on the slope of the bradycardia 

response (p<0.05) (Figure 2.12).  
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Figure 2.2. Weekly body weights.  Data are mean ± SE. C, sedentary control (n=16);  CX, 
control exercise (n=16); D, sedentary diabetic (n=15); DX, diabetic exercise (n=12). * = 
significantly different from C (p<0.05). # = significantly different from CX (p<0.05). Ω = 
significantly different from D (p<0.05). There is a statistically significant difference between 
diabetic and non-diabetic conditions (p<0.001). There is a statistically significant difference 
between exercise and sedentary conditions (p<0.05).  
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Figure 2.3. Weekly blood glucose concentrations.  Data are mean ± SE. C, sedentary control 
(n=16); CX, control exercise (n=15); D, sedentary diabetic (n=15); DX, diabetic exercise 
(n=13). * = significantly different from C (p<0.05). # = significantly different from CX 
(p<0.05). There is a significant difference between diabetic and non-diabetic conditions 
(p<0.001).  
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Figure 2.4. IVGTT glucose clearance (KG) values at week 1 and week 10.  Data are mean 
± SE. C, sedentary control (n=16); CX, control exercise (n=15); D, sedentary diabetic 
(n=16); DX, diabetic exercise (n=8). * = significantly different from C (p<0.05). # = 
significantly different from CX (p<0.05). $ = significantly different from Week 1 
(p<0.05). There is a statistically significant difference between diabetic and non-diabetic 
conditions at week 10 (p<0.001). 
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Figure 2.5. Insulin dosages at Week 10.  Data are mean ± SE. D, sedentary diabetic 
(n=16); DX, diabetic exercise (n=18). Ω = significantly different from D (p<0.001).  
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Figure 2.6. NIBP values at week 1 and week 10.  Data are mean ± SE. C, sedentary 
control (n=15); CX, control exercise (n=16); D, sedentary diabetic (n=14); DX, diabetic 
exercise (n=11). * = significantly different from C (p<0.05). # = significantly different 
from CX (p<0.05). $ = significantly different from Week 1 (p<0.05). There is a 
statistically significant interaction between diabetes and exercise at week 10 (p<0.05). 
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Figure 2.7. Heart Rate (beats per minute) at Week 10.  Data are mean ± SE. C, sedentary 
control (n=7); CX, control exercise (n=7); D, sedentary diabetic (n=8); DX, diabetic 
exercise (n=11). There is not a statistically significant difference between groups (p=0.122).  
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Figure 2.8. Total HRV (SDNN) at Week 10.  Data are mean ± SE. C, sedentary control 
(n=5); CX, control exercise (n=7); D, sedentary diabetic (n=8); DX, diabetic exercise 
(n=8). There is not a statistically significant difference between groups (p=0.369).  
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Figure 2.9. High Frequency (parasympathetic) HRV component at Week 10.  Data are mean 
± SE. C, sedentary control (n=6); CX, control exercise (n=7); D, sedentary diabetic (n=8); 
DX, diabetic exercise (n=8). Ω = significantly different from D (p<0.05). There was a 
statistically significant difference between exercise and sedentary conditions (p<0.05). 
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Figure 2.10. Low frequency to high frequency ratio (sympathetic) HRV component at Week 
10.  Data are mean ± SE. C, sedentary control (n=6); CX, control exercise (n=6); D, 
sedentary diabetic (n=7); DX, diabetic exercise (n=7). * = significantly different from C 
(p<0.05). # = significantly different from CX (p<0.05). @ = significantly different from DX 
(p<0.05). There was a statistically significant difference between diabetic and non-diabetic 
and exercise and sedentary conditions (p<0.05). 
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Figure 2.11. Vascular sympathetic tone at week 10. This was determined by measuring the 
percent change in MAP after prazosin treatment at Week 10.  Data are mean ± SE. C, 
sedentary control (n=8); CX, control exercise (n=7); D, sedentary diabetic (n=5); DX, 
diabetic exercise (n=7). * = significantly different from C (p<0.05). # = significantly 
different from CX (p<0.05). @ = significantly different from DX (p<0.05). There was a 
statistically significant interaction between diabetes and exercise (p<0.05).  
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Figure 2.12. Tachycardia baroreflex response sensitivity to sodium nitroprusside 
at Week 10.  Data are mean ± SE. C, sedentary control (n=7); CX, control 
exercise (n=6); D, sedentary diabetic (n=6); DX, diabetic exercise (n=10). There 
is not a statistically significant difference between groups (p=0.86). 
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Figure 2.13. Bradycardia baroreflex response to phenylephrine at Week 10.  Data 
are mean ± SE. C, sedentary control (n=7); CX, control exercise (n=5); D, sedentary 
diabetic (n=7); DX, diabetic exercise (n=10). Ω = significantly different from D 
(p<0.05). There was a statistically significant interaction between diabetes and 
exercise (p<0.05). 
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2.4 Discussion 

This study demonstrated that a multiple low-dose STZ model with moderate 

hyperglycemia, maintained using insulin therapy, produced deficits in cardiovascular 

autonomic function without inducing the resting bradycardia or hypotension typical of 

other STZ models. Furthermore, this study showed that exercise training can prevent 

the alteration of cardiovascular autonomic function caused by diabetes in this model.  

Although time domain analysis of total HRV, as measured by the SDNN, did 

not demonstrate differences between groups, frequency domain analysis of the 

distinct contributions of the autonomic branches to HRV did reveal significant 

differences. For instance, there was a significant difference in the HF power between 

the D group and both exercise groups. Furthermore, the LF/HF ratio was significantly 

higher in the D group compared to all other groups. Since the HF power corresponds 

to the level of vagally-mediated (parasympathetic) HRV and the LF/HF ratio is a 

measure of sympathovagal balance, these results indicate that there was significantly 

lower parasympathetically-mediated HRV in the D group compared to the exercise 

groups as well as an overall shift toward greater sympathetic activity in the 

sympathovagal balance of the D group (75, 103). Thus, exercise training prevented 

the dysregulation of the sympathovagal balance caused by diabetes. These findings 

are similar to those of other experiments of both clinical and experimental diabetes. A 

study by Zoppini et al. (103) demonstrated an increase in HF power and a decrease in 

the LF/HF ratio but no change in total HRV, after 6 months of exercise in T2DM 

patients. Mostarda et al. (61) found that STZ-induced diabetes reduced the HF 

component of HRV which was improved by exercise. Also comparable to the present 

study, they found that the vagal tonus of the control exercised rats did not differ from 

sedentary controls (61). Chen et al. (11) reported that children with type 1 diabetes 



70 
 

who performed high physical activity did not differ from controls in HRV; however, 

they did find that children with type 1 diabetes who had low physical activity had 

significantly reduced HRV compared to both active T1DM and control children. 

Indeed, most studies report that diabetes decreases HRV even from control levels, yet 

it is important to note that the timing of HRV decline is variable (2). Schaan et al. (79) 

measured HRV at 5-7, 14, 30, 45 and 90 days post-STZ-induction of diabetes in rats 

and found that there were no significant differences from control in HRV until the 30 

or 45 day time points. Moreover, in this STZ model no insulin therapy was used, 

which could indicate that significant decreases in HRV in the present study would 

have taken even longer due to the reduced hyperglycemic insult. Indeed, the authors 

reported that there was a negative correlation between plasma glucose levels and 

reductions in HRV (79); an observation also noted by Chen et al. (10) in a study of 

children with T1DM, in which they found that glycemic control had a greater negative 

correlation with HRV than did disease duration. However, regardless of severity or 

duration of hyperglycemia, it has been demonstrated that exercise is an effective 

means to improve HRV as long as pre-existing CAN is not too severe (36, 75).  

In fact, the current study provides evidence that the ability of exercise to 

ameliorate cardiovascular autonomic dysfunction may be independent from its ability 

to reduce blood glucose, which contradicts such an inference suggested by previous 

studies (13, 87, 98). The IVGTT performed at the end of the 10 week exercise period 

demonstrated an increased glucose clearance (KG) in the CX group compared to week 

1 of training, which indicates there was an increase in glucose tolerance in the 

exercise control group. In both diabetic groups there was a decrease in KG to nearly 

the same level that was significantly different from their week 1 values and the week 

10 values of the C and CX groups. While this would normally indicate that both of the 
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diabetic groups had equally impaired glucose tolerance, it was also the case that the 

DX group received approximately half of the dosage of exogenous insulin than the D 

group received. If this entails that the area under the curve for insulin over a given 

time during IVGTT would have been greater in the diabetic group, then with the KG 

being equal, this would indicate there was a greater insulin sensitivity in the diabetic 

exercise group (29, 92). Together, these IVGTT results indicate improved glucose 

metabolism and insulin sensitivity as a result of exercise training (87). However, since 

the BG concentration in this study was held in a relatively constant range, any 

exercise-induced improvements of CV function that resulted from improved glucose 

metabolism would not have been mediated through an insulin sensitivity-induced 

reduction in systemic blood glucose but could still be the result of tissue-specific 

improvements in glucose utilization (6, 66). This should be borne in mind when 

considering the effects of diabetes and exercise on BRS.  

The sensitivity or “gain” of baroreflex-mediated tachycardia and bradycardia 

were examined in this study by measuring the slope of the regression line of the 

ΔHR/ΔSBP in response to the vasodilator SNP and the vasoconstrictor PE, 

respectively. The slope of the tachycardia response was not significantly different 

between any of the groups. The slope of the bradycardia response was not 

significantly different from C in either exercise group; nor was there a significant 

difference between the exercise groups. However, the slope of the bradycardia 

response in the D group was significantly reduced compared to the C and DX groups. 

The tachycardia elicited by SNP is mediated by baroreflex-induced disinhibition of 

the RVLM, resulting in sympathoexcitation (28, 72). Thus, neither diabetes nor 

exercise affected the function of the sympathetic arm of the baroreflex. Conversely, 

the bradycardia induced by PE is mediated by baroreflex-induced inhibition of the 
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RVLM, resulting in depressed sympathetic activity and increased parasympathetic 

activity (28, 72). Therefore, diabetes reduced the function of the parasympathetic arm 

of the baroreflex, a decline which was prevented by exercise. These results are 

directly in line with a study by Jorge et al. (40) that investigated BRS after 30 days of 

STZ-diabetes, with and without aerobic exercise during the final 5 days. They found 

that neither diabetes nor exercise had any effect on the tachycardia reflex to SNP. 

Further, they found that control exercised rats did not differ from the control group 

before or after exercise training in either response. However, similar to the current 

study, they found that diabetes decreased the bradycardia response to PE and that this 

decrease was ameliorated by exercise (40). This indicates that the acute effect of 

exercise in a more severe, yet shorter duration, model were similar to the outcomes of 

the model employed in this experiment, giving credence to the postulation that the 

multiple low-dose STZ, insulin supplementation approach reduces the speed of 

neuropathic progression. However, it should be noted that Maeda et al. (55) observed 

a decreased tachycardia response and unchanged bradycardia response after only 5 

days post-STZ treatment. This suggested that in the very short-term, there may be 

some neural toxicity of STZ directly on the SNS (24, 82).  

An explanation of why short-term exercise in the study by Jorge et al. (40) 

appears to have been as effective as endurance training in the current study may be 

explained by the findings of Bernardi et al. (3), who elucidated the importance of 

tissue oxygenation in T1DM. They demonstrated that blunted  parasympathetic BRS 

in T1DM patients was improved by both oxygen supplementation and deep breathing 

to the same degree, which implicated the increased respiration and oxygen delivery 

resultant of exercise could have been mediating increases in BRS (3). This led the 

authors to suggest hypoxia in T1DM functionally restrains parasympathetic activity 
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(3). Most of the studies discussed thus far, including this current experiment, are all in 

line with the observation that parasympathetic dysfunction precedes sympathetic 

dysfunction (38). However, reduced BRS can be attributed to defects in the 

baroreceptors, baroreceptor afferent nerves, CNS structures or efferent fibres of the 

baroreflex circuit (40, 51, 78). The observation in the present study that the 

tachycardia response of the baroreflex was unimpaired by diabetes, while the 

bradycardia response was, suggests that the afferent arm and central regulators of the 

baroreflex were not dysfunctioning and that the observed decrement of baroreflex 

bradycardia was due to efferent parasympathetic neuropathy (16, 78). Since the 

maintenance of the tachycardia response to SNP indicates the functionality of the 

baroreceptors in response to stretch was unhindered, it can also be inferred that 

arterial stiffening was not a likely cause for the decreased bradycardia response (77). 

It has been reported that arterial stiffening results in reduced arterial compliance, 

which limits the magnitude of arterial stretch and thereby, the magnitude of the 

baroreceptor firing (58). In fact, arterial stiffness has even been associated with 

decreased HRV in type 1 diabetics (39). However, Ruiz et al. (77) reported that 

neuropathy is a greater determinant of BRS than carotid artery elasticity in diabetes. 

Further, Komine et al. (45) demonstrated the effects of exercise on BRS are mediated 

through neural alterations, as opposed to changes in vessel wall compliance of the 

carotid artery. Thus, the alteration in BRS of the bradycardia response in this study 

was most likely due to the dysfunction of parasympathetic efferents, which was 

prevented via exercise. This is corroborated by the VST observed in this study, which 

was measured through the changes in MAP in response to prazosin treatment.   

Prazosin injection resulted in a decrease in MAP in all groups. This decrease 

in MAP, relative to baseline, was not significantly different between the C, CX and 
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DX groups. Conversely, the drop in MAP from baseline in the D group was 

significant compared to all other groups; the reduction being approximately twice as 

large. Prazosin is an α1-adrenergic receptor antagonist that blocks the sympathetic 

contribution to peripheral resistance at the level of the vascular smooth muscle (56, 

71). Thus, a larger reduction in blood pressure in response to prazosin treatment 

indicates a greater sympathetic tone in the maintenance of the baseline MAP (17, 73). 

Therefore, the significantly greater decrease in the MAP of the D group in this study 

indicates that diabetes resulted in a significant elevation of vascular sympathetic tone, 

which was prevented by exercise training. Martinez-Nieves and Dunbar (56) reported 

a similar finding that male diabetic rats had a greater decrease in MAP after a bolus 

injection of prazosin compared to their control cohorts. They postulated that an 

elevated prazosin response could be the result of increased α1-adrenergic receptor 

sensitivity (56). However, the finding that treatment with PE, an α1-adrenergic 

receptor agonist, did not have a greater impact in the diabetic group makes this an 

unlikely explanation in this experiment (26). The result of prazosin treatment is in 

concordance with both the HRV and BRS results in this study. HRV demonstrated a 

similar shift toward sympathetic activity in the sympathovagal balance, as determined 

by the LF/HF ratio. The BRS tests demonstrated a significant reduction in 

parasympathetic modulation of the HR. In conjunction, these findings point toward a 

diabetes-induced reduction in parasympathetic function, the consequent loss of PSNS-

mediated sympathetic inhibition and resultant sympathetic overactivity (95, 97). This 

may explain the outcome of the NIBP measurement in this study. 

The NIBP measurement of MAP in conscious rats showed a significant 

increase in blood pressure at week 10 compared to week 1in all groups. At week 1, 

the D and DX groups both had higher BP than the C and CX groups. At week 10, D, 
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DX and CX all had similarly elevated blood pressures compared to C. The elevation 

of BP in the diabetic groups at week 1 was likely resultant of their recent, acute 

elevation in BG in response to STZ treatment, as acute elevations in BG have been 

shown to increase BP in both normal and type 1 diabetic individuals, as well as 

animals (4, 8, 22, 49). It is also possible that BP was elevated due to the osmotic 

pressure caused by hyperglycemia; however, pre-treatment with the free radical 

scavenger, glutathione, has been shown to prevent any acute hemodynamic changes 

associated with hyperglycemia, suggesting its effects are more likely mediated by the 

impairment of endothelial-derived relaxing factors, such as NO (22, 65). Also, stress 

could have played a role in elevating the BPs of the diabetic groups at week 1. 

Restraint alone has been observed to dramatically increase heat shock protein 

expression in both the adrenal cortex and the vasculature (93). In fact, the stress of 

training is probably why both exercise groups had BP values similar to the D group at 

week 10. Moraska et al. (60) showed that 8 weeks of forced treadmill training caused 

adrenal hypertrophy, decreased corticosterone-binding globulin, suppressed 

lymphocyte proliferation and other factors indicative of chronic stress. Likewise, 

Brown et al. (7) reported elevated heat shock proteins, serum corticosterone and 

decreased spleen weights after up to 10 days of treadmill training. Forced treadmill 

exercise has also been demonstrated to mediate increases in BP and HR that exceed 

the values of voluntary wheel running rats, which is indicative of a stress response 

(60, 101). This is particularly relevant in the present study as the NIBP measurements 

were taken during the week. Therefore, both the chronic stress of long-term training 

and acute effects of forced training could have contributed to elevated BP in the 

exercise groups. The D group, however, demonstrated increased BP without exposure 

to acute or chronic training stress, suggesting their BP values were most likely the 
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result of chronic diabetes. As a result of the previous findings that indicated 

sympathetic overactivity in the D group and the strong association between 

sympathetic tone and BP, it is plausible that the observed hypertension is driven by 

sympathetic overactivity in this model (73). However, urine albumin excretion was 

not measured in this study, so it is not possible to rule out that diabetic nephropathy 

contributed to the increased BP (88). Unfortunately, HR extrapolations from the NIBP 

recordings were sporadic and deemed unreliable. However, while at rest under 

urethane/α-chloralose anesthesia, there was no significant difference between any of 

the groups in HR. Although it is unknown if non-invasive recording would have 

demonstrated diabetes-induced tachycardia, this observation still demonstrates that 

the commonly reported decrease in HR in STZ diabetes was prevented in the present 

model (91).   

 

2.5 Conclusion 

Cardiovascular autonomic neuropathy is a common form of autonomic 

dysfunction in T1DM that is highly associated with mortality (80). HRV and BRS are 

common indices of CAN that have been observed to improve with exercise training, 

highlighting why exercise is such an important nonpharmcological intervention in the 

prevention of T1DM complications. However, experimental models of T1DM often 

demonstrate fundamental differences from clinical T1DM in the nature and 

progression of alterations to CV parameters in response to diabetes and exercise (33, 

51). The objective of this study was to explore the potential of a multiple low-dose 

STZ model of T1DM, paired with insulin therapy to maintain moderate 

hyperglycemia, as a means to more closely represent the conditions of human T1DM.  
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 In this study it was found that the only measures that differed from C in the 

CX group were the IVGTT and NIBP. Thus, training did result in metabolic 

improvements, as indicated by increased glucose tolerance; however, exercise did not 

appear to elicit any advantages in HRV, BRS or BP over the non-diabetic sedentary 

state. This suggests that the chronic stress of forced treadmill training may have 

prevented many of the benefits normally conferred by exercise to the CX group (7, 

60, 101). In the D group, a blunted baroreflex bradycardia response, a shift in LF/HF 

toward sympathetic activity and a significant drop in BP in response to prazosin 

compared to C indicated diabetes-induced parasympathetic withdrawal and 

sympathetic overactivity (28, 75, 103). This was supported by the significantly higher 

NIBP compared to C. Similarly to CX, the only differences between DX and C in this 

study were in IVGTT and NIBP. However, unlike CX, this implies that exercise 

training resulted in significant adaptations. Indeed, exercise training in the DX group 

was able to prevent many of the defects listed above that occurred in the D group as a 

result of diabetes. Specifically, exercise prevented the sympathovagal imbalance in 

the modulation of HRV, prevented the overactivity of the vascular sympathetic tone 

and maintained the sensitivity of the parasympathetically-mediated baroreflex 

bradycardia. Therefore, the present study demonstrated that STZ models of T1DM 

can be augmented to more accurately reflect clinical T1DM by implementing 

progressive induction and insulin treatment. Further, this study reinforces the 

importance and effectiveness of exercise as a means to prevent the progression of 

cardiovascular autonomic neuropathy. 
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APPENDIX A 
A1. Streptozotocin Induction Protocol (Rat) 
 

REVISION DATE: JUNE 13, 2012 
 
PURPOSE: 
To induce Type I diabetes in rats 
 
MATERIALS: 
Gloves 
Lab Coat 
Streptozotocin (STZ) 
5X Stock Citric Acid/Citrate Buffer  
- Anhydrous Citric Acid 
- Sodium Citrate Dihydrate 
- MilliQ Deionized Water 
13M HCl 
3 Falcon Tube 
Sterile Filter 
 
EQUIPMENT: 
Biological Safety Cabinet 
Weigh Scale 
pH Meter 
 
PROCEDURE: 
Preparing 5X Citric Acid/Citrate Buffer 
1. For a pH 4.6 buffer at 765 mM (5X stock solution), in a beaker, Add 

i. 13.8g Anhydrous Citric Acid (Sigma) or 15.1g Citric Acid 
Monohydrate 

ii. 23.8g Sodium Citrate Dihydrate (Sigma) 
Mix into    iii.   175mL of MilliQ water 
The pH should be at 4.6, Add HCl or NaOH to adjust (do not over-shoot pH) 

2. Once the proper pH is obtained, add MilliQ water until you are close to the 200 ml 
mark (pH will move slightly).  If satisfied with the pH, adjust volume in a 250 ml 
graduated cylinder and filter in a 0.2µm filter. 
 

3. Store at room temperature.  This is your 5X stock solution. 
 

Making up Streptozotocin (STZ) for Injection 
**NOTE Animals should be pre-weighed prior to making up STZ to ensure 
accurate amounts of STZ to be prepared. 
 

1. Using pre-made buffer, put 1 mL of buffer in a 50 mL Falcon Tube and add 4 mL 
of distilled water filtered through a 0.2µm syringe filter.  Check the pH.  This 
gives you a working concentration of 153 mM 
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2. The desired pH is between 4.5-4.7.  Under the fume hood, add 1 drop at a time of 
concentrated HCl to the buffer, checking pH in between until desired pH is 
reached.     
 

3. Once pH is reached, add 1 mL distilled water (sterile filtered through a 0.2µm 
syringe filter as before).  If pH is below 4.5, restart. 
 

4. Weigh out an appropriate amount of STZ for the number of animals (see 
calculations below) that will be injected in a 15 minute time frame. 
 
 
Ex. Rats will be injected at 20mg/kg, so for 10 animals at an ideal weight of 200g 
(avg. weight of rats to be injected), you will require a minimum of 40mg.  

  20mg/kg X 0.2kg = 4mg per animal 
The amount of STZ weighed out should be more than the minimum as some 
solution will be lost in filtering. (4mg (per animal) X 12 rats = 48mg total 
(0.048g) 

5. Dissolve the STZ into buffer (keeping in mind a comfortable injection volume).  
Shake to dissolve powder (approx. 1min).  Sterile filter using a 0.2µm syringe 
filter.   

Ex. 48mg STZ ÷ 3 mL buffer = 16mg/mL solution 
 4mg ÷ 16mg/mL solution = 0.25mL 

6. STZ is time dependent and must be used within 15 minutes 
 

Injecting and Follow-Up of the Animals 
1. Promptly inject each rat with the solution (intraperitoneal) at a dosage rate of 

20mg/mL (in this example, 0.25mL).  Do not use anymore STZ solution more 
than 15 minutes after it has been dissolved in the sodium citrate buffer. 
 

2. Dispose of any container having come into contact with the STZ (in either powder 
or dissolved form) into a biohazardous waste receptacle.  Dispose of needles into a 
sharps container. 
 

3. Return injected rats to their cage.  Record the date of STZ injection and add a 
biohazard label to the cage (leave biohazard label on cage for at least 3 days 
following the last injection). 
 

4. Repeat this procedure the following day. 
 

5. Check blood glucose daily.  Diabetes is achieved with two non-fasting blood 
glucose readings of >18 mmol  Diabetes should be achieved after 5-8 injections 
(i.p. 20mg/kg). 

 
Reference: 
Low dose STZ induction protocol. Animal Models of Diabetic Complications 
Consortium AMDCC Protocols.2003 
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A2. Insulin Pellet Implantation Protocol 
 
MATERIALS: 
LinShin LinPlant Insulin Pellet 
Rat anesthetic - Isoflurane 
Ampicillin 
Sterile water 
1ml syringe with 25 g needle 
10% providone-iodine solution 
gauze (or swab) 
Tissue forceps 
Scalpel handle and blades (or scissors) 
Silk suture 
Needle drivers 
 
EQUIPMENT: 
IsofluoraneAnaesthetic Machine 
Hair clippers 
Heat lamp 
 
Special Safety: 
 
Must don lab coat and gloves before handling rodents.  Any bite or scratch that breaks 
the skin must be thoroughly scrubbed with soap and water (report to Occupational 
Health and Safety). 
 
Procedure: 
 
Pellet implantation (for a rat): 
 
1. Anesthetize the animal using the isofluorane machine by placing it in the 

induction chamber. Set isoflurane to 4-5% with an O2 flow rate of 1L/min. Open 
the stopcock valve so gas reaches the chamber.  Keep in chamber until the animal 
is unconscious. 
 

2. Remove the animal and place its nose in the nose cone, reduce the isofluorane to 
3% to maintain the plane of anesthesia.   
 

3. Shave the area where the pellet is to be implanted.  
 

4. Using gauze (or a swab), apply 10% providone-iodine solution to the skin, 
followed by 70% ethanol, to disinfect the site of insertion. 
 

5. Hold the skin with forceps and make a subcutaneous incision. 
 

6. Cleanse a 12g trocar with 10% providone-iodine solution and insert it through the 
puncture site to a depth of at least 2 cm. 
 

7. Using forceps, briefly immerse the pellet in 10% providone-iodine solution, rinse 
with saline and insert into the subcutaneous region.  
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8. Use 1 pellet for the first 350g of body weight.  

 
9. Pinch the skin closed after the last pellet is inserted. Place a drop of 10 % 

providone-iodine solution over the opening.  
 

10. Close the incision by suturing. 
 

11. Place the animal under a heat lamp and monitor until it recovers from anesthesia. 
 

12. Record on the cage card that insulin pellets have been implanted.  
 
 
Pellet removal: 
1. Anesthetize the animal as described above for implantation.  
 
2. Shave and palpate the area of implantation to locate pellets. Sterilize this area by 

applying 10% providone-iodine solution followed by 70% ethanol. 
 

3. Using a scalpel (or scissors), make an incision through the skin superficial to the 
location of the pellets.  
 

4. Using forceps, remove the pellet. Some connective tissue may need to be cut away 
using scissors. Discard the pellet. 
 

5. Close the incision by suturing.  
 

6. Place the animal under a heat lamp and monitor until it recovers from anesthesia. 
 

7. Record on the cage card that the pellets have been removed. 
 
 
References: 
http://www.linshincanada.com 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

http://www.linshincanada.com/
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A3. Intravenous Glucose Tolerance Test Protocol (Rat) 
 
MATERIALS: 
15 ml Falcon tube  
D-glucose 
Distilled water 
0.2 um syringe filter 
5 ml vacutainer 
Lidocaine Cream 
3 ml syringe  
Restraining towel 
Microcentrifuge tubes 
Vaseline 
27 G needles 
30 G needles 
Gauze squares 
 
EQUIPMENT: 
Mettler balance 
Biological safety cabinet 
Heat lamp with 175 watt bulb 
Glucometer (Freestyle mini) 
Timer 
 
 
Special Safety: 
 
Must don lab coat and gloves before handling rats.  Any bite or scratch that breaks the 
skin must be thoroughly scrubbed with soap and water (report to Occupational Health 
and Safety). 
 
 
PROCEDURE: 
 
Fasting Rats: 
 
1. Fast animals for 8-12 hours prior to the tolerance test 
 
Glucose preparation: 
 
1. On the morning of the IVGTT, dispense 5ml distilled water into a clean 15 ml 

Falcon tube. 
 
2. Weigh out 5 grams of D-glucose, and add it to the tube containing the sterile 

water. Dissolve by vortexing to result in a 50% glucose solution. 
 

3. In a biological safety cabinet, sterilize the glucose solution using a 0.2 um syringe 
filter. 
 

4. Transfer the sterile glucose solution to a new sterile 15mL Falcon tube. 
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Intravenous Glucose Tolerance Test (IVGTT): 
1. Place the cage containing the rat under a heat lamp. Remove the tube from the 

cage, and provide water for the rat. Warm the rat in this manner for 10 minutes. 
 
2. Remove the rat from the cage and scrub the tail using soap and water. 

 
3. Measure and record the rat’s weight. 

 
4. Obtain a baseline blood glucose reading from saphenous vein and collect a 

baseline serum sample (keep blood sample on ice). 
 

5. Return the rat to the cage and warm for an additional 20 minutes. 
 

6. Place the rat’s tail in a container of warm tap water for 30-60 seconds. 
 

7. One person should dry the tail and restrain the rat by wrapping it in a green drape 
so the tail is exposed. Occlude the lateral tail vein by applying pressure.  
 

8. Using a 3 ml syringe and a 27 G needle, a second person will draw up the 50% 
glucose solution at a dose of 1g/kg (2 ml/kg). Locate the lateral tail vein and draw 
back on the plunger to ensure that the needle is within the vein.  
 

9. Release the occlusion while the glucose solution is injected. Draw back the 
plunger a couple of times during the injection to ensure that the needle remains 
located within the vein. 
 

10. Start the timer and return the rat to its cage. Continue warming it for the duration 
of the IVGTT. 
 

11. Check and record the blood glucose values for the rat at 5, 10, 20, 30, 40, 50 and 
60 minutes post glucose challenge. If by 60 minutes, the blood glucose value 
hasn’t returned to baseline, continue to check every 30 minutes until it does so (up 
to a maximum of 180 minutes). 

 
12. Obtain a blood serum sample 10 minutes following D-glucose injection (store at 

-70°C until insulin analyses). 
 

13. Upon completion of the IVGTT, remove the rat from under the heat lamp and 
return the tube to the cage. Place food on the wire lid of the cage, and ensure that 
the rat has access to water. 
 

14. Note on the cage card that an IVGTT has been performed. 
 

Reference: 
Straczkowski M et al, The effect of exercise training on glucose tolerance and skeletal 
muscle triacylglycerol in rats fed with a high-fat diet. Diabetes and Metabolism 
(2001) 21 p19. 
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