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Abstract 
 

Exercise can be an effective intervention for treating Type 1 diabetes (T1D). 

Incorporating appropriate exercise strategies as concomitant therapy can regress diabetic 

comorbidities and attenuate T1D-related glycaemic fluctuation and reverse declines in 

skeletal muscle health and function. Much remains to be elucidated in people living with 

T1D. The American College of Sports Medicine (ACSM) exercise guidelines have not 

addressed the impact and benefits of exercise on the T1D population. This thesis aims to 

address the role of exercise on improving glycaemic control and ameliorate skeletal muscle 

regulation and metabolism. Consequently, this thesis examined strategies to support 

glycaemic management and reduce diabetes-related adverse effects to skeletal muscle in 

individuals living with T1D, including intensity-specific exercise effects, modality-specific 

exercise effects, and concurrent training interventions. 

Study 1 systematically assessed existing literature and demonstrated limited 

understanding regarding the impact of exercise in T1D. Moreover, the exercise modality, 

duration, and intensity on improving glycaemic control and augmenting skeletal muscle 

health. Study 2 demonstrated that compared to time-matched acute aerobic versus 

resistance training alone, acute combined (COMB) exercise is more efficacious given its 

potentiation of glycaemic variability and skeletal muscle inflammatory, metabolic and IGF-1 

gene expression. Study 3 established that COMB training alone improves aerobic fitness, 

strength, skeletal muscle health, and people living with T1D, but these improvements are 

less substantial than age and gender-matched non-diabetic populations. Finally, study 4 

demonstrated that the neuromuscular profile did not differ between people living with T1D 

and Non-D groups. Previous reports of fatigue and delayed recovery from exhaustive 

exercise and decreased performance adaption (study 3) are not linked with motor unit 

degradation but driven by the influence of diabetes on the molecular regulation of skeletal 

muscle and underlying development of diabetic myopathy. 

These studies collectively support the potential for exercise interventions to improve 

glycaemic control and enhance skeletal muscle health in people living with T1D. These 

studies findings conclude impairments to muscle fatigability, glycaemic management and 

skeletal muscle health in T1D. These results advocate the importance of exercise in this 

cohort, demonstrated through disease-related impairments compared to the non-diabetic 

populations. These findings enhance COMB exercise’s efficacy with the most desirable 

effects on both acute and long-term health outcomes in people living with T1D, and provide 

the rationale to include COMB exercise as a concomitant therapy for T1D.   
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1.0 General Introduction 
 

Type 1 diabetes mellitus (T1D) is a chronic autoimmune disease affecting about 10% 

of the total diabetic population worldwide (Da Silva Krause and de Bittencourt, 2008). 

Evidence suggests a high complexity of the mechanisms underlying the onset of T1D, 

initiated by a combination of 1) genetic predispositions, 2) environmental factors, and/or 3) 

T-cell destruction of beta cells (Bresson and Herrath, 2004).  

Insulin is a peptide hormone essential for the metabolism of carbohydrates and fats 

by promoting the absorption of glucose from blood to skeletal muscle or adipose tissue. 

Irrespective of the causation, a complete failure or a decreased production of insulin, results 

in unregulated glycaemic fluctuations causing hyperglycemia (above 10mmol/L) or 

hypoglycemia (below 4 mmol/L). Both hyperglycemia and hypoglycemia have adverse 

effects on cellular processes, metabolic regulation, and overall health in T1D. These 

metabolic dysfunctions take place at a molecular level within cells and if unaddressed, can 

result in the worsening of glycaemic control, skeletal muscle health complications and 

diabetic comorbidities (Monaco et al., 2019).  

As the most extensive metabolic organ in the body, impairments to skeletal muscle 

impact insulin sensitivity, glucose/lipid disposal and basal metabolic rate (Coleman et al., 

2015). These impairments, significantly affect the ability of persons with T1D to manage their 

disease, influencing the development and severity of diabetes complications (Coleman et al., 

2015). Exercise has been encouraged as part of routine care for T1D (Galassetti and 

Riddell, 2013) and several reviews and intervention studies examining the effects of exercise 

in T1D have been conducted. However, an optimal exercise prescription capable of 

curtailing glycaemic fluctuations and eliciting molecular response necessary for regressing 

diabetic comorbidities has yet to be established (Tielemans et al., 2013; Galassetti and 

Riddell, 2013; Farinha et al., 2018).  

In addition, in individuals with T1D beside the common barriers to exercise (lack of 

time, work-related factors, access to facilities, lack of motivation) (Farinha et al., 2017; 

USDHHS, 2009) there is an additional factor determining the high rates of physical inactivity 

that is the fear of developing hypoglycemia during or after the exercise (Farinha et al., 2017).   

The application of exercise strategies that can safely reduce or regress the 

development of comorbidities is of paramount importance for individuals with T1D. Currently, 

there is insufficient research, examining the effects of exercise and its application as a 

concomitant therapy for glycaemic control and skeletal muscle health in individuals with 



 
 

 3

T1D. Providing answers to these questions, as mentioned above, will influence both 

practitioners and patients knowledge, which in turn will result in a healthier life course for the 

individual affected by the condition.  

 

 

1.1 Glycaemic stability in T1D 
 

T1D is characterised by extremely low or absent circulating insulin, plasma glucagon 

elevation, and by the fact that the beta cells of the pancreas fail to respond to all insulin-

secretory stimuli adequately. Insulin deficiency has many physiological consequences, 

primarily the disruption of glucose uptake into muscle and adipose cells. Obviously, in the 

absence of adequate insulin production, the body cannot optimally control glycaemia. 

Despite exogenous insulin therapy, it is challenging to maintain glycaemic levels within an 

acceptable range with frequent glycaemic fluctuations resulting in hypoglycemia (<3.0 

mmol/L) and hyperglycemia (>7.9 mmol/L) occurring several times daily (Meh and Denislic, 

1998; McCrimmon; Sherwin, 2010; IHSG 2017). Thus, a worsening paradox unfolds, as 

glycaemic fluctuations increase, a combination of diminished insulin levels and impaired 

skeletal muscle health. it goes without saying that an impaired skeletal muscle further alters 

the ability to manage glycaemic control allowing this cycle to advance. 

 

 

1.2 Structural & Metabolic dysfunctions in T1D skeletal muscle  
 

 T1D directly affects skeletal muscle health, and in fact, a new term has been coined 

to define this specific condition: diabetic myopathy. This condition is associated to both 

structural and metabolic skeletal muscle alterations (D'Souza et al., 2013). The muscle 

alterations may include: muscle atrophy, muscle fiber type modifications, and metabolic 

changes, including a mitochondrial disfunction (Krause et al., 2011). Interestingly, the 

mitochondrial dysfunction observed in T1D presents a number of similarities with the aged 

muscle phenotype. In particular, the mitochondria of individuals living with T1D have been 

shown to have:  

1) a reduced oxidative capacity (Conley et al., 2000; Short et al., 2005; Crowther et 

al., 2003; Kacerovsky et al., 2011; Cree-Green et al., 2015; Monaco et al., 2018),  

2) an increased capacity to generate reactive oxygen species (ROS) (Monaco et al., 

2018; Holloway et al., 2018)  
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3) a reduced ability for Ca2+ uptake (Monaco et al., 2018).  

Muscle atrophy has been also observed in people living with T1D with both short 

(Jakobsen and Reske-Nielsen, 1986) and long-term exposure to the disease (Andersen et 

al., 1997; Andersen et al., 1997). Moreover, disruption of Z-lines and fiber atrophy as a result 

of T1D environment have been reported (Reske-Nielsen et al., 1977).  

Elevation of intramyocellular lipids (IMCL) and hormonal alterations are additional 

T1D related metabolic dysfunctions which further exasperate diabetic myopathy. The 

accumulation of IMCL, in fact, is linked to a host of pathological complications in skeletal 

muscle, including alterations in insulin sensitivity and signalling (Brownlee, 2005; Muoio and 

Newgard, 2008; Watt, 2009; Kraegan and Cooney, 2008).  
T1D, has been also found to alter the circulatory levels of many key regulatory 

hormones including: cortisol, plasminogen activator inhibitor (PAI-1), interleukin-6 (IL-6) and 

insulin-like growth factor (IGF-1) (Jehle et al., 1998; Chan et al., 2003; Roy et al., 1990; 

Bosnyak et al., 2003; De Taeye et al., 2005; Gruden et al., 1994; Small et al., 1989; Gordin 

et al., 2008).  

 

 

1.3 Effects of diabetes on skeletal muscle fatigue and force production 
 

Fatigue is a common and distressing complaint among people with diabetes, and 

likely to hinder the ability to perform daily diabetes self-management tasks. Research on 

diabetes-related fatigue is limited by fatigue's non-specific symptoms and because fatigue 

researchers have yet to agree on standardized definition, measurement or diagnostic criteria 

(Fritschi & Quinn, 2010). In the case of muscle fatigue it is defined as exercise-induced 

decrease in the ability to produce force (Wan et al., 2017). Fatigue is generally 

acknowledged to be complex and/or multifaceted (Ream et al., 1996), encompassing 

physiological, psychological, and situational components, such as life or work events (Rose 

et al., 1998; Lewis and Wessely, 1992; Hart and Freel, 1982; Aaronson et al., 1999; 

Trendall, 2000) and is a regular complaint in people living with diabetes (Weijman et al., 

2003) and has been related to the level of glycaemic control (Van der Does et al., 1996).  

Some research reports that the prevalence of fatigue in T1D can vary between 23-40% 

(Goedendorp et al., 2014; Jensen et al., 2017). Evidence suggests that acute glycaemic 

fluctuations correlate with bouts of physical fatigue and that both hyperglycaemia and 

hypoglycaemia may be the mediating factor in elevated fatigue levels and lowered vitality 

(Fritshi and Quinn, 2010; Atasoy et al., 2013). 
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The changes in in skeletal muscle contractile properties and neural control observed 

in T1D (Bril et al., 1996) are usually associated with both muscle strength reductions and 

sensory disturbances, particularly in individuals with symptomatic diabetic neuropathy 

(Andreassen et al., 2006). Skeletal muscle weakness was found to be progressive and to 

correlate with the degree of neuropathy (Andreassen et al., 2006). T1D hyperglycemia is 

linked with the degeneration of peripheral neurons both sensory and motor, predominantly in 

the lower limbs (Meh and Denislic, 1998). For instance, diabetes-induced decrease in motor 

and sensory nerve conduction velocity (NCV), has been found to correlate with the level of 

glycosylated haemoglobin (Hyllienmark et al., 2001). In this regard, it is important to note 

that muscular function impairments may occur before the development of an overt 

neuropathy (Stino and Smith, 2017). As a result, reductions to maximal voluntary contractile 

force (MVC) in individuals with T1D may be evident regardless of the presence of nerve 

complications and/or muscle atrophy (Andersen, 1998; Andersen et al., 1996). 

 

 

1.4 Therapeutic effects of Exercise  
 

Exercise is an essential component in the management of T1D operating several 

beneficial effects including: attenuation of microvascular complications, increased insulin 

sensitivity and glucose transport (Galassetti and Riddell, 2013; James et al., 1985; Rodnick 

et al., 1992), improvements in glucose and lipid metabolism (Goodyear and Kahn, 1998; 

Hayashi et al., 1997). Ultimately, all these effects produced a reduction in daily insulin 

requirement, and decreased the risk of developing co-morbidities (Rachmiel et al., 2007; 

Aouadi et al., 2011).  

Obviously, the adherence to proper daily dietary regimes and insulin therapy 

represent the primary treatment approach for T1D. However, it is quite common in 

individuals with T1D to experience frequent bouts of hyperglycemia and hypoglycaemia 

even in presence of a good management of the treatment. A primary clinical measure to 

define the risk for complications development in those with T1D is the glycosylated 

haemoglobin (HbA1c). In fact, elevated HbA1c arises from chronic hyperglycemia are 

contributing factors for the progression of the disease, and the development of co-

morbidities that further perpetuate the disease state (Brownlee, 2001; Reske-Nielsen et al., 

1997; Almeida et al., 2008; Andersen et al., 2005).  

Exercise, delivered in a precise modality and volume, can act as a concomitant 

therapy, improving health of skeletal muscle in individuals living with T1D, through the 

improvement of glycaemic control and activation the gene expression and signalling 
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pathways related to oxidative capacity, inflammation, and muscular growth, subsequently 

improving disease management, and ameliorating the onset of long-term diabetes 

complications.  

1.5 Thesis overview: hypothesis, aims and objectives 

 

 The central theme of this thesis is to identify the metabolic and physiological 

impairments arising from T1D, this to establish the optimum of exercise intervention for the 

attenuation of glycaemic variability and the enhancement of skeletal muscle health in T1D 

adults.  

 

These objectives will be pursued in: 

 

Chapter 2) by the identification, through the review of existing literature, on how T1D 

influences glycaemic control and metabolic processes and how these are affected by 

exercise interventions.  

  

Chapter 3) by systematically review existing literature to establish and evaluate the current 

understanding and recommendations of exercise interventions for T1D patients, which can 

minimise glycaemic fluctuations. 

 

Chapter 4) exploring the effects of different acute exercise modalities, on cellular signalling 

and glycaemic response, in order to establish which is the best exercise modality for 

minimising glycaemic excursions and evoking the proper metabolic responses.  

 

Chapter 5) based on findings from the acute exercise in Chapter 4, we examined the effects 

of a 12  weeks High intensity combined (resistance plus aerobic) exercise modality training 

on glycaemic control, and metabolic response, comparing outcomes in T1D with those 

recorded in a Non-D group.  

 

Chapter 6) Finally, we studied the neuromuscular differences which exist between T1D and 

Non-D populations and how these affect the rate of fatigue.  
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Chapter 1: Effects of acute exercise on Glycaemic control in T1D: A Systematic 
Review.  
 

Overview: 

Currently, there is insufficient research examining the effect of different exercise 

modalities, on glycaemic control in people living with type-1 diabetes (T1D). We searched 

the online electronic databases PubMed, SPORTDiscus, CINAHL (excluding Medline), 

EMBASE (excluding MEDLINE), ClinicalTrials.gov using a targeted search) between March 

2003–March 2018. Our search included only randomised control trials containing the 

searched terms: [(Type 1 diabetes mellitus OR insulin-dependent diabetes) AND (Exercise 

OR physical activity) AND (glucose metabolism OR skeletal muscle)]. Eleven studies were 

identified for inclusion. Seven studies examined aerobic exercise interventions; three 

examined resistance exercise and one study examined combined aerobic/resistance 

exercise. Eleven studies presented data on the effects of exercise on glycaemic alterations. 

 

Specific aims:  

(i) Assess the existing literature to examine the impact of various acute physical exercise 

modalities, intensities and duration on glycaemic response. 

 

Hypothesis:  

We hypothesize that glycemic response will be markedly different depending on the  

physical exercise modality, intensity and duration in a T1D population. 
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Chapter 2: Effect of acute exercise modalities on glycaemic control and muscle 
signalling in Type 1 diabetes 
 

 

 

Overview: 

Twelve T1D participants (6M/6F, age 31.8 ±  5.3 yrs) wore a Flash glucose 

monitoring (FGM, Abbott FreeStyle Libre) for 24-hours (h) during a supervised 45 minutes 

aerobic (AER), resistance (RES) or combined (COMB) exercise session. The mean 

amplitude of glycaemic excursions (MAGE), standard deviation (SD) and coefficient variation 

(CV) of glycaemia calculated from FGM. Blood and muscle samples were also collected to 

compare exercise-induced systemic and muscular physiological responses. 

 

Specific aims:  

(i) This chapter compared the effects of high-intensity AER, RES and COMB exercises on 

glycaemic homeostasis during the 24-hr period post-exercise in people with T1D. 

 

(ii) Gene expression and signalling pathways related to oxidative capacity, inflammation and 

muscular growth were examined to investigate the effects of each exercise type. 

 

Hypothesis:  

We hypothesize that COMB exercise modality will result in a decreased IG variability 

and invoke Gene expression and signalling pathways related to oxidative capacity, 

inflammation and skeletal muscle growth responsible for curtailing diabetic alterations to 

skeletal muscle health in a T1D population. 
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Chapter 3: Effects of a 12-week exercise training intervention on glucose control and 
skeletal muscle response in individuals with T1D. 
 

 

 

Overview: 

A total of 20 (6F/4M) with T1D and (6F/4M) Non-D participants volunteered for the 

study. Participants aged 31.62 ± 3.72 yrs T1D group and Non-D group 28.42 ± 5.93 yrs. 

Average duration of diabetes 17.8 ± 9.2 years and a HbA1c 8.19 ± 2.24 (%) were selected to 

complete a controlled, time and intensity matched, bout of COMB exercise, three days 

weekly for 12 weeks. All participants were free from any diabetes complications and were 

not taking any prescribed medication other than insulin. Participants wore a Flash glucose 

monitoring (FGM, Abbott FreeStyle Libre) for week-long periods. Data was collected during 

week 1 baseline (no exercise), week 4 pre-intervention and week 16 post-intervention. Mean 

amplitude of glycaemic excursions (MAGE), standard deviation (SD) and coefficient variation 

(CV) of glycaemic were calculated from FGM during these weeklong periods, to assess the 

influence of this exercise type on glycaemic control. Blood and muscle samples were 

collected to compare exercise-induced metabolic responses. Body composition, physical 

(strength and V̇O2) assessed pre and after post-12-week intervention. 

 

Specific aims:  

(i) To determine the effects of high intensity, COMB (Resistance and Aerobic) exercise on 

glycaemic variability and control. 

 

(ii) To investigate the effects of 12-week high-intensity COMB exercise intervention on 

physical capacity (strength and V̇O2).  

 

(iii) To explore the influence of COMB exercise training on gene expression and signalling 

pathways related to oxidative capacity, inflammation and muscular growth. 

 

Hypothesis: 

We hypothesised that applying HIT COMB exercise modality over 12 weeks will 

result in decreased IG variability and elicit cell signalling and gene expression for skeletal 

muscle growth and oxidative capacity in T1D individuals. 
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Chapter 4: HD-EMG assessment of contractile function and rate of muscle fatigue 
during isometric exercise in T1D and Non-D individuals: A Neuromuscular 
assessment of Diabetic Myopathy 
 

 

 

Overview: 

 

A total of 16 (4F/4M) with T1D and (4F/4M) Non-D participants volunteered for the 

study. Participants aged 33.69 ± 5.16 yrs T1D group and Non-D group 31.48 ± 5.62 yrs. 

Average duration of diabetes 16.9 ± 7.6 yrs and a HbA1c of 8.12 ± 3.11 (%) were selected to 

perform a surface EMG fatigue protocol and measure muscular strength. All data collection 

and exercise testing took place during a single visit to the Human Movement Analysis 

Laboratory. Laboratory visits lasted approximately 2h, with testing focused on maximal 

voluntary isometric contraction (MVIC) of the knee extensors (KE) intending to assess 

differences in contractile function and rate of fatigue between T1D and Non-D counterparts.   

 

 

 

Specific aims: 

(i) The aim of this chapter is to investigate the neuromuscular profile of people living with 

T1D in comparison with age and fitness matched Non-Diabetic controls.  

 

 

 

Hypothesis: 

We hypothesised based on previous research conducted by our research group that 

impairments to neuromuscular function in the T1D participants will lead to elevated exercise-

related fatigue, reduced MVIC, decreased rate of torque development (RTD) and an overall 

lower activation of motor unit recruitment when compared to Non-D counterparts. 
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2.0 Overview of Type 1 diabetes   
 

Type 1 diabetes (T1D) is a metabolic disease caused by the autoimmune-

mediated destruction of insulin-producing beta cells of the pancreas, resulting in 

significantly reduced insulin production. It is estimated that T1D is prevalent in 10% 

of the total diabetic population worldwide (Da Silva Krause and de Bittencourt, 2008). 

Multiple daily subcutaneous insulin injections or insulin pump therapy, continual 

blood glucose testing and dietary monitoring (e.g. carbohydrate counting) are the 

current standard of care. However, limitations exist with exogenous insulin therapy 

often resulting in chronic and recurrent bouts of i) glycaemic fluctuations, ii) 

dyslipidemia and iii) insulin resistance. These are contributing factors responsible for 

the development of diabetic complications, including neuropathy, nephropathy, , 

cardiovascular disease and adverse effects on skeletal muscle health (Brownlee, 

2005; Coleman et al., 2015; Krause et al., 2011; Forbes and Cooper, 2013). 

Despite our current understanding surrounding the effects of T1D on skeletal 

muscle health and function, and knowing the important role of skeletal muscle in both 

physical and metabolic well-being, very few studies have been conducted on the 

effects of treatment on skeletal muscle in T1D.  

Structural, functional and metabolic alterations are reported in the skeletal 

muscle of individuals with T1D despite the absence of other diabetic complications 

(Monaco et al., 2017; Krause et al., 2011). Muscle loss is also reported in individuals 

with uncontrolled T1D which results from failure to stimulate amino acid uptake and 

protein synthesis and inhibit protein degradation (Galassetti et al., 2001). These 

skeletal muscle alterations are consistent with those observed in the aged muscle 

(i.e. declines in muscle mass and strength; Monaco et al., 2019). Collectively these 

alterations have been termed diabetic myopathy.  

As the largest and most metabolically active organ the skeletal muscle can 

utilise large amounts of glucose in a non-insulin mediated manner (Baron et al., 

1988) via muscle contraction. This supports the important role that exercise, by 

improving skeletal muscle health, can play to improve T1D related glycaemic 

fluctuations and dyslipidemia (Tagougui et al., 2015). Therefore, in the present thesis 

it was hypothesized that physical exercise, prescribed in the correct volume, intensity 

and modality, by improving skeletal muscle health, can be used to ameliorate 

diabetes-related complications. Hence, this literature review will focus to: i) define 

how T1D influences physiological processes responsible for glycaemic homeostasis, 

and skeletal muscle health; ii) examine current research where exercise has been 
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applied and how this affects glycemic control and skeletal muscle health; iii) identify 

the knowledge gaps in the current literature in order to develop the experimental 

studies performed in this thesis.   

 

 

2.1 Etiology of T1D: Understanding of mechanisms involved 

2.1.1 Factor 1: Genetic predisposition  

Current understanding of T1D is that it occurs in a genetically predisposed 

population. A major histocompatibility complex, localised on chromosome 6, has 

been proposed as the primary genetic susceptibility factor for T1D in humans, where 

T1D is known to have at least 60% genetic susceptibility (Risch, 1989). A substantial 

body of evidence suggests that either human leukocyte antigen (HLA)-DR3/HLA-

DQ2 or HLA-DR4/HLA-DQ8 haplotypes are associated with T1D (Devendra et al., 

2004). Underlining the genetic involvement in the development of T1D is the fact that 

almost 20 non-HLA loci have now been identified to contribute to the genetic 

predisposition to T1D. In addition, the cytotoxic T-lymphocyte associated antigen 4 

(CTLA-4) locus on chromosome 2 has an association with T1D. The CTLA-4 

molecule is a susceptibility locus for several autoimmune endocrinopathies and 

autoimmune disorders (Vaidya et al., 2004) and plays a paramount role in in the 

development and acceleration of T1D. Although some of the mechanisms by which 

CTLA-4 contributes to the pathogenesis of these autoimmune disorders remain to be 

delineated, a dysfunction in the negative regulatory role of CTLA-4 on T-cell 

activation might trigger and exacerbate T1D development.  

 

2.1.2 Factor 2: Environment  

However, the genetic predisposition cannot explain alone the development of 

T1D.  Indeed, research has shown that the concordance rate for the development of 

T1D among monozygotic twins is not higher than 50% (Salvetti et al., 2000), thus 

arguing against a circumscribed role for the genetic predisposition but favouring the 

hypothesis that other factors are involved such as certain environmental factors. 

Although not fully understood, environmental challenges might trigger or accelerate 

autoimmune diseases when they occur in genetically predisposed individuals. 
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Several environmental factors may contribute to T1D development, but there is still 

no general agreement as to their importance in the pathogenesis of T1D.   

Viral infections are potent events capable of breaking tolerance against self-

antigens leading to the development of T1D (Filippi and von Herrath, 2008). They 

may be involved in the destruction of beta cells by three mechanisms: (i) inducing 

virus-mediated cell damage of target organs directly or via secretion of inflammatory 

cytokines that specifically harm beta cells; (ii) enhancing function of antigen-

presenting cells (APCs) leading to increased presentation of autoantigens and/or;  

(iii) by molecular mimicry, where immunity against viral antigens cross-reacts with 

self-antigens exhibiting a conformationally similar structure (Zinkernagel, 2002; 

Christen et al., 2004). However, whether virus infections and particularly rotaviruses 

or enteroviruses are involved in the development of T1D in humans is still a highly 

debated subject, mainly because the results of the epidemiological studies are 

inconsistent and do not provide convincing evidence for or against an association 

between virus infections and T1D (Green et al., 2004).  

 

2.1.3 Factor 3: T Cell destruction of Beta-cells  

           T1D appears to be mainly a T-cell mediated autoimmune disease based on 

several lines of evidence from both animal and human models. In humans, the 

pancreas of patients, who had died from recent-onset T1D, showed infiltration of 

macrophages and lymphocytes with a high proportion of CD8+ cells. In animal 

models, auto-aggressive T cells are also found infiltrating the pancreas after recent-

onset T1D (Fossati et al., 1999). Moreover, several auto-reactive T-cell clones were 

able to transfer the disease into susceptible immuno-deficient mouse strains, thus 

providing direct proof of concept for T cell infiltration (Fossati et al., 1999).  

 

2.2 Physiological impairments attributed to T1D                                    
 

Physiological impairments observed in individuals with T1D, arise following 

disruption of two physiological processes directly affected by the condition: i) 

dysregulated glycaemia and ii) diminished insulin availability and impaired insulin 

signalling actions. These alterations, contribute to, a deterioration in muscle health. 

This impaired sub-optimal skeletal muscle function alters the management of 
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glycemic control, further impacting negatively insulin sensitivity, glucose/lipid disposal 

and basal metabolic rate (Krause et al., 1985; Krause et al., 2011; Fricke et al., 

2008). Though insulin resistance is more commonly associated with the development 

of type 2 diabetes, individuals with T1DM also demonstrate insulin resistance 

(Nadeau et al, 2010; Kilpatricket et al, 2007). Insulin resistance has been observed in 

T1DM youth (Nadueau et al, 2010) and individuals with long-duration T1D, and 

occurs independent of glycemic control (Schauer et al, 2011). Impairment of glucose 

transporters (Khan et al, 1992) and glucose transport following exercise (Peltoniemi 

et al, 2001) have been observed in insulin resistant T1DM, further enhancing the 

diabetic phenotype. Insulin resistance in T1DM has been linked directly with skeletal 

muscle pathology (Nuutila et al, 1993) through increased IMCL deposition and 

dysregulation of fatty acid oxidation (Kelley et al, 1999).This progressively impairs 

skeletal muscle health, resulting in the development of diabetic complications which 

worsen over the lifespan.  

T1D is a catabolic disorder where the beta cells of the pancreas fail to 

respond to all insulin-secretory stimuli adequately resulting in circulating insulin being 

extremely low or absent and an elevation in plasma glucagon. The primary 

physiologic consequence of insulin deficiency is the disruption of glucose uptake into 

muscle and adipose cells. In the absence of adequate insulin production, the body 

cannot optimally control glycaemic, leading to hyperglycemia. Despite exogenous 

insulin therapy, it is challenging to maintain glycaemic levels within an acceptable 

range, and frequent glycaemic fluctuations between hypoglycemia and 

hyperglycemia occur daily (Iscoe et al., 2006).  

 

 

2.3 T1D physiological impairments in skeletal muscle metabolism and function 
 

2.3.1 Diabetic Myopathy 

Diabetic myopathy, is defined as the combined impairments of the structural, 

functional, and metabolic capacities of skeletal muscle that can be observed in 

individuals living with T1D (Almeida et al., 2008) and a switch to a glycolytic 

phenotype (Andersen et al., 1997, 2004; Crowther et al., 2003; Fritzsche et al., 2008; 

Krause et al., 2009, 2013). In addition to growth and function, the capacity for repair 

from damage is also adversely affected by T1DM (Krause et al., 2011, 2013). 

Chronic glycaemic vaiability results ins changes in circulating hormones and 
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alters muscle metabolism which are significant contributors to the diabetic myopathic 

condition. Mechanisms of hyperglycemic injury vary between cell types. Several of 

the well-known pathologic intracellular pathways directly associated with 

hyperglycemia include polyol pathway flux via aldose reductase activity (Tomlinson 

et al., 1992), oxidative stress (Van Dam et al., 1995), protein glycosylation 

(Brownlee, 1994), and abnormal Ca2+ signaling (Verkhratsky & Fernyhough, 2008). 

Significant changes in osmolarity (315–360 mOsm/kg) are seen during uncontrolled 

T1D compared to non-diabetic counterparts (285–295 mOsm/kg) [33–35]. Therefore, 

it is likely that adaptive and/or deleterious effects of hyperglycemic osmotic stress 

play a role in the pathophysiology of diabetic myopathy. 

These molecular and cellular maladaptation’s occurring within the muscle, are 

manifested as muscle atrophy and impaired regenerative capacity. Protein 

expression altered by the T1D condition is a driving force in the development and 

progression of diabetic myopathy. Specifically, alterations to i) Insulin-like growth 

factor - 1 (IGF-1), ii) Interleukin - 6 (IL-6) and iii) Plasminogen activator inhibitor - 1 

(PAI-1) have been identified as the primary influencers.IGF-1 plays a relevant role in 

fetal development, growth during childhood and adolescence, and adult tissue 

homeostasis. In addition, IGF-1 seems to have athero and neural protective actions, 

insulin-like effects (at high concentrations) and to regulate skeletal metabolism and 

muscle regeneration (Vitale et al., 2019). Plasma concentration of IGF-1 is 

decreased in individuals with T1D (Moyer-Mileur et al., 2008; Dehoux et al., 2004). 

IGF-1 reduces the expression of the ubiquitin-ligase components such as atrogin-1, 

E2 ligase, and ubiquitin (Dogan et al., 2006).  

Elevations in IL-6 levels are associated with loss of muscle mass/strength 

and are coupled with the initiation of skeletal muscle proteolysis (Visser et al., 2002). 

IL-6, an inflammatory cytokine, has been linked with numerous atrophic conditions, 

such as cachexia (Koh et al., 2005) and sarcopenia (Suelves et al., 2005). IL-6, 

promptly and transiently produced in response to infections and tissue injuries, 

contributes to host defense through the stimulation of acute phase responses, 

hematopoiesis, and immune reactions (Tanaka et al., 2014).  Limited research has 

examined the effects of IL-6 in T1D, however it has been found to be elevated in T1D 

individuals when compared to Non-D counterparts (Dogan et al., 2006; Lukacs et al., 

2012). Chronic elevations in circulating IL-6 have deleterious effects on skeletal 

muscle which results in the downregulation of growth factor-mediated intracellular 

signalling, causing atrophy and loss of myofibrillar protein (Rosa et al., 2008; Ruzix et 
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al., 2008). Studies have demonstrated that IL-6 elevation is consistent in individuals 

with T1D (Galassetti et al., 2006; Dogan et al., 2003; Rosa et al., 2009; Rosa et al., 

2008) and that the glycemic state influences IL-6 levels (Gordin et al., 2008; 

Galassetti et al., 2006). Chronic IL-6 interactions exert effects on tissue growth but it 

is unknown whether elevations in IL-6 are responsible, directly or indirectly for 

reducing IGF-1 levels and for loss of muscle mass/growth in T1D. 

PAI-1 Plasmin mediates the degradation of the extracellular matrix either by 

itself or in conjunction with matrix metalloproteinases and is paramount in a number 

of age-related subclinical (i.e., inflammation, atherosclerosis, insulin resistance) and 

clinical (i.e., obesity, various comorbidities, Werner syndrome) conditions (Cesari et 

al., 2010). PAI-1 is implicated in the pathogenesis of diabetic complications (Visser et 

al., 2002; Galassetti et al., 2006; Dogan et al., 2006; Rosa et al., 2009). High levels 

of PAI-1 slows regeneration in skeletal muscle following following a myotrauma (Koh 

et al., 2005; Suelves et al., 2005; Gordin et al., 2008), and are considered one of the 

contributing factors to diabetic myopathy (Monaco et al., 2017). Elevations in PAI-1 

occurs at the time of clinical diagnosis and may reoccur with prolonged disease 

duration (Fibbi et al., 2001). Downstream protein effectors of PAI-1 regulate muscle 

satellite cell activity, providing an additional mechanism of controlling skeletal muscle 

growth (Fibbi et al., 2001; Fibbi et al., 2002). Expression of PAI-1 is positively 

regulated by glucocorticoid levels which are elevated in T1D, resulting in much 

higher PAI-1 levels and a reduced regenerative capacity in individuals with T1D (van 

Zonneveld et al., 1988). 

Furthermore, the accumulation of intramyocellular lipids (IMCL) and its 

associated intermediates, contribute to the occurrence of pathological complications 

observed in the skeletal muscle, including alterations in insulin sensitivity and 

signalling (Krause et al., 2011). Skeletal muscle from insulin-treated T1D individuals 

typically contains more IMCL compared to Non-D muscle (Godil et al., 2005; 

Charlton et al., 1998; Lee et al., 2004). Individuals with poor glycemic control display 

higher IMCL content than individuals in reasonable glycemic control (determined by 

HbA1c% or postprandial glycaemic level); in fact, T1D individuals with reasonable 

glycemic control did not differ from Non-D in terms of IMCL content (Charlton et al., 

1998;). Hematoxylin and eosin stain images demonstrate T1D and Non-D skeletal 

muscle at eight weeks of diabetes (left column), and ten days following a cardiotoxin-

induced injury (right column) Fig 2.1 show visible reductions in muscle fiber size as 

indices of muscle atrophy and attenuated regeneration. 
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Repair of skeletal muscle following injury, a process that is critical for the 

maintenance of a healthy muscle mass, is impaired in the T1D environment (Koh et 

al., 2005). Altered hormonal milieu and hyperglycemia are the primary causes of 

poor muscle regeneration. These alterations and the resulting numerous cellular and 

molecular maladaptation’s, affect the rate of regeneration because of their influence 

on muscle protein synthesis and degradation. Over time, these maladaptation’s 

manifest as diabetic myopathy. 

 

2.3.2 Mitochondrial dysfunction in skeletal muscle of Individuals with T1D  

Not surprisingly, T1D have been found also to affect mitochondrial function 

(Crowther et al., 2003; Cree-Green et al., 2015; Monaco et al., 2018; Brownlee, 

2005). Crowther et al., (2003), for instance, reported a slower rate of 

phosphocreatine (PCr) re-synthesis, a measure that infers mitochondrial oxidative 

capacity in men living with T1D and with well-controlled glycaemia (HbA1c of <7.0%) 

compared to Non-D counterparts. These findings occurred irrespective of the level of 

physical activity in the T1D individuals (4 sedentary and 3 recreationally-active), 

indicating that: i) participants with T1D have a reduced muscle mitochondrial 

oxidative capacity despite having well-controlled glycemia; ii) in T1D being 

recreationally-active was not sufficient to prevent diminutions in muscle mitochondrial 

respiratory function (Crowther et al., 2003). Cree-Green et al. (2015) examined 

mitochondrial oxidative capacity and the rates of mitochondrial oxidative 

phosphorylation (time taken to convert ADP to ATP) in sedentary/recreationally-

active adolescents (~15 years-old) with an HbA1c of >8%. They found that 

mitochondrial oxidative capacity was significantly lower in adolescents with T1D 

compared to matched Non-D counterparts. They also reported a delay in the 

recovery of ADP, indicating slower rates of mitochondrial oxidative phosphorylation. 

Consistent with the aforementioned works (Crowther et al., 2003; Cree-Green et al., 

2015) a recent study (Monaco et al., 2018) investigating mitochondrial function in 

T1D adults with moderate glycemic control (HbA1c 7.9%), found that physically 

active men and women with T1D had a ~20% reduction in mitochondrial oxidative 

capacity compared to Non-D matched counterparts; Additionally, they observed 

significant attenuations in the sensitivity and respiratory capacity of Complex II of the 

electron transport chain (ETC), but not Complex I, revealing for the first time, site-

specific deficiencies in the mitochondrial ETC in the muscle of young adults with T1D 

(Monaco et al., 2018). Interestingly, these impairments of mitochondrial respiratory 

function occurred in the absence of changes in mitochondrial content and capillary 
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density, implying that these alterations were intrinsic to the mitochondria and not 

secondary to oxygen/energy supply or mitochondrial content. 

Hyperglycemia leads also to enhanced mitochondrial reactive oxygen species 

(ROS) production in tissues that cannot efficiently regulate glucose uptake, including 

the endothelial, mesangial and Schwann cells, thereby increasing the susceptibility to 

oxidative stress and ultimately cellular damage/complications (Brownlee, 2005). Until 

recently, the common thought was that tissues that can regulate glucose transport 

(i.e. the insulin-sensitive tissues: skeletal muscle, adipose tissue and liver) were not 

susceptible to damage inflicted by hyperglycemia in T1D, but it remained unknown 

whether T1D impacted mitochondrial ROS production/oxidative stress in these 

insulin-sensitive tissues in humans. Monaco et al. (2018) assessed, in 5 different 

sites within mitochondria, the capacity to generate H2O2 in the skeletal muscle 

comparing the responses in T1D and Non-D individuals. They found that 

mitochondrial H2O2 emission (production minus scavenging) was significantly 

elevated only at Complex III in T1D compared to Non-D counterparts. However, 

Complex III has been demonstrated to be the primary producer of ROS within the 

ETC (Bleier and Dröse, 2005). A critical outcome of excess ROS/oxidative stress 

includes DNA and protein damage and apoptotic cell death, as previously mentioned, 

which can lead to a decrease in muscle function by damaging proteins critical for 

muscle contraction as well as a decrease in muscle size by reducing fiber number 

(Romanello and Sandri, 2015). 

An increased susceptibility to opening of the mitochondrial permeability 

transition pore (mPTP) is favoured by mitochondrial Ca2+ overload and high 

concentrations of ROS, leading to programmed cell death (Monaco et al., 2018). 

These authors (Monaco et al., 2018), demonstrated that skeletal muscle 

mitochondria in those with T1D have significant reductions in Ca2+ retention capacity 

(CRC) compared to Non-D counterparts; highlighting the increased apoptotic 

potential and mitochondrial Ca2+ overload in human T1D skeletal muscle and further 

supporting the presence of a mitochondrial dysfunction. The evidence to date, albeit 

limited, highlights skeletal muscle mitochondrial dysfunction in individuals with T1D a 

complication that appears to occur early in the diabetes progression.  

Exposure to chronic hyperinsulinemia via exogenous insulin therapy as in 

T1D, results in increased glucose flux into the muscle, glucose overload, and an 

elevated level of pyruvate. In Non-D individuals, pyruvate undergoes oxidation to 



 
 

 20

acetyl-CoA via pyruvate dehydrogenase (PDH) in the mitochondria, the resulting 

tricarboxylic acid (TCA) cycle produces electrons donors NADH and FADH2. These 

electron donors drive the electron transport chain (ETC) culminating in the production 

of ATP. Individuals with T1D, experience intracellular hyperglycemia affecting 

mitochondrial function via two processes. i) Substrate overload results in elevated 

reactive oxygen species (ROS) production, leading to oxidative damage of 

mitochondrial proteins and reduced ETC activity (mitochondrial respiration). ii) 

Elevated substrate flux through the mitochondria results in phosphorylation 

(inhibition) of PDH activity and a concomitant decrease in ETC activity via reduction 

of substrate entry into the mitochondria (Monaco et al., 2017). The intracellular 

hyperglycemia mediates the decrease in mitochondrial function (via negative 

feedback on PDH) preventing substrate entry into the mitochondria and shifting 

pyruvate toward lactate production, hence placing a greater reliance on glycolytic 

rather than oxidative metabolism for energy production (Fig 2.2). Whether changes in 

metabolic profile occurring within the muscle of those with T1D result in the structural 

and functional deficits described is still unclear.  
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Fig 2.1 Mitochondrial degradation in T1D  

 
ADP - adenosine diphosphate, Pi - inorganic Phosphate, H+ - hydrogen, G6P – glucose-6-phosphate, 
ATP - Adenosine triphosphate, LDH - Lactate dehydrogenase, PDH - Pyruvate Dehydrogenase, ETC - 
electron transport chain, ROS – reactive oxygen species, NADH - nicotinamide adenine dinucleotide 
(NAD) + hydrogen (H), FADH2 - flavin adenine dinucleotide, Acetyl-CoA - acetyl coenzyme A, TCA - 
tricarboxylic acid (Monaco et al., 2017). 
 
 
 
 
 

2.4 T1D-related alterations in skeletal muscle strength, fatigue and 
cardiorespiratory fitness. 
 

2.4.1 Muscle mass and muscle function (strength and fatigue)  

 
A loss of muscle mass (Andersen et al., 1997; Andersen et al., 2004) and a 

concomitant reduction in muscle fiber size have been observed in individuals living 

with T1D (Jakobsen et al., 1986). Moreover, disruptions of Z-lines, and morphological 

abnormalities in the muscle mitochondria, in the absence of morphological 

indications of neuropathy, have been observed even in recently diagnosed T1D 
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individuals (Reske-Nielsen, 1977). These findings indicate that skeletal muscle is 

acutely sensitive to T1D before appearance of neuropathic complications and 

emphasise the importance of early diagnosis and intervention. Maximal force 

production is reduced in the skeletal muscle of T1D adults (Andersen et al., 1997; 

Andersen et al., 1996; Andersen et al., 2005; Andersen, 1998; Andreassen et al., 

2009), with the extent of the impairments being correlated to the severity of 

neuropathy. Moreoever this diabetic neuropathy effects static and dynamic exercise 

differently (Andersen et al., 1996; Andersen et al., 1998; Brazeau et al., 2008; 

Temple et al., 1995). 

Indeed, several studies have shown that maximal force production, either 

isometric or isotonic, is reduced in adults with T1D (Brownlee, 2005; Brazeau et al., 

2008; Temple et al., 2007; Somwar et al., 1998).  

 

 

2.4.2 Muscle fatigue  

 

Micro and macrovascular complications are a common observation in T1D 

often resulting in impairments in both the contractile and electrical features of skeletal 

muscle. These complications follow prolonged suboptimal glycemic control (DCCT, 

1993; Bril et al., 1996) and can further progress into an overt diabetic polyneuropathy 

(DPN), resulting in both sensory disturbances and reduced muscular strength 

(Andreassen et al., 2006). One of the most common consequences of diabetes-

related neuropathy is the reduction in both motor and sensory nerve conduction 

velocity (NCV). Given the relationship between elevated HbA1c and adverse control 

of glucose control, it is not surprising to find that individuals presenting with elevated 

levels of HbA1c present with the most significant reductions in NCV (Hyllienmark et 

al., 2001). Even in newly diagnosed T1D individuals, the association of 

hyperglycemia and the degeneration of peripheral sensory and motor neurons, 

predominantly in the lower limbs (Meh and Denislic, 1998), indicate that impairments 

in nerve and muscle function are occurring before the development of overt 

neuropathy (Fig 2.3). Skeletal muscle endurance during acute isokinetic exercise 

may be increased slightly in longstanding diabetes; this may be in part related to an 

increased proportion of fatigue-resistant type 1 fibers (Andersen, 1998), although this 

phenomenon that has not ben consistently reported in later studies.  
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Fig 2.2 Pathogenesis and effects of DPN 

 
Cascading effects of prolonged hyperglycemia on diabetic neuropathy. AGE = Advanced glycation end 
products. 
 
 
 

Whole-body fatigue is a frequent complaint in individuals living with diabetes 

(Surridge et al., 1984; Weijman et al., 2003); however, the symptoms of fatigue are 

often directly related to the level of glycemic control (van der Does et al., 1996). 

Individuals diagnosed with T1D display no degeneration of motor endplates, despite 

the presence, within the skeletal muscle, of myopathy indicators such as atrophy, 

increased intramyocellular lipids IMCL and sarcomere disruption (Andersen et al., 

2004), thus indicating that diabetic myopathy occurs independently of diabetic 

neuropathy.  

Studies investigating muscular endurance in people with T1D have been 

ambiguous in their findings. Andersen, 1998 reported no improvements in muscular 

performance in adults with T1D, while Almeida et al., 2008 reported slower 

conduction velocities and lower motor unit discharge frequency (MUDF) in people 

with T1D than their Non-D controls, resulting in decreased endurance during 

isometric exercise. Andersen, 1998, found no correlation between endurance index 

of the muscle group and neuropathic symptoms, while the study by Almeida et al. 

2008, reported a significant correlation between time to fatigue and motor nerve 

conduction velocity, indicating a possible neural component for the impaired muscle 
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function observed. These contradictory findings illustrate the need for muscle further 

investigation into the effects of T1D on neuromuscular function and fatigue. 

 

2.4.3 Cardiorespiratory fitness  

 
There is evidence of impaired muscle oxygen delivery in poorly controlled 

T1D individuals compared to well-controlled individuals with T1D or Non-D 

counterparts (Tagouugui et al., 2015). In trained athletes, those with T1D had a lower 

V̇O2 peak but a similar maximum workload compared with Non-D counterparts (Baldi 

et al., 2010). However, there evidence of a direct relationship between the level of 

aerobic fitness and glycaemic control. The T1D athletes with HbA1c < 7% were as 

aerobically fit as their Non-D counterparts, while those with HbA1c > 7% displayed 

an inadequate peak oxygen uptake and decreased maximum workload (Baldi et al., 

2010). Peak minute ventilation volumes and markers of respiratory exchange ratio do 

not appear to differ in those with T1D (Veves et al., 1997). However, it has been 

reported that in individuals with T1D during exercise, pulmonary diffusion is lower 

(Hsia and Raskin, 2005), as is arterial blood oxygen saturation (Baldi et al., 2010). 

The effect of glycemic control on these variables remains uncertain.  

Changes in cardiac and hemodynamic adaptations to exercise may be seen 

in those with T1D, especially in those with less than optimal glycemic control. During 

exercise, individuals with T1D have both reduced stroke volume and reduced 

maximal heart rate (Niranjan et al., 1997; Gusso et al., 2012). However, these 

findings are attenuated in those with tight glycemic control; maximal cardiac index 

(cardiac index is an assessment of the cardiac output value based on the patient’s 

size) was reduced by 31% in a study of T1D with poor glycemic control, and only 

16% in those with tight glycemic control, compared to non-diabetic individuals 

(Niranjan et al., 1997). Diastolic dysfunction, more than systolic dysfunction, appears 

to drive the reductions in stroke volume seen in both the baseline and exercise 

conditions in those with T1D. Reduced diastolic relaxation, reduced ventricular 

compliance, and reduced preload all likely contribute to reduced end-diastolic volume 

(EDV) (Niranjan et al., 1997; Gusso et al., 2012). 

Contrary to these findings, some studies investigating cardiorespiratory differences 

between T1D and Non-D populations (Austin et al., 1993; Baraldi et al., 1992; Gusso 

et al., 2008; Hagan et al., 1979; Huttunen et al., 1984; Komatsu et al., 2005; Niranjan 

et al., 1997; Rowland et al., 1992; Veves et al., 1992; Nugent et al., 1997; Heyman et 

al., 2005) using measurements of maximal oxygen consumption (V̇O2 max), peak 
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oxygen consumption, and submaximal exercise tests (PWC170) have reported no 

evidence of impairment in cardiorespiratory performance in individuals living with 

T1D. Taken as a whole, all of this data indicates diabetes and the physical activity 

level of people living with diabetes are the most significant influences on the level of 

cardiorespiratory fitness. It must be noted that the aforementioned studies 

predominantly examined physically inactive participants and these findings may be 

highly inlfenced by participant physical inactivity as opposed to the condition alone.  

 

2.5 Exercise and T1D 

2.5.1 Barriers and facilitators to exercise 

 
Individuals with T1D, have reported the usual variety of barriers to exercise 

(lack of time, work-related factors, access to facilities, lack of motivation) and in 

addition, the fear of hypoglycemia (Brazeau, 2005; Lascar et al., 2014). The American 

Diabetes Association (ADA) have published exercise testing and prescription 

guidelines for people living with T1D (Table 2.1) (Colberg et al., 2016), however a large 

percentage of individuals with T1D do not reach the recommended activity level for 

exercise. A retrospective study of the Diabetes and Complications Trial found that 19% 

of (271 out of 1441) participants were not achieving ADA activity level 

recommendations (Makura et al., 2013). In the EURODIAB prospective cohort study 

involving 2182 individuals with T1D from 16 European countries, 786 (36%) 

participants were doing none or only mild levels of physical activity (Tielemans et al., 

2013). Similarly, 23% of T1D individuals, participating in the Finnish Diabetic 

Neuropathy Study, were sedentary, with a further 21% reported doing less than one 

session of exercise per week. A UK qualitative study suggests that although fear of 

hypoglycaemia is a main factor when individuals with T1D consider exercise, other 

external factors, such as lack of time, work pressures and weather were more 

significant barriers to physical activity (Lascar et al., 2014). To date, no studies have 

examined attitude and barriers to exercise in individuals recently diagnosed with T1D, 

a time when exercise habits are significantly influenced due to disease onset. Despite 

our understanding of the importance of exercise in a T1D population, the actual 

recommendations reflect mostly generic exercise prescription guidelines. As a result, 

there is still ambiguity as to which one is the optimal exercise prescription which is 

tailored for this condition and that provides exercise guidelines concerning exercise 

mode, intensity and volume specific for adults living with T1D, a knowledge gap that 

this thesis attempts to go some way to addressing. 
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Table 2.1 American Diabetes Association (2016). 
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2.6 Role of Exercise in T1D 

 
Oxidative metabolism (Aerobic respiration) during exercise requires oxygen (O2) in 

order to create ATP. Although carbohydrates, fats and proteins are consumed as reactants, 

aerobic respiration is the preferred method of pyruvate breakdown in glycolysis, and requires 

pyruvate to the mitochondria in order to be fully oxidized by the citric acid cycle. The 

products of this process are carbon dioxide and water, and the energy transferred is used to 

break bonds in ADP to add a third phosphate group to form ATP.  
 Resistance or non-oxidative metabolism during exercise non-oxidative energy system 

does not require oxygen to generate ATP. Instead, the cells where the ATP is produced 

require glucose (carbohydrates that have been broken down) as the fuel source. 

While oxidative energy aerobic (AER) and non-oxidative resistance (RES) exercise 

are often considered in isolation, a training that contemplates both modes of exercise at the 

same time is termed 'combined' exercise training and may represent a time-efficient training 

strategy. Combined (COMB) exercise training can target a broad range of health and fitness 

outcomes (Cadore et al., 2014) and is under-explored in T1D individuals. ADA guidelines are 

now over three years old, and there have been a plethora of studies performed in T1D and 

exercise since their publication, this section of the thesis will focus on AER (oxidative) and 

RES (non-oxidative) exercise and their effects on acute glycaemic control, gene expression 

and signalling pathways related to skeletal muscle health (oxidative capacity, inflammation, 

and muscular growth), body composition, muscle strength and aerobic capacity in T1D adults. 

 

 

2.6.1 Overview of exercise on glycaemic control  

 
Skeletal muscle is vital in glucose homeostasis and metabolic regulation. Exercise 

impacts by acting on physiological systems and causing perturbation to glucose 

homeostasis and energy needs. To simplify two exercise types can be considered: AER and 

RES, both depending on the speed/force of muscle contraction, muscle fiber type 

involvement and the utilisation of energy substrates. Each of these exercise types have 

diverging effects on glycaemic response in individuals living with T1D (Riddell and Perkins, 

2006). 

Glucose circulates in the blood and is critical in the physiological function of many 

tissues (Wasserman, 2009). When commencing AER exercise, glucose production (via 

glycogenolysis) increases in the liver by 5 to 10-fold, to match peripheral glucose disposal 

into working muscle; if glucose production does not occur, circulating glucose levels will 
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decrease. Glucose production may increase to 10 mg/kg body mass/min during high-

intensity AER exercise (i.e., 50–70% of maximal AER capacity, V̇O2max with minimal changes 

in circulating glucose concentration (Raguso et al., 1995).  

Non-oxidative (Anaerobic) exercise, however, are typically performed at high 

intensity for seconds or few minutes depending on the intensity. During this non-oxidative 

exercise, hepatic glucose production may increase to 15 mg/kg body mass/min, an amount 

that exceeds muscular glucose disposal (Sigal et al., 2000). Controlling glucose 

homeostasis during exercise is dictated by a complex interaction between multiple hormonal 

regulators (e.g., insulin, glucagon, catecholamines, and glucocorticoids), the nervous 

system, and various molecular regulators within skeletal muscle and liver, allowing for 

control of glucose concentration during most activities. In individuals living with T1D, 

however, control of glucose homeostasis during exercise is extremely challenging, as insulin 

levels cannot change rapidly in response to exercise, and there may be deficiencies or 

exaggerated hormonal responses (Riddell and Perkins, 2006). A variety of unpredictable 

factors can occur, causing exercise-related glycaemic fluctuations in individuals living with 

T1D. 

 

2.6.2 Physiological actions of Aerobic (Oxidative) exercise 

 

AER exercise as any activity that uses large muscle groups, can be maintained 

continuously and is rhythmic in nature (Wahid et al., 2016) and often results in a reduction in 

glucose concentrations due to a failure in circulating insulin levels to decrease from the 

onset of exercise (Camacho et al., 2005). During AER exercise, glucose utilisation may 

increase too and exceed 2.0 g/min in individuals living with T1D (Robitaille et al., 2007), 

further reducing circulating glucose levels. Individuals with T1D have varied interindividual 

differences in glycaemic responses to exercise, although some common traits exist (Temple 

et al., 1995). This individual variability of glycemic responses appears to be related to 

differences in pre-exercise glycaemic concentrations, the level of circulating 

counterregulatory hormones and the modality/duration of the exercise. During AER exercise, 

failure in the response of circulating insulin to decrease, in individuals with T1D, limits 

glucose production by the liver, while facilitating an increase in glucose disposal into skeletal 

muscle. This imbalance in both production and utilisation of glucose results in a reduction of 

circulating glucose which ultimately causes hypoglycemia (upper panel Fig 2.4). Exposure to 

AER exercise or hypoglycemia also blunts glucose production during subsequent exercise 

with decreased glucose counterregulatory responses (i.e., glucagon and catecholamines); 

therefore individuals with T1D, who are preferentially engaged in AER physical activities, 
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suffer of frequent episodes of hypoglycemia as illustrated in Fig 2.4 (Riddell & Perkins, 

2009). 

Signalling actions occur as a result of AER exercise via immediate fluctuations in 

intracellular calcium, ATP and redox potential activate ‘metabolic/stress’ kinases such as 

p38MAPK, ERK1/2 and AMPK (Coffey & Hawley 2007). An increase of GLUT-4 

translocation and upregulation in the levels of transcription factors such as PGC-1α occur, 

increasing mitochondrial biogenesis and improving the oxidative capacity of skeletal muscle 

(Jäger et al., 2007). Physiological response to exercise includes transient increase in muscle 

production of pro and anti-inflammatory cytokines, e.g. the myokine interleukin-6 (IL-6), 

which plays an essential role in metabolic regulation (Pal, 2014), especially glucose 

homeostasis (Febbraio et al., 2004; Turner et al., 2014).  

 

 

2.6.3 Physiological actions of Resistance training (Non-oxidative exercise) 

 

Conversely, resistance exercise (defined also in this thesis as non-oxidative 

exercise) usually increases glycaemic levels in individuals living with T1D as a result of 

elevations in catecholamine levels and insulin reductions (Sigal et al., 1994). Exercise-

induced hyperglycemia may remain for hours post-exercise and affect overall glycemic 

control and subsequent exercise performance. Exercise-induced hyperglycemia requires 

additional insulin to enhance control (Marliss and Vranic, 2002); however, adequate 

guidelines are not available to assist individuals with T1D at risk for post-exercise, late-onset 

hyperglycemia. Many physical activities are a combination of both AER and non-oxidative 

phases, making glycaemic control in exercising individuals with T1D extremely difficult 

(Guelfi et al., 2007). In contrast, in individuals with T1D performing non-oxidative exercise, 

an elevation in catecholamines coupled with failure in circulating insulin levels to increase at 

the end of vigorous exercise augments glucose production by the liver while limiting glucose 

disposal into skeletal muscle (below segment of Fig 2.4). Proposed mechanisms for 

exercise-associated glycaemic response in T1D are illustrated in Fig 2.4 (Riddell and 

Perkins, 2009). 

 RES exercise, in its classical form can be considered an non-oxidative activity and, 

unlike AER, stimulates the signaling pathways responsible for skeletal muscle growth, which 

mainly converge to a common pathway centred on IGF-1/Akt/mTOR and hence its effectors 

that control protein synthesis such as eukaryotic elongation factor 2 (eEF2) (Wilkinson et al., 

2008; Egerman & Glass, 2013). Moreover, many of these components have additional roles 

in the regulation of glucose uptake and glycogen synthesis (Clemmons, 2012). Deletion of 
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muscle IGF-1 impaired glucose clearance both at rest and during exercise (Vassilakos et al., 

2018). Further, ablation of both IGF-1 receptor (IGF1R) and insulin receptors in muscle 

affects both muscle-mass and glucose homeostasis (O'Neill et al., 2015).  

 

Fig 2.3 Schematic representation of the effects of aerobic (Oxidative) and Non-

oxidative exercise on glycaemic levels in persons with T1D (Riddell & Perkins 2009).  

 

 
Mechanisms for exercise-associated hypoglycemia and hyperglycemia in type 1 diabetes. 
 

 

 

2.7 Exercise as a concomitant therapy in T1D 
 

Exercise should be regarded as an essential component in the management of T1D 

due to its ability to improve both glucose and lipid metabolism (Goodyear and Kahn, 1998) 

and glycaemic control (Yardley et al., 2013). Moreover, in T1D, exercise has been associated 

with reductions in daily insulin requirement, and a decreased risk of related co-morbidities 

(Heyman et al., 2007).  

A number of studies have examined acute and long-term glycaemic control (Chimen 

et al., 2012; Garcia-Garcia et al., 2015: Kennedy et al., 2013; Yardley et al., 2014; Tonoli et 
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al., 2012). Conflicting evidence exists regarding the benefits of physical activity for long-term 

blood glucose control in adults living with T1D. Regarding effects of exercise on long term 

glycaemic control insufficient well-designed studies to ascertain the true effect of exercise 

training on HbA1c in individuals with T1D, but current results are promising (Yardley et al., 

2014; Kennedy et al., 2013; Tonoli et al., 2012). Despite the aforementioned findings 

Chimen et at., 2012 concluded that whilst there is sufficient evidence to recommend physical 

activity in the acute management of type 1 diabetes, it is still unclear as to what form, 

duration and intensity should be recommended. 

Accordingly, improvements in skeletal muscle health by way of exercise would 

promote a higher state of well-being in individuals with T1D. Onset and progression of diabetic 

myopathy are directly correlated with duration of T1D (Krause et al., 1985), and the onset of 

T1D during critical growth periods in children, which can lead to a reduction in physical fitness 

when compared to their healthy age-matched counterparts (Krause et al., 1985; Nguyen et 

al., 2015). These reductions are attributed, in part, to the inverse association between 

glycemic control and skeletal muscle function (Komatsu et al., 2005, Baldi et al., 2010). As 

previously discussed, T1D individuals commonly experience impairments in skeletal muscle 

function and growth (Krause et al., 1985; Fricke et al., 2008). Based on these data, the 

implementation of an exercise training program would be considered an effective therapeutic 

strategy to enhance glycaemic control, improve muscle health and delay the onset and 

progression of other diabetic complications. 

Changes to long term glycemic control (measured by HbA1c) is a contributing factor 

to disease progression, and hyperglycemia is prone to induce an assortment of co-morbidities 

that further perpetuate the disease state (Dahl-Jørgensen et al., 1980) including muscle 

morphology and function (Reske-Nielsen et al., 1977; Andersen et al., 1996; Almeida et al., 

2008). Studies investigating the therapeutic benefit of exercise on the overall health of those 

with T1D have relied on HbA1c as a primary outcome measure. Indeed, while exercise has 

been shown to increase glucose uptake and improve insulin sensitivity, information on its 

effect on HbA1c remains mostly controversial. Studies assessing the impact of either AER 

and RES training protocols in T1D fail to establish a consensus on whether or not increasing 

physical activity improves glycemic control (Campaigne et al., 1984; Dahl-Jørgensen et al., 

1980; Landt et al., 1985; Wallberg-Henriksson, 1992; Zinman et al., 1984; Chimen et al., 2012; 

Garcia-Garcia et al., 2015: Kennedy et al., 2013; Yardley et al., 2014). Moreover, with recent 

advances in technology (i.e. the use of continuous monitoring devices), future research needs 

to target controlling glycaemia and optimise time in range (TIR) for blood glucose levels.  

Some studies incorporating RES training protocols have reported no effect on HbA1c 

levels (Ramalho et al., 2006, Heyman et al., 2007), while others indicate beneficial effects 
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when incorporating both RES and AER exercises (Mosher et al., 1998). Nevertheless, 

longitudinal data suggest that AER training results in significant improvements in overall 

glycemic control despite only having minimal improvements in HbA1c levels (Roberts et al., 

2002; Wallberg-Henriksson et al., 1982). Discrepancies in HbA1c improvements amongst the 

studies reported are thought to be a result of variations in insulin dosage (reducing dosages 

as a means to prevent exercise-induced hypoglycaemia) and carbohydrate uptake, which 

override changes in glucose disposal.  

Although improved physical fitness may not dramatically improve glycemic control, 

physical activity is still encouraged for all T1D individuals due to the additional skeletal muscle 

health benefits incurred, including attenuation of microvascular complications, improved 

insulin sensitivity, reductions in inflammation, and enhanced muscle growth and repair 

(Galassetti and Riddell, 2013; Goodyear and Kahn; 1998; Aouadi et al., 2011; Wilkinson et al. 

2008; Egerman & Glass, 2013; Vassilakos et al. 2018). As the progression of T1D promotes 

the onset of various microvascular complications, these complications not only stimulate a 

worsened disease state but may also interfere with the individual's physical capacity (Wadén 

et al., 2008). Addressing the role of vascular complications in the skeletal muscle in T1D, as 

maladaptive changes to the diabetic muscle often precede the advancement of other 

complications (Krause et al., 2011; Jakobsen and Reske-Nielsen, 1986; Reske-Nielsen et al., 

1977). The effect of exercise therapy on skeletal muscle vasculature is mainly positive, with 

many studies reporting increases in angiogenesis-related genes (Kivelä et al., 2006), and 

enhanced vascular function (Fuchsjäger-Mayrl et al., 2002; Mason et al., 2006). An inverse 

correlation exists between physical activity and the development of macro-and microvascular 

complications in long-standing T1D (Kriska et al., 1991); however, specific adaptions in 

skeletal muscle vasculature following exercise training remains unknown. 

Elevations in markers of inflammatory and oxidative stress have been identified in T1D 

individuals (Jialal, 2006; Giugliano et al., 1996; Nicolls et al., 2007). Inflammation is known to 

negatively impact skeletal muscle health, as observed by the positive correlation between 

inflammatory factors and muscle wasting (Ladner et al., 2003; Melstrom et al., 2007). Exercise 

does elicit anti-inflammatory effects (Lira et al., 2009; Zanchi et al., 2010), which are 

dependent on exercise type, duration, intensity, endurance capacity and muscle morphology 

(Zanchi et al., 2010; Balducci et al., 2010). Furthermore, acute bouts of exercise demonstrated 

dysregulation in the expression of inflammatory and oxidative stress variables in individuals 

with T1D (Rosa et al., 2011), thereby providing evidence for the importance of exercise training 

in the reduction of inflammation associated with T1D disease progression. 

Despite exercise reduction in pro-inflammatory cytokines, it has also been found to 

promote the expression of anti-inflammatory cytokines that enhance muscle health. The 

cytokine IL-6, while primarily proinflammatory, is also known to exert beneficial effects on 
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skeletal muscle following training. Elevated IL-6 production promotes greater glucose uptake 

during exercise (Steensberg et al., 2001) and an up-regulation of additional anti-inflammatory 

cytokines (Yeghiazaryan et al., 2012).  

While this literature review supports the application of exercise towards the 

improvement of glycaemic control and muscle health, future work using human data is 

needed to expand the role of exercise training in T1D. Overall physical capacity is negatively 

affected by the presence of T1D, particularly in those with longstanding disease, and 

therefore it is predicted that any form of activity will benefit the individual by maintaining or 

enhancing skeletal muscle health.  
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Chapter 3 
 

Effects of acute exercise on glycaemic control in T1D: A 
Systematic Review 
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3.0 Abstract 
 

Background: The influence of different exercise modalities, intensities, and durations 

on glucose control has yet to be fully explored in people living with type 1 diabetes (T1D). 

Aims: The aim was to review existing literature to establish evidence of outcomes of 

acute exercise on glucose control T1D. 

Research Design and Methods: We searched the online electronic databases 

PubMed, SPORTDiscus, CINAHL (excluding Medline), EMBASE (excluding MEDLINE), 

ClinicalTrials.gov (using a targeted search) between March 2003 and March 2018. Our search 

included only randomized control trials containing the searched terms: ((Type 1 diabetes 

mellitus OR insulin‐dependent diabetes) AND (Exercise OR physical activity) AND (glucose 

metabolism OR skeletal muscle)).  

Results: Eleven studies were identified for inclusion. Seven studies examined aerobic 

exercise interventions; three examined resistance exercise; and one study examined 

combined aerobic/resistance exercise. Eleven studies presented data on the effects of acute 

blood glucose alterations. 

Conclusions: Given the limited research available in this field and that just one study 

examined a combined exercise intervention, this review study suggests that combined 

exercise interventions, especially performing resistance before aerobic exercise, resulted in 

glycaemic stabilisation. Despite this, more research is required to determine optimal modality, 

intensity, and duration. 
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3.1 Introduction  
Type 1 diabetes mellitus (T1D) is a chronic disease affecting more than 422 million 

adults globally (IDF, 2015). Though often overlooked, T1D adversely affects skeletal muscle, 

with both functional (Krause et al., 2011) and metabolic derangements reported, which are 

often an indicator for the worsening of the condition and the associated health complications 

and comorbidities. These impairments, therefore, significantly affect the ability of persons 

with T1D to manage their disease influencing the development and severity of diabetes 

complications (Coleman et al., 2015), leading to cardiovascular disease, neuropathy and 

accelerated sarcopenia (Tielemans et al., 2013).  

Exercise has been encouraged as part of routine care of T1D (Coleman et al., 2015) 

and there have been several reviews and intervention studies examining the effects of 

exercise in T1D (Farinha et al., 2017; Farinha et al., 2018). On the other hand, the optimal 

exercise prescription, including its intensity and specific exercise modality have not yet been 

established for individuals suffering of T1D (USDHHS, 2008; Sigal et al., 2008; Galassetti et 

al., 2013). Moreover, in individuals with T1D, common barriers to exercise (lack of time, 

work-related factors, access to facilities, lack of motivation, fear of hypoglycemia) contribute 

to low physical activity rates (Brazeau et al., 2008; Lascar et al., 2014). Indeed, exercise-

associated hypoglycemia and hyperglycemia are common in T1D. In particular, during 

aerobic (AER) exercise, increased circulating insulin levels coupled with limited glucose 

production and an increase in glucose disposal into skeletal muscle results in blood glucose 

(BG) decline causing hypoglycemic events (Riddell et al., 2009).  

The potential benefits of exercise on glucose control in T1D have yet to be fully 

explored (O’Hagan et al., 2013), hence, the primary aim of this systematic review is to 

assess literature examining the impact of acute exercise interventions on BG response, and 

identify how exercise influences the control of BG.  

 

 

3.2 Methods 

PRISMA guidelines were used in this reporting (Moher et al., 2009). 

3.2.1 Electronic Search Process 

A systematic search of online electronic databases PubMed, SPORTDiscus, CINAHL 

(excluding Medline), EMBASE (excluding MEDLINE), ClinicalTrials.gov (using the targeted 

search) was conducted. A time limit of March 2003–March 2018 was added to all databases 

to ensure the most recent evidence was included in the review. Mr. Minnock and Prof De Vito 

undertook the search strategy and rated the studies accordingly. The primary aim of this 
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review is to assess the impact of acute exercise interventions on BG response with the 

secondary aim of identifying how different exercise modalities and intensities influence the 

control of BG. 

Search terms were split into categories using the P, I and O headings of the PICOT 

method (Riva et al., 2012). These categories were the condition/population group, the 

intervention and the possible physiological outcomes of the intervention. Following the 

search, the identified papers were assessed to ensure they met the inclusion criteria. The 

terms searched were: ((Type 1 diabetes mellitus OR insulin-dependent diabetes) AND 

(Exercise OR physical activity) AND (glucose metabolism OR HbA1c OR glycosylated 

hemoglobin OR glucose tolerance OR skeletal muscle OR metabolic adaptions OR 

molecular metabolism OR physical adaptions OR physical fitness OR insulin sensitivity OR 

body composition OR blood pressure OR Vascular OR cardiovascular)). 

 

3.2.2 Other Sources Searched 

Following the search of the above databases, we assessed the reference lists of 

reviews identified during preliminary readings (Galassetti et al., 2013; Chimen et al., 2012; 

Garcia-Garcia et al., 2015; Kennedy et al., 2013; Yardley et al., 2014; Tonoli et al., 2012; 

Nielsen et al., 2006). 

 

3.2.3 Inclusion Criteria 

The inclusion criteria were as follows: 

1. Full English text available. 

2. Published between March 2003 and March 2018. 

3. All participants in the trial must be adult humans [Aged 18years and over] diagnosed with 

T1D. 

• Studies, including participants with co-morbidities or recent pregnancies, were not 

included. 

• Studies using dietary aids were not included to exclude outcomes related to dietary 

influence. 

• Studies examining response to Insulin products, dose or treatment method were not 
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included to ensure outcomes were not attributed to change to treatment.  

• If dose amount or normal treatment was influenced as a result of the exercise interventions 

these were not excluded.   

4. Only randomised controlled trials included as they provide robust findings in healthcare 

research allowing for strong recommendations to be made (Moher et al., 2009) and previous 

similar reviews (Riva et al., 2012) published in the area have adopted this approach. 

5. Interventions must be an acute (single bout) intervention. 

6. A detailed description of the intervention, including an outline of the exercise programme 

and the duration of the exercise period, must be provided. 

7. Participants in the trials must not have received financial or other reward for taking part 

other than the cost of expenses associated with being a participant in the trial and 

information regarding their health and condition. 

 

3.2.4 Methodological Assessment  

We assessed study quality using the 2010 version of the Consolidated Standards of 

Reporting Trials (CONSORT) guidelines for rating included studies (Consort Paper 2010). 

Included studies got rated on the 25-item criteria checklist (Schulz et al., 2010). Overall 

quality scores were collated by summing those criteria, providing a score out of 37 for the 

included papers. 

 

 

3.2.5 Data Extraction 

Information regarding the characteristics of included papers in this review are 

presented in Supplementary Table 1. When necessary, the authors of included papers were 

contacted via e-mail to clarify information. Data regarding the effects of exercise on HbA1c, 

BG and skeletal muscle health from all studies are compared and analysed using the 

differences in means as the principal summary measures. The data from each exercise 

group were analysed and compared in subgroups and split according to the type of exercise 

carried out by each group Aerobic (AER), Resistance (RES) and Combined (COMB). These 

subgroups were defined following the initial search process and presented in Table 3.1. 
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3.3.2 Characteristics of Studies Included 

All studies examined included at least one of the following three exercise modalities: 

AER, RES, and COMB. Of the 11 considered studies (Yardley et al., 2012; Yardley et al., 

2013; Turner et al., 2015; Turner et al., 2014; Iscoe et al., 2011; Guelfi et al., 2005; 

Waclawovsky et al., 2015; Bussau et al., 2006; Campbell et al., 2015; Tonoli et al., 2015; 

Maran et al. 2010), 8-presented data on the effects of AER exercise interventions (Yardley et 

al., 2013; Iscoe et al., 2011; Guelfi et al., 2005; Waclawovsky et al., 2015; Bussau et al., 

2006; Campbell et al., 2015; Tonoli et al., 2015; Maran et al. 2010). Four studies presented 

data on RES exercise interventions (Yardley et al., 2013; Turner et al., 2015; Turner et al., 

2014; Waclawovsky et al., 2015). Of these, two studies focused on the effects of RES 

exercise interventions only (Turner et al., 2015; Turner et al., 2014), whereas the remaining 

study investigated both single RES and AER exercise interventions (Yardley et al., 2013). 

Only one studies included in this review examined the effects of Combined (COMB) 

AER/RES exercise interventions (Yardley et al., 2012).  
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3.3.3 Effects of Exercise Interventions 

 

3.3.3.1 Post Exercise Glycaemic Response Following Acute Exercise Interventions  

All studies in this review included data examining the immediate post-exercise 

effects of exercise on BG response and are presented in Table 3.4. Eight of these 

studies presented their BG data in written format in the results sections (Yardley et al., 

2012; Yardley et al., 2013; Turner et al., 2015; Turner et al., 2014; Guelfi et al., 2005; 

Waclawovsky et al., 2015; Bussau et al., 2006; Campbell et al., 2015) with the 

remaining three studies reporting data only in graphical format (Iscoe et al., 2011; 

Tonoli et al., 2015; Maran et al. 2010).  

 A total of 4 of the AER interventions described a significant decline in BG 

concentrations post-exercise when compared to baseline (Yardley et al., 2012; Guelfi 

et al., 2005; Campbell et al., 2015; Tonoli et al., 2015) and interestingly, all adopting 

similar intervention duration (32-45 minutes) and intensities (43-60% V̇O2 Max/Peak). 

In addition, three of these studies compared more than one AER exercise intensity 

(Guelfi et al., 2005; Campbell et al., 2015; Tonoli et al., 2015).  

Guelfi et al., (2005) examined the effects of both high-intensity and moderate-

intensity AER exercise on BG response. Both interventions were time-matched, with 

the high-intensity intervention consisting of 4-seconds of maximal sprint efforts 

performed every 2-mins throughout the protocol. Guelfi et al (2005) found that both 

high-intensity and moderate-intensity exercise significantly declined BG when 

compared to baseline. Campbell et al., 2015 investigated the effects of the 

Loughborough Intermittent Shuttle Test (LIST) on BG, in a time-matched intervention 

compared with a moderate intensity AER intervention (about 75% V̇O2 peak). Although 

both interventions resulted in BG decline post-exercise this reduction was significant 

only after the moderate-intensity exercise session. 

Iscoe et al., 2011 compared a time-matched 45-minute continuous AER 

moderate intensity intervention cycling at 55% work rate peak (WRpeak), to a high 

intensity intervention which combined cycling at 50% WRpeak interspersed with nine 

sprints of 15 s at 100% WRpeak. Both exercise sessions, produced a significant 

decline in BG post-exercise. 

Maran et al., 2010 compared time-matched 32-min (including warm-up) AER 

moderate-intensity exercise (40% V̇O2 max) with high intensity, (40% V̇O2 max 

interspersed with 5s at 80% V̇O2 max sprints every 2 min). Neither moderate nor high-
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intensity exercise interventions reduced BG post-exercise.   

Regarding the effects of RES exercise; four studies examined the effects of 

exercise interventions on BG (Yardley et al., 2013; Turner et al., 2015; Turner et al., 

2014; Waclawovsky et al., 2015). Two studies found that acute RES exercise 

interventions resulted in significant BG decline immediately post-exercise when 

compared to baseline (Yardley et al., 2013; Waclawovsky et al., 2015). Waclawovsky 

et al., (2015) used a protocol consisting of 4 RES exercises each conducted for 4 sets 

of 12 reps at 60% of one-repetition maximum (1RM) over a 43-minute intervention 

whilst Yardley et al., 2013 adopted a protocol of 7 exercises for 3 sets of 8 reps over a 

45-minute intervention (training intensity not provided).  

Two studies (Turner et al., 2015; Turner et al., 2014) applied similar RES 

protocols but with varying durations, with participants completing eight exercises for ten 

reps at 70%1RM for either: 1 set =14 min, 2 sets = 30 min or 3 sets = 45 min. 

Interestingly, significant increases in BG were directly related to the intervention 

duration in that only interventions 1 (14 min), and 2 (30 min) significantly increased BG 

levels when compared to baseline, whereas the longest one (45 min) intervention 

produced only a marginal and not significant BG elevation post-exercise.  
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As indicated above, only one study applied a COMB intervention (Yardley et al., 2012). 

In that, each participant underwent, in a randomised order, to two distinct exercise 

protocols separated by at least five days. In one protocol, the AER preceded the RES 

and in the other one the RES preceded the AER. In both sessions, the AER component 

consisted of 45 min treadmill running at 60% �̀O2 peak, while the RES component 

consisted again of 45 min where 7 RES exercises were performed each for three sets 

of 8 reps at an intensity corresponding to the 8 repetitions maximum. The most 

important finding was that performing AER before RES induced a significant decline in 

BG compared to baseline, whilst performing RES before AER induced a stabilisation in 

BG compared to baseline. Moreover, performing RES before AER resulted in a faster 

return to normal BG levels post-exercise compared to the other exercise combination. 

Acute BG, HbA1c and skeletal muscle responses to different modalities are presented 

in Fig 3.2. 

 

Fig 3.2 Response to exercise 

 

BG = Blood Glucose, HbA1c = Glycated Hemoglobin, SM = Skeletal Muscle Metabolism, ↑ = Minor 
increase, ↑↑ = Major increase, ↓ = Minor decrease, ↓↓ = Major decrease, ! "  = Varying response, ? = 
Unkown response.  
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3.4 Discussion 

This review has assessed 11 exercise studies evaluating the impact of a variety 

of acute exercise interventions on BG response. 

 

3.4.1 Glycemic Changes following Acute Exercise 

Not surprisingly, it was found that the significant factor influencing BG stability 

after an acute exercise was the exercise modality applied.  

Across the studies examined, those applying AER interventions resulted in the 

most significant BG decline. Furthermore, AER interventions were also associated with 

the highest number of hypoglycemic events and the longest time for BG to return to 

baseline levels.  

 In contrast, RES exercise interventions resulted in an elevated BG response, 

which could be attributed to the involvement of the non-oxidative metabolism in the 

energy transformation. In fact, elevated catecholamine and lactic acid levels resulting 

from RES exercise contribute to maintain the elevation in BG levels post-intervention. 

This prolonged BG level may also be, at least partially, explained by the extra glucose 

generated post-exercise via the Cori cycle (Pascoe et al., 1996).  

 Concerning the COMB exercise the data are limited to one study so far (Yardley 

et al., 2012) which further highlights the connection between exercise modality and BG 

response. In this, the authors found that by performing a combination of AER and RES 

resulted in a cancellation effect in terms of BG regulation, which resulted in a better BG 

stabilisation compared to that obtained by performing a single modality exercise alone. 

Moreover, they showed that by performing RES before AER improved BG stability 

throughout exercise and reduced the duration and severity of post-exercise 

hypoglycemia. 

  One apparent explanation in the different data findings between the examined 

studies could be explained by prior food intake, Insulin etc, effects of time of day when 

exercise was performed and existing fitness level of participants. Some research has 

highlighted the effects performing morning exercise being associated lowered risk of 

hypoglycaemia and improved metabolic control compared to performing afternoon 

exercise (Gomez et al., 2015).Unfortunately a debtrimental weakness of the studies 

included in this review is lack of detail behind, prior fitness level and time of day for 

exercise. Moreover these studies di noty provide adequate data on the food intake prior 
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to exercise onset and insulin corrections throughout.  

 Although T1D affects protein metabolism by specifically increasing catabolism 

in the skeletal muscles due to lack of insulin (Charlton and Nair, 1998), limited research 

examines the relationship between HbA1c and skeletal muscle health. One study has 

identified changes in skeletal muscle mass within six months were found to be 

statistically significant in the group with HbA1c <8% demonstrating a negative 

correlation between the Hb1Ac levels and the muscle mass in both groups (Abidin-

Öztürk et al., 2017).  

3.4.2 Strengths & Limitations 

Only randomised control studies were included to reduce intervention bias. All 

participants were adults (>18yrs) to ensure BG responses not affiliated with pubertal 

hormonal disruption. Studies examining diet and new drug therapies were also 

excluded to ensure that the exercise intervention solely influenced outcomes. 

Despite some methodological weaknesses and risk of bias, most studies 

included in the current review were well designed. In some studies, participants took 

part in both control and intervention phases, and given the nature of an exercise 

intervention, in all studies it was impossible to blind the participants. The lack of 

blinding reduced the PEDro scale scores but, it is the opinion of the present authors 

that this did not lead to an increase in bias in individual studies and across studies, or 

that outcomes were affected by it. Studies may not have accounted for all dropouts. 

Not all studies assessed the same outcomes, which prevented a more accurate 

comparison of studies. The short duration (<30mins) of some interventions (Bussau et 

al., 2006) may have prevented significant changes in the outcomes assessed from 

occurring in the trial period. Only one study examined the effects of COMB exercise on 

T1D.   

 

3.4.3 Future Research 

There are several areas of interest for future research into the effects and 

benefits of exercise in T1D, with primary interests being toward safe exercise that can 

ameliorate or regress diabetic comorbidities. Future research needs to help to establish 

the design of safe exercise modalities, duration and intensity for favourable BG 

response while eliciting beneficial outcomes in skeletal muscle integrity, metabolism 

and regulation. The ease of access and affordability of continuous glucose monitors 

(CGM) should give rise to further exercise studies with emphasis on a practical, real-
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world setting where the monitoring of 24-hr period post-exercise BG is of pivotal 

importance.  To maintain a healthy skeletal muscle system is of paramount importance 

to counteract and regress the development of diabetic comorbidities. Recent research, 

in fact, has begun to identify the impact that T1D has on skeletal muscle metabolism 

and the importance of maintaining skeletal muscle health as a concomitant treatment 

for T1D (Coleman et al., 2015; Maran et al., 2010; Monaco et al., 2018).  

 

3.5 Conclusion 

 

In conclusion, this review has identified that the primary control of acute BG 

stability in response to exercise is specific to the type (modality) of exercise performed. 

Moreover, the degree of BG fluctuation is directly attributed to the intensity of the 

exercise performed. It was also observed that also the duration of the acute exercise 

adopted in the different studies has showed a substantial impact on BG regulation. In 

fact, all exercise interventions lasting longer than a moderate (40-min) duration induced 

BG reductions post-exercise. and often-hypoglycemic events. It was observed that the 

COMB exercise modality (performing RES before AER) resulted in the best BG stability 

response capable of curtailing glycaemic excursians and provding an improved 

glycaemic control. A contributing factor explaining this stabilisation response may be in 

the elevation of lactate following the RES exercise component, increasing 

gluconeogenesis. Another factor to the attenuated BG decline, may be elevated levels 

of GH following the RES exercise component (Kraemer and Ratamess, 2005), 

decreasing skeletal muscle glucose uptake and increased rates of lipolysis during the 

subsequent AER exercise component.  

 Finally, this review highlights the fact that limited research into the effects of 

exercise on skeletal muscle health in T1D has been performed. In view of these 

findings, to maximise the beneficial effects of exercise for people living with T1D, it is 

essential to investigate the application of exercise protocols that can provide both acute 

BG stability free from exercise and post exercise induced fluctuations, and skeletal 

muscle adaptions that are beneficial towards delaying and regressing the development 

of T1D comorbidities.  
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Chapter 4 
 

Effects of acute aerobic, resistance and combined 
exercises on 24-hr glucose variability and regulation of 

muscle signalling in Type 1 Diabetics 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Data within this chapter has been presented at: 
Minnock, D., Annibalini, G., Le Roux, C.W., Contarelli, S., Krause, M., Saltarelli, R., Barbieri, E. & De 
Vito, G. ‘Effects of aerobic, resistance and combined exercises on 24-hr glucose variability in Type 1 
Diabetics’,. Poster Presentation at the Faculty of Sport and Exercise Medicine conference. Royal College 
of Surgeons Dublin, Ireland. 15th-16th Sept 2017.  
 
Data within this chapter has been published as: 
Minnock, D., Annibalini, G., Le Roux, C. W., Contarelli, S., Krause, M., Saltarelli, R., Valli, G., Stocchi, V., 
Barbieri, E., & De Vito, G. (2020). Effects of acute aerobic, resistance and combined exercises on 24-h 
glucose variability and skeletal muscle signalling responses in type 1 diabetics. Eur j of appl physiol, 
https://doi.org/10.1007/s00421-020-04491-6  
(Appendix – D2) 
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4.0 Abstract  

 
Background: To compare the effect of high-intensity aerobic (AER), resistance 

(RES), and combined (COMB: RES + AER) exercise, on interstitial glucose (IG) 

variability and skeletal muscle signalling pathways in type 1 diabetes (T1D).  

Aims: The aim of this study was to compare the effects of a single bout of high 

intensity AER, RES and COMB exercises on blood glucose homeostasis during the 24-

hours following exercise in people living with T1D. Furthermore, blood samples and 

muscle biopsies were collected before and after each exercise session to compare the 

metabolic alteration and exercise-induced muscle changes in gene expression and 

signalling pathways related to muscle metabolism, growth and inflammation. 

Research design and Methods: T1D participants (6 M/6F) wore a flash 

glucose monitoring system in four randomized sessions: one control (CONT), and one 

AER, RES and COMB (40 min each). Mean amplitude of glycemic excursions (MAGE), 

standard devia- tion (SD) and coefficient variation (CV) of IG were used to compare the 

24 h post-exercise IG variability. Blood and muscle samples were collected to compare 

exercise-induced systemic and muscle signalling responses related to metabolic, 

growth and inflammatory adaptations. 

Results: Both RES and COMB decreased the 24 h MAGE compared to CONT; 

additionally, COMB decreased the 24 h SD and CV. In the 6–12 h post-exercise, all 

exercise modalities reduced the IG CV while SD decreased only after COMB. Both 

AER and COMB stimulated the PGC-1α mRNA expression and promoted the splicing 

of IGF-1Ea variant, while Akt and p38MAPK phosphorylation increased only after RES 

and COMB. Additionally, COMB enhanced eEF2 activation and RES increased 

myogenin and MRF4 mRNA expression. Blood lactate and glycerol levels and muscle 

IL-6, TNF-α, and MCP-1 mRNAs increased after all exercise sessions, while serum CK 

and LDH level did not change. 

Conclusion: COMB is more effective in reducing IG fluctuations compared to 

single-mode AER or RES exercise. Moreover, COMB simultaneously activates muscle 

signalling pathways involved in substrate metabolism and anabolic adaptations, which 

can help to improve glycaemic control and maintain muscle health in T1D. 
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4.1 Introduction 

Exercise and physical activity, in conjunction with adequate dietary care, can 

prevent/regress the development of diabetes-related complications (Colberg et al., 

2016). In a recent study comprising nearly eighteen thousand T1D adults, the most 

physically active individuals exhibited better HbA1c levels, fewer diabetes-related 

microvascular complications, reduced dyslipidemia, and decreased risk of developing 

severe hypoglycaemia than those who were less physically active (Bohn et al., 2015). 

Nevertheless, glycaemic management may be challenging for people living with 

T1D, both during and post-exercise (Riddell et al., 2017), and exercise-induced 

hypoglycaemia or hyperglycaemia can impact both immediate and long-term health in 

adults with T1D. For instance, large fluctuations in blood/interstitial glucose 

concentration, reported as the coefficient of glucose variation (CV), are detrimental and 

associated with higher cardiovascular risk (Gorst et al., 2015). Moreover, most 

individuals living with T1D identify exercise as a risk factor for hypoglycaemia even 

several hours afterward (Riddell et al., 2017). 

Several factors influence the glucose response to exercise in T1D, including 

type of insulin, mode of delivery, the glycaemic concentration before exercise, the 

consumption of a pre-exercise meal and obviously the exercise modality performed, 

e.g., aerobic (AER) or resistance (RES) exercise (Yardley et al., 2012). A common 

assumption is that moderate intensity AER exercise causes a blood glucose reduction 

in most individuals with T1D and may increase the risk of experiencing hypoglycaemia 

(Riddell et al., 2009). In contrast, compared with AER exercise, only few studies have 

investigated the effects of RES exercise on glucose levels in T1D demonstrating that 

RES exercise may result in a more stable glucose level than AER exercise (Yardley et 

al., 2013). Moreover, the combination of RES and AER exercise in the same session 

(COMB) is associated with improved glucose stability, although only if the RES 

exercise is performed before AER exercise (Yardley et al., 2012). 

The mechanisms underlying the greater glycaemic variability observed after 

AER compared to RES exercise are largely unknown. The higher lactate production 

during RES, with respect to AER exercises, has been proposed as a stimulus of 

gluconeogenesis that could potentially attenuate declines in blood glucose in people 

living with T1D (Yardley et al., 2013). Moreover, in healthy subjects performing COMB 

exercise, starting with RES exercise raises blood concentrations of free fatty acids and 

glycerol hence reducing the reliance on carbohydrates as a fuel source during the 

following AER exercise (Goto et al., 2007). Although not specifically addressed so far in 

T1D, different exercise modalities also induce the activation of distinct skeletal muscle 

signalling pathways, which orchestrate the adaptive response to exercise and could 
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directly affect glucose homeostasis (Röhling et al., 2016). For example, AER exercise 

determines an immediate fluctuation in intracellular calcium, ATP and redox potential 

levels activating the ‘metabolic/stress’ kinases such as p38MAPK, ERK1/2 and AMPK 

(Coffey and Hawley, 2007). This is succeeded by an increase of GLUT4 translocation 

and an upregulation in the levels of transcription factors such as PGC-1α, which is 

associated with increased mitochondrial biogenesis and improved oxidative capacity of 

skeletal muscle (Jäger et al., 2006). On the other hand, RES exercises stimulate the 

signalling responsible for skeletal muscle growth, which mainly converges on 

PI3K/Akt/mTOR signalling pathway and hence its effectors that control protein 

synthesis such as eukaryotic elongation factor 2 (eEF2) and insulin-like growth factor 1 

(IGF-1) (Egerman and Glass, 2014; Rose et al., 2005). Moreover, many of these 

components have additional roles in the regulation of glucose uptake and glycogen 

synthesis (Clemmons, 2012). For example, deletion of muscle IGF-1 impaired glucose 

clearance both at rest and during exercise (Vassilakos et al., 2019). Further, ablation of 

both IGF-1 receptor (IGF1R) and insulin receptors in muscle affects both muscle-mass 

and glucose homeostasis (O’Neill et al., 2015). Although, these studies were 

conducted on rodents and therefore are not directly transferable to humans we do 

believe that they are still relevant for the present study. 

Notably, although COMB exercise has been suggested as the best exercise 

approach to minimise glycaemic fluctuations (Yardley et al., 2013), no attention has 

been given to the potential interference between AER- and RES-induced muscle 

signalling pathways, which in turn can compromise the post-exercise training 

adaptations (Coffey and Hawley, 2007). Furthermore, structural, functional, and 

metabolic alterations in the skeletal muscle of individuals with T1D (i.e., diabetic 

myopathy), evident even before the appearance of other diabetic complications, have 

been recently reported in a number of studies (Krause et al., 2011; McCarthy et al., 

2016). Despite these recent evidences, the effect of T1D on the exercise capacity, 

muscle damage and inflammatory response is still largely unknown (Coleman et al., 

2015; Krause et al., 2011). 

The aim of this study was to compare the effects of a single bout of high 

intensity AER, RES and COMB exercises on blood glucose homeostasis during the 24-

hours following exercise in people living with T1D. Furthermore, blood samples and 

muscle biopsies were collected before and after each exercise session to compare the 

metabolic alteration and exercise-induced muscle changes in gene expression and 

signalling pathways related to muscle metabolism, growth and inflammation. 
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4.2 Research Design and Methods 

 

4.2.1 Participant Information and Baseline Evaluations 

All data collection and exercise testing took place in the Human Physiology 

Laboratory and the High-Performance Gym at the local University Institute for Sport 

and Health (ISH) at the University College Dublin, Ireland. Inclusion criteria were: age 

between 18-45 years, no contraindications to exercise, T1D diagnosed for at least 12 

months, BMI <30 kg m-2, and non-smokers. Twelve T1D participants (6 males; age 

31.8 ± 5.3 years; BMI 27.5 ± 2.5 kg m-2; duration of diabetes 13.7 ± 8.5 years; HbA1c 

65 ± 11 mmol mol-1) with good glycaemic control and without known diabetic 

comorbidities were enrolled. Participant sample size were selected from using an 

outcome power based sample sized calculation. As glycaemic control was the primary 

endpoint of interest in this study the criteria was based on one study group (T1D) and a 

continueous endpoint (means). The probability of type 1 error was set with an alpha of 

0.05 and a type 2 error of 90% and the sample sized calculation was calculated as n = 

11. Participants gave their written, informed consent to participate in the study, which 

was approved by the local University Human Research Ethics Committee (Application 

ID - LS-16-67-Minnock-DeVito). Participants were not habitual exercisers and were 

classified as inactive following completion of the Global Physical Activity Questionnaire 

(GPAQ). Ten of the participants were using multiple daily injections of insulin, while the 

remaining two continuous subcutaneous insulin infusion with an insulin pump. All-

female participants (n = 6) were using oral hormonal contraceptives and provided their 

menstrual cycle information to avoid testing during menstruation. Body composition 

was assessed by dual-energy X-ray absorptiometry (DEXA) (Lunar iDXA, GE 

Healthcare, Buckinghamshire, United Kingdom). DEXA results reported total body fat 

percentage of 28.5 ± 9.8 (fat mass: 22.6 ± 8.4 kg; lean body mass: 53.9 ± 11.3 kg; 

trunk fat mass: 10.9 ± 4.1 kg; trunk lean body mass 25.8 ± 5.1 kg). Following the DEXA 

scan, since participants had been lying down for approximately 20 minutes during the 

scan, the resting heart rate (HR) was recorded (Omron M2). A total of 3 HR values 

were taken to provide an average resting value in order to establish the target HR zone 

of AER sessions (set at 80 % of HR reserve (HRR)) using the Karvonen Formula 

(target HRR = [(max HR − resting HR) × 0.8] + resting HR) (Karvonen et al. 1957). 

Muscle strength was assessed by evaluating the one-repetition maximum (1RM) for 

each of the six-RES exercises that were to be used during the exercise intervention 

(lateral pull-down, triceps extension, biceps curl, knee extension, squat press, leg 

press). After completing the preliminary testing session, each participant received two 
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FreeStyle Libre flash interstitial glucose monitoring (FGM) system (Abbot Diabetes 

Care, Alameda, California, USA) and a FGM reader. Participants were instructed to 

apply and have an active FGM patch on the day before each intervention session. 

Baseline characteristics of T1D participants are reported in Table1. 

 

4.3 Study Design 
 

Participants attended one preliminary visit, followed by one control session 

(CONT) and three randomized experimental exercise sessions separated by a 1-week 

washout period (Fig 4.1). Each participant was assigned the same 50-minute time slot 

to attend between 06:00 am and 12:00 noon, across all intervention sessions. 

Participants were unaware of which intervention they would partake in until they arrived 

(except for the last session). In order, to guarantee a normal hydration status, 

participants were invited to drink at least 400 ml of water in the 60-minute period 

preceding the start of each experimental session (Sawka, et al. 2007). During CONT 

session, each participant sat in a semi-recumbent position on a treatment table for 40 

minutes, ensuring to avoid physical activity during this time. An attempt to normalise 

the AER and RES sessions were limited to 30 minute in duration. On the day of the 

AER intervention, participants were fitted with an HR monitor (Polar H7, USA) and then 

positioned on an electromagnetic cycle ergometer (Lode Excalibur Sport, Netherlands). 

Participants cycled for 5-minute to warm-up, maintaining a cadence of 50 revolutions 

per minute (rpm) and a power of 50 watts and 80 watts for female and male 

participants, respectively. Following the warm-up, they were asked to increase to 80 

rpm and to maintain this pace for the remaining 30 minutes. The resistance on the 

cycle ergometer was adjusted (if required) to ensure participants remained in the 

desired target HR intensity zone (i.e. at 80% of HRR) with verbal support provided 

when necessary. Since the monitoring of intensity was based on the measure of HR we 

decided to use water ad libitum to minimise the fluctuations of HR due to blood plasma 

shifting. In any case this corresponded to a minimum of 200 ml and a maximum of 500 

ml of water consumed during exercise by each participant. In addition, the laboratory 

constant conditions and the relative short duration of the sessions (40 minutes 

including warm up and cool down phases) should have not represented a particular 

stressful condition (Coyle and González-Alonso, 2001; Montain and Coyle, 1992).  At 

minute 35 of the intervention, the bike resistance was gradually reduced in conjunction 

with rpm to provide a cool-down period. The intervention ceased once participants 

completed the 40-minutes total exercise. 
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For the RES session, the warm-up consisted of 5 minutes RES exercises 

executed at 30% 1RM, 6-8 reps per machine (~45s), moving directly from one machine 

to the next (allowing for approximately 5-10s transfer time between each machine) for 

1) lateral pull-down, 2) biceps curl, 3) knee extension, 4) squat press, 5) triceps 

extension, 6) leg press. Following the warm-up, the exercise continued for 30 minutes, 

where two complete circuits of the 6 exercises performed at 80% 1RM, each lasting 

about 900 seconds including rest periods, were executed. Each exercise was repeated 

eight to ten times, and completed in 60 seconds followed by a 90 seconds rest period 

and transfer time to the next machine (i.e. within 150 seconds in total) before moving to 

the next exercise. The RES session ended with a 5 minutes cool down period spent 

exercising at 30% 1RM using the same protocol used for the warm-up period.  

In the COMB session, the RES and AER components were modelled directly on 

the single RES and AER interventions. Participants performed RES exercise before 

AER exercise (Yardley et al. 2012). The COMB exercise commenced with the warm-up 

consisting of approximately 2.5 minutes of RES exercises executed at 30% 1RM, 20 s 

per machine, following the same progression as the RES intervention. Following the 

warm-up, the exercise continued for 15 minutes, where one circuit of six exercises 

were executed at 80% 1RM. Completion of all six exercises (1 circuit), including rest 

periods, lasted 900 seconds. The session ended with a 2.5 minutes cool down period 

spent exercising at 30% 1RM using the same protocol for the warm-up period as 

mentioned above. Participants next moved directly to the AER component of the 

COMB exercise. Participants cycled for 2.5 minutes to warm-up in accordance with the 

AER intervention above. Following the warm-up, participants increased to 80 rpm and 

to maintain this pace for the remaining 15 minutes. At minute 37.5 of the COMB 

intervention, the bike resistance was gradually reduced in conjunction with rpm to 

provide a cool-down period. The COMB intervention ceased once participants 

completed the 40-minutes total exercise. 

Participants were not fasting during the sessions and were issued with a food 

diary to log meals and snacks in the 24h before and following each session. To ensure 

consistency throughout the study, these diaries were then used to replicate meal-type 

and time each week. Retrospective analysis of the food diary revealed that each 

participant replicated their meal composition and there were no statistically significant 

differences in total carbohydrate intake and daily insulin doses between sessions 

Supplementary Table 2. Participants were instructed to refrain from exercise, caffeine, 

and alcohol for the 24h before and following each intervention day.  
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Fig 4.1 Schematic overview of the study design. 

 
Participants underwent four testing sessions separated by one week each. No-exercise control session 
(CONT) was performed first and was followed by three different high-intensity exercise sessions performed 
in random order: aerobic (AER; 80% of HRR), resistance (RES; 80% of 1RM) or combined resistance and 
aerobic, exercise (COMB; 20 min each). The interstitial glucose was recorded over a 24h period by a flash 
interstitial glucose monitoring (FGM) system. Venous blood and muscle samples (vastus lateralis) were 
also taken at the time points indicated in the figure. 
 

 

4.4 Blood samples 
 

Venous blood samples were taken from an antecubital vein in heparin-coated 

VacutainerTM tubes using standard aseptic techniques. Blood samples collection 

occurred at the onset of the intervention (Pre), immediately after intervention (Post), 

and 24h post (Post 24h) (Fig 4.1). Participants were rested for approximately fifteen 

minutes prior to the first sample collection and five minutes post exercise for the 

second sample collection. Both samples on exercise day were collected by 2 single 

venepunctures. Samples were immediately centrifuged (at 1000 x g for 15 min at 4° C), 

after which serum was removed and stored at -80° C for further analysis. Lactate and 
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glycerol were measured using the Randox Daytona benchtop analyzer (RX Daytona +, 

United Kingdom). Serum creatine kinase (CK) and lactate dehydrogenase (LDH) 

activity were measured by a standardized commercially available colourimetric 

enzymatic assay (BioVision, Vinci-Biochem, Italy). 

 

 

4.5 Interstitial Glucose Data Collection and Evaluation 
 

Each participant registered their personal FGM reader, and instruction were provided 

on how to record the FGM data and to create data reports. The interstitial glucose, 

referred to as IG throughout this paper, was recorded every 15 minutes. The IG data 

was then downloaded to provide IG data from pre-intervention (time 0) until 24h post-

intervention (Fig 4.1). Once applied and activated, FGM systems lasted for 14 days 

before cessation, and for this reason, participants retained the FGM system for its full 

lifecycle. 100% of the data cover was included from the Flash Glucose monitors during 

the specific time period. There was full attendance and full study completion with no 

dropouts.  

 

IG variability was evaluated using the following four indices: mean amplitude of 

glycaemic excursions (MAGE), glucose variance (VAR), glucose coefficient of variance 

(CV), and glucose standard deviation (SD) (Hill et al., 2011; Zaccardi et al., 2008). 

MAGE analysis was performed on the IG data collected during the entire 24 hours 

intervention period, and its calculation was based on the differences between 

consecutive points, considering those who were higher than 1 SD than the previous 

point (Hill et al., 2011). The analysis using VAR, CV, and SD instead was performed for 

both the entire 24h period and fractioning it into four 6-hour periods to segment and 

examine the nocturnal periods.. 

 

 

4.6 Muscle sampling 
 

Muscle biopsies were collected from the muscle vastus lateralis Pre and Post 

each test session (Fig 4.1) using a 14-gauge semi-automatic spring-loaded biopsy 

system with a compatible coaxial introducer needle (Medax Srl Unipersonale; San 

Possidonio, Italy). Briefly, after local anaesthesia with 3 mL of 2% lidocaine, the skin, 

previously cleansed with an antiseptic solution, was punctured with the insertion 



 
 

 60 

cannula. The biopsy needle inserted through the cannula, and after the activation of a 

trigger button, a small muscle piece remained inside the needle. The muscle sample 

was then removed from the biopsy needle, immediately frozen in liquid nitrogen, and 

stored at -80˚C until further analyses. 

 

 

4.7 RNA extraction, cDNA synthesis and qRT-PCR 
 

Without thawing, all muscle tissues were weighed (≤ 30mg), placed directly into 

the QIAzol Lysis Buffer (Qiagen, Milan, Italy), and ruptured using a Polytron 

homogenizer (KINEMATICA AG, Switzerland). Total RNA was extracted and purified 

using the miRNeasy® Mini Kit (Qiagen, Milan, Italy) according to the manufacturer's 

instructions. The amount and quality of RNA assessed with DU-640 UV 

Spectrophotometer (Beckman Coulter, United Kingdom), and the complementary DNA 

was synthesised from 1 μg of total RNA using Omniscript RT (Qiagen, Milan, Italy) and 

random hexamers. Subsequently, quantitative real-time PCR performed with 2 μl of 

cDNA and 300 nM of each primer in an Applied Biosystems StepOnePlus™ Real-Time 

PCR System using SYBR Select Master Mix (Applied Biosystems, Monza, Italy). The 

mRNA expression of the target genes normalised to the geometric mean of GAPDH 

and B2M reference genes. The real-time PCR conditions were: 50°C for 2 min, 95°C 

for 2 min followed by 40 cycles of three-steps at 95°C for 15 s, 60°C for 15 s and 72°C 

for 30 s. The specificity of the amplification products was confirmed by examining 

thermal denaturation plots and by sample separation in a 4% DNA agarose gel. The 

genes of interest and the sequence of the specific primer used in real-time RT-PCR 

quantification are listed in Supplementary Data Table 3. All analysis related to tissue 

samples including RNA extraction, cDNA synthesis, qRT-PCR and western blot 

analysis were conducted at the Department of Biomolecular Science, Università degli 

Studi di Urbino "Carlo Bo" in Italy by Prof Barbieri’s research group. 

 

 

4.8 Western blotting 
 

Total protein extracts were obtained from the organic phase following the 

QIAzol protocol. The protein content of muscle tissues was determined according to 

Bradford's method (Bradford, 1976) using bovine albumin as standard. Multi-strip 

western blotting protocol was performed as previously described (Aksamitiene et al., 
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2007). Briefly, proteins from each participant (40 μg per lane) were separated on 10% 

SDS polyacrylamide gel, and the gel cut into two strips with the following protein 

ranges: one between 34 and 72 kDa and another between 72 and 180 kDa. Four strips 

of polyacrylamide gels containing protein of the same molecular weight range from 

different participants were then assembled and electroblotted onto a single 

nitrocellulose membrane sheet (0.2 μm pore size) (Bio-Rad Laboratories Inc., 

Hercules, CA, USA) for 1.5 h at 100 V. The blots were probed with the following 

primary antibodies diluted 1:2000: anti-phospho-Akt (Ser473) (Cell Signaling 

Technology Cat# 9271, RRID:AB_329825), anti-phospho-p38MAPK (Thr180/Tyr182) 

(Cell Signaling Technology Cat# 9211, RRID:AB_331641), anti-phospho-p44/42 

(ERK1/2) (Cell Signaling Technology Cat# 9101, RRID:AB_331646), anti-phospho 

eEF2 (T 56) (Cell Signaling Technology Cat# 2331, RRID:AB_10015204) and anti-

phospho AMPKalpha (T172) (Cell Signaling Technology Cat# 2535, 

RRID:AB_331250). Anti-GAPDH MAb (Thermo Fisher Scientific Cat# AM4300, RRID: 

AB_2536381) was used to normalise protein expression since there was a positive 

correlation between western blot quantification obtained with GAPDH as a loading 

control or total Akt (r=0.61, p<0.001), ERK1/2 (r=0.80, p<0.001) and total p38MAPK 

(r=0.88, p<0.001). Protein bands were detected using a horseradish peroxidase-

conjugated secondary antibody (Bio-Rad, Italy). The blots were then treated with 

enhanced chemiluminescence reagents (Clarity ECL Western Blot Substrate kits, Bio-

Rad, Italy), and the immunoreactive bands were detected and quantified using Fluor-

S® MAX MultiImaging System (Bio-Rad, Italy) equipped with QuantityOne software. 

 

 

4.9 Statistical Analyses 
 

The statistical analyses were performed with SPSS (IBM SPSS Statistics for 

Windows, Version 20.0, IBM Corp.) and GraphPad Prism (v6.0; IBM Corp.). Descriptive 

data are reported as mean ± SD. Data were checked for normality of distribution using 

the Shapiro-Wilk test. The data that were not normally distributed (i.e. phospho 

p38/GAPDH, phospho eEF2/GAPDH and IL-6, MCP-1, IGF-1Ea/IGF-1Eb relative 

mRNA levels) were log-transformed. A one-way ANOVA with Tukey's post hoc test was 

applied to study the 40 min intervention and the 24h post-intervention IG responses as: 

MAGE, VAR, CV, glucose SD, RPE and blood parameters. A two-way (time x 

intervention) repeated measures analysis of variance (ANOVA) with Bonferroni multiple 
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comparison post hoc tests was instead used to detect differences between all the 

remaining variables. For all analyses, statistical significance was accepted at p < 0.05.
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Fig 4.2 Interstitial glucose profile. 

 
Mean glucose as measured by a flash interstitial glucose monitoring (FGM) system from pre-intervention (time 0) until 24h post-intervention. 
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4.10.2 Interstitial glucose variability indices 

Both RES and COMB exercises, but not AER, reduced the 24h MAGE (Fig 

4.3A). Concerning the other IG indexes, glucose SD (Fig 4.3B) and CV (Fig 4.3C) were 

reduced only after the COMB session. No differences existed between glucose 

variance over 24h period (Fig 4.3D). The 6h post-exercise period analysis showed a 

reduction of glucose CV 6h to 12h after all exercise sessions (Fig 4.4A) and a 

decreased glucose SD 6h to 12h after COMB session (Fig 4.4B). The glucose variance 

over 6h periods did not change (Fig 4.4C). 

 

Fig 4.3 24-hr interstitial glucose variability indices.  

 
The 24h interstitial glucose profile was used to calculate the mean amplitude of glycaemic excursions 
(MAGE) (4.3A), glucose standard deviation (SD) (4.3B), glucose coefficient of variance (CV) (4.3C), and 
glucose variance (VAR) (4.3D). Statistical differences were determined by one-way ANOVA. *p < 0.05, ** p 
< 0.01, *** p < 0.001.  
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Fig 4.4 6-hr time frame of interstitial glucose variability indices. 

 
Glucose coefficient of variance (CV) (4.4A), glucose standard deviation (SD) (4.4B), and Glucose variance 
(VAR) (4.4C) were calculated in the 6-hour time frame of interstitial glucose values to obtain the measures 
according to the specific period of the day. Statistical differences were determined by one-way ANOVA. *p 
< 0.05, ** p < 0.01, *** p < 0.001. 
 

 

4.10.3 Rate of perceived exertion and blood parameters 

RPE was reported as hard and did not vary between the different exercise 

sessions (15.6 ± 1.3, 16.7 ± 1.2, and 16.3 ± 1 for AER, RES, and COMB respectively; 

one-way ANOVA). 

Serum levels of blood lactate, glycerol, CK and LDH are reported in Table 4.2. 

Lactate and glycerol levels were elevated immediately post-exercise compared to 

baseline. Exercise sessions did not influence both CK and LDH levels. 
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4.10.4 Exercise-induced skeletal muscle signalling pathways 

The analysis of signal transduction pathways showed an increase of Akt (Fig 4.5A) 

and p38MAPK kinase (Fig 4.5B) phosphorylation after RES and COMB exercise. 

Phosphorylation of eEF2 decreased only after COMB exercise (Fig 4.5D). ERK1/2 (Fig 

4.5C) and AMPK (Fig 4.5E) phosphorylation did not change after the testing sessions. 

 

Metabolism-related genes 

The expression of PGC-1α1 (Fig 4.6A) increased after AER and COMB sessions, while the 

PGC-1α4 mRNA level (Fig 4.6B) increased only after the AER exercise. The expression of 

GLUT4 mRNA did not change (Fig 4.6C). 

 

Fig 4.5 Phosphorylation of Akt, p38MAPK, ERK1/2, eEF2 and AMPK before (Pre) and 

immediately after (Post) different testing sessions. 

 
Representative western blot images and box-plot of the densitometry analyses for phospho Akt (4.5A), p38MAPK 
(4.5B), ERK1/2 (4.5C), eEF2 (4.5D), and AMPK (4.5E). GAPDH was used as loading controls. Statistical 
differences were determined by two-way repeated ANOVA. *p < 0.05, ** p < 0.01, *** p < 0.001. 
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Fig 4.6 Quantification of oxidative capacity/metabolism-related genes before (Pre) and 

immediately after (Post) testing sessions. 

 
Box plot for muscle mRNA expression levels of PGC-1α1 (4.6A), PGC-1α4 (4.6B), and GLUT4 (4.6C) measured 
by real-time PCR. The geometric mean of GAPDH and B2M mRNA levels used as the internal reference. 
Statistical differences were determined by two-way repeated ANOVA. *p < 0.05; *** p < 0.001. 
 

 

4.10.5 Myogenesis/skeletal muscle growth-related genes 

The mRNA quantity of myogenin (Fig 4.7B) and MRF4 (Fig 4.7C) increased after the 

RES exercise session while MyoD (Fig 4.7A) and Myf5 (Fig 4.7D) expression did not 

change. The absolute IGF-1 isoforms mRNA quantity between the different sessions was 

also analysed, as previously described (Annibalini et al., 2016). As expected, muscle IGF-

1Ea was much more expressed compared to both IGF-1Eb and IGF-1Ec isoforms, while the 

IGF-1Ec isoform mRNA was barely detectable (Figs 4.7E-4.7G). We did not observe 

significant modulations in any of the IGF-1 isoforms after the different exercise sessions. 

However, it should be noted that the expression of IGF-1Ea mRNA showed a trend toward 

an increase after AER and COMB exercises while the IGF-1Eb mRNA level showed an 

opposite trend. Thus, the AER and COMB exercises altered the steady-state of IGF-1 splice 

isoform increasing the IGF-1Ea/IGF-1Eb ratio (Fig 4.7H). 
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Fig 4.7 Quantification of myogenic regulatory factor (MRF) gene expression and IGF-1 

mRNA isoforms before (Pre) and immediately after (Post) testing sessions. 

 
Box plot for muscle mRNA expression levels of MyoD (A), myogenin (B), MRF4 (C), Myf5 (D), IGF-1Ea (E), IGF-
1Eb (F), IGF-1Ec (G) and IGF-1Ea/IGF-1Eb ratio (H) measured by real-time PCR. The geometric mean of 
GAPDH and B2M mRNA levels used as the internal reference. Statistical differences were determined by two-
way repeated ANOVA. *p < 0.05; *** p < 0.001. 
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4.10.6 Inflammation-related genes 

 

Post-exercise IL-6 (Fig 4.8A) and TNF-α (Fig 4.8B) mRNA levels increased after all 

exercise sessions while the expression of the chemokine MCP-1 (Fig 4.8C) increased only 

after RES exercise and was barely below the level of significance in the other sessions due 

to a slight elevation of the pre-exercise MCP-1 mRNA level. 

 

Fig 4.8 Quantification of inflammation-related genes before (Pre) and immediately 

after (Post) testing sessions. 

 
Box plot for muscle mRNA expression levels of IL-6 (4.8A), TNF-α (4.8B), and MCP-1 (4.8C) genes measured by 
real-time PCR. The geometric mean of GAPDH and B2M mRNA levels used as the internal reference. Statistical 
differences were determined by two-way repeated ANOVA. *p < 0.05, ** p < 0.01, *** p < 0.001. 
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4.11 Discussion 

This study compared the effect of AER, RES, and COMB exercise modalities on 24h 

glucose variability and skeletal muscle signalling pathways regulation in individuals with 

T1D. It was found that both RES and COMB exercises, but not AER, reduced the 24h 

MAGE. Additionally, COMB exercise decreased the 24h post-exercise SD and CV. In the 6-

12h post-exercise, all exercise sessions reduced the CV of IG while SD decreased only after 

COMB session. All participants followed a similar pattern of improvement with each modality 

assessd. Despite this finding, the male participants did improve to a larger extent in both the 

AER and RES modes compared to the female participants with all aprticipants progressing 

similarly during the COMB session. We did not observe severe events of hypoglycaemia 

requiring hospitalization during and after the exercise sessions; however, AER slightly, but 

not significantly, increased the number and duration of nocturnal hypoglycaemic events 

compared to the other two sessions. The relatively low rate of hypoglycaemia found in the 

present study was likely because the exercise sessions took place in the morning instead of 

the afternoon (Gomez et al. 2015). Furthermore, the real-time availability of IG data, 

provided by the FGM, may have contributed to the low incidence of hypoglycaemic events 

reported in the present study (Mancini et al. 2018). Accordingly, almost all hypoglycaemic 

events of the CONT and AER sessions occurred at night. In contrast, the self-initiated 

adjustments in insulin administration or carbohydrate intake during the day appeared to be 

sufficient to prevent most of the hypoglycaemic events.These results are in line with a recent 

consensus report, which strongly recommends the practice of RES and COMB exercises by 

T1D participants since these types of physical demands are associated with lower declines 

in glycaemia (Riddell et al., 2017) and also confirmed previous investigations showing that 

performing high-intensity RES (Yardley et al., 2013) or combining RES and AER exercise in 

the same exercise session (i.e., COMB exercise) (Yardley et al., 2012) can reduce 

glycaemic excursions without increasing the risk of hypoglycaemia over a 24h period post-

exercise. 

The mechanisms behind the reduction of glucose excursions after all the exercise 

modalities and mainly after RES and COMB are largely unknown. In the present study, 

blood lactate was elevated following all exercise interventions (and particularly after the RES 

exercise) when compared to baseline. This response is consistent with other studies in T1D 

(Davey et al., 2014; Turner et al., 2016) where elevated lactate after exercise was proposed 

as a stimulus of gluconeogenesis that could potentially attenuate declines in blood glucose 

(Turner et al., 2016; Yardley et al., 2013) or as a glucose-competing agent, reducing the 

glucose uptake by the muscle during exercise (Farinha et al., 2017). Moreover, we 
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documented a strong increase of glycerol immediately after each exercise sessions 

suggesting that the high availability of fat for fuel during exercise might have also contributed 

to the stabilisation of exercise-associated glycaemia (Chatzinikolaou et al., 2008). 

The mechanisms behind the reduction of glucose excursions after all the exercise 

modalities and mainly after RES and COMB are largely unknown. In the present study, 

blood lactate was elevated following all exercise interventions when compared to baseline. 

This response is consistent with other studies in T1D where elevated lactate after exercise 

was proposed as a stimulus of gluconeogenesis that could potentially attenuate declines in 

blood glucose (Turner et al. 2016; Yardley et al. 2013) or as a glucose-competing agent, 

reducing the glucose uptake by the muscle during exercise (Farinha et al. 2017). 

Furthermore, AER exercise in this present study included the use of only the lower limbs 

(cycling), whereas the RES exercise included both exercises for the lower body and for the 

upper body. These different muscle mass involvements, or the different exercise time per 

muscle group, may have played a role on the observed responses (both as regards the 

glycemic control measured at the level of the interstitial fluid and for the molecular responses 

in the sampled muscle tissue). Moreover, we documented a strong increase of glycerol 

immediately after each exercise session, suggesting that the high availability of fat for fuel 

during exercise might have also contributed to the stabilization of exercise-associated 

glycaemia during the early phase (4-12 h) of post-exercise period (Chatzinikolaou et al. 

2008). However, since lactate and glycerol level were comparable across exercise 

interventions, they were unlikely to be responsible for the better 24h glucose control found 

after RES and COMB than AER session. Thus, further research on exercise-related 

hormones potentially able to stabilize blood glucose such as cortisol, growth hormone and 

catecholamines in individuals with T1D is warranted. Noteworthy, we also found distinct 

skeletal muscle molecular responses to the different exercise modalities, which might also 

explain part of the IG variation observed after diverse exercise modes. In particular, AER 

exercise, but not RES exercise, increased the expression of PGC-1α, a key regulator of 

mitochondrial biogenesis and the oxidative capacity of skeletal muscle (Jäger et al. 2007). 

Recent evidence also supports a role for PGC-1α in the synthesis of genes involved in the 

regulation of glycogen storage and lactate metabolism, contributing to the maintenance of 

whole-body glucose homeostasis (Summermatter et al. 2013). AER exercise also increased 

the IGF-1Ea/IGF-1Eb ratio and hence promoted splicing of the IGF-1Ea variant. Although 

the functional roles of the different IGF-1 splice variants are still unclear (Annibalini et al. 

2016), overexpression of muscle-specific IGF-1Ea sustains muscle hypertrophy but also 

metabolic homeostasis, increasing carbohydrate use and insulin sensitivity both at rest and 

during exercise (O'Neill et al. 2015; Vassilakos et al. 2019). Intriguingly, we found an 
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increase of PGC-1α mRNA and IGF-1Ea/IGF-1Eb ratio not only after AER but also after the 

COMB sessions, which is notable since this occurred despite the completion of 50% less 

AER exercise volume than in the single-mode AER trial. These data add support to the 

notion that COMB exercise appears not to interfere with AER and RES signalling compared 

with single-mode exercise, at least within the early post-exercise recovery period (Coffey 

and Hawley 2007). No other signalling pathways involved in the exercise-induced metabolic 

adaptation (i.e. AMPK, p38MAPK, ERK1/2 and Akt phosphorylation and GLUT4 mRNA 

level) were modified by AER exercise. On the other hand, both RES and COMB exercise 

stimulated the Akt and p38MAPK phosphorylation. Additionally, COMB enhanced eEF2 

dephosphorylation (i.e. activation) and RES increased the myogenin, and MRF4 mRNA 

expression. The activation of these signalling pathways after RES and COMB exercises are 

consistent with other works conducted on healthy people and were likely related to 

increased transcriptional and protein synthesis activation (Egerman and Glass 2014; Rose 

et al. 2005). Moreover, both Akt and p38MAPK signalling pathways plays a crucial role in 

acute substrate metabolism during recovery from acute exercise, including insulin-

independent muscle glucose transport and glycogen synthesis (Coffey and Hawley 2007; 

Röhling et al. 2016). Although still correlative, the Akt and p38MAPK activation found after 

RES and COMB might have also contributed to the exercise-induced improvement of 

glucose homeostasis. Notably, although AER and RES exercise stimulated almost distinct 

activation of specific molecular signalling pathways, we observed few differences in post-

exercise signalling responses between COMB exercise and single-mode AER or RES 

exercise. This finding is particularly relevant for individuals living with T1D since emerging 

evidence shows that diabetes might impact various aspects of muscle quality, including 

structural and functional derangements of mitochondria, a down-regulation of myogenic 

factors and a higher susceptibility to exercise-induced muscle damage (Krause et al. 2011; 

Monaco et al. 2017). One marker that was overlooked in this study was the analysis 

mammalian target of rapamycin complex 1 (mTORC1). mTOR is known to play a critical role 

in regulating muscle mass in response to a wide range of stimuli, including mechanical 

stress, nutrients, growth factors, and hormones, mainly by regulating translation initiation 

and muscle protein synthesis (Weigl, 2012). Assessing mTOR in this particular study would 

have also been of great interest as there is evidence indicates that this combination of the 

two exercise modes may hamper strength and muscle hypertrophic adaptations to RE 

(Nader, 2006; Wilson et al., 2012). In this regard, the present study highlights that COMB 

exercise not only improved glycaemic control but concurrently activates molecular response 

directly involved in substrate metabolism and anabolic adaptations, which may have 

implications to maintain/improve muscle health in T1D. 
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Notably, none of the exercise modalities used in this study increased the serum CK 

and LDH levels, ruling out severe exercise-induced muscle damage. Nevertheless, we found 

a marked induction of inflammation-related genes IL-6, TNF-α and MCP-1 in skeletal muscle 

after all exercise sessions. In this regard, one potential limitation to study exercise-induced 

changes of inflammation is the variability of gene expression that may have been associated 

with the biopsy procedure itself (Friedmann-Bette et al., 2012). In the present study, 

however, a no-exercise session (i.e. CONT) was included and by randomising the order of 

each session, we have considered this potential bias. Thus, it remains for future studies to 

determine whether the increase of inflammatory gene expression found in our study reflects 

the transient and coordinated physiological inflammatory response associated with exercise 

(Coffey and Hawley., 2007) or higher susceptibility to exercise-induced muscle microtrauma 

and inflammation in people with T1D (Krause et al., 2011). 

Some limitations to this study, which include its small sample size (n = 12) and the 

single biopsy post-exercise analysis, which limits the observation of acute molecular 

markers that may peak before or after this time point. Another noted limitation to this is this 

study was our inability to account for reporting bias and compliance in their dietary log as 

well as the temporal distance between meals and exercise. Moreover, although we 

controlled for the duration and intensity of exercise, we did not control for the differences in 

energy expenditure between the different exercise modalities. One of the main strengths of 

this study is its randomized design; furthermore, the study group has a perfect balance of 

male and female participants with a power of 0.9, and no dropout had occurred. Despite the 

limitations, this study provides novel aspects for this important research field and poses new 

noteworthy aspects to consider when prescribing exercise to people living with T1D. 

 

4.12 Conclusions 
 

In summary, this study provides new insights into the 24-hr glucose variability and 

the associated molecular events in skeletal muscle of people with T1D in response to AER, 

RES or COMB exercise. We demonstrated that RES and COMB are more effective than 

AER exercise in reducing 6-12h post-exercise and 24h IG variability indices. AER was also 

associated with a slight increase of nocturnal hypoglycaemic events. All exercise modalities 

increased post-exercise serum lactate and glycerol levels, which might be, at least partially, 

involved in the exercise-induced glucose stabilisation. RES and AER exercise increased 

muscle signalling related to muscular growth/remodelling and oxidative metabolism 
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respectively while both of them might provide beneficial effects on glucose homeostasis. We 

also found that combining different stimuli in the same exercise session (i.e. COMB 

exercise) and halving the volume of the single-mode AER and RES protocols, did not 

compromise the skeletal muscle metabolic and anabolic responses to exercise. While future 

studies are required to support this proposed line, our results suggested that a training 

program based on COMB exercise might represent an attractive strategy to improve glucose 

homeostasis and muscle health in people with T1D. 

 
 
 
 
 

 
 
 
 

 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

 77

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

 
Chapter 5 

 
Effects of a 12-week exercise intervention on glucose 

control, muscle signalling and training functional 
adaptations in individuals with T1D. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Data within this Chapter has been presented as:  
Minnock, D., Annibalini, G., Valli, G., Saltarelli, R., Stocchi, V., Barbieri, E. & De Vito, G. ‘Effects of a 12-week 
exercise intervention on muscle markers of mitochondrial function in individuals with type 1 diabetes’,. Oral 
Presentation at the Interuniversity Institute of Myology (IIM), virtual conference. 16th-18th Oct 2020.   
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5.0 Abstract 
 

Background: To compare the effect of a 12-week high-intensity combined (COMB: 

RES + AER) exercise intervention on glucose control, muscle signalling and training 

functional adaptations in individuals with T1D. 

Aims: The aims of the present study were: to investigate if performing a HIT COMB 

exercise modality over a 12-week training intervention would reduce interstitial glucose (IG) 

variability and reduce hypoglycaemic events over weeklong periods in people with T1DM. A 

secondary aim was to investigate, in the muscle, the gene expression and signalling 

pathways related to metabolism, mitochondrial content, inflammation and muscular growth in 

response to this exercise intervention. Lastly, we were also interested in examining the 

training adaptations in terms of aerobic capacity (V̇O2max) and muscle strength (1RM) 

comparing the T1D with the Non-D participants responses.   

Research design and Methods: Twenty participants (age between 18-45 years), 

ten T1DM (4M/6F), diagnosed for at least 12 month and without known diabetic 

comorbidities, and ten healthy participants (4M/6F), volunteered to participate in the 12-

week training intervention study. Mean amplitude of glycemic excursions (MAGE), standard 

deviation (SD) and coefficient variation (CV) of IG were used to compare weeklong IG 

variability. Muscular strength and cardiorespiratory fitness was assessed using 1RM and 

V̇O2 max testing. Blood and muscle samples were collected to compare exercise-induced 

systemic and muscle signalling responses related to metabolic, growth and inflammatory 

adaptations. 

Results: Exercise intervention reduced IG variability over weeklong periods. 

Similarities concerning the fitness measures existed between both groups at baseline, 

however,only the Non-D group increased (p<0.0001) cardiorespiratory fitness following 

exercise intervention. Non-D participants improved all components of RES exercises 

(p<0.05) whereas T1D only improved GOB squat and Squat exercises (p<0.05). RPE and 

DOMs were significantly elevated in T1D compared to the Non-D group. T1D subjects 

displayed lower mtDNA content compared to Non-D participants with a significant difference 

at baseline and a trend in reduction of telomeres length overall in T1D compared with Non-

D. Myogenin and myoD were significantly higher post-exercise in Non-D but remained 

unchanged in the T1D group. All IGF-1 isoforms were significantly overexpressed in T1D 

following exercise.  

Conclusion: Performing HIT COMB exercise, over a 12-week training intervention, 

is a safe modality for a T1D population. Only the Non-D group displayed significant 

improvements in muscular strength for all exercises assessed and a significant improvement 

in cardiorespiratory fitness.  



 
 

 79

5.1 Introduction 
 

Complications associated with Type 1 diabetes (T1D), including dysregulated blood 

glucose control and alterations in skeletal muscle metabolism have previously been 

highlighted in this thesis (Chapter 2). Fluctuations in glycaemia, in those living with T1D, 

result in periods of time spent in either hypoglycaemia or hyperglycaemia. These are 

considered primary drivers behind the negative alterations affecting the skeletal muscle such 

as reduction in amino acid uptake, protein synthesis and protein degradation, which 

altogether contribute to alter muscle health, (Krause et al., 2009; Krause et al., 2011; Fricke 

et al., 2008).  

Subcutaneous bolus insulin injections expose skeletal muscle to recurrent 

hyperinsulinaemia which is the proposed mechanism underlying the development of diabetic 

myopathy in individuals living with T1D. Acute hyperinsulinaemia leading to increased 

glucose flux into the muscle and ultimately glucose ‘overload. Intracellular hyperglycemia 

results in an increased glycolytic flux and an abundance of pyruvate. In the T1D state, the 

intracellular hyperglycemia is proposed to result in reduced mitochondrial function in one of 

two ways. First, substrate overload would result in significantly elevated reactive oxygen 

species (ROS) production, leading to oxidative damage of mitochondrial proteins and 

reduced ETC activity (mitochondrial respiration. Alternatively, elevated substrate flux through 

the mitochondria would result in phosphorylation (inhibition) of PDH activity and a 

concomitant decrease in ETC activity (mitochondrial respiration) by reducing substrate entry 

into the mitochondria. The intracellular hyperglycemia- mediated decrease in mitochondrial 

function (through negative feedback on PDH and other rate limiting pathways) prevents 

further substrate entry into the mitochondria and instead shifts pyruvate toward lactate 

production, placing a greater reliance on glycolytic rather than oxidative metabolism for 

energy production. In a chronic setting it is theorised that this results in changes in metabolic 

profile occurring within the muscle and directly results in structural and functional deficits 

leading to the development of diabetic myopathy (Monaco et al., 2018).   

The acute exercise intervention study, we performed (Chapter 4), provided 

indications regarding the efficacy of an exercise modality (HIT COMB, chapter 4), that at 

least in acute conditions, improved glycaemic control (i.e. reduced glycaemic variability) in 

T1D individuals.  

In addition, responses in muscle signalling following the acute intervention indicated, 

not surprisingly, that the different modalities elicited distinct responses. For instance, while 

AER exercise promoted the splicing of IGF-1Ea variant and stimulated the expression of 
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PGC-1α mRNA isoforms, the RES exercise increased growth-related signalling (Akt and 

p38MAPK phosphorylation; myogenin and MRF4 mRNAs). However, it was observed that 

combining these different exercise modalities in the COMB did not compromise the 

activation of these signalling pathways, which could be beneficial for long-term muscle 

health. In addition, it was also confirmed that COMB was more effective in reducing IG 

fluctuations compared to single-mode AER or RES exercise modalities.  

Existing literature in this field indicates impairments in energy production (Crowther 

et al., 2003), reductions in cardiorespiratory fitness (Heimar et al., 1990), decreased muscle 

strength (Lukács et al., 2012) and an increase in muscle fatigability (Orlando et al., 2017; 

Almeida et al., 2008) in a T1D population. What remains to be determined is to verify if these 

alterations in cardiorespiratory and muscle function will impair the training adaptations 

responses in terms of aerobic capacity (V̇O2max) and muscle strength (1RM) in T1D adults 

when compared to their Non-D counterparts.  

Therefore, it was decided to apply the HIT COMB exercise modality in a 12-week 

training intervention to examine if the glycaemic and skeletal muscle responses, seen in the 

acute intervention, could be translated into long term improvements in glycaemic control and 

skeletal muscle health. It was also deemed appropriate, to expand our examination of cell 

signalling and gene expression responses by assessing a greater variety of markers related 

to metabolic responses, mitochondrial function, inflammation and muscle growth. 

The main aims of the present study were: to investigate if performing a HIT COMB 

exercise modality over a 12-week training intervention would reduce interstitial glucose (IG) 

variability and reduce hypoglycaemic events over weeklong periods in people with T1DM. A 

secondary aim was to investigate, in the muscle, the gene expression and signalling 

pathways related to metabolism, mitochondrial content, inflammation and muscular growth in 

response to this exercise intervention. Lastly, we were also interested in examining the 

training adaptations in terms of aerobic capacity (V̇O2max) and muscle strength (1RM) 

comparing the T1D with the Non-D participants responses.   

 It was hypothesised that applying a HIT COMB, exercise modality, where the 

resistance component is applied first, over 12 weeks will result in decreased IG variability 

and decrease hypoglycaemic exposure. Furthermore, we hypothesised that this COMB 

protocol, will elicit the cell signalling and gene expression necessary for counteracting T1D 

impairments in skeletal muscle health via improved skeletal muscle metabolism, 

growth/remodelling and reduced inflammation. Finally, we wanted to test the hypothesis that 

the T1D condition would results in a diminished training adaptation compared to their Non-D 

counterparts. 
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5.2 Research Design and Methods 
 

5.2.1 Ethical Approval 

Twenty participants, ten T1DM (4M/6F), without known diabetic comorbidities, and 

ten healthy participants (4M/6F), volunteered and gave their written informed consent to 

participate in the study approved by the Human Research Ethics Committee of University 

College Dublin (LS-17-113-Minnock-DeVito). Participant sample size were selected from 

using an outcome power based sample sized calculation. As glycaemic control was the 

primary endpoint of interest in this study the criteria was based on two study groups (T1D x 

Non-D) and a continueous endpoint (means). The probability of type 1 error was set with an 

alpha of 0.05 and a type 2 error of 80% and the sample sized calculation was calculated as 

n = 10.  Participants were recruited using a variety of techniques, including newspaper 

advertisements, posters, distribution of information flyers, and by word of mouth. Inclusion 

criteria were: age between 18-45 years, T1D diagnosed for at least 12 months, BMI <30 

kg.m2, and non-smokers. Exclusion criteria were: presence of neuro-orthopaedic deficiency 

making exercise training difficult, cardiovascular conditions contra-indicating exercise, 

infectious or inflammatory evolving conditions, evidence of chronic renal failure or liver 

disease, severe proliferative diabetic retinopathy, use of beta-blockers or for any other 

physical or mental conditions preventing participation in the intervention. Participants were 

not habitual exercisers but all were active in daily activities such as cycling and walking to 

work. Nonetheless all participants performed less than 2 hours of physical activity weekly 

and presented with moderate fitness level for both age and gender. 

5.2.2 Study Design  

As indicated in Fig 5.1 the study spanned over 16 weeks, and included an initial 4-

week control period followed by 12 weeks of exercise training. The control period was 

applied in order to obtain baseline data and to minimise factors which could influence the 

results such as familiarisation and learning in the execution of the testing. Participants were 

tested at three-time points: on week 1 (Baseline) at the onset of the study, a second time on 

week 4 (Pre-intervention) and finally on week 16 (Post-intervention) just after the completion 

of the training period. During the control period participants were invited to maintain their 

habits both in terms of physical activity, diet and treatment (T1D). All data collection and 

exercise testing took place in the human Physiology laboratory and the high-performance 

gym of the local University. At each visit, participants provided firstly a written informed 

consent before being assessed for the following: anthropometrics, body composition, muscle 

strength (1RM) and maximal oxygen uptake, in addition blood and muscle tissue samples 
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were collected. The same procedure, following the same order, was repeated at each 

collection point visit.   

Participants were not fasting during the exercise sessions and were issued with a 

food diary to log meals and snacks in the weeklong periods for baseline, pre and post. 

Retrospective analysis of the food diary revealed that there were no statistically significant 

differences in total carbohydrate intake and daily insulin doses between sessions 

Supplementary Table 4. Participants were instructed to refrain from exercise, caffeine, and 

alcohol for the 24h before and following each intervention day.  

 
 
 

5.2.3 Body Composition and resting HR 

Body composition was assessed by dual-energy X-ray absorptiometry (DEXA) 

(Lunar iDXA, GE Healthcare, Buckinghamshire, United Kingdom). Following the DEXA scan, 

since participants had been lying down for approximately 20 minutes a resting heart rate 

value (HR) was recorded. A total of three HR values were taken to provide an average 

resting HR value to be used for the calculation of the target HR reserve (HRR) percentage 

(80 %) to be used for the AER component of training. 

  

 

5.2.4 Interstitial Glucose Data Collection and Evaluation  

IG was monitored using flash glucose monitoring (Abbott Freestyle Libre, FGM). To 

this purpose, Abbott Freestyle Libre (FGM) patches were provided to each participant at 

each collection point (Baseline, Pre-intervention and Post-intervention). At their first visit to 

the laboratory, participants were instructed how to apply, activate and use their FGM reader.  

The IG was recorded every 15 minutes and the data were downloaded to provide IG data for 

week-long periods at baseline, pre-intervention and post-intervention. IG variability was 

evaluated using the following four indices: mean amplitude of glycaemic excursions (MAGE), 

IG variance (VAR), IG coefficient of variance (CV%), and IG standard deviation (SD) 

(Zaccardi et al., 2008; Hill et al., 2011). MAGE, VAR, CV% and SD analysis was performed 

on the IG data collected during the entire week-long periods. In particular, MAGE calculation 

was based on the differences between consecutive points, considering those who were 

higher than 1 SD than the previous point (Hill et al., 2011).  
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5.2.5 Muscle Strength (1RM)  

1RM was assessed for each of the 6 RES training exercises. Briefly, participants 

were initially asked to estimate their 1RM max and started the testing using that estimated 

load. The load was then adjusted, if necessary, and 1RM was usually achieved within 4-5 

attempts at each exercise. The 1RM testing was performed at baseline (week 1) and again 

at pre-intervention (week 4) which allowed for confirmation of 1RM value to be applied 

during the 12-week training intervention. RPE score, using CR-10 scale (Borg, 1990), was 

provided by the participant and the proper execution of the repetition was closely monitored 

by an experienced researcher. The six RES exercises were; Goblet Squat, Biceps Curl, Leg 

Extension, Seated Cable Row, Squat Press and Triceps Extension. A combination of free 

weights (Goblet Squat & Bicep Curl), stationary machines (Squat Press, Leg Extension & 

Seated Cable Row) and a Keiser Functional Trainer (Keiser, Fresno, CA, USA) (Triceps 

Extension) were used. 

 

 

5.2.6 Maximal Oxygen Uptake 

Participants performed an incremental maximal cycling test to volitional exhaustion to 

assess the maximum oxygen consumption (V̇O₂max). The test was performed on an electro-

mechanical braked cycle ergometer (Lode BV, Excalibur Sport, Groningen, The 

Netherlands). During the test, oxygen consumption (V̇O2), carbon dioxide production 

(VCO2), respiratory exchange ratio (RER), and pulmonary ventilation (VE), were measured 

breath by breath using an open circuit metabolimeter (Quarkb2 Cosmed, Italy). HR was also 

continuously monitored (H10, Polar, Kempele, Finland). The protocol commenced with 2 min 

of cycling at 50 watts for females and 80 watts for males. Bike resistance was then 

increased every minute by individually calculated increments (Wasserman et al 1999). 

During the entire test, the pedal revolution rate (rpm) was maintained between 70 and 80 

rpm. Two out of the following three criteria were used to establish V̇O2max attainment: 1) A 

plateau in V̇O₂ despite an increase in workload (increment less than 150 ml/min); 2) A RER 

>1.1; 3) HR within 10 beats of estimated HRmax (Tanaka et al., 2001).   

 

 

5.2.7 Blood and Muscle sampling  

Venous blood samples were taken from an antecubital vein in heparin-coated 

VacutainerTM tubes using standard aseptic techniques, during each collection point at 

Baseline, Pre-intervention and between 48-72 hours following cessation of exercise at Post-

intervention (Fig 4.1). Participants did not fast for these sample collections. Samples were 
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immediately centrifuged (at 4 °C and 1000 x g for 15 min), after which serum was stored at 

−80 °C for further analysis.  

Muscle biopsies were collected at baseline, pre-intervention and between 48-72 

hours after the last training session (Fig 4.1) using a 14-gauge semi-automatic spring-loaded 

biopsy system with compatible coaxial introducer needle (Medax Srl Unipersonale; San 

Possidonio, Italy). The biopsies were taken at rest from both left and right vastus lateralis 

muscle. Briefly, after local anaesthesia with 3 mL of 2% lidocaine the skin, previously 

cleansed with an antiseptic solution, was punctured with the insertion cannula. The biopsy 

needle was then inserted through the cannula, and after the activation of a trigger button, a 

small muscle piece remained inside the needle. The muscle sample was then removed from 

the biopsy needle, immediately frozen in liquid nitrogen and stored at -80˚C until further 

analyses. All analysis related to tissue samples including RNA extraction, cDNA synthesis, 

qRT-PCR and western blot analysis were conducted at the Department of Biomolecular 

Science, Università degli Studi di Urbino "Carlo Bo" in Italy by Prof Barbieri’s research 

group. 

 

 

5.2.8 Data Analysis  

  

5.2.8.1 RNA extraction, cDNA synthesis, and qRT-PCR 

Without thawing, all muscle tissues were weighed (≤ 30mg), placed directly into the 

QIAzol Lysis Buffer (Qiagen, Milan, Italy), and ruptured using a Polytron homogenizer 

(KINEMATICA AG, Switzerland). Total RNA was extracted and purified using the 

miRNeasy® Mini Kit (Qiagen, Milan, Italy) according to the manufacturer's instructions. The 

amount and quality of RNA assessed with DU-640 UV Spectrophotometer (Beckman 

Coulter, United Kingdom), and the complementary DNA was synthesised from 1 μg of total 

RNA using Omniscript RT (Qiagen, Milan, Italy) and random hexamers. Subsequently, 

quantitative real-time PCR performed with 2 μl of cDNA and 300 nM of each primer in an 

Applied Biosystems StepOnePlus™ Real-Time PCR System using SYBR Select Master Mix 

(Applied Biosystems, Monza, Italy). The mRNA expression of the target genes normalised to 

the geometric mean of GAPDH and B2M reference genes. The real-time PCR conditions 

were: 50°C for 2 min, 95°C for 2 min followed by 40 cycles of three-steps at 95°C for 15 s, 

60°C for 15 s and 72°C for 30 s. The specificity of the amplification products was confirmed 

by examining thermal denaturation plots and by sample separation in a 4% DNA agarose 



 
 

 85

gel. The genes of interest and the sequence of the specific primer used in real-time RT-PCR 

quantification are listed in Supplementary Data Table 5.  

 
 
 

5.2.9 Control Period 

 Briefly, following the first visit (baseline), participants were asked to continue with 

their usual routines for four weeks. Moreover, they were instructed to log their diet and food 

intake, during the first week of the control period, that were to be replicated in the successive 

collection weeks (pre-intervention and post-intervention) to ensure no changes occurred to 

their nutritional habits. T1D group continued to adhere to their insulin therapy, and female 

participants in T1D and Non-D groups continued their regular contraception therapy. No 

other medication was being used in either group.  

 

 

5.2.10 Training Exercise Intervention  

 
The 12-week training intervention consisted of 3 weekly (Mon, Wed, Fri) 40 min, HIT 

COMB exercise sessions broken into 20-minute RES and 20-minute AER exercises. In each 

session, participants were fitted with an HR monitor (Polar H7) that was then connected via 

Bluetooth to an iPad. Participants AER component intensity was derived from 80% of their 

individual V̇O₂max  test values.  

Each session started with a 5-minute warm up using resistance exercises performed 

at 30% 1RM through a circuit which included the 6 free weights and resistance exercise 

machines previously described:1) Goblet Squat, 2) Bicep Curl, 3) Leg Extension, 4) Seated 

Cable Row, 5) Squat Press and 6) Triceps Extension. RES training component started 

immediately post warm-up and comprised 3 complete circuits (lasting about 5 minutes 

each), where each exercise was repeated eight to ten times, at an intensity corresponding to 

75 % – 80% of 1-RM. The 8-10 reps were completed in about 50 seconds before moving to 

the next exercise. The first week, of the 12-week training, was used to teach the correct 

exercise techniques using lower loads (60% of 1-RM). The training load was closely 

monitored and logged, and when necessary, adjusted (by 5% – 10%) in order to keep the 

prescribed number of repetitions. Following completion of the RES component participants 

quickly transferred to a cycle ergometer (Lode, Excalibur) and without interruption began 

cycling, starting with a 5 -minute low resistance (Female – 50 WATTS; Male – 80 WATTS) 

warm-up at a revolution rate of 50 rpm. Thereafter, both revolution rate (to 70-80 rpm) and 

the resistance on the cycle ergometer were increased to reach the desired 80% HRR zone 
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which was maintained for the following 15 minutes. The resistance was also adjusted 

throughout the session to ensure participants remained at the desired 80% workload 

intensity and verbal encouragement was provided when necessary. Intervention ceased 

once 40-minutes of training had been completed. All participants were advised and 

encouraged to consume water ad libitum throughout the exercise session in order to 

minimise cardiac drift.  

 

 

5.2.11 Delayed onset muscle soreness (DOMS) and Rate of perceived exertion (RPE) 

DOMS was evaluated using a modified 11-point version of the muscle soreness 

scale (Westerlind et al., 1994). Briefly, before each exercise session participants stepped up 

and down on a 40 cm box four times and provided a number relating to the perceived 

soreness of the leg muscles. In addition, pre and post each training session, participants 

were asked to provide an RPE score, using a 10-point CR-10 version of the Borg scale 

(Borg, 1990). An average individual score was then calculated. 

 
 
 
Fig 5.1 Study Design Schematic  

 
Schematic overview of study design. Participants were assessed (Baseline, Pre and Post-intervention) for their 
anthropometrics, body composition, 1 Rep Max and �̀O2MAX. �enous blood and muscle tissue samples were also 
collected. IG data was recorded over a week-long period (Baseline, Pre and Post intervention). Weeks 1-4 acted 
as a control with weeks 4-16 as the 12 week training intervention.  
 
 
 

5.2.12 Statistical Analysis  

Data were analysed using GraphPad Prism 7 (GraphPad Software, Inc., USA) and 

descriptive data are reported as mean ± SD. Parameters of interest were checked for normal 

distribution using Shapiro-Wilks, parametric statistical analysis was employed to determine 

significant differences. However, since the results for mRNA expression for MCP-1, IkB, 

MRF4, �CAM, TNF-α, and IGF-1 isoforms were not normally distributed, they were log 
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transformed and reanalysed. Differences between groups at baseline for all parameters 

were compared using a one-way analysis of variance (ANOVA) with Tukey’s post hoc test. A 

two-way analysis of variance (ANOVA) with Tukey's post hoc test was also applied to study 

the weeklong exercise intervention and the weeklong post-intervention IG responses as: 

MAGE, VAR, CV, glucose SD. To verify RPE and DOMs changes in both T1D and Non-D 

participants, a two-way mixed design MANOVA was performed. Time was within-subjects, 

while T1D and Non-D was 2 levels between group’s factors. Two-way (group × time) 

repeated measures analysis of variance (ANOVA) was used to detect differences, with 

pairwise comparisons performed, for the four IG 6h analysis. Tukey post-hoc test was used 

when a significant main or interaction effect was detected. For all analyses, statistical 

significance was accepted at p<0.05. The effect size for the within-condition analysis (pre-

intervention to post-intervention changes) was calculated using Cohen's d (Cohen, 1988), 

where the difference between post-intervention and pre-intervention was divided by the pre-

intervention standard deviation. 

 

 

5.3 Results  
 

5.3.1 Baseline Characteristics 

Table 5.1 illustrates Pre and Post intervention body composition and anthropometric 

data for all participants in our study.  Twenty participants completed the study T1D – 10 

(4M/6F) aged (yrs) 31.62 ± 3.72 and Non-D – 10 (4M/6F) aged (yrs) 28.42 ± 5.93. The T1D 

group was comprised of 9 multiple daily injection users and 1 insulin pump user with a group 

HbA1c (%(mmol.mol-1)) of 7.92 ± 3.43 (63 ± 14) and a diabetes duration (yrs) of 17.8 ± 9.2. 

No differences existed between the T1D and Non-D groups both at Pre and Post-

intervention. It should be noted that all-female participants were using oral hormonal 

contraceptives. 
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Table 5.1 Participant Characteristics  
 

Characteristric T1D 

Pre 

(kg) 

T1D 

Post 

(kg) 

Non-D 

Pre 

(kg) 

Non-D 

Post 

(kg) 

Between 
difference 

p 

Within 
difference 

p 

 
time x 
group 

interactio
n 
 

p 

Body mass (kg) 77.15 
±11.22  

77.96 ± 
12.38  

69.69 ± 
12.00 

69.38 ± 
11.51 

 
0.143 

 
0.691 

 
0.378 

Body mass 
Index (kg.m-2) 

26.51 ± 
3.43 

26.81 ± 
4.17  

23.95 ± 
2.85  

23.85 ± 
2.63 

 
0.164 

 
0.651 

 
0.377 

Body fat (%) 30.12 ± 
9.40 

29.24 ± 
9.59 

29.39 ± 
6.67 

28.70 ± 
6.57 

 
0.863 

 
0.100 

 
0.836 

LBM (kg) 53.55 ± 
14.31 

52.45 ± 
11.24 

47.00 ± 
9.25  

46.96 ± 
9.20  

 
0.250 

 
0.718 

 
0.734 

Values are presented as mean ± SD. Statistical differences were determined by two-way repeated ANOVA.  
 

 

5.3.2 Hypoglycaemic Events 

Table 5.2 illustrates the hypoglycaemic occurrences in the T1D group during the 

study. Following training, the total number of participants who experienced post-exercise 

hypoglycaemic events actually decreased. The total number of hypoglycaemic events and 

time spent in hypoglycaemia decreased (< 0.05) following the exercise training intervention 

despite the weeklong average duration of hypoglycaemic event remaining unchanged. No 

hypoglycaemic events occurred in the Non-D group.  
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Fig 5.2A   Baseline Weeklong FGM   

Weeklong mean glucose as measured by a flash interstitial glucose monitoring (FGM) system during baseline week. 
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Fig 5.2B Pre-intervention Weeklong FGM 

 
Weeklong mean glucose as measured by a flash interstitial glucose monitoring (FGM) system during Pre-intervention week. 
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Fig 5.2C Post-intervention Weeklong FGM 
 

 
Weeklong mean glucose as measured by a flash interstitial glucose monitoring (FGM) system during Post-intervention week. 
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Fig 5.2D Overlay of Weeklong T1D-Group FGM  
 

 
An overlay of each weeklong mean glucose as measured by a flash interstitial glucose monitoring (FGM) system during Baseline, Pre-intervention and Post-intervention 

weeks. 
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Fig 4.3 Interstitial Glucose Data 
 

IG variability indices are displayed in Fig. 5.3 Weeklong IG profile was used to 

calculate glucose variance (VAR) (5.3A), glucose standard deviation (SD) (5.3B), glucose 

coefficient of variance (CV) (5.3C), and) the mean amplitude of glycaemic excursions 

(MAGE) (5.3D). Statistical differences were determined by Two-way ANOVA. *p < 0.05, ** p 

< 0.01, *** p < 0.001. 

 

 
The weeklong interstitial glucose profile was used to calculate glucose variance (VAR) (5.3A), glucose standard 
deviation (SD) (5.3B), glucose coefficient of variance (CV) (5.3C), and the mean amplitude of glycaemic 
excursions (MAGE) (5.3D). Statistical differences were determined by Two-way ANOVA with Tukey's post hoc 
test.  * p < 0.05, ** p < 0.01, *** p < 0.001.  
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5.3.4 Muscle strength and Cardiorespiratory fitness 

Both T1D and Non-D groups responded to the 12-week training with regards to 

improvements in both muscle strength (1RM data) (Table 5.3) and cardiopulmonary fitness 

(V̇O2max) (Fig 5.4A; 5.4B).  

 

Table 5.3 Strength Data 
 

Characteristric T1D 

Pre 

(kg) 

T1D 

Post 

(kg) 

Non-D 

Pre 

(kg) 

Non-D 

Post 

(kg) 

 
Between 

difference 
p 

 
Within 

difference 
p 

 
time x 
group 

interaction 
 

p 

GOB 42.60 ± 
21.38 

47.90 ± 
22.81*** 

49.30 ± 
15.76 

58.30 ± 
18.17**** 

 
0.342 

<0.0001 0.066 

BC 10.25 ± 4.04 11.30 ± 
4.42** 

9.95 ± 3.45 12.50 ± 4.65** 
0.808 <0.0001 0.067 

LE 69.60 ± 
19.21 

73.70 ± 
18.65* 

56.4 ± 23.67 67.4 ± 21.4**** 
0.307 <0.0001 <0.001 

SCR 46.30 ± 9.99 54.20 ± 
11.49**** 

51.70 ± 
17.43 

60.30 ± 
16.46**** 

0.373 <0.0001 0.687 

SQUAT 107.60 ± 
18.08 

124.60 ± 
17.90**** 

108.6 ± 
14.39 

134.1 ± 
10.71**** 

0.446 <0.0001 0.023 

TE 14.10 ± 3.67 15.70 ± 
3.33**** 

15.20 ± 4.05 16.60 ± 
3.78*** 

0.551 <0.0001 0.667 

TOTAL 
WEIGHT 
LIFTED 

2904.51 ± 
363.98 

3274.0 ± 
417.08 

2911.12 ± 
354.41 

3492.14 ± 
439.75 

   

Values are presented as mean ± SD. Statistical differences were determined by two-way repeated ANOVA. 
 

 
 

Concerning the V̇O2max testing, although no differences between T1D and Non-D 

groups were observed at baseline, both the T1D and Non-D group showed significant 

increases following the training intervention (p<0.0001) (Fig 5.4A).  
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Fig 5.4A �̀O2max Group Response 

 
Statistical differences were determined by Two-way ANOVA with Tukey's post hoc test. 

 
 
 

The individual responses in �̀O2max testing, illustrated in Fig 5.4B, provides a visual 

representation into the degree of change in �̀O2max between T1D and Non-D participants 

following exercise intervention.  

 
Fig 5.4B �̀O2max Individual Response  
 

 
Statistical differences were determined by Two-way ANO�A with Tukey's post hoc test. 
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5.3.5 RPE & Delayed Muscle soreness  
Average weekly RPE scores were lower in the Non-D group when compared to T1D over several time points (week 3-5,7, 8-12) (Fig 5.5A).  
 
 
Fig 5.5A 12-week Average RPE Scores  

 

 
 

Values are presented as mean ± SD. * indicates where RPE score between T1D and Non-D groups was p < 0.05      

 
 
 
 



 
 

 98

5.3.6 DOMS 
 

Reported DOMS scores were lower in the Non-D group when compared to the T1D group during weeks 3-6, and 9-12 (Fig 5.5B).  

Fig 5.5B 12-week DOMS Score  

 

Values are presented as mean ± SD. * indicates where DOMS score between T1D and Non-D groups was p < 0.05 
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5.4 Muscle gene expression  

 

5.4.1 Metabolism and Mitochondrial function  

mRNA Expression of COX2 (Fig 5.6A) was lower in the T1D group and remained unchanged 

in both groups following the intervention. Concerning the mRNA expression for COX5 (Fig 5.6B) Ppar-

α (Fig 5.6C) GLUT4 (Fig 5.6D) PGC-1a (Fig 5.6E), no differences were observed between the two 

groups and following the intervention.  

 

 

5.4.2 Mitochondrial content and ageing  

The mRNA expression of COX1 mRNA was lower in T1D compared with Non-D at both time 

points (Fig 5.6F), moreover, the exercise intervention did not alter its expression in either group (Fig 

5.6F). Telomere length was lower at baseline in the T1D group and was not altered by the (Fig 5.6G) 

exercise intervention in either group.   
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Fig 5.6 Metabolism, Mitochondrial function, Mitochondrial content and ageing. 

 

 

 
 
mRNA expression levels of COX2 (5.6A), COX5 (5.6B), Ppar-a (5.6C), GLUT4 (5.6D), PGC-1a (5.6E), COX1 (5.6F) and 
Telomere length (5.6G) genes measured by real-time PCR. Statistical differences were determined by two-way repeated 
ANOVA. *p < 0.05, ** p < 0.01, *** p < 0.001. 
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5.4.3 Inflammation (Fig 5.7) 

IL-6 mRNA and TNF-a levels did not change (Fig 5.7A; 5.7B) in either group following the 

exercise intervention. However, at baseline TNF-a was higher in the T1D population (Fig 5.7B). MCP-

1 expression was increased in both groups following the exercise intervention (Fig 5.7C) while ikBa 

expression was reduced following exercise but only in the T1D group (Fig 5.7D). The T1D group 

exhibited significant increases in VCAM1 mRNA expression post-exercise intervention compared to 

pre-intervention value and compared to post Non-D value (Fig 5.7E). No differences in ICAM1 

expression between the two groups at baseline (pre-intervention); however, ICAM1 expression the 

T1D group was significantly higher post-intervention in comparison to Non-D group (Fig 5.7F). 

 

 

Fig 5.7 Inflammation 

 
mRNA expression levels of IL-6 (5.7A), TNF-a (5.7B), MCP-1 (5.7C), kBa (5.7D), VCAM1 (5.7E) and ICAM1 (5.7F) genes 
measured by real-time PCR. Statistical differences were determined by two-way repeated ANOVA. *p < 0.05, ** p < 0.01, *** 
p < 0.001. 
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5.4.4 Myogenesis/skeletal muscle growth-related genes (Fig 5.8) 

Concerning the mRNA expression of Myogenin and MyoD these two genes increased post 

exercise only in the T1D group and were higher than in Non-D participants. (Fig 5.8A & Fig 5.8B). 

CyclinD and Myf5 expression remained unchanged in both groups (Fig 5.8C & Fig 5.8D). The T1D 

group displayed higher level the expression of ki67 pre-exercise in comparison to the Non-D group. 

Furthermore, both groups displayed higher levels of ki67 post-exercise (Fig 5.8E). MRF4 expression 

decreased in the T1D post-exercise compared to pre-exercise and compared with Non-D post-

exercise levels (Fig 5.8F). Expression levels of all IGF-1 variants were higher in T1D group only 

following the exercise intervention, whereas the Non-D group reported no change (Fig 5.8G; 5.8H; 

5.8I). 
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Fig 5.8 Myogenesis/skeletal muscle growth-related genes 

 

 
mRNA expression levels of Myogenin (5.8A), myoD (5.8B), CyclinD (5.8C), Myf5 (5.8D), ki67 (5.8E) MRF4 (5.8F), IGF-1Ea 
(4.5G), IGF-1Eb (5.8H) and IGF-1Ec (5.8I) genes measured by real-time PCR. Statistical differences were determined by 
two-way repeated ANOVA. *p < 0.05, ** p < 0.01, *** p < 0.001. 
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5.5 Discussion  
 

In this study, we described the effects of combining high-intensity resistance and aerobic 

exercise modalities in a 12-week training intervention, on IG control and hypoglycaemic response in 

T1D. Also, by including muscle biopsies, we assessed, for the first time, the molecular responses of 

individuals with T1DM, examining the signalling associated with the translational machinery and gene 

expression regulation in the muscles of our participants. Lastly, we also assessed the adaptative 

responses to this training intervention in terms of cardiorespiratory fitness and muscular strength in 

both the T1D and Non-D groups.  

 

 

5.5.1 Effects on IG response  

The main finding of this study was that the HIT, 40-minute COMB exercise, reduced IG 

variability, over weeklong periods. Actually, following the exercise intervention T1D participants, 

displayed IG fluctuations much closer to those observed in the Non-D group (Fig 4.2D). In the present 

study we recorded a significant decrease in the total number of hypoglycaemic events that occurred, 

during weeklong periods, resulting from the exercise intervention. A reduction in the total number of 

hypoglycaemic events experienced by the T1D group during Post-intervention (p < 0.05) weeklong 

periods suggests that improved IG control from exercise greatly affects exposure to hypoglycaemia. 

Moreover. An increase in time spent in euglycaemic state by the T1D group between Pre and Post-

intervention (p < 0.05) indicates a greater glycaemic control. A reduction in the occurrence of 

hypoglycaemia found in the present study was contradictory to previous research (Gomez et al., 

2015), where it was reported that performing morning exercise lowered the risk of hypoglycaemia and 

improved metabolic control on the subsequent day compared to performing afternoon exercise, 

however, given the fact our exercise intervention took place late in the  afternoon further suggests that 

the exercise modality and not only the time of the day the exercise is performed, is key in reducing 

hypoglycaemic events. Participants did not encounter any severe events of hypoglycaemia, requiring 

hospitalisation, during or after the exercise intervention. These results are in line with a recent 

consensus report, which strongly recommends the practice of COMB exercise by T1D participants 

since this is associated with lower declines in glycaemia (Riddell et al., 2017) and also confirmed 

previous investigations by this group (Chapter 4) and others that performing high-intensity RES and 

AER exercise in the same exercise session (i.e., COMB exercise) (Yardley et al., 2012) can reduce 

glycaemic excursions without increasing the risk of hypoglycaemia over a 24h period post-exercise. 

More importantly, this study demonstrated, for the first time, that a HIT COMB exercise modality 

applied over a 12-week training period, provides a safe and sustainable exercise approach, reducing 

the risk of glycaemic fluctuations and hypoglycaemic events.  
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5.5.2 Effects on Physical Characteristics 

No physical characteristic differences were found between T1D and Non-D participants at 

baseline. Moreover, no significant improvements in lean mass, and body fat, were observed following 

the intervention period. This, in part, can be explained by the brief duration of the exercise sessions 

(40mins), resulting in an overall low volume of total exercise performed over 36 exercise sessions. We 

did not control for energy intake and this is a limitation of our study design especially in respect to the 

IG variability, however, this could have also affected body composition adaptions. These findings, 

however, confirm previous research, indicating that HIT exercise training may not be the most 

effective modality towards improving lean body mass, body fat (kg) and body fat percentage (Sultana 

et al., 2019), mostly due to their short duration and overall shortened volume of exercise when 

compared to traditional training methods.  

 

 

5.5.3 Effects on Functional Outcomes 

Training load was closely monitored and logged, and adjusted if necessary. For the resistance 

training component, for instance, the load was increased (or decreased) by 5% – 10% in a week in 

order to keep the required minimum number of repetitions. Participants were also encouraged to 

exceed the minimum number of repetitions required if possible, and this would be documented and 

adjusted to ensure the progression of training. No differences were observed in the cardiorespiratory 

fitness between T1D and Non-D groups at baseline. Despite these similarities between both groups at 

baseline, the both groups demonstrated a significant increase (p<0.0001). Despite these CRF findings 

the paradoxical findings following our analysis of the subunits COX2 and COX5 with results indicating 

that the Cox2 mRNA expression is decreased in T1D compared to Non-D counterparts. These 

findings support research that T1D impairs mitochondrial functions (Monaco et al., 2019). 

Unfortunately, the 12-week exercise intervention does not seem to modify this phenotype. 

Similar to cardiorespiratory fitness, no differences were observed in muscular strength 

between T1D and Non-D groups at baseline. Moreover, both T1D and Non-D groups significantly 

improved 1RM for all exercises undertaken (p<0.05). These observations contradict findings from 

similar research in both adolescents and adults with T1D (Huttenen et al., 1984; Nadeau et al., 2010; 

Luka et al., 2012). Although the mechanism explaining this association between T1D and impairments 

in skeletal muscle function is not fully understood. Recent evidence indicates that impairments in 

muscular function in those with T1D is affected by impairments in both protein turnover (Bennet et al., 

1990; Nair et al., 1995) and reductions in satellite cell content (D’Souza et al., 2016). These alterations 

can affect the myonuclear content and ability to repair from injury in the muscle (Hawke and Garry., 
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2001; D’Souza et al., 2016) independent of diabetic neuropathy (Monaco et al., 2017), however this is 

not evident in this T1D participant group and is not supported with the improved 1RM findings from 

this intervention study.   

The observation that the T1D group reported higher RPE and DOMS scores compared to the 

Non-D group throughout the exercise intervention period. The 12-week average RPE was always 

higher for T1D compared to the Non-D group except during week 6. Because RPE data was based on 

an average rating, it can be argued that the T1D RPE overall may be higher as they began the training 

period at a higher RPE rating or because the training intervention itself was perceived as being more 

difficult.  

Interestingly, the DOMS scores indicated that the T1D group overall had greater DOMS 

compared with the Non-D group. These findings indicate that the T1D group experienced not only a 

more pronounced exercise related muscle soreness but also a slower rate of recovery following the 

same exercise protocol compared to the Non-D group, evidence which supports previous research 

(Al-Nakhli, 2011). In essence, these ratings indicate that the T1D group found the same exercise more 

physically demanding and had more difficulty in recovering than their Non-D counterparts.  

 

5.5.4 Effects on molecular markers  

It must be noted that only gene expression has been analysed at this point in time. Gene 

expression is only a partial indication of the response to exercise. Until protein expression analysis is 

completed the full skeletal muscle response to exercise training will not be fully understood. As all 

gene expression does not result in protein expression due to the complex pathways controlled by 

cells, it would be niave to consider gene expression alone as an indicator of outcomes.  

 

5.5.5 Metabolism and Mitochondrial function 

Regarding mitochondrial function, Cytochrome c oxidase (COX) is part of the electron transport 

chain, the site of oxidative phosphorylation and is broken into 5 subunits of this complex. Based on 

existing literature, T1D may impair the function of particular subunits of this complex (Monaco et al., 

2017). Cox2 and Cox5 genes are related to mitochondrial function that encode for mitochondrial 

proteins, a lot of studies demonstrated that an increase of their expression is associated with greater 

mitochondrial functionality (Timón-Gómex et al., 2018). We analysed subunits COX2 and COX5 with 

results indicating that the COX2 mRNA expression was decreased in T1D compared to Non-D 

counterparts at baseline. These results are in line with the recent studies demonstrated an T1D-

induced impairment of mitochondrial functions. Unfortunately, the training program did not modify the 

level of these subunits in the T1D group Reduced expression of these factors in the T1D group could 
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mean reduced ATP production and early fatigue (Schlagowski et al., 1985). Moreover, it indicates a 

reduced metabolic activity of the mitochondrion and may be a contributing factor as to why the T1D 

group did not improve cardiorespiratory fitness as well as their Non-D counterparts (Melser et al., 

2015). Moreover, these reductions in the expression of COX2 and COX5 the T1D group may explain 

the higher RPE and fatigue reported by the T1D group during exercise.  

Peroxisome proliferator-activated receptor alpha (Ppar-α) is a nuclear receptor protein and a major 

regulator of lipid metabolism, regulating fatty acid utilization in primary human skeletal muscle cells 

and is considered a metabolic marker of interest in T1D (Muoio, 2002). Our findings indicate a trend of 

higher expression of the Ppar-α gene in Non-D group compared to T1D, which may indicate a greater 

shift towards fatty acids catabolism in the T1D group (Muoio et al., 2002).  

No differences in the expression of GLUT4 and PGC-1α were observed between T1D and Non-D 

groups. Moreover, the exercise intervention did not alter expression of GLUT4 or PGC-1a in either 

group.  

 

 

5.5.6 Mitochondrial Content & Aging 

Interestingly, recent research suggested that T1D may be considered a condition of 

accelerated muscle aging and that, similar to aging, mitochondrial dysfunction is a primary contributor 

to this condition (Monaco et al., 2019). Based on these findings the examination of mitochondrial 

content and the effects of exercise training were of high importance.  

By comparing a mitochondrial COX1 gene against a nuclear 36B4 housekeeping gene, we 

established that the T1D group had a reduced number of mitochondrial DNA copies and therefore 

fewer mitochondria. Training results showed that T1D subjects have lower mtDNA content compared 

to Non-D participants. This is related to the COX2 reduction and with no variation of COX5, confirms 

the reduced amount of mitochondrial DNA in the T1D group, which is mainly associated with a 

reduced number of mitochondria. 

There was a significant difference at baseline and a trend in reduction of telomeres length 

overall in T1D compared with Non-D. Shortened telomeres length leads to cellular senescence or 

death, which in turn results in cells being no longer able to perform their function (Valdes et al., 2005; 

Brouilette et al., 2003). The combination of reduced mitochondrial content and telomeres length is one 

of the most used markers of ageing in healthy people. Our findings here support the work of Monaco 

et al., (2019) that proposed T1D as a form of accelerated muscle ageing. 
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5.5.7 Inflammation markers  

Chronic inflammation is deleterious in the pathology of T1D and the leading cause in the 

development of diabetic complications (Monaco et al., 2017).  IL6 expression did not change in 

response to training session in either group. Regarding TNF-α, a strong trend indicates 

overexpression of this pro-inflammatory cytokine in T1D, and was not influenced by exercise. 

Monocyte chemoattractant protein-1 (MCP-1) was one of the key chemokines that regulate migration 

and infiltration of monocytes/macrophages in the skeletal muscle and its expression reflected 

inflammation and reparation processes (Deshmane et al., 2009). In the present study an increased 

expression of MCP-1 occurred in both groups following exercise. Activated by exercise, it can be 

related to reparation while, for example, the chronic overexpression of TNF-α is related to negative 

adaptations to chronic inflammation (Krause et al., 2011). iκB kinase enzyme complex is part of the 

upstream NF-κB signal transduction cascade (a pro-inflammatory pathway). The IκBα (inhibitor of 

kappa B) protein inactivates the NF-κB transcription factor by masking the nuclear localization signals 

(NLS) of NF-κB proteins and keeping them sequestered in an inactive state in the cytoplasm (Solt & 

May, 2008). ikbα was significantly reduced in the T1D group following exercise and a decreased 

expression of ikbα has been directly associated with increased inflammation (Lisi et al., 2012). After 

training an increased expression of VCAM1 and ICAM1 was observed in T1D compared to the Non-D 

group. VCAM1 and ICAM1 mediate the adhesion of lymphocytes, monocytes, eosinophils, and 

basophils to vascular endothelium (Hwang et al., 1997). This is a crucial process for the recruitment of 

the immune cells in the area of muscle that needs them. In summary, these findings indicate 

increased inflammation in the T1D group both at baseline and following exercise. Moreover, the 

increased immune cells recruitment (VCAM and ICAM) and inflammation after exercise suggest that 

Non-D returned to baseline while T1D is still responding to the exercise stress leading to a slower 

recovery from exercise which may explain the increased DOMS reported by the T1D compared to the 

Non-D groups.  

 

 

5.5.8 Muscle growth/Remodelling 

Muscle growth and remodelling have been shown to be impaired in those living with T1D 

(Krause et al., 2011). Myogenin, myoD, Ki67 and CyclinD are markers related to increased muscular 

cell proliferation and differentiation (Zammit, 2017; Yi et al., 2009). Although, no differences existed 

between T1D and Non-D at baseline, both Myogenin and myoD were significantly higher post-exercise 

in Non-D but remained unchanged in the T1D group. This finding indicates a reduced ability for 

exercise to stimulate muscular cell proliferation and differentiation in the T1D group and results in 

slower recovery following exercise (Zammit, 2017). An increased expression of Ki67 in the T1D group 

at both baseline and following exercise, may further suggest an exercise-related increase in cell 
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proliferation. The literature in this area is still limited and more in-depth research is required to define 

better this result. A comprehensive investigation into the responses of IGF-1 and its effects on muscle 

growth and glucose metabolism in T1D was a key component of this study. All IGF-1 isoforms were 

significantly overexpressed in T1D following exercise. IGF-1 overexpression is usually related to 

increased protein synthesis and muscle growth (Clemmons, 2010); however, the muscle strength 

results do not support this. It could be speculated that IGF-1 overexpression can be related to the 

improved glucose control (O’Neill et al., 2015) as seen in the T1D group following the exercise 

training; however, further research is required to validate this assumption.  

 

 

5.6 Conclusion 
In summary, our results indicate for the first time, that performing HIT COMB exercise, over a 

12-week training intervention, is a safe modality for a T1D population, improving glycaemic control via 

curtailment of IG fluctuations and reducing occurrence of hypoglycaemic events over weeklong 

periods of individuals living with T1DM.  

There were no physical characteristic differences between groups at baseline and no 

significant changes in lean mass, body fat (kg) and body fat percentage following exercise 

intervention. T1D participants reported higher RPE and DOMs than their Non-D counterparts, 

suggesting T1D increases rate of skeletal muscle fatigue and a reduction in the rate of recovery from 

exercise. There were also no differences in physical capacities for muscular strength and 

cardiorespiratory fitness between T1D and Non-D groups at baseline. Interestingly both groups also 

displayed significant improvements in muscular strength for all exercises assessed and significant 

improvements in cardiorespiratory fitness. Our examination into the signalling associated with the 

translational machinery and gene expression regulation in the muscles of our participants, provides 

greater insight into the reduced cardiorespiratory and strength adaptions to exercise in the T1D group.  

A significant reduction at baseline and a trend in reduction of telomere length in T1D 

participants, coupled with reduced mitochondrial content compared with Non-D can explain 

impairments to cardiorespiratory adaption following exercise. Moreover, a reduction in telomere length 

and mitochondrial content supports the accelerated ageing of skeletal muscle caused by T1D 

previously proposed by Monaco et al., 2019.  
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Chapter 6 
 

HD-EMG assessment of contractile function and rate of 
muscle fatigue during isometric exercise in T1D and Non-D 

individuals: A Neuromuscular assessment of Diabetic 
Myopathy 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Data within this chapter has been presented as: 
Minnock, D., Rui, W., Del Vecchio, A. & De Vito, G. ‘Neuromuscular Assessment of Diabetic Myopathy’,. Oral 
Presentation at the International Society of Electrophysiology and Kinesiology (ISEK) virtual congress. 12th-14th 
July 2020.  
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6.0 Abstract 
 
 

Background: Exercise and its influence on muscular fatigue in T1D have been 

poorly investigated in the existing literature. Improvements in EMG technology now allow the 

study of the MU behaviour in vivo and non-invasively using high-density surface 

electromyography (HD-EMGs) using multi-channel electrodes. 

Aims: The aim of this study was to investigate the neuromuscular profile of people 

living with T1D in comparison with age and fitness matched Non-Diabetic controls. As a 

secondary aim, we also investigated, for the first time in this population, the behaviour of 

MUs, non-invasively, by adopting HD-EMGs with multi-channel electrodes. 

Research design and Methods: Sixteen participants, eight T1D (4M/4F), without 

known diabetic comorbidities, diagnosed for at least 12 months and eight Non-D healthy 

participants (4M/4F) consented to participate in this study. Surface EMG signals of VL were 

recorded with a 2-dimensional adhesive grid of 13 × 5 equally spaced electrodes. 

Participants performed maximal attempts for KE with 2 min of rest between efforts. 

Participants then performed three submaximal ramped-isometric KE contractions to 20, 40, 

and 60% MVIC in a randomised order to assess motor unit (MU) recruitment and 

steadiness. A fatiguing contraction of the KE muscles was then performed at a target value 

of 40% MVIC. Mechanical (MVIC, RTD, sustained fatigue, steadiness) and the HD-EMG 

(MUDR, RMS, MFCV) responses were collected and analysed to provide a full 

understanding of the neuromuscular profile.  

Results: MVIC and RTD were similar in both the T1D and Non-D groups pre-fatigue. 

T1D demonstrated a significant post fatigue decrease in MVIC (p < 0.05) and RTD (p < 0.05) 

compared to Non-D. Coefficient of variation of the MU inter-spike interval was lower in T1D 

(12.0 + 7.3 %) than in the Non-D controls (22.7 + 10 %).  

Conclusion: In general, the neuromuscular profile did not differ between people 

living with T1D and Non-D groups. Both the mechanical (MVIC, RTC, sustained fatigue, 

steadiness) and the HD-EMG (MUDR, RMS, MFCV) responses were similar between 

groups. However, following fatigue the T1D experienced a larger decline in both MVIC and 

RTD (p < 0.05). 
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6.1 Introduction 

 
Recurrent fluctuations in glycaemia, in those with type 1 diabetes (T1D), resulting in 

periods spent in either hypoglycaemia or hyperglycaemia are considered among the primary 

factors affecting the skeletal muscle health. Chronic alterations of glycemia can, in fact, lead 

to reductions in amino acid uptake, protein synthesis and protein degradation (Krause et al., 

2009; Krause et al., 2011; Fricke et al., 2008). These, modifications  which could cause both 

atrophy and reduced muscle function are commonly observed in people living with T1D, 

especially when the disease is not well controlled (Monaco et el., 2017; Monaco et al., 

2019). These alterations, often accompanied by pejorative changes in the metabolic and 

cellular machinery of the skeletal muscle (Krause et al., 2011), have been collectively 

termed diabetic myopathy (Monaco et al., 2017).  

An effect of diabetic myopathy, is the development of diabetes-related microvascular 

and macrovascular complications, regardless of insulin replacement therapy (DCCT, 1993). 

The extended exposure to diabetic myopathy and the progression of microvascular 

degradation, results in sensory disturbances (Andreassen et al., 2006), altering both 

contractile and electrical characteristics of skeletal muscle (Bril et al., 1996). 

Impaired contractile function of skeletal muscle as a result of diabetic myopathy 

impacts three critical aspects of skeletal muscle. Firstly, impairments in muscle activation. 

The most common consequence of diabetes exposure is a decrease in motor and sensory 

nerve conduction velocity (NCV) with a direct relationship existing between elevated 

glycosylated haemoglobin and decreases in NCV (Hyllienmark et al., 2001). Prolonged 

exposure to diabetes has been proposed to significantly affect skeletal muscle in a T1D 

population, including neurogenic muscle atrophy, loss of muscle strength, power, and 

endurance (Andreassen et al., 2006; Andersen et al., 1998; Andersen et al., 1998(B); 

Andersen at al., 1997). Thirdly, an increased rate of muscle fatigability, has been reported in 

individuals with diabetes (Almeida et al. 2008). Given our understanding of both diabetic 

myopathy and its effects on skeletal muscle, it is unsurprising that whole-body fatigue is a 

frequent complaint in the diabetic population (Surridge et al., 1984; van der Does et al., 

1996). It is unclear if this would depend on muscle alterations per se or on a concomitant 

impairment in motor units (MU) properties. Moreover, higher ratings of perceived exertion 

(RPE) are reported both during and post exercise in T1D (Riddell et al., 2000).  

Following the findings from our 12-week exercise training intervention (Chapter 5), 

two outcomes highlighted distinct areas of interest, requiring further investigation into the 

effects of T1D on contractile function and fatigue: 1) Ratings of perceived exertion (RPE) 

recorded during exercise training indicated greater RPE scores for the T1D population 

compared with the Non-D counterparts, indicating a higher perception of effort and fatigue in 
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T1D individuals; 2) delayed onset of muscle soreness (DOMS) was recorded before each 

exercise session during the 12 week training period, to measure perceived muscle soreness 

and judge recovery following exercise. The T1D population reported significantly higher 

DOMS scores compared to the Non-D counterparts, indicating T1D may impair healing to 

microtrauma in muscle fibres and feelings of fatigue.  

Exercise and its influence on muscular fatigue in T1D have been poorly investigated 

in the existing literature especially in relation to neuromuscular control. Improvements in 

EMG technology now allow the study of the Mus behaviour in vivo and non-invasively using 

high-density surface electromyography (HD-EMGs) with multi-channel electrodes (Merletti et 

al., 2008). The aim of this study is to investigate the neuromuscular profile of people living 

with T1D in comparison with age and fitness matched Non-Diabetic controls.  

We hypothesised based on previous research conducted by our research group that 

impairments to neuromuscular function in the T1D participants will lead to elevated exercise-

related fatigue, reduced MVIC, decreased rate of torque development (RTD) and an overall 

lower activation of motor unit recruitment when compared to Non-D counterparts. 

 
 

6.2 Research Design and Methods 

 

6.3 Participants 

Sixteen participants, eight T1D (4M/4F), without known diabetic comorbidities, 

diagnosed for at least 12 months and eight Non-D healthy participants (4M/4F) gave their 

written, informed consent to participate in the study approved by the local University Human 

Research Ethics Committee (LS-19-29-Minnock-DeVito). Participant sample size were 

selected from using an outcome power based sample sized calculation. As glycaemic 

control was the primary endpoint of interest in this study the criteria was based on two study 

groups (T1D x Non-D) and a continueous endpoint (means). The probability of type 1 error 

was set with an alpha of 0.05 and a type 2 error of 80% and the sample sized calculation 

was calculated as n = 8. All participants presented without contraindications to exercise. All 

female participants were using oral hormonal contraceptives. All data collection and exercise 

testing took place during a single 2h visit to the our laboratory. Before neuromuscular 

assessments, participants were tested for anthropometrics, (Table 6.1). Body composition 

was assessed by dual-energy X-ray absorptiometry (DEXA) (Lunar iDXA, GE Healthcare, 

Buckinghamshire, United Kingdom). In addition, interstitial glucose concentration (IG) was 

monitored in the T1D group throughout the entire testing period using Abbot Freestyle FGM. 
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6.4 Mechanical Recording 

Following a 5-min warm-up exercise performed on a cycle ergometer at a light 

resistance (50-70RPM; 80 W for females and 100 W for males), participants were seated 

upright comfortably on an adapted leg dynamometer (Technogym, Gambettola, Italy) 

adjustable chair equipped with a load cell (Leane International, Parma, Italy, measurement 

rage 0–500 kg, output 2.00 mV/V), and firmly strapped at the pelvis and upper body with hip 

and knee flexion angles of 110° and 70° (where 0° represents full extension), respectively. 

The rotational axis of the dynamometer was aligned to the lateral femoral epicondyle, and the 

lower leg was strapped to the machine lever arm 2 cm above the lateral malleolus. All testing 

was conducted using the right leg of each participant, regardless of leg dominance.  

 

6.5 EMG recordings  

The surface EMG signals of VL were recorded with a 2-dimensional adhesive grid 

(SPES Medica, Salerno, Italy) of 13 × 5 equally spaced electrodes (1-mm diameter, 

interelectrode distance of 8 mm). EMG signals were initially recorded during a brief voluntary 

contraction during which a linear non-adhesive dry electrode array of 8 silver-bar electrodes 

(1-mm diameter, 5-mm length, 5-mm interelectrode distance; SA 8/5; OT Bioelettronica, 

Torino, Italy) was moved over the skin to detect the location of the innervation zone and 

direction of muscle fibres (Martinez-Valdes et al., 2016). After the skin was shaved and 

cleansed with abrasive paste and water, the adhesive grid electrode was attached and the 

electrode cavities of the grids were filled with conductive paste (Spes Medica). The grid was 

positioned between the proximal and distal tendons of the VL muscle with the electrode 

columns (comprising 13 electrodes) oriented along the muscle fibres and was positioned ~30° 

with respect to a line between the anterior superior iliac spine and the lateral side of the patella 

(Barbero et al., 2012; Martinez-Valdes et al., 2017; Martinez-Valdes et al., 2016(B); Martinez-

Valdes et al., 2017(B)). A strap electrode was dampened with water and positioned on the 

medial malleolus of the right leg to be used as a ground electrode. The EMG signals were 

recorded in a mono-polar mode and converted to digital data through a 16-bit multi-channel 

amplifier (EMG-Quattrocento, OT Bioelettronica, Torino, Ital; 3 dB, bandwidth 10-500 Hz). 

EMG signals were amplified (150×), sampled at 2048 Hz and bandpass filtered between 10 

and 500 Hz before being stored for offline analysis.  
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6.6 MVIC torque  

After full familiarisation with the testing procedures, each participant performed a 

minimum of three maximal attempts for KE with 2 min of rest between efforts. The participants 

were required to exert force as vigorously and as quickly as possible' for 2–3 s, while strong 

verbal encouragement and on-screen visual feedback was provided. An additional attempt 

was allowed when force variation was higher than 5 % between the best two attempts. The 

highest force attained by each participant was chosen for further analysis. The greatest force 

achieved by the participant was taken as the MVIC force and used as the reference to 

calculate the 40% target level for the fatiguing contraction. Participants then performed three 

submaximal ramped-isometric KE contractions to 20, 40, and 60% MVIC in a randomised 

order to assess motor unit (MU) recruitment and steadiness. Each ramped-isometric KE 

consisted of a 5 second ramp incline to the desired percentage MVIC, into a 10 second plateau 

with a 5 second ramp decline.  

 

6.7 Fatiguing contractions 

A fatiguing contraction of the KE muscles was performed at a target value of 40% 

MVIC. Participants were required to match the target torque as displayed on the monitor and 

were verbally encouraged to sustain the torque for as long as possible. The fatiguing 

contraction was terminated when the torque declined by 10% of the target value for greater 

than 3 s, despite strong verbal encouragement. The time to failure (TTF) was recorded for 

each participant as a measure of the rate of fatigue. 

 

6.8 Rating of perceived exertion 

The rate of perceived exertion (RPE), was assessed using the modified Borg 10-

point scale (Borg, 1990). Participants were instructed to focus on the assessment of effort on 

the VL whilst performing the task, with 0 representing the resting state and 10 the highest 

perceived effort. The RPE was measured immediately pre and post the fatiguing contraction. 

 

6.9 Data Analysis 

EMG signals were synchronised with force signals that were all processed using 

custom-written programs (MATLAB R2019b (The Mathworks Inc., Natick, Massachusetts, 
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USA). The force signals were converted into torque values (Nm) and offset was removed by 

gravity compensation. Subsequently, the signals were low-pass filtered at 15 Hz with a fourth-

order, zero-lag Butterworth filter. For the MVIC task, the maximal values for knee extension 

were calculated as the highest 1000-ms averaged reached within any single force recording, 

respectively. The contractile rate of torque development (RTD) for KE was acquired by the 

linear slope of the torque-time profile (i.e. ΔTorque/ΔTime). The RTD was calculated over 

epochs 0-200 ms torque-time characteristics in line with previous studies (Aagaard et al., 

2002; Andersen et al., 2010). The onset of torque development was defined as the instant 

when the torque value exceeded the baseline level by 7.5 Nm (Aagaard et al., 2002). For the 

isometric fatiguing contraction task, the steadiness was quantified as the coefficient of 

variation (CV = SD/mean×100) of every 2-s of the fatiguing contraction. 

For the quantification of EMG during maximal (i.e. MVIC) and submaximal fatiguing 

contractions, after digitally bandpass filtering the EMG between 20 and 500 Hz (4th 

Butterworth), the double differential derivations were calculated from the mono-polar 

derivations by differentiating in the longitudinal direction of the bi-dimensional arrays. From 

these derivations, 5 EMG channels were manually selected by an experienced investigator as 

corresponding to the clearest MU activation potential propagation along the fibre direction at 

each column where the highest cross-correlation in propagation was found. MU 

decomposition was assessed via a convolutive blind source separation method (Negro et al., 

2016). From these selected channels, the MFCV, root mean square (RMS) and median 

frequency (MDF) were computed from intervals of 500 ms. Motor unit discharge rate (MUDR), 

RMS, inter-spike interval (ISI) were all recorded during the plateau phase (10s) of the ramp 

protocol (described above in 2.4) and the MVIC. As indicated above, the MFCV was estimated 

from recordings during the ramp-up phase and during the MVIC using reliable multi-channel 

likelihood algorithm with double differential detecting the best 5 channels (cross correlation 

>0.8) (Nuccio et al. 2020). The MDF was estimated using short-term Fourier transform 

calculated with Hamming windows of 1000-ms duration and 50% overlap during both MVIC 

and isometric fatiguing contractions. The RMS amplitude and MDF were estimated from the 

same channels used for MFCV estimation and were averaged (Del Vecchio et al., 2017).  

 

6.10 Statistical Analysis  

 
Statistical analysis was performed using SPSS 26.0 (IBM Ireland Ltd., Dublin, 

Ireland). Data are reported as means ± SD within the text and displayed as means ± SEM in 

the figures. One-way analysis of variance (ANOVA) was used to compare anthropometric 
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Fig 6.2 RTD Data  

 
A two-way ANOVA with repeated measures was performed with one between-subject factor (group: T1D and 
Non-D) and one within-subject factor (fatigue: pre- and post-fatigue). Greenhouse-Geisser was employed when 
the assumption of sphericity was violated. Bonferroni adjustments were performed for pairwise comparisons. 
Statistical significance was set at p < 0.05.   
 
 
 

MDF data are pre and post fatigue are presented below in Fig. 6.3A and 6.3B. No 

differences were observed between pre and post fatigue results in T1D and Non-D groups. 

Despite these findings, there was a tendency (group effect; p = 0.056) indicating that the 

post-fatigue decline was greater in the T1D than it in Non-D group MDF%.  
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Fig 6.3 MDF Data 
 
Fig 6.3A MDF  

 
 
Fig 6.3B MDF post fatigued as % of prefatigued 

 
A linear mixed-model analysis was performed to estimate the effect of group and fatigue on torque steadiness, 
MDF and MFCV respectively with Shapiro-Wi ks test performed for normality. Statistical significance was set at p 
< 0.05.   
 

Some of the HD-EMG results recorded during the submaximal sustained 

contractions are reported in Table 6.3. No interaction effects (i.e. T1D vs Non-D) were 

observed. Fig.6.4 (A, B, C) instead depicts the MFCV data presented as a function of the 

torque during the ramp up test at 20, 40 and 60% of MVIC. In both groups and for all level of 

contraction, the correlations between MFCV and torque were linear with no differences 

between T1D and Non-D groups.  
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6.12 Discussion 
In the present study, we performed a comprehensive analysis of the neuromuscular 

responses in individual living with T1D, studying the neuro-muscular contractile function 

during a maximal voluntary contractions and during submaximal contractions including the 

effects of muscle fatigue. Contrary to our initial hypothesis, this study revealed, that 

neuromuscular and contractile properties were not affected by the T1D condition, especially 

in resting conditions.  

 

6.12.1 MVIC and RTD 

Several studies have shown that maximal force production, either isometric or 

isotonic, is diminished in adults with T1D (Brownlee, 2005; Temple et al., 2007;). These 

reductions have been attributed to a loss of muscle mass (Andersen et al., 1997; Andersen 

et al., 2004) and a concomitant decrease in muscle fibre size in individuals living with T1D 

(Jakobsen et al., 1986). However, in the present study we observed that muscle strength 

was similar between the T1D and Non-D participants for knee extension.  

In general, a loss of muscle mass is considered the most significant factor affecting 

MVIC and RTD (Janssen et al., 2000); however, we observed no differences in muscle mass 

between T1D and Non-D participants.  

We found that MVIC and RTD were similar in both T1D and Non-D groups pre and 

post fatigue. On the other hands, T1D demonstrated a post fatigue decrease in MVIC and 

RTD that was not observed in the Non-D group. This could support the notion of a skeletal 

muscle deterioration which makes those living with T1D less adaptable to exercise stimulus. 

Given there are no differences in MVIC and muscle mass, it is quite difficult to explain the 

reduction in RTD observed in T1D.  

One highly speculative explanation may be ascribed to an increased proportion of 

fatigue-resistant type 1 fibres in the T1D group (Andersen 1998). Muscle fibre type is 

considered a significant factor influencing the RTD. The rate of tension development is 

slower in type 1 than type 2 fibres (Buchthal & Schmalbruch, 1970; Harridge et al., 1996), 

and may explain the reduced RTD in our T1D participants despite no differences in muscle 

mass and MVIC between our T1D and Non-D participants. Despite these findings further 

analysis to examine muscle fiber composition is of paramount importance in this population.  

A reduction in RTD is functionally relevant given that the ability to exert rapid force 

has an essential role in explosive muscle performance, which is essential for the proper 

execution of daily living activities, such as maintaining balance and walking ability (Häkkinen 

et al. 1998; Aagaard et al. 2002). The functional importance of RTD reductions coupled with 
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the development of diabetic myopathy in later life may be a detrimental factor in increasing 

fall risk in a T1D population.   

 

 

6.12.2 Surface EMG 

Reductions in explosive force capability in T1D adults could also be ascribable to a 

diabetes-related diminution in the firing frequency of motor units (MUs) and the number of 

recruited MUs (Brown et al. 1988; Doherty et al. 1993).  

However, in the present study, we found that the HD-EMGs responses were mostly 

similar between the two groups, and these included MU firing rate and muscle fibre 

conduction velocity (MFCV; a marker of MU recruitment). The only HD-EMG parameter 

which differed between the two groups was the coefficient of variation of the MU inter-spike 

interval which was lower in T1D (12.0 + 7.3 %) than in the Non-D controls (22.7 + 10 %). 

To our knowledge, only two studies examined previously the effects of T1D on MU 

function, however both studies were conducted on T1D individuals living with diabetic 

neuropathy (Andersen et al., 1996; Almeida et al., 2008). One study has assessed MU firing 

frequency in persons with T1DM (Almeida et al., 2008). It should be noted that another study 

did examine discharge frequencies in persons with a similar demyelinating neuropathy 

(Reiners et al., 1989). In their subjects, maximal firing rates were lower than in controls, but 

the brief maximal force was not (Reiners et al., 1989). Almeida et al., (2008) observed 

decreases in MUDFs during the fatigue protocol in the T1DM group, but not in the Non-D 

controls, suggesting that neuropathic persons may have an impaired ability to modulate 

firing rates to compensate for muscular fatigue.  

 
 

6.12.3 Muscle fatigue response 

We observed no differences in muscle fibre conduction velocity between our T1D 

and Non-D groups. Our initial expectations and hypothesis of this study was that a transition 

in muscle composition and impairments to neuromuscular function in the T1D participants, 

caused by diabetes, would lead to elevated exercise-related fatigue when compared to Non-

D counterparts.  

Research to date investigating muscular endurance in people with T1D have been 

ambiguous in their findings with research from Andersen, 1998 reporting no improvements in 

muscular performance in adults with T1D.  

There were no differences in the duration of TTF for sustained contraction between 

T1D and Non-D group in this present study. However, despite the fact that no differences 
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were reported in TTF, the T1D group demonstrated a larger post fatigue drop in MVIC and 

RTD compared to Non-D. This could support the notion of a skeletal muscle deterioration 

which makes those living with T1D less adaptable to exercise stimulus. A similar finding has 

been observed in individuals living with the type 2 diabetes (T2D) where higher fatigability 

has been attributed to mechanisms involving disruption of contractile function of the 

exercising muscles rather than impairments affecting motor unit behaviour (Senefeld et al., 

2020). This finding may corroborate previous research suggesting skeletal muscle 

endurance during acute isokinetic exercise may be increased slightly in long-standing 

diabetes; this may be in part related to an increased proportion of fatigue-resistant type 1 

fibres (Andersen, 1998). Moreover, Andersen, 1998, found no correlation between 

endurance index of the muscle group and neuropathic symptoms, indicating a possible 

neural component for the impaired muscle function observed. Concerning the HDEMG 

analysis performed in this study, we experienced some difficulties in obtaining useful data, 

especially in relation to MU decomposition of female participants in both groups. These 

skewed findings illustrate the need for muscle further investigation into the effects of T1D on 

neuromuscular function and fatigue.  

 

6.13 Conclusion 

 
In summary, the neuromuscular profile did not differ between people living with T1D 

and Non-D groups. Both the mechanical (MVIC, RTC, sustained fatigue, steadiness) and the 

HD-EMG (MUDR, RMS, MFCV) responses were similar between groups. Therefore, we 

cannot confirm the presence of a clear diabetic myopathy in these participants. These 

findings suggest that neuromuscular and nerve impairments reported in T1D are not present 

in our participants, most likely due to their relative moderate duration of exposure to the 

condition. We must declare that we experienced some difficulties in good quality HDEMG 

data especially in relation to MU decomposition for female participants in both groups. These 

difficulties experienced with the female participants were likely attributed to the increased 

levels of subcutaneous fat in the thigh region where our EMG electrodes were placed. This 

elevated fat content likely disrupted the signal qualities leading to reduction in HDEMG data 

we obtained. Moreover, volunteers were relatively young, moderately active and with well-

managed control of the therapy; hence this could explain why at least in pre-fatigue 

conditions, no differences were observed. Previous reports of fatigue and delayed recovery 

from exhaustive exercise (Chapter 5) are not linked with motor unit degradation but in fact 

driven by the influence of diabetes on the molecular regulation of skeletal muscle and 

underlying development of diabetic myopathy. 
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Chapter 7 
 

General Discussion 
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7.0 Introduction  
 

Inadequate glycaemic control and sedentary behaviour, coupled with the diabetes-

related loss of muscle mass, strength and function, are currently recognised as the major 

threats to the development of diabetic comorbidities and overall reduced physical health in 

individuals living with T1D. While some of these pejorative modifications, attributed to T1D, 

cannot be prevented, there are lifestyle factors that can both accelerate or attenuate their 

development. For instance, lifestyle interventions that involve structured exercise training are 

likely to be among the most effective strategies. On the other hands, the ADA exercise 

training recommendations for individuals living with T1D are primarily directed at offsetting 

the diabetic comorbidities, representing mostly generic exercise prescription guidelines 

(Colberg et al., 2016). As a result, an uncertainty still exists as to identify which are the best 

form of exercise prescriptions for people with T1D, a knowledge gap that this thesis 

attempted to go some way towards addressing by focusing primarily at establishing an 

optimum exercise intervention for the attenuation of glycaemic variability, and the 

enhancement of skeletal muscle health in T1D adults. 

Traditionally, AER and RES exercise are often considered and administered in 

isolation, and only in recent years the concurrent training of both modes of exercise, 

executed (COMB exercise training) in the same training session, has begun to receive more 

research attention. This type of exercise training, which may represent the most time-

efficient manner to train while targeting a broad range of health and fitness outcomes, is 

under-explored in the T1D population. 

Specifically, in the present thesis, the exercise interventions were designed to 

identify the optimal modes of exercise in individuals with T1D, with a specific interest in 

assessing the impact of exercise on glycaemic control, muscle mass, muscle strength and 

function, and muscle signalling in T1D adults. The main objectives were as follows: 

 

(i) Assess existing literature to examine the impact of acute exercise interventions on 

the glycaemic response (Chapter 3). Specifically, to identify mode and time course-specific 

effects of exercise on glycaemic control in individuals with T1D.  

 

(ii) Establishing the optimal mode of exercise prescription by assessing the acute effects 

of a single bout of high-intensity exercise either aerobic, resistance or combined on 

glycaemic homeostasis during the 24-hr period post-exercise in people with T1D (Chapter 

4). As an additional outcome, we also examined the muscle gene expression and signalling 

pathways related to oxidative capacity, inflammation and growth to understand which 

exercise modality elicited the best response towards improving skeletal muscle health. 
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(iii) Determine the effects of high intensity, combined (Resistance and Aerobic) 12-week 

exercise training intervention on glycaemic variability and control (Chapter 5). In addition, 

beyond glycaemic control, we were also interested in understanding the effects of this 

training intervention on body composition, physical function (muscular strength and V̇O2max), 

muscular gene expression and signalling pathways related to oxidative capacity, 

inflammation and growth. 

 

(iv) Investigate the neuromuscular profile of people living with T1D in comparison with 

age and fitness matched Non-Diabetic controls (Chapter 6), investigating, for the first time in 

this population, the behaviour of Motor Units, non-invasively, by adopting high-density 

surface electromyography (HD-EMGs) with multi-channel electrodes. 

 

 

7.1 General findings 
 

We confirmed that the high intensity, moderate duration combined (RES before AER) 

exercise modality is the best strategy to improve glycaemic control and for the first time we 

show how this modality also elicited molecular responses in skeletal muscle directed at 

improving metabolic function, growth and inflammation, hence contributing, to counteract 

diabetes-induced degradations that exacerbate diabetic myopathy and comorbidity 

development in T1D. In Chapter 3, we found that high intensity, moderate duration combined 

(resistance before aerobic) exercise was more effective than either aerobic or resistance 

exercise alone, given its potentiation of outcomes, including glycaemic control. Chapter 4 

confirmed that performing high-intensity RES or COMB exercise decreased the IG 

fluctuations in a real-life scenario of individuals living with T1D without inducing exercise-

related hypoglycemic events. Single sessions of resistance and aerobic exercise increased 

muscle signalling related to muscular growth/remodelling and oxidative capacity. 

Interestingly, combining these divergent exercise modes in the combined session did not 

compromise the activation of these signalling pathways, despite a reduced volume 

compared with each of the separate RES and AER sessions. These findings highlighted that 

COMB exercise, at least in an acute setting, was the safest method of exercise not only 

reducing glycaemic fluctuations, but also provoking the desired metabolic response. Chapter 

5 indicated that performing HIT COMB exercise, over a 12-week training intervention, is a 

safe modality for a T1D population, improving glycaemic control via curtailment of IG 

fluctuations and reducing the occurrence of hypoglycaemic events over weeklong periods. 
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There were no differences in muscular strength and cardiorespiratory fitness between T1D 

and Non-D groups at baseline. Moreover, both T1D and Non-D groups reported significant 

improvements in muscular strength and cardiorespiratory fitness following the 12-week 

exercise intervention. Despite similar physical adaption response between the groups a 

higher level of RPE and fatigue reported by the T1D group both during and post exercise 

Furthermore, indicating elevated fatigue and delayed post exercise recovery compared to 

Non-D. Finally, Chapter 6 indicated that, at least in resting conditions, the neuromuscular 

profile did not differ between people living with T1D and Non-D groups and that both the 

mechanical and the HD-EMG responses were similar between groups. Therefore, we could 

not confirm the presence of clear diabetic myopathy in these participants. These findings 

could indicate that neuromuscular and nerve impairments reported in T1D are not present in 

our participants, perhaps due to their relative moderate duration of exposure to the 

condition. However, our T1D participants demonstrated a much larger post fatigue drop in 

both MVIC and RTD compared to Non-D. This could support the notion of early skeletal 

muscle deterioration seen in diabetic myopathy which makes those living with T1D less 

adaptive to exercise stimulus and muscle fatigue, but these observations remain to be 

further investigated.  

In essence, these cumulative findings indicate that the T1D participants in this thesis 

collectively displayed an elevated inflammatory response, a prolonged recovery (Chapter 5) 

and a reduced post fatigue response (Chapter 6). Interestingly, at least in our hands, these 

findings of fatigue and delayed recovery from exhaustive exercise may not be attributed to 

motor unit degradation but likely to the effects of diabetes operated at the molecular level on 

skeletal muscle function. Therefore, this thesis has identified an exercise intervention of high 

intensity (80% 1RM/V̇O2max), moderate duration (40 min) combined (resistance before 

aerobic) modality to potentially delay and regress diabetic induced comorbidities and 

skeletal muscle myopathy while providing safety from hypoglycaemia through sustained 

glycaemic stability, which collectively would support a healthier life course of T1D. 

 

 

7.2 General discussion 
 

 Although this thesis supports the combination of RES and AER exercise as the 

optimal exercise strategy for T1D adults (Chapter 3. 4 & 5), to maintain glucose variability 

under control, the same exercise modality, when applied in a 12-week training intervention, 

did not reduce body fat or improve LBM in T1D adults. Based on these findings, it is evident 

that more research is needed to determine the effectiveness of this type of exercise training. 
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In fact, limited knowledge currently exists regarding the optimal exercise prescription, and 

healthcare professionals often provide confusing information when advising on different 

exercise strategies for individuals living withT1D. In diabetes management, multidisciplinary 

care teams have a fundamental role in the management and treatment of diabetes at a level 

that fits with their competencies (McGill et al., 2016). Traditionally, exercise specialists are 

responsible for exercise prescription for the general population; however, ideally these 

interventions should involve the support of a multi-disciplinary team, involving researchers, 

exercise physiologists, healthcare providers and physician/endocrinologist responsible for 

care. Physician/endocrinologist involvement in exercise strategies for people with T1D may 

be the most crucial factor in promoting long-term exercise maintenance. Moreover, 

incorporating regular exercise as part of routine care from the time of diabetes diagnosis can 

be a decisive component towards insuring the healthiest life course for these patients. 

 

The analysis of exercise behaviour in individuals with T1D shows the usual variety of 

barriers to exercise (lack of time, work-related factors, access to facilities, lack of motivation) 

and also, the fear of hypoglycemia (Brazeau, 2005; Lascar et al., 2014). In this regard, a 

one-size-fits-all pathway to exercise does not appear to be the most sensible approach. The 

findings in this thesis can help clinicians and policymakers when establishing plans to 

improve exercise prescription among those with T1D. Moreover, to effectively augment 

exercise participation amongst the T1D population, exercise specialists are encouraged to 

understand what facilitates the individual to exercise, before exercise prescription. Generic 

exercise recommendations such as those from the ADA are ill-advised, and a large 

percentage of individuals with T1D still do not reach the recommended activity level for 

exercise, and the current guidelines and approaches to exercise do not aim to instil long-

term exercise adherence (Colberg et al., 2016). The findings of Chapter 4 of the present 

thesis allowed to gain a greater understanding of the powerful asset which exercise can 

represent in the treatment of T1D, particularly an exercise that can be easily prescribed and 

that facilitates safety via stabilised glycaemic control whilst eliciting the molecular response 

of skeletal muscle to curtail diabetic myopathy. It is therefore, recommended that all 

healthcare professionals recognise the unique challenges to exercise maintenance based 

upon the individual's circumstances when designing their exercise programmes. However, 

based on the findings of this thesis, we advise prescribing combined training as a core 

component of their exercise programme, but be flexible in the specific types of combined 

training prescribed.   

 The T1D adults who volunteered in the present thesis studies cited time constraints 

and fear of hypoglycaemia as the most significant barriers to incorporating exercise as part 

of their daily lifestyle and T1D treatment. The combined training design proposed in this 
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thesis, has the positive feature of being of short duration, in that it consisted of just 40 

minutes of exercise per session. As previously stated, the ADA advocate general non-

specific exercise guidelines totalling 150 minutes of moderate to vigorous AER training and 

two strength/endurance exercise sessions or 75 minutes of rigorous activity per week (ADA, 

2016). Our protocol of 120 minutes (3x40minutes) per week of high intensity exercise is 

greater than the 75 minutes of rigorous activity recommended by the ADA, however, the 

present intervention is quantifiable and reproduceable unlike the ADA recommendation. 

Moreover, our protocol yielded positive findings concerning the ability to reduce glycaemic 

variability, however, it remains to be identified if this intervention can augment skeletal 

muscle health and regress the development of diabetic myopathy 

Additionally, the present training protocol was well-adhered to (~98%). While 

exercise outcomes are important, ultimately, if individuals do not participate in the 

prescribed/recommended exercise (i.e. adherence), then these positive results found in 

these studies will not be realised in the real world. Therefore, the excellent adherence rate to 

our exercise training and no reported injuries or severe hypoglycaemic events requiring 

hospitalisation are ideal for healthcare professionals to follow when prescribing exercise 

programmes for individuals with T1D but should be noted that this was wholly supervised.   

Improvements in glycaemic control, as indicated by reductions in both the occurrence 

of hypoglycaemic events and time spent in hyperglycaemia followed a consistent pattern 

following exercise interventions across this thesis both in relation to the acute and the long-

term interventions. In the literature review (Chapter 2), it was identified the role of skeletal 

muscle as a vital organ in glucose homeostasis and metabolic regulation in general and 

particularly in people living with T1D. We assessed and highlighted the effects of either a 

AER or RES exercise and how these modes of exercise acted as a physiological stressor 

causing perturbation to glucose homeostasis and energy needs. Each of these exercise 

types has diverging effects on the glycaemic response in individuals living with T1D (Riddell 

and Perkins, 2006). Controlling glucose homeostasis during exercise is dictated by a 

complex interaction between multiple hormonal regulators (e.g., insulin, glucagon, 

catecholamines, and glucocorticoids), the nervous system, and various molecular regulators 

within skeletal muscle and liver. In individuals living with T1D, however, control of glucose 

homeostasis during exercise is extremely challenging, as insulin levels cannot change 

rapidly in response to exercise, and there may be deficiencies or exaggerated hormonal 

responses (Riddell and Perkins, 2006). Our systematic review of the literature (Chapter 3) 

identified that the primary control of acute glycaemic stabilisation in response to exercise is 

specific to the type (modality) of exercise performed. Moreover, the degree of glycaemic 

fluctuation is also influenced by the intensity of the exercise being performed. It was also 

observed that also the duration of the acute exercise adopted in the different studies had 
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shown a substantial impact on glycaemic regulation. Exercise lasting longer than a moderate 

(40-min) duration induced glycemic reductions post-exercise and often-hypoglycaemic 

events. It was observed that the COMB exercise modality (performing RES before AER) 

resulted in the best glycaemic stability response.This stabilisation response may be directly 

attributed to the elevation of lactate following the RES exercise component, which results in 

an increase gluconeogenesis. Another factor potentially contributing to the attenuated 

glycaemic decline, observed following RES exercise, may be represented by the elevated 

levels of GH, which could have decreased the skeletal muscle glucose uptake and increased 

the rates of lipolysis during the subsequent AER exercise component. We tested the findings 

from our systematic review (Chapter 3) in our acute intervention study (Chapter 4) where we 

compared the effects of AER, RES and COMB exercise modalities on 24h glucose variability 

in individuals with T1D. We concluded that both RES and COMB exercises, but not AER, 

reduced the 24h MAGE. Additionally, COMB exercise decreased the 24h post-exercise SD 

and CV. In the 6-12h post-exercise, all exercise sessions reduced the CV of interstitial 

glucose while SD decreased only after COMB session. We did not observe severe events of 

hypoglycaemia requiring hospitalisation during and after the exercise sessions; however, 

AER slightly, but not significantly, increased the number and duration of nocturnal 

hypoglycaemic events compared to the other two sessions. The relatively low rate of 

hypoglycaemia found in these studies may be also attributed to the fact that the exercise 

sessions took place in the morning instead of the afternoon. These results are in line with 

our systematic review (Chapter 3) which strongly recommends the practice of RES and 

COMB exercises by T1D participants since these types of physical demands are associated 

with lower declines in glycaemia and confirmed that performing high-intensity RES or 

combining RES and AER exercise in the same exercise session (COMB) can reduce 

glycaemic excursions without increasing the risk of hypoglycaemia over a 24h period post-

exercise. Finally, we tested these findings in a real-world setting with our 12-week training 

intervention study (Chapter 5). We aimed to take our understanding of glycaemic response 

to a 40-min HIT COMB exercise and apply this over a 12-week setting. We determined that 

this exercise approach assisted in improving the ability to increase time in range (TIR) by 

reducing IG fluctuations, decreasing the frequency of hypoglycaemic events and reducing 

time spent in hyperglycaemia over weeklong periods. Moreover, by applying this exercise 

intervention, we observed that post training the IG fluctuations in the T1D group were closer 

to that of the Non-D group. Most notably, we found a significant decrease in the number of 

hypoglycaemic events during weeklong periods resulting from the exercise intervention in 

our T1D participants. The reduced occurrence of hypoglycaemia found in the study was 

contradictory to our acute study (Chapter 4) that suggested reductions in reported 

hypoglycaemia was linked to exercise timing. Given our exercise intervention took place in 
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the late afternoon, it can further suggest the also the exercise modality and not solely a time 

of exercise are key in reducing hypoglycaemic events. The mechanisms behind the 

reduction of glucose excursions after 40-min HIT COMB exercise are largely unknown. Our 

research (Chapter 4 & 5) suggests that the elevation of blood lactate following exercise may 

be responsible. This response, was proposed as a stimulus of gluconeogenesis that could 

have potentially attenuated the declines in blood glucose or acting as a glucose-competing 

agent, reducing the glucose uptake by the muscle during exercise. Not surprisingly, we 

documented a strong increase of glycerol (Chapter 4) immediately after each exercise 

sessions suggesting that the high availability of fat for fuel during exercise might have also 

contributed to the stabilisation of exercise-associated glycaemia.  

Acute high-intensity exercise (HIE) may cause hyperglycaemia due to an increase in 

catecholamines and sympathetic nervous system activation of hepatic glucose production, 

which exceeds the rate of glucose use (Toni et al., 2006). Since circulating endogenous 

insulin levels cannot increase after exercise in T1D patients, even slight hyperglycaemic epi- 

sodes should need small doses of supplemental insulin injection in order to prevent higher 

levels of blood glucose in the post-exercise phase. Expanding on this to chronic training in 

the form of oxidative exercise is well known to enhance insulin action 24 hours following 

(Baldi et al., 2011). Therefore, it is recommended that exercise is performed frequently in 

order to maintain a constant increase in insulin sensitivity and thus improve HbA1c. 

Consequently, training once a week might not be enough to improve HbA1c levels. The 

duration of the training period is also an important influencing factor for decreasing HbA1c. 

HbA1c levels decreased significantly only in training studies that lasted for more than 3 

months. While HbA1c levels are inversely correlated with the duration (minutes) of the 

exercise training, the amount (times/week) of training per week can also influence the 

HbA1c levels. Moreover, baseline glycaemic control is also an important predictor of HbA1c 

improvement due to training. HbA1c decreases significantly more in T1D individuals with 

poor glycaemic control (>8% HbA1c) compared with individuals with good glycaemic control 

(<8% HbA1c). Lehman et al., 1997 demonstrated only a slight decrease in HbA1c in well 

controlled subjects who performed exercise training. This might suggest that exercise can be 

beneficial in order to maintain a good glycaemic control in T1D subjects (Lehman et al., 

1997). 

Regarding physical characteristics, in this thesis, we found no differences in body 

composition between T1D and Non-D groups at baseline (Chapter 5). Moreover, no 

improvements in lean mass and body fat were observed following the 12-week training 

intervention (Chapter) and this in both groups. This, in part, can be explained by the brief 

duration of exercise sessions (40mins), resulting in an overall low volume of total exercise 

performed over 36 exercise sessions. The fact that there were no dietary restrictions 
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imposed during this intervention also could have affected body composition adaptions. 

These findings confirm previous research, indicating that HIT exercise training may not be 

the most effective modality towards improving lean body mass, and body fat (Sultana et al., 

2019), mostly due to their short duration and overall shortened volume of exercise when 

compared to traditional training methods.  

Concerning functional adaptions, our results have shown that there are no training 

adaptation differences between T1D and Non-D groups following the proposed 12-week 

training intervention (Chapter 5). No differences were observed in muscular strength and 

cardiorespiratory fitness between T1D and Non-D groups at baseline or following exercise 

intervention. These findings indicate that our T1D participants exhibited no reduced 

physiological training adaptation compared to the Non-D group. In this regard, it is possible 

also to exclude the potential of an insufficient training stimulus since it was found that, during 

exercise training, RPE and DOMS scores were higher in the T1D group compared to their 

Non-D counterparts. It could be then speculated that these differences, in adaptive 

responses to training, between T1D and Non-D groups can be attributed to impairments in 

muscle growth, remodelling and regenerative capacities stemming from the condition 

(Coleman et al., 2015; Fricke et al., 2008; Jerković et al., 2009). 

Impairments in the contractile and electrical features of skeletal muscle as a 

consequence of microvascular and macrovascular complications are a common observation 

in T1D (DCCT, 1993; Bril et al., 1996). These complications follow and are exacerbated by 

prolonged suboptimal glycemic control and can further progress into an overt diabetic 

polyneuropathy (DPN), resulting in both sensory disturbances and reduced muscular 

strength (Andreassen et al., 2006). Moreover, it has been shown that even in newly 

diagnosed T1D individuals, the association of hyperglycemia and the degeneration of 

peripheral sensory and motor neurons, predominantly in the lower limbs indicate that 

impairments in nerve and muscle function are occurring before the development of overt 

neuropathy (Meh and Denislic, 1998).  

Whole-body fatigue is a frequent complaint in individuals living with diabetes 

(Surridge et al., 1984; Weijman et al., 2003). Moreover, our research (Chapter 5) supports 

these reports of enhanced fatigue in people with T1D, with our T1D participants reporting 

significant increased responses in fatigue (RPE) and delayed recovery (DOMS) compared to 

their Non-D counterparts. Despite this, previous research investigating muscular endurance 

in people with T1D have been ambiguous in their findings. Some studies reported no 

improvements in muscular performance in adults with T1D (Andersen, 1998). While other 

research reported slower conduction velocities and lowered motor unit discharge frequency 

(MUDF) in people with T1D than their Non-D controls, resulting in decreased endurance 
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during isometric exercise (Almeida et al., 2008). These contradictory findings illustrated the 

need for further investigation into the effects of T1D on neuromuscular function and fatigue. 

Our HD-EMG study (Chapter 6) found no differences in the neuromuscular profile 

between the T1D and Non-D groups which could justify the presence of diabetic myopathy. 

These findings suggest that there is no impairments or alterations to neuromuscular function 

as a result of the condition in our T1D participants. However, it must be noted that our T1D 

group were moderately young, active and may not have been exposed to the condition as 

long as those in previous research studies (Andersen 1998; Almeida 2008). Moreover, our 

findings suggest that fatigue and delayed recovery from exhaustive exercise and decreased 

performance adaption reported in T1D may not be directly attributed with motor unit 

degradation. The delayed recovery from exercise and decreased performance adaption is 

occurring independently of diabetic neuropathy and most likely driven by impairments in 

mitochondrial function which makes those living with T1D less adaptive to exercise stimulus. 

We applied novel molecular analysis to our research, using a combination of 

methods such as RNA extraction, cDNA synthesis, qRT-PCR and western blot to identify the 

activation and response of distinct signalling pathways responsible for skeletal muscle 

adaptive responses to exercise and which affect glucose homeostasis in the T1D population. 

Impairments in skeletal muscle health termed as diabetic myopathy are reported in the T1D 

population (Chapter 2). Despite the evidence of diabetic myopathy, the effects of T1D on 

exercise capacity, muscle damage and inflammatory response are still largely unknown and 

for this reason, became an area of great interest in this thesis. 

To the best of our knowledge, prior to this thesis, no research has been conducted 

that specifically addressed the molecular response of skeletal muscle to exercise in 

individuals living with T1D. It has been suggested that training adaptations at the cellular 

level are the result of cumulative effects of transient changes in gene transcription after each 

acute bout of exercise (Fluck and Hoppeler, 2003). In human studies, transient changes in 

mRNA levels of the above myogenic (Willoughby and Nelson, 2002) or metabolic (Pilegaard 

et al., 2002; Pilegaard et al., 2000) genes after an acute bout of exercise have been 

reported. These studies were limited to time points that did not extend beyond 6 h after 

exercise. Although this information has provided valuable information regarding the 

molecular response in the first few hours after exercise, data beyond these time points are 

warranted for a more complete understanding for gene induction with exercise in human 

skeletal muscle (Yang et al., 2005). 

Firstly, in chapter 4, we investigated the molecular response to a single bout of 3 

different exercise modalities AER, RES and COMB. 

As expected, AER exercise, but not RES exercise, increased the expression of PGC-

1α, a key regulator of mitochondrial biogenesis and the oxidative capacity of skeletal muscle. 
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Moreover, not only the PGC-1α1 but also the PGC-1α4 isoform expression increased after 

AER exercise. PGC-1α4 did not increase after RES session. Interestingly, PGC-1α1 mRNA 

increased also after the COMB sessions, despite the completion of 50% less AER exercise 

volume than in the single-mode AER trial. 

When examining muscle growth/remodelling markers, AER and COMB exercise 

increased the IGF-1Ea/IGF-1Eb ratio and promoted splicing of the IGF-1Ea variant. 

Surprisingly mRNA isoforms of IGF-1 did not increase after RES session alone. RES 

increased the expression of genes related to muscle growth/remodelling, such as MCP-1, 

Myogenin, and MRF4. The activation of Akt and p38MAPK after RES and COMB exercise 

and the dephosphorylation of eEF2 after COMB exercise are consistent with other works 

conducted on Non-D (Egerman and Glass., 2014; Rose et al., 2005) and were likely related 

to increased transcriptional and protein synthesis activation.  

 The inflammatory response was of vital interest and inflammation-related genes IL-

6, TNF-α and MCP-1 in skeletal muscle were examined after all exercise sessions due to 

their particular relevance in individuals living with T1D. Emerging evidence indicates that 

diabetes induced elevations in markers of inflammation (IL-6, TNF-α and MCP-1) have 

deleterious effects on various aspects of muscle quality including structural and functional 

derangements of mitochondria, a down-regulation of myogenic factors and a higher 

susceptibility to exercise-induced muscle damage (Krause et al., 2011; Monaco et al., 2019).  

In summary, although AER and RES exercise stimulate almost distinct activation of 

specific molecular signalling pathways, the COMB acute exercise session demonstrated the 

ability to equally stimulate post-exercise signalling responses similar to single-mode AER or 

RES exercise alone despite completing 50% less volume of both the AER and RES exercise 

sessions. 

These findings from our acute study (Chapter 4) warranted a need to explore the 

effects of applying this HIT COMB exercise modality further. Our 12-week training 

intervention (Chapter 5) examined if this training modality resulted in the activation of 

molecular signalling pathways necessary for improving skeletal muscle health and glucose 

homeostasis, as found in Chapter 4. 

Regarding exercise capacity, we firstly assessed mitochondrial function as it has 

been suggested that T1D impairs mitochondrial function (Monaco et al., 2019). In particular, 

the analysis of the subunits COX2 and COX5 indicated that the COX2 mRNA expression is 

decreased in T1D compared to Non-D demonstrating a T1D-induced impairment of 

mitochondrial functions. Training did not modify this phenotype and this may partially explain 

the lower training-induced adaptions observed in the T1D group. In fact, reduced expression 

of these genes could mean a decreased ATP production and early fatigue as a result of 

reduced metabolic activity of the mitochondrion and may be a contributing factor as to why 
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the T1D group reported increased RPE and DOMs in response to the training exercise 

intervention (Chapter 5).  

To examine training response on muscle growth/remodelling, we examined 

Myogenin, myoD and Ki67 as these are markers related to muscular cell proliferation and 

differentiation. No differences existed between T1D and Non-D at baseline but both 

Myogenin and myoD were significantly higher post-exercise in Non-D whilst remained 

unchanged in the T1D group. This lack of response in the T1D group indicates a reduced 

exercise adaptability to stimulate muscular cell proliferation and differentiation leading to 

slowed recovery following exercise in the T1D group. On the other hand, Ki67 expression is 

higher in T1D at baseline and increased following exercise, suggesting an exercise-related 

increased cell proliferation. Furthermore, all IGF-1 isoforms are significantly overexpressed 

in T1D following training intervention, and it could be speculated that this IGF-1 

overexpression contributed to the improvements in glucose control observed in the present 

thesis. 

Elevated inflammatory markers were found throughout this thesis which may 

influence the increased fatigue and recovery from exercise reported in the T1D participants 

when compared to their Non-D counterparts. We found TNF-a to be elevated in those with 

T1D when compared to Non-D controls. Moreover, TNF-a levels were not influenced by 

exercise which may be detrimental as an overexpression in inflammatory marker TNF-α is 

related to chronic inflammation (Krause et al., 2011). Increased expression of VCAM1 and 

ICAM1 between Non-D and T1D following exercise training suggesting that Non-D returned 

to baseline while T1D is still responding to the exercise stress leading to a slower recovery 

from exercise. 

We also considered the importance of telomeres and their function in the protection 

of DNA. Since the role of telomeres as the caps at the end of each strand of DNA are to 

protect chromosomes, this made telomere assessment another important marker for 

examination as reductions in telomere length greatly exposes DNA to damage and 

degradation (Shammas, 2011). We were keen to understand the impact, if any, of T1D on 

telomere length and more importantly, the exercise training effect, if any, on telomeres. 

Through comparison of mitochondrial COX1 gene against a nuclear 36B4 housekeeping 

gene, we found a significant reduction in telomere length at baseline in T1D compared with 

Non-D which remained unaffected by exercise. This finding suggests that the T1D impairs 

telomere length exposing DNA to further damage, this may be another implicating factor in 

the development of diabetic myopathy.     

The findings from our acute (Chapter 4) and training (Chapter 5) studies 

demonstrated molecular and cell signalling adaptations following exercise interventions that 

positively influence a variety of regulatory skeletal muscle factors, which have the potential 
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of regressing the development of diabetic myopathy and curtailing glycaemic excursions in 

T1D individuals.  

Where there has been some paradoxical findings between in the participants of the 

studies of this thesis, there is sufficent changes in both energy and protein metabolism in 

T1D people compared to the Non-D counterparts that indicate alterted metabolism 

influenced by diabetes.  

Profound changes in energy metabolism occur in people with T1DM during insulin 

deprivation in addition to the well known increase in plasma glucose. When glucose levels 

exceed renal threshold glycosuria and associated water loss occur. Glucose loss in urine will 

contribute to negative energy balance. Negative energy balance occurs in insulin deficient 

states in these T1D people despite a relative increase in energy intake. These clinical 

observations are the basis of many studies that investigated the potential role of insulin on 

energy metabolism (Hebert and Nair, 2010). The importance of insulin in the regulation of 

energy metabolism is supported by studies performed in people with T1D during insulin 

deprivation and insulin treatment as well as in non-diabetic people.Several studies have 

shown an increase in basal energy expenditure in T1D people following insulin withdrawal 

(Karakelides et al., 2007; Nair et al., 1984 ). In these studies, there is a small but significant 

increase in whole-body oxygen consumption in T1D people during insulin withdrawal when 

compared with both their own oxygen consumption during insulin treatment and the oxygen 

consumption of Non-D control participants. One factor involved in causing this increase in 

energy expenditure during insulin deficiency is the elevation of glucagon levels.  

Other factors may also contribute to increased oxygen consumption during insulin 

deprivation in T1DM. For example, the increased protein turnover that occurs in T1DM 

during insulin deprivation (Nair et al., 1995) is an energy consuming process (Welle and 

Nair, 1990). Other energy consuming factors including transport of compounds across cell 

membranes may also contribute to increased energy expenditure. Additionally, the 

uncoupling of oxidative phosphorylation with proton leak during electron chain transport in 

the inner mitochondrial compartment should also be investigated as a contributor to 

increased oxygen consumption.Increased oxygen consumption suggests an increased rate 

of oxidative phosphorylation. However, studies in done in T1D people demonstrated that 

despite an increase in whole-body oxygen consumption the skeletal muscle mitochondrial 

ATP production rate (MAPR) was decreased in T1D people during insulin deprivation 

An increase in both whole-body protein breakdown and synthesis occurs in poorly 

controlled T1D. This increase in protein breakdown is greater than the increase in protein 

synthesis resulting in a net protein loss (Nair et al., 1983). Protein breakdown during insulin 

deprivation occurs mostly in skeletal muscle, while protein synthesis occurs in the 

splanchnic region ( Nair et al., 1995). Glucagon, the hormone determined to be largely 
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responsible for the increased energy expenditure during insulin deprivation in T1D 

individuals, increases leucine and phenylalanine oxidation and protein breakdown ( Charlton 

and Nair, 1998; Tessari et al., 1996). 

Our findings also support existing work that suggest that the T1D condition may be 

the influencing factor in accelerated muscle ageing (Monaco et al., 2019). Similar to the 

findings of Monaco et al, 2019, our research indicates that mitochondrial function is 

significantly impaired in individuals living with T1D and these impairments may be the 

primary contributor in the development of the diabetic myopathy condition (Monaco et al., 

2019).  

In summary, the present thesis has demonstrated that a HIT COMB exercise can 

improve glycaemic control in individuals living with T1D. Moreover, the implementation of a 

low glycaemic index carbohydrate and reduced insulin dose administered using a similar 

approach to West et al., 2011 approximately 30 mins before exercise improves pre and post-

exercise glycaemic responses. In addition, a HIT COMB exercise intervention should aid in 

the regression the development of diabetes related alterations in skeletal muscle health, as 

improvements in physical function were similar between T1D and Non-D counterparts. 

Additionally, utilising a HIT COMB training programme, that is brief and simplistic in nature, 

has the added effects of overcoming real and perceived barriers to exercise in the T1D 

population such as lack of time, access to facilities and the fear of hypoglycemia. 

 

 

7.3 Suggestions for future research 
 

 Translation of our training design into unsupervised or home-based exercise is one 

avenue for future work. It is anticipated that the observed mode and time course-specific 

responses of the present intervention studies (Chapter 4, 5 and 6) will inform healthcare 

professionals on training programme design for T1D adults. However, it is acknowledged 

that further work is needed to optimise prescription in this population, particularly if diabetic 

comorbidities or contraindications to exercise exists. Additionally, while we investigated a 

time-efficient COMB exercise intervention to improve outcomes such as glycaemic control, 

and metabolic response, we acknowledge that this was limited to a 12-week supervised 

training programme. Longer-term studies of T1D adults are required to track longitudinal 

changes in the outcomes mentioned above over time and to understand the clinical 

significance of exercise intervention strategies, with and without supervised training.  

 Another avenue for future research and an area that is still poorly investigated are 

effects of T1D on neuromuscular function. Although individuals living with T1D have reported 
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increased levels of fatigue and often develop diabetes-related neuropathy, there has been 

limited research in this area. Further studies utilising, for instance, HD-EMG assessment are 

needed to build a more comprehensive neuromuscular profile for this condition. Moreover, 

by including the analysis of muscle signalling properties and muscle fibre type distribution 

from muscle biopsies and comparing these findings with the HD-EMG results, a much more 

in-depth understanding of the effects of T1D on neuromuscular function can be obtained. In 

the present thesis, only one EMG intervention study was examined, albeit, with minimal 

findings, however, it suggested that reports of fatigue and delayed recovery (Chapter 5) are 

not attributed to motor unit degradation. There is potential to examine further and even build 

on the present work, either through comparison of different fatiguing protocols, or through 

comparing HD-EMG response with the IG to better understand any correlations, and 

investigate if this results in different outcomes.  

Regarding practice, this research should reassure healthcare specialists to advise 

and educate people living with T1D about the health benefits of exercise and provide 

guidance on how to incorporate and maintain exercise as part of T1D treatment. Through 

interaction with the participants throughout this research thesis, it is clear that adults living 

with T1D are motivated in diverse ways and for this reason, it is imperative to determine the 

principal barriers and facilitators for specific individuals. Adapting exercise programmes is 

critical for individuals with T1D, as this cohort will perceive barriers to exercise in different 

ways.  

Regarding policy, the effects of maintenance and long-term adherence to exercise 

may have significant ramifications for the healthcare system. A lack of education into health 

benefits and support from the government as barriers to exercise still exist. Policymakers, 

researchers and people living with T1D must collaborate to ensure that the benefits of 

exercise are known, and that regular exercise habits are adhered to and maintained. 

Gaining a meaningful understanding of barriers and facilitators to exercise will enable 

exercise specialists to prescribe appropriate exercise accordingly. In essence, our overall 

findings and future research directions are not only crucial for the preservation and treatment 

of the T1D population but may have a much broader health impact. 

Finally, priority should be given to research focusing on T1D-specific choices, 

including nutrition, drug therapy and exercise preferences in T1D individuals, and further 

research to analyse motivational factors in this population. Building on a combination of 

behavioural research, individualised exercise and nutrition interventions, need to be 

investigated to establish optimal health at a personalised level, which could help society 

reduce costs regarding diabetes-related management of physical decline. 
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ATP  Adenosine triphosphate
B2M  Beta-2-microglobulin
BMI  Body mass index
CK  Creatine kinase
COMB  Combined
CONT  Control
CV  Coefficient of variation
DEXA  Dual-energy X-ray absorptiometry
eEF2  Eukaryotic translation elongation factor 2
ERK1/2  Extracellular signal-regulated protein kinases 

1 and 2
FGM  Flash interstitial glucose monitoring
GAPDH  Glyceraldehyde-3-phosphate dehydrogenase
GLUT4  Solute carrier family 2, facilitated glucose 

transporter member 4
GPAQ  Global Physical Activity Questionnaire
HbA1c  Glycated hemoglobin
HR  Heart rate
HRR  Heart rate reserve
IG  Interstitial glucose
IGF-1  Insulin-like growth factor 1
IGF1R  Insulin-like growth factor 1 Receptor
IL-6  Interleukin-6
LDH  Lactate dehydrogenase
MAGE  Mean amplitude of glycemic excursions
MCP-1  Monocyte chemoattractant protein 1/C–C 

motif chemokine 2
MRF4  Myogenic regulatory factor 4/Myogenic fac-

tor 6
mRNA  Messenger ribonucleic acid
mTOR  Mechanistic target of rapamycin kinase
Myf5  Myogenic factor 5
MyoD  Myogenic differentiation 1
p38MAPK  P38 map kinase
PGC-1α  Peroxisome proliferative activated receptor, 

gamma, coactivator 1 alpha
PI3K  Phosphatidylinositol-4,5-bisphosphate 

3-kinase
1RM  One-repetition maximum
RES  Resistance
RT-PCR  Real-time polymerase chain reaction
SD  Standard deviation
T1D  Type 1 diabetes
TNF-α  Tumor necrosis factor-alpha

Introduction

The maintenance of optimal glycaemic control is an essen-
tial goal for people living with type 1 diabetes (T1D). How-
ever, keeping glycaemic levels within a narrow range is 
extremely difficult in T1D and even in the case of tightly 
regulated insulin therapy, long-term complications such as 

microvascular diseases, retinopathy, neuropathy, and cardio-
vascular diseases, invariably arise as a direct/indirect result 
of T1D (Brownlee 2005; McCarthy et al. 2016).

Exercise and physical activity, in conjunction with ade-
quate dietary care, can prevent/regress the development of 
diabetes-related complications (Colberg et al. 2016). In a 
recent study comprising nearly 2000 T1D adults, the most 
physically active individuals exhibited better HbA1c levels, 
fewer diabetes-related microvascular complications, reduced 
dyslipidemia, and decreased risk of developing severe hypo-
glycaemia than those who were less physically active (Bohn 
et al. 2015).

Nevertheless, glycaemic management may be challenging 
for people living with T1D, both during and post-exercise, 
and exercise-induced hypoglycaemia or hyperglycaemia can 
impact both immediate and long-term health in adults with 
T1D (Riddell et al. 2017). For instance, large fluctuations 
in blood/interstitial glucose (IG) concentration, reported as 
the coefficient of glucose variation (CV), are detrimental 
and associated with higher cardiovascular risk (Gorst et al. 
2015). Moreover, most individuals living with T1D iden-
tify exercise as a risk factor for hypoglycaemia even several 
hours afterwards (Riddell et al. 2017).

Several factors influence the glucose response to exer-
cise in T1D, including the type of insulin, mode of deliv-
ery, the glycaemic concentration before exercise, the con-
sumption of a pre-exercise meal, and the exercise modality 
performed, e.g., aerobic (AER) or resistance (RES) exer-
cise (Minnock et al. 2019). A common assumption is that 
moderate-intensity AER exercise causes a blood glucose 
reduction in most individuals with T1D and may increase 
the risk of experiencing hypoglycaemia (Riddell and Perkins 
2009). In contrast, compared with the AER exercise, only 
a few studies have investigated the effects of RES exercise 
on glucose concentration in T1D, demonstrating that RES 
exercise may result in a more stable glucose level than AER 
exercise (Yardley et al. 2013; Reddy et al. 2019). Moreover, 
the combination of RES and AER exercise in the same ses-
sion (COMB) is associated with improved glucose stability, 
although only if the RES exercise is performed before AER 
exercise (Yardley et al. 2012). Interestingly, in people living 
with type 2 diabetes, the combination of aerobic and resist-
ance training was associated with better improvements in 
 HbA1c levels and in general fitness compared with either 
resistance or aerobic training alone (Church et al. 2010). 
To our knowledge, the mechanisms underlying the greater 
glycaemic variability observed after AER compared to RES 
exercise are mostly unknown. The higher lactate production 
during RES, with respect to AER exercises, has been pro-
posed as a stimulus of gluconeogenesis that could potentially 
attenuate declines in blood glucose in people living with 
T1D (Yardley et al. 2013). Moreover, in healthy participants 
performing COMB exercise, starting with RES exercise 
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raises blood concentrations of free fatty acids and glyc-
erol hence reducing the reliance on carbohydrates as a fuel 
source during the following AER exercise (Goto et al. 2007). 
Although not specifically addressed so far in T1D, differ-
ent exercise modali ies also induce the activation of distinct 
skeletal muscle signalling pathways, which orchestrate the 
adaptive response to exercise and could directly affect glu-
cose homeostasis (Röhling et al. 2016). For example, AER 
exercise determines an immediate fluctuation in intracellu-
lar calcium, ATP, and redox potential levels activating the 
‘metabolic/stress’  kinases such as p38MAPK, ERK1/2, and 
AMPK (Coffey and Hawley 2007). This is succeeded by an 
increase of GLUT4 translocation and upregulation in the lev-
els of transcription factors such as PGC-1α, which is associ-
ated with increased mitochondrial biogenesis and improved 
oxidative capacity of skeletal muscle (Jäger et al. 2007). 
On the other hand, RES exercises stimulate the signalling 
responsible for skeletal muscle growth, which mainly con-
verges on PI3K/Akt/mTOR signall ing pathway and hence 
its effectors that control protein synthesis such as eukaryotic 
elongation factor 2 (eEF2) and insulin-like growth factor 1 
(IGF-1) (Egerman and Glass 2014; Rose et al. 2005).

Moreover, many of these components have additional 
roles in the regulation of glucose uptake and glycogen syn-
thesis (Röhling et al. 2016). For example, the deletion of 
muscle IGF-1 and IGF-1R impaired glucose clearance both 
at rest and during exercise (O’Neill et al. 2015; Vassilakos 
et al. 2019). Thus, although these studies were conducted on 
rodents and therefore are not directly transferable to humans 
growing evidence suggests an important role of PI3K/Akt/
mTOR signall ing pathway in exercise-induced glucose 
uptake (Röhling et al. 2016).

Notably, although COMB exercise has been suggested as 
the best exercise approach to minimize glycaemic fluctua-
tions (Yardley et al. 2013), no attention has been given to 
the potential interference between AER- and RES-induced 
muscle signalling pathways, which in turn can compromise 
the post-exercise training adaptations (Coffey and Hawley 
2007). Furthermore, structural, functional, and metabolic 
alterations in the skeletal muscle of individuals with T1D 
(i.e., diabetic myopathy), evident even before the appear-
ance of other diabetic complications, have been recently 
reported in a number of studies (Krause et al. 2011; Monaco 
et al. 2017). Despite this recent evidence, the effect of T1D 
on exercise capacity, muscle damage, and inflammatory 
response are still largely unknown (Krause et al. 2011).

The aim of this study was to compare the effects of a 
single bout of high-intensity AER, RES, and COMB exer-
cises on blood glucose homeostasis during the 24-h follow-
ing exercise in people living with T1D. Furthermore, blood 
samples and muscle biopsies were collected before and after 
each exercise session to compare the metabolic alteration 
and exercise-induced muscle changes in gene expression and 

signalling pathways related to muscle metabolism, growth 
and inflammation.

We hypothesized that COMB exercise would elicit the 
best response both in terms of 24-h glycemic control and 
skeletal muscle signalling in people living with T1D.

Methods

Participant information and baseline evaluations

The present study was conducted in 2017 and all data col-
lection and exercise testing took place in the Human Physi-
ology Laboratory and the High-Performance Gym at the 
local University Institute for Sport and Health (ISH) at the 
University College Dublin, Ireland. T1D Participants were 
recruited from study advertisements placed in the local Uni-
versity Hospital and shared with Diabetes support groups in 
the area. Inclusion criteria were: age between 18–45 years, 
no contraindications to exercise, T1D diagnosed for at least 
12 months, BMI <  30 kg m−2, and non-smokers. Twelve 
T1D participants (6 males; age 31.8 ±  5.3 years; BMI 
27.5 ±  2.5 kg m− 2; duration of diabetes 13.7 ±  8.5 years; 
HbA1c 65 ±  11 mmol mol−1) with good glycaemic control 
and without known diabetic comorbidities were enrolled. 
Participants gave their written, informed consent to partici-
pate in the study, which was approved by the local Univer-
sity Human Research Ethics Committee (Application ID-
LS-16-67-Minnock-DeVito). Participants were not habitual 
exercisers and were classified as inactive following comple-
tion of the Global Physical Activity Questionnaire (GPAQ). 
Ten of the participants were using multiple daily injections 
of insulin, while the remaining two continuous subcutaneous 
insulin infusion with an insulin pump. All-female partici-
pants (n =  6) were using oral hormonal contraceptives and 
provided information about their menstrual cycle to avoid 
being tested during menstruation. Body composition was 
assessed by dual-energy X-ray absorptiometry (DEXA) 
(Lunar iDXA, GE Healthcare, Buckinghamshire, United 
Kingdom). DEXA results reported a total body fat percent-
age of 28.5 ±  9.8 (fat mass: 22.6 ±  8.4 kg; lean body mass: 
53.9 ±  11.3 kg; trunk fat mass: 10.9 ±  4.1 kg; trunk lean 
body mass 25 8 ±  5.1 kg). Following the DEXA scan, since 
participants had been lying down for approximately 20 min 
during the scan, the resting heart rate (HR) was recorded 
(Omron M2, USA). A total of 3 h values were taken to pro-
vide an average resting value to establish the target HR zone 
of AER sessions (set at 80% of HR reserve (HRR)) using 
the Karvonen Formula (target HRR = [(max HR − resting 
HR) × 0.8] +  resting HR) (Karvonen et al. 1957). Muscle 
strength was assessed by evaluating the one-repetition maxi-
mum (1RM) for each of the six-RES exercises that were to 
be used during the exercise intervention (lateral pull-down, 
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triceps extension, biceps curl, knee extension, squat press, 
leg press).

Study design

Participants attended one preliminary visit, followed by one 
control session (CONT) and three randomized experimen-
tal exercise sessions separated by a 1-week washout period 
(Fig. 1). Each participant was assigned the same 50-min time 
slot to attend between 06 00 am and 12:00 noon, across all 
intervention sessions. Participants were unaware of which 
intervention they would partake in until they arrived (except 
for the last session). In order, to guarantee a normal hydra-
tion status, participants were invited to drink at least 400 ml 
of water in the 60-min period preceding the start of each 
experimental session (Sawka et al. 2007). During CONT 

session, each participant sat in a semi-recumbent position 
on a treatment table for 40 min, ensuring to avoid physi-
cal activity during this time. On the day of the AER inter-
vention, participants were fitted with an HR monitor (Polar 
H7, USA) and then positioned on an electromagnetic cycle 
ergometer (Lode Excalibur Sport, Netherlands). Participants 
cycled for 5-min to warm-up, maintaining a cadence of 50 
revolutions per minute (rpm) and a power of 50 watts and 80 
watts for female and male participants, respectively. Follow-
ing the warm-up, they were asked to increase to 80 rpm and 
to maintain this pace for the remaining 30 min. The resist-
ance on the cycle ergometer was adjusted (if required) to 
ensure participants remained in the desired target HR inten-
sity zone (i.e. at 80% of HRR) with verbal support provided 
when necessary. Since the monitoring of intensity was based 
on the measure of HR we decided to use water ad libitum to 

Fig. 1  Participants underwent four testing sessions separated by one 
week each. No-exercise control session (CONT) was performed first 
and was followed by three different high-intensity exercise sessions 
performed in random order: aerobic (AER; 80% of HRR), resistance 
(RES; 80% of 1RM) or combined resistance and aerobic, exercise 

(COMB; 20 min each). The interstitial glucose was recorded over a 
24 h period by a flash interstitial glucose monitoring (FGM) system. 
Venous blood and muscle samples (vastus lateralis) were also taken 
at the time points indicated in t he figure
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minimise the fluctuations of HR due to blood plasma shift-
ing. In any case, this corresponded to a minimum of 200 ml 
and a maximum of 500 ml of water consumed during exer-
cise by each par icipant. In addition, the laboratory constant 
conditions and the relatively short duration of the sessions 
(40 min including warm up and cool down phases) should 
have not represented a particular striking condition (Coyle 
and González-Alonso 2001; Montain and Coyle 1992). At 
minute 35 of the intervention, the bike resistance was gradu-
ally reduced in conjunction with rpm to provide a cool-down 
period. The intervention ceased once participants completed 
the 40-min total exercise.

For the RES session, the warm-up consisted of 5 min 
RES exercises executed at 30% 1RM, 6–8 reps per machine 
(~ 45 s), moving directly from one machine to the next 
(allowing for approximately 5–10 s transfer time between 
each machine) for (1) lateral pull-down, (2) biceps curl, (3) 
knee extension, (4) squat press, (5) triceps extension, (6) 
leg press. Following the warm-up, the exercise continued 
for 30 min, where two complete circuits of the 6 exercises 
performed at 80% 1RM, each lasting about 900 s including 
rest periods, were executed. Each exercise was executed 8/10 
within 60 s followed by a 90 s rest period and transfer time 
to the next machine (i.e. within 150 s in total). The RES ses-
sion ended with a 5 min cool down period spent exercising 
at 30% 1RM the same protocol used for the warm-up period.

In the COMB session, the RES and AER components 
were modelled directly on the single RES and AER interven-
tions. Participants performed RES exercise before AER exer-
cise (Yardley et al. 2012). The COMB exercise commenced 
with a warm-up consisting of approximately 2.5 min of RES 
exercises executed at 30% 1RM, 20 s per machine, following 
the same progression as the RES intervention. Following the 
warm-up, the exercise continued for 15 min, where one cir-
cuit of six exercises was executed at 80% 1RM. Completion 
of all six exercises (1 circuit), including rest periods between 
exercises, lasted 900 s. The session ended with a 2.5 min 
cool down period spent exercising at 30% 1RM using the 
same protocol for the warm-up period as mentioned above. 
Participants next moved directly to the AER component 
of the COMB exercise. Participants cycled for 2.5 min to 
warm-up in accordance with the AER intervention above. 
Following the warm-up, participants increased to 80 rpm 
and to maintain this pace for the remaining 15 min. At min-
ute 37.5 of the COMB intervention, the bike resistance was 
gradually reduced in conjunction with rpm to provide a cool-
down period. The COMB intervention ceased once partici-
pants completed the 40-min total exercise.

Participants were not fasting during the sessions and were 
issued with a food diary to log meals and snacks in the 24 h 
before and following each session. To ensure consistency 
throughout the study, these diaries were then used to repli-
cate meal-type and time each week. Retrospective analysis 

of the food diary revealed that each participant replicated 
their meal composition and there were no statistically sig-
nificant differences in total carbohydrate intake and daily 
insulin doses between sessions (Online resource 1). Partici-
pants were instructed to refrain from exercise, caffeine, and 
alcohol for the 24 h before and following each intervention 
day.

Blood samples

Venous blood samples were taken from an antecubital vein 
in heparin-coated Vacutainer™ tubes using standard aseptic 
techniques. Blood samples collection occurred at the onset 
of the intervention (Pre), immediately after intervention 
(Post), and 24 h post (Post 24 h) (Fig. 1). Participants were 
rested for approximately 15 min prior to the first sample 
collection and 5 min post exercise for the second sample 
collection. On exercise day both samples were collected by 
2 single venepunctures. Samples were immediately centri-
fuged (at 1000×g for 15 min at 4° C), after which serum 
was removed and stored at −  80° C for further analysis. 
Lactate and glycerol were measured using the Randox Day-
tona benchtop analyzer (RX Daytona + , United Kingdom). 
Serum creatine kinase (CK) and lactate dehydrogenase 
(LDH) activity were measured by a standardized commer-
cially available colourimetric enzymatic assay (BioVision, 
Vinci-Biochem, Italy).

Interstitial glucose data collection and evaluation

Each par icipant received two FreeStyle Libre flash inter-
stitial glucose monitoring (FGM) system (Abbot Diabetes 
Care, Alameda, California, USA) and an FGM reader. Par-
ticipants were instructed to apply the FGM patch to their left 
arm and have an active FGM patch on the day before each 
intervention session. Each participant registered their per-
sonal FGM reader, and instructions were provided on how 
to record the FGM data and to create data reports. IG was 
recorded every 15 min. The IG data was then downloaded 
to provide IG data from pre-intervention ( ime 0) until 24 h 
post-intervention (Fig. 1). Once applied and activated, FGM 
systems lasted for 14 days before cessation, and for this rea-
son, participants retained the FGM system for its full li fe-
cycle. IG variability was evaluated using the following four 
indices: mean amplitude of glycaemic excursions (MAGE), 
glucose variance (VAR), glucose coefficient of variance 
(CV), and glucose standard deviation (SD) (Hill et al. 2011; 
Zaccardi et al. 2008). MAGE analysis was performed on the 
IG data collected during the entire 24 h intervention period, 
and its calculation was based on the di fferences between 
consecutive points, considering those who were higher than 
1 SD than the previous point (Hill et al. 2011). The analysis 
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using VAR, CV, and SD instead was performed for both the 
entire 24 h period and fractioning it into four 6-h periods.

Muscle sampling

Muscle biopsies were collected from the muscle vastus later-
alis Pre and Post each test session (Fig. 1) using a 14-gauge 
semi-automatic spring-loaded biopsy system with a com-
patible coaxial introducer needle (Medax Srl Unipersonale; 
San Possidonio, Italy). Briefly, after local anaes hesia with 
3 mL of 2% lidocaine, the skin, previously cleansed with an 
antiseptic solution, was punctured with the insertion can-
nula. The biopsy needle inserted through the cannula, and 
after the activation of a trigger button, a small muscle piece 
remained inside the needle. The muscle sample was then 
removed from the biopsy needle, immediately frozen in liq-
uid nitrogen, and stored at -80° C until further analyses.

RNA extraction, cDNA synthesis, and qRT-PCR

Without thawing, all muscle tissues were weighed (≤ 30 mg), 
placed directly into the QIAzol Lysis Buffer (Qiagen, Milan, 
Italy), and ruptured using a Polytron homogenizer (KIN-
EMATICA AG, Switzerland). Total RNA was extracted 
and purified using the  miRNeasy® Mini Kit (Qiagen, Milan, 
I taly) according to the manufacturer’s instructions. The 
amount and quality of RNA were assessed with DU-640 UV 
Spectrophotometer (Beckman Coulter, United Kingdom), 
and the complementary DNA was synthesized from 1 μg of 
total RNA using Omniscript RT (Qiagen, Milan, Italy) and 
random hexamers. Subsequently, quantitative RT-PCR was 
performed with 2 μl of cDNA and 300 nM of each primer in 
an Applied Biosystems StepOnePlus™ Real-Time PCR Sys-
tem using SYBR Select Master Mix (Applied Biosystems, 
Monza, Italy). The mRNA expression of the target genes was 
normalized to the geometric mean of GAPDH and B2M ref-
erence genes. The RT-PCR conditions were: 50° C for 2 min, 
95° C for 2 min followed by 40 cycles of three-steps at 95° 
C for 15 s, 60° C for 15 s and 72° C for 30 s. The specificity 
of the amplification products was confirmed by examining 
thermal denaturation plots and by sample separation in a 4% 
DNA agarose gel. The genes of interest and the sequence of 
the specific primer used in real-time RT-PCR quantification 
are listed in Supplementary Data Table 2.

Western blotting

Total  protein extracts were obtained from the organic 
phase following the QIAzol protocol. The protein content 
of muscle tissues was determined according to Bradford’s 
method using bovine albumin as the standard (Bradford 
1976). Multi-strip western blotting protocol was performed 
as previously described (Aksamitiene et al. 2007). Briefly, 

proteins from each participant (40 μg per lane) were sepa-
rated on 10% SDS polyacrylamide gel, and the gel cut into 
two strips with the following protein ranges: one between 
34 and 72 kDa and another between 72 and 180 kDa. Four 
strips of polyacrylamide gels containing protein of the 
same molecular weight range from different participants 
were then assembled and electroblotted onto a single nitro-
cellulose membrane sheet (0 2 μm pore size) (Bio-Rad 
Laboratories Inc., Hercules, CA, USA) for 1.5 h at 100 V. 
The blots were probed with the following primary anti-
bodies diluted 1:2000: anti-phospho-Akt (Ser473) (Cell 
Signal ing Technology Cat# 9271, RRID:AB_329825), 
anti-phospho-p38MAPK (Thr180/Tyr182) (Cell Signaling 
Technology Cat# 9211, RRID:AB_331641), anti-phospho-
p44/42 (ERK1/2) (Cell Signaling Technology Cat# 9101, 
RRID:AB_331646), anti-phospho eEF2 (T 56) (Cell Sign-
aling Technology Cat# 2331, RRID:AB_10015204) and 
anti-phospho AMPKalpha (T172) (Cell Signaling Tech-
nology Cat# 2535, RRID:AB_331250). Anti -GAPDH 
MAb (Thermo Fisher Scientif ic Cat# AM4300, RRID: 
AB_2536381) was used to normalize protein expression 
since there was a positive correlation between western blot 
quantification obtained with GAPDH as a loading control or 
total Akt (r =  0.61, p <  0.001), ERK1/2 (r =  0 80, p <  0.001) 
and total p38MAPK (r  =  0 88, p <  0.001). Protein bands 
were detected using a horseradish peroxidase-conjugated 
secondary antibody (Bio-Rad, Italy). The blots were then 
treated with enhanced chemiluminescence reagents (Clarity 
ECL Western Blot Substrate kits, Bio-Rad, Italy), and the 
immunoreactive bands were detected and quantified using 
Fluor-S® MAX Multi Imaging System (Bio-Rad, Italy) 
equipped with Quan ityOne software.

Statistical analyses

The statistical analyses were performed with SPSS (IBM 
SPSS Statistics for Windows, Version 20.0, IBM Corp.) and 
GraphPad Prism (v6.0; IBM Corp.). Descriptive data are 
reported as mean ±  SD. Data were checked for normality 
of distribution using the Shapiro–Wilk test. The data that 
were not normally distributed (i.e., phospho p38/GAPDH, 
phospho eEF2/GAPDH and IL-6 and MCP-1 relative mRNA 
levels) were log10 transformed. A one-way ANOVA with 
Tukey’s post hoc test was applied to study the 40 min inter-
vention and the 24 h post-intervention IG responses as 
MAGE, VAR, CV, glucose SD, and blood parameters. A 
two-way (time × intervention) repeated measures analysis of 
variance (ANOVA), with Bonferroni post hoc tests adjusting 
for multiple comparisons, was instead used to detect dif-
ferences between all the remaining variables. For pairwise 
comparison of variables mean difference (MD), 95% con-
fidence interval (CI), p value, and Cohen’s effect size (ES) 
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were determined. For all analyses, statistical significance 
was accepted at p <  0.05.

Results

Interstitial glucose levels

The analysis of IG data showed a trend of more events 
of post-exercise late-onset hypoglycaemia (glycaemic 
level <  3.9 mmol  L−1) after AER exercise (CONT = 2/12; 
AER =  7/12; RES = 0/12; COMB = 2/12). Moreover, AER 
exercise slightly increased the average duration of hypogly-
caemic events (CONT =  44 ±  8 min; AER = 62 ±  29 min; 
RES =  0 min; COMB =  33 ±  18 min; p =  0.098) whi le 
the mean overnight IG values did not changed (CONT 
9.8 ±  1.2 mmol  L− 1, AER 8.2 ±  1.3 mmol  L− 1, RES 
9.2 ±  0.8 mmol  L− 1 and COMB 8.9 ±  0.8 mmol  L− 1; 
p =  0.747). All hypoglycaemic events occurred during noc-
turnal hours. Mean 24 h post-exercise IG profiles for the four 
experimental sessions are shown in Fig. 2.

Interstitial glucose variability indices

Both RES and COMB exercises, but not AER, reduced the 
24 h MAGE compared to CONT (Fig. 3a). Concerning the 
other IG indexes, glucose SD (Fig. 3b) and CV (Fig. 3c) 
were reduced only after the COMB session respect to 
CONT. No differences were recorded in glucose variance 
over the 24 h period among all exercise sessions (Fig. 3d). 
The 6 h post-exercise period analysis showed a reduction of 
glucose CV 6 h to 12 h after all exercise sessions (Fig. 4a) 

and a decreased glucose SD 6 h to 12 h after COMB session 
compared to CONT (Fig. 4b). The glucose variance over 6 h 
periods did not vary among all different sessions (Fig. 4c).

Blood parameters

Serum levels of blood lactate, glycerol, CK, and LDH 
are reported in Table 1. Lactate and glycerol levels were 
elevated immediately post-exercise compared to baseline. 
Exercise sessions did not influence both CK and LDH levels.

Exercise-induced skeletal muscle signalling 
pathways

The AER session did not modify the phosphorylation 
level of Akt, p38MAPK and eEF2, while both RES and 
COMB exercise increased Akt (RES: MD =  0.35, 95% 
CI 0.39–0.67, p =  0.031, ES =  0.71; COMB: MD =  0.62, 
95% CI 0.19–1.05, p =  0.009, ES =  0.91) (Fig. 5a) and 
p38MAPK (RES: MD = 1 37, 95% CI 0.69–2 05, p =  0.015, 
ES = 0 83; COMB: MD = 1 06, 95% CI 0 30–1.83, p = 0.049, 
ES =  0.64) (Fig. 5b) phosphorylation. Moreover, phos-
phorylation of eEF2 decreased only after COMB exercise 
(COMB: MD = − 0.36, 95% − 0.60 CI to − 0.122, p = 0.002, 
ES = -1.14) (Fig. 5d). ERK1/2 (Fig. 5c) and AMPK (Fig. 5e) 
phosphorylation did not change after the tes ing sessions.

Exercise�induced changes in muscle mRNA 
expression

The expression of PGC-1α increased after AER and COMB 
sessions (AER: MD =  899.59, 95% CI 517.42–1281.77, 

Fig. 2  Mean glucose as measured by a flash interstitial glucose monitoring (FGM) system from pre-intervention (time 0) until 24 h post-inter-
vention
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p =  0.001, ES =  1.50; COMB: MD =  586.29, 95% CI 
133.27–1039.31, p =  0.016, ES =  0.82) (Fig. 6A), while 
the mRNA quantity of myogenin (RES: MD =  0.39, 95% 
CI 0.15–0.63, p =  0 005, ES =  1.02) (Fig. 6d) and MRF4 
(RES: MD = 2785.58, 95% CI 1101.68–4469.48, p =  0.004, 
ES = 1.05) (Fig. 6e) increased only after the RES exercise 
session. The expression of GLUT4 (Fig. 6b), MyoD (Fig. 6c) 
and Myf5 (Fig. 6f) mRNAs did not change after the test-
ing sessions. The absolute IGF-1 isoforms mRNA quantity 
between the different sessions was also analysed, as previ-
ously described (Annibalini et al. 2016). As expected, mus-
cle IGF-1Ea was much more expressed compared to both 
IGF-1Eb and IGF-1Ec isoforms, while the IGF-1Ec iso-
form mRNA was barely detectable (Fig. 7a–d). We did not 
observe significant modulations in any of the IGF-1 isoforms 
after the different exercise sessions. However, it should be 
noted that the expression of IGF-1Ea mRNA showed a trend 
toward an increase after AER and COMB exercises whi le 
the IGF-1Eb mRNA level showed an opposite trend. Thus, 
the AER and COMB exercise altered the steady-state of 
IGF-1 splice isoform, increasing the IGF-1Ea/IGF-1Eb ratio 
(AER: MD = 1.40, 95% CI 0.74–2.05, p =  0.001, ES = 1.36; 

COMB: MD = 1.86, 95% CI 0.13–3.60, p = 0.037, ES = 0.68) 
(Fig. 7d). Finally, the analysis of inflammation-related genes 
showed an increase of post-exercise IL-6 (AER: MD = 2 25, 
95% CI 1.29–3.21, p =  0.001, ES = 2.16; RES: MD = 3.01, 
95% CI 0.52–5.49, p = 0.002, ES = 1.18; COMB: MD = 1.78, 
95% CI 0.59–2.97, p =  0.005, ES = 1.02) (Fig. 8A), TNF-α 
(AER: MD = 8.55, 95% CI 4.63–12.47, p = 0.001, ES = 1 39; 
RES: MD = 8.81, 95% CI 3.43–14.21, p =  0 004, ES = 1.04; 
COMB: MD =  8.15, 95% CI  2.14–14.16, p =  0.012, 
ES = 0.86) (Fig. 8b) and MCP-1 (AER: MD = 25 96, 95% 
CI − 2.36–54.27, p =  0.063, ES = 0.60; RES: MD =  25.78, 
95% CI −  9.10 to 60.67, p =  0.022, ES =  0.77; COMB: 
MD = 39.54, 95% CI − 10.76 to 89 84, p = 0.065, ES = 0.59) 
(Fig. 8c) mRNA levels after all exercise sessions.  

Discussion

This study compared the effect of AER, RES, and COMB 
exercise modalities on 24 h glucose variability and skeletal 
muscle signalling pathways regulation in individuals with 
T1D. It was found that both RES and COMB exercises, but 

Fig. 3  The 24 h interstitial glucose profile was used to calculate the 
mean amplitude of glycaemic excursions (MAGE) (a), glucose stand-
ard deviation (SD) (b), glucose coefficient of variance (CV) (c), and 

glucose variance (VAR) (d). Statistical differences were determined 
by one-way ANOVA.*p <  0.05, ** p <  0 01, *** p < 0.001
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not AER, reduced the 24 h MAGE. Additionally, COMB 
exercise decreased the 24 h post-exercise SD and CV. In the 
6–12 h post-exercise, all exercise sessions reduced the CV 
of IG while SD decreased only after COMB session. We did 
not observe severe events of hypoglycaemia requiring hos-
pitaliza ion during and after the exercise sessions; however, 
AER slightly, but not significantly, increased the number and 
duration of nocturnal hypoglycaemic events compared to the 
other two sessions. The relatively low rate of hypoglycaemia 
found in the present study was likely because the exercise 
sessions took place in the morning instead of the afternoon 
(Gomez et al. 2015). Furthermore, the real-time availability 
of IG data, provided by the FGM, may have contributed 
to the low incidence of hypoglycaemic events reported in 
the present study (Mancini et al. 2018). Accordingly, almost 
all hypoglycaemic events of the CONT and AER sessions 
occurred at night. In contrast, the self-initiated adjustments 
in insulin administration or carbohydrate intake during the 
day appeared to be sufficient to prevent most of the hypogly-
caemic events (see Supplementary Data Table 1).

The mechanisms behind the reduction of glucose excur-
sions after all the exercise modalities and mainly after RES 
and COMB are largely unknown. In the present study, 

blood lactate was elevated following all exercise interven-
tions when compared to baseline. This response is consist-
ent with other studies in T1D where elevated lactate after 
exercise was proposed as a stimulus of gluconeogenesis that 
could potentially attenuate declines in blood glucose (Turner 
et al. 2016; Yardley et al. 2013) or as a glucose-competing 
agent, reducing the glucose uptake by the muscle during 
exercise (Farinha et al. 2017). Moreover, we documented a 
strong increase of glycerol immediately after each exercise 
session, suggesting that the high availability of fat for fuel 
during exercise might have also contributed to the stabi-
l ization of exercise-associated glycaemia during the early 
phase (4–12 h) of post-exercise period (Chatzinikolaou et al. 
2008). However, since lactate and glycerol level was com-
parable across exercise interventions they were unlikely to 
be responsible for the better 24 h glucose control found after 
RES and COMB than AER session. Thus, further research 
on exercise-related hormones potentially able to stabil ize 
blood glucose such as cortisol, growth hormone (GH) and 
catecholamines in individuals with T1D is warranted. The 
analysis of GH/IGF-1 axis response after different exercise 
modalities will be particularly relevant for patients with T1D 
since GH resistance with low IGF-1 is frequently seen in 

Fig. 4  Glucose coefficient of variance (CV) (a), glucose standard 
deviation (SD) (b), and Glucose variance (VAR) (c) were calcu-
lated in the 6-h time frame of interstitial glucose values to obtain the 

measures according to the specific period of the day. Statistical dif-
ferences were determined by one-way ANOVA. *p < 0 05, **p <  0.01, 
***p <  0.001
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pathways, we observed few differences in post-exercise sig-
nalling responses between COMB exercise and single-mode 
AER or RES exercise. This finding is particularly relevant 
for individuals living with T1D since emerging evidence 
shows that diabetes might impact various aspects of muscle 
quality, including structural and functional derangements of 
mitochondria, a down-regulation of myogenic factors and 
a higher susceptibility to exercise-induced muscle damage 

(Krause et al. 2011; Monaco et al. 2017). In this regard, 
the present study highlights that COMB exercise not only 
improved glycaemic control but concurrently activates 
molecular response directly involved in substrate metabo-
lism and anabolic adapta ions, which may have implications 
to maintain/improve muscle health in T1D.

Notably, none of he exercise modalities used in this study 
increased the serum CK and LDH levels, ruling out severe 

Fig. 5  Representative western blot images and box-plot of the densi-
tometry analyses for phospho Akt (a), p38MAPK (b), ERK1/2 (c), 
eEF2 (d), and AMPK (e). GAPDH was used as loading controls. Sta-

tistical differences were determined by two-way repeated ANOVA. 
*p <  0.05, **  p <  0.01
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exercise-induced muscle damage. Nevertheless, we found 
a marked induction of inflammation-related genes IL-6, 
TNF-α, and MCP-1 in skeletal muscle after all exercise ses-
sions. Particularly interesting is the marked increase of IL-6 
mRNA after all exercise sessions since this myokine acts 
both in a paracrine manner to regulate muscle growth and in 
a hormone-like fashion to support exercise-induced glucose 
disposal (Turner et al. 2014). In this regard, one potential 
limitation to study exercise-induced changes of inflamma-
tion is the variability of gene expression that may have been 
associated with the biopsy procedure itself (Friedmann-Bette 
et al. 2011). In the present study, however, a no-exercise 

session (i.e., CONT) was included, and by randomizing 
the order of each session, we have considered this potential 
bias. Thus, it remains for future studies to determine whether 
the increase of inflammatory gene expression found in our 
study reflects the transient and coordinated physiological 
inflammatory response associated with exercise (Coffey and 
Hawley 2007) or higher susceptibil ity to exercise-induced 
muscle microtrauma and inflammation in people with T1D 
(Krause et al. 2011).

We acknowledge some limitations to this study, which 
include its small sample size (n =  12) and the single biopsy 
post-exercise analysis, which l imits the observation of 

Fig. 6  Box plot for muscle mRNA expression levels of PGC-1α (a), 
GLUT4 (b), MyoD (c), myogenin (d), MRF4 (e), Myf5 (f) measured 
by real-time PCR. The geometric mean of GAPDH and B2M mRNA 

levels used as the internal reference. Statistical differences were 
determined by two-way repeated ANOVA. *p < 0 05; *** p <  0 001
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acute molecular markers that may have peaked before 
or after this time point (e.g. GLUT4 mRNA and AMPK 
phosphorylation). Another noted limitation to the present 
study was our inabil i ty to account for reporting bias and 
compliance in their dietary log as well  as the temporal 
distance between meals and exercise. Moreover, although 
we controlled for the duration and intensity of exercise, we 
did not control for the di fferences in energy expenditure 

and muscle mass involvement between the different exer-
cise modalities. One of the main strengths of this study is 
its randomized design; furthermore, the study group has 
a perfect balance of male and female participants, and no 
dropout had occurred. Despite the l imitations, this study 
provides novel aspects for this important research field and 
poses new noteworthy aspects to consider when prescrib-
ing exercise to people living with T1D.

Fig. 7  Box plot for muscle mRNA expression levels of IGF-1Ea (a), 
IGF-1Eb (b), IGF-1Ec (c) and IGF-1Ea/IGF-1Eb ratio (d) measured 
by real-time PCR. The geometric mean of GAPDH and B2M mRNA 

levels used as the internal reference. Statistical differences were 
determined by two-way repeated ANOVA. *p < 0 05; *** p <  0 001

Fig. 8  Box plot for muscle mRNA expression levels of IL-6 (a), TNF-
α (b), and MCP-1 (c) genes measured by real-time PCR. The geomet-
ric mean of GAPDH and B2M mRNA levels used as the internal ref-

erence. Statistical differences were determined by two-way repeated 
ANOVA. *p < 0.05, ** p < 0 01, *** p <  0.001
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Conclusions

In summary, this study provides new insights into the 
24 h glucose variabi l i ty and the associated molecular 
events in skeletal muscle of people with T1D in response 
to AER, RES, or COMB exercise. We demonstrated that 
RES and COMB are more effective than AER exercise 
in reducing 6–12 h post-exercise and 24 h IG variabil i ty 
indices. AER was also associated with a slight increase of 
nocturnal hypoglycaemic events. All exercise modali ties 
increased post-exercise serum lactate and glycerol levels, 
which might be, at least partially, involved in the exer-
cise-induced glucose stabilization. RES and AER exercise 
increased muscle signall ing related to muscular growth/
remodelling and oxidative metabolism, respectively, while 
both of them might provide beneficial effects on glucose 
homeostasis. We also found that combining different stim-
uli in the same exercise session (i.e., COMB exercise) and 
halving the volume of the single-mode AER and RES pro-
tocols, did not compromise the skeletal muscle metabolic 
and anabolic responses to exercise. While future studies 
are required to support this proposed line, our results sug-
gested that a training program based on COMB exercise 
might represent an attractive strategy to improve glucose 
homeostasis and muscle health in people with T1D.
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Supplementary Data Table 4 

 
Week-long carbohydrate and insulin intake during Baseline, Pre & Post Intervention 
 

 
 
 
 
 
 








