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Abstract

:

Individuals with type 1 diabetes suffer from impaired angiogenesis, decreased capillarization, and higher fatigability that influence their muscular system beyond the detriments caused by decreased glycemic control. In order to combat exacerbations of these effects, the American Diabetes Association recommends that individuals with type 1 diabetes participate in regular resistance exercise. However, traditional resistance exercise only induces hypertrophy when loads of ≥65% of an individual’s one repetition maximum are used. Combining blood flow restriction with resistance exercise may serve as a more efficient means for stimulating anabolic pathways that result in increased protein synthesis and angiogenesis at lower loads, while also promoting better glycemic control. The purpose of this paper is to provide a review on the literature surrounding the benefits of resistance exercise, specifically for individuals with type 1 diabetes, and postulate potential effects of combining resistance exercise with blood flow restriction in this clinical population.
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1. Introduction


Type 1 diabetes (T1D) is an autoimmune condition in which the insulin-producing beta cells of the pancreas are destroyed [1]. Unfortunately, being the less common type of diabetes mellitus (comprising only 5–10% of cases), T1D has been studied less extensively than type 2 diabetes [2]. Despite the small percentage of cases, this amounts to approximately 1.25 million Americans suffering from T1D [3]. Individuals with T1D are 22% weaker and have a higher fatigability (29.4%) than individuals without diabetes [4]. Additionally, T1D typically results in further complications than impaired glycemic control, including endothelial dysfunction [5] and impaired angiogenic capacity due to increased downregulation of the vascular endothelial growth factor (VEGF-A) [6]. Reduction in these factors impairs muscle perfusion and exacerbates metabolic dysfunction.



Individuals with T1D are recommended by the American Diabetes Association to maintain a stringent exercise routine that incorporates resistance exercise (RE) [7]. Further, RE is suggested to be as safe as aerobic exercise in regard to glycemic control and risk of cardiovascular events [8]. However, a 2006 study by Plotnikoff et al. revealed that 64% of surveyed Canadian citizens with T1D self-reported that they were not reaching the recommended physical activity levels [9]. This is even greater than the proportion of the general population not reaching physical activity recommendations in the United States, at approximately 46% [10]. The strongest reported barrier to physical activity among individuals with T1D is fear of hypoglycemia [2], though other barriers include work schedule and low fitness levels. Altogether, greater perception of these barriers is associated with higher HbA1c levels (r = 0.203; p = 0.042) and a lower self-appraisal of wellbeing (r = −0.45; p < 0.001)—statistics that may be useful in explaining the discrepancy in strength and fatiguability between individuals with and without diabetes.



Since the hypertrophic effects of RE are not observed unless loads of ≥65% of an individual’s one repetition maximum (1RM) are utilized [11], this intensity may not seem appealing for an individual only beginning to incorporate strength training. It may not only be risky for individuals with T1D to engage in RE of this intensity but may also seem daunting to someone who must carefully manage blood glucose during and post-exercise. However, a modern addition to exercise training, blood flow restriction (BFR), may serve as a feasible gateway to a hypertrophy-inducing RE program. Though the use of BFR in T1D has yet to be studied, results from studies in healthy samples suggest there may be some benefit to its application when introducing an RE program in this clinical population. The purpose of this paper is to provide a brief review on the literature regarding RE in T1D, current knowledge regarding BFR in healthy individuals, and finally postulate potential effects of combining RE with BFR (BFR + RE) in individuals with T1D.




2. Benefits of RE for Individuals with T1D


2.1. Glycemic Control


The benefits of RE for individuals with T1D include preventing muscle mass loss that occurs with age, decreasing fat mass, lowering blood pressure, and preventing several pathological states [12]. While evidence is limited and somewhat conflicting [13,14], a 2012 meta-analysis concluded there was a tendency for RE programs to improve long-term glycemic control [14], and a 2014 systematic review concluded that there is a promising role for exercise in reducing glycated hemoglobin (HbA1c) levels, increasing acute circulating interleukin-6 (IL-6) levels, and lowering an individual’s daily exogenous insulin requirement [15]. As little as three weeks of RE was shown to significantly increase time spent in a euglycemic range for individuals with T1D when compared to control participants [16].




2.2. Cardiovascular Health


Individuals with T1D are also significantly more likely to experience symptoms or diagnoses of cardiovascular disease, largely due to accompanying glycemic irregularities and inflammation [17]. RE decreases systemic inflammation by reducing high-sensitive C-reactive protein (hs-CRP) [18]. This has vast implications, as CRP is indicative of systemic inflammation and is a key risk factor for cardiovascular diseases, even in asymptomatic individuals [19]. Because adipocytes produce CRP [20], several studies have associated weight loss with CRP reduction [21,22,23]. Notably, the main stimulus upregulating expression of the CRP gene is IL-6 [24]. Chronically elevated levels of CRP and IL-6 are correlated with a lower capacity for general physical function (e.g., grip strength, four-minute walk, and sit–stand tests)—a trend that is independent of age, gender, race, and disease status [25].




2.3. Aging


The pathophysiology of aging also appears to be accelerated in individuals with T1D, in which individuals may experience declines in muscle mass and altered mitochondrial structure and function [26], thereby increasing risk of physical and functional disability as they age [27]. As such, the increase in physical function afforded by RE could have significant effects on independence and wellbeing. RE is considered the most effective means of maintaining or improving the ability to perform daily functional tasks [28]. In older adults, this muscular strength is also vital in improving quality of life by minimizing fear of falling [29]. Additionally, there is an overall association between T1D and decreased bone mineral density (BMD), though meta-analysis of this body of research concludes this association depends on site, age, gender, and lifestyle factors [30]. Although there are many proposed mechanisms through which RE improves BMD, research in animal models suggest RE enhances differentiation of bone marrow mesenchymal stromal cells into osteoblasts, promoting bone growth [31,32].





3. Current Knowledge Regarding BFR


3.1. Implementation


Blood flow restriction employs use of either an inflatable cuff or a tourniquet around a muscle group or joint to limit arterial blood flow to the muscles distal to occlusion points [33]. Though the protocols employed in research vary drastically, there are several reviews of BFR available to the interested reader [34,35,36,37], and it is generally recommended that protocols for implementation of a BFR + RE program are individualized based on some general guidelines [33]. For example, a systematic review and meta-analysis of the literature deems determination of an individual’s limb occlusion pressure (LOP) an important component of a safe and effective BFR training program [38]. This then allows researchers and clinicians to determine a percentage of LOP at which to occlude blood flow. Though research on BFR utilizes a multitude of different occlusion pressures, Counts et al. demonstrated that 8 weeks of BFR at 40% and 90% LOP caused similar increases in muscle size, strength, and endurance [39], concluding that high pressures may not be necessary to achieve these desired effects. To maximize physiological stimulus, Scott et al. recommend that BFR be used in conjunction with low exercise loads (20–40% 1RM) and high training volumes (50–80 repetitions per exercise). This can vary depending on the participant’s level of accustomization to exercise, though. Clinicians and researchers seeking to implement BFR are encouraged to use the progression model proposed in the review by Loenneke et al., in which participants start with BFR during bed rest, then progress to BFR during walking, low-load BFR + RE, and finally low-load BFR + RE as well as high-load RE [40]. The mechanisms discussed in the present review are related to these aforementioned guidelines. It is important to note that, while not discussed here, there is evidence that high-load BFR + RE does not increase markers of myotrauma or inflammation [41], though this area of research is still developing.




3.2. Research Regarding BFR in Healthy Individuals


3.2.1. Glycemic Control


Skeletal muscle mass is critical in the maintenance of not only functional ability, but also glycemic control, as evidenced in bed rest and step reduction studies [42]. Where BFR + RE differs from traditional RE is, traditionally, hypertrophy-inducing resistance loads primarily enhance muscular protein synthesis via mechanotransduction and exercise-induced muscular damage [43,44]. BFR, conversely, enhances RE adaptations by inducing hypoxia and, therefore, metabolic stress during exercise [34]. By this, BFR + RE induces mechanisms of muscular hypertrophy even at loads as low as 20% of 1RM, increasing protein synthesis while limiting myofibrillar damage [45,46]. Indeed, it has been shown that BFR during barbell squats at 75% of 1RM does not elicit significant increases in plasma markers of exercise-induced muscular damage to a greater extent than observed in load-matched controls, though BFR does induce fatigue more rapidly [41].



BFR has been established as a resource for increasing muscle size and mass at low-resistance loads in several studies and systematic reviews of the literature [47,48,49], via mechanisms such as hypoxia-induced nNOS and p38 MAPK signaling [50,51,52], which could elicit long-term benefits for glycemic control. As evidenced in cultured myotubes, acute tissue hypoxia enhances translocation of GLUT to the cell membrane to facilitate glucose uptake into the myofiber [53]. Christiansen et al. demonstrated the long-term effects of this after a six-week training study, determining that, when exercise was performed with unilateral BFR, localized glucose uptake was higher after training in only the BFR leg when compared to baseline, directly correlating with increased GLUT4 and neuronal nitric oxide synthase (nNOS) [51]. This is important for myogenesis, as nNOS is known to initiate production of hepatocyte growth factor (HGF) by binding to the c-Met receptor on satellite cells, ultimately inducing their activation and proliferation, as cited in a review of the literature [54]. Additionally, p38 is a critical initiator of myogenesis involved in activating quiescent satellite cells and stimulating differentiation and fusion of myoblasts [55] and is phosphorylated to a significantly greater extent during BFR than non-BFR conditions [42].



In the short term, low-load BFR + RE may stimulate gluconeogenesis that could prevent post-exercise hypoglycemia. Low-load BFR + RE causes acute increases in muscle-derived IL-6 as non-occlusion RE [56], which is believed to play a role in stimulation of cortisol production and release from the adrenal cortex [57]. It is important to note that, while acute secretion of muscle-derived IL-6 is beneficial in stimulating glucose uptake, chronically elevated levels of circulating IL-6 are detrimental, as discussed prior in this review.




3.2.2. Cardiovascular Health


Hypoxia from low-load BFR + RE stimulates also stimulates angiogenic mechanisms comparably [58] or to a greater extent (Ferguson 2018) than high-load RE without occlusion. Mechanistically, p38 MAPK activates transcription of PGC1-α [40], the dominant regulator of mitochondrial biogenesis [59]. Furthermore, a study in healthy adult human participants utilizing low-load (20% 1RM) BFR + RE demonstrated increased mRNA expression of multiple angiogenic markers including VEGF, VEGF-Receptor 2, hypoxia-inducible factor 1-alpha (HIF1-alpha), and endothelial nitric oxide synthase (eNOS) [50]. Further, the aforementioned study [50] and Patterson et al. report post-exercise VEGF levels that are significantly greater following low-load BFR + RE than low-load RE without occlusion [56]. Though not evidenced in RE, BFR walk training also increases carotid arterial compliance, suggesting that enhanced endothelial function may occur as a result of BFR-induced vascular remodeling [60].



Hypoxia also decreases inflammation by increasing antioxidant capacity. Hypoxic preconditioning, the endogenous adaptation to a brief period of hypoxia, activates the nuclear factor erythroid-derived 2-like-2 (NFE2L2) transcription factor to bind to the antioxidant response element (ARE), resulting in the transcription of genes for antioxidative enzymes such as heme oxygenase-1 (HO-1) and manganese superoxide dismutase (MnSOD) [61]. Similarly, hypoxia induced by low-load BFR + RE reduces systemic inflammation by increasing aerobic capacity and the abundance of antioxidant enzymes such as Cu/Zn-superoxide dismutase (SOD) and GPX-1 [51], which mitigate inflammatory damage caused by ROS [62,63]. For more information on the overarching effects of BFR on hemodynamics, we invite readers to see the systematic review by Neto et al. [64].




3.2.3. Aging


Both acute and chronic RE of either low- or high-intensity enhance circulating IGF-1 [65,66,67]. Further, IGF-1 increases over time with low-load BFR training programs [68]. For these reasons, BFR + RE may be effective in helping to prevent aging-related muscular atrophy [61] and neurodegeneration [69,70]. Additionally, low-load BFR + RE has demonstrated great efficacy in significantly elevating strength gain when compared to non-occlusion training [71,72]. Twelve weeks of low-load BFR + RE in older adults (mean of 75.6 years) produced strength gains comparable to high-load training, suggesting that BFR may be a suitable training alternative to delay or reverse muscle weakening or limitations in joint loading that present with age [73]. These increases in strength are supported by increases in myofibrillar protein synthesis. Six weeks of low-load BFR + RE increase muscle protein synthesis comparably to high-load RE without occlusion (1.34%/day compared to 1.12%/day) [74]. Despite its profound effect on improving strength at low loads, though, a review of the literature suggests that research on the direct impacts of BFR on bone metabolism is limited [75]. However, low-load BFR + RE causes a greater growth hormone response than high-load RE without occlusion [76]. Because growth hormone stimulates IGF-1 production and has a known anabolic effect on bone [77], consistent BFR + RE could provide benefits to BMD and should be researched.






4. Potential Benefits for BFR in Individuals with T1D


4.1. Glycemic Control


It has also been demonstrated that BFR + RE increases glucose uptake and glucose transporter (GLUT4) translocation to the membrane, while sometimes increasing and yet sometimes decreasing insulin [78]. This suggests the possibility that glucose uptake is being primarily driven via catecholamine (epinephrine and norepinephrine) stimulation under BFR + RE. Therefore, BFR training could serve as a safe mechanism in which individuals with T1D can strength train and utilize the glucose liberated during exercise without an additional insulin injection.



Mechanistically, muscle contractions stimulate glucose uptake via increases in intracellular calcium, leading to phosphorylation of calmodulin-dependent protein kinase II (CAMKII) [79]. Additionally, AMP-activated protein kinase (AMPK) is activated upon exercise, which phosphorylates histone deacetylase-5 (HDAC5) and protein kinase B (PKB/Akt), both promoting GLUT4 docking in the plasma membrane [80]. CAMKII and AMPK are proposed to act together to increase GLUT4 translocation independent of insulin [81]. Moreover, skeletal muscle contraction acutely produces reactive oxygen species (ROS) such as superoxide (O2-) and nitric oxide (NO) [79]. Superoxide forms peroxynitrite and hydrogen peroxide, which further stimulate AMPK signaling of GLUT, while NO activates PKG via cyclic GMP (cGMP). Since ROS-mediated mechanisms are potent stimulators of glucose uptake and act independently of insulin, this, in conjunction with the aforementioned acute increase in IL-6, makes it is very plausible that BFR + RE could enhance post-exercise glycemic control in an individual with T1D and should be investigated. Further, since low-load BFR + RE enhances muscle hypertrophy, a training program of low-load BFR + RE could improve long-term glycemic control and, therefore, HbA1c levels. The implications of increased muscle mass and therefore increased glucose utility are substantial, as even the slightest reduction in HbA1c can induce significant alleviation of observed T1D pathologies. Furthermore, a 1% reduction in HbA1c is associated with a 16% reduction for risk of myocardial infarction and an estimated 14% reduction for risk of all-cause mortality [82]. A summary of the impacts of BFR + RE on glycemic control can be found in Figure 1.




4.2. Cardiovascular


Lowering risk of adverse cardiovascular events is especially important in individuals with T1D, who have a lessened capacity for endothelial regeneration and impaired angiogenesis [83,84]. This is thought to be caused by increased endothelial adhesion demonstrated by monocytes in individuals with T1D [85]. The chronic inflammation associated with T1D pathologies perturbs the function of systemic leukocytes, promoting a pro-inflammatory phenotype, thus promoting intravascular adhesion. The additional tissue hypoxia associated with BFR + RE could also promote increases in aerobic capacity through induction of mitochondrial biogenesis and angiogenesis, mitigating inflammation and damage to the endothelium common among individuals with T1D. The combined outcomes of RE and hypoxic stimulation of VEGF via BFR training could potentially elicit synergistic benefits in individuals with T1D. For these reasons, it has been proposed that BFR training may be an effective approach for individuals with T1D, especially with circulatory impairments or low fitness levels [86]. A summary of RE and BFR’s benefits for cardiovascular function is provided in Figure 2.




4.3. Aging


Individuals with T1D are at elevated risk of progressive motor dysfunction, which results in impaired ability to complete tasks of daily living. Though muscle atrophy in T1D is attributed to cellular damage from hyperglycemia and oxidative stress, these abnormalities in morphology of myofibers and mitochondria are also present in recently diagnosed individuals (duration from 1 to 28 weeks), even before neuropathy has occurred [87], asserting that some detriments of T1D can occur at disease onset. This risk of progressive motor dysfunction is due to lower-serum IGF-1, dysregulated hormone signaling, and increased cellular damage due to reduced oxidative capacity and increased chronic ROS production by the mitochondria [88,89,90,91], often manifesting as muscle weakness and exercise intolerance in individuals with type 1 diabetes [92]. RE prevents sarcopenia and gains in fat mass, and therefore oxidative stress, which may ensue as a result of insulin therapy in individuals with T1D [93]. However, it is important to note that, while chronic ROS can be detrimental to health, acute releases of ROS, such as during exercise, can promote mitochondrial biogenesis [94]. Decreased IGF-1 and dysregulated insulin also correlate with significantly lower BMD than observed in healthy peers, to the point that diabetes-related osteoporosis is a common comorbidity [88,95].



Pediatric research has shown that children with T1D who participated in weight-bearing activity for several months demonstrated increased BMD [96], though there are few, if any, studies that clearly demonstrate the impact RE has on IGF-1 production in individuals with T1D. However, increases in BMD due to RE are induced by osteogenic differentiation of mesenchymal stem cells, which appears to be at least partly regulated by NO production [32]. Because BFR increases inducible NOS (iNOS) [97], a prominent regulator of BMD [98], BFR + RE has the potential to enhance BMD in individuals with T1D. Additionally, hypoxia induced by low-intensity BFR + RE has been shown to increase circulating insulin-like growth factor (IGF-1) and muscle-bone cross sectional area [71], increase muscular strength, and provide cardiovascular benefits, all of which are fundamental in preventing age-related declines in physical function.



Finally, individuals with T1D who self-report less leisure-time physical activity are found to have a greater presence of diabetic complications, including nephropathy, retinopathy, and cardiovascular disease [99]. Thus, maintaining functional ability is critical for the T1D population. There are two prominent mechanisms responsible for the observed increase in strength stimulated by BFR + RE that is proposed to be common to individuals both with and without diabetes: metabolite accumulation and increased motor unit recruitment. BFR restricts venous return, and therefore, low-load BFR + RE results in post-exercise concentrations of metabolites and cell signaling molecules such as growth hormone, VEGF, IGF-1, norepinephrine, and lactate that are greater than or comparable to non-occluded training at the same load [56,71,86]. Additionally, BFR + RE results in greater post-activation potentiation than non-occlusion RE [100], which is greater in type II muscle fibers, suggesting that BFR accelerates fatigue and results in the need to recruit more, and likely larger, motor units. This increased recruitment is thought to contribute to the increases in strength associated with occlusion training. Thus, BFR + RE is proposed to be an effective tool for individuals with T1D to increase participation in non-exercise activities of daily life, simultaneously reducing sedentary behaviors that can exaggerate pathological conditions. Figure 3 provides a summary of the mechanisms by which BFR + RE contribute to increased muscle mass and strength.





5. Contraindications to BFR


To date, there has been no published research on the application of BFR + RE in individuals with T1D. This population faces vascular complications that could pose a health risk when using BFR, including lack of arterial compliance and increased ROS production. Therefore, it is pertinent to address some of the common concerns regarding the safety of BFR. While BFR + RE may amplify the pressor reflex, blood pressure has been found to return to baseline after cessation of the exercise, even resulting in greater post-exercise hypotension compared to high-load RE alone [101]. Further, training with BFR has been shown to increase large artery compliance similar to non-BFR training in adults aged 57–76 years [60]. Additionally, there is no published evidence that BFR during RE increases risk of venous thromboembolism. Therefore, it is likely that the use of BFR could be safely utilized in clinical populations, particularly if the individual is free of peripheral vascular disease.




6. Conclusions


The purpose of this review was to outline the mechanisms through which RE influences T1D-associated pathologies and BFR + RE may improve these outcomes, as summarized in Figure 4. Current literature suggests that RE successfully helps to manage glycemic control, increase muscle mass and strength, and decrease risk of cardiovascular disease—all of which decrease risk of mortality and improve quality of life. The addition of blood flow restriction augments some of the benefits of traditional resistance training while using significantly lighter loads than typically required during non-occluded training. Therefore, RE utilizing BFR could be an appropriate intervention to prevent the onset or further decline of T1D-associated pathologies. However, given the lack of research in this clinical population, it is clear that more research is needed to fully delineate the effects of BFR on key elements that would impact individuals with T1D.
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Figure 1. Impacts of resistance exercise on glycemic stability. Contraction stimulates calcium release, activating CAMKII, and ATP utilization, activating AMPK. Both of these kinases stimulate PKB/Akt activity, upregulating GLUT translocation. Exercising the skeletal muscle also results in endogenous ROS production, which upregulates GLUT translocation both by AMPK and PKG. Increased glucose uptake by these mechanisms decreases the risk of hyperglycemia. Resistance exercise also decreases the risk of hypoglycemia by increasing catecholamine production, increasing glucose availability. † denotes outcomes exacerbated by BFR according to current literature. 
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Figure 2. The impacts resistance exercise has on cardiovascular-related outcomes. Aerobic capacity increases as a product of increased angiogenesis, through VEGF and other endogenous factors, as well as mitochondrial biogenesis via ROS and PGC1α signaling. The cardiovascular system also benefits from decreased adiposity as a moderator of systemic inflammation by decreasing chronic IL-6 and high-sensitive C-reactive protein. † denotes outcomes exacerbated by BFR according to current literature. 
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Figure 3. Mechanisms by which resistance exercise and BFR increase muscle mass and strength. BFR-induced hypoxia stimulates nNOS signaling, leading to the production of hepatocyte growth factor (HGF), which binds to the c-Met receptor on satellite cells to activate their proliferation. Myofibrillar protein synthesis also increases following resistance exercise due to increased IGF-1. Muscle strength also increases as a product of hypoxia and venous occlusion from BFR, causing increased metabolite accumulation. This accelerates fatigue, requiring increased myofiber recruitment. † denotes outcomes exacerbated by BFR according to current literature. 
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Figure 4. Benefits discussed in this review afforded by resistance exercise in combination with BFR from which individuals with type 1 diabetes could benefit, including increased glycemic control and muscle mass, both of which contribute to decreased HbA1c. Further, resistance exercise and BFR can increase strength and aerobic capacity while decreasing systemic inflammation, all of which contribute to decreased risk of diabetic complications, decreased risk of mortality, and improved quality of life. 
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