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Abstract
Insulin resistance (IR) is the common pathophysiological basis of many metabolic diseases. IR is characterized by decreased glucose uptake in skeletal muscle and adipose tissue, especially in skeletal muscle. Skeletal muscle is the main target tissue of glucose uptake under insulin stimulation. Glucose uptake by skeletal muscle is complex, and it is controlled by many pathways. The PI3K/AKt/GSK-1 signaling pathway is not only the main pathway for insulin signal transduction but also an important mechanism for regulating blood glucose. From the binding of insulin to receptors on the surface of target cells to the transportation of glucose from extracellular fluid to skeletal muscle, a series of signal transduction processes is completed, any of which potentially affects the physiological effects of insulin and leads to IR. Resistance exercise (RT) can reduce skeletal muscle IR and effectively improve blood glucose control and glycosylated hemoglobin level in patients with type 2 diabetes mellitus (T2DM). However, the exact mechanism by which RT improves skeletal muscle IR remains unclear. Therefore, this paper discusses the above problems by tracking the progress of the literature to deepen the correlation between RT and skeletal muscle insulin sensitivity and provide further evidence for the application of exercise therapy in IR. In conclusion, RT mainly improves insulin sensitivity in skeletal muscle by increasing muscle mass, microvascular blood flow, and glucose transporter-4 expression in skeletal muscle, as well as by reducing lipid accumulation and inflammation in skeletal muscle. Thus, it is potentially useful in the prevention and treatment of T2DM.
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Core Tip: Both muscle contraction and hypoxia can mobilize the transfer of glucose transporter-4. Resistance exercises (RTs) can significantly increase limb muscle content and body fat content and significantly reduce blood glucose and glycosylated hemoglobin levels in patients with type 2 diabetes mellitus (T2DM). Lipid accumulation in skeletal muscle cells potentially leads to insulin resistance (IR). RT or acute RT can lower intracellular lipid accumulation in muscle, which helps reduce peripheral IR. It is suggested that the RT-induced microvascular blood flow increase helps improve glucose metabolism in patients with skeletal muscle IR and T2DM. 


INTRODUCTION
Insulin resistance (IR) is the common pathophysiological basis of many metabolic diseases, and it is a consequence of decreased sensitivity of peripheral tissue to insulin, resulting in a higher demand for insulin to maintain normal metabolic homeostasis. IR is characterized by decreased glucose uptake in skeletal muscle and adipose tissue[1], especially in skeletal muscle[2]. Skeletal muscle is the main target tissue of glucose uptake under insulin stimulation. Eighty to ninety percent of insulin-stimulated glucose uptake occurs in skeletal muscle[3]. Glucose uptake by skeletal muscle is complex, and it is controlled by many pathways. The PI3K/AKt/GSK-1 signaling pathway is not only the main pathway for insulin signal transduction[4], but also an important mechanism for regulating blood glucose. From the binding of insulin to receptors on the surface of target cells to the transportation of glucose from extracellular fluid to skeletal muscle, a series of signal transduction processes is completed, any of which potentially affects the biological effects of insulin and leads to IR (Figure 1). Genetic susceptibility, lack of physical activity, and obesity all lead to IR[5].
Resistance exercise (RT) is movement in which muscles overcome external resistance to actively contract and relax, which deviates from traditional aerobic exercise in that it exerts external resistance and emphasizes the exercise of muscle strength and endurance. RT can reduce skeletal muscle IR[6] and effectively improve blood glucose control and glycosylated hemoglobin (HbA1c) levels in patients with type 2 diabetes mellitus (T2DM)[7]. However, the exact mechanism by which RT improves skeletal muscle IR remains unclear. Therefore, this paper discusses the above problems by tracking the progress of the literature, locally and abroad, in order to deepen the correlation between RT and skeletal muscle insulin sensitivity and provide further evidence for the application of exercise therapy in IR.

RT INCREASES THE EXPRESSION OF GLUCOSE TRANSPORTER-4 IN SKELETAL MUSCLE
One of the most mature mechanisms of IR is the decreased expression of the glucose transporter-4 (GLUT4) protein in muscle, which may be related to mitochondrial dysfunction and decreased biosynthesis[8]. Sharma et al[9] discovered that the normal phosphorylation of AS160 serine-588 and threonine-642 in the PI3K pathway was significantly decreased in elderly patients with T2DM, and these two sites were considered to have an important effect on the translocation of GLUT4. The decrease or even interruption of the transfer of GLUT4 self-storage vesicles to the surface of muscle cells may be another important reason for the damage caused to the insulin signal pathway. As a single stimulating factor, exercise can promote the translocation of GLUT-4 to the cell membrane and enhance glucose uptake[10]. Both muscle contraction and hypoxia can mobilize the transfer of GLUT4. The energy supply characteristic of RT is that muscle contraction can also cause a hypoxic environment inside the muscle cells, whereas aerobic exercise cannot. According to the degree of IR in T2DM patients, adding the corresponding RT content in the exercise prescription can achieve a better intervention outcome.
The content of GLUT4 in the skeletal muscle of pre-T2DM patients with obesity increased after 16 wk of RT[11]; however, no change in GLUT4 Level in the gastrocnemius muscle of T2DM rats was observed in an experiment involving the simulation of RT using an advanced vertical ladder (80° ladder, 50 times/wk) over 7 wk[12]. McMillin et al[13] also demonstrated that rats with skeletal muscle-specific GLUT4-gene knockout did not experience glucose transport impairment in the plantar muscle after 5 d of muscle load (RT model). The above results suggest that RT seems to increase the content of GLUT4 in the skeletal muscle of patients with obesity and/or T2DM and contributes to the improvement of IR; nevertheless, GLUT4 is not the only factor in the RT-induced increase of glucose transport in skeletal muscle. According to existing research results, other types of GLUT, such as GLUT1, GLUT10, and others, may be involved, which need to be confirmed through further studies[14].

RT DELAYS SKELETAL MUSCLE LOSS AND INCREASES MUSCLE MASS
Skeletal muscle is an important tissue for glucose storage and metabolism. With a decrease in skeletal muscle volume and muscle strength, the number of insulin receptors, insulin sensitivity, and muscle utilization of blood-derived glucose decrease, and this readily induces IR and impaired glucose tolerance[15]. Delaying skeletal muscle loss increases insulin sensitivity[16]. According to the 2011 National Health and Nutrition Survey report, muscle mass reduction was positively correlated with IR and HbA1c levels and negatively correlated with glucose metabolism. There was a significantly negative correlation between muscle strength and IR index in patients with T2DM[17]. RT can significantly increase skeletal muscle strength and increase the cross-sectional area of the quadriceps femoris[18], thus increasing the number of insulin receptors and improving insulin sensitivity. After 8 wk of RT, the upper arm muscle mass and relative muscle strength of patients with T2DM were increased, and the levels of fasting blood glucose and fructosamine were significantly decreased[19]. We observed that resistance and aerobic exercises can significantly increase limb muscle content and body fat content and significantly reduce blood glucose and HbA1c in patients with T2DM[20]. RT can increase muscle mass more effectively than aerobic training[21]. The increase in muscle mass induced by RT is related to the increase in protein synthesis in skeletal muscle cells. The main pathway of muscle protein synthesis is the insulin-like growth factor-1 (IGF-1)/PI3K/Akt/mammalian rapamycin target (mTOR) pathway. RT can upregulate the expression of IGF-1 and eventually activate mTOR[22] to promote mRNA translation and protein synthesis. West et al[23] discovered that the activities of IGF-1 and mTOR in lower limb muscles of female rats were significantly increased after intervention with RT.

RT REDUCES THE ACCUMULATION OF LIPIDS IN SKELETAL MUSCLE
Lipid accumulation in skeletal muscle cells can lead to IR. The specific mechanism includes the following two aspects. First, intracellular free fatty acids and their potential metabolites can be used as signal molecules to activate protein kinases, such as protein kinase C, JUN kinase, and nuclear factor inhibitor kinase B. These kinases can phosphorylate serine on the insulin receptor substrate (IRS), thus inhibiting the IRS-mediated insulin signal transduction pathway. Finally, it causes IR in skeletal muscle cells and other peripheral target cells. With the continuous development of mass spectrometry, bioactive lipids, such as diacylglycerol, sphingomyelin, and sphingosine glycerol, are more likely to be related to the mechanism of IR[24]. New evidence suggests that the localization of triglycerides, diglycerides, and sphingomyelin seems to play an important role in promoting the reduction of insulin sensitivity[25]. Transmission electron microscopy revealed that submuscular intramyocellular triacylglycerol (IMTG) was negatively correlated with insulin sensitivity of type II fibers, whereas IMTG between muscle fibers was either positively or not correlated with insulin sensitivity. Early work involving diacylglycerol (DAG) in the Bergman Laboratory demonstrated that DAG located on the skeletal muscle membrane was negatively correlated with insulin sensitivity, whereas cytoplasmic DAG was not related to insulin sensitivity24. RT or acute RT can affect the accumulation of lipids in muscle[26,27], and this reduction in intracellular lipid accumulation is beneficial in mitigating peripheral IR. It was found that insulin sensitivity increased even after RT[28]. Insulin sensitivity recovered 2 h after RT, and intramyocellular lipid content either did not change[29] or returned to the basic level[30] The utilization rate of intramyocellular triacylglycerol (IMTG) in resistance movement seems to depend partly on the initial concentration; therefore, the higher the content of IMTG, the higher its degradation rate. However, the mechanism still requires further investigation. The effects of acute RT on bioactive lipids (such as DAG and sphingolipids) and other polar lipids (such as acylcarnitine) are unclear. Some scholars believe that exercise can improve the coordination of the transfer, intake, and oxidation of free fatty acids, thus reducing the accumulation of lipids in skeletal muscle cells[31].
Second, free fatty acids can directly activate toll-like receptor 4 to trigger the natural immune response, thus inducing IR through the inflammatory response pathway. The toll-like receptors are a family of highly conserved proteins that play an important role in the identification of microbial pathogens. The activation of this receptor signaling pathway can increase the expression of proinflammatory factors and play an important role in the mediation of systemic inflammation. In recent years, studies have shown that high inflammation of skeletal muscle can damage the transduction of the insulin receptor signal, which may play an important role in the occurrence and development of IR[32]. In patients with T2DM, 16 wk of aerobic exercise combined with RT significantly decreased the levels of C-reactive protein, interleukin (IL)-1 β, IL-8, and tumor necrosis factor-α and increased the levels of anti-inflammatory factors, such as IL-6, IL-10, IL-15, and others[33], thus promoting the conversion of white fat to brown fat[34] and playing a positive regulatory role in insulin secretion and islet β-cell proliferation. However, it is not clear whether this effect has long-term stability. The effects of 12 wk of aerobic exercise combined with RT on cardiovascular risk factors in male adolescents with obesity were observed. It was revealed that aerobic exercise combined with RT could significantly reduce the levels of serum IL-1Ra, interferon-γ-inducible protein 10a, insulin, and the homeostasis model assessment of IR index in men with obesity[35]. Recent studies have reported[36] that RT potentially increases muscle mass and systemic insulin sensitivity, reduces inflammatory response, increases adiponectin, and improves related metabolism in patients with T2DM.

RT IMPROVES MICROVASCULAR BLOOD FLOW IN SKELETAL MUSCLE
The main function of microvascular units is to provide a site for the exchange of various reaction substrates, oxygen, and hormones between plasma and extracellular fluid in the tissue. At rest, approximately 30% of the skeletal muscle capillaries are perfused. Studies have revealed that changing the endothelial exchange area of skeletal muscle can affect the transport of insulin to and its effect on skeletal muscle[37]. The increase in skeletal muscle microcirculation perfusion caused by many factors, including insulin, mixed meals[38], angiotensin II receptor inhibitor, muscle contraction, and others, is related to the increase in skeletal muscle insulin uptake. This demonstrates that microcirculation plays a very important role in insulin uptake by skeletal muscle. According to Russell et al[39], after systemic RT for 6 wk, IR and fasting blood glucose in patients with T2DM were significantly lower than those before exercise. Further, they were significantly correlated with the increase in microvascular blood flow (MBF) stimulated by RT and independent of the change in muscle capillary density. It is suggested that the increase in MBF induced by RT is beneficial in improving the level of glucose metabolism in patients with skeletal muscle IR and T2DM. Zhao et al[40] discovered that the blood-flow velocity of the low-load blood-flow restriction regimen was significantly higher than that of traditional RT after exercise, which may be related to the stimulation of shear force and metabolic stress during exercise. This enhanced vascular compliance and accelerated tissue perfusion as well as metabolic product transport and clearance after exercise.

CONCLUSION
In conclusion, RT predominantly improves insulin sensitivity in skeletal muscle through the following mechanisms: increasing muscle mass, increasing the expression of GLUT4 in skeletal muscle, reducing the accumulation of lipids and inflammation in skeletal muscle, and increasing MBF. Therefore, it can be used in the prevention and treatment of T2DM. In order to obtain the expected clinical effect, the exercise type, duration, and intensity of RT require further study.
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Figure Legends
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Figure 1 Mechanism of insulin resistance. IR: Insulin resistance; GLUT4: Glucose transporter-4. 
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