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Skeletal muscle is the primary tissue for maintaining glucose homeostasis through glucose uptake via insulin-
dependent and -independent mechanisms. Skeletal muscle is also responsive to exercise-meditated glucose

transport, and as such, exercise is a cornerstone for glucose management in people with type 2 diabetes.

type 2 diabetes insulin resistance glucose transport skeletal muscle

| 1. Introduction

Insulin-mediated skeletal muscle glucose uptake requires a concert of physiological events. Upon ingestion of
nutrients, the pancreas senses glucose elevation, leading to glucose-dependent insulin secretion and suppression
of glucagon secretion. Insulin must circulate to target tissues to bind and take effect. One aspect of insulin action
often underappreciated is insulin-dependent stimulation of endothelial nitric oxide synthase (eNOS). eNOS
augments blood flow to insulin-sensitive target organs, including the cardiac and skeletal muscle. As such, insulin
actively regulates delivery of itself, nutrients, and oxygen to the skeletal muscle. In the skeletal muscle, glucose
and insulin must leave the circulation and traverse the endothelium and extracellular matrix to cross through the
cell membrane to stimulate or enter the myocyte. Glucose can enter the skeletal muscle via both insulin-dependent
and insulin-independent glucose transporters, including facilitated glucose transporter members (GLUT 1, 3, 4, 5,
8,10, 11, and 12) [,

| 2. Role of Skeletal Muscle in Blood Glucose Regulation

Skeletal muscle plays a principal role in post-prandial glucose regulation. After ingestion, ~80% of glucose is taken
up by skeletal muscle via insulin-dependent glucose uptake @Bl Insulin-dependent and -independent skeletal
muscle glucose disposal requires (1) glucose delivery to the muscle from circulation, (2) glucose traversing the
extracellular matrix to the cell membrane, (3) uptake via facilitative glucose transporters either constitutively on the
cell membrane or translocated in response to insulin or exercise, and (4) glucose gradient to facilitate glucose

transport modulated by intracellular glucose metabolism, as shown in Figure 1.
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Figure 1. Insulin-dependent and -

independent skeletal muscle glucose disposal requires: (1) glucose delivery to the muscle from circulation through
the extracellular matrix to the cell membrane; (2) uptake via facilitative glucose transporters either constitutively on
the cell membrane or translocated in response to insulin or exercise; and (3) a glucose diffusion gradient to drive
glucose into the cell which is modulated by intracellular glucose metabolism. Hexokinase (HK). Phosphokinase B
(Akt).

The initial step for skeletal muscle glucose clearance is delivery. As such, skeletal muscle blood flow and perfusion
play a key role in glucose disposal, which is often overlooked. It is interesting to speculate that tissue delivery is
why insulin has evolved to regulate eNOS-dependent vasodilation 4. The endothelium expresses the insulin and
insulin like growth factor 1 (IGF 1) receptors 2. When these receptors are activated, eNOS is activated via the
Phosphokinase B (Akt/PKB) pathway, leading to vasodilation 8. Experimental disruption of insulin signaling to
eNOS, either globally or specifically in the skeletal muscle, lowers whole-body glucose disposal . This
mechanism of insulin action appears to be specifically vital in skeletal muscle, as blocking insulin-induced
vasodilation in adipose tissue does not impair glucose uptake &, Insulin-mediated augmentation of perfusion of the
skeletal muscle provides access to insulin, glucose, and oxygen, all of which are essential for glucose clearance
and metabolism.

When skeletal muscle is perfused, glucose can be cleared from the circulation through the interstitial space and
into the skeletal muscle. The extracellular matrix of healthy skeletal muscle is free of inflammation and fibrosis,
allowing for rapid diffusion and transport of insulin and glucose across the endothelium and basement membrane
to the skeletal muscle . In the fasted state, the skeletal muscle is exposed to low insulin levels. In this state,
glucose transport in skeletal muscle is facilitated via constitutive transporters on the skeletal muscle membrane 19,
After feeding, circulating insulin levels increase, insulin binds to its skeletal muscle receptor and signals GLUT
translocation to the membrane. Briefly, insulin binds the insulin receptor causing phosphorylation of the insulin
receptor substrate, which then activates the Akt/PKB pathway. Activation of the Akt/PKB pathway triggers the
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translocation of GLUT4 from the cytosol into the membrane, allowing glucose to move down its concentration
gradient into the cell L1, Of note, there is a complex post-receptor interplay of multiple signaling events in the
glucose transport signaling pathway. This process, discovered more than 30 years ago, is now understood in
exquisite detail, and has recently been reviewed 1213114115 G| UT4 is the main GLUT isoform that translocates to

the cell membrane with insulin stimulation; however, GLUT 12 has also been shown to embed, as well 18],

Insulin is not unique in its ability to enhance skeletal muscle glucose transport. Contraction of skeletal muscle also
signals GLUT4 translocation. Multiple upstream mechanisms including Rac1/actin and Ca?*/calmodulin-dependent
protein kinase (CAMK) signaling are activated via muscle contraction 2. These two signaling networks share
downstream key proteins such as AMP-activated protein kinase (AMPK) and PI3K while also relying on novel
targets such as TBC1D1/4 [18I191 wWhile GLUT4 is the most highly expressed glucose transport protein in skeletal
muscle, there are other GLUT isoforms with physiological significance, notably GLUT1, which is constitutively
present on the surface of skeletal muscle 29, When GLUT1 is experimentally increased, basal glucose uptake also
increases 2. Glucose has also been shown to stimulate its own uptake through a process known as “glucose
effectiveness” 22, Each GLUT isoform is a facilitated transporter requiring a diffusion gradient to drive glucose into
the cell.

Once in the cell, glucose must be utilized both to meet metabolic demands and to maintain the concentration
gradient for facilitated transport. Glucose is initially phosphorylated via hexokinase, which traps the glucose
intracellularly in the skeletal muscle, where it will succumb to one of four main fates: storage as glycogen, substrate
in glycolysis, substrate for protein synthesis via the hexosamine pathway, or substrate in the pentose phosphate
pathway [23]. Selection of glucose fate is dependent on the metabolic demands of the cell. In times of low energetic
demand, glucose can be stored as glycogen, a highly branched polysaccharide. Glycogen storage is limited in
skeletal muscle and therefore regulated by negative feedback on glycogen synthase by glycogen. Phosphorylated
glucose can also enter glycolysis, a key ATP-producing pathway which also supplies fuel for the Krebs cycle and
oxidative phosphorylation. This pathway is also negatively regulated by its end products, which accumulate during
times of low energetic demand. The hexosamine pathway uses an intermediate product of glycolysis, fructose-6-
phosphate, to produce nucleotides needed for protein synthesis 24, Lastly, the pentose phosphate pathway is
responsible for nicotinamide adenine dinucleotide phosphate, ribose 5-phosphate, and erythrose-4-phosophate
production, which are critical factors for anabolism 2. Flux through these pathways is driven by the needs of the

cell in a dynamic manner. Each of these pathways can become saturated with excess glucose influx.

When skeletal muscle is adequately supplied with nutrient rich blood, has sufficient membrane permeability to
glucose, and can maintain a diffusion gradient by storage and metabolism, large amounts of glucose can be
cleared, maintaining systemic carbohydrate homeostasis. Skeletal muscle is a primary target of systemic glucose
disposal; thus, interference in skeletal muscle glucose transport is sufficient to induce whole-body insulin
resistance 281271 | oss of skeletal muscle glucose uptake is associated with abnormal carbohydrate metabolism,
T2D, and associated with the development of atherogenic dyslipidemia 28, While debated, there is evidence in

humans that skeletal muscle acquires insulin resistance before adipocytes and hepatocytes [28],
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| 3. Changes in Skeletal Muscle Physiology in Type 2 Diabetes

Skeletal muscle in people with T2D demonstrates diverse pathological changes impacting the delivery, uptake, and
metabolism of glucose. The ability of skeletal muscle to respond to insulin is a primary factor in the
pathophysiology associated with T2D. This phenotype likely has several converging mechanisms of action whose
relative contributions remain contentious. Briefly, in individuals with a genetic predisposition for T2D, chronic
nutrient overload, physical inactivity, and subsequent obesity lead to excess and ectopically stored lipid. The
species of lipid, the cellular location, and turnover rates all influence insulin sensitivity 29, For example, the
increased diacylglycerol concentration within skeletal muscle associated with overnutrition and sedentary behavior
leads to inflammation, oxidative damage, and fibrosis, reducing skeletal muscle’s ability to respond to demand (£,
Alternative activation of serine/threonine kinases and subsequent decreases in insulin receptor and IRS-1 tyrosine
phosphorylation have also been implicated in disruptions of insulin signaling 1. The skeletal muscle adapts (or
maladapts) to chronic nutrient excess with changes in vascular structure and function—including endothelial
dysfunction and accumulation of matrix proteins—and alterations in insulin signaling, and then reshapes the

metabolic character, all of which contribute to reduced skeletal muscle glucose uptake, as shown in Figure 2 32,

®  Glucose
A Insulin

Insulin
Recptor
@ own

Endothelial
Cell

Phosphate
Group

Figure 2. Type 2 diabetes is
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characterized by increased glucose and insulin in circulation. Insulin accumulates in endothelial cells. The
extracellular matrix becomes fibrotic with increased hyaluronan and integrins. Serine/threonine phosphorylation on
the insulin receptor and insulin response substrates leads to blunted insulin signaling through PI3K/Akt. The
glucose diffusion gradient is limited by elevated intracellular glucose concentrations and allosteric down-regulation
of intracellular glucose metabolism. Hexokinase (HK). Phosphokinase B (Akt).

An objective here is to highlight a body of data on the contribution of abnormal microvascular structure and function
to insulin resistance and hyperglycemia 381 Microvascular complications are a hallmark of T2D-specific
complications, including cardiomyopathy, nephropathy, retinopathy, and neuropathy. Changes in microvascular

structure and function are present in the skeletal muscle, heart, brain, and islet in diabetes 24 These
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microvascular changes suggest a role of the vasculature of insulin resistant skeletal muscle. The endothelium
lining of the vasculature is responsible for sensing and responding to oxygen and nutrients within the blood 2. As
mentioned above, insulin and glucose are both signals to the endothelium to vasodilate to increase skeletal muscle
perfusion and associated delivery and disposal of glucose 28, However, these signals are disrupted with insulin
resistance. T2D causes systemic endothelial cell damage through reactive oxygen and nitrogen species with
reduced antioxidant potentials, reducing the cell’s ability to respond to stimuli BZ. For example, nitric oxide
production is lower in response to insulin in insulin resistance, resulting in improper perfusion of skeletal muscle
and subsequent impairments of insulin, glucose, and oxygen delivery [B8IE8I39]  |nsylin resistance can be partially

prevented when vasodilators are given, demonstrating the importance of blood flow for insulin action 49,

The endothelium plays a role in skeletal muscle insulin delivery in the context of T2D. There is debate in the field
regarding the primary mechanism by which insulin moves from circulation to skeletal muscle. The two main
positions are that insulin travels through the endothelial cell via transport proteins or between cells via fluid-phase
transport. In support of insulin traveling through the cell is the observation that insulin accumulates in the
endothelial cells at five times the concentration compared with circulation, requiring PI-3 kinase and mitogen-
activated protein kinase kinase (MEK-kinase) signaling for proper transport to skeletal muscle (28141l Additional
reports demonstrate that most insulin leaves circulation via fluid-phase transport and is independent of binding in
endothelial cells 38142 Hyperglycemia associated with insulin resistance negatively affects insulin delivery to
skeletal muscle and directly injures the endothelium 3. Hyperglycemia causes the formation of advanced
glycation end products that lead to proinflammatory signaling in the vessel walls and further reduce endothelial
function 441,

Glucose and insulin access to the skeletal muscle are also limited by T2D-mediated changes to the perivascular
and skeletal muscle extracellular matrix. The extracellular matrix plays a key role in capillary angiogenesis and
regression 43 and insulin signaling 8. In a pro-inflammatory state, as in T2D, skeletal muscle collagen production
and turnover is dysregulated. Extracellular matrix remodeling is necessary for new capillary growth. Dysregulation
of matrix remodeling can decrease capillary density and also impede the effective transfer of material from the
bloodstream to the skeletal muscle. In T2D, there is an expansion of the extracellular matrix and decreased
capillary density 2. Hyaluronan, a chief element of a structural component of the extracellular matrix, is increased
in those with T2D. Insulin action improves when hyaluronan expression is experimentally decreased in high fat fed
mice 7. Collagen deposition is also commonly associated with T2D €. Greater collagen is associated with lower
muscle matrix metallopeptidase 9 activity in skeletal muscle 48, Integrins, a class of matrix proteins, actively
induce insulin resistance. For example, deletion of integrin-linked kinase from the skeletal muscle of mice had no
effect on insulin action in lean mice. In contrast, when the same gene was deleted in obese mice, capillaries and
insulin action were greater 42, Manipulation of downstream molecules such as focal adhesion kinase demonstrate
similar results B9, These data demonstrate important barriers to skeletal muscle insulin delivery and glucose

transport upstream of direct insulin action in T2D skeletal muscle.

Changes in skeletal muscle insulin signaling and cellular context occur in T2D. For example, GLUT proteins must

be present in the membrane for facilitated glucose transport. In the context of T2D, GLUT4 content and
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translocation to the membrane is impaired due to insulin resistance. Increasingly, the problem of overnutrition and
nutrient load on skeletal muscle has come to the forefront of understanding insulin resistance. Chronic overnutrition
results in increased glycerol and free fatty acids in circulation. Normally, these nutrients are widely cleared by
skeletal muscle and adipose tissue. Free fatty acids can diffuse into the cell or are taken up via a transporter such
as CD36 and stored as intramyocellular lipids. However, excess in intramuscular triglyceride stores have been
linked by numerous studies to insulin resistance [BL5253] When there is buildup of lipids, toxic metabolites such as
diacetyl glyceride, ceramide, and acylcarnitine can accumulate. These metabolites act as signaling molecules that
alter proteins and signaling cascades involved in insulin signaling, oxidative phosphorylation, and peroxisomal
metabolism in skeletal muscle 241, In addition, many of these lipid species increase the action of protein kinase C8,
which phosphorylates serine residues of the insulin receptor and IRS, downregulating their action B2, Similarly,
toxic lipids drive inflammatory processes associated with insulin resistance B8I57 |n the context of excess
nutrients, a high protonmotive force and NADH/NAD+ ratio occurs in the mitochondria as fuels are oxidized 8,
These conditions, without a constructive means to dissipate the protonmotive force (such as ATP production driven
by demand), create a high H,0, emitting potential BJEY The subsequent free radicals are proposed to further
exacerbate insulin resistance 22, The contribution of oxidative stress to insulin resistance is supported by data

showing that treating high fat fed mice with a mitochondrial-specific antioxidant preserves insulin sensitivity 61,

Pathologic intracellular changes in skeletal muscle cell metabolism in T2D create a viscous cycle exacerbating
insulin resistance in the context of overnutrition. As mentioned above, glucose enters the cell via facilitated
transport down a diffusion gradient. To phosphorylate glucose, hexokinase must be present and active, and its
product, glucose-6-phosphate, must be further metabolized to prevent allosteric down-regulation. When these
processes are saturated, glucose-6-phosphate concentration increases and inhibits hexokinase activity, decreasing
glucose transport. The concentration and compartmentalization of hexokinase are changed in T2D. Insulin
signaling increases hexokinase 82, Due to the relative decrease in insulin signaling with T2D, hexokinase

expression levels are approximately 80% lower compared with controls (63,
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