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 15 

Abstract  16 

As the principal tissue for insulin-stimulated glucose disposal, skeletal muscle is a primary driver of whole-17 

body glycemic control. Skeletal muscle also uniquely responds to muscle contraction or exercise with 18 

increased sensitivity to subsequent insulin stimulation. Insulin’s dominating control of glucose metabolism is 19 

orchestrated by complex and highly regulated signaling cascades that elicit diverse and unique effects on 20 

skeletal muscle. We discuss the discoveries that have led to our current understanding of how insulin promotes 21 

glucose uptake in muscle. We also touch upon insulin access to muscle, and insulin signaling towards 22 

glycogen, lipid, and protein metabolism. We draw from human and rodent studies in vivo, isolated muscle 23 

preparations, and muscle cell cultures to hone in on the molecular, biophysical, and structural elements 24 

mediating these responses. Finally, we offer some perspective on molecular defects that potentially underlie 25 

the failure of muscle to take up glucose efficiently during obesity and type 2 diabetes.  26 

 27 
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The first 60 years 31 

The discovery of insulin in 1921 was undoubtedly one of the top scientific accomplishments of the 20th 32 

century. Equally impressive was the rate at which discoveries were subsequently made, in particular regarding 33 

the major -and pivotal- action of insulin on the disposal of dietary glucose. Scantly one year later, Hepburn 34 

and Latchford (Hepburn and Latchford, 1922) detected that insulin promotes glucose disposal into the perfused 35 

heart, and in 1923-25 Cori et al. showed an equivalent glucose retention by isolated rabbit skeletal muscles 36 

(Cori and Cori, 1925b). Strikingly, already in 1924, Lawrence measured an insulin-dependent arterio-venous 37 

glucose difference in human muscles in vivo and noted that this differential was much reduced in diabetic 38 

individuals (Lawrence, 1924). In parallel, studies in rabbits showed that muscle, rather than the liver or heart, 39 

is the major site for glucose deposition in response to insulin (Cori and Cori, 1925a). The subsequent years 40 

yielded further understanding of the mechanisms involved. In 1938, Lundsgaard found that the insulin effect 41 

is not merely dependent on a steeper glucose gradient from blood to muscle because the intramuscular glucose 42 

concentration is virtually nil (Lundsgaard, 1938), thereby inferring that insulin increases ‘active’ glucose 43 

transfer. A debate arose then on whether insulin action laid at the level of glucose metabolism, glucose 44 

phosphorylation, or other. This dispute was settled by Levine et al. in 1950 (Levine et al., 1950) who showed 45 

that insulin in the eviscerated dog augmented the distribution space of galactose, a sugar closely related to 46 

glucose but that cannot be metabolized by peripheral tissues. These findings suggested that insulin promotes 47 

membrane transport of galactose and therefore likely of glucose as well. This was further confirmed by 48 

demonstrating that insulin increases the distribution space of a variety of hexoses (Goldstein et al., 1953).  49 

In 1962, summarizing a body of literature, Young (Young, 1962) observed that the action of insulin 50 

“almost certainly involves an effect at the plasma membrane. Whether other permeability barriers in the cell 51 

are similarly influenced either directly because insulin can reach them or indirectly, is still uncertain”. 52 

Arguably, this question remains the subject of current debate (and is dealt with later in this review). At the 53 

same time, Park and Morgan showed that muscle glucose uptake is saturable and susceptible to counter-54 

transport, implying that it must be mediated by a discriminating carrier at the surface of the muscle (Morgan 55 

et al., 1964; Park et al., 1955). Further cementing Lundsgaard’s vision, the concept that glucose transport into 56 
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the muscle is the rate-limiting step for glucose metabolism took shape in the 1970s (Elbrink and Bihler, 1975). 57 

However, the molecular scrutiny of the nature of the glucose carrier protein (transporter) had to await new 58 

methodological advancements.  59 

Unrelated to the efforts to understand glucose uptake, work was ongoing on another major action of 60 

insulin, namely the rapid disposal of dietary potassium into muscle. In an almost parallel series of discoveries 61 

in the early 1920s, it was observed that insulin promotes a drop in blood potassium and, in the 1950s, that this 62 

is due to its rapid uptake into skeletal muscle (Zierler, 1959). By 1976, Erlij and Grinstein used binding of the 63 

Na/K pump inhibitor, ouabain, to quantify the number of Na/K pump units at the surface of intact muscles, 64 

and put forward the concept that insulin makes available more Na/K pumps at the muscle cell surface (Erlij 65 

and Grinstein, 1976). Two years later, and independently, the concept of an insulin-driven gain in the number 66 

of glucose carriers at the surface of adipocytes was proposed by Wardzala et al., by measuring binding of [3H]-67 

labelled Cytochalasin B (CB) to isolated plasma membranes (PM) thereof (Wardzala et al., 1978). This mold 68 

metabolite had just been described as a highly effective inhibitor of glucose transfer across human red cell 69 

membranes (Taverna and Langdon, 1973). By 1980, the concomitant increase in glucose transport activity in 70 

isolated PM (Suzuki and Kono, 1980), and the reduction in the number of [3H]-CB binding sites in intracellular 71 

membranes isolated from insulin-stimulated adipocytes gave rise to the ‘translocation hypothesis’ laid by 72 

Cushman and Kono, concerning the recruitment of putative glucose transporters from intracellular membranes 73 

to the PM (Cushman and Wardzala, 1980; Suzuki and Kono, 1980). 74 

Around the same time, DeFronzo et al. made the important quantitative observation that, in humans, 75 

skeletal muscle is the primary site for insulin-dependent and meal-dependent glucose disposal from the blood 76 

(DeFronzo et al., 1981). In another milestone, Richter et al. discovered that exercise uniquely sensitizes 77 

muscles to subsequent insulin stimulation (Richter et al., 1982). The 1980’s also established that skeletal 78 

muscle is the primary tissue determining insulin resistance in non-insulin-dependent diabetes mellitus (as type 79 

2 diabetes or  T2D was then known)) (DeFronzo et al., 1985). Notably, excised muscle strips from T2D patients 80 

retain the defect in insulin-dependent glucose transport (Andreasson et al., 1991). Over the years, it was also 81 
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realized that the high response to insulin of human skeletal muscle in vivo includes a contribution of enhanced 82 

muscle blood flow (Baron et al., 1995) and capillary perfusion (Coggins et al., 2001). 83 

A key paradigm that exposed the molecular underpinnings of glucose transporter availability at the 84 

muscle membrane was the successful isolation of PM from muscle that retained the capacity to transport 85 

glucose and in which the number of glucose-sensitive [3H]-CB binding sites (glucose transporters) could be 86 

measured (Klip and Walker, 1983). Expanding on the concepts by Kono and Cushman in rat adipocytes 87 

(Cushman and Wardzala, 1980; Suzuki and Kono, 1980), Wardzala and Jeanrenaud recorded a higher number 88 

of [3H]-CB binding sites on purified PM from in vitro insulin-stimulated diaphragm muscle (Wardzala and 89 

Jeanrenaud, 1983). In 1987, Klip et al. obtained evidence that insulin administered to rats in vivo increased the 90 

number of [3H]-CB binding sites in the subsequently isolated PM of hindlimb skeletal muscles, with a 91 

reciprocal reduction in [3H]-CB  binding sites in simultaneously isolated intracellular membranes (Klip et al., 92 

1987). These collective observations cemented the concept of glucose transporter translocation in skeletal 93 

muscle induced by insulin in vivo.  94 

The years 1988-89 brought another central discovery in glucose metabolism: the molecular cloning of 95 

the fat and muscle glucose transporter (Charron et al., 1989; Fukumoto et al., 1989; De Herreros and Birnbaum, 96 

1989; James et al., 1988; Kaestner et al., 1989), now known as glucose transporter (GLUT) 4. With the 97 

immediate availability of antibodies and nucleotide probes to detect the transporter and its mRNA, the 98 

molecular scrutiny of glucose transport regulation had begun. Accordingly, in 1990 Douen et al. showed in 99 

rats that that insulin and exercise in vivo each boosted the number of the ‘insulin-regulated glucose transporter’ 100 

(as GLUT4 was first called) in the subsequently isolated PM of muscles, with a concomitant equivalent 101 

reduction in muscle intracellular membranes (Douen et al., 1990). By 1995, Guma et al. reported a gain in 102 

GLUT4 in the PM of skeletal muscle taken during a hyperinsulinemic-euglycemic clamp in humans (Guma et 103 

al., 1995), and right thereafter it was shown that this gain was evidently lower in muscle of T2D individuals 104 

(Garvey et al., 1998; Zierath et al., 1996) This finding established that the ability of insulin to elicit GLUT4 105 

translocation is a key step in glucose uptake that fails in T2D, supporting the earlier observations of reduced 106 

glucose uptake into the diabetic muscle. 107 
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In parallel to the above discoveries, muscle cell cultures with functional insulin receptors were 108 

developed (Klip et al., 1983) and implemented to demonstrate insulin-dependent gains in glucose uptake (Klip 109 

et al., 1984; Sarabia et al., 1992) as well as in the number of [3H]-CB binding sites (Ramlal et al., 1988) and 110 

immunodetectable GLUT4 in isolated membranes (Mitsumoto and Klip, 1992). Buttressing insulin’s effect on 111 

muscle glucose uptake via GUT4 in vivo arose from seminal studies showing that i) muscle-specific knockout 112 

of the insulin receptor markedly reduced insulin-stimulated glucose uptake in mouse skeletal muscle (Brüning 113 

et al., 1998), ii) muscle-specific GLUT4 KO mice nearly lack insulin-dependent stimulation of glucose uptake 114 

into muscle  (Zisman et al., 2000), and iii) muscle-specific GLUT4 overexpression elevated insulin-stimulated 115 

glucose uptake in some muscles (Tsao et al., 1996). The mechanisms enacting insulin-directed GLUT4 116 

translocation and glucose uptake are discussed below, along with the other profound impacts of insulin on the 117 

capillaries and muscle accretion of glycogen, lipids, and protein.  118 

 119 

Insulin arrival at the muscle parenchyma  120 

Insulin action on the capillaries. Glucose and insulin are delivered to the muscle by the circulation. 121 

Since glucose uptake into muscle is increased by insulin, it makes sense that insulin promotes the delivery of 122 

glucose to the muscle fibers by increasing muscle blood flow and hence capillary perfusion. As illustrated in 123 

Figure 1A, insulin acts on endothelial insulin receptors, which signal via the insulin receptor substrate (IRS)-124 

2 promoting downstream activation of nitric oxide (NO) synthase, to generate NO gas (Zeng et al., 2000). NO 125 

relaxes the smooth muscles in the arterioles by decreasing the cytoplasmic Ca2+ concentration, leading to 126 

vasodilation and thereby higher blood flow and augmented capillary perfusion (Steinberg et al., 1994). Studies 127 

with ultrasound reflective microbubbles or infusion of 1-methylxanthine indicate that insulin recruits 128 

previously unperfused capillaries, thereby augmenting the volume of perfused ones (Clark et al., 2003; Sjøberg 129 

et al., 2011). Others have argued that insulin does not recruit unperfused capillaries but merely enhances 130 

perfusion of those already perfused (McClatchey et al., 2019). Whichever mechanism is correct, the improved 131 

perfusion of muscle capillaries during insulin stimulation promotes insulin and glucose availability to tissues 132 



7 
 

and helps maintain the interstitial glucose concentration, henceforth contributing to the overall glucose uptake 133 

by the muscle (McConell et al., 2020).  134 

Barriers to insulin extravasation. Unlike the discontinuous capillaries of the pancreas through which 135 

insulin readily enters the portal circulation, or of the liver sinusoids where insulin has unimpeded access to 136 

hepatocytes, the muscle capillary is constituted by a single layer of continuous endothelial cells that are 137 

connected by tight junctions. Small molecules like glucose are calculated to pass through these intercellular 138 

junctions, which have therefore been called pores or slits (Pappenheimer et al., 1951), or they may undergo 139 

transcellular transport, as does glucose in the brain endothelium. For larger molecules like insulin, the 140 

endothelium presents a diffusional barrier. This is demonstrated by the persistent disequilibrium between 141 

circulating and interstitial insulin levels (Herkner et al., 2003; Jansson et al., 1993) and the landmark lag in 142 

insulin action on muscle glucose uptake following the appearance of insulin in the arterial circulation first 143 

proposed by Bergman and collaborators and amply reviewed in (Kolka and Bergman, 2012). As illustrated in 144 

Figure 1A, insulin might be expected to cross through the cytoplasm of individual endothelial cells 145 

(transcellularly) and/or through the slits between adjacent endothelial cells (paracellularly), provided there is 146 

a thermodynamically-compatible mechanism. At micromolar and milimolar concentrations, such as in the 147 

insulin-secreting β-cells, insulin self-associates into dimers and hexamers. Yet, at the picomolar concentrations 148 

in the circulation, insulin primarily exists as a 6 kDa monomer of 1.5 nm radius (Jensen et al., 2014; Pekar and 149 

Frank, 1972), likely small enough to permit paracellular passage. However, several independent studies using 150 

methodologies such as electron microscopy detection of [125I]-tagged insulin, have failed to detect insulin 151 

diffusing between adjacent endothelial cells (reviewed in (Lee and Klip, 2016)).  152 

In vivo studies using fluorescently tagged insulin have recently been performed to image insulin delivery 153 

to the muscle (Williams et al., 2018), however, they are limited by the need to use somewhat higher than 154 

physiological levels of the hormone for effective detection. The analysis used algorithms based on the 155 

dispersion of fluorescent insulin in the muscle, and the results were compatible with insulin delivery without 156 

the participation of a saturable mechanism (such as would have been expected for the involvement of insulin 157 

receptor-mediated transcellular transport or of a dedicated transport system). The conclusion was therefore 158 
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compatible with the view that insulin transit could occur through fluid-phase uptake into and out of endothelial 159 

cells. Supporting the presence of a barrier, insulin delivery to the muscle was delayed in obese mice (Williams 160 

et al., 2020). On the other hand, arguing for a role of endothelial insulin receptors in the transfer of the hormone 161 

to the muscle, delayed muscle insulin action was observed in mice with endothelia depleted of insulin receptors 162 

(Konishi et al., 2017). The participation of the receptor could be either as a shuttle or as a signal to promote 163 

insulin’s delivery across the microvessels. In any case, in vivo studies have lacked the resolution to detect the 164 

real-time transit of low, physiological insulin doses, and are also confounded by changes in capillary perfusion 165 

(discussed above). As an alternative strategy, cultured endothelial cells, although suboptimal to faithfully 166 

emulate the barrier that the endothelium presents in vivo, nonetheless offer a degree of manipulability and 167 

spatiotemporal resolution to explore how endothelial cells handle insulin. In microvascular endothelial cells, 168 

at physiological picomolar doses, [125I]-insulin binds to its receptor and undergoes endocytosis (Jaldin-Fincati 169 

et al., 2018a; King and Johnson, 1985). At higher doses, insulin enters the endothelial cell via fluid-phase 170 

transport that does not rely on the receptor (Jaldin-Fincati et al., 2018a; Williams et al., 2018). While consensus 171 

on the mechanism of endothelial insulin uptake is yet to be reached, further support for transcellular insulin 172 

delivery is the ability of endothelial cells to actively concentrate (Genders et al., 2013) and not degrade insulin 173 

(Azizi et al., 2015; Jialal et al., 1984), suggesting the possibility of eventual basolateral exocytosis via so far 174 

undescribed mechanisms. Clearly, this is an area of urgent definition and requires the development and use of 175 

viable insulin probes that could be imaged intravitally at picomolar concentrations. 176 

 177 

Muscle is more than myofibers  178 

The skeletal muscle bed includes the myofibers proper and muscle satellite cells as well as 179 

fibroadipogenic progenitor and myo-endothelial cells (Uezumi et al., 2014), along with the vascular and motor 180 

nerves that abut them, and last but not least immune cells, as illustrated in Figure 1B. Collectively, these diverse 181 

cell types participate in the maintenance of skeletal muscle integrity and plasticity, and interactions among 182 

them impact on all muscle functions and all measurements performed on the intact tissue. Interactions among 183 

progenitor cells, immune cells, nerve endings, and capillaries are crucial for integrated functions such as 184 
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growth, regeneration, and senescence, but also influence the muscle responses to insulin and contraction. 185 

Progenitor cells contribute to the extracellular myofiber environment by promoting the deposition of intra-and 186 

inter-muscle adipose tissue in obesity and T2D (Teng and Huang, 2019), which may reduce insulin action (see 187 

later). Resident and blood-derived immune cells also influence muscle metabolism and are essential for muscle 188 

repair. During obesity, elevated levels of circulating pro-inflammatory factors (such as tumor necrosis factor 189 

(TNF) ⍺, interleukin (IL)-6, and interferon (IFN) 𝛾) skew resident immune cells in the muscle bed towards 190 

pro-inflammatory phenotypes. Growing evidence indicates that immune cells, such as macrophage and T cells, 191 

accumulate in insulin-resistant skeletal muscle in humans with obesity or T2D (Fink et al., 2013; Khan et al., 192 

2015), which in turn produce a muscle-extrinsic input acting on the myofibers that affect insulin action (Wu 193 

and Ballantyne, 2017).  194 

Beyond the diverse cell types present in muscle tissue, skeletal muscle fibers are enmeshed in the 195 

extracellular matrix (ECM). a three-dimensional multifaceted meshwork of collagens, glycoproteins, elastin, 196 

and proteoglycans (Csapo et al., 2020). The ECM is not inert, rather it has important roles in various 197 

physiological processes, ranging from development and repair to contraction and force transmission, as well 198 

as facilitating communication between cells (reviewed in (Csapo et al., 2020)).  199 

Interestingly, the extracellular matrix also responds to states of hyper-nutrition, as seen by the correlation 200 

between a marked elevation in collagen deposition and decreased vascularization, that could contribute to 201 

reducing insulin action in the muscle (Kang et al., 2011; Weng et al., 2020). Over the past decade, mounting 202 

evidence in humans (Berria et al., 2006) and rodents (Kang et al., 2011) suggests that ECM remodeling is 203 

associated with insulin resistance in skeletal muscle. In addition, heterodimeric integrin receptors that links the 204 

ECM and their intracellular focal adhesion kinase have been implicated in the regulation of insulin action 205 

(Bisht et al., 2008; Graae et al., 2019; Zong et al., 2009).  206 

Undoubtedly, the diverse cell types that make up the skeletal muscle bed, along with the interaction with 207 

the ECM, provide important input to the muscles response to insulin, yet, the exact mechanisms remain to be 208 

determined and is an area ripe for further investigation. 209 
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 210 

Myofiber architecture 211 

Intrinsic properties of the myofiber also make skeletal muscle more complex than other insulin-responsive 212 

tissues. Muscle fibers are the result of multiple end-to-end myoblast fusion events to form myotubes and lateral 213 

fusion of myotubes into large myofibers, which typically comprise up to several thousand nuclei. During 214 

myogenesis, the Golgi complex disperses into elements that migrate to both perinuclear and cytoplasm loci 215 

(Ralston, 1993). The continuous intracellular space along these large myofibers is filled with highly organized 216 

repeats of actin and myosin filaments, packaged into sarcomeric units. These are attached to an array of equally 217 

organized intermediate filaments and other large proteins that help sustain the tension caused by muscle 218 

contraction.   219 

The PM of the skeletal (and cardiac) muscle fiber is also unique in that it consists of the sarcolemma 220 

and the transverse tubules (T-tubules), as illustrated in Figure 1C. The latter are invaginations formed from the 221 

same phospholipid bilayer as the sarcolemma (Al-Qusairi and Laporte, 2011) and are organized relative to 222 

both the sarcomeres and the sarcoplasmic reticulum, connecting with the latter via dedicated protein complexes 223 

that enable calcium to be released by the sarcoplasmic reticulum upon muscle fiber depolarization. In the 224 

absence of insulin and at rest (basal conditions, Figure 1C), muscle glucose transport likely occurs via GLUT1 225 

(Marette et al., 1992a; Rudich et al., 2003), along with the low, basal levels of GLUT4 (Zisman et al., 2000), 226 

and possibly other muscle-expressed GLUTs (McMillin et al., 2017) localized constitutively at the 227 

sarcolemma. While the insulin receptor seems to be equally distributed between the sarcolemma and T-tubules 228 

in rat and rabbit muscle (Burdett et al., 1987), the T-tubules likely represent a major site of glucose transport, 229 

given their surface preponderance over the sarcolemma, and as quantified in human and rodent muscles, the 230 

majority of GLUT4 mobilized in response to insulin inserts into the T-tubule membranes and only a smaller 231 

fraction into the sarcolemma (Knudsen et al., 2020; Lauritzen, 2013; Marette et al., 1992b). Yet, whether 232 

glucose uptake parallels GLUT4 localization and mainly occurs at the T-tubules remains to be formally 233 

established because glucose uptake depends, in addition to GLUT4 translocation, on the transmembrane 234 
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glucose gradient that is influenced by the speed of glucose diffusion into the T-tubule space as well as the local 235 

intracellular metabolism of glucose.  236 

Finally, just as there are distinct types of adipocytes, muscle fibers are heterogeneous and for the most 237 

part stable populations, although they are subject to regulated hypertrophy and atrophy and even 238 

interconversion depending upon motor nerve activity (reviewed in (Schiaffino and Reggiani, 2011)). Human 239 

muscle fiber types are classified as type I, type IIa and type IIx and rodents further express type IIb fibers, 240 

depending on the type of myosin heavy chain they express and thereby their myosin ATPase activity, and have 241 

increasing order of twitch velocity. Type I fibers display the slowest contraction rate but are more fatigue-242 

resistant than type II fibers, mainly because type I fibers have a higher content of mitochondria than type II 243 

fibers (reviewed in (Schiaffino and Reggiani, 2011)). Type I fibers also express higher protein levels of the 244 

insulin receptor, hexokinase, glycogen synthase, and GLUT4, and insulin receptor tyrosine kinase activity 245 

compared to type II fibers (Albers et al., 2015a; Daugaard et al., 2000; Deshmukh et al., 2021; Gaster et al., 246 

2001; James et al., 1986; Marette et al., 1992a), although the differences between fiber types, in general, are 247 

smaller in human than in rodent muscles. As an example, in rodents these differences result in a higher response 248 

to insulin of type I fibers (e.g., predominant in rodent soleus muscle) than type II fibers (e.g., predominant in 249 

the rodent extensor digitorum longus). Molecularly, GLUT4 translocation was comparable in red and white 250 

muscles of the rat, as measured by subcellular fractionation, although rat red muscles have a higher content of 251 

GLUT4 and mount a higher insulin stimulation of glucose uptake (Goodyear et al., 1991; James et al., 1985).  252 

In contrast, in human muscle the activation of insulin signaling appears to be similar in type I and type II fibers 253 

and the reduction observed  in insulin-resistant T2D patients is independent of fiber type (Albers et al., 2015a).  254 

 255 

GLUT4 intracellular sorting and traffic 256 

The study of GLUT4 translocation has largely relied on rodent muscle (L6 and C2C12) and adipose 257 

(3T3-L1) cells in culture that innately possess the machinery required for GLUT4 translocation, and that are 258 

further modified to overexpress tagged versions of the transporter. While unable to fully recapitulate the 259 

physiology and architecture of the mature muscle or adipose tissue (particularly the formation of T-tubules 260 
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and the mature fat globule, respectively), these muscle and fat cell culture systems are advantageous in their 261 

manipulability, allowing the fine discernment of spatiotemporal GLUT4 dynamics under basal and insulin-262 

stimulated conditions. Important early work was also performed in human primary myotubes (Al-Khalili et 263 

al., 2003; Austin et al., 2008; Bouzakri et al., 2006), and in rodent and human, mature adipocytes and muscle 264 

fibers ex vivo. Although temporally unstable and less amenable to molecular manipulation, these ex vivo 265 

systems have and should continue to afford an important window to verify predictions made with simpler 266 

systems. Various reviews of the regulation of GLUT4 in fat and muscle cells have been recently published  267 

(Jaldin-Fincati et al., 2017; Klip et al., 2019; Stöckli et al., 2011; Tokarz et al., 2018), therefore here we focus 268 

on the particulars of this phenomenon in muscle cells. The reader is also referred to a companion review in 269 

this issue for a perspective on GLUT4 translocation in adipose cells (McGraw and Kahn, in this issue). 270 

In mature muscle, GLUT4 constitutively cycles between intracellular storage sites and the PM 271 

(sarcolemma and T-tubules in mature muscle fibers). This is inferred from the behavior of GFP-GLUT4 272 

transfected into mouse muscle fibers (Lauritzen, 2009; Lauritzen et al., 2002) and from the steady-state 273 

distribution of GLUT4 and the transferrin receptor in resting and insulin-stimulated or exercised rodents 274 

(Hirshman et al., 1990; Ploug and Ralston, 1998; Ploug et al., 1998) and muscle cells cultures (Ralston and 275 

Ploug, 1996). From these pioneering observations and more recent, dynamic studies of the distribution of 276 

GLUT4 in mouse muscle (Knudsen et al., 2019; Lizunov et al., 2012) and cell systems (Jaldin-Fincati et al., 277 

2018b), it is now established that, in the basal state, cycling renders a steady-state distribution whereby most 278 

GLUT4 resides intracellularly, as illustrated in Figure 2A. There, GLUT4 partitions largely into two distinct 279 

organelles: recycling endosomes characterized by the presence of transferrin receptors, and a functionally 280 

defined compartment termed GLUT4 storage vesicles (GSV), with the majority of GLUT4 residing in the latter 281 

compartment at any given time. Towards a more complete characterization of GSV, recent work in adipocytes 282 

suggests that GLUT4 is first stored in a specialized trans-Golgi network region from which diverse cargo is 283 

sorted and mobilized by specific stimuli (Brumfield et al., 2021). Tracing the itinerary of GLUT4 upon its 284 

retrieval from the PM, endocytic vesicles carrying GLUT4 progress through early endosomes to recycling 285 

endosomes, before diverging from this pathway to enter a specialized subdomain of the TGN (marked by 286 
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syntaxins 6 and 16 in rodent muscle cells (Foley and Klip, 2014)), and may also require syntaxin 10 in human 287 

skeletal muscle myoblasts (Esk et al., 2010), to then render GSV's (reviewed in (Jaldin-Fincati et al., 2017; 288 

Klip et al., 2019)). Interestingly, while not expressed in rodent skeletal muscle, clathrin heavy chain 22 is 289 

required for retrograde traffic of GLUT4 from endosomes to the TGN in human skeletal muscle myoblasts 290 

(Esk et al., 2010).  291 

While the GLUT4 storage compartment in muscle is still incompletely characterized, it is further 292 

distinguished from the recycling endosomal pathway by its relative lack of transferrin receptor and its 293 

enrichment in both the vesicular (v) SNAP receptor proteins (SNARE) vesicle-associated membrane protein 294 

(VAMP) 2 and the insulin-responsive aminopeptidase (IRAP). An ongoing challenge to the precise annotation 295 

of the intracellular GLUT4 itinerary is to obtain a full characterization of the core molecular machinery 296 

required for GSV formation, including the participation of sortilin, retromer, and clathrin heavy chain 297 

(reviewed in (Jaldin-Fincati et al., 2017)).  298 

The continued endocytosis of GLUT4 from the membrane re-populates the GLUT4 sorting and storage 299 

compartments, facilitating repeated rounds of insulin-responsive exocytosis. This surge in exocytosis results 300 

in a doubling of GLUT4 levels in both the sarcolemma and the T-tubules of mature muscle (Marette et al., 301 

1992b), with the former preceding the latter by a few minutes (Lauritzen, 2009). L6 and C2C12 muscle cells 302 

in culture do not form T-tubules, but the gain in GLUT4 in the PM is also roughly 2-fold. According to some 303 

models, insulin recruits GLUT4 to the PM from GSV, while in the absence of stimulation GLUT4 is 304 

continuously furnished to the PM from recycling endosome-derived vesicles, albeit at a slow rate. Support for 305 

this model comes from the selective participation of the v-SNARE protein VAMP2 for the insulin-dependent 306 

gain of GLUT4 at the muscle cell PM, but not for the maintenance of the basal steady-state levels of surface 307 

GLUT4 (Randhawa et al., 2004). An alternative model proposes that GSV deliver GLUT4 to the PM under 308 

both basal and insulin-stimulated conditions, wherein insulin signaling acts to accelerate vesicle traffic along 309 

this route to enrich the PM GLUT4 (reviewed in (Jaldin-Fincati et al., 2017)). These two models differ in 310 

whether the vesicles recruited in response to insulin are physically distinct from those reaching the PM in the 311 

basal state, or whether the same vesicles are mobilized with and without insulin stimulation, albeit at different 312 
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rates. Either way, VAMP2 is important for the insulin-dependent gain in surface GLUT4, likely by promoting 313 

GSV fusion with the PM (see below). A third model proposes that insulin liberates insulin-responsive vesicles 314 

by stimulating the dissociation of GLUT4 from a protein complex containing TUG (tether containing a UBX 315 

domain, for GLUT4) and Ubc9 (Bogan and Kandror, 2010)(Giorgino et al., 2000). Indeed, insulin promotes 316 

TUG-GLUT4 dissociation in skeletal muscle (Schertzer et al., 2009) and a recent study shows that TUG 317 

cleavage regulates insulin-stimulated glucose uptake into muscle and to contribute to the thermic effect of food 318 

in this tissue (Habtemichael et al., 2021). 319 

 In spite of the significant advances made in understanding GLUT4 traffic in muscle, and the 320 

value of using muscle cells in culture and drawing parallels with knowledge in equivalent cultured adipocytes, 321 

we are far from understanding the precise localization of the responsive GSV in any of these systems. Specifics 322 

on whether there is one or more cycling pathways of GLUT4; whether the first round of insulin draws from a 323 

different storage than once the stimulated cycling is ongoing; how GLUT4 is mechanistically sorted into GSV 324 

and what is the complement of effectors downstream of the Rab GTPases, are all ripe for future discovery. 325 

Similarly, how GSV fusion with the PM is fine-tuned deserves deeper analysis, and a delineation of species-326 

specific proteins that adapt GLUT4 traffic to the species needs should be explored. Addressing these questions 327 

will benefit from ongoing developments in strategies that improve the resolution of time and space parameters 328 

of molecules in living cells. 329 

 330 

Insulin signaling to GLUT4 in muscle 331 

Insulin binds to the insulin receptor (two insulin monomers per receptor (Pullen et al., 1976)) at the 332 

surface of muscle cells/fibers, triggering its auto-phosphorylation, and subsequent phosphorylation of IRS 333 

leading to phosphatidylinositol 3-kinase (PI3K) activation. In muscle, IRS-1 leads to GLUT4 translocation 334 

whereas IRS-2 regulates downstream lipid metabolism (Bouzakri et al., 2006; Huang et al., 2005). PI3K 335 

activation marks a critical bifurcation point leading to two parallel signaling cascades required for GLUT4 336 

translocation, dominated respectively by the serine-threonine kinase Akt (Wang et al., 1999) -particularly Akt2 337 
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(Bouzakri et al., 2006)-, and the Rho family GTPase Rac1 (JeBailey et al., 2007; Sylow et al., 2014; Ueda et 338 

al., 2008) as reviewed in (Jaldin-Fincati et al., 2017). While independent inhibition of each pathway can spare 339 

the other, it remains possible that bi-directional crosstalk between the Akt and Rac1 signaling arms occurs. 340 

These signaling arms and their downstream consequences are illustrated in Figure 2B. 341 

Signals emanating from each of these nodes lead to the engagement of molecules directly involved in 342 

vesicle sorting and mobilization. The Akt substrate AS160/TBC1D4 (TBC1 domain family member 4, hereon 343 

referred to as TBC1D4) is a Rab GTPase-activating protein (GAP) that, when unphosphorylated, constitutively 344 

deactivates a select group of Rab GTPases. Rab GTPases directly act on proteins that cause vesicle 345 

mobilization and/or fusion. TBC1D4 mutations or deletions in skeletal muscle alter GLUT4 sorting and reduce 346 

GLUT4 protein levels (Cartee, 2015; Moltke et al., 2014; Thong et al., 2007; Wang et al., 2013). Akt-dependent 347 

phosphorylation of TBC1D4 eliminates the inhibitory effect imparted by unphosphorylated TBC1D4 on its 348 

target Rab GTPases, enabling their action on vesicle traffic functions. While currently unexplored, it is possible 349 

that the Akt à TBC1D4 axis additionally contributes to Rab activation by stimulating their corresponding 350 

guanine nucleotide exchange factors. Alternatively, the exchange factors may be constitutively active and the 351 

entire regulation may hinge on inhibiting or removing TBC1D4 from the GSV. 352 

The activation of Rab GTPases marks the nexus between signal transduction and the mechanical 353 

elements regulating vesicle traffic, and our knowledge of their function on GLUT4 translocation stems 354 

primarily from studies in cell systems. Rab8A is enriched in the perinuclear region of muscle cells and insulin 355 

stimulation leads to its rapid activation (GTP-loading) (Sun et al., 2010). Thus activated, Rab8A promotes 356 

outward GLUT4 vesicle traffic towards the PM through its interaction with the processive myosin (Myo) Va, 357 

revealed by the insulin-dependent colocalization and coprecipitation of the two proteins, and by the loss of 358 

translocation imparted by MyoVa mutants unable to bind Rab8A or by MyoVa depletion (Sun et al., 2014). 359 

GSV movement towards the cell periphery likely involves actin filaments, as supported by the abrogation of 360 

GLUT4 translocation exerted by a MyoVa fragment unable to bind to actin. By inducing TBC1D4 361 

phosphorylation, insulin signaling also leads to GTP loading of Rab13, located at the cell periphery. Activated 362 

Rab13 links to its effector MICAL-L2 (MICAL-like protein 2) and facilitates GLUT4 vesicle interaction with 363 
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cortical filaments of actinin-4 and actin (Sun et al., 2016). Proof of Rab8A and Rab13 participation is derived 364 

from their activation in response to insulin, and the substantial loss of insulin-dependent GLUT4 translocation 365 

to the PM upon silencing either Rab GTPase or their respective effectors MyoVa, MICAL-L2, and actinin-4, 366 

endorsing the model illustrated in Figure 2B. 367 

In parallel to Akt activation, insulin activates the Rho GTPase Rac1. The requirement for Rac1 in 368 

insulin-stimulated glucose uptake has been demonstrated in muscle cells (JeBailey et al., 2007; Ueda et al., 369 

2008) and tissue (Raun et al., 2018; Sylow et al., 2013, 2014; Ueda et al., 2010), whereby knockdown, 370 

knockout or inactive mutants of Rac1 diminish insulin-stimulated glucose uptake. Mechanistically, Rac1 371 

promotes cycles of cortical actin filament branching and severing, mediated by Arp2/3 and cofilin, respectively 372 

(Chiu et al., 2010), which orchestrate actin remodeling at the PM that facilitates GLUT4 vesicle insertion, as 373 

observed in muscle cells in culture (Tong et al., 2001). New studies in mice also indicate that Akt contributes 374 

to actin remodeling, in so far as it phosphorylates skeletal muscle b-catenin in response to insulin, and that, 375 

through M-cadherin this contributes to insulin-induced glucose transport in muscle cells, possibly through an 376 

increase in filamentous actin (Masson et al., 2020). The easily visualized, insulin-elicited, cortical actin 377 

remodeling that occurs at the cortex of muscle cells and adipocytes is envisaged to facilitate GLUT4 vesicle 378 

docking and fusion with the PM (Lopez et al., 2009; Tong et al., 2001), and although no gross rearrangement 379 

of cortical actin has been observed in mouse muscle fibers (Madsen et al., 2018), cortical actin 380 

density/polymerization seems to correlate with insulin-induced glucose uptake in muscle. This actin population 381 

includes input from tropomyosin Tpm3.1 in muscle tissue and adipose cells (Kee et al., 2015). 382 

In addition to signaling towards Arp2/3, Rac1-GTP can also lead to activation of p21-activated kinases 383 

(PAK) (Sylow et al., 2013). Whether PAK1 is required for insulin-stimulated glucose uptake in skeletal muscle 384 

is so far controversial. On one hand, pharmacological inhibition of PAK isoforms abolished insulin-stimulated 385 

GLUT4 translocation and glucose uptake in myoblasts and myotubes (Tunduguru et al., 2014) and partially 386 

reduced the glucose response in mouse skeletal muscle (Møller et al., 2020). As well, PAK1 KO mouse 387 

muscles displayed diminished insulin-stimulated GLUT4 translocation (Wang et al., 2011). On the other hand, 388 

another study reported normal insulin-stimulated glucose uptake in vivo and in isolated muscle of PAK1 KO 389 
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mice, whereas insulin-stimulated glucose uptake was slightly reduced in muscle-specific PAK2 KO mice 390 

(Møller et al., 2020).  391 

Once in the cortical area of muscle cells, GLUT4 vesicles are rapidly immobilized through the 392 

participation of Myo1c that links vesicles to actin filaments (Boguslavsky et al., 2012). This step is possibly 393 

followed by the assembly of a SNARE complex, which in muscle and adipose cells occurs between vesicular 394 

VAMP2 and PM-located syntaxin4 and synaptosomal-associated protein (SNAP) 23, modulated by a number 395 

of additional proteins such as Munc18c (mammalian homolog of UNC-18), synip, and Doc2b (Double C2-like 396 

domain-containing protein) (reviewed in (Stöckli et al., 2011; Tokarz et al., 2018)). The participation of these 397 

proteins in enabling GLUT4 final insertion in the membrane has been verified in adipose cells and mature 398 

skeletal muscle. As recently demonstrated, additional control is imparted by the SNARE accessory protein, 399 

complexin-2, which acts downstream of Rac1 to possibly regulate the stability of SNARE complexes 400 

(Pavarotti et al., 2021). The extent to which assembly of the SNARE complex and association of its ancillary 401 

proteins are regulated by insulin is a subject of ongoing study. The proteins participating in GLUT4 vesicle 402 

fusion with the membrane are illustrated in Figure 2C. 403 

Superimposed on its signaling via Akt and Rac1, insulin also triggers transient cytosolic Ca2+ spikes in 404 

muscle cells and mature tissue, derived from both the extracellular medium and the sarcoplasmic reticulum 405 

(Lanner et al., 2006), and which are likely spatially localized and insufficient to trigger muscle contraction. In 406 

conjunction with NOX2-dependent H2O2 production, local spikes in Ca2+ are implicated in regulating GLUT4 407 

translocation (Contreras-Ferrat et al., 2014b, 2014a; Lanner et al., 2006). Mechanistically, these spikes appear 408 

to contribute to the amplitude of Akt phosphorylation and, borrowing from the known actions of the cation, 409 

they may fine-tune actin remodeling and vesicle fusion.  410 

Beyond the discovery of these signaling pathways, there is much to explore regarding their interactions 411 

in time and location within the cell, as well as how the signaling molecules interact with the cytoskeletal 412 

elements. Likewise, the physical dynamic nature of the cytoskeletal elements needs to be investigated with 413 

more robust imaging approaches in live cells and tissues, and ultimately, knowledge on the amplitude, 414 
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frequency and duration of signal transmission at each step of the molecular cascades outlined, should render a 415 

dynamic view of insulin signaling. The precise input and the temporal changes in subcellular levels of Ca2+ 416 

enabling GLUT4 traffic and their intersection with the canonical Akt and Rac1 also requires additional 417 

investigation. 418 

 419 

Insulin sensitization after exercise 420 

Skeletal muscle responds to contraction or exercise with a rapid insulin-independent increase in glucose 421 

uptake (Havel et al., 1967; Jorfeldt and Wahren, 1970; Lund et al., 1995; Ploug et al., 1984; Wallberg-422 

Henriksson and Holloszy, 1985) as reviewed in (Richter and Hargreaves, 2013; Sylow et al., 2017). Notably, 423 

exercise also sensitizes muscles glucose uptake to subsequent insulin stimulation (Cartee et al., 1989; Devlin 424 

et al., 1987; Richter et al., 1982, 1989a), an effect that lasts for up to 48 hours in humans (Mikines et al., 1988). 425 

In rats, this was shown to be due to increased insulin-stimulated translocation of GLUT4 to the muscle 426 

membrane following exercise (Hansen et al., 1998). Conversely, the absence of contractile activity, as in 427 

physical inactivity, leads to decreased insulin action (Alibegovic et al., 2010; Mikines et al., 1991; Mortensen 428 

et al., 2014; Richter et al., 1989b). The enhanced muscle insulin sensitivity following a single bout of exercise 429 

is primarily a local, contraction-induced phenomenon, as illustrated by the marked escalation in insulin 430 

sensitivity in perfused, electrically-stimulated rat muscle compared to the unstimulated muscle of the 431 

contralateral leg in rats (Richter et al., 1984) and in the exercised versus non-exercised leg in humans (Richter 432 

et al., 1989a; Wojtaszewski et al., 2000). The improved insulin sensitivity afforded by contraction/exercise 433 

(Richter et al., 1982), illustrated in Figure 3A, reveals the uniqueness of muscle physiology and affords one a 434 

mechanistic basis for the clinical benefits of exercise. Notably, the insulin sensitization that lingers following 435 

exercise remains intact in patients with T2D (Devlin et al., 1987), unlike the direct response to insulin without 436 

prior exercise, which is diminished. The implications of this finding are far-reaching, because understanding 437 

the molecular underpinnings of insulin sensitization as a result of physical activity may hold clues for 438 

bypassing insulin resistance even in sedentary individuals. It is important to point out that not all forms of 439 

exercise raise insulin sensitivity. Eccentric exercise, where the muscle is stretched while stimulated to contract, 440 
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can instead result in muscle damage, inflammation, and reduced insulin action (Asp et al., 1996; Kirwan et al., 441 

1992). Of relevance, other effects of insulin are also enhanced by prior exercise/muscle contractions, notably 442 

the stimulation of amino acid uptake  (Bennet et al., 1990; Zorzano et al., 1985) and protein synthesis (Bennet 443 

and Rennie, 1991).  444 

The mechanisms underlying the improved insulin action following a single exercise bout are shown in 445 

Figure 3B, and these involve a coordinated surge in the vasodilatory effect of insulin and molecular signaling 446 

in human muscle (Sjøberg et al., 2017). The elevated vasodilation by insulin following exercise is NO-447 

dependent (Sjøberg et al., 2017) and may involve phosphorylation of activating sites on eNOS in endothelial 448 

cells during exercise by adenosine 5’ monophosphate-activated protein kinase (AMPK), as shown in rats 449 

(Cacicedo et al., 2011). This assumption is supported by the finding of ablated insulin-dependent vasodilatation 450 

in perfused small arteries of AMPKα2 KO mice (de Boer et al., 2016). Notably, the signals leading to insulin 451 

sensitization post-exercise do not involve steps proximal to the receptor in the canonical insulin signaling 452 

cascade since insulin receptor phosphorylation, PI3K activity, and Akt phosphorylation are all activated 453 

similarly by insulin in the rested and exercised human muscle (Wojtaszewski et al., 2000). However, TBC1D4, 454 

though originally found to be a downstream target of Akt, can also be phosphorylated by AMPK (Kjøbsted et 455 

al., 2017), the activation of which is a prototypical response to contraction/exercise. Accordingly, TBC1D4 is 456 

phosphorylated during muscle contraction/exercise (Treebak et al., 2014) at some unique sites in addition to 457 

others also targeted by Akt. As mentioned above, TBC1D4 phosphorylation allows GLUT4 translocation to 458 

proceed (Mîinea et al., 2005). Interestingly, TBC1D4 phosphorylation, particularly on Ser 711 (704 in 459 

humans), is maintained for several hours after cessation of exercise, at which time it is further potentiated upon 460 

insulin stimulation (Hingst et al., 2018; Sjøberg et al., 2017). Underscoring this connection, post-contraction 461 

insulin-sensitization of glucose uptake does not occur in mice with muscle-specific depletion of AMPK 462 

(Kjøbsted et al., 2017) or TBC1D4 (Kjøbsted et al., 2019). Highlighting species-specific differences, whereas 463 

fiber type specific responses of improved insulin sensitivity following exercise occur in high fat-fed rats 464 

(Pataky et al., 2019b, 2019a), this response applies to both type I and type II fibers in humans (Larsen et al., 465 

2020). Finally, as hypothesized by Holloszy’s group in 2006, the insulin sensitizing effect of exercise could 466 
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also be due to a rerouting of GLUT4 during its internalization from the sarcolemma and T-tubules, towards 467 

cellular locations that become more readily recruitable upon subsequent insulin stimulation (Geiger et al., 468 

2006). In agreement with those predictions, human muscle GLUT4 content within insulin-responsive GLUT4 469 

storage vesicles and T-tubules rose by 4 h after exercise. Moreover, GLUT4 accumulation in the sarcolemma 470 

and endosomal compartments, as well as glucose uptake, were potentiated by subsequent insulin stimulation, 471 

compared to non-exercised muscle (Knudsen et al., 2020). These fundamental observations have the additional 472 

potential to help in the discernment of the complex intracellular GLUT4 locations. 473 

While a single bout of exercise causes a transient gain in insulin sensitivity, repeated exercise (exercise 474 

training) leads to a longer-lasting elevation in insulin sensitivity (Bird and Hawley, 2017; Horton, 1986; 475 

Mikines et al., 1989; Steenberg et al., 2019) that does not involve enhanced insulin signaling (Frøsig et al., 476 

2007; Steenberg et al., 2019), but rather optimizes the muscle capacity to take up glucose and store it as 477 

glycogen. Training-induced elevations in insulin sensitivity have been demonstrated in both healthy 478 

individuals and in patients with T2D (Dela et al., 1995; Kirwan et al., 2009; Little et al., 2011; O’Gorman et 479 

al., 2006; Vind et al., 2011), hence exercise training is a valuable tool in the prevention and treatment of this 480 

disease. Underlying adaptations of the exercise-trained muscle that will propitiate subsequent insulin action in 481 

muscle include augmented muscle GLUT4 and hexokinase expression, mitochondrial capacity, capillarization, 482 

and insulin-dependent muscle blood flow (reviewed in (Sylow and Richter, 2019)). Of note, training induced 483 

adaptations in muscle have been shown to be somewhat fiber type specific (Deshmukh et al., 2021). With the 484 

advent of the many omics-techniques and already available on-line search tools (Pillon et al., 2020; Reibe et 485 

al., 2018) future investigations will undoubtedly lead to an even better understanding of the molecular 486 

adaptations that regulate insulin sensitivity, after one exercise bout and with regular physical training. Such 487 

investigations may also reveal the background for the large individual variability in improved insulin 488 

sensitivity recorded after exercise training (Boulé et al., 2005).  489 
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 490 

Is there more to GLUT4-mediated glucose transport than its translocation to the PM?  491 

Although there is ample evidence for GLUT4 translocation in muscle cells and fibers, whether there is 492 

more to glucose uptake than the translocation of GLUT4 to the PM and T-tubules is an unresolved question. 493 

On one side, there are often discrepancies between the magnitude of measured GLUT4 translocation and 494 

measured glucose uptake. Diverse methodologies (subcellular fractionation, photoaffinity labeling, or 495 

localization of the exofacially-tagged transporter in intact cells) show a gain in PM GLUT4 in response to 496 

insulin of approximately 2 to 4-fold in muscle cells (depending on species and experimental conditions). In 497 

human muscle, through the imperfect strategy of PM isolation, a mere 27% gain in GLUT4 was detected 498 

following oral glucose challenge (Goodyear et al., 1996) and a 60% gain in isolated PM GLUT4 during a 499 

hyperinsulinemic-euglycemic clamp (Guma et al., 1995). Using surface labeling of GLUT4 in human muscle 500 

strips both a 2-fold (Koistinen et al., 2003) and even 5.7-fold increase (Ryder et al., 2000) in surface membrane 501 

GLUT4 was reported (the latter gain matched the rise in glucose uptake measured with 3-O-methylglucose). 502 

By contrast, most studies report a 10 to 20-fold rise in leg glucose uptake in vivo in insulin-sensitive, young 503 

subjects at insulin concentrations that are on the upper part of the dose-response curve (Baron et al., 1988; 504 

DeFronzo et al., 1981; Wojtaszewski et al., 1997) or at maximal ones (Richter et al., 1989a). Such 505 

discrepancies between observed glucose uptake and GLUT4 translocation may be related to the dynamics of 506 

glucose uptake during in vivo measurements including accrued capillary perfusion. Nevertheless, they also 507 

raise the question of whether the transport activity of GLUT4 is also stimulated by insulin. Although GLUT4 508 

activity is far less studied compared to GLUT4 translocation, there is evidence that GLUT4 conformation can 509 

be modulated, based on the unmasking of an intracellular GLUT4 epitope in response to insulin in the mature 510 

muscle (Wang et al., 1996). Consistent with that finding, glucose transport activity in muscle cells is altered 511 

upon depletion of selective glycolytic enzymes that directly interact with GLUT4 (Zaid et al., 2009) or upon 512 

exposure to non-metabolizable glucose and other analogs (Funaki et al., 2004; Shamni et al., 2017), as well as 513 

by vanadate administration to isolated PM vesicles (Kristiansen et al., 1996). These observations may be 514 
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evidence of changes in GLUT4 conformation that could be associated with different states of GLUT4 activity, 515 

a conjecture that begs for more mechanistic investigation.  516 

 517 

Insulin signaling towards glycogen synthesis  518 

The majority of the glucose that enters the muscle in response to insulin is stored as glycogen  (Figure 519 

4A) although glucose oxidation is also increased (Højlund et al., 2003; Shulman et al., 1990). Glycogen 520 

synthase (GS) is the key regulatory enzyme in glycogen synthesis. GS activity is regulated by the allosteric 521 

activator glucose-6-phosphate (G6P) and by phosphorylation and dephosphorylation reactions that inhibit and 522 

activate the enzyme, respectively (Roach et al., 2012). GS has 9 different phosphorylation sites, of which sites 523 

2 and 2a and sites 3a and 3b are the most important ones regulating its activity (Roach et al., 2012). These sites 524 

are phosphorylated by GS-Kinase 3 (GSK3), and insulin action leads to GSK3 inhibition resulting in less 525 

phosphorylation of GS sites 3a and 3b. Besides inhibiting GSK3, it is thought that insulin also promotes GS 526 

dephosphorylation via Protein Phosphatase 1 (PP1), whose catalytic subunit (PP1c) is bound to a glycogen-527 

targeting subunit (Roach et al., 2012). Although several glycogen-targeting subunits of PP1 have been 528 

identified, it is still not entirely clear if and how insulin activates PP1c. 529 

It is interesting to note that muscle glycogen is a stronger regulator of GS activity than is insulin (Nielsen 530 

et al., 2001). A compelling example of this stems from patients with McArdle’s disease who lack the glycogen 531 

degrading enzyme glycogen phosphorylase (McArdle, 1951), so muscle glycogen concentrations are about 532 

twice as high as in healthy controls. Muscles from these patients have very low basal GS activity compared to 533 

healthy control subjects, and furthermore, GS activity is significantly less stimulated by insulin in the patients 534 

compared to healthy controls, as measured during a euglycemic-hyperinsulinemic clamp (Nielsen et al., 2002). 535 

GS dephosphorylation also enhances its affinity for its allosteric regulator G6P (Roach et al., 1976) and 536 

its substrate UDPG (Lai et al., 2007). Hence, there are at least three ways whereby phosphorylation or 537 

dephosphorylation of GS, respectively, inhibits or promotes its enzymatic activity. Although experimentally 538 

high mM concentrations of G6P can fully activate GS independently of its phosphorylation status (Thomas et 539 

al., 1968; Wojtaszewski et al., 2000), the physiological G6P concentrations in muscle are thought to be in the 540 



23 
 

order of 100-200 µmol/kg (Rothman et al., 1995). Even so, G6P is a critical regulator of GS activity, since 541 

dephosphorylation of sites 3a and 2b is insufficient for insulin-dependent glycogen synthesis to occur, as 542 

observed in muscle of mice expressing a mutant GS unable to bind its allosteric activator (Bouskila et al., 543 

2010). This conclusion is substantiated by the converse observation, that insulin-stimulated glycogen synthesis 544 

is normal in mice expressing a knock-in mutation in GSK3 that impairs its phosphorylation and hence prevents 545 

inhibition of its activity towards GS (Bouskila et al., 2008). Finally, superimposed on the activity levels of the 546 

enzymes involved in glycogen synthesis is their subcellular localization and their regulation by cytosolic Ca2+ 547 

(Tammineni et al., 2020). 548 

In sum, and illustrated in Figure 4A, insulin promotes glycogen synthesis in a dual way: i) via the surge 549 

in glucose uptake that provides the substrate and leads to increased concentration of the allosteric activator 550 

G6P, and ii) by promoting dephosphorylation and thereby activation of GS, a process that is further sensitized 551 

by G6P. Still missing from our understanding is the molecular mechanism(s) behind the powerful regulatory 552 

effect of glycogen content on GS activity. 553 

 554 

Insulin signaling towards lipid accretion  555 

Lipids are stored in skeletal muscle as intramuscular triacylglycerols but also within adipocytes 556 

dispersed in between the muscle cells (Sachs et al., 2019). As shown in Figure 4B, skeletal muscle takes up 557 

albumin-bound fatty acids (FA) that are released from adipose tissue, as well as FA derived from the hydrolysis 558 

of triacylglycerols in the plasma catalyzed by lipoprotein lipase (LPL). In contrast to glucose, long-chain FA 559 

(LCFA) are hydrophobic and therefore can diffuse across biological membranes. Yet, unrestricted diffusion of 560 

LCFA could exert detrimental effects (Montgomery et al., 2019) and there is now evidence that trans-561 

sarcolemmal FA transport involves membrane-associated FA binding proteins. By analogy to the mechanism 562 

for skeletal muscle glucose uptake through GLUT4, insulin stimulates the translocation to the membrane of 563 

several LCFA transporters: CD36 (cluster of differentiation 36); FATP1 and 4 (members of the SLC27 family 564 

of FA transport proteins); and FABPpm (PM-associated FA-binding protein) in rodent skeletal muscle (Luiken 565 

et al., 2002; Wu et al., 2006). The importance of these proteins was established by the loss of insulin-stimulated 566 
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LCFA uptake into isolated muscles of mice depleted of CD36 (Bonen et al., 2007) or FATP1 (Wu et al., 2006). 567 

Again evoking the action of insulin towards GLUT4, LCFA uptake into mouse muscle responds to insulin-568 

stimulated engagement of Akt2 (Jain et al., 2015), TBC1D4  (Chadt et al., 2008), and Rab8A (Benninghoff et 569 

al., 2020). Hence, glucose and LCFA uptake seem to be regulated via similar signaling hubs, as illustrated in 570 

Figure 4B. Insulin also stimulates the expression of acyl-CoA synthetases (ACS) (Ning et al., 2011), promoting 571 

LCFA conjugation to form acyl-CoA derivatives required for their further metabolic processing (Li et al., 572 

2015).   573 

At an organismal level, insulin also causes inhibition of LPL activity in the muscle capillaries (Kiens et 574 

al., 1989) and reduction in lipolysis in human muscle (Jacob et al., 1999) and adipose tissue (Chakrabarti and 575 

Kandror, 2009; Zimmermann et al., 2004). Thus, insulin promotes FA uptake by skeletal muscle, while also 576 

inhibiting FA release from adipose tissue and from LPL in the endothelial cells in human muscle (Boden et 577 

al., 1993; Kiens et al., 1989; Ramos-Roman et al., 2012). Conceptually, this is reminiscent of the tissue 578 

interplay whereby insulin promotes muscle glucose uptake while concomitantly inhibiting hepatic glucose 579 

output. Quantitatively, the insulin-dependent lowering in circulating LCFA in vivo is largely the result of 580 

inhibition of adipose tissue lipolysis. To our knowledge, in vivo FA uptake has not been determined in muscles 581 

depleted of the insulin receptor, which would be important to cement the role of insulin in the regulation of 582 

FA uptake into muscle. A paradox that speaks against an important role of insulin in muscle lipid storage is 583 

that insulin-resistant T2D patients have markedly elevated intramuscular triglyceride levels. Clearly, more 584 

studies are warranted to determine the in vivo relevance of insulin in skeletal muscle lipid accretion.  585 

 586 

Insulin signaling towards protein deposition  587 

Before the discovery of insulin, patients with acute-onset type 1 diabetes presented with >50% loss of 588 

body mass (Brostoff et al., 2007). Similarly, uncontrolled T2D can accelerate the loss of muscle mass and 589 

strength in older adults (Seok et al., 2007), exemplifying the importance of insulin in protein deposition in this 590 

tissue. In fully differentiated, mature skeletal muscles of humans and rodents, insulin receptor expression 591 
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predominates over that of the insulin-like growth factor-1 (IGF-1) receptor (O’Neill et al., 2016). Underscoring 592 

insulin’s importance for muscle mass regulation, depletion of the skeletal muscle insulin receptor in mice 593 

caused a 20% loss of tissue mass, while IGF-1 receptor depletion did not (Mavalli et al., 2010; O’Neill et al., 594 

2016). In humans, hyperinsulinemia elevates muscle protein synthesis rates under conditions of 595 

hyperaminoacidemia and independently inhibits protein breakdown in this tissue (Abdulla et al., 2016). 596 

Great strides have been made in unraveling some of the mechanisms by which insulin and IGF-1 affect 597 

protein metabolism, as illustrated in Figure 4C. First, in response to insulin, FoxO is phosphorylated by Akt 598 

on Ser 253, Ser315, and Thr 32. These posttranslational modifications exclude FoxO from the nucleus where 599 

it would otherwise stimulate autophagy and protein degradation (Sandri et al., 2004). Second, insulin activates 600 

mTORC1 downstream of Akt and stimulates amino acid uptake by skeletal muscle (Bonadonna et al., 1993) 601 

via amino acid transporters LAT1 (L-Type amino acid transporter 1) and SNAT2 (sodium-coupled neutral 602 

amino acid transporter 2) (Drummond et al., 2010). In response to insulin and amino acids, mTORC1 promotes 603 

protein synthesis through phosphorylation of its key effectors, p70S6 kinase 1 (S6K1) and eIF4E binding 604 

protein (4EBP) (reviewed in (Saxton and Sabatini, 2017)). Third, Rho GTPases play key roles in skeletal 605 

myogenesis (reviewed in (Møller et al., 2019)) and, in rodent muscle, Rho GTPases also connect with the 606 

transforming growth factor β pathway (Davey et al., 2016; Han et al., 2019), a major regulator of muscle mass. 607 

Evidently, a role for Rho GTPases in muscle mass regulation by insulin or amino acids is plausible and is 608 

under investigation. Taken together, insulin curbs skeletal muscle protein breakdown and, in the presence of 609 

hyperaminoacidemia, stimulates skeletal muscle protein synthesis.  610 

 611 

Molecular basis of muscle insulin resistance in type 2 diabetes  612 

T2D, currently affecting 463 million people (IDF Diabetes Atlas 9th edition, 2019), arises from a cluster 613 

of derangements, colluding to engender skeletal muscle insulin resistance (Petersen and Shulman, 2018; 614 

Reaven, 1997; Utriainen et al., 1998), which often precedes the onset of T2D (Rothman et al., 1995; Warram 615 

et al., 1990). Central to genetic, obesity-linked, or drug-induced insulin resistance is a reduction in insulin-616 

dependent glucose uptake into skeletal muscle in rodents and humans.  This is underpinned by a significant 617 
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diminution in recruitment of GLUT4 to the muscle PM of rodents (King et al., 1992; Napoli et al., 1995; 618 

Ramlal et al., 1989), particularly to the T-tubules (Dombrowski et al., 1998; Lauritzen, 2009; Tremblay et al., 619 

2001), and of humans (Kennedy et al., 1999; Ryder et al., 2000; De Souza et al., 1997; Zierath et al., 1996). 620 

Notably, this occurs in the absence of changes in GLUT4 protein expression (Albers et al., 2015a; O’Gorman 621 

et al., 2006), or with only a moderately reduction in transporter content in muscle of morbidly obese individuals 622 

that is slow-fiber specific (Dohm et al., 1991; Gaster et al., 2001).  623 

Putative causes of insulin resistance include muscle autonomous derangements, such as the production 624 

of toxic metabolites or production of intracellular reactive oxygen species (ROS), as well as extrinsic 625 

mechanisms such as small molecules or cytokines produced elsewhere in the body. Any of these elements can 626 

in turn impact on the muscle endogenous insulin signaling, but should also be considered as possible 627 

destabilizers of the basal state metabolic and structural status that is required for proper insulin response. 628 

Furthermore, insulin-resistant individuals with and without T2D often present with reduced abundance of 629 

muscle type I fibers and elevated expression of type II fibers (Albers et al., 2015a; Gaster et al., 2001), which 630 

correlates with decreased insulin action (Coen et al., 2010; Stuart et al., 2013), perhaps compounded by the 631 

lower expression of glucose handling molecules in type II fibers (Albers et al., 2015a). However, since both 632 

muscle fiber composition and insulin sensitivity are regulated by physical activity (fitness) levels, the apparent 633 

link between muscle fiber composition and insulin action could in fact be due to lesser fitness in insulin-634 

resistant individuals. Moreover, whether any of these elements are a primary cause of insulin resistance or 635 

whether they only contribute secondarily to exacerbate the condition, remains to be clarified. This question 636 

will also apply to important large scale analyses of the healthy and insulin-resistant muscle metabolome (as 637 

done in (Stöckli et al., 2017)), of the phosphoproteome, and mapping of the miRNA complement. While these 638 

important studies will paint a comprehensive panorama of changes in muscle of T2D, discerning causative 639 

changes may prove challenging. We present a very brief exposition of some of the major general mechanisms  640 

associated with muscle insulin resistance and refer the reader to excellent recent reviews on this topic (Czech, 641 

2017; Fazakerley et al., 2019).  642 
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Insulin signaling defects. Insulin resistant outcomes could logically arise from reduced insulin signaling, 643 

whether proximal or distal, understood respectively as upstream or downstream of Akt. In insulin-resistant 644 

human skeletal muscle, proximal signaling defects have been repeatedly reported at the level of IRS-645 

1(diminished tyrosine phosphorylation or protein abundance), as well as of PI3K  (Copps and White, 2012; 646 

Cusi et al., 2000). Also often reported, albeit inconsistently (Ramos et al., 2020), are reductions in 647 

phosphorylation of Akt (Albers et al., 2015a; Krook et al., 1998; Tonks et al., 2013). Monogenic mutations in 648 

these proximal components of the insulin signaling pathway, causing complete signaling blockade, are 649 

associated with profound insulin resistance in humans. Yet, only a fraction of active Akt is required to fully 650 

activate GLUT4 translocation in muscle cells (Fazakerley et al., 2019; Wang et al., 1999), suggesting that the 651 

small reductions in proximal insulin signaling observed in T2D may not suffice to cause insulin resistance. 652 

Furthermore, skeletal muscle insulin resistance can occur with seemingly normal (Høeg et al., 2011; Kim et 653 

al., 1999; Ramos et al., 2020; Raun et al., 2018) or even elevated proximal insulin signaling (Han et al., 2020), 654 

clearly demonstrating that there is no uniform association between proximal insulin signaling and glucose 655 

uptake. Instead, or in addition, the distal parts of the insulin signaling cascade must be considered. Indeed, 656 

defective phosphorylation of TBC1D4 has been recorded (Karlsson et al., 2005; Pehmøller et al., 2012; Vind 657 

et al., 2011), although insulin-induced GLUT4 translocation in the skeletal muscle of patients with T2D can 658 

be reduced by ∼90% (Ryder et al., 2000), while AS160 phosphorylation is down by only ∼20-40% (Karlsson 659 

et al., 2005; Vind et al., 2011). Hence, it is important to address as potential contributing or driving defects the 660 

reduced activation of Rac1 or PAK (Stierwalt et al., 2018; Sylow et al., 2013, 2014), and dysfunctional 661 

reorganization of the actin cytoskeleton in response to insulin (Habegger et al., 2012; JeBailey et al., 2007) 662 

that have been observed in human and rodent skeletal muscles, and which might contribute to the dampened 663 

GLUT4 translocation and glucose uptake in insulin-resistant muscle. In addition to alterations in the bona fide 664 

insulin signals, proteins that regulate them could be driving the defects. As an example, the proposed Akt 665 

regulator TRIB3 is upregulated with diabetic glycemia and in a multi-faceted way contributes to muscle insulin 666 

resistance (Zhang et al., 2016). Alternatively, or in conjunction with defective signal transmission, alterations 667 

in the mechanical signals regulating vesicle traffic and fusion may be bottleneck steps affected in T2D. This 668 
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possibility is supported by the defects in muscle glucose uptake observed in mice with muscles depleted of 669 

diverse SNAREs and SNARE regulators (Aslamy and Thurmond, 2017), with the caveat that these proteins 670 

also regulate additional intracellular functions that may indirectly contribute to insulin resistance.  671 

Because insulin resistance is often triggered by a positive energy balance, it is considered a condition 672 

with environmental inputs, although possibly propitiated in the background of a susceptible genetic signature. 673 

Notably, however, deregulated distal insulin signaling can persist in absence of direct environmental 674 

influences. For example, primary skeletal muscle cultures (Henry et al., 1995; Jiang et al., 2013) and myoblasts 675 

derived from induced pluripotent stem cells (iPSC) (Batista et al., 2020) of patients with T2D mirror many of 676 

the defects seen in the skeletal muscle tissue of T2D patients, including reduced insulin-stimulated glucose 677 

uptake and impaired insulin signaling. The extent to which these intramyocellular defects are primary, as would 678 

be suggested because they are sustained in vitro, or are elicited by other tissues or signals within the body that 679 

are become imprinted and maintained in a muscle/iPSC cell-autonomous manner, remains to be clarified. In 680 

either case, lipids and their metabolites likely contribute to the instigation of obesity-linked insulin resistance 681 

in muscle. 682 

Contribution by lipid metabolites. The intramyocellular accumulation of lipids, in particular 683 

diacylglycerols and ceramides, provide metabolic negative feedback on insulin signaling in skeletal muscle as 684 

reported by many (Chaurasia and Summers, 2021; Park et al., 2016) but not all studies (Dirks et al., 2016; 685 

Helge et al., 2011; Skovbro et al., 2008). Mechanistic evidence supports a contribution from lipids to skeletal 686 

muscle insulin resistance in mice, exemplified by the ameliorated fat-induced insulin resistance upon inhibition 687 

of ceramide synthesis (Holland et al., 2007). However, muscle cell-autonomous production of ceramides does 688 

not obligatorily lead to lipid-induced insulin resistance in cultured rodent myotubes (Pillon et al., 2018), 689 

suggesting that ceramides produced by other cells/tissues may contribute to the defect in vivo. Despite these 690 

discrepancies regarding the contribution. By sphingolipids (reviewed in (Goodpaster, 2020)), it is beyond 691 

doubt that lipids per se can induce insulin resistance. In humans, intralipid infusion (Høeg et al., 2011; Stephens 692 

et al., 2015), which elevates plasma FA concentrations 4 to 6-fold compared with resting post-absorptive levels 693 

in healthy humans (Høeg et al., 2011; Pehmøller et al., 2012), or consuming a hypercaloric fat-rich diet for 694 
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24 hours (Koska et al., 2016) or 3 days (Lundsgaard et al., 2017), induce skeletal muscle insulin resistance. 695 

Yet, not all conditions of excessive lipid delivery cause insulin resistance. For example, the ingestion of a fat-696 

rich, weight-maintaining diet does not result in insulin resistance in healthy humans (Van Herpen et al., 2011; 697 

Lundsgaard et al., 2019). Thus, lipid excess likely causes insulin resistance when coupled to energy excess or 698 

in conditions where the ability to oxidize fat is compromised such as in obesity and T2D (Bandyopadhyay et 699 

al., 2006; Kim et al., 2000), causing oxidative stress, as described below. How excess cellular lipid leads to 700 

insulin resistance is likely multifactorial, and the relative contributions of various mechanisms remain 701 

contested, including activation of kinases and phosphatases that mitigate insulin signaling, backup of 702 

metabolites that interfere with mitochondrial activity, nitration, oxidation, or palmitoylation of vesicle traffic 703 

and signaling proteins.   704 

Contribution by oxidative stress. Obesity-linked insulin resistance involves elevated lipid influx into 705 

muscle in excess of the oxidizing capacity of the tissue (reviewed in (Fritzen et al., 2020)). This condition 706 

results in cytosolic back up of acylcarnitine derivatives and oxidative stress. Elevated ROS levels are 707 

commonly observed in diverse models of insulin resistance, and experimentally inducing ROS production 708 

causes muscle insulin resistance (Houstis et al., 2006). While oxidative stress could stem from dysfunctional 709 

mitochondria, as observed in mouse studies (Taddeo et al., 2014) and in some (Kelley et al., 2002) but not all 710 

(Boushel et al., 2007) cases of skeletal muscle insulin resistance in humans, mitochondrial dysfunction is likely 711 

secondary to defects in insulin signaling and/or ectopic lipid deposition –perhaps secondary to physical 712 

inactivity. In support of this contention, genetic defects in insulin receptor signaling (Sleigh et al., 2011) and 713 

congenital lipodystrophy (Sleigh et al., 2012) cause mitochondrial defects in muscle of diabetic patients. In 714 

conjunction with increased lipid flux to muscle, mitochondrial dysfunction and/or elevated production of ROS 715 

likely contribute to the diminished glucose uptake response of insulin-resistant muscle (Koves et al., 2008). 716 

As above, the mechanistic consequence of ROS production in muscle may interplay with a host of post-717 

translational modifications of signaling molecules, metabolic enzymes, or vesicle traffic effectors. These and 718 

additional possibilities have been recently reviewed by Fazakerley et al (Fazakerley et al., 2019). 719 
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Contribution by inflammation. In addition to signaling and metabolic events initiated within the muscle 720 

cells,  excessive adipose tissue and ectopic accumulation of lipids skew immune cells residing within skeletal 721 

muscle towards pro-inflammatory phenotypes  (Wu and Ballantyne, 2017), emulating the infiltration in 722 

adipose tissue (Saltiel and Olefsky, 2017). As in the latter, the number of pro-inflammatory macrophages 723 

within muscle rises with obesity and T2D in both rodents and humans (Fink et al., 2013, 2014). These cells 724 

locally release cytokines and other metabolites that induce muscle fibers to activate several kinases and 725 

phosphatases, all of which exert negative action at various levels of insulin signaling (Austin et al., 2008). In 726 

turn, it is possible that muscle fibers mount an autonomous pro-inflammatory response akin to that observed 727 

in cultured rodent muscle cells exposed to saturated FAs, which respond by releasing cytokines that activate 728 

macrophages (Pillon et al., 2012) and attracting monocytes, the macrophage precursors. Indeed, the low-grade 729 

inflammation of skeletal muscle during obesity in vivo is thought to predominantly derive from increased 730 

infiltration of immune cells from the circulation into the muscle (primarily monocyte/macrophages (Fink et 731 

al., 2013, 2014)), possibly driven by the expanding local fat depots constituted by intermyocellular lipid and 732 

perimuscular adipose tissue (Wu and Ballantyne, 2017). As the low-grade pro-inflammatory state of skeletal 733 

muscle progresses, myofibers and local immune cells release pro-inflammatory cytokines and chemokines that 734 

exacerbate immune cell recruitment and pro-inflammatory polarization, in a feed-forward fashion (Wu and 735 

Ballantyne, 2017). Typifying this response, TNF⍺ and IFN𝛾 are elevated and IL-10 is diminished in skeletal 736 

muscle during obesity. Proof of concept studies show that these and other cytokines directly evoke insulin 737 

resistance in human myotubes (Austin et al., 2008). 738 

In closing, it is unlikely that a single defect causes skeletal muscle insulin resistance in T2D. Rather, 739 

significant crosstalk between exogenous factors, muscle intrinsic signaling events, and metabolic capacity may 740 

synergize to cause insulin resistance. Accordingly, targeting individual factors may be insufficient to improve 741 

metabolic regulation in T2D, and a multimodal approach may instead be a more successful strategy to relieve 742 

muscle insulin resistance. Arguably, caloric restriction either voluntarily or gastric bypass surgery-induced 743 

weight loss seems to be the most efficient ways to reduce insulin resistance in liver and muscle (Albers et al., 744 

2015b; Bojsen-Møller et al., 2014; Yoshino et al., 2020). Irrespective of the strategy, given the central role of 745 
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skeletal muscle as the primary site of dietary glucose disposal (DeFronzo and Tripathy, 2009; Mitrakou et al., 746 

1990; Utriainen et al., 1998), relieving insulin resistance in this tissue will effectively improve whole-body 747 

glucose homeostasis in metabolic disease.   748 

  749 
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 750 

Figure legends.  751 

Figure 1. Insulin delivery to the skeletal muscle parenchyma and skeletal muscle architecture. 752 

 A) Insulin is delivered from blood capillaries to the skeletal muscle parenchyma. Circulating insulin causes 753 

vasodilation of the smooth muscles of arterioles, thereby increasing blood flow and perfusion of the skeletal 754 

muscle capillary bed. Capillaries are constituted by a single layer of tight-junction held endothelial cells, which 755 

insulin is proposed to traverse either through gaps between adjacent endothelial cells (paracellularly) or most 756 

likely across the cytoplasm of individual endothelial cells (transcellularly). B) Muscle is more than myofibers. 757 

Key components to the maintenance of skeletal muscle integrity and plasticity are satellite cells, 758 

fibroadipogenic progenitors, and myo-endothelial cells, which along with nerve endings and capillaries 759 

constitute a complex network of cellular interactions, crucial for optimal insulin action. C) The plasma 760 

membrane of skeletal muscle consists of the sarcolemma and transverse tubules (T-tubules). The majority of 761 

GLUT4 mobilized in response to insulin inserts into the T-tubule membranes, and along with their large surface 762 

area, they are likely the major location of glucose transport into skeletal muscle. Abbreviations: IR: insulin 763 

receptor, GLUT4: glucose transporter 4, RyR: ryanodine receptor, DHPR: dihydropyridine receptor, GSV: 764 

GLUT4 storage vesicle.  765 

 766 

Figure 2. GLUT4 sorting and traffic to the membrane.  767 

GLUT4 constitutively cycles between intracellular storage sites and the plasma membrane (sarcolemma and 768 

T-tubules in mature muscle fibers). A) In the basal state, while most GLUT4 resides intracellularly, some 769 

GLUT4 arrives at the membrane by way of the recycling endosomes marked by the transferrin receptor. B) 770 

Insulin binds to insulin receptors at the surface of muscle cells/fibers, triggering their auto-phosphorylation 771 

and the recruitment and subsequent phosphorylation of insulin-responsive substrates (IRS) leading to 772 

phosphatidylinositol 3-kinase (PI3K) activation. PI3K activation is a critical bifurcation point that activates 773 

two parallel signaling cascades required for GLUT4 translocation, dominated by the serine-threonine kinase 774 
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Akt, and the Rho family GTPase Rac1, with possible bi-directional crosstalk. Downstream of each of these 775 

nodes, signaling leads to engagement of molecules directly involved in vesicle sorting and mobilization via 776 

TBC1D4 and Rab proteins and reorganization of the actin cytoskeleton. C) GLUT4 insertion into the plasma 777 

membrane is facilitated by the v-SNARE protein VAMP2 and t-SNARE protein syntaxin-4, as well as 778 

SNAP23, complexin-2, and Munc18c.  Abbreviations: GLUT4: glucose transporter 4, TBC1D4: TBC1 779 

Domain Family Member 4, PIP3/2: Phosphatidylinositol (3,4,5)-tris/di-phosphate, VAMP2: Vesicle 780 

Associated Membrane Protein 2, GSV: GLUT4 storage vesicle. 781 

 782 

Figure 3. Insulin sensitization after exercise. 783 

A) Muscle contraction or exercise sensitizes the muscle glucose uptake response to subsequent insulin 784 

stimulation in healthy as well as insulin-resistant subjects. Compared to the rested state shown in red, the 785 

insulin dose-response curve is shifted to the left (increased sensitivity) in the previously exercised muscle and 786 

also attains a higher maximum (increased responsiveness). B) The current concept is that exercise leads to 787 

activation of AMPK in muscle, which in turn phosphorylates TBC1D4 at Ser 704 (Ser 711 in rodents). In 788 

response to subsequent insulin stimulation, TBC1D4 Ser phosphorylation is further enhanced in the prior 789 

exercised muscle compared with rested muscles, promoting an enhancement of insulin-stimulated GLUT4 790 

translocation. These muscle-autonomous effects synergize with an enhancement to the vasodilatory effect of 791 

insulin afforded by prior exercise, which might be the result of AMPK activation during exercise leading to 792 

eNOS activating phosphorylation and augmented NO production when subsequently stimulated by insulin. 793 

Abbreviations: GLUT4: glucose transporter 4, AMPK: AMP-activated protein kinase, eNOS: Endothelial 794 

nitric oxide synthase, TBC1D4: TBC1 Domain Family Member 4. 795 

 796 

Figure 4. Insulin signaling towards glycogen synthesis, lipid accretion, and protein deposition. 797 
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A) The majority of glucose entering muscle in response to insulin is stored as glycogen. Glycogen synthase 798 

(GS) is activated via an insulin-induced drop in GS-Kinase (GSK)3 activity, lowering the levels of 799 

phosphorylated GS. GS dephosphorylation also enhances its affinity for its allosteric regulator G6P and its 800 

substrate UDP glucose. B) Insulin stimulates translocation to the membrane of long-chain fatty acids (LCFA) 801 

transporters downstream of Akt to promote FA uptake by skeletal muscle, while also inhibiting FA release 802 

from adipose tissue and lipoprotein lipase (LPL) in endothelial cells surrounding the muscle. C) Insulin 803 

potentiates protein synthesis rates under conditions of hyperaminoacidemia and inhibits protein breakdown in 804 

skeletal muscle. Insulin’s regulation of protein synthesis involves activation of mTORC1 and possibly Rho 805 

GTPase, while insulin’s inhibition of autophagy and protein degradation is mediated via FoxO. Abbreviations: 806 

GLUT4: glucose transporter 4, PI3K: phosphatidylinositol 3-kinase, PP1: Protein Phosphatase 1, CD36: 807 

cluster of differentiation 36, FATP: Fatty Acid Transport Protein, FABPpm: fatty-acid-binding protein, ACS: 808 

Acetyl-CoA synthetase, ACC: Acetyl-CoA carboxylase, FAS: Fatty acid synthase, IGF: Insulin-like growth 809 

factor, FOXO: Forkhead box protein O, TSC: tuberous sclerosis complex, mTORC: mammalian target of 810 

rapamycin complex, GEF: Guanine nucleotide exchange factor, PAK: P21-Activated Kinase, LAT: L-type 811 

amino acid transporter, SNAT: sodium-coupled neutral amino acid transporter, Murf: Muscle RING-finger 812 

protein, MAFbx: muscle atrophy F-box, BNIP: Bcl-2/adenovirus E1B 19 kd-interacting protein. 813 
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