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ABSTRACT OF THE THESIS 

 

The interactive effects of time, sex, fiber type, and insulin concentration on insulin-

stimulated glucose uptake in mouse skeletal muscle 

 

 

by 

 

Ji Eun Park 

 

Master of Science in Biology 

University of California San Diego, 2021 

Professor Simon Schenk, Chair 
Professor Randolph Hampton, Co-Chair 

 

A key metabolic action of insulin is to stimulate skeletal muscle to take up 

glucose from the systemic circulation. This “insulin-stimulated” glucose uptake is 

critical during the post-prandial period (i.e. after meal ingestion) as it reduces large 

excursions in blood glucose concentration; in fact, skeletal muscle accounts for as much 

as 85% of peripheral glucose uptake after a meal, thereby making it a fundamental 



 x 

organ to not just glycemic control, but also to overall health. Nevertheless, despite its 

obvious importance, there is still much unknown about the regulation of insulin-

stimulated glucose uptake by skeletal muscle. To study this regulation, the field 

commonly uses mouse models, as insulin signaling and action in mouse skeletal muscle 

closely replicates that seen in human skeletal muscle. Remarkably, however, the 

physiological action of insulin on the dynamics of glucose uptake in mouse skeletal 

muscle, especially as it relates to the contributions of sex, fiber type, and insulin 

concentration have not been systematically analyzed. Thus, the objective of this Thesis 

was to investigate the interactive effect of time, sex, fiber type, and insulin 

concentration on basal and insulin-stimulated glucose uptake in mouse skeletal muscle. 

Specifically, we used an ex vivo radioactive 2-deoxyglucose uptake (2DOGU) approach 

and measured basal and insulin-stimulated (insulin concentration: 0.36 nM and 6 nM) 

glucose uptake for 5, 10, 15, 20, or 30 minutes in paired extensor digitorum longus 

(EDL) and soleus muscles from 12-15 week old female and male (6nM insulin only) 

mice. In both the soleus and EDL of female mice, 2DOGU in response to physiological 

insulin (0.36nM; i.e the circulating insulin concentration typically seen after a meal) 

was statistically greater than basal at 15 and beyond, but not at 5 or 10 min. In contrast, 

a supraphysiological insulin concentration (6nM) 2DOGU more rapidly increased 

2DOGU above basal, such that it was greater than basal at by 5 minutes in soleus and 

10 minutes in EDL, regardless of sex. As it relates to fiber type, the soleus (i.e. 

primarily slow twitch) had greater insulin-stimulated glucose uptake than the EDL (i.e. 

primarily fast-twitch), regardless of sex or insulin concentration. Finally, as it relates to 

sex differences, female mice had greater insulin-stimulated 2DOGU as compared to 
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male, regardless of fiber type or time point. Taken together, this work demonstrates that 

in response to physiological insulin there is a delay of ~15 minutes from insulin 

exposure to when there is a robust increase in insulin-stimulated glucose uptake, and 

that increasing insulin concentration shortens this biological delay. Overall, this work 

demonstrates the importance sex, fiber type, insulin concentration and time to the 

regulation of insulin-stimulated glucose uptake by mouse skeletal muscle.  

 



 1 

INTRODUCTION 

 

1.1 Insulin, systemic glucose homeostasis and type 2 diabetes (T2D) 

Insulin stimulates glucose uptake in skeletal muscle and adipose tissue (Cartee & 

Wojtaszewski, 2007; Dugani et al., 2008) and is critical during the post-prandial period 

(i.e. after meal ingestion). Thus, insulin is critical to maintaining glycemic control. A 

characteristic feature of the etiology of T2D is an impairment in, or complete loss of, 

the physiological actions of insulin on insulin target tissues, such as skeletal muscle, 

liver and adipose tissue (Ralph A. DeFronzo, 2004; Ralph A. DeFronzo & Tripathy, 

2009; Ryder et al., 2001). In turn, this “insulin resistance”, especially at the level of 

skeletal muscle, leads to b-cell compensation and ultimately, b-cell failure (R. A. 

DeFronzo et al., 1985; Dugani et al., 2008; Pendergrass et al., 2007). 

T2D is one of the most prevalent non-communicable diseases in the world; in 2014 

it was estimated to afflict 460 million people worldwide (Abdul et al., 2020; N. H. Cho 

et al., 2018; Risk & Collaboration, 2016), and by 2045 this is anticipated to increase to 

693 million people (N. H. Cho et al., 2018). Similarly, in the United States, the 

prevalence of T2D is at worrying levels, with ~10% of the population estimated to 

have T2D (Centers for Disease Control and Prevention, 2020). Importantly, T2D 

carries a substantial economic, health care and personal burden. For example, US 

health care spending directly related to T2D and its associated complications was 

~$300 billion in 2017 (Yang et al., 2018). As part of this, T2D is associated with 

longer hospital stays and a higher cost of hospital stay (Centers for Disease Control 

and Prevention, 2020; Vamos et al., 2010). Moreover, having T2D increases the risk of 



 2 

developing other health-related issues, such as coronary heart disease, cancer, and 

obesity (Facchini et al., 2001; Yau et al., 2012). Perhaps most important is the personal 

cost and burden of T2D; for instance, T2D is the primary cause of non-traumatic 

blindness and lower leg amputation (Johannesson et al., 2009; Vamos et al., 2010; 

Yang et al., 2018; Yau et al., 2012). 

As one of the most prevalent “preventable” yet financially and personally 

costly diseases in the United States and globally, if we are to find approaches to treat 

or prevent the development of T2D, it is imperative that we first understand the 

physiological actions of insulin on target tissues. To this end, the primary focus of this 

Thesis is on skeletal muscle and the regulation of insulin-stimulated glucose uptake by 

skeletal muscle.  

Why focus on skeletal muscle? Skeletal muscle is critical to peripheral glucose 

uptake and glycemic control, such that skeletal muscle accounts for as much as ~85% 

of peripheral glucose disposal (Björntorp & Sjöström, 1978; R. A. DeFronzo et al., 

1985; Ralph A DeFronzo et al., 1981; Sherwin et al., 1974; Thiebaud et al., 1982; 

Zorzano et al., 2005); in contrast, adipose tissue only contributes approximately 3-10% 

(Björntorp et al., 1971; Björntorp & Sjöström, 1978; Kahn, 1996). Notably, this 

contribution of skeletal muscle to glucose disposal is similar in rats, with ~70% of 

insulin-stimulated peripheral glucose disposal being into skeletal muscle (Kraegen et 

al., 1985). Importantly, this % contribution of skeletal muscle to insulin-stimulated 

glucose uptake is similar in instances of insulin resistance, such as T2D, such that 

while total skeletal muscle glucose uptake is reduced by 45% in T2D subjects, ~87% 

of peripheral glucose uptake was into skeletal muscle (R. A. DeFronzo et al., 1985). 
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Overall, these studies highlight the critical contribution of skeletal muscle to glucose 

homeostasis. 

The clinical importance of insulin timing to glucose control. Diabetic patients 

are instructed to administer insulin 30 to 60 minutes before a meal to maximize its 

physiological benefit on glucose homeostasis (Hirsch et al., 2021; Sanlioglu et al., 

2013). However, factors such as eating habits, daily schedules and other lifestyle 

limitations result in only one third of individuals with T2D rigidly follow this insulin 

dosing schedule, with the remaining majority often missing, mistiming or reducing 

insulin injections (Brod et al., 2012). Consequently, this poor management of insulin 

dosing is linked to poor glycemic control (Dibonaventura et al., 2014; Donnelly et al., 

2007; Huang et al., 2009; Schaper et al., 2017) and a recurrent or constant fear of 

hypoglycemia (Cryer et al., 2003; Davies et al., 2013; Farsaei et al., 2014; Peyrot et al., 

2010). Thus, by gaining greater insight into the temporal delay between an increase in 

systemic insulin concentration (e.g. after a meal or exogenous insulin injection) to 

when there is a significant increase in glucose uptake (above basal), approaches to 

better manage glycemic control can be developed. To this point, an underlying goal of 

this Thesis is to better understand this temporal regulation in skeletal muscle.  

 

1.1 Insulin signaling and glucose transporter 4 (GLUT4) 

Insulin signaling pathway. The binding of insulin to the insulin receptor 

initiates a series of signaling steps which regulates insulin-stimulated glucose uptake. 

While a detailed overview of this process is beyond the scope of this Thesis, there are 

many excellent reviews that cover this topic (Cohen, 2006; da Silva Rosa et al., 2020; 
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Sylow et al., 2021; Zaid et al., 2008). Briefly, the proteins involved in the binding of 

insulin and subsequent glucose uptake include the insulin receptor (IR) (Taira et al., 

1989; Ullrich et al., 1985), phosphatidylinositol 3-kinase (PI3K) (Endemann et al., 

1990; Ruderman et al., 1990), Akt, also referred to as protein kinase B (PKB) (H. Cho 

et al., 2001; Jiang et al., 2003; N. Sharma et al., 2010; Yeh et al., 1995; Zheng & 

Cartee, 2016), and Akt substrate of 160 kDa (AS160) (Bruss et al., 2005; Kramer et 

al., 2006).  

As depicted in Figure 1, insulin binds to the alpha-subunit of the IR on the cell 

surface (Ebina et al., 1985; Kasuga et al., 1982), which stimulates intrinsic tyrosine 

kinase activity on the beta-subunit (Ebina et al., 1985; Shia & Pilch, 1983; Ullrich et 

al., 1985). This tyrosine kinase activity recruits insulin receptor substrate (IRS-1) and 

activates PI3K (Chen et al., 1993; Folli et al., 1992), a kinase essential to insulin-

stimulated glucose uptake (Yeh et al., 1995). PI3K activation is followed by the 

Figure 1. The insulin signaling pathway. The insulin signaling pathway is initiated 
by the binding of insulin to IR, causing an autophosphorylation of the membrane 
protein. IR activates PI3K, which brings Akt to the plasma membrane and 
phosphorylation at Ser473 and Thr308 occurs, activating it. Akt phosphorylates and 
inactivates AS160, initiating GLUT4 translocation and fusion to the plasma membrane, 
increasing cellular glucose uptake. 



 5 

recruitment of Akt to the plasma membrane (Burgering & Coffer, 1995; Molinaro et 

al., 2019; Zheng & Cartee, 2016) and activation via phosphorylation at Ser473 and 

Thr308 (Alessi et al., 1996; Hresko & Mueckler, 2005; Sarbassov et al., 2005). 

Activated Akt phosphorylates AS160 at Thr642, which inactivates AS160 (Kane et al., 

2002; Sano et al., 2003; Thong et al., 2007), removing its ability to inhibit Rab 

GTPases (Jaldin-Fincati et al., 2017; Sun et al., 2010, 2014). This series of signaling 

events results in the translocation of glucose transporter 4 (GLUT4; also known as 

SLC2A4 or solute carrier family 2 member 4) to, and fusion with, the plasma 

membrane, which as elaborated on more below, allows for the facilitated diffusion of 

glucose into skeletal muscle (Foster et al., 2001; Govers et al., 2004; Ryder et al., 

2001). 

Insulin and plasma membrane GLUT4. In 1988, James et al. was the first group 

to identify an insulin-sensitive glucose transport protein unique to muscle and adipose 

tissue (David E. James et al., 1988). As part of this, it was established GLUT4 allows 

the facilitated diffusion of glucose into the cell (Fujimoto et al., 2019; Kern et al., 

1990; Rothman et al., 1995). Indeed, GLUT4 is the most abundant isoform of glucose 

transporters expressed in skeletal muscle (Deshmukh et al., 2015; Zorzano et al., 2005) 

and resides both in intracellular GLUT4 storage vesicles and at the plasma membrane 

(Klip & Marette, 1992). Moreover, the fundamental importance of GLUT4 to insulin-

stimulated glucose uptake by skeletal muscle is perhaps best demonstrated by the fact 

that knockout of GLUT4 in mouse skeletal muscle results in a complete loss of insulin-

stimulated glucose uptake (J. K. Kim et al., 2001). 

At rest, skeletal muscle glucose uptake is low, GLUT4 primarily resides in an 
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intracellular location (i.e. away from the plasma membrane) (Foley et al., 2011; Li et 

al., 2001). With insulin stimulation, however, the levels of GLUT4 at, and fused with, 

the plasma membrane increases 5- to 30-fold (Coster et al., 2004; Govers et al., 2004; 

Stöckli et al., 2011); this increase occurs due to three main actions: increased rate of 

GLUT4 movement to the plasma membrane, decreased rate of GLUT4 endocytosis, 

and increasing the number of GLUT4 proteins participating in the translocation 

pathway (Coster et al., 2004; Foster et al., 2001; Li et al., 2001). 

Summary. It is clear GLUT4 is essential to insulin-stimulated glucose uptake 

by skeletal muscle. Insulin stimulates glucose uptake in skeletal muscle and adipose 

tissue by way of the insulin signaling pathway and subsequent GLUT4 translocation to 

the plasma membrane. In the next section, I will be discussing the time course of 

insulin action and glucose uptake. 

 

1.2 Insulin and temporal changes in skeletal muscle glucose uptake 

Activation of the insulin signaling pathway over time. Starting with insulin 

signaling, an in vivo human study demonstrated skeletal muscle insulin receptor 

phosphorylation and PI3K activity significantly increased after 10 minutes of insulin 

infusion (Wojtaszewski et al., 1997), which was the earliest time point measured. 

Additionally, phosphorylation of Akt increased ~10 fold and of AS160 ~2 fold 

compared to basal after 30 minutes of insulin infusion, although it is important to note 

the authors only measured phosphorylation at 0, 30, and 60 minutes (Pehmøller et al., 

2012). 

Although in vivo studies are necessary to understand the effect of insulin in a 
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whole-body context, a key limitation of this approach is the lack of control over 

various physiological factors that potentially affect insulin signaling activation and 

glucose uptake. As a solution, Song et al. performed a series of ex vivo experiments on 

isolated rat epitrochlearis muscle exposed to supraphysiological (120nM) insulin and 

discovered IR phosphorylation and PI3K activity increased above basal levels after 3 

minutes and Akt phosphorylation after 6 minutes, all maintained until the last time 

point of 40 minutes (Song et al., 1999). Additionally, another group found that supra-

physiological (120nM) insulin in rat epitrochlearis increased Akt-Ser473 and AS160 

phosphorylation above basal levels at 5 and 10 minutes, but not at the earlier time 

points of 1 or 2.5 minutes (Bruss et al., 2005).  

Insulin-stimulated glucose uptake over time. In human in vivo studies, a 

standard way of measuring skeletal muscle glucose uptake is with the femoral arterio-

venous approach. In this approach, subjects are infused with insulin and then femoral 

artery blood flow is measured, along with blood glucose in the femoral artery and vein, 

which allows calculation of the glucose uptake across the leg, the majority of which is 

skeletal muscle (Baron et al., 1994; McConell et al., 2020; Thiebaud et al., 1982). With 

this method, when measuring glucose uptake in 20 minute intervals after initiating 

insulin, several studies have demonstrated that a ~3 fold increase in skeletal muscle 

insulin-stimulated glucose uptake begins 20 minutes after insulin infusion (R. A. 

DeFronzo et al., 1985; Ralph A DeFronzo et al., 1981; L. Høeg et al., 2009; Thiebaud 

et al., 1982) and plateaued at 40 minutes onward (R. A. DeFronzo et al., 1985; Ralph 

A DeFronzo et al., 1981). Similarly,  when skeletal muscle glucose uptake was 

measured at 15 minute intervals, it also increased above basal at 15 minutes after 
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starting insulin infusion (L. D. Høeg et al., 2011; McConell et al., 2020; Pehmøller et 

al., 2012; Sjøberg et al., 2017). Notably, whether it increases earlier than 15 min has 

not been tested.  

Summary. Activation of different components of the insulin signaling pathway 

occurs at different time points. With that information, it is important to ask at what 

point in time does insulin-stimulated glucose uptake occur, increase, and plateau. 

Although in vivo human studies suggest that this occurs as early as 10 minutes, there is 

still much to be done in highly controlled ex vivo studies. Additionally, it is just as 

critical to understand what factors affect this timeline, which will be discussed in the 

next section. 

 

1.3 Factors affecting when skeletal muscle insulin-stimulated glucose uptake occurs, 

increases, and plateaus 

Insulin concentration. Insulin binding and subsequent intracellular signaling is 

positively related to the degree of glucose uptake (Bonen et al., 1981; Le Marchand 

Brustel et al., 1978). Dela et al. mapped out that in humans, a 9, 20, and 500 fold 

increase in insulin results in a 5, 13, and 16 fold increase in leg glucose uptake, 

respectively (Dela et al., 1992). On a smaller scale, a similar pattern was described in 

human subjects found, such that a 2, 3.5, and 35 fold increase in insulin resulted in a 2, 

12, and 20 fold increase in glucose uptake, respectively (K. J. Mikines et al., 1991). 

Additionally, ex vivo studies in rat skeletal muscle support these in vivo results in 

humans, with low physiological insulin concentrations (0.18-1.2 nM) versus high, 

supra-physiological insulin concentrations (12-30 nM) resulting in a ~0.8 to 2.5 fold 
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and ~0.4 to 3 fold increase in slow and fast-twitch muscles, respectively (J. Kim et al., 

2006; Naveen Sharma et al., 2011). These studies indicate that the relationship 

between insulin concentration and quantity of glucose uptake is not linear but 

logarithmic, where low-dose insulin causes a relatively high increase in glucose uptake 

compared to no insulin, whilst high-dose insulin results in a smaller, but still 

significant, increase in glucose uptake compared to low-dose. 

Skeletal muscle fiber types. In mammalian skeletal muscle, there are three 

distinct fiber types classified: the fast-twitch glycolytic (type IIb and IIx [in humans]), 

fast-twitch oxidative-glycolytic (type IIa), and slow-twitch oxidative (type I) (Gorza, 

1990; Peter et al., 1972). Large mammals, including humans, do not have type IIb 

fibers most likely as a result of an evolutionary change to conserve energy as type IIb 

fibers are the fastest contracting and most fatigable (Cari M. Tellis, Clark Rosen, 

Apurva Thekdi, 2004; Stienen et al., 1996). Fast-twitch, which includes the glycolytic 

and oxidative-glycolytic, and slow-twitch fibers have markedly different metabolic and 

physiologic contractile properties (Bonen et al., 1981; Close, 1972; Peter et al., 1972). 

Although the differences in mechanical properties and contractility of fiber types are 

beyond the scope of this Thesis, there are several excellent reviews which cover this 

topic (Pette & Staron, 2000; Y. Wang & Pessin, 2013; Yan et al., 2011; Zierath & 

Hawley, 2004). Common skeletal muscles utilized in mouse studies include the soleus 

(I: 58%, IIa: 42%, IIb: 0%), which is composed primarily of slow-twitch fibers, versus 

extensor digitorum longus (EDL) (I: 0%, IIa: 59%, IIb: 41%), which is primarily 

composed of fast-glycolytic and fast oxidative-glycolytic fibers (Augusto et al., 2004; 

Burkholder et al., 1994). The size and fiber composition of these muscles make them 
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for studying the role of fiber type for both in vivo and ex vivo mouse studies. 

A key difference between slow and fast-twitch muscles is the quantity of 

glucose uptake in response to an insulin concentration ranging from 0.3nM to 130nM, 

with the former being greater than the latter (Bonen et al., 1981; D. E. James, Burleigh, 

et al., 1985; D. E. James, Jenkins, et al., 1985; Kern et al., 1990; J. Kim et al., 2006). 

For example, when comparing glucose uptake at various insulin concentrations, James 

et al. found that a 12-fold increase in systemic insulin (0.324 nM to 4.02 nM) in vivo 

causes a 2 fold and 0.8 fold increase in slow and fast-twitch muscle, respectively (D. 

E. James, Jenkins, et al., 1985). Conditions such as skeletal muscle insulin resistance 

do not affect this difference (Pataky, Van Acker, et al., 2019), which supports the 

presence of an intrinsic, molecular mechanism for fiber type differences. Major factors 

which contribute to this difference include, but are not limited to, insulin sensitivity 

(Bonen et al., 1981; Hom & Goodner, 1984; D. E. James, Jenkins, et al., 1985; Song et 

al., 1999), GLUT4 abundance (Daugaard & Richter, 2001; Henriksen et al., 1990; 

Kern et al., 1990), and oxidative capacity (Jóhannsson et al., 1996), all of which are 

greater in slow versus fast-twitch muscles.  

Sexual dimorphism. In the 20th century, an overwhelming majority of studies 

only had male participants until 1993, when the National Institute of Health (NIH) 

mandated the enrollment of women in clinical trials (Beery & Zucker, 2011). Although 

both sexes were then included in human studies, ~34% analyzed sex differences, and 

with no similar initiatives in animal research, only ~15% of studies on animals include 

both sexes (Beery & Zucker, 2011; Hayes & Redberg, 2008). As male results in both 

human and animal studies get generalized to the entire population and potential sex 
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differences are ignored statistically, women’s health is negatively impacted due to 

inaccurate information (Correa-de-Araujo, 2006; Holdcroft, 2007). As of 2021, there 

has been no significant increase in the number of studies including both sexes with a 

sex difference analysis since these statistics have been published. 

 Across multiple populations, men have lower skeletal muscle, but not adipose 

tissue, insulin sensitivity (Kuhl et al., 2005; Magkos et al., 2010; Nuutila et al., 1995) 

and a lower abundance of hexokinase II mRNA in vastus lateralis muscle (L. D. Høeg 

et al., 2011; Houmard et al., 1995), which potentially contribute to their higher rate of 

glucose homeostasis abnormalities (Yki-Järvinen, 1992). Although understanding the 

mechanisms of sex hormones and the role they play in contributing to skeletal muscle 

insulin sensitivity is important, it is beyond the scope of this Thesis. However, there 

are excellent reviews which cover the subject (Ding et al., 2006; Liu & Sun, 2018; 

Maric-Bilkan, 2017; Shepard, 2019). These whole-body and molecular differences 

ultimately contribute to females having ~30% greater insulin-stimulated glucose 

uptake by skeletal muscle than males in both humans and rodents (L. Høeg et al., 

2009; J. Kim et al., 2006; Lundsgaard & Kiens, 2014; Nuutila et al., 1995; Yki-

Järvinen, 1992).  

Summary. Insulin concentration, muscle fiber type, and sex are all mediating 

factors to consider when studying insulin-stimulated glucose uptake in skeletal muscle. 

These differences occur through various components of the insulin signaling pathway, 

from insulin sensitivity to intracellular proteins such as hexokinase II. As these factors 

affect key elements essential to insulin signaling, it is critical to have a greater 

understanding of how they modulate glucose uptake. 
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1.4 Gaps in knowledge 

It has been a hundred years since the discovery of insulin and its fundamental 

importance to the regulation of glucose homeostasis. Insulin stimulates glucose uptake 

by binding to the IR at the cell surface and activating an intracellular signaling cascade 

that results in increased GLUT4 translocation to, and fusion with, the plasma 

membrane and, consequently increased glucose influx to the cell. Although the 

timeline of the signaling cascade (ie. IR phosphorylation, PI3K activation, etc.) has 

been thoroughly studied, there is a lack of systematic and highly-controlled data 

measured insulin-stimulated glucose uptake in skeletal muscle over time, the most 

important and final step to the cascade, particularly in ex vivo models. Specifically, the 

number of studies investigating the insulin signaling pathway in mouse models is 

abundant, yet to our knowledge, no studies have measured temporal changes in 

glucose uptake in mouse skeletal muscle. There are several studies addressed above 

which measured glucose uptake over time in vivo in humans and rats (Björntorp & 

Sjöström, 1978; R. A. DeFronzo et al., 1985; Ralph A DeFronzo et al., 1981; L. D. 

Høeg et al., 2011; Hom & Goodner, 1984; D. E. James, Burleigh, et al., 1985; D. E. 

James, Jenkins, et al., 1985; Kraegen et al., 1985; McConell et al., 2020; Thiebaud et 

al., 1982), however these studies do not allow for the precision and control of 

environmental factors, glucose delivery, insulin exposure, and more. Additionally, 

insulin concentration, fiber type, and sex are variables that clearly impact insulin-

stimulated glucose uptake by skeletal muscle, yet systematic investigation of how they 

do so, especially in the context of time, has not been described in the literature. Thus, a 
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clear gap in knowledge in the field is not only how insulin-stimulated glucose uptake 

by mouse skeletal muscle changes over time, but also, what are the interactive effects 

of insulin concentration, fiber type, and sex. 

 

1.5 Research objective and hypothesis of this Thesis 

Although mouse models have become the predominant model for studying skeletal 

muscle insulin action and the etiology of insulin resistance, there is a critical lack of 

literature on the effect of different biological factors on mouse skeletal muscle glucose 

uptake. Therefore, the primary objective of this Thesis is to investigate the interactive 

effect of time, sex, fiber type, and insulin concentration on basal and insulin-stimulated 

glucose uptake in mouse skeletal muscle. The approach we will use to assess glucose 

uptake will be the ex vivo dual-radioactive tracer approach. With this approach, 3H-2-

deoxyglucose will be used to assess glucose uptake by skeletal muscle and 14C-

mannitol will be used as a control for glucose uptake that occurs independent of 

facilitated diffusion. Specifically, the soleus and EDL from each leg will be dissected 

and incubated ex vivo, with one side serving as the “basal” leg (i.e. no insulin) and the 

contralateral side being exposed to insulin. To address sex differences, we will study 

male and female wild-type C57BL6 mice. Additionally, a mouse model was chosen as 

it is a commonly used model organism because insulin signaling and action in mouse 

skeletal muscle closely replicates that seen in human skeletal muscle. To study fiber 

type, we will study the soleus (slow-twitch) and EDL (fast-twitch). To study insulin 

concentration, the “insulin” muscle will be incubated with a physiological (0.36nM) or 

supraphysiological (6nM) insulin concentration. Across these three factors, we will get 
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insight into the role of time by studying glucose uptake after an incubation time of 5, 

10, 15, 20 and/or 30 minutes; the study design is outlined in Figure 2. 

 

 

 

 

 

 

 

 

 

 

My hypotheses are as follows: 1) Insulin-stimulated glucose uptake will be greater 

than basal glucose uptake at 15, 20, and 30 minutes in both muscles based on how 

human studies show differences in leg glucose uptake starting at 15 minutes (Björntorp 

& Sjöström, 1978; McConell et al., 2020; Pehmøller et al., 2012); 2) In both muscle 

types, glucose uptake will be higher in 6nM versus 0.36nM at 5, 10, and 20 minutes 

based on the hypothesis a higher insulin concentration will bind to a greater quantity of 

insulin receptor from the start of insulin exposure, causing a more robust activation of 

the signaling cascade; 3) Comparing fiber types, soleus will have greater insulin-

stimulated glucose uptake than EDL at 15, 20, and 30 minutes with insulin, again 

based on the studies mentioned above which found leg glucose uptake begins at 15 

minutes. 4) Comparing sexes, glucose uptake will be greater in females than males at 

 
Figure 2. Method of incubation. Muscles will be dissected and immediately 
transferred into vials individually with pre-incubation solution for 30 minutes; this 
solution will not contain any insulin. Afterwards, they will be transferred into a 
second vial with incubation solution with (left) or without (right) insulin. After 5, 
10, 15, 20, 30 minutes, muscles with 0.36nM (and corresponding “basal” muscles”) 
will be taken out of the vial, blotted, trimmed, and frozen. After 5, 10, and 20 
minutes, 6nM (and corresponding “basal” muscles”) will be taken out of the vial, 
blotted, trimmed, and frozen. 
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5, 10, and 20 minutes with insulin in soleus and EDL as previous studies found female 

humans (Nuutila et al., 1995; Yki-Järvinen, 1992) and rats (Hevener et al., 2002; 

Rattanavichit et al., 2016) have greater insulin-stimulated glucose uptake than males. 

Additionally, we will use 6nM insulin to compare males and females, and so as 

mentioned previously in my concentration differences hypothesis, I hypothesize sex 

differences will be apparent immediately. 
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RESULTS 

Effect of time on 2DOGU in response to a physiological (0.36nM) insulin 

concentration. 

 Absolute 2DOGU (2DOGUAbsolute; i.e. total amount of 2DOGU during the 

incubation period) with insulin was statistically greater than basal 2DOGUAbsolute at 15, 

20 and 30 minutes in soleus and EDL, but was not different at 5 and 10 min (Figures 

4A and 4C, respectively). The rate of 2DOGU on a per minute basis (i.e. rate per 

minute; 2DOGURate/min), which was calculated by dividing 2DOGU by the duration of 

incubation, was statistically greater with insulin versus basal at 15, 20 and 30 minutes, 

but not 5 or 10 minutes in the soleus (Figure 4B) and at 10, 15, 20, and 30 minutes, 

but not 5 minutes, in the EDL (Figure 4D). The basal 2DOGURate/min increased at 10 

and 15 minutes and plateaued at 20 and 30 minutes in the soleus (Figure 4B), while 

the EDL was not different at 5, 10, 15, 20, and 30 minutes (Figure 4D).  

 

Effect of time on 2DOGU in response to a supraphysiological (6nM) insulin 

concentration. 

 In response to 6nM insulin, 2DOGUAbsolute was significantly greater than basal 

at 10 and 20 minutes, but not different at 5 minutes, in soleus and EDL from male 

(Figures 5A and 5C, respectively) and female (Figures 5E and 5G, respectively) 

mice. The 2DOGURate/min was significantly greater than basal at 5, 10 and 20 min in the 

soleus of male and female mice (Figures 5B and 5D, respectively), whilst in the EDL 

it was significantly higher than basal at 10 and 20 minutes in both sexes, but not at 5 

minutes (Figures 5F and 5H, respectively). Although basal 2DOGURate/min plateaued 



 17 

at 10 and 20 minutes in the male soleus (Figure 5B) and female soleus and EDL 

(Figure 5D and 5H, respectively), it increased at 10 minutes while plateauing at 20 

minutes in male EDL (Figure 5F).  

 

Effect of fiber type on insulin-stimulated glucose uptake. 

 In all mice, we measured temporal changes in 2DOGUAbsolute in soleus and 

EDL, thus allowing us to study the effect of fiber type on 2DOGUAbsolute. To analyze if 

there was an effect of fiber type on insulin-stimulated glucose uptake (IS-

2DOGUAbsolute), which was calculated by subtracting Basal-2DOGUAbsolute from 

Insulin-2DOGUAbsolute, we compared the EDL versus soleus data from Figures 5 and 6. 

First, when studying the 2DOGUAbsolute data using 0.36nM in female mice, there was a 

main effect of fiber type and time, as well as an interaction. Post-hoc analysis of 

0.36nM mice revealed IS-2DOGUAbsolute was ~1.4 fold greater in soleus versus EDL at 

30 minutes, but not at 5, 10, 15, or 20 minutes (Figure 6A). When studying the 

2DOGURate/min data, there was a main effect of fiber type and time, although in the 

post-hoc analysis there was no effect of fiber type within a given time point (Figure 

6B). Next, with the 2DOGUAbsolute data using 6nM in both sexes, there was a main 

effect of fiber type and time, as well as an interaction in male mice. In female mice, 

there was a main effect of fiber type and time, but not interaction. Post-hoc analysis of 

6nM mice revealed IS-2DOGUAbsolute was ~1.8 fold greater at 10 and 20 minutes, but 

not 5 minutes, in male mice and ~1.4 fold greater at 20 minutes, but not 5 and 10 

minutes, in female mice (Figures 6C and 6E, respectively). Looking at the 

2DOGURate/min data, there was a main effect of fiber type and time, but no interaction, 
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in male mice and a main effect of fiber type and time, as well as an interaction, in 

female mice. Post-hoc analysis revealed that IS-2DOGURate/min was greater in soleus 

than EDL at 10 minutes, but not 5 or 20 minutes, in male mice and at 5 minutes, but 

not 10 or 20 minutes, in female mice (Figures 6D and 6F, respectively).  

 

Comparing the effect of physiological versus maximal insulin concentration on 

insulin-stimulated glucose uptake. 

 In female mice we measured temporal changes in 2DOGUAbsolute using a 

physiological and supra-physiological insulin concentration, thus allowing us to study 

the role of insulin concentration on 2DOGUAbsolute. Using a similar method as fiber 

type differences, IS-2DOGUAbsolute values were calculated from Figures 4 and 5 with 

the soleus and EDL being compared separate from each other. Beginning with the 

2DOGUAbsolute data, there was a main effect of concentration and time, as well as an 

interaction, for both the soleus and EDL. Post-hoc analysis found a ~2.5 fold greater 

IS-2DOGUAbsolute in 6nM than 0.36nM at 10 and 20 minutes, but not 5 minutes, for 

both the soleus and ~2 fold difference in the EDL (Figures 7A and 7C, respectively). 

Next, when analyzing the 2DOGURate/min data, there was a main effect of concentration 

and time, but no interaction, in the soleus and a main effect of concentration and time, 

as well as an interaction, in the EDL. Post-hoc analysis revealed 6nM had greater IS-

2DOGURate/min at 5, 10, and 20 minutes in the soleus and at 10 and 120 minutes, but 

not 5 minutes, in the EDL (Figures 7B and 7D, respectively).  
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Comparison of insulin-stimulated glucose uptake between male and female mice. 

Body weight and fasting blood glucose were greater in male compared to 

female mice (Table 1).  Although blood glucose concentrations during the OGTT were 

not different between the sexes, glucose tolerance as assessed by OGTT AUC was 

better (i.e. lower AUC) in female compared to male mice (Figures 3A and 3B, 

respectively); notably, this difference was primarily driven by differences in fasting 

blood glucose concentration. In male and female mice, we measured temporal changes 

in 2DOGUAbolute utilizing a supraphysiological insulin concentration, thus allowing us 

to study the effect of sex on 2DOGUAbsolute. Similar to fiber type and insulin 

concentration comparisons, IS-2DOGUAbsolute values were calculated from Figure 5. 

When analyzing the IS-2DOGUAbsolute data, there was a main effect of sex and time, as 

well as interaction, in both the soleus and EDL. To elaborate, for the main effect of 

sex, p=0.011 and p<0.001 in the soleus and EDL, respectively, suggesting a strong role 

of sex. Post-hoc analysis IS-2DOGUAbsolute was ~1.5 fold greater in females compared 

to males at 20 minutes, but not 5 or 10 minutes, in the soleus and EDL (Figures 8A 

and 8C, respectively). With the 2DOGURate/min data, there was a main effect of sex and 

time, but no interaction, in soleus and EDL. For the main effect of sex, p<0.001 for 

both muscles, indicating a strong role of sex. Post-hoc analysis demonstrated that 

females had greater IS-2DOGURate/min than males at 5 and 20 minutes, but not 10 

minutes, in the soleus and at 20 minutes, but not 5 or 10 minutes, in the EDL (Figures 

8B and 8D, respectively).  
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Table 1. Fasting glucose and body weight were greater in male mice compared to 
female. Data were analyzed by an unpaired t-test and are presented as Mean±SEM. *, 
P<0.05, versus male. Unpaired t-test.  
 
 Male Female 

n 54 66 

Weight (g) 26.09 ± 0.34 20.58 ± 0.15* 

Fasting glucose (mg/dL) 126.4 ± 2.5 119.7 ± 1.8* 
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Figure 3. Glucose tolerance is greater in female versus male mice. Blood glucose 
concentrations (A) and area under the curve (AUC; B) of male and female mice 
during an oral glucose tolerance test (OGTT; 2 g/kg). Statistics: Blood glucose 
concentration data was analyzed by a 2-way ANOVA with multiple comparisons. 
AUC data was analyzed by an unpaired t-test. *P<0.05, main effect of sex. Male: 
n=11. Female: n=12. Data are presented as Mean±SEM. 
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Figure 4. Physiological insulin increases 2DOGUAbsolute and 2DOGUMinute at 10, 
15, 20, and 30 minutes. Basal 2DOGUAbsolute and insulin 2DOGUAbsolute paired in 
the soleus (A) and extensor digitorum longus (EDL; C) alongside 2DOGUMinute 
(2DOGU divided by time) in the soleus (B) and EDL (D) of female mice. Statistics: 
Data were analyzed by a 2-way ANOVA with multiple comparisons. *P<0.05, main 
effect of insulin. Different numbers indicate a difference in basal 2DOGU values 
over time (P<0.05). Different letters indicate a difference in insulin 2DOGU values 
over time (P<0.05). T, main effect of time; I, main effect of insulin; T x I, interaction 
between main effects. Soleus: 5 min, n=7; 10 min, n=8; 15 min, n=8; 20 min, n=7; 
30 min, n=6. EDL: 5 min, n=6; 10 min, n=8; 15 min, n=8; 20 min, n=8; 30 min, n=7. 
Data are presented as Mean±SEM. 
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Figure 5. Maximal insulin increases 2DOGUAbsolute at 10 minutes and 
2DOGUMinute at 5 minutes in soleus and 10 minutes in EDL. Basal 2DOGUAbsolute 
and insulin 2DOGUAbsolute paired in the soleus (A) and extensor digitorum longus (E) 
of male mice and the soleus (C) and EDL (G) of female mice alongside basal and 
insulin 2DOGUMinute of male soleus (B) and EDL (F) followed by female soleus (D) 
and EDL (H) rates. Statistics: Data were analyzed by a 2-way ANOVA with 
multiple comparisons. *P<0.05, main effect of insulin. Different numbers indicate a 
difference in basal 2DOGU values over time (P<0.05). Different letters indicate a 
difference in insulin 2DOGU values over time (P<0.05). T, main effect of time; I, 
main effect of insulin; T x I, interaction between main effects. Male soleus: 5 min, 
n=7; 10 min, n=8; 20 min, n=8. Male EDL: 5 min, n=7; 10 min, n=8; 20 min, n=8. 
Female soleus: 5 min, n=5; 10 min, n=6; 20 min, n=8. Female EDL: 5 min, n=5; 10 
min, n=7; 20 min, n=8. Data are presented as Mean±SEM. 
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Figure 6. Insulin-stimulated glucose uptake is greater in soleus compared to 
EDL muscle in male and female mice. Insulin-stimulated 2DOGU (i.e., insulin 
2DOGU minus basal 2DOGU; IS-2DOGU) of soleus versus EDL in female mice 
with physiological (0.36nM; A) and maximal (6nM; E) insulin concentration and 
male mice with maximal insulin (C). IS-2DOGUMinute in soleus and EDL muscle of 
female mice with physiological (B) and maximal (F) insulin and male mice with 
maximal (D) insulin. Statistics: Data were analyzed by a 2-way ANOVA with 
multiple comparisons. *P<0.05, main effect of fiber type. Different numbers indicate 
a difference I-Stim 2DOGU values over time in the soleus (P<0.05). Different letters 
indicate a difference in I-Stim 2DOGU values over time in the EDL (P<0.05). T, 
main effect of time; F, main effect of fiber type; T x F, interaction between main 
effects. Physiological female soleus: 5 min, n=7; 10 min, n=8; 20 min, n=7. 
Physiological female EDL: 5 min, n=6; 10 min, n=8; 20 min, n=8. Maximal male 
soleus: 5 min, n=7; 10 min, n=8; 20 min, n=8. Maximal male EDL: 5 min, n=7; 10 
min, n=8; 20 min, n=8. Maximal female soleus: 5 min, n=5; 10 min, n=6; 20 min, 
n=8. Maximal female EDL: 5 min, n=5; 10 min, n=7; 20 min, n=8. Data are 
presented as Mean±SEM. 
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Figure 7. Insulin-stimulated glucose uptake is greater with maximal than 
physiological insulin concentration in female mice. IS-2DOGUAbsolute of 
physiological versus maximal insulin concentration in soleus (A) and EDL (C) 
muscle of female mice alongside IS-2DOGUMinute in soleus (B) and EDL (D). 
Statistics: Data were analyzed by a 2-way ANOVA with multiple comparisons. 
*P<0.05, main effect of insulin concentration. Different numbers indicate a 
difference IS-2DOGU values over time with a physiological concentration (P<0.05). 
Different letters indicate a difference in IS-2DOGU values over time with a maximal 
concentration (P<0.05). T, main effect of time; C, main effect of concentration; T x 
C, interaction between main effects. Physiological soleus: 5 min, n=7; 10 min, n=8; 
20 min, n=7. Physiological EDL: 5 min, n=6; 10 min, n=8; 20 min, n=8. Maximal 
soleus: 5 min, n=5; 10 min, n=6; 20 min, n=8. Maximal EDL: 5 min, n=5; 10 min, 
n=7; 20 min, n=8. Data are presented as Mean±SEM. 
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Figure 8. Insulin-stimulated glucose uptake is greater in female mice compared 
to male. IS-2DOGUAbsolute of male versus female mice in soleus (A) and EDL (C) 
alongside IS-2DOGUMinute in soleus (B) and EDL (D). Statistics: Data were analyzed 
by a 2-way ANOVA with multiple comparisons. *P<0.05, main effect of sex. 
Different numbers indicate a difference IS-2DOGU values over time within male 
mice (P<0.05). Different letters indicate a difference in IS-2DOGU values over time 
within female mice (P<0.05). T, main effect of time; S, main effect of sex; T x S, 
interaction between main effects. Male soleus: 5 min, n=7; 10 min, n=8; 20 min, 
n=8. Male EDL: 5 min, n=7; 10 min, n=8; 20 min, n=8. Female soleus: 5 min, n=5; 
10 min, n=6; 20 min, n=8. Female EDL: 5 min, n=5; 10 min, n=7; 20 min, n=8. Data 
are presented as Mean±SEM. 
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DISCUSSION 

 A fundamental role of insulin is its effects on glycemic control during the 

postprandial period (Kahn, 1996; Le Marchand Brustel et al., 1978; Yau et al., 2012). 

As part of this role, a key tissue that underlies the glycemic controlling effects of 

insulin is skeletal muscle, with as much as ~85% of insulin-stimulated peripheral 

glucose disposal being in skeletal muscle (R. A. DeFronzo et al., 1985; Ralph A 

DeFronzo et al., 1981; Thiebaud et al., 1982; Zorzano et al., 2005). Considering the 

overall importance of glycemic control to health (Cramer & Pugh, 2005; Donnelly et 

al., 2007; Facchini et al., 2001; Schaper et al., 2017), understanding the physiological 

effects of insulin on skeletal muscle is of great importance. Over the past 30 years, 

mouse models have developed into the predominant model for studying the biology of 

skeletal muscle insulin action and, by extension, the etiology of insulin resistance and 

T2D. Remarkably, however, to our knowledge, no study has systematically studied the 

individual and interactive effects of time, sex, insulin concentration and fiber type on 

insulin-stimulated glucose uptake on mouse skeletal glucose uptake, which are all 

critical variables when considering the biological actions of insulin. Addressing this 

gap in knowledge, the aim of this Thesis was to study temporal changes in insulin-

stimulated glucose uptake in two muscles of differing fiber types (i.e., soleus and 

EDL) of male and female mice at an insulin concentration of 0.36nM or 6nM. The 

primary findings from this work were: 1) insulin-stimulated glucose uptake in skeletal 

muscle was greater than basal glucose uptake after 15 minutes of 0.36nM insulin and 

after 10 minutes of 6nM insulin; 2) slow-twitch soleus had greater insulin-stimulated 

glucose uptake than fast-twitch EDL at both insulin concentrations and regardless of 
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sex; 3) insulin-stimulated glucose uptake was higher after 20 minutes of in with 6nM 

versus 0.36nM insulin; 4) insulin-stimulated glucose uptake was greater in female 

compared to male skeletal muscle, regardless of fiber type. 

 Insulin increases glucose uptake by skeletal muscle, although this increase is 

not “instantaneous” (Björntorp & Sjöström, 1978; R. A. DeFronzo et al., 1985; L. 

Høeg et al., 2009; McConell et al., 2020; Thiebaud et al., 1982). This lag in uptake 

between an increase in insulin and an increase in glucose uptake is due to the temporal 

lag between the binding of insulin to the insulin receptor, transduction of this signal 

via the insulin signaling cascade and ultimately fusion of GLUT4 with the plasma 

membrane (Jaldin-Fincati et al., 2017; Rothman et al., 1995; Sun et al., 2014). For 

example, previous studies in humans demonstrated that within 10-15 minutes of 

initiating an increase in plasma insulin concentration to a physiological (100uU/mL) 

there is a significant increase in skeletal muscle glucose uptake above basal (Björntorp 

& Sjöström, 1978; McConell et al., 2020; Pehmøller et al., 2012). In line with this, in 

this study, which to our knowledge is the first to study temporal changes in basal and 

insulin-stimulated glucose uptake in skeletal muscle, insulin 2DOGUAbsolute did not 

increase above basal until ~10-15 minutes after initiating insulin exposure (but was not 

higher at 5 minutes), and this effect was mediated by fiber type, sex, and insulin 

concentration. For example, when studying the effects of insulin concentration, at 

0.36nM 2DOGUAbsolute was greater than basal at 15 minutes in the EDL and soleus, 

whilst at 6nM this increase occurred at 10 minutes. Together, these data provide 

important insight into temporal measurement of insulin-stimulated glucose uptake and 

indicate that an insulin incubation duration of at least 10-15 minutes (depending on the 
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concentration studied) is needed if trying to discern effects on insulin-stimulated 

glucose uptake.   

Insulin concentration and glucose uptake have a logarithmic relationship, in 

which insulin increases glucose uptake rapidly at low concentrations and plateaus at 

high concentrations (Dela et al., 1992; Kari J Mikines et al., 1988; Richter et al., 1989). 

Our results support a logarithmic relationship as 6nM caused greater glucose uptake 

than 0.36nM, however the fold difference was not greater than comparing no insulin to 

0.36nM. These findings are similar to a previous ex vivo study in rat epitrochlearis 

which found the same relationship between insulin concentration and glucose uptake 

(Naveen Sharma et al., 2011). However, our study went further to analyze when this 

difference occurs and we found the rate of 2DOGU (i.e., 2DOGURate/min) was quickly 

affected by concentration, with differences between 6nM 2DOGURate/min increasing 

above 0.36nM as early as 5 minutes. 

 In rodent skeletal muscle, there are two major fiber types, type I (slow) and 

type II (fast) which vary in numerous ways including their contractile function, 

oxidative capacity, and as it relates to this work, insulin sensitivity (Augusto et al., 

2004; Buchthal & Schmalbruch, 1970; Close, 1972; Johannesson et al., 2009; Pette & 

Staron, 2000; L. Wang et al., 2017; Yan et al., 2011; Zierath & Hawley, 2004). In this 

study, we found that the soleus (i.e., slow) had greater insulin-stimulated glucose 

uptake than the EDL (i.e., fast), with this difference being present in male and female 

mice, and with both insulin concentrations. This finding was expected, and is 

supported by extensive work conducted in rat (D. E. James, Jenkins, et al., 1985; Kern 

et al., 1990; Pataky, Yu, et al., 2019) and mouse skeletal muscle (Bonen et al., 1981; 
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H. Cho et al., 2001; J. Kim et al., 2006). Interestingly, by studying changes in glucose 

uptake at different time points, our study design allows for physiological insight into 

the underlying reason for the greater 2DOGUAbsolute in the soleus versus EDL. 

Specifically, our results reveal a clear main effect of fiber type (regardless of sex or 

insulin concentration) on the 2DOGURate/min with it not only being higher in soleus 

versus EDL, but also with this increase occurring earlier. We interpret this data as 

suggesting that a reason for the higher 2DOGU in the soleus versus EDL is due to an 

earlier “ramping up” of 2DOGU. This is likely because slow-twitch fibers have greater 

insulin sensitivity (Bonen et al., 1981; Hom & Goodner, 1984; D. E. James, Jenkins, et 

al., 1985) and cellular GLUT4 abundance (Daugaard & Richter, 2001; Henriksen et 

al., 1990; Kern et al., 1990), contributing to the established insulin-stimulated glucose 

uptake difference between fiber types (Bonen et al., 1981; D. E. James, Jenkins, et al., 

1985; Kern et al., 1990). 

It has long been known that insulin sensitivity is higher in skeletal muscle from 

female compared to males, and is true in human and rodent models (Kuhl et al., 2005; 

Magkos et al., 2010; Nuutila et al., 1995). For example, in humans, physiological 

insulin (90 uU/mL) caused muscle glucose metabolism in females to be ~1.3 fold 

greater than in males (Yki-Järvinen, 1992). In rats, females had ~1.4 fold greater in 

vivo whole-body glucose disposal rate than males (Hevener et al., 2002), whilst in the 

rat soleus muscle, insulin-stimulated glucose uptake in response to a 

supraphysiological concentration (2mU/mL) was ~1.75 fold greater in females versus 

males (Rattanavichit et al., 2016). Additionally, in mice, insulin-stimulated glucose 

uptake was significantly greater in both the soleus and EDL of females versus males 
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(J. Kim et al., 2006). In line with these studies, we found that 2DOGUAbsolute was 

greater in the soleus and EDL of female versus male mice. Interestingly, the 

underlying physiological driver of this difference appears to be due to the fact that 

2DOGURate/min increases faster in females than males.  

While we did not address this in this Thesis, an important consideration of this 

work is the potential molecular mechanisms that underlie these aforementioned 

differences we find in 2DOGU, be it absolute uptake or the rate of uptake. Ultimately, 

the abundance of GLUT4 fused with the plasma membrane drives skeletal muscle 

glucose uptake, and as such, it is reasonable to surmise that insulin-stimulated plasma 

membrane GLUT4 abundance (i.e., GLUT4 fused with the plasma membrane) is 

greater in soleus versus EDL, female versus male, 6 versus 0.36nM, and over time. 

However, a key question, of course, is how is there more GLUT4 fused with the 

plasma membrane? First, insulin signaling is requisite to GLUT4 translocation to the 

plasma membrane (Coster et al., 2004; Foster et al., 2001; Govers et al., 2004). Thus, 

the rate of transduction of insulin signaling is likely a fundamental point of control. 

Coupled with insulin signaling, considering there are multiple steps the regulate 

GLUT4 mobilization to, and fusion with, the plasma membrane, it possible that one or 

more steps related to the dynamics of GLUT4 retention/release from its intracellular 

location, GLUT4 translocation to the plasma membrane, GLUT4 docking and fusion 

with the plasma membrane, and/or GLUT4 retention in the plasma membrane, are 

important.  

It is important to discuss potential limitations of this work. Our longest 

incubation timepoint was 30 minutes. While this is a well-established and common ex 
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vivo incubation duration to measure insulin-stimulated glucose uptake of rodent 

skeletal muscle (Henriksen et al., 1990; Kern et al., 1990; Pataky, Van Acker, et al., 

2019; Rattanavichit et al., 2016; N. Sharma et al., 2010; Naveen Sharma et al., 2011), 

it is possible a longer incubation period is required to achieve peak 2DOGUAbsolute or 

2DOGURate/min. As the 30 minute timepoint with physiological insulin showed an 

increase in glucose uptake compared to 20 minutes, our results suggest a longer 

maximal incubation period would be beneficial in investigating when glucose uptake 

plateaus. Additionally, although measurements of glucose uptake are important for 

overall physiological function and changes, we did not measure insulin signaling 

pathway proteins or steps important to GLUT4 mobilization and trafficking. 

Assessment of proteins such as phosphorylated IR or phosphorylated Akt (e.g., Serine 

473 and Threonine 308) will provide insightful information about when and how 

quickly peak activity occurs (Alessi et al., 1996; N. Sharma et al., 2010; Song et al., 

1999), and by extension, insight into the effects of insulin concentration, fiber type, 

and sex on whether differences in 2DOGUAbsolute or 2DOGURate/min.  

In conclusion, this work provides an important physiological “map” of the 

interactive effect of time, insulin concentration, fiber type, and sex on insulin-

stimulated glucose uptake in mouse skeletal muscle. This is significant, as the 

laboratory mouse is by far the most common research model for the mechanistic study 

of insulin action, yet to date, no study has systematically detailed insulin-stimulated 

glucose uptake in mouse skeletal muscle. Importantly, not only does this work confirm 

previously demonstrated effects of sex, fiber type and insulin concentration on 

absolute glucose uptake by skeletal muscle, it identifies important effects of these 
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parameters in response to insulin on the rate of glucose uptake. In terms of practical 

application, these data demonstrate that studies investigating glucose uptake should at 

least be for ~10-15 minutes in duration, as this is the earliest time point at which we 

found a significant increase demonstrate insulin-stimulated glucose uptake. Finally, it 

will be of great interest of future work to assess the interrelationship between temporal 

changes in the activation of insulin signaling and the amount and rate of insulin-

stimulated glucose uptake by skeletal muscle, and how this is differentially affected by 

sex, fiber type and insulin concentration. 
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MATERIALS AND METHODS  

  

Animals 

 All studies were conducted in male and female C57BL/6NJ mice (The Jackson 

Laboratory, Stock No: 005304) that were 12-15 weeks old. Mice were housed (12:12-h 

light-dark cycle) at room temperature (~21°C) in a conventional vivarium facility and 

had ad libitum access to chow (catalog no. 7912, irradiated; Envigo Teklad) and water. 

Procedures were carried out with the approval of, and in accordance with, the Animal 

Care Program and Institutional Animal Care and Use Committee at the University of 

California, San Diego. 

 

Oral glucose tolerance test  

Following a 4 h fast, fasting blood glucose concentration was measured via the 

tail vein. Then, mice were orally gavaged with dextrose (2 g/kg) and blood glucose 

concentration was measured at 15, 30, 45, 60, 75, 90, and 120 min after gavage. Blood 

glucose was measured using a handheld glucose meter (Ascensia Contour, Bayer 

HealthCare, Mishawaka, IL). Area under the curve (AUC) was calculated using Prism 

9 (GraphPad Software, La Jolla, CA) with 0 mg/dl used as the baseline. 

 

Ex vivo 2-deoxy glucose uptake (2DOGU) 

 Following a 4 h fast, mice were anesthetized (ketamine, 25mg/kg; 

acepromazine, 1mg/kg; xylazine, 2 mg/kg) via intraperitoneal injection. Soleus and 

extensor digitorum longus (EDL) muscles from both legs were dissected and 

transferred to individual flasks containing oxygenated (95% O2, 5% CO2) Krebs-
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Henseleit buffer (KHB) with 2 mM sodium pyruvate and 6 mM mannitol (PreInc-

KHB) for 30 minutes at 35°C. Subsequently, muscles were transferred to a second 

flask with a solution that included KHB containing 1 mM 2DG, 9 mM mannitol, [14C]-

mannitol (0.053 mCi/mmol; American Radiolabeled Chemical [ARC]) and [3H]-2DG 

(3 mCi/mmol; ARC) (Inc-KHB), with muscles from one side being incubated in 

physiological (0.36 nM) or supra-maximal (6 nM) insulin (HumulinR, Eli Lilly and 

Company) and the contralateral side being incubated without insulin. The duration of 

incubation in Inc-KHB was 5, 10, 15, 20, or 30 minutes. Immediately after the 

incubation period, the muscles were blotted on filter paper, trimmed, rapidly frozen in 

liquid nitrogen and stored (–80°C). 2DOGU was calculated as previously described 

(Martins et al., 2019; McCurdy & Cartee, 2005; Schenk et al., 2011). To account for 

cumulative 2DOGU over time, rate values were calculated by dividing 2DOGU by the 

duration of incubation in minutes. 

 

Muscle homogenization  

Soleus and EDL were homogenized (Bullet Blender Tissue Homogenizer, Next 

Advance #BT24M) in 500µL of ice-cold homogenization buffer (50 mm Tris, pH 7.5, 

250 mm sucrose, 1 mm EDTA, 1 mm EGTA, 1% Triton X-100, 50 mm NaF, 1 mm 

NaVO2 Na2(PO4)2, and 0.1% DTT) containing phosphatase inhibitor cocktail (PIC) 2 

(MilliporeSigma #P5726), PIC 3 (MilliporeSigma #P0044), Complete 

(MilliporeSigma #11836170001), 1 mM trichostatin A (Cell Signaling #9950S), 1M 

nicotinamide (MilliporeSigma #N0636), and 1 mM Pefabloc SC PLUS 

(MiliporeSigma #11873601001). After homogenization, muscles were rotated for 2 
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hours at 4°C followed by centrifugation (14,167 g) for 20 minutes at 4°C. The 

supernatant was collected and stored at -80°C for counting for 2DOGU. 

 

Statistics 

 Statistical analyses were performed using Prism 9 (GraphPad Software 

Incorporated, La Jolla, CA, USA). All data were analyzed using an unpaired Student’s 

t-test, ordinary 1-way analysis of variance (ANOVA) or 2-way ANOVA followed by a 

Tukey's post-hoc test for multiple comparisons, with significant differences at P < 

0.05. All data are expressed as mean±SEM. 

 

This thesis, in whole, is currently being prepared for submission for publication 

of the material. Park, Ji E.; Schenk, Simon. The thesis author was the primary 

investigator and author of this material.  

 

  



 37 

REFERENCES 

Abdul, M., Khan, B., Hashim, M. J., King, J. K., Govender, R. D., Mustafa, H., & 
Kaabi, J. Al. (2020). Epidemiology of Type 2 Diabetes – Global Burden of 
Disease and Forecasted Trends. Journal of Epidemiology and Global Health, 10, 
107–111. 

Alessi, D. R., Andjelkovic, M., Caudwell, B., Cron, P., Morrice, N., Cohen, P., & 
Hemmings, B. A. (1996). Mechanism of activation of protein kinase B by insulin 
and IGF-1. EMBO Journal, 15(23), 6541–6551. https://doi.org/10.1002/j.1460-
2075.1996.tb01045.x 

Augusto, V., Padovani, C. R., & Campos, G. E. R. (2004). Skeletal Muscle Fiber 
Types in C57BL6J Mice. Brazilian Journal of Morphological Science, 21(2), 89–
94. 

Baron, A. D., Steinberg, H., Brechtel, G., & Johnson, A. (1994). Skeletal muscle blood 
flow independently modulates insulin-mediated glucose uptake. American 
Journal of Physiology - Endocrinology and Metabolism, 266(2 29-2), 248–253. 
https://doi.org/10.1152/ajpendo.1994.266.2.e248 

Beery, A. K., & Zucker, I. (2011). Sex bias in neuroscience and biomedical research. 
Neuroscience & Biobehavioral Reviews, 35(3), 1–13. 
https://doi.org/10.1016/j.neubiorev.2010.07.002.Sex 

Björntorp, P., Perchtold, P., Holm, J., & Larsson, B. (1971). The glucose uptake of 
human adipose tissue in obesity. European Journal of Clinical Investigation, 485, 
480–485. 

Björntorp, P., & Sjöström, L. (1978). Carbohydrate storage in man: Speculations and 
some quantitative considerations. Metabolism: Clinical and Experimental, 27(12), 
1853–1865. https://doi.org/10.1016/S0026-0495(78)80004-3 

Bonen, A., Tan, M. H., & Watson-Wright, W. M. (1981). Insulin binding and glucose 
uptake differences in rodent skeletal muscles. Diabetes, 30(8), 702–704. 
https://doi.org/10.2337/diab.30.8.702 



 38 

Brod, M., Rana, A., & Barnett, A. H. (2012). Adherence patterns in patients with type 
2 diabetes on basal insulin analogues: Missed, mistimed and reduced doses. 
Current Medical Research and Opinion, 28(12), 1933–1946. 
https://doi.org/10.1185/03007995.2012.743458 

Bruss, M. D., Arias, E. B., Lienhard, G. E., & Cartee, G. D. (2005). Increased 
phosphorylation of Akt substrate of 160 kDa (AS160) in rat skeletal muscle in 
response to insulin or contractile activity. Diabetes, 54(1), 41–50. 
https://doi.org/10.2337/diabetes.54.1.41 

Buchthal, F., & Schmalbruch, H. (1970). Contraction Times and Fibre Types in Intact 
Human Muscle. Acta Physiologica Scandinavica, 79(4), 435–452. 
https://doi.org/10.1111/j.1748-1716.1970.tb04744.x 

Burgering, B. M. T., & Coffer, P. J. (1995). Protein kinase B (c-Akt) in 
phosphatidylinositol-3-OH kinase signal transduction. Nature, 376(3), 599–602. 

Burkholder, T. J., Fingado, B., Baron, S., & Lieber, R. L. (1994). Relationship 
between muscle fiber types and sizes and muscle architectural properties in the 
mouse hindlimb. Journal of Morphology, 221(2), 177–190. 
https://doi.org/10.1002/jmor.1052210207 

Cari M. Tellis, Clark Rosen, Apurva Thekdi,  and J. J. S. (2004). Anatomy and Fiber 
Type Composition of Human. Ann Otol Rhinol Laryngol, 113(2), 97–107. 

Cartee, G. D., & Wojtaszewski, J. F. P. (2007). Role of Akt substrate of 160 kDa in 
insulin-stimulated and contraction-stimulated glucose transport. Applied 
Physiology, Nutrition and Metabolism, 32(3), 557–566. 
https://doi.org/10.1139/H07-026 

Centers for Disease Control and Prevention. (2020). National Diabetes Statistics 
Report, 2020. National Diabetes Statistics Report, 2. 

Chen, K. S., Friel, J. C., & Ruderman, N. B. (1993). Regulation of 
phosphatidylinositol 3-kinase by insulin in rat skeletal muscle. American Journal 
of Physiology - Endocrinology and Metabolism, 265(5 28-5). 
https://doi.org/10.1152/ajpendo.1993.265.5.e736 



 39 

Cho, H., Mu, J., Kim, J. K., Thorvaldsen, J. L., Chu, Q., Crenshaw, E. B., Kaestner, K. 
H., Bartolomei, M. S., Shulman, G. I., & Birnbaum, M. J. (2001). Insulin 
resistance and a diabetes mellitus-like syndrome in mice lacking the protein 
kinase Akt2 (PKBβ). Science, 292(5522), 1728–1731. 
https://doi.org/10.1126/science.292.5522.1728 

Cho, N. H., Shaw, J. E., Karuranga, S., Huang, Y., da Rocha Fernandes, J. D., 
Ohlrogge, A. W., & Malanda, B. (2018). IDF Diabetes Atlas: Global estimates of 
diabetes prevalence for 2017 and projections for 2045. Diabetes Research and 
Clinical Practice, 138, 271–281. https://doi.org/10.1016/j.diabres.2018.02.023 

Close, R. I. (1972). Dynamic Mammalian Properties of Skeletal Muscles. 
Physiological Reviews, 52(1), 129–197. 

Cohen, P. (2006). The twentieth century struggle to decipher insulin signalling. Nature 
Reviews Molecular Cell Biology, 7(11), 867–873. 
https://doi.org/10.1038/nrm2043 

Correa-de-Araujo, R. (2006). Serious gaps: How the lack of sex/gender-based research 
impairs health. Journal of Women’s Health, 15(10), 1116–1122. 

Coster, A. C. F., Govers, R., & James, D. E. (2004). Insulin stimulates the entry of 
GLUT4 into the endosomal recycling pathway by a quantal mechanism. Traffic, 
5(10), 763–771. https://doi.org/10.1111/j.1600-0854.2004.00218.x 

Cramer, J. A., & Pugh, M. J. (2005). The Influence of Insulin Use on Glycemic. 
Diabetes Care, 28, 78–83. 

Cryer, P. E., Davis, S. N., & Shamoon, H. (2003). Hypoglycemia in Diabetes. 
Diabetes Care, 26(6), 1902–1912. https://doi.org/10.1016/j.cnur.2017.07.006 

da Silva Rosa, S. C., Nayak, N., Caymo, A. M., & Gordon, J. W. (2020). Mechanisms 
of muscle insulin resistance and the cross-talk with liver and adipose tissue. 
Physiological Reports, 8(19), 1–24. https://doi.org/10.14814/phy2.14607 

 



 40 

Daugaard, J. R., & Richter, E. A. (2001). Relationship between muscle fibre 
composition, glucose transporter protein 4 and exercise training: Possible 
consequences in non-insulin-dependent diabetes mellitus. Acta Physiologica 
Scandinavica, 171(3), 267–276. https://doi.org/10.1046/j.1365-
201X.2001.00829.x 

Davies, M. J., Gagliardino, J. J., Gray, L. J., Khunti, K., Mohan, V., & Hughes, R. 
(2013). Real-world factors affecting adherence to insulin therapy in patients with 
Type 1 or Type 2 diabetes mellitus: A systematic review. Diabetic Medicine, 
30(5), 512–524. https://doi.org/10.1111/dme.12128 

DeFronzo, R. A., Gunnarsson, R., Bjorkman, O., Olsson, M., & Wahren, J. (1985). 
Effects of insulin on peripheral and splanchnic glucose metabolism in noninsulin-
dependent (type II) diabetes mellitus. Journal of Clinical Investigation, 76(1), 
149–155. https://doi.org/10.1172/JCI111938 

DeFronzo, Ralph A. (2004). Pathogenesis of type 2 diabetes mellitus. Medical Clinics 
of North America, 88(4), 787–835. https://doi.org/10.1016/j.mcna.2004.04.013 

DeFronzo, Ralph A., & Tripathy, D. (2009). Skeletal muscle insulin resistance is the 
primary defect in type 2 diabetes. Diabetes Care, 32. 
https://doi.org/10.2337/dc09-s302 

DeFronzo, Ralph A, Jacot, E., Jequier, E., Maeder, E., Wahren, J., & Felber, J. P. 
(1981). The effect of insulin on the disposal of intravenous glucose. Results from 
indirect calorimetry and hepatic and femoral venous catheterization\rEffects of 
insulin on peripheral and splanchnic glucose metabolism in noninsulin-dependent 
(type II) diabetes m. Diabetes, 30(12), 1000–1007. 
http://diabetes.diabetesjournals.org/content/30/12/1000.full-text.pdf 

Dela, F., Mikines, K. J., Von Linstow, M., Secher, N. H., & Galbo, H. (1992). Effect 
of training on insulin-mediated glucose uptake in human muscle. American 
Journal of Physiology - Endocrinology and Metabolism, 263(6 26-6). 
https://doi.org/10.1152/ajpendo.1992.263.6.e1134 

Deshmukh, A. S., Murgia, M., Nagaraj, N., Treebak, J. T., Cox, J., & Mann, M. 
(2015). Deep proteomics of mouse skeletal muscle enables quantitation of protein 
isoforms, metabolic pathways, and transcription factors. Molecular and Cellular 
Proteomics, 14(4), 841–853. https://doi.org/10.1074/mcp.M114.044222 



 41 

Dibonaventura, M., Wintfeld, N., Huang, J., & Goren, A. (2014). The association 
between nonadherence and glycated hemoglobin among type 2 diabetes patients 
using basal insulin analogs. Patient Preference and Adherence, 8, 873–882. 
https://doi.org/10.2147/PPA.S55550 

Ding, E. L., Song, Y., Malik, V. S., & Liu, S. (2006). Sex Differences of Endogenous 
Sex Hormones and Risk of Type 2 Diabetes. Jama, 295(11), 1288. 
https://doi.org/10.1001/jama.295.11.1288 

Donnelly, L. A., Morris, A. D., & Evans, J. M. M. (2007). Adherence to insulin and its 
association with glycaemic control in patients with type 2 diabetes. Qjm, 100(6), 
345–350. https://doi.org/10.1093/qjmed/hcm031 

Dugani, C. B., Randhawa, V. K., Cheng, A. W. P., Patel, N., & Klip, A. (2008). 
Selective regulation of the perinuclear distribution of glucose transporter 4 
(GLUT4) by insulin signals in muscle cells. European Journal of Cell Biology, 
87(6), 337–351. https://doi.org/10.1016/j.ejcb.2008.02.009 

Ebina, Y., Ellis, L., Jarnagin, K., Edery, M., Graf, L., Clauser, E., Ou, J. hsiung, 
Masiarz, F., Kan, Y. W., Goldfine, I. D., Roth, R. A., & Rutter, W. J. (1985). The 
human insulin receptor cDNA: The structural basis for hormone-activated 
transmembrane signalling. Cell, 40(4), 747–758. https://doi.org/10.1016/0092-
8674(85)90334-4 

Endemann, G., Yonezawa, K., & Roth, R. A. (1990). Phosphatidylinositol kinase or an 
associated protein is a substrate for the insulin receptor tyrosine kinase. Journal of 
Biological Chemistry, 265(1), 396–400. https://doi.org/10.1016/s0021-
9258(19)40243-3 

Facchini, F. S., Hua, N., Abbasi, F., & Reaven, G. M. (2001). Insulin resistance as a 
predictor of age-related diseases. Journal of Clinical Endocrinology and 
Metabolism, 86(8), 3574–3578. https://doi.org/10.1210/jcem.86.8.7763 

Farsaei, S., Radfar, M., Heydari, Z., Abbasi, F., & Qorbani, M. (2014). Insulin 
adherence in patients with diabetes: Risk factors for injection omission. Primary 
Care Diabetes, 8(4), 338–345. https://doi.org/10.1016/j.pcd.2014.03.001 

 



 42 

Foley, K., Boguslavsky, S., & Klip, A. (2011). Endocytosis, recycling, and regulated 
exocytosis of glucose transporter 4. Biochemistry, 50(15), 3048–3061. 
https://doi.org/10.1021/bi2000356 

Folli, F., Saad, M. J. A., Backer, J. M., & Kahn, C. R. (1992). Insulin stimulation of 
phosphatidylinositol 3-kinase activity and association with insulin receptor 
substrate 1 in liver and muscle of the intact rat. Journal of Biological Chemistry, 
267(31), 22171–22177. https://doi.org/10.1016/s0021-9258(18)41650-x 

Foster, L. J., Li, D., Randhawa, V. K., & Klip, A. (2001). Insulin Accelerates Inter-
endosomal GLUT4 Traffic via Phosphatidylinositol 3-Kinase and Protein Kinase 
B. Journal of Biological Chemistry, 276(47), 44212–44221. 
https://doi.org/10.1074/jbc.M102964200 

Fujimoto, B. A., Young, M., Carter, L., Pang, A. P. S., Corley, M. J., Fogelgren, B., & 
Polgar, N. (2019). The exocyst complex regulates insulin-stimulated glucose 
uptake of skeletal muscle cells. American Journal of Physiology - Endocrinology 
and Metabolism, 317(6), E957–E972. 
https://doi.org/10.1152/ajpendo.00109.2019 

Gorza, L. (1990). Identification of a novel type 2 fiber population in mammalian 
skeletal muscle by combined use of histochemical myosin ATPase and anti-
myosin monoclonal antibodies. Journal of Histochemistry and Cytochemistry, 
38(2), 257–265. https://doi.org/10.1177/38.2.2137154 

Govers, R., Coster, A. C. F., & James, D. E. (2004). Insulin Increases Cell Surface 
GLUT4 Levels by Dose Dependently Discharging GLUT4 into a Cell Surface 
Recycling Pathway. Molecular and Cellular Biology, 24(14), 6456–6466. 
https://doi.org/10.1128/mcb.24.14.6456-6466.2004 

Hayes, S. N., & Redberg, R. F. (2008). Dispelling the myths: Calling for sex-specific 
reporting of trial results. Mayo Clinic Proceedings, 83(5), 523–525. 
https://doi.org/10.4065/83.5.523 

Henriksen, E. J., Bourey, R. E., Rodnick, K. J., Koranyi, L., Permutt, M. A., & 
Holloszy, J. O. (1990). Glucose transporter protein content and glucose transport 
capacity in rat skeletal muscles. American Journal of Physiology - Endocrinology 
and Metabolism, 259(4 22-4). https://doi.org/10.1152/ajpendo.1990.259.4.e593 



 43 

Hevener, A., Reichart, D., Janez, A., & Olefsky, J. (2002). Female rats do not exhibit 
free fatty acid-induced insulin resistance. Diabetes, 51(6), 1907–1912. 
https://doi.org/10.2337/diabetes.51.6.1907 

Hirsch, I. B., Juneja, R., Beals, J. M., Antalis, C. J., & Wright, E. E. (2021). The 
evolution of insulin and how it informs therapy and treatment choices. Endocrine 
Reviews, 41(5), 733–755. https://doi.org/10.1210/ENDREV/BNAA015 

Høeg, L. D., Sjøberg, K. A., Jeppesen, J., Jensen, T. E., Frøsig, C., Birk, J. B., Bisiani, 
B., Hiscock, N., Pilegaard, H., Wojtaszewski, J. F. P., Richter, E. A., & Kiens, B. 
(2011). Lipid-induced insulin resistance affects women less than men and is not 
accompanied by inflammation or impaired proximal insulin signaling. Diabetes, 
60(1), 64–73. https://doi.org/10.2337/db10-0698 

Høeg, L., Roepstorff, C., Thiele, M., Richter, E. A., Wojtaszewski, J. F. P., & Kiens, 
B. (2009). Higher intramuscular triacylglycerol in women does not impair insulin 
sensitivity and proximal insulin signaling. Journal of Applied Physiology, 107(3), 
824–831. https://doi.org/10.1152/japplphysiol.91382.2008 

Holdcroft, A. (2007). Gender bias in research: How does it affect evidence based 
medicine? Journal of the Royal Society of Medicine, 100(1), 2–3. 
https://doi.org/10.1258/jrsm.100.1.2 

Hom, F. G., & Goodner, C. J. (1984). Insulin Dose-Response Characteristics Among 
Individual Muscle and Adipose Tissues Measured in the Rat In Vivo with 3(H)2-
Deoxyglucose. Diabetes, 33(February), 153–159. 

Houmard, J. A., Weidner, M. D., Dolan, P. L., Leggett-Frazier, N., Gavigan, K. E., 
Hickey, M. S., Tyndall, G. L., Zheng, D., Alshami, A., & Lynis Dohm, G. (1995). 
Skeletal muscle GLUT4 protein concentration and aging in humans. Diabetes, 
44(5), 555–560. https://doi.org/10.2337/diab.44.5.555 

Hresko, R. C., & Mueckler, M. (2005). mTOR·RICTOR is the Ser473 kinase for 
Akt/protein kinase B in 3T3-L1 adipocytes. Journal of Biological Chemistry, 
280(49), 40406–40416. https://doi.org/10.1074/jbc.M508361200 

 



 44 

Huang, E. S., Basu, A., O’Grady, M., & Capretta, J. C. (2009). Projecting the future 
diabetes population size and related costs for the U.S. Diabetes Care, 32(12), 
2225–2229. https://doi.org/10.2337/dc09-0459 

Jaldin-Fincati, J. R., Pavarotti, M., Frendo-Cumbo, S., Bilan, P. J., & Klip, A. (2017). 
Update on GLUT4 Vesicle Traffic: A Cornerstone of Insulin Action. Trends in 
Endocrinology and Metabolism, 28(8), 597–611. 
https://doi.org/10.1016/j.tem.2017.05.002 

James, D. E., Burleigh, K. M., & Kraegen, E. W. (1985). Time dependence of insulin 
action in muscle and adipose tissue in the rat in vivo. An increasing response in 
adipose tissue with time. Diabetes, 34(10), 1049–1054. 
https://doi.org/10.2337/diab.34.10.1049 

James, D. E., Jenkins, A. B., & Kraegen, E. W. (1985). Heterogeneity of insulin action 
in individual muscles in vivo: Euglycemic clamp studies in rats. American 
Journal of Physiology - Endocrinology and Metabolism, 11(5), 567–574. 
https://doi.org/10.1152/ajpendo.1985.248.5.e567 

James, David E., Brown, R., Navarro, J., & Pilch, P. F. (1988). Insulin-regulatable 
tissues express a unique insulin-sensitive glucose transport protein. Nature, 
333(6169), 183–185. https://doi.org/10.1038/333183a0 

Jiang, Z. Y., Zhou, Q. L., Coleman, K. A., Chouinard, M., Boese, Q., & Czech, M. P. 
(2003). Insulin signaling through Akt/protein kinase B analyzed by small 
interfering RNA-mediated gene silencing. Proceedings of the National Academy 
of Sciences of the United States of America, 100(13), 7569–7574. 
https://doi.org/10.1073/pnas.1332633100 

Johannesson, A., Larsson, G. U., Ramstrand, N., Turkiewicz, A., Wiréhn, A. B., & 
Atroshi, I. (2009). Incidence of lower-limb amputation in the diabetic and 
nondiabetic general population: A 10-year population-based cohort study of 
initial unilateral and contralateral amputations and reamputations. Diabetes Care, 
32(2), 275–280. https://doi.org/10.2337/dc08-1639 

Jóhannsson, E., Wærhaug, O., & Bonen, A. (1996). Effect of cross-reinnervation on 
the expression of GLUT-4 and GLUT-1 in slow and fast rat muscles. American 
Journal of Physiology - Regulatory Integrative and Comparative Physiology, 
270(6 39-6). https://doi.org/10.1152/ajpregu.1996.270.6.r1355 



 45 

Kahn, B. B. (1996). Glucose transport: Pivotal step in insulin action. Diabetes, 45(11), 
1644–1654. https://doi.org/10.2337/diab.45.11.1644 

Kane, S., Sano, H., Liu, S. C. H., Asara, J. M., Lane, W. S., Garner, C. C., & Lienhard, 
G. E. (2002). A method to identify serine kinase substrates. Akt phosphorylates a 
novel adipocyte protein with a Rab GTPase-activating protein (GAP) domain. 
Journal of Biological Chemistry, 277(25), 22115–22118. 
https://doi.org/10.1074/jbc.C200198200 

Kasuga, M., Zick, Y., Blithe, D. L., Crettaz, M., & Kahn, C. R. (1982). Insulin 
stimulates tyrosine phosphorylation of the insulin receptor in a cell-free system. 
Nature, 298(5875), 667–669. https://doi.org/10.1038/298667a0 

Kern, M., Wells, J. A., Stephens, J. M., Elton, C. W., Friedman, J. E., Tapscott, E. B., 
Pekala, P. H., & Dohm, G. L. (1990). Insulin responsiveness in skeletal muscle is 
determined by glucose transporter (Glut4) protein level. Biochemical Journal, 
270(2), 397–400. https://doi.org/10.1042/bj2700397 

Kim, J., Arias, E. B., & Cartee, G. D. (2006). Effects of gender and prior swim 
exercise on glucose uptake in isolated skeletal muscles from mice. Journal of 
Physiological Sciences, 56(4), 305–312. 
https://doi.org/10.2170/physiolsci.RP009406 

Kim, J. K., Zisman, A., Fillmore, J. J., Peroni, O. D., Kotani, K., Perret, P., Zong, H., 
Dong, J., Kahn, C. R., Kahn, B. B., & Shulman, G. I. (2001). Glucose toxicity and 
the development of diabetes in mice with muscle-specific inactivation of glut4. 
Journal of Clinical Investigation, 108(1), 153–160. 
https://doi.org/10.1172/JCI10294 

Klip, A., & Marette, A. (1992). Acute and chronic signals controlling glucose transport 
in skeletal muscle. Journal of Cellular Biochemistry, 48(1), 51–60. 
https://doi.org/10.1002/jcb.240480109 

Kraegen, E. W., James, D. E., Jenkins, A. B., & Chisholm, D. J. (1985). Dose-response 
curves for in vivo insulin sensitivity in individual tissues in rats. American 
Journal of Physiology - Endocrinology and Metabolism, 11(3). 
https://doi.org/10.1152/ajpendo.1985.248.3.e353 



 46 

Kramer, H. F., Witczak, C. A., Taylor, E. B., Fujii, N., Hirshman, M. F., & Goodyear, 
L. J. (2006). AS160 Regulates Insulin- and Contraction-stimulated Glucose 
Uptake in Mouse Skeletal Muscle*. Journal of Biological Chemistry, 281(42), 
31478–31485. https://doi.org/10.1016/s0021-9258(19)84060-7 

Kuhl, J., Hilding, A., Östenson, C. G., Grill, V., Efendic, S., & Båvenholm, P. (2005). 
Characterisation of subjects with early abnormalities of glucose tolerance in the 
Stockholm Diabetes Prevention Programme: The impact of sex and type 2 
diabetes heredity. Diabetologia, 48(1), 35–40. https://doi.org/10.1007/s00125-
004-1614-1 

Le Marchand Brustel, Y., Jeanrenaud, B., & Freychet, P. (1978). Insulin binding and 
effects in isolated soleus muscle of lean and obese mice. American Journal of 
Physiology Endocrinology Metabolism and Gastrointestinal Physiology, 3(4), 
348–358. https://doi.org/10.1152/ajpendo.1978.234.4.e348 

Li, D., Randhawa, V. K., Patel, N., Hayashi, M., & Klip, A. (2001). Hyperosmolarity 
Reduces GLUT4 Endocytosis and Increases Its Exocytosis from a VAMP2-
independent Pool in L6 Muscle Cells. Journal of Biological Chemistry, 276(25), 
22883–22891. https://doi.org/10.1074/jbc.M010143200 

Liu, S., & Sun, Q. (2018). Sex differences, endogenous sex-hormone hormones, sex-
hormone binding globulin, and exogenous disruptors in diabetes and related 
metabolic outcomes. Journal of Diabetes, 10(6), 428–441. 
https://doi.org/10.1111/1753-0407.12517 

Lundsgaard, A. M., & Kiens, B. (2014). Gender differences in skeletal muscle 
substrate metabolism - molecular mechanisms and insulin sensitivity. Frontiers in 
Endocrinology, 5(NOV). https://doi.org/10.3389/fendo.2014.00195 

Magkos, F., Wang, X., & Mittendorfer, B. (2010). Metabolic actions of insulin in men 
and women. Nutrition, 26(7–8), 686–693. 
https://doi.org/10.1016/j.nut.2009.10.013 

Maric-Bilkan, C. (2017). Sex differences in micro- and macro-vascular complications 
of diabetes mellitus. Clinical Science, 131(9), 833–846. 
https://doi.org/10.1042/CS20160998 



 47 

Martins, V. F., Begur, M., Lakkaraju, S., Svensson, K., Park, J., Hetrick, B., McCurdy, 
C. E., & Schenk, S. (2019). Acute inhibition of protein deacetylases does not 
impact skeletal muscle insulin action. American Journal of Physiology - Cell 
Physiology, 317(5), C964–C968. https://doi.org/10.1152/ajpcell.00159.2019 

McConell, G. K., Sjøberg, K. A., Ceutz, F., Gliemann, L., Nyberg, M., Hellsten, Y., 
Frøsig, C., Kiens, B., Wojtaszewski, J. F. P., & Richter, E. A. (2020). Insulin-
induced membrane permeability to glucose in human muscles at rest and 
following exercise. Journal of Physiology, 598(2), 303–315. 
https://doi.org/10.1113/JP278600 

McCurdy, C. E., & Cartee, G. D. (2005). Akt2 Is essential for the full effect of calorie 
restriction on insulin-stimulated glucose uptake in skeletal muscle. Diabetes, 
54(5), 1349–1356. https://doi.org/10.2337/diabetes.54.5.1349 

Mikines, K. J., Richter, E. A., Dela, F., & Galbo, H. (1991). Seven days of bed rest 
decrease insulin action on glucose uptake in leg and whole body. Journal of 
Applied Physiology, 70(3), 1245–1254. 
https://doi.org/10.1152/jappl.1991.70.3.1245 

Mikines, Kari J, Sonne, B., Farrell, P. A., Tronier, B., & Galbo, H. (1988). Effect of 
physical exercise on sensitivity and responsiveness to insulin in humans. 
American Journal of Physiology, 254, E248–E259. 

Molinaro, A., Becattini, B., Mazzoli, A., Bleve, A., Radici, L., Maxvall, I., Sopasakis, 
V. R., Molinaro, A., Bäckhed, F., & Solinas, G. (2019). Insulin-Driven PI3K-
AKT Signaling in the Hepatocyte Is Mediated by Redundant PI3Kα and PI3Kβ 
Activities and Is Promoted by RAS. Cell Metabolism, 29(6), 1400-1409.e5. 
https://doi.org/10.1016/j.cmet.2019.03.010 

Nuutila, P., Knuuti, M. J., Mäki, M., Laine, H., Ruotsalainen, U., Teräs, M., 
Haaparanta, M., Solin, O., & Yki-Järvinen, H. (1995). Gender and insulin 
sensitivity in the heart and in skeletal muscles: Studies using positron emission 
tomography. Diabetes, 44(1), 31–36. https://doi.org/10.2337/diab.44.1.31 

 

 



 48 

Pataky, M. W., Van Acker, S. L., Dhingra, R., Freeburg, M. M., Arias, E. B., Oki, K., 
Wang, H., Treebak, J. T., & Cartee, G. D. (2019). Fiber type-specific effects of 
acute exercise on insulin-stimulated AS160 phosphorylation in insulin-resistant 
rat skeletal muscle. American Journal of Physiology - Endocrinology and 
Metabolism, 317(6), E984–E998. https://doi.org/10.1152/ajpendo.00304.2019 

Pataky, M. W., Yu, C. S., Nie, Y., Arias, E. B., Singh, M., Mendias, C. L., Ploutz-
Snyder, R. J., & Cartee, G. D. (2019). Skeletal muscle fiber type-selective effects 
of acute exercise on insulin-stimulated glucose uptake in insulin-resistant, high-
fat-fed rats. American Journal of Physiology - Endocrinology and Metabolism, 
316(5), E695–E706. https://doi.org/10.1152/ajpendo.00482.2018 

Pehmøller, C., Brandt, N., Birk, J. B., Høeg, L. D., Sjøberg, K. A., Goodyear, L. J., 
Kiens, B., Richter, E. A., & Wojtaszewski, J. F. P. (2012). Exercise alleviates 
lipid-induced insulin resistance in human skeletal muscle-signaling interaction at 
the level of TBC1 domain family member 4. Diabetes, 61(11), 2743–2752. 
https://doi.org/10.2337/db11-1572 

Pendergrass, M., Bertoldo, A., Bonadonna, R., Nucci, G., Mandarino, L., Cobelli, C., 
& DeFronzo, R. A. (2007). Muscle glucose transport and phosphorylation in type 
2 diabetic, obese nondiabetic, and genetically predisposed individuals. American 
Journal of Physiology - Endocrinology and Metabolism, 292(1), 92–100. 
https://doi.org/10.1152/ajpendo.00617.2005 

Peter, J. B., Barnard, R. J., Edgerton, V. R., Gillespie, C. A., & Stempel, K. E. (1972). 
Metabolic Profiles of Three Fiber Types of Skeletal Muscle in Guinea Pigs and 
Rabbits. Biochemistry, 11(14), 2627–2633. https://doi.org/10.1021/bi00764a013 

Pette, D., & Staron, R. S. (2000). Myosin isoforms, muscle fiber types, and transitions. 
Microscopy Research and Technique, 50(6), 500–509. 
https://doi.org/10.1002/1097-0029(20000915)50:6<500::AID-JEMT7>3.0.CO;2-
7 

Peyrot, M., Rubin, R. R., Kruger, D. F., & Travis, L. B. (2010). Correlates of insulin 
injection omission. Diabetes Care, 33(2), 240–245. https://doi.org/10.2337/dc09-
1348 

 



 49 

Rattanavichit, Y., Chukijrungroat, N., & Saengsirisuwan, V. (2016). Sex differences in 
the metabolic dysfunction and insulin resistance of skeletal muscle glucose 
transport following high fructose ingestion. American Journal of Physiology - 
Regulatory Integrative and Comparative Physiology, 311(6), R1200–R1212. 
https://doi.org/10.1152/ajpregu.00230.2016 

Richter, E. A., Mikines, K. J., Galbo, H., & Kiens, B. (1989). The effect of exercise on 
insulin action in diabetes. Journal of Applied Physiology, 66(2), 876–885. 
https://doi.org/10.1136/bmj.1.3406.648 

Risk, N. C. D., & Collaboration, F. (2016). Worldwide trends in diabetes since 1980: a 
pooled analysis of 751 population-based studies with 4.4 million participants. 
Lancet (London, England), 387(10027), 1513–1530. 
https://doi.org/10.1016/S0140-6736(16)00618-8 

Rothman, D. L., Magnusson, I., Cline, G., Gerard, D., Kahn, C. R., Shulman, R. G., & 
Shulman, G. I. (1995). Decreased muscle glucose transport/phosphorylation is an 
early defect in the pathogenesis of non-insulin-dependent diabetes mellitus. 
Proceedings of the National Academy of Sciences of the United States of America, 
92(4), 983–987. https://doi.org/10.1073/pnas.92.4.983 

Ruderman, N. B., Kapeller, R., White, M. F., & Cantley, L. C. (1990). Activation of 
phosphatidylinositol 3-kinase by insulin. Proceedings of the National Academy of 
Sciences of the United States of America, 87(4), 1411–1415. 
https://doi.org/10.1073/pnas.87.4.1411 

Ryder, J. W., Gilbert, M., & Zierath, J. R. (2001). Skeletal muscle and insulin 
sensitivity: pathophysiological alterations. Frontiers in Bioscience, 1(Figure 1), 
154–163. 

Sanlioglu, A. D., Altunbas, H. A., Balci, M. K., Griffith, T. S., & Sanlioglu, S. (2013). 
Clinical utility of insulin and insulin analogs. Islets, 5(2), 67–78. 
https://doi.org/10.4161/isl.24590 

Sano, H., Kane, S., Sano, E., Mîinea, C. P., Asara, J. M., Lane, W. S., Garner, C. W., 
& Lienhard, G. E. (2003). Insulin-stimulated phosphorylation of a Rab GTPase-
activating protein regulates GLUT4 translocation. Journal of Biological 
Chemistry, 278(17), 14599–14602. https://doi.org/10.1074/jbc.C300063200 



 50 

Sarbassov, D. D., Guertin, D. A., Ali, S. M., & Sabatini, D. M. (2005). 
Phosphorylation and regulation of Akt/PKB by the rictor-mTOR complex. 
Science, 307(5712), 1098–1101. https://doi.org/10.1126/science.1106148 

Schaper, N. C., Nikolajsen, A., Sandberg, A., Buchs, S., & Bøgelund, M. (2017). 
Timing of Insulin Injections, Adherence, and Glycemic Control in a Multinational 
Sample of People with Type 2 Diabetes: A Cross-Sectional Analysis. Diabetes 
Therapy, 8(6), 1319–1329. https://doi.org/10.1007/s13300-017-0317-9 

Schenk, S., Mccurdy, C. E., Philp, A., Chen, M. Z., Holliday, M. J., Bandyopadhyay, 
G. K., Osborn, O., Baar, K., & Olefsky, J. M. (2011). Sirt1 enhances skeletal 
muscle insulin sensitivity in mice during caloric restriction. Journal of Clinical 
Investigation, 121(11), 4281–4288. https://doi.org/10.1172/JCI58554 

Sharma, N., Arias, E. B., & Cartee, G. D. (2010). Rapid reversal of insulin-stimulated 
AS160 phosphorylation in rat skeletal muscle after insulin exposure. 
Physiological Research, 59(1), 71–78. 

Sharma, Naveen, Arias, E. B., Bhat, A. D., Sequea, D. A., Ho, S., Croff, K. K., Sajan, 
M. P., Farese, R. V., & Cartee, G. D. (2011). Mechanisms for increased insulin-
stimulated Akt phosphorylation and glucose uptake in fast- and slow-twitch 
skeletal muscles of calorie-restricted rats. American Journal of Physiology - 
Endocrinology and Metabolism, 300(6), 966–978. 
https://doi.org/10.1152/ajpendo.00659.2010 

Shepard, B. D. (2019). Sex differences in diabetes and kidney disease: Mechanisms 
and consequences. American Journal of Physiology - Renal Physiology, 317(2), 
F456–F462. https://doi.org/10.1152/ajprenal.00249.2019 

Sherwin, R. S., Kramer, K. J., Tobin, J. D., Insel, P. A., Liljenquist, J. E., Berman, M., 
& Andres, R. (1974). A model of the kinetics of insulin in man. Journal of 
Clinical Investigation, 53(5), 1481–1492. https://doi.org/10.1172/JCI107697 

Shia, M. A., & Pilch, P. F. (1983). The beta subunit of the insulin receptor is an 
insulin-activated protein kinase. American Chemical Society, 22(4), 717–721. 

 



 51 

Sjøberg, K. A., Frøsig, C., Kjøbsted, R., Sylow, L., Kleinert, M., Betik, A. C., Shaw, 
C. S., Kiens, B., Wojtaszewski, J. F. P., Rattigan, S., Richter, E. A., & McConell, 
G. K. (2017). Exercise increases human skeletal muscle insulin sensitivity via 
coordinated increases in microvascular perfusion and molecular signaling. 
Diabetes, 66(6), 1501–1510. https://doi.org/10.2337/db16-1327 

Song, X. M., Ryder, J. W., Kawano, Y., Chibalin, A. V., Krook, A., & Zierath, J. R. 
(1999). Muscle fiber type specificity in insulin signal transduction. American 
Journal of Physiology - Regulatory Integrative and Comparative Physiology, 
277(6 46-6). https://doi.org/10.1152/ajpregu.1999.277.6.r1690 

Stienen, G. J. M., Kiers, J. L., Bottinelli, R., & Reggiani, C. (1996). Myofibrillar 
ATPase activity in skinned human skeletal muscle fibres: Fibre type and 
temperature dependence. Journal of Physiology, 493(2), 299–307. 
https://doi.org/10.1113/jphysiol.1996.sp021384 

Stöckli, J., Fazakerley, D. J., & James, D. E. (2011). GLUT4 exocytosis. Journal of 
Cell Science, 124(24), 4147–4159. https://doi.org/10.1242/jcs.097063 

Sun, Y., Bilan, P. J., Liu, Z., & Klip, A. (2010). Rab8A and Rab13 are activated by 
insulin and regulate GLUT4 translocation in muscle cells. Proceedings of the 
National Academy of Sciences of the United States of America, 107(46), 19909–
19914. https://doi.org/10.1073/pnas.1009523107 

Sun, Y., Chiu, T. T., Foley, K. P., Bilan, P. J., & Klip, A. (2014). Myosin Va mediates 
Rab8A-regulated GLUT4 vesicle exocytosis in insulin-stimulated muscle cells. 
Molecular Biology of the Cell, 25(7), 1159–1170. 
https://doi.org/10.1091/mbc.E13-08-0493 

Sylow, L., Tokarz, V. L., Richter, E. A., & Klip, A. (2021). The many actions of 
insulin in skeletal muscle, the paramount tissue determining glycemia. Cell 
Metabolism, 33(4), 758–780. https://doi.org/10.1016/j.cmet.2021.03.020 

Taira, M., Taira, M., Hashimoto, N., Shimada, F., Suzuki, Y., Kanatsuka, A., 
Nakamura, F., Ebina, Y., Tatibana, M., Makino, H., & Yoshida, S. (1989). 
Human Diabetes Associated with a Deletion of the Tyrosine Kinase Domain of 
the Insulin. Science, 245(May 2021), 63–66. 



 52 

Thiebaud, D., Jacot, E., Maeder, E., & Felber, J. P. (1982). Effect of insulin on total 
glucose uptake, glucose oxidation, and glucose storage in man. Diabetes, 31(2 II 
Suppl. 2), 957–963. 

Thong, F. S. L., Bilan, P. J., & Klip, A. (2007). The Rab GTPase-activating protein 
AS160 integrates Akt, protein kinase C, and AMP-activated protein kinase signals 
regulating GLUT4 traffic. Diabetes, 56(2), 414–423. 
https://doi.org/10.2337/db06-0900 

Ullrich, A., Bell, J. R., Chen, E. Y., Herrera, R., Petruzzelli, L. M., Dull, T. J., Gray, 
A., Coussens, L., Liao, Y. C., Tsubokawa, M., Mason, A., Seeburg, P. H., 
Grunfeld, C., Rosen, O. M., & Ramachandran, J. (1985). Human insulin receptor 
and its relationship to the tyrosine kinase family of oncogenes. Nature, 
313(6005), 756–761. https://doi.org/10.1038/313756a0 

Vamos, E. P., Bottle, A., Edmonds, M. E., Valabhji, J., Majeed, A., & Millett, C. 
(2010). Changes in the incidence of lower extremity amputations in individuals 
with and without diabetes in England between 2004 and 2008. Diabetes Care, 
33(12), 2592–2597. https://doi.org/10.2337/dc10-0989 

Wang, L., Scott, I., Zhu, L., Wu, K., Han, K., Chen, Y., Gucek, M., & Sack, M. N. 
(2017). GCN5L1 modulates cross-talk between mitochondria and cell signaling to 
regulate FoxO1 stability and gluconeogenesis. Nature Communications, 8(1). 
https://doi.org/10.1038/s41467-017-00521-8 

Wang, Y., & Pessin, J. E. (2013). Mechanisms for fiber-type specificity of skeletal 
muscle atrophy. Current Opinion in Clinical Nutrition and Metabolic Care, 
16(3), 243–250. https://doi.org/10.1097/MCO.0b013e328360272d 

Wojtaszewski, J. F. P., Hansen, B. F., Kiens, B., & Richter, E. A. (1997). Insulin 
signaling in human skeletal muscle: Time course and effect of exercise. Diabetes, 
46(11), 1775–1781. https://doi.org/10.2337/diab.46.11.1775 

Yan, Z., Okutsu, M., Akhtar, Y. N., & Lira, V. A. (2011). Regulation of exercise-
induced fiber type transformation, mitochondrial biogenesis, and angiogenesis in 
skeletal muscle. Journal of Applied Physiology, 110(1), 264–274. 
https://doi.org/10.1152/japplphysiol.00993.2010 



 53 

Yang, W., Dall, T. M., Beronjia, K., Lin, J., Semilla, A. P., Chakrabarti, R., Hogan, P. 
F., & Petersen, M. P. (2018). Economic costs of diabetes in the U.S. in 2017. 
Diabetes Care, 41(5), 917–928. https://doi.org/10.2337/dci18-0007 

Yau, J. W. Y., Rogers, S. L., Kawasaki, R., Lamoureux, E. L., Kowalski, J. W., Bek, 
T., Chen, S. J., Dekker, J. M., Fletcher, A., Grauslund, J., Haffner, S., Hamman, 
R. F., Ikram, M. K., Kayama, T., Klein, B. E. K., Klein, R., Krishnaiah, S., 
Mayurasakorn, K., O’Hare, J. P., … Wong, T. Y. (2012). Global prevalence and 
major risk factors of diabetic retinopathy. Diabetes Care, 35(3), 556–564. 
https://doi.org/10.2337/dc11-1909 

Yeh, J. I., Gulve, E. A., Rameh, L., & Birnbaum, M. J. (1995). The effects of 
wortmannin on rat skeletal muscle. Dissociation of signaling pathways for 
insulin- and contraction-activated hexose transport. Journal of Biological 
Chemistry, 270(5), 2107–2111. https://doi.org/10.1074/jbc.270.5.2107 

Yki-Järvinen, H. (1992). Sex and insulin sensitivity. Biological Trace Element 
Research, 32(1–3), 305–310. https://doi.org/10.1007/BF02784615 

Zaid, H., Antonescu, C. N., Randhawa, V. K., & Klip, A. (2008). Insulin action on 
glucose transporters through molecular switches, tracks and tethers. Biochemical 
Journal, 413(2), 201–215. https://doi.org/10.1042/BJ20080723 

Zheng, X., & Cartee, G. D. (2016). Insulin-induced Effects on the Subcellular 
Localization of AKT1, AKT2 and AS160 in Rat Skeletal Muscle. Scientific 
Reports, 6(December), 1–9. https://doi.org/10.1038/srep39230 

Zierath, J. R., & Hawley, J. A. (2004). Skeletal muscle fiber type: Influence on 
contractile and metabolic properties. PLoS Biology, 2(10), e337–e348. 
https://doi.org/10.1371/journal.pbio.0020348 

Zorzano, A., Palacín, M., & Gumà, A. (2005). Mechanisms regulating GLUT4 glucose 
transporter expression and glucose transport in skeletal muscle. Acta Physiologica 
Scandinavica, 183(1), 43–58. https://doi.org/10.1111/j.1365-201X.2004.01380.x 

 




