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ABSTRACT 

Hindlimb suspension (HS) in rats was used to study the effects of simulated 

micro gravity on whole-body glucose tolerance and soleus muscle insulin signaling. 

Following short-term HS (1-day), glucose intolerance and whole-body insulin resistance 

developed. Insulin resistance was also identified at the skeletal muscle level, with the 

type I soleus showing more insulin resistance than the type 11 extensor digitorum longus 

(EDL). Examination of insulin signaling components in the soleus revealed a tendency 

towards a decrease in the expression of the p85 regulatory subunit of 

phosphatidylinositol-3 kinase (PI3-K) in addition to a decrease in the basal 

phosphorylation levels of Akt. These changes may contribute to the observed insulin 

resistance in the soleus, but clearly other factors likely also contribute. The data from 

whole-body and muscle studies after 1-day HS did not clearly identify the factors 

responsible for the observed glucose intolerance and reduced glucose uptake. However, 

because both the soleus and EDL exhibited decreased insulin-mediated glucose uptake, 

there may be a circulating factor responsible for the observed insulin resistance and 

glucose intolerance. The whole-body glucose intolerance and muscle insulin resistance 

was no longer apparent after 3-day HS. Interestingly, 7-day HS resulted in the 

development of enhanced whole-body insulin sensitivity. In both 3-day and 7-day HS 

soleus, insulin action on glucose transport was increased. In addition, GLUT-4 protein 

and activities of hexokinase and citrate synthase were increased with prolonged HS. 

Following 3-day HS, expression of insulin receptor substrate-1 (IRS-1) and -2 (IRS-2) 
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were decreased. However, assessment of the functionality of signaling proteins indicated 

insulin-induced increases in tyrosine phosphorylation per unit IRS-l protein, IRS-l 

association with p85, and Akt phosphorylation. The PI3-kinase inhibitor wortmannin did 

not completely block the observed increases in insulin-mediated glucose transport in 3-

day and 7-day HS soleus, indicating the small role of a PI3-K independent mechanism. 

These results indicate that prolonged HS (3-7 days) can alter the functionality of specific 

insulin signaling components in the soleus muscle, accounting for most of the increase in 

insulin-stimulated glucose uptake induced by simulated weightlessness. 
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CHAPTER 1 

INTRODUCTION 

Human subjects encounter a number of physiological adaptations during exposure 

to microgravity. These alterations include muscle atrophy, bone density loss, and 

neurovestibular adaptations (Nicogossian et al. 1994). Such physiological changes can 

lead to a weakened condition in the astronaut that can jeopardize the safety of the 

individual and success of the mission. The observed atrophy of skeletal muscle during 

spaceflight raises important questions concerning alterations in muscle metabolism of 

astronauts. The cause of this concern arises from the observation that 80-90% of the 

peripheral disposal of glucose in response to a glucose or insulin challenge or during an 

exercise bout takes place in skeletal muscle (DeFronzo et al. 1983); it theretbre becomes 

important to investigate possible alterations in glucose metabolism of the atrophying 

skeletal muscle. Numerous studies on rat soleus muscle have indicated an increase in 

insulin-stimulated glucose uptake after periods of simulated weightlessness (Bonen et al. 

1988; Henriksen and Ritter 1993; Henriksen and Tischler 1988; Henriksen et al. 1986; 

Stump et al. 1992). However, there is no information concerning the whole body 

response to a glucose load after simulated weightlessness. In addition, the potential 

molecular mechanisms, including possible alterations in the insulin signaling pathway, 

may be responsible, at least partially, for the previously observed increase in insulin-

stimulated glucose uptake in soleus muscle from rats subjected to simulated 
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weightlessness, but have not been examined. Therefore, this study examined how 

removal of the weight-bearing function of the hindlimbs can change glucose tolerance in 

the whole animal and alter insulin signaling in the unweighted skeletal muscle. 

Information from this project will expand the scientific community's understanding of the 

metabolic consequences of muscle atrophy, thereby allowing for the development of 

appropriate countermeasures for this deleterious effect of spaceflight. 

Glucose Metabolism in Skeletal Muscle 

Overview of insulin signaling 

In response to an elevation in plasma glucose, the fi-cells of the pancreas release 

insulin into the bloodstream. Insulin then acts on peripheral tissues, stimulating the cells 

in these tissues to increase the transport of glucose and/or its intracellular storage as 

glycogen. These tissues include the liver, adipose tissue, and skeletal muscle (Williams 

and Wilson 1998). As stated above, skeletal muscle functions as the primary site of 

glucose disposal in the body and is the primary focus of this study. The manner by which 

insulin stimulates glucose uptake involves a complicated signaling pathway as illustrated 

in Figure 1.1. Insulin binds to the a-subunits of the insulin receptors embedded in the 

plasma membrane of muscle cells. This binding in turn activates a receptor tyrosine 

kinase (IRTK) located in the transmembrane B-subunits, thereby promoting the 

autophosphorylation of the insulin receptor. This activated form of the insulin receptor 

then phosphorylates tyrosine residues on other proteins (White and Kahn 1994). A 
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FIGURE 1.1. Overview of Insulin Signaling 

Insulin-mediated glucose uptake begins with insulin binding to the insulin 
receptor a (IRa) subunit, leading to phosphorylation of the IRTK located on the insulin 
receptor p (IRp) subunit. This is followed by tyrosine phosphorylation of lRS-1 and 
subsequent association and activation of downstream signaling factors. This process 
eventually terminates with the translocation of vesicles containing GLUT-4 proteins to 
the cell surface. 
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principle substrate for IRTK is insulin receptor substrate-1 (IRS-1) (Giorgetti et al. 1993; 

Sun et al. 1991). While IRS-1 remains the primary substrate for IRTK, there are other 

members of the insulin receptor substrate (IRS) family. For example, IRS-2 plays a minor 

role in insulin signaling in muscle tissue (Patti et al. 1995). Both IRS-1 and IRS-2 are 

expressed in the muscle cell, in addition to other cell types, and these factors are the 

focus of this study. However, there are other members of the IRS family that are 

activated in the presence of insulin (Kuhne et al. 1995; Lavan and Lienhard 1993). These 

IRS isoforms include IRS-3, which has been isolated from adipocytes (Lavan et al. 

1997b), and IRS-4, which has been isolated from embryonic kidney cells (Lavan et al. 

1997a). 

Once phosphorylated on tyrosine residues, the IRS-1 then interacts with 

phosphatidylinositol-3-kinase (PI3-K) (Backer et al. 1992). This association is achieved 

via the Src homology (SH2) domains on the p85 subunit of PI3-K (Yonezawa et al. 

1992). The required binding to the p85 subunit illustrates this protein's function as the 

regulatory component for PI3-K activity (Otsu et al. 1991). It is believed that this 

connection between IRS-1 and p85 can be prevented by the phosphorylation of specific 

serine residues on the IRS-1, thereby acting as a possible regulatory mechanism in insulin 

signaling via IRS-1 (Mothe and Van Obberghen 1996). Once IRS-1 binds to p85, this 

complex must associate with the pi 10 subunit, which is the catalytic component of PI3-

K, in order to be fully activated (Hiles et al. 1992). This introduces yet another 

mechanism regulating the activity of PI3-K. Studies on embryonic fibroblasts have 

indicated that p85 is more concentrated than pi 10, thereby suggesting that the balance 
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between p85 and pi 10 is critical for proper signaling (Ueki et al. 2002). Reducing the 

levels of p85 can alter this balance between lRS-1 and p85 and can enhance insulin 

signaling, leading to an increase in insulin sensitivity (Mauvais-Jarvis et al. 2002). The 

activated PI3-K produces the lipid product phosphatidylinositol 3,4,5-trisphosphate 

(PIP3) (Stephens et al. 1993). This factor carries the PI3-K signal downstream to 3-

phospho inositide-dependent protein kinase-1 (PDK-1) (Alessi et al. 1998). 

At this point the functional aspects of the insulin signaling pathway are less clear. 

It has been demonstrated that in addition to PIP3 (James et al. 1996), PDK-1 can activate 

protein kinase B (PKB) (also known as Akt) by phosphorylating this protein on serine 

and threonine residues (Alessi et al. 1997). However, Akt's role in insulin signaling has 

been disputed (Kitamura et al. 1998; Wang et al. 1999). Likewise both PIP3 (Nakanishi et 

al. 1993; Toker et al. 1994) and PDK-1 (Le Good et al. 1998) appear able to activate 

specific atypical members of the protein kinase C (PKC) family. Evidence suggests that 

these atypical isoforms of PKC (aPKC) may have an important role in downstream 

insulin signaling within the cell (Kotani et al. 1998; Standaert et al. 1997). 

The exact actions of Akt and aPKC are not yet clear. However, it appears that the 

activation of these kinases is associated with stimulation of translocation of a specific 

glucose transporter iso form to the cell membrane. The insulin-regulatable glucose 

transporter (GLUT-4) is the insulin-sensitive glucose transporter isoform found in muscle 

and fat tissue. GLUT-4 is sequestered inside the cell until a signal initiates movement of 

vesicles containing the GLUT-4 proteins to the cell surface. These vesicles ftise with the 

membrane (Slot et al. 1991), thereby placing the GLUT-4 molecules in a functional 
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position within the plasma membrane. Current information indicates that the GLUT-4 

vesicles are associated with the vesicle protein (v-SNARE) isoforms synaptobrevin 2 

(VAMP2) and cellubrevin (VAMP3) (Cheatham et al. 1996; Thurmond and Pessin 2001). 

As reviewed in Thurmond and Pessin (2001), it appears that the v-SNARE proteins on 

the GLUT-4 vesicle interact with the target membrane binding proteins (t-SNARE) 

located in the cell membrane. Specifically these proteins include syntaxin 4 and SNAP23 

(Thurmond and Pessin 2001). This interaction leads to the fusion of the GLUT-4 vesicle 

to the cell membrane. Once inserted into the cellular membrane, the GLUT-4 transporter 

facilitates glucose entry into the cell by a diffusion mechanism. 

Alternate Pathways for Stimulation of Glucose Uptake 

The above traditional pathway is widely accepted as playing an integral role in 

insulin-mediated glucose transport. However, there are other pathways that can activate 

glucose uptake. The first pathway described below has received increasing attention. 

Recent studies indicate that insulin action lead to the phosphorylation of c-Cbl in 

adipocytes (Ribon and Saltiel 1997). It is believed this phosphorylation occurs at the 

insulin receptor through the adaptor protein, CAP (Ribon et al. 1998). Following 

phosphorylation c-Cbl interacts with the c-Crk protein (Ribon and Saltiel 1997). Blocking 

this process impairs glucose uptake (Baumann et al. 2000). Interestingly, this pathway 

appears to be independent of PI3-K activity (Chiang et al. 2001). Studies continue to 

examine this pathway and determine its exact role in insulin-mediated glucose uptake. 
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In addition to the insulin-dependent pathways there are insulin-independent 

pathways that can elicit glucose uptake by the cell. Research has shown that muscle 

contractions or a hypoxic environment lead to an increase in glucose uptake via a 

pathway independent of the insulin signaling mechanism (Cartee et al. 1991; Constable et 

al. 1988). As reviewed in Winder (2001), there is not a great deal known about the 

components of the contraction pathway. However, it is believed that calcium and 5'-

AMP-dependent protein kinase (AMPK) may play a role. Examination of glucose uptake 

during contraction demonstrates that exposure to insulin results in an additive effect. This 

suggests that the contraction-stimulated glucose uptake pathway is separate from the 

insulin-dependent pathway possibly through the translocation of GLUT-4 located in a 

pool separate from insulin-dependent GLUT-4 stores (Winder 2001). 

Recent research has focused on the proposed role of p38 mitogen-activated 

protein kinase (p38 MAPK) in the insulin-stimulated glucose uptake pathway. Early 

studies indicated that inhibition of p38 MAPK in the presence of insulin prevented 

insulin-stimulated glucose transport; however, GLUT-4 translocation was normal 

(Sweeney et al. 1999). This finding suggested that p38 MAPK played some integral role 

in the insulin-stimulated glucose uptake process. This interpretation has encountered 

some controversy as other studies have demonstrated that insulin weakly stimulates p38 

MAPK, but inhibiting p38 MAPK has no effect on insulin-stimulated glucose uptake 

(Kayali et al. 2000). Additional research indicated that high levels of the p38 MAPK 

inhibitor (SB203580) may inhibit Akt or GLUT-4 (Saengsirisuwan and Henriksen, 

unpublished observation). At low levels this inhibitor completely blocked p38 MAPK but 
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did not block insulin-stimulated glucose uptake (Fujishiro et al. 2001). Interestingly, 

removal of p38y caused an increase in basal and insulin-stimulated glucose uptake, 

thereby suggesting that p38 may play a role in insulin resistance (Ho et al. 2003). Studies 

then focused on the possible interaction of p38 with GLUT-4. It has also been suggested 

that the p38 MAPK inhibitor may inhibit glucose transport in some cases but does not 

change GLUT-4 translocation, thereby leading to the further suggestion that p38 MAPK 

plays a role in GLUT-4 activation (Somwar et al. 2001; Somwar et al. 2002). The exact 

role of p38 MAPK in insulin-mediated glucose transport, if it has any, remains to be 

determined. 

In conclusion, while much of the gathered data shed light on the regulation of 

insulin-stimulated glucose transport in cells, much more information is still needed for a 

complete understanding of this process. 

Glucose Metabolism 

Once glucose has entered the muscle cell there are a number of potential 

metabolic fates of the glucose molecule. The initial step of glucose handling involves 

glucose phosphorylation by the enzyme hexokinase, to produce glucose-6-phosphate (G-

6-P) (Williams and Wilson 1998). G-6-P may then enter a number of different pathways. 

If the cell requires a reducing agent for fatty acid or steroid biosynthesis or as a substrate 

in the biosynthesis of nucleotides and nucleic acids, the G-6-P proceeds through the 

pentose phosphate pathway (hexose monophosphate shunt) (Murray et al. 1996). Briefly 

this pathway occurs in the cytosol where G-6-P molecules can be used to produce the 
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reduced form of nicotinamide adenine dinucleotide phosphate (NADPH) and ribose-5-

phosphate (Stryer 1995). 

In most cases G-6-P enters pathways leading to the production of adenosine 

triphosphate (ATP) or it may be stored as glycogen, which can subsequently be broken 

down by the cell to use as an energy source. Briefly, the storage process involves G-6-P 

entering the glycogenesis pathway in the cytosol, with glycogen synthase using the 

substrate G-l-P to add the glucose residues to the existing glycogen molecule (Murray et 

al. 1996). To use glucose as an energy source, it must enter the glycolytic pathway in the 

cytosol. Anaerobic glycolysis leads to the formation of lactate. However, if oxygen is 

present, pyruvate undergoes decarboxylation in the mitochondrial matrix resulting in the 

formation of acetyl coenzyme A (acetyl CoA) (Stryer 1995). Acetyl CoA can then enter 

the tricarboxylic acid cycle (TCA) by condensation with oxaloacetate to form citrate via 

citrate synthase eventually leading to the production of carbon dioxide (CO2) (Murray et 

al. 1996). The type of muscle fiber may determine which pathway glucose will follow. 

Soleus muscle is composed primarily of slow oxidative fibers (type I), which typically 

use the aerobic pathway for glucose management, while extensor digitorum longus 

(EDL) muscle, composed of fast glycolytic fibers (type 11), tends to use the anaerobic 

pathway for glucose handling (Ariano et al. 1973; Pette and Spamer 1986). 

Glucose also may be stored as fats after being converted to pyruvate following 

glycolysis. Pyruvate is first converted to acetyl CoA which then can be transformed into 

free fatty acids (FFA) via lipogenesis and FFA are esterified with glycerol to form 

triglycerides. When fiiel is needed, triglycerides can be broken down to glycerol and the 
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constituent FFAs (Stryer 1995). B-oxidation of the FFAs will produce acetyl Co A, which 

can be oxidized as an energy source in the mitochondrion (Murray et al. 1996). 

Hindlimb Suspension 

Experimental Model 

The hindlimb suspension model was developed in the late 1970's (Morey et al., 

1979) and continues to be used as an accepted model of earth-based reduced weight-

bearing. This technique involves suspending the hindlimbs of a rat by the base of the tail 

via a support system, thereby removing any weight bearing function of the hindlimbs. 

The animal is positioned at a 30°-45° headdown tilt. This is a simple process that 

involves creating a hook with a paperclip to hold the tail. The clip is held in place by tape 

and an elastomer cast. The exposed end of the paperclip is then attached to a support 

structure that allows the animal to move in all directions (Figure 1.2). The benefit of this 

procedure is that it is inexpensive compared to actual spaceflight and mimics numerous 

physiological changes seen in astronauts during spaceflight. These alterations include 

muscle atrophy and a cephalad fluid shift, along with cardiovascular deconditioning 

leading to episodes of hypotension, while maintaining neural input to the muscle that is 

not observed in other models of disuse, such as denervation (Martel et al. 1996; 

Thomason and Booth 1990). 
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FIGURE 1.2. Tail-Cast Suspension Model 

The model consisted of (A) a counterweight, (B) a pivot point allowing the animal 
freedom of movement, (C) an attachment to allow the apparatus to be set into a wire-
mesh cage, (D & E) track and wheel allowing animal movement, (F) tape to prevent 
animal from moving to far forward thereby disturbing balance of suspension, (G) and 
paperclip used to attach tail to suspension system (Jaspers and Tischler 1984). 
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Hindlimb Suspension Studies 

To date, there is no information regarding the body's ability to handle a glucose 

load after a period of hindlimb suspension. A number of studies have examined certain 

aspects of insulin action on unweighted skeletal muscle after hindlimb suspension. There 

is a sparing of insulin receptors in the plasma membrane of soleus muscle after a period 

of suspension of 6 days or longer, as measured by in vitro '^^I-insulin binding and 

Scatchard analysis (Bonen et al. 1988; Henriksen et al. 1986). The soleus muscle 

atrophies during the unweighting period due to a general loss of myofibrillar proteins 

(Jaspers and Tischler 1984). However, insulin receptors apparently do not experience 

enhanced degradation, leading to an increased concentration of receptors relative to the 

muscle size (Henriksen et al. 1986). 

The next series of steps leading to the translocation of GLUT-4 have not been 

studied in hindlimb muscles of the hindlimb-suspended animal. Alterations in the ability 

of insulin to activate IRTK, lRS-1, PI3-K, and Akt remain to be determined. Previous 

studies reported increases in the overall concentration of GLlJT-4 after 3 and 7 days of 

suspension in young adult animals (Henriksen et al. 1991). It is unclear how much of the 

GLUT-4 transporters are localized to the surface of the cell membrane relative to the 

amount sequestered in vesicles. The increase in GLUT-4 expression coincides with an 

increase in insulin-stimulated glucose uptake by the soleus muscle after these periods of 

hindlimb suspension (Bonen et al. 1988; Henriksen and Ritter 1993; Henriksen and 

Tischler 1988; Henriksen et al. 1986; Stump et al. 1992), thereby suggesting increased 

GLUT-4 translocation to the plasma membrane. 
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In addition to investigations of the aforementioned components of the insulin 

signaling cascade, there have been studies conducted on other biochemical factors 

involved in glucose homeostasis. The unweighted soleus muscle shows increases in G-6-

P concentrations (Henriksen and Tischler 1988), glycogenic and glycolytic pathways 

(Bonen et al. 1988; Henriksen and Tischler 1988), and oxidation of glucose (Henriksen 

and Tischler 1988; Stump et al. 1992) in response to in vitro administration of insulin. 

It is clear that muscle undergoing atrophy due to unweighting displays some 

alterations in the local mechanisms determining glucose utilization. Changes have 

already been seen in insulin receptor numbers and total GLUT-4 concentrations, but 

those are the first and last steps of the insulin signaling cascade leading to stimulation of 

glucose transport. There are a number of intermediate proteins involved in insulin's 

ability to elicit increased glucose uptake that must also be examined. 

In addition, it is important to examine factors that exist outside of the traditional 

insulin signaling pathway that may affect insulin sensitivity. At this time the role of 

intramuscular triglycerides (mTG) has not been examined in muscle from hindlimb-

suspended animals. Previous studies have shown that elevated mTG is correlated with a 

decrease in insulin sensitivity (Krssak et al. 1999; Manco et al. 2000; Phillips et al. 1996). 

The exact mechanism involved in this resistance is unclear. It is reasonable to believe that 

an increase in insulin sensitivity will accompany a decrease in mTG. Although the cause 

and effect relationship is unclear, it remains an important topic to consider in 

investigations of the potential mechanisms leading to increased insulin action in 

unweighted soleus rat muscle. 
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Hypothesis and Specific Aims 

Hypothesis 

Previous research by several groups has demonstrated increases in insulin 

sensitivity of glucose transport and a sparing of insulin receptors and GLUT-4 glucose 

transporters in the atrophied, unweighted soleus muscle (Henriksen and Ritter 1993; 

Henriksen et al. 1991; Henriksen and Tischler 1988; Henriksen et al. 1986). However, the 

relevance of these local adaptive responses to whole-body glucose homeostasis during 

simulated weightlessness and the potential alterations in insulin signaling factors in 

unweighted skeletal muscle are unknown. Therefore, the long-term goal of this study is to 

characterize changes in glucose homeostasis in the hindlimb-suspended animals by 

focusing on whole-body glucose tolerance and alterations in the insulin signaling 

pathway of unweighted skeletal muscle. It is hypothesized that hindlimb suspension 

alters glucose homeostasis, which will manifest itself as an increased glucose 

tolerance and an upreguiation of components in the insulin signaling pathway in 

unweighted skeletal muscle. 

Specific Aims 

1. To determine whole-body glucose tolerance in animals undergoing 1, 3, or 7 days 

of hindlimb suspension. This was carried out using an insulin tolerance test (ITT) and an 

oral glucose tolerance test (OGTT) with subsequent assessment of the glucose-insulin 

index, an indirect determinant of whole-body insulin sensitivity. 
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2. To confirm the previous observation that there are alterations in insulin action on 

glucose transport activity in unweighted skeletal muscle. This variable was measured in 

the 1-, 3-, or 7-day unweighted split soleus and split extensor digitorum longus (EDL) by 

determination of in vitro insulin-stimulated 2-deoxyglucose uptake. 

3. To assess adaptive responses to simulated weightlessness of local factors 

regulating glucose utilization in unweighted skeletal muscle. This experiment involved 

assaying whole homogenate levels of GLUT-4 glucose transporter protein, hexokinase 

(an index of glucose phosphorylation capacity), and citrate synthase (an index of glucose 

oxidation capacity) in the 1-, 3-, or 7-day unweighted soleus and EDL. In addition, 

muscle triglycerides, a negative modulator of glucose transport, were measured in the 

soleus and EDL at the above time points. 

4. To determine the adaptive responses to simulated weightlessness of intracellular 

insulin signaling factors in unweighted skeletal muscle. This study included 

measurements of insulin receptor protein expression and tyrosine phosphorylation, 

protein expression and tyrosine phosphorylation status of IRS-1, protein expression of 

IRS-2, protein expression of the p85 regulatory subunit of PI3-K and its association with 

tyrosine-phosphorylated IRS-1, and protein expression and serine phosphorylation of Akt 

(PKB). In addition, the possible role of alternate insulin sensitive pathways was explored 

by measuring expression of p38 MAPK and by using wortmannin, a specific inhibitor of 

PI3-K, to explore non-PI3-K dependent mechanisms. 
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CHAPTER 2 

WHOLE BODY INSULIN SENSITIVTY FOLLOWING A PERIOD OF HINDLIMB 

SUSPENSION 

Abstract 

Examination of whole-body glucose tolerance was conducted on juvenile female 

Sprague-Dawley rats undergoing hindlimb suspension for 1, 3, and 7 days. Glucose 

tolerance and whole-body insulin sensitivity were evaluated by an oral glucose tolerance 

test (OGTT) and whole-body insulin sensitivity was independently measured using an 

insulin tolerance test (ITT). The OGTT consisted of administration by gavage of a 

glucose bolus (Ig/lkg body weight) and blood draws at various time points for 90 

minutes to analyze glucose and insulin levels. The glucose-insulin index was constructed 

from these data as an indirect determinant of insulin sensitivity. The ITT involved an 

intraperitoneal (i.p.) injection of insulin (0.3U/lkg body weight) with tail vein blood 

draws every 30 minutes for two hours, which were later analyzed for glucose 

concentration. Soleus muscle wet weights were significantly (p<0.001) reduced after 3 

and 7 days of suspension. Body weights were also significantly reduced following 3 

(p<0.001) and 7 (p<0.05) days of suspension. Interestingly, glucose intolerance was 

observed in the one-day suspended animals. This intolerance manifested itself in an 

elevated glucose-insulin index following the OGTT, as well as in glucose values that 

were significantly greater than one-day weight-bearing control values during the OGTT. 
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Three day suspended animals displayed a return to a normal glucose tolerance and insulin 

sensitivity, as displayed by glucose-insulin index values from the OGTT and glucose 

values during the ITT that were similar to weight-bearing control values. Finally, 7-day 

suspended animals exhibited a trend towards an increase in glucose tolerance and insulin 

sensitivity. The glucose-insulin index for 7-day suspended animals was comparable to 

controls; however, the ITT displayed a significantly greater decrease in glucose levels 

when compared to controls, indicating an increase in insulin sensitivity. These results 

demonstrate that dynamic alterations in whole-body glucose tolerance and insulin 

sensitivity can be elicited during a 7-day period of hindlimb suspension. 

Introduction 

The body must maintain a tight control on blood glucose levels. Typical fasting 

blood glucose concentrations fat! between 80 and 90mg/dl; however, following a meal, 

this level increases rapidly as glucose is absorbed into the blood. This increase in blood 

sugar stimulates the release of insulin by the 6-cells of the pancreas. When the liver is 

exposed to the circulating insulin, a number of changes occur to promote the storage of 

glucose. Insulin induces liver glucokinase which phosphorylates glucose to trap it as 

newly formed glucose-6-phosphate. Insulin also stimulates glycogen synthase, which 

plays an integral part in the process of converting glucose-6-phosphate to glycogen, 

thereby promoting hepatic glycogen storage. In addition to these effects, insulin inhibits 

gluconeogenesis and can promote triglyceride formation from excess glucose in the liver 

(Guyton and Hall 2000). 
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While the liver plays an important part in maintaining glucose homeostasis after a 

meal, it is not the only tissue involved. Skeletal muscle tissue accounts for 80-90% of the 

body's glucose disposal capabilities in response to insulin or during exercise (DeFronzo 

et al. 1983). Following a meal, the elevated plasma insulin levels act upon skeletal 

muscle to promote the transport of glucose from the blood into the muscle cell. The 

intracellular glucose can then be used immediately as an energy source or it can be stored 

as glycogen for later use (Guyton and Hall 2000). With normal insulin action, a glucose 

load following a meal can be disposed of efficiently, thereby keeping blood glucose 

levels relatively constant. When insulin action is hindered, as in the case of insulin-

resistant states (eg., diabetes), the body experiences chronically elevated blood glucose 

levels and complications can develop (LeRoith et al. 1996). 

Information regarding the body's ability to handle a glucose load after a period of 

hindlimb suspension (HS) is lacking. The majority of studies concerning unweighting and 

glucose maintenance focus on localized changes in the muscle. For example, previous 

studies in the soleus muscle illustrated that 3 days or more of hindlimb suspension 

enhanced the response to insulin for stimulation of glucose transport, possibly due to a 

sparing of insulin receptors in the plasma membrane and an increase in total GLUT-4 

protein expression (Bonen et al. 1988; Henriksen et al. 1991; Henriksen et al. 1986). 

While these factors are important at the cellular level, they may not reflect how glucose is 

handled at the whole-body level. 

We hypothesize that whole-body glucose tolerance and insulin sensitivity will 

increase with prolonged hindlimb suspension. To test this hypothesis, the possible 
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alterations to whole-body glucose tolerance and insulin sensitivity were studied following 

one, three, and seven days of hindlimb suspension. Specificaily, we conducted two tests 

to determine these parameters. Glucose tolerance and insulin sensitivity were analyzed 

using an oral glucose tolerance test (OGTT). Finally, an independent assessment of 

whole-body insulin sensitivity was determined using an insulin tolerance test (ITT). 

Materials and Methods 

Hindlimb Suspension 

Female Sprague-Dawley rats (85-110 g, Harlan, Indianapolis, IN) were received 

shortly prior to use. During all casting and surgical procedures, animals were anesthetized 

by an i.p. injection of pentobarbitol sodium (Nembutal; 0.2ml/100g using either a 25% or 

100% solution). Animals were tail-casted and suspended in a head-down position so that 

their hindlimbs were elevated above the floor of the cage while their forelimbs were 

available for locomotion and feeding (Jaspers and Tischler 1984). Tail casts consisted of 

Hexcelite orthopedic tape (Kirschner Medical, Timonium, MD) and 6382 RTS elastomer 

(Factor II, Lakeside, AZ). Vaseline was smeared on the belly of the animals so that urine 

rolled off rather than saturating the underside hair. 

Oral Glucose Tolerance Tests 

Following an overnight fast, at 0800, animals underwent an OGTT. An initial 

blood sample (0.25 ml) from a tail vein was obtained. A glucose load of Ig/kg body 

weight was administered via gavage. Fifteen, 30, 60 and 90 minutes after glucose 
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administration, blood samples were taken. Each blood sample was distributed into two 

microcentrifuge tubes and centrifuged at 13,000 X g until plasma separation. Glucose 

concentration was determined in one sample using a Beckman Glucose Analyzer 2. 

Insulin concentration was analyzed in the other sample using a rat insulin RIA kit (Linco 

Research, Inc., St. Charles, MO). Following the last blood draw, the animals received 

1,25 ml of 0.9% saline to compensate for plasma volume loss. 

Insulin Tolerance Tests 

Following an overnight fast, at 0800, animals underwent an ITT. An initial blood 

sample (0.25 ml) from a tail vein was obtained. An insulin load of 0.3 U/kg body weight 

was then administered via i.p. injection. Thirty, 60, 90, and 120 minutes after insulin 

administration, blood samples were taken. Plasma glucose concentration was 

immediately determined using the Beckman Glucose Analyzer 2. Following the last 

blood draw the animals received 1.25 ml of 0.9% saline to compensate for plasma 

volume loss. 

Hindlimb Muscle Mass 

At the conclusion of one, three, or seven days of suspension, animals were 

anesthetized (50 mg/kg body weight of Nembutal i.p.) prior to excising the soleus and 

extensor digitorum longus (EDL) muscles. Muscles from each leg were quickly removed 

and frozen in liquid nitrogen. While frozen, each muscle was weighed on a Cahn 
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Electrobalance DTL Millibalance. The muscle was then wrapped in foil for later analysis. 

Animals were then sacrificed via cervical dislocation while anesthetized. 

Data Presentation and Analysis 

Time courses for glucose and insulin levels were calculated following the OGTT. 

The areas under the curve for these two factors were then multiplied to calculate the 

glucose-insulin index, an indirect measure of whole-body insulin sensitivity (Cortez et al. 

1991). All data are presented as the mean ± standard error of the mean (SEM). Soleus 

muscle and body weights were analyzed by an independent-samples t-test. Differences in 

insulin and glucose time courses, as well as the glucose:insulin index values, were 

analyzed by a one-way analysis of variance (ANOVA). This was followed by a Scheffe 

post hoc test. All statistics were performed by SPSS for Windows (SPSS Inc., Chicago, 

IL). 

Results 

Alterations of Glucose Clearance 

The clearance of a glucose load was measured over a 90 minute period. The basal 

plasma glucose levels in the control (97 ± 5 mg/dl), 3-day HS (101 ± 5 mg/dl), and 7-day 

HS animals (99 ± 5 mg/dl) did not differ (Figure 2.1). Interestingly, the basal plasma 

glucose concentration in the 1-day HS animal (123 ± 4 mg/dl) was significantly (p<0.05) 

elevated compared to all other animals. In addition to the increased fasting 
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FIGURE 2.1. Time Course of Glucose Clearance Following an Oral Glucose Load in 
Control and Suspended Animals 

Each point for the control animals represents the mean ± SEM for ten animals. 
Each point for the suspended animals represents the mean ± SEM for twelve animals. 
Animals were given a glucose load (Ig/lkg body weight) via gavage. At the time points 
indicated a tail vein blood sample was drawn for later analysis of glucose concentrations. 

* p <0.05, unweighted vs. weight-bearing control using ANOVA with a Scheffe post hoc 
test 
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plasma glucose levels, there was a significantly (p<0.05) greater glucose level observed 

60 minutes after an oral glucose load in 1-day HS animals (156 ± 7 mg/dl) versus control 

animals (126 ± 4 mg/dl). Plasma glucose levels continued to be significantly (p<0.05) 

elevated at 90 minutes in the 1-day HS animals (150 ± 6 mg/dl) versus the control (117 ± 

4 mg/dl), 3-day HS (126 ± 6 mg/dl), and 7-day HS (112 ± 7 mg/dl) animals. These 

elevated glucose levels in the 1-day HS animal suggest that there is some glucose 

intolerance during the initial period of hindlimb suspension. 

This initial glucose intolerance appears to rever.se with longer suspension periods 

(Figure 2.1). The elevated plasma glucose seen after 1-day HS returned to control levels 

after 3 days of suspension, suggesting a reversal of the 1-day glucose intolerance. This 

increase in insulin sensitivity appears to surpass the typical insulin sensitivity seen in 

control animals as suspension time increases. At 15 minutes following an oral glucose 

load, the 7-day HS animal displays a plasma glucose level (137 ± 12 mg/dl) that is 

approaching a significantly lower level (p<0.07) compared to control animals (174 ± 8 

mg/dl). 

Alteration of Insulin Levels 

When insulin levels were analyzed following the glucose load there was a 

significant (p<0.05) increase 30 minutes after glucose gavage in the 1-day HS animals 

(17.9 ± 1.8 |iU/inl) versus the control HS animals (12.3 ± 1.2 |j,U/ml) (Figure 2.2). Insulin 

levels for 3 and 7-day HS animals were similar to controls. 
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FIGURE 2.2. Time Course of Insulin Levels During Oral Glucose Tolerance Test in 
Control and 1-Day Suspended Animals 

Each point for the control animals represents the mean ± SEM for ten animals. 
Each point for the suspended animals represents the mean ± SEM for twelve animals. 
Animals were given a glucose load (Ig/lkg body weight) via gavage. At the time points 
indicated a tail vein blood sample was drawn for later analysis of insulin concentrations. 

* p <0.05, unweighted vs. weight-bearing control using ANOVA with a Scheffe post hoc 
test 
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Alteration of Insulin Sensitivity 

Using the time courses for glucose and insulin levels following an OGTT, it is 

possible to compute a glucose-insulin index by multiplying the areas under the curve for 

the two factors. Figure 2.3 shows the glucose area under the curve. Figure 2.4 displays 

the insulin area under the curve. This index is an indirect determinant of whole-body 

insulin sensitivity (Cortez et al. 1991). This analysis, displayed in Figure 2.5, confirms 

the existence of insulin resistance after 1-day HS. The animals in the 1 -day HS group 

(2.I2E+07 ± 0.16E+07) displayed a significantly (p<0.05) elevated glucose-insulin index, 

reflecting a reduced insulin sensitivity, when compared to weight-bearing control animals 

(1.37E+07 ± 0.06E+07), while following 3 and 7 days of suspension this insulin 

resistance was reversed. It is believed that studies examining the components of the 

insiilin signaling pathway may aid in determining the exact mechanism behind this acute 

insulin resistance. 
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FIGURE 2.3. Glucose Area Under the Curve Following an Oral Glucose Tolerance Test 
and Hindlimb Suspension 

Each bar represents the mean ± SEM for ten animals. Animals were given a 
glucose load (Ig/lkg body weight) via gavage. At the time points indicated a tail vein 
blood sample was drawn for later analysis of glucose concentrations. These glucose 
concentrations were then plotted (Figure 2.1) and the area under the curve was calculated 
from the resulting graph. 
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FIGURE 2.4. Insulin Area Under the Curve Following an Oral Glucose Tolerance Test 
and Hindlimb Suspension 

Each bar represents the mean ± SEM for ten animals. Animals were given a 
glucose load (Ig/lkg body weight) via gavage. At the time points indicated a tail vein 
blood sample was drawn for later analysis of insulin concentrations. These insulin 
concentrations were then plotted (Figure 2.2) and the area under the curve was calculated 
from the resulting graph. 
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FIGURE 2.5. GlucoseJnsulin Index Following an Oral Glucose Tolerance Test and 
Hindlimb Suspension 

Each bar for the control animals represents the mean ± SEM for control 
measurements taken in Figures 2.3 and 2.4. Each bar for the suspended animals 
represents the mean ± SEM for suspension measurements taken in Figures 2.3 and 2.4. 
The area under the curve for glucose and the curve for insulin were then multiplied to 
create the glucose:insulin index. 

* p <0.001, unweighted vs. weight-bearing control using ANOVA with a Scheffe post 
hoc test 
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Response to m Insulin Load 

Next insulin tolerance (ITT) was followed for 120 minutes after insulin injection 

(Figure 2.6). These data show a marked increase in insulin sensitivity after 7 days of 

suspension. Glucose values for 7-day HS animals were 49 ± 5 mg/dl, 24 ± 3 mg/dl, 21 ± 

2 mg/dl, and 20 ± 2 mg/dl at 30, 60, 90, and 120 minutes following insulin exposure, 

while measurements for weight-bearing control animals at the same time points were 65 

± 3 mg/dl, 40 ± 2 mg/dl, 41 ± 2 mg/dl, and 47 ± 3 mg/dl of glucose. All time points 

following insulin administration in the 7-day suspended animal displayed a significantly 

(p<0.05) enhanced whole-body glucose disposal when compared to weight-bearing 

controls. This was not observed in the 1 and 3-day HS animals. 

Body and Muscle Weight Changes Following Hindlimb Suspension 

There was a decrease in body weight gain at three and seven days of HS when 

compared to age-matched controls (Table 2.1). Three-day weight-bearing animals 

weighed 115 ± 2 g, while 3-day HS animals weighed significantly less at 107 ± 1 g. As 

suspension time lengthened, this significant difference continued, as control animals 

increased to 131 ± 6 g, while seven day suspended animals increased to only 118 ± 3 g. 

There was no change in the mass of the extensor digitorum longus muscle (EDL). 

Previous research demonstrated that this muscle does not atrophy or grows normally in 

HS animals (Jaspers and Tischler 1984). Therefore it is useful in detecting systemic 

changes in the muscle fimction of the suspended hindlimb. The soleus muscle showed 

significant (p<0.05) changes in mass after 3 days of HS (Table 2.1). At this time the mass 
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FIGURE 2.6. Insulin Tolerance Test Results for Control and Suspended Animals 
Following an Insulin Injection 

Each point for the control animals represents the mean ± SEM for twenty-two 
animals. Each point for the suspended animals represents the mean ± SEM for eight, 
nine, and seven animals for one, three, and seven day suspension periods respectively. 
Animals were given an insulin injection (0.3U/kg body weight). At the time points 
indicated a tail vein blood sample was drawn for later analysis of glucose concentrations. 

* p <0.02, unweighted vs. weight-bearing control using ANOVA with a SchefFe post hoc 
test 
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TABLE 2.1. Alterations in Body Weight and Hindlimb Muscle Weight Following 
Hindlimb Suspension 

Results are mean values ± SEM for control and suspended animals. Number of 
samples (N) is indicated in the last column. 

Control Suspended 
1-Day 106±4g  107  ±3  g  (N=20,31) 
3-Day 115±2g  107±1  g*  (N=15,27) 

1 

' 8 :  *  
• 

(N=14,26) 

Soleus EDL 
(mg/100g bw) |mg/100g bw) 

Control 40.0 ± 0.8 42.7 ±0.7 (N=14) 
1-Day 39.3 ± 0.8 43.2 ±0.8 (N=5) 
3-Day 33 .6  ±1 .3$  45.9 ± 0.8 (N=6) 
7-Day 21.8±1.0$ 42.4 ±2.4 (N=6) 

*p<0.001, **p<0.05 unloaded vs. age-matched weight-bearing using independent 
samples t-test 
$ p<0.001, unloaded vs. weight-bearing using ANOVA with Scheffe post hoc test 
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of the unweighted soleus muscle was 16% smaller than the mass of the weight bearing 

soleus muscle. After 7 days of HS, the difference in soleus mass between weight-bearing 

and unweighted groups was 46%. 
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Discussion 

In the present investigation, alterations in whole-body glucose tolerance and 

insulin sensitivity were assessed following various periods of hindlimb suspension of 

juvenile, female Sprague-Dawley rats. As these measurements have not previously been 

reported in the literature, this investigation provides novel insights into the adaptive 

responses of systemic glucose metabolism in this rodent model of simulated 

weightlessness. 

Development of Initial Glucose Intolerance and Insulin Insensitivity 

During the initial phase of hindlimb suspension there appears to be development 

of glucose intolerance at the whole-body level. As seen in Figure 2.1, the one day 

suspended animal had an elevated festing blood glucose level when compared to weight-

bearing controls. When a glucose load was introduced, this glucose intolerance 

manifested itself in elevated blood glucose levels at later time points during the OGTT 

when compared to weight-bearing control values at the same time points. These data 

indicate that the animal is having difficulty removing the glucose introduced to its system 

when compared to control weight-bearing animals. 

Additional evidence for glucose intolerance can be derived from the blood insulin 

levels. These values reflect how much insulin the animal has released to handle the 

glucose load from the OGTT. As seen in Figure 2.2, at the 30 min time point during the 

OGTT there was a significantly elevated insulin level in the 1-day suspended group 

compared to the weight-bearing controls. This demonstrates that at this time point the 1-
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day suspended animal required the release of a significantly greater amount of insulin to 

handle its glucose load compared to the control animals. It is theorized that the observed 

elevated insulin level is an attempt by the body to overcome a state of insulin resistance 

seen in the 1 -day HS animals. The insulin resistance complicates this task by reducing the 

effectiveness of insulin's action on skeletal muscle. 

The final piece of evidence indicating the development of glucose intolerance 

comes from the glucose-insulin index. The combination of elevated glucose and insulin 

levels lead to a larger glucose-insulin index. As seen in Figure 2.5, the 1 -day suspended 

animal's glucose-insulin index was significantly greater than that of the weight-bearing 

control animal. This finding also provides support for the contention that the suspended 

animal initially develops insulin resistance, as the glucose-insulin index is an indirect 

determinant of whole-body insulin sensitivity (Cortez et al. 1991). 

The observed glucose intolerance appears to reverse as duration of suspension 

increases. Blood glucose, blood insulin, and glucose:insulin index values decrease to 

levels comparable to weight-bearing controls. Therefore, it appears that the glucose 

intolerance observed at one day suspension is an acute state that quickly reverses. This 

initial insulin resistance may be due to circulating stress hormones as the animal attempts 

to adjust to the suspension state. Previous research has indicated that the stress hormone 

corticosterone is elevated in suspension with levels peaking at three days (Jaspers et al. 

1989). The initial rise in corticosterone may contribute to the glucose intolerance. Studies 

have indicated that stress hormones, such as epinephrine and Cortisol (corticosterone in 

the rat), can promote glucose production and decrease insulin output (Polonsky 1998). 
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This may explain the development of glucose intolerance. However, there appears to be 

an unknown factor or series of factors that corrects the glucose intolerance after three 

days of suspension, even in the face of stress hormone levels that are still elevated. 

Development of Enhanced Insulin Sensitivity 

As seen in Figure 2.6, after seven days of hindlimb suspension an increased 

whole-body sensitivity to insulin develops. This is illustrated by the rapidly decreasing 

glucose level resulting from an insulin exposure during the ITT. In the 7- day suspended 

animal, glucose levels at 30, 60, 90, and 120 minutes foliowmg an insulin injection were 

significantly reduced when compared to glucose levels in control animals at the same 

time points. Apparently the insulin-sensitive tissues in the body of the seven day 

suspended animal become more sensitive to insulin's effect. It is unclear what alterations 

may occur that lead to this increased insulin sensitivity. As skeletal muscle is the primary 

site for glucose disposal following a glucose or insulin challenge (DeFronzo et al. 1983), 

it is necessary to examine skeletal muscle glucose transport directly (see Chapter 4). 

Alterations at the level of the skeletal muscle may explain the insulin sensitivity observed 

at seven days of hindlimb suspension. Previous research already demonstrated an 

increase in insulin-stimulated glucose uptake in soleus muscle following six days of 

suspension (Henriksen et al. 1986), so it is logical to examine the soleus muscle after 

seven days of suspension for alterations in glucose uptake and insulin signaling that may 

explain the increased insulin sensitivity. 
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Alterations in Body and Muscle Weight 

As reviewed by Thomason and Booth (1990), body weights following suspension 

vary greatly. Many studies cite a reduction in body weight following suspension while 

other studies indicate there is no difference between suspended animals and weight-

bearing controls. Finally other studies indicate an initial decrease at early stages of 

suspension but growth rates normalize to that of controls (Thomason and Booth 1990). 

As indicated in Table 2.1, there appears to be a significant decrease in body weight 

following three days of suspension in these animals. As suspension progresses this 

difference between suspended and age-matched control animals continues. This may be 

partly due to a decrease in food consumption. There is a significant decrease in food 

consumption after two days of hindlimb suspension of juvenile Sprague-Dawley rats 

(Jaspers and Tischler 1984). As suspension continues up to eight days this difference 

decreases to a point where suspended animals are eating as much as control animals. 

Food consumption was not measured in the present investigation. It is possible the 

suspended animals had a reduced caloric intake at the onset of suspension, and this may 

explain, in part, the reduced body weight gain after three days of suspension. It is also 

possible that the elevated stress hormones observed at early suspension periods (Jaspers 

et al. 1989) may also contribute to the reduced body weight gain. 

Soleus muscle weights were significantly less than age-matched weight-bearing 

controls after three days of suspension (Table 2.1). This difference between suspended 

and control animals increased even more after seven days of suspension to the point 

where the 7-day soleus was approximately 50% the size of the weight-bearing control 



52 

soleus. This relative reduction in soleus mass was due to both atrophy and growth 

reduction, as these studies were conducted in growing animals. EDL muscle did not 

display similar changes in mass that were observed in the soleus. These results are 

consistent with previous suspension studies (Jaspers and Tischler 1984). In addition, the 

suspension treatment affects the slow twitch oxidative muscle (soleus) more than the fast 

twitch, glycolytic muscle (EDL) (Ariano et al. 1973; Pette and Spamer 1986). 

Concluding Remarks 

It is clear that short-term (one day) hindlimb suspension leads to whole-body 

glucose intolerance and insulin insensitivity. However, increasing the duration of the 

suspension reverses this condition to one resulting in an increased whole-body sensitivity 

to insulin. While it is unknown definitively at this time the underlying mechanisms that 

may account for the initial development of glucose intolerance in hindlimb suspended 

animals, there may be a role for stress hormones, such as the glucocorticoids. Studies in 

later chapters (see Chapters 3 and 4) focus on local factors in the unweighted soleus 

muscle that may help to explain these whole-body alterations in glucose disposal and 

insulin action. 
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CHAPTER 3 

GLUCOSE INTOLERANCE IN ONE-DAY HINDLIMB-SUSPENDED ANIMALS; 

POTENTIAL CONTRIBUTION OF SOLEUS MUSCLE INSULIN RESISTANCE 

Abstract 

The potential contribution of the local muscle factors to the development of 

whole-body glucose intolerance in juvenile female Sprague-Dawley rats undergoing 1-

day hindiimb suspension was examined. Glucose transport activity (assessed by 2-

deoxyglucose uptake) in the 1-day unweighted soleus muscle was significantly decreased 

(p<0.05) compared to weight-bearing control muscles both in the absence and presence 

of insulin (2 mU/ml). Insulin-stimulated glucose transport activity in the extensor 

digitorum longus (EDL) muscles also showed a trend towards lower values (p=0.09). In 

the 1-day unweighted soleus, there were no changes relative to control for total protein 

concentration, or glucose phosphorylation capacity (assessed by hexokinase activity), 

whereas glucose oxidation capacity (determined by citrate synthase activity) was actually 

increased (p<0.05) and intramuscular triglyceride content was decreased (p<0.05). There 

were no changes in the protein expression levels for the (3 subunit of the insulin receptor 

(IR-P), insulin receptor substrate 1 (IRS-1), insulin receptor substrate 2 (IRS-2), Akt, or 

glucose transporter protein 4 (GLUT-4). In the unweighted soleus, there was a trend 

(p<0.1) towards a lower expression of the p85 subunit of phosphatidylinositol-3 kinase. 

The activities of these proteins were unchanged as IR-p phosphorylation, IRS-1 
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phosphorylation, Akt phosphorylation, and lRS-1 associated p85 were similar to controls 

following exposure to insulin. However, basal levels of Akt phosphorylation were 

significantly depressed (p<0.05) in the 1-day unweighted soleus. In addition to these 

classical components of the insulin signaling pathway, the role of p38 mitogen-activated 

protein kinase (p38 MAPK) was examined. The protein expression of p38 MAPK in the 

1-day unweighted soleus showed a trend (p<0.1) towards an increase, and 

phosphorylation of p38 MAPK was significantly elevated (p<0.05) in the absence of 

insulin. However, its phosphorylation state remained unchanged when compared to 

controls after insulin exposure. These results indicate that there is development of local 

insulin resistance in the 1-day unweighted soleus. However, this insulin resistance is not 

due to impaired expression or phosphorylation of the elements involved in the traditional 

insulin signaling pathway. 

Introduction 

Insulin normally promotes the removal of glucose from the blood, primarily 

through its action on muscle tissue (DeFronzo et al. 1983). However, in insulin-resistant 

states the ability of insulin to increase glucose uptake into muscle cells is diminished, 

leading to elevated glucose levels in the blood. There are a number of factors that can 

contribute to the development of skeletal muscle insulin resistance. One possible 

mechanism for this condition may be related to the level of fat in the body. A high-fat 

diet leading to increased adiposity can decrease insulin receptor P-subunit (IR-P) 

phosphorylation, thereby resulting in a decrease in insulin-mediated glucose uptake in 
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adipocytes (Watarai et al. 1988) and skeletal muscle (Han et al. 1997). In addition, high 

levels of non-esterified fatty acid in the blood have a negative correlation with insulin 

sensitivity (Krssak et al. 1999). Intramyocellular lipid concentrations have also shown a 

negative correlation with insulin sensitivity (Krssak et al. 1999). Although the exact 

mechanism is not clear, it is evident that lipids in the blood or muscle can have a negative 

effect on insulin action. 

Insulin resistance can also develop when there is a dysfunction of the insulin 

signaling pathway. Animals engineered with a deficiency in one or more of the insulin 

signaling factors in skeletal muscle or fat demonstrate a reduction in insulin action on 

glucose transport. For example, knockout mice that are missing muscle insulin receptors 

display an absence of a response to insulin (Wojtaszewski et al. 1999). Insulin receptor 

substrate-1 (IRS-l) null mice exhibited an approximate 50% reduction in insulin-

stimulated glucose transport in adipocytes (Kaburagi et al. 1997). Additionally mice 

missing the glucose transporter protein 4 (GLUT 4) protein from muscle tissue show a 

significant reduction in insulin-stimulated glucose uptake (Zisman et al. 2000). Clearly, 

alterations to components of the insulin signaling pathway are associated with the 

development of insulin resistance. 

We have previously shown that 1 -day of hind limb suspension (HS) leads to the 

development of whole-body glucose intolerance and insulin resistance (see Chapter 2). 

We hypothesized that 1-day HS will lead to the reduced expression and functionality of 

insulin signaling components. Therefore, the purpose of the present study was to identify 

possible local factors that could contribute to this whole-body insulin resistance. 
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Specifically, we examined insulin action on glucose uptake in the soleus and extensor 

digitorum longus (EDL) from 1-day HS animals. In addition muscle enzymes, 

triglycerides, and total protein content were measured. Possible changes in the expression 

and activity of various components of the traditional insulin signalmg pathway were 

examined. Finally, the possible role of p38 mitogen-activated protein kinase (p38 

MAPK) was studied to detect any change in expression or functionality of this stress-

activated serine/threonine kinase. 

Materials and Methods 

Hindlimb Suspension 

Female Sprague-Dawley rats (110-130 g, Harlan, Indianapolis, IN) were received 

shortly prior to use. During all casting and surgical procedures, animals were lightly 

anesthetized by a low-dose interperitoneal (i.p.) injection of pentobarbitol sodium 

(Nembutal; 0.2ml/lOOg using either a 25% or 100% solution). Animals were tail-casted 

and suspended in a head-down position so that their hindlimbs were elevated above the 

floor of the cage while their tbrelimbs were available for locomotion and feeding (Jaspers 

and Tischler 1984). Tail casts consisted of Hexcelite orthopedic tape (Kirschner Medical, 

Timonium, MD) and 6382 RTS elastomer (Factor II, Lakeside, AZ). Vaseline was 

smeared on the belly of the animals so that urine rolled off rather than saturating the 

underside hair. 
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Hindlimb Muscle Mass 

At the conclusion of one day of suspension, animals were deeply anesthetized (50 

mg/kg body weight of Nembutal i.p.) for soleus and EDL dissection. Muscles from each 

leg were quickly removed and frozen in liquid nitrogen. While frozen, each muscle was 

weighed on a Cahn Electrobalance DTL Millibalance. The muscle was then wrapped in 

foil for later analysis. Animals were then sacrificed via cervical dislocation while 

anesthetized. 

Insulin-Stimulated Glucose Uptake 

Insulin-mediated glucose uptake in soleus strips was assessed using established 

procedures (Henriksen and Ritter 1993). Briefly, strips of soleus and EDL muscles (-25-

30 mg) were initially incubated for 60 min in 3 ml of oxygenated Krebs-Henseleit 

bicarbonate buffer (KHB) containing 8 mM glucose, 32 mM mannitol, and 0.1% bovine 

serum albumin (BSA), and maintained at 37° C. One soleus or EDL strip from each 

animal was incubated in the absence of insulin, while a second muscle strip was 

incubated in the presence of insulin (2 mU/ml). Thereafter, the muscles were rinsed for 

10 minutes in 3 ml of KHB containing 40 mM mannitol, 0.1% BSA and insulin, if 

present previously. The muscles were then transferred to flasks containing 2 ml of KHB, 

1 mM 2-deoxy-[ 1,2-'H]glucose (2-DG, 300 uCi/mmol), and 39 mM mannitol 

(0.8 uCi/mmol; ICN Radiochemicals, Irvine, CA) for 20 min. Muscles were then frozen 

in liquid nitrogen and specific uptake of 2-DG was quantified according to Henriksen and 

Ritter (Henriksen and Ritter 1993). 
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Muscle Glucose Enzyme Assessment 

Following the OGTT (see Chapter 2), the middle two-thirds of each soleus muscle 

was excised, blotted, frozen using aluminum clamps dipped in liquid nitrogen, and then 

weighed. Muscles from the same animal were then pooled for homogenization in 30 

volumes of ice-cold 20mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic (HEPES) 

acid buffer (pH 7.4) containing 1 mM ethylenediaminetetraacetic acid (EDTA) and 250 

mM sucrose. The homogenate was divided into aliquots for analysis of total protein 

(bicinchoninic acid (BCA) assay, Sigma, St. Louis, MO), hexokinase (Uyeda and Racker 

1965), and citrate synthase (Srere 1969). 

Muscular Triglycerides 

Clamp-frozen muscles were cut on dry ice to yield a mass of -20 mg. The sample 

was homogenized in 2 ml of extraction buffer (50 ml chloroform, 25 ml methanol, 7.5 mg 

butylated hydroxy toluene) at 4°C. The homogenate was stored at 4°C for 16 hours in 

order to extract lipids. Following this time period, 467 ^1 of 0.9% NaCl was added to the 

homogenate. The sample was vortexed and centrifuged at 3000 X g for 1 hour. 

Thereafter, 800 fil of the organic phase was placed in a microcentrifuge tube and dried 

completely at 60°C for approximately 1 hour under a nitrogen atmosphere. The sample 

was reconstituted by adding 100 }il of extraction buffer. Triglyceride concentration was 

then determined by using a triglyceride (GPO-Trinder) assay kit (Sigma). 



59 

Expression of Insulin Signaling Factors 

Expression of proteins involved in the traditional insulin signaling pathway was 

analyzed via Western blotting. Muscle analyzed for expression of total GLUT-4 was 

homogenized in the manner previously described for muscle enzyme assessment. All 

other muscle used in expression of signaling factors was homogenized in 8 volumes of 50 

mM HEPES (pH 7.5) containing 150 mM NaCl, 20 mM Na pyrophosphate, 20 mM p-

glycerophosphate, 10 mM NaF, 2 mM Na3V04, 2 mM EDTA (pH 8.0), 1% Triton X-100, 

10% glycerol, 1 mM MgCb, 1 mM CaC^, 10 jug/ml aprotinin, 10 fig/ml leupeptin, and 2 

mM phenylmethylsulfonylfluoride (PMSF). Thereafter, homogenates underwent end-

over-end rotation for 20 min at 4°C followed by 20 min centrifugation at 13000 X g. The 

homogenate was then analyzed for total protein (BCA assay, Sigma). Samples were then 

diluted to equal protein concentrations and combined with sodium lauryl sulfate (SDS) 

sample buffer (125 mM Tris (pH 6.8), 4% SDS, 20% glycerol, 10% p-mercaptoethanol, 

and 0.0025% bromophenol blue). This mixture was boiled for 5 min. 

Following boiling, 80 pg of protein for GLUT-4 analysis and 200 pg of protein 

for all other proteins of interest were loaded on either 7.5% or 12% Tris-HCl Ready Gels 

(Bio-Rad Laboratories, Hercules, CA) for SDS-polyacrylimide gel electrophoresis (SDS-

PAGE). Following electrophoresis, samples were transferred to nitrocellulose paper for 

Western blotting. 

For analysis of Akt expression the nitrocellulose paper was blocked in Tris-

buffered saline (TBS) containing 0.1% Tween-20 (TBS/T) and 5% nonfat dry milk for 1 

hour at room temperature. It was then washed 3 times with TBS/T. The nitrocellulose 
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was then incubated overnight at 4°C at with anti-Akt antibody (Cell Signaling 

Technology, Beverly, MA) diluted 1:1000 in TBS/T containing 5% bovine serum 

albumin (BSA). Upon completion, the nitrocellulose was washed 3 times with TBS/T and 

then incubated for one hour with goat anti-rabbit IgG horseradish peroxidase conjugated 

secondary antibody (HRP) (Chemicon International, Temecula, CA) diluted 1:1000 in 

TBS/T containing 5% nonfat dry milk. The nitrocellulose was then washed 3 times with 

TBS/T. 

For analysis of GLUT-4 protein expression, the nitrocellulose paper was blocked 

for 1 hour at 4°C in phosphate-buffered saline (PBS) containing 0.1% Tween-20 

(PBS/T). The nitrocellulose was washed 3 times with PBS/T and incubated overnight in 

anti-GLUT4 antibody (Biogenesis, Kingston, NH) diluted 1:500 in PBS/T containing 1% 

nonfat dry milk. The nitrocellulose was washed 3 times with PBS/T and then incubated 

for 1 hour at room temperature in HRP diluted 1:5000 in PBS/T containing 1% nonfat 

dry milk. Upon completion, the nitrocellulose was washed 5 times with PBS/T. 

For analysis of lRS-1, lRS-2, and the p85 subunit of phosphatidylinositol-3-

kinase (PI3-K), the nitrocellulose paper was blocked for 1 hour at room temperature in 

PBS containing 3% nonfat dry milk (PBS-MLK). The nitrocellulose was then incubated 

overnight at 4°C with either anti-IRS-1, anti-IRS-2, or anti-p85 antibody (Upstate 

Biotechnology, Lake Placid, NY) diluted to 2|ig/ml in PBS-MLK. The nitrocellulose was 

then washed 2 times with water. Thereafter, the nitrocellulose was incubated for 1.5 

hours at room temperature with HRP diluted 1:1000 in PBS-MLK. The nitrocellulose 



61 

was then washed with water twice, once with PBS containing 0.05% Tween-20 for 5 

minutes, and then 4 additional times with water. 

For analysis of the p subunit of the insulin receptor (IR-P) and p38 MAPK the 

nitrocellulose was blocked for 1 hour at room temperature with TBS/T containing 5% 

nonfat dry milk (TBST-MLK). The nitrocellulose was then incubated overnight at 4°C 

with 2}ig/ml of anti-IR-P-HRP or anti-p38 MAPK antibody (Santa Cruz Biotechnology, 

Inc., Santa Cruz, CA) diluted in TBST-MLK. The nitrocellulose was washed 3 times with 

TBS/T. It was not necessary to incubate with HRP in the IR-P analysis as the horse radish 

peroxidase detection mechanism had been incorporated into the primary antibody. In the 

case of p38 MAPK, the nitrocellulose was incubated at room temperature for one hour in 

HRP diluted 1:1000 in TBST-MLK. Following this the nitrocellulose was washed 3 times 

with TBS/T. 

Phosphorylation State of Insulin Signaling Factors 

Muscles were incubated for 30 min in 3 ml of oxygenated KHB containing 8 mM 

glucose, 32 mM mannitoL, and 0.1% BSA, and maintained at 37° C. One soleus strip 

from each animal was incubated in the absence of insulin, while a second soleus strip was 

incubated in the presence of insulin (5 mU/ml). Following incubation in insulin, the 

middle two-thirds of each soleus muscle was excised, blotted, frozen using aluminum 

clamps dipped in liquid nitrogen, and then weighed. 

Analysis of phosphorylated Akt and p38 MAPK was conducted in an identical 

manner described above for Akt expression analysis. Analysis of phosphorylated Akt 
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used anti-phospho Akt (Ser473) and anti-phospho p38 MAPK (Thrl80/Tyrl82) antibody 

(Cell Signaling) for the primary antibody. 

Measurements of phosphorylated IRS-1, IR-p, and p85 associated with IRS-1 

were performed via immunoprecipitation. Each soleus muscles was homogenized in 1 ml 

of 50 mM HEPES (pH 7.4) containing 150 mM NaCl, 1% Triton X-100, 2 |ag/ml 

aprotinin, 0.2 mM leupeptin, 2 mM PMSF, 0.1 mM antipain, and 0.5 units/ml a-

macroglobulin. Thereafter, homogenates were incubated for 20 min at 4°C followed by 

20 min centrifugation at 13000 X g. The homogenate was then analyzed for total protein 

(BCA assay, Sigma). Samples were then diluted to 1 mg/ml. 

For analysis of phosphorylated IR-P, 0.5 ml of homogenate was 

immunoprecipitated with 10|il of anti-phospho tyrosine, recombinant 4G10, agarose 

conjugate (Upstate Biotechnology) and gently rocked overnight at 4°C. The solution was 

then placed in a microcentrifuge for approximately 5 seconds. The supernatant was 

removed and the beads washed 3 times with PBS. The beads were then exposed to SDS 

sample buffer and boiled for 5 minutes. 

For analysis of phosphorylated IRS-1 and p85 associated with IRS-1, 1 ml of 

diluted homogenate was combined with 20|il of anti-lRS-1, agarose conjugate (Upstate 

Biotechnology) and gently rocked overnight at 4°C. The solution was then placed in a 

microcentrifuge for approximately 5 seconds. The supernatant was removed and the 

beads washed 3 times with PBS. The beads were then exposed to SDS-PAGE sample 

buffer and boiled for 5 minutes. 
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Following immunoprecipitation boiling, 40|il of sample were loaded on a 7,5% 

Tris-HCl Ready Gel (Bio-Rad Laboratories, Hercules, CA) for SDS-polyacrylimide gel 

electrophoresis (SDS-PAGE). Following electrophoresis, samples were transferred to 

nitrocellulose paper for Western blotting. 

Analysis of phosphorylated IR-P and IRS-1 associated p85 was conducted as 

previously described for detection of expression of IR-P and p85. For analysis of 

phosphorylated lRS-1, the nitrocellulose was blocked for 1 hour at room temperature 

with TEST-MLK. The nitrocellulose was then incubated overnight at 4°C with 2}ig/ml of 

anti-phosphotyrosine (PY 99) antibody (Santa Cruz Biotechnology) diluted in TBST-

MLK. The nitrocellulose was washed 3 times with TBS/T. The nitrocellulose was then 

incubated for 1 hour at room temperature in goat anti-mouse IgG-horseradish peroxidase 

conjugated antibody (Santa Cruz Biotechnology) diluted 1:1000 in TBST-MLK. 

Horseradish Peroxidase Detection 

All Western blotting procedures were visualized with an enhanced 

chemluminescence (ECL) kit (Amersham Pharmacia Biotech, Piscataway, NJ). 

Following the final wash the nitrocellulose of interest was exposed to ECL solutions for 

one minute. The nitrocellulose was then placed on glass and wrapped in plastic wrap. The 

nitrocellulose was exposed to Kodak X-Omat AR Film (Sigma) for varying times. The 

film was developed and subsequently analyzed by a GS-800 Calibrated Densitometer 

(Bio-Rad Laboratories). 
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Data Presentation and Analysis 

All data are presented as the mean ± standard error of the mean (SEM). Soleus 

and EDL weights, enzyme activities, and triglyceride levels were analyzed by an 

independent-samples t-test. In addition, all Western blotting results were analyzed by an 

independent-samples t-test. All statistics were performed by SPSS for Windows (SPSS 

Inc., Chicago, IL). 

Results 

Alteration of Glucose Uptake 

Measure of glucose uptake showed significant (p<0.05) decreases in both basal 

and insulin-stimulated glucose transport activity after 1-day HS in the soleus (Table 3.1). 

Moreover, the increase in glucose transport above basal due to insulin (insulin-mediated 

glucose transport) was significantly less (p<0.05) in the 1-day unweighted soleus 

compared to the age-matched weight-bearing control group. In the EDL, there was a 

trend (p=0,09) towards a lower rate of insulin-mediated glucose transport from the 1-day 

HS animals. 

Total Protein Content, Muscle Glucose Enzymes, and GLUT-4 Assessment 

Following 1-day HS there is no change in the total protein content between 

weighted and unweighted soleus (Table 3.2). In addition, suspended and control animals 

show a similar total protein content in EDL. Analysis of citrate synthase levels in both the 
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TABLE 3.1. Effects of HS on Insulin-Stimulated Glucose Uptake 

Results are mean values ± SEM for control and suspended animals. All values are 
expressed as pmoi/mg/20min. The number of samples for control soleus and EDL was 4-
7. The number of samples for soleus and EDL from HS animals 5-11. 

Qoup Scte 

(+kHiin) Qh  ̂

HX 

(-imin) 

Ocrtttl 273 ±26 I090±47 8i6±47 178±23 531 ±11 353 ±28 

l-Day 2}5±8* 864±31$ 699±36» 212± 13 501 ±22 289±19 

* p<0.05, unloaded vs. weight-bearing 
$ p<0.001, unloaded vs. weight-bearing 
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TABLE 3.2. Effects of HS on Protein, Enzymes, and GLUT-4 

Results are mean values ± SEM for control and suspended animals. The number 
of samples is indicated in the (N) column for each factor tested. 

Suspension 

(days) 

Total Protein 
(fig/mg muscle 

wet weight) 

Citrate Synthase Hexokinase GLUT-4 

N (nmol/mg protein rain) N (nmol/mg protein min) N (% of control) N 

SOLEUS 
Control 149 ±7 8 1 1 5  ± 4  6 1.6 ±0.1 6 100 ± 4% 8 

1-Day 1 4 3  ± 5  17 133 ±9 11 1.9±0.P 11 94 ± 6% 7 

EDL 
Control 181 ±6 4 7 2  ± 8  4 1 . 4  ± 0 . 1  4 1 0 0 +  1 1 %  5 
1-Day 1 8 5  ± 8  5 8 1  ± 3  5 1.4 ±0.1 5 99 ± 16% 4 

* p<0.05, unloaded vs. weight-bearing 
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soleus and EDL did not show a significant difference between HS and control animals. 

Hexokinase levels in the EDL were unaffected by 1 day HS. Interestingly, there was a 

19% increase (p<0.05) in the hexokinase levels of the soleus following 1-day HS. 

Expression of cellular GLUT-4 protein was similar in control and HS animal for both the 

soleus and EDL muscles. 

Analysis of Intramuscular Triglycerides 

There was no alteration of intramuscular triglyceride concentrations in the EDL 

following 1-day HS (Figure 3.1). However, there was a significant (p<0.05) decrease in 

intramuscular triglycerides in the soleus muscle following one day of suspension. 

Aherations in Insulin Receptor Expression and Functionality 

There were no detectable changes in the level of IR-fi protein expression or 

insulin-stimulated tyrosine phosphorylation in the 1-day HS soleus (Figure 3.2). IR-P 

protein expression was 103% ± 4% of weight-bearing control. Likewise, insulin-

stunulated IR-P tyrosine phosphorylation in 1-day unweighted soleus (91% ± 11%) was 

not significantly different from weight-bearing control. There was no detectable signal 

from phosphorylated IR-P in the absence of insulin in either group. 
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FIGURE 3.1. Intramuscular Triglyceride Concentration in the Soleus and EDL 
Following 1-Day HS 

Each bar represents the mean ± SEM for intramuscular triglyceride concentration. 
The number of subjects per group was 4-5. 

* p <0.05, unweighted vs. weight-bearing control using an independent samples t-test 
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FIGURE 3.2. Protein Expression and Functionality of the Insulin Receptor (3 Subunit in 
the Soleus Following 1-Day Hindlimb Suspension 

Each bar represents the mean ± SEM for insulin receptor p subunit (IR-P) protein 
expression or insulin-stimulated IR-ji tyrosine phosphorylation expressed as percent of 
weight-bearing control. There was no detectable signal for IR-P tyrosine phosphorylation 
in the absence of insulin. The number of subjects for the IR-p protein expression and 
phosphorylation groups was 6-8. 
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Expression of Insulin Receptor Substrate-1 and -2 

There was no significant change in the protein expression of insulin receptor 

substrate-1 (IRS-1) and insulin receptor substrate-2 (IRS-2) following one day of 

hindlimb suspension (Figure 3.3). For IRS-1 and IRS-2 protein expression, values from 

control animals were normalized to 100% and used as a standard to compare with values 

from HS animals. Compared to the control, the 1-day HS animal's IRS-1 protein 

expression was only 79% ± 11%, though this did not differ from control. One-day 

unweighted soleus IRS-2 protein expression was 92% ± 10% of control values. 

Functionality of Insulin Receptor Substrate-1 

The functionality of IRS-1 in the 1-day unweighted soleus muscle was examined 

by analyzing its tyrosine phosphorylation state (Figure 3.4). There was no significant 

difference between control and unweighted groups, as insulin-stimulated tyrosine 

phosphorylation of IRS-1 in 1-day unweighted soleus was 98% ± 3% of the weight-

bearing control value. There was no detectable signal for tyrosine-phosphorylated IRS-1 

in the absence of insulin. 

Expression of p85 and IRS-1 associated p85 

There was a trend (p<0.09) towards a lower expression of the p85 subunit of PI3-

K in the soleus muscle following 1-day HS (Figure 3.5). Following 1-day HS, the 

unweighted soleus expression of p85 was 91% ± 4% of the weight-bearing control value. 
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FIGURE 3.3. Expression of Insulin Receptor Substrate-1 and -2 in the Soleus Following 
1-Day Hindlimb Suspension 

Each bar represents the mean ± SEM for insulin receptor substrate-1 (IRS-1) and -
2 (IRS-2) protein expression as percent of control. The number of subjects for both the 
IRS-1 and IRS-2 protein expression for control and 1-day HS was 8. 
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FIGURE 3.4. Insulin-Stimulated Tyrosine Phosphorylation of Insulin Receptor 
Substrate-1 in the Soleus Following 1 -Day Hind limb Suspension 

Each bar represents the mean ± SEM for tyrosine-phosphorylated lRS-1 as 
percent of control. There was no detectable signal for tyrosine-phosphorylated IRS-1 in 
the absence of insulin. The number of subjects was 3-4 in each group. 
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FIGURE 3.5. Protein Expression of the p85 Subunit of PI3-K and its Association with 
Tyrosine-Phosphorylated IRS-1 in the Soleus Following 1-Day Hindlimb 
Suspension 

Each bar represents the mean ± SEM for expression of p85 or IRS-1 associated 
p85 as percent of control. There was no detectable signal of IRS-1 associated p85 in the 
absence of insulin. The number of subjects for the control and HS group was 4-8. 
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Tyrosine-phosphorylated IRS-1 associated p85 in the 1-day HS so lens (104% ± 9%) was 

not different from control. 

Expression and Functionality of Akt 

There was no significant change in the protein expression of the Akt in the soleus 

muscle following one day of HS (101% ± 10% of control) (Figure 3.6). However, there 

appeared to be a significant decrease (p<0.05) in the basal level of Akt phosphorylation 

on Ser 473 following 1-day HS. Basal phosphorylation of the Akt protein in the 

unweighted soleus muscle was only 73% ± 9% of control (Figure 3.7). However, this 

reduced phosphorylation state of Akt in the HS soleus was not observed in the presence 

of insulin (107% ± 6% of control levels), indicating that the reduced basal 

phosphorylation levels did not hinder insulin-stimulated Akt phosphorylation. 

Protein Expression and Functionality ofp38 MAPK 

Following 1-day HS, there was a trend (p<0.1) towards elevated expression of 

p38 MAPK protein (Figure 3.8). Specifically, the 1-day HS soleus expressed p38 MAPK 

protein at levels 119% ± 9% of control. Alterations in p38 MAPK continued at the 

phosphorylation level. Following 1 -day HS, and with insulin absent, there was a 

significant increase (p<0.05) in p38 MAPK phosphorylation levels (Figure 3.9). 

Phosphorylated p38 MAPK levels in 1-day HS soleus were 181% ± 28% of the control 

levels. For muscles exposed to insulin, there was no significant difference between 

control (100% ± 31%) and 1-day HS soleus (139% ± 34%). 
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FIGURE 3.6. Protein Expression of Akt in the Soleus Following 1-Day Hindlimb 
Suspension 

Each bar represents the mean ± SEM for protein expression of Akt as percent of 
control. The number of subjects for the control and HS group for Akt expression was 7-8. 
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FIGURE 3.7. Phosphorylation of Akt in the Soleus in the Absence or Presence of Insulin 
Following 1-Day Hindlimb Suspension 

Each bar represents the mean ± SEM for phosphorylation of Akt as percent of 
control. The number of subjects for the control Akt phosphorylation group was 3-4. The 
number of samples for the HS Akt phosphorylation group was 6. 

* p <0.05, unweighted vs. weight-bearing control using an independent samples t-test 
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FIGURE 3.8. Protein Expression of p38 MAPK in the Soleus Following 1-Day 
Hindiimb Suspension 

Each bar represents the mean ± SEM for p38 MAPK protein expression as a 
percent of control. The number of subjects for the p38 MAPK expression groups was 
between 6-11. 
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FIGURE 3.9. Phosphorylation of p38 MAPK in the Soleus Following 1-Day Hindlimb 
Suspension 

Each bar represents the mean ± SEM for p38 MAPK phosphorylation as percent 
of control. The number of samples for p38 MAPK phosphorylation was 4-6. 

* p <0.05, unweighted vs. weight-bearing control using an independent samples t-test 
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Discussion 

In the present investigation, alterations in local factors in soleus muscle leading to 

whole-body glucose intolerance were assessed following various periods of hindlimb 

suspension of juvenile, female Sprague-Dawley rats. As these measurements have not 

previously been reported in the literature, this investigation provides novel insights into 

the adaptive responses of local factors involved in glucose metabolism in this rodent 

model of simulated weightlessness. 

Development of Insulin Resistance with Acute Hindlimb Suspension 

During the initial phase of hindlimb suspension, there appears to be development 

of glucose intolerance at the whole-body level (see Chapter 2). In order to assess the 

source of this glucose intolerance at a local level, the functionality of the glucose 

transport system in the soleus and EDL muscles was examined. In the absence of insulin, 

the 1-day unweighted soleus muscle showed a 25% decrease in glucose transport activity 

when compared to the control soleus. When insulin was present, there was a clear 

impairment of glucose uptake, as the unweighted soleus transported 21% less glucose 

than the control muscle. While the EDL did not show the same impairments in glucose 

uptake as the soleus, there was a trend toward a lower insulin-mediated glucose transport 

activity in the EDL from the 1 -day HS animals. 

The soleus consists primarily of type I muscle fibers and is more sensitive to 

insulin than muscles made up of predominantly type II fibers (Henriksen et al. 1990; 

Song et al. 1999). This muscle is very sensitive to acute reductions in weight-bearing 
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function (Thomason and Booth 1990). The development of a slight decrease in the insulin 

responsiveness of the EDL suggests that the source of the glucose intolerance witnessed 

in the whole-body studies could be a circulating factor that can affect multiple muscles. 

Such a factor could be a stress hormone. Previous studies have shown that corticosterone 

levels are elevated early in HS (Jaspers et al. 1989), and glucocorticoid hormones can 

impair insulin-mediated glucose uptake in muscle (Rushakoff and Kalkhoff 1983). 

Intramuscular triglycerides negatively modulate insulin action in muscle. As 

previously noted, intramuscular triglyceride levels have an inverse relationship with 

insulin sensitivity (Krssak et al. 1999). Interestingly, intramuscular triglycerides in the 

soleus muscle following 1-day HS were significantly decreased to 65% of control levels. 

There was no change in EDL intramuscular triglyceride levels tbllowing HS. This 

reduction in triglyceride levels indicates that triglycerides are not the source of the insulin 

resistance demonstrated in the unweighted soleus muscle, as this alteration does not fit 

the established relationship between triglyceride levels and insulin sensitivity. The 

reduction in intramuscular triglycerides may be due to both the reduced glucose uptake in 

the soleus after 1-day HS and to an enhancement of lipolysis of this lipid store, though 

this was not measured in the present study. As the amount of glucose entering the cells is 

reduced, there would be a decrease in the amount of glucose carbons available for 

triglyceride formation. 
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Muscle Protein Content and Enzyme Activities 

Analysis of total protein levels in the soleus and EDL indicated that 1 -day HS was 

not sufficient to alter muscle protein composition. In addition there was no change in the 

citrate synthase activity of the soleus or EDL of 1-day HS animals. There was a slight, 

but significant (p<0.05), increase (19%) in the hexokinase activity in the 1-day HS 

soleus. Considering that hexokinase phosphorylates glucose entering the cell, it is 

surprising that its activity increases in a cell that is experiencing decreased glucose 

uptake. There is little information available on alterations of muscle enzyme activities 

folk)wing 1-day HS. One day of HS did not enhance soleus hexokinase activity in young 

adult, male Sprague-Dawley rats, though this parameter was elevated following 

suspension periods of 3 or 7 days in these rats (Henriksen et al. 1991). Moreover, long-

term HS induces hexokinase expression in the soleus (Stein et al. 2002). It is possible that 

changes in hexokinase activity may occur early during the HS period leading to the 

reported increase in hexokinase expression in long-term HS. 

Expression of Insulin Signaling Factors 

There were few changes in the expression of known insulin signaling components 

in the unweighted soleus. Insulin receptor p-subunit, GLUT-4, IRS-1, IRS-2, and Akt 

protein expression were unaftected by unweighting. However, there was a trend (p<0.1) 

towards a lower expression of the p85 subunit of PI3-K. This could play a role in 

impairing the insulin signal to stimulate GLUT-4 translocation, thereby leading to the 

development of insulin resistance. 
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Functionality of Insulin Signaling Factors 

Following 1 -day of HS, the soleus showed no alterations of IR-P or lRS-1 

tyrosine phosphorylation levels when the muscle was exposed to insulin. In addition there 

was no change in the IRS-1 association with p85 in the unweighted muscle. Interestingly, 

there was a significant decrease (p<0.05) in Akt phosphorylation in the unweighted 

soleus in the absence of insulin. In the presence of insulin, the Akt phosphorylation levels 

returned to weight-bearing control levels. The normal Akt phosphorylation levels upon 

insulin exposure do not explain the reduction in insulin-mediated glucose uptake in the 

unweighted soleus. However, the 27% decrease in Akt phosphorylation in the non-

insulinized state may play a role in the previously observed reduction in basal glucose 

uptake in the soleus muscle. This finding may indicate the interference by some unknown 

factor in the basal insulin signaling pathway. 

Role of p38 MAPK in Insulin Resistance 

There is some debate over the role of p38 MAPK in insulin signaling. Studies 

have shown that p38 MAPK may play a role in activating glucose uptake in response to 

an insulin signal (Somwar et al. 2002; Sweeney et al. 1999). Following 1 -day HS, there 

was a trend (p<0.l) towards greater protein expression of p38 MAPK. In addition, there 

was a significant (p<0.05) elevation (81%) of the phosphorylation of p38 MAPK in the 

absence of insulin in unweighted soleus muscle. However, upon exposure to insulin, 

phosphorylation of p38 MAPK in unweighted soleus muscle actually decreased toward 

weight-bearing control levels. These data indicate that, under the conditions of this 
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experiment, there does not appear to be an insulin effect on p38 MAPK in the unweighted 

soleus muscle. This absence of significant insulin-induced phosphorylation of p38 

MAPK has been independently verified in the Henriksen laboratory (Saengsirisuwan, V., 

unpublished results). Due to the relatively recent interest in p38 in the insulin pathway, it 

is difficult to connect the elevated p38 MAPK phosphorylation levels in the absence of 

insulin with the impairment in basal glucose uptake in the HS soleus. Clearly, fiirther 

studies are needed to examine p38 MAPK's actual role in the insulin-dependent glucose 

transport system in skeletal muscle. 

Concluding Remarks 

There is clearly impairment of insulin-mediated glucose uptake following 1-day 

HS in the soleus muscle, with a lesser degree of insulin resistance in the EDL. This 

undoubtedly contributes, in part, to the whole-body insulin resistance previously reported 

(see Chapter 2) following 1 -day of HS. The cause of this impairment in the soleus muscle 

remains unknown. Changes in some signaling factors in the absence of insulin may 

contribute to the decreased basal glucose uptake in this muscle. However, there is no 

clear defect in components of the insulin signaling pathway that can account for the 

impairment in insulin-mediated glucose uptake following one day of HS. Future studies 

should examine possible circulating factors, such as glucocorticoids, that may have a 

negative role in the modulation of glucose transport in muscle, as well as additional local 

factors that may impair insulin signaling within the affected muscle. 
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CHAPTER 4 

REVERSAL OF GLUCOSE INTOLERANCE IN THREE AND SEVEN-DAY 

HINDLIMB SUSPENSION ANIMALS: POTENTIAL CONTRIBUTION OF 

ENHANCED SOLEUS MUSCLE INSULIN ACTION 

Abstract 

The potential contribution of the local factors in unweighted soleus muscle to the 

reversal of acute hindlimb suspension (HS)-induced whole-body glucose intolerance 

observed after three and seven days of HS in juvenile female Sprague-Dawley rats was 

examined. Three and 7 days of unweighting increased (p<0.001) glucose transport 

activity (assessed by 2-deoxyglucose uptake) in the soleus muscle in the presence of 

insulin (2 mU/ml). Seven days of unweighting increased (p<0.01) oxidation capacity 

(determined by citrate synthase activity). Both 3 and 7 days of HS increased (p<0.05) 

glucose phosphorylation capacity (assessed by hexokinase activity). Intramuscular 

triglyceride content declined (p<0.05) in soleus muscle following 3- and 7-day HS. There 

was no change in the protein expression of the p subunit of the insulin receptor (IR-P), 

Akt, and the p85 subunit of phosphatidylinositoI-3 kinase (PI3-K) in the soleus following 

three and seven days of HS. There were significant (p<0.001) decreases in IRS-1 and 

IRS-2 protein expression following 3- and 7-day HS and a significant decrease (p<0.05) 

in p38 mitogen activated protein kinase after 7-day HS. The expression of GLUT-4 

protein displayed a significant increase (p<0.01) after 7-day HS. Phosphorylation of Akt 
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did not differ between control and HS animals in the presence of insulin but basal Akt 

phosphorylation decreased (p<0.05) following 7-day HS. There was a trend (p<0,l) 

towards a greater association of phosphorylated IRS-1 with the p85 subunit of PI3-K in 

the 7-day unweighted soleus. Whereas the PI3-K inhibitor wortmannin completely 

prevented insulin-mediated glucose transport in control soleus, this inhibition was 

incomplete in the 3-day (92%) and 7-day (89%) unweighted soleus. Taken together, 

these results indicate that the enhancement of insulin-stimulated glucose transport activity 

in the 3-day and 7-day unweighted soleus occurs despite a decrease in IRS-1 protein 

expression, due in part to a relative increase in IRS-1 tyrosine phosphorylation and IRS-1 

association with PI3-K. However, it is evident that factors independent of this traditional 

insulin signaling pathway through P13-K must also play a small role in this local adaptive 

response to unweighting of the soleus muscle. 

Introduction 

We have previously shown that three and seven days of hindlimb suspension (HS) 

leads to the reversal of whole-body glucose intolerance and development of insulin 

sensitivity induced by shorter periods of HS (see Chapter 2). Insulin normally promotes 

peripheral glucose disposal primarily through its action on the glucose transport process 

in skeletal muscle tissue (DeFronzo et al. 1983). An enhancement of skeletal muscle 

glucose transport activity can result from any of several factors. Increased insulin action 

may be induced through an enhancement in the insulin signaling pathway. Exercise has 

been extensively studied in its relation to alterations in insulin action. It appears that one 
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method by which exercise can increase insulin sensitivity is through upregulation of 

insulin signaling components. Studies have shown that exercise can increase levels of 

glucose transporter 4 (GLUT 4) and this is associated with an increase in insulin action 

(Saeagsirisuwan et al. 2001; Yu et al. 2001). In addition, exercise may promote the 

enhancement of functionality of insulin signaling components. Also, exercise can 

increase the level of phosphorylation of insulin receptor substrate-1 (IRS-1) and its 

subsequent association with phosphatidylinositol-3 kinase (PI3-K) thus possibly 

contributing to previously observed enhancement of insulin action (Chibalin et al. 2000). 

However, some increases in insulin sensitivity are less easily explained. Studies 

by Cartee and colleagues have indicated that caloric restriction can increase insulin-

stimulated glucose uptake in mice lacking IRS-1 (Gazdag et al. 1999). Based on the PI3-

K dependent pathway of insulin signaling, this finding indicates that a reduction in a 

signaling component may play a role in increased insulin sensitivity. However, what 

factor(s) may contribute to the observed increase in insulin-stimulated glucose uptake 

that allows for increased glucose transport with decreased expression of signaling 

components remains unclear. 

Finally, an additional factor that may modulate insulin action is the level of 

intramyocellular triglycerides. Previous research has identified an inverse relationship 

between muscle triglycerides and insulin sensitivity (Krssak et al. 1999), possibly due to 

impairment of insulin signaling at the level of IRS-1 and PI3-K (Yu et al. 2002). This 

finding suggests that a decrease in muscle triglycerides could promote an increase in 
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insulin sensitivity or at least allow alterations in other signaling factors to induce an 

enhancement of insulin action. 

We hypothesized that 3- and 7-day HS will lead to an increase in the expression 

and functionality of insulin signaling components. Therefore, the purpose of the present 

study was to identify possible local factors that could contribute to the reversal of whole-

body insulin resistance and increased insulin action caused by prolonged HS (see Chapter 

2). Specifically, we examined insulin action on glucose uptake in the soleus and extensor 

digitorum longus (EDL) from 3- and 7-day HS animals. In addition to assessment of 

glucose enzymes and intramuscular triglycerides, possible changes in the expression and 

functionality of various components of the traditional insulin signaling pathway, 

including insulin receptor (IR), IRS-1 and IRS-2, PI3-K, and Akt, were examined. 

Finally, the possible role of p38 mitogen-activated protein kinase {p38 MAPK), a stress-

activated serine/threonine kinase, in this adaptive response was studied. 

Materials and Methods 

Hind limb Suspension 

Female Sprague-Dawley rats (110-130 g, Harlan, Indianapolis, IN) were received 

shortly prior to use. During all casting and surgical procedures, animals were lightly 

anesthetized by a low-dose interperitoneal (i.p.) injection of pentobarbitol sodium 

(Nembutal; 0.2ml/100g using either a 25% or 100% solution). Animals were tail-casted 

and suspended in a head-down position so that their hind limbs were elevated above the 

floor of the cage while their forelimbs were available for locomotion and feeding (Jaspers 
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and Tischler 1984). Tail casts consisted of Hexcelite orthopedic tape (Kirschner Medical. 

Timonium, MD) and 6382 RTS elastomer (Factor II, Lakeside, AZ). Vaseline was 

smeared on the belly of the animals so that urine rolled off rather than saturating the 

underside hair. 

Hindlimb Muscle Mass 

At the conclusion of suspension, animals were deeply anesthetized (50 mg/kg 

body weight of Nembutal i.p.) for soleus and EDL dissection. Muscles from each leg 

were quickly removed and frozen in liquid nitrogen. While frozen, each muscle was 

weighed on a Cahn Electrobalance DTL Millibalance. The muscle was then wrapped in 

foil for later analysis. Animals were then sacrificed via cervical dislocation while 

anesthetized. 

Insulin-Stimulated Glucose Uptake 

Insulin-mediated glucose uptake in soleus strips was assessed using established 

procedures (Henriksen and Ritter 1993). Briefly, strips of soleus and EDL muscles (-20-

30 mg) were initially incubated for 60 min in 3 ml of oxygenated Krebs-Henseleit 

bicarbonate buffer (KHB) containing 8 mM glucose, 32 mM mannitol, and 0.1% bovine 

serum albumin (BSA), and maintained at 37° C. One soleus or EDL strip from each 

animal was incubated in the absence of insulin, while a second muscle strip was 

incubated in the presence of insulin (2 mU/ml). In some experiments, wortmannin, a 

PI3-K inhibitor, was also present at I }iM. Thereafter, the muscles were rinsed for 10 
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minutes in 3 ml of KHB containing 40 mM mannitol, 0.1% BSA and any previous 

additions. The muscles were then transferred to flasks containing 2 ml of KHB, 1 mM 2-

deoxy-[ 1,2-^H]glucose (2-DG, 300 uCi/mmol), and 39 mM [U-"'C] mannitol (0.8 

uCi/mmol; ICN Radiochemicals, Irvine, CA) for 20 min. Muscles were then frozen in 

liquid nitrogen and specific uptake of 2-DG was quantified according to Henriksen and 

Ritter (Henriksen and Ritter 1993). 

Muscle Glucose Enzyme Assessment 

Following the OGTT (see Chapter 2), the middle two-thirds of each soleus muscle 

was excised, blotted, frozen using aluminum clamps dipped in liquid nitrogen, and then 

weighed. Muscles from the same animal were then pooled for homogenization in 30 

volumes of ice-cold 20mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic (HEPES) 

acid buffer (pH 7.4) containing 1 mM ethylenediaminetetraacetic acid (EDTA) and 250 

mM sucrose. The homogenate was divided into aliquots for analysis of total protein 

(bicinchoninic acid (BCA) assay. Sigma, St. Louis, MO), hexokinase (Uyeda and Racker 

1965), and citrate synthase (Srere, 1969). 

Muscular Triglycerides 

Clamp-frozen muscles were cut on dry ice to yield a mass of ~20 mg. The sample 

was homogenized in 2 ml of extraction buffer (50 ml chloroform, 25 ml methanol, 7.5 mg 

butylated hydroxy toluene) at 4°C. The homogenate was stored at 4°C for 16 hours in 

order to extract lipids. Following this time period, 467 ).il of 0.9% NaCl was added to the 
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homogenate. The sample was vortexed and centrifuged at 3000 X g for 1 hour. 

Thereafter, 800 ^1 of the organic phase was placed in a microcentrifuge tube and dried 

completely at 60°C for approximately 1 hour under a nitrogen atmosphere. The sample 

was reconstituted by adding 100 p.1 of extraction buffer. Triglyceride concentration was 

then determined by using a triglyceride (GPO-Trinder) assay kit (Sigma). 

Expression of Insulin Signaling Factors 

Expression of proteins involved in the traditional insulin signaling pathway was 

analyzed via Western blotting. Muscle analyzed for expression of total GLUT-4 was 

homogenized in the manner previously described for muscle enzyme assessment. All 

other muscle used in expression of signaling factors was homogenized in 8 volumes of 50 

mM HEPES (pH 7.5) containing 150 mM NaCl, 20 mM Na pyrophosphate, 20 mM p-

glycerophosphate, 10 mM NaF, 2 mM Na3V04, 2 mM EDTA (pH 8.0), 1% Triton X-100, 

10% glycerol, 1 mM MgCh, I mM CaCli, 10 pg/ml aprotinin, 10 jig/ml leupeptin, and 2 

niM phenylmethylsulfonylfluoride (PMSF). Thereafter, homogenates underwent end-

over-end rotation for 20 min at 4°C followed by 20 min centrifugation at 13000 X g. The 

homogenate was then analyzed for total protein (BCA assay, Sigma). Samples were then 

diluted to equal protein concentrations and combined with sodium lauryl sulfate (SDS) 

sample buffer (125 mM Tris (pH 6.8), 4% SDS, 20% glycerol, 10% P-mercaptoethano 1, 

and 0.0025% bromophenol blue). This mixture was boiled for 5 min. 

Following boiling, 80 fig of protein for GLUT-4 analysis and 200 ^g of protein 

for all other proteins of interest were loaded on either 7.5% or 12% Tris-HCl Ready Gels 



91 

(Bio-Rad laboratories, Hercules, CA) for SDS-polyacrylimide gel electrophoresis (SDS-

PAGE). Following electrophoresis, samples were transferred to nitrocellulose paper for 

Western blotting. 

For analysis of Akt expression the nitrocellulose paper was blocked in Tris-

buffered saline (TBS) containing 0.1% Tween-20 (TBS/T) and 5% nonfat dry milk for 1 

hour at room temperature. It was then washed 3 times with TBS/T. The nitrocellulose 

was then incubated overnight at 4°C at with anti-Akt antibody (Cell Signaling 

Technology, Beverly, MA) diluted 1:1000 in TBS/T containing 5% bovine serum 

albumin (BSA). Upon completion, the nitrocellulose was washed 3 times with TBS/T and 

then incubated for one hour with goat anti-rabbit IgG horseradish peroxidase conjugated 

secondary antibody (HRP) (Chemicon International, Temecula, CA) diluted 1:1000 in 

TBS/T containing 5% nonfat dry milk. The nitrocellulose was then washed 3 times with 

TBS/T. 

For analysis of GLUT-4 protein expression, the nitrocellulose paper was blocked 

for 1 hour at 4°C in phosphate-buffered saline (PBS) containing 0.1% Tween-20 

(PBS/T). The nitrocellulose was washed 3 times with PBS/T and incubated overnight in 

anti-GLUT4 antibody (Biogenesis, Kingston, NH) diluted 1:500 in PBS/T containing 1% 

nonfat dry milk. The nitrocellulose was washed 3 times with PBS/T and then incubated 

for 1 hour at room temperature in HRP diluted 1:5000 in PBS/T containing 1% nonfat 

dry milk. Upon completion, the nitrocellulose was washed 5 times with PBS/T. 

For analysis of IRS-1, IRS-2, and the p85 subunit of P13-K, the nitrocellulose 

paper was blocked for 1 hour at room temperature in PBS containing 3% nonfat dry milk 
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(PBS-MLK). The nitrocellulose was then incubated overnight at 4°C with either anti-

IRS-1, anti-lRS-2, or anti-p85 antibody (Upstate Biotechnology, Lake Placid, NY) 

diluted to 2^g/ml in PBS-MLK. The nitrocellulose was then washed 2 times with water. 

Thereafter, the nitrocellulose was incubated for 1.5 hours at room temperature with HRP 

diluted 1:1000 in PBS-MLK. The nitrocellulose was then washed with water twice, once 

with PBS containing 0.05% Tween-20 for 5 minutes, and then 4 additional times with 

water. 

For analysis of the P subunit of the insulin receptor (IR-P) and p38 MAFK the 

nitrocellulose was blocked for 1 hour at room temperature with TBS/T containing 5% 

nonfat dry milk (TBST-MLK). The nitrocellulose was then incubated overnight at 4°C 

with 2iig/ml of anti-IR-p-HRP or anti-p38 MAPK antibody (Santa Cruz Biotechnology, 

Inc., Santa Cruz, CA) diluted in TBST-MLK. The nitrocellulose was washed 3 times with 

TBS/T. It was not necessary to incubate with HRP in the IR-P analysis as the horse radish 

peroxidase detection mechanism had been incorporated into the primary antibody. In the 

case of p38 MAPK, the nitrocellulose was incubated at room temperature for one hour in 

HRP diluted 1:1000 in TBST-MLK. Following this the nitrocellulose was washed 3 times 

with TBS/T. 

Functionality of Insulin Signaling Factors 

Muscles were incubated for 30 min in 3 ml of oxygenated KHB containing 8 mM 

glucose, 32 mM mannitol, and 0.1% BSA, and maintained at 37°C. One soleus strip 

from each animal was incubated in the absence of insulin, while a second soleus strip was 
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incubated in the presence of maximal insulin (2 mU/ml). Following incubation in insulin, 

the middle two-thirds of each soleus muscle was excised, blotted, frozen using aluminum 

clamps dipped in liquid nitrogen, and then weighed. 

Analysis of phosphorylated Akt was conducted in an identical manner described 

above for Akt expression analysis. Analysis of phosphorylated Akt used anti-phospho 

Akt (Ser473) (Cell Signaling) for the primary antibody. 

Measurements of tyrosine-phosphorylated IR-p and IRS-1 and of IRS-1 

associated with p85 were performed via immunoprecipitation followed by Western 

blotting. Soleus muscles were homogenized in 1 ml of 50 mM HEPES (pH 7.4) 

containing 150 mM NaCl, 1% Triton X-100, 2 p,g/ml aprotinin, 0.2 mM leupeptin, 2 mM 

PMSF, 0.1 mM antipain, and 0.5 units/ml a-macroglobulin. Thereafter, homogenates 

were incubated for 20 min at 4°C followed by 20 min centrifugation at 13000 X g. The 

homogenate was then analyzed for total protein (BCA assay, Sigma). Samples were then 

diluted to 1 mg/ml of total protein. 

For analysis of phosphorylated IR-P, 0.5 ml of homogenate was 

immunoprecipitated with 10 |il of agarose-conjugated anti-phosphotyrosine antibody 

(recombinant 4G10, Upstate Biotechnology) and gently rocked overnight at 4°C. The 

solution was then placed in a microcentri&ge for approximately 5 seconds. The 

supernatant was removed and the beads washed 3 times with PBS. The beads were then 

exposed to SDS sample buffer and boiled for 5 minutes. 

For analysis of tyrosine-phosphorylated IRS-1 and of IRS-1 associated with p85, 

1 ml of diluted homogenate was combined with 20 [ul of agarose-conjugated anti-IRS-I 
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antibody (Upstate Biotechnology) and gently rocked overnight at 4°C. This solution was 

then placed in a microcentrifuge for approximately 5 seconds. The supernatant was 

removed and the beads washed 3 times with PBS. The beads were then exposed to SDS-

PAGE sample buffer and boiled for 5 minutes. Thereafter, 40 nl of sample were loaded 

on 7.5% Tris-HCl Ready Gels (Bio-Rad Laboratories, Hercules, CA) for SDS-PAGE. 

Following electrophoresis, samples were transferred to nitrocellulose paper for Western 

blotting. 

Analysis of tyrosine-phosphorylated IR-P and lRS-1 associated with p85 was 

conducted as previously described for detection of expression of IR-P and p85. For 

analysis of tyrosine-phosphorylated IRS-1, the nitrocellulose was blocked for 1 hour at 

room temperature with TBST-MLK. The nitrocellulose was then incubated overnight at 

4°C with 2|ig/ml of anti-phosphotyrosine (PY 99) antibody (Santa Cruz Biotechnology) 

diluted in TBST-MLK. The nitrocellulose was washed 3 times with TBS/T. The 

nitrocellulose was then incubated for 1 hour at room temperature in goat anti-mouse IgG-

horseradish peroxidase conjugated antibody (Santa Cruz Biotechnology) diluted 1:1000 

in TBST-MLK. 

All Western blotting procedures were visualized with an enhanced 

chemluminescence (ECL) kit (Amersham Pharmacia Biotech, Piscataway, NJ). 

Following the final wash, the nitrocellulose filters were exposed to ECL solutions for one 

minute. The nitrocellulose was then placed on glass and wrapped in plastic wrap. The 

nitrocellulose was exposed to Kodak X-Omat AR Film (Sigma) for varying times. The 
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film was developed and subsequently analyzed using a GS-800 Calibrated Densitometer 

(Bio-Rad Laboratories). 

Data Presentation and Analysis 

All data are presented as the mean ± standard error of the mean (SEM). Soleus 

and EDL total protein content, enzyme activities, and triglyceride levels were analyzed 

by an ANOVA with a SchefTe post hoc test. In addition, all Western blotting results were 

analyzed by an ANOVA with a Scheffe post hoc test unless otherwise noted. All statistics 

were performed by SPSS for Windows (SPSS Inc., Chicago, IL). 

Results 

Alteration of Glucose Uptake 

Insulin-stimulated glucose transport activity increased (p<0.001) in both 3- and 7-

day HS soleus (Table 4.1). Additionally, the increase in glucose transport activity above 

basal due to insulin was enhanced in the 3-day and 7-day unweighted soleus muscles 

compared to the weight-bearing controls. The EDL displayed no alterations in insulin-

stimulated glucose transport activity after 3- and 7-day HS. 

Total Protein Content, Muscle Glucose Enzymes, and GLUT-4 Assessment 

Following 3- and 7-day HS there was a significant decrease (p<0.01) in the total 

protein content in the unweighted soleus compared to the weight-bearing control group 

(Table 4.2). There was no significant difference in EDL total protein content between 
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TABLE 4.1. Insulin-Stimulated Glucose Uptake Following Three or Seven Days of 
Hindlimb Suspension 

Results are mean values ± SEM for control and suspended animals. All values are 
expressed as pmol/mg muscle/20min. The number of samples for control soleus and EDL 
was 8. The number of samples for soleus and EDL from HS animals for each time point 
was 6. 

Qrcfi|) OALaawp EDL 
(-insulin) (+msulin) (-insuBn) (+iirfn) Oait^ 

Cortrol 273±12 1086 ±29 812 ±38 199±8 541 ±25 342 ±24 

3-D^ 2®±34 1687±38* 1398 ±43* 201 ±14 531 ±15 330 ± 16 

7-1̂  256±§ 2365 ±110* 2099±106» 205 ±13 532 ±23 327±16 

* p<0.001, unloaded vs. weight-bearing control using ANOVA with Scheffe post hoc 
test. 
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TABLE 4.2. Total Protein Content, Glucose Enzymes, and GLUT-4 Following Three 
or Seven Days of Hindiimb Suspension 

Results are mean values ± SEM for control and suspended animals. The number 
of samples is indicated in the (N) column for each factor tested. 

Suspension Total Protein N Citrate Synthase N Hexokinase N GLUT-4 N 

(days) 
(p,g/mg muscle 

wet weight) 
(nmol/mg protein min) (nmol/mg protein min) (% of control) 

SOLEUS 

(p,g/mg muscle 
wet weight) 

Control 149 ±3 16 107  ±5  8 1 .5  ±0 .2  10 100 ± 9% 15 

3-Day 133 ±2$ 18 122  ±6  12 2. 1  ±0 .1*  12 132 ± 16% 7 
7-Day 130 ± 7$ 9 143 ± 6$ 9 2.9 ±0.2$ 12 162  ±  10%$ 6 

EDL 
Control 158  ±3  10 64 ±3  10 1 .9  +  0 .1  12 100 ± 7% 17 
3-Day 156 ±5  6 69  ±7  6 2.0 ± 0.2 6 87 ± 7% 11 
7-Day 146 ±8  9 57 ±7  9 2.9 ±0.1$ 12 112  ±  8% 7 

* p<0.05, unloaded vs. weight-bearing using ANOVA with Scheffe post hoc test 
$ p<0.01, unloaded vs. weight-bearing using ANOVA with Scheffe post hoc test 
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suspended and weight-bearing control animals at either time point. The citrate synthase 

level in the 7-day unweighted soleus was significantly (p<0.01) greater than control. This 

difference was not observed in the EDL from HS animals. There was a significant 

increase in total hexokinase levels in unweighted soleus in the 3-day HS (p<0.05) and 7-

day HS (p<0.01) groups. Interestingly, total hexokinase was increased (p<0.01) in the 

EDL from 7-day HS animals. Following 7-day HS, there was a 62% increase (p<0.01) in 

GLUT-4 protein expression in the unweighted soleus compared to weight-bearing 

controls. Expression of GLUT-4 protein in the EDL was not significantly different 

between the control and HS groups. 

Analysis of Intramuscular Triglycerides 

There was no alteration of intramuscular triglyceride concentrations in the EDL 

following 3- and 7-day HS (Figure 4.1). However, there were significant (p<0.05) 

decreases in intramuscular triglycerides in the soleus muscle following both three and 

seven days of suspension. 

Alterations in Insulin Receptor Protein Expression and Functionality 

There were no detectable changes in the protein expression or insulin-stimulated 

tyrosine phosphorylation state of IR-P in the unweighted soleus (Figure 4.2). After 3-day 

HS, the IR-P protein expression was 103% ± 4% of weight-bearing control while 7-day 

HS IR-P protein expression was 96% ± 2% of weight-bearing control. Likewise, insulin-

stimulated IR-P tyrosine phosphorylation in 3-day unweighted soleus (111 % ± 11%) and 
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FIGURE 4.1. Intramuscular Triglyceride Concentration in the Soleus and EDL 
Following Three and Seven Days of Hindlimb Suspension 

Each bar represents the mean ± SEM for intramuscular triglyceride concentration. 
The number of subjects per group was 5-9. 

* p<0.()5, unloaded vs. weight-bearing using ANOVA with Scheffe post hoc test 
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FIGURE 4.2. Protein Expression and Functionality of the Insulin Receptor p Subunit in 
the Soleus Following Three and Seven Days of Hindlimb Suspension 

Each bar represents the mean ± SEM for insulin receptor p subunit (IR-|3) protein 
expression or insulin-stimulated IR-p tyrosine phosphorylation expressed as percent of 
weight-bearing control There was no detectable signal for IR-p tyrosine phosphorylation 
in the absence of insulin. The number of subjects for the IR-P protein expression was 7-8 
for suspended and 16 for controls. The number of subjects for the IR-P protein 
phosphorylation groups was 6-7. 
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7-day unweighted soleus (89% ± 9%) were not significantly different from weight-

bearing control. There was no detectable signal from phosphorylated IR-P in the absence 

of insulin in either group. 

Protem Expression of Insulin Receptor Substrate-1 and -2 

There was a signitlcant change in the protein expression of IRS-1 and IRS-2 

tbllowing both three and seven days of hindlimb suspension (Figure 4.3). Compared to 

the control, the 3-day HS animal's IRS-1 and IRS-2 protein expression were significantly 

less (p<0.01) at 65.9% ± 1.7% and 69.2% ± 6.5%, respectively. Additionally, 7-day HS 

animal's IRS-1 and IRS-2 protein expression were significantly less (p<0.01) at 36% ± 

7% and 63% ± 3%, respectively. 

Functionality of Insulin Receptor Substrate-1 

The functionality of IRS-1 in the 3- and 7-day unweighted soleus muscle was 

examined by analyzing its tyrosine phosphorylation state (Figure 4.4). There was no 

significant difference between control and unweighted groups, as insulin-stimulated 

tyrosine phosphorylation of IRS-1 in 3-day unweighted soleus was 107% ± 10% of the 

weight-bearing control value while 7-day unweighted soleus was 102% ± 3%. However, 

in light of the significantly reduced protein expression of lRS-1 in these unweighted 

soleus groups, the normal degree of IRS-1 tyrosine phosphorylation actually represents 

an enhancement of tyrosine phosphorylation per unit IRS-1 protein in the 3-day HS 
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FIGURE 4.3. Expression of Insulin Receptor Substrate-1 and -2 in the Soleus Following 
Three and Seven Days of Hindlimb Suspension 

Each bar represents the mean ± SEM for insulin receptor substrate-1 (IRS-1) and -
2 (IRS-2) protein expression as percent of control. The number of subjects for both the 
IRS-1 and IRS-2 protein expression for control was 15 while number of subjects for HS 
was 8. 

* p <0.001, unweighted vs. weight-bearing control using ANOVA with Scheffe post hoc 
test 
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FIGURE 4.4. Insulin-Stimulated Tyrosine Phosphorylation of Insulin Receptor 
Substrate-1 in the Soleus Following Three and Seven Days of Hindlimb 
Suspension 

Each bar represents the mean ± SEM for tyrosine-phosphorylated IRS-1 as 
percent of control. There was no detectable signal for tyrosine-phosphorylated IRS-1 in 
the absence of insulin. The number of subjects was 11 for controls and 5-7 for HS 
animals. 
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(+62%) and 7-day HS (+184%) groups (Figure 4.5). There was no detectable signal for 

tyrosine-phosphorylated IRS-1 in the absence of insulin. 

Expression of p85 and IRS-1 associated p85 

Compared to the weight-bearing control group, there was not a significant 

difference in expression of the p85 subunit of PI3-K in the soleus muscle following 3-

and 7-day HS (Figure 4.6). Following 3-day HS, the unweighted soleus expression of 

p85 was 99% ± 4% of the weight-bearing control value while 7-day HS animals were 

98% ± 2%. 

Though tyrosine-phosphorylated insulin IRS-1 associated p85 showed no 

significant difference following 3- and 7-day HS, there was a trend (p<0.09) towards 

greater p85 association after seven days of HS. IRS-1 associated p85 in the 3-day HS 

soleus was 125% ± 19% of control, while 7-day HS was 147% ± 11%. 

Expression and Functionality of Akt 

There was no significant change in the protein expression of Akt in the soleus 

muscle following three and seven days of HS (96% ± 4% and 93% ± 3% of control, 

respectively) (Figure 4.7). Interestingly, there was a significant decrease (p<0.05) in the 

basal level of Akt phosphorylation on Ser 473 following 7-day HS. Basal 

phosphorylation of the Akt protein after 7-day HS in the unweighted soleus muscle was 

43% ± 9% of control (Figure 4.8). This reduced phosphorylation state of Akt in either the 

3-day (100% ± 2%) or 7-day (98% ± 2%) HS soleus was not observed in the presence of 
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FIGURE 4.5. Relative Tyrosine Phosphorylation of Insulin Receptor Substrate-1 in the 
Soleus Following Three and Seven Days of Hindhmb Suspension 

Each bar represents the relative tyrosine-phosphorylated IRS-1 per unit IRS-1 
protein as a percentage of control. Data were derived from Figures 4.3 and 4.4. 
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FIGURE 4.6. Protein Expression of the p85 Subunit of PI3-K and its Association with 
Tyrosine-Phosphorylated IRS-1 in the Soleus Following Three and Seven 
Days of Hindlimb Suspension 

Each bar represents the mean ± SEM for expression of p85 or IRS-1 associated 
p85 as percent of control. There was no detectable signal of IRS-1 associated p85 in the 
absence of insulin. The number of subjects for the control and HS group was 4-14. 



107 

<3 O 
O 

140.00% 

120.00% 

100.00% 

80.00% 

60.00% 

40.00% 

20.00% 

0.00% 

Expression of Ait Protein 

Control 3-Day HS 

Treatmmt 

7-Day HS 

FIGURE 4.7. Protein Expression of Akt in the Soleus Following Three and Seven Days 
of Hindlimb Suspension 

Each bar represents the mean ± SEM for protein expression of Akt as percent of 
control. The number of subjects for the control and HS group for Akt expression was 4-
15. 
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FIGURE 4.8. Phosphorylation of Akt in the Soleus in the Absence or Presence of Insulin 
Following Three and Seven Days of Hindlimb Suspension 

Each bar represents the mean ± SEM for phosphorylation of Akt as percent of 
control. The number of subjects for the control Akt phosphorylation group was 8. The 
number of samples for the HS Akt phosphorylation group was 4-5. 

p <0.05, unweighted vs. weight-bearing control using ANOVA with Scheffe post hoc test 
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insulin, indicating that the reduced basal phosphorylation level at 7-day HS did not hiader 

insulin-stimulated Akt phosphorylation. 

Protein Expression of p38 MAPK 

Following 3-day HS, there was not a significant change in the expression of p38 

MAPK protein (Figure 4.9). However, 7-day HS did show a significant (p<0.01) decrease 

in p38 MAPK expression by approximately 30%. Specifically, 7-day HS p38 MAPK 

expression was 68% ± 6% of control levels. 

Wortmannin Inhibition of PI3-K Dependent Insulin-Mediate Glucose Uptake 

The P13-K inhibitor wortmannin was used to assess the dependence of the 

increase of insulin-stimulated glucose transport activity in unweighted soleus muscle on 

intact activity of PI3-K (Figures 4.10 and 4.11). In the absence of insulin, wortmannin 

had no significant effect on glucose transport activity in any group. In contrast, 

wortmannin completely prevented insulin-mediated glucose transport in weight-bearing 

control soleus muscles. This inhibition by wortmannin of insulin-mediated glucose 

transport was incomplete in the 3-day (92% inhibition. Figure 4.10, p<0.05) and 7-day 

(89% inhibition. Figure 4.11, p<0.09) unweighted soleus. 
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FIGURE 4.9. Protein Expression of p38 MAPK in the Soleus Following Three and 
Seven Days of Hindlimb Suspension 

Each bar represents the mean ± SEM for p38 MAPK protein expression as a 
percent of control. The number of subjects for the p38 MAPK expression groups was 6-
12. 

* p <0.01, unweighted vs. weight-bearing control using ANOVA with Scheffe post hoc 
test 
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FIGURE 4.10. Effect of Wortmannin on Insulm-Stimulated Glucose Uptake in the Soleus 
Following Three Days ofHindlimb Suspension 

Results are mean values ± SEM for control and suspended animals. Wortmannin 
was used at 1 pM and insulin present at 2 mU/ml. All values are expressed as pmol/mg 
muscle/20min. The number of samples for all groups was 6-8. 

* p <0.05, -insulinZ+wortmannin vs. +insulin/+wortmannin suspended using ANOVA 
with Least Significant Difference post hoc test 
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FIGURE 4.11. Effect of Wortmannin on Insulin-Stimulated Glucose Uptake in the Soleus 
Following Seven Days ofHindlimb Suspension 

Results are mean values ± SEM for control and suspended animals. Wortmannin 
was used at 1 and insulin present at 2 mU/ml. All values are expressed as pmol/mg 
muscle/20min. The number of samples for all groups was 6-8. 
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Discussion 

In the present investigation, alterations in local factors in soleus muscle leading to 

increased insulin sensitivity were assessed following various periods of hindlimb 

suspension of juvenile, female Sprague-Dawley rats. As these measurements have not 

previously been reported in the literature, this investigation provides novel insights into 

the adaptive responses of local factors involved in glucose metabolism in this rodent 

model of simulated weightlessness. 

Development of Enhanced Insulin Sensitivity with Prolonged Hindlimb Suspension 

During the initial phase (one day) of hindlimb suspension, glucose intolerance and 

insulin resistance develops at the whole-body level. However, as the suspension time 

increases, this impaired glucose tolerance and insulin insensitivity reverses, and by three 

days of hindlimb suspension an increase in insulin sensitivity is observed (see Chapter 2). 

In order to assess the potential local mechanisms responsible for this reversal of glucose 

intolerance and development of insulin sensitivity, the functionality of the glucose 

transport system in the soleus and EDL muscles was examined. At the conclusion of 

three and seven days of HS, there was no change in insulin-stimulated glucose transport 

capability of the EDL. However, following three days of HS, insulin-stimulated glucose 

transport in the unweighted soleus was increased by 55% when compared to the weight-

bearing control soleus. This increase in insulin-mediated glucose transport activity 

continued at the 7-day time point, when the unweighted soleus displayed a 118% greater 

insulin-stimulated glucose transport activity than the weight-bearing control muscle. 
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The soleus consists primarily of type I muscle fibers and is more sensitive to 

insulin than muscles made up of predominantly type II fibers (Henriksen et al. 1990; 

Song et al. 1999). The soleus is very sensitive to acute reductions in weight-bearing 

function (Thomason and Booth 1990). Considering the lack of change in insulin action 

on glucose transport activity in the EDL, this finding suggests that changes in local 

factors due to unweighting of the soleus elicit the enhancement in insulin action on the 

glucose transport system. 

Intramuscular triglycerides negatively modulate insulin action in muscle (Krssak 

et al. 1999), possibly related to locally elevated free fatty acids impairing insulin 

signaling at the level of IRS-1 and PI3-K (Yu et al. 2002). There was no change in EDL 

intramuscular triglyceride levels following HS, consistent with the normal action of 

insulin to stimulate glucose transport in these muscles. However, triglycerides were 

significantly (p<0.05) reduced in the 3- and 7-day unweighted soleus. Taking into 

account previous findings on triglyceride levels and their relation with insulin sensitivity 

(Krssak et al. 1999), the present results suggest that intramuscular triglycerides may play 

a role in the increase in insulin sensitivity observed with prolonged HS. However, it is 

not clear if the reduced triglycerides cause the increased sensitivity or result from it. In 

addition, it is noteworthy that while glucose is transported into the cell at an elevated rate, 

there is apparently no enhancement in triglyceride formation from these glucose carbons. 

This could be attributed to alterations in the enzymes used in the formation and removal 

of the triglyceride stores. Further investigation is needed to clarify this point. 
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Muscle Protein Content and Enzyme Activities 

Analysis of total protein levels in the soleus indicated that three and seven days of 

HS lead to a significantly lower (p<0.01) total muscle protein concentration. This 

reduction in total protein was not observed in the EDL. This finding further supports the 

idea that the soleus is more sensitive to HS than the EDL, consistent with previous 

findings (Thomason and Booth 1990). However, the exact cause of the lower total protein 

levels can not be determined at this time. As the animals studied are juvenile and still in a 

state of growth, there must be some decrease in protein synthesis. As reviewed in 

Thomason and Booth (1990), this decreased synthesis appears to be due to a decline in 

the production of sarcoplasmic proteins as opposed to myofibrillar proteins. Though 

difficult to measure, the protein degradation rate in the unweighted muscle appears to 

increase, thereby being the most likely contributor to the decrease in soleus protein mass 

(Thomason and Booth 1990). 

Citrate synthase activity in the soleus was significantly increased following seven 

days ofHS. The soleus also displayed a significant increase in total hexokinase activity at 

both 3- and 7-day HS, thereby continuing the increase in hexokinase previously observed 

after one day of HS (Chapter 3). In the case of citrate synthase, its role is to promote the 

oxidation of glucose, while hexokina.se catalyzes glucose phosphorylation. Considering 

the increase of insulin-stimulated glucose transport in the insulin-sensitive unweighted 

soleus, it is understandable that enzymes whose purpose is to mediate glucose 

metabolism in the cell would increase. Citrate synthase in the EDL did not show such an 

increase. However, the EDL in 7-day suspended animals displayed a significant increase 
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in hexokinase activity. This finding is consistent with the increase in EDL hexokinase 

activity seen after 14 days of HS in mature, male Fisher rats (Stump et al. 1997). The 

explanation, for why the potential for glucose phosphorylation increases while glucose 

transport in the EDL of suspended animals is unchanged, is unknown at this time. 

Expression and Functionality of Insulin Signaling Factors 

While GLUT-4 levels were not altered in the EDL following HS, there was a 

significant increase in soleus GLUT-4 protein expression after seven days of HS. An 

increase in GLUT-4 protein expression is often associated with an increase in insulin-

stimulated glucose uptake (Saengsirisuwan et al. 2001). An elevation in GLUT-4 content 

could increase the pool of glucose transporters available that respond to an insulin 

stimulus. In theory, this could lead to an enhanced translocation of glucose transporters to 

the cell membrane and provide a means to move greater amount of glucose into the cell. 

Expression of insulin signaling factors showed some surprising results. There 

were no changes in the protein expression of IR-p, Akt, or the p85 subunit of PI3-K 

following HS in the soleus. In addition, there was no change in the insulin-stimulated 

phosphorylation of IR-p in the unweighted soleus. However, there were significant 

decreases (p<0.001) in IRS-1 and IRS-2 protein levels in the 3-day and 7-day unweighted 

soleus, with diminutions of 65% and 27%, respectively, after the more prolonged period 

of unweighting. However, the insulin-stimulated tyrosine phosphorylation of IRS-1 did 

not differ between weighted and unweighted soleus muscle. This finding indicates that 

following three and seven days of HS there is a relative enhancement in the ability of 
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inailin to phosphorj'late IRS-1 on tyrosine residues. This increased activation of IRS-1 

appears to contribute to the trend (p<0.1) of an elevated association between p85 and 

IRS-1 following seven days of HS. This increased relative IRS-1 tyrosine 

phosphorylation and the developing enhancement of lRS-1 associated with p85 could 

play an important role in amplifying the insulin signal to stimulate GLUT-4 translocation, 

thereby leading to the development of increased insulin sensitivity. 

While Akt protein expression was unchanged during suspension, there was a 

significant reduction (p<0.05) in the basal phosphorylation level. This could be attributed 

to a reduction in upstream signaling factors as reflected by decreased IRS-1 protein 

expression. However, Akt phosphorylation levels in the presence of insulin were not 

different between weighted and unweighted soleus muscles, indicating that a relative 

enhancement of Akt phosphorylation was induced by insulin in the unweighted soleus. 

Wortmannin Effects on Glucose Transport 

The PI3-K inhibitor wortmannin completely prevented the increase in glucose 

transport activity due to insulin in weight-bearing control soleus muscles. In contrast, 

this same concentration of PI3-K inhibitor was not able to completely inhibit insulin-

mediated glucose transport activity in the unweighted soleus muscles. These results are 

consistent with the hypothesis that some factor(s) independent of PI3-K is contributing a 

small part of the local adaptive response in the unweighted soleus that leads to enhanced 

insulin-stimulated glucose transport activity. What this small contributory factory might 

be is presently unknown. However, recent research has identified a new pathway for 
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insulin action involving the CM family of proteins (Liu et al. 2003). In this study, the Cbl 

proteins demonstrate insulin-induced activation and association with CAP and Crk 

proteins along a PIB-K-independent pathway. This Cbl pathway demonstrates an ability 

to increase glucose transport in response to insulin (Baumann et al. 2000). Whether or not 

this pathway is actively participating in the enhancement of insulin-stimulated glucose 

transport in the unweighted muscle remains to be seen. 

Role of p38 MAPK in Insulin Resistance 

There is some debate over the role of p38 MAPK in insulin stimulation of glucose 

transport activity in mammalian skeletal muscle. Studies have shown that p38 MAPK 

may play a role in activating glucose uptake in response to an insulin signal in specific 

cells lines, such as 3T3 LI adipocytes and myocytes (Somwar et al. 2002; Sweeney et 

al. 1999), whereas recent data support a role of p38 MAPK in the induction of insulin 

resistance (Ho et al. 2003). In the present study, there was no change in the protein 

expression of p38 MAPK in the 3-day unweighted soleus. However, there is a 32% 

reduction in p38 MAPK protein expression MAPK in the 7-day unweighted soleus. 

Because of the putative role of p38 MAPK in insulin resistance (Ho et al., 2003), one 

could speculate that perhaps the reduced levels of p38 MAPK are no longer preventing 

the increase in insulin sensitivity. Further studies are necessary to fully elucidate p38 

MAPK's role in insulin signaling. 
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Concluding Remarks 

There is an established development of increased insulin action on glucose 

transport activity following three and seven days of HS. Results in the present 

investigation provide novel insights into potential molecular mechanisms for this increase 

in insulin action with soleus unweighting. Despite substantial decreases in IRS-1 and 

IRS-2 protein expression in the unweighted soleus, tyrosine phosphorylation of IRS-1 is 

normal and the association of IRS-1 with p85 is enhanced. GLUT-4 protein expression is 

also enhanced, while intramuscular triglycerides are decreased, in the unweighted soleus. 

Finally, evidence is provided that PD-K-independent mechanisms may also be involved 

in this adaptive response of the soleus to mechanical unweighting. It is clear that further 

investigations are needed to more fully understand the cellular and molecular 

mechanisms underlying the adaptive response of the unweighted soleus that leads to an 

increased capacity for insulin-mediated glucose transport activity. 



120 

CHAPTER 5 

SUMMARY: ALTERATIONS IN INSULIN ACTION IN SKELETAL MUSCLE 

FOLLOWING HINDLIMB SUSPENSION 

The Mndlimb suspension (HS) model was used to evaluate the effects of 

simulated weightlessness on whole-body glucose tolerance and insulin sensitivity and on 

insulin action on the glucose transport system in skeletal muscle. The results of this study 

indicate there is a series of alterations in insulin action through which animals undergoing 

HS progress (summarized in Tables 5.1 and 5.2). As the HS model is an earth-based 

model for microgravity, this study underscores the importance of examining the potential 

development of alterations in insulin action in humans during spaceflight. 

Initial Development of G lucose Intolerance 

Following one day of HS, there was a significant increase in the glucose-insulin 

index, an indirect indicator of peripheral insulin sensitivity. Generally speaking, this 

indicates there is the development of whole-body glucose intolerance in the animal, 

which implies that the action of insulin to promote removal of glucose from the blood is 

blunted. This finding directed studies to locate the cellular locus of this insulin resistance. 

Research focused on the soleus muscle, which is an insulin-sensitive muscle and very 

responsive to removal of its weight-bearing function (Thomason and Booth 1990), as a 

possible component contributing to the insulin resistance. Following short-term HS, 
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TABLE 5.1. Alterations in Insulin-Stimulated Glucose Uptake, Enzyme Activities, 
Triglyceride Levels, and Protein Expression Following Hindlimb 
Suspension 

Results are expressed for 1-, 3-, and 7-day hindlimb-suspended animals. Changes 
in factors measured are indicating with the following symbols: (t) Increase, (j) Decrease, 
and (<-») No Change. Any noted alterations to a factor are based on a significant 
difference of p<0.05 unless noted. 
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TABLE 5.2. Alterations in Protein Functionality Following Hindliml) Suspension 

Results are expressed for 1-, 3-, and 7-day hindlimb-suspended animals. Changes 
in factors measured are indicating with the following symbols: (|) Increase, (|) Decrease, 
and (+->) No Change. Any noted alterations to a factor are based on a significant 
difference of p<0.05 unless noted. 
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there was a reduction in basal and insulin-stimiilated glucose transport activity in the 

unweighted soleus. Analysis of the components of the insulin signaling pathway was then 

initiated to determine if there were alterations in the protein expression or fiinctionality of 

signaling factors which could account for this reduction in glucose uptake. 

The insulin receptor (IR) acts as the initial site of insulin action. Following one 

day of HS, there was no change in the expression of the P-subunit of the IR (IR-j3) or in 

its phosphorylation state in the presence of insulin. This observation lead to the 

examination of additional downstream proteins in the insulin signaling pathway, namely, 

insulin receptor substrate-1 and -2 (IRS-1, IRS-2). There was no decrease in expression 

of either of these proteins. However, it was clear that the process of reducing the protein 

expression of these insulin signaling factors had already been initiated after just 24 hours 

of unweighting. The phosphorylation state of IRS-1 also remained unchanged. In the 

traditional insulin signaling model, IRS-1 associates with the p85 subunit of 

phosphatidylinositol-3 kinase (PI3-K), thereby activating this enzyme. Analysis of the 

protein expression of the p85 subunit and its ability to associate with IRS-1 indicated 

there were no differences between unweighted and weighted soleus muscles at this time 

point. 

Further downstream in the insulin signaling pathway, the Akt protein becomes 

involved. Following one day of HS, the protein expression of Akt in the unweighted 

soleus was not changed compared to control. However, the serine phosphorylation of 

Akt in the absence of insulin was decreased, possibly contributing to the decrease in the 

basal level of glucose uptake at this time point. Interestingly, in the presence of insulin 
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there was no overall difference in the phosphor}4ation of Akt between controls and HS 

soleus. 

In the final step of the insulin signaling pathway, the regulatable glucose 

transporter protein isoform (GLUT-4) becomes an important factor in contributing to 

insulin-mediated glucose uptake. Expression of this critical protein was not changed 

between unweighted and weighted soleus after one day of HS. Taken together, these 

results indicate that there does not appear to be an alteration in the traditional (PI3-K-

dependent) insulin signaling pathway that can account for the observed insulin resistance 

following one day of soleus unweighting. Other factors contributing to the development 

of this insulin resistance remain to be examined. 

Alternative Explanations for the Development of Glucose Intolerance 

The evidence collected in this investigation supports the idea that a fector external 

to the soleus muscle may play a role in the development of insulin resistance following 

one day of HS. As mentioned previously, the soleus was examined for its responsiveness 

to insulin following one day of unweighting. However, the extensor digitorum longus 

(EDL), a hind limb muscle in the anterior compartment of the lower leg, was also 

analyzed. The EDL maintains different properties than the soleus. It is not responsive to 

unweighting of the lower leg, and, because of its fiber type composition, it is less 

sensitive to insulin stimulation than the soleus. Upon exposure to insulin, the EDL of the 

1 -day suspended animals displayed a trend towards a decrease in insulin-stimulated 
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glucose transport. Though this change was small, it suggested that some systemic factor 

was affecting both the soleus and the EDL muscle to diminish insulin action. 

There was a noted decrease in intramuscular triglycerides in the 1-day unweighted 

soleus. This alteration in muscle lipids is typically associated with an increase in insulin 

sensitivity (Krssak et al. 1999). However, our observation that glucose transport was 

diminished in this muscle indicates that this negative correlation between triglyceride 

levels and insulin sensitivity was absent. It is possible that an external factor may have 

elicited the decrease in triglycerides, while at the same time overriding the normal effects 

of lowered triglycerides to enhance insulin sensitivity. 

The exact identity of these factors remains unknown at this time. It is quite 

possible that stress hormones play a significant role in promoting the observed insulin 

resistance and reduction of triglycerides. It is known that stress hormones, such as 

corticosterone, are elevated during HS (Jaspers et al. 1989). Other studies have indicated 

that stress hormones, such as epinephrine and Cortisol (corticosterone in the rat), can 

promote hepatic glucose production and decrease pancreatic insulin output, thereby 

contributing to an insulin-resistant state (Polonsky 1998). Moreover, glucocorticoid 

hormones can impair insulin-mediated glucose uptake in muscle (Rushakoff and 

Kalkhoff 1983). The glucotoxicity induced by the chronic state of hyperglycemia can 

also cause a decrease in muscle glucose transport activity (linger and Grundy 1985). 

These systemic alterations offer a reasonable explanation behind the reduction in muscle 

glucose transport in the soleus after 1-day HS. 
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The stress hormones may also be connected to the role of p38 mitogen activated 

protein kinase (p38 MAPK). Previous research has demonstrated that stressors such as 

UV radiation, heat shock, and hydrogen peroxide can activate p38 MAPK (Kyriakis and 

Avruch 1996), although it is unclear if other stressors can elicit the same effect. Only 

recently has it been proposed that p38 may have a role in insulin-mediated glucose uptake 

(Somwar et al. 2001; Sweeney et al. 1999). Though expression of p38 MAPK was 

unchanged after 1-day HS, there was a significant increase in the presence of 

phosphorylated p38 MAPK in the absence of insulin. Upon the introduction of insulin the 

phosphorylation of p38 MAPK in HS soleus was similar to controls. It is difficult to 

hypothesize what the role of p38 MAPK may be in the metabolic effects of insulin. The 

basal level phosphorylation could be playing a role in the decrease in basal level glucose 

uptake in the unweighted soleus. However, what this role may be and whether the 

activation of targets by the previously phosphorylated p38 MAPK is maintained in the 

presence of insulin is impossible to say at this time. 

Subsequent Development of Insulin Sensitivity 

As the suspension period reaches the 3-day time point, the previously observed 

whole-body glucose intolerance returns to control levels. This is reflected in the glucose-

insulin index. There was a clear elevation of the glucose-insulin index after 1-day HS; 

however, after three and seven days of HS, the glucose-insulin index has returned to 

normal, thus indicating the reversal of glucose intolerance at the whole-body level. 

Further whole-body studies revealed a very interesting finding with regard to insulin 
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sensitivity. After seven days of HS, there was a significant increase in whole-body insulin 

sensitivity, as these HS animals administered an insulin load displayed a more rapid 

decrease in blood glucose levels compared to weight-bearing animals. Once again, the 

soleus was examined as a possible site of this increased insulin sensitivity observed in the 

whole-body model. 

As indicated by previous research (Bonen et al. 1988; Henriksen and Ritter 1993; 

Henriksen and Tischler 1988; Henriksen et al. 1986; Stump et al. 1992) and confirmed 

here, there was a significant increase in insulin-stimulated glucose transport activity in 

the 3- and 7-day unweighted soleus. However, the EDL did not show this alteration in 

response to HS. The absence of a change in the EDL supports the idea that the factor(s) 

promoting enhanced insulin sensitivity are localized to the soleus and not necessarily due 

to a circulating factor in the animal. 

As conducted previously for 1-day HS, examination of components of the 

traditional insulin signaling pathway was conducted to determine what may contribute to 

the large increase in insulin sensitivity. Starting at the initial point of the insulin 

signaling pathway, there was no observed increase in the protein expression or 

phosphorylation of IR-p. However, there were significant decreases in the protein 

expression of IRS-1 and IRS-2. This was rather surprising, as an increase in the 

expression of these proteins would likely be associated with a more robust insulin signal, 

thereby eliciting a greater activation of glucose transport in the myocyte. However, the 

current finding concurs with studies on calorie restriction (Gazdag et al. 1999; Yu et al. 

2001) and endurance exercising training (Yu et al. 2001), in which animals displayed a 
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decrease in muscle lRS-1 protein expression, but demonstrated an increase in insulin-

stimulated glucose uptake in these muscles. This suggests that an increase in IRS-1 may 

not be necessary for the observed enhancement of insulin sensitivity. Upon examination 

of the phosphorylation state of IRS-1, it was discovered that there was no difference 

between 3- and 7-day HS soleus when compared to control. One interpretation of these 

data is that if there is a decreased amount of IRS-1 present, but the phosphorylation level 

is the same as control, then there must be a more efficient IRS-1 phosphorylation in the 

soleus muscles of the 3-day and 7-day suspended animals. This could possibly be 

attributed to an increase in IR-|3 phosphorylation activity as it phosphorylates IRS-1. 

However, the dephosphorylation of IRS-1 could also be downgraded in the 3- and 7-day 

HS, thereby allowing the IRS-1 to remain phosphorylated for a longer period of time and 

thereby accumulate in the cell. It is clear that the role of protein tyrosine phosphatases in 

this scenario needs to be examined in future investigations. 

Upon examination of the next step in the traditional insulin pathway, there was a 

clear indication of an increase in lRS-1 associated with p85 in the soleus muscle from the 

7-day suspended animals. This increase in the association of p85 with lRS-1 could 

amplify the insulin signal, ultimately leading to a greater activation of glucose transport 

into the cell. 

There was no change in protein expression of Akt in soleus muscle from 3-day or 

7-day suspended animals. However, basal Akt phosphor>'lation was significantly 

decreased in the 7-day HS soleus. This did not seem to have any impact on the basal 

transport of glucose at this time point. It is difficult to surmise what physiological 
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consequence this reduced basal Akt phosphorylation level could have in the soleus of the 

7-day HS animal, especially in light of the fact that upon addition of insulin the Akt 

phosphorylation levels in the HS animals were comparable to those in weight-bearing 

control muscle. 

GLUT-4, a protein ultimately controlled by the insulin signaling pathway showed 

a marked increase after seven days of HS. The presence of more glucose transporters 

would allow the cell to transport more glucose from the blood to the cytoplasm. With this 

in mind, future research should examine the translocation of the GLUT-4 protein. 

Although there is an increased expression in GLUT-4 protein, it must be verified that this 

increased protein amount translates to an increased translocation to the cell membrane. 

Taking into account these results, it appears that the unweighted soleus muscle, 

following seven days of HS, is able to maintain (lRS-1 phosphorylation) and possibly 

strengthen (in the case of IRS-1 associated with p85) the traditional insulin signal despite 

a significant decrease in one of the major signaling proteins (IRS-1). The enhanced signal 

could then lead to the activation of an enlarged GLUT-4 pool, resulting in an increased 

translocation of GLUT-4 to the plasma membrane and allowing a greater rate of glucose 

transport into the cell. However there is not enough evidence to firmly establish the 

traditional P13-K-dependent insulin signaling pathway as the sole source of the increased 

insulin action on glucose transport in the unweighted soleus muscle. 

Future studies should examine the many additional components of the PI3-K 

dependent insulin signaling pathway. For example, protein kinase C (PKC) has been 

identified as a component of the PI3-K dependent insulin signaling pathway (Le Good et 
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al. 1998). Alterations in PKC expression or activity could play a possible role in 

increasing GLUT-4 translocation and subsequently increasing glucose transport. 

Additionally, the phosphorylation of IRS-2 should be examined. The present results 

indicate a decrease in total IRS-2 expression, but it is possible that this protein undergoes 

the same increase in phosphorylation efficiency seen with IRS-1 in the unweighted soleus 

muscle. 

Alternative Explanations for Insulin Sensitivity 

It is necessary to consider additional mechanisms underlying the increased insulin 

sensitivity of the unweighted soleus muscle. Current results indicate that there is a 

significant decrease in intramuscular triglyceride in the soleus following unweighting. As 

mentioned previously, research has indicated that there is a negative correlation between 

triglyceride levels and insulin sensitivity (Krssak et al. 1999). It is possible that the 

observed enhancement in insulin action on glucose transport in the unweighted soleus 

muscle following three and seven days of unweighting is mechanistically connected with 

this effect of intramuscular triglycerides. 

Results from the wortmannin study indicate that the increase in insulin action in 

the 3-day and 7-day unweighted soleus may not be entirely localized to the P13-K-

dependent insulin signaling pathway. While this PI3-K inhibitor completely prevented 

insulin-stimulated glucose transport in the weight-bearing soleus, in the unweighted 

soleus this inhibitor}' action of wortmannin was not complete. Recent research has 

identified a new pathway for insulin action involving the CM family of proteins. In this 
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Study, the CM proteins demonstrate insulin-induced activation and association with CAP 

and Crk proteins along a PI3-K independent pathway (Liu et al. 2003). This CM pathway 

demonstrates an ability to increase glucose traiKport in response to insulin (Baumaim et 

al. 2000). Clearly the expression and activation of components in this newly identified 

Cbl pathway should be examined to determine if HS has an effect on their functionality, 

and whether any alterations in the Cbl pathway could contribute to the enhancement of 

insulin action on the glucose transport system in unweighted soleus muscle. 

Conclusion 

Hindlimb suspension for one day induces acute whole-body glucose intolerance, 

with some insulin resistance at the level of the soleus and EDL muscles. As the duration 

of HS increases, there is a reversal of this insulin resistance and the development of 

enhanced insulin sensitivity at the whole-body level and specifically in the unweighted 

soleus. Adaptations in the PI3-K-dependent insulin signaling pathway appear to play an 

important role in the development of this enhanced insulin action on the glucose transport 

system in the unweighted soleus muscle. However, part of this adaptive response is due 

to factors independent of this traditional insulin signaling pathway. These findings 

provide evidence that the microgravity environment may alter insulin action in 

developing muscle. Additionally, development of the HS model may create a novel 

approach for investigating the functionality of PI3-K-independent insulin signaling 

pathways in skeletal muscle. 
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