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The insulin resistance syndrome is a multifaceted condition characterized by a 

clustering of metabolic and cardiovascular abnormalities, including insulin resistance of 

skeletal muscle glucose metabolism, hyperinsulinemia, glucose intolerance, dyslipidemia. 

essential hypertension, and central adiposity. Individual interventions with antioxidants 

or endurance exercise training enhanced insulin action on skeletal muscle and whole body 

insulin sensitivity in the markedly insulin-resistant, hyperinsulinemic, and dyslipidemic 

obese Zucker (fa/fa) rat. Individually, antioxidant treatment and exercise training by the 

obese Zucker rat resulted in a decrease in protein carbonyls (reflective of local oxidative 

stress), plasma free fatty acids, and intramuscular triglycerides, as well as an upregulation 

of the protein expression of insulin receptor substrate-1 (IRS-l), a critical component of 

the insulin signaling pathway. Whereas exercise training alone enhanced the protein 

expression of GLUT-4 glucose transporter isoform, this protein expression was not 

affected by antioxidant treatment. Most importantly, this study has investigated the 

interactions of antioxidant and exercise training in combination on whole body insulin 

sensitivity and skeletal muscle insulin action in the obese Zucker rat. The combination of 

antioxidant and exercise training functioned in an additive fashion and brought about the 

greatest increases in insulin action on skeletal muscle glucose transport activity and IRS-1 

protein expression compared with either intervention individually. In addition, the lRS-1 

protein expression, following the individual or combined intervention of antioxidant and 

exercise training, was correlated with insulin-mediated glucose transport in skeletal 
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muscle. It is therefore likely that, in response to insulin, the downstream signaling from 

the expanded IRS-1 protein pool, in skeletal muscle from obese Zucker rats treated with 

antioxidant and exercise training in combination, acts on the expanded GLUT-4 pool 

(derived from exercise training) to bring about the greatest incorporation of GI.lJ'r-4 into 

the plasma membrane, with a corresponding enhancement of glucose transport activity. 

This study supports the utility of the combination of exercise training and antioxidant for 

the prevention and treatment of insulin resistance and type 2 diabetes. 
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CHAPTER 1 

INTRODUCTION AND BACKGROUND 
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The "insulin resistance syndrome''" (DeFronzo and Ferrannini, 1991) or "syndrome 

X" (Reaven, 1993) is a multifaceted condition characterized by the clustering in the same 

individual of a number of atherogenic risk factors, including essential hypertension, 

glucose intolerance, insulin resistance of skeletal muscle glucose metabolism, 

hyperinsulinemia, dyslipidemia, and central obesity. The etiology of this condition is 

associated with the initial development of insulin resistance and reactive 

hyperinsulinemia, and individuals with this condition are at markedly elevated risk of 

cardiovascular disease. Increasing evidence indicates that insulin resistance can be 

associated with increased oxidative stress and that antioxidant therapy, such as 

administration of the water-soluble antioxidant lipoic acid, may be beneficial in 

enhancing insulin action on skeletal muscle (llenriksen, 2000). However, the potential 

molecular mechanisms underlying these antioxidant-induced improvements in insulin 

action under conditions of insulin resistance have not been investigated. Another 

intervention that has proven effective in increasing insulin action on skeletal muscle 

glucose metabolism is aerobic exercise training (Henriksen, 2002). However, it is 

presently unknown, either in clinical, integrative, cellular, or molecular terms, how these 

two distinct interventions — exercise training and antioxidants — would affect insulin 

action on insulin-sensitive metabolic processes when used in combination. Therefore, the 

primary goal of this study was to determine the effects of exercise training alone, 

antioxidant treatment alone, or these two interventions in combination on insulin action 

in the insulin-resistant and insulin-sensitive animal models. In this context, the obese 

Zucker ijalfa) rat — an animal model of severe insulin resistance, hyperinsulinemia. 
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glucose intolerance, and dyslipidemia — and the insulin-sensitive lean Zucker ija/-) rat 

have been used. 

Regulation of skeletal muscle glucose transport 

Skeletal muscle, which makes up about 40% of the body mass of humans and 

other mammalian species, is the major tissue responsible for the peripheral disposal of 

glucose under a glucose or insulin challenge or during an exercise bout (DeFronzo et al., 

1983; Baron et al, 1988). In skeletal muscle, insulin stimulates glucose transport activity 

through a series of effects involving several intracellular signaling proteins, including 

insulin receptor autophosphorylation and tyrosine kinase activation, tyrosine 

phosphorylation of insulin receptor substrate 1 (lRS-1), activation of 

phosphotidylinositol-3-kinase (PI3-kinase), and activation of Akt/protein kinase B 

(Akt/PKB). The activation of this cascade leads to stimulation of the translocation of 

vesicles containing insulin-regulatable glucose transporter protein, GLUT-4 protein, from 

the intracellular compartment to the sarcolemmal membrane, where glucose transport 

takes place by a facilitative diffusion process (Cheatham and Kahn 1995). 

GLUT-4 translocation is also activated by an insulin-independent process, 

including hypoxia (Cartee et al., 1991) or contractions (Goodyear et al, 1991; Gao et al., 

1994). Maximal stimulation of insulin-dependent and insulin-independent pathways 

enhances glucose transport in an additive fashion (Richter et al., 1984; Nesher et al., 

1985; Wallberg-Henriksson et al., 1988; Henriksen et al., 1990), indicating that these two 

pathways stimulate skeletal muscle glucose transport by different mechanisms. Gao et al. 
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(1994) demonstraled that the additive effect of insulin and contractions on glucose 

transport is due to an additivity of the effects of these stimuli on GLUT-4 translocation. In 

addition, Goodyear et ai. (1995) have shown that insulin increases tyrosine 

phosphorjdation of the insulin receptor and IRS-1 and activates IRS-1-associated Pi3-

kinase whereas muscle contraction has no effect on these factors. These results suggest 

that insulin and contractions stimulate Gl.UT-4 translocation and glucose transport via 

distinct intracellular pathways. 

Role of insulin resistance in the etiology of the "insulin resistance syndrome" 

Insulin resistance of skeletal muscle glucose transport represents a major defect in 

the normal maintenance of euglycemia (Dohm et al., 1988; Mueckler, 1990) and is often 

accompanied by a variety of metabolic abnormalities, including obesity, dyslipidemia, 

type 2 diabetes, hypertension, and atherosclerosis (DeFronzo and FeiTannini, 1991; 

Reaven, 1993). The link among these disorders has been attributed to hyperinsulinemia, 

a consequence of the insulin resistance (DeFronzo and Ferrannini, 1991). 

The obese Zucker (falfa) rat is an animal model of severe skeletal muscle insulin 

resistance that also is characterized by marked hyperinsulinemia. glucose intolerance, 

dyslipidemia, and central adiposity (Mathe, 1995). Insulin-stimulated GLUT-4 protein 

translocation (King et al., 1993, Etgen et al., 1996) and glucose transport activity 

(Henriksen and Jacob, 1995; Etgen et al., 1996) are substantially impaired in isolated 

skeletal muscle from these obese animals. The insulin resistance characteristic of the 

obese Zucker rat can be attributed to specific defects in the insulin signaling pathway for 



1 8  

activation of glucose transport. For example, Anai et al. (1998) have shown that in 

skeletal muscle from obese Zucker rats there are significant defects in crucial aspects of 

the insulin signaling cascade. Compared to age-matched lean Zucker rats, in hindlimb 

muscle from the obese Zucker rats there was a 60% smaller IRS-1 protein level, and 

insulin-stimulated IRS-1 phosphorylation was only 72% of control, despite elevated basal 

levels. The amount of the regulatory subunit of PI3-kinase (detected using a p85a 

antibody) associated with the tyrosine-phosphorylated IRS-1 in the insulin-stimulated 

state was 29% of control. Finally, IRS-1-associated PI3-kinase activity in muscle 

immunoprecipitates from the obese animals was only 54% of the level observed in lean 

animals. 

Similar findings have been made in skeletal muscle from insulin-resistant humans. 

Zierath et al. (1996) reported that insulin stimulation in vivo failed to induce significant 

GLUT-4 protein translocation to the sarcolemma in vastus lateralis muscle from subjects 

with NIDDM. Moreover, muscle samples from obese insulin-resistant (Goodyear et al., 

1995) or NIDDM (Bjornholm et al., 1997) subjects demonstrated that significantly less 

insulin stimulation of insulin receptor and IRS-1 tyrosine phosphorylation and of IRS-1-

immunoprecipitatable Pi3-kinase activity could be detected compared to that in insulin-

sensitive control groups. 

Collectively, these animal model and human data clearly indicate that substantial 

defects exist in these specific insulin signaling factors in muscle of obese subjects and 

that these defects could contribute to the insulin resistance of glucose transport in 
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conditions of obesity. In addition, these data provide further support to assess IRS-1 and 

PI3-kinase in muscle from the obese Zucker rats following the various interventions. 

Oxidative stress, antioxidants, and insulin resistance 

Oxidative damage of proteins is one of the modifications leading to severe failure 

of biological functions and cell death. Prolonged exposure of protein to reactive 

molecules leads to spontaneous postsynthetic modifications, such as glycation or 

oxidation. Among the various oxidative modifications of amino acids in proteins, 

carbonyl formation may be an early marker of protein oxidation (Davies 1987). Reactive 

oxygen species (ROS) can convert proteins to carbonyl derivatives by a variety of 

oxidative mechanisms (Stadtman 1992), and protein carbonyls formed are considered 

sensitive indices of oxidative injury to proteins. Increases in carbonyl levels have been 

detected in several pathological conditions such as ischemia-reperfusion injury of cardiac 

muscles (Reznick et al, 1992a; Serbinova et al., 1992), rheumatoid arthritis (Chapman et 

al., 1989), and muscle damage following exhaustive exercise (Reznick et al., 1992b). 

Insulin-resistant states, including impaired glucose tolerance and type 2 diabetes, 

are associated with the development of long-term complications, including cardiovascular 

disease, retinopathy, neuropathy, and nephropathy (LeRoith et a!., 1996). Oxidative 

stress has been suggested to be an important factor in the onset and progression of these 

diabetic complications (Wolff et al., 1991; Baynes, 1991). Baynes (1991) has postulated 

that increased formation of and reduced removal of ROS and free radicals leads to 

accelerated lipid peroxidation and membrane destruction. Several investigations have 
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shown that in diabetes both increased ROS production and a reduced antioxidant defense 

capacity develop, resulting in an impaired oxidant-antioxidant status (Jones et al. 1988; 

Baynes, 1991; Wolff et al, 1991; Yan et al., 1994; Paolisso and Giugliano, 1996). 

Moreover, increased serum levels of several oxidation end-products, and particularly lipid 

peroxidation moieties, have been described in type 1 and type 2 diabetic patients, as well 

as in several experimental animal models of diabetes (Woollard et al., 1990; Armstrong 

and Awadi, 1991). This suggests that increased oxidative stress is a common surrogate of 

the insulin-resistant, diabetic state. 

Direct experimental evidence for a cause and effect relationship between 

oxidative stress and insuHn resistance is limited. However, Rudich et al. (1997) 

demonstrated, using 3T3-L1 adipocytes, that prolonged exposure to low amounts of 

oxidative stress (hydrogen peroxide) markedly decreased insulin-stimulated glucose 

metabolism. This decreased insulin responsiveness was associated with increased GLUT-

1 protein and decreased GLUT-4 mRNA and protein (Rudich et al., 1997). More 

recently, it has been shown that a marked decrease in insulin-stimulated glucose transport 

in rat L6 myocytes was observed when cells were exposed to oxidative stress (Maddux et 

al, 2001). Thus, these findings are consistent with the hypothesis that oxidative stress 

can directly and negatively impact insulin action on glucose transport and support further 

investigations on the potential role of oxidative stress as a contributory factor in skeletal 

muscle insulin resistance (Fig. 1). 
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Oxidative stress 

I Insulin I 

i 
Activation of insulin signaling of 
skeletal muscle glucose transport 

t Skeletal muscle glucose transport 

Figure 1 .  Diagram demonstrates the potential inhibitoiy effects of oxidative stress on 

insulin signaling and skeletal muscle glucose transport. 
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Lipoic acid and insulin action 

Complementary to the aforementioned studies on the role of oxidative stress in the 

pathogenesis of insulin resistance is increasing evidence that antioxidants may be 

effective treatments in improving insulin action. As early as 1970, it was known that the 

antioxidant alpha-lipoic acid could enhance glucose transport into isolated rat diaphragm 

(Haugaard and Haugaard, 1970). Lipoic acid is a potent biological antioxidant (Packer et 

al., 1995) which exists in two stereoisomeric forms; the R-(+)-enantiomer and the S-(-)-

enanlionier. Packer et al. (1995) have demonstrated that the R-(+)-enantiomer of lipoic 

acid possesses a greater antioxidant capacity than the S-(-)-enantiomer of this compound. 

Streeper et al. (1997) have investigated the potential role of either the pure R-(+)-

enantiomer or the pure S-(-)-enantiom.er of lipoic acid in the insulin resistance of the 

obese Zucker rat. Significant decreases in plasma insulin and free fatty acids as well as 

substantial increases in insulin-mediated epitrochlearis muscle glucose transport activity 

were observed following treatment with the pure R-(+)-enantiomer, but not the S-(-)-

enantiomer. hiterestingly, the S-(-)-enantiomer actually worsened the hyperinsulinemia 

already present in the obese Zucker rat, and caused a significant 20% decrease in the 

muscle level of GLUT-4 protein (Streeper et al., 1997). These results indicate that the 

effects of lipoic acid are stereospecific. with the R-(+)-enantiomer eliciting the beneficial 

adaptations in glucose metabolism. 

Of clinical importance is that the acute (Jacob et al., 1995) or chronic (Jacob et al, 

1996a) administration of lipoic acid to insulin-resistant, type 2 diabetic humans can also 

result in significant improvements in insulin-mediated whole body glucose disposal. 
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Therefore, these findings that lipoic acid can enhance insulin action are not merely a 

species-specific effect seen only in rodents, but also apply to insulin resistance in humans. 

Direct stimulatory effects of alpha-lipoic acid have been shown in L6 myocytes (E^strada 

et a!., 1996), perfused rat heart preparations (Strodter et al, 1995), and isolated rat 

skeletal muscle (Henriksen et al. 1997). Alpha-lipoic acid administration to insulin-

resistant animals (Jacob et al., 1996b; Streeper et al, 1997) and humans (Jacob et al., 

1995, 1996a) also enhances insulin-stimulated skeletal muscle glucose disposal. The 

stimulatory effects of alpha-lipoic acid on insulin action in Lg myocytes were found to 

involve GLUT-4 translocation and be dependent upon activation of elements of the 

insulin signaling pathway, such as PI3-kinase (Estrada et al., 1996). Recent studies 

demonstrate that alpha-lipoic acid stimulates glucose uptake in 3T3-L1 adipocytes by 

activating the insulin-signaling pathway (Yaworsky et al., 2000) and increasing cellular 

oxidant levels (Moini et al, 2002). Furthermore, in rat L6 myocytes, the degree of insulin 

resistance induced by oxidative stress is ameliorated and glutathione concentration is 

enhanced in lipoic acid-pretreated cells (Maddux et al., 2001). Nevertheless, the effect of 

lipoic acid on the insulin signaling elements and the cellular oxidant levels in the insulin-

resistant skeletal muscle of the obese Zucker rat is currently unknown. 

Exercise training and insulin action 

Numerous investigations have reported favorable metabolic adaptations in the 

insulin-resistant obese Zucker rat in response to treadmill training. Moderate to high-

intensity aerobic training results in an increased maximal aerobic capacity (Torgan et al. 
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1989; Cortez et al., 1991), and in greater locomotor skeletal muscle levels of enzymes 

involved in glucose catabolism (e.g., hexokinase and citrate synthase) (Torgan et al., 

1989; Cortez et al., 1991). This type of exercise training increases glucose tolerance and 

glucose disposal in this animal model of insulin resistance (Becker-Zimmerman et al., 

1982; Ivy et al, 1986; Cortez et al., 1991; Willems et al., 1991), primarily due to 

adaptations in the glucose transport process (Ivy et al., 1989; Cortez et al., 1991), 

including upregulation of GLUT-4 protein levels (Friedman et al., 1990; Sherman et al., 

1993). Thus, significant improvements in oxidative capacity and in whole-body and 

skeletal muscle insulin action in this animal model of insulin resistance can be elicited in 

response to endurance exercise training using treadmill training protocol. 

It has been shown that exercise training upregulates specific steps of the insulin 

signaling cascade, including increased mRNA and protein expression and functionalil\ of 

the insulin receptor, lRS-1, and PI3-kinase, in animals with normal insulin signaling 

(Chibalin et al. 2000; Kim et al. 1995 and 1999). Interestingly, exercise training by 

insulin-sensitive humans leads to an upregulation of insulin-stimulated PI3-kinase 

activity (Kirwan et al. 2000) as well as a significant reduction in protein expression of 

insulin receptor p-subunit IRS-1, and lRS-2 (Yu et al. 2001). However, the potential 

adaptive responses of the insulin signaling cascade in insulin-resistant human skeletal 

muscle to regular exercise are currently unknown. Few data are available for the adaptive 

responses to exercise training of the insulin signaling pathway in muscle of the obese 

Zucker rat. Havener et al. (2000) have demonstrated, in the obese Zucker rat, that 

exercise training on treadmill for 12-wk results in an enhancement of skeletal muscle 
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insulin receptor tyrosine pliosphorylation and IRS-1 protein expression with no aheration 

in protein expression of insulin receptor p-subunit, the p85 subunit of PI3-kinase, or 

Akt/PKB. However, a very recent study (Christ et al. 2002) indicates that neither protein 

expression nor functionality of the major elements of the insulin signaling cascade is 

altered following 7-wk of treadmill training. 

it is well established that an acute bout of exhaustive exercise induces the 

production of reactive oxygen species and markers of oxidative stress in muscle of animal 

models (Davies et al., 1982) cvnd in humans (reviewed by Sen, 1995). However, the 

available information in the literature indicates that endurance exercise training can lead 

to increased antioxidant defense systems in muscle tissue (Criswell, 1993; Sen, 1995), 

and that a positive correlation exists between maximal oxygen consumption and activities 

of the antioxidant enzymes (.Fenkins et al., 1984). Thus, exercise training should have a 

positive effect on antioxidant defenses. Whether exercise training of the obese Zucker rat 

has any impact on antioxidant defenses and the potential interactive effect of antioxidant 

supplementation on the production of free radicals during exercise by insulin-resistant 

subjects is currently unknown. 

Skeletal muscle triglyceride and insulin resistance 

Several studies have reported that increased amounts of skeletal muscle 

triglyceride (mTG) are associated with reduced skeletal muscle and whole body insulin 

action. Storlien et al. (1991) have demonstrated that, in rats fed high fat diets, insulin 

resistance develops as triglyceride accumulates in muscle, giving rise to a significant 
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correlation between muscle insulin resistance and triglyceride content. This association 

has also been deteiTnined in other insulin-resistant animal models (Shimabukiiro et al. 

1997; Russell et al. 1998). Likewise, in human studies, an inverse relationship between 

insulin sensitivity and mTG level in muscle biopsies of non-diabetic Pima Indians (Pan et 

al. 1997), first-degree relatives of type 2 diabetic patients (Perseghin et al. 1999; Jacob et 

al.. 1999), and obese non-diabetic individuals (Manco et al. 2000) have been observed. In 

addition, increased mTG stores are found to be associated with decreased insulin-

stimulated glycogen synthase activity in type 2 diabetic patients as well (Phillips et al. 

1996). These results suggest the importance of mTG content as a potential modulator of 

skeletal muscle and whole body insulin action. The measurement of mTG content in the 

sedentary^ obese and lean Zucker rats will assess the importance of mTG in the etiology of 

skeletal muscle insulin resistance. 

Few data are available in the literature concerning mTG content following 

exercise training. Moreover, there is no information available to date regarding the 

effects of exercise training or antioxidant treatment on mTG in the insulin-resistant obese 

Zucker rats. Therefore, the measurement of mTG content following exercise training 

and/or R-ALA interventions will provide new information regarding how mTG content is 

affected by these interventions. 

Specific aims and hypotheses of this .study 

Despite the large amount of information that has been gathered on the potential 

individual roles of endurance exercise training or antioxidant treatments in ameliorating 
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skeletal muscle insulin resistance, there are still considerable gaps in our knowledge in 

several areas. For example, the potential relationship between oxidative stress and the 

pathogenesis of skeletal muscle insulin action remains controversial and needs to be 

further examined under highly controlled experimental conditions. Another important 

issue that needs to be examined is the relationship between the etiology of skeletal muscle 

insulin resistance and accumulation of triglyceride. Furthermore, while there is 

encouraging evidence that short-temi antioxidant treatment can improve insulin action in 

the obese Zucker rat, there is no information presently available regarding the potential 

beneficial effects of longer-term treatment with antioxidants in this animal model of 

insulin resistance. There is also no information from tissues of intact animal models of 

insulin resistance regarding the potential role of antioxidants in modulating the insulin 

signaling cascade. Most importantly, there is a need for information on the potential 

interactions between exercise training and antioxidant interventions in ameliorating 

whole body and skeletal muscle insulin resistance. The investigation of these interactions 

could be especially important in the context of designing interventions that substantially 

improve insulin action in an insulin resistant state. 

Therefore, the specific aims and the associated hypotheses that were tested are the 

following: 

1. To assess the effect of chronic (6 weeks) exercise training by treadmill 

running on whole body glucose tolerance and on insulin-stimulated 

glucose transport activity in insulin-sensitive skeletal muscles from lean 

Zucker rats or insulin-resistant skeletal muscle from obese Zucker rats. 



28 

The hypothesis tested was: exercise training would increase whole body 

glucose tolerance by enhancing insulin action on glucose disposal at the 

level of skeletal muscle in both lean and obese animals. 

2. To evaluate the effectiveness of an antioxidant intervention (6 weeks 

treatment with the R-enantiomer of lipoic acid (R-ALA)) on whole body 

glucose tolerance and on insulin-stimulated glucose transport activity in 

insulin-sensitive skeletal muscles from lean Zucker rats or insulin-resistant 

skeletal muscle from obese Zucker rats. The hypotheses tested were I) R-

ALA would increase whole body glucose tolerance by enhancing insidin 

action on glucose disposal at the level of skeletal muscle in obese animals. 

2) Since the lean animals were not expected to he under oxidative stress, 

they M'ould not experience an increase in whole body glucose tolerance or 

muscle insulin action as a result of an antioxidant R-ALA intervention. 

3. To characterize the interactive effects of exercise training and antioxidant 

therapy on whole body glucose tolerance and insulin responsiveness of 

muscle glucose transport activity in these animal models. The following 

hypotheses were tested: 1) In the insulin-resistant animals, exercise 

training and R-ALA in combination would produce a greater reduction in 

whole body and muscle insidin resistance than either intervention 

individually. 2) Because the lean cmimals were not expected to be under 
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oxidative stress, it was anticipated that the combined effect of exercise 

(raining and R-ALA would, produce improvement in whole body and 

skeletal muscle insulin action on glucose disposal that are no greater than 

those elicited by exercise training alone. 

4. To determine whether the insulin resistance in skeletal muscle of the obese 

Ziicker rat correlates with oxidative stress (reflected by tissue protein 

carbonyl levels). The hypothesis tested was: The level of protein 

carbonyls in skeletal muscle of the insulin-resistant obese Zucker rat 

would be higher than that of the lean Zucker rat. 

5. To examine whether oxidative stress is altered by exercise training. R-

A1 A. or exercise training combined with R-ALA, and whether these 

alterations correlate with enhancement of skeletal muscle insulin action. 

The following hypotheses were tested: 1) Protein carbonyl level in 

skeletal muscle in the obese animals woidd be reduced by both exercise 

training and R-ALA individually, but to the greatest extent by combined 

exercise training and R-ALA intervention. 2) The degree of improvement 

in skeletal muscle insulin action in the obese animals receiving R-ALA 

alone or in combination with exercise training would be correlated with 

the reductions in oxidative stress. 3) Improvements in skeletal muscle 

insulin action in lean animals undergoing exercise training or in 
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combination with R-ALA would not correlate M'ith alterations in oxidative 

stress. 

6. To determine whether the insuUn resistance in skeletal muscle of the obese 

Zucker rat correlates with skeletal muscle triglyceride content, the 

hypothesis tested was: the level of triglyceride content in skeletal muscle 

of the insulin-resistant obese Zucker rat would be higher than that of the 

lean Zucker rat. 

1. To assess whether triglyceride content in insulin-resistant skeletal muscle 

is altered by R-ALA treatment, exercise training, or exercise training 

combined with R-ALA, and whether these alterations correlated with 

enhancement of skeletal muscle insulin action. The following hypotheses 

were tested; 1) Triglyceride content in skeletal muscle in the obese 

animals would be reduced following exercise training or R-ALA treatment 

alone, and to the lowest level by combined exercise training and R-ALA 

intervention. 2) The degree of improvement in skeletal muscle insulin 

action in the obese animals undergoing exercise training alone would be 

correlated with the reductions in triglyceride content. 

8. To evaluate alterations in cellular determinants of insulin action on 

skeletal muscle glucose transport, such as GLUT-4 protein, insulin 
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receptor, IRS-1, PI3-kinase, and Akt/PKB in muscle from obese Zucker 

rats following exercise training, R-ALA treatment, and exercise training 

combined with R-ALA treatment. These hypotheses were tested: 1) In the 

obese animals, there would he significant defects in the protein expression 

of lRS-1, but not in other insulin signaling factors or in whole muscle 

GLUT~4 protein levels. 2) Exercise training, R-ALA treatment, or the IM-O 

interventions in combination would cause increases in IRS-1 protein 

levels, and improvements in this specific insulin signaling element M'ould 

be associated with increases in insulin-mediated glucose trcmsport in 

skeletal muscle from the obese animals. 



CHAPTER 2 

INTERACTIONS OF EXERCISE TRAINING 

AND ANTIOXIDANT M-(+)"a-LIPOIC ACID ON SKELETAL 

MUSCLE GLUCOSE TRANSPORT IN OBESE ZUCKER RATS 



Exercise training (ET) or the antioxidant R-(+)-a-lipoic acid (R-ALA) 

individually increase insulin action in the insulin-resistant obese Zucker rat. The purpose 

of the present study was to determine the interactions of ET and R-Al . A on insulin action 

and oxidative stress in skeletal muscle of the obese Zucker rat. Animals either remained 

sedentary, received R-ALA (30 mg/kg body wt/day), perfomied ET (treadmill running), 

or underwent both R-ALA treatment and ET, for 6 wk. During an oral glucose tolerance 

test, ET alone or in combination with R-ALA resulted in a significant lowering of the 

glucose (26-32%) and insulin (29-30%) responses compared to sedentary controls. R-

ALA alone decreased (19%) the glucose-insulin index (indicative of increased insulin 

sensitivity), and this parameter was reduced (48-52%) to the greatest extent in the ET and 

combined treatment groups. ET or R-ALA individually increased insulin-mediated 

glucose transport activity in isolated epitrochlearis (44-48%) and soleus (37-57%) 

muscles. The greatest increases in insulin action in these muscles (80% and 99%, 

respectively) were observed in the combined treatment group. Whereas the improvement 

in insulin-mediated glucose transport in soleus due to R-ALA was associated with 

decreased protein carbonyl levels (an index of oxidative stress), that due to ET was 

associated with decreased protein carbonyls as well as enhanced GLUT-4 protein. 

However, there was no interactive effect of ET and R-ALA on GLUl^-4 protein or protein 

carbonyl levels. These results indicate that ET and R-ALA interact in an additive fashion 

to improve insulin action in insulin-resistant skeletal muscle. Because the further 

improvement in muscle glucose transport in the combined group was not associated with 
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additional upregulation of GHJT-4 protein or a further reduction in oxidative stress, the 

mechanism for this interaction must be due to additional, as yet unidentified, factors. 
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INTRODUCTION 

The insulin resistance syndrome (DeFronzo and Ferrannini, 1991) or syndrome X 

(Reaven, 1993) is a multifaceted condition characterized by the clustering a number of 

atherogenic risk factors, including essential hypertension, glucose intolerance, insulin 

resistance of skeletal muscle glucose metabolism, hyperinsulinemia, dyslipidemia, and 

central obesity. The etiology of this condition is associated with the initial development 

of insulin resistance and reactive hyperinsulinemia, and individuals with this condition 

are at markedly elevated risk of cardiovascular disease (Reaven, 1993). The obese 

Zucker (fa/fa) rat is a well-defined animal model for studying the insulin resistance 

syndrome, as it exhibits severe skeletal muscle insulin resistance (Ivy et al., 1986; 

Brozinick et al., 1994; Henriksen and Jacob, 1995), attributable to defects in insulin 

signaling (Anai et al., 1998) and GLUT-4 glucose transporter protein translocation (King 

et al., 1992; Brozinick et al., 1994; Etgen et al., 1997). 

One effective intervention for ameliorating the insulin resistance of skeletal 

muscle glucose transport and the compensatory hyperinsulinemia in the obese Zucker rat 

is exercise training. Moderate and high-intensity exercise training by the obese Zucker 

rat is associated with improvements in glucose tolerance (Becker-Zimmermann et al., 

1982; Cortez et al., 1991; Steen et al, 1999), primarily due to enhanced skeletal muscle 

glucose transport activity (Ivy et al, 1989; Cortez et al., 1991; Etgen et al., 1997; Steen et 

al, 1999). The increased insulin action on the glucose transport process following 

exercise training by the obese Zucker rat likely develops because of the upregulation of 

GLUT-4 protein expression (Banks et al., 1992; Brozinick et al, 1993, Etgen et al., 1997; 
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Steen el al., 1999) and enhanced insulin-stimulated GLUT-4 protein translocation to the 

sarcolemma (Etgen et al., 1997). 

Increasing evidence indicates that insulin resistance may be associated with 

increased oxidative stress and that antioxidant therapy may be benefj,cial (Ceriello, 2000; 

Henriksen, 2000 for review). a-Lipoic acid (ALA, also known as thioctic acid) is a water-

soluble biological antioxidant (Packer et al.. 1995) that can modulate glucose metabolism 

in insulin-sensitive cells and tissues (Henriksen, 2000). ALA enhances glucose transport 

into L6 myocytes (Estrada et al., 1996), isolated rat diaphragm (Haugaard and Haugaard, 

1970), perfused rat heart preparations (Strodter et al., 1995), and isolated rat skeletal 

muscle (Henriksen et al., 1997). Moreover, when administered in vivo ALA reduces 

blood glucose in hyperglycemic streptozotocin-diabetic rats (Khamaisi et al., 1997), 

improves glucose tolerance and skeletal muscle glucose transport in the obese Zucker rat 

(Khamaisi et al., 1997; Streeper et al, 1997; Peth et al, 2000), and enhances glucose 

tolerance and peripheral insulin-stimulated glucose disposal in type 2 diabetic patients 

(Jacob et al., 1995; Jacob et al, 1996; Jacob et al., 1999; Konrad et al., 1999). 

Importantly, Streeper et al. (1997) have demonstrated that the beneficial metabolic effects 

of ALA in conditions of insulin resistance are stereospecific, with the R-(+)-enantiomer 

being more effective than the S-(-)-enantiomer, consistent with in vitro findings (Estrada 

etal., 1996). 

Whereas it is clear that both endurance exercise training and ALA treatment 

individually are effective interventions for improving insulin action in insulin-resistant 

skeletal rauscle, at present there is no infonnation regarding how these two interventions 
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might interact to modulate insulin action in the obese Zucker rat when used in 

combination. In this context, the purpose of the present study was to test the hypothesis 

that endurance exercise training and chronic treatment with the R-(+)-enantiomer of ALA 

(R-ALA), in combination, could improve insulin action in the obese Zucker rat to a 

greater extent than either intervention used individually. Specifically, obese Zucker rats 

underwent 6 wk of exercise training and 6 wk of parenteral administration of R-ALA, 

individually and in combination, and glucose tolerance, insulin-stimulated glucose 

transport, muscle GLUT-4 protein level, and tissue protein carbonyl level (a marker of 

oxidative stress (Davies, 1987; Reznick and Packer, 1994)) were determined. The 

investigation of these interactions could be especially important in the context of 

designing interventions that substantially improve insulin action in insulin-resistant 

states. 



38 

MATERIALS AM) METHODS 

Animals and treatments 

Female obese Zucker rats (Hsd/01a;ZlJCKER-/fl, Harlan, Indianapolis, IN) were 

received at 5-6 wk of age, weighing 150-160 g. The animals were housed in a 

temperature-controlled room (20-22°C) at the Central Animal Facility of the University 

of Arizona. A reversed 12:12-hr light-dark cycle (lights on 1900-0700) was maintained so 

that training occurred during the dark cycle, when they are most active. Animals had free 

access to water and chow (Purina, St Louis, MO). All procedures were approved by the 

University of Arizona Animal Use and Care Committee. 

The rats were randomly assigned to one of four groups: a sedentary, vehicle-

treated control group, an R-ALA-treated group, an exercise-trained group, or a combined 

R-ALA-treated and exercise-trained group. Animals in the R-ALA-treated groups 

received 30 mg/kg body wt of the purified R-(+)-enantiomer of a-lipoic acid (AS I A 

Medica, Frankfurt, Germany) dissolved in 120 raM I ris buffer (pi 1 7.4) by intraperitoneal 

injection every evening for 6 wk, while the sedentary control animals received 8.3 ml/kg 

body wt of 120 niM Tris buffer (pll 7.4). Animals in the exercise-trained groups ran in 

the morning on a 10-lane motor-driven rodent treadmill for 6 wk at 4% grade. During the 

first 3 wk of training, the animals ran 7 days/wk, and the training protocol was quickly 

increased to 60 min/day, continuously rotating through the following 15-min cycles: 24 

m/min for 10 min, 26 m/min for 3 min, and 28 m/min for 2 min. Over the final 3 wk of 

training, the animals ran 75 min/day, 5 days/wk using these same 15-min cycles. The 

combined treatment animals performed the treadmill training protocol exactly as 
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described above, while also receiving daily treatments with R-ALA. 

Oral glucose tolerance tests (OGTTs) 

After 6-wks of treatment, an OGTT was performed in each animal. The rats were 

restricted to 4 g of chow, after 6 PM of the evening before the test. Between 8 AM and 9 

AM on the day of the OGTT, about 15 hr after the last R-ALA treatment and/or 24 hr 

after the last exercise bout, the rats were administered a 1 g/kg body wt glucose load by 

gavage (Cortez et al., 1991). Blood was drawn from a cut at the tip of the tail at 0, 15, 30, 

60, and 90 minutes following the glucose feeding, thoroughly mixed with FiDTA (18 mM 

fmal concentration), and centrifuged at 13,000 X g to separate the plasma. The plasma 

was stored at "80°C and subsequently assayed for glucose (Sigma Chemical, St. Louis, 

MO), insulin (Linco Research, St Charles, MO), and free fatty acids (Wako, Richmond, 

VA). Immediately after the completion of the OGTT, each animal was given 2 ml of 

sterile 0.9% saline subcutaneously to compensate for plasma loss. Upon completion of 

the OGT l s. animals in the exercise training groups were run for 30 min. 

Peak O; consumption (VO? peak) 

Peak aerobic capacity was assessed in each animal during a treadmill test 48 hr 

after the OGTT, using the method of Bedford et al. (1979). No exercise was performed on 

the day before the VO2 peak tests. However, R-ALA was given to the R-ALA group and 

the combined exercise-trained and R-ALA-treated group on this day. Animals ran on a 

motorized treadmill in an airtight Plexiglas chamber. Grade and speed of the treadmill 

were increased every 3 min from a basal level of 0% grade and 13.4 m/min through the 

following stages: 16.1 m/min at 5%, 21.4 m'min at 10%, 26.8 m/min at 10%, 32.2 m/min 
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at 12%, 32.2 m/min at 15%, 32.2 m/min at 18%, and 32.2 m/min at 21%. The test was 

stopped when the rats were unable to keep pace with the treadmill belt. O2 (Ametek S-

3A1, Applied Electrochemistry. Pittsburgh, PA) and CO2 (Ametek CD-3A) were 

measured in expired gases every 3 min for the determination of oxygen uptake (ml O2 • kg 

body wt"'. min"'). Fixercise training and R-ALA treatments were resumed the day after the 

VO2 peak assessment. 

Measurement of in vitro glucose transport activity. 

Approximately 72 lir after the VO2 peak test. 24 hr after the final exercise bout, and 

15 hr after the final R-ALA treatment, animals were weighed and deeply anesthetized 

with an intraperitoneal injection of pentobarbital sodium (50 mg/kg body wt). The 

determination of muscle glucose transport activity was initiated at 8 AM after an 

overnight food restriction as described above. One soleus and both epitrochlearis muscles 

were dissected and prepared for in vitro incubation. Whereas the epitrochlearis muscles 

were incubated intact, the soleus muscle was prepared into two strips (about 25 mg) and 

incubated. Each muscle was incubated for 1 hr at 37°C in 3 ml oxygenated (95% 02-5% 

CO2) Krebs-Henseleit buffer (KHB) supplemented with 8 mM glucose, 32 raM mannitol, 

and 0.1 % BSA (radioimmunoassay grade, Sigma Chemical). One epitrochlearis muscle 

and one soleus strip were incubated in the absence of insulin, and the contralateral 

epitrochlearis muscle and second soleus strip were incubated in the presence of a 

maximally effective concentration of insulin (2 mU/ml; Humulin R, Eli Lilly, 

Indianapolis, IN). 

After this initial incubation period, the muscles were rinsed for 10 min at 37°C in 
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3 ml oxygenated KHB containing 40 mM mannitol, 0.1% BSA, and insulin, if previously 

present. Thereafter, the muscles were transferred to 2 ml KHB, containing 1 mM 2-[l,2-

•'H] deoxyglucose (2-DG, 300 mCi/mmol; Sigma Chemical), 39 mM [U-'^'C] mannitol 

(0.8 mCi/mmol; ICN Radiochemicals, Irvine, CA), 0.1% BSA, and insulin, if previously 

present. At the end of this final 20-min incubation period at 37°C, the muscles were 

removed, trimmed of excess fat and connective tissue, quickly frozen, and weighed. The 

epitrochlearis muscles were divided into two pieces, which were individually reweighed. 

One piece from each epitrochlearis muscle and the entire soleus strip were dissolved in 

0.5 ml 0.5 N NaOH. After the muscles were completely solubilized, 5 ml of scintillation 

cocktail were added, and the specific intracellular accumulation of 2-DG was determined 

as described previously (Henriksen and Halseth, 1994). 

Biochemical assays. 

The remaining two pieces of epitrochlearis were pooled, reweighed, and 

homogenized in 40 volumes of ice-cold 20 mM HEPES (pi 1 7.4) containing 1 mM EDTA 

and 250 mM sucrose. These homogenates were used for determination of total protein 

content by using the bicinchoninic acid method (Sigma Chemical), GLUT-4 protein level 

(Henriksen and Halseth, 1994), total hexokinase activity (IJyeda and Racker, 1965), and 

citrate synthase activity (Srere, 1969). In addition, the contralateral soleus and plantaris 

muscles, the liver, and the heart were removed, trimmed of fat and connective tissue, 

quickly frozen in liquid nitrogen, and used for subsequent determination of these same 

variables as well as for the measurement of protein carbonyl levels, using the 

spectrophotometric assay of Rc/nick and Packer (1994). 
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Statistical analysis 

AH values are expressed as means + SE. The significance of differences among 

the four experimental groups was assessed by a factorial ANOVA with a post hoc 

Fisher's protected least-significant difference test (StatView version 5.0, SAS Institute, 

Gary, NC). A level of /'<0.05 was set for statistical significance. 
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RESULTS 

Body weights, muscle weights, and VOipeak 

The exercise-trained and the combined treatment groups had slightly lower (7-8%, 

/'<0.05) final body weights compared to the sedentary group (Table 1). Whereas the wet 

weights of the soleus muscles were not different among the various groups, exercise 

training induced a significant increase in average wet weights of the plantaris muscle. 

Compared with the sedentary control group, R-ALA treatment alone, exercise training 

alone, or two intei-ventions in combination resulted in significant increases in absolute 

heart wet weight, as well as in the heart wet weight: body weight ratio. The heart wet 

weight: body weight ratio of the combined treatment group was also significantly greater 

than that of the R-ALA treatment alone (Table 1). 

Whereas R-ALA treatment alone did not increase V()2peak relative to the sedentary 

group, it did elicit a significantly longer (18%) maximum run time ( I able 2). Exercise 

training alone caused increases in both V02peak (54%) and in maximum run time (45%) 

relative to the sedentar}' group. Exercise training combined with R-ALA treatment 

resulted in a 55% higher peak aerobic capacity relative to the sedentary group, and 

elicited the greatest increase (56%) in maximum run time. 

Plasma glucose, insulin, and free fatty acids 

The fasting plasma levels of glucose, insulin, and free fatty acids in the various 

groups are shown in Table 2. Exercise training alone was associated with a 12% lower 

glucose level compared to the sedentary group. Exercise training alone or in combination 

with R-ALA treatment significantly lowered both plasma insulin (23-24%) and free fatty 



Table I. Effects of exercise training and R-ALA treatment on final body weights and heart and skeletal muscle wet 

weights in the obese Zucker rat. 

Heart Wet 

Body Wt, Heart Wet Wt-to- Body Wt Solciis Plantaris 

G r o u p  g Wt, mg Ratio, mg/g Wt, mg Wt, mg 

Sedentary 3 7 7  ± 9  752 ± 12 2.00 ±0.05 101 ±3 154+5 

Lipoic acid-treated 368 ± 6 8!0± 19'' 2.20 ±0.05" 101 ±3 160 ±4 

Lxcrcisc-trained 350 ± 5' 826 ±36' 2.37 ±0.12' 102 ±8 170 ± 8' 

Combined 348 ± 7' 864±19' 2.48 ±0.01"-^' 103 ± 1 167 ±5 

Values are means + SE for 4-9 animals/group. ^Significantly different from the sedentaiy control group. 

''Significantly different from the A LA-treated group. 



Table 2. Effects of exercise training and R-ALA treatment on peaic oxygen consumption, maximum run time to 

fatigue, and fasting plasma glucose, insulin, and free fatty acids in the obese Zucker rat. 

Group 

^ ^Zpeak? 

ml/kg/min 

Maximum 

Run Time, rain 

Plasma 

Glucose, mg/dl 

Plasma 

Insulin, f-iU/ml 

Plasma 

Free Fatty 

Acids, niM 

Sedentary 38.8 ± 1.4 8.68 ±0.26 1 ! 4 ± 4  172 ± 12 1.33 ±0.06 

Lipoic acid-treated 40.7 ± 0.6 10.27 ±0,27' 1 1 2  ± 4  1 5 5  ± 9  0.94 ± 0.03' 

Exercise-trained 59.6 ± 1.3 12.60 ±0.20''-'' 1 0 0  ± 6 ®  1 3 1  ±  1 1  '  0.96 ±0.05' 

Combined 60.2 ± 1.6 13.56 ±0.28' 1 0 5  ± 4  1 3 3  ± 5 '  0.92 ±0.04' 

Values are means + SE for 4-9 animals/group. "Significantly different from the sedentary control group. 

''Significantly different irom the ALA-treated group. '^Significantly different from all other groups. 
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acids (28-31%), whereas R-ALA treatment alone lowered only plasma free fatty acids 

(29%) relative to the sedentan.- group. 

OGTT responses 

The glucose and insulin responses during the OGTT in the experimental groups 

are shown in Fig. 2. Compared to the sedentaiy group, R-ALA treatment resulted in a 

lowering of the glucose response, although only the difference at 15 min (12%) achieved 

statistical significance. Exercise training alone or in combination with R-AI.A treatment 

caused significant decreases in the glucose (20-35%) and insulin (23-40%) responses at 

all time points during the test. 

In Fig. 3, the total areas under the curves (AUC) for these glucose and insulin 

responses, as well as the glucose-insulin index (defined as the product of the glucose 

AUC and the insulin AUC, with a reduction in this value reflecting an increase in whole-

body insulin sensitivity (Cortez et al., 1991), are presented. Whereas the reductions in the 

glucose AUC and the insulin AUC in the R-.A.I.A treated group did not reach statistical 

significance, exercise training alone or in combination with R-ALA treatment resulted in 

a significant lowering of the glucose AUC (26-32%) and the insulin AUC (29-30%) 

compared to the sedentary group. The glucose-insulin index was significantly reduced 

(19%) as a result of the chronic R-ALA. This parameter was reduced to the greatest 

extent in the groups that underwent the exercise training alone and exercise training 

combined with ALA treatment compared to either the sedentary group (48-52%) or the R-

Al A-treated group (36-40%). 
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Figure 2. Glucose (top) and insulin (bottom) responses during an oral glucose tolerance 

test in obese Zucker rats after chi-onic treatment with R-ALA, exercise training, or R-

ALA combined with exercise training. Values are means + SE for 4-9 animals/group. 

®P<0.05 vs. sedentary' group. ^P<0.05 vs. ALA-treated group. 
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Figure 3. Area under curves (AUCs) for glucose (A; mg/dl/min) and insulin (B; 

}iU/ml/min) during the oral glucose tolerance test and the glucose-insulin index (C; units) 

in obese Zucker rats after 6 wk of remaining sedentary (SED), treatment with R-ALA 

(ALA), exercise training (EXER), or R-ALA combined with exercise training (COMBO). 

Data for the AUCs were taken from Fig. 1. The glucose-insulin index was calculated as 

the product of the glucose AUC and the insulin AUC for each individual animal. Values 

are means + SB of 4-9 animals/group. ^P<0.05 vs. SED. ^F<0.05 vs. ALA. 
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Muscle glucose transport 

In order to assess whether these alterations in whole-body glucose disposal were 

associated with changes in the skeletal muscle glucose transport system, basal and 

insulin-stimulated 2-DG uptake in isolated epitrochlearis and soleus muscles were 

determined (Fig. 4). Basal 2-DG uptake in either muscle type did not different among the 

experimental groups. In the epitrochlearis, both the rate of insulin-stimulated 2-DG 

uptake (Fig. 4A) and the insulin-mediated 2-DG uptake (increase over basal) (Fig. 4B) 

were enhanced by R-ALA treatment (27% and 45%) and exercise training alone (22% 

and 48%), and to the greatest extent in the group that completed exercise training 

combined with R-ALA treatment (40% and 80%o). In the soleus muscle, R-ALA 

treatment caused an increase in the rate of insulin-stimulated 2-DG uptake that 

approached statistical significance (18%), P=0.054; Fig. 4C), whereas this intervention 

resulted in a clear enhancement in insulin-mediated 2-DG uptake (32%; Fig. 4D). 

Exercise training alone increased both the insulin-stimulated rate of 2-DG uptake (28%) 

and insulin-mediated 2-DG uptake (52%). As with the epitrochlearis, the greatest 

enhancement of these parameters in the soleus was realized in the combined intervention 

group (52% and 93%), with the latter increase approaching statistical significance 

(P-0.057). 
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Figure 4. In vitro rates of 2-deoxyglucose uptake in the epitrochlearis (A) and soleus (C) 

muscles in the absence (filled bars) and presence (hatched bars) of insulin (2inlJ/ml) and 

the net increase above basal for 2- deoxyglucose uptake due to insulin of the 

epitrochlearis (B) and soleus (13) muscles of obese Zucker rats after 6 wk of remaining 

sedentary (SED). treatment with R-ALA (ALA), exercise training (EXER), or R-ALA 

combined with exercise training (COMBO). Values are means + SE of 4-9 

animals/group. "/'<0.05 vs. SED. V<0.05 vs. ALA. '^P<0.05 vs. all other groups. 
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(iLl'T-4 protein and enzyme responses 

GLUT-4 protein level (Fig. 5) and the activities of total hexokinase (Fig. 6) and 

citrate sjmthase (Fig. 7) enzymes were determined in the epitrochlearis, soleus, plantaris, 

and heart. No increases in these parameters were observed in either muscle type 

following chronic treatment with R-ALA. In contrast, exercise training, alone or in 

combination with R-ALA treatment, brought about significant increases in GLUT-4 

protein level in the epitrochlearis (31% and 45%), soleus (59% and 66%), and plantaris 

(27% and 34%). 

Total hexokinase activity was enhanced by exercise training alone and in 

combination with R-ALA treatment in the epitrochlearis (56% and 78%), soleus (82% 

and 70%)), and plantaris (152% and 123%), whereas only exercise training alone increase 

hexokinase activity in the heart (19%) relative to the sedentary control groups. Citrate 

synthase activity was increased by 44% in epitrochlearis muscle from the combination 

treatment group. This variable was increased by exercise training alone or in the 

combination treatment group in the soleus (44% and 55%) and plantaris (21% and 56%). 

Protein Carbonyls 

The level of carbonyl formation in proteins is an indicator of oxidative damage in 

tissues (Davies. 1987) and reflects the degree of oxidative stress (Reznick and Packer, 

1994). The effect of the antioxidant and exercise training interventions on this marker of 

oxidative stress was assessed in soleus, plantaris, and heart muscle, as well as in liver 

(Fig. 8). R-ALA treatment alone or exercise training alone resulted in significant 

decreases (28-52%)) in protein carbonyl levels in all tissues. No further decreases in 
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protein carbonyl levels in these tissues were elicited when ALA treatment and exercise 

training were combined. 

As oxidative stress may play a role in the development of insulin resistance (8, 17), 

the coiTelation between protein carbonyl level and insulin-mediated 2-DG uptake in the 

soleus muscle from the various experimental groups was examined (Fig. 9). A highly 

significant inverse coiTelation was observed (r = -0.626, /'<0.01). 
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Figure 5. Effects of chronic treatment with lipoic acic (ALA), exercise training (EXER). 

or lipoic acid combined with exercise training (COMBO) on whole muscle level of 

GLUT-4 protein in the epitrochlearis. soleus, plantaris muscles, and the heart. Values are 

means + SE of 4-9 animals/group. '*P<0.05 vs. sedentary group. '"'F<0.05 vs. ALA-treated 

group. 
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Figure 6. Effects of chronic treatment with lipoic acid (ALA), exercise training (EXER), 

or lipoic acid combined with exercise training (COMBO) on total hexokinase activities of 

the epitrochlearis, soleus, plantaris muscles, and the heart. Values are means + SE of 4-9 

animals/group. ®/'<0.05 vs. sedentary group. F<0.05 vs. ALA-treated group. 
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Figure 7. Effects of chronic treatment with lipoic acid (ALA), exercise training (EXER), 

or lipoic acid combined with exercise training (COMBO) on citrate synthase activities of 

the epitrochlearis, soleus, plantaris muscles, and the heart. Values are means + SE of 4-9 

animals/group. ''P<0.05 vs. SED. '7'-'0.{)5 vs. ALA. ''7'<().()5 vs. all other groups. 
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Figure 8. Effects of chronic treatment with hpoic acid, exercise training, or Upoic acid 

combined with exercise training on protein carbonyl levels in the liver, soleus and 

plantaris muscles, and the heart. Values are means + SE of 4-9 animals/group. ̂ ^<0.05 vs. 

sedentary group. 
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Figure 9. Simple linear regression analysis of the relationship between insulin-stimulated 

2-deoxyglucose uptalte and protein carbonyl level in the soleus muscle of obese Zucker 

rats subjected to the various interventions. Regression equation; y = 3.978 - 0.005x, r = -

0.626, P-0.0014. 
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DISCISSION 

In the present investigation, we have confirmed the previous findings by our 

group and others that marked improvements in glucose tolerance and insulin action can 

be elicited by either endurance exercise training alone (Becker-Zimmermann et al., 1982; 

Ivy et al., 1989; Cortez et al., 1991; Banks et al., 1992; Brozinick et al., 1993; Brozinick 

et al., 1994; Etgen et al., 1997; Steen et al., 1999) or chronic administration of the obese 

antioxidant ALA alone (Jacob et al., 1996; Peth et al, 2000; Streeper et al., 1997) in the 

Zucker rat. More importantly, we have made the new finding that the combination of 

exercise training and R-ALA treatment will bring about greater increases in insulin action 

on skeletal muscle glucose transport activity than either intervention individually (Fig. 4). 

The present results demonstrate that exercise training and antioxidant treatment function 

in an essentially additive fashion to improve insulin action in these insulin-resistant 

muscles. However, this interaction between exercise training and R-ALA on skeletal 

muscle insulin action did not translate into a markedly greater improvement in whole-

body glucose disposal and insulin sensitivity, at least as determined by the glucose-insulin 

index (Fig. 3). Nevertheless, the use of exercise training and antioxidant treatment 

together appears promising as a combination therapy for the treatment of skeletal muscle 

insulin resistance. 

It is clear from the present findings that the chronic administration of R-ALA 

alone did not significantly affect the expression of muscle GLlJT-4 protein levels (Fig. 5), 

total hexokinase activity (Fig 6). or citrate synthase activity (Fig. 7). This result 

following 6 wks of antioxidant treatment extends our previous finding that 2 wks of 
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treatment with R-ALA does not substantially alter muscle Gi l ''1-4 protein levels 

(Streeper et a!., 1997) and demonstrates that an increase in GLUT-4 protein expression is 

not the mechanism by which this antioxidant improves insulin action on skeletal muscle 

glucose transport. Whereas the exercise training-induced improvements in insulin action 

were associated with enlianced GLUT-4 protein in both epitrochlearis and soleus muscles 

(Fig. 5), the additional improvements in insulin action with antioxidant treatment were 

not associated with a further up-regulation of muscle GLUT-4 protein levels. However, 

the possibility exists that whereas R-ALA cannot enhance GLUT-4 protein expression, it 

may increase the ability of insulin to stimulate translocation of GLUT-4 to the 

sarcolemma and T-tubules, where it can mediate glucose diffusion into the myocyte. This 

is an intriguing possibility, as evidence exists that R-ALA can indeed cause activation of 

insuHn signaling and GLUT-4 translocation in Lf, myocytes and 313-1,1 adipocytes 

(Estrada et al.. 1996: Yaworsky et al., 2000). 

There is increasing evidence that elevated circulating free fatty acids may be 

mechanistically linked to a reduction in insulin action on skeletal muscle glucose 

transport activity (Boden, 1997), possibly via inhibition of insulin receptor substrate-1 

(IRS-1) phosphorylation and IRS-1-associated phosphatidylinositol-3-kinase activity 

(Griffin et al., 1999). in the present study, both exercise training and R-ALA treatment 

caused significant decreases in plasma free fatty acid levels (Table 2) that were paralleled 

by increases in insulin-stimulated glucose transport activity in muscle (Fig. 4). However, 

the combination of these two interventions did not result in a further diminution in 

circulating free fatty acids levels. These findings are consistent with the hypothesis that 
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the reduction of free fatty acids may contribute to the improvements in insulin action 

associated with the individual interventions. In contrast, our results indicate that the 

additive effect of these two interventions on insulin-stimulated glucose transport in 

skeletal muscle was not mediated by a further reduction in plasma free fatty acids. 

Our results provide important new information regarding the potential role of 

oxidative stress in the multifactorial etiology of insulin resistance, and address the 

potential utility of exercise training or antioxidant treatment, individually or in 

combination, to reduce both oxidative stress and skeletal muscle insulin resistance. First, 

the levels of protein carbonyls in the various tissues from the obese Zucker rat (Fig. 8) are 

2-3-fold greater compared to the same tissues from insulin-sensitive lean Zucker rats 

(Saengsirisuwan et al., 2002). Second, the results of the present study indicate that 

reductions in muscle protein carbonyl levels, following endurance training or an 

antioxidant intervention, are associated with the improvements in insulin action on 

glucose transport in the soleus muscle of the obese Zucker rat (Fig. 9). Indeed, in this 

muscle the improvement in insulin-mediated glucose transport was significantly 

correlated with the reduction in protein carbonyl level following antioxidant treatment 

alone (r = -0.598, /'• 0.05) or exercise training alone (r - -0.746, P<0.05). Our findings 

with R-ALA treatment complement those of Bashan and co-workers, who demonstrated, 

using 3T3-LI adipocytes, that prolonged exposure to low-grade oxidative stress (H2O2) 

markedly decreases insulin-stimulated glucose metabolism (Rudich et al., 1997), and that 

this effect of oxidative stress that can be prevented by pre-exposure to ALA (Rudich et 

al., 1999). However, our results also indicate that the relationship between oxidative 
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stress and insulin resistance is not a simple one, as the further improvement in insulin-

stimulated glucose transport in the soleus from the combined intervention group was not 

accompanied by an further reduction in oxidative stress. It is clear that additional, as yet 

unidentified, factors are responsible for the further enhancement of insulin action in the 

combination group. 

It is noteworthy that the R-ALA intervention allowed the obese Zucker rats to run 

for 18% longer than sedentary control animals during the VOipcak test, despite not having 

a greater peak aerobic capacity (Table 2). Moreover, the obese group that both underwent 

the endurance exercise training regimen and received antioxidants chronically displayed 

the longest run time during this test, running 8% longer than the obese animals that 

perfonned exercise training alone. Clearly, the animals receiving the antioxidant 

treatment, whether individually or in combination with exercise training, underwent an 

adaptive response that enabled them to run for 1-2 min longer before fatiguing. The 

underlying mechanism(s) for this response to the antioxidant intervention is not readily 

apparent from the data collected in the present study. The animals in the combined 

treatment group did possess the largest hearts (Table 1), which could have allowed for the 

largest maximal cardiac output. An additional possibility for the increased endurance 

may be the small, but statistically insignificant, increases in GLlJT-4 protein, total 

hexokinase activity, and citrate synthase activities (Figs. 5-7) experienced in the 

predominantly type lib epitrochlearis, which would be substantially recruited only at the 

highest workloads attained during the treadmill test. These small enhancements in the 

capacity for glucose transport (GLUT-4 protein expression), glucose phosphorylation 
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(hexokinase) and glucose oxidation (citrate synthase), in conjunction with additional 

metabolic adaptations that remain to be identified, may have allowed these R-ALA-

treated animals to catabolize glucose to a greater extent at these very high workloads and 

delay fatigue for the observed time period. Further studies are needed to elucidate the 

potential role of antioxidant supplementation, such as with R-ALA administration, in 

enhancing endurance during high-intensity endurance exercise both in normal and 

insulin-resistant subjects. 

In conclusion, we have confirmed that exercise training alone and chronic 

treatment with the antioxidant R-ALA alone improve glucose tolerance and insulin action 

on skeletal muscle glucose transport in the markedly insulin-resistant, hyperinsulinemic, 

and dyslipidcmic obese Zucker rat. Moreover, we have provided new evidence that the 

combination of these interventions is associated with greater improvements in skeletal 

muscle insulin action than either intervention individually. Although the enhancement of 

insulin action following exercise training was associated with upregulation of GLlJT-4 

protein expression and both exercise training and antioxidant treatment induced increases 

in insulin action that were associated with decreased tissue oxidative stress and 

circulating FFA levels, it is clear that the interactive effects of the two interventions 

implemented in combination could not be attributed to additive effects on GLUT-4 

protein, protein carbonyl, or FFA levels. Further research is needed to identify the 

mechanisms underlying the beneficial interaction between exercise training and R-ALA 

in ameliorating the skeletal muscle insulin resistance of the obese Zucker rat. 
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CHAPTER 3 

EFFECTS OF EXERCISE TRAINING AND ANTIOXIDANT 

R-{+)-a-LIPOIC ACID ON GLUCOSE TRANSPORT IN 

INSULIN-SENSITIVE RAT SKELETAL MUSCLE 
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ABSTRACT 

The puipose of the present study was to assess the interactions of ET and R-ALA 

on insulin action and oxidative stress in a model of normal insulin sensitivity, the lean 

Zucker (Fa/-) rat. Animals cither remained sedentary, received R-ALA (30 mg/kg body 

wt/day), performed ET (treadmill running), or underwent both R-ALA treatment and ET, 

for 6 wk. ET alone or in combination with R-ALA significantly iP<0.05) increased peak 

oxygen consumption (28-31%) and maximum run time (52-63%). During an oral glucose 

tolerance test, ET alone or in combination with R-ALA resulted in a significant lowering 

of the glucose response (17-36%) at 15 min relative to R-ALA alone and the insulin 

response (19-36%) at 15 min compared to sedentary controls. Insulin-mediated glucose 

transport activity was increased by ET alone in isolated epitrochleans (30%) and soleus 

(50%) muscles, and this was associated with increased GLlJT-4 protein levels. Insulin 

action was not improved by R-ALA alone, and the L! 1 -associated improvements in these 

variables were not further enhanced with combined ET and R-ALA. Although ET and R-

ALA caused reductions in soleus protein carbonyls (an index of oxidative stress), these 

alterations were not significantly correlated with insulin-mediated soleus glucose 

transport. These results indicate that the interactive effects of ET and the antioxidant R-

ALA on skeletal muscle insulin action are not apparent in insulin-sensitive lean Zucker 

rats. 
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INTRODUCTION 

It is well established that endurance exercise training leads to an enhancement of 

insulin-mediated glucose metabolism (see reviews in Holloszy and Hansen, 1996; 

Hayashi et al., 1997; Ivy et al., 1999). In normal rodent models, moderate or high-

intensity exercise training can improve glucose tolerance (Berger et al., 1979; James et 

al, 1983), whole-body insulin sensitivity (James et al., 1984; James et al., 1985), and 

insulin action on skeletal muscle glucose transport activity in rodent models (Rodnick et 

al., 1990; Slentz et al., 1992; Henriksen and Halseth, 1994). The increased insulin action 

on skeletal muscle glucose transport after exercise training is associated with increased 

GLUT-4 protein expression (Rodnick et al., 1990; Goodyear et al., 1992; Neufer et al., 

1992; Slentz et al.. 1992; Henriksen and Halseth, 1994; Saengsirisuwan et al., 2001) as 

well as adaptive responses of enzymes involved in glucose phosphorylation and oxidation 

(Holloszy and Hansen, 1996; Ivy et al., 1999). 

a-Lipoic acid (ALA) is a naturally occurring cofactor for several mitochondrial 

enzyme complexes that catalyze the oxidative decarboxylation of a-keto acids, and when 

administered exogenously, ALA can act as a potent water-soluble antioxidant (Packer et 

al., 1995). It has been shown previously that ALA can modulate glucose metabolism in 

insulin-sensitive cells and tissues (Henriksen, 2000). When administered in vitro, ALA 

increases glucose utilization in the rat diaphragm (Haugaard and Haugaard, 1970) and 

enhanced glucose uptake by rat myocardium (Singh and Bowman, 1970; Strodter et al., 

1995), Lg myocytes (Estrada et al., 1996; Maddux et al., 2001), and locomotor skeletal 

muscles from both insulin-sensitive and insulin-resistant rats (Henriksen et al., 1997). In 
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addition, we have demonstrated that parenteral administration of ALA to the obese 

Zucker ifalfa) rat, an animai model of obesity-associated insulin resistance, significantly 

improves glucose tolerance and insulin action on skeletal muscle glucose transport (Jacob 

et al., 1996; Streeper et al., 1997; Peth et al., 2000; Saengsirisuwan et al, 2001), with a 

substantially lesser acute effect on insulin-sensitive rats (Jacob et al, 1996). 

We have recently demonstrated in the obese Zucker rat a significant interaction 

between exercise training and chronic ALA administration on maximal run time to 

exhaustion and on insulin-stimulated glucose transport activity in skeletal muscle 

(Saengsirisuwan et al., 2001). However, the potential interactions between these two 

interventions have not yet been investigated in an animal model of normal insulin 

sensitivity. In this context, the purpose of the present investigation was to test the 

hypothesis that exercise training and chronic treatment with the R-(+)-enantiomer of ALA 

(R-ALA), in combination, could improve insulin-stimulated glucose transport in skeletal 

muscle of lean Zucker (Fa/-) rats to a greater extent than either intervention used 

individually. Additionally, we wished to further investigate the potential relationship 

between insulin-stimulated glucose transport and oxidative stress (as reflected in protein 

carbonyl level) in normal skeletal muscle. Lean Zucker rats underwent 6 wk of exercise 

training and 6 wk of parenteral administration of R-ALA, individually and in 

combination. Subsequently, peak aerobic capacity, maximal run time to exhaustion, oral 

glucose tolerance, insulin-stimulated muscle glucose transport, muscle GLUT-4 protein 

level and the activities of enzymes involved in glucose phosphorylation (total hexokinase 

activity) and glucose oxidation (citrate synthase activity), and tissue protein carbonyl 



67 

level, a marker of oxidative stress (Davies, 1987; Reznick and Packer, 1994) were 

determined. The investigation of these potential interactions in normal muscle is 

important in determining whether the beneficial metabolic interactions between these 

interventions that we have established in the insulin-resistant obese Zucker rat are 

applicable to conditions of normal insulin action. 
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MATERIALS AND METHODS 

Animals and treatments 

Female lean Zucker (Fa/-) rats (Marian. Indianapolis. IN) were received at 5-6 wk 

of age, weighing 130-140 g. The animals were housed in a temperature-controlled room 

(20-22°C) at the Central Animal Facility of the University of Arizona. A reversed 12; 12-

hr light-dark cycle (lights on 1900-0700) was maintained so that training occurred during 

the dark cycle, when they are most active. Animais had free access to water and chow 

(Harlan Teklad Rodent Diet, Madison, WI). This chow does not contain any lipoic acid, 

but does contain 90.2 lU/kg of vitamin E, an antioxidant. However, the amount of 

vitamin E consumed from the diet would be very small (ca. 1 lU per rat per day), and it is 

unlikely that this dietary source of antioxidants affected the results of this study. All 

procedures were approved by the University of Arizona Animal Use and Care 

Committee. 

The lean animals were treated exactly as in our previous study with obese Zucker 

rats (Saengsirisuwan et a!., 2001). The lean Zucker rats were randomly assigned to one of 

four groups: a group that remained sedentary and was vehicle-treated, an R-ALA-treated 

group, an exercise-trained group, or a combined R-ALA-treated and exercise-trained 

group. Animals in the R-ALA-treated groups received 30 mg/kg body wt of the purilied 

R-(+)-enantiomer of a-lipoic acid (ASTA Medica, Frankfurt, Germany) dissolved in 120 

mM Tris buffer (pH 7.4) by intraperitoneal injection (a maximally-effective dose in obese 

Zucker rats (Streeper et al., 1997)) eveiy evening for 6 wk, while the sedentary control 

animals received 8.3 ml/kg body wt of 120 mM Tris buffer (pH 7.4). Animals in the 
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exercise-trai,ned groups ran in the morning on a 10-lane motor-driven rodent treadmill for 

6 wk at 4% grade. During the first 3 wk of training, the animals ran 7 days/wk, and the 

training protocol was quickly increased to 60 min/day, continuously rotating through the 

following 15-min cycles: 24 m/min for 10 niin, 26 m/min for 3 min, and 28 m/min for 2 

min. Over the final 3 wk of training, the animals ran 75 min/day, 5 days/wk using these 

same 15-min cycles. The combined treatment animals performed the treadmill training 

protocol exactly as described above, while also receiving daily treatments with R-ALA. 

Oral glucose tolerance tests 

After 6 wk of treatment, an oral glucose tolerance test (OGTT) was performed on 

each animal. .At 6 PM of the evening before the test, the rats were restricted to 4 g of 

chow. Between 8 AM and 9 AM on the day of the OGTT, about 15 hr after the last R-

ALA treatment and/or 24 hr after the last exercise bout, the rats were administered a 1 

g/kg body wt glucose load by gavage. Blood was drawn from a cut at the tip of the tail at 

0, 15, 30, 60, and 90 minutes following the glucose feeding, thoroughly mixed with 

1/1)1 A (18 niM final concentration), and centrifuged at 13,000 X g to separate the plasma. 

The plasma was stored at ~80°C and subsequently assayed for glucose (Sigma Chemical, 

St. Louis, MO), insulin (Linco Research, St Charles, MO), and free fatty acids (Wako, 

Richmond, VA). Immediately after the completion of the OGTT, each animal was given 2 

ml of sterile 0.9% saline subcutaneously to compensate for plasma loss, and animals in 

the exercise training groups were run for 30 min. 

Peak O2 consumption 

Peak aerobic capacity (VO2 peak) was assessed in each animal during a treadmill 
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test 48 hr after the OGTT, using the method of Bedford et al. (1979). Sedentary animals 

were familiarized with treadmill running by running for periods of 5-10 min three times 

per week in the two weeks leading up to the measurement of VO? peak- No exercise was 

performed on the day before the VO2 peak tests. However, R-ALA was given to the R-

ALA group and the combined exercise-trained and R-ALA-treated group on this day. 

Animals ran on a motorized treadmill in an airtight Plexiglas chamber. Grade and speed 

of the treadmill were increased every 3 min fi-om a basal level of 0% grade and 13.4 

m/min through the following stages; 16.1 m/min at 5%, 21.4 m/min at 10%, 26.8 m/min 

at 10%), 32.2 m/min at 12%, 32.2 m/min at 15%, 32.2 m/min at 18%o, and 32.2 m/min at 

21%. The test was terminated when the rats were unable to keep pace with the treadmill 

belt. O2 (Ametek S-3A1. Applied Electrochemistry', Pittsburgh, PA) and CO: (Ametek 

CD-3A) were measured in expired gases every 3 min for the determination of oxygen 

uptake (ml O2 . kg body wt"'. min"'). Exercise training and R-ALA treatments were 

resumed the day after the VO2 peak assessment. 

Glucose transport activity in skeletal muscle 

Approximately 72 hr after the VO2 peak test, 24 hr after the final exercise bout, and 

15 hr after the final R-ALA treatment, animals were weighed and deeply anesthetized 

with an intraperitoneal injection of pentobarbital sodium (50 mg/kg body w1). The 

determination of muscle glucose transport activity was initiated at 8 AM after an 

overnight food restriction as described above. One soleus and both epitrochlearis muscles 

were dissected and prepared for in vitro incubation. Whereas the epitrochlearis muscles 

were incubated intact, the soleus muscle was prepared into two strips (about 25 mg) and 
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incubated. Muscles were incubated in the unmounted state. Each muscle was incubated 

for I hr at 37°C in 3 ml oxygenated (95% 02-5% CO2) Krebs-Henseleit buffer (KHB) 

supplemented with 8 mM glucose, 32 mM mannitol, and 0.1% BSA (radioimmunoassay 

grade, Sigma Chemical). One epitrochlearis muscle and one soleus strip were incubated 

in the absence of insulin, and the contralateral epitrochlearis muscle and second soleus 

strip were incubated in the presence of a maximally effective concentration of insulin (2 

mU/ml: Humulin R, Eli Lilly, Indianapolis. IN). 

After this initial incubation period, the muscles were rinsed for 10 min at 37°C in 

3 ml oxygenated KHB containing 40 mM mannitol, 0.1% BSA, and insulin, if previously 

present. Thereafter, the muscles were transferred to 2 ml KHB, containing 1 mM 2-[l,2-

•'H] deoxyglucose (2-DG, 300 mCi/mmol; Sigma Chemical), 39 mM [U-''^C] mannitol 

(0.8 mCi/mmol; ICN Radiochemicals, Irvine, CA), 0.1% BSA. and insulin, if previously 

present. At the end of this final 20-min incubation period at 37°C, the muscles were 

removed, trimmed of excess fat and connective tissue, quickly frozen, and weighed. The 

epitrochlearis muscles were divided into two pieces, which were individually reweighed. 

One piece from each epitrochlearis muscle and the entire soleus strip were dissolved in 

0.5 ml 0.5 N NaOH. After the muscles were completely solubilized. 5 ml of scintillation 

cocktail were added, and the specific intracellular accumulation of 2-DG was detemined 

as described previously (Henriksen and Halseth, 1994), using mannitol to correct for the 

extracellular accumulation of 2-DG. Glucose transport activity was measured as the 

intracellular accumulation of 2-DG in pmol per mg muscle wet wt per 20 min. 
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Biochemical assays 

The remaining two pieces of epitrochlearis were pooled, reweighed, and 

homogenized in 40 volumes of ice-cold 20 mM HEPES (pH 7.4) containing 1 mM EDTA 

and 250 niM sucrose. These honiogenates were used for determination of total protein 

content by using the bicinchoninic acid method (Sigma Chemical), GLUT-4 protein level 

(Saengsirisuwan et al, 2001), total hexokinase activity (Uyeda and Racker, 1965), and 

citrate synthase activity (Srere, 1969). In addition, the contralateral soleus and plantaris 

muscles, the Hver, and the heart were removed, trimmed of fat and connective tissue, 

quickly frozen in liquid nitrogen, and used for subsequent determination of these same 

variables as well as for the measurement of protein carbonyl levels, using the method of 

Reznick and Packer (Re/nick and Packer. 1994). Briefly, pieces of frozen tissue (50-90 

mg) were gently homogenized in 1.5 ml of a 50 mM phosphate buffer (pH 7.4) containing 

0.1% digitonin, 1 mM EDTA, and protease inhibitors (40 |ag/ml PMSF, 5 |u,g/ml 

leupeptin, 7 )a.g/ml pepstatin, and 5 (ag/ml aprotinin). If needed, nucleic acids were 

removed with 1% streptomycin sulfate, and extracted soluble proteins were then reacted 

with 10 mM 2,4-dinitrophenylhydrazine (DNPH) in 2.5 M HCl for 1 hr at room 

temperature. Proteins were precipitated with 10% TCA and protein pellets were washed 

with elhanol'ethyl acetate (1:1) (v/v) to remove free DNPH and lipid contaminants. Final 

precipitates were dissolved in 6 M guanidine HCl and incubated at 37°C for 10 min. The 

carbonyl contents of these samples were then assessed using a spectrophotometric assay 

at 370 nm and an absorption coefficient of 22,000 M"' ' cm"' (Re/nick and Packer, 1994). 

The protein content of the final samples was quantified by reading the absorbance at 280 
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nm, using a BSA standard curve. These protein contents were typically in the range of 

0.3-0.5 mg. In our hands, this assay had a coefficient of variance of 11 %. 

Statistical analysis 

All values are expressed as means + SE. The significance of differences among 

the four experimental groups was assessed by a factorial ANOVA with a post hoc 

Fisher's protected least-significant difference test, and relationships between two 

variables were assessed by linear regression analysis (StatView version 5.0, SAS 

Institute, Gary, NC). A level of/'<0.05 was set for statistical significance. 
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RESULTS 

Body weights, muscle weights, and VOipcak 

The R-ALA-treated and the combined treatment groups had slightly lower (8-9%, 

F<0.05) final body weights compared to either the sedentary or the exercise-trained 

groups, due to significantly lower average rates of body weight gain over the 

experimental period (18-23%, Table 3). The wet weights of the whole soleus, plantaris, 

heart, and heart wet weight; body weight ratio were not different among the various 

groups (data not shown). 

Animals in both the exercise training only and the combination groups had 

significantly higher peak aerobic capacities compared to the sedentary control (31% and 

29%) or the R-ALA-treated group (27% and 24%) (Table 3). In addition, exercise 

training alone or in combination with R-ALA treatment caused significantly longer 

maximum run times than those of the sedentary control (52% and 63%) or the R-ALA-

treated group (54% and 65%) (Table 3). 

Plasma glucose, insulin, and free fatty acids 

There were no differences in plasma glucose among the various groups following 

the overnight food restriction (Table 3). R-ALA treatment had no effect on plasma levels 

of insulin, whereas exercise training induced significant decreases in plasma insulin (23-

33%) and free fatty acids (62-136%) compared with all other groups. In contrast, R-ALA 

treatment resulted in highest level of circulating free fatty acids, an effect that was 

prevented by exercise training of R-ALA-treated animals. 



Table 3. Effects of exercise training and chronic R-ALA treatment on body weight, peak oxygen consumption (V02peak), 

maximum run time to fatigue, and plasma glucose, insulin, and free fatty acids following an overnight food restriction in lean 

Zucker rats. 

Initial Final Change in Maximum Plasma Plasma Plasma 

Body Wt, Body Wt, Body Wt/ day, ^ ̂ 2pcak^ Run Time, Glucose, Insulin, Free Fatty 

Group g g g/day ml/kg/min min mg/dl l-iU/ml Acids,mM 

Sedentary 155 ±2 220 ±5 1.55 ±0.10 63.3 ± 1.2 12.2 ±0.4 113 ± 4 24 ±2 0.57 ± 0.04 

R-ALA 150 d= 4" 201 iS'"" 1.20 ±0.06"'' 65.5 ± 1.3 12.0 ±0.3 104 ±3 2 3  ± 2  0.83 ± 0.03 

Exercise 1 5 9  ± 2  217 ± 3 1.39 ±0.07 83.1 ± 1.7' 18.4 ±0.7'-^' 1 1 9 ± 6  1 8 ±  1 ' '  0.35 ± 0.03 

Combined 149 + 2' 202 ± 2 1.27 ±0.05 ' 81.3 ± 1.4' 19.8 ±0.9"-'' 1 1 3  ± 6  22 ± 1 0.57 ± 0.06 

Values are means + SE for 6-9 animals/group. '^iP<0.05 vs. sedentary control group. P<0.{)5 vs. the R-ALA-treated group. 

P<0.05 vs. the exercise-trained group. P<0.05 vs. all other groups. 
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OGTT responses 

The glucose and insulin responses during the OGTT in the experimental groups 

are displayed in Fig. 10. Compared with the sedentary control group, R-ALA treatment 

alone had no effect on plasma glucose or insulin at any time point during the test. At the 

15-min time point, exercise training alone or in combination with R-ALA treatment 

significantly lowered the glucose response (17% and 36%) compared to the R-ALA 

treatment and induced significant reduction of the insulin response (36%o and 19%) 

relative to the sedentary control. 

Whereas there were no significant differences among the groups for the glucose 

area under the curve (AUG), the exercise training alone was associated with significant 

lower insulin AUC compared to the SED group (Fig. 11). 1 he glucose-insulin index, 

defined as the product of the glucose and insulin AUCs, is an indirect index of in vivo 

peripheral insulin action (Cortez et al., 1991). The R-ALA treatment in the lean animals 

alone led to a trend toward a higher glucose-insulin index compared to sedentary control 

(Fig. 11). This response toward a worsening of whole-body insulin sensitivity was 

prevented by exercise training of the R-ALA-treated animals. 

Muscle glucose transport 

fn order to examine whether the interventions altered the skeletal muscle glucose 

transport system, basal and insulin-stimulated 2-DG uptake in isolated epitrochlearis and 

soleus muscles was determined (Fig. 12). Basal 2-DG uptake in either muscle was not 

different among the experimental groups. In the epitrochlearis. the rate of insulin-

stimulated 2-DG uptake (Fig. 12A) was enhanced by exercise training alone (16%)) and 
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Figure 10. Responses of glucose (top panel) and insulin (bottom panel) during an oral 

glucose tolerance test in lean Zucker rats that remained sedentary, received chronic 

treatment with R-ALA, underwent exercise training, or received chronic treatment with 

R-ALA combined with exercise training. Values are means + SE for 6-9 animals/group. 

/'<0.05 vs. sedentary group. ^ P<0.05 vs. ALA-treated group. 
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Figure 11. Areas under the curve (AUCs) for glucose (A; mg/dl X min) and insulin (B; 

)iIJ7ml X min) during an oral glucose tolerance test and the glucose-insulin index (C; 

mg/dl X min X [,iU/nil X min X 10^) in lean Zucker rats after the 6-wk interventions. Data 

for AUCs were taken from Fig. 1. Values are means + SE of 6-9 animals/group. SED, 

sedentar}' control group. ALA, R-M-lipoic acid-treated group. EXER, exercise-trained 

group. COMBO, combined-treatment group. ''P<0.05 vs. ALA-treated group. 
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Figure 12. In vitro rates of 2-deoxyglucose uptake in the epitrochlearis (A) and soleus (BI 

muscles in the absence (black bars) or presence (light gray bars) of insulin (2mU/ml) in 

lean Zucker rats after the treatments. Abbreviations are as defined in Fig. 2. Values are 

means + SE of 6-9 animals/group. '' F<0.05 vs. SED group. P<0.05 vs. ALA-treated 

group. 
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by exercise training in combination with R-ALA treatment (17%) compared to the 

sedentary control group. In the soieus muscle (Fig. 12B), exercise training alone 

significantly increased the insulin-stimulated rate of 2-DG uptake (28% vs. SED and 29% 

vs. R-ALA). These significant increases relative to the SED and R-ALA groups were 

maintained in the combined treatment group. 

GLUT-4 protein and enzyme responses 

The total protein concentrations for a given muscle type did not differ 

significantly among the various groups (data not shown). Total GLUT-4 protein level 

(Fig. 13) and the activities of total hexokinase (Fig. 14) and citrate synthase (Fig. 15) 

enzymes were determined in the epitrochlearis, soieus, plantaris, and heart. No increases 

in GLUT-4 protein level were observed in either muscle type following chronic treatment 

with R-ALA. Exercise training, alone or in combination with R-AIA treatment, caused 

significant increases in the GLUT-4 protein level in the epitrochlearis (21% and 18% vs. 

sedentaiy control and 15% and 12% vs. R-ALA-treated), soieus (21% and 31% vs. 

sedentary control and 15% and 25% vs. R-ALA-trcated). plantaris (14% and 16% vs. 

sedentary control and 16% and 18% vs. R-ALA-treated). and heart (22% and 19% vs. 

sedentary control). 

Total hexokinase activity was increased by R-ALA treatment alone or exercise 

training alone (69% and 75%) in the epitrochlearis, with no further significant increase 

when these two interventions were combined. This parameter was markedly enhanced by 

186% in the soieus muscle from the combination treatment group. In the plantaris, 

exercise training alone brought about significant increases (53% and 85%) in hexokinase 
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Figure 13. Effects of chronic treatment with R-ALA (AlA), exercise training (EXER), 

or R-ALA treatment combined with exercise training (COMBO) on whole muscle level 

of GLUT-4 protein in the epitrochlearis, soleus, plantaris, and heart. Values are means + 

SE of 6-9 animals/group. ® P<0.05 vs. sedentaiy (SED) group. ''F<0.05 vs. ALA-treated 

group. 
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Figure 14. Effects of chronic treatment with R-ALA (ALA), exercise training (EXER), or 

R-ALA treatment combined with exercise training (COMBO) on total hexokinase 

activities of the epitrochlearis, soleus, plantaris, and heart. Values are means + SE of 6-9 

animals/group. ^/'<0.05 vs. sedentary (SED) group. ''P<0.05 vs. ALA-treated group. 



83 

Heart Soleus 

SED ALA EXER COMBO SED ALA EXER COMBD SED ALA EXER COMBO SED ALA EXER COMBO 

Figure 15. Effects of chronic treatment with R-ALA (ALA), exercise training (EXER), or 

R-ALA treatment combined with exercise training (COMBO) on citrate synthase 

activities of the epitrochlearis, soleus, plantaris, and heart. Values are means + SE of 6-9 

animals/group//'<0.05 vs. sedentary (SED) group. ^ P<0.05 vs. ALA-treated group. 
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activity compared to the sedentary or the R-ALA treated groups, whereas no significant 

aherations between groups were observed in the heart. Citrate synthase activity in 

epitrochlearis was increased (31-48%) following either R-ALA treatment alone, exercise 

training alone, or in the combination treatment group. Exercise training, alone or in 

combination with R-ALA treatment, resulted in significant increases in this variable in 

the soleus muscle by 59%. The combination treatment enhanced citrate synthase activity 

in the plantaris by 37% compared to the sedentary or the R-ALA treated groups, whereas 

only exercise training alone increased citrate synthase activity in the heart (29%) relative 

to the sedentary control group. 

Protein Carbonyls 

The effect of the antioxidant R-ALA and exercise training interventions on tissue 

protein carbonyls, a marker of oxidative stress (Davies. 1987; Reznick and Packer, 1994), 

was examined. R-ALA treatment, alone or in combination with exercise training, 

resulted in significant decreases (91-108%) in protein carbonyl levels in the liver (Fig. 

16). Protein carbonyl levels in the soleus after exercise training alone or in combination 

with R-ALA treatment were significantly lower (49-59%) compared to the sedentary 

group. In the plantaris muscle, exercise training alone or R-ALA treatment alone lowered 

protein carbonyl levels by 47% and 74%, respectively, relative to the sedentary group 

(Fig. 16). 

No changes in this parameter were observed in the heart muscle following either 

intervention. The correlation between protein carbonyl level and insulin-mediated 2-DG 

uptake in the soleus muscle from the various experimental groups was assessed (Fig. 17). 
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Figure 16. Eiffects of chronic treatment with R-ALA (ALA), exercise training (EXER), or 

R-ALA treatment combined with exercise training (COMBO) on protein carbonyl levels 

in the liver, soleus, plantaris, and heart. Values are means + SE of 6-9 animals/group." 

/'<0.05 vs. sedentary (SED) group. ^ P<0.05 vs. EXER group. 
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Figure 17. Simple linear regression analysis of the relationship between insulin-mediated 

glucose transport activity and protein carbonyl level in the soleus muscle of lean Zucker 

rats subjected to the various interventions. Insulin-mediated glucose transport is defined 

as the net increase in 2-DG uptake above basal due to insulin (using data fi"om Fig. 11). 

Regression equation: y = 2.302 - 0.004x, r = -0.321, P = 0.1025. 
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No significant correlation was observed (P = 0.1025). In addition, no significant 

correlation was observed in the soleus between protein carbonyl level and citrate synthase 

activity (P = 0.9212) (data not shown). 
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DISCUSSION 

We have recently reported (Saengsirisuwan et al., 2001) that, in the markedly 

insulin-resistant, hyperinsulinemic, and dyslipidemic obese Zucker rat, endurance 

exercise training and the antioxidant R-ALA interact in an additive fashion to improve 

skeletal muscle glucose transport, hi contrast to these findings, we have demonstrated in 

the present investigation that the combination of endurance exercise training and R-ALA 

treatment in the insulin-sensitive lean Zucker rat does not result in a further improvement 

of insulin-stimulated glucose transport in skeletal muscle compared to the effects of 

exercise training alone (Fig. 12). Moreover, we have shown that chronic treatment of 

normal rats with R-ALA alone does not improve insulin action on whole-body glucose 

disposal (Figs. 10 and 11) and skeletal muscle glucose transport (Fig. 12), unlike the 

beneficial modulation of glucose metabolism in insulin-resistant rodents (Jacob et al., 

1996; Streeper et al., 1997; Peth et al., 2000; Saengsirisuwan et al., 2001) and humans 

(Jacob et al., 1996; Jacob et al, 1999; Konrad et al., 1999) associated with chronic 

administration of ALA. It appears, therefore, that the ability of ALA to enhance insulin 

action on glucose metabolism in skeletal muscle is restricted to conditions of insulin 

resistance. 

The level of carbonyl formation in proteins is an indicator of oxidative damage in 

tissues (Davies, 1987) and reflects the degree of long-term oxidative stress (Reznick and 

Packer, 1994). We have demonstrated in the present investigation that the levels of 

protein carbonyls in the soleus, plantaris, myocardium, and liver of the insulin-sensitive 

lean Zucker rats (Fig. 16) were 31-60% less (/*<).05) than those levels measured in the 
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same tissues of insulin-resistant obese Zucker rats (Saengsirisuwan et al., 2001). In this 

previous investigation, we showed that the reductions in soleus muscle protein carbonyl 

level following endurance exercise training or chronic administration of R-ALA were 

significantly correlated with improvements in insulin-mediated glucose transport activity, 

supporting a role of oxidative stress in the etiology of muscle insulin resistance 

(Saengsirisuwan et al., 2001). However, this relationship between oxidative stress and 

insulin action is obviously not a simple one, as reductions in the level of protein 

carbonyls in the soleus muscle of the exercise-trained or antioxidant-treated lean Zucker 

rats were not significantly correlated with any significant enhancement of insulin-

mediated glucose transport activity (Fig. 17). Taken together, these data support the 

hypothesis that reductions of already elevated protein carbonyl levels (such as those in 

tissues of the obese Zucker rat), elicited by either exercise training or antioxidant 

interventions, can be associated with enhancements of insulin action on skeletal muscle 

glucose transport. However, further decreases in these protein carbonyl levels below a 

given threshold value (e.g., the levels in muscle from the lean Zucker rat) do not result in 

an enhancement of insulin action. 

An important observation in the present study is that the chronic treatment of the 

lean animals with R-ALA was associated with a significantly reduced rate of body weight 

gain (Table 3). As lean mass was apparently not affected (muscle wet weights were not 

different between sedentary and R-ALA-treated animals), the difference in body mass 

was likely due to a difference in fat mass. It has previously been noted that, in older rats, 

chronic treatment with R-ALA leads to increases in ambulatory activity and 
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hepatocellular oxygen consumption (Hagen et al., 1999). and we also found increases in 

metabolic enzyme activities (hexokinase and citrate synthase; Figs. 14 and 15) in skeletal 

muscle of the R-ALA-treated animals. The possibility exists that chronic R-ALA 

treatment can increase the expression of specific genes involved in metabolism, allowing 

for an increase in metabolic and ambulatory activity, and ultimately leading to a reduced 

body weight gain. 

The alterations in plasma FFAs that resulted from the interventions in the lean 

animals are noteworthy (Table 3), as FFAs are known to negatively modify whole-body 

and skeletal muscle glucose disposal (Boden, 1997). Whereas chronic R-ALA treatment 

of dysiipidemic, obese Zucker rats elicits decreases in plasma FFAs (Streeper et al., 1997; 

Saengsirisuwan et al.. 2001), chronic treatment of lean animals with R-ALA brought 

about an unexpected and significant increase in plasma FFAs (Table 3), an effect that was 

significantly reduced by concomitant exercise training. This elevation in plasma FFAs 

following ALA treatment has previously been reported in normal chickens (Hamano et 

al., 1999), and may result from the ability of ALA to bind to albumin and displace fatty 

acids (Schepkin et al., 1994). Moreover, the elevated FFAs may help to explain the slight 

worsening of whole-body insulin sensitivity following R-ALA treatment (Fig. 11). In 

support of this concept, in the group of lean animals receiving R-ALA treatment and 

exercise training in combination, the reduction in plasma FFAs relative to the R-ALA-

treated group was accompanied by a relative enhancement of whole-body insulin 

sensitivity. 

We have again confirmed numerous previous investigations demonstrating that 
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endurance exercise training enhances insulin-stimulated glucose transport activity in 

skeletal muscle (reviewed in Holloszy and Hansen, 1996; Ivy et al., 1999). These 

improvements in insulin action were associated with increased total GLUT-4 protein 

level (Fig. 13) and increased activities of enzymes involved in glucose phosphoiylation 

(hexokinase; Fig. 14) and glucose oxidation (citrate synthase; Fig. 15), in agreement with 

previous studies (Holloszy and Hansen, 1996; Ivy et al, 1999). 

In summary, we have provided new evidence that, in contrast to the insulin-

resistant obese Zucker rat (Saengsirisuwan et al., 2001), chronic administration of the 

water-soluble antioxidant R-ALA to the insulin-sensitive lean Zucker rat does not 

enhance insulin-stimulated glucose transport activity in skeletal muscle. Moreover, again 

in contrast to our findings with the obese Zucker rat (Saengsirisuwan et al., 2001), we 

could find no evidence that the combination treatment of lean Zucker rats with exercise 

training and the antioxidant R-ALA could beneficially modify either maximal mnning 

performance or skeletal muscle glucose transport activity relative to endurance exercise 

training alone. Taken together, these results indicate that the positive interaction between 

endurance exercise training and antioxidant treatment with R-ALA for skeletal muscle 

insulin action is restricted to conditions of insulin resistance, and is not seen in insulin-

sensitive muscle. 
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CHAPTER 4 

UPREGULATION OF IRS-l PROTEIN EXPRESSION AND 

INSU IN-STIMULATED GLUCOSE TRANSPORT IN SKELETAL 

MUSCLE OF OBESE ZUCKER RATS BY EXERCISE TRAINING 

AND ANTIOXIDANT R-(+)-a-IJPOIC ACID 
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ABSTRACT 

We have previously shown (Saengsirisuwan et al., 2001) that the antioxidant R-

(+)-a-lipoic acid (R-ALA) combined with endurance exercise training (ET) increases 

glucose transport in insulin-resistant skeletal muscle in an additive fashion. The purpose 

of the present study was to investigate possible cellular mechanisms responsible for this 

interactive effect. Specifically, we evaluated the effects of R-ALA alone, ET alone, or R-

ALA and ET in combination on insulin-stimulated glucose transport, protein expression 

of specific insulin signaling factors, and triglyceride content in soleus muscle of the 

insulin-resistant obese Zucker rat. Animals either remained sedentary, received R-ALA 

(30 mg/kg body wt/day), performed ET (daily treadmill running for up to 60 min), or 

underwent both R-ALA treatment and ET for 2 wk, at which time the above variables 

were assessed. R-ALA or ET individually increased (p<0.05) insulin-mediated (5 

mU/ml) glucose transport (2-deoxyglucose uptake) in soleus muscle by 45% and 68%, 

respectively, and this value was increased to the greatest extent (124%) in the combined 

treatment group. Compared to the insulin-sensitive lean Zucker rats, the protein 

expression of insulin receptor substrate-1 (IRS-1) was 44% less in soleus of obese Zucker 

rats, while the protein expressions of the insulin receptor P-subunit. the p85 regulator^' 

subunit of phosphotidylinositol-3-kinase (PI3-kinase), and Aktl were not different. IRS-

1 protein was significantly increased after R-AI A alone (30%) or ET alone (31 %), and a 

further enhancement (55%) was observed following the combination treatment in the 

obese animals. Enhanced levels of IRS-1 protein expression following individual or 

combined intervention were significantly correlated with insulin action on glucose 
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transport activity {P < 0.01). The protein levels of insulin receptor P-subunit, the p85 

regulatory subunit of P13-kinase, and of Aktl were not different among groups. 

Triglyceride content in soleus muscle of obese Zucker rats was 3.3 fold higher than that 

of lean Zucker rats. This parameter was significantly reduced (32%-44%) following 

individual or combination treatment with R-ALA and ET. These results indicate that the 

improvement of insulin action in insulin-resistant skeletal muscle following R-ALA or 

ET was associated with an increase in IRS-1 protein and a reduction in triglyceride 

accumulation. In addition, the interactions of R-ALA and ET on insulin-stimulated 

glucose transport activity are associated with an additional upregulation of IRS-1 protein. 
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INTRODUCTION 

Skeletal muscle is the major tissue responsible for the peripheral disposal of 

glucose during a glucose or insulin challenge (DeFronzo et al., 1983). Resistance of 

skeletal muscle to insulin action represents a major defect in the normal maintenance of 

euglycemia and is often accompanied by a variety of metabolic abnormalities, including 

obesity, dyslipidemia, type 2 diabetes, essential hypertension, and atheroschlerosis. The 

obese Zucker (fa/fa) rat is a well-defined animal model of severe skeletal muscle insulin 

resistance. The insulin-stimulated glucose transport activity in isolated skeletal muscle 

from these obese animals is substantially impaired (Henriksen and Jacob, 1995; Etgen et 

al., 1996) which can be attributed to specific defects in the insulin signaling pathway 

(Anai et al., 1998) through insulin-stimulated GLlJT-4 protein translocation (King et al., 

1992; Etgen et al., 1996). The IRS-1 protein level and insulin-stimulated lRS-1 

phosphorylation in hindlimb muscle from obese Zucker rats was only 60 and 72%, 

respectively, compared to age-matched lean Zucker rats (Anai et al., 1998). In addition, 

while the amount of the regulatory subunit of P13-kinase associated with the tyrosine-

phosphorylated lRS-1 under insulin-stimulated condition was 29% of control, lRS-1-

associated PI3-kinase activity in muscle immunoprecipitates from the obese animals was 

only 54% of the level observed in lean animals. Therefore, this evidence clearly indicates 

that substantial defects exist in these specific insulin signaling factors and that these 

defects could contribute to the insulin resistance of skeletal muscle glucose transport. 

Metabolic alterations such as accumulation of triglyceride content in muscle 

appear to be associated with reduced skeletal muscle and whole body insulin action. 
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Storlien et al. (1991) have demonstrated that insulin resistance, in muscle of rats on high 

fat diets, develops as triglyceride accumulates. The higher level of muscle triglyceride 

content in human muscles is associated with decreased insulin sensitivity (Pan et al., 

1997; Jacob et al., 1999) and insulin-stimulated glycogen synthase activity (Phillips et al., 

1996). These results suggest that accumulation of triglyceride could play an important 

role in the etiology of skeletal muscle insulin resistance. 

Interventions that improve insulin resistance of skeletal muscle glucose transport 

include diet, loss of fat mass, and pharmaceutical and neutriceutical compounds. The R-

(+)-enantiomer of a-lipoic acid (R-ALA) is a nutriceutical compound that also displays 

antioxidant properties (Packer et al., 1995). R-ALA can modulate glucose metabolism in 

both insulin-sensitive (Haugaard and Haugaard, 1970; Estrada et al., 1996; Henriksen et 

al., 1997) and insulin-resistant (Khamaisi et al., 1997; Streeper et al., 1997) tissues. 

Furthermore, we have demonstrated that chronic in vivo treatment with R-ALA elicits 

improvements in whole-body glucose tolerance and insulin sensitivity as well as insulin 

action on skeletal muscle glucose transport of insulin-resistant obese Zucker rat 

(Saengsirisuwan et al, 2001). Whereas the precise mechanisms responsible for the 

stimulatory effect of R-ALA on insulin action have not been determined, we have shown 

that increased insulin action following R-ALA treatment is associated with a reduction of 

oxidative stress (determined by protein carbonyl level) (Saengsirisuwan et al., 2001). 

Another effective intervention that improves insulin action is exercise training. 

Exercise training enhances insulin sensitivity and upregulates specific steps of the insulin 

signaling cascade in animals with normal insulin sensitivity (Kim et al, 1995 and 1999; 
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Chibalin et al., 2000). Moderate to high mtensity exercise training increases glucose 

tolerance and glucose disposal in the insulin-resistant obese Zucker rat. primarily due to 

adaptations in the glucose transport activity and translocation of GLUT-4 protein (Ivy et 

al., 1989; Cortez et al., 1991). We have recently demonstrated favorable metabolic 

adaptations in the insulin-resistant obese Zucker rat in response to treadmill running 

(Saengsirisuwan et al., 2001). These adaptations include significant enhancements of 

insulin-stimulated glucose transport, GLUT-4 protein expression, and activities of 

enzymes involved in glucose metabolism. 

Most importantly, the greatest improvement of insulin action of skeletal muscle glucose 

transport is observed when exercise training and antioxidant R-ALA are given in 

combination (Saengsirisuwan et al., 2001). However, the potential cellular mechanisms 

underlying the beneficial adaptations that occur as a result of individual or combination 

treatment of R-ALA and exercise training, leading to enhanced insulin action on the 

insulin-resistant skeletal muscle, remain to be elucidated. Therefore, the purpose of this 

study was to determine the effects of the R-ALA treatment and exercise training, 

individually and in combination, on glucose transport activity, protein expression of 

insulin signaling factors, and triglyceride content in skeletal muscle of the obese Zucker 

rat. 
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MATERIALS AND METHODS 

Animals and treatments 

Female obese Zucker (ja/fa) and lean Zucker (Fa/-) rats (Harlan, Indianapolis, IN) 

were received at 5-6 wk of age, weighing 150-160 g. The animals were housed in a 

temperature-controlled room (20-22°C) at the Central Animal Facility of the University 

of Arizona. A reversed 12:12-hr light-dark cycle (lights on 1900-0700) was maintained 

so that training occurred during the dark cycle, when they are most active. Animals had 

free access to water and chow (Purina, St Louis, MO). All procedures were approved by 

the University of Arizona Animal Use and Care Committee. 

The obese rats were randomly assigned to one of the following groups: a 

sedentary, vehicle-treated control group, a R-ALA-treated group, an exercise-trained 

group, or a combined R-ALA-treated and exercise-trained group. Animals in the R-ALA-

treated groups received 30 mg/kg body wt of the purified R-(+)-enantiomer of cx-lipoic 

acid (ASTA Medica, Frankfurt, Germany) dissolved in 100 mM Tris buffer (pH 7.4) by 

intraperitoneal injection every evening for 15 days, while the sedentary control animals 

received 8.3 ml/kg body wt of 100 niM Tris bulTer (pH 7.4). Animals in the exercise-

trained groups ran in the morning on a 10-lane motor-driven rodent treadmill at 4% grade. 

The animals ran 7 days/wk for 15 days. The training protocol was quickly increased to 60 

min/day on day 7, continuously rotating through the following 15-min cycles: 26 m/min 

for 10 min, 30 m/min for 3 min. and 24 m/min for 2 min. The combined treatment 

animals performed the treadmill training protocol exactly as described above, while also 

receiving daily treatments with R-ALA. The lean rats received 8.3 ml/kg body wt of 100 
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niM Tris buffer (pH 7.4) and soleus muscles were used in the protein expression study as 

tissues with nomial insulin sensitivity. 

Peak O2 consumption (VO2 peak) 

Peak aerobic capacity was assessed in each animal during a treadmill test using 

the method of Bedford et al. (1979). No exercise was performed on the day before the 

VO2 peak tests. However, R-ALA was given to the R-ALA-treated group and the 

combined exercise-trained and R-ALA-treated group on this day. Animals ran on a 

motorized treadmill in an airtight Plexiglas chamber. Grade and speed of the treadmill 

were increased every 3 min from a basal level of 0% grade and 13.4 m/min through the 

following stages: 16.1 m/min at 5%, 21.4 m/min at 10%, 26.8 m/min at 10%, 32.2 m/min 

at 12%, 32.2 m/min at 15%, 32.2 m/min at 18%, and 32.2 m/min at 2\%. The test was 

stopped when the rats were unable to keep pace with the treadmill belt. O2 (Ametek S-

3A1, Applied Electrochemistry, Pittsburgh, PA) and CO2 (Ametek CD-3A) were 

measured in expired gases every 3 min for the detemiination of oxygen uptake (ml O2. kg 

body wfmin'). Exercise training and R-ALA treatments were resumed the day after 

the VO2 peak assessment. 

Measurement of in vitro glucose transport activity 

Approximately 72 hr after the VO2 peak test, 24 hr after the final exercise bout, and 

15 hr after the final R-ALA treatment, animals were weighed and deeply anesthetized 

with an intraperitoneal injection of pentobarbital sodium (50 mg/kg body wt). The 

determination of muscle glucose transport activity was initiated at 8 AM after an 

overnight food restriction as described above. One soleus and both epitrochlearis 
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muscles were dissected and prepared for in vitro incubation. Whereas the epitrochlearis 

muscles were incubated intact, the soleus muscle was prepared into two strips (about 25 

mg) and incubated. Each muscle was incubated for 1 hr at 37°C in 3 ml oxygenated 

(95% 02-5% CO2) Krebs-I ienselcit buffer (KHB) supplemented with 8 niM glucose, 32 

niM mannitol, and 0.1% BSA (radioimmunoassay grade, Sigma Chemical). One 

epitrochlearis muscle and one soleus strip were incubated in the ab.sence of insulin, and 

the contralateral epitrochlearis muscle and second soleus strip were incubated in the 

presence of a maximally effective concentration of insulin (5 mlJ/ml: Humulin R, Eli 

Lilly, Indianapolis. IN). 

After this initial incubation period, the muscles were rinsed for 10 min at 37°C in 

3 ml oxygenated KHB containing 40 mM mannitol, 0.1% BSA, and insulin, if previously 

present. Thereafter, the muscles were transferred to 2 ml KHB, containing 1 mM. 2-[l,2-

^^H] deoxyglucose (2-DG, 300 mCi/mmol; Sigma Chemical), 39 mM [U-''''C] mannitol 

(0.8 mCi/mmol; ICN Radiochemicals, Irvine, CA), 0.1% BSA, and insulin, if previously 

present. At the end of this final 20-min incubation period at 37°C, the muscles were 

removed, trimmed of excess fat and connective tissue, quickly frozen, weighed, and 

dissolved in 0.5 ml 0.5 N NaOH. After the muscles were completely solubilized, 5 ml of 

scintillation cocktail were added, and the specific intracellular accumulation of 2-DG was 

determined as described previously (Henriksen and Halseth, 1994). 

Insulin signaling protein expression 

The contralateral soleus was removed, trimmed of fat and connective tissue, and 

quickly frozen in liquid nitrogen. Muscles were cut on dry ice and pieces of the muscle 
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were homogenized in ice-cold lysis buffer (50 niM HEPES (pH 7.4), 150 mM NaCl, 1 

mM CaClj, 1 mM MgClj, 2 mM EDTA, 10 mM NaF, 20 mM sodium pyrophosphate, 20 

mM p-glycerophosphate, 10% glycerol, 1% Triton X-100, 2 mM Na3V04, 10 }.ig/ml 

aprotinin and leupeptin, and 2 mM PMSF). After a 20-min incubation on ice, the 

homogenates were centrifuged at 13,000 X g for 20 min at 4°C. A portion of the lysates 

were analyzed for total protein concentration using the bicinchoninic acid method (Sigma 

Chemical); the remainder was used for Western blot analysis of insulin signaling protein 

expression. After denaturing by boiling with SDS-PAGE sample buffer, samples were 

separated on 7.5% or 12% polyacrylamide gels and blotted electrophoretically onto 

nitrocellulose paper. Blots were incubated with commercially available antibodies 

against insulin receptor P-subunit, c-terminal IRS-1, PO-kinase p85 subunit (Upstate 

Biotechnology, Lake Placid, NY), and Aktl (Cell Signaling Technology, Beverly, MA) 

according to the manufacturer's instructions. Lysates of 3T3 LI, Jurkat (Upstate 

Biotechnology, Lake Placid, NY), and rM-9 lymphocyte (Neomarkers, Fremont, CA) 

served as positive controls in imraunoblotting. After incubation with horseradish 

peroxidase-conjugated secondaiy antibodies, proteins were visualized by enhanced 

chemiluminescence (Amersham Biosciences, Piscataway, NJ) on x-ray film (X-OMAT-

AR, Kodak. Rochester, NY). Images were digitized by scanning and band intensity was 

quantified on a GS-800 densitometer (Bio-Rad, Hercules, CA) using Quantity One 

software. 

Biochemical assays 

A portion of soleus muscle (20 mg) was cut and homogenized in 30 volumes of icc-
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cold 20 mM HEPES (pH 7.4) containing 1 niM EDTA and 250 mM sucrose. These 

homogenates were used for determination of total protein, GLlJT-4 protein level 

(Henriksen and Halseth, 1994), total hexokinase activity (Uyeda and Racker, 1965), and 

citrate synthase activity (Srere, 1969). The remaining piece of the soleus (20-40 mg) 

were weighed and homogenized in extraction buffer (20; 10:3 of 

chloroform:methanol;butylated hydroxytoluene) and incubated at 4°C for 16 hours. 

Separation of phases was obtained after addition of 0.9% saline, with centrifugation at 

3,000 X g for 60 min. The lower (organic) phase was evaporated to dryness in a N2-filled 

oven at 60°C for 60-90 min. Extraction buffer was added, and triglyceride contents were 

determined spectrophotometrically at 540 nm by using an enzymatic colorimetric test kit 

(Triglyceride GPO-Trinder from Sigma, St. Louis, MO). 

Statistical analysis 

All values are expressed as means + SE. The significance of differences among 

the four experimental groups was assessed by a factorial ANOVA with a post hoc 

Fisher's protected least-significant ditTerence test (StatView version 5.0. SAS institute, 

Gary, NC). A level of /'<0.05 was set for statistical significance. 
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RESULTS 

Body weights and VOnpenk 

The exercise-trained and the combined treatment groups had slightly lower (7-

10%) final body weights compared with either the sedentary or the R-ALA-treated groups 

(Table 4), and the exercise-trained group had the lowest average rate of body weight gain 

(P<0.05) over the experimental period compared to the sedentary control or the R-ALA-

treated group. Animals in both exercise-trained and the combined treatment groups had 

significantly higher peak aerobic capacities compared with the sedentary control group 

(26 and 29%, respectively) or the R-ALA-treated group (20 and 24%, respectively) (Table 

4). Moreover, exercise training alone or in combination with R-ALA treatment caused 

significantly longer maximum run times than those of the sedentary control (36 and 39%, 

respectively) or the R-ALA-treated group (38 and 41%, respectively) (Table 4). 

Muscle glucose transport 

Basal 2-DG uptake in both the epitrochlearis and soleus muscles was not different 

among the experimental groups, hi the epitrochlearis, individual treatments with R-ALA 

or exercise training resulted in a significant increase in the rate of insulin-stimulated 2-

DG uptake (15 and 19%, Fig. 18A) and insulin-mediated 2-DG uptake (40 and 41%, Fig. 

18B). The greatest improvement of these respective parameters in the epitrochlearis was 

observed in the combined intervention group (33 and 78%). In the soleus, both the rate of 

insulin-stimulated 2-DG uptake (Fig. 18C) and the insulin-mediated 2-DG uptake (Fig. 

18D) were significantly increased by R-ALA treatment (25 and 45%) and exercise 

training alone (35 and 67%) and to the greatest degree in the group that received R-ALA 



Table 4, Effects of exercise training and R-ALA treatment on bodj' weight, peak oxygen consumption (V02pcak), and 

maximum run time to fatigue in obese Zucker rats. 

Initial 

Body Wt, 

Group 

Sedentary 172 ±8 

R-ALA-treated 175 ± 13 

Exercise-trained 165 ± 8 

Combined 161 ± 5 

Final 

Body Wt, 

g 

265 ± 6 

266+ 12 

240 ± 13 

247 ± 5 

Change in 

Body Wt/ day, 

g/day 

6.16 ±0.28 

6.02 ± 0.22 

4.99 ±0.42 

5.71 ±0.32 

a.b 

ml/kg/min 

47.2 ± 1.1 

49.3 ± 1.6 

59.4 ± ] .2 

61.1  +  1 .0  

a.b 

a.b 

Maximum 

Run Time, 

mm 

10.2 ±0.2 

10 .1  ±0 .2  

13.9 ±0.1°''' 

14.2 ±0.3 a,b 

Values are tneans ± SE for 5-7 animals/group. "P<0.05 vs. sedentary control group. P<0.05 vs. the R-ALA-treated group. 
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EXER COMBO EXER COMBO 

EXER COMBO EXER COMBO 

Figure 18. In vitro rates of 2-deoxyglucose uptake in the epitrochlearis (A) and soleus 

(C) muscles in the absence (filled bars) and presence (hatclied bars) of insulin (5 mU/ml) 

and the net increase above basal for 2-deoxygiucose uptake due to insulin of the 

epitrochlearis (B) and soleus (D) muscles of obese Zucker rats after 2 wk of remaining 

sedentary (SED), treatment with R-ALA (ALA), exercise training (EXER). or R-ALA 

combined with exercise training (COMBO). Values are means + SE of 5-7 

animals/group. '^F<0.05 vs. SED. ^^/'<0.05 vs. all other groups. 
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treatment and underwent exercise training in combination (66 and 124%). 

GLUT-4 protein and enzyme responses 

GLlJT-4 protein level (Fig. 19) and the activities of total hexokinase (Fig. 20) and 

citrate synthase (Fig. 21) enzymes were assessed in the epitrochlearis, soleus, plantaris, 

and heart muscles. There were no increases in these parameters in any of the muscle 

types following R-ALA treatment. Exercise training alone or in combination with R-

ALA treatment, however, caused significant increases in GLUT-4 protein level in the 

epitrochlearis (32 and 28%, respectively), soleus (27 and 28%, respectively), and plantaris 

(23 and 25%, respectively). 

Exercise training alone and in combination with R-ALA treatment resulted in 

notable enhancements of total hexokinase activity in the epitrochlearis (38 and 42%, 

respectively), soleus (150 and 150%), and plantaris (102 and 118%). Citrate synthase 

activity was increased by exercise training alone and combination treatment in the 

epitrochlearis (45 and 38%), soleus (19 and 35%), and plantaris (44 and 51%). In the 

heart muscle, this variable was significantly enhanced by 20% by the combination 

treatment. 

Protein expression of insulin signaling factors 

Protein expression of insulin receptor P-subunit (IR-P), insulin receptor substrate-

1 (IRS-1). p85 regulatory subunit of P13-Kinase (p85), and Akt following interventions 

was determined in soleus muscle (Fig. 22). Values of these parameters obtained from 

soleus muscle of the lean Zucker rat were included and used as control value for muscle 
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Epitmchlearis Plantaris Heart Soleus 

SED ALA EXER COMBO SED ALA EXER COMBO SED ALA EXER COMBO SED ALA EXER COMBO 

Figure 19. Effects of 2-wk treatment with lipoic acic (ALA), exercise training (EXER), 

or lipoic acid combined with exercise training (COMBO) on whole muscle level of 

GLUT-4 protein in the epitrochlearis, soleus, plantaris muscles, and the heart. Values are 

means + SE of 5-7 animals/group. ''?<0.05 vs. sedentaiy group. ''?<0.05 vs. ALA-treated 

group. 
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Soleus Heart Plantaris 

SED ALA EXER COMBO SED ALA EXER COMBO SED ALA EXER COMBO SED ALA EXER COMBO 

Figure 20. Effects of 2-wk treatment with lipoic acid (ALA), exercise training (EXER), 

or lipoic acid combined with exercise training (COMBO) on total hexokinase activities of 

the epitrochlearis, soleus, plantaris muscles, and the heart. Values are means + SE of 5-7 

animals/group. ̂ F<0.05 vs. sedentary group. ''^<0.05 vs. ALA-treated group. 
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Plantaris Soleus Heart 

SED ALA EXER COMBO SED ALA EXER COMBO SED ALA EXER COMBO SED ALA EXER COMBO 

Figure 21. Effects of 2-wk treatment with lipoic acid (ALA), exercise training (EXER), 

or lipoic acid combined with exercise training (COMBO) on citrate synthase activities of 

the epitrochlearis, soleus, plantaris muscles, and the heart. Values are means + SE of 5-7 

animals/group. ''/'<0.05 vs. SED. '''P<0.05 vs. ALA. '^,^<0.05 vs. all other groups. 
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LEAN SED ALA EXER COMBO LEAN SED ALA EXER COMBO 

LEAN SED ALA EXER COMBO LEAN SED ALA EXER COMBO 

Figure 22. Effects of 2-wk treatment with lipoic acid, exercise training, or the 

combination of lipoic acid and exercise training on protein expression of insulin receptor-

P subunit (A), insulin receptor substrate-] (B), p85 regulatoty subunit of PI3-kinase (C), 

and Akt 1 (D) in soleus muscles of the obese Zucker rat. Values are means ± SEM, N = 5-

9 animals per group. ®/'<0.05 vs. lean sedentary group (LEAN). '^/'<0.05 vs. SED. 

'^?<0.05 vs. all other groups. 
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with normal insulin sensitivity and represented as 100%. No significant differences in 

protein expression of IR-p, p85, and Akt were observed among experimental groups. 

However, the protein expression of IRS-1 in soleus muscle from the sedentary 

obese Zucker rat was about 44% less than the insulin-sensitive soleus muscle. Compared 

with the obese sedentary group, R-ALA treatment alone or exercise training alone caused 

significant increments (30 and 31%. respectively) in IRS-1 protein expression. 

Additional improvements were realized in the combined intervention group (55% vs. 

SED; /'<0.05) and (19% vs. R-A1..A alone or EXER alone; P<0.05). 

Because the enhanced level of IRS-1 protein expression may play a role in the 

improvement of insulin action following interventions, linear regression analysis of the 

association between the level of IRS-1 protein expression and insulin-mediated 2-DG 

uptake in the soleus muscle was completed (Fig. 23). The correlation between these two 

parameters was highly significant (r = 0.597, /'<0.01). 

Triglyceride content 

The level of triglyceride accumulation in soleus muscle was examined. 

Triglycerides in insulin-resistant soleus muscle of the obese Zucker rat were three- to 

four-fold higher (/'<0.0001) compared with the same tissue from insulin-sensitive lean 

Zucker rats (Fig. 24). Compared to the obese sedentaiy control, R-ALA treatment and 

exercise training individually caused a significant reduction (/'<0.01; 44 and 37%, 

respectively), but the combination intervention did not result in a further decrease in 

muscle lipids. 



IR8-1 protein (re<alive unit) 

r2 = 0.36 ; P < 0.01 

O Sedentary 

H ALA 

A Exercise 

A Combined 

<50 MO as a 

InsiJin-roedlated glucose transport 
Cpmolfmg/20 min) 

Figure 23. Correlation between insulin-mediated 2-deoxyglucose uptake and IRS-1 

protein expression in the soleus muscle of obese Zucker rats subjected to the various 

interventions. Regression equation: y = 0.082 x + 47.4, r = 0.60, P < 0.01. 
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2.5 

LEAM SED AlA EXER COMBO 

Figure 24. Effects of 2-wk treatment with lipoic acid (ALA), exercise training (EXER). 

or lipoic acid combined with exercise training (COMBO) on triglyceride contents in the 

soleus muscle. Values are means + SE of 5-7 animals/group. '^P<0.05 vs. lean sedentary 

group (LEAN). 
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DISCUSSION 

Insulin resistance is a critical pathophysiological characteristic of obesity and type 

2 diabetes. An important therapeutic approach for treating this pathological feature is to 

improve insulin action in the insulin-resistant tissue, i.e. skeletal muscle. Because of the 

multifactorial etiology of the insulin-resistant condition, it is unlikely that an individual 

intervention will be adequate by itself to bring about normalization of insulin action. In 

the present investigation, we have demonstrated that individual treatment of the 

antioxidant R-ALA or exercise training in the insulin-resistant obese Zucker rat for 2-wk 

results in significant enhancement of insulin action on skeletal muscle glucose transport 

activity. More importantly, the combination of these two interventions functions in an 

additive fashion and results in the greatest increases in insulin action on glucose transport 

activity. Therefore, the beneficial interactions between exercise training and the 

antioxidant R-ALA on insulin action of glucose transport activity indicate the use of 

antioxidant treatment and exercise training in combination as a promising therapeutic 

approach for treating skeletal muscle insulin resistance. 

The 2-wk exercise training protocol employed in the present study is sufficiently 

effective to enhance whole-body aerobic capacity (Table 4) and insulin-stimulated 

glucose transport activity in skeletal muscle (Fig. 18). The improvement in insulin action 

on skeletal muscle glucose transport of the insulin-resistant obese Zucker rat by exercise 

training can be attributed to adaptations in the glucose transport process (Ivy et al, 1989; 

Cortez et al., 1991). We have shown in the present (Figs. 19-21) and previous 

(Saengsirisuwan et al., 2001) investigations that exercise training-induced improvements 
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in insulin action are associated with enhanced capacity for glucose transport (GLUT-4 

protein expression), glucose phosphorylation (hexokinase), and glucose oxidation (citrate 

synthase). 

Lipoic acid is a water-soluble biological antioxidant that also displays 

antihyperglycemic effects. When administered in vivo. lipoic acid decreases plasma 

glucose in hyperglycemic streptozotocin-diabetic rats (Khamaisi et al.. 1997). Previous 

findings from our laboratory (Streeper et al.. 1997) demonstrated that the beneficial 

metabolic effects of lipoic acid on glucose metabolism in the insulin-resistant state is 

stereospecific to the R(+)-enantiomer (R-ALA). In addition, we have shown that chronic 

administration of R-ALA improves glucose tolerance and skeletal muscle glucose 

transport in the obese Zucker rat (Saengsirisuwan et al., 2001). Unlike exercise training, 

chronic R-ALA treatment had no effect on GLUT-4 protein expression, hexokinase 

activity, or citrate synthase activity in muscle (Figs. 19-21). Furthermore, because 

exercise training and R-Al.A in combination activates insulin action on glucose transport 

activity in an additive fashion, it is likely that these two interventions enhance insulin-

stimulated glucose transport activity through different pathways. 

In order to gain more understanding into the potential mechanisms responsible for 

these adaptive responses to exercise training and R-ALA, we have assessed the effects of 

these interventions, individually and in combination, on protein expression of the insulin 

signaling factors. As shown in Fig. 22, the protein levels of the insulin receptor P-subunit 

(Fig. 22A). of the p85 regulatory sub unit of PI3-K (Fig. 22C), and of Aktl (Fig. 22D) in 

the soleus of the insulin-resistant obese Zaicker rat are not significantly different from 
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those values obtained in the same tissue of the insulin-sensitive lean Zucker rat. The 

expression of these proteins is not affected by the interventions, either individually or in 

combination. In contrast, the protein expression of insulin receptor substrate-1 (IRS-1) in 

the soleus of the obese Zucker is only about 50% of the level measured in soleus muscle 

of insulin-sensitive lean Zucker rats (Fig. 22B). Compared to the obese sedentary control, 

exercise training alone and R-ALA alone enhances IRS-1 protein expression by 31 and 

30%, respectively. The increment of lRS-1 protein expression may allow the production 

of a greater signal to downstream elements of insulin signaling pathway that causes the 

improvement in insulin-stimulated glucose transport activity. Moreover, when exercise 

training and R-ALA were given in combination, the IRS-1 protein expression is increased 

by 55% relative to the obese sedentaiy control and to about 87% of the value from the 

insulin-sensitive muscle. Most importantly, these improvements in IRS-1 protein 

expression, following individual or combined interventions, are significantly correlated 

with the increased insulin action on glucose transport activity (P < 0.01) (Fig. 23). 

Increasing evidence in humans and animal models indicates that accumulation of 

muscle triglyceride is associated with decreased insulin action on glucose disposal by 

skeletal muscle (Oakes et al., 1997; Jacob et al., 1999). Increased muscle triglyceride 

accumulation could be the result of impaired muscle fatty acid oxidation as well as 

increased availability of systemic free fatty acids. Our previous findings (Saengsirisuwan 

et al., 2001; Saengsirisuwan et al., 2002) indicate that the level of circulating free fatty 

acid of the obese Zucker rat is about two- to three-fold higher than the value seen in the 

lean Zucker rat (1.33 vs. 0.57 mM). in addition, we have shown in the present study that 
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the triglyceride content in the insulin-resistant soleus muscle of the obese Zucker rat is 3-

fold higher than that in the soleus muscle of the insulin-sensitive lean Zucker rat (Fig. 

24). These observations suggest that elevated tissue triglyceride accumulation and 

systemic free fatty acids may contribute to the development of skeletal muscle insulin 

resistance. Following the interventions given in this study, we have demonstrated that 

triglyceride contents in soleus muscle of the obese Zucker rat are reduced in the exercise-

trained and the R-Al A-treated groups by 33% and 46%. respectively (Fig. 24). As the 

combined intervention of R-ALA and exercise training does not result in a further 

reduction in triglyceride accumulation (Fig. 24), it is clear that the additional 

improvement in insulin action on glucose transport activity is not related to further 

alterations in triglyceride contents. 

In conclusion, we have demonstrated that the individual intervention of exercise 

training alone or the antioxidant R-ALA alone for 2-wk enhances insulin action of 

glucose transport in the insulin-resistant skeletal muscle of the obese Zucker rat. 

Whereas improvements in insulin action due to exercise training are associated with 

enhanced GLUT-4 protein expression and capacities for glucose phosphorylation, and 

glucose oxidation, these metabolic adaptations are not affected by R-ALA treatment. 

Moreover, the present investigation has shown that, compared to the insulin-sensitive 

skeletal muscle of the lean Zucker rat, skeletal muscle of the insulin-resistant obese 

Zucker rat displayed an elevated triglyceride content and a lowered IRS-1 protein level. 

Accumulation of triglyceride and a defect in IRS-1 protein level in the insulin-resistant 

skeletal muscle appear to be ameliorated by either exercise training alone or R-ALA 
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treatment alone. As we have previously shown in the 6-wk study, the present study has 

established that interactions occur between the antioxidant R-ALA and exercise training 

on skeletal muscle insulin action after the 2-wk intervention period. In addition, exercise 

training and R-ALA treatment in combination results in the greatest enhancement of IRS-

1 protein level in soleus muscle, and this adaptive response is associated with the largest 

increase in insulin-stimulation of glucose transport activity. 
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CHAPTER 5 

SUMMARY OF MAJOR FINDINGS 
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Insulin resistance refers to a subnormal response to a physiological concentration 

of insulin, and this term is commonly used to describe an impairment of insulin-

stimulated glucose disposal in peripheral tissues. The defective peripheral action of 

insulin results in a compensatory hyperinsulinemia. Insulin resistance and the 

accompanying hyperinsulinemia are associated with a group of metabolic and 

cardiovascular abnormalities including hypertension, dyslipideraia, glucose intolerance, 

and central obesity, collectively referred to as the "metabolic syndrome", "syndrome X" 

(Reaven, 1993) or the "insulin resistance syndrome" (DeFronzo and FeiTannini, 1991). 

Insulin resistance of insulin-stimulated glucose uptake into skeletal muscle, the primary 

site of insulin-mediated glucose disposal, is a major defect in the development of obesity 

and type 2 diabetes. Therefore, therapeutic approaches for improving insulin action on 

skeletal muscle glucose transport are important in the management of type 2 diabetes. 

These interventions can include non-pharmacological approaches, such as exercise 

training or diet and loss of fat mass, and pharmaceutical or nutriceutical compounds that 

restore specific defects underlying the insulin resistance, or a combination of the non-

phamracological and pharmaceutical/nutriceutical interventions. 

The genetically obese Zucker rat {fa/fa) is a model of insulin resistance 

characterized by hyperinsulinemia, glucose intolerance, obesity, dyslipidemia, and insulin 

resistance of skeletal muscle. Using this insulin-resistant animal model, we assessed the 

adaptive responses of insulin action to exercise training and the nutriceutical compound 

R-a-lipoic acid (R-ALA). The effects of exercise training alone, the antioxidant R-ALA 

alone, and the combined intervention of exercise training and R-ALA on whole-body 
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glucose disposal and insulin-stimulated glucose transport in skeletal muscle were 

determined. 

Exercise training of the obese Zucker rat resulted in significant improvements in 

glucose tolerance and whole-body insulin sensitivity. These improvements in insulin 

sensitivity were likely the result of exercise-induced upregulation of insulin-stimulated 

glucose transport activity in skeletal muscle. The beneficial effects of exercise training 

on insulin-stimulated glucose transport activity were associated with increases in the 

glucose transport (GLUT-4 protein expression), the capacity for glucose phosphorylation 

(hexokinase activity), and the capacity for glucose oxidation (citrate synthase activity). 

Compared to the effects of exercise training on whole-body glucose tolerance, the 

antioxidant R-ALA treatment induced smaller improvements in whole-body insulin 

sensitivity. Nevertheless, the antioxidant R-ALA caused significant enhancements in 

insulin action on skeletal muscle glucose transport. In contrast to the improvements in 

GLUT-4 protein and enzyme activities enhanced by exercise training, the beneficial 

effects of R-ALA on skeletal muscle insulin action were not associated with these 

metabolic adaptations. 

The combined intervention of exercise training and R-ALA did not result in a 

greater improvement in whole-body glucose disposal and insulin sensitivity than either 

intervention individually. Flowever, we have provided new evidence that the 

combination of exercise training and R-ALA treatment leads to greater improvements in 

skeletal muscle insulin action than either intervention alone. In spite of the interaction of 

exercise training and R-ALA on insulin-stimulated gkicose transport, there was no 
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additive effect of these two interventions on GLUT-4 protein levels or activities of 

metabolic enzymes. 

The effects of individual and combined intervention of exercise training and R-

ALA on whole-body glucose tolerance and insulin action of skeletal muscle glucose 

transport were also assessed in the insulin-sensitive lean Zucker rat (Ja/-). In contrast to 

our findings with the obese Zucker rat. the R-ALA treatment in the insulin-sensitive lean 

Zucker rat did not enhance insulin action on glucose transport activity in skeletal muscle. 

Exercise training, however, causes significant increases in insulin-stimulated glucose 

transport in insulin-sensitive skeletal muscle, likely as a result of the upregulation of 

GLUT-4 protein levels and enzyme activities of glucose catabolism. Relative to exercise 

training alone, the combination treatment of lean Zucker rats with exercise training and 

the antioxidant R-ALA did not further modify insulin stimulation of skeletal muscle 

glucose transport activity. Taken together, these results indicate that the additive effect of 

exercise training and antioxidant treatment with R-ALA for skeletal muscle insulin action 

is restricted to conditions of insulin resistance, and is not seen in insulin-sensitive muscle. 

The potential role of oxidative stress (determined by protein earbonyl level) as 

well as metabolic alterations such as increased circulating free fatty acids and skeletal 

muscle triglyceride levels in the etiology of skeletal muscle insulin resistance was also 

evaluated in the present study. We demonstrated that the protein earbonyl level is higher 

in skeletal muscle of the obese Zucker rat, and that this increase in protein earbonyl 

formation is associated with insulin resistance of skeletal muscle glucose transport. 

Furthermore, we showed that reductions in protein earbonyl levels are closely con-elated 
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with the enhancement of insulin-stimulated glucose transport in the soleus of the obese 

Zucker rat following exercise training or R-ALA treatment. However, the additional 

improvement in insulin action on skeletal muscle glucose transport due to the combined 

intervention was not accompanied by a further reduction in protein carbonyls. In 

addition, we have shown that the circulating free fatty acids and skeletal muscle 

triglyceride contents of the obese rats were significantly higher than those of the insulin-

sensitive lean Zucker rats. These observations support the theory that these metabolic 

alterations play a role in the development of skeletal muscle insulin resistance. Although 

the individual intervention with exercise training and R-ALA treatment induces 

diminution of free fatty acid levels and skeletal muscle triglyceride contents, no further 

reduction in these parameters was detected when exercise training and R-ALA treatment 

were used in combination. 

The present investigation has determined the protein expression of specific 

elements on the insulin signaling cascade for the activation of skeletal muscle glucose 

transport in the obese Zucker rat following the experimental treatments. The protein 

levels of the P-subunit of the insulin receptor, the p85 subunit of PI3-kinase, and Aktl in 

soleus muscle of the obese Zucker rat were not notably different from those determined in 

muscle from insulin-sensitive lean Zucker rats. The expression of these proteins was not 

significantly altered by exercise training or by R-ALA treatment, either alone or in 

combination. On the other hand, the protein expression of insulin receptor substrate-1 

(IRS-1) was only 50% of that seen in soleus muscle of lean Zucker rats, and was 

significantly enhanced by the individual intervention of exercise training or R-ALA 
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treatment. Therefore, it is possible that an increase in IRS-1 protein expression following 

exercise training leads to a greater signal production to downstream elements of the 

insulin signaling cascade which then activates an enhanced translocation of GLUT-4 

protein from an expanded intracellular pool of this transporter protein. Fuithemiore, R-

ALA treatment by itself enhances protein expression of IRS-1 in skeletal muscle of the 

obese Zucker rat. This could also increase downstream signaling which could cause a 

greater incorporation of GLUT-4 into the plasma membrane, facilitating an increase in 

glucose transport activity in response to insulin. 

Most importantly, the greatest increase in IRS-1 protein expression was observed 

in soleus muscle from exercise-trained animals that were supplemented with R-ALA. and 

these changes in IRS-1 protein expression were significantly correlated with the 

enhancement of insulin-mediated glucose transport activity. On the basis of these novel 

findings, the proposed mechanisms responsible for the interactions of exercise training 

and R-ALA treatment on insulin action on glucose transport activity in insulin-resistant 

skeletal muscle of the obese Zucker rat are illustrated in Fig. 25. Exercise training and R-

ALA treatment in combination elicited the greatest upregulation of IRS-l protein 

expression, and presumably the greatest generation of downstream insulin signaling. 

These signals would then act on the expanded GLUT-4 pool (due to exercise training) to 

bring about the greatest translocation and fusion of GLUT-4 into the plasma membrane 

and a corresponding enhancement of glucose transport activity. 

It is clear that further work is needed to obtain more insight into the cellular and 

molecular mechanisms of exercise- and R-ALA-mediated improvements in insulin action 
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in insulin-resistant skeletal muscle. It would be important to test the possible alterations 

of the functionality of the insulin signaling factors and GLUT-4 protein translocation in 

the insulin-resistant skeletal muscle following exercise training and R-ALA treatment, 

either alone or in combination. Future investigations might focus on the potential action 

of ,R-ALA treatment to alter GLUT-4 intrinsic activity and the functionality of other 

signaling factors such as p38 MAP kinase (potentially modulating GLUT-4 intrinsic 

activity), which could be involved in the regulation of glucose transport activity. Finally, 

it is vital to evaluate the use of the combination of exercise training and antioxidants, 

including R-ALA, in the prevention and treatment of insulin-resistance and type 2 

diabetes in human clinical trials. 
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Figure 25. Proposed mechanisms for the interactions between exercise training and the 

antioxidant R-(+)-lipoic acid on insulin-stimulated glucose transport activity in skeletal 

muscle of the insulin-resistant obese Zucker rat. The black ovals represent glucose 

molecules; IR, insulin receptor; lRS-1, insulin receptor substrate-1; PI3-K, 

phosphatidylinositol-3-kinase. 
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