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ABSTRACT 

The mechanisms by which hormones and metabolites control muscle 

proteolysis remain unclear. The redox state of muscle has been investi

gated as a possible mediator of these effects. In diaphragms of 

traumatized and starved animals, faster proteolysis correlated with a 

more oxidized NAD{P) redox couple. In diaphragm, leucine lowered prote

olysis and increased lactate/pyruvate ratios. The soleus and extensor 

digitorum longus (EDL) muscles from young growing rats had faster prote

olysis and lower lactate/pyruvate ratios than of older rats. The lower 

proteolysis and high lactate/pyruvate ratios in larger muscles from 

older rats are not due to experimental oxygen diffusion limitations, but 

are probably inherent characteristics of the muscles themselves. Prote

olysis, and medium and incubated tissue lactate/pyruvate ratios gave 

significant multiple correlations with the soleus (R=O.939) and EDL 

(R=O.973) weights. Up to four days of streptozotocin diabetes, the 

lactate/pyruvate ratios were lower and proteolysis was faster in soleus 

and EDL muscles compared to weight matched controls. Conversely, after 

six to 12 days, proteolysis was lower and lactate/pyruvate ratios were 

higher. In EDL of young fasted rats accelerated proteolysis was associ

ated with lower lactate/pyruvate ratios. In older rats, proteolysis in

creased and lactate/pyruvate ratios decreased during short-term fasting. 

The reverse was true following long-term fasting, indicating a "protein

sparing" effect. In contrast, the soleus showed little change in redox 

state and proteolysis during starvation. Concentrations of reduced, 

xv 
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oxidized and protein-bound glutathione were measured in normal, diabetic 

and fasting rats to determine whether the glutathione redox couple re

sponded similarly to the NAD(P) redox couple. In muscles from fasted 

and diabetic rats decreases in reduced glutathione content lowered the 

reduced/oxidized glutathione ratio. The relationship between prote

olysis and the glutathione redox state, however, was not strong. 

Likewise, incubations with insulin of leg muscles of fed, fasted, and 

diabetic muscles, decreased proteolysis but affected little the NAD and 

glutathione redox couples. Generally, in muscle accelerated proteolysis 

was associated with an oxidation of the NAD(P) redox couple and vice 

versa. These data suggest that, in muscle, the redox state may be 

important in the regulation of proteolysis. 



CHAPTER 1 

INTRODUCTION 

Factors Which Regulate Muscle Proteolysis 

The growth or atrophy of muscle is dependent on the balance 

between protein synthesis and protein degradation. In growing muscles, 

the rate of increase in muscle size will depend on the rate at which 

protein synthesis exceeds protein degradation. Conversely, muscles 

undergoing atrophy have higher rates of muscle protein degradation than 

rates of protein synthesis. A number of factors have been shown to 

influence the rate of muscle protein turnover. In isolated rat skeletal 

muscles, the additions of insulin and leucine have been shown to in-

crease the rate of protein synthesis and decrease the rate of protein • 

breakdown (Fulks, Li and Goldberg 1975, Buse and Reid 1975, Chua, Siehl 

and Morgan 1979). Leucine, the the only amino acid shown to be anabolic 

in muscle, is rapidly degraded in both skeletal and cardiac muscle 

(Goldberg and Chang 1978) and may serve as an energy source for muscle. 

Administration of the branched-chain amino acids or leucine by itself 

may also serve to inhibit the accelerated proteolysis of muscle 

(Goldberg 1979) under various clinical conditions. 

Insulin, which stimulates amino acid uptake and incorporation 

into protein, also acts to decrease the rate at which proteins are 

degraded, both in vivo and in vitro. A fall in circulating plasma 

1 
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insulin levels signals the net release of amino acids from muscle 

(Cahill, Aoki and Marliss 1972). Administration of insulin to fasted 

humans decreased protein catabolism, and concommitantly rendered the 

muscle tissue significantly more reduced (Aoki, Finley and Cahill 1977). 

In contrast, administration of cortisol or tri-iodothyronine to these 

individuals, which increased protein degradation (as estimated by the 

increase in urinary nitrogen excretion), rendered the muscle signifi

cantly more oxidized. This led to the proposal that the rate at which 

proteins are degraded are dependent, somehow, on the muscle reduction

oxidation state. 

The Muscle Proteolysis-Redox State Hypothesis 

A number of substrates and hormones have been shown to alter the 

rate of proteolysis in skeletal muscle. The mechanism(s) mediating the 

regulatory effects of substrates and hormones on muscle protein degrada

tion, however, remain unclear. The metabolism of substrates and the 

effects of hormones on metabolic pathways can alter the reduction

oxidation state of the cell. For instance, the degradation of sub

strates by muscle can cause the NAD-couple to become more reduced and 

lead to an overall reduction of the cellular reduction-oxidation state. 

It is proposed here, that certain substances (e.g. leucine and 

insulin), which are known to decrease the rate of muscle protein degra

dation in vitro, do so through a reduction of the redox state. Con

versely, the accelerated rates of proteolysis in muscle associated with 

certain physiological states (e.g. starvation, diabetes, trauma) may be 
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initiated by an oxidation of the muscle redox state. Thus, the degrada

tion of muscle proteins, like the catabolism of substrates, may be more 

rapid under more oxidized conditions. 

Tischler (unpublished) proposed the following pathway by which 

the reduction-oxidation state of muscle could regulate the rate at which 

muscle proteins were degraded (Fig 1). According to this model, sub

strates and hormones would influence the reduction-oxidation state of 

muscle, which in turn would alter the stability of muscle proteins or 

the susceptibility of muscle proteins to proteolysis. For instance, low 

circulating plasma levels of insulin characteristic of the starved or 

diabetic state, may lead to an oxidation of the NAD, NADP and gluta

thione redox couple in muscle. Oxidized glutathione would then form di

sulfide bonds with the free thiol groups of muscle proteins, potentially 

making the proteins more unstable and more susceptible to proteolysis. 

Supporting this hypothesis was the observation that the muscle enzyme, 

fructose-1, 6-bisphosphate aldolase, can be reversibly inactivated by 

oxidized glutathione and subsequently degraded extensively by lysosomal 

proteiTIases (Bond and Offermann 1981). On the other hand, substrates 

and hormones associated with decreased rates of muscle protein degrada

tion, would cause a reduction of the NAD, NADP and glutathione redox 

couple, thereby inhibiting the breakdown of muscle proteins. 

Experimental Approach 

The hypothesis that certain metabolites which lower proteolytic 

rates in muscle in vitro do so by increasing the tissue NAD(P)H/NAD(P) 



Model for Proteolytic Regulation 
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Figure 1. Model for proteolytic regulation 
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ratios was tested by the addition to incubating muscles of the branched 

chain amino acid leucine (Chapter 2). Rates of protein degradation and 

ratios of lactate/pyruvate and malate/pyruvate (cytosolic indicators of 

the NADH/NAD and NADPH/NADP ratios) were determined. Because this ef

fect of leucine requires its transamination to a-ketoisocaproate 

(Goldberg and Tischler 1981, Tischler, Desaultels and Goldberg 1982) 

muscles were also incubated with a-ketoisocaproate. Inhibitors of 

muscle proteolysis, leupeptin and chymostatin, were also added to incu

bating muscles and the reduction-oxidation state measured. The rela

tionship between muscle protein degradation and the reduction-oxidation 

state in physiologic states with characteristically excessive amounts of 

muscle protein loss was also studied. In insulin-dependent diabetes 

(Chapter 3), the rate of muscle protein breakdown must exceed muscle 

protein synthesis to explain the degree of muscle wasting typical of 

this state. In starvation, (Chapter 6) muscles are broken down prefer

entially to supply the body with amino acids. In both starvation and 

diabetes, however, a reduction of the NAD redox couple has been reported 

(Aoki et al 1975, Owen and Reichard 1971, Ruderman, Schmahl and Goodman 

1977). Because of the acceleration in muscle protein breakdown, this 

finding represents a possible exception to the proposed proteolysis

redox state hypothesis. To test this hypothesis, protein degradation 

and the NAD, NADP and glutathione redox couple was simultaneously deter

mined in muscles from short and long-term fasted and diabetic rats 

(Chapters 3, 6, 7). 
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Normal animals of differing age, grow at different rates. Mus

cles from rapidly growing animals were reported to have both high rates 

of protein synthesis and degradation (Millward et al 1975). It was of 

interest, therefore, to investigate whether muscles from young animals 

had accelerated rates of protein degradation in association with an oxi

dation of the muscle redox state (Chapter 5). 

And lastly, it was important to investigate whether insulin, 

both in vivo and in vitro, acts to reduce the NAD~ NADP and glutathione 

redox couples (Chapter 7). Insulin is considered to be, perhaps, the 

single most important factor in regulating muscle protein turnover 

(Fulks, Li and Goldberg 1975, Goldberg 1979, Rannels, Kao and Morgan 

1975). It acts to increase the rate of muscle protein synthesis and de

crease the rate of muscle protein degradation. It should also there

fore, increase the NADH/NAD ratio, the NADPH/NADP ratio and the ratio of 

reduced/oxidized glutathione if the muscl~ proteolysis-redox state 

hypothesis is generally correct. 



CHAPTER 2 

PROTEIN DEGRADATION AND THE REDUCTION-OXIDATION STATE IN 
THE RAT DIAPHRAGM MUSCLE 

Abstract 

Changes in proteolysis were associated with the cell reduction-

oxidation state in rat diaphragm. Protein degradation was measured in 

the presence of cycloheximide as the linear release of tyrosine into the 

medium. Intracellular ratios of lactate/pyruvate, and malate/pyruvate 

were used as indicators of the muscle reduction-oxidation state. 

Incubation of diaphragm with leucine (0.5-2.0mM) or its transamination 

product, sodium a-ketoisocaproate (0.5 mM), resulted in a lower rate of 

proteolysis and a higher ratio of lactate/pyruvate. Unlike leucine, 

neither isoleucine nor valine alone produced any change in these 

parameters. In catabolic states, such as fasting, cortisol treatment of 

fasted, adrenalectomized rats or traumatization, enhanced muscle prote-

olysis was observed. Fresh-frozen diaphragms from these rats had both 

lower lactate/pyruvate and malate/pyruvate ratios than did muscles from 

control animals. These data show that diminution of proteolysis in 

diaphragm is accompanied by an increase of the NAD(P)H/NAD(P) ratios. 

In contrast to these findings, chymostatin and leupeptin, which inhibit 

directly muscle proteinases, caused a decrease of the lactate/pyruvate 

and malate/pyruvate ratios. These results suggest that protein degra-

dation in diaphragm is linked to the cellular redox state. 

7 
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Introduction 

A number of substances influence the rate of protein breakdown 

in vivo or in isolated muscles. Among these factors, insulin helps 

maintain a positive protein balance in skeletal muscle and heart 

(Cahill, Aoki and Marlis 1972, Fulks and Goldberg 1975, Rannels, Kao and 

Morgan 1975, Goldberg and St. John 1976). In the fed state, high levels 

of this hormone enhance protein synthesis and retard protein degradation 

in muscle (Fulks, Li and Goldberg 1975, Rannels, Kao and Morgan 1975, 

Jefferson, Li and Rannels 1977, Goldberg 1979, Curfman et al 1980, Kao 

et al 1980). In starvation, the marked fall of circulating levels of 

insulin contributes to the net breakdown of muscle protein and hence to 

the net release of amino acids from this tissue (Cahill, Aoki and 

Marliss 1972, Felig 1975, Ruderman 1975). In this state, the gluco

corticoid hormones help to promote the catabolic response to protein 

turnover in skeletal muscle (for review, see (Steele 1975)). In fast

ing, these hormones do not seem to be essential for the fall in protein 

synthesis (Goldberg et al 1980). However, they do seem to be necessary 

for the stimulation of protein degradation and thus for the marked loss 

of skeletal muscle mass (Goldberg 1969, Tomas, Munro and Young 1979, 

Goldberg et al 1980). 

In isolated skeletal and cardiac muscles the branched-chain 

amino acids together or leucine, by itself, have also been shown to 

lower protein breakdown and promote protein synthesis (Fulks, Li and 

Goldberg 1975, Buse and Reid 1975, Chua, Siehl and Morgan 1979). The 

effect of leucine on skeletal muscle proteolysis requires at least its 
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transamination to ~-ketoisocaproate (Goldberg and Tischler 1981, 

Tischler, Desaultels and Goldberg 1982). A previous study showed that 

inhibition of the transamination of leucine by L-cycloserine can abolish 

the ability of leucine to retard protein degradation in rat diaphragm 

(Goldberg and Tischler 1981). L-Cycloserine appears to be a competitive 

inhibitor of leucine aminotransferase, since high concentrations of 

leucine can overcome this inhibition and it is unlikely that leucine 

prevents the uptake of L-cycloserine (Tischler and Goldberg 1980, 

Tischler, Desaultels and Goldberg 1982). In the presence of L

cycloserine, leucine failed to decrease the release of tyrosine or to 

increase the intracellular NADH concentration (Tischler, Desaultels and 

Goldberg 1982, Tischler and Fagan, 1982). The addition of cycloserine 

by itself, did not affect either the intracellular NADH concentration or 

the release of tyrosine. These previous data (Tischler and Goldberg, 

1979, Goldberg and Tischler, 1981, Tischler, Desaultels and Goldberg, 

1982) suggest that leucine must be transaminated for this amino acid to 

cause a decrease in muscle proteolysis. 

The mechanism by which these various factors regulate protein 

breakdown in muscle is unknown. Catabolism of metabolites (e.g., 

leucine and ~-ketoisocaproate) may be required for their inhibitory 

effects on muscle proteolysis. Since degradation of leucine has been 

linked to an increase in the muscle ratio of NADH/NAD (Buse et al 1980), 

the redox state was considered as a possible mediator not only for the 

effect of leucine on proteolysis but also for other metabolites and even 

hormones. A previous study (Aoki, Finley and Cahill 1977) had shown 
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that hormones which lower proteolysis caused an increase of the muscle 

mitochondrial ratio of NADH/NAD in vivo, while catabolic hormones pro

moted a decrease in this ratio. Furthermore, in incubated diaphragms 

only those metabolites which retard protein breakdown also produced an 

increase of the medium ratio of NADH/NAD (Tischler 1980). 

The present study examines this correlation further by (i) a 

more detailed comparison of leucine effects on protein degradation and 

the muscle lactate/pyruvate ratio (an indicator of the cytosolic NADH/ 

NAD ratio), as well as the muscle malate/pyruvate ratio (an indicator of 

the NADPH/NADP ratio); (ii) determination of muscle lactate/pyruvate and 

malate/pyruvate ratios in fresh-frozen diaphragms of rats subjected to 

physiologic states known to be catabolic, and (iii) comparison of the 

influence of leucine and proteinase inhibitors on the muscle malate/ 

pyruvate ratio. 

Materials and Methods 

Materials 

Chymostatin, cycloheximide, metabolites, cortisol acetate, 

lactic dehydrogenase (rabbit muscle, type II), and malic dehydrogenase 

(porcine heart) were purchased from Sigma. Leupeptin was obtained from 

Boehringer and L-cycloserine was supplied generously by Dr. W.E. Scott 

of Hoffman-LaRoche Inc. (Nutley, N.J.). 

Animals and Treatments 

Male Sprague-Dawley rats (70-120g) bred by Animal Resources at 

the University of Arizona were given Purina Laboratory chow and water ad 
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libitum, and then deprived of food for 48 h before sacrifice (where 

indicated). Some animals were subjected to bilateral adrenalectomy 

under ether anesthesia six days prior to sacrifice and were provided 

with 1% NaCl. For other animals, traumatization was induced by light 

blows with an automated apparatus to the left leg of rats anesthetized 

with ether (Tischler and Fagan 1983). Catabolic responses to trauma 

were seen with two-three days following the injury (Tischler and Fagan 

1983). 

Incubations 

Rats were killed by cervical dislocation and diaphragms were 

dissected out (Goldberg, Martel and Kushmerick 1975). The muscles were 

pre-incubated in a New Brunswick Scientific gyrotory water bath shaker 

for 30 min at 37°C in 3 ml Krebs-Henseleit buffer (Krebs and Henseleit 

1932) equilibrated with 95% °2: 5% CO2 containing the additions indicated 

in the tables. They were then transferred to flasks containing 3 ml of 

fresh medium. After 2 h, incubations were terminated by removing the 

tissues and heating the medium in boiling water for 3 min. This treat

ment did not alter the contents of metabolites in the medium when com

pared with that measured in acidified and neutralized samples. 

Muscle Redox Measurements 

For measurements of intracellular contents, tissues were blotted 

immediately after removal from the medium and homogenized in 2 ml of 

ice-cold 0.2 M HCI04• After centrifugation, 1.5 ml of the supernatant 

solution was adjusted with 2.5 M KOH, 0.1 M Pipes to pH 5.5-6.5. The 
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KCl0
4 

precipitate was removed by centrifugation for 2 min at 15,000g in 

an Eppendorf microcentrifuge. 

For determination of muscle lactate, pyruvate, and malate con

tents, the muscles were treated as described above. Intracellular 

contents of lactate and pyruvate were corrected for the metabolites 

found in the extracellular space of blotted diaphragms. The extra

cellular volume of the diaphragms was similar (0.35 ~l/mg muscle) to 

that reported previously (Fulks, Li and Goldberg 1975). Lactate in the 

medium and muscle was assayed spectrophotometrically (Hohorst 1965). 

For medium lactate, 0.2 ml of sample was added to 2.3 ml of buffer 

(0.5 M glycine, pH 9; 3 mM EDTA; 0.9% hydrazine hydrate; 0.8 mg NAD/ml), 

and for tissue lactate 0.3· ml of sample was added to 0.7 ml cf the same 

buffer in a microcuvette. Pyruvate in the medium was assayed spectro

photometrically (Bucher et al 1965) using 1 ml of sample and 1.5 ml of 

buffer (36 mM KH2P0
4

, pH 7.4; 6.4 mM EDTA; 0.13 mg NADH/ml). Pyruvate 

in the tissue was assayed fluorometrically with the same assay, using 

0.3 ml of sample and 1.7 mi of buffer (as above except for 2 ~g 

NADH/ml). Malate was also assayed fluorometrically (Williamson and 

Corkey 1969) using 0.1 ml of sample and 1.9 ml of buffer (0.5 M glycine, 

pH 9.5; 0.4 M hydrazine hydrate; 0.4 mg NAD/ml). All metabolites were 

assayed on the day of the experiment. 

Rates of protein degradation were measured by including 0.5 mM 

cycloheximide in the medium to inhibit protein synthesis (Fulks, Li and 

Goldberg 1975). At this concentration of cycloheximide, no effect on 

the lactate/pyruvate and malate/pyruvate ratios in the muscle could be 

• 



detected, and the inhibition of protein degradation in diaphragm by 

cycloheximide is generally small «6%). Under these conditions, the 

linear release of tyrosine from the muscle into the medium provides a 

measure of the rate of p~oteolysis (Fulks, Li and Goldberg 1975, Fig. 

2). Tyrosine in the medium and muscle was measured by a standard 

fluorometric procedure (Waalkes and Udenfriend 1957). 
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Differences between control and experimental conditions in 

diaphragm from the same animal were evaluated using the paired Student's 

t test. Comparison of measurements in muscles from different animals 

were analyzed using the unpaired Student's t test. 

Results 

Diaphragms incubated with leucine and cycloheximide release 

tyrosine into the medium at a linear rate for at least 2 h (Fig. 2A). 

This efflux of tyrosine must reflect the degradation of muscle protein, 

since the intracellular content of tyrosine remained constant during 

these incubations. Therefore release of tyrosine from diaphragms 

incubated with cycloheximide under either "experimental" (Fig. 2) or 

"control" (Fulks, Li and Goldberg 1975; data not shown) conditions pro

vides a measure of the rate of proteolysis. 

Rates of protein degradation were compared with the cytosolic 

free NADH/NAD ratio in muscle. In liver, the lactic dehydrogenase re

action has been used as an indicator of this parameter since the ratio 

of lactate/pyruvate is believed to be in equilibrium with the free 

cytosolic ratio of NADH/NAD (Williamson, Lund and Krebs 1967). Aoki et 

al (1975) proposed that ratios of lactate/pyruvate in the plasma reflect 



Figure 2. Intracellular and medium tyrosine contents and lactate/ 
pyruvate ratios in diaphragms incubated with leucine 

Incubations of diaphragms with O.SmM leucine were terminated at 30, 60, 
90, and 120 min (A,B). Tyrosine, lactate, and pyruvate were assayed 
in the medium and muscle extracts as described under Materials and 
Methods. Diaphragms were incubated for 2h with different concentra
tions ~f leucine as shown (C). Percent inhibition of proteolysis was 
calculated from the difference in tyrosine release into the medium 
seen in the absence and presence of leucine. Each point in these 
graphs represents the mean ± SEM for quarter-diaphragms from six 
animals. 



Figure 2. Intracellular and medium tyrosine contents and lactate/ 
pyruvate ratios in diaphragms incubated with leucine 
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changes in the NAD redox state of skeletal muscle. In the incubated 

diaphragm mU8cl&, however, it is not clear whether the ratio of lactate/ 

pyruvate in the extracellular space reflects this ratio intracellularly. 

In the presence of leucine the ratio of these metabolit~s in the muscle 

is greater than that in the medium (Fig. 2B). Although the intracellu

lar ratio of lactate/pyruvate remained constant between 30 and 120 min 

of incubation, this ratio in the medium was lower (p<0.05) at 120 min 

than at 30 min. The reason for the disparity in the medium and muscle 

lactate/pyruvate ratio is unknown. 

Previous results (Fulks, Li and Goldberg 1975, Chua, Siehl and 

Morgan 1979) showed that leucine lowers the rate of protein degradRtion 

in muscle. Leucine, at physiological concentrations (0.5 mM) seen in 

fasting rats (Adibi 1976), inhibited protein degradation (Fig. 2C, Table 

1). A further inhibition of proteolysis was observed when the leucine 

concentration was raised to 2 mM. At 0.5 and 2 mM leucine, the intra

cellular ratio of lactate/pyruvate increased in parallel with a fall in 

proteolysis (Fig. 2C). At 0.1 mM leucine, a concentration below normal 

plasma levels seen in fed rats (Mallette, Exton aand Park 1969, Adibi 

1971, Adibi 1976), neither proteolysis nor the lactate/pyruvate ratio 

changed appreciably. -In most subsequent experiments (Tables 1, 2) 2 mM 

leucine was used to obtain maximal effects, although it is clear that 

similar results are obtained at physiological concentrations. 

a-Ketoisocaproate, the transamination product of leucine, also 

inhibits proteolysis in skeletal muscle (Goldberg and Tischler 1981, 

Tischler, Desaultels and Goldberg 1982) and heart (Chua, Siehl, Morgan 
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Table 1. Measurements of redox state and proteolysis in the presence 
of branched-chain amino acids and a-ketoisocaproate 

Lactate/pyruvate 

Addition Muscle Medium 

Expt 1 

None 13.4 ± 0.9 14.2 ± 0.7 

Leucine 26.0 ± 1.9* 21.0 ± 0.8* 

Isoleucine 13.9 ± 1.1 14.0 ± 0.5 

Valine 12.9 ± 0.8 13.5 ± 1.0 

Expt 

None 14.5 ± 2.3 13.9 ± 0.9 

a-Ketoisocaproate 26.1 ± 3.3* 26.4 ± 2.3* 

Proteolysis 
(% of control) 

100 ± 3 

77 ± 2* 

97 ± 3 

105 ± 5 

100 ± 3 

81 ± 4* 

Diaphragms from fasted rats were incubated for 2 h with 
glucose (2.5 mM) and cycloheximide (0.5 mM) in the absence (control) 
or presence of amino acids (2 mM) or sodium a-ketoisocaproate (0.5 
mM). Data represent means ± SEM for 12-24 animals. 

*Significant1y different from control (p<O.005). 

16 



Table 2. Comparison of the redox state and proteolysis in the 
presence of leucine and proteinase inhibitors 

Ratio in muscle 

Lactate/ Ma1ate/ Proteolysis 
Addition pyruvate pyruvate (% of control) 

None 24.6 ± 1.8 2.4 ± 0.2 100 ± 5 

Leucine 36.0 ± 0.9* 3.1 ± 0.3* 75 ± 3* 

Chymostatin 15.7 ± 1.4* 1.3 ± 0.2* 56 ± 3* 

Leupeptin 20.7 ± 1. 7* 1.2 ± 0.1* 66 ± 2* 

Diaphragms from fed rats were incubated as in Table 1 with 
the additions shown: leucine (2 roM), chymostatin (20 11M), 1eupeptin 
(20 11M). Data represent means ± SEM for six animals. 

*Significant1y different from control (p<O.Ol). 
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1979). In this study, this effect was accompanied by a rise in the 

ratios of lactate/pyruvate in the muscle and medium (Table 1, Expt 2). 

In contrast, isoleucine or valine altered neither proteolysis nor the 

ra~io of lactate/pyruvate. In other experiments, addition to the medium 

of alanine, glutamate, glutamine, aspartate, or asparagine, which are 

also metabolized by muscle (Goldberg and Odessey 1972), did not alter 

the rate of protein degradation or the ratio of lactate/pyruvate in 

diaphragm (data are not shown). Therefore, leucine seems to be the only 

amino acid whose addition to the medium is followed by a lower release 

of tyrosine and an elevated ratio of lactate/pyruvate. 

Alterations of the muscle reduction-oxidation state were also 

measured by indicators of the ratio of NADPH/NADP. In liver, calcula

tion of the free cytosolic NADPH/NADP ratio has been estimated assuming 

equilibrium of-malic enzyme (Veach, Eggleston and Krebs 1969), by mea

suring the ratio of malate/pyruvate. Since large amounts of NADP-malic 

enzyme have been found in muscle (Frenkel 1971, Lin and Davis 1974), the 

intracellular ratios of malate/pyruvate were used to evaluate changes in 

the ratio of NADPH/NADP. Like the ratio of lactate/pyruvate, the ratio 

of malate/pyruvate was greater in the presence than in the absence of 

leucine (Table 2). Therefore, the NAD and NADP redox couples seem to be 

linked closely, changing concomitantly in muscle as they do in liver. 

In liver, transhydrogenase reactions provide a direct means for the 

interaction of these two redox couples (Danielson and Ernster 1963, 

Hommes and Estabrook 1963, Lee and Ernster, 1964). 
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To study further the correlation of proteolysis and the redox 

state of muscle, the effects of leucine and proteinase inhibitors on 

these parameters in diaphragm were compared. Leupeptin and chymostatin 

inhibit proteolysis in incubated diaphragm muscle (Libby and Goldberg 

1980, Table 2). Although these proteinase inhibitors lowered prote

olysis to a greater extent than did leucine, they caused the ratios of 

lactate/pyruvate and malate/pyruvate to fall, in contrast to the 

observations with leucine. Therefore, direct inhibition of muscle 

proteolysis seems to be associated with a decrease of the NAD(P)H/NAD(P) 

ratios while the inhibitory effects of leucine and ~-ketoisocaproate on 

muscle proteolysis are accompanied by an increase. 

Although these data indicate that rates of protein degradation 

in incubated diaphragm muscle are associated with ratios of NAD(P)H/ 

NAD(P), they do not show whether this association exists in vivo. To 

address this question, physiological conditions known to be catabolic to 

muscle (e.g., fasting, trauma) were induced and lactate/pyruvate and 

malate/pyruvate ratios were measured in fresh-frozen diaphragm (Table 

3). In accord with the in vitro data (Tables 1, 2), the muscle ratios 

of both lactate/pyruvate and malate/pyruvate were lower in diaphragms 

from fasted than from fed rats (Table 3). The in vitro measurements re

flect the accelerated proteolysis seen in fasting. In another study 

(Goodman, Ruderman, and Aoki 1978), the muscle ratio of malate/pyruvate 

was also lower in perfused hindquarters of 48 h fasted (M/P = 0.47) than 

of fed (M/P = 0.92) rats. However, they showed no difference in the 

lactate/pyruvate ratio of leg muscles in these animals while an earlier 



Table 3. Lactate/pyruvate and malate/pyruvate in fresh-frozen 
diaphragms from fed, fasted, adrenalectomized, and 
traumatized rats 
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Fresh-frozen muscle Release of tyrosine 
from incubated 

Physiological Lactate/ Ma1ate/ muscles 
condition pyruvate pyruvate (nmo1/mg musc1e/2 h) 

Expt 1 a 

Fed 83 ± 5 6.0 ± 0.4 0.45 ± 0.01 
Fasted 55 ;!: 4* 3.6 ± 0.1* 0.64 ± 0.01* 

Expt 2b 

Adrenalectomized 47 ± 3 6.0 ± 0.3 0.60 ± 0.02 
Adrenalectomized 

cortisol-treated 34 ;!: 8* 2.0 ± 0.1* 0.79 ± 0.04* 

Expt 3 c 

Normal 57 ± 7 6.2 ± 0.7 0.45 ± 0.02 
Traumatized 41 ± 4* 3.7 ± 0.5* 0.55 ± 0.02* 

Diaphragms from 5 to 10 animals were rinsed briefly in cold 
(4°C) incubation buffer, to remove blood, and then frozen between 
spatulas cooled in a dry ice-ethanol bath. This procedure was com
pleted within 1 min after animal sacrifice. Data represent means ± 
SEM. 

aFed ad libitum or deprived of food for 48 h prior to sacrifice. 

b Bilateral adrenalectomy was performed 6 days prior to 
sacrifice. Either 1% saline or 2 mg cortisol acetate/100 g body wt was 
then injected subcutaneously at 48 and 24 h prior to sacrifice, during 
which time the animals were deprived of food. 

cTraumatization was induced by a soft tissue injury to the left 
hindlimb of the rats 2 days prior to sacrifice (Tischler and Fagan, 
1983). 

*Significant1y different from control (p<0.05). 
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study by the same group showed a slightly greater ratio of lactate/ 

pyruvate in perfused hindquarters of fasted (L/P = 9.9) than fed (L/P 

8.7) rats (Ruderman, Schmahl, and Goodman 1977). A greater ratio for 

lactate/pyruvate in human okeletal muscle has been detected in long-term 

fasting. It should be noted, however, that in long-term fasting net 

protein catabolism declines relative to short-term (one-five days) fast

ing (Owen et al 1969). Hence, these data are not necessarily comparable 

to that for two days of food deprivation in the rat experiments, where 

proteolysis is accelerated. 

It is well known that adrenalectomized animals cannot respond to 

fasting, as do normal rats, since they are unable to mobilize muscle 

protein (Long, Katzin and Fry 1940). Circulating glucocorticoids, which 

are diminished markedly after adrenalectomy, may be needed for the 

acceleration of proteolysis in fasting (Goldberg et al 1980). Faster 

rates of protein degradation are observed in incubated diaphragms of 

fasted adrenalectomized animals treated with cortisol (Table 3). This 

greater rate of proteolysis coincided with a lower ratio of lactate/ 

pyruvate and malate/pyruvate in fresh-frozen muscle of the cortisol

treated rats. Likewise, in trauma, which is associated with accelerated 

muscle proteolysis, the ratios of lactate/pyruvate and malate/pyruvate 

in the fresh-frozen muscle were significantly lcwer than for normal 

animals (Table 3). 

Discussion 

When protein degradation is lowered in the presence of certain 

metabolites (e.g. leucine, a-ketoisocaproate) a concomitant increase 
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is seen in the lactate/pyruvate and malate/pyruvate (NAD(P)H/NAD(P)) 

ratios. In other words, the NAD and NADP redox couples seem to be more 

oxidized when the muscle is in a more catabolic state. This correlation 

may explain why the lactate/pyruvate and malate/pyruvate ratios were 

lower in incubated muscles, which are in a large negative nitrogen bal

ance, than in fresh-frozen muscles (Tables 1, 2, and 3). A major ex

ception to this correlation is the observation that although proteolysis 

is elevated in skeletal muscle of diabetic animals (Gan and Jeffay 

1967), the lactate/pyruvate ratio is greater in this tissue (Ruderman, 

Schmahl and Goodman 1977), as it is after long-term fasting (Aoki, 

Finley, and Cahill 1977). Such contradictions require additional 

investigation. 

Two possible schemes can explain the correlation between prote

olysis and the muscle redox state (Fig. 3). In scheme A the action of 

metabolites and hormones on proteolysis precedes changes in the ratios 

of NAD(P)H/NAD(P). (The redox components are designated in general as 

Sreduced and Soxidized') Protein degradation must cause subsequently an 

oxidation of these couples, so that inhibition of protein breakdown by 

metabolites and hormones would lead to the observed increase of (lactate 

or malate)/pyruvate ratios. In scheme E, the sequence involves redox 

changes preceeding the inhibition or acceleration of proteolysis. In 

this case, metabolic pathways (e.g. glycolysis), whose flux can be 

altered by the availability of hormones and metabolites, would compete 

with protein degradation for available oxidizing equivalents. 
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These possibilities can be distinguished by using proteinase 

inhibitors which would not be expected, by themselves, to alter directly 

the NAD(P)H/NAD(P) ratios. The molecular size of leupeptin and chymo

statin precludes their uptake by mitochondria and their effectiveness at 

very low concentrations (20~M) assures that any products of their break

down (e.g. leucine) would not be present in sufficient amounts to alter 

the redox state. In scheme A, direct inhibitions of proteinases to 

lower proteolysis would produce an increase of NAD(P)H/NAD(P), whereas 

in scheme B a decrease of these ratios would be expected. The data in 

Table 2 are consistent with the sequence of events illustrated in scheme 

B. 

In scheme B catabolism of leucine and a-ketoisocaproate could 

account for their inhibitory effects on proteolysis, since the oxidative 

decarboxylation of a-ketoisocaproate either added to the medium or gen

erated during the transamination of leucine could produce NADH via 

a-ketoisocaproic dehydrogenase reaction (Odessey and Goldberg 1979). In 

muscles of fasting animals, 86-89% of the a-(1-14C)ketoisocaproate pro

duced from (1-14C)leucine is decarboxylated to produce 14C02 (Chang and 

Goldberg 1978, Odessey and Goldberg 1979), so that in experiments with 

fasted animals (Fig 1; Table 1), the a-ketoisocaproate would be metabol

ized rapidly. Even though this reversible decarboxylation of a-keto

isocaproate proceeds more slowly in fed rats, the rate of this process 

in diaphragms of fed rats incubated with 2 mM leucine is similar to that 

for this muscle of fasted rats incubated with 0.5 mM leucine (Goldberg 

and Odessey 1972, Odessey and Goldberg 1972). This result can explain 
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why catabolism of leucine (2 roM) in diaphragms of fed rats might in-

crease the ratios of NAD(P)H/NAD(P) (Table 2) and lead to an inhibition 

of proteolysis. The inability of certain metabolites (e.g., other amino 

acids, Table 2, Tischler 1980) to inhibit protein degradation in 

incubated, resting skeletal muscle may be explained by their failure to 

alter the redox state appreciably. On the other hand, in the working 

heart preparations used by Morgan and colleagues (Chua, Siehl and Morgan 

1979, Chua et al 1979), metabolites (e.g., lactate, acetate) may be used 

more rapidly causing an increase in the ratios of NAD(P)H/NAD(P) and an 

inhibition of proteolysis. 

The role of the redox state in the regulation of metabolic path-

ways is well known. Variation of the NADH/NAD ratio can affect the flux 

through a number of dehydrogenase reactions (e.g., a-ketoisocaproic 

dehydrogenase (Buse et al 1980)). Furthermore, these coenzymes can 
• 

alter, allosterically, the activities of certain enzymes (e.g., pyruvate 

dehydrogenase (Randle et al 1966)). The data presented here suggest 

that the proteolytic pathway may also be regulated in some way'by 

changes in the cellular reduction-oxidation state. This idea is attrac-

tive since it would provide a common mechanism for the regulation of 

proteolysis by metabolites and hormones. Thus the balance of these sub-

stances under various physiological conditions could regulate, at least 

in part, the rate of muscle protein breakdown. 



CHAPTER 3 

PROTEIN DEGRADATION AND THE REDUCTION-OXIDATION STATE IN 
SKELETAL MUSCLE OF THE DIABETIC RAT 

Abstract 

Insulin-dependent diabetes was chemically induced in the rat by 

streptozotocin injection. Protein metabolism and the reduction-oxida-

tion state in the soleus and extensor digitorum longus (EDL) muscles was 

monitored over 21 days. The NAD redox couple was avaluated from the 

lactate/pyruvate ratios in incubated and fresh frozen muscles. Rates of 

net prot~in degradation and synthesis in the incubated muscles were mea-

sured by the release of tyrosine into the medium and incorporation of 

(U_14C) phenylalanine into muscle protein, respectively. In both the 

soleus and EDL muscles two and four days post-streptozotocin injection, 

the lactate/pyruvate ratio was decreased and rates of protein degrada-

tion were elevated when compared with controls. Conversely six, eight, 

12, and 21 days post-injection, muscles had lower rates of proteolysis 

and elevated lactate/pyruvate ratios. These results support further the 

association between proteolysis and muscle redox state and show that 

these parameters are dependent on the duration and possible severity of 

diabetes. In addition, the changes in protein metabolism throughout the 

duration of diabetes differ in the soleus and EDL muscles. When ex-

pressed as a percent of control, EDL muscles had greater rates of 

proteolysis and lower rates of protein synthesis in vitro relative to 

26 
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the soleus muscle during the course of diabetes. Accordingly, the EDL 

failed to grow over the 21 days monitored, whereas the muscle protein of 

the soleus increased. In long-term diabetes, a decrease in muscle 

growth relative to control animals occurs despite the fall in prote

olysis. This observation can be accounted for by the marked decrease in 

protein synthesis throughout the 21 days of streptozotocin-diabetes. 

Introduction 

Recently, it has been suggested that muscle proteolysis may be 

regulated by the cellular reduction-oxidation state (Chapter 2, Aoki, 

Finley, and Cahill 1977, Tischler and Fagan 1982). Physiological states 

and agents which promote protein catabolism were shown to be associated 

with an oxidation of the NAD(P) redox couple whereas agents which in

hibited proteolysis resulted in a reduction of the muscle NAD(P) redox 

couple. However, uncompensated diabetes was thought to represent a pos

sible exception to this muscle redox state-proteolysis relationship. 

Muscle wasting, which is common to the diabetic state, requires that 

rates of protein degradation exceed the rates of protein synthesis in 

muscle. According to the muscle redox state-proteolysis hypothesis pre

sented in Chapter 1, an oxidation of the NAD redox couple should then be 

expected in muscles from diabetic animals. This is in contrast to the 

reduction of the NAD redox couple observed in diabetic muscle (Ruderman, 

Schmahl and Goodman 1977). 

Insulin-dependent diabetes, without insulin replacement, results 

in a loss of body protein inevitably due to a decrease in the rate of 

muscle protein synthesis and/or a stimulation of muscle proteolysis. 
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Relative or absolute insulin lack has been shown to inhibit muscle pro

tein synthesis, both in vivo and in vitro (Flaim, Copenhaver and 

Jefferson 1980, Garlick et al 1981, Odedra, Dalal, and Millward 1982). 

Rates of muscle proteolysis have been shown to increase when muscles 

were incubated in the absence of insulin (Fulks, Li and Goldberg 1975, 

Jefferson, Li and Rannels 1977, Goldberg et al 1980). Rates of muscle 

protein degradation in the uncompensated insulin-dependent diabetic 

patient or animal were reported to increase (Garlick et al 1981, 

Goodman, Ruderman and Aoki 1978, Huszar et al 1982, Marchesini et al 

1982, Wakhooda, Wei and Marliss 1980), not change (Buse et al 1980) or 

perhaps decrease (Millward et al 1976). It was the intent of the pres

ent study to examine 1) whether rates of protein degradation were in

creased or decreased, 2) whether the NAD redox couple was more oxidized 

or reduced, and 3) whether rates of muscle proteolysis and the tissue 

reduction-oxidation state were dependent on the duration of diabetes. 

Materials and Methods 

Materials 

Cycloheximide, NADH, NAD, lactic dehydrogenase (rabbit muscle, 

type II), malic dehydrogenase (porcine heart), streptozotocin, and 

plasma glucose kits were purchased from Sigma. ( 14C) Inulin and (14C) 

phenylalanine were purchased from ICN. 

Animals and Treatments 

Male Sprague-Dawley rats (90-150g) were bred by the Division of 

Animal Resources at the University of Arizona, Tucson, were housed in 
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metal cages and maintained on a 12 hr light-dark cycle at 20°C. Animals 

were deprived of food six hours prior to injection of streptozotocin or 

saline because of the potential protective effects of glucose on pancre

atic s-cell damage by streptozotocin or alloxan (Idahl et al 1977). 

Streptozotocin was dissolved in cold NaCl (0.9%) pH 4.0, and 125 mg/kg 

injected intraperitoneally (approximate injection volume 0.5 ml) within 

five-ten minutes. Saline (0.5 ml) was administered to control animals. 

Animals were allowed free access to food and water two hours following 

injection. Body'weight, food consumption and water intake was monitored 

over 21 days following streptozotocin or NaCl injection (Fig. 4). The 

day following the six hr fast (day 1), streptozotocin-injected animals 

consumed significantly less food per gram body weight. Thereafter, food 

consumption and water intake increased (as also observed by Frayn 1981), 

exceeding that of the age-matched controls. Body weight in the 

streptozotocin-diabetic rats did not change significantly. Due to the 

lack of growth in the diabetic animals, muscle-weight matched controls, 

and in some cases, both muscle-weight matched and age-matched controls 

were utilized. Body weight was not used as a measurement parameter 

since the abdominal and pelvic cavities became progressively more en

gorged with foodstuffs contributing more in percentage to total body 

weight and may thus overestimate lean body weight. 

Rats were sacrificed between 7 and 9 AM by decapitation with a 

guillotine and whole blood collected from the severed vessels of the 

neck into heparin/fluoride anticoagulant tubes on ice. These tubes con

tained 140 ~l of an anticoagulant solution (4 gm Na fluoride, 0.5 gm 
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Figure 4. Food consumption, water intake and body weight in 
streptozotocin-diabetic rats 

Food consumption (g/lOOg body weight), water intake (mls/100g body 
weight) and body weight (g) was monitored in streptozotocin-diabetic 
rats (n=5) and normal rats of the same age (n=5) over 20 days. 
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heparin/IOO ml) which was allowed to dry and then was stored covered at 

room temperature until use. Tubes were spun in a refrigerated centri

fuge for 20 minutes at 1,000 X g. Plasma (0.2 ml) was deproteinized 

with 1.0 ml of 0.3 N BaOH2 solution (Sigma no. 14-3), 1.0 ml of 0.3 N 

ZnS0
4 

solution (Sigma no. 14-4) and 1.8 ml water. Plasma glucose, 

determined by the enzymatic colorimetric method (Raabo and Terkildsen 

1960) was significantly (p<0.OO1) elevated (20-41 mM) in all strepto

zotocin-injected animals throughout the 21 day period when compared to 

fed controls (7-8 mM). 

Muscle Preparations 

Soleus and extensor digitorum longus muscles were quickly (with

in 1-3 minutes) and carefully excised, blotted and weighed. Some 

muscles were then frozen in a dry ice:95% ethanol bath and homogenized 

in 2 ml perchloric acid (0.2 N). Other muscles were preincubated for 30 

minutes in a 37°C gyrotory water bath shaker in 25 ml stoppered flasks 

containing 3 ml Krebs-Henseleit buffer (Krebs and Henseleit 1932) equi

librated with 95% O2 : 5% CO2 containing the additions as indicated in 

the tables. Muscles were transferred to flasks containing fresh media 

and radioactive precursors, where indicated, gassed with 95% 02 : 5% CO
2 

for 3 minutes and then incubated for 2 hours in a 37°C gyrotory water 

bath shaker. Incubations were terminated by removing the muscle from 

the flask, gently blotting the tissue and homogenizing in 2.0 ml per

chloric acid (0.2 N). The incubation medium was heated in boiling water 

for 3 minutes. 
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Muscle protein precipitated with perchloric acid was washed 

twice with 10% trichloroacetic acid and then washed with 95% ethanol 

ether (1:1). The protein pellet was suspended in 1N NaOH (carbonate 

free) and assayed by the method of Lowry et al (1951). Muscles from 

diabetic rats had greater amounts of protein when expressed per mg wet 

weight (prior to incubation) or dry weight (weighed immediately follow

ing lyophilization)" (Table 4). This may be understood as a loss of 

muscle water (change in wet weight) and or a loss of non-protein weight 

(change in dry weight). In the soleus, the increase in the wet weight/ 

dry weight (mg/mg) ratio indicates a loss in non-protein stores. In the 

extensor digitorum longus, because both the protein/wet and dry weight 

ratio increases in diabetic muscle while the wet/dry weight ratio 

decreases, a greater decrease in muscle water must occur relative to the 

loss in non-protein stores. Due to these changes in non-protein stores 

and water content, data are expressed per mg protein instead of per mg 

muscle. 

Muscle Redox Measurements 

After centrifugation (10 min at 1,000 X g) of the perchloric 

acid homogenate, 1.5 ml of the supernatant was adjusted to pH 5.5-6.5 

with 2.5 M KOH, 0.1 M Pipes. The perchlorate precipitate was then 

pelle ted by centrifugation (10 min at 1,000 X g). The supernatant was 

assayed spectrophotometrically for lactate (Hohorst 1965) and fluoro

metrically for malate (Williamson and Corkey 1969) and pyruvate (Bucher 

et al 1965). The intracellular contents of lactate and pyruvate were 

corrected for these metabolites found in the extracellular space. 



Table 4. Protein content of leg muscles from normal and streptozotocin-diabetic rats 

Days after Soleus Extensor Digitorum Longus 

streptozotocin Wet weight Protein Protein Wet weight Protein Protein 

administration Dry weight Wet weight Dry weight Dry weight Wet weight Dry weight 

0 4.07±0.06 0.178±0.00l 0.720±0.01S 4.3l±0.02 0.17l±0.007 0.749±0.034 

6 4.3l±0.04* 0.202±0.010 0.871±0.046* 4.15±0.06 0.190±0.004 0.806±0.027 

12 4.49±0.09* 0.216±0.003t 0.970±0.034t 4.2l±0.04 0.203±0.01l 0.853±0.038 

21 4.37±0.03* 0.229±0.007t 0.991±0.067 4.08±0.02t 0.225±0.004t 0.918±0.015t 

Values are means ± SE for 5 muscles. Measurements are describedtin Materials and Methods. 
Significantly different from muscle weight-rr~tched controls at *p<0.05; p<O.Ol by unpaired 
Student's t test. 

w 
w 
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Extracellular lactate and pyruvate were assayed spectrophotometrically. 

The medium and tissue samples were assayed for lactate and pyruvate the 

same day of the experiment. Extracellular space was estimated in the 

soleus and extensor digitorum longus from 5 animals/day of diabetes by 

the volume of 14C inulin measured during a 30 min incubation. Inulin 

space progressively increased after streptozotocin administration. 

Inulin space (~1/mg wet weight, n=5 per group) in the soleus was as 

follows: day 0 = 0.193 ± O.OOS, day 2 = 0.220 ± 0.010, day 6 = 0.256 ± 

0.009, day 12 = 0.249 ± 0.029, and day 21 = 0.291 ± 0.014. In the 

extensor digitorum longus, 14C inulin space (~1/mg wet weight/30 min) at 

day 0 = 0.1S0 ± 0.005, day 2 = 0.205 ± 0.011, day 6 = 0.247 ± 0.011, day 

12 = 0.257 ± 0.014 and day 21 = 0.253 ± 0.011. 

Muscle Protein Turnover Measurements 

Protein synthesis was estimated by the amount of (U_14C) phenyl

alanine (0.5 mM, 0.1 mCi/m mol) incorporated into acid and ethanol 

ether washed muscle protein after a 2 h incubation (Fulks, Li and 

Goldberg 1975). Muscles were then homogenized in 3 ml 10% trichloro

acetic acid and centrifuged for 10 min at 1,000 X g. The protein pellet 

was washed twice with 3 ml 10% trichloroacetic acid and twice with 3 ml 

95% ethanol: ether (1 :1). Water (0.05 ml) was added to each pellet, 

mixed, and then 0.25 ml protosol was added, mixed, capped and incubated 

at 37°C for approximately S h. The (U_14C) phenylalanine incorporated 

into the solubilized pellet was counted in 5 ml cytoscint. 

In some experiments, rates of muscle protein degradation were 

estimated as the amount of tyrosine released/mg protein/2 h in the 
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presence of 0.5 mM cycloheximide, a protein synthesis inhibitor (see 

Chapter 2). Tyrosine released from the muscle into the medium over the 

2 h incubation occurs in the absence of significant changes of the 

tyrosine pool in soleus and extensor digitorum longus muscles (Tischler 

and Fagan 1983). Medium tyrosine was determined fluorometrically 

(Waalkes and Udenfriend 1957). In other experiments, rates of protein 

degradation were calculated as the amount of tyrosine released into the 

medium (in the absence of cycloheximide) plus rates of protein synthesis 

X 0.77 (Tischler, Desaultels and Goldberg 1982) gave similar values in 

both diabetic and control muscles to proteolysis measurements estimates 

in the presence of cycloheximide. For example, rates of protein degra

dation in contralateral soleus muscles from 12 day diabetic rats were 

0.237 ± 0.006 (without cycloheximide) and 0.247 ± 0.010 nmoles tyrosine/ 

muscle/2 h (with cycloheximide). In the extensor digitorum longus, 

rates of protein degradation estimated in the presence of cycloheximide 

were 0.250 ± 0.006 and 0.257 ± 0.005 nmoles tyrosine/mg muscle/2 h in 

the absence of cycloheximide. 

Results 

Rates of protein degradation were significantly elevated on days 

two and four following streptozotocin injection relative to weight

matched control values of both soleus (Table 5) and extensor digitorum 

longus (Table 6) muscles. In these same incubated diabetic muscles, as 

well as the contralateral fresh-frozen muscles, the tissue lactate/ 

pyruvate ratios were lower. Between six and 12 days post-streptozotocin 

administration, rates of proteolysis decreased and incubated and 



Table 5. Redox state and proteolysis in the soleus muscle of streptozotocin-diabetic rats 

Days after Protein degradation Ratio of lactate/pyruvate Fresh 

streptozotocin (nmol/mg protein/2h) Medium Incubated Fresh muscle 

adminis tration muscle muscle malate/ 
pyruvate 

o (20) 1. 36±0.04 9.l±O.7 78 ± 6 50±2 7.7±0.7 

2 (25) 1. 75±0.07 t 10.1±O.5 50 ± 4t 37±3* 6.5±0.4t 

4 (10) l.48±0.03 t 1l.4±0.8 t 41 ± 7* 34±3* 5.2±0.5
t 

6 (15) l. 24±0.03 t 16. 3±1. 7* H0±13 t 97±8* 13. 3±l. 2* 

8 (10) 1.05±0.04* 10.5±1.5 101± 4 t 59±5t 6.8±0.8 

12 (20) 0.78±0.03* H.3±O.9 269±4l* 77±6* 9. 9±1. 3 

21 (5) 0.96±0.03* 1l.6±l.l 96±24 59±10 lO.O±l. 7 

Muscles from normal and streptozotocin-diabetic rats were either fresh frozen or incubated 
for 2h in 5mm glucose, 0.5mm cycloheximide, and normal rat plasma concentrations of amino acids 
(except for the omission of tyrosine, alanine, glutamine and glutamate). Number of animals per 
group is given in parentheses. 

Significant differences from the muscl; weight-matched controls at *p<O.OOl or t p<0.05 by 
the' unpaired Student's t test are as indicated. 

t 

VJ 
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Table 6. Redox state and proteolysis in the extensor digitorum longus muscle of streptozotocin
diabetic rats 

Days after Protein degradation Ratio of lactate/pyruvate Fresh 

streptozotocin (nmo1/mg protein/2h) Medium Incubated Fresh muscle 

administration muscle muscle malate/ 
pyruvate 

0 1.56±O.O2 8. 4±O.1 60± 3 349± 26 7.8±O.1 

2 1. 83±O.O6* 8.2±O.3 46± 2t 192± 31* 8.1±O.9 

4 1. 73±O.O8* 9.0±O.4 t 42± 3t 237± 27t 6.2±O.7* 

6 1. 34±O.O3* 12.6±1.0* 133±13* 647± 83* 17.5±2.0* 

8 1.14±O.O4* 12.6±O.9* 95±18* 516± 42* 10.0±O.8* 

12 O.82±O.O4* 1l.7±O.6* 183±23* 564± 54* 14. 7±1. 5* 

21 O.98±O.O4* 1l.3±O.4* 105±17* 872±145* 22.5±2.4* 

Data are from the same experiment as in Table 5. 

Significantly different from the muscle weight-matched controls at *p<O.OOl; t p<O.Ol, 
by the unpaired Student's t test. 

Vol 
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fresh-frozen tissue lactate/pyruvate ratios increased. Although at 21 

days after streptozotocin administration, the muscles had decreased 

rates of proteolysis and increased lactate/pyruvate ratios relative to 

controls, these differences were generally less than those from 12 day 

diabetic animals. When protein degradation and incubated tissue 

lactate/pyruvate ratios in diabetic muscles are expressed as percent 

difference from control (Figs 5, 6), a clear relationship between incu

bated tissue lactate/pyruvate and proteolysis becomes readily apparent. 

Between day four and six, the muscle NAD redox couple of the diabetic 

animals changed from an oxidized state (decre~sed NADH/NAD ratio as 

estimated by the lactate/pyruvate ratio) to a reduced state (increased 

lactate/pyruvate ratio) relative to controls. This transition was due 

to both an increase in the intracellular lactate content and a decrease 

in the intracellular pyruvate content in both soleus and extensor digi

torum longus muscles (Fig 7). The additional increase in the incubated 

tissue lactate/pyruvate ratio that occurred between six and 12 days 

after streptozotocin administration was mainly due to a drop in the 

intracellular pyruvate content since the intracellular lactate content 

did not increase further (compared to day six). The tissue lactate/ 

pyruvate ratio 21 days post-streptozotocin injection was lower compared 

to day 12 due to the relative fall in the intracellular lactate content. 

The lactate/pyruvate ratio, however, was still significantly greater in 

the extensor digitorum longus muscle of 21 day diabetic rats than in 

muscles of weight-matched controls (Table 6). 
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Figure 5. Protein degradation and incubated tissue lactate/pyruvate 
in the soleus muscle of streptozotocin-diabetic rats 

Protein degradation (0, nmol tyr/mg protein/2h) and incubated tissue 
lactate/pyruvate ratios (0) of diabetic rats (n=5-25 as indicated in 
the parentheses) are expressed as percent difference from muscle 
weight-matched controls (.-., n=20 animals) where *p<O.002, tp<O.Ol 
and §p<O.05. 
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Figure 6. Protein degradation and incubated tissue lactate/pyruvate 
in the extensor digitorum longus muscle of streptozotocin
diabetic rats 

Analysis of the data are as indicated in Figure 5. 
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Figure 7. Incubated tissue content of lactate and pyruvate in 
muscles of streptozotocin-diabetic rats 

Incubated tissue content of lactate (0, nmol/mg protein) and 
pyruvate (., nmol/mg protein) in soleus and extensor digitorum 
longus muscles of streptozotocin-diabetic rats is represented as the 
mean ± SEM for 5-20 animals. *Significant (p<0.05) change in tissue 
contents between days are as indicated. 
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The medium lactate/pyruvate and tissue malate/pyruvate ratios 

were thought to be indicative of the muscle cytoplasmic NAD and NADP 

redox couple respectively (Chapter 2, Tischler and Fagan 1982). These 

ratios generally appear to be qualitatively but not quantitatively simi

lar to the intracellular NADH/NAD ratio as estimated by the intracellu

lar lactate/pyruvate ratio in soleus or extensor digitorum longus 

muscles during the course of diabetes. In the soleus muscle, the 

malate/pyruvate ratio is decreased after two and four days of diabetes 

relative to muscles from normal control animals (Table 5). Greater 

malate/pyruvate ratios on day six and 12 relative to controls correspond 

to the increased fresh muscle ratios of lactate/pyruvate. In the exten

sor digitorum longus muscle, the decrease in the fresh muscle malate/ 

pyruvate ratio on day four of diabetes and the increase in this ratio 

six, eight, 12 and 21 days after streptozotocin administration were 

associated with similar changes in the intracellular lactate/pyruvate 

ratio (Table 6). The medium lactate/pyruvate ratio was generally in

creased after six days of diabetes in the soleus and extensor digitorum 

longus muscles (Tables 5, 6). 

The intracellular lactate/pyruvate ratios in the incubated ex

tensor digitorum longus muscle, relative to the fresh tissue ratio, are 

usually decreased in diabetic, as well as control and starved rats 

(Chapter 5, 6). The soleus lactate/pyruvate ratio in the incubated and 

fresh tissue seems to be more closely related in the streptozotocin dia

betic and small control rats. The reasons for these discrepencies are 

unclear. 
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Unlike the oscillatory response of protein degradation and the 

lactate/pyruvate ratio in muscles of advancing streptozotocin-diabetic 

rats (where the initial accelerated rates of proteolysis were followed 

by slower rates of proteolysis, and the initial decrease in the lactate/ 

pyruvate ratio was followed by an increase) rates of muscle protein 

synthesis were depressed throughout the 21 days following streptozotocin 

administration (Tables 7, 8). Rates of protein synthesis, when ex

pressed as a percent of muscle weight- or age-matched controls, were 

consistently smaller in the extensor digitorum longus than the soleus. 

In contrast, rates of protein degradation were generally greater for the 

extensor digitorum longus than for the soleus. These results are indic

ative of a greater turnover of muscle proteins in the extensor digitorum 

longus than in soleus muscles from diabetic rats. These results are 

also reflected in the protein turnover measurements when expressed as 

the percent of animal age-matched controls. However, there are smaller 

absolute percent differences between the six, 12 and 21 day diabetic 

animals and the animal age-matched controls. This is due to the slow 

rates of both protein synthesis and degradation in soleus and extensor 

digitorum longus muscles of older animals (Chapters 4, 5). Neverthe

less, net protein breakdown when expressed as the percent of the muscle 

weight-matched or animal age-matched control, is consistently greater 

for the extensor digitorum longus than for the soleus between six and 21 

days post-streptozotocin injection. This difference in net protein 

breakdown between the soleus and extensor digitorum longus muscles is 

also observed in vivo, where muscle growth after streptozotocin 



Table 7. Protein turnover in soleus muscles of streptozotocin
diabetic rats 

Days after Net protein Protein Protein 
breakdown synthesis degradation 

streptozotocin 
% muscle % animal % muscle % animal % muscle % animal 

administration weight- age- weight- age- weight- age-
matched matched matched matched matched matched 
control control control control control control 

2 144 ± 4* 53 ± 3* 109 ± 2§ 

6 73 ± 7t 83 ± 6§ 74 ± 5* 71 ± 5* 75 ± 5* 72 ± 5* 

12 77 ± 7t 64 ± 6* 48 ± 6* 50 ± 5* 65 ± 2* 79 ± 3* 

21 69 ± 6* 95 ± 4 55 ± 5* 69 ± 4* 63 ± 2* 83 ± 2* 

Muscles from normal and streptozotocin-diabetic rats were 
incubated as described in Materials and Hethods. Data are calculated 
as nmo1 tyr/mg protein/2h and expressed relative to animals of the 
same age or muscles of the same size. Values are means ± SEM for 10 
animals. 

Significantly different from muscle- or age-matched controls 
at *p<O.OOl; tp<O.Ol; p§ 0.05 by the unpaired Student's t test. 
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Table 8. Protein turnover in extensor digitorum longus muscles of 
streptozotocin-diabetic rats 

Days after Net protein Protein Protein 
breakdown synthesis degradation 

streptozotocin 
% muscle % animal % muscle % animal % muscle % animal 

administration weight- age- weight- age- weight- age-
matched matched matched matched matched matched 
control control control control control control 

2 136 ± 7* 42 ± 5* 114 ± 6§ 

6 108 ± 3 § 94 ± 4 47 ± 4* 67 ± 3* 92 ± 2t 90 ± 3t 

12 88 ± 3t 103 ± 4 41 ± 4* 45 ± 3* 76 ± 2* 88 ± 3* 

21 95 ± 6 113 ± 4 t 33 ± 4* 60 ± 5* 74 ± 3* 100 ± 4 

Muscles from normal and streptozotocin-diabetic rats were 
incubated as described in Materials and Methods. Data are calculated 
as nmol tyr/mg protein/2h and expressed relative to animals of the 
same age or muscles of the same size. Values are means ± SEM for 10 
animals. 

. Significantly different from muscle- or age-matched controls 
at *p<0.001; tp<O.Ol; §p 0.05 by the unpaired Student's t test. 
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injection is significantly greater in the soleus (Table 9). In fact, 

muscle growth did occur in the soleus muscle up to 12 days post-strepto

zotocin injection, but this is significantly less than would occur in 

the normal growing rat (Chapter 5). The relative fall in soleus and ex

tensor digitorum longus protein between 12 and 21 days is consistent 

with the relative increase in muscle protein degradation and the corre

sponding oxidation of the NAD redox couple (Tables 5, 6, Figs 5, 6), 

although, the increase in proteolysis between 12 and 21 days of diabetes 

did not occur in all animals in every experiment (Tables 4, 5). After 

21 days post-streptozotocin injection, animal mortality significantly 

increased. 

Discussion 

The insufficient or lack of secretion of insulin in the strepto

zotocin-diabetic rat results in altered rates of muscle protein turnover 

and changes in the muscle reduction-oxidation state (Tables 5-9, Figs 5, 

6). The previously reported fall in muscle protein synthesis (Millward 

et al 1976, Flaim, Copenhaver and Jefferson 1980, Garlick et al 1981, 

Odedra, Dalal and Millward 1982) was observed throughout the twenty-one 

days of streptozotocin-induced diabetes in the rat soleus and extensor 

digitorum longus muscle (Tables 7, 8). Rates of protein degradation 

increased during the inital phase of diabetes (up to day four), but then 

dropped below muscle weight-matched control values six to 21 days 

following streptozotocin administration. The discrepancies in the 

literature pertaining to whether proteolysis in muscles from diabetic 

patients and animals was increased or decreased (Millward et al 1976, 



Table 9. Leg muscle growth in diabetic rats 

Days Total protein mass 

streptozotocin 

administration 

6 

12 

21 

(mg protein/wet weight) X (wet weight) 

Soleus 

113 ± 4* 

128 ± 6* 

118 ± 5* 

(% of initial) 

Extensor 
digitorum 
longus 

Initial protein mass was calculated using the initial body 
weights, muscle wet weights and protein contents of the animals and 
the linear relationship (r = 0.98 for the soleus and r = 0.99 for the 
extensor digitorum longus) between leg muscle weight and weights of 
the normal fed rats (Chapter 5). 

47 

*significant difference (p<0.05) from initial protein content 

tsignificant difference (p<O.Ol) from the percentage for soleus 
muscle. n = 5 per group. 
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Dice et al 1978, Nakhooda, Wei and Marliss 1980, Garlick et al 1981) was 

likely to have been due to this observed oscillatory pattern. These 

dissimilar rates of muscle protein degradation measured by various in

vestigators may be due to the severity and/or duration of diabetes in 

rapidly growing or adult animals, as well as the different methodo

logical procedures utilized. 

Like protein degradation, muscle redox state varied with the 

duration of diabetes. The direction of change of the lactate/pyruvate 

ratio was inversely related to rates of proteolysis; decreased rates of 

proteolysis were associated with increased lactate/pyruvate r~tios, and 

vise versa. During the initial four days following streptozotocin ad

ministration, the intracellular lactate/pyruvate ratio decreased in both 

soleus and extensor digitorum longus muscles. Six to twelve days post

injection, the muscle NAD redox couple became significantly more reduced 

than control muscles. A decrease in the tissue lactate/pyruvate ratio 

in hemidiaphragms of two day alloxan-diabetic rats (Garland, Newsholme 

and Randle 1964), no difference in the lactate/pyruvate ratios between 

control and five-day diabetics (Buse et al 1980), or an increase in the 

lactate/pyruvate ratio (Ruderman, Schmahl and Goodman 1977) have also 

been reported by other investigators. 

The sequence of metabolic events leading to the initial oxida

tion and eventual reduction of the NAD redox couple in the diabetic mus

cles is not obvious from this study, since it was limited to the mea

surement of muscle redox state and protein turnover. However, shortly 

after the onset of insulin-dependent diabetes, other investigators have 
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observed a decrease in the muscle NADH/NAD ratio (Garland, Newsholme and 

Randle 1964, Kerbey et al 1976, Kerbey, Radcliffe and Randle 1977). As 

a result of insulin deficiency, triglycerides, fatty acids and ketone 

bodies become elevated in plasma and muscle (Garland and Randle 1964, 

Wahren et al 1972, Buse et al 1980, Stearns and Benzo 1981) and are 

preferentially metabolized by muscle (Randle et al 1966). The increased 

availability and oxidation of fatty acid and/or ketone bodies has been 

shown to decrease the release of alanine and tyrosine from muscle and 

decrease urinary nitrogen excretion (Sherwin, Hendler and Felig 1975), 

inhibit net protein catabolism (Palaiologos and Felig 1975) and increase 

the muscle ratio of NADH/NAD (Kerbey et al 1976). The reducing equiva

lents formed during fatty acid oxidation may also reduce the flux 

through the citric acid cycle (Krebs 1967). Whether the metabolic 

events that follow the alteration from carbohydrate to fatty acid as the 

primary respiratory fuel induce the oscillatory pattern of muscle pro

tein degradation in uncompensated diabetes is unknown. 

Oxidation of leucine, a branched-chain amino acid, by muscle is 

stimulated in diabetic rats (Buse, Herlong and Weigand 1976). However, 

when isolated muscles from five- to 12-day diabetic rats were incubated 

in the presence of an electron acceptor, leucine oxidation was greatly 

elevated and alanine release increased. This indicated that, although 

leucine oxidation was increased in diabetic muscles, rates of leucine 

oxidation were below their potential maximum possibly due to the re

straining effect of the redox potential. It was suggested that the 

oxidative decarboxylation of a-ketoisocaproic acid, the a-ketoacid of 
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leucine, was limited by the low concentration of NAD, and it was pro

posed that NAD was rate-limiting for leucine oxidation by muscle in 

diabetes. The decreased availability of NAD, or the resulting increase 

in the NADH/NAD ratio may also playa role in the inhibition of muscle 

proteolysis. As illustrated in this study, the rate of protein degra

dation fell below control values, concurrently with an increase in the 

lactate/pyruvate ratio, the cytoplasmic indicator of the NADH/NAD ratio. 

This is consistent with the findings in prolonged fasting in man where a 

progressive increase in the blood ratio of lactate/pyruvate and 

S-hydroxybutyrate/acetoacetate have been reported (Aoki et al 1975). 

During a prolonged fast, muscle protein breakdown has been shown to de

crease as estimated by the fall in urinary excretion of nitrogen (Cahill 

et al 1966) and 3-methylhistidine (Young et al 1973). 

Inhibition of proteolysis by substrates and hormones in muscle 

is associated with an increase in reducing equivalents. Conversely, 

physiologic states (e.g., trauma, short-term starvation) and hormones, 

which increase proteolysis are associated with an oxidation of the mus

cle (Chapter 2, Aoki, Finley and Cahill 1977, Tischler and Fagan 1982). 

In this study, the initial response of muscles following streptozotocin 

administration, involved both an increase in proteolysis and an oxida

tion of the NAD redox couple (decreased lactate/pyruvate ratio). Six to 

21 days post streptozotocin administration, rates of protein degradation 

decreas8d below control values with a corresponding reduction of the 

redox state in muscle (increased lactate/pyruvate ratio). Clearly, an 

association between protein conservation and the increase in reducing 
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equivalents is apparent. Aoki et al (1977) proposed that the signal to 

inhibit muscle protein catabolism may be associated with the low concen

trations of free mitochondrial NAD, in that NAD may be rate limiting for 

the oxidative decarboxylation of the deaminated branched chain keto

acids. It may also be proposed that the near exclusive oxidation of 

fatty acids and ketones as respiratory fuels may inhibit utilization of 

carbohydrates (Williamson 1964) and may also produce acetyl CoA in ex

cess of the rate of utilization by the citric acid cycle. Reducing 

equivalents may accumulate, decreasing the flux through the citric acid 

cycle (Krebs 1967). This may then be followed by a suppression of amino 

acid mobilization from muscle for oxidation as an energy source. 



CHAPTER 4 

EFFECT OF OXYGEN DEPRIVATION ON ~HE REDUCTION-OXIDATION STATE, 
AND PROTEIN TURNOVER IN RAT SKELETAL MUSCLE 

Abstract 

The effects of 02 deprivation on protein turnover, reduction-

oxidation state and energy levels were studied in soleus and extensor 

digitorum longus muscles of rats three to 24 weeks of age. Release of 

tyrosine and lactate by oxygenated muscles·was linear for 2 h. In con-

trast, 02-deprived muscles showed a linear release of lactate and tyro

sine for only 1 h. Thereafter, release of tyrosine rose above oxygenated 

control values due to increased proteolysis, and lactate efflux fell 

slightly. Oxygen deprivation of muscle led to a considerable increase in 

the release of lactate and a smaller efflux of pyruvate, so that the me-

dium lactate/pyruvate ratio was always much greater than for oxygenated 

muscles at all sizes (30-280 mg). After 30 min incubation, both small 

(25 mg) and large (250 mg) muscles deprived of 02 showed significantly 

higher tissue ratios of lactate/pyruvate than the oxygenated contralat-

eral muscles, even though the oxygenated larger muscles had higher 

lactate/pyruvate ratios than the smaller muscles. In 02-deprived mus-

cles, rates of protein synthesis were negligible, and insulin failed to 

stimulate protein synthesis and to inhibit protein degradation as it did 

in muscles of both small (60 g) and large (365 g) rats. Deprivation of 

02 also led to increased rates of alanine synthesis, decreased production 

of glutamine and lower tissue levels of ATP and creatine phosphate. The 
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lower ATP levels reflected a drop in the total pool of adenine nucleo

tides, and this change was accompanied by an increased release from the 

muscle of inosine, adenosine, hypoxanthine and xanthine. ATP contents 

of small and large muscles did not differ. These various observations 

show that incubated large muscles do not respond like anoxic muscles 

with respect to lactate production, ATP content and protein degradation. 

Introduction 

The diffusion of oxygen into the muscle core is a major concern 

when studying the in vitro metabolism of muscle. When skeletal or car

diac muscle is deprived of oxygen, mitochondrial respiration becomes 

inhibited, which is followed by increased rates of glucose uptake 

(Randle and Smith 1958, Morgan, Randle and Regen 1959, Morgan et al 

1961) and oxidation, glycogenolysis and glycolysis (Rovette, Whitmer and 

Neely 1973) in an attempt to maintain the level of ATP. The tissue con

centration of ATP (McDonald, Hunter and ~acLeod 1971, Gebhard et al 

1977), creatine phosphate (Braasch et al 1968, Rovetto, Whitmer and 

Neely 1973), as well as the total muscle pool of adenine nucleotides 

(Jones et al 1976, Jennings et al 1978) have also been noted to decline 

following 02 deprivation. Under anoxic conditions, replenishment of NAD 

for the glyceraldehyde-3-phosphate dehydrogenase catalysed reaction in 

the glycolytic pathway,must occur via reduction of pyruvate to lactate. 

Consequently lactate is produced in large amounts and the increase in 

the ratio of lactate/pyruvate reflects the highly reduced state of the 

muscle. 
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Protein turnover also seems to be altered under conditions of 

decreased 02 availability. Although it is clear that protein synthesis 

is depressed by anoxia in both skeletal muscle (Borsook et al 1950, 

Manchester and Young 1959) and heart (Cohen, Feldman and Whitback 1969, 

Jefferson et al 1971, Lesch et al 1976), the response of protein degra

dation to the lack of 02 is inconsistent. One study showed that anoxia 

and ischemia in isolated perfused rat hearts inhibited proteolysis (Chua 

et al 1979), while another study showed no difference in this process 

between hypoxic and control perfused working hearts (Smith and Sugden 

1983). 

The development of anoxia or hypoxia in incubated rat skeletal 

muscles thicker than 1.5 mm is conceivable since it has been calculated 

that, for cylindrical muscles, such as the soleus and extensor digitorum 

longus (EDL) 0.77 mm is the critical radius at which 02 tension may fall 

to zero at 37°C (Goldberg, Martel and Kushmerick 1975). Therefore, 

investigators generally restrict their studies to thin incubated muscles 

(e.g. diaphragm or small leg muscles) or to in vitro systems permitting 

circulation (e.g. perfused hindquarters). The perfused hindquarter is 

a useful preparation, although this approach does not allow the flexi

bility of studying the response of individual muscles and may be 

complicated by the metabolism of skin, bone and adipose tissue in the 

preparation. The incubated diaphragm preparation, however, is usually 

hampered by the relatively large measurement variability (Fagan and 

Tischler, in preparation); likely due to the cut muscle fibers. Alter

natively, small leg muscles obtained from young rapidly growing rats are 
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not adequate for studying certain physiological conditions (e.g. aging, 

long term starvation). 

To evaluate whether large muscles might indeed be useful for in 

vitro studies, we compared several parameters in small and large muscles 

and tested their apparent sensitivity to anoxia. Protein turnover, 

reduction-oxidation state, production of lactate, pyruvate and alanine 

and tissues levels of creatine phosphate and adenine nucleotides were 

measured in the soleus and extensor digitorum longus muscles of four to 

24 week-old rats. 

Materials and Methods 

Materials 

Radiolabeled compounds were purchased from either New England 

Nuclear ([1_14C] palmitic acid, 8 mCi/mmol; [3H] water, 1 mCi/ml) or ICN 

Pharmaceutical ([carboxyl-14C] inulin, 2 mCi/g; [U_14C] phenylalanine, 

410 mCi/mmol). Amino acids, sodium pyruvate, NADH, NADP, NAD and the 

following enzymes were from Sigma Chemical Co.: creatine phosphokinase 

(rabbit muscle, type I), glucose-6-phosphate dehydrogenase (Bakers 

yeast, type VII), glutamic dehydrogenase (bovine liver, type II), glu

taminase (E. coli, grade V), hexokinase (yeast, type C-300), lactic 

dehydrogenase (rabbit muscle, type II), myokinase (rabbit muscle, grade 

III), pyruvic kinase (rabbit muscle, type II) and xanthine oxidase 

(buttermilk, grade I). Cycloheximide and the remaining enzymes were 

obtained from Boehringer Mannheim Corp.: adenosine deaminase (calf 

intestine), alanine dehydrogenase (B. subtilis), alkaline phosphatase 

(calf intestine) and nucleoside phosphorylase (calf spleen). NADH for 
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the AMP assay was from P-L Biochemicals because of its low AMP contami

nation. Bovine insulin was a product of Calbiochem-Behring and 

cytoscint, a liquid scintillation cocktail, was from West Chern Products. 

Rats (50-550 g) were bred by the Division of Animal Resources, Univer

sity of Arizona and were kept on a 12 h light-dark cycle with Purina Rat 

Chow and water ad libitum. 

Muscle Incubations and Preparation of Medium and Tissue Samples 

The animals were killed by cervical dislocation and the soleus 

and extensor digitorum longus muscles were excised, blotted and weighed. 

Each muscle was placed in a 25 ml stoppered flask containing 3 to 5 mls 

(depending on muscle size) of Krebs-Henseleit bicarbonate buffer (Krebs 

and Henseleit 1932) supplemented with 5 roM glucose and other additions 

as indicated in the figures and tables and equilibrated with either 95% 

O2 : 5% CO2 (oxygenated condition) or 95% N2 : 5% CO2 (02-deprived; 

anoxic condition). Where indicated, addition of amino acids represents 

normal rat plasma concentrations (Mallette, Exton and Park 1969) except. 

for the addition of 0.5 roM phenylalanine and the omission of tyrosine, 

alanine, glutamine and glutamate. Muscles were preincubated for 30 min 

at 37°C in a gyrotory water bath shaker and then transferred to fresh 

incubation medium for up to 2 h. Radioactive compounds were only 

provided in the latter medium. The gas phase was equilibrated with 95% 

02 : 5% CO2 or 95% N2 : 5% CO2 , as indicated. Incubations were termin

ated by removing the tissues and either heating the medium in boiling 

water for 3 min or adding to the medium 0.5 ml of 1.5 M perchloric acid. 

For detemination of tissue contents, muscles were homogenized in 0.2 M 
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perchloric acid (1.5-3.5 ml depending upon muscle size). Acidified 

media or tissue extracts were neutralized subsequently with 2.5 M KOR, 

0.1M piperazinediethanesulfonic acid. The KCI04 precipitate was removed 

by centrifugation at 3,000xg for 10 min. Media were also centrifuged in 

the same manner. 

Measurement of Protein Turnover 

Rates of protein degradation and protein synthesis in muscle 

were determined as described in Chapter 3. Tissue pools of tyrosine did 

not change up to 1 h of incubation but increased slightly in some exper

iments during 1 to 2 h of incubation in both oxygenated and anoxic 

muscles. In experiments where rates of protein synthesis and degrada

tion were determined simultaneously, as described previously (Tischler, 

Desaultels and Goldberg 1982), (U_14C) phenylalanine (0.5 mM; 0.05 

~Ci/ml) was included in the medium and its incorporation into muscle 

protein was measured. The muscle proteins precipitated after homogen

ization in perchloric acid (0.2 M) were washed 3 times with 10% 

trichloroacetic acid and then washed twice with 95% ethanol : ether 

(1:1). Protein-synthesis, expressed as nmol tyrosine/mg tissue/2 h was 

calculated from (nmol 14C-phenylalanine incorporated) x 0.77. Protein 

degradation was then calculated as this rate of protein synthesis + net 

release of tyrosine into the medium. 

Estimation of Amino Acid Metabolism 

The synthesis or degradation was estimated for alanine, gluta

mate and glutamine. These amino acids were assayed (see below) in both 
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the medium and tissue; and net synthesis or degradation was calculated 

as (net release into the medium during incubation) - (change in tissue 

pool size during incubation) - (release of these amino acids from the 

net breakdown of muscle proteins). The amino acids derived from the net 

breakdown of protein were calculated from the (rate of tyrosine release) 

x (ratio of amino aCid/tyrosine in average muscle protein) (Chang and 

Goldberg 1978a, 1978b, Tischler and Goldberg 1980). 

Measurement of Muscle Reduction-Oxidation State 

As in previous studies, the medium and muscle ratios of lactate/ 

pyruvate were used to estimate the relative changes in the muscle NAD 

redox couple (Chapters 2, 3). Tissue values of lactate and pyruvate 

were corrected for these compounds found in the extracellular space. 

Estimation of Inulin and Total Water Space 

In oxygenated muscles incubated for 30 min with (carboxyl-14C) 

inulin (0.1 ~Ci/ml), the extracellular space diminished with increasing 

muscle size (Fig 8). This relationship was linear (correlation coeffi

cient = 0.72; p<0.01) when plotted against muscle weight. Therefore, 

all extracellular corrections were based on muscle size. 

Comparison of inulin spaces for oxygenated and anoxic leg mus

cles weighing 21-28 mg showed no differences over the 2 h incubation 

(Fig 9A, C). However, in larger anoxic muscles (140-190 mg), the inulin 

space after a 30 min incubation, following a 2 h preincubation without 

14C_inulin, was significantly (p<0.001) larger. Because of the apparent 

uptake of inulin (Fig 9A, C), presumably due to endocytosis (Libelius et 
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60 

Contralateral muscles were preincubated for 30 min with glucose (smM) 
and cycloheximide (O.smM) under either oxygenated or anoxic condi
tions. The final incubation medium contained, in addition, [3H]water 
(0.2s~Ci/m1) and [carboxyl-14C] inulin. Measurements of water and 
inulin volumes were made in muscles from different animals after 15, 
30, 60 and 120 min incubations. The muscles were weighed after pre
incubation (0 min) and after 30,60 and 120 min of incubation. 
Results are expressed as the percentage of muscle weight at the time 
of dissection. Each point represents the mean ± SEM for four 
muscles. 
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al 1978a,b), only inulin spaces measured at less than 30 min were used 

to approximate the extracellular space. The small overestimation of 

extracellular space which might occur in the first 30 min had a negli

gible effect on the calculations for correction of intracellular lactate 

or pyruvate. 

Although the inulin space of small muscles was unaffected by 

anoxia, the total water space (~l/mg muscle after incubation) was 

slightly greater for the anoxic tissue (Fig 9A, C). Accordingly, the 

wet weight of the anoxic muscles increased more than the oxygenated mus

cles during the incubation (Fig 9B, D). Because the extracellular space 

was unaffected by anoxia, the larger water space for anoxic muscles must 

represent a greater intracellular volume. 

Assays 

Assays were performed either spectrophotometrically (lactate, 

medium pyruvate, glycogen, phosphocreatine, ATP nucleosides) or fluoro

metrically (tissue pyruvate, adenine nucleotides, amino acids). The 

assays and their adaptations are described in the following references: 

lactate (Hohorst 1965), pyruvate (Bucher et al 1965), glycogen (Hassid 

and Abraham 1957), phosphocreatine (Lamprecht et al 1974), adenine 

nucleotides (Williamson and Corkey 1969), alanine (Tischler and Goldberg 

1980), tyrosine (Waalkes and Udenfriend 1957), hypoxanthine and xanthine 

(Jorgensen 1974), inosine (Coddington 1974) and adenosine (Mollering and 

Bergmeyer 1974). Glutamine was assayed by first deamidating it to glu

tamate (Lund 1974, Tischler and Goldberg 1980) and then assaying for 

total glutamate present. The measurement of glutamate only (Bernt and 
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Bergmeyer 1974) was then subtracted from the total to yield the gluta

mine content. 

Results 

Reduction-Oxidation State of Muscle 

Both small and large soleus and EDL muscles released lactate at 

a linear rate during the 2 h incubation (Table 10). The amount of lac

tate released into the medium (nmol/mg muscle wet weight/2 h) was un

affected by muscle size. In contrast, the release of pyruvate into the 

medium from the larger muscles generally diminished betwen 1 and 2 hours 

of incubation. Measurement of the contents of intracellular lactate and 

pyruvate showed similar values for pyruvate in both small and large mus

cles but consistently higher concentrations of lactate in the muscles 

with 3-fold greater mass (Table 10). Hence the NAD redox couple was 

more reduced in the lSJ.'gp.r muscles. Because this difference has also 

been detected in fresh-frozen muscles of various sizes (Chapter 5), it 

may be that the increased lactate/pyruvate 'ratio in the larger muscles 

are inherent to the tissues of the older rat and not a consequence of 

the incubation. 

Because it was possible that the increased lactate/pyruvate 

ratios in the medium and tissue of the larger muscles may reflect the 

effects of 02 deprivation in vitro, the effect of 02 deprivation on the 

redox state of various size muscles was tested (Fig 10). The amount of 

lactate released from anoxic muscles into the medium was 3 to 6-fold 

greater than the amount released from the contralateral muscles incu

bated under oxygenated conditions. In accord with the data in Table 10, 



Table 10. Effect of muscle size on proteolysis, redox state and ATP during incubation 

Husc1e Time Medium content Muscle content Medium 

(mg) (h) (nmo1/mg of muscle) (nmo1/mg of muscle) Lactate/ 
pyruvate 

Tyrosine Lactate Pyruvate Lactate Pyruvate ATP 

Soleus 

(57±1) 0 2.7±0.3 0.016±0.001 3.76±0.10 

1 0.122±0.006 4.7±0.5 0.51±0.04 4.2±0.5 0.025±0.002 2.86±0.10 9.1±0.4 

2 0.281±0.012 9.8±0.5 1.08±0.04 2.4±0.2 0.017±0.001 2.17±0.09 9.1±0.7 

(164±1) 0 3.5±0.1 0.014±0.002 3.43±0.08 

1 0.087±0.003 4.0±0.3 0.48±0.01 7.1±0.5 0.019±0.002 2.98±0.16 8.2±0.5 

2 0.181±0.019 9.9±0.6 0.79±0.03 6.0±D.8 0.020±0.002 2.46±0.16 12. 8±1. 2 

Muscle 

Lactate/ 
pyruvate 

173±16 

175±33 

143±18 

266±46 

403±59 

330±81 

0'\ 
W 



Table 10, Continued 

Huscle Time Medium content Muscle content Medium Muscle 

(mg) (h) (nmol/mg of muscle) (nmol/mg of muscle) Lactate/ Lactate/ 
pyruvate pyruvate 

Tyrosine Lactate Pyruvate Lactate Pyruvate ATP 

Extensor Digitorum Longus 

(60±1) 0 6.3±0.6 0.033±0.002 5.22±0.2l 191±22 

1 0.117±0.006 7.4±0.7 0.89±0.08 4.8±O.6 0.021±0.003 3.82±0.3l 8.6±0.5 235±30 

2 0.26l±0.OlO l3.9±0.6 !.54±0.04 2.9±0.5 0.020±0.003 2.60±0.l9 9.0±0.4 l50±32 

(203±3) 0 9.6±0.9 0.028±0.003 4.9l±0.27 339±20 

1 0.078±0.004 7.9±!.l 0.62±0.04 lO.l±0.6 0.02l±0.002 3.22±0.20 l3.0±!.4 529±84 

2 0.l49±0.004 l4.2±0.8 0.93±0.06 7.l±0.6 0.Ol6±0.002 2.75±0.13 l5.3±0.7 466±36 

Soleus and extensor digitorum longus muscles from l33±2g and 385±6g animals were pre-incubated 
in 0.5mm cycloheximide, 5mm glucose and amino acids equilibrated with 95%02:5%C02 for 30 minutes (Oh) 

and some muscles were transferred to flasks containing fresh media for one or two h. Lactate and 
pyruvate (nmol/mg muscle) in the medium and tissue, medium tyrosine (nmol/mg muscle) and tissue ATP 
content (nmol/mg muscle) were determined at each time point for each muscle group. The values repre
sent the mean ± S~I, where n=5/condition. 

0'1 
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Figure 10. Effects of anoxia and muscle size on efflux of lactate and 
pyruvate and tissue lactate/pyruvate ratios 

Contralateral muscles from five animals per weight group were 
incubated with glucose and amino acids under oxygenated or anoxic 
conditions as described in the Methods. Efflux of lactate and 
pyruvate from anoxic muscles differed significantly (p<O.OOl) when 
compared with their efflux from the contralateral oxygenated muscle. 
*Significant1y different (p<0.05) tissue lactate/pyruvate ratios from 
values for oxygenated muscles. Values represent the mean ± SEM. 
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the oxygenated soleus or EDL muscles showed no differences in lactate 

efflux, whereas pyruvate efflux generally decreased with increasing mus

cle size, thus raising the medium lactate/pyruvate ratio for larger 

muscles. Release of both lactate and pyruvate by anoxic muscles tended 

to decrease with greater muscle mass so that the ratio remained rela

tively constant. 

In muscles of all sizes (30-274 mg), anoxia produced a signifi

cantly greater ratio of lactate/pyruvate in the medium due to both 

higher concentrations of lactate and lower concentrations of pyruvate. 

Unlike for the meditm ratio of lactate/pyruvate, anoxia did not con

sistently produce a higher ratio of lactate/pyruvate in the tissue at 

the end of a 2 h incubation (Fig 10). It is also noteworthy that even 

under anoxic conditions the muscles showed a progressively greater ratio 

of tissue lactate/pyruvate with size as did muscles under oxygenated 

conditions (Table 10; Fig 10). 

In cardiac muscle, the toxic effects of oxygen deprivation be

come progressively worse with time (Hearse and Humphrey 1975, Gebhard ec 

al 1977). Therefore, skeletal muscles deprived of 02 could have been 

severly damaged after 2 h~ making the interpretation of the lactate/ 

pyruvate ratio, as a redox indicator, misleading. ~o examine this pos

sibility, we followed the release of lactate and its tissue levels for 2 

h under oxygenated and anoxic conditions (Fig 11). Tissue lactate con

centrations in the oxygenated soleus and EDL muscles remained constant 

over the 2 h incubation period. Because the tissue pools did not change 

significantly, the linear release of lactate into the medium must be 
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Muscles were incubated as described in Figure 9. 
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indicative of net lactate production. In the anoxic muscles, tissue 

lactate concentrations were relatively stable up to 1 h of incubation. 

Therefore, the greatly enhanced release of lactate in anoxia indicated 

an overwhelming increase in lactate production. During the last hour of 

incubation, tissue pools of lactate declined by approximately 10 nmol/mg 

muscle while medium values rose by only 15-18 nmol/mg muscle compared to 

30-40 nmol/mg muscle during the first hour of incubation. Therefore, 

after 60 min of anoxia, the capacity of the muscle to produce lactate 

fell by about 80%, since most of the medium lactate could be accounted 

for by its loss from the tissue. 

Damage to the muscles after incubating for 2 h under anoxic con

ditions was also evident by the 8 to 10-fold great&r liberation of lac

tic dehydrogenase from the tissue into the medium. Measurement of the 

appearance of lactic dehydrogenase in the medium after 2 h showed values 

of 1.8 ± 0.6 and 15.0 ± 1.0 nmol/min/mg muscle for the anoxic soleus and 

EDL, respectively, while the corresponding values for the oxygenated 

muscles were 0.24 ± 0.02 and 1.52 ± 0.63 nmol/min/mg muscle. In a sep

arate experiment, the tissue content of lactic dehydrogenase after a 2 h 

incubation was determined to contain 7-20% less (~0.05) tissue lactic 

dehydrogenase in the anoxic muscle than in the contralateral oxygenated 

muscle. In contrast, larger soleus muscles had a higher activity of 

this enzyme (161 ± 10 nmol/min/mg muscle) than did smaller muscles (92 ± 

4 nmol/min/mg muscle). The difference in activity between large and 

small EDL muscles, 525 ± 38 and 449 ± 12 nmol/mg tissue/min, respective

ly, was not significant. 
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These results suggested that, to study the effect of anoxia on 

redox state as opposed to muscle deterioration, a 30 minute incubation 

might be more appropriate. In both small and large muscles, anoxia in

creased by 4 to 19-fold the production of lactate by the tissue (Table 

11). Little or no difference in lactate production (which was corrected 

for any change in the tissue lactate content) was detected between large 

and small oxygenated soleus or EDL muscles. Furthermore, the muscle 

ratio of lactate/pyruvate was now consistently higher (p<0.005) in anox

ic muscles than in contralateral oxygenated muscles for both juvenile 

and adult rats (Table 11). It is interesting to note that even under 

anoxic conditions small muscles did not achieve as high a muscle ratio 

of lactate/pyruvate as the large oxygenated muscles, even though the 

production of lactate was 9-fold greater. 

Measurement of Protein Turnover 

Comparison of protein degradation in incubated muscles of varied 

size showed a sharp decline in the rate of protein degradation between 

approximately 30 and 150 mg muscle wet weight (Fig 12). This difference 

between large and small muscles was evident throughout the incubation, 

since the release of tyrosine was linear for up to 2 h for these muscles 

(Table 10). A decline in protein synthesis with muscle mass paralleled 

these changes in proteolysis (Fig 12). When muscles of various size 

were made anoxic, p~otein synthesis virtually ceased (Fig 12), whereas 

protein degradation was faster than in the contralateral oxygenated mus

cles. Furthermore muscle size had no apparent effect on the response of 

protein turnover to insulin. In muscles of both four- and 12-week old 



Table 11. Effects of anoxia on redox state and lactate production in 
small and large leg muscles 

Muscle Muscle Production of 
(mg) Lactate/ lactate 

pyruvate 
(nmo1/mg musc1e/30 min) 

Soleus 

Oxygenated (24.3 ± 0.5) 49 ± 10 1.4 ± 0.4 

Anoxic 314 ± 46* 27.0 ± 2.5* 

Oxygenated (229 ± 3) 419 ± 12 3.3 ± 0.3 

Anoxic 653 ± 67* 14.0 ± 1.5* 

Extensor 
digitorum 
longus 

Oxygenated (20.0±0.3) 106 ± 27 5.4 ± 1.9 

Anoxic 331 ± 38* • 38.0 ± 2.3* 

Oxygenated (264 ± 6) 644 ± 40 4.9 ± 0.5 

Anoxic 780 ± 63* 18.0 ± 0.9* 

Leg muscles of 5 juvenile (3 weeks) or adult (24 weeks) rats 
~-1ere incubated for 30 minutes with glucose (5 mM) and amino acids and 
equilibrated with either 95% °2:5% CO2 or 95% N2 :5% co2• All muscles 

were preincubated for 30 minutes with glucose and amino acids and 
equilibrated with 95% °2:5% CO2• Statistical differences between the 

oxygenated and contralateral anoxic muscles (*p<0.005) were analyzed 
by the paired Student's t test. 
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rats, insulin inhibited protein degradation and stimulated protein syn

thesis (Table 12). In contrast, anoxia prevented the inhibition of 

proteolysis by insulin in all muscles and abolished the stimulation of 

protein synthesis. 

Although deprivation of oxygen for 2 h resulted in a greater re

lease of tyrosine into the medium (Fig 12; Table 12), this difference 

was not apparent at earlier time pOints (Fig 13A, C). During 30 min 

preincubation and 60 min incubations, rates of protein degradation (as 

well as its variance estimate) were indistinguishable between oxygenated 

and anoxic contralateral muscles. Thereafter, release of tyrosine by 

anoxic muscles rose above the contralateral oxygenated muscle, but re

mained linear for the oxygenated tissues. Therefore, muscle damage in 

anoxic conditions may lead to increased breakdown of muscle protein to

gether with a decreased ability to synthesize new protein. 

Since anoxia is generally associated with a decline in high 

energy phosphate compounds (Jones et al 1976, Jennings et al 1978) and 

proteolysis may be regulated, at least in part, by an ATP dependent pro

cess (Ciechanover, Hod and Hershko 1978, Goldberg, Strnad and Swamy 

1980, Goldberg and Boches 1982), we also measured the tissue levels of 

ATP in this experiment (Fig 13B, D). In oxygenated muscles, the content 

of ATP declined slightly in the soleus and remained relatively constant 

in the EDL during the 2 h incubation. When muscles were deprived of O2 , 

levels of ATP fell markedly and, in some experiments, were not detect

able after a 2 h incubation. Despite the marked decrease of ATP in 



Table 12. Effect of insulin on protein turnover in leg muscles of juvenile and adult rats under 
oxygenated and anoxic conditions 

Juvenile 
rats 

Adult 
rats 

No insulin 

Insulin 

% Difference 

No insulin 

Insulin 

% Difference 

Oxygenated Anoxic 

Protein Protein Protein Protein 
synthesis degradation synthesis degradation 

(nmol tyrosine/mg muscle/2h) 

Soleus 

O.141±O.OO5 O.489±O.0l8 O.015±O.OOl tt O.639±O.042t 

O.173±O.OO4 O.394±O.O14 O.023±O.OO3tt O.664±O.046t 

+22±6* -l9±2** NS NS 

O.O85±O.OO3 O.207±O.OO9 O.Oll±O.OOl tt O.247±O.O19 

O.1l4±O.OO8 O.177±O.OO6 O.024±O.003 tt O.242±O.O25 

+34±lO* -14±5* +1l5±27 NS 

"'-J 
W 



Table 12, Continued 

Oxygenated Anoxic 

Protein Protein Protein Protein 
synthesis degradation synthesis degradation 

(nmol tyrosine/mg muscle/2h) 

Extensor Digitorum Longus 

Juvenile No insulin O.070±0.002 0.585±0.018 0.005±0.002tt 0.530±0.070 
rats 

0.007±O.OO2tt 0.597±0.017t Insulin 0.100±0.002 0.51l±0.015 

% Difference +43±3** -13±3* NS +13±3 

Adult No insulin 0.026±0.001 0.192±0.004 0.002±0.OOltt 0.322±0.024t 

rats 
0.003±0.00ltt 0.295±0.017t Insulin 0.045±0.003 0.178±0.004 

% Difference +76±1l** -7±l* NS NS 

Leg muscles from 10 juvenile (4 weeks; 59±7 g) or adu1f4(12 week; 365±6 g) rats deprived of 
food for 24 h were incubated with glucose, amino acids and (U- C) phenylalanine as described in the 
}laterials and }~thods section. Insulin concentration was 100 munits/ml •. Statistical ¥ignificance: 
f~<0.05 and **p<O.Ol for the difference between ± insulin by paired Student's t test; p<O.05 and 

p<O.OOl versus oxygenated muscle by unpaired Student's t test. NS means no significant difference 
at the 5% level. 
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anoxic tissues, proteolysis increased during the last hour of 

incubation. 

Responses of Energy and Amino Acid Metabolsim to Anoxia 

76 

In soleus muscles incubated under oxygenated or anoxic condi

tions, there was a steady decline of tissue ATP but at all time points 

the level of ATP was lower in anoxia (Fig 14). Comparison of ATP con

tent in small and large muscles, however, showed no significant differ

ences (Table 10). Much larger effects of anoxia on the creatine 

phosphate pool were detected. Levels of creatine phosphate fell sharply 

(8.2 to 3.5 nmol/mg muscle) even in the oxygenated muscles, although 

they were still 6-fold greater than in muscJ.es exposed to 2.5 h of 02 

deprivation. 

After a 30 min preincubation, anoxic muscles contained greater 

amounts of both ADP and AMP than did oxygenated tissues, presumably be

cause of the decreased ability of 02-deprived muscles to generate ATP 

(Fig 14). During the next 2 h, levels of both ADP and AMP dropped more 

rapidly in the anoxic than the oxygenated muscles. At the end of this 

period, adenine nucleotide content was lower in the 02-deprived muscles 

and it was apparent that the total adenine nucleotide pool had been 

depleted during 02 deprivation. 

Nucleotides, when degraded, yield nucleosides, which can pene

trate the cell membrane. Therefore we measured in the medium a number 

of these degradation products of adenine nucleotides. During 2 h of 

incubation under oxygenated conditions, soleus muscles released no 

inosine or adenosine and a small amount of hypoxanthine and xanthine 



Figure 14. Effects of anoxia on tissue contents of ATP, ADP, AMP and 
creatine phosphate in soleus muscle during incubation 

Soleus muscles were incubated and tissue contents were determined at 
the same time points as in Figure 13. The regression equation for 
each line and their correlation coefficients are given in the table. 
Each point represents an individual measurement. 
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during the last 60 min (Fig 15). In contrast, detectable levels of 

hypoxanthine and xanthine were released into the medium by 02-deprived 

muscles within 20 min and continued to appear at a constant rate for the 

next 100 min. Furthermore, substantial amounts of both inosine and 

adenosine were released by the anoxic muscles. Therefore, during the 2 

h incubation, anoxic muscles released approximately 2.5 nmol/mg muscle 

of these compounds compared to less than 0.4 nmol/mg muscle under oxy-

genated conditions. 

Metabolism of glycogen and fatty acids, important fuels for mus-

cle, were also altered by O2 deprivation. After incubation for 2.5 h in 

the absence of glucose and in the presence of 0.2 mM (1_14C) palmitic 

acid (0.01 pCi/ml), anoxic soleus and EDL muscles had little or no tis-

sue glycogen (0.0 to 0.6 nmol glucose units/mg muscle). In contrast, 

the contralateral oxygenated soleus muscles of either juvenile or adult 

rats contained 2.3 ± 0.1 nmol glucose units/mg muscle while the EDL mus-

cles of juvenile and adult rats had 2.9 ± 0.3 and01.8 ± 0.2 nmol/mg 

muscle, respectively. Although the anoxic muscles utilized glycogen 

extensively, they did not degrade (1_14C) palmitic acid. In contrast, 

under oxygenated conditions the smaller soleus ( 46 ± 1 mg) and EDL (50 ± 

1 mg) muscles produced large amounts of 14C02 from (1_14c) palmitic acid 

(16 ± 1 and 23 ± 4 CPM/mg muscle/2h, respectively). Production of 14C02 

from (1_14C) palmitic acid in the larger oxygenated soleus (171 ± 5 mg) 

and EDL (205 ± 3 mg) was 7 ± 1 and 8 ± 2 CPM/mg muscle/2 h, respec-

tively. Therefore, unlike the anoxic muscles, large muscles can 
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metabolize palmitic acid, albeit at a slower rate than in muscles 4-fold 

smaller. 

Finally, other investigators have reported that anoxia promotes 

the production of alanine by rabbit papillary muscle (Taegtmeyer et al 

1977). Therefore the release of alanine from oxygenated and anoxic leg 

muscles was measured. Release of glutamate and glutamine was also 

determined since their metabolism is intimately related to that of 

alanine. The net ~~ synthesis (+) or degradation (-) of each amino 

acid was determined by correcting its net release from the tissue for 

(a) the change of amino acid in the tissue pool during incubation and 

(b) its estimated net liberation from muscle protein. In both the 

soleus and EDL muscles, anoxia led to faster de ~ synthesis of 

alanine (Table 13). However, alanine synthesis was elevated only during 

the first hour of inCUbation. During the second hour, tissue pools of 

alanine dropped an average of 2.2 nmol/mg muscle whereas, the medium 

values (corrected for the estimated amount of alanine derived from the 

net breakdown of protein) increased by only 2.3 nmol/mg muscle. Tissue 

pools of glutamine also dropped approximately 2-4 nmols/mg in the EDL 

and soleus during the last hour of incubation. 

The increased export of nitrogen as alanine was offset by 

changes in the metabolism of glutamine and glutamate. In both muscles, 

anoxia caused a change from net synthesis of glutamine to net degrada

tion and in the soleus the degradation of glutamate increased. There

fore, while oxygenated muscles show net export of nitrogen as alanine 

and glutamine, anoxic muscles show no such net change. This is not 
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Table 13. Amino acid synthesis and degradation in oxygenated and anoxic 
leg muscles 

All muscles from 193±3 g male rats were preincubated for 30 min-

utes in the presence of 5 mM glucose, 0.5 mM leucine or amino acids (as 

described in the Materials and Methods section) and the buffer equili-

brated with 95% °2:5% CO2 - Muscles were transferred to flasks contain

ing 5 roM-glucose, 0.5 roM leucine or amino acids and equilibrated with 

either 95% °2:5% CO2 or 95% N2 :5% CO2- Amino acid synthesis (+) and 

degradation (-) measurements were obtained over 2 h after correction for 

depletion of the tissue amino acid pools (via paired analysis of the 

difference in amino acid pools after both the preincubation and incuba-

tion in contralateral muscles) and net breakdown. Significant differ

ences (ap <O.025, b~0.001) between oxygenated muscles incubated with 

amino acids and other conditions were analyzed by the unpaired Student's 

t test; n = 5 per condition_ 



Table 13. Amino acid synthesis and degradation in oxygenated and anoxic leg muscles 

Condition Additions Alanine Glutamate 
to 

Incubation (nmol/mg muscle/2 h) 
Hedia 

Soleus (55 ± 1 mg) 

Oxygenated amino acids +1.16±O.22 -2.0S±O.14 

Oxygenated leucine +1.1S±0.14 -l.S5±0.13 

Oxygenated insulin +O.6l±O.06* -1.56±0.19 

Anoxic leucine +3.l9±O.29t -2.75±0.2S* 

Extensor Digitorum Longus (62 ± 1 mg) 

Oxygenated amino acids +O.55±O.O9 -0.63±0.12 

Oxygenated leucine +0. SO±O.13 -O.Sl±O.16 

Oxygenated insulin +O.25±0.13 -0. 72±0.07 

Anoxic leucine +2.SS±0.17t -0.53±0.1l 

Glutamine 

+1. 72±O. 25 

+1.54±O.14 

+0. 33±O.20* 

-0.96±0.09t 

+1. 2l±O. 34 

+O.67±0.47 

+O.70±O.O6 

-1. 96±O.44* 

00 ...... 
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surprising since reduced conditions in muscle seem to slow the metabol

ism of branched-chain amino acids (Buse, Herlong and Weigand 1976), 

which are major contributors of the nitrogen required for synthesis of 

alanine and glutamine (Odessey, Khairallah and Goldberg 1974, Chang and 

Goldberg 1978a,b). 

Discussion 

Effects of Anoxia on Muscle Metabolism 

The inhibition of mitochondrial respiration by O2 deprivation 

leads to an inability to produce large amounts of energy in muscle. The 

considerable loss of creatine phosphate and ATP in anoxic muscle (Fig 

14) may, in fact, be deleterious to the tissue. A fall in tissue 

levels of ATP of such magnitude could cause a loss of membrane integrity 

(Gazitt, Itzbak and Loyter 1975) resulting in the leakage of enzymes 

from the tissue (Hearse, Humphrey and Chain 1973, Hearse and Humphrey 

1975, Gebhard et al 1977), ionic shifts that may promote the cellular 

uptalce of water (Jennings et aI, 1978) and the possible influx of cal

cium into the cell (Jennings and Ganote 1974, Parr, Wimshurst and Harris 

1975). Accordingly, in our study more lactic dehydrogenase was released 

into the medium and the intracellular water volume was larger (Fig 9) in 

the anoxic muscles. In addition, deterioration of the muscle was also 

evident by the substantial fall in tissue lactate during the last 60 min 

of incubation under anoxic but not under oxygenated conditions (Fig 11). 

Therefore the tissue ratio of lactate/pyruvate may no longer serve as a 

redox indicator following a long period of anoxia. Indeed, the muscle 
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ratio of lactate/pyruvate in anoxic tissues after the 2 h incubation im

plied that the redox state of anoxic muscle was not more reduced than 

the contralateral oxygenated tissues (Fig 10). On the other hand, com

parison of the redox state of these tissues at a time point prior to the 

loss of tissue lactate (e.g. 30 min) showed the NAD redox couple in 

anoxic musle to be significantly more reduced than contralateral oxygen

ated muscles (Table 11). 

The loss of lactate from anoxic muscle during the 1-2 h period 

of incubation accounted for most of the lactate which appeared in the 

medium during this time (Fig 11). Thus most of the increased production 

of lactate due to anoxia (Fig 10) occured during the first hour in incu

bation. Similarly during the second hour of incubation the fall in the 

tissue pool of alanine (2.2 nmol/mg muscle) accounted for its appearance 

in the medium (2.3 nmol/mg muscle), so that all of the net synthesis of 

alanine (Table 13) occurred during the first 60 min. The decreased 

ability of anoxic muscle to produce lactate and alanine during the 1-2 h 

period could have resulted from decreased production of pyruvate via 

glycolysis. It is possible that tissue glycogen was depleted well prior 

to the 2 h timepoint, at which it was measured, and/or that high concen

trations of lactate, seen up to 1 h (Fig 11), inhibited glycolysis 

(Rovetto, Lamberton and Neely 1975). 

While other cell processes in anoxic tissues appeared to dimin

ish during the second hour of incubation, the degradation of muscle pro-

tein accelerated. This result was particularly surprising for several 

reasons. Firstly, oxygen deprivation in heart (Rannels, Kao and Morgan 
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1976, Kao, Rannels and Morgan 1976, Chua et al 1979) lowered the rate of 

protein degradation. Also, depletion of energy stores in E. Coli 

(Goldberg 1972) or inhibition of aerobic respiration in myotubes (Libby 

and Goldberg 1981) decreased the rate of proteolysis. Secondly, it was 

shown previously (Chapter 2) that a more reduced state of muscle is 

associated with slower rates of degradation, yet during the first 60 min 

of incubation, rates of proteolysis in anoxic muscle were identical to 

the contralateral oxygenated muscles (Fig 13). During the last 60 min, 

the rate of proteolysis accelerated and the ratio of the tissue lactate/ 

pyruvate fell due to the loss of lactate. 

No explanation for these changes are possible at this time, but 

-it is possible that the regulation of muscle redox state and proteolysis 

operating under physiological conditions may be lost during anoxia. For 

example, insulin failed to inhibit rates of muscle protein degradation 

in 02 deprived muscles as it did in the oxygenated tissues (Table 12). 

It has also been reported that in ischemic or anoxic hearts, addition of 

insulin produced no further inhibition of proteolysis (Chua et al 1979). 

Finally, the rapid liberation of tyrosine from protein in anoxia is not 

consistent with the fall in energy levels and loss of adenine nucleo

tides by the tissue (Figs 13-15). Proteolysis has been reported to be 

inhibited when the capacity for oxidative phosphorylation is decreased 

(Poole and Wibo 1973), yet in the anoxic muscles, proteolysis acceler

ated when ATP and creatine phosphate levels declined. Crucial to inter

preting this observation, is knowledge of the ATP concentration required 

for facilitating protein degradation. In growing hamster fibroblasts, 
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approximately 0.3 roM ATP was required for half-maximal rates of prote

olysis while 2.5 mM ATP was required for half-maximal rates of protein 

synthesis (Gronostajski 1982). In anoxic skeletal muscles, protein 

degradation was rapid at a low concentration of ATP whereas protein syn

thesis was barely measurable (Fig 12). This finding is consistent with 

the observation that rates of proteolysis were not inhibited even when 

ATP levels dropped to very low levels (Herschko and Tomkins 1971, Poole 

and Wibo 1973). Although no explanation for the rise in proteolysis in 

anoxic muscles has been presented, it is conceivable that it could be 

related to the influx of calcium associated with damage to muscle mem

branes when ATP becomes depleted, even though this process may require 

ATP. Previous studies have shown that increasing the sarcoplasmic con

centration of calcium enhances the degradation of tissue proteins 

(Kameyama and Etlinger 1979, Sugden 1980, Lewis, Anderson and Goldspink 

1982, Rodeman, Waxman and Goldberg 1982). 

Are Large Incubated Muscles Anoxic? 

Several lines of evidence shO\'1 clearly that large incubated 

skeletal muscles do not behave like incubated anoxic skeletal muscles of 

rats. In fact, their metabolic responses did not seem to differ greatly 

from those of smaller muscles. Anoxic muscles at all sizes studied, 

produced 3 to 5-fold more lactate than the largest leg muscles studied 

(Fig 10; Table 11). Furthermore, the production of lactate by large leg 

muscles did not seem to differ from that by small muscles. This latter 

observation is slightly misleading since large muscles from older ani

mals have reduced rates of glucose uptake (Chua and Gould 1969, Goodman 
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et al 1983). Therefore, similar rates of lactate production in larger 

incubated muscles probably represent a greater proportion of the carbons 

derived from glucose. But even taking this into account, the output of 

lactate by large muscles is far below that for anoxic tissues, and this 

is one of the most noteable characteristics of 02 deprivation (Hill 

1923). 

Other metabolic changes were evident in anoxic but not large 

oxygenated muscles. Firstly, glycogen was severly depleted in anoxia 

while its levels were similar in small and large soleus muscles. 

Secondly, anoxia prevented oxidation of palmitate but this process was 

significant in large muscles, albeit slower than in small muscles. 

Thirdly, after 2.5 h of incubation the level of ATP in anoxic muscles 

was either not detectable or only about 20% of that in the contralateral 

oxygenated tissues (Fig 13). In contrast, after the same time of 

incubation, levels of ATP were similar in small and large soleus of EDL 

muscles (Table 10). Finally, during the last 60 min of incubation, 

muscle protein degradation in oxygen-deprived tissues increased above 

that in oxygenated conditions (Fig 13). Conversely, large incubated 

muscles always have slower rates of proteolysis when compared to smaller 

muscles from younger rats (Tables 10, 12; Fig 12). Furthermore, the 

ability of insulin to regulate both protein synthesis and degradation 

was lost in anoxia but remained very significant in large oxygenated 

muscles (Table 12). 

Despite the above evidence that large oxygenated muscles are in 

many ways distinctly different from 02-deprived muscles, the incubated 
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larger muscles show higher ratios of lactate/pyruvate (Table 10; Fig 

10). Large oxygenated muscles may even be more reduced in some in-

stances than 02-deprived smaller muscles (Table 11). However, the pro

duction of lactate by these smaller anoxic muscles far exceeded that 

measured for large muscles supplied with oxygen. Therefore, the more 

reduced state of the large muscles in vitro may not suggest severe 

deprivation of 02. In fact, the NAD redox couple of fresh-frozen large 

muscles was found to be more reduced than fresh-frozen small muscles 

from younger rats (Chapter 5). Thus a more reduced state for larger 

muscles may be a characteristic of aging and would coincide with the 

fall in muscle proteolysis in older animals (Millward et al 1975) ac-

cording to the proposed muscle redox state-proteolysis hypothesis 

(Chapter 1). 

Replacing the gaseous phase of oxygen with nitrogen afforded the 

opportunity to study the in vitro effects of muscle anoxia on redox 

state, energy state, and protein degradation. An accompaniment was the 

rather indirect approach of resolving whether large rat soleus and EDL 

muscles incubated in vitro were deprived of oxygen. Although no con-

clusive evidence has been presented to prove that isolated large muscles 

were not limiting in oxygen diffusion, incubated large muscles did not 

respond like incubated anoxic muscle with respect to lactate production 

or efflux, ATP content and protein degradation. Furthermore, when made 

anoxic, both large and small rat skeletal muscle responded similarly to 

all parameters measured. 
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To study the consequences of certain physiological adaptations 

(e.g. long term fasting, refeeding, aging) of individual muscles, it is 

felt that the information to be gained in using large incubated muscles 

seems to outweigh the potential disadvantages consequential to methodo

logical reservations. 



CHAPTER 5 

CORRELATION OF THE REDUCTION-OXIDATION STATE TO PROTEIN 
DEGRADATION IN RAT LEG. MUSCLES DURING GROWTH AND DEVELOPMENT 

Abstract 

Rates of protein degradation were correlated with the cell 

reduction-oxidation state in skeletal muscles during growth and devel-

opment. Protein degradation and the intracellular ratios of lactate/ 

pyruvate and malate/pyruvate, indicators of the muscle reduction-

oxidation state, were measured in soleus and extensor digitorum longus 

muscles from male Sprague-Dawley rats ranging in age from four to four-

teen weeks. The smaller muscles (20 mg) from the younger rats had high 

rates of proteolysis and low lactate/pyruvate and malate/pyruvate ratios 

relative to the larger muscles (200 mg) from the older rats. The corre-

lation coefficients of muscle protein degradation as a function of mus-

cle size in the soleus and extensor digitorum longus were -0.795 and 

-0.912, respectively. The correlation between muscle weight and the in-

cubated muscle lactate/pyruvate ratio was also strong (r=0.920 and 0.935 

for the soleus and extensor digitorum longus). Other redox parameters 

were also significantly correlated with muscle weight. The relationship 

between the rate of proteolysis and the incubated lactate/pyruvate ratio 

was significant (-0.749 and -0.873 for the soleus and extensor digitorum 

longus). The strong association between the progressive decline in mus-

cle proteolysis and the relatively progressive reduction of the NAD(P) 
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redox couple that occurs in muscles from animals with decreasing growth 

rates is suggestive of a functional relationship between muscle protein 

degradation and the reduction-oxidation state in muscles during growth 

and development. 

Introduction 

Young animals grow at a much faster rate than adult animals. 

The daily increase in muscle size in the developing animal is also pro

portionately greater. Alterations in muscle size occur as a result of 

changes in the rates of muscle protein synthesis and/or protein degrada

tion. In rapidly growing animals, both rates of protein synthesis and 

degradation have been reported to be faster than in adult animals 

(Millward 1978, Millward et al 1978, Millward et al 1976, Millward et al 

1975). Therefore as animals aged (growth rate slowed), rates of muscle 

protein synthesis (Millward et al 1975, Young et al 1975) and degrada

tion (Millward et al 1975, Young and Munro 1978) decreased. 

It was of interest to examine whether the direct correlation 

between fractional growth l'ate and muscle proteolysis described by 

Millward et al (1975) could be extended to include a correlation with 

the muscle reduction-oxidation state. According to the proposed muscle 

redox state-proteolysis hypothesis (Chapter 1) in muscles from young 

animals with rapid rates of proteolysis, the NAD(P) redox couple should 

be relatively oxidized. Correspondingly, as animals age, the slower 

rates of muscle protein degradation should be associated with a reduc

tion of the NAD(P) redox couple. It was the intent of this study to 
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examine whether muscle growth was associated with changes in muscle pro

tein degradation and the muscle reduction-oxidation state. 

Materials and Methods 

Materials 

Cycloheximide, NADH, NAD, lactic dehydrogenase (rabbit muscle, 

type II) and malic dehydrogenase (porcine heart) were purchased from 

Sigma. 

Animals and Treatments 

Male Sprague-Dawley rats (40-400g) were bred by the Division of 

Animal Resources at the University of Arizona, Tucson. Animals were 

housed in metal cages, maintained on a 12 hour light-dark cycle at 20°C, 

and given Purina Laboratory chow and water ad libitum • 

• Muscle Preparations 

Body weights were recorded following sacrifice by cervical dis

location. Soleus and extensor digitorum longus muscles were excised, 

blotted and weighed. Muscles from one limb were frozen in a dry ice: 

95% ethanol bath and homogenized in 1.5-3.5ml perchloric acid (0.2M). 

Muscles from the contralateral limb were pre-incubated for 30 minutes in 

a 37°C gyratory water bath shaker in 25ml stoppered flasks containing 

3-5ml Krebs-Henseleit buffer (Krebs and Henseleit 1932) equilibrated 

with 95% °2:5% CO2 containing glucose (5mM) , cycloheximide (0.5mM) and 

normal rat plasma concentrations of amino acids (Mallette, Exton and 

Park 1969) except for the omission of tyrosine, alanine, glutamine and 
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glutamate. Muscles were transferred to flasks containing 3-5ml of fresh 

medium (with the above additions) and equilibrated with 95% °2:5% CO2 , 

After a 2 h incubation in a 37°C gyratory water shaker, incubations were 

terminated by removing the tissues and heating the medium in boiling 

water for three minutes. Muscles were blotted then homogenized in ice-

cold 0.2M perchloric acid (1.5-3.5ml depending upon muscle size). After 

centrifugation (ten minutes at 1,000 x g) of the perchloric acid homogen-

ate, 1.5ml of the supernatant was adjusted to pH 5.5-6.5 with 2.5M KOH, 

0.1M ?iperazinediethane-sulfonic acid. The KCl04 precipitate was re

moved by centrifugation at 1,000 x g for ten minutes. Boiled media 

brought to 2°C were also centrifuged in the same manner. 

Measurement of the Muscle Protein Degradation 
and Reduction-Oxidation State 

Protein degradation was estimated as the release of tyrosine 

from incubated muscle into the medium in the presence of cycloheximide 

(Chapter 2). As described previously, the medium and muscle ratios of 

lactate/pyruvate were used to estimate the relative change in the muscle 

NAD redox couple (Chapters 2, 3, 4) and the muscle ratio of malate/ 

pyruvate was used to estimate the NAD(P) redox couple (Chapter 2). 

Tissue values of lactate and pyruvate in the incubated muscles were cor-

rected for the lactate and pyruvate found in the extracellular space. 

The extracellular space corrections were based on muscle type and size 

(Chapter 4). Assays for medium and tissue lactate (Hohorst 1965) and 

medium pyruvate (Bucher et al 1965) were performed spectrophoto

metrically. Tissue malate (Williamson and Corkey 1969) and tissue 
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pyruvate were assayed fluorometrically. Lactate and pyruvate were 

assayed on the day of the experiment. 

Data Analysis 

On each experiment day, for 16 days over a period of three 

months, five animals were sacrificed between 8 and 10 AM, and the 

lactate, pyruvate, malate, tyrosine, muscle and animal weight data 

collected. The raw data were computer analyzed. No data from the 80 

animals studied were omitted unless a Z score of three or greater was 

obtained. Linear regression and multiple regression by step-wise anal-

ysis was performed on data obtained from 80 animals ranging in body 

weight from 40-400g. The regression lines, 95% confidence intervals, 

correlation coefficients or coefficient of variations are as indicated 

in the figures and tables. 

Results 

Male Sprague-Dawley rats ranging in age from 4 to 14 weeks 

weighed from 40 to 400 grams. The soleus and extensor digitorum longus 

muscle weights increased linearly with animal weight (Fig 16). Because 

2 96-98% (r x 100) of the variance of muscle weight is predictable from 

the variance of animal weight, the muscle reduction-oxidat~on state and 

proteolysis measurements were analyzed as a function of muscle weight. 

Although muscle weight is not indicative of animal age or growth rate 

across animal species or when nutritional and environmental conditions 

are not kept constant, under controlled conditions in these young 

Sprague-Dawley rats, the rate of increase in muscle weight approximated 
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Figure 16. Relationship of soleus and extensor digitorum longus 
muscle weight with animal weight 
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Muscle weights (mg) were plotted against animal weight (g). The 
regression equation (where Y=a + bX, and X=ln[musc1e weight] and 
Y=ln[anima1 weight]) for the soleus was Y=O.814 + 1.0245X and for the 
extensor digitorum longus was Y=O.748 + 1.0012X. The equation where 
X=ln[anima1 weight] and Y=ln[musc1e weight] was Y=-O.601 + 0.9380X 
andY=-O.660 = 0.9814X for the soleus and extensor di~itorum longus 
muscle respectively. The coefficient of variation (r x 100) was 
96% and 98% for the soleus and extensor digitorum longus respec
tively. The linear regression line and the 95% confidence interval 
were derived from muscle and animal weights from 80 rats. 
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growth rate. Because the rate of increase in muscle weight. is greatest 

in small muscles from young animals (Millward et al 1975), it was 

assumed that smaller muscles under these defined conditions had higher 

growth rates. 

Tyrosine released into the medium over tbe two hour incubation 

period from soleus and extensor digitorum longus muscles was inversely 

related to muscle size (Fig 17). Small muscles (with presumably high 

growth rates) were associated with high rates of tyrosine release. As 

the muscles increased in size, rates of muscle proteolysis declined. 

Because this relationship appeared curvilinear (Fig 17A1, 17B1) as did 

the muscle redox parameters, all data were plotted as the natural loga

rithm of X and Y (Fig 17A2, 17B2). For almost every parameter measured, 

the correlation coefficients came closer to unity as a result of the 

data transformation, indicating a better fit of the line to the data 

points. Under the experimental conditions utilized here, with informa

tion on the muscle weight in either the soleus or extensor digitorum 

longus, the rate of protein degradation (as estimated by the rate of 

tryosine release in the presence of cycloheximide) could be predicted 

with some degree of accuracy due to the relatively high correlation 

coefficients (-0.795 and -0.912 for the soleus and extensor digitorum 

longus respectively [Tables 14, 15]). 

The correlation between muscle weight and the incubated muscle 

lactate/pyruvate was also strong (r=0.920 and 0.935 for the soleus and 

extensor digitorum longus [Fig 18; Tables 14, 15]). In small incubated 

muscles, the concentration of lactate/mg muscle was low and the 
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Tyrosine released into the incubation media over two hours is plotted 
against muscle weight. Due to the curvilinear relationship between 
medium tyrosine and muscle weight (A1, B1), the data is also plotted 
as 1n[medium tyrosine) versus 1n[musc1e weight) (A2,B2). The 
correlation coefficients for the linear regression of Y on X is 
greater for the transformed data (A2,B2), r=0.795 and 0.912, than for 
A1 and B1, where r=0.715 and r=0.840 for the soleus and extensor 
digiturum longus muscle respectively. The linear regression 
equations for the transformed data obtained from 80 animals of 
varied size are given in Table 14. 



Table 14. Regression analysis of redox state and proteolysis in leg muscles of various weights 

Variable Soleus Extensor Digitorum Longus 

a b Coefficient of a b Coefficient of 
determination determination 

(percent) (percent) 

Hedium 
Tyrosine 0.54 -0.45* 63.2 0.60 -0.49* 83.2 

Lactate 1.44 0.16 4.9 2.13 0.09 2.4 

Pyruvate 0.88 -0.26* 27.7 1. 78 -0.38* 46.8 

Lactate/pyruvate 0.57 0.42* 39.9 0.35 0.47* 68.9 

Incubated muscle 
Lactate -3.35 1.11* 74.3 -3.41 1.15* 83.0 

Pyruvate -0.79 -0.65* 45.0 -0.55 -0.67* 51.0 

Lactate/pyruvate -2.56 1. 76* 84.6 -3.00 1.86* 87.4 

Fresh-frozen muscle 
Lactate -0.09 0.35* 22.3 -1.12 0.83* 29.6 

Pyruvate -0.82 -0.49* 45.9 -1.12 -0.50* 50.4 

Lactate/pyruvate 0.45 0.91* 55.7 -0.13 1.36* 55.4 

The values given represent th~ regression analysis for data shown in Figures 17 to 20. The 
equations for these data are Y = a + bX; where X = In(muscle size) and Y = In(variable). Coefficient 

of determination = (correlation coefficient)2 x 100. *Correlation is significant at p<O.Ol. \0 

" 



Table 15. Correlation matrices of variables for leg muscles of 
various weights 

Variable Muscle Medium Muscle lactate/ Malate/ 
weight pyruvate pyruvate 

Tyrosine Lactate/ Incu- Fresh- Fresh-
pyruvate bated frozen frozen 

Soleus Muscle 

Muscle weight 1.000 -0.795 0.632 0.920 0.746 0.704 

Medium 
Tyrosine -0.795 1.000 -0.391 -0.749 -0.702 -0.636 

Lactate/ 
pyruvate 0.632 -0.391 1.000 0.629 0.430 0.417 

Muscle 1actate/ 
pyruvate 
Incubated 0.920 -0.749 0.629 1.000 0.749 0.720 
Fresh-frozen 0.746 -0.702 0.430 0.749 1.000 0.851 

Muscle ma1ate/ 
pyruvate 
Fresh-frozen 0.704 -0.636 0.417 0.720 0.851 1.000 
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Table 15, Continued 

Variable Muscle Medium Muscle lactate/ Malate/ 
weight pyruvate pyruvate 

Tyrosine Lactate/ Incu- Fresh- Fresh-
pyruvate bated frozen frozen 

Extensor Digitorum Longus 
Muscle 

Muscle weight 1.000 -0.912 0.830 0.935 0.744 0.572 

Medium 
Tyrosine -0.912 1.000 -0.664 -0.873 -0.642 -0.517 

Lactate/ 
pyruvate 0.830 -0.664 1.000 0.754 0.746 0.542 

Muscle lactate 
pyruvate 
Incubated 0.935 -0.873 0.754 1.000 0.779 0.555 
Fresh-frozen 0.744 -0.642 0.746 0.779 1.000 0.546 

Muscle malate/ 
pyruvate 
Fresh-frozen 0.572 -0.517 0.542 0.555 0.546 1.000 

Correlation data are for the results given in Figures 17 to 
21 and Table 14. 
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Figure 18. Incubated muscle lactate, pyruvate, and lactate/pyruvate 
ratios in leg muscles of varied size 

Muscle lactate, pyruvate and the lactate/pyruvate ratio were plotted 
against muscle weight. The linear regression equation and the 
coefficient of variation for both muscles for 80 animals are 
indicated in Table 14. 
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concentration of pyruvate/rug muscle was high relative to the larger 

muscles. Muscles from the older animals had higher incubated muscle 

lactate/pyruvate ratios than muscles from animals undergoing a more 

rapid rate of growth. This observation also was true for the contra

lateral muscles frozen immediately following dissection (Fig 19). 

However, only a 55% association was apparent between muscle weight and 

the fresh tissue lactate/pyruvate ratio (Table 14). The slope of the 

fresh tissue lactate/pyruvate measured in the soleus muscle was lower 

(0.91 as opposed to 1.76) than the incubated lactate/pyruvate ratio. 

Different also is the lower correlations of muscle lactate with muscle 

weight in both the fresh (compared to the incubated) soleus and extensor 

digitorum longus muscles. Lactate released from the soleus or extensor 

digitorum longus did not correlate with muscle weight (Fig 20; Table 

14). This confirms an earlier observation (Chapter 4) with lactate pro

duction unrelated to muscle size, but characteristic to muscle tissue 

deprived of oxygen. Because lactate efflux was not increased in the 

larger incubated muscles, it may be inferred that the large muscles are 

no more deprived of oxygen than the small incubating muscles. 

Fresh muscle malate was not associated with muscle weight to any 

great extent (11.2% and 2.75% in the soleus and extensor digitorum 

longus respectively), but because the tissue pyruvate concentration de

creased with increasing muscle size, the malate/pyruvate ratio increased 

with increasing muscle size (Fig 21). The correlation coefficients be

tween the fresh tissue malate/pyruvate (Table 15) were greater in the 

soleus muscle (0.704 and 0.851) than in the extensor digitorum longus 
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Fresh muscle lactate, pyruvate and the lactate/pyruvate ratio were 
plotted against muscle weight. The linear regression equation and the 
coefficient of variation for both muscles for 80 animals are in
dicated in Table 14. 
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Figure 20. Medium lactate, pyruvate and lactate/pyruvate ratios 
in leg muscles of varied size 
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Medium lactate, pyruvate and the lactate/pyruvate ratio were plotted 
against muscle weight. The linear regression equation and the 
coefficient of variation for both muscles for 80 animals are 
indicated in Table 14. 
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Figure 21. Fresh muscle malate, pyruvate and malate/pyruvate ratios 
in leg muscles of varied size 

Fresh muscle malate and pyruvate (In[nmol/mg muscle]) and the malate/ 
pyruvate ratio (In[ratio]) were plotted against soleus and extensor 
digitorum longus muscle weight (In[mg]). The regression equation 
(Yon X) for malate, ~.,here Y = 1.54 + 0.19X and Y = 0.65 - O. S8X for 
the soleus and extensor digitorum longus respectively had coeffi
cients of variation of 11.2% and 2.7%. The regression equation for 
the malate/pyruvate ratio, where Y=0.72 + 0.68X and Y=0.50 + 0.41X 
for the soleus and extensor digitorum longus respectively, had 
coefficients of variation of 48.2% and 22.3%. 
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muscle (0.572 and 0.546). (Incubated muscle malate was not determined 

since, unlike the incubated muscle lactate, tissue malate levels dropped 

approximately 64% over the two hour incubation period in the soleus mus

cle, but remained constant in the extensor digitorum longus over the two 

hours.) 

Multiple regression by step-wise analysis (p<0.05) for the 

soleus and extensor digitorum longus muscle weights, given the para

meters x1: incubated muscle lactate/pyruvate, x2 : medium tyrosine, x3: 

medium lactate/pyruvate, x4 : fresh muscle lactate/pyruvate and x5: 

fresh muscle malate/pyruvate resulted in a multiple correlation coeffi

cient of 0.939 and 0.973 for the soleus and extensor digitorum longus 

respectively (Table 16). Because the data for incubated muscle (tissue 

lactate/pyruvate, medium lactate/pyruvate and medium tyrosine) had a 

greater association to muscle weight than the data for fresh muscles 

these data were inserted into the regression equation first. There-' 

after, the fresh tissue lacctate/pyruvate and malate/pyruvate was not 

significant at the 5% level and therefore was not included in the multi

ple regression equation. The omission of the fresh tissue redox para

meters from the multiple regression equation, however, does not indicate 

that these parameters are not related to muscle size or muscle growth 

rate. In fact, the fresh tissue lactate/pyruvate ratio may lend more 

information about the in vivo NAD redox couple than do in vitro para

meters (tissue lactate/pyruvate, medium lactate/pyruvate and medium 

tyrosine). Assuming the fresh tissue values to be more indicative of 

the in vivo rate of muscle growth, the in vitro redox parameters were 



Table 16. Multiple regression analysis of redox state and proteolysis 
in leg muscles of various weights 

Multiple regression was performed by step-wise analysis on the 

data given in Figures 17 to 21 as described in Materials and Methods. 

The equation used is Y = a + b1X1 + b2X2 + b
3

X
3

; where Y = 1n(muscle 

weight) and X = 1n(course of variation). 

* Correlation is significant at p<O.05. 



Table 16. Multiple regression analysis of redox state and proteolysis in leg muscles of various 
weights 

Source of Variation a b Hultiple Partial 
correlation correlation 

Soleus Muscle 

Incubated muscle lactate/pyruvate (Xl) * 0.3365Xl 

* Medium tyrosine (X2) -0. 4748X2 

Nedium lactate/pyruvate (X3) 0.1778X3 
* 

after ~, Xz and X3 1. 8709 0.9386 

Fresh muscle lactate/pyruvate (X4) 0.1145 

Fresh muscle malate/pyruvate (X
5

) 0.0879 

Extensor Digitorum Longus Muscle 

Incubated muscle lactate/pyruvate (Xl) * G.1874~ 

Nedium tyrosine (X2) -0. 7634X2 
* 

Medium lactate/pyruvate (X3) * 0.4756X3 

after Xl' X2 and X3 1.1117 0.9734 

Fresh muscle lactate/pyruvate (X4) -0.1156 

Fresh muscle malate/pyruvate (X
5

) 0.0262 
I-' 
0 
0\ 
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plotted against muscle weight as the percent difference from the fresh 

tissue data (Figs 22-24). Although no direct relationship between the 

percent differences in the incubated versus fresh data, and muscle 

weight occurred in most cases, the incubated lactate/pyruvate ratio in 

the soleus muscle (Fig 24) increased with increasing muscle size rela

tive to the fresh tissue ratio. It is apparent that the NAD redox 

couple in the incubated tissue differs markedly from that of the fresh 

tissue in the soleus muscle. 

In the smallest muscles examined (approximately 20mg), the fresh" 

tissue lactate/pyruvate, fresh tissue malate/pyruvate, incubated tissue 

lactate/pyruvate and the medium lactate/pyruvate ratios were smaller 

relative to the largest muscles examined (approximately 200mg). Con

versely, the rate of tyrosine released from both the soleus and extensor 

digitorum longus muscles was much faster in small muscles relative to 

large muscles. A progressive decrease in the rate of tyrosine release 

and a progressive increase in the lactate/pyruvate or malate/pyruvate 

ratios occurred as muscle size increased (or as muscle growth rate de

clined). This relationship is illustrated in Figure 25; which depicts 

the incubated lactate/pyruvate ratio and the rate of tyrosine release 

plotted against each other. Highly significant correlation coefficients 

were obtained for both the soleus and extensor digitorum longus muscles 

(-0.749 and -0.873). 
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Medium lactate, pyruvate and lactate/pyruvate ratios are expressed as 
the percent difference from the fresh muscle parameters and plotted 
against muscle weight (mg) in the soleus and extensor digitorum 
longus. 
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Extensor Digitorum Longus 

81 

6 
6 

"" 6 

6 6 6 

" 
6 6 6 6 6 6 .. .. 6 6 6 .. '}. . 

b~6 .. 
-'a 

82 6 

6 

. 6 

6 6 ~ 6 

6 66F 6 
66 

6 66 .. 
6 -.. t,6& ,,6 . 

~ b .."..6 l"~ . .. . . • li.:A •• ~ . .. . 
~ . 

50 100 150 200 

Muscle Weight (mg) 

Figure 23. Differences from fresh muscle lactate and pyruvate of the 
incubated muscle lactate and pyruvate 

Incubated muscle lactate and pyruvate are expressed as the percent 
difference from the fresh muscle parameters and plotted against 
muscle weight (mg) in the soleus and extensor digitorum longus. 
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Figure 24. Differences from the fresh muscle lactate/pyruvate ratio 
of the incubated muscle lactate/pyruvate ratio 

Incubated muscle lactate/pyruvate ratios are expressed as the percent 
difference from the fresh muscle ratios and plotted against muscle 
weight (mg) in the soleus and extensor digitorum longus. 
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Discussion 

Rates of muscle protein degradation correlated inversely with 

muscle size. Small muscles from young rats had high rates of prote

olysis in vitro relative to the large muscles from young-adult rats. 

Millward et al (1975) also showed that the breakdown rate, estimated in 

vivo as the synthesis rate minus the growth rate, directly correlated 

with growth rate. High rates of proteolysis in muscle accompanied rapid 

growth in young rats. The breakdown rate subsequently fell with age. 

Rates of muscle pr.otein degradation, as estimated by the urinary excre

tion of 3-methylhistidine (Asatoor and Armstrong 1967, Young 1970) was 

slower in the young-adult rat (0.3 kg) than younger rats (0.1 leg) (Young 

and Munro 1978). Depressed rates of protein degradation in muscle have 

also been associated with slow growth rates in other physiological 

states; especially in diabetic rats (Chapter 3, Millward et al 1976), 

hypophysectomized rats·(Millward 1976,Goldberg 1969), and rats main

tained on a protein-free (Garlick et al 1975, Millward et al 1975 and 

Millward et al 1976) or a low protein, low energy diet (Millward et al 

1978). 

Muscle growth rate, in addition to the direct relationship with 

protein degradation, was also related to the muscle reduction-oxidation 

state. As growth rate slowed, rates of protein degradation slowed and 

the lactate/pyruvate ratios became more reduced. A strong correlation 

existed between the incubated tissue lactate/pyruvate ratio and muscle 

size, where r=0.920 and 0.935 for the soleus and extensor digitorum 

longus respectively. The relationship is independent of the effects of 
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incubation, as the fresh-frozen lactate/pyruvate and malate/pyruvate 

ratios also correlated significantly (p<0.05) with muscle size. Al

though most in vitro determinations of various muscle metabolism para

meters have been largely restricted to small muscles due to potential 

limitations in oxygen diffusion capabilities (Goldberg, Martel and 

Kushmerick 1975), the lactate/pyruvate ratios and rates of protein 

degradation determined in large incubated muscles are inconsistant with 

changes in the rates of proteolysis and the reduction-oxidation state 

observed in muscles deprived of oxygen (Chapter 4). Hence, it is felt 

that the observed changes in redox state and proteolysis as a function 

of muscle size are unrelated to possible effects of oxygen deprivation, 

but are indicative of changes associated with rates of growth in vivo. 

The progressive reduction of the NAD(P) redox couple (as indi

cated by the increasing ratio of lactate/pyruvate or malate/pyruvate) 

that occurred with increasing age was also strongly correlated with the 

progressive decline in the rates of muscle proteolysis. The correlation 

coefficient for the incubated tissue lactate/pyruvate ratio and the 

tyrosine released from 80 soleus and extensor digitorum longus muscles 

was -0.749 and -0.873 respectively. This is suggestive of a functional 

relationship between muscle protein degradation and the reduction

oxidation state in muscles during growth and development. 



CHAPTER 6 

EFFECT OF STARVATION AND REFEEDING ON PROTEIN DEGRADATION 
AND THE REDUCTION-OXIDATION STATE IN RAT LEG MUSCLES 

Abstract 

Rates of protein degradation and the reduction-oxidation state 

were determined in soleus and extensor digitorum longus muscles from 

fasted and refed rats. Seven, ten and fourteen week-old Sprague-Dawley 

rats were deprived of food up to four, eight and ten days respectively 

and subsequently refed for one, two or four days. Extensor digitorum 

longus muscles of seven and ten week-old rats had faster rates of prote-

olysis and lower lactate/pyruvate ratios throughout the period of star-

vat ion than muscles from fed rats. In extensor digitorum longus muscles 

of fourteen week-old rats, rates of protein degradation were increased 

up to six days of fasting, slower on the eighth day and then more rapid 

on the tenth day. In these same muscles, fresh and incubated tissue 

lactate/pyruvate ratios were lower on days six and ten of fasting, but 

were greater on day eight. In contrast, rates of protein degradation 

and the fresh tissue lactate/pyruvate in soleus muscles from seven, ten 

or fourteen week-old rats were seemingly unaffected by starvation. Re-

feeding increased the lactate/pyruvate ratios in the soleus muscle, with 

little change in proteolysis. Depressed rates of proteolysis were ob-

served in the extensor digitorum longus following refeeding, as well as 

114 
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increased fresh and incubated tissue lactate/pyruvate ratios. These re

sponses of muscle protein degradation and the reduction-oxidation state 

to short and long-term starvation and refeeding further support the pro

posed muscle proteolysis-redox state relationship (Chapter 1). 

Introduction 

Muscle protein provides most of the amino acids for the body 

during starvation (Addis, Poo and Lew 1936). The regulation of muscle 

protein breakdown during starvation, however, is not well understood. 

Large molecular weight proteins, glycoproteins and acidic proteins were 

degraded more rapidly in normal muscle than were small, basic proteins 

(Dice, Dehlinger and Schimke 1973, Dice and Goldberg 1975, Goldberg and 

Dice 1974). In starvation and diabetes, these proteins were not cata

bolized more rapidly but instead stable proteins were preferentially 

degraded (Dice, Walker, Byrne and Cardiel 1978). 

Although accelerated rates of proteolysis have been observed in 

muscles from fasted animals, some investigations have shown little or no 

increase, and perhaps a decrease in the degradative rate of certain mus

cles under some conditions (Cahill 1976, Goodman et al 1980, Goodman, 

McElaney and Ruderman 1981, Goodman and Ruderman 1980, Li and Goldberg 

1976, Li, Higgins and Jefferson 1979, Saudek and Felig 1976). After one 

or two days of food deprivation in young rats (50-80g), the extensor 

digitorum longus muscle had decreased rates of protein synthesis and in

creased rates of protein catabolism relative to muscle from fed animals. 

Little or no change in protein synthesis or degradation occurred in the 

soleus muscle (Li and Goldberg 1976). Similarly, in larger animals 
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(eight or 16 week-old rats) starved up to five or ten days, the soleus 

muscle lost little if any weight, whereas, the extensor digitorum longus 

muscle lost approximately 20% of its initial weight (Goodman and 

Ruderman 1980). In 220g rats, protein degradation in the perfused hemi

corpus preparation was unchanged after a 72 h fast (Li, Higgins and 

Jefferson 1979). When these investigators fasted 100g rats for 48 h, 

the degradative rate of the hemicorpus increased by 30-50%. The re

sponse to starvation of muscle is apparently dependent not only on the 

muscle studied and the age of the animal, but also on the duration of 

food deprivation. Muscle protein catabolism after prolonged starvation 

in man, as judged by the excretion of urinary nitrogen, has been shown 

to decrease below fed control rates (Cahill 1976, Saudek and Felig 

1976). This adaptation to prolonged starvation, which serves to con

serve total body protein, had also been observed in the rat. However, 

only older rats were able to conserve body protein by decreasing the 

rate of protein degradation (Goodman, Larsen, Kaplan, Aoki, Young and 

Ruderman 1980, Goodman, McElaney and Ruderman 1981). Rats of the same 

age, but which possessed a greater degree of adiposity through fat feed

ing, were able to survive the starvation twice as long as their chow-fed 

age-matched controls (Goodman, McElaney and Ruderman 1981). 

Although the mechanisms of muscle proteolysis in response to 

food deprivation are largely unknown, a possible regulating factor may 

involve the reduction-oxidation state of muscle. After prolonged star

vation in obese man, a reduction of the NAD redox couple was observed in 

the venous blood draining the forearm muscle (Aoki et al 1975, Owen 
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and Reichard 1971). In large rats following prolonged starvation, the 

blood lactate/pyruvate and S-hydroxybutyrate/acetoacetate ratios drain

ing the rat hindquarter were increased (Goodman et al 1980). These re

sults inferred that the NAD redox couple in muscles of the long-term 

fasted rat was reduced. Furthermore, the redox state appeared to become 

oxidized when the lipid stores of the animal became depleted. 

To evaluate the possible role of the muscle reduction-oxidation 

state and its association with the rate of muscle protein degradation 

during starvation, the reduction-oxidation state and rates of protein 

degradation were determined in both soleus and extensor digitorum longus 

muscles from rats seven to fourteen weeks of age during both short and 

long-term starvation and during refeeding. 

Methods 

Seven, ten and fourteen week-old rats bred by the Division of 

Animal Resources at the University of Arizona, Tucson, were utilized for 

the study. Seven week-old rats were deprived of food for one, two and 

four days (Fig 26). Ten week-old rats were fasted for one, two, four, 

six and eight days, and fourteen week-old rats fasted for one, two, 

four, six, eight and ten days. After the last day of starvation in each 

age-group, rats were given Purina laboratory chow for one, two or four 

days. 

Animals were housed in metal cages, maintained on a 12 h light

dark cycle at 20°C and given water ad libitum. Muscle incubations and 

protein degradation and the reduction-oxidation state in muscle were 

measured as described in Chapter 5. Muscles from fasted and refed rats 
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Figure 26. Effects of starvation and refeeding on body weight 
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Rats ranging in age from four to 14 weeks were deprived of food for 
two to ten days (depending on age) and refed for up to four days. 
Animal weights were recorded in each age group from the same group 
of rats throughout the duration of the experiment. Body weights 
recorded on experiment day 0 represent the body weight of the fed 
animals prior to starvation treatment. The experiment day on which 
refeeding was initiated is indicated (*) for each weight group. 
Each point represents the mean ± SEM for five animals. 
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were compared to muscles of the same weight from fed control rats. The 

difference between the muscle weight-matched controls and muscles from 

the fasted or refed animals were analyzed using the two-tailed t test. 

In Figure 27, values from the fasted and refed animals were plotted 

against the regression line and 95% confidence interval derived from 80 

soleus and extensor digitorum longus muscles from normal fed animals. 

Three-dimensional diagrams (Figs 28 and 29) were derived using the 

disspla program from data of seven and fourteen week-old rats. 

Results 

In preliminary experiments, male Sprague-Dawley rats ranging in 

age from four to fourteen weeks, were deprived of food for up to two to 

ten days (depending on the age of the animal) and subsequently refed for 

up to four days (Fig 26). After one day of food deprivation, animals 

lost between nine an~ nineteen percent of their initial body weight. On 

subsequent days of food deprivation, rats lost between one to eleven 

percen.t of their body weight. This represented absolute weight losses 

ranging between four to six grams per day in four and five week-old 

rats, between six to sixteen grams per day in seven, eight and ten week

old rats, and between two to eighteen grams per day in fourteen week-old 

rats. Rats in each age group, which were starved near termination (last 

day of starvation prior to refeedjng), lost between 27-36% of their 

initial body weight. One day of refeeding resulted in a 20-30% increase 

in body weight (relative to the last day of starvation). 

Extensor digitorum longus muscles from fasted rats had acceler

ated rates of proteolysis, and lower fresh and incubated tissue 
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lactate/pyruvate ratios relative to weight-matched fed controls. This 

is illustrated in Figure 27B, where the means of each group that were 

fasted between one to ten days generally lie above the 95% confidence 

interval for the rates of protein degradation and below the 95% 

confidence interval for both the fresh and incubated tissue lactate/ 

pyruvate ratios of muscles from fed rats. Conversely, refeeding for 

one, two or four days resulted in high lactate/pyruvate ratios and lower 

rates of protein degradation relative to weight-matched fed controls. 

In the soleus muscle, the means of the rates of protein degrada

tion for each experimental fasted and refed group, generally lie within 

the 95% confidence interval derived from normal controls (Fig 27A1). 

However, the response to starvation of fresh and incubated tissue 

lactate/pyruvate ratios in the soleus differed. Incubated muscles from 

fasted rats generally had lower lactate/pyruvate ratios than the. fed 

controls, whereas, means of the fresh tissue lactate/pyruvate ratios 

from the various groups tended to lie within the normal fed control 95% 

confidence interval. Both fresh and incubated lactate/pyruvate ratios 

from soleus muscles from refed rats were somewhat elevated relative to 

the controls. 

The statistical analyses between muscles from fed controls and 

muscles from fasted or refed rats are given in Tables 17 and 18. In 

seven and ten week-old rats, rates of protein degradation in the exten

sor digitorum longus were significantly (p<O.05) greater and the fresh 

and incubated lactate/pyruvate ratios significantly lower relative to 
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Figure 27. Effect of starvation and refeeding on protein degradation 
and redox state in soleus and extensor digitorum longus 
muscles 

Seven-week old rats were deprived of food (e) and refed (0) for one, 
two and four days. Ten-week old rats were starved up to eight days 
<lID and refed for up to four days (D). 14-week old rats were 
fasted for up to eight days (A) and refed for one day (~). 
These points represent the mean for five to ten animals for each 
group of the rate of protein degradation (In[nmo1/mg musc1e/2h]) and 
the fresh and incubated tissue lactate/pyruvate ratio (In[ratio]) as 
a function of muscle weight (In[mg]). The number beside each symbol 
indicates the number of days the animals have been fasted or refed. 
The regression line and corresponding 95% confidence interval was 
derived from normal fed animals over a range of weights (n=80, 
Chapter 5). 
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Table 17. Effects of fasting and refeeding on proteolysis and redox 
state in extensor digitorum longus muscles from rats of 
different ages 

Condition Proteolysis Muscle Lactate/Pyruvate 

of rat Incubated Fresh-
frozen 

(percent of control) 

Fasted for: 7 weeks of age 

1 day 137 ± 9* 35 ± 4* 77 ± 14 

2 days 120 ± 7* 35 ± 4* 74 ± 6* 

4 days 122 ± 7* 40 ± 7* 72 ± 7* 

Fasted 4 days; 7 weeks of age 
refed for: 

1 day 81 ± 8* 152 ± 18* 372 ± 73* 

2 days 79 ± 6* 111 ± 7 376 ± 71* 

4 days 73 ± 2* 153 ± 18* 377 ± 80* 

Fasted for: 10 weeks of age 

1 day 125 ± 8* 27 ± 2* 66 ± 11* 

2 days 128 ± 6* 31 ± 5* 61 ± 6* 

4 days 128 ± 6* 65 ± 2* 76 ± 7* 

6 days 152 ±10* 31 ± 2* 34 ± 6* 

8 days 162 ± 5* 49 ± 4* 55 ± 9* 
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Table 17, Continued 

Condition Proteolysis Muscle Lactate/Pyruvate 

of rat Incubated Fresh-
frozen 

(percent of control) 

Fasted 8 days; 10 weeks of age 
refed for: 

1 day 94 ± 10 163 ± 21* 181 ± 29* 

2 days 67 ± 3* 132 ± 16* 158 ± 11* 

4 days 80 ± 3* 108 ± 15 129 ± 64 

Fasted for: ,14 weeks of age 

1 day 139 ± 7* 27 ± 3* 40 ± 3* 

2 days 116 ± 3* 19 ± 3* 50 ± 8* 

4 days 123 ± 2* 46 ± 4* 35 ± 5* 

6 days 116 ± 4* 54 ± 9* 83 ± 22 

8 days 55 ± 7* 78 ± 8 104 ± 5 

10 days 127 ± 14 21 ± 2* 30 ± 6* 

10 days; 78 ± 11 138 ± 30 179 ± 26* 
refed 1 day 

Values are means ± SE for muscles of 5 or 10 animals incubated 
with glucose, amino acids and cycloheximide (0.5 mM) as described in 
Methods. *p<0.05 using the two-tailed t test for the difference 
between muscle weight-matched control (100%) and the experimental 
condition. 
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Table 18. Effects of fasting and refeeding on proteolysis and redox 
state in soleus muscles from rats of different ages 

Condition Proteolysis Muscle Lactate/Pyruvate 

of rat Incubated Fresh-
frozen 

(percent of control) 

Fasted for: 7 weeks of age 

1 day 112 ± 9 56 ± 2* 92 ± 8 

2 days 98 ± 6 41 ± 4* 93 ± 11 

4 days 91 ± 5 40 ± 9* 104 ± 27 

Fasted 4 days; 7 weeks of age 
refed for: 

1 day 87 ± 7 137 ± 28 157 ± 13* 

2 days 107 ± 9 97 ± 24 186 ± 21* 

4 days 91 ± 6 147 ± 16* 158 ± 18* 

Fasted for: 10 weeks of age 

1 day 104 ± 5 34 ± 3* 93 ± 13 

2 days 104 ± 5 73 ± 17 86 ± 9 

4 days 97 ± 4 n± 16 113± 9 

6 days 118 ± 5* 66 ± 11 85 ± 3* 

8 days 110± 9 59 ± 6* 81 ± 6* 
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Table 18, Continued 

Condition Proteolysis Muscle Lactate/Pyruvate 

of rat Incubated Fresh-
frozen 

(percent of control) 

Fasted 8 days; 10 weeks of age 
refed for: 

1 day 95 ± 4 190 ± 35 149 ± 

2 days 88 ± 3* 248 ± 19* 118± 

4 days 97 ± 5 82 ± 6 91 ± 

Fasted for: 14 weeks of age 

1 day 111 ± 4 51 ± 7* 91 ± 

2 days 105 ± 6 50 ± 12* 81 ± 

4 days 104 ± 2 60 ± 5* 98 ± 

6 days 108 ± 3 96 ± 18 96 ± 

8 days 103 ± 8 72 ± 9* 129 ± 

10 days 122 ± 9 35 ± 11* 60 ± 

10 days; 93 ± 4 122 ± 8 186 ± 
refed 1 day 

Values are means ± SE for muscles of 5 or 10 animals incu
bated with glucose, amino acids and cycloheximide (0.5 mM) as 
described in Methods. *p<0.05 using the two-tailed t test for the 
difference between the muscle weight-matched control (100%) and the 
experimental condition. 
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muscle weight-matched controls throughout the duration of starvation. 

In fourteen week-old rats, rates of protein degradation were signifi-

cantly faster up to six days of starvation. Lactate/pyruvate ratios 

were significantly smaller up to six days in the incubated tissue and up 

to four days in the fresh tissue. Rates of proteolysis dropped below 

muscle-weight matched control values on the eighth day of starvation and 

lactate/pyruvate ratios were not significantly different from fed con-

troIs. On the tenth day of starvation, rates of proteolysis were again 

elevated and lactate/pyruvate ratios decreased. 

In the soleus muscle from fasted or refed rats, rates of prote-

olY3is rarely differed significantly from normal fed control rates. On 

the other hand, incubated muscle lactate/pyruvate ratios generally were 

significantly decreased relative to control muscles which is in contrast 

to the fresh tissue lactate/pyruvate ratios obtained from the contra-
• 

lateral limbs of the same animals. The explanation for the discrepancy 

between fresh and incubated lactate/pyruvate ratios is unclear. How-

ever, a similar discrepancy occurred in normal muscle from fed animals 

as well (Chapter 5). In the soleus muscle, it is thought that the fresh 

tissue ratio more closely approximates the tissue lactate/pyruvate ratio 

in vivo. ---
During refeeding, the response of the tissue lactate/pyruvate 

ratio varied between statistically significant and nonsignificant in-

creases relative to fed controls. The lactate/pyruvate ratios in exten-

sor digitorum longus muscles from refed animals were significantly 

increased in most groups. These increases in the lactate/pyruvate ratio 
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corresponded with reduced rates of proteolysis in the extensor digitorum 

longus. 

To further illustrate the relationship between the reduction

oxidation state, as indicated by the tissue lactate/pyruvate ratio, and 

protein degradation, data from extensor digitorum longus muscles of 

seven and fourteen week-old rats were plotted in three diminensions. 

Figure 28 illustrates the association between the mean incubated (28A) 

and fresh (28B) tissue lactate/pyruvate ratios and mean rates of protein 

degradation with respect to muscle weight and duration of starvation in 

extensor digitorum longus muscles from seven week-old rats. High rates 

of proteolysis during starvation (open circles) were associated with low 

incubated and fresh lactate/pyruvate ratios (open squares) relative to 

controls of representative weights (hatched circles and squares). Mus

cles from refed animals had depressed rates of proteolysis (closed 

circles) and relatively high lactate/pyruvate ratios (closed squares). 

The same response was generally true from muscles of fourteen week-old 

rats (Fig 29). One exception was the apparent decrease in proteolysis 

on day eight and the possible increase (relative to day four) in the 

lactate/pyruvate ratio. 

Discussion 

Rates of protein degradation were accelerated and the fresh and 

incubated tissue lactate/pyruvate ratios were decreased in extensor 

digitorum longus muscles from fasted rats. These responses to starva

tion appeared to be relatively independent of animal age, although some 

differences were apparent in fourteen week-old rats. The reduction in 



Figure 28. Relationship between the reduction-oxidation state and 
protein degradation in extensor digitorum longus muscles 
from fasted and refed seven-week old rats 

Rates of protein degradation (0,.) and fresh and incubated tissue 
lactate/pyruvate ratios (0, II) in extensor digitorum longus muscles 
from seven-week old rats were plotted as a function of muscle weight 
and thOe duration of starvation (0, []) or refeeding (., II) . 
Representative fed control values (&,~) over the range of muscle 
weights from the experimental groups were derived from their res
pective regression equations (Chapter 5). Each symbol represents 
the mean for five to ten animals per group. Statistical analysis 
for these data are as indicated in Table 17. 
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Figure 28. Relationship betw'een the reduction-oxidation state and 
protein degradation in extensor digitorum longus muscles 
from fasted and refed seven-week old rats 
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Figure 29. Relationship between the reduction-oxidation state and 
protein degradation in extensor digitorum longus muscles 
from fasted and refed 14-week old rats 

Rates of protein degradation (o,e) and fresh and incubated tissue 
lactate/pyruvate ratios. (0, ID in extensor digitorum longus muscles 
from l4-week old rats were plotted both as a function of muscle weight 
and the duration of starvation (0, D) or refeeding (., II) as in
dicated in the legend of Figure 28. 
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body weight in these older rats slowed appreciably between five and 

eight days of food deprivation, losing as little as one to eight grams 

per day, or less than 1-2% of the body weight. This drop in weight loss 

was not reflected by a mean fall in muscle proteolysis (as determined in 

vitro) until day eight. The decreased rate of proteolysis may be indic

ative of the "protein sparing" effect thought to occur in fasting obese 

man (Cahill et al 1966, Young et al 1973) and obese sixteen week-old 

rats (Goodman et al 1980, Goodman, McElaney and Ruderman 1981). The 

ability to conserve protein, a probable adaptation to prolonged starva

tion, may be the most important response in prolonging the survival of 

the animal. The metabolic event that initiates the conservation of pro

tein is unknown, but of obvious clinical import. As discussed by Aoki, 

Finley and Cahill (1977), it is feasible that the dependence on fat as 

the primary metabolic fuel, which generates reducing equivalents, may 

influence the rate at which protein is degraded. The fall in circulat

ing insulin, which occurs during starvation and diabetes, may help to 

initiate the conservation of protein by mobilizing fat stores (Aoki, 

Finley and Cahill 19'77). This may seem ironic since the effects of 

insulin are anabolic with respect to protein synthesis and degradation 

in muscle (Chapter 7, Fulks, Li and Goldberg 1975). Initially, however, 

the fall in the circulating levels of insulin are likely to result in 

accelerated rates of muscle proteolysis. Potentially, only when adipose 

stores are mobilized and when fat becomes the primary metabolic fuel, 

may there be a reduction in protein catabolism. It was proposed by 

Aoki, Finley and Cahill (1977) that the protein conservation observed in 
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fasting man may be dependent on the reduction-oxidation state of muscle. 

Whether rates of muscle proteolysis are restrained due to the reduced 

state of muscle or because the basal metabolic rate of the animal falls 

below normal during starvation however, are experimentally unchallenged. 

Although protein conservation may necessitate decreased rates of 

proteolysis, depressed rates of muscle protein breakdown may occur inde

pendent of this physiological adaptation. In animals fed after prolong

ed food deprivation, rates of proteolysis in the extensor digitorum 

longus muscle dropped below muscle weight-matched control values. In 

association with the fall in proteolysis, was the increase in the 

lactate/pyruvate ratio. Under these conditions, it is unlikely that fat 

was the primary metabolic fuel since dietary sources of carbohydrates 

could supply a significant fraction of the metabolic fuel. Noteworthy, 

however, is the fact that the incubated and fresh tissue lactate/ 

pyruvate ratios remain inversely related to rates of muscle proteolysis 

in the extensor digitorum longus muscle during short and long-term fast

ing and during refeeding. 

Rates of protein degradation in the soleus muscle were unaffect

ed by starvation and refeeding. Interestingly, no change in proteolysis 

was measureable even when animals were starved terminally. Fresh tissue 

lactate/pyruvate ratios in the soleus were basically unchanged by star

vation, but there was a tendency for the fresh tissue lactate/pyruvate 

ratio to increase during refeeding. In contrast, the incubated tissue 

lactate/pyruvate ratio, as in the extensor digitorum longus, generally 
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decreased during starvation and increased during refeeding. This appar

ent difference between fresh and incubated tissue lactate/pyruvate 

ratios in the soleus muscle may indicate possible discrepencies between 

the metabolic parameters measured in vitro and in viv~. 

The soleus muscle of Sprague-Dawley rats is histochemically 

characterized as primarily slow-oxidative (Ariano, Armstrong and 

Edgerton 1973); composed of muscle-fibers that contract slowly, generate 

little tension, are highly resistant to fatigue and contain a high den

sity of mitochondria, a rich supply of capillaries and myoglobin and 

little glycogen (Henneman 1980). The extensor digitorum longus muscle 

contains muscle-units defined histochemically as both fast-oxidative 

glycolytic (59%) and fast glycolytic (39%) (Ariano, Armstrong and 

Edgerton 1973). These fibers will generally contract with greater 

speed, generate more tension, contain fewer mitochondria, have a lower 

capillary and mitochondrial density, are more fatiguable and contain 

more glycogen than the slow-oxidative fibers of the soleus muscle. 

Study of the soleus versus the extensor digitorum longus muscles should 

then reflect those muscles that are considered metabolically oxidative 

versus glycolytic. However, because the fresh tissue lactate/pyruvate 

ratio differs from that of the incubated soleus muscle in both normal 

and fasted rats under the indicated incubation conditions, this chal

lenges whether the information obtained from the incubated soleus muscle 

is indicative of this muscle in vivo. Additionally, in the soleus mus

cle, which is considered to function oxidatively (as opposed to glyco

lytically) rates of protein degradation were unaffected by the total 
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lack of oxygen during the first hour of incubation, as was the extensor 

digitorum longus muscle (Chapter 4). The lack of response of protein 

degradation determined in vitro to starvation in the soleus muscle is, 

however, supported by the lack of weight loss of this muscle during 

starvation (unpublished observations, Goodman and Ruderman 1980). 

In summary, the response to starvation and refeeding of muscle 

appears to be dependent on the duration of starvation, the degree of 

adiposity of the animal (which, in the chow-fed rat, may be dependent on 

animal age (Olefsky, Bacon and Bauer 1976)), and the muscle studied. 

The soleus, a slow-oxidative muscle, is unaffected by starvation with 

respect to muscle protein degration and the fresh tissue lactate/ 

pyruvate ratio. This muscle, in response to refeeding, had increased 

fresh tissue lactate/pyruvate ratios, but little or no alterations in 

rates of proteolysis. The extensor digitorum longus muscle, on the 
• 

other hand, generally had increased rates of proteolysis and decreased 

lactate/pyruvate ratios during starvation. Muscle from fourteen week-

old rats starved for eight days had decreased rates of protein degrada-

tion relative to muscle weight-matched controls and an increased 

lactate/pyruvate ratio relative to this ratio measured during earlier 

periods of starvation. 

Important in these observations is the association between mus-

cle proteolysis and the reduction-oxidation state. Generally, high 

rates of proteolysis were associated with an oxidation of the NAD redox 

couple (decreased lactate/pyruvate ratios) and low rates of proteolysis 

were associated with a reduction of the NAD redox couple (increased 
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lactate/pyruvate ratios). Whether this functional relationship is of 

causal nature is uninterpretable at this time. 



CHAPTER 7 

EFFECT OF INSULIN ON PROTEIN TURNOVER AND THE NAD AND GLUTATHIONE 
REDOX COUPLES IN SKELETAL MUSCLES FROM FED, FASTED, REFED, 

DIABETIC AND ADRENALECTOMIZED RATS 

Abstract 

The effects of insulin on protein turnover and the NAD and 

glutathione redox couples were investigated in soleus and extensor 

digitorum longus muscles of fed, fasted, refed, diabetic and adrena-

lectomized rats. Muscles from fasted and diabetic animals had slower 

rates of synthesis than muscles from normal fed controls. Protein 

degradation was faster in extensor digitorum longus muscles from fasted 

and diabetic animals two days post-streptozotocin injection, but was un-

changed in soleus muscles. Twelve-day diabetic animals had slower rates 

of protein degradation in both muscles. Lactate/pyruvate ratios were 

usually inversely related to rates of proteolysis in muscles of fasted 

and diabetic animals. The reduced/oxidized glutathione ratios in these 

muscles were not generally associated with changes in the lactate/ 

pyruvate ratio or proteolysis in muscle. Although, lower levels of re-

duced glutathione were found in muscles from fasted and diabetic animals 

compared to normal fed animals. The addition of insulin to incubating 

muscles did not change the glutathione redox couple, and either did not 

alter or oxidized the NAD redox couple. Insulin slowed rates of protein 

degradation in both soleus and extensor digitorum longus muscles and ac-

celerated rates of protein synthesis, more so in the extensor digitorum 
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longus than the soleus muscle in fed, fasted and diabetic rats. Protein 

degradation was faster in soleus muscles from both fed and fasted adren

alectomized (ADX) rats treated with cortisol compared to ADX rats with

out cortisol replacement. Rates of proteolysis in extensor digitorum 

longus muscles from ADX animals were increased by cortisol replacement 

only in fasted animals. The addition of insulin to soleus muscles slow

ed proteolysis in fed, fasted and diabetic ADX animals, but to a greater 

extent in the cortisol-treated animals. Rates of protein degradation of 

soleus muscles incubated with insulin did not differ between the fed, 

fasted and diabetic ADX animals with or without cortisol replacement. 

Insulin addition to incubating extensor digitorum longus muscles slowed 

rates of proteolysis in fed animals with or without cortisol replacement 

and in diabetic animals administered cortisol, but not in fasted 

animals. The NAD redox couple was significantly oxidized in soleus and 

extensor digitorum longus muscles of diabetic ADX rats with cortisol 

replacement compared to normal ADX rats administered cortisol and in 

fasted ADX animals. The NAD redox couple in the soleus of fasted ADX 

animals was not different from fed ADX animals without cortisol replace

ment but was oxidized in the extensor digitorum longus. The addition of 

insulin to muscles of fasted and diabetic ADX rats either did not alter 

or oxidized the NAD redox couple. The above results indicate that the 

in vivo and in vitro effects of insulin differ with respect to rates of 

protein turnover and the reduction-oxidation state of muscle. 
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Introduction 

Insulin is perhaps the single most important factor in regulat

ing muscle protein turnover (Fulks, Li and Goldberg 1975, Goldberg 1979, 

Rannels, Kao and Morgan 1975). When present, insulin reduces the re

lease of amino acids from muscle, decreases the rate of muscle protein 

degradation and increases the rate of muscle protein synthesis (Fulks, 

Li and Goldberg 1975, Goldberg, Tischler, DeMartino and Griffin 1980, 

Jefferson, Li and Rannels 1977). These anabolic effects are abolished 

when circulating levels of insulin decline as during conditions of 

short-term fasting and shortly after the onset of insulin-dependent 

diabetes (Cahill, Aoki and Marliss, Chapter 3 and 6). When plasma in

sulin concentrations decline, muscle protein degradation increases and 

protein synthesis decreases. The enhanced release of amino acids from 

muscles of animals with insulin insufficiency helps provide gluconeo

genic precursors that contribute to the maintenance of blood glucose. 

Interestingly, the increase in muscle proteolysis and in release of 

amino acids from muscle during fasting has been reported to require the 

presence of circulating glucocorticoids. In the absence of circulating 

glucocorticoids, muscles from adrenalectomized-fasted rats had lower 

rates of protein degradation and no augmentation of amino acid release 

(Goldberg, Tischler, DeMartino and Griffin 1980). It is not surprising 

therefore, to find that fasted-adrenalectomized rats cannot maintain 

blood glucose levels (Long, Katzin and Fry 1940) since they cannot mobi

lize amino acids from muscle proteins for gluconeogenesis. Alterna

tively, elevated endogenous or exogenous glucocorticoids have been 
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associated with muscle weakness and wasting (Cushings syndrome), an in

sulin resistance (Sender, Nicholson and Booth 1982), and in fasted 

animals, an increased rate of protein degradation (Goldberg, Tischler, 

DeMartino and Griffin 1980). 

The mechanism(s) by which insulin and glucocorticoids, as well 

as other hormones and metabolites, regulate muscle protein degradation 

remains unclear. It has recently been shown that certain hormones and 

metabolites, which influence rates of proteolysis in muscle, also change 

the cellular reduction-oxidation state. Administration of cortisol or 

tri-iodothyronine to fasting subjects, increased urinary nitrogen excre

tion and oxidized the muscle as indicated by a decrease in the arterial

deep venous S-hydroxybutyrate/acetoacetate ratio (Aoki, Finley and 

Cahill 1977). Fresh-frozen lactate/pyruvate and malate/pyruvate ratios 

(indicators of the cellular NAD and NADP redox couple respectively) in 

diaphragm muscles of fasted, fasted-cortisol treated-adrenalectomized, 

and traumatized rats were decreased, and rates of proteolysis were ac

celerated when compared to fed, adrenalectomized or normal control rats 

(Chapter 2, Tischler and Fagan 1982). Infusion of insulin into fasting 

man, and to a lesser extent glucagon, reduced significantly the muscle 

redox state which resulted in a decrease in muscle proteolysis as indi

cated by a decrease in urinary nitrogen excretion (Aoki, Finley and 

Cahill 1977). High concentrations of glucose (20 mM), also shown to 

slow proteolysis, increased the total NADH/NAD ratio by 74% in diaphragm 

muscle (Tischler and Fagan 1982). Glucose in high concentrations in

creased the ratios of NADPH/NADP and reduced/oxidized glutathione in 
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isolated rat pancreatic islets (Ammon et al 1980). In contrast, ~n per

fused cardiac muscle, increasing concentrations of oxidized glutathione 

were observed under certain conditions where the NADPH/NADP ratio was 

decreased (Zimmer et al 1981). Oxidized glutathione has also been re

ported to inactivate the muscle enzyme, fructose-1, 6-bisphosphate 

aldolase, and increase its susceptibility to degradation by lysosomal 

proteinases (Bond and Offerman 1981). Hence, the formation of mixed 

disulfides with muscle proteins may decrease their stability and make 

these proteins more susceptible to proteolysis. 

It was of interest to study further, the role of the reduction

oxidation state in the possible regulation of skeletal muscle prote

olysis in conditions where insulin and/or cortisol concentrations are 

altered. To accomplish this, protein turnover, the tissue lactate/ 

pyruvate ratio and the tissue reduced/oxidized glutathione ratio was 

determined in soleus and extensor digitorum longus muscles from fed, 

fasted, refed, diabetic and adrenalectomized rats (with or without 

cortisol replacement) that were either fasted, fed or diabetic. Rates 

of protein synthesis and degradation, the NAD and glutathione redox 

couples were also measured in muscles incubated in the presence or 

absence of insulin. 

Methods 

Animals and Treatments 

Male Sprague-Dawley rats (six to fourteen weeks of age) bred by 

the Division of Animal Resources, University of Arizona, Tucson, were 
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housed in wire-bottomed metal cages and maintained on a 12 h light-dark 

cycle at 20°C. Diabetes was chemically induced following administration 

of streptozotocin (125 mg/kg I.P.), as described in Chapter 3. All two

and twelve-day diabetic animals had elevated concentrations of plasma 

glucose (>20 mM) when compared to normal fed controls (7-8 mM) as deter

mined by an enzymatic colorimetric method (Raabo and Terkildsen 1960). 

Diabetic animals were allowed Purina Laboratory Chow and water ad 

libitum. Other animals were deprived of food for two, three, seven or 

eight days. The seven week old rats were either fed, fasted for three 

days, or refed for on8 day following a three day fast. Fourteen week 

old rats were either fed, fasted for two, three, seven or eight days, or 

refed for one or two days following a nine or ten day fast. Fed and re

fed animals were allowed Purina Laboratory Chow and water ad libitum, 

whereas, just water was given to starved rats. 

In some experiments, male Sprague-Dawley rats (80-100 g) were 

adrenalectomized bilaterally seven days prior to sacrifice. Adrenal

ectomized animals were separated into five groups: 1) fed and injected 

subcutaneously with 0.9% NaCI (0.5 ml) 12 h prior to sacrifice; 2) fed 

and injected subcutaneously with 4 mg/100 g body weight hydrocortisone-

21-acetate suspended in 0.9% NaCI (injection volume 0.5 ml); 3) fasted 

for 12 h and injected subcutaneously with 0.9% NaCI (0.5 ml) 12 h prior 

to sacrifice; 4) fasted for 12 h and injected with 4 mg/100 g body 

weight hydrocortisone-21-acetate subcutaneously (0.5 ml) 12 h prior to 

sacrifice, and 5) injected with streptozotocin (125 mg/Kg, IP) after a 

six-hour fast, three days prior to sacrifice, then administered 4 mg 
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hydrocortisone-21-acetate subcutaneously for each of the three days. 

The sixth group, adrenalectomized diabetic animals without cortisol 

replacement, did not survive the injection of streptozotocin past six 

hours. 

Muscle Determinations 

Soleus and extensor digitorum longus muscles were either incu

bated or fresh-frozen as indicated in the tables. Insulin (0.1 U/ml) 

was added to the incubation medium following solubilization of 1 mg 

insulin/ml of incubation medium with 10 pI of 6N NaOH. Muscles were 

prepared, and measurements of protein turnover and ratios of lactate/ 

pyruvate were determined as described in Chapter 3. Muscles assayed for 

glutathione content were homogenized in 1-3 mls of 20 mM NaH2P0
4

, 2.5% 

HP0
3

• Tissue preparation for glutathione content is described in detail 

in Appendix I. Reduced and protein-bound glutathione were assayed 

spectrophotometrically by the glutathione reductase recycling assay 

(Tietze 1969). Oxidized glutathione was determined fluorometrically by 

enzymatic assay (RaIl and Lehninger 1952). 

Results 

Protein Turnover 

The in vitro addition of insulin to incubating soleus muscles 

did not increase significantly (p>0.05), rates of protein synthesis in 

six- and seven-week old rats, two-day diabetic rats, twelve-day diabetic 

rats, seven-week old rats that were fasted for three days then refed for 

one day, and fourteen-week old rats fasted for eight days (Tables 
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19-21). Statistically significant (p<0.05) increases in rates of pro

tein synthesis were obtained in both seven- and fourteen-week old rats 

fasted for three days (a 17 and 41% increase, respectively), and in fed 

and refed (fasted for eight days, then refed for two days) fourteen-week 

old rats (11-14%). The stimulation of protein synthesis by insulin was, 

however, relatively greater in the extensor digitorum longus muscles of 

these same rats. The increase in rates of protein synthesis was 67% in 

two-day diabetic rats, 58% in 12-day diabetic rats, and in fed, fasted 

and refed seven- and fourteen-week old rats, the stimulation of protein 

synthesis ranged from 12 to 49 percent. 

The percent inhibition of protein degradation by the in vitro 

addition of insulin ranged between 0-27% in the various physiological 

conditions studied with respect to the contralateral soleus or extensor 

digitorum longus incubated in the absence of insulin. In general, pro

tein degradation in extensor digitorum longus muscles of diabetic ani

mals and soleus muscles from fasted and refed seven- and fourteen-week 

old rats were inhibited to a greater extent (10-27%) than the other con

ditions studied. 

Rates of muscle protein synthesis and degradation of diabetic 

and starved animals, conditions known to have low circulating plasma 

concentrations of insulin, were compared to rates of protein turnover in 

muscles of fed rats of nearly the same age and animal weight. Due to 

the known metabolic effects of insulin on muscle protein turnover 

(Fulks, Li and Goldberg 1975), lower rates of protein synthesis and 

faster rates of protein degradation were expected in muscles of diabetic 



Table 19. Effect of insulin on protein turnover in leg muscles from fed, fasted and refed seven
week old rats 

Physiological Net protein Protein Protein 
state breakdown sY!!;thesis degradation 

Insulin addition Insulin addition Insulin addition 

+ %Change + %Change + % Change 

(pmo1 tyrosine/mg musc1e/2h) 

Soleus 

Fed l64±13 137±16 -16±5 t 124±4 130±6 +5±3(NS) 288±10 267±10 * -7±2 

-22±4 t * -10±2t Fasted 3 days 19l±7 l49±8 86±8 101±5 +17±6 277±5 250±6 

Difference(%) +16±9(NS) +9±13(NS) -3l±7 t -22±6 t -4±4(NS) -6±5(NS) 

Refed 1 day 130±12 57±4 --56±8-t l24±8 l29±5 +4±4(NS) 254±7 l88±3 -26±3t 

Dif ference (%) -2l±1l(NS) -58±llt 0±7(NS) 0±5(NS) * -29±4t -12±4 

t-' 
~ 
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Table 19, Continued 

Physiological Net protein Protein Protein 
state breakdown s:l,!!thesis degradation 

Insulin addition Insulin addition Insulin addition 

+ % Change + % Change + %Change 

(pmo1 tyrosine/mg musc1e/2h) 

Extensor Digitorum Longus 

Fed 191±13 133±11 -30±5 t 76±6 103+4 t +36±6 t 267±8 237±9 -11±3t 

Fasted 3 days 290±11 244±9 -16±3 t 33±3 50±4 +48±6 t 324±12 294±8 -9±3 

Difference(%) +52±9t -83±11 -56±8t -52±5 t +21±6t +24±5 t 

Refed 1 day 140±16 88±13 -37±4 t 74±9 103±8 +39±5 t 215±11 191±9 -11±4 

* * -20±St -19±St Difference(%) -27±10 -34±13 -2±16(NS) O±lO(NS) 

\vithin each group, n=10 per condition: fed, fasted 3 days, fasted 3 days then refed for 1 
day. Contralateral muscles were incubated with insulin (O.lU/ml) and analyzed by the paired 
Student's t test. Differences between groups were analyzed by the unpaired Student's t test. 

*p<O.Ol, t p<O.OOl, NS=not significant at the 5% level. 

• 
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Table 20. Effect of insulin on protein turnover in leg muscles from fed, short and long term 
fasted and refed fourteen-week old rats 

Physiological Net protein Protein Protein 
state breakdown synthesis degradation 

Insulin addit ion Insulin addition Insulin addition 

+ % Change + % Change + % Change 

(pmol tyrosine/mg muscle/2h) 

Soleus 

Fed l45±9 118±9 -19±5 t 62±4 73±2 +14±5 * 208±9 19l±9 -8±4(NS) 

106+6 t 87±4 t * +4l±13t * * Fasted 3 days -18±8 56±2 79±7 l62±6 l66±5 +3±lO(NS) 

Fasted 8 days lO7±8 t 6l±7 t -43±8 t 75±6 74±l -2±8(NS) l8l±8 134±7 t -27±7 t 

94±6 t 58±6 t -38±St * * l31±5 t -18±4 t Refed 2 days 66±2 73±4 +11±5 160±4 

...... 
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Table 20, Continued 

Physiological 
state 

Net protein 
breakdown 

Insulin addition 

+ % Change 

* Fed 139±6 1l0±8 -2l±8 

Fasted 3 days l75±10t l55±10t -1l±3t 

• 

Protein 
synthesis 

Insulin addition 

+ %Change 

(pmol tyrosine/mg muscle/2h) 

Extensor Digitorum Longus 

38±1 56±2 +49±5t 

24±lt 35±lt +45±3t 

Fasted 8 days l52±12 132±13 -13±lO(NS) 20±lt 24±lt +21±St 

1l0±6t * -27±9t 22±1-t 32±2t +49±6"t Refed 2 days 80±7 

Protein 
degradation 

Insulin addition 

+ % Change 

l77±6 l66±8 -6±2 

* * 199±10 190±10 -5±3{NS) 

l72±ll l56±13 -9±2t 

132±6t 112±7t -15±3t 

Within each group, n=lO per condition: fed, fasted 3 days, fasted 8 days, fasted 10 days then 
refed for 2 days. Contralateral muscles were incubated with insulin (O.lU/ml) and analyzed by the 
paired Student's t test. Differences betwwen groups were analyzed by the unpaired Student's t test. 
* ~ p<0.05, 1p<0.001, NS=not significant at the 5% level. 
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Table 21. Effect of insulin on protein turnover in leg muscles from normal and streptozotocin
diabetic rats 

Physiological Protein Protein 
state synthesis degradation 

+ %Change + % Change 

(nmol tyrosine/mg protein/2h) 

Soleus 

Normal O.93±O.O2 O.94±O.O3 +l±4(NS) 2.0B±O.OB 2.0B±O.07 O±3(NS) 

Diabetic O.Bl±O.OS O.B3±O.03 +2±6(NS) 2.0l±O.OB 1.9B±O.1l -1±4(NS) 
2 days 

Difference(%) -12±S(NS) -12±4 * -3±S(NS) -5±6(NS) 

Diabetic O. S9±O.OS O.S9±O.12 OiB(NS) 1.20±O.0l l.O8±O.O2 -9±lt 
12 days 

Difference (%) -36±St -36±lt -42±4t -48±4t 

...... 
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Table 21, Continued 

Physiological 
state 

Normal 

Diabetic 
2 days 

Difference(%) 

Diabetic 
12 days 

Difference(%) 

0.62±0.02 

0.36±0.03 

-40±6t 

0.33±9.02 

-47±5t 

Protein 
synthesis 

+ 

0.72±0.04 

0.60±0.02 

* -17±6 

0.52±0.02 

-29±6t 

Protein 
degradation 

% Change + % Change 

(nmo1 tyrosine/mg protein/2h) 

Extensor Digitorum Longus 

+16±8(NS) 1. 63±0.05 1.43±0.04 -12±2t 

+67±14 t * 1. 88±0.08 1. 51±0.05 -20±6 

* +15±6 +6±4(NS) 

+58±8t 1.19±0.02 0.94±0.04 -21±4 t 

-27±3t -34±4t 

Within each group (n=5 per condition) muscles were incubated in the absence or presence of 
insulin (0.1 U/ml), and differences were analyzed by the paired Student's t test. Differences between 
groups of animals were analyzed by the unpaired Student's t test. *p<0.05; §p<O.Ol; t p<O.OOl, NS = 
not significant at the 5% level. 

..... 
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and starved rats. However, significant changes in protein degradation 

were not apparent in soleus muscles from two-day diabetic and seven-week 

old rats fasted for three days. In soleus muscles from twelve-day dia

betic rats, protein degradation was actually slower by 48 percent. In 

extensor digitorum longus muscles from two-day diabetic and seven-week 

old rats fasted for three days, rates of protein degradation were fast

er, whereas, protein degradation was diminished in twelve-day diabetic 

rats. Both extensor digitorum longus and soleus muscles from seven-week 

old rats refed after a three-day fast had lower rates of protein degra

dation but no significant changes in rates of protein synthesis. Gener

ally, lower rates of protein synthesis were apparent in soleus and 

extensor digitorum longus muscles from diabetic and fasted rats. Pro

tein turnover in muscles from fasted and refed fourteen-week old rats 

was not compared to rates of protein turnover in fed rats because of 

slight discrepencies in animal age and muscle weight between groups. 

No differences were detected in the magnitude of change with the 

in vitro addition of insulin in rates of muscle protein synthesis and 

degradation between the experimental groups (diabetic, fasted and refed 

rats) and the normal fed control rats. 

NAD-Redox Couple 

The incubated tissue lactate/pyruvate ratios in the soleus mus

cle from fourteen-week old rats fasted for three or eight days did not 

differ from the lactate/pyruvate ratios of fed rats of nearly the same 

age (Table 22). However, the lactate/pyruvate ratio was significantly 



Table 22. Redox state in leg muscles from fed, fasted, refed and streptozotocin-diabetic rats 

Physiological 
state 

Experiment 1 

Fed 

Fasted 3 days 

Fasted S days 

Refed 2 days 

Experiment 2 

Normal fed 

Diabetic 2 days 

Diabetic 12 days 

Soleus 

Lactate/pyruvate 
Insulin addition 

79±S 

77±9 

84±9 

174±lSt 

264±l7 

l22±9t 

264±30 

+ 

Sl±S 

8S±6 

93±4 

2l0±St 

l76±3S 

64±10t* 

* lS4±32 

Extensor Digitorum Longus 

Lactate/pyruvate 
Insulin addition 

3l6±67 

112±13t 

l07±7t 

269±l6 

29l±17 

97±lSt 

lS9±3St 

+ 

l79±2l 

S4±l4t 

99±l2t 

279±46 

344±29 

74±6t 

20l±22t 

Within each group (n=S per condition) contralateral muscles were incubated with insulin 
(O.lU/ml) and analyzed by the paired Student's t test (*p<O.OS). Leg muscles from l4-week old rats 
(Experiment 1) were either fed, fasted 3 days, fasted S days, or fasted 10 days then refed for 2 
days, and muscles from 7-week old rats (Experiment 2) were normal or diabetic for 2 or 12 days. 
Differences between groups were analyzed by the unpaired Student's t test (tp<O.OS). 
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(p<O.05) greater in soleus muscles from refed (two days) animals previ

ously fasted for eight days. As in the soleus, in extensor digitorum 

longus muscles from refed rats lactate/pyruvate ratios were larger. In 

contrast, extensor digitorum longus muscles from rats fasted for three 

and eight days had significantly smaller lactate/pyruvate ratios than 

the fed controls. 

Lactate/pyruvate ratios from diabetic rats generally responded 

similarly in soleus and extensor digitorum longus muscles. Two days 

post-streptozotocin administration, the NAD redox couple of both muscles 

was significantly oxidized (decreased lactate/pyruvate ratios) relative 

to muscles of normal rats whereas, muscles from twelve-day diabetic rats 

had greater lactate/pyruvate ratios than muscles of two day diabetic 

rats (see also Chapter 3). This ratio, however, was significantly 

smaller in the extensor digitorum-Iongus muscle of twelve-day diabetic 

rats and unchanged in the soleus muscle than in normal control muscles. 

The addition of insulin did not appear to affect the soleus mus

cle lactate/pyruvate ratio of fourteen-week old rats that were either 

fed, fasted for three or eight days, or refed for two days following an 

eight-day fast. In soleus muscles of diabetic rats, the lactate/ 

pyruvate ratio was significantly smaller (p<O.05) when muscles were 

incubated in the presence of insulin (compared to contralateral muscles 

incubated in the absence of insulin). No significant difference was 

apparent in extensor digitorum longus muscles from diabetic rats incu

bated with or without insulin. 
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Glutathione Redox Couple 

Soleus and extensor digitorum longus muscles from seven-week old 

rats fasted for three days contained significantly less reduced gluta

thione than muscles from fed controls (Table 23). Refeeding for one day 

increased significantly (p<O.OOI) the reduced glutathione content after 

a three-day fast in the soleus muscle. Reduced glutathione content, 

however, in both the soleus and extensor digitorum longus muscles of 

refed rats remained significantly lower than in the fed controls. The 

oxidized glutathione content of muscles from fasted and refed rats was 

not different from muscles of fed rats. The ratio of reduced/oxidized 

glutathione was significantly smaller in muscles from rats fasted for 

three days. Refeeding increased this ratio, but only significantly in 

extensor digitorum longus muscles when compared to these muscles from 

three-day fasted rats. 

Fourteen-week old rats fasted for two or seven days had lower 

amounts of reduced glutathione in soleus muscles than the fed or refed 

animals (Table 24; but statistical significance was observed only for 

seven-day fasted rats). This resulted in an oxidation of the gluta

thione redox couple in soleus muscles from rats fasted for two or seven 

days. Refeeding increased the reduced glutathione content of soleus 

muscles when compared to muscles of fasted animals. In contrast, no 

changes were observed in extensor digitorum longus muscles in any 

physiological state (Table 24). 

Soleus and extensor digitorum longus muscles from two- and 

twelve-day diabetic rats had significantly less reduced glutathione than 



Table 23. Effects of fasting and refeeding on the glutathione redox state in leg muscles from seven
week old rats 

Physiological 
state 

Fed 

Fasted 3 days 

Refed 1 day 

Fed 

Fasted 3 days 

Refed 1 day 

GSH 

2206±70 

1513±61t 

* * 1982±67 

1137±71 

716±21t 

734±55 t 

GSSG 

(pmol/mg tl7et weight) 

Soleus 

25±1 

24±1 

26±1 

Extensor Digitorum Longus 

lO±2 

lO±1 

8±1 

XSSG 

16±1 

13±1 

17±1 

lO±l 

9±1 

8±4 

GSH 
GSSG 

89±4 

68±4t 

77±5 

148±21 

* 74±7 

*' lOO±6 

Leg muscles from 7-week old male rats (n=lO per condition: fed, fasted 3 days, fasted 3 days 
then refed for 1 day) were excised, frozen and assayed for glutathione. Statistically significant 

* t differences from the fed animals (p<O.05, p<O.OOl) and differences between fasted and refed animals 

(~p<O.05) were analyzed by the unpaired Student's t test. 

..... 
\.n 
W 



Table 24. Effects of short and long term fasting and refeeding on the glutathione redox state in 
leg muscles from fourteen~eek old rats 

Physiological GSH 
state GSH GSSG XSSG GSSG 

(pmo1/mg wet weight) 

Soleus 

Fed 1859±113 147±10 21±3 14. 6±l. 8 

Fasted 2 days 1583±101 202±14 14±1 8.5±l. 2 * 
* * Fasted 7 days 1550±84 94±28 17±2 8. 8±l. 3 

Refed 1 day 1834±132 189±16 16±2 10.6±l.6 

Extensor Digitorum Longus 

Fed 668±53 33±3 21±3 21. 4±2.1 

Fasted 2 days 682±30 38±1 14±2 18.O±O.9 

Fasted 7 days 723±31 37±4 15±2 2l.l±l. 8 

Refed 1 day 619±34 29±3 19±2 22.5±2.0 

Leg muscles from 14-week old male rats (n=lO per condition: fed, fasted 2 days, fasted 7 
days, and fasted 9 days then refed for 1 day) were excised, frozen and assayed for glutathione. 
Statistically significant differences from the fed animals (*p<O.05) were analyzed by the unpaired 
Student's t test. 
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muscles from normal controls (Table 25). In the soleus, the oxidized 

glutathione content was depressed in diabetic animals, whereas, no 

changes in the oxidized glutathione content were apparent in extensor 

digitorum longus muscles of these rats. Significantly increased 

reduced/oxidized glutathione ratios were measured in soleus muscles from 

twelve-day diabetic rats. 

No changes in the content of protein-bound glutathione were ob

served in fasted, refed or diabetic animals. In general, changes in 

glutathione content in response to the physiological states studied were 

limited to alterations in the reduced glutathione content. These 

changes usually occurred in both soleus and extensor digitorum longus 

muscles. This frequently resulted in changes in the reduced/oxidized 

glutathione ratio. Noteworthy, perhaps, is the greater concentration of 

both reduced and oxidized glutathione in the normal soleus muscle when 

compared to the extensor digitorum longus muscle of seven- and four

teen-week old rats. Additionally, no changes were observed in soleus 

and extensor digitorum longus muscles from the various physiological 

states when incubated for two hours in the presence or absence of 

insulin (data not shown). Incubated muscles, however, had lower amounts 

of reduced, oxidized and protein-bound glutathione relative to the 

content of fresh tissue (see Appendix I). 

Protein Turnover and Redox State in Adrenalectomized Rats 

In soleus muscles from both fed and fasted rats that were not 

administered cortisol, rates of protein degradation were decreased, 

whereas, no change was apparent in rates of protein synthesis or the 



Table 2S. Glutathione redox state in leg muscles of streptozotocin-diabetic rats 

Physiological 
state 

Normal 

Diabetic 2 days 

Diabetic 12 days 

Normal 

Diabetic 2 days 

Diabetic 12 days 

GSH 

20. S±l. 2 

14. 8±l. 3 t 

* l6.4±l.S 

1l.0±O.S 

7.3±O.4t 

8.9±O.7 * 

GSSG XSSG 

(nmol/mg protein) 

Soleus 

0.160±0.006 0.040±0.OO7 

O.118±0.OO6t O.O4l±0.OO6 

O.ll1±O.Oost O.037±O.OOS 

Extensor Digitorum Longus 

O.03S±O.OO6 O.023±O.OO6 

O.030±O.OOS O.02S±O.OOS 

O.03S±0.OO5 O.O25±0.OO5 

GSH 
GSSG 

130±7 

l27±12 

* l66±11 

33l±27 

2S3±23 

282±42 

Leg muscles from 7-week old male rats (n=10 per condition: normal, diabetic 2 days and 
diabetic 12 days) were excised, frozen and assayed for glutathione. Statistically significant 
differences from the normal animals (*p<O.OS, tp<O.OOS) as analyz~d by the unpaired Student's t 
test. 
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lactate/pyruvate ratio relative to fed-adrenalectomized animals injected 

with cortisol (Tables 26, 27). In extensor digitorum longus muscles 

from fed animals injected with saline, rates of protein synthesis, 

degradation and the cellular reduction-oxidation state was not statist i-

cally different from extensor digitorum longus muscles from fed rats 

treated with cortisol (Tables 26-28). Extensor digitorum longus muscles 

from fasted rats, however, had faster rates of proteolysis, and smaller 

lactate/pyruvate ratios in rats injected with saline or cortisol. 

Protein synthesis in extensor digitorum longus muscles of fasted-

adrenalectomized rats was considerably diminished, whereas the soleus 

muscles from these same rats had unchanged rates of protein synthesis 

and degradation but smaller lactate/pyruvate ratios. 

In soleus and extensor digitorum longus muscles from fasted rats 

injected with saline, the addition of insulin to the incubation medium 
• 

did not significantly alter rates of protein degradation, but did de-

crease the lactate/pyruvate ratio. Soleus and extensor digitorum longus 

muscles incubated in the presence of insulin from fed-adrenalectomized 

rats had decreased rates of proteolysis and generally increased rates of 

synthesis in both cortisol-treated and non-treated groups. Lactate/ 

pyruvate ratios from muscles of fed animals treated with or without cor-

tisol were not altered by insulin addition. Insulin addition to exten-

sor digitorum longus muscles of fasted-adrenalectomized rats, treated 

with cortisol increased synthesis and decreased the lactate/pyruvate 

ratio without changing rates of muscle protein degradation. Soleus mus-

cles from cortisol-treated fasted adrenalectomized rats had decreased 



Table 26. Effects of cortisol, fasting, diabetes and insulin on protein synthesis in leg muscles of 
adrenalectomized rats 

Condition Cortisol 
Injection 

Soleus Extensor Digitorum Longus 

Fed 

Fed 

Fasted 

Fasted 

Diabetic 

+ 

+ 

+ 

0.88±0.04 

0.74±0.05 

0.83±0.02b 

b 0.76±0.03 

0.67±0.06 

+Insulin 

(nmo1 tyrosine/mg protein/2h) 

d 0.82±0.02 0.62±0.03 

0.89±0.02a ,c 

0.79±0.03 

0.80±0.05 

0.67±0.03c 

0.51±0.04e 

0.44±0.01d,g 

0.30±0.04e ,g 

0.41±0.05 

+Insulin 

0.63±0.06 

0.69±0.04a ,f 

0.58±0.05a ,h 

0.42±0.03a ,f,h 

0.54±0.04a 

aSignificant difference due to insulin addition by the paired Student's t test p<0.05. 

Significant difference between groups indicated by the same superscript: bp<0.05; cp<O.OOl; 
d e f g h p<O.OOl; p<O.Ol; p<O.OOl; p<0.02; p<0.005; by the unpaired Student's t test. 

Five groups (n=5 per group) of 7-day adrenalectomized rats were 1) injected subcutaneously 
with 0.9% NaC1 12 h prior to sacrifice (FED), 2) injected subcutaneously with 4 mg/100 g body weight 
hydrocortisone-21-acetate suspended in 0.9% NaC1 (FED + CORTISOL) 12 h prior to sacrifice, 3) fasted 
for 12 h and injected with 0.9 NaC1 (FASTED), 4) fasted for 12 h and injected with 4 mg/100 g body 
weight hydrocortisone-21-acetate (FASTED + CORTISOL) 12 h prior to sacrifice, 5) injected with 
streptozotocin (125 mg/kg, IP) 3 days prior to sacrifice then administered 4 mg hydrocortisone-21-
acetate for each of the 3 days (DIABETIC + CORTISOL). Leg muscles were incubated for 2 h in the 
absence or presence of insulin (0.lU/m1). 
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Table 27. Effects of cortisol, fasting, diabetes and insulin on protein degradation in leg muscles 
of adrenalectomized rats 

Condition 

Fed 

Fed 

Fasted 

Fasted 

Diabetic 

Cortisol 
Injection 

+ 

+ 

+ 

Soleus 

1.S4±O.03 b 

1. 94±O.04 b 

1.S7±O.OSc 

1. 9l±O.OSc 

1. 7S±O.13 

Extensor Digitorum Longus 

+Insulin +Insulin 

(nmol tyrosine/mg protein/2h) 

1. 36±O.02a 1. S6±O.07 d 1. 49±O. OSa, e 

1. 32±O. 06
a 1.6S±O.04f ,j 1. 4l±O. 07a , g, k 

1.44±O.O6 2.27±O.14d,h 2.06±O.OSe,i 

1. 4S±O. OSa 2.67±O.12f ,h 2.S9±O.07g,i 

1. 3l±O.09a 3.l2±O.O4 j 2. S3±O.07a ,k 

aSignificant difference due to insulin addition by the paired Student's t test: p<O.OS. 

Significant difference between groups indicated by the same superscrip~: bp<O.OOl; cp<O.Ol; 

dp<O.OS; ep<O.OOS; fp<O.OOl; gP<O.OOl; hp<O.OS; ip<O.OOS; jp<O.OOl; kp<O.OOl; by unpaired Student's 
t test. 

Conditions are as indicated in Table 26. 
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Table 28. Effects of cortisol, fasting, diabetes and insulin on lactate/pyruvate ratios in leg 
muscles of adrenalectomized rats 

Condition Cortisol Soleus Extensor Digitorum Longus 
Injection 

+Insulin +Insulin 

Fed 288±44 295±39 260±5lh 199±57 

Fed + 297±38c ,f 339±5ld,g 397±63i ,m 291±21j ,n 

Fasted 282±41e l57±23a, b 124±25h ,k 58 + 8a ,1 

Fasted + 96±15c ,e 115±17d 51± 7i ,k 22 ± 2a ,j,1 

Diabetic + 105±14f 85±13g 73±15m 31 ± 2a ,n 

aSignificant difference due to insulin addition by the paired Student's t test: p<O.05. 

Significant difference between groups indicated by the same superscript: bp<O.02; cp<O.005; 

dp<O.005; ep<O.025; f p<O.OOI; gp<O.OOI; hp<O.05; i p<O.OOI; jp<O.OOl; kp<O.05; Ip<O.05; mp<O.OOl; 

np<O.OOI; by unpaired Student's t test. 

Conditions are as indicated in Table 26. 
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rates of protein degradation, with no alterations in the lactate/ 

pyruvate ratio or rates of protein synthesis in response to insulin 

addition. Noteworthy, perhaps, is the lack of difference in rates of 

protein synthesis in the soleus muscle from the adrenalectomized animals 

studied with the exception of the fed animals treated with cortisol when 

insulin was added to the incubation media. 

Discussion 

The Response to Lack of Insulin (In Vivo) of Protein 
Turnover and Redox State in Muscle-----

In soleus and extensor digitorum longus musles of fasted and 

diabetic rats, rates of protein synthesis were slower than muscles of 

fed rats. In these muscles of fasted-adrenalectomized rats and in 

soleus muscles of fasted adrenalectomized rats treated with cortisol, 

rates of protein synthesis were not different from muscles of fed-

adrenalectomized cortisol-treated rats. Rates of protein synthesis were 

slower in fasted-adrenalectomized cortisol-treated rats relative to fed 

rats. 

The expected increase in protein degradation in muscles from 

animals deficient in circulating plasma insulin concentrations occurred 

in extensor digitorum longus muscles, apparently irrespective of circu-

lating corticosterone levels. Rates of protein degradation in soleus 

muscles, however, were influenced little by the low circulating plasma 

insulin concentrations in fasting and diabetes. During long term dia-

betes (12 days post-streptozotocin injection), protein degradation 

actually was slower in both the soleus and extensor digitorum longus 
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muscles. Lower rates of protein degradation were also observed in 

soleus muscles from fasted-adrenalectomized animals not treated with 

cortisol relative to muscles of fed cortisol-treated adrenalectomized 

animals. In extensor digitorum longus muscles from fasted-adrenalectom

ized rats, rates of protein degradation were faster in both saline

treated and cortisol-treated rats. This is in contrast to previously 

reported studies where rates of protein degradation were accelerated 

only in adrenalectomized rats treated with cortisol (Goldberg, Tischler, 

DeMartino, and Griffin 1980). In addition, soleus muscles of cortisol

treated adrenalectomized rats did not not have faster rates of protein 

degradation than fed animals administered cortisol. When compared with 

soleus muscles from adrenalectomized animals without cortisol replace

ment, rates of protein degradation were faster in soleus muscles with 

cortisol treatment. 

The NAD redox couple correlated with rates of protein degrada

tion in muscles of fasted, refed, diabetic, and adrenalectomized ani

mals. Generally, when rates of proteolysis were increased, there was a 

corresponding oxidation of the NAD redox couple and conversely, decreas

ed rates of protein degradation were associated with a reduction of the 

NAD redox couple. This was also true in adrenalectomized cortisol

treated fasted rats where rates of proteolysis in extensor digitorum 

longus muscles were elevated and lactate/pyruvate ratios were decreased 

relative to fed-adrenalectomized rats treated with cortisol. In exten

sor digitorum longus muscles from fed-adrenalectomized rats not admin

istered cortisol, both rates of proteolysis and lactate/pyruvate ratios 
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were unchanged relative to fed-adrenalectomized cortisol-treated rats. 

In soleus muscles from cortisol-treated fasted-adrenalectomized rats, 

rates of proteolysis were unchanged, however, lactate/pyruvate ratios 

were decreased relative to soleus muscles of cortisol-treated fed 

animals. 

The glutathione redox couple was not strongly related to protein 

degradation. A smaller reduced/oxidized glutathione ratio was observed 

in soleus and extensor digitorum longus muscles from seven-week old rats 

fasted for three days and soleus muscles from fourteen-week old rats 

fasted for two and seven days. Rates of protein degradation, however, 

were unchanged in soleus muscles and faster in extensor digito~~m longus 

muscles of fasted rats. Besides the lack of correlation between gluta

thione redox state and muscle proteolysis, no relationship appeared to 

exist between the NAD and glutathione redox couple. According to the 

proposed model in Figure 1, a short term fast would be associated with 

an oxidation of the NAD, NADP and glutathione redox couple. However, 

the low activity of glutathione reductase (Harrup et al 1973) and gluta

thione peroxidase (Guarnieri, Flamigni and Rossoni-Calderara 1979, Mills 

1960) in muscle indicates a slow turnover of the glutathione redox 

couple. This may explain the apparent lack of correlation with the NAD 

and NADP redox couples, and proteolysis in muscle. 

In a previous study, rat hearts perfused under conditions which 

were reported to increase the NADPH/NADP ratio, showed no alteration in 

the GSH/GSSG ratio (Wendell 1970). Wendell (1970) concluded that the 

glutathione reductase reaction was far removed from equilibrium in rat 
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heart. In contrast, Zimmer et al (1981) showed a decrease of NADP/NADPH 

when levels of GSSG were increased in perfused hearts by provision of 

t-butyl hydroperoxide. In isolated rat pancreatic islets, the increase 

in reduced glutathione and the decrease in oxidized glutathione by high 

concentrations of glucose was paralleled by an increase in the NADPH/ 

NADP ratio (Ammon et al 1980). Insulin, on the other hand, decreased 

both the NADPH/NADP and GSH/GSSG ratio in pancreatic islets. In the 

present study, incubation of muscle with insulin, decreased the NADH/NAD 

ratio on occasion, but did not alter the reduced/oxidized glutathione 

ratio. Conversely, in conditions of low circulating levels of insulin 

(diabetes, starvation), reduced glutathione levels significantly de-

creased thus decreasing the GSH/GSSG ratio. Decreased levels of reduced 

glutathione in skeletal and cardiac muscle from fasting animals has also 

been reported elsewhere (Cho, Sahyoun and Stegink 1981~ Harisch and 

Mahmoudi 1980). Levels of glutathione in muscle remained low following 

one or two days of refeeding as also reported by Cho, Sahyoun and 

Stegink (1980). 

The Response to Insulin (In Vitro) of 
Protein Turnover and RedoX-State in Muscle 

Addition of insulin to media of incubating muscles, decreased 

significantly, rates of protein degradation in soleus and extensor digi-

torum longus muscles under most physiological conditions studied. Insu-

lin addition, however, did not decrease the rate of protein degradation 

in soleus and extensor digitorum longus muscles of fasted adrenalectom-

ized animals with or without cortisol treatment. 
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Addition of insulin influences to a greater extent, the rate at 

which muscle proteins are synthesized, at least in the extensor digitor-

um longus muscle. Extensor digitorum longus muscles from fed, fasted, 

refed, and diabetic rats, had accelerated rates of synthesis when 

insulin was added. In contrast, soleus muscles had minimal to no sig-

nificant increases in rates of protein synthesis with insulin addition. 

In fed-adrenalectomized rats, this increase in synthesis in the soleus 

muscle required the replacement of cortisol. In the extensor digitorum 

longus, fed-adrenalectomized animals without cortisol replacement and 

fasted-adrenalectomized animals with cortisol replacement had increased 

rates of synthesis relative to no addition of insulin. 

The reduction-oxidation state of muscle, as indicated by the 

lactate/pyruvate ratio, was either unchanged or oxidized when insulin 

was added to the incubation medium. Because rates of protein degrada-

tion usually decreased with the addition of insulin, it can be concluded 

that no correlation existed between the reduced state of muscle and de-

creased rates of muscle proteolysis with the in vitro addition of 

insulin. This is in contrast to the effects of insulin in vivo, where, 

its relative initial lack increased proteolysis and decreased the 

lactate/pyruvate ratio. This is partially confused, however, with the 

relative lack of insulin also during long term starvation and diabetes, 

where rates of muscle proteolysis are decreased and lactate/pyruvate 

ratios increase. 
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Direct vs. Indirect Effects of Insulin on Muscle 

Muscles responded differently in vitro and in vivo to insulin 

with respect to the reduction-oxidation state and its correlation with 

protein degradation. In vivo, the concentrations of circulating plasma 

insulin, however, also affect many other tissues and possibly other 

mediators of muscle protein turnover. For example, the effects of low 

circulating levels of insulin on muscle during starvation may also be 

confounded with the effects of elevations in branched-chain amino acids 

(Adibi 1976). Leucine, by itself, has been shown to increase the rate 

of protein synthesis and decrease breakdown in muscle (Fulks, Li and 

Goldberg 1975, Buse and Reid 1975, Chua, Siehl and Morgan 1979). This 

decrease in proteolysis was also associated with increasing lactate/ 

pyruvate ratios. In addition, the effects of insulin on muscle may be 

dependent on the amount of insulin in relation to levels of circulating 

glucocorticoids. In fetal mouse hearts in organ culture, hydrocortisone 

in the presence of insulin was anabolic and hydrocortisone in the ab

sence of insulin was catabolic with respect to protein synthesis and 

degradation (Griffin and Wildentnal 1978). Also, as described in 

Chapter 6, a fall in circulating plasma insulin levels during starva

tion, may initially be associated with the mobilization of amino acids 

from muscle to serve as gluconeogenic precursors, but may eventually 

influence protein conservation by mobilizing fat stores (Aoki, Finley 

and Cahill 1977). The direct effects of insulin on muscle protein 

degradation, may involve the decreased activity of lysosomal enzymes 

(Rannels, Kao and Morgan 1975, Wildenthal 1973, Wildenthal, Griffin and 
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Ingwall 1976). If the site of the decreased rate of proteolysis were 

lysosomal as opposed to cytoplasmic, one would not expect the decrease 

in the rate of protein breakdown to correlate with a reduction of the 

muscle redox state. In conclusion, the regulation of protein synthesis, 

protein degradation, and the reduction-oxidation state in muscle most 

likely involves both indirect as well as direct effects of insulin that 

have yet to be fully resolved. 



CHA'PTER 8 

CONpLUDING REMARKS ON THE MUSCLE PROTEOLYSIS-REDOX 
STATE HYPOTHESIS 

The mu~cle proteolysis-redox state hypothesis predicts that the 

regulation of lnuscle protein breakdown occurs through changes in the 

muscle reductipn-oxidation state. Hormones and metabolites which reduce 

-the NAD, NADP, and glutathione redox couples in muscle, slow rates of 

proteolysis. And conversely, substances which oxidize these redox 

couples, accel~rate rates of proteolysis. To test this hypothesis, the 

reduction-oxid~tion state was measured under a number of conditions 

known to alter rates of proteolysis in muscle. Leucine, the only amino 

acid shown to :inhibit proteolysis, increased the lactate/pyruvate ratio 

• 
and decreased rates of protein degradation when added to incubated dia-

phragm muscle. a-Ketoisocaproate, the transamination product of 

leucine, also inhibited proteolysis and increased the ratio of lactate/ 

pyruvate in: di~phragm muscle. In incubated soleus and extensor digitor-

um longus muscles of normal rats of differing age, rates of protein 

degradation were faster a.nd the ratio of lactate/pyruvate slower in mus-

cles from youn~, rapidly ,growing rats than in muscles from rats several 

weeks older. 'When these data were analyzed as a function of muscle 

weight, the incubated and medium lactate/pyruvate ratios, and protein 

degradation strongly corr:elated. Even though no data from the 80 ani-

mals studied w,as omitted lunless a Z score of three or grea ter was 

168 
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obtained, multiple correlation coefficients of redox state and prote

olysis of 0.93 and 0.97 were obtained in soleus and extensor digitorum 

longus muscles respectively. Existence of such a strong correlation 

permitted the prediction of rates of proteolysis and lactate/pyruvate 

ratios from muscle weight. The investigation of other physiological 

states, which have altered rates of protein turnover, were therefore 

compared to rates of proteolysis and ratios of lactate/pyruvate of 

muscle weight-matched normal controls. In short-term diabetes (two-four 

days post-streptozotocin injection) rates of proteolysis were increased 

and ratios of lactate/pyruvate were decreased. In long-term diabetes 

(six-21 days post-streptozotocin injection) proteolysis decreased and 

lactate/pyruvate ratios increased in soleus and extensor digitorum 

longus muscles. Because the lactate/pyruvate ratios were inversely 

related to rates of protein degradation throughout the duration of 

diabetes, (during which time oscillations in both parameters occurred), 

these data strongly supported the association between muscle proteolysis 

and the reduction-oxidation state. 

The response of muscle proteolysis and the reduction-oxidation 

state to starvation and refeeding was also as predicted. In extensor 

digitorum longus muscles, muscle protein degradation rose and the 

lactate/pyruvate ratio fell in response to starvation in seven- and ten

week old rats. In the fourteen-week old rats, there was some indication 

that protein was being conserved or spared after a prolonged fast since 

protein degradation decreased and the lactate/pyruvate ratio increased. 

Muscle protein degradation and the fresh muscle reduction-oxidation 
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state in the soleus muscle, however, was not different from muscles of 

fed animals. 

Muscles from starved and diabetic animals, physiological states 

deficient in circulating plasma insulin concentrations, responded some-

what differently with respect to muscle proteolysis and the reduction-

oxidation state. Although rates of protein degradation and lactate/ 

pyruvate ratios in muscle remained inversely related, proteolysis 

decreased after six days of diabetes, and remained lower throughout the 

twenty-one days monitored, whereas extensor digitorum longus muscles of 

starved animals of the same age had higher rates of proteolysis through-

out. One of the obvious differences between these two physiological 

states, is the greater utilization of muscle for fuel in the starved 

animal. To isolate the effect of insulin deficiency or lack on muscle 

protein degradation and the reduction-oxidation state, insulin was added 
• 

directly to muscles of fed, fasted, diabetic and adrenalectomized ani-

mals. The omission of insulin from incubated muscles increased muscle 

protein degradation, but did not alter the reduction-oxidation state of 

muscle. This was a surprising finding since insulin insufficiency in 

vivo (short-term diabetes and starvation) increased proteolysis and 

oxidized the reduction-oxidation state of muscle (decreased lactate/ 

pyruvate ratio). It is important to differentiate, however, the direct 

effects of insulin from the possible indirect effects of insulin on 

muscle. In vivo, changes in circulating plasma insulin levels affect 

and interact with many other hormonal and nutritional factors that may 

also mediate changes in the reduction-oxidation state and proteolysis in 
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muscle. Whereas, the direct effects of insulin (in vitro) may not act 

on the cytoplasmic reduction-oxidation state of muscle, but may act via 

processes of lysosomal inactivation to inhibit muscle proteolysis. 

Inhibition of lysosomal proteinases in muscle, by leupeptin and chymo

statin, like insulin, decreases the rate of protein degradation while 

causing an oxidation of the NAD redox couple. 

In conclusion, in most every condition that altered rates of 

muscle protein degradation studied thus far (Table 29), the muscle 

lactate/pyruvate ratio was also changed (but it remains unclear whether 

the NADP and glutathione redox couples are strongly related to prote

olysis in muscle). When muscles were oxidized (decreased ratios of 

lactate/pyruvate) rates of proteolysis were accelerated. And converse

ly, when the reduction-oxidation state was reduced (as determined by 

increases in the lactate/pyruvate ratio), rates of proteolysis were 

decreased. This strong functional association suggests that the NAD 

redox couple of muscle may be involved in the regulation of muscle 

proteolysis. 



Table 29. Relationship between muscle protein breakdown and the 
reduction-oxidation state in rat skeletal muscle from 
various physiological states and incubation conditions 

Condition 

Fasting (short term) 
(long term) 

Fasting 

Refeeding 

Diabetes (short term) 
(long term) 

Adrenalectomized 
Fed vs Fast + cortisol 

- cortisol 

Fed vs Diabetic 
+ cortisol 

+/- Cortisol fast 
fed 
fast 

Soft tissue injury 

Aging (4 to 14 weeks) 

Hypokinesia* 

Stretch* 

Leucine (in vitro) 

Anoxia (O-lh) (in vitro) 
(1-2h) 

Insulin (in vitro) 

Leupeptin (in vitro) 

Chymostatin (in vitro) 

Muscle 

E 
E 

S 

S,E 

S,E 
S,E 

E 
S 
E 
S 

E 

S 
S 
E 

D 

S,E 

S 

S 

D 

S,E 
S,E 

S,E 

D 

D 

Proteolysis 

t 
{-

{

t 
{-

t 

t 

t 

t 
t 
t 

t 
{-

t 

{-

{-

t 
{-

{-

{-

Lactate/ 
Pyruvate 
Ratio 

{

t 

t 

{

t 

{-

{-

{-

{-

t 
{-

t 

t 

t 
{-

-{-

{-

{-
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Increases (t) or decreases ({-) in rates of protein degradation 
and the lactate/pyruvate ratio in soleus (S), extensor digitorum longus 
(E) and diaphragm (D) muscle in various conditions are as indicated. 

*Jaspers, Fagan and Tischler 1983. 



APPENDIX I 

MEASUREMENT OF REDUCED, OXIDIZED AND 
PROTEIN-BOUND GLUTATHIONE IN MUSCLE 

Abstract 

Methods for determination of reduced and oxidized glutathione 

were compared in muscle tissue homogenates. One homogeneous pool of rat 

skeletal muscle tissue was obtained to ascertain the variation associ-

ated with repeated sampling on assays done on different days. Oxidized 

glutathione was measured enzymatically using glutathione reductase and 

by following the decrease in fluorescence of NADPH. Fluorophore forma-

tion of oxidized glutathione with o-phthalaldehyde (OPT) at pH 12 was 

also determined. These results were compared with the OPT reaction be-

fore and after enzymatic reduction with glutathione reductase and NADPH. 

Reduced glutathione was determined by fluorophore formation of the GSH-

OPT complex at pH 8.0. This method was compared to DTNB-glutathione 

reductase recycling assay for total glutathione. The results indicate 

that measurement of oxidized glutathione is best accomplished on enzym-

atic reduction with NADPH and glutathione reductase by following the 

decrease in NADPH fluorescence. Because of the variability of the 

GSH-OPT assay, the DTNB-GSH reductase recycling assay was found to be 

superior. However, determination of both oxidized and reduced gluta-

thione with these methods in muscle contain significant variation 

amongst days, most likely due to variations associated with tissue 
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preparation. This would indicate that differences in glutathione con

tent and the reduced/oxidized glutathione ratio between treatment groups 

should be determined within each experiment day to avoid excessive 

numbers of samples in order to obtain statistical significance. 

Introduction 

In 1966, Cohn and Lyle described a highly specific and sensitive 

fluorometric assay for reduced glutathione. The reaction of 0-

phthalaldehyde (OPT) with reduced glutathione at pH 8.0 formed a rela

tively stable fluorophore with an activation peak at 350 nm and emission 

peak at 420 nm. The fluorescence intensity was linear with submicrogram 

quantities of reduced glutathione (0.02 to 10 ~g). This GSH-OPT 

fluorophore could be inhibited by incubating GSH with N-ethylmaleimide 

(NEM) (10-4 M). Other thiol-containing compounds, amino acids and 

peptides of similar composition to GSH, and oxidized glutathione (GSSG), 

failed to react significantly with OPT at pH 8.0. When the pH was made 

more alkaline, however, a GSSG-OPT fluorophore was formed. In fact, 

Cohn and Lyle (1966) mention that, at pH 12, the OPT reaction may prove 

to be suitable for assay of GSSG. 

Ten years later, Hissin and Hilf (1976) described a fluorometric 

method for determining both oxidized and reduced glutathione. The assay 

described for GSH was identical to that reported earlier by Cohn and 

Lyle, and the assay for GSSG took advantage of the GSSG-OPT fluorophore 

formation of pH 12. The potential interference of GSH at pH 12 was re

moved by first complexing the GSH to NEM prior to OPT addition. They 

reported reasonably good recovery of both GSH and GSSG added to liver 
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and mammary gland tissues prior to homogenization. Fluorescence inten

sity was linear with respect to GSH and GSSG concentration and appeared 

to be quite specific for these compounds. Their data for GSH concentra

tion in liver corresponded well with other reported values. The GSSG 

values, however, were considerably higher than most other literature 

values. The authors felt that the GSSG values reported by others were 

probably low due to the incomplete removal of NEM. Assay for oxidized" 

glutathione by enzymatic assay (Beutler 1975) in samples prepared as 

described by Hissin and Hilf (1976), however, gave levels of only one

eighth as great as the values obtained with the GSSG-OPT assay (Beutler 

and West 1977). This additional OPT-reacting material was chromato

graphically separated from the GSSG obtained by enzymatic assay, and was 

thought to represent other OPT-reacting compounds indistinguishable from 

GSSG via the OPT assay. 

The ability to assay reliably, specifically and sensitively for 

oxidized and reduced glutathione in muscle tissue homogenates has not 

been thoroughly investigated. Because determination of oxidized gluta

thione via the OPT assay has been reported to be unreliable in liver 

tissue, reliability of the OPT assay as well as an enzymatic assay for 

GSSG and an enzymatic adaptation to the OPT assay in muscle is reported 

here. In addition, assay for reduced glutathione by the DTNB-GSH 

reductase recycling assay (Tietze 1969), calculated as total glutathione 

minus the oxidized glutathione (measured enzymatically) was attempted in 

muscle homogenates. The OPT assay for reduced glutathione in muscle was 

also determined for comparison. To determine the ability with which 
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both oxidized and reduced glutathione could be measured accurately and 

precisely, the assay variation, variation due to sample preparation, as 

well as the day to day variation was ascertained from one homogeneous 

pool of muscle. 

Methods 

Muscle Preparation 

Male Sprague-Dawley rats were sacrificed by cervical disloca-

tion, and all muscle was quickly removed in a 2°C room. The muscle was 

first cleared of fat and connective tissue, diced and finely minced and 

mixed. Muscle aliquots of 40 mg were frozen at -70°C for three to six 

days. Each day, some of the muscle aliquots were then removed from the 

freezer and immediately homogenized in ice cold 20 mM NaH2P0
4

, 2.5% HP0
3 

(1.5 ml). The muscle homogenates were centrifuged at 15,000 X g for 10 

min and the supernatants neutralized to pH 5.5 with NaOH. After centri

fugation at 15,000 X g for 10 min, the supernatants were assayed for GSH 

and GSSG. 

GSH-OPT Assay 

Neutralized sample (0.05 mls) was added to 0.45 mls 0.1 M 

NaH2P0
4
-5 mM EDTA, pH 8.0. An aliquot of this mixture (0.1 ml) was add

ed to 1.8 mls of 0.1 M NaH2P04-5 mM EDTA, pH 8.0. To this, 0.1 mlOPT 

(1 mg/ml methanol) was added, the sample mixed, and incubated for fif-

teen minutes at room temperature. Exactly fifteen minutes after OPT 

addition, the fluorescence intensity was determined (350 nm excitation, 

420 nm emission). Standards (0-10 ~g GSH) were treated identically to 
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the samples (i.e. homogenization, centrifugation, and neutralization) 

and recovery was always between 94-103%. GSH was standardized according 

to the method of Ellman (1959). Preliminary experiments considered the 

optimal incubation period (Fig 30). 

GSSG-OPT Assay 

N-Ethylmaleimide (0.04 ml of 0.07 M) was added to 0.2 ml neu

tralized sample, mixed and incubated up to 30 minutes at room tempera

ture (Fig 31). NaOH (0.76 ml of 0.1 M) was then added and the sample 

mixed. 0.1 ml of the above was added to 1.8 ml 0.1 M NaOH and 0.1 ml 

OPT (1 mg/ml methanol) added. The fluorescence intensity (at 350 nm 

excitation, 420 nm emission) was determined for the samples and stand

ards that were treated similarly (and had good recovery 91-98%), over 

the 30 minutes after OPT addition. The concentrations for the standards 

were obtained by standardizing GSSG enzymatically by reaction with NADPH 

and glutathione reductase spectrophotometrically. 

GSSG-OPT-Glutathione Reductase Assay 

Theoretically, the fluorescence intensity measured after incuba

tion of the sample with NEM, should be indicative of the amount of GSSG 

in the sample. However, other compounds in th~ muscle tissue may react 

with OPT. To obtain the baseline fluorescence associated with these 

interfering compounds, glutathione reductase and NADPH was first incu

bated with sample, then NEM was added. Measuring the fluorescence of 

the sample (+ NEM) minus the fluorescence of the sample (+ glutathione 

reductase + NADPH + NEM) at pH 12 should, by calculation, yield the 
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fluorescence intensity only associated with GSSG-OPT fluorophore forma-

tion (Table 30). Potential problems associated with this calculation 

are 1) the inhibition of fluorophore formation by glutathione reductase 

and NADPH, 2) the relatively , high blank associated with these additions, 

and 3) the rise in fluorescence with time (after OPT addition). The OPT-

glutathione reductase assay, after subtracting the appropriate blank, 

and detemining the fluorescence exactly fifteen minutes following OPT 

addition, was compared to an enzymatic assay for oxidized glutathione. 

GSSG-Enzymatic Assay 

The decrease in NADPH fluorescence was followed after the addi-

tion of glutathione reductase. Phosphate buffer (1.7ml of 0.11 M 

KH2P04 , 0.14 M K2HP04 , pH 7.1), NADPH (0.005 ml of 1 mg NADPH/4 ml 5% 

NaHC0
3

), and 0.3 ml of neutralized, centrifuged sample were added to a 

quartz cuvette. The high baseline due to the NADPH was obtained (340 nm 

excitation, 450 nm emission) on a chart recorder after equilibration of 

the sample in the sample chamber to 23°C. Glutathione reductase was 

then added, and the decrease in fluorescence followed. Any slope at the 

end of the reaction was drawn back to time zero. Internal GSSG stan-

dards, previously standardized by the same reaction on the spectrophoto-

meter, were utilized to obtain the amount of oxidized glutathione 

associated per fluorescence unit. 

DTNB-GSH Reductase Recycling Assay 

Total glutathione (GSH + 2GSSG) in the supernatant of the muscle 

homogenate was measured by the DTNB-glutathione reductase assay (Owens 



181 

Table 30. The o-phtha1a1dehyde fluorescent assay for glutathione 

Addition Addition Addition Addition 
+ + + 

Sample NEM NADPH NADPH 
+ + 

Glutathione Glutathione 
Reductase Reductase 

+ 
NEM 

(Relative Fluorescence) 

pH = 8.0 

Blank 0.2±0.03 0.2±0.03 S.l±O.lS 4.7±0.03 

GSH 2S.2±0.10 0.S±0.07 22. 8±0. 35 2.9±0.07 

GSSG 0.6±0.03 0.4±0.00 19.8±0.36 2.1±0.03 

Muscle lS.S±0.06 3.2±0.03 16.0±0.27 S.1±0.12 

pH = 12.0 

Blank O.O±O.OO O.O±O.OO S.2±0.03 S.2±0.03 

GSH 66.6±2.8l 3.3±0.49 S7.3±0.80 S.0±0.21 

GSSG 32.6±O.20 28. 9±1. 37 46.9±2.08 6.0±0.44 

Muscle l6.0±0.70 4.0±0.21 17.2±0.64 S.l±O.lO 

The 2 ml assay done in triplicate, was run at either pH 8.0 or 
12.0, and contained the following (when added): GSH or GSSG (11 
nmo1es), NEM (0.058 mg), NADPH (0.02 mg), glutathione reductase (0.20), 
and the acid soluble fraction of the muscle homogenate corresponding to 
2 mg of tissue wet weight. Prior to the assay, the blank, GSH, GSSG, 
or muscle sample was incubated at neutral pH for ten minutes in the 
presence or absence of NADPH and glutathione reductase prior to a 
thirty minute incubation with or without NEM. The final pH was then 
adjusted with NaH2P0

4 
buffer or 0.1 N NaOH prior to OPT addition 

(100111 of 1 mg/ml methanol added to 1.9 mls of above). The fluores
cence was determined exactly 15 minutes after OPT addition. 
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and Belcher 1965, Tietze 1969). NaPi (monobasic, 4.31 g/250 mls) - EDT A 

(3.31 ml of 500 mM pH 7.0/250 mls) buffer (pH 7.0), NADPH (3.472 mg/ml 

buffer), DTNB (11.875 mg/ml buffer) and glutathione reductase (60 U/ml) 

were freshly prepared on the day of the experiment. Only small amounts 

of sample (0.005-0.010 ml) were added to buffer containing 0.2 ~ moles 

NADPH, 0.25 ~ moles DTNB and 1.25 U glutathione reductase and the rate 

followed on a chart recorder of a spectrophotometer (412 nm). The rate 

of increase in optical density was dependent on the amount of enzyme 

added (Fig 32), the amount of DTNB added to the assay, and the pH (Fig 

33). Reduced or oxidized glutathione, previously standardized color

metrically (Ellman 1959) or enzymatically (Bernt and Bergmeyer 1975) 

respectively, was added to every sample to obtain the rate of increase 

(OD412 ) for an internally controlled standard •. 

SH Group Determination 

Sulfhydryl content of the samples were determined colormetri

cally by reaction with DTNB (Ellman 1959). This was compared with the 

GSH determined via GSH-OPT fluorophore formation in muscle. 

Results and Discussion 

Determination of Reduced Glutathione 

The relative fluorescence of the GSH-OPT fluorophore was linear 

with respect to GSH concentration (Fig 30). The GSH-OPT fluorophore was 

relatively stable between five and thirty minutes following OPT addition 

as long as the sample did not remain in the light path of the 
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fluorometer. Addition of OPT to the muscle sample, responded similarly 

when added in the presence or absence of reduced glutathione standard~ 
I 

Determination of reduced glutathione with the DTNB-recycling 

assay gave the lowest values in the muscle samples (Table 31). These 

values were significantly (p<0.05) different from values obtained by 

either the OPT assay or the DTNB determination for sulfhydryl groups. 

No significant differences were obtained uhen the OPT assay was compared 

with the DTllB assay per day. If values over days were pooled, the DTNB 

assay gave significantly higher values. 

Determination of Oxidized Glutathione 

With the GSSG-OPT assay, the fluorescence intensity increased 

with time (Fig 31) unlike the GSH-OPT-assay (Fig 30). Increasing for-

mation of standard GSSG-OPT fluorophore was observed for as long as go 

minutes. Sample fluorescence alone, appeared to plateau much sooner 

than the standards. When muscle sample was added to standard, the in-

crease in fluorescence with time was greater than that for sample alone. 

Also, the addition of standard to sample, yielded relatively less 

fluorescence (approximately 30% less) than when sample was added alone. 

The reason for this is unclear. 

To ascertain more precisely, whether the increase in the fluores-

cence intensity in muscle samples were due to oxidized glutathione or 

some other interfering substance, samples (blanks, GSH and GSSG stan-

dards, and muscle homogenates) were incubated with buffer, NEM, gluta-

thione reductase, and NADPH or NEM plus glutathione reductase and NADPH 

at pH 8.0 and pH 12.0 (Table 30). Oxidized glutathione did not form a 



Table 31. Effect of different methods of determination of reduced 
and oxidized glutathione. Day to day variation of assays 
done on quintuplicate samples from one homogeneous muscle 
tissue pool 

Method of 
Determination Day 1 Day 2 Day 3 

(pmol/mg tissue) 

GSH 

Recycling l738±77a ,2 l53l±20a ,b,2 1966±67b ,1,2 

OPT 2290±244a ,b l734±17b ,2 3863±276b ,2 

DTNB 3020±366a ,2 2l62±35a ,b 4l43±890b ,1 

GSSG 

Enzymatic-GR 26±O.6a, b,l, 2 2l±O.9a ,2 20±O.9b ,1,2 

OPT-GR 44±lOl,2 27±O.9l 47±2.4l ,2 

186 

OPT 267±2la ,b,1,2 l78±9a ,b,1,2 359±23a ,b.l,2 

a,bSignificant difference (p<O.05) between days as indicated by the 
same superscript. 

1 2 , Significant difference (p<O.05) between methods of determination as 
indicated by the same superscript. 
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fluorescent product with OPT at pH 8.0 unless it was reduced to GSH with 

glutathione reductase and NADPH. At pH 8.0, the muscle sample did not 

increase in fluorescence intensity after incubation with glutathione 

reductase and NADPH. This indicates that little if any oxidized gluta

thione was present in the muscle sample. The reaction at pH 12, which 

is reportedly specific for oxidized glutathione after incubation with 

NEM, gave 4 fluorescence units (4.0 sample - 0.0 blank), which, because 

11 nmoles of GSSG gave 28.9 fluorescence units, would be equal to 1.5 

nmoles GSSG. However, GSH supposedly free of GSSG, gave similar values. 

Values for oxidized glutathione were dependent on the method of 

determination. Because the standard OPT assay gave 10-fold higher val

ues for GSSG than that measured by the OPT-glutathione reductase or the 

enzymatic glutathione reductase assay, it can be assumed that muscle 

prepared for analysis as described contains compounds different from 

GSSG that complex with OPT. The values obtained with the OPT-GR assay, 

on the other hand, approximated values obtained enzymatically. On two 

of the three days, however, the values of GSSG content were significant

ly greater when utilizing the OPT-GR assay. This assay is complicated, 

however, by the large assay variation (variation amongst different 

assays of the same sample). As Table 32 indicates, a variation of 

11-24% is obtained. Use of this assay for determining changes in oxi

dized glutathione would require a large difference between the control 

and treatment groups in order to ascribe a statistically significant 

difference beween groups. 



Table j2. Repeated sampling variation in different methods of 
determination of reduced and oxidized glutathione over 
days 

Method of Day 1 Day 2 Day 3 
Determination 

(% assay variation) 

GSH 

Recycling 3.S±O.9 3.8±O.9 S. 3±1. S 

OPT 2.2±O.3 1. 7±O.4 1. 8±O. 3 

DTNB 1. 3±O.S O.9±O.2 1. 3±O. 3 

GSSG 

Enzymatic-GR 2.9±O.6 3.4±O.8 4.2±O.8 

OPT-GR 11. 3±3. 8 lS.O±S.l 24.0±lO.1 

OPT I.l±O.2 1. S±O. 3 2. 2±1. 2 

Each value represents the mean ± SEM of the percent sample 
variation on assays done in triplicate in five samples derived from 
one homogeneous muscle tissue pool. The different methods for deter
mination of reduced and oxidized glutathione are described in the 
text. 

188 



189 

Calculation of the GSH/GSSG Ratio 

Calculation of the GSH/GSSG ratio by the various methods yielded 

different results depending on how GSH or GSSG was determined (Table 

33). Most striking, perhaps were the low ratios obtained by utilizing 

the OPT method for determination of reduced and oxidized glutathione 

(Hissen and Hilf). These low values may be attributable to the spuri-

ously high values for oxidized glutathione. Because of the problems 

associated with all glutathione assays utilizing OPT, it is suggested 

that the DTNB-GSH reductase recycling assay for glutathione and the 

enzymatic determination of oxidized glutathione are the best methods of 

choice here. 

Both of these methods, however, have significant day to day 

variation which is also apparent in the calculation of the GSH/GSSG 

ratio. However, one cannot be certain that the pool of muscle prepared 

• 
for this study was homogeneous. This would then compound sample to sam-

pIe variation with day to day variation. The sample to sample varia-

tion, as indicated by the standard error for the mean (Table 31) is, 

however, quite low (2.3-4.6 and 1.3-4.4% for the GSSG and The GSH assay 

respectively). (This is different from this variation associated with 

repeated sampling of the same sample as shown in Table 32). It is 

likely that the day to day variation (Table 33) is attributable to the 

variation associated with the preparation of muscle tissue (Fig 34). 

Extraction of glutathione with some degree of repeatability, would most 

likely be facilitated by at least two homogenizations; the first time to 



Table 33. Effect of different methods of determination on the 
reduced/oxidized glutathione ratio. Day to day variation 
of assays done on quintuplicate samples from one homo
geneous muscle tissue pool. 

Method of Day 1 
Determination 
(GSH/GSSG) 

OPT/OPT 8.5±0.5 a* 

OPT/OPT-GR 59. 5±10.4 3 

Recycling/ 45.2±6.31 ,4 
OPT-GR 

Day 2 

GSH/GSSG 

* 9.9±0.6 

62.7±19.2 

55.4±16.6 

Day 3 

a* 10.9±0.9 

80.6±6.93 ,5,6 

41.0±2.02,4,6 

190 

Recycling/ 65. 7±1. 7a ,b,2,4 74.2±3.0a ,b lOl.3±5.9a ,b,1,4,5 
Enzymatic-GR 

OPT/ 86.2±8.0a ,1,2,3 83.7±3.4b ,1 197.8±14.6a ,b,1,2,3 
Enzymatic-GR 

a,bSignificant difference (p<0.05) between days as indicated by the 
same superscript. 

1 2 345 6 . , , , , , S1gnificant difference (p<0.05) between methods of deter-
mination as indicated by the same superscript. 

* Significant difference (p<0.05) between the ratio derived from 
OPT/OPT method and all other methods of determination. 



Muscle homogenized in 
1.5 - 4.0 mls 20 mM NaH2P04, 2 .. 5% HP0

3 

Centrifuged 
15,000 X g, 10 min 

Supernatant 

Supernatant neutralized 
to pH 5.5 with 5N NaOH 

Centrifuged 
15,000 X g, 10 min 

Pellet discarded 
supernatant assayed for 

GSH+2GSSG GSSG 

Oxidized glutathione 
determined f1uoromet
rica11y by enzymatic 
assay within 24 hrs 
of homogenization. 

Pellet 

Pellet washed in 
3.0 mls 1% HP0

3 

Centrifuged 
15,000 X g, 10 min 

Pellet suspended 
in 0.5 ml 0.5N NaOH 

NaBH
4 

(0.01 mls of 
25 mg/ml 0.5N NaOH) 

added to pellet suspension. 

Mixed. Incubated for 1 hr 
at 37°C. 
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X4 

Reduced and 
oxidized gluta
thione deter
mined spectro
photometrically 
by the DTNB-GSH 
reductase re
cycling assay 
for glutathione 
within 24 hrs 
of homogenation. 

Ice-cold 50% HP0
3 

(0.05 ml) 
added to samples, mixed, and 

set on ice for 10 min. 

Centrifuged 
15,000 X g, 10 min 

Pellet discarded 
supernatant neutralized 

to pH 6.0-6.5 with 
5N KOH, 0.1 M Pipes. 

Centrifuged 
15,000 X g, 10 min 

Supernatant assayed for XSSG 

Protein-bound glutathione 
determined spectrophoto
metrically by the DTNB-GSH 
reductase recycling assay 
for glutathione 

Figure 34. Muscle tissue preparation for determination of reduced, 
oxidized and protein-bound glutathione. 



homogenize the tissue, and the second time to extract glutathione 

trapped in the pellet. 

Glutathione Content in Fresh and Incubated Muscle 
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Protein-bound glutathione (XSSG) was assayed by modification of 

a method by Modig (1968) and Harraap et al (1973). In muscle, incuba

tion of the washed pellet with either guanidine, 8 M urea or 0.5 M NaOH 

had little or no effect on the determination of XSSG (data not shown). 

Incubating isolated soleus muscles for two hours prior to homogeniza

tion, however, decreased significantly, the amount of XSSG detected per 

mg muscle (Table 34). A decrease was also apparent in the oxidized 

glutathione content, whereas, an increased amount of reduced glutathione 

was observed in soleus muscles after incubation (compared to the contra

lateral fresh-frozen muscle). As a result, incubation increased the 

reduced/oxidized ratio of glutathione. Other than the possible conver

sion of GSSG and XSSG to GSH; it was also apparent that total gluta

thione (calculated as GSH + 2GSSG + XSSG) increased during incubation. 

The reasons for this increase in total glutathione, as well as the re

duction of the glutathione couple (increased GSH/GSSG ratios) during 

incubation are not understood at present. 



Table 34. Glutathione content in fresh-frozen and incubated soleus muscles from rats of differing 
age 

Condition GSH 
GSH GSSG XSSG GSSG 

(nmol/mg muscle) 

4 week old 

Frozen 1.47±O.O7 O.O33±O.OO3 0.097±0.01lt 45.70±4.95 

Incubated 1.60±0.28 O.O13±O.OOl 0.O42±O.002 131. 77±28. 25 

* * * % of frozen 190±33(NS) 64±12 57±12 288±66 

8 week old 

Frozen 1. 44±0. 21 0.036±0.003 0.122±0.008t 40.84±5.00 

Incubated 1. 87±0.4l 0.019±0.00l 0.075±0.008 117.0l±10.23 

* * * % of frozen l30±3l(NS) 53±11 61±6 287±34 

12 week old 

Frozen 1. 32±0.13 0.038±0.002 0.175±0.007 35 .23±2. 80 

Incubated 2. 32±0. 39 0.O26±0.002 O. 078±0. 008 89.49±10.36 

* * * % of frozen l76±29(NS) 68±8 45±3 254±23 

Soleus muscles from 4, 8. or 12 week old rats (n=5 per age group) were incubated for 2.5 hrs 
with 5 roM glucose, 1 x plasma amino acids, and 0.5 roM cycloheximide as described in the Materials and 
}1ethods section of Chapter 5 and the contralateral soleus muscle frozen. Statistical significance 
for the difference between frozen and incubated muscles was analyzed by the paired Student's t test 
(*p<O.02 NS=p>O.05) and the difference between the frozen muscles of the 12 vs 8 week-old and the 12 
vs 4 week-old rats by the unpaired Student's t test (tp<O.02). 

..... 
1.0 
W 



REFERENCES 

Addis, T., L.J. Poo and W. Lew. 1936. The quantities of protein lost 
by the various organs and tissues of the body during a fast. J. 
BioI. Chem. 115, 111-116. 

Adibi, S.A. 1976. Metabolism of branched-chain amino acids in altered 
nutri tion. Metabolism. 25·, 1287-1302. 

Ammon, H.P.T., A. Grimm, S. Lutz, D. Wagner-Teschner, M. Handel and I. 
Hagenloh. 1980. Islet glutathione and insulin release. 
Diabetes. 29, 830-834. 

Aoki, T.T., R.J. Finley and G.F. Cahill, Jr. 1977. 
regulation of amino acid metabolism in man. 
43, 17-29. 

The redox state and 
Biochem. Soc. Symp. 

Aoki, T.T., C.J. Toews, A.A. Rossini, N.B. Ruderman, and G.F. Cahill. 
1975. Glucogenic substrate levels in fasting man. Advan. 
Enzyme Regul. 13, 329-336. 

Ariano, M.A., R.B. Armstrong and V.R. Edgerton. 1973. Hindlimb muscle 
fiber populations of five mammals. J. Histochem. Cytochem. 21, 
51-55. 

Asatoor, A.M. and M.D. Armstrong. 1967. 3-Methylhistidine, a component 
of actin. Biochem. Biophys. Res. Commun. 26, 168-174. 

Bernt, E. and H.U. Bergmeyer. 
mate dehydrogenase and 
(Bergmeyer, H.U., ed.) 
aI, Deerfield Beach. 

1981. L-Glutamate: UV-assay with gluta
NAD. in Methods of Enzymatic Analysis 
pp. 1704-1708, Verlag Chemie Internation-

Beutler, E. 1975. Red cell metabolism. A Manual of Biochemical 
Methods. (Grune and Stratton, eds.) New York. 

Beutler, E. and C. West. 
for glutathione. 

1977. Comment concerning a fluorometer assay 
Anal. Biochem. 81, 458-460. 

Bond, J.S. and M.K. Offermann. 1981. Initial events in the degradation 
of soluble cellular enzymes: factors affecting the stability 
and proteolytic susceptibility of fructose-1, 6-bisphosphate 
aldolase. Acta BioI. Med. Germ. 40, 1365-1374. 

194 



195 

Borsook, H., C.L. Deasy, A.J. Haagen-Smit, G. Keighley and P. Lowry. 
1950. Incorporation in vitro of labeled amino acids into rat 
diaphragm proteins. J. BioI. Chem. 186, 309-315. 

Braasch, W., S. Gudbjarnason, P. Puri, K. Ravens and R. Bing. 1968. 
Early changes in energy metabolism in the myocardium following 
acute coronary arter occlusion in anesthetized dogs. Circ. Res. 
23, 429-438. 

Bucher, Th., R. Czok, W. Lamprecht and E. Latzko. 1965. Pyruvate. in 
Methods of Enzymatic Analysis (Bergmeyer, H.U., ed.), pp. 253-
259, Academic Press, New York. 

Buse, M.G., H.F. Herlong and D.A. Weigand. 1976. The effect of 
diabetes, insulin, and the redox potential on leucine metabolism 
by isolated rat hemidiaphragm. Endocrinology. 98, 1166-1175. 

Buse, M.G. and S.S. Reid. 1975. Leucine. A possible regulator of 
protein turnover in muscle. J. Clin. Invest. 56, 1250-1261. 

Buse, M.G., D.A. Weigand, D. Peeler and M.P. Hedden. 1980. The effect 
of diabetes and the redox potential on amino acid content and 
release by isolated rat hemidiaphragms. Metabolism. 29, 605-
616. 

Cahill, C.F., Jr. 1976. Starvation in man. Clin. Endocrinol. Metab. 
5, 397-415. 

Cahill, G.F., Jr., T.T. Aoki, E.B. Marliss. 1972. Insulin and muscle 
protein. Handb. Physiol. Endocrinol. 1, 563-577. 

Cahill, G.F., Jr., M.G. Herrera, A.P. Morgan, J.S. Soeldner, J.-Steinke, 
P.L. Levy, G.A. Reichard, Jr. and D.M. Kipnis. 1966. Hormone
fuel interrelationships during fasting. J. Clin. Invest. 45, 
1751-1769. 

Chang, T.W. and A.L. Goldberg. 1978a. The metabolic fates of amino 
acids and the formation of glutamine in skeletal muscle. J. 
BioI. Chem. 253, 3685-3695. 

Chang, T.W. and A.L. Goldberg. 1978b. The or1g1n of alanine produced 
in skeletal muscle. J. BioI. Chem. 253, 3677-3684. 

Chaudry, I.H. and M.K. Gould. 1969. Kinetics of glucose uptake in 
isolated soleus muscle. Biochim. Biophys. Acta 177, 527-536. 

Cho, E.S., N. Sahyoun and L.L. Stegnik. 1981. Tissue glutathione as a 
cyst(e)ine reservoir during fasting and refeeding of rats. J. 
Nutr. 111, 914-922. 



196 

Chua, B., R.L. Kao, D.E. Rannels and H.E. Morgan. 1979. Inhibition of 
protein degradation by anoxia and ischemia in perfused rat 
hearts. J. BioI. Chern. 254, 6617-6623. 

Chua, B., D.L. Siehl and H.E. l1organ. 1979. Effect of leucine and 
metabolites of branched chain amino acids on protein turnover in 
heart. J. BioI. Chern. 254, 8358-8362. 

Ciechanover, A., Y. Hod and A. Hershko. 1978. A heat stable poly
peptide component of an ATP-dependent proteolytic system from 
reticulocytes. Biochem. Biophys. Res. Commun. 81, 1100-1105. 

Coddington, A. 1981. Inosine. in Methods of Enzymatic Analysis 
(Bergmeyer, H.U., ed.) pp. 1932-1934, Verlag Chemie Inter
national, Deerfield Beach. 

Cohen, J., R.E. Feldman and A.A. Whitbeck. 1969. Effects of energy 
availability on protein synthesis in isolated rat atria. Am. J. 
Physiol. 216, 76-81. 

Cohn, V.H. and J. Lyle. 
Anal. Biochem. 

1966. A fluorometric assay for glutathione. 
14, 434-440. 

Curfman, G.D., D.S. O'Hara, D.E. Hopkins and T.W. Smith. 1980. 
Suppression of myocardial protein degradation in the rat during 
fasting. Effects of insulin, glucose, and leucine. Circ. Res. 
46, 581-589. 

Danielson, L. and L. Ernster. 1963. Energy-dependent reduction of tri
phosphopyridine nucleotide by reduced diphosphopyridine nucleo
tide coupled to the energy-transfer system of the respiratory 
chain. Biochem. z. 338, 188-205. 

Dice, J.F., P.J. Dehlinger and R.T. Schimke. 1973. Studies on the 
correlation between size and relative degradation rate of 
soluble proteins. J. BioI. Chem. 248, 4220-4228. 

Dice, J.F. and A.L. Goldberg. 1975. Relationship between in vivo 
degradative rates and isoelectric points of protein~ Proc. 
Natl. Acad. Sci. USA 72, 3893-3897. 

Dice, J.F., C.D. Walker, B. Byrne and A. Cardiel. 1978. General 
characteristics of protein degradation in diabetes and 
starvation. Proc. Natl. Acad. Sci. USA 75, 2093-2097. 

Ellman, G.C. 1959. Tissue sulfhydryl groups. Arch. Biochem. Biophys. 
82, 70-77. 

Felig, P. 1975. Amino acid metabolism in man. Annu. Rev. Biochem. 
44, 933-954. 



Flaim, K.E., M.E. Copenhaver and L.S. Jefferson. 1980. Effects of 
diabetes on protein synthesis in fast- and slow-twitch rat 
skeletal muscle. Am. J. Physiol. 239, E88-E95. 

197 

Frayn, K.N. 1981. Effects of diabetes and injury on muscle protein of 
the mouse, and their interaction. Diabetologia 20, 139-144. 

Frenkel, R. 1971. Bovine heart malic enzyme. Isolation and partial 
purification of a cytoplasmic and mitochondrial enzyme. ~ 
BioI. Chem. 246, 3069-3074. 

Froesch, E.R. and A.E. Renold. 1956. Specific enzymatic determination 
of glucose in blood and urine using glucose oxidase. Diabetes 
5, 1-6. 

Fulks, R.M., J.B. Li and A.L. Goldberg. 1975. Effects of insulin, 
glucose, and amino acids on protein turnover in rat diaphragm. 
J. BioI. Chem. 250, 290-298. 

Gan, J.C. and J. Jeffay. 1967. Origins and metabolism of the intra
cellular amino acid pools in rat liver and muscle. Biochim. 
Biophys. Acta. 148, 448-459. 

Garland, P.B., E.A. Newsholme and P.J. Randle. 1964. Regulation of 
glucose uptake by muscle. 9. Effects of fatty acids and ketone 
bodies, and of alloxan-diabetes and starvation, on pyruvate 
metabolism and on lactate/pyruvate and L-glycerol 3-phosphate/ 
dihydroxyacetone phosphate concentration ratios in rat heart and 
rat diaphragm muscles. Biochem. J. 93, 665-678. 

Garland, P.B. and P.J. Randle. 1964. Regulation of glucose uptake by 
muscle. 10. Effects of alloxan-diabetes, starvation, hypo
physectomy and adrenalectomy and of fatty acids, ketone bodies 
and pyruvate, on the glycerol output and concentrations of free 
fatty acids, long-chain fatty acylcoenzyme A, glycerol phosphate 
and citrate-cycle intermediates in rat heart and diaphragm 
muscles. Biochem. J. 99, 678-687. 

Garlick, P.J., E.C. Albertse, M.A. McNorlan and V.M. Pain. 1981. 
Protein turnover in tissues of diabetic rats. Acta BioI. Med. 
Germ. 40, 1301-1307. 

Garlick, P.J., D.J. Millward, W.P.T. James and J.e. Waterlow. 1975. 
The effect of protein deprivation and starvation on the rate of 
protein synthesis in tissues of the rat. Biochim. Biophys. 
Acta. 414, 71-84. 



198 

Gazitt, Y., O. Itzhak and A. Loyter. 1975. Changes in phospholipid 
susceptibility toward phospholipases induced by ATP depletion in 
avian and amphibian erythrocyte membranes. Biochim. Biophys. 
Acta 382, 65-72. 

Gebhard, M.M., H. Denkhaus, K. Sak~i and P.G. Spieckermann. 1977. 
Energy metabolism and enzyme release. J. Molec. Med. 2, 
271-283. 

Goldberg, A.L. 1969. Protein turnover in skeletal muscle II: Effects 
of denervation and cortisone on protein catabolism in skeletal 
muscle. J. BioI. Chem. 244, 3223-3229. 

Goldberg, A.L. 1972. Degradation of abnormal proteins in ~ coli. 
Proc. Natl. Acad. Sci. USA. 69, 422-426. 

Goldberg, A.L. 1979. Influence of insulin and contractile activity on 
muscle size and protein balance. Diabetes. 28, 18-24. 

Goldberg, A.L. and F.S. Boches. 1982. Oxidized proteins in erythro
cytes are rapidly degraded by the ATP-dependent proteolytic 
system. Science 215, 1107-1109. 

Goldberg, A.L. and J.F. Dice. 1974. Intracellular protein degradation 
in mammalian and bacterial cells. Ann. Rev. Biochem. 43, 
835-869. 

Goldberg, A.L., S.B. Martel and M.J. Kushmerick. 1975. In vitro 
preparation of the diaphragm and other skeletal muscles. in 
Methods in Enzymology (Hardman, J.G. and B.W. O'Malley, eds.), 
Vol. 39, pp. 82-93, Academic Press, New York. 

Goldberg, A.L. and R. Odessey. 1972. Oxidation of amino acids by 
diaphragms from fed and fasted rats. Amer. J. Physiol. 223, 
1384-1391. 

Goldberg, A.L. and A.C. St. John. 1976. Intracellullar protein 
degradation in mammalian and bacterial cells. Part II. Annu. 
Rev. Biochem. 45, 747-803. 

Goldberg, A.L., N. Strnad and K.H.S. Swamy. 1980. Studies of the ATP
dependence of protein degradation in cells and cell extracts. 
in: Protein Degradation in Health and Disease. pp. 227-251, 
Excerpta Medica, Amsterdam. 

Goldberg, A.L. and M.E. Tischler. 1981. Regulatory effects of leucine 
on carbohydrate and protein metabolism. Metabolic and Clinical 
1m lications of Branched Chain Amino and Ketoacids (Walser, M. 
and J.R. Williamson, eds. , pp. 205-21 , Elsevier North-Holland, 
Amsterdam. 



Goldberg, A.L., M.E. Tischler, G. DeMartino and G. Griffin. 1980. 
Hormonal regulation of protein degradation and synthesis in 
skeletal muscle. Fed. Proc. 39, 31-36. 

Goodman, M.N., S.M. Dluz, M.A. McElaney, E. Belur and N.B. Ruderman. 
1983. Glucose uptake and insulin sensitivity in rat muscle: 
changes during 3-96 weeks of age. Am. J. Physiol. 244, 
E73-E100. 

199 

Goodman, M.N., P.R. Larsen, M.M. Kaplan, T.T. Aoki, V.R. Young and N.B. 
Ruderman. 1980. Starvation in the rat. II. Effect of age and 
obesity on protein sparing and fuel metabolism. Am. J. Physiol. 
239, E277-E286. 

Goodman, M.N., M.A. McElaney and N.B. Ruderman. 1981. Adaptation to 
prolonged starvation in the rat: curtailment of skeletal muscle 
proteolysis. Am. J. Physiol. 241, E321-E327. 

Goodman, M.N. and N.B. Ruderman. 1980. Starvation in the rat. I. 
Effect of age and obesity on organ weights, RNA, DNA and 
protein. Am. J. Physiol. 239, E269-E276. 

Goodman, M.N., N.B. Ruderman and T.T. Aoki. 1978. 
acid metabolism in perfused skeletal muscle. 
dichloroacetate. Diabetes. 27, 1065-1074. 

Glucose and amino 
Effect of 

Griffin, E.E. and K. Wildenthal. 1978. Regulation of cardiac protein 
balance by hydrocortisone interaction with insulin. Am. J. 
Physiol. 234, E306-E313. 

Gronostajski, R.M. 1982. The pathways of intracellular protein break
down and their role in the control of cell growth. Ph.D. 
Thesis, Harvard University. 

Guarnieri, C., F. Flamigni and C. Rossoni-Caldarera. 1979. Glutathione 
peroxidase activity and release of glutathione from oxygen
deficient perfused rat heart. Biochem. Biophys. Res. Commun. 
89, 678-684. 

Harisch, G. and M.F. Mahmoud. 1980. The glutathione status in the 
liver and cardiac muscle of rats after starvation. Hoppe
Seyler's Z. Physiol. Chem. 361, 1859-1862. 

Harrap, K.R., R.C. Jackson, P.G. Riches, C.A. Smith and B.T. Hill. 
1973. The occurence of protein-bound mixed disulfides in rat 
tissues. Biochim. Biophys. Acta 310, 104-110. 

Hassid, W.Z. and S. Abraham. 1957. Determination of glycogen by 
modified pfluger method. Methods Enzymol. 3, 34-37. 



200 

Hearse, D.J. and S.M. Humphrey. 1975. Enzyme release during myocardial 
anoxia: a study of metabolic protection. J. Molec. Cell. 
Cardiol. 7, 463-487. 

Hearse, D.J., S.M. Humphrey and E.B. Chain. 1973. Abrupt reoxygenation 
of the anoxic potassium-arrested perfused rat heart: a study of 
myocardial enzyme release. J. Molec. Cell. Cardiol. 5, 
395-407. 

Henneman, E. 1980. Skeletal muscle. The servant of the nervous 
system. in Medical Physiology (Mountcastle, V., ed.) pp. 674-
702. The C.V. Mosby Company, St. Louis. 

Hershko, A. and G.M. Tomkins. 1971. Studies on the degradation of 
tyrosine aminotransferase in hepatoma cells in culture. J. 
BioI. Chem. 246, 710-714. 

Hill, A.V. 1923. The role of oxidation in maintaining the dynamic 
equilibrium of the muscle cell. Proc. Roy. Soc. London. Sere B. 
103,138-162. 

Hissin, P.J. and R. Hilf. 1976. A fluorometric method for determin
ation of oxidized and reduced glutathione in tissues. Anal. 
Biochem. 74, 214-226. --

Hohorst, H.J. 1965. L-(+)-Lactate. Determination with lactic 
dehydrogenase and DPN. in Methods of Enzymatic Analysis 
(Bergmeyer, H.U., ed.), pp. 266-270. Academic Press, New York • 

• Hommes, F. and R.W. Estabrook. 1963. The role of transhydrogenase in 
the energy-linked reduction of TPN. Biochem. Biophys. Res. 
Commun. 11, 1-6. 

Huszar, G., V. Koivisto, E. Davis and P. Felig. 1982. Urinary 3-
methylhistidine excretion in juvenile-onset diabetics: Evidence 
of increased protein catabolism in the absence of ketoacidosis. 
Metabolism. 31, 188-191. 

Idahl, L.A., A. Lernmark, J. Sehlin and I.-B. Taljedal. 1977. Alloxan 
cytotoxicity in vitro. Inhibition of rubidium ion pumping in 
pancreatic S-cel~Biochem. J. 162, 9-18. 

Jaspers, S.R., J.M. Fagan and M.E. Tischler. 1983. Effect of limb 
immobilization on protein turnover and redox state in muscles 
of hypokinetic rats. Fed. Proc. 42, 1815. 

Jefferson, L.S., J.B. Li and S.R. Rannels. 1977. Regulation by insulin 
of amino acid release and protein turnover in the perfused rat 
hemicorpus. J. BioI. Chem. 252, 1476-1483. 



201 

Jefferson, L.S., E.B. Wolpert, K.E. Giger and H.E. Morgan. 1971. 
Regulation of protein synthesis in heart muscle. III. Effect 
of anoxia on protein synthesis. J. BioI. Chem. 246, 2171-2178. 

Jennings, R.B. and C.E. Ganete. 
during acute ischemia. 

1974. Structural changes in myocardium 
Circ. Res. 35 (suppl. 3), 156-168. 

Jennings, R.B., H.K. Hawkins, J.E. Lowe, M.L. Hill, S. Klotman and K.A. 
Reimer. 1978. Relation between high energy phosphate and 
lethal injury in myocardial ischemia in the dog. Am. J. Pathol. 
92, 187-214. 

Jones, C.E., J.X. Thomas, J.C. Parker and R.E. Parker. 1976. Acute 
changes in high energy phosphates, nucleotide derivatives, and 
contractile force in ischaemic and nonischaemic canine 
myocardium following coronary occlusion. Cardiovas. Res. 10, 
275-282. 

Jorgensen, S. 1981. Hypoxanthine and xanthine. in Methods of 
Enzymatic Analysis (Bergmeyer, H.U., ed.) pp. 1941-1945, Verlag 
Chemie International, Deerfield Beach. 

Kameyama, T. and J.D. Etlinger. 1979. Calcium-dependent regulation of 
protein synthesis and degradation in muscle. Nature. 279, 
344-346. 

Kao, R.L., E.W. Christman, S.L. Luh, J.M. Krauhs, C.F.O. Tyers, and E.H. 
Williams. 1980. The effects of insulin and anoxia on the 
metabolism of isolated mature rat cardiac myocytes. Arch. 
Biochem. Biophys. 203, 587-599. 

Kao, R., D.E. Rannels and H.E. Morgan. 1976. Effects of anoxia and 
severe ischemia on the turnover of myocardial proteins. Acta 
Med. Scand. 587, 117-122. 

Kerbey, A.L., P.M. Radcliffe and P.J. Randle. 1977. Diabetes and the 
control of pyruvate dehydrogenase in rat heart mitochondria by 
concentration rates of adenosine triphosphate/adenine 
diphosphate, of reduced/oxidized nicotinamide-adenine 
dinucleotide and of acetyl-coenzyme A/coenzyme A. Biochem. J. 
164, 509-519. 

Kerbey, A.L., P.J. Randle, R.H. Cooper, S. Whitehouse, H.T. Pask and 
R.M. Danton. 1976. Regulation of pyruvate dehydrogenase in rat 
heart. Mechanism of regulation of proportions of dephos
phorylated and phosphorylated enzyme by oxidation of fatty acids 
and ketone bodies and of effects of diabetes: role of coenzyme 
A, acetyl-coenzyme A and reduced and oxidized nicotinamide
adenine dinucleotide. Biochem. J. 154, 327-348. 



• 

202 

Klotesch, H. and H.U. Bergmeyer. 1963. Glutathione. in Methods of 
Enzymatic Analysis (Bergmeyer, ed.) Academic Press, New York, 
pp. 363-366. 

Krebs, H.A. 1967. The redox state of nicotinamide adenine dinucleotide 
in the cytoplasm and mitochondria of rat liver. Adv. Enzyme 
Reg. 5, 409-434. 

Krebs, H.A. and K. Henseleit. 1932. Untersuchungen uber die 
harnstoffbildung im tierkorper. Hoppe-Seyler's Z. Physiol. 
Chern. 210, 33-66. 

Lamprecht, W., P. Stein, F. Heinz and H. Weisser. 1981. Creatine 
phosphate: determination with creatine kinase, hexokinase and 
glucose-6-phosphate dehydrogenase. in Methods of Enzymatic 
Analysis (Bergmeyer, H.U., ed.) pp. 1777-1781, Verlag Chemie 
International, Deerfield Beach. 

Lee, C.P. and L. Ernster. 1964. Equilibrium studies of the energy
dependent and non-energy-dependent pyridine nucleotide trans
hydrogenase reactions. Biochim. Biophys. Acta. 81, 187-190. 

Lesch, M., H. Taegtmeyer, M.B. Peterson and R. Vernick. 1976. 
Mechanism of the inhibition of myocardial protein synthesis 
during oxygen deprivation. Am. J. Physiol. 230, 120-126. 

Lewis, S.E.M., P. Anderson and D.F. Goldspink. 1982. The effects of 
calcium on protein turnover in skeletal muscles of the rat • 
Biochem. J. 204, 257-264. 

Li, J.B. and A.L. Goldberg. 1976. Effects of food deprivation on 
protein synthesis and degradation in rat skeletal muscles. Am. 
J. Physiol. 231, 441-448. 

Li, J.B., J.E. Higgins and L.S. Jefferson. 1979. Changes in protein 
turnover in skeletal muscle in response to fasting. Am. J. 
Physiol. 236, E222-E228. 

Libby, P. and A.L. Goldberg. 1980. Effects of chymostatin and other 
protease inhibitors on protein breakdown and proteolytic 
activities in muscle. Biochem. J. 188, 213-220. 

Libby, P. and A.L. Goldberg. 1981. Comparison of the control and 
pathways for degradation of the acetylcholine receptor and 
average protein in cultured muscle cells. J. Cell. Physiol. 
107, 185-194. 



Libelius, R., I. Jirmanova, I. Ltmdquist and S. Thesleff. 1978. 
Increased endocytosis with lysosomal activation in skeletal 
muscle of dystrophic mouse. J. Neuropath. Exp. Neurol. 37, 
387-400. 

Libelius, R., I. Lundquist, W. Templeton and S. Thesleff. 1978. 

203 

Intracellular uptake and degradation of extracellular traces in 
mouse skeletal muscle in vitro: the ef'fects of denervation. 
Neuroscience. 3, 641-647-.----

Lin, R.C. and E.J. Davis. 1974. Malic enzymes of rabbit heart 
mitochondria separation and comparison of some characteristic of 
a nicotinamide adenine dinucleotide preferring and a 
nicotinamide adenine dinucleotide phosphate specific enzyme. J. 
BioI. Chern. 249, 3867-3875. 

Long, C.N.H., B. Katzin and E.G. Fry. 1940. The adrenal cortex and 
carbohydrate metabolism. Endocrinology. 26, 309-314. 

Lowry, O.H., N.J. Rosebrough, A.L. Farr and R.J. Randall. 1951 • 
Protein measurement with the Folin phenol reagent. 
Chern. 193, 265-275. 

J. BioL 

Lund, P. 1974. L-Glutamine determination with glutaminase and gluta
mate dehydrogenase. in Methods of Enzymatic Analysis. 
(Bergmeyer, H.U., ed.), pp. 1719-1722, Academic Press, New York. 

Mallette, L.E., J.H. Exton and C.R. Park. 1969. Control of gluconeo
genesis from amino acids in the perfused rat liver. J. BioI. 
Chern. 244, 5713-5723. 

Manchester, K.L. and F.G. Young. 1959. Hormones and protein biosyn
thesis in isolated rat diaphragm. J. Endocrinology. 18, 
381-394. 

Marchesini, G., G. Forlani, M. Zoli, P. Vannini and E. Pisi. 
Muscle protein breakdown in uncontrolled diabetes as 
urinary 3-methylhistidine excretion. Diabetologia. 
456-458. 

1982. 
assessed by 
23, 

McDonald, R.F., E.G. Hunter and D.P. MacLeod. 1971. Adenosine triphos
phate partition in cardiac muscle with respect to transmembrane 
electrical activity. Pflugers Arch. 322, 95-108. 

Mills, G.C. 1960. Glutathione peroxidase and the destruction of 
hydrogen peroxide in animal tissues. Arch. Biochem. Biophys •. 
86, 1-5. 

Millward, D.J. 1978. The regulation of muscle-protein turnover in 
growth and development. Biochem. Soc. Transac. 6, 494-499. 



Millward, D.J., P.C. Bates, G.J. Laurent and C.C. Lo. 1978. Factors 
affecting protein breakdown in skeletal muscle. in Protein 
Turnover and L sosome Function (Segal, H.L. and D.J. Doyle, 
eds. pp. 619-644, Academic Press, New York. 

204 

Millward, D.J., P.J. Garlick, D.O. Nnanyelugo and J.C. Waterlow. 1976. 
The relative importance of muscle protein synthesis and break
down in the regulation of muscle mass. Biochem. J. 156, 
185-188. 

Millward, D.J., P.J. Garlick, R.J.C. Stewart, D.O. Nnanyelugo and J.C. 
Waterlow. 1975. Skeletal-muscle growth and protein turnover. 
Biochem. J. 150, 235-243. 

Modig, H. 1968. Cellular mixed disulphides between thiols and 
proteins, and their possible implication for radiation 
protection. Biochem. Pharmacol. 17, 177-186. 

Mollering, H. and H.U. Bergmeyer. 1981. Adenosine. in Methods of 
Enzymatic Analysis (Bergmeyer, H.U., ed.) pp. 1919-1922, Verlag 
Chemie International, Deerfield Beach. 

Morgan, H.E., M.J. Henderson, D.M. Regen and C.R. Park. 1961. 
Regulation of glucose uptake by muscle. 1. The effects of 
insulin and anoxia on glucose transport and phosphorylation in 
the isolated perfused heart of normal rats. J. BioI. Chem. 
236, 253-261. 

Morgan, H.E., P.J. Randle and D.M. Regen. 1959. Regulation of glucose 
uptake by muscle. 3. The effects of insulin, anoxia, 
salicylate transport and intracellular phosphorylation of 
glucose in the isolated rat heart. Biochem. J. 73, 573-579. 

Nakhooda, A.F., C.-N. Wei and E.O. Marliss. 1980. Muscle protein 
catabolism in diabetes: 3-methylhistidine excretion in the 
spontaneously dj.abetic "BB" rat. Metabolism. 29, 1272-1277. 

Newsholme, E.A. and P.J. Randle. 1964. Regulation of glucose uptake by 
muscle. Effects of fatty acids, ketone bodies and pyruvate, and 
of alloxan-diabetes, starvation, hypophysectomy and 
adrenalectomy, on the concentration of hexose phosphates, 
nucleotides and inorganic phosphate in perfused rat heart. 
Biochem. J. 93,641-651. 

Odedra, B.R., S.S. Dalai and D.J. Millward. 1982. Muscle protein 
synthesis in the streptozotocin-diabetic rat. Biochem. J. 202, 
363-368. 

Odessey, R. and A.L. Goldberg. 1972. Oxidation of leucine by rat 
skeletal muscle. Am. J. Physiol. 233, 1376-1383. 



205 

Odessey, R. and A.L. Goldberg. 1979. 
extracts of skeletal muscle. 

Leucine degradation in cell-free 
Biochem. J. 178, 475-489. 

Odessey, R., E.A. Khairallah and A.L. GOldberg. 1974. Origin and 
possible significance of alanine production by skeletal muscle. 
J. BioI. Chem. 249, 7623-7629. 

Olesfsky, J., V.C. Bacon and S. Bauer. 1976. Insulin receptors of 
skeletal muscle: specific insulin binding sites and demonstra
tion of dec~eased number of sites in obese rats. Metabolism. 
25, 179-191. 

Owen, O.E., P. Felig, A.P. Morgan, J. Wahren and G.F. Cahill Jr. 
Liver and kidney metabolism during prolonged starvation. 
Clin. Invest. 48, 574-583. 

1969. 
J. 

Owen, O.E. and G.A. Reichard. 1971. Human forearm metabolism during 
progressive starvation. J. Clin. Invest. 50, 1536-1545. 

Owens, C.W.I. and R.V. Belcher. 1965. A colorimetric micro-method for 
the determination of glutathione. Biochem. J. 94,705-711. 

Palaiologos, G. and P. Felig. 1976. Effects of ketone bodies on amino 
acid metabolism in isolated rat diaphragm. Biochem. J. 154, 
709-716. 

Parr, D.R., J.r-t. Wimshurst and E.J. Harris. 1975. Calcium-induced 
damage of rat heart mitochondria. Cardiovas. Res. 9, 366-372. 

Poole, B. and M. Wibo. 
J. BioI. Chem. 

1973. Protein degradation in cultured cells. 
248, 6221-6226. 

Raabo, E. and T.C. Terkildsen.' 1960. On the enzymatic determinations 
of blood glucose. Scand. J. Clin. Lab Invest. 12, 402-407. 

Randle, P.J., P.B. Garland, C.N. Hales, E.A. Newsholme, R.M. Danton and 
C.I. Pogson. 1966. Interactions of metabolism and the 
physiological role of insulin. Rec. Prog. Horm. Res. 22, 1-48. 

Randle, P.J. and G.H. Smith. 1958. Regulation of glucose uptake by 
muscle. 2. The effects of insulin, anaerobiosis and cell 
poisons on the penetration of isolated rat diaphragm by sugars. 
Biochem. J. 70, 501-508. 

Rannels, D.E., R. Kao and H.E. Morgan. 1975. Effect of insulin on 
protein turnover in heart muscle. J. BioI. Chem. 250, 
1694-1701. 



Rannels, D.E., R. Kao and H.E. Morgan. 
ischemia on protein degradation. 
30-31. 

1976. Effect of cardiac 
Circulation. 53 (Suppl.), 

206 

Rodeman, H.P., L. Waxman and A.L. Goldberg' 2 1982. The stimulation of 
protein degradation in muscle by Ca + is mediated by 
prostaglandin E2 and does not require the calcium-activated 
protease. J. Brol. Chern. 256, 5399-5403. 

Rovetto, M.J., W.F. Lamberton and J.R. Neely. 1975. 
glycolytic inhibition in ischemic rat hearts, 
742-751. 

Mechanisms of 
Circ. Res. 37, 

Rovetto, M.J., J.T. Whitmer and J.R. Neely. 1973. Comparison of the 
effects of anoxia and whole heart ischemia on carbohydrate 
utilization in isolated working rat hearts. Circ. Res. 32, 
699-711. 

Ruderman, N.B. 1975. Muscle amino acid metabolism and gluconeogenesis. 
Annu. Rev. Med. 26, 245-258. 

Ruderman, N.B., F.W. Schmahl and M.N. Goodman. 1977. Regulation of 
alanine formation and release in rat muscle in vivo: Effect of 
starvation and diabetes. Am. J. Physiol. 233, E109-E114. 

Saudek, C.D. and P. Felig. 1976. The metabolic events of starvation. 
Am. J. Med. 60, 117-126. 

Seider, J.J., W.F. Nicholson and F.W. Booth. 1982. Insulin resistance 
for glucose metabolism in disused soleus muscle of mice. Am. J. 
Physiol. 242, E12-E18. 

Sherwin, R.S., R.G. Hendier and P. Felig. 1975. Effect of ketone 
infusions on amino acid and nitrogen metabolism in man. J. 
Clin. Invest. 55, 1382-1390. 

Smith, D.M. and P.H. Sugden. 1983. Effect of insulin and lack of 
effect of workload and hypoxia on protein degradation in the 
perfused working rat heart., Biochem. J. 210, 55-61. 

Stearns, S.B. and C.A. Benzo. 1981. 
aspects of carbohydrate and 
muscle. in Stre tozotocin: 
ed.), pp. 184-212, Elsevier 

Effects of streptozotocin on 
lipid metabolism in liver and 
Fundamentals and Therapy (Agarwal, 

North-Holland Biomedical Press. 

Steele, R. 1975. Influences of corticosteroids on protein and 
carbohydrate metabolism. Handb. Physiol. Endocrinol. 6, 
135-168. 



207 

Sugden, P.H. 1980. The effects of calcium ions, ionophore A23187 and 
inhibitors of energy metabolism on protein degradation in rat 
diaphragm and epitrochlearis muscles in vitro. Biochem. J. 
190, 593-603. 

Taegtmeyer, H., M.B. Peterson, V.V. Ragavan, A.G. Ferguson and M. Lesch. 
1977. De Novo alanine synthesis in isolated oxygen-deprived 
rabbit myocardium. J. BioI. Chem. 252, 5010-5018. 

Tietze, F. 1969. Enzymatic method for quantitative determination of 
nanogram amounts of total and oxidized glutathione: 
Applications to mammalian blood and other tissues. Anal. 
Biochem. 27, 502-522. 

Tischler, M.E. 1980. Is regulation of proteolysis associated with 
redox-state changes in rat skeletal muscle? Biochem. J. 192, 
963-966. 

Tischler, M.E., M. Desaultels, and A.L. Goldberg. 1982. Does leucine, 
leucyl t RNA or some metabolite of leucine regulate protein 
synthesis and degradation in skeletal and cardiac muscle? J. 
BioI. Chem. 257, 1613-1621. 

Tischler, M.E. and J.M. Fagan. 1982. Relationship of the reduction
oxidation state to protein-degradation in skeletal and atrial 
muscle. Arch. Biochem. Biophys. 217, 191-201. 

Tischler, M.E. and J.M. Fagan. 1983. Response to trauma of protein, 
amino acid and carbohydrate metabolism in injured and uninjured 
rat skeletal muscles. Metabolism. 32, 853-868. 

Tischler, M.E. and A.L. Goldberg. 1980. Relationship of leucine (leu) 
catabolism to its regulatory effects on protein turnover in 
muscle. Fed. Proc. 39, 682. 

Tomas, F.M., H.N. Munro and V.R. Young. 1979. Effect of glucocorticoid 
administration on the rate of muscle protein b~eakdown in vivo 
in rats, as measured by urinary excretion of N -methylhistidine. 
Biochem. J. 178, 139-146. 

Veech, R.L., L.V. Eggleston and H.A. Krebs. 1969. The redox state of 
free nicotinamide-adenine dinucleotide phosphate in the 
cytoplasma of rat liver. Biochem. J. 115, 609-619. 

Waalkes, T.P. and S. Udenfriend. 1957. A fluorometric method for the 
estimation of tyrosine in plasma and tissues. J. Lab. Clin. 
Med. 50, 733-736. 



Wahren, J., P. Felig, E. Cerasi and R. Luft. 1972. Splanchnic and 
peripheral glucose and amino acid metabolism in diabetes 
mellitus. J. Clin. Invest. 51, 1870-1878. 

Wendell, P.L. 1970. Measurement of oxidized glutathione and total 
glutathione in the perfused rat heart. Biochem. J. 117, 
661-665. 

Wildenthal, K. 1973. Inhibition by insulin of cardiac cathepsin D 
activity. Nature. 243, 226-227. 

208 

Wildenthal, K., E.E. Griffin and J.S. Ingwall. 1976. Hormonal control 
of cardiac protein and amino acid balance. Circ. Res. 38, 
138-144. 

Williamson, D.H., P. Lund and H.A. Krebs. 1967. The redox state of 
free nicotinamide-adenine dinocleotide in the cytoplasm and 
mitochondria of rat liver. Biochem. J. 103, 514-527. 

Williamson, J.R. 1964. Effects of insulin and starvation on the 
metabolism of acetate and pyruvate by the perfused rat heart. 
Biochem. J. 93, 97-106. 

Williamson, J.R. and B. Corkey. 1969. Assays of intermediates of the 
citric acid cycle and related compounds by fluorometric enzyme 
methods. in Methods in Enzymology (Lowenstein, J.M., ed.), Vol. 
13, pp. 434-513, Academic Press, New York. 

Young, V.R. 1970. The role of skeletal and cardiac muscle in the 
regulation of protein metabolism. in Mammalian Protein 
Metabolism (Munro, H.N., ed.) Vol. 4, Chap. 40, pp. 585-674, 
Academic Press, New York. 

Young, V.R., L.N. Haverberg, C. Bilmazes and H.N. Munro. 1973. 
Potential use of 3-methylhistidine excretion as an index of 
progressive reduction in muscle protein catabolism during 
starvation. Metabolism. 22, 1429-1436. 

Young, V.R. and H.N. Munro. 1978. N-Methylhistidine (3-
methylhistidine) and muscle protein turnover: an overview. 
Fed. Proc. 37, 2291-2300. 

Young, V.R., W.P. Steffee, P.B. Pencharz, J.C. Winterer and N.S. 
Scrimshaw. 1975. Total human body protein synthesis in 
relation to protein reqUirements at various ages. Nature. 253, 
192-194. 



209 

Zimmer, H.-G., R. Bunger, H. Koschine and G. Steinkopff. 1981. Rapid 
stimulation of the hexose monophosphate shunt in the isolated 
perfused rat heart: possible involvement of oxidized 
glutathione. J. Mol. Cell. Cardiol. 13, 531-535. 


