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ABSTRACT 
 

THE ROLE AND REGULATION OF PYRUVATE DEHYDROGENASE IN SKELETAL 
MUSCLE BIOENERGETICS AND TYPE 2 DIABETES 

 
By 

 
Jonathan D. Kasper 

 
As of 2015 over 30 million people had type 2 diabetes with another 84.1 million with 

prediabetes comprising ~35% of the adult US population. The hallmark of this disease is 

characterized by impaired glycemic control exhibiting elevations in blood glucose in the post-

absorptive and absorptive states. Skeletal muscle comprises ~40% of total body mass and is an 

early site of insulin resistance. Skeletal muscle contributes to whole body glycemic control 

through mitochondrial glucose oxidation which is catalyzed and regulated by pyruvate 

dehydrogenase (PDH). Early type 1 diabetic rodent studies implicated reduced muscle PDH 

activity in the etiology of hyperglycemia but current human studies indicate either normal or 

elevated post-absorptive glucose oxidation in resting or contracting skeletal muscle. There is a 

surprising lack of studies and detailed understanding of the regulation of PDH activity in vivo, 

especially regarding type 2 diabetes. This dissertation will determine the mechanisms that 

regulate skeletal muscle PDH activation in vivo, the effects of altered PDH activation on muscle 

function and finally will quantify PDH activity in a rodent model of type 2 diabetes. 

 First, in vivo regulation of PDH activation was quantified in muscle during contraction 

and steady state energetics measured by magnetic resonance. Both muscle energetics and 

Ca2+ are thought to regulate PDH activation, with depressed energetics and increased Ca2+ 

stimulating PDH activation with increasing workloads. Mitochondrial density was reduced 

chemically to delineate the effects of energetics and Ca2+ on the regulation of PDH during 

muscle contraction. The primary finding was that PDH regulation is mostly achieved by the 

adenylate energy charge with little to no effects by cytosolic Ca2+.  



 

Next, skeletal muscle PDH activation and energetics were investigated by altering PDH 

activation during active workloads with the same compliment of mitochondria. Rats were treated 

with dichloroacetate (DCA), a potent pharmacological activator of PDH prior to muscle 

contraction and the bioenergetic response was quantified in vivo. PDH activation resulted in a 

significant increases in steady state energetics collectively described by the free energy of ATP 

hydrolysis (ΔGATP). Increased ΔGATP was apparent at rest and during muscle stimulation at 

submaximal contractile intensities but this effect was diminished approaching the expected 

aerobic maximum. This effect was attributed to an increase in the thermodynamic set point of 

the muscle and not kinetic alterations in the ATP synthesis machinery (F1FO ATPase, adenine 

nucleotide translocator). 

 Finally, the regulation of PDH activity was determined in the hyperglycemic, insulin 

resistant, type 2 diabetic Goto Kakizaki (GK) rat.  PDH activity was significantly increased in 

muscle at rest and when stimulated at submaximal intensities. This effect was attributed to 

hyperglycemia in the GK rat and the slight reduction in mitochondrial density observed. These 

data do not support earlier rodent studies that implicate decreased PDH activity in the etiology 

of diabetes but suggest increased PDH activation in response to hyperglycemia and are 

completely consistent with glucose oxidation measurements described in type 2 diabetic 

skeletal muscle in humans. 

 Collectively, these data suggest that muscle glucose oxidation is regulated by the 

metabolic demand of the muscle in relation to mitochondrial density. Furthermore, shifting 

muscle substrate selection to glucose at submaximal intensities by increases in PDH activity 

also increases the steady state ΔGATP that is maintained and supports PDH as a regulator of 

muscle bioenergetics. Finally, PDH activity is not reduced in type 2 diabetic skeletal muscle and 

is not likely a primary contributor to the hyperglycemia seen with the disease. 
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Chapter 1. Introduction 
 

1.1 Regulation of Pyruvate Dehydrogenase Phosphorylation 
 
1.1.1 Pyruvate Dehydrogenase Enzyme Complex 
 

The mitochondrial pyruvate dehydrogenase complex (PDH) catalyzes the 

irreversible decarboxylation of pyruvate, with the reduction of NAD+ to form acetyl-coa 

(A-CoA) in support of oxidative ATP synthesis. The PDH reaction involves three 

catalytic subunits: pyruvate dehydrogenase (E1), dihydrolipoamide acetyltransferase 

(E2), and dihydrolipoamide dehydrogenase (E3). Together, these three subunits and 

the overall reaction will be collectively referred as PDH or the PDH reaction. Overall 

reaction rate is regulated by phosphorylation of three serine residues on the α-subunits 

of E1, with phosphorylation causing inactivation and dephosphorylation causing 

activation of the enzyme complex (1,2). The three serine residues are designated as 

site 1 (serine-264), site 2 (serine-271), and site 3 (serine-203) with phosphorylation at 

any site rendering PDH inactive (3,4). The ATP dependent phosphorylation of the 

enzyme complex is catalyzed by pyruvate dehydrogenase kinase (PDK), that is linked 

with the PDH complex via lipoyl binding domains on the E2 catalytic subunit (5). There 

are four known isoforms of PDK in mammalian tissues (PDK1-4) with PDK2 and PDK4 

predominantly expressed in skeletal muscle of both human and rat species (5,6). 

Dephosphorylation and PDH activation is catalyzed by pyruvate dehydrogenase 

phosphatase (PDP), which is not as tightly associated with the PDH complex as PDK 

but still requires binding to the lipoyl domains on the E2 catalytic subunit for maximal 

activity (7,8). The phosphorylation state of PDH and therefore the fractional activity of 

the enzyme is then determined by the relative activities of PDK versus PDP, that each 
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display their own allosteric modulators, affecting their activities and thus steady state 

PDH phosphorylation (Fig. 1). 

1.1.2 Allosteric Regulation of PDK Activity 

Since PDK2 and PDK4 are the predominant isoforms expressed in skeletal muscle, 

discussion of allosteric regulation of PDK activity will focus on these enzymes. 

Furthermore, translational regulation leading to increases in PDK2 or PDK4 expression 

will not be discussed here but will be addressed where appropriate for discussion of 

altered PDH with dietary intervention or diabetes. PDK activity is allosterically inhibited 

with increased pyruvate concentration as well as increased ADP/ATP, NAD+/NADH, 

and CoA/A-CoA ratios with activity stimulated by the inverse of these effects (Fig. 1) (9–

12). Pyruvate is thought to be the overriding signal inhibiting PDK activity, preventing 

allosteric stimulation by ATP and working synergistically with increased ADP (9,13). 

However, increased NADH and A-CoA work to stimulate enzyme activity through 

modification of the lipoyl domains of E2 through reduction and acetylation, enhancing 

PDK activity 60-80% and up to 3-fold respectively (14). Therefore, it is the relative 

energetic status of the muscle fiber that dictates PDK activity at any given metabolic 

state. In the resting state, PDK is expected to be stimulated through low glycolytic flux 

and pyruvate concentration as well as low intramitochondrial ratios of ADP/ATP, 

NAD+/NADH, and CoA/A-CoA. This corresponds with the relatively low PDH activity 

(~10-20% of total) (15–17) and rates of glucose oxidation in resting skeletal muscle (18–

21). However, when the metabolic demand is increased through muscle contractile 

activity, increased pyruvate and ADP/ATP, NAD+/NADH, and CoA/A-CoA ratios 
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allosterically inhibit PDK activity resulting in PDH dephosphorylation and stimulation of 

glucose oxidation (Fig. 1) (22–24).  

Inhibition of PDK activity can also be achieved without alteration in muscle 

contractile status by treatment with dichloroacetate (DCA), a pharmacological 

compound with a structure analogous to pyruvate that also works synergistically with 

ADP (13,25). Treatment with DCA in vivo results in complete dephosphorylation of PDH 

in resting skeletal muscle of both rat (25,26) and humans (16,27,28). This results in 

increased rates of glucose oxidation in rat skeletal muscle both at rest (26,29,30) and 

during muscle contraction (31). This effect is also observed with DCA treatment in 

humans with rates of whole-body glucose oxidation increased with DCA treatment both 

in the rested, fasting state (32) and during submaximal aerobic exercise (33). Although 

both PDK2 and PDK4 are inhibited by DCA, PDK2 exhibits higher sensitivity to the 

compound (Ki = 0.2mM) when compared to PDK4 (Ki = 0.5mM) (6). As will be 

described later in this thesis, the presented research also used DCA to inhibit PDK 

activity and activate PDH. The dose utilized here corresponded to a whole body DCA 

concentration in the rat of ~1.4 mM, and assuming whole body water content of 72% of 

body weight (34) and was nearly triple the Ki of the least sensitive PDK to DCA 

inhibition. 

1.1.3 Allosteric Regulation of PDP Activity 

Compared to PDKs, regulation of PDP activity is relatively simple yet 

understudied. There are two isoforms of PDP expressed in mammalian tissues (PDP1, 

PDP2) however, only PDP1 is expressed in skeletal muscle and will be the focus of this 

section (35). PDP1 activity requires Mg2+ and is allosterically stimulated by Ca2+ (Fig. 1) 
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(35–37). Similar to PDK, PDP1 activity is enhanced by binding to the lipoyl domain of 

E2, an effect mediated by increasing mitochondrial matrix Ca2+ concentration (8,37). 

Unlike PDK, there is currently no available inhibitor of PDP1 activity that can be utilized 

in vivo. However, the most widely used inhibitor for in vitro inhibition of PDP1 activity is 

NaF (36). NaF is toxic for use in vivo but is useful in blocking dephosphorylation of PDH 

for assay of PDH activity in muscle homogenates in vitro. Whereas PDK activity is 

inhibited during muscle contraction, it is thought that PDP1 activity is stimulated by 

increases in muscle Ca2+ and helps to mediate PDH dephosphorylation and activation 

during increased metabolic demand. However, it has not been determined how the 

relative activities of PDK vs PDP may regulate PDH activation in vivo and is the subject 

of study discussed in Chapter 2 of this thesis. 
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Figure 1. Regulation of PDH activity schematic.  

Schematic representation of the regulation of pyruvate dehydrogenase phosphorylation 

and the allosteric regulation of PDK2, PDK4, and PDP1 activities. 
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1.2 PDH Activity Determines Skeletal Muscle Substrate Oxidation 

1.2.1 PDH Regulation of Resting Substrate Utilization 

Skeletal muscle comprises approximately 40% of the total body mass and 

represents an important sink for substrate disposal. At rest, whole body oxygen 

consumption (VO2) is approximately 10% of maximal oxygen uptake (VO2MAX) with 

skeletal muscle accounting for ~20-25% of the basal oxygen consumption or basal 

metabolic rate. For a typical non-obese individual at rest after overnight fast, whole body 

respiratory exchange ratio (RER = VCO2/VO2), an indicator of substrate oxidation, is 

~0.82 corresponding to 62% and 48% of energy expenditure (kcal/lO2) from free fatty 

acid and glucose oxidation respectively (21,38). Clearly this is not solely representative 

of skeletal muscle as a majority (>75%) of the substrate oxidized at rest is due to other 

metabolically active tissues (heart, brain, liver, etc). Using the arterial-venous difference 

in VCO2 and VO2 across the resting human forearm muscles, a respiratory quotient 

(RQ, local RER) of 0.763 was found corresponding to 81% and 19% fat and 

carbohydrate utilization respectively (18–21). This is similar to that found for the human 

leg (0.74-0.77) (39,40) and for rates of whole-body substrate utilization in the resting, 

fasted rat (41). Together these data indicate a preferential utilization of fatty acids in 

resting, fasted skeletal muscle and agree with the relatively low PDH activity. 

In rat skeletal muscle, PDH activity is ~18% of total activity in the rested, fasted 

state (42–44) which is similar to that for human skeletal muscle (17%-25%) (15–17). 

Alteration in PDH activation in resting muscle results in reciprocal changes in muscle 

glucose utilization, with increased activity resulting in increased rates of glucose 

oxidation and vice versa. Increases in blood glucose or insulin independently stimulate 
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PDH activity resulting in increased glucose oxidation (45–49). This effect is most likely 

mediated by mass action effects of glucose uptake on PDH activation via pyruvate 

inhibition of PDK however, some studies have suggested increased PDP activity 

through posttranslational modification but has not been fully verified (50). Increasing 

PDH activity and glucose oxidation can also be achieved through reducing blood free 

fatty acid levels. Pretreatment with nicotinic acid (NA), an antilipolytic drug, reduces 

fasting blood free fatty acids from ~0.5 mM to <0.2 mM and increases PDH activity and 

glucose oxidation in humans (51). This effect is likely due to substrate limitation at the 

level of the TCA cycle, shifting the activation state of PDH to support basal metabolic 

demand.  

Enhanced glucose oxidation with PDH activation is also observed with 

dichloroacetate (DCA) treatment. DCA is a potent inhibitor of PDK2 and PDK4 activity 

and results in complete activation of PDH in the resting state (16,25–28). This results in 

increased glucose oxidation in rat skeletal muscle (26,29,30) and increases whole body 

glucose oxidation in humans (32). The opposite effect has also been observed where 

decreased PDH activity reduces glucose utilization. However, without an effective 

inhibitor of PDH activity in vivo, studies rely on either long-term high fat diet or glycogen 

depletion to alter PDH activation state and result in stable upregulation of PDK 

expression and increases in PDK activity.  

In humans, consumption of a high fat diet for 3-6 days results in reduced PDH 

activity in resting, fasted skeletal muscle concomitant with reduced glucose oxidation 

(52–54). This effect was also observed after high fat diet for only 56 hours and after 

high fat diet for 24 hours following glycogen depletion (55,56). Blood glucose is the 
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primary source of glucose for oxidation in resting skeletal muscle and was not reduced 

with high fat diet (22,53–55). Therefore, changes in glucose availability cannot explain 

reduced PDH activation or glucose utilization rates. However, high fat diet for as little as 

1 day results in increased skeletal muscle PDK activity which further increases after 3 

days of diet intervention (57). This is attributable to increases in skeletal muscle PDK4 

expression as no alteration in PDK2 protein was found (57). The effect of high fat diet 

on PDP1 expression or activity has not been evaluated however expression levels were 

not affected by fasting, refeeding after fast, or insulin treatment and are not expected to 

be altered with high fat feeding (58,59).  

Together, these data support PDH as a critical point of regulation in substrate 

selection of resting skeletal muscle. This is also apparent in skeletal muscle during 

exercise and has broad implications in disease states (type 2 diabetes) where 

dysregulation in skeletal muscle and whole-body fuel oxidation have been observed. 

1.2.2 PDH Regulation of Skeletal Muscle Substrate Oxidation during Exercise 

During exercise within the aerobic range, intensities where muscle or whole body 

VO2 < VO2MAX, absolute (Fig. 2) and relative (Fig. 3) substrate disposal rates markedly 

change as a function of the workload (W) relative to VO2MAX (22,23). From rest to 

exercise at VO2MAX, relative amounts of fatty acid and glucose oxidation exhibit an 

inverse relationship with a switch from predominantly fatty acid utilization in favor of 

glucose at 55-65% of VO2MAX (Fig. 3) (22,23). Accordingly, absolute rates of fatty acid 

oxidation reach a maximum at ~65% of VO2MAX (60) whereas the absolute rate of 

glucose oxidation rises continually from rest to VO2MAX (Fig. 2) (22,23). Above 65% of 

VO2MAX, the absolute rate of fatty acid utilization declines and reaches a minimum as 
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VO2MAX is reached (22,23). At this point, skeletal muscle heavily relies on glycogen 

stores to sustain mitochondrial oxidative phosphorylation and ATP production.  

This switch in substrate utilization from predominantly fatty acids at rest to 

glucose during muscle contraction is attributable to activation of PDH. Generally, it is 

agreed that carbohydrate oxidation regulates fatty acid oxidation and therefore when 

PDH is activated, the relative amount of glucose oxidation increases while fatty acid 

oxidation decreases. PDH activation during muscle contraction is a function of the 

metabolic demand exhibiting a linear relation with exercise intensity up to VO2MAX 

(24,61,62) and can reach maximal activation within 15 seconds of exercise initiation 

(63). This is thought to occur as a result of coordinated inhibition of PDK activity and 

stimulation of PDP activity due to depressed energetics (↑ pyruvate, ADP/ATP, 

NAD+/NADH, and CoA/A-CoA) and increased Ca2+ respectively that occurs during 

muscle contraction (Fig. 1). The net response is dephosphorylation and activation of 

PDH, stimulating increases in oxidative glucose disposal that is matched to the 

metabolic demand.  

Figure 4 shows the relationship between steady state PDH activity and exercise 

intensity relative to individual VO2MAX. Distinct relationships are found between the three 

studies plotted in Fig. 4 that are likely attributable to difference in methodology in 

measuring PDH activity as subjects across the three studies displayed similar VO2MAX 

(3.7-3.9 l/min) (24,61,62). Therefore, changes in total PDH activity or mitochondrial 

density would not be expected to account for this result. However, when normalizing to 

total PDH activity, therefore accounting for altered mitochondrial density or 

methodologies, a linear relation is found between percent PDH active the relative 
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exercise intensity (%VO2MAX) even where total PDH activity varied between 1.96 and 

3.74 U/gWW between studies (Fig. 5) (62–65). Although the relationship between 

percent PDH active relative to %VO2MAX appears to be conserved, PDH activity can be 

altered by changes in glucose availability or through pharmacological activation that 

have reciprocal effects on muscle glucose utilization. 

The most common perturbation to effect changes in PDH activity during muscle 

contraction is to alter the levels of muscle glycogen content prior to exercise. Eating a 

low fat, high carbohydrate diet increases muscle glycogen content and results in 

increased PDH activity at rest and during aerobic exercise concomitant with increased 

rates of glucose oxidation and reduced rates of fatty acid utilization (53,56,66). 

Conversely, glycogen depletion followed by a low carbohydrate diet results in increased 

fat oxidation during exercise at 65% VO2MAX and is attributed to a 41% reduction in PDH 

activity as a result of a 2.6-fold reduction in muscle glycogen content (197±21 vs 

504±25 mmol/kg dry weight) (56). PDH activity can also be modulated by changes in 

blood glucose with hyperglycemia resulting in increased glucose oxidation both at rest 

and during aerobic exercise in human and canine skeletal muscle (67–69). However, 

the effect of hypoglycemia on PDH activation during exercise has not been quantified as 

even during a low carbohydrate diet, blood glucose levels are similar to controls (66).  

PDH activity can also be modified through treatment with dichloroacetate (DCA), 

an inhibitor of PDK activity that results in complete activation of skeletal muscle PDH 

both in rat (25,26) and humans (16,27,28). PDH activation with DCA treatment results in 

significant increases in glucose oxidation both in isolated rodent muscle (26,29–31) as 

well as whole body glucose oxidation in humans at rest (32) and during aerobic exercise 
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(33). Together, these studies support PDH as the primary regulator of substrate 

selection in skeletal muscle during aerobic exercise. PDH activity is linearly related to 

metabolic demand with alteration in PDH activity associated with reciprocal changes in 

glucose utilization. Regulation of PDH activity and the outcome of altered PDH activity 

on muscle bioenergetics are the focus of experiments presented in chapters 2 and 3 of 

this thesis. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

12 
 

Figure 2. Substrate utilization during voluntary exercise.  

Absolute rates of glucose and fatty acid oxidation during voluntary exercise relative to 

maximal oxygen uptake (%VO2MAX) in man. Data are adapted from van Loon LJC et al. 

2001 (22). 
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Figure 3. Relative substrate oxidation as a percent of total energy expenditure 

during voluntary exercise in man.  

Data are adapted from van Loon LJC et al. 2001 (22). 
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Figure 4. PDH activation is linearly related to exercise intensity.  

Active fraction of pyruvate dehydrogenase (PDHa) during voluntary exercise relative to 

maximal oxygen uptake (%VO2MAX) in man. Data are adapted from Constantin-Teodosiu 

D et al. 1991 (61), Putman CT et al. 1995 (62), and Howlett RA et al. 1998 (24). 
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Figure 5. Conserved relationship between percent PDH activity and relative 

exercise intensity.  

Fractional pyruvate dehydrogenase activity relative to total activity (%PDH) during 

voluntary exercise expressed as a percent of maximal oxygen uptake (%VO2MAX) in 

man. Data are adapted from Constantin-Teodosiu D et al. 1992 (64), Putman CT et al. 

1995 (65), Putman CT et al. 1995 (62), and Parolin ML et al. 1999 (63). 
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1.2.3 Influence of Fatty Acid Availability on PDH Activity and Substrate Disposal 

in Skeletal Muscle 

Although it is the opinion of this thesis that PDH activity sets the relative 

utilization of substrate oxidation by skeletal muscle, some studies have argued for a 

shared role of PDH and fatty acids in the regulation of substrate selection by skeletal 

muscle mitochondria. In this context, a brief review of fatty acid oxidation and its effects 

on PDH activity and regulation of substrate selection will be given. Unlike glucose where 

absolute rates of oxidation increase relative to exercise intensity, absolute rates of fatty 

acid oxidation reach a peak at ~65% VO2MAX and subsequently is reduced at higher 

intensities (Fig. 2) (22,23,60). Whether fatty acid availability limits oxidation during 

exercise in the aerobic domain or whether it can displace glucose through inhibition of 

PDH activity has been the subject of numerous studies. Fatty acid availability during 

exercise depends on two main factors: nutritional status and exercise intensity. At rest 

and up to moderate intensity exercise (<65% VO2MAX) plasma fatty acids represent the 

majority of fatty acids utilized by skeletal muscle (22,23). Although intracellular 

triglyceride stores are increasingly utilized as exercise intensity increases, it is 

recognized that plasma fatty acid availability sets a limit to fatty acid utilization and 

oxidation during exercise (70).  

After an overnight fast, blood fatty acid levels are typically between 0.5-1.0 mM 

(22,51,71,72). In the post-absorptive state, glucose drives an increase in insulin 

secretion which subsequently reduces endogenous adipose and tissue lipolysis 

reducing blood fatty acid levels to <0.3 mM (70,73–77). During moderate exercise 

(<65% VO2MAX) in either state, fatty acids levels remain unchanged during shorter 
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duration bouts (<1 hour) (22,71,73) however can increase over time more than 4-fold 

during long duration exercise (>2 hours) (23,72). At high intensity exercise (>65% 

VO2MAX), a marked reduction in blood fatty acid levels is seen in some (23,70,74,78) but 

not all (22,71) studies during voluntary exercise. Although the absolute rate of blood 

fatty acid oxidation exhibits a linear relationship with exercise up to moderate intensity, 

rates of fatty acid oxidation during high intensity exercise are reduced compared to peak 

rates seen at ~65% VO2MAX (22,23,60). Whether the reduction in fatty acid oxidation at 

high intensity exercise is due to limited plasma availability or indeed whether plasma 

availability limits oxidation even at moderate intensity exercise has been investigated by 

modulating blood free fatty acid concentrations. 

 At moderate intensity exercise (~40-68% VO2MAX), some (73,76,79) but not all 

(72,80) studies have shown that increasing plasma free fatty acid availability resulted in 

significant increases in fatty acid oxidation and glycogen sparing. The contradictory 

results appear to be due to differences in plasma fatty acid and insulin concentrations 

and its effect PDH activity prior to elevation of plasma fatty acids levels via high fat meal 

(80), heparin (73) or lipid-heparin infusion (72,76,79). In Odland et al. 1998 (76), Odland 

et al. 2000 (79) and Costill et al. 1977 (73) blood fatty acid levels were kept artificially 

low (0.2-0.3 mM) through prior carbohydrate feeding where subjects were given a 

carbohydrate meal 2hrs (76,79) and 6hrs (73) before the exercise bout and lipid 

intervention. Conversely in Ravussin et al. 1986 (72) and Decombaz et al. 1983 (80), 

subjects were merely fasted overnight resulting in blood fatty acid concentrations of 

0.5mM and 0.9mM respectively. When blood lipid concentrations were increased, 

significant effects on whole body substrate utilization during moderate intensity exercise 
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were only found in those studies where the control subjects’ plasma fatty acid levels 

were reduced (<0.5 mM) compared to normal fasting concentrations (0.5-1.0 mM). 

Furthermore, although insulin levels were not measured in Odland et al. 1998 

(76) or Odland et al. 2000 (79), carbohydrate feeding is well known to result in an insulin 

spike at ~0.5-2.5 hours post ingestion concomitant with reduced blood free fatty acid 

levels (75,77). Insulin is known to increase PDH activity (45,81). Consistent with this 

notion, significantly elevated PDH activity was found during exercise in both studies 

where carbohydrates were given 2 hours prior to exercise (76,79). Unlike Odland et al. 

1998 (76) and Odland et al. 2000 (79), Costill et al. 1977 (73) waited 6 hours post 

carbohydrate meal before exercise or lipid intervention. As a result, plasma insulin 

levels had normalized prior to exercise yet plasma fatty acids remained reduced (~0.2 

mM). Although PDH activity was not measured in that study, merely reducing blood fatty 

acid levels to <0.2 mM results in increased PDH activity during moderate intensity 

exercise (51). Therefore, it is likely the case that in each study that utilized carbohydrate 

feeding prior to exercise, a combination of limited fatty acid availability as well as 

increased PDH activity biased results towards higher carbohydrate utilization in the 

control group. Thus, the subsequent increases in fatty acid oxidation and glycogen 

sparing with lipid intervention may merely indicate a return to normal substrate 

utilization where fatty acid availability is not limiting. In reality, in the fasted state where 

plasma fatty acids are 0.5-1.0 mM and where PDH activity is not increased by 

carbohydrate induced insulin release, no effect of increased fatty acid availability was 

seen on substrate selection at moderate intensity exercise (72,80). This further supports 
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that at moderate intensity exercise, PDH sets the relative rates of substrate oxidation 

where substrate availability is not limiting. 

At high intensity exercise (>70% VO2MAX), there is more evidence for a 

physiological role of limited plasma fatty acid availability on substrate selection 

(23,70,74,78). Not only do some studies show reduced plasma fatty acid availability at 

these exercise intensities (23,70,74,78), but absolute rates of fatty acid oxidation are 

also reduced (22,23). However, as is the case for moderate intensity exercise, some 

(70,74) but not all (71) studies have shown an effect of intravenous administration of 

heparin-lipid infusion to increase fatty acid oxidation and glycogen sparing. The 

discrepancy between studies is again likely due to the nutritional status of the subjects 

prior to the exercise bout as well as the sampling for substrate oxidation. In Romijn et al. 

1995 (70) and Dyck et al. 1993 (74), blood fatty acid levels were reduced (<0.2 mM) 

prior to lipid infusion via ingestion of a glucose load 2-6 hours prior to exercise. This 

resulted in significant glycogen sparing (15-44%) (70,74) and increased fatty acid 

oxidation by 27% (70) assessed via whole body RER. Conversely, Hargreaves et al. 

1991 (71) found no difference in leg arterial-venous RQ with heparin-lipid infusion 

however did find a significant reduction in whole body RER during high intensity 

exercise. This divergence highlights the potential for differential respiratory sampling 

and nutritional status to influence the interpretation of high fat supplementation. Unlike 

Romijn et al. 1995 (70) and Dyck et al. 1993 (74), the subjects of Hargreaves et al. 1991 

(71) study were merely fasted overnight resulting in a blood fatty acid concentration of 

0.6 mM versus <0.2 mM for the previous studies.  
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Furthermore, where previously significant effects of lipid infusion were seen on 

whole body RER, no significant effect on leg RQ was found at the level of the working 

muscle bed (71). Therefore, the significant drop in RER seen with lipid infusion at high 

intensity exercise may reflect the non-working skeletal muscle or in fact other 

metabolically active tissues in the body. Nevertheless, even though lipid infusion did not 

result in a significant drop in leg RQ, it was lower than control values (0.87±0.02 vs. 

0.86±0.03) (71). Furthermore, lipid infusion caused a 33% reduction in leg glucose 

uptake yet resulted in no difference in glycogen breakdown (71). It is unclear how 

reduced glucose uptake with similar glycogen utilization could result in similar leg RQ 

however it may be possible that supplementation only minimally increased fat oxidation 

yet was outside the sensitivity of detection. In any case it appears that at high intensity 

exercise in the fasted state, reduction in absolute rates of fatty acid oxidation are only 

marginally related to changes in blood fatty acid availability and are more likely related 

to intracellular mechanisms that regulate oxidation such as PDH activation. 

Together, these studies support that where fatty acid availability is not limiting, 

skeletal muscle mitochondria will preferentially utilize glucose over fatty acids as 

oxidative substrate. Therefore, the magnitude of PDH activation during exercise sets the 

relative utilization of glucose versus fatty acids during aerobic exercise. This concept 

highlights the necessity of determining the primary mechanisms regulating PDH activity 

in vivo and is the subject of study in chapter 2 of this thesis. Additionally, the ability of 

PDH to regulate substrate oxidation will be exploited in chapter 3 where the effect of 

increasing PDH activity on the bioenergetic response of muscle contraction is 

quantified. 
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1.2.4 Influence of Muscle Mitochondrial Density on Substrate Selection and PDH 

Activity During Exercise 

Changes in muscle mitochondrial density have clear effects on absolute rates of 

glucose and fatty acid utilization with increasing capacity for oxidation with increased 

mitochondrial density and vice versa (82–84). However, the impact of mitochondrial 

density on relative rates of substrate oxidation, or the preference for glucose or fatty 

acids during exercise are less clear. Some studies suggest that increased mitochondrial 

density with exercise training shifts relative substrate oxidation during exercise towards 

increased fatty acid utilization and reduced glucose oxidation compared to controls at 

the same relative exercise intensity (%VO2MAX) (85–87). This effect has also been 

observed in reverse with reduced mitochondrial density associated with increased 

utilization of glucose and reduced fatty acid oxidation compared to trained individuals 

during exercise at similar %VO2MAX (88). However, not all studies have found this result 

with some suggesting that the relative rates of glucose and fatty acid oxidation are the 

same during exercise at similar %VO2MAX in muscle with different mitochondrial 

densities (89–91). This is also true when comparing relative rates of substrate oxidation 

between various mammalian species that exhibit vastly different aerobic capacities (92). 

When the fractional rates of glucose or fatty acid oxidation are compared during 

voluntary exercise at intensities relative to individual VO2MAX, it appears there is a 

conserved relationship between the rat (41), goat (92), dog (92), and human (22,23) 

(Fig. 6). This would suggest that rates of glucose or fatty acid utilization are proportional 

to the absolute contractile workload relative to the muscle mitochondrial density with 

inferences to the regulation of substrate selection and of PDH activity.  
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In the preceding sections of this thesis it was described how carbohydrate 

metabolism regulates fatty acid oxidation with the activation state of PDH setting the 

relative utilization of substrates at rest and during exercise. If substrate selection or 

relative rates of substrate oxidation at similar %VO2MAX exercise are different in muscle 

with altered mitochondrial density, it would suggest differential regulation of PDH 

activation during contraction. However, if relative substrate selection is the same, it 

would suggest PDH activation is proportional to the workload relative to mitochondrial 

density, similar to that shown in Figure 3. Unfortunately, few studies have investigated 

the direct effect of altered mitochondrial density on the regulation of PDH activity. This 

forms the basis for the work of chapter 2 of this thesis however, a brief review of the 

available literature on the regulation of PDH activity with altered mitochondrial density is 

given.  

The influence of altered mitochondrial density on PDK, PDP and PDH protein 

levels or activities are relatively understudied, yet expression levels of the proteins 

appear to change in concert with skeletal muscle mitochondrial density. For example, 

mitochondrial density was increased in human subjects after an 8-week endurance 

training program that resulted in a 15% increase in whole body VO2MAX and was 

associated with 21% and 108% increases in muscle citrate synthase and cytochrome c 

oxidase activities respectively (93). This also resulted in a 1.3-fold increase in PDK2 

expression and a 2-fold increase in total PDK activity, although changes in PDK4 

expression were not found (93). Total PDH activity was also increased by 31% with 

training and exhibited a 1.3-fold increase E1 subunit (pyruvate dehydrogenase) 

expression (93). In a separate study it was also shown that PDK2, PDP1 and E1 protein 
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expression are positively correlated with muscle citrate synthase activity in human 

subjects (94). This also was true for total PDK and PDP activities, however total PDH 

activity was not determined (94). Therefore, it appears that reciprocal changes in PDK2, 

PDP1, and PDH protein levels occur with increased mitochondrial density but few 

studies have addressed how this may alter regulation of PDH activity during exercise. 

 Endurance training in human subjects for 7 weeks increased mitochondrial 

density by 27% and resulted in reduced PDH activity after 15 minutes of aerobic 

exercise when compared to sedentary controls (84). Importantly, this effect was 

observed at the same absolute workload and was attributed to reduced signals driving 

PDH activation (e.g. lower pyruvate, increased steady state energetics) (84). It has 

been known for some time that when comparing muscle energetics and substrate 

oxidation at absolute workloads, muscle with higher mitochondrial density supports 

increased steady state energetics and has a relatively higher reliance on fatty acids for 

oxidative ATP synthesis (83,95). Therefore, it is expected that during muscle contraction 

with increased mitochondrial density, percent PDH activity would be reduced when 

compared to lower mitochondrial density muscle at the same absolute workloads. It 

follows that when PDH activity was compared between high and low mitochondrial 

density muscles at the same relative workloads (%VO2MAX), PDH activity was similar 

between groups at both 50% and 65% of their respective VO2MAX (96). This would 

suggest as implied earlier that regulation of substrate selection through PDH activation 

should scale to the workload imposed on the muscle relative to the muscle 

mitochondrial density or aerobic capacity (Fig. 5, Fig 6). In other words, it would be 

expected that at similar relative exercise intensities (%VO2MAX), PDH activity and 
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relative rates of substrate utilization would not be different between muscles with 

different mitochondrial density. Unfortunately, there are only two studies that have 

investigated the effect of changing mitochondrial density on the regulation of PDH 

activity during muscle contraction and further attempts to quantify this relationship are 

presented in chapter 2. 
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Figure 6. Substrate selection is conserved across species relative to exercise 

intensity.  

Percentage of total oxygen consumed (%VO2) by glucose or fatty acid oxidation during 

voluntary exercise expressed as a percent of maximal oxygen uptake (%VO2MAX) in the 

dog, goat, rat, and human. Data adapted from Romijn JA et al. 1993 (23), van Loon LJC 

et al. 2001 (22), Roberts TJ et al. 1996 (92), and Brooks GA et al. 1983 (41). 
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1.2.5 PDH Activity and Skeletal Muscle Substrate Oxidation in Type 2 Diabetes 

Type 2 diabetes is hallmarked by overt hyperglycemia and loss of glycemic 

control as a result of peripheral insulin resistance. Skeletal muscle is an early site of 

insulin resistance in type 2 diabetes and is thought to play a primary role in the 

dysregulation of glucose homeostasis (97). Although PDH plays a pivotal role in 

regulating the magnitude of glucose oxidation in skeletal muscle, surprisingly few 

studies have investigated or quantified regulation of PDH activity in type 2 diabetes. 

Early type 1 diabetic rodent models singled out decreased skeletal muscle PDH activity 

as a potential mechanism of hyperglycemia and loss of glycemic control (43,44,59,81). 

This effect was attributed to increased phosphorylation of the enzyme complex that 

resulted in decreased PDH activity in resting, fasted muscle as well as during muscle 

contraction (43,44). Further study determined that increased PDH phosphorylation was 

due to increased PDK activity as a result of specific upregulation of PDK4 expression in 

skeletal muscle (98). PDK4 expression is upregulated with a loss of skeletal muscle 

insulin signaling as well as with elevated free fatty acids that are found in the type 1 

diabetic animal model (98,99) Together, this resulted in reduced rates of skeletal 

muscle glucose oxidation at rest, after insulin treatment, and during muscle contraction 

(100,101) This led to a common theme among diabetic literature that suggested 

decreased PDH activity as a mediator of type 2 diabetes. However, studies to confirm 

this phenomenon in type 2 diabetic rodents or further, in type 2 diabetic human subjects 

did not occur until decades later and with contradictory results. 

 In the two papers that have investigated PDH activity in type 2 diabetic rodent 

models, both studies confirmed earlier results of the type 1 diabetic rodent studies and 
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found decreased PDH activity in resting skeletal muscle. In the Otsuka Long-Evans 

Tokushima Fatty (OLETF) rat, which spontaneously develops type 2 diabetes with age, 

decreased PDH activity was found in resting skeletal muscle when compared to Long-

Evans Tokushima Otsuka (LETO) non-diabetic controls (102). Increased PDK2 and 

PDK4 mRNA and protein expression was also found in the OLETF rats compared to 

LETO that resulted in increased total PDK activity in muscle lysates (102). Muscle of the 

OLETF rat also had reduced PDP1 mRNA and protein expression, and although PDP 

activity was not determined, it was concluded that increased PDK versus PDP 

expression was the cause for reduced PDH activity with type 2 diabetes (102). A similar 

result was also obtained in the more commonly used Zucker Diabetic Fatty (ZDF) rat. 

This rodent model also spontaneously develops type 2 diabetes with age and like the 

OLETF rat, ZDF rats displayed reduced PDH activity in skeletal muscle when compare 

to lean controls (103). This effect was observed both in fed and fasted skeletal muscle 

that also persisted after oral glucose challenge with lower PDH activity in ZDF rats 

compared to lean controls (103). Like that of the OLETF rat, ZDF rats also displayed 

elevated protein expression of PDK4 however expression levels of PDK2 and PDP1 or 

the total activities of PDK or PDP were not determined (103). Together these data 

appear to confirm earlier results in type 1 diabetic rodent models and support reduced 

PDH activity in the etiology of hyperglycemia with the complete loss of insulin in type 1 

diabetes or the loss of insulin signaling with insulin resistance in type 2 diabetes.  

 Interestingly, this does not appear to be the case for type 2 diabetic humans with 

most studies supporting either similar PDH activity or even increased PDH activity in 

fasting diabetic skeletal muscle. In separate studies, similar PDH activity was found in 
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type 2 diabetic vastus lateralis skeletal muscle compared to non-diabetic controls that 

corresponded to similar rates of whole body (104) and leg (105) glucose oxidation. 

However, increased PDH activity in type 2 diabetic skeletal muscle has also been 

observed and resulted in a 1.5-fold increase in leg glucose oxidation compared to non-

diabetic controls (106). Furthermore, whole body glucose oxidation is similar to or 

increased in type 2 diabetics during aerobic exercise and although PDH activity was not 

measured, these data suggest either similar or increased PDH activity compared to 

non-diabetic controls (107–112). These results are surprising considering that similar to 

type 1 and type 2 diabetic rodent models, human type 2 diabetic skeletal muscle also 

exhibits increased PDK2 and PDK4 mRNA (113) with the mRNA levels positively 

correlated with the level of insulin resistance (114). However, protein expression or 

activity of PDK2, PDK4, or PDP1 have not been determined. Therefore, it is difficult to 

speculate as to why results in human type 2 diabetic skeletal muscle differ from that of 

rodents. Nevertheless, two singular studies in rodent models of type 2 diabetes is 

insufficient to determine regulation of PDH activity in vivo, and furthermore, no study 

has quantified the effect of types 2 diabetes on regulation of PDH activity during muscle 

contraction. The current lack of available data and the contradictory results of PDH 

regulation in human versus rodent type 2 diabetes has formed the basis for the work 

presented in chapter 4 of this thesis on PDH regulation in the type 2 diabetic Goto 

Kakizaki rat. 
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1.3 Skeletal Muscle Bioenergetics 

1.3.1 Mitochondrial Oxidative Phosphorylation 

At its core, mitochondrial ATP synthesis involves the coupling of proton (H+) and 

electron transfer through an energy conserving membrane to the phosphorylation of 

ADP to ATP. The mitochondrial electron transport system, or respiratory chain, is 

comprised of 4 main elements that receive electrons via oxidation of reducing 

equivalents (e.g. NADH, QH2) generated through substrate oxidation by mitochondrial 

matrix dehydrogenases (e.g. PDH, acyl-CoA dehydrogenase, α-ketogluterate 

dehydrogenase, etc.). The four complexes of the respiratory chain are NADH 

ubiquinone oxidoreductase (complex I), succinate dehydrogenase (complex II), 

ubiquinol-cytochrome c oxidoreductase (complex III), and cytochrome c oxidase 

(complex IV). Electrons are donated at either complex I or II and passed down the chain 

until complex IV where O2 is the final electron acceptor, reducing 1/2O2 to H2O. Each 

complex contains a redox carrier or couple that exists in a reduced or oxidized state and 

has a characteristic redox potential (ΔEh), or tendency to donate or accept electrons. A 

more negative potential (e.g. NADH) indicates the tendency to donate electrons 

whereas a more positive potential (e.g. O2) dictates the tendency to accept. The 

respiratory chain is organized in such a way that the reduction potentials of the redox 

carriers progressively increase (become more positive) and couple the change in 

potential energy of the electron during transfer between carriers to proton pumping from 

the mitochondrial matrix to the intermembrane space. Proton pumping or translocation 

to the intermembrane space occurs at complex I, II, and III. This creates a proton 

gradient composed of both an electrical (Δψ) and concentration (ΔpH) potential that are 
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collectively described as the proton motive force (Δp). Therefore, the change in potential 

energy of the electron as it passes through the respiratory chain is not lost but 

conserved in the potential energy of the proton electrochemical gradient (Δp). Finally, 

Δp provides the driving force for ATP synthesis, coupling the energetically favorable 

backflow of protons through the FOF1 ATPase into the matrix with ADP phosphorylation 

to ATP. Thus, the magnitude of Δp sets the potential energy of ATP which is described 

as the free energy of ATP hydrolysis (ΔGATP). 

Arranged in this way, the magnitude of ΔGATP is the result of its steady state 

relationship between the mitochondrial redox potential (ΔEh) transduced through the 

proton motive force (Δp) (115). Therefore, it can be said that ultimately, the magnitude 

of each potential is limited by the magnitude of ΔGATP. Put another way, energy 

transduction through the mitochondria is a pull through mechanism and not a push 

through mechanism. Forward flux is ultimately determined by the terminal back 

pressure of ΔGATP, and therefore it is the cytosolic ATPase activity or ATP demand that 

drains ΔGATP and controls forward flux of the system. Therefore, ATPase activity is the 

primary regulator of oxidative ATP synthesis and provides the pull that stimulates 

substrate oxidation, oxygen consumption, and ATP synthesis by the mitochondria. 

However, since these potentials are coupled, first through the respiratory chain and 

finally the FOF1 ATP synthase, modification of any one potential will stimulate flux 

through the entire system until a new steady state is reached albeit at different 

magnitudes. Therefore, increasing the matrix redox potential (ΔEh) could stimulate ATP 

synthesis flux for a given cytosolic ATPase demand by increasing Δp and therefore 

ΔGATP through its steady state relation at the FOF1 ATPase. Stimulation of ATP 
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synthesis in this way would be expected to proceed until ΔGATP and therefore Δp 

reached such a magnitude that the “back pressure” of these potentials reached a new 

steady state with ΔEh. At this point, forward flux would again be dictated by changes in 

cytosolic ATP demand however the magnitudes of steady state ΔEh, Δp, and ΔGATP 

would be increased. This concept forms the basis for the hypothesis of how PDH 

activity could modulate muscle energetics in vivo and is presented in its final form in 

chapter 3 of this thesis. 

1.3.2 Bioenergetics of Muscle Contraction 

During muscle contraction within the aerobic domain, contractile ATPase activity 

(myosin, SERCA) reaches a steady state with mitochondrial ATP synthesis. This 

relation occurs over a wide range of metabolic states exhibiting 10-fold increases in 

mitochondrial oxygen consumption, and ATP production, during sustainable contractile 

workloads (116). Throughout the aerobic domain, skeletal muscle ATP content remains 

stable as ATP is buffered by phosphocreatine (PCr) through its equilibrium relationship 

at creatine kinase (CK). During muscle contractile activity, ATP is hydrolyzed to ADP 

and Pi which stimulates the instantaneous hydrolysis of PCr and rephosphorylation of 

ADP to ATP. This results in reciprocal stoichiometric changes in PCr and Pi with net 

hydrolysis of PCr and production of Pi that reach steady state levels during submaximal 

contractile intensities (117). The extent of PCr hydrolysis, and Pi formation, and the time 

course of PCr recovery after muscle stimulation are linear functions of the ATPase rate, 

or muscle workload, relative to the mitochondrial density and the total creatine content 

of the muscle fiber (95,118–120). 
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Through PCr buffering and mitochondrial ATP synthesis the free energy of ATP 

hydrolysis (ΔGATP), which defines the maximal available work per mole of ATP 

hydrolyzed, is relatively constrained to a narrow range within fast twitch skeletal muscle 

of ~10 kJ/mol (approx. -65 to -55 kJ/mol) (121,122). ΔGATP increases (becomes more 

positive) as a function of muscle contraction due to the increases in ADP and Pi relative 

to ATP content in the muscle fiber and reaches steady state levels dependent on the 

contractile intensity and ATPase rate. However, the magnitude of steady state ΔGATP at 

a given workload can vary depending on the mitochondrial density of the muscle fiber 

(95,121). This is due to a change in the sensitivity or “gain” of the system which results 

in higher or lower feedback signals required to stimulate oxidative phosphorylation with 

decreased or increased mitochondrial density respectively. Therefore, with reduced 

mitochondrial density, ΔGATP, ADP, and Pi must increase to a greater extent to stimulate 

the same rate of oxidative ATP synthesis. This results in a reduced energetic steady 

state and limits the maximal sustainable workloads the muscle can maintain before 

failure/fatigue. Conversely, muscle with higher mitochondrial density exhibits a higher 

“gain” and therefore responds with greater rates of oxidative ATP synthesis for a given 

increase in ΔGATP, ADP, and Pi. Along with the greater capacity to oxidize glucose and 

fatty acids, this increases the range of sustainable workloads the muscle can maintain 

and underscores the benefit of increasing mitochondrial density through endurance 

training. Taken together these observations clearly show that in skeletal muscle energy 

metabolism is a dynamic pull system where oxidation of substrates in specific chemical 

form and quantity depend upon the nature of the metabolic demands imposed both in 

the intensity and the rate of contraction. This concept of a pull system to oxidize 
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substrates can be readily generalized to other organ systems and is an often 

overlooked aspect in studies of metabolic regulation. 

 

1.4 Summary 

Given the critical importance of PDH in the regulation of glucose oxidation in skeletal 

muscle, the mechanisms regulating PDH activation in vivo and the consequence of 

dysregulation of PDH activity on muscle function is inadequately understood. 

Delineating the mechanisms of PDH activation and further, the impact of altered 

substrate selection on muscle function has clear implications to diseases that exhibit 

metabolic syndrome with impaired glycemic control where dysregulation of PDH has 

been suggested (obesity, diabetes, etc.). In order to further understand the role PDH 

plays in muscle function in health and disease, this dissertation will investigate PDH in 

three central frameworks: 

1. Mechanisms Regulating PDH Activation: PDH activation will be quantified in 

relation to the primary regulators of its activation status (energetics vs. Ca2+), 

rather than solely by exercise intensity as has previously been established.  

2. Effect of Altered PDH Activity on Muscle Bioenergetics: Given its central position 

in both mitochondrial substrate selection and reducing equivalent generation, 

dysregulation of PDH activity could play a significant role in muscle function 

during exercise. Here the effects of increased PDH activity on muscle function 

and bioenergetics in vivo will be quantified. 

3. Regulation of PDH Activity in Type 2 Diabetes: Due to the importance of PDH 

activity in oxidative glucose disposal and the contradictory reports of PDH activity 
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in type 2 diabetes, PDH activity will be quantified in type 2 diabetic skeletal 

muscle both at rest and during muscle contraction.  
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Chapter 2. Steady State Energetics and Pyruvate Dehydrogenase Activity are 

Normalized to Workload Relative to Mitochondrial Density in Contracting Skeletal 

Muscle 

2.1 Abstract 

Glucose oxidation in skeletal muscle is regulated by pyruvate dehydrogenase 

(PDH) which exhibits low fractional activity in resting muscle but is activated with 

increased workload. Activation of PDH occurs through dephosphorylation, presumably 

as a result of inhibition of pyruvate dehydrogenase kinase and stimulation of pyruvate 

dehydrogenase phosphatase through reduced energetic status and increased Ca2+ 

respectively. This study sought to define the contribution of energetics or Ca2+ in the 

regulation of PDH activation. Phosphorus energetics were quantified in vivo with nuclear 

magnetic resonance spectroscopy (31P NMR) in conjunction with muscle force output 

and PDH activity during electrical stimulation of rat superficial gastrocnemius muscle. 

To evaluate the influence of mitochondrial density on PDH regulation, muscle 

mitochondrial density was reduced through experimental hypothyroidism by four weeks 

of methimazole (MMI) treatment. MMI treatment resulted in an ~50% reduction in 

gastrocnemius muscle mitochondrial density determined by significant reduction in 

whole muscle lysate cytochrome c oxidase and total PDH activity, as well as increased 

time constant of PCr recovery measured in vivo with 31P NMR. At absolute contractile 

workloads, reduced mitochondrial density with MMI treatment resulted in significant 

depression of steady state energetics concomitant with increased PDH activation 

compared to controls. However, when compared at workloads relative to mitochondrial 

oxidative capacity comprising contractile intensities that were half that of controls for 
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MMI treated rats, energetics and PDH activation were no different between groups, 

Therefore, PDH activation is primarily a function of the energetic status of the muscle 

fiber and not Ca2+ concentration during muscle contraction. 

 

2.2 Introduction 

Skeletal muscle utilizes both glucose and free fatty acids as substrate for 

mitochondrial oxidative ATP synthesis (22,23). In fasted skeletal muscle under resting 

conditions, free fatty acids are the predominant substrate utilized to support basal 

ATPase activity, comprising ~80% of total carbon substrate utilization (18–20,40,48). In 

the transition from rest to aerobic contractile workloads, i.e. intensities that can be 

supported by mitochondrial ATP synthesis, the relative proportion of glucose oxidation 

increases with reciprocal decreases in fatty acid oxidation until the maximal aerobic 

capacity is reached (22,23,92). This transition in substrate utilization is attributed to 

activation of pyruvate dehydrogenase, the mitochondrial matrix enzyme that regulates 

glucose oxidation by controlling pyruvate decarboxylation to acetyl-CoA. PDH activity is 

regulated via reversible phosphorylation where phosphorylation reduces the apparent 

Vmax and dephosphorylation increases the apparent Vmax (5).  

In skeletal muscle the phosphorylation state of PDH is regulated by the relative 

activities of two isoforms of pyruvate dehydrogenase kinase (PDK2, PDK4) and one 

isoform of pyruvate dehydrogenase phosphatase (PDP1) (6,35). In resting skeletal 

muscle, PDH activity is suppressed to ~10-20% of total maximal activity through 

preferential phosphorylation, coinciding with the low rates of glucose oxidation 

((15,24,42–44,63,122). Exercise is associated with increases in PDH activity that are 



 

37 
 

linearly related to muscle contractile activity reaching peak activation at maximal aerobic 

workloads (24,63,122,123). This occurs as a function of the depressed energetic state 

of the muscle fiber resulting in reduced ATP/ADP, NADH/NAD+, and A-CoA/CoA which 

reduce PDK activity through allosteric inhibition (5). Simultaneously, increased Ca2+ 

results in allosteric activation of PDP, shifting the relative activities of these enzymes 

resulting in net PDH dephosphorylation and activation thereby permitting elevated 

glucose oxidation (5). 

In skeletal muscle of exercise-trained humans, the increase in mitochondrial 

density known to occur with training causes a shift in substrate utilization towards fatty 

acid oxidation at absolute workloads relative to sedentary individuals which coincides 

with reduced PDH activity (84,85,124). This shift in substrate utilization in the trained 

subjects is likely related to the increased sensitivity of oxidative phosphorylation to the 

feedback products of ATP hydrolysis (ADP, Pi), which decreases energetic signals that 

modulate PDH activity (95,118). However in some studies, increased fatty acid 

oxidation was also observed in trained individuals relative to sedentary counterparts 

even at similar relative workloads (% of max), where the energetic status would be 

expected to be comparable (89,95,118,125). This observation suggests that altered 

activation of PDH has occurred relative to muscle contractile activity when controlling for 

increased oxidative capacity but the necessary measurement of steady state energetics 

was not performed (89,125). 

The purpose of this study was to quantify the effect of mitochondrial density on 

the regulation of PDH activity and mitochondrial energetics during muscle contraction. 

Phosphorus magnetic resonance studies were performed on control rat muscle and in 
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those where mitochondrial density was reduced after 4 weeks of methimazole (MMI) 

treatment.  Posterior leg muscles were stimulated with simultaneous measurements of 

in vivo phosphorus energetics and muscle force production. PDH activity was also 

measured in muscle samples collected at rest and during stimulation for both control 

and MMI treated rats. The sustainable steady state phosphorus metabolites were 

significantly reduced in MMI treated rats at absolute stimulation intensities (Hz) with 

concomitant increases in glycolytic ATP production and fractional PDH activity 

compared to controls. However, when mitochondrial density is normalized for each 

group to their sustainable aerobic work there is no apparent difference in glycolytic ATP 

production or PDH activity status. Together these data support a highly conserved 

relationship between muscle energetics and PDH activation during muscle contraction 

when controlling for metabolic demand relative to mitochondrial density. 

 

2.3 Materials and Methods 

2.3.1 Animal Care and Feeding  

Male Wistar rats were obtained at 8 weeks of age from Charles River 

Laboratories (Wilmington, MA). Rats were housed three per cage in a temperature (22 

°C) and humidity (50%) controlled room on a 12:12 hour light-dark cycle and provided 

Purina rat chow and tap water ad libitum. Methimazole treated rats were given the drug 

in their drinking water (0.025% w/v) for four weeks prior to experimentation. Control and 

MMI treated rats were used for experiments at 12 weeks of age. All procedures were 

approved by the Michigan State University Institutional Animal Care and Use Committee 
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and complied with The American Physiological Society’s “Guiding Principles in the Care 

and Use of Animals”. 

2.3.2 Muscle Stimulation and Sampling 

Fasted animals were anesthetized with 1.5-2.5% isoflurane on a carrier gas of 

100% oxygen during the surgical procedure and body temperature was monitored via 

rectal thermocouple (YSI Model 73a) and maintained (36.5-37.5 °C) with a heated pad. 

For muscle stimulation the sciatic nerve of one hindlimb was exposed as described 

previously (122). In brief, a 1.5 cm wide incision was made on the lateral aspect of the 

hip and blunt dissection through the gluteus was performed to expose the sciatic nerve. 

The nerve was then insulated from surrounding tissues with a strip of Parafilm and a 

bipolar platinum electrode was positioned adjacent to the nerve and held in place with 

cyanoacrylate glue which was also used to seal the wound. A test twitch stimulated with 

rectangular pulse (5 V, 0.2 ms duration, Grass S48 stimulator) was performed to 

validate external control of the sciatic nerve. The knee was fixed in place to a custom 

built knee brace using braided nylon ligature.  The posterior leg was carefully dissected 

free of overlying skin to expose the muscle for post-exercise freeze clamp and a length 

of suture secured to the Achilles tendon and to a strain gauge (Grass FT03C) with the 

animal in the prone position. Stimulation voltage (2-10 V) and muscle length were 

adjusted using the length-tension relation to set the muscle resting length. The sciatic 

nerve was then stimulated at either 0.5 Hz or 1.0 Hz for control rats and 0.25 Hz or 0.5 

Hz for MMI treated rats for 5 minutes at which time the superficial gastrocnemius 

muscle was excised and immediately freeze clamped in liquid N2 precooled 

Wollenberger tongs while still contracting. For resting muscle samples, animals were 
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similarly anesthetized with immediate removal and storage of the superficial 

gastrocnemius as described earlier. Muscle samples were stored at -80 °C for later 

biochemical analyses. 

2.3.3 Cytochrome C Oxidase Activity Assay 

Resting, non-stimulated superficial gastrocnemius muscle samples were used for 

the quantification of cytochrome c oxidase activity as previously described with minor 

modification (126). In brief, a 1 mM solution of reduced cytochrome c solution was first 

produced and stored at -20 °C. 110 mg of ascorbic acid was dissolved in 1 ml of 10 mM 

potassium phosphate buffer (pH 7.0) and titrated to pH 6.5-6.8 with tris-HCl powder. 

Next, 250 mg of cytochrome c was dissolved in 1.2 ml 10 mM potassium phosphate 

buffer (pH 7.0), followed by the addition of 0.3 ml of ascorbic acid solution to make a 

13.5 mM cytochrome c solution. The mixture was incubated with stirring at 4 °C for 1 

hour resulting in a color shift from brown to pink-orange. The solution was then added to 

dialysis tubing (3500 kD cutoff) and dialyzed against 500 ml 10 mM KH2PO4 for 1 hour 

at room temperature with gentle stirring. After changing out the dialysis buffer this 

process was repeated and finally dialyzed a third time overnight at 4 °C. The 

cytochrome c solution was removed from the dialysis tubing into another vessel and the 

tubing was rinsed 3 times with 1.5 ml 10 mM KH2PO4 and added to cytochrome c 

solution. The concentration, percent reduction, and auto reduction rate of the 

cytochrome c solution was verified utilizing spectrophotometric absorbance at 550 nm 

using the extinction coefficient of 29,500 M-1cm-1.  Muscle samples were then assayed 

for determination of whole muscle lysate cytochrome c oxidase activity. Frozen muscle 

samples were freshly powdered under liquid N2 using mortar and pestle immediately 
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prior to the assay. Muscle powder was added to ice cold homogenization buffer (100 

mM Tris-HCl, 1% Triton X-100, pH 7.0) at a final dilution of 1:100 and mixed by 

inversion at 4 °C for 5 minutes before being placed on ice. For a 1 ml cuvette, 60 ul of 1 

mM reduced cytochrome c solution was added to 500 ul 100 mM KH2PO4 (pH 7.0 at 37 

°C) and 400 ul water. Cuvettes were placed into spectrophotometer preheated to 37 °C 

and absorption rate was recorded for 3 minutes at 550 nm. Reactions were initiated by 

the addition of 40 ul 1:100 muscle homogenates and rates recorded for 5 minutes. The 

initial linear reaction rate was used for calculation of cytochrome c oxidase activity using 

the molar extinction coefficient for cytochrome c of 28,000 M-1cm-1 at 550 nm.  Muscle 

homogenates were assayed in triplicate and activities normalized to the muscle wet 

weight. 

2.3.4 Citrate Synthase Activity Assay 

Resting, non-stimulated superficial gastrocnemius muscle samples were used for 

the quantification of citrate synthase activity as previously described with minor 

modification (127). Outlined briefly, frozen muscle samples were powdered under liquid 

N2 using mortar and pestle and muscle powder was added to ice cold homogenization 

buffer (100 mM Tris-HCl, 1% Triton X-100, pH 8.1) at a final dilution of 1:100 and mixed 

by inversion at 4 °C for 5 minutes. 50 µl of muscle homogenate was then added to 900 

µl assay reaction mixture (100 mM Tris-HCl, 1 mM DTNB, 0.3 mM Acetyl-CoA, pH 8.1), 

mixed by inversion and allowed to warm up to room temperature for 10 minutes. 

Background reaction rate was recorded continuously following absorption at 412 nm for 

3 to 5 minutes. Reaction was initiated with the addition of 50 µl 10 mM oxaloacetate 

followed by rapid mixing. Activity was monitored continuously for 5 to 10 minutes and 
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the initial linear rate was used for calculation of citrate synthase activity after subtracting 

background rate using the molar extinction coefficient for DTNB of 14,150 M-1cm-1 at 

412nm.  Muscle homogenates were assayed in triplicate and activities normalized to the 

muscle wet weight. 

2.3.5 Assay for Muscle ATP and Total Creatine Content 

Resting, non-stimulated superficial gastrocnemius muscle samples were used for 

the quantification of ATP and total creatine content as previously described with minor 

modification (128,129).  In brief, frozen muscle samples were powdered under liquid N2 

and metabolites were extracted by adding to ice-cold perchloric acid solution (2 N 

HClO4, 5 mM EDTA) at a final dilution of 1:10 as previously described (129). Extracts 

were mixed at 4 °C for 20 minutes and subsequently centrifuged at 20,000 G for 20 

minutes.  The supernatant was neutralized by the addition of an equivalent volume of 

potassium hydroxide buffer (2 N KOH, 150 mM TES, 300 mM KCl) and a second 

centrifugation (3,000 G,10 minutes) step removed precipitated perchlorate salts. 

Neutralized extracts were assayed for ATP content at room temperature (RT) using a 

coupled spectrophotometric enzyme assay (128). For total creatine content, extracts 

were first incubated with equal volume of 0.4 N HCl for 9 minutes at 65 °C then 

neutralized in an equivalent volume of 0.4 N NaOH. This step ensures complete PCr 

hydrolysis prior to HPLC analysis for total creatine content as described previously 

(129). Millimole ATP and creatine content were normalized to liter muscle cell water 

(LCW) assuming 1 g of muscle is 75% water content (34). 
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2.3.6 [2-14C]-Pyruvate Tracer Solution for PDH Activity Assay 

PDH activity and fractional activation studies were performed as previously 

described (122).  A standard solution of 35 mM pyruvate was made in water and its 

concentration verified.  Briefly, 1 µl of 35 mM pyruvate was added to 0.99 ml of 303 mM 

TEA, 3.03 mM EDTA, and 10 µl of 25 mM NADH, pH 7.5 at RT. Pyruvate concentration 

was assayed in triplicate utilizing a spectrophotometric lactate dehydrogenase (LDH) 

assay following consumption of NADH at 340 nm at 25 °C.  Baseline absorbance was 

measured and excess LDH (5-10 U) was added and incubated for 5 minutes or until no 

absorbance change was present.  The pyruvate concentration was then calculated from 

the change in absorbance from baseline utilizing the extinction coefficient of NADH 

(ε340 = 6220 M-1cm-1) assuming reaction of NADH is 1:1 with pyruvate.  5ml of 

standardized 35 mM pyruvate solution was then added to 250 µCi [2-14C]-pyruvate 

sodium salt (specific activity 7.3 mCi/mmol, Perkin Elmer #NEC256) and the final 

concentration verified using spectrophotometric LDH assay as described above.  

Specific activity of the [2-14C]-pyruvate tracer solution was then determined via reaction 

with glutamate with glutamate pyruvate transaminase (GPT) to form [2-14C]-alanine. 

This step was performed to determine the fraction of the 14C label that is specific to 

pyruvate in the tracer solution. In brief, 1 µl of [2-14C]-pyruvate tracer solution was 

added to 500 µl of 50 mM TEA, 0.5 mM EDTA, and 250 mM glutamate, pH 7.5 at RT. 

Assays were carried out in duplicate with two negative controls. GPT (~2 U) was then 

added to initiate the reaction but omitted from negative controls. Reactions were carried 

out at RT and after 1 hour, 400 µl aliquots were removed and loaded into gravity flow 

columns containing 1 ml settled volume of anion exchange resin (Bio-Rad AG1x8 resin, 
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200-400 mesh, Acetate form) contained in a 3 ml syringe with luer lock stopcock. This 

resin traps the negatively charged [2-14C]-pyruvate while the positively charged [2-14C]-

alanine passes through. Resin was then washed 3 times with 500 µl water and column 

eluate was collected into 25 ml glass scintillation vials containing 20 ml Safety Solve 

scintillant and counted using a Packard Tric-Carb liquid scintillation analyzer.  

Background counts from negative controls were subtracted from sample values to 

obtain the specific activity (CPM/µmol) of the [2-14C]-pyruvate tracer solution. 100 µl 

aliquots of the [2-14C]-pyruvate tracer solution were stored at -80 °C until needed. 

2.3.7 Homogenization and Assay Buffers for PDH Activity Assay 

Homogenization buffer A, for measurement of endogenous PDH activity (PDHa): 

0.05 M Tris-HCL, 0.005 M EGTA, 0.005 M MgCl2-6H2O, 0.05 M KCl, 0.05 M NaF, 0.005 

M DCA, 0.1% Triton X-100 with 0.001 M DTT, pH 7.8 on ice.  Homogenization buffer B, 

for measurement of total PDH activity (PDHt): 0.05 M Tris-HCL, 0.024 M CaCl2-2H2O, 

0.005 M MgCl2-6H2O, 0.05 M KCl, 0.005 M DCA, 0.1% Triton X-100 with 0.01 M 

glucose, 0.001 M DTT, and 5 U/ml hexokinase added fresh before use, pH 7.8 on ice.  

Assay buffer: 0.12 M Tris-HCl, 0.577 mM Na2EDTA, 0.001 M MgCl2-6H2O, 0.001 M 

DCA with 3.86 mM NAD+, 5.77 mM CoASH, 0.001 M TPP, 0.012 M L-carnitine-HCl, and 

0.8 U/ml carnitine acetyltransferase (CAT) added fresh before use, pH 7.8 at 37 °C.  For 

assay of total PDH activity, 2.88 mM NaF was also added to assay buffer. 

2.3.8 PDH Activity Assay 

PDH activity was determined in superficial gastrocnemius muscle samples 

collected at rest in both control and MMI treated groups and in muscle samples 

collected during stimulation at 0.5 Hz or 1.0 Hz for controls, and 0.25 Hz and 0.5 Hz for 
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MMI treated rats. PDH activity was quantified by a method developed previously with 

modifications outlined below (122,130). In brief, PDH activity in muscle homogenates 

was determined by a coupled enzyme assay, following the conversion of the 

radiolabeled substrate ([2-14C]-pyruvate) to radiolabeled product ([1-14C]-

acetylcarnitine): 

[𝟐- 𝑪]-𝑝𝑦𝑟𝑢𝑣𝑎𝑡𝑒𝟏𝟒 + 𝑁𝐴𝐷+ + 𝐶𝑜𝐴
𝑃𝐷𝐻
→  [𝟏- 𝑪]-𝑎𝑐𝑒𝑡𝑦𝑙-𝐶𝑜𝐴 + 𝑁𝐴𝐷𝐻 + 𝐶𝑂2

𝟏𝟒  

[𝟏- 𝑪]-𝑎𝑐𝑒𝑡𝑦𝑙-𝐶𝑜𝐴 + 𝐿-𝑐𝑎𝑟𝑛𝑖𝑡𝑖𝑛𝑒
𝐶𝐴𝑇
→  𝟏𝟒 [𝟏- 𝑪]-𝑎𝑐𝑒𝑡𝑦𝑙𝑐𝑎𝑟𝑛𝑖𝑡𝑖𝑛𝑒 + 𝐶𝑜𝐴𝟏𝟒  

Reaction time points were collected and then passaged through columns containing 

anion exchange resin allowing for the separation of 14C labeled compounds by trapping 

the unreacted negatively charged substrate, [2-14C]-pyruvate, while allowing the 

passage of the positively charged product, [1-14C]-acetylcarnitine, to quantify the 

reaction rate. Overall reaction rate was limited by the amount of PDH activity as CAT 

and substrates of the reaction were added in excess. Thus the rate of [1-14C]-

acetylcarnitine production was assumed to be 1:1 with [1-14C]-acetyl-CoA production 

and used to quantify PDH activity in muscle samples. Reactions were carried out in 

homogenates produced from freeze clamped muscle samples of the superficial 

gastrocnemius. Samples were first powdered under liquid nitrogen using mortar and 

pestle followed by two separate assays for determination of endogenous PDH activity 

(PDHa) and total PDH activity (PDHt). This allows for quantification of fractional PDH 

activity (PDHa/PDHt = PDH%) within the same sample. Approximately 30-50 mg of 

muscle powder was added to 250 µl ice cold homogenization buffer A (PDHa) and 

immediately mixed with vigorous shaking. Buffer volume was then adjusted by adding 

buffer to a final 10% homogenate concentration. Homogenates were then sonicated on 
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ice using Branson sonicator at 20 kc, 3 times for 15 seconds with 15 second breaks in 

between. Each homogenate was then immediately assayed by adding 15 µl 

homogenate to 85 µl assay buffer prewarmed to 37 °C and vortexed to mix. Reactions 

were carried out in triplicate at time points of 0.5, 1, and 1.5 minutes and initiated by the 

addition of [2-14C]-pyruvate tracer solution to a final concentration of 1mM. [2-14C]-

pyruvate tracer was added as a drop on the side of the reaction Eppendorf tube and 

time points were started by vortexing, mixing the [2-14C]-pyruvate tracer into the assay 

solution and initiating the reaction. Reaction temperature was maintained at 37 °C for 

entire duration by means of a heated water bath. Reactions were then quenched at 

appropriate time points via the addition of 500 µl of ice cold methanol followed by 

vortexing. Each time point was run separately and quenched samples were stored on 

ice until the reaction series of that sample was complete. Once the reaction series was 

completed for PDHa, the entire process was repeated by producing another muscle 

homogenate with homogenization buffer B for determination of PDHt activity. Quenched 

reaction time points were then loaded into gravity flow columns containing 1ml settled 

volume of anion exchange resin (Bio-Rad AG1x8 resin, 200-400 mesh, Acetate form) 

contained in a 3 ml syringe with Luer lock stopcock. Columns were then washed 3 times 

with 500 µl water with column eluate collected into 25 ml glass scintillation vials 

containing 20 ml Safety Solve liquid scintillation cocktail. This process traps the 

unreacted negatively charged [2-14C]-pyruvate allowing for separation of the positively 

charged [1-14C]-acetylcarnitine. The radioactivity in each vial was then counted using a 

Packard Tri-Carb liquid scintillation analyzer and using the specific activity of the tracer 

solution, the reaction rate was determined for quantification of PDH activity. 
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2.3.9 31P NMR Spectroscopy during Stimulation 

In vivo rat muscle preparations were prepared as previously described for 

anesthesia and sciatic nerve stimulation for benchtop experiments but for these 

experiments the skin was left intact. Animals were secured in a custom 74 mm diameter 

phosphorus nuclear magnetic resonance probe with the knee secured via a tungsten 

pin fixed through the femur and attached to brass supports. The Achilles tendon was 

tied to a custom built isometric force transducer at the top of the probe. This 

arrangement positioned the center of the superficial gastrocnemius muscle directly over 

a 1.7 cm diameter circular surface coil. Isoflurane anesthesia was maintained at 1.5-

2.5% for duration of experiment through a nose cone built into the body of the NMR 

probe and temperature was monitored via rectal thermistor (YSI model 73A) and 

maintained at 36.5-37.5 °C using thermostated air. In each experiment the muscle 

length and supramaximal stimulation voltage (5-15 V) were adjusted to yield peak 

isometric tension development and the probe was inserted into a Bruker Avance 400 

MHz spectrometer (9.4 T, 7.4 cm vertical bore magnet). Magnetic field homogeneity 

was optimized by shimming on the available proton signal. Phosphorus nuclear 

magnetic resonance (31P NMR) spectra were acquired at 161.8 MHz (4096 complex 

data, 8012 Hz sweep width). The summed free induction decays (FID) were apodized 

with a 30 Hz exponential filter prior to the Fourier transform. The pulse width (15 µs) 

was chosen to yield maximum signal to noise ratio at a repetition time (TR) of 3.0 

seconds. The NMR signal was corrected for partial saturation by acquiring 128 FIDs 

under the experimental conditions and a second at 5*T1 for PCr at 9.4 T (TR=15 
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seconds). For each stimulation series spectra (TR=3 seconds, 8 scans) were acquired 

at rest (6 spectra), during stimulation (12 spectra) and recovery after stimulation 

cessation (16 spectra). Muscles were stimulated at twitch contractile intensities of 0.25, 

0.5, 0.75, 1.0, and 2.0 Hz for controls and 0.125, 0.25, 0.375, 0.5, and 1.0 Hz for MMI 

treated rats. No more than 4 stimulations were used in any single experiment and 

frequencies were randomized. There was no effect of stimulation order on the resulting 

PCr transients. After stimulation series were complete, the triceps surae muscle group 

(gastrocnemius, plantaris, soleus) was then excised and weighed for normalization of 

force recordings. 

2.3.10 31P NMR Spectral Analysis 

The free induction decays of the stimulation series were analyzed using JMRUI 

software (version 3.0) and relative peak areas were integrated using AMARES (131). 

Areas of Pi, PCr, γ-ATP, α-ATP, and β-ATP peaks were normalized to the total 

phosphorus integral of each individual spectrum. PCr and Pi were quantified from their 

ratio to γ-ATP and adjusted to absolute chemical content using the enzymatically 

determined ATP content of the rat superficial gastrocnemius muscle determined from 

perchloric acid extracts described previously (122). Free creatine content was estimated 

assuming PCr content is 82% of total creatine (132). Intracellular pH (pHi) was 

estimated from the chemical shift of Pi relative to PCr (133): 

𝑝𝐻 = 6.75 + log(
3.37−𝛥𝑃𝑃𝑀

𝛥𝑃𝑃𝑀−5.63
)   (1) 

The PCr content during steady state contractions was calculated as a percentage of the 

initial value by using the summed data from the six resting spectra and the final six 

spectra during the contractile phase. The dynamics of PCr changes were fit to a 
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monoexponential function by an iterative least squares algorithm to obtain the time 

constant of PCr resynthesis. Glycolytic ATP synthesis rate (JGLY) was estimated as 

follows: 

𝐽𝐺𝐿𝑌 = 1.5 𝑥 𝛽 𝑥 (
𝑑𝑝𝐻𝑖

𝑑𝑡
)   (2) 

where 1.5 is the stoichiometric coefficient for ATP/H+, β the buffering capacity (134), 

and d(pHi)/dt is the rate of acidification during contraction (135). Cytosolic ATPase rate 

(JATPase) was calculated from the initial rate of PCr hydrolysis at the start of stimulation 

plus basal the ATPase rate of 0.012 mM/s (135,136). Mitochondrial ATP synthesis rate 

(JMITO) was calculated by subtracting JGLY from JATPase, assuming the steady state 

phosphate potential is maintained via the matching of cytosolic ATPase activity (JATPase) 

to mitochondrial ATP synthesis rate (JMITO) after the glycolytic ATP production rate 

(JGLY) is accounted for (135). Free energy of ATP hydrolysis (ΔGATP) was estimated from 

Pi, PCr, and Cr utilizing the creatine kinase equilibrium equation: 

𝐾𝑒𝑞 =
[𝐴𝑇𝑃][𝐶𝑟]

[𝐴𝐷𝑃][𝑃𝐶𝑟][𝐻]
    (3) 

 and substituting for [ATP]/[ADP] with KeqCK = 1.66x109 M-1 (137): 

𝛥𝐺𝐴𝑇𝑃 = −32 𝑘𝐽 𝑚𝑜𝑙⁄ + 2.58 ln(
[𝑃𝑖][𝐶𝑟]

[𝑃𝐶𝑟][𝐻]𝐾𝑒𝑞
)    (4) 

2.3.11 Statistics 

All data are reported as means ± SE. Comparisons of group means were by two 

tailed Students t-test at the p < 0.05 level of significance. Linear regression analysis was 

performed by Graphpad Prism 7 statistics software utilizing a method equivalent to 

analysis of covariance (ANCOVA) at the p < 0.05 level of significance. 
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2.4 Results 

Animal biometrics and gastrocnemius muscle mitochondrial density. MMI treated 

rats had significantly lower body and muscle weights however significantly increased 

muscle weight to body weight ratios (Table 1). The average peak twitch force was not 

significantly different between groups however, normalization of average peak twitch 

force to muscle weights increased specific force in MMI treated rats when compared to 

controls (Table 1). 

 Mitochondrial density was determined by measuring cytochrome c oxidase 

activity, total PDH activity, and citrate synthase activity in whole muscle lysates from 

non-stimulated, superficial gastrocnemius muscle with activities presented in Table 2. 

Cytochrome c oxidase activity, total PDH activity, and citrate synthase activity were all 

significantly reduced by 53%, 47%, and 29% respectively in MMI treated rats compared 

to controls (Table 2). This decrease in mitochondrial density was responsible for the 

increase in the time constant (τ) for PCr recovery following muscle contractions as 

measured by in vivo 31P NMR experiments. This has previously been shown to correlate 

with muscle mitochondrial oxidative capacity in rat gastrocnemius muscle with 

increased τ associated with reduced mitochondrial density (121). Here, τ was increased 

1.8-fold with MMI treatment and is consistent with the ~50% reduction in muscle 

mitochondrial density determined by cytochrome c oxidase and total PDH activity in 

whole muscle lysates when compared to controls (Table 2). 

Resting gastrocnemius muscle energetics and pH. Resting superficial 

gastrocnemius muscle metabolite and pH values are presented in Table 3. 

Quantification of 31P NMR spectra resulted in significant reductions in pH and Pi/ATP 
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with MMI treatment however the PCr/ATP ratio was similar to controls (Table 3). In 

perchloric acid extracts of resting muscle samples, ATP content was similar between 

groups however total creatine was significantly increased with MMI treatment, 

consistent with previous reports (121). 

Metabolic flux, steady state energetics, and PDH activity as a function of 

absolute and relative contractile workloads. It was previously established that the 

maximal aerobic twitch contractile intensity of the rat hindlimb was 1.0 Hz intensity of 

stimulation (116). In this study, 1.0 Hz intensity of stimulation was considered the 

maximal aerobic contractile intensity for control rats and used for muscle stimulation. 

With MMI treated rats displaying ~50% reduced mitochondrial density, assessed by 

cytochrome c oxidase activity, total PDH activity, and increased τ of PCr recovery 

(Table 2), 0.5 Hz intensity of stimulation was chosen as the approximate maximal 

aerobic contractile intensity. Absolute stimulation intensities were chosen to be 25%, 

50%, 75%, 100%, and 200% of the maximal aerobic contractile intensity of each group 

corresponding to absolute intensities of 0.25 Hz, 0.5 Hz, 0.75 Hz, 1.0 Hz, and 2.0 Hz for 

controls and 0.125 Hz, 0.25 Hz, 0.375 Hz, 0.5 Hz, and 1.0 Hz for MMI treated rats.  

 Figure 7 shows representative stackplot images of 31P NMR spectra serially-

acquired during 0.5 Hz stimulation in a control and MMI treated rat. Resting 31P NMR 

spectra were acquired for the first 2 minutes 24 seconds (spectra 1-6), during the next 4 

minutes 48 seconds of 0.5 Hz stimulation (spectra 7-18) and during the subsequent 7 

minutes 12 seconds of recovery (spectra 19-36) to quantify the steady state and kinetic 

response of PCr hydrolysis and resynthesis in control and MMI treated animals. The 

response of superficial gastrocnemius PCr content at the start of contraction are 
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displayed in representative PCr transients in Figure 8, showing PCr hydrolysis during 

stimulation and PCr recovery at stimulation cessation. Figure 8A displays PCr transients 

from control and MMI treated rats stimulated at the same absolute intensity of 0.5 Hz. A 

clear reduction in steady state PCr during stimulation is present with reduced 

mitochondrial density of the MMI treated rat (Fig. 8A). Figure 8B displays PCr transients 

from control and MMI treated rats stimulated at the same relative intensity of stimulation 

corresponding to 50% of the expected maximal aerobic intensity, equivalent to 0.5 Hz 

and 0.25 Hz absolute intensities for control and MMI treated rats respectively. Here the 

similarity in steady state PCr content during stimulation is clear as well as the increased 

recovery time of PCr in the MMI treated rat after stimulation cessation.  

Quantification of 31P NMR spectra for steady state PCr content during muscle 

stimulation results in linear relationships between the magnitude of PCr hydrolyzed from 

rest (ΔPCr) and absolute stimulation intensity (Hz) in control and MMI treated rats (Fig. 

9A). Linear regression fits to the data through the assumed maximal aerobic contractile 

intensity of each group resulted in a significant difference in slope between control and 

MMI treated rats that was increased 2.0-fold with MMI treatment. Data from 2.0 Hz and 

1.0 Hz stimulation in control and MMI treated rats respectively was assumed to be 

above the maximal aerobic capacity of the muscle and therefore was not included in 

linear regression fits. This is supported by the nonlinear response of ΔPCr at these 

contractile intensities. The exact 2.0-fold increase in slope with MMI treated rats and the 

linear response of ΔPCr during stimulation up to the assumed aerobic maximum of each 

group further supports the choice of 1.0 Hz and 0.5 Hz as the assumed maximal aerobic 

contractile intensity for control and MMI treated rats respectively. When ΔPCr was 
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plotted versus relative stimulation intensity (%) for each group, data were non-

distinguishable between groups and the linear regression was fit to data from both 

groups up to 100% relative stimulation intensity (Fig. 9B). Plots of steady state ΔPCr 

versus ΔPi during muscle stimulation should yield reciprocal relationships assuming 

proper quantification of 31P NMR spectra and was confirmed by the 1.06 and 1.04 

slopes for the regression lines in control and MMI treated rats (Fig. 10). 

The glycolytic contribution (JGLY) to total ATP demand (JATPase) was estimated 

from the chemical shift changes in Pi from the 31P NMR spectra in each group. During 

stimulation glycolytic ATP production (JGLY) was increased in MMI treated rats when 

compared to controls and resulted in a significant increase in slope at absolute 

stimulation intensities (Fig. 11A). However, while the absolute values for the pHi 

changes were different between groups, the fractional glycolytic contribution relative to 

total ATP demand (JGLY/JATPase) were similar and not significantly different between 

groups. Therefore, a linear regression fit was applied to the whole dataset including 

both groups to estimate JGLY (Fig. 11B). Cytosolic ATP demand or the ATP hydrolysis 

rate (JATPase) also exhibited linear relationships to absolute intensities of stimulation that 

were not different between groups and data from both groups were fit to a single linear 

regression (Fig. 12A). This corresponded with similarities in average peak force 

between control and MMI treated groups at 25% (1183±62 vs.1316±73 g, NS), 50% 

(1221±53 vs. 1287±70 g, NS), 75% (1227±65 vs. 1275±78 g, NS), and100% (1248±68 

vs. 1276±82 g, NS) relative intensity of stimulation. At 200% relative intensity, initial 

peak force from the first ten twitches during stimulation was similar between groups 

(1120±127 vs. 1389±98 g, NS) however, stimulation at this intensity resulted in muscle 
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fatigue (77.7±5.2 vs. 79.4±3.8 % initial force, NS) therefore peak force was not 

averaged across the entire stimulation.  

Mitochondrial ATP synthesis rate (JMITO) was calculated by subtracting JGLY from 

JATPase, assuming the steady state phosphate potential is maintained via the matching of 

cytosolic ATPase activity (JATPase) to mitochondrial ATP synthesis rate (JMITO) after the 

glycolytic ATP production rate (JGLY) is taken into account (135). Data from both groups 

exhibited linear relationships between JMITO and absolute stimulation intensity (Hz) that 

was not different between groups and therefore data were fit to a single linear 

regression (Fig. 12B). Mitochondrial transfer function, or the plot of steady state ADP 

versus mitochondrial ATP synthesis rate (JMITO) is shown in Fig. 13A exhibiting 

increased ADP concentration to illicit similar rates of ATP synthesis in the MMI treated 

rats. However, when normalized to relative intensity of stimulation, there was no 

difference between groups (Fig. 13B). The combined effect of reduced mitochondrial 

density with MMI treatment on the system response to increased metabolic demand is 

displayed in the steady state free energy of ATP hydrolysis (ΔGATP). Figure 14A displays 

the steady state ΔGATP maintained by mitochondrial ATP synthesis (JMITO) and shows a 

1.5-fold increase in the hill coefficient (ηH) with reduced mitochondrial density through 

MMI treatment. When data were normalized to JMITO relative to maximal rates of ATP 

synthesis for each group, no difference was found between the control or MMI treated 

conditions (Fig. 14B). 

Steady state fractional PDH activity was quantified in superficial gastrocnemius 

muscle samples obtained at rest and during muscle stimulation at 0.5 Hz and 1.0 Hz in 

controls and 0.25 Hz and 0.5 Hz in MMI treated rats (Fig. 15). Resting fractional PDH 
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activity was not different between groups but was significantly increased at 0.5 Hz 

intensity of stimulation in MMI treated rats compared to controls (p<0.01). In both 

groups, fractional PDH activity increased during muscle contraction however the rate of 

activation was significantly increased in MMI treated rats compared to controls at the 

same absolute intensity of stimulation (Hz). The rate of PDH activation in MMI treated 

rats had a significant 2.1-fold increase in slope compared to controls (Fig. 15A). There 

was no difference in fractional activity when plotted against the relative stimulation 

intensity and all data were fit to a single linear regression (Fig. 15B). 
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Table 1. Body weight, muscle weight, and peak twitch force in control and MMI treated 

groups used for PDH activity. Muscle weights include the entire compliment of posterior 

leg muscles (gastrocnemius, plantaris, soleus). Peak twitch force was the average value 

including 0.5 and 1.0 Hz stimulations for control and 0.25 and 0.5 Hz stimulations for 

MMI. Values are means ± SE. *Significant difference between control and MMI treated 

groups (p<0.05) by two tailed Students t-test. n, number of animals. MW, muscle 

weight. BW, body weight. 

 Control MMI 

n 10 10 

Body Weights (kg) 503±15 414±6* 

Muscle Weight (g) 3.0±0.08 2.8±0.04* 

MW/BW (%) 0.60±0.01 0.67±0.01* 

Peak Twitch Force (g) 516±23 539±17 

Peak Force/MW 172±7 196±7* 
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Table 2. Measures of superficial gastrocnemius mitochondrial density in control and 

MMI treated groups. Enzyme activity was determined from non-stimulated resting 

muscle samples in each group (n=5). Time constant of PCr recovery (τ) after muscle 

stimulation was calculated by fitting normalized PCr spectral area acquired by 31P NMR 

to a monoexponential function by an iterative least squares algorithm. Recovery time 

constants were determined in control (n=8) and MMI treated (n=18) groups after 0.75 

Hz and 0.375 Hz stimulation respectively. Values are means ± SE. *Significant 

difference between control and MMI treated groups (p<0.05) by two tailed Students t-

test. U, unit of enzyme activity (µmol/min). gWW, gram muscle wet weight. 

 Control MMI 

Cytochrome C Oxidase 
(U/gWW) 

3.6±0.3 1.7±0.4* 

Total PDH (U/gWW) 0.99±0.12 0.52±0.08* 

Citrate Synthase (U/gWW) 24.1±1.2 17.1±0.8* 

PCr Recovery Time 
Constant, τ (s) 

64.6±5.6 115.3±6.1* 
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Table 3. Resting pH and metabolites in control and MMI treated groups. Resting pH, 

PCr/ATP, and Pi/ATP were acquired from 31P NMR spectrum of the superficial 

gastrocnemius muscle in control (n=8) and MMI treated (n=18) groups. ATP and total 

creatine were quantified from non-stimulated resting superficial gastrocnemius muscle 

in both groups (n=5). Values are means ± SE. *Significant difference between control 

and MMI treated groups (p<0.05) by two tailed Students t-test. PCr, phosphocreatine. 

Pi, inorganic phosphate. LCW, liter cell water. 

 Control MMI 

pH 6.98±0.02 6.87±0.01* 

PCr/ATP 3.7±0.1 4.0±0.1 

Pi/ATP 0.77±0.06 0.36±0.03* 

ATP (mmol/LCW) 9.2±0.07 8.7±0.3 

Total Creatine 
(mmol/LCW) 

38.3±0.8 45.3±1.1* 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

59 
 

Figure 7. Representative phosphorus spectrum from control and MMI treated rats. 

Sample 31P NMR spectra acquired in the rat gastrocnemius muscle before (bottom 6 

spectra), during (next 12 spectra), and after (last 18 spectra) 0.5 Hz stimulation in 

control and MMI treated animals (n=1). Spectra peaks from left to right: Pi, PCr, γ-ATP, 

α-ATP, β-ATP. Acquisition parameters: total of 36 spectra composed of 8 FIDs, 4096 

complex points, 8012 Hz sweep, 3 second TR, and 30 Hz exponential filter. Pi, 

inorganic phosphate. PCr, phosphocreatine. 
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Figure 8. Representative PCr transients quantified from 31P NMR spectra of 

control and MMI treated rat gastrocnemius muscle in one animal.  

A: Control versus MMI PCr transients at the same absolute stimulation intensity of 0.5 

Hz. B: Control versus MMI PCr transients at the same relative stimulation intensity 

corresponding to 50% of the expected maximum aerobic intensity of 1.0 Hz and 0.5 Hz 

for control and MMI rats respectively. Actual intensities shown are 0.5 Hz and 0.25 Hz 

for control and MMI treated rats respectively. PCr presented as percent of initial resting 

values. PCr, phosphocreatine. 
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Figure 9. ΔPCr at absolute or relative stimulation intensity in control and MMI 

treated rats.  

A: ΔPCr versus absolute stimulation intensity (Hz) in control (n=8) and MMI treated 

(n=18) animals. Data were quantified from 31P NMR spectra acquired during 0.25, 0.5, 

0.75, 1.0 and 2.0 Hz stimulation for controls and 0.125, 0.25, 0.375, 0.5, and 1.0 Hz 

stimulation for MMI treated animals. Linear regressions were fit through 0.5 Hz and 1.0 

Hz for MMI treated and control groups respectively, which correspond to the expected 

maximum aerobic stimulation intensity for each group. B: ΔPCr versus relative 

stimulation intensity (%) for control (n=8) and MMI treated (n=18) groups. Stimulation 

intensity was normalized to the maximal absolute intensity which corresponds to the 

expected aerobic maximum for each group which was 1.0 Hz and 0.5 Hz for control and 

MMI groups respectively. Linear regression was fit to data from both groups up to 100% 

relative stimulation intensity. ΔPCr was quantified from the difference in steady state 

content in resting muscle and steady state content in the last six spectra during muscle 

stimulation. Values are means ± SE. PCr, phosphocreatine. LCW, liter cell water. 
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Figure 10. Reciprocal ΔPCr and ΔPi plots for control and MMI treated rats.  

Data were quantified from 31P NMR spectra acquired during 0.25, 0.5, 0.75, 1.0 and 2.0 

Hz stimulation for controls (A, n=8) and 0.125, 0.25, 0.375, 0.5, and 1.0 Hz stimulation 

for MMI treated (B, n=18) animals. ΔPCr and ΔPi values were quantified from the 

difference in steady state resting content before stimulation, and steady state content 

during the last six spectra during stimulation. PCr and Pi peak areas were normalized 

first to the total phosphorus integral of each spectra and quantified using their ratios to 

ATP peak area and the chemical content of ATP of control and MMI treated rat 

gastrocnemius muscle. Values are means ± SE. PCr, phosphocreatine. Pi, inorganic 

phosphate. LCW, liter cell water.  
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Figure 11. Glycolytic ATP synthesis at absolute and relative stimulation 

intensities in control and MMI treated rats.  

Data were quantified from 31P NMR spectra acquired during 0.5, 0.75, 1.0 and 2.0 Hz 

stimulation for controls (n=8) and 0.25, 0.375, 0.5, and 1.0 Hz stimulation for MMI 

treated animals (n=18). A: JGLY versus absolute stimulation intensity (Hz) in control and 

MMI treated groups. B: Percent JGLY contribution to total ATP demand (JATPase) as a 

function of relative stimulation intensity (%) in control and MMI treated groups. 

Stimulation intensity was normalized to the maximal absolute intensity which 

corresponds to the expected aerobic maximum for each group. For controls, stimulation 

intensities were normalized relative to 1.0 Hz intensity of stimulation. For MMI treated 

animals, intensities were normalized relative to 0.5 Hz intensity of stimulation. Linear 

regression was fit to data from both groups. Data from 0.125 Hz and 0.25 Hz for MMI 

treated and control animals respectively were omitted from both panels as JGLY was not 

detectable at such low intensity of stimulation. JGLY was calculated as previously 

described in the methods. Values are means ± SE. JGLY, glycolytic ATP synthesis rate. 
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Figure 12. Cytosolic ATPase and mitochondrial ATP synthesis rates in control 

and MMI treated rats.  

Data were quantified from 31P NMR spectra acquired during 0.5, 0.75, 1.0 and 2.0 Hz 

stimulation for controls (n=8) and 0.25, 0.375, 0.5, and 1.0 Hz stimulation for MMI 

treated animals (n=18). A: JATPase values from gastrocnemius muscle of control and 

MMI treated animals. JATPase values were calculated from the initial linear rate of PCr 

hydrolysis in the first 36 seconds of contraction. Linear regression was fit to data from 

both groups and no difference in JATPase rates were found at overlapping stimulation 

intensities. B: JMITO versus absolute stimulation intensity in control and MMI treated 

animals. JMITO was calculated as described previously in methods. Data at 0.25 and 

0.125 Hz from control and MMI treated rats had no detectable JGLY and therefore JMITO 

was taken as equivalent to JATPase. Data from 2.0 and 1.0 Hz from control and MMI 

treated rats were omitted as a steady state was not maintainable at these intensities of 

stimulation. Linear regression was fit to data from both groups and no difference in JMITO 

rates were found at overlapping stimulation intensities. Values are means ± SE. JATPase, 

cytosolic ATP hydrolysis rate. JMITO, mitochondrial ATP synthesis rate. JGLY, glycolytic 

ATP synthesis rate. 
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Figure 13. Mitochondrial transfer function in control and MMI treated rats. 

Relationship between steady state ADP concentration and absolute mitochondrial ATP 

synthesis rate (JMITO) (A) or percent ATP synthesis rate (% JMITO) (B) relative to 

maximal flux at 1.0 Hz for controls (n=8) and 0.5 Hz for MMI (n=18). Data are fit to 

sigmoidal function with 2.0 Hz and 1.0 Hz data omitted from the graph for control and 

MMI groups respectively. In B, data from both groups are fit to a single function. ADP 

was calculated as described in methods. Values are means ± SE. JMITO, mitochondrial 

ATP synthesis rate. ηH, hill coefficient. 

 

 

 

 

 

 

 

 

 

 



 

66 
 

Figure 14. Flow force relationships in control and MMI treated rats.  

Relationship between steady state ΔGATP and absolute JMITO (A) or percent JMITO (B) 

relative to maximal flux at 1.0 Hz for controls (n=8) and 0.5 Hz for MMI (n=18). Data are 

fit to sigmoidal function with 2.0 Hz and 1.0 Hz data omitted from the graph for control 

and MMI groups respectively. In B, data from both groups are fit to a single function. 

ΔGATP calculated as described in methods. Values are means ± SE. ΔGATP, free energy 

of ATP hydrolysis. JMITO, mitochondrial ATP synthesis rate. ηH, hill coefficient. 
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Figure 15. Fractional PDH activity at absolute or relative stimulation intensities in 

control and MMI treated rats.  

A: PDH activity expressed as a percent of total activity versus absolute stimulation 

intensity (Hz) in control and MMI treated groups. Percent PDH activity was quantified in 

superficial gastrocnemius muscle samples collected at rest (n=5, both groups) or during 

0.5 Hz (n=5) or 1.0 Hz (n=4) stimulation for controls, and 0.25 Hz (n=4) or 0.5 Hz (n=5) 

stimulation for MMI treated rats. B: PDH activity expressed as a percent of total activity 

versus relative stimulation intensity (%) in control and MMI treated groups. Absolute 

stimulation intensities were normalized to the maximal absolute intensity which 

corresponds to the expected aerobic maximum for each group which was 1.0 Hz for 

controls and 0.5 Hz for MMI treated rats. Linear regression was fit to data from both 

groups. Values are means ± SE. 
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2.5 Discussion 

This study quantified the relationship between muscle steady state energetics, 

metabolic fluxes (JGLY, JATPase, JMITO) and PDH activation during in vivo muscle 

contraction in relation to mitochondrial density in rat gastrocnemius muscle. 

Hypothyroidism, induced by MMI treatment, resulted in significant reductions in 

gastrocnemius mitochondrial density as evidenced by the reduced cytochrome c 

oxidase activity, total PDH activity, citrate synthase activity, and increased time constant 

of PCr resynthesis. During muscle twitch stimulation, MMI treated rats exhibited 

significant reductions in steady state energetics and increased glycolytic ATP 

production (JGLY) when compared to controls at absolute workloads (Hz). This coincided 

with increased PDH activity and the rate of PDH activation in MMI rats when compared 

to controls. These effects are not attributed to changes in the relationship between the 

ATP cost of contraction (JATPase) or mitochondrial ATP synthesis (JMITO) relative to 

absolute workloads (Hz) but is attributed to reduced mitochondrial density and reduced 

sensitivity to the feedback products of ATP hydrolysis (ADP, Pi). When steady state 

energetics, metabolic fluxes (JGLY, JMITO) and PDH activity were expressed as a function 

of stimulation intensity relative to the expected aerobic maximum (%), data were 

indistinguishable between groups with no significant differences. Together, these data 

confirm prior study of the relationship between mitochondrial density and muscle 

energetics at absolute workloads but extends these observations during contraction at 

intensities relative to the muscle aerobic capacity. In doing so, these data support a 

conserved relationship between muscle energetics and contractile activity relative to 
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mitochondrial density that further encompasses regulation of substrate oxidation at the 

level of PDH activation. 

 At absolute workloads, MMI rats displayed markedly different steady state 

energetics with reduced PCr and increased Pi and ADP that resulted in a significant 

reduction in the magnitude of steady state ΔGATP. Furthermore, at a given intensity of 

stimulation, MMI rats exhibited higher rates of glycolytically derived ATP synthesis. This 

effect is attributable to the depressed energetic status (increased Pi and ADP) of the 

muscle fiber and not on the stimulatory effects of Ca2+ as MMI treated rats exhibited 

similar force production and ATPase rates at absolute workloads when compared to 

controls (138). MMI treatment also resulted in significant changes in the rate of change 

of PCr or ΔGATP versus workload (Hz) or JMITO exhibiting 2.0 and 1.5-fold increases 

respectively when compared to controls. Although long term hypothyroid treatment in 

the rat has resulted in significant changes in muscle fiber type of slow twitch soleus 

muscle, capillary density or fiber type were unaffected in the gastrocnemius muscle 

after 7 weeks of hypothyroidism (139). Therefore, we attribute alteration in steady state 

energetics entirely to a reduction in mitochondrial density with MMI treatment. This is 

supported by the fact that both the relationship between the ATP hydrolysis rate 

(JATPase) and ATP synthesis (JMITO) at absolute workloads was not different between 

groups and indicates that fiber type changes or limitations to muscle perfusion are not 

likely occurring with 4 weeks of MMI treatment.  

Changes in mitochondrial density alter the sensitivity of respiratory control with 

reduced mitochondrial density associated with lower energetic states, and therefore 

higher driving forces to elicit similar rates of mitochondrial ATP synthesis (JMITO) 
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(95,118,140–142). Mitochondrial density of the superficial gastrocnemius muscle was 

assessed both in vitro and in vivo. MMI treated rats exhibited significant reductions in 

markers of mitochondrial density in vitro with whole muscle lysates showing 53%, 48%, 

and 29% reductions in cytochrome c oxidase, total PDH, and citrate synthase activities 

respectively. MMI rats also exhibited 178% increase in the time constant of PCr 

resynthesis, an accepted measure of in vivo muscle oxidative capacity with increased 

time to PCr recovery an indication of reduced mitochondrial density (121). The 

combined effects indicate reduced mitochondrial density that is consistent with other 

studies utilizing hypothyroid animal models (121,143–145). It is assumed that in the 

control rat, 1.0 Hz twitch stimulation intensity results in maximal rates of muscle oxygen 

consumption and by extension, mitochondrial ATP synthesis (116). In the MMI treated 

rat, stimulation intensities were chosen assuming a ~50% reduction in muscle oxidative 

capacity from the combined measures of mitochondrial density resulting in 0.5 Hz as the 

stimulation assumed to elicit maximal rates of oxidative ATP synthesis. Choosing 1.0 Hz 

and 0.5 Hz as maximal aerobic stimulations seems appropriate as marked deviations in 

the relationship between steady state PCr and stimulation intensity occur above these 

stimulation rates (Fig. 9A). Furthermore, when comparing PCr transients (Fig. 8B) or 

steady state PCr (Fig. 9B) at similar relative intensities of stimulation, data are nearly 

indistinguishable between groups and delineate from linearity at the expected aerobic 

maximum for each group. This would be expected if the intensity of stimulation was not 

sustainable through aerobic ATP synthesis and validates normalization of steady state 

data to the expected aerobic maximums of 1.0 Hz for controls and 0.5 Hz for MMI 

treated rats and calling these intensities 100% of the aerobic max. 
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Normalization of energetic steady states to intensities of stimulation relative to 

the expected aerobic maximums renders group data indistinguishable from one another. 

Both steady state PCr and ΔGATP were not different between groups when intensity of 

stimulation or mitochondrial ATP synthesis (JMITO) were normalized to maximum values 

for each group. Although the glycolytic contribution to ATP production was increased in 

MMI rats at absolute workloads, relative rates were not different from that seen in 

controls. These data confirm that the primary alteration in muscle after MMI treatment is 

reduced mitochondrial density and confirm that the aerobic ATP synthesis machinery is 

functioning similarly between groups relative to maximal capacities. This revelation also 

extends to regulation of glucose metabolism through activation of PDH at rest and 

during muscle contraction. At rest, PDH activity was higher in MMI versus controls but 

was not significantly different. Nevertheless, these data suggest that even at the low 

metabolic demand of resting skeletal muscle, higher fractional PDH activity is necessary 

to maintain an energetic steady state. During muscle contraction however, the rate of 

PDH activation relative to absolute workloads was 2.1-fold higher in MMI treated rats 

than in control muscle (Fig. 15A) and was remarkably similar to that for the rate of 

change in steady state PCr (2.0-fold). PDH activation is known to be regulated through 

the energetic status of the muscle fiber and increases in activity are associated with 

increased metabolic demand or depressed energetic state (133). Similar to steady state 

energetics, activation of PDH in relation to relative stimulation intensity normalized data 

between groups with no differences in the fractional activation of PDH during stimulation 

at 50% or 100% of the expected aerobic maximums. These data have implications for 
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regulation of PDH activity in vivo but also rates of substrate utilization at absolute and 

relative workloads. 

PDH activity is regulated via reversible phosphorylation with increased activity 

associated with reduced phosphorylation status (5). Regulation of the phosphorylation 

state is controlled by the relative activities of PDK’s versus PDPs (5). PDK activity is 

sensitive to the energetic status of the muscle fiber with reduced energetics or 

increases in the ratios of ADP/ATP, NAD+/NAD, CoA/A-CoA and also pyruvate 

concentration resulting in allosteric inhibition of PDK activity (9,9–13). Conversely, PDP 

activity is mainly regulated by changes in Ca2+ with increased Ca2+ leading to allosteric 

stimulation of activity (35–37). PDH activation during muscle contraction occurs as a 

function of muscle contractile activity and is linearly related to increasing exercise 

intensity during submaximal exercise with maximal activity present during high intensity 

exercise (24,63). The current paradigm of PDH activation during exercise supposes that 

a combination of a reduced energetic state and increase Ca2+ as a function of muscle 

contractile activity serve to activate PDH through preferential inhibition of PDK activity 

and stimulation of PDP activity (5). Our data primarily support a role of muscle energetic 

status in the regulation of PDH activation as fractional PDH activation was 2.1-fold 

higher in MMI treated rats compared to controls and was consistent with associated 

changes in muscle PCr content. Furthermore, normalization of fractional PDH activity to 

relative stimulation intensities resulted in no difference between groups. Should Ca2+ 

play a central role in the regulation of PDH activity, it would be expected that an offset in 

fractional PDH activation would be present at relative stimulation intensities between 

groups. This is due to the fact that at relative intensities, muscle energetics were 
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indistinguishable between groups however the absolute intensity of stimulation was half 

of that of controls in the MMI group. Therefore, MMI treated muscle experience one half 

of the time averaged Ca2+ associated with half the absolute stimulation intensity, yet 

there was no difference in the activation state of PDH between groups. It may also be 

the case that the increased glycolytic activity in MMI rats served to stimulate PDH 

activity through pyruvate inhibition of PDKs on top of the allosteric inhibition of the 

depressed energetics (84,86,140–142,144). However, normalization of glycolytic flux to 

total ATP demand resulted in no differences between groups indicating the relative 

stimulatory effects of pyruvate on PDH activity were likely similar between control and 

MMI treated rats. Therefore, it is likely that PDH activation during muscle contraction is 

primarily a function of the magnitude of inhibition of PDKs, related to the energetic 

status of the muscle fiber. 

Changes in PDH activation seen in this study raise interesting questions about 

regulation of muscle substrate utilization in vivo. Skeletal muscle primarily oxidizes fatty 

acids at rest but increases glucose utilization as a function of exercise intensity, with 

relative utilization surpassing fatty acids at ~65% of the aerobic maximum (VO2MAX) 

(22,23,60). This effect is attributed to the stimulation of PDH activity, which is linearly 

related to exercise intensity (24,61,65). By increasing mitochondrial density through 

exercise training, skeletal muscle utilizes higher absolute and relative rates of fatty acids 

during similar absolute workloads compared to sedentary or normal mitochondrial 

density muscle (82,83). This has been associated with reduced PDH activity and is 

consistent with the results of this study, although here it is the opposite with increased 

PDH activity at absolute workloads following reduction in mitochondrial density (84). 
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Whether skeletal muscle of varying mitochondrial densities exhibit similar relative 

substrate utilization at exercise intensities relative to their aerobic maximums (%VO2MAX) 

is a point of some controversy. In exercise trained human skeletal muscle it seems that 

even at similar relative workloads (%VO2MAX), muscle with higher mitochondrial density 

oxidizes more fatty acids than glucose when compared to sedentary or normal 

mitochondrial density muscle (89,125). This would suggest an inherent modification to 

muscle mitochondria that alters substrate selection at relative workloads and may be 

related to the capacity to oxidize and/or transport fatty acids or may also be related to 

reduced activation of PDH (82,83,146). However, when comparing multiple mammalian 

species exhibiting VO2MAX values ranging from 2 l/min to 6 l/min, relative rates of 

substrate oxidation were similar between species when exercise was normalized to 

VO2MAX (92). This would suggest that substrate oxidation and selection scales as a 

function of muscle workload relative to mitochondrial density which has also been 

observed in human subjects (89–91). The current data support the latter, with PDH 

activation similar between groups at relative stimulation intensity, however substrate 

oxidation was not measured in this study so a definitive statement cannot be made 

without further study. 

In summary, reduced mitochondrial density with MMI treatment resulted in 

marked reduction in steady state energetics when compared to controls at absolute 

contractile workloads. This effect was not attributed to alteration in the relationship 

between the ATP cost of contraction (JATPase) or mitochondrial ATP synthesis (JMITO) at 

absolute workloads but was attributed to the reduced sensitivity of respiratory control 

resulting higher APD and Pi content necessary to stimulate similar rates of oxidative 
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ATP synthesis. When steady state energetics and glycolytic flux was normalized to 

intensities of stimulation relative to the expected aerobic maximums, no differences 

were found between groups. This effect was also observed for regulation of PDH 

activity, with increased rates of PDH activation relative to absolute workloads with MMI 

treatment that disappears when normalized to intensities of stimulation relative to the 

aerobic maximum. This suggests PDH activation is primarily regulated by changes in 

muscle energetics and questions the necessity of PDP stimulation through intracellular 

Ca2+. Furthermore, these data suggest that at contractile workloads relative to VO2MAX, 

PDH activation would support similar rates of substrate utilization which is consistent 

with some (89–92) but not all studies (89,125). 
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Chapter 3. Effects of Altered Pyruvate Dehydrogenase Activity on Contracting 

Skeletal Muscle Bioenergetics 

3.1 Abstract 

During aerobic exercise (>65% of VO2max) the primary source of acetyl-CoA to 

fuel oxidative ATP synthesis in muscle is the pyruvate dehydrogenase (PDH) reaction. 

This study investigated how regulation of PDH activity affects muscle energetics by 

determining whether activation of PDH with dichloroacetate (DCA) alters the dynamics 

of the phosphate potential of rat gastrocnemius muscle during contraction. Twitch 

contractions were induced in vivo over a broad range of intensities to sample 

submaximal and maximal aerobic workloads. Muscle phosphorus metabolites were 

measured in vivo before and after DCA treatment using phosphorus nuclear magnetic 

resonance spectroscopy. At rest, DCA increased PDH activation compared to control 

(90±12 vs 23±3%, p<0.05) with parallel decreases in inorganic phosphate (Pi) of 17% 

(1.4±0.2 vs 1.7±0.1 mM, p<0.05) and an increase in the free energy of ATP hydrolysis 

(ΔGATP) (-66.2±0.3 vs -65.6±0.2 kJ/mol, p<0.05). During stimulation DCA increased 

steady state phosphocreatine (PCr) and the magnitude of ΔGATP with concomitant 

reduction in Pi and ADP concentrations. These effects were not due to kinetic 

alterations in PCr hydrolysis, resynthesis, or glycolytic ATP production and altered the 

flow force relationship between mitochondrial ATP synthesis rate (JMITO) and ΔGATP. 

DCA had no significant effect at 1.0-2.0 Hz stimulation because physiological 

mechanisms at these high stimulation levels cause maximal activation of PDH. These 

data support a role of PDH activation in the regulation of the energetic steady state by 

altering the phosphate potential (ΔGATP) at rest and during contraction. 
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3.2 Introduction 

Skeletal muscle utilizes glucose and fatty acids as substrates for mitochondrial 

ATP production at rest and during contraction (22,23). The rate of mitochondrial ATP 

synthesis and magnitude of substrate oxidation is dependent upon the contractile 

intensity and thus ATP demand of the contractile ATPases (actinomyosin and SERCA 

ATPase). In the transition from rest to submaximal work, ATP demand from contractile 

processes reaches a steady state with mitochondrial ATP synthesis. This response to a 

step change in cytosolic ATP demand results in a new steady state whereby the 

phosphate potential (i.e. free energy of ATP hydrolysis, ΔGATP) is maintained by the 

proton motive force (PMF) which is supported through increased rates of substrate 

oxidation and delivery of reducing equivalents (NADH, QH2) to the electron transport 

chain (ETC). At steady state, the rate of mitochondrial ATP synthesis and ETC flux is 

determined by cytosolic ATPase activity. The magnitudes of the steady state phosphate 

potential and the PMF are controlled primarily by feedback via the concentrations of the 

products of ATP hydrolysis, ADP and Pi (147). However, additional regulatory 

mechanisms have been proposed through which mitochondrial matrix redox status 

(NADH/NAD+) and consequently the steady state phosphate potential, may be modified 

independently of feedback regulation by ATP hydrolysis (148–150).  

Stimulation of mitochondrial matrix dehydrogenase activity via [Ca2+]i is one 

mechanism by which redox regulation of the phosphate potential is proposed to occur, 

not only through their direct link to matrix redox status via NADH production, but also 

through regulation of mitochondrial substrate selection and subsequent reducing 

equivalent generation by tricarboxylic acid (TCA) cycle flux (148,149). Among those 
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enzymes sensitive to [Ca2+]i, only pyruvate dehydrogenase (PDH) has the capacity to 

increase acetyl-CoA (A-CoA) delivery to the TCA cycle through regulation of substrate 

oxidation (151). PDH catalyzes the irreversible decarboxylation of pyruvate to A-CoA for 

use in the TCA cycle and subsequent production of reducing equivalents (NADH) for 

maintenance of oxidative ATP synthesis (152,153). Production of A-CoA by PDH 

represents the entry point for carbohydrates into the TCA cycle, and thus potentially 

plays a role in governing the cell’s preference for oxidation of carbohydrates versus fatty 

acids (154). PDH activity is regulated via reversible phosphorylation catalyzed by 

pyruvate dehydrogenase kinase (PDK) and pyruvate dehydrogenase phosphatase 

(PDP) (152,153). In the phosphorylated state, PDH is inactive and restricts pyruvate flux 

at times when ATP demand is low, as in resting skeletal muscle. However during 

muscle contraction, increases in [Ca2+]i and pyruvate as well as a decrease in the intra-

mitochondrial ratios of ATP/ADP, NADH/NAD+, and A-CoA/CoA activate PDH through 

coordinated allosteric stimulation of PDP activity and inhibition of PDK activity resulting 

in net PDH dephosphorylation (152,153). As a result, PDH activation during contraction 

is proportional to exercise intensity and serves to increase pyruvate flux to provide 

substrate (A-CoA, NADH) in support oxidative ATP synthesis (24).  

Treatment with dichloroacetate (DCA), a potent inhibitor of PDK activity, results 

in dephosphorylation and complete activation of PDH in resting or contracting skeletal 

muscle (16,25–28) concomitant with increased rates of glucose oxidation (29–33). PDH 

activation through DCA treatment is believed to increase the matrix redox status 

(NADH/NAD+) as evidenced by significant increases in skeletal muscle content of both 

A-CoA and acetyl-carnitine (15,16,155,156). Acetyl-carnitine formation occurs through 



 

79 
 

carnitine acetyltransferase (CAT), the mitochondrial matrix enzyme that catalyzes the 

conversion of A-CoA and carnitine to acetyl-carnitine and free CoA. CAT flux is 

stimulated when there is excess A-CoA production not matched to TCA cycle utilization 

(61). PDH production of A-CoA occurs with NADH at a 1:1 ratio and the millimolar 

increases in acetyl-carnitine of DCA treated skeletal muscle likely results in an increase 

in the matrix redox state. However, it remains unclear whether alteration in the 

activation status of skeletal muscle PDH can exert any regulation over mitochondrial 

oxidative phosphorylation or muscle energetics at rest and/or during exercise. 

Therefore, the purpose of this study was to quantify the effect of pharmacological 

activation of PDH at rest and during contraction on rat gastrocnemius skeletal muscle 

energetics and function. Here, dichloroacetate (DCA) treatment was used to fully 

activate PDH irrespective of the gastrocnemius contractile state. PDH activation via 

DCA treatment resulted in a significant increase in the magnitude of the steady state 

phosphate potential (ΔGATP) at rest and during muscle twitch contractile intensities 

below the reported aerobic threshold (116). This effect occurred without alteration to the 

contractile metabolic demand, glycolytic ATP contribution, or the kinetics of PCr 

hydrolysis or resynthesis. At twitch contractile intensities above the expected aerobic 

threshold (1.0-2.0 Hz), PDH activation with DCA had no significant effect on the net 

bioenergetic response. Taken together, these data suggest that PDH activity does 

regulate steady state energetics during muscle contraction below the maximal aerobic 

capacity and that this effect is likely mediated through alteration in the steady state 

mitochondrial redox potential. 
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3.3 Materials and Methods 

3.3.1 Animal Care and Feeding 

Male Wistar rats (250-350 g; Charles River) were housed three per cage in a 

temperature (22 °C) and humidity (50%) controlled room on a 12:12 hour light-dark 

cycle. Rats were provided Purina Rat Chow and tap water ad libitum except when noted 

below. 

3.3.2 Muscle Stimulation and Sampling for PDH Activity 

The average body weight of all treatment groups was 240±9 g. Animals were 

fasted 12 hours overnight before isoflurane anesthesia induction at 5% for 3 minutes. 

Anesthesia was maintained at 1.5-2.5% during the surgical procedure and body 

temperature was monitored via rectal thermocouple (Omega HH11) and maintained at 

36.5-37.5 °C. For control resting (n=5) and DCA (n=4) treatment groups no stimulation 

was performed. Control gastrocnemius-plantaris muscle group was excised immediately 

after anesthesia induction whereas DCA treated muscles were excised one hour after 

tail vein injection of DCA (150 mg/Kg at 220 mg/ml) dissolved in isotonic saline. Muscles 

were immediately freeze clamped after excision in liquid N2 precooled Wollenberger 

tongs and stored at -80 °C for analysis. For 0.5 Hz (n=4) and 1.0 Hz (n=4) stimulation 

groups the sciatic nerve of one hindlimb was exposed as described previously (133). In 

brief, a 1.5 cm wide incision was made on the lateral aspect of the hip and blunt 

dissection was performed through the gluteus adjacent to the sciatic nerve. The nerve 

was then insulated from surrounding tissues with a small strip of Parafilm and a bipolar 

platinum electrode was placed in around the nerve and the wound closed with 

cyanoacrylate glue. A length of suture (20 lb. test braided nylon) was fixed to the 
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patellar tendon which was fixed in place on a custom Perspex animal holder. The lower 

limb was dissected free of overlying skin and a length of suture was secured to the 

Achilles tendon. The calcaneus was cut to remove anterior muscles from interfering with 

the force recording from the gastrocnemius-plantaris-soleus muscles. The animal was 

positioned prone in the Perspex animal holder with the knee fixed in place and the 

Achilles tendon attached to a strain gauge (Grass FT03C). Maximum force output was 

then achieved by determining the supramaximal stimulation voltage and the optimal 

resting length using the length-tension relation.  After measuring initial maximal tension, 

muscles were stimulated at either 0.5 Hz or 1.0 Hz for 5 minutes. Immediately following 

this period, the gastrocnemius-plantaris muscle group was freeze clamped in liquid N2 

precooled Wollenberger tongs while the muscles were still contracting to maintain the 

phosphorylation status of PDH. Samples were then stored at -80 °C for later 

biochemical analyses. 

3.3.3 [2-14C]-Pyruvate Tracer Solution for PDH Activity Assay 

A standard solution of 35 mM pyruvate was made in water and its concentration 

verified. Briefly, 1 µl of 35 mM pyruvate was added to 0.99 ml of 303 mM TEA, 3.03 mM 

EDTA, and 10 µl of 25 mM NADH, pH 7.5 at room temperature (RT). Pyruvate 

concentration was assayed in triplicate utilizing a spectrophotometric lactate 

dehydrogenase (LDH) assay following consumption of NADH at 340 nm at 25 °C. 

Baseline absorbance was measured and excess LDH (5-10 U) was added and 

incubated for 5 minutes or until no absorbance change was present. The pyruvate 

concentration was then calculated from the change in absorbance from baseline 

utilizing the extinction coefficient of NADH (ε340 = 6220 M-1cm-1) assuming reaction of 



 

82 
 

NADH is 1:1 with pyruvate. 5 ml of standardized 35 mM pyruvate solution was then 

added to 250 µCi [2-14C]-pyruvate sodium salt (specific activity 7.3 mCi/mmol, Perkin 

Elmer #NEC256) and the final concentration was verified using spectrophotometric LDH 

assay as described above. Specific activity of the [2-14C]-pyruvate tracer solution was 

then determined via reaction with glutamate with glutamate pyruvate transaminase 

(GPT) to form [2-14C]-alanine. This step was performed to determine the fraction of the 

14C label that is specific to pyruvate in the tracer solution. In brief, 1 µl of [2-14C]-

pyruvate tracer solution was added to 500 µl of 50 mM TEA, 0.5 mM EDTA, and 250 

mM glutamate, pH 7.5 at RT. Assays were carried out in duplicate with two negative 

controls. GPT (~2 U) was then added to initiate the reaction but omitted from negative 

controls. Reactions were carried out at RT and after 1 hour, 400 µl aliquots were 

removed and loaded into gravity flow columns containing 1 ml settled volume of anion 

exchange resin (Bio-Rad AG1x8 resin, 200-400 mesh, Acetate form) contained in a 3 ml 

syringe with Luer lock stopcock. This resin traps the negatively charged [2-14C]-pyruvate 

while the positively charged [2-14C]-alanine passes through. Resin was then washed 3 

times with 500 µl water and column eluate was collected into 25 ml glass scintillation 

vials containing 20 ml Safety Solve scintillant and counted using a Packard Tri-Carb 

liquid scintillation analyzer. Background counts from negative controls were subtracted 

from sample values to obtain the specific activity (CPM/µmol) of the [2-14C]-pyruvate 

tracer solution. 100 µl aliquots of the [2-14C]-pyruvate tracer solution were stored at -80 

°C until needed. 
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3.3.4 Homogenization and Assay Buffers for PDH Activity Assay 

Homogenization buffer A, for measurement of PDH active fraction (PDHa): 0.05 

M Tris-HCL, 0.005 M EGTA, 0.005 M MgCl2-6H2O, 0.05 M KCl, 0.05 M NaF, 0.005 M 

DCA, 0.1% Triton X-100 with 0.001 M DTT, pH 7.8 on ice. Homogenization buffer B, for 

measurement of total PDH activity (PDHt): 0.05 M Tris-HCL, 0.024 M CaCl2-2H2O, 

0.005 M MgCl2-6H2O, 0.05 M KCl, 0.005 M DCA, 0.1% Triton X-100 with 0.01 M 

glucose, 0.001 M DTT, and 5 U/ml hexokinase added fresh before use, pH 7.8 on ice. 

Assay buffer: 0.12 M Tris-HCl, 0.577 mM Na2EDTA, 0.001 M MgCl2-6H2O, 0.001 M 

DCA with 3.86 mM NAD+, 5.77 mM CoA, 0.001 M TPP, 0.012 M L-carnitine-HCl, and 

0.8 U/ml carnitine acetyltransferase (CAT) added fresh before use, pH 7.8 at 37 °C. For 

assay of total PDH activity (PDHt), 2.88 mM NaF was also added to assay buffer. 

3.3.5 PDH Activity Assay 

PDH activity was determined by a method developed previously by Sterk et al. 

2003 with modifications outlined below (130). In brief, PDH activity in muscle 

homogenates was determined by a coupled enzyme assay, following the conversion of 

the radiolabeled substrate ([2-14C]-pyruvate) to radiolabeled product ([1-14C]-

acetylcarnitine): 

[𝟐- 𝑪]-𝑝𝑦𝑟𝑢𝑣𝑎𝑡𝑒𝟏𝟒 + 𝑁𝐴𝐷+ + 𝐶𝑜𝐴
𝑃𝐷𝐻
→  [𝟏- 𝑪]-𝑎𝑐𝑒𝑡𝑦𝑙-𝐶𝑜𝐴 + 𝑁𝐴𝐷𝐻 + 𝐶𝑂2

𝟏𝟒  

[𝟏- 𝑪]-𝑎𝑐𝑒𝑡𝑦𝑙-𝐶𝑜𝐴 + 𝐿-𝑐𝑎𝑟𝑛𝑖𝑡𝑖𝑛𝑒
𝐶𝐴𝑇
→  𝟏𝟒 [𝟏- 𝑪]-𝑎𝑐𝑒𝑡𝑦𝑙𝑐𝑎𝑟𝑛𝑖𝑡𝑖𝑛𝑒 + 𝐶𝑜𝐴𝟏𝟒  

Reaction time points were collected and then passaged through gravity flow columns 

containing anion exchange resin allowing for the separation of 14C labeled compounds 

by trapping the unreacted negatively charged substrate, [2-14C]-pyruvate, while allowing 
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the passage of the positively charged product, [1-14C]-acetylcarnitine, to quantify the 

reaction rate. Overall reaction rate was limited by the amount of PDH activity as CAT 

and substrates of the reaction were added in excess. Thus, the rate of [1-14C]-

acetylcarnitine production was assumed to be 1:1 with [1-14C]-acetyl-CoA production 

and used to quantify PDH activity in muscle samples. Reactions were carried out in 

homogenates produced from freeze clamped muscle samples of the gastrocnemius-

plantaris group. Samples were first powdered under liquid nitrogen using mortar and 

pestle followed by two separate assays for determination of PDH active fraction (PDHa) 

and total PDH activity (PDHt). Approximately 30-50 mg of muscle powder was added to 

250 µl ice cold homogenization buffer A (PDHa) and immediately mixed with vigorous 

shaking. Buffer volume was then adjusted by adding buffer to a final 10% homogenate 

concentration. Homogenates were then sonicated on ice using Branson sonicator at 20 

kc, 3 times for 15 seconds with 15 second breaks in between. Each homogenate was 

then immediately assayed by adding 15 µl homogenate to 85 µl assay buffer 

prewarmed to 37 °C and vortexed to mix. Reactions were carried out in triplicate at time 

points of 30 seconds, 1 minute, and 1.5 minutes and initiated by the addition of [2-14C]-

pyruvate tracer solution to a final concentration of 1 mM. [2-14C]-pyruvate tracer was 

added as a drop on the side of the reaction Eppendorf tube and time points were started 

by vortexing, mixing the [2-14C]-pyruvate tracer into the assay solution and initiating the 

reaction. Reaction temperature was maintained at 37 °C for entire duration by means of 

a heated water bath. Reactions were then quenched at appropriate time points via the 

addition of 500 µl of ice-cold methanol followed by vortexing. Each time point was run 

separately and quenched samples were stored on ice until the reaction series of that 
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sample was complete. Once the reaction series was completed for PDHa, the entire 

process was repeated by producing another muscle homogenate with homogenization 

buffer B for determination of PDHt activity. Quenched reaction time points were then 

loaded into gravity flow columns containing 1 ml settled volume of anion exchange resin 

(Bio-Rad AG1x8 resin, 200-400 mesh, Acetate form) contained in a 3 ml syringe with 

Luer lock stopcock. Columns were then washed 3 times with 500 µl water with column 

eluate collected into 25 ml glass scintillation vials containing 20 ml Safety Solve liquid 

scintillation cocktail. The radioactivity in each vial was then counted using a Packard Tri-

Carb liquid scintillation analyzer and using the specific activity of the tracer solution, the 

reaction rate was determined for quantification of PDH activity. 

3.3.6 Assay for Muscle ATP Content 

Muscle samples were assayed for ATP content by the method of Lowry et al. 

1972 (128). In brief, the superficial gastrocnemius was sampled under isoflurane 

anesthesia and immediately freeze clamped. Muscles were powdered under liquid 

nitrogen and stored at -80 °C until analysis. Metabolites were extracted from powdered 

muscle samples by adding to ice-cold perchloric acid solution (2 N HClO4, 5 mM EDTA) 

at a final dilution of 1:10 as previously described (129). Extracts were mixed at 4 °C for 

20 minutes and subsequently centrifuged at 20,000 G for 20 minutes. The supernatant 

was neutralized by the addition of an equivalent volume of potassium hydroxide buffer 

(2 N KOH, 150 mM TES, 300 mM KCl) and a second centrifugation (3,000 G,10 

minutes) step removed precipitated perchlorate salts. Neutralized extracts were 

assayed for ATP content at RT using a coupled spectrophotometric enzyme assay 

(128). 
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3.3.7 NMR Spectroscopy During Stimulation 

In vivo rat muscle preparations were prepared as previously described for 

benchtop experiments but for these experiments the skin and calcaneus process were 

left intact. An intraperitoneal (IP) catheter (PE 20) was inserted for DCA administration 

and sealed in place with cyanoacrylate glue. The animal was secured in a custom 74 

mm diameter phosphorus nuclear magnetic resonance probe with the knee secured via 

a tungsten pin fixed through the femur and attached to brass supports. The Achilles was 

tied to a custom-built isometric force transducer at the top of the probe. This 

arrangement positioned the center of the superficial gastrocnemius muscle directly over 

a 1.7 cm diameter circular surface coil.  Isoflurane anesthesia was maintained at 1.5-

2.5% for duration of experiment through a nose cone built into the body of the NMR 

probe and temperature was monitored via rectal thermistor (YSI model 73A) and 

maintained at 36.5-37.5 °C using thermostated air. In each experiment the muscle 

length and supramaximal stimulation voltage (5-15 V) were adjusted to yield peak 

isometric tension development and the probe was inserted into a Bruker AM400 

spectrometer (9.4 T, 7.4 cm vertical bore magnet). Magnetic field homogeneity was 

optimized by shimming on the available proton signal. Phosphorus nuclear magnetic 

resonance (31P NMR) spectra were acquired at 161.8 MHz (4096 complex data, 8012 

Hz sweep width). The summed free induction decays (FID) were apodized with a 30 Hz 

exponential filter prior to the Fourier transform. The pulse width (15 µs) was chosen to 

yield maximum signal to noise ratio at a repetition time (TR) of 3.0 seconds. The NMR 

signal was corrected for partial saturation by acquiring 128 FIDs under the experimental 
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conditions and a second at 5*T1 for PCr at 9.4 T (TR=15 seconds). For each stimulation 

series spectra (TR=3 seconds, 8 scans) were acquired at rest (6 spectra), during 

stimulation (12 spectra) and recovery after stimulation cessation (16 spectra). Muscles 

were stimulated at twitch contractile intensities of 0.35, 0.5, 0.75, 1.0, and 2.0 Hz but no 

more than 4 stimulations were used in any experiment and frequencies were 

randomized. There was no effect of stimulation order on the resulting PCr transients.  

Following the first series of stimulations, DCA was administered IP (150 mg/kg at 220 

mg/ml in isotonic saline) followed by a one-hour incubation before an identical 

stimulation series was performed in the exact order. The triceps surae muscle group 

was then excised and weighed for normalization of force recordings. 

3.3.8 High Resolution NMR Spectroscopy for Resting Metabolites 

To obtain quantitative metabolite values in resting muscle, animals were 

mounted in the NMR probe and a series of spectra (20) were acquired (2400 free 

induction decays, 4096 complex points, 8012 Hz sweep, 3 second recycle delay, 30 Hz 

exponential filter) under the control condition. A second series was acquired 1 hour after 

IP administration of DCA (150 mg/Kg at 220 mg/ml in isotonic saline) with the same 

acquisition settings. 

3.3.9 Spectral Analysis 

The free induction decays of the stimulation series were analyzed using JMRUI 

software (version 3.0) and relative peak areas were integrated using AMARES (131). 

Areas of Pi, PCr, γ-ATP, α-ATP, and β-ATP peaks were normalized to the total 

phosphorus integral of each individual spectrum. PCr and Pi were quantified from their 

ratio to γ-ATP and adjusted to absolute chemical content using the enzymatically 



 

88 
 

determined ATP content of the rat superficial gastrocnemius muscle determined from 

perchloric acid extracts described previously (132). Creatine content was estimated 

assuming PCr content is 82% of total creatine (132). Intracellular pH (pHi) was 

estimated from the chemical shift of Pi relative to PCr (157): 

𝑝𝐻 = 6.75 + log(
3.37−𝛥𝑃𝑃𝑀

𝛥𝑃𝑃𝑀−5.63
)  (1) 

The PCr content during steady state contractions was calculated as a percentage of the 

initial value by using the summed data from the six resting spectra and the final six 

spectra during the contractile phase. The dynamics of PCr changes were fit to a 

monoexponential function by an iterative least squares algorithm to obtain the time 

constants of both PCr hydrolysis and resynthesis. Glycolytic ATP synthesis rate (JGLY) 

was estimated as follows: 

𝐽𝐺𝐿𝑌 = 1.5 𝑥 𝛽 𝑥 (
𝑑𝑝𝐻𝑖

𝑑𝑡
)  (2) 

where 1.5 is the stoichiometric coefficient for ATP/H+, β the buffering capacity (134), 

and d(pHi)/dt is the rate of acidification during contraction (135). Cytosolic ATPase rate 

(JATPase) was calculated from the initial rate of PCr hydrolysis at the start of stimulation 

plus basal the ATPase rate of 0.012 mM/s (135,136).  Mitochondrial ATP synthesis rate 

(JMITO) was calculated by subtracting JGLY from JATPase, assuming the steady state 

phosphate potential is maintained via the matching of cytosolic ATPase activity (JATPase) 

to mitochondrial ATP synthesis rate (JMITO) after the glycolytic ATP production rate 

(JGLY) is accounted for (135). Free energy of ATP hydrolysis was estimated from Pi, 

PCr, and Cr utilizing the creatine kinase equilibrium equation: 



 

89 
 

𝐾𝑒𝑞 =
[𝐴𝑇𝑃][𝐶𝑟]

[𝐴𝐷𝑃][𝑃𝐶𝑟][𝐻]
  (3) 

 and substituting for [ATP]/[ADP] with KeqCK = 1.66x109 M-1 (137): 

𝛥𝐺𝐴𝑇𝑃 = −32 𝑘𝐽 𝑚𝑜𝑙⁄ + 2.58 ln(
[𝑃𝑖][𝐶𝑟]

[𝑃𝐶𝑟][𝐻]𝐾𝑒𝑞
)  (4) 

Analysis of high resolution, non-stimulation spectra was done using NUTS analysis 

software ver. 6.1 and manual Lorentzian line fitting. Individual peaks were normalized to 

the total phosphorus integral and quantified as described previously. 

3.3.10 Statistics 

All data are reported as means ± SE. Comparisons of group means were by 

paired two tailed Students t-test at the p < 0.05 level of significance. 

 

3.4 Results 

PDH activity at rest, during contraction, or DCA treatment. The percent active 

fraction of the total PDH activity (PDHa/PDHt) present in rat gastrocnemius-plantaris 

muscle samples collected at rest, during twitch stimulation or DCA treatment are 

presented in Figure 16. The active fraction of PDH in resting muscle was 23±3%, 

consistent with published values in the rat (42–44). Muscle twitch stimulation resulted in 

significant increases in the active fraction of PDH compared to resting values resulting 

in 53±7% and 75±13% active fractions for 0.5 Hz and 1.0 Hz respectively (Fig. 16). 

Treatment of resting muscle with DCA resulted in complete activation of PDH, 

consistent with previous reports both in rat and human skeletal muscle (16,25–28). PDH 

activity with DCA treatment was significantly increased compared to control values at 

rest (90±12% vs 23±3%, p<0.05) and during 0.5 Hz stimulation (90±12% vs 53±7%, 
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p<0.05) but was not significantly different than the activity measured during stimulation 

at 1.0 Hz (90±12% vs 75±13%, NS).  

ATP free energy in resting muscle. In vivo metabolite levels measured by 31P 

NMR spectroscopy in control and DCA treated superficial gastrocnemius muscles are 

presented in Figure 17. Activation of PDH with DCA resulted in a 17% decrease in 

resting Pi compared to control values (p<0.05) within the same animal (Table 4). 

However, this was not met with a measurable stoichiometric increase in PCr or any 

alteration in intracellular pH. This decrease in intracellular Pi concentration through PDH 

activation with DCA treatment resulted in a measurable increase in the magnitude of 

ΔGATP from -65.7±0.22 to -66.4±0.30 kJ/mol (p<0.05) in control and DCA-treated 

animals respectively. (Table 4).   

Effect of PDH activation on PCr dynamics during contractile activity.  Dynamic 

changes in PCr and reciprocal stoichiometric changes in Pi occur at the onset and 

cessation of contractile activity and deviate further from their resting levels as 

contraction intensity increases. Figure 18 shows a representative stackplot of individual 

31P NMR spectra serially-acquired over the time course of one such experiment in 

control and DCA treated conditions. Resting 31P NMR spectra were acquired for the first 

2 minutes 24 seconds (spectra 1-6), during the next 4 minutes 48 seconds of 0.5 Hz 

stimulation (spectra 7-18) and during the subsequent 7 minutes 12 seconds of recovery 

(spectra 19-36) to quantify the steady state and kinetic response of PCr hydrolysis and 

resynthesis in control and DCA treated animals (Fig. 18). Force recordings from the 

triceps surae group were measured concurrently and muscle force generation was 

quantified as the total tension time integral (TTI) for each muscle twitch and averaged 
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between groups. No difference in force production between control and DCA treatment 

conditions was found at 0.35 Hz (67.1±8.1 vs. 58.2±5.9 g*s, n=6), 0.5 Hz (62.4±13.0 vs. 

59.3±13.1 g*s, n=7), 1.0 Hz (45.5±3.0 vs. 39.2±1.9 g*s, n=7), and 2.0 Hz (47.0±4.7 vs. 

43.6±5.1, n=6) with the exception of 0.75 Hz (58.0±10.9 vs. 49.4±10.5 g*s, n=6, 

p<0.05). 

Representative PCr transients during stimulation and recovery before and after 

DCA treatment are depicted in Figure 19A and 4B respectively. During PCr 

consumption at the onset of stimulation, ATP hydrolysis rates (JATPase) are derived from 

linear fitting to the initial rate of PCr hydrolysis (135). PCr transients quantified from both 

control and DCA treated rats showed there was no difference in ATP use irrespective of 

treatment and that a linear relation exists between increases in ATP use and increased 

stimulation frequency (Table 6). In addition, PDH activation with DCA treatment did not 

alter the time constant for PCr resynthesis depicted as the rising monoexponential 

functions in Figures 4A and 4B and further quantified in Table 5 indicating that ATP 

production is also unaffected by DCA treatment (Table 5). During steady state 

contractions, intracellular pH values decreased with increasing stimulation frequency as 

previously shown in other studies (119). DCA treatment did not result in significant 

deviation in intracellular pH from control conditions with the exception of 0.35 Hz 

stimulation intensity (Table 5). A representative summed spectrum from one animal 

during steady state contraction at 0.5 Hz intensity (spectra 13-18) is shown in Figures 

4C and 4D for control and DCA conditions respectively. Figure 19E depicts a difference 

spectrum computed by subtracting the control spectrum (Fig. 19C) from that of the DCA 

treated condition (Fig. 19D) showing the differences in phosphorus metabolite peak 
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areas. This resulted in residual areas for PCr and Pi indicating elevated PCr and 

reduced Pi with DCA when compared to control stimulation within the same animal at 

the same intensity.   

At intensities below the reported aerobic threshold for rat hindlimb muscles (116) 

(0.35 Hz, 0.5 Hz, 0.75 Hz) PDH activation with DCA resulted in significantly higher 

steady state PCr levels relative to the comparable control condition within the same 

animal (Fig. 20). This effect was lost with stimulation at intensities of 1.0 Hz and 2.0 Hz 

with no discernable differences in the observed steady state energetics. Increased PCr 

levels at each stimulation frequency were associated with equivalent decreases in Pi 

levels as illustrated in panel A from Figure 21. The plot of Pi against PCr shows a linear 

relationship with a slope of -1.0 Pi/PCr (R2=0.97) indicating a 1:1 stoichiometric balance 

between PCr reduction and Pi increase, validating the in vivo quantification of these 

metabolites. Panels B and C of Figure 21 show Pi and calculated free ADP levels 

against JATPase showing distinct reductions in Pi and ADP in DCA treated contraction 

frequencies compared to controls.   

Effect of PDH activation on mitochondrial flow force relationship. At stimulation 

intensities below the reported aerobic threshold (116), PDH activation with DCA 

resulted in a significant increase in the magnitude of steady state ΔGATP. At stimulation 

rates above 1.0 Hz this effect was lost (Table 6). As a result of the changes in 

concentration of phosphate metabolites associated with DCA treatment, PDH activation 

resulted in a leftward shift in the flow force relationship between the steady state ΔGATP 

maintained for a given rate of mitochondrial ATP synthesis (JMITO) (Fig. 22). The shift in 

the relationship between JMITO and ΔGATP stems from the significant elevation in the 
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magnitude of steady state ΔGATP at intensities below the aerobic threshold as JMITO was 

not affected by PDH activation (Table 6). The Figure 22 inset shows the linear 

relationship between JMITO and ΔGATP for stimulation intensities below (0.35-0.75 Hz) as 

well as at (1.0 Hz) the reported aerobic threshold of the rat hindlimb (116). PDH 

activation with DCA treatment resulted in a leftward shift in the flow force relationship 

between JMITO and ΔGATP without significant alteration in slope (p=0.7). These data 

support a shift in the thermodynamic set point between the free energy transduction 

from substrate oxidation to ΔGATP and not an alteration in the kinetic response of 

oxidative phosphorylation to muscle contraction. 
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Table 4. Resting metabolite, pH, and ΔGATP before and after DCA treatment. Resting 

values were calculated from high resolution spectra as seen in Fig. 17. Peak areas were 

quantified with NUTS line fitting algorithm and normalized to total 31P peak area for each 

spectrum. Spectra were quantified with γ-ATP peak area at ATP concentration of 9.24 

mM determined enzymatically in control white gastrocnemius muscle. pH was 

calculated via chemical shift of Pi relative to PCr as shown in Eq. 1. ΔGATP was 

calculated as described previously in Eq. 3. Values are means ± SE, n=6. *Significant 

difference between control and DCA conditions (p<0.05) by two tailed paired Students t-

test. Pi, Inorganic Phosphate. PCr, Phosphocreatine. ATP, Adenosine Triphosphate. 

LCW, Liter Cell Water. 

 Control (n=6) DCA (n=6) 

Pi (mmol/LCW) 1.61±0.11 1.34±0.16* 

PCr (mmol/LCW) 38.0±1.21 37.2±1.63 

ATP (mmol/LCW) 9.24±0.7 -- 

PCr/ATP 4.01±0.13 3.92±0.18 

pH 7.01±0.02 6.98±0.01 

ΔGATP (kJ/mol) -65.7±0.22 -66.4±0.30* 
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Table 5. PCr kinetics and end of stimulation pH in control and DCA treatment 

conditions. Time constant of PCr hydrolysis and recovery was calculated by fitting 

normalized PCr spectral area to a monoexponential function by an iterative least 

squares algorithm. pH at the end of stimulation was calculated using Eq. 1 from the 

average chemical shift of the Pi peak relative to PCr during the last six spectra during 

stimulation. Values are means ± SE, n=6-7 per stimulation. *Significant difference 

between control and DCA conditions (p<0.05) by two tailed paired Students t-test. 

 0.35 Hz (n=6) 0.5 Hz (n=7) 0.75 Hz (n=6) 1.0 Hz (n=7) 2.0 Hz (n=6) 

 Control DCA Control DCA Control DCA Control DCA Control DCA 

Time 
constant of 
PCr 
Hydrolysis 
(s) 

75.3 
±12.7 

47.1 
±20.7 

71.1 
±5.3 

72.5 
±7.2 

56.8 
±4.8 

66.4 
±5.5 

45.4 
±7.6 

61.1 
±13.9 

25.2 
±4.5 

33.3 
±9.1 

Time 
constant of 
PCr 
Resynthes
is (s) 

46.7 
±5.8 

43.5 
±12.62 

61.1 
±6.1 

58.6 
±4.6 

59.8 
±6.6 

47.2 
±6.1 

65.0 
±6.2 

60.0 
±6.6 

72.9 
±5.6 

68.1 
±4.2 

pH 6.96 
±0.02 

6.93 
±0.02* 

6.94 
±0.02 

6.90 
±0.01 

6.79 
±0.09 

6.84 
±0.03 

6.75 
±0.06 

6.78 
±0.04 

6.65 
±0.12 

6.65 
±0.0

8 
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Table 6. Metabolic flux and steady state ΔGATP in control and DCA treatment conditions. 

JGLY, JATPase, JMITO, and ΔGATP were calculated as described previously in methods. 

Values are means ± SE, n=6-7 per stimulation. *Significant difference between control 

and DCA (p<0.05) by two tailed paired Students t-test. JGLY, glycolytic ATP synthesis 

rate. JMITO, mitochondrial ATP synthesis rate. JATPase, cytosolic ATP hydrolysis rate.  

 0.35 Hz (n=6) 0.5 Hz (n=7) 0.75 Hz (n=6) 1.0 Hz (n=7) 2.0 Hz (n=6) 

 Control DCA Control DCA Control DCA Control DCA Control DCA 

JATPase 
(mM/s) 

0.09 
±0.04 

0.19 
±0.05 

0.16 
±0.02 

0.21 
±0.01 

0.23 
±0.01 

0.32 
±0.04 

0.34 
±0.04 

0.40 
±0.05 

0.87 
±0.14 

0.68 
±0.11* 

JGLY 
(mM/s) 

0.01 
±0.00 

0.01 
±0.00 

0.02 
±0.00 

0.02 
±0.01 

0.06 
±0.02 

0.03 
±0.01 

0.10 
±0.02 

0.07 
±0.01 

0.43 
±0.08 

0.40 
±0.07 

JMITO 
(mM/s) 

0.09 
±0.03 

0.12 
±0.01 

0.14 
±0.02 

0.18 
±0.02 

0.16 
0.02 

0.27 
0.04 

0.22 
±0.02 

0.32 
±0.05 

0.40 
±0.16 

0.40 
±0.10 

ΔGATP 
(kJ/mol) 

-58.2 
±0.3 

-59.9 
±0.4* 

-56.8 
±0.4 

-57.7 
±0.6* 

-55.6 
±0.3 

-56.0 
±0.4* 

-55.4 
±0.3 

-55.6 
±0.4 

-54.6 
±0.6 

-54.5 
±0.3 
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Figure 16. DCA fully activates PDH compared to activities at rest or during 

contraction.  

Endogenous PDH activity expressed as percent of total PDH activity in rat 

gastrocnemius-plantaris muscle at rest, during 0.5 Hz or 1.0 Hz stimulation, and after 

DCA treatment at rest. Freeze clamped muscle samples were collected from 

anesthetized Wistar rats and assayed in vitro for PDH activity via radioisotopic assay 

described in methods. Values are means ± SE for resting (n=5), 0.5 Hz (n=4), 1.0 Hz 

(n=4), and DCA (n=4) treatment groups. *Significantly different from resting (p<0.05); 

†Significantly different from 0.5 Hz (p<0.05). Significance determined by two tailed 

Students t-test. 
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Figure 17. High resolution phosphorus spectra in control and DCA treated rats. 

Representative high resolution 31P NMR spectrum of control (A) and DCA treated (B) 

resting rat gastrocnemius muscle within the same animal. Acquisition parameters: 2400 

FIDs, 4096 complex points, 8012 Hz sweep, 3 second TR, and 30 Hz exponential filter. 

EC, Extracellular. IC, Intracellular. PME, Phosphomonoester. 
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Figure 18. Phosphorus spectra during muscle contraction in control and DCA 

treated rats.  

Sample 31P NMR spectra acquired in the rat gastrocnemius muscle before (bottom 6 

spectra), during (next 12 spectra), and after (last 18 spectra) 0.5 Hz stimulation within 

one animal in control and DCA treated conditions. Acquisition parameters: total of 36 

spectra composed of 8 FIDs, 4096 complex points, 8012 Hz sweep, 3 second TR, and 

30 Hz exponential filter. 
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Figure 19. Steady state PCr is increased with DCA treatment but does not affect 

PCr kinetics.  

PCr content expressed as percent of initial resting values and steady state 31P NMR 

spectrum during 0.5 Hz stimulation before and after DCA treatment in one animal. 

A: Control PCr content during 0.5 Hz stimulation and recovery. B: PCr content during 

0.5 Hz stimulation and recovery after DCA administration. Dashed line indicates control 

steady state PCr content at the end of the stimulation, taken as the average PCr content 

in the last six spectra during stimulation. Linear regression fits of the initial rate of PCr 
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Figure 19 (cont’d). hydrolysis were used to determine the ATP hydrolysis rate during 

muscle stimulation. Time constant of PCr recovery was calculated by fitting normalized 

PCr spectral area to a monoexponential function by an iterative least squares algorithm. 

C: Summed steady state 31P-NMR spectrum of the last 6 spectra acquired during 0.5 Hz 

stimulation in the control condition. D: Summed steady state 31P NMR spectrum of the 

last 6 spectra acquired during 0.5 Hz stimulation after DCA treatment. E: Difference 

spectrum: DCA – control spectrum. Intensity adjusted to 4 times that of C and D.  
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Figure 20. Steady state PCr is increased with DCA treatment below the aerobic 

capacity.  

Steady state PCr expressed as percent of initial resting values before and after DCA 

treatment. PCr peak area of the last six spectra during gastrocnemius muscle 

stimulation were averaged and normalized to the average PCr peak area of the first six 

spectra acquired in the gastrocnemius muscle at rest. Values are means ± SE. 

*Significantly different than control (p<0.05) of the same stimulation intensity by two 

tailed paired Students t-test.  
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Figure 21. Phosphorus metabolites before and after DCA treatment.  

Steady state phosphorus metabolites during contraction at 0.35 Hz, 0.5 Hz, 0.75 Hz, 

and 1.0 Hz before and after DCA treatment. A: Reciprocal relationship between steady 

state Pi and PCr during contraction. Linear regression was fit to group data as there is 

no significant difference in slope between conditions. B: Steady state Pi content as a 

function of JATPase. C: Steady state ADP content calculated from the creatine kinase 

equilibrium reaction as a function of JATPase. Linear regressions fit to initial linear portion 

of the data that include the first three points from 0.35 Hz, 0.5 Hz, and 0.75 Hz data. J-

ATPase, cytosolic ATP hydrolysis rate. 
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Figure 22. DCA treatment shifts flow force relation during muscle contraction. 

Steady state ΔGATP as a function of steady state JMITO at rest and during contraction at 

0.35 Hz, 0.5 Hz, 0.75 Hz, 1.0 Hz, and 2.0 Hz in the rat gastrocnemius muscle before 

(control) and after DCA treatment. Inset: Steady state ΔGATP versus JMITO during 

contraction at 0.35 Hz, 0.5 Hz, 0.75 Hz, and 1.0 Hz. Data were fit to linear regression 

with no significant difference in slope between control and DCA treatment. JMITO, 

mitochondrial ATP synthesis rate.  
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3.5 Discussion 

Pharmacological activation of PDH resulted in an increase in the magnitude of 

steady state ΔGATP in rat gastrocnemius muscle at rest and during contraction at 

intensities below the reported aerobic threshold. At rest, treatment with DCA resulted in 

complete conversion of PDH into the active state concurrent with a significant decrease 

in the resting Pi levels of 17% and increase in the magnitude of ΔGATP (Fig. 16, Table 

4). During muscle stimulation at contractile intensities below the reported aerobic 

threshold of 1.0 Hz (116), PDH activation resulted in significant elevation of steady state 

PCr (lowered free ADP) with a concomitant reduction in Pi content resulting in an 

increase in the magnitude of ΔGATP at any contractile frequency (Figures 5, 6, Table 6). 

This resulted in a leftward shift in the flow force relationship between mitochondrial ATP 

synthesis rate (JMITO) and the steady state ΔGATP that was maintained (Fig. 22). The 

increase in free energy with PDH activation occurred without alteration of the estimated 

glycolytic contribution to ATP production (Table 6), changes in muscle force generation 

(TTI) and the corresponding cytosolic ATPase load (Table 6), or the time constants of 

PCr hydrolysis and resynthesis (Table 5). At or above the reported aerobic threshold for 

the rat hindlimb (1.0-2.0 Hz), PDH activation with DCA had no significant effect on 

steady state energetics. Taken together these data suggest that at exercise intensities 

below maximum JMITO fluxes, the free energy at which ATP is synthesized to meet ATP 

hydrolysis demand is affected by PDH activity.  

The magnitude of PDH activation in skeletal muscle determines the capacity for 

oxidative glucose disposal. In the current study, resting rat gastrocnemius-plantaris 

muscle PDH activity was 23% of the total activity, consistent with previous findings both 
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in rat (14-25%) (42–44) and human skeletal muscle (17-25%) at rest (15,16,27). This 

agrees with the relatively low whole body respiratory exchange ratio (RER) in the fasted 

rat of 0.77 corresponding to 23.9% and 76.1% energy expenditure (kcal/lO2) from 

glucose and free fatty acid oxidation respectively (21,41) and is consistent with 

respiratory quotients (RQ) from human leg and forearm skeletal muscle arterial-venous 

differences (RQ = 0.74-0.77) (18–20,40,48). Low fractional PDH activity in the resting 

fasted state restricts skeletal muscle glucose oxidation at times when glucose 

availability is limited and contractile ATP demand is low. This occurs via preferential 

covalent phosphorylation and inhibition of the enzyme complex through allosteric 

stimulation of PDK activity (98,158). DCA is a potent inhibitor of PDK resulting in PDH 

complex dephosphorylation via endogenous PDP activity even where the energetic 

demand (0.01 mMATP*second-1) (136) and Ca2+ concentration (~40-50 nM) (159–161) 

are low. DCA treatment at rest caused a significant increase in PDH activity towards 

maximum activation of the enzyme complex (90±12%) similar to that found in both rat 

(25,26) and human (16,27,28) skeletal muscle. Furthermore, PDH activation with DCA 

treatment at rest resulted in a significant increase in the magnitude of steady state 

ΔGATP (Table 4). This effect was due to a significant reduction in intracellular Pi of 17% 

as quantified through 31P NMR before and after DCA treatment within the same animal. 

This reduction in cytosolic Pi content would result in a stoichiometric increase in PCr, 

however the 0.3 mM reduction in Pi found represents a 0.8% change in PCr content 

which was below detection limits of the 31P NMR method used due to signal to noise 

considerations.  
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Since ATP consumption is balanced by oxidative ATP synthesis under steady-

state conditions, the increase in the magnitude of ΔGATP associated with DCA 

administration is necessarily associated with increases in the free energy at which ATP 

is synthesized and transported out of the mitochondrial matrix to the cytosol. This 

increase is likely explained by a shift in mitochondrial matrix redox potential 

(NADH/NAD+) to a more reduced steady state, in turn resulting in an increase in 

mitochondrial PMF that drives the ATP synthesis machinery (the F1FO ATPase and the 

adenine nucleotide translocase (ANT)) to achieve a new steady state relation with 

ΔGATP. This has been shown in isolated liver mitochondria in vitro where markedly 

different redox states can be obtained under identical ATPase loads by switching the 

carbon fuel source utilized to support oxidative phosphorylation (150). Furthermore, the 

magnitude of the extra-mitochondrial ΔGATP was substrate dependent and highest with 

substrates that resulted in a more reduced matrix for a given ATPase stimulation (150). 

DCA treatment results in significant increases in skeletal muscle glucose utilization, 

shifting mitochondrial substrate oxidation from primarily fatty acid to glucose in the 

resting state. In fasting rat epitrochlearis muscle in vitro, DCA treatment resulted in a 3-

fold increase in glucose oxidation (29). This effect was also observed in the isolated 

fasted rat soleus muscle, where DCA treatment increased glucose oxidation by 45% 

with concomitant reduction in oleate oxidation (26). Furthermore, in isolated rat 

diaphragm, treatment with DCA resulted in 32% and 54% increases in glucose oxidation 

(30,31). To our knowledge, the effect of DCA solely on human skeletal muscle substrate 

oxidation has not been determined, however DCA treatment in humans resulted in 14% 

and 34% increases in whole body glucose oxidation as well (32,33). This effect is 
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attributed to a significant increase in oxidative pyruvate flux as blood concentrations of 

both lactate and alanine are significantly reduced with DCA treatment, shifting 

anaplerotic pyruvate utilization towards oxidation via PDH activation (26,29,162).  

If enhancing pyruvate oxidation yields an increase in steady state redox potential, 

it would be expected that shifting substrate utilization toward glucose or pyruvate would 

increase the cytosolic phosphate potential (ΔGATP). In fact, this effect has been 

demonstrated in both skeletal muscle and cardiac tissue preparations. The addition of 

20 mM pyruvate to isolated mouse soleus muscles resulted in a 17% reduction and 8% 

increase in resting Pi and PCr respectively compared to 11mM glucose alone when 

measured by 31P NMR spectroscopy (163). Furthermore removal of pyruvate in the 

superfusate reversed this effect within 30 minutes (163). The effect of increased 

pyruvate oxidation on tissue bioenergetics, particularly Pi and PCr, was also observed 

in both the working isolated guinea pig heart ex vivo and canine heart in vivo. Incubation 

of the isolated guinea pig heart with 5 mM pyruvate, glucose and lactate nearly doubled 

both the PCr/Pi ratio (4.93±0.18 vs. 2.63±0.16) and cytosolic phosphate potential 

[ATP]/([ADP]+[Pi]) (7.3 vs. 3.5) yet there was no significant alteration in either the rate 

pressure product or oxygen consumption when compared to glucose and lactate alone 

(164). In separate experiments using isolated guinea pig heart, switching the perfusate 

medium containing 16.7 mM glucose to that containing 10 mM pyruvate resulted in a 

significant increase in the intracellular [PCr] (18.3±0.3 vs. 15.2±0.2 mM) and PCr/Pi 

(30.4±2.2 vs. 10.3±0.09) (165). This effect was also observed in the paced canine heart 

in vivo where perfusion with 5.26 mM pyruvate resulted in a 23% increase in PCr/ATP 

and 25% reduction in calculated [ADP] with no change in heart rate, ventricular 
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pressure, or oxygen consumption when compared to pre-perfusion values with blood 

alone (166). Together these data suggest that not only does PDH activation via 

pharmacological treatment with DCA result in increases in pyruvate oxidation but also 

that this switch in substrate utilization would be expected to increase the phosphate 

potential at similar rates of oxygen consumption or ETC flux. 

Our results indicate that activation of PDH results in an increase in the magnitude 

of ΔGATP, not only at rest, but also during sub-maximal exercise conditions with the 

magnitude of the effect of DCA on ΔGATP dependent on the stimulation level. When 

DCA treatment was used at stimulation intensities (0.35-0.75 Hz) below the expected 

aerobic maximum of 1.0 Hz of the rat hindlimb, a significant increase in the magnitude 

of steady state ΔGATP was found relative to the matched control condition (Table 6). 

This was evidenced by a significant increase in the steady state PCr (Fig. 20) through a 

reduction in ADP and Pi (Fig. 21) levels. This effect was not attributed to any significant 

alteration in the kinetics of PCr hydrolysis or resynthesis, estimated glycolytic ATP 

production, muscle force generation (TTI), or the cytosolic ATPase load (Tables 2, 3). 

However, the relationship between PDH activation and steady state ΔGATP is not linear 

even for stimulations below the aerobic threshold. For example, the magnitude of the 

difference in ΔGATP between control and DCA treatment conditions is much more 

pronounced during stimulation at 0.35 Hz when compared to rest (1.7 kJ/mol vs 0.6 

kJ/mol respectively). If an increase in the mitochondrial redox status is the mechanism 

responsible for the increase in the magnitude of ΔGATP with PDH activation these data 

suggest that at rest mitochondria are in a highly reduced state and therefore PDH 

activation has less ability to alter the redox status than during exercise states. It may 
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also be the case that any increase in the redox status, and therefore PMF, may not be 

sufficient to stimulate rephosphorylation of ADP to ATP as the ADP concentration at 

rest is sufficiently low (~10 µM) and potentially limiting to ATP synthesis. However, 

during stimulation mitochondria become more oxidized as the concentration of ADP 

increases (150). This may allow for PDH activation to exert a greater influence over 

cytosolic ΔGATP and account for the large differences observed in ΔGATP between 

control and DCA conditions at rest and during stimulation. The effect of PDH activation 

on steady state ΔGATP was largest at the lowest stimulation intensity tested and 

progressively became smaller as the stimulation intensity increased to 0.75 Hz. This 

result could be expected as the activation state of PDH increases proportional to 

stimulation intensity until complete activation is reached at maximal workloads (24,63). 

Therefore, compared to the control condition, activation of PDH with DCA would result 

in the greatest difference in fractional PDH activity at lower stimulation intensity and 

result in the smallest difference in activity as muscle stimulation approaches the aerobic 

threshold. It is also possible that as stimulation intensity approaches the reported 

aerobic capacity, limitations to ETC capacity become more important than substrate 

selection in modifying the flow-force relationship between ATPase activity and cytosolic 

ΔGATP. 

Prior studies utilizing DCA have also observed increased steady state PCr in 

skeletal muscle during contraction however have attributed this effect to relief of an 

“acetyl-group deficit” that mitigates “metabolic inertia”(156,167,168). These studies 

proposed that the increased acetylcarnitine present in resting skeletal muscle following 

DCA treatment relieves this deficit, reducing the amount of PCr hydrolyzed during 
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muscle contraction. However, muscle acetylcarnitine has been altered prior to 

contraction without significant changes in PDH activity and had no effect on phosphorus 

metabolites during moderate intensity exercise (62,169,170). Therefore, the effect of 

DCA treatment on muscle energetics is not likely due to changes in acetylcarnitine 

content but rather on the activation state of PDH. Furthermore, the current data do not 

support the concept that activation of PDH relieves “metabolic inertia” as both the time 

constants of PCr hydrolysis and resynthesis were unaffected by DCA treatment. This 

suggests both the “on”-kinetics of oxidative phosphorylation and the mitochondrial 

oxidative capacity were not affected by PDH activation. Instead, the current data 

support an increase in matrix redox state driven by PDH activation and increases in 

glucose oxidation, that are transduced through the PMF and ATP synthesis machinery 

resulting in increased magnitude of steady state ΔGATP. 

In summary, PDH activation through DCA treatment resulted in a significant 

increase in the magnitude of steady state ΔGATP at rest and during stimulation below the 

reported aerobic threshold of 1.0 Hz. This increase in energetic status was achieved 

without a significant change in the glycolytic contribution to ATP production during 

stimulation, muscle force generation (excluding 0.75 Hz), cytosolic ATPase load, or the 

time constants of PCr hydrolysis or resynthesis. From the present data we proposed 

that the most likely mechanism for the increase in the magnitude of ΔGATP with PDH 

activation is an increase in the mitochondrial redox status (NADH/NAD+) contributing to 

an increase in mitochondrial PMF and driving the ATP synthesis machinery (F1FO 

ATPase, ANT) to a new steady state supporting the elevated ΔGATP. Furthermore, at 

exercise intensities above this threshold, PDH activation had no significant effect on 
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steady state energetics as PDH activity was similar between conditions and the 

maximal rate of ATP synthesis was likely limiting. Taken together these data do not 

support a role of PDH activation in relieving “metabolic inertia” but rather support a shift 

in the thermodynamic set point which is likely attributable to an increase the steady 

state redox potential through altering mitochondrial substrate oxidation in favor of 

pyruvate utilization. 
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Chapter 4. Pyruvate Dehydrogenase Activity in Contracting Skeletal Muscle from 

the Goto Kakizaki Rat Model of Type 2 Diabetes 

4.1 Abstract 

Pyruvate dehydrogenase (PDH) regulates skeletal muscle glucose oxidation at 

rest and during contraction. Dysregulation of PDH activity has been implicated in type 2 

diabetes due to decreased glucose oxidation with loss of muscle insulin signaling. 

However, the few studies to investigate regulation of PDH activity in type 2 diabetes 

have found contradictory results with none having investigated regulation of PDH 

activity during muscle contraction. In the current study, skeletal muscle PDH activity 

was quantified at rest and during contraction in the type 2 diabetic Goto Kakizaki (GK) 

rat model. Type 2 diabetes was confirmed in GK rats which exhibited significant 

elevations in fasting blood glucose (194±23.2 vs. 81.3±5.0 mg/dl, p<0.05) and HOMA-IR 

score (16.1±2.5 vs 9.1±3.1, p<0.05) with a 3-fold increase in blood glucose after oral 

glucose challenge that did not return to baseline after 2 hours compared to non-diabetic 

Wistar controls. Fractional PDH activity was increased in fasted gastrocnemius muscle 

at rest (16.0±0.7% vs 10.5±0.7%, p<0.05) and during muscle stimulation at 0.5 Hz 

(76.0±3.3% vs 60.8±3.6%, p<0.05) in GK rats but was not different from controls at 1.0 

Hz (95.6±10.4 % vs 81.1±9.9%, p<0.05). Increased fractional PDH activity is attributed 

to hyperglycemia or reduced mitochondrial density in the GK rat and not to changes in 

expression levels of the regulatory enzymes of PDH. GK PDH activity data are 

inconsistent with that found in diabetic rodent models but are consistent with PDH 

activity and glucose disposal of diabetic humans and suggest skeletal muscle PDH 

activity is increased with diabetes. 
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4.2 Introduction 

Skeletal muscle is one of the primary sites of peripheral insulin resistance in type 

2 diabetes (97). This results in altered muscle fuel selection and contributes to 

disruptions in whole body glucose and fatty acid homeostasis (171). In animal models of 

insulin resistance, dysregulation of skeletal muscle pyruvate dehydrogenase (PDH) 

activity has been implicated in the etiology of type 2 diabetes and promotion of 

hyperglycemia (102,103). This is a result of decreased PDH activity causing reductions 

in glucose oxidation and is a target of current drug development to improve glycemic 

control (172,173). PDH is the mitochondrial matrix enzyme responsible for regulation of 

glucose oxidation and is regulated by reversible phosphorylation. This interconversion is 

catalyzed by pyruvate dehydrogenase kinase (PDK2, PDK4) and phosphatase (PDP1) 

which are expressed in skeletal muscle (5,6,35). PDKs and PDPs are simultaneously 

active but changes in their relative activity alters the steady state phosphorylation status 

of PDH and determines overall activity of the enzyme. Insulin is a primary regulator of 

skeletal muscle PDK4 and in animal models of type 1 and type 2 diabetes, as well as 

models of insulin resistance through high fat diet, many studies have found increased 

PDK4 protein expression and total PDK activity (57,98,102,103,113,174–176). In rodent 

skeletal muscle at rest this increase in PDK activity results in reduced PDH activity and 

this is thought to contribute to the hyperglycemia associated with type 2 diabetes 

(44,59,81,101–103). 

PDH also regulates glucose oxidation during muscle contraction and is 

proportionately activated in response to aerobic exercise intensity, reaching steady 

state levels of activation that parallel the magnitude of glucose oxidation (22–24). 
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Exercise is a commonly accepted intervention to treat type 2 diabetes, even 

outperforming pharmaceutical therapies in the prevention of disease progression in 

prediabetic subjects (177). It is surprising that so few studies have investigated the 

regulation of skeletal muscle substrate disposal during exercise in type 2 diabetes and 

that no study has investigated the regulation of PDH activity during exercise either. The 

data that is currently available suggests that during aerobic exercise in individuals with 

type 2 diabetes, whole body glucose oxidation is similar to or even greater than that of 

non-diabetics (107–112). This suggests PDH activities that are either identical to or 

higher than that of control subjects and are at odds with expected results considering 

the reduced PDH activities found in resting muscle of type 2 diabetic rodents (102,103).  

In light of the conflicting data in rodent and human muscle and the absence of 

information from contracting muscle, the present study quantified PDH activity was in 

resting and contracting gastrocnemius muscle of the hyperglycemic, insulin resistant, 

type 2 diabetic Goto Kakizaki (GK) rat (178). Muscle samples were obtained after 

overnight fast and during muscle twitch stimulation at submaximal activity levels to 

quantify PDH activity compared to non-diabetic Wistar controls. Findings indicate that in 

skeletal muscle of the type 2 diabetic GK rat, fractional PDH activity is increased at rest 

and during muscle contraction compared to non-diabetic controls despite elevations in 

free fatty acid levels which are known to inhibit PDH activity levels (53,57,99). The 

increased activity was not attributed to altered expression of the regulatory PDK or PDP 

enzymes but is likely related to the direct stimulatory effects of hyperglycemia on PDH 

activity and the shift in adenylate signaling from the lower mitochondrial density in the 

diabetic muscle. Taken together these data do not support a role of reduced skeletal 
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muscle PDH activity in the hyperglycemia of type 2 diabetes but suggests 

hyperglycemia may actually stimulate PDH activity in insulin resistance to promote 

glucose oxidation. 

 

4.3 Materials and Methods 

4.3.1 Animal Care and Feeding 

Male Wistar and Goto-Kakizaki rats were obtained at 11-12 weeks of age from 

Charles River Laboratories (Wilmington, MA) and Taconic Farms (Taconic Farm, 

Germantown, NY) respectively. Rats were housed three per cage in a temperature (22 

°C) and humidity (50%) controlled room on a 12:12-hr light-dark cycle and provided 

NIH-31M rat chow (21% calories from protein, 14% calories from fat, 65% calories from 

carbohydrate) and tap water ad libitum except when noted below. Rats were used for 

experimentation at 17 weeks of age corresponding to the reported onset of the type 2 

diabetic symptoms in the Goto-Kakizaki rats (178). All procedures were approved by the 

Michigan State University Institutional Animal Care and Use Committee and complied 

with The American Physiological Society’s “Guiding Principles in the Care and Use of 

Animals”. 

4.3.2 Oral Glucose Tolerance Test, Blood Insulin and Free Fatty Acids, and 

HOMA-IR Score 

Rats were fasted overnight (12 hours) prior to glucose tolerance testing. Glucose 

was administered orally at 2 g per kg body weight at a concentration of 0.25 g/ml in tap 

water by oral gavage and rats were allowed to freely roam in their cages. Blood glucose 

was measured by tail vein puncture and quantified using a clinical glucose meter 
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(TrueTrack, Home Diagnostics Inc.). Samples were withdrawn at time 0 and at 5, 15, 

30, 60, 90, and 120 minutes after glucose delivery. Total area under the curve was 

determined from time 0 to 120 minutes. 

Blood insulin and free fatty acid (FFA) levels were quantified in blood plasma 

samples obtained after overnight fast. Plasma insulin and FFA concentrations were 

determined colorimetrically via commercial kit (Insulin: Millipore Sigma, EZRMI-13K; 

FFA: FUJIFILM Wako Diagnostics U.S.A., NEFA-HR(2)). HOMA-IR (179) was 

calculated from values of fasting blood glucose (mM) and insulin (mU/l, using a value of 

44.45 μg/U insulin for unit conversion) according to: 

𝐻𝑂𝑀𝐴 𝐼𝑅 =
𝑔𝑙𝑢𝑐𝑜𝑠𝑒 × 𝑖𝑛𝑠𝑢𝑙𝑖𝑛

22.5
 

4.3.3 Muscle Stimulation and Sampling 

Fasted animals were anesthetized with 1.5-2.5% isoflurane on a carrier gas of 

100% oxygen during the surgical procedure and body temperature was monitored via 

rectal thermocouple (YSI Model 73a) and maintained (36.5-37.5 °C) with a heated pad. 

For muscle stimulation the sciatic nerve of one hindlimb was exposed as described 

previously (122). In brief, a 1.5 cm wide incision was made on the lateral aspect of the 

hip and blunt dissection through the gluteus adjacent to the nerve was performed to 

expose the sciatic nerve. The nerve was then insulated from surrounding tissues with a 

strip of Parafilm and a bipolar platinum electrode was positioned adjacent to the nerve 

and held in place with cyanoacrylate glue which was also used to seal the wound. A test 

twitch stimulated with rectangular pulse (5 V, 0.2 ms duration, Grass S48 stimulator) 

was performed to validate external control of the sciatic nerve. The knee was fixed in 

place to a custom built knee brace using braided nylon ligature. The posterior leg was 
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carefully dissected free of overlying skin to expose the muscle for post-exercise freeze 

clamp and a length of suture secured to the Achilles tendon and to a strain gauge 

(Grass FT03C) with the animal in the prone position. Stimulation voltage (2-10V) and 

muscle length were adjusted using the length-tension relation to set the muscle resting 

length. The sciatic nerve was then stimulated at either 0.5 Hz or 1.0 Hz for 5 minutes at 

which time the superficial gastrocnemius muscle was excised and immediately freeze 

clamped in liquid N2 precooled Wollenberger tongs while still contracting. Muscle 

samples were stored at -80 °C for later biochemical analyses. Resting muscle samples 

were collected from the non-stimulated contralateral leg and used for both resting PDH 

activity and cytochrome c oxidase activity. 

4.3.4 [2-14C]-Pyruvate Tracer Solution for PDH Activity Assay 

A standard solution of 35 mM pyruvate was made in water and its concentration 

verified. Briefly, 1 µl of 35 mM pyruvate was added to 0.99 ml of 303 mM TEA, 3.03 mM 

EDTA, and 10 µl of 25 mM NADH, pH 7.5 at room temperature (RT). Pyruvate 

concentration was assayed in triplicate utilizing a spectrophotometric lactate 

dehydrogenase (LDH) assay following consumption of NADH at 340 nm at 25 °C. 

Baseline absorbance was measured and excess LDH (5-10 U) was added and 

incubated for 5 minutes or until no absorbance change was present. The pyruvate 

concentration was then calculated from the change in absorbance from baseline 

utilizing the extinction coefficient of NADH (ε340 = 6220 M-1cm-1) assuming reaction of 

NADH is 1:1 with pyruvate. 5ml of standardized 35 mM pyruvate solution was then 

added to 250 µCi [2-14C]-pyruvate sodium salt (specific activity 7.3 mCi/mmol, Perkin 

Elmer #NEC256) and the final concentration verified using spectrophotometric LDH 
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assay as described above. Specific activity of the [2-14C]-pyruvate tracer solution was 

then determined via reaction with glutamate with glutamate pyruvate transaminase 

(GPT) to form [2-14C]-alanine. This step was performed to determine the fraction of the 

14C label that is specific to pyruvate in the tracer solution. In brief, 1 µl of [2-14C]-

pyruvate tracer solution was added to 500 µl of 50 mM TEA, 0.5 mM EDTA, and 250 

mM glutamate, pH 7.5 at RT. Assays were carried out in duplicate with two negative 

controls. GPT (~2 U) was then added to initiate the reaction but omitted from negative 

controls. Reactions were carried out at RT and after 1 hour, 400 µl aliquots were 

removed and loaded into gravity flow columns containing 1 ml settled volume of anion 

exchange resin (Bio-Rad AG1x8 resin, 200-400 mesh, Acetate form) contained in a 3 ml 

syringe with Luer lock stopcock. This resin traps the negatively charged [2-14C]-pyruvate 

while the positively charged [2-14C]-alanine passes through. Resin was then washed 3 

times with 500 µl water and column eluate was collected into 25 ml glass scintillation 

vials containing 20 ml Safety Solve scintillant and counted using a Packard Tric-Carb 

liquid scintillation analyzer. Background counts from negative controls were subtracted 

from sample values to obtain the specific activity (CPM/µmol) of the [2-14C]-pyruvate 

tracer solution. 100 µl aliquots of the [2-14C]-pyruvate tracer solution were stored at -80 

°C until needed. 

4.3.5 Homogenization and Assay Buffers for PDH Activity Assay 

Homogenization buffer A, for measurement of endogenous PDH activity (PDHa): 

0.05 M Tris-HCL, 0.005 M EGTA, 0.005 M MgCl2-6H2O, 0.05 M KCl, 0.05 M NaF, 0.005 

M DCA, 0.1% Triton X-100 with 0.001 M DTT, pH 7.8 on ice. Homogenization buffer B, 

for measurement of total PDH activity (PDHt): 0.05 M Tris-HCL, 0.024 M CaCl2-2H2O, 
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0.005 M MgCl2-6H2O, 0.05 M KCl, 0.005 M DCA, 0.1% Triton X-100 with 0.01 M 

glucose, 0.001 M DTT, and 5 U/ml hexokinase added fresh before use, pH 7.8 on ice. 

Assay buffer: 0.12 M Tris-HCl, 0.577 mM Na2EDTA, 0.001 M MgCl2-6H2O, 0.001 M 

DCA with 3.86 mM NAD+, 5.77 mM CoASH, 0.001 M TPP, 0.012 M L-carnitine-HCl, and 

0.8 U/ml carnitine acetyltransferase (CAT) added fresh before use, pH 7.8 at 37 °C. For 

assay of total PDH activity, 2.88 mM NaF was also added to assay buffer. 

4.3.6 PDH Activity Assay 

PDH activity was determined by a method developed previously by Sterk et al. 

2003 with modifications outlined below (122,130). In brief, PDH activity in muscle 

homogenates was determined by a coupled enzyme assay, following the conversion of 

the radiolabeled substrate ([2-14C]-pyruvate) to radiolabeled product ([1-14C]-

acetylcarnitine): 

[𝟐- 𝑪]-𝑝𝑦𝑟𝑢𝑣𝑎𝑡𝑒𝟏𝟒 + 𝑁𝐴𝐷+ + 𝐶𝑜𝐴
𝑃𝐷𝐻
→  [𝟏- 𝑪]-𝑎𝑐𝑒𝑡𝑦𝑙-𝐶𝑜𝐴 + 𝑁𝐴𝐷𝐻 + 𝐶𝑂2

𝟏𝟒  

[𝟏- 𝑪]-𝑎𝑐𝑒𝑡𝑦𝑙-𝐶𝑜𝐴 + 𝐿-𝑐𝑎𝑟𝑛𝑖𝑡𝑖𝑛𝑒
𝐶𝐴𝑇
→  𝟏𝟒 [𝟏- 𝑪]-𝑎𝑐𝑒𝑡𝑦𝑙𝑐𝑎𝑟𝑛𝑖𝑡𝑖𝑛𝑒 + 𝐶𝑜𝐴𝟏𝟒  

Reaction time points were collected and then passaged through columns containing 

anion exchange resin allowing for the separation of 14C labeled compounds by trapping 

the unreacted negatively charged substrate, [2-14C]-pyruvate, while allowing the 

passage of the positively charged product, [1-14C]-acetylcarnitine, to quantify the 

reaction rate. Overall reaction rate was limited by the amount of PDH activity as CAT 

and substrates of the reaction were added in excess. Thus the rate of [1-14C]-

acetylcarnitine production was assumed to be 1:1 with [1-14C]-acetyl-CoA production 

and used to quantify PDH activity in muscle samples. Reactions were carried out in 

homogenates produced from freeze clamped muscle samples of the superficial 
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gastrocnemius. Samples were first powdered under liquid nitrogen using mortar and 

pestle followed by two separate assays for determination of endogenous PDH activity 

(PDHa) and total PDH activity (PDHt). This allows for quantification of fractional PDH 

activity (PDHa/PDHt = PDH%) within the same sample. Approximately 30-50 mg of 

muscle powder was added to 250µl ice cold homogenization buffer A (PDHa) and 

immediately mixed with vigorous shaking. Buffer volume was then adjusted by adding 

buffer to a final 10% homogenate concentration. Homogenates were then sonicated on 

ice using Branson sonicator at 20 kc, 3 times for 15 seconds with 15 second breaks in 

between. Each homogenate was then immediately assayed by adding 15 µl 

homogenate to 85 µl assay buffer prewarmed to 37 °C and vortexed to mix. Reactions 

were carried out in triplicate at time points of 0.5, 1, and 1.5 minutes and initiated by the 

addition of [2-14C]-pyruvate tracer solution to a final concentration of 1mM. [2-14C]-

pyruvate tracer was added as a drop on the side of the reaction Eppendorf tube and 

time points were started by vortexing, mixing the [2-14C]-pyruvate tracer into the assay 

solution and initiating the reaction. Reaction temperature was maintained at 37 °C for 

entire duration by means of a heated water bath. Reactions were then quenched at 

appropriate time points via the addition of 500 µl of ice cold methanol followed by 

vortexing. Each time point was run separately and quenched samples were stored on 

ice until the reaction series of that sample was complete. Once the reaction series was 

completed for PDHa, the entire process was repeated by producing another muscle 

homogenate with homogenization buffer B for determination of PDHt activity. Quenched 

reaction time points were then loaded into gravity flow columns containing 1ml settled 

volume of anion exchange resin (Bio-Rad AG1x8 resin, 200-400 mesh, Acetate form) 
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contained in a 3 ml syringe with Luer lock stopcock. Columns were then washed 3 times 

with 500 µl water with column eluate collected into 25 ml glass scintillation vials 

containing 20 ml Safety Solve liquid scintillation cocktail. This process traps the 

unreacted negatively charged [2-14C]-pyruvate allowing for separation of the positively 

charged [1-14C]-acetylcarnitine. The radioactivity in each vial was then counted using a 

Packard Tri-Carb liquid scintillation analyzer and using the specific activity of the tracer 

solution, the reaction rate was determined for quantification of PDH activity. 

4.3.7 Cytochrome C Oxidase Assay 

A 1 mM solution of reduced cytochrome c solution was produced and stored at -

20 °C following the method of Spinazzi et. al. 2012 with minor modification (126). In 

brief, 110 mg of ascorbic acid was dissolved in 1 ml of 10 mM potassium phosphate 

buffer (pH 7.0) and titrated to pH 6.5-6.8 with tris-HCl powder. Next, 250 mg of 

cytochrome c was dissolved in 1.2 ml 10 mM potassium phosphate buffer (pH 7.0), 

followed by the addition of 0.3 ml of ascorbic acid solution to make a 13.5 mM 

cytochrome c solution. The mixture was incubated with stirring at 4 °C for 1 hour 

resulting in a color shift from brown to pink-orange. The solution was then added to 

dialysis tubing (3500 kD cutoff) and dialyzed against 500 ml 10 mM KH2PO4 for 1 hour 

at room temperature with gentle stirring. After changing out the dialysis buffer this 

process was repeated and finally dialyzed a third time overnight at 4 °C. The 

cytochrome c solution was removed from the dialysis tubing into another vessel and the 

tubing was rinsed 3 times with 1.5 ml 10 mM KH2PO4 and added to cytochrome c 

solution. The concentration, percent reduction, and auto reduction rate of the 

cytochrome c solution was verified utilizing spectrophotometric absorbance at 550 nm 
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using the extinction coefficient of 29,500 M-1cm-1. Muscle samples were assayed for 

determination cytochrome c oxidase activity following the method of Spinazzi et al. 2012 

(126). Muscle samples were freshly powdered under liquid N2 using mortar and pestle 

immediately prior to the assay. Muscle powder was added to ice cold homogenization 

buffer (100 mM Tris-HCl, 1% Triton X-100, pH 7.0) at a final dilution of 1:100 and mixed 

by inversion at 4 °C for 5 minutes before being placed on ice. For a 1 ml cuvette, 60 ul 

of 1 mM reduced cytochrome c solution was added to 500 ul 100 mM KH2PO4 (pH 7.0 

at 37 °C) and 400 ul water. Cuvettes were placed into spectrophotometer preheated to 

37 °C and absorption rate was recorded for 3 minutes at 550 nm. Reactions were 

initiated by the addition of 40 ul 1:100 muscle homogenates and rates recorded for 5 

minutes. The initial linear reaction rate was used for calculation of cytochrome c oxidase 

activity using the molar extinction coefficient for cytochrome c at 550 nm. Muscle 

homogenates were assayed in triplicate and activities normalized to the muscle wet 

weight. 

4.3.8 Immunoblot Analyses 

Muscle samples previously collected and freeze-clamped in liquid N2 were 

powdered under liquid nitrogen. Muscle powder was homogenized in 9 volumes of ice 

cold RIPA buffer (10 mM Tris-HCl, 1 mM EDTA, 0.5 mM EGTA, 1% Triton X-100, 0.1% 

SDS, 140 mM NaCl, pH 8.0) containing protease inhibitor (SIGMAFAST, Sigma Aldrich) 

and sonicated on ice 3 times for 15 seconds with 15 second breaks in between. 

Homogenate protein concentration was determined spectrophotometrically with BCA 

assay (Sigma Aldrich) and final concentration diluted to 2 ug/ul with RIPA buffer and 4x 

loading buffer (250 mM Tris-HCl, 0.008% Bromophenol Blue, 40% glycerol, 8% SDS, 
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20% 2-Mercaptoethanol) diluted to 1x final concentration. 20 ug of protein were loaded 

to 10% polyacrylamide gels, separated via SDS page at 110 V, and transferred at 4 °C 

at 110 V for 1 hour 15 minutes to PVDF membrane (Immobilon-P, Millipore). 

Membranes were washed for 25 minutes in TBS buffer (50 mM Tris-HCl, 150 mM NaCl, 

pH 7.6) followed by blocking in TBST (TBS plus 0.1% Tween-20) with 5% non-fat milk 

(w/v) for 1 hour at RT. Primary antibodies for anti PDK2 (mouse monoclonal, sc-

100534, Santa Cruz Biotechnology, 46kDa), anti-PDK4 (rabbit polyclonal, ab89295, 

Abcam, 46kDa), and anti-PDP1 (rabbit monoclonal, 65575S, Cell Signaling Technology, 

55kDa) were added individually to blocking buffer at 1:1000 dilution and incubated with 

PVDF membranes overnight with mixing at 4 °C. Membranes were then washed 3 times 

for 5 minutes in 25 ml TBST buffer and incubated with goat anti-mouse (1:15,000, 926-

32351, Licor) or goat anti-rabbit (1:20,000, 925-68021, Licor) fluorescent secondary 

antibody diluted in blocking buffer with 0.01% SDS for 1 hour at RT with gentile 

agitation. Membranes were washed 3 times for 5 minutes in TBST buffer and exposed 

with Licor Odyssey classic at 700 nm or 800 nm channels. Band molecular weight was 

verified by co-separation and transfer with protein standard (Precision Plus Dual Color, 

Biorad) and band intensities were quantified with Odyssey software version 3.0. Band 

intensities were normalized to total lane protein detected by SWIFT protein stain (G-

Biosciences) and quantified by blot scanning and Image-J (180) analysis. 

4.3.9 Statistics 

All data are reported as means ± SE. Comparisons of group means were by two 

tailed Student’s t-test at the p < 0.05 level of significance. 
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4.4 Results 

Animal Biometrics, Mitochondrial Density, and OGTT. 17 week old control Wistar 

(n=8) and type 2 diabetic Goto-Kakizaki (GK) (n=8) rats were used for this study. Animal 

biometrics at the date of study are presented in Table 7. Fasting blood glucose and 

plasma FFA were significantly increased in the GK rat when compared to age matched 

controls however plasma insulin concentration was similar between groups (Table 7). 

The calculated HOMA-IR score, a measure of insulin resistance (179), was significantly 

increased in the GK rat compared to Wistar controls and agrees with the significant 

elevation in blood glucose found after oral glucose tolerance testing (Table 7, Fig. 24). 

After oral glucose delivery, both Wistar control and GK rats exhibited a peak in blood 

glucose concentration at 30 minutes. Wistar rats blood glucose values returned to 

fasting values within 120 minutes however, GK rat values were 2 to 3-fold higher than 

controls and remained elevated for over 120 minutes and did not return to fasting levels 

confirming type 2 diabetic condition in these animals (Fig. 24A). The glycemic response 

between the two groups to oral glucose challenge was quantified as the area under the 

curve (AUC) of blood glucose concentration versus time. GK rats had a 3-fold increase 

in AUC relative to Wistar controls confirming type 2 diabetes (Fig. 24B).   

  GK rats had significantly lower body and muscle weights compared to non-

diabetic Wistar controls (Table 7). Normalization of muscle weight to total body weight 

did not correct for reduced muscle weights in the GK rat which displayed significant 

reductions in the muscle weight to body weight ratio (Table 7). Mitochondrial density, 

estimated using cytochrome c oxidase activity in whole muscle lysates, was reduced by 

19% in the superficial gastrocnemius muscle of the GK rat relative to controls (Table 7).  
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Muscle Force Production and Twitch Mechanics. Wistar and GK rats were 

subjected to either 0.5 Hz (n=4) or 1.0 Hz (n=4) twitch stimulation of the posterior leg 

muscles (gastrocnemius, plantaris, soleus) prior to sampling of the superficial 

gastrocnemius for PDH activity. A representative force trace of 1.0 Hz stimulation in the 

Wistar and GK rat is presented in Figure 25. Group averaged twitch peak force, specific 

force, and tension time integral (TTI) from the entire 5 minute stimulation is summarized 

in Table 8. Peak force was significantly greater in Wistar controls and was attributed to 

the larger muscle mass compared to the GK rats as the specific force, peak force 

normalized to muscle weight, was similar between groups at 0.5 Hz but slightly greater 

in GK rats at 1.0 Hz stimulation intensity. The TTI, the measure of total workload 

performed per twitch, was similar between groups at each stimulation intensity tested.  

Muscle PDH Activity. PDH activity was determined in superficial gastrocnemius 

samples taken at rest (n=4) or during stimulation at either 0.5 Hz (n=4) or 1.0 Hz (n=4) 

intensities in Wistar and GK rats. PDH activity was measured under two separate buffer 

conditions that clamped the PDH phosphorylation state giving the active fraction of 

PDH, PDH active (PDHa), and the completely dephosphorylated maximally activated 

enzyme activity, PDH total (PDHt). Normalization of PDHa to total PDH activity (PDHt) 

yields the fractional, or percent active fraction of PDH (PDH%). PDH activity assay data 

is shown in Figure 23 for superficial gastrocnemius muscle collected at rest and during 

stimulation at either 0.5Hz or 1.0Hz intensity in Wistar control (Fig. 23A) and GK (Fig. 

23B) rats. Total PDH activity (PDHt) was similar between groups from muscle sampled 

during 0.5Hz and 1.0Hz stimulation however was significantly reduced in GK rats in 

muscle sampled at rest (Fig. 26A). PDH active (PDHa) was similar between groups 



 

127 
 

irrespective of sampling condition (Fig. 26B). However the fractional PDH activity 

(PDH%), PDHa expressed as a percent of PDHt, was significantly increased in GK rats 

both at rest and during 0.5 Hz stimulation however was similar to control Wistar rats at 

1.0 Hz stimulation intensity (Fig. 26C).  

Western Blot. Immunoblot analysis was performed on resting superficial 

gastrocnemius muscle samples collected from Wistar control (n=4) and GK (n=4) rats. 

In whole muscle lysates, the protein expression of PDK2 (Fig. 27A) and PDP1 (Fig. 

27C) were significantly reduced in GK rats by 1.7 and 1.3-fold respectively with no 

significant difference found in PDK4 expression when compared to Wistar controls (Fig. 

27B). However, normalizing to the total PDH activity (PDHt) of each respective sample 

did alter relative expression levels. PDK2 expression was still significantly reduced in 

GK rats however the fold change was decreased compared to whole muscle lysate 

values (1.7 vs 1.2, Fig. 27D). Furthermore, correcting band intensities to PDHt 

normalized PDP1 expression between groups (Fig. 27F) but resulted in a significant 

increase in the relative PDK4 expression in GK rats when compared to Wistar controls 

(Fig. 27E). 
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Table 7. Animal metrics and superficial gastrocnemius muscle mitochondrial density in 

Wistar control and GK rats. Blood glucose measured from whole blood samples 

collected from the tail vein of overnight fasted anesthetized rats. Muscle weight was 

determined from the entire posterior leg including gastrocnemius, plantaris, and soleus 

muscles. Cytochrome c oxidase activity was measured in freeze clamped superficial 

gastrocnemius muscle collected in the resting state from anesthetized rats as described 

in the methods section. Values are means ± SE. *Significant difference between Wistar 

control and GK rats (p<0.05) by two tailed Students t-test. U, µmol cytochrome c 

oxidized per minute. gWW, gram muscle wet weight. 

 Control GK 

n 8 8 

Blood Glucose (mg/dl) 81.3±5.0 194±23.2* 

Blood Free Fatty Acids 
(mEq/l) 

0.55±0.03 0.74±0.04* 

Blood Insulin (mU/l) 41.8±11.9 36.4±7.6 

HOMA-IR 9.1±3.1 16.1±2.5* 

Body Weight (g) 506±7 347±12* 

Muscle Weight (g) 3.6±0.07 2.0±0.06* 

MW/BW (%) 0.71±0.02 0.57±0.02* 

Cytochrome C Oxidase 
Activity (U/gWW) 

12.9±0.7 10.4±0.4* 
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Table 8. Muscle force and twitch mechanics in Wistar control and GK rats. Muscle 

twitch contractile intensity was induced and controlled via direct sciatic nerve stimulation 

resulting in the contraction of the entire posterior compartment of the leg 

(gastrocnemius, plantaris, soleus) at 0.5Hz or 1.0Hz intensity. Maximal force was 

produced by ensuring optimal muscle length and stimulation voltage with the knee fixed 

in place and force transduced to a strain gauge connected to the Achilles tendon by silk 

suture. Values are means ± SE. *Significant difference between Wistar control and GK 

rats (p<0.05) by two tailed Students t-test. TTI, tension time integral. MW, muscle 

weight. 

 0.5Hz 1.0Hz 

 Control (n=4) GK (n=4) Control (n=4) GK (n=4) 

Peak Force 
(g) 

711±41 439±11* 680±32 464±30* 

Peak 
Force/MW 

204±9 218±6 183±11 246±23* 

Tension Time 
Integral (g*s) 

39.4±3.0 48.5±6.9 41.4±3.8 42.6±3.2 
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Figure 23. Representative radioisotopic PDH activity assay in superficial 

gastrocnemius muscle samples from control Wistar and GK rats.  

Muscle samples from control Wistar (A) and GK (B) rats were collected at rest or during 

stimulation at 0.5 or 1.0 Hz. Individual samples were assayed in triplicate for active 

(PDHa) and total (PDHt) PDH activity at three time points as outlined in methods, with 

group averaged time points displayed here for PDHa. Total PDH (PDHt) presented here 

is the average total activity from rest, 0.5 and 1.0 Hz stimulation conditions. The rate of 

pyruvate oxidation (µ/min) was normalized to muscle wet weight to determine the 

specific activity (U/gWW) of individual samples. Values are means ± SE for each time 

point, n=4 for both groups at each condition tested. gWW, gram muscle wet weight. 
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Figure 24. GK rats display impaired glycemic control to oral glucose challenge. 

Oral glucose tolerance test (OGTT, A) and area under the OGTT curve (AUC, B) for 

control Wistar (n=3) and GK (n=8) rats. Glucose load was delivered via oral gavage to 

overnight fasted rats and blood sampled for glucose concentration through tail vein prick 

as outlined in methods. Values are means ± SE. *Significantly different from control 

Wistar (p<0.05). Significance determined by two tailed Students t-test. 
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Figure 25. Representative muscle twitch force trace for a control Wistar and GK 

rat.  

Displayed are 10 muscle twitches during 1.0Hz stimulation in a control Wistar (A) and 

GK (B) rat. Force is expressed as percent of initial twitch force at the start of the 

contraction series. 
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Figure 26. Percent PDH activity is increased in skeletal muscle of the type 2 

diabetic GK rat.  

PDH activity of the superficial gastrocnemius muscle at rest (n=4) and during stimulation 

at 0.5Hz (n=4) or 1.0Hz (n=4) intensity in control Wistar and GK rats. A: Total PDH 

activity (PDHt) in muscle samples elicited through tissue homogenization in buffer 

designed to dephosphorylate and activate PDH complex through selective inhibition of 

PDK activity and stimulation of PDP activity as outlined in methods. B: Active PDH 

activity (PDHa) in muscle samples elicited through tissue homogenization in buffer 

designed to clamp PDH phosphorylation state through inhibition of both PDK and PDP 

activity. C: Fractional PDH activity (PDH%) determined by the ratio of PDHa/PDHt. 

Values are means ± SE. *Significantly different from control Wistar of the same 

condition (p<0.05). Significance determined by two tailed Students t-test. 
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Figure 27. Differential expression of regulatory enzymes of PDH activity in 

skeletal muscle of the type 2 diabetic GK rat.  

Western blot detection of PDK2, PDK4, and PDP1 expression in resting superficial 

gastrocnemius muscle samples from control Wistar (n=4) and GK (n=4) rats. Equal 

protein amount was loaded for each sample and band intensities were normalized to 

total lane protein as described in methods. Images of sample blot detection are 

displayed over corresponding data panels. Panels A-C depict expression data in whole 

muscle lysates. Panels D-F depict whole muscle lysate expression data normalized to 

total PDH activity (PDHt) of each respective sample. Bars represent group means ± SE. 

*Significantly different from control Wistar (p<0.05). Significance determined by two 

tailed Students t-test. 
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4.5 Discussion 

This investigation determined the effect of type 2 diabetes on regulation of rat 

skeletal muscle PDH activity in both resting and actively contracting muscle. The main 

outcome of this study was that PDH fractional activity (PDH%) is increased in skeletal 

muscle of the type 2 diabetic Goto Kakizaki (GK) rat relative to non-diabetic Wistar 

controls. This increase in activity was apparent in fasted muscle at rest and during 

active contraction at submaximal intensity. However, at the maximum contractile 

intensity tested no differences were found in PDH activity between diabetic and control 

muscle. Protein expression levels of the regulatory enzymes of PDH were altered in 

skeletal muscle of the GK rat. PDK2 and PDP1 levels were decreased but the level of 

PDK4 remained unchanged in whole muscle lysates compared to Wistar controls. 

However, normalization of protein expression levels to total PDH activity in muscle 

samples resulted in similar PDP1 levels yet increased PDK4 while PDK2 remained 

depressed in GK rats. Differences in the GK rat are likely attributed to overt diabetes in 

these animals which displayed significant elevations in fasting blood glucose and 

plasma FFA but normal plasma insulin levels. The combined effect of fasting 

hyperglycemia with normal insulin levels was used to calculate the HOMA-IR score (an 

index of insulin resistance). The score for GK rats was significantly increased relative to 

controls and together with the 3-fold elevation in blood glucose after an oral glucose 

challenge reinforce the use of the GK rat as a model of type 2 diabetes. Nevertheless, 

in the GK rat fractional PDH activities were higher than expected based on reports in 

the literature in other diabetic rodent models and we propose this is due to 

mitochondrial density together with the associated hyperglycemia of the GK rat. 
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The magnitude of PDH activation in skeletal muscle determines the capacity for 

oxidative glucose disposal (32,33,49,53,56). In the current study, the fractional PDH 

activity (PDH%) was significantly elevated in type 2 diabetic GK rats relative to their 

Wistar controls (Fig. 26C). PDH% values of control resting gastrocnemius muscle are 

consistent with that found in earlier studies of non-diabetic rat skeletal muscle at rest 

(44,59,101) but not with that of animal models of type 1 and type 2 diabetes presumably 

because the relative mitochondrial densities were not determined. Early studies of type 

1 diabetic rat models utilizing either high dose streptozotocin or alloxan treatment 

consistently resulted in decreased resting rat skeletal muscle PDH activity (PDHa, 

PDH%) of ~40-70% compared to non-diabetic controls (44,59,81,101). Decreased PDH 

activity was also seen in rat models of type 2 diabetes where reductions of 30% and 

70% were observed in resting skeletal muscle of the Zucker Diabetic Fatty rat (ZDF) 

and the Otsaku Long Evans Tokushima Fatty rat (OLETF) respectively (102,103). In 

previous studies this effect has been attributed to selective alteration in the expression 

levels of PDK versus PDP due to insulin resistance, resulting in a shift in relative 

activities that increases steady state phosphorylation status and reduces the activity of 

PDH. 

Expression of PDK4 is the most sensitive to alterations in the metabolic or 

hormonal status of the muscle fiber. PDK4 expression is upregulated in starvation 

(181,182), high fat diet (57), and with loss of insulin signaling in type 1 or type 2 

diabetes (98,102,103,113,176). PDK4 is thought to be the primary reason for reductions 

in PDH activity seen in diabetic rodent models as PDP1 (58,59) and PDK2 (174,175) 

expression levels are relatively stable to metabolic perturbation however some changes 
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in PDK2 with diabetes have also been observed (98,102). In the type 2 diabetic GK rat, 

PDK2 and PDP1 expression levels were reduced in whole muscle lysates and PDK4 

expression was similar to non-diabetic controls. These results are incongruent with 

previous studies from diabetic rat skeletal muscle. One possible explanation for this 

may reside in the relative mitochondrial volumes in control and diabetic animals.  

In the present study diabetic muscle had a reduced mitochondrial content when 

assayed by cytochrome c oxidase activity. Previous studies have shown that expression 

and activity of PDK and PDP isoforms are related to mitochondrial density (93,94). 

Normalization to cytochrome c oxidase activity (data not shown) or total PDH activity 

resulted in similar expression of PDP1 and increased PDK4, whereas PDK2 remained 

reduced compared to Wistar controls. The elevation of PDK4 expression might be 

attributed to both insulin resistance and a significant elevation of fasting plasma FFA 

levels (99,174,175). It is unclear why PDK2 levels are reduced in the type 2 diabetic GK 

rat. It has been shown that expression levels are insensitive to acute alteration of insulin 

or FFA (174,175). Therefore expression is likely regulated by a different mechanism 

than PDK4 and may also be strain specific. Furthermore, it is unknown how differential 

expression of PDK2 versus PDK4 may affect PDH activation in vivo. Whole body 

knockout studies in mice suggests PDK4 plays a larger role in regulation of skeletal 

muscle PDH activity in the fasted state and PDK2 in regulating activity in the fed state 

(183). In contrast to the observed fractional activity and based on the changes in 

expression of the regulatory enzymes relative to total PDH activity, one might expect 

reduced PDH activity due to the increased PDK4 expression. However, the relationship 

between altered expression and in vivo activities of PDK or PDP have not been 
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determined so it is impossible to say how changes in expression levels may affect 

steady state PDH activity. Nevertheless, fractional PDH activity (PDH%) was increased 

in resting skeletal muscle of the GK rat and may be related to hyperglycemia or reduced 

mitochondrial density. 

Although PDH% results from this study are incongruent with previous work in type 

1 or type 2 diabetic rat skeletal muscle (44,59,81,101–103), the current data is 

consistent with PDH activity and rates of glucose oxidation reported in post-absorptive 

human type 2 diabetic skeletal muscle (106,106,184). In resting human type 2 diabetic 

vastus lateralis muscle, PDHa was similar to control subjects yet had elevated PDH% 

with a 1.5-fold increase in leg glucose oxidation quantified by arterio-venous (A-V) 

difference (106). Similarly, in a separate work post-absorptive leg glucose oxidation was 

2-fold greater in type 2 diabetic humans than controls suggesting elevated basal PDH 

activity (40). This effect has not been observed in all studies of human type 2 diabetic 

skeletal muscle with some showing similar rates of glucose oxidation as well as PDHa 

and PDH% when compared to non-diabetic controls (104,184). Nevertheless, PDH 

activity has not been found to be reduced in type 2 diabetic human skeletal muscle even 

though they exhibit similar increases in PDK2 and PDK4 mRNA expression as that seen 

in rodent models of the disease (102,113). This suggests that the regulation of PDK 

activity is more complex in vivo than simply relying on increases in expression levels 

might indicate with some studies suggesting a role of hyperglycemia in stimulating PDH 

activity even where PDK expression is upregulated (106).  

Hyperglycemia stimulates PDH activity and glucose oxidation independent of 

insulin signaling in normal skeletal muscle (67) and may be the mechanism for 
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increased glucose oxidation and PDH activity with hyperglycemia in type 2 diabetes. In 

normal insulin sensitive humans, hyperglycemic clamp without alteration of blood insulin 

or FFA levels resulted in a 1.7 fold increase in leg glucose oxidation and a 

corresponding 1.8 fold increase in PDHa and 14% increase in PDH% (49) indicating 

glucose oxidation is tightly tied to PDH activation status. Furthermore, in type 2 diabetic 

subjects, normalization of blood glucose from 11.0 to 5.6 mM with overnight low dose 

insulin treatment (4-12 mU*m-2*min-1) significantly reduced PDHa by 70% in fasted 

skeletal muscle suggesting hyperglycemia can override the inhibitory effects of PDK 

activity (106). This is likely due to mass action effects of increased blood glucose 

resulting in elevated glucose uptake and glycolytic flux, stimulating pyruvate production 

and inhibiting PDK activity even where expression levels are elevated. This is a possible 

mechanism that could explain the elevated or normal PDH activity found in this study 

and others with increased PDK expression in resting post-absorptive type 2 diabetic 

skeletal muscle and may also explain elevations in PDH activity found during muscle 

stimulation. 

Given the critical importance of regulation of PDH activity in oxidative glucose 

disposal, it is surprising that so few studies have investigated the effect of exercise on 

substrate disposal in type 2 diabetes and to our knowledge that none have investigated 

regulation of skeletal muscle PDH activity in the disease during exercise. In healthy 

human subjects PDH activity reaches steady state levels within 15s of exercise initiation 

with the magnitude of activation linearly related to exercise intensity until the muscle 

aerobic capacity (maximal mitochondrial ATP synthesis flux) is reached (24,63). 

Glucose oxidation parallels these increases in PDH activity and reaches a maximum 
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near the aerobic capacity (22,23). In this study, PDH activity in both the GK and Wistar 

rat increased as a function of exercise intensity with a significant elevation in PDH% at 

0.5 Hz stimulation in the GK rat compared to the non-diabetic Wistar controls. At 1.0 Hz 

intensity of stimulation, corresponding to the reported mitochondrial capacity for the rat 

hindlimb (116), no difference in PDH activity was found as PDH% approached a 

maximum in both groups. However, the result is quite different in animal models of type 

1 diabetes. Chemically-induced type 1 diabetes reduces PDH activity in gastrocnemius 

muscle relative to non-diabetic controls at 5.0 Hz and 10.0 Hz intensities (44,101) but 

these stimulations vastly exceed the oxidative capacity of the rat hindlimb and 

additionally, muscle performance was not measured. In contrast, the current study 

sought to stimulate the muscle below and up to the reported aerobic maximum where 

dynamic changes in PDH activation and glucose oxidation are known to occur. 

Furthermore and unlike previous studies, force production was carefully measured so 

the metabolic load could be accounted for when interpreting changes in PDH activity.   

The increased PDH% of the GK rat found in this study during muscle stimulation 

within the aerobic range cannot be attributed to changes in muscle force production and 

is likely related to hyperglycemia or reduced mitochondrial density. It has previously 

been shown that hyperglycemia can stimulate glucose oxidation during voluntary 

aerobic exercise in non-diabetic dogs, where limb glucose oxidation increased linearly 

as a function of blood glucose concentration with saturating effects occurring above 8.3 

mM (69). This occurred without alteration in plasma insulin or limb lactate production 

and suggests a direct stimulatory effect of hyperglycemia on PDH activity and the 

increase in glucose oxidation during exercise (69). This effect has also been observed 
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in humans where increasing blood glucose from 4.2 to 10.8 mM through acute 

intravenous glucose infusion resulted in a 40% increase in glucose oxidation after 2 

hours of aerobic exercise compared to euglycemic controls (68). Fasting blood glucose 

of the GK rat was double that of Wistar controls and may be responsible for increased 

PDH activation in the GK rat at 0.5 Hz stimulation intensity.  

However, this effect may also be related to the reduced mitochondrial density of 

the GK rat which displayed a 20% reduction in muscle cytochrome c oxidase activity 

compared to Wistar controls. At similar absolute workloads, muscle with lower 

mitochondrial density preferentially oxidizes glucose over fatty acids (124,185). This is 

attributable to the reduced mitochondrial sensitivity to metabolic demand which results 

in depressed steady state energetics at absolute workloads (95). This would be 

expected to increase the signals driving PDK inhibition and result in enhanced PDH 

activation (84). Regardless of whether PDH activity is stimulated by elevated glucose or 

increased workload relative to mitochondrial density, these data are consistent with the 

increased (107,108) or similar (109–112) rates of glucose oxidation in type 2 diabetic 

skeletal muscle during aerobic exercise and are not consistent with reduced PDH 

activity found during exercise in animal models of type 1 diabetes (44,101). 

In conclusion, PDH activity is upregulated in type 2 diabetic GK rat skeletal 

muscle at rest and during muscle contraction below the maximal aerobic capacity. This 

effect is attributed to the stimulatory effects of hyperglycemia on resting skeletal muscle 

PDH activity and may be due to hyperglycemia or reduced mitochondrial density during 

muscle contraction. It is unclear how differential regulation of PDK2 and PDK4 protein 

expression may play a role in PDH activation during exercise but are clearly important in 
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resting muscle. In any case, upregulation of PDH activity reported in this study is 

consistent with results from previous studies in human type 2 diabetic skeletal muscle 

(104,106,184) however, further study during exercise is needed to elucidate the 

mechanisms of PDH regulation in metabolic disease. 
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Chapter 5. Summary 
 

This dissertation provides insight into the integrated nature of the regulation of 

pyruvate dehydrogenase (PDH) and skeletal muscle metabolic demand over a broad 

range of physiologic function. This body of work provides a useful framework for future 

studies and clarifies the mechanisms of PDH regulation that may explain changes in 

substrate oxidation in skeletal muscle with training/detraining and in metabolic diseases 

such as type 2 diabetes. Below is a summary of the main findings and a description of 

potential future directions this work has generated. 

 In chapter 1, regulation of PDH activity was investigated by taking advantage of 

the known effects of altered mitochondrial density on the relationship between muscle 

workload and steady state energetics, or the work-cost relation (95). By reducing 

mitochondrial density in one group of rats, the metabolic effects of muscle contraction 

on the regulation of PDH activity was separated from the associated Ca2+ load during 

twitch contractions. In doing this, two apparent effects were observed. First, it was 

evident that steady state energetics and metabolic fluxes scaled as a function of 

mitochondrial density relative to the cost of contraction. This has been proposed in 

studies performed by other investigators (95,118,140) but has not been directly 

demonstrated as presented in this dissertation. In doing so, a conserved relationship is 

revealed in which the mechanisms and sources of ATP synthesis are similar for a given 

metabolic demand when the mitochondrial capacity is taken into account quantitatively. 

Second, this work revealed that the apparent scaling of the work-cost relationship 

extends to pathways that regulate mitochondrial substrate selection through the 

activation of PDH. This provides a satisfactory result as the metabolic demand is met to 
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a similar extent by increases in substrate supply. Furthermore, this suggests that when 

workload is normalized to mitochondrial ATP synthesis capacity, a predictable pattern of 

substrate selection between glucose and fatty acids will emerge.  

 However, this work fell short of quantifying rates of skeletal muscle substrate 

utilization by direct measure and therefore the inferences derived from the experiments 

performed with PDH regulation would need to be confirmed in future studies. 

Furthermore, this work contradicts the observed effect of increased rates of fatty acid 

oxidation at relative workloads with exercise training (89,125). A potential reason for this 

may be in the mode of exercise or the type and extent of muscle contraction. Here, we 

have removed nervous system control of muscle contraction by directly stimulating the 

motor neuron, eliciting uniform muscle fiber recruitment at controllable rates and 

duration. In contrast, voluntary exercise is completely reliant on central nervous system 

control with variable patterns of muscle fiber recruitment and modes of contraction. 

Thus the ability to scale substrate selection as suggested in this work by electrical 

stimulation of muscle may not precisely translate to an exercise trained individual 

undergoing voluntary exercise. However this remains to be experimentally confirmed. It 

may be that these individuals exhibit fiber recruitment patterns that may be entirely 

different from their sedentary counterparts which could not be rigorously controlled in 

this study but could explain changes in substrate oxidation at relative workloads. 

Currently, fiber recruitment data of this resolution is not available however it would be 

entirely possible to electrically stimulate the muscle of a trained versus sedentary 

human and sample substrate oxidation and muscle fibers for PDH activity. If a similar 

relationship between metabolic demand, mitochondrial density, and PDH regulation 
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could be determined it would confirm the work of this study and others, and also provide 

a mechanism for how changes in substrate oxidation occur during voluntary exercise 

with training/detraining in humans. 

 In chapter 2, the effect of increased PDH activity on the bioenergetic response to 

muscle contraction was quantified. This study quantitatively defined the role of PDH 

activation, which occurs as a function of exercise intensity, in the regulation of muscle 

energetics during contraction. Enhancing PDH activation at a given workload results in 

a more favorable energetic status and may even improve or extend muscle functional 

capacity when pushed to maximal workloads. Conversely, reducing PDH activation 

would be expected to have the opposite effect, and may even explain exercise 

intolerance in diseases where reduced PDH activity has been reported. This effect was 

attributed to the modulation of mitochondrial redox status by increasing pyruvate 

decarboxylation and the production rate of NADH. However, these effects were not 

quantified therefore the relationship between mitochondrial redox state and the cytosolic 

free energy of ATP hydrolysis (ΔGATP) that it can sustain were not be determined. In 

future works, the relationship between mitochondrial substrate selection, redox state, 

and ΔGATP could be investigated in isolated mitochondria. Koretsky et al. 1987 (150) 

contributed significant work in this area however did not extend their investigation 

skeletal muscle. Whether similar results could be found with ketone bodies (β-

hydroxybuterate acetoacetate) or fatty acids could be investigated in an isolated system 

or even in vivo as described here. By coupling the 31P NMR spectroscopic method to 

surface fluorometry, unique relationships between matrix redox state and ΔGATP could 

be quantified for various mitochondrial substrates. This has application to exercise 
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performance during high intensity exercise where maintaining ΔGATP is critical for 

prolonging muscle function and may also bear significantly on understanding the 

metabolic limitations in diabetes and metabolic syndrome.  

 In chapter 3, the effects of type 2 diabetes on the regulation of skeletal muscle 

PDH activity at rest and during muscle contraction was quantified in the GK rat. To our 

knowledge, this is the first report of PDH activity in working type 2 diabetic skeletal 

muscle and adds valuable insight to an understudied metabolic problem. This work 

contributes to the mere five studies that have investigated regulation of PDH activity in 

type 2 diabetes where there are divergent opinions on the role of PDH in diabetes 

because of these contradictory reports. Here it was determined that in fasting skeletal 

muscle, PDH activity was increased both at rest and during muscle contraction in type 2 

diabetes. This challenges previous work in type 2 diabetic rodents which found reduced 

PDH activity, yet agrees with reports in type 2 diabetic humans where either increased 

or normal PDH activity has been found concomitant with reciprocal rates of glucose 

oxidation. In humans, this has been largely attributed to the stimulatory effects of 

hyperglycemia on PDH activity. In order to test this hypothesis in the current model, GK 

rats could be treated with low dose insulin until euglycemic and regulation of PDH 

activity could be reevaluated. These euglycemic clamp experiments are well beyond the 

scope of the present body of work but taken together with information about the 

activation status of PDH they would be invaluable in definitively resolving this 

controversy.  Furthermore, no study has quantified regulation of PDH activity during 

exercise in type 2 diabetic humans and relatively few have quantified muscle substrate 
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oxidation. Given the important role of exercise in preventing diabetes and improving 

glycemic control (177), a comprehensive study is certainly needed.  

 In total, this dissertation has contributed to the understanding of the central role 

of PDH between mitochondrial substrate selection and regulation of muscle 

bioenergetics during contraction. This work has also contributed insight into the 

integration of PDH activity in muscle function both in health and disease. Nevertheless, 

many questions remain to be answered and investigations to extend our understanding 

of PDH and its role in muscle physiology remain an exciting area of future research. 
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