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ABSTRACT

Moderate to high intensity exercise generates lactate and hydrogen ions
which accumulate in both blood and muscle and are thought to contribute to the
development of fatigue. Alteration in the extracellular pH has been shown to
influence the appearance of lactate in plasma, acidosis decreasing and alkalosis
increasing blood lactate concentration. The present research was designed to
explore the potential mechanisms by which acid-base alterations influence lactate
production and the associated metabolic changes in exercise.

Normal subjects took part in two studies. Acidosis induced by ingestion of
ammonium chloride and alkalosis via ingestion of sodium bicarbonate were
compared to control during rest and exercise. Needle biopsies of the vastus
lateralis muscle, blood flow and arterial and femoral venous blood samples were
taken. Acidosis resulted in decreased lactate production and efflux, secondary to
decreased glycogenolysis from reduced transformation of glycogen phosphorylase
to its active form and the lack of accumulation of positive allosteric modulators.
Lower glycogen utilization resulted and was associated with an increase in free fatty
acid (FFA) utilization from intramuscular stores. Pyruvate dehydrogenase activity
was lower. Alkalosis had opposite effects: greater lactate production, efflux,
glycogenolysis, pyruvate dehydrogenase activity and glycogen utilization, with lower

EFA utilization. However, the increased glycogenolysis resulted from allosteric



activation of glycogen phosphorylase through increases in the concentration of its -
positive modulators adenosine monophosphate and substrate free inorganic
phosphate.

These studies conclude that alterations in lactate production resuit entirely
from a mismatch in the catalytic rates of glycogen phosphorylase and pyruvate
dehydrogenase.  Additionally, these studies identified for thé first time the
mechanisms responsible for the complex interplay of regulatory enzyme activity, fuel

utilization and the importance of acid-base homeostasis in its control.
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CHAPTER 1

THE INFLUENCE OF pH ON MUSCLE METABOLISM

1.1 General Overview

Skeletal muscle is a highly adaptable tissue which comprises almost half of
the total body mass in humans. The primary function of muscle is to generate
movement to allow interaction with the environment. Exercise is one example of
purposeful action that requires the coordination of a number of body and tissue
specific systems. Contraction of skeletal muscie represents the mechanical
process by which movementis achieved. This s intimately coupled to the chemical
processes which provided energy in the form of ATP to the contractile apparatus of
the myocyte. The provision of ATP is accomplished by the utilization of a variety
of fuel sources that through various metabolic pathways oxidize a number of
different substrates. The available pool of ATP within skeletal muscle is small and
in order for contraction to continue, the demand for ATP must be matched by a
comparable ATP production rate. The resynthesis of ATP can be accomplished by
the pathways of both oxidative phosphorylation ((tricarboxylic acid cycle (TCA) and

electron transport chain (ETC)) and the non-oxidative pathways of glycolysis and
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phosphocreatine (PCr) degradation. The ability to dramatically alter ATP production .

rate 1o meet demand is accomplished by the combined ability of the metabolic
pathways to operate in an integrated manner. Thus, mechanisms exist to control
the rate of each metabolic pathway, ensuring an integrated and appropriate use of
available fuels. The end result is the controlled release of chemical energy from
carbohydrate (CHO), triacylglyceride (TAG) and other fuels as each is broken down
by a series of linked reactions within the cytosol and mitochondria to produce ATP
(Fig. 1). In skeletal muscle, enzyme regutationis the major means by which energy
pathways are not only controlled to match ATP production to ATP demand but the
means by which the selection of fuels are determined.

Exercise of moderate to high intensity produces lactate and hydrogen ion
(H*) which accumulates in both the muscle and blood as fuel utilization shifts from
TAG to CHO. The intramuscular accumulation of H* has been implicated in the
development of muscular fatigue by interfering with the contractile apparatus
functioning and the activity of the key regulatory enzymes of both oxidative and non-
oxidative metabolism. In a number of the metabolic pathways, H* plays an
important role as both a substrate and product.

The appearance of lactate in the blood during exercise can be influenced by
changing the extraceliular pH such that an acidosis decreases and an alkalosis
increases the blood lactate concentration. The mechanisms responsible for this
alteration in lactate appearance have been suggested to be related to an alteration

in the muscle lactate production rate secondary to the effectota change in the
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extracellular pH on the regulatory enzymes of metabolism and/or lactate transport. -
However, the majority have inferred this from blood measureménts only, without any
assessment of the intramuscular pH or metabolites during an extracelluar
acidosis/alkalosis. Only a few studies have used more direct measurement
techniques of the intramuscular compartment by either needle biopsy or phosphorous
nuclear magnetic resonance imaging (P-NMR) to assess the intramuscular pH,
lactate efflux and lactate production rate. The results of these studies have been
both contradictory and inconclusive. The current research presented in chapters 2
and 3 was undertaken to investigate the mechanisms responsible for the differences

in the appearance of lactate under conditions of an extracellular acidosis/alkalosis.

1.2 Introduction

The formation of lactic acid in exercising muscle was first noted in 1848 by
Berzelius who observed that the accumulation of lactic acid was proportional to the
extent to which the animal had previously been exercised (67). In the early part of
the 1900's Parnas and Wagner and Meyerhof demonstrated that glycogen loss was
proportional to lactic acid formation which led to the notion that glycogen was also the
likely precursor of lactic acid (67). Hill and Lupton (71) then demonstrated that
fatigue in isolated frog muscle was related to the accumulation of lactic acid within the
muscle but that due to the lower pK, of lactic acid it was found to exist primarily as
H* and lactate ion. These researchers proposed that the formation of lactate resuited

from a lack of oxygen. The formation of lactate was seen to represent an “oxygen
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debt" to be paid following exercise. These authors were also the first to suggest that -

the buffering of H* within the exercising muscle could possibly counteract the fatigue
associated with the lactic acid accumulation and therefore prolong exercise duration
by increasing the “oxygen debt”.

Around this time the alteration in the appearance of lactate in the olood with
altitude and with acclimatization to altitude was observed. Acute hypoxia led to an
increase in lactate in the blood but concomitant with ascent to altitude was an acute
hyperventilation that led to a respiratory alkalosis. This combination of events led
Edwards and Dill to question whether it was the lack of oxygen or the altered
buffering capacity of the blood due to the respiratory alkalosis that was responsible
for the increased blood lactate concentration at altitude. Edwards and Dill (49)
conducted experiments under normoxic conditions with metabolic and respiratory
alkalosis and observed similar increases in the blood lactate concentration. This led
these authors to suggest that it was the enhanced buffering capacity of the blood and
not the hypoxia with altitude that was responsible for the increased blood lactate
concentration with ascent to altitude.

Following these initial studies researchers began to employ extracellular pH
manipulation to examine the effects on exercise performance and the appearance
of lactate in the blood. Denning et al (40) found that metabolic acidosis induced by
ingestion of ammonium chioride (NH,CI) decreased the capacity to perform work and
decreased the blood lactate concentration. Metabolic alkalosis induced by ingestion

of sodium bicarbonate (NaHCO,) had the opposite effects. However, the sample size
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was exceedingly small (n=1). Other researchers repeated the Denning et al study -

but found conflicting resuits (3,88,114).

The subject remained virtually unexplored following these initial investigations
until 1977 when Jones et al (95) confirmed the findings of Denning et al (ie decreased
blood lactate concentration and exercise time with acidosis and the opposite with
alkalosis). Renewed interest in the topic followed, but the majority of studies focused
on the effects of an altered extracellular pH on exercise performance and the
alteration in blood lactate concentration. The mechanisms responsible for these
changes were thought to result from the effects of an altered extracellular pH on the
intramuscular processes despite the lack of direct measurement of the constituents
of this compartment. Many of the studies were conducted under conditions of long
duration or high-intensity exercise resulting in situations of decreasing ATP tumover;
making it difficult to attribute the altered exercise performance and blood lactate
concentration to specific mechanism(s). The net result of almost one hundred years
of study was still a less than clear picture of the mechanisms that contribute and/or
are responsible for the universally observed alteration in blood lactate with
extracellular acidosis/alkalosis.

The purpose of the present chapter is to review the literature and provide a
theoretical framework for the desigr: and interpretation of the original investigations
presented in Chapters 2 and 3. The sheer number of metabolic systems involved

and their integration precludes an exhaustive review of the literature in each area.
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Therefore, in each section the information presented will be limited to the most -
pertinent research in the area, primarily focused on the research involving skeletal
muscle, with special emphasis on studies utilizing human subjects. The present
chapter reviews the pertinent literature regarding the known effects of pH on the
metabolic energy producing systems within skeletal muscle and the theoretical
concepts concerning lactate metabolism and transport. Finally, this chapter
concludes with a description of the rationale for examining the effect of pH on human

skeletal muscie metabolism.

1.3 Muscle pH and Exercise

As previously mentioned the majority of studies relating changes in the H*
concentration ((H*]) to metabolism and muscle fatigue have been based on
measurements made in the plasma. Original intramuscular pH (pH) measurements
on cat muscle homogenates demonstrated that muscle had a resting pH of ~7.0 and
declined to ~6.3 at fatigue with electrical stimulation (125). However, human pH,
determination did not occur until the advent of the muscle needle biopsy technique.
Analysis of muscle pH by a pH meter following homogenizing either the wet or dry
biopsy sample has determined that the resting pH,; is also ~ 7.0. During heavy
exercise (ie at intensities approaching VO, ma OF sprint exercise) when the
resynthesis of ATP occurs primarily by glycolysis the pH; of human muscle has been
shown to decline to 6.3-6.5 at exhaustion (69,78,117,170). More recently

measurement of pH; has been derived non-invasively by P-NMR which examines the
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change in the high energy phosphate ratios. Additionally, estimation of pH; can be -

derived from the intramuscular lactate concentration and PCr degradation.
Comparison of pH, methodology has yielded similar values. All of the studies
examining pH; have been done to determine the effect of exercise of various
durations/intensities on pH, and have universally demonstrated that the pH; declines
during moderate to high intensity exercise. The source of the increased H* was
traditionally thought to result from increases in the intramuscular lactate concentration
and increases in the partial pressure of carbon dioxide (PCO,) (78). However, more
recently, it has been demonstrated that the change in [H] is more complex.
Increases in the intramuscular lactate concentration and PCO, are contributing
factors but decreases in the intramuscular PCr and potassium concentrations also
appear to play an important role (see (91) for review). It is this accumulation of H*
that has been implicated as the primary factor in the fatigue process by a number of
different mechanisms. These include: disruption of excitation-contraction coupling;
alteration of the cross-bridge cycling process and inhibition of the rate limiting
glycolytic enzymes (78,92).

Hydrogen ions may interfere with both the excitation-contraction and cross-
bridge cycling processes by effecting loci that involve Ca? and inorganic phosphate
(P) by either competing for the calcium (Ca?*) binding site on troponin C (56) or by
altering the conformation of the tropomyosin molecule thereby indirectly affecting
Ca? binding (51). Alternatively H* may increase the Ca* binding to the

sarcoplasmic reticulum (SR) and/or reduce the Ca* affinity of troponin (7,124). The
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combined results of these studies suggest that impaired performance in the presence -
of an elevated [H*] may result from an altered Ca® cascade during contraction which
ultimately reduces the number of actin-myosin interactions.

Hydrogen ion has also been implicated in the fatigue process by interfering
with cross bridge cycling by altering the conformation of the contractile proteins. This
leads to a decrease in the myosin ATPase activity and therefore an increase in the
number of cross-bridges in the weakly bound state (32,39). Increases in the
intramuscular [H*] is also associated with increases in the ratio of the diprotonated
(H,PO,) to monoprotonated (HPO,?) forms of inorganic phosphate (P) as defined

by the reaction:

(1) HPOZ + H* = H,PO,

The total amount of phosphate in the diprotonated form doubles as the pH; decreases
from 7.0 at rest to 6.4 at exhaustion due to the pK, of the reaction (129). To
determine if the effects of increases in H* and P; concentrations were additive in the
fatigue process Wilson and associates (193) conducted a study to examine the
relationship between force production and changes in the free P, and H*
concentrations. Using P-NMR, they preceded a maximal exercise bout with 2
minutes of submaximal exercise, and compared it to a control trial consisting of 4
minutes of maximal exercise. The relationship between the H,PO, concentration and
the reduction in force output was similar between trials, despite a significantly higher
[H*] with the control trial. This suggests that the two metabolites exert their effects

independently.
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A change in [H*] can affect enzyme activity in two ways. First, the enzyme

may be directly affected by a change in the charge of the ionizable groups of the
enzyme, particularly at the sites containing histidyl residues. An alteration at these
sites may result in a change in the enzyme'’s affinity for its substrate, product or result
in an alteration in the natural conformation of the enzyme and therefore its catalytic
activity. Second, an alteration in the [H*] can change the ionic state of the substrate,
product or the inhibitors/activators of the enzyme which would indirectly affect the
enzyme’s catalytic activity (164). The effects of a change in enzyme function could
potentially be widespread and thereby not only affect the proteins involved in
excitation-contraction coupling and/or cross-bridge cycling but also those proteins
that make up the regulatory enzymes responsible for energy metabolism such as
glycogen phosphorylase (Phos), phosphofructokinase (PFK) and pyruvate
dehydrogenase (PDH,). As will be reviewed in detail in the following sections, H*
has been shown to influence the activity of these key enzymes and therefore has the
potential to affect lactate production and ultimately the appearance of lactate in the

plasma.

1.4 Exercise Intensity and Substrate Utilization

Since the classical studies of the 1920's and 1930's it has been recognized
that a shift toward greater carbohydrate utilization and lactate production occurs as
exercise intensity increases (110). The two main fuels available for the production

of ATP are CHO and TAG. The selection of fuel has a direct impact on the ATP
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resynthesis rate as CHO can replenish ATP approximately twice as fast as TAG -
under aerobic steady state conditions (38,96). However, CHO stores are relatively
small when compared to the available TAG stores, as lipids are approximately 9 x
more efficient as an energy store, with respect to weight (81). Another difference
between the two fuels is the time required to reach maximal ATP production rate: ~3
minutes for CHO and ~30 minutes for TAG under aerobic conditions (81). The large
time delay with TAG utilization results from fact that the TAG stores in muscle and
adipose tissue must first be hydrolyzed into free fatty acids (FFA). TAG hydrolysis is
controlled by the sympathetic nervous system. Epinephrine activates TAG
hydrolysis, and epinephrine levels rise gradually during continuous exercise. At the
same time plasma insulin levels decline, which removes the stimulus for fatty acid
esterification and storage. Increases in epinephrinefinsulin ratio promote FFA
release from TAG stores leading to a progressive elevation in plasma FFA
concentration ([FFA]) as exercise duration progresses (57,65). In resting skeletal
muscle, FFA oxidation provides ~60% of fuel for the average person consuming a
mixed diet (16,62). During exercise, equal amounts of CHO and TAG are utilized at
intensities of 35 - 40% VO, ., (62,81). As exercise intensity increases, the utilization
of both fuels increases but the peak value for TAG utilization occurs at ~50% VO, e,
At higher exercise intensities, the absolute and relative contribution of TAG declines
(15,79). Atintensities above 65-75% VO, m,,, CHO becomes the preferred substrate
as the plasma [FFA) markedly declines (93). The reason for the reduction in the

plasma [FFA] is not clear but may result from the inhibition of FFA release from
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adipose tissue by the increasing H* (55) or lactate (86) concentrations and/or by a -
shift in blood flow away from adipose tissue (54). The ATP demands at exercise
intensities greater than 75% VO, .., are met primarily by the oxidation of
intramuscular glycogen stores (79). Therefore, it is clear that a direct relationship
exists between fuel utilization and exercise intensity in skeletal muscle (61,79).

The preceding discussion made no distinction between the contribution of
intramuscular vs extramuscular CHO and TAG stores. Romijin and associates
recently (155) examined the relative contribution of endogenous and exogenous CHO
and TAG stores during exercise in humans utilizing stable isotope and indirect
calorimetry in subjects exercising at 25, 65 and 85% VO, ,,,. The results indicated
that both glucose uptake and glycogen utilization increased with exercise intensity.
Adipose tissue lipolysis was maximally stimulated at 25% VO, ,,,, while intramuscutar
TAG lipolysis was stimulated only during the two higher intensities. Additionally, the
results indicated that the contribution of plasma glucose and plasma FFA to caloric
expenditure did not change with exercise, rather it remained constant. The authors
concluded that the regulation of CHO availability is directly related to exercise
intensity while the regulation of lipid metabolism appears to be more complex.

The following sections will discuss the provision of substrate with respect to
the regulation of the key enzymes involved in the mobilization and utilization of both
CHO and TAG and the effects of H* on those processes . Prior to this an introduction

to the theoretical concepts in metabolic regulation is warranted. Figure 1 displays
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the integration of the metabolic pathways responsible for both CHO and FFA -

utilization.

1.5 Theoretical Concepts in Metabolic Regulation

The theoretical principles of metabolic pathways and the identification of the
type and function of the enzymes within pathways has been reviewed in recent years
(126,127,129). Within a metabolic pathway, three types of enzymes exist: flux-
generating, pseudo-flux generating and near-equilibrium. Generally, a metabolic
pathway is initiated by a flux-generating enzyme and ends with the formation of a
product that is either used as a substrate for a subsequent pathway; releasedinto the
environment or is transferred to a physiological reservoir (127).

The flux-generating enzyme of a pathway is often a multi-enzyme complex,
generally saturated with substrate and regulated by external factors other than the
substrate concentration. The reaction catalyzed by this enzyme is ireversible, has
a large drop in the standard free energy, and requires another separate enzyme or
set of enzymes to accommodate the reverse reaction. Also, because the enzyme
is saturated with substrate at all times alteration in the catalytic activity often result
in reciprocal changes in the concentration of its substrate. in addition, to control the
overall rate of the pathway, its activity must be the lowest in the series of linked
reactions. Two examples of flux-generating enzymes are Phos and PDH... The flux-
generating enzyme is typically followed by a number of enzymes that catalyze near-

equilibrium reactions linked in series. Near-equilibrium reactions are governed by
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changes in their respective substrate and product concentrations as both can modify -
the direction and magnitude of the flux through that enzyme. Near-equilibrium
enzymes are also sensitive to changes in enzyme co-factors which are important for
metabolic control. However, these enzymes are not sites of allosteric regulation as
changes in the co-factors are opposed by changes in the production or substrate
concentration. The forward and reverse reactions catalyzed by these enzymes
proceed at rates much greater than the rate of the flux-generating reactions.
However, due to the nature and dependance of these reactions on both substrate
and product concentrations the overall enzyme activity is therefore essentially
controlled by the up-stream activity of the flux-generating enzyme and the down-
stream rate of removal of the product at the end terminus of the pathway. An
example of a near-equilibrium enzyme is lactate dehydrogenase (LDH).
Pseudo-flux generating enzymes or regulatory enzymes, as they will be
referred to in this chapter, are controlled by external allosteric modulation but the
reactions catalyzed by these enzymes are reversible and not generally saturated with
substrate (127). Consequently, the enzyme catalytic activity is controlled by changes
in its substrate and product concentrations. This provides another level of complexity
and sensitivity to control flux through the metabolic pathway. The nature of the
allosteric regulation of this type of enzyme is similar to those that regulate flux-
generating reactions of the pathway, but differ in the sensitivity to the signal and
remain highly dependant on the substrate concentration to determine catalytic

activity. It should be noted that the allosteric regulation acts in an additive manner
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with the changes in the substrate and product concentrations. For example, if the -
substrate increases and/or product concentration decreases, flux through the enzyme
will proportionally increase, as enzyme activity increases in accordance with
Michaelis-Menton kinetics. However, the addition of a positive modulator will change
the catalytic activity and therefore allow the same increase in enzyme fiux to occur
at a lower substrate and/or higher product concentration. The reverse is also true.
When a negative modulator is present in sufficient quantities to effect a decrease in
catalytic activity, the decrease in substrate or increase in product concentrations that
alone would be required to reduce enzyme activity are also attenuated. The
advantage is the avoidance of large variations in the concentration of pathway
intermediates and overall improved responsiveness of the pathway to a change in
demand. PFK is one example of a key regulatory enzyme.

The specific strategic organization of enzymes in a particular pathway (ie flux-

generating ~ near-equilibrium ~ pseudo-flux generating) determines the ability of the

pathway to respond to changes in demand/fiux and is both tissue and cell specific
(127). In human skeletal muscle, flux through the metabolic pathways of glycolysis
and the TCA cycle increase dramatically during the rest-to-work transition. For
example, maximal exercise requires the ATP production rate to increase by greater
than 100-fold over rest (73,192). If these pathways were governed by near-
equilibrium enzyme reactions alone, it would necessitate a 100-fold increase in the

concentrations of the pathway intermediates to achieve the required flux to meet the
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ATP demand. The resulting change in osmolarity would have catastrophic affects -

within the cell (126,127). The flux-generating enzymes Phos and PDH, and the
regulatory enzyme PFK occupy key points in the metabolic pathways of skeletal
muscle that allows the oxidation of CHO to ATP.
1.5.1 Cellular Energetics

The energy currency for the provision of work in human skeletal muscle is
ATP. Atrest ATP demand is low, but during exercise the utilization and therefore
demand for ATP increases greatly. The primary consumer of ATP during muscular
contraction is the actomyosin ATPase which converts the chemical energy of the
phosphate bond in the ATP molecule to the mechanical energy of sarcomere
shortening. In order for contraction to continue this ATP demand must be met, which
is accomplished through an increase in the activity of the ATP synthesis pathways
of glycolysis, PCr degradation, and oxidative phosphorylation. These processes
mustbe increased quickly since the ATP concentration in skeletal muscle is low and
can be rapidly depleted within seconds if not replenished (128). The ATP is

regenerated by the following equation

(2) ATP =ADP + P, + H* + energy

The cytosolic ATP concentration and its products ADP and P, when expressed
as the ratio [ATPJIADPIX{P] represents the energy state of the cell or the
phosphorylation potential. (It is important to note that it is the free portions of these

metabolites that participate in this equation). The above ratio together with the
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[NADHJINAD'] and the availability of O, regulates the rate of oxidative -

phosphorylation and therefore mitochondrial ATP production as represented in the

equation (192):

(3) NADH, + 2c* + 2 ADP, + 2 P;, * NAD*; + 2¢* + 2 ATP, + H*

(where c** and ¢** are the oxidized and reduced forms of mitochondrial cytochrome ¢ respectively and
the subscripts i and e refer to the intramitochondrial and extramitochondrial pools of reactants
respectively)

Equation 3 represents the reversible part of oxidative phosphorylation which is under
physiological control as the metabolite concentrations between the cytosol and
mitochondrial spaces are in equilibrium. The irreversible, flux-generating step in
oxidative phosphorylation is represented by the following equation which is catalyzed

by cytochrome ¢ oxidase:

@4 2¢*+%0,+ADP, +P,, + 2 H = 2¢* + H,0 + ATP,

Equation 3 and 4 operate in sequence and illustrate how the above mentioned
metabolite ratios regulate the rate of oxidative phosphorylation.

The PCr system plays an important role in the regulation of oxidative
phosphorylation and other metabolic processes as it serves as both an “energy
buffer” and an “energy transport” system between the sites of ATP utilization and
production (187) as expresged in the equation:

(5) PCr+ H*+ ADP = creatine + ATP

The PCr system is very sensitive to changes in the intracellular free ADP (ADP))

concentration, and serves to keep this concentration low by re-synthesizing ATP from
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ADP when the ADP, concentration increases thereby preventing the inactivation of -
the cellular ATPases and the net loss of cellular adenine nucleotides (187).

Simply increasing the rate of oxidative phosphorylation to match ATP demand
is not enough, there must be an accompanying increase in the mobilization of
substrate to the TCA cycle to provide reducing equivalents (NADH) for the ETC (as
represented in equations 3 and 4). The provision of substrate supply is linked to the
rate of oxidative phosphorylation by the metabolites ADP, AMP, P; and NADH. Each
of these has important effects on the catalytic activity of key flux-generating and
regulatory enzymes in the pathways of CHO and TAG metabolism. For example, the
phosphorylation state of the cell as reflected in the [ATPVIADPIX[P, ratio directly
affects CHO and TAG utilization as increases in ADP, AMP and P, concentrations
have stimulatory effects on the catalytic activities of Phos, PFK and PDH,
(81,187,192). The netresultis an increase in glycogenolysis, glycolysis and pyruvate
entry into the TCA cycle and therefore mitochondrial synthesis of ATP from CHO.
The integration of CHO and TAG utilization is mediated through changes in the
activity of PDH, which in turn is affected by the ATP/ADP and NADH/NAD?* ratio; each
of which is an important metabolite in oxidative phosphorylation as reflected in
equations 3 and 4. Therefore, the phosphorylation state of the cell links fuel
utilization and substrate supply by affecting the catalytic activity of rate-limiting
enzymes. The integration of CHO and TAG metabolism and the control of the key

flux-generating and regulatory enzymes is complex and warrants further discussion.
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1.5.2 Glycogen Phosphorylase

Glycogen phosphorylase is the flux-generating enzyme responsible for
glycogen degradation in skeletal muscle by catalyzing the sequential removal of
glucosyl units from the terminal branches of the glycogen molecule through a
phosphorylation reaction that produces glucose-1- phosphate (G-1-P) as described

below:

(6) (Glycogen), + P, = (Glycogen),, + G-1-P

The near-equilibrium enzyme phosphoglucomutase then immediately converts the
G-1-P produced into glucose-6-phosphate (G-6-P) (128). Phos is located in the
myoplasm, is bound to glycogen, and is associated with an number of other proteins
that are involved in glycogen metabolism including: debranching enzyme, glycogen
synthase, phosphorylase kinase, several protein kinases and glycogen phosphatase
(50,123). (Fig. 2) The complex has also been found to be closely associated with the
SR and has been termed the “sarcoplasmic reticulum - glycogenolytic complex” (50).
The close association of Phos with the SR provides two important functions: first, it
coordinates contraction induced Ca release from the SR with Phos transformation
(discussed below) thus providing substrate for ATP synthesis by enhancing
glycogenolysis; second, the resulting increase in ATP production is then aiso
available to the SR ATPase“fo ensure adequate re-accumulation of Ca* stores into

the SR for the maintenance of contractile activity (50,123).
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1.5.2.1 Covalent Regulation of Glycogen Phosphorylase

As a flux-generating enzyme, Phos regulation is complex and involves
control via substrate, product, allosteric and covalent mechanisms between two
forms of the enzyme (Fig. 2). Phos exists in one of two interconvertible forms:
Phos a, considered the active form, active in the absence of free AMP (AMP)); and
Phos b, considered the less active form, active only in the présence of AMP,
(22,53). Covalent modification is effected by transformation from the b to a forms
which is catalyzed by phosphorylase kinase in an ATP dependent reaction.
Phosphorylase kinase also exists in an inactive b form and an active,
phosphorylated a form. The phosphorylation and thus activation of phosphorylase
kinase a can be achieved by either an increase in epinephrine or cytosolic Ca>
concentration via a cyclic AMP (cAMP) dependent and independent mechanism
respectively (22,151). At rest it appears that the cAMP mediated Phos a
transformation is more important, while the Ca®* mediated transformation occurs
during muscular contraction. However, it is important to note that during exercise
when both epinephrine and Ca?* concentrations increase within the myocyte, the
effect on phosphorylase kinase activity and Phos b to g transformation is synergistic
(53). Complete transformation of Phos into the a form can be observed when
human or animal muscle is stimulated to contract either voluntarily or electrically
(22,153). Previously it has been observed that soon after the initiation of exercise
in isolated cells (25) and in vivo in humans (22) Phos a reverts back to the b form

despite continued contractile activity. This phenomenon called into question the
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previously accepted premise that the rate of glycogenolysis was determined only .
by the degree of Phos a transformation (53). Research investigating the rate of
glycogenolysis and Phos g transformation has provided strong evidence that other
factors are important in the control of glycogen degradation and glycogenolytic flux
(19,90). Infusion of epinephrine in resting human subjects resulted in complete
Phos a transformation but a low level of glycogenolysis, which led to the conclusion
that the free P, concentration was importantin the regulation of glycogenolysis (21).
Further investigation in humans during epinephrine infusion and electrical
stimulation with and with out prior exercise to raise the free P; concentration
demonstrated that both the AMP, and P, concentrations were important in
regulating Phos flux (18). It may seem paradoxical that Phos g transformation
decreases while glycogenolysis is occurring but, it should be noted that Phos flux
is always well in excess of Phos transformation (except during sprint exercise) as
a result of the potent effects of post-transformation allosteric regulation by AMP,
and free P, In this way Phos flux and therefore glycogen utilization can be directly
regulated to the demand for substrate by the energy status of the cell (76).
1.5.2.2 Substrate Regulation of Glycogen Phosphorylase

Glycogen phosphorylase catalytic activity is mediated by the availability of
its substrates glycogen and P; (53). Resting muscle glycogen concentration in
humans ranges from 250 - 400 mmol-kg™ dw in the sedentary subject to ~650
mmol-kg™ dw in the athlete (36). Since the in vitro K,, of Phos for glycogen has

been determined to be ~1 mM (128), the enzyme is rarely limited by the lack of
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glycogen. However, controversy exists as to whether the pre-exercise glycogen
concentration has any influence on the glycogenoiytic rate. Muscle glycogen
depletion prior to exercise is associated with fatigue and utilization is directly related
to intensity (81). Helspel and Richter (70) examined the relationship between
muscle glycogen content and glycogenolytic rate utilizing a diet manipulation with
an isolated in vitro rat preparation and found a positive correlation between the
pre-exercise glycogen concentration and glycogenolytic rate during 15 minutes of
intermittent tetanic contraction. Additionally, in those animals with the highest

pre-exercise glycogen concentration the Phos a transformation increased
approximately two fold over that of the glycogen depleted muscle. Conversely,
other researchers using diet manipulation with both in vitro (166) and in vivo (5,151)
preparations have failed to find any correlation between force development,
glycogenolytic rate and pre-exercise glycogen concentration. Difficulty exists in
comparing these studies since each study used a different stimulation protocol and
species differences are known to exist with respect to both fibre type and fuel
utilization between rats and humans (79,81). Glycogen content may effect
glycogenolytic rate by two mechanisms. First, glycogen concentration may affect
glycogenolytic rate by altering the K, of Phos a and b for free P, and/or AMP, as has
been demonstrated in vitro. Using a rabbit muscle preparation it was observed that
an increase in glycogen concentration lowered the K,, of Phos b for AMP, while
decreases in glycogen concentration had the opposite effect (68). Furthermore,

there exists two forms of glycogen in skeletal muscle, termed pro glycogen and
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macro glycogen (1) and it has been suggested that one of the two forms may have
an effect on Phos flux.

The other substrate required by Phos is free P, which has a much more
significant regulatory effect on glycogenolytic rate. The estimated in vitro K, of
Phos a for human muscle for P, is 26.8 mM (22,151). This is well above the free P,
concentration found in resting skeletal muscle which is ~2 mM (19). During
exercise the free P, concentration increases as a function of power output as does
the AMP, concentration (2,151). In vitro studies have shown that physiological
concentrations of AMP lower the K, of Phos a for P; substantially (151). In support
of the importance of P, in the regulation of muscle glycogenolysis is the observation
that interventions which lower the intramuscular P,accumulation such as endurance
training (28), decrease the rate of glycogenolysis. However, the elevation of free
P, concentration alone is not sufficient to augment glycogenolysis, as Chasiotis and
associates (18) observed in humans when they raised the free P, concentration with
blood flow occlusion prior to exercise. The presence of other positive allosteric
modulators, particularly AMP; is important.
1.5.2.3 Allosteric Regulation of Glycogen Phosphorylase

Post-transformational allosteric regulation of Phos @ and Phos b by ATP,
AMP,, IMP, and G-6-P is an important mechanism by which the rate of
glycogenolysis is matched to both the energy state of the cell and ATP demand.
In vitro studies have demonstrated that Phos b is subject to greater allosteric control

than Phos a. Phos p is activated by AMP, and IMP and inhibited by ATP and G-6-P
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(2,22,27,53,90). ATP and G-6-P have been shown in vitro to inhibit Phos p with K; -

of ~2 mM and 0.3 mM respectively (53). Both Phos a and Phos b are activated by
AMP,. AMP, activates Phos g by lowering the K, for its substrate free P, from
26.8 mM to 11.8 mM (2,151). AMP, also activate Phos b, but with a higher K, than
Phos a. The differences in the K, for AMP; between the two forms of Phos
accounts for the observation that only 10 uM of AMP, was effective in increasing
Phos g but not Phos b activity during tetanic stimulation (2). The action of AMP,on
Phos a and Phos b is important as it results in greater Phos flux at any given free
P, concentration in the presence of small amounts of AMP,. In support of the close
relationship between Phos flux and AMP, concentration is the observation that
glycogenolysis is biunted when the accumulations of AMP, and free P, are reduced
as observed in studies utilizing endurance training (23), caffeine ingestion (24) and
enhanced FFA availability (48,130).

IMP is another important activator of Phos b (2) with half maximal activation
occurring at ~1.2 mM. IMP is produced from the deamination of AMP by AMP
deaminase. AMP deaminase is activated by increases in AMP, ADP and H*
concentrations (46,177). Increases in the IMP concentration in the range for
activation of Phos b have been reported during both intense electrical stimulation
and intense dynamic exercise, mediated primarily by activation of AMP deaminase
as pH; declines (2). However, Chasiotis et al (22) measured IMP accumulation
during intense dynamic cycling and found that aithough the IMP concentration had

increased, it was well below the K, for Phos b. The contribution of IMP to Phos flux
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in humans is not well quantified as very few studies have examined Phos flux, and -
IMP concentration simultaneously (2,53).
1.5.2.4 Effect of pH on Glycogen Phosphorylase

Decrease in pH; have been shown to inhibit Phos b to g transformation.
Chasiotis and colleagues (20), examined the efiects of acidosis on Phos
transformation in humans. Acidosis was induced by intense isometric contraction
to failure that resulting in a pH; of ~6.6. This exercise bout was followed by an
epinephrine infusion which failed to significantly increase Phos g. intramuscular
cAMP levels were also measured and found to be decreased. The combined
results demonstrate that decreases in pH, inhibit Phos g transformation by
decreasing both cAMP production and the conversion of phosphorylase kinase b
(inactive) to phosphorylase kinase a (active). In vitro studies have also shown that
phosphorylase kinase a activity is inhibited at low pH (109). The effecton Phos a
may be amplified by the lack of available free P, (as a substrate) as pH; decreases.
The active substrate for Phos a is HPO,? (103) which accounts for ~61% of the
total P, at a pH of 7.0 but only ~ 33% at a pH of 6.5 as the H,PO,” form becomes
more prevalent (18,22). Alterations in the availability of free P, may therefore also
play a role in the reduced Phos flux observed when pH; declines.
1.5.3. Phosphofructokinase

Glycogen phosphorylase as the flux-generating enzyme determines therate
of glycogenolysis, while PFK determines the overall rate of glycolysis (81). PFK is

classified as a regulatory enzyme as it is subject to substrate, end-product and
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allosteric regulation. Following the conversion of Phos produced G-1-P to G-6-P -

by phosphoglucomutase, G-6-P is transformed to fructose-6-phosphate (F-6-P) by
glucose isomerase, both via equilibrium reactions (128). PFK catalyzes the
conversion of F-6-P to fructose-1,6,-bisphosphate (F-1,6,-P) by the following

reaction:
)] F-6-P> + ATP* = F-1,6,-P* + ADP* + H*

In vitro it has been shown that the PFK complex is inhibited by ATP, citrate and H*
and activated by ADP, AMP, F-6-P, glucose-1,6,-phosphate, F-1,6,-P, fructose-2,6,-
phosphate and NH,* (12,165,181-183,196). However, in contracting skeletal
muscle the regulation of PFK activity is governed primarily by the F-6-P, ADP,,
AMP,, free P, and H* concentrations. Importantly, the ADP,, AMP,, free P,and H*
concentrations are also involved in the equations that reflect the energy status of
the cell and oxidative phosphorylation (equations 2-5). This allows a link between
PFK activity and substrate supply to the demand for ATP re-synthesis via oxidative
phosphorylation (81,165,180,184).

The PFK complex is thought to exist in a tetramer that when unprotonated
is active and subject to regulation by binding at high affinity activation sites for
F-6-P, F-1,6-P, AMP,, ADP, and low affinity inhibitory sites for citrate and ATP. ATP
is both substrate and inhibitor with a K; of ~ 5 mM (182). Protonation of the
tetramer increases the affinity of the ATP and citrate binding sites, reciprocally

decreasing the affinity of the F-6-P and F-1,6-P binding sites (106). This
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necessitates an increase in the concentration of these two substrates to offset the -
reduced affinity to provide continued enzyme activity (45,182). The initiation of
contraction causes the removal of the ATP inhibition and an increase in the positive
modulators ADP,, AMP,, free P, F-6-P and F-1,6,-P. It should be noted that the
effects of each positive modulator is synergistic with the others. Increases in citrate
concentration due to elevated FFA oxidation has previously been thought to be
have a significant inhibitory influence on PFK. However, recent studies have found
that citrate plays only a minor role. Rather the precise regulation of PFK and
therefore glycolytic rate is more intimately tied to the energy state of the cell
(48,130,137).
1.5.3.1 Effect of pH on Phosphofructokinase

Early in vitro studies on the effects of pH on PFK activity demonstrated that
decreases in pH had a strong inhibitory effect with a total inhibition of activity
observed at a pH of -6.5 (45,181). Human in vivo studies utilizing exhaustive
exercise protocols drew similar conclusions regarding reduced PFK activity with a
decrease in pH, (94,117). However, Spriet et al (172) utilized a repeated electrical
stimulation protocol in men and found that glycolysis continued despite a reduction
in pH, to 6.3 - 6.4. This discrepancy can be explained on the basis that the PFK
activity results from the combined effects of both inhibitory and stimulatory
influences. In addition, the early in vitro studies did not simulate in vivo conditions
with respect to: the physiological concentration of the metabolites seen with

exercise; physiologically relevant pH and temperature; and physiological
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concentration of the enzyme which is critically important as it has been shown that -

dilution of the enzyme results in dissociation of the enzyme into its inactive dimers
(12,137,165). The mechanism responsible for the pH effect on PFK activity has
been studied extensively. Increases in the H* concentration are thought to increase
the affinity of the ATP binding site which reciprocally reduces the affinity of the
enzyme for its substrate F-6-P (8,106,182,183). In addition, increases in the H*
concentration are associated with protonation of the histidyl residues of the PFK
tetramer which increases the tendency of the enzyme to dissociate into its inactive
dimers (45,164). However, it has also been observed that the magnitude of the pH
inhibition can be modulated by increases in the F-6-P, ADP,, AMP, and free P,
concentrations. Increases in the F-6-P concentration helps to overcome the
reduced affinity of its binding site that occurs with an elevated H* concentration.
Decreases in the ATP/ADP ratio due to increases in the ADP; concentration with
exercise, have been shown to substantially accelerate glycolysis in vitro due to the
binding of ADP to a high affinity site (180,182,183). AMP also augments PFK
activity by increasing the affinity of the enzyme for its substrate (12), while increases
in free P, of a little as 2 mM have been demonstrated to substantially increase PFK
activity by enhancing the stimulatory effect of ADP (196).

In summary, a decrease in pH; inhibits PFK activity at physiological pH,
temperature and metabolite concentrations by affecting the affinity of the various
binding sites. However, pH alone does not determine overall enzyme activity and

the concentrations of the metabolites that reflect the energy status of the cell - ATP,
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ADP,, AMP, and free P, should be examined in conjunction with the availability of -

substrate to obtain an accurate reflection of enzyme activity and therefore glycolytic
flux.
1.5.4 Pyruvate behydrogenase

The pyruvate dehydrogenase complex (PDH,) is a flux generating multi-
enzyme complex located on the inner mitochondrial membrane (matrix side). PDH,
catalyzes the decarboxylation of glycolytically derived pyruvate to acetyl-CoA and
therefore reflects the rate of entry of CHO into the oxidative pathways of ATP

production. The overall irreversible reaction is as follows (190):

(8) pyruvate + NAD* + COASH => acetyl-CoA + NADH + H* + CO,

PDH, is composed of three separate catalytic sub units: E1 (pyruvate
decarboxylase), E2 (dihydrolipoamide acetyltransferase) and E3 (dihdydrolipoamide
dehydrogenase). In addition, two regulatory proteins pyruvate dehydrogenase
kinase (PDHK) and pyruvate dehydrogenase phosphatase (PDHP) are associated
with the enzyme complex (190). The three catalytic sub units operate sequentially
to produce acetyl-CoA from pyruvate. The E1 sub unit catalyzes the
decarboxylation of pyruvate which is an irreversible reaction and therefore
considered the rate limiting step for the enzyme complex (148). The E1 sub unit
contains 3 phosphorylatioﬁ sites and exists in two interconvertable forms; an
unphosphorylated active form known as PDH, and a phosphorylated inactive form

known as PDH, (138). The phosphorylation of only one site (site 1) confers
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inactivation, while the other two phosphorylation sites serve as barriers to -
dephosphorylation or activation. It should also be noted that the phosphorylation
of these inactivating sites is highly dependent on the cellular ATP concentration.
The other two reactions catalyzed by the E2 and E3 sub units are reversible (146)
(Fig. 3). E2 forms the core of PDH, and catalyzes the addition of CoASH to the
acetyl-thiamine pyrophosphate (TPP) (an essential enzyme cofactor) molecule
produced from the E1 reaction, leading to the formation of acetyl-CoA. The E3
component then catalyzes an electron transfer from the reduced E2 component -
lipoic acid, to FAD* producing FADH, and regenerating the disulfide form of the
lipoyl group of E2. Transfer of the electrons to the reducing equivalent NAD* forms
NADH + H* and regenerates FAD* (34) (Fig. 3).

As a flux-generating enzyme, PDH, is subject to substrate, end-product and
aliosteric modulation which affects the phosphorylation of site 1 and therefore
covalent transformation of the enzyme complex (Fig. 4). The overall catalytic
activity of PDH_ is dependent upon the phosphorylation state of the complex which
in turn is determined by the relative activities of PDHK and PDHP. The ratio of their
activities determines the percentage of PDH in the active a form. In turn, the
relative activities of PDHK and PDHP are mediated by the mitochondrial
acetyl-CoA/CoASH, ATP/ADP, NADH/NAD* ratios, the availability of pyruvate and
the concentrations of Ca** and H* (190).

Additionally, PDH, can be regulated acutely or chronically. Acutely, the

above mentioned modulators are important, however, chronic regulation is affected
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by phosphorylation of sites 2 and 3 which prevents activation of the enzyme. The -

chronic regulation of PDH, is highly complex and is the beyond the scope of this
thesis.

In order to determine the affects of exercise on PDH, transformation
numerous studies were undertaken by Constantin-Teodosiu utilizing isometric
contraction, incremental exercise up to 65% VO, ., and prolonged exercise (29-31).
These authors found that PDH, was low at rest and gradually increased up to 65%
VO, ... Further investigation has demonstrated that increases in PDH, occur with
incremental exercise up o 75%-90% VO, ... (76,140). Additionally, the initial
activation rates reported by Constantin-Teodosiu are approximately an order of
magnitude lower than those reported by Putman et al (140) and Howlett et al (76)
and may be explained by a methodological problem since the analysis of PDH, by
Constantin-Teodosiu was carried out under conditions of substrate limitation.
1.5.4.1 Acetyl-CoASH/CoASH Concentration Ratio

The acetyl-CoA/CoASH ratio demonstrates regulatory aspects consistent
with end-product inhibition and allosteric regutation of PDH, by direct action of this
ratio on PDHK and PDHP. Previous studies have shown that a high
acetyl-CoA/CoASH ratio inhibits PDH, by inhibiting the reversal of the CoASH
transfer step at E2 by a high acetyl-CoA concentration (43,138). Allosteric
regulation by a high acetyl-CoA concentration is mediated by a decrease in PDHP
activity and an increase in PDHK activity, while a high COASH concentration has

the opposite effect (34,138). The net effect of an increase in this ratio is therefore
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a lower PDH, due to greater PDHK activity and a decrease in PDHP activity. A -

decrease in this ratio has the opposite effect and results in an increase in PDH,.
Recent studies have shown that the acetyl-CoA/CoASH ratio is important in
regulating PDH, at rest but may be less important during exercise. Research
examining PDH, during exercise and acetyl group accumulation has revealed that
the acetyl-CoA/CoASH ratio is probably not inhibitory to PDH activation during
exercise since the acetyl-CoA concentration markedly increases when PDH, is
highest (30,31). Further investigation into the importance of the

acetyl-CoA/CoASH ratio on acute PDH, activation by Putman et al (142) utilizing an
acetate infusion revealed similar results. The acetate infusion was successful in
raising the acetyl-CoA/CoASH ratio by increasing both the acetyl-CoA and
acetylcamitine concentrations at rest and during exercise and was considered to
be responsible for the decreased PDH, observed at rest. However, during exercise,
despite continued elevation in the concentration of these metabolites, PDH,
increased to the same degree as control subjects. Other experiments using an
intralipid infusion to artificially elevate the acetyl-CoA concentration and therefore
the acetyl-CoA/CoASH ratio also had no effect on PDH, during high intensity
exercise (85% VO, .. (48). Conversely, during low intensity exercise with
increased FFA concentration, PDH, was reduced despite the absence of any

difference in the acetyl-CoA concentration during the exercise trial (130).



1.5.4.1 NADH/NAD* Concentration Ratio

The regulatory action of the NADH/NAD* ratio is two-fold, demonstrating
characteristics of both end-product inhibition (154) and allosteric regulation
(34,107,138). End-product inhibition by an elevated NADH concentration results
from the displacement of NAD" from its binding site on the E3 sub unit of PDH..
Consequently, the electron transfer from FADH, does not occur nor does the
re-generation of the lipoyl moiety of E2 by transfer of the reducing equivalents from
lipoic acid to FAD*. The overall result is an inhibition of the PDH, reaction.
Allosferic regulation by the NADH/NAD" ratio provides a more sophisticated level
of control by affecting both PDHK and PDHP. NADH directly inhibits PDHP and
activates PDHK, while NAD* has the opposite effect (34,138,190). The net result
of an increase in the ratio is a decrease in PDH, while a decrease in the ratio results
in an increase in PDH,.

The NADH/NAD* ratio is a potentially important regulator under conditions
of increased FFA utilization such as low carbohydrate diets, intralipid infusion or fat
feeding. The increased B-oxidation of FFA increases the NADH concentration and
therefore can potentially effect PDH, activation and the oxidative phosphorylation
rate as NADH is a key metabolite in the two reactions that govern oxidative
phosphoryiation (Equations 3 and 5). Changes in the NADH concentration
therefore play an integral role in the regulation of oxidative phosphorylation and the

interplay of CHO and FFA utilization (4,144,145,1 92).
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1.5.4.3 ATP/ADP Concentration Ratio

The ATP/ADRP ratio unlike the previous two ratios effects PDHK only, via a
competition between its substrates ATP and product ADP (33,107,112).
Consequently an increase in the ratio results in increased PDHK activity which
reduces PDH, transformation while a decrease in the ratio has the opposite effect.
1.5.4.4 Regulation by Calcium

Regulation of PDH, by the Ca® concentration is extremely important,
particularly during exercise, as exercise results in Ca* release from the SR into the
cytosol for the initiation of muscle contraction (118). Calcium effects PDH activity
by simultaneously increasing the activity of PDHP and inhibiting PDHK by
increasing and decreasing the affinity of each for its substrates (41,42,1 18).
Estimates of the mitochondrial Ca?* concentration within muscle have been shown
it to be within the physiological range to cause half maximal activation (0.2 -0.3 uM)
(41,42,44,118). Studies in humans using a variety of exercise conditions have
demonstrated that PDH, is low at rest and increases with exercise intensity up to
~75% VO, ..., Where it appears to be maximally activated (29-31,76,140).
1.5.4.5 Regulation by Pyruvate

Pyruvate is the principal substrate for PDH, and as such is an important
determinant of transformation and flux. Pyruvate exerts its affectin two ways. First,
through a direct affect of substrate binding to PDH,, ensuring adequate availability
of substrate and second, by allosteric regulation of PDHK. Pyruvate is inhibitory to

PDHK with a K, of 0.5 - 2.8 mM (33,77,112) which is within the physiological range
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of the pyruvate concentration found at rest (143) and during exercise (140,143,170). -

As pyruvate concentration increases with muscular activity the inhibitory affect of
pyruvate on PDHK also increases, resulting in PDH, transformation to a higher
level.

1.5.4.6 Effects of pH on PDH,

Increases in the H* concentration have been shown to increase PDH, and
pyruvate oxidation in perfused rat hearts (136). A number of mechanisms have
been proposed to explain this phenomenon. The change in pH may affect PDH,
function by altering its conformation, stability and/or the affinity for its regulatory
metabolites (164). /n vitro analysis of the pH optimum of PDHK and PDHP has
found the kinase to have a pH optimum of 7.0 - 7.2, with increasing inhibition as pH
declines, while the phosphatase has a pH optimum of 6.7 -7.1 (77). A low pH may
also alter the distribution of pyruvate across the mitochondrial membrane such that
the mitochondrial pyruvate concentration increases as cytosolic pH falls, thereby
decreasing the activity of PDHK (6). The research to date suggests thatincreases
in H* concentration, similar to those that accompany exercise have a potentially
stimulatory effect on PDH activity. However, the in vivo effects in humans have not

been studied.



1.6 Free Fatty Acid Metabolism During Exercise

As previously mentioned, glycogen is the preferred fuel source during high
intensity exercise. However, FFA from both adipose tissue and intramuscular TAG
pools are also important fuel sources and have a significant contribution during low,
moderate and high intensity exercise and in situations when glucose availability is
reduced (93,185). During high intensity exercise the intramuscular TAG stores are
utilized rather than adipose tissue stores (to be discussed in the following sections).
Intramuscular TAG content varies across species, fiber type, and is influenced by
hormonal factors, diet and physical training (63,82). Exercise has been shown to
increase both adipose tissue lipolysis and intramuscular TAG lipolysis (35,63).
1.6.1 Adipose Tissue Lipolysis

Adipose tissue lipolysis occurs via a ¢cAMP dependent activation of a
hormone sensitive lipase (HSL) which is stimulated to breakdown TAG by
catecholamines, and produce TAG for storage in response to insulin (35,63).
Activation of the HSL is the rate-limiting, flux generating step in the mobilization of
TAG from adipocytes. Hydrolysis of TAG releases both FFA and glycerol into the
circulation. Another enzyme, lipoprotein lipase (LPL) is present on the lumenal side
of capillary endothelium and functions to lyse the circulating TAG into FFA for tissue
uptake. Once taken up by the tissue, the FFA can either be re-esterified into the
TAG pool or oxidized (35,185). The presence of the LPL on the capillary membrane
makes the estimation of adipose tissue lipolysis by the measurement of the plasma

FFA concentration alone inaccurate (35). However, the plasma
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glycerol concentration does provide a good estimate of adipose tissue lipolysis as -
the adipocytes lack glycerol kinase (35,185).
1.6.2 Intramuscular Lipolysis

The precise regulation of intramuscular lipolysis has not been fully
elucidated. Three distinct LPL’s have been discovered, each with a distinct
maximal activation at a different pH: acid LPL at pH 5.0, neutral LPL at pH 7.0 and
alkaline LPL at pH 8.5 (132,134). Additionally, an intramuscular HSL has been
identified and appears to act similarly to the HSL in adipose tissue with an added
pH sensitivity (35,133,185). Originally it was proposed that the alkaline pH LPL was
responsible for hydrolyzing the intramuscular TAG pool, but experimental evidence
for this is lacking (132,185). Currently, a model for the hydrolysis/uptake of TAG in
muscle has been proposed as follows (Fig. 5). Catecholamines and/or glucagon
bind to a receptor on the sarcolemmal surface which leads to an increase in the
cAMP concentration. The increased cAMP leads to the activation of a neutral pH
HSL, which is responsible for lipolysis of the intramuscular TAG pool into FFA for
B-oxidation. The increased cAMP levels are also thought to stimulate the synthesis
and/or transport of a cytoplasmic LPL to the lumenal surface of the capillary
endothelium which functions to augment the availability of FFA from the circulation
for intramuscular TAG pool replenishment (63,133,185). The contribution of
intramuscular TAG hydrolysis during exercise has been estimated to be between

15 - 40% depending on the exercise protocol, intensity, duration, and
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measurement technique (63,75,93,155,168,185). It is important to note that the -

total amount of FFA available for B-oxidation is represented by both the free and
esterified portions within the muscle. Recent investigation by Dyck et al (47)
utilizing a pulse-chase technique in an isolated rat muscie preparation during
varying intensities of electrical stimulation have confirmed some previous indirect
estimates of the contribution of intramuscular TAG during exercise in humans
(87,108) and animals (75,168). Dyck et al (47) found that during contraction ~30%
of the FFA made available to the muscle is esterified into the TAG pool. As
exercise intensity increases, greater absolute amounts of FFA are esterified
resulting in greater absolute rates of oxidation and esterification. A greater
percentage of the FFA taken up by the muscle was also shunted toward oxidation,
and a lower percentage toward storage. Overall, intramuscular TAG accounted for
greater than 75% of the total muscle energy, while exogenous TAG accounted
for ~3 % and CHO (endogenous and exogenous) accounted for ~20% across all
exercise conditions. Together these studies illustrate that during exercise both the
plasma FFA and the intramuscular TAG pool are important sources of fuel.
1.6.3 Effect of pH on Lipolysis

High intensity exercise (ie > 75% VO, myx) results in the production of lactate
and H* and each has been shown to inhibit adipose tissue lipolysis. Early studies
in dogs (83-86) demonstrated that lactate impairs adipose tissue lipolysis as
evidenced by reduced FFA release during lactate infusion and exercise. The

reduction in plasma FFA concentration also led to reduced uptake in the exercising
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muscle and overall reduced oxidation of FFA. Investigation in isolated adipocytes
provided an explanation for this phenomenon by demonstrating that decreases in

pH of the perfusion medium markedly inhibited cAMP accumulation, thereby

suggesting that the increased H* concentration interferes with the cAMP HSL

activation cascade (55). Jones et al (95) found that induced acidosis, by NH,CI

ingestion, significantly decreased the plasma glycerol and FFA concentrations

compared to control conditions which suggested that adipose tissue lipolysis was

impaired with acidosis. These authors felt the impairment was related to the

alteration in the H* concentration and not lactate as the plasma lactate

concentration was lower with acidosis.

Conversely, intramuscular TAG lipolysis has been shown to occur under
conditions of increased H* concentration (93,117,168,171). A welldesigned study
by Jones et al (93) examined TAG metabolism and FFA turnover during high
intensity cycling in humans using radio-labeled palmitate. These researchers
demonstrated that large increases in glycerol concentration occurred simultaneously
with a decrease in the FFFA tumover rate, suggesting that intramuscular TAG is used
when lipolysis from adipose tissue is decreased. Recently, these results have been
confirmed by Romiijin et al (156). The overall resuits suggest that lipolysis does not
cease with an increase in the H* concentration, rather the emphasis shifts to a

greater reliance on intramuscular TAG stores.



1.6.4 FFA Entry into the Mitochondria

Once FFA is made available within the myoplasm it must gain access to the
mitochondria for B-oxidation. The existence of a fatty acid binding protein (FABP)
on the plasma membrane for the transport of FFA across the muscle membrane
has been shown to exist. Movement of FFA within the muscle and between sites
of storage and oxidation is accomplished by a transporter protein known as the fatty
acid translocase protein (FATP) (10). In the rat heart the FATP has been shown to
be pH sensitive such that a decrease in pH; increases the dissociation of FFA from
the carrier which would enhances FFA availability in conditions such as exercise
when the demand for substrate is high (185). Once delivered to the cytoplasmic
side of the outer mitochondrial membrane long chain FFA’s are esterified with
CoASH generating a fatty acyl-CoA molecule. Long chain fatty acids (LCFA)
cannot freely diffuse across the membrane whereas medium chain and short chain
FFA's can. The fatty acyl-CoA molecule then combines with camitine in the inner
membranous space catalyzed by CPT1 (Fig. 6). The specific transport of the
acyl-camitine molecule across the inter-membranous space is the function of the
acyl-camitine translocase protein. Once in the matrix side of the inner membrane,
another protein CPT2 exchanges the camitine residue of the acyl-carnitine molecule
with CoA which yields an intramitochondrial fatty acyl-CoA molecule and
regenerates carnitine. Carnitine then diffuses back to the outer membrane

(121,185). Once inside the matrix the fatty acyl-CoA molecule undergoes
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step wise degradation via B-oxidation. The importance of CPT1 activity on FFA -

utilization will be highlighted in the following sections.

1.7 Significance of Pyruvate Dehydrogenase in Fuel Selection

The PDH, occupies a unique position in skeletal muscle as it impacts fuel
utilization and lactate production. PDH, has long been thought to play a pivotal role
in fuel selection as postulated in the classical theory of metabolic regulation known
as “the glucose-fatty acid cycle”. First proposed by Randle et al (147) this theory
proposed a mechanism to explain the reciprocal relationship between glucose and
FFA utilization in vitro, in rat heart and diaphragm muscie (144,146). Briefly, this
theory suggests that muscle and whole body glucose utilization is down regulated
proportionately when FFA availability and utilization from either endogenous or
exogenous sources is increased. Conversely, elevated blood glucose, increased
uptake and utilization of CHO inhibits TAG utilization (144,146). The mechanisms
proposed to be responsible for these observations are as follows, and form the
basis of the “glucose-fatty acid cycle” (Fig. 7). Increased FFA oxidation increases
the mitochondrial acetyl-CoA/CoASH and NADH/NAD* ratios which activate PDHK
and inhibit PDHP leading to a reduction in PDH, activity and therefore pyruvate
oxidation. The increased entry of FFA derived acetyl-CoA into the TCA cycle leads
to reciprocal elevations in the citrate concentration. Citrate, in turn crosses the
mitochondrial membrane into the cytosol and inhibits PFK, resulting in increased

G-6-P and G-1-P concentrations. The increased G-6-P concentration inhibits
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hexokinase resulting in reduced glucose uptake. The increased G-1-P-

concentration results in end-product inhibition of Phos . The result of this series of
events is the reduction in intramuscular glycogen degradation, glucose uptake,
pyruvate production from glycolysis and reduced pyruvate oxidation via PDH,.
Since these early studies there has been continued controversy regarding the
existence and/or regulation of the “glucose-fatty acid cycle” in human skeletal
muscle during rest and exercise (167). Studies in humans utilizing fat feeding and
fat emulsion infusions to elevate FFA availability have found that glucose uptake
(52,66) is inhibited and muscle glycogen is spared (156,186,195) which supports
the existence of the glucose-fatty acid cycle as classically proposed. However,
these studies have not measured PDH,, the citrate or G-6-P concentrations. Other
studies have found evidence that contradicts the mechanisms suggested in the
original glucose fatty-acid cycle. Constantin-Teodosiu etal (31) demonstrated that
increases in the acetyl-CoA/CoASH ratio with high intensity exercise did not inhibit
PDH, transformation or flux. Dyck and associates (48) found that intralipid infusion
at rest and during exercise did spare muscle glycogen but without significant
changes in either the intramuscular acetyi-CoA or citrate concentrations. Peters et
al (137) examined the regulatory role of citrate on PFK catalytic activity in vitro using
purified rabbit muscle and demonstrated that citrate has little effect on PF K activity
under simulated exercise conditions. Acute increases in FFA concentration at rest
and during low intensity exercise, although successful in increasing the acetyl-CoA

concentration did not result in any differences in glucose uptake, but PDH, was
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down-regulated (130). Finally, Putman et al (142) used an acetate infusion during -

rest and exercise in humans to elevate the muscle acetyl-CoA, citrate, and
acetylcarnitine concentrations and found that under resting conditions PDH, was
decreased but during exercise these elevated metabolites failed to inhibit PDH,.
The combined data suggests that the classically proposed mechanisms of the
“glucose-fatty acid cycle” may not operate during exercise.
1.7.1 The Reverse Glucose-Fatty Acid Cycle

Recent work by Sidossis et al (162,163) has also challenged the classic
“glucose-fatty acid cycle®. The original theory states that the increased provision
of TAG impairs CHO oxidation. These authors have proposed an altemate theory
termed the * reverse glucose-fatty acid cycle” based on experimental evidence that
contradicts the classic theory. Their research suggests that it is the intraceliular
metabolism of glucose that determines FFA oxidation. The mechanisms proposed
to be responsible for this reversed cycle, is the inhibition of LCFA entry into the
mitochondria mediated by a CHO derived increase in the malonyl-CoA
concentration which inhibits CPT1. Supporting evidence comes from studies in
humans under both resting an exercise conditions. In the resting state, radio
labeled oleate, (a LCFA) and octanoate, (a medium chain fatty acid) were infused
under basal conditions and during a hyperglycermic/hyperinsulin clamp. The
plasma concentrations of glucose, insulin, labeled oleate and octanoate were
measured before and after the clamp as were the inframuscular concentrations of

the acyl-CoA and acyl-camnitine esters. Oxidation rates of glucose and FFA were
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also measured. The results demonstrate that during the clamp the LCFA-acyl--
camitine (oleate) formation and oxidation was significantly decreased from basal
conditions. In contrast, the medium chain fatty-acyl-camitine (octanoate) formation
and oxidation was unchanged from basal levels during the clamp. These resuits
suggest that it is glucose and/or insulin that regulates FFA oxidation by controlling
the rate of LCFA entry into the mitochondria under resting conditions (162,163). To
test whether the provision of glucose/insulin inhibits LCFA entry during exercise the
same protocol was used during both low (40% VO, n,,) and high (80% VO, ..
intensity exercise during basal and clamp conditions (161). The results of this study
also suggest that it is the availability of glucose (rather then FFA) that determines
substrate oxidation in humans during exercise.

The exact mechanism responsible for the inhibition of CPT1 is not clear but
is probably not related to increases in malonyl-CoA concentration, at least, in
human skeletal muscle. Odland et al (131) examined the malonyl-CoA content in
human skeletal muscle during exercise at three different power outputs and found
that the malonyl-CoA content remains relatively constant despite varying power
outputs and did not correlate with the FFA oxidation rate. Other researchers have
studied the possible role of a decrease in pH on CPT1 activity and have
demonstrated in vitro ratmuscle preparations thatCPT1is inhibited with decreases
in pH (175). Human skeletal muscle in vitro analysis has confirmed this pH
sensitivity and shown that human muscle CPT1 is much more sensitive to

decreases in pH, with complete inhibition occurring at pH; ~6.8 (174). The
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combined results of the above studies suggests that inhibition of LCFA entry into '
the mitochondria in humans is not related to the malonyl-CoA content but rather

may be mediated by a direct effect of H* on the CPT1 transporter.

1.8 Lactate Metabolism
Lactate is formed from pyruvate by the action of the near-equilibrium enzyme

lactate dehydrogenase (LDH) by the equation (37):

(9) pyruvate + NADH + H* # lactate” + NAD*

The activity of LDH is high in all muscle with the equation favoring the formation of
lactate. From this equation it is also clear that lactate formation is influenced by
changes in the H* and NAD* concentrations (41,92).
1.8.1 Proposed Mechanisms of Lactate Production

Lactate production during exercise has been attributed to the development
of tissue hypoxia which results in the acceleration of glycolysis. This “O, limitation®
.was first proposed in 1923 by Hill and Lupton (71) and still receives widespread
support today (104,188). Briefly, the theory proposes that as exercise intensity
increases oxygen delivery to the mitochondria is compromised which limits
substrate supply at cytoch;gme oxidase and leads to an increase in both cytosolic
and mitochondrial NADH and ADP concentrations. The increased ADP
concentration in turn leads to increases in the cytosolic AMP and free P,

concentrations. The combined increase in the ADP, AMP, and free P,
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concentrations accelerate glycogenolysis by increasing the catalytic activity of Phos -
and accelerates glycolysis by stimulating PFK. This combination ultimately leads
to a greatly enhanced pyruvate production that cannot be oxidized by the TCA cycle
and ETC due to the lack of oxygen availability. The excess pyruvate in the
presence of a high cytosolic NADH concentration is converted to lactate by LDH
resulting in increased lactate production. Support for this theory comes from the
observation that lactate production increases during hypoxia and decreases with
hyperoxia (105). Additionally, the examination of NADH accumulation during
normoxic, incremental exercise in humans was found to coincide with lactate
accumulation (159), but the NADH/NAD* measurements were made on whole cell
extracts which do not reflect the mitochondrial redox state (141). Various studies
have been undertaken using a variety of measurement techniques such as
myoglobin saturation (26), the glutamine dehydrogenase reaction (64,141), surface
fluorometry (89), and measurements of the oxidation state of cytochrome oxidase
(173) have all shown that the redox state increases with exercise, and the partial

pressure of oxygen (PO,) never drops below the critical PO, value of 0.1 - 0.3 Torr
(17) when the lactate concentration is increasing. Recent investigation by
Richardson et al (152) have confirmed this earlier finding. These authors examined
lactate formation during normoxia and hypoxia during single leg exercise in
conjunction with assessment of myoglobin saturation with 'H-phosphorous magnetic
resonance spectroscopy (MRS). The results demonstrated that net muscle lactate

efflux is unrelated to intracellular PO,. The contribution of the NADH concentration
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cannot be accurately assessed until a reliable method to measure the tissue -
concentrations is developed.
1.8.2 Lactate Production by Mass Action

PDH, plays a key role inintramuscular lactate accumulation as it determines
the rate of glycolytically derived pyruvate entry into the TCA cycle. Studies in
humans have shown that the maximal catalytic activity of PDH, is ~3 - 5
mmol-kg*-min"' ww (29,31,76,140,141) which is significantly lower than maximal
Phos flux which can increase up to greater than 200 mmol-kg'-min'ww with
maximal sprint exercise (21,22,135,149-151). Recent studies comparing the rates
of pyruvate production by glycolysis and pyruvate oxidation by PDH, during both
maximal intermittent exercise (135,141) and incremental cycling (76) have
demonstrated that lactate accumulation during moderate and high intensity exercise
results from the differences between the maximal rates of pyruvate production by
glycogenolysis/glycolysis and pyruvate entry into the TCA cycle via PDH,. Studies
by Timmons et al (178,179) examining the rate of entry of substrate into the TCA
cycle at the onset of exercise under ischemic conditions found that the increase in
lactate was due to the differences in the catalytic activities of Phos and PDH,.
Increasing the PDH, activity by administration of dichloroacetate (DCA) prior to
exercise significantly reduced lactate accumulation. The results of these studies
suggest that ATP regeneration by oxidative phosphorylation can be essentially

limited by acetyl-CoA delivery to the TCA and therefore flux through PDH,.
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In conclusion, based on the available data it appears that intramuscular -
lactate production results from the difference between the rate of substrate supply
by glycogenolysis and substrate entry into the oxidative pathways via PDH, and not
the result of reduced oxygen availability.

1.8.3 Lactate Transport

Intramuscular lactate accumulation reflects the rate of production by LDH and
the rate of efflux from the muscle (100), while the blood lactate concentration
represents the balance between effiux from the exercising muscle and uptake by
inactive tissue (9). Extensive work over the last several years has led to the
discovery and characterization of a lactate transporter protein. The lactate
transporter protein has been identified as a monocarboxylate carrier that co-
transports lactate and protons across the plasma membrane (14,100). Currently,
eight isoforms of the transporter protein termed monocarboxylate transporter (MCT)
have been cloned and sequenced. The tissue distribution of each isoform has also
been found to be variable. In skeletal muscile two isoforms have been found to exist
- MCT1 and MCT4 (11,139). Investigation in humans (139) and rats (194) have
revealed that the MCT1 and MCT4 isoform expression is different in the various
muscle fibre types. MCT4 is found in all fibre types but is least in the more oxidative
fibers (139,194). MCT1 expression is highestin fibers with a high oxidative capacity
and very low in white muscle that is almost entirely glycolytic (139,194). Currently,
it is not clear whether each isoform preferentially is involved in lactate extrusion or

uptake. It has been postulated that the MCT1 isoform may be involved primarily in
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the uptake of lactate to provide it as an oxidative substrate either post-exercise or -
during exercise in inactive tissue, while MCT4 may be predominately involved in
lactate efflux.

1.8.3.1 Transporter Kinetics

The majority of studies examining the kinetics of the lactate transporter have
used isolated sarcolemmal vesicles from rat (98,99,119,120,157,158,189), mouse
(97,102) and humans (101). Based on these studies the transporter has
demonstrated the following characteristics: it is saturable, has a high affinity for
L-lactate, is sensitive to changes in the lactate/H* concentration gradients, is
bidirectional,co-transports lactate/H* in a 1:1 ratio, and is competitively inhibited by
cinemates. The MCT transporter accounts for 70-80% of the lactate transport
across the physiological lactate concentration range and as such is the rate limiting
step in lactate efflux from exercising muscle (60,119,120). Diffusion of the
undissociated lactic acid does occur in the direction of the transmembrane lactate
and H* concentration gradient but accounts for less than 20% of the lactate efflux,
although higher contributions are seen with increased lactate and H* concentrations
(100).

Early work on intact muscle using pH-sensitive electrodes while varying the
perfusion medium lactate concentration with various chemical inhibitors of anion
exchange pointed to both a carrier mediated transport process and passive diffusion
(115,160). Lactate efflux was also thought to be transported by an exchange

mechanism involving bicarbonate (HCO;) due to the observation that lactate efflux
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was enhanced when the external HCO; concentration was increased (72,113). In -
an effort to clarify the exact nature of the effects of lactate, H* and HCOy
transmembrane concentration gradients on lactate efflux the isolated sarcolemmal
vesicle preparation has been used extensively. The advantage of this method is
the ability to control and/or manipulate the intra and extra vesicular medium. These
studies have revealed that the lactate transporter is extremely sensitive to changes
in the H* and lactate concentration, with the movement of both being in the direction
of the prevailing concentration gradient. The H* gradient is the dominant factor
determining the magnitude and direction of lactate transport in skeletal muscle
(9,97,99-101,119,157,189). Based on these further studies it is now generally
accepted that the enhanced lactate effiux observed with an elevated HCO;
concentration is attributable to the increase in the extracellular buffer capacity and
not a direct effect on the lactate transporter (97,100).

Based on the kinetic data a model of lactate/H* transport has been proposed
as follows (100). The carrier is loaded first by H* followed by lactate which reorients
the carrier effecting the off loading of lactate followed by H*. This model has a
number of important characteristics a) lactate and H* are co-transported in an
electrically neutral manner, b) a loaded carrier will reorient faster than and unloaded
carrier, ¢) H* binding is a prerequisite for lactate binding and d) the protonated
intermediate form of the carrier reorients slowly or not all. Based on this model it
is suggested that during exercise, the increased lactate and H* concentrations

within the muscle facilitates the efflux of both metabolites thereby contributing to the
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maintenance of pH, and muscle function. This is supported by the observation that’
recovery in stimulated muscle was delayed when lactate release and pH; recovery
were delayed with various lactate/proton transport inhibitors. Conversely, inhibition
of the Na*/H* or HCO,/H* exchanger had no effect on muscle fatigue (97).

Blood lactate concentration is a function of lactate efflux from the muscle
and uptake by inactive tissue (9,59). The same principles apply in transmembrane
flux in that both the H* and lactate concentration gradients dictate the rate of uptake
of lactate into the inactive tissue. During exercise and recovery from exercise, the
increased blood lactate and H* concentrations favor the clearance of lactate from

the plasma (59,60,100).

1.9 Summary of pH Effects on Muscle Metabolism

Hydrogen ions have negative effects on the proteins of key flux-generating
and regulatory enzymes involved in both CHO and TAG metabolism which provide
substrate for the provision of ATP. The key enzymes invoived in CHO metabolism,
Phos, PFK and PDH, have been shown to be sensitive to increases in the H'
concentration; Phos and PFK are inhibited while PDH, is stimulated. Additionally,
the HSL which is the rate-limiting enzyme responsible for adipose tissue lipolysis
has been shown to be inhibited by increases in H*. The combined change in these
enzyme activities also suggest that fuel selection and utilization may be affected by
alterations in the H* concentration. The lactate transporters MCT1 and MCT4 are

also extremely sensitive to changes in both the lactate and H* concentration
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gradients and in skeletal muscle, the increase in these two metabolites appear to-
be the only factors that can augment lactate efflux from the muscle (9). The
majority of the studies contributing to this body of knowledge have been done
utilizing in vitro preparations with only a few expanding this knowledge to human
tissue. Overall, the results illustrate that an alteration in the H* concentration has
the potential to affect fuel selection, lactate production and lactate transport and
thus influence the appearance of lactate in the blood.

Most metabolites that take part in the muscle biochemical reactions are
charged molecules. They can be influenced by the ionic status of the myocyte as
demonstrated by the presence of H* in equations 1 through 9 in the preceding
sections. In this way the reactions may both lead to changes in muscle H*
concentration (and therefore pH) and be influenced in their equilibrium state by
changes in H*. It therefore is exceedingly difficult to ascertain what is happening
within the muscle by changing the extracellular pH and to know where the effects

are localized given the number of reactions and sites where H*is involved.

1.10 Rationale for Current Research

It has been established that increases in the H* and lactate concentrations
occur within the blood and muscle compartments during moderate to high intensity
exercise. Furthermore, it has been established that changes in H* concentration
have metabolic effects by influencing the function of enzymes involved in both

metabolic and contractile processes. in the early 1900's investigations concerning
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the influence of pH on muscle found that an alteration in the extracellular pH with-
exercise also had effects on muscle function.

Numerous studies have been done both in vitro and in vivo under conditions
of both extracellular metabolic acidosis and alkalosis and have led to the following
universally demonstrated phenomenon. Acidosis reduces the appearance of lactate
in the blood and exercise performance while alkalosis has the opposite effect
(13,40,58,67,92,95,111,116,122,169,171,176,191). However, the mechanisms
responsible for these changes are not clear. it has been suggested that these
observations may be related to alterations in the muscle lactate production rate
and/or lactate efflux. Unfortunately, these suggestions have been based on blood
lactate measurements only. Only three previous studies have measured the
intramuscular lactate concentration or pH, directly by either by needle biopsy or P-
NMR techniques. These studies have demonstrated that acidosis decreases and
alkalosis increases the intramuscular lactate concentration (13,80,176). In the
study by Sutton et al (176) other intramuscular metabolites were measured and
these authors inferred that acidosis inhibited glycolysis at the level of PFK and
possibly Phos. Only one study has measured lactate efflux under conditions of an
extracellular acidosis and alkalosis and found that it was inhibited/augmented
respectively (74).

Compounding this problem is the fact that although it is clear that a change
in the extracellular pH has effects on lactate appearance in the blood and exercise

performance it is unclear to what extent the pH; is actually affected or by what
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mechanism. Only one study by Hultman et al (80) has examined the pH; following"

induction of a metabolic acidosis with NH,Cl in humans during exercise. These
authors utilized the homogenate technique on muscle biopsy samples and found
that the pH;is reduced by approximately 0.2 pH units following induction of acidosis.
This 0.2 pH unit decrease in pH, compared to control, was also maintained
throughout exercise. Unfortunately, there is a lack of evidence regarding the effects
of NaHCO, ingestion on the pH, Only one study by Hood et al (74) has measured
the pH; with P-NMR during forearm exercise following NaHCO, ingestion and found
that the pH, was not different between conditions.

Although it can be stated with certainty that extracellular acidosis/alkaldsis
has effects on exercise performance and the blood lactate appearance, it remains
unknown as to whether an extracellular acidosis/alkalosis has any effecton the pH,
the activity of key rate-limiting metabolic enzymes, lactate production or lactate
efflux. However, no human in vivo studies have been carried out to examine the
impact of extracellular pH manipulation on: the activity of the key rate-limiting
enzymes Phos, PFK and PDH,; fuel utilization; lactate production or lactate efflux.
It is therefore difficult to delineate the mechanisms responsible for the commonly
observed changes in blood lactate concentration or exercise performance.

in an effort to determine the mechanisms responsible for the universally
observed difference in the appearance of lactate in the blood with an induced
extracellular acidosis/alkalosis two human in vivo experiments were designed and

executed. The exercise protocol utilized in the two studies (chapters 2, 3) was
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steady state cycling at low, moderate and high intensity following the induction of -
either a metabolic acidosis with oral administration of NH,Cl or a metabolic alkalosis
with oral administration of NaHCO,. The steady state exercise protocol was chosen
because the majority of previous studies have utilized exercise protocols that have
resulted in differences in total work, fatigue rate and therefore differences in the
ATP tumover rate between conditions. This made it difficult to ascertain if the
results were due to the extracellular pH manipulation or simply the exercise
protocol. To prevent these problems in the interpretation of the data, the steady
state exercise protocol was chosen to keep the ATP turnover rates the same
between the placebo and acidosis or alkalosis frials. Additionally, the dosage and
administration protocol used for NH,Cl and NaHCO;, ingestion in each study, were
in accordance with the dosages previously reported to resuit in an alteration in the
extracellular pH and blood lactate concentrations.

The primary focus of the two studies was to determine the mechanisms
responsible for the altered blood lactate appearance under conditions of an
extracellular acidosis/alkalosis. Given that many in vitro studies (reviewed in the
previous sections) have demonstrated that increases in H* concentration have
effects on the rate-limiting enzymes Phos, and PDH, which are involved in CHO
and TAG metabolism the measurement of these enzymes and their regulators was
conducted using the muscle biopsy technique. In addition the accumulation of the
key glycolytic intermediates was evaluated to ascertain PFK catalytic activity and

therefore glycolytic flux. Lactate production and efflux were also measured for two
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reasons: first, lactate production can be affected by changes in the activity of the-

enzymes that produce /oxidize pyruvate (Phos and PDH, respectively) as pyruvate
is the substrate for LDH. Second, the appearance of lactate in the blood is a
function of both its production and efflux rates. Neither study was intended to
investigate the impact on exercise performance. The results of the acidosis study
are presented in chapter 2 and the results of the alkalosis study are presented in
chapter 3.

The intention of the present investigations was to extend the current
knowledge concerning the mechanisms responsible for the effects of an
extraceliular pH on the appearance of lactate in the blood in humans, in vivo, by

assessment of the arterial, femoral venous and intramuscular compartments.
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CHAPTER 2
EFFECT OF INDUCED METABOLIC ACIDOSIS ON
HUMAN SKELETAL MUSCLE METABOLISM DURING EXERCISE

(Accepted for publication in Am.J.Physiol. (Endocrinology and Metabolism))

2.1 ABSTRACT

The roles of pyruvate dehydrogenase (PDH), glycogen phosphorylase (Phos) and
their regulators in lactate (Lac) metabolism were examined during incremental
exercise following ingestion of 0.3 grams/kg of either NH,Cl (metabolic acidosis =
ACID) or CaCO; (control = CON). Subjects were studied at rest, rest post-ingestion
and during continuous steady-state cycling at three stages (15 min each): 30, 60,
75% of VO, ... Radial artery and femoral venous blood samples, leg blood flow
and biopsies of the vastus lateralis were obtained during each power output. ACID
resulted in significantly lower intramuscular [Lac] (ACID 40.8 vs CON 56.9
mmol-kg™' dw), arterial whole blood [Lac] (ACID 4.7 vs CON 6.5 mmoll') and leg
Lac efflux (ACID 3.05 vs CON 6.98 mmol-I*-min™). The reduced intramuscular
[Lac] resulted from decreases in pyruvate production due to inhibition of
glycogenolysis at the Ievél of Phos a, and phosphofructokinase (PFK), together

with an increase in the amount of pyruvate oxidized relative to the total produced.
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The reduction in Phos a activity was mediated through decreases in transformation, -

decreases in free inorganic phosphate [P], and decreases in the post-
transformational allosteric regulator free AMP. Reduced PDH activity occurred with
ACID and may have resulted from alterations in [acetyl-CoAl, [ADP, [pyruvate],
[NADH] and [H*] leading to greater relative activity of the kinase. The results
demonstrate that imposed metabolic acidosis in skeletal muscle results in
decreased Lac" production due to inhibition of glycogenolysis at the level of Phos

and increased pyruvate oxidation at PDH.

2.2 Introduction

Systemic acidosis in humans decreases lactate concentration ([Lac’)) in the
blood during exercise (22,40,44,48). Data extrapolated from animal studies have
suggested this to result from changes in the rates of glycogenolysis, glycolysis and
Lac efflux; but the mechanisms have not be elucidated (30,47,63). The reduction
in[Lac] has been attributed primarily to the influence of pH on glycolysis at the level
of phosphofructokinase (PFK) (34,37,67); but the in vivo effects of acidosis on the
regulatory enzymes glycogen phosphorylase (Phos) and pyruvate dehydrogenase
(PDH) have not been established. Phos and PDH occupy key, flux generating
control points for glycogenolysis and oxidative phosphorylation in the tricarboxylic
acid cycle (TCA) respectively, and therefore ultimately influence lactate production.
Laciate accumulatit;n results from conversion of non-oxidized pyruvate to lactate by

lactate dehydrogenase (LDH) and as such will be influenced by both pyruvate



production from glycogen and pyruvate oxidation by PDH (14,41).

In an effort to clarify the nature of the effects of acidosis on lactate production
we chose an oral dose of ammonium chloride (NH,CI) previously shown to induce
a sufficient metabolic acidosis to influence plasma [Lac] during exercise (40,66).
Continuous, dynamic steady state exercise atlow, moderate and high intensity was
chosen to follow the metabolic effects and compare fuel utilization against
previously described carbohydrate and fat contributions atthese intensities (55,56).
This is the first in vivo study in humans to examine the key regulatory enzymes and
their controllers during continuous dynamic steady state exercise under acidotic
conditions.

The aim of the present study was first, to determine the effect of metabolic
acidosis on the key regulatory enzymes Phos and PDH and their respective
controllers; second to measure the effect of metabolic acidosis on glycolytic
intermediates and muscle pyruvate production, oxidation; third to measure muscle
lactate accumulation, production and effiux; and finally, to determine if acidosis has

any effects on glucose uptake and free fatty acid (FFA) utilization during exercise.

2.3 METHODS
2.3.1 Subjects

Eight heaithy male volunteers participated in the study [age 27 + 1.9 (SE) yr;
height 185 + 3.4 cm; weight 82.7 + 3.7 kg]. Written consent was obtained from

each subject after explanation of the purposes and associated risks of the study
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protocol. The study was approved by the Ethics Committees of both McMaster .

University and McMaster University Medical Centre.
2.3.2 Pre-Experimental Protocol

All subjects completed an initial incremental maximal exercise test on a cycle
ergometer to determine VO, .., and maximal work capacity using a metabolic
measurement system (Quinton Q-Plex 2, Quinton Instruments, Seattle Washington).
Mean VO, ., for the group was 3.6 + 0.3 /min™'. None of the subjects was well
trained but all participated in some form of regular activity. Each subject was
instructed to refrain from caffeine, alcohol and exercise 24 hrs before each trial and
studies were carried out at the same time of day.
2.3.3 Experimental Protocol

Each subject participated in two experimental trials separated by 2-3 weeks
and were randomized to receive capsules with either 0.3 grams/kg of NH,ClI (ACID)
or 0.3 grams/kg of CaCO, (CON). On the moming of each trial the subjects
reported to the laboratory following consumption of a standard light meal consisting
primarily of carbohydrates. The exercise portion of the protocol consisted of three
levels of continuous, steady-state exercise on a cycle ergometer at 30, 60 and 75%
of VO, ... €ach maintained for 15 minutes, which began following insertion of arterial
and femoral venous catheters, and ingestion of the required capsules.

A radial artery was'~§atheterized with a Teflon catheter (20 gauge, 3.2 cm,
Baxter, Irvine CA) percutaneously after anaesthetizing the area with 0.5 mis of 2%

lidocaine without epinephrine (5). A femoral vein was catheterized
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percutaneously for insertion of the thermodilution catheter (model # 93-135-6F, -

Baxter, Irvine, CA) using the Seldinger technique (5) following administration of 3-4
mis of lidocaine without epinephrine. Both the arterial and femoral venous catheters
were maintained patent with sterile, non-heparinized, isotonic saline solution.
Arterial and femoral venous blood samples were simultaneously taken at rest, post-
ingestion and during each of the three exercise bouts at 7 and 11 minutes. Single
leg blood flow measurements were collected following blood sampling at the same
time points. Single leg blood flow was determined using the thermodilution
technique as described by Andersen and Saltin (1): 10 mis of non-heparinized
isotonic saline was injected and leg blood flow was calculated by a portable cardiac
output monitor (Spacelab, Redmond, VA). At least three measurements were
recorded at each sampling point and then averaged.

A total of five percutaneous needle biopsies of the vastus lateralis were
taken, one at rest, one at rest post-ingestion and three during exercise at the end
of each power output. The resting biopsies were obtained with the subject lying on
abed. The resting and exercise biopsies were obtained on opposite legs and then
reversed for the second trial. Biopsy sites were prepared by making an incision
through the deep fascia under local anaesthetic (2% lidocaine without epinephrine)
as described by Bergstrom et al (4). Respiratory measurements expired volume
(Ve), oxygen uptake (VO,), carbon dioxide production (VCO,) and respiratory
exchange ratio (RER) were measured at 5 and 11 minutes of each exercise stage.

(Figure 1).
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2.3.4 Muscle Sampling and Analysis

Muscle samples were immediately frozen in liquid N,. A small piece
(10-35 mg) was chipped from each biopsy (under liquid N,) for determination of the
fraction of PDH in the active form (PDH,) as previously described (15,56). The
remainder of the sample was freeze-dried, dissected free of blood and connective
tissue and powdered. One aliquot was analyzed for Phos activity according to the
methods of Young et al (69). Briefly, a 3-4 mg sample of muscle was homogenized
at -20°C in 0.2 mis of 100 mM of Tris/HCI (pH 7.5) containing glycerol, potassium
fluoride and EDTA. Homogenates were then diluted with 0.8 mis of the same buffer
without glycerol and homogenized further at 0°C. Total (a + b) Phos activity
(measured in the presence of 3 mM AMP) and glycogen phosphorylase in the active
a form (Phos g) (measured in the absence of added AMP) were measured at 30°C
with a spectrophotometer. Maximum velocity (v,,,) Was derived from the equation
described by Lineweaver and Burk (45), 1/V = (Ky/V e (1/S) + (1/V ), Where V is
the initial reaction rate expressed as mmol-kg*-min-'dw, S is the P, concentration in
mmol, and K, is 26.2 mmolI'. The mole fraction of Phos a is presented as a
percentage and calculated from V., a/Vpa(a+b) X 100. Phos @ measurements
were made only on exercise samples for two reasons. First, resting samples must
be kept at room temperature for ~ 30s before freezing for accuracy, which would
have required two addition;l biopsies (59). Ethically this was not acceptable for the
provision of one measurement. Second, the changes at rest and post-ingestion

were not a main focus of this study. A second aliquot was used to determine muscle
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glycogen fluorometrically using the enzymatic end-point method described by -

Bergemeyer (3). A third aliquot of dry muscle was extracted in 0.5M PCA and 1 mM
EDTA, neutralized to pH 7.0 with 2.2 M KHCO, and analysed for acetyl-CoA, free
CoASH, total CoA, acetylcamitine, free carnitine, total camitine according to the
methods of Cederblad et al (8). A fourth aliquot was used to determine ATP,
pyruvate, lactate, phosphocreatine (PCr), creatine, glucose, glucose-6-phosphate
(G-6-P), glucose-1-phosphate (G-1-P), fructose-6-phosphate (F-6-P) and glycerol-3-
phosphate (G-3-P) concentrations using the methods described by Bergmeyer, and
adapted for fluorometry (3). All muscle metabolites were normalized to the highest
total creatine content for a given individual (x TCr = 133.4 + 11.4 mmol kg™ dw) to
correct for non-muscle contamination. Free contents of ADP, and AMP; were
calculated as described by Dudley et al (20), using the reactants and equilibrium
constants of the near-equilibrium reactions catalysed by creatine kinase and
adenylate kinase. ADP,was estimated using the measured ATP, PCr and creatine
contents and an estimated [H*] (calculated indirectly from muscle [Lac] and
[pyruvate) using the regression equation of Sahlin et al (61)). From this information
the concentration of AMP, was determined assuming a K, of 1.05 for the adenylate
kinase reaction. Free P, content was calculated from the sum of the estimated
resting free [P of 10.8 mmol kg dw (20) andthe PCr- G-6-P- F-6-P- G-3-P
between rest and each tim;e point during exercise. For the purposes of ADP;, AMP,
and free P, calculations, no differences were observed between the rest and post-

ingestion values and therefore the mean of the two was taken as the resting value.
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2.3.5 Blood Sampling and Blood Analysis

Arterial and femoral venous blood samples (~10 mis) were collected into
heparinized plastic syringes and placed onice. One portion (1-2 mis) of each blood
sample was analysed for blood gas determination (AVL 995 Automatic Blood Gas
Analyser); O, and CO, content (Cameron instrument CO., Port Arkansas, TX) and
hemoglobin (OSM3 Hemoximeter, Radiometer, Copenhagen, Denmark). A second
portion of each sample was deproteinized with 6% perchloric acid (PCA) and stored
at -20°C until analysis for glucose, lactate, and glycerol according to the methods
of Bergmeyer (3) adapted for fluorometry. The third portion of blood was
immediately centrifuged at 15,900 g for 2 min and the plasma supernatant was
frozen and later analysed for free fatty acids (FFA)(Wako, NEFA C test kit, Wako
Chemical, Montreal, Canada). Hematocrit (Hct) was determined on blood samples
using a heparinized micro capillary tube centrifuged for 5 min at 15,000 g.

2.3.6 Leg Uptake and Release of Metabolites, O, CO, and RQ

Uptake and release of metabolites (glucose, glycerol, lactate) were
calculated from their whole blood measurements in arterial and femoral venous
blood and leg blood flow according to the Fick equation. Since there were
differences in the Hct over time within a condition and between matched arterial and
femoral venous samples, venous samples were corrected for fluid shifts. Fluid
shifts for the whole blood “r.neasurements were corrected using the differences in
hemoglobin (Hb) to calculate a percent change in blood volume (%aBV) from the

equation (assuming no change in intravascular hemoglobin) (29):
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9BV = [(Hbpee/Hb\encws)- 11 X 100

This value was then multiplied by the measured venous value to yield a corrected
value which was used in determining flux for that metabolite. Plasma FFA venous
values were also corrected using changes in plasma [protein] to correct for changes
in plasma water (29). The leg O,uptake and CO, production were caiculated from
their respective arterial and femoral venous content differences and blood flow.

Subjects exercised in steady state, and no significant differences occurred
in blood flows or metabolite concentrations between the 7 and the 11 minute
sampling points at each power output and therefore the two values were averaged
to obtain one value for each power output. Reported values are for the single leg
only.
2.3.7 Calcuilations

Flux through Phos was calculated from the differences in glycogen utilization
divided by time. PDH, flux was estimated from the PDH, as measured in wet tissue
and converted to dry tissue using the wet/dry ratio. Pyruvate production was
calculated from the sum of the rates of glycogen breakdown and glucose uptake
minus the sum of the rates of accumulation of muscle glucose, G-6-P, and F-6-P.
Lactate production was calculated from the sum of the rates of muscle lactate
accumulation and lactate release. Pyruvate oxidation was calculated as pyruvate
production minus lactate ;;r-oduction. All values are reported in mmol-kg™-min”' dw
and are for single leg only. All values were calculated in three carbon units and

assume a wet muscle mass of 5 kg.
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intramuscular pH (pH) was calculated from the [Lac] and [pyruvate]-

according to the methods of Harris et al (28). However, Hultman et al (35) found
that calculated pH, is 0.2 pH units more than measured pH; with ingestion of the
same dose of NH,Cl that we used. Therefore, our estimated values from the [Lac]
and [pyruvate] were calculated and then reduced by 0.2 pH units.
2.3.8 Statistical Analysis

Data was analyzed using two-way ANOVA with repeated measures (Time x
Treatment) except were otherwise stated. When a significant F ratio was found the
Newman-Keuls post hoc test was used to compare means. Data are presented as

means + SE. Significance was accepted at p <0.05.

2.4 Results
2.4.1 Muscle Metabolism.
2.4.1.1 Glycogen Phosphorylase

Phos a decreased as exercise intensity increased in both conditions. At 75%
VO, .. Phos a was significantly lower during ACID (ACID 21.6 + 4.5 vs CON 29.8
+ 5.9 mmol-kg*min’' dw)(Fig. 2).
2.4.1.2 Glycogen

Resting and post-ingestion muscle glycogen levels were not different
between conditions (Table 1). Muscle glycogen content decreased with increasing
power output but to a significantly greater degree with CON (Table 1). During the

complete exercise study, total muscle glycogen utilization was
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327 + 22 mmol-kg'dw during CON compared to 229 + 34 mmol-kg'dw with ACID. .

This corresponded to a 30% sparing of glycogen during ACID. Muscle glycogen
utilization at each power output was similar between conditions at 30% VO, ,, but
was significantly lower at both 60 (75 + 20 vs 113 + 7 mmol-kg'dw) and 75%
VO, o (103 + 16 vs 157 + 18 mmol-kg" dw) during ACID compared to CON
respectively (Fig. 3).
2.4.1.3 Glucose, G-6-P, F-6-P, G-1-P and G-3-P

Intramuscular accumulation of glucose increased with each power output
similarly between conditions (Table 1). Intramuscular {G-6-P]and [F-6-Plincreased
with exercise and were significantly higher with ACID at all three power outputs
(Table 1). Muscle [G-1-P] and [G-3-P] were similar between conditions, increasing
with each power output (Table 1).
2.4.1.4 Lactate and Pyruvate

Muscle [Lac] increased with increasing power output but was significantly
lower with ACID at both 60 (ACID 20.5 +4.2 vs CON 34.6 + 7.0 mmol-kg'dw) and
75% VO, pex (ACID 40.8 + 7.4 vs CON 56.9 + 8.6 mmol-kg'dw) (Fig. 4). Similarly,
muscle [pyruvate] was significantly lower with ACID during 75% VO max
(ACID 0.44 + 0.05 vs CON 0.69 + 0.09 mmol-kg'dw) compared to CON (Fig. 4).
2.4.1.5 Pyruvate Dehydrogenase Activity

Resting PDH, (A(£ID 0.79 + 0.13 vs CON 0.68 + 0.19 mmol-kg™*-min™' ww)
and post-ingestion (ACID0.79 +0.12vs CON0.78 + 0.24 mmol-kg'-min" ww) PDH,

levels were not different between conditions (Fig. 5). PDH, levels increased
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progressively with cycling but were significantly lower at 30 (2.35 + 0.34 vs 2.94 + -

0.33), 60 (3.29 + 0.27 vs 3.96 + 0.34) and 75% VO, s, (3.91 £ 0.15vs 4.77 £ 0.10)
during ACID compared to CON respectively (Fig. 5).
2.4.1.6 CoA, Carnitine, and Acetylated Forms

Total muscle CoA was not different between conditions at rest or during
exercise (Table 2). [Acetyl-CoA] increased with power output with ACID, these
increases with exercise being significantly higher when compared to matched time
points during CON (Table 2). In addition, the resting post-ingestion [acetyl-CoA]
was significantly higher with acidosis (Table 2). Free CoASH declined equally
between conditions with exercise intensity (Table 2). Acetylcamitine followed a
similar pattemn to acetyl-CoA and did not differ between conditions (Table 2).
Muscle total carnitine content increased significantly from rest to 76% VO, to the
same degree in each condition while free camitine decreased in a reciprocal
manner with increasing power output. There were no differences between
conditions for either total or free carnitine contents (Table 2).
2.4.1.7 ATP, ADP, AMP, Free P, and Phosphocreatine

Muscle [ATP] was unaltered by exercise or as a result of acidosis. Muscle
[ADP,] and [AMP}] increased with each power output but both were significantly
lower with ACID at 76% VO, ., (Table 3). The free [P]] increased with power output
equally between conditioﬁs. PCr concentrations decreased with increasing power

output similarly between conditions (Table 3).
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2.4.1.8 Pyruvate production, oxidation and Lactate production and oxidation -

Pyruvate production increased with each power output but was significantly
lower at each power output during ACID. Pyruvate oxidation increased as power
output increased but was significantly lower with ACID. Relative pyruvate oxidation
expressed as the percentage of pyruvate produced that was oxidized was similar
between conditions at 30% but was significantly higher at both 60 and 75% VO, ,,
during ACID (Table 4). Lactate production was also significantly lower with ACID
at all exercise time points (Table 4).

2.4.2 Blood Metabolites, Blood Flow and Exchange Across the Leg
2.4.2.1 Blood pH, PCO, and HCOy

Arterial pH, PCO,, HCO;, {Fig. 6) venous pH, and HCO;" (Table 5) were all
significantly lower with ACID compared to CON at rest post-ingestion and each of
the three power outputs.
2.4.2.2 Blood Lactate and Flux

Arterial [Lac] increased progressively with power output but was lower at
both 60 and 75% VO, s With ACID (Table 5). Net release of Lac" across the leg
increased with power output but was significantly lower at both 60 and 75%

VO, ... With ACID (Fig. 7).
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2.4.2.3 Blood FFA and Glycerol

Arterial plasma [FFA] declined progressively with power output was
significantly lower during ACID compared to CON at post-ingestion, 30 and 60%
VO, .. (Table 5). FFA uptake occurred across the leg during CON and increased
progressively with each power output. However, during ACID at 30 and 75%

VO, ..« @ Net release occurred while at 60% VO, ,,, a net uptake occurred which
was significantly lower than CON (Fig. 8). Arterial [glycerol] increased with each
power output but this increase was significantly lower with ACID (Table 5). During
CON glycerol release occurred across the leg at 30% VO, ., while at 60 and 75%
VO, .« and uptake across the leg was observed. However, during ACID a net
release across the leg occurred at all three power output (Fig. 8).

2.4.2.4 Leg Blood Flow and Leg RQ

Leg blood flow increased progressively from rest to 60% VO, ,,, similarly
between conditions. However, at 75% VO, leg blood flow was significantly lower
with ACID (Table 6). Leg O, uptake was not different between conditions, however,
leg CO, production was significantly higher during all three power outputs with ACID
(Table 6). Similarly, leg RQ was significantly higher during rest post-ingestion and
all three power outputs with ACID compared to CON (Table 6).
2.4.2.5 Blood Glucose and Flux

Arterial [glucose] (T: ;ble 5) and leg glucose uptake (Fig. 7) were similar at all

power outputs between conditions.
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2.4.3 Respiratory Gas Exchange Variables

Whole body VO, increased similarly between conditions with each power
output (Table 7). Whole body VCO, was significantly lower during 60 (2.47 + 0.12
vs 2.57 + 0.14 IFmin™") and 75% (3.29 + 0.15 vs 3.40 + 0.17 Imin™") VO, e, in ACID
compared to CON, respectively. RER was also significantly lower during ACID at
75% VO, .., (Table 7). V¢ was significantly higher during ACID compared to CON

at each exercise intensities (Table 7).
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TABLE 1 - Muscle glycogen and glycolytic intermediate content in vastus lateralis at rest, post -ingestion and

during cycle ergometry at 30%, 60% and 75% VO:zmax after either CONTROL or ACID

— MEASURE V02 uax
____(mmolekg! dw) TRIAL Rest Post-ingestion 30 % 60 % 75%
Glycogen CON 45891360  479.2141.7 407.6+41.2% 2949+ 41.6* 147.8 + 26.7*
ACID 4998+ 239  504.7+20.3 460.0+11.8 384.21+19.9%t 260.8 + 35.6*t
G-6-P CON  0.83+0.14 0.87£0.17 2.22 + 0.34* 282+0.35% 2.921+0.43*
ACID 1.08%0.11 0.92+£0.12 2.5410.40%t  3.50 £ 0.40%t 3.37 £ 0.31%t
G-1-P CON  0.10+0.02 0.14 £ 0.05 0.17 £ 0.04 0.2510.05%  0.22 £ 0.03*
ACciD 0.1410.03 0.09 £ 0.02 0.18 £ 0.04 0.23+0.06*  0.30 £ 0.06*
F-6-P CON 0.17£0.01 0.18 £0.02 0.32+0.05*  0.4110.06%  0.43 £ 0.04*
ACID 0.20%0.03 0.22 + 0.05 0.41+£0.07%t  0.51 £0.07*t 0.54 + 0.04*t
Glucose CON 1.55+0.27 1.89+0.29 2.9410.55 6.00+ 0.99* 10.52 1 1.42%
ACID 1.8610.66 2.9510.71 3331041 7.25£1.41*  10.3411.20%
G-3-P CON  0.56 +0.08 0.68 £ 0.09 0.78 £ 0.09 285+091*%  4.311+1.20%
ACID  0.7710.10 0.59 £ 0.07 0.93+0.18 3.00+081* 4.291 1.10*

Data are means + SE; n= 8.

1 Significantly different from matched times between conditions.

* Significantly different from rest of same condition.
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TABLE 2 - Muscle acetyl group content in vastus lateralis at rest, post -ingestion and during

cycle ergometry at 30%, 60% and 75% VO2amax after either CONTROL or ACID

= MEASURE V02 max
____(mmolekg™! dw) TRIAL Rest Post-ingestion 30 % 60 % 75%
Free CoA, umolkg dw CON 108.6114.2 103.3+£9.9 98.5+11.3 88.5+11.3* 93.2+11.8*
ACID 10931110 96.9 £ 13.2 99.1+7.0 98.1+ 8.6* 95.0 + 8.0%
Acetyl CoA CON 6.7+0.8 73108 11.310.9* 17.9 1 1.0% 23.7t1.2*
ACID 81104 9.0 £ 0.6t 12.2 1 1.1%¢+ 19.712.3%t 2431 1.4*%
Total CoA, umol/kg dw CON 11531147 110.5+ 10.4 109.8 £11.6 106.4 £ 11.9 116.9 £ 12.0
ACID 117.4110.7 1059 +£13.6 111.217.1 117.841 8.9 119.319.1
Acetyl CoA:CoA CON 0.06 0.07 0.11 0.20 0.25
ACID 0.07 0.09 0.12 0.20 0.26
Acetlycarnitine CON 1.6310.29 2.13+0.46 7.13 £ 0.99* 150+ 1.6* 19.411.9%
ACID 1.9210.54 2.8510.76 7.07 £1.23* 15.9 + 2.3* 17.7 £ 1.4%
Total Carnitine CON 23.212.1 226115 248+24 245125 .25.7 £ 2.6*
ACID 245%21 242126 25.2+2.3 255t 1.5 25.7+ 1.9%
Free Carnitine CON  20.5%1.7 1961 1.1 16.5 £ 1.5* 8.210.8* 5.7 1 0.8*
ACID  21.1%1.2 20.2%2.2 15.5 £ 0.8% 9.0+ 1.1% 6.3+ 0.7%

Data are means + SE; n= 8.

t Significantly different from matched times between conditions.

* Significantly different from rest of same condition.
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TABLE 3 - Muscle high energy phosphate content in vastus lateralis at rest, post -ingestion and during

cycle ergometry at 30%, 60% and 75% VO zmax after either CONTROL or ACID

= MEASURE V82 max
(mmolekg! dw) TRIAL Rest Post-Ingestion 30 % 60 % 75%
ATP CON 25308 25.6+0.5 26.010.7 26.1£0.7 245%05
ACID 24904 25.1+£0.7 25.7+0.3 24909 25.1+1.0
ADP¢ (umolekg™ dw ) CON 142.6%15.1 ---- 15341181 27221 451*% 543.0+90.3*
ACID 12981157 ---e 152.1+24.1 240.2 £ 50.4% 386.4 £ 60.1%t
AMP; (umolekg™! dw) CoN 0.82+0.17 —e-- 0.95 + 0.22 334+1.38 1344+ 391%
AciD 0.72%0.16 ——-e 0.98 + 0.31 289+098  6.6411.66%F
Free P, CON 10.8 -e-- 23.0+3.7 47.7+£5.5%  68.13+7.37%
ACID 10.8 -ee- 23.2£5.1* 49.8 £ 7.0% 66.6 + 4.9%
Creatine Phosphate CON 87.4+45 85.5+6.0 725+ 7.0% 45.0 £ 5.2#% 23.0 £5.5*
ACID 83.7%5.2 89.9+4.2 72.4 £ 6.6* 42,6 + 8.8*% 2481 5.2#%
pHi CON 7.21£0.0 721+£0.0 7.04 £ 0.0* 6.91+0.03*  6.82+0.04*
ACID 7.21£0.0 7.21+0.0 7.04 £ 0.0* 6.72+£0.03*  6.62 + 0.04%t

Data are means + SE; n=8.

t Significantly different from matched times between conditions.

* Significantly different from rest of same condition.
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TABLE 4 - Muscle pyruvate production, oxidation, and lactate production at 30%, 60%

and 75% VO2 max after either CONTROL or ACID. Values are for single leg only.

—  MEASURE VO:2 max
(mmolekg min'dw)  TRIAL 30 % 60 % 75%

Pyruvate production CON 11871191 19.8811.40%¢  26.10 1 2.49%*
ACID 6.3411.06t 14.2412.55%%t 19.58 £ 1.74%*t

Lactate production CON 1711067  5.88+1.19%* 8.97 £ 1.75%*
ACID 0711030t 3.1210.89%*t  4.68 + 0.88%*¢

Pyruvate oxidation CON 10.12+1.89  13.99 % 1.30%* 18.99 1 2.22%*
ACID 56311211t 9.4311.64%t 14.90 % 2.15%*¢

% Pyruvate Oxidized CON 831 0.07 71+0.05 68+ 0.04
ACID 85 £ 0.08 85+ 0.03t 80+ 0.03t

Data are means t SE; n= 8.

** Significantly different from first workload of same condition.

t Significantly different from matched times between conditions.
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TABLE 5 - Arterial concentration of blood born substrates during rest, post-ingestion and

cycle ergometry at 30%, 60% and 75% VO2 max after either CONTROL or ACID

— MEASURE V02 max
_ (mmolel-) TRIAL  Rest Post-Ingestion 30 % 60 % 75%
Glucose CON 5.4610.35 4.87+0.11 5.08 + 0.06 49910.18 4.71 £ 0.27*
ACID 5.1610.08 4.9510.08 5.28£0.21 5.1810.19 4.84 + 0.28*
Lactate CON  0.750.06 0.57 £0.06 1.36 + 0.28* 3.58+0.47*  6.51+0.60*
ACID 0.8710.13 0.4 1 0.06 0.8310.20 248+ 0.48*F 4.74 £ 0.72%
Glycerol, umolel? CON  24.0%3.7 53.1111.3* 72.2 £ 16.6* 95.1 £18.8%* 120.2 + 20.4*
ACID 267133 354£3.9 48.8 + 6.9%¢ 71.£11.7% 903+ 13.1%t
Plasma FFA CON  0.3510.07 0.73 £ 0.13* 0.64 £ 0.13* 0.54+0.06%  0.49 £ 0.06*
ACID 0.32+0.05 0.55 £ 0.07*t 0.44 + 0.06+ 0.41 + 0.05¢ 0.39 £ 0.03
Venous pH CON  7.3710.01 7.37+£0.01 7.3110.01* 7.26+£0.01*  7.22+0.01*
ACID 7.3710.01 7.21 £ 0.01*t 7.1310.01*t  7.1010.01%t  7.06 + 0.02%¢
Venous HCO3" (mEq/L) CON 264105 26.11£0.5 27.7 £ 0.5* 26.810.6 24.4 £ 0.6*%
ACID  27.5%0.7 15.7 £ 1.0%¢ 17.6 = 0.6*t 17.9 + 0.3*%t 16.8 £ 0.3*t

Data are means t SE; n= 8.

t Significantly different from matched times between conditions.

* Significantly different from rest of same condition.
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TABLE 6 - Leg blood flow, RQ, CO 2 Production, and O 2 Uptake at rest, post-ingestion

and during cycle ergometry at 30%, 60% and 75% VO 2max after either CONTROL or ACID

= MEASURE VO2max
(values are for single leg) TRIAL Rest Post-Ingestion 30 % 60 % 75%

Blood Flow (lemin-') CON 0.3710.05 0.48 £ 0.06 3.37+£0.16* 4.44 % 0.14* 5.09+£0.15*
ACID 0.4 £0.04 0.41 £ 0.04 3.36+£0.14% 4301+0.18% 4,79 +0.17*%t

RQ CON 0.5910.09 0.6310.10 0.87 £ 0.06* 1.03 £ 0.05% 1.12 £ 0.04*
ACID 0.61+0.07 0.94 £ 0.19*¢ 1.10£0.10%t 1.24+0.07*t 1.37 £ 0.07*t

CO2 Production (missi ') CON 33658 36.2+5.6 92.1+4.3* 134.2 £ 5.4* 153.2 £ 2.4%
ACID 36.7+£35 48.2 £ 6.2t 111.2 £ 4.8%¢ 147.3 £ 3.8%¥F 169.8 +4.1%t

O2 Uptake (misel 1) CON 60.5+6.6 588+54 108.3 £ 7.8% 131.2+7.1% 137.4 £ 4.2%
ACID 624155 56.7+ 7.1 104.5 £ 8.7* 120.2 £ 5.5* 125.6 £ 5.4%

Data are means + SE; n= 8.

t Significantly different from matched times between conditions.

* Significantly different from rest of same condition.
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TABLE 7 - Respiratory variables during cycle ergometry at

30%, 60% and 75% VO: max after either CONTROL or ACID

— MEASURE V02 max
(lsmin-') TRIAL _ 30% 60% 75%

Ve CON 36.44%381 66.19%539%  96.45+ 8.63%
ACID 43.73%3.28t 77.47+5.29%%t 112.8717.51%*¢

RER CON 098+0.03  1.06+0.02%  1.11:+0.02%*
ACID 0983002  1.04+0.03%*  1.04+0.03%*t

VO, CON 147012  245%0.15%  3.0910.17+*
ACID 1431007  239+0.14%  2.9910.29%

VCO2 CON 142011  257+0.14%  3.40£0.17

ACID 1.4010.06 2.47+0.12%%t  3.29 + 0.15%*¢

Data are means + SE; n= 8. * Significantly different from 30% of same condition.

t Significantly different from matched times between conditions.
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2.5 Discussion

The present study examined the effects of acidosis on the metabolic
responses in exercising muscle during continuous dynamic exercise for three power
outputs - 30, 60, 75% VO, ... The main effects of induced acidosis during exercise
included: a reduction in intramuscular lactate accumulation due to reduced lactate
production; reduced lactate efflux from the exercising leg; and a greater reduction
in Phos a than PDH,.

Lactate production within the muscle is dependent on the balance between
the rates of pyruvate production and oxidation. intramuscular lactate is formed from
pyruvate by the action of the near equilibrium enzyme LDH (50). Pyruvate is the
end product of glycolysis from glycogen degradation and glucose uptake . Pyruvate
is oxidized via the TCA cycle and the electron transport chain after being converted
to acetyl-CoA by PDH,. Lactate production was reduced by 46% during the second
power output and 48% in the third with ACID (Table 4). Not only was less Lac
produced at beth of these intensities, but the amount of pyruvate oxidized relative
to that produced was significantly higher with ACID, resulting in a 14% increase
during the second power output and 12% with the third (Table 4). These changes
resulted from the effect of acidosis on the rate limiting enzymes Phos, PFK and
PDH. The main control pgints for glycogenolysis/glycolysis involve Phos and PFK

respectively, while entry into the oxidative pathways is controlled by PDH.
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2.5.1 Regulation of Glycogen Phosphorylase

Phos is the fiux generating enzyme responsible for glycogen degradation
within skeletal muscle and is subject to both covalent and allosteric regulation.
Phos a is considered the active form, active in the absence of AMP, while Phos b,
the less active form, requires AMP, (10). Covalent Phos b to a transformation is
mediated by phosphorylase kinase a which is activated by either an increase in
cytosolic [Ca?*] or epinephrine (60). Post-transformation allosteric regulation of
Phos b, by the activators AMP, IMP, P; and the inhibititors ATP and G-6-P, is also
important (14).

ACID had a transformational effect, significantly reducing Phos a at the
highest power output, resulting in a 34% reduction in muscle glycogen utilization.
The reduction in Phos g transformation presumably resulted from the direct
inhibition of phosphorylase kinase a by H*, which has been previously
demonstrated in intensely exercising muscle when the pH; ~6.6, the same value
estimated in the present study with ACID (9). In addition, the reduced availability
of the substrate (HPO,?) for Phos may have played a role (42), as the proportion
of free P, in the HPO,Z form falls by 30% as the pH fall from 7 to 6.5 (10).

AMP and IMP have been shown to stimulate Phos a (2,60) and Phos b (2,10)
through post-transformational regulation . AMP acts on Phos a by reducing the K,
for P, from 26.2 mM to 11.8 mM in the presence of 0.01 mM AMP (2,60). AMP act
on Phos b in a similar manner but with a higher K. In the present study AMP

accumulation was blunted with ACID, falling well below the 0.01 mM required for
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activation. In supportofthe close relationship between Phos activity, glycogenolytic -

flux and [AMP], other studies utilizing caffeine ingestion (12) increased FFA
availability (21,51) and short-term training (11) have demonstrated glycogen sparing
during exercise, associated with blunted AMP, accumulation. The reduction in
[AMP] combined with the reduced availability of free P, would prevent or reduce
allosteric activation of Phos 2 and Phos b. IMP activates PhosbataK,, of 1.2 mM
(2). IMP was not measured in the present study but has been shown previously to
increase with exercise and acidosis (10,19), which may have activated Phos b,
thereby contributing to the maintenance of glycogenotytic flux.

G-6-P inhibits Phos b through end product inhibition, at concentrations of
0.3 mM and above (14). The [G-6-P] values with ACID, were above this value and
therefore may have inhibited Phos at the higher power outputs. The G-6-P
concentration was highest at the end of the second power output and then
decreased by the end of the third power output. The elevated values at the end of
the second power output may have inhibited Phos b thereby further reducing
glycogenolytic flux and accounting for the lower [G-6-P] seen at the end of the third
power output. This is confirmed by the simultaneous glycogen sparing that
occurred. Previous investigation has alluded to this reduced glycolytic flux from
inhibition before G-1-P with acidosis (66).
2.5.2 Regulation of Phosphofructokinase (PFK)

PFK is a non-equilibrium enzyme that converts F-6-P to fructose-1, 6-

bisphosphate with consumption of ATP (50) with the relative activity being reflected
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by changes in [F-6-P}, and [G-6-P] with which it is in equilibrium. Increases in [H*].

have been shown to affect the kinetic and structural organization of PFK which
ultimately results in increased affinity of the ATP binding site and reduced affinity
of the F-6-P binding site (6,18,67). The magnitude of pH inhibition can be partially
overcome by increases in the [F-6-P] only to a pH of 6.5; a value achieved with
intense exercise (37). Previous human exhaustive exercise protocols have seen
similar changes reflecting reductions in PFK activity with reduced pH;(39,64). This
increase in [F-6-P] although necessary to maintain partial enzyme activity, results
in a reciprocal rise in the [G-6-P] which inhibits Phos and therefore reduces
substrate supply. The results of the present study support this explanation. ACID
resulted in a lower pH,, higher [F-6-P}, and higher [G-6-P] compared to CON (Table
1). This, together with the pattern of reduced [G-6-P] after the second power output
with ACID reflects both a progressive increase in PFK inhibition, and the reciprocal
inhibition of Phos flux and substrate supply that results when [F-6-P] increase to
maintain flux through PFK. This reduced substrate supply and glycogenolytic flux
is further evidenced by the glycogen sparing that occurred during the third power
output.

The combined results demonstrate reduced glycogenolytic and glycolytic flux
due to acidotic inhibition of both Phos and PFK, resulting in the observed decrease

in pyruvate production (Table 4).
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2.5.3 Regulation of Pyruvate Dehydrogenase

PDH, is a mitochondrial enzyme that catalyses the decarboxylation of
glycolytically derived pyruvate to acetyl-CoA for entry into the TCA cycle and
therefore reflects the rate of entry of carbohydrate into the oxidative pathways. PDH
transformation between the active PDH, and inactive PDH, forms is regulated by
the balance between PDH kinase (PDHK) (deactivating) and PDH phosphate
(PDHP) (activating) (58,68). The relative phosphatase/kinase activity is controlled
by the mitochondrial acetyl-CoA/CoASH, ATP/ADP, NADH/NAD" ratios and the
allosteric regulators Ca®*, pyruvate and H* (56,58,68).
2.5.3.1 Acetyl-CoA/CoASH Ratio

ACID significantly elevated the [acetyl-CoA] at rest and throughout exercise,
probably reflecting an increased utilization of intramuscular triacylglyerides (TAG)
(Table 2, 5). It appears in the present study that intramuscular TAG was used
rather than adipose tissue TAG as evidenced by the reduced arterial [FFA],
[glycerol], and marked efflux from the exercising leg with increasing power output.
Previous studies have demonstrated that acidosis impairs adipose tissue lipolysis
by inhibiting the cAMP dependant activation of the hormone sensitive lipase
(HSL)(23,36,40). Activation of the HSL is the rate limiting and flux generating step
of TAG mobilization from aqipose tissue. However, the rate of plasma FFA release
is a poor estimate of lipolysis since the endothelial lining of the capillaries contains
lipoprotein lipases; glycerol release provides a better estimate of lipolysis since

adipose tissue lacks glycerol kinase (16). Precise regulation of intramuscular
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lipolysis is not known but is thought to involve a HSL that is activated by a cAMP .

cascade and is sensitive to pH (25,52). Intramuscular lipolysis has been shown to
occur during intense exercise in isolated muscle preparations (62,63) when the [H*]
isincreased. Also, in exercising humans Jones et al (38) studied FFA turnover and
found simultaneous increases in plasma [glycerol] with decreases in FFA turnover
indicating intramuscular TAG utilization when FFA release from adipose tissue is
significantly reduced. All of the above studies support our present findings of
increased intramuscular TAG hydrolysis. Interestingly, the acetyl-CoA/CoASH ratio
did not differ between conditions. Because acetyl-CoA stimulates PDHK while
CoASH stimulates PDHP, with the net PDH, resulting from both effects, it is
possible that the increased [acetyl-CoA] has the dominating effect on PDH, acting
through increased kinase activity (68).
2.5.3.2 ATP/ADP Ratio

This ratio affects PDHK only since ATP is the substrate for the reaction and
therefore competes with its product ADP which inhibits catalytic activity (68). The
[ATP] did not change with exercise nor was it different between conditions.
However, the [ADP,] was significantly lower with ACID during 75% VO,
(Table 3). The ATP/ADP ratio declined with power output but to a lesser extent with
ACID, which could have resulted in greater PDHK activity and therefore contributed

to the lower PDH, observed with ACID.
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2.5.3.3 NADH/NAD" Ratio

The NADH/NAD* ratio was not measured in the present study. Previous
studies utilizing indirect techniques have shown that the redox state and
NADH/NAD* ratios decline with high intensity exercise indicating a more oxidized
state (13,27,65). Based on these studies, the NADH/NAD* ratio should be
declining, leading to an increase in PDH,. However, in the present study, PDH,
was lower with ACID. it seems likely that changes in the NADH/NAD?® ratio may
have played only a minor role, compared to the effects of the other regulators,
including Ca?*, and pyruvate as previously suggested during high intensity exercise
in humans (56). In addition, the increased utilization of intramuscular TAG with
ACID, may have sufficiently increased the [NADH] resulting in greater activation of
the kinase and subsequently a lower PDH, (55).
2.5.3.4 Pyruvate

The [pyruvate] increases with exercise were lower with ACID; and although
the [pyruvate] increased up to 60% VO, ., it then declined by the end of the third
power output (Fig. 4). Pyruvate acts directly on the kinase to inhibit activity and thus
maintain PDH, activity. In the present study, with ACID, the [pyruvate] was well
below the K; (0.5-2.0 mM) for PDHK and could have contributed to the reduced
PDH, (46). The importapce of [pyruvate] on PDH, has been demonstrated in
human, diet manipulation studies (54,57). Total pyruvate production was lower with
ACID compared to CON and resulted from decreases in glycogenolysis and

glycolysis. The total amount of pyruvate oxidized was also lower with ACID but
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exactly matched the ~4 mmol-kg™-min"'-dw reduction in PDH, compared to CON -

(Table 4, Fig 5). Despite lower PDH,, the proportion of pyruvate oxidized was higher
with ACID during both 60 and 75% VO, ., compared to CON (Table 4). The
reduction in intramuscular [pyruvate] with ACID from the second to third power
output likely resulted from a marked inhibition in glycogenolysis/glycolysis with
decreased pyruvate production due to the severe acidosis and an increase in
pyruvate oxidation as PDH, increased with the power output. These combined
results suggest a better match between glycogenolytic flux and flux through PDH,
with subsequently lower pyruvate accumulation as also shown in previous studies
(32,56). Thus acidosis results in relatively lower PDH inhibition (18%, Fig. 5) than
Phos inhibition (27%, Fig. 2) at 75% VO, ne-
2.5.3.5 Hydrogen ions and Calcium

Increases in the [Ca?*] have been shown to increase PDH, transformation by
activating PDHP and inhibiting PDHK. Mitochondrial estimates of [Ca*?] have been
confirmed to be within the physiological range of calcium to cause half maximal
activation (0.2-0.3 uM) (17). The [Ca*] should have been similar between
conditions since subjects exercised at the same intensities in both trials.

Hydrogen ion has been shown to activate PDH, in acidotic perfused rat
hearts (53) and has been ?ttributed to the differences in pH optimum of PDHK and
PDHP. PDHK has a pH optimum of 7.0 - 7.2, with increased inhibition as pH falls
while PDHP has a pH optimum of 6.7 - 7.1 (33). Based on these data our original

hypothesis was that, like the heart, metabolic acidosis would increase PDH,.
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However, the results of the present study indicate that PDH, is lower during ACID -

with each of the three power outputs. This can be explained by the influence of
acetyl-CoA, ADP, pyruvate and possibly NADH that cumulatively resulted in greater
activation of PDHK leading to a reduced PDH, transformation. The [H*] may have
had an effect but was overridden or masked by the other covalent modifiers.
2.5.4 Lactate Metabolism

intramuscular lactate accumulation reflects the balance between the rates
of lactate production and efflux from the muscle (24,41). The results of previous
studies employing both metabolic acidosis (31,40,48,63,66) and respiratory acidosis
(22,26,63) were similar to the present data, in showing elevated [F-6-P], inferring
PFK inhibition; glycogen sparing; and reductions in both intramuscular and plasma
[Lac’] when compared to control conditions. Respiratory acidosis has less of an
overall effect on these parameters compared to metabolic acidosis possibly due to
the enhanced catecholamine release accompanying hypercapnia (22). However,
none of these studies was able to elucidate the mechanisms'responsible for these
universally observed changes accompanying acidosis.

The mechanisms responsible for lactate production by muscle have been
controversial; conventionally lactate production has been attributed to O, limitation
at the mitochondria (24,{?_:). However, in the present stqdy, the differences in
lactate accumulation between conditions clearly did not result from an O, limitation
at the mitochondria since leg O, uptake was similar, despite a reduction in blood

fiow with ACID during the highest power output (Table 6). Oxygen delivery was
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maintained with ACID due to a pH mediated rightward shift of the oxyhaemoglobin -

dissociation curve, augmenting oxygen availability to the working muscle (34).
2.5.5 Lactate Transport

intramuscular lactate accumulation is also a function of the rate of efflux from
the muscle (41). ACID significantly reduced both arterial whole blood [Lac] and
efflux from the leg during 60 and 75% VO, ... Blood[Lac] represents the balance
of lactate entry from muscle and uptake by inactive tissue (7). The present results
during ACID may be explained by both an impairment of the lactate transport out
of the exercising leg and enhanced uptake by non-exercising tissue.

Lactate transport across the sarcolemma occurs via a monocarboxylate
lactate-proton co-transport protein, and as such is the rate limiting step in lactate
efflux. Diffusion of lactate in the undissociated form of lactic acid in the direction of
the trans-membrane [Lac] and [H*] occurs, but accounts for only 20% of lactate
efflux, although higher contributions are seen with higher lactate and H*
concentrations. The monocarboxylate carrier accounts for 70-80% of lactate
transport across the physiological range of [Lac] (41,49). Kinetic studies of the
transporter using sarcolemmal vesicles have shown it to have a high affinity for
L-lactate, to be sensitive to changes in [Lac], and [H*] gradient, and to co-transport
lactate and H* in a 1:1 ratio (41). In the present study with ACID there was a
decrease in the intramuscular [Lac] and a decrease in the femoral venous [Lac]
suggesting that the lower lactate effiux resulted from the reduced [Lac] gradient.

However, the magnitude of the reduced lactate efflux was greater than the
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reduction in intramuscular [Lac’] (56% vs 28% respectively) suggesting a role for the -

transporter. The altered [H*] gradient with ACID may have affected H* binding and
off-loading and therefore transport (41). In addition, the elevated [H*] within the
muscle is expected to increase the proportion of HLactate and thereby reduce the
availability of Lac to the transporter. ACID also induced a reduction in extracellular
[HCO,] which may have contributed to the reduced lactate effiux from the muscle.
Investigators examining lactate efflux under varied external [HCO;] in isolated
muscle preparations have found reduced lactate efflux with low external [HCO;]
(30,47,63). In addition, studies comparing metabolic and respiratory acidosis in
exercising humans (22,31,40,44) consistently demonstrate greater reductions in the
appearance of plasma lactate, when acidosis is accompanied by reductions in
[HCO;1. During ACID in the present study, extracellular [HCO,] was significantly
reduced in both arterial and femoral venous blood at rest post-ingestion, and with
each of the three power outputs, which is in agreement with the above evidence
(Table 5). Additionally, enhanced lactate uptake by inactive tissue may have
contributed to the lower arterial [Lac] with ACID. Uptake by inactive tissue has
been shown to occur during exercise (24). Normally, with exercise increases in
blood [H*] and blood [Lac] create an inwardly directed [H*] and [Lac?] gradient
which would facilitate uptake. Acidosis enhances the [H*] gradient and therefore

may enhance uptake compared to control conditions.
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2.5.6 Summary and Conclusions

Imposition of a metabolic acidosis results in a complex series of metabolic
effects during exercise reflecting changes in the activity of key regulatory enzymes
and fuel utilization. The main findings of the study demonstrate that the reduced
intramuscular [Lac] seen with acidosis result from a combined reduction in pyruvate
production, and an enhanced percentage of pyruvate oxidized, due to a better
match between the rate of glycogenolysis and the rate of flux through PDH,. The
reduced pyruvate production results from decreased glycogenolytic flux from a
direct acidotic depression of Phos a transformation and reduced availability of
substrate due to greater prevalence of H,PO,". Glycogenolytic flux via Phos bwas
also reduced due to the acidotic reduction in the allosteric modulators ADP, and
AMP, Acidotic inhibition of PFK resulted in elevations in the [F-6-P] and
consequently the [G-6-P], which also contributed to the reduced glycogenolytic flux
via end product inhibition. The combined results of reduced glycogenolytic and
glycolytic flux resulted in glycogen sparing and reduced pyruvah production
particularly at 75% VO, .. when pH;, was the lowest. The reduction in carbohydrate
utilization was accompanied by increased intramuscular TAG utilization and
occurred due to the acidotic inhibition of adipose tissue lipolysis. This increased
use of FFA was associatgd with elevations in the [acetyl-CoA]. The increased
[acetyl-CoA), decreased [ADP]] and decreased [pyruvate] collectively contributed
to the reduced PDH, transformation.

The decreased blood [Lac] seen with acidosis may refiect inhibition of the
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lactate transporter by an altered [H*] gradient or the reduced extracellular [HCO;,] -

and not due to changes in the [Lac] gradient. Inactive muscle may have
contributed significantly to the reduced arterial [Lac], but, the contribution was not
assessed in the present study. The present data demonstrate that the reduced
intramuscular lactate accumulation during acidosis results from both decreased
production and enhanced oxidation through modulation of the key regulatory

enzymes Phos, PFK and PDH,.
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CHAPTER 3

EFFECT OF INDUCED METABOLIC ALKALOSIS ON
HUMAN SKELETAL MUSCLE METABOLISM DURING EXERCISE

((submitted for publication in Am.J.Physiol. (Endocrinology and Metabolism))

3.1 ABSTRACT

The purpose of the study was to examine the roles of pyruvate
dehydrogenase (PDH,), glycogen phosphorylase (Phos) and their regulators in
lactate (Lac’) metabolism during incremental exercise following ingestion of 0.3
grams/kg of either NaHCO, (metabolic alkalosis = ALK) or CaCO; (control = CON).
Subjects (n=8) were studied at rest, rest post-ingestion and during constant rate
cycling at three stages (15 min each): 30, 60, 75% of VO, .. Radial artery and
femoral venous blood samples, leg blood flow and biopsies of the vastus lateralis
were obtained during each power output. ALK resulted in significantly (P < 0.05)
higher intramuscular [Lac] (ALK 72.8 vs CON 65.2 mmol-kg™ dw), arterial whole
blood [Lac] (ALK 8.7 vs CON 7.0 mmol-I") and leg Lac efflux (ALK 10.0 vs CON
4.2 mmolI*-min’'") at 75% VO, ... Theincreased intramuscular [Lac]resulted from

increased pyruvate production due to stimulation of glycogenolysis at the level of
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Phos a, and phosphofructokinase (PFK), due to allosteric regulation mediated by -

increased [ADP], [AMPJ] and free P, PDH, increased with ALK at 60% VO, ,,, but
was similar to CON at 75% VO, ... The increased PDH, may have resuited from
alterations in the [acetyl-CoAl, [ADP}, [pyruvate], [NADH] and [H*] leading to lower
relative activity of PDH kinase, while the similar values at 75% VO, .., May have
reflected maximal activation. The results demonstrate that imposed metabolic
alkalosis in skeletal muscle results in acceleration of glycogenolysis at the level of
Phos relative to maximal PDH activation resulting in a mismatch between the rates

of pyruvate production and oxidation leading to an increase in Lac” production.

3.2 Introduction

Induced metabolic alkalosis by sodium bicarbonate (NaHCO,) ingestion in
humans has previously been shown to increase blood lactate concentration ([Lac])
during exercise (10,33,37,46,63). Unfortunately, the majority of studies exploring
the effects of metabolic alkalosis on lactate metabolism have focussed on the
possible performance enhancing capabilities of “bicarbonate loading” (31). Ingestion
of sodium bicarbonate is thought to enhance performance by buffering the lactic
acid produced with exercise, thereby limiting the effects of the decreased
intramuscular pH (pH) (3_1_). Metabolic alkalosis through ingestion or infusion of
NaHCO, has been shown to enhance performance for short-duration, high-intensity
exercise but the mechanisms have not been elucidated. Different mechanisms

have been postulated to explain this, including an increase in muscle lactate
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production (10,63) and/or enhanced lactate efflux from the muscle (44). Lactate -

accumulation results from the conversion of non-oxidized pyruvate to Lac’ by lactate
dehydrogenase (LDH) and as such will be influenced by both pyruvate production
from glycogen and pyruvate oxidation by pyruvate dehydrogenase (PDH) (18,38).

In an effort to discern the possible mechanisms responsible for the increased
blood [Lac] with metabolic alkalosis we chose an oral dose of NaHCQ, previously
shown to induce a significant metabolic alkalosis, to influence the plasma[Lac], and
to enhance performance (37). Continuous, dynamic constant rate exercise at low,
moderate and high power output was chosen to follow metabolic effects and
compare fuel utilization with previously described carbohydrate and free fatty acid
(FFA) contributions at these power outputs (50).

The aim of the present study was not to examine the performance effect of
an induced metabolic alkalosis during exercise. Rather the aim was first, to
determine the effect of metabolic alkalosis on the key regulatory enzymes glycogen
phosphorylase (Phos) and PDH and their allosteric regulators; second, to measure
the effect of metabolic alkalosis on glycolytic intermediates and muscle pyruvate
production, oxidation; third, to measure muscle lactate accumulation, production
and efflux; and finally, to determine if alkalosis has any effects on glucose uptake
and FFA utilization during exercise. Thisis the first human in vivo study to examine
all these parameters simultaneously via assessment of the arterial, femoral venous

and intramuscular compartments.
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3.3 METHODS

3.3.1 Subjects

Eight healthy male volunteers participated in the study [age 23 + 1.8(SE) yr;
height 173 + 3.8 cm; weight 75.3 + 4.4 kgl. Written consent was obtained from
each subject after explanation of the purposes and associated risks of the study
protocol. The study was approved by the Ethics Committees of both McMaster
University and McMaster University Medical Centre.
3.3.2 Pre-Experimental Protocol

All subjects completed an initial incremental maximal exercise teston a cycle
ergometer to determine VO,,,, and maximal work capacity using a metabolic
measurement system (Quinton Q-Piex 2, Quinton Instruments, Seattle Washington).
Mean VO, .., for the group was 3.2 + 0.2 I/min™. None of the subjects was well
trained but all participated in some form of regular activity. Each subject was
instructed to refrain from caffeine, alcohol and exercise for 24 hr before each trial
and studies were carried out at the same time of day.
3.3.3 Experimental Protocol

Each subject participated in two experimental trials separated by 2-3 weeks
and was randomized to receive capsules containing either 0.3 grams/kg of NaHCO,3
(ALK) or 0.3 grams/kg of CaCO, (CON). On the morning of each trial the subjects
reported to the laboratory following consumption of a standard light meal consisting
primarily of carbohydrates. The exercise portion of the protocol consisted of three

levels of continuous, constant rate exercise on a cycle ergometer at 30, 60 and 75%
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of VO, ., €ach maintained for 15 minutes, which began following insertion of arterial -

and femoral venous catheters, and ingestion of the required capsules.

A radial artery was catheterized with a Teflon catheter (20 gauge, 3.2 cm,
Baxter, irvine CA) percutaneously after anaesthetizing the area with 0.5 mis of 2%
lidocaine without epinephrine (6). A femoral vein was catheterized percutaneously
for insertion of the thermodilution catheter (model # 93-135-6F, Baxter, lrvine, CA)
using the Seldinger technique (6) following administration of 3-4 mis of lidocaine
without epinephrine. Both the arterial and femoral venous catheters were
maintained patent with sterile, non-heparinized, isotonic saline solution. Arterial
and femoral venous blood samples were simultaneously taken at rest, rest post-
ingestion and during each of the three exercise bouts at 6 and 11 minutes. Single
leg blood flow measurements were made following blood sampling atthe same time
points. Single leg blood flow was determined using the thermodilution technique
as described by Andersen and Saltin (1): 10 mis of non-heparinized isotonic saline
was injected and leg blood flow was calculated by a portable CO monitor (Spacelab,
Redmond, VA). Atleastthree measurements were recorded at each time pointand
then averaged.

A total of five percutaneous needle biopsies of the vastus lateralis were
taken, one at rest, one atAr.est post-ingestion and three during exercise at the end
of each power output. The resting biopsies were obtained with the subject lying on
a bed. The resting and exercise biopsies were obtained on opposite legs and then

reversed for the second trial. Biopsy sites were prepared by making an incision
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through the deep fascia under local anaesthetic (2% lidocaine without epinephrine) -
as described by Bergstrom et al (5). Respiratory measurements of Vg, VO,, VCO,
and respiratory exchange ratio (RER) were measured at 7 and 11 minutes of each
exercise stage. (Fig. 1).

3.3.4 Muscle Sampling and Analysis

Muscle samples were immediately frozen in liquid N,. A small piece

(10-35 mg) was chipped from each biopsy (under liquid N,) for determination of the
fraction of PDH in the active form (PDH,) as previously described (20,51). The
remainder of the sample was freeze-dried, dissected free of blood and connective
tissue and powdered. One aliquot was analysed for Phos activity according to the
methods of Young et al (72). Briefly, a 3-4 mg sample of muscle was homogenized
at -20°C in 0.2 ms of 100 mM of Tris/HCI (pH 7.5) containing glycerol, potassium
fluoride and EDTA. Homogenates were then diluted with 0.8 mis of the same buffer
without glycerol and homogenized further at 0°C. Total (@ + b) Phos activity
(measuredin the presence of 3 mM AMP) and glycogen phosphorylase in the active
a form (Phos g) (measured in the absence of added AMP) were measured at 30°C
with a spectrophotometer. Maximum velocity (v,,,) was derived from the equation
described by Lineweaver and Burk (41), 1/V = (Ky/Vie)(1/S) + (1/V ), Where V is
the initial reaction rate exg_ressed as mmol-kg-min! dw, S is the P; concentration
in mmol-, and K, is 26.2 mmol-I''. The mole fraction of Phos a is presented as a

percentage and calculated from V., a/Vpga(@+b) X 100.
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assuming a K_,, of 1.05 for the adenylate kinase reaction. Free P, content was -
calculated from the sum of the estimated resting free [P,] of 10.8 mmol-kg* dw (23)
and the aPCr - aG-6-P - aF-6-P - aG-3-P between rest and each time point during
exercise. For the purposes of ADP,, AMP; and free P, calculations, no differences
were observed between the rest and post-ingestion values and therefore the mean
of the two values was taken as the resting value.
3.3.5 Blood Sampling and Analysis

Arterial and femoral venous blood samples (~10 mis) were collected into
heparinized plastic syringes and placed onice. One portion (1-2 mis) of each blood
sample was analysed for blood gas determination (AVL 995 Automatic Blood Gas
Analyser); O, and CO, content (Cameron Instrument CO., Port Arkansas, TX) and
haemoglobin (OSM3 Hemoximeter, Radiometer, Copenhagen, Denmark).
A second portion of each sample was deproteinized with 6% perchloric acid (PCA)
and stored at -20°C until analysis for glucose, lactate, and glycerol according to the
methods of Bergmeyer (4) adapted for fluorometry. The third portion of blood was
immediately centrifuged at 15,900 g for 2 min and the plasma supematant was
frozen and later analysed for free fatty acids (FFA) (Wako, NEFA C test kit, Wako
Chemical, Montreal, Canada). Hematocrit (Hct) was determined on blood samples

using a heparinized micro capillary tube centrifuged for 5 min at 15,000 g.
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3.3.6 Leg Uptake and Release of Metabolites, O, Uptake, CO, Production

Uptake and release of metabolites (glucose, glycerol, lactate) were
calculated from their whole blood measurements in arterial and femoral venous
blood and leg blood flow according to the Fick equation. Since there were
differences in the Hct over time within a condition and between matched arterial and
femoral venous samples, venous samples were corrected for fluid shifts. Fluid
shifts for the whole blood measurements were corrected using the differences in
hemoglobin (Hb) to calculate a percent change in blood volume (%aBV) as
calculated by the equation (assuming no change in intravascular hemoglobin) (30):

9%aBV = [(Hb,eriaHbyenous)-11 X 100
This value was then muitiplied by the measured venous value to yield a corrected
value which was used in determining flux for that metabolite. Uptake and release
of plasma FFA was determined as above but venous values were corrected using
changes in plasma [protein] to correct for changes in plasma water (30). The leg
O, uptake and CO, production were calculated from their respective arterial and
femoral venous content differences and blood flow.

Subjects exercised at a constant rate, and since no significant differences
occurred in blood flows or metabolite concentrations between the 6 and the 11
minute sampling points a_t_ .each power output; the two values were averaged to

obtain one value for each exercise level. Reported values are for the single leg only.
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3.3.7 Calculations

Flux through Phos and therefore glycogenolysis was calculated from the
differences in glycogen utilization divided by time. PDH, flux was estimated from
the PDH, as measured in wet tissue and converted to dry tissue using the wet/dry
ratio. Pyruvate production was calcuiated from the sum of the rates of glycogen
breakdown and glucose uptake minus the sum of the rates of accumulation of
muscle glucose, G-6-P, and F-6-P. Lactate production was calculated from the sum
of the rates of muscle lactate accumulation and lactate release. Pyruvate oxidation
was calculated as pyruvate production minus lactate production. All values are
reported in mmol-kg*-min"'dw and are for single leg only. All values were calculated
in three carbon units and assume a wet muscle mass of 5 kg.
3.3.7.1 Intramuscular pH

Intramuscular pH (pH) was calculated from the [Lac] and [pyruvate]
according to the methods of Sahlin et al (55).
3.3.7.2 Lactate Gradient and [H'] Gradient

The lactate gradient between the plasma and muscle for both trials was
calculated for arterial and femoral venous blood at 76% VO, .o, Only. The lactate
gradient between the muscle and arterial plasma was calculated as the difference
between the wet weight intramuscular [Lac] and arterial plasma[Lac]. The lactate
gradient from muscle to the femoral venous plasma was calculated as above using
the non-corrected venous values. The arterial to muscle and femoral venous to

muscle [H*] gradients were calculated as the difference between their respective
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blood cor:partment [H*] and the calculated inframuscular [H*].

3.3.8 Statistical Analyses

Data was analysed using two-way ANOVA with repeated measures
(Treatment x Time) except where otherwise stated. When a significant F ratio was
found the Newman-Keuls post hoc test was used to compare means. The following
datawere analysed using a 2-tailed paired dependent-sample Student's t-test: Phos
a, and glycogen utilization at each power output. Data are presented as means +

SE. Differences were considered significant at P < 0.05.

3.4 RESULTS
3.4.1 Muscle Metabolism.
3.4.1.1 Glycogen Phosphorylase

Phos a activity did not change with power output during CON. However,
with ALK, Phos a progressively decreased with power output and was significantly
lower at 75% VO, nax With ALK compared to CON (ALK 37.9 + 5.1 vs 48.8 + 5.0
mmol-kg*min dw) (Fig. 2).
3.4.1.2 Glycogen

Resting and rest post-ingestion muscle glycogen levels were not different
between conditions (Table 1). Muscle glycogen content decreased with increasing
power output but to a greater degree with ALK (Table 1). During the complete
exercise study , total muscle glycogen utilization was 25% greater with ALK

compared to CON (305 + 9 vs 229 + 10 mmol-kg™ dw). No differences in muscle
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glycogen utilization were observed at 30% VO, ., but muscle glycogen utilization -

was significantly higher at both 60 and 75% VO, ne, With ALK compared to CON
(60% -132 + 15 vs 75 + 6 mmol-kg™ dw; 75% - 133 + 15 vs 113 + 12 mmol-kg™ dw)
(Fig. 3).
3.4.1.3 Glucose, G-6-P, F-6-P, G-1-P, and G-3-P

intramuscular accumulation of glucose increased with exercise similarly
between conditions (Table 1). Intramuscular [G-6-P] and [F-6-P] increased with
increasing power output for the first and second power outputs but each was
significantly lower with ALK at 76% VO, ,,, only (Table 1). Muscle G-1-P and
G-3-P were similar between conditions, increasing with power output (Table 1).
3.4.1.4 Lactate and Pyruvate

Intramuscular [Lac’] increased with each power output but was significantly
higher with ALK at both 60 (ALK 40.9 + 8.3 vs CON 26.2 + 5.0 mmol-kg™ dw) and
75% (ALK 72.8 + 11.8 vs CON 65.2 +10.1 mmol-kg™ dw) VO, ,, (Fig. 4). Muscle
[pyruvate] increased with each power output and was similar between conditions
at 30 and 75% VO, ... and significantly higher with ALK during the second power
output (Fig. 4).
3.4.1.5 Pyruvate Dehydrogenase Activity

Resting (ALK 0.55 + 0.01 vs CON 0.55 + 0.08 mmol-kg'min* ww ) and
post-ingestion (ALK 0.55 +0.11 vs CON 0.53 + 0.056 mmol-kg'-min"'ww) PDH, were
not different between conditions. Under both conditions, PDH, increased

progressively with each power output but was significantly higher at 60% VO, ny
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(4.17 +0.23 vs 3.77 + 0.27) with ALK compared to CON respectively (Fig. 5).

3.4.1.6 CoA, Camitine, and Acetylated Forms

Total muscle CoA was not different between conditions at rest or during
exercise (Table 2). The [Acetyl-CoAl] increased with each power output similarly
between conditions at 30% but during both 60 and 756% VO, .., the [acetyl-CoAl
was significantly lower with ALK (Table 2). Free CoASH declined equally between
conditions with exercise (Table 2). The acetyl-CoA/CoASH ratio was also
significantly lower at 75% VO, e, With ALK (0.26 + 0.02 vs 0.37 +0.06) (Table 2).
Acetyicarnitine followed a similar pattern to acetyl-CoA increasing with each power
output but was not different between conditions (Table 2). Muscle total carnitine
content increased significantly from rest to 75% VO, to the same degree in each
condition while free camitine decreased in a reciprocal manner with increasing
power output. There were no differences in total carnitine between conditions but
free camitine was significantly lower at 60% VO, ,, during ALK compared to CON
(Table 2).
3.4.1.7 ATP, ADP, AMP, Free P, and PCr

Muscle [ATP] was unaltered by exercise or as a result of alkalosis. Muscle
[ADP] and [AMP]] increased with each power output but both were significantly
higher with ALK at 60 andm_75% VO, nx (Table 3). Free P; increased with power
output but to a significantly greater degree with ALK (Fig. 6). The [PCr] decreased
with increasing power output but were significantly more depleted at each power

output during ALK compared to CON (Fig. 6).
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3.4.1.8 Pyruvate production, oxidation and Lactate production and oxidation -

Pyruvate production increased with exercise intensity but was significantly
higher during both the second and third power outputs with ALK. Pyruvate
oxidation increased with exercise similarly between conditions at both 30 and 75%
VO, ... At 60% VO, .., Pyruvate oxidation was significantly higher during ALK
(Table 4). Relative pyruvate oxidation expressed as the percentage of pyruvate
produced that was oxidized was similar between conditions both 30 and 75%
VO, ... However, relative pyruvate oxidation was significantly higher during 60%
VO, ... With ALK (Table 4). Lactate production was similar between conditions
during the first two power outputs but was significantly higher at 75% VO, max during
ALK (Table 4).

3.4.2 Blood Metabolites, Blood Flow and Exchange Across the Leg.
3.4.2.1 Blood pH, PCO, and HCOy

Arterial pH, HCO, (Fig. 7), venous pH and HCO; (Table 5) were all
significantly higher during ALK compared to CON at rest post-ingestion and each
of the three power outputs.
3.4.2.2 Leg Blood Flow and Leg RQ

Leg blood flow increased progressively from rest with exercise similarly
between conditions (Table 6). Leg O, uptake, CO, production and leg RQ were

not different between conditions, increasing with each power output (Table 6).
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3.4.2.3 Blood Lactate and Flux

Arterial [Lac] increased progressively with each power output but was
significantly higher at both 60 and 76% VO, e, With ALK (Table 5). Net release of
Lac across the leg also increased with each power output but was significantly
higher during 75% VO, max With ALK (Fig. 8).
3.4.2.4 Blood Free Fatty Acids and Glycerol

Arterial plasma [FFA] declined progressively with exercise intensity similarly
between conditions (Table 5). FFA release across the leg occurred at rest post-
ingestion and at each of the power outputs during CON. However, with ALK a
significantly lower net release occurred at rest post-ingestion, while during exercise
at each of the power outputs a net uptake occurred (Fig. 9). Arterial [glycerol]
increased with each power output similarly between conditions (Table 5). Glycerol
release across the leg occurred at rest post-ingestion and 30% VO, me Similarly
between conditions. During 60% VO, ...a net release occurred with CON, while a
net uptake occurred with ALK. At75% VO, ., @ Net uptake across the ieg occurred
for both conditions but was significantly lower with ALK (Fig. 9).
3.4.2.5 Blood Glucose and Flux

Arterial [glucose] (Table 5) and leg glucose uptake (Fig. 8) were similar at all

power outputs between conditions.
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3.4.2.6 Lactate Gradient, H* Gradient and pH,.

The lactate gradient between both the arterial and femoral venous plasma
and muscle were not different between.conditions at 75% VO, e (Table 7). The
{H*] gradient between the arterial blood and muscle and the femoral venous blood
and muscle were both significantly elevated with ALK compared to CON during 75%
VO, nax (Table 7). intramuscular [H*] was significantly elevated during both the
second and third power outputs with ALK (Table 7).

3.4.3 Respiratory Gas Exchange Variables

Whole body VO, increased similarly between condition with each power
output (Table 8). Whole body VCO, was significantly higher during 60 (2.39 + 0.09
vs 2.28 + 0.13) and 75% (3.18 + 0.11 vs 3.01 + 0.22) VO, ,, in ALK compared to
CON, respectively. RER was also significantly higher during ALK at both 60 and

75% VO, o (Table 8). Vg increased similarly between conditions (Table 8).
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TABLE 1 - Muscle glycoen and glycolytic intermediate contents in vastus lateralis at rest, post-ingestion

and during cycle ergometry at 30%, 60% and 75% VO 2max after either CONTROL or ALK

— MEASURE VOzuax
(mmolekg! dw) TRIAL Rest Post-ingestion 30 % 60 % 75%
Glycogen CON 479.7£41.7 485.3+57.8 44721417 371.11£56.0* 258.4 +49.8*
ALK 48381508 464.7+£55.8 460.3% 50.5 328.7£60.3*t 195.3 + 61.96%¢
G-1-P CON 0.26 £ 0.03 0.23+£0.03 025+0.04  034+0.03* 038+0.02%
ALK 0.25+0.03 0.24 £0.02 0.331£0.02  0.3510.03*  0.45+0.05*
G-6-P CON 1.03£0.15 1.1£0.14 2.13+£0.28%* 3.43+£042% 4.60+0.43%
ALK 1.00£0.16 1.15+0.14 2.27+0.23*  3.3010.21*  3.93 +0.33%¢
F-6-P CON 0.22 £0.02 0.21 £0.03 0.32+£0.04  0.56+0.08% 0.74 £ 0.06*
ALK 0.19 £0.03 0.21+0.03 0.4 £0.12 0.54£0.11*  0.62 £0.08*t
Glucose CON 1.8210.14 1.96 £ 0.25 221020  3.3610.49¢ 6.79+1.38%
ALK 1.17+£0.21 1.37+0.31 2.67 £0.38 419070 6.94+1.33*
G-3-P CON 0.91£0.17 0.99 £ 0.14 0.88 £0.17 2.14+£0.39* 4.22+0.97*
ALK 0.65 + 0.10 1.11+0.14 1.09 +£0.21 3.03+£0.50% 4.23+1.10*

Data are means + SE; n=8.

t Significantly different from matched times between conditions.

* Significantly different from rest of same condition.
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TABLE 2 - Muscle acetyl group content in vastus lateralis at rest, post -ingestion and during

cycle ergometry at 30%, 60% and 75% VO 2max after either CONTROL or ALK

= MEASURE V02 max
(mmolekg ! dw) TRIAL Rest Post-Ingestion 30 % 60 % 75%
Free CoA, umol/kg dw CON 5845+5.4 576154 63.8+3.8 61.6+6.5 58.5+6.2
ALK 69.0£6.3 65.316.8 62.5+4.9 60.3+7.2 59.2+6.9
Acetyl CoA CON 4604 70+1.1 81110 13.3+1.3* 20.2+2.1%
ALK 56+0.4 59107 8.0+0.7 11.6£0.9%  16.4 £1.9%t
Total CoA, umol/kg dw CON 62.99 £5.37 64.53 + 5.68 719+ 4.04 7455+7.64 78.75%7.17
ALK 74.54 £ 6.30 71.14 £ 6.99 70.39 £ 4.98 73.88+7.11 75.6 £ 7.68
Acetyl CoA:CoA CON 0.08 £ 0.01 0.12 £ 0.02 0.13+£0.02 0.23 +£0.01 0.37 £0.04
ALK 0.08 + 0.01 0.09£0.01 0.13+0.02 0.23 £0.03 0.26 £0.02¢
Acetlycarnitine CON 1.6 £ 0.42 2.57 £ 0.80 39+0.68* 10.02+1.37* 13.55+1.53*
ALK 1.55 £ 0.35 2.56 £ 0.64 409+058% 11.05+1.33*% 13.66% 1.30*
Total Carnitine CON 18.04 £ 1.02 18.7+1.15 19.68+1.23 20.12+1.28* 19.94+ 1.41*
ALK 19.17 £ 0.96 19.26 £ 0.87 18.95 + 0.82 20.1+£1.09 21.29+1.15%
Free Carnitine CON 16.16 £ 0.85 15.57+£0.74 1493+0.89 10.17+1.20% 5.39%0.77*
ALK 17.08 £ 0.88 16.41 £ 0.71 1436 £ 0.83*% 7.94+1.23%t 642+ 1.18*%

Data are means t SE; n=8.

t Significantly different from matched times between conditions.

* Significantly different from rest of same condition.



166

TABLE 3 - Muscle high energy phosphate content in vastus lateralis at rest, post -ingestion and during

cycle ergometry at 30%, 60% and 75% VO 2max after either CONTROL or ALK

= MEASURE VO:2uax
(mmolekg-! dw) TRIAL Rest Post-ingestion 30% 60 % 75%

ATP CON 23.91 £ 0.64 24.75 £ 0.75 2591+1.00 25.68+098 24.18+0.65
ALK 25.72%+0.75 25.52 £ 0.57 25.88+0.66 24671075 24.1310.59

ADP# (umolekg! dw ) CON 136.31 £14.47 120.07 £ 15.36 193.06 £17.27 302.1 * 46.25*
ALK 137.76 £ 15.06 137+£13.04 295.76 + 37.8*t 452.6 &£ 55.2%¢

AMP;s (umolekg! dw) CON 0.8+0.17 0.56 £ 0.13 1.43+0.23 4.00 £ 1.03*
ALK 0.76 £ 0.16 - 0.72£0.12 3.80+1.08%t 9.03 +2.09*%t

Intramuscular [H+] CON 63.6  0.61 63.4 £0.57 92.0+0.72 113.1+£55% 160.5113.2
ALK 62.8 £ 0.30 63.5+0.38 94,0+ 0.98* 131.9+109t 182.0+ 20.2t

Data are means t SE; n=8. * Significantly different from rest of same condition.

+ Significantly different from matched times between conditions.
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TABLE 4 - Muscle pyruvate production, oxidation, and lactate production at 30%,

60% and 75% VO2 max after either CONTROL or ALK. Values are for single leg only.

— MEASURE V02 max
(mmolekg ' min'dw)  TRIAL 30 % 60 % 75%
Pyruvate production CON 7.66 £ 1.32 15.17 £ 0.84%*  21.53 + 1.58%*
ALK 7.80 £ 0.88 21.99 £ 1.15%*t  24.26 £ 1.87%*¢
Lactate production CON 1.28 £ 0.22 5.20 £ 1.04%* 8.35 1 1.23%*
ALK 2.12+0.39 4.86 + 0.63%* 13.71 + 1.86%*¢
Pyruvate oxidation CON 5.65 10.61 9.97 £ 0.70%* 13.18 £ 1.57%*
ALK 5.37+£0.88 17.14 £ 1.45%*t  11.68 £ 1.29%*
% Pyruvate Oxidized CON 702 676 662
ALK 70+ 4 80 + 3%*t 58+2

Data are means = SE; n= 8.

= Significantly different from first workload of same condition.

t Significantly different from matched times between conditions.
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TABLE 5 - Arterial concentration of blood born substrates during rest, post-ingestion and

cycle ergometry at 30%, 60% and 75% VO 2max after either CONTROL or ALK

= MEASURE - VOzmax
(mmoldl-) TRIAL Rest Post-ingestion 30 % 60 % 75%
Glucose CON 5.86 £ 0.32 5.13+£0.13% 5.18+0.21* 5.07+0.21* 4.86+0.26*
ALK 5.82+£0.51 5.31 £ 0.54* 507+0.22%« 4.811+029* 493+0.14%
Whole Blood Lactate CON 0.79+0.18 0.5+ 0.05 1.62+£0.21* 399+0.44%  7.00+0.39*
ALK 0.94+0.16 0.61 £ 0.07 1.94+0.13%*  481+045% 8.72+0.57*%¢
Plasma Lactate CON 0.82 £ 0.24 0.58 £0.10 256+0.35¢ 5.58+10.61* 9.87+0.88*
ALK 1.03+0.20 0.66 £ 0.04 293+0.28% 7.4210.74%t 12.10 £ 1.09%t
Glycerol, umalst! CON 223+3.1 52.518.21% 759+9.9%  97.4+13.6% 130.9+16.5*
ALK 25.1+3.1 52.0 + 8.9* 84.7+11.1* 1129+16.8%* 136.8+19.7%
Plasma FFA CON 0.32+0.03 0.82 £ 0.07* 0.63+0.06* 0.55+0.04* 0.53+0.04*
ALK 0.36+ 0.04 0.82 1 0.12* 0.71£0.09*  0.60+£0.08*  0.50 £ 0.05*
Venous pH CON 7.36 £0.01 7.36 £ 0.01 7.29+0.01%  7.241£0.02*  7.19+£0.02%
ALK 7.36 £0.01 7.43 £ 0.01*%¢ 7.3410.01t 7.281+0.02%t 7,24 + 0.02*¢
Venous HCO3" (mEq/l)  CON 257108 258+0.5 27.6+0.5 26.3+0.8 23.50 £ 0.7*
ALK 26.8 £0.5 31.00 £ 0.9*¢ 31.30 £ 1.1*%¢  30.20+ 1.5%t  26.50 % 1.1t

Data are means + SE; n=8.

t Significantly different from matched times between conditions.

* Significantly different from rest of same condition.
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TABLE 6 - Leg blood flow, RQ, CO 2 production and O 2 uptake at rest, post-ingestion and during

cycle ergometry at 30%, 60% and 75% VO 2max after either CONTROL or ALK

= MEASURE V02 uax

(values are for single leg) TRIAL Rest Post-Ingestion 30 % 60 % 75%

Blood Flow (lsmin') CON 0.41 +£0.03 0.46 + 0.04 310£0.13* 3.92+0.13*  4.58+0.20*
ALK 0.41 £ 0.05 0.41 £0.03 3.251+0.16* 4.00+0.21* 4.5410.21*

RQ CON 0.64 £0.09 0.84 £ 0.10* 095+0.06* 1.05+0.05% 1.08+0.07*
ALK 0.74 £0.06 0.93 £ 0.04* 0.94+0.04* 1.00+0.05% 1.06+£0.03*

CO2 Production (miselt)  CON 31.53+3.41 38.221+2.71 106.04 + 6.48% 13559+ 7.21*  153.58*
ALK 42891271 4754+£336  100.72+4.65% 133.00+4.90*% 157.05 % 5.62*

O2 Uptake (misel!) CON 51.15+3.93 47.341 3.02 111.96 £ 3.09% 129.66 + 2.90% 143.84 +5.75*
ALK 58.7+£2.15 51.29 + 3.38 107.44 £1.56% 133.17 £ 4.46* 148.24 + 4.25*

Data are means + SE; n= 8.

t Significantly different from matched times between conditions.

* Significantly different from rest of same condition.
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TABLE 7 - Lactate and hydrogen ion gradients from arterial to muscle
and femoral venous to muscle during cycle ergometry at

30%, 60% and 75% VO 2 max after either CONTROL or ALK

= MEASURE 75% VO32 uax
TRIAL  Arterial - Muscle  Femoral Venous- Muscle

Lactate Gradient CON 514+ 185 3.71+£1.52

ALK 5.06+1.93 2.54£2.00

H+ Gradient CON 1105+ 125 95.2+12.9

ALK 147.9 £17.3¢ 128.8 + 18.2¢

t Significantly different from matched times between conditions.
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TABLE 8 - Respiratory variables during cycle ergometry at 30%, 60%
and 75% VO 2 max after either CONTROL or ALK
MEASURE V02 max

(lemin-!) TRIAL 30 % 80% 75%
RER CON 0.94 +£0.02 1.00 £ 0.03%* 1.08 £ 0.04%*
ALK 0.96 £ 0.02 1.05+ 0.02%*t  1.13 £0.03%*¢
Ve CON 36 £1.1 64.1 £ 3.1%+ 94.5 £ 6.1%*
ALK 34417 61.8 1 3.2%* 90.3 £ 7.3%*
VO2 CON 1.39£0.04 2.26 £ 0.07%* 2.79 1 0.14%*
ALK 1.41 £ 0.06 2.28 £ 0.09%* 2.83 £ 0.16%*
VCO:2 CON 1.31 £0.06 2.28 £0.13%* 3.01 £ 0.22%*

ALK 1.36 £ 0.06 2.39+0.09%t  3.18 £ 0.11%*¢

Data are means + SE; n=8. * Significantly different from 30% of same condition.

t Significantly different from matched times between conditions.
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3.5 DISCUSSION

The present study examined the effects ofinduced alkalosis on the metabolic
responses in exercising muscle during continuous, dynamic, constant rate
exercise at three power outputs - 30, 60, and 75% VO, ,,,. The main effects of
alkalosis during this type of exercise occurred during the two higher power outputs
and included: an enhanced glycogen utilization with concomitant increase in
pyruvate production; increased intramuscular lactate accumulation; enhanced
lactate efflux from the exercising leg and a greater relative activation of Phos than
PDH,.

Lactate production within the muscle is dependent on the balance between
the rates of pyruvate production and oxidation. Intramuscular lactate is formed from
pyruvate by the action of the near-equilibrium enzyme LDH (47). Although greater
pyruvate production was observed at the two highest power outputs, lactate
production was elevated over CON values only during 75% VO, ., (Table 4).
Lactate production at the highest power output resuited from a significant degree
of mismatch between the rates of glycogenolysis/glycolysis and maximal PDH,
activation. At60% VO,,, the absence of an increase in lactate production despite
an increased pyruvate production resulted from an enhanced pyruvate oxidation
relative to production due to greater PDH, with ALK. These changes resulted from
the effect of alkalosis on the rate limiting enzymes Phos, PFK and PDH. The main
control points for glycogenolysis/glycolysis involve Phos and PFK respectively, while

entry into the oxidative pathway is controlied by PDH (47).
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3.5.1 Regulation of Glycogen Phosphorylase

Phos is the flux generating enzyme responsible for glycogenolysis within
skeletal muscle and is subject to both covalent and allosteric regulation. Phos g is
considered the active form, active in the absence of AMP,, while Phos b, the less
active form, requires AMP; (12). Covalent b to g transformation is mediated by
phosphorylase kinase a which is activated by either an increase in epinephrine or
cytosolic [Ca®] via cAMP dependant and independent mechanisms respectively
(54). Post-transformational allosteric activation of Phos b is mediated by AMP and
IMP, while inhibition is mediated by ATP and G-6-P. Substrate regulation of both
forms of Phos by the free P, and glycogen concentrations is equally important
(12,18)

Phos g was significantly reduced at the highest power output with ALK. This
reduction presumably reflects the inhibition of phosphorylase kinase a by the
increased [H*] (Table 3). Previous studies have demonstrated this relationship
between [H*] and Phos a in intensely exercising muscle (13). However, the mole
fraction of Phos in the g form is not the sole determinant of glycogenolytic flux, as
previous studies examining the relationship between Phos a transformation and
glycogenolysis have demonstrated (14,18,34,54) The present resulits of a higher
glycogen utilization at 75% VO, .., (133 + 6 vs 113 + 12) (Fig. 3) despite a lower
Phos a (Fig. 2) as well as the observed greater glycogen utilization

(132 + 15 vs 75 + 6) (Fig. 3) despite similar Phos a (Fig. 2) at 60% VO, ,, with ALK
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are in agreement with these previous studies. Additionally, there may have been-
a hormonal effect throughout exercise due to a decrease in the circulating
[epinephrine] with ALK which may have contributed to the lower observed Phos a.
Bouissou and colleagues (10) observed a 34% reduction in the plasma
[epinephrine] and higher intramuscular [Lac] with alkalosis in humans who cycled
to exhaustion. The enhanced glycogenolysis despite similar or lower Phos g
transformation with ALK likely resulted from post-transformational modulation by
increases in the AMP,; and IMP concentrations and an increase in the concentration
of its substrate free P,

AMP and IMP have been shown to stimulate Phos 2 (2,54) and Phos b
(2,15). AMP acts on Phos g by reducing the K, for P; from 26.2 mM to 11.8 in the
presence of as litle as 0.01 mM AMP (2,54). AMP acts in a similar manner on
Phos b but with a higher K,,. Both the [AMP and [P} were significantly greater with
ALK during both the second and third power outputs and were well above the
required concentrations for activation (Table 3) (Fig. 6). In support of the close
relationship between Phos activity, glycogenolytic flux and the [AMP{, other studies
utilizing caffeine ingestion (17), increased FFA availability (24,48), and short-term
training (16) have demonstrated glycogen sparing during exercise, associated with
blunted AMP, accumulation. The increased [AMPJ] may have augmented activation
of both Phos a and Phos b. IMP activates Phos b with a K, of 1.2 mM (2). The
[IMP] was not measured in the present study, but has been shown previously to

increase with exercise and when [ADPJ increases (64). The [ADPg] was significantly
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elevated with ALK with may have led to an increase in the [IMP], which may have

activated Phos pb.

ATP and G-6-P are both inhibitors of Phos p. ATP has a K;of ~ 2 mM and
to G-6-P of ~ 0.3 mM (25). In the present study the [ATP] remained constant
throughout exercise and between conditions at levels above the K. The [G-6-P]
was significantly lower with ALK at the highest exercise intensity but remained
above the K.. These combined resuits should favor a reduction in Phos activity and
glycogenolysis. However, it has been previously demonstrated that the inhibition
of Phos b by both ATP and G-6-P can be overcome when the [AMP] increases
sufficiently (18). In addition, previous studies have demonstrated that glycogenolytic
flux is closely tied to the availability of its substrate free P, and the allosteric
regulator AMP,, both of which were elevated with ALK (16,17).

In summary, Phos activity and therefore glycogenolytic flux results from the
combination of covalent, allosteric and substrate regulation. During ALK, despite
a lower transformation of Phos a, glycogenolytic flux was enhanced and glycogen
utilization increased during the second and third power outputs due to the
maintenance of flux through post-transformational allosteric activation of
Phos a + b by an increased [AMPJ], and possibly [IMP], and an increase in the
concentration of its substrate free P,

3.5.2 Regulation of Phosphofructokinase (PFK)
PFK plays a key role in the regulation of glycolysis and therefore pyruvate

production. PFK catalyzes the conversion of F-6-P to fructose 1, 6 - bisphosphate
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utilizing ATP (47), with the relative enzyme activity reflected by changes in the

[F-6-P] and [G-6-P] with which it is in equilibrium. PFK is subject to regulation by
a large number of metabolites that function to either inhibit or activate the enzyme
complex. ATP, H* inhibit, while ADP, AMP, P; , and F-6-P activate, with the net
enzyme function resulting from the combination of these inputs (66). These are the
most potent regulators, which reflect the energy state and fuel utilization within the
cell and thereby provide feedback regulation to adjust glycolytic flux. |
The [ATP]lremained constant between trials and across power outputs which
provided a small degree of inhibition. As well, at the highest exercise intensity the
intramuscular [H*] was significantly elevated for both trials (Table 3), which would
provide inhibition as previous in vitro studies utilizing constant [ATP] with declining
pH have demonstrated (22,65). Human exhaustive exercise protocols have found
similar changes reflecting reductions in PFK activity with reduced intramuscular [H*]
(36,59). The magnitude of the pH inhibition can be modulated by increases in the
[F-6-P] and the activators ADP, AMP and free P,. Alkalosis led to increases in the
[F-6-P] and [G-6-P] during the third power output but to a significantly lower
magnitude than CON. At this power output, pH; was significantly lower, compared
to CON, but may have failed to inhibit PFK activity due to positive modulation by
the significantly elevated [AMP}], [ADP, and [P]. AMP acts by augmenting PFK’s
affinity for its substrate F-6-P (9). The increased [F-6-P] although lower than CON,
was elevated above the K, of 0.1-0.2 mM, which could have opposed the pH

inhibition by decreasing the affinity of the ATP binding site (39). The accompanying



193
rise in the [G-6-P)] although above the K; for Phos, may have been overridden by the -

positive modulation of Phos by the increased [AMP{] and [Pj. Previous in vitro
studies have also demonstrated substantial acceleration of glycolysis with the
lowering of the ATP/ADP ratio, a situation present with alkalosis at both 60%
(CON 132 vs ALK 87) and 75% VO, . (CON 80 vs ALK 55) due to the increase in
the [ADPJ] (71). The stimulatory effect of an increase in [ADP] on PFK activity has
been shown to substantially increase with as litle as a 2 mM increase in P;, which
also occurred in the present study with ALK (71).

The combined results demonstrate enhanced glycogenolytic/glycolytic flux
with alkalosis due to allosteric up regulation of both Phos and PFK activity leading
to the increased glycogen utilization and pyruvate production at the two highest
power outputs.

3.5.3 Regulation of Pyruvate Dehydrogenase (PDH)

PDH, is a mitochondrial enzyme complex that catalyzes the decarboxylation
of glycolytically derived pyruvate and therefore reflects the rate of carbohydrate
entry into the TCA cycle. PDH, transformation between the active, PDH, and
inactive, PDH, forms is regulated by the balance between PDH kinase (PDHK)
(deactivating) and PDH phosphatase (PDHP) (activating) (52,68). The relative
phosphatase/kinase activity is controlied by the mitochondrial acetyl-CoA/CoASH,
ATP/ATP, NADH/NAD" ratios and the allosteric regulators Ca?*, pyruvate and H"*.
Increases in the ratios decrease PDH, transformation while decreases in the ratios

have the opposite effect. Increases in [pyruvate] inhibit the kinase only, increases
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in [Ca?'] inhibit the kinase and activate the phosphatase, and increases in [H*]-

activate the phosphatase only (51,52,68). Due to the complex interaction of
regulators and the observed differences in PDH,, changes at both 60 and 75%
VO, .. Will be discussed separately.

3.5.3.1 Changes in PDH, at 60% VO, .,

in the present study PDH, increased with power output as a result of the
contraction induced increase in the [Ca®*1(19,21,34). However, increases in the
[Ca?*] cannot be the sole mechanism responsible for the increased PDH, with ALK
atthis intensity since the power outputs were identical between trials. The elevated
PDH, with ALK resulted from changes in the allosteric regulators acetyl-CoA, ADP,,
H*, pyruvate and the NADH/NAD* ratio.

The [acetyl-CoA] was significantly lower during this power output with ALK
(Table 2) and probably reflects reduced FFA utilization in the face of increased
glycogen utilization and pyruvate production (Table 4). Since acetyl-CoA inhibits
PDHP, the reduced concentration would serve to activate the phosphatase and
therefore contribute to the greater PDH, observed with ALK (68).

The ATP/ADP ratio was significantly reduced with ALK (87 vs. 132) at this
power output, due to a significant elevation in the [ADP{] without changes in the
[ATP] (Table 3). This ratio effects PDHK only as ATP is the substrate for the
reaction and therefore competes with its product ADP which inhibits catalytic activity
(68). The lower ATP/ADP ratio observed with ALK could have resulted in lower

PDHK activity and therefore contributed to the greater PDH, observed.
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Hydrogen ion has been shown to activate PDH, in acidotic perfused rat’

hearts (49) and has been attributed to the differences in pH optimum of PDHK and
PDHP. PDHK has a pH optimum of 7.0 ~ 7.2, with increased inhibition as pH falls,
while PDHP has a pH optimum of 6.7 ~ 7.1 (35). In the present study the calculated
intramuscular [H*] was significantly elevated at this power output with ALK
compared to CON (Table 3) which may have resulted in greater activation of the
phosphatase, and contributed to the increased PDH, observed.

The intramuscular [pyruvate] was also significantly elevated with ALK at this
power output (Fig. 4). Pyruvate is a potent stimulator of PDH, as itis both substrate
and an inhibitor of PDHK with a K; of 0.5 - 2.0 mM (42). In the present study, the
intramuscular [pyruvate] measured at this power output with ALK is below the K,
However, the [pyruvate] was determined from a biopsy taken at the end of the
exercise bout and given that both glycogen utilization and pyruvate production were
significantly elevated, it is possible that the [pyruvate] rose above the K; during the
initial stages of exercise (20,51). In addition, the lactate production remained
similar to CON despite the elevation in pyruvate production suggesting that most
of the pyruvate made available to PDH was oxidized and therefore may not be
reflected by the intramuscular [pyruvate] in the sample taken at the end of exercise.
This is further supported by the observation that the amount of pyruvate oxidized
relative to that produced was also significantly elevated with ALK at this power

output (Table 4).
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Neither the [NADH] nor the NADH/NAD* ratio was measured in the present-

study. However, previous studies utilizing indirect techniques have shown that the
[NADH] decreases therefore the NADH/NAD* ratio declines with high intensity
exercise (29,60), which would favor anincrease in PDH,. In addition, the markedly
increased glycogen utilization with ALK may have led to reduced FFA utilization
functioning as the “glucose-fatty acid cycle reversed” as previously demonstrated
by Sidossis et al (56,57). These researchers have demonstrated in exercising
humans, that the intracellular availability of CHO (rather than FFA) determines the
nature of substrate oxidation when both CHO and FFA are made available during
exercise. The mechanism whereby enhanced CHO availability reduces FFA
oxidation is not precisely known but findings from in vitro studies using human
tissue (61) and human exercise studies (56) point to the inhibition of long-chain
fatty acids (LCFA) entry into the mitochondria by inhibition of camitine palmitoyl-
transferase | (CPT-1). The mechanism responsible for CPT-1 inhibitionis not clear
but may be mediated by a pH effect as it has been shown in isolated rat muscle
preparation that CPT-1 is inhibited by low pH (62). In humans, the pH inhibition has
recently been shown to be more sensitive than rat , with inhibition ata pH, of ~ 6.8
(61). The reduced FFA utilization would lead to reduced intra-mitochondrial
[NADH]. Cytosolic[NADH] would also decrease as NAD* would be required for the
maintenance of glycolytic flux and would be provided from the conversion of
pyruvate to Lac. In support of this, is the observation that intramuscular [Lac]

increased with ALK in the absence of an increase in Lac” production (Fig. 4,
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Table 4). Since the mitochondrial and cytosolic compartments are thought to be-

in equilibrium, the overall result would be a reduction in PDHK activity due to
decreased [NADH] and an increase in PDHP due to increased [NAD*] and therefore
contribute to the elevated PDH, seen with ALK at this power output. The absence
of a difference in both the leg RQ and mouth RER reflecting a change in the relative
CHO and FFA utilization is not surprising. Previous authors have demonstrated the
lack of sensitivity of both measures in detecting small changes in fuel utilization
during high intensity exercise (50).

in summary, the significant increase in PDH, observed with ALK at 60%
VO, .x €21 be attributed to the combined inhibitory effects of a decrease in The
[acetyl-CoA], an increase in the ADP,, pyruvate, and Ca?* concentrations on PDHK
and the stimulatory effects of the elevated [H*] on PDHP.
3.5.3.2 Changes in PDH, at 75% VO, .,

Atthis power output PDH, transformation was similar between conditions and
reflects the attainment of maximal PDH, (Fig. 5). Previous studies have shown
maximal activation at this power output (34,50). The increased pyruvate production
with ALK resulted from a slightly higher glycogen utilization. The absence of a
difference in the relative pyruvate oxidation rates between conditions was due to the
similar rates of PDH,. The higher lactate production rate observed with ALK
resulted from the higher glycogenolytic/glycolytic rate. However, at this power
output with ALK the major fate of the lactate produced was efflux from the muscle

and not intramuscular accumulation, which will be discussed later.
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3.5.4 Cellular Energetics

The rate of mitochondrial ATP production is regulated by oxygen (O,)
availability and the [NADHJ/INAD"*] and [ATPY [ADPI{P] ratios (70). Oxygen
availability was not limiting in the present study in either trial as both the mouth VO,
and O, uptake across the leg were not different (Table 6,8). However, differences
in glycogen and FFA utilization were apparent. During the two higher power outputs
with ALK there was a decrease in FFA utilization as evidenced by the decreased
[acetyl-CoA] and markedly higher glycogen utilization. During CON the significantly
lower glycogen utilization necessitated an increase in FFA utilization to match
- energy production to ATP demand. The reduced FFA utilization with ALK may have
decreased the mitochondrial [NADH] which would necessitate a higher [ADP] and
[P] to drive oxidative phosphorylation according to the equation (70):

(1)  NADH, + 2¢* + 2 ADP, + 2 P, ~ NAD;* + 2¢** + 2 ATP, + H*

(Where ¢ and c?* are the oxidized and reduced forms of mitochondrial cytochrome ¢ respectively

and the subscripts i and e refer to the intramitochondrial and extramitochondrial pools of reactants

respectively)

This phenomenon of an obligatory increase in the ADP, and P, concentrations was
observed with ALK at the higher power outputs (Table 3, Fig. 6). The creatine
kinase (CK) reaction and PCr play key roles in the regulation of oxidative
phosphorylation and other metabolic processes as an “energy buffer” and “energy
transport” system between the sites of ATP production and ATP utilization (67).

The CK/PCr system is very sensitive to changes in the intracellular [ADPJ and
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serves to keep this concentration low to prevent the inactivation of cellular ATPases
and the net loss of cellular adenine nucleotides (67). In addition to functioning as
a ‘barometer’ for intracellular [ADP] and therefore mitochondrial respiration the
CK/PCr system acts as a proton buffer since the production of ATP consumes both
ADP and H*which are both products of ATP hydrolysis:
(2) MgADP + PCr?* + H* = MGATP? + Cr

The coupling of CK with the ATPases at the site of utilization prevents the local
acidification at the initiation of exercise prior to activation of glycogenolysis. The
hydrolysis of PCr also liberates free P, at the onset of exercise which is essential
for the activation of glycogenolysis and glycolysis (3,67). Thincreased degradation
of PCr usually reflects a lack of mitochondrial derived ATP from oxidative
phosphorylation (70). In the present study the increased PCr breakdown observed
during ALK (Fig. 6) may have resulted from either a reduced [NADH] that
accompanied a reduction in FFA utilization (Equation 1) or may have resulted from
a change in the [H*] with ALK (Equation 2). Unfortunately, which occurred first or
the exact mechanism is not clear from the present results. Regardless of the
mechanism it is clear that the increased degradation of PCr led to elevation in the
free [P which contributed to the increased glycogenolysis observed with ALK and
is in agreement with previous studies examining the effect of increased FFA
availability in rats (26) and humans (24) have found that the concentrations of ADP,
P, PCr and NADH have direct effects on TCA cycle activity, mitochondrial

respiration and glycogen metabolism.
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3.5.5 Lactate Metabolism and Transport

Intramuscular lactate accumulation reflects the balance between the rates
of lactate production and efflux from the muscle (7,38). Previous studies in humans
employing metabolic alkalosis have focused on the effects of alkalosis on blood
[Lac] and have demonstrated similar results to the present study ie. an increase in
blood [Lac] (10,27,33,37,46,69). Only one study has investigated the effects of
alkalosis on intramuscular lactate accumulation and found, as in the present study
an increase in the muscle [Lac] (63). Only one study has examined lactate efflux
during alkalosis and found similar results to the present study ie. and in increase in
lactate efflux (33). However, none of the studies was able to elucidate the
mechanisms responsible for these observations during induced metabolic alkalosis.

Lactate production during alkalosis at 76% VO, .., Was increased compared
to CON and resulted from the mismatch between the rates of glycogenolysis and
PDH, flux as evidenced by enhanced pyruvate production and significantly higher
glycogen utilization in the absence of a difference in PDH, between trials (Fig. 3,
Table 4). The similar PDH, between trials reflects maximal activation and is
supported by the similar rates of pyruvate oxidation at this power output (Table 4).
Therefore the only difference between trials at this power output was the
augmented CHO utilization and thus glycogenolytic flux which greatly exceeded the
maximal PDH, flux. Previous studies have demonstrated that a mismatch does
exist between the maximal rates of Phos and PDH, at higher power outputs

resulting in a significant increase in lactate production (34,51).
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Intramuscular lactate accumulation is also a function of the rate of efflux from-
the muscle (38). ALK significantly increased arterial whole blood [Lac’],and plasma
[Lac] (Table 5) during both the second and third power outputs and enhanced efflux
from the exercising leg during the highest power output only (Fig. 8). Blood [Lac]
represents the balance of lactate entry from muscle and uptake by inactive tissue
(7). The present results can be explained by both enhanced lactate transport out
of the exercising leg and possibly reduced uptake by non-exercising tissue.

Lactate transport across the sarcolemma occurs via a monocarboxylate
lactate-proton co-transport protein, and as such is the rate limiting step in lactate
effiux (38,45). Kinetic studies of the transporter using isolated sarcolemmal vesicle
preparations have shown it to have a high affinity for L-lactate and to be sensitive
to changes in both the Lac” and H* concentration gradients (38).

in the present study with ALK there was an increase in the intramuscular
[Lac] but the Lac’ concentration gradient between the muscle and both the arterial
plasma and femoral venous plasma compartments was similar between conditions
(Table 7). Therefore the enhanced lactate efflux observed with ALK was not a
function of the increase in intramuscular the [Lac’]. This means that some other
factor likely has an effect on the (8). The most plausible effectoris H* as the [H*]
gradient between muscle and both the arterial and femoral venous blood were
significantly elevated with ALK (Table 7)(38,40). ALK also induced a significant
elevation in the extracellular [HCO,] which may have contributed to the enhanced

lactate efflux from the muscle. The importance of external [HCO,] on lactate efflux
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has been demonstrated in isolated muscle preparations with low external [HCO;]-
yielding reduced lactate efflux (32,43,58). In addition, studies employing metabolic
alkalosis in exercising humans (10,27,33,37,46,63,69) have consistently
demonstrated increases in the appearance of lactate in the plasma when
accompanied by increases in [HCO,]. During ALK in the present study, the
extracellular [HCO,] was significantly elevated in both arterial and femoral venous
biood at rest post-ingestion, and remained elevated throughout each of the three
power outputs, which is an agreement with the above evidence (Table 5).
Additionally, decreased lactate uptake by inactive tissue may have contributed to
the higher arterial [Lac] with ALK. Uptake by inactive tissue has been shown to
occur during exercise (28). Normally with exercise , the increased blood [H*] and
[Lac] create an inwardly directed [H*] and [Lac] gradient which facilitates uptake
into inactive tissue. However, alkalosis decreases the [H*] gradient and therefore
may reduce uptake compared to control conditions.
3.5.6 Summary and Conclusions

Induction of a metabolic alkalosis results in a complex series of metabolic
effects during exercise reflecting changes in the activity of key regulatory enzymes
and fuel utilization. The main findings of the study demonstrate that alkalosis during
60% VO, ., leads to increased glycogen utilization and pyruvate production as a
result of post-transformational allosteric activation of Phos mediated by increases
in the ADP,, AMP, and free P, concentrations. Greater PDH, transformation also

occurs with alkalosis at this moderate intensity as a result of the combined inhibitory
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effects of a decrease in [acetyl-CoAl; an increase in [ADP], [pyruvate] and [Ca®*]
on PDHK and the stimulatory effects of an increase in [H*] on PDHP. The netresuit
is an enhanced pyruvate oxidation and therefore a lack of an increase in Lac’
production. The increase in intramuscular [Lac] observed with ALK at this power
output results from the necessary re-generation of cytosolic NAD* to maintain
glycolytic flux in the face of markedly increased CHO utilization.

High intensity exercise (75% VO, n) With metabolic alkalosis leads to
significantly increased Lac” production, intramuscular accumulation and efflux. The
increased lactate production and increased intramuscular accumulation results from
the absence of down-regulation of glycogenolysis and glycolysis that typically
occurs as pH, declines. Instead, the increased ADP,, AMP; and free P,
concentrations competed with and/or negated the pH effect, resulting in the
maintenance of glycogenolysis and therefore pyruvate production. However, the
glycogenolytic rate exceeded the maximal PDH, rate, resulting in the increased
lactate production.

The increased blood [Lac] accompanying alkalosis likely results from the
effects of an altered [H*] gradient on the transporter; and not due to changes in the
[Lac] gradient. Reduced uptake of lactate by inactive tissue may also have
contributed to the increased arterial [Lac’] with alkalosis, but, this contribution was
not assessed in the present study. The present data demonstrate that the
increased blood lactate concentration commonly observed with metabolic alkalosis
results from a complex series of events that modulate the activities of the key

regulatory enzymes Phos, PFK and PDH,.
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CHAPTER 4
GENERAL DISCUSSION

4.1 Overview

The preceding chapters have outlined the current knowledge regarding the
effect of changes in extracellular pH on the appearance of lactate in the blood and
the known effects of H* on the activity of the key flux-generating and regulatory
enzymes of metabolism - Phos, PFK, and PDH.. However, the majority of studies
examining the effects of an extracellular acidosis or alkalosis on the appearance of
lactate in the blood have measured only the blood lactate concentration and/or
performance. In addition, many of the exercise protocols utilized in previous studies
have resulted in differences in total work, time to fatigue and therefore differences
in the ATP turnover rate between conditions. This has made it difficult to determine
if the results were due to the changes in pH or simply the exercise protocol. The
mechanisms responsible for the change in the appearance of lactate in the blood
and exercise performance with acidosis or alkalosis have been suggested to resuit
from a change in the intramuscular lactate production rate secondary to alterations
in the catalytic activities of the rate-limiting enzymes of metabolism. However, this

explanation has been inferred from blood measurements only. No human skeletal
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muscle in vivo studies have been conducted to examine the mechanisms:
responsible for the changes in blood lactate concentration with acidosis or alkalosis.
In addition, because H* is involved in a multitude of reactions and can effect the
catalytic activity of key rate-limiting enzymes, the potential exists that fuel utilization
may also be altered with acidosis and alkalosis.

The preceding two chapters presented new, original research examining the
effects of an extracellular metabolic acidosis (chapter 2) and alkalosis (chapter 3)
on: |

1) the activity of Phos and PDH, and their respective metabolic

regulators,

2) the accumulation of glycolytic intermediates and the pyruvate

production rate,

3) the intramuscular glycogen utilization and lactate accumulation, to

derive lactate production and oxidation rates,

4) lactate flux from the exercising leg and

5) carbohydrate and fat utilization
Measurement of the arterial, femoral venous, and intramuscular compartments and
their constituents aliowed the examination of the mechanisms responsible for the
alteration in the appearance of lactate in the blood under conditions of acidosis and

alkalosis.
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4.2 The Integration and Significance of Findings

The present research is in agreement with the numerous previous studies
that have reported decreases in blood lactate concentration with acidosis
(9,13,14,18,33) and increases with alkalosis (3,9,13,18,19,33,35). However, the
two present studies extend the knowledge by delineating the mechanisms
responsible for the changes in the blood lactate concentration. Previous authors
(9,13,33) have speculated that alterations in the lactate production rates might play
a role and that there may be a direct pH effect on the lactate transporter. The
present research confirms that acidosis and alkalosis decrease and increase the
lactate production rates respectively. The present data show that the intramuscular
lactate concentration is lower with acidosis and higher with alkalosis which is
consistent with the two previous human studies measuring this metabolite in
muscle biopsy samples under these conditions (3,33). The intramuscular lactate
concentration represents the difference between lactate production and lactate
efflux. Lactate production and intramuscular lactate accumulation isin turn reflected
by the ditference between the rate of pyruvate production from glycolysis and
pyruvate oxidation via PDH,.

Pyruvate production, oxidation, Phos flux, glycolysis and PDH, activity were
all affected by a change ir*\. the extracellular pH. Acidosis and alkalosis both had
effects on Phos a transformation and the concentration of its allosteric modulators
resulting in changes in glycogen utilization. Phos a transformation was reduced at

the higher exercise intensities under both conditions, but acidosis also resulted in
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significantly lower accumulation of the activators AMP, and free P,. This combination-
led to a marked reduction in glycogenolysis with acidosis. Thisis in agreement with
previous studies that have examined Phos a transformation under acidotic
conditions (4). In contrast, although alkalosis resulted in a reduced Phos a
transformation compared to control, glycogen utilization was markedly elevated.
The results indicate that this occurred primarily by a post-transformational effect as
alkalosis markedly elevated the concentrations of AMP; and free P,. This extends
and supports the previous studies in humans that have observed similar
correlation between glycogenolysis and the AMP; and free P; concentrations
(5-7,21). The present study results also support the contention that Phos a
transformation is not the sole determinant of Phos flux. Transformation is important
in setting the initial rate of CHO availability for oxidative phosphorylation but
thereafter Phos flux is subsequently modified based on the prevailing energy state
of the cell as defined by the [ATPI{ADP]x[P]] ratio (10,36). Table 1 lists the main
effects of acidosis and alkalosis on metabolism observed in the two present studies.
As the flux generating enzyme of the glycolytic pathway Phos sets the initial
rate of substrate availability in the form of glucosyl units. PFK then determines the
rate of substrate progression to the pathway terminus which is reflected in the
pyruvate production rate. .PFK activity was not measured directly but the relative
activity can be accurately inferred from the accumulation of its substrate F-6-P

(20,28,30). Together with the measurement of its allosteric regulators ADP;, AMP,,
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Table 1 - Summary of effects of metabolic acidosis and alkalosis on muscle

metabolism relative to control conditions.

MEASUREMENT ACIDOSIS ALKALOSIS
Lactate Efflux l t
Intramuscular [lactate] ! 1
Pyruvate production | 1
Pyruvate oxidation l @ 60%1 @ 75% o
% Pyruvate oxidized/produced | ©@ 60%! @ 75% o
Glycogen utilization ! @ 60%1 @ 75% 1
Phos a transformation l @ 60%! @ 75% |
PFK* l |
PDH, ! @ 60%! @ 75% o
ATP o o
ADP; ! @ 60%! @ 75% 1
AMP; ! @ 60%1 @ 75% 1
PCr degradation o @ 60%!1 @ 75% 1
P o @ 60%1 @ 75% 1

Adipose tissue lipolysis

]

Intramuscular TAG lipolysis*

1

!

* denotes as assessed by the [G-6-P], [G-1-P] and [F-6-P]; * denotes as assessed by glycerol and

FFA flux and [acetyl-CoA]; o denotes no difference between control and condition (acidosis or

alkalosis); | denotes decreased compared to control; | denotes increased compared to control;

@ 60% denotes second exercise intensity; @ 75% denotes highest exercise intensity
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H* and free P, an assessment of PFK activity was possible. The combined results"
of the acidosis and alkalosis studies demonstrate that increases in the H*
concentration have an inhibitory effect on PFK which becomes much more
significant if the accumulation of its positive modulators are suppressed. This
phenomenon was observed particularly with acidosis when the lack of substrate
supply occurred as a resuit of reduced Phos catalytic activity and therefore
glycogenolytic flux. Alkalosis had the opposite effect. Despite increases in the
intramuscular H* concentration the significant elevation in substrate supply due to
enhanced glycogenolysis in combination with increases in the concentrations of the
positive modulators ADP,;, AMP, and free P, were able to override the inhibitory
effects of an increased intramuscular H* concentration and maintain glycolytic flux.
The reduced glycogenolytic and glycolytic flux rates with acidosis were refiected in
the observed decrease in the pyruvate production rate. Conversely, the augmented
glycogenolytic and glycolytic flux rates with alkalosis were reflected in increased
pyruvate production rates.

Intramuscular lactate accumulation and lactate efflux are both affected by
pyruvate production and pyruvate oxidation rates. The pyruvate production rate
was altered with acidosis and alkalosis by a change in the activities of both Phos
and PFK as discussed above. In addition, the pyruvate oxidation rates were altered
with acidosis and alkalosis. Pyruvate oxidation is determined by the rate of
pyruvate decarboxylation to acetyl-CoA by PDH,. PDH, transformation and activity

is in turn linked to the availability of substrate (pyruvate), the energy status of the
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cell reflected in the ATP/ADP and NADH/NAD" ratios; and the degree of FFA"

availability/oxidation via the acetyl-CoA/CoASH ratio. PDH, was altered by both
acidosis and alkalosis. Acidosis resulted in a lower PDH, resulting from a reduced
availability of pyruvate from glycogenolysis/glycolysis and a reduced ADP,
concentration which may have led to greater relative activity of PDHK/PDHP.
Paradoxically, despite the lower PDH, the intramuscular lactate concentration and
lactate production rate were lower and attributable to a closer match between the
rates of pyruvate supply by glycogenolysis and pyruvate oxidation by PDH,. In
contrast, alkalosis resulted in greater activation of PDH, at 60% VO, e and a
continued increase in PDH, to maximal levels at 75% VO, .., The enhanced PDH,
with the second power output may have resulted from the combined effects of a
greater pyruvate availability as the glycogenolytic rate was significantly enhanced,
and the reduction in the ATP/ADP ratio due large increases in the ADP;
concentration. Together, this probably resulted in significant PDHK inhibition
resulting in a greater relative activity of PDHP/PDHK and therefore PDH,. Atthis
intensity, the lactate production rate was similar between conditions despite the
significantly greater pyruvate production rate and can be attributed to the greater
pyruvate oxidation by PDH,. Exercise at the highest intensity resulted in
comparable levels of PDH, transformation between conditions due to the attainment
of maximal activation, consistent with previous research findings at this intensity
(10,22). However, despite this maximal activation the lactate production rate was

significantly elevated with alkalosis. Based on the present research findings this
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can be attributed to the lack of a decrease in glycogenolytic flux that normally -

accompanies exercise at this intensity as the intramuscular H* concentration
increases. The maintenance of a high glycogenolytic rate led to a high pyruvate
production rate that was significantly greater than the maximal available PDH, flux
and led to greater lactate formation by mass action. importantly, these two studies
also illustrate that lactate production is not the result of an oxygen limitation as both
the mouth oxygen uptake and the uptake across the leg were similar across all trials
despite large differences in lactate production. This is consistent with recent
research finding that have demonstrated that lactate efflux is unrelated to
intraceliular PO, (26).

The present research also illustrates that changes in extracellular pH can
have effects on fuel selection/utilization. Acidosis and alkalosis resulted in very
different fuel utilization patterns. Acidosis resulted in inhibition of adipose tissue
lipolysis and glycogen degradation which shifted the emphasis of substrate supply
to intramuscular TAG stores. These findings support and extend previous research
regarding the inhibition of adipose tissue lipolysis with increased H* concentration
and the concomitant shift to increased intramuscular TAG utilization in the face of
reduced CHO availability and FFA availability from adipocytes (8,11-13). In
contrast, alkalosis resulted in reduced FFA utilization as glycogen degradation was
significantly increased. Of interest with alkalosis was the fact that the
acetyl-CoA concentration did notincrease despite a significantly elevated pyruvate

production rate. This probably reflects an increase in the rate of oxidative
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phosphorylation that may have been driven by the reduced intramuscular NADH -

concentration that accompanies reduced FFA utilization.

The results of the two present studies also support and extend the current
knowledge conceming CHO and TAG interaction with respect to both the glucose-
fatty-acid cycle during exercise as classically proposed and the reverse-glucose-
fatty-acid cycle (23-25,27,29,38). Both of the present studies support the reverse-
glucose-fatty-acid cycle which suggests that it is the availability of CHO that
determines substrate utilization. This was observed with acidosis as the acidotic
depression of CHO supply was met with augmented FFA utilization while alkalosis
with the concomitant increased glycogen degradation resulted in reduced FFA
utilization.

The appearance of lactate in the blood also represents the difference
between lactate production rates and lactate efflux by the MCT transporter. In the
present studies lactate eflux was measured under conditions of acidosis and
alkalosis utilizing the Fick equation and found to be in agreement with the only other
study to have measured lactate efflux directly (ie increased effiux with alkalosis and
decreased efflux with acidosis) (9). However, the mechanisms responsible for this
observation appear to be similar despite large differences in the extracellular pH
and intramuscular lactate concentrations. The most important determinants of
lactate effiux from skeletal muscle are the H* and lactate concentration gradients
as these determine transporter activity (2). The present research sought to

evaluate if the changes in blood lactate concentration and lactate efflux with
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acidosis and alkalosis were merely a consequence of the altered lactate production -
rates. This question was answered by examining the relationship between the
plasma to muscle lactate concentration gradients for both acidosis and alkalosis
(Fig. 1,2). This analysis revealed that the changes in lactate efflux cannot be
ascribed to result from simply a change in the lactate concentration gradient.
Figures 1 and 2 illustrate that despite large differences in the intramuscular lactate
concentration with acidosis and alkalosis compared to control the lactate
concentration gradients are similar. This suggests that the MCT transporters were
affected by other factors.

In summary, th= studies presented in this thesis significantly contribute to our
understanding of the mechanisms responsible for the differences in the appearance
of lactate in the blood during exercise in the presence of an induced extracellular
acidosis and alkalosis. The present studies clearly demonstrate that extracellular
pH manipulation does have an effect on the activity of the key flux-generating
enzymes Phos and PDH, and the regulatory enzyme PFK, and therefore impacts
lactate production, intramuscular lactate accumulation, and fuel utilization. The
present research also illustrates the importance of the energy status of the cell as
refiected by the phosphorylation potential in determining fuel selection, the rates of
substrate supply and modulation of the catalytic activity of Phos, PFK, and PDH,.
The potential exists to use the present findings as a starting point for the
development of studies to investigate clinical populations with diseases that resuit
in an increased blood lactate concentration with exercise and poor exercise

capagcity.
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4.3 Future Directions

A few clinical conditions exist that result in poor exercise capacity and an
accelerated appearance of lactate in blood atlower exercise intensities. Congestive
heart failure (CHF) and chronic obstructive pulmonary disease (COPD) are two
examples (15,16,34). Traditionally, both conditions have had their poor exercise
capacity and accelerated lactate appearance in the blood attributed to decreases
in the oxygen delivery to the working muscle during exercise. In CHF this has been
thought to occur secondary to impaired cardiac function that results in poor
peripheral blood flow (32,37). In COPD, the impaired oxygen delivery is secondary
to lung dysfunction (15). However, recent investigation has revealed that the
skeletal muscle in both conditions has a reduce oxidative capacity, which suggests
that the skeletal muscle is the limiting factor during exercise (16,31). The majority
of studies examining the mechanisms responsible for the accelerated appearance
of lactate in the blood during exercise and the poor exercise tolerance have been
descriptive in nature, examining only the blood lactate concentration. Only one
study in CHF patient has used the muscle biopsy technique and found that some
of the TCA cycle enzyme activities were reduced while glycogenolysis and
glycolysis are acceierated relative to work rate (32). Additionally, non-invasive
assessment of the skeletal muscle in CHF patients by P-NMR has shown that the
PCr degradation is increased, PCr resynthesis is delayed and the intramuscular H*
concentration is increased when compared to healthy controls (1,17,32).

Examination of skeletal muscle function in COPD patients with P-NMR has similarly
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demonstrated an accelerated PCr degradation rate and a lower pH;when compared"
to controls (15). However, no studies have examined the activities of the key flux-
generating and regulatory enzymes involved in CHO and TAG metabolism ie -
Phos, PDH, and PFK. As the studies presented in this thesis, so clearly
demonstrate, the appearance of lactate in the plasma is directly attributable to the
activity of these enzymes, and not related to the oxygen availability. Investigations
with these patient populations should concentrate on examining at rest and during
steady state exercise at intensities greater than 75% VO, n,, the activities of Phos,
PFK and PDH, and their respective regulators in order to discern the mechanisms
responsible for the accelerated appearance of lactate in the blood. This is
suggested on the basis of the results of the two present studies, as the majority of

effects were observed at this intensity.

4.4 Conclusions

The present studies significantly contribute to the understanding of the
mechanisms responsible for the universally observed increase in the appearance
of blood lactate with an extracellular alkalosis and decrease with acidosis. The
present research extends the finding of many in vitro studies on the effects of H* on
the activity of Phos, PFK and PDH, into humans, in vivo. The present acidosis
study validates previous speculation that acidosis reduces glycolysis but extends
the knowledge by illustrating that glycogenolysis and pyruvate entry into the TCA

cycle are also affected by alterations in Phos and PDH, catalytic activity which
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ultimately resulted in reduced CHO utilization, lactate production and lactate -

appearance in the blood. The present alkalosis study clearly refutes the previously
held notion that the enhanced appearance of lactate in the blood results from simply
an increase in the blood buffering capacity. The results of the present research
demonstrate that the enhanced blood lactate with alkalosis stems from an altered
energy status of the cell that ultimately allowed greater CHO utilizétion at a lower
intensity and the continuation of this despite increases in the H* at the highest work
rate. This was accomplished by the acceleration of Phos flux and glycolysis by
their positive modulators. The enhanced glycogenolysis was significantly higher
than the available flux through PDH, despite increases in its fiux, resulting in
increased lactate production and blood lactate appearance.

In addition, the significance of enzyme regulation by post-transformational
modulation and its link to the energy status of the cell was shown to be very
important for controlling both fuel selection and the rate of substrate supply. The
combined results of both studies demonstrate that an alteration in the external

environment of the muscle does have an impact on the intramuscular compartment.
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Putman, C. T, N. L. Jones, L. C. Lands, T. M. Bragg,
M. G. Hollidge-Horvat, and G. J. F. l!dmh-c
Skeletal muscie pyruvate dehydrogenase activity during maxi-
mal exercise in humans. Am. J. Physiol. mwudoauwl.
Metab. 32): E58-E468, 1985.—The of the active

form of pyruvate dehydrogenase (PDH,) and related metabolic

events were examined in human skeletal muscle during re-
peated bouts of maximum exercise. Seven subjects completed
three consecutive 30-s bouts of maximum isokinetic cycling,
separated by 4 min of recovery. Bwpn-oﬂhemht-ths
were taken before and immediately after
increased from 0.45 = 0.15 to 2.96 = 0.38, 1.10 = 0.11 to
291 = 0.11, and 1.28 < 0.18 to 2.82 + 0.32 mmol-min-!-kg
wet wt—! during bouts 1,2, and 3, . Glycolytic flux
was 13-fold greater than PDH, in bouts 1 end 2 and ¢-fold
groater during bout 3. This discrepancy between the rate of
pyruvate and oxidstion resulted in substantial
lactate accumulation to 89.5 = 11.6 in bout 1, 130.8 £ 138in
bout 2, and 106.6 = 10.1 mmol/kg dry wt in bout 3. These
events coincided with an increase in the mitochondrial axida-
honm.umtyahﬂhwmm
muscle production during exercise was

the primary factor
sbly intracellular Ce?*. In contrast, the primary regulstory
causing H, during recovery were lower

pyruvate and H*. Greater PDH, during recovery facilitated
continuad oxidation of the lactate load between exsrcise bouts.
acetyl-CoA/CoASH; ATP/ADP; exercise; hydrogen ion; lactate

R

SINCE THE mnmsof-andhlptonmlmus).
muscle lactate mmmmmu
O, supply. This theory still receives widespread support
mekeczsfwm)andnbdmadwwu

WMMWATPMW
below ATP utilization by the muscle, cytosolic ATP
levels decrease while ADP, AMP, andP.muuse.pmud
mgachmulmtolcealcmw
glycolytic rate leads to cytosolic pyruvate and NADH
sccumulation, which in turn react to form lactate, the
end product of anserobic glycolysis: Meanwhile, in the
mitochondria, NADH and ADP also accumulate due to a
substrate limitation of Oy at cytochrome oxidase. This
theoqmumuthntthecytmolmdmtochondmm
regulated compartments and that NADH
lnd ADP levels rapidly achieve equilibrium between
compartments. As tissue 0, decreases, the net effect of
these events is an accel¢rated rate of anaerobic ATP

each bout. PDH, trast,

produehontoaugmentotnphcembmﬂ?pmdue-
Conlldenble controversy still exists regudmg the

ingly large. As the rate of pyruvate
the capacity for oxidation by PDH,, pyruvate should
sccumulate and with i

nitude higher than pyruvate.

The purpose of the present investigation was to test
the hypothesis that lactate accumulation in maximally
contracting human skeletal muscle results from a greater
rate of glycolytic pyruvate production than pyruvate

0193-1849/95 $3.00 Copyright © 1995 the American Physiological Society



MUSCLE PYRUVATE DEHYDROGENASE ACTIVITY IN HUMANS

oxidation by PDH,. We also studied the factors regulat-
ing PDH, in human muscle during maximal exercise and
messured the contribution of PDH, flux to energy

pmducﬁondnﬁuwmuofmﬁmdqding of

exercise. This model was chosen because previous stud-
ies have shown a fall in the work achieved
during repeated 30-s bouts of maximal cycling, accompa-
nied by a progressive reduction in lactate production
(27, 34).

this, two clean 6- to 15-mg portions were stored

underliquidN,,ouefoideterminlﬁouofPDﬂ.mdtheoﬂger .

for determination of total pyruvate dehydrogenase activity
(PDH,). The remaining muscle was freeze dried, dissected free
of blood and connectivertissue, and stored dry at —50°C until
analyzed for metabolite'\poncentrations.

PDH, Analysis

PDH, and PDH, were messured as previously described (29,
30) using a radiometric method (11) that determines the rate
acetyl-CoA production as a function of time. Brisfly, for the
messurement of PDH, the sample was gently on
joe in a solution containing 60 mM tris(hydroxymethyllamino-
wmmi),mnumsomuxa.suum
glycol-bis(B-aminoethyl ether)-N,NN"N"-tetrascetic acid, &
mM MgCl;, 50 mM NoF, 6 mM dichloroacetic acid (DCA), 1
mM dithiothreitol (MTT), and 0.1% Triton X-100 (vol/vol)
pH 7.8. For the measurement of PDH,, the sample was
homogenized in a similar buffer with the following differences:
exclusion of 50 mM NaF and inclusion of 10 mM CaCl,, 25 mM

E, Beckman Instrument,

mM EDTA and oeutralized to pH 7.0 with 22 M KHCO,.
Three such extractions were completed. The first extraction was
uhumam.m,w-ﬁpm).

g

their .were analyzed as described by Ceder-
blad et al. (5). :
Calculations

The mitochondrial padox state (NADH/NAD) was calcu-
lated (rom the reaction using mea-

wammmmumnww
Graham and Saltin (15). The mitochondrial redox state was
calculated as follows

{NADH]/(NAD) -
= (kyy X (glutamate]) {({oxoglutarate] x (NH,))
where the equilibrium constant (ke,) was 3.87 x 10~ M, as

calculated by Willismson et al. (38) st a [H*) of 100 nM (pH
7.0). The cytosolic redox state was calculated as NAD/NADH,
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or the reciprocal of the mitochondrial redox state, as follows

(NAD)/[NADH] = ([pyruvate] x(H*]/(k,, X (lactate])

Mnl. (:";m 1.11 x 10~ M, also as calculated by Williamson
ot .

Intracellular pH was calculsted from muscle lactate and
pyruvate using the empirical relationship of Sahlin et al. (32)
and validated by Spriet et al. (34) for the type of exercise used
in the present study. For rest the following equation was used

pH = 7.22 - 0.00521 x (lactate + pyruvate)
For exercise samples the following equation was used
pH = 7.06 — 0.00413 x (lactate + pyruvate)

:
:
E..
1k
:
1
|

second trial
sive bout: from 19.3 + 0.9t0 163 = 1.0 and 14.2 + 1.2
kJ for bouts 1,2, and 3, respectively. ’

Vo,, Vo, and RER

Resting Vo, (Fig. 1) was 046 = 0.04 /min and
mebe,dapenkvdueofwto.l‘hﬁamlofqdin&
Peak V0, increased from 0.83 = 0.08 to 8.27 + 0.12 and
0.84 = 0.10 to 3.14 = 0.11 V/min in bouts 2 and 3,
M.anngthenctpmods?o,prh_ﬂbm—
ered but remsined elevated over basal resting levels.
Before bouts 2 and 3 VO, was 0.83 = 0.08 and 0.84 =
0.10 1/min, respectively. Four minutes after bout 3, Vo,
was 0.86 < 0.11 I/min. -

Resting Vco, (Fig. 1) was 0.44 = 0.06 |/min, increased
to 3.31 + 0.20 after 30 & of cycling, and reached a peak.of
8.80 = 0.11 15 s later. Peak VcO, was reduced to 3.08 +
0.08 in bout 2 and 2.45 = 0.12 in bout 3. During the
4-min rest periods Vco, fell to 1.20 = 0.11, 0.99 = 0.11,
and 0.86 = 0.10 }/min. .=

"
(7]
o

MUSCLE PYRUVATE DEHYDROGENASE ACTIVITY IN HUMANS

V0, (min™")

veo, (tmin™")

mO&St0.0S.trqt.mleto 1.17 £ 0.04 after 30 s of
cycling, and reached a peak value of 2.01 = 0.07 at 1.25

0.02 before bout 2,
during which after another 30 s of maximal cycling it

3
"

1.19 £ 0.04 and the ensuing 30 s of cycling again
mltadinanpiddoae&tno.'mto.o&mw
npukvdmofmto.osntljminmhthehst
recovery period and was 1.00 £ 0.02 at the end.

PDH, and PDH_ Transformation
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»
J

ki

W
[l

PDHa
{mmotmin~'kg ww"!)
N
1

-l
[ ]

(-]
L

g

9.5

;ﬁ ' B '

2 4 6 8

Time {minvtes)

l%.:. Mmmmmmmm
mal isokinstic cycling (sheded squares) and rest-recovery (open ares).
Data are mesans = SE. Symbolsssper Fig. 1.

tion (98.6 £ 8.3%). The following two bouts of maximal <ycling

cycling also resulted in transformation, reach-
ing 2.91 % 0.11 (100.0 = 6.9%) after bout 2 and 2.82 =
0.32 (92.7 = 5.7%) after bout 3. In the two intervening ton
rest-recovery periods PDH, fell to 1.10 = 0.11 (84.1 =
33%)-ﬁum1mm=om(u5:am)mbm

Acetyl-CoAICoASH
Acetyl-CoA/CoASH (Fig. 3) was 0.32 x 0.04 at rest
and rose as a result of maximal cycling to 0.57 = 0.04,

0.96:1:014and1.?8:0751ﬁuewhoftl}eth:ge

MMATPIADP(FE&S)WBO&O&MM:M
bout 1 of maximal to 6.4 x 0.9. After recovery in
the first rest period (7.1 a:o.O)itfelhgamaﬁerboutzto
5.2 = 0.6. During the second recovery period it
partially restored,-reaching 6.4 + ll.butbodulilsnot
completely recover to resting levels. After it
decreased even further to 4.5 = 0.7. Muscle AMP (Table
1) did not vary throughout the experimental protocol.

Mitochondrial and Cytosolic Redox State

NH; levels alternately rose and fell with successive
bouts of maximal cyeling, whereas changes in muscle
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glutamate were the opposite, falling with each succes-
sive bout (Table 1). Nuthumbohteeompudym
ered to their preexercise resting values: NHg remained
slightly elevated, whereas glutamate levels remained
lower than the preexercise rest values. In contrast to
these two metabolites, oxoglutarate decreased after bout
1 and did not recover thereafter (Table 1).
Mitochondrial NADH/NAD (Fig. 3) was 25.7 £ 6.0 at
rest and decreased to 9.6 + 1.7 after bout 1. It partially
recovered toward resting levels during the first recovery
period, reaching 153 + 2.6. Hmboutzofcydmg
resulted in a further decline t0 4.9 + 0.6; it remained low
tt.henstpenod(ﬁ.s:O'l)anddulmt
change after bout 3 (4.8 + 0.9). In contrast, the cytosolic
compartment became more reduced (Table 1).

Lactate, Pyruvate, and [(H*]

Intracellular accumulation of lactate, pyruvate, and
H* (Fig. 4) occurred as a result of maximal cycling
exercise. Muscle lactate (Fig. 4) increased as a result of
from 66 = 0.8 dry wt at rest to
895+ 11.6,130.8 = 13.8, and 106.6 < 10.1 after each of
thethnebwhofmmnlqdmg Lactate sccumula-
periods to 61.3 86and81.'ltlmﬁt:';';l'l:l'::llkg(ll'ym't
* + wt,
respectively.

N
1
®

Mitochondrial
AcetylCoA:CoASH
fatlo

-
']

12}

:; 8-\‘—’—‘{‘/&
e.
-
E 4 4 . . *
0 -
40 -
22 20+
sE .
2 101
z .
o-
— 1 3
] 2 4 6 8 95
Time (minutes)

Fig. 3. Mitochondrial acetyl-CoA/CoASH, ATP/ADP, and mitochon-
MNADHMADMMMMWWMMW)
and rest-recovery (open ares). Symbols as per Fig. 1.
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Table 1. Muscle metabolite content in vastus lateralis at rest and during intermittent isokinetic cycling

Beut 1 Bewt 2 Bout 3
Meapure Pre Pest Fre Pest Pre Post
NH, 512208 13762 164° TSz 48t 13112 130°¢ 988257 (6) 1696 = 180°¢ (6)
Oxoglutarats 13521.0@) 751.0° 69=10° 7321.1°(6) 84212°(6) 63z12°()
Glutamate 104214 70204° 59207 42:08°¢ 3.6205°¢ (6) 2.620.5° (6)
ATP 24210 23.1:13 21722 18619 16.121.7°¢ (6) 16.9=1.4%¢(6)
ADP 2642013 35320.26° 3212028 3672023 2.62:0.22¢(6) 3.69£0.30°¢ ()
AMP . 0.16£0.02 0.1720.02 0.2020.03 0192001 0.18 20.01 (6) 0.20+0.03 (5)
PCr %9241 39.7:3.0° 66.7:2.3¢ 218 1.7°12 61.125.6¢ (6) 33.2222%(6)
Cytosolic NAD/NADH 15682387 142223 852 16° 124:32 608 (6 66 = 16°¢ (6)

Deta are mesns 2 SE; n = 7 exoopt where indicated in

Ammonis and

messures are expressed in pmol/kg dry wt; all

perentheses. . oxoglutarete
uh-rmnm-d.-ﬂhiun‘bﬂuuﬁumtfmm”dmmtmmwl.

Muscle increased from 0.47 + 0.09 mmol/kg
dry wt at rest to 1.95 + 0.34 and 1.77 = 0.32 after bouts
1 and 2, respectively. In the intervening recovery period
fell to 0.77 = 0.10, which did not differ from
reat. During the second recovery period pyruvate de-
cressed to 0.96 £ 0.12 but did not change after 30 s of
maximal cycling in bout 3 (0.93 + 0.18).

Calculated (H*] (Fig. 4) was 65.6 + 0.6 nmol/l at rest
and increased to 216.5 = 27.6,277.8 £ 21.2and 247.1 =
21.1 after bouts 1, 2, and 3 of maximal cycling. During
the first and second recovery periods, (H*] partially
recovered to 1160 = 11.2 and 167.1 = 17.3 nmol/l,
respectively.

e+t

-a
8
(-]

2 ]

Lactate
{mmolkg dw™')

Pyruvate
{mmotkg dw™')

{1 (nmotd™")

Time (minutes)
pyruvate, and intracellular (H*) during maxi-
isokinetic cycling (shaded squares) and rest-recovery (open area).
Symbols as per Fig. 1.

Fig. 4. Muscle lactate,
mal

Acetyl-Group Accumulation

Total CoA (Fig. 5) was relatively constant throughout,
varying only slightly from 46.7 = 5.38 umol/kgdry wt at
rest to 54.9 = 3.98 after the first 30-s bout and 57.6 =
7.33 after the third. Acetyl-CoA (Fig. 5) alternately rose
and fell with successive bouts: it was 11.1 + 1.6 pmol/kg
dry wt at rest and rose to 19.7 + 1.8, 24.7 = 3.0 and
81.6 < 52 ifter each of the three 30-s bouts of maximal
acetyl-CoA partislly recovered to 162 + 1.6and 18.1 +
l.Gunqukgdrywtnﬁutbeﬁutmdueeondmtpeﬁod.

[
Q
2

-+

Total CoA
{umolhg dw™)
F
o
']

<
¥
£ s _
o-
0 2 i -6 8 95
Timne (minutes)

Fig.6. TohIOnA.nﬂyl-caA.-ndﬁuCoAdudummllm
w(mm)wm(mm.w-w
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recovery acetylcarnitine rose con-
tinuously 0 7.7 = 1.4 and 9.1 x 1.3 mmol/kg dry wt,

. Changes in free carnitine (Fig. 6) mirrored
those of itine, decreasing continuously from
14.1 = 1.8 mmol/kg dry wt at rest to 8.4 = 1.0 after bout
3. Total carnitine (Fig. 6) did not throughout; it
was 18.4 £ 1.7 mmol/kg dry wt at rest and remained

-t n
[} »
3 3

Total Carnitine
~
|1

(mmolkg dw™)

-
o W O © NO

1 (] [

Acetylcarnitine
(mmotkg dw™)

Free Carnitine
{mmolkg dw™')
-k -l
o o O w0
19
H

-

1
[ ]
»
[ d

*»

B - CEN
2 4 6 8 95

Time (minutes) '

Fig. 6. Total carnitine, acetylcarnitine, and free carnitine during
wmmMm)nde(m
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constant during three bouts of maximal exercise and the
two rest periods. Total carnitine ranged from 19.3 < 1.1
after bout 1t017.1 = 1.6 after bout 3.

Correlation and Multilinear Regression Analyses

Correlation analysis of PDH, and the regulatory
factors, ATP/ADP, NADH/NAD, PCr, pyruvate, and
[H’]dunngtutlndthemuypuwdsmhdthe
following. ATP/ADP (r = —0.115), NADH/NAD (r =
—0.514), and PCr (r = —0.733) were negatively corre-
zumnmmmm(nommdw

were positively correlated. Furthermore,
multilinear regression analysis using these independent
wkmfor%j%&thenmtwnmmﬁ.
at unngucuvery resulting regressio
equation was as follows "

PDH, = 1.88 + (0.0295 x (ATP)/(ADP))
= (0.00473 x (NADH]/[NAD)) - (0.0253
x [PCr)) + (0.419 x [pyruvate + (0.00305 x [H*])
(R? = 76.5%, P < 0.006)

where pyruvate and PCr concentrations are

as millimoles per kilogram of dry weight and H* concen
tration as nanomoles per liter.

In two previous studies that employed the same
protocol we found marked lactate production in the first
30-s bout, but in bout 3 no change in lactate occurred
(27, 34). We postulated that the reduction in lactate
accumulation in the third bout was related to progres-
sively greater PDH, flux. The purpose of the present
study was to examine skeletal muscle PDH, regulation
in humans during maximal intermittent exercise and to
examine the role of PDH, in regulating muscle lactate
pmdeednmtedkt?mMPDmﬁ.uh
tory factors were responsib) ordetermnmg in
h.umdlmngmandtom contribu-

was suc-
eeaﬁdutuhmngnuﬂehmmw:ndmﬁ.
transformation during successive of. exercise,
and it provided a good model from which to examine
factors regulating PDH, transformation.

Lactate Metabolism

O, availability. The classic theory of muscle lactate
accumulation during contraction has centered on the
development of tissue lifpoxia, which results in a sub-
strate limitation of the electron transport chain at
horsltion 89 Consequently, parel

ADHINADlndP‘mdadmmtheATPIADP
ensue. Accumulation of ADP, AMP, and P; in turn serve
as stimuli for continued glyoogenolyhc and glycolytic
flux. AMP activates glycogen phosphorylase, and the
accumulation of P; ensures that sufficient substrate is
available for phosphorylase activity, whereas ADP, AMP,



to form lactate.
Suppottforthisthoqmlnrpbhmdonm-
tions that muscle lactate production increases or de-
cresses during exercise in response to i ¥
or hyperoxic gas mixtures, i
review). This

tor of mitochondrisl O, availsbility (22). Sahlin et al.
(83) reported that muscle NADH accumulstion coin-
i i uscle lactate production in humans during
However, measurements of NADH and NAD by these
invuﬁptoﬂmmdeonwholeallmm
reflect total NAD and NADH but not the mitochondrial
redox state, except in the case of circulatory occlusion.
mwammhw
inglmmu(S)demondrMMinmmdevhidlw
sccumulating lactate, tissue Po; was well sbove 0.1-0.5
mme.theuiﬁallevdfottbedevdopmtofﬁmc
hypoxia (6).

In contrast to whole cell messures of NAD and NADH,
indicator measurements
reaction more accurstely reflect tissue O; availability

after the bout, it did not recover during the rest
period but remained lower the third bout.
Oonqomihntwiththne

during

munde(s.O.zl,SS).lntheabmdmmtog
limitation to mitochondrial respiration, the decrease in
ATP/ADP obeerved during each bout (Fig. 3) suggests
mﬁol!incﬁduof respiration

production
glyeolyﬁcﬂuminiﬁnadbytheﬂuxmen-
the rate limiting X Ifitis

(ls.m)mmskgofmmuuhrmurmqu
lkgdryweightol'musde.itilpasibletoulmhte
glycolyﬁcﬂuxforeadxhututhediﬁ'mbetween
glycogen breskdown andl:the sccumulation of hexose

MUSCLE PYRUVATE DEHYDROGENASE ACTIVITY IN HUMANS

subjects. The corresponding

1,2, and 3 were 3.0, 2.9, and 2.8 mmol -min~!-kg wet
wt-! (Fig 2). Thus ic rate was 13-fold greater
than PDH, in bouts 1 and 2 and 4-fold greater in bout 3.
Beauaegh.el’l)l-l.nlues,nportedheumloo*ot
m&mw.&qahowtthgwwfor
glyeolyﬁcﬂuxintothc'l‘chde.GlmMan-
drial O; was not limiting in our subjects, these data
mthnmundcwmodueﬁondlﬁumﬁmal
exercise in normoxia may simply be a function of widely
different capacities between the sbility to generate and
to oxidize pyruvate.

During i exercise )
mmol of lactate accumulated in the active muscle mass
in bouts 1, 2, and 3, respectively. From a previous study
(25) it is also possible to estimate that, during this
ML&%,M?MJWmMm
the extracellular space during bouts 1, 2, and 3. Thus
tohllaehtepmdudionw~299.282,md8‘lnnol.
during 30 s of cycling in each of bouts 1,2, and 3

i .Thus.dmingbwtsllndz.lﬁoﬂhew
in the extracellular flui

oE

PDH, Regulation

Rate of PDH, transformation. Muscle contraction has
previously been shown to regult in transformation of
PDH. to PDH, in humans (10, 12, 13, 29, 30), but the
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maximum rate of PDH, transformation during muscle
eontnctionh-notbeenehnmizd.'l‘hmitmof
interest in the present study to also examine the rate of
change of PDH,, transformation (APDH,/A?). APDH, /At
can be calculsted from a previous report that employed
electrical stimulation at 20 Hz (13). PDH, was trans-
formed from 26 to 64% of PDH, after 16 s and 78% after
szl.Noﬁnﬂnrmmformaﬁonoeamdaﬁu?s-of
stimulation, when PDH, was 79% of PDH,. Thus at 20
Hzmutofthehmfomﬁonoumedintheﬁutlsl

i APDH, /At of 3.1
period. In contrast

occurred duri

this co
mmol-min-3-kg wet wt-! and is to our knowledge the
hrgutwnleofPDH.mnlfanlﬁonmhd
for human muscle. Given each contraction was
i i that most of the
transformation could have occurred early in the exercise
bout (18), end the APDH,/At may be grester. The
difference between the APDH, /At in the present study
and that calculated from the data of others (13) is
probably due to the more intense protocol that we
Acetyl-CoA/CoASH, NADH/NAD, and ATP/ADP. Mi-
tochondrial scetyl-CoA/CoASH, ATP/ADP, and NADH/
Nmmwdmm&emorm
metabolism and PDH, transformation. The regulatory
influence of these factors has recently been reviewed
(87). NADH and acetyl-CoA inhibit PDH-phosphstase
and increase the activity of PDH-kinase, whereas NAD
_and CoASH accumulstion have the opposite effect,
mau:ingtheteﬁvi.tyofl’l)ﬂ and inhibit-

-phosphatase,
Conversely, when the activity of PDH-phosphatase is
greater, PDH, will incresse.

_Acetyl-CoA/CoASH. In the present study, each exer-
cise bout resulted in an increase in mitochondrial acetyl-
CONGP}:S!SLH (Fig. azﬂewhid! should have resulted in
lower During the ensuing 4-min recovery periods,
the changes that occurred in acetyl-CoA/CoASH during
exercise were resolved. Oscillation of acetyl-CoA/

CoASH (Fig. 8) and acetyl-CoA (Fig. 6) coincided with a
continuous incresse in itine and decrease in
(Fig. 6), which is consistent with the reversible transfer
of acetyl groups from mitochondrial CoA to carnitine.
'l‘hcm;lﬁngmhfniﬁneisthentnnwhdtothe
cytosol for storage. This system of acetyl-group transfer
has previously been characterized in human muscle (10,
12, 13, 17). In our subjects, it acted to buffer sgainst
excess acetyl-CoA when its production through PDH,

5 inhibitory stimulus.

During exercise, the continuous transfer of acetyl
groups from CoA to carnitine attenuated the rise in
mitochondrial acetyl-CoA (Fig. 5) and acetyl-CoA/
CoASH (Fig. a),ndwmmsnmnmm
that was sufficient to sustain maximal PDH, activity.
During the recovery periods this mechanism of acetyl-
group transfer allowed recovery of acetyl-CoA/CoASH
QMWWS).MMM
inactivation of PDH, (Fig. 2) and allowing continued

toed net removal of accumulated

NADH/NAD. Before exercise, mitochondrial NADH/
NAD was very large (Fig. 3), possibly due to a substrate
limitstion of ADP at oxidative phosphorylation, result-
ing in inhibition of the electron transport
NADH accumulation (39). Extensive NADH accumula-
tion under rest conditions would have increased PDH-
kinase activity and inhibited PDH-phosphatase, thus
maintaining PDH, in a phosphorylated state and sustain-

ing low PDH,.

NADH/NAD decreased twofold during bout 1 and
fourfold during bout 2, where it remained
the remainder of the protocol (Fig. 3).
stimulatory and inhibitory

since its effects are apparen

stimulatory affects of Cat* (13). During exercise the role
of NADH/NAD was probably relegated to one of sup-
port, acting in concert with the other regulatory ratios
in PDH,, regulation. In contrast, during rest and recov-
ery, when the influence of Ca?* on PDH, transformation
is less, NADH/NAD appeared to be an important factor.
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is consistent with the gradual removal of the inhibitory
eflects of NADH/NAD with each successive recovery
iod, resulting in progressively greater PDH,.

ATP/ADP. Fluctustions in the ATP/ADP (Fig. 3)
were gimilar to changes in NADH/NAD (Fig. 3). At rest
the ATP/ADP was ~9 and by 33% to ~6 after
bout 1. Similar to the effects of NADH/NAD, high
ATP/ADP at rest would have stimulated PDg“-hnne

£
L
E
i
g
:

ADP. In our subjects, i
changesin ATP/ADP.

Pyruvate. The primary substrate of PDH,, pyruvate,
is also a potent stimulus for PDH, transformation,
exerting its effects by inhiiting PDH-kinase, with an
estimated inhibitory constant (K;) of 0.6-2.0 mM (37).

increased four-

tion of 0.7 mM after bout 1, which is in the range of the
K, of pyruvate for PDH-kinase. Thus, in our subjects
changes in muscle pyruvate concentration would have
been in an optimal range to exert a significant inhibitory
effect on PDH-kinase, stimulating rapid PDH, transfor-
to the inactive form during recovery. .

, relationship found by Sahlin and
co-workers (32) between the sum of pyruvate plus
lactate and muscle homogenate pH to estimate intramus-

cular (H*]. Although many factors contribute to intracel-

lular (H*] in heavy exercise (24), they appear to change
in parallel. Spriet et al. (34) found a closely similar
relationship in maximal cycling exercise of the type used
in the present study, sipporting its validity, and allow-

MUSCLE PYRUVATE DEHYDROGENASE ACTIVITY IN HUMANS

ing us to examine the influence of changes in (H*] on

period, PDH, transformation.

few reports are svailable on the effects of
(H*) on PDH, transformation, one study reported that
acidosis increased PDH, transformation in perfused rat

ing each of the recovery
aversge PDH, flux of ~1 mmol-min-!-kg wet wt-.
This suggests that under these conditions, the factors
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that determined PDH, transformation also determined
PDH, flux. Lactate was probably used as a metabolic
fuel during recovery from exercise to replenish the PCr
pool (16) and support intracellular ATP requirements

during this period.
Contribution of PDH, flux to ATP production. During
mﬁememumhrmdtbedurwonemployed

theptuentutudy the major sources of ATP produc-
o have traditionally been thought to come from PCr
bmhdownandmnuohcglymlyu(zo) However, it is

power ‘mm.sum'fmz AG?; t:utz -
output t0163in was
related to the of muscle fatigue

Table 2. Sources of ATP generation during three
consecutive 30-s bouts of maximal isokinetic exercise

be negligible (20).

.ud:vnybaame

E467

primary stimulus for this transformation was probebly
Ca?*, which activates PDH-phosphatase and inhibits
PDH-kinase (37). During exercise, greater PDH, may

hnvebeenfurtherﬂpportedbymlsmNADHlNADmd
ATP/ADP, increases in pyruvate and H* concentra-
mﬂmmuofthemmnuyl-cwm

PDH.:&M bemln:s til

on may not un
wmmuwmw’mmmummﬁ
these factors During exercise PDH,

regulatory persist.
flux matched measured values of PDH,. It is suggested
that the role of PDH, is to supply oxidizable substrate to
the TCA cycle for generation of ATP and that this source
of energy becomes increasingly important with each
successive bout of maximal isokinetic cydmg because
anaerobic sources become increasingly inhibited.

During recovery, the influence of Ca®** was removed
but PDH, remained elevated due to lower NADH/NAD
and ATP/ADP, m
tions, and

mminedmayhmbeenmpothnt
PDH.m-formaﬁonandPDH.ﬂuxdnnngrstlnd

power recovery from exercise.

from exercise, maintenance of muscle PDH, flux
glycolytic flux was slowed appears to be respon-

sibleformtlmteoxidlﬁon.
daurmimntofPDH.dunngw
other regulatory

rest and recovery from eSercise, the important
mhofPDH.mﬁmndtobeATPlADPmdNADHl
NAD as well as the concentrations of PCrand
H*. The contribution of PDH, flux to total ATP produc-
tion during repeated 30-s bouts of maximal sprint
increasingly important with successive bouts,
mmhngform 33, md&%oftohlmpmdm
. The progressive incresse in intramuscular
(H*) dunng the recovery pefiods served to simulta-
neously inhibit glycolysis and maintain greater PDH,
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Effects of short-term submaximal training in humans
on muscle metabolism in exercise

PUTMAN,! N. L. JONES,! E. HULTMAN,?* M. G. HOLLIDGE-HORVAT,! A. BONEN,?

of Medicine, McMaster University Medical Centre, Hamilton, Ontario L8N 32Z5;

C.T

D. R. McCCONACHIE,! AND G. J. F. HEIGENHAUSER!
3

)

2

of Kinesiolagy, University of Waterloo, Waterloo, Ontario N2L 3G1, Canada; and
of Clinical Chemistry, Huddinge University Hospital, Karolinska Institute,

‘Department of
S-141 86 Huddinge, Sweden
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lactate; axygen uptake; pyruvate dehydrogensse; glucose
mmu.uﬁdmmmmm
phorylation potential

LONG-TERM ENDURANCE (mbmuimnl)tniningarﬁed
outoverpcﬁodnof:tlautuvenl eeks leads to

reduction in muscle glycogen utilization and hel:nte
production, with greater use of fats as fuel during
submaximal exercise (17). These chinges have been
ucﬁbedtnlmptwementsmmmdehverythmugh
increases in muscle upﬂhnuhon. greater metabolic
oxidative capacity related to increases in mitochondrial
content, and increased activity of enzymes taking part
mtheutnc.adcycle.ndﬁtondahon.neeenﬂy.
short-term (6-10 days) endurance training has also
been shown to shift metabolism from carbohydrates to

fats, with less lactate production, before any increases
in mitochondrial oxidative capacity have occurred (15,
16, 24), calling into question the importance of increas-
mgmddwuymdmdmvemtymuplnn
ing the effects of training on the choice of fuels for
exercise. Musele biopsy and whole body substrate turn-
over studies have shown that muscle giycogen and
glucose utilization are decreased and less lactate is
produced (8, 15, 16, 21, 23, 24). Intramuscular trigiycer-
ides are oxidized to a greater extent, without increases
in the oxidation of plasma-derived free fatty acids (20,
21,23, 24).
A reduction in blood lactate accumulation is uni-
formlyfonndaﬁerendunnee&unmg(l‘l).mdhe—
lactate formation has been consid-
endtobouenndnrytomu-mdmdﬁ-mhypmn,
improvements in oxygen delivery and utilization have
been cousidered to be the causal mechanisms. An
alternative view of lactate formation (29) is that it
results from an jmbalance between the rates of pyru-

pyruvate
(26) and enzymes of oxidative phosphorylation (29).
an equilibrium constant of the lactate dehydro-
system markedly favors lactate over pyruvate,
mnﬂchnguinpynmumhtwnmmhd
with large increases in lactate formation.

Recently, it has been demonstrated (8) that the
mmmmwowmmmmm
tnmmgilmudnthamducﬁmmglymolyhc
ntz,nhhdtopq.mmmmddmgnhhon
glycogen activity, modulated by de-
creases in both PO}~ and AMP. In all these previous
cwduc,uduehnmmlnctm-muhhnnwmhrgu

short-term training (22), there is in addition to a lower
muscle lactate production a greater rate of lactate
clearance from the blood.

Because PDH, controls the rate of acetyl-CoA forma-
tion from pyruvate, the effects of training on lactate
metabolism may be hmedbynnmmueinthe
active form of PDH, (PDH,). Greater conversion of
pyruvate into acetyl-CoA may allow greater oxidative
phosphorylation and lower pyruvate concentration, ac-
eompumedbylowerhcutefotmnhon Because previ-
ous studies of short-term training have shown no
increase in mitochondrial enzymes, any increases in
lactate clearance and pyruvate oxidation are likely to

0193-1849/98 $5.00 Copyright © 1998 the American Physiological Society



MUSCLE METABOLISM AFTER TRAINING E133

result from altered PDH, uguhtwn at submaximal
workloads, rather than increases in the total PDH,
activity (PDH,). However, the role of increased transfor-

Seven male subjects (age 23.4 + 1.5 (SE) yr, height 181 = 2
cm, weight 81.4 = 4.1 kgl participated in this study. Approval
was obtained from the ethics committees of McMaster Univer-
ntytndtbc McMaster University Medical Centre. Written

informed consent was obtained from all subjects after an
explanation of the attendant rigks associated with the study

mmm«u&mmm.m
dard light meal, consisting of carbohydrate, and
reported to the laboratory 1-2 h later. The femoral vein was
catheterised

cise), followed by cycling for 15 min each at 30, 65, and 76% of
MMVO.-WWM
made during the last 6 min of the preezercise period and
between 8 and 12 min of each exercise stage. Blood samples
from the femoral vein and the brachial artery were simulta-
neously drawn at rest and at 9 and 13 min of each exercise
stage. Leg blood flow was measured immediately after blood
sampling at both 9 and 13 min. Biopsies of the vastus
lateralis were obtained at rest just before the start of exercise

were corrected to the highest total creatine in a series of
wmmamn-mmuw
dyeggqudctcmd

Mouscle wet-to-dry ratios were determined by the
frozen muscle before and agein after freese-drying.
Maximal citrate synthase (CS) activity was determined accord-
ing to Bergmeyer. C8 'was messured on each
biopsy in duplicate on two different occasions for each subject.
Because no were found between the two sets of
in.dq:udnt between

tween 9 and 13 min of each exercise stage, the two values at
these time points were averaged to obtain one value for each.

Caleulation of Pyruvate Production and Oxidation
and Lactate Production

Pyruvate production was cilculated from the sum of the
rates of glycogen breakdown and glucose uptake minus the
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sum of the rates of accumulation of muscle giucose, G-6-P,
ﬁr&pumimmmmm

Data were analyzed using two-way ANOVA with repeated
measures over time, except where otherwise stated. When a
significant F ratio was found, the Newman-Keuls post hoc
analysis was used to compare means over time and between
conditions. The following data were analysed using
paired dependent-samples Student’s t-test: relative and abso-
lute VOypqn, body weight, maximal CS activity, PDH, GLUT-1,
GLUT4, mean total CoA, mean total carnitine, pyruvate
cause we hypothesized respiratory exchange
ratio (RER) and utilization would decrease as a
result of training, thess data were analysed using a 1-tailed
paired dependent-samples Student’s ¢-test. Data are summa-
na;dla?mzﬂ.biﬁu“mww
at P <0.06.

Vi mes Gnd Respiratory Gas Exchange Responses
w!gnuwandwuum

No changes were cbserved in maximum aercbic
enmdtyuamultoflubnnimaltnin.iqg.uim!i-

posttraining condition.
After training, RER (Tuble 2) was lower during cycling
at 80 and 65% Vo,,,,.

“Muscle Metabolism

ATF, ADF, and PCr. Muscle ATP and ADP concentra-
tions (Table 8) were unaltered by exercise or as a result
Table 1. Maximal oxygen uptake, body weight,

enzyme activities,
GLUT:1 and GLUT4 glucoee transporters before
traing

|

and after short-term

Massure Pretraining Pesttraining
VOsaee, Vmin 366020 377=0325
Ralative VOppee, ml-kg-1-min-? 452220 464=32
Body weight, kg 811241 816+38
CS, mmol -min=1-kg wet wt-! 1612144 169=1.09
PDH,, mmol-min-l-kgwet wt-! 322:040 362+040
GLUT-1, % 100 997
GLUT4, % 100 1439

Values = 8E. Vi , maximal 3 total
m-u: O3 s Oguptske; PDH,, total er

MUSCLE METABOLISM AFTER TRAINING

Table 2. Respiratory measures before and after
short-term training

VOsgua ®

‘Trainiag
Measwe States Preszerciss 0 [ 3 ™
Vo, Pre 0362002 1492007 261=0.14¢ 3.00=0.16

Post 0392002 1462007 252=0.10 3.03=008
Voo, Pre 0332002 1372007 252013 209013

Post 03820.03 1292006 2.36=0.08* 280009
Vesrro, Pre 108205 313:16 B547=30 745263
Vmin Post 120+10 289212 621=18 674237
RER Pre 092:0.05 0922002 097002 097002

Post 09720.06 0.88=0.01* 0.94=0.01° 0.95=0.0]1

Values are means + SE. Vz s7vD, ventilation expressed at standard

tamperature and pressure, dry; RER, respiratory exchange ratio;
g.&w-mmmmm-

of training. Before training, PCr concentration ([PCrl])

docmodyithnd:inminmrduinmﬁty_ﬁnm

accumulation of glucose was similar between condi-
tions at each stage, except at 75% VOg ., Where it was
lower posttraining (Table 8). Muscle G-6-P and G-3-P
contents were also lower after training (Table 3). F-6-P
(Table 3) was not different between the pre- and

at rest to 9.0 * 3.8 at 30%, 20.075t 5.3& Gﬁﬁl&:
462 * 6.6 mmolkg dry wt at 75% VoOgu.,.

ining condition, muscle (lactate] did not in-

tial préexercise value of 4.2 + 0.4 at

30% (4.3 = 0.3) but then increased to 11.9 + 8.2 and
172 *+ 4.4 mmol/kg dry wt at 65 and 76% of VOy.,,,
respectively. Muscle pyruvate concentration ([pyru-
vate]) progressively increased to the same extent, with
increasing workload in_both the pre- and posttraining
conditions up to 65% Vo‘::l. (Fig. 1). A;:(’{’B::, Voa..‘.ﬁ
however, posttraining muscle [pyruvate] (0.57 =+ 0.
mmolkg dry wt) was 32% lower than the ini
value (0.75 *0.06 mmol/kg dry wt) (Fig. 1).

PDH,. PDH, was similar before and after training
(Table 1). Before training, the preexercise PDH, level
(Fig. 2) was 0.87 + 0.11 mmol ‘min—1-kg wet wt-! and
increased to 1.81 * 0.29, 3.68 + 0.76, and 3.89 = 0.87
mmol-min-1-kg wet wt-! after cycling at 30, 65, and
76% VOq s, respectively. After training, PDH, was not
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Table 8. Muscle metabolite measures and muscle wet-to-dry ratios before and ajter training

Voram: %
‘Training
Messure State Presmrcies 0 [ %
Glycogem, mmal glucose Ukg Pre 454.1=139 4274=218 84428 235.1=316
drywt Post 600.3=62.8* 60122672 5203=38.9* “Mo5=43.4*
Glucose, mmel/kg dry wt Pre 202=035 2732064 3.23=0.62(5) 4.98=1.00(5)
Post 182:022 265=047(5) 298=0.60 297=0.64*
Glucose 6-phesphate, mmolkg Pre 204=0.19 248=0.19 3.8220.%9 4.53=0.52(6)
drywt Post 1L13=022° L57=022(5) 2.86+0.37* $.3420.51°
Fructoss 6-phosphate, mmolky Pre 0.17=0.08 0.34=0.06 0.46=0.08 0.3820.11(6)
drywt Post 0.14=0.06 0.16=0.03(5) 0.38+0.07 0.40=0.11
Glycerol 3-phesphate, mmolkg Pre 0.62=0.08 090022 1.45=0.44 2.15=0.96 (5)
drywt Post 0.62=0.00 0.53=0.05(5) 0.92=0.19 101:0.22*
ATY, mmaolkg dry wt Pre 24.0=10 22=08 231211 23506
Post 2.7=06 2404 21.7+09 234204
ADP, mmolkg dry wt Pre 299=0.39 2202061 3.564+0.66 4.03=0.46
Post 3.19=0.58 323=0.4 3612107 3.34=0387
PCr, mmolkg dry wt Pre 86.6=34 76.0=6.1 669=3.7 400268
Post 83838 80.8=28(5) 624248 563.7=48°
Muscie wet/dry ratio Pre 422+0.10 4.96=0.14 450:0.11 4.686=0.08
Post 4.16=0.08 4382007 4512006 4.4420.07
Values ars means = SE; & = 6 for all data except where indicated in parentheses. PCr, phosphocrestine. *Significantly different from

different from the pretraining condition at matched
time points, being 0.8¢ = 0.10 mmol-min-!-kg wet
wt-! before cycling exercise and 1.65 + 0.24, 2.60 =
0.13, lnd378*'0.86mmol min-1-kg wet wt-! at 80,

65, nnd'lﬂVo,_
CaA. carnitine, and forms. Total muscle

. acetylated <
CoA content increased as a result of short-term train-
€0 7 Pre-Training ~--O0-—
60 | Post-Training ——9— ;
40 - /
30 /
20 -
10
0 -
090 1
_ 075 -
'E 0.0 - !
2 ous -

Eo.ao-" -----

Lactate
(mmol-kg dw')
\
b,

0 25
Exercise intensity (% VO,max)

Fig. 1. MW mmﬁmmum
training. V03,,., maximal O; uptake. *Significantly different from
pretraining at matched time 'nme & significant main
effect over time for

data and for both pre- and
mmh&.dv.l)ryn

ing (Table 4). When averaged across all four biopsies

mtlnnudlemdlhon,thnmmudtoum:ncun

intensity (Table 4). Total muscle carnitine content was
notdwndbycychngmuorbyminmgmbleo.
the averages of four taken before and after

training being 20.3 = 1.6 and 20.8 = 2.0 mmol/kg dry
wt.mpeehnlyAutylammfollowednnmﬂnrp‘t-
tern as scetyl-CoA, increasing as a function of increas-
ing exercise intensity, with the exception that acetylcar-
pitine accumulation was attenuated at 65 and 76%
VO3.0es postiraining (Tuble 4). Free carnitine decreased

in a reciprocal manner snd did not differ between

“W Pre-Training ——O-—

o~ Poet-T! ——
Tl L
--\? 30
e

K]

E

E

T 1

60 78
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Table 4. Muscle CaA, carnitine, and their acetylated forms before and after training

Vs &
Treining
Messure State Preassrcise 0 & ™

Total CoA, pmel/kg dry wt Pre 622278 05=64 723268 774246

Pest 10L.7=13.7* 96.1=108* 22124 866=102
Acetyl-CoA, pmol/kyg dry wt Pre 89=19 104=17 198=19 239=25

Post 7009 112=13 178=28 89=26
Free CoASH, pmolkg dry wt Pre 73.8=6.7 5023=60 625=64 536=33

Post .7=138° 849=104° 765=116* 605=84
Total camitine, mmolkg dry wt Pre 205=13 187217 202=17 21.7=20

Post 205=21 209=23 199=20 200=19
Acstylcarnitine, mmol/kg dry wt Pre 3.1=08 42=06 113=19 168224

Post 21206 35=03 78210 126=1.1°
Free carnitine, mmol/kg dry wt Pre 163=19 143=13 92=13 60=11

Post 18318 16419 122=19* 70=09

Values are means = SE; a = 6 for all measures. *Significantly different from pretraining.

conditions, except at 65% VO;n., posttraining, when it
was greater.

Metabolite Exchange Across the Leg

Legbloodﬂowcudogupmughloodﬂowm
sively increased from preexercise (i.e., rest) to 65%
VOsge: to the same extent in the pre- and posttraining
conditions (Table 5). However, at 75% V0yn,,, leg blood
flow was 0.84 Vmin greater after training. O; uptake
across the leg was not altered by training (Table 5).
Blood lactate. At rest and during cycling at 30%
Vo,_mdﬂnml(‘hbleﬁ)dldmtdﬂerwithm
or between conditions, but at 656 and 75% VO 4, there
was a progressive increase in both conditions. However,
after training, arterial (lactate] values were lower at 65
and 76% V03 pe, (Table 5).
Dmgmtnndqdmgatho._.thmmno
differences in the net release of lactate between the pre-
and posttraining conditions (Fig. 3). AtﬁSand'lS‘b
&.5 net lactate release was less st posttraining
Blood and muscle glucose transporters. Arte-
-nﬂﬂwmﬂtﬁm(fglm])mmﬂuatdl
power outputs in both pre- and posttraining conditions

(Table 5). Leg glucose uptake (Fig. 3) did not differ

changes were observed between conditions in the net
uphk.aornleueofl"FAbefonmdduringeyding

production was reduced by 69% (Table 6).
DISCUSSION

mmtlmdymmmedtheeﬁmofmmm
training on some biochemical responses to 456 min of

Table 5. Arterial concentrations of blood-borne substrates, leg blood flow, Mlqo,uptahe

before and afier training
_—_——_—_————————————-——————_———
VOram: ®
Training
Measure State Preszerciss 0 [ T
Lactate, mmoll Pre 0.70=0.11 1.06=0.16 3672045 5662087
Post 0.67=0.04 0.84=0.10 249+0.34° 3.76=041*
Glucoss, mmol Pre 5.16=020 4.9420.18 459=0.18 4.50=0.16
Post 4.93=0.16 4.8720.19 4.50=0.16 4.33=0.00
FFA, mmoll Pre 0.74=0.14 0.68=0.09 0.53=0.08 063=0.09
Post . 057=0.10 0.46=0.06 042=0.05 0.46=0.07
Glycerol, pmoll Pre Si=14 =1 96 =15 138 =26
Post 47=10 =9 109=14 47=21
Leg blood low, Vmin Pre 090=021 3640562 4.16=0.52 4.73=046
Post 0.68=0.19 3.20=0.31 4.36=0.34 6.57 £0.36*
Leg Oy uptake, mmolmin Pre 2.1+042 178+3485 224=4.44 21.7:3.%
Post 1.6=022 1502161 198=254 U5=29

Valuss are means = SE; = = 7 for all measures. WAMM““NMMQWm&mHm *Significantly

different from pretraining.
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Pre-Tralning ——-O-—-

Post-Tralning ——@——

Glucose Uptake
(:\cmol-mr:’q)

[ ]

~ 15 1 ,Ll

g5 .~

¢§ 1.0 i /,I

g 051 g
§_E, 0.0 4%+~ e 4
05 - | S

o 25 60 75
Exercise intensity (% VO,max)

g 3. Mwuww—mmumm
MM’WMﬁ-mcw
h#hm.w-ﬁ‘dmdﬂﬁb&
pummmumwm

eonﬁnmqmdu,mﬁlﬁngoﬁsminnr.h‘tao.sﬁ.
and 75% VOspe Although there were no significant
differences in utilization and lactate produc-
ﬁmdmvhhmmphﬁminmm
blood was lower at 65 and 76% VO;.,, after training.
were observed at the highest load; there was a 33%

Pre-Training ——-0-—-
Post-Training —o—

Free Fatty Acld
Uptake (pmot-min™)

Glycerol Rolo'no
(umol-min™)
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Table 6. Pyruvate metabolism at 75% VO e, before
and after training

__————-_—_—.—_—'————————__————_

Measure Pretraining Pesitraining
Pyruvats preduction A48=283 167282°
Pyruvate exidation 184 =204 141=88°*
Lactate preduction 64=13.1 %18

Valuss are means = SE; & = 5. Units are mmol/eg. *Festtraining
wvalue is less than pretraining.

decrease in pyruvate production, & §59% decrease in
pymntemvaﬁmmmu.mdluimin
pyruvauoxidnﬁm('hbles).'mcdminpymm
production at this load was explained by a 30% de-
crease in glycogen ion and a small, nonsignifi-
cant reduction in glucose utilization. Pulmonary and
legO;uphhnndtheacﬁvity&mihdmdﬁnlCSm
unchanged. The total activity of the PDH, snd the
wmﬁmhihacﬁvefm@ﬂ.)mwnd.
An increase in the total muscle content of CoA was
ohavgd.andll’?rlmnholigbu“bdninz: .

metabolic clearance from the circulation. Isotope tracer
studies in rats (11, 12) and humans (19, 22) have
demonstrated that reductions in blood lactate with
trainingmauociaudwithinauluinchunneeof
hm&mﬂnphmpooluthuthn.mm

i ﬁmmmd&!nthem:

of higher phosphorylation potential high-energy
memmnmmmxmt
with a lower PO}~ m&’ﬁﬁm(& 15, 22, 24). PO{” is

mthemdwdmdlﬁm,uwenuadm
phosphofructokinase

influence on the activity of inse via the
ATP/ADP ratio. ’
An increase in phosphorylation potential has been

on
mmmmmm(s.m.zz.w
nndwhenthe.vnﬂnbilityofFFAformmdembo-
limisinauudbyinﬁuionoffatemuhion(u)and
enﬂ‘eineinguﬁon(m).lnallthuuihuﬁom.inauud
lPCr]tnddeaeuededuﬂaudeonemmﬁmofﬁ'ee
ADF and AMP have been accompanied by glycogen
lpaﬁngduﬁnguetciu.smﬂuﬁndinguwm

by!-‘mmetd.(u)_in.tl_ndiu of heart n.mlde. Thus,
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A reduction in ic rate during exercise
after training was associated with reductions in pyru-
vate oxidation. As this reduction was unaccompanied
byehnngninPDH.('lhblel)orPDH.G'izz).wein&t
that it is due to a reduction in pyruvate availability
mw.mmdwmd@

in pyruvate oxidation msy be compensated for
bylnmminFFAmdnmm“mtil
mpportedbyedcuhhmoﬂhemntofFFA(pdm
M)thatwouldbemededtomtforthudm
in oxidative ATP production, that only 4.6
mmal of

15 min of exercise at 76% VO3, posttraining. Small
mmmhtondatum not have a gignificant
a«tmmm(mummmw,_m
not at 76% VOzpe), because this measurement is too
insensitive to reveal such small increases in fat axida-
tion. Increases in fat oxidation during exercise posttrain-
ing have been obeerved in many studies (17, 20),
ineludmgthueemploymg-hatpoﬁodsoﬁnhins(s
9, 21, 28, 24). The 25% increase in total CoA observed in

oxidation
PDH. mlym the flux-generating

ntepof.pymnte
oxidation by the TCA cycle (2), and in view of the
mmmwmmww

prod training resulted from an increase in
PDH,. Althoughwedxdmtﬁndehminmﬂ.to
account for reductions in lactate accumulation

ing, acetylcarnitine

theonutoftheh:ghutmuintennty(‘l&%\ro...).
in which the reduction in lactate production was great-
est. Thus the association between increases in fat

through di

in the animal model used by Timmons et al. (31).

Isotopic studies of the effects of training suggested
that training was asaociated with an increase in lactate
clenraneeﬁomthephnmpool,mthnochnngemthe
.ppennneenteofhctntemmthepool.'l\llﬁndmgu
in contrast to the results of the present study, which
utilized measurements of intramuscular concentration
of metabolites with arteriovenous lactate concentra-
tions and flow. These measurements suggested that

pahmhtemklbanq\mndﬁrudxhgdmg studies.

In the present study, leg blood flow during exercise
was increased by training (Table 6). This finding is
cousistent with increased density associated

vides a morphological basis for the change
ohcvedmmnlum('hhhﬁ) 'nmlitupo-ible

glucose uptake (Fig. 3), arterial glucose concentrations
(Table 5), or muscle giucose content (Table 8), but
muscle glycogen levels (Table 8) were considerably
greater posttraining. Whuulthmwmnochmgu
in the content of the GLUT-1 glucose transporter (Table

1), GLUT4 coutent (Table 1) increased by 43% after
training. Thus greater preexercise glycogen levels post-
mmhmumwm
sis mediated by greater insulin-stimulated glucose
uptnkehyGLU'lHandputermnmalutmﬁuof
hexokinsse and glycogen synthase during the recovery
penodsbetweeneuhtrnnmgmnon.'lhumggum
is supported by a previous report demonstrating simi-
lar changes after 7 consecutive days of chronic low-
frequency electrical stimulation (6).

Summary and Conclusions

This study examined mechamm of altered muscle
lactate production during cycling exercise in humans
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after 7-8 days of training on a cycle ergometer at 60%
VO3 Training resulted in a significant reduction in
net muscle lactate production during steady-state cy-
cling exercise at 65 and 76% V0, ..., without change in
muscle oxygen consumption during exercise or maxi-
mum muscular oxidative potential. Lower muscle lac-
atias of Giyeopeniysis himor hodfrom the attonu-
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Odland, L. Maureen, George J. F. Heigenhauser,

Denis Woag, Melanie G. Hollidge-Horvat, and Lawrence

L. Spriet. Effects of increased fat availability on fat-
prolonged

(FFA) was 0.69 = 0.04 mM (Int) vs. 0.25 = 0.04 mM (Con).
Muscle biopsies were taken at rest and at 10, 20, and 70 min

(OJG*0.0SuOMtonlmdlnin).andwwm
was reduced (Int, 1.55 = 0.36 va. Con, 3.07 = 0.47 mmol/min).
mmmmmmwrmmm

gen degradation was 23% lower in Int (230 = 29 vs. 297 = 36
nmddwsyluﬁwdrymmdc(dm)lwm
genase activity in the a form (PDHa) was lower during Int
(161 = 0.17 va. 222 = 0.24 mmol-min-!-kg wet muacle-?),
and muscle citrate was higher (0.59 = 0.04 vs. 0.48 = 0.04
Mmmmmmw

Cod, acetyl-carnitine, and P; were unaffected by Int. Calcu-
lated free AMP was lower in Int with
cﬁﬁgﬁmncz*umw*ummm
hydrate oxidation at 65% V0y.. appears to be due to
regulation at several sites. The reduced flux through phos-
phorylase and phosphofructokinase during Int may have
been due to reduced free AMP accumulation and increased
cytoplasmic citrate. The mechanism for reduced PDH trans-
formation to the a form is unknown but suggests reduced flux
through PDH.

gluccee-fatty acid cycle; glycogen phosphorylase; pyruvate
dehydrogenase; citrate; acetyl-coensyme A; free adenosine
monophosphate;

CURRENT CONTROVERSY EXISTS regarding the mecha-

nisms that regulate substrate choice for oxidation in
skeletal muscle during aerobic exercise (for review, see
Ref. 36). The concept of the glucose-fatty acid (G-FA)
cycle was originally introduced by Randle et al. (28, 29)
to explain the interaction between carbohydrate (CHO)
and fat metabolism. It was proposed that the increased

delivery of free fatty acjds (FFA) to muscle tissue’

enhanced the rate of fatcomhtaon. which led to in-
R84

creased acetyl-CoA and citrate production and resulted

in downregulation of the rate-limiting carbohydrate

mbolmngonzym.pymva dehydrogenase (PDH)
and phosphofiructokinsse

(PFK), . Decreased
achvitylhomultodinglnmeﬁ-phuphnﬁc

glycolytic
(G-6-P) accumulation, which in turn decreased hexoki-
nase activity and reduced glucose (29).

uptake
Mouch of the original support for the G-FA cycle was
obtained from perfused contracting heart muscle or
resting diaphragm muscle bathed in a high-FFA concen-
tration (IFFA)) medium (14, 15, 28.29) Contracting
heart and n duphngm uscles perform constant

presence of (FFA), but the classic
of the G-FA cycle in skeletal muscle during
ISMJWMMIM%MO,
uptake (VOs...)] does not occur (12; 13). High FFA
provision did not alter muscle acetyl-CoA and citrate
levels and had no effect on the transformation of PDH
to the more active a form. Rather, downregulation
wuwahwotwmm
(Pbol).nbtbyaltu'ing transformation to the more

via postiransformational regulation.
Enhanced FFA availability and oxidation appeared to
provide a better match between energy demand and
m:ﬁmatﬂwmetofmwbiehledhnduud
accumulations of free AMP (allosteric activator of Phos
c)mdP.(leaPhu)nndamulhntlowerﬂux

status of the cell, and btl:entom in tt:e temn‘?&ent for
glycogenclysis, oocur onset
m‘puldm it is possible that the regula-

tion of fat/CHO interaction at lower power outputs (i.e.,
<85% VO3yne;) may occur as classically proposed. Very
few studies have examined both the presence and
regulation of the G-FA oycle during low-to-moderate
aerobic exercise in humans (20, 21).

The purpose of this study was to enhance FFA

provision to human skeletal muscle during low (40%
Vog_)- and moderate (65% Vo,...)-mﬁennty aerobic
exercise and determine 1) whether CHO sparing oc-
curred (reduced muscle glycogen use and/or leg glucose
uptake) and 2) whether regulation of CHO sparing was
as classically proposed. On the basis of our previous
findings during intense aerobic exercise (12, 13), it was

0363-6119/98 $5.00 Copyright © 1938 the American Physiological Society



FAT-CHO INTERACTION DURING PROLONGED EXERCISE

MMMFFAWWWM

Subjects. Eight males volunteered to participate in the
study. Three subjects were well trained, three were highly
active, and two were untrained (means = SD: age, 24.5 = 1.6
yr; height, 176 = 9 cm; mass, 76.1 = 9.6 kg). Written consent

obtained after the and

4T -7 30-33° 4s-4¢'

[

18° 34’

In connective

(3). A third catheter, in the antecubital or basilic arm wvein,
Mh&c%hﬁﬁn.%mmw
nnhapcﬁniudm

epinephrine
before exercise (0 min), a resting muscle
with the subject lying on a bed. The subject was then seated
nhq&m(%mmmm
WA), and catheter lines were adjusted such that the subject
MMMMMMAWM&M
blood samples were then drawn (0 min, Fig. 1). The time
hpmﬁnmdulmpyndthmdm

determined throughout exercise
amboliceut Quinth-plul.Quinhn).Aﬂmnlmd
femoral venous blood samples and muscle biopsies from the
vastus lateralis were taken at the time points indicated in

1.
%uxbmph‘u.lludeunplumﬁm

et ﬁl:l::and puwdu'd. A &u:: powd::ll
nw(uwmunm(ommmm
biopsies was alkaline extracted and used for enzymatic
determination of muscle glycogen (18). A further portion of
dry muscle (~6 mg) was extracted in 0.6 M perchloric acid
and 1 mM EDTA, neutralized to pH 7.0 with 2.2 M KHCO,,
and analyzed for acetyl-CoA, acetyl-carnitine (), phosphocre-
aﬁne.auﬁm(&).dlnh.ﬂ?ndm(l 18). Muscle

equilibrium Crkinase and kinsse respec-
tively, as previously deecribed (13), and H* concentration
@H*) was determined the between

Mmm(l’.)ltldmmndhbelo.s
mmolkg dm (7). This value was added to the difference
between rest and exercise phosphocreatine contents to esti-

~ 40% _
REST O 5% 05,

0 10" 20°
Biopsies t ¢t ¢ !

75 wi/r

40’
o v

6%6@w



wuhnghgmusdummnﬁmﬂymdmglnt.
: er, Copenhagen, Denauardd, andbe- poy iy difference was not statistically ¢

Plasma for FFA determination (Wako NEFA C test kit, (Table 1).
Wako Chemical) was obtained by of Blood metabolites. Int infusion led to an elevation in

heparinized bl »

NeCl (13). This procedure denatures the

released into the blood by heparin injection, and thus avoids

falsely clevated FFA measures. A

wmwmmudo.sunclo.uw
was used for flucrometric determination of whole

was calculated from

thO,pﬁueﬁmMMxVQOO,mwM)
leg O, uptake (blood flow X s-v O, content difference)

BMMWMMMW!M
mmhmmmuwxuw
concentration difference.

Wculym.wm-nmuu
means * SE and were analyzed by two-way analysis of
vmmwi&mudmmmm.dpﬁ-
cant F ratio was obtained, the Tukey post hoc test was used to
MWMMMMMM
dmuﬁlinﬁmdmiummmm
conditions using a paired-samples ¢-test. Significance was

plasma arterial FFA from 025 < 0.03 to 0.69 = 0.04
mM at rest (Fig. 2A). During exercise, FFA was signifi-
antlyhigherduringlntatdlﬁmepointl and peaked
£ 0.89 * 0.05 mM at 50 min. In the Con trial, FFA was
significantly elevated above rest only at 68 min (Fig.
?A).ChnnguinphsmFFAduﬁngIntmuﬂmd
by significant increases in whole blood glycerol (Fig.
2B). Arterial giycerol levels during Con were signifi-

and casitly less than Int at all time points and increased

over time such that values were greater than rest by 60
min exercise (Fig. 2B). No significant differences oc-
curred in whole blood arterial glucose or lactate be-
tween conditions (Table 2). Blood glucose decreased at
all exercise time points, and blood lactate increased
above rest levels at both power outputs during both
conditions (Table 2). Blood data were not corrected for
fluid shifts during exercise, as no differences in hemoglo-
bin concentration or hematocrit occurred between con-

Blood metabolite exchange. Elevated arterial plasma
FFA resulted in an approximately fourfold increase in
I-‘FAuptlkeduringInthon('ItheS).w
ingly.theinmueduuﬁalglmllcnhduﬁnglnt

to reverse glycerol from net release
net uptake during Int. Int infusion

accepted at P < 0.05. during Con to
RESULTS resulted in a significant reduction in the rate of lactate
efflux at 18 and §4 min of exercise with Con
; , blood , and blood (Pig.M)buthadmeﬁ'ectonglucouuphh(l’ig.aB).
ﬂow.WholebodyVo,mdmﬂnrinthctwomdiﬁom Muscle metabolites. i levels were not

Resting glycogen I
different between conditions (Table 4). During exercise,

(Table 1). However, RER was lower throughout the S
elevated FFA condition: 0.92 + 0.02 vs. 0.89 = 0.01 at muscle glycogen degradation was 297 * 36 mmol
Tuble 1. Respiratory variables, blood a-v O, content difference, leg blood flow, and leg RQ during 70-min eycle
mathaudGS%Vo,..foaowimluhuﬁpidinﬁuionorww
@s% v
o Voue (-
Swmin 18 min HUmia Omin S min £
Vo3, Vmin R
Con 1.5620.09 236+0.11 255+0.12 2602013 2672013 25420.06
“lat 158+0.09 2672009 257+0.09 2.66+0.10 270=0.12 267006
Con 092=0.02 0.99:0.01 0942001 0932001 092001 0942001
Int 0892001 0.8520.01 0.90=0.01 0.892001 0.9020.01 091=001°
a0y diff, ml/100 m!
Con . 1451206 16622041 1722037 17.93+0.36 17.3620.40 1722031
ml;t 1643205 17.00=b.78 17352068 17.370.67 16642071 17.0920.4
. Vmin -
Con 348:023 4762023 501026 4922031 5202029 4972014
Int 328=0.15 469s0.11 499:013 5.19+0.18 5522031 510012
LegRQ -
Con 0912005 1.030.03 09920.03 0.97+0.03 099=0.03 1002002
Int 087=0.05 0832004 093:0.03 0.95+0.02 09720.02 0942001

Data are means = SE; n = T,RER, respiratory exchange ratio; a-v0, diff, arterial-venous O3 content difference; LBF, leg blood flew; RQ,
respiratory quotient. V03 e, maximal Oy uptake; Int, Intralipid infusion; Con, control. * Significantly different from Con.
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Arterial glycerol, mmold™*

L] L)

. v ¥ .
0O 10 20 30 40 SO €0 70

glucosyl units-min-1-kg dm=! in the Con trial vs. 230 =

29 mmol-min-1- Int infusion. This

40%

"kg dm™!

65X VO, max

10 20 30 40 50 60 70

Time, min

2. Plamna arterial free acid (FFA; A) and glyosrol (B)
— raed of cydling at 40 and 65%

to a 22.6% sparing during Int.

Mwmmmmtmmghmtw

no differences between conditions. Muscle acetyl-CoA
and acetyl-carnitine both i from rest to 40%
VO3 0ae, 80\ from 40 to 65% V0,,,,, but were unaffected
by Int infusion (Table 5). Elevation of FFA levels with
Int infusion resulted in a concomitant increase in
musclecitrate at rest, which remained elevated through-
out exercise (Fig. 4).
Calculated values for free ADP, AMP, and P; were

nmhrbetweeneondmmutmtandatmmdmm
exercise, but were significantly reduced at 68 min
during exercise in the presence of elevaied FFA (Fig. 5,
AnndB).PiaccumuhﬁonmahouducedntGBmm

'ﬂ:ehnl!omﬁonofPDHmtnthemmachve
PDHa was significantly reduced at all exercise time
points during the Int trial (Fig. 6).

The present

FFAlevels produced a significant reduction in glycogen-
olysis (23%) during 68 min of moderate cycle exercise.
This result is consistent with previous inyvestigations
(9, 38) in which subjects exercised at 70% V05, for 30
and 60 min and used 40 and 28% less muscle glycogen
with low-fat control trials. In the present
study, the RER (pulmonary) and RQ data (measured
across the working leg muscles) also indicated reduced

CHO use and increased fat oxidation in the Int trial.
ChmcngnhhonoftheG-FAqdeisbaudonthe
that increased availability of FFA will enhance

thcdamcdempﬁonoﬂheG-FAcyde(ﬁ) However,
there was no concomitant increase in muscle acetyl-
CoA content and no reduction in glucose uptake associ-
ated with increased FFA availability. Cnlcuhtadfree

Table 2. AW;WMW&MMMW?&MMW“WMGS%VO.."

following Intralipid infusion or control
W
Rest 5% V0pan
‘ 0% Yoran
-30 min Omin Smin 1B mia S4min sOmin €S mia
Glucose
4622030 5.05=0.14 3.96:0.20* 4.0620.22* 4.0120.14* 391+0.18° 3.8020.19*
Int 5282017 4.57£026 428+0.16* 4.0120.14* 4.18+0.15* 425+021° 4.3620.14*
Lactate
Con 04520.12 0.2020.03 1.0820.21° 2.98=0.563° 3.170.62* 295+0.62° 2.31:037*
Int 0422014 _, 0202010 0.66:0.18* 2.65+0.29* 3.00=0.44* 3.01=0.46° 3.1220.62*

Data are moans = 8E in mM; .= 7. * Significantly different from 0 min.
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Table 3. Net leg FFA and glycerol uptake/release during 70-min cycle exercise at 40 and 65% VOsmar
following Intralipid i or control .
____—______————-——_——=——_——-____—_————-——-———_—-__——-—___

6% VOrqu
. 40% VOpem
- Smin 18 min Mumin S0 min S min T
FFA, mmol ‘min~!-leg™!
Con 0.04+0.01 0.03=0.02 0.042003 0.03=0.02 0.10+0.02 0.06 =001
Int 0.18+0.06* 0.16£0.04* 0312009 0.20=0.09° 0.24 =0.08° 023:0.04*
Glycerol, jmol-min™'-leg o
Con -1.662629 -6.2324.0 -10.13276 -742269 -6.69=103 -7.622385
Int W= 4S5 308+233 18.7235.7 -11.32=19.7 47.12200 192=140

Deta are mesns = SE; a = 7. FFA, plasma free fatty acids. Negative valuss indicate net release. *Significantly different from Con.

ADP and AMP contents were also reduced in Int

with Con at 68 min of exercise. The reduced
flux through Phos during Int may have been due to
mdueedfneAMPandP.mtsdunngmat
65% VO3, and PFK may bave been inhibited by
increased cytoplasmic citrate. The mechanism for re-
duced transformation of PDH to the more active a form
(which was not related to acetyl-CoA) is unknown, but

‘T .

Lactate Efflux, mmol-mindeg™’

s - 4 T Y T T T T

-
10 20 30 40 S0 60 70

Glucose Uptake, mmol-minieg™

Rest 40% 65X VO, max

-30 0 10 20 3 40 S0 &0 70
Tlmc. min

and glucose uptake (B) during 70
o._ with Intralipid infusion or

suggests reduced flux through PDH. Therefore, ul-
ofhlgh[FFtX)]n of CHO metnbo&fm in the
presence is partially regulated as classi-
cally proposed, other regulatory factors appear to con-

Glucose uptake. Elevation of plasma FFA did not
reduce glucose uptake at rest ur during exercise (Fig.
3B). Previous studies have demonstrated reduced whole
bodyglmedupualu)-hgmudeglmuphh
(17, 23), and. forearm glucose oxidation (39) at’ Yest
t’ollowmglntmﬁmon.lnsuhnwunotmeumedmthm
Mydthmghanmhrpmeo reported no change

in resting insulin levels with Int (17). Also, some of the
mﬂwsdmmungandncuonmglumduponl
mdouundereondmonsofhypmmulmnlhlgh
FFA for a much longer time than the 80 min in the

present study (4, 23). hst.althoughtheglueueuphh
valuesmnotmhshallydnﬂ'mntbetween
(Con, 0.09 * 0.07 mmol-min~!-leg-?; Int, 0.03 * 0.11
mmol-min-1-leg-!), theywemmhrtothemﬂng
daumportadbymrgmmetal.(l'l)((!on.ou*
0.02 mmol-min-1l-leg™; Int, 004 = 001
mmol-min-1-leg-1).

Few researchers have investigated giucose uptake
dmgmnmhmkombnetd(%)mporhd
mtwdumhw(lhbbmpe
byelentadphmFFAdmngcydmg
atGS%Vo..,Adgniﬁuntndumlnglwuphke

m:porﬁeddmtgsominofkgmnﬁ&
mdsent workgnpu:i in response to eleva
FFA (17). The in results is difficult to
aphinbutmnybeduehdlﬂ‘mincpeﬁmnhl .

h&emml(lﬂlmdy all Con trials were
pufumdimmdntalybefoulntmals(oppoahhc"
and subjects were fasted overnight, producing high

Table 4. Kuadcglyeogeneomupn-mudposkydcu

Mﬂmuﬂmtwndanmmmmofevchng
at 40% and 60 min of cycling at 656% VOsmex
following Intralipid infusion or control

Pre Pest _ a
Con  472=38 176271 29736
Int 436+33 206=32*  230=29t 226

Dahmm*sshnnddmylunlwudqmmde.l’n.
before cycling; Post, after tion. *Signifi-

cycling; 4, giycogen
cantly different from pre; t significantly different from Con.
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Table 5. Muscle metabolites during cycle exercise

(10 min at €0% and 60 min at 65% V0.
in control and Intralipid trials
on? 5% Vopun
Pressarcies 10mia O min MO min

ATP

Con 266=12 361230 3229 U6:13
Péru 41229 264:31 269206 #6209
Con 834214 766208 O64.4=65°t 43565:=46t
Int 817294 743292 60.1=34°t 655=4.6°
Lactate

Con 62217 72224 290=5.7°t 256=6.1%
Int 82216 101=2¢ 302:62°t 252:4.3°%
Acetyl-CoA

Con 88209 148=18° 232=33° 26.7=1.9%
Int 86=12 168:=28* 270:21°% 266:=23%
Acetyl-carmn

Con 12202 §4209° 114217°t 133=10°
Int 11202 64=09* 122:08° 136=10%
Deta are means £ SE in mmelkg dry muscle (acetyl-CoA in
somol/kg dry muscle). Acetyl-carn, acetyl-carnitine; PCr, phosphocre-
g;*wmmmtwm

resting control levels of plasma FFA (0.60 * 0.07 vs.
025 * 0.04 mM, present study). Interestingly, no
increase in FFA uptake and no reduction in muscle
glycogen use occurred during knee-extensor exercise in
response to elevated FFA (17). The knee-extensor model
bhas increased muscle blood fiow relative to power
output compared with conventional dynamic exercise
(ie., cycling or running). This, combined with the
relatively high control FFA levels, may have accounted
for the inability of Int to increase FFA uptake, as the
delivery of FFA to the muscles was already high in the
Con trial. The Int infusion had no independent effect on
leg blood flow because measured values were the same
in the Con and Int trials (17).

- Hargreaves et al. (17) did not measure muscle citrate
but found similar G-6-P and glucose accumulations and
_reduced glucose uptake was due to direct inhibition of

os - i
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5“_ o ‘i}.

T

£ ey

E 04

€

s

S 02

6 []
I J 8 — o —

o 1 -2 10

Time, min

Fig. 4. Muscle citrate content at rest and eccumulation during 70
min of cycling at 40 and 65% V034, with Intralipid infusion or
control. Values are means = SE. dm, Dry muscle. *Significantly
different from control.
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glucose transport rather than by the classical G-FA
cycle. If elevated plasma FFA exert a direct effect on
glumeﬁlnlput.thheﬁ'ectmmtobcmedinthe
present study, or a similar protocol at a higher power
output (85% V05,.,) (33). - N
Couhdofgbm?hu.hthepmtmm

proposed in the classic G-FA cycle. Phos exists in two
interconvertible forms: a more active a and a less active
b form. Transformation from Phos b to a is thought to
occur at the onset of exercise, primarily due to stimula-
tion of Phos kinase by increased cytoplasmic(Ca**] and
to a minor degree by epinephrine (7). Phos a is then
regulated posttransformationally by free AMP, an allo-
steric modulator, and substrate availability (P; and
glycogen) (32).
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The transformational state of Phos was not mea-
mmdintheptuentlmdybutdwuldhnbmnmﬂar

trials at all time points during exercise, but tended to

be lower at 68 min during Int (Fig. 5C). Calculated free

AMP was significantly lower at 68 min exercise during

the Int trial compared with control (Fig. 6B). This

suggests that the decreased accumulation of AMP

during Int (combined with the tendency for reduced P;)

_ could have reduced Phos activity sometime between 20

and 68 min of exercise. The time course of the reduced

glycogemlyuu in the Int trial cannot be determined

because glycogen was measured only at rest and 68
min As mentioned, RER and PDH transfor-
mation were reduced by 10 min of exercise, and lactate
efllux was reduced during Int at 18 and 34 min. These

. regults reduced and CHO use

both early in exercise and 20 min
during Int. The mechanisms that may have reduced
Phos activity early in exercise are unknown.

*  Muscle citrate and PFK activity. The classic G-FA
cycle suggests that increased fat oxidation results in
citrate-mediated inhibition of PFK, accumulation of
G-6-P, and t inhibition of glucose uptake (28,
29). lnthilmdyglmuptnkommmdbylnt.
but muscle citrate was slightly (but significantly) ele-
vated at rest and d exercise. Because muscle
G-6-P and glucose levels were not measured, it is
difficult to assess whether PFK activity was downregu-
lated by the accumulation of muscle citrate or lower
due to the reduced Phos a activity higher up in the
pathway. However, the unaffected glucose uptake sug-
gests that either PFK/hexolinase activities were not

FAT-CHO INTERACTION DURING PROLONGED EXERCISE

inhibited, or, if enzyme activities were reduced by
citrate, this reduction had no effect on glucose uptake.

Previous investigations of muscle citrate accumula-
tion in response to increased FFA availability during
exercise have produced variable Studies involv-
ing high-intensity exercise (76-85% VO;3,,,) have con-
sistently reported no effect of FFA elevation on muscle
citrate levels, despite the occurrence of significant
glycogen sparing (12, 13, 27, 37). Two earlier studies

potudmauaedmmdeatnumddmuodmulcle
glycogenolysis during cycle exercise at 65% VO3, in
response to 5 days of high-fat diet and aerobic training,
respectively (20, 21). Studies at lower power outputs
(<65% VOg..,) have not measured muscle citrate (24,
30), while others have reported increased resting muscle
citrate with elevated FFAs (13, 20, 27, 37).

Citrate is produced in the mitochondria and must
move to the cytoplasm to affect PFK. Whole muscle
meuunmenuofamdonotdlowforpuhhonmgof
citrate to the different cellular
fore, anmauuinm-lmmdeumlmymtnﬂect
inaeuedqbphmiccitnte.

Early in vitro investigations overestimated the po-
tencyofamtomhibttPFKutmtydunngm
because increases in positive regulators override its
inhibitory effect (5, 25). Recent in vitro work reported
that the citrate-mediated inhibition of PFK appears to
be most powerful at rest and that additional increases
that occur in response to increased FFA availability and
exercise would not increase PFK inhibition at rest or
during exercise (25). In the present study, we cannot
conclusively state whether the small increases in muscle
citrate with high [FFA] decreased CHO metabolism but

predict that they would have little effect on PFK.

Control of PDH activity. In response to Int infusion,
thehnsfomhonofPDHtothemomadNecfom
was reduced at all exercise time points, while acetyl-
CoA increased to the same level in both conditions.
PDH activity is regulated by a complex phosphoryla-
tion cycle. It is dephosphorylated and activated (to
PDHa) by PDH phosphatase, and phosphorylated and
inactivated by PDH kinase. Several metabolites are

purported to be regulators of the PDH complex (see
Refs. 19 and 81 for review). Ca?* is a potent activator of
PDH phosphatase, whereas PDH kinase can be inhib-
ited by pyruvate and a high NAD*-to-NADH ratioand -
whvated by high ATP-to-ADP and acetyl-CoA-to-CoA

‘l‘heeoneeptoftheG-FAqdeispnﬁanyhudon
thepmmuethntmuedﬁtmdauonwdlmultm
the accumulation of acetyl-CoA, which in turn will
activate PDH kinase and PDH (28).
Acetyl-CoA control of PDH activity appears to exist in
humans at rest (4, m.butuvudreeentinvuﬁga
tions have suggested that this potential regulatory
effect is overridden by other factors during exercise (8,
12, 13, 27). Because acetyl-CoA increased at a time
when PDH was transformed to the a form during
exercise in both trials, our results support this concept.

There are other poeentul regulators of PDH that
may account for the lower trmformatlon of PDH to the
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more active @ form during Int. Ca?* activates PDH
phosphatase (10), but Ca?* was assumed to be similar
between trials because power output was constant.
PDH kinase activity can be inhibited by ADP, which
may accumulate in the mitochondria during exercise.
The calculated accumulation of free ADP was reduced
during Int only at 68 min of exercise and therefore was
unlikely to contribute early in exercise. Also, the intra-
mitochondrial [ADP] is unknown, making it difficalt to
assess the potential effect of ADP on PDH transforma-
tion.

PDH kinase can also be inhibited by pyruvate, and,
although it was not measured, the reduced glycogenoly-
sis with Int suggests that less pyruvate per unit time
was available to PDH. A feed-forward mechanism could
exist whereby reduced glycogenolytic is di

suggestion was reported in a study that utilized dietary
manipulations to alter plasma FFA levels and found
reduced glycogenclysis, pyruvate content, and PDHa
during cycle exercise at 76% VOpq,, following a low-
CHO diet (27). Measurements of muscle pyruvate in
control and high-FFA conditions are needed to examine
this possibility.

Evidence from in vitro studies suggests that a de-
crease in the NAD*-to-NADH ratio decreases the trans-
formation of PDH to the more active g form (26). Direct
measurements of the mitochondrial reduction-axida-
tion (redox) state of the NAD*/NADH couple in skeletal
muscle during contraction have produced inconsistent
results. Using the glutamate dehydrogenase reaction, a
substantial increase in estimated mitochondrial redox
state (increased NAD*-to-NADH ratio) was reported
during cycle exercise in humans (75 and 100% VO3u.;)
(16). In contrast, Duhaylongsod et al. (11) monitored
redox state in stimulated canine gracilis muscle using
near-infrared spectroscopy and reported a decreased
redox state at all power outputs. NADH

in human muscle has been shown to decrease
at 45% VO3o,; and to increase at higher power outputs
(85). No attempt was made to estimate the mitochon-
. drial redox state in the present study, but it is possible
that NADH sccumulation was increased by elevated
FFA availability during Int. This would reduce PDHa
transformation if NADH exerts a significant regulatory
" effect on PDH kinase.

in summary, the present study confirms previous
findings that elevated FFA levels result in significant
- sparing of muscle glycogen during moderate-intensity

exercise. Al certain of the classical regu-
lation of fat/CHO interaction were present, other regu-
latory factors were involved. No difference in glucose
uptake occurred between trials; thus regulation of CHO
use occurred at the level of glycogen Phos, PFK, and/or
PDH. Reduced flux through Phos with high (FFA] may
have been due to reduced free AMP and P; accumula-
tion, which occurred late in exercise, and PFK may

have been inhibited by increased cytoplasmic citrate.

PDH transformation to the more active a form during
exercise was reduced following Int infusion, but the
decrease was not due to iicreased acetyl-CoA sccumula-

R901

tion. The mechanisms for the reduced transformation
of PDH are unknown but may be due to reduced

and/or NADH accumulstion during exercise
with Int infusion.
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Effects of dichloroacetate infusion on human skeletal
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Howlett, Richard A., George J. F. Heigenhauser, Eric
Hultman, Melanie G. Hollidge-Horvat, and Lawrence
L. Spriet. Effects of dichloroacetate infusion on human
skeletal muscle metabolism at the onset of exercise. Am. J.
Physiol. 277 (Endocrinol. Metab. 40): E18-E25, 1999.—This
study investigated whether dichloroacetate (DCA) decreases
transition from rest to moderate-intensity exzercise in hu-
mans. Nine subjects cycled at ~65% of maximal oxygen
uptake (VO3 ...) after a saline or DCA (100 mg/kg body wt)
infusion, with muscle biopsies taken at rest and at 30 s and 2
and 10 min of exercise. DCA infusion increased pyruvate
dehydrogenase (PDH) activation at rest (4.0 = 0.3 vs. 0.9 =
0.1 mmol-kg wet wit-1-min-!)and at 308(3.6 = 0.2vs. 25 =
0.4 mmol-kg!-min~1) of exercise. As a result, acetyl-CoA
(45.9 = 5.9 vs. 11.3 * 1.5 pmol/kg dry wt) sud acetylcarnitine
(13.1 = 1.0 vs. 1.6 = 0.3 mmolkg dry wt) were markedly
increased by DCA infusion at rest. These differences were
maintained at 30 ¢ and 2 min for both acetyl-CoA and
acetylcarnitine. Resting muscle lactate and phosphocreatine
(PCr) were not different between trials, but DCA infusion
resulted in lower lactate accumulation throughout exercise,
especially at 2 min (21.6 * 3.1 vs. 44.6 = 8.0 mmolkg dry wt).
PCr utilization in the initial 30 s (169 = 0.4 vs. 31.7 = 26
mmolkg dry wt) and 2 min (27.8 = 4.7 vs. 45.1 = 2.6 mmol/kg
dry wt) of exercise was decreased with DCA. This resulted in
a lower accumulation of free inorganic phosphate at 30 s
(25.4 = 2.0 vs. 36.4 = 2.8 mmol/kg dry wt) and 2 min (34.6 =
4.7 vs. 50.5 * 2.2 mmol/kg dry wt) with DCA and decreased
glycogenolysis over 10 min. The data from this study support
the hypothesis that increased provision of substrate by DCA
infusion increases oxidative metabolism during the rest-to-
work transition, resulting in decreased PCr utilization and an
improved cellular energy state at the onset of exercise. The
transitory improvement in energy state decreased glycogenol-
ysis und lactate accumulation during moderate-intensity
exercise.
pmmmmmmm-
ity; acetyl-coenzyme A;

THE CAUSES OF LACTATE PRODUCTION during steady-state,
moderate power output exercise are controversial (7),
with two main mechanisms being proposed. Increases
in lactate have been suggested to be due to limitations
in O, delivery to the mitochondrial electron transport

‘The costs of publication of this article were defrayed in part by the
payment of page charges. The articie must therefore be hereby
marked “advertisement” in accordance with 18 U.S.C. Section 1734
solely to indicate this fact.

chain (19, 34); others hypothesize that O, is never
limiting and that increased lactate content is simply a
consequence of the reduced energy state of the cell (6,
86). The latter hypothesis, often called the “mass action
effect,” suggests that the rate of lactate production is
determined by the balance between pyruvate produc-
tion and oxidation. When pyruvate production exceeds
the rate at which it can be converted to acetyl-CoA via
pyruvate dehydrogenase (PDH), it begins to accumu-
late, and because lactate dehydrogenase is a near-
equilibrium enzyme, it is converted to lactate. In sup-
port of this hypothesis, a recent study at 65% maximal
oxygen uptake (VO3..,) showed that significant lactate
accumulation occurred in the working muscle, even
when PDH was not totally transformed to its active
form. Therefore, glycogenolytic flux was greater than
PDH flux, even though PDH could potentially have
oxidized more pyruvate (17).

During the transition from rest to exercise, there is a
transient mismatch between the rates of ATP degrada-
tion and aerobic synthesis. To maintain ATP levels,
substrate level phosphorylation of ADP occurs from
both glycogenolysis and phosphocreatine (PCr) break-
down.multinginaeamulationof&eeinorgan_icpbm-
phate (P;), ADP, AMP, and lactate. The mgmtuflg of
this mismatch determines how great the PCr utiliza-
tion and free metabolite accumulations are, and these
in turn determine the rate of glycogenolysis and lactate
accumulation. The lag between the onset of ATP break-
down and the activation of oxidative ATP ptoduchon
will be one factor in determining the severity of this
mismatch. .

Dichlomoeﬁcacid(DCA)inmtheuc.&_vahonof
PDH to its active “a” form (PDH,) by inhibiting PDH
kinase (35). It has been used experimentally in |
(20) and clinically in humans for the treatment of lactic
acidosis (29). Previous human studies utilizing DCA
have shown reduced blood lactate accumulations in
patients with lactic acidosis (29) and healthy volun-
teers during exercise (3), suggesting that enhanced
PDH activation decreased lactate production and/or
enhanced lactate clearance. Until recently, little or no
work had been done with skeletal muscle to determine
the biochemical mechanisms by which these changes
occur. In a recent series of studies by Timmons et al.
(30-33), DCA was used to test the hypothesis that
substrate availability determines the rate at which
aerobic ATP production begins, and that inc.reued
oxidative substrate at the start of exercise, specifically
acetyl-CoA derived from acetylcarnitine, decreased the

0193-1849/99 $5.00 Copyright © 1999 the American Physiological Society
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reliance on substrate level phosphorylation from PCr
and glycogenolysis. Using contracting dog muscle (32,
ﬁ:'l u;o;n:'achng wl;;hemc human z:lcle (31), and
uman subjects performing leg-extensor exer-
cise (30), these studies showed that DCA infusion
resulted in increased resting PDH activation, less PCr
utilization, and decreased glycogen breakdown. The
decreased glycogenolysis decreased the amount of lac-
tate accumulation, presumably as a better match be-
tween pyruvate production and oxidation eccurred.
The present study was also designed to test the above
hypothesis during the onset (first 2 min) of whole body,
moderate-intensity aerobic exercise with normal blood
flow in humans. Rapid biopsy sampling and a higher
DCA dose (100 mg/kg) were selected to provide addi-
tional information on the time course (i.e., the rest-to-
work transition) of the effects and to increase resting
PDH, to maximal exercise levels.

METHODS

crod & particpet s g v .SE')d“.
teered to participate in this study. ir mean (= age,
height, weight, and Vo,,,,, were 21.8 + 0.6 yr, 178.6 + 2.3 cm,
72.6 = 4.2kg, and 3.7 + 0.3 Vmin (50.5 = 2.4 ml-kg~!-min-1),
respectively. None of the subjects were well trained, nor were

workouts
possible risks involved in the study,
and informed consent was received from all subjects. The
study was approved by the ethics committees of both universi-
ties

DCA. DCA (monosodium salt) was obtained from TCI
America (Portland, OR) under the supervision of Dr. N. L.
Jonu.ltmmpand.tnmmmﬁmotloownl(pﬁ
7.0) by the pharmacy at McMaster University Medical Cen-
mﬁwmayedhmmcwﬂityandhckdm
and checked for purity by HPLC in an independent labora-
tory. It was delivered intravenously to subjects in the dose of
100 mg/kg by use of ~500 ml of normal saline solution over
glumled'lh' i before exercise.

possible that it exerted effects on other enzymes. However, it
hmﬁﬂy&t&c@ﬁdb&mo&cmmﬂh
important during 10 min of exercise at ~65% Vo, in
skeletal muscle.

Preexperimental protocol. Subjects underwent a continu-
minmmmm@.mmm_ i-
bn:;Quinhnlumh.Suttle.WA)toWVo...
with a metabolic cart (model 2900, SensorMedics, Yorba
Linda, CA). From this test, the power output required to elicit
%ﬁqu_wuakulMOnnmtedmmhim
cycled for the required 10 min to confirm that the correct
percentage of V0,,,,, was reached. Mean power output for the
trials was 169 * 14 W. It was assumed that basal oxygen
uptake (VO,) and VO3 ., Were not altered by DCA.

memwways
(1-2 wk apart), subjects arrived at the laboratory at the same
time of day. Subjects ate a high-carbohydrate meal 2 h
previous to arriving at the laboratory, as they would do in
preparation for exercise. They were also asked to consume
their normal diet before the test days and to refrain from
strenuous exercise for 24 h before each trial. On test days, the
subjects received either DCA or saline infusion in a random-
ized order. One hour before each exercise trial, a catheter was
inserted into the antecubital vein of each subject, and a
preinfusion blood sample was teken. The control or DCA
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infusion was then started, and the subject rested quietly on a
bd.AlmdbhodlmplemhhnntSOminofmfnm' ion, at
which time subjects hldmh‘mndforuedhhcpm' ies,
mthfonrmnmdethm;hthnlhnmpeﬁuﬂtothe
vastus lateralis muscle under local anesthesia (2% L i
withontqincphﬁu)(?).Aluﬁubiommdblmdunple

E

prescribed power output. Exercise biopsies were taken at
30 s, 2 min, and 10 min while the subject remained on the

One (~1-ml) aliquot of blood, for free fatty acid (FFA)
lndydl.memuiﬁxgedforlminutlo.OOOrpm.andmm
ofth@pluqa(mma.unt)mnddedu 100;:10(’51(1'!.0!

vuddndtoOOOnlo.GNpunhlaieuid(PCA),thcud,md
spun at 10,000 rpm for 1 min. The supernatant was removed
for subsequent analysis.

Andm.Amupieaofbmwetmulde(zo-wnz)
was removed under liquid N; for the determination of PDH
activation (PDH,), as described by Constantin-Teodosiu et al.
(9) and madified by Putman et al. (25). The remainder of the
biopsy sample was freeze-dried, dissected of all visible blood,
mnegﬁn tissue, and fat, and powdered for subsequent

ysis.

One sliquot of freeze-dried muscle was extracted with 0.5
M HClO, (containing 1 mM EDTA) and neutralized with 2.2
M m%:l‘hi’.dm was used bG-G-de) lu:h ion of cre-
atine, PCr, ATP, glucose 6-phosphate ( x te, glycerol
3-phosphate (G-3-P), and glucose by enzymatic spectrophoto-
metric assays (1..16). Pyruvate was determined on‘this

aliquot

dried muscle from resting and 10-min samples (16).
Plasma FFA concentrations were determined using a WAKO
nonesterified fatty acid (NEFA C) assay kit (WAKO Chemi-
cals, Osaka, Japan). Whole blood glucose and lactate were
determined on the PCA extract samples by the methods of

Bergmeyer(1).
Calculations. Free ADP and AMP concentrations were
calculated by equilibrium of the creatine kinase

assuming

and adenylate kinase reactions as previously described (12).
Free ADP was calculated using the measured ATP, PCr, and
mﬁumwn*mxmm
the muscle lactate content according to regression equa-
tion of Sahlin et al. (28). Free AMP was calculated from the
estimated free ADP and ATP using the adenylate kinase
resting free phacphate of 108 sVl ot the erimated
resting te of 10.8 mmolkg measure to
difference in PCr content minus the accumulation of glyco-
lytic intermediates G-6-P and G-3-P between rest and each
exercise time point. All metaholite contents and the activity of
PDH, were normalized to the highest total creatine measure-
ment in the eight biopsies from each subject.

PDH flux was calculated for the first 80 s and subsequent
90 s of exercise. It was assumed that 1) ATP tumover was
equal inhoth trials as power cutput was the same and 2) any
reduction in’' ATP from substrate level jon was
due to oxidative ATP production. First, the “baseline® PDH
flux to oxidative metabolism was estimated, with the assump-
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(F;‘DH.) during control (CON) and dichloroscetate (DCA) trials.
WMM‘CON;chtMmm
ﬁonthntitmequaltotheavengePDH.inthemtml
(CON) trial, as previously shown by others (10, 17, 23, 25).
Nen.thelmntofpymatedinchdbouidnﬁvephupbu-

yhﬁmwae;omtfo&thscr:dwﬁminmwl;:lm
phorylation during trial was calculated by adding
thcATPeqnivnlenuoftbedeauneinPCruﬁliuﬁmud
thmmnhﬁon.'w.iththemumpﬁonpfnﬂ?yiddof

acetylcarnitine. The
moﬂhuethmﬂmchequdtothctohlmﬂlninthe
two trials.
quummnudumzsal‘cut
dmmagebetweentriﬂs.apdndt-mtmundto
determine significant difference. For all other dependent
variables, a two-way ANOVA (time X trial) with repeated
mmployed.&gniﬁumewnutatcto.w.md
when obtained, Tukey’s post i i
where significant differences occurred.

Vo, and respiratory exchange ratio. During the DCA
trial, Vo, was 2.21 * 0.16 Vmin or 60.4 = 1.1% Vo,
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whereas CON Vo, was 2.27 +-0.16 Vmin or 62.3 + 1.3%
VO014s- Respiratory exchange ratio values betweeri 4
and 6 min in the DCA and CON trials were 1.00 = 0.01
vs. 0.97 = 0.01, respectively.

PDH,. DCAinﬁxsionattestmultedinnvuy
marked (4.04 = 0.32 vs. 0.9 + 0.11 mmol -kg wet wt-1.
min-!) and significant increase in resting PDH, com-
pared with CON (Fig. 1). Resting PDH, in the DCA trial
wulimﬂartotbatreportedformximtxmtohlPDH
activity during intense activity (14, 17, 22, 23). During
exetdse,dupiteacmandemminl’l)ﬂ.&ommtin
the DCA trial, the significant difference between trials
remained at 30 s. However, there was no difference in
PDH.atcubuquenttimepoints.nsPDH.intbeOON
tﬁalinausedtoDCAtﬁallevelsaﬁer2minof
exercise.

Muscle metabolites. ATP levels were not significantly
different at any time, regardless of trial (Table 1).
RectingPCrwulimihrbetweentriahbutwu signifi-
antlylowaatbothwsmdzminduﬁngexuciuin
OON(Fig.z).Restinghchte!evelsweulimﬂarbe-
tweenhialn,butthmwulligniﬁmtmaineﬁ‘ectfor
lower lactate accumulation during exercise over 10 min
atghes?CAtrml, with a significant interaction at 2 min

Resting acetyl-CoA and acetylcarnitine contents were
bothligniﬁmﬂyelmtedwellahweOObeDGA
infusion. The DCA-induced levels were comparable to
muimalueuisevalues(l'l,zsnnddidnotchmge
withexereiseintthCAtrial.Despite significant
inmaminmtyl-CoAmdaeetylamiﬁne from restin
CON, the difference between DCA and CON trials
remainedligniﬁeantaﬁerzminofuem‘se, but by 10
min, no differences existed (Fig. 4, A and B).

Resting G-3-P, G-6-P, and free glucose contents were
not different between trials. However, the contents of
these metabolites rose significantly during exercise,
reflecting the increased glycolytic flux (Table 1).

Free P; accumulation was lower at 30 s and 2 min in
DCA vs. CON (Fig. 5). The contents of free ADP and

Table 1. Muscle metabolite contents during CON and DCA trials

Metabelite iti O min e 2min 10 min

Conditien
ATP DCA 265=08 276206 267216 254=05
CON 263=09 275206 2864212 242=>13
Pyruvate 022=0.1 033=0.1 0.60=0.1*¢ 044=0.1°
CON 0.31=0.1 047201 042+0.1 0.51=0.1*
Glucose DCA 26204 38204 45=08 66=0.9°
CON 26=03 38=06 54=06° 1.7=1.8%%
G-3-P DCA 21202 4.7=Q.7* 46212 48=0.9*
CON 13202 36203 650212 50=1.1°
G-6-P DCA 13204 22205 34204 3.6=0.7%¢
CON 13=02 39=08° 27203 33+0.6°
Free ADP DCA 91.6:48 149.0+94* 184.9 =286 2805 = 36.3%t
CON 842=6.1 186.0=17.7* 218.0 2295 251.6 = 30.5°¢
Free AMP DCA 031=0.1 0.7920.1 1.46=05* 3.41=0.9°%¢
CON 027=0.1 1.30=0.3 2.00=0.4° 2.71 0.6t

Alln.luecmm:SE.OON.mml;DCA. i

te. Pyruvate, glucose 6-phosphate (G-6-P), glycerol 3-phosphate (G-3-P) and

dichlorosceta
innndhgdrywt.-ndﬁuMPMMmthnWyﬂmtﬁm:‘mtchmm

glucose are expressed
130 & for the same trial; $2 min for the same trial_
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AMP were not different between trials at any time, but
there was a significant main trial effect for their levels
to be lower during the DCA trial (Table 1). _

Resting muscle glycogen content was similar be-
tween CON and DCA before (479.2 + 39.6 vs. 512.2 =
396.9 mmol/kg dry wt) and after (322.5 * 36.5 vs.
396.9 * 41.8 mmol/kg dry wt) exercise. However, the
use of glycogen during the exercise period was signifi-
cantly reduced in DCA vs. CON (1153 + 19.2 vs.
166.6 * 24.9 mmol/kg dry wt).

Blood metabolites. Resting blood lactate was higher
in the CON trial than the DCA trial after 30 and 60 min
of infusion. During exercise, blood lactate was signifi-
cantly lower in the DCA than in the CON trial at 9 min.
Blood glucose and plasma FFA were not different
between trials at any time (Table 2).

PDH flux. Total PDH flux during the first 30 s of
exercise wus 46% higher in the DCA trial compared
with CON (Table 8). Of this increase in total PDH flux,
nearly all was directed toward oxidative metabolism to
reduce the dependence on substrate level phosphoryla-
tion, as the contribution to acetyicarnitine accumula-
tion was virtually identical between trials (Tables 3 and
4). However, during the subsequent 90 s of exercise,
total PDH flux was actually 16% higher in the CON

—a—0DCA 1
—0—CoN 1

P —

t

4 1 i i i 2

A

Lactate (mmol/kg dry muscle)

. 2 . . . 1
Time (min)

Fig. 3. Lactate accumulation during CON and DCA trials. Signifi-
cantly different from: *CON; trest for the same trial; $30 s for the
same trial.
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Fig. 4. Acetyl-CoA accumulation (A) and acetylcamitine accumula-
tion (B) during CON and DCA trials. Si different from:
*CON; trest for the same trial; $30 s for the same trial; {2 min for

the same trial.

trial (Table 3), as the flux directed to “sparing” oxidative
phosphorylation fell in the DCA trial, and large amounts
of flux were directed to in ing acetylcarnitine accu-
mulation in the CON trial (Tables 3 and 4).
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Fig. 5. Free inorganic phosphate (P;) sccumulation during CON and
DCA trials. Significantly different from: *CON; trest fer the same
trial; $30 & for the same trial.
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Table 2. Whole blood lactate and glucose concentrations and plasma FFA concentrations

during CON and DCA trials _

T Metabslits | Contitma || m e
Matabelite Conditisn ~60 min -30 min Omin 3min Smia
Lactate DCA 19203 0602 02=0.1% 21x02¢ 4620311

CON 21=0.1 12201t 10=0.1t 26+=02¢ 56203131
Glucose DCA 47=02 46203 46202 47201 45201

CON 4503 49202 45202 44202 43201
FFA DCA 0.2120.04 02320.04 0.33:0.04 037=0.05 0.31:0.03

CON 02320.05 0272005 0.3620.07 0.34=0.08 0.33:0.06

Values are mesns = SE expressed
the same trial; 13 min for the same trial.

DCA infusion before moderate-intensity whole body
exercise resulted in maximal activation of PDH to its
active form (PDH,) and subsequent acetylation of
freeCoAnndamiﬁnepoolstolevelsiegnatmuimal

previous results from studies utilizing different models
(30-33), which demonstrated that increasing the
amount of ived substrate that can be
oxidized during the transition from rest to exercise
improves the energetic state of the working muscle.
This improved energy state results in lower glycogenol-
ysis and decreased lactate accumulation in the muscle.

tion, decreasing the reliance on substrate level phos-
phorylation and resulting in the above changes.

In the present study, the 100 mg/kg dose of DCA
produced resting PDH, activation values (4.04 + 0.32
mmol-kg wet wt-1-min-?) that were higher than the
significant increases previously reported in humans
(1.3 x0.1t%02.2 *+ 0.3 mmol-kg wet wt~!-min-!) with a
lower DCA dose (50 mg/kg) (11, 13, 30). The larger dose
in this study successfully increased resting PDH, to
levels seen during maximal exercise (14, 17, 22, 23).
The resting acetylcamitine contents were similar to
previous DCA studies on humans (30, 31), and resting
muscle acetyl-CoA content was also similar to maximal
exercise values (23).

Table 8. Total PDH flux and direction of PDH flux to
various fates in DCA and CON during first 30 s and
subsequent 90 s of exercise at 65% VOgmer

“Extra®
“Bassline” PDH Flux
TwalPDH PDH PDHFluxte toOxid.
Time Cenditisn Fux Flux  Acstylcarnitine Phes.
0-30s DCA 125 048 034 043
CON 0.86 048 0.37
30s-2min DCA 8.7 3.13 0.42 0.17
CON 4.46 3.13 1.32

nmmwummwunmmn,
pyruvste dehydrogenase. VOzq. ;, mazimal Oy uptake. Oxid. Phos.,

qmn&mmmwymmocom1—wmuumm:omu

During exercise, the decrease in PCr degradation in
the present study was significantly lower with DCA,
similar to previous studies on human volunteers (30).
The accompanying decrease in lactate accumulation
seen in the present study was not observed with DCA
infusion at 8 min in humans undergoing voluntary
exercise, although they were using lower-intensity leg
extensor exercise (30). However, decreased muscle lac-
tate has been observed previously with DCA infusion
(81).

Increased muscle lactate content has often been
assumed to be a result of tissue oxygen insufficiency
(19, 34). However, ancther line of evidence suggests
that lactate accumulation results from an imbalance
between pyruvate oxidation and pyruvate production
(6). Pyruvate oxidation is controlled by the entry of
pyruvate into the mitochondria through PDH, whereas
pyruvate production during exercise is a function of
glycogenolysis, or flux through glycogen phosphorylase.
Therefore, the regulation of these enzymes is crucial in
the control of lactate production.

PDH exists in active and inactive forms, acutely
regulated by an allosterically modulated tase/
kinase system in human skeletal muscle (18, 35).
During exercise, PDH is transformed to its active “a”
form at the start of exercise, primarily by increases in
Ca”lndpymvate.'lheemtof!g)li;cﬁuﬁonis
highly dependent on power output; thus, during exer-
cise, independently calculated PDH flux has been shown
to correlate with the catalytic activity of PDH, (10, 17,
23, 25). Because skeletal muscle pyruvate (27) and Ca?*
contents mcu::e with x;nmued pow;rD ;qumt, t:;yl
provide possible signals for increased activati
during exercise. In the present study, DCA infusion
transformed PDH maximally at rest (22), resulting in

Table 4. Percentage of total PDH fiux directed to
oxidative phosphorylation or acetylcarnitine
production in DCA and CON during first 30 s
and subsequent 90 s of exercise at 65% VOgma:

0-30s DCA 3 27
CON 67 a3
30 s-2 min DCA 89 u
CON 70 0
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complete acetylation of the carnitine and free CoA
pools, and allowing maximal acetyl-CoA formation from
pyruvate at the onset of exercise. When tricarboxylic
acid (TCA) cycle flux during maximal exercise was
compared with the catalytic activity of PDH,, it was
very similar (14), suggesting that PDH, could be limit-
ing for the entry of pyruvate-derived substrate into the
TCA cycle (18).

Using the data from the present study and the
correlation between PDH flux and PDH, measure-
ments (10, 17, 23, 25), we estimated total PDH flux and
the portion of this flux that went to various cellular
fates for the initial 30 s and the subsequent 90 s of
exercise (Table 3). The decreased reliance on substrate
level phosphorylation, calculated from lactate accumu-
lation and PCr utilization and expressed in ATP equiva-
lents, resulted in a difference between DCA and CON
trials of 29.4 mmol/kg dry wt at 30 s and 41.4 mmolkg
drywtat2 mz'nt PD

During the 30 s of exercise, PDH flux was 46%
higher in the DCA trial (Table 3). This increase in PDH
flux was directed to oxidative phosphorylation, and not
acetylcarnitine production (Tuble 4), as the rate of
acetylcarnitine accumulation was similar between tri-
als despite the very different resting acetylcarnitine
contents. These data suggest that the provision of
substrate is limiting the increase in oxidative phosphor-
ylation in the CON trial, as increased flux through
PDH during the DCA trial allowed for greater oxidative
phosphorylation, accounting for the decreased sub-
strate level phosphorylation during the first 30 s of
exercise.

Conversely, for the following 90 s, from 30 s to 2 min
of exercise, the results are quite different. As most
(71%) of the sparing of nonoxidative ATP production
occurred during the first 30 s, the dependence on
substrate level ion was much lower dur-
ing the subsequent 90 s. Therefore, much of tk= in-
crease in PDH flux in the CON trial was directed at
increasing the acetylcarnitine pool. Because this pool
was already very high in the DCA trial, and less extra
flux to oxidative phosphorylation is required to account
for the further attenuation of substrate level ATP
production, the total PDH flux in this trial was lower
than in CON. However, the percentage of this flux to
oxidative phosphorylation was still higher in the DCA
trial than in CON, as much of the PDH flux in the latter
was used for acetylcarnitine production (Table €). These
data that, during this 90-s period, there is no
limitation in substrate utilization in the CON trial, but
the use of PDH flux to increase acetylcarnitine limits
the amount of PDH flux that can be used for oxidative
phosphorylation. The lower amount of PDH flux commit-
ted to acetylcarnitine during DCA allowed for further
decreases in substrate level phosphorylation during
this time period, despite a lower total PDH flux.

Increased flux through PDH at the start of exercise
may not be the only factor in the improved oxidative
metabolism. The large resting acetyl-CoA and acetyicar-
nitine contents have been hypothesized to increase the
substrate available for the TCA cycle and oxidative
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metlbolism.DCAinﬁnionhnremltedinadmmin
the high acetyl-CoA levels early in exercise in some
(31-33) but not all studies (30). In the present study, we
observed no decrease in the acetylcarnitine content at
any time pointineitherh'ial.bntbeuuaeverylittle
acetylcarnitine utilization would be required for large
changes in oxidative metabolism, it is possible that our
measurements were not sensitive enough to detect the
sm:hllchnnguoveruthortertimeeoumtbanprevious
studies.

Unfortunately, it is not possible to determine with
the present results whether maximal PDH activation
at the start of exercise causes the adjustments in cell
metabolism via the greater pyruvate availability dur-
ing the work-to-rest transition, or whether the in-
creased oxidative substrate (acetyl-CoA and acetylcar-
nitine) produced at rest is responsible. A previous study
involving acetate infusion caused large increases in
acetyl-CoA and acetylcarnitine at rest without subse-
quentdiﬁ‘minthemmleemrgeﬁcmduring
exercise (24). However, in that case, the increased
aeetyl-CoAnhodeausedPDH.atmt(butnotduﬁng
exercise n;bs)t.ntemy counteracting the increases in rest-
ing X

Flux through glycogen phosphorylase (glycogenoly-
sis) is determined by two factors. The first is the extent
:f.d:;‘ﬁm o of .hnue.'l‘h ;
orm by activation of phosphorylase ki e second
level of regulation is via the concentrations of other
modulators, especially free AMP and free P, a phos-
phorylase g allosteric modulater and a phosphorylase
substrate, respectively (26). Because power outputs
were the same between trials in the present study, DCA
infusion would not affect the extent of phosphorylase
e to Cab*. Likewisn, 1t s sovently boom sirmarit
due to Ca?*. ise, it t
the activation state of phosphorylase is not affected by
power output and is not a good indicator of phosphory-
lase flux (17). However, previous studies have shown a
strong correlation between free P; content and the
glycogenolytic rate in contracting skeletal muscle, as P,
is a substrate for the glycogen phosphorylase rcaction
(17, 26). By decreasing the degradation of PCr, DCA
infusion in the present study caused a decreased accu-
mulation of free P; and a subsequent decrease in the
breakdown of glycogen compared with the CON trial.
Likewise, free AMP is an allosteric activator of phos-
phorylase a, and there was a strong trend toward an
attenuated rise (~60%) in free AMP during DCA.

Our data and those of others (30-33) suggest that the
ability of metabolic processes to be activated limits O,
use in the transition from rest to steady-state aerobic
exercise in the control state. DCA infusion improves the
rate at wl;ich oxidative ;etabohm is achvt;tatl!ll:l:;
ever, the degree to which DCA improves the
energy state was not as large as expected. Despi
impressive resting changes in acetyl-CoA and acetylcar-
nitine, and total PDH activation, there was still signifi-
cant PCr utilization and lactate production. There
appears to be an inability to totally utilize the preexer-
cise stores of acetylated compounds. It appears that
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this inability could be related to oxygen limitation,
slower TCA cycle flux increases, and/or mass-action
effects.

It is often assumed that O, is not limiting at moder-
ate power outputs (§), but during the rest-to-work
transition, it is possible that there is a lag in O,
provision, or that mitochondria are sensitive to O,
pressure levels well above the level assumed to be
limiting for cytochrome turnover (36). Any substrate
level ATP production and the ent PCr break-
down and lactate formation would tend to blunt the
eﬂ'ectofDGA.'lh:;edisnalsothepou' ility of a lag in
increasing TCA e flux, despite the high resting
acetyl-CoA content. Although citrate synthase, the en-
zyme that utilizes acetyl-CoA, is not considered a
near-equilibrium enzyme, its flux appears to be highly
dependent on delivery of oxaloacetate, its other sub-
strate (15). Resting oxaloacetate concentrations are
extremely low and rise quickly with exercise via anaple-
rotic reactions (15), but the two carbon acetyl-CoA
cannot increase the amount of TCA intermediates at
rest. In fact, because pyruvate appears to be very
important in increasing TCA intermediates, the in-
creased oxidation of pyruvate with DCA could actually
decrease anaplerosis, although this has presently been
demonstrated only in resting skeletal muscle (11).
Finally, it is possible that the lactate sccumulation seen
even with DCA administration at this power output,
despite increased PDH,, is merely a consequence of
mass action. Accumulations of free ADP, AMP, and P,
determine the rate of oxidative phosphorylation (36)
but also regulate the glycogenolytic rate. As the rate of
oxidative phosphorylation increases, there is a neces-
sary increase in the delivery of pyruvate (30). Because
of the near-equilibrium nature of lactate dehydroge-
nase as the concentration of pyruvate rises, there may
be an obligatory increase in lactate content.

In summary, the present study demonstrated that
DCA infusion increased resting PDH activation and
resting muscle contents of acetyl-CoA and acetylcamni-
tine to values indicative of maximal exercise. These
resting changes, which increase the amount of sub-
strate available for oxidative metabolism, caused a
blunting in PCr degradation and the accumulation of
free ADP, AMF, and P; during the initial 2 min of the
transition to steady state during whole body exercise at
~65% V0,4, The improved cellular energy state de-
creased glycogen breakdown and subsequent lactate
accumulation. These data concur with the findings of
Timmons et al. (30-33), suggesting that the provision
of oxidative substrate is one factor limiting oxidative
metabolism early in exercise, and that increasing the
availability of substrate early in exercise allows for
increased oxidative metabolism and decreased reliance
on substrate level phosphorylation. ..
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