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ABSTRACT 

It is known that light muscular activity performed during the 

immediate post-exercise recovery period, increases the rate at which 

lactate and protons are removed from the circulation. This study 

examined the effect which this light activity had on muscle glycogen 

and lactate levels, as well as the restoration of blood fuel and 

hormonal homeostasi~ A further dimension of the study was to 

monitor the metabolic adaptations which took place in the inactive leg 

during light one-legged post-exercise activity. 

Eight subjects participated in this study. The testing procedure 

involved three phases: the as&es6ment of each subject-'s maximal 

exercise capacity on the cycle ergometer; the imposition of an intense 

intermittent exercise protocol which was followed by a passive 

recovery of 90 minutes; and lastly, the repetition of the exhaustive 

intermittent protocol followed by a partially-active recovery phase 

during which the subject cycled with one leg at approximately 30 

percent of two-legged vo2. max. for the first 45 minutes of the 

90-minute recovery period. During the latter two phases, blood 

samples and muscle biopsies were taken at rest and during the post

exercise recovery. 

The light one-legged activity expedited the return of blood lactate 

and pH levels to basal values (p < 0,01 ), during the initial 30 

minutes of recovery but slowed down the removal of lactate and protons 

during the latter 15 minutes of the active recovery. There were no 

significant differences in the blood glucose, pyruvate, alanine, and 

insulin levels during the different recovery protocols, but plasma 

glucagon levels were significantly lower <p<0,01) during the active 

recovery. The major finding was that glycogen resynthesis was not 

significantly <p>0,05) delayed as a result of activity during the 

immediate post-exercise period, but that muscle lactate levels were 



significantly lower in the passive leg than in the active leg after 

the first 45 minutes of the recovery period. 

As resynthesis of glycogen took place during the active recovery, this 

study appeared to indicate <D that lactate oxidation was an important 

source of substrate during the initial 30 minutes of the active 

recovery (ii) that oxidation was p056ibly the primary fate of lactate 

during the active post-exercise recovery period and (iiD that 

intramuscular glyconeogenesis in the fast-twitch muscle fibres of the 

previously active legs was a distinct p055.ibility. Apparent 

iii 

suprabasal production of lactate in the active fibres of the active 

leg during the latter stages of the active recovery, however, appeared 

to indicate partial reliance on exogenous glucose as substrate in 

these fibres during this stage of the recovery. 
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One more stade! Fifty thousand men roar their (IIJproval from 

the spectators' verdant slopes. Now the athlete feels his 

breath come hard, feels his lower tendons ache from running 

through the soft sand that flows as gracefully as he moves . 

He swings his arms harder and in a burst is past the other 

runner. He looks eagerly to his right as he sweeps past 

the finish line and, yes !, the judges wave their banners at 

HIM. The musicians play for HIM. Ladas of Sparta has 

won the 'dolichos ,' the longest race in the Olympics, 2 . 618 

miles as a test of human endurance . The judges wave and 

the music plays and, exhausted by his feat , Ladas dies on 

the spot! 

Anonymous 

Unlike Ladas of Sparta, who was unable to rec:over from his 2,6-

mile rac:e, todays suc:c:essful middle-distance athlete is highly 

dependent on rapid recovery . 
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INTRODUCTION TO THE PROBLEM 
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Reference was first made to the performanc:e of a ,.victory-lap,. with 

the inc:eption of the modern Olympic: Games and the oval athletics trac:k 

in 1896 (Finley and Plakkart, 197-6) . Perhaps these early victors 

intuitively sensed what was physiologic:ally best for the body, as this 

practice is still widely implemented today. 

Its form has c:hanged to that of a ,.warm-down··; its proponents are no 

longer a limited few elitist ··winners,.; and the oc:c:asion, not just a 

··sequel to victory·. Today, "warming" or "c:ooling down" by means of 

light aerobic: activity is widely practised by most middle- and short

distanc:e athletes after sessions of strenuous training or c:ompetition; 

and between intermittent bouts of strenuous activity. 

Does this practice of ··warming-down,., however, have scientific: 

validation? It has long been known that intense maximal activity 

longer than 15-30 seconds in duration, results in metabolic: ac:idosis 

and that it is the assoc:iated production of large amounts of hydrogen 

ions ( H•) in the active muscle, whic:h precipitates the onset of 

fatigue and eventually halts activity in the previously active muscle 

group <Margaria and Edwards, 1934). The rapid removal of H· and 

lactate, from muscle and blood may therefore be c:ritic:al for the 



resumption of subsequent exercise, 

competitions. 

particularly during athletic 

2 

It is of particular interest to the sport scientist to determine the 

extent to which a short period of continued supra-basa 1 m etabo lie 

demand facilitates the recovery process in the athlete. It has 

previously been shown that blood lactate and blood ~ levels fall 

sooner when light activity is performed during the immediate post

exercise period <Bonen and Belcastro, 1976; Stamford et al., 1981 ). 

As blood lactate levels are, however, a function of output and uptake 

by, a,:nongst others, muscle tissue, the liver, kidney and heart and 

because great intersubject variations in tissue-blood lactate and H"' 

gradients exist, <Tesch et al., 1982> it is not possible to assume 

that blood values, per se, are a valid reflection of the muscle 

lactate and pH levels. It appears that no scientific: investigation 

which examines the effect of light aerobic activity during the 

immediate post-exercise recovery period on the metabolism of intra

muscular lactate and the restoration of muscle pH, has yet been 

reported. 

Furthermore, it is known that the muscle glycogen stores are limited 

and that depletion of this glucose compound leads to eventual 

inability to exercise <Hultman, 1967). This is of particular 

relevance to the middle-distance athlete who partially depletes his 

muscle glycogen stores in a heat and a few hours later, is required to 

perform with maximal effort in a subsequent /finaY. 

Another aspect of active recovery which has practical application to 

competitive sport, is the question of how light aerobic activity in 

one limb influences the recovery process in other previously-active 

limbs. With the increased popularity of sporting events in which 

different sets of limbs are used in succession, such as the Tri- and 

Biathalon, in addition to the cla.56ic:al athletic: dec:athalon and 

pentathalon events, further investigation into this question is of 

specific relevance to the modern sportsman. 
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STATEMENT OF THE PROBLEM 

The central problem with which this thesis concerns itself is whether 

the removal of intramuscular lactate is facilitated by an active 

recovery and to what extent muscle glycogen resynthesis is affected by 

light activity during the immediate post-exercise recovery period. 

Secondary to this, is the question whether the one-legged exercise 

during the recovery produces significant differences in the tisue 

lactate and glycogen levels of the inactive leg. 

Various other sub-problems have also been identified. 

summarized as follows: 

These can be 

(a) How is the hormonal milieu affected by one-legged submaximal 

activity during recovery? Does it favour glycogen resynthesis or 

glycogen degradation? 

(b) Do the blood pyruvate and blood alanine levels show any 

significant rise during the one-legged active recovery and thereby 

provide an alternative outlet for the carbon chain of the 

intramuscular lactate? 

(c ) Does one-legged activity during recovery have any significant 

effects on the restoration of glucose homeostasis following intensive 

exercise? 

SCOPE OF THE STUDY 

Eight subjects took part in this study. The experimental protocol 

consisted of three phases : firstly, the determination of the maximal 

exercise capacity of the subject on a cycle ergometer; secondly, an 

intense intermittent exercise protocol which was followed by a 90-

minute pa.se.ive recovery period; and thirdly, a repetition of the 

intermittent exercise protocol followed by one-legged activity at 30 
• percent V0 2 max for 45 minutes of the 90-minute recovery period. 
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During the latter two phases, arterialized venous blood samples were 

taken at regular interval& throughout the 90-minute recovery in order 

to measure the lactate, pH, pyruvate, alanine, '-lucose, glucagon and 

insulin concentrations. Muscle bioP5ies were taken at rest, 

immediately pOS't-exercise and after 45 and 90 minutes of recovery in 

order to monitor changes in ti56Ue glycogen and lactate levels. 

This study has thus been restricted to carbohydrate metabolism in 

skeletal muscle and to the changes taking place in metabolic 

parameters of venous blood during the pOS't-exercise recovery period. 

LIMITATIONS OF THE STUDY 

Due to both the physical discomfort and emotional stress which a 

subject experiences when subjected to the muscle biopsy technique, it 

was only possible to obtain a limited number of ti56Ue samples from 

each subject. As the information obtained at more frequent intervals 

would have shed more precise light on the changes in intramuscular 

metabolic activity as a function of time, the restricted number of 

tiS6Ue samples obtained could be regarded as a limitation in this 

study. 

The diversity of the experimental group in terms of fitness levels and 

customary sporting activities, could also be seen as a limiting 

factor. Ideally, the experimental group should have consisted of a 

homogeneous team of sportsmen. However, due to the unpleasantness of 

the experimental protocol, the only criterion set for selection of the 

experimental group was willingness to participate. 

HYPOTHESIS 

Glycogen is utilized and lactate is produced in the active muscle 

during exercise of high intensity (Hultman, 1967). During passive 

recovery, a gradual resynthesis of glycogen <Macdougall et al., 1977) 

and removal of intramuscular lactate <Hermansen and Vaage, 1977) takes 

place. Due to the increased metabolic demand of one-legged activity 
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• at ±.30 percent V0 2 max (Ahlberg et al., 1975) 11H56 rnynthesis of 

glycogen ouc;ht to take place in the active muscle. In addition, the 

redistribution of blood flow to the active leg <Rowell, 1966) ought to 

result in increased lactate oxidation in the active leg during the 

partially-active recovery period <Boileau et al., 1983). 

This serves as hypothesis for this study. 
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CHAPTER TWO 

STUDY OF THE RELATED LITERATURE 

INTRODUCTION 

RESPONSE TO INTENSE, INTERMITTENT EXERCISE 

Substrate Utilization 

Metabolic Production of lactate, protons and pyruvate 

METABOLIC ADAPTATIONS DURING PASSIVE RECOVERY 

Lactate Uptake 

Glycogen Resynthesis 

Restoration of Glucose Homeostasis 

METABOLIC ADAPTATIONS DURING ACTIVE RECOVERY 

Lactate Uptake 

Substrate Utilization and Glycogen Rer.ynthesis 

METABOLIC RESPONSES TO ONE-LEGGED EXERCISE 

Oxygen Uptake 

Lactate Production 

Metabolic Activity in the Inactive Leg 

CONCLUSION 

INTRODUCTION 

The literature reviewed, reveals that comprehensive data exist 

regarding the blood pH and lactate recovery curves during both the 

active and paS&ive post-exercise recovery periods. However, glycogen 

resynthesis, muscle lactate uptake, and the restoration of blood 

glucose and hormonal homeosta.is during active recovery, appear to 

present open areas for future research. 

This chapter provides a brief overview of the metabolic response to 

intermittent exercise and then examines the existing evidence of the 

metabolic adaptations which take place during both paS&ive and active 

recovery periods. As the active recovery protocol used in this study 
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involves one-legged exerc:ise, a review of what is c:urrently known 

regarding the physiologic:al response to one-legged exerc:ise, is also 

provided. 

RESPONSE TO INTENSE, INTERMITTENT EXERCISE 

SUBSTRATE UTILIZATION 

Increased energy output by the body, results in enhanced degradation 

of energy-ric:h substrates. In exerc:ise of short duration and high 

intensity, the most important energy sourc:es are the high energy 

phospate c:ompounds, c:reatine phosphate (CP) and adenosine triphosphate 

<ATP) and the carbohydrates, muscle glycogen and blood glucose 

<Hultman, 1967(b); Karlsson, 1971 ). 

vlhen a muscle c:ontracts, an immediate source of energy is provided by 

the conversion of ATP to adenosine diphosphate <ADP> and tr\Clrganic 

phosphates <P,) (Saltin, 1973). To resynthesize the ATP pools from 

ADP, the equilibrium enzymes, c:reatine kinase and myokinase, catalyze 

the following two reactions: 

CP + ADP creatine kinase> creatine + ATP 

ADP + ADP myokinase> AMP + ATP 

The resultant formation of AMP is a powerful stimulant of both glyco

genolysis (the degradation of glycogen to glucose 6-phosphate) and 

glycolysis (the process whereby glucose 6-phosphate is broken down to 

pyruvate). ATP and CP stores in the resting muscle of man are limited 

to a maximum of ;t25 µmol.g- 1 wet muscle <Karlseon, 1971 > and it has 

been estimated that the phosphogen compounds are only able to provide 

energy for S-10 sec: of very intensive, supramaximal exercise 

<Margaria, et al., 1963; l(arlse,on, 1971 >. Glyc:olysis is thought to 

begin before the phosphagen c:ompounds are completely depleted and the 

metabolic byproduct of glycolY'Sis, lactate, thus appears within the 

muscles within the first few seconds of exercise (Saltin et al., 



.. 
1971<b); Karlsson, 1971(a); Hultman et al., 1967; Bergstrom et al., 

1971 ). 

Intermittent exercise allows the frequent repetition of these high 

intensity exercise stimuli. Carbohydrate utilization during heavy 

intermittent exercise has been examined in several studies <Edgerton 

et al., 1975; Gollnick et al., 1973; Gollnick et al., 1974; Essen, 

1978<a>; Keul and Doll, 1973>. It has been found that 1&56 glycogen 
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is used per unit of time during intermittent exercise than when the 

same amount of exercise is performed continuously at the same 

intensity <Essen, 1978(a>; Essen and J(ai,jser, 1978). This glycogen

saving effect may be attributed to increased utilization of blood 

glucose (l(eul and Doll, 1973; Hultman, 1967(b)). As J(eul and Doll 

(1973) have, however, shown that intensive intermittent exercise does 

not lead to substantial changes in glucose level and as several 

studies have shown that the glucose output of the liver is not high 

enough to meet the requirements of the working muscles during short-

term supramaximal exercise <Rowell et al., 1966; Wahren, 1971; 

Hultman, 1967<a», glucose is not thought to be a major energy source 

during intensive intermittent exercise <Keul et al., 1972), 

The glycogen-saving effect seems to be accomplished by a shift towards 

more oxidative metabolism and a greater contribution from lipids (J(eul 

and Doll, 1973; Green, 1978; Essen et al., 1978; Essen and l(aijser, 

1978). High plasma levels of free fatty acids <FFA> and an increased 

uptake of FF A by the muscles during intermittent exercise have been 

reported despite the simultaneously high blood lactate values of 12-15 

}Jmol.ml-1 <Green, 1978; Keul et al., 1974). It would appear that the 

intervening recovery periods provide a decreased sympathetic vasco

constrictor tone to adipose tissue thereby increasing blood flow and 

mobilizing large quantities of FF A <Green, 1978). As recent evidence 

<Terblanche et al., 1984) appears to indicate that increased 

utilization of FFA results in increased acetyl-CoA levels as shown by 

increased pyruvate carboxylase activity <Terblance et al, 1984> and as 

the ssubsequently produced increased citrate levels are known to 

inhibit the action of the rate-limiting glycolytic enzyme, phospho-



fruc:tokinase <PFIO, this is also a fac:tor whic:h c:ould ac:c:ount for the 

minor role whic:h gluc:ose is thought to play as substrate during inter-

mittent exerc:ise. Further evidenc:e of reduc:ed glyc:olytic: activity is 
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provided by ES&en < 1978) who reported high levels of c:itrate, in 

addition to high ATP and CP levels at the end of the rest periods. As 

ATP is known to inhibit glyc:ogen phosphorylase and PFI( <Morgan and 

Parmeggianni, 1964) and CP to inhibit PFK <Storey and Hoc:hac:hka, 

1974), these findings also reflect reduc:ed glyc:olytic activity during 

the recovery intervals. 

Spec:ific metabolic response to intermittent exercise is, however, 

dependent on the duration and intensity of exerc:ise, as well as the 

duration of the recovery intervals <Edgerton et al., 1975; Essen, 

1978) and the initial resting musc:le glyc:ogen stores. Whereas the 

initial resting stores are ~ependant on the musc:le fibre type <ES&en 

and Hendrik550n, 1974), diet <Field, 1960) and fitnesrs level <Hultman, 

1967(b)) of the athlete, it has been shown that the relative 

c:ontribution of FF A inc:reases with increasing duration of exercise 

bouts (Keul et al., 1974) and that the contribution of musc:le glyc:ogen 

is higher when the exercise bouts are shorter and more intense (Keul 

and Doll, 1973). Mean post-exerc:ise glyc:ogen values of 22,9 and 25,6 

)-'mol.g- 1 wet musc:le which indicate a .± 70 percent depletion of initial 

stores, have been recorded following intermittent exerc:ise by 

Mac Dougall et al. ( 1977) and Green < 1978) respectively. These 

findings agree with those of Karl550n et al ( 1971) Karlson and Saltin 

<1971) and Edgerton et al. < 1975). However, plasma glucose values 

remain within the normal range <2-5 JJmol.mJ- 1 ) for resting fasting 

individuals following intermittent exercise <Keul et al., 1972), 

METABOLIC PRODUCTION OF LACTATE, PROTONS AND PYRUVATE 

Complete oxidation in the mitochondria is nec:ese.a.ry to fully exploit 

the carbohydrate energy stores. When the energy demand exc:eeds the 

mitochondrial oxidative capac:ity, as in the case of intensive 

exercise, the rate of pyruvate production exceeds its rate of 
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oxidation and reduced nicotine adenine dinucleotide <NADH) produced at 

the glyceraldehyde 3-phosphate dehydrogenase reaction is oxidized with 

concomitant formation of lactate and NAD. 

pyruvate- + NADH + ff+----> lactate-+ NAD+ 

<Newsholme and Leech, 1983) 

Hultman and Sahlin ( 1980) have estimated that this lactate production 

is responsible for about 94 percent of the protons released in muscle 

after exhaustive bicycle exercise. As lactic acid <pk=3, 7) is al most 

fully diS60ciated at physiological pH, lactic acid, as such, is not 

formed during exercise; the lactate is fully ionized <Jones, 1980). 

A number of other metabolic processes may also account for the 

production of protons. Firstly, ATP hydrolysis during muscle 

contraction, results in ADP formation with concomitant release of 

hydrogen ions:-

ATP4- + H2.0 --------> ADP~- + P; + H"I- <Jones, 1980) 

As the maximum increase in ADP concentration during muscular activity 

has been estimated at 0,5 µmol.g-1 dry mas (Sahlin et al., 1975), the 

corresponding amount of protons released is relatively insignificant 

<Hultman and Sahlin, 1980). 

During intensive exercise, glucose 6-phospate (g-6-p) and glycerol 1-

phosphate accumulate within the muscle. Formation of these substances 

from P· I and glucose or glycerol also results in the release of 

protons. 

glucose + P1 ---------> glucose 6-P + H + 

glycerol + Pj ------> glycerol 1-P + H+ 

It has been estimated that the amount of protons released as a result 

of these processes during short-term bicycle exercise, represents 



of these proc:esses during short-term bic:yc:le exerc:ise, 

about 4 perc:ent of that originating from the production 

<Hultman and Sahlin, 1980). 

represents 

of lac:tate 

A third alternative sourc:e of proton production during exerc:ise 

relates to the formation of pyruvate from gluc:ose whic:h results in the 
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reduc:tion of NAO+ to NADH. As the c:ell c:an tolerate only a small 

c:hange in NAD+/NADH-ratio, excessive pyruvate ac:cumulation is, 

however, impOS6ible. Furthermore, the absorbance of H· during the 

degradation of c:reatine phosphate is thought to minimize this source 

of proton production. 

According to Hultman and Sahlin (198(>) it would thus appear that the 

observed metabolic acidosis following intensive exhaustive exercise is 

primarily aseociated with l~c:tate formation. This is confirmed by the 

linear correlation which exists between the muscle content of lac:tate 

and pyruvate and the decrease in total muscle pH in muscle samples 

taken immediately after short-term bicycle exercise <Sahlin et al., 

1976). 

An increased release of lac:tate from muscle to blood occurs with an 

increase in the intensity of exercise <Kar1S60n and Jacobs, 1982; Keul 

et al, 1969). The increased rate of release is related to the 

accumulation of lac:tate within the muscle (Jorfeldt et al., 1978) and 

increases linearly with the musc:le-lac:tate content during bicycle 

exercise up to about 4-5 }1mo1.g- 1 .min- 1 .leg- 1 which has been shown to 

occur at muscle lactate c:oncentration of .±. 4-5 )JmoJ.g-1 wet muscle 

(Jorfeldt et al., 1978). A further increase in muscle lactate levels 

does not cause a faster rate of muscle lac:tate release. Thus lac:tate 

accumulates within the active muscle. 

studies in man have shown that the lac:tate concentration in working 

muscle after brief maximal exercise bouts is about 2-3 times higher 

than in the b1=..:id <Karlsson, 1971; Hultman, 1967; Sahlin et al., 1976) 

and that corresponding amounts of lactate and hydrogen ions accumulate 
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in the blood following exercise <Hultman and Sahlin, 1980). With the 

exception of the early phase of recovery after exhaustive exercise, 

lactate and hydrogen ions seem to pass over the muscle cell membrane 

at approximately the same rate <Hultman and Sahlin, 1980). 

With increasing workloads and the increased glycogenolytic and 

glycolytic rates, the turnover of pyruvate has been shown to increase 

greatly (l(eul et al., 1966). Part of the pyruvate is oxidized to CO2 

and H2 0, part is reduced to lactate and the rest is released from the 

muscle cells. Blood pyruvate concentration has thus been shown to 

increase slightly during strenuous exercise (Carlson and Pernow, 1961; 

Pernow and Wahren, 1962), The resting concentration is, however, only 

exceeded when working intensity causes a heart-rate of over 120.min-1 

(l(eul et at., 1966; H.artung et al., 1966) and the highest 

concentrations have been measured 3-15 minutes after exercise. As 

with lactate, trained persons show lese:. of an increase in blood 

pyruvate concentrations at the same workload (Keul et al., 1966). 

During intermittent exercise the glycogen-saving effect results in the 

production of relatively lese:. lactate, pyruvate and protons for a 

given workload than if the workload were performed continuously 

(Saltin and Essen, 1971; Edgerton et al., 1975). It would, however, 

appear that exhaustive, maximal, intermittent exercise in which the 

exercise-bouts are 60 sec in length and which are followed by a 4-5 

min rest period, result in a high glycolytic activity during the 

exercise phase. This is reflected by the peak muscle and blood 

lactate and blood pyruvate and pH values obtained during these 

protocols <Table 2, 1 ). 
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TABLE 2,1 

PEAK MUSCLE LACTATE, BLOOD LACTATE, PYRUVATE AND pH VALUES 
OBTAINED DURING INTERMITTENT EXERCISE PROTOCOLS 

EXERCISE 
PROTOCOL 

Muscle 
Lactate 

;imol.g- 1 

Resting 
Levels 

0,71 
<Sahlin et al. 

1978) 

6 x 2 min (29C>-275W) 
2 min rest 
<V.:eul and Doll, 1973) 

3 x 4 min (275-253W) 
4 min rest 
<Keul and Doll, 1973) 

10 x 1 min • (120% vo:il max) 
5 min rest 
(Green, 1978) 

3 x 1 min 

26,4 

exhaustive exercise 26,4 
4 min rest 
<Hermansen & Vaage, 
1977) 

5 x 1 min 
exhaustive exercise 
<Hermansen & Osnes, 

1972) 

Blood 
Lactate 
pmol.mJ- 1 

1,00-1, 78 
(Laudahn, 

1959) 

12,5 

14, 7 

13,3 . 

20,9 

Blood 
Pyruvate 
jlrnol. m 1- 1 

0,03-0,10 
Czok and 
Lambrecht, 

1974 

0,30 

0,34 

0,37 

Blood 
pH 

7,44 
(Metzner 

et al., 
1968) 

7, 1(> 

6,94 



METABOLIC ADAPTATIONS DURING PASSIVE RECOVERY 

Upon Ce$c3tion of intensive exercis.e, blood flow is redistributed by a 

decrease in perfusion of the previously exercising limbs and an 

increase in perfusion of the splanchnic bed <Rowell, 1966). 
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Furthermore, there is a rapid uptake of blood and muscle lactate 

(Margaria and Edwards, 1934; Newman et al., 1937; Ram mal and Strom, 
II 

1949) and a gradual resynthesis of muscle glycogen (Bergstrom et al., 

1967) with concomitant restoration of glucose and hormonal homeostasis 

(Calles et al., 1983), 

LACTATE UPTAKE 

There are several known avenues through which lactate may be removed 

from the blood and previously active _skeletal muscle. These include 

(a) excretion through the sweat glands and kidneys <Newman et al., 

1937; Yudkin and Cohen, 1974). 

(b) metabolic substrate utilization via oxidation to CO 2 in the heart 

(Carlsten et al., 1961) and in both previously active and 

inactive skeletal muscle <KarlSeOn, 1979). 

(c) gluconeogenesis, in the liver (Rowell, 1966) and kidney cortices 

<Krebs, 1964). 

(d) glyconeogenesis, in white and red fast-twitch skeletal muscle 

fibre <McLane and Holloszy, 1979; Terblance et al., 1980). 

<e> provision of a carbon skeleton for the synthesis of amino acids 

which are eventually released from skeletal muscle <Brooks and 

Gaesser, 1980). 



15 

(f) provision of the carbon source for the replenishment of 

tricarboxylic <TCA> intermediates <Brooks and Gaesser, 1980: ; Lee 

and Davis, 1979). 

(a ) Excretion through the sweat glands and kidnex:s 

As skin blood flow is reduced following intensive exercise, the 

lactate excretion through the sweat glands is negligible <Newman et 
• 

al., 1937). Several studies (Astrand, 1963; Newman et al., 1937) have 

also shown that the lactate content of urine is insignificantly small. 

In total, it has been estimated that the contribution of this outlet 

is approximately 5 percent <Minaire, 1973). 

(b) Oxidation 

In the presence of the appropriate isoenzym es of lactate dehydrogenase .. 
<LOH >, lactate can be reconverted to pyruvate <Sjodin, 1976) in the 

following reaction: 

coo
\ 

HO- r-H 
6H 31 

Lactate 

Lactate 

Dehydrogenase coo
'\. 

------- --7 C= O + NADH + H• 
I 
CH 9 

Pyruvate 

The actual direction of the pyruvate-lactate interconversion is 

dependent upon the concentrations of the compounds involved. Tissues 

with a high oxidative capacity such as red muscle fibres, the heart 

and the brain, can maintain a ratio of CNADJ/CNADHJ high enough to 

favour the oxidation of lactate to pyruvate. It is thought that these 

tissues contain an isoenzyme of LOH that is fully active only when the 

concentrations of lactate are high (Sjodin, 1976). 

Pyruvate is subsequently transported from the cytoplasm into the 

mitochondria where it is oxidized to acetyl coenzyme A by a pyruvate 
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dehydrogenase c:omplex, and then to CO2 and H02 in the TCA-cyc:le. 

Lactate is thus able to act as a substrate for the inc:reased metabolic: 
• 

ac:tivity and elevated V0 2 whic:h is known to exist during the immediate 

post-exerc:ise rec:overy period <McGilvery and Goldstein, 1983; 

Newsholme and Leec:h, 1983). 

Several researc:hers (Freminet et al., 1974; Issekutz et al., 1976; 

Minaire, 1973) have shown that the rate of lactate oxidation depends 

mainly on the blood flow and henc:e lactate supply to the tisue and 

that it increases linearly with blood lactate c:oncentration. During 

recovery from intensive exercise with the concomitant reduc:tion in 

blood flow, Poort mans et al. ( 1978), suggest a striking reduction in 

the rate of lactate uptake and hence oxidation by the non-exercising 

muscle. 

Although lactate is the preferred fuel of the heart (Drake et al. 

1980) and during exercise it has been shown to provide up to 60 

perc:ent of myocardial substrate utilization (l(eul et al, 1972), -the 

maximum contribution of this uptake site in terms of total body 

lactate removal has been estimated to be les than 10 percent 

(Carlsten et al., 1961 ). In the healthy, non-obese human, skeletal 

muscle c:onstitutes approximately 40 percent of the body weight (Andres 

et al., 1956).Thus, as the largest tisue of the body, skeletal muscle 

has the potential to c:ontribute signific:antly more than the myoc:ardium 

to lactate removal during the post-exerc:ise rec:overy period. 

In a series of experiments performed on mammals, isotope trac:ers have 

revealed that oxidation is the primary fate of lactate after exerc:ise 

<Brooks et al., 1973., Depoc:as et al., 1969; Minaire, 1973; Searle and 

Cavalieri, 1972). Brooks and Gaesser < 1980) have shown that 40 

perc:ent of the injected C-labelled lactate is rec:overed in CO 2 

following intermittent exerc:ise to exhaustion . 

• Astrand 

<±. 90g) 

(1977), however, rationalized that if 1 mole of lactate 

is produc:ed during exerc:ise, it would require 3 moles of O:a 
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(+67 litres) to oxidize the lactate. Blood and muscle lactate is known 

to return to resting level within 60 min. post-exercise <Hermansen and 

Vaage, 1977) and the total 02. uptake during one hour can hardly exceed . 
40 litres ( Astrand, 1977). When FF A oxidation is also taken into 

account, it is not posible that oxidation can be regarded as the . 
-·primary' fate of lactate after exercise <Astrand, 1977). 

This theory is, however, to be questioned as it is based on the 

premise that lactate is distributed evenly to all water compartments 

of the body during exercise (Margaria et al ., 1963). Distribution of 

lactate does not occur rapidly: V.:lausen et al. ( 1974) have shown that 

lactate released from muscle is distributed in only about 50 percent 

of the total body water after 15 minutes of exercise. Gaesser and 

Brooks < 1984) thus estimate the lactate content of a 75kg individual 

at the end of exercise to lie within the range of 35-5C>g, in contrast 

to the 9C>g-estimation of. Astrand < 1977) . Theoretically, it thus 

appears p055.ible that the primary fate of this lactate, is oxidation. 

Hermansen and Vaage ( 1977) estimated that only 15 percent of the 

lactate produced during exercise, is oxidized. These researchers, 

however, used a questionable method of measuring muscle blood flow; 

the blood flow was derived from a plethysmogram and the increased 

blood flow following exhaustive exercise was not taken into account. 

Furthermore, it is apparent that the subjects from whom muscle 

biopsies were obtained were different from those in whom arteriovenous 

lactate differences were measured and who were also different from 

subjects in whom leg blood flow estimates were made. 

As far as the author has been able to ascertain, no work has yet been 

published which has objectively quantitated the fate of lactate in 

humans. Hubbard ( 1973) and Jorfeldt < 1970 have demonstrated that C-

label led lactate in humans is oxidized during exercise at greater 

rates than at rest; and Mazzeo et al. ( 1980) have recently 

demonstrated that C-labelled lactate is actively oxidized during 

submaximal exercise. As the results of these studies are consistent 

with those of lactate oxidation in other mammals, e.g. the dog and rat 
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<Cepocas et al., 1969; ISESekutz et a.1., 1976; Donavon and Brooks, 

1983), it is posible that the metabolic fate of endogenous lactate 

after exercise in the human, is similar to that of these mammals. 

Claims that oxidation is the major fate of lactate removal in humans 

during post-exercise recovery, 

scientific verification. 

are, however, still subject to 

At present, the approximate contribution of oxidation to the removal 

of intramuscular lactate during pa:isive post-exercise recovery, therefore, 

still remains an unresolved question. 

<c> Hepatic G luconeogenesis 

In addition to the catabolic proces& of oxidation, lactate is also 

able to play an anabolic role. It can diffuse into the bloodstream 

and travel to the liver and kidney cortices where it serves as a 

precursor for the synthesis of glucose <Krebs, 1964; Owen, 1969). 

This gluconeogenic proc:es& <Figure 2, 1) represents a major means of 

removing from the blood, excessive quantities of lactate produced by 

skeletal muscle during exercise <Newsholme and Leech, 1983). 

The conversion of lactate to glucose is catalyzed by several of the 

enzymes of the glycolytic pathway and thus represents a partial 

reversal of glycolysis. There are three steps in the glycolytic 

pathway which are irreversible; these are shown in Figure 2,2. 

Different enzymes are therefore required in order to bypass these 

steps in ti56Ues that have gluconeogenic capacity. These, in turn, 

represent the rate-limiting enzymes in this metabolic: pathway and 

provide key sites for the regulation of the gluc:oneogenic flux. The 

enzymes which catalyze these steps are pyruvate c:arboxylase, 

phosphoenolpyruvate c:arboxykinase, fructose 1,6-bisphosphatase and 

glucose 6-phosphatase. The enzyme, pyruvate carboxylase appears to be 

compartmentalized within the mitoc:hondrion. Pyruvate must therefore 

enter the mitochondrion by a carrier-mediated process where it is 
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BLOOD LACTATE BLOOD GLUCOSE 

GLYCOGEN 

' ' Glucose 

t * 
glucose 6- phosphate 

t ,,,- oxaloacetate ---aspartate 

phosphoenol pyruvate fructose 6- phosphate 

~* 
glyceraldehyde 3- phosphate -- fructose 1,6-bisphosphate "" 

Figure 2,1 Gluc:oneogenesis from lactate in a liver c:ell. The liver 

c:ell is represented by the outer rectangle, and a mitoc:hon

drian by the inner c:irc:le. Asterisks indic:ate the irrever

sible steps of glyc:olysis (Krebs, 1964). 

carboxylated to oxaloac:etate by pyruvate c:arboxylase. Oxaloac:etate 

must then be transferred out of the mitochondrion, since the enzyme 

phosphoenolpyruvate c:arboxykinase, whic:h converts oxaloac:etate to 

phosphoenolpyruvate is located in the cytosol of the cell. As the 

mitochondrial membrane is relatively impermeable to oxaloacetate, this 

intermediate must be converted to aspartate which passes through the 

membrane and is rec:onverted to oxaloac:etate in the cytosol <Lardy, 

1966). 
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Hexokinase 
1. GLUCOSE + ATP Glucose 6 - PHOSPHATE + ADP 

2. 

3. 

+ ' , I 
\ glucose 6 - phosphatase ~ 
'------------------------------' 

ATP + FRUCTOSE 6 - PHOSPHATE 
Phosphofructokinase 

FRUCTOSE 1,6 - BISPHOSPHATE 
+ ADP 

~ . 
\ 
\ fructose 1,6 - bisphosphatase J 
'~---------------------------------------~ 

PYRUVATE 

Pyruvate 

Carboxylase 
Phosphoenolpyruvate 

OXALOACET A TE carbox ylcin'ase PHOSPHOENOL-
+ CO2 +. ATP • • '# t t PYRUVATE 
+ H20 t ADP pi GTP GDP CO2 1 

\ ' J 
\ Pyruvatekinase ,/ 
~~---------------------------------------------

Figure 2,2 ~ Irreversible Steps of G lycolysis and Enzymes Required 

to Bypass these steps during G luconeogenesis 

(Krebs, 1964). 

The low muscle glycogen levels and high blood lactate levels present 

following intensive exercise <McDougall et al., 1977), provide an 

overriding stimulus for glycogen resynthesis from lactate during an 

inactive recovery period <Conlee et al., 1978; Roch-Norlund et al., 

1972). In addition, it has been demonstrated that several hormones 

control gluconeogenesis by acting directly at the hepatic level. 

Glucagon, insulin and catecholamines are known to act within seconds 

while others, e.g. glucocorticoids, act more slowly. 

Glucagon, which is secreted by the alpha cells of the pancreatic 

Islets of Langerhans, is thought to activate membrane-bound, adenyl 

cyclase, resulting in accumulation of intracellular cyclic AMP. <ROS6 

and Gillman, 1980). Recent studies of Ljungstrom et al. (1974) and 

Feliu et al. (1976) have indicate·d that a cyclic AMP-dependent protein 



kinase stimulates the phosphorylation of pyruvate kinase. 

Phosphorylation, in turn, inactivates the enzyme, which results in 

high tissue levels of phosphoenolpyruvate. The conversion of 

phosphoenolpyruvate to glucose is thus favoured <Figure 2,3). 

GLUCAGON 

~ 
Inactive adenyl 

cyclase 

Increased production -
of glucose 

Active adenyl cyclase 

~ 
ATP cyclic AMP 

~ 
Inactive protein Active protein 

kinase kinase 

Inactive 
phosphorylase 

kinase 

Active 
phosphorylase 

kinase 

~ 
Increased tissue levels -
of phosphoenolpyruvate 

Inactive Active 
pyruvate pyruvate 
kinase kinase 

Figure 2,3: Mechanism by which gluca.gon stimulates gluconeogenesis 

" in the liver (Ljungstrom et al., 1974) 

Insulin, in turn, is thought to exert a direct inhibitory effect on 

gluconeogenesis by lowering the levels of cyclic AMP <Jefferson et 

al., 1968). It also acts by diminishing the supply of other 

gluconeogenic substrates such as fats and amino acids from the tiS5Ues 

and facilitating the diffusion of glucose into the bloodstream. A 

high glucose concentration reduces the rate of its own production 

without modifying the activity of pyruvate kinase. 
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HEPATIC GLUCONEOGENESIS 

INHIBITING FACTORS 

Glucose 

Insulin 

High Carbohydrate Diet 

ACTIVATING FACTORS 

Low tissue glycogen levels 

High substrate concentrations 

Glucagon 

Catec:ho la mines 

G luc:oc:ortic:osteroids 

Low carbohydrate diet 

Figure 214: Factors regulating hepatic: gluc:oneogenesis 
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It would thus appear that during a post-exercise recovery period which 
is characterized by low tissue glycogen levels, high blood lactate 
levels, high glucagon and catecholamine and low insulin 
concentrations, a favourable milieu is created for lactate removal via 
gluconeogenesis. 

Traditional theory held that lactate produced in the muscle during 
exercise served its major anabolic function via hepatic 
gluconeogenesis <Hill and Meyerhof, 1923). Recent findings (Hermansen 
and Vaage, 1977), however, suggest that only approximately 10 percent 
of the lactate produced following exercise is removed via this pathway. 

(d) Intramuscular Glyconeogenesis 

During the last fifty years, considerable uncertainty and controversy 
has existed regarding the pose:ibility of glycogen resynthesis from 
lactate in skeletal muscle. It is only in the last decade that this 



p056ibility has eventually been confirmed in certain muscle fibre 

types. 
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From the early work of Meyerhof <1920), Meyerhof et al. (1925) and 

Hill < 1924) on frog muscle, it appeared that a major portion of the 

lactate was directly converted to glycogen within the muscle. Krebs 

(1964), Krebs and Woodford (1965), Opie and Newsholme (1967) and 

Crabtree et al. ( 1972), however, failed to identify activity of all 

the key enzymes (fructose 1,6 bisphosphatase, glucose 6-phosphatase, 

phosphoenolpyruvate carboxykinase and glycogen synthetase) in white 

and red vertebrate skeletal muscle and concluded that gluconeogenesis 

only takes place in the liver and kidney cortices. 

Bendall and Taylor < 1970) were the first to report that isolated 

amphibian muscle was able to convert lactate to glycogen. They showed 

that isolated frog sartorius muscles incubated in a medium containing 

lactate as the only substrate rapidly converted lactate to glycogen. 

They also provided evidence that strips of rabbit psoas muscle could 

resynthesize glycogen from lactate; however, the rate of glycogen 

formation in muscle was too low to be of physiological significance <2 

JJmol.g-1 .hr-1 ). Subsequently, McLane and Holloszy ( 1979) showed that 

when a well-oxygenated rat hindlimb was perfused with a medium 

containing 12 ).J mol. m 1-1 lactate as the only substrate, a rapid increase 

in glycogen occured in fast-twitch red (Type I!a)and f~twitch white 

(Type Ilb)skeletal muscle fibre types. In contrast, the rate of 

glycogen accumulation in the slow-twitch red <Type 1) fibre was very 

low. Isotope tracer studies revealed rapid incorporation of [ 14CJ-

lai:tate into glycogen in f~twitch fibres of rodents. This 

correlated with high activity levels of fructose 1,6-bisphosphatase 

and phosphoenolpyruvate carboxykinase, recorded in these fibre types. 

Further more, an inhibition of lactate uptake and a 30 percent 

reduction in the amount of [ 14CJ lactate incorporated into muscle 

glycogen was obtained when 8,5 JJmol.ml-, glucose and insulin were 

included in the perfusion medium. 
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Terblanc:he et al. ( 1980) confirmed the finding that fructose-1,6-

bisphosphatase activity in slow-twitch red muscle fibre was too low to 

measure ac:c:urately and showed that training did not increase the level 

of activity of this enzyme to an ac:c:urately measurable extent in slow

twitc:h red muscle. Training, however, resulted in a marked elevation 

of the levels of activity of malic: enzyme, fructose-1,6-bisphosphatase 

and phosphoenolpyruvate c:arboxykinase in fa.st-twitch fibres. 

Confirmation of the existence of this metabolic: pathway in human 

skeletal muscle has, however, not been obtained. In support of this 

hypothesis, Rowell (1971), Hermansen and stensvold (1972) and 

Hermansen and Vaage ( 1977) showed that the rate of lactate efflux from 

human skeletal muscle during post-exercise recovery was insuffient to 

explain the rate at whic:h muscle lactate levels decrease. Hermansen 

and Vaage (1977) also showed a direct correlation between the rate of 

glycogen resynthesis and · the fall in lactate concentration in the 

muscle. These authors provided indirect evidence that 75 percent of 

muscle lactate in man is reconverted to glycogen via this reversal of 

the glycogenolytic pathway, following an intensive intermittent 

exercise protocol. 

Brooks and Gaeser < 1 980) have, however, provided contrasting 

evidence. Isotope tracer studies on well-trained rodents following 

prolonged continuous and intermittent exercise to exhaustion showed 

that only approximately 20 percent of the [ r4-CJ-labelled lactate 

present at the end of the exercise, is reconverted to glycogen in the 

previously-active skeletal muscle. Furthermore, no direct correlation 

was shown between the rate of lactate disappearance from the muscle 

and the rate of glycogen resynthesis in skeletal muscle. Brooks and 

Gaesser < 1 980) showed that 95 percent of the muscle lactate had been 

removed within 15 minutes of cessation of exercise but the quantity of 

glycogen repleted during this period was small. 

The estimates of Hermansen and Vaage (1977) are thus much greater than 

those provided by other investigators. As previously described, the 

source of variance - may be the method used to estimate blood flow; 
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however, it is poesible that human muscle has a far greater 
glyconeogenic: capacity than other types of mammalian skeletal muscle. 

Hintz et al. (1980) confirmed this possibility: using one human 
subject, they showed a greater activity of fructose bisphosphatase in 

human than in rodent muscle. 

required. 

Further studies on humans are, however, 

From a review of the current evidenc:e, it would thus appear that 

glyconeogenesis is poesible in white and red fast-twitch fibre types 

of man, but that the perc:entage contribution of this pathway to the 

total lactate removal following exercise is, as yet, an unresolved 

matter. 

( e) Conversion of lactate to amino-ac:ids 

Amino-ac:ids are released from skeletal muscle during exercise <Malette 

et al., 1969; Felig, 1973). Glucose, released by the liver, is taken 
up by muscle where it is converted to pyruvate and transaminated to 
form amino-ac:ids which are incorporated into musc:le protein. During 
prolonged exercise the amino-acids are released into the bloodstream 

and transported to the liver where they act as gluc:oneogenic: 
prec:ursors <Malette et al., 1969). Quantitatively, alanine is the 

most important amino-ac:id released during exercise <Felig, 1973) 

During recovery, it was traditionally accepted that the net uptake of 
alanine by the splanc:hnic bed is inc:reased and the output from the 
musc:les falls rapidly <Felig, 1973). However, Wahren et al. < 1973) 

have reported a significant release of several amino-ac:ids from 

skeletal musc:le after 40 minutes of recovery from moderate exerc:ise in 

humans with simultaneous uptake of lactate. It has been c:onc:luded 
that lactate may provide a carbon source for the synthesis of amino

ac:ids whic:h are eventually released from skeletal musc:le (Wahren et 
al., 1973). 

In subsequent post-exercise studies, Brooks and Gaesser < 1980) have 
shown that qualitative analysis of radiochromatograms indic:ated the 
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incorporation of the C label from both glucose and lactate in a number 
of amino-acid pools including alanine, glutamine, glutamate and 
aspartate within 15 minutes post--exercise. It also appeared that 
lactate entered the various amino-acid pools faster than did glucose 
<Brooks and Gaesser, 1980). McLane and Holloszy (1979) were, however, 
unable to confirm this. The amount of alanine released by rodent 
hindlimbs which were perfused with 12 mM lactate was too small to 
measure accurately. Hermansen and Vaage (1977) showed no increase in 
bood alanine concentration or in A-FV differences during recovery from 
intense, intermittent exercise. As the studies of Wahren et al. 
< 1973) and Brooks and Gaesser < 1980> involved recovery from moderately 
intense exercise, it is pOSISible that the type of exercise is an 
important variable. 

(f) Summary 

From the study of available literature, it can be concluded that no 
definite consensus of opinion has been reached regarding the exact 
fate of lactate in humans during the post--exercise phase. It would 
appear that oxidation is the primary fate of lactate in the post-
exercise recovery period; that gluconeogenesis in the liver and 
kidney cortices and direct reconversion to glycogen within fa.st-twitch 
skeletal muscle fibres, also play an important role and that 
conversion to alanine, appears to be of relatively minor importance. 
Furthermore, the effects of fibre typing, training and exercise mode, 
intensity and duration as pO=Sible variables whic:h influence the rate 
and mechanism of lactate removal following exercise, require further 
investigation. 

GLYCOGEN RESYNTHESIS 

As previously described, low muscle glycogen levels provide a potent 
stimulus for glycogen resynthesis which can take place via a partial 
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reversal of the glycolytir: and glycogenolytic pathways. However, in 

the case of increased rates of glucose diffusion into the cell, the 

resultantly higher levels of glucose 6-phosphate (g-6-P) as mediated 

by the enzyme, hexokinase, can also provide a stimulus for glycogen 
synthesis. 

The g-6-P is first converted to glucose 1-phosphate (g-1-P). This 

reaction is mediated by the activity of the enzyme, phosphogluco

mutase. The g-1-P then combines with uridine triphosphate <UTP> to 

form uridine diphosphoglucose <UDPG>. The glucosyl unit of UDPG is 

transferred to glycogen by UDPG glycogen synthetase <McGilvery and 

Goldstein, 1983). 

Figure 2,5: 

UDP 

UDPG 

PPi 

UTP 

GLYCOGEN 

u DPG Glycogen Synthetase 

UDPglt.icose pyrophosphorylase 

G - 1 - P t phosphoglucomutase 

G - 6 - P 

Glycogen synthesis from glucose-6 phosphate 
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The synthesis of glycogen 

degradation of glycogen. 

is a slow process in contrast to the 

It is estimated that the maximum rate of 

synthesis is approximately one percent of that of glycogenolysis 

<Hultman et al., 1971; Hers, 1976). studies on post-exercise glycogen 

repletion in skeletal muscle have revealed differences in both the 

time-course and magnitude of repletion (Brooks et al., 1973; Conlee et 

al., 1978; Lamb et al., 1969; Terjung et al., 1974). Adolf:.son 
ti 

(1972), Hermansen and Vaage (1977), Bergstrom and Hultman (1966) and 

Mac Dougall et al ( 1977) have shown that glycogen repletion begins 

immediately after cessation of exercise, whereas other researchers 

(Karlse.on and Saltin, 1971; Brooks et al., 1973) found that no 

significant increase in muscle glycogen occurs until 60 min after 

exercise. It appears that this different response is p055.ibly related 

to the post-exercise muscle lactate concentration and hence the 

intensity of the preceding exercise and substrate availability. There 

are data from both rodent' and human muscle indicating a very slow rate 

of resynthesis which is dependent on the intake of a carbohydrate-.. 
enriched diet (Bergstrom et al., 1967; Brooks et al., 1973; Conlee et 
al., 1978; Hultman et al., 1971; Piehl, 1974; Saltin and Karlse.on, 

1967; Terjung et al., 1974). In contrast, MacDougall et al. (1977); ,, 
Hermansen and Vaage (1977); Fell et al. (1980) and Bergstrom and 

Hultman (1966) have shown significant glycogen synthesis in the 

absence of any food intake. 

These different data can perhaps be justified in terms of the many 

variables which have been shown to influence glycogen synthesis. It 

is known that the activity of UDPG glycogen-synthetase is regulated 

both by hormonal and non-hormonal factors. These include: 

i) G lu cose-6-phosphate: Glycogen synthetase exists in both (a) and 

(b) forms; the (a) form is activated without the presence of g-6-

p and the (b) form is dependent on g-6-P for its activation. 

Therefore, high levels of g-6-P ensure activation of both forms 
of the enzyme. 



.,,., .,,.,-,rs,_.,..~ 
..,,;t_ ...... ..,,,._,~""'La<t""" 

29 

ii> Skeletal Muscle Glyc::ogen Levels: A low glyc::ogen level is 
believed to have an eff•c::t on cell membrane permeability to 
gluc::ose (Arvill, 1967) and on the activity of the enzyme, 

II 
glyc::ogen synthetase <Bergstrom et al., 1972). It is thought that 
the glyc::ogen in itself has an inhibitory effect on the enzyme 
which transforms the (b) form of glycogen synthetase into the (a) 
form (Villar-Palasi and Larner, 1966). 

II iii) Fibre type: Conlee et al., (1978) and Bergstrom et al., (1972) 
have shown that glycogen repletion occurs most rapidly in the 
fast-twitch red type of muscle, at intermediate rate in the slow
twitch red muscle type and slowest in the fast--twitc::h white 
muscle fibre. 

iv) Hormone Levels: Insulin and gluca~n have opposing effects on 
glycogen synthesis. 

v> 

<a> Insulin is released from the beta cells of the Islets of 
Langerhans when the blood sugar concentration rises. Its effect 
on glucose metabolism is two-fold. Firstly, it accelerates 
membrane transport into muscle and thus provides more substrate 
for hexokinase, which increases the g-6-P levels. This, in turn, 
increases the activity of glycogen synthetase <McGilvery, 1983). 
Secondly, insulin also influences the activity of glycogen 
synthetase in the absence of added glucose <Villar-Palasi and 
Larner, 1960) by inhibiting the kinase responsible for 
inactivating the glycogen synthetase (a). The mechanism by which 
this take place is, as yet, unknown. 

(b) Glucagon is released by the alpha cells of the Islets of 
Langerhans when the blood glucose concentration falls. This 
activates adenyl cyclase in the liver to cause an increased rate 
of glycogen degradation <Figure 2,3). 

Exogenous Substrates: It would appear that complete skeletal 
muscle glycogen repletion is dependent upon exogenously supplied 
substrates <Brooks et al., 1973, Hultman, 1967; Piehl, 1974, 
Terjung, et al 1974). Although glycogen levels can be restored 
completely by cardiac muscle within 4 hours post-exercise, while 
relying exclusively on endogenous sources of substrate (Gaesser 
and Brooks, 1980), this is not the case in skeletal muscle 
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(Brooks et al., 1974). It is suggested that skeletal muscle, 

because of its greater mass, does synthesize more glycogen in the 
post-exercise period than do other tissue (Gaesser and Brooks, 

1980), but it is only able to restore glycogen levels to almost 

one half of pre-exercise values at the end of 4 hours of resting 

recovery (Maehlum et al., 1977). 

vi> Lactate Oxidation: Pearce and Connett ( 1 980) have provided 

indirect evidence that increased rates of lactate oxidation 

provide a stimulus for 

cellular redox potential. 

glycogen synthesis via 

With increased lactate 

large amount of cytoplasmic NADH· is produced; 

a change in 

oxidation, a 

this leads to a 

reduction of the cytoplasmic oxidation-reduction state, which is 

known to depress glycolytic activity and favour storage rather 

than utilization of, glucose (Pearce and Connett, 1980). The 

mechanism by which this takes place, is pose.ibly related to the 
inhibitory effect whic;:h NADH· has on glyceraldehyde-3-phosphate _ 

dehydrogenase (Opie, 1976) and pose.ibly also, on PFJ< <Brock, 

1969). Further studies, however, appear necesca.ry to confirm 

these findings. 

RESTORATION OF GLUCOSE HOMEOSTASIS 

Substrate Regulation 

A rapid decrease in glucose output by the liver and an increase in 

glucose uptake by the previously active skeletal muscle, have been 

recorded after exercise of mild and moderate intensity <Wahren et al., 

1971 ). Little is, however, known of the changes in glucose metabolism 
which take place following intensive, intermittent exercise. 

Both Calles et al. (1983) and Hermansen and Vaage (1977) found that 

the plasma glucose concentration continued to rise during the first 
five minutes of recovery following intensive, intermittent exercise. 

This appears to reflect a sustained overproduction of glucose by the 
liver during the first five minutes and the inability to adapt to the 
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sudden change in metabolic demand. In this respect, the response to 
intense, intermittent exercise contrasts greatly to the closely 
matched adaptation that is observed following less intense prolonged 

exercise <Felig and Wahren, 1975). 

Beyond five minutes, there is a gradual decrease in plasma glucose 

concentration. Although Hermansen and Vaage < 1977) showed that pre-

exercise values are reached within 30 minutes post-exercise, Calles et 

al. (1 983) reported that values remained elevated <1,5-2,0 f-lmol.ml- 1 

above basal level), after 30 minutes of post-exercise recovery. These 

findings correlate with those of Felig and Wahren <1975), who found 

that glucose concentrations remain higher than basal level for up to 

40 minutes after intensive exercise. 

The gradual decline in plasma glucose level beyond 5 minutes post

exercise can be attributed ' to two factors: firstly, the continued 

uptake of glucose by the previously ·active muscle <Fell et al., 1980; 

Maehlum et al., 1977; Ahlberg and Felig, 1982) and secondly, the 
repletion of liver glycogen <Felig and Wahren, 1975) • The former has 

been found during recovery following mild to moderate exercise loads 

and Calles et al. < 1983) hypothesize that a similar metabolic response 

takes place following intensive, intermittent exercise. Hermansen and 

Vaage ( 1977) have, however, not been able to confirm this. A-FV 

differences showed al most no uptake of glucose. 

Hormonal Regulation 

The blood glucose level is regulated with regard to both its 

production and removal. On the one hand, insulin decreases hepatic 
glucose release and enhances its uptake in the periphery, thereby 

leading to a decline of the blood glucose level <Eisenstein and Singh, 
1973). On the other hand, glucagon reduces the glucose uptake in the 

periphery and increases hepatic glucose release. The glucose levels 

are thus regulated by double feedback systems. A rise in level of the 
regulating substance is, as a rule, a.se.oc:iated with a drop of activity 
of the counter-regulating substance and vice versa. However, it would 



appear that this c:losely matched feedback system is disturbed in 

response to intensive exerc:ise. 

(a) Insulin: Exercise has been shown to result in a dec:rease in 
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plasma insulin c:onc:entration whic:h is commensurate with the intensity 

<Bloom et al., 1976) and duration (Ahlberg and Felig, 1982) of work 

and inversely related to the physic:al fitness of the subjects <Rennie 
et al., 1974). It is thought that this response may be due to a 

desensitisation of the panc:reatic: ~ c:ells whic:h is c:aused by the high 
c:atecholamine levels and sympathetic activity present during intensive 

exercise <Fell et al., 1981; Porte et al., 1966; Jarhult and Horst, 
1979). This represents a deviation from the positive correlation 
which generally exists between plasma levels of insulin and gluc:ose. 

Insulin conc:entration has been shown to rise during the i m mediate 
post-exercise rec:overy period (Johnson et al., 1974; Rennie et al., 
1974). Both Calles et al. (1983) . and Hermansen and Vaage (1977) 

c:onfirmed this tendenc:y following intensive, intermittent exerc:ise; 

plasma insulin levels rose to 50 percent above basal values at five 

minutes post--exerc:ise. This sudden rise in insulin level during the 

first five minutes post-exercise has been attributed to a sudden 
withdrawal of sympathetic: nervous inhibition of the beta cells (Berger 
et al., 1980); an actual release of insulin from previously active 

skeletal musc:le (Rennie et al., 1976); and the overshoot in gluc:ose 

conc:entration <Galbo, 1983). 

A~er the first five minutes post--exerc:ise a gradual decline in plasma 

insulin has been reported (Calles et al., 1983; Hermansen and Vaage, 
1977; Vranic: et al., 1975). Whereas mean values remained 25-50 
perc:ent above basal values between 10 and 30 minutes post-exercise in 
the study of Calles et al. (1983), Hermansen and Vaage (1977> showed a 
dec:rease to approximately 30 perc:ent below pre-exercise values within 

30 min after intermittent exercise. This correlates with the 
findings of Vranic et al. ( 197S) and Galbo et al ( 1975) who showed 

that after prolonged exhaustive exercise, the insulin levels drop to 
lower than pre-exerc:ise levels, despite normalization of c:atec:holamine 



and plasma glucose levels. It is thought that this response may 

reflect a persistance in the desensitization of the pancreatic: beta 

cells which occurs during exercise <Fell et al., 1981 ). Furthermore, 

when the increased capacity of the muscles to aseimilate glucose after 

glycogen-depleting exercise is considered, this reduced glucose 

sensitivity of the insulin secretory mechanism with the beta cells, 

may be regarded as appropriate <Ivy and Holloszy, 1981 ) , 
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( b ) Glucagon A decrease in glucagon concentration which is inversely 

related to workload is found during intense exercise of short duration 

<Galbo et al., 1975; Galbo et al., 1977). This appears to indicate 
that the autonomous nervous system is not a major controlling factor 

as sympathoadrenal activity is high during short-term maximal exercise 

(Galbo et al., 1975). As plasma glucagon concentration is inversely 

related to plasma glucose concentration <Ahlberg and Felig, 1977) and 
the gluc:ose-glucagon concentration in exercising man is not changed by 

adrenergic blocking drugs, a direct effect of glucose on the 

pancreatic alpha cells is suggested <Galbo et al. , 1977). 

In a study reported by Galbo <1983 ), glucagon concentrations were 

monitored during the course of an intermittent exercise protocol. 

This consisted _of a workload of 10 min at 60 percent VO;;i. max and five 

minutes at 100 percent V0 2 max followed by 30 min rest intervals, 

which was repeated three times. Glucagon levels dropped during the 

exercise-bouts, but rose to above pre-exercise levels after 30 minutes 

of resting recovery. Bloom et al. (1976) showed that this post-

exercise rebound was more pronounced in untrained than in trained 
subjects. 

Integrated Response 

It would appear that the imbalance between glucose production and 
utilization during early recovery cannot be attributed to the 

maintenance of the hormonal secretory patterns observed during 
exercise. The increase in glucose concentration in the presence of a 
sudden rise in plasma insulin and concomitant drop in catecholamine 



levels <Calles et al., 1983) and rise in glucagon levels (Galbo, 1983) 

appears to indicate that the immediate post-exercise glucose levels 

reflect a persistence of the hormonal milieu which prevailed during 

exercise <Calles et al., 1983). 
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However, the gradual decline in plasma glucose concentration, 

indicative of a rate of glucose uptake which exceeds the hepatic: 

glucose production, appears to result from an ongoing increase in 

glucose uptake by previously active muscle <Ahlberg ant Felig, 1982; 

\/ahren et al., 1973; Maehlum et al., 1977) in spite of low insulin and 

rising glucagon levels. Recent findings <Richter et al., 1982); 

Ahlberg et Felig, 1982) have shown an increase in muscle sensitivity 

to insulin which is thought to account for glucose utilization which 

is significantly elevated above basal values for at least 30 min. 

post-exercise while glucose production is maintained at basal levels. 

It is, however, not known how the rising glucagon levels relate to 

this response. 

METABOLIC ADAPTATIONS DURING ACTIVE RECOVERY 

LACTATE UPTAKE 

There is general agreement that removal of lactate from the blood 

during recovery is enhanced during a period of light-aerobic work as 

opposed to a comparable period of inactivity or "rest' <Bonen and 

Belc:astro, 1976; Davies et al., 1970; Gisolfi et al., 1966; Newman et 

al., 1937; Ram mal and Strom, 1949; Stamford et al., 1981 ). 

It appears that the increased effectiveness of lactate removal during 

light exercise is aseoc:iated with the increased blood flow through the 

working skeletal muscle and the heart <Belcastro and Bonen, 1975). 

This facilitates lactate disappearance from the blood because the 

heart <Carlsten, 1961) and skeletal muscles <Brooks et al., 1973; 

Jorfeldt, 1970) are major sites of lactate oxidation <Issekutz et al., 



1976; Jorfelctt, 1970). However, at high exerc:ise intensities, the 
lactate is not only produc:ed in greater quantities due to the higher 

glyc:olytic: rate in the ac:tive musculature, but the c:onc:omitant 
reduction in blood supply to the splanc:hnic: region<Rowell, 1966) and 

inactive muscle mass <Saltin et al., 1976) results in a reduc:ed uptake 

of lac:tate by the liver and kidney c:ortic:es. It would appear that the 

c:ritic:al factor whic:h influenc:es the rate of lactate removal may be 
the blood flow to the removal sites, whic:h is, in turn, determined by 

the intensity of the exerc:ise <Poortmans et al., 1978). 

35 

Initial studies provided c:onflic:ting results with regard to the 
intensity of exerc:ise during rec:overy whic:h may optimize the removal 

of blood lac:tate. Newman et al., (1937), Rammal and Strom (1949) and 
Davies et al. ( 1970) reported that the optimal rate of blood lactate 

removal takes plac:e during mild to moderately intense rec:overy 
exerc:ise ranging betweeri 

Hermansen and Stensvold 

• 29 and 45 perc:ent of V0 2 max whereas 
• 

( 1972) and Astrand < 1977) suggested that 
• higher intensities ranging between 60 and BO perc:ent of VO:a max. also 

led to high rates of blood lactate removal. 

Subsequent studies <Belc:astro and Bonen, 1975; Stamford et al., 1978; 

Stamford et al., 1981 and Boileau et al., 1983) have, however, helped 
to c:larify this initial c:ontradic:tion by showing that the mode of 

exerc:ise and the fitness levels of the subjec:ts are also important 

variables. 

As no c:omparative base-line ac:cumulation studies have yet been 

performed on the treadmill and cycle ergometer, it is not posible to 
determine quantitatively, the effec:ts which different modes of 
exercise have on lactate production at given workloads. It is thought 

• that lac:tate production at a given percentage of V0 2 max is greater on 
the bicycle than on the treadmill <Hermansen and Saltin, 1969 ; 

stamford et al., 1981) due to the larger muscle mas involved in 
treadmill running. For the same reason, it is also thought to be 
greater during one-legged exercise than during the same relative 
workload involving a larger muscle mass. Table 2,2 provides a 
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tabulation of the estimated workload-range at which optimal blood 

lactate removal is thought to take place for various modes of exercise. 

TABLE 2,2 

EFFECT OF EXERCISE MODE ON WORKLOAD-RANGE FOR 

OPTIMAL BLOOD LACTATE REMOVAL 

Mode of Exercise 

Two-legged Cycling 

Belcastro and Bonen (1975) 

Davies et al < 1970) 

Dykstra et al < 1973) 

Treadmill Running 

Gisolfi et al < 1966) 

Workload 

(Percentage VO~ max) 

29-45 

25-40 

25-40 

Hermansen and Stensvold (1972) 

52 

55-70 

One-legged Cycling 

Stamford et al < 1978) 

• 
*One-legged vo~ max 

Bonen and Belcastro ( 1976) found that if left to their own choice, 

athletes voluntarily select recovery workloads which fall within the 

effective range for optimal blood lactate removal. 

Donavon and Brooks < 1 983) have recently shown that endurance training 

increases the metabolic clearance of lactate and that lower blood 

lactate concentrations recorded at given workloads do therefore not 

reflect less production of lactate, but faster removal. This perhaps 

explains the results obtained by Hermansen and Stensvold (1972) who 

showed that fit subjects were able to exercise at intensities of 70 



percent of V0 2 max with only a slight increase in blood lactate 
concentrations over resting values. 
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Stamford et al. < 1981) suggest that due to the hypothesized initial 
transient lactate production and the capacity of the inactive skeletal 
muscle to store temporarily approximately 82 percent of the lactate 
which enters (Poortmans et al., 1978), blood lactate levels at a given 
workload slowly decrease with time. Lactate disappearance is known to 
be greatest in the early stages of post-exercise recovery and to slow 
down during the latter stages. Boileau et al. < 1983) showed that the 
most rectilinear part of the lactate recovery curve occurred between 
the 5th and 15th minute of the recovery period. These factors 
indicate that one single optimum recovery intensity does not exist 
<Stamford et al., 1981 ), It is suggested that a progressively 
decreasing intensity commensurate with decreasing blood lactate 
concentration may be most 'effective. 

SUBSTRATE UTILIZATION AND GLYCOGEN RESYNTHESIS 

It has been shown that during light aerobic activity <±30 percent YO .. 
max), non-esterified plasma free fatty acids <FFA) are the main source 
of energy (Felig and Wahren, 1975). However, some form of 
carbohydrate <CHO) combustion must also take place as the pyruvate 
formed during the degradation of CHO provides the oxaloacetate 
intermediate which is required to combine with acetyl-CoA formed 
during the beta oxidation of FF A (McGilvery and Goldstein, 1983). 

It has been estimated by Saltin and Karlsson (1971a) that the rate of 
glycogen degradation when exercising at 30 percent of vo-i. max 
approximates 0,5 µmol glucosyl units.g wet muscle-r .min-1 • If this is 
related to the rate of glycogen synthesis (Maehlum et al., 1977), it 
would appear that no net synthesis of glycogen can take place in the 
active musculature during a period of active recovery at 30 percent . 
V0 1 max. However, in view of the high lactate concentrations present 
after intensive exercise <Issekutz et al, 1976) and the increased 
blood flow to the active musculature <Poortmans, 1978), it is po56ible 
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that lactate can provide the major substrate necessary to fuel the 

Krebs Cycle when light work is performed during the immediate post-

exercise recovery period. Further, high lactate concentrations have 

been shown to inhibit the mobilization of FFA <Fredholm, 1972; Miller 

et al., 1964). It has been proposed that the mechanism by which this 

takes place relates to the (i) lactate L , pyruvate and (ii) 

glycerol 3-phosphate < 7dihydroxyacetone phosphate equilibria which 

are both coupled to NAD. As lactate has been shown to be taken up by 

adipose tissue when present in high concentrations <Miller et al., 

1964), it is thought to cause a reduction of NAD, which, in turn, 

shifts the second equilibrium reaction to the left <Miller et al., 

1964) and results in re-esterification of the FF A in the adipose 

tissue. 

METABOLIC RESPONSE TO ONE-LEGGED EXERCISE 

OXYGEN UPTAKE 

The ratio for one to two-legged exercise maximal oxygen uptake has 

been estimated as O, 78-0,84 by Saltin et al. < 1974) and Pernow and 

Saltin <1971), but Gleser (1973), Davies and Sargeant (1974) and 
• 
Astrand < 1 960) have obtained a slightly lower ratio of O, 71-0, 77. 

This is confirmed by the finding of Davies and Sargeant (1974) that . 
the net V0 2 max of one-legged exercise was 26 percent higher than the 

net V0 2 max for the same leg in maximal two-legged exercise. Whereas 

cardiac output <CO) is thought to be a limiting factor during maximal 

two-legged exercise, this does not appear to be the case during one

legged exercise. Gleser (1973) recorded concomitantly high cardiac 

outputs <CO) during maximal one-legged exercise which in some cases, 

even exceeded the CO obtained during two-legged maximal exercise and 
• concluded that the periphery limited maximal V0 2 in one-legged 

exercise. 
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When working at submaximal intensities, Saltin et al. (1975), Davies 

and Sargeant < 1974), Freyschuss and strandell < 1968) have shown the 
• VOa to be slightly higher than during two-legged exerc:ise of the same 

relative intensity, indic:ating a relatively lower effic:ienc:y during 

one-legged exerc:ise. Saltin et al. < 1975) and Pirnay et al. < 1972) 

obtained an oxygen uptake of 1,8 f.min- 1 at lC>O W with one-leg whic:h 

approximated that at 125 W during two-legged work. 

LACTATE PRODUCTION 

Blood lac:tate c:onc:entrations are signific:antly higher for a given V02 

in one- when c:ompared with two-legged exercise, but for a given 
• relative workload expressed as a perc:entage V0 2 max, they are the same 

in the two forms of exerc:ise <Davies and Sargeant, 1974a). Stamford 

et al. (1978) have shown that a production of lac:tate whic:h results in 

elevated arterial blood levels, begins to occur during one-legged 

exerc:ise at a workload requiring an oxygen uptake in excess of 40 
• percent of one-legged V02 max or approximately, 50 W. 

METABOLIC ACTIVITY IN THE INACTIVE LEG 

It has been established that muscles engaged in heavy exerc:ise c:ause 

definite c:hanges in the metabolic milieu of the non-exercised muscle 

(Ahlberg et al. 1975; Poortmans et al., 1978; Saltin et al., 1976; 

Karlsson et al., 1975; Stamford et al., 1978). 

During one-legged exercise there is an increase in blood-flow to the 

non-exerc:ised leg <Carlson and Pernow, 1959; Poortmans et al., 1978). 

This is c:onfirmed by Ahlberg et al. < 1975) who recorded a mean maximal 

increase of five times basal levels during heavy one-legged exercise 

and showed that the increased blood flow correlated with an increase 
in oxygen consumption of the inactive leg. 

In 1972, Klausen et al. reported that the performanc:e capacity of 

previously inactive muscle was reduced following the elevation of 

blood lac:tate concentratrion by the activity of other muscle groups. 
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Figure 2, 7: Metabolic Fate of Lactate during and after Intensive 

One-legged Exercise <Data from Poortmans et al., 1978). 

Increased arterial lactate levels result in the uptake of 

lactate by the /inactive/ leg during one-legged exercise. 

During recovery, ±.18 percent of this lactate is oxidised; 

the rest diffuses back into the bloodstream. 

At high workloads, the inactive leg has been shown to take up lactate 

<Freyschuss and Strandell, 1968; Carlson and Pernow, 1959; Ahlberg et 

al., 1975; Poortmans et al., 1978; and Karlsson et al., 1975). This 

rate of lactate uptake by the inactive muscle has been shown to 

correlate closely with arterial lactate concentrations during the 

period 

lactate 

muscle 

muscle 

of activity <Poortmans et al., 1978) as is also the case in 

uptake by the heart <Keul et al., 1965) and working skeletal 

<Jorfeldt, 1970). The lactate uptake by inactive skeletal 

has also been shown to correlate closely with the size of the 

active muscle mass <Poortmans, 1978). It is thought that this uptake 

and metabolic disposal of lactate may partially contribute to the 
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augmented blood flow and oxygen consumption recorded in the inactive 

leg <Ahlberg et al., 1975; Poortmans et al., 1978). 

Poortmans et al. (1978) estimated that only 18 percent of the lactate 

which entered the inactive muscle was metabolized in this tiS6Ue and 

concluded that the inactive muscles act as a pase.ive 'lactate-sink' 

whic:h turns the lactate back into the circulation during the recovery 

period. 

The partial oxidation of the lactate 'stored' in the inactive tissue 

during recovery from one-legged exercise is thought to increase the 

turn-over of pyruvate in the inactive muscle and result in the release 

of pyruvate into the bloodstream (l(eul et al., 1965). Kar1S50n et al. 

(1975) have partially confirmed this theory by recording increases in 

muscle pyruvate levels in the inactive leg during post-exercise 

recovery. 

A concomitant reduction in phosphagen concentration in the inactive 

muscle has also been shown during one-legged exercise (l(arlS50n et 

al., 1975). As it is known that increased H· concentration activates 

the equilibrium enzyme, creatine kinase (l(arlS60n, 1971 ), leading to a 

breakdown of creatine phosphate, it is thought that the increased 

lactate concentration in the inactive muscle could indirectly account 

for this observation (l(ar1S60n et al., 1975). 

Glucose uptake by the inactive leg has been shown to rise during one

legged exercise (Ahlberg et al., 1975). Four-fold increases have been 

recorded in the non-exercising leg during intensive one-legged 

exercise by these authors. They ascribe 24 percent of the increased 

oxygen consumption recorded in the inactive leg to glucose uptake and 

oxidation; lactate and free fatty acid oxidation accounting for the 

remaining 24 and 35 percent, respectively. 

A degradation of muscle glycogen has also been observed in the 

inactive leg during one-legged exercise. Ahlberg et al. < 1975) have 

recorded a mean drop of:!: 13 pmol glucosyl units.g-- 1 wet mas during 
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• 
40 minutes of exercise at 40 percent of two-legged V0 2 max <:t105 'w). 

This glycogen degradation in inactive muscle has been confirmed by 

Ahlberg and Felig <1982), who showed a breakdown of glycogen and 

production of lactate in the inactive forearm muscles during leg 

exercise. 

From the current evidence, it would thus appear that the inactive 

muscle mass is subject to physiologically significant metabolic 

changes during one-legged exercise. As these findings are, however, 

based on a few isolated individual studies, more data is required to 

confirm the specific details of the results obtained. 

The question of ,. inactivity· also warrants further investigation. 

l(arlse.on et al. ( 1975) noted that the increased tone of the inactive 

leg during one-legged recovery could account for the increase in 

metabolic activity observed in the- inactive limb. These authors, 

however, regard the influence of this variable to be minimal. 

CONCLUSION 

From this study of the literature it is evident that metabolic 

response during active recovery has not yet been studied 

comprehensively. Numerous researchers have studied blood lactate 

recovery curves during different modes of recovery following intensive 

exercise. As these blood values do not necessarily reflect 

intramuscular values, it is incumbent on future researchers to look 

into the metabolic activity at intramuscular level. It would be of 

particular interest to establish the effect which an active recovery 

has on glycogen resynthesis and muscle pH and lactate and to study the 

hormonal milieu which regulates the latter. 

Another open avenue for future research is the metabolic activity 

during one-legged exercise. Due to the greater relative oxygen uptake 
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and blood lactate formation at given workloads, it would appear that 

an in-depth study of the metabolic response to various workloads of 

one-legged activity ought to be undertaken in order to establish the 

ideal recovery workload during this specific type of activity. 

This thesis is an attempt to elucidate some of the abovementioned 

·'grey' areas. 



CHAPTER THREE 

METHODS AND PROCEDURES 

INTRODUCTION 

EXPERIMENTAL PROTOCOL 

Subjects 

Testing procedure 

Research Design 

statistical Procedures 

INTRODUCTION 

The literature review indicates that there is little consensus 

regarding (i) the exact fate of ·intramuscular lactate following 

intensive, intermittent exercise, and (ii) the metabolic: activity 
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which oc:c:urs when light aerobic: work is performed during rec:overy 

after maximum exerc:ise. 

It was therefore considered nec:escary to investigate the fate of 

intramuscular lactate during both active and passive post-exercise 

recovery and to study the general metabolic: and hormonal milieu which 

exists following exerc:ise. Intramusc:ular lactate and glyc:ogen levels 

and blood glucose, lactate, pyruvate, pH, alanine, insulin and 

gluc:agon values were thus monitored during both active and passive 

recovery following supra-maximal intermittent exerc:ise to exhaustion. 

SUBJECTS 

Eight male subjects volunteered to participate in this study. The 

group consisted of trained sportsmen who ranged in age from 23 to 37 

years and included three long-distanc:e runners, two hoc:key players, 

one c:anoeist, one soccer player and one waterpolo player. All 
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subjects were in good physic:al c:ondition and were thus able to endure 

the intense exerc:ise protoc:ol. 

TESTING PROCEDURE 

GENERAL 

Eac:h subject performed three different experimental protocols which 
were eac:h separated by at least seven days. 

The first exerc:ise sese.ion took plac:e in the Respiratory Clinic, 

Department of Medic:ine, Groote Sc:huur Hospital. The latter two 
sesions were c:onducted in the researc:h laboratory of the Sport 
Sc:ienc:e Centre, Department of Physiology, University of Cape Town 
Medic:al Sc:hool. These sessions always began at 10h00 and no attempt 
was made to c:ontrol the pre-test. diet exc:ept that subjects were 
instructed to consume a "light" breakfast before 07h00. 

The tests were c:onducted by a medic:al prac:titioner, a medic:al 
tec:hnologist and the author. When muscle biopsies were performed, a 
sec:ond medic:al prac:titioner was present. 

PHASE ONE 

An incremental exercise test to exhaustion (adapted from Jones and 
Campbell, 1982) was performed on a Monark Cyc:le Ergometer, c:alibrated 
in order to establish the workload (in kpm) at whic:h the subject 
attained a peak V04 • It was not c:onsidered necessary to repeat the 

• test in order to obtain a levelling-off c:riterion and henc:e a true VO'i-
max value as this test was only used to obtain an approximate indi
c:ation of the exercise capacity of the subject on the cycle ergometer. 
Further details of the precise protocol and method used, are given in 
Appendix A. 
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subjects were in good physical condition and were thus able to endure 

the intense exercise protocol. 

TESTING PROCEDURE 

GENERAL 

Each subject performed three different experimental protocols which 

were each separated by at least seven days. 

The first exercise sesion took place in the Respiratory Clinic, 

Department of Medicine, Groote Schuur Hospital. The latter two 

ses:.ions were conducted in the research laboratory of the Sport 

Science Centre, Departm~nt of Physiology, University of Cape Town 

Medical School. These sesions always began at 10h00 and no attempt 

was made to control the pre-test diet except that subjects were 

instructed to consume a "light" breakfast before 07h00. 

The tests were conducted by a medical practitioner, a medical 

technologist and the author. When muscle biopsies were performed, a 

second medical practitioner was present. 

PHASE ONE 

An incremental exercise test to exhaustion (adapted from Jones and 

Campbell, 1982) was performed on a Monark Cycle Ergometer, in order to 
• establish the workload at which the subject attained a peak V0 2 • It 

was not considered necessary to repeat the test in order to obtain a 
• levelling-off criterion and hence a true V0 2 max value as this test 

was only used to obtain an approximate indication of the exercise 

capacity of the subject on the cycle ergometer. Further details of the 

precise protocol and method used, are given in Appendix A. 

• For the purpose of this study, the workload reached at peak V02 was 
• regarded as 100 percent V0 2 max. 'workloads attained at 60 and 30 
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For the purpose of this study, the workload reached at peak V01. was 

regarded as 100 percent V0 2 max. Workloads attained at 60 and 30 

percent V01. max were noted for subsequent use. The workload at 100 

percent V0 1 max was extrapolated to obtain a workload equivalent to 

120 percent VO 7i. max. A 11 workloads were converted to ; watts; using 

the conversion factor, G, ~I, as the AEG ergo meter used in Phases Two 

and Three, is calibrated in watts. 

PHASE TWO 

( a ) Extraction of Blood: A teflon catheter ( 18 guage, Jelco 

Laboratories) was used to c:anulate a distal forearm or dorsal hand 

vein and a slow intravenous infusion of normal saline solution 

<Baxter, TravenoD was introduced to maintain the patency of the 

catheter. In order to arterialize the blood, the hand was warmed by 

a plastic hairdryer which blew into a plastic: chamber fitting over the 

handlebar of the cyc:le ergometer. 

prior to the start of the test. 

Initial blood samples were taken 

Blood was drawn according to the following procedure: 

(i) Six millilitres (ml) of blood was drawn into a syringe to which 

heparin had been added and 4 ml of this blood was immediately 

deproteinized in a pre-weighed test-tube containing 2 m 1 ice-

c:old 2 percent perchloric acid (PCA >. The solution was 

thoroughly mixed by placing the tube against a Heidolph 

Whirlimixer for approximately 5 seconds <until brown) and 

stored on ic:e. The remaining 2 m 1 of blood was immediately 

freed of air-bubbles and c:losed with an airtight syringe-top and 

stored on ice for later analysis of blood pH using an automatic: 

blood gas analyser <Radiometer ABl 2) . Care was taken to ensure 

that there was no delay in the preparation of these samples. 

On completion of the testing protocol, the deproteinized samples were 

spun in a Beckman Centrifuge (Mod. TJ-6) for 10 minutes at 2 OC(> rpm, 

the supernatant was removed and half thereof was assayed immediately 
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for pyruvate (refer Appendix B). The remaining supernatant was stored 

frozen for later analySis of lactate levels <refer Appendix B). 

(ii) Eleven m 1 blood was drawn into a non-heparinized syringe. Two m 1 

thereof was plac:ed into blood c:ollection tubes c:ontaining sodium 

flouride powder ( Vac:utest) for later anal)'Si.s of gluc:ose; a 

further 4 ml was p lac:ed into an evac:uated serum separation tube 

(SST vac:utainer) allowed to c:lot and c:entrifuged to separate the 

serum. The latter was stored frozen for later anal)'Si.s of 

alanine and insulin. The remaining 5 ml were plac:ed into a 

(b) 

heparinized tube c:ontaining 0,5 m 1 of aprotinin (Midran 

H/37/197). These samples were centrifuged for 6-10 minutes in 

order to separate the plasma whic:h was pipetted off and stored 

frozen pending subsequent analySis of glucagon. Appendix B 

contains a detailed description of the a.55aY methods used. 

Muscle Biopsies: In subjects undergoing muscle biopsies, two 

incisions <one on eac:h leg) were made under local anaesthetia through 

the skin into the superficial fascia overlying the vastus lateralis 

muscle before the exercise protocol began. A muscle biopsy was then 

taken according to the technique of Bergstrom < 1962), as modified by 

Evans et al. (1982). The tissue was immediately frozen in liquid 

nitrogen by plac:ing the biopsy needle directly into the liquid 

nitrogen. The frozen piece of tissue was then extracted from the 

needle. The tissue was placed into an Eppendorf tube and stored at 

-80°C pending subsequent analySis. The incision was closed with 

Steri-Strip (Ethicon) and a compression bandage was applied over the 

biopsy site. The bandaging and wound dressings were removed prior to 

the next biopsy which was made through the same incision. Further 

details of the muscle biopsy technique are given in Appendix B. 

<c) Exercise Sequence: After the resting blood and muscle biopsy 

samples had been taken, the subjects began to pedal with both legs on 

an AEG <Godart N. V ., Holland) electromechanical cycle ergo meter at 60 

percent of the VO~ max (expressed in watts) for a five minute "warm-

up" period. On completion of this "warm-up", the workload was 
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PHASE THREE 

The initial exerc:ise protoc:ol was identic:al to that desc:ribed in Phase 

Two. On c:ompletion of the fifth and last exerc:ise-bout, the subject 

immediately lay down on the examination c:ouc:h. Post-exerc:ise blood 

samples (17 ml ) and a muscle biopsy from the left leg, were taken. 

The leg was re-bandaged and the subject returned to the c:yc:le and 
• began one-legged exercise at 30 percent of his two-legged V0 2 max 

while the free /passive/ leg was plac:ed onto a footrest. The time 

taken to c:omplete the biopsy and return the subject to the cycle, 

varied from three to five minutes. Blood samples were extracted at 

1,3,5,10,20,30 and 45 minutes during the post-exercise recovery. 
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Figure 3,2: Exercise Protocol and Time Schedules for Blood 

Sampling and Muscle Biopsies during Phase Three 

<One-legged Active Recovery). 
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• 
increased to 120 percent of two-legged V0 1 max and this workload was 

maintained for 90 seconds. Thereafter, the subject rested for four 

minutes. This exercise-rest sequence was repeated three times and a 

fifth exercise bout was then performed. 

(d) Passive Recovery Period: On completion of the fifth and last 

exercise-bout, the subject lay down on an examination couch. 

Im mediate post-exercise blood samples (17ml) were drawn and muscle 

biopsies were taken from the left leg. Further blood samples were 

taken at 1,3,5, 10,20,30,45 and 90 minutes of recovery while the 

subject reclined in a supine position. A third and final biopsy was 

taken from the right leg after 90 minutes. Subjects were not 

permitted to eat or drink until the 90 minute-biopsy and blood sample 

had been taken. 

' t 
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Figure 3,1: Exercise Protocol and Time Schedules for Blood 

Sampling and Muscle Biopsies during Phase Two 

(Passive Recovery). 
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After 45 minutes of cycling, a further two muscle biopsies were taken 

in rapid success.ion, first from the active and then from the passive 

leg. Not more than two minutes separated these two biopsies. The 

subject then lay on the couch in a supine position and rested for a 

further 45 minutes. No nutritional intake was permitted during this 

recovery period. At 90 minutes, a further blood sample and two 

biopsies, one from each leg, were taken. The incisions were closed 

with Steri-Strip plaster and bandaged, and the subject was advised to 

place ice over the wounds for as long as possible and to avoid 

exercise during the first 24 hours after testing. 

RESEARCH DESIGN 

Part A: A one-legged exercise protocol lasting 45 minutes was chosen 

to provide the experimental data during active recovery. The inactive 

leg was used to obtain control data. 

Part B: In order to obtain control values for the blood parameters 

during active recovery, blood samples were taken during a completely 

passive recovery. 

Part C: As the inactive leg is subject to increased metabolic: 

activity <Ahlberg et al., 1978), and is therefore not able to provide 

true control values, tissue biopsies were also taken during the 

passive recovery. This control data could thus be compared to the 

experimental data obtained in both the active and passive leg during 

one-legged activity. 

As some biopsies contained insufficient tissue for separate glycogen 

and lactate analysis and as some data was lost due to inevitable 

laboratory errors, it was neces5ary to test a total of eight subjects 

in order to obtain six complete pairs of data (experimental versus 

control) in eac:h of the three categories above. 



TABLE 3 11 

SUMMARY OF THE COMPLETE RESEARCH DESIGN 

EXPERIMENT AL 

DATA 

Part A 

One-legged Activity 

during recovery 

ACTIVE leg 

CONTROL 

DATA 

Muscle Tise.ue Parameters 

One-legged activity 

during recovery 

PASSIVE leg 

Part 8 Blood Parameters 

One-legged Activity 

during Recovery 

Passive recovery 

Part C : Muscle TiS6Ue Parameters 

One-legged Activity Passive Recovery 

during Recovery 

(a) ACTIVE leg 

(b) PASSIVE leg 

STATISTICAL PROCEDURES 
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The mean 

parameter 

time period. 

(X) and Standard deviation <S.D.) were calculated for each 

tested in each of the three categories for each separate 

These are notated in the tables. 

A one-way analysis of variance and covariance for repeated measures was used 

in order to ascertain whether significant differences between the 

overall pattern of the paired data for each individual within the 

groups at the various stages of the recovery existed. A student"s t-

test was used to establish whether significant differences existed 

between the means of the paired data by using the standard deviation 



obtained from the analY'Sis of variance, ie. 

S.D. of X 
=~ 

where 

S.D. = J Error of Xi 

which is obtained from the analysis of variance. A probability of 

error of less than 5 percent (p < 0,05) was considered as significant 

whereas p < 0,01 was regarded as highly significant. 
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Pearson'·s product moment co-efficient of correlation was used to 

indicate whether any meaningful relationship between certain selected 

parameters existed. 

The statistical calculations were per:formed using the BMDP 2V statistical 

package of the Deparment of Biomathematics, University of California 

(Dickson, 1981 ) . 



CHAPTER FOUR 

RESULTS 

PHYSICAL CHARATERISTICS OF THE SUBJECTS 

BLOOD PARAMETERS 

TISSUE PARAMETERS 

SUMMARY 

PHYSICAL CHARACTERISTICS OF THE SUBJECTS 

Table 4,1 lists the characteristics of the subjects in terms of age, 
• • mass, height, V0 2 max and workload attained at V0 2 max. 
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The mean age of the subjects was 28 <±5, 17) years; the mean ma.se, 

78,3<:t.B,17)kg; and the mean height, 177,3<:t.6,45)cm. The peak V0 2 max 

values obtained during the progressive incremental exercise test on 

the cycle ergometer, varied between 3,69 and 4,721.min- 1 (X = 4,17 
• 

:t.0,36). The workload at which subjects reached their peak V0 2 max on 

the cycle ergometer varied between 1700 and 200 kpm <X = 1825 :t.88,7). 
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TABLE 4,1 

PHYSICAL CHARACTERISTICS OF THE SUBJECTS <N=8) 

• Subject Initials Age Ma:£. Height V0 2 max Workload at 
• 

No. <Years) (kg) (cm) (1. min- 1 ) V0 2 max (kpm) 

T.N. 34 80 183 4,72 190(> 

2 G.I. 33 72 170 4,23 1800 

3 M.N. 23 74 172 4,21 1800 

4 O.L. 23 75 · 175 3,73 1800 

5 B.M. 37 71 178 4,34 2000 

6 K.P. 34 95 175 3,69 1800 

7 A.P. 31 85 190 --!I: 1700 

8 R.M. 32 74 175 4,30 1800 

x 30,8 78,3 1 77 ,3 4, 17 1825 

s.o . 51,7 8,2 6,5 0,36 88,6 

. * The V0 2 max value was not obtained due to a mechanical problem. As 

the maximal workload was however obtained, it was not considered 

necessary to repeat the experiment. 



BLOOD PARAMETERS 

Plasma Glucose Levels 

Table 4,2 lists the plasma glucose levels obtained from each subject 

<N=6) at rest and during both the active and passive post-exercise 
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recoveries. 

Figure 4.1. 

The corresponding mean values <:!:. S.0.) are depicted in 

The mean 

individuals 

resting values 

(:!:_4-5 ).lmol.mD. 

fell within the normal range 

The intensive intermittent 

caused a mean rise of 1,64 µmol.m1- 1 (n=12) and this 

continued to rise for the first five minutes of recovery. 

for fasted 

exercise 

mean value 

During the passive recovery, a sharp but insignificant (p>0,05) drop 

in mean values was recorded between five and ten minutes and 

thereafter the mean values gradually fell reaching the mean resting 

levels between 30 and 45 minutes. After 90 minutes, a mean drop of 

0,54 }'mol.ml- 1 below the initial mean resting value was recorded. 

During the active recovery, a sharper fall in mean values took place 

within the 5 to 30 minute post-exercise recovery period and the values 

dropped to lower than those of the passi.ve recovery at 30 minutes 

(p<0,05). As these differences only occured in five of the six 

subjects, they were, however, not statistically significant <p<0,10 

but >C>,05). The mean difference decreased slightly after 45 minutes 

and thereafter remained constant. T-tests revealed these differences 

between the mean values at 45 and 90 minutes to be insignificant (p > 

0,05). 

Adapted one-way analySis of variance for repeated measures showed that 

the overall pattern of the individual measures during the active 

recovery was not significantly different <p >0,05) to that of the 

passive recovery. 



TYPE 
OF 

SUBJECT RECOVERY 

T.N. Passive 
Active 

I G. I • Passive 
Active 

t1 .N, Passive 
Acti1Je 

D.L. Passive 
Active 

A.P. Passive 
Acti1Je 

B.M. Passive 
Active 

x Passive 
S.D. Passive 

X Ac ti 1.J e 
S.D. Active 

TABLE 4 1 2 

PLASMA GLUCOSE LEVELS (jlmol .m1- 1 ) DURING PASSIVE AND PARTIALLY-ACTIVE 
POST-EXERCISE RECOVERY PERIODS <N=6) 

Duration of Post-Exercise Recovery (min) 

I I I I I 
Rest 0 5 10 20 30 

4,8 5,9 6,7 5,0 5,5 6, 1 
4,8 6,0 6,9 6, 1 4,9 3,7 

4,8 7,6 7,8 7,0 5,4 4,4 
5, 1 9, 1 10,5 8,7 6,9 5,9 

6, 1 6,9 5,9 4,2 4,3 4,2 
4,6 6,3 6,4 6 ,·1 5,5 3,4 

3,7 5,4 5,9 5, 1 4,2 3,8 
4,0 5,0 4,4 4,0 3, 1 2,9 

5,4 7,5 8,0 7,4 7, 1 6,5 
4,7 7,7 7,3 6,9 6,2 5,3 

5,0 5, 1 5, 1 4,9 5,2 5,4 
5,2 5,4 5,8 5,6 5,4 5,2 

4,97 6,40 6,57 5,60 5,28 5,07 
0,79 1, 08 1 , 15 1 ,29 1 ,05 1 , 10 

4,73 6,58 6,88 6,23 5,33 4,40 
0,43 1, 54 2,04 1, 55 1, 30 1, 22 

All mean differences between the paired da ta of the active and passive 
recoveries were statistically insignificant (p)0,05). 

I 
45 

6,4 
2,2 

3,9 
5,6 

4, 1 
5,0 

3,4 
3, 1 

5,0 
4,3 

5,4 
5,4 

4,70 
1 , 10 

4,27 
1 , 36 

I 
90 

4,5 
2,5 

4, 1 
5,4 

4,0 
4, 1 

4, 1 
3,5 

5,0 
4,3 

4,9 
5,0 

4,43 
0,44 

4, 13 
1, 04 

c..n 
0. 
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Figure 4.1: Mean Values <±:S,D.) for plasma gluc:ose c:onc:entrations at 

rest before intensive, intermittent exercise and during 

partially-ac:tive and passive post-exerc:ise rec:overy 

periods <N=6) 



Blood Lactate Levels 

Table 4,3 lists the blood lactate levels obtained from each subject 

<N=6) at rest and during both the active and pa.se.ive post-exercise 
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recoveries. 

Figure 4,2. 

The corresponding mean values (±_5.0.) are depicted in 

The mean resting values of 1,38 and 1,12 ..,umol.ml- 1 lie within the 

normal range of resting blood lactate values <Laudahn, 1959). The 

post-exercise mean values of 12,65 and 12,95 )-lmol.ml- 1 continued to 

rise for the first few minutes post exercise and mean peak values of 

13.12 and 13.40 )lmol.ml- 1 were recorded at one and three minutes post 

exercise, respectively. Thereafter, both recovery curves showed a 

rapid decline in mean blood lactate concentrations during the first 45 

minutes of recovery. The gradient of the recovery slope during the 

partialh-ac:tive protocol was greater than that of the pase.ive 

recovery slope during the first 15 minutes of recovery (p < 0,01 ) and 

resulted in significantly lower blood lactate values at 20 and 30 

minutes (p < 0,0 1 ). Thereafter the mean rate of decline of blood 

lactate levels during the passive recovery remained constant, whereas 

that of active recovery became more gradual. After both 45 and 90 

minutes of recovery, no statistically significant difference 

(p > 0,05 ) in blood lactate values was observed between the mean 

values of the two recovery protocols. The values in both protocols 

returned to basal levels after 90 minutes of recovery. 

Adapted one-way analysis of variance for repeated measures showed the 

overall pattern of the values during the passive recovery to be 

significantly different than during the active recovery (p = 0,016) 

for the 5- to 9C>-minute post-exercise period. 



SUBJECT 

T.N. 

G, I. 

M.N. 

D.L. 

A.P. 

8.M. 

X 
S.D. 

X 
S.D. 

TYPE 
OF 

TABLE 4,3 

BLOOD LACTATE LE',)ELS <J.Jmol .ml- 1 ) DURING PASS1 1.JE AND PARTIALLY-ACTIVE 
POST-EXERCISE RECOVERY PERIODS CN=6) 

Duration of Post-Exercise Recovery <Min) 

Rest I I I I I I I I 
RECOVERY 0 1 3 5 10 20 30 45 

Passive 1, 45 11 , 43 11, 60 11, 76 11, 93 11, 78 8,29 4,85 2, 18 
Active 1, 09 12,60 13,40 12,50 12, 10 10,60 6,31 3, 13 2,41 

Passive 0,75 15, 10 15,23 15,20 15, 1.8 12,63 10,55 8,54 5,45 
Actii,e 0,95 14,76 14,78 14,86 14,94 10,54 5,63 3,32 2,07 

Passive 1 , 19 8,71 8,91 10,34 8,28 8, 15 5,38 2,85 1, 56 
Active 0,50 10,82 10, 72 10,08 10, 19 8,07 4,93 2,41 1, 50 

Passive 1, 25 12,71 14,47 13,34 13,31 12,29 9,45 5,26 3,96 
Actii,e 2,04 17,41 16,25 16,90 16,80 15,81 11, 25 7,65 5,30 

Passive 1, 59 12,30 12, 12 11, 99 12,22 11 , 10 8,99 7,28 4,72 
Active 1, 20 11 ,67 12,95 14,49 14,29 10,78 7,88 5,44 4, 12 

Passive 2 ,07 15,63 16,40 15,92 15,24 10,75 10, 01 9,67 2,07 
Actii,e 0,95 10,46 11, 86 11, 59 11, 06 8,72 6,80 4,51 2,32 

Passive 1, 38 12,65 13, 12 13,09 12,69 11 , 12 8,78 6,40 3,32 
Passive 0,44 2,53 2,76 1, 96 2,58 1 ,62 1 ,84 2,54 1, 60 

Active 1 , 12 12,95 13,33 13,40 13,23 10,75 7, 13** 4,41** 2,95 
Active 0,51 2,67 1 ,99 2,48 2,53 2, 72 2,25 1 ,92 1, 45 

I 
90 

1, 40 
1 ,52 

2,27 
1, 03 

0,89 
0,85 

1 ,63 
2, 14 

1, 95 
1, 54 

2,79 
1 ,52 

1 ,82 
0,67 

1 ,43 
0,45 

** denotes a significant difference (p<0,01) when mean values are compared to those of the passive 
recovery. 
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Figure 4.2: Mean Values <:tS.D ) for blood lactate concentrations at 

rest before intensive, intermittent exercise and during 

partially-active 
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Arterialized Venous Blood pH 

Table 4,4 lists the blood pH values obtained from each subject <N=6) 

at rest and during both the active and passive post-exercise recovery 

periods. The corresponding mean values (±_S.D.) a.re depicted in 

Figure 4.3. 

The resting values obtained during Phase Two of the experimental 

protocol averaged 7,36 <±.0,30) which fell below the ~ormal resting 

blood pH range of 7,38-7,44. The Phase Three mean of 7,40 <:t.0,02) 

fell within the normal range. 

The exercise protocol resulted in a significant drop in arterialized 

venous pH with mean post-exercise values of 7,19 which continued to 

drop after completion of ,exercise. The lowest mean value (7.18) was 

obtained at three minutes post-exercise in both phases of the testing 

protocol. Thereafter, mean values rose rapidly. The one-legged 

activity resulted in the sharpest rise between five and ten minutes 

(0.03 in 5 minutes) and thereafter the gradient of the recovery curve 

gradually lessened with values reaching the normal range by 45 

minutes. In five of the six subjects, the pH recorded at 90 minutes 

was below the original resting values. 

In contrast, the slope of the passive recovery curve was of smaller 

gradient during the first five to ten minutes, but thereafter 

steepened and reached normal resting values within 45 minutes. Between 

45 and 90 minutes, the pH levels remained stable. 

Although one-way analysis of variance for repeated measures showed the 

overall pattern of the individual differences between the partially

active (one-legged) and the passive protocols to be highly significant 

(p < 0,002), t-tests revealed that only mean differences at 10, 20 

(p < 0,01) and 30 minutes (p < 0,05) were significantly different. 
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Produ~moment c:o-effic:ient of c:orrelation between individual paired 

data <N=36) revealed a moderately weak inverse c:orrelation between 

arterialized venous pH and blood lactate values <r =-0,37). 



SUBJECT 

T .N. 

G, I. 

M.N. 

D,L, 

A.P. 

8.M. 

x 

S.D. 

TYPE 
OF 

TABLE 4,4 

ARTERIALIZED VENOUS BLOOD pH LEVELS DURING PASSIVE AND PARTIALLY-ACTIVE 
POST-EXERCISE RECOVERY PERIODS (N=6) 

Duration of Post-Exercise Recovery (min) 

I I I I I I I I 
RECOVERY Rest 0 1 3 5 1 0 20 30 45 

Passive 7,39 7,24 7,22 7,21 7,21 7,22 7,35 7,35 7,43 
Active 7,39 7,20 7, 19 7, 19 7, 19 7,25 7,34 7,38 7,37 

Passive 7,36 7, 11 7,09 7,09 7, 10 7, 15 7,26 7,33 7,32 
ActiiJe 7,40 7, 12 7,11 7,09 7, 10- 7,26 7,33 7,38 7,36 

Passi 1Je 7,36 7,22 7,20 7,20 7,20 7,27 7,37 7,40 7,46 
Active 7,39 7,20 7,20 7, 19 7,20 7,27 7,34 7,38 7,38 

Passive 7,37 7, 15 7, 18 7, 18 7, 18 7,21 7,29 7,37 7,44 
Active 7,43 7, 15 7, 16 7, 18 7,20 7,22 7,36 7,37 7,39 

Passive 7,32 7, 13 7, 12 7, 13 7, 15 7, 17 7,26 7,32 7,33 
Act i 1J e 7,39 7, 17 7,20 7, 17 7, 18 7,22 7,32 7,35 7,37 

Passi 1Je 7,39 7,32 7,29 7,29 7,27 7,29 7,34 7,37 7,38 
Active 7,39 7,31 7,29 7,28 7,30 7,33 7,38 7,40 7,42 

Passive 7,37 7, 19 7, 19 7, 18 7, 19 7,22 7,31 7,36 7,39 
Active 7,40 7, 19 7, 19 7, 18 7,20 7,26** 7 1 35H: 7,38* 7,38 

Pa.ssi ve 0,03 0,08 0,07 0,07 0,06 0,05 0,03 0,03 0,02 
Active 0,02 0,07 0,06 0,06 0,06 0,04 0,02 0,02 0,02 

1 
90 

7,43 
7,39 

7,36 
7,36 

7,38 
7,37 

7,40 
7,35 

7,38 
7,38 

7,38 
7,38 

7,39 
7,37 

0,02 
0,02 

** denotes a significant difference Cp<0,01 ) and * denotes a significant difference Cp<0,05) 
when mean values are compared to those of the passive recovery. 

0. 
w 
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Phase Two (Passive Recovery) 

Phase Three (Active Recovery) 

Exercise at 120% V02 max. 

Exercise at 60% V02 max. 

~.ta..-ta~L--''t-~-.---.--.---r--------,1---, 
0 5 10 20 30 45 90 

TIME (MINUTES) 

Figure 4.3: Mean values (,::S.D.) for blood pH c:onc:entrations at rest 

before intensive, intermittent exerc:ise and during 

partially-active and passive post-exercise recovery 

protocols <N=6). 

**P < 0,01 

*P < 0,05 



Blood P)'.ruvate Levels 

Table 4,5 lists the venous pyruvate values obtained from each subject 

(N=6) at rest and during both the active and pase.ive post-exercise 

6S 

recovery periods. 

in Figure 4,4. 

The corresponding mean values (:t_S.D.) are depicted 

The mean resting values of 0,063 and 0,066 ,1mol.m1- 1 fell within the 

normal range <0,03-0,10 µmol.ml- 1 ) of resting values (Czok and 

Lampbrecht, 1974). 

No significant increase occured during the intermittent exercise 

protocol (p > 0,05) and the mean values lay within the range of 0,05-

0,08 µmol.m1- 1 throughout the duration of the recovery. No 

significant difference (p '> 0,05) was found between the active and 

pase.ive recovery protocols when · the individual differences were 

analysed using a one-way analysis of variance for repeated measures. 



TYPE 
OF 

SUBJECT RECO'JERY 

T.N. Passive 
Active 

G. I. Passive 
Active 

M.N. Passive 
Active 

D.L Passive 
Active 

I A.P. Passive 
Active 

8.M. Passive 
Active 

X Passive 
Active 

S.D. Passi 1Je 
Active 

TABLE 4 1 5 

BLOOD PYRUVATE LEVELS (µmol .m1- 1 ) DURING PASSIVE AND PARTIALLY-ACTIVE 
POST-EXERCISE RECOVERY PERIODS (N=6) 

Duration of Post-Exercise Recovery (min) 

I I I I I I 
Rest 0 5 10 20 30 45 

0, 106 0, 111 0,084 0,059 0, 154 0, 091 0,098 
0,064 0,067 0,070 0,067 0,062 0,062 0,078 

0,061 0,058 0,046 0,060 0,042 0,045 0,067 
0,059 0 ,072 0,067 0,0!31 0,086 0 ,073 0, 102 

0,062 0,076 0,065 0,063 0 ,060 0 ,071 0,030 
0,069 0,076 0,071 0,064 0,059 0,059 0,065 

0.063 0 ,077 0,044 ·O ,048 0,042 0,035 0,041 
0,062 0,043 0,045 0,014 0,063 0,054 0,063 

0 , 011 0,016 0,027 0,018 0,026 0,027 0,023 
0 ,077 0, 115 0, 103 0,094 0, 116 0, 142 0,059 

0,075 0,064 0, 103 0,064 0,075 0,063 0,042 
0,064 0,043 0,035 0,068 0,049 0,042 0,060 

0,063 0,067 0,062 0,052 0,067 0,055 0 ,050 
0,066 0,069 0,065 0,065 0,073 0 ,072 0,071 

0,031 0,031 0,028 0,018 0,046 0,024 0,028 
0,006 0,027 0,024 0,027 0,025 0,036 0,017 

I 
90 

0, 150 
0,060 

0,061 
0,091 

0,094 
0,061 

0,040 
0,013 

0,015 
0,063 

0,053 
0,046 

0,069 
0,056 

0,027 
0,026 

All mean differences between paired data of the active and passive recoveries, were statistical'ly 
insignificant <p>0,05). °' 0-
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Figure 4.4: Mean values <:t_S.0.) for blood pyruvate levels at rest, 

before intensive, intermittent exercise protocols and 

during partially-active and passive post-exercise recovery 

protocols <N=6). 

90 
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Serum L-A Janine 

The venous serum alanine levels obtained from each subject <N=S) at 

rest and during both the ac:tive and pa:cive post-exercise recovery 

periods are listed in Table 4,6 and the corresponding mean values 

(:ts.D~ are depicted in Figure 4,5. 

Individual resting alanine values ranged between 0,35 and O, 73 

1
umol.m1- 1 and did not show a consistent rise following completion of 

the intermittent exercise protocol. 

One-way analysis of variance for repeated measures failed to show any 

significant difference between alanine values during the ac:tive and 

pa:cive recovery periods (p > 0,05). 



TYPE 
OF 

SUBJECT RECOVERY 

G.I. Passive 
Active 

M.N. Passive 
Acti•.Je 

B .M. Passive 
Acti,,e 

A.P. Passive 
Active 

R .M. Passive 
Active 

x Passive 
S.D. Passive 

x Active 
S.D. Active 

TABLE 4 1 6 

SERUM L-ALANINE ,JALUES <pmol .ml -i) DURING PARTIALLY-ACTIVE 
AND PASSIVE POST-EXERCISE PERIODS CN=5). 

Duration of Post-Exercise Recovery (min) 

I I I 
Rest 5 10 30 

0,662 0,681 0,520 0,624 
0,558 1,541 0,766 0, 511 

0,350 0,331 0,766 0,709 
-- 1,844 · o,586 o,520 

o,520 0,218 0,718 0 ,577 
0,378 0,879 1,173 0,879 

0,397 0,860 0,605 0,860 
0, 728 0,614 1 , 116 1,040 

0,633 0,926 0,548 0,898 
-- 0,860 1,021 1 , 011 

0,51 0 ,60 0,63 0,73 
0, 14 0,32 0 , 11 0, 14 

0,55 1 , 15 0,93 0,61 
0, 18 0,52 0,25 0,36 

I 
45 

0,539 
0,653 

o,511 
0,718 

0,615 
0,671 

0,803 
0, 170 

0,803 
--

0,65 
0, 14 

0,55 
0,26 

All mean differences between paired data of the active and passive recoveries, were statistically 

insignificant (p>0,05). 

°' -0 
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......,. Phase Two (Passive Recovery) 

o--o Phase Three (Active Recovery) 

• Exercise at 60% V02 max. ! ::: _1 T 
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Figure 4,5: Mean values <:t,S.D.) for serum L-alanine levels at rest, 

before intensive, intermittent exercise protocols and 

during partially--ac:tive and passive post--exercise recovery 

protocols <N=6). 
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Serum Im munoreactive Insulin <IRD 

Table 4, 7 lists the mean serum IRI values obtained from each subject 

<N=5) during both the active and passive post-exercise recoveries. 

The corresponding mean values <:t_S.D.> are depicted in Figure 4,6. 

The mean pre-exercise values of 12,58 and 14,50 JJU.m1- 1 (range: 17,3-

4,0) are within the range previously recorded for fasting resting 

individuals <Phadeseph, 1983). As the subjects in this study were, 

however, not in a fasted state prior to the exercise protocol, the 

values are below expected values. 

Im mediate and 5 min post-exercise values show no consistent upward or 

downward trend; the values are not significantly different (p ) 0,05) 

from the resting values. 'At 30 min post-exercise, t-tests revealed 

that the difference between the active and pa56ive recoveries was 

statistically insignificant, but after 45 minutes, the values obtained 

in the passive 

active recovery 

differences were 

(p > 0,05). 

recovery were significantly higher than during the 

<p < 0,05). After 90 minutes, no significant 

obtained between the active and pa56ive recovery 

An adapted one-way analysis of variance for repeated measures revealed 

no significant difference between the overall pattern of the insulin 

values during the active and passive recovery protocols <p > 0,05). 



TYPE 
OF 

SUBJECT RECOVERY 

D.L. Passive 
Active 

M.N. Passi 1Je 
Active 

A.P. Passive 
Active 

R.M. Passi 1Je 
Active 

8.M. P.~ssi ve 
Active 

x Passive 
Active 

S.D. Passive 
Active 

TABLE 4,7 

MEAN SERUM INSULIN LEVELS yiU.ml- 1 ) DURING PASSIVE AND 
PARTIALLY-ACTIVE REC01JERY PERIODS (N=S) 

Duration of Post Exercise Recovery (min) 

I I I I 

Rest 0 5 30 45 

11 , 9 11 1 0 16, 1 8, 1 11 , 9 
10, 8 12,6 11 , 9 6,8 4,0 

14,8 13,8 16,7 14,5 14,7 
15,9 16,4 14,7 8,2 12, 1 

14,9 11 , 2 15,8 4,8 21 ,2 
16,5 15,2 16,8 13,7 14,4 

17,3 11 , 9 22 ·,9 4,5 3,8 
14,8 15, 1 23,0 4, 1 3,8 

4,0 4,3 7,8 - 6,2 
- - 5, 1 5,4 4,2 

12,58 10,44 15,86 7,98 11 ,56 
14,50 14,83 14,30 7,64 7,70* 

5, 16 3,61 5,37 4,65 6,93 
2,57 1, 60 6,57 3,72 5, 13 

I 

90 

4,0 
6,3 

12,0 
12, 1 

12,3 
12,2 

5,0 
3,9 

6,6 
3,8 

7,98 
7,66 

3,92 
4,22 

* denotes a significant difference Cp<0,05) when the mean value is compared to that 
of the passive recovery. 

I 
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Figure 4,6: Mean values (.:t_S.0.) for serum irn munoreactive insulin 

levels at rest, before intensive intermittent exerc:ise 

protocols and during a partially-active and pa.ss.ive post

exerc:ise recovery protocols (N=6) 
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Plasma Immunoreactive Glucagon <IRG) 

Table 4,B lists the plasma IRG values obtained from each subject <N=4) 

during both the passive and partially-active post-exercise recoveries. 

The corresponding mean values (:!:_S.D.) are depicted in Figure 4, 7. 

The mean pre-exercise values of 77,5 (:!:_18,9) and 96,B (:!:_26,9) are 

below expected resting values <Felig et al., 1972) and six of the 

eight values dropped further during the intensive, intermittent exercise 

protocol. 

During the pase.ive recovery, a significant rise in mean value was 

obtained at 30 minutes <p<0,05); the 45-minute mean value appeared to 

indicate a stabilization; and the 90 minute-values showed a fall in 

three of the four subjects. The mean- value at 90 minutes was higher 

than, but not significantly different <p>0,05) from the original pre

exercise values. 

During the partially-active recovery, a smaller and statistically 

insignificant <p>0,05) mean rise from immediate post-exercise values 

was obtained at 30 minutes and the values appeared to stabilise for 

the rest of the 90 minute recovery period. 

Adaptated one-way analysis of variance for repeated measures revealed 

a statistically significant difference between the partially-active 

and passive recovery protocols (p<(>,01 ). T-tests showed very 

significant differences <p<0,01) between the values at 30, 45 and 90 

minutes of the two different recovery protocols. 



TYPE 
OF 

SUBJECT RECOVERY 

A.P. Passive 
Active 

D.L. Passive 
Active 

R.M. Passive 
Active 

8 .M. Passive 
Active 

X Passive 
Active 

S.D. Passive 
Active 

TABLE 4 1 8 

PLASMA GLUCAGON LEVELS (pg.ml- 1 ) DURING PASSIVE AND 
PARTIALLY-ACTIVE RECOVERY PERIODS <N=4) 

Duration of Post-Exercise Recovery (min) 

I I I 
Rest 0 30 45 

90 50 177 172 
112 50 105 105 

80 76 10 8' 122 
125 82 128 80 

90 113 144 113 
85 65 . 50 50 

50 50 87 120 
65 50 50 50 

77 ,5 72,3 129,0 131, 8 
96,8 61, 8 83,2** 71,3** 

18,9 29,8 39,7 27, 1 
26,9 15,2 39,5 26,6 

I 
90 

138 
75 

102 
76 

7~ 
' I 

50 

130 
50 

111 , 8 
62 ,8** 

27,8 
14,7 

** denotes a significant difference (p <0,01) when mean values are compared to those 
of the passive recovery. 
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Figure 4, 7: Mean values (;tS.0.) for plasma im munoreactive glucagon 

levels at rest, before intense intermittent exercise 

protocols and during partially-active and passive post

exercise recovery protocols <N=6 ). 

** (p ( 0,01 ) 
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TISSUE PARAMETERS 

Muscle Glycogen 

Individual values obtained during Phase Two <Passive Recovery) which 

serve as control data, are listed in Table 4,9 and the individual 

values obtained during Phase Three (partially-active, one-legged 

recovery) are listed in Table 4, 10. The mean values <:_S.D. ) for the 

passive recovery <Phase Two ) and the active and passive legs of the 

one-legged, 

Figure 4,8 

partially-active recovery (Phase Three) ar·e depicted in 

whereas the mean values <±5.D. ) for Phase Three (active 

versus passive leg ) are depicted in Figure 4,9. 

Control data <Phase Two ) reflect a post-exercise mean glycogen level 

of 25.6 µmol glucosyl U.g·1 wet mass with a standard deviation of 

10,3. In five of the six subjects, a resynthesis of glycogen took 

place within the 90 minute recovery period. A mean resynthesis of 

glycogen of 37,B JJmol.g- 1 wet mass (p < 0,02) was obtained during the 

90 minutes. 

Experimental data (Phase Three) provide individual resting values 

between 257 and 92,9 µmol glucosyl U.g-1 wet mass with a mean value of 

152,9 <N=6). The mean post-exercise value <N=B) was 42,5 and ranged 

between 69,6 and 23, 7 µmol glucosyl U.g- 1 wet mass. This reflects an 

average glycogen degradation of 72 percent in the six subjects from 

whom both sets of data were obtained. 

Six of the eight subjects showed glycogen resynthesis in the active 

leg within the first 45 minutes, whereas only 4 subjects continued to 

resynthesize glycogen in the previously-active leg during the latter 

45 minutes of recovery. The mean values showed a resynthesis of 12,0 

µmol.g- 1 in the first 45 minutes and an identical 12,0 ).Jmol.g· - i during 

the latter 45 minutes. Paired t-tests, however, revealed that the 

resynthesis in the active leg during the first 45 minutes post-

exercise was statistically insignificant (p > 0,05). Values obtained 

in the previously-active leg at 90 minutes were statistically 



different from immediate post-exercise values (p < 0,05), but 

insignificantly different (p > 0,05) from 45 minute values. 

In the passive leg, seven of the eight subjects resynthesized glycogen 

during the first 45 minutes of one-legged activity; the mean 

resynthesis was 13,45 )lmol.g- 1 and the difference was statistically 

different from immediate post-exercise levels <p < C>,05). During the 

78 

latter 45 minutes of recovery, only three of the eight subjects 

resynthesized glycogen; the mean resynthesis during these 45 minutes 

was 11,5 )lmol.g- 1 wet ma.56. Paired t--tests revealed that these 90 

minute values in the passive leg were significantly different from 

immediate post-exercise levels (p < 0,05), but insignificantly 

different (p > C>,05) from 45 minute glycogen levels. 

One way analysis of variance revealed no signifiant difference between 

the active and passive leg at 45 minutes and at 90 minutes of the 

partially active recovery. 

When comparing the results obtained in the active leg (Phase Three) to 

those obtained from the control data of the passive recovery (Phase 

Two), an insignificantly greater rate of resynthesis (p > C>,05) was 

obtained during 90 minutes of passive recovery <Table 4,11). The mean 

rate of resynthesis during the passive recovery was also not 

significantly greater (p > 0,05) than obtained in the passive leg 

during the par·tially-active 90- minute recovery period. 



TABLE 4,9 

MUSCLE GLYCOGEN LEVELS <µmol glucosyl units. 9- 1 wet mass) 
DURING A PASSIVE POST-EXERCISE RECOVERY CN=6) 

Duration of Post-Exercise Recovery <min) 

I I 
SUBJECT 0 90 

T.N. 17,9 81,0 

G. I • 28,7 22,0· 

D.L. 21, 3 81,8 

R.M. 44,5 88,6 

A.P . 16, 1 36,2 

8.M. 25, 1 70,1 

X 25,6 63,4* 

S.D. 10,3 27,3 

* denotes a mean significant difference (p < 0.02) between immediate post-exercise 
glycogen levels and those obtained at 90 min. post-exercise. 

+ This value is at variance with the other values. It is possible that the 
tissue obtained inadvertently consisted mainly of connective tissue, 
blood or fat and hence influenced the glycogen content. 
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an intense, intermittent exercise protocol and at 90 
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SUBJECT 

I T.N. 
I 

! G. I. 
I 

M.N. 

D.L. 

A.P. 

B.M. 

R.H. 

K.P. 

X 

S.D. 

* 

+ 

REST 

257,4 

198,7 

--

92,9 

--

98,9 

158,8 

110,5 

152 ,87+ 

65,37 

TABLE 4 1 10 

MUSCLE GLYCOGEN LEVELS (,,umol GLUCOSYL UNITS.g- 1 lJET MASS) 
DURING A PARTIALLY-ACTIVE ONE-LEGGED POST-E><ERCISE RECOVERY <N=8). 

Duration of Post-Exercise Recovery (Min) 

I 

'o 45 90 
I PRE'JIOUSLY I I 

ACTIVE PASSIVE ACTI~JE PASSIVE 
LEG LEG LEG LEG 

49,8 37,3 75,7 56,8 69,2 

69,6 20,4 64, 1 126,2 135, 1 

23,7 55,7 24,2 47,8 58,0 

29,8 55,5 34, 1 45,4 33, 1 

58,3 78, 1 72,0 104,6 99,3 

28,6 46,5 43,5 49,5 42, 1 

28,3 67,3 56,7 61, 0 56,7 

51,5 74,9 76,9 40,5 44,5 

42,45 54,46 55,90* 66,48* 67,25** 

16, 08 19,50 19,98 31 ,40 34, 12 

denotes a significant difference (p(0,05) and ** denotes a significant difference 
(p<0,02) when the mean values are compared to those at O min post-exercise. 
<N=6 ) 

ID ..... 



TABLE 4,11 

POST-EXERCISE MUSCLE GLYCOGEN RESYNTHESIS (~mol .g- 1 wet mass) IN 90 MINUTES: 
CONTROL VS. EXPERIMENTAL DATA 

PASSI~JE PARTIALLY-ACTIVE RECOVERY PARTIALLY-ACTIVE RECOVERY 
SUBJECTS RECOVERY ACTIVE LEG PASSIVE LEG 

T.N. 63, 1 7,0 19,4 

G. I. -5,9 56,6 65,5 

D.L. 60,5 15,6 3,3 

R.M. 44,2 32,7 28,4 

A.P. 20,1 46,3 41, 0 

B.M. 45,0 20,9 13,5 

M.N. -- 24, 1 34,3 

K.P. -- -11, 0 -7,0 

N 6 8 8 

)( 37,B 24,0 24,8 

S.D. 26,4 21, 5 22,8 

All differences between paired data in the respective groups were statistically insignificant <p>0,05). 
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Figure 4,9: Mean values <,:tS.0.) for muscle glycogen at rest before 

intensive, intermittent exercise and during a partially-
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Muscle Lactate 

As many of the tisue samples were not large enough for the separate 

analysis of both glycogen and lactate contents, only two complete sets 

of muscle lactate data have been obtained. These individual values a.re 

listed in Table 4, 12 and the corresponding control data obtained after 

90 minutes of passive recovery, a.re given in Table 4, 13. Figure 4, 10 

depicts the mean values (.:t_S.D.) obtained during the different 

90 minute-recovery protocols. Table 4,14 lists the individual muscle 

lactate values obtained from the four subjects during the first 45 

minutes of recovery. The mean control and experimental values at 90 

minutes post-exercise, are depicted in Figure 4, 11. 

The mean resting level of 3,90 ymol.g- 1 wet mas is above normal 

muscle lactate resting values <Sa.hlin et al., 1975). Post-exercise 

values rose to a mean level of 34, 74 }Jmol.g-1 wet mas. The values in 

the active leg remained higher fn each of the four subjects in 

comparison to those of the passive leg. A pa.ired T-test revealed that 

the difference between the active and paS6ive leg at 45 minutes was 

significant (p < 0,01 ), The muscle lactate levels at 45 minutes were, 

however, higher than initial pre-exercise values in both legs in all 

subjects. 

The mean values obtained at 90 minutes were insignificantly higher 

than the corresponding pre-exercise values in both experimental and 

control data. The difference between the active and passive legs 

after 90 min1..--:<?S of the partially-active recovery periods was 

insignificant <p > 0,05). The rate of lactate removal over 90 minutes 

showed an insignificant difference between control and experimental 

data (p > 0,05). 
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D.L. 3,93 

R.M. 1 , 72 

::< 2.83 

S.D. 1, 56 

TABLE 4 1 12 

MUSCLE LACTATE LEVELS <~mol .g- 1 wet mass) DURING A PARTIALLY-ACTIVE 
POST-EXERCISE RECOVERY PERIOD <N=2) 

Duration of Post-Exercise Recovery <min) 

I I I 
0 45 90 

ACTIVE LEG PASSIVE LEG ACTIVE LEG PASSIVE LEG 

40, 16 17,89 -13 ,27 2,43 4,61 

32,75 7 ,07 2, 11 6,49 2,25 

36.46 12,48 7,69 4,46 3,43 

5,24 7,65 7,89 2,87 1 ,67 
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Passive Leg (Phase Three) 
Active Leg (Phase Three) 
Exercise at 120% V02 max . 

• Exercise at 60% V02 max . 

Figure 4,10: Mean values <:t_S.D. ) for muscle lactate at rest before 
intense, intermittent exercise and during a partially
active post-exercise recovery period <N=2). 
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R.M. 

V .,, 
S.D. 

TABLE 4, 13 

MUSCLE LACTATE LEVELS (JJmol .g- 1 wet mass) DURING A PASSIVE 
POST-EXERCISE RECOVERY PERIOD (N=2), 

Duration of Post-Exercise Recovery (min) 

I I 
Rest 0 90 

1 I 99 37,75 3,38 
-- 19,52 2,99 

-- 28,64 3, 19 
-- 12,89 0,28 

00 

""' 
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R .M. 

A.P. 
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TABLE 4 1 14 

MUSCLE LACTATE LElv1ELS ()Jmol .g - 1 wet mass) DURING A PARTIALLY-ACTI 1-.J E 
POST-EXERCISE PERIOD (N=4) 

Duration of Post-Exercise Recover y (Min) 

l I 
0 r- 45 --, 

Rest ACTIVE LEG PASSIVE LEG 

3 , 93 40, 16 17,89 13,27 

1, 72 32,75 7, 07 2,11 

4, 18 33,66 9,59 7, 16 

5,78 32,37 24, 15 13,20 

3,9 34 ,74 14,68 8,94 

1, 67 3,66 7,83 5,38 

00 
00 
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__. Phase Two (Passive Recovery) 

•-- Phase Three (Active Leg) 
.... _. Phase Three ( Passive Leg) 

TIME (MINUTES) 

~ Exercise at 120% V02 max. 
a Exercise at _60 % \/02 max. 

90 

Figure 4,11: Mean values (±_S.D. ) for muscle lactate immediately after 
an intense, intermittent exerc:ise protoc:ol and at 90-

minutes post-exerc:ise <N=2). 
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SUMMARY 

The only blood parameters in which the partially-active recovery 

protocol resulted in a significant difference (p < 0,05) from the 

passive recovery were blood lactate, pH and glucagon. In muscle, 

glycogen levels showed a significant increase within the 90 minutes of 

partially-active recovery. A comparison of control and experimental 

data revealed that one-legged activity during post-exercise recovery 

had no significant effect on the rate of muscle glycogen resynthesis. 

A significant difference in muscle lactate levels in the active and 

passive legs was obtained at 45 minutes. 
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Although the main problem with whic:h this thesis has c:onc:erned itself 

is the adaptations whic:h take plac:e at intramusc:ular level during 

partially-active and pass.ive rec:overy protoc:ols, a description of the 

metabolic: and hormonal milieu in whic:h these take plac:e, c:an provide a 

more c:omprehensive perspective to these responses. 

The results obtained for eac:h of the parameters measured will thus 

first be disc:u:=ed individually, after whic:h an integrated discussion 

of the c:omplete response, will follow. 

BLOOD PARAMETERS 

Plasma Glucose Levels 

The mean increase in glucose levels c:aused by the intermittent 

exerc:ise protoc:ol is in keeping with previous research findings <Keul 

and Doll, 1973; Rowell et al., 1975). This is thought to result from 

a slight increase in hepatic gluc:ose production <Keul and Doll, 1973) 

and the formation of free glucose in the musc:le itself as a result of 

the rapid phosphorylation and debranc:hing of the glyc:ogen molec:ules 

\.Jahren, 1970; Jorfeldt and \.Jahren, 197(>; Field, 196()) . During 

intensive exercise, the inc:reased intrac:ellular gluc:ose levels result 

in a transient release of gluc:ose from muscle to blood within the 

first 1-2 minutes of exerc:ise (\.Jahren, 1970). Although inc:reases in 



blood glucose levels during intensive exercise have been shown to 

reach 2-3 times basal levels, this does not appear to take place 

during intermittent exercise (Rowell et al., 1975). The findings of 

this study (mean rise of only 1,6 µmol.ml- 1 
) confirm this. 

The further rise in plasma glucose concentration during the first five 

minutes of recovery is also in keeping with previous research findings 
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<Calles et al., 1983). 

phenomenon to an 

Calles et al. ( 1983) have attributed this 

imbalance which results from the sustained 

overproduction of glucose by the liver as the glucose utilisation by 

the previously active muscle is rapidly decreasing. This reaction is 

characteristic of the response to intense exercise and contrasts to 

the closely balanced supply-demand relationship observed during and 

following less intensive prolonged exercise. 

A slightly sharper drop in blood glucose concentration was observed in 

five of the six subjects during th-e first 30 minutes of active 

recovery, In these subjects, this was perhaps due to an increased 

utilization of exogenous glucose by the active muscle which reduced 

the elevated blood glucose concentration. After 20 minutes of active 
• recovery at an estimated 40 percent of one-legged V0 2 max., the mean 

blood glucose value had returned to pre-exercise levels. The 

stabilization observed during both partially-active and passive 

recovery protocols between 3(>-45 minutes, reflected a well-matched 

adaptation by the liver to the metabolic demands of lying in a supine 

position and of one-legged cycling at 30 percent of two-legged vo'2. 
max. 

In summary, it can be concluded that the partially-active post

exercise recovery did not have a significant effect on the restoration 

of glucose homeostasis. 

Blood Lactate Levels 

The slight elevation in mean resting values of 1,38 and 1,12 µmol.m1·· 1 

could be attributed to a degree of apprehension experienced by the 



.. 

subjects prior to the start of the exercise protocol. This 'flight or 

fright' syndrome whic:h results in increased sympathoadrenal activity 

and leads to stimulation of glyc:olytic activity via its effect on PFK, 

is well-described in the literature <Galbo, 1983). 

93 

The mean post-exercise values of 12,65 (+2,53 ) and 12,95 <±.2,67 

J.Jmol.ml-: ) reflect a high intensity of effort in the trained, well

conditioned subjects <Hermansen and Saltin, 1967). The further 

increase in blood lactate concentrations during the first 2-5 minutes 

of exercise and the individual differences in the time taken to reach 

peak values are in keeping with previous research findings <Karlsson, 

1971; Bang, 1936) and confirm that the time-constant for· lac:tate

efflux from the muscle, differs from individual to individual (Tesc:h 

et al., 1982). 

The steeper mean gradient of the recovery curve and hence greater mean 

rate of blood lactate removal (0,41 _µmol.ml-~ .min-1 vs 0,27 J.Jmol.mri • 

min-' ) during the first 15 minutes (5-20 minutes) of the one-legged 

and partially-active recovery, confirms previous findings <Bonen and 

Belcastro, 1976; Davies et al. 197(>; Gisolfi et al., 1966; Newman et 

al., i 937; Rammal and Strom, 1949; and Stamford et al., 1981) that a 

period of light aerobic: work as opposed to a comparable period of 

inactivity or rest, enhances the removal of lactate from the blood 

during post-exercise recovery. However, the average rate of blood 

lactate removal over the full 40 minutes is comparatively less than 

that obtained by Stamford et al < 1978). These authors suggest that 

lactate production, sufficient to elevate blood level~ oc:c:urs during 

one-legged exercise at a workload requiring an oxygen-uptake in excess 
• of 40 percent of one-legged VO'l- max. or approximately SOW. In 

retrospect, it would appear that the workload chosen for the one-

legged activity in this study may have been a little high. If the 

ratio for one to two-legged VO-:i.. max of 0,71-0,77 as suggested by 

Davies et al. (1974 ), is taken into account and the ideal workload 

according to the calculation of Stamford et al. ( 1981 ), is approxi

mately 30 percent of one-legged YO-a. max., our workload of 30 percent 
of two-legged V0 2 max. (i.e. approximately 40 percent of one-
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• legged V0 2 max or 50-60\.J) was slightly higher than recommended by 

stamford et al. ( 1978). 

If the diversity of the experimental group in terms of fitness levels, 

fibre typing and customary exercise-form is taken into account, it 

must be concluded that no one exercise-load would have been optimum 

for each subject. As the subjects used in this study were well-

trained and in good physical condition, the choice of this slightly 

higher workload seemed warranted, considering that the rate of lactate 

removal is increased in well-trained athletes <Donavon and Brooks, 

1983). 

The considerable reduction in the gradient of the blood lactate 

recovery curve during the latter stages of the recovery (30-45 

minutes), appears to confirm the suggestion of Stamford et al. (1981) 

that a progre55i.vely decreasing workload which is commensurate with 

the decrease in blood lactate concentration, should result in the most 

rapid removal of blood lactate. It is possible that the slow mean 

rate of lactate removal during the latter stages of the active 

recovery (0, 11 ymol. m 1- 1 • min- 1 ) as opposed to the faster mean rate 

during pa!=ive recovery (0,21 ymol.m1- 1 > suggests that (i) a gradual 

reduction in blood flow to the splanchnic region (Rowell, 1966) could 

have resulted in reduced lactate uptake by these organs (ii) redis

tribution of blood flow away from the inactive tissue may have limited 

the oxidation of lactate in this tissue and (iii) suprabasal lactate 

production in the active muscle fibres may have resulted in higher 

rates of lactate release into the bloodstream. It would thus appear 

that the workload was too high during the latter 15 minutes of the 

recovery and that this accounted for the eventual insignificant 

difference between the partially-active and pa!=ive recovery at 45 

minutes. 

The mean fall in blood lactate levels for the last 45 minutes during 

which both protocols involved a pa!=ive resting recovery appears to be 

identical despite differences in blood lactate concentrations. From 

this result, it appears that at low blood lactate concentrations, a 



difference in concentration does not significantly affect the rate of 

blood lactate removal. 

In conclusion, it would appear that the partially-active recovery 

protocol, facilitated the rate of blood lactate removal significantly 

during the first 15 minutes, but that this advantage was reduced 

during the last 25 minutes of the recovery, p056ibly due to the 

imposition of too high a workload. 

Venous Blood pH 
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The lower resting pH values obtained prior to Phase Two of the 

exercise protocol can be attributed to the apprehension which the 

subjects experienced. 

The mean post-exercise values indicate that the intermittent exercise 

protocol placed high metabolic demands on the active muscle fibres. 

The continued fall in pH during the first three minutes confirm the 

findings of Hermansen and Osnes ( 1972) and Metzner et al. ( 1968) and is 

thought to be due to delayed release of protons from the active 

muscles. 

The rapid rise in blood pH during the one-legged recovery correlates 

inversely with the blood lactate recovery curve <r = -0,37). As it 

has been shown that the restoration of normal pH levels in the muscle 

is dependent on blood flow to the previously-active musculature 

(Sah lin et al., 1975), it would appear that the increased blood flow 

resulting from one-legged exercise at 50-60\.J (Pirnay et al., 1972) 

resulted in a greater uptake of protons and lactate. 

Although repletion of ATP, glucose and glycerol stores result in an 

uptake of H+ ions <Hultman and Sahlin, 1980), it is the lactate which 

is thought to be responsible for 94 percent of the reduction in pH 

value (Hultman and Sahlin, 1980). Furthermore, if the release of H+ 

ions which takes place as a result of the repletion of intramuscular 
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phosphoc:reatine stores (Saltin, 1 973) is taken into account, the 

uptake as a result of the repletion of ATP, glucose and glycerol is 

offset. As no significant changes in pyruvate values were obtained as 

a result of the intermittent exercise protocol, this study confirms 

the traditional theory that net blood pH values correspond inversely 

to the combined blood lactate and pyruvate concentration <Sahlin et 

al., 1976). The exact mechanism resulting in this relationship is, 

however, unknown. 

Venous Blood Pyruvate 

In view of the very labile nature of pyruvate, it is pOS6ible that the 

slightly lower resting levels obtained can be attributed to a small 

degree of reduction of pyruvate to lactate between the extraction and 

the actual deproteinization of the blood in PCA, despite all efforts 

which were made to avoid any delay. As all samples were, however, 

treated in an identical fashion, - the relative differences are 

comparable. 

The exercise protocol used in this study did not show any significant 

increase in venous pyruvate concentrations. Keul et al (1966) and 

Hartung et al < 1966) have shown that with brief maximal exercise, peak 

blood pyruvate levels are only reached 10-15 minutes after exercise. 

However, no studies have investigated the effect of an intermittent 

protocol on blood pyruvate levels. In this study, mean values reached 

at 20 minutes post-exercise in both the active and passive recovery 

protocols were equal to or slightly above the immediate post-exercise 

values recorded. The ph)'Siological significance of these slightly 

elevated values are, however, to be doubted in view of the continual 

random fluctuation of mean pyruvate values within a relatively small 

range and the fact that no gradual and systematic: rise in values 

preceded the attainment of these slightly elevated levels. 

As all subjects used in this study were well-trained sportsmen, this 

posibly also contributes towards the lack of significant elevation in 

post-exercise blood pyruvate values (Keul et al., 1966) It would 
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appear that with the increased rate of glycogenolysis and glycolysis 

during the maximal exerc:ise, the "exces" pyruvate, which could not be 

accommodated by the mitochondria, did not accumulate in the muscle 

cytoplasm, but was immediately reduced to lactate. 

As the pyruvate concentrations in both recovery protocols fluctuated 

randomly within a small range, it is also not p056ible to attribute 

any significant difference to the different recovery protocols 

imposed. In view of the high blood lactate c:onc:entration, and its 

role as preferred gluconeogenic precursor <Felig and Wahren, 1971 >, 
pyruvate is not assumed to play any major role in the Cori cyc:le 

during recovery from exercise. A resynthesis of glycogen from 

pyruvate is p056ible in white muscle fibre, but in view of the greater 

lactate concentrations, the pyruvate formation appears to be an inter

mediate step and does not result in reduced arterial pyruvate levels 

until lactate values have stabilized. 

It can thus be c:oncluded that in this study blood pyruvate values 

remained relatively constant and played no significant role during the 

two recovery protocols. 

Serum L-Alanine 

No significant increase in serum alanine levels resulted from the 

imposition of the intermittent exercise protocol. As it is unlikely 

that the liver would uti lise large quantities of alanine as gluc:oneo

genic precursor in the presence of high blood lactate concentrations 

(Malette et a l., 1969), it would appear that there was no significant 

re lease of alanine from the muscle. Under these circumstances, it is 

unlikely that alanine provided an outlet for the intramuscular 

lactate. In this respect, the findings of this study appear to 

confirm those of Hermansen and Va.age (1977 ). 

As the alanine concentrations in both recovery protocols fluctuated 

within a small range, the different recovery protocols appeared to 

have no significant effect on the blood alanine concentration. 



Serum Im munoreac:tive Insulin <IRI> 

As values obtained in this study are below the expected values and do 

not correlate well with the glucose results of this study and findings 
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of previous studies, the samples were re-assayed and subjects were 

retested to exclude the pOS5ibility of erroneous results and to 

confirm the reliability of the data. Furthermore, considerable 

caution was exercised in the treatment of the samples after extraction 

of blood. As insulin is known to be a relatively stable hormone 

<Livesey et al., 1980), the blood was allowed to clot at room 

temperature, after which the samples were spun and the serum was 

immediately extracted and stored frozen. Samples were not thawed 

until a.sisayed. An additional group of insulin analyses were performed 

on plasma to which apotronin had been added to ensure the preservation 

of insulin. These did not, however, reveal significantly higher 

levels. Storage time was also excluded as a pOS5ible variable. It 

was thus not possible to find factors which could have contributed to 

these unusually low values. 

The values listed for individual subjects in Table 4, 7 are the means 

of the test and retest values. Where values are not given, 

insufficient serum was obtained for repetitive asays and/or subjects 

were not available for retesting. 

Immediate post-exercise values indicate that the intermittent exercise 

protocol did not result in a significant change in insulin level. At 

5 min post-exercise, the levels obtained in this study do not confirm 

" the findings of Naveri et al (1978), Hermansen and Vaage <1977) and 

Calles et al (1983), who showed a rise in IRI to values greater than 

double the pre-exercise values. 

This study did, however, confirm the hypoinsulaemia reported by 

Hermansen and Vaage < 1977) and Calles et al. <1983) after 30 minutes 

of recovery. This is thought to reflect a persistence in the 

desensitization of the pancreatic cells which occurs during exercise 

<Fell et al., 1981 ), but must be considered in the light of the 



increased peripheral sensitivity to insulin which is present following 

exercise (Richter et al., 1982). It may, therefore, not necessarily 

imply a reduction in the capacity for glucose uptake by skeletal 

muscle. 

As insulin is known to stimulate the activity of glycogen synthetase 

in both the liver and skeletal muscle <Villar-Palasi and Larr,;:r, 

1960), these low levels do not favour glycogen resynthesis in either 

of these tissues. 
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After 45 minutes of recovery, the partially active recovery rec_ulted 

in significantly lower insulin levels than during the inactive 
• 

recovery. It would appear that the activity at 30 percent of V02 max 

resulted in persistently low insulin levels which only differed 

significantly during the latter 15 min of the active recovery once 

blood lactate, pH and glucose levels had dropped. 

The levels at 90 minutes post-exercise revealed that the activity of 

low intensity during recovery had no long-term effect on insulin 

levels. In keeping with the glucose values, the insulin levels 

remained low. 

Plasma Im munoreactive Glucagon (IRG) 

Pre-exercise values lie within the lower 1i mits of the range for 

rested healthy individuals <Felig et al., 1981 ). This cannot be 

attributed to apprehension as glucagon is known to be independent of 

sympathoadrenal activity <Galbo et al., 1975). 

The post-exercise values correlate well with the findings of Galbo et 

al < 1975) who showed that glucagon concentrations drop during 

intensive short--term exercise, and Calles et al. (1983) who obtained 

an insignificant difference following short-term exercise. It would 

appear that no work has yet been published regarding the effect of 

various intermittent exercise protocols on glucagon concentrations. 

As plasma gluc:agon concentrations have, however, been shown to be 



inversely related to blood glucose levels <Galbo et al., 1977) and 

blood glucose values of this and other studies using intense 

intermittent exercise protocols, have shown a slight, but 

insignificant rise in glucose value, the glucagon values obtained in 

this study appear to lie within the range of expected values. 
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The significant rise in plasma glucagon level obtained at 30 and 4S 

minutes during the passive recovery, appears to confirm the findings 

of Galbo ( 1983) who described a post-exercise /rebound/ in glucagon 

values. As training has been shown to minimize the size of this 

,. rebound/ <Bloom et al., 1976) and as the subjects of this study were 

well trained sportsmen, it is posible that this variable could have 

modified the response obtained during the passive recovery. 

The persistence of the /elevated/ glucagon values for 90 minutes post

exercise, is of interest. · This does not correlate with previous 

findings of Galbo <1983 ) and Calles et al < 1983); nor does it relate 

to the glucose response obtained in this study. 

The major finding of this hormonal response is the significant 

difference between the prtially-active and passive recovery pr·otocols; 

from this, it would appear that the partially-active recovery resulted 

in a stabilization of glucagon values within 30 minutes. This is an 

unexpected results as ( i) it does not correlate inversely with the 

corresponding glucose values and (ii) it is known that prolonged, low 

intensity exercise results in a rise in glucagon levels <Felig et al., 

1981 ) . 

As glucagon receptor sites do not exist in muscle tissue, 

of this hormone are limited to hepatic metabolism. 

the effects 

The elevated 

values obtained during pasive recovery appear to indicate a more 

favourable milieu for hepatic gluconeogenesis. It is unlikely that 

glycogenolysis was stimulated as the blood glucose values were not 

significantly below pre-exercise values at any stage of the passive 

recovery. 
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As this result is, however, based on a limited sample <N=4) and the 

trend is not entirely consistent, it appears that further studies are 

required to confirm these findings. 

TISSUE PARAMETERS 

Muscle Glycogen 

The large range of the resting values obtained can be attributed to 

the variables which influence skeletal muscle,.s capacity to store 

glycogen <Hultman, 1967; Essen, 1978; Bergstrom et al.,; 1967). The 

highest value of 257 ;imol gluc:osyl U.g- 1 wet muscle mass thus reflects 

a well-trained ,·c:arboloaded'. athlete who had not exercised intensively 

for at least 24 hours prior to participation in this experiment. The 

values ranging between 92,9 and 110,5 fJmol.g- 1 wet mass are within the 
'normal""" range <Essen, 1978); although well-trained, these athletes 

did not rest the day before the testing program me and did not adhere 

to any specific diet. As the resting glycogen levels were, however, 

not regarded as an important factor in this study, no specific: 

requirements were set regarding the eating or trainir,g habits 

immediately prior to the experimental days and hence this large range 

of resting values was to be expected. 

Post-exercise values which indicated that the protocol of intense, 

intermittent exercise caused a mean 72 percent degradation of initial 

glycogen stores, confirm the findings of MacDougall et al. ( 1977) and 

Green et al. ( 1978), who obtained similar percentages of depletion 

using intermittent work of approximately the same intensity. If the 

maximum glycolytic rate of 15 )-lmol.g- 1 • min- 1 described by Saltin 

<1972) was maintained for 7,5 minutes of continuous activity at 120 . 
percent V02 max and a glycolytic rate of±. 2 umol.g- 1 .min- 1 at 60 

• percent of V0 2 max <Karlsson 1971a) is considered for the 5-minute 

warm-up period" a total degradation of 122,5 JJmol.g- 1 can be 
approximated. The findings of this study show an average degradation 

of 109 ;imol.g- 1 , which thus appear to confirm the glycogen-saving 
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effect during intermittent exercise described by Essen a.nd V.:aijser 

(1978 ) . 

In contrast to the findings of Brooks et al (1973) and KarlS60n and 

Saltin <1973) who showed no evidence of synthesis of muscle glycogen 

stores during the immediate post-exercise period, this study showed a 

mean glycogen repletion of 12,01 }Jmol glucosyl U.g- 1 wet mass in the 

active leg and 13,45 )-lmol glucosylU.g- 1 wet mass in the inactive leg 

during the first 45 minutes post-exercise. It would appear that the 

results of Brooks et al. < 1973) and Karlssen and Saltin < 1973) could 

perhaps be attributed to the mode and intensity of the preceding 

exercise, which did not result in very high post-exercise lactate 

values. Recent findings by Pearce and Connett < 1980) however suggest 

that increased lactate oxidation may have a favourable influence on 

glycogen resynthesis via the change which occurs in the redox state of 

the muscle fibres. As light activity during recovery has long been 

known to increase the rate of lactate oxidation <Newman et al., 1937), 

it is pOS6ible that this could explain the result obtained during the 

first 45 minutes of active recovery in this study • 

The average rate of resynthesis in both the active and passive l egs 

(0,26 and 0,29 )-lmol.g- 1 min- 1 ) is, however, slower than the rate (0,56 

µmol.g- 1 .min- 1 ) recorded by Hermansen and Va.age (1977) during the 

first 30 minutes of post-exercise recovery. It is pOS6ible that this 

difference was related to fibre typing. Conlee et al ( 1978), 

Bergstrom et al (1972)and Piehl ( 1974) have shown that a significant 

difference in the rate of resynthesis exists between fast-twitch red 

fibres (Type Ila) , which resynthesize glycogen most rapidly and the 

fast-twitch white (Type IIb), which is least able to resynthesize 

glycogen rapidly. It is unfortunate that it was not within the scope 

of this study to perform histological anal)'Sis of fibre type. 

Although the average rate of resynthesis remained the same during the 

latter 45 minutes of recovery, it is apparent that only four of the 

eight subjects resynthesized glycogen in the ' active·· leg during this 

time and only tt-,ree of the eight subjects resynthesized glycogen in 



the passive leg. In both legs, the resynthesis of 

the latter 45 minutes of recovery <N=8) 

insignificant. This finding has several implications: 

glycogen during 

was statistically 

i) It is known that a low glycogen level is a potent stimulus to 
II 

glycogen synthesis (Conlee et al., 1973; Bergstrom et al., 1972; 

103 

Danforth, 1965). Both the effect on cell membrane permeability to 

glucose (Arvill, 1967) and the activity of the enzyme, glycogen 
II 

synthetase <Bergstrom et al, 1972) are favourably affected by the 

presence of low glycogen levels. As the glycogen levels were 

considerably higher in the active leg of seven of the eight subjects 

at 45 minutes post-exercise (one discrepant result appears to 

invalidate the significance of the mean resynthesis) and significantly 

<p<0,05) higher in the passive leg of the experimental group <N=B), 

this result could be attributed to the low post-exercise glycogen 

levels. 

ii) The finding that rapid glycogen synthesis occured during the 

partially-active recovery despite a hormonal milieu which was not 

conducive to glycogen synthesis (low insulin) or hepatic 

gluconeogenesis <low glucagon), appears to provide evidence that low 

glycogen concentration is a potent stimulus to glycogen synthesis that 

overrides the effects of low insulin and glucagon levels. 

iii) As increased lactate oxidation has been shown in both legs 

during one-legged activity (Poortmans et al., 1978), this is a further 

po56ible explanation for the apparently greater rate of resynthesis 

obtained during the active recovery (Pearce and Connett, 1 980). 

The control data obtained during Phase Two of the study indicates a 

higher (but insignificantly so, p > 0,05 ) mean rate of resynthesis 

during the 9(>-minute period of completely pa56ive recovery. This could 

be attributed to three factors: 
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D The lower mean post-exercise glycogen level (25,6 vs. 42,5 

umol.g- 1 wet mass) obtained during Phase Two of the study would appear 

to have provided a greater stimulus for glycogen resynthesis during 

the pa.se.ive recovery. 

ii) The hormonal milieu during this control phase, appears to 

indicate a more favourable climate for both glycogen synthesis (higher 

insulin levels) and hepatic: gluc:oneogenesis (higher gluc:agon levels). 

iii) The lower metabolic: demand of the passive recovery would however 

imply a comparatively reduced blood flow to the previously-active 

muscles (Belc:astro and Bc:men, 1975) and henc:e less lactate oxidation 

(Jorfeldt, 1970). 

When the comparatively negative effect of the lesser degree of 

lactate oxidation in the passive leg on glycogen synthesis is seen in 

the light of the apparent positive ef~ects of the low glycogen levels 

and more favourable hormonal milieu, this well explains the 

insignificantly different result obtained in this study. 

In those individual subjects who showed little or no resynthesis of 

glycogen during the respective recovery protocols, it is possible that 

their result was related to musc:le fibre type (Conlee et al. 1978). 

Furthermore, the possibility of inadvertent inclusion of connective or 

adipose tisue in the biopsy sample, is also a factor whic:h may have 

c:aused these occasional discrepancies in result. 

In c:onc:lusion, it would thus appear that the 45 minutes of light, one

legged activity during recovery, did not result in physiologically or 

statistically significant impairment of glycogen synthesis during the 

first 90 minutes of recovery. It would appear that the low post

exercise glycogen values and concomitantly high muscle lactate 

c:onc:entrations provided an overriding stimulus for glycogen synthesis; 

that the light activity resulted in a greater percentage of the 

lactate being oxidized and hence smaller relative contributions of 

lactate to hepatic: gluc:oneogenesis and intramuscular glyc:oneogenesis; 



and that the hypothesized effect of increased lactate oxidation on 

glycogen synthe.is appears to be a distinct p056ibility. 

Muscle Lactate 

A major shortcoming of the muscle lactate result in this study is the 
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size of the sample <N=4 at 45 min; N=2 at 90 min ) , However, the 

consistency of the trend in all subjects suggests that certain 

tentative conclusions may be reached. 

Both resting and post-exercise values were slightly elevated when 

compared to values reported by other researchers <Karl!:60n, 1971; 

Sahlin et al., 1976; Green, 1978). This could perhaps be attributed 

to a brief delay in the freezing of the tissue despite all attempts 

made to avoid this. In retrospect, the use of isopenthane which 

quick-freezes tissue, would probably have resulted in more accurate 

muscle lactate levels. However, as all tissues were treated in an 

idential fashion, the results obtained are considered comparable. 

The high post-exercise tissue lactate values reflect a high exercise 

workload and are consistent with the high blood lactate and the low pH 

levels obtained in this study. The finding that all values obtained 

at 45 minutes were higher than the initial resting values, confirms 

the trend shown by the blood lactate and pH values of this study. As 

was found with blood lactate levels, these elevated values could be 

attributed to a suprabasal production of lactate in the active muscle 

' fibres at the working intensity of 40 percent of one-legged V02 max 

(Stamford et al., 1978). 

The elevated values obtained in the pasive leg at 45 minutes appear 

to confirm the theory of Poort mans et al. ( 1978) and the findings of 

Ah lborg et al. ( 1975) and Felig et al. < 1983). It is p056ible that 

these elevated muscle lactate values at 45 minutes could be attributed 

to two factors: 



(a) The increased metabolic: activity in the passive leg whic:h led to 

the production of lactate by this tisue. 

(b) The posi.bility that the passive leg acted as a ,. lactate-sink,., 

storing lactate whic:h was previously produced by the active leg. 
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The finding that all muscle lactate levels were higher in the active 

leg when compared to the passive leg at 45 minutes appears to indicate 

that the metabolic: activity was greater in the active leg. This was 

not shown by differences in the rate of muscle glycogen resynthesis 

between legs and perhaps indicates a greater contribution of exogenous 

glucose to glycolysis in the active leg (Fell et al., 1980; Ahlberg 

and Felig, 1982; Gaesser and Brooks, 1980). 

INTEGRATED METABOLIC RESPONSE 

From t he discussion of the results of eac:h individual parameter 

measured, it can thus be concluded that: 

(a ) One-legged activity during recovery facilitated the removal of 

blood lactate and protons during the initial 30 minutes of the 

recovery period; during the latter 15 minutes of active 

recovery, these parameters appear to indicate that the activity 

during recovery actually impeded the recovery proc:ec_s. This was 

also confirmed by the elevated muscle lactate levels obtained in 

both legs at 45 minutes. However, over the longer term, no 

persisting advantage or disadvantage appears to be likely. This 

was shown by the insignificant differences obtained from control 

and experimental data in both blood and muscle parameters at 90 

minutes post-exercise. 

(b ) The hormonal milieu which existed during the period of one-legged 

activity (low insulin, low glucagon levels), was not conducive to 
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glycogen synthesis and hepatic gluconeogenesis. It would appear 

that the unfavourable hormonal milieu was overriden by 

the presence of low post-exercise glycogen levels in the 

previously active skeletal muscles. 

(c) As both blood alanine and pyruvate concentrations showed no 

significant increase during either recovery protocols, it would 

appear that these did not provide an important outlet for lactate 

removal. 

(d) Restoration of glucose homeostasis was not significantly affected 

by the partially-active recovery protocol. Although mean glucose 

levels were low during the latter phase of the recovery, in the 

absence of measures of A-FV differences, it is not pOS6i.ble to 

conclude whether these low blood values were due to increased 

glucose uptake or decreased hepatic production. 

In view of the changes in the metabolic profile of both muscle and 

blood during the course of the respective 90 minute recovery periods, 

final and integrated analysis of the results of the experimental 

protocol will be subdivided into three stages of the recovery. 

Schematic representations of the first two stages are given in Figures 

S, 1 and 5,2. 



A. 5-30 MINUTES POST-EXERCISE 

1. Active Leg: During the first 30 min. of recovery, blood lactate 

values revealed a rapid removal of lactate from blood. This could be 

attri buted to numerous factors: 

( a ) It is hypothesized that reduced glycolytic activity during 
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the immediate post-exercise recovery period resulted in the 

formation of les pyruvate, which, in turn, decreased the 

NADH/NAD ratio, and caused the LOH reaction to favour the 

oxidation of lactate to pyruvate. It is pOSE.ible that much of 

this pyruvate was oxidized in the mitochondria and that lactate 

thus provided the substrate necessary to fuel the one-legged 

activity. It is unlikely that FF A would have provided much of 

the substrate in these. early stages of recovery, as it has been 

shown that high lactate concentrations inhibit FF A 

mobilization <Fredholm, 1971 ), Furthermore, it is pOSE.ible that 

this high rate of lactate oxidation stimulated glycogen synthesis 

via the hypothesized change in redox state <Pearce and Connett, 

1980; Opie, 1976 ). 

(b) As it is known that high lactate concentrations stimulate 

the action of FBP in fast-twitch musc:le fibre <McLane and 

Holloszy, 1979) it is pOSE.ible that part of the pyruvate was 

converted to glycogen in the fast-twitch musc:le fibres of the 

active m usc:le. 

(c ) The high musc:le-blood lactate gradient prevalent during 

these early stages of the recovery could have resulted in the 

diffusion of lactate into the bloodstream <as is reflected by the 

high blood lactate values obtained during the early stages) and 

an uptake of lactate by the liver. Lactate is known to be the 

preferred gluconeogenic precursor of the liver (Dietze et al. , 

1976 ). 
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(d) Other important sources of lactate uptake are the heart 

(Carlsten et al, 1961 > whic:h is known to oxidize the lactate and 

the inactive tissue <Poortmans et al, 1978) in which the lactate 

is thought to pool during one legged activity. In view of the 

increased work of the heart during the ,·active/ phase of the 

recovery and the existenc:e of high blood lactate c:oncentrations, 

it is possible that the heart could have accounted for a large 

percentage of the lactate removal from the blood. 

It would thus appear that during the first 30 

fate of lactate in the active leg was oxidation; 

musc:le glycogen could have been attributed 

glyconeogensis and from blood glucose 

minutes, the primary 

that resynthesis of 

to both intramusc:ular 

derived from hepatic 

gluconeogenesis with lactate as precursor. In the absence of carbon 

labelling of the lactate and measures of A-FY lactate and glucose 

differences, it is, however, not possible to quantitate the exact 

contributions of these respective removal sites. 

2. Passive Leg: It is theorized that (a) less oxidation of lactate 

took place due to the decreased metabolic demand; (b) glycogen 

resynthesis via muscle glyconeogenesis and hepatic gluconeogenesis 

were distinct possibilities; but (c) that much of the lactate could 

possibly have travelled to other removal sites, e.g. inactive muscle 

tissue and the heart, and (d) possibly also to the active leg due to 

an hypothesized lactate gradient (because more lactate was presumably 

oxidized in the active leg, the tissue lactate in this leg is thought 

to have been lower), 

As is apparent from the insignificantly different muscle glycogen 

levels at 45 minutes, similar rates of glycogen resynthesis were 

present in both the active and passive legs. This appears to confirm 

the effect of intramuscular glycogen level as an overriding stimulus 

for glycogen synthesis (as the post-exercise glycogen levels in both 

legs must have been approximately the same). 
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A shortcoming of this study was the absence of muscle tissue data at 

30 minutes post-exercise, and A-FV differences of blood lactate and 

glucose concentrations, which would have been able to confirm or 

reject these hypotheses. 
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Figure 511: 5-30 Minutes Post-Exercise: The proposed fate of muscle 

lactate during one-legged active recovery. The 

asterisks indicate activation of the enzymes. ' Active 

muscle' refers to actively recruited muscle fibres 

within the active leg. 
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B. 30-45 MINUTES POST-EXERCISE 

1. Active Leg: During the 30-45 minute period, blood lactate values 

remained elevated above basal levels. Furthermore, muscle lactate 

levels in the active leg were also slightly elevated (above pre

exercise levels and above those of the passive leg). 

It would appear that in view of the increased NADH•/NAD ratio which is 

a.s50Ciated with low muscle lactate concentrations, the LDH reaction 

favours lactate formation. Oxidation of lactate would therefore 

become less likely and glycogen or blood glucose degradation, together 

with FF A mobilization, pose.ib ly fuelled the one-legged activity in the 

active leg. 

This could have thus accounted for (a) suprabasal lactate production 

(b) concomitant inhibition of FBP in the active fast-twitch fibres of 

the active leg and (c) lower rates of glycogen resynthesis due to 

lower rates of lactate oxidation. 

It is thus probable that the main removal sites of lactate were the 

liver and kidney cortices, the heart and other inactive muscle tissue 

and that oxidation in the active tissue played a comparatively lesser 

role during this latter stage of the active recovery. The elevated 

muscle lactate values obtained in the active leg at 45 minutes post-

exercise, appeared to confirm this. It is also likely that blood 

glucose derived from hepatic gluconeogenesis was the major source of 

glycogen resynthesis and that exogenously supplied glucose resulted in 

elevated g-6-p levels which both stimulated glycogen synthetase and 

fuelled the glycolytic pathway. It is unlikely that glycogen 

degradation could have taken place under these circumstances. It 

would also appear that the effects of the low insulin levels on 

glycogen synthetase, were overriden by (a) low glycogen levels and (b) 

high g-6-p levels. 



2. Pas.s.ive Leg: The pa55.ive leg had above-basal, but significantly 

lower muscle lactate levels than the active leg at 45 minutes post

exercise; the rate of glycogen resynthesis was, however, not 

significantly different to that of the active leg. 

From this result, it would appear that reduced metabolic activity in 

the passive leg resulted in les suprabasal production of lactate 

during this latter phase of the -'active-' recovery; that inhibition of 

FBP also took place due to lower muscle lactate levels; but that 

redistribution of blood flow away from the inactive tiS6Ues resulted 
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in less oxidation of the remaining lactate which "pooled-' in the 

inactive leg muscle. From the elevated blood concentrations, it is 

however likely that most of the lactate diffused into the bloodstream 

and that glucose derived from hepatic gluconeogenesis was the major 

contributor to glycogen resynthesis. 

A redistribution of blood flow away from the splanchnic region and 

lower lactate concentration could have resulted in a lower rate of 

resynthesis during this latter phase of the "active" recovery. As 

biopsies were not done at 3() minutes post-exercise, this study was, 

however, not able to confirm this. The effect of the hypothesized 

lower rate of oxidation on glycolysis (Pearce and Connett, 198()) is 

another possibility requiring further investigation. 
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Figure 5,2: 31r45 Minutes Post-Exercise: The proposed fate of muscle 

lactate during one-legged active recovery. The 

asterisks indicate activation of the enzymes. / Active/ 

muscle refers to actively recruited muscle fibres within 

the active leg. 



C. 45-90 MINUTES POST-EXERCISE 

This period of passive recovery was characterized by (a) less 

consistent glycogen resynthesis than recorded during the first 45 

minutes of ;active'·-recovery and (b ) low muscle and blood lactate 

levels. 
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It is very likely that the les consistent and statistically 

insignificant <p>0,05 ) glycogen resynthesis is attributable to the 

higher intramuscular glycogen levels which were present after 45 

minutes of oxidation; however, the presumably lower rate of lactate 

oxidation due to the decreased metabolic demand and hence blood flow 

to the previously active musculature, may also have contributed to 

this result. 

As le56 substrate was required to fuel the Krebs Cycle 

passive recovery, oxidation is thought to have played a 

smaller role during this phase of the recovery protocol. 

during the 

relatively 

From the 

data available in this study, it is not possible to conclude whether 

both muscle glyc.oneogenic and/or hepatic gluconeogenic processes 

contributed to the glycogen resynthesis and what their relative 

contributions were; this remains an open question. 
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CHAPTER SIX 

CONCLUSION 

With respect to the major problem with which this thesis has concerned 

itself, the following final conclusions can be made: 

i) Although it was hypothesized that light activity during recovery 

would s low down the rate of glycogen resynthesis, as lactate which 

could otherwise have served as glyconeogenic and gluconeogenic 

precursor, is being oxidized to fuel the activity, this study is 

unable to confirm this. The major finding of this thesis thus rejects 

the original hypothesis which was set in Chapter One. 

ii) Blood lactate and pH levels revealed that lactate and proton 

removal was only facilitated by a ·one-legged active, post-exercise 
• recovery at approximately 40 percent of one legged V0 2 max, during the 

first 15-20 minutes post-exercise. This was confirmed by the elevated 

muscle concentrations obtained in the active leg at 45 minutes post

exercise. 

iii) Suprabasal lactate levels in the passive leg at 45 minutes post

exercise and insignificant differences between the glycogen levels in 

the active and passive legs, appear to indicate increased metabolic 

activity and/or pooling of lactate in the passive leg during one-
• legged exercise at approximately 40 percent of one-legged V0 2 max. 

It would thus appear that light activity during the immediate post-

exercise recovery period, is advantageous to the athlete as it 

a ) facilitates lactate removal 

b) does not significantly impair glycogen resynthesis 

The intensity and duration of this activity must, however, be adapted 

to the intensity of the preceding exercise and the fitness levels of 

the subjects. 



As increased light activity in one limb has been shown to result in 

metabolic adaptations in other limbs, this also could have important 

relevance to the athlete competing in sporting events in which 

different sets of limbs are used in succession. Post-exercise 

activity of too high an intensity in one set of limbs may impede the 

recovery process in other previously-active limbs. 

11 7 
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CHAPTER SEVEN 

RECOMMENDATIONS FOR FUTURE STUDIES 

It appears that a progrese.ively decreasing workload 20-30 minutes in 

duration, would lead to optimal intramuscular lactate removal and 

glycogen resynthesis after maximal intermittent exercise. This 

hypothesis requires scientific verification. 

The controversy regarding the relative contribution of muscle 

glyconeogenesis directly from lactate or from glucose derived from 

hepatic gluconeogenesis to muscle glycogen resynthesis in humans after 

maximal exercise, is yet unresolved. Carbon labelling of exogenous 

lactate and glucose which is infused into glycogen depleted human 

skeletal muscles, and measurement of A-FV differences of lactate and 

other blood substrates, would perhaps shed more light on the subject. 

In view of the possible confirmation of the findings of Pearce and 

Connett (1980) that increased lactate oxidation may stimulate glycogen 

synthesis, a study of the NADH/NAD ratio of the cell during /active" 

recovery from maximal exercise, would also provide valuable information. 



APPENDIX A 

TEST DESCRIPTIONS 

1. INCREMENT AL EXERCISE TEST 

adapted from Jones and Campbell ( 1982) 

Apparatus: 

Calibrated Monark mechanical cycle ergometer 

Hans Rudolph non-rebreathing valve, tubing, nose-clip 

Parkinson Cowan CD.,. Dry Gas Meter 

One-lead Electrocardiograph Monitor 

Multi-channel Mingograph 82 Chart Recorder 

Applied Electroc:hemistry Inc. S3A 0 2 -analY"Ser 

Morgan 901 Ml( 2 infra-red CO 2 -analyser 

Expired Gas Mixing Chamber 

Tektronix 4052 Microcomputer 

Method: 
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The equipment is set up and the 0 2 and CO 2 analysers are calibrated 

against gases of known composition previously analysed using the 

Lloyd-Haldane method. The room temperature, barometric: pressure and 

relative humidity are recorded. 

The patient's height and weight are measured and spirometry (vital 

capacity and forced expired volume in one second) is performed. The 

skin is first prepared by acetone and abrasion with a nylon scourer 

after shaving. Electrodes are then placed in a modified CM:, position. 

The subject is seated on the ergometer and saddle height is adjusted 

to ensure that the knee is almost fully extended at the bottom of the 
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pedal stroke. 

positioned so 

The mouthpiece and the respiratory valve assembly are 

that the subject is leaning forward and has a 

comfortable neck position. 

Basal values of heart-rate, ventilation, mixed expired-0 2 and -CO 2 and 

end-tidal CO 2 are obtained while the subject rests on the cycle for a 

few minutes. An initial workload of 10(> kpm. min- 1 (±_17'w) is imposed. 

The subject is required to maintain a pedalling frequency of 50 rpm in 

time with a metronome throughout the incremental protocol which 

involves an increase of 10~ kpm. min- 1 at the end of each minute. 

The chart recorder is run at 2.5 m m.s- 1 during the test while 

recording outputs from the dry gas meter, 0 2 and CO 2 analysers and ECG 

monitor. For the last 5 seconds of each workload the paper speed is 

increased to 25 m m.s- 1 to enable heart rate to be read. End-tidal gas 

is sampled for CO 2 for the first 10 seconds of each workload, 

thereafter mixed expired gas is analysed. 

Throughout the test, the subject is encouraged to pedal steadily and 

regularly. In the latter stages of the test, the subject is 

questioned regarding his ability to continue at the end of each minute 

and when he indicates that he is no longer able to continue, the 

workload is reduced, the mouthpiece removed and the subject is asked 

to turn the pedals against a minimal load for 1-2 minutes to warm

down. 

Data Analysis 

The following data are analysed off-line and entered into a worksheet 

for later entry into a custom-written programme running on a Tektronix 

40S2 Microcomputer: 

i) Heart-rate: This is measured using a standard heart-rate 

measuring ruler. 
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iD Respiratory Volume: The length of the paper in one minute is 

measured at slow paper · speed to provide the time sweep. The 

vertic:al distanc:e of a deflection of the dry-gas meter on the 

c:hart recorder is measured in millimetres to provide the volume 

sweep. During each minute of exercise the dry ga.:r-meter trac:e is 

analysed by measuring the horizontal distanc:e between similar 

phases of respiration in one or more dry gas meter sweeps to 

provide a value for the time deflection. The vertic:al distance 

swept out by the dry gas meter in that time deflection is 

measured in millimetres to obtain the volume deflection. The 

number of breaths in eac:h time-deflection, are counted. 

iii) Gas Measurements Calibration graphs for 0 2 and CO 2 are drawn 

using the trac:es for known gases sampled before and after the 

test. The end-tidal gas fraction is measured against the C0:2 

graph and the mixed ~xpired 0 2 and CO 2 fractions are read taking 

into ac:c:ount delays caused by tubing and mixing c:hamber dead 

spac:e and analyser delay. 

Computer Calculations: 

The computer program me performs the following calculations: 

D BTPS- and STPD factors using formulae from Cotes <Blackwell~ 

1979). 

. . ) 
ll, 

volume deflection 
Minute = + 

V~ntilation volume sweep 
[V::i: <ATPS ) J 

T sweep 
x volume 

T deflection factor 

The volume factor is obtained from regular calibration of the dry gas 

meter against a Tissot spirometer. 

No. of breaths x T sweep 
iii) Respiratory Rate = 

T deflection 



iv) Minute volume -= Vz<ATP&> X BTPS 

v) VT = Minute Volume / Respiratory Rate 

• • vi) VC02 = Fs;:CO:a X Vs:(&TPO) 

vii) 

• • where Vs:<a-rPo> = Vz X STPD factor X .7904 / Fs:N:a 

' CV1(8TPO) X 0,2093J - CFs;:02 X Vs;:(&TPO)J 

. " 
viii) R = VCO:a / VO:a 
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The program me tabulates these values and provides a print-out of 

calculated values against workload. 



2. MUSCLE BIOPSY TECHNIQUE 

II 
Method adapted from Bergstrom (1962) and Evans et al. (1982). 

Equipment 

5 mm Stainles steel biopsy needle set <Stille Werner) consisting of 

stylet, hollow cylinder and hollow needle with window 

20 m 1 Disposable syringe (Medispo) 

Extension tube, 84 cm long, 3,3 mm in diameter <Medical grade tubing) 

Plastic catheter adaptor (Tomac, 21627-010) 

2ml Disposable syringe (Medispo) 

Injection needle (Neolus), antiseptic (Savlon>, razor 

Steri-Strip skin closures (Ethicon) 

Lignocaine 1 % (Propan Pharmaceuticals) 

Surgical blade <Feather-Lames de BistourD 

Method 

Prior to the biopsy, a plastic catheter adaptor (Tomac, 21627-010) is 
inserted into the central channel of the biopsy needle. An extension 
tube is used to connect the adaptor to a 20 m 1 disposable syringe 
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according to the method of Evans et al. < 1982). The needle set and 

forceps are sterilized. 

The area above the belly of the vastus lateralis muscle <about 15-20 

cm above the knee) is shaved, cleaned with Savlon and the skin and 
outer layer of subcutaneous ti56Ue is locally anaesthesized with ±_2ml 
of Lignocaine < 1 %). A sterile surgical blade is used to make an 

incision ±. 1 cm in length through the skin, subcutaneous tisue and 
the fascia overlying the muscle. The tip of the biopsy needle with 
inner cylinder closed is rapidly introduced ±. 2.5 cm deep into the 
muscle. The inner cylinder is then retracted a few centimetres while 
the outer needle remains in place. An ase.istant pulls back the 
plunger of a 20 ml syringe causing a suction force which pulls the 
surrounding muscle ti56Ue into the central opening of the needle. 



While maintaining suction, the central cylinder is then pushed in· 

sharply, cutting off a small piece of muscle which has protruded into 

the central bore of the needle. As soon as the cutting blade is 

closed, the suction is immediately released. 
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The whole needle is rapidly removed from the muscle and immediately 

immersed in liquid nitrogen in order to freeze the biopsy tissue. A 

sterile forceps and the stylet are then used to extract the frozen 

piece of tiS6Ue from the needle. This is placed into an Eppendoff 

tube and kept in a freezer at -eoac until analyzed. 

The incision is closed with Steri-Strip plaster and a compression 

bandage is applied over the biopsy site. The muscle biopsy needles 

are then re-sterilized prior to subsequent use. 



125 

APPENDIX B 

BIOCHEMICAL ASSAY DESCRIPTIONS 

1. BLOOD LACTATE 

Method adapted from Bergmeyer (1974) and Gutmann and Wahlefeld (1974) 

Princ:iple 

The enzyme LOH c:atalyses the following reversible reaction: 

LOH 

PYRUVATE .~ > LACTATE 

NADH NAO+ 

In the presenc:e of an exc:es of NAO· and LOH, and at a highly alkaline 

pH nearly all the lactate is c:onverted to pyruvate. The amount of 
NAO· whic:h is c:onverted to NADH is measured spectrophotometric:ally at 

A~~o and bec:omes a measurement of the lactate originally present. 

Although an exc:es of NAO· ensures the reaction moves from right to 

left, the reaction will not go to c:ompletion unles the pyruvate end

product is removed. This is ac:c:omplished by the addition of hydrazine 

to form a c:omplex with the pyruvate. Thus, the reaction c:an go to 
c:ompletion in a muc:h shorter time. Sinc:e lactate is the only molec:ule 

that will participate readily in this partic:ular reaction, it bec:omes 

an extremely reliable assay for that substanc:e. 

Reagents 

i) 0.6N perchloric ac:id 

Dilute 5.2ml 70% PCA to 100ml with water 



iD Hydrazine/glycine buffer pH 9.0 

9.7ml hydrazine/SOOml water = 0.4M 

18. 77g glycine/SOC>m 1 water = 0.5M 

iii) NAD solution <:t30mM) 

Di5601ve 10C>mg NAD in 5ml water <Store in freezer) 

iv) LDH suspension (:!:_ 5mg protein/ml) 

Use enzyme suspension without dilution <Store in 

freezer) 

Assay Method 

1) Pipette the following into cuvettes <Use 2 blanks per assa.y): 

BLANK TEST 

Buffer 1.0ml 1.0ml 

NAO 0,1 ml 0,1 ml 

Supernatant 0,1ml 

Perch loric acid 0,1 ml 

2. Mix. Read Ei at 340nm after 5 minutes. 
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3. Add 1,0 ml LDH to each cuvette. 

warm room (37 ... ) for 30 minutes. 

Incubate the test-tubes in a 

4. Measure E2 at 340nm. 

5. Determine A E of blank and test samples. Subtract .Ll E of blanks 

from A E of test samples to determine L'.l E as used in the 

calculation. 



Calc:ulation 

The following c:alc:ulation is used to determine the 

c:onc:entration in pmol.m1- 1 • 

tot.vol.in c:uvette 
~Ex------

vol. supernatant 

vol.blood + PCA 1 
X X 

vol. PCA 6,22 

[6.22 = the molar extinction c:o-effic:ient of NADHJ 
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lactate 



128 

2. BLOOD PYRUVATE 

<Method adapted from Czok and Lampbrec:ht, 1974) 

Extraction and Preparation of Blood: In view of the very labile nature 

of pyruvate, spec:ial c:are was taken to ensure that the blood sample 

was deproteinized immediately after extraction. The assay was 

performed directly after completion of the testing protocol. 

Principle 

The measurement of pyruvate is based on the following reaction: 

LOH 

Pyruvate + NADH + H+ <-·-----> Lactate + NAO+ 

The oxidation of NADH is propo~tional to the amount of pyruvate 

converted and is measured by the change in extinction at 340nm brought 

about by the addition of LOH to a reaction mixture consisting of Tris 

Buffer, NADH and sample. 

Reagents 

Tris Buffer 12,114 g Tris; 0,931 g 2Na.EDTA,76,B ml of \N HCl .. 

(pH = 7,6) and made up to final volume of 500 ml 

with distilled H2 0. 

NADH { 6mM ) Dissolve 10mg NADH Na2 in 2 ml of distilled H 2 0 

LOH (0,5 mg protein.m1- 1 ) 

KOH 1,55 N B,7 g.100 ml distilled H2D 
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For standard: MPA: <Metaphosphoric Acid) 15g in 500 ml 

distilled H20 

Na Pyr: 1,101 g in O,lN Hcl made up to 100ml 

distilled H20 (stock). 

Add 5 ul of stock to 10 ml MPA. 

Method 

1. Pipette into cuvettes: 

Sample 0,8ml 0,8ml 

Tris Buffer 1,2ml 2,0ml 1,2ml 

NADH Solution 0,04ml 0,04ml . 0,04ml 

2. Mix each tube individually and read ,g.xtinctions on the 

spectrophotometer at 340 nm a~er 5, 10 and 15 minutes. 

Extrapolate to the time of LOH addition and determine E1, 

3. Add 0,02ml LOH to all tubes. Mix well and allow to stand at 

room temperature for 15 minutes. 

E2. 

Calculation 

Read again at 340 nm to obtain 

As the deproteinization is carried out in the proportion of 2 ml blood 

to 6 ml PCA, calculations of pyruvate content are simplified to : 

1,83 x~E ~mol.m, 1 J. 
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3. SERUM D-GLUCOSE 

The serum D-Glucose concentration was determined using the Boehringer 

Mannheim GOD-PAP Glucose Kit <Cat. No. 166391) on a Technicon 

Autonalyser. 

Principle 

Glucose oxidase (obtained from Penicillium notatum) catalyses the 

reaction: 

glucose + 02 + H:aO ---> gluconate + H2 0 2 

The hydrogen peroxide produced in the reaction is then assayed using 

peroxidase (obtained from .horse radish) to bring about a colour change 

in the 4-aminophenazone: 

2H202 + 4-aminophenazone + phenol ---> 

4-<p-benzoquinone-mono-imino)phenazone + 4H 2 0 

The change in absorbance at SOJ-520 nm is then proportional to the 

glucose concentration in the test solution. 

Reagents and Apparatus 

The glucose GOD-PAP Test Kit contains: 

Bottle 1: Buffer/enzymes/4-aminophenazone 

Bottle 2: Phenol 

DiSc,Olve the contents of bottle 1 in 200m 1 redistilled 

water and add the contents of bottle 2. Store this 

reagent mixture in a dark bottle at +4°C. 
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URAC deproteinizing solution <Boehringer Mannheim. Cat. No. 125415) 

Hyland Q-?ak Chemistry Control Serum <Hyland, Costa Mesa, Ca., USA, 

Cat. No. 045-030) 

Technicon Autoanal"YSer II. 

Assay Method 

To 0,1 ml serum is added 1 ml URAC solution and the mixture is 

centrifuged to remove the precipitated protein. This is done within 4 

hours of taking the blood. The supernatant is used for the assay. 

The Hyland Control Serum ("Standard·' ) is treated in the same way. A 

-'blank" is prepared from distilled water and the URAC reagent. 

The autoanalySer mixes 1 part of the supernatant with 10 parts of the 

reagent mixture. This is incubated for 10 minutes at 37°C, and the 

absorbance is then measured at 50<r-520 nm (A). 

Calculation 

The concentration of glucose in the serum is calculated from the 

following formula: 

serum glucose concentration _sumol.ml- 1 ) = 

x glucose concentration in standard 
Aat:andard - Ao1anl< 

Reproducibility of the Analyajs 

The coefficient of variation for the analysis was 1,5% for multiple 
(up to 10x) analyses of different blood samples. 
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4. SERUM L-ALANINE 

Method Marianne Grass. <Bergmeyer, 1974) 

Principle 

(1) L-Alanine + 2 Oxoglutarate / GPT Pyruvate + L-G lutamate. 
I 

(2) Pyruvate + NADH = H· L.D.H. > L-Lac:tate + NAO• 

The decrease of NADH, as measured by the change of extinction at 
340 nm, is proportional to the amount of L-alanine present. 

Reagents 

1. Hydrochloric acid, A.ij., 1 N. 

2. Tris-hydroxy methyl-amino m etha~e, tris 

3. Sodium hydroxide, A.R., 1 N 

4. 2-0xoglutarate, OxoG 

free acid; commercial preparation 

5. Reduced nicotinamide-adenine dinucleotide, NADH 
disodium salt, NADH-Naa; commercial preparation 

6. Lactate dehydrogenase, LD H 

from rabbit or pig muscle crystallized, solution in 50% glycerol 
(v/v);2.. 500 U.mg- 1 • (25°C); commercial preparation 

7. G lutamate-pyruvate transaminase, GPT from pig heart, suspension 
in 3.2 M ammonium sulphate solution; 2.. 80 U/mg. (25°C); 
commercial preparation. 



Assay Method 

(1) Pipette the following volumes (ml) into cuvettes for the blank 

and samples: 

BLANK SAMPLE 

Tris Buffer 0,917 0,917 

Sample 0,017 

Oxoglutarate 0 ,033 0,033 

NADH 0,01 7 0,01 7 

LOH 0,005 0,005 

H20 0,017 

(2 ) Mix the contents of the cuvette thoroughly. Read extinction <E1 ) 

at 340nm. 

(3) Add 0,013 G PT to both sample and blank cuvettes. 

( 4) Mix thoroughly. After 60 minutes, read the extinction every 5 

minutes until the readings begin to plateau <E2), 

Calculation 

The following calc:ulation is used to determine the L-alanine 

concentration in/mol.mr 1 serum. 

Vol. in cuvette & (Sample) - ~E<Blank ) 
X 

Vol. sample 6,22 

[6.22 = molar extinction coefficient of NADHJ 

133 



134 

5. PLASMA GLUCAGON <IMMUNOREACTIVE) 

PRINCIPLE 

The radioim munoassay is described by the following formula: 

antigen (standard or endogenous) 

+ 
12:sI antigen 

+ antibody ~<==;. 7 

antigen-antibody 

+ 
12:sI antigen-antibody 

The unlabelled antigen competes with the labelled antigen for a 

limited number of antibody binding sites, thereby reducing the amount 

of labelled antigen bound to the antibody. The level of radioactivity 

bound is therefore inversely related to the concentration of antigen 

in the subjec:t"s sample, or . in the standard. 

After adequate incubation, the bound and free fractions are separated 

and the radioactivity quantitated in a scintillation gamma counter 

adjusted for maximum efficiency for measurement of the radioactive 

tracer. 

Finally a standard curve is plotted and the concentration of the 

antigen in the subjec:t"s sample is determined from the standard curve. 

Reagents and Apparatus 

Glycine diluent (0,2 M glycine) 

15,01 JJ9 glycine and 5,85 g NaCl are diS501ved in about 700m 1 

distilled water. Adjust pH to 8,8 with 1 M NaOH. Add 12,5 ml 

20% human serum albumin, 10 ml normal rabbit serum, and 50ml 

Midran <Novo Industries, Johannesburg. Reg. No. H/32/197) . 

Adjust volume to 1 litre with distilled water. 
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1 25I-G lucagon 

5 ug porcine glucagon <Eli Lilly, Indianapolis, Ind., U.S.A lot 

No. 258-V016-235) is labelled by the oxidation-reduction method 

of Hunter and Greenwood (366), and purified on a QAE-Sephadex A 

25 anion exchange column according to the method of/ Jorgensen and 

Larsen (367). 

Antibody 

The pancreatic specific antibody 30 I( was obtained from Roger H. 

Unger (University of Texas, South Western Medical School, Dallas, 

Texas, U.S.A.). Dilute to a final dilution of 1 :250 C>OO. 

Charcoa 1-D extran Suspension 

15,01 g glycine and 5,85 g NaCl are diS501ved in about 7('1(.> m 1 

distilled water, and t~e pH is adjusted to B,8 with 1 M NaOH. To 

this is added 5 g activated charcoal (Sigma, St. Louis, U.S.A. 

Cat. No. 65C-0171) and 2,5 g Dextran T 70 (Pharmacia Fine 

Chemicals, Uppsala, Sweden. Cat. No. 1730). Adjust volume to 

1 litre with distilled water. 

Autogamma Scintillation Spectrometer <Packard). 

Procedure 

0,25 ml Midran <Novo Industries, Johannesburg. Reg. No. H/h/37/197) 

and 50 IU of heparin (Labethica, Reg. No. J/8.2/405) are added to a 

5 m 1 glas tube. 2,5 m 1 venous blood is added to this mixture, 

stirred by shaking and immediately chilled to OOC. It is then 

centrifuged to remove the red blood cells. 

The separated plasma is then stored at -200C until needed. 



Specimen 

To 200 JJl of plasma in a 5 m 1 cuvette, add: 

600 fl glycine diluent 

100 ;1 antibody solution 

10) µl 1 zisI-glucagon solution 
> 

1,(X) ml final volume 

Vortex mix. 

Standards 

Standards are prepared from porcine glucagon <Eli Lilly, 

Indianapolis, Ind. U.S.A. Lot No. 258-V016-235) in glycine 

diluent. A stock solution of 0,01 mg/ml is stored at -20C>C. On 

the day of the test this is serially diluted in glycine diluent 

to give standard solutions pf 2500, 10C>O, 500, 250, 10C>, 50 and 

25 pg/ m 1, using a Mic:roMedic: Diluter. 

To 200 )-11 of each standard solution in a 5 ml cuvette add: 

600 pl glycine diluent 

100 ;il antibody solution 

100 ,ul i:zisl-gluc:agon solution 
; 

1,0Ci m 1 final volume 

Vortex mix. 

Non-Specific Binding 
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Total charcoal absorption of the labelled antigen is measured by 

omitting the antibody, standards or the sample plasma from the 

cuvette. Non-specific charcoal absorption of the subject"s plasma is 
measured by omitting the antibody: 

To 800 fl glycine diluent in a 5 ml cuvette add: 

100 fl antibody solution 

100 ~1 1 zis1-gluc:agon solution ; 

1,00 ml final volume 



To 200 µ1 of plasma in a 5 m 1 cuvette add: 

700 ,ul glycine diluent 

100 ,ul 1 2 151-glucagon solution 

1,00 ml final solution 

Vortex mix. 

Incubate all the cuvettes for 3 days at +4°C. 

137 

Then add 0,2 ml normal horse serum to the standards and tubes without 
plasma; and add 0,2 ml glycine diluent to the cuvettes containing the 
plasma samples. Vortex mix. _Add 0,5 ml charcoal-dextran suspension, 
and Vortex mix again. 

Incubate at +4°C for 20 minutes, and then centrifuge at the same 

temperature for 15 minutes at 2000 G. 

Carefully decant the supernatant; avoid disturbing the precipitate. 

Measure the radioactivity of the precipitate (unbound 1215!-glucagon) 

in all the cuvettes on the gamma scintillation counter for 10 minutes 
or for 10 (,00 counts. 

Calculation 

The following calculation is performed on each sample and standard: 

unbound 1215!-glucagon x 100 
100 % 

total non-specific charcoal absorption 

as an expre:E.i.on of the percentage binding which has taken place. The 
percentage binding is plotted against the concentration of glucagon in 
the standards on log - linear paper to construct a calibration curve, 
from which the concentration of glucagon in the unknown is obtained by 
interpolation. 
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Reproducibility 

The coefficient of variation for the im munoreactive glucagon 

estimation was 12,7,. for 10 readings of 2 different blood samples. 

The coefficient of variation for the im munoreactive growth hormone 

estimation was 9,6% for 10 readings of a single blood sample. 

The coefficient of variation for the immunoreactive insulin estimation 

was 7,1 % for 10 readings of 2 different blood samples. 
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6. SERUM IMMUNOREACTIVE INSULIN 

The serum im munoreac:tive insulin concentrations were ase,a.yed using the 

PHADESEPH INSULIN RIA <Pharmacia Diagnostics AB, Uppsala, Sweden) 

radioi m munoase,a.y kits. The procedures followed for the determination 

of this hormone was exactly as described in the instructions which 

accompany the kit, and will therefore not be reiterated. 



1. 

a. 
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7. MUSCLE LACTATE 

Sample Preparation 

The approximate mass of the sample is estimated and 3-4 volumes 

of 3 M perchloric acid <PCA) is added to conical homogenising 

tubes for all samples. 

b. Working in a cold room at -2CPC, the tissue sample is kept in 

liquid nitrogen until used. The sample is powdered in a 

porcelain mortar with liquid nitrogen. An aliguot (approximately 

1 S percent of the required mass) of the sample is weighed out and 

transferred into a homogenizing tube ensuring that the PCA wets 

the tissue. The sample is kept frozen on dry ice. 

c. Each sample is homogenized in its tube with the matched pestle 

for about two to three minutes. Two to three volumes of distilled 

water is then added to the tube and the sample is homogenized for 

a further two minutes. The sample is kept on ice and centrifuged 

at 4°C in order to spin down the protein. Keeping the sample on 

ice, a known volume of supernatant is removed and neutralized 

2. 

<pH:7,0) with 2N KOH/0,4 M Imidazole base/0,4 M Kcl. The volume 

added to each tube is noted. 

Reagents: 

1. Hydrazine-Glycine Stock Solution 

Glycine 

Hydrazine sulphate 

Na:a EDT A 2H:a0 

7,5 g \.. 

5,2 g J 
0,2 ':I 

42 ml with H:aO 
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2. Hydrazine-Glycine Buffer, pH 9,5 

Hydrazine-Glycine Stock Solution 4,2 m 1 

5 M NaOH 2,2 ml 

H2 0 3,6 ml 

10,0 ml pH 9,5 

3. 2 mM Lactic Acid <M.M. 90,08) 

9 mg L(+) Lactic acid -> 50 ml with H2 0 

4. 50 mM NAD (98%) 36,6 mg -> 1 ml with H:aO 

5. LDH (1 mg protein/ml) 0,1 ML LDH (10 mg/ml) -> 1 ml with H2 0 

6. Reaction Mixture 

Hydrazine-Glycif")e Buffer, pH 9,5 

50mM NAD 

H 2 0 

Cuvette contents: 

Blank Standard 

Reaction mixture 0,88 0,88 

HaO 0,10 0,05 

PCA extract 

2mM Lactic acid std 0,05 

LDH (1 mg/ml) 0,02 0,02 

4,5 ml 

0,5 ml 

3,8 ml 

B,B ml 

Su12ernatant 

0,88 

0,05 

o,os 

0,02 

Add everything except L.D.H. to cuvette. 

density at 340 after 5 min. 

Mix. Read optical 

Add LDH. Mix. Read O.D.s .. o at 5/, 1CY, 15/ or until i'.lOD = C>. 
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4. Calculation: 

The lac:tate content (expresE>ed as JJmol lac:tate.g-°1 wet masG) is 

calculated from the following formula: 

Vol. PCA +H 2 0 X Volume Supernatant + Volume Neutralizers 

0,5 

Tot. Vol. in Cuvette < m DX 
Vol Sample <mD 

Volume Supernatant 

1 X oo_mpl• -
ma.ss(g) 

[6,22 = molar extinction coefficient of NADH) 

6,22 



1. 
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8. MUSCLE GLYCOGEN 

( Adapted from Pa560nneau and Lauderdale < 1974) 

Sample Preparation 

The tissue which is stored in an eppendorff tube in a freezer at 

-BOC>C, is placed into a metal morta which has been immersed in an 

ice bucket containing liquid nitrogen (N 2 ) , and powdered with the 

use of a metal pestle. The sample is placed into a preweighed 

plastic culture tube containing 1 ml of KOH (40%). 

then reweighed to calculate the mass of the tissue. 

The tube is 

2. Principle 

Glycogen is the macromolecular storage form of carbohydrates in 

the human body. It consists of alpha 1-4 and alpha 1-6 linkages 

of glucose residues. Acid hydrolysis of this macromolecule 

yields free glucose residues which can be assayed. through the 

following series of reactions: 

Hexokinase <HIO 

glucose --7---..-~----> glucuse 6-phosphate 

ATP ADP 

glucose 6-phosphate dehydrogenase 

glucose 6-phosphate ----~---,-"'~------> 6 phos-

/ ~ phoglucolactone 

NADP+ NADPH 

The appearance of NADPH yields an observable method to quantify 

the glucose residues. 



3. Reagents 

40~. KOH 

95% Ethanol 

2N HCL 

Tris buffer (pH 7,5) 0,2M 

2N NAOH 

ATP 20mM 

Mg Cl:;i 6H:;i0 1 M 

1 % NADP <TPN> 

Boehringer ready mixed HK G 6 PDH suspension (Cat.No. 127825) 

Asay Procedure 
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The tubes are placed into an oven at 1C>CPC for 30 minutes. Four ml of 

95 percent ethanol is add~d to each tube and the content of the tubes 

is gently mixed on a vortex mixer. The tubes are replaced into the 

boiling water for about 30 seconds until bubbles emerge <Ethanol 

precipitates the glycogen). 

The tubes are left in a refrigerator overnight after which they are 

spun at 4CPC for 10 minutes at 5 000 rpm. The supernatant is removed 

using a venturi pump system and 5 m 1- of 95 percent ethane 1 is added to 

each tube. The tubes are mixed on a vortex and respun for 10 minutes 

at 5 OOC> rpm at 4C>°C. The supernatant is once again removed <this 

proces of washing, cleans the glycogen present and rids the pellet of 

remaining KOH and alcohol which could interfere with the assay. 

One m 1 of 2 N Hcl is added in order to hydrolyse the glycogen to 

glucose and the solution is placed into the water bath at lOOCC for 

3 hours. 

0,2 M of Tris buffer is added to bring the pH of the solution up to 

7,5. 200ml of the resultant solution is placed into a cuvette and 2,8 

m 1 of the reagent mix is added. The absorption is read at 340 nm on a 

Beckman Spectrophotometer <Model 35). 



Reagent Mixture 

Tris buffer 

ATP 20 mM 

Mg Cl:a 6H 2 0 1 M 

NADP 1°1. (TPN ) 

Distilled water 

Per c:uvette 

1 ml 

0,1 ml 

0,1 ml 

0,1 ml 

1,5 ml 

2,8 ml 

145 

200 )-11 

200)-11 

of reagent mix is added to 200 fl of mM glucose standard and 
of distilled water to be used as blank Their absorptions at 

340 nm are rec:orded. 

10 )-11 ofHIUGPDH suspension is added to eac:h cuvette and after standing 

for 30 minutes, the absorption at 340 nm is again read. 

Calculation 

The glyc:ogen c:ontent <in )lmole glucosyl U.g- 1 wet mass) is calculated 

using the following formula: 

ODeAMP"L.E - ODe1..ANK 3 (Vol in cuvette) ---------- X 
0,414 

The recovery was calculated by 

std. reading x 100 

0,414 

Wet ma.55( mg) 

The recovery during the experiments was greater than 92 perc:ent 



A-FV 

Ac:etyl-CoA 

ADP 

AMP 

ATP 

ATPS 

BTPS 

CK 

co 

CO:a 

CP 

E 

ECG 

EOTA 

FBP 

FFA 

G-6-P 
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APPENDIX C 

ABBREVIATIONS 

Arterial-femoral venous 

Ac:etyl Coenzyme A 

Adenosine 5/ diphosphate 

Adenosine 5/ monophosphate 

Adenosine 5-' triphosphate 

Atmospheric temperature 
saturated with water vapour 

and pre56Ure, 

Beta 

Body temperature and preS6Ure, saturated with 
water vapour 

Creatine kinase 

Chest Monitor: Lead 5 

Cardiac Output 

Carbon Dioxide 

Creatine Phosphate 

Extinction 

Electrocardiograph 

Ethyl enedia mi netetra-acetate 

Fraction of Oxygen in the Expired Air 

Fraction of Carbon Dioxide in the Expired Air 

Fraction of Nitrogen in the Expired Air 

Fructose Bisphosphatase 

Free Fatty Acids 

Glucose 6-Phosphate 



G-1-P 

HCL 

HV..: 

IRI 

KCL 

KOH 

Kp 

LOH 

M 

m 

mg 

min 

ml 

mm 

mt···l 

rn rnol 

N 

NaOti 

nm 

NAO~ 

OD 

02. 

Glucose 1-Phosphate 

Hydrogen Ion, Proton 

Hydrochloric Acid 

Hexokinase 

Water 

Im munoreactive In=.ulin 

Potassium Chloride 

Potassium Hydroxide 

Kilopond: the force acting on the mass of 
1 kg at normal acceleration of gravity 

litre 

Lactate Dehydrogenase 

Molar 

metre 

milligrams 

minute 

millilitre 

millimetre 

Milli molar 

rnillimole 

Normal: i.e. solution containing 1 gram 
equivalent weight of the active substance 

Sodium Hydroxide 

nanometers 

Nicotinamide adenine dinucleotide 

Nicotinamide adenine dinucleotide 
(reduced form ) 

Optical density 

Oxygen 
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PCA 

PEP 

PFK 

rpm 

s 

s.o. 

std 

STPD 

T 

TC A-cycle 

TG 

Tris-buffer 

u 

UTP 

UDPG 

• vs 
• V1 
• vo-i 
• vcol. 
• vo

2 
max 

. 
VT 

w 

ex 

A 

JJ 

µmol 

x 

Perchloric Acid 

Phosphoenolpyruvate 

Phosphofructokinase 

Revolutions per minute 

Second 

Standard deviation 

Standard 

Standard temperature(O C) , pressure 
(760m m Hg), dry 

Time 

Tricarboxylic Cycle 

Triglycerides 

Tris- (hydroxymethyl )-aminomethane 

Units 

Uridine triphosphate 

Uridine disphosphoglucose 

Ventilation (expiratory gas volume. min-: ) 

Minute ventilation (inspired volume.min-1 > 

Oxygen Uptake (unit volume. mir,-: ) 

Carbon Dioxide Output (unit volume.min-1 ) 

Maximum oxygen uptake (unit volume.min-: ) 

Tidal volume 

'watts 

alpha 

Delta 

micron 

micro mole 

mean 
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