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"INTRODUGT ION

&
(a) Historical background

Recent history contains many examples of man's
increasing technological power over his surroundings, Nevertheless,
the body as a machine for convertiﬁg the energy of food into
force and work remains his primary means of changing the world

around him.,

The realisation that human work depends on food must be
very old, but the scientific examination of their relationship
was only possible when the practice of physics and chemistry became
sufficiently precise. Two lines of enquiry into the workings of

muscles may be traced from the 18th century.

The first sprang from the increasing understanding of the
physics of heat and of gases and the central importance of
combustion. Lavoisier and Laplace firet studied the connection
between work and respiration and measured oxygen consumption during
exercise by one subject before and after feeding. However, it was

German physiologists working in the middle of the 19th century who

- gave the great impetus to the study of energy metabolism by their

application of the new doctrine of the conservation of energy.
Their methods of physiological thermodynamics and respiratory-gas
measurement have since been developed as tools in the appraisal

of the energy economy of the intact individval at rest and during

exercise. —

The other approach, which derived from microscopical
studies, was centred around Schwann's general theory of the cell

as the basis of all life, However, Schwann's units of life were
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each thought to have their own separate life and metabolism. |
The disentangling of cellular physiology and metabolism graduvally
became possible under Liebig's influence as a practical
physiological chemist and the school of electrophysiology

deriving from Helmholtz.

Earlier this century work én the function of the
isolated preparation of animal muscle was divided intc the
investigation of the electrical and mechanical processes of
contraction, and the study of metaﬁolic processes accompanying
them. These two lires rejoined in 1924 when A.V. Hill integrated
his thermodynamic studies of the nerve-muscle preparation with
Fletcher's and Hopkin's observations on glycogen breakdown and
lactate build-up in muscular work. The integration became more
complete with the Eggletons' discovery in 1927 of energy rich
phosphagens and the later indentification (1939) of these with
ATP as the universal cellular energy mediator by Lohman, Fiske
and Subbarzow. The work of Lohman and Englehardt, and of
Szent-Gyorgi twenty years later, on the ATP-splitting properties
of myosin, lead directly through Huxley's elegant electron-
microscopy of muscle to Davies' molecular theory of contraction

(1963).

In the years since the war there has been a movement
to reintegrate the biochemical and cytological knowledge of
muscle structure and function with the physiology of whele-body
energy metabolism in exercising man. The principal advances
‘ﬁave been made in the development of techniques. for accurate,
sensitive and precise measurement of the blood concentration of
metabolites. Recent techniques of muscle biopsy have extended

the range of study still further and together these tools have




enabled exercise physiologists to examine the sources of stored
fuels for exercise, the way in which the fuel is transported

and many of the steps in the energy metabolism of working

muscle.

(b) TFuel for muscular work - the carbohydrate/fat controversy

_Within thirty years of Mayér's application of the first
law of thermodynamics to physiélogy, von Voit and Pettenkofer had
assigned energy values to the now classical categories of food-
stuffs - carbohydrate, fat and’profein, and Rubner had measured
changes after their consumption by a technique of whole-body
calorimetry, Various workers measured respiratory gas exchange
during exercise, including Chaveau in France who used a work
regime resulting in exhaustion within an hour. He found the
respiratorv quotient at the end of exercise to be unity
indicating carbohydrate as the exclusive muscle fuel, German

workers, however, led by Zuntz, used a low-level exercise

regime which could be sustained for long periods and showed

that the RQ either remained steady at the resting value or fell,

indicating the use of fat as fuel.

‘The Zuntz—~Chaveau controversy was not s&lved until
Christensen and,Hansen published results (1939) which indicated
that in light to moderaté exercise of short duration either fat
or carbohydrate was -used depending largly on diet. In longer
duration moderate exercise the proportion of fat utilised
increases gradualiy due to reduction of carbohydrate stores.

In exercise of inereasing intensity the contribution of

carbohydrate utilisation to energy production becomes more

pronounced until it reaches 1007 at maximal work loads.



Many problems remained however., How was the change-over
controlled? Was muscle, bloéd or liver the source of the fuel
used? What was the exact nature of relationship between oxygen
consuﬁption and use of carbohydrate or fat as fuel? Was
anaerobic metabolism or aerobic metabolism more important during
exercise? Some of the questions are very old and only partial

answers have been found for them.

(c) A biochemicdl ‘approach to fat metabolism during dand after

exercise

Since lactate builds up in the muscle cells during
muscular work and(is then discharged into.the blood, it had
become almost traditional, despite the work of Christensen& Hansen, to
regard the metabolic changes accompanying prolonged submaximal
exercise (such as middle distance running) as consisting mainly
of the production of lactate by glycolysis from carbohydrate
with the fully oxidative processes of muscle mitochondria

contributing little, despite their greater potential efficiency.

It was previously thought that the changeover to glycolysis was
due to a fall in oxygen concentration in the muscle cells, so
slowing the mitochondrial oxidation processes. However, it seems
that mitochondrial exidation can take place at very low‘
concentrations of oxygen and that the bottleneck hindering the
through-put of fuels in mitochondria lies in the production from
pyruvate of a high energy derivative of acetic acid, i.e. acetyl
coenzyme A (acetyl Co-A), The further oxidation of acetyl Co-A

takes place in the mitochondria by the Krebs cycle.

It seems, then, that if acetyl Co~A could be produced

from a source other than muscle glycogen the bottleneck at pyruvate



oxidation might be by-passed and the more efficient processes
of oxidative phosphorylation continue. The oxidation of fatty
acids provides such a mechanism whereby two carbon containing
fragments of long chain fatty acids are brokgn off from the
chain with the release of electrons to mitochondrial oxidising
agents, Each two—carbon fragment is combined with co—enzyme A
to form a further source of energy within the mitochondria -
acetyl Co-A. However, although this mechanism is capable of
providing energy for work the store of fat in muscle, and the
ability of musecle to take up circulating fatty acids is limited.
This difficulty is overcome by the capacity of the liver to
oxidise fatty acids to acetyl Co~A and then combine units of
acetyl Co-A into four-carbon containing compounds which are
easily transported in the blood and may be used as fuel by the
working muscle. These compounds, ketone-bodies (aceéoacetate
and 3-hydroxybutyrate), accumulate in the blood whenever their
formation after the breakdown of fatty acids exceeds their

utilisation.

Recent work indicated that trained runners were able
to adjust their metabolic economy to an efficient usage of fat

via ketone-body oxidation in muscles.

-

That this was so was suggested by two chance observations.
Firstly that fit but by no means athletically treained hill walkers
déveloped high concengrations of ketone-bodies in their urine
after a day on the fells (Pugh, 1969) and secondly that marathon
runners showed only small amounts of ketone-bodies in their urine
after finishing a race (Pugh, Corbett & Johnson, 1967). This might
have been exﬁlained by the—differences in fat breakdown or

utilisation.




An investigation of metabolic changes in the blood
of athletes and non-athletes during 1! hours of running showed
that fat (as triglycerides i.e. compounds of fatty acids and
glycerol) was broken down into glycerol and free fatty acids
in both groups but that there was no accumulation of ketone-
bodies after exercise in the athletes (gohnson,'Walton, Krebs
& Williamson, 1969). The non—athletes, however, showed
considerable post-exercise ketosis, perhaps due to an
imbal ance between the rate of production of ketone-bodies

as fuel and their utilisation.

When a solution of acetoacetaté was given orally
to a group of athletes and non-athletes at rest there was
no apparent difference in the rate of disappearance of the
substance from the blood but during and sfter exercise there
were marked differences between the two groups (Johnson &
Walton, 1972). The non-athletes showed a decreased tolerance
to acetoacetate reflected in greater blood levels, wbile the
trained group seemed able to handle ketonéwbodies as well
dﬁring and after exercise as before. This showed an
apparent aBility on the behalf of athletes to increase the

availability of fuel to the oxidative processes producing

ATP in the mitochondria and to utilise such fuels efficiently.

(d) The present wotrk

What factors might regulate the more efficient
utilisation of fat for fuel in strenuous muscular work? The

studies presented in this thesis approached this problem in

the following ways.




First, were the observations previously made during
and after exercise repeatable? How did the intensity and
duration of exercise change patternsof observed changes in
metabolites with exercise? Second, did the differences
previously observed in blood metabolite concentration between
athletes and untrained subjecfs reflect a relatively greater
level of work by the untrained subjects, with the athletes
showing smaller changes in fat metabolites because they
paced themselves more effectively?. Could similar results be

obtained by athletic training in a group of untrained subjects?

Diet is of great subjective importance to athletes
and Scandinavian workers had shown how muscle glycogen stores
could be increaséd by a suitable exercise and diet regime
(Hermansen, Hultman & Saltin, 1967). Corld diet change the
ways in which circulating fat and carbohydrate fuels are used

by trained runners?

The whole=body metabolism of fat and carbohydrate
are well known to be affected by changes. in hormonal activity.
How, therefore, did horﬁones affect the supply and utilisation
of muscular fuels? There was little information available on

the pattern of release of hormones during exercise. Insulin

had been reported both to fall (Devlin, 1963) and rise (Nikkila,

Taskinen, Miettinev, Pelkonen & Poppius, 1968) but there had
been little systematic investigation. What factors influenced
insulin secretioﬂVAuring exercise? Similar confusion existed
in the literature on the nature of the response to exercise of
cortisol secrgtion with some reports of a rise (Chinn & Evonuk,
1971) and others of a fall (Frenkl & Csalay, 1962). Studies

were therefore designed to discover the nature of the true




responses to a controlled work regime.

Catecholamines have long been known to rise under
conditions of fight or flight but the exact relationship between
absolute and relative work load and secretion'of both ;drenaline
from the adrenal cortex and noradrenaline from sympathetic
ner?a terminals remained poorly understood. The influence of
athletic fitness on catecholamine secretion was also unknown
because of lack of basic knowledge of the changes during exercise.
Many of the problems in examining.changes in levels of
catecholamines were due to severe methodological difficulties.
Techniques were therefore developed for differential assay of
small amounts of adrenaline and noradrenaline in blood and the

improved procedures applied to exercise studies.

The pattcrns of hormonal regulation do appear to be
somewhat modified in trained athletes. Yor example, they secrete
less hwuan growth hormone during exerciée than non-athletes

Hickie

(Sutton, Young, Lazarus/&'Maksvytis, 1968). It was possible that
differences in growth hormone secretion during exercise might
explain observed diffefences between athletes‘and non-athletes in
post—exercise keosis, The opportunity to examine the influence
of growth hormdhe on metabolic changes with exercise was provided
within the University ofiGlasgow Depaftment of Neurology by the
study of patients suffeiing from pituitary tumonrs, which could
cause either an excess or a lack of human growth hormone. In the
same way that an increased understanding of normal physiological
-processes should be capable of application to the study of the
abnormal processes in disease states, then certain specific discrders

may provide unusual model situations for the study of altered
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physiological processes. Thus the investigation of metabolic
changes with exercise in patients suffering from hypopituitarism
and acromegaly was likely to provide information on the role

of growth hormone in fat metabolism.

As more experience of normal exercise physiclogy and
bioéhemistry was accumuléted it became possible to apply the
results directly to neurological problems. This approach was
shown to be worthwhile in a study of the inappropriate fatigue
developed with exercise by patients with no physical signs and
also in a study of the metabolic changes occurring with

exercise in patients with muscular dystrophy.

This thesis presents the results of investigation of
s ome factors which change the metabolic response to exercise
and also examines the altered responses in a number of

neurological diseases.

Sources used for this introduction:=

FRANKLIN, K.J. (1949) A -Short History of Physiclogy. Staples Press,

London.

MORHOUSE, L.E. & MILLER, Jr. A.T. (1967) Physiology of Exercise.

C.V. Mosby Co.

PERNOW, P, & SALTIN, B.-(Eds)'(1971) ‘Muscle Metabelism during Exercise.

Plenum Press, New York.

PLEDGE, H.T. (1966) Science Since 1800. H.M.S.0.

-

References given in section c&d are quoted in full at the

end of this thesis,



METHODS ~ A SUMMARY

A full account of all methods used in the present work appears

in Appendices I and II. This section gives a short description

of the main techniques.



- 'SUMMARY ‘OF :APPENDIX T

(a) Physiological techniques: The type of exercise

employed in the investigations described in the following
chapters was varied according to the aims of each study.
Sub jects have run for 1 and 1} hr and have pedalled a
bicycle ergometer at both steady and increasing work loads

for periods of up te 40 min.

Heart rate was recorded from an electrocardiogram
using lead system II, Ventilation and gas—exchange

measurements have been made in some studies by Dr. Sheila

Jennett and these are described in the appropriate chapter.

Blood samples were taken either by venepuncture or via

an indwell.ng catheter placed in an arm vein.

(b) Biochemical techniques: Blood samples (14 ml)

were divided into two aliquots. A 4 ml portion was
deproteinised with perchloric acid., The remainder was

h eparinised and the blood cells were separated from plasma
by centrifugation. The neutralised deproteinised blood
extract wés used for estimation of metabolites. Lactate,

p yuvate, acetoacetate, 3~hydroxybutyrate and glycerol were
estimated by enzymatic methods using the absorbance of NADH
in UV/light at 340 nm. Glucose was measured by colorimetric
method using glucose- oxidase-peroxidase and an organic dye

-

as a redox indicator.

¢

The plasma was used for the estimation of FFA by
f ormation of a copper soap and the colorimetric estimation

o f this by use of a specific copper reagent.
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Insulin and growth hormone were also estimated on
an aliquot of the plasma by immunoreactive techniques.
Plasma cortisol was measured by a modification of a standard
fluorimetric technique using sulphurid acid/ethanol for

the formation of a florophor.

SUMMARY OF APPENDIX 1L

A technique has been developed for analysis of small
quantities of catecholamines in plasma. A modified method

has been evaluated carefully.

Blood samples (20 ml) for catecholamine analysis were
transferred immediarely to heavy glass tubes in ice-water.
The tubes contained a mixture of EDTA, sodium metabisulphite
and pargyline to prevent clotting and losses of amines by

oxidation and metabolism in blood.

Catecholamines were separated and purified by adsorption
on alumina and subsequent ion—~exchange chromatography}
Differential assay of adrenaline and noradrenaline wés
p er formed by a spectrofluorimetric method after formation

of fluorophors using the trihydroxyindole reaction.



CHAPTER 1

THE EFFECTS OF INTENSITY AND DURATION OF EXERCISE

ON THE METABOLIC CHANGES
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1.1 ::INTRODUCGTION

It is now known that working skeletal muscle is able to
use both stored fuel (as glycogen and possibly triglycerides)
and fuel supplied via the circulation as glucose, FFA and
k etone-bodies. The proportions of the fuels used from these
sources and the amounts of carbohydrate and fat-derived
substances oxidised in muscular work depends upon the
intensity of the work and its duration (Christensen & Hansen,

1939; Havel, 1971).

The relationship between the amount of the fuels
mobilised into the girculation as a result of exercise of
altered intensity and duration and the changes in the recovery
period after exercise is less well understood. Much work has
been previously car.ied out on the relationship of the oxygen
debt to bloodylevels of lactic acid but many of the conculusions
reached nave dépended upon a poor understanding of the underlying
biochemical mechanisms (Harris, 1969). Hardly any study has
been made of the relationships between changés in plasma FFA
during exercise and theldevelopment of post—exercise ketosis.
The present study was designed first to investigate previously
reported change; during and after exercise in metsbolites in
the blood (Johnson EE_EE!’ 1969; Young, Pelligra & Adachi, 1966).

Second, the relationships of these changes to differences in work

intensity and duration were to be studied.

—

1.2 - PROCEDURE

Five voluntcers (men aged 22-28, 166-178 cm, 75-94 kg)
agreed to take part in a programme of exercise on a bicycle

ergometer. Each subject exercised for 20 min on three occasions




TABLE 1:i

(2) Intensity Study

Subject

A.B.
W.H.
J.M.
M.R. Y
B.J.

Low

500
500
500
600
600

Work rate kpm/min

Moderate

800
750
800
900
200

o AllL mcwumnnm exercised for 20 min.

(b) Duration Study '

Subject

M.J.
m.-u‘.

20
20

Minutes of exercise at 900 kpm/min

30

Severe

1100
1000
1100
1200
1200

40
40



at low, moderate and severe work loads (see Table 1:i). On
two additional occasions two of the subjects exercised at

t he intermediate work load for 30 and 40 min., Blood samples
were taken at rest, at 5 min intervals during the period of
exercise and at 5 30 min intervals afterwards by means of an
ind welling catheter placed in an arm vein. The samples were ‘
analysed for glucose, lactate, pyruvate, acetoacetate,
3~hydroxybutyrate, glycerol and plasma FFA, Heart rate was

recorded using a continuous e.c.g.

1.3 RESULTS

1,3.1 THE EFFECT OF DIFFERENT INTENSITIES OF EXERCILSE

(a) Heart rate: (Fig. 1l:1) Heart rate increased directly
with increase of work load and increases in heart rates were

proportional to the increase in exercise intensity.

(b) Glucose, lactate and pyruvate: (Fig, 1:ii) The

concentrations of these metabolites increased during the period
of exercise at a progressively greater rate with increased work

loads.

The-lactate and pyruvate concentrations tended to fall
before the end of exercise at the low intensity loads but rose

progressively at the highest load and in three subjects were

highest 5 min after the end of exercise.

Glucose concentrations fell slowly after exercise but
there was a rapid decay in levels of lactate and pyruvate. The
rates of recovery of lactate and pyruvate (P mol/ml/min) were

_greatest after the most strenuous exercise,



Fig,

1:1

Mean heart-rate changes during and after 20 min
exercise of low, moderate and severe intensity
(5 subjects); and during and after 20, 30 and

-

40 min of woderate exercise (2 subiects).
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Mean chanpes in blood plucose (mg/7100 mi},
blood lactate (pmol/ml) and blood pyruvate
(Pmol/ml) during and after exercise of low,

-

moderate and severe intensity in 5 subjects.

Fig. l:iii MNcan changes in blood glycerol (umol/ml), plasma
FFA (pequiv/ml) and blood ketome-bodies gpmolfml)

during and after exercise of low, moderate and

severe intensity in 5 subjects,
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FFA levels fell significantly at the beginning of exercise at
1 ar and moderate work loads (P< 0.05). Thereafter glycerol
and FFA concentrations rose throughout the exercise period at
all work loads but the increases were greatest at the highest
working intensity. Blood ketdnewbédies fell slightly during
the first 5 min of exercise at low and moderate work loads.
During the remainder of the exercise they rose slightly sbove
resting values. The magnitude of the changes were broadly
related to the severity of the exercise. After exercise

the blood concentrations of ketone~bodies rose progressively.

1.3.2 THE EFFECT OF DURATION OF EXERCISE

(a) Heart rate: (Fig. 1:1) Heart rate increased at the
same rate during the first 15 min of exercise on each occasion.
There was a further small increase so that the heart rate
after 30 and 40 min of exercise was slightly greater than the

20 min rate,

(b) Meétabolites: (Fig. l:iv & 1:v) Glucose coﬁcentration
was greater after 30 anﬁ 40 min of exercise at 00 kpm in two
subjects tnan after 20 min but both lactate and pyruvate
concentrations %ell slightly during the longer periods of exercise.
Blood glucose continued éﬁ increase at 5 and 15 min af ter the

longer exercise periods but thenm fell in the remainder of the

investigations. Lactate and pyruvate fell immediately after

-

exercise.

¢

Glycerol levels did not increase throughout the longer
periods of exercise but therc was a contimued increase in plasma

VFA after exercise of longer than 30 min. The post-exercise



Fig. 1:

Fig. 1:v

iv

Mean changes in blood glucecse (mg/100 ml), blood
lactate (pmol/ml) and blood pyruvate during and

after 20, 30 and 40 min of exercise at 900 kpm/min

in 2 subjects.

Mean changes in blood glycerol (umol/ml), plasma
FFA (pequiv/ml) and blood ketone bodies meol/ml)
during and after 20, 30 and 40 min of exercise at

900 kpm/min in 2 subjects.
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concentrations of glycerol fell slowly but FFA concentrations
rose after the 30 and 40 min exercise tests., The blood

ketone~body concentrations rose during the longer periods of
exercise. The development of post—exercise ketosis was much

~greater after 30 and 40 min of exercise than after 20 min.

1.3.3 RELATTONSHIPS BETWEEN METABOLIC CHANGES, WORK LOAD 'AND

© WORK TIME (TABLE 1:ii)

A number of possible relationships were tested by
regression analysis. Table 1:ii gives details of the most
ﬁpportant results. There was a good linear correlation
between changes in blood levels of all metabolites and both

work load and work time,

The increment in lactate and pyruvate showed a better
correlation with work load at 5 min than at 10 and 20 min

of exercise.

When the area under the graphs of metabolite
concentration change were examined a number of relat’onships
became obvious. The area under the lactate and pyruvate
curves during exercise was positively logarithmically
correlated to work load. There was a poor relationship
between the area after exercise and the work load. The area
under the curve during exercise was linearly related to work
time for lactate and pyruvate.

-

Both the increment at the end of exercise and the log.
incremental areas during and after exercise under the curves
Eor glucose, glycerol, FFA and ketone~bodies were related to
work load. There was also a good corrclation between the

incremental area under the curves of these metabolites and

17



Table 1:ii Regression analysis of metabolic changes vs work load (w) and work time (t)
-y X y = ax+b r n P
&L 5 min (pmel/ml) w kpm/min ¥ 0.0026x - 0.523 0.813 15 0.001
AL 10 min (pmol/ml) w kpm/min v = 0.004x - 0.966 0.759 15 0.01
FUNpﬁ 20 min (pmol/ml) w kpm/min y = 0.0046x - 1.307 0.573 15 0.05
m AL 20 min (umol/ml) w kpm/min .log y = 0.0024x — 1.08 0.653 15 0.01
2| AExercise Area L(umol/ml x min) w kpn/min log y = 0.0012x + 0.42 0.999 3 0.01
NEzercise Area L(mol/ml x min) t min y = 0.53x + 0.48 0.875 6 ¢.05
AHP 20 min (umol/ml) ‘w kpm/min v = 0.001x + 0.055 0.822 15 0.001
m AP 20 min (pmol/1) , w kpm/min loz y = 0.004x + 1.79 0,758 15 0.01
W AExercise Area P(umol/1 x min) w kpm/min log v = 0.,0006x + 2.62 0.987 3 0.10
| AExercise Area P(umol/ml x min) t min y = 0.065x = 0.20 0.825 6 0.05
| AGLT 20 min (mg/100m1) w kpm/min y = 0.05x -21.8 0.545 15 0.05
m AGLU Total Area (mg/100ml x min) w kpm/min log y = 0.001l4x + 1,02 0.999 3 0.01
3| AGLU Total Area (mg/100ml x min) t min y = 2.3x 455 0.845 6 0.05
e AGLY 20 min (umol/ml) w kpm/min v = 0.00017x- 0.053 15
m A GLY Total Area (umol/l x min) w kpm/min log v = 0,00087x+ 2.74 0.999 3 0.01
TIAGLY Total Area (ymol/ml x min) t min v = 0.042x + 1.308 0.948 6 0.01

Key to Table:

N .
& = increment
Exercise

area = area under curve during exercise
Total

area total area under curve

i

correlation coefficient

number of pairs

significance limit

Continued....




Table 1:ii  {contd)

(pmol/1 x min)

log v

v x y = ax+b T n P

A A 20 nin (uequiv/ml) w kpm/min y = 0.0046x - 2.55 0.759 15 0.01
1| AFFA Total Area (uequiv/l x min) w kpm/min log vy = 0.00075x+ 3.315 0.9992 3 0.01
'| AFFA Total Area (uequiv/ml x min) t min y = 0.82x - 8.53 0.844 6 0.05
m AKB 90 min post-exercise (umol/ml)| w kpm/min y = 0.0023x - 0.43 0.512 15 0.1
} ., + - 1 1
| ¥ Area KB @omwmwxmﬁﬂmm (mol/1 x w kpm/min log y = 0.00077x+ 3.19 0.998 3 0.05
1 \
|10 Area KB post-exercise (umol/ml t min y = 0.47x - 4.21 0.818 6 0.05
] x min)

i i A - .
AFFA (nequiv/ml) Area KB post—exercise = 0.23kx + 3.4k 0.998 3 0.05

Ry to Table:

A =  increment
Exercise

area = area under curve during exercise
Total
area = total area under curve
r = correlation coefficient
1

n = number of pairs \

P = significance limit
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duration of exercise at a fixed work load.

1.4 - DISCUSSION

The amount of glycogen depletion at the end of
exhaustive exercise is dependent on the work load (Hermansen,
Hultman & Saltin, 1967). There should therefore be a direct
relationship between work load and lactate production by
~muscle. Such a relationship ﬁas been found between blood
lactate concentration at the end of exhaustive exercise and
work load (Karlsson & Saltin, 1970; Karlsson, Diamant &
Saltin, 1971; Margaria, Cerretelli, Aghemo & Sassi, 1963).
The present results also show a direct relationship between
blcod lactate and pyruvate concentration and work load,
However, since the rate of increase of blood lactate
slowed down towards the end of exercise the correlation was
better with both the increment at the end of exercise and
ghe incremertal area under thé lactate and pyruvate curves

during exercise. . ' T

The kinetics of lactate accumulation in blood during
exercise are very complicated since important factors such
as pool sizes and numbers, concentration gradients, blood
flow and transport across membranes may all change in a
non—lineér fashion. Unﬂer suéh conditions the logarithm of
the incremental area of lactate change during exercise
appears to be'awbetter index of lactate jroduction in sub-
maximal non-exhaustive exercise than the blood levels alone,
since the correlation is improved when this relationship is

examined. The positive correlation between the arca under

the lactate and pyruvate curves during exercise and the



duration of exercise was linear. This indicates that within
the time limits studied at a given submaximal work load the
rates of production and removal of lactate reach a steady
state, Siﬁilar results have beén obtained by other workers

(Hultman, 1967; Karlsson & Saltin, 1967).

The rate of disappearanée of lactate after exercise has
previously been shown to be a complex exponential decay
(Gisolfi, Robinson & Turrell, 1966). Although the blood level
of lactate rose after exercise at the highest intensity the
rate of decay was nevertheless greatest under these
circumstances. Both of these observatioans might be explained
by a greéter post~exercise blood flow through skeletal muscle,
which besides releasing lactate may also take it up from the
circulation (Jorfeldt, 1970). Although the lactate and
pyruvate areas during exercise were related in a linear
fashion to increased duration of work, there was a logarithmic
correlation with work intensity suggesting that there may be
a different relationship under these conditions betwéén'power
output and 1éctate production. The situation might Be 7
analogous to the exponential decrease of fuel utilisation
during the acceleration of a motor car compared to the linear

decreast at constant speed.

The rise in blood glucose levels induced by exercise is
well known (Wahren, Ahlborg, Felig & Jorfeldt, 1971; Rowell,
Masoro & Spencer, 1965). Wahren et al. have demonstrated a
positive relationship between work load and arterial glucose
concentration and a-v glucose difference. The present results

indirectly sﬁpport these findings and suggest that the increase

in blood glucose, measured in venous blocd, is also re

k=
s
o
o}
[a W
l—J
o
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a direct manner to work load. The total glucose production
is also apparently related linearly to work time. The
increases in blood glucose are mainly the result of increased
glycogenolysis in liver and only partly due to increased

, gluconeogeﬁesis from lactate and glycerol at high energy cost.
The observed pattern of work load % glucose relationships
suggest that stimulation by circulating catecholamines of
hepatic glyvcogen breakdown may be an important factor in
glucose mobilisation. Thus the supply of glucose in the
circulation is probably not regulated primarily by working

muscle but is determined largely by outside factois.

The present results indicate that mobilisation of
stored fat in adipose tissue is also largely controlled by
factors secondary to muscular contraction. However, sincé
a smaller proportion of fat than carbohydrate is oxidised
at high work iﬁtensity, the best relatiOuship.between plasma
FFA increment and work load is curvilinear. There is also
curvilinear relationship between incremental glycerél‘area
and work load but the rate of change is less than for FFA,
supporting the idea of proportionate decrease of FFA
oxidation at high work loads., At a fixed work load there is
nevertheless a linear re%ationship between glycerol, FFA and

work time &nd thus power output.

The'behaviour of ketone-body concentrations in the blood
is complex. The initial decrease in ketone-body levels during
‘exercise is probably related to increased peripheral blood flow
rather than to uptake by muscle., The a-v difference in ketone-
bodies decreéses during exercise and a net outflow has been

observed from weorking muscle (Hagenfeldt & Wahren, 1968),



How ever, the liver is a more likely source even at reduced
hepatic flow rates for the increased ketone-body conéentrations
seen in the present studies. The incremental area of ketone-
bodies after exercise was related in a logarithmic fashiom to
plasma FFA concentration and bore the same relationship to
exercise intensity but a linear relationship to exercise duration.
It appears, therefore, that post—exercise ketosis is related to
excess production of plasma FFA and its removal by liver rather

than to imperfect oxidation of FFA by working muscle,

The present results demonstrate the progressive increase
in the use of stored carbohydrate fuel within muscle during
exercise of increasing intensity. The supply of circulating
fuel (as glucose and FFA) also increases exponentially with
work load but the utilisation of circulating fuel is more
properly reiated to the duration of exercise. During the
post—exercise period the removal excess mobilised FFA not
used as fuel and not immediately re-esterified, is undertaken
by liver, and blood ketone-body concentrations rise in proportion
to the increases in plasma FFA.

1.5 SUMMARY

1. The relationship between exercise intensity and the metabolic
changes in venous blood during and after exercise were examined in
5 subjects. The effect of increased duration of exercise was also

studied in two of these subjects.

2. Blood samples were analysed for lactate, pyruvate, glucose,
~glycerol and free fatty acids, Heart rate was monitored by

continuous €.c.g.

3. The increases in heart rate and in the metabolite concentrations



during exercise were positively correlated with exercise
intensity. The correlation was improved in a logarithmic

relationship.

4o The incremental areas of the change in metabolite
concentrations were linearly related to the duration of

exercise,

5. The results consider major differences in mobilisation
and usage of stored fuels according to work load and work
time., In‘ﬁarticular the new obser?ation has béen made that
the continued mobilisation of free fatty acids after exercise
and the post—exercise rise in ketomne~body concentrations is

related to the intensity and duration of exercise.



CHAPTER 2

A COMPARISON OF THE EFFECTS OF STRENUHUS EXERCISE

IN UNTRAINED SUBJECTS AND RACING CYCLISTS
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2.1 - "INTRODUCTION

The investigations described in the previous chapter
demonstrated that short term high intensity work resulted in
a large flux of carbohydrate metabolites into the blood
whereas longer-term moderate exercise resulted in a greater
liberation of fat-derived substances. It would seem, therefore,
that for any individual the utilisation of fat or carbohydrate

for fuel would depend upon his relative work capacity.

In a comparison of well-~trained athletes and untrained
subjects who ran fcr 2 hr, a previous study showed differences
in the metabolic response to exercise between the two groups.
The trained rumnners had lower blood concentrations of lactate
and pyruvate during exercise and lower concentrations of
plasma free fatty acids (FFA) and blood ketone-bodies in the
post—exercise period (Johnson, Walton, Krebs & Williamson, 1969;
Johnson & Walton, 1972). These might be true metabolic
differences between athletes and untrained subjects;which
could be innate, or due to adaptation as a result of athletic
training. They could also be explained if the untrained
subjects had worked relatively harder than the athletes by
running to the limits of their capacity; the athletes, by
running well within their 1imits, could have been subjected
to smaller demands on their metabolic reserves. To investigate
these possibilities we have studied a group of racing cyclists
and also untrained subjects during and after a period of
exercise in which the cyclists worked at greater loads and
nearer to their maximal capacity. A preliminary report has

been published (Jennett, Johnson &Rennie, 1972).
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2.2 ‘| 'METHODS

2.2.1'Subjécts

Four racing cyclists (males aged 23-31 yr) agreed to
take part in the study. They had been training for at least
30 weeks by cycling about 200 miles per week and frequently
competed in local and national events. The cyclists had a
mean height of 175 cm (171-178) and a mean weight of 70 kg
(63-82). Five control subjects (males aged 24-32 yr) were
also studied. They did not take part in regular athletic
training and had a mean height of 181 ecm (172-189) and a

mean weight of 83 kg (68-97).

2.2.2 Techniques

(a) Heartrate: Miniature chest electrodes (Grass) were
applied. 7he e.c.g. was displayed on a cathode-tay oscilloscope
(Tektronix 502), which triggered an instantaneous ratemeter
(Devices Ltd.) and heart rate was reccrded on one channel of an

ultraviolet recorder (SEL). _ B

(b) Ventilation and gas exchange: The subjects breathed

through a rubber mouth piece attached to a low resistance

P er spex valve with 50ml dead space (Zentral Werkstatt,
Gottingen). The flow head for a pneumotachograph (Computing
Electrospirometer type CSI1, Mércury Electronics (Scotland) Ltd.)
was placed on the inspiratory side of the valve. Expired air
was passed through a tube of100ml into a 6 litre mixing

chamber, from the far end of which gas was continuously sampled
through an infra—re& CO, analyser (URAS, Hartma;n & Braun) and
a paramagnetic O, analyser (type 101, Servomex Controls Ltd.)
connected in series. Gas analysers were calibrated immediately

before each study with mixtures analysed using a Lloyd-Haldane




apparatus. Cumulative inspired volume and mixed expired

0, and 002 concentrations were recorded continuously on

the ultravioclet recorder. The pneumotachograph was
calibrated for known flow rates using rotameters. With a
setting ‘to give a correct réading for flow between 100 and
200 1/min, there was a slight pon;lipearity at the lower
and upper ends of the range (50, 300), within 3% of a
correct reading. At the flow rates reached during exercise,
this give a possible error of not more than 17 in the
estimation of véntilapiop and, therefore, also of oxygen
consumption. Inspired volume per minute was reac from the
chart record and corrected to give expired volume at STPD,.
The mean values for 09 and co, concentration in the

expired air were taken from the record and Oy consumption,
€O, outpui and respiratory exchange ratio (R) were "
calculated using Dills nomogram (Quoted in Consalazio,
Johnson & Pecora, 1963). Values were calculated from data
averaged over periods of at least 5 min at rest and_2-3 min

during exercise,
2.2.3 Procedure

The investigation was explained to the subjects and their
consent obtained. They were studied in the morning after
overnight fasting. A catheter was placed in the antecubital
vein, fitted with a tap and a first resting blood sample was
taken. It was flushed with saline'(O.9Z) and strapped to the
- forearm. Observations were made of ventilation, expired gas
concentrations and heart rate until steady results were

obtained for at least 5 min. A furtherresting blood sample

was taken., The subjects then cycled for 20 min cn a bicycle



ergometer (Monark). Cycling was started at a load and
pedalling rate expected to raise the heart rate to 150-
170/min, Some trial and error adjustment of the load was
necessary but the required heart rate was attained during

the first 5 min and all were within or above this range in

the second 10 min, The mean and range of work loads
maintained in the final 10 min were 1070 (1000-1160) kpm/min
for the cyclists and 715 (630-866) kpm/min for the non-
cyclists. Recording of ventilation, expired gas concentrations
and heart rate was continued throughout the exereise period
and for 10-15 min thereafter. Further recordings were made

at 20 to 30 min (5 subjects) and at 50 to 60 min (all subjects)
after the end of exercise. Venous blood samples were taken
via the indwelling catheter at 5 min intervals during exercise
and afterwards at 15-30 min interﬁals for 3 hr. Biood was
analysed as described in Appendix 1 for metabolites, insulin

and growth hormone. Significance of difference was examined

with the Mann-Whitney u test.

2.3  RESULTS

(a) Heart rate: (Fig. 2.i) The cyclists attained higher
heart rates but the difference between the group means
attained significance (P<0.01) for omly the 10 min measurement.
There was no significant diéference in the recovery rate between
the two groups as shown by the heart rates at 5 and 10 min
after the end of exercise. At one hour afterwards heart rates
were within 10 heats per min of pre-exercise values, with one

exception in the untrained group.

(b) Ventildtion: (Fig. 2.i) Ventilation was significantly

higher in the cyclists before exercise but not after recovery
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Heart rate (beats/min) and oxygen consumption
(ml/min per kg body wt) in 4 racing cyclists
(6 — @) and 5 untrained subjects (o -~~~ 0)

. . . . +
during and after 20 min of exercise (means — SEM),
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Fig. 2111 Ventilation (1/min per kg body wt B.T.P.S.) and
respiratory cxchange ratio in 4 racing cyclists
(6 — ©) and 5 untrained subjects (o === o) during

, . + o
and after 20 min of exercise (means ~ SEM).
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suggesting that they tended to over-ventilate in
anticipation; this was confirmed by their higher R
before exercise. Ventilation during exercise was

higher for the cyclists but the difference did not reach
significance. Maximal values for the cyclists ranged
from 66-115 1/min (B.T.P.S.) and for the non-cyclists
from 68-99 1/min. The values in the figures have been

expressed at 1/min per kg body weight.

(c) Gas exchange: (Fig. 2.11) The cyclists showed

higher 0y consumptions and the difference was significant
at 10 and 15 min during exercise (P<0.01) for mean values
standardised to ml/min per kg body weight. Before
standardisation for each of the cyclists the highest
volume of 02 consumption ranged from 2.5-3,.7 1/min»and
from 2.4-3.2 1/min for the non-cyclists. Higher values

of R tended to be attained by the cyclists but the

differences did not reach significance.

(d) Pyruvate: (Fig. 2.1ii) Resting concentrations of
pyruvate were hot‘significantly different in the two groups.
Exercise caused increases in pyruvate concentrations in
both groups, except that the cyclists had a significantly
higher blood concentration at the end of 20 min of exercise
(P(()Jﬁ). In the cyélists fyruvate fell rapidly to
concentrations significantiy below the concentrations in
the non—cyclisys at 45 min after exercise (P0.01). The
blood pyruvate in the untrained group did not fall to this

concentration until 90 min after exercise.

(e) Lactate: (Fig. 2.iii) In both groups resting

concentrations of lactate were the same but exercise caused
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a large (six~fold) increase of blood lactate above resting
concentrations. The untrained subjects showed a much
faster rise of blood lactate than the cyclists in the
first 10 min of exercise but both groups reached similar
concentrations at the end of the exercise period. The
rate of return to resting concentrations in the post-
exercise period was similar in the cyclists and untrained

subjects.

(f) Glucose: (Fig. 2:iii) At rest, concentrations
of blood glucése were similar in both groups. 20 min of
exercise caused a rise in glucose coscentraticas by about
20% from resting levels in non—cyclists bult the cyclists
showed a greatef rise (60%) above resting levels. A
further small rise was seen in the control group 15 min
after exercise, after which glucose concentrations fell
slowly to resting values by 180 min after‘exercise. Blood
glucose concentration in the cyclists fell rapidly after
exercise to within 15 mg/100 ml of resting 1eve£;wat 180
min after exercise. Glucose concentrations were

significantly different in the two groups at 10, .15 and

20 min of exercise and at 15 min post—exercise (P <€0.01).

(g) ‘Glycerol: (Fig.vZ:iV) The cyclists had
significantly lower concentrations of blood glycerol at
rest than tlie untrained group (P<0.05). During exercise
concentrations of glycerol rose rapidly in the cyclists
but were not significantly alpered in the non-cyclists.
The difference was highly significant. In the first
45 min after exefcise, the glycerol concentration fell

rapidly from its high value In the cyclists whilst in the
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Fig., 2:iv  Blood glycerol (pmol/ml), plasma FFA (nequiv/ml)
and blood ketone~bodias.(pmolfml) in 4 racing
cyclists (¢ ~— o) and 5 untrained subjects (o ——— 0)

. . . -+
during and after 20 min of exercise (means ~ SEM).






untrained group the concentration rose slightly. The

glycerol concentrations in the untrained group approximated

to their resting values within 50 min of the end of exercise
but in the cyclists the concentrations were significantly
raised above their resting values for the remainder of the

investigation (3 hr).

(h) Plasma FFA: (Fig. 2:iv) FFA concentrations were
significantly lower before exercise in the cyclists than in
the untrained subjects (P¢ 0.01l). During exercise in both
groups FFA first fell and then rose, In the untrained group
the fall was slight and was observed only at 5 min. In the
cyclists it was.greater and persisted for 15 min. In both
groups FFA concentrations then rose in the remaining part
of exercise and for 30 min afterwards but this rise was
greater for the untrained group (to 1507 of resting) than
the cyclists (fo lBOZ.of resting). In thea remaining period
of the investigation concentrations of FFA slowly returned

to within 107 of their resting values in both groups.

(1) Ketone~bodies: (Fig. 2:iv & 2:v) Resting concentrations

of total b}nod ketone~bodies (acetoacetate plus 3-hydroxybutyrate)
were slightly higher in the untrained group compared with the
cyclists, In neither group was there a significant change during
exercise but in both groups cogcentrations of ketone-bodies rose
in the post—éxgrcise period. The rise was most marked for the
untrained group in whom the increase was about 3507 of the
resting concentrations by 150 min after exercise. The rise in

k etone-bodies for the cyclists o%er the same period was 200%.

In the remaining 30 min of the investigation the ketone~body
concentrations fell slightly in the non—cyclists and rose slightly

in the cyclists,




Relationship between exercise V09 and (a) blood
concentration of ketone~bodies 159 min after
exercise, (b) hecart rate during exercise,

i » * - P
(Individual values; e : racing cyclists; o

untrained subjects).
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Tig, 2:vi VPlasma immuncreactive insulin (p units/ml) and
plasma human growth hormone (ng/ml) in 4 cyclists

(0 ~ &) and 5 untrained subjects (o ==~ 0) during

. . =+
and after 20 wmin of exercise (means — SEM),
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(i) Insulin: (2:vi) The cyclists had slightly lower
resting concentrations of plasma IRI than the non-cyclists
but the differences were not significant. Exercise caused
a fall in values of IRI concentration in both groups but
the fall by the end of exercise was significantly greater
(P<0.05) in the cyclists (402) from that in the non-cyclists
(25%). 1In both groups plasma IRI concentrations had returned

to resting values by 80 min after exercise.

(k) Growth Hormone: (Fig. 2:vi) Resting concentrations

of HGH were similar in the cyclists and non-cyclists. In both
~groups exercise increased the values of FCH but the increase
was larger in the non-cyclists so that at the end of exercise

the difference between the two groups was highly significant

(p<0.01).

2 .4 DISCUSSION

Earlier comparisons of trained and untrained runners, in
which the trained subjects ran faster but with lower.ﬁéart rates,
showed that the athletes had much smaller increases in blood
concentrations of lactate and pyruvate during exercise and a
1 es ser deéree of post-exercise ketosis (Johnson et al., 1969).
One of the purposes of the present investigation was to exclude
t e possibility that the earlier findings of greater post-—
exercise ketosis in untrained subjects might have been related
to a greater reygtive work load. The investigation was therefore
designed so that the cyclists should work as hard if not harder
than the untrained subjects. Within the 1imita£ion of a single

s es sion per subject the exercising heart rate was taken to be

the best guide to their relative work output (Z VO, max) since



heart rate is similar in subjects of the same age and sex
working at the same percentage of maximal aerobic capacity
(fistrand, Cuddy, Saltin & Stenberg, 1964). The load was,
therefore, adjusted in the first few minutes to cause a
similar increase in heart rate in all subjects, In practice
the cyclists showed a tendency to work harder than required

and, on average, reached higher heart rates. None of the

lower percentage of their maximal aerobic capacity: indeed
there was evidence that they worked relatively harder.
Therefore the differences between the two groups cannot be

due to the untrained subjects working harder.

The cyelists had a slightly greater rate of increase
of pyruvate at the beginning of exercise and also a slower
rate of lactate inrrease compared with controls. Aé a result
t he lactate-pyruvate ratio in the cyclists was lower, which
would be expected under conditions of increased glycolysis
in muscles of higher oxidative capacity. A relative increase
in the oxidative capacity of muscle mitochondria is likely to
b emore important than a simple increase of muscle tissue as
iwestigations in animals have shown that training causes this
effect (Hollosz&, 1967; Oscai & Holloszy, 1971). It is
unlikely that lactate and pyruvate production by muscle were
related to low tissue oxygen tensions because heavy exercise
does not cause oxygen tensions low enough to depress oxidative
phosphorylation (Chance, Shoener & Schindler, 1964). The rate
‘of oxidation of pyruvate is probably more dependent upon the
sub strate handling capacity of the pyruvate~decarboxylase system
tha n upon the supply of oxygen to the cell (Keul, Doll, Erichsen

& Reindell, 1968; Molé, Baldwin, Terjung & Holloszy, 1973).



Oxygen consumption after exercise fell more quickly than
the blood concentrations of lactate and pyruvate indicating
that O, debt and the concentrations of these metabolites

are not directly related (Harris, 1969).

Tﬁere were marked differences between the two groups
in the effects of exercise on the blood concentrations of
other metabolites. The much greater rise in gluccse
concentration in the cyclisfs was remarkable, The large
increase in blood glucose concentration in the cyclists was
probably related to a decrease in the uptake of glucose by
muscle since plasma JRI fell to a greater extent in the
cyclists and circulating glucose is not a major fuel for
wor king muscle until muscle glycogen concentrations fall

(Bermansen, Pruett, Osnes & Giere, 1970), .

Working muscle is able to oxidise FFA; ketone-bodies
produced as a result of the oxidation of FFA in the liver
are also used as a fuel. The large and rapid rise of glycerol
concentration during exercise in the cyclists suggests that
they mobilised more fat than the non-cyclists, suggesting
that they.utilised FFA liberated during exercirse moré efficiently.
The oxidation of FFA and ketone-bodies in muscle, even when
~glycolysis occurred, would be advantageous, reducing equivalents
from FFA could be coupled via the flavoprotein—NAD system to
oxidative phosphorylation. This would result in produciion of
ATP without involving the pyruvate-decarboxylase system. As
‘the concentration of blood ketone-bodies hardly altered during
e xercise there was probably an equilibrium betweamn production
and utilisation. After exercise, however, when muscle

utilisation of fuel ceased, there was a rise in the ketone-body
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concentration. This was unrelated in either its magnitude

or timing to the oxygen debt. The much greater rise of

k et one~bodies after exercise in the untrained subjects
despite the lower levels of lipolysis probab1§ reflected
their lower utilisation and continued breakdovmn of FFA by

t he liver (Johnson & Walton,'l9725. It is likely that

t he disappearance of fat metabolites from the blood of

the cyclists would be faster after exercise because increased
- glucose utilisation suggested by the rapid fall of glucose
concentrations promotes re-esterification and lipogenesis

in peripheral adipcse tissue.

The values of gas exchange ratio (R) were high particularly
for the cyclists and are difficult to reconcile with the present
suggestion that a higher proportion of fat was utilised by these
s ubjects. It is unlikely that any consistent error of gas
analysis would account for the high values; aﬁalyses were
calculated frequently and with various standard mixtures; also
the resting values for VO,, V002 and R,'derived byafhe same
methods throughout, were appropriate before and after the exercise
per iods. A high value for R may be partly due to a changing
acidmbase'statenwnen blood lactate is rising and bicarbonate
falling (Wasserman, van Kessel & Burton, 1967). The trained
sub jects might have increased their ventilation more efficiently
in response to decreasing blood pH and might, therefore, tend
to have high R valﬁes. A higher R might also occur due to
;elative differénces in substrate utilisation by this group.

For example, the athletes may use a greater proportion of
ketone~bodies as a fuel in muscle (Winder, Baldwin & Holloszy,

1973) and their R is closer to 1 than that of fat.
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A fall in the level of plasma IRI with exercise has been
observed previously in normal subjects (Cochran, Marbach, Poucher,
Steinberg & Gwinup, 1966). Lower concentrations of plasma IRI
have been reported after a training programme (Devlin, 1963;
Bjorntorp, De Jange, Sj8strBm & Sullivan, 1970; Bjorntorp, Fahlen,
Grimby, Gustafson, Holm, Renstrom & Schersten, 1972) and the present
observations confirm their findings. The greater fall duting exercise
of plasma IRI observed in the cyclists could be related to a greater

relative work output but this requires further study.

A‘smaller increase in HGH concentration with exercise in
t ra ined athletes compared to untrained subjects has been previously
reported (Sutton, Young, Lazarus, Hickie & Maksvytis, 1968; Sutton,
Young, Lazarus, Hickie & Maksvytis, 1969). Nevertheless, HGH secretion
does not seem to be important in the development of post-exercise
ketosis since this occurs in patients with hypopituitarism (Johnson,
Rennie, Walon & Webster, 1971). The lower values of HGH concentration
in the cyclists compared to the untrained subjects were probably not
related to differences in catecholamine secretion as an increase in
circulating catecholamines does not affect HGH secretion in exercise

( Troyer, Friedberg, Horton & Bogdonoff, 1966; Blackard & Hubbell, 1970).

Although previous observations suggested a fundamental difference
in metabolism of ketone-bodiles between athletes and non—athletes (Johnson
et al., 1969; Johnson & Walton, 1972), the possibility existed that the
metabolic differences were felated to different relative work loads.

The present observations confirm the previous results and indicate
that the differences remained even when the athletically fit individuals

wor ked at least as hard or harder.



2.5 * SUMMARY

er———

1. In order to investigate the relationship of the

degree of post—exercise ketosis to athletic fitmess four

© racing qyclists and five untrained subjects were studied
during and after 20 min strenuous exercise on a bicycle
ergometer. The work loads were adjusted so that the cyclists
worked nearer their maximal capacity than the untrained
subjects. Observations were made of respiratory gas exchange
and blood samples were taken at rest during and after the

exercise for subsequent analysis for metabolites, insulin and

~ growth hormone.

2, The cyclists worked at 1070 kpm/min with heart rate of
179.5 beats/min and oxygen consumption of 48 ml/min per kg
body weight (means). The values for the untrained subjects

were 715, 167 and 35 respectively.

3. During exercise the concentrations of glucosedayd
glycerol in the blood rose>higher in the cyclists compared
with the untrained subjects. The concentrations of plasma
free fatty acids were, however, lower.

4, Af ter exe;cise the concentration of ketone-bodies in
the blood increased progféssively in both groups, reaching
highest measured values 150 min after exercise. The increase
was much smaller for the cyclists even though they worked

—

harder.

- 5. It is concluded that the results indicate that the
extent of post—exercisc ketosis reflects true metabolic

differences associated with athletic training.



CHAPTER 3

THE ALTERATION Y A TRAINING PROGRAMME OF THE METABOLIC

AND HORMONAL RESPONSE TO RUNNING



3.1 :INTRODUCTION

Reéults in the preceding chapter demonstrate metabolic
differences in the response of trained athletes and untrained
controls to exercise upon a bicycle. These differences are
t hought to represent the effects of athletic training and
should, therefore, be observed in ﬁormal individuals who
undergo a period of physiéal training. Should the differences
at prescnt associated with athletic training not be seen after

a training programme then some other explanation would be needed,

p er haps on the basis of the innate difference of persoms who

b ecome athletes, compared to those persons who do not.

3.2 PROCEDURE

Eight teachers, young men who had recently gained their
t eaching certificate, were studied during an additional course
they took to specialise in the teaching of games. Although all
the éubjects played team games and were interested in physical
culture none of them was described by their supervisor as being
athletically fit and none had ever run in long distance races,
They were not in regulaf athletic training although they had

fitness—indices considerably above average.

The investigation, in outline, was as follows: the subjects
should run for a period of two hours during and after which blood

s anples would be taken. Then they should undergo a period of

tmining before repeating the run at a later date. The investigation

-

was explained to the subjects and they agreed to take part. They

were to train by running for 30 min three times a week for three
wee ks and t<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>