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Introduction

Gerhardlt in 1865 discovered aceltoacetate in
the urine of diabetic patieunts, but a further 80
years passed before coenzyme A was discovered,

Llinking the inbtermediary metabolism of fabt and

ketone bodies. Disturbances of carbohydrate
metabolism accompanied by ketosis also occuwr

during fasting and when the diet contains large
gquantities of fat, and in addition there ave

several other physiological conditions, involving
some sort of stress: to the body, in which ketone
bodies accumulate. One such condition is prolonged
exercise, lomg known to be assoclated with altera-

tiong in fat metabolism,

In 1936 Courtice and Douglas reporfed an
increase in kebtone bodies in their blood and urine
after walking for 10 miles at 4.5 mphe. Drury,
Wick and MacKay (19441) found that walking was
insufficient to produce ketosis and more intensive
exercise (10 mph for 20 min) was required. Posgt-
exercise ketosis has been studied more recently by
Pagsmore and Johnson (1958) who concluded thab
exercise is ketogenic, in addition to producing a
negative calorie balance. Little othexr work has
been done on post-exercise ketosis, possibly because

of the protracted nature of the investigations.



In 195% Lynen and Ochoa discovered that the normal
intermediates of fabtlty acid degradation are the coenzyr
A derivatives of ketone bodies, rather than the free
ketone bodiesa In the same year, Lehninger and
Greville showed that the intermediate formed from
lomg~chaln fatty acids is L(+) P=hydroxybubtyrate
coenzyme A, whereas the free ff~hydroxybutyrate
appearing in body fluids has theD~configuration.
Ketone bodies, then, are not normal intermediates in
the ff-oxidation of fatty acids, and their role in the
body only became clearly established vecently when it
was shown that ketone bodies can serve effectively as
fuels of respiration in animal tissues (Williamson

and Krebs, 1961; Bergman, Kon and Katz, 1963).

This knowledge of the probable physiological role
of ketone bodies, coupled with specific enzymic method
for their deberminabtion, has made it possible to look
more closely atv the metabolism of ketone bodies during
and after exercise, A possible approach Lo this
subject was prompted by the observations made on a
group of hill walkers, who were f£it but not in athleti
training. These showed that, after a period of 3-5
hours of walking, mogt of the subjects had ketonuria
on qualitative testing (Cooper, Johnson and Pugh,

unpublished observations). In a later



investigation upon runnexrs after they had competed

in a marathon race (42 km), the winner of which took
2 hr 38 min, it was found that none of the competitors
had ketonuria, even though the exercise was more
strenuous (Pugh, Corbett and Johnson, 1967), and
Asbrand et al.,(1963) have algo failed bto f£ind
ketonuria in competitors after an 85 km championship
ski race. These results svggested Tthat the phenomenc
of post-exercise ketosis might be different in abthlete

compared with non-athlelbes.

The observations presented in the first part
of this theslis demonstrate that there is indeed a
difference bevween athletes and untrained subjects
in the development of post-exercise kelogis. This
difference is shown to be related to the individual'sg
£itness and is a result of btraining. In the second
part, the effect upon ketosis of the administration
of glucose and acetoacetate is described, and a
difference between athlebtes and untrained subjects
in their capacity to metabolise ingested acetoacetate
after exercise reported. In the final section, the
secrebion of growbth hormone in response to exercise
in each group is described, md observations on the
mebtabolic changes produced by exercise in a group

of patients with hypopituitarism included.



The methods used for the analysis of metabolites
are described briefly in Chapter 1, but the procedures
adopted in each series of investigations are described
in each chapter, "he thesgls concludes with a list of

original publications already produced on this research



CHAPTER 1

Technigues

Thig chapter congiders the biochemical

techniques that have been used in all the

experiments., The subjects who took part in

each series of investigations will be described

in the appropriate chapters along with the

different procedure used.

Biochemical Techniques

(a)

Preparation of blood specimens. 15 ml
blood was taken at ecach sample from an
anbecublital wvein, 10 ml of this was
placed in a heparin tube and centrifuged
for 10 min at 2500 rpm., The separated
plasma was pipetbted off and stored av
~10°G, The other 5 ml blood were
immediately added to 5 ml 10% ("/v) ice
cold perchloric acid in a universal

container, This was shaken vigorously

‘and stored at 0°C until the precipitate

gould bhe centrifuged olfs



(b)

Treatment of denabtured blood. The protein

precipitate was removed, usuvelly within

24 hr, by centrifugation at 18,000 rpm for

15 mine The filtrate wag spun again at

2500 rpm for a further 10 min, decanted into
a graduated tube and the volume noted. The
cenbrifugations were carried oulbt at 0°C. The
specimens were neutralised with 20« potassium
hydroxide using universal indicator and the
volune read sagain after the potassiunm
perchlorate precipitabte had been spun down,
18-2,0 nl alkali were required., The filtrat
was then decanted invo plastic btubes which
were stored at -10°C for subsequent analysise.
A dilution factor was calculated from the
volume of blood taken and the volume of alkal

added., Spectrophotometric measurements were

carried oubt on either a Zeiss Py 11 or a Uni

SP 500 Mk 11.

Analysis of blood pyruvate and blood acetboa~
cevate. These two mebabolites were measured

on the same sample by modifications of the
methods of Bucher et al., (196%), and

Williamson, HMellanby and Krebs (1962),.



(a)

The pyruvabe was reduced to lactate with
excess reduced nicotinamide a@enine nucleotide
(NADH) using o phosphate buffer (0.10, pi 7.0)
The reaction was catbtalysed by laclic dehy-
drogenase and The decrease in opbtical dengily
due to the oxidation of NADH measured atb

240 meo The acetoacebate was agsayed under
the same conditions by adding the enzyme
Dm(m)uvﬁwhydroxybutyric dehydvogenase, which
catalyzed the reduction of aceboacebtate to
Dm(m)mﬁéwhydroxybutyrateo Acetoacetate is
slowly decarboxylated in neutral solution so
this assay had to be carried oub immediately
after the samples were neutralised. The
acetoacetate remained stable in acid solution
(i.e. after the samples had been deproteinised)

for up to 1 week,

Analysis of blood glucose. Blﬁod glucose

was debermined by the method of Bergmeyer

and Bernt (1963) using glucose oxidase and
peroxidase, Glucose oxidase cabalyses the
conversion of D=glucese to D-gluconic acid

and the hydrogen peroxide also formed is
decomposed by peroxidase, the oxygen liberated
oxidising the colourless o--dilanisidine to a

coloured derivative.



(e)

(£)

The optical density of the reaction mixbture
wag measured at 440 Im j and related to glucose
standards of different concentrations.
Duplicate samples of 0.05 ml were analysed and

the readion mixbture was incubsatbted at 5700 for 1

Analysis of bloodgﬁ-hydroxybutyrate. This was
determined by the method of Williamson, Mellanb
and Krebs (1962) using the enzyme Dwfp ~hydroxy=
butyric dehydrogenase Lo catalyse the oxidation
of Dw(w)«;ﬁ-hydroxybutyrate to acetoacetate in
the presence of excess nicotinamide adenine

dinucleotide (NAD). An alkaline medium was us
(pH 8.5) and the acetoacebate removed in the

form of its hydrazone, the change in optical

density at 340 mpxdu@ to the formation of NADH

being measured.

Analysis of blood glycerol. This was determin
by the method of Kreutz (1962). Glycerokinase
was used to catalyse the phosphorylation of
glycerol by adenosine b-triphosphoric acid
(ATP) to L~glycerol-i-phosphates The adenosin
S~diphogphoric acid (ADP) was phosphorylated
back to ATP with phosphoenclpyruvate (PEP)
forming pyruvate which was then reduced to

lactate with NADH, The overall reaction was




(&)

glycerol + PEP + NADH + = L(=)=glycerol~1
~phogphate + lactate + NAD

The optical density change due to the formabtio:

of NAD was measured ab 540 My o

The analysis of plasma nonesterified (free)
fatty scids, Plasma free fatty acids (TTFA)
were assayed by the method of Itaya and Ui (19¢
The FFA were extracted from plasma by shaking
with chloroform neutralised (pH 7. 0) by phospl
buffer (0.1 M)e. The extracted FFA were comple
with copper~triethanolamine solubtion and
estimated calorimetrically with the dye sodium
diethyldithiocarbamate. After shaking the
chloroform layer with coppep-triethanolamine
the water was removed by filtering through
ordinary filter paper. Silicon-treated
phase-separating filter paper gave falsely
high concentrations of FIA, The colour
developed by the dye was meaguited immediabtely
at 440 M All FFA determinations wewe
carried oub in duplicate using 0.2 nl samples

of plasma,



Hdaterials

The enzymes used in the analysis of blood
specimens were obtained Lfrom Boshringer
Corporabtion, Lbtde, Bilton House, London, W.5,
except for glucose oxidase (Type 11) which was
obtained from Sigma TLondon Chemical Co. Lbd,
Other chemicals were obtalned from British
Drug Hougey, Ltd., FPoole, Tnglande



CHAPTER 2

Blood Ketone Lievels of Healthy Men at Rest

The formabtion and utilisation of ketone bodies
is normally adjusted to prevent any marked accumulabtion
in blood and tissue concentrationss The range of ketor
bodies found in healthy persons who are not under any fc
of stregs is small when it is considered that there is 1
other body constituent which shows concentration changes
in a dimension comparable to that of ketone bodies
(Wieland, 1968). There are few estimations of normal
ketone body levels in large numbers of subjects in the
literature, and the majority have depended on chemical
methods of enalysis which ave not always satisfactory
and often rely on the determination of the acetone and
acetoacetate fraction by 'difference' rather than
directly. The development of specific enzymatic metho
for the determination of acetoacetate and 3~hydroxybuty:
separately has enabled tobtal blood ketones to be estima

more accuratelyw

liethods .

Venous blood acetoacetate and 3-hydroxybubyrabe
concentrations have been measured in 83 healthy male
subjects (age 18~35), 15 of these subjects were athle
of University standard. All the subjects had fasted f

at least 4 hr and were in a resbting state.
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cells. If this is s0, the corresponding figures
for whole blood for the observations of Johnson and
his associaltes would still be congsiderably higher
than those reported here, Other workers who have
obtained similar values to the present results include

Lyon and Bloom (1958), and Stark ond Somogyi (1943).

The ratio. of S~hydroxybutyrate to acetoacetate
has been reported as 2 (Stark and Somogyl,1943%),
1a78=443 (Willlamson, Krebs and Mellanby, 1962) and
ranging from 1-20 (Mayes and Robson, 1957). Peden

(1964 ), describing normal values in infants,gives a
ratio of 0,5=0,7,

Werk and Knowles (1961) describe a differentd
value of ketone bodies in healthy men after fasbing
34 hr and 14 hr, but the present observations do notb
indicate any significant difference between fasting

of 4=-8 hr and fasting of 12 hre

mumm ary

The mean level and stendeard deviabtion of total
blood kebtone bodies (acetoacebate plus 3-hydroxybutyre
in 8% healthy male subjects in a resting state was
0077 ¢ 05056fAmole/mlg There wag no difference in

resting levels belbween athletes and untrained subjects

nor between subjects who had fasted for 4-8 hr and thc

who had fasted more Gthan 12 hr.



CuAMl %

-

Changes in Blood lebabolites during and after Lxercis

This chapter describes the effect of severe
exercise on the levels of blood metechbdlites, with
particular refercuce to differences between athletes
and healthy untrained subjects. Blood samples wewe
taken during the exercise period because different
Lactate and pyruvate vesponses Lo exercise have been
previously related to physical fitness, and also fow
some bGime after the exercise to follow the develonmen
of post-exercise ketosis. Lhe references quoted in
the introduction indicated thalb this might also be
related to athletic ability, and in the firet part
of this chapbter clear differences in the blood levels
of kebtone bodies and their metabolic precursors, i,
are described in athletes and untrained subjects. In
the second part of bthig chaplter a shorver period of
noderate exercise with the subjects exercising atb
gimilar work rabes on an ergometer is also found to
be accompanied by changes in mebtabolic concentrations
which differ in degree in btrained and untrained

subjects,



Differences between Athletes and Non~Athlebtic

Subjects during and after running

In this section the differences in the concentrations
of various mebtabolites have been measured in athlebes and
untrained subjects before, during and after a period of

strenuous exercise,

Methods

Nine subjects (aged 22-34 yr) btrained regularly by
running 60-150 km/week, in order bo compebe in middle
and long distance events (15=42 km)., Thelir mean welght
wes 643 £ 3,5 kg (8.D.), and mean height 174.5 = 6.1 cm
(5sDe)s  The 18 untrained subjects (aged 20~23 yr) were
University students who were not regularly taking part
in any athletic sport and so were not in training.

Their mean wéight was 68.1 &+ 8.0 kg (8.D.), and mean

height 17640 = 8,3 cm (S.D.).

Procedure

The investigabtions were carried oul bebween 11,00 =
20,00 hr, and all were started at least 3 hr after the
previous meal, Conditions were mild (17=-22° C) and dary
with little or no wind.

The subjects wan for 14 hr on an outdoor track

covering a measured disbance. Lap times were recorded



and observations then conbtinued for a further 2 hr,

The subjects ran alb their own speed, often in pairs.
They were welghed before and after exercise, and radial
pulsg rates were meagured before running and at %0 min
intervals during and after exercise, Blood samples
(15 ml) were teken by venepuncture before running,

30 min later, alt the end of exercise, and at subsequent
30 min intervals,. In one series of investigations in
which six subjects (three athletes and three untrained
subjects) ran for 2 hr, blood samples were baken &b

30 min intervals throughout exercise. In this
investigation and later in anobther series, gult tempera—
tures weré measured as an indication of central bvempera~
ture change, using radio pills (T'ox, Goldsmith and
Wolff, 1962), made by the Nippon Electric Co., Japan.
The pille were swallowed 24~1% hr before exercise, and
observations made at 30 min intervals. Blood sanmples
were analyséd for lactate, pyruvate, acetoacetabe,
s-hydroxybutyrate, glucose and glycerol, and plasma
samples for Lree fabtty acids. The plasma was also
analysed for urea, sodium, potassium, chloride, and

bicarbonate by means of an autoanalyser.

The results in the next sectlon are expressed as
means and standard deviations, and refer to the 27

subjects who ran for 1% hn.



Results

The athletes ran much faster (16 * 2 km/hr) than
the untrained group (10 = 3 km/hvr), and they ran at a
steady speed, whereas bthe others showed considerable
variation and slowed down progressively (Fig 33 1).
The athletes lost more welght (%.29 £ 0.36% botal body
weight) than the non~athletes (1.8 £ 0.43% total body
welght. The mean heart rates of the athletes were
lower than bthose of the untrained subjects. Afﬁer
4 hr and 1 hr of exercise, the athletes and non-athlet
had mean heart rates of 126 and 130, and 160 and 165
beats/min respectively. Half an hour after exercise,
the mean heart rates were 78 and 102 beats/min
respectively (Fig %:2). In bthe investigations in
which central temperatures were measured both groups
had similar initial temperatures, but those of the
athletes remained lower during the first hour of

exercise in gpite of their higher running speed (Fig

Concentration of Metabolites in Blood

During and after exercise

Lactate

Resting blood lactate levels were similar in
both groups of subjects (athletes 1.31 = O.SB;Amole/ml
non-athletes 1414 = O.44fmmole/ml). The experiment i

.

which blood samples were btaken at 30 min intervals



MEAN RUNNING SPEED per 12 HOUR PERIOD

RUNNING SPEED 1
(km/hr) /6
]87
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TIME (min)

Fige %:1 Mean running speed in the three trained
athletes (upper line ) and three untrained

subjects (lower line ; while running for 2
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throughout 2 hr of exercise indicated that the
greatest difference between the btwo groups occured
during the early part of exercise and gppeared in

the 30 min sample, Table %:1.

At 30 min the athletes had a mean level of
1649 £ 0,62 pmole/ml, whereas in the non-athletes
the lactate concentrations rose 0 4.6% A 2.05 pmole/mi
after %0 min, angd then decreased throughout the rest

of the experiment (Fig %:4).

Pyruvate

The changes in pyruvate resembled those of
lactate (Fig %:5). Resting levels were gimilar in
both groups (athletes 0.079 i0.029,¢mole/m1 $
non-athletes 0,081 = 0,023 mpmole/ml)s The athletes
again showed a lower peak after 30 min exercise
(0,099 iAO.OﬁB}&mole/ml)compared to the other group
(0.234 0.087 pmole/ml).

Glucoge

This showed less maerked changes in concentratiohs
(Fig %:6): resting values were lower in the athletes
(71.5 % 18 mg%) compared Lo the non-athletes
(93,8 X 1145 mg) and afber 30 min of running the

athletes showed a slight rise (8641 = 21.1 ngk), where:
the untraiﬁed. group had the same or slightly lower val

(92.0% 14,7 mg %).



Pime (min) Rest 30 60 90 120

Athletes 1 - 0.78 0.69 1420 1.61
2 0,99 14719 101 1o it 1455

3 ']-li'f) 2.211- 1»83 5457 3&26

Mean 1e22 1.40 1418 2+09 2.4

Non~athletes 1  1.41 7.7% 6,17 L.32 2486
2 'i.’tq 6.50 _—5.44 :5.1'] ) 2-78

w92

AN

3 1.86  7.38  3.98 2,14

Mearn 146 T7e21 4u5% 3,19 3419

Table %:1 Blood Lactate Concentrations gumole/ml) in

-

5 Athletes and 3 Non-Athletes Running from 0~120 min
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Fig. %:5 Blood pyruvate (ﬁmol@/ml) in 9 athletes
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Glycerol

Blood levels were slightly lower in the
athletes at west (0,051 & O.OﬂG;Amole/ml) than in
the non-athletes (0,072 % 0,022 jamole/ml) and in
both groups the concentration vose to & peak in the
sample immediately after the exercise, reaching
similar values. After exercise the levels

declined (Fig 3:7).

Free Tabty Acids

The plasma free fabty acids gt rest were lower
in the trained subjects (036 i-0‘45fAequiv/ml and
Ceb3 X O.Esgaequiv/ml) but this was not significant
(p) 0.05)e The levels of FFA rose gradually until
1 hr after the end of running, but in the untrained

group the levels reached were much higher (Fig 3:8).

Ketone Bodies

Blood--ketone-~body concentrationg (acetoacetate
plus 3-hydroxybutyrate) also rose during and after

exercisea The athletves, however, showed only a

slight vise (O@ﬂSfAmole/ml) in ketone bodies
throughout the experimental period, while in untraine
subjects they rose markedly (O.66rxmole/ml) in the
post~exercise period (Pig %:9)e. The mean

s=nydroxybutyrate/acetoacetate ratios were similar



Blood Glycerol }.LM/ITI'

0617 Running

! ! ! T 1 !

TIME {(hr)

Tig. %:7 Blood glycerol (Pmole/ml) in 9 athletes

@ = = =~a) and 18 untrained subjects (@ =

( mean 4+ 1 SeBalle)s

&



Plasma Free —Fatty Acids
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Fige. %:8 Plasma free fatby acids Qﬁequiv/ml) in 9
athletes (@ = = «») and 18 untrained subject
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Total Blood Ketone Bodies pM/ml
2:0
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fige. 5:9 Total blood ketone bodies (}xmole/ml) in ©
athletes (@~ = =e) and 18 untrained subject
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in both groups (range 1.6-~2.2) during exercise, but
were higher in the untrained subjects (2.8~%.3)
compared to the athletes (2.3~2.7) during the

recovery periode

Electrolytes

The plasma concentrations of godium and chloride
increased during exercise in both groups by 6 to 10
mequiv/1, from mean levels ab rest of 140 and 102
nequiv/1 respectively, and plasma potassiun increased
by up o 1.0 mequiv/1 from a mean level at rest of
4,0 mequiv/1s Plasma bicarbonate fell from a mean
level of 22 mequiv/71 by 3 to 7 mequiv/71 in bthe 30 min
sample, and then returned to original levels. Plasma
urea rose slowly during exercise to a level aboubt 20%

above the initial reading.

Discussion

The two groups of subjects showed a congiderable
difference in running ability, as indicated by their
performances, and this was accompanied by clear
differences in the physiological and biochemical
characteristics that were studied, The two groups
were of similar height and welght, but the athletes

tended to be slightly older than the untrained group.



Thig difference regulted from accepting subjects
most readily available, the untrained group being
students, while some of the athletes were older
because those competing in middle and long-distance

events usually do so late in thelr athlelic careers.

The trained subjects ran abt consistent speeds
which they said were appropriate to The time Tthey weme
asked to run, and, although there was no competibion
these were high and approximately four-fifths of the
world recoxrd speeds over comparable distances
(Lloyd, 1966)., The untrained subjects had difficulty
in pitehing their speed, and their groups normally
started off running too fast and then they would splif
into ones and twos as they golt slower. Despite theis
greater speeds of running, the athletes had heart rat:
which remained slower bthroughout the exercise. The
pulses taken before the exercise began showed a wide
variation, probably because many of the subjects were
anxious about having blood samples takeng The capac:
of the circulatory system to adapt to repeated exercit
involves increases in haemoglobin and blood volume,
and the lower heart rates probably reflect a large
heart stroke volume (Wang et al., 1961; Bevegard and
Shepherd, 1967).

The athletes had lower gut bemperabures dvring
the first hour of exercise than the non-trained

individuals, suggesting that the athletes were



dissipating their heat more effectively. This
could be achieved with a greabter peripheral blood
flow or by a greabter rate of sweabting, probably the
latter in view of the higher percentége welght loss
of the athletes. Marathon runners have been shown
to achieve sweal rates egual to the highest amounts
reported for heat-acclimabised men exercising unden

heat stress (Pugh, Corbel’ and Johnson, 1967),

The differences in performance, heart rate,
weight loss and gub btemperature were accompanied
by differences in the levels of mebtabolites related

0 energy supplye

Lactate and Pyruvatbe

The blood lactate concenbtration rose by only
Qm18¢mole/m1 in the athletes, but by 3.49;&m01e/m1
in the uantrained subjects after 30 min exercise,
During the following 60 min running period the
lactate concentbration of the trained subjects only
rose slightly., Harris el al.,(1968), studying
30 min periods of exercise on an ergometer, found
that the lactate concentrations peaked after 10 min
but they obhtained a plateau if the exercise was more
SevVere, However, the observations of Astrand et al.,
(1963) on very severe exercise suggest that the lactat

concentration will fall if the exercise is contvinued



for long enough,. The increased concentrations of
lactate in the initisl period of exercise probably
reflect a transient hypoxia in bthe exercising

mugcles (Harris et al., 1968).

The changes in pyruvate generally paralleled
those of lactalte in both groups. Lower concentra-—
tions of 1actéte and pyruvate in Tthe blood of athletes
during exercise have been observed by several workers
(Holmgren, 19563 Holmgren and Strom, 1959; Cobb and
Johngon, 19633 Juchems and Kumper, 1968). Thus,
athletes either produce less lactate during the
early stages of exercise, or they dispose of it
more rapidly. Increased disposal could be due to
an increased rate of oxidation in muscle, or to an
acaelerate& rate of hepatic gluconeogenesis from
Lactatc. A decresased production of lactatbe in
athletes might be due Lo the greabter blood flow
found in contracting muscles of non-—athletes and
athletes, compared to sedentary subjects (Elsner

and Carison, 1962).

Glycerol and Free Taltty Acids

Exercise is accompenied by an increased
turnover and oxidation of FFA (Iriedberg et al., 1960
Havel et al., 1963), and ralsed plasma levels have
been found in the period of recovery (Carlson and
Pernow, 1959), These experiments have shown a stead]

rise in FFA in both groups during exercise, bubt whilst



the concentrabtion doubled in athletes, it trebled

in the untrained group after 14 hr. This difference
could be due to either the athletes mobilising less
fat or ubilising it at a fagter rate. The amount
of glycerol appearing in the venous blood may be
taken as a guide to changeg in adiposeAtissue
lipolysis, and as the increase in glycerol during
exercise was similar in both groups, it can be
asgumed that there was no major difference in fat
mobilisation between the athletes and non-athletes,
The free fatty acid/glycerol ratio was similar in
both groups (about 7) before the sbtart of exercise,
but was much lower in the athletes (1.5-2.5) compared
to the non~athletes (4) during exercise, and this
difference was maintained in the recovery period.
This suggests that the athletes are able to oxidise

fatty aclids more effectively than untrained subjectse.

Ketone Bodies

The relatively low concenbtrations of aceboacetatbe
and 3=-hydroxybutyrate in both groups during exercise
suggest that ketone bodies arve unlikely to be an
imporbtant fuel in this situation, because in the
resting animal at least, the rabte of kebtone body
utilisation appears to be directly related to Their
concentration in the blood (Nelsgon,Grayman and Mirsky,

19413 DBabtes, Krebs and Williamson, 1968).

[ 1



This low concentrabtion of ketone bodies during exercise,
in contrast to the post-~exercise period, may also be
important in ensuring an ample supply of free fatlty acids
(and glucose) because high concentrations of ketone bodies
exert both an antilipolytic and hypoglycaemic effect
(Bjorntorp and Schersten, 1967; salasse and Lvoms, 19683
senior and Loridan, 1968). The absence of any appreciable
rise in ketone body concentration during the poste-exercise
period in the trained group can partly be explained by the
lower IFFA concentration, but may also indicate a facilitat

of ketone body utilisation.

Glucose

This was the only mebabolite which did not chow
major differvences between the two groups, and this is
probably a reflection of its minor role as fuel in the lat

stages of the type of exercise studied.

Llectrolytes

The slight increases found in plasma sodium and
pobassium levels have been noticed previously(Keys, 19403
Harris et ale, 1968) though in both cases the exercising

period wssg shorter.



Harris also observed an initial rapid fall in plasma
bicarbonate occurring within a few minutes of the
onset of exercise, and in his subjects who exercised
for 30 minutes a subsegquent mise in level occurred.
the 30 minute sample in these experiments reflected
a minimum bicavbonate level which may have already

started Lo rise again.

_Summary

Training of abthletes has been shown to affect
in a major way the mebtabolism of fat and carbohydrate
during and after exercise. The concentrations of
acetoacetate, 3-hydroxybutyrate, free fatty acids,
glycerol, 1actaﬁé, pyruvate, and glucose have been
measured in the blood of 9 athletes and 18 non-athlet
before, during, and after running for -1} hr,
Measurements were algo made of speed of running, welg
loss, and heart rate. There were marked differences
in metabolite concentrations between the two groups.
The concenbtrations of lactate and pyruvate did nob
rige in the group of athletes during the initial peri
of exercise. The untrained group developed pogb-
exercise ketosis which was agsociated with high free
fatby acid concentrations. The free falbty acid
concentrations increased much less in the athletbes

during exercise, and consequently in the recovery



Far e

pexriod they had relatively low ketone body concentratio
So, in general, bhe metabolite concenbrations in the
blood of athletes deviate less from normal during

exercise than those of untrained subjects.



1l The eifect of exercise on an ergomneter

The substantial differences betweun athletes and
non—athletes degcribed in the first part of bthis chapte
may be criticised in that the athletes are running
foster and performing more work than the other group.
In this section the responses ol gubjects performing at
an equivalent work rate on a bicycle ergometer are

described,

Methods
Subjects One athlete (age20, height 17% cm, weight 60.
kg) who ran in middle-distance evenbs for Glasgow
University, and two untrained subjects (D.M., age 19,
height 170 cm, weight 66 kg; N.B. age 19, height 184 cm

weilght 92 kg ) were sbtudied after they had fasted for 7

Procedure. The subjects exercised on an ergometer set

to the same work load for three 10 min periods. Their
ventilation, oxygen uptake and carbon dioxide outpub
were measured during bthe exercise (Jennett, 1968) and
heart rates were recorded continuously. Sweabt rates wer
measured in each exercise period by placing previously
velilghed squares of filter paper on the forearm beneath
a plastic sheet., Lar temperatures were recorded every
minute with thermistors and the wet and dry bulb

temperatures of the room measured with a whirling hygro



Blood samples were bGaken before the exercise, atb
the end of each 10 min period and at three subsequent
50 min dintervals. They were analysed for lactate, pyrui
glucose, acetoacetate, d ~hydroxybutyrate, glycerol and
plasma free fatty acids and electrolytes (chapter 1),
at thg end of exercise and 1 hr later, serum was taken

for thyroxin assay.

Resultg

o

The heart rate. and ventilating responses of the
athlete and the unfit subject D.lM. are shown in Fig. 3:
Unfit subject N.B. showed ventilatory and heart rate
changes gimilar to D.Is The heart rate of the athlete
showed a smaller rise during exercise than the obther
two and returned to within 15 beats of resting level
2 min after stopping exercise whereas the heart of the
unfit subjects remained above 115 beabs/min in the
same period. Desplte the same work load during the firs
two 10 min periods of exercise (4% kiloponds al 32=33% |
the wnfit subjects showed a relative hyperventilation
as indicated by the high VCO,. In the last period of
exercise ﬁhe fit subject exercised slightly faster
(14 kiloponds ab 35 Kph) and his rate of ventilation
increased o the same level as bhat of the unfit subJec
tgch subject showed the highest sweal rate in the last

period of exercise and the athlete swealbed more and
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lost more welght during the exercise ( Table 3:2).
The athlete also showed a gmaller rise in temperature
in the first period of cxercise (0.,65°¢) than unfit
subject Dolie (1,0°).

The athlete showed no change in blood lactate and
pyruvate levels in the exercise period, whereas the
unfit subject D.M. showed substantial increases( Figse
%:11 and %:12). Subject N.B. also showed increases in
pyruvate (rest Oa064/mmole/ml, peak O.ﬂQﬁfbmole/ml) and
lactate(rest 0668fxmole/ml, peak 2,48¢»mole/ml). The
unfit subjects also showed larger increases in IFA,
glycerol and btotal ketone bodies Than the athlete
(Pigs %:1%,14 and 15 ), The peak values in subjectl.B.
were glycerol O,ﬂﬁOfxmole/ml(5O min), FFA O.SﬂJmequiv/m
and total ketone bodies O.QSOfmmole/ml (at 2 hr) 3
glucose concentrations followed a similar pattern in ea
gubject falling slightly during the initial part of the
exercise (Fige. 3:16 ).Plasma sodium, pobtassium and
-chloride showed small increases in all the subjects,
while plasma bicarbonave decreased %-Hmequiv/L during
exercises The free thyroxin index decreased slightly
in the £it subject during exercise bubt increased in

unfit subject DM. (Table %:% ),
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BLOOD LACTATE (umole/ml)

TIME (hour)

ige %111 Blood lactatbe kaolﬁfmlj in one trained

athlete (w—x) and one untralned subject
@ - ~ =), The stippled bars represent the

perliod of exercise,



(A”nunu M)

PYRUVATE

02t

®
Ve
hd \
/ \
/.f \
! .\
9 \\
\\
X X
X / \x/ N_"‘“‘-:-x\ x\
\"‘.. -
\."
| SERROANE R SRR [ TAAAAARS |
0 1 2 3
TIME {hr}

fige 3112 Blood pyruvabe (ﬁmale/ml) in one trained

athlete (%x—-x) and one unbtrained subject
(= « ~6), The stippled bars rvepresent the

period of exercisce



)

PLASMA FFA. (uEg/ml)

Wi,

1.0

i

o
9]

S Tm——

Xt X,

O=m—n0

-

l 1

Fit,

unfit,

0] 1 2
TIME (hour}

o 311% Plasma free fatty acids Q*equiv/ml) in one

trained athlebe (xex , £it
untrained subject @ ~ = <o

bars represent the period of

) and one
o unfit ). The

exerclse,



ol
/ \\

! \

! \

/ \

/ 1%
—_ ’I \\\
E 1of / o= —m-eeo0
£ /
= !
| '0"‘\\ D’
Q ~o-- /
O

Ko X
2 i
O os[x N
(o)
Q X
fa |
XX Fit,
| _ 1 | 1
o] 1 2 3
TIME (hour)

Fige. %:14 Blood glycerol qwmole/ml) in one trained
sthlete (FXw—-x L,fit ) and one untrained
subject (= = «o , unfit ). THe bars

represent the period of exerclise.



TOTAL KETONE-BODIES ( pmcle/ml)

03

[

®
/
/
/
/
/
/
02F /
/
//
/
_—--®
/.-—’
/
01t i
x\,/
=X 7/
\x\ // \X\\
X ® X e X
- .-“-.-.,—--'.”
= o
0 1 2
TIME {hour)

5 Blood ketone bodies (pmole/ml) in one
trained athlete (x——x) and one untrailned
subject (¢= - =), The stippled bars

represent the period of exercise,



GLUCOSE (mg%)

100 ¢
X
).(\ X ’/’.\\ X
hY P \\
\z( // °
75 T AN
\'x/
S0f ) .o 3
1
0 1 2 3
TIME (hr)
Pige %:16 Blood glucose (mg %) in one trained athlet

(km——-x) and one untrained subject (o= - w
The stippled bars represent the period of

eXePrCiste



Discussion

The differences between the athletes and untrained
subjects observed in the previous section might have
been due to the two groups performing at different
work rates. Uxygen consumpbtion during running is linear
related to speed (lMenler and Pugh,; 1968) and in that
investigation the mean oxygen inbakes of tThe athletes
must have been aboubt 50 ml/kg/min (athletes) and
20ml/kg/nin (untrained subjects). In this exercise on

he ergometer the work rabtes were similar in each subje
and the average oxygen intakes were 29 ml /kg/min
(athlete), 25 ml/kg/min (V.M.), 28 ml/kg/min (Nebes,

Despite similar work loads and oxygen intakes the
physioclogical responses of the athlete ( heart rate,
temperature change, weight loss) were different from th
of the other subjects, and the observations agreed with
those made during the running experiments.

The biochemical changes were also in accord with
those made previously though the btiming of the blood
gsamples emphasised the changes occurring early during
exercise. The lacltate concentration reached a peak
before the pyruvate concentration, as noted by Harris
et al.(1968) and the initial fall in plasma TFA
observed by Carlson and Pernow (1961) and by Havel,

Naimark and Borchgrevink (1963) was also made appavent.



Although the exercise was not severe or prolonged, mark
elevations of ketone bodies still occurred after the
exercise in the unfit subjects,

The small drop in free thyroxin in the athlete and
the increase in the unfit subject follow the changés i
plasma TFA observed in these subjects. This substantiatbe
the findings of Redomski, Britton and Schonbaum (1967)
who described a close correlation between free thyroxir
and FiA in rats and men afbter exercisge, The increased
free thyroxin in the untrained subject might plsy a pat
in the greater heat production observed, though this
nust be partly explained by the lower sweat rate and

smaller loss of body weightb,.

Lunmay

One athlete and two untrained subjects exercised
for three 10 min periods at the same work load on a
bicycle ergomeber. During and after this period of
moderate exercise the changes in blood metabolic leveles
were qualitatively simitlar to those described in the
first part of this chapbter. The athlete showed smaller
changes than Tthe other two subjects and did not develog

post-exercise ketosgis,.



CHAPL i &

1

i Mitoness,fataes. and vost~exercise ketosgis

In Chapter % it was shown that subjects not in
regular athletic training develop ketosis after strenuou
exercise much more readily than athletes, but it is not
known whether this nezative relalionship between fitness
and capacity to develop ketosis applies throughout a
wide range of fitness or is obvious only at exltremes,

rogt~exercise ketosis probably arises from an
excessive use of fat over carbohydrate ac an energ
source, aund as there is a negative correlation in men
between obesibty and fitness(i:iiller and Blyth, 19553
Sloan, 1969) the possibilivy exists that ketosgis could
be related to body fat content. In order o investigate
the melationships bebween fitness and fatness, and
levels of blood ketones and free faltlty acids developed af:
exercise, bthese factors have been studied in a group

of young men with a wide range of fitness,

liethods

N i

subjects Twenty=one healthy male subjects, aged 19«23,



were studied, Thelir participation in sporting activitie:
ranged from nil to Universiby representabion in runuinge

ihe subjects were volunbecers frow a University Hall of

degidence, and from a Glasgow running club (Garscube
Hap.oiers). :
Fitness ach subject performed the Harvard Step Test

(Brockett et al., 1956). lie stepped on Lo and down from
a platfomn 20 in high, 30 times a minute for 5 min, or
until fatipue caused him to slow for more than 15 sec,
or stop. immediately alter the exercise, the subject was
agked to sit down and hisg pulse was counted from 1-14 mix
after the exercise by two observér$. Ihe Harvard fitness
Index (v.I1.) was calculated from the duralion of exercise
and the sinpgle post-exercise pulse count (Welss and

Phillips, 1954, from the formulas

duration of exercise (sec) % 100
5.5 x (pulse count 1-14 min afver exercise

Folae =

sloan (1009, reports that the conventional classificatic
of fitnes. om the basis of this test is “.T.<{50: poor,

dele HO-30: average; and s.L. 730: good.

ratness rhe fat content ol the bhody, expressged as =&

ercentage of body welght, was esbtimated Twrom bod
D = AN

~density devived from gkinfold measurements with the

Harpenden and iicie.we calipers (Best, 1954) using the



formula (Sloan, 1967):

D= 110475 ----»O.OO"I.'fsf,’;“?x,l m0.00ﬂEﬂGXe
where, D = density (g/ml)
Xq= vertical skinfold in anterior midline of
vight thigh, midway between inguinal ligament
and top of patella (mm)
o= skinfold running dowaward and laterally from

inferior angle of right scapula (mm)e.

Body fat was then calculated by BroZek's formula

(BroZek et al., 1963 );

= 100(&4,570/D = 4,142)
where, I'= fat (percent of body weight)

D= density (g/ml).

Pogt-ecxercise kelbosis The subJjects ran at a steady

pace for %0 wmin on an outdoor track, covering distances
of 7aU~8.0 km., No food had been consumed in the previous
5-6 hre Venous blood samples were taken before the run,
and at 1 hr, and 2 hr afterwards. They were analysed
for acetoacetate, 3-hydroxybutyrate and the plasma for

free falty aclds.

et ¥



regults

.

The fitness indices renged fronm 55~170vand body
fat percentages from 5,3 = 24,0 we

The total blood ketones after exercise algo showed
consid@réble variation, ranging from 0,081 ~ O.434umole/n
Free Watty acids ranged from 0.85 - 2,90«equiv/ml. The
results for each subject are given in Yable 4:1, and
the reletions between the fitness indices (logqe scale),
percent body fat and blood kebtones are shown in Figs 4:1,
2 and %, Yhe relation bebween Litness (logqo scale, and
plasma free facty acid levels is shown in Jig.4:4. There
was a highly significant unegative correlation bebween
the maximum level of ketosis developed 1 -~ 2hr after
exercise, and bthe log,, litness Index (p= - 04,60, p«<
0.005) although there was also evidence ol negative
correlation between iitnesu (10g40 P.I. ) and percentage
of body fat (r= ~O.44, pc0.,05), There was a significant
positive correlabtion between fitness (1ogqoﬂ.l.) and
plasma free fabtly acid levels 1 hr afbter exercise
(r= + 0,54, p<0.,025), but not 2h1 after emercise. ihere
was no significant correlation (r= 0.27, p>0.710) between
the extent of postméxercise ketosis and bthe degree of

obesity in the subjects studied (1ig. 4:i3).



TaBLL fs 1

Subm- Ape - Fole Body Lotal plasma fre
Ject fat blood ketone fatty acic
bodies
(ﬁmole/ml) (r@quiv/mj
after running after runni
yr % | hr 2 hr 1 hr 1] 21
1 55 80 2k, 0.102  0.112 0e65 Tot
2 23 71 9.l 0.190 .12 2,25 28
3 235 81 8.3 0,116 0.082 1.21 Tt
4 19 88 5¢3 0.092 04590 1481 Tof
5 22 74 20,0 04191 04375 1.86 ("
6 19 8o 843 04063 0,081 1471 2"
7 19 78 9.0 04143 04183 1657 24!
3 20 84 12.0 0.102 0. 047 T.52 Tt
9 22 31 6.8 0.081 Oe252 1236 0.
10 20 84 1240 0170 0347 090 2.
11 2k 75 743 0.095 Q.312 G.21 1.
12 23 8l 7e3 0.222 04398 0.31 2
13 20 63 15.9 0.112 0. 3503 0429 2l
" 30 55 1941 O.12 0. 432 0.36 2
T 22 72 945 Oe27h 0. 371 1,22 2.
6 18 58 9.0 Ouhs3h 04351 0u 13 2e
19 24 170 6.2 0,088 0.081 2431 24
18 21 121 548 0,047 0,083 1450 1.
19 19 105 742 0,196 0. 255 2.06 Tt
20 2 99 10.9 0.163 0,201 1e25 (N
24 22 31 15.8 0. L0k Q k32 1.70 To



HARVARD FITNESS INDEX
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Plge 4:1 The relatvion between tobtal blood ketone bodi
(?mole/ml) in 21 subjects, highest result 1
after running for 30 min, and ecch subject's
Harvard [Pitness Index, The vertical axis is
plotted as a logqo scale because of the wide
range of fitness. The regrsssion line fits €

formula : Kebtone Bodies = 1.74 — 0.774 logqo
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Fige 4:2 The relabtion between body fat ( % of Lotal b
welght) and the Harverd Fitness Index ( Il_og;,K
scale) of the 21 subjects. The regression lix

fits the formula : Log, F.I. = 2,01 - 0.008%
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Pige 413 The relation between total blood ketone bodi
QAmole/ml), highest wesult 1-2 hr after rumn
for %30 min, and body fat ( ,» of tobtal Dbody
welght) in the 21 subjects. This relationshi

is not significant ( » = 0.27; p» 0.10).
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fige 4:4 The relation between free fabby acids gmequix
1 hr after exercise and the Harvard [itness
Index ( Loggq scale). The regression line fid

the formula : FFPA = =5,19 4+ 3,37 log,q T



Discussion

Witness has been assessed by theHarvard LHbtep Test
because this 1s widely considered to be a useful test
of fitness snd the results of a step test bear comparison
with studies on an ergometer or treadmill(Allen et al, 19
fhe test was not modified for individual differences in
height, weight or leg length as evidence suggests that

the correlations of these factors with #.l. are notb

significant (Fletcher, 1960: Ishiko, 19673 Keen and Sloan
1958) , although there is evidence of an effect of weight
in some observabtions (Mahadeva, rassmore and Wolff, 1953%)
Obesity was assessed by skinfold measurements as these
provide a good relationship wilh percent body fat
(Consolazio, Johnson and I'ecora, 196%; and the techniques
and formulase used have been found to give satisfactory
results (Bro%@k et al., 19035 wloan, 19673 1969).

The period of Zhr. of exercise was chosen
because observations reported in the next chapter had
indicated that it was sufficient to result in kebosis in
untrained subjecis. There iv a significant correlation
between #.L. and midule-disteance running ability (Ishiko,
1967) and, more importantly it was a time the untrained

subjects werec prepared to run ab a relatively steady rate



These results have supported some previous
observations sugzesbting fitness has a negative
corr.lation with obesity (i.iller and Blyth, 1955; elch
et al., 1958; Sloan, 1969) and have gone further %o

-

indicate that there is a betver relatilonship (negative
correlation with pd0.005) between fitness (expressed as
10%40 Feiw) and the development of post-exercise kebosis,
As obegity and posb-exercise ketosis are not gignificantl
correlated, it would appear that the levels of ketosis,
the accwauvlation of which depends on excessive free fatly
acid mobilisation, are nevertheless not dependent on the
extent of fat stores. ixercise increases the rate of
lipolysis(favel, Naimark and Borchgrevink, 1963), and
diilferences in free fably acid levels in thepost-exercise
period between athlebtes and non-abhletes have been
observed by Cobb and Johnson (196%). They considered,
however, that this difference was likely to be related
to the longer duration of exercise o.. the physically
active group in thelr investigeuvions, rather bthan a
difference in the rate of fat metabolisma. In this present
study,however, the subjects ran for similar neriods and
speeds, and therefore the correlation (r= +0.54, p<0.025)
observed between fitness and free fatty acid levels 1 hr
after running indicetes a probeble difference in free
fatty acid mobilisabion rates. the invesvigabions

reported in Chapter 3 showed that if btue athletes and



untrained subjects were allowed tH chooge Their own runni
speed, the fatty acid levels did not show this difference

and indced the levels of the athleloes were lower,

Dumnmary

The fitness index (if.i-J) assessed by the Harvard
Step Test, and body fat (expressed asa a percentapge of
body weight) were determined on 21 young men. The exbent
to which they developed ketosis after a half~hour run
was measured at the end of the run, and 1hr, and 2 hr
later. Plasma free acids were also measured at these time

Those with higher fitness indices tended to be
leaner subjects. There was a bevter correlation, howeverm,
betwesn the subjects' fitness and the degrec of pogte
exercise ketosis, bthe less fit subjeclis developing a
greater degree of-kevesis, and also between fitness and
the levels of free fabtlty acids one hour after exercise.
There was no significant correlation between body fat

and post-exercise ketosis, and a wide range of ketosis

was developed in the subjects with very gsimilar
percentages of body fat, IT woul@ltherefore, appear that
ketone production aflter exercise can act as a useful

index of an individualts fitness.



ile The effect of training on post-exercise kebogis.

Several of the subjects who offered Lo run were
athlebes who were, at the Utime, unfit and out of traini
either because the season was Jjust starting or because
they were then relturning to athlebtics after a period
of inactivity. Investigations on these subjects
suggested that the ability to maintain low levels of
ketone bodies after exercise was an effect of btraining
rather than, for instance, a genetic eandowment associatb

with running abilitye
Methods

Two athletes who were out of condition ran for
30 min or 90 min in company with (i.e. at the same
speed and for the same distance) a well-trained abthletbe
Lach member of the pair of fit and unfit athletes
belonged to the same running club and had previously
been of an équivalent standard. Venous blood samples
were taken and analysed for acetoacetate and

d-hydroxybutyrate.
Resultbs

Of the two subjects who ran for 90 min the athletbe

who wam out of training developed a marked post-exercis




ketosis (Fige. #:5) while the trained athlete did notb.
The other pair ran for 30 min and agsain the unfitb
member of the palr showed an increase in ketone bodies
of Ou250/£m01@/m1 of blood 2 hr after bthe end of the

run while his team mate showed no change at all.

Discussion

Athletes who were oulb of Utraining showed similar
metabolic responses to exercise as non~abhlebes and this
suggests that the training an athlete carries oul is

producing alterations in his metabolic control mechanisrs
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4:% The effect of 1) hr of munning on levels of
ketone bodies quole/ml) in two athletes , on
in pesk condition (lower line) and one who hs
only Jjust started training after an interval

6 months (upper line).



CHAPTER B

1 The effect of different durations oL runniom.

Previous studies of post-~exercise kelosis have
involved relatively mild degrees of exercise, carried
out for extended periods. Courtice and Douglas (1936)
walked 16.71 km, the subjects in Passmore and Johnson
(1958) walked 16,7 km, and those in Galvin, Harris
and Johnson (1968) walked 14,5 km, The investigations
described in Chapter % also involved a considerable
duration of exercise, bthough more severe, and it was
therefore of interest to investigate shorlter periods

of running.

Methods

W S

Plve subjects, Universily students of wvarying
degrees of fitness, ran for two or three periods of
% hr, 1 hr or 1% hr on different occasions. In addition
one subject ran for the same length of time on bwo
occasiong. The exercise was carried out albt least 4 hx
after any previous Ifood and for each individual at the
same time of days. Blood samples were taken at appropriate
intervals and analysed for acebtoacebtate and

A=-hydroxybutyrate,and, in some subjeclts, for plasma I'FA.



in the Havard Step Test as described in Chaplter 4.

The subject (A.Mels), who ran for two 1 hr periods,
developed a similar degree of ketosis alter the exercise
on each occasion (Fig. 5:71),

The results of the different periods of running
are shown in Table 5:1, In the most unfit subject ¥+ hr
of exercise was sulficient to raise the level of kelbone~
bodies substantislly and a longer period of running
merely produced a greater ketotic response. The level
immediately after the exercise was greater in the
longer period of running. In the other subjects a
longer period of ruuning was required Lo produce raised
levels of ketone bodlies,

In subject 1 of table 5:1 blood samples were
taken for up to & hr after running. The peak kebobic
response occurred 44 hr after running for 1 hy butb
the level was still rising 8 hr after the longer run(fig.5

F¥A were measured after 30 min periods of running.
Bubjects 1,2 and 4 ghowed peak A levels 2 hr aftex
the exercise whereas subjects 3 and 5 showed a peak

level immediatbily after bthe exercise.
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Discussion

These results indicate that falrly short periods
of exercise sufifice To produce increased levels of
ketone~bodies. Indeed in a later investigation one
subject showed an luncrease in ketone bodies from a
resting level of 0,091 pmole/ml to 0,375 pmole/ml 2% hr
after running about ©00 metres at a speed of 11 km/hr,
This rige was coupled with & large increage in plasma
FHA levels after the exercise and 1t scems probable
that if the stimulug is sufficlent to cause an incrcased
rate of lipolysis, then raised ketone body levels will
EnsUE .

The capacity of the subjects % and 5 to maintain
lower levelg of ketone bodies seemed Lo be related
to the timing of the rise in plasma ¥FA rather than the
size of this rise., The results in Chapter 4 also suggest
that the fitter subjects show an earlier peak in IFA
and this may be caused by the sharper cut off in growth
hormone secretion in athletes as is reported in Chapter 8

The higher levels of ketonaemia observed immediately
after the longer exercigse period compared with the levels
in samples bteken abt the same time (l.e. 14 hr) after
the start of the 30 min exercise suggests that ketone
bodies are not belng used as a fuel source as rvapidly

as they are being produced.



Summary
"ive subjects of varying degrees of fitness ran
for two or three different durations, In the most
unfit subject 30 min of running was sufficient to produce
post-exercise ketosisg bub the fitter subjects required

a longer pericd of running.

in



rm™

il The effect of a second period of running

Courtice amd Douglas (1936) found that a second
period of exercise produced no change in the level of
ketone bodies in the blood, and Heilson (1947) observed
that a second pexiod of exercise caused a decrease in
the blood level. Drury, Wick and Mackay (1941 found
that a shoert bout of heavy exercise caused a drop in
the kebtonsemia of rats which were slready iun a statbe
of ketosis and unobted similar cnanges in man after
heavy exercise, though not after light exercise, In this
gection Tthe effect of a second periocd of exercise has

been studied,

Hethods

Three untrained subjects ran for two periods of
30 minutes and blood samples were analysed for pyruvate .
acetoacetate, J=hydroxybutyrate, glucose and Fri, Un
another occagion two of these subjects ran for one
30 min period under similar condivions (no food for ab

least 4 hr previously).
Results

The second period of exercise was accompanied by

a drop in the level of kebtone bodies, whereas no decrease



in

took place over the same time without the second perlod
of exercise (Figes 5:3), In one subject Tthe two exercise
periods were separated by 2 hr ingtead of 1 hrxr but the .
rise in kebtone bcdies after the first period of exercise
was very small and bhe decreasea observed during the
gsecond period of exeprcise was nolt pronounced. Lach
period of running was marked by raised levels of pyruvate
but there was no fall in the raised level of plasna

fRA during the second run and glucose concenbrations

decreased aboub H mgh in each run.

Discussion

The higher levels of ketonaemia found immediately
after a run of 1% hr compared to those levels found
after the %0 min run (described in the first part of
this chapter) suggested that in the extra hour of exercise
ketone bodies if they were being used as fuel atall ,
were not being used at a rate equal to bthelr production.
The decrease in levels observed during a second period
of exercise indicates thalt muscular activibty at leasb
accelerates thelr disposal in man. It is known that
several tissues, notably bthe myocardium, are capable
of using acetoscebtate and J-hydroxybutyrate as a fuel
and mey even use them in preference to glucose and
slycolybtic intermediates (Barnes et al,, 1938,

Williamson and Krebs,1961) and long-chain fatty acids



15
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fige 5:3 Total blood kebtone bodies gumole/ml) in two
subjects after a single 4 hr period of runni
( solid lines), and after two 4 hr periods o
running, which were separabed by an hour
(dashed lines). The bars represent the perio

of runninge.
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(Bassenge et al., 1965)., The rate of utilisation of ketbo:
bodies is prcebably dependent oun their blood concentratio:
(Bates, Krebs and Willlamson, 1%68) rather than upon any
shortagze of other nmetabolitbes and in these observabions

at least there appeared o be no such shorbage.

Runmary
Three untrained subjects ran for two 30 min periods
with an hour of rest in beltween. The second period of
exercise was accompanied by a marked transient reduction
in the level of blood kebone bodies. No such reduction

occurred after a single run of 30 min,



CHAPTER 6

Glucose metabolism and its effect on

_pogl~exercige ketosgls

The concentration of ketone hodies in the blood
ri.ses after severe exercise in untrained subjects
(Chapter 3). This post-exercise ketosis has been
shown to be diminishe8 by oral administration of
glucose (Courtice and Douglas, 193g; Winkler and
Hebeler, 1939) but the causes of the post-exercise
ketosis and of the glucose effect are not clearly
understood,and in order to analyse the factors which
may be responsible for these phenomena Uthe changes in
the concentrations of mebabolites connected with the
development of ketosis, i.e. glucose, acetoacetate,

%3 ~hydroxybutyrate, glycerol and F I A in the blood
after strenuous exercise,and the effect of glucose on
these changes, have been systematically investigabed.,
Glycerol was included because it is an indicgtor of
mobilization of adipose tissue F I' A, To debermine
whether pogt-exercise ketosis is similar in origin to
the ketosis of starvation the effects of glucose admini
tration on the blood metabolites afbter prolonged sbarva
have also been investigated. The results vrovide a
basig for an explaﬁatién of the causes of post~exercise

ketosige.



Methods
subjects. Twenty—one male mediczl students, aged
10 to 23, none of whom were in regular athlevtic
training were divided into two groups: 12 received
glucose after exercise (mean welpht + S.0. 09.8 + Det
meon height & welo 176.7 + 7.4 cn) and 9 scted as
conbrols (mean weight 6G6.6 + 1.9 kgj; mean height
175.5 + 5.8 cm); they received no glucose after exerc
sor the study of the kebosis of fasting 3 patients
undergoing a 7< hour fast for the investigabtion of
ilntermitlent hypoglycaemia were available. ‘hey were

given glucose at the end of their period of fastinge

Lrocedure The running tests were carried out betwe

11 a.ms and 8 pemsy all started about 3 hours after
the previous meal. fhe subjects ran for 90 minutes
and covered distances from 14 to 18 km. Blood
specimens were Utaken before exercise, at the end of
exercise and at 30 minute intervals for 2 to % hours
thereafter. Glucose (H0 g in 100 ml water ) was given
orally 30-60 min after the end of the exercise., The
treatment of blood samples and the analytical methods

have been described in the section on technigues,.
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Gxercived subdects not siven mlucose

Blood glucose in thege subjects remained steady
ab values slightly lower thean resting (pre-exevcise)
Levelg (Fig.6: 1 )« Blood ketone bodies (aceboaceta
plug hydeoxybutyrate) sud plasme free Fabtty aclds
continued to mige for up o & hrs aifter the end of
gxereise, the increase ila fotty acld concentrotions
above resbtiag levels belng less than those of Lkebone
bodies (Pigse 6: 2 and ©: 3). Blood glycerol fell
after exervcise and then rempined at & plabean

considerably above resting levels (Mig. 6: 4),

Exercised subjects given plucose

Blood glucose concenltvatlions rose from levels
slighbly below those al rest to & meon 15245 ng »

50 win alter plucogse and a mean of 15Y mg » afber

60 min (Fige. 63 1) The hyperglycaeniao wag
accompanled by o temporary fall in the concentrations
of ketone bodlies, ¥ P A and glycerol (Flg. 61 o, 633
and €: 4). A the nadir bthe concentrations of kebon
bodies did not meach the rosting levels whilmt those
of the free fatty aclds end glycerol did. The
concentrations of all three metabolites rose agein
during the sec&ﬁ& hour after glucose ingestlon

(Pigs 612, 613 and 6:14),
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Fige 6:1 Blood glucose (mean + 1 S.E.M.) in 12 subjec
(Zmrmx) given 50 g of glucose orally (G) 30
60 min after running for 14 hr, compared wit
9 otherwise similar subjects (o===0) who wWeI
not given glucose. The initial points are th

resting values.
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6:2 The effect of glucose upon changes in plasma

i

e
free fatty acids after exercise. The symbols

are similar to those of Tig. 6:1.
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Fige 6:%3 The effect of oral glucose upon changes in to
levels of blood ketone bodies (3-hydroxyovubyr
plus acetoacetate) after exercise. The symbol.

are similar to those in Tig, 6:1.
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Fig. 6:4 The effect of oral glucose upon changes in

glycerol levels after exercise. The symbols

are similar to those of Fig. 6:1.



Glucose tolerance tests at rest

Ingestion of B0 g of glucose by 8 of these 12
subjects in a resting sbate after an overnight fast
(16 hours) gave normal glucose btolerance curves with
peak values in all cagses at 30 min after glucose
(Fig. 6: 5), Blood glucose levels returned to initic
values sooner at rest than after exercise. Adminig-
tration of glucose coused a decrease in the concentra-
tion of kebone bodies and plasma free fabtty aclds,
but the initlial concentrations and the absolute
changes were considerably less than those after |
exercise (Fips, 6:6 and 6:7). The extent and rabte
of Tthese depressions before and after exercise as a
peréentage of the initial levels have been plotted

in Mige 6: 8 and 6: 9,

Glucose btolerance afbter prolonged fashtbing

Subjects fasted for 72 hr showed the same type
of modified glucose tolerance curve as the exercised
subjects, with high maximum values and a failure to
return to the fasting levels within 2 hr (Table 6: 1
Plasma F ¥ A and glycerol f:ll and this decrease was
accompanied by.a reapld snd sustained fall in the
concentration of ketone bodies and a decrease in the

s-hydroxybutyrate/acetoacetate ratio (Table 6:1),
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Fig. 6:5 Blood glucose in subjects given 50 g of gluco
orally, at rest (0---¢ and alfter running (x-

The results are expressed as means + 1 S.h.M.
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Mige ©:6 Changes in plasma free fabty acid levels befo
(¢ m——0) and after exercise (x=~--x) in respons
to a glucose (50 g ) load. The results are

expressed as means i+ 1 Sl
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Tige 6:7 The changes in free fatty acid (#FA) levels

shown in I'ig. 6:6 expressed as percentage

changes of the IIA level when glucose was

giv@n.
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fig. 618 Changes in blood ketone bodies before and
after exercise in response to a glucose loac

The symbols are as in Fig. 6:5.
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Discussion

Qriging of post-exercise ketosis

The results of the present and previous experiments
described in Chapter 3 suggest the following explanatio
for the phenomenon of post-exercise ketosis. During
prolonged exercise I ¥ A are mobilized from adipose
tissue and their concentration in bthe blood plasma
rises (Carlson and Ekelund, 19635 Havel, 1965).

This serves to provide a fuel of respirgtion for the
muscles. As the concentration of plasma ' F A rises
the rate of formation of ketone bodies also rises.

This relationship has been established for many
situations such as fasting(Cahillet al,, 1966),
adrenaline infusion (Willms et al., 1969) and after
exercise (Chapter 3). Approximgte proportionality
between the concentration of F F A and the rate of
ketone body formation has also been demongtrated in
perfused livers of starved rats (Krebs el al.,1969).
The rise in the rate of ketone body formation during
exercise however does nolt result in a mgjor rise in
the ccneentrétions of ketone bodies in blood because
the rate of utilizaltion of keltone bodles also increases
(Drury, Wick and Mackay, 1941; Blixenkrone - Mgller,1C
When exercise ceases the increased rate of ketone body
formation continues because the plasma concentrabtions

of P F A remain elevated and this, together with a



decreased rate of ketone body ubtilization after

cessabion of exercise, would cause the post-exercise
ketoslg. Pagsmore and Johuson (19583) have reached
gimilar conclusions concerning bthe changes of kebtone

body concentrations during and afbter exercise,

There ig, in addition o the plasma concentration
of F I A, snother major factor that deberminesthe
rate of ketone b dy production by the liver. This
is the aveilability of carbohydratbe. In the present
experiments adminisgtration of glucose rapidly diminish
the ketosis of starvation and post-exercise ketosis.
This is probably due partly to the fall in plasma F F

and partly to a decreased ketone body formation from

B B A in the liver (Wieland and Matechineky, 1962;

Williamson et al.1969). Thus the degree of post-
exercige ketosig is liable to depend Lo some exbtent
on the amount of hepatic glycogen, as indicated by
negligible post~exercise ketosis in subjects previousl
fed on a high carbohydrate diet (Courtice and Douglas,
Ketosis of sbtarvabtion and posb-exercise ketbosis
thus share as a conmon feature the shortage of
carbohydrate to meel energy needs and the replacement

of this fuel by ¥ F A,
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Sumnmary

The effects of ingestion of glucose after sitrenuos
exercise on the concentrations of blood glucose,
glycerol, ketone bodies and plasma free fably acids

have heen studied in a group of twelve subjects.

The resultbting hyperglycemia was accompanied by
decreases in the concentrations of glyecerol, F I A
and ketone bodies. Comparison of these results

with those of oral glucose tolerance btests at rest
in eight of the same subjects indicated reduced
glucose tolerance after exercise. A similaxr pattern
of metabolite changes was observed on administration
of glucose to three subjects undergoing & proloanged
fast (72 hr ). The findings support the hypothesis
that post-exercise ketosis is due bo elevated ¥ F A

concentrations and depletion of carbohydrate stores.



CHAPTER 7

Acetboacetate Molerance

In Chapter % it was shown that well-trained athletes
are capable of maintaining low levels of blood ketone
bodies during and afbter strenuous exercise. In subjects
not in athletic training the blood concentrations incre:
after exercise due either to a higher rate of productio:
of ketone bodies or to a lower rate of utilisation. If
the rate of utilisation is different in the two groups,
then the tolerance curves alfter ingestion of acetoaceta
should be different. To investipate this problem the
tolerance Lo orval acelboacetate before, during and after
exercise in a group of trained athlebtes has been COompar:
vith a similar series of investigations upon untrained
subjeclts. The development of kebosgis after exercise hss
also been studied in these subjects.

In an appendix to this chapter., a study of the secre
of growbth hormone during acetoacetalte bolerance tests i

four subjects is reporved.

liethods

Tolerance to aceboscebabte at rest

Subjects 1% male subjeclts (aged 19-34 yr) were studied
Their participation in athlebic training ranged from ni
to running 120 km/week,

Procedure

wodium acetoacebate (200 ml; 0.4 M) (Krebs



and BLggleston, 1945) was taken orally afber a fast of ab
least 6 hr. The subjects remained at vest throughout the
investigation. Venous blood semples were Uaken beforehan
after 40 min and then at subsequent 20 min intervals fox
a further hour. The blood samples were analysed as
described in Chapter 1 for acetoacetate, 5mhydroxybutyra
glucose, lactate, pyruvate, glycerol and plasma free fat
- acids.

The subjects were also studied after a period of
running of 4=1% hr bo determine whebther or not post-
exercise keloslis developed.

Acetoacebate tolerance during and after exercise

Subjects 9 subjects (3 trained athlebes and 6 unbtrained
subjects) were further investigated during and after rurn

Procedure Sodium aceboacetate (200ml; 0.4 M) was given

orally immediately before and 30 min after a 14 hr peric
of running. Venous blood samples were taken before
ingestion of acetoacetate, 40 min laber and on bthiree
further occasions at approximately. 20 min inbtervals unti
the ena of The exercise. A sample was taken 30 min late:
Just before the ingestion of the second dose of aceboace
40 min later, and then at three subsequent 20 min

intervals., The samples were analysed as before,
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Results

e L

Lolerance to acetoacebate ingestion at rest

The ingestion of this quantity of sodium
acetoacetate produced a peak level of total blood ketone
bodies of between O.4 and 1.7wmole/ml 40 minutes after
ingestion, Mive of the subjects were in athletic training
and did not show raised levels of ketone bodies after
exercise whereas the others did (Fig. 7:1). The tolerance
curves of these five subjects, though they showed a wider
spread of peak levels, were gimilar to those of the eight
subjects who developed post-exercise ketosis (Iige. 7:2).

The administration of acetoacetate was accompaniec
by a small drop in blood glucose and plasma free fabtty acic
and a more marked fall din blood glycerol levels, There was
no difference between the athletic and the non-~athletic
subjects,., The magnitudes of these changes are shown for

4 subjects in ifigse. V13,4 and 5.

Acetoacetabe tolerance during and after exercise

+he nine subjects showed considerable differences
in their blood levels of ketone bodies after exercise.
The three athletes showed no ketosis whereas the other six
subjects showed a wide range of post-exercise ketosis
(0eG = Tdedumole/ml at 1 hr). Bobth groups showed an increase
tolerance to acetboacetate during exercisce as compared bto

their tolerance curves at restb(fig. 7:6). Afbter exercise
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M. 7: . hcetoacebate tolerance curves in 3 trained
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before, during and afbter exercise. The
results are expressed as percentages (mean
1 Beolie) of the level of total kelone bodi
40 min after acebtoacetabte was ingested

at rest.
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tolerance was decreased in bolth groups but Tthe peak level:
of botal kebone bodies reached in the athletes was 130% of
the 40 minute level in the curve when the subject was
resting, while in the untrained group the corresponding
value was 240%, Subtraction of the values obtained after
exercise alone indicated that the peak level reached in th
athletes was similar to the corresponding value for the
ingestion at rest while in the untrained subjects the
peak level was still railsed(iige 7:7)e

Glucose levels decreased after the ingestion of
acetoacetate and this was more marked after the post-~
exercise doge of acetoacetate. This depression was greater
in the untrained group(ifig. 7:8).

Blood glycerol increased by similar amounts
(to 025 = 0,30 rumole/ml) in both groups of subjects towar
the end of the exercise period and then decreased. Plasma
free falbty acids also increased towards the end of exercis
reaching higher values in the untrained group compared

with the athletic group(Fige 7:9).

Discussion

These investigations were carried out to examine
the mechanisms whereby athletes do not develop poste
exercise ketosis as readily as untrained subjects. AL rest
no marked difference was found in the rate of ubilisation

ol aceloacetabe between the unfit subjects who developed
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post-~exercise ketosis and bhe athletes who did not.
Therefore, whether or not ketosis develope probably depend
on differences in the rates of kebtone production. 4 simila
situation appears Lo exist in obese and non-obese subjects
Kekwick, Pawan and Chambers (1959) showed that though obes
people had a higher resistance to ketosis, bthelr rate of
metabolism of infused hydroxybubtyrate was similar to bthat
observed in the non-obese.

The increased tolerance to acetoacetate during
exerclise supgests that kebtone bodicvs are being utilised as
a fuel. »uch a role for ketone bodies has bsen demonstrate
previously bobth in the whole animal (sheep) (Bergman, Kon
and Katz, 1963) and in isclated tissues (Krebs and
Williamgon, 1961) and in thig instance it would explain
why in Chapter 3 no marked rise in ketone body levels was
found to occur during the exercise period itself., It is
unlikely that these results are an expression of a reduced
rate of absorption during the exercise as Fordtran and
saltin (1967) have shown that the intestinal absorption of
small molecules such as glucose appears to be unaffected
by exercisc.

after exercise the unitrained groupr had a much
reduced tolerance to acetoacetabte comparcd to their
tolerance at rest and to the trained group. The raised lev
of plasma Fra sugyests thalt the production of ketone bodie

continues alter exercise in the untrained group and the



probable explanation of their post-exercise ketosis would
be a reduction in the rate ol utilisation ol ketone bodies
as exerclse ceases,

Yie trained weoup showe. no reauction in boleranc

o acciloacuvacve alter exerclse and a smaller risce in plrasy

3

")

Lo levels, «helr ablliiy not o develope posl-execcise
gebouvin wmay be explainced by a sualler production of kevone
bodics and a better balance belween utilisabtion and
production after exercise.

A hypoglycaemic action of ketone bodics has been
reported by Felts, Croffoed and rarks (1904) and by BDalase
Couturier and Goms (1967) who infused 3-hydroxybubyrate
into dogs, and in man by balasse and OComs(1968), Orul
acelboacetbate has also been shown to depress glucose and
A levels in man (Jenkins, 1967). The hypoglycaemic actic
in the intact animal anpears to be mediated by stimulatior
of the pancreas to secrebte insulin (Felts, Crofiord and
rarks, 1964 thoush the precise mechanism remains unknown.
The results re orted in the appendix support thedir
observation of an incressed level of ingulin siter
acetoacetatie inestion.

whe devregsion of pglucose durin: and alfter excrcis
when acetoacetasve wou inpested was wore mavked in the
untraincd subjects. 1L the utilisation of ketones is seun

as a glucose gparing nechanism then it would appear thatb
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the trainin: an athlete carries out tends to meks this

Ind

mechanism nore effective,

Appendizx

“he changes in the secrebtion of growth hormone and
insulin afver ingestion of acebtoacebabe have been followed
in four-subjects. Onekof these subjects was a healthy male
( age 19 yr ) and the other % were obese females ( age 45~
55 yr ), one of whom was on a low calorie diet of 600 keal
per day, urowbh hormone was measured by the method of
Hunter and Greenwood (1962) and insulin by +the method of
Yalow and Berson (1960).

Ingestion of acetoacetate by the healthy male subject
was accompanied by a depression of glucose and plasma ¥FA,
2 rise in plasma insulin, bubt no secretion of growth hormo
(table 7:1). The obese subjects showed smaller rises in
insulin and agsin no secretion of growth hormone, ‘‘he obes
subject on & lov calorie diet had a reduced tolerance 1o
acetoacetate and higher basal levels of ketone bodies.

Tthese results indicabe that the experimental ketosis
is not associabed with increased gecretion ol GH despite
the hypoglycaemia which can per se causge HGIL gecretion

( Roth et ale, 1963 ).



Summary

Tolerance to sodium aceboacebate (200ml, O.:
baken orelly has been sbudied in 1% male subjects at
and concomitant changes in =-hydroxybutyrate, glucos
glycerol and free fabtbty acids have been observed.
The subjects ran for either 4 hr or 1} hr on anothe
occasion to investigate the extent to which they
developed post-exercise ketoslis after fthe run. Five
subjects did not develop post-exercise ketosis, and
acetoacebate tolerance curves were similar to those
the subjects who did become ketotic after running.
fine of these subjects(® trained athletes and ©
untrained subjects) were studied further. “he 7 athl
did not become ketotlic after running whereas.the o
untrained subjects showed significantly raised poste
exercise levels of kebtone bodies. Changes in thelr
metabolite levels were also followed when
acetoacetabe was ingested during and after running f
14hr, Both groups had increased bolerance Lo acetoac
during exercise and decreased tolerance after exerci
but the labtter was more marked in the untrained sub]

+these observations sugizest that the rate of
metabolism of acetoacetabte is similar in both groups
at rest, and that acetoamcetate utilisabion mey be
increased during exercise.in the untrained subjects

post—excreise ketosis probably develops because the



the rate of ubilisstlon ol ketones sbtops with the
gsoatlon of execsclsze but thely production is still
continuing. In bhe athletes producticn ond utilisati

apneary to be more closaly balasnced



CHAPTER 8

" Endoerine Contbtrol

The metabolite changes reported in this thesis
probably depend upon alterations in hormonal levels.
Among the hormones which have been implicated in
exercise metabolism is human growbth hormone (HGH)
and this chapter considers two problems in relation
to it The first section reports differences in HGH
production between athletes and untrained subjects
during exercise. The second however is a study of
patients with panhypopituibarism who do not produce
HGH and since normal metabolite changes were observed
in these subjects, it would appear that HGH is notb

primarily involved in the metabolic responses conside:

i Differences in prowth hormone production in

abthletes and untrsined sub.jects

Growth hormone lis known to be released in
response to exercise (Hunbter, Fonseka and Passmore,
1965) and in turn it increases the rate of adipose
tigsue lipolysis (Raben and Hollenberg, 1959). In
view of the differences bebween athletes and untrainec
subjecets in the development of post-exercise ketosis
and the connection between lipolysis and ketosis, thex

might be a corresponding difference in the release of



growbth hormone. Unfortunatly while these experi-
nents were being analysed a letter was produced by
Sutton et ale, (1968) which reported differences

between athletes and untbtrained subjects.

Methods

Two well-trained athletes and two untrained
subjects ran for 90 min after fasting for al least
6 hr. The particulars of the subjects are given
in Table 8: 1.

Blood samples were baken before the exercise,
after 30 min, at the end of exercise, and at three
subgequent 30 min intervals. They were analysed
for lactate, pyruvate, acetoacetate, s-hydroxybutyrat
glycerol and plasma free fablty acids (Chapbter 1).

The plasma was also analysed for HGH by Dr. W.P, Dugt
using a modification of the method of Hunter and

Greenwood (1962 and 1964),

Results

The athletes ran faster than the untrained
subjects and had much lower pulse rates during
exercise (table 8: 1). The athletes also showed
smaller incresses in blood lactate and pyruvate

concentrations during the exercisec.
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Time Lactate Pyruvate Glycerol FFA XK B ﬁ HGH
(min) (pmole/nl) (-mole/ml) (pmole/ml) (-equiv/m1) {~mole/m1) (ng/mi)
1 2 1 2 i 2 1 2 1 2 1 2
Res? 0.76 1.15 0.i02 0.091 0.058 0.042 0.43 0.28 0,055 0.073 <143 T
30 1e21 122 0.110 C.067 C.130 0.193 0.38 0.27 0.083 0.107 20 18
90 0.72 0.81 0.064 0.067 C.388 0,484 0.48 C.61 0.153 0.11¢ 27 26
120 0.91 0.75 0.078 C.039 C.114 0.210 0.48 0.75 0.194 0.152 13 2.5
150 C.73 0.77 0.049 0.054 0.0%2 0,124 0.70 0.41 0175 0.151 1.3 {13
180 0.82 0.75 0,056 0.061 0.077 0.105 0.57 0.15 0.241 0.14¢ 243 2.1
3 4 3 4 3 4 3 4 3 4 3 4
Rest Te91 1.01 0.03%4 0.085% 0.055 0.061 0.29 C.51 0.060 0.13%0 3 14
30 5.50 6441 0.237 0.349 0.130 0.212 0.85 0.75 0.193 0.396 |>45 > 30
80 3611 3.02 0.181 0.320 0.299 0.363 1.43 1436 0.250 0.893 {745 > 30
120 1.60 2.17 0.101 0.241 0.179 0.227 1.35 1.44 0.412 1.260 17 22
150 1430 1.08 0.053 0.103 0.170 0.246 1.30 1.50 0.957 1.650 5.4 25
180 0.88 1.00 0,058 0.07¢9 C.178 0.180 1.18 1.38 1.464 1.860 8.0 30
Table 8:2 Metabolite levels in the four subjects of Table 8:1, before, during and

after a period of running of from 0-90 min. (X B and HGH stand for
ketone bodies and Human Growth Hormone respectively).

Subjects 1 and 2 were trained athleies, and subjects 3 and 4 were
untrained,




The untrained subjects developed marked pogt-
exercise ketosis and showed larger increases in plasma
free Latty aclids than the athlebes. They also showed
“a more pronounced and susbained rise in growth hormone

levels than the athlebtes (table 8: 2),.

Digcussion

The larger and more prolonged rise in growith
hormone in the untrained subjects agrees with the
results obbtained by Subbton et al., (1968) whose
subjects exercised for 30 min on a bicycle ergometer.
In Sutton's letber, however, no other mebabolite

measurcments are mentioned.

- Injection of human growth hormone into man
causes a rise in plasma FI'A (Raben snd Hollenberg,
1959) and arterial perfusion of HuH into the fore~arm
is followed by en increased FTA release from adipose

" tissue (Rabinowitz et al., 1965). In larger doses

HGH increases Llssue uptske of amino acids but it is
probable that its main action is on FTFA release (Hunte:
1966) . The more pronounced release of FFA found in 4l
unbtrained subjects might then be explained by the
relatively large outpul of growth hormone, compared to
the athletis subjects. The more rapid return of HGH
towards basal levels in the athletes, coupled with a

decrease in ketone body utilisabtion as exercise ceases



might also account ab least in parlt Lfor the

differences in ketoltic response in the two groupse.



ile Metabolic changes with exercise in subjects

with hypovnituitarism

An opportunity of delineating the role of
growth hormone in exercise, with particular referenc
to the post~exercise fatty acld and ketotic response

is provided by studying patients with hypopituitaris

_HMethods

Lhree subjects with hypopitulitarism and 3
normal untrained control subjects were studied. The
particulars of the subjects are given in Table 8:4,

fhe subjects, who had fasted for at least ©h
vere exercised on a bicycle ergometer for 30 min.
Blood samples (15 ml) were baken by venepuncbure,
before exercise, at three 10 min intervals and then
at subsequent 30 min intervels for 14 hr. Ifhe blood
samples were treated as described in Chapter 1 and
analysed for lactale, pyruvate, acetoacetate,
hydroxybutyrate, glycerol and the plasma for +iPA and

i

growth hormone(sec section 1 of this chapter).

hesults
In both groups of subjects the exercise was
accompanied by raised lactate and pyruvate levels

(iMige 8:1 and 8:2). Glycerol and plasma JFA increase
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towards the end of exercise in all subjects, reachin
higher levels in bthe hypopitultary subjects (IFPA ave
shown in fMg. 8:%). The post-exercise period was

accompanied by a rise in the level of ketone bodies
(Pige 8:4), In the control subjectu HGH showed a shs

rise towards the end of the exercise but the subject

with hypopituibarism showed no such increase(lable &

Discussion

The results in the previous section suggest
that a possible cause of the post-exercise ketosis
seen in unfit subjects might be a welatively excessi
HGI release and consequently a greater rise in FIFA
in these unfit subjects compared to the trained athl
These regults, however, indicate thalt exercise is
accompanied by raised IFA and also by post-exercise
ketogis even when there is no change in the HGH outr
A rise in FFA after ewercise in hypopitultary subjec
has also been reported by Basu et al, (1960) and aft
starvation in hypophysectomized dogs by Goodman and
anobil (1961).

The ketotic response itself cannot stimulail
the release of growth hormone because the timing of
release is wrong and ingested acetoacetate caused nc
rise in plasma HGH levels (Chapter 7), although it 1

accompanied by a fall in blood glucose, a stimulus v
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is known to cauvse HGH secretion when induced by
insulin (Roth et al., 196%) or tolbubtumide(Hunter an
Greenwood, 1964). The rise in blood glycerol during
exercise has been shown to occur before HGH rises
(Hartog et al., 1967) so it is unlikely that lipolys
itself is acting as a stimulus for release.

1t appears that differences in HGlH release
not the sole explsnaticn of different metabolic
responses of trained and untrained subjectse.
Uatecholanines also stimulate release of Hi'A and the
poogiblility that athletes release less catecholamine

or are more sensitive to these hormones requires stu



W4
@

l_f_.

Onigineal publications produced on this research

{ to December 1969 )
Corbett, J.l., Johnson, .H., Lrebs, Hd.A.,
Walton, J.L. and Williemson, D.ti., (1969).
ihe effect of exercise on blood ketone body
concentrations in atnlebtes and untrained
subjects.
Jde. Physiols., 201, 83841,
Johnson, R.H., Walton, J.i., Krebs, Heh. and
Williesmson, DeHo, (1969).
Metabolic fuels during and alter severe
exercige in athletes and non~athlestes.
Lancet, ii, 452-455,
Johnson, R.H., Walton, Jd.L., Krebs, H.A.,
and Williamson, D.H., (1970).
Glucose metabolism and postb-exercise
ketosis.,.
Lancet, ii, (in press).
Johnson, i.H. and Walton, J.L., (1S70).
Acetoacetate tolerance bvefore, duriug
and after exercise.

Proce rhysiol. 50C., tovember 4969,



i

ABSTRACT

P
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This thesis examines the effect of exercise on Tk
blood concentrations of various metabolites with
particular reference to differences between subjects
who were athletically btrained and others who were n
in a state of athletic training.

In the first two chapters the biochemical Gechnic
that have been used are described and normal values
for the blood levels of acetoacetate and s~-hydroxy=-
butyrate reported.,

Chapter 3 describes the rcsponse of athletes and
non-athletes to strenuous exercise (1% hours of
running). The untrained subjects had more marked
changes in lactate and pyruvate levels during the
initial period of exercise than the trained subjecﬁ:
After exercise the untrained subjects also had highe
concentrationg of plasma free fatlty aclds and total
ketone bodies. Similar differences were obbained
between £it and unfit subjects exerclising for a sho:
period (& hour) at similar work loads on a bicycle
ergometer.

The development of post-exercise ketosis is
negatively correlated with an individual's fitness
measured by the Harvard Step Test, bub not with his

percentage body fat, although keltone bodies are deg
ation Products of fat mebtabolism (Chapter 4), The



degree of ketosis which develops depends on the
duration of exercise (Chapter 5) and upon the amoun
of training thabt an individual has carried out; thw
athletes who are cut of training become ketotic
aflter exercise,.

Posb-exercise ketosis in unfit subjects is
diminished by the administration of glucose and the
resulting hyperglycaemia is accompanied by decrease
in free fatby acids and glycerol (Chaplter 6). A sim
pattern of metabolite changes was observed after
administration of glucose to subjects undergoing a
prolonged fast. These findings suggest that the
increased concentration of free: fatty acids results
a continued high rate of ketone body formation, whi
together with the decreased utilisation after exerc
shows itself as post~exercise ketosis. The raised T
fatty acild concentrations after exercise also cause
inhibition of gluceose ubilisation resulting in a ch
in the shape of the glucose tolerance curves after
exercise with a highér peak and a delayed fall.

The experimental production of kebosis by the
oral administration of sodium acetoacetate is descr
in Chapter 7. This indicates that the resistance to
ketogis seen in the fitter subjects is not due Lo a
differences in the rates of ubtilisation of ketone
bodies. When acetoacevate is given during exercise

there is an increase in btolerance indicatbing that



;
during the exercise kelbtone bodies are being used as
a fuel, This supports previocus cobservations (Chaple:
showing that a second period of running is accompani
by & fall in the blood concentrations of ketones.

After exercise btolerance bo acetoacetate is
markedly reduced in unbtrained subjects but little
changed in the trained subjects. These observations
suggest that post~exercise ketosis in the untrained
subjects develops because production exceeds
ubllisation.

In the last Chapter the effect of exercise on th
secretion of growbh hormone is compared in £it and
unfit subjects. The latter are shown to have a more
pronounced and long-lasting rise in secretion. The
phenomenon however cannot wholly account for
differences in fat metabolism between the two group
because subjects with hypopitultearism (end hence no
increase in growbh hormone levels with exercise) al

developed post~exercise kebogis,
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