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Summary. Five healthy male subjects exercised
for 3 min at a workload equivalent to 100% Vo_
on two separate occasions. Each exercise test was
performed on an electrically braked cycle ergom-
eter after a four-day period of dietary manipula-
tion. During each of these periods subjects con-
sumed either a low carbohydrate (3+0%, mean
+SD), high fat (73 +2%), high protein (24 £ 3%)
diet (FP) or a high carbohydrate (82 + 1%), low fat
(8 £1%), low protein (10:+1%) diet (CHO). The
diets were isoenergetic and were assigned in a
randomised manner. Muscle biopsy samples (Vas-
tus lateralis) were taken at rest prior to dietary
manipulation, immediately prior to exercise and
immediately post-exercise for measurement of
pH, glycogen, glucose 6-phosphate, fructose 1,6-
diphosphate, triose phosphates, lactate and glu-
tamine content. Blood acid-base status and se-
lected metabolites were measured in arterialised
venous samples at rest prior to dietary manipula-
tion, immediately prior to exercise and at pre-de-
termined intervals during the post-exercise peri-
od. There was no differences between the two
treatments in blood acid-base status at rest prior
to dietary manipulation; immediately prior to ex-
ercise plasma pH (p <0.01), blood Pco, (p <0.01),
plasma bicarbonate (p <0.001) and blood base-ex-
cess (p<0.001) values were all lower on the FP
treatment. There were no major differences in
blood acid-base variables between the two diets
during the post-exercise period. Compared with
the CHO diet, the FP diet resulted in plasma alan-
ine (p <0.05), blood lactate (p <0.05), and plasma
glutamine (p <0.01) levels being lower immedi-
ately prior to exercise; plasma free fatty acids
(FFA; p<0.05), glycerol (p<0.01), urea

Offprint requests to: R. J. Maughan

(p<0.001) and blood 3-hydroxybutyrate (3-OHB;
p<0.01) levels were all higher. After the FP diet
blood alanine, lactate and plasma glutamine lev-
els were lower for the whole or the majority of the
post-exercise period, while the concentrations of
plasma FFA, glycerol, urea and blood 3-OHB and
glucose were higher. There was no difference be-
tween the diets in pre-exercise glucose and insulin
levels and post-exercise insulin levels. There was
no difference in muscle pH between the two diets
immediately prior to exercise; the decline in mus-
cle pH was 104% greater during exercise on the
FP diet resulting in a significant difference in
post-exercise pH (p=0.05). The FP diet resulted
in 23% decline in muscle glutamine levels, result-
ing in lower levels (p <0.05) immediately prior to
exercise. Exercise had no influence on muscle
glutamine levels after the FP diet but produced a
17% decline on the CHO diet. Muscle glycogen
content increased by 23% on the CHO diet, but
was unchanged after the FP diet. This resulted in
levels being significantly different prior to exer-
cise (p<0.05). The decline in muscle glycogen
content during exercise was 50% greater on the
CHO diet. There were no differences when com-
paring the two dietary treatments in any of the
pre-exercise glycolytic intermediates measured.
Immediately post-exercise glucose 6-phosphate
levels were 22% higher and fructose 1,6-diphos-
phate levels were 130% lower on the FP diet. There
were no differences between the two diets in mus-
cle triose phosphate or lactate levels at any point
of the study. The present study demonstrates that
a FP diet can induce metabolic acidosis and may
reduce pre-exercise muscle buffering capacity,
which may then influence subsequent exercise
performance. However, this appears not to in-
fluence the efflux of H* from muscle during and
after high intensity exercise.
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Introduction

We have previously demonstrated that a low car-
bohydrate, high fat, high protein diet which meets
energy requirements can produce a mild resting
metabolic acidosis and can reduce the time to ex-
haustion during high intensity exercise (Green-
haff et al. 1987b). We postulated that the meta-
bolic acidosis could reduce the rate of muscle gly-
colysis during high intensity exercise, possibly by
reducing pre-exercise muscle buffering capacity
or H* efflux during exercise thereby reducing the
exercise time to exhaustion. It was also apparent
from the same study that the variation in dietary
composition may influence the pattern of sub-
strate mobilisation prior to and during exercise.
The present experiment was undertaken to inves-
tigate the effect of dietary manipulation on mus-
cle metabolism during high intensity exercise in
an attempt to identify some of the mechanisms
that may contribute to fatigue during this type of
exercise.

Materials and methods

Subjects. Five healthy male subjects gave their written consent
to take part in the present experiment which was approved by
the local Ethics Committee. Their physical characteristics
were: age 31+6 years (mean *SD); height 176 £4 cm; body
weight 71.2+7.9kg; Vo, 54+6 ml-kg™' min~"

Experimental protocol. Each subject exercised for 3 min at a
workload equivalent to 100% Vo, on two occasions sepa-
rated by two weeks. Each 3 min exercise test was performed
on an electrically braked cycle ergometer with subjects having
fasted overnight. Four weeks before the first high intensity ex-
ercise test subjects weighed and recorded their ‘normal’ die-
tary intake for 1 week. The records kept by subjects were used
to assess their ‘normal’ energy intake and dietary composition
using a computerised version of the food composition tables
of McCance and Widdowson (1960). The results were used to
design two dietary regimens which were consumed for the four
days prior to each high intensity test. These were a high carbo-
hydrate, low fat, low protein diet (CHO) and a low carbohy-
drate, high fat, high protein diet (FP) (Table 1). The two diets
which were isoenergetic with each subject’s ‘normal’ diet, were
prepared and consumed within the department and were as-
signed in a randomised manner. No alcohol or caffeine-con-
taining drinks were allowed during the study period. All sub-
jects consumed at least 568 ml (1 pint) of low energy drink
with each meal to ensure adequate fluid intake. Physical activ-
ity of any type was restricted to a minimum for the four days
prior to each high intensity exercise test and subjects were
asked to refrain from strenuous physical activity for the week

Table 1. Daily energy intake and dietary composition of the
two dietary treatments. Each diet was designed from the re-
cords kept by subjects while consuming their ‘normal’ diet.
Values are mean +SD

Low carbohydrate High carbohydrate
High fat Low fat
High protein Low protein

Energy intake (MJ) 12.5+34 12.6£3.1
Carbohydrate (%) 3 +0 82 +1
Fat (%) 73 *2 8 +1
Protein (%) 24 %3 10 +£1

preceding and for the whole of the experimental period. Nude
body weight was recorded on the morning prior to dietary ma-
nipulation and immediately prior to exercise.

On the morning prior to dietary manipulation, immedi-
ately prior to exercise and immediately post-exercise a needle
biopsy sample was obtained from the vastus lateralis muscle of
one leg. All samples were obtained after an overnight fast. At
the same pre-exercise time points and at 2, 4, 6, 10 and 15 min
post-exercise, 5ml anaerobically drawn arterialised venous
blood was obtained from a 21 g venous cannula inserted into a
superficial vein on the dorsal surface of a heated hand (Forster
et al. 1972). The cannula was kept patent between samples on
the day of exercise by flushing with isotonic saline.

Muscle treatment and analysis. After removal from the muscle
the biopsy needle was immediately plunged into liquid ni-
trogen and stirred vigorously to accelerate cooling. Within
30 min the muscle sample was removed from the biopsy nee-
dle and was divided into two portions under liquid nitrogen.
One portion was stored at —55°C until analysed for muscle
pH with a Radiometer BMS3 Mk2 (Copenhagen, Denmark)
blood gas analyser using the muscle homogenate technique
described by Spriet et al. (1987a). The other muscle portion
was freeze dried and stored dessicated at —55°C. At a later
date each freeze dried muscle sample was powdered using an
agate pestle and mortar, care being taken to remove any visible
connective tissue and blood. Using the method of Harris et al.
(1974) each powdered muscle sample underwent extraction
and neutralisation; the supernatant was then assayed enzyma-
tically for glutamine (using a modification of the fluorometric
technique of Lund 1985), glucose 6-phosphate (G6-P), fructose
1,6-diphosphate (F1,6DP), triose phosphates (TP) and lactate
(using the fluorometric methods described by Maughan, un-
published doctoral thesis, 1978). Glycogen was determined on
the neutralised extract and the muscle pellet left over from the
extraction procedure using the acid hydrolysis technique de-
scribed by Jansson (1981).

Blood treatment and analysis. The treatment of blood and the
determination of blood acid-base status, blood glucose, lac-
tate, alanine, 3-hydroxybutyrate (3-OHB) and plasma free
fatty acid (FFA) and glycerol concentrations were as described
previously (Greenhaff et al. 1987a). In addition blood was
used for the determination of packed cell volume (conven-
tional micro-haematocrit method) and haemoglobin concen-
tration (colorimetric method, Sigma Chemical Company Ltd,
Dorset, UK) and plasma was used for the measurement of
urea (enzymatic colorimetric method, Boehringer Corporation
Ltd, Lewes, UK), total protein (colorimetric method, Sigma
Chemical Company Ltd, Dorset, UK), albumin (colorimetric
method, Sigma Chemical Company Ltd, Dorset, UK), insulin
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(radio-immunassay, Amersham, UK) and glutamine (using a
modification of the fluorometric technique of Lund 1985).
Plasma sodium was measured by flame photometry (410C
clinical flame photometer, Ciba-Corning, Halstead, UK).
Plasma chloride was measured using a titrimetric chloride me-
ter (EEL 920, Ciba-Corning, Halstead, UK). Changes in
plasma volume were calculated from packed cell volume and
haemoglobin values (Dill and Costill 1974).

Statistical analysis was by the Student’s paired z-test. Sta-
tistical significance was declared at p<0.05 or in the case of
some muscle measurements at p<0.05 due to the sample size
being reduced. Values in tables and text refer to mean +SD;
for clarity graphs are represented as mean =+ SE.

Results
Body weight

There was no difference in body weight between
the value recorded prior to dietary manipulation
(72.0+79 kg) and the value recorded immedi-
ately prior to exercise (71.4+8.2 kg) on the CHO
diet. However over the four days of the FP diet
there was a reduction in mean body weight
amounting to 1.5kg (p<0.01; 71.4t7.8kg to
69.9 +£7.8 kg).

Blood acid-base status

As expected there were no differences in the acid-
base measurements made on the morning prior to
dietary manipulation when comparing the two ex-
perimental treatments (Figs. 1, 2). The FP diet re-
sulted in plasma pH (p<0.01), blood Pco,
(p<0.01), plasma bicarbonate (p<0.001) and
blood base excess (p<0.001) values being signifi-
cantly lower at rest prior to exercise when com-
pared with their corresponding values on the
CHO diet (Figs. 1, 2). There were no differences
in post-exercise plasma pH measurements apart
from at 4 min post-exercise when plasma pH was
significantly lower after the FP diet (Fig. 1).
Blood Pco, was lower on the FP diet at 6, 10, and
15 min post-exercise (Fig. 1); plasma bicarbonate
was lower at 2 and 4 min post-exercise (Fig. 2).
There were no differences in post-exercise base
excess measurements (Fig. 2). There were no dif-
ferences between the two dietary treatments when
comparing the peak post-exercise decline in pH,
Pco,, bicarbonate and base-excess.

Blood and plasma constituents

The FP diet resulted in blood alanine (p <0.05,
Fig. 3), blood lactate (p <0.05; Fig. 3) and plasma
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Fig. 1. Plasma pH and blood Pco, (mean +SE) at rest prior to
dietary manipulation (d1), at rest immediately prior to exercise
(d5) and at 2, 4, 6, 10 and 15 min post-exercise on a low car-
bohydrate, high fat, high protein diet (A) and a high carbohy-
drate, low fat, low protein diet (®). Significant difference be-
tween corresponding time points on each diet is as follows:
*=p<0.05; **=p<0.01; ***=p<0.001
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Fig. 2. Blood base excess and plasma bicarbonate concentra-
tions (mean =+ SE) at rest prior to dietary manipulation (d1), at
rest immediately prior to exercise (d5) and at 2, 4, 6, 10 and 15
min post-exercise on a low carbohydrate, high fat, high pro-
tein diet (A) and a high carbohydrate, low fat, low protein diet
(®@). Significant difference between corresponding time points
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Fig. 3. Blood alanine, glucose and lactate concentrations
(mean =+ SE) at rest prior to dietary manipulation (d1), at rest
immediately prior to exercise (d5) and at 2, 4, 6, 10 and 15 min
post-exercise on a low carbohydrate, high fat, high protein diet
(A) and a high carbohydrate, low fat, low protein diet (@).
Significant difference between corresponding time points on
each diet is as follows: *=p<0.05; **=p<0.01;
*kk=p <0.001

glutamine (p<0.01; Fig. 4) concentrations being
lower immediately prior to exercise when com-
pared with their corresponding values on the
CHO diet. The opposite response occurred in the
cases of plasma FFA (p<0.05; Fig. 5), plasma
glycerol (p<0.01; Fig. 5), blood 3-OHB (p<0.01;
Fig. 5) and plasma urea (p<0.001; Fig. 4). Al-
though mean pre-exercise insulin levels appeared
to be lower after the FP diet when compared with
the CHO diet no statistical difference was appar-
ent (Fig. 4). In addition, there were no differences
between the two diets when considering pre-exer-
cise glucose levels (Fig. 3). Plasma albumin con-
centration was higher immediately prior to exer-
cise after the FP diet when compared with the
CHO diet (Table 2; p <0.05); plasma total protein
concentration was not different (p =0.06). Howev-
er, plasma protein levels did increase on the FP
diet (p <0.05); no such increase was seen over the
four days of the CHO diet. After the FP diet
blood alanine concentration (Fig. 3) was lower
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Fig. 4. Plasma insulin, urea and glutamine concentrations
(mean +SE) at rest prior to dietary manipulation (d1), at rest
immediately prior to exercise (d5) and at 2, 4, 6, 10 and 15 min
post-exercise on a low carbohydrate, high fat, high protein diet
(A) and a high carbohydrate, low fat, low protein diet (@).
Significant difference between corresponding time points on
each diet is as follows: *=p<0.05; **=p<0.01;
*kk = p <0.001

than the values recorded on the CHO diet for the
whole of the post-exercise period; blood lactate
concentration was lower at 2, 4, and 15 min post-
exercise (Fig. 3); plasma glutamine concentration
was lower at 2, 4, and 6 min post-exercise (Fig. 4).
The concentration of plasma FFA, plasma glycer-
ol, blood 3-OHB (Fig. 5) and plasma urea (Fig. 4)
were all higher for the whole of the post-exercise
period after the FP diet when compared with the
CHO diet; the concentration of blood glucose
was higher at 4, 6, 10 and 15 min post-exercise
(Fig. 3). There were no differences in post-exer-
cise plasma insulin levels between the two diets
(Fig. 4).

Plasma volume and electrolyte changes
The calculated decrease in plasma volume over

the four days of the FP diet (2.3 +6.3%) was not
different from the value calculated for the CHO
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Fig. 5. Plasma free fatty acid, glycerol and 3-hydroxybutyrate
(3-OHB) concentrations (mean =+ SE) at rest prior to dietary
manipulation (d1), at rest immediately prior to exercise (d5)
and at 2, 4, 6, 10 and 15 min post-exercise on a low carbohy-
drate, high fat, high protein diet (A) and a high carbohydrate,
low fat, low protein diet (@). Significant difference between
corresponding time points on each diet is as follows:
*=p<0.05; ¥*=p<0.01; ***=p<0.001

diet (2.1+6.8%). The two dietary treatments had
no influence on plasma sodium and chloride lev-
els (Table 2).

Muscle measurements

Muscle pH (Fig. 6) was higher on the morning
prior to the commencement of the CHO diet
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Fig. 6. Muscle pH (mean £ SE) at rest prior to dietary manip-
ulation (d1), at rest immediately prior to exercise (d5) and im-
mediately post-exercise on a low carbohydrate, high fat, high
protein diet (M) and a high carbohydrate, low fat, low protein
diet ([1). * indicates significant difference between corre-
sponding values (p<0.05)
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Fig. 7. Muscle glutamine content (mean +SE) at rest prior to
dietary manipulation (d1), at rest immediately prior to exercise
(d5) and immediately post-exercise on a low carbohydrate,
high fat, high protein diet (M) and a high carbohydrate, low
fat, low protein diet (O). * indicates significant difference be-
tween corresponding values (p <0.05)

Table 2. Plasma concentrations of sodium (mmol - 17"), chloride (mmol - 1~ albumin (g - 1~') and protein (g - 1~ !) measured at
rest prior to dietary manipulation and immediately prior to exercise on the two dietary treatments. Values are mean =+SD.
* indicates significant difference between corresponding values (p <0.05)

Low carbohydrate, High fat,
High protein

High carbohydrate, Low fat
Low protein

Pre-diet Pre-Exercise Pre-diet Pre-Exercise
Plasma Sodium 136 +3 138 137 +4 138 %6
(mmol 17
Plasma Chloride 104 =+5 98 101 +5 104 +3
(mmol 171
Plasma Albumin 429+14 442*%+1.2 42.6+1.8 432*%+1.1
(g1
Plasma Protein 82.7+4.1 86.7x1.7 82.1+£5.9 82.3+£5.0

17
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Table 3. The values (mmol - kg~' d.w.) recorded on each dietary treatment for muscle glycogen, glucose 6 phosphate (G6-P),
fructose 1,6 diphosphate (F1,6-DP), triose phosphates (TP) and lactate. Muscle biopsy samples were taken at rest prior to dietary
manipulation, at rest immediately prior to exercise and immediately post-exercise. Values are mean +SD. * indicates significant
difference between corresponding values (p<0.05)

Low carbohydrate, High fat,

High protein

High carbohydrate, Low fat

Low protein

Pre- Pre- Post- Pre- Pre- Post-

Diet Exercise Exercise Diet Exercise Exercise
Total 3217 £324 299.5%+23.9 198.8% +24.3 309.4 £96.3 381.4%£23.2 230.3* + 9.8
Glyogen (n=4) (n=4) n=4) (n=4) (n=4) (n=4)
(mmol kg~ ")
G6-P 0.83+ 0.48 091+ 0.50 11.03*+ 2.55 0.72+ 0.51 0.74+ 0.35 9.03*+ 1.81
(mmol kg~ ") n=4) n=4) n=3) (n=4) n=4) n=3)
F1,6-DP 0.06x 0.03 0.06+ 0.01 0.13 + 0.04 0.14+ 0.12 0.03+ 0.01 030 £ 0.12
(mmol kg~ ") n=3) n=3) (n=3) (n=3) n=3) (n=3)
TP 0.11% 0.03 0.10+ 0.03 0.17 + 0.06 0.13%+ 0.01 0.12+ 0.01 021 £ 0.01
(mmol kg~ (n=4) (n=4) (n=3) (n=4) (n=4) (n=4)
Lactate 45 += 2.0 44 £ 2.5 1253 +*15.2 36 + 1.1 55 + 1.2 104.4 =+28.1
(mmol kg~ 1) n=4 (n=4) n=4 n=4 n=4) n=4)

(p <0.05) when compared with the corresponding
value prior to the FP diet. Immediately prior to
exercise no difference between dietary conditions
was evident. As expected, muscle pH fell during
the two 3 min exercise tests. The decline was 104%
greater on the FP diet resulting in -a significant
difference in muscle pH between the two diets im-
mediately post-exercise (p=10.05). There was no
difference between experimental treatments in
muscle glutamine content prior to dietary manip-
ulation (Fig. 7); by day 5 a 23% decline in muscle
glutamine content had occurred on the FP diet re-
sulting in levels being significantly different be-
tween diets immediately prior to exercise
(p<0.05). Exercise had little influence upon mus-
cle glutamine content on the FP diet but produced
a decline of 17% on the CHO diet, resulting in lev-
els being very similar post-exercise.

Table 3 shows the values recorded for muscle

glycogen, G6-P, F1,6-DP, TP and lactate content
during the present study. There was no difference
between experimental treatments in muscle gly-
cogen content on the morning prior to dietary ma-
nipulation. By day 5 (immediately prior to exer-
cise) muscle glycogen content had increased by
23% on the CHO diet while the four days on the
FP diet did not influence muscle glycogen con-
tent. This resulted in muscle glycogen levels being
significantly different between diets prior to exer-
cise (p <0.05). The mean decrease in muscle gly-
cogen content during the 3 min of exercise was
50% greater on the CHO diet, but levels were still
higher than those of the FP diet immediately post-
exercise (p<0.05). There were no differences in

the content of G6-P prior to dietary manipulation
or immediately prior to exercise when comparing
the two treatments. Immediately post-exercise
G6-P levels were 22% higher on the FP diet result-
ing in a significant difference between the two
diets (p=0.05). The content of F1,6-DP did not
differ between the two experimental treatments
prior to dietary manipulation or immediately
prior to exercise. Immediately post-exercise there
is a suggestion that F1,6-DP levels were higher
after the CHO diet than after the FP diet; howev-
er, due to the small sample size (n=23), the differ-
ence between the two diets was not statistically
significant. There was no difference in TP content
at any point when comparing the two dietary
treatments. The 3 min of exercise produced a dra-
matic increase in muscle lactate content; despite
this increase no difference in content was found
prior to or post-exercise when comparing the two
diets.

Dicussion
Body weight changes

Despite the level of physical activity being kept at
a minimum and the energy content of each diet
being the same during the present experiment, the
FP diet was accompanied by a reduction in body
weight although body weight remained constant
on the CHO diet. Table 3 indicates that the de-
cline in body weight cannot be attributed to a loss
of water associated with a reduction in muscle
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glycogen content. A fall in body weight of a simi-
lar magnitude to the reduction in body weight ob-
served in the present experiment was recorded
when a group of subjects walked 37 km per day
for each of 4 consecutive days while on a low
CHO diet which gave a slight positive energy bal-
ance; again, however, body weight was main-
tained when an isoenergetic high CHO diet was
given while the same exercise level was main-
tained for a 4 day period (Maughan et al. 1987).
However, the composition of the diets used in the
present study was almost identical to that used in
an earlier experiment (Greenhaff et al. 1987b)
where no decline in body weight was observed.
During the present experiment subjects were
asked to drink at least 568 ml of low energy drink
with every meal to maintain hydration. In the ab-
sence of measurements of urine output it is not
known whether there was a differential diuresis
on the two diets. There appeared to be no differ-
ence between the two diets in the changes in
plasma volume and electrolytes over the four day
period.

Pre-exercise acid-base balance

We have previously demonstrated that a high pro-
tein, low CHO diet can influence resting acid-
base status (Greenhaff et al. 1987b). The results of
the present study support the supposition that the
metabolic acidosis arising from a FP diet (Figs. 1,
2) is not a consequence of a variation in the level
of plasma strong inorganic ions (Table 2) but
probably results from increases in the concentra-
tion of circulating organic strong ions (FFA, 3-
OHB; Fig. 5) and non volatile weak acids (plasma
proteins; Table 2). The elevated dietary protein
intake on a FP diet will also increase the produc-
tion of hydrogen ions derived from the catabolism
of dietary amino acids by the liver (Newsholme
and Leech 1983) and will add further to the diet-
induced acidosis. The increased degradation of
dietary protein during the FP diet of the present
study is characterised by the dramatic increase in
plasma urea levels (Fig. 4) and will also result in
an increase in urea excretion (Folin 1905) bring-
ing about the removal of ammonia. Under normal
circumstances skeletal muscle uses ammonia to
synthesise the amino acid alanine which is then
released by the muscle. In the liver the alanine is
then broken down providing ammonia for urea
synthesis and a carbon source for gluconeogene-
sis (Newsholme and Leech 1983; Felig 1977).
However, during acidosis the rate of ammonia in-

corporation into glutamine and the release of glu-
tamine by skeletal muscle are increased. The re-
verse reaction occurs in the kidneys to release am-
monia which combinines with hydrogen ions in
the kidney tubules to help maintain acid-base bal-
ance (Goldstein 1980), leaving a carbon source for
glucose formation. The reduced muscle (Fig. 7)
and plasma (Fig. 4) glutamine levels during the
FP diet of the present study may represent an in-
creased renal removal of glutamine in an attempt
to maintain acid-base balance and blood glucose
concentration.

Post-exercise blood acid-base status

The similarities between the two dietary treat-
ments in the peak post-exercise decline in pH,
Pco,, bicarbonate and base excess suggests that
the pre-exercise metabolic acidosis of the FP diet
did not influence the rate of H* efflux from the
exercising muscle during the high intensity exer-
cise. Moreover, the lower blood lactate concentra-
tion at 2, 4, and 15 min post-exercise on the FP
diet implies a reduced removal of lactate from
muscle or an increased post-exercise uptake of
lactate by inactive muscle or liver.

Muscle acid-base changes

The majority of subjects commented that they
found the 3 min exercise test more strenous after
the FP diet. Muscle pH after exercise on this diet
was reduced to 6.76 £0.13 which is similar to the
value reported by Sahlin et al. (1976) after ex-
haustive exercise on an electrically braked cycle
ergometer. The larger increase in G6-P after the
FP diet of the present study suggests a relative in-
hibition of phosphofructokinase (PFK) activity
during exercise compared with the CHO diet.
However, although a decrease in muscle pH, re-
sulting in an inhibition of PFK activity, has been
suggested as a limiting factor to the performance
of high intensity exercise (Sahlin 1978), previous
research, using a variety of experimental models,
has pointed to a hydrogen ion induced inhibition
of activation of contractile proteins by calcium
ions (Donaldson et al. 1978; Spriet et al. 1987b) or
a depletion of muscle phosphocreatine stores
(Katz et al. 1986) as major limitations to perform-
ance. The finding that the metabolic acidosis of
the FP diet of the present study did not influence
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pre-exercise muscle pH when compared with the
CHO diet but did lead to a greater decline (104%)
in muscle pH during exercise is in agreement with
the data of Hultman et al. (1985). They demon-
strated that metabolic acidosis (induced by oral
ingestion of NH,Cl) will reduce pre-exercise buf-
fering capacity, thereby producing a larger de-
crease in muscle pH after 75 s of electrical stimu-
lation. However, unlike the present experiment
they found no evidence to suggest that an inhibi-
tion of muscle glycolytic flux or lactate efflux had
occurred during exercise in the acidotic condi-
tion, and pointed to a breakdown in the contrac-
tile mechanism as a possible cause of fatigue. The
greater decrease in muscle pH after exercise on
the FP diet in the present experiment suggests
muscle buffering capacity was reduced prior to
exercise. The larger fall in pH during exercise on
the FP treatment may have been responsible for a
reduction in PFK activity (Sahlin 1978) thereby
resulting in the larger accumulation (22%) of G6-P
and a reduction in the rate of glycolysis during
exercise on this diet (as indicated by the mean de-
crease in muscle glycogen content being 50% less
on the FP diet). The finding that blood glucose
levels were higher for nearly the whole of the
post-exercise period after the FP diet gives sup-
port to this proposal: the greater elevation of G6-
P levels post-exercise on the FP diet will have
produced a larger inhibition in hexokinase (HK)
activity bringing about an inhibition of further
G6-P production and muscle glucose uptake
(Newsholme and Start 1973). In addition, it is
known that 8-10% of the muscle glycogen de-
graded during glycogenolysis forms free glucose
(Field 1960); this corresponds to about 10
mmol - kg ~' of glucose units during the 3 min of
exercise on the FP treatment of the present study.
This free glucose accumulation in the face of an
already reduced HK activity may have led to the
diffusion of glucose from the muscle (Wahren et
al. 1971; Lavoie et al. 1987). However, if one ac-
cepts that the larger fall in pH of the FP diet may
have reduced the rates of glycogenolysis and gly-
colysis it then becomes difficult to explain the
similarity in post-exercise muscle lactate levels
when comparing the two treatments. The lower
post-exercise blood lactate of the FP treatment
could indicate that removal of lactate (but not
H*) after exercise on this treatment was reduced.
This would then account for the similarity in post-
exercise muscle lactate levels between the treat-
ments. Alternatively, the metabolic fate of the lac-
tate produced may be different during exercise
on each dietary treatment.

Substrate availability and utilisation

The finding that muscle glycogen levels were still
high after 3 min of exercise on the FP diet is in
support of the suggestion that muscle glycogen
availability is not a limiting factor to performance
during high intensity exercise (Hermansen 1981).
However, it is possible that selective substrate de-
pletion in type IIb muscle fibres could be respon-
sible for fatigue (Tesch 1980). The four day FP
diet had no influence on muscle glycogen content.
This is in agreement with the results of Hultman
(1967) which showed muscle glycogen content
was not influenced unless dietary CHO intake
was reduced for longer than six days. Gollnick et
al. (1981) and Richter and Galbo (1986) demon-
strated that the intracellular availability of gly-
cogen may influence substrate utilisation during
exercise. The difference in mean pre-exercise
muscle glycogen content between the two diets of
the present study was 80 mmol- glucose
units - kg =" and arose not from a decrease in gly-
cogen content on the FP diet, but an increase on
the CHO diet. Whether this difference is large
enough to influence substrate utilisation is not
known. The finding that the absolute decline in
muscle glycogen content during exercise was 50%
greater on the CHO diet when compared with the
FP diet supports the suggestion that muscle gly-
cogen content may influence the pattern of sub-
strate utilisation during exercise. However, the
finding that there was no difference in the post-
exercise muscle lactate levels between the two
treatments and that the changes in muscle G6-P
and pH were larger during exercise after the FP
diet when compared with the CHO diet does not
support the suggestion. If muscle glycogen levels
were influencing the pattern of substrate utilisa-
tion one might have expected the enhanced CHO
metabolism during exercise after the CHO diet to
have produced the largest changes in G6-P, lactate
and pH. However, as stated previously, it is possi-
ble that differences between dietary treatments in
the rate of muscle lactate efflux or the metabolic
fate of lactate could explain the similarity in mus-
cle lactate levels. The lower post-exercise blood
lactate levels after the FP diet would appear to in-
dicate that this may be the case.
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