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Summary. The influence of short-term high-altitude 
(HA) residence on intramuscular pH and skeletal 
muscle enzyme activity of sea-level (SL) residents was 
investigated�9 Vastus lateralis muscle samples were 
obtained by biopsy from rested subjects (n = 5) at SL 
(50m) and on the 18th day of HA residence 
(4,300 m) for determination of glycogen phosphory- 
lase, hexokinase, malate dehydrogenase, and total 
lactate dehydrogenase activities. A second group of 
subjects (n = 6) performed cycle exercise of the same 
absolute intensity (mean + SE = 195 + 5 W) at SL 
and on the 15th day of residence at HA. Before and 
immediately after exercise, vastus lateralis muscle 
samples were obtained for the determination of 
intramuscular pH, and venous blood was obtained for 
determination of lactate concentration. The first 
group of subjects showed no significant changes in 
skeletal muscle enzyme activity after 18 days at HA. 
The second group of subjects were instructed to 
exercise for exactly 30 min, and all but one could 
complete the entire bout at SL. However, at HA, 
none could continue 30 min, and time to exhaustion 
(mean + SE) was 11.9 + 1.6 min. Resting intramus- 
cular pH was not significantly different after HA 
residence as compared to SL. The fall in intramus- 
cular pH was less with exercise on day 15 at HA than 
during SL exercise. Likewise, the increase in blood 
lactate concentration with exercise at HA was less 
than at SL. These data indicate that, after 15-18 days 
of HA residence, limitations in exercise performance 
are not due to inordinate intramuscular acidosis or to 
changes in the activity of glycolytic and oxidative 
enzymes. 
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Introduction 

Sea-level residents rapidly taken to high altitude 
experience a decrement in aerobic work capacity�9 
This impairment is reflected by a reduction in both 
maximal oxygen uptake (12o2 max) and endurance for 
submaximal exercise. When high altitude exposure is 
continued for several days, adaptation to hypoxia 
results in an improvement in submaximal perfor- 
mance. Maher et al. (1974) reported that the endur- 
ance time (cycling at 75% Vo2max) of subjects 
residing for 12 days at 4,300 m was increased by 45% 
on day 12 as compared to day 2. Likewise, Horstman 
et al. (1980) observed a 59% increase in time to 
exhaustion (treadmill running at 85% 1202max) 
between day 16 and day 1 of residence at 4,300 m. If 
the fundamental relationship between endurance 
capacity, VO2ma x and rate of metabolism of energy 
substrate is unchanged at high altitude, then the 
improvement in endurance time during the first few 
weeks of altitude residence must be a result of 
increased 12o2 max (Gleser and Vogel 1973) or changes 
in skeletal muscle metabolism which retard the rate at 
which muscle glycogen stores are depleted (Gleser 
and Vogel 1973; Hultman 1967). 

It has been shown that Vo2 max does not change 
significantly during the first 15 days of residence at 
4,300 m (Young et al. 1982)�9 However, increased 
mobilization and utilization of free fatty acids during 
exercise with associated sparing of muscle glycogen 
stores have been found after 18 days at altitude 
(Young et at. 1982). Similar metabolic adaptations 
have been observed to result from chronic endurance 
training (Holloszy and Booth 1976). The purpose of 
the present investigation was to determine if 
short-term HA exposure would influence the activity 
of skeletal muscle enzymes similar to the effect of 
chronic exercise. It was hypothesized that, as a result 
of altitude exposure, skeletal muscle hexokinase and 
malate dehydrogenase activity would be increased, 
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a n d  s k e l e t a l  m u s c l e  g l y c o g e n  p h o s p h o r y l a s e  a n d  

l a c t a t e  d e h y d r o g e n a s e  w o u l d  be  d e c r e a s e d .  F u r t h e r -  

m o r e ,  s ince  t h e  r a t e  o f  g lycolys is  is a f f e c t e d  by  

a l t e r i ng  t h e  p H  o f  t h e  r e a c t i o n  m e d i u m  ( G e v e r s  and  

D o w d l e  1963; T r i v e d i  a n d  D a n f o r t h  1966),  it was  also 

h y p o t h e s i z e d  t h a t  a l t i t ude  e x p o s u r e  w o u l d  r e su l t  in a 

c h a n g e  in i n t r a m u s c u l a r  p H .  

Methods 

Test subjects. Eleven male soldiers volunteered as subjects for this 
investigation after being fully informed of the nature and 
requirements of the study. All were sea-level (SL) residents, and 
none had lived at or visited high altitude (HA) for at least 10 
months prior to participation in the experiments. The men 
participated in routine Army physical training; however, none 
were highly trained. !)O2ma x (mean + SE) was 46.0 + 1.2 
ml.  min 1. kg-1 at SL. The subjects were asked to maintain 
physical activity at their usual level and not begin any new training 
program. Throughout the study, the subjects ate and drank ad 
libitum. The physical characteristics of the subjects (mean + SE) 
were as follows: age, 21.8 +_ 0.8 years; height, 176.0 + 2.2 cm; and 
weight, 76.0 + 1.4 kg. 

Design. This investigation consisted of two series O f experiments. 
Five subjects participated in the first series in which the influence 
of short-term altitude exposure on the activity of four skeletal 
muscle enzymes was studied. Samples of vastus lateralis muscle to 
be assayed for enzyme activity were obtained while these subjects 
were in a rested condition at SL (50 m) and again at HA (4,300 m) 
on day 18 of continuous residence. The remaining six subjects 
participated in the second series of experiments in which the 
change in intramuscular pH during exercise was measured at SL 
and on day 15 of continuous residence at 4,300 m. For these 
experiments, the subjects were instructed to cycle continuously for 
30 min. Absolute exercise intensity (mean + SE) was 195 + 5 W at 
both SL and HA. Before, and immediately after exercise, samples 
of vastus lateralis muscle and venous blood were obtained to 
ascertain intramuscular pH and venous lactate concentration. 
Oxygen consumption was measured each minute of exercise. 

Tissue samples. Muscle samples were obtained by biopsy (Berg- 
strom 1962). In the first series of experiments, specimens were 
quickly freed of connective tissue, divided into several pieces, and 
then frozen in liquid N 2. Samples obtained at SL were stored in 
liquid N 2 until enzyme analyses were performed. At HA, the 
samples were frozen in liquid N2, packed in dry ice for shipment, 
and then returned to liquid N2. Duplicate analyses were carried out 
for activity of glycogen phosphorylase (Costill et al. 1976), 
hexokinase (Mansour et al. 1966), malate dehydrogenase (Costill 
et al. 1979), and total lactate dehydrogenase (Bergmeyer 1974). In 
the second series of experiments, the entire muscle specimen was 
rapidly frozen by plunging the biopsy needle into liquid N 2 
immediately upon withdrawing the needle from the muscle. The 
frozen samples were transferred to a vial and stored in liquid N 2 
continuously (including shipment) until intramuscular pH was 
determined (Costill et al. 1982). The blood samples were obtained 
from a forearm vein. They were allowed to clot, and the serum was 
frozen for 24 h until lactate concentration was determined. 

Exercise. All exercise was performed on electrically-braked cycle 
ergometers at a pedal frequency of 60 rev. min -a, paced'by an 
electronic metronome. It was not possible to use the same 
ergometer at both SL and HA, so l)oa was used to calibrate the 
exercise intensities on the two ergometers. Subjects breathed 

through a modified Otis-McKerrow valve connected to a # 3 
pneumotach (Hewlett-Packard). Samples of expired air were 
analyzed for O~ and CO2 concentrations using gas analyzers 
(Applied Electrochemistry S-3A and Beckman LB-2, respective- 
ly). The computational procedures of Sue et al. (1980) were used to 
calculate 902 and Vco2 (STPD) and I) E (BTPS). Prior to each 
experiment, gas analyzers were calibrated using gases of known 
composition. 

Data analyses. The duplicate determinations of muscle enzyme 
activities, muscle pH, and blood lactate concentration were 
averaged. Differences between means of SL and HA enzyme 
activity were analyzed for statistical significance using Student's 
t-test. A three-way ANOVA and paired t-tests were used to study 
the influence of altitude, exercise, and individual subject variability 
on intramuscular pH and blood lactate. For all statistical 
compairsons, the level of significance was set at P < 0.05. 

Results 

Rest ing measures  

Skeletal  muscle  e n z y m e  activities. T a b l e  1 shows  t h e  

resu l t s  o f  t h e  e n z y m e  ana lyses .  T h e r e  w e r e  no  

s ta t i s t ica l ly  s ign i f i can t  c h a n g e s  in t h e  ac t iv i ty  o f  

ske l e t a l  m u s c l e  g l y c o g e n  p h o s p h o r y l a s e ,  h e x o k i n a s e ,  

m a l a t e  d e h y d r o g e n a s e ,  o r  t o t a l  l a c t a t e  d e h y d r o g e -  

nase .  

Exercise  measures 

Exercise  and 1202" A t  SL,  12o2 was  ( m e a n  _+ S E )  3.16 

+_ 0 .26 1 �9 m i n  -1 (86 _ 2 %  1202 max at SL)  a n d  was  n o t  

s ign i f i can t ly  d i f f e r e n t  at H A  w h e r e  it was  3.05 ___ 0.21 

1 �9 m i n  -1 (97 + 2 %  12o2 max at H A ) .  A l l  bu t  o n e  o f  t h e  

sub j ec t s  w e r e  ab le  to  c o m p l e t e  t h e  e n t i r e  30 -min  

e x e r c i s e  b o u t  at  SL.  T h e  sub j ec t s  w e r e  e x h a u s t e d ,  

and  d e s p i t e  t h e  s t r o n g  v e r b a l  e n c o u r a g e m e n t  p r o -  

v i d e d  by  t h e  i n v e s t i g a t o r s ,  i t  is u n l i k e l y  tha t  t h e y  

c o u l d  h a v e  c o n t i n u e d  fo r  m u c h  l onge r .  A t  H A ,  s t r o n g  

v e r b a l  e n c o u r a g e m e n t  n o t  w i t h s t a n d i n g ,  n o n e  o f  t h e  

Table 1. Skeletal muscle enzyme activities 

Enzyme Activity (~tmoles �9 rain -1 �9 g-1 wet tissue) 

Sea level High altitude P 

Lactate 186.60 + 24.29 170.46 _+ 19.87 NS 
dehydrogenase 

Malate 55.39 + 5.08 60.07 + 4.90 NS 
dehydrogenase 

Glycogen 6.63 + 0.76 6.07 + 0.62 NS 
phosphorylase 

Hexokinase 1.99 _+ 0.11 2.37 + 0.27 NS 

Values are mean + SE of samples collected at sea level and after 18 
days of residence at 4,300m. n = five male, sea level 
residents 
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subjects were able to exercise for the full 30 rain, and 
time to exhaustion was (mean + SE) 11.9 _+ 
1.6 min. 

Intramuscular pH. Figure 1 shows the results of the 
intramuscular pH determinations, and Fig. 2 shows 
the results of the corresponding serum lactate 
determinations. For both intramuscular pH and 
serum lactate, the ANOVA revealed that, of the 
three factors (altitude, exercise, subjects), only the 
"exercise" factor had a significant main effect. There 
was, however, a significant interaction between the 
"exercise" and "altitude" factors on both intramus- 

cular pH and serum lactate. To determine the 
meaning of these exercise-attitude interactions, the 
change (absolute difference) in pH and lactate from 
pre- to post-exercise was calculated for each subject, 
and a paired t-test used to compare the change at SL 
with the change at HA. Results of the test show that 
during exercise at HA there was a smaller fall in 
intramuscular pH than during exercise at SL. Simi- 
larly, there was a smaller rise in serum lactate with 
exercise at HA than at SL. 

Discussion 
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Fig. 1. Intramuscular pH (mean _+ SE) of six sea level residents 
before and after exercise at sea level (50 m) and on the 15th day of 
residence at high altitude (4,300 m) 
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Fig. 2. Blood lactate concentration (mean _+ SE) of six sea level 
residents before and after exercise at sea level (50 m) and on the 
15th day of residence at high altitude (4,300 m) 

Sea-level residents chronically exposed to high alti- 
tude experience an adaptation in muscle metabolism 
during exercise (Young et al. 1982). This adaptation 
is similar to the metabolic adaptation associated with 
the increased endurance resulting from repeated 
bouts of endurance exercise at sea level, i.e., physical 
training has been shown to result in decreased 
glycogen utilization and increased mobilization of 
FFA during exercise (Holloszy and Booth 1976). 
Alterations in glycolytic and oxidative metabolic 
rates resulting either from induction or suppression of 
enzyme synthesis, or from changes in the factors 
which modulate the activity of enzymes (e.g., pH) are 
both known to be related to this response to physical 
training. Heretofore, the influence of chronic altitude 
exposure on enzyme activity and pH regulation in 
human skeletal muscle was not known. The muscle 
enzymes studied in the present investigation were not 
selected because they are the rate-limiting steps, but 
because they have been well studied in investigations 
of exercise-induced adaptations in muscle metabo- 
lism. It was thought that hexokinase and phospho- 
rylase activities should be good indicators of glyco- 
lytic capacity, while lactate and malate dehydroge- 
nase activities would reflect the oxidative capacity of 
the muscle. 

An increase in skeletal muscle hexokinase activ- 
ity, favoring increased use of glucose by the muscle 
and sparing of glycogen, has been shown to result 
from exercise (Holloszy and Booth 1976), but no 
change in hexokinase activity following altitude 
exposure was found in this investigation. Another 
enzymatic adaptation to chronic exercise is a decrease 
in the activity of both glycogen phosphorylase 
(Baldwin et al. 1973) and of lactate dehydrogenase 
(Baldwin et al. 1973; Holloszy and Booth 1976). The 
activity of neither of these enzymes was influenced by 
short-term residence at 4,300 m. However, both of 
these enzymes exist in two forms, and in the present 
study, only total activity was determined. Finally, 
activity of malate dehydrogenase, which is increased 
by physical training (Evans et al. 1979), was also 
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u n c h a n g e d  by  a l t i tude  exposure .  Thus ,  un l ike  the  
a d a p t a t i o n  to  chronic  exerc ise ,  changes  in the  act ivi ty  
of  ske le ta l  musc le  enzymes  are  no t  l ike ly  to  account  
for  changes  in p e r f o r m a n c e  dur ing  sho r t - t e rm  resi-  
dence  at  a l t i tude .  

Changes  in a m b i e n t  p H  affect  the  ra te  of  
g lycogenolys is .  Su t ton  et  al. (1981) o b s e r v e d  a 
r educ t i on  in the  e n d u r a n c e  t ime  of  m e n  who  were  
m a d e  ac idot ic  be fo re  exerc ise ,  and  conc luded  tha t  
acidosis  had  inh ib i t ed  musc le  glycolysis ,  t h e r e b y  
l imit ing g lycogen  u t i l i za t ion  and  reduc ing  per fo r -  
mance .  In  the  p r e s e n t  s tudy,  no s ignif icant  d i f fe rence  
was f o u n d  b e t w e e n  res t ing in t r amuscu la r  p H  at sea  
level  and  af ter  15 days  of  r e s idence  at 4,300 m.  The  
d rop  in i n t r amuscu la r  p H  with  exerc i se  was less at  
a l t i tude  c o m p a r e d  to sea  level .  The  increase  in b l o o d  
l ac ta te  wi th  exerc ise  was also less at  a l t i tude  than  at  
sea  level .  These  obse rva t ions  ind ica te  tha t  f o r m a t i o n  
of  musc le  lac ta te  dur ing  exerc ise  at  a l t i tude  is 
i nh ib i t ed  via  mechan i sms  o t h e r  than  those  s tud ied  in 
this inves t iga t ion .  I t  seems  r ea sonab l e  to pos tu l a t e  
tha t  l ac ta te  p r o d u c t i o n  is r e d u c e d  by  an inh ib i t ion  of  
glycolysis  resul t ing  f rom chronic  H A  exposure .  A s  a 
resul t  of  chronic  a l t i tude  exposure ,  o the r s  have  
shown tha t  the  n u m b e r  of  m i t o c h o n d r i a  in t issue are  
i nc reased  ( R e y n a f a r j e  1962). Cy top la smic  N A D H  
concen t r a t i on  w o u l d  be  r e d u c e d  since the  mi tochon -  
dr ia l  shut t le  and  r e sp i r a to ry  chain  d e h y d r o g e n a s e s  
have  a h igher  aff ini ty for  N A D H  than  the  cytosol  
d e h y d r o g e n a s e s  (Lehn inge r  1970). A fall  in cy toso l  
N A D H  wou ld  favor  d i rec t  ox ida t ion  of  py ruva t e  to 
acetyl  C o A  ins t ead  of  lac ta te .  

Thus ,  in con t ras t  to  the  effect  of  chronic  exerc ise ,  
the  act ivi ty  of  the  ske le ta l  musc le  enzymes  hexoki -  
nase ,  to t a l  g lycogen  p h o s p h o r y l a s e ,  ma la t e  d e h y d r o -  
genase ,  and  to ta l  l ac ta te  d e h y d r o g e n a s e  was not  
changed  by  sho r t - t e rm  a l t i tude  res idence .  Res t ing  
in t r amuscu la r  p H  was s imi lar ly  una f fec ted  by  the  high 
a l t i tude  exposure .  D e s p i t e  the  fact  tha t  less b l o o d  
l ac ta te  a c c u m u l a t e d  and  tha t  i n t r amuscu la r  p H  was 
m o r e  a lka l ine  wi th  exerc ise  at  a l t i tude  than  at sea  
level ,  exerc i se  t ime  was still  sho r t e r  at h igh alti-  

tude .  
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