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Kayser, Bengt, Roland Favier, Guido Ferretti, Domi-
nique Desplanches, Hilde Spielvogel, Harry Koubi,
Brigitte Sempore, and Hans Hoppeler. Lactate and epi-
nephrine during exercise in altitude natives. J. Appl. Physiol.
81(6): 2488–2494, 1996.—We tested the hypothesis that the
reported low blood lactate accumulation ([La]) during exer-
cise in altitude-native humans is refractory to hypoxia-
normoxia transitions by investigating whether acute changes
in inspired O2 fraction (FIO2) affect the [La] vs. power output
(Ẇ) relationship or, alternatively, as reported for lowlanders,
whether changes in [La] vs. Ẇ on changes in FIO2 are re-
lated to changes in blood epinephrine concentration ([Epi]).
Altitude natives [n 5 8, age 24 6 1 (SE) yr, body mass 62 6 3
kg, height 167 6 2 cm] in La Paz, Bolivia (3,600 m) performed
incremental exercise with two legs and one leg in chronic
hypoxia and acute normoxia (AN). Submaximal one- and
two-leg O2 uptake (V̇O2) vs. Ẇ relationships were not altered
by FIO2. AN increased two-leg peak V̇O2 by 10% and peak Ẇ
by 7%. AN paradoxically decreased one-leg peak V̇O2 by 7%,
whereas peak Ẇ remained the same. The [La] vs. Ẇ relation-
ships were similar to those reported in unacclimatized low-
landers. There was a shift to the right on AN, and maximum
[La] was reduced by 7 and 8% for one- and two-leg exercises,
respectively. [Epi] and [La] were tightly related (mean r 5
0.81) independently of FIO2. Thus normoxia attenuated the
increment in both [La] and [Epi] as a function of Ẇ, whereas
the correlation between [La] and [Epi] was unaffected. These
data suggest loose linkage of glycolysis to oxidative phos-
phorylation under influence from [Epi]. In conclusion, high-
altitude natives appear to be not fundamentally different
from lowlanders with regard to the effect of acute changes in
FIO2 on [La] during exercise.

lactate paradox; energetics

IN UNACCLIMATIZED HUMANS exercising in acute hypoxia,
the relationship between blood lactate levels ([La]) and
power output (Ẇ) is shifted so that [La] is higher at any
given Ẇ, whereas peak [La] ([La]peak) is similar to (6, 9)
or higher than (18) that in normoxia. In contrast, in
chronic hypoxia (CH), the relationship between [La]
and Ẇ is similar to that in normoxia, whereas [La]peak is
lower (2, 6, 9, 14, 20, 35). Such a reduction of [La]peak
after exhausting exercise, associated with the lower
[La] at the same absolute O2 uptake (V̇O2) compared
with in acute hypoxia, has been considered ‘‘paradoxi-
cal’’ (16, 17, 24, 28, 35).
In lowlanders, [La] was recently found to be posi-

tively related to epinephrine concentration ([Epi]), which
some investigators propose as a cause-effect relation-
ship (12, 18, 27, 29, 34). Similar relationships were also
reported in acute hypoxia (18) and in the course of

altitude acclimatization (5, 15, 25, 26, 28, 37). Indeed,
in acute hypoxia at any given Ẇ, [Epi] is initially
increased comparedwith normoxia; however, with accli-
matization it returns toward normoxic values, whereas
the relationship between [Epi] and [La] remains largely
unchanged (5, 25, 28). The reduction in [La]peak would
occur with acclimatization because at altitude, peak Ẇ
(Ẇpeak) is reduced (3, 19, 21).
Based on observations on Andean Amerindians, it

was recently proposed that altitude natives may have
fundamentally different features with regard to the
energetics of exercise compared with lowlanders (16). A
higher-than-normalmechanical efficiencywas accompa-
nied by lower-than-normal blood [La]. These low [La]
values at any Ẇ appeared refractory to hypoxia-
normoxia transitions, and it was proposed that a
tighter coupling of ATP hydrolysis to aerobic ATP
resynthesis may be at the base of the fixed attenuation
of pyruvate-to-lactate flux (16, 17, 24). This alleged
metabolic adaptation resembles a (genetically or devel-
opmentally) constrained characteristic, since it per-
sisted even after 6 wk of deacclimatization to sea level.
To date, these interesting findings stand isolated and,
therefore, need to be confirmed before the above compel-
ling hypothesis can be accepted.
Because data on the effect of acute normoxia (AN) on

[La] during exercise in altitude natives are scanty, and
no data on [La] vs. [Epi] exist, we compared exercise
tests performed in CH and AN in eight altitude native
subjects. The specific aim of the present study was to
test whether the relationship between [La] and Ẇ in
altitude natives is indeed refractory to exposure to AN
as it was previously claimed (17) or whether, by con-
trast, the relationship would change as in acclimatized
lowlanders (14) and to test whether the found differ-
ences in [La] vs. Ẇ would relate to differences in [Epi]
as reported in lowlanders (5, 15, 25, 26, 28, 37).

METHODS

Subjects. Ten healthy male natives from La Paz, Bolivia
(3,500–4,000 m, altitude of the measurements 3,600 m),
naive with regard to the scientific rationale behind the study,
agreed to participate in the experiment. Genetically, the
subjects ranged from Amerindian to European with the
majority being Mestizos. Two subjects dropped out after the
first experiment; the data presented are from the eight who
remained [age 24.4 6 0.9 (SE) yr, body mass 62.1 6 2.7 kg,
height 166.5 6 1.6 cm]. After the subjects were screened by a
physician, they were informed about the risks of the experi-
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ments and signed a consent form. The experiments were
approved by the local ethical committee. For another study,
the subjects had previously engaged in an endurance training
protocol in ambient air (i.e., hypobaric hypoxia) as described
elsewhere (10). The below-described experiments were con-
ducted during the week after the end of the training protocol.
Exercise protocols. The subjects performed one- and two-leg

cycling tests in hypoxia and normoxia on different occasions
in a random balanced order.After 5 min of rest from sitting on
an electrically braked cycle ergometer (model STS-3, Cardio-
line), the subjects began cycling. One-leg cycling was per-
formed with the nondominant leg, and the foot was firmly
attached to the pedal by means of a special cycling shoe. The
other leg rested on a support next to the ergometer. Cycling
pace was kept between 60 and 80 revolutions/min and the
cycle automatically adjusted to changes in revolutions per
minute to maintain power constant. The ergometer used had
sufficient inertia to prevent slowdown during the upstroke of
the active leg. One-leg cycling started from 40 W, and the
intensity was increased by 20-W steps every 4 min until
voluntary exhaustion. Two-leg cycling started from 60 W and
increased by 30-W steps. In the event that the subject
could not sustain the last step for the full 4 min, Ẇpeak was
calculated as the fraction sustained of the last 4-min period
times 20 W for one-leg cycling or 30 W for two-leg cycling,
added to the previous load. Respiratory gas-exchange, blood
pressure (BP), and heart rate (HR) measurements and blood
withdrawal were performed at rest (except for catechol-
amines; only during 1-leg exercise and at exhaustion) and
during minute 4 of every exercise. Blood samples for lactate
were collected at rest, at the end of theminute 4 of each work
load, and at exhaustion.
Gas exchange. Pulmonary gas exchange at rest and during

exercise was monitored with an open-circuit system. While
wearing a noseclip, the subjects breathed through a mouth
piece connected to a low-resistance two-way valve system
(Rudolph) from the ambient air [inspired PO2 (PIO2) ,100
Torr] or from a mixing chamber (,210 liters) containing an
O2-enriched gas mixture giving normoxic O2 levels (PIO2 ,150
Torr). The gas mixture was prepared by blowing air with a
pump (flow rate ,200 l/min) into the mixing chamber, adding
,85% O2 (balance N2) in the tube leading to the entrance of
the chamber. The amount of O2 added was continuously
modulated so as to keep PIO2 constant. The chamber was fitted
with a low-resistance overflow valve to prevent pressure
generation. Expired air from the subjects was collected in
conventional Douglas bags. Expired gas volume was mea-
sured with a 100-liter Tissot spirometer. Fractions of inspira-
tory and expiratory O2 and CO2 were measured with CO2
(Mark III Capnograph, Gould) and O2 (model 570A, Servo-
mex) analyzers, both previously calibrated with gas mixtures
of known composition. V̇O2 and CO2 output were then calcu-
lated according to standard methods. Peak V̇O2 (V̇O2peak) was
defined as the highest V̇O2 measured before volitional exhaus-
tion. The subjects were verbally encouraged to continue
exercise as long as possible, and the exercise tests were
considered indicative of V̇O2peak if two of three of the following
criteria were met: 1) identification of a plateau in V̇O2 with an
increase in Ẇ; 2) a respiratory exchange ratio .1.1; and 3) a
peak HR within 5% of the age-predicted maximum. Obvi-
ously, criterion 3 could not be met for one-leg exercise and
volitional exhaustion was an important additional determi-
nant. The mechanical efficiency of one- and two-leg cycling
was determined from the slope of the linear regression line
(least squares) between submaximal V̇O2 and Ẇ by using an
energy equivalent of 20.9 kJ/l O2 consumed (corresponding to
an assumed respiratory quotient of 0.98).

Cardiovascular parameters. HR was measured by cardio-
tachography (Sporttester). Arterial BP was measured with a
semiautomatic device (Tonomed). As an indirect estimate of
cardiac output, the double product (DP) was calculated by
multiplication of HR and BP.
Blood parameters. Blood hemoglobin concentration ([Hb])

and [La] were determined on arterialized microsamples (100
µl) from a fingertip bymeans of a hemoglobin analyzer (model
280, Ciba Corning) and a lactate analyzer (Yellow Springs
Instruments). Both analyzers were previously calibrated
with samples of known composition. Arterialization was
achieved by prior application of a hyperemia-inducing oint-
ment (Trafuril, Ciba-Geigy). Arterial O2 saturation (SaO2) was
continuously measured at rest and during the exercise tests
by oximetry (Biox, Ohmeda). Arterial O2 concentration
(CaO2) was calculated as [Hb] 3 SaO2 3 1.34.
Before the one-leg exercise tests, a catheter was positioned

in an antecubital vein of an arm and connected to a three-way
valve. Samples (5 ml) were drawn with a syringe. Samples
were drawn during exercise at the end of each load as well as
at exhaustion. The first portion of blood present in the
catheter and valve was discarded. The samples were immedi-
ately transvased into tubes containing EDTA and put on ice
until the end of the experiment. Subsequently, they were
centrifuged at 800 g for 10 min and the plasma was stored at
280°C.At the completion of the study, the samples were flown
to France on dry ice for catecholamine analysis (23).
Statistics. Values are means 6 SE. Comparisons between

means were done with Student’s paired t-test. In case of
repeated measures, in-time comparisons were performed
with analysis of variance and analysis of covariance. Linear
regression analysis was used on individual and group [La] vs.
[Epi]. P , 0.05 was considered significant.

RESULTS

Gas exchange. The V̇O2 vs. Ẇ relationships in the four
experimental conditions are shown in Fig. 1A. V̇O2peak
during two-leg cycling was significantly higher in AN
compared with CH (3.18 6 0.39 vs. 2.90 6 0.37 l/min,
respectively; P , 0.05). This higher V̇O2peak was at-
tained at a significantly higher Ẇpeak (242 6 25 vs.
226 6 26 W, respectively; P , 0.05). In contrast, Ẇpeak
was the same for both one-leg exercise tests (1196 5 vs.
118 6 6 W, respectively; not significant), whereas
V̇O2peak during one-leg cycling was lower in AN com-
pared with hypoxia (2.10 6 0.12 vs. 2.26 6 0.10 l/min,
respectively; P , 0.05). AN did not change the linear
relationship between V̇O2 and submaximal Ẇ during
either one- or two-leg exercise (see Fig. 1A). At the
highest intensity during one-leg exercise in hypoxia,
V̇O2 and Ẇ were shifted up. During the one-leg exercise,
the slopes of the lines were steeper than during two-leg
cycling exercise. Calculated net mechanical efficiency
at submaximum amounted to ,20% during one-leg
cycling and ,27% during two-leg cycling.
[La] vs. Ẇ.During two-leg cycling inAN, the relation-

ship between [La] and Ẇ was shifted down and to the
right and [La]peak was reduced from 9.0 6 1.4 to 8.3 6
1.6 (P, 0.05) and was attained at a significantly higher
Ẇpeak (Fig. 1B ). During one-leg cycling, a similar shift
in the [La] vs. Ẇ relationship occurred compared with
during two-leg cycling, and [La]peak decreased signifi-
cantly from 5.1 6 0.2 mM in hypoxia to 4.3 6 0.2 mM in
AN (P , 0.05). During one-leg exercise, higher [La]
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levels were found at any submaximum Ẇ compared
with during two-leg exercise.
[Hb], SaO2 , and blood gases. Both one- and two-leg

exercise caused hemoconcentration. During one-leg ex-
ercise, [Hb] increased during hypoxic exercise (from
167 6 3 to 182 6 4 g/l; P , 0.05), but no significant
difference was reached during normoxic exercise (from
172 6 2 to 176 6 2 g/l; not significant). Both at rest and
at exhaustion, SaO2 was significantly higher in AN
comparedwith hypoxia (Fig. 1C ). No significant desatu-
ration compared with resting values occurred during
the exercise in both conditions. CaO2 increased from
230 6 10 to 237 6 9 ml/dl in normoxia and from 210 6
10 to 228 6 16 ml/dl in hypoxia during the exercise due
to the increased [Hb]. In hypoxia, arterial PO2 (PaO2) in-
creased from 56.8 6 0.7 to 63.9 6 1.6 Torr, whereas ar-
terial PCO2 (PaCO2) decreased from 28.9 6 1.0 to 24.3 6

0.8 Torr. The pH decreased from 7.41 6 0.01 to 7.31 6
0.01. In normoxia, PaO2 increased from 84.2 6 3.6 to
102.3 6 3.0 Torr, whereas PaCO2 decreased from 30.5 6

1.3 to 26.0 6 1.1 Torr. The pH decreased from 7.40 6
0.01 to 7.32 6 0.01.
During two-leg exercise, [Hb] increased from 171 6 3

to 181 6 4 g/l in hypoxia and 173 6 4 to 190 6 3 g/l in
normoxia. SaO2 did not decrease significantly during
two-leg exercise in normoxia but dropped significantly
from 90 6 1 to 84 6 1 during hypoxic exercise (Fig.
1). CaO2 increased from 229 6 16 to 246 6 20 ml/l
in normoxia and from 214 6 11 to 212 6 18 ml/l
in hypoxia. In hypoxia, PaO2 decreased from 57.4 6 1.6
to 55.36 1.5 Torr, whereas PaCO2 decreased from 27.66

1.6 to 24.1 6 1.2 Torr. The pH decreased from 7.41 6
0.01 to 7.25 6 0.02. In normoxia, PaO2 increased from
83.1 6 3.0 to 90.0 6 2.1 Torr, whereas PaCO2

decreased from 29.1 6 1.3 to 27.1 6 0.8 Torr. The pH
decreased from 7.40 6 0.01 to 7.25 6 0.02.
HR and DP. During one-leg exercise, HR was signifi-

cantly lower throughout the normoxic test compared
with hypoxia, reaching maximum values of 164 6 5 vs.
173 6 5 beats/min (P , 0.05), respectively. DP was
higher at submaximum Ẇ in hypoxia than in normoxia
and reached significantly higher peak values in hyp-
oxia than in normoxia (28,324 6 1,745 vs. 25,903 6
1,901 Torr/min, respectively; P , 0.05; Fig. 1D). During
two-leg exercise, HR was also significantly lower
throughout the normoxic test compared with hypoxia
but reached the same maximum value of 188 6 4
beats/min. DP was higher at submaximum Ẇ in hyp-
oxia than in normoxia but reached similar peak values
in hypoxia compared with normoxia (29,832 6 1,062 vs.
29,643 6 1,083 Torr/min, respectively; not significant).
[La] vs. [Epi]. During one-leg exercise in normoxia

both the [La] and [Epi] vs. Ẇ relationships were
significantly shifted down compared with hypoxia (P ,
0.001 and P , 0.05, respectively) (Figs. 1A and 2B).
There was no significant difference between the norepi-
nephrine concentration vs. Ẇ relationships in the two
conditions (Fig. 2B). Individual [Epi] and [La] were
significantly correlated (average r 5 0.81). Analysis of
covariance (independent variable [La]; dependent vari-
able [Epi]; covariate Ẇ) indicated no effect of inspired
O2 fraction (FIO2) on the [Epi] vs. [La] relationship.
Regression analysis showed no significant differences
in slope and intercept of the [Epi] vs. [La] relationship
in the two conditions. In Fig. 3A, the average values of
the two parameters measured at each Ẇ are related to
each other, showing the similarity of the relationship in
the two conditions, except for the fact that at equivalent

Fig. 1. A: peak O2 uptake (V̇O2peak) vs.
power output (Ẇ) during 1- (squares)
and 2 (circles)-leg cycling in chronic
hypoxia (CH; open symbols) and acute
normoxia (AN; closed symbols). During
2-leg exercise, both peak Ẇ (Ẇpeak) and
V̇O2peak were higher in AN than in CH
(P , 0.05). With 1-leg exercise, Ẇpeak
was the same but V̇O2peak reached was
slightly less in normoxia comparedwith
hypoxia (P, 0.05).B: lactate concentra-
tion ([La]) vs. Ẇ. During 2-leg exercise,
peak [La] ([La]peak) was lower (P ,
0.05) and reached at a higher Ẇpeak
(P , 0.05). Ẇpeak was same but [La]peak
was lower in AN (P , 0.05) C: arterial
O2 saturation (SaO2) vs. Ẇ. Only during
2-leg exercise in hypoxia SaO2 dropped
significantly compared with rest. D:
double product (DP) vs. Ẇ. DP was
lower during normoxic 1-leg exercise
compared with hypoxia (P , 0.05).
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Ẇ both [Epi] and [La] attained significantly lower
values inAN compared with CH.

DISCUSSION

[La] vs. Ẇ during two-leg exercise.The primary aim of
the present study was to test the hypothesis that the

[La] vs. Ẇ relationship in altitude natives is refractory
to changes in FIO2. During two-leg cycling, the present
life time-acclimatized subjects had significantly lower
[La] levels at any given Ẇ in AN than in CH (Fig. 1B).
The [La] vs. Ẇ relationship in CHwas similar to that of
unacclimatized lowlanders acutely exposed to the same
PIO2 as our subjects (18). The [La]peak levels in our
subjects were similar to those reported in unacclima-
tized lowlanders (14, 18, 35) and higher than reported
in altitude native QuechuaAmerindians from theAndes
plateau (17). The latter were reported to exhibit a [La]
vs. Ẇ relationship refractory to changes in FIO2, and it
was argued that this may be due to a constraint tighter
linkage between glycolysis and oxidative phosphoryla-
tion in altitude natives (17). If this hypothesis were
correct, then the relationship between [La] and Ẇ
should not have changed in AN compared with CH and
[La]peak levels should have been lower compared with
those observed in lowlanders. This was not the case,
and the hypothesis, therefore, does not seem to hold for
our altitude native subjects (10). However, because
genetically these subjects ranged from Amerindian to
European with the majority being Mestizos, our results
may not be fully comparable with those obtained on the
Quechuas in the above-cited studies. Nevertheless, as
discussed in detail below, our study is the first that
clearly indicates that altitude natives seem not to be
fundamentally different with regard to [La] during
exercise compared with acclimatized lowlanders.
What could be the reason for the shift in the relation-

ship between [La] and Ẇ on acute exposure to nor-
moxia? The classic answer to this question is that
hypoxia reduces mass O2 transport, which leads to
tissue disoxia and, therefore, increased reliance on
anaerobic metabolism. However, the concept of O2-
limited metabolism during exercise is currently much
debated (4, 8, 13). Several investigators have used the
decrease in V̇O2peak and the increase in [La] at any Ẇ in
hypoxia as proof for the cellular disoxia hypothesis.
However, increased [La] per se is not proof of cellular
disoxia. There is now persuasive evidence suggesting
that lactate production in healthy subjects during
exercise does occur under aerobic conditions and that
lactate is not a waste product but an important and
useful substrate (4). In lowlanders, it was found that
acute hypoxia not only decreased V̇O2peak but also
decreased V̇O2 at submaximum Ẇ, a finding that is in
agreement with the disoxia hypothesis (18). In hypoxia,
[La] was higher at submaximum Ẇ and reached a
higher [La]peak than in normoxia. On the other hand,
therewas a tight relationship between [La] and circulat-
ing catecholamines that was independent of FIO2. Al-
though one must be careful about implying cause and
effect simply from correlational studies, Hughson et al.
(18) concluded that [La] might increase in hypoxia in
part as a direct consequence of stimulation of skeletal
muscle glycogenolysis by the increase in circulating
catecholamines. Even though our subjects did not show
any significant effect of FIO2 on submaximum V̇O2, we
propose that the mechanism for their lower [La] levels

Fig. 2. A: [Epi] vs. Ẇ during 1-leg cycling in CH (open symbols) and
AN (closed symbols). Epinephrine accumulation ([Epi]) was signifi-
cantly less in AN compared with CH (P , 0.05). B: 1-leg norepineph-
rine concentration ([norepi]) vs. Ẇ. There was no significant effect of
inspired O2 fraction (FIO2).

Fig. 3. A: [Epi] vs. [La] during 1-leg cycling in CH (open symbols) and
AN (closed symbols) at different Ẇ. There was no significant effect of
FIO2, with exception that higher values for both variables were
reached during hypoxic exercise bout. B: replotted data from Podolin
et al. (27) showing sigmoid behavior of [La] vs. [Epi] relationship
dependent on muscle glycogen content.
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in AN could be similar to that of the higher [La] levels
in lowlanders exposed to acute hypoxia. Because our
subjects did not consent to additional catheters, we
have no data on blood catecholamine concentration
during two-leg cycling in the two conditions, but the
analysis of the blood samples obtained during one-leg
cycling discussed below supports this hypothesis.
One-leg cycling performance. The rationale for one-

leg exercise was based on the observation that at least
part of the difference betweenmaximum [La] accumula-
tion during normoxic and hypoxic two-leg exercise in
acclimatized subjects is due to a lowermaximum Ẇ and
V̇O2 in hypoxia (14, 19). Because the major limiting
factors are located in the periphery during one-leg
exercise, we argued that during one-leg exercise peak
Ẇ and V̇O2 would be quite similar in the two conditions
allowing direct comparison of the data obtained at
equal absolute and relative levels. One-leg exercise was
performed at a slightly lower mechanical efficiency
compared with two-leg exercise, as previously reported
by Fulco et al. (11). Submaximum one-leg V̇O2 vs. Ẇ
relationships were indeed the same in CH and AN, but
the subjects attained a slightly but statistically signifi-
cantly higher V̇O2peak in hypoxia (Fig. 1A ). We attribute
this paradoxical rise to a further reduction in mechani-
cal efficiency at high Ẇ during the hypoxic exercise test.
We observed that the subjects moved about more at the
end of the hypoxic exercise than during the normoxic
trial, indicating additional but less economical muscle
recruitment. Alternatively, because the end point of
exercise was volitional and the usual criteria to ascer-
tain V̇O2peak could not always be met, the possibility of
some subject not reaching the ‘‘true’’ maximum cannot
be excluded. In any case, in the absence of invasive data
of one-leg muscle V̇O2peak, only circumstantial evidence
supports the contention of similar V̇O2peak in the two
conditions. First, Ẇpeak was the same for a constant O2
cost of mechanical work implying equal V̇O2peak. Sec-
ond, during hypoxic compared with normoxic two-leg
exercise,maximum cardiovascular capacitywas reached
at lower Ẇ, as evidenced by the plateau in DP vs. Ẇ
(Fig. 1D). In contrast, during one-leg exercise DP never
reached its maximum. In addition, SaO2 did not drop
significantly during one-leg exercise (Fig. 1C). There-
fore, during one-leg exercise mass O2 transport may not
have reached the same (maximum) levels as during
two-leg exercise. In other invasive studies on submaxi-
mum two-leg exercise in hypoxia, the O2 flow to the legs
remained remarkably constant despite increases in
CaO2 caused by acclimatization (1, 36). During one-leg
kicking exercise, changes in CaO2 were offset by
changes of leg blood flow of opposite sign, thereby
maintaining mass O2 transport to the leg constant (30).
On the other hand, recent experiments in lowlanders
during maximum one-leg kicking exercise suggest that
peripheral O2 transfer may be diffusion limited and
may lead to a lower V̇O2peak in hypoxia (33). We specu-
late that during one-leg exercise in both AN and CH,
the cardiopulmonary determinants of O2 transport
were not outstripped and maximum mechanical Ẇ and

V̇O2 were mainly set by the periphery, although the
conclusive argument awaits invasive measurements.
[Epi] vs. [La] relationship during one-leg exercise. In

lowlanders, the changes in the [La] vs. Ẇ relationship
during acclimatization have been attributed, at least in
part, to changes in the adrenergic drive of glycogenoly-
sis (5, 15, 19, 25, 28, 37). The present study is the first
to report data on [Epi] vs. [La] during exercise in
altitude natives. If, for the same V̇O2 vs. Ẇ relation-
ships, any differences in [La] vs. Ẇ in these subjects are
tightly related to changes in [Epi] vs. Ẇ, then the
argument in favor of the catecholamine hypothesis
would be strengthened. As in the two-leg exercise test,
during one-leg cycling [La] at any given Ẇ was lower in
AN compared with CH. The shape of the [Epi] vs. Ẇ
curve was similar to that of the [La] vs. Ẇ curve in both
conditions (Fig. 2). Individual [Epi] and [La] were
tightly correlated (mean r5 0.81), and this relationship
was independent of FIO2. This finding, besides confirm-
ing the findings of Hughson et al. (18), who also found a
tight relationship between lactate and catecholamines
independent of FIO2 in nonacclimatized lowlanders, is
compatible with several other observations carried out
during altitude exposure. During sustained submaxi-
mal cycle exercise at altitude, glycogen use is increased
during the initial phase when [Epi] is high and returns
toward control levels after acclimatization (15). Both at
sea level and at high altitude, the rates of lactate
appearance in blood as well as arterial [La] are closely
related to [Epi], suggesting a relationship between
adrenergic drive and [La] (5, 15, 25, 28). In view of
the above-discussed findings on similar submaximum
and maximum one-leg V̇O2, the argument of disoxia as
a cause for the different [La] vs. Ẇ relationships
appears weakened. In any case, even if the one-leg
V̇O2peak had been lower in hypoxia than in normoxia, the
argument that there is a tight association between [La]
and [Epi] in acclimatized natives, like in unacclima-
tized and acclimatizing lowlanders (5, 18), that is inde-
pendent of FIO2 would still hold true. Whether such an
association is the result of a cause-effect relationship
remains to be proven.
Because the glycogenolytic effect of [Epi] leading to

higher [La] is claimed to be mediated through muscle
b2-receptors (6, 22, 29, 34) via a second-messenger
system initiating a cascade of events eventually increas-
ing glycogenolysis and [La], one could roughly expect a
ligand-receptor type of relationship. Thus a sigmoid
curve was fitted to the present data in Fig. 3A. For
comparison in Fig. 3B, we have replotted the average
data points [obtained via a digitizing procedure by
using a scanned image of a graph of Podolin et al. (27)]
that were originally fitted through a straight line.
Podulin et al. looked at the effects of glycogen depletion
on [Epi] and [La] during normoxic exercise. In both
studies, it appears as if beyond a given [Epi], [La]
approaches an asymptote, which would be in agree-
ment with the saturation hypothesis. Close inspection
of the data in the study by Hughson et al. (18) also
showed that in several subjects the [La] vs. [Epi]
relationship seemed to approach a plateau. Of course, it
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should not be overseen that we are looking at blood [La]
values that result from production, uptake, and utiliza-
tion (4). The observed saturating effect must therefore
be interpreted with caution until further evidence has
been gathered, preferably with tracer techniques allow-
ing measurement of lactate appearance rates instead of
[La] values. Contrary to the findings of Hughson et al.,
which were obtained in acute hypoxia, we did not find
that norepinephrine concentration was different at
any given Ẇ on changes of FIO2. The effect of CH on
catecholamines is known to have a different time
course for epinephrine and norepinephrine (25). [Epi]
during exercise is initially higher than at sea level and
then drops as acclimatization progresses, whereas nor-
epinephrine concentration is initially not much differ-
ent from that found at sea level and then progressively
increases. If at altitude epinephrine seems more re-
lated to lactate, norepinephrine seems more related to
systemic vascular resistance (25).
Contrary to the findings on acclimatized lowlanders

(22, 31), the present subjects did not increase [La]peak
during hypoxic one-leg exercise beyond the values
obtained for two-leg exercise. We have no thorough
explanation for this finding but speculate that it may be
related to the hypothesis of an early central (nervous)
limitation of exhaustive exercise with large muscle
groups in lowlanders at very high altitude (3, 19, 21,
22). Therefore, this hypothesis does not seem to apply
to the present subjects in their usual habitat at 3,600
m.
In conclusion, the new findings of this study are that,

compared with unacclimatized lowlanders exercising
in normoxia and hypoxia, endurance-trained high-
altitude natives 1) have similar [La] vs. Ẇ curves; 2)
have similar displacements of [La] vs. Ẇ curves on
changes in FIO2; and 3) show a tight relationship
between [Epi] and [La] during exercise that is inde-
pendent of FIO2. Thus high-altitude natives appear not
fundamentally different from lowlanders with regard to
the effect of acute changes in FIO2 on [La] during
exercise. The present findings are compatible with the
contention of an increased adrenergic drive that re-
duces the apparent linkage between glycolysis and
oxidative phosphorylation in humans exercising in
hypoxia.
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E. Caceres, and H. Hoppeler. Training in hypoxia vs. training
in normoxia in high-altitude natives. J. Appl. Physiol. 78:
2286–2293, 1995.

11. Fulco, C. S., P. B. Rock, L. A. Trad, V. A. Forte, and A.
Cymerman. Maximal cardiorespiratory response to one- and
two-legged cycling during acute and long-term exposure to 4300
meters altitude. Eur. J. Appl. Physiol. Occup. Physiol. 57: 761–
766, 1988.

12. Gaeser, G. A., S. A. Ward, V. C. Baum, and B. J. Whipp.
Effects of infused epinephrine on slow phase of O2 uptake
kinetics during heavy exercise in humans. J. Appl. Physiol. 77:
2413–2419, 1994.

13. Gollnick, P. D., and L. Hermanson. Biochemical adaptations
to exercise: anaerobic metabolism. Exercise Sport Sci. Rev. 1:
1–43, 1973.

14. Grassi, B., M. Marzorati, B. Kayser, M. Bordini, A. Colom-
bini, M. Conti, C. Marconi, and P. Cerretelli. Peak blood
lactate and blood lactate vs. workload during acclimatization to
5,050 m and in the deacclimatization. J. Appl. Physiol. 80:
685–692, 1996.

15. Green, H. J., J. R. Sutton, E. E. Wolfel, J. T. Reeves, G. E.
Butterfield, and G. A. Brooks. Altitude acclimatization and
energy metabolic adaptations in skeletal muscle during exercise.
J. Appl. Physiol. 73: 2701–2708, 1992.

16. Hochachka, P. W. The lactate paradox: analysis of underlying
mechanisms. Ann. Sports Med. 4: 184–188, 1989.

17. Hochachka, P. W., C. Stanley, G. O. Matheson, D. C. McKen-
zie, P. S. Allen, and W. S. Parkhouse. Metabolic and work
efficiencies during exercise in Andean natives. J. Appl. Physiol.
70: 1720–1730, 1991.

18. Hughson, R. L., H. J. Green, and M. T. Sharatt. Gas
exchange, blood lactate, and plasma catecholamines during
incremental exercise in hypoxia and normoxia. J. Appl. Physiol.
79: 1134–1141, 1995.

19. Kayser, B. Lactate during exercise at high altitude.Eur. J. Appl.
Physiol. Occup. Physiol. (In press)

20. Kayser, B., G. Ferretti, B. Grassi, T. Binzoni, and P. Cerre-
telli. Maximal lactic capacity at altitude: effect of bicarbonate
loading. J. Appl. Physiol. 75: 1070–1074, 1993.

21. Kayser, B., M. V. Narici, T. Binzoni, B. Grassi, and P.
Cerretelli. Fatigue and exhaustion in chronic hypobaric hyp-
oxia: influence of exercising muscle mass. J. Appl. Physiol. 76:
634–640, 1994.

2493LACTATE AND EPINEPHRINE IN ALTITUDE NATIVES

 by 10.220.33.5 on S
eptem

ber 25, 2017
http://jap.physiology.org/

D
ow

nloaded from
 

http://jap.physiology.org/


22. Kayser, B., M. V. Narici, and F. Cibella. Fatigue and perfor-
mance at high altitude. In: Hypoxia and Molecular Medicine,
edited by J. R. Sutton, C. S. Houston, and G. Coates. Burlington,
VT: Queen City Printers, 1993, p. 222–234.

23. Koubi, H. E., D. Desplanches, C. Gabrielle, J. M. Cottet-
Emard, B. Sempore, and R. Favier. Exercise endurance and
fuel utilization: a reevaluation of the effects of fasting. J. Appl.
Physiol. 70: 1337–1343, 1991.

24. Matheson, G. O., P. S. Allen, D. C. Ellinger, C. C. Hanstock,
D. Gheorghui, D. C. McKenzie, C. Stanley, W. S. Parkhouse,
and P. W. Hochachka. Skeletal muscle metabolism and work
capacity: a 31P-NMR study of Andean natives and lowlanders. J.
Appl. Physiol. 70: 1963–1976, 1992.

25. Mazzeo, R. S., P. R. Bender, G. A. Brooks, G. E. Butterfield,
B. M. Groves, J. R. Sutton, E. E. Wolfel, and J. T. Reeves.
Arterial catecholamine responses during exercise with acute and
chronic high-altitude exposure. Am. J. Physiol. 261 (Endocrinol.
Metab. 24): E419–E424, 1991.

26. Mazzeo, R. S., G. A. Brooks, G. E. Butterfield, A. Cymer-
man, A. C. Roberts, M. Selland, E. E. Wolfel, and J. T.
Reeves. b-Adrenergic blockade does not prevent the lactate
response to exercise after acclimatization to high altitude. J.
Appl. Physiol. 76: 610–615, 1994.

27. Podolin, D. A., P. A. Munger, and R. S. Mazzeo. Plasma
catecholamine and lactate response during graded exercise with
varied glycogen conditions. J. Appl. Physiol. 71: 1427–1433,
1991.

28. Reeves, J. T., E. E. Wolfel, H. J. Green, R. S. Mazzeo, A. J.
Young, J. R. Sutton, and G. A. Brooks. Oxygen transport
during exercise at altitude and the lactate paradox: lessons from
Operation Everest II and Pike’s Peak.Exercise Sport Sci. Rev. 20:
275–296, 1992.

29. Ren, J. M., and E. Hultman. Regulation of phosphorylase a
activity in human skeletal muscle. J. Appl. Physiol. 69: 919–923,
1990.

30. Rowell, L. B., B. Saltin, B. Kiens, and N. J. Christensen. Is
peak quadriceps blood flow in humans even higher during
exercise with hypoxemia? Am. J. Physiol. 251 (Heart Circ.
Physiol. 20): H1038–H1044, 1986.

31. Savard, G. K., N. H. Areskog, and B. Saltin. Cardiovascular
response to exercise in humans following acclimatization to
extreme altitude. Acta Physiol. Scand. 154: 499–509, 1995.

32. Turner, M. J., E. T. Howley, H. Tanaka, M. Ashraf, D. R.
Bassett, and D. J. Keefer. The effect of graded epinephrine
infusion on the blood lactate response to exercise. J. Appl.
Physiol. 79: 1206–1211, 1995.

33. Wagner, P. D.Muscle O2 transport and O2 dependent control of
metabolism.Med. Sci. Sports Exercise 27: 47–53, 1995.

34. Weltman, A., C. M. Wood, C. J. Womack, S. E. Davis, J. L.
Blumer, J. Alvarez, K. Sauer, and G. A. Gaesser. Catechol-
amine and blood lactate responses to incremental rowing and
running exercise. J. Appl. Physiol. 76: 1144–1149, 1994.

35. West, J. B. Lactate during exercise at extreme altitude. Federa-
tion Proc. 45: 2953–2957, 1986.

36. Wolfel, E. E., B. M. Groves, G. A. Brooks, G. E. Butterfield,
R. S. Mazzeo, L. G. Moore, J. R. Sutton, P. R. Bender, T. E.
Dahms, R. E. McCullough, R. G. McCullough, S.-Y. Huang,
R. F. Grover, H. N. Hultgren, and J. T. Reeves. Oxygen
transport during steady-state submaximal exercise in chronic
hypoxia. J. Appl. Physiol. 70: 1129–1136, 1991.

37. Young, A. J., P. M. Young, R. E. McCullough, L. G. Moore,
and J. T. Reeves. Effect of beta-adrenergic blockade on plasma
lactate concentration during exercise at high altitude. Eur. J.
Appl. Physiol. Occup. Physiol. 63: 315–322, 1991.

2494 LACTATE AND EPINEPHRINE IN ALTITUDE NATIVES

 by 10.220.33.5 on S
eptem

ber 25, 2017
http://jap.physiology.org/

D
ow

nloaded from
 

http://jap.physiology.org/

