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ScutttDT, W., H. Sprcr,vocEl, K. U. EcxenDT, A. Quw-
TELA, AND R. Ppñ ALozA. Effects of chronic hypoxia arud exercise
on plasma erythropoi,etin in high-altittde residents. J. Appl.
Physiol. T4(4)i L874-1878, 1993.-The present study was per-
formed to evaluate the effects of chronic inspiratory hypoxia
and its combination with physical exercise on plasma erythro-
poietin concentration ( IEPOI). Eight natives from the Bolivian
Plateau were investigated at 3,600 m above sea level at rest as
well as during and up to 48 h after exhaustive exercise (EE) and
60 min of submaximal (60%) cycle ergometer exercise (Sn¡.
Ten sea-level subjects were used as a control group for resting
values. The mean resting plasma [EPO] of the high-altitude
group (19.5 t 0.7 mU/ml) did not differ from that of the sea-
level group (18.1 + 0.4 mU/ml) but was higher than would be
expected from the relationship between [EPO] and hematocrit
at sea level. Five hours after both types of exercise, [EPO] de-
creasedby 2.1 t 0.8 (EE, P < 0.01) and 1.6 + 0.8 mU/ml (SE,
P < 0.05); 48 h after SE, IEPO] increased by 2.6 + 0.9 mU/ml
(P < 0.05). It is concluded that /) high-altitude natives need
relatively high [EPO] to maintain their high hematocrit and 2)
exercise at low basal arterial Po, does not directly increase
plasma [EPO] in high-altitude residents but seems to exert
suppressive effects.

altitude adaptation; oxygen supply; hematocrit value; acid-base
status; plasma volume
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Under normoxic conditions, the plasma [EPO] is in-
versely correlated to the Oz transport capacity of the
blood (9).Because hemoglobin concentration (tHbl) and
hematocrit (Hct) are higher in hypoxia-adapted subjects,
the knowledge about the relationship between [EPO]
and Hct is absolutely necessary in a comparison of the
plasma [EPO] of high-altitude natives and sea-level sub-
jects. This critical comparison has not been done in pre-
vious studies.

During very heavy exercise, 02 demand may exceed 02
supply and lead to tissue h¡poxia, which was hypothe-
sized to stimulate renal EPO production (11). This hy-
pothesis seemed to be supported, because erythropoietic
activity of the plasma and the reticulocyte count have
been found to be increased after various endurance com-
petitions (4, 27). Changes in erythropoietic activity, how-
ever, do not necessarily correspond to changes in [EPO].
Our recently published results clearly demonstrate that
[EPO] measured by raüoimmunoassay was not ürectly
affected by short-lasting maximal or longer lasting sub-
maximal bouts of exercise (22). Even athletes examined
afber longer lasting training periods do not possess
higher plasma [EPO] than sedentary subjects (2).

The first aim of the present study was to determine the
resting [EPO] in the blood of high-altitude natives living
permanently at 3,600-4,000 m above sea level and to
compare the relationship between plasma [EPO] and
Hct in highlanders and lowlanders. The second aim was
to investigate the exercise response of the EPO system at
low basal Po, in hypoxia-adapted subjects. If an increase
in plasma [EPO] afber exercise is lacking under these
extreme conütions, the h¡pothesis of an exercise-depen-
dent stimulus on [EPO] (11) could be finally rejected.

METHODS

Subjects and protocol. The experiments were per-
formed in the laboratories of the Bolivian High Altitude
Institute (IBBA) situated 3,600 m above sea level in the
city of La Paz. Eight healthy nonsmoking male native
subjects [28.6 t 4.4 (SD) yr, 6L.7 t 5.0 kg, 162 .'l + 4.0 cm]
entered the study after giving informed consent. Seven of
the subjects had spent their whole life at the Bolivian
Plateau. Only one subject was born at2,850 m, but he had
lived at 4,000 m for >20 yr. All the subjects worked regu-
larly the entire day in the city of La Paz at 3,600 m and
spent their nights outside the town at altitudes between

REDUCED 02 supply due to inspiratory hypoxia and high
tissue O, demand during physical exercise are two well-
known stimuli increasing the activity of probably differ-
ent erythropoietic factors in the blood (4, 6). Thus a
higher erythrocyte mass can be observed in high-altitude
natives (20) and endurance-trained athletes (24).

The glycoprotein erythropoietin (EPO) is the major
physiological regulator of erythrocyte formation and is
assumed to be involved in these adaptive processes (1).
The effects of inspiratory hypoxia on the EPO system
decisively depend on the duration of the exposure to the
h5poxic environment. A stay of 5.5 h in a hypobaric
chamber leads to markeüy increased serum [EPO] (6),
whereas members of a Himalayan expedition experi-
enced a rapid increase followed by a decrease in [EPO]
during the second half of their altitude exposure (13).
Furthermore, low [EPO] in the blood of high-altitude
natives from Nepal and Chile (29) are similar to those of
subjects from sea level. Thus the behavior of plasma
IE.PO] is clearly different under acute and chronic hyp-
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3,600 and 4,100 m. Thus a marked influence of the daily
changes in altitude on plasma [EPO] should not be ex-
pec-ted.;'

All subjects performed a cycle ergometer test with in-
crernental work loads (Monark, Sweden; 60 rpm), begin-
ning with a 3-min warm-up at 30 W and then increasing
by 15 W/min until exhaustion (exhaustive exercise). Two
weeks after the exhaustive exercise, all subjects per-
formed a 60-min submaximal ergometer test at 60% of
their fnaximal work capacity. 'fo exclude any diurnal in-
fluences, all tests were carriecl oub between 10 A.M. and 1

p.M. in a postabsorptive state, which was ^*'3 h after the
Iast meal. The room temperature was kept constant at
18.:? + 0,6,"C; and the mean atmospheric pressure was
499.1 .F 0.6 Torr.

Cubital yenous blood samples were taken from an in-
dweiling ea,nnula before, during, and until 48 h after both
trials. For the determination of the acid-base status, &r-
terializédsamples,.from an earlobe (10) were taken before
ancl afterboth exercise tests. For comparison with the
high-altitude-a'dapted group, resting values frcm a sea-
Ievel group (n,= 10, age 28.i t +.3, weight 76.0 + 9.3 kg,
height'180'¡- rl cm) are also provided (22). The treatment
of both grcups corresponded as regards procedure and
time .of blocd samplirg, postabsorptive state, test kits,
and storing and measuring of hormone samples.

Meosurements. During the tests, the expired air was
collected for 30 s'in a Douglas bag every 3 rnin and before
exhaustion. The volume of the bags was determined by a
spirorneter (Tissot, France), and the 02 and CO, con-
tents were measured with a Sqrvomex 570 A O, analyzer
and ai Capnograph Mark III infrared CO, analyzer
(Gould: Godart, i J1r.' Netherlands). The equilibration
gases for the oxygen analyzer cónsisted of pure Nz and
surround.ing air. For the COranalyzer, a gas mixture con-
taining exáctly 7% G0zl/vas used"
' With''thd,exception of-[EPOJ, all quantities were de-

tenmined in the laboratories of the IBBA atLaPaz. The
samples for the hormone determination were trans-
pcrtedin dry ice via airplane within 24h from La Pazto
the laboratories at Hannover, Germany.

IEPO] was determined in duplicate in plasma of the
blood samples by a radioimmunoassay, 8s previously de-
scribed (8)..The assay is based on a rabbit antiserum
against pure recombinant human EPO. with tzsl-lubeled

recombinant human EPO (Amersham International,
Amersham, UK) used as tracer. !

The following paramqters were measured in heparin-
ized (20 mU Liquemin/l0 ml) venous blood and for the
acid-base status irr arterialized blood from an earlobe:
hemoglobin concentration ( tHb] ) was measured by the
cyanmethemoglobin method (test kit 3317, Merck,
Darmstadt, Germany); Hct was determined by microhe-
matocrit centrifugation at 20,900 g; Iactic acid concentra-
tion was measured with test kit OSUA 50/51 (Behring,

y); pH, Por, and

B:t*'JtÍ1.H.
preqsed As percentage of red blood cells by counting 2,000
erythrocytes'of a blood smear stained with Brilliant Cre-
syl Blue; base excess was calculated for fully oxygenated
blood by applying the formulas of Siggaard-Andersen

Rest
Exercise

Maximal 189.4+ 19.8
Submaxirnal 106.5+L4.5

4.6+0.4 76.3+ 12.0 105.7+9.4

43.6+5.4 187.0+19.9 154.3+16.4
36.8t5.5 169.9+ 13.7 136.3+14.8

Values are means t SD. Exercise data were obtained during the last
minute of both exercise trials.

(26); and changes in plasma volume (PV) were calculated
by use of [Hb] and Hct according to the equation of Dill
and Costill (5).

A one-way analysis of variance (ANOVA) with re-
peated measurenlents and the Scheffé test were used to
evaluate significant changes during and after both forms
of exercise. The f test was applied for comparisons of the
resting values between sea-level and altitude groups. In
these cases, the degree of significance was indicated by
2P (2 tailed). Linear regression analysis was used to
prove any correlation between Hct and [EPO] i., the sea-
level and altitude residents (alI tests accordirg to
Ref. 28).

RESULTS

The pertbrmance data of the subjects for both tests are
given in Table 1. As expected, heart rate and systolic
blood pressure were more affected by short-lasting ex-
haustive exercise than by 60 rnin of submaximal exercise.

Hematologic doto and acid-büse status. Table 2 demon-
strates hematologic data from venous blood an«i the
acid-base status in the arterialized blood before and dur-
ing the last minute of maximal and submaximal exercise.
The resting data of a study with similar design performed
at sea level (22) are also presented. At rest, [Hb] and Hct
were significantly higher in the altitude group; pH did
not üffer, and Po, and Pco, showed the expected lower
values in the altibude group. During both types of exer-
cise, tHb] and Hct significantly increased, indicating a
strongly decreased PV (Fig. 1). The acid-base status dur-
ing both types of exercise was characterized by increased
lactic acid concentration, Iower pH, and a compensatory
decrease in Pco, (Table 2).

During maximal exercise, changes in pH were more
pronounced in the cubital venous than in the arterialized
blood. pH decreased from 7.36 + 0.02 to7.15 + 0.02 after

the base excess from -4.0 + 1.7 to -18.5 t 1.8 mmol/l
(P < 0.001).

Changes in PV were characterized by clear decreases
immediately after exercise. After t h of recovery from
both types of exercise, PV returned to the initial values
and was overcompensated the followi.rg 2 days (Fig. 1;

ANOVA, P < 0.001 in both cases).
EPO ond reticulocytes. The average [BPO] at rest did

not differ between the sea-level and altitude group (Ta-
ble 2).Up to 5 h after exhaustive exercise and after sub-
maximal exercise, [EPO] significantly decreased by 2.1 +
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TABLE '1. Perforrnonce doto
at 3,600 m aboue seo leuel

1875

of the test subjects

Performance, O, Uptake,
W ml'kg-t'min-l

Systolic
Blood

Heart Rate, Pressure,
beats/min Torr
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TABLE 2. Hematologic data and the acid-bose statu.s

Rest,
Sea level
High altitude

Exercise
Maximal
Submaximal

Values are means t SD of 8 high-altitude subjs and 10 subjs in sea-level study (data f¡om Ref. 22). tHbl, hemoglobin 
"or,.rr] 

tt.tJffiffi
[La], lactate concn; [EPO], erythropoietin concn. " Average t SE ofall preexercise values (n = 16). Significant difference between sea-levél aird
high-altitudesubjs:52P<0.001(útest).Significantdifferencebetweenrestingandexercisevalues:"P<0.05,dP<0.01,'P<0.001(Sóhaffé's
test). '' ¡" !

IHbJ,
stdl

15.6+0.8
1?.0+0.7b

+ 1.6+0.4"
+0.9+0.3d

0.8 and 1.6 t 0.8 mu/ml, respectively, compared with

Twenty-four hours after both types of exercise, [EPO]
reached the initial concentrations and increased 2.6 + 0.9
mu/ml 48 h after submaximal exercise (Fig. 2).

The reticulocyte count significantly increased immedi-
ately after maximal (from 1.52 + 0.23 to 2.22 + 0.60%,
P < 0.001) and submaximal exercise (from 1.61 + 0.28to
2.19 + 0.53%, P 10.001) and subsequently decreased to
the initial values in the next 2 days.

DISCUSSION

The present study was carried out to investigate the
influence of chronic inspiratory hypoxia on resting
plasma [EPO] as well as the combined effects of low ba-
sal Po2 and physical exercise on [EPO] in the blood. If
the EPO response is lacking under these extreme cir-
cumstances, a direct stimulation of the EPO production
by exercise alone could be disregarded.

Chronic hypcxic effects orl plasrrlo IEPO] under resting
coruditions. Un+"il the study of Winslow and co-workers
(29) showing er/en lower [EPO] in the blood of natives
from the Andes and the Himalaya than we report in this
study, high [EPO] in the blood of high-altitude natives
had been expected. Our results clearly demonstrate that
the absolute [EPO] in blood of Bolivian high-altitude na-
tives does not differ from that of subjects from sea level.
Because some of the altitude residents were spending
their nights at higher regions (>200 m difference in 4

cases), a higher [EPO] during the nights cannot be ex-
cluded for these subjects. At sea level, [EPO] is higher at
midnight than in the morning (30). It remains to be in-
vestigated whether this diurnal behavior is augmented
with chronic hypoxia.

Hct, Vo

47.5+2.8
53.6+2.3b

+5.011.1"
+2.4!0.6d

pH

7 .4tr0.01
7.40+0.03

-0.15{-0.03"
-0.05+0.04"

Po,,
Torr

93.2+3.8
62.3!5.2b

+3.0+4.8
+5.4+6.8

Pcor,
Torr

39.3+ 1.6
30.2+3.3b

-6.7 +4.4'

-8.2+2.4"

In low-altitude residents, plasma [EPO] is'negatirroly
correlated over a wide range with blood Hct, when data of
anemic patients were used (9). This relationship rvas also
demonstrated for subjects with Hct between 40 and 50%
(22). Therefore, if the Hct would be the unique stirnulat-
ing factor, one would expect lower [EPO] i, subjects with
high Hct. However, the high-altitude residents,investi-
gated in this study possess higher [EPO] than one would
expect from their Hct values (Fig. 3). Therefore one rnay
conclude that the hypoxic stimulus is still present in the
Andean natives, overruling the influences ,of;,Hct oII
plasma [EPO]. Whether the lacking significant correla-
tion between Hct and [EPO] as is shown in Fig,,3 only
results from a diminished influence of Hct on EPO pro-
duction or is also due to a bioiogic scattering ofBlasma

ILal,
mmol/l

1.4+0.5
t.4+0.2

+11.0+2.6
+4.3+L.7'

IEPoi,
mU/ml

.¡t.;i: i!r.

lEiltO¡4
.I9,5+1..4''

';. . 
I

..ti!

;,t , ¡..
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[EPO] cannot be decided in this study.
The mechanism by which the [EPO] is regulated in

high-altitude natives has not been investiga'ted- Gener-
ally, [EPO] depends on the balance between EPOproduc;-
tion anci degradation as well as on changes in PV. PV has
been shown to be lower in Andean natives (20) and alti-
tude-adapted lowlanders than in subjects from sea'level
(18), indicating a lower EPO formation at similar plasrna,

[EPO]. On the other hand, plasma EPO half-life is'not
constant and can be modified by varying metabolic clear:
ance or by increased receptor binding (3). Therefore,
from the present knowledge, we cannot conclude
whether EPO turnover in Andean residents is. different
from that in sea-level subjects. l

Exercise effects on plosmo [EPO]. Changes in P\,1 may
influence plasma [EPO] immediately by hemoconcerr:
tration or hemodilution effects, changing the concentr?-
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FIG. 1. Changes in plasma volume after exhaustive and submaximal
exercise. Values (means + SD; n - 8 for both trials) are differences
from preexercise volume (100%). Significant difference from preexer-
cise (Scheffé's test): ** P < 0.01, *** P < 0.001.
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FIG. 2. Changes in plasma erythropoietin concentration (tEPOl)
from resting values (exhaustive exercise, 18.9 + 0.9 mUiml;'submaxi-
mal exercise, 20.2 + 1.5 mU/ml) to 48 h after exhaustive and submaxi-
mal exercise under chronic hypoxic conditions (3,600 m). Va,lues are
means t SE. Significant difference from rest (Scheffé's teqt):l I .P <
0.05,**P<0.01.
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FIc. 3" Relationship between trematocrit and plasma [EPO] in sea-
Ievel (data from Ref. 22) and high-altitude subjects showing resting
values before and 24 and 48 h after exhaustive and submaximal exer-
cise. Results of regression analysis for both groups are indicated.

tion of all nondiffusible molecules. An indirect stimula-
tion of EPO production by varying PV may occur as a
result of changing tHb] and, therefore, 02 transport ca-
pacity. PV decreased during exercise, which was caused
by water shifts from the intravascular to the interstitial
and intracellular space (2L). One hour after exercise, PV
returnerl to the initial values ancl increased the followirrg
days because cf changes in eiectrolyte- and fluid-con-
serviirg ltormonal parameters as discussed elsewhere
(19,2u.

When correction was made to initial PV, [EPO] decreased
immediately aft,er exercise by 2.7 mlJ lml (exhaustive) and
1.1 mU/ml (subma:rimal), indicating that the tendency to a
slight increase of the absolute concentration (Fig. 2) is
caused by hemoconcentration effects and is not due to an
enhanced renal EPO production. Higher EPO release from
the kidney c¿rn be expected as early as 2 h aftnr the onset of
the stimulus (L2), i.e., about t h after exercise. As can be
clearly demonstrated for exhaustive and submaximal exer-
cise, [EPO] decreased, indicating inhibitory rather than stim-
ulatory effects of exercise on EPO production.

The following mechanisms may explain these results.
1) Pagel and co-workers (15, 16) showed only a very

low EPO stimulation when renal perfusion was dramati-
cally reduced, which can be explained by lower renal O,
demand as a result of lower sodium reabsorption rate.
Therefore decreased renal blood flow during exercise
(17) should not induce a reduction of renal Por.

2) The pH measured in cubital venous blood de-
creased by -0.22 units and the base excess by -15
mmol/I. From a recent study (7), it is known that a de-
creasing pH induced by the variation of the Pco, or by
fixed acids is a potent inhibitor of the renal EPO produc-
tion, even under strong hypoxic conditions.

3) During exercise, changes in 02 affinity (Bohr ef-
fect) and O, transport capacity, resulting from hemocon-
centration (Table 2, Fig. 1), increase the O, availability to
the tissues.

The increase of [EPO] during the days after exercise
(Fig. 2) is even augmented when corrected to the preex-
ercise PV (corrected [EPO] 2 days after exercise: +3.7
mU/ml after exhaustive exercise and +4.2 mU/ml after
submaximal exercise) and corresponds to our previous
findings under normoxic conditions (22, z3). At first
glance, the higher [EPO] seems to be due to hemodilu-
tion effects resulting from the overcompensation in PV
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(Fig. 1). However, the low correlation between Hct and
[EPO] suggests additional stimulating factors.

EPO octíuity after exercise. Immediately after exercise
under normoxic conditions, a reticulocytosis occurs,
which can be observed for >2 or 3 days (24, 27). The
initial reticulocytosis is caused by a rapid expulsion of
immature erythrocytes from the bone marrow (25),
which is followed by increased red cell production. After
exercise at high altitude, & rapid increase of the reticulo-
cyte count in the peripheral blood due to the washout
effect can also be observed, but the higher production
rate during the following days is lacking. One may con-
clude that the decreased [EPO] some hours after exercise
at high altitude protects against deleterious effects of un-
physiologica[y high Hct values (14).

Concluslons. 1) The resting plasma [EPO] it high-al-
titude natives does not differ from IEPO] i., sea-level
subjects. It is, however, higher than expected from Hct
alone. Other factors are responsible for maintaining the
high EPO level. 2) Exercise under chronic hypoxia in
high-altitude natives does not appear to stimulate EFO
production, &s has been reported in sea-level residents
after exercise under acute hypoxic conditions. Indeed,
exercise in high-altitude natives may have inhibited EPO
production. This may be related to more efficient 02
transport in chronically adapted subjects.
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