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Sixteen male soccer players were randomized and divided into two groups. One group, Living High, Training Low
(HiLo) lived in normobaric hypoxic rooms (15.3 % oxygen content, simulating an altitude of 2,500 m) for 10 hours
per day for 4 weeks, had three soccer training lessons per week under normoxia, and exercised on the cycle
ergometer for 30 minutes, with hypoxia, twice a week at 72% of maximal oxygen uptake (VO,,,). The control
group lived at sea level, had soccer training lessons three times per week, and twice a week had exercise at 80 %
VO,max ON the cycle ergometer for 30 minutes, all under normoxia. Both groups underwent the same training
schedule. Blood samples were taken to investigate hematologic acclimatization and changes of
the immune function of red blood cells (RBCs). The samples were collected before hypoxic exposure, after 10
hours, and after 2, 3, and 4 weeks of hypoxic exposure. The level of immune-adherent function of RBCs
was evaluated by the RBC complement receptor type 1 (CR1) rosette test (RBC-CR1R, %) and by the RBC immune
complex rosette test (RBC-ICR, %). VO, ..., and Yo-Yo intermittent endurance were measured before and after the
experiment under normoxia. The results indicated that a significant improvement in erythropoiesis, hemoglobin
production, and VO,,,,,. Yo-Yo intermittent endurance after the HiLo condition for 4 weeks confirmed this
improvement, but in the HiLo group, the RBC-CR1R (%) was much lower, and the RBC-ICR (%) was much higher
than in the control group. The immune function of RBCs at rest showed a clinical secondary descent. HiLo may
affect RBC immunity significantly as a result of the two simultaneous stimuli of physical activity and exposure to
hypoxia. Thus, changes in immune function may be critical during living high, training low conditions.
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Introduction

The training concept of ‘Living High, Training Low’ (HiLo)
was introduced by Levine and Stray-Gundersen (1991).
When living at moderate altitude and training at low al-
titude or sea level, athletes theoretically should acquire
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beneficial effects from altitude acclimatization, particu-
larly in the adaptation of the oxygen delivery system,
increase in total-body hemoglobin (Hb) content for maxi-
mizing oxygen transport and utilization, and training
intensity. However, many components of such athletes’
condition in HiLo were unclear, and there was a lack of
basic research on HiLo, such as studies reporting the
immune function of athletes during HiLo.

Siegel et al. (1981) demonstrated that red blood cells
(RBCs) performed not only a respiratory function but
also an immune function. One of the important immune
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functions of RBCs is immune adherence. RBCs bind to
antigen-antibody-complement or antigen-complement
complexes on their surface through complement recep-
tor type 1 (CR1). The immune functions of RBCs and
white blood cells interact in the body, thus complement-
ing body defense functions against pathogens and
immune surveillance against malignant cells (Guo 1990;
Siegel et al. 1981). Some studies showed that different
exercise programs induced an increase, decrease, or
no change in CR1 activity of RBCs (Huang et al. 1999;
Thomsen 1992). Both physical activity and exposure
to environmental stressors, such as altitude training,
modified various components of immune function.
Altitude training could readily cause immune suppres-
sion and an increased risk of some diseases if the
body was challenged by the two stimuli simultaneously
(Chang et al. 2002; Shephard 1998). It was anticipated
that the RBC immune system might play an important
role in explaining the changes in immune function per-
taining to altitude training, although there was a paucity
of data relating to the qualities or functions of the RBCs
in autoimmunity.

The purpose of this study was to investigate the
changes in function of RBCs CR1 and hematologic accli-
matization to HiLo conditions for 4 weeks, and its effect
on sea-level performance in soccer players, as compared
to similarly trained controls.

Methods

Subjects
We recruited 16 male soccer players from Beijing Sport
University, who were free from medication, nonsmokers,

Table 1. Subject characteristics

and had no history of cardiorespiratory disease. Subjects
were asked to avoid altitude exposure for 6 weeks before
the study began. Each subject gave informed written con-
sent before commencing the study. Subject characteris-
tics are presented in Table 1.

Experimental design and procedures

The subjects were divided into two groups in random-
ized order. One group (HiLo) lived in the normobaric
hypoxic room’s 15.3% oxygen content (a simulated
altitude of 2,500 m), for 10 hours per day for 4 weeks.
They had soccer training lessons three times per
week under normoxia and exercised twice per week
at 72 % of maximal oxygen uptake (VO,p.,) on the cycle
ergometer for 30 minutes with hypoxia. It has been
suggested that there is a loss of 3.2% in VO, for every
305 m of ascent above 1,500 to 1,600 m. (WolsKki et al.
1996).The control group lived at sea level and had
soccer training lessons three times per week and exer-
cised twice per week at 80 % VO,., 0N the cycle ergom-
eter for 30 minutes, all under normoxia. The hypoxic
instruments were the Hypoxic Tent System (Hypoxico
Inc., New York, NY, USA). The conditions of the hypoxic
room are given in Table 2.

On the morning before hypoxic exposure, 5 mL of
blood was drawn from a vein in the forearm; blood was
again drawn after 10 hours and after 2, 3, and 4 weeks of
hypoxic exposure, to investigate hematologic acclimati-
zation and changes in the immune function of RBCs. The
level of immune-adherent function of RBCs was evalu-
ated by the RBC CR1 rosette test (RBC-CR1R, %) and by
the RBC immune complex rosette test (RBC-ICR,%).
VO,max and Yo-Yo intermittent endurance test were mea-
sured before and after the experiment under normoxia.

Group Number of subjects Age (yrs) Height (cm) Weight (kg)

HiLo 8 21.19+£0.74 176.33 £ 3.45 69.92+5.18

Control 8 21.19+£0.95 17538 £4.75 69.13 £ 455

Table 2. Condition of hypoxic rooms

O, content CO; content Average temperature Average air humidity Room area

15.3% 0% 22°C 60 % 30m’
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Immune-adherent function of red blood cells

The immune-adherent activity of RBCs CR1 was evalu-
ated by the RBC-CRI1R (%) test and by the RBC-ICR (%)
test using Guo’s method (Guo et al. 2002).

For these tests, 800 UL of blood was drawn into a clean
citric acid-coated test tube and centrifuged at 2,000 rpm
for 5 minutes. The supernatant was discarded and kept
in another test tube; the remaining RBCs were drawn
and washed with 0.9 % sodium chloride (NaCl) solution.
The cells were suspended by gently drawing them in and
out of a Pasteur pipette and were centrifuged at 2,000
rpm for 5 minutes. RBCs were adjusted to a concentra-
tion of 1.25 x 10" cells mL™" in 0.9% NaCl solution. There-
after was this, known as the RBC suspension. A yeast
suspension (obtained from Shanghai No. 2 Military
Medical Academy, Shanghai, China) was adjusted to a
concentration of 1 x 10° cells mL™" in 0.9 % NaCl solution.
The procedures are outlined in Table 3.

RBCs and yeast cells (stained red and blue, respec-
tively) were identified under the microscope; 200 RBCs
were counted. Two or more yeast cells binding to an
RBC were counted as one rosette. The number of
rosettes formed by RBC CR1 rosette (RBC-CR1R, %) was
calculated. The number of rosettes formed by the RBC
immune complex rosette (RBC-ICR, %) was calculated
in the same way.

Erythrocyte count and Hb concentration

Ethylenediamine tetraacetic acid-treated blood was used
to determine the RBC count and Hb concentration with

Table 3. Experimental procedures

the Beckman Coulter Hematology Analyzer (Beckman
Coulter Inc., CA, USA).

VO,mar test

In normoxia in each subject before and after the ex-
periment, VO,,., was determined by an incremental ex-
ercise on the Monark cycle ergometer with Medgraphics
VO,000 portable metabolic testing system (Medical Graph-
ics Corporation, St. Paul, MN, USA). The initial load was
60 W and was increased by 30 W every 3 minutes until
volitional exhaustion occurred.

Yo-Yo intermittent endurance test

A soccer-specific running 20-m shuttle test paced by an
audiotape was applied. A beep sounds as a signal to start
running, another beep signals when to arrive and turn at
the 20-m point, and then a final beep sounds when sub-
jects are back at the starting line. The pace gradually
increases; after each run there is a brief (5 seconds) re-
covery period. The beeps continue until the athlete fails
to keep the pace set by the audiotape. The score consists
of the total distance covered (number of runs x 40 m).

Statistical analyses

Data are presented in Tables 4-6 (mean *+ SD). SPSS
11.5 for Windows (SPSS Inc., Chicago, IL, USA) was used
for statistical calculations. VO,,.,x and Yo-Yo test were
compared by paired ¢ test. The independent-samples
t test was used to analyze differences between the two
groups. The general linear model (repeated measures)

Procedure RBC-CRI1R RBC-ICR Remarks
Plasma (ul) 50 -
Yeast suspension (ul) 50 50
RBC suspension (Ul) 50 50
Mix and incubate in a water
bath at 37° C (minutes) 30 30 Needs to be covered
0.9% sodium chloride solution (ul) - 50 The temperature of 0.9% sodium chloride solution is 37° C
0.25% glutaraldehyde (ul) 25 25 Before and after adding, mix the cells gently
Smear 1/2 of the liquid was The smear was allowed to air dry or a hair dryer was used
spread on a slide to hasten the drying
Formaldehyde A drop A drop Placed on the smear for fixation, then air dried
Staining After the smear dried, the

cells were stained with
Wright’s Stain Solution

RBC-CRIR = Red blood cells complement receptor type 1 rosette test; RBC-ICR = Red blood cells immune complex rosette test.
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Table 4. Time course of erythrocyte count and Hb concentration in both groups

Group Before After 10 hours  After 2 weeks After 3 weeks After 4 weeks
Erythrocyte count (x10"/L) HiLo 4.79 £0.52 4.74 +0.44 5.05+ 0.55*% 5.05 + 0.54* 5.61 £0.92*
Control 4.60 £0.32 4.56 +0.33 4.68 +3.39 4.72 £ 0.33 5.13+0.61
Hemoglobin (g/L) HiLo 150.88 £ 12.89 148.20+9.95 157.24+14.52* 157.04+* 14.68* 157.15* 14.23*
Control 145.19 + 8.45 143.10 £9.51 146.45 + 10.04 147.98 £ 9.45 14533 £9.78
*Significantly different from before hypoxic exposure in the same group (p < 0.05).
Table 5. Endurance performance changes before and after the experiment
Time Control HiLo
VOjmax (ML-kg ' -min™") Before 50.16 + 3.28 49.50 + 3.92
After 50.54 £ 4.63 52.20 £ 4.06*
Yo-Yo intermittent endurance (m) Before 1,285.71 £217.17 1,240.00 + 281.42
After 1308.67 * 350.02 1,384.62 + 355.73*

*Significantly different from before hypoxic exposure in the same group (p < 0.05). VO, = maximal oxygen uptake; HiLo = Living High

Training Low group.

Table 6. Time course of red blood cells immune complex rosette test (RBC-CR1R, %) and red blood cells immune complex

rosette test (RBC-ICR, %) in both groups

Group Before After 10 hours After 2 weeks After 3 weeks After 4 weeks

RBC-CR1R, % HiLo 15.06 * 5.43 20.69 + 6.82* 19.63 + 8.02 8.19 + 3.35+" 12.19 + 2.30°
Control 19.38 + 6.51 21.69 + 8.29 23.06 + 9.65 13.19 + 1.44* 17.06 * 4.01

RBC-ICR, % HiLo 17.75 + 11.52 31.00 + 19.65*" 3975+ 7.62+F 21.75 + 5.427 20.44 * 5.99°
Control 19.17 = 14.80 14.44 + 3.01 15.31 + 4.37 15.75 *+ 4.89 12.13 +3.84

*Significantly different from before hypoxic exposure in the same group (p < 0.05).

fSignificantly different from Control group (p < 0.05).
*Significantly different from Control group (p < 0.01).
HiLo = Living High Training Low group

was used for multiple comparisons within groups. The
level of significance was set at 0.05.

Results and discussion

RBC count and Hb concentration

Cross-sectional studies in the Peruvian Andes (Sanchez
et al. 1970; Reynafarje et al. 1959) as well as in the Colo-
rado Rockies (Weil et al. 1968) suggested that there
was an elevated red cell mass in natives living at high
altitude that was proportional to the oxyhemoglobin
saturation. However, some investigators failed to observe
an increase in hemoglobin/myoglobin mass after brief
periods of time in normobaric hypoxic environments
(8-10 hours per night for 10 days to 3 weeks) and thus
questioned the erythropoietic effects of moderate alti-
tude exposure (Ashenden et al. 1999).
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There was marked individual variability in the re-
sponse to the training protocol. Although the genetic
mechanisms responsible for determining the erythropoi-
etic response to hypoxia in humans have not been en-
tirely worked out, animal models suggest that this
response might be transcriptionally regulated (Ou et al.
1998). Moreover, at least some individuals had genetic
polymorphisms in the erythropoietin gene (Semenza et
al. 1987) or the erythropoietin receptor (Prchal & Prchal
1999) that might strongly influence the erythropoietic
response to hypoxia (Juvonen et al. 1991). It was possible,
therefore, particularly in studies with relatively small
sample sizes, that the presence of significant numbers
of nonresponders could bias the study outcome.

Duration of hypoxic exposure might have an im-
portant influence. Studies using 8-10 hours of hypoxia
per day have not been effective (Ashenden et al. 1999),
whereas those using 16 hours of hypoxia per day have
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shown an increased in hemoglobin/myoglobin mass,
using the same methods (Rusko et al. 1999). In our study,
the altitude-mediated RBC count and Hb increase was
compelling.

VO,,... and Yo-Yo intermittent endurance

Some examinations of collegiate athletes (Chapman
et al. 1998; Levine & Stray-Gundersen 1997) identified
a 1.4% improvement in 5,000-m performance, a 2.5 *
2.4 mL-kg"-min" improvement in VO,n,,, and a 1.1 *
0.7 g/dL increase in Hb concentration after 4 weeks
at 2,500 m. In elite runners, a 1.1% improvement in
3,000-m performance, a 2.3 + 2.6 mL-kg"'-min”' improve-
ment in VO, and an improvement of 1.0 + 1.1 g/dL
in Hb concentration after 27 days of living at moderate
altitude (2,500 m) and performing high-intensity
training at low altitude (1,250 m) were reported. Our
results were similar to those obtained from Stray-
Gundersen et al. (2001). There was a significant improve-
ment in VOjm,y (mL-kg’l-min’l) from 49.50 + 3.92 to
52.20 + 4.06, and Yo-Yo intermittent endurance from
1,240.00 + 281.42 m to 1,384.62 + 355.73 m after HiLo
for 4 weeks, although substantial individual vari-
ability existed within subjects. The mechanism might in-
volve expansion of the red cell mass and an increase in
circulating Hb levels, accompanied by maintenance of
oxygen flux to working muscle.

Immune-adherent function of RBCs CR1
It is known that RBCs have no nucleus and are suited to
the simple function of transporting respiratory gases.
Notably, the immune-adherent function of RBCs was not
discovered until the 1950s (Nelson 1953). It has been
demonstrated that RBC immune adherence was initiated
by C3b receptors on the surfaces of RBCs, also known
as CR1. Furthermore, it was shown that RBCs can ad-
here to antigen-antibody-complement and antigen-
complement complexes, the immune-adherence phe-
nomenon led to an enhancement of phagocytosis. Siegel
et al. (1981) put forward a new concept, “the red-cell
immune system,” in the early 1980s and suggested
that RBCs were an important part of the body’s immune
system, and that the immune function of RBCs, just like
that of white blood cells, could not be neglected.

It has been reported that RBCs contain many immune
substances. Besides CR1, RBCs contain other immune
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factors such as lymphocyte function-associated
antigen-3 (LFA-3, CD58), decay-accelerating factor
(DAF, CD55), membrane inhibitor of reactive lysis (MIRL,
CD59), homologous restriction factor (HRF), phagocyto-
sis inhibitory factor (PIF), and natural killer enhancing
factor (NKEF). These factors, with CR1, have important
roles in the regulation of complement activation, of
immune functions of monocytes and phagocytes, of
immune functions of T and B lymphocytes, as well as in
the enhancement of activities of natural Killer cells and
lymphokine-activated Killer cells. RBCs are an essential
component of the immune system and they, just like
white blood cells, may be considered to be an important
part of the immune system (Peterson & Chao 1991; Siegel
et al. 1981).

Human studies showed that untrained subjects
showed greater changes in activity of RBC CR1 after ex-
ercise at 85% VO, in comparison to athletes (Hu et al.
1993). Thomsen et al. (1992) reported that 60 minutes
of cycle ergometer exercise at 75% VO,max did not lead
to a change in concentration of RBC CR1 in highly trained
athletes. Heavy-exercise training might lead to a signifi-
cant decrease in RBC immune function of the body
(Soong et al. 2003). The immune function of RBCs was
lower at high altitude than at sea level and was attenu-
ated with a higher altitude as a result of hypoxia and
hypobaric air (Si et al. 2000; Liu et al. 1998). Altitude
training could readily cause immune suppression and
an increased risk of some diseases, if the body was chal-
lenged by both physical activity and exposure to hypoxia
(Chang et al. 2002; Shephard 1998).

Our results indicated that a significant improvement
occurred in erythropoiesis, Hb production, and VO,
as well as in Yo-Yo intermittent endurance after HiLo
for 4 weeks. However, after 10 hours of hypoxic expo-
sure, the RBC-CR1R (%) and RBC-ICR (%) increased
significantly, compared with values obtained before
hypoxic exposure in HiLo; and the immune function of
RBCs at rest showed a clinical accentuation and dis-
turbance at this time. In HiLo after 3 weeks’ hypoxic
exposure, the RBC-CRIR (%) was much lower and the
RBC-ICR (%) was much higher than that before hypoxic
exposure, and after 3-4 weeks’ hypoxic exposure, the
RBC-CRI1R (%) was also much lower and the RBC-ICR (%)
was much higher than that in the control group. The
immune function of RBCs showed a clinical secondary
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descent. HiLo may lead to a significant effect on RBC
immune function of the body, due to two simultaneous
stimuli (physical activity and exposure to hypoxia), and,
thus, it is important to pay more attention to the changes
of the immune function during HiLo.
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