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Abstract The pathophysiology of exercise related
haemolysis is not thoroughly understood. We investi-
gated whether exercise related haemolysis (1) is associ-
ated with alterations of red blood cell (RBC) membrane
proteins similar to those found in inherited anaemic
diseases, (2) can be induced with a non-running exercise
mode, (3) is related to exercise intensity, and (4) coin-
cides with indicators of oxidative stress. In ten triathletes
[median (P25/P75-percentiles) age: 28.0 (26.3/
28.5) years, height: 1.84 (1.78/1.87) m, body mass: 78.5
(74.8/80.8) kg, maximal oxygen uptake: 60.0 (57.3/
64.8) ml kg�1 min�1], haptoglobin, a- and b-spectrin
bands, malondialdehyde (MDA) and H2O2-induced
chemiluminescence (H2O2-Chem) were determined
immediately pre- and post-both, a 35 min low intensity
and a high intensity cycling exercise [240 (218/253) vs
290 (270/300) W, P<0.05) requiring similar amounts of
metabolic energy [28.3 (25.9/29.9) vs 24.9 (18.4/30.5) kJ
kg�1, P>0.05]. At high exercise intensity haptoglobin
[1.10 (0.81/2.53) vs 1.01 (0.75/2.00) g l�1] decreased
(P<0.05) whilst MDA [2.80 (2.65/3.20) vs 3.13 (2.78/
3.31) nmol ml�1] and H2O2-Chem [29.70 (22.55/37.10)
vs 37.25 (35.20/52.63) rel. U min] increased (P<0.05),
coinciding with the disappearance of the spectrin bands
in six out of ten gels. No corresponding changes were
found at low intensity exercise. Ten to 35 min of non-
running exercise in a regularly used intensity domain
causes intra-vascular haemolysis associated with altera-

tions in the RBC membrane proteins similar to those
found after in vitro oxidative stress and in inherited
anaemic diseases like Sphaerocytosis and Fanconi’s
anaemia.
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Introduction

Symptoms of endurance exercise related haemolysis
were first described more than 120 years ago (Fleischer
1881). Meanwhile, numerous research groups have
confirmed this observation (Ernst et al. 1988; Gehrmann
1966; Gilligan et al. 1943; Hornbostel et al. 1975; Siegel
et al. 1979; Ubels et al. 1999; Yoshimura et al. 1980).
Top-class endurance athletes do train more than 20 h
per week. This may indicate why a cumulative effect of
repetitive events with the potential for exercise-induced
haemolysis has been considered as a risk factor for
compromised iron stores in long distance athletes (Colt
and Heyman 1984; Dufaux et al. 1981; Hunding et al.
1981; Resina et al. 1988; Telford et al. 2003).

Mechanical damage to the red blood cells (RBC),
especially in the capillaries of the foot during running,
has been suggested to be the major cause of exercise-
induced haemolysis (Davidson 1964; Dufaux et al. 1981;
Ernst et al. 1988; Falsetti et al. 1983; Miller 1990;
Poortmans and Haralambie 1979; Telford et al. 2003;
Weight et al. 1991). The latter seems to gain evidence
based on experimental results of significant haemolysis
after only 1 h of running exercise and reports on com-
promised iron stores especially combined with long
distance running and other foot impact sports (Colt and
Heyman 1984; Dufaux et al. 1981; Hunding et al. 1981;
Resina et al. 1988; Telford and Cunningghan 1991).
However, other modes of exercise such as swimming
(Selby and Eichner 1986) have led to selected observa-
tions of intra-vascular haemolysis. The latter finding
may raise questions about the traditional interpretation
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of the mechanical damage theory and indicate an in-
creased susceptibility to physical and/or chemical stress
based on structural and/or functional alterations of the
RBCs rather than compression of capillaries during the
foot-strike as the primary reason for exercise related
haemolysis. Consequently, a better understanding is re-
quired of how a specific training, defined in terms of
exercise intensity and duration, may induce haemolysis.
This would not only help to prevent frequently observed
symptoms of iron deficiency in top-class athletes but
possibly also, if not especially, in the steadily growing
number of leisure-time athletes. In particular beginners,
who very often follow the motto ‘‘no pain, no gain’’ and,
therefore, tend to train an even higher percentage of
their training volume at high exercise intensities, may
profit from a better understanding of factors causing
exercise induced haemolysis.

In a previous study we could demonstrate structural
alterations of the RBC skeleton after long lasting exer-
cise (Jordan et al. 1998). It can be only speculated
whether the latter may be interpreted as an exercise in-
duced acute effect on RBC membrane proteins similar to
the chronic defects of a- and b-spectrin observed in
haemolytic diseases such as inherited Sphaerocytosis
and Elliptocytosis (Bichis and Huber 2000; Eber 1991;
Guiliani et al. 1999; Kanzaki et al. 1991; Straface et al.
2000; Tse and Lux 1999). Comparable changes in a- and
b-spectrin have been previously shown after oxidative
stress in vitro (Snyder et al. 1983). Free radical pro-
duction large enough to overwhelm the antioxidant de-
fense system of the human body has been found
especially after high intensity or very long duration
exhaustive exercise (Cooper et al. 2002). Therefore, the
present study tested the hypotheses that in highly trained
endurance athletes haemolysis (1) is associated with
alterations of RBC membrane proteins similar to those
found in anaemic diseases, (2) can be systematically in-
duced with a non-running exercise mode, (3) is related to
exercise intensity, and (4) coincides with indicators of
oxidative stress.

Methods

Subjects

Ten healthy male triathletes with fitness levels, training
volumes and related weekly energy expenditure typical
of athletes of national caliber (Table 1; Burke and Read
1987; Thompson et al. 1995; Van Erp-Baart et al. 1989)
participated in the present study. None of them were
smoking, under pharmacological or specific dietetic
treatment. Written informed consent, conforming to
internationally accepted policy statements on the use of
human subjects as approved by the local ethics com-
mittee, was obtained from every participant prior to the
beginning of the experiments after explanation of the
nature and risks involved in participation.

All subjects were asked to avoid alcohol and coffee as
well as strenuous activity 24 h before the exercise tests.
The training was unchanged with almost identical
training sessions and resting periods at given days of
subsequent weeks during the experimental period. Every
subject provided a training diary which enabled the
estimation of the individual weekly energy cost of
training based on generally accepted assumptions about
the energy cost of locomotion per meter distance in
swimming, cycling and running (Beneke and di Pramp-
ero 2001; Di Prampero 1986).

Exercise protocol

Each subject performed first an incremental load test on
an electrodynamically braked cycle ergometer (Type 380,
Elema Schönander, Germany) for the determination of
maximal oxygen uptake and for the prediction of the
workloads corresponding to the blood lactate concen-
tration (BLC) of 3.0 mmol l�1 (low exercise intensity)
and 4.0 mmol l�1 (high exercise intensity), respectively.
The incremental load test startedwith a loadof 100 Wand
was increased by 50 W every third min. It was finished at
the individual’s maximal power output indicated by
volitional fatigue after strong vocal encouragement. After
that the order of the subsequent prolonged constant
workload tests at low and high exercise intensity was
randomized with a break of one week between the tests.
Feasibility of the predicted prolonged workload exercise
intensity was examined based on the dynamic behaviour
of the BLC (Beneke 1995, 2003b; Beneke and von Du-
villard 1996). Low intensity exercise was confirmed if after
an initial increase in BLC, a steady state or a decrease of
the BLC was observed during the subsequent testing
period. Such a test was terminated after 35 min though it
generally could have been sustained for a significantly
longer period of time. If during prolonged constant
workload the initial increase in BLC progressed more or
less continuously throughout the test, the corresponding
workload was hardly sustainable for 35 min and con-
firmed as high exercise intensity. Energy consumption
during the two prolonged workload tests was calculated
using the oxygen uptake and the increase in BLC during
each test as measures of aerobic and anaerobic metabolic
rate (Beneke 2003a, 2003c; Beneke and Meyer 1997).

Table 1 Subjects’characteristics

(X (P25/P75))

Age (years) 28.0 (26.3/28.5)
Height (m) 1.84 (1.78/1.87)
Body mass (kg) 78.5 (74.8/80.8)
Max. oxygen uptake (ml kg�1 min�1) 60.0 (57.3/64.8)
Max. power (W) 410 (392/428)
Swimming training (km week�1) 4.0 (3.9/4.6)
Cycling training (km week�1) 180 (178/200)
Running training (km week�1) 40 (33.8/40.0)
Energy cost of training (kJ week�1) 29,600 (26,378/32,743)
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Oxygen uptake and blood lactate measurements

The oxygen uptake was measured continuously
throughout each test (COSMED K2 gas analyser, Cos-
med, Italy). The maximal oxygen uptake was defined as
the highest oxygen uptake averaged throughout a 30 s
time segment of the final min of the test. For the analysis
of the BLC (Ebio plus, Eppendorf, Germany) 20 ll of
capillary blood were drawn from the hyperemic ear lobe
before and every third minute during the incremental
test and after every fifth minute during the 35 min pro-
longed constant workload test as well as immediately
after termination of each test.

Collection and processing of venous blood

Measures of haemoconcentration and haemolysis,
alterations of the RBC skeleton, oxidative stress related
degradation of proteins and lipid peroxidation was
determined from venous blood. Before and immediately
after each test, 10 ml of venous blood was collected into
a heparin coated Vacutainer (Vacutainer, Becton Dick-
inson, USA) from an antecubital vein without occlusion
with the subject in seated position. The tube was wrap-
ped to protect the blood from light. Blood was
immediately spun in a refrigerated centrifuge (Centri-
fuge RC-5, DuPont, Germany, 10 min at 1,000·g at
4�C), then plasma transferred into pointed tubes and
again centrifuged before being divided into small
aliquots and immediately stored at �80�C until analysis.

The remaining blood cells were suspended with
isotonic phosphate buffer (PBS, pH 7.4), centrifuged
and the supernatant including buffy-coat carefully
aspirated. This washing process was repeated four times.
The remaining RBCs were haemolysed in 30 ml hypo-
tonic Hepes-buffer (10 mOsm, pH 8.8) with added
1 mM EDTA and 0.1 mM PMSF. After 20 min the
solution was spun at 30,000 rpm for 20 min at 4�C. The
supernatant was carefully removed. The latter steps were
also repeated three times. Then the white pallet was re-
suspended with 250ll SDS sample buffer and a spatula
Dithioerythrit. After that proteins were denatured for
10 min at 95�C and shaken for 30 min. Insoluble par-
ticles were sedimented by spinning at 15,000 rpm.
Ghosts were stored at –80�C until analysed in a protein
electrophoresis.

Analysis of indicators of haemoconcentration
and haemolysis

Haematocrit (HCT) and total protein concentration (TP)
were analysed to calculate haemoconcentration after
exercise using the micro haematocrit- (Hettich centrifuge,
Germany) and the Biuret method (Automatic Analyser
747, Hitachi, Japan). As a measure of haemolysis hapto-
globin (Norpartigen NR OSLL 02, Behring, Germany)
was analysed by radial immune diffusion method.

Electrophoresis of RBC membrane proteins

Alterations of the RBC skeleton were qualitatively de-
tected based on the visibility of a- and b-spectrin in a
protein electrophoresis. For the electrophoresis ready-
to-use gels (ExcelGel SDS gradient 8–18, Pharmacia,
Sweden), ExcelGel SDS buffer stripes (Pharmacia,
Sweden) and the MULTIPHOR II Electrophoresis Unit
(LKB Instrument GmbH, Germany) were used. Firstly,
a sample volume of 3ll was directly applied on the gel
and then the electrophoresis (600 V, 50 mA, 30 W,
15�C) was carried out over 75 min. The SDS Page Low
Molecular Weight Standard (Bio-Rad Laboratories,
USA) served as standard and the Bio-Rad Silver Stain
Kit (Bio-Rad Laboratories, USA) was used for staining.
A reduction or loss of spectrin-bands after exercise was
considered as a positive test result.

Analysis of indicators of oxidative stress

The analysis of malondialdehyde (MDA) and H2O2-
induced chemiluminescence (H2O2-Chem) served as
measures of oxidative stress related lipid peroxidation
and degradation of proteins, respectively. The analysis
of MDA is based on its reaction with two molecules of
thiobarbiturate acid to a red coloured matter, which
can be measured by fluorescence photometry. MDA
was analysed according to the method published by
Schimke and Papies (1986). Oxidative denaturation and
modification of proteins is associated with an increase
in H2O2-Chem. Spontaneous chemiluminescence is of
rather low intensity and its measurement; therefore,
requires specific technical prerequisites (Popov et al.
1989). Addition of H2O2 amplifies the chemilumines-
cence. A chemiluminometer according to Popov et al.
(2001) was applied to measure the time course of the
H2O2-Chem.

Statistics

All data are reported as median and P25/P75-percentiles.
Friedman-Test and Wilcoxon-Test were used for the
analysis of repeated measures. Cross-tabs, Chi-square
statistics and Fisher Exact Test were applied for the
analysis of differences between observed and expected
counts. The significance level was set at alpha P<0.05.

Results

Low and high intensity prolonged constant workload
tests resulted in different (P<0.05) duration, oxygen
uptakes, and levels of BLC (Table 2). However, no dif-
ference (P>0.05) in mechanical or metabolic energy was
found (Table 2).

All tests at low but none at high exercise intensity
showed a steady state of the BLC. The increase in BLC
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contributed to 0.5 (0.3/0.6) % to the total energy cost of
the low intensity prolonged constant workload test,
which was less (P<0.01) than the contribution of 1.7
(0.9/3.0) % at the high intensity condition.

Steady state or non-steady state conditions of the
BLC could be proven as an independent factor for
exercise induced changes of the RBC membrane skele-
ton (P<0.01). At the high exercise intensity the hap-
toglobin concentration decreased (P<0.05). This
coincided with an increase in MDA (P<0.05) and
H2O2-Chem (P<0.05) and the disappearance of the
spectrin bands in 6 out of 10 gels. No changes in hap-
toglobin and membrane proteins were found at the low
exercise intensity.

Low and high intensity exercise showed a similar in-
crease (P<0.05) in TP, which indicated almost identical
levels of haemoconcentration with 6.4 (4.0/11.3) % at
the low and 7.5 (6.1/12.3) % at the high exercise in-
tensity (P>0.05; Table 3). Also the changes in HCT
were not different between the two tests (P>0.05; Ta-
ble 3).

Discussion

The important new findings in this study were that
haemolysis could be induced with a non-running exer-
cise mode and that this was associated with alterations
in the RBC membrane proteins qualitatively similar to
those found in inherited anaemic diseases like for
example Sphaerocytosis and Fanconi’s anaemia. Since
our subjects performed two bouts of cycle exercise,
which required the same mechanical and metabolic

energy but different exercise intensities and duration,
and because we could only identify an exercise-induced
haemolysis after the short-lasting higher intensity con-
dition, it seems likely that exercise-induced haemolysis is
related to exercise intensity.

Evidence for exercise intensity as a decisive factor for
exercise induced haemolysis seems to be supported not
only by the observation that steady state or non-steady
state conditions of the BLC could be identified as an
independent factor for changes of the RBC membrane
skeleton (P<0.01) but also by the finding of haemolysis
only at the higher exercise intensity. Additionally, the
present results clearly indicate that the exercise intensity,
which caused haemolysis, is not suitable for high train-
ing volumes. Eight out of ten trained endurance athletes,
well adapted to a significant amount of regular training
(Table 1), were unable to sustain this higher exercise
intensity for a period of 35 min. In fact, prolonged
constant workload tests causing a continuous increase in
the BLC until test termination, comparable to that ob-
served under the high exercise intensity condition (Ta-
ble 3), normally lead to exhaustion after significantly
less than 30 min (Beneke 2003b). Up to 15% of the total
training volume of top-class athletes consists of high
intensity training bouts comparable to the high intensity
condition of the present experiment (Föhrenbach 1991;
Hartmann et al. 1989).

The occurrence of haemolysis after cycling clearly
does not support the traditional so called ‘‘mechanical
damage theory‘’, which suggests mechanical damage to
the RBCs, especially in the capillaries of the foot during
running, as the primary cause of exercise induced
destruction of RBCs (Davidson 1964; Dufaux et al.

Table 2 Measures of
performance and energy
metabolism

*Significant difference to low
exercise intensity, P<0.05

Low intensity
(X (P25/P75))

High intensity
(X (P25/P75))

Power (W) 240 (218/253) 290 *(270/300)
Duration (min) 35 (35/35) 26.3 *(20.6/31.3)
Mechanical energy (kJ kg�1) 6.4 (5.8/6.9) 5.8 (4.3/7.1)
Intensity (% of max. oxygen uptake) 62.0 (56.0/70.0) 78.5 *(69.7/82.1)
BLC (mmol l�1) 3.2 (2.7/3.8) 8.2 *(6.0/10.2)
Metabolic energy (kJ kg�1) 28.3 (25.9/29.9) 24.9 (18.4/30.5)

Table 3 Measures of haemoconcentration and haemolysis, oxidative stress related degradation of proteins and lipid peroxidation

Low exercise intensity
(X (P25/P75))

High exercise intensity
(X (P25/P75))

Pre Post Pre Post

Total protein (g l�1) 74.5 (70.1/75.8) 79.4*,** (76.7/82.8) 71.2 (68.5/76.3) 78.3*,** (76.0/82.5)
HCT (%) 45.3 (42.4/46.1) 46.8*,** (43.9/48.0) 44.2 (42.9/47.0) 45.6*,** (44.0/49.0)
Haptoglobin (g l�1) 1.30 (0.91/1.81) 1.49a (0.93/2.24) 1.10 (0.81/2.53) 1.01a,* (0.75/2.00)
MDA (nmol ml�1) 3.05 (2.55/3.48) 3.11a (2.65/3.60) 2.80 (2.65/3.20) 3.13 a,* (2.78/3.31)
H2O2-Chem (rel. U min) 45.29 (28.73/49.94) 35.65 (31.20/55.10) 29.70 (22.55/37.10) 37.25* (35.20/52.63)

aCorrected for haemoconcentration based on total protein changes
*Significant difference to pre exercise of same intensity (P<0.05)
**Significant difference to pre exercise of other intensity (P<0.05)
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1981; Ernst et al. 1988; Falsetti et al. 1983; Miller 1990;
Poortmans and Haralambie 1979; Telford et al. 2003;
Weight et al. 1991). Also other factors considered as
potential reasons for intra-vascular haemolysis such as
dehydration and haemoconcentration (Smith et al. 1995;
Szygula 1990) cannot explain the in vivo changes of the
RBC membrane skeleton and occurrence of haemolysis
observed in the present study. Both, the high and the low
intensity exercise test resulted in almost identical levels
of haemoconcentration (Table 3).

The present study confirms previous observations
that high intensity exercise may lead to an increase in
free radical production large enough to overwhelm the
antioxidant defense system of the human body (Cooper
et al. 2002). Increases in MDA and H2O2-Chem seem to
serve as indicators of oxidative stress related damage of
both, lipids and proteins. Reduction of unsaturated fatty
acids of the RBC membrane (Sumikawa et al. 1993),
impaired membrane plasticity (Ernst et al. 1988; Galea
and Davidson 1983) and increased fragility (Röcker
et al. 1983; Smith et al. 1995; Yoshimura et al. 1980)
have been described after long lasting competitive
endurance events. The presently observed alterations in
the gel electrophoresis of RBC membrane proteins in
terms of a- and b-spectrin after the higher-intensity
exercise were quite similar to those induced by oxidants
in vitro (Snyder et al. 1983).

In the present study, the combination of changes in
spectrin bands with occurrence of haemolysis does
support previous suggestions of an inter-relationship
between haemolysis and the loss of membrane skeleton
material indicated by structural changes of the RBC
membrane skeleton observed with scanning electron
microscopy after a Marathon race (Jordan et al. 1998).
In this mechanism we see some similarities to inherited
changes of RBC membrane skeletal proteins, which
cause major disturbances of mechanical properties as
well as cell shape, and can lead to increased intra-
vascular haemolysis (Agre et al. 1982). Alterations of
spectrin together with genetically impaired enzymatic
anti-oxidative capacity (Besso 2000) and increased
susceptibility for cross-linking reagents play a key role
in Fanconi’s anaemia (Mathur et al. 2000). Defects of
a- and b-spectrin but also of ankyrin, band 3 and
protein 4.2 have been identified as specific components
of the inherited Sphaerocytosis and Elliptocytosis (Bi-
chis and Huber 2000; Eber 1991; Guiliani et al. 1999;
Kanzaki et al. 1991; Straface et al. 2000; Tse and Lux
1999).

In conclusion, 10–35 min non-running exercises in an
intensity domain regularly applied to endurance athletes
of any calibre can cause intra-vascular haemolysis
associated with in vivo alterations in the RBC mem-
brane proteins, especially in the a- and b-spectrin, sim-
ilar to those found in inherited anaemic diseases like
Sphaerocytosis and Fanconi’s anaemia. We suppose
these structural and possibly also functional alterations
of the RBCs resulting in an increased susceptibility of
the cells to physical and/or chemical stress rather than

compression of capillaries during the foot strike as the
primary contributor to exercise related haemolysis.
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