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Abstract Red blood cell (RBC) susceptibility to oxida- 
tive and osmotic stress in vitro was investigated in cells 
from trained and untrained men before and after sub- 
maximal exercise. Whilst no significant change in per- 
oxidative haemolysis occurred immediately after 1 h of 
cycling at 60% of maximal aerobic capacity (l)O2max), a 
20% increase was found 6h later in both groups 
(P<0.05). The RBC osmotic fragility decreased by 
15% immediately after exercise (P< 0.001) and this was 
maintained for 6 h (P < 0.001). There was an associated 
decrease in mean cell volume (P< 0.05). Training de- 
creased RBC susceptibility to peroxidative haemolysis 
(P<0.025) but it did not influence any other parame- 
ter. These exercise-induced changes were smaller in 
magnitude but qualitatively similar to those found in 
haemopathological states involving haem-iron incorpo- 
ration into membrane lipids and the short-circuiting of 
antioxidant protection. To explore this similarity, a 
more strenuous and mechan!cally stressful exercise test 
was used. Running at 75% VO2 . . . .  for 45 min reduced 
the induction time of 02 uptake (peroxidation), consis- 
tent with reduced antioxidation capacity, and increased 
the maximal rate of 02 uptake in RBC challenged with 
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cumene hydroperoxide (P<0.001). The proportion of 
high-density RBC increased by 10% immediately after 
running (P<0.001) but no change in membrane-incor- 
porated haem-iron occurred. In contrast, treatment of 
RB C with oxidants (20-50 txmol" 1 - ~) in vitro increased 
cell density and membrane incorporation of haem-iron 
substantially. These results showed that single episodes 
of submaximal exercise caused significant changes in 
RBC susceptibility to oxidative and osmotic stress. 
Such responses may account for the increase in RBC 
turnover found in athletes undertaking strenuous endu- 
rance training. 

Key words Antioxidant. Erythrocytes • Free radicals • 
Exertion • Haematology 

Introduction 

Efficient delivery and release of oxygen to exercising 
muscles by red blood cells (RBC) are important deter- 
minants of peak athletic performance. Many reports 
have suggested that intensive physical training acceler- 
ates the rate of RBC turnover and can, in some cases, 
lead to the so-called condition of sports anaemia which 
may result in a decreased capacity for physical activity 
(Smith 1995). Evidence that exercise may cause signifi- 
cant RBC damage and haemolysis has included reports 
of significant exercise-induced decreases in haemoglo- 
bin concentration and circulating RBC counts (Gugliel- 
mini et al. 1989), as well as reductions in the plasma 
concentrations of iron-binding proteins such as ferritin 
and haptoglobin (Selby and Eichner 1986). At the cel- 
lular level, a short period of training has been reported 
to elevate blood reticulocyte counts (Schmidt et al. 
1989) and the activities of some RBC antioxidant en- 
zymes (Ohno et al. 1988; Robertson et al. 1991). Mean 
RBC density, which increases as cells age, has been 
found to be lower in endurance athletes (Mairb~iurl et 
al. 1983). While the mechanical trauma associated with 
footstrike has been suggested as a cause of intravascu- 
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lar haemolysis during running, low-impact activities 
such as cycling and swimming have also been shown to 
induce significant levels of RBC destruction (Schmidt 
et al. 1988; Selby and Eichner 1986). 

Oxidative damage to various cell types occurs as a 
consequence of aerobic metabolism and exposure to 
oxygen through the generation of free radicals. The 
rate of this process may rise in proport ion to the in- 
creased rate of whole body oxygen uptake (10 to 20- 
fold) that occurs during exercise (Gohil et al. 1988; Du- 
thie et al. 1990), Because of their continual exposure to 
oxygen, and high content of haem-iron and polyunsatu- 
rated fatty acids, RBC are particularly susceptible to 
oxidative damage (Hebbel  and Eaton 1989). Auto-oxi- 
dation of haemoglobin to met-haemoglobin,  which oc- 
curs under  resting conditions at the rate of 3 % . d a y - i ,  
is accompanied by free radical generation. These radi- 
cals may overwhelm antioxidant defences and attack 
polyunsaturated lipids and proteins in RBC. Associa- 
tion of haem-iron, which is normally confined to the cy- 
tosol, with membrane lipids may increase the vulnera- 
bility of RBC to oxidative stress substantially because 
of the potential of Fe 2+ to short-circuit membrane  vita- 
min-E (oz-tocopherol) protection (Hebbel  and Eaton  
1989). Oxidative damage to the cell membrane may 
also perturb intracellular osmotic homeostasis and fa- 
cilitate cellular dehydration (Snyder et al. 1981). In this 
way, oxidative and osmotic stress to RBC during exer- 
cise may increase their Susceptibility to irreversible 
damage and destruction. 

Single episodes of submaximal exercise have been 
reported to have substantial effects on the redox status 
of blood glutathione, although discrepancies in the 
magnitude and direction have been described (Gohil et 
al. 1988; Ji et al. 1993). In addition to oxidative damage, 
changes in RBC hydration may occur because submaxi- 
mal exercise may decrease plasma volume through per- 
spiration loss (Wilkerson et al. 1977). Intensive exercise 
has also been shown to trigger leakage of intra-erythro- 
cyte K+(Hespe l  et al. 1986), and thus water, which in- 
creases cell density (Robertson et al. 1988). These 
changes may alter the deformability of RBC and so im- 
pair their ability to enter and move through the micro- 
circulation (Clark 1988). 

Because several studies have reported that single 
episodes of moderate  exercise, and regular training, al- 
ter the antioxidant status of RBC (Gohil et al. 1988; 
Rober tson et al. 1991), we have investigated whether  a 
session of either moderate  cycling or running, and/or 
endurance training alter the susceptibility of isolated 
RBC to oxidative and osmotic stress in vitro. Since 
these groups have reported that single episodes of sub- 
maximal exercise deplete certain RBC anti-oxidants 
and cause lipid peroxidation, we have used assays that 
measure their total anti-oxidant capacity and suscepti- 
bility to damage in vitro. As results found in the pilot 
study (group 1) were similar, albeit much smaller in 
magnitude, to those found in haemopathological  condi- 
tions (Snyder et al. 1981), this similarity was explored 

in a second group using a more intense and mechanical- 
ly stressful workload. The changes reported indicate, 
for the first time, that single episodes of submaximal 
exercise caused significant alterations in RBC proper- 
ties consistent with increased susceptibility to oxidative 
and osmotic stress. 

Methods 

Human subjects and exercise protocols 

Group 1 

A group of 11 trained men [maximal oxygen uptake, VO2max 71.4 
(SEM 6.0) ml'min-~.kg -1, age 22 (SEM 4) years] and 9 un- 
trained men [VO2max 48.1 (SEM 9.0) ml.min-l.kg -1, age 22 
(SEM 4) years] were recruited for the pilot study. The trained 
subjects were road cyclists competing at Australian national level 
who trained about 25 h-week 1. In contrast, the untrained sub- 
jects devoted less than 4 h-week -1 to physical activity. Each sub- 
je.ct cycled continuously for 1 h at 60% of his predetermined 
VOzm,x as described previously (Smith et al. 1990). The blood 
withdrawal and RBC isolation procedures have also been de- 
scribed in earlier studies (Smith et al. 1992). Blood samples were 
taken immediately before and after exercise, and 6 h postexer- 
cise. 

Group 2 

A group of 20 highly-trained m e n  [VO2max 71.5 (SEM 4.5) 
ml'min-~'kg -1, age 24 (SEM 5) years] and 6 untrained men 
[l)O2max 52.0 (SEM 6.0) ml.min-l.kg -1, age 24 (SEM 6) years] 
were recruited for the running study. Blood samples were taken 
immediately before and after exercise. The trained subjects were 
triathletes, cross-country skiers and runners competing at Austra- 
lian national level and training for 10-20 h each week. The un- 
trained subjects devoted less than 4 h each week to physical activ- 
ity. Each individual ran on a treadmill (zero gradient) for 40 min 
at an exercise intensity equivalent to approximately 75% of his 
!)O2m~×. At least a week before the test, the VO2max of each sub- 
ject was determined on a treadmill. A continuous incremental 
protocol was used in which the gradient of the treadmill was in- 
creased by 1% each minute until the subject was exhausted. For 
both groups, all exercise tests were commenced between 9 a.m. 
and 10 a.m. 

Measurements 

Unless otherwise stated, all reagents were purchased from Sigma 
(St Louis, Mo., USA). 

Oxidative stress assays 

The peroxidative haemolysis, oxygen uptake and luminol-amplif- 
ied chemiluminescence assays were performed as described pre- 
viously (Smith et al. 1992). RBC membranes (ghosts) were pre- 
pared by the method of Kuross et al. (1988). The protein content 
of the ghosts was measured with a protein assay kit obtained from 
Bio-Rad (San Lorenzo, Calif., USA). In membrane assays, ghosts 
(0.3 mg protein) were added to a total volume of 1.0 ml. Spectro- 
photometric methods were used to measure the concentrations of 
haem-iron (Kuross et al. 1988) and haemichrome (Campwala and 
Desforges 1982) in RBC ghosts. 



Haematological parameters' 

Red and white blood cell counts, haematocrit, mean cell volume 
(MCV), haemoglobin concentration, mean cell haemoglobin con- 
centration (MCHC), and mean cell haemoglobin (MCH) were de- 
termined using an automated haematology analyser (Coulter 
Electronics, Hialeah, Fla., USA). Met-haemoglobin concentration 
in RBC supernatants was measured spectrophotometrically (Win- 
terbourn 1983). 

Osmotic fragility 

Heparinised whole blood (100 ixl) was added to hypotonic phos- 
phate-buffered saline (pH 7.4) in the concentration range of 0.2- 
0.5% (w/v) of saline (Simmons 1972). The tubes were mixed and 
incubated for 1 h at room temperature, mixed again and centri- 
fuged for 5 min at 1000 g to pellet the ghosts. Supernatant optical 
density was measured by spectrophotometry at 540 nm. 

Density fractionation and scanning 

Red cells were fractionated on a self-forming Percoll (Pharmacia, 
Uppsala, Sweden)/diatrizoate density gradient using the original 
technique described by Vettore et al. (1980) with the modifica- 
tions introduced by Snyder et al. (1983). Specifically, RBC were 
washed in phosphate buffered saline (PBS) three times before the 
additon of packed cells (200 ixl) to the Percoll/diatrizoate mixture 
(10 ml) in a Corex tube. The suspension was mixed and centri- 
fuged for 20 min at 35000 g at 4 ° C using an angle-rotor (SS-34) in 
a RC-2B centrifuge (Sorvai1, USA). 

Immediately after centrifugation, each tube was photo- 
graphed, using an evenly illuminated light box as background, 
with 25 ASA film (Kodak Technical Pan). The film was exposed 
for 6 s at f16, developed in Kodak Technidol, and the continuous- 
tone negatives printed on multigrade paper (Ilford, Multigrade 3) 
using a zero-grade filter. The maximal density of the exposed 
image did not exceed an optical density of 4.0 which represented 
the upper linear detection limit of the laser densitometer. The 
density of each band was quantitated by scanning laser densitom- 
etry (LKB Ultrascan XL, Bromma, Switzerland). Individual den- 
sity profiles were integrated using the Gelscan XL software pack- 
age (LKB, Bromma, Switzerland). 

Statistical analysis 

A repeated measures ANOVA was used to analyse the multiple 
samples from group 1. Scheffd's post-hoc test was used to deter- 
mine significant effects. Other exercise effects were analysed by 
Student's t-test for paired data. The significance level was set at 
5%. Where no significant differences between the trained and un- 
trained subjects were found the data were pooled for statistical 
analysis Of the exercise effects. 

Results 

Oxidative responses 

Group 1 (cycling) 

Exposure  of R B C  to H202 (range 0-2 mmol .1 -1 )  in- 
duced peroxidat ive haemolysis in a concentrat ion-de- 
pendent  manner .  Analysis of the mean  pre-exercise val- 
ues at a single concentrat ion point in the linear region 
of the curve (1.25 mmol .  1-1 H202) showed that the in- 
crease in peroxidative haemolysis that occurred after 
exercise only became significant at 6 h after the cycling 
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Fig. 1 The effects of a single episode of cycling, and training sta- 
tus, on red blood cell suspectibility to haemolysis induced by 
H202 treatment, a P<0.025 compared to untrained subjects; b 
P<0.05 compared to pre-exercise values 

test in both trained (P<0 .01)  and untrained (P<0 .05)  
subjects (Fig. 1). The RBC from trained individuals 
were much more  resistant to peroxidative haemolysis 
than cells f rom their untrained counterparts  both  be- 
fore and after exercise ( P <  0.025; Fig. 1). 

Group 2 (running) 

As found with cycling, there was no significant change 
in the susceptibility of R B C  to peroxidat ive haemolysis 
by H202 immediately after the running protocol  
(n = 15; data not shown). To extend our investigation, 
the susceptibility of R B C  to peroxidat ion in vitro (by 
organic hydroperoxides)  was assessed by monitoring 
02 uptake  and luminol-amplified chemiluminescence 
(LCL) in separate  assays. The typical kinetic pat- 
terns of 02 uptake and L C L  following t rea tment  of 
R B C  with either lipophilic cumene hydroperoxide 
( C u m - O O H )  or amphipathic  t-butyl hydroperoxide 
( t -BuOOH)  have been shown previously (Smith et al. 
1992). 

The 02 uptake  data for each individual are present-  
ed in four separate  panels (Fig. 2a-d).  These panels 
show the induction times (which are indicative of anti- 
oxidant capacity) and maximal  rates of O2 uptake  (pe- 
roxidation) induced by exposure of R B C  to either of 
the organic hydroperoxides at a concentrat ion of 1.2 
m m o l - l - 1 .  Exercise caused significant decreases in the 
induction time in cells challenged with either Cum- 
O O H  (P<0.001)  or t - B u O O H  (P<0.05;  Table 1). With 
C u m - O O H  only, the decreased induction t ime was ac- 
companied  by a significant increase in the maximal  rate 
of 02 uptake (P<0.01;  Table 1). In some subjects 
(n =9) ,  blood samples were also taken 24 h after exer- 
cise. There  were no significant differences between the 
pre-exercise and 24-h postexercise induction times and 
the maximal rates of 02 uptake  in either C u m - O O H -  or 
t -BuOOH-t rea ted  cells. 

With LCL, however,  no significant changes in the in- 
duction times or maximal rate of LCL (i.e. peak  LCL)  
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Fig. 2 The effects of treadmill running on red blood cell (RBC) 
peroxidation in each individual. These panels show each individu- 
al result, plotted in ascending order of the pre-exercise value, for 
(a, c) induction time and (b, d) maximal rate of 02 uptake follow- 
ing exposure of isolated RBC to either (a, b) cumene hydroperox- 
ide or (c, d) t-butyl hydroperoxide in vitro (1.2 mmol-l-1) .  Each 
individual is identified by an upper case letter 

were detected after exercise in response to either of the 
organic hydroperoxides at a concentration of 75 
ixmol-1-1 (Table 2). This was also the case when the 
integrated areas under the kinetic curves were analysed 
statistically (Table 2). There were no significant differ- 
ences from pre-exercise values in any of the parameters 
measured in Cure- •OH treated cells isolated 24 h after 
exercise (n=15) although integrated LCL tended to 
decrease [rest: 206 (SEM 91.2) x 106 cpm to 144 (SEM 
73.9) x 106 cpm, 24-h postexercise (P<0.10)]. However, 
in cells challenged with t-BuOOH, both peak and inte- 

grated LCL fell significantly at 24 h after exercise [peak 
LCL: rest 90.8 (SEM 27.7)x104 cpm to 68.2 (SEM 
15.1)x104 cpm, 24-h postexercise (P<0.01) - inte- 
grated LCL: rest 186 (SEM 68.3)xl06 cpm to 139 
(SEM 40.5)xl06 cpm, 24-h postexercise (P<0.025)]. 
The same trends were found when the cells were 
treated with higher concentrations (1.15 Fmol.1-1 or 
150 ixmol-1-1) of organic hydroperoxides. The induc- 
tion times decreased, and peak and integrated LCL in- 
creased in proportion to concentration (data not 
shown) 

Osmotic responses 

Group I only 

The osmotic fragility test measures the physical state of 
the membrane, which has been shown to be dependent 

Table 1 Induction time and 
maximum rate of 02 uptake 
immediately before and after 
45 rain of treadmill running. 
Red blood cells were treated 
with either cumene-hydroper- 
oxide (Curn-OOH) or t-butyl- 
hydroperoxide (t-BuOOH) 
(1.20 mmol '1-1)  

State Cum-OOH Cum-OOH t-BuOOH t-BuOOH 
Induction time Max-rate Induction time Max-rate 
(rain) (nmol. rain - 1) (rain) (nmol. 1 - 1) 
mean SEM mean SEM mean SEM mean SEM 

Pre-exercise 4.15 0.0632 108 4.41 9.58 0.129 85.5 1.25 
Exercise 3.91 0.0686* 115 5.10" 9.43 0.143" 87.1 2.16 

P<0.05 compared to pre-exercise 



Table 2 Chemiluminescence parameters determined immediate- 
ly before and after 45 min of treadmill running. RBC were treated 
with either Cum-OOH or t-BuOOH (75 ~mol.l-Z); for defini- 
tions see Table 1 

State Induction time Peak LCL Integral LCL 
(mins) ( × 104 cpm) ( x 106 cpm) 
mean SEM mean SEM mean SEM 

Cum-OOH 
Pre-exercise 21.9 1.02 119 14.4 185 16.7 
Exercise 22.0 0.87 122 12.2 177 15.5 

t-BuOOH 
Pre-exercise 18.4 1.09 103 11.0 172 12.7 
Exercise 17.3 0.98 94.2 8.29 163 10.8 

Table 3 Haematological parameters measured immediately be- 
fore and after submaximal exercise*. MCV Mean cell volume, 
MCHC mean cell haemoglobin concentration, MCH mean cell 
haemoglobin 

State MCV MCHC MCH 
(fl) (g.d1-1) (pg) 
mean SEM mean SEM mean SEM 

Cycling 
Pre-exercise 89.8 0.886 33.96 0.381 29.50 0.402 
Exercise 89.0 0.896* 34.50 0.376 30.23 0.358 
Postexercise (6h) 89.t 0.830* 33.70 0.565 29.84 0.380 

Running 
Pre-exercise 90.3 0.372 34.30 0.137 30.90 0.157 
Exercise 90.3 0.353 34.30 0.137 30.91 0.313 

* P <  0.05 compared to pre-exercise 

on  the  sur face  a r e a : v o l u m e  ra t io  of  the  cell  ( B e u t l e r  et 
al. 1982). W h e n  the  m e a n  r e sponses  of  the  t r a i n e d  and  
u n t r a i n e d  subjec ts  were  ana lysed  s ta t i s t ica l ly  at  one  
c o n c e n t r a t i o n  (0.40% sal ine)  in the  l inea r  r eg ion  of  the  

Fig. 4a Photograph of a typ- 
ical individual profile of red 
blood cell density distribution 
immediately before and after 
treadmill running. The laser 
densitometry scan of the pho- 
tograph (b) represents an 
overlay of the profiles ana- 
lysed immediately before 
(A unhatched) and after exercise 
(B hatched). Each profile was 
analysed by division of the 
panel into four equal qua- 
drants [4 (top) - 1 (bottom)] 
and calculation of the relative 
percentages of cells within 
each area to determine shifts 
in density caused by exercise 
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Fig. 3 The effects of a single episode of cycling on red blood cell 
susceptibility to haemolysis induced by osmotic stress. * P < 0.001 
compared to pre-exercise 

curve,  no d i f fe rences  a t t r i b u t a b l e  to t ra in ing  we re  
f o u n d  e i the r  b e f o r e  o r  a f te r  exercise .  T h e  m e a n  15% 
d e c r e a s e  f o u n d  i m m e d i a t e l y  af te r  exerc i se  ( P < 0 . 0 0 1 )  
was m a i n t a i n e d  for  at  leas t  6 h ( P < 0 . 0 0 1 ;  Fig. 3). 

H a e m a t o l o g i c a l  p a r a m e t e r s  

Groups  1 and 2 

T h e  e x e r c i s e q n d u c e d  dec reases  in o smo t i c  f ragi l i ty  
f o u n d  af te r  cycl ing were  a c c o m p a n i e d  by  smal l  bu t  sig- 
n i f icant  dec reases  in M C V  ( P < 0 . 0 5 ) .  T h e r e  we re  no  
s ignif icant  changes  in M C H  or  M C H C  ( T a b l e  3). In  
cont ras t ,  t h e r e  we re  no s ignif icant  changes  in any of  
these  h a e m a t o l o g i c a l  p a r a m e t e r s  i m m e d i a t e l y  a f te r  ex- 
ercise  in ind iv idua l s  u n d e r t a k i n g  the  runn ing  p r o t o c o l  

4 

3 

l . /4  2 .57  Optical density (nm) 
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(Table 3). There  were no significant differences be- 
tween the trained and untrained groups. 

Effect on RBC density 

Group 2 only 

Figure 4 shows a typical individual profile of density- 
fractionated RBC before and after exercise, together 
with a laser scan of the gradient. The percentage of 
RBC found in the densest quadrant  of the gradient in- 
creased by 10% immediately after exercise ( P <  0.001) 
and this shift was accompanied by a similar decrease in 
the percentage of low-density RBC in quadrants 3 and 
4 (Fig. 5a). In the trained group before exercise (i.e. at 
rest), there was a significantly lower percentage of low- 
density cells in quadrant  4 in RBC isolated before exer- 
cise (P<0.001)  accompanied by uniform increases in 
the percentages of cells in the other  three quadrants, 
which were, however, not significant statistically (Fig. 
5b). There  were no significant differences in the exer- 
cise responses between the trained and untrained sub- 
jects. 

We also examined whether  the exercise-induced in- 
crease in RBC density could be reproduced by condi- 
tions that are known to cause oxidative damage in vi- 
tro. Normal RBC isolated from nonexercised subjects 
were treated with phenazine methosulphate (PMS; 50 
p~mol. 1-1) for 45 min to simulate the auto-oxidation of 
haemoglobin (Hebbel  et al. 1989). There  was a much 
greater increase in the percentage of high-density cells 
in PMS-treated cells compared to those induced by ex- 
ercise (Fig. 6). This increase was even greater in RBC 
that were challenged with a low concentrat ion (20 
txmol" 1-1) of C um-OOH instead of PMS. 
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Fig. 5 The short- and long-term effects of exercise on mean 
(SEM) red blood cell (RBC) density. (a) The density distribution 
of RBC immediately before and after running (* P<0.001). (b) 
The relative distribution of RBC density in cells isolated from 
nonexercised untrained and trained men (* P < 0.001) 

Role of membrane-bound haem-iron 

Group 2 only 

We tested whether  the exercise-induced changes may 
be due to free radical generation catalysed by an in- 
crease in haem-iron bound to the membrane.  This hy- 
pothesis was proposed because RBC isolated from indi- Subject 
viduals with/?-thalassaemia or sickle cell anaemia have 
also shown increased vulnerability to peroxidative hae- 
molysis and decreased susceptibility to osmotic fragility 
when compared to RBC isolated from normal individu- 1 
als (Snyder et al. 1981). Sickled cells have been shown 2 
to contain excessive concentrations of haem-iron that is 3 
truly membrane- incorporated (Kuross et al. 1988). No 4 

5 
significant changes in membrane-bound haem-iron 6 
were found in ghosts prepared from RBC isolated 7 
either immediately after treadmill running (Table 4) or 8 
3 h later (data not shown), irrespective of whether  this 
was measured by spectrophotometric  or chemilumines- 
cent methods. Fur thermore,  no significant changes in 

Table 4 Individual measurements of membrane-associated 
haem-iron before and after treadmill running. Haemichrome, 
haem-iron and luminol-amplified chemiluminescence (LCL) 
were measured in washed ghosts using the procedures described 
in the Methods. The LCL was initiated by adding lipophilic cu- 
mene hydroperoxide (75 ixmol-1-1) to the reaction mixture (1.0 
ml) which contained the ghosts (1.0 mg protein) and luminol (225 
~mol.1-1) in Hanks' balanced salt solution, nm Not measured 

Haemichrome Haem-iron Peak-LCL 
(ixmol'l-l'mg-1 (nmol.mg-1 (cpm x 104) 
protein) protein) 
Rest Exercise Rest Exercise Rest Exercise 

0.408 0.507 1.00 1.02 5.00 4.40 
0.426 0.474 1.96 2.55 2.90 7.10 
0.419 0.429 1.48 1.52 3.78 3.98 
0.341 0.352 2.64 3.12 21.5 16.5 
0.297 0.308 6.89 6.15 8.96 12.8 
0.308 0.264 7.67 6.99 24.2 22.6 
nm nm nm nm 19.1 19.6 
nm nm nm nm 12.0 9.9 
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2.86 1.82 2.86 1.73 

Fig. 6a, b Changes in red blood ceil density caused by oxidative 
stress in vitro. The photograph (a) shows untreated cells (A) and 
cells challenged with either 20 ixmol' 1-1 cumene hydroperoxide 
(B) or 50 ixmol-1-1 phenazine methosulphate (C). In the laser 
densitometry scan (b), the left panel shows an overlay of the un- 
treated cells (unhatched) and cells challenged with cumene hydro- 
peroxide (hatched). The right panel compares cells treated with 
phenazine methosulphate (cross-hatched) to untreated cells (un- 
hatched). Untreated cells were incubated in phosphate-buffered 
saline under the same conditions as the cells treated with oxidants 
(see Methods). The profiles were analysed using the procedures 
described in the legend to Fig. 4 

met-haemoglobin concentration were detected after ex- 
ercise [we-exercise 0.78 (SEM 0.78)% to exercise 0.24 
(SEM 0.26)%; n = 8]. In contrast to the negligible effect 
of exercise, cells stressed oxidatively with PMS (50 
p~mol" 1-1; n--4) showed a substantial increase in mem- 
brane-associated haem-iron [control 1.27 (SEM 0.53) 
nmol.mg -1 to PMS 1.66 (SEM 0.64) nmol.mg -~] ac- 
companied by peak and integrated LCL signals (inte- 
grals not shown) that were twofold stronger in washed 
ghosts from PMS-treated [86.6 (SEM 33.0)x 104 cpm] 
than those from untreated [47.6 (SEM 9.60) x 104 cpm] 
cells. 

Discussion 

Our results showed that single episodes of submaximal 
exercise increased RBC susceptibility to oxidative 
stress in vitro. Anti-oxidant depletion would seem to be 
the most likely explanation because membrane-bound 
haem-iron did not change. Paradoxically, the vulnera- 
bility of RBC to osmotic stress decreased after exercise, 
and this was associated with decreased MCV and an in- 
crease in high-density cells. The cumulative effects of 
exercise-induced oxidative damage may conribute, 
along with mechanical and osmotic stress, to an in- 

Optical density /nm) 

creased rate of RBC turnover in endurance athletes. 
The presence of a younger RBC subpopulation 
(Weight et al. 1991), which may increase endurance ca- 
pacity, could explain why RBC from trained men are 
more resistant to peroxidative, but not to osmotic, 
stress compared to cells from untrained men. The oxi- 
dative and osmotic results will be discussed separately. 

Oxidative stress 

Depletion and/or uncoupling of antioxidant protection 
is the most plausible explanation for the increased sus- 
ceptibility of RBC to peroxidation in vitro after exer- 
cise. Moderate cycling for 1 h has been shown to de- 
plete the concentration of reduced glutathione (GSH) 
in whole blood by 60% and increase oxidised gluta- 
thione (GSSG) by 100% in recreational athletes (Gohil 
et al. 1988). Replenishment of GSH during recovery 
(Gohil et al. 1988) is consistent with increased GSSG 
reductase activity detected in RBC immediately after a 
similar workload (Ohno et al. 1986). Depletion of as- 
corbate and a-tocopherol may also occur, because 
dietary supplementation with these anti-oxidants has been 
found to abolish the exercise-induced increase in RBC 
density and the decrease in induction time of 02 uptake 
of RBC challenged with Cum-OOH in vitro (I. Gillam 
and J. A. Smith, unpublished data). 

The elevated rate of 02 consumption postexercise, 
which may not return to basal levels until 12 h after a 
similar workload (Bahr and Sejersted 1991), could con- 
tribute, along with secondary oxidative reactions, to the 
delayed increase in RBC susceptibility to peroxidative 
haemolysis. Increases in serum lipid peroxidation 
markers have not been found to be detectable in serum 
until 6 h after downhill running (Maughan et al. 1989) 
and while RBC vulnerability to peroxidative haemo- 
lysis has been found to increase significantly 24 h after a 
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half-marathon, no increase was detected immediately 
after the race despite a significant fall in blood GSH 
concentration (Duthie et al. 1990). Decreases in the ac- 
tivities of free radical detoxiflcation enzymes such as 
GSH peroxidase may be responsible for the increased 
susceptibility of RBC to peroxidation. Replacement of 
oxidatively-damaged polyunsaturated fatty acids by 
plasma exchange (Chiu et al. 1989) with species such as 
arachidonate during the 6-h period following exercise 
may also increase the vulnerability of RBC to lipid 
peroxidation (Clemens and Waller 1987). 

Antioxidant capcity may have to fall below a critical 
threshold before RBC become susceptible to oxidative 
damage. We attempted to simulate the effects of exer- 
cise-induced oxidative stress in vitro by treating RBC 
from nonexercised subjects with a low concentration of 
the superoxide-generating reagent PMS (50 ~mol. l-~) 
(Hebbel et al. 1989). While the oxidative stress of exer- 
cise was insufficient to cause haem-iron incorporation 
into RBC membranes, this phenomenon occurred, and 
was associated with increased LCL, when membranes 
from RBC treated with PMS were challenged with 
Cum-OOH. Thus, single episodes of exercise produce 
only minor oxidative damage to RBC compared to that 
found in pathological situations such as ]~-thalassaemia 
which have been found to be associated with substan- 
tial incorporation of haem-iron into the membrane 
(Snyder et al. 1981; Hebbel and Eaton 1989). Because 
senescent cells, which constitute only a minute fraction 
of the total RBC population, may be the most suscepti- 
ble to exercise-induced oxidative stress, assays that can 
analyse anti-oxidant status and other footprints of oxi- 
dative damage at the single cell level are required to 
identify the affected RBC subpopulation. 

Our results add to the mounting evidence that adap- 
tive RBC responses to repeated exercise-induced oxi- 
dative stress may occur in athletes. Moderate endu- 
rance training has been found to increase the RBC ac- 
tivities of GSSG reductase, GSH peroxidase and catal- 
ase (Ohno et al. 1988; Mena et al. 1991; Evelo et al. 
1992). The activities of GSH peroxidase and catalase 
have been shown to increase progressively with training 
distance in endurance runners and the concentrations 
of o~-tocopherol and GSH in RBC become higher in 
trained runners (Robertson et al. 1991). One study with 
rats has suggested that RBC produced under conditions 
of accelerated erythropoiesis and/or metabolic rate 
have reduced survival times (Landaw 1988). This mech- 
anism may explain the results of Weight et al. (1991) 
who have shown that, by injecting SlCr-labelled autolo- 
gous RBC back into donors, these cells survived for 114 
days in sedentary people compared to only 74 days in 
athletes running 50-129 km every week. Thus athletes 
contain, on average, a younger RBC population. 

Osmotic stress 

Red blood cells have been described as normally being 
biconcave discocytes with a large surface area to vol- 
ume ratio that gives them strong flexibility (Clark 
1988). With each trip through the microcirculation, 
these cells shrink and swell, which may lead to damage 
associated with wear-and-tear and this may be exacer- 
bated by exercise. There are two mechanisms that may 
lead to decreased RBC osmotic fragility coupled with 
decreased MCV and increased density after submaxi- 
mal exercise: (1) cellular dehydration; and (2) protein 
crosslinking, which may reinforce the ability of the cy- 
toskeleton to withstand hypotonic shock. As there is no 
evidence to support the latter suggestion cellular dehy- 
dration is the most likely explanation. While K ÷ leak- 
age has normally been associated with decreased os- 
motic fragility (Snyder et al. 1981), the exercise intensi- 
ties used here were too low to reduce intra-erythrocyte 
K + concentration which occurs only when the exercise 
intensity exceeeds 80% 1202max (Hespel et al. 1986). 
Failure to detect a larger decrease in MCV is indicative 
of this because a stable intracellular K + content has 
been suggested to be critical to the maintenance of cell 
volume (Clark 1988). Because the increase in the pro- 
portion of high-density cells was only 10%, calculation 
of MCV and MCHC in the entire population may mask 
subtle changes in subpopulations. Thus, analysis of vol- 
ume and haemoglobin concentration in individual cells 
by flow cytometry, or a similar technique, or in subpop- 
ulations isolated from density gradients, may resolve 
this apparent conflict in our data. Increased RBC den- 
sity may restrict the transport of 02 in the microcircula- 
tion to working muscles during exercise because older 
(high-density) RBC have been shown to be less de- 
formable under shear stress than younger (low-density) 
cells (Morse and Warth 1990). Therefore, regular exer- 
cise may accelerate the RBC ageing process. Our re- 
cent work has shown that the percentage of blood reti- 
culocytes detected by flow cytometry is two to three 
times higher in some groups of athletes compared with 
untrained subjects (R. D. Telford et al. unpublished 
data). Schmidt et al. (1988) have reported that even 3 
weeks of endurance training increased the blood reticu- 
locyte count substantially. These reports are consistent 
with accelerated removal of the oldest cells during ath- 
letic training. 

Our results suggest that the percentage of RBC with 
the lowest density decreases chronically in triathletes 
and runners compared to the profiles obtained with un- 
trained subjects. Cycling, running and cross-country 
skiing, in contrast, have been reported to cause a loss of 
high-density cells (Mairbfiurl et al. 1983). The reason 
for the discrepancy between these studies is not clear, 
but it may involve the type and intensity of training the 
subjects were undertaking when tested (i.e. whether 
ageing of the cells exceeded the rate of destruction and 
replacement, or vice versa). In agreement with our re- 
sults, participation in a half-marathon was found to 
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cause a significant increase in RBC density (Robertson 
et al. 1988), suggesting that a subpopulation of RBC 
aged or lost fluid during the race. The changes in MCV 
and RBC density found after exercise in our study were 
unlikely to have been caused by changes in plasma os- 
molality. It has been repor ted that decreases in MCV 
detected after a marathon did not correlate with in- 
creased plasma osmolality (Staubli and Roessler 1986). 
RBC do not respond to changes in plasma osmolality 
that are as small as 12% (Van Beaumont  and Rochelle 
1974). It has been shown that similar workloads do not 
cause increases in plasma osmolality that exceed this 
threshold (Gore  et al. 1992). 

It has been suggested that transient shrinkage of 
RBC during exercise may be a compensatory response 
to increased haematocri t  that enables RBC to maintain 
a state of optimal deformability (Staubli and Roessler 
1986). Atrial natriuretic peptide, which has been shown 
to be secreted into the circulation during exercise (Fol- 
lenius and Brandenberger  1988), has been reported to 
increase membrane  flexibility (Zamir  et al. 1992) and 
this hormone may optimise the deformability of the 
high-density cells and, thus, 02 delivery to working 
muscles. In this way, hormones released into the circu- 
lation during exercise may be able to modulate the 
RBC response to oxidative and osmotic stress (Kanaley 
and Ji 1991). 

Sickled RBC have been shown to be more suscepti- 
ble than normal cells to oxidative damage (Hebbel  and 
Eaton  1989). Sickle cell trait (the heterozygous form, 
HbAS)  has been shown to increase the risk of sudden 
death during intense physical exertion, perhaps through 
irreversibly-sickled cells causing vascular obstruction 
(Das et al. 1993). A recent report  has suggested that 
HbAS ceils are more  susceptible than normal cells to 
oxidation during exercise and that the percentage of 
dense RBC membranes increases substantially in 
HbAS, but not normal (HbAA),  cells after exercise 
(Das et al. 1993). The authors did not investigate 
whether  these so-called dense membranes contained 
aggregates of incorporated haem-iron. 

In summary, our results are consistent with the hy- 
pothesis that the increased oxidative and osmotic stress 
encountered by RBC during repeated episodes of aero- 
bic exercise may shorten their life-span substantially. 
This would, in turn, increase erythropoiet ic demand 
and may account for the lower mean age of the RBC 
population found in distance runners (Weight et al. 
1991). Testing of this hypothesis would require isola- 
tion of RBC of various ages and their exposure to the 
oxidative and osmotic treatments used in this study. 

Conclusion 

Our results have shows that, while a single episode of 
submaximal exercise increases the susceptibility of 
RBC to oxidative stress, regular endurance training 
may confer a protective effect. Furthermore,  acute ex- 

ercise decreases MCV and increases the percentage of 
high-density RBC. These responses are both character- 
istic of cells that may have aged, perhaps, through ir- 
reversible oxidative damage to major membrane  com- 
ponents. While the causal mechanisms are not consis- 
tent with incorporation of haemqron  into the mem- 
brane, the most plausible explanation involves deple- 
tion of specific anti-oxidants and/or uncoupling of co- 
operative interactions between the different anti-oxi- 
dants and free radical detoxification enzymes. When 
anti-oxidant protection falls below a critical threshold, 
oxidative damage of susceptible proteins and lipids may 
then occur. 
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