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Sports as a cause of oxidative stress and hemolysis
Javier F. Bonilla, M.D.%, Raul Narvaez, M.D., M.Sc.? Lilian Chuaire, M.Sc.?
SUMMARY

Morethanthreedecadesago, it wasestablished that anemia, acause of tissue oxygenation deficiency, canbecaused by exercise.
However, thispreliminary relationshipreally correspondsto an event wheretheplasmaisdiluted and for thisreasontheterm «sports
pseudoanemia» was made. New data rel ate exercise from moderated to exhaustive, with blood loss through gastrointestinal and
urinary tracts, aswell aserythrocytesrupture by mechanical, osmotic and oxidativeevents. Therefore, now theassociation between
chronic exerciseand impairment in erythrocytesnumber and formisclearer, whichisevidencein favor of atrue anemiain sports.
Inthisanemiait is evident the ferropenic etiology. But recent information opens discussion about whether hemolytic etiology is
aco adjuvant factor to anemia, and on therole of oxidative stressin it. Thispaper isan updated review for arelationship between
sports and anemia, and for assessing causes of ferropenic anemia and for sports hemolysis.

Key words: Anemia; Physiology; Exercise.

El deporte como causa de estrés oxidativo y hemdlisis

RESUMEN

Desde hace méas de tres décadas se establ eci6 que el gjercicio puede producir laanemia, unadelas causas en ladeficienciade
oxigenacionalostejidos. Sinembargo, estarel acion preliminar real mentecorrespondeaun evento dondeel plasmasediluye, razén
por lacual noesunaverdaderaanemia, por loqueseacufid el término* pseudoanemiadel deportista’ . Lanuevainformacionrelaciona
€l gjercicio, de moderado aexhaustivo, con lapérdidade sangre através delos sistemas gastrointestinal y urinario, asi como con
larupturadelos eritrocitos debida a eventos mecani cos, osmaéticosy oxidativos. Entonces ahora es mas claralaasociacion entre
el gerciciocrénicoy el deterioroenel nimeroy formadeloshematies, loqueconstituyeevidenciaenfavor deunaverdaderaanemia
del deportista, de claracausaferropénica. Lainformacion reciente abre ladiscusi 6n acercadelaetiol ogiahemoliticacomo factor
coadyuvanteenlaanemia, y acercadel papel queenellatiened estrésoxidativo. Lapresenteesunarevisionactualizadaquerelaciona
el deportey laanemia, ademés de presentar los origenes de laanemiaferropénicay de lahemdlisis en deportistas.
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Anemia could be defined as the status in which the
quantity and quality of circulating erythrocytesisbelow the
normal level sfor adeterminedindividual, accordingwiththe
referencerangesfor hemoglobin (Hb) and erythrocyte count
appropriate to age, sex and sealevel aswell.

There is a recent number of investigations that inform
about changesinthephysiological erythrocyteindicesaswell
asintheerythropoyesisitsalf after aphysical trainingsession
ingeneral, or ahighintensity aerobicexercise. Thisfactleads
to postulate the physical exercise as a possible cause for
anemia. Fromthisitwasderived morethanthreedecadesago

the term «sportsmen anemia»** to define a limit anemic
status (borderline) proper for individuaswho practice some
physical activity onaregular basis, e.g. athletes. Who were
foundahemodilutiona effect, whichshouldnot becons dered
as a true anemic condition but a reologycal adaptation to
exercise®.

Several researches indicate that the frequency of this
kind of anemiaissimilarin problemgroupsconstituted by
athletes, in respect to control groups. Exercise could
affect Hb concentration in an undetermined way, since
during and after the exercise session it ispossibleto find
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modifications in its values, for example due to hemo-
concentration or to changes in the individual hydration
grade’.

A great part of the difficulty to precisely determine
whether there is an anemia due to exercise residesin the
existing differences among the researched population, as
well asinthediversity of definitionsand eti ol ogiesproposed
for the anemi&t.

When etiology is associated to dilution, we are not
dealing with a true anemia. From this the term pseudo-
anemiaisderived. Today, when the exercise benefitsare
every time more controversial (vgr. sportsman sudden
death®) and thereexist diverseresearchinfavor or against
the physical activity whether it isregular or occasional?,
it isimportant to determine whether exerciseisthe cause
of anemiain the individual, who could be through other
etiol ogies added to the event associated to dilution. From
this perspective, the diagnose for a true anemia must be
done through the evaluation of clinical aspects but also
hematological parameters such asthe media corpuscular
hemoglobin (CHCM) which isnot affected by the hemo-
dilution®*.

Whenever theferropenicetiology isevident, exercise
is described as one of the causes of anemia. It is under
discussion how muchthehemolitical etiology contributes
tothesportsanemiaandthereforetheroleof theoxidative
stressin this anemiais being better understood.

Ferropenic anemia secondary to exercise. Ferro-
penic anemia is related to a decrease in the sportsmen
performance®. It affects particularly to marathonists and
this is the most researched form of anemia®. Its causes
could be the hemogl obinuria, hematuria, gastrointestinal
blood loss and iron loss due to profuse sweat“.

Hemoglobinuria. Thefirst report aboutthehemoglobinuria
associated to exercise dates from 1881, when Fleischer in
Jones and Newhouse®™ described the presence of obscure
urineinayoung soldier after hisparticipationinamarch, and
henamedit asthemarchinghemoglobinuria. Hemoglobinuria,
sometimesassociatedtohematuria, could promoteananemic
conditionincompetitiveathl etes™ specialy thoserunninglong
digtances™®. Thisanemicconditionhasbeenrd atedtohemolysis
ass0ci atedtoexerciseandto consequent hypohaptoglobinemia
and plasmatic Hb increase!”. There is much evidence that
hemogl obinuriacouldbemost commonthanbdieved, dthough
it seemsto be sdlf-limited and benign®.

Hematuria. Hematuria is documented from contact
exercise (football or box) aswell as in non-contact ones
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(swimming or soaking). It could bemacro or microscopic.
Itisfrequent, self-limited and benign, sinceit disappears48
to 72 hoursafter exercise®®. It could berelated or nottogall
bladder and/or renal trauma. Whenever itisnot traumatic,
it is associated with glomerular ischemia due to the
constriction of therenal and splenicvesselsoritcouldalso
be due to an increase in the filtration pressure secondary
to the efferent arterioles constriction. The severity of the
hematuriais proportional to theintensity and duration of
exercise'® and could course with dehydration, myo-
globinuriaandlipid peroxidationin erythrocytes' 2,

Gadtrointestinal blood loss. The digestive blood lossis
frequent after a prolonged exercise™. In marathon athletes,
itispresent with afrequency of 8% to 30%, not associated to
inflammationnor withgastricbloodloss?and apparentlyitis
independent fromage, career time, abdomina symptoms, and
recent ingestion of vitamin C or acetylsdicylic acid®. The
digestive blood lossrel ated to theintensity of exercisecould
induceadecreaseinthecirculatingerythrocytesandtherefore
incresse the iron loss.

Iron lossfor profusesweat. Thisform of ironlosshas
been evaluated in several researches, during and after an
exercise session, in trained individuals and non-trained
ones as well. Results indicate that this loss depends
directly on the amount of sweat, since this is higher in
prolonged exercise under high temperatures. Thereisnot
a significant difference between women and men. The
possibleseverity of thislossdependsonthesportsmeniron
reserve (iron status)®2,

DOES HEMOLYSIS CONTRIBUTE TO
SPORTS ANEMIA?

Severa authors have described a significant increase
inthedestruction of theerythrocytesafter intensephysical
exercise?.In1943Gilliganetal.” evaluatedthehemolysis
associated with intense exercise when determined the
plasmatic hemoglobinemia and the hemoglobinuria in
marathon athletes. The most affected with this condition
are athletes, specially those elite athl eteswho apparently
constitutethemost susceptiblepopulation. Thehemolysis
intensity depends on the race distance?. Also it has been
foundhemolysi sassociated with sportssuchasswimming?,
soaking, triathlon and aerobic dance® as well asin non-
competitiveracesandin rigorous military training®. One
on the causes for this hemolysis is the fact that after a
strong exercise the erythrocytes are more susceptible to
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stress, whether of mechanical, oxidativeor osmotictype®.
Theoxidativestresscould also ater theionichomeostasis
and facilitate the cellular dehydration. These changes
decreasethedeformability of thered cell thusimpedingits
passing through the micro-circulation®.

Telford et al.® informed about the large ranges in the
increaseof theplasmaticHbconcentrationandthehaptoglobine
(Hp) decrease in amateur athletes and cyclists who were
taken to the maximum oxygen (VO,, . ) consumption and to
the same exercise intensity as well. These facts lead to
assume the occurrence of hemolysis in both sportsmen
groups. The free Hb increases up to 85+35 Hb mg per each
plasmaliter, with ahigher and amore persistent increasein
the Hb plasmatic concentration in the athl etes.

On the other side, recent researches suggest the possible
hemolysisin sportsmen caused by mechanical effectssince
they strike erythrocytes and promotestheir destruction. The
same occurs with long-distance runners when hemolysis
occursasaconsequenceof therepeatedfootimpact (footstrike)
over the surface®.

What isthe reason why some sportsmen present ahigher
gradeof hemolysisthanother, consideringthat they areunder
the same conditions of intensity and exercise length? It is
necessary to think that hemolysis during and after exercise
couldbetheresult of runninglongdistanceswhereerythrocytes
are stroke, but it also result from other mechanisms such as
the oxidative stress® =,

Sportsmen hemolysis caused by oxidative stress.
Oxidativestressisdescribed astheeventinwhichthefree
radicals are over the systemic mechanisms of the
antioxidative defense®. In 1978 Dillard et al. * were the
firstindemonstratingthat physical exerciseleadstoalipid
peroxidationincrease.

It isestimated that at rest, 2% to 5% of electrons flow
of the respiratory chain escapes to form reactive oxygen
species® (ROS), suchasperoxide(O,), hydrogenperoxide
(H,0,), hydroxyl (OH") and those associated with nitric
oxide (NO)*.

Themitochondriaisasourceof ROS, althoughitisnot
necessarily the most important (at least in vitro) since
during exercise it increases the O, tissue consumption
range. There is an experimental indicating evidence of
increaseintheROS production, aswell asoxidativestress
and tissue damage associated with exercise, whether
exhaustiveand severe®, or moderate®. During exhaustive
exercise, themuscleoxygen consumptionincreases100to
200 timesif compared to the one under rest status™. This
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inducesand ectronflow increasethroughthemitochondrial
respiratory chain, which at the same time results in an
increase of ROS production®. It has been determined
recently that mitochondrion also generate NO, which
could beapart of thefreeradicalstotal production during
exercise. When NO reactswith O,, it forms peroxynitrite

(ONOO), apowerful oxidant. Thisreactionisbelieved as

themainviatogeneratereactivenitrogen species(RNS)*.

Oxidativestress could occur inindividualswhether or
not adapted to exercise, thus making them susceptible to
present injury in their enzymatic systems, as well asin
lipidsand membrane receptorsand alsointheir ADN*243,

Now, the ROSand RN Sactionscould occur at theend of
the exercise session or hours after it. Available information
associ ates exercise with ROS and RNS production through
three evidences related between them, such as:

1. Thefreeradicalsproductionismuscle, liver, heart and
blood.

2. Theincrease in the biomarkers of oxidative damage,
such as protein carbonyls and substances reactive to
thiobarbituric acid*, and the increase in the exhaled
pentane levels, which is a possible result of the lipid
oxidative damage®.

3. The decrease in the antioxidant enzymatic and non-
enzymatic levelsin heart, blood*, brain and muscle®.
Another generating source of ROS is the xanthine-

oxidase (XO) via which contributes to the H,O, tissue

generationwithhighxanthineandhypoxanthineconcentrations.

Tissuehypoxia, throughtheX O*viacouldgenerateoxidative

stress during exercise®’. This occurs aso after events of

ischemiareperfusion in organs such as heart®.

XOactivationisproduced duringexhaustingexercisethus
alowingROSgenerationindifferenttissues™*. Forexample,
intheskeletal musclethehypo-xanthineisliberatedto blood,
thus the XO enzyme is activated®. Radak et al.
demongtrated that the XO viais aso committed in the O,
generation.

Thethirdsourceof ROSistheperoxisomes. Inphysiologica
conditions these organelles produce H,O, but not peroxide.
Peroxisomal oxidation of thefat acidsisanimportant source
of H,O,. Sincefat acids are asource of energy for heart and
for skeletal muscleduring exhaustiveexercise, itisprobable
that peroxisomes contributes to the oxidative stress in
sportsmen®,

A fourth source of ROS is the polymorphonuclears
leukocytes (PMN). When neutrophile PMN are activated
(respiratory burst) they liberate O, . Therefore, if doesexist
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tissuedamagecaused by exhaustiveexercise, thesubsequent
neutrophile activation becomes a source of ROS® %2, These
activated cells could cause lipid peroxidation in closer cells,
andinerythrocytes®, sincetheir productsareabletocrossthe
cellular membrane and produce Hb oxidation® which will
initiatethehemolysisprocess. Moreover, theROSoxidizing
action over low density lipoproteins (LDL)%* and over the
lipids of the erythrocyte membrane are associated with
hemolysis®® %,

TheneutrophilePMN couldinfiltratethemuscletissue
damaged by high-density exercise. When thisoccurs, the
O, generated through oxidase NADPH associated with
the membrane, reacts and leads to H,0, formation. This
last has become a hipochlorosus acid (HOCI) for a
hemoproteic myel operoxidase secreted by neutrophiles
and monocytes. HOCI isaninflammatory mediator, power-
ful oxidant and chlorinate, since at the same time it
generatesother reactivemetabolitessuchasnitrylechloride
(NOCI) in presence of nitrite. Nitrite could become,
throughthemyeloperoxidaseandH,O,,, theradical nitrogen
dioxide (NO,) that facilitates the formation of other high
injuring substances®. Sinceneutrophilesinfiltrationinthe
tissueinjured by exerciseis secondary to production and
liberation of proinflammatories, thisviamay not bethefirst
source of ROS production during exercise. However, it
could certainly serve as an important source during the
recovery period after exhaustiveexercise®. A fifth source
of ROSisthe catecholamines, although their contribution
tothefreeradica shasnot been quantified®. For example,
ithasbeen proposedthat inoxidativel esion of themyocardial
ischemia-reperfusion, it occurs the epinephrine auto-
oxidationinadrenochrome, associatedwith O, formation.

There has been established that the iron and the hemo
group of hemogl obinand myoglobinare potential sources
of ROS*, butitisnot clear yet how much they participate
intheoxidativestressduring or after exhaustiveexercise™.

Several researches in vitro discard mitochondria as
the main producer of ROS during exercise, since they
sustain that these Hb-Mb system is not only capable to
generate it but also to increase the reactivity of those
produced by other via. Withintheradicalsgeneratedthere
isO,, ferryl iron (Fe*=0,’) and free radicalsjoined with
proteins™.

The Hb-Mb system causes injuriesin different ways.
Thus, following Hb liberation to intravascular space, asa
consequence of hemolysis, there is the formation of Hp/
Hb complex. But an intense hemolysis saturates the Hp
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capability to alloy Hb, which takes Hb to remain freein
plasma®. Inthesameway, Mb could befreein plasmadue
toprocessessuchastherhabdomyolysis, usually associated
with exhaustive exercise. When free Hb and Mb are
oxidized, they become citotoxic substances and could
injury theendothelia(atherosclerosis, vasculitis) and al so
the erythrocyteitself (intravascular hemolysis)®L.

Hb and Mb oxidation is associated with the ROS
liberated from activated leukocytes, during exhaustive
exerciseand hypoxia. The methemyoglobin (metHb) and
metmyoglobin (metMb) thus generated, as well as their
derivatives are capable to produce more ROS, besides
lipid peroxidation, with formation of hydroperoxides>©2,
Other researchers have found that hemo group isrelated
with membrane protein oxidation and with formation of
surface antigens in senescent red blood cells®.

Thereforethere are established direct and indirect injury
mechanismsfromHbandMbandfromtheir derivatives. One
example of thedirect oneisthe primary cytolysis caused by
ROS from the type ferryl iron. As an example of indirect
mechanisms is the sengibilization to the damage caused by
hydroperoxides from the oxidizing LDL type. These
mechanisms receive feedback in away that origins vicious
circles: the exercise is a hypoxemic process that generates
hemolysisandthusliberatesHband Mbandtheir derivatives,
which facilitates more hemolysis and more hypoxemia®.

Thereexist two control waysthat limit theaction of the
freehemo: thecellular viainwhich Hp and hemopexintake
part and theintracellular one, where hemooxygenase and
ferritin participate. Theseways are rebased with adefect
inthecontrol ways, or if thereisan excessive elevation of
the free hemo®.

CONCLUSIONS

Sportsmen pseudoanemia is related with a plasma
expansion. In individuals who practice frequent aerobic
sport activity it could coexist associated events such
hematuria, gastrointestinal blood|oss, aswell asanincrease
intheintravascular hemolysis. Thesefactorslink exercise
with the deterioration of corporal iron reserve and the
erythrocyte number and morphology. Likewisethereare
foreseen much more etiological possibilities not only of
entities like anemia, but of a great number of other
diseases related to exhaustive and competitive exercise
with damaging responses to the organism.

It is necessary to deeply study the reasons why some
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sportsmen present higher grades of hemolysis than others,
evenwhenthey aresubmittedtosimilar conditionsof intensity
andwork terms. For this, it must becons deredthat hemolysis
inexercisecouldresult not only from running long distances
whereerythrocytesarestroke, but a sofromother mechanisms
such as the oxidative stress. To thoroughly understand the
mechanisms of action of the oxidative stress and the
mechanisms of response of the erythrocyte congtitutes an
important challengewithinthesportsphysiological field.
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