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一過性の自転車エルゴメーター運動は
赤血球合成を促進する

Asingleboutofexerciseonacycleergometorenhances
thebiosynthesisofredbloodcells.
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Abstract

Theaimofthisstudyistoinvestigatetheeffectofasingleboutofcyclingexerciseondegradationusingtheosmotic
fragilityofredbloodcells(RBC)andhaptoglobin(hp)concentrations,andonbiosynthesisusingtheactivityofδ
-aminolevulinatedehydratase(ALAD),erythropoietin(EPO)concentrationandreticulocytes.Theseparameterswere
measuredbefore,0,1,3,and6hoursafterexercise.Asingleboutofthecyclingexercisedidnotaffectthelevelsof
serum iron,ferritin,% saturationoftotalironbindingcapacity(Tf),osmoticfragilityandhp.However,δ-ALAD
activityincreasedat3hours(p＜0.05)and6hours(p＜0.01)afterexercise,respectively,comparedtothatof0hoursafter
exercise.Reticulocyteswerethehighestat6hoursafterexercise.WeconcludethatRBCbiosynthesismeasuredbyδ
-ALADactivity,EPOandreticulocytes,wastriggeredbyasingleboutofexercisestimulation,andwasindependent
ofexerciseinducedhemolysisandirondepletion.

single bout of exercise, osmotic fragility, δ-ALAD activity, erythropoietin,
reticulocytes

Introduction:

Theaveragelifespanofaredbloodcell(RBC)is

approximately120daysundernormalconditions.It

hasbeenalsoreportedthattherateofRBCaging

mightbeincreasedandthelifespanofRBCmight

beshortenedduringsomeformsofintensivetrain-

ing(28,31).Althoughthereweremanyreportson

themechanismofthelifespanofRBCinducedby

trainingorexercise,mostofthemwereonexercise

-inducedhemolysisorirondepletion(RBCdeple-

tion).Directcomparativemeasurementofkeyfac-

torsconcernedwiththedegradationandbiosynth-

esisofRBC duringsomeformsoftrainingare

totallyinsufficientatpresent.

Lowconcentrationsofhemoglobin(Hb),ironand

ferritinhavebeenstudiedinvariousgroupsofthe

populationengagedinphysicalactivities(3,4,5,9);

soldiersduringsevereprolongedexercisefor4or5

days(17),triathletes(19),untrainedmenundergoing

a3-weektrainingprogram (22)andinswimmers

(25).Theselowedironstoresinathletesareex-

plainedbytheincreasedbloodlossintofecesand

urine,changes in the RBC membrane from

oxidativedamage,footstrikehemolysis,hemolyz-

ingfactorsreleasedfromthespleen,orironlosses

throughsweat(17,19,28).

Ithasbeenalsoreportedthatincreasedphysical

activitymightaugmentirondemand.Althoughthe

generalprocessofRBC synthesiswithphysical

activityiswelldescribed;elevatednumbersof

RBClevelswithlowermeancorpuscularhemoglo-

bin(MCH)values(24),thedirecteffectofphysical

activitybothonRBCdegradationandbiosynthesis

hasnotbeenwelldocumentedintheliterature.

δ-aminolevulinatedehydratase(ALAD)isasec-

ondratelimitingenzymeinbiosynthesisofRBC.

Thisenzymeisasensitiveindicatorofleadexpo-

sureandiswelldocumentedintheliterature.Lead
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poisoningisoccasionallyassociatedwithirondefi-

cientanemia(1,16,20,30).Significantlylowered

activityofδ-ALADinbloodwasalsoreportedin

leadtreatedanimals(14).DavisandAvram (6)

confirmed a linear correlation between

reticulocytesproportionandtheactivityofRBCδ

-ALADinratswithanemiaatbirthgrowingto

adulthood.Therefore,changesinδ-ALADactivity

mightbeagoodbiomarkerofRBCbiosynthesis.

Thisstudywasundertakentoestablishthemech-

anismofRBCagingduringexercise.Wetherefore

comparedasingleboutofexerciseofcycleer-

gometer-inducedchangesbothinosmoticfragility

andserum haptoglobin(hp)concentrationsasan

indexofdegradativefactors,andinδ-ALADactiv-

ity,erythropoietinconcentrationsandreticulocytes

asbiosyntheticindexesofRBC.

Methods

Subects

Fivefemalesedentarycollegiatestudentswho

hadnotparticipatedinaregularphysicalactivity

fortheprevious6monthswerevoluntaryrecruited.

NoanemiadiagnosedbyadecreaseinHblessthan

12g/dlwasobservedpriortothisexperiment.All

subjectswerenon-smokerswithnormalbloodpres-

sure.

Tocreateappropriatetestingconditions,allpar-

ticipantswereinstructedtorefrainfromstrenuous

activityforthepreceding24hours,andwereasked

tofastovernight.Priortothisstudy,eachsubject

gavetheirwritteninformedconsentinaccordance

withtheproceduresapprovedbytheEthicsCommit-

teesoftheJapanWomen’sCollegeofPhysical

Education.

DeterminationofPeakOxgenConsumption

ValuesforO consumption(
･
VO)ofeachindivid-

ualweredeterminedusingacontinuousincremental

loadingtesttovolitionalexhaustiononanelectri-

callybrakedcycleergometer(Colibal400,LodeCo.

Ltd.,Holland).Afterastandardfamiliarizationand

warmupprocedure,eachsubjectbegancyclingat

0W.Theworkloadincreasedstepwiseeverythree

minutesby25W untilexhaustion.Expiredairwas

collectedcontinuouslywithanautomatedgasanaly-

sissystem (MetabolicMeasurementCart2900:

SensorMedicsCo.Ltd.,USA).Rwasmonitored

throughoutthetest.Thegasanalyzerwascalibrat-

edtoaknownvolumeofair,knownconcentrations

ofO andCO,andtoanatmosphericpressure

beforeeachexercisesession.
･
VO and

･
VCO were

obtainedat1-minuteintervals.The
･
VO peakwas

determinedasthehighest
･
VO valueattainedwhen

asubjectcouldnolongercycleatthespecified

Fig.1 ExperimentalDesign

・
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50rpm.Theworkrateforexercisecorrespondingto

70%
･
VO peakwascalculatedfromthistest(93±

6W).

ExperimentalProtocol

Subjectsexercisedonacycleergometerat70%
･
VO peakfor35.3±4.8(28-43)minutesandcon-

sumedameanenergyof248.8±3.1kcal.Environ-

mentalconditionsduring the experimentwere

maintained at23-25°C and 48.5-51.3% relative

humidity.

Venousbloodsampleswereobtainedbyvenepun-

cturefrom anantecubitalveinbefore(baselineor

pre),immediatelyafter(postor0hours),1,3and6

hoursaftertheexercise(Fig1).Subjectswere

requiredtofastuntilthefirstbloodsamplewas

obtainedafterexercise.At30minutesand210

minutesafterexercise,astandardizedmealwas

provided(twopiecesofONIGIRI,300kcaleach,

whichisacookedriceball,andacupofgreentea,

givingatotalenergyintakeof600kcalduringrecov-

ery).

Dietar Analsis

Foodintakefortheconsecutivethreedaysprior

tothisexperimentweredeterminedbyawell

-traineddietitianusingthe24-hourrecallmethod.

Theintakeofindividualnutrientswerecomputer

calculatedbasedontheStandardTablesofFood

CompositionforJapanese(4)(29).

BloodAnalsis

BloodsampleswerecollectedinEDTA-2Ktubes.

Haematologicalparameters,includingRBCcounts,

Hbconcentrationandhematocrit(Ht)levelswere

measured.Percentagechangeinplasmavolumewas

estimatedfromHtandHbpre-andpost-exercise

valuesusingtheprocedureofDillandCostill(8).

Thefollowingbiochemicalanalysiswasrunin

duplicate.TheassayforosmoticfragilityofRBC

wasfollowedbythemethodofBeutler(2).δ-ALAD

activitywasassayedintheheparinizedRBCfrac-

tionasdescribedpreviously(13,14).2mlofheparin-

izedbloodwascentrifugedat3,000rpm for10

minutesat5°Candtheresultantsupernatantwas

discarded.TheprecipitatedRBCwerewashedthree

timeswith2mlofcoldphosphatebufferedsaline

(pH7.4),filledupwiththesamebufferandstored

at－70°Cuntilassay.ResultantRBCwasincubated

at37°Cfor30minuteswithδ-aminolevulinicacid.

ThereactionwasstoppedwithaTCA-HgClmix-

tureandthecolorwasdevelopedusingmodified

Ehrlichreagent.Enzymeactivitywascalculated

usingthemolarabsorptioncoefficient(6.1×10)of

thefinalEhrlichcolorsaltat553nm,andtheresults

wereexpressedasnmolporphobilinogen/mlRBC/

hr.

Theconcentrationsofserum iron,ferritin,total

ironbindingcapacity(TIBC),erythropoietin(EPO)

andhpweremeasuredbyMedicalLabo,Co.Ltd.

(Tokyo,Japan).

Reticulocytesstainedwithnew methyleneblue

dyewerecountedunderlightmicroscopy(Alpha-

photo-2YS2-H,NikonCo.Ltd.JAPAN).

DataAnalsis

AllvaluesintheTablesandFiguresareexpres-

sedasmeans±standarddeviationineachgroup.

Statisticalsignificancewascalculatedbyone-way

repeated measuresANOVA.Specificstatistical

differencebetweenmeanswasthendeterminedby

thepairedWilcoxontest.Thelevelofsignificance

wastakenasp＜0.05.

Results

SubectCharacteristics

Eightfemalesedentarystudentsvolunteeredfor

thisstudy.Themedicalhistoryanduseofmedicine

wereaskedofeachindividual.Threesubjectswere

excludedbecauseofabnormalRBCandHbconcen-

trationsatthebaselinehematologicaltest.The

resultantswerefivefemalestudents;meanage

21.0±0.2yr,height157.0±4.0cm,bodymass49.0±

1.7kg,and
･
VO peak 38.0±5.4ml/kg/min.Daily

meanintakesofenergy,protein,carbohydrate,iron,

vitaminAandvitaminCwere1867±553kcal/day,

56.9±21.5g/day,261±66g/day,14.8±19.1mg/day,
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2542±2806IU/day,and41.9±10.3mg/day,respec-

tively.

HaematologicalChanges

AsignificantchangewasobservedinHtandHb

concentrations(p＜0.01)duringtherecoveryperiod,

reflectingthegradualincreaseinplasmavolume

fromtheendofexercise(0hoursorpost)to1hour,

3hours,and6hours.NosignificantchangesinMCH

concentrationwereobservedduringthisexperimen-

talsession(Table1).

Therefore, the following estimation was

continuedtotakePV changeintoconsideration.

UsingformulaeofDillandCostil(8),RBCcounts

andHblevelsdidnotappeartochangeduringthese

experimentalconditions(Table1).Serumironlevels

were91.2±12.3μg/dlatthetimepointofpreexer-

cise,and104.8±25.1μg/dlat6hoursafterexercise.

Transferrinsaturation(Tf)was25.4±11.9% and

28.1±6.2%atpreand6hoursafterexercise,respec-

tively.Concentrationsofserumferritinwere27.0±

9.0ng/mland27.5±7.3ng/ml,atpreand6hours

afterexercise,respectively.Nosignificantdiffer-

encesinlevelsofserumiron,Tfandferritinwere

observedduringthisstudy.

Osmoticfragilit

l

OsmoticfragilitywasexpressedasNaCLconcen-

trationsof50% hemolysis.NaClconcentrationsas

anindexof50% hemolysisdidnotchangeduring

thisexperiment(Table2).Hpconcentrationsdidnot

changeeitherunderourexperimentalconditions.

S

o

ntheticcapacit

c

ofRBC

δ-ALADactivitywassignificantlyhigherat3

hours(p＜0.05)and6hours(p＜0.01)afterexercise

comparedtoimmediately(0hours)afterexercise

(Table3).

EPOconcentrationsgraduallyincreasedfromthe

baselineto6hoursafterexercise,butthiswasnot

significant.Reticulocyteswerethehighestat6

hoursafterexercisecomparedtoallothertime

points(p＜0.01).

Discussion

Inthiscurrentstudy,asingleboutofexerciseon

acycleergometerat70%
･
VO peakforabout30

minutes,didnotchangeplasmavolume-corrected

levelsofRBC,Hb,hpconcentrationsandosmotic

fragility,butδ-ALAD activity significantly in-

creasedat3hoursand6hoursafterexercise,EPO

concentrationstendedtoincreaseduringrecovery

periods,andreticulocyteswerehighestat6hours

Table1 Hematologicalresponseoffemalesedentary
students

Table2 Changesin50% hemolysisandhaptoglobin
concentrations.

Table3 Changesinδ-ALAD activity,erythropoietin
concentrationandreticu ytecounts.
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afterexercise.TheseresultssuggestthattheRBC

degradationisindependentofthiscyclingexercise

bout,butRBCbiosynthesisisenhanced.

Inourpresentstudy,wehadchosen250kcalasan

additionalenergyexpenditurelevel,whichwasthe

sameasTheRecommendedDailyExercisefor

Japanese(18).ItiswellknownthatmanyJapanese

people getless energy expenditure by recent

automobilization.Japanese minister ofHealth,

LabourandWelfaresaiedintheirreportthatpeople

needtoexpendmoreenergybyanadditionalexer-

ciseloading(18).

Rotsteinet.al.(21)havereportedtheeffectof

supramaximal,shortdurationintermittentexercise

anddifferentrecoveryconditionsonplasmavolume

(PV).TheyfoundthatPVsignificantlydecreased

immediatelyafterexercise,increasedsignificantly

duringrecoveryandreturnedtoitspre-exercise

valueswithin40minutesofrecovery.Gastmannet.

al.(12)examinedbloodchemicalchangesinnine

ultra-triathletes,andreportedthatPVincreasedby

15.4-15.9% duringprolongedheavyexercise.They

suggestedthatthismightbecausedbyanosmotic

gradientduetomultiplecarbohydrateintakesof

approximately50-80gperhour,followedbywater

movementfromintracellulartoextracellularspace

(10).

Inourexperimentalconditions,thecalculated

averageofPVchangeusing“hematologicalformu-

lae”(8)was4.2%,7.6%and8.7%at1,3and6hours

afterexercise,respectively,consistentwithprevious

report(27).Eachsubjectunderwentasingleboutof

cycle-exerciseat70%
･
VO peak,notextremely

hardandabout250kcalofenergyexpenditure,and

consumed2piecesofONIGIRI(boiledrice:31.7g

carbohydrate×2pieceseach)at30and210minutes

afterexercise.The carbohydrate eating might

explainthereasonfortheelevatedPVlevelduring

recoveryinourstudy(10).Thissuggeststhatdiet-

ary conditions should be considered in

hematologicalestimations.

Itisstillunclearwhetherasingleboutofcycle

-ergometerexercisecanaffectosmoticfragilityor

biosynthesisofRBC.Exercise-inducedhemolysis

hasbeendescribedaftermarathons(15),ultramar-

athons(8,24),andtriathlons(19).Manyexplana-

tionshavebeenproposedonhemolysisinathletes;

foot-strike hemolysis,renal ischemia;hypoxic

damagetothekidney,andthereleaseofahemolyz-

ingfactor.Nosignificantchangeinthelevelsof

RBC,Hb,50% hemolysisandhpwereobserved

underourexperimentalconditions,indicatingthat

exercise-inducedhemolysisdidnotdevelop.This

suggestscycle-ergometerexerciseunderourexperi-

mentalconditionsdoesn’thaveanydirectconnec-

tionwithhemolyticfactorssuchasfoot-strike

stress(15)andlysolecithin(26),andthattheexercise

didnotdevelopRBCdegradation.

δ-ALADactivityisasecondratelimitingenzyme

forporphobilinogen proven in vivo.Davisand

Avram (6)confirmedalinearcorrelationbetween

reticulocyteproportionandtheactivityofRBCδ

-ALADinratswithanemiaatbirthgrowingto

adulthood,suggestingthatδ-ALADactivitymight

beagoodparameterofRBCbiosynthesis.Onthe

otherhand,Schmidtet.al.(23)examinedtheeffect

ofdifferentexerciseregimensonserum immunor-

eactiveEPOconcentration,andindicatedthatsub-

maximalexerciseonacycleergometerfor60

minutesat60% ofV
･
O peak,hadnoimmediate

effectonserum EPO,whereasunderhypoxiathe

higherEPOlevelwasobservedatoneandtwodays

afterexercise.Thiscouldresultfromhaemodilution

(8,10).Furthermore,theyreportedthatthenumber

ofreticulocytesincreasedafterallhypoxicexperi-

ments.Theseobservationsweresimilartoourfind-

ings.

Inourexperimentalcondition,δ-ALADactivity

wassignificantlyhigheratboth3hoursand6hours

afterexercisecomparedwiththatofthepostlevel.

Thisincreaseinδ-ALADactivitymightbecaused

byacceleratedneuralfunctionsduringexercise.Itis

wellknownthatphysicalactivitystimulatesafunc-

tionalactivityofthecentralnervoussystemanda

releaseofhormonessuchasadrenocorticotrophic

hormone(ACTH),norepinephrineandcortisol.It

seemslikelythatδ-ALADactivitymightbeinfluen-

cedbysomeneuralactivityorhormones(11).
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Serum EPO concentrationsweregraduallyin-

creasedfrom0hoursto6hoursafterexercise,but

notsignificantly.Reticulocytecountswerehighest

at6hoursafterexercise.TheincreaseinEPOlevels

mightberelatedtoareleaseofreticulocytesfrom

bonemarrowintoperipheralblood(23),suggesting

thepossibilitythaterythropoiesisisenhancedby

thissubmaximalexercise.

Insummary,withthislevelofexercise,hemolysis

didnotoccur.Consequentirondeficiencywasnot

observed either, but increased EPO and

reticulocyteswereobserved.Theactivity ofδ

-ALADwasenhancedbythislevelofexercise,and

wasnottriggeredbyhemolysisorirondeficiency,

indicatedthatRBCbiosynthesiswasstimulatedby

δ-ALAD,activatedbysomekindofexercisein-

ducedhormonalorneuronalstimulation.Anenhan-

cementinthenewRBCbiosynthesismayincrease

theneedforRBCsyntheticmaterialssuchasiron,

proteinandvitaminBgroupsetc..Therefore,people

whohaveahabitofexercisingshouldhavemuch

morenutrientsproperly,correspondingwiththeir

physicalactivity,ascomparedtosedentarypeople.

Furtherexaminationsareneededtoclarifythis

possibility.
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