
Covance Studies

The attachedreportsummarizes the resultsfrom the assessmentof

mitochondrialbioenergeticsofhepaticmitochondriaisolatedfrom ratstreatedfor3

weeks withone of4 doses(pluscontrol)ofdietaryFC10. What isobvious from the

datais the abilityto detectdramaticdifferencesamong the 13 animals tested.

However, attemptsto group animalsaccordingto degreeofeffectfailedto correlate

withtheexposuredose.Furtherinquiryrevealedthatallanimalswere euthanized

with ca.,50 mg/kg pentobarbital,which we subsequentlydemonstratedto have

profoundeffectson inhibitingpyruvateoxidationatcomplex I ofthe mitochondrial

electrontransportchain.We attributeour inabilityto establisha dose-response

correlationto thiseffectofpentobarbital.Subsequentattempts to eliminatethis

confounding effectfrom the analyseswere unsuccessful.However, we remain

convincedofthe importanceofcollectingdatadescribingmitochondrialdeficitsin

tissuesfrom exposed animalsand inour abilitytodetectsuch effectswith sufficient

sensitivity.Rather than relyingon the isolationof high integrity,intact

mitochondriaformeasuring coupled bioenergeticproperties,we suggestmeasuring

glycolyticand tricarboxylicmetabolitesin frozentissuesin ordertoderivea profile

of intermediarymetabolism for each exposed animal. From the relative

concentrationsof the individualmetabolites(e.g.,the oxoglutarate-to-pyruvateor

succinate-to-fumarateratios),we can estimaterelativedegreesof metabolic

dysfunctioninexposed animals'.Ratherthanrequiringone ofus tobepresenton-

siteatthetime ofsacrifice,we can perform such analyseson tissuesthatare collected

in liquidnitrogenand kept frozenforshippingto our laboratory.This is

considerablymore convenientforallpartiesinvolvedand we areanxiousto discuss

potentialopportunitiesto continueto contributeto the invivomonitoring studies.

'Colson, C. and Klapper,M.H. (1979).Sequentialmeasurements of glycolyticand tricarboxylicacidcycle

metabolitesin singlesample aliquots.Anal.Biochem. 97, 394399.



PROBE DESCREPTIONS

Theintroduction.

Ile rationaleofthefollowingexperimentswastodetermineasmany "independent"characteristicsof

energeticsofrnitochondriaasitispossiblefrom a singleprobe and havingtime limitations.I>uetothis,thespecific

experimentalprocedureand conditionswere designeclThe p.%Tuvate-supportedrespirationand the membrane

potentialwem measuredina simpleslightlyhypotonicincubationmedia.Other compounds, suchasADP, Ce, and

succmate,were added tomitochondna atsaturatmgconcentrationsand atchfferenttimesbutatleast2 rnm afterthe

rmtochondna were introducedtothepyruvate--contauungmedium. No udu-bitorsofoxidativephosphorylauon,the

respiratorychain,Ca@'transporloruncouplerswere useclAlso,no attemptswere tal= toreducetheconcentration

offreefhtL3,acidsco-isolatedwithmitochondriaor generatedduringincubation.

The logicoftheexperimentaldesignwas tomeasureina singleprobethemost vulnerablecharacteristicsof

nutochondna,such as pynwate-supportedrespirationand oxidativephosphorylation,and themost "ftLsoWtive",

easilyreproducibleparameterssuchas succinate-supportedrespirationand Ce u-ansporlUnder such hmtauons,

thereisno possibilitytoobtaintheprecisecharacteristicsforany of theparameters.However, the combinatory

analysisofallthemeasuredparametersallowstoestimte.atfnv approximation,theenergeticsofmitochondna,and

make some conclusionsabouttheinvivoconditions,ina tissue,where themitochondda were isolatedfrom.

The interpretationof any invitrodata,and especiallythebackward deductionof in vivo conditionsin a

tissuefrom the dataobtainedwithisolatedmitochondria,isalways a kind of "might be" guessing,Itisrather.

temptingtothingintermslike"bad mitochondria",say,iftheycan not oxidizea subsb-ateba enough,or "good

raitochondria",iftheyexertedan RCI more then20. We would preferanothermode of thinking,namely that

niitochondriaare good when theenergeticscharacteristicstheyexertfitthecellulardemands. And the particular

valuesformitochondrialenergeticsusuallydepend on theparticularexperimentalconditions.Due tothis,itseems to

be necessaryto remmd shortlythe peadonties of mitochondnalbiochenustryunderlyingthe experimental

conditionswe have chosen.

The most vulnerablefunctionsof mitochondriaare Vvruvate- supportedrespirationand oxidative

phosphorylatiorlThe oxidationof pyruvateby livermitochonddadependson theavaiLVaihtyof COASH in the

mitochondnalniauix,ontheoverallactivityoftheTCA cycle,and an theactivityofrespiratorychain(especially,on

theComplex I activity).In additiontothese,maximal ratesof pymvate oxidationusuallyrequirethepresenceof

catalyticamounts ofmalateintheincubationniedium (tostimulatethecompleteturnoverofTCA cycle).Also,itis

under allostericcontrolby ofnaturallyoccurringendogenous compounds, such as fi-eefattyacids,acetyl-CoA,and

ATP inhibitingthe pynivatedehydrogenaseactivity.The respirationrateof pyrmte-supported nutochondna

phosphorylatmgADP depends on allthe mentionedparametersplusthe activitiesof oxidativephosphorylation

system(Pitransporter.ADP/ATP-Uanslocase,and ATP-synthase).These latterarealsocan be negativelyregulated

by freelongchainfutyacidsandlong-chainacyl-CoA-

The oxidationofsuocinateisnot sovulnerable.'Me sensitivityofsuccinatedehydrogenaseand Complex III

tofreefattvacidsismuch lessthenthatofpmwate dehydrogenaseand Complex 1.Practically,under any "regular"

experimentalconditionstherateofsuccmate-supportedrespirationisimted onlyby uansmembrane elwuwh=cal

proift gradientThe only know strongendogenous inhibitorof succmate dehydrogenaseis oxaloaceticacid



However, intheabsenceofmalateand thep=nce ofsufficientamountsofpyiwate inthemcubaton nl,,,, the

accumulationofoxaloacrtatecouldnotbe (2)eVecw&

'[berespmon ratethatcanbe observedduringCa2+ uptakeispracticallyinsensitivetoany endogenous

cc)mpounds,which may be co-isolatedwithmitochondria.ProvidingthatphosphateconcenMUon ismfftcient,the

respirationrateduringCa2+ transportcan be consideredas themaxmw possiblerateofo)adatlonof a respiratory

substrateby the respiratorychain-h islimitedrnawy by the acuvityof a Ca2+ transportingsystem which is

kineticallyfaster,then any otherMisport systemin mitochondria,includingthe transportof the majorityof

respiratorysubmwm, andmuch fasterthenADP wansporl However, when a NAD - dependentsubstrateisused,the

respirationmay become inhibiteddue tof@g opemng ofa Ca2+ -inducedporeintheinnernutochonddt membrane,

and subsequentreleaseand cbluuonof nutochondnalNAD. For succinate-suppottedrespiration,the same event

would providethe fastestmgnrationratebecausethe suc=te dehydrogenaseisa FAD-dq=dcnt mzyme, and

poreopeningcompletel)dischargethe==embrane protongradient

(2)duetoldneticlimitationtoTCA cyclearisingfrom overreductionofNAD and bg removalofoxaloacetycacid

stimulatedti),pvnrrate-cl-rivedacetyl-CoA-



MATERL4LS AND METHODS

Theisolationofmitocbondria.
ul e ratsby a

Nfitochondriawere isolatedfrom liverpieces(-1.59 wet weight)Of ad t male and femal

conventionaldifferentialcentrifugationprocedure.Liverpieceswere cooledin20 mi Ofisolationmedium (210mM

mannitol,10mM sucrose,5mM HEPES-KOH (pH 7.4),1mM EGTA). Cooled tissuewas minced withscissorsand

washed once with20 n-dofisolationmedium, thendilutedwiththesame medium and homogenized for-45 secwith

a motor-&ivenPotterhomogenizer(Teflonpestle,glassbeaker)and placedon ice.The tissuetomedium ratiowas

appro),dniately1:20(g:ml).This procedurewas appliedsequeraiauyto8 liverspecimens.The time intervalbetween

homogenizingofthefirstand thelastliverpiecesdidnotexceed()9 niin.The homogenateswere simultaneously

centrifugedfor10 min x 700 g,I'= 40C, and mitochondrialpelletswere recoveredby cenu&ption at 10,000g x

10 min. The pelletswere resuspendedin 2 ml of washing medium (210 mM rnannitol,10 mM sucrose,5mM

HEPES-KOK pH 7.4).The suspensionsof mitochondriawere dilutedto 35 n-dwith the same medimn, and

centrifugedat10,000g x 10 mim The finalmitochondrialpelletswere resuspendedinwashing medium toa protein

concentrationof80-120 mg x ml" and stomd on ice.The isolationproceduretookexactlyI hour.

Ms isolationprocedurewas repeatedforthesecondsetof8 liverspecimens.ne processingofthefim set

(samplesI- 8)was completedat- 10:35AM and theprocessingofthesecondset(samples9 - 16)was startedat

-12:35 AM andcompletedwithinIhour.The measurementswerestartedat-2:00PK

Measumments.
disuftum measuredwitha TPP"-Mitochond?lalmembrane potential(AT) was estimatedfrom i'l@Fions

selectiveelectrode.Nfitochondrialmembrane potentialwas calculatedas describedelsewhere.

The rateof oxygen consumphon by mitochondriawas measured with a hand-made Clark-qM oxygen

electrode.
Both themitochondnalmembrane potentialand therespirationratewere recordedsimultaneouslyusing a

multichannelincubationchamber equippedwitha magneticstu=. 'Me volume of the chamber was 1.9ml. AU

experimentswere performedat room temperature(220 C).The T?F" -sensitiveciwuode was calibratedby

sequentialadditionsofknown amounts ofT?P'-Clbeforetheadditionofnutochondna (seeFig,1).The respu-abon

rateswere calculatedassuming theuutwl oxygen concentrationtobe equalto240 JIM.

The incubationmedium containing210 mM mannitol,10 mM sucrose,5mM BEPES-KOK pH 7.4,4 mM

KH2PO4, and 10 mM pyravatewas used inallexperunents.The same volumes ofmitochondrialsuspension(30

were addeclregardlessoftheproteinconcenuations.
Proteinconcentrationswere determinedaftertheexperimentby the Bradfordassay.Bovine serum albumin

was used asa standarcl
Additions.Where mentionecltheadditionswere as following:5 mM succinate,200 @LM ADP, and 264

CaC12-

(1)- thismodification ofthe conventional isoisfion procedure ciln be expecled to decrease the quality ofmkoc honeiria. Accordingto our

exp-icnce, 10 min of storing ofhomogarlized tissue on ioe can produce approximxwy 20 - 300/o decrease in RCI, depending an the perfadness of

ODOIIO&



libemsults

Table Ishows therelationofsample labelingused inthefollowingtexttothelabelsOfliverspecimens-

Table 1.The samplelabels:

3 4

C90753 90@719@ C912-30 C909@35 91@024@--C--9--1-3--5-0@190@890@

m
m m f m m f

8 11 12 13 14 15

C91165 C91205 C91430 C90814 C91135

f f f

Thesamplesweremeasuredinthefollowingtimesequence:3-4-5-6- 8- 12- 13- 11- 14-2

-1-7-15.
An averageum spentforeachprobewasabout12nuri,withapproximately5mm intervalbetweenprobes.AR

measurements were completedvntlun4 hours.Table2 shows thevaluesoftherespirationrateobtainedinthe

presenceofvariousadditions.

Table 2.The respirationparametersmeasured.

For theincubationmedium and otherconditions,seeMaterials& Methods. For thesequenceofadditions,

seeProbe Descriptionschapter.Data areexpressedinmaol O@ ImWmg ofprotein.Vpyr,therateofpyruvate-
supportedrespiration;Vdp, therateofrespirationproducedby ADP addition(St.3);Vm therateofrespiration

duringCa2+ Wtake; V. ,suminam- supportedrespirationinthepresenceofpymvate andintheabsenceofother
Ca2+ transported(nmol)totheamount ofoxygen consum-A

additions(unlessstatedotherwise);Ca/0,theratioof
ea

(nmol);ADP/0, theratioofADP phosphorylated(mnol)totheamountofoxygenconmmed (iunol).

it 2 1 3 4 5 6 7 8t 11 12 13 141 15
1

Vpyr
3.7 3.1 2 6.8 5.5 4 5.7 0 4.6 2.1 1.8 2.7

.
2.7

VADP
0 P5.7 30.5 :505 @'102 r5 1 0 -15- --Fg- 1-9 --r77- -727- 34.1

VCR
44.5 94.3 -@3-2- -N5- -76- 4- 96 36 8 8 9 P14.2 46.9

vsucc
10.4 14.7 13.6 33.4 *119 29.8 15.9 24 *69 10.6 *87 16.7 12.3

- /0- 7.6 7.3 4.3- N-D ND
Ea

'p72 i45 4.7

8cgl
165

f

-F

AD]
ib-r- I

I N. N.R- 3.6 N.P- ND 3.1 0.7 1

ND - notdetemiined
N.R- - notresolved(seeProbeDescriptionchapter)
p pvmmte -supportedrespiration
* therespirationratewas measuredin thepresenceof theexcessof Ca2+, which inducedtheopeningof

pore.soitshouldbe consideredasthenuxtmal rateofsuccinateoxidation.



Probe
maintainthemembrane

The sequenceofadditionswas ADP, succinate,Ca2+, Ca2+. Nfitochondriawere ableto

potentialof 144 mV by pvrtivaw oxidatioilHowever-,j@-DPdi@ddnnooltssttii@mmulatet@he mV@irAion,@ulatetherespiraion;thoughinducedthe

AT decreaseto130 mV. The subsequentadditionofsuccinatestimulatedtherespirationand increasedtheAT to170

mV. ne increaseinres*won and intheAT was biphasic.mcbcatingincompletephosphorylationofADP tothe

moment oftheadditionofsuccinate.Only steady-statevaluesforAT and respirationareshown.RCI for

phosphorylationwas about1.2.SubsequentadditionofCa2+ induced-4 foldtransientstimulationofrespirationand

decreaseinAT to149 mV. These mitochondriaconsumed 360 nmol Ca2+/mg ofprotein,theporewas not observed.

Interpretation:thepymvate transportsystemorpyruvateoxidationisinhibited-,theactivityofrespiratory

chainwithsuccinateduringCa2+ uptakeis-2 foldlessthenusual(ortheCa2+ umisporting*stem isinhibited);the

resistanceoftheseniitochondriatoporeopeningisintheuppertopofnormal range(oreven slightlyhigher)fora

well- coupledratlivermitochondria.

Probe 2.

The sequence ofadditionswas asinProbe I(IT]l@iere@sponses@on AD@P, succi@natean@d Ca2+@wereas@in Prob@e1,too@

'Me AT value forpyrttvateoxidationwas 138 mV, the ADP -induced AT dwmw was to 127 mV, the succinate-

supportedAT was 166 mV, and Ca2+ inducedthedecreaseinAT to 127 mV.

Interpretations:The same asforProbe I forexceptthatapparentCa2+ capacity(theresistancetopore

opening,determinedby the characteristic,&Tdecrease)was lessthenforProbe I (between200 and 360 mnol

Ca2+/mg ofprotein).

Probe3.

The sequenceof additionswas succaime,ADP, Ca2+. These nutochondnawere unableto mamtm the &T with

pyrlivate.The AT withsuccinatewas alsolow,144 mV. The additionof ADP inducedthedecreasein &T to 137

mV and irreversiblestimulatedtherespiration(rable2).The additionofCa2+ fiutherstimulatedtherespiration,but

inthiscasethestinudationwas transient(normalresponse).Mr porewas opened by 164mnol Ca2+/mg ofprotein.

Interpretation&:These mitochondriaa)uncoupled,b)thepymvate oxidationisinhibitedatthe levelof

wxisporl pyravatedehydrogenase,or Complex 1.Ile restof respiratorychainand/orsuccinatedehydrogenase

activityare inthenormalrange.The sensitivityto Ca2+ istoohigh.Itmay be due to accumulationofa pore-

inducingcompound likefreelong-cbainfattyacids.The decreaseinCa/0 Crable1)isprobablydue to uncoupling

and/orincompletephosphorylationofADP tothemoment ofCa2+ addition.

Probe 4.

The seqwnceofaddifionswasasinNk 3.ThesemitochondriawerenotabletomaintaintheAT bypyruvate

oxidauon.The ADP in-eversiblysligbtlystimulatedthesuccmate-supportedrespiratiorltheadditionof Ca2+ was

withoutfurtherdfect.'Mc resistancetoporeopeningwas higherthen 135mnol Ca2+/mg ofprotein.

Interpretations:Nfitochondriawereuncoupledandinhibitedwithbothsubsntes.However,pvnivam

oxidationwas lessmlubitedthenintheprobesdescribedabove(comparetheVpyr valuesinTable1).The amount of

Ca2+ requiredforporeopeningbearno infomiationinthiscase(theproteinconcenwation.whichwas measured

aftertheexperiment,was toohigh,1.97 mg/ml,sotheaddedamountofCa2+ was ftmfficient).

Probe5.



The sequenceofadditionswas ADP. Ca2+. Ca2+, and succinate.These mitocbondriawere abletomaintainAW of

143 mV by pyruvateoxidation.The additionof ADP transientlystimulatedtherespirationand decreasedtheAF to

115 mV, theRCI was 2.7.The measurementof theAW revealedan unusualpattern,afterthecompletionof ADP

phosphorylationtheAT increasedtothelugherlevel,thanthatbeforetheADP addition(ahyperpolarisation).ne

responseofrespirationon theCa2+ additionwas unusuallyslowerthentheresponseon ADP (seeTable 2).The pore

was opened by 243 nmol Ca2+/ mg ofprotein.Succinatc-mpportedrespirationwas recordedafterthepore opening,

so itreflectsthenmxirnw activityof succinatedehydrogenase+ therestofrespiratorychain,and itisinthenormal

range.
Interpretations:These mitochondriawere coupleclthe respirationwith both substrateswas not

significantlyinhibiteclHowever, theresponseon Ca2+ was unusua itmightindicatesome alterationinthe Ca2+ -

uwisportingsystem.Actually,the"goo-S'pyruvateoxidationmay alsoreflecttheavailabilityoffreeCOASH inthe

nutochondnalmatrix,thatcanresultsfrom theinhibitionoffattyamds P-o)adafion.

Probe 6.

The sequenceof additionswas ADP, succinate,Ca2+. These mitochondnamaintainedthe AIY of 122 mV by

pynivateoxidation.ADP slightlystimulatedther-espiratiorlThe responseon thesuccinate,Ca2+ additionswere like

theseinProbe 3,forexceptthat155 nmol Ca2+/mg ofproteindidnot open thepore (normalresponse).

Interpretations:These mitochondriawere uncoupled,and the pyrtivatcoxidationinhibiteclThe data

provideno uiformationonthesensitivitytoporeby thesame reasonsasinProbe4 (msufficientCa2+ loading).

Probe 7.

The sequenceof additionswas ADP, succinate,Ca2+, Ca2+, Ca2+. The responseswere essentiallyas in Probes 1,2.

The AIP forpyruvateoxidauon was 143 mV, and thatforsuccinate-supportedrespirationwas 167 mV. Ca2+ opened

theporeintherange306 -465 nmol/mg ofprotein(seeProbe 1).

Interpretations:SeeProbe 1,Probe2.

Probe S.

The ordy succmatewas added becausethesenutochondna appearedto be unable to nmultam the AT both with

pynivateand with succinate.Succmate-supportedrespuuuon was partiallyminbitedItshouldbe notedalso,thatthe

yieldof mitochondriafrom thisliverspecimen was the lowes@ the initialconcentrationof mitochondriain

suspensionwas 75 mg/ml and thatinprobewas 1.25mgtml

Interpretations:for a regularratlivermitochondria,1.25 mg/ml concentrationin probe ismore then

sufficienttoobserveallthemitochondrialfunctiowc@@@@@@@@@@

Probe 11.

The sequenceofadditionswas ADP. Ca2+, and n=cwate. These nutochondnawere abletonwntam the&W of 136

mV by p)Tmte o@ddanorlThe additionof ADP slightlybutreversiblestimulatedtherespiration,but thatofCa2+

m,as,%ithouteffect.However, theadditionofCa2+ inducedcompleted=ergv-atloz4ad thembsequent succ=tc

additiondidnotincreasetheA'Pwhereasstunulatedtherespiration.

Interpretations:The absenceofthestimulationofpvmvate oxidationby theCa2+ additionisprobablydue

totheopeningofpore(seeburoduction).ThesensitivitytoCa2+ isunusuallyhigh,lessthen150 mnol Ca2+/ mg of

proteirlasinProbe3.


