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LONG-RANGE GOAL: ESTABLISH A SCIENTIFICALLY-BASED METHOD TO

MONITOR FOR POTENTIAL HEALTH RISKS ASSOCIATED WITH WORKER OR

CONSUMER EXPOSURE TO PERFLUOROALKYL ACIDS AND THEIR DERIVATRVES.

SHORT-TERM GOAL (3-5years):

1. DEFINE RELIABLE BIOMARKERS FOR ASSESSING BOTH EXPOSURE AND

BIOLOGICAL REACT=Y.

2. DEFINE THE MOST APPROPRIATE EXPERIMENTAL SYSTEM (IN TERMS OF

BEST REPRESENTING THE HUMAN SITUATION) FOR ESTABLISHING

RELATIONSHIPS BETWEEN EXPOSURE DOSE AND BIOLOGICAL EFFECTS.

There existsconsiderableexperimentalevidence demonstratingthatperfluoroalkylacids and

theirderivativeshave thepotentialofbein-toxictohumans, which raisesseriousconcern forthe

safeproduction,use and disposalof thesechemicals inthework place,by the consumer, and in

theenvironment. Many of thecurrentand pending regulatorydecisionsfortheseproductsare

based on experimentalevidenceaatheredfrom rats.forwhich thereisstron-evidence forthe

inductionof peroxisome proliferation,metabolicwastin and carcino-enesis[1,2,31.However,9 a

the evidence for comparable effectsin othermammalian species,includinaprimates,isless0

convincinc,which suaaestsprofound and importantdifferencesamonc, species. Therefore,0 =0 0
although ratsmay be themost convenientand extensivelystudiedspecies,theevidence may not
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yieldaccurateindicationsofpotentialadversehuman healtheffects.A moreprudentmeans of

manaainc, potentialhuman healthrisksassociatedwith theproductionand useof these important

products requirescarefulselectionof a representative,yetconvenient surrogatespeciestest

organism. The factthatcherrlicalresiduesof perfluoroalkylacidshave been detectedinseraof

productionworkers [4]adds uraency totheneed tounderstandpotentialhealthrisks,toestablish

guidelinesto safeguardhuman health,and toestimatemargins of safetyforexposed populations.

In order to addressthesurro-atespeciesissue,itisfirstnecessarytoestablishone or

more reliableindicatorsof toxictissuedamage upon which the speciescomparisons can be

made. The proposed investigationisdesignedto providean understandingof the underlying

mechanisms of toxictissueinjuryand toidentifyreliablebiomarkersof tissuedamage thatcan

be used forrisk-management purposes.

EM[NODIATE OBJECTIVES (24 months):

1. Define the "dominant"mechanism by which perfluoroalkylacidsand theirderivatives

manifest the well documented "metabolicwastina"effectobserved in experimental

animalsinvivo.

2. Based on an understandinaof thebiologicalmechanism of action,identifypotential0
biomarkers thatcan be used to providereliableand quantitativeestimatesof exposures

and the biologicalconsequences associatedwith such exposures.

3. Usin- the biomarkersdescribedforAim 2, determinewhether differencesexistamong0
speciesintheirsensitivitytoperfluoroalkylacidsand theirderivativesand inthe cellular

mechanism by which thetoxicityismanifested.

NOTE:

• The researchplan isbeina submittedwith the understandinc,thatpublicationof the results

willbe subjecttoa 30 day first-right-of-reviewby thesponsor.

• The sponsor willprovideallrequiredquantitiesoftestchemicals.

• Selected tissue samples from the in vivo exposures will be archived for subsequent

histologicalexarr@nationand traceresidueand metaboliteanalyses,both tobe performed by

the sponsor.

• The sponsor willbe briefedon theproaressofthe fundedprojecton a quarterlybasis.

• In additionto the 18 month contract,an unrestricted-iftof$100.000 isrequestedtosupport

more empiricalexploratoryresearchon relatedtopics.
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INTRODUCTION

Perfluoroalkylacidsand theirderivativesrepresenta lar,,eand importantclassof

syntheticchemicals,withproductionamountin- toseveralthousandsofpoundseachyear.These

compounds constitutea broad market includinasurfactantand foan-iin-applicationsas well as

potentpesticidalactivity.Prudentregulationof theproduction,distribution,storage,application

and disposalof theseproductsnecessitatesa thorou-hunderstandingof theprobabilityand

natureof any potentialadversehealtheffects.This proposalisdirectedatimprovingthe

confidenceand judiciousnesswithwhich such riskmanacement decisionsaremade.

Although each member of thisclasspossessesdistinctstructuraland physicalchemical

properties,they sharevery similarbiologicalactivitieswhen administeredathiah doses to

experimentalsubjects.From a structure-activitybasis,thissuggeststhattheN-alkylsubstituent,

aloncrwith the lengthand branchinaof thecarbon chain,determinetheratesofabsorptionand

thebiologicaldistribution(pharmacokinetics)of thecompound but thatthebiolocicalreactivity

(toxicity)residesinthesulfonicacidor sulfonamidethatisconunon toallmembers of theclass

[5].A fullycomprehensivecharacterizationof therisksassociatedwiththisclassof chemicals

would requirerigorousinvestiaationof the biologicalreactivityof each member compound.

Such an analysiswould be extremelycostly,both intermsofresourcesand time.However, Dr.

S. C. Gordon has proposed a tentativemetabolicpathway formany of the N-alkylated

perfluorooctanesulfonamideswhich consistsof successiveN-dealkylationsleading to

perfluorooctanesulfonicacidas thefinalcommon metabolite(Fi-.1).In viewoftheconver-ina0 0 0

metabolicpathway,itmay be possibleto gainan accurateindicationof potentialhealthrisksby

examinincronly selectedmetabolitesthatare believedto be primarilyresponsibleforthe

biologicalactivityof theentireclass.Thus,intheinterestof efficiency,thisinitialinvestigation

islimitedto testingN-ethylperfluorooctanesulfamidoethanol,N-ethylperfluorooctane

sulfamidoacetate,thesulfonamideof perfluorooctane,and perfluorooctanesulforlicacid..The

structuresofall4 proposedtestcompounds arebracketedinficure1. Perfluorooctanoicacidwill

serveas a positivecontrolforallexposures. A riaorousunderstandincyof the bioloaical

reactivitiesof thesemetaboliteswillprovidethe most efficientmeans of aaininc,a better

understandin-the potentialhealthrisksassociatedwith the entireclassof N-substituted

perfluorooctanesulfonan-iides.

3
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Acute and chronictoricirvofN-alkylperfluoroocranesulfonamides-

Both the sulfonicacid and the N-ethyl sulfonamideof perfluorooctaneare essentially

non-toxicon an acutebasis. Only at very high oraldoses (2-5glka)are vague signsof

gastrointestinaldiscomfortand weightlossobserved. The primaryconcern with acuteexposure

tothesecompounds istheirpersistencein thebody, the half-livesbeing between I and 11 days

depending on the dosin- scheduleand the tissueexamined [6,7].fvfanyof thesechemicals

bioconcentraecin theliver.PerfluorooctaneN-ethylsulfonamideisrapidlyde-ethylatedinvivo

and itisthedes-ethylsulfonamidethataccumulatesin liver.Thisbiopersistenceraisesserious

concerns about the potentialcumulativeand long-termtoxicityassociatedwith continuous

exposures to low concentrationsof thesechemical agents.

Both perfluorooctaneN-ethyl sulfonamide and sulfonicacidelicitprofound subchroaic

toxicitiesregardlessof the route of administration.Ninety-day feeding studiesin ratscaused

deaths at doses of 100-150 ppm. Although high sub-lethaldoses cause assortedneurological,

musculoskeletal,derrnatolo-icand hemopoetic abnormalities,the most consistentsymptoms

observed at the lowest doses are anorexia,wei-ht loss,emaciation,and elevationof liver

enzymes intheplasma (8-12].This apparenthepatotoxicityisobservedinrats,rabbits,dogs and

monkeys and ismost prevalentinmales,possiblydue tothemore rapidrenalelirrlinationof the

metabolite in females. Regardless,there are no substantivehistopathologyor gross

morphological changes thataccompany thehepatotoxicityobservedatlow dosesofeitherthe N-

ethylsulfonamide or the sulfonicacid of perfluorooctane(9,12].This,by itself,isstrong

evidence sua-estinathattheobserved toxicityismore a manifestationof metabolicor functional

deterioration,ratherthanstructuraldamage.

Prloposedmechanisms oftoxicity-

Many of thesiansand symptoms associatedwith intoxicationby perfluoroalkylacidsand

theirderivatives,such as the anorexiaand wei-htloss,resemblethatof a metabolicdisorder.In

deed perfluorooctanesulfonamide,likemany other weak acids,has been demonstrated to

uncouple mitochondrialrespirationin vitro[1,2].Itispresumed,but hasyettobe confirmed,

thatthisleadstomitochondrialdepolarizationand thedepletionofATP incellculturesaswell as

in vivo. Whether perfluorooctane sulfonicacid also uncouples mitochondrial oxidative

phosphorylationhas yet tobe determined. Itis,however, wellestablishedthatthe sulfonicacid

is a potent peroxisome proliferatorin vivo in rats,which is evident as an hypertrophic

hepatomecralyaccompanied by proliferationofboth mitochondrialand microsomal membranes
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(3]. Associatedwith thisisthe stimulationof a number mitochondrialenzyme activities,

includinaMn-superoxide dismutaseand fattyacyl CoA-oxidase. The reportedinterferencewith

spermato-enesisand inhibitionof sperm motilityby N-ethyl perfluorosulfonan-@deisconsistent

with an effecton inhibitinarrdtochondrialbioenergetics[10].

The accumulationof triacylglycerolsand freecholesterolin liverimpliesinterference

with fattyacid or lipidmetabolism as a primary mode of expressionof thetoxicity[13,141.In

deed, the effectsof perfluorooctanesuffonicacidon fattyacid and cholesterolsynthesisrnin:Lics

those of the HMG-COA reductaseinhibitors,which aresome of the most effectiveagentsin

treatinghypercholesterolemiasclinically.Itmay be more than coincidencethatmany of these

lipid-loweringagents,such as thefibricacidsand thephthalicacidplastisizers,are classical

peroxisome proliferators.Althou-h circumstantial,thislendsstron-support.foran important

effectof theperfluorocompoundson lipidmetabolism. Haughom and Spydevold (13]suggest

thatthe hypoliperriiceffectof perfluorooctanesulfonicacid resultsfrom itsinhibitionof

mitochondrialcamitineacyl-CoA Eransferaseactivity,which isrequiredforthetransportof long

chainfattyacidsforbeta-oxidationwithinthemitochondrialmatrix.

Althou-h notmuch isknown reaardingthebiolo-icalactionof perfluoroalkylacidsand

theirderivatives,thereisconsiderableinformationavailableforotherperoxisome proliferators.

As a class,theseagentsareknown to interferewith mitochondrialrespiration(althoughthe

precisemechanism isnot known), toinhibitfattyacyl-CoA synthesis,acylcamitinetranslocase

and n-iitochondrialfattyacidbeta-oxidation,and cholesterolsynthesis.Peroxisome proliferators

alsostimulatetheexpressionofseveralimmediate earlyresponsegenes (suchasc-fosand c-jun),

CYP4, cyclin-dependentkinases,proliferatincynuclearantiaen,and theperoxisome proliferator-

activatedreceptor,which isa licand-activatednucleartranscriptionfactorthatup-regulatesthe

expression of genes thattranscribevarious lipidmetabolizingenzymes (15-17]. Itis the

expressionof many of theseearlyresponsegenes thathas been implicatedinthenon-genotoxic

carcinocrenicactivityofperoxisome proliferators.Whether thesesame cenes areactivatedby the

perfluoroalkylacidsand theirderivativeshas yet tobe determined. Regardless,the similarityin

biolocricalresponsewith classicperoxisome proliferatorsprovidesample opportunitiestounravel

many ofthe unresolvedquestionsconcemina theirmechanism ofaction.

Itiscurious,and perhapsunfortunatefrom a reculatorystand-point,thatthe vastmajority

of knowledge gained forperfluoroalkylacidsand theirderivativesas well as forthe classic

peroxisome proliferatorsisderivedfrom thelaboratoryrat.The concern liesin the factthat,

although stronglypredictedby ratdata,thereislittleevidence forthe proliferationof liver

peroxisomes inhumans exposed tothesecompounds. Infact,therearea number of non-primaee

species,such as guinea pigs and dogs. thatdon'trespond to conventionalperoxisome

proliferators[18-2t1. This thenraisesdoubtsre-zlrdin-thevalidityof usin-ratdata toestablish%
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rccrulatorypolicyforthesea-ents. Of particularconcern is the debateover whether the

pcroxisome proliferators,includinathe N-alkyl perfluorosulfonamides,are non-genotoxic

carcinoc,ens(22].The outcome willhave profound effectson theregulationof theseproducts,

particularlyinthecontextof theadditivesorresiduesinfoodstuffs(e.g.,N-ethylperfluorooctane

sulfamido ethanol).Resolutionof thisapparentspeciesdifferencewarrantsimmediate and

aggressiveattention.

RESEARCH PLAN

SPECIFIC ADIS

1. Determine whether perfluoroalkylacidsand theirderivativesinterferewith mitochondrial

electrontransportand/orfattyacidmetabolism by isolatedrathepaticmitochondria.

2. Identifymolecularand peroxisomalbiomarkersofN-ethylperfluorooctanesulfan-iido

ethanolexposure invivoinrats.

3. Compare and contrasttheresponse of hepatocytecellculturesisolatedfrom rats,guinea

pigsand primatesexposed ex vivoto perfluorooctanesulfonicacidand itsN-alkyl

derivativesand tocompare the molecularand peroxisomalbiomarkersand the

histopathologyinratsand aulneapi-sinresponsetoinvivoexposuretoN-ethyl

perfluorooctanesulfamidoethanol.
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EXPERliN]IENTAL APPROACH

I DETERMINE WHETHER N-ETHYL PERFLUOROOCTAINE SULFAMIDO

ACETATE, PERFLUOROOCTANE SULFONAMIDE, AND/OR PERFLUORO-

OCTANE SULFONIC ACID INTERFERES WITH CELLULAR ENERGY

'4i.viETABOLISM liV VITRO.

Mitochondrial bioenergetics -

N-Ethyl perfluorooctane sulfonamide uncouples oxidative phosphorylation in kidney

rriitochondria in vitro [1,2]. The authors attribute this activity to the des-ethyl metabolite. We

propose to expand on thisobservationtodeterminewhether theperfluorooctanesulfonicacid

and itssulfonarriidederivativesuncouple mitochondrialrespirationinthe liverand toconduct a

fullscalecharacterizationoftheeffectsof thesea-entson rrutochondrialbioenergeticsinvitro.

The uncoupling protonophoricactivitywillbe assessedby the cherriical-induceddepolarization

of n-iitochondrialmembrane potential,stimulationof cyanide-insensitivestate4 respirationand

acidificationof themitochondrialmatrix. All experimentswillbe performed with freshly

isolatedratlivermitochondria.Mitochondrialmembrane potentialwillbe measured using a

TPP+-selectiveelectrode.Oxyaen consumption willbe analyzedpolarographicallyin a closed-

chamber system employina an oxygen-selectiveClarke-typeelectrode. Protonophoric

acidificationofthe mitochondrialmatrixwillbe assessedwith an high-sensitivepH electrode.

Fattyacid metabolism -

We have preliminaryevidence demonstrating that weak acids (both substitutedand

unsubstitutedacrylates,phthalicacids,valproicacid,salicylicacid,etc.)inhibitthemitochondrial

camitine acyltransferaseI requiredforfattyacid oxidation.Depending on chain length,this

inhibitionof translocaseactivityresultsfrom the depletionof eitherthe cytosolicor

mitochondrialcoenzyme A due to the formationof thioestersof CoA with thecorresponding

acid.We expectthatmany perfluoroalkylacidsand theirderivativesarealsocapableof forming

thioestersof coenzyme A, therebyinhibitinc,fattyacidoxidation.Itisquitepossiblethatthis

interferenceWith fattyacid metabolism may be responsiblefor the well-characterized

peroxisome proliferatingeffectreportedforman oftheperfluoroalkanes.y

7
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Accordin.-ly,we propose to study the effectof perfluorooctanesulfonicacid and its

sulfonamidederivativeson palrniticacidoxidationby intactratliverinitochondria.We will

attempttodistinauishwhether any deficitisdue toinhibitionof acyl-CoA synthaseor camitine

acyl-CoA transtocaseby varyin- the substratefor beta-oxidationbetween palmiticacid,

palmitoyl CoA, and palmitoyl carnitine. We will also determine whether the

pcrfluorocompounds depletemitochondrialcoenzyme A. sua estingthe formationof a thioester.C,9

Furthermore,we can identifya specificeffecton fattyacid oxidationby demonstratingan

inhibitionof mitochondrialrespirationusin-palmitoylcamitineassubstrate,but not when either

glutamate or succinateare substrates.This isolatesthe deficitto the acyl-CoA dehydrogenase

flavoprotein,independentofeffectson any otherportionofthe rrlitochondrialelectrontransport

chain.

2. IDENTIFY POTENTIAL BIOMARKERS OF TOXIC TISSUE DAMAGE

ASSOCIATED WITH IN V7'VO EXPOSURE TO N-ETHYL PERFLUOROOCTANE

SULFA.IMMO ETHANOL

Identificationof potentialbiomarkers of toxictissuedamace isbased on a thorough0

understandingof themechanisms ofactionof theseagentsasexploredinAim I ofthisproposal.

Therefore,itisn'tpossibleatthistime todescribetheprecisedetailsre ardin-which biomarkers9 0
touse to monitor invivoexposureand toxictissuedama-e. The ultimateexperimentalplan for

identifyinc,specificbiomarkersiscontingenton theoutcome of theexperimentslistedinAim 1.

The resultswillprovidea sound basisfordiscussin-the most probablemarkers and for

designing futureexperimentsto addressdose-responserelationshipsin an attempt to define

marains of safetyinexposed populations.'0

Biomarkers ofmitochondrialuncouplingand liberationofoxygenfreeradicals-

Althou-h theexpressionofoxidativestressinvitroisverywellcharacterized,attemptsto

identifya quantitativebiomarkeroftissuedamaae invivohave met with limitedsuccess.One of

the most promising markers thatmost consistentlyyieldscorrelationsto theextentof oxidative

stressisthe accumulationof8-hydroxydeoxy-uanosine(8OHdG) adductston-@tochondrialDNA

(mtDNA), which can be measured incirculatin-peripherallymphocytes. There isa larsreand

growing body of evidence thatdemonstratesa progressiveaccumulationof 8OHdG adducts to

8
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mtDNA with age (20-24],givingriseto thewidely heldtheoryof "mitochondrialaging"[23].

Further-more,the rateof "mitochondrialaaing" can be influencedby environmentalexposures.

We've recentlydemonstratedan or-an-specificand preferentialoxidationof cardiacmtDNA

followingacuteexposuresto adriamycin invivo. Similarorganotropicoxidationsof mtDNAC) C7

have been reportedformany othergenotoxiccarcinogens.In fact,Takagi etal[24]reporta 2-

fold increase80HdG adductsof nuclearDNA (NDNA) in livers,but not kidneys,from rats

treatedacutelywith perfluorooctanoicacid.Based on our experience,we expectthatthe 80HdG

adducts of mtDNA would have been 2-10 times hi-herhad then-iitochondriabeen examined.

For this aim, we will investiaate whether exposure of rats in vivo to N-ethyl

perfluorooctanesulfan-ddoethanolcauses thepreferentialoxidationof mtDNA inliver,more so

than inotheroraans which exhibitminimal orcranopathy.Rats willbe injectedintraperitoneauy

with varyingdoses oftheperfluorocompound and killedatdifferenttimesthereafter.The tissues

willbe harvested and the NDNA and mtDNA extractedfrom the correspondingcellfractions.

80HdG adducts will be quantifiedby HPLC/EC and the resultsexpressed as the ratioof

mtDNA/nDNA adducts. We expect to observe a dose-dependentaccumulationof 80HdG

adducts to MEDNA. Once we establishan effectivesingleacutedose, we plan to repeatthe

dosina experimentson a sub-chronicbasis,where the ratswillreceivemultiplelow dailydoses.

Subsets of animals willbe killedat variousdosing intervalsand the totalamount of DNA

adducts expressed as a functionof the "cumulative"dose. To complete the dosimetry

experiments,we willcharacterizethepersistenceof theDNA adducts.Rats willbe exposed toa

cumulative dose of perfluorocompound thatis known to cause a modest degree of DNA

oxidation.They willthenbe allowed varyinaperiodsofexposure-freerecoverypriortosacrifice

and measuring DNA adducts. Being thatn-iitochondrialackthe proficientDNA repairenzymes

found in thenucleus,we expectthatthe mtDNA adductswillpersistforsome time afterdosing.

Such a phenomenon willbe of crreatadvantaae in providinga lastingmeasure of past and

repeatedexposure histories.

We alsowillscreenforthe inductionofseveralearlyresponse-enesthatareknown tobe

induced in responseto mitoaenic and/or oxidativestress,includingthe classicperoxisome0 --
proliferators[15-17].These includeGST Ya, metallothioneinIIA,c-fos,NFXB, GADD153 and

GADD45, p53, HSP70, and GRP78, allof which are availablecommercially(Xenometrix).

Differentialinductionof these-enes willrevealimportantinsi-htintodiscretemodes of action,

specificallydistinauishingbetween oxidativestress,-enotoxicity,,and inductionof cell

proliferation.

9
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types willbe compared in terms of theirsensitivityto chemical-induceddepolarizationof

mitochondrialmembrane potential,depletionof ATP, increasedfattyacyl oxidase activity,

inductionof theearlyresponsecrenesand theperoxisome proliferator-activatedreceptor,and cell

death. The comparisons between specieswillbe both qualitativeand quantitative.

The finalobjectivewillbe to compare (againboth qualitativelyand quantitatively)the

responseof guineapigsand ratsexposed invivotoN-ethylperfluorooctanesulfarnidoethanol

exposure. The objectivewillbe to gauae the appropriatenessof the respectivespeciesas a

representativesurrocateforestimatinapotentialhuman healthrisks.Using the biomarkers

identifiedinAim 2,we willcompare and contrasttheeffectsof invivoexposuretovaryingdoses

on the accumulation of 80HdG adducts to mtDNA, stimulationof earlyresponse genes,

stimulationof fattyacyl CoA oxidaseactivity,and inductionof theperoxisome proliferator-

activatedreceptorgene. Dosing regimens willresemble those describedforAim 2 and the

calculatedeffectivedosescompared betweenspecies.To complement this,we willalsoexamine

thetissueshistologicallyforevidenceof peroxisome proliferationinone or both species.Itis

theseexperiments thatwilldetermine the suitabilityof the ratas a representativesurrogate

speciesforregulatorypurposes.

SUMMARY -

The ultimategoal of the proposed investioationisto provide a scientificallysound basisfor0
managing the potentialrisksassociatedwith human exposures toperfluoroalkylacidsand their

derivatives.The existingevidence suggeststhatregulationon the basisof peroxisome

proliferationand non-cyenotoxiccarcinogenicitymay be overlyrestrictiveinthattheseresponses

areunique toratsand mice. There islittleevidencetosupportthisbiologicalreactivityinguinea

pigs,docs,or primates,includinahumans. The proposed investigationisdesigned to provide a

scientificbasistosupportorrefutesuch a claim. The individualaims willwalk the investigation

through the successionofstepsneededtoidentifyvalidbiomarkerstomaketheappropriate
surrogatespeciescomparisons. As such,theinvestiaationhas the potentialof havina a profound

impact on thereaulationof theseimportantproducts,not only indesioningeffectivemonitoring

proarams toinsureworker safety,but alsoforsettin-auidelinestosafeguardconsumer health.
0 00

The ur-ency forsuch informationishiahlightedby thefactthat,1)perfluoroalkylacidsand their

derivativesareknown tohave thepotentialtobe toxic,and 2)residueshavebeendetectedinthe
seraof productionworkers. The pressingquestionis:What isthemargin of safetyforthese

individuals?The proposed investiaationwillprovide informationcr-iticalto answerinc,this

question.
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ATTACHMENT A

May 7,1()()8

Bi,--)chemical-ind Moleculir Mechanistic Studies of N-alkyl

Perfltiorosulfonamides

Kendall B. Wallace, Pli.D.

Univt-.rsityof imini-tesotaSciio(-)lof Mekiicine

Dep,irtnieiitof 13ioctieiiiiitry& MolectilarBiolt-)gy

TI-ieinitialphase of this investigationrevealed that all of tl-te

perfltiorl)chemicals(PFC's) examined wort! capable of interferingwith the

biocnergcti(-propt-rtit!sof freshlyisolatediiitactriitlivermituchondria iti

i.,itrc).However, [I-teprecisemechiiiis-mby which each PFC iiiterict(@Liwitil

the mitochondriiilmembranes differed,the activitiesranging from a specific

protonophoi-ic uncoupling uf oxiditive pi-iosphorylatic)ntL)i)full-blown

detergeiit-likc!disorganization of the membranes. Regirdless of the ,,pt-!Cific

mc)leculiir mechiinism, the results indicate thiit -,ufficientlyhigh

cr-)i,)ceiitratioii.sof any of the PFC's have the pot(-ntil)of inhibitingoxiliative

pi-it-)spliorylationinli ATI-I-;ynthe.,;is,.Itisprestjiiiedtl-iatitthe cellor tissue

1,L@ve.1,the.r(.-,-@u(tingcieficitof ATP will be m,.inife.-,tL!dis an interference with

the regulationan(i integritic)nof the varic)ttsctiergy-dependent intermediiry

metabolic pathwiy-.@,cellsi&,,niling,-,iiidcellcycle et)ntrolpoints,including the

balance between A'1'1'-,icpcnLictitiipoptl),sisand cellprolifercition.

At this poii-it,allttiitIiii-,bt:enestablishedis that the Pf-C'shL)vL!thk-

pt)tei)ti,iltt-)interfert-witl-imitochondriil biociiergoticsanli preSLIn-liblycell

i-iiiiiiberiiid fLLnctioti,provicied the conc(,nti-atiotii,,;sufficietitly

Whctht,r such c(incei-itritionsare ichieved iii expus-Liresceniric)sh,-is

not yct beefi estiiblisht!Li.AccorLiingly,two pressing tltiestionsthit reiiiaii-iii-e:

1) Is the itiliibitionc-)fmitt)cht)ndriiiibil)energeticsin zjitroby tht- vilriou.,;

PFC:'s niiiiiift,-,ted@i.,ia bi(,)cnergeticdeficitand interferencewith metiib(.)Iic
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regulation at 1-iigi-ierlevels (.)fbiol(),i;icali)rginizition, SLich as in cell

intact tisslies,or whole organisms? iinLI2) Arc tilenominally effective

concentrations within (lierange to @virrlintconc(!rn for human expo.'i'Lires.1

inherent iii this latterqltestion is the silit-,Ibilityof isolated rat liver

mitochoiitiri,tto predict adverse human health outcomes ittT@i7?0.

We propose to extend tht@inve.,;tigi)tiontt)address the,,4equestit-)n!;b@,

iissessingthe response of prii-neirycitittiresc)fisolated hepatocytes to selected

PFC's i@it)itro(Gr@iv ot al.,1983). 'I'licspecificcle.-,,igiiis tt) thi!effectsof

expo.,ing cellsto inliividual PFC:'.';on vliric)usindicators of cellbiL iergeties,

including changes in oxygen consumption, mituchundrial membrane

PL)tential,ATI'3 pht-,sphc)rylationpotential, and cellviibility.In addition, we

intend to incorporate into the-,-ccellstudi(-,,@meislires designed tc)assess the

effects of PFC's oi-ithe expression of geiies believed to be rosponsibit! for

moliiatiiig the effect.,;of rol@itecichemi(-.iilsoi-iperoxisome prt)liferitioi-t,lipili

metaboli,,:;mand ce-11proliferiti(-)n.The ei-itirestiiteof genes to be anilyzcd is

believeli to be under the control of the "peroxisume prutiferatorresponse

elenients" (PPRE) ancl includ(!per(-)xisc)malfittyacyl CL)A uxidase,cytosolic

fatty-,icidbii-idingproteiii(.rABr),niicrosonizilCYP,,,,,mitochondrial HMG-

Ct-)A syntliiise,iictiviitiiig@iLiip(-)cyteprt.)tt!in(-,iP2),aiitia@)oproteiiisAl and CUI

(Liitruffeand Viimocq, 1997; Gonzilez, 1997). All of these proteirishlive been

implicated t(.ibe responsible for tl-ieeffectsof pc.-roxisomc,proliferatol-S(in

-ifterelilipid metzibc)lismitivivo and miy prove to be valltiiblemarkers ,)fthe

bi(-)Iogicalresponse to PFC expost-iresin the corresponding species.

Finally, siiicethere art! Lirg-uments qtiestioning the v,-klidityof

datiifroni rzitsinLi rrii(-t,to pri-dictthe prciliferitioiiof peroxis()iiiesIncl

pr(-)m(-)ti(-)n()ftumorigene,,ii-%iiiliuniiii.-;,we propose to iiiclLlLicillthL!StLidy

Lit!signthe opportunity t(icompare in,.@coi)triisttl-icmetabolic iiii,-igenetic

ro.spt-)nseof rlitiiiili[ILIm@in hepatt)cyte cell cxjltttrestO Pr'C eXPOSLire l@lzitro.

TI-iere is substiintialevidence thit expOSLirei of iit)n-hL[miinprimat,,-,.-to

rel,itL-t.iCL)MPL)LII-ILISLiue,-;not induce the proliferiitionof perL)xi,.;L)Mes,

fic@,atomeg,ily, ind tLLnit)rigenesis Lis is characteristicof rats iiid mice.
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EpiLiemiolc)gicalevidence Concurs Witi-ItileSLIggCStionthitriitsiiiLimicl!are

1-)cior-,tirrt)gLitesfortl-iehuiiiin rt!spon.,ic.B,isc(ikinpublisi-iedexperimental

evilic!nce, c-)Ltrorigii-i.)l@.,Liggcstiotl@vis thit gllinei pigs itre i-nore

representative of the 1-iiin-ian rt!spt)nscto exposure t(.3 perc)xisome

proliferators.We inten@ito tos-tthisbv ii-icluliingpriniarycitItLtresof guinei

pig hcpatocytes ii-ithe celleXpOl-,Ltrcexperiiiiei-its.Tl-ieintei-itis to coniplire

,lnlicni-itrastthe r(!spons(@of rat,gllineapig aiid humaii hepatocytes to

exp,Lisurt@sto the iiiLlividLi.11PFC-'s.('()mpLiri.,;()n,,will be qliiiititativeanli

based iL)ndo-,e-relitetichiiigesin I-)ioeiiergetic-ind g(@nt-ticindicator,-;of a

metabolic resor,)n.,;ettiPFC.*empt)s,,tl@e.

FXPERIMENTAL DESIGN

isolated rat,guii-teipig, and human hepitc)cvteswill be purcha,@;cdfrk)nl

a c(-)mmon veiidor in order to iiiinimizethe possibilityof artifactual

differei-tcesamong the differentcelltypesdue tf)cellisolationprocedures.

The cellswillbe suspended in I-lepeq-ba,,;edminimum meliiiiat 37"C

and clistributt-damong , wellsLitiiLiciisityofzipproxiiiilitely106cells/mi. Cells

in suspension willbe exp(-)seirciti-ieintiiviliii-,iiPFC's for up to 24 hr. The

ct)nct:ntriitii-)nof ciciiI"f-Cwillbe varied in order to estiblishan effective

rcingeof conc-t!ntr-,itionsforeach end-p()int(biot!n(!r).!,eticor gk!net!xpressi(-)n)

foreaciiPFC. '['hisriingeof effectiveet)ticcritrLition,,willserve @istticbasisfor

qu,intit.itivecl)rnp;irisons)mongst the izidividLIZI)III-'C'S@(nd for tsscssing

differencesiiisensitivitiestiftlit-,3 ,;pecies-.specificcelltyp(!.s.The diiratic)nof

CXPOSLir(-,willbe -ilctitetiby thekineticsoi'tiierespoiiseili,-ii(si-elitionsliipIL)

indicLiti(-)n.,;forgr(-)sscliingesincellviability.

The biot!nerguticpiirlimetersto be assesseddtiriti).,,ttieCOLir-se()fthe cell

exp-L)surc,sinclude L)xygt,.nconstiiiiptic)ti,tixltc)clit)sidri.@iliiieiiibr@inepotunti@it,

ATI" pht)--,phi)rvl@iti(,)tipotential,and cellviibility.Whole cell(-)xygen

COIISL[Mpti(inwillbe mL)i-iiti.)rcciina minnei-similartt.)that(-mplc)yedfc)rthe
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niitk)(:hondria.Cell-4willbe suspended in a stirrei,clc)-ik@dcliinibcr

intl)Which Isii-iserteda Clark-typeoxygen clectrc)ricmetere(-ito a cL)ntinuL)tls

strip-c-h,irtrL-ct)rder.The cellsuspending niedium willbe stipplem(-.nteLiivith

glucL)st-,ind insulin to provide the requisitenictibolicfLICI-q.OnCt! n

equilibritiniisestablishe,.i,sequential-idditioiisof tticselectetiI'l-Cwill be

m,ilicind iny change in the riteof oxygen cc)
I
nstimptic)nrt-vorded.liiorder

to confirm ai-illnori-nalizeiny effectoil mitoclit-itidrialrespir@ltl()tl,all

re,ictil)nswillbe terminated by fir.-jtadding antimycin A fL)IloweLiby I:CCI-1.

Oxygen consltmption in thepresenceof iiitimyciiiA will-;crvc:tc)reflectiiL)i)-

n-iitL)chc)nLirialrc,,pirL%tit)n,is one might expect if the il@,e,.nt in questioi-i

tindergl)escytochrome P450-dependent (-ixygenatiozior redox cycling,for

extimpte. 'I'hL,rateof (-)xygenci)n$LiMptionin the pr(!-,tncL,of the Lincoupler,

FCCI-1,willprovide @tmoa.,;ureof any directeffectof th(@indivi(illillPFC c)nthe

efectrc)ntr-Linsportchiiin.

The effectof the iiidividitiiPrC's oi-iinitoci-ioiitiri@iliiienibrz)rlc

pc-)tenti,ilof the cellsin Culturewillbe monitored cozitinLl(-)LIilyoilti-IL-!ba.L;isof

the LiistribLItionc)fthe citionicflii(.irometricdye,rh(idiniine123 (Rhl23) as

we liavepublished previOLISly(Palineiriietal.,1990).Cullswillb(!prt4-loided

with Rhl23, folloivedby washing, and then -tilocateLitt)inLiividLialexposure

wells. Agiii-i,ii-icreasingconcentrations of the re.,;pk!ctiv(!PFC will be added

sequentiallyanc.1the flLior(!,scencerecorded. The reictionswillbe terminated

by adding FCCP to achieve a fulldepolarizitiot-iof iner-nbriinepotontii],

follow(,dby .Iigitoniiitf)issurecOMplete LiiSSOILItiOll()fCCIIiiicinbritnes@IRIL(

releiiseof nt-)t-i-specificlzitentflut.)rcscence.

CLIIIvi@isilitywill be recorded in piraliel with mitocii(.)ii,.Iriil

i-neiiibr.inepotentialLl-';ingthe fILtort)nictricinliie@itorprL)piLiiumit)Liide(PI)

-ic*c,.t)rL to Liarci p roc(!(.i,.ti 11 199 .i'tng Ntiin -c.,;in olirliiboritory,([",lli-Tleiriet 6)

,;eqllentizil@idditi(-)nqof theindivilitiii]PFC'saiititerniii-i@itiotioftl-iereictioii

with I-CCI"aiiddigitoi)inwillI>,--performed ilistas Licscribt!dfor Rhl23

f]LiorL!.sccnc,,-.Unfortun@itely,PI apparently qlienches iume uf tileR1.1123

fiLlt)rc,sceiice,prohibiting the concurrent mciisui-ement of both membrii-ic

4
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I n %vil bpt)tonti,ilan,-icell.,iibil'ttyin theszimecells,fn.,,tetLi,the exper'me ts I e

ct,)nLiElCtOLiin ptrZI1101LtSingthe cellsfrom the CLiltLiresimple for both

m(!a.sure.,;,

The conceiitratintisof thevarit)LisiLlenineiiticiec)tides,villbe

bv HL-'LCOones, 1981). lst)liitelihepatocytesfroincitchof tiio3 specil-swillbe

eXPL)Sef,iillClIftLireto viiryingcoticentratil)iisof the iiiiLlividLtiilPFC'S. The

CXPOSLire.,;willbe stoppeliby @ilkiiiinizingthe rt.-iictiL)nnie(.iiun-iwitliKol Ito

stiibilizetlioidcnine nLICICOtiLiCSin the respcctivephospl-ILiryiitioiist@iti,!.

,Samples frL)M #-iiichexposure well will be centrifugedto remove dc!hri,-;,

ne-Litrzilizedand iiijectedol-itoiWaterq Ri)diilP-,ikC18 column. TndividLlili

nLicleotiLiesLireelliteiizitI m)/min in 100 mM pil)tassiumphc)spliite(pi-I6)

fc)ll(iwedby a gradieiitto 5% methai-iol.itiliividtialiiticlel)ticieswill L-pe

detected at 260 iim ajidqLlalltifieLiby ititegriitingthe peiikareiiilscl)mpared to

known stindards.

Activation of PPAR-responsive gtnes willbe assessedby tiifferenti-,ii

display 1-isingstandard moleciil-,irbiology teelinitltte.@;(Wang @ind Morais,

1997). The method cunsistsof exposing -,ill3 spocio.-;of I-t(@p,-itocytesto the

correspoi-idijig1'1,'C.At pro-Lictermint-.dtimes,the reiclioiiswillbe St(-)ppeLiin

liqtji(Initrogen an(ianiilyzedfortheenhtnceli exprt@-,.qionof i)selectgroup of

gc.-no.-,eticodingff,)rperuxisomal (iiidmitochondrial proteins. This entiils

i.qol,itionof totiiiRNA ft-)Iloweiiby gelseparatit)ii@itidNortht-@rnhybridizition

forselectelli-ni@NA's.Probes have been prepared by I-CR for the two "hi-)use-

keeping" geties 0-actin iind glyceraldel-tvde3-@,tiosph@ttoLichyLirt-)gt!n@i.,;t!

(GAPDH), wi-tich@ireSLippo-,-odlyun-indt.icibleaillitilLISV,111(1nlc-,isllroift)r

gont-copy nlimbt-i-(cellntimber). Tile PF(:-inLiucetii@:tivLitiunL)fiiiit)ther

gelieswillbe normii(izetitL)the cupy number ft)rtlik!sctwt)genes iiioi-Lic.,rto

qtiai-itilitivelygaLLgCth(!d(,gree.of stimi-ilatic)ii(ifgeiieexpressioi-Ion the bi!iis

L)ftotiilgenomic DNA.

Fxpti:iure-relater.iproliferationof pt-rt)xisc)nit!swillbe estimited oiltl-ie

basis(-ifthe stimulated expression of the following geiies:perl)xisoniilf@itty

5
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.icylCoA oxi(.i,i.,;e,cytosc)licfattyaci(ibinlilngprotein (FABP), microsonial

CYI-IIVA,lllitOChL)ndri,-tlIIM(-,-CoAsynthisl,,acti@,,,,itingaliipocyteprotein (al-12),

,iiidcipoproteinsAl and CIII(LatriLiffe@in(.iViimecLI,1997;Conzalez, 1997).

',vlitocl-ionkirialproliferationwill be isses@,,eLioii the basisof the enhanced

expression c)f citrite synthiise iii)d SLIccinate(-Ichvdrogen-ase(SDH).

Amplificc-ttiiLin()fthe niitoclioi-idriiiigt--nOITIC(LiitDNA per mitt)cht)rl(irit)nas

oppc)!;cLito an in(-reiisein iiiitoch(.)ncfrizilnlimber per cell)willbt!LissesseLiby

-inincreaseiiigent,(-()pyIIL[niberfor mitocht)ndriiiitranscriptL)fcytL)chr()mcb

(CY'Fb) ind NTD1 relativeio SDT-1 (anltcleirencoded gene) Ll.,;ill_geri dosic

experiments (Boultwood et al,,19961@. probes have been generated

bv PCR forall3 genes. Increased expre-,,Ni(-)iiof cy'rb ai-idNDI reizitiveto SDH

hitsbeei-iused as an indicatorof an incrt!a.,;cin mtDNA copy nliniber in

car(-fiiietissue following Licutc izitoxicatit)n(-)frats with adriamycin

(tinpLiblisheLlobservation).

TI-icstimtilationof botliperoxisumiiiand mitocliondri-,ilproliferation

i,s@)scribe4ito ,ilteredti-anscriptioiialcLintrLil.To verify this, we will

,qlibc,tantiateolir results of the gene dosing Lini differenti,-ildi@;pl@iy

expei-imcnts by nie,:istiringthe c(@)rrL!.-;poticlingeiizyjiieacti@,itiesfollowiiig

eacl-i(.iftl-i(-%,LiriOLliCelltreatment piiriil]igms.The CXPOSLireincub.@ition.,;will

be stopped and the cellsrecovered by centrifugzition.Fatty acylCoA cixi(.iaw

activitywillbe estimated from the cyanide insei-isitiveoxiliatiunof piilmitoyl

CoA according to the spectrophutumetric teclinil]ticof Lazarow ('198'1).

Succinute LiehydrE)@,,oiizise(SDH), citrzitt!syiithise ind cytochrome

c)xi(-izi.@,t2(COX)are nicisiirt.-dby the correspot-iding -spectroptiotometi-ic

iiiethoLf,.;(Pont-tingtoi-i,1961;Trc)un(-(!c-tit).,*1996;Lash and jont:s,19@)3).

6
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IMAIARY

'.rlicproposed ijivestigationisciesigned to take our CLirrent finliings

regarding the effectsof PFC's oii the bioenergeticpropertiesof isc)lated

mito(:honLiri,-ilmembranes to the next levelof biologicalintegration.The

objectiveis two-fold:to determine whether the effect,;of PFC's t)n isol,-ited

mitl)chondritii.@;iiizinifestedas bioenergeticdvsfiti-ictioiiat the levelof whole

cell ind tocompare iinlicontrastthe response of fiepatocytesfrom different

..;pccicsto Pf:cexposure in ctiltitre.The metabolicand geneticstudieswill

yieldvaluable understanliinginto the i-nechaiii.-,ni(s)of biologicalacti,,,ityas

well as revealpotenti@illyimplirt-.iiitbioiiizirkersforasse.,;siiigPFC CXPO.-qLtri-,in

I)ivo. The comparisons ami-)n@,., specie-,-will flirthertestthe quoition

rcgzirliiiigtilcSLiitabilityof the ritas aiiexperiment,)]model forpredicting

Li,-iver-,-c110!lltili-)LItCO1110Sin IILLi-natisexposed to peroxisoilleproliferatorsand

whe.tht!rthe @-.,uinclipi@,,,may prove tobe @iiiiore-;uitableSLtrrogate.These data

arL-essentialtoextrapolatingdose-respl)nserelationshipsfrom experimental

evidence topredictno effectlevelsantiiiiargii-isofsafetyforpotentialhilmall

exposlires,especiallyin lightof our preliminary evidence which indicates

that iq(-)Iat(!Lihepatic mitochondriii from @,tiinclipiS---,i.,;3-6 timt!,@;m(-)r(@

i-esi.,;tantt(.)PFC-induct!d interfvrcnri,with bi(ientrgeticsthan are rat livei-

i-nitoch(-)ndria(unpublished observations).

7
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EffectofN-AlkylPerfluorooctylsulfonamideson@atochondrial
BioenergeticsInVitro

Kendall B. Wallace, Ph.D.
Department of Biochemistry & Molecular Biology

University of Minnesota School of Medicine

ExecutiveSummary

The following report summarizes research conducted the past 7 months
concerning the effectsof 6 differentperfluorooctanonyl compounds (PFC's;
supplied by The 3M Company) on the bioenergeticcharacteristicsof isolated
rat liver mitochondria in vitro. For purposes of confidentiahty,the trade
names and chemical structureswere not disclosed to those conducting the
research and analyzing the results. Consequently, the identitiesof the
individual compounds are codifiedthroughout the report. They are:

PF10; FC10
PFLOH; the carboxylicacid ofFC10
PF12L; linearFX12
PF12M; mixed FX12
PF95; FC95
PF143; FC143

[Resultsfor the suffonamide and the N-acetic acid of the sulfonamide are not
summarized in thisreport.]

AllsixPFC's examined todateexhibitedsome effecton mitochondrialbioenergetics.FC10
increasedthe passiveprotonleak,resultingin a stimulationof state4 (non-
phosphorylating)respirationwithoutuncouplingoxidativephosphorylation.The acidof
FC10 increasedmembrane permeabilityto ion conductance,resultingin membrane
depolarizationand releaseof cytochromec to inhibitrespiration.Both linearand mixed
FX 12were potentprotonophoreuncouplersofoxidativephosphorylation.Both FC95 and
FC 143 exhibiteda generaldetergent-likeeffecton mitochondrialmembranes asreflectedby
a decreaseinrespiratorycontrolwithoutuncouplingoxidativephosphorylation.

Inconclusion,althoughallPFC's interferedwithmitochondrialbioenergetics,theydiffered
inbothpotencyand mechanism. Regardless,theultimateeffectisthesame; inhibitionof
AT? synthesis.At thecellularlevelthismay wellmanifestitselfas failureof assorted
energy-dependentmetabolicor cellsignalingpathwaysleadingto disrupdonof metabohc
regulationand cellcyclecontrol.Whetherand by what mechanismthismay relateto the
allegedperoxisomeproliferatingactivityand tumorigenicactivityof thesecompounds
remainstobe defmed.
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