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PROTOCOL 418-008: COMBINED ORAL (GAVAGE) FERTII,11'Y, DEVELOPMENTAL AND PF.RINATAt,/ POSTNATAL REPRODUCTION TOXICITY

PFOS IN RATS (SPONSOR'S STUDY NUMBER: 6295.9)

TABLE E20 (PAGE 1): I.ITTER OBSERVATIONS (NATURAI.1,Y DELIVERED PUPS) - ST)MMARY F2 GENERATION LITTERS

------------------ --- ...................... ------------------- ......------------------------------

MATERNAL DOSAGE GROUP 1 11 111

HATERNAI, DOSAGE (MG/KG/I)AY) 0 (VEHICI,E) 0.1 0.4

----------------------- ----------------------------------------------- --------------------------------------

DELIVERED LITTERS WITH
ONE OR MORE LIVEHORN PUPS N 22 21 24

PUPS DELIVERED ITOTAL) N 316 325 357

MEAN+S.D. 14.4 + 3.5 15.5 + 2.5 14.9 + 2.6

LIVEBORN MEAN+S.D. 14.1 + 3.5 15.1 + 2.4 14.3 + 2.5

N(i) 310( 98.1) 318( 97.8) 344( 96.4)

STILLBORN MEAN+S.D. 0.3 + 0.6 0.3 + 1.1 0.5 + 0.9

N(-t) 6( 1-.9) 7( i.2) 13( 3-.6)

PUPS FOUND DEAD OR PRESUMED CANNIBALIZED

DAY I N/N(t) 2/310( 0.6) 2/318( 0.6) 2/344( 0.6)

DAYS 2- 4 NIN(lk) 7/308( 2.3) 2/316( 0.6) 11/342( 3.2)

DAYS S- 7 N/N(t) 0/171( 0.0) 2/167( 1.2) 5/191( 2.6)

DAYS 6-14 N/Nit) 0/171( 0.0) 1/16S( 0.6) 1/178( 0.6)a

DAYS IS-21 NIN(T) 0/1714 0.0) 0/164( 0.0) 0/177( 0.0)a

VIABILITY INDEX b % 97.1 98.7 96.2

NIN 301/310 314/318 331/344

LACTATION INDEX c t 100.0 98.2 96.7

NIN 171/171 164/167 277/183
------------------------------------------------------------------------------------------------------------------

DAY(S) - DAY(S) POSTPARTUM
a. Excludes values for litter 13257; the (lamwas found dead on day 10 of lactation; eight pups were sacrificed.
b. Number of live pups on day 4 (preculling) postpartum/number of liveborn pups on day 1 postpartum.
c. Number of live pups on day 21 (weaning) postpartum/number of live pups on day 4 (postculling) postpartum.



PROTOCOI, 418-008: COMBINED ORI,I. (GAVAGE) FERTILITY. DEVEI,OPMENTAB AND PER INATAI,/ POSTNATAL REPRODUCTION TOXICITY

PPOS IN RAT!; ISPONSOR'S STUDY NUMSER; 6295.9)

TABLE E20 (PAGE 2) 1 LITTER OIISERVATIONS (NATURALLY DEI,IVEIIED PUPS) - SUMMARY - F2 GENERATION LITTERS

-- ------------------------ I --------------------- - ---------------------- -----------------------------

MATERNAL, DOSAGE GROUP 1 11 111

MATERNAL DOSAGE (MG/KG/DAY) 0 (VEHICLE) 0.1 0.4

.. ...................................................... ...................................................

DELIVERED LITTERS WITH
ONE OR MORE LIVEBORN PUPS N 22 21 24

SURVIVING PUPS/LITTER a

DAY 1 b MEAN*S.D. 14.1 + 3.S 15.1 + 2.4 14.3 + 2.5

DAY 4 PRECULLING MF-kN+S.D. 13.7 + 3.3 15.0 + 2.8 13.8 + 2.4

DAY-.4 POSTCULLING MEAN+S.D. 7.8 + 0.8 8.0 + 0.2 8.0 + 0.2

DAY 7 HEAN+S.D. 7.8 + 0.8 7.8 + 0.5 7.8 + 0.7

DAY 14 HEAN+S.D. 7.8 + 0.8 7.6 + 0.7 7.7 + 0.8
1 2ilc

DAY 21 MPM+S.D. 7.8 + 0.8 7.8 + 0.7 7.7 + 0.8
2i)C

PERCENT KALE PUPS PER
NUMBER OF PUPS SEXED

DAY I b HEAN+S.D. 47.9 + 15.2 S2.1 + 10.9 47.0 + 13.3

DAY 4 PRECULLING MEAN+S.D. 47.9 + 15.1 Sl.5 + 11.1 46.6 + 13.4

DAY 4 POSTCULLING MEAN+S.D. 47.0 + 10.0 49.6 + 1.6 49.1 + S.7

DAY 7 MEAN*S.D. 47.0 + 10.0 40.9 + 3.9 48.7 + 6.4

DAY 14 MEAN+S.D. 47.0 + 10.0 49.2 + 2.6 48.3 + 6.2
1 24]C

DAY 21 HEAN+S.D. 47.0 + 10.0 49.2 + 2.6 48.3 + 6.2
2ilc

-----------------------------------------------------------------------------------------------------------------

DAY - DAY POSTPARTUM
I I - NUMBER OF VALUES AVERAGED

a. Average number of live pups per litter, including litters with no surviving pups.

b. Includes pups born alive, found dead day 1 postpartum.

c. Excludes values for litter 13257; the dam was found dead on day 10 of lactation; eight pups were sacrificed.



PROTOCOL 418-008: COMBINED ORAI, IGAVAGE) FERTILITY. DEVELOPMENTAL AND PERINATAL/POSTNATAL REPRODUCTION TOXICITY

PFOS IN RATS (SPONSOR'S STUDY NUMBER: 6295.9)

TABLE E20 (PAGE 3): LTI'TER OBSERVATIONS (NATURALLY DELIVERED PUPS) - SUMMARY P2 GENERATION LITTERS

............... . ............. ---- ----------------- -----

MA'I*MRNAI, DOSAGE UROUIP 1 11 111

MATERNAL DOSAGE (MG/KG/I)AY) 0 IVElilCLE) 0.1 0.4

... ............................. -----------------........................ --------------------------------

DELIVERED LITTERS WITH
ONE OR MORE LIVEBORM PUPS N 22 21 24

LIVE LITTER SIZE AT WEIGHING

DAY I MEAN+S.D. 14.0 + 3.5 15.0 + 2.6 14.2 + 2.5

DAY 4 PRECULLING MEAN+S.D. 13.7 + 3.3 15.0 + 2.8 13.8 + 2.4

DAY 4 POSTCULLING MEAN+S.D. 7.8 + 0.8 8.0 + 0.2 7.9 + 0.3

DAY 7 HEAN+S.D. 7.8 + 0.8 7.8 + 0.5 7.8 + 0.7

DAY 14 HEAN+S.D. 7.8 + 0.8 7.8 + 0.7 7.7 + 0.8
( 23)a

DAY 21 HEAN+S.D. 7.8 + 0.8 7.8 + 0.7 7.7 + 0.8
23)a

PUP WEIGHT/LITTER (GRAMS)

DAY I HEAN*S.D. 6.3 + 0.8 6.1 + 0.5 6.2 + 0.5

DAY 4 PRECULLING HEAN+S.D. 6.7 + 1.6 8.2 + 1.0 6.0 + 1.3

DAY 4 POSTCULLING HEAN+S.D. 8.8 + 1.6 8.3 + 1.0 8.0 + 1.3

DAY 7 MEAN+S.D. 14.7 + 2.4 13.9 + 2.2 12.8 + 2.6*

DAY 14 MEAN+S.D. 32.0 + 3.5 31.8 + 3.1 28.9 + 4.7**

1 23)a

DAY 21 MEAN+S.D. 50.1 + 5.1 49.2 + 5.0 46.5 + 6.3

[ 23)a
----------------------------------------------------------------------------------------------------------------

DAY - DAY POSTPARTUM

I I - NUMBER OF VALUES AVERAGED
a. Excludes values for litter 13257;- the dam was found dead on day 10 of lactation; eight pups were sacrificed.

Significantly different from the vehicle control group value (p!0.05).
Significantly different from the vehicle control group value (plO.01).



TERATOLOGY 50:19-26(1994)

Prevention of Fluvastatin-InducedToxicity,
MortaHty, and Cardiac Myopathy in Pregnant Rats
by Mevalonic Acid Supplementation

ROMAN V. HRAE, HOWARD A. 4ARTMAN, ArM RAYMOND H. COX. JR.
RegulatoryToxicology,Drug SafetyDepartment,SandatResearchInstitute,SandozPharmaceuticalsCorporation.
East Hanover, New Jersey 07936

A.BSTRACT Mevolonic acidisa productof rats,and n
d

f ratogenicact'it ts t-pg-tv-iaenceo te iviy inra a
theenzyme HMG-COA reductosewhich isessen- --osesMp to 36 M-g-lWg-lEayo-r r@b-b-ia-af-aosesupto 10
tialfor cholesterolbiosynthesis.Fluvastatin(Son- m :&ida-y--(R-.-V-.-I-Ei-B,-u--@-p-ulatshtd7d-alIT-Ff-0-w@ver, in
doz compound XU 62-320) isa potent inhibitorof a perinatal/postnatalstudy (Segment M), 12 and 24
thisenzyme and, hence, mevolonic acid produc- mg/kg/day offluvastatinadministered to pregnant rats
tion.In three separate studies,oral administration from day 15 pc (postcoitus)through weaning resulted
of fiuvastatinat 12 and 24 mg/kg/day to mated in maternal mortality at or near term and during the
ratsfromdav 15 ofLae-st-at-io-n-ffi'roughweaning re- '@ism?asg-tr-tunm -K'stpir-__ ortalitvwas licPd-_ L-_ _p qr@@lity.yAg ireplic
sulted i ntici ted matemal mortalityat the subsequent follow-up study, and microscopi u

time of pa urition lactation.Micro- evaiuaribn rev-eale e occurrence ca=r @rrrfybp-4thy
scope. performed in two studiesre- 43-n-Fy-int Lini@mals. No cardiac pathol.oxywas
vealed significantcardiac myopathy in the dvin etectedin nonpregnant animals iD_Iheac-atudie&-wjth
animals. Drug-relat@edclinicolsigns,significantma- rru-v4Lstatin.As in previous rat studies (Stollet al.,'88)/@',
iernal gody--w-ei-gRTro-s-s,-o-n-cTo-nincrease in stillito--m Foreit-om-ach lialh I *

a-

ip!Ayperkeratosis

la 41a Inatal mortalitywere also nol@, -- @been@shl@nmwnto be so&-iric-19ups and neo ted at were found. These 1;ave
one or both close level5.Supplementation of fluv- r-ouents-andto be a resultof contact irritat7ionoy ?Fu-
astafi-n-admi ationwith5-00mo 9 1..0 me- vastatin(Robisonet--al.,94)'
v F------ d and/or omelio- @coa of mevalonic acilda onic aci*acompletely blocke dministration the jMMedLate
ro-t-e-d-tFe--m-o-rFai@, cor@l c y Pothy, an-d-offi-er prauct of the -e-nz-y-m-e-'RNfU--CoA-re@uctas-e-Ihas been
a verse e ec s. ese stu iesindicatet e ad- shown toprevent or antagonize various orzan toxiiiii-es
verse :@oter-nal,eftfeects)-L@erved with--ffu-v-o-s-fo-tininduced -iLn-ra-U-a-n-arabbits.ydth_othgr MQ.-

"'u T C's
goA re.

q ultedfrom exog- ductase inhibitors(MacD )nald et al.,'88

0 ow
e ro@r-ear@o owiino n,@rt.,ion re -,Jigrmbrustetpcrtuht

gerated phormocgLQ"l activ at t e ose levels al.,'89).In pregnant rats,it has been shown that 500
a-Um-inistered,i.e.,inhibitionat the enzyme HMG- --MjL/El-u@- val@oni@cacid supp-re-ssL-4We-Te-r-a-@g-e-
Co-A reductas@e,@, immediate product mevolonic fiicityof mevinolinic -a-ci-&,an inhibitorof FRW-RUA
acia, onci criotesterolbi snrnthe-qlq redu a minister prior to ana approxi-

mately 5 hr afteradminist -v:,nigii,@a@id

tal.,'83).Since fluvastatinisan inhibitorof
the e e HMG-CoK-re-du-ctas-e an-Effi-er-ef6-re-or-me-Fluvastatin (Sandoz compound XU 62-320) isa syn-
va onic acid production, a relationship was considei7edtheticpotent inhibitorof hydroxymethylglutaryl coen-
fF-e-x-i'st-betweenthe exaggerate ._p

-
kCE-O-pq!-I@t@iV@zyme A (HMG-CoA) reductase,the rate-limitin en-9

ity associated with HMG-COA r:?ductasW7i7iifiibiiio-n,-byzyme in cholesterolbiosynthesis (Engstrom et al.,'88;
fluv -s-utizi&Lad the occurrence of ma-fFfn-aT'ih-OFElfiyKathawalaetal.,'88;Kathawala, f dmini n
andio s.The study reported hetreeifflu-vastatinin rats logs.-an mon nducu-aig-

R-to-ae-fer@minewhether coa i;@ini-sti-a-tionofme-aificantreductions in serum totalcholesterol,low-dien-
sitylipoproteincholesterol,and serum triglyce-n-de-rev-

eTs7En-ptrom e-t-aT.-,%B).i)unng the safety ssment
of fluvastafin,-nonclinicalstudies were performed to
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evaluate the effectof thiscompound on fertility,repro-
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20 R.V. HRAB ET AJ-

TABLE 1.Daily dosing schedule

Second dose administration Third doseadministration
Group Firstdose administration tapprox.1/2hr.afterfirstdose) (approx.5 hr.aftersecond closei

I DeionizedH20 1% cmc Deionized12
011 Mevalonic acid500 mg/kg 1% cmc Mevalonic id500 mg/kg

m Mevalonic acid500 mg/kg Fluvastatin12 mg/kg/day Mevalonic acid500 mg/kg
IV Mevalonic acid500 mg/kg Fluvantatin24 mgfkgtday Mevalonic acid 500 mg/kg
v Fluvastatin12 mg/kg/day
vi Fluvastatin24 mglkg/day

valonicacidwith fluvastatinfrom day 15 ofgestation liver).Followingdelivery(day 0 pp) through weaning

th could inhibitor blockthe (day 21 pp),the dose calculationswere based on the
a&-erse effectsnoted 'h fluvastatin. most recentlyrecorded-body weight. Control rats re-v wit

MATERIALS AND METHODS
ceivedthreeseparatedoses:10 ml/kg b.i.d.ofdeionized
water and 10 ml/kg/day of 1% CMC, alsobased on the

Animals same body weight schedules as in the dose groups. Con-

One hundred twenty female rats(CharlesRiver CI)O- centrationsof the dosing solutionswere assayed and
Spmgue-Dawley-derived) obtained from Charles River verifiedfour times during the study.

Breeding Laboratories,Inc.,Kingston,New York, were
Exslrninationsapproximately 14 wk old at the startof the study.A

group of males ofthe same strainand age,and from the Individualclinicalobservationswere recorded at
same supplier,was used formating, during which each leastonce daily.Body weights were recordedon days 0,
female was housed with one male. Observation ofvag- 7,and dailyfrom days 15 through 20 of pregnancy.
inalplugs the followingmorning was consideredevi- After each animal delivered,maternal body weights
dence of mating and day 0 of gestationor day 0 post were recorded on days 0, 7, 14, and 21 pp, Food con-
coitus(pc).The day on which pups were born was des- sumption was recordedonly during gestationon days 0,
ignatedday 0 postpartum (pp),while day 21 pp was the 7,15, and 20 pc.
day ofweaning. As the females were mated, they were Following deliveryof each litter,viability,clinical
randomly assigned tosixgroups until20 ratsper group signs,and external examinations of pups were re-
were mated. After mating, females were housed indi- corded on days 0 pp through 21 pp.The sex and indi-
viduallyin suspended stainlesssteelwire-bottom cages vidualweights ofallviablepups were recordedon days
in a temperature and humidity controlledroom with a 0,1,4, 7,14, and 21 pp. Pups stillbornor found dead
12-hrlightand 12-hrdark cycle.On day 20 ofgestation, during the postpartum periodand not autolyzedor can-
the ratswere transferredto transparentplasticcages nibalizedwere examined, identified,and preserved in
with bedding consistingof hardwood chips.Certified neutralbuffered10% formalin.Dam dying spontane-
Purina rodent chow (pellets)and water (providedvia ouslyorsacrificedmoribund were necropsied.Animals
automatic watering device)were suppliedad libitum. which did not deliverwere necropsiedon day 28 pc. On

day 21 pp, allremaining dams and pups were eutha-
Compounds administered nized,necropsied,and examined. Pups with lesionsas

Lot 28 of fluvastatin(XU 62-320)was used in this wellas severalcontrolgroup pups were identifiedand
experiment. Purity was determined by thin-layerchro- savedin neutralbuffered10% formalin.All otherpups
matography (TLC) and high-performanceliquidchro- were discarded.
matography (HPLC) to be 99+%. DL-mevalonic acid

? lactone was obtained from Fluka Chemical Corp. Post mortem examinations

(Ronkonkoma, NY), and puritywas found tobe 96 + % Following inductionof deep surgicalanesthesia us-
as determined by HPLC. ing excess C02, animals were euthanized by severing

Dosage admixiistration
theaxillaryvesselsforexsanguination.Terminal body

weight was recordedforeach dam and a thorough dis-
Dosing solutionsof nuvastatin were prepared fresh sectionwas performed on allsurvivingdam at wean-

dailyin 1% carboxymethylcellulose(CMC). Mevalonic ing(day21 pp).All grosslesionsand approximately 40
acid was prepared freshtwice dailyindeionizedwater. representativetissuespecimens were collectedand pre-
Individualanimal doses were calculatedand adminis- served in neutral buffered10% formalin.
tereddaily(tofemales only)via gavage from day 15 of Spontaneously dying animals were dissectedand a
gestationthrough day 21 postpartum ata volume of10 complete setoftissuespecimens, including the gravid
ml/kg (Table 1).Dose calculationswere based on the reproductivetracts,were collectedand preserved.Non-
dailybody weight from day 15 ofgestationuntildeliv- pregnant animals were sacrificedon day 28 pc. Since
ery (orday 28 pc forthose animals which did not de- thetreatment-relatedcardiacfindingsoccurredonly in
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TABLE 2.Cause ofdeath ofspontaneouslydyinganimals

Totalnumber Pregnantfemales Pregnant Nonpregnant
offemales thatdied females females
thatdied beforedelivery thatdied dyingduring

Dose group on study on day 22 pc postpartum experiment

I Control 0 0 0 0
IIMevalonicacid500 mgag 2 0 1 (sac.moribundday I pp)" 1 (day26pc)-l
IIIFluvastatin12 mg/kg. 1 0 0 1 (day18pc)l

mevalonicacid500 mg/kg
IV Fluvastatin24 mgfkg, 2 0 0 1 (day 19 pC)3

mevalonicacid500 mglkg I (electivesac.day 15 pe)-,
V Fluvastatin12 mg/kg 3 il 1 (day4 pp)l 0

1 (day13 pp)G
VI Fluvastatin24 mgikg 8 12 1 (day2 pp)2 0

1 (day5 pp)2

1 (day6 pp)2
2 (sac.moribundday 10 pp)2
1 (day12 pp)2
1 (day14 pp)2

'Causecouldnotbe determined.
2Heartlesion(vacualardegeneration,and/ormyocarditisprobablyrelatedtodeath).
'Intubationaccident@lesion3seenby grossormicroscopicexamination.
'Intubationaccidentbased on clinicalobservationsand grossormicroscopicexamination.
'Possibleintubationaccident,althoughmicroscopicfindingswerenotconclusive.
"Intubationaccidentbasedon clinicalobservations.althoughmicroscopicfindingswere notconclusive.
"Broken,malalignedincisors;animalinpoorhealth.

pregnantanimals,data from thenonpregnantanimals inutero.Othersdiedwithinthefirst2 wk postpartum.
were consideredseparately. The causeofdeathofthe 8 animalsadministerednu-
Based on resultsfrom previousstudies,microscopic vastatinat24 mg/kgtdaywas relatedtothepresenceof

evaluationswere limitedtotheheartsand stomachs cardiomyopathycharacterizedby hyaline,granularor
from allanimals.For spontaneouslydyingor animals vacuolardegeneration,and/ormyocarditis(Fig.2-5).
sacrificedmoribund, the tissueevaluationincluded The causeofdeathofthe 2 ratsadministeredfluvas-
grosslesions,lungs,trachea,thymus with mediasti- tatinat12 mgfkgtdaycouldnotbe determined.
num, and liver. Necropsyexaminationofthe 2 animalsthatdiedon

day22 ofgestationrevealeddead,morphologicallynor-
Statisticalanalysis mal full-termfetusesin the uterus,indicatingthat

Allstatisticalevaluationsofdata compared treat- theywere probablyaliveup tothe time ofthe dames
ment groupswithcontrolsatP:sO.05andP:sO.01levels death.Furthermore,drug-relatedclinicalobservations
of significance,with a two-tailedanalysis.Maternal were seen in the 24 mg(kg/dayfluvastatinanimal
body weight,durationofgestation,number ofpups de- which includeddecreasedlocomotoractivity(ondays
livered,livepups per litter,pup weight,and implanta- 20 and 21 pc),splayed(extended)hindlimbs,tremors,
tionsiteswere evaluatedby analysisof variance ataxia,laboredbreathing,salivation,lacrimation,and
(ANOVA) followedby Dunnett'sTest.FisheesExact disorientationon day 21 pc.Similarsignswere seenin
Testwas usedtoevaluatematernalfertilityand repro- the12 mg/kg/dayanimal on day 22 pc priortodeath.
ductiveperformance,numbers ofdead pups,and sex Other animalsfrom the 12 and/or24 mg/kg/dayflu-
ratio,as wellasneonatalnecropsyexaminationdata. vastatingroups alsoexhibitedvariousdrug-related
Maternalterminalbody weightswere evaluatedby a clinicalsignsincludingataxia,impairment/lossof
one-way ANOVA followedbyDuncan'sMultipleRange rightingreflex,decreasedlocomotoractivity,hunched
Test. or flattenedbody position,splayed(extended)hind

limbs,ptosis,tremors,disorientation,laboredbreath-
RESULTS ing,skinpallor,and dehydration.

Maternal mortalityand chnicalobservations

Drug-relatedmaternalmortalityoccurredinanimals Maternal body weight and food consumption

receiving12 and 24 mglkg/dayoffluvastatinwhere 2 No treatment-relateddifferencesin maternalbody
outof17 and 8 outof17 pregnantanimals,respectively,weightgain were notedduringgestationdays 15-20,
diedorwere sacrificedmoribund (Table2).One animal the initialperiodof administrationof fluvastatin
from each ofthesegroups diedon day 22 ofgestation and/ormevalanicacid(Table3).During thefirst7 days
withoutcompletingdeliverybuthad full-termfetuses afterdelivery,a transient,statisticallysignificantMR-
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wrl cv7p, mglkg/day doseleveloffluvastatinsupplemented with
mevalonicacid.During thenext7 days(days7-14 pp),
a body weightgainwas evidentinallgroups.However,
consideringthefirst2 wk postpartum(days0-14),an
overallbody weightlosswas neverthelessapparentin
the2 fluvastatingroups(Table3).
Subsequently,duringdays 14-21 pp,a slightmater-

nalbody weightlosswas observedinallgroupsinclud.
ingcontrols.Maternalweight lossisnot uncommon
duringthistimeperiodand isprobablydue toa greater
nutritionaldemand on the dams resultingfrom in-
creasedlactation,combined with more ingestionoffeed
by thepups and thereforelessby the dams. Although

10 notstatisticallysignificant,a slightdecreasein food
consuxnptionofapproximately11% was evidentduring
thetreatmentperiodfrom days 15-20 ofgestationin
bothgroupsadministered24 mg/kg/dayoffluvastatin,
withand withoutmevalonicacid(Table3).

Fertilityand reproductiveperformance

No remarkablevariationinpregnancyrateoccurred
among thegroups.Consideringthemean lengthofthe
gestationperiodofthoseanimals completingdelivery,
therewas no treatment-relatedvariationamong
groups(Table4).A slightlylowergestationindexin

Fig. 5. 24 mgikg: death on day 14 pp. In some high-doseanimals GroupVI (fluvastainat24 mg/kg/day)reflectstheone
dyingin thelaterpostpartum period.myocardiallesionsencountered animalwhichhad no viablepups,5 stillbornpups,and
were oftenmore complex.frequentlycharacterizedby areasOfmyO- 7 deadpups ofunknown viabilitstatusatbirth.
fiberdisintegrationaccompaniedby irinammatoryinfiltratesand in- y

terstitialedema.The affectedareasrangedfromlimitedtowidespread.
Not seen in earliermyocardial lesionswas the occurrenceof conspic- PostnatalUtterdata
uouscytoplasmicvacuolizationillustratedinthisfigure(x 400).

The mean number oflivebornpups was lowerinboth
groupsadministeredfluvastatinalone(GroupsV and

ternalbody weightlossof5% and 9% was apparentin VI)when comparedtoconcurrentcontrols(Table5).An
the 12 and 24 mglkg!day fluvastatindosegroups,re- increasedincidenceofstillbornpups occurredinthe12
spectively,compared to a 4% gain in controls.A 2% and 24mg/kg/dayfluvastatinGroup V (7%)and Group
body weightlossoccurredinanimalsreceivingthe 24 VI (22%),compared toa range of2-3% incontrolsand

Groups II,HI,and IV.There was no evidencetosuggest
any remarkableincreasein inuteropostimplantation

Fig.1.Controlanimal:typicalappearanceofnontreatedcontrolembryo/fetalmortality(i.e.,earlyorlateresorptions)myocardialtissueix 200 .
inany ofthegroups,eitherbeforeorafterinitiationof

Fig.2. 24 mgtkg:deathon day 21 pcbeforedelivery.An example fluvastatinand/ormevalonicacidadministration(Ta-
illustratingthe signif'icantbut focalnatureofmyocardialhyaline ble5).Neonatalmortalityof 15% and 56% was ob-
degeneration.interstitialedema. and evidenceofactualmyoriberloss servedthroughweaning inboth 12 and 24 mg/kg/dayencounteredindvinghigh-doseanimals.Lesionsofthistype(lefthalf

fluvastatinGroups V and VI, respectively(Table5),ofillustration)weredetectedonlyinanimalsdyingduringdeliveryor
immediatelypostpar-um.The -ryocardiumin therighthalfof this witha statisticallysignificantincreasenotedat 8-14
illustrationisunaffectedv,200@ dayspoepartum inGroup V and asearlyas 1-4 days
Fig.3. 24 mgkg: deathon da-,-22pcbeforedelivery.Discretearm postpartuminGroup VI.Although theoverallneona-

ofsignificantmvocardialnecrosi
.
s withmononuclearphagoeyticizir talmortalityinGroup IV (24 mg/kg/dayfluvastatin

tration.Affectedmyorik>ershave undergonegranulardegeneration. supplementedwith mevalonic acid)was alsostatisti-
Adjacentmyofit>ersare normal. Aultiplefociofthistypewere men callysignificant,itwas minimal.
elsewhereinthemyocardium of-hisanimal(x 200). Drug-relatedlowerbirthweightsas well as lower
Fig.4. 24 mglcg-sacrificedmoribundon day lopp.conspicuousneonatalbody weightsduringthelactationperiodwere

myoribercytoplasmicvacuoliza-.ionwas frequentlynotedin animals evidentinboth 24 mg/kg/day fluvastatindose groups,
dying laterin the postpartur-.De-iod.These cytoplasmicalterations withand withoutmevalonicacidsupplementation.
wereunaccompaniedby ir.1,11'amrnationorotherevidenceofmyorib*r

The most prominent neonatalclinicalobservationsdegeneration.The distributionofafr@ctedribersrangedfrom limited
ed in Group VI (24 mg/kg/dayoffluvastatin)areastowidespreadregionso(:nvocardium.The vacuolesthemselves Occurr

were foundto be devoido-.'-,a-o,-glvcogenIx 400). where severallitters,whose dams were adverselyaf-
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TABLE 3.Percent body weight change and relativefood consumption compared to controls

Group I a m IV v vi
Control Mevalonic Acid FluvLsUtin + MevalonicAcid Fluvastatin

12 mg/kg/day 24 mg/kg/day

0 500 mglkg 500 mgfkg M mg/kg 12 24
-mg/kg/Oay b.i.d. b.i.d. b.i.d. ing(kg/day mg/kg/da

% body weight change:
days 15-20 pe 18 is 18 16 16 16

0-7 pp 4 3 2 -2 -5* -9*

0-14 pp 8 4 4 2 -1** -3*

7-14 pp 4 1 2 4 4 1

14-21 pp -5 -3 -4 -3 -3 -1
Relativefoodconsumption:
days 15-20 pc 100% 100% 96% a9 93% 89ey

*P:s 0.01.
**p s 0.05.

TABLE 4.FertiHtyand reproductiveperformance

Group 1 12 m IV v vi
Control MevalonicAcid Fluvastatin+ MevalonicAcid Fluvastatin

12 mg/kg/day 24 mglkg/day

0 500 mg/kg 500 mg/kg 500 mg/kg 12 24
mg/kg/claX b.i.d. b.i.d. b.i.d. mg/kg/day mg/kgtda

No. ofanimals matedigroup 20 20 20 20 20 20

# Pregnant is 17 15 18 17 17

Pregnancy rate' 90% 85% 75% 90% 85% 85rk

Gestation indeX2 100% 100% 100% 100% 100% 94%

No. ofanimals
completingdelivery is 163 15 18 16 16

Mean lengthgestationof
animals completing
delivery(days) 21.9 21.8 22.0 21.7 22.1 22.2

Range (days) 21-22 21-22 22 21-22 22-23 21-23

'Percentmatinp resultinginpregnancy;includesanimalswhich died.
2Percentpregnanciesresultingin litterswith one or more viableoffspring-.doesnot includeanimals which died.
3Does not includeone animal which delivered4 stillborn,4 dead,and 6 viablepups,but was sacrificedina moribund condition
on day 1 pp followinga probableintubationaccidenton day 22 pe.

TABLE 5.Neonatal Uttersizeand mortauty

Group Control ii ni IV v vi

Mean no.ofpups delivered 15.4 16.1 17.1 15.6 13.6 14.9

Mean no.of livebom pups 15.1 15.9 16.7 15.2 12.6 11.1*

Mean no.ofimplantationsites 16.4 17.3 18.2 16.7 15.2 16.3

In uteropostimplantationloss 6.1% 6.9% 6.0% 6.6c/'t 10.5% 8.6%

Overallneonatalmortalitythroughweaning 3% 5% 6% 7%** 15%* 56%*

*p s 0.01.
**P :r.0.05.

fected,had pups which appeared pale, thin, weak, Macroscopic and microscopic evaluation of

and/or dehydrated. Necropsy examination of pups spontaneously dying arkimal

which were found dead during the lactationperiod,or No macroscopicevidence oftreatment-relatedeffects

were culledpriortoweaning, showed that both groups was noted other than the anticipatedforestornach

administeredfluvastatinalone(Group V and VI)had a thickeningpresentin 2 of3 and 7 of8 animals from the

higher incidenceof pups without milk visiblein the 12 and 24 mg/kg/day fluvastatingroups, respectively.

stomach. which died or were sacrticedmoribund.
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TABLE 6.Time and incidenceof treatinent-relatedmaternal mortality'

Segment III Segment IIIfollow-up Segment M mevalonate supplementationStudy
Fluvastatin Fluvastatin

Fluvastatin Fluvastatin MEV + MEV + MEV Fluvastatin

Dose (mglkg) 2 12 24 2 6 12 24 Soo 12 + 500 24 - 500 12 24

Day 15-21 pc 2 2
0 pp - 22 pc 2 4 4 1 1

23 pc 1 1
1-4 pp 1 2 1 1
5-15 pp 1 6 1 3 6

'To facilitatesimultaneous presentation of data, the control groups (allnegative) were omitted.

Microscopicfindingsconsistedof a varietyof myo- plasticlesions.The hyperplasia ranged from mild to

cardiallesionsinalldying Group VI (fluvastatinat24. moderate in degree.In the absence ofspecificquanti-

mg/kg/day) animals. The cardiomyopathy was charac. tativemeasurements, there appeared tobe correlation,

terizedby focalmyocarditisand lesionsofmyofiber hy- with greater degreesofhyperplasia seen atthe higher

aline,granular and vacuolar degeneration(Table 2). dosesof fluvastatinin Groups IV and VI (24 mg/kgl

These findingswere consideredtreatment-relatedand day)compared totheresponseseen inGroups IIIand V

similartothose seen ina previousstudy inpregnant or (12mg/kg/day).There did appear to be a lesserdegree

lactatinganimals dying during or afterparturition. ofhyperplasia/hyperkeratosisin the animals adminis-

Two types ofmyocardial lesionswere detectedmicro- teredmevalonate and 12 mg/kg/day fluvastatin(Group

scopically.In animals d3ringat and within a few days M) compared to the low dose of fluvastatinalone

afterparturition,the lesionswere characterizedby hy- (Group V).

alinedegeneration of isolatedgroups of myofibers ac- Histologicalevidenceoffluvastatin-inducedmyocar-

companied by slightinterstitialedema and hemor- dialfiberinjuryan&or inflammation was not present

rhage (Fig.2 and 3).The lesionstypicalof animals in the mevalonate-supplemented Groups IIIand IV.

dying 3-4 days afterparturitionor laterwere charac- Likewise,inthesurvivingGroup V and VI (fluvastatin

terizedby widespread cytoplasmicvacuolar changes in at 12 and 24 mg/kgtday) animals, myocardial lesions

the myofibers,i.e.,the occurrenceof largeand small were not detected.

clearlydefined round empty vacuoles(Fig.4 and 5).
Occasionally these were accompanied by a sarcolem-
mal responseand inflammatory cellinfiltrates,which DISCUSSION

suggested a myofiber proliferativeor reparativere- The maternal toxiceffectsinduced by fluvastatinre-

sponse to the inductionofthe myocardial injury. portedherein had been encountered in two previous

Cardiomyopathy was not present in the spontane- studiesat similardose levels,and consistedof mater-
ously dying animals which had been given a lower dose nal mortalityat deliveryand during the postpartum

(12 mg/kgtday) offluvastatinalone.Allanimals dying period (Table 6). Microscopic evidence of associated
in the 24 mg/kg/day fluvastatingroup had cardiacle- myocardial lesionswas detectedin thefollow-upstudy.
sions.These lesionswere consideredrelatedto the An increasein stillbornpups was observed with no

cause ofdeath in these animals. evidenceofearlierin utero fetalmortality,suggesting

Terminal sacrificeaniinals
a toxiceffecton the dams immediately priorto,ordur-
ing,parturition.The absorptionand dispositionofflu-

The only treatment-relatedeffectnoted occurredin vastatinhave been studiedin nonpregnant rats(Tseet

allthe groups which receivedfluvastatin.Most ofthe al.,'90)and in pregnant and lactatingrats,and in

animals inGroup 111(14out of19),Group IV (17out of sucklingpups (A.Schweitzer,unpublished data).In all

18),Group V (14oiltof 17),and Group VI (11out of12) casesfluvastatinwas rapidlyeliminatedwith littleor

had varying degrees offorestomach thickening.No ev- no accumulation in the tissues.Limited placental

idenceof thiseffectwas detectedin Group II(meval- transferresultedin very low levelsin embryos or fe-

onicacid alone)or the controls.In Groups M and IV, tuses.Fluvastatinwas detectedin maternal milk and

supplementation with mevalonate did not influence subsequently at measurable levelsin sucklingpups.

the incidenceoffluvastatin-inducedforestomach thick- However, the neonatal mortalityobserved soon after

ening. parturition,aswellas during the lactationperiod,May

Microscopically,the forestomach thickening was be a reflectionof adverse effectsrelativeto deficient

characterizedby epithelialhyperplasia/hyperkeratosis maternal lactationand lack oflittercareas influenced

in allgroups which receivedfluvastatin,including by maternal toxicity.

those receivingthe mevalonic acid supplementation. The resultsindicatethat fluvastatin-inducedmater-

No evidence of ulcerationaccompanied these hyper- naland neonatal mortalitycouldbe completelyblocked
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and/or amelioratedby coadministrationof mevalonic Itwould notbeunexpected.therefore,thatinhibitionof
acid.Adverse effectson maternal body weight were thiscriticalenzyme would influenceordisturbthedv-
nonexistentwith mevalonicacidsupplementedfluvas- namic eventsoccurringinlategestationand atpart'u-
tatinat 12 mg/kg/dayand markedlyimprovedat 24 rition.The datafrom Groups IIIand IV clearlyindicate
mg/kg/day,although food consumptionremained thatmevalonatesupplementationpreventsmortality
slightlydecreasedat24 mg/kgldaydespitesupplemen- and thedevelopmentof heartlesions.Itisnotclear
tationwith mevalonic acid.The decreasedneonatal fromthesestudiesexactlywhat the effectisin the
bodyweightgainduringlactationat24mg(kg/daymay myocardialtissueswhich allowsdevelopmentofthe
berelatedtothereducedmaternal foodintakenotedat heartlesions,and why the restoredormaintainedlev-
thisdoselevel. elsofmevalonatesuppressorblockthedevelopmentof
While mevalonatesupplementationpreventedmor- theselesions.

talityand the developmentofheartlesionsinGroups LITERATURE CITED
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'ne influenceof the peroxisomal prolif.-ratorsperfluorooctanoicacid (PFOA), perfluorooctanesulphonic acid (PFOSA) and

cloribricacidon lipidmetabolism in ratswas studied.Dietarytreatment ofmale Wistar ratswith these three comt)ounds resulted
in ra idand pronotinced reduction in both cholesteroland triacylitlycerolsinicru@m. @e concentrationOf livertriacylglycerols

was increasedby about 300% by PFOSA. Free cholesterolwas increasedby both periluoro-compounds. Cholesterylesterwas

reduced to50% by PFOSA aswell by clorib;at-c.-In hepatocytes from fed rats.allthe compounds resultedinreduced cholesterol

svnthesisfrom acetate.pyruvate and hydroxymethyrgl-uiarate,but therewas no reduction of synthesisfrom mevalonic acid.The
qxidationof paimitatewas alsoincreasedin allgroup .The perfluorocompounds, but not clofibrate,qaused some reduction in

fatrvacidsvnthesis.The activitn,of liverHMG-COA rcductasewas reduced to 50% or lessin alltreatment groups and allthree

compounds led 7o lower activityof acyl-CoA:ch lesterol-acyltransfe:rase(A--C-A-M.Changes in other enzymes related to lipid

metabolism were in@c-onsistent.Tne present data suggest that the hypoliiie-mieffectof these compounds may, at leastpartly,be
mediated viaa common mechanism; impaired production of lipoproteinparticlesdue to reduced synthesisand esterificationof

cholesteroltogetherwith enhanced oxidationof fattyacidsin the liver.

Introduction triacylglycerolrelease by the liver [13,14];increased

rate of VLDL degradation [6];increased uptake or

Many hvpolipemic drugs cause proliferationof per- reduced release of fattyacids by adipose tissue[15,16]

oxisomes and i!Lcreasethe actinityof the peroxisomal and increased excretion of cholesterol into bile and

,B-oxidationin rats(1-3].Chemir-ally,these drugs con- feces [17].

stitutea heterogeneous group including clofibrate,tib- Ikeda et al.[18,19]observed that perfluorooctanoic

ricacid,niadenate and long-chain acvlthioaceticacids, acid (PFOA) and perfluorooctanc sulphonic acid

tiadenol,long-chain thia acidsand MEDICA 16 (1-61. (PFOSA) efficientlyinduced the peroxisomal B-oxida-

It has been suggested that the increase in the fatty tion in ratsthat were fed these compounds (0.02% in

acyl-CoA oxidizing system contributes to the hy- the diet).Just et al.[20]reported that the perfluorocar-

polipemic effect of these drugs (7,81.The dominating boxylicacids alterhepatic lipidmetabolism and reduce

mechanism underlying reduction of serum triacyl- serum lipidlevelsshowing that these compounds also

glycerolsand cholesterol by these drugs is,however, belong to the group of peroxisomal proliferatorswith

uncertain.Other mechanisms \;,-hichmay be important hypolipemic effect.The perfluorinated compounds are

for the hypolipemic effect include; reduced hepatic particularlyinterestingsince they obviously are not

synthesisof fattyacids and cholesterol(9-121; reduced subject to ordinary metabolic modifications.The ef-

fects of these compounds must, therefore,be due to

effectsof the compounds per se.

Correspondence to:0. Spydevold.Instituteof.MedicalBiochemistry. Peroxisomal inducers may bring about the hy-

P.O. Box II12.Blindern,N-031 " Oslo. ',orway. polipemic effect by affectingdifferentsteps in lipid

Abbreviations:PFOA. perfluoroociani,icac@d:PFOSA. perfluorom-
metabolism. However. itseems likelythat,some impor-

tant steps in lipidmetabolism are common targetsfor
lane sulphonic

'
acid-.ACAT. ac-vl-CoA:chu;ctterolac-yltransfcrase;

HMG. hydroxymethylgluturicacic!. tc*.;i-decylthiouceticacid; these compounds. The unphysiological character of the

VLDL very-low-dcnsitylipoprotcins. perfluoro compounds makes itpossiblethattheireffect



on lipidmetabolism followsa patternthatwould make Preparatioriofhepatocytes
iteasierto understand possiblemechanism for the The effectsof dietarytreatmentwere studied in
lipidreductioneffectofperoxisomalprolifcrators. hepatocytesisolatedfrom ratsfed the dictsforI week

In the search for a possiblecommon mechanism and forthestudy of directeffectsof the compounds.
underivingthe hypolipemic effectof pcroxisomal in- hepatocyteswere isola,,edfrom rats fed the standard
ducers,we have compared hepaticfattyacid metabo- diet.Isolationof hepatocyteswas performed by perfu-

lism,cholesterolsynthesisand the activitiesof enzymes sion with collagenase,according to Berry and Friend

relatedto thesemetabolic processdsinthe liverof rats [21],with themodificationsdescribed by Seglen [221.

fed perfluorooctanesulphonicacid(PFOSA), perfluo-

rooctanoicacid (PFOA) and clofibrate. Oxidationof palmitateand conl-ersionof labelledsub.

strateintolipids
Methods and Materials Fatty acid oxidationwas measured according to

Christiansenet al.[23)with 0.5 mM palmitateas sub-

Ani?nals strate.FaM acids and cholesterols@,nthesizedfrom

Male Wistar ratswere used. They were divided into radioactiveprecursorswere extracted from the cell

fivegroups. One group was allowednormal food ad suspensionafter90 min incubation.The reactionwas

libitum(controlTats).Three other groups were given stopped by the additionof 5% saturatedKOH in

food which contained 0.3% clofibricacid,0.02% per- ethanol and the mixture was heated at 90*C for I h.

fluorooctanoicacid or 0.02% perfluorooctanesul- The nonsaponifiablelipidswere extracted with

phonic acid,respectively.ne dietswere prepared by petroleum ether.7le suspension was then acidified

soakingstandard food (in pelletform) in diethylether withHCI. Tle extractswere evaporated to drynessand

inwhich the compounds had been dissolved.The fifth the radioactivelipidresiduewas dissolvedin 100 ul

group was restrictedin food intaketo that consumed hexane. 'rbelipidextractswere chromatographed with

by the PFOSA group. The stock dietwas used for hcxane/diethylether/aceticacid (80:20:1) on silica

these paired feeding experiments.The average body gel thin-layerplates.The spots corresponding to

weight when the experiments startedwas 269 g and the cholesteroland fattyacidswere identifiedby standards

average dailyfood consumption per ratin the different and were then isolatedformeasurement of radioactiv-

groups were; control:23.7 g, clofibrate:23.1g, PFOA: ity.

22.7g,PFOSA: 20.0g.
Enzyme assays and measurements of DNA, protein and

Materials lipids

(2-1"C]Mevalonic acid, [i-IAC]pyruvic acid and (2- Pyruvate dehydrogenase was estimated by measur-
14C)pyruvicacid were from New England Nuclear. ingthe "C02 liberatedwhen hepatocyttswere incu-
[1_14

C]aceticacid was obtained from Amersham (UK). bated with 5 MM [1_14C]pyruvate for 30 min at 37*C.

Clofibratewas from Fluka (Buchs,Switzerland).Per- Acetate thiokinasewas measured as described by Jones

fluorooctanoicacid was purchased from Aldrich- and Lipman [24).Liver microsomes were prepared

Chemic (Steinheim, Germany) and Perfluoro-octane accordingto Easom and Zammit [25],and HMG-COA

sulphonic acid was from Fluorochem (Old Glossop, reductasewas measured according to Drevon et al.

UK). Other chemicals were from Sigma (St.Louis, (26]. CDPcholine: 1,2-diacylglycerolcholinephospho-

MO, USA). transferase,EC 2.7.8.2and lysolecithinacyltransferase

TABLE I

Body and lit-erweights and lit-erLipidcontent in ratsfed differentdietsfor 7 days

Cloribratc was given as0.315,'c(w/w) and PFOA and PFOSA as 0.02% in the diet.Values are given as means ± S.E. There were four observations

in each group. Fisher's P-values are given; * P < 0.05. * *P < 0.01 vs. control group.

Control Cloribrate PFOA PFOSA Stock diet
- limitedfcd

Bod)-weight (g) 305 ± 2 298 ±3 :,q 6
275 2S2 +7"

Liverweight (g) 11.3 ± 0.4 16.1± 0.8 18.3 0.7 15.9--0."#

Uvcr triacvlglyccrtils(lAmol/g li%-cr) 4.1 ± 0-1 4.0 ± 0.7 3.9 O..l 13.8 18 4.1= 0.6

Livernon-csicririedcholesterol(,umal,lgliver) 4.4 0.4 4-5 0.3 o.5 (1.4 7.6 0.3

Livercholesiert)lcster(Amui,,g li%;cr) 0.58 0.08. 0.24 0.02 0.27 0.0--1
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(EC 2.3.1.23)was mcasurcd asdcscribcdbv Parthasar- 20 4

A I B
athy et al.[271.Acyl-CoA: cholesterolacyltransferase

E
T

(ACAT) was measurcd according to Rustan et al.[281 c- 1 5 3

and the svnthesis of phosphatidyiserine, phos- 0

phatidvlcthanolamine and phosphatidylcholine was 0 L
L 1 0 u 2

measured as described by Vance [29).Other enzymes

were measured as described earlier[30].DNA was

measured by the mithod of Ubarca and Paigen [311 'o 05
0

.cand protein was estimated by the biuretmethod or by 0

the method of I-owry et al.['321. 00 1L 00 7 14 0 -7 14

Liver lipids were extracted with chloroform/ Days Days

methanol (2:1. v/v).Triacylglycerolswas determined Fig.1.Effectof cloribrate.PFOA and PFOSA on the serum lipids.
directlyon the dried extractwith a kitmethod (Nyco, (A) Cholesterol:(B) triacylglycerols;&. fasted-.0, 0.3% cloribrate;

Oslo, Norway). Free and esterifiedcholesterolwas 0.02% PFOA. a. 0.02% PFOSA. ne datarepresentmean t S.E-

determined by Nycotest kit method for cholesterol of fourobservations.

(Nyco) after separation of the extracton thin-layer

chromatography. Serum cholesteroland triacylglycerols

was measured directlyby the kit methods. Fig. 1B shows the effectsof clofibrate,PFOA and

PFOSA on triacylglycerolsin the rat serum. None of

Results the compounds resulted in significantchanges after I

day of treatment. After 7 days, clofibrate and PFOA

Table I shows that 0.02% PFOA or PFOSA in the resulted in reduction to about 60% of controlvalue

diet resulted in a lower body weight after 7 days of and no further reduction was obtained with further

feeding as compared with the control group. ne clori- treatment. PFOSA reduced triacylglycerolsto about

brate diet (0.3%) did not affectthe rat weight. The 50% and 30% of controlvalue afterI and 2 weeks of

group with restrictedfood intake to thatof the PFOSA treatment. The significantreduction obtained by fast-

group had about the same weight as the PFOSA group. ing for 2 days was as expected. In the rats fed stock

All the compounds resulted in a 40-60% increased diet but restrictedto that consumed by the PFOSA

liverweight.Similareffecton the liverweight has been group, the serum triacylglycerolswas 2.43 ± 0.13 mM

observed earlierin rats fed clofibrate[9,10,331. after 1 week of treatment (not shown) which is not

significantlylower than observed in the control group

Changes in serum and lit:erlipidsby clofibrate,PFOA (fed stock dietad libitum).

and PFOSA Table I shows that PFOSA increased the livertri-

Fig. 1A shows that all three dietssignificantlyre- acylglycerolscontent to more than 3-times the control

duced serum cholesterol.In all treatment groups, value. This effect of PFOSA on triacylglycerolswas

cholesterolwas significantlyreduced (to 50-70% of clearlyin contrastto the effectof clofibrateand PFOA

control)after 24 h. Dietar-ytreatment for 2 weeks which did not affectthe content of triacylglycerolsand

resultedin further cholesterolreductions by 70% or clearlyindicatesthat PFOSA inhibitsthe excretion of

more. In agreement with other observations,fastingfor triacylglycerolsfrom the liver.Both PFOA and in par-

2 days did not bring about significantcholesterol ticularPFOSA increased the livercontent of non-

changes. esterifiedcholesterol.In contrastto this,a significant

TABLE 11

Cont-orsionoflabelledsubstratesinto"C-labelledcholesterolby hepatocytesof rafsfeddifferentdictsfor7 days

Cloribratewas givenas 0.3c,'c(w./w)and PFOA and PFOSA as 0.02% in the diet.ne concentrationof (2-"'Clmevalonateand [3-1"C)hydroxy-
methylglutaratewas 0.5mm. Incubationswith[I-"'Clacetateand 12-"'Clpyruvatewere conductedwith 5 mM of the labelledsubstratesand
includedalsounlabelledglucose(10 m.M). Values are means:tS.E. There were fourobservationsin each group.Fisher'sP valuesare given

* p < 0.05. p < 0.01.

Substrate Formation of "'C-labelledcholesterol(nmol substratecarbon-mg DNA- 1-h-1)

control cloribrate PFOA PFOSA

[I-"C]Acclate 147,6± 21.4 59 13 3'.6± 16.5' 21.2 7.4* *
12_ 14 46 9.5 35.2± 9.7*C]Pvruvate h.2 14.6 26.5 5.4* *

14Ciliyrjri)xy-methylglutarate 1-,.9 3.3 3.6:i 0.9 3.6-- 1.3' 5.0± 1.1**

[2-"'C]Mcvulonatc 2280 tlio 2160 ± 280 1730 ± 240 2030 ± 310
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TABLE III TABLE IV

C(.vii-er.vi(yi7(iflabelledsi4bsl-resi;,,(,"C"-tahelledfattyacidcand Ctyrit-eni(mc;f/I."'laccrateinto"'('-labelledfatiraritivand
aridati(irrifIU-I"Clpal-trairIn.hepatiw.%-tcstifratsfeddifferentdiets terolk%-hepa:oo-tcsintheprevence()fk%7w/ipc"tic'crprpiix)ttndv
.f(yr" da.rv The concentrationof[1-"'Clicetatewas i mM and theincuhaticins
The conccnlrationsof compounds inthedictand the concentrations alsoincluded10 mM glucose.Each incuhationnask contained4 mr
of [I-"'Cldcetateand 12."'Clpyruvatewere as describedin Table 11. cellproteinand 1.5% ulbunlinin ; mi Krebs-Ht:nselcitbicarbonate
The concentrationof (U-14C]palmitatewas 0.5 mM. Values are buffer.The concentration@f hypolipcmiccomp-L)undswitsI mM.
means=S.E. There Were 4 obsc-%-aiionsin each group.Fisher'sP Values are means t:S.E.There were fourobservationsineach group.
valuesare given:* P < 0.05, P < 0.01vs.controlgroup. Fisher'sP valuesare given P < 0.01vs.controlgroup.

Substrate "C-Labelled fattyacidformation Addition Formation of Formation of
(nmol substratecarbon-mgDNA -'-h -1) "'C-labelled '4C-labelled

control clofibrate PFOA PFOSA
cholesterol fattyacid

[I-"ClAcetate 252t28 180@-29 90@-54* 104:t28**
(nmol substratecarbonms DNA- 1-h-1)

12-"C]Pyruvate 221±21 322=23* 182@-55 128± 21 None 114 -+ 8 313 ± 14

[U-"'C)Paimitateoxidation
TTA 1.4 0.07 7.5:± 1.3

(nmol substrateoxidized-M&DNA 1-h - 1)
Cloribricacid 57 0.7 243 ± 8
PFOA 63 11 611 t2O

control cloribratePFOA PFOSA PFOSA 65 7 1908 ±29

502±50 726@-36 * 564±63 961± 102 *

ment reduced lipidsynthesis(notsignificantfrom pyru-
reduction (to approx. 50%) in esterifiedcholesterolin vatein the PFOA group).No reductionin fattyacid
thetreatedrats(PFOA-treated ratsnot measured) was synthesiswas found in hepatocytesfrom clofibrate-
found. treatedanimals.The tablefurthershows thatthe per-

oxisomal inducers,as expected,resultedin an in-
Conversionoflabelledsubstratesintocholesterolby hep- creasedrateof palmitateoxidation(althoughPFOA
atocylesof ratsfed differentdiets did not resultin a significantincrease).The experi-

Table IIshows the incorporationof labelledcarbon ments do not excludethe possibilitythatintracellular
atoms from differentlylabelledacetate,pyruvate, contentof the testedcompounds might have a direct
mevalonate and hydroxymethylglutaricacid (HMG). (reversible)effecton fattyacidand cholesterolsynthe-
The major pointemerging from thistableisthatthe sisin vivo.Such effectscould have escaped our detec-
rateof cholesterolsynthesiswas significantlyreduced tionsincethe compounds might have been washed out
from allsubstrateswhich are proximalto the HMG- duringthe cellisolationprocedure.To testpossible
CoA dehydrogenase*step in alltreatmentgroups.In directinhibitoryeffectsof thesedrugs,the synthesisof
contrast,cholesterolsynthesisfrom mevalonate was fattyacidsand cholesterolin hepatocyteswith addi-
not reduced in any ofthe groups. tionsof thecompounds to theincubationmedium were

Table IIIshows the *-nthesisof fattyacidsfrom performed (TableIV).The tableshows thatI mM of
pyruvateand acetate.Both PFOA and PFOSA treat- clofibricacid,PFOA and FPOSA inhibitedthecholes-

TABLE V

Activityofcn--ymesrelatedtothes)-nihesisofcholesteroland fattyacidsinliverofratsfeddifferentdietsfor 7 days

The concentrationsof compounds inthedietwere asdescribedinTable 1.Values aregivenasmeans ± S.E.Therewere four observationsin
each group.* P < 0.05; P < 0.0:5; P < 0.01vs.controlgroup.

Enzyme Activity(Amol -(mg DNA -'-min

control clofibrate PFOA PFOSA

Pyruvatdehydrogenase 0.59±0.05 0.58t 0.04 0.42± 0.08 0.36± 0.04'
Citratesynthase 0.97± 0.12 0.94± 0.06 0.80± 0.05 1.10±29
ATP-citraiclyase 1.54±0.34 0.78± 0.38 0.75± 17 0 0.24± 0.06'
Acetatethiokinast 8.7 ±0.64 5.7 ± 0.85 3.5 ± 0.5 5.7 ± 0.28 *
Malatedehydrogenase(NADF) (decarharylating) 0.36±0.05 0.83± 0.05 ' 1.-34± 0.050 0.21± 0.01
Malate dehydrogenase 27.1 ± 3.2 18.4± 2.4* 20.7 t 2.6 19.6 ± 3.0
G Iucose-&phosphate dehydtorenaw 0.50± 0.10 0.17±0.03 * 0.2d4± O.D4 * 0.11± 0.01
lsocitratedehydrogenuse(\ADP) 2.44± 0.35 2.71 @-0.56 2.7@± 0.19 3.2.,= 0.13

(nmol-;Lgprotein-'-min-')

HMG-COA reductuse 0.31± 0.0.1 0.16± 0.04 ' 0.Is--0.05 0.11tO.01
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tcrolsynthesisto the same extent(approx.iOl"/e,).Sur- activityof HMG-COA rcductasc.the ratc-limitingand

prisingly.ictradccylthioaccticacid(TTA). anotherin- regulatedstepin choicstcrolsynthcsis,was rcduccd to
duccr of pcroxisomal6-oxidationwithhypolipemicef- 50% or lessin allthreetreatment groups.
fcct in rats[.,.41.almost completely inhibitedcholcs-

terolsynthesis.The pronounced inhibitoryeffectof En--yniesrelatedto thes
'

vnihesisof ci?olcster.vlesterand

T7A on the fattyacid-synthesisobserved by Skrede et phospholipidsiiiratsfed differentdiets

al.[34]was alsoconfirmed.Clofibricacidreduced the Table VI shows thatacyl-CoA: cholesterolacyltrans-

fattyacid production by about 20%. However, a direct ferase(ACAT), was significantlydownregulated by all

inhibitoryeffecton the fattyacid synthesisis not a three compounds. PFOSA, which had the strongest

property shared by all the tested compounds. Both effect,reduced the activityto one thirdof control.The

perfluorinatedcompounds unexpectedly stimulatedthe downregulation of thisenzyme isin keeping with the

rateof fattyacid synthesisstrongly.Itisunlikelythat reductionof livercholesterolester(Table 1).Tne table

thiswas due to an inhibitionof Krebs cyclewith a furthershows thatthe activitiesof two enzymes impor-

concomitant increase in lipogenicprecursors,since tant in the phopholipid turnover,acyl-CoA: I-acyl-

thesecompounds inhibitedthe cholesterolsynthesis.It glycero-3-phosphocholincacyltransferascand CDP-

seems more likelythat the compounds stimulatea choline:1.2-diacylglycerolcholinephosphotransferase,

rate-limitingenzyme, e.g.,acetyl-CoA carboxylase.At were not significantlyalteredin the ratsfed any of the

lowerconcentrations(0.5and 0.1mM), therewere very hypolipemic drugs.'ne activityof phosphatidylserine

small inhibitoryeffectsof clofibricacid,PFOA and synthase, phosphatidylethanomaline synthase and

PFOSA (data not shown). phosphatidylcholinesynthase.were alsounaffected by
any of the dietaryregimes utilized(notshown).

En--ymesrelatedto thesynthesisof cholesteroland fatty

acidsfrom pyrut-ateand acetate Activitiesof en.-ymesrelatedtophospholipidsynthesisin

Table V shows that pyruvate dehydrogenase, citrate the presenceof h)-polipemicdrugs

synthase and acetate thiokinase were only slightlyaf- Table VII shows that at 0.5 mM clofibricacid had

fectedby treatment with the three compounds. ATP- littleeffecton activitiesof the enzymes listedin the

citratelyase activitywas reduced to about 15% of table.The fiveenzymes were allinhibitedby both

controlvalues by PFOSA. PFOA reduced the activity perfluorinated.compounds. PFOA had a particular

of thisenzyme significantlyto 50%. The effectof the inhibitoryeffecton phosphatidylserinesynthase activity

compounds on three NADPH-generating enzymes which was reduced to 18% of normal with 0.5 mM

shows a remarkable pattern.All threecompounds sig- PFOA. PFOSA had strongestinhibitoryeffecton the

nificantlyreduced the activityof glucose-6-phosphate activityof CDP-choline: 1,2-diacylglycerolcholinephos-

dehydrogenase. PFOSA reduced the activityto 20% of photransferase,phosphatidyiserinesynthase and phos-

c6ntrol values. In contrast,isocitratedehydrogenase phatidylethanolamine synthase,which were reduced to

was unaffectedby allthree compounds. The activityof 14%, 13% and 28% of control,respectivelywith 0.5

malic enzyme was increased 2- and 3.5-foldby clofi- mM PFOSA. At lower concentration(0.1 mM) the

brate and PFOA, respectively.Malate dehydrogenase, inhibitoryeffectsoftheperfluorinatedcompounds were

which isnot specificallyinvolved in lipidsynthesis,was very moderate (datanot shown). Clofibricacid had no

virtuallyunchanged by any of the compounds. ne significanteffectat 1 mM concentration.

TABLE VI

Aciii-in.ofen--)-rnes"latedtosynthesiso.fcholesterylestersandphospholipidsinlit-ersofratsfedhypolipemicdrugsfor7 days

The concentrationsinthe dietwere as describedinTable1.Valuesarcgivenas means@-S.E.There were fourobsmations in each group.
*' P < 0.01vs.controlgroup.

Enzyme Control Cloribrate PFOA PFOSA

Acyl-CoA Cholesterol
acyltransferase(ACAT)
(nmol

'

/mg proteinpermin) 660 ± 51 427 ± 18 3:3 ±39*1 2.17±41

Acyl-CoA: I-acylglyccrc@-',
phosphocholineacyltransferase
(nnit)l.'nigprotcinpermin) 14.0- 1.3 12.4± 1.0 1:.7= 1.3 11.8t 1.8

CDP-cht)line:I.:-diacvli;lvccrtil
cht)iinc,nlitl%pht)trunsf;:r:i-.t

10.4- 1.3(nmiilimg prt)tcinpermin) - 9.1± 1.2 .6= 0.7 S.tl±1.0
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TABLE VII inadditionto reductionof theactivityof some enzyme
Aciii-ities(ifcti--.vmcvrelatedtoph(j3plitilipidn*lfthcsisintitepreiriicr systems.thesecompounds incrcasetheactivityofothcr
ofltipoliprmirdruj:s enzymes, e.g., cnzvmes of the peroxisomal fattv acid
Concentratedstilutic)ns(111mM) of cltifibric;scid.PFOA and PFOSA 0-oxidation system [18.19].Howcvcr. local irritation
inDMSO were dilutedto0.5mM finalconcentrationina,-,Say.%r.tem may explain the reduction of food intake and slower
(The controlswere added the same amount of pure DMSO.) The weight increase obser-@ed after feeding perfluorinatcd
effectof the drugs on each of the enzymes were testedfourtim:s

compounds. However, thisprobably contributes littleand in each of the experiment!..the aciivitieswere calculatedas p r
to the reduction in serum triacvlglycerols,since nocentof the controlvalue.Values are givenas means --@-S.E.
significantreduction was observed in rats with re-

Control CloribricPFOA PFOSA strictedfood intake.Increased liverweight correlates
acid well with earlierstudieson peroxisomal proliferators

Acyl-CoA lysophosphatidyl [35,361.
transferase 100 90@-6 56t7 61.t5

CDP-choline:1.2-diacylglycerol
Cholesterol and fatty acid synthesis

cholinephosphotransferast loo 95 t 5 71 t 2 14:t0.6
Phosphatidyiserinesynthase ioo 101=9 18±4 13t 1.4 The reduction of cholesterolsvnthesisfrom differ-

Phosphatidylethanolamine ent labelledsubstratesfitswellwith the reduced activ-
synthase 100 101± 3 47±5 28:t2 ity of HMG-COA reductase observed in this study.

Phosphatidylcholinesynthase 100 89 -@3 47±5 48±3 Three substrates,proximal to the reductase step,were

incorporated into cholesterolat a reduced ratewhereas

no reduction from mevalonate was observed in any of

The effectof the compounds on the activityof the treatment groups. Lowering of HMG-COA reduc-

ACAT was tested only at 100 uM and with thiscon- tase levelsby clofibrateisin accord with other observa-
centration the ACAT activitywas unaffected by the tions[9,37,381.Even though the three compounds tested

compounds (not shown). in thisstudy reduce the HMG-COA reductase activity,

thiseffect may not be a characteristicof allperoxiso-

Discussion mal inducers.MEDICA 16, another compound in this

group, does not act via an effecton this reductase

Reduction of the steady-statelevelsof serum lipids (12,39),but rather inhibitsthe synthesisof cholesterol

may be visualizedas the resultof downregulation of at a step distalto HMG-COA reductase.Our observa-

lipidsynthesisor increased clearance from plasma. The tions with clofibrateare at variance with the data

aim of this study was to evaluate the effectsof three obtained by Azarnoff et al.[10]who found that choles-

differentperoxisomal proliferatorson a seriesof en- terol synthesis from mevalonic acid was reduced in

zymes involved in hepatic lipidsynthesis.The most liversof ratsfed clofibrate.

important observations with allthree compounds was In contrastto the inhibitoryeffectof MEDICA 16

downregulation of HMG-COA reductase, the rate- on ATP-citrate Ivasc [39],clofibricacid, PFOA and

limitingenzyme of cholesterol synthesisand of choles- PFOSA had essentiallyno directeffecton ATP-citrate

terol esterificationenzvme (ACAT). The agreement lyaseat I mM (data not shown), but the drugs down-

between the observed alterationsin the enzyme activi- regulated the enzyme afterdietaryadministration.This

tiesand production of cholesteroland lipidsin intact effectmay contribute to reduced synthesis of choles-

livercellsprovides some support for the assumption terolin vivo,since the enzyme isimportant in the main

that such enzyme measurements do reflectrealchanges pathyway forcholesterolprecursor synthesis.Itisinter-

in metabolic activityin the intactorgan and shed light esting that all three compounds reduced one of the

on the mechanism of the hypolipemic effectsof the NADPH generating enzymes (glucose-6-phosphate de-
agents investigated in thisstudy.These compounds do hydrogenase), while isocitratedehydrogenase (NADP)

not show a correlated effecton the lipogenic and was unchanged. Reduced capacityforNADPH genera-

cholesterogcnic pathways in the in vivo experiments. tion can therefore hardly contribute to reduction in

The in vitroexperiments indicatethat there are direct, serum lipidlevels.

presumably reversible,effectson these pathways. These The synthesisof fattyacids from acetate or pyruvate

effectsare differentthan those observed afterdietary was not reduced in hepatocytes from ratsfed cloribrate

manipulation. The latterprobably represent changes in (Table 111),but was significantlyreduced in the hepato-

enzyme concentrations since, at least,the changes in cytesfrom ratsfed PFOSA. The reduced rate of fittv

the cholestcrogenic pathway are correlated with the acid synthesis in the PFOA and PFOSA groups is

changes in HMG-COA rcductase. probably not related to reduction in scrum triicyl-

The perfluorinatcd compounds utilizedin thisstudy glyccrols.In ratsfcd PFOSA. thcre'was 2iccumulation

are strong local irritants.Tlic observed actions should of livcrtrizic%llglvccroi.%.Tile lack of rcduction of f;itIN'

not be rcgardcd as mcrc unspecifictoxic effectssince. acid s@-nthcsisby clofibruicsuggcsts that othcr prt)-
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ec,;.scsin lipidmetabolismmust be more csscniialfor reduccdreleaseof lipidsfrom liverwas probablyan
the hypolipemia.Tomarellietal.[40]found increascd effectof PFOSA. however,sincethe compound in-
svnthesi,,oflipidsfrom acetateinratsfedcloribricacid creasedlivertriacylglvccrolsby about 200% inspiteof
and alsoin ratsfcdthevcrvPotcnihypolipemiccom- reducedrateof fattyacidsynthesis(TableIV).
pound \k*)'-14.643. Since interferencewith t@e synthesisof cholester-yl

estermay cause reducedhepaticlipidoutput[42],it
S-vililiesisofcliolesterylesierand phospholipids may be concludedthatreductionincholesterolsynthe-

LiverexportslipidstootherorgansmainlyasVLDL sisand esterificationdue to downregulationofHMG-
particles.In additionto apolipoproteins.triacyl- CoA reductaseand ACAT togetherwith enhanced
glycerolsand freecholesterol,thesepar-ticiesconsist fattyacidoxidationintheliver,are effectscausedby
mainly of esterifiedcholesteroland phospholipids. clofibricacid as wellas by the perfluorinatedcom-
Hence, reduced hepaticsynthesisofthesecomponents pounds. Tlis may reduce VLDL productionby liver
might leadtoreducedtransportof lipidsfrom theliver. which playsa centralroleafterthepostprandialchy-

The hepaticcontentofcholesterviesterwas reduced lomicronemicperiodduringwhich theliveristhedom-
bothinclofibrateand PFOSA fedrats(PFOA fedrats inatingorgan fordeliveryof lipidstoserum,
were not tested)even where freecholesterolwas not In addition,thedifferenthypolipemicdrug may act
reduced(Table1).Similareffectwas obtainedby Avig- by inhibitingthe synthesisofotherlipoproteincompo-
nan et al.[411with the hypolipemicdrug MER-29. nents such as phosphatidylcholine[27].
Reduced cholesterylesterproductionismost likelya
resultof downregulationof the ACAT activitywhich Acknowledgements
was observedin alltreatmentgroups.A directin-
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synthesisofphospholipidsmay be limitingforlipopro- Dr. RobertHorn forhelpfuldiscussionsand Mrs Mette
teinsynthesis.In thisstudy,we have not observedany Ursin forskillfultechnicalassistance.
downregulationofenzyrnesinvolvedinthesynthesisor
metabolismof phospholipids.We have observedonly References
smalldirecteffectsof clofibricacidon theseenzymes.
It seems likely,however,thatreduced phospholipid I Lazarow,P.B.(1977)Science197,580-581.
synthesisplaysa roleinthe lipid-reducingeffectofthe 2 Reddy,J.K..Warren,J.R.,Reddy,M.Y- and Lahvani,N.D.
perfluorinatedcompounds, sincethesehad directin- (1982)Ann. N.Y.Acad.Sci.386,81-110.

3 Berge,R.IC and Bakke.O.M. (1981)Biochem.Pharmacol.30,hi@itoryeffecton severalimportant enzymes. 2251-2256.
Parthasarathyet al.(27)suggestedfrom theirstudies 4 Spydevold.0. and Bremer,J.(1989)Biochim.Biophys.Acta
thatinhibitionof phosphatidyi-cholinesynthesis,par- 1003,72-79.
ticularlyby the lysolecithinacyltransferasepathway, 5 Lundgren,B.,Meijer,1.and DePierre,J.W.(1987)Eur.J.
may be relatedto a dr-ug'seffectivenessin decreasing Biochem.163,423-431.

6 Bar-Tana.I.,Rose-Kahn,G.,Frenkel,B.,Shafer,7-and Fainaru,serum lipids.We found thatthe transferasewas mod- M. (1998)J.Upid Res.29,431-441.
eratelyinhibitedby the pcrfluorinatedcompounds. We 7 Ide,T..Oku.H. andgugano,M. (1982)Metabolism31(No.10),
alsoobservedthatthisenzyme was virtuallyunaffected 1065-1072.
by 0.5mM (TableVII)and alsoby I mM ofclofibric 8 Sirtori,C.R.(1981)Lancetii,1362.
acid.This agreeswith the data reportedby 9 Avoy.D.R..S%%"d. E.A.andGould.R.G.(1965)J.LipidRes.6.
Parthasarathyetal.[271.Our data do not supportthe 369-376.

10 Azarnoff.D.L. Tucker,D.R.and Barr,G.A.(1965)Metabolism
hypothesisthatreduced activityof lysolecothineacyl- 14,959-965.
transferaseplaysa centralrolein the hy olipemic II Maragoudakis.M.E.(1969)J.Biol.Chem. 244,5005-5013..p
effectof thecompounds we have tested.Inhibitionof 12 Bar-Tana,I.,Rose-Kahn.G. and Srebnik,M. (198S)J.Biol.
otherenzymes of phospholipidsn.nthesismay play a Chem. 260.8404-8410.
role. 13 Gould.R.G.,S%%"d, E.A.,Coan,BJ. and Avoy.D.R.(1966)J.

Atherascler.Res.6.555-564.
14 Duncan.C.H..Rest,M.M. and Despopoulos.A.(1964)Circula-

Rediiced releaseof lipidvfrot?zihe lit-er tion30.7 (Absir.).
In earlierstudies.ithas been rc,-)ortcdthatclori- 1:5 Nc%tcl.P.J.and Austin,W. (1%8)J.Atheroscier.Res.S.ir-7-833.

bratcreducesthereleaseoflipidsfrom theliver[13,14]. 16 Barret.A.M. (1966)Brit.J.Pharmacol.26.363-371.
17 Grundv.S.M..Ahrens.E.H.Jr..SalenG..Schreibman.P.H.andA directeffecton the excretionprocessb%.clof-ibratc Neste[.*P.J.(11)72)J.LipidRes.

was not confirmedby accumulationof livertriacyl- IS Ikeda.T..Aiba.K..Fukuda.K.andTanaka.M. (I9H5)J.Biochcm.
glyccrolsinclofibrate-fcd.norin PFOA-fed animals.A 98.475-482.



19 Ikeda.T..Fukuda. K- Mori. I..Enomota. M- Kornai.T. and 32 Lmwry, O.H.. RosebrouSX NJ. Farr. A.L and Randall. Ri.

Suga.T. (1987)inPeroxisorncsinBiokw and Medicine(Fahimi. (1951)J.Biol.Chem. 193,265-275.

H.D. and Sics.H..eds.).pp 304-.IW.SpringerVerlar,New YorL 33 AdamL LL. Webb, W.W. and Fallon,HJ. (1971)J.Clin.inve,

20 Just.W.W.. Gorgas. K..Hairtl.F.-U..Heinemann. P..Saizer.M. 50.2339-ZU6.
and Schimassek.H. (1999)Hepatology9.570-581. 34 Skrede.S.Narce.M.. E@rgseth.S.and Bremer. J.(1989)Biochim.

21 Berry.M.N. and Friend.D.S. (1%9) J.CellBiol.43..1,06-520. Biophys.Acta 1005.296-302.

2'-ySegien,P.O. (1973)F-xpt.Cell.Res.82.391-398. 35 Pagct,G.F- (1963)J.Atheroscier.Rc& 3,7'-)9-716.

23 Christiansen,R.,Boffeback,B. and Bremer. J.(1976)FEBS Lttt. 36 Kolde,G., Roessner.A. and Themann, H. (1976)Virchows

62.313-:317. Archiv.B. CellPathol.(Berlin)2Z73-87.

24 Jonm M.E. and Lipmann, F. (1955) Methods Enzymol. 1. 595- 37 Cohen. B.1, Raicht,R.F.,Shefer.S. and Mosbach. E-H. (1974).

591. Biochim.Biophys.Acta 369,79-85.

25 Easom. RA and Zammit. V-A@ (1984)Biochem. J.220,739-745. 38 Berndt,J.,Gaumen, R. and Still,J.(1978).Atherosclerosis30.

26 Drevon. CJL, Weinstein.D.B. and Steinberg,D. (1980)J.Biol. 147-152.

Chem. 255,9128-9137. 39 Rose-Kahn, G. and Bar-Tana, J. (1995)J. Biol.Chem. 260.

27 Parthasarathy,S. Kritchevsk%-.D. and Baumann, WJ. (1992) 9411-8415.

- P= Natl.Acad. Sci.USA 79.6890-6893. 40 TomarclU,R.M, Bauman, LM. and SavinL S. (1978)Athero-

28 Rustan, A.C.,Nossen. J.0- Csmundsen. H. and Drevon, C-& sclerosis30,301-311.

(1988)J.Biol.Chem. 263,9126-8132. 41 Avigan,J.,Steinberg,D, Vroman, H.E.,Ilampson, MI. and

29 Vance, J.F-(1991)1.Biol.Chen&.266,89-97. Mosettig,E. (1960)J.BioL Chem. 235,3123-3126.

30 Spvdcvold,S.O.,Greenbaum A-L- Baquer, N.Z- and McLean, P. 42 Khan, B.,Wilmm, H..G. wW Heimberg. NL (1989)Biochem. J.

(1978)Eur. J.Biochem. 89,3'-19-339. 259,807-816.

31 Labarca,C and Paism K. (1980)AnaL BiochenL 107,344-352.



r

)93

Developmental changes inthe expressionof genes in,,,olved
incholesterolbiosynthesis

'
and lipidtransportin human

and ratfetaland neonatal livers

2 tZ 3.,'.iviarcS.Le--@in1,Alan J.A.Pitt ,Alan L. Schwar Peter A. Ed,%-ards
and JeffreyI.Gordon'-::

Deparrnientsof 1 Wedicine.: Bt(jchemisirt-and.VolecularBiopkrjics.J Pediatricsand 'Pharmacologv.14,ashinjrron(-'Rivcrstr

'
1-School

of.'4edicine.St.Louis..%40and @ Deparrmentiof.4fedicineand BiologicalChemisfty.L'CL4 Scbootof.%fedicine.Los.4ngeles.
CA (L*.S.A.)t

(Received23 December 1988)

Key words: Development;Upid transport;Expression;Cholesterol

Cloned cDNAs encodinga number of enzymes involvedin cholesterolbiosynthesisas well as extraceuularand
intracellularlipidtransportwere usedtocompare thedevelopmentalmaturationofthesebiologicfunctionsinthefetal
and neonatalmt and human Uver.'ne resultsofRNA blothybridizationanalvsesindicatethatsteady-statelevelsofmt
HMG-COA synthase,KMCCOA reductaseand prenyltransferasem%NAs arehighestin latefetallifeand undergo
precipitous(uptoWfold) co-ordinatereductionsimmediatelyafterparturition.These chmilesreflecttheabilityof the
fetalratlivertoproduceINOM titi f cholesterolas wellas the repressionof thisfunctionduringthesuckling

CZ:@x2riodinrmgnse toex dietary trikingco-ordinatepatternsofEM o synthase,reductase

f
and prenyl-transferaseMRNA accumtdationwere alsoobservedinfour extrabepaticmt tissues(bmin,.Iung,intestine
and kidney)duringthepednaw period.IMe concentrationsofallthreemRNAs inthe8-week-oldhuman fetalliverare
similartothoseobservedthroughoutsubsequentintrauterinedevelopmentwithlessdm 2-foldchangesnotedbetween
theSththrough25thweeks of gestation.Analysisofthe levelsof human apo AI,apo AII,apo B and liverfattyacid
bindingproteinmRNAs duringthisperiodand innewborn liverspecimensalsoindicatedlessthan 2-3-foldchanges.
These observationssuggestthatthe8-week human liverhas achieveda high degreeofbiochemicaldifferentiationwith
respecttofunctionsinvolvedinlipidmetabolism/transportwhich may be comparabletothatpresentin19-21 day fetal
ratliver.Furtheranalysisof human and ratfetalliverRNAs usingclonedcDNAs shotddpermitconstructionof a
developmentaltime scalecorrelatinghepaticbiochemicaldifferentiationto be constructedbetween thesetwo main-
malianspecies.

Introduction developmentalalterationsin therateof incorporation
of radiolabeledacetateintosterols[2].Bruengerand

Marked changesin the requirementsforproducts Rilling[3]documented chanizesin theactivitiesof two
derivedfrom isoprene(e.g.cholesterol)occur during othercholesterogetuc enzymes in the developing rat

----------
development. The enz.-me which catalyzesthe key, liver:squaiene syntnetaseand prenyl transferase(or
rate-iimitingstep in c oesterol biosyn-tb=is-rr@cro- farnesyl/pyrophosph ate synthetase).Prenyl transferase

somal 3-h-vdrc@x-y-3-methylglutaryl-CoAreductase isone of fiveenzymes thatparticipate'inthe conversion

(HMG-COA reductase)-underg ,s lar&c fluctuatins of-TpEg@_na@e to@squalene, the precursnr nf tterpls.
durinstratlivernnt e;ny [1.2].Em ty.!ilbigh Both squalene e and orenyl transferasedivjayEne activi
priorto birth.declinesto low levelsdli@n the suckling similaidevelopmental activityprofilesin ratliver:they

@@er,,@@natal days-T--13)-2neidemonstrates a tran- fallfollowin-&birth,risetoa peak durinstthe mid tojate

sientiii-creastatwearung. t-nanges initsactivityparallel sucklinyt)eriod(postnataldays 10-12). fallnnr&More
during the sucklina-weaningtransitionreachinga nadir

by -postnatalday 20. D 9o ly tn ri-ci,nn
0-

weaning. ne mechanisms which resultin these alter-
I Currcspondence: M.S. Levin. Department o( Medicine. Wastii..,.-.. N

University School of Medicine. 660 South Euclid Am. Box 8124. SL ations in enzyme activitymay be quite complex as

LA-mis.MO 63110.U.S-k illustratedby the fact that the mevalonati.-mediated
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decrease in H-N,[G-COA rcduccase levelsobserved in dietad libitumand a fixed12 h (6:00a.m. to 6:00 p.m.)
adultanimals retlectsdecreasesin gene transcriptionas lightcycle.Animals (n - 10-40 for each time point)
well as increasedratesof proteindeeradation(4.-il. were killedbetween 1200 and 14CO h and theirlivers.

Littleiskno-n about the developmental historvof tuncs.brains.kidnevs and small intestinesimmediate(,,.
the activitiesof these enzymes in human fetaland frozen in liquidnicroat:n.Human fetalliversampi
neonatal liveror about the ontogeny of expressionof from firstand secony trimesteraborted fetuseswecs
c,entsinvolved in the transporcand metabolic proce-@sing obtained by Schwartz et al.[14] and maintained at
of lipidsin thistissue.The ratliverprovidesa conveni- -90*C for15-20 years.Fetalage was estimatedfrorr.
ent referencefora comparative study of such develop- crown-r-ump lengths using nomograms developed by
mental changes.For example in additionto the infor- Tanimura et al.(151.Breitfeldand Schwartz (161 and
mation about expressionof cholesterogenicenzyme ac- LMichaelsonand Orkin (171 have used these human fe(a:
tivities.recentanalyses of apolipoproteingene expres- liversamples previouslyto successfullyprepare RLNA
sion in thedeveloping rat liverindicatethata complex forin vitrotranslation.Additional human liversa.mplcz
patternof activationoccurs during latefetaland early were obtained from a preterm newborn and a fullterrr.
neonatallife.Apolipoprote'LnAI and E mRNAs b4n newborn. both ofwhom died of acuterespiratoryfailure
to accumulate in thistissueplus itsembryonic homo- These were storedat - 90 * C forabout 15 years(14).A
logue (thefetalyolksac endoderm) between days 15-21 singleadult liverspecimen was procured from a male
of the 21-day gestation period (6-91. Remarkable organ donor who died of trauma and had no historyot
increasesin the levelsof thesemIL4As occur during the clinicalevidence of hepatic dysfunction118).
sucklingperiod as the animals adapt to the high fat Total ceuular RINA was extracted from frozen
(principallytriacylglycerol)dietof mothersmilk[10,11). pulverizedtissuesusing the guanidine thiocyanate,,
By contrast,ratliverapo B MR,.NA levelsreacha peak cesium chlorideprocedure [191.RNA integritywas as
by the 13th fetalday that isnot exceeded at any time sessed by denaturine,methvlmcrcury agarose gel clec
durin- subsequent development (121.Following birth, trophoresis(201.
hepaticapo B MRNA concentrationsprogressivelyfaU

during the sucklingax@d weaning periods[121.This fall

appears to be mediated by thyroxine[13).A third R.,VAblothybridizationstudies
patternof activationisexhibitedby theapo AIV gene Dot blotswere prepared by applyin-fouramount
which remains dormant untilthesucklingweanina tran- of each tissueR.LNA sample (0.5.1. 2. and 3 Ac, t
sition(days 13-14) when the-atliverbeginsto export nitrocellulosefiltersas described in a previous public:!
largeamounts of triac.vlglyc.-rol-richlipoproteins(6]. tion(6].Yeast TR.NA was added to each tissueRN.-

We have begun a comparative analysisof the accu- sample priorto denaturationso thatthe totalRN.-
mutation of mRSAs encoding proteinsinvolvedin lipid input per dot was always 3 iLa.Blotscontainingsample
metabolism in the fetaland neonatalhuman and rat of ratliver,intestine,kidnev.brain and lung RNA we-
liver.A panel of cloned cDNAs encodina apoupopro- probed with 3@P-labeled.double-stranded cDNAs e7
LeinsAI. All, and B. an intracellularfattyacidbinding codina hamster Hi)viG-CoA reductase(221,rat HNIC
protein as well as H'.IvIG-CoA reductase,HLNIG-COA CoA synthase (231.and rat prenyt transferase(241.D(
synthase and prenyl transferasewere used to char- blotsof human liverRNA samples were probed wi:
acterizethe stateof enzymatic differentiationof the "P-labeled cDNAs specifyinghuman preproapo i
human fetalliverfrom weeks 8 to 25 of development 125].human preproapo All [26].human preapo B (2-
and in the newborn. The resultsindicatethat these human liverfattyacid bindin- protein [281.humi-
mRNAs appear at an earivphase of human fetallife a-fetoprotein(291.human H*vfG-CoA reductase(301,r
(by week 3) and unde-,zoonly rninimat(lessthan 3-fold prenyt transfeme and rat H.'v(G-CoA synthase.Conc
cl,ianges)in theirconc,-nt.-aE

.
ton in totalliverRNA dur- tionsselectedfor filterhvbridizationand washing a

in-the restof intrauterineaswellas earlypostnatallife. listedin Rc:f.12.These scrin-,encieswere equivalent
Th'tsearlyexpression of lipidmetaboliccapabilitycon- those used by others to produce specificinteractio
crastswith the.more markell changes in MRNA levels between thesecDtNAs and theirrespectivemRLNAs. T'
observed in the perinatalratliver. relativeabundance of each MRNA in the tissueRiN

preparationswas determined by quantitativescanni-

.N,(uterialsand ,'viethods
Wer densitometry of filterauturadiographs usinco,

LKB XL Ultroscandensitometer.Only sianalsin t
linearranueof rilmsensitivitywere utilizedforcalcu

Preparationof R@V,4froniratatidhuman liver tionsof relativeMRNA concentration.
Timed-pregnant, neonatal and young adultSprague- Northern blotsof totalcellularRi'4A were produc

Dawley catswere obtained from Sasco (St.Louis,MO). following clectrophoreticfractionationthrough
Weaned animals were maintained on a standard chow a-,arosegetscontaining formaldehyde [31@
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Retuitsand Discussion a remarkablesimilarityin thep@ictcrnsof change of
each MRN*A duringratfetaland neonataldevelopmenl

.4ccitmulutionof*H.VIG-Co,4st-itthase,H.VfG-CoA re- Hi h levelsare noted durin--Li-te-gestation.These fall
tilictczseairdp,-ent-It,-ansferasemR.V.4s in thedeveloping abruptlywithin 24 h afterparturitionrt:a n con-
raihve,- cenEratLonsthatareasmuch as30-foldlowerthanthose

Cloned cD'4As encodina,HNIG-COA synthase, pe-arTev,!i-sencounteredpriorto-6t-r-th(;.g..see the
H*v[G-CoA reductase.and prenvltransferasewereused middlepanelof Fig.I which shows chancesin prenyl
toprobedot blotsof totalcelluiarRINA preparedfrom transfecaseMRNA concentration).A transient2-4-fold
ratliversharvestedduringfetaldays 16-21. thesuck- risein HIvtG-CoA synthastand prenyttransferasebut
lingperiod(definedas thefirst13 posmataldays.Ref. not HNIG-COA reductasemRtNA accumulationoccurs
32).theweaning phase(days14-28) and from animals duringthemid-sucklingperiod(day8) followedby yet
proceedingthroughsexualmaturation(postnataldays anotherriseduringearlyadulthood.Itistmportancto
35-70).Nlaterialwas collectedfrom 10 to 40 maleand n-ot-c-trat--Egs-p-atE-er-n-o-t-cgan.--cisnot a generalphe-
femaleanimalsrepresenting1-4 littersateachdevelop- nomenoa inthedevelopingratliver.For example,when
mentalstagestudied.The resultsof our dot blot the developmentalprofilesof apo AI, apo AIV and
hybridizationanalysesarepresentedinFig.I and show L-FABP mR.NAs were studiedusingtheseP-'4*As,quite

differentontologicchangeswere noted (see,forexam-

Liver ple,Ref.6).

HW CoA Synthase
The developmentalprofileof ratliverHMG-COA

reductaseand prenyltransferasemRNAs parallelthe

3.0 changes in the activitiesof these enzymes which have

Birth
beenpreviouslydocumented by severalgroups(3,33-351.

2.0 - The correspondingactivitiesof Hk'v(G-CoAsynthase
have not been reported.The rat fetusobtains0

to about 1OFoof thesterolrequiredforgrowth and devel-
opm!nt from itsmother(361.Therefore.itisnotsurpris-
in-a,thatvery highlevelsof thesemRNAs areobserved
inratfetalliverduringtheperiodsurveyed.The hi&hkst

PronytTransfora36 a
levelsof apo B mRiNA occurduringthesame phasc-of
ratliverdevelopment(i.e..inlategestationonl to
followedby an abrupt.earlypostnat top 121.This

2-.0 Birth proVISLonforexpressin-the principalapoupoprotein
involvedincholesteroltransportat a time of maximal

,ui to endogenous productionemphasizestheco-ordinatena-
lureof thesedevelopmentalchanvesin the fetalrat
liver.

HMG CoA Reducta36 The precise5:i-.nalsfortherapidpostnatal,fallinthet-
0.4- capacttvof the liversof sucklin&_E2,t@o svi ie

0.31
CKLorest;rotar-e not known. Itmay representan ad c
rlspo_nseto ad igrholesterot

0.2-
deliveredviainother'smilk[3,33,371.Based on theRNA

i Birth blothy)ridizationdata.itappearsthatthemechanism
0.1 involvesatleastinparta reductionin thesteady-state

levelsof mRNAs encodin-,theseke.venzymes in
16 2 4 5 -4 24 35 7,,0 cholesterol biosynthesis. The data do not allow us to say

1921
Days of Development

to what extent such alterations reflect a change in Sent
Eranscriptionor MR.N'A stability.

i. C@-vtiopmenLilchuges in mt liverHN,(G-CoASynth=. The chan-es observed in the levelsof prenyl trans-
Rc:du%:tawand Pmn)rtTr=sfawe mR.'4ALevels.Total ferasemR.N'.Z durin,-,the latesucklin- throuah weaning

celluiarRNA --.ispreparedfrompooledr3tlivers(m - 10-4 aninub
pertime;xvinc).Clonedmt cDNAs tra*dingthethreeenzymeswere phasescan be directlycorrelatedwith changesin the
u, conmntmtionsofeachRNA. levelsof thisenzyme activiey[31.B the 14 ostnatal.,CdtiprobeJutblotsconWainSfour
The mlati-.c:on-.;cntmtionofeachmiLSA wascalcuL2tedbaud on day,H'.Iv[G-CoAreductaseactivityinralliverhasfallen
.urinnintluer%knsiwcnetryoffilterautoradiographsandexprcoodin Fyun- ver,duringthis
arbitr.ityIcnsitt)mctricunitlNotethatthespmiric,2ctiviciesofthe

4eecUblg@ (3,61.Howe

prc)bcs*vfvfkltidenticaluW thereforeno comparlwnscanbe made
second postnatalweek.risesirL12renylfrnnsferast:occur-

thal
abojuttherelativelevelsofeachm§L*4Aataparticularsup ofliver risecoincideswiithAhaU_d&hLbuc4i-b*-.,nLLba,en-

dtvt[OPMML zymfin-voiv atent:paLhwaYr
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Ft& L Coordinatepatternsofaccumulationof HNfG-CoA syntham.prenyltrawferue.,2ndHNIG-COA reductasemRNAs duringlung.inteStia2l.
brainand kidneydevelopmenl TotalcellularRNA was isolatedfrom pooledtissuesharvestedfrom 10-40catsateach day of fetaland postnatal
fifenoted on the x-axis.RelativemR,*4A concentrationswere detern-Anedby scanningdo( blotautoradiagraphsand expressedin arbitrary
dc"teowuk units.Mw onlycompafimn whichispermittedby thisformofdataexpressionisthatwhichinvolvesthesanw fnRNA withina Siven
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squatene synthetase.These changes in prenyt trans- A cloned human fi4lvtG-CoAreductastCD%N*A plus
feraseand squalenesynthetasc:activitydo not corre- cDiNAs encoding ratH4@10-CoA s.vnthaseand rat pre.
spond to any known change in cholesterolsynthesis. nyt transferasewere used forthese studies.Since the
Bru,:n,,erand PIlling(31 note"' that since the primary lasttwo represent heterologous cDtNAs. a preliminary

mctabolic destination of isoprenoid precursors is experiment was performed. inorthern blots of RNA

cholesterol.changes in the acti@.ieicsof these enzymes prepared from a human hepatoccitularcarcinoma cell

may reflectas yet unknown developmental alterations line(Hep G2) were probed with the ratcDLNAs employ-

in the metabolic targetingof mevalonate to other com- ing the same hybridizationstringencieslistedin Ref. 12

pounds (e.g..dolichotand itsderivatives,ubiquinones, but the rinalwash temperature was reduced from55*C
or isopencenyltRNAs (381and prenviated proteins(39]). to 45 *C. The resultsindicated that each rat probe

Although information about the activityprofileof reacted with a unique human mRiNA species-3.1 and

H,N,[G-CoA synthase during rat liverdevelopment has 2.2 kb HN,[G-CoA synthase MRNA and a 1.2 kb prenyt

not been documented in the literature,based on the transferastMRNA (data not shown). These sizes are

mR'4'A data presented in Fig. 1. its developmental comparable to those previously reported for the corre-

profilewould be predicted to more closelyresemble that spondin- rat mRNAs (23,401.Dot blots of totalceuular

'@tated from 8.5-25of prenyt transferasethan HN,(G-CoA reductase.More- RNA is -week fetallivers(n-1-3

over,theblot hybridizationstudies demonstrate forthe individualsper time point)plus two newbonls and one

firsttime that there are co-ordinate developmental adult without evidence of liverdysfunction were then

changes in the levelsof these three mRNAs encoding prepared and probed with the three cDNAs using hy-

enzymes involved in cholesterolbiosynthesis. bridizationand washing conditions established above.

As in the case of the ratliverRNA dot blots,multiple

E.rpressionof the HMG-COA svnihase, H.VfG-CoA re- concentrations (0.5-2 ;Lg)of each human liverRNA

dticiasewid prenyl transferasegenes tn exfrahepaticris- sample were included in the dot blots (see panel A of

siiesdilringratdevelopment Fi-.3).

The remarkable similarityin the accumulation 'pro- "inspectionof Fig.3B revealsa relativelymonotonous

files*or these three mRLNAs observed during the peri- developmental profileforallthree mRNAs. By 8 weeks

natal period of rat liverdiffer@ntiationwas not unique of gestation these mRNAs have achi@ved steady-state

to thisor-an. This is illustratedin Fig. 2 which sum- levelswhich do not chan-C more than 2-fold during the

marizes resultsobtained from probina dot blotsof lung. remaining 17 weeks of fetallifethat were surve@vedand

small intestinal.brain and kidnev RNAs prepared from lessthan 3-5-fold when compared to the two newbom

10-40 animals at each of as many as ten differentstages and singleadult RNA preparations.When there was an

of development. Two obvious corc!usions can be made opportunity to compare more than one sample at a

afterinspectionof the data. First.the timing and direc- given stase of human fetaldevelopment. remarkably

tion of developmental variation in r-erat-iv-eMRNA con- littleindividualvariationwas noted in the relativelevel

c@nrat@ionwa@@ virtu@av ie@ntic@al foLtub-s@-@n of a given MRNA.

exen-ti-ss-ue-.Seco-nd. as in the Liver,the highest con- This less than 2-fold chanae in cholesterogenic

centraeion of each mR,14'A during lung. intestinaland MRNA levelsduring fetallifeis not a general phenom-

kidney development was encountered in the lateand ena. Itcontrasts with resultsobtained when these same

early postpartum period with subsequent declinesoc- RNA preparations were probed with other cDN.-^%sen-

currin- in the suckling and/or weaning phases.The coding proteins not involved in lipid metabolism. For

notable exception was brain 'A,-herea t)roa v C)OST- example. a control experiment which examined the levels

natal risein the.concentration of each,m.R"-4,-\occurred of a-fetoproteinMRNA disclosed the approx. 10-fold

Eti-ac@enerally@reac@heda ocak in the mid-to lategnekling reduction expected between first trimesterliver and

ps-r@ted.Thus -@.xpressionof the rat H.'v[G-CoA synthase, liverharVdSEed at the beginnin- of the lasttrimester(see

H.%(G-CoA reductase and pren,..ltransferasegenes ap- panels A and B of Fia.3) (411.In addition.Lirecent

PeLirsto bc claboratclv programmed to respond in a study revealed marked chanoes in the levelsof epsilon.

similar temporal fashion both within and between dif- gamma and theta globin mRNAs as well as ecrulo-

ferent tissuesfrom late fetallifethrough the end of plasmin MRNA in the 10-25-week human fetalliver

weaning. R@NA samples (421. 'Lviorcover.the patterns of change of

these rivedifferentmRNks were quite (tistinetfrom

.4ccci)@itilaitunoj*miR.V.4sencoding cholestere)lbiosynthetic one another.

ett:.%-Pplesaildlipidtruitsportproteiiuinfetal,treonataland There is littleinformation about the activitiesof

tidtilthuntit.-iliver these cholesterolbiosyntheticenzymes during human

Fig.3 provides the resultsof our analysisof develop- fetaldevelopment. However. the relativelymonotonous

mental changes in the concentration of the three

'

HL*vtG-CoA reductase, HLMG-COA synthase and prenyl

cholesterol bicsynthetic enzyme mRNAs in human liver. transferaseMRNA level.-iare compatible with observa-
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Fig.3.DLN-clopmentalchangesin theconcentrationof mR&*4Asencodingcholesteroget%icenzymes insamplesor human fetal Uver. cDNAs encoding

human H&@,10-CoA reductase plus mt HV[G-COA synthase. rat pranyt tr=sferase (plus hum= a-fecoprocein) were used to probe dot biols

containing several concentmcioas (0.3-2 ;tg)of each human Uver totalcellularILNA sample. Fetal age isbased on crown-rump lengths (15@ Fetal

age isbased on crown-rump lengths (151.-Note that the two 14-week samples came from separate fetuses(see the key dertaing the symbol ascribed

toeach RNA preparation). Panel A displays represetuativedot blou probed with 3P-labeted prenvi transferaseand a-fetoprotein cDNAs. Panel 8

prewnlsdevelopmental prordes of mRNAs encoding the three cholesterol bicsynthetic enzymes and a-fetoprotein. As in Fig. I arbitrary

densicometric units were used to express M§LNA lcvcL4t.No conclusions can be made about the relativeconcentrations of each of the four mRNAs

in a liverRNA sample prepared at a particulardevelopmental stage.

Fig.4. De%-elopmenLal profileof human liverfnR,4As spc:cifyingproteins involved in lipidtransporl BloLs prepared with the same femi. neonaw

ind .adulthuman liver RNA samples as those used to generate the data shown in Fig. 3.were probed with @@P-I;ibeted4:loncd CDNA spccifyiny,

hum= apulipoproceins apo At. apo All. apo B. and liverfattyteid bindin$ protein iL-FxBP).

tiorumade by Carr and Simpson 1431 thatonly slight principalprotein component of LDL, apo B,'achieve
alteralionsoccurinthe rate of cholesterolsynthesisin steady-stateconcentrationsby 8 weeks ofgestationthat
the developing human fetal liver.(This rate was esti- are similar to those documented during.weeks 10-25

mated to be approx. 9 mg/day during the18thweekof and interm infants.Variationswere lessthan2-foldin
gestation.) allcases.Lv(oreover. the MRNA encoding liver.[altygcid

When the levels of oeher mR.4As encoding proteins binding protein -FABP). a s Livillcxtnal"qmk-pmtein

involved in lipid transport were examined in human octieve to particiico)ate,in 'he,ltptnke-%AA,IL%ggg$CtabaiC

fetal liver, similar 'flac developmental profiles were procEFintof-evotenous fatt3faCi4. (reviewed in Re[-
obsernd (Fig. 4). MPNAs specifying the two principal 44). displays a similar lack of change in its concentm-

human HDL apoupoproteism Al an'd All. plus the tion during this period (Fig. 4). Together ihae dat2
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@,ugcrestan earlybiochemicalmaturation of the human populationsare obviouslyimportantwhen considering

(;:t@illiverwith respectto itscapacity for cholesterol regulationof gene expressionin thistissue.For exam-

-ii.iand lipidtraniport.,;vntlic. pie.the relativelyconstantlevelsof mRNAs encoding

proteinsinvolvedin lipidmetabolism thatwere docu-

Dti.fe,rentiationof the hunian and ratfetalliver mented in totalhuman fetalliverRNA during gestation

Ther,:are very few studieswhich have provided may 'mask' relativetvdramatic changes in theircon-

informationabout the biochemical maturity of human centrationswithin a givencelltype and/or changes in

liverfrom midgestationto term.so itisvery difficultto theirexpressionin differentceU types.Therefore,itwill

put our data concerning expressionof genes involvedin be very important to extend theseanalysesusing in situ

lipidmetabolism in any sortof comparative metabolic hybridizationand immunocytochemical techniques to

context at the present time.Greengard has conducted examine changes in the cellspecificexpressionof tb=c

an extensiveanalysisof the literaturedealing with en- genes in thefetalhuman and ratliver.

zymatic differentiationof human and rat liver(45).

Although the data for human are both limitedin the Acknowledgements
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Request#'s53030
To: Leo Gehlhoff-(309727)-3M Chemicals-236-2A-01

From: Tom Kestner-(3-5633)SA&C AnalyticalLab -236-2B-1I

Subject: F7uorochemical Isomer Disoibutionby 19F-AMR Spectroscopy

Date: December 1,1997

SAMPLE DESCRIPTIONS:
* FC-95,lot# 217 (T-6295);Nominal product= CgF17-SO3(-) K(+)

INTRODUCTION:

Thissamplewas subjectedtoa '9F-NNM spectralanalysismethod todetern-dnetheidentitiesand relative
concentrationsofthefluorochemicalisomersand asmany otheridentifiableimpuritycomponents as
possible.

EXPERIMENTAL:

A portionofthesamplesolidwas totaflydissolvedinDMSO-d6and thena 376 NiRz 'T-NNM spectrum
(F53030.401)was acquiredusinga VarianUNITYplus 40OFT-NMR spectrometer.AidaRobbins
preparedthesampleforanalysisand shealsoacquiredand plottedtheNMR spectrum.

RIESLIILTS:

The '9F-NMR spectrumwas used todeterminetheidentitiesand relativeconcentrationsofthenominal
fluorochen@calisomersand threeotherimpuritycomponents inthissample.The qualitativeand
quantitativecompositionalresultswhich were derivedfrom thesingletrial'9F-NMR spectralanalysisare
summarizedinTABLE-1 on thefollowingpage.

A copy oftheNMR spectnunand thespectralassignmentsdatapage areattachedforyour reference.If
you have any questionsabouttheseNMR results,pleaseletme know. Iapologizeforthedelayin
completingthiswork.

Tom Kestner

c:JimJohnson- EE&PC -2-3E-09 FileRefc=ce: LG53030.DOC/43
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TABLE-1
Sample: T-6295 (FC-95,Lot 217)

"F-NNIR CompositionalResults

StructuralAssignments 19F-NMR RelativeMolel/oConcentrations

CF3(CF2),.-SO3(-)K(+) 70.0%
(Nomialchain,wherex isrnairdy7)

CF3(CF2),,-CF(CF3)-(CF2@-S03(-)K(+) 17.0%
(Internalmonomethylbranch,

wherex+v ismainly5.and x # 0,y ;t0)

(CF3)2CF-(CF2).-S03(-)K(+) 10.3%
(Isopropylbmncl4 wherex ismainly5)

C,F2,,,,-CF(CF3)-S03(-) K(+) 1.6%

(Alphabranch,wherex ismainly6)

Rf-CF2-SF4-F 0.35%

(CF3)3C-(CF2).-S03(-)K(+) 0.23%
(t-butylbranckwherex ismainly4)

CF3-(CF2).7C(CF3)2-(CF2@-S03(-)K(+) 0.15%
(internalgem-dimethylbranch,wherex+yismainly4,andx 0)

PossibleCF3-SO3(-)K(+) 0.25%

PossibleCF3-CO2(-) K(+) 0.05%




