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ne influence of the peroxisomal prolif-.ratorsperfluorooctanoic acid (PFOA), perfluorooctane sulphonic acid (PFOSA) and

cloribricacid on lipidmetabolism in ratswas studied. Dietary treatment of male Wistar ratswith these three compounds resultrd

in rapid and t)ronounced retinctionin both cholester@land triacylitlycerolsin serum. T-ne concentration of livertriacvlglycerols

was increased by about 300% byPFOSA.Free cholesterolwas increased by botfi--Pe mpounds. CholestMI ester was

reduced to 50To by PFOSA as well by clofib.-ate.In hepatocytes from fed rats.allthe compounds resulted in reduced cholesterol

svnthesis from aceta!Le.pyruvate and hydroxymethy=glutarate, but there was no reduction of synthesis from mevalonic acid. :Me

qxidaii@-o-nof r)aimitatewasa@lso increased in allgroup .The perfluoro compounds, but not cloiribrate,caused some reduction in

fattvacid svnthesis.The activit-.,of liverHMG-COA reductase was reduced to 50% or less in alltreatment groups and allthree

compounds led to lower activitvof acyl-CoA: cholesterol acyltransfefa-se(AC-AT5. Changes in other enzymes related to lipid

metabolism were iii-consistent.'ne present data suggest that the hypolip-emi effect of these compounds may, at leastpartly,be

mediated via a common mechanism. impaired production of lipoprotein particlesdue to reduced synthesisand esteriricationof

cholesteroltogether with enhanced oxidation of fattyacids in the liver.

Introduction triacylglycerol release by the liver (13,141; increased

rate of VLDL degradation [6]; increased uptake or

Many hypolipcmic drugs cause p,-oliferationof per- reduced release of fatty acids by adipose tissue [15,16)

oxisomes and i!Lcreasc the actii-,vof the peroxisomal and increased excretion of cholesterol into bile and

0-oxidation in rats [1-3]. Chemically, these drugs con- feces (17].

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

ric acid, niadenate and long-chain acvlthioacetic acids, acid (PFOA) and perfluorooctane sulphonic acid

tiadenol, long-chain thia acids and MEDICA 16 (1-6]. (PFOSA) efficientlyinduced the peroxisomal 0-oxida-

It has been suggested that the increase in the fatty tion in rats that 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,S].The dominating boxylic acids alter hepatic lipidmetabolism and reduce

mechanism underlying reduction of serum triacyl- serum lipid levels showing that these compounds also

glycerols and cholesterol by these drugs is,however, belong to the group of pcroxisomal proliferators with

uncertain. Other mechanisms x-hich may be important hypolipemic effect.The perfluorinated compounds are

for the hypolipemic effect include; reduced hepatic particularly interesting since they obviously are not

synthesis of fatty acids and cholesterol [9-12]; reduced subject to ordinary metabolic modifications. The ef-

fects of these compounds must, therefore, be due to

effects of the compounds per se.

Correspondence to:0. Spydevold. Instituteof Medical Biochemistry, Peroxisomal inducers may bring about the hy-
P.O. l@ax I112. Blindern,N-031' Oslo. Noruay. polipemic effect by affecting different steps in lipid

Abbreviations:PFOA. perfluoroociint,icac:d:PFOSA. perfluorooc-
metabolism. However. itseems likelythat,some impor-

lanc sulphonic acid: ACAT, ;ic-fl-CoA:chuictiterolacyltransferase; tant steps in lipid metabolism are common targets for

HMG. hydroxy'mcthylglutliricac'ic!: te-.-@i-decylthioaceiicacid; these compounds. The unphysiological character of the

VLDL very-low-dcnsitylipaprotcins. perfluoro compounds makes itpossible that their effect
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on lipidmciabolism followsa patternthatwould makc Preparatioptofheparocytcs

it easier to understand possiblemechanism for the The effectsof dietarytreatmcnt were studied in

lipidreductioneffectof pcroxisomal prolifcrators. hcpatocylesisolatedfrom ratsfed the dictsfor I week
In the search for a possiblecommon mechanism and for the study of directeffectsof the compounds,

underlying the hypolipemic effectof peroxisomal in- hepatocyteswere isolatedfrom ratsfed the standard
ducers,we have compared hepaticfairyacid metabo- diet.Isolationof hepatocyteswas performed by pcrfu.

lism,cholesterolsynthesisand theactivitiesof enzymes sion with coliagenase,according to Berry and Friend

relatedto these metabolic processdsin the liverof rats (21],with the modificationsdescribedby Segien [22).
fed perfluorooctanesulphonicacid(PFOSA), perfluo-

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

strateintolipids
Methods and Materials Fatry acid oxidationwas measured according to

Christiansenet al.[23)with 0.5 mM palmitate as sub-

Animals strate.Fatty acids and cholesterol*,nthesized from

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

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

libitum(controlrats).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.

fluorooctanoic acid or 0.02% perfluorooctane sul- The nonsaponiflable lipids were extracted with

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

soakingstandard food (in pelletform) in diethylether withHCI. 'ne extractswere evaporated to dryness and

in which the compounds had been dissolved.The fifth the radioactivelipidresidue was dissolvedin 100 pLI

group was restrictedin food intaketo that consumed hexane. The lipidextractswere chromatographed with

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

these paired feeding experiments.Tle 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:23.1 g, PFOA: ity.

22.7 g,PFOSA: 20.0 g.

Enzyme assaysand measurements of DNA, proteinand

Materials lipids
(2-"'C]Mevalonic acid, [1-14C)pyruvicacid and (2- Pyruvate dehydrogenase was estimated by measur-

14
Clpyruvic acid were from New England Nuclear. ingthe "C02 liberatedwhen hepatocyto-swere incu-

[1-"C)aceticacidwas obtained from Amersham (UK). bated with 5
MM [1_14

C]pyruvatefor 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

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

sulphonic acid was from Fluorochem (Old Glossop, reductase was 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 lil-erweightsand lit-erUpid contentin ratsfed differentdietsfor 7 days

Cloribratcwas givenas 0.3'7c(w,,w) and PFOA and PFOSA as0.02% in the diet.Values are givenas means ± S.E.There were fourobservations

ineach group. Fisher'sP-values are given;* P < 0.05;**P < 0.01vs.controlgroup.

Control Coribrate PFOA PFOSA Stock.diet

limitedfcd

Body weight (g) 305 ± 2 298 ± 3 :lq 275 :t 6 282 7

Liverweight (g) 11.3 ± 0.4 16.1 ± 0.8 18.8 ± 0.7 15.9=0,7

Uver triacylrlyccrt)ls(,umol/g li%-cr) 4.1 ± 0-5 4.0 ± 0.7 .1.9= 0.3 13.8 18 4.1 0.6

Uvcr non-esicririedcholusicrol(Amol/'& liver) 4.4 ± 0.4 4.5 0.3 ().S± 0.4 7.6 0.3

Livercholcstert)iesicr(Amol,lr,livcr) 0.38± 0.08. 0.24 0.02 0.27:t 0.03
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(EC 2.3.1.23)was mcasurcd as dcscribcdbv Parthasar- 20

A x B
athy ct al.[27].Acyl-CoA:cholesicrol acyltransfcrasc

E

(ACAT) was measurcd according to Rustan et al.[281 E a 3

and the synthcsis of phosphatidviscrinc,phos-
0

phatidylethanolamine and phosph atidylcholine was 0
L 1 0 2

measured as described by Vance [29].Other enzymes

were measured as described earlier[30]. DNA was
05measured by the mithod of Ubarca and Paigen [311

and protein .%-asestimated by the biuret method or by u

the method of Lowry et al.[32]. 00
L

7 1 9a 7 14
Liver lipids were extracted with chloroform/

D.,.
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, NorwaN,). Free and esterifiedcholesterol was 0.02% PFOA. a. 0.02% PFOSA. The datarepresentmean ± 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 kitmethods. Fig. 1B shows the effectsof clofibrate,PFOA and

PFOSA on triacylglycerolsin the rat serum. None of

Results the compounds resulted in significantchanges after 1

day of treatment. After 7 days, clofibrateand PFOA

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

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 clofi- treatment. PFOSA reduced triacylglyccrolsto about

brate diet (0.3%) did not affectthe rat weight. The 50% and 30% of controlvalue after1 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 clof-ibrate[9,10,33]. after 1 week of treatment (not shown) which is not

significantlylower than observed in the control group

Changes in serum and lil:erlipidsby clofibrate,PFOA (fed stock diet ad libitum).

and PFOSA Table I shows that PFOSA increased the livertri-

Fig. IA shows that allthree 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. Dietary treatment for 2 weeks which did not affectthe content of triacylglycerolsand

resulted in further cholesterolreductions by 70% or clearlyindicatesthat PFOSA inhibitsthe excretionof

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

TABLEII

Corri-ersionoflabelledsubstratesinto" C-lobelledcholesterolby hepaiocytesofratsfeddifferentdietsfor7days

Clofibratewas givenas0.3c,c(w/lw)and PFOA and PFOSA as0.02% inthediet.ne concentrationof[2-"Clmcvalonateand (3-"C]hydroxy-
methylglutaratewas 0.5mM. Incubationswith 11-14C]acetateand 12-1"Clpyruvatewere conducted with 5 mM of the labelledsubstratesand
includedalsouniabelledglucose(10 m.M). Values are means ±S.E. There were fourobservationsin each group.F-tsher"sP valuesare given

p < 0.05. p < 0.01.

Substrate Formation of '4C-labclledcholesterol(nmolsubstratecarbon-mg DNA- 1-h-1)

control cloribrate PFOA PFOSA

I-" C]Acclate 147.6± 21.4 59 ± 13 *1 3'.6± 16.5 21.2± .-7.4

12-1"C]Pyruvate 7N.2 14.6 46 ± 9.5 35.2t 9.7 26.5± 5.4

1.1,_14C]Iiydrcixy-mcihylglutaratc I-,.Y 3.3 3.6± 0.9 3.6t 1.3 5.0± 1.1

[2-1"C]Mcvalonatc 2:80 ±IiO 2160 ± 280 1730 ±1-40 2030 ± 310



TABLEIII TABLEIV

Ctuff@ersit,pnC)flabelledsithstrairsisit(i fairyacidcand Ctitit-ervionof /I-"'laretateinto'*'r-lahelledfatt.%.aritivand
oxidaticiti(AfJU-'"ClpalmttateIn.hepattw.rieseifratvfeddifferentdiets icrotkv hqmtor@-resinthePFcvcnceOfkl'polipr"licc,(m?ilxpiindv
.f(ir7 do@A-.v

The concentrationof[]-"Clacciatcwas i mM and theincubalitins
The concentrationsof compounds inthedietand the concentrations alsoincluded 10 mM glucose.Each incubationflaskctinlained4 Mr.
of [1-"Cldcetateand 12-"Clpyru---itiwere as describedinTable 11. cellproteinand 1.5% albun3inin 3 ml Krcbs-Henselcitbicarbonate
The concentrationof [L;-" ClpaImitatewas 0.5 mM. Values are buffer.The concentration@f hypolipcmiccompounds was I mM.
means= S.E. There were 4 obsc-%-ationsin each group.Fisher'sP Values aremeans ± S.E.There were fourobservationsineach group.
valuesare given:.* P < 0.05; P < 0.01vs.controlgroup. Fisher'sP valuesare given.*' P < 0.01.vs.controlgroup..-

Substrate "C-Labelledfatiyacidformation Addition Formation of Formation of
(nmol substratecarbon-MIDNA - h- 1) 14C-labelled '4C-labcllce

control cloribratePFOA PFOSA cholesterol fattyacid

11-14C@Acetate 252±28 180@28 90@54* 104± 28** (nmol substratecarbonmg DNA- '-h- 1)

[2-"C]Pyruvate 221±21 322=23* 182@-55 128± 21 None 114 8 313 14
TTA 1.4 0.07 7-5 1.3

[U-1"C]Palmitateoxidation Cloribricacid 57 0.7 243 8
(nmol substrateoxidized-M&DNA 1-h - 1) PFOA 63 11 611 t:20
control clof-ibratePFOA PFOSA PFOSA 65 7 1908 ±29

502:t50 r-6 36 0 564± 63 861±102 0

ment reduced lipidsynthesis(notsignificantfrom pyru-
reduction(toapprox.50%) in esterifiedcholesterolin vate in 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-
Conve?-sionoflabelledsubstratesintocholesterolby hep- creasedrateof paimitateoxidation(althoughPFOA
atocytesof ratsfeddifferentdiets did not resultin a significantincrease).The experi-

Table 11shows the incorporationof labelledcarbon ments do not excludethe possibilitythat intracellular
atoms from differentlylabelledacetate,pyruvate, contentof the testedcompounds might have a direct
mevalonate and hydroxymethylglutaricacid (HMG). (reversible)effecton fattyacidand cholesterolsynthe-
The major pointemerging from thistableisthatthe sisinvivo.Such effectscould have escaped our detec-
rateof cholesterolsynthesiswas significantlyreduced tionsincethecompounds might have been washed out
from allsubstrateswhich are proximalto the HMG- duringthe cellisolationprocedure.To testpossible
CoA dehydrogenase*step in alltreatmentgroups. In directinhibitoryeffectsof thesedrugs,th@esynthesisof
contrast,cholesterolsynthesisfrom mevalonate was fattyacidsand cholesterolin hepatocyteswith addi-
not reduced inany ofthe groups. tionsof thecompounds to theincubationmedium were

Table III shows the s%-nthesisof fattyacidsfrom performed(TableIV).The tableshows thatI mM of
pyruvateand acetate.Both PFOA and PFOSA treat- clofibricacid,PFOA and FPOSA inhibitedthe choles-

TABI F V

ActiL;ityofcn--ymesrelatedtothesynthesisofcholesteroland fairyacidsinliverofratsfed differentdietsfor 7 days

The concentrationsofcompounds inthedietwere asdescribedinTable 1.Valuesare givenasmeans ± S.E.There were fourobservationsin
eachgroup.* P < 0.05: P < 0.05-, P < 0.01vs.controlgroup.

Enzyme Activity(Amol -(mg DNA min 1)

control clofibrate PFOA PFOSA

Pyruvatdehydrogenase 0.59± 0.05 0.58±0.04 0.42± 0.08 0.36± 0.04*
Citratesynthase 0.97:t0.12 0.94± 0.06 0.80± 0.05 1.10± 29
ATP-citratelyase 1.54±0.34 0.78± 0.38 0.75± 17 * 0.24 0.06 *
Acetate thiokinase 8.7 ± 0.64 5.7 0.85 3.5 0.5 5.7 0.28
Malatedehydrorenase(NADP) (decarhoxylating) 0.36±0.05 0.83 0.05 1..44 0.05 0.21 0.01
Malate dehydrogenase 27.1 ± 3.2 18.4 2.4 20.7 2.6 19.6 3.0
Gluco-,c-&phosph2le dehydrotena.%c 0.50± 0.10 0.17±0.03 0.21 O.D4 0. 11 0.01
lsocitratedehydrogen;L-;c 2.44± 0.35 2.71:t0.56 2.7@ 0.19 0.13

(nmol -,gg protein -'-min -')

HMG-COA reductusc 0.31± 0.0-1 0.16± 0.04 0.15 0.05 0.11:tO.ol
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tcroIsynthesisto the same extent (approx.50%,).Sur- activityof HMG-COA reductasc.the ratc-limitingand

prisingly.tctradccylthioaccticacid (TTA). another in- regulatedstep in cholesterolsynthesis,was reduced to

duccr of pcroxisomal 0-oxidationwith hypolipemic ef- 50% or lessin allthreetreatment groups.

fcctin rats[3.41.almost completel%.inhibitedcholcs-

terols@,nthesis.The pronounced inhibitoryeffectof En--yntesrelatedto thesynthesisof cliolester-vlesterand

T-TA on the fattyacid synthesisobserved by Skrede et phospholipidsiiiratsfed differentdiets

al.[34]was also confirmed.Clofibricacid reduced 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

rate of fattyacid synthesisstronglv.It isunlikelythat reductionof livercholesterolester(Table I).The table

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

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

thesecompounds inhibitedthe cholesterolsynthesis.It glycero-3-phosphocholineacyltransferaseand 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

lower concentrations(0.5and 0.1mM), there were very hypolipemic drugs.The activityof phosphatidyiscrinc

small inhibitoryeffectsof clofibricacid,PFOA and synthase, phosphatidylethanomaline synthase and

PFOSA (data not shown). phosphatidylcholinesynthase.were alsounaffected by

any of the dietaryregimesutilized(not shown).

En--yme,srelatedto the synthesisof cholesteroland fatty

acidsfrom pyrut-ateand acetate ACtiL'itieSof en.-ymesrelatedtophospholipidsvnfhesisin

Table V shows thatpyruvatedehydrogenase,citrate thePresenceof hipolipemicdrugs

synthaseand acetatethiokinasewere only slightlyaf- Table VII shows thatat 0.5 mM clofibricacid had

fected by 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 three compounds 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-

cdntrol values. In contrast,isocitratedehydrogenase phatidylethanolaminesynthase,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 cloft- mM PFOSA. At lower concentration(0.1 mM) the

brate and PFOA, respectively.\Ialatedehydrogenase, inhibitoryeffectsofthe perfluorinatedcompounds were

which isnot specificallyinvolved inlipidsynthesis,was very moderate (data not shown). Clofibricacid had no

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

TABLE Vi

Aciii-ir%.ofen--)-mesrelatedtoj)-nihesiso.(cholesterylestersandphospholipidsinlit-ersofratsfedhypolipemicdrugsfor7days

The concentrationsinthedietwere as desc:-ibedinTable1.Valuesare givenas means S.E.There were fourobservationsin each group.

P < 0.01vs.controlgroup.

Enzv Cloribrate PFOA.me Control PFOSA

Acyl-CoA Cholesterol
acyltransferase(ACAT)
(nmol/mg proteinpermin) 660 ±51 427 ± 18 323 ±39 Z.17 ± 41

Ac-yl-CoA:I-acylrlyccrcv-."-
phosphocht)lineacyltr;jnsferuse
(nnit)l..,nigprt)tcinpermin) i,.o- 1.3 12.4- 1.0 12.7= 1.@ 11.8± 1.8

CDP-chc)line:I.:!-diacvlglvcertil
cht)line,nht)spht@transfcr;&%$.
(nmt)limg prt)tcinpermin) lo.4--1.3 9.1± 1.2 7.6- 0.7 S.h± 1.0
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TABLE Vil in additionto reductionof theactivityof some enzyme
Artit-itiesof ctt--vmcsrelatedio ph(;sphidipid-n-tirhesisin thepresmice systems,thesecompounds increase the activityof other

(If ltilrA-Jlipc-ir d-gs enzymes, e.g.. cnzvmes of the pcroxisomal fattv acid

Concentratedst)lutit)ns(I()mM) of clilfibricacid.PFOA and PFUSA 6-oxidation system [18,191.However, local irritation
inDMSO were dilutedto0-5m.%i finalconcentrationina.%.%aysr.tem mav 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 an each of the enz@mes were testedfour times

compounds. However, thisprobably contributes littleand in each of the experiments.the activitieswere calculatedas per
to the reduction in serum triacylglyccrols,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 earlierstudies on p-eroxiSOmal prolifc-rators
Acyl-CoA l@-sophosphatidyl [35,361.

transferase 100 90@-6 56± 7 61±5
CDP-choline: 1.2-diacylglycerol

Cholesterol and fairy acid sinthesischolinephosphotransferase 100 95±5 71 t 2 14±0.6
The reduction of cholesterolsvnthesisfrom differ-Phosphatidyiscrinenmthase 100 101=9 18±4 13±1.4

Phosphatidylethanolamine ent labelledsubstratesfitswell with the reduced activ-
synthase 100 101±3 47±5 28±2 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 rate whereas

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 AM 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 thisstudy was to evaluatethe effectsof three obtainedby Azarnoff et al.(10)who found thatcholes-
differentperoxisomal proliferatorson a seriesof en- terol synthesis from mevalonic acid was reduced in

z@,,mesinvolved in hepatic lipidsynthesis.The most Iiversof ratsfed clofibrate.
important observations with allthree compounds was In contrastto the inhibitoryeffectof MEDICA 16

downregulation of H.MG-COA reductase, the rate- on ATP-citrate lyase (39],clofibricacid, PFOA and
limitingenzyme of cholesterolsvnthesisand of choles- PFOSA had essentiallyno directeffecton ATP-citrate
terol esterificationenzyme (ACAT). The agreement lyaseat 1 mM (data not shown), but the drugs down-
between the observed alter-ationsin the enzyme activi- regulated the enzyme afterdietaryadministration.This

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

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

that such enzyme measurements do reflectreal changes 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 h@-polipemiceffectsof the NADPH generating enzymes (glucose-6-phosphate de-
agents investigatedin thisstudy.These compounds do hydrogcnase), while isocitratedehydrogenase (NADP)
not show a correlated effect on the lipogenic and was unchanged. Reduced capacityforNADPH genera-
cholesterogenic pathways in the in vivo experiments. tion can therefore hardly contributeto reduction in
The in vitroexperiments indicatethat there are direct, serum lipidlevels.

presumably reversible,effectson these pathways. These The synthesisof fattyacidsfrom acetate or pyruvate
effectsare differentthan those observed afterdietary was not reduced in hepatocytes from ratsfed clofibrate
manipulation. The latterprobably represent changes in (Table 111),but was significantlyreduced in the hepato-
enzyme concentrations since, at least,the changes in cytes from ratsfed PFOSA. The reduced rate of f-,ittv
the cholesterogenic path%%-ayare correlated with the acid synthesisin the PFOA and PFOSA groups is

changes in HMG-COA reductase. probably not related to reduction in serum triicNI-

The pcrfluorinatedcompounds utilizedin thisstudy glyccrols.In ratsfed PFOSA. there'was accumulation

are strong local irritants.The observed actions should of livertritcylglycerols.The lack of reduction of fitin

not be regarded as mcrc unspecifictoxic effectssince. acid s@-nthcsisby clofibratcsuggcsis that other prt)-
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ccsscsin lipidmetabolism must be more essentialfor reduced releaseof lipidsfrom liverwas probablyan
the hypolipemia.Tomarelliet al.[40]found increased effectof PFOSA. however, sincethe compound in-
synthesisof lipidsfrom acetatein ratsfed cloribricacid creased livertriacylglvccrolsby about 200% in spiteof
and also in ratsfcd the .,cr-ypotcni hypolipcmic com- reduced rate of fattyacidsynthesis(Table IV).
pound Nk*N'-14.643. Since interferencewith t@c synthesisof cholesteryl

estermay cause reduced hepaticlipidoutput [42],it
S@,iiihesisof cliolesterylesicrand phospholipids may be concluded thatreductionincholesterolsynthc-

Liver exportslipidstoother organs mainly as VLDL sisand @stcrificationdue to downregulation of HMG-
particles.In addition to apolipoproteins.triacyl- CoA reductase and ACAT together with enhanced
glycerolsand free choltstcrol,these particlesconsist fattyacid oxidationin the liver,are effectscaused by
mainly of cstcrifiedcholesteroland phospholipids. clofibricacid as well as by the perfluorinatedcom-
Hence. reduced hepatic synthesisof these components pounds. This may reduce VLDL productionby liver
might lead to reduced transportof lipidsfrom the liver. which plays a centralroleafterthe postprandialchy-

The hepaticcontentof cholcstcrylesterwas reduced lomicroncmic period duringwhich the liveristhe dom-
both inclofibrateand PFOSA fed rats(PFOA fed rats inatingorgan for deliveryof lipidsto serum.
were not tested)even where free cholesterolwas not In addition,the differenthypolipemic drug may act
reduced (Table 1).Similareffectwas obtained by Avig- by inhibitingthe synthesisof other lipoproteincompo-
nan et al.[411with the hypolipemic drug MER-29. nents such as phosphatidylcholine[27].
Reduced cholesterylester production is most likelya
resultof downregulation of the ACAT activitywhich Acknowledgements
was observed in all treatment groups. A directin-
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