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We haveinvestigatedthe effectsof five peroxisomeprolifera-
tors (PPS: clofibric acid, DEHP, WYI4,643, nafenopin, and
LY171883)on the abundancesof a large numberof proteinsin
the liversoltreai:edmiceat 5-and35-daytime points. LY171883
wasinvestigatedat arangeof doses,andoneof itsclosestructural
analogsthat is not a peroxisomeproliferator (LY163443) was
included as a negative control compound.Liver sampleswere
analyzedby quantitative2-D electrophoresis.Datafor aselected
set of 107 liver protein spots that respondstrongly to at least
oneof the testcompoundswassubjectedto principal component
analysis to searchfor global protein patternchanges.The first
component(PC]L) accountedfor 51% of the total data variance
and wasidentilied as a global measureof peroxisomcprolifcra-
tion by its correlationwith enzymaticperoxisornal/3-oxidation.
ComponentPC2 (7%) separated5- and 35-day exposures,and
PC3 (5%)separatedgroupstreatedwith LY163443from therest.
We used PCI as a surrogate for equivalent dose in order to
examinethe effectsof diversecompounds,with widely differing
potencies,on a common scale. Analyzed in this way, the data
indicate that all the peroxisomeproliferators testedproduceef-
fectsoverwide time anddoserangesthat fall on or neara single
curve. Examination of specific protein responsesshowed that
many proteinsindividually show a unified responsecurve, but
that curvesfor different proteinsweredifferent. In particular,it
appearsthat someconstitutive proteinsshowing modestinduc-
tions with a high dose plateau(such as cytosolic epoxide hy-
drolase)areinducible at lower dosesthansomeproteinsshowing
verystrong,nonplateauedinductions(suchasthe80-kDaperoxi-
somal hifunctiorial enzyme)-The resultsprovide support for a
unified receptor-basedmechanismcontrolling the main PP re-
sponse,but demonstratethat individual responsive genescan
showquite different dose—responsecurves. © 1996 Academic Press, Inc.

Peroxisomeproliferation occurs in the livers of rodents
in responseto theadministrationof a rangeof compounds,
iocluding hypolipidemics,plasticizers (Reddy and Lalwani,

1983), and leukotrienereceptor antagonists(Eacho ci al.,

1986). While theassociatedshort-termeffectsarereversible,
chronic treatmentwith peroxisomeproliferators (PPs) in-
duces liver tumors (Reddy and Lalwani, 1983; Bendeleet
aL, 1990), leading to the classilicationof such compounds
as uongenotoxiccarcinogens.

The nature of theeffect is complex. It involves changes
in the abundanceof large setsof liver proteinsobservable
u.sing two-dimensional electrophoresis(Watanabeet 0!.,

1985; Giometti ci aL, 1991a,b; Witzmaonet a!., 1994)and
thus must involve thedifferential regulationof manygenes.
While only a few of the affectedproteinshavebeenideuti-
lied, at leastsome,andprobably a majority, are nonperoxi-
somal. This result in turn suggeststhat the phenomenon
called peroxisomeproliferation involves a diverseseriesof
metabolic changesin liver cells.

Abundant e~ideacenow exists that the main tl’igger for
peroxisomeproliferation involves binding of PP to one of
several peroxisomeproliferator-activaredreceptors(PPARs),
ligand-activatedtranscriptionfactorsof thesteroidhormone
receptorsuperfamily.In the mouse,at leastthreesuchrecep-
tors have beensequenced:mPPARa (Issemanand Green.
1990; Gearingci aL, 1994), mPPAR /3 (Amri et aL, 1994),
andmPPAR ‘)‘ (Chenci aL, 1993; Zhu eta!., 1993), though
comparativeevidenceon xenopus,human,androdeotPPAR
genessuggeststhat at leastfive subfamily membersexist
(Chen ci (IL, 1993)- PPARs appearto form dimerswith the
retinoid X receptor(Gearing ci a!., 1993; Issemanci aL,
1993), and the activatedcomplex binds to specific peroxi-
some proliferator responseelements (PPREs) located up-
streamof a series of genesincluding the first two enzymes
of theperoxisomal system:fatty acyl-CoA oxidase(ACO;

Tugwoodci aL, 1992)andenoyl-CoA hydratase/3-hydroxy-
acyl-CoAdehydrogenasebifunctional enzyme(PBE: Bardot
ci (IL, 1993). Evidence is accumulatingthat fatty acids, as
well as PP, bind to thesereceptors(Issernanci aL, L993b:
Banneret (IL, 1993), suggestingthat the PPAR regulatory
systemnormally functions to control fatty acid metabolism.
At least one similar human receptor (hPPAR) has been
shown to be capableof transactivatingPPRE-contniningre-

porter constructs (Sherci (IL, 1993), raising the possibility
that PP may producegeneregulation effects in humanliver.
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While PPAR regulation offers a very attractive mecha-
nism for coordinatecontrol of the PP response,its general
validity mustreston an examinationof theregulatorybehav-
ior of a broad rangeof liver proteins. Indeed earlier 2-D
electrophoreticstudiesby Giometti (Giometti eta!., 199 la,b)
were interpretedas suggestingthat different PP produced
substantiallydifferenteffects,which would limit the applica-
bility of a unified PPAR regulation system and point to
distinct regulatory pathwaysinfluenced by individual PP.
Hencewe wereparticularly concernedin this investigation
to test the validity of this view using a largerseries of PP
andwhat we believe to be an improvedstatisticalapproach.
Do most PP-affectedproteins show regulation consistent
with a single, unified receptor-basedmechanism?Do struc-
turally varied PPs produceeffects consistent with such a
mechanism?We believetheanswerto beaffirmative in both
cases,but in the course of the investigation havedemon-
stratedthat individual proteinscan showquite varied dose—
reponsecurves within the overall unified PP response.

MATERIALS AND METHODS

Animal dosing,tissuepreparation, and enzyme njeas,,rements. In the
first experiment,14 groupsof 6 maleB6C3FI mice receivedeithercontrol
diet or diet incorporatingthefollowing PPs for either 5 or 35 days before
necropsy:0.30%LYI7III3, 0.30% LY163443,0.50%clofibrie acid, 0.01%
WY 14,643,0.05%Narenopin.or 0.60% di(2-ethylhexyl)phthalate(DEHP).
In a sceondexperiment,male B6C3FI mice receivedLYI7 I 883 at dietary
concentrationsof 0, 0.003,0.0!, 0.03. 0.10. 0.30, and 0.60% for 5 days (5
animals in eachof the7 groups).At necropsy,a portion of the liver was
homogenizedin an eightfold excess (w:v) of 9 M urea, 2% NP-40, 2%
ampholytes(pH 9—I I, LKB Inc.), and0.5%dithiothreitol. A secondportion
was collcctedand the 150-g supernatantassayedfor peroxisoma!fl-oxida-
tion as the cyanideinsensitivereductionof NAD~using 50 mt~spalmitoyl
CoA as substrate(Lazarow. 198!).

Two-dimensional electrophoresis. Sample proteins were resolvedby
2-fl electrophoresisusing Ihe 20 x 25-cm ISO-DALT 2-fl gel system
(Andersonand Anderson, l978a,b;Anderson et aL 1994; Hoefer Instru-
ments, Inc.). Isoelectricfocusing (tEE) or nonequilibriumpH gradientelec-
trophoresis(BASO) first dimensions were usedto resolveacidic—neutral
and basic proteins.respectively.All IEF gels were preparedusinga single
standardizedbatch of ampholytes(BDH 4-IA) and the gels were run for
33,000to 34,500V-hr. First dimensionBASO gelsusewide-rangeServalyte
and a focusing time of 5000 V-hr. Ten ro 20 p1 of solubilizedproteinwas
applied to eachgel.

Second dimension gradient SOS slab gels were preparedusing an
Angelique computer-controlledgradientcastingsystem(Large ScaleBiol-
ogy Corp.). Eachgel wasidentified by a computer-printedfilter paperlabel
polymerizedinto thegel.First dimensionlEE tubegelswere loadeddirectly
onto the slab gelswithoutcquilibration andheldin placeby potyesterfabric
wedges.Seconddimensionslab gels were run in groups of 20 in DALT
tanksthermostattedat lOt.

Following 5135 electrophoresis,slab gels were stainedfor protein using
a colloidal Coomassieblue0-250procedurein coveredplastic boxes,with
tO gels per box. This procedureinvolves fixation in 1.5 liters of 50%
ethanol/2%phosphoricacid overnight, three30-mm washes in 2 liters of
cold deionizedwater, andtransferto 1.5 liters of 34%tnethanolll7%ammo-
niom sulfate/2%phosphoricacid for I hr followed by addition oil g of
powderedCoomassiebLue 0-250 stain. Stainingrequiredapproximately4
days to reach equilibrium intensity.

Data analysis. Stained2-fl gels weredigitized in red light at 133-pm
resolution using an Eikonix 1412 scanner,and the resulting imagespro-
cessedusingprocedurePROCOOSbwithin the Kepler2-D softwaresystem
(Large ScaleBiology Corp.). This proceduremakesuseof digital filtering.
mathematicalmorphology techniques,anddigital maskingto removeback-
groundand usesfull two-dimensionalleast-squaresoptimization to refine
the parametersof a 2-fl Gaussianshapefor eachprotein spot, yielding a
spotlist giving position, shape,and density information for the detected
spots.Spotvolumes,measurementsof integratedCoommassieblue binding,
andhenceof proteinabundancewere calculatedfrom theseparametersand
expressedin units of pixel-gray levels.

Two experimentpackages(PEROXI—435andPEROX—DOSESI) were
constructedusing the Kepler experimentdefinition databaseto assemble
the 14 end 7 groupsof IEF/SDS2-fl patternscorrespondingto the groups
of treatedand controlanimals in the first and secondexperiments,respec-
tively. All groupsof themulticompoundexperimentconsistedof six animals
exceptthe control groups (23 and IS gels in the 5- and 35-day control
groups, respectively),while all groups of the LYl7lSS3 dose response
consistedof five aaimalsexceptfor the 0.03% dosegroup (4 gels, as a
result of the death of one animal). Experiment packages(PEROX2—435
and PEROX—DOSES2)were constructedfor the BASO/SDS 2-0 pattern
showingthebasicproteins.Each2-fl patternwasmatchedto Ihe appropriate
‘‘master’ 2-fl pattern(patternB6C3FIMST2 in the caseof the IEF/SOS
gels of mouseliver andB6C3FIBASOMSTI for BAS0/SDS gels),thereby
providing linkage to the existing rodent protein 2-fl databases.In this
matching, a series of about50 proteins was matched by an experienced
operatorworking with a montageof all the 2-fl patternsin the experiment.
Subsequently,anautomaticprogrammatchedadditionalspots to the master
patternusing as a basis themanual landmarkdata enteredby the operator.
The operatorsubseqtmentlyinspectedmatching for spots consideredi’m
portant to theexperiment.

The groups of gels nsakingup an experimentwere scaledtugclher (to
eliminatequantitativedifferencesdtie to gel loading orstainingdifferences)
by a linear procedurebasedon a selectedsct of spots. These had spot
volumes between 500 and 15,000 pixel-gray levels, and nonclongated
shapes(ratio of major to minor axis <2), were presenton at least 33 or
35 gelsand did not appearto vary in abundancewith drugdose.In PEROX—
DOSESI, for example,scalingwasbasedon 106 spots,and scalefactors
rangedbetwecn0.75 and 1.78. After sealing,the numberof spotsshowing
inlragroupCV C 0.15 rangedfrom 152 to 206 spotsover he five groups.

A set of proteinspotswas seleeledon thelEE/SOSgels of the multieoni-
poundsludy asrepresenLingtheprotcinsmoststronglyaffectedin heexper-
iment. This set fulfilled the following criteria, implementedin the Kepler
vectorsystem:groupaverageabundancechangedawayfroni theappropriate
controlvaluein thesamesense(increaseor decrease)in all treatedgrotips;at
leastonePP-treatedgroupshowedap < 0.00! differencefrom appropriate
controlsateachtime point; andeachspotwa,s presenton mostgels(present
in all but one gel of all but two of theexperimentalgroupsand presentin
all but two gels of all groups).To this set nt 100 proteinswereaddedseven
spots representingproteins either induced from undetectablelevels and
hence excludedfrom the automatically selected group or showing large
changesthat did not achieve the generallevel of statistical significance
required.The resulting 107 protein spotscan be taken as showing some
demonstrableabundancechangewith respect to controls, though they are
by no meansall of the proteinsaffected.

Multirariate statistical analysis. Principal componentsanalysis was
undertakenusing PROCFACTOR (method= principal) within theSAS
softwaresystem (SAS Instittite) using data for all 107 selected1FF/SOS
gel spotsin the 110-gelmultidrug experiment,where anymissingdatawere
filled wilh the group averagevalue.The resulting scoringcoefficientswere
savedand applied to the gel datafrom the second,dose—responseexperi-
ment so as to obtain comparableestimatesof principal componentscores
for gels from both experiments.
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FIG. I. Schematicchemical structuresof the cOmpound.sused.

I’ro(ej,, .veqIae,Ici,Ig. Protein spoiswerecut from wet, Coomassiebltie-
stained2—fl gels antI subniittcd In internal tryptic digestion (Rosenfeld e-
rr!., 992). Indivitloal peptidesseparatedby HPLC were sequencedusing
a Perknn-Elmer477A sequcntrlor.

RESULTS

Protein Changes in Lit~erfollowing Peroxiso,ne
Proliferator Treatment

Five PP were investigated: clofibric acid, DEHP,
WY14643, nafenopin,and LY171883 (Fig. 1). LY163443,
ananalogof L’Y171883 that is not a PP (Eachoeta!., 1989),
was included as a negativecontrol. Treatmenteffectswere
measuredin sLx animalsper group at 5- and 35-day time
points using two-dimensional electrophoi’esis,andquantita-
tive abundancedatawerecollectedfor severalhundredpro-
teins (Table 1). Among the proteinsmeasured,102 met crite-
na for reliably detectedsignilic-antquantitativechange(t test
p < 0001 for at least onecompoundwith protein detected
on almostall gels).Five additional spots that showedstrong
effectsjust beyond the limits used for automaticselection
wet-c added.T]-se resulting setof 107 proteinsare indicated
in Fig. 2 on a standard2-D protein patternof mouseliver.

Nine additional very basic proteins were selected from
among thoseshowing treatmentrelated change.son BASO-
type 2-D gels, including the 80-kDa bifunctional enzyme
(PBE).

Mtiltiwp-iate StatisticalAnalysis

Given the complexity of thesegeneexpressionchanges,
we attemptedfirst to determinewhetheroneoverall pattern
of change(the samefor all compounds,doses,and tinles of

treatment,apart from a simple scalefactor) could account
for a significant proportion of the variation observed.This
wa,s accomplishedby meansof aprincipal componentanaly-
sis (PCA) appliedto abundancedataon thesetof 107 protein
spots selectedfrom the IEF/SDS 2-D gels. PCA is a multi-
variatestatistical techniquethat automaticallyextractsa se-
ries of mutually independentpatterns from a table of many
variables (here the protein spot abundances)measuredon
many samples (here representingthe livers of individual
animals). For simplicity, each protein abundanceis ex-
pressedin termsof its difference from the averagevalue
over a!! samplesalid the magnitudeof the differenceis nor-
malizedby dividing it by thestandarddeviation (SD), again
over all samples.Henceeachsample is characterizedby a
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RelativeChangeDataon
TABLE 1

116 ProteinSpotsover Al! ExperimentalGroups

Trealmantgroup a b c d e 8 g A 8 C 0 £ F 0 1 2 3 4 5 6 7
poxidatton 0-811 5.6 4.1 8010.0 8.0 111.37.0 9610.614.414.3 O.40.50.80.92.38.68.0

PClScore -1.2-0.6 010.20.611 1.0 -1.0-0.5 0.3 0.0 0.8 1.5 1.7 .12.12-10-00-0500 05

SpotlEF:7-llSc7O 39.8(6) 1.2 1.2 1.3 1.8 1.6 1.9 46.6(8) 0.9 1.3 1.3 1.3 1.3 1.4 24.6(6) 1.0 1.3 1.4 1.7 1.9 2.3
SpolIEF:13 22.1(4) 1.0 1.0 0.8 1.0 0.0 0.7 25.0(3) 0.9 0.0 1.0 0.7 0.7 0.7 15.3(2) 1.2 1.2 1.1 1.1 1.0 1.1
SpotIEF:14 -HSPSO 49.2 (8) 1.0 1.1 1.2 1.5 1.5 1.7 56.0(5) 0.0 1.3 1.2 1.2 1.3 1.4 54.1 (5) 1.0 1.1 1.1 1.1 1.3 1.4

SpotIEF:19-yrpns 18.3 (2) 1.0 1.1 1.2 1.2 1.3 1.1 18.5 (1) 0.9 1.1 1.2 1.2 1.3 1.4 17.6(3) 1.2 1.2 1.1 1.1 1.1 1.2
SpotlEF:22.cEH 20.3(3) 1.1 1.7 1.7 2.1 1.1 2.1 31.2(5) 0.9 1.5 1.9 1.7 21 2.0 17.2(5) 1.5 1.3 IA 2.2 2.9 3.2
SpoltEF:23-HSPSO 20.7(2) 0,9 1.0 1.3 1.3 1.5 1.5 19.7(2) 0.9 1.4 1.2 1.3 1.4 1.6 26.4(4) 1.0 1.0 1.0 1.1 1.1 1.2
SpottEF:26-gtpiS 14.4(1) 1.4 1.0 1.2 1.2 1.1 1.2 16.4(1) 0.8 1.0 1,2 1.1 1.2 1.4 13.9(5) 1.2 1.2 1.1 1.1 1.1 1.3
SpotIEF:29 6.3(2) 1.1 0.7 0.5 0.6 0.7 0.7 11.2(2)0.S0,60.50.40.40.4 9.8(6)010.70.60,60.60.6
SpotIEF:31 -pnoAtbumin 10.1 (1) 1.0 1.4 1.2 1.5 1.6 1.4 10.5(1) 1.1 1.1 1.2 1.3 1.3 1.5 10.7(2) 0.8 1.1 1.2 1.2 1.4 1.9

SpotIEF:33 45,6(9) 0.8 0.6 0.5 0.5 0.4 0,4 53.6(13) 0,6 0.7 0.5 0.4 0.3 0.2 40.9(10) 1.1 0.1 0.7 0.9 0.7 0.5

SpottEE34-~Actn 40.3(6) 0.9 0.8 0.8 1.0 0,8 0.0 42.2(6) 0.7 0.9 0.7 0.7 0,5 0.7 35.5(6) 0.5 0,8 0.6 0.9 0.7 0.9

SponEF:6 14.0(3) 0.9 0.8 0.8 0.7 0.6 0.5 14.6(2) 1.0 0.7 0,8 0.6 0.5 0.5 13.9(1) 1.2 1.1 1.0 0,9 0.1 0.7

SpotIEF:40.HSP9O 4.2(1) 1.9 2,1 2.0 2.1 3,1 2,7 5.9(1) 1.1 1.2 1.8 1.2 1.9 1.5 1.9(0) l.a 1.6 1,7 2.1 2.2 3.6
SpotIEF:47- P45ORed. 3.8 (1) 21 1.7 1.7 2,4 2.9 2.4 4.2(1) 1.! 1.9 1.8 1,6 1.5 2.8 1.5(0) 0.0 1.8 1.9 2.6 2.9 5.8

SpotIEF:51-MUP 98.6(16) 1.2 0.8 0.9 0.7 0.5 0.7 113.9(20) 1.2 1,0 0.7 0.6 0.4 0.2 89.0(42) 1.3 1.1 1.1 1.1 1.2 0.8

SpottEr:61-grp?5 7.3(1) 1.0 1.1 1.4 1.3 1.5 1.2 7.1(1) 1.0 1.1 1.1 1.3 1.4 1.5 1.9(2) 1.3 1.2 1.1 0.7 0.9 1.0

SpottEF:62 12.5(3) 0.9 1.1 1.2 1.7 1.6 1.5 13.6(2) 0.7 1.1 II 1.2 1.3 1.6 13.3(5) 0.7 0.9 0.0 1.1 0.8 1.4
SpctIEF:6S 17.9(2) 0.8 0.8 0.9 0.9 0.7 0.7 17.3(1) 1.0 0.9 0.8 0.9 0.7 0.6 15.6(1) 1.1 1.0 0.9 0.9 0.9 0.8

SpottEF:73 30.4(7) 1.0 0.9 0.8 0.9 0.6 0.5 388(3) 1.0 0.8 0.8 0.7 0.7 0.5 335(3) 1.1 1.0 0.9 0.9 0.9 01

SpoIIEF:76 13.5(1) 1.0 1.2 1,3 1.4 1.2 1.1 14.3(1) 1.1 1.3 1.6 1.4 1.5 1.3 16.3(2) 0.9 1.0 0.9 0.9 1.0 1.2

SpoItEF77 26.5(2) 1.0 1.0 10 0.8 0.8 0.9 26.3(2) 1.1 1.0 0.8 0.9 0.7 0.6 256(3) 1.0 0.8 0.0 0.9 0.9 0.8

SpcltEF:79 40.7(4) 0.7 0.8 0.8 0.6 0.6 0.6 38.2(2) 0.6 0.7 0.7 0.6 0.6 0.6 34.8(1) 0.9 1.0 0.9 1.0 0.7 0.1

Spot IEF:5S 204(1) 1.2 1.5 II 1.4 1.1 1.1 30.2(5) 1.1 1.3 1.5 1.5 1.5 1.4 24.1(8) 1.0 1.5 1.3 1.2 1.5 1.8

SpotIEF:9l 24.7(5) 1.0 1.4 1.2 1.3 1.3 1.4 27.7(2) 0.9 1.0 1.5 1.4 IA 13 24.0(5) 1.0 11 II 1.1 1.2 1.2

Spot tEF:94 43.7(5) 0.9 0.9 0.8 0.8 0.8 0.7 44.0(4) 0.0 0.8 0.9 0.9 0.8 0.7 42.8(9) 1.1 1.0 0.9 0.9 0.5 0.7

SpotlEFlO3 13.0(3) 1.5 1,2 1.4 1.6 1.4 1.7 12.8(2) IA 1.4 1.4 1.7 1.6 1.8 11.9(2) 1.1 1.1 1.1 II IA IA
SpottEF:105 305(3) 0.4 0.9 0.8 0.0 0.7 0.8 29.9(2) OA 0.9 0.9 0.8 0.8 0.8 360(1) 0.9 0.0 0.8 0.6 0.7 0.6

SpcttEF:lIl 33.8(4) 0.9 1.0 0.1 0.9 0.7 0.7 32.2(3) 0.6 0.9 0.9 1,0 0.9 0.8 44.1(7) 0.8 0.9 1.0 0.7 0.8 0.8

SpcttEF:114 6.1(1) 1.0 1.2 1.3 1.6 1.3 IA 93(I) 1.1 1.5 1.6 1.5 1.5 1.9 8.4(1) 1.0 1.2 1.1 1.3 1,4 IS

Spot FF124 5.4(1) 1.1 1.8 1.6 1.9 2.2 1.8 5.5(1) 1.2 1.8 1.9 1.8 2.2 2.4 4.2(1) 0.9 1.0 1.2 1.5 1.5 2.2

SpotlEF:127 26.5(4) 0.8 0.9 0.8 0.9 0.6 0.5 24.8(3) 0.8 0.9 0.9 1.0 0.7 06 27.3(3) 0.9 0.9 0.8 0.9 0.7 0.6

SpcttEF:129 71.0(10) 1.0 0.6 0.7 0.8 0.4 0.5 70.5(16) 1.2 0.7 0.7 0.8 0.4 0.4 84.8(9) 1.1 1.3 1.0 0.9 0.5 OS

SpottEF:134 4.9(2) 1.4 2A 2.0 2.7 2A 2.3 6.0(1) 1.0 1.7 2.1 1.9 1.6 1.6 1.9(1) 2.8 1.1 1.0 3.1 4.0 4.7

SpoIIEFI3O 9.9(1) 0.0 0.9 0.8 0.9 0.0 0.6 10.2(1) 0.8 0.8 0.1 0.7 0.6 0.6 6.0(2) 1.1 1.1 11 1.3111.3

SpotIEF:137 21(0) 0.9 2.7 13 5.2 4.9 4.0 1.8(0) 1.3 2.4 4.0 4,7 10 4,3 2.0(0) 0.0 0.8 1.5 0.9 1.3 2.7

SpotIEF:140 3,5(I) 1.6 2.9 2.1 3.1 2.4 2.9 40(I) 1.4 2.3 2.9 2.9 3.4 3.4 2.4(1) 1.2 1.3 1.4 1.6 2.8 3.1
.SpotIEFl4l 12.0(1) 0.9 0.8 0.9 0.8 0.9 0.9 11.1(1) 0.9 0.9 0.8 0.8 0.7 0.7 14.9(3) 0.8 0.9 0.9 0.8 0.7 0.7

SpotIEF:144 6.9(1) 0.9 1.0 0.9 0.8 0.8 0.8 7.5(l)1.00909090.80.7 6.5(I)1.11I0.91.oO.Y0.8

SpottEFl4S 9.6(2) 0.9 1.2 1.4 1.1 1.7 1.7 11.3(I) 1.0 1.5 1.5 1.4 1.8 1.8 8.8(1) 1.1 1.1 1.1 1.0 1.4 1.4

SpntIEF:150 6.6(1) 1.8 1.3 1.5 1.6 ‘1.6 1.4 8.6(1) 2.8 1.5 1.6 1.7 2.0 l.A 7.2(2) 1.1 1.0 1.0 1.3 1.6 11
SpottEF:151 15.1(2) 0.9 1.4 1.4 1.2 Il 1.6 14.0(1) 1.0 1.3 1.5 1.5 1.9 It 16.7(4) 1.2 1.3 1.3 1.2 1.4 1,3
SpottEF:152 2.5(0) 1.3 2.7 2,4 2.2 3.3 1.9 2.8(1) 1.1 1.9 3.2 21 4.0 3.9 1.5(0) 1.4 1.5 1.6 2.4 3.1 4.1

SpcttEF:1S3 2.6(1) 16 1.9 1.5 1.9 1.8 1.7 3.5(1) 1,2 1.3 1.6 1.6 2.2 21 1.4(0) 0.9 IA 1.2 2.0 233.7

SpotlEF:15Y 17.6(2) 1.0 0.8 0.7 0.8 0.6 0.5 16.4(1) 1.1 0.7 0.6 0.7 0.6 0.5 17.3(l) 1.0 1.0 1.0 0.8 0.7 0.7

SpotIEF:162 687(20) 0.6 0.8 0.7 0.5 0.3 0.8 73.3(32) 0.7 0.6 0.3 0.2 0.2 0.2 708(10) 1.51.211 1.2 0.9 0.8
Spot IFF:163 0.5(0) 1.1 18.1 25.0 50.6 61.8 63.8 0.9(0) 0.6 13.8 21.7 34.0 56,3 56.9 0.0(0) 0.0 0.0 0.7 2.7 13 27

Spot IEF:167 5.6 (1) 1.2 1.4 1.2 1.3 1.6 1.6 5,5(1) 1.0 1.2 1.6 1.4 1,7 1.6 5.3 (1) 1.1 1.0 1.1 1.1 1.3 1.3

SpotIEF:168 91(1)111.9192.02.421 9.1(1)0.920252.43.02.9 6A(1)1,21.31.42.1282.8

Spot IEF:178 13.2(1) 0.6 0.8 0.9 0.7 0.8 0.6 12.4 (1) 0.5 0.9 0.8 0.9 0.8 0.6 12.7 (2) 1.1 1.1 Il 1.0 0.8 0.9

SpotIEF:153 1.9(0) 1.9 2.2 2.9 2.9 4.2 3A 2.2(l) IA IA 2.9 2.6 2.5 2.9 1.0(0) II 1.2 1.5 2.0 3A 3.6

SpotIEF:184-P-4SORad 2.0(0) 2.3 1.5 1.6 2.1 2.9 2.2 1.9(0) 2.4 2.2 ‘1.9 1.9 1.7 3.3 3,8(3) 0.4 0.6 0.8 0.6 0.7 IA

SpotIEFl89 111(1) 0.9 1.0 0.8 0.8 0.9 1.0 10.9(1) 0.7 1.0 0.8 0.8 1.0 0.9 122(1)0.9 0.9 0.9 0.9 0.9 0.8
SpotIEF:191 11.0(1) 0.9 1.2 1.2 1.4 1.2 1.2 101(1) 1.1 1.2 1.2 1.3 1.3 1.2 9.8(0) 1.0 1.0 1.1 1.1 1.2 1.2

SpcIIEF:195 10.0(1) 0.7 0.9 0.8 0.6 0.6 0.6 8A(1) 0.8 0.7 0.5 0.6 0.6 0.8 8.3(1) 1.0 1,1 1.0 0.8 0.7 0.7
SpotIEF:l96 9.8(3) 1.2 1.9 1,5 2.0 1.9 1.7 11.4(1) 0.9 1.3 1,5 1.5 1.7 1.6 87(1) 1.3 1.9 1.6 1.5 2A 2.3
SpotPEF:214-IHSP60 5.2(1) 0.9 1.2 1.5 1.1 1.4 2_a 51(2) 0.8 1.6 1.1 1.4 1.3 2.0 7,4(0) 1.4 1.3 1.3 1.0 0.0 0.0

SpotIEF:217 23.6(3) 1.0 1.0 0.9 1.0 0.8 1.0 21.6(3) 0.9 0.9 0.8 0.8 0.9 0.7 26.5(2) 1.1 1.0 1.0 0.9 0.9 0.8
SpotlEF:218 3.1(1) 0.9 1.3 1.5 1.1 ‘1.9 1.4 3.2(1) 0.7 1.3 IA 1.3 1.4 1.6 2.6(0) 0.9 1.2 1.0 0.7 1.1 1.7
SpotIEF:219 26.6)5) 0.8 0.8 0.8 0.6 0.5 0.7 197(4) 0.7 0.6 0.3 0.4 0.3 0.2 27.6(6) 1.3 0.9 0.8 0.0 0.8 0.5



EFFECTS OF PEROXISOME PROLtFERATORS 79

TABLE I—Continued

Decreasedrr.nre than 2-toLd 2 0 I 2 10 0 2 0 5 0 16 10 544135

Decreasedttss thsn 2-lord 57 52 50 48 ‘42 44 5/ 50 46 44 36 34 45 35 50 50 55 47

Increasedteasthan2-told 53 49 50 45 41 46 53 55 50 49 43 43 61 74 5/ 47 36 37

Treat.mnnLgroup B b c d a I g A U C 0 E F 0 1 2 3 4 S 6 7
SpottEF:222 3.8(1) 1.2 1.5 1.5 1.4 1.7 1.5 4.3(1) 1.0 1.6 1A 1.4 1.6 1.9 2.5(0) 1.5 1.4 1.3 1.6 1.5 2.5
SpottEF~226 3.1(1) 1.2 1.6 1.4 1.5 1.2 1.5 3.4(1) 1.0 1.2 IA 1.3 1.5 1.5 3A(0) 0.9 1.0 1.0 1.2 1.3 1A

SpotlEF:227 12.5(2)O.70.5O.60.40.40.3 10.8(1)0.80.60.70.60.30.4 11.3(2)110.80.70.60.70,4
SpotlEF:237 4.0(1) 0.9 0.9 0.0 0.7 0.7 0.5 4.0(1) 1.1 0.7 0.0 0.5 0.6 0.5 2.9(1) 1,7 1.3 1.2 1.0 0.9 0,6
SpotlEF:239 2.6(0) 1.0 1.4 1.6 2.0 2A 1.9 3,2(0) 1.0 IA 1.7 1,9 2.4 2.4 2.7(1) 1.1 1.2 1.3 1.5 1.0 1.9
SpotlEF~243 66(1) 0.8 0.6 0.0 0.8 0.8 0.7 S.9(i)0.70.8D.50.60.40.6 6.6(2)1.00.90.81.O0.60.7
SpottEF:246 1,6(1) 1.5 2.4 1.5 2.3 3.0 2.7 2/(1) 0.7 1.3 1.6 1.3 2.5 2.9 0,9(0) 1.0 1.2 1.1 2,0 2.6 3.5
SpotIEF:247 6.5(1) 1.1 1.1 1.3 1.1 1.2 1.1 6.4(0) 1.1 1.2 1.2 1.1 1.1 1.1 6.9(0) 1.0 1.0 1.0 1.0 0.9 1.1
SpotlEF:259 2.1(1)1.43.52.63.63.43.2 2.5(0)1.12A2.52.62.I1.8 0.0(0)2.60.00.0547.710
SpottEF:262 24.7(5)D.8D.70.70.6O50.6 19.I(4)n.40.50.20.20.1D.1

SpotlEF:26/ 1.6(1)0.90.90.90.9o.80.8 7A(I)0.90.90.80.90.60.6 7.6(I)1.11.II.00.90.90.S

SpotlEF:274 8.n(1)0.90.80.70.70.50.7 7.70)0.70.60.60.30.40.6 10.6(2)0.71.OI.00.80.70.7

SpottEF:277 5,4(1) 0.9 1.3 1.6 2.0 1.9 1.7 . 3.3(1) 1.2 IA 1.7 2.2 2.1 1.0 4.3(I) 0.6 1.1 1.0 1.0 0.0 1.5
SpottEF:20I 6.9(1)0.SD.00.80/0.70.7 8,2(I)o.80.60.90.9070.7 10.5(3)0.00.80.80.80.5o.6

SpotlEF;283 9.4(I)0.S0.70.80.60.60.7 9.4(I)0.SI.00.80.60.5O.6 9.5(2)1.2110.91.00.90.9
SpottEF:28/ 9.4(2)0.90.80.60.80.50.5 8.0(2)0.90.80.70.70.60.6 91(1)081.I1.00.90.90.9

SpottEF:268 3.2(0) 1.1 1.2 1.5 1.7 1.7 1.6 3.3 (0) 1.1 1.1 1.2 1.3 1.3 1.3 3.9 (1) 1.0 1.1 1.1 D.9 1.0 1.2
SpottEF:294 5.5(0)0.90,80./0.6o.60.S 5.I(0)1.00.70.60.70.50.5 4.9(I)I.01.01.00.90.80.6
SpottEF:298 36(I)1.00.91.oO.90.90.7 3.I(0)0.90.60.80.90.70.9 3,3(I)0.91.00.91.1I.01.1
Spot IEF:301 3.7(0) 1.0 1.2 1.4 1.3 1.3 1.2 3.5(0) 1.1 1.1 1.3 1.3 1.2 1.3 3.7(0) 1.0 1.0 1.1 1.1 1.2 1.3
SpotIEF:310 5.5(1) 1.0 1.0 0,9 0.8 0.9 0.6 6.0(1) 1.2 0.9 1.0 0.9 0.9 0.8 4.5(1) 1.2 1.1 1.0 1.1 1.1 1.1
SpotIEF:312 5.1 (1) Ii 1.3 1.4 1.5 1.5 1.6 4,6(0) 1.2 1.2 1.3 1.4 1.5 1.4 4.9(0) 1.1 1.1 1.1 1.1 1.3 1.3
SpottEF:313 3.6(1) 0.9 0,6 0,6 0.5 0.3 0.3 32(1) 0.8 0.7 0.6 0.5 0.3 0.4 2.1(0) 1.0 1.1 0.9 1.2 1.0 1.0
SpoIlEF:318 3.2(1) 1.0 1.00.8 0.7 0.50.5 4.0(1)0.90.60.80.50.50A 3.2(1)1.01.1I.00.70.60.7
Spot IEF:332 4.1 (1) 1.1 1.2 1.1 1,3 1.3 1.3 5.0(l) 1.1 1.0 1.3 1.4 1.3 1.2 5.0(1) 0.9 1.1 1.0 0.9 0.9 1.1
Spotter:344 1.1(0) 1.2 2.2 2.4 2.1 3.1 1.1 0.9(0) 1.4 2.5 4,1 3.2 5.6 5,3 0.8(0) 0.9 1.5 1.4 2.0 2.2 2.8
Spnl IEF:349 4.8(I) 1.0 1.2 1.3 1.5 1.4 1.4 4.5(0) 1.1 1.1 1.3 1.3 1.4 1.5 4.5 (2) 1.2 II 1.1 1.1 1.1 1.5
SpotIEF:363 1.7(0) 0.9 1,3 1.4 1.2 1.6 1.6 1.80) 1.1 IA 1.8 1,7 1.6 21 1.2(0) 1.2 1,2 1.3 1.6 1.5 1.5
SpotIEF:370 3.5(1) 1.1 1.9 1.6 1.9 1.5 1.6 3.7(1) 1.2 1,1 1.9 1.9 2.0 1.9 2.0(1) 1.5 1.6 1.5 1A 1.0 2,6
SpottEF:312 9.5(1) 1.0 0.8 0.7 0.7 OA OA 0.3(I)I,20.90.90.90.6D.5
SpotlEF:37] 5.2(1) 1.1 1.2 1.4 Is 1.4 1.5 5.2(0) Il 1,1 IA 1.3 1.5 1,3 5.1(0) 1.0 1.1 1.0 1.1 1.2 1.3
SpottEF:374 2A(I) 1A 1.5 1.5 1,3 1A 1.3 3.20) 1.0 1.2 1.3 1.2 1.6 1.1 1.6(1) 1,3 1.8 1.6 1.1 1.0 1.6
SpottEF:381 5,3(1)0.90.8 0.0 0,7 0,6 0.6 3.9(I)0.BO.70.60.70.50.4 4.9(I)I.00.60.80.70.60.5

SpotlEF:362 6.1(1) 0.8 1.0 0.8 0.0 0.9 0.9 4,8(1) 0.6 0.8 0.1 0.9 1.0 0.7 90(1) 0.9 0.9 0.9 0,6 0.7 0.7
SpnttEF:384 4.1(1) 0.0 0.0 1.4 1.4 1,1 1,2 4.0(0) 1,0 1.0 1.2 IA 1.8 1.7 0.0(0) 0.0 0.0 0.0 0.0 3,0 7.1
SpotIEF:402 3.9(0) 0,0 0.7 0.9 0.7 0.7 0.6 3./(0) 0.8 0.6 0.7 0.7 0.5 0.5 3.8(1) 1.2 1.1 1,0 0.0 0.0 0.6
SpoIlEF:424 SAW) 0.9 0.8 0.8 0.9 0.7 0.7 SAW) 1.3 0.6 0.8 0.9 0.8 0.7 4.10) 1.2 1.0 n.9 0.9 0.9 0.8
SpoIIEF:427 2.2(0) 1.5 1.4 1.3 1.5 1.4 1.5 2.2(0) 1.5 1.4 1.5 1.5 1.6 1.5 3.1(0) 1.0 0.9 1.1 1.5 1.1 1.1

SpotIEF:441 5.1(1) 0.9 0.9 0,7 0.7 0,5 0.5 4.8(0) 1.0 0.6 0.6 0.6 oA OA 4.10) IA 1,3 1.3 1,0 0.9 0.7
SpctIEF:455 4.0(l) 0.0 0.7 1.0 0.1 0.6 0.5 3.3(1) 0.8 0.5 0.6 0.9 0.5 OA 3.5(0) 1.2 1.0 1.0 1.0 0.8 0.7

SpottEF~456 0.9 (0) 2.0 3.1 2.5 3.2 3.8 4.4 0.9(0) 1.8 3.1 4.2 4.4 4.7 6.0 0.6(0) 1.7 1.6 2.1 2.6 3.4 4.4
SpcttEF:470 6.0(1) 1.0 0.1 0.6 0.7 0.4 0.5 5.6(1) 0.9 0.6 0.8 0.6 0.6 0.6 3.9(2) 1.6 1.5 1,2 0.9 0.50.8

SpcttEF:490 1.3(0) 1.4 2.5 2.5 3.4 3.5 3.2 0.9(0) 3.0 3.3 4.1 4.5 61 5.3 12(0) 0.9 0.9 0.9 1,0 2A 3.5

SpcttEF:491 4,6(1) 0.8 0.9 0.9 0.9 0,6 1.0 4.8(I) 0.7 0.0 0.7 0,6 0.6 0.6 4,9(a) 1.0 1.1 1,0 0.9 0.5 0.8
SpotlEF:501 1.4(0) 1.4 1.3 1,2 1.5 2.2 2.0 2,0(0) 1.0 1.0 1A 1.0 1.2 1,5 1.3(0) 1.2 1.2 1.1 1,4 1,5 2.0
SpcttEF:519 3.2(0) 0.7 0.1 0.6 0.8 0,6 0.6 3.1(0) 0.0 0.7 0.7 0.0 0.9 0.8 3.0(0) 0.9 1.0 0.9 0.9 0.7 0.0

SpcttEF:523 2.8(0) 0.9 0.8 0.8 0.8 0.90,1 2.6(0)0,90.90.70.70,60.6 2.1(I)1.00.90.90,90.70.8

SpottEF~556 1.3(0) 1.3 1.5 1,4 1.2 1.5 1.2 IA(0) 1.3 1.2 1,3 1A 1.6 1,4 2.1(2) 0,5 0.5 0.6 0.5 1.1 0.5

SpotRASO21 27.7(9) 1.0 1.1 2.2 1.4 1.3 1.6 23.4(23) 1.1 II 2,2 2.3 2.2 2.6 5.3(1) 3.3 4.5 2.5 5,1 4.7 6.5

SpotBASo35 16.6(7) 1,2 IA 1.7 IA 1.4 1,5 22.1 (22) 1.7 1.3 1.1 1.4 1.2 IA 0,0(0) 17 12 12 0.5 0.0 0.0

SpotflASO40 146(6) 1.0 2.6 2.7 2.9 3.1 31 20.8(21) 1.2 1.8 1.0 1.6 1,9 2.6 0.7(0) 9.3 5.6 7.9 6,0 4.5 0.1

Spot8ASO:59 13.5(4) 0,8 0.6 0.6 0.7 0,5 0.5 13.5(13) 0.9 0.6 0.6 0,6 0.3 0.4 25.0(9) 0.7 0.6 0.7 1.0 0,9 1.0

SpotRASO:16 - PBE 11.5 (6) 1,3 22.4 32.2 04.2 41,0 46.6 10,7(11) 2.3 34.2 38.4 42.6 62.9 8/,3 29.6 (8) 1.2 1.4 1.3 6,5 IS 24

SpotBASO:54 47.1(11) 0.8 0.1 0.0 0.6 0.5 0,/ 40.9 (41) 0.6 0.5 0.3 0.1 0.1 0.1 76.9(21) 1.0 0.6 0.7 0.9 II 0.8

Spot BASO:t5 12.1 (5) 4.9 6.8 5./ 14.5 9.8 14.0 13.9 (14) 1.8 1.2 9,4 10.0 13.2 13,7 0.0(0) 0.0 0.0 15 151 272 4~

SPOIOASO:154 18A(1) 1.5 1.7 2.0 2,1 2.4 2.5 19,5(19) 1.6 1.6 2A 2.1 3.5 2A 35.7(6) 0.8 0.9 1.2 1.2 1.5 1.8
SpotEASO:272 1.6(1) 11 1.6 1.3 1.7 2.6 1.9 21(2) 0.7 1.5 ‘1.3 1.6 1.6 1.8 2.4(1) 0.8 0.9 0.4 2.4 2.62.6

Increasedmc’re herr2-told 4 15 15 20 23 10 4 11 15 15 21 21 5 3 5 18 22 27
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seriesof protein measurementsdescribingits differencefrom
overallaveragevalues.In effect, thePCA procedureextracts

first the predominantpattern of differences (PCi), which
might involve, for example,a 1.2 SD increasein protein I,
a0.5 SD decreasein protein 2, a5.8 SD increasein protein
3, etc.,andgivesameasureof how muchthatpatternapplies
to eachsample(the sample’sPCI score). Then this pattern
of changeis removed,andthesecondmostimportantpattern,
unrelated to the first, is extracted, and so on. By plotting
eachsample,or group of samples,on axesexpressingtheir
scoreson PC! vs P02, for example,it is possibleto summa-
rize the similarities and differences among sampleswith

respect to complex patternsof changesin many variable.s
(Fig. 3). Samples that fall near one anotheron such plots
show similar patl:erns of change, while thosethat are far
apartarelesssimilar. The procedurealsoyields a measureof
the relative importance of eachof thesucceedinglysmaller
pat(ernsof difference, expressedas the percentageof the
total datavarianceexplainedby that component.

The result of our PC analysisof data on 107 protein.s
indicates that 51% of the total data variance i.s accounted
for by a single component of change (the first principal
component—PCI).This componentseparatesthe treatment
groups in theexperimentin amannerthat might beexpected
for a global measureof potency as a PP (Fig. 3). Sample.s
from animals treated with the negativecontrol compoond
LY 163443 (b and B in the plot) lie at positions near the
control samples(a, A) with respectto they-axis (PCI), while
samplesfrom animals treated with strong PPs (nafenopin
andWY14643; g, C andf, F) lie far away from the controls.

This conclusionwas testedby plotting the averagescores
on PCI associatedwith the 14 treatmentandcontrol groups
in the si x—conipoundexpeririient againstindependentgroup—
averagedenzymaticmeasurementsof peroxisomalfl—oxida-
tion (Fig. 4). A strong relationshipis observedbetweenthe

global measure(PCI score)and thespecificassayof a single
enzyme,althoughthecurveshowspossibledivergencefrom
a linear relationship in the low effect region. LY163443,
which is not a PP, shows only a small effect using either
measure. Five-day exposure groups show systematically

lower levels of PP effect by both measureswhencompared
to the 35-dayexposuregroups for the samecompounds.

Additional, smallerindependentcomponentsof changewere
also detectedin the principal componentanalysis: P02 and

PC3 accountfor 6.7 and 5.0% of the total variation, respec-
tively. PC2 appearsto distinguishthe5- and35-dayexposure
groups by characteristicsindependentof their differenceson
PCI. P03 serves mainly to separatethe groups treatedwith
LY163443 from both the controls and the other treatment
groups.A detailedexaminationrevealedthatLY)63443causes
a seriesof protein changesunrelated to peroxisomeprolifera-
tion; one that is apparentlyunique amongcompoundsso far

examined(to be describedelsewhere).P04 accountsfor only
3.5% and PC5 an additional 2.9% of the datavariance,with
furthercomponentsfurtherdecreased.

Dose —ResponseEffects

Differencesbetweenthe effectsof various PP.s could be
dueto different relativepotencies(andhencedifferentlevels
of effect at the doseschosen),to time-varyingeffects, or to
real differences in the nature of the biological effect pro-
duced.The issue of relativepotency, in particular, must be
taken into accountbecauseit is practically impossible to
choosedose levels for different compounds that produce
exactly the same degreeof peroxisonleproliferation. We
therefore carried out a conventional dose—responsestudy
with a single compound(LY 171883) at six doses to see
whetherthe results would he consistentwith asinglepattern

of changescaledby sonicfunction of dose, andthus with
the assumptionthat the observeddifferencesbetweencoIn-
pounds could he explainedon thebasis of relativepotency.
After a 5—day treatment,groupaveragevaluesof fl—oxidation
andPCI score(computedusing thesamescoringcoefficients
used in the earliersix compoundcomparison)both showed
monotonicdose—responsecurves (Fig. 5). Comparingthese
two measuresagainstone another(as plotted in Fig. 4), the
dose—responsecurve for LY 171883 appearsconsistentwith
the curvedescribingthe data for all the PPsexamined. In

Figs.4 and5, thereis evidencethat thePCI scorerises more
rapidly in the low-effect range than does the fl-oxidation

Note. Thetable presentssummarydata for 016 proteinsover all treatment gloops. Protein abundanceis reportedtar eachof the threecontrol gr’olrps
((a. A) lower case,5-day exposure;uppercase,35-day exposureand (I) control group for the LY 171883doseresponse)in units of pixel-graylevels )<
I 0’1 (a measureof the total amount of Coonias,sieblue protein stain bound by the spot), with standarddeviations in parentheses.Data for [he treated
groop.sare presentedin term,s of abundanceratio ret ative to the control (abundancein treatedliver dr vided by abundancein control liver). Groops are
identitied by the samesymbols used in the figures: LY163443 (h, B). LYt7t883 (c. C), OEHP (d. D), elotibric acid (e, F). WY14643 (f, F), Narenopia
(g. 0). and a serie,s of dosesof LY171883 (0. 0.003. 0.01. 0.03, 0.10. 0.30, and 0.60% in diet: —7). Hence a value of 1.9 for the first protein
(ll3F:7:HSC7O)irs group g’ ‘ indreatesthat the protein is increasedin abundance by a factor uf 1.9 by Nafenopin in the5-day exposure.Group average
values for a-oxidationarid PC t scoreare included at the top. A tabulation of the numberof protei us increasedor decreased more or less than twofold
ill eachtreatment grnup is presentedat the bottom of the tahle. Known proteins are identilied wirh abbreviations: cEll is eytosolieexposidehydroI ase.
}‘ISC7O is heat shock cognate70. HSP60is heat shock protein 60 (Miteon:2), grp7s is glucoseregulated protein 75, MUP is the mouse major urinary

protein, P4SORed is the NAOPH eytoelironiie P—450 redLretase.and PBE is the peroxisoraal enoyl—CoA hydratase/3-hydroxyaeyl-CoAdehydrogenase

hifunetional enzyme.
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FtG 2. Map locating proteins found to changewith PP treatment.A schematicrepresentationof the two-dimensional(IEF/SDS)protein patternof
wholemouseliver homogenate.Proteinspotsshownas fitted ellipsescomprisetheset of 107 proteinsdescribedin the text. Adjacerrt numbersaremaster
spotnumbers in the B6C3FIMST2 masternumbersystersi usedin this study. Molecularmass runs frorsi approximately250 kDa at the top to 6 kOa at
the bottoni, and pis run from 3.9 on the left to 68 on the right.

measurement.‘This behavior suggeststhat SOITiC proteins
contributing to the PCI scoremay showstrongereffectsat
lower dose than do theenzymesof fl-oxidation.

Magnittide croci Pu!anti of’ PP-bzth,cedChangesin
Sj~e~-ifzeProtei,ts

A few proteins, including the 80-kDa bifunctional en-
zyme, show measuredinductions of greater than 50-fold,

while someothersare induced from normally undetectable
levels andcould showevenstrongerrelative increases.Nev-
erthelessmosi of the significantprotein abundancechanges
resulting from PP treatmentare less than 2-fold (Table 1).

Of the 107 proteinsselectedas showing some response
to at least one PP in the six-compound study, a significant

numbershowedtreatmentrelateddecreasesinsteadof induc-
tions. For example,nafenopin at 5 days (group ‘‘g’’) de-
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FIG. 3. Restsltstif priuteipat component analysis. Plots of the sctires of individual 2—D gels (analyses)tin the tirst threeaxes of principal comptinent
represesitaIi tisi den veil frti m analysis of 107 protein spots in t he Hi tilt i co aptitr id sItsdy. PC I 2, and 7 accotsntett for 5 I , 7, and 5% of the total tIattn
variance, respectively. PCI is pri saarily a measureof the global PP effect, PC2 separates5- and 35-day exposus’es,zrnd PC3 separatesthe strong PPs
h’sti ni t_Y I 63443, a weak proIi t’erattir with other nsajor, non—PP—relatedcfleets. Grti ups are CoOtrsiIs ((a, A) lower case,5—tIay expOsLire; tIpper case,35—
day exposure).LY 163443 (b, B), LYI7 I ~8J (e, C), DEl-IF (d. 0). clolibnie acid (c, F). wY14647 (I’, F), Nafenopin (g. 0), and a seriesof dosesof
LY171883 (t), t).003, 0.01, 0.03, 0.It), t).3t), and 0.60% in diet; 1—7). The borderof eachtreatment grtitrp is outlined by a dottett line.

creasesa total of 52 of the 116 protein spots and increases
64. Hencethe numbersof pfoteins increasedanddecreased
arefairly equallybalanced,despitethe fact that theneteffect
is a global increase(since IS proteinsare increasedby more
than twofold, while only S are reducedby more than two-
fold). Since the data from different gels was normalized
togetherusing asubsetof protein spots that did not include
the 107 main PP-responsivespots, the ratio of increasesto
decreasesshould be unaffectedby the net effect of PP on

total liver protein abundance.
In order to examine the behavior of individual proteins

across the various experimentalgroups in the compound
comparisonand dose—responsestudies, we electedto plot
eachprotein’s group averageprotein abundanceversus the
group averagescot-c on PCI (which we believe is likely to
representthebestestimateof the level of PPresponse).The
plot thus relatesprotein amountto peroxisomeproliferation,
with plottedsymbolsrepresentingthe average for a treatment

group, Figure 6 showssuchplots for the eight protein spots
showingthe largestpositive contributions to thecalculation

of PCI (the proteinsmost strongly conelatedwith PP) and
the eight spotsshowing the largest negativesuch contribu-

tions. The purposeof theseplots is to allow detectionof
treatments(experimentalgroups) whoseeffect departssig-
nilicantly from the trend expectedfor peroxisomeprolifera-
tion generally.For theseproteins,and for mostof theothers
less strongly associatedwith PCI (andhencewith peroxi-
someproliferation),we did not detectmajor departuresfrom
the trend.

A few proteins,particularly thosestronglyassociatedwith
principal components2 and 3, did show outlying groups
(Fig. 7). in the case of PC2, the groups representing35-
day treatmentsaregenerallyclusteredaway from the 5-day

PC3, theoutliers aretreatmentgroups,while in the caseof
the 5- and 35-day groups treatedwith LY163443.

Shapesof ResponseCurves

Differences were detectedbetween the dose—response
curves of individual proteins in the muitidose study of
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LY 171883.Some proteins, such as spots LEF:22 (cytosolic
epoxide hytirolase), 1FF: ISO, and IEF:239 show evidence
for i nduction at low dose Followed by a plateau ttt higher
dose. This contrastswith the behavior of the peroxisotlial
bifunctiooal euzynie(spot B ASO:76) and IEF: 163 (Fig. 8),

which arc induced from almost ttndetectableendogenous
levels andcontinue to increasewithout plateati in the dose
rangestudied. ‘The sameeffect is apparentwhen thesepro-
teins are comparedover the larger data set covering six
compounds at two time points.

Since 1FF: 163 is induced by PP more strongly than any
other protein in theacidic to neutralp1 range, we attempted
to identify it through sequenceanalysis of 2-D gel-derived
material.Datawereobtainedfor two tryptic peptideshaving
sequences DAGGELNLAR andFIPUER, but thesedid not
match any known proteins in current sequencedatabases.
We thereforeconcludethat at leastoneprotein very strongly
responsive to PP is novel.

DISCUSSION

We haveexaminedthe effectsof peroxisomeproliferation
in mouse liver with respectto a seriesof variables: dose,time
of exposure,PPttsed,andproteinmarkersanalyzed.Theresults

supportthe contentionthat peroxisonieprolifeiation is a com-
plex phcnomenon at thebiochemicallevel, involving more than
100 proteins,but onethatcan neverthelessbe largely atiributed
to a single coherentgene regulation pattern affecting many
proteins in a coordinated way. This pattecnof geneexpression

change chanacteristic of peroxisonie proliferation wasextracted
throughtheuseof principal componentanalysis,amultivariate
statisticaltechniquethatuncoversaseriesof mutually indepen-
dent patterns of change (components)that explain most of
the variationoccurring in the variablesanalyzed(hereprotein
abtindances). Eachcomponentconsistsof a setof coefficients
for eachof the proteins measuredand a sum of the protein
abttndancesweightedby thesecoefficientsgives an aggregate
measure eqtsal to the scoreof the sampleconcernedfor that
component.The effect is to reducethe complexity of thedata
from apictureconsistingof 107 separateandindependentpro-
tein measurements to a pictureconsistingof afew components,
eachof which describesin a unified way changesoccurring in
many proteins at once. The first (and by definition largest)
componentin our analysisof 107 proteins measuredin 14
groups of 6 animals accountedfor more than 50% of all the
variance in this largedataset, with thesecondand third inde-
pendent components representing no more than 7% and 5%,
respectively.
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Becauserandomprotein measurementerrors arising from measurements, it is typical that only a few of the largest

the2-D gel procedure,as well as randominteranimaldiffer- principal componentsrelate to experimental treatments,
encesirs protein levels, contribute to the variation in protein while theremainderrepresent“noise’’ in themeasurements.
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FIG. 8. Comparisonof responseclsrves for 1EF22 (eytnsolic epoxide
hivdrolase), IEF: 163. amid BASO:7G (80 kDa hifusictionat enzyme).Relative

induction plots showing fractiosi of nnaximal indtrction for threeproteins

~rsafusiction of LYI 71883 administereddu,se.cEH appearsto be isidtsced
at I uwer cto~esthan more inducible proteins. IEF: 163, the most strongly

isuitseedprotein in the acidic to neortrmsl p1 range, is an apparentlynovel

protein, based051 it.s absencefrom ctss’rent seqisesicedatabases.

In this case,the51% attributable to a coordinatedPP effect
(PCI) is a remarkablylarge fraction. Its size demonstrare.s

thatperoxison]cproliferationwasthe largestinfluencein the

study by far, leavinglittle root]] for major differencesamong
thecompoundsandconditions tested.

If the Iirst compotletit (PCI) is indeed a global measure

of peroxisonieproliferation, it shotnid correlatereasonably
well with enzymaticmeaSurementsof peroxisomal/3-oxida-
tion, a characteristicinducible featureof the PP effect. A
strong relationshipwa,s indeedfound betweentheseindices
over all the compounds,time points, anddosestested,indi-
cating that PCI is a generalmeasureof the gene expression

changes caused by PP. Interestingly, the relationship be-
tween PCI and/3-oxidation is not entirely linear, especially
at low dose, and this raises the possibility that the PP re-
sponseincludesaspectsthat do not follow the samedose—
responsecurve as theenzymesof /3-oxidation. SincePCI
is basedon a combination of measurementsof a large num-
ber of proteins, we decidedto use it instead of /3-oxidation

as an index agait]st which we could comparethe responses
of individual proteins.

When thegroup-averagedabundaticesof specificproteins
were plotted againstthe averagePCI scores for those groups

(a plot of speci6c vs overall protein response),we found
thai all the treatmentgroups fell on or near a consistent
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curve for manyproteins.Thus for theseproteins, all the PP
compoundsproduceeffects at either 5 or 35 days that to-
getherapproximatetheeffectsof onecompoundat a range
of doses.Data from the true dose—responsecurve of one
compound,LY171883, also falls nearthis curve, reinforcing
this view. The existenceof a smooth relationship of this
type, at leastfor someproteins,is consistentwith direct gene
expressioncontrol via aunified PP receptormechanism.By
selecting proteinsthat demonstratesuch a responseover a
seriesof structurallydiverseperoxisomeproliferators,atdif-
ferenttime points anddoses,we haveidentified a coregroup
of gene products that define the ‘homogeneous’’ PP re-
sponsein mice. As it happens,someof thesechangeswere
detectedearlier in a studynot directedat peroxisomeprolif-
eration, wherehigh dosesof ibuprofen were found to pro-
duceaspecificeffectnot interpretableat the time (Anderson
et at. 1987), but now recognizableas thecore PP effect.

It is clear ftum thedetailedbehaviorof thesePP-respon-
sive proteins that a simple induction picture of the effect is
not adequate.While the peroxisomal enzymes,typified by
the 80-kDa bifunctional enzyme (PBE; spot BASO:76),
demonstratevery large inductions and thus dominate the
effect in Lert-ns of protein mass,almosthalfof the responsive
proteins show decreasedabundanceafter treatmentrather
than induction. This resultcontrastswith the aggregateml—

pressionproditcedby mostpreviouslyreportedPP regulatory
effecls; theseoredon-sinantlyinvolve upregulation,althotigh

BiP/GRP78has beenreportedto decrease(Motojima and
Goto, 1992) under somecircumstances,while increasingin
others (WitzlTtann et at, 1994). At this stage we do not
know whetherthe downregulatedgenesobservedhere are

regulatedin a negativesenseby PPAR (the m’cccptor associ-
ated with marty of the strong inductions) or whetherthere

is a cascadeof linked mechanismsthat reduceexpfession
of someproteins as a secondaryresponsefollowing major
PPAR-controliedinductions.Evidencefrom the rat suggests

that a major PP-responsiveprotein (rat IEF:367) alsoshows
anti-synergisticregulationby thecholesterol-loweringtreat-
n]entslovastatinandcholestyramine(Andersonet at, 1991,
andunptnhlishedobservations).It would thus not be surpris-
ing if PPAR regulationof enzymesof fatty acid metabolism
caused secondaryeffects through mechanismsrelated to
other forms of lipid.

While increased/3-oxidation is often used as a biochenii-
cal indicator of the PP effect, an analysis of the dose—re-
sponseandspecific vs PCI responsecurves for a variety of
protein.s indicatesthat someproteinsshowing more modest
maximal inductionscan be inducedat lower PP doses.Chief
amongtheseis spot IEF:22 which shows low-doseinduction
and a plateauat higher doses. Using antibodiesand pure
protein, provided by Dr. Erie Dietz, and by computed p

1 and

uiolecular weight from the known mouse sequence(Grant
ci at, 1993), we havepreviouslyidentified this spot as cyto-

solic epoxidehydrolase(cEH). The cEU geneis known to

be induced by PP (Grant et at, 1993) and the protein is
partially localized in peroxisomesbecauseof the modified
peroxisometargetingsequencethat it contains(Knehr ci at,
1993). It appearsthat eEl-I and at least two other proteins
(spotsIEF:I50 and239)showa plateain-limitedinducibility,
with initial induction at doseslower than thoserequiredto
give substantialinduction of thevery induciblespot IEF:163
or theperoxisomal8O-kDabifunctionalenzyme(PBE). Such
an effect could resultfrom severalcauses:either cEH could
be induced by a PPAR-independentalternativemechanism

with lower inducihility threshold,cEH could be inducedby
aPPAR-dependentmechanisminvolving a PPREwith very

high affinity for the receptor,or else the initial inducihility
is similar to that of theother proteins, but theplateaueffect
limits observationof what would otherwisebe a hugelevel
of expression.

It is evident from thesedifferencesin theresponsecurves
of different proteinsthat specificbiochemicaleffectsof PPs
could show highly nonlineardose—responserelationships.

If, for example,sonlein]portant biochemicaleventwere in-
fluenced by the relattve abundanceof cEH and PBE, then
the low-dose induction of eEl-I (where PBE is effectively
uninduced)could leadto oneoutcome,while at higher doses
(where cEH induction is plateaued.while PBE is rapidly

increasing)an inverseotttcomecould occur. Thu.s it is possi-
ble, basedon our results, that the low—doseand high—dose
effects of PPs could he qualitatively different. A definitive
resolution of this isstte awaits a com-npiete analysis of the
binchetiiistry of peroxisomeproliferation and identification

of all the affected2-D gel spots.
Both overall anti specific protein effects on PCI were

generallylarger after 35 daysthan after 5 days of exposure,

for all PP examined.This Contrastswith effectson cell repli-
cation, which are generally greaterat 5 days than 35 (data
not shown),andsuggests[hat the protein changesobserved
on componentI arenot relateddirectly to ratesof cell divi-
sion. PC2, thesecondlargestcomponentof changedetected,
separatesthe 5- and 35-daytime points for all compounds
tested,a.s well as for thecontrols. At present,the interpreta-
tion of this patternof changeis ambiguous:it could reflect

adaptivegeneexpressionchangesfollowing extendedtreat-
ment,an]d thtts may beof ititerest with respectto tumorigene-
sk. Alternatively, it could representcontributionsassociated
with differences in aninial cohorts or husbandryor differ-
encesin the 2-D analyticalsystemover time (sinace the gels
for the 5- and35-daygroupswerenot run at thesametime).

Finally, andwe believemost likely, it could representdiffer-
encesdtte to anisiial age:becausetheanimalswere relatively
young at the start of the six-compoundstudy,an additional
30 days of age in the 35-day groups could have a significant

systematiceft’ect. Earlier studies haveshown evidencefor
significant protein changesin male mouse liver over the
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range of 5 to 10 weeks of age (C. S. Giometti, personal
communication).

Principal component3 appearsto be almost entirely a

reflection of theeffectsof onecompound—LY163443.This
compoundis astructuralanalogof thepotentPP LY171883
(Fig. 1) andhasthesamepharmacologicactivity (asaleuko-
trienereceptorantagonist),but is not itself aproliferatorand
thus shows minimal difference from controls on PC1. The
results on PC3 demonstrate,however, that LY163443 pro-
ducesproteinabundancealterationsnot sharedwith thePPs.
Theseincludeboth increasesanddecreases,aswell as appar-
ent chargemodification of one protein (recently identified
as fumarylacetoacetaseby partial aminoacid sequenceanal-
ysis) thatmaybedueto covalentadductformation(details to
bedescribedelsewhere).The existenceof such acomponent
demonstratesunequivocally that the analytical approach
usedcannot only measurethe PP effect but resolveit from
other, unrelatedprotein changesbasedon multiparameter
protein abundancedata.

The differences we observed between dose—response
curves for various proteins may provide at least a partial
explanationfor thedifferencebetweenour conclusionsand

thoseadvancedby Giometti et at (199Ia, b) regardingthe
heterogeneityof liver protein responsesto a series of PP.
Giometti found only 19% of datavarianceto be explained
by acomponent(PC2 in their case)likely to be the primary
PP effect in a similarexperimentandalsoreportedthat many
individual proteinsshoweddifferences in levels of change
causedby a seriesof PPs at a single doseand time point.
This picture suggeststhat differencesamong PP are rela-
tively large compared to the underlying similarities and

hencethat thecurrently acceptedreceptor-mediatedmecha-
nism may havea very limited power to explain the actions
of structurally diversePP. Our resultssuggest,on the con-
trary, thata largemajority of thequantitativechangescaused
by all the PP examinedresult from operation of a single
unified mechanisnr Our results on the different dose—re-
sponsecurvesshown by differentproteinssuggestan expla-

nation for this apparentcontradiction.SinceGiometti used
singledosesandti]rne points for eachcompound,and since
thesedosescould not be set to achieveexactly equal effect

levels, thedifferentresponsecurveswe observedwould pre-
dict different relative effectsof the compoundson various
proteins, in apparentconflict with the notion of a uniform
response.However, by examining more sets of treatment
conditionsandusing an overall measureof change(PCI) as
a comparativeindex parameter,we observedthat a unified
responsecurveis probably a reasonableapproximation for

mostproteins respondingto PP~
At present,few of the 107 protein spotswe selectedas

relevantto the PP effect havebeen identified (Table t) We

attempted to identify the most strongly induced of these
(IEF:l63) by sequenceanalysis, but found the peptide se-

quenceswe obtained to be absentfrom current sequence
databases.This is somewhatsurprising,sinceit suggeststhat
oneof themoststrongly inducedelementsof the PP effect
is likely to beanunknownprotein.Recentprogressin micro-
analytical methods,both chemical and mass spectrometric,
give us reasonto expectthat mostwill beidentified (or else
found to be novel, then cloned and sequenced)within the
next few years.This information will allow us to interpret
themanifold effectsof PP on liver generegulationandme-
tabolism in a comprehensiveway and in particular to see
whethermajorbiochemicalaspectsof thepathwayhavees-
capednotice so far.
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