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We have investigated the effects of five peroxisome prolifera-
tors (PPs: clofibric acid, DEHP, WY 14,643, nafenopin, and
LY171883) on the abundances of a large number of proteins in
the livers of treated mice at 5- and 35-day time points. LY171883
was investigated at a range ol doses, and one of its close structural
analogs that is not a peroxisome proliferator (LY163443) was
included as a negative control compound. Liver samples were
analyzed by quantitative 2-D electrophoresis, Data for a selected
set of 107 liver protein spots that respond strongly to at least
one of the test compounds was subjected to principal companent
analysis to search for global protein pattern changes. The first
component (PC1) aceounted for 51% of the total data variance
and was identified as a global measure of peroxisome prolifera-
tion by its correlation with enzymatic peroxisomal S-oxidation,
Component PC2 (7%) separated 5- and 35-day exposures, and
PC3 (5%) separated groups treated with LY 163443 from the rest.
We used PCI as a surrogate for equivalent dose in ocder to
examine the effects of diverse compounds, with widely differing
potencies, on a common scale. Analyzed in this way, the data
indicate that all the peroxisome proliferators tested produce el-
fects over wide time and dose ranges that fall on or near a single
curve, Examination of specific protein responses showed that
many proteins individually show a unified response curve, but
that curves for different proteins were different. In particular, it
appears that some constitutive proteins showing modest induc-
tions with a high dose plateau (such as cytosolic epoxide hy-
drolase) are inducible at lower doses than some proteins showing
very strong, nonplateaued inductions (such as the 80-kDa peroxi-
somal bifunctional enzyme). The results provide support for a
unified receptor-based mechanism controlling the main PP re-
sponse, but demonstrate that individual responsive genes can

show quite different dose—response curves. © 1996 Academic Press, (nc.

Peroxisome proliferation occurs in the livers of rodents
in response to the administration ol a range of compounds,
including hypolipidemics, plasticizers (Reddy and Lalwani,
1983), and leukotriene receptor antagonists (Eacho er af.,

1986). While the associated shori-term effects are reversible,
chronic mreatment with peroxisome proliferators (PPs) in-
duces liver tumors (Reddy and Lalwani, 1933; Bendele et
atl., 1990), leading to the classification of such compounds
as nongenotoxic carcinogens.

The nature of the effect is complex. It involves changes
in the abundance of large sets of liver proteins observable
using two-dimensional electrophoresis (Watanabe e/ al,
1985; Giometti ez al., 1991a,b; Witzmann ef al., 1994) and
thus must involve the differential regulation of many genes.
While only a few of the affected proteins have been identi-
fied, at least some, and probably a majority, are nonperoxi-
somal. This result in turn suggests that the phenomenon
called peroxisome proliferation involves a diverse series of
metabolic changes in liver cells.

Abundant evidence now exists that the main trigger for
peroxisome proliferation involves binding of PP to one of
several peroxisame proliferator-activated receptors (PPARS),
ligand-activated transcription factors of the steroid hormone
receptor superfamily. In the mouse, at least three such recep-
tors have been sequenced: mPPAR a (lsseman and Green.
1990; Gearing er al., 1994). mPPAR G (Amri er al,, 1994),
and mPPAR v (Chen et al., 1993; Zhu er al,, 1993), though
comparative evidence on xenopus, human, and rodent PPAR
genes suggests that at least five subfamily members exist
(Chen et al., 1993). PPARs appear to form dimers with the
retinoid X receptor (Gearing et al, 1993; Isseman et al,
1993), and the activated complex binds to specific peroxi-
some proliferator response elements (PPREs) located up-
stream of a series of genes including the first two enzymes
of the peroxisomal system: fatty acyl-CoA oxidase (ACO;
Tugwood er al., 1992) and enoyl-CoA hydratase/3-hydroxy-
acyl-CoA dehydrogenase bifunctional enzyme (PBE: Bardot
et al, 1993). Evidence is accumulating that falty acids, as
well as PP, bind to these receptors (Isseman ef al., 1993b;
Banner ef af., 1993), suggesting that the PPAR regulatory
system normally functions to control fatty acid metabolism.
At least one similar human receptor (hPPAR) has been
shown to be capable of transactivating PPRE-containing re-
porter constructs (Sher ef al, 1993), raising the possibility
that PP may produce gene regulation effects in human liver.
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While PPAR regulation offers a very attractive mecha-
nism for coordinate control of the PP response, its general
validity must rest on an examination of the regulatory behav-
ior of a broad range of liver proteins. Indeed earlier 2-D
electrophoretic studies by Giometti (Giomett et al., 1991a,b)
were interpreted as suggesting that different PP produced
substantially different effects, which would limit the applica-
bility of a unified PPAR regulation system and point to
distinct regulatory pathways influenced by individual PP.
Hence we were particularly concerned in this investigation
to test the validity of this view using a larger series of PP
and what we believe to be an improved statistical approach.
Do most PP-affected proteins show regulation consistent
with a single, unified receptor-based mechanism? De struc-
turally varied PPs produce effects consistent with such a
mechanism? We believe the answer to be affirmative in both
cases, but in the course of the investigation have demon-
strated that individual proteins can show guite varied dose—
reponse curves within the overall unified PP response.

MATERIALS AND METHODS

Animal dosing, tissite preparation, and engyme measurements. In the
first experiment, 14 groups of 6 male B6C3F1 mice received either control
diet or diet incorporating the following PPs for either 5 or 35 days before
necropsy: 0.30% LY 171883, 0.30% LY 163443, 0.50% clofibric acid, 0.01%
WY 14,643, 0.05% Nafenopin, or 0.60% di(2-ethylhexyl)phthalate (DEHP).
In a second experiment, male B6C3F| mice received LY 171883 ad dietary
concentrations of 0, 0.003, 0.01, 0.03, 0.10, 0.30, and 0.60% for 5 days (5
animals in each of the 7 groups). At necropsy, a parion of the liver was
homogenized in an eightfold excess (w:v) of 9 m urea, 2% NP-40, 2%
ampholytes (pH9-11[, LKB Inc.), and 0.5% dithiothreitol. A second portian
wias collected and the 150-g supernatant assayed for peroxisomal §-oxida-
tion as the cyanide insensitive reduction of NAD* using 50 mm palmitoyl
CoA as substrate (Lazarow, 1981).

Two-dimensional elecirophoresis. Sample proweins were resolved by
2-D electrophoresis using the 20 X 25-cm ISO-DALT 2-D gel system
(Anderson and Anderson, 1978a,b; Anderson et al, 1994; Hoefer Instru-
ments, Inc.). Isoelectric focusing (IEF) or nonequilibrium pH gradient elec-
trophoresis (BASO) first dimensions were used to resolve acidic—neutral
and basic proteins, respectively. All [EF gels were prepared using a single
standardized batch of ampholyles (BDH 4-EA) and the gels were run for
33,000 to 34,500 V-hr, First dimension BASO gels use wide-range Servalyte
and a focusing time of 5000 V-hr. Ten to 20 pl of solubilized protein was
applied to each gel.

Second dimension gradient SDS slab gels were prepared using an
Angelique computer-centrolled gradient casting systern (Large Scale Biol-
ogy Corp.), Each gel was identified by a computer-printed filter paper label
polymerized into the gel. First dimension IEF tube gels were loaded directly
onto the slab gels without equilibration and held in place by palyester fabric
wedges, Second dimension slab gels were run in groups of 20 in DALT
tanks thermostatted at 10°C.

Following SDS electrophoresis, slab gels were stained for protein using
a colloidal Coomassie blue G-250 procedure in covered plastic boxes, with
10 gels per box, This procedure involves fixation in 1.5 liters of 50%
ethanol/2% phosphoric acid overnight, three 30-min washes in 2 liters of
cold deionized water, and transfer to 1.5 liters of 34% methanol/1 7% ammo-
nium sulfate/2% phosphoric acid for 1 hr followed by addition of 1 g of
powdered Coomassie blue G-250 stain. Staining required approximately 4
days to reach equilibrium intensity.

Data analysis.  Stained 2-D gels were digitized in red light ar 133-zm
resolution using an Eikonix 1412 scanner, and the resulting images pro-
cessed using procedure PROCO08b within the Kepler 2-D software system
(Large Scale Biology Corp.). This procedure makes use of digital filtering,
mathemalical morphology techniques, and digital masking to remave back-
ground and uges full two-dimensional least-squares optimization to refine
the parameters of a 2-D Gaussian shape for each protein spol, yielding a
spotlist giving position, shape, and density information for the detected
spots. Spot volumes, measurements of integrated Coommassie blue binding,
and hence of protein abundance were calculated from these parameters and
expressed in units of pixel-gray levels.

Twa experiment packapges (PEROX]1-435 and PEROX-DOSES 1) were
constructed using the Kepler experiment definition database to assemble
the 14 and 7 groups of IEF/SDS 2-D patterns comresponding to the groups
of treated and conirol animals in the first and second experiments, respec-
tively. All groups of the multicompound experiment consisted of six animals
except the control groups (23 and 15 gels in the 5- and 35-day control
groups, respectively), while all groups of the LY 171883 dose response
consisted of five animals except for the 0.01% dose group (4 pels, as a
result of the death of one animal). Experiment packages (PEROX2-435
and PEROX-DOSES2) were constructed for the BASO/SDS 2-D pattern
showing the basic proteins. Each 2-D pattern was matched to the appropriate
“‘master”’ 2-D pattern (pattern B6C3FIMST2 in the case of the IEF/SDS
gels of mouse liver and B6CIFIBASOMST! for BASO/SDS gels), thereby
providing linkape lo the existing rodent protein 2-D databases. In this
matching, a series of about 50 proteins was matched by an experienced
operator working with a montage of all the 2-D patterns in the experiment.
Subsequently, an autamatic program matched addirional spots to the master
pattern using as a basis the manual landmark data entered by the operator.
The operator subsequently inspecled matching for spots considered im-
portant Lo the experiment.

The groups of pels making up an experiment were scaled together (to
eliminate quantitative differences due to gel loading or staining differences)
by a linear procedure based on a selected set of spots. These had spot
volumes between 300 and 15,000 pixel-gray levels, and nonelongated
shapes (ratio of major to minor axis <2), were present on at least 33 or
35 gels and did not appear 1o vary in abundance with drug dose. In PEROX -
DOSES|, far example, scaling was bused on 106 spots, and scale factors
ranged between 0.75 and [.78. After scaling, the number of spots showing
inlragroup CV < 0.15 ranged from 152 to 206 spots over Lhe five groups.

A set of protein spots way selecied on the IEF/SDS gels of the multicom-
pound study as represenling the proteins maost strongly affected in the exper-
iment. This set fullilled the following criteria, implemented in the Kepler
vector systern: group average abundance changed away from the appropriate
control value in the same scnse (increase or decrease) in all treated groups; at
least one PP-treated group showed a p < 0.001 difference from appropriate
conlrols at each time point; and each spol was present on most gels (present
in all but ane gel of all but two of the experimental groups and present in
all bul two gels of all groups). To this set of 100 proteiny were added seven
spots representing proleing either induced from undetectable levels and
hence excluded from the automatically selected group or showing lurge
changes that did not achieve the general level of statistical signilicance
required. The resulting 107 protein spots can be taken as showing some
demonstrable abundance change with respect to cantrals, though they are
by no means all of the proteins affected.

Multivariate statistical anelysis.  Principal components analysis was
undertaken using PROC FACTOR (method = principal) within the SAS
software systemm (SAS Institute) using data for all [07 selected IEF/SDS
gel spots in the | 10-gel multidrug experiment, where any missing data were
filled wilh lhe group average value. The resulting scoring coefficients were
saved and applied to the gel data from the second, dose—response experi-
ment so as to ablain comparable estimates of principal component scores
for gels from both experiments.
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Protein yequencing.  Prolein spols were cut from wet, Coomassie blue-
stained 2-D pels and submitted 1o ivternal tryptic digestion (Rosenfeld ef
al., 1992). Individual peptides separated by HPLC were sequenced vsing
a Perkin-Elmer 477A sequenutor.

RESULTS

Protein Changes in Liver following Peroxisome
Proliferator Treatment

Five PP were investigated: clofibric acid, DEHP,
WY 14643, nafenopin, and LY 171883 (Fig. 1). LY 163443,
an analog of LY 171883 that is not a PP (Eacho er al., 1989),
was included as a negative control. Treatment effects were
measured in six animals per group at 5- and 35-day time
points using two-dimensional electrophoresis, and quantita-
tive abundance data were collected for several hundred pro-
teins (Table 1). Among the proteins measured, 102 met crite-
ria for reliably detected significant quantitative change (¢ test
p < 0.001 for at least one compound with protein detected
on almost all gels). Five additional spots that showed strong
effects just beyond the limits used for automatic selection
were added. The resulting set of 107 proteins are indicated
in Fig. 2 on a standard 2-D protein pattern of mouse liver.
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Schematic ehemical struclures of the compounds used.

Nine additional very basic proteins were selected from
among those showing treatment related changes on BASO-
type 2-D gels, including the 80-kDa bifunctional enzyme
(PBE).

Multivariate Statisticel Analysis

Given the complexity of these gene expression changes,
we attempted first to determine whether one overall pattern
of change (the same for all compounds, doses, and times of
treatment, apart from a simple scale factor) could account
for a significant proportion ot the variation observed. This
was accomplished by means of a principal component analy-
sis (PCA) applied to abundance data on the set of 107 protein
spots selected from the IEF/SDS 2-D gels. PCA is a multi-
variate statistical technique that automatically extracts a se-
ries of mutually independent patterns from a table of many
variables (here the protein spot abundances) measured on
many samples (here representing the livers of individual
animals). For simplicity, each protein abundance is ex-
pressed in terms of its difference from the average value
over all samples and the magnitude of the difference is nor-
malized by dividing it by the standard deviation (§D), again
over all samples. Hence each sample is characterized by a
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TABLE 1
Relative Change Data on 116 Protein Spots over All Experimental Groups

Trealmanl group a b c d e r g A B C D E F G 1 2 3 4 § 6 7
B Oxidalion 08 11 5B 47 B0 100 BO 11 13 10 96106144143 04 05 08 09 23 66 68
PC1 Score 1.2 06 01 02 06 11 10 -0 05 03 08 08 15 1.7 -12-1.2-10-08-05 00 05
Spol |EF:7 - HSC70 39.8(6) 12 12 13 18 16 19 466(8) 09 13 13 13 13 14 246(6) 1.0 1.3 1.4 17 19 23
Spol IEF:12 221{4) 10 10 048 1.0 0B 07 25.8(3) 09 0B 10 07 07 07 153(2) 4.2 1.2 1.1 11 10 11
Spal IEF:14 - HSP6D 49.2(6) 10 11 12 15 15 1.7 560(5) 08 13 12 12 1.3 14 641(5) 1.0 1.1 11 1.1 13 14
Spol IEF:19 - grp75 18.3(2) 10 11 12 12 13 141 18B{1) 09 11 12 12 13 14 176(3) 1.2 1.2 11 1.1 11 1.2
Spol IEF:22 - cEH 283(3) 11 17 1.7 21 17 21 M.2(9) 09 15 19 1.7 21 20 17.2(5) 1.5 1.3 14 2.2 29 3.2
Spol IEF:23 - HSIP60 207{(2) 08 10 13 13 15 15 197(2) 09 14 12 13 14 16 264 (4) 10 1.0 1.0 11 11 12
Spat |IEF-26 - grp75 14.4¢1) 14 10 12 12 11 12 164 (1) 08 1.0 12 11 12 14 139(3) 1.2 1.2 11 1.1 11 13
Spal IEF:29 8.3¢(2) 11 07 05 06 07 07 11.2(2) 06 06 05 04 04 04 96(6) 07 0.7 06 06 06 06
Spal IEF:31 - proAlbumin 10.1(¢1) 10 14 1.2 16 16 14 105{1) 11 11 12 13 123 15 10.7(2) 08 1.1 12 12 14 18
Spol IEF:32 456(8) 08 06 05 05 04 04 51A(13) 06 07 05 04 03 D2 40.8 (10y 1.1 0.7 0.7 09 0.7 05
Spol IEF:34 -3 Aclin 403(5) 09 0B 08 10 0B 0.8 423(8) 07 09 07 07 05 07 355(8) OB 08 08 08 0.7 0.8
Spat IEF-36 140(3) 09 08 08 07 06 05 146(2) 1.0 0.7 08 06 05 05 139(1) 1.2 11 1.0 08 0.7 0.7
Spat |EF:40 - H5PS0 42(1) 19 21 20 21 31 27 59{(1) 1.1 1.2 18 12 19 1B 19(0) 18 16 1.7 21 22 38
Spol |IEF:47 - P430Red. A1) 21 1.7 1.7 24 28 24 42{1) 18 19 18 16 15 28 15(0) 08 18 19 26 28 58
Spol IEF:51 - MUP D86(16) 1.2 08 089 07 0% oO7 1139(28) 1.2 10 07 OE 04 02 890(42) 1.2 11 11 11 12 048
Spol IEF;B1 - grp?5 73{(1) 10 11 14 13 15 1.2 7A(1) 10 11 14 13 14 15 79(2 13 1.2 11 07 D9 10
Spol IEF€2 125(3) 09 14 12 17 18 15 136(2) 0.7 11 14 1.2 13 18 133(5) 07 059 08 11 0B 14
Spet IEFE5 178(2) 08 08 08 08 07 07 17.3{(1) 10 09 048 08 07 06 156(1) 1.1 10 08 05 08 0.4
Spol IEF:73 38.4(7) 10 09 0B 09 05 0B 388(3) 10 0B DB 07 07 05 335(3) 1.1 1.0 08 09 09 0.7
Spol IEF:76 135(1) 10 12 13 14 12 11 14.3(1) 11 1.3 16 14 1§ 1.3 163(2) 0.8 1.0 08 09 10 1.2
Spol I[EF:77 268(2) 10 10 10 D08 0B 08 263(2) 11 1.0 08 09 07 08 256() 10 08 08 09 D9 08
Spet IEF:79 40.7¢(4) 07 08 0B 06 06 DB 38.2(2) 0B 0.7 07 D6 06 06 34.B(7) 09 1.0 0.9 10 0.7 0.7
Spal IEF:BS 294(M 1.2 15 11 14 11 141 J02¢5 11 13 15 15 15 14 241(8) 1.0 15 13 1.2 15 148
Spal IEF:91 24.7(5) 10 14 12 13 13 14 277(2) 09 10 15 14 14 112 240(8) 10 11 11 11 1.2 1.2
Spol IEF:94 43.7(5) 09 089 0B 0B 0€& 07 440(4) 08 08 08 05 08 07 42B(5 1.1 1.0 08 09 0B D7
Spol IEF;103 130(3) 15 12 14 16 14 1.7 128(2) 14 14 14 17 16 18 1152 1.1 11 11 11 14 14
Spot I[EF:105 J05(3) 04 08 0B 08B 07 08 289(2) 04 05 09 0B OB 0B 36.0(1) 09 08 0.8 0& 07 06
Spel IEF:111 316(4) 08 10 07 09 07 07 32.2(3) OB 09 09 10 08 0B 44.1(7) o8 05 1.0 0.7 0B 08
Spal IEF:114 B7{(1) 10 12 13 16 11 14 9.3(1) 1.1 15 16 15 15 19 BA(1) 10 1.2 1.1 1.3 14 15
Spal |IEF:124 54(1) 1.1 18 16 18 227 1B 55(1) 1.2 1.8 19 18 22 24 42(1) 08 10 1.2 15 15 2.2
Spol [EF:127 765(4) 08 09 0B 08 0& 05 24B(3) 08 05 09 10 07 06 27.3(3) o9 08 08 09 D7 086
Spot IEF;129 71.8(10) 1.0 0B 07 048 04 05 705{16) 1.2 0.7 0.7 OB 04 04 84.8(9) 11 1.3 1.0 09 05 05
Spol IEF: 14 49(2) 14 24 20 27 24 23 6.0(1) 10 17 21 15 16 16 1.9(1) 28 11 1.8 31 4.0 4.7
Spol IEF:136 88(1) 0B 08 08 09 0B 06 10.2(1) 08 08 07 OF7 06 0B 60(2) 11 11 11 1.0 11 1.3
Spal IEF137 21(Q) 09 27 33 52 49 40 18(0) 13 24 40 47 50 43 20(0) 00 OB 15 09 13 2.7
Spol IEF:140 3s{l) 16 25 21 31 24 28 4o0(1) 14 23 29 29 14 34 24(1) 12 13 14 16 28 31
Spol IEF.141 120(1) 095 0B 09 08 039 08 11.1(¢1) 09 09 08 0B 07 07 149(3) 08 0.9 08 08 0.7 0.7
Spol [EF:144 69(1) 09 10 098 0B 0B 08 7.5(1) 1.0 09 09 09 0B 07 6.5(1) 11 11 09 1.0 08 0B
Spat IEF; 145 98(2) 09 12 14 17 17 1.7 11.2{(1) 1.0 15 15 14 18 18 aa(y 11 11 1.1 10 14 14
Spal IEF150 BE(1) 18 13 15 16 16 14 46(1) 28 15 16 17 20 18 7.2(2) 11 10 10 13 16 1.7
Spol IEF: 151 151{(2) 09 14 14 12 17 165 148(1) 10 13 15 15 19 16 16.7(d) 1.2 1.3 13 12 14 11
Spal IEF:152 25(0) 13 27 24 22 33 189 28(1) 11 18 32 27 40 219 16(0) 14 15 16 24 3.1 41
Spol [EF:153. 26(1) 16 18 1.5 189 18 1.7 35¢(1) 12 13 18 16 22 21 1.4(0) 09 14 12 20 23°37
Spat IEF:159 178(2) 10 0B 07 OB 06 0S5 1€4{(1) 1.1 07 06 07 06 05 17.3{(1) 1.0 10 10 08 07 0.7
Spol IEF:162 Bg.r(20) 08 08 07 05 03 048 732(32) 07 06 00 02 02 02 Y0B(10) 1.5 1.2 11 1.2 08 DA
Spol IEF162 05{0) 1.1 18.1 250 50.6 €1.86 3.8 090 06138 2173405623569 00() 0.0 00 07 27 13 27
Spal IEF:167 56(1) 12 14 12 13 16 1B 58(1) 10 12 16 14 17 16 53{(1) 1.1 1.0 11 11 13 13
Spol IEF:168 91(" 11 19 18 20 24 21 91(1) 09 20 25 24 30 29 64(1) 1.2 1.3 1.4 21 28 28
Spol IEF:178 13.2(1) 06 DE 08 07 0B 0B 124(1) 05 08 08 08 DE& 08 127{2) 11 11 1.1 10 08 05
Spot IEF:183 18(©0) 19 22 29 28 42 34 22(1) 14 14 29 26 25 29 1.0{0) 11 1.2 1.5 2.0 3.4 36
Spal IEF.184 -P-450Red 200 23 15 168 21 28 22 1.89(0) 24 22 19 19 1.7 33 36(3) 04 06 08 06 07 14
Spoal IEF:189 111(1) 05 10 0B 0OE 08 10 108(1) 0.7 10 08 08 10 DY 12.2(1) 09 0B 089 09 08 D8
Spol IEF.181 Mo 08 12 12 14 12 1.2 10101 11 12 12 13 13 12 98(0) 10 10 11 1.1 1212
Spot IEF:195 10.0(1) 07 0B DB 06 0F 086 84(1) 0.8 0.7 06 06 0.6 OF 4.3(1) 10 11 10 0B 07 0.7
Spol IEF196 98(3) 12 19 15 20 19 1.7 11.4(1) 08 13 15 15 1.7 16 B7{1) 13 18 1.6 1.8 24 23
Spal IEF:214 - HSP&0 52(¢(1) 08 12 15 11 14 20 51(2) 08 16 11 14 13 20D 74() 14 13 1.3 1.0 00 0O
Spol IEF:217 236(3) 10 10 08 10 08 10 Z216(1) 05 089 08 08 08 O7F 265(2) 11 1.0 10 0.8 09 08B
Spol [EF.218 31(1) 08 13 15 11 18 14 32(1) 07 13 14 13 14 18 26(0) 08 1.2 10 0.7 1.4 1.7
Spot IEF:218 266(5) 08 08 08 06 05 07 19.7(4) 07 06 03 04 03 D2 276(6) 1.3 09 08 0B DB 05
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TABLE 1—Continued

Traalmanl group B b c d e I B A B C D E F G 1 2 3 4 5 § 7
Spol [EF:222 38(1) 1.2 15 15 14 17 15 43(1) 10 16 14 14 16 19 25(0) 15 14 13 16 15 25
Spat IEF.226 3i() 12 16 14 15 12 15 34(1) 10 1.2 14 13 15 15 34(0) 09 10 10 12 13 14
Spol |EF:227 125(2) 07 05 06 D4 04 03 104(1) 08 08 07 06 03 04 11.3(2) 11 0.8 07 0B 0.7 04
Spol IEF:237 40(1y 02 08 0B 07 07 45 40{1) 11 o7 08 05 06 05 29{(1) 17 13 12 10 08 08
Spol |EF:239 2B(0) 10 14 16 20 24 19 32{(0) 1.0 14 1.7 18 24 24 27{(1) 11 1.2 13 15 18 1.9
Spot IEF;243 68(1) 08 08 0.8 08 0B 07 58(1) 07 0B 05 06 04 D6 66(2) 1.0 09 08 10 06 0.7
Spol IEF:246 16(1) 1.5 24 158 23 3.0 27 271 07 13 18 13 25 28 09(0) 1.0 1.2 1.1 20 2B 35
Spol IEF:247 65(1) 1.1 11 13 11 1.2 14 640 1.1 12 12 11 11 11 69(0) 1.0 1.0 1.0 1.0 05 11
Spol IEF:258 21(1) 14 35 26 35 34 32 25(0) 11 24 25 26 21 18 00(0) 26 0.0 00 54 7.7 10
Spot IEF-262 247(5) DB 07 07 0G5 05 OB 19.1(4) 04 05 02 02 01 013 293(9) 1.4 09 0. 08 0B 0.5
Spol |EF:267 7.6(1) 09 08 09 09 0B 0B 74{1) 05 09 08 09 05 OF 78(1) 11 1.1 10 08 05 038
Spol |EF:274 g0(1) 09 08 07 07 05 07 77(1) 07 06 06 03 04 06 106(2) 07 1.0 10 08 0.7 0.7
Spol IEF:277 54(1) 09 13 16 20 19 17 33(1) 12 14 1.7 22 21 18 43(1) 08 11 10 10 0.8 1.5
Spol [EF:281 B9(1) 08 08 0B 07 07 07 82(1)) o8 08 09 09 07 O7F 10.5(3) 0.8 0.8 0B 0B 05 06
Spal IEF;283 8.4(1) 05 07 D8 06 06 OF 9.4(1) 06 10 08 0B 05 OF 95(2) 1.2 11 0.9 10 05 09
Spol IEF:287 94(2) 09 0B 0B 04 05 05 BB(2) 09 0B 07 07 06 08 8.1({1) 08 11 1.0 0.8 09 09
Spot IEF-288 20y 11 1.2 15 17 17 16 33¢0) 11 11 12 13 13 13 39(1) 1.0 1.1 1.1 08 1.0 1.2
Spol IEF:294 S&5{ 09 08B D7 06 06 05 51(0) 10 07 06 07 05 04§ 49{1) 10 1.0 1.0 09 0B 06
Spol IEF:298 36(1) 10 09 10 09 08 07 31(0) 09 0B 08 02 07 00 33(1) 09 10 09 14 10 141
Spol IEF:30T 37(0) 10 12 14 1.3 13 12 3s5(0 1.1 11 13 13 1.2 13 37(0) 1.0 1.0 11 11 12 1.3
Spal IEF:310 55(1) 10 10 09 0B 09 08 60(1) 12 09 10 09 095 08 45(1) 1.2 1.1 10 11 1.1 11
Spol [EF:312 54(1) 11 13 14 15 15 16 48(0) 12 1.2 13 14 15 14 48(0) 1.1 14 11 11 13 1.3
Spol IEF:313 35(1) 09 08 06 05 03 03 32(1) 08 0.7 06 05 03 04 21(0) 1.0 11 09 1.2 1.0 10
Spal [EF:I18 a2(1) 10 10 08 07 05 05 40(1) D9 D6 DB 05 05 04 32(1) 1.0 1.1 1.0 0.7 06 0.7
Spel IEF:232 41(1) 1.1 12 11 13 13 13 50(1) 11 10 13 1.4 13 12 50(1) 08 11 1.0 09 09 11
Spol IEF:344 1.1(0) 1.2 22 24 21 31 17 09¢0) 14 25 41 32 56 53 DB(Q) 09 15 14 20 22 28
Spal IEF;349 48(1) 10 12 12 15 14 14 4500 11 11 13 13 14 15 4.5(2) 1.2 11 11 11 11 15
Spal IEF;361 1.7(0) 08 13 14 12 16 16 18(1) 11 14 18 1.7 18 21 1.2(0) 1.2 12 1.3 18 15 15
Spol IEF:370 as( 11 19 1.6 18 15 15 37(1) 12 17 19 18 20 13 20(1) 15 1.6 1.5 14 1.8 26
Spal IEF:372 95(1) 10 08B 07 07 04 04 83(1) 12 08 09 09 0€ 05 10.5(1) 08 10 089 07 06 08
Spat [EF.372 52(1) 11 12 14 15 14 15 52(0) 11 11 14 13 15 13 51(0) 10 11 10 11 1.2 13
Spal IEF:I74 24(1) 14 15 15 13 14 13 32(1) 10 12 13 1.2 16 11 16(1) 1.3 1.8 1.6 11 1.8 16
Spal IEF:381 53(1) 09 08B 08 07 06 06 39(1) 0B 0.7 0F 07 05 04 49(1) 1.0 0.E 0B 0.7 06 05
Spol IEF:382 61(1) 08 10 08 08 05 09 4B8(1) 0B 0B 07 09 1.0 07 80(1) 09 05 05 0B 07 0.7
Spol IEF:284 47(1) 00 OB 14 14 17 12 40(0) 1.0 10 1.2 14 16 17 0.0(0) 0.0 0.0 0.0 00 30 7.1
Spol IEF:402 a5(0) 08 07 08 07 07 06 a7(0) OB 06 O7 07 05 OF 3B8(1) 1.2 1.1 1.0 08 0B 06
Spal IEF:424 54(0) o085 08 08 09 07 07 54{0) 1.3 08 08 09 0438 07 47{(1) 1.2 1.0 0.5 0.9 09 08
Spal IEF.427 22{ 15 14 13 15 14 15 22(® 15 14 15 15 16 15 31(0) 1.0 09 11 15 1.1 14
Spat IEF:441 57(1) 08 05 07 D7 05 08 48(0) 1.0 06 06 06 04 04 41(1) 14 1.3 1.3 10 08 07
Spol IEF:455 40(1) 08 07 10 07 0F 05 33(1) 08 08 06 09 05 04 35(0) 1.2 1.0 1.0 1.0 08 07
Spol IEF;456 00¢0) 20 37 25 3.2 38 44 09(0) 1.8 31 42 44 4.7 60 06(0) 1.7 16 21 26 34 44
Spol IEF:4T0 £0(1) 10 07 06 07 04 05 58(1) 0.9 08 08 DB 06 06 308(2) 1.6 15 1,2 0.3 05 0B
Spat IEF: 490 1.3(0) 1.4 25 25 34 35 32 09(0) 30 33 41 45 61 53 1.2(0) 0.9 0.0 08 18 24 35
Spot IEF:491 46{(1) 08 05 08 05 06 1.0 48(1) 0.7 08 07 06 06 06 49(0) 10 1.1 10 09 08 0B
Spat IEF:501 14(@) 14 13 12 15 22 20 2000 10 10 14 10 12 15 1.3(0) 1.2.12 1.1 14 15 20
Spal [EF;512 32 07y 07y DB OB D6 06 31(0) 08 07 07 0B 05 0B 3.0(0) 09 1.0 09 09 0.7 08
Spol IEF:522 2B8(0) 089 08 0B 08 08 07 26(0) 09 09 07 07 O6 06 27(1) 1.0 09 0% 05 0.7 08
Spol IEF:556 13(0) 1.3 15 1.4 12 15 12 14(0) 1.3 1.2 13 14 16 14 21(2) 05 05 0.5 0§ 1.1 05
Spot BASD:Z1 217 (9 10 17 22 14 13 18 23423 11 17 22 23 22 26 5.3(7) 33 45 25 51 47 65
Spot BASO.25 166(7) 12 14 1.7 14 14 15 221(22) 1.7 13 11 14 1.2 14 00(0) 17 12 12 85 0.0 0.0
Spot BASO:4D 14B(6) 1.0 26 27 29 31 31 208{21) 1.2 18 16 16 19 28 07({0) 83 56 7.9 60 45 0.7
Spal BASO:59 116(4) OB 06 0B OV 05 05 13.5(13) 09 06 06 OB 0.3 04 250(8) 07T 08 07 10 09 1.0
Spol BAS0:76 - PRE 11.5(6) 13 224 32.2 §4.2 410 466 10.7(11) 2.3 34.2 38.4 426 62.9 87.3 296(8) 1.2 1.4 13 65 15 24
Spal BASO:E4 471(11) 08 07 08 06 05 07 408(41) 06 05 03 01 0.1 01 76.9(21) 1.0 0.8 0.7 0.9 11 0.B
Spal BASO:ES 121(5) 49 6.8 57 145 0.6 140 13914y 1B 7.2 94100132137 0.0(0y 0.0 D.O 15 151 272 400
Spol BAS0:184 184(7) 1.5 1.7 20 21 24 28 19.5(18) 15 16 24 27 35 24 3s57(6) 0.8 09 1.2 12 1.5 1.4
Spol BASO:272 18{(1) 11 16 1.2 1.7 Z€& 18 21(2) 07 15 13 16 16 1B 24(¢1) 0.8 08 04 2.4 26 26
Decreased moare lhan 2-lald 2 o] 1 2 10 B 2 0 5 B8 16 18 5 4 4 1 3 5§
Decreased less lhan 2-lold 57 52 50 4B 42 44 57 S50 46 44 36 34 45 35 S0 50 KS 47
Increased less lhan 2-fold 53 49 50 48 41 46 53 55 50 49 43 43 61 74 57 47 38 37
ncreased more lhan 2-fold 4 15 15 20 23 18 4 11 15 15 21 21 5 3 5 18 22 27
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series of protein measurements describing its difference from
overall average values. In effect, the PCA procedure extracts
first the predominant pattern of differences (PCI1), which
might involve, for example, a 1.2 SD increase in prolein |,
a 0.5 SD decrease in protein 2, a 5.8 SD increase in protein
3, etc., and gives a measure of how much that pattern applies
to each sample (the sample’s PC1 score). Then this pattern
of change is removed, and the second most impartant pattern,
unrelated to the first, is extracted, and so on. By plotting
each sample, or group of samples, on axes expressing their
scores on PC1 vs PC2, for example, it is possible to summa-
rize the similarities and differences among samples with
respect to complex patterns of changes in many variables
(Fig. 3). Samples that fall near one another on such plots
show similar patierns of change, while those that are far
apart are less similar. The procedure also yields a measure of
the relative importance of each of the succeedingly smaller
patterns of difference, expressed as the percentage of the
total data variance explained by that component.

The result of our PC analysis of data on 107 proteins
indicates that 51% of the total data variance is accounted
for by 2 single component of change (the first principal
component—PCl). This component separates the treatment
groups in the experiment 1o a manner that might be expected
for a global measure of potency as a PP (Fig. 3). Samples
from animals treated with the negative control compound
LY 163443 (b and B in the plot) lie at positions near the
control samples (a, A) with respect to the y-axis (PC1), while
samples from animals lreated with strong PPs (nufenopin
and WY 14643; g, G and [, F) lie far away from the controls.

This conclusion was tested by plotting the average scores
on PCI associated with the 14 treatment and control groups
in the six-compound experiment aguainst independent group-
averaged enzymatic measurements of peroxisomal g-oxida-
tion (Fig. 4). A strong relationship is observed between the
globul measure (PCI score) and the specilic assay of asingle
enzyme, although the curve shows possible divergence from
a linear relationship in the low effect region. LY 163443,
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 measures when compared
to the 35-day exposure groups for the same compounds.

Additional, smaller independent components of change were
also detected in the principal component analysis: PC2 and
PC3 account for 6.7 and 5.0% of the total vanation, respec-
tively. PC2 appears to distinguish the 5- and 35-day exposure
groups by characteristics independent of their differences on
PCI1. PC3 serves mainly to separate the groups treated with
LY163443 from hoth the controls and the other treatment
groups. A detailed examination revealed that LY 163443 causes
a series of protein changes unrelated to peroxisome prolifera-
tion; one that is apparently unique among compounds so far
examined (to be described elsewhere). PC4 accounts for only
3.5% and PC5 an additional 2.9% of the data vanance, with
further components further decreased.

Dose—Response Effects

Differences between the effects of various PPs could be
due to different relative potencies (and hence different levels
of effect at the doses chosean), to time-varying effects, or to
real differences in the nature of the biological effect pro-
duced. The issue of relative potency, in particular, must be
taken into account because it is practically impossible to
choose dose levels for different compounds that produce
exactly the same degree of peroxisome proliferation. We
therefore carried out a conventional dose—response study
with a single compound (LY 71883) at six doses to sce
whether the results would be consistent with a single pattern
of change scaled by some function of dose, and thus with
the assumption that the observed differences between com-
pounds could be explained on the basis of relative potency.
After a 5-day treatment, group average values of F-oxidation
and PCI score (computed using the same scoring coefficients
used in the earlier six compound comparison) both showed
monotonic dose—response curves (Fig. 5). Comparing these
two measures against one another (as plotted in Fig. 4), the
dose—response curve for LY | 71883 appears consistent with
the curve describing the data for all the PPs exarnined. In
Figs. 4 and 5, there is evidence that the PC! score rises more
rapidly in the low-effect range than does the J-oxidation

Note. The table presents summary data for 116 proteins over all treatment groups. Protein abundance is reported for each of the three control groups
((a, A) lower case, 5-day eaposure; upper case, 35-duy exposure and (1) control group for the LY 171883 dose response) in unils of pixel-gray levels X
107" (a measure of the total amount of Coomassie blue protein stain bound by the spot), with standard deviations in parentheses. Data for the treated
groups are presented in terms of abundance ratio relative to the control (abundance in treated liver divided by abundance in conlrol liver). Groups are
identilied by the same symbols used in the hgures: LY 163443 (b, B), LY 171483 (c. C), DEHP (d, D), elofibric acid (e, E). WY 14643 (F, F), Nafenopin
(2. G). and a series of doses of LY 171843 (0, 0.003. 0.01, 0.03, 0.10. 030, and 0.60% in diet; 1-7). Hence a value of 1.9 for the first protein
(IEF:7:HSC70) in group g’ indicates that the protein is increased in abundance by a factor of 1.9 by Nafenopin in the 5-day exposure, Group average
values for f-oxidation and PCI score are included at the top. A tabulation of the number of proteins increased or decreased more or less than twolold
in each Ireatment group is presented at the bottom of the table. Known proteins are identified with abbreviations: cEH is eytosolic exposide hydroluse.
HSCT0 is keat shock cognate 70. HSPEO is heat shock protein 60 (Mttcon:2), grp75 is glucose regulated protein 75, MUP is the mouse major urinary
profein, P450Red is the NADPH eylochrome P-430 reductase. and PBE is the peroxisomal enoyl-CuA hydratase/3-hydroxyacyl-CoA dehydrogenase
bifunctionul enzyme.
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FIG_ 2.

Map locating proteins found to change with PP reatment. A schematic representalion of the two-dimensional (IEF/SDS) protein pattern of

whole mouse liver homogenate, Protein spots shown as filled ellipses comprise the set of 107 proteins described in the text. Adjacenl numbers are master

spot numbers in the B6CIFIMST2 master number system used in this st
the boltom, and pls run from 3.9 on the lefi Lo 6.8 on the right.

measurement. This behavior suggests that some proteins
contributing to the PCI score may show stronger effects at
lower dose than do the enzymes of J-oxidation.

Magnitude and Polarity of PP-Induced Changes in
Specific Proteiny
A few proteins, including the 80-kDa bifunctional en-
zyme, show measured inductions of greater than 50-fold,

idy. Malecular mass runs from approximalely 250 kDa at the top to 6 kDa at

while some others are induced from normally undetectable
levels and could show even stronger relative increases. Nev-
ertheless most of the significant protein abundance changes
resulting from PP treatment are less than 2-fold (Table 1).

Of the 107 proteins selected as showing some response
1o at least one PP in the six-compound study, a significant
number showed treatment related decreases instead of induc-
tions. For example, nafenopin at 5 days (group “°g’’) de-
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FIG. 3,

Resully of principal component analysis, Plats of the scores of individual 2-D gels (analyses) on.the first three axes of principal component

representation derived from analysis of 107 protein spots in the multicompound siudy. PCL, 2, and J accounted for 51, 7, and 5% of the total data
variance, respectively, PCI s primarily a measure of the global PP elfect, PC2 sepurates 3- and 35-day exposures, and PC3 sepurates the strong PPy
lrom LY 163443, a weak proliferator with other major, non-PP-related effects. Groups are controls (i, A) lower case, 5-Uay exposure; upper case, 35-
day exposure), LY 163443 (b, B), LY 171843 (c. C), DEHP (d. D). clolibric acid (e, E). WY 14643 (f, F), Nafenopin (g. G), and a series ol doses of
LY 71883 (0, 0,003, 0.01, 0.03, 019, 0.30, and 0.60% in dict; [-7). The border of each treatment group 15 outlined by a dotted [me.

creases o total of 52 of the [16 protein spots and increases
04. Hence the numbers of proteins increased and decreased
are fairly equally balanced, despite the fact that the net effect
is a global increase (since 18 proteins are increased by more
than twofold, while only 8 are reduced by more than two-
fold). Since the data from different gels was normalized
together using a subset of protein spots that did not include
the 107 main PP-responsive spots, the ratio of increases to
decreases should bz unaffected by the net effect of PP on
total liver protein abundance.

In order to examine the behavior of individual proteins
across the various experimental groups in the compound
comparison and dose—response studies, we elected to plot
each protein’s group average protein abundance versus the
group average score on PCI (which we believe is likely to
represent the best estimate of the level of PP response). The
plot thus relates prolein amount to peroxisome proliferation,
with platted symbols representing the average for a treatment
group, Figure 6 shows such plots for the eight protein spots
showing the largest positive contributions to the calculation

of PCI (the proteins most strongly correlated with PP) and
the eight spots showing the largest negative such contribu-
tions. The purpose of these plots is to allow detection of
treatments (experimental groups) whose effect departs sig-
nificantly from the trend expected for peroxisome prolifera-
tion generally, For these proteins, and for most of the others
less strongly associated with PCl (and hence with peroxi-
some proliferation), we did not detect major departures from
the trend.

A few proteins, particularly those strongly associated with
principal components 2 and 3, did show outlying groups
(Fig. 7). In the case of PC2, the groups representing 35-
day treatments are generally clustered away from the 5-day
treatment groups, while in the case of PC3, the outliers are
the 5- and 35-day groups (reated with LY 163443,

Shapers of Response Curves

Differences were detected between the dose-response
curves of individual proteins in the multidose study of
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FIG. 3—Comiinued

LY 171883, Some proleins, such as spots [EF:22 (cytosolic
epoxide hydrolase), IEF: 150, and IEF:239 show evidence
for induction at low dose followed by a plateau at higher
dose. This contrasts with the behavior of the peroxisomal
bifunctional cnzyme (spot BASO:76) and IEF:163 (Fig. 8),
which are induced from almost undelectable endogenous
levels and continue to increase without plateau in the dose
range studied. The same effect is apparent when these pro-
teins are compared over the larger data set covering six
compounds at two time points.

Since IEF:163 is induced by PP more strongly than any
other protein in the acidic to neutral pf range, we attempted
to identify it through sequence analysis of 2-D gel-derived
material. Data were obtained for two tryptic peprides having
sequences DAGGELNLAR and FIPGER, but these did not
match any known proteins in current sequence databases.
We therefore conclude that at least one protein very strongly
responsive to PP is novel.

DISCUSSION

We have examined the effects of peroxisome proliferation
in mouse liver with respect to a series of variables: dose, time
of exposure, PP used, and protein markers analyzed. The results

support the conlention thal peroxisome proliferation is a com-
plex phenomenon ai the biochemical level, involving more than
100 proteins, but one that can nevertheless be largely attributed
to a single coherent gene regulation pattern affecting many
proteins in a coordinated way. This pattern of gene expression
change characteristic of peroxisome proliferation was extracted
through the use of principal component analysis, a multivariate
statistical technique that uncovers a series of mutually indepen-
dent patterns of change {(components) that explain most of
the variation occurring in the variables analyzed (here protein
abundances). Each component consists of a set ol coefficients
for each of the proteins measured and a sum of the protein
abundances weighted by these coefficients gives an aggregate
measure equal to the score of the sample concerned for that
component, The effect is to reduce the complexity of the data
from a picture consisting of 107 separate and independent pro-
tein measurements to a picture consisting of a few components,
each of which describes in a unified way changes occurring in
many proteins at once. The first (and by definition largest)
component in our analysis of 107 proteins measured in 14
groups of 6 animals accounted for more than 50% of all the
variance in this large data set, with the second and third inde-
pendent components representing no more than 7% and 5%,
respectively,
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FIG. 3. Peroxisomal F-oxidation and PC| score vs dose for LY 171883 Group average values for g-oxidation (lefi-hand v-axis) and PCI score (right-
hand y-axis) are plotted against dose of LY 171883 administered for 5 days in the diel. The scales of the two Y-axes have been adjusted so a3 o compare
the 1wo curves over the sume span. Error bars indicate | D, PCIL score rises more sharply at low dose than g-oxidation,
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FIG. 6. Plots of abundance vs PCI fcr 16 proteins associated with PC!. Plots of group average PC1 score (x-axis) versus group average abundance
for a series of proleins {one protein per panel). The first two rows (eight panels) show the eight spots making the highest positive contributions to PC],
and the following two rows show the eight spots making the largest negative contributions to PCl. Groups are represented by the same symbols used
in Fig. 3: controls ((a. A) lower case, 5-day exposure; upper case, 35-day exposure), LY 163443 (u, B), LY 171883 (c, C), DEHF (d, D), clofibric acid

(e, E), WY'14643 (f, F), Nafenopin (g, G). and a series of doses of LY 171883 (0, 0.003, 0.01, 0.03, 0,10, 0.30, and 0.60% in diet: 1-7).

Because random protein measurement errors arising from  measurements, it is typical that only a few of the largest
principal components relate to experimental treatments,
while the remainder represent ‘‘noise’” in the measurements.

the 2-D gel procedure, as well as random interanimal differ-
ences in protein levels, contribute to the variation in protein
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FIG. 8. Compurison of response curves for IEF22 (eytosolic epoxide

hydrolase), IEF: 163, and BASO:706 (80 kDa bifunctional enzyme). Relative
induction plots showing fraction of maximal induction for three proteins
as a [unction of LY 171883 administered dose, cEH appears to be induced
ar lower doses than more inducible proteins. [EF:163, the most suwongly
induced protein in the acidic to neatral pf range, is an apparently novel
protein, based on its absence from current sequence datibases.

In this case, the 51% attributable to a coordinated PP effect
(PCI) is o remarkably large fraction. Its size demonstcares
that peroxisome proliferation was the largest influence in the
study by far, leaving little room for major differences among
the compounds and conditions tested,

If the first component (PCI) is indeed a global measure
of peroxisome proliferation, it should correlate reasonably
well with enzymatic measurements of peroxisomal f-oxida-
tion, a charactenistic inducible feature of the PP effect. A
strong relationship was indeed found between these indices
over all the compounds, time points, and doses tested, indi-
cating that PC1 is a general measure of the gene expression
changes caused by PP. Interestingly, the relationship be-
tween PCL and S-oxidation is not entirely linear, especially
at low dose, and this raises the possibility that the PP re-
sponse includes aspects that do not follow the same dose—
response curve as the enzymes of G-oxidation. Since PCI
is based on a combination of measurements of a large num-
ber of proteins, we decided to use it instead of F-oxidation
as an index against which we could compare the responses
of individual proteins.

When the group-averaged abundances of specific proteins
were plotted against the average PCI scores [or those groups
(a plot of specific vs overall protein response), we found
that all the treatment groups fell on or near a consistent



EFFECTS OF PEROXISOME PROLIFERATORS 87

curve for many proteins. Thus for these proteins, all the PP
compounds produce effects at cither 5 or 35 days that to-
gether approximate the effects of one compound at a range
of doses. Data from the true dose—response curve of one
compound, LY 171883, alsa falls near this curve, reinforcing
this view. The existence of a smooth relationship of this
type, at least for some proteins, 15 consistent with direct gene
expression control via a unified PP receptor mechanism. By
selecting proteins that demonstrale such a response over a
series of structurally diverse peroxisome proliferators, at dif-
ferent time points and doses, we have identified a core group
of gene products that define the ‘*homogeneous™ PP re-
sponse in mice. As it happens, some of these changes were
detected earlier in a study not directed at peroxisome prolif-
eration, where high doses of ibuprofen were found to pro-
duce a specific effect not interpretable at the time (Anderson
et al, 1987), but now recognizable as the core PP effect.

It is clear from the detailed behavior of these PP-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),
demonstrate very large inductions and thus dominate the
effect in lerms of protein mass, almost half of the responsive
proteins show decreased abundance after treatment rather
than induction. This result contrasts with the aggregate 1m-
pression produced by most previousiy reported PP regulatory
cltecls; these predominantly involve upregulation, although
BiP/GRP78 has been reported to decrease (Motojima and
Goto, 1992) under some circumstances, while increasing in
others (Witzmann et al, 1994). At this stage we do not
know whether the downregulated genes observed here are
regulated in a negative sense by PPAR (the receptor associ-
aled with many of the strong inductions) or whether there
15 a cascade of linked mechanisms that reduce expression
of some proteins as a secondary response following major
PPAR-countrolled inductions. Evidence trom the rat suggests
that a major PP-responsive protein (rat IEF:367) also shows
anti-synergistic regulation by the cholesterol-lowering treat-
ments lovastatin and cholestyramine (Anderson et al., 1991,
and unpublished observations). [t would thus not be surpris-
ing if PPAR regulation of enzymes of fatty acid metabolism
caused secondary effects through mechanisms related to
other forms of lipid.

While increased A-oxidation is often used as a biochemi-
cal indicator of the PP-effect, an analysis of the dose—re-

sponse and specific vs PCI response curves for a variety of”

proteins indicates that some proteing showing more modest
maximal inductions can be induced at lower PP doses. Chief
among these is spot IEF:22 which shows low-dose induction
and a plateau at higher doses. Using antibodies and pure
protein, provided by Dr. Eric Dietz, and by computed pf and
molecular weight from the known mouse sequence (Grant
ef al,, 1993), we have previously identitied this spot as cylo-

solic epoxide hydrolase (cEH). The cEH gene is known to
be induced by PP (Grant et al, 1993) and the protein is
partially localized in peroxisomes because of the modified
peroxisome targeting sequence that it contains (Knehr er al,,
1953). It appears that cEH and at least two other proteins
(spots IEF:150 and 239) show a plateau-limited inducibility,
with initial induction at doses lower than those required to
give substantial induction of the very inducible spot IEF:163
or the peroxisomal 80-kDa bifunctional enzyme (PBE). Such
an effect could result from several causes: either cEH could
be induced by a PPAR-independent alternative mechanism
with Jower inducibility threshold, cEH could be induced by
a PPAR-dependent mechanism involving a PPRE with very
high affinity for the receptor, or else the initial inducibility
is similar to that of the other proteins, but the plateau effect
limits observalion of what would otherwise be a huge level
of expression.

It is evident from these differences in the response curves
of different proteins that specific biochemical effects of PPs
could show highly nonlinear dose—response relationships.
If, for example, some important biochemical event were in-
Muenced by the relalive abundance of ¢cEH and PBE, then
the low-dose induction of ¢cEH (where PBE is effeclively
uninduced) could lead 1o one outcome, while at higher doses
(where ¢EH induction is plateaued, while PBE is rapidly
increasing) an inverse oulcome could occur. Thus il is possi-
ble, based on our results, that the low-dose and high-dose
effects of PPs could be qualitatively different. A definitive
resolution ol this issue awaits 2 complete analysis of the
biochemistry of peroxisome prolileration and identification
of all the affected 2-D gel spots.

Both overall and specilic protein effects on PCl were
generally larger afier 35 days than after 5 days of exposure,
for all PP examined. This contrasts with effects on cell repli-
cation, which are generally greater at'5 days than 35 (data
not shown), and suggests that the protein changes observed
on component | are not related directly to rates of cell divi-
sion. PC2, the second largest component of change detected,
separates the 5- and 35-day time points for all compounds
tested, as well as for the controls. At present, the interpreta-
tion of this patlern of change is ambiguous: it could reflect
adaptive gene expression changes following extended treat-
ment, and thus may be of interest with respect to tumorigene-
sis. Alternatively, it could represent contributions associated
with differences in animal cohorts or husbandry or diftfer-
ences in the 2-D analytical system over time (since the gels
for the 5- and 35-day groups were not run at the same time}.
Finally, and we believe most likely, it could represent difter-
ences due to animal age: because the animals were relatively
young at the start of the six-compound study, an additional
30 duys of age in the 35-day groups could have a significant
systematic effect. Earlier studies have shown evidence for
significant protein changes in male mouse liver over the
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range of 5 to 10 weeks of age (C. S. Giometti, personal
communication).

Principal component 3 appears to be almost entirely a
reflection of the effects of one compound—LY163443. This
compound is a structural analog of the potent PP LY 171883
(Fig. 1) and has the same pharmacologic activity (as a leuko-
triene receptor antagonist), but is not itself a proliferator and
thus shows minimal difference from controls on PC1. The
results on PC3 demonstrate, however, that LY163443 pro-
duces protein abundance alterations not shared with the PPs.
These include both increases and decreases, as well as appar-
ent charge modification of one protein (recently identified
as fumarylacetoacetase by partial amino acid sequence anal-
ysis) that may be due to covalent adduct formation (details to
be described elsewhere). The existence of such a component
demonstrates unequivocally that the analytical approach
used can not only measure the PP effect but resolve it from
other, unrelated protein changes based on multiparameter
protein abundance data.

The differences we observed between dose—response
curves for various proteins may provide at least a partial
explanation for the difference between our conclusions and
those advanced by Giometti ef al. (1991a, b) regarding the
heterogeneity of liver protein responses to a series of PP,
Giometti found only 19% of data variance to be explained
by a component (FC2 in their case) likely to be the primary
PP effect in a similar experiment and also reported that many
individual proteins showed differences in levels of change
caused by a series of PPs at a single dose and time point.
This picture suggests that differences among PP are rela-
tively large compared to the underlying similarities and
hence that the currently accepted receptor-mediated mecha-
nism may have a very limited power to explain the actions
of structurally diverse PP. Qur results suggest, on the con-
trary, that a large majority of the quantitative changes caused
by all the PP examined result from operation of a single
unified mechanism. Qur results on the different dose—re-
sponse curves shown by different proteins suggest an expla-
nation for this apparent contradiction. Since Giometti used
single doses and time points for each compound, and since
these doses could not be set to achieve exactly equal effect
levels, the different response curves we observed would pre-
dict different relative effects of the compounds on various
proteins, in apparent conflict with the notion of a uniform
response. However, by examining more sets of treatment
conditions and using an overall measure of change (PCI) as
a comparative index parameter, we observed that a unified
response curve is probably a reasonable approximation for
most proteins responding to PP.

At present, few of the 107 protein spots we selected as
relevant to the PP effect have been identified (Table 1). We
attemnpted to identify the most strongly induced of these
(IEF:163) by sequence analysis, but found the peptide se-

quences we obtained to be absent from current sequence
databases. This is somewhat surprising, since it suggests that
one of the most strongly induced elements of the PP efiect
is likely to be an unknown protein. Recent progress in micro-
analytical methods, both chemical and mass spectrometric,
give us reason to expect that most will be identified (or else
found to be novel, then cloned and sequenced) within the
next few years. This information will allow us to interpret
the manifold effects of PP on liver gene regulation and me-
tabolism in a comprehensive way and in particular to see
whether major biochernical aspects of the pathway have es-
caped notice so far,
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