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Effects of Toxic Agents attheProteinLevel: QuantitativeMeasurementof213 MouseLiver

Proteinsfollowing XenobioticTreatment.ANDERSON, N. L., GIERE, F. A., NANCE, S L., GEM-
MELL, M. A., TOLLAKSEN, S. L, AND ANDERSON, N. 0. (1987). Fundam.AppL ToxicoL 8,
39—50 By analyzingtwo-dimensionalelectrophoreticpatternsof mouseliver proteinswith a
computerizedimageanalysissystem,we haveobservedquantitativechangesin the abundance
of morethan70 proteinsin mice treatedwith variousagentsAroclor 1254,a mixtureof poly-
chlorinatedbiphenylsknown to inducea broadspectrumof microsomalactivity, inducesthe
largestgroupof changes(60 proteinsalteredatp <0.001 significance).Phenobarbitalproduces
a small set of characteristicchangesthat forms part of the much largerAroclor 1254 effect
Ibuprofen treatmentproducesa phenobarbital-likepatternof change,with the additionof at
leastone protein changenot observedwith any of the othertreatments.Cycloheximideand
carbontetrachlorideeach inducesa different characteristicpatternof protein alteration.We
haveassignedmostof the mousehverproteinsto a specific subcellularfraction,and it appears
that thepredominantclassofproteinsalteredby eachcompoundispresentin thesolublephase,
ratherthan in the microsomalfraction. The ability to surveylargenumbersof tissueproteins
for involvement in pharmacologicandtoxic effectsmay allow a more comprehensiveunder-
standingof the mechanismsof action in vivo and provide new markers of tissuedamage.

© 1987 SocietyofToxicology.

protein mappingis a techniquethat allows
theseparationandvisualizationof up to sev-
eral thousandproteins in a single analysis
(O’Farrell, 1975; Anderson and Anderson,
1 978a,b).This technologythereforehas the
potentialto yield a muchmorecomprehen-
sive picture of proteineffectsthan hasbeen
available previously. Through computer
analysis of 2-D patterns(Anderson et al.,
1981), it is possibleto quantitatethe abun-
danceofproteinsquiteaccurately.More than
100 polypeptidescan be measuredon Coo-
massieblue-stained2-D patternsof mouse
liver proteinswith coefficients of variation
less than 15% (i.e., competitive with many
enzymaticor immunochemical-specificpro-
tein tests)(Andersonet a!., 1985).

In a previouspaper,we showedthat Aro-
clor 1254, a mixture of polychiorinatedbi-

Proteinscarrytheprincipalresponsibilityfor
moment-to-momentoperation of a living
cell. Thereactionsofcellularmetabolismare
regulatedby proteinenzymes,and manyof
thearchitecturalfeaturesof the cell depend
on structuralproteins.It is thereforenatural
to look to effectsonproteinsasimportantini-
tial featuresof drug action,andassecondary
consequencesalongthepathto cell alteration
ordeath.

Two-dimensional (2-D) electrophoretic
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Presentaddress:DepartmentofBiology, LakeForest
College,LakeForest,IL 60045.
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phenylsknown to inducea rangeof micro-
somal enzymes(Alvares el at, 1973), pro-
ducedavariety ofdose-relatedchangesin the
proteinpatternofunfractionatedmouseliver
(Andersonet at, 1986). On the basisof this
preliminaryexperiment,it was suggestedthat
analysisof liver proteinsof treatedanimals
could provide much more information per
animal than couldmanycurrenttest proto-
cols. Drug-inducedchangesin thesynthesis
or degradationof individual proteinsshould
be visible, andinformationon the natureof
suchproteinsshouldcontributeto anunder-
standingof drug action. A numberof strin-
gent criteria must be met, however, before
this possibility can be realized-First, it must
be shownthattheeffectsofcompoundshav-
ingdifferentmechanismsofactionareindeed
different.Unlesssomespecificityis observed,
the informationobtainedby measuringhun-
dredsof proteinswould beminimal. Second,
it mustbe shownthatthereis somevalue in
documentingeffectson proteinsof currently
unknownfunction. Sincethevastmajority of
proteins observedwill be unidentified (at
least as to enzyme or other recognizable
name), the important question is whether
other sortsof information, short of precise
identification, can make observed effects
valuable.

In thispaper,we makean initial attemptat
addressingboth issues.In thefirst case,weuse
proteinmappingwith computerizeddatare-
duction to comparethepatternsof liver pro-
teins from replicate mice treatedwith high
dosesof five different compounds:Aroclor
1254, phenobarbital(known to induce a
more restrictedrangeof microsomalactiv-
ity), ibuprofen (an analgesic and aritiin-
flammatorycompoundusedvery widely in
humans),cycloheximide(aninhibitor of eu-
karyoticproteinsynthesis),andcarbontetra-
chloride (a classichepatotoxicagent).High
doses are used, capableof leading to the
deathsof someanimals, to providethe best
opportunityto observecharacteristiceffects.
As to thesecondissue,we usecell fraction-
ation techniquesto divide the proteinsob-

servedinto categoriesassociatedwith thema-
jor cellorganelles:thenucleus,mitochondria
andlysosomes,microsomes(endoplasmicre-
ticulum and Golgi apparatus),and soluble
phaseThis approachprovidesa basicpiece
ofinformationabouteachproteinin thepat-
tern, despitethe lack of a formal identifica-
tion for all but a few. In particular,this fledg-
ling proteindatabaseallowsusto askwhether
the major effects of any of the test com-
poundsarerestrictedto the microsomalcell
fraction,the site of mostknownliver detoxi-
ficationapparatus.

METHODS

MaleCS7BL/6JANLmice between4 and5 monthsof
ageweregivenxenobiotic or shamtreatmentsby stom-
achtube. Each groupconsistedof six mice assignedby
randomizingindividuals from five cages.Hydrophobic
agentswereadministeredin peanutoil; treatedmice re-
ceived0.2 ml of 25% carbontetrachloride(25 mI/kg), 8
mg/mi ibuprofen(80 mg/kg), or25 mg/mi Aroclor 1254
(250 mg/kg). Control micereceived0.2 ml of peanutoil
alone Phenobarbitalwas administeredin food pellets
(0.1% by weight; approximately200 mg/kg ingested).

Cycloheximidewasadministeredby gavageas 1 ml of0.8
mg/mi in water (40 mg/kg). All treatmentswere given
daily for 7 days,exceptfor cycioheximide,which wasad-
ministeredfor only 4 days dueto high toxicity. Several
mice did not survive treatmentat thesedoses:two mice
receivingcarbontetrachioride,two receivingibuprofen,
andonereceivingcycloheximidediedbeforecompletion
ofthetreatmentperiodandwerenotanalyzed.Surviving

mice werekilled by cervicaldislocationon the day fol-
lowing the last treatment,and the apical endof the left

lobe of the liver washomogenizedin a solutionof 9 M

urea,2% NP-40 detergent,2% mercaptoethanoi,and2%
ampholytes(pH 9—11), at a final pH of 9.5. Soiubilized
sampleswerecentrifugedat I 00,000gfor 30 mm, andthe
supernatantswerestoredat —SOT.

Liver freshlyexcisedfrom male CS7BL/6JANLmice
wasusedasstartingmaterialfor severalclassicalfraction-
ation protocols.Mitochondria(ChappallandHansford,
1972),microsomes(Tata, 1972),and nuclei(Blobel and
Potter, 1966)were preparedaccordingto the methods
referenced.The solublephasewaspreparedby homoge-
nizing I g of liver (choppedwith scissorsandwashedwith
0.25 M sucrose)in 4 ml 025 M sucrosewith a Dounce
homogenizer.Thishomogenatewascentrifugedfor 1 hr
at 105,000g,5’C, and the supernatantwascollected.All
fractions were preparedfor 2-D electrophoresisby the
addition of 9 M urea,2% NP-40, 2% mercaptoethanoi,
and2% ampholytes(LKB, pH 9—11).
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FIG. 1. Two-dimensionalproteinpatternsof livers obtainedfrom individual mice, eitheruntreated(A)
or treatedwith Aroclor 1254 (B), cycloheximide(C), phenobarbital(D), carbontetrachlonde(E), or ibu-
profen (F). Positionsofserumalbumin, cellularnon-muscleactin,andcytochromeb5 areindicatedin (A)
for reference.Proteinabundancechangesthat are evident by simple visual inspection are enclosedin
5ymbols: circles encloseproteins in which a changeoccursapparentlyspecific to one treatment,while
squaresenclosechangescommonto two or moretreatments.
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FIG. 2. Schematicmapof themouseliver proteinpatternshowinglocationsof individual proteinsaffectedby drug treatment.The verticalscaleinsidethe plot border
showsapproximateSDSmolecularmassas derivedfrom a seriesof 18 plasmaproteinandothermarkers(Andersonel a!., 1 984b),while theexteriorscalesindicatelength
(in centimeters)on the original mastergel. Proteinslabeledon the right canbe locatedby following the line emanatingfrom the label to its endas ashort line segment
extendingfrom the spot.As indicatedin thelower right corner,proteinschanging(p <0.001)with variousagentsareplottedassymbols,while otherproteinsare plotted
as elipses.Thenumberof contours(sizeanddensityofthe spot) aredirectly relatedtotheabundanceof the proteinin untreatedliver. -
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TABLE I

MEAN ABUNDANCES (AND STANDARD DEVIATIONS) FOR SELECTED SPOTS INDICATED IN FIG. 20

All values are in units of pixel-grey levels divided by 10. MSNstands for master spot number, the serial number

assignedto eachproteinspotin this experiment.An asterisk(*) indicatesvaluesdifferentfrom the control groupat
significancep <0.001.“U” indicatesasituationwherethespotwasnotdetectedon anygel of the group.

Two-dimensionalelectrophoresiswasperformedwith six control samples was analyzed twice (on different
the 7 X 7-in. ISO—DALTsystem (Anderson and Ander- batches of gels), as were several of the experimental
son, 1978a,b) in batches of 20 gels. First-dimension gels samples.
contained a 1:1 mixture of Biolyte pH 3—10 and pH 5—7 The TYCHO2-D gel data processing system (Ander-
ampholytes (Bio-Rad Laboratories), and second-dimen- son et aL 1981)wasused to analyze 2048 X 2048 pixel
sion9—17% linearpolyacrylamidegradientslabgels were
preparedby a computer-controlledcastingdevice.Gels
all were stained with Coomassie brilliant blue and were into registration(Tayloret at., 1983). Each gel was scaled

MSN Control CCL Ibuprofen Phenobarbital Aroclor 1254 Cycloheximide

1 4,282(507) 13,446(1l86)* 4,324(530) 4,682(147) 3,938 (319) 5,401 (626)

9 2,429(223) 3,810(409) 2,777(286) 2,502(195) 3,246 (220)~ 2,076 (134)
32 766(214) 2,164(671) 869(173) 1,181(260) 939(216) 211(185)

39 5,915 (319) 1,584 (267)* 4,715 (595) 3,814 (1070) 2,180 (3l4)* 5,917 (481)

43 1,413 (127) 666(117) 1,221 (313) 1,305 (284) 9,916 (2775)* 952 (153)

45 933 (134) 983 (65) 1,673 (69)* 1,051 (55) 1,478 (97)* 809 (263)
46 1,047 (85) 439 (83) 580(107) 786 (80) 420 (48)* 1,177(154)
51 1,100 (52) 743(104) 872 (64) 931 (58) 753 (56)~ 1,139 (34)
62 1,266 (252) 107 (38)* 1,149(39) 830 (255) 589 (l25)* 493 (223)
67 1,210(265) 802 (75) 1,138 (228) 1,090 (178) 609 (93)* 1,264(294)
75 2,675 (822) 2,350 (357) 3,533 (396) 4,645 (237) 11,295 (232)* 3,325 (155)
89 2,683 (244) 1,613 (64)* 1,957 (86) 1,774(177) 1,931 (152)* 3,254 (85)
91 1,095 (94) 442 (25) 994 (168) 906(115) 758 (99)* 1,135 (93)
92 349 (23) 228 (20) 245 (24) 280 (27) 105 (27)* 290(2!)

101 1,783(125) 430(24)* 1,130(111) 1,075(135) 417(59)* 1,571 (52)
116 1,093(106) 300(43)* 808(198) 988(219) 233(22)* 1,407(266)
122 848(66) 990(110) 1,380(125) 1,252(142) 2,643(197) 817(116)
135 829 (61) - 278 (59) 616 (65) 586 (39) 372 (38)* 741 (55)
166 476(37) 183 (3l)* 317 (52) 410(78) 348 (35)* 398 (15)
182 354(28) 291(63) 33409) 354(134) 289(20) 16l(31)*
183 624 (68) 111 (34)* 318 (60) 592(119) 446 (79) 465 (58)
186 531(65) 298 (28) 622(70) 1,169(299) 1,522 (234)* 502 (58)
223 406 (65) 619(36) 1,104 (15)* 514(240) 935 (162)* 407 (42)
254 320 (55) 929 (84)* 335 (21) 380(41) 277 (34) 449 (17)
284 275 (44) 521 (71) 337 (30) 378 (55) 394 (45) 652 (86)*
291 356 (35) 393 (72) 557 (47) 667 (130) 906 (54)* 430 (32)
302 196 (15) 298 (33) 242(14) 261 (5)* 355 (l4)~ 207 (9)
345 170(17) 266 (27) 148 (24) 179 (35) 347 (22)’~ 225 (20)
412 97(13) 306(50) 120(18) 133(20) 187(23)* 87(10)
424 187 (23) 231 (31) 237 (39) 216 (33) 274 (22)* 276 (13)*
483 94(24) 187 (4) 105 (27) 156 (109) 164(70) 108 (7)
527 65(29) 152 (26) 243 (21)* 116(28) 208 (35)* 57(7)

551 73(29) 358 (l8)* 133 (23) 141 (24) 289 (32)* 101 (52)
729 U 546 (98) 438 (127) 29 (—) 170 (39) U
730 U 592(101) 978(117) U 873 (78) U
731 170(136) 66(34) 294(38) 113(46) 226(—) U

gel images acquired with a specially modified Eikonix
785 scanner. Gels were matched together and stretched

treatedas described(Andersonci aL, 1985). Each of the (to eliminate any differencesin total proteinapplied to
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TABLE 2

DISTRIBUTION OF PROTEIN ABUNDANCE CHANGES SIGNIFICANT ATp <0.01 AND p <0.001 IN

GROUPS, AND OVERLAP OF OBSERVED CHANGES BETWEEN GROUPS°

FIVE TREATMENT

Aroclor
CCL Ibuprofen Phenobarbital 1254 Cycloheximide

CC!4 pcO.OI
pc

0-001
67
13

12/12
0

7/7
0

39/42
9/9

13/14
0

Ibuprofen Pc 001
pc0.001

27
3

3/3
0

22/22
3/3

6/7
0

Phenobarbital pc 0.01
pco.001

11
1

8/11
1/1

2/3
0

Aroclorl2s4 pcO.Ol
pcO.OO1

96
60

14/19
1/1

Cycloheximide p <0.01
pcO.OOI

27
3

° Figures show the number of proteins that were observed to change in abundance due to xenobiotic treatment

with p c 0.01 orp c 0.001 as determined by a conventional statistical t testinterpretedwith avery conservativevalue
for number of degrees of freedom. The number of protein changes in common between each pair of compounds is
shown as the number changed in the same sense (i.e., both compounds increase the protein, or both decrease it) over
the total number of commonalities.

the gel) by settingthe totalof all matchedspotsof abun-
dancelessthan 30,000 units equal to the sum of the cor-
respondingspotson themastergel. Sincethisscalingwas
typically doneover450 spotsfor eachgel, it providesa
good method for normalizing individuals. To select a set
of reproducible and well-behaved protein spots, we se-
lectedthoseproteinsthat werematchedproperly on all
12 control gels.These213 proteinsformthedatasetana-
lyzedhere.A statisticalI test(SokalandRohlf, 1981) was
used to evaluatethe significanceof quantitativediffer-
encesfrom controlvalues.Becausethe varianceof pro-
tein abundance measurements is not independent of
abundance, we used a value for the number of degrees of
freedom equal to the minimum value for control or
treated groups. This assumption yields more conserva-
tive estimates of significance than do some other com-
mon approaches. Principal component analysis was per-
formed with the ARTHURsoftware package (Infome-
trix, Inc.) essentially as described (Anderson ci aL,
I 984a)

RESULTS

Two-dimensionalproteinmapsof unfrac-
tionatedmouseliver typically show600—800
proteinspots when stainedwith Coomassie
brilliant blue. Figure 1 showstheappearance
ofrepresentativecontrolandtreatedsamples
preparedfrom themice in thepresentexperi-

ment.All thecompoundsincludedherepro-
ducereproducibleprotein changesthat can
be detectedby eye. Figure2 showsthemajor
changespresentedschematicallyon amaster
protein pattern and provides molecular
weight and spot identification information.
Table 1 presentsprotein abundancedataon
selectedspotsfor thecontrol and treatment
groups.A statisticalanalysisof quantitative
measurementsderived from thesepatterns
turns up additionaldifferencesandprovides
a measureof thestatisticalsignificanceofin-
dividual effects. The numbers of proteins
found to showquantitativechangesat t-test
significancesofp < 0.01 andp <0.001 are
shownin Table2- In addition,Table2 shows
theoverlapofthesesetsbetweencompounds.
Each compoundproducessome effects in
commonwith Aroclor 1254, andin almost
all casesthesechangesarein the samesense
(increasingor decreasingabundance).While
differencesat ap < 0.01 significancearegen-
erally acceptableas reliable effects (in this
casealmostall areverifiableby eye) it is im-
portantto realize that among213 variables
two or threeshouldshow differencesat this
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FIG. 3. Principal componentanalysisof the patterns
of change caused by treatmentwith variousxenobiotics.
The horizontal dimension corresponds to the first princi-
pal component(representingS4.6% of total datavari-
ance),andtheverticaldimensionto thesecondprincipal
component(7.7% of datavariance).Eachgroup of ani-
malsforms a recognizablecluster:controls(circles),car-
bon tetrachloride(triangles), ibuprofen (ovals), phe-
nobarbital (rectangles),Aroclor 1254 (squares), and
cycloheximide(hexagons).The greatestintragrouphet-
erogeneityappearsin theibuprofengroup,whereonein-
dividual seemssubstantiallydifferent from the others.

The cycloheximide-treatedgroup is betterresolvedfrom
[hecontrol andothergroupsby thethird principal com-
ponent(not shOwn).

level by chance.Since,however,eachof the
compoundstestedshows 11 or moreeffects
at p < 0.01, and since each of the agents
showssomeeffect at themorerigorouslevel

of p < 0001, we can concludethat statisti-
cally reliable effects areobservedwith each
agent.

Mixed chlorinatedhydrocarbonsproduce
by far themostwidespreadpatternof change
observedin this experiment(96 proteinssig-
nificantly changedin abundanceatp <0.01,
and60 atp< 0.001).

At the dosedeliveredin this experiment,
phenobarbitalproducesa small numberof
effects,mostofwhich arealsoobservedwith
Aroclor 1254. Only one is significant at p
<0.001.

Ibuprofen also induces a small set of
changes,andmostoftheseareonceagainob-
servedwith Aroclor 1254.However,onepro-
tein detectedby visual analysis(circle in Fig.
IF; spotNo. 731 in Fig. 2) showsanincrease
apparentlyunique to this compoundout of
the groupstudied.Its molecularmassis ap-
proximately 54,000 Da (Fig- 2). Since the
protein is not reliably detectedin untreated
liver, it wasnotincludedin thesetof213pro-
teins initially chosenfor study and its pri-
marysubcellularlocationwasnotrevealedby
subcellular fractionation experiments. We
have called this protein Ibu:1, in line
with previous protein-mappingnomencla-
ture (Andersonet aL, 1981).

Carbontetrachlorideproduceslargeabun-
dancechangesin a variety of cellular pro-
teins, many of which are different from the
effects of Aroclor 1254. This divergence

TABLE 3

LOCATION AMONG CELL FRACTIONSOF THE PROTEINSAFFECTED (p <0.001)BY VARIOUS XENOBIOTICs~

Soluble Mitochondria Microsomes Nuclei Unassigned

CCI4
Ibuprofen

Phenobarbital
Aroclorl254
Cyeloheximide

8
1
1

32
2

2
1
0

11
0

I
0
0
6
0

0
0
0
0
0

2
I
0

Il
1

° Eachproteinfoundto changeatp<0.001waslocatedin thecell fractions,andwasassignedto onefraction only
if there was a clear predominance over all others. In cases where two or more fractions showed appreciable amounts
of a protein, the location is assumed unknown.
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might be expected,since lipid peroxidation
andassociatedreactionsarethoughtto bere-
sponsiblefor thetoxicity ofcarbontetrachlo-
ride One major microsomal polypeptide
(spotNo. 1, topmostsquarein Fig. 1E) is dra-
matically increasedin abundancewhile oth-
ers, including a rangeof soluble-phasepro-
teins,aredecreased.

Cycloheximideproducesa small number
of changesof a characteristicnature.A mi-
crosomalspot, identified tentativelyas the
proalbumin polypeptide on the basis of
chargeandmolecularmass(seebelow),isde-
creaseddramatically,aswould beexpectedto
follow decreasedsynthesisofthis major liver
product and its subsequentclearancefrom
theendoplasmicreticulumandGolgiappara-
tus. At leastoneproteinis increasedfollowing
cycloheximidetreatment,suggestingthatde-
creasedprotein synthesismay lead to de-
creasedturnoverofsomemolecules.Finally,
one microsomalglycoproteinpresentin the
Golgi (seebelow) appearsto becomeat least
partiallyunglycosylated.Theratherextended
spot correspondingto the protein becomes
twospots,onevery slightly below thenormal
location,justdistinguishablein overlapcom-
parisonsof thepatterns.This changeis one
of the major effectswhen culturedcells are
treated with tunicamycin, an inhibitor or
asparagine-linkedglycosylation (NLA, un-
published),andsuggeststhat cycloheximide
treatment interferes, directly or indirectly,
with proteinglycosylationin theGolgi.

The relationship between the different
drug-inducedpatternsof changewas exam-
inedby theuseofamultivariatestatisticalap-
proach.Figure3 showsthepositionsofall in-
dividual patternsanalyzedwith respectto the
first two largest principal componentsof a
conventional principal component (PC)

analysis(Andersonet al., 1 984a) Eachtreat-
mentproduceda relatively tight distribution
of individuals, separatefrom theothertreat-
ments.The largestdiscrepancyoccurswith
ibuprofen, where one individual differs sig-
nificantly from the other three. All treat-
mentsshowsomeexcursionto thesameside
of the controlsin the first component.This
componentmay thus representa patternof
protein changeassociatedwith liver toxicity
generally,while thesecond(andpossiblyfur-
ther) componentrepresentsmore specific
effects.

Cell fractions preparedthroughtheclassi-
cal methods of differential centrifugation
wereanalyzedto assignindividualproteinsto
cell compartments(Table 3). As shownin
Fig. 4, the threemajor fractions(soluble,mi-
tochondrial,andmicrosomal)accountfor a
large majority of the proteins. The nuclear
fraction containsonly a few minor specific
proteinsdetectablein the pH rangeinvesti-
gatedhere(diamondsin Fig. 4A); theprinci-
pal nuclearproteins(histones,etc.) are too
basicto focuson thesegelsandarevisible in-
steadon BASO gels(Willard et aL, 1979).

The mitochondrialproteinsdetectedare
generally neutral or basic and most have
polypeptidemolecular massesgreater than
40,000Da Threemajor mitochondrialpro-
teins(labeled1—3 in Fig. 4A) havepreviously
beencharacterizedon 2-D gels asMitcon:1,
:2, and:3. Mitcon: 1 is the~3subunitoftheFl
ATPaseand is highly conservedin position
amongthe mammals.Mitcon:2 and :3 are
mitochondrialmatrix polypeptides(Ander-
son, 1985)ofunknownfunction.

Themicrosomalproteinsresolvedon these
gels are, by contrast,primarily acidic mole-
cules. The two of highest molecularmass
(boxes 1 and2 in Fig. 4C) areknown from

analogy with studies of human proteins to be glycoproteins not present on the cell surface (and hence likely

to reside in internalmembranes).Square2 is likely to be amajor Golgiapparatusprotein(Lin et a!., 1982).
Square3 is likely to betheproalbuminpolypeptide,andsquare5 is almostcertainlycytochromeb5 - Square
4 is a proteinexpressedpredominantlyin malesthoughat quitevariableabundance.Triangle 1 is serum
albumin,triangle2 is actin,andtriangles3 arefland a tubulin (left to right).
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studiesin humancells to be highly glycosy-
latedbut notpresenton thecell surface.The
secondhighest(box2) is knownto beassoci-
ated with the Golgi apparatus(Lin et a!.,
1982). Several low molecularmass micro-
somal proteinsareresolved,the smallestof
which (box 5) is likely to be cytochromeb5,
on thebasisof similarity to thepurified rat
protein(Andersonet at, 1986).

Onemicrosome-associatedspot (box 3 in
Fig. 4) occupiesa position expectedfor the
proalbumin polypeptide: the known se-
quenceof the rat albumin primary transla-
tion product (presumably similar to the
mousesequence)indicatesthat the n-termi-
nalpeptideextension(removedafterthesig-
nalpeptide)has a net chargeof +3, placing
this moleculethreechargeshift units to the
right (morebasic)andvery slightly abovethe
positionof albumin,preciselywherethecan-
didateis observedProalbuminshouldbelo-
catedprimarily in theendoplasmicreticulum
andperhapstheGolgi apparatusandshould
thereforeappearmainly in the microsomal
cell fraction as observed. The reductionin
abundanceof this protein following cyclo-
heximidetreatmentis consistentwith its role
as a short-lived intermediateform of the
plasmaprotein.

DISCUSSION

Theresultspresentedhereclearly demon-
strate effects of high-dosexenobiotic treat-
ment on theproteincompositionof livers of
treatedmice. Two-dimensionalproteinmap-
ping allowedusto measuretheabundanceof
morethan 200 proteinsin eachmouseand
therebyuncovera varietyofspecificchanges
dueto eachtreatment.Although very few of
theproteinsmeasuredhavebeenidentifiedso
far, a cell fractionation approachprovided
sufficientcharacterizationofmostproteinsto
shedsomelight on the natureof the effects
observed.Somewhatsurprisingly,themicro-
somalproteinsdid notaccountfor amajority
ofchangesinducedby anyofthecompounds.

EvenAroclor 1254 (which causessubstantial
proliferationof thesmoothendoplasmicre-
ticulum andinducesa rangeof cytochrome
F-450s)producedchangesconcentratedelse-
where in the cell. Although cytochromeb5
(primarilyamicrosomalprotein)isclearlyin-
duced,mostaffectedproteinsareeithercyto-
solic or mitochondrial. Such resultssuggest
that high-doseeffects of these compounds
mayinvolve severalsubcellularsites.

In particular, this result indicates that
many changesin cellular metabolismtake
placein the cytoplasmof cells treatedwith
agentsbestknown for theireffectson micro-
somal enzymes. Vlasuk and co-workers
(1980, 1982), in a seriesof elegantstudiesof
microsomalenzymeinducersin therat, used
two-dimensionalelectrophoresisto examine
exclusively the microsomalproteins. Their
system was optimized for analysisof cyto-
chromeF-450s(andwashighly successfulin
this regard),yet becauseof the prefraction-
ation to enrichmicrosomes,effectsonthesol-
ubleandmitochondrialproteinswerenotob-
served.The systemusedhere is more com-
prehensive, since unfractionated liver is
analyzed,but still not completedueto theab-
senceofvery basicproteinsfrom thesemaps.
CytochromeP-450, for example,appearsto
betoobasicto appearongelsofthetypeused
here (Andersonet at, 1986), and would re-
quireuseofBASO gelsin our system(Willard
et at, 1979).Nevertheless,webelievethatthe
presentsystemallowsexaminationofamuch
broaderspectrumof proteinsthando previ-
ousstudies,andthatthroughtheuseofcom-
puterizedquantitationit allows muchmore
subtleeffectsto beobserved

Oneoftheprincipal reasonsfor examining
manyindividual proteinsis thepossibility of
discoveringa specific protein involved in a
particularpharmacologiceffect ProteinIbu:
1 was foundto be increasedsubstantiallyby
ibuprofentreatment,while most other pro-
teins altered by ibuprofen are similarly
changedby Aroclor 1254 andmayrepresent
part of a generalliver response.Ibu: I thus
representsanexampleof acandidatespecific
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indicatorprotein. A generalsurveyof other
mouseorganswould revealwhetherthepro-
tein is increasedat thesitesofmajoroverdose
toxicity; if so,Ibu:1 couldmerit furtherinves-
tigation as a specific indicator of ibuprofen
intoxicationandasacluein thesearchfor the
mechanismof toxicity. If suchaneffort were
desirable,a rangeof biochemicaltechniques
exists for translatingan observationfrom a
2-D gel to the realmsof routinetestingand
molecularbiology.By preparingaseriesof2-
Dseparationsfrom treatedanimals,sufficient
Ibu:1 proteincanbe obtainedto allow micro-
sequenceanalysisandsubsequentidentifica-
lion oftheassociatedgene,aswell asprepara-
tion of a specific antibody- Immunohisto-
chemical methods, in concert with cell
fractionation,canthenpinpointthesubcellu-
lar locationoftheprotein.Given suchinfor-
mation, a rangeof possiblefunctionscanbe
inferred andtested Thus, it may be possible
to proceedfrom aprotein-mappingsurveyto
thedetailedstudyof oneor moremolecules
likely to be involved somehowin the drug
effect.

A potentialdrawbackof theprotein-map-
ping approachis thatit doesnotmeasurethe
“effectiveness”of theproteinsobserved(en-
zymatic activity, etc.),but only theamount
ofpolypeptidepresent.Thus, if adrug inhib-
its an enzymeby noncovalentbinding and
producesno changein the amount of en-
zyme,thenamajormetaboliceffectcouldoc-
cur without a changein theprotein pattern.
Alternatively, a drug could induceor elimi-
nate a protein, but one of suchlow abun-
dancethatit is notdetectedoil tissueprotein
maps.Negativeresultsare thus likely to be
obtainedfor atleastsomecompounds.A ma-
jor featureof the datapresentedhereis that
they demonstrateexperimentallythat many
compoundsdo produceobservableeffects.
Whether these are due to gene regulation
eventstriggeredby thexenobiotic(induction
by Aroclor 1254 orphenobarbital,or transla-
tion shutoffbycycloheximide)orto theselec-
tive destructionof cell typesor organelles(as
may occur following carbon tetrachloride

treatment),the result ought to be interpret-
able againsta sufficient databaseof infor-
matiojt The constructionof suchacompre-
hensivedatabasefor mouse,and ultimately
rat, liver is likely to yield fundamentalnew
insightsin toxicologyandpharmacology.
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