


them instead of a unidirectional causal relationship. Our results confirm a close connection

between DR and fibrogenesis. However, since the two parameters changed together we

could not establish a causal relationship and were unable to reveal which was the primary

event. The lack of inverse correlation between the proliferation of hepatocytes and ductular

reaction questions that ductular reaction can compensate for the failing regenerative activity

of hepatocytes. No evidences support the persistent antifibrotic property of imatinib or

erlotinib.

Introduction

Chronicdamageof liver tissuecausesgradualaccumulationof extracellularmatrix (ECM),
fibrosis,whichcaneventuallyprogressto completearchitecturalreconstructiontermedcirrho-
sis.Hepaticfibrosis/cirrhosiscausesorgandysfunctionandothercomplicationsresultingin
commonclinicalproblems.Yet,therearenumerousunresolvedquestionsregardingthepath-
ogenesisof thisseveredisease,e.g.theroleandfunction of hepaticprogenitorcellsin fibrogen-
esisandregeneration.Smallepithelialtubulescalledªbile ductproliferationºwereobserved
alongthefibrotic septaof cirrhotic liversalongtime agobut no specialattentionwaspaidto
them.Now,thesetubulesarereferredto asductularreactionandtheyarethoughtto represent
hepaticprogenitorcells[1]. Their closedspatialandfunctionalrelationshipwith myofibro-
blastsput themin thelimelight [2±5],sincemyofibroblastsarethemajorsourceof thedepos-
itedcollagenousmatrix.Thecorrelationbetweentheextentof ductularreactionandfibrosis
acrossarangeof liver pathologiesraisesthequestionif thereisacausalrelationshipbetween
them[6]. Ductularreactionmayalsoplayafavourablerole in liver cirrhosis.OriginallyFalk-
owskietal.[7] proposedthat theductularreactionmaybeanalternativeregenerativepathway,
whichisactivatedwhenthereplicativecapacityof thesenescenthepatocytesiscompromised.
Thisviewwaslatersupportedby thedescriptionof hepatocyticdifferentiationof ductularpro-
genitorcells[8, 9]. Thissimpleandattractivemodel,however,ismostlybasedon statictissue
analysisandcontradictoryobservationshaverecentlyemerged.Theprogenitorcellorigin of
regeneratinghepatocyteswasexcludedin severalexperimentalmodelsapplyingthecre-lox
basedlineagetracingtechnique[10±12].Othersandwe[13,14] failedto determineinverse
relationshipbetweentheproliferativeactivityof hepatocytesandductularreactionin human
cirrhotic livers.Theseconsiderationsledusto performexperimentswherethedynamicsof
fibrosis,ductularreactionandhepatocyteproliferationcanbecontinuallymonitoredthrough-
out thedevelopmentof cirrhosis.Furthermore,our aimwasto examineif thepotentially
favourableandunfavourableconsequencesof ductularreactioncanbeseparated.

Liver fibrosiswasinducedin wild typeC57Bl/6micebychronicadministrationof thioace-
tamide(TA) andcarbontetrachloride/phenobarbital(CCl4/PhB).TheTA experimentswere
alsoperformedon transgenicmiceoverexpressingactivetransforminggrowthfactorbeta1
(TGFβ1)in theliver [15]. TGFβ isprobablythemostpleiotropicgrowthfactorwith major
influenceon hepatocyteandductularproliferation,aswellason liver fibrosis[16].

TheTA administrationwasalsocombinedwith two drugs.Imatinib anderlotinib are
widelyusedtyrosinekinaseinhibitors.Theprimary targetof erlotinib isepidermalgrowthfac-
tor receptor(EGFR)while imatinib hasabroaderspectrum.It wasoriginallydesignedfor the
treatmentof chronicmyelogenousleukaemiabyblockingtheactivityof bcr/abltyrosine
kinasebut turnedout to beanefficientinhibitor of c-kit andplatelet-derivedgrowthfactor
receptor(PDGFR)aswell [17]. Bothcompoundsareusedfor thetreatmentof different
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malignanttumorsandimatinib hasbeensuccessfullyappliedin humanpatientsasanantifi-
brotic agent[18]. Theyhavealsoshownantifibrotic activityin severalexperimentalhepatic
fibrosismodels[19±22],but little isknownabouttheir effecton thebehaviorof ductularreac-
tion andhepatocytes.

All fibrogenicprotocolsinducedprogressivehepaticfibrosis.Therewasastrongpositive
correlationbetweentheextentof ductularreactionandfibrosisin eachmodel.However,the
compensatorygrowthfunction of ductularreactioncouldnot beobserved.Bothimatinib and
erlotinib hadtemporaryantifibrotic effectbut eventually,andunderadverseconditions
(TGFβoverexpression),theywereinefficient.Neitherdrughadantifibrotic effecton estab-
lishedcirrhosisinducedbyTA treatment.

Materials and methods

Animal experiments

All experimentswereconductedon 8 weeksold maleC57Bl/6miceinbredin our Institute.All
animalswerehousedundercontrolledtemperaturewith a12hour light-darkcycle,andhad
accessto drinking wateradlibitum. Tenexperimentalgroupswereformed(Fig1):

Basicmodels:

I. Hepaticfibrosiswasinducedbycarbontetrachloride/phenobarbital treatment(CCl4
0,2ml/kg,dissolvedin sunfloweroil, twiceaweekperos/PhB0,5g/lin drinking water)
in wild typemice(WT+CCl4; n = 49),

II. or byTA administration(300mg/l in drinking water)in wild type(WT+TA; n = 50)
and

III. transgenicmiceoverexpressingactiveTGFβ in hepatocytes[15] (TGFβ+TA;n = 61)
(themicewereakind gift from SnorriS.Thorgeirsson).

Drug treatedmodels:

Fig 1. Schematic representation of the different experimental groups.

https://doi.org/10.1371/journal.pone.0176518.g001
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IV. Imatinib (Glivec,Novartis,Basel;25mg/kg,dissolvedin water,peros)wasgivendaily
to TA treatedwild typemice(WT+TA+imatinib; n = 54)or

V. TGFβtransgenicmice(TGFβ+TA+imatinib;n = 38).

VI. Erlotinib (Tarceva,Roche,Basel;5 mg/kg,dissolvedin dimethylsulfoxide(DMSO)
thenwater)wasgivendaily,besideTA treatment,to bothwild type(WT+TA+-
erlotinib; n = 48)and

VII. TGFβtransgenicmice(TGFβ+TA+erlotinib;n = 38).

Theanimalsweresacrificedafter3,6,9,12,15and18weeksof treatment.Eachtime point
represents5±16animals.

Therapeuticmodels:

VIII. TA (300mg/l in drinking water)wasgivento wild typemicefor amaximumof 27
weeks(Ther.control;n = 18).

IX. Imatinib treatment(asdescribedabove)wasstartedon the19thweekin addition to
TA (Ther.imatinib; n = 18).

X. Erlotinib treatmentwasstartedon the19thweek(asdescribedabove)in addition to
TA (Ther.erlotinib; n = 17).

Animalsweresacrificedat3,6and9weeksaftertheinitiation of pharmacologicaltreatment
(in otherwordson the21st, 24th and27th weekof theexperiment).Eachtime point represents
5±7animals.

Eachanimalreceivedthreedosesof bromodeoxyuridine(BrdU;500mg/kg) intraperito-
neally,20,2 and1 hour beforetermination.After humanelysacrificingtheanimalsusing
cervicaldislocation,samplesfrom theliver werefixedfor histologicalanalysis,therestwas
snap-frozenin liquid nitrogen.Theanimalstudyprotocolswereconductedaccordingto
NationalInstituteof Health(NIH) guidelinesfor animalcareandwereapprovedby the
Institutional Animal CareandUseCommitteeof SemmelweisUniversity(PermitNumber:
PEI/001/1730-12/2015).

Morphometric analysis

Fromeachanimalfour parametersweremeasured/counted:theextentof fibrosisandductular
reaction,aswellastheproliferativeactivityof hepatocytesandductularreaction.

For themorphometricanalysisof fibrosisthreeimagesfrom PicroSiriusstainedsections
werecapturedwith aZeissAxioskop2 plusmicroscope(Zeiss,Oberkochen,Germany)usinga
5xobjectiveandevaluatedby theQuick PhotoMicro2.2software(Promicra,Prague,Czech
Republic).

Theareaoccupiedbyductularreactionwasmeasuredon cytokeratin19(CK19)immunos-
tainedfrozensections(rat monoclonalanti-CK 19antibody;cat.no.TROMA-III; Develop-
mentalStudiesHybridomaBank,IowaCity, IA; dil.:1:200).Fromeachliver threeimageswere
capturedwith aBio-Radconfocalsystem(MRC 1024;Bio-Rad,Richmond,CA) andevaluated
by theImageJ1.49kprogram(NIH, Bethesda,MD).

TheincorporatedBrdU wasimmunostained(mousemonoclonalanti-BrdU antibody;cat.
no.:347580;BD Biosciences,FranklinLakes,NJ;dil.: 1:20)asdescribedbefore[23]. 5000hepa-
tocytesand500ductularcellswerecounted,thepercentageof BrdU-positivecellswasgivenas
aresult.
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Statistical analysis

Statisticalanalysiswasperformedwith StatSoftStatisticasoftware(StatSoftInc.,Tulsa,OK;
version8.0).Thedeviationfrom Gaussiandistribution of variableswastestedwith Kolmogo-
rov-SmirnovandLilliefors'method.Thenormality condition wasfulfilled for all the4vari-
ablesin eachgroup,therefore2-wayfactorialANOVA wasperformedwith aTukey-Kramer
HSDtest(with unequalsamplesize).CorrelationbetweenvariableswastestedusingSpearman
rankcorrelationtest(afewequalvalueswerein thedataset)andSpearmancorrelationcoeffi-
cientsweredetermined.Resultswereconsideredsignificantatap valuelessthanor equalto
0,05.Forcharacterisingthedifferencesbetweengroupsbothmeansandmedianswerecalcu-
latedanddatawerevisualizedon scatterandboxplots.

Results

Basic models

Thefibrosiswasprogressivein eachmodelandcompletelycircumscribedpseudolobules
wereformedby theendof theexperiment(S1Fig).Theadvancementwasfasterat thebegin-
ning andthensloweddown,especiallyin theCCl4 treatedmice(Fig2A).Asit wasexpected,
thefibrosiswasmoresevereateachtime point in theTGFβ+TAgroupcomparedto wild
typemice(WT+TA group)(Fig2A).Theextentof ductularreaction,quantitatedby themea-
surementof CK19-positivearea,wasin line with thePicroSiriusdatain theTA models

Fig 2. Results of the basic models (I. WT+CCl4, II. WT+TA, III. TGF��+TA). Data are represented as

means �“ standard error of the mean (SEM). � marks time points, where there was a significant difference

between the results of the WT+CCl4 and WT+TA groups. The extent of fibrosis is significantly higher in the

WT+CCl4 group on the 6th week of treatment (A), while the extent of ductular recation is significantly lower

from the 9th week until the end of the experiment (B). The proliferative activity of hepatocytes (C) and ductular

reaction (D) is significantly lower on the 3rd and 9th, or on the 6th and 9th week of the experiment, respectively.

https://doi.org/10.1371/journal.pone.0176518.g002
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(Fig2A and2BandS2Fig).It showedaslightlyincreasingtrend in theCCl4 treatedmiceas
wellbut from the9th weekit wassignificantlylowercomparedto theTA groups.Interest-
ingly, theextentof ductularreactionwassimilar in theCCl4 andTA treatedwild typemice
on the3rd week,despitethedifferencein theamountof fibrosis.Therewasadivergence
betweentheTA andCCl4 treatedanimalsin thecellproliferationdataaswell.In theTA
groups,atemporaryrisein both theproliferationof hepatocytesandductularreactionwas
followedby agradualdecline.CCl4 inducedmuchlowerlevelsof cellproliferationwith arel-
ativelystabletrend in bothcelltypes(Fig2Cand2D).

Drug treated models

Bothimatinib anderlotinib suppressedtheprogressionof fibrosisandductularreactiontem-
porarily in wild typemice(Figs3A,3B,4A and4B).Imatinib treatmentresultedin asignifi-
cantdecreasein theextentof fibrosison the9th, 12th and15th week(Fig3A),andin theextent
of ductularreactionon the9th and12th weekof theexperiment(Fig3B)(S3andS4Figs).The
effectof erlotinib did not reachsignificantlevelsin anyof thetime points(Fig4A and4B).
However,at theendof theexperiment,dueto acompensatorygrowth,therewasno difference
in thedegreeof fibrosisor ductularreactionbetweenthethreegroupsof TA treatedwild type
mice.Not evenatemporaryinhibition asdescribedabovecouldbeobservedin theTGFβ
transgenicmice(S5andS6Figs).Noneof theapplieddrugshadalastinginfluenceon thepro-
liferativeactivityof hepatocytesor ductularreaction(Figs3C,3D,4Cand4D).

Fig 3. Results of the imatinib treated groups (IV. WT+TA+imatinib, V. TGF��+TA+imatinib) and their

control groups (II. WT+TA, III. TGF��+TA). Data are represented as means �“ standard error of the mean

(SEM).� marks time points, where there was a significant difference between the results of the WT+TA and

WT+TA+imatinib groups. Imatinib treatment temporarily resulted in significantly lower extent of fibrosis (A, 9th,

12th, 15th week) and ductular reaction (B, 9th and 12th week) in wild type mice. The proliferative activity of

ductular reaction was also significantly lower on the 6th week of the experiment in imatinib treated wild type

mice (D). Imatinib treatment did not have any significant effect on TGF�� transgenic mice.

https://doi.org/10.1371/journal.pone.0176518.g003
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Therapeutic models

Bothimatinib anderlotinib wereusedin aªtherapeuticºexperimentto simulateaclinicalsitu-
ationandtestif thesedrugscaninfluencepreexistentfibrosis.Theadministrationof both tyro-
sinekinaseinhibitors wasstartedafter18weeksof TA treatmentandwascontinuedfurther on
(S7andS8Figs).Neitherof thedrugswereableto blocktheprogressionof fibrosis(Fig5A).
Interestingly,imatinib eveninducedasignificanttemporaryincreasein theextentof PicroSir-
iusstaining,andtheextentandproliferativeactivityof ductularreaction(Fig5A,5Band5D).

Correlation analysis

To investigatetherelationshipbetweenthestudiedparameterswithout consideringthetime-
wisedistribution of thedata,acorrelationanalysiswasperformedbetweeneachpair of param-
etersin thedifferentexperimentalgroups.Theresultsareshownin Table1.Theextentof
fibrosisshowedastrongpositivecorrelationwith theextentof ductularreactionin eachmodel
(S9Fig).Thiscorrelationwastheweakestin theCCl4 group.Surprisingly,theproliferative
activityof ductularreactioncorrelatednegativelyin threegroupswith PicroSirius(S10A,
S10BandS10DFig)andin onegroupwith CK19staining(S11AFig) indicatinganinverse
relationshipbetweentheextentof fibrosis/ductularreactionandtheproliferativeactivityof
ductularreaction.Contraryto our expectations,theproliferationof hepatocytescorrelated
positivelyin two groupswith PicroSirius(S10EandS10FFig)andCK19(S11CandS11DFig)

Fig 4. Results of the erlotinib treated groups (VI. WT+TA+erlotinib, VII. TGF��+TA+erlotinib) and their

control groups (II. WT+TA, III. TGF��+TA). Data are represented as means �“ standard error of the mean

(SEM). � marks the time point, where there was a significant difference between the results of the WT+TA and

WT+TA+erlotinib groups. Erlotinib treatment resulted in significantly higher hepatocyte proliferation on the

12th week of the experiment (C). Erlotinib treatment did not have any significant effect on TGF�� transgenic

mice.

https://doi.org/10.1371/journal.pone.0176518.g004
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Fig 5. Results of the therapeutic experiment (VIII. Ther. control, IX. Ther. imatinib, X. Ther. erlotinib).

Data are represented as means �“ standard error of the mean (SEM). � marks the time points, where there

was a significant difference between the results of the Ther. imatinib and Ther. control groups. Imatinib

treatment resulted in significantly higher extent of fibrosis (A); extent (B), and proliferative activity (D) of

ductular reaction on the 21st week of the experiment (after 3 weeks of imatinib treatment). Erlotinib treatment

did not have any significant effect on livers with established fibrosis.

https://doi.org/10.1371/journal.pone.0176518.g005

Table 1. Correlation between the analysed parameters.

Picro-

CK19

p Picro-

hep

p Picro-

duct

p CK19-hep p CK19-duct p hep-

duct

p

I. WT+CCl4 (n = 49) 0.66 <0.001 0.48 <0.001 0.22 ns 0.37 0.009 0.24 ns 0.23 ns

II. WT+TA (n = 50) 0.83 <0.001 0.13 ns -0.33 0.018 0.18 ns -0.12 ns 0.02 ns

III. TGF��+TA (n = 61) 0.81 <0.001 0.03 ns -0.56 <0.001 0.01 ns -0.41 <0.001 0.09 ns

IV. WT+TA+imatinib

(n = 54)

0.94 <0.001 0.19 ns 0.31 0.025 0.17 ns 0.33 0.015 0.32 0.002

V. TGF��+TA+imatinib

(n = 38)

0.81 <0.001 -0.11 ns -0.46 0.004 -0.09 ns -0.32 ns 0.12 ns

VI. WT+TA+erlotinib

(n = 48)

0.92 <0.001 0.53 <0.001 0.03 ns 0.55 <0.001 0.13 ns 0.09 ns

VII. TGF��+TA+erlotinib

(n = 38)

0.89 <0.001 -0.01 ns -0.2 ns -0.01 ns -0.28 ns -0.29 ns

VIII. Ther. control (n = 18) 0.61 <0.001 -0.33 ns 0.03 ns -0.34 ns -0.37 ns 0.3 ns

IX. Ther. imatinib (n = 18) 0.63 <0.001 0.2 ns 0.37 ns 0.4 ns 0.26 ns 0.47 0.048

X. Ther. erlotinib (n = 17) 0.81 <0.001 0.02 ns 0.09 ns -0.02 ns -0.13 ns 0.33 ns

The values represent Spearman’s correlation coefficients (rs). ns—not significant; Picro—extent of fibrosis; CK19 –extent of ductular reaction; hep—

proliferative activity of hepatocytes, duct—proliferative activity of ductular reaction.

https://doi.org/10.1371/journal.pone.0176518.t001
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stainingor theproliferativeactivityof ductularreaction(S11EandS11FFig).Furthermore,no
negativecorrelationwasfound in anyof thegroupsbetweentheproliferationof hepatocytes
andtheextentor proliferationof theductularreaction.

Discussion

Liver fibrosis/cirrhosiswasinducedin miceby thetwo widelyusedfibrogenicagents,TA and
CCl4. TheTA modelwasdiversifiedto modulatethehistologicalreaction.Eachexperimental
groupsreachedthecirrhotic stage.Theprimary purposeof theexperimentwasto analysethe
dynamicsandrelationshipof threeimportant componentsof thefibrotic process:(i) theextent
of fibrosis,(ii) theproliferationof hepatocytesand(iii) theextentandproliferativeactivityof
ductularreaction.Morphometricanalysisof theextentof fibrosisismorereliablefor theevalu-
ationof fibrosisprogressionthantheuseof stagingsystems[24]; hencewequantitatedthe
PicroSiriusstainedslides.Theextentof theductularreactionwasfollowedbyCK19immu-
nostaining.Cellproliferationwasexaminedby theimmunohistochemicaldetectionof BrdU-
positivecells.

Theresultswereevaluatedin two differentways.Thedynamicsof timewisechangesin the
variousparameterswerevisualizedon 2D graphs,while theconnectionbetweenanytwo
parameterswithin eachgroupwasstudiedbycorrelationanalysisregardlessof thetime point
whenthedatawerecollected.This latterkind of analysisissimilar to humaninvestigations,
whenonly theactualparameterscanbeexamined.

Thebasicconceptto beaddressedis that,with theadvancementof fibrosis,theregenerative
activityof thehepatocytesdeclinesbut it iscompensatedby thecontribution of ductular
reaction.

In eachexperimentalmodel,thereisastrongcorrelationbetweentheextentof fibrosisand
ductularreaction.Thisobservationis in line with previousresultsof awidevarietyof human
studies[2, 25±27].Surprisingly,CCl4 inducesamuchmilder ductularreactionthanTA but
theextentof fibrosisiscomparablein thetwo models.That is,oneªunitº of ductularreaction
in theCCl4 experimentisassociatedwith alargeramountof fibrosis.Therefore,althoughthe
extentof fibrosisandductularreactioncorrelate,their ratio dependson theinitiating event.
Interestingly,wecouldnot detectcorrelationbetweentheextentof ductularreactionandetiol-
ogyin humancirrhotic liversbut thefibrotic areawaslargerin non-viral hepatitisthanin viral
hepatitisrelatedcases[14], whichalsoindicatesthat theratio of ductularreactionandfibrosis
variesaccordingto theetiology.Ductularreactioncanpotentiallycontributeto fibrogenesisby
transitioninto myofibroblasts(epithelial-to-mesenchymal transitionÐEMT) [28] but this
aspecthasnot beenaddressedin thepresentstudy.

Another important andunresolvedissueiswhicheventis theprimary oneandwhichone
is theconsequence?VanHul etal.[3] describedthat theincreasedexpressionof matrix com-
ponentsprecededtheelevationof ductularmarkerswith 4±7days.Humanobservationsin
NASH[26], HCV infectionrelatedfibrosis[2, 29]andin vivoexperimentalmodels[30,31]
suggestthatductularreactiondrivesfibrosis,whileothers[3, 32]proposethatECMdeposition
or remodelingis requiredfor theexpansionof ductularreaction.Thedynamicsof thesetwo
parameterswereverysimilar in all of our experimentalgroups,althoughwehaveto admit that
our 3weekobservationintervalsmight havebeentoo longto detectabrief shift in theemer-
genceof fibrosisandductularreaction(suchexperimentswith shorterintervalsarein prog-
ress).Themodificationsof TA treatmentcanberegardedasafunctionalapproachfor this
problem.Erlotinib mostlikely influencesthefibrotic processthroughtheinhibition of ductu-
lar reaction[33] whileTGFβandimatinib affectmyofibroblasts(in theoppositedirection).
Neitherof thesechangesresultedin separationof theprogressionof fibrosisandductular
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reaction.Our resultsandmostof theciteddataareconsistentwith theproposalof Desmet
[34] suggestingthat theformationof ductularreactionin cirrhosisdependson themutual
interactionof theemergingductularstructuresandmyofibroblastsregulatedbyseveralfeed-
backmechanismsandthereforethis ªchickenor eggºparadigm[6] cannotberesolved.

Regenerationisanotherimportant aspectof liver cirrhosis.Hepatocyteproliferation
increasessharplyuponthestartof TA treatmentthendeclinesgraduallyin all models.Surpris-
ingly, thetrendof theproliferativeactivityof ductularreactionissimilar,i.e.anearlysurgeis
followedbydecline.Thecorrelationanalysisdoesnot indicateincreasedactivityof ductular
proliferationin fibrotic liverseither.In fact,in 3 out of the6 TA modelsthereisasignificant
negativecorrelationbetweentheproliferationof ductularreactionandtheextentof fibrosis.
Theproliferativeactivityof bothhepatocytesandductularreactionremainson acontinuously
low levelin theCCl4 treatedmice.Therefore,althoughtheextentof ductularreactionincreases
with fibrosis,theactivityof ductularproliferationdoesnot. No negativecorrelationcouldbe
detectedbetweentheproliferationof hepatocytesandductularreactionin anyof themodels.
Therefore,our datado not supporttheexistenceof aninverselinkagebetweendeclininghepa-
tocyteandincreasingductularproliferationduring theprogressionof liver fibrosis.TheKi-67
indexof hepatocytesandductularreactionshowedapositivecorrelationin advancedhuman
cirrhotic cases[14] andEleazaretal.[13] did not find anyinversecorrelationbetweenthepro-
liferationof hepatocytesandductularreactionin chronichepatitiseither.In our models,the
expandingductularreactiontogetherwith adecliningproliferativeactivitydo not supportthe
regenerativeroleof ductularreactionduring fibrosisprogression.If alargenumberof ductular
cellsregeneratedtheliver parenchyma,thecombinationof hepatocyticdifferentiationand
decreasingductularcellproliferationwouldresultin shrinkingductularreaction.Lin etal.
[35] providedconvincingevidencesthat in humanliversthecirrhotic nodulescanbeclonal
progeniesof theductularreaction.StueckandWanless[36] characterisedtheªbuddingºof
hepatocyteclustersfrom ductularreactionon thesitesof parenchymalextinctionin detail.
While suchªfocalºdifferentiationeventcannotberuledout byour results,our datachallenge
asteadystateflux of ductularreactioninto hepatocytes.It shouldbenotedthatwedid not
observeparenchymalextinctionin anyof theexaminedlivers,henceit is likely thatadvanced
stageof cirrhosiswasnot reachedin our experiment.

Imatinib is thoughtto reducefibrosisbyblockingthesignalingof PDGFRandc-kit. It
provedto beefficientin ashortterm modelof TA-inducedfibrosisin rat [21]. Imatinib
reducedearlyfibrogenesisin bileduct ligatedratsbut did not preventprogressionwhen
appliedin aninterventionexperiment[19]. It attenuatedprogenitorcellexpansionandinhib-
ited liver tumor formation in choline-deficient,ethionine-supplementeddiet (CDE)fedmice
[20,37].Our recentobservationscorrespondto theseresults.Imatinib significantlysuppressed
fibrosisandductularreactionin theearlybut not in latertime pointsin wild typemice,and
eventhis transientinhibition wasnot presentin TGFβtransgenicmice.Borkham-Kamphorst
etal.[38] reportedtemporarilyincreasedPDGF/PDGFRexpressionin earlytimepointsof an
experimentalliver fibrosismodel,whichwasfollowedbysharpdownregulation.Suchdynam-
icsof PDGFandPDGFRexpressioncouldexplainthetemporaryeffectsof imatinib in our
experiment.TGFβhasbeenalsoreportedto playanimportant role in acquiredimatinib resis-
tance[39±41],thiscouldalsoexplainthecompleteinefficiencyof imatinib in thetransgenic
mice.Imatinib wasalsoinefficientin thetherapeuticexperiment.

EGFRactivityhasbeenreportedin ductularreactionsin humansandin experimental
animalmodels[33,42,43].GeneexpressionanalysisindicatedthatEGFRsignalingis associ-
atedwith theprogressionof liver fibrosis[44,45].Theseobservationsgaveustherationale
to investigatetheimpactof erlotinib on liver fibrosis.Erlotinib treatmenttemporarilysup-
pressedmostof theinvestigatedparameterson wild typemicebut therewasno difference
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betweenthecontrol andthetreatedanimalsat theendpointandsimilar to imatinib it was
completelyinefficient in thetransgenicmiceoverexpressingTGFβandin thetherapeutic
experimentErlotinib successfullyblockedtheproliferationof ductularreactionin Nf2-/-
mice[46], it alsoattenuatedliver fibrosisin bileduct ligatedratsandCCl4 treatedmice[22].
Inhibition of EGFRsignalingdelayedbut did not blockliver regenerationin differentexperi-
mentalmodels[47,48]andEGFRinhibitors showedlackof clinicalefficacyin humanhepa-
tocellularcarcinomas[49]. Thesefailuresareexplainedby theredundantgrowthregulation
of theseprocesses.Furthermore,someligandsof EGFRseemto transducefibrotic, aswellas
antifibrotic signals[50]. Erlotinib hasnot shownrobustlastingantifibrotic effectin our
experimentalmodels.AntagonismbetweenEGFRsignalingandTGFβhasalsobeen
reported[48]. Thecompleteinefficiencyof erlotinib in theTGFβ transgenicmiceis in line
with this report.

TGFβ is thoughtto beoneof themostimportant cytokinesdriving liver fibrosis.It isalso
oneof themostpotentinhibitors of hepatocyteproliferation[51]. Sincetheductularcellsare
moreresistantto its mitoinhibition, TGFβhasbeensuggestedto beresponsiblefor thecom-
pensatorygrowthof ductules[52]. Our experimentwasrelevantfor all theseissues.The
increasedTGFβproductionin thetransgenicmiceenhancedtheextentof fibrosisasdescribed
before[53]. However,theinverseproliferativeactivityof theductularreactionandhepatocytes
couldnot beobservedin miceevenwith elevatedTGFβproduction.Thehepatocyteprolifera-
tion wasalmostequalin transgenicandwild typemiceandtheTGFβ+TAwastheonly experi-
mentalgroupwith significantnegativecorrelationbetweentheproliferationof ductular
reactionandCK19staining.That is,theproliferationof ductulesdecreasedwith theadvance-
mentof ductularreaction.Elevatedexpressionof TGFβwasdescribedin humanandexperi-
mentalcirrhosisaswell [16,54]andit couldcontributeto thefailureof imatinib anderlotinib
in our therapeuticexperiment.This isawarningif thesecompoundscouldbesuccessfully
appliedfor thetreatmentof liver fibrosis.Furthermechanisticexperimentswouldbeimpor-
tant to revealtheir interaction.

In conclusion,dynamicanalysisof theinvestigatedcomponentsof hepaticfibrosiscon-
firmed thecloserelationshipbetweenductularreactionandfibrosis.Thestrongcorrelationin
severalexperimentalmodelssuggeststhat thesemight betwo mutuallyinterdependenthisto-
logicalreactionsbut theratio of thetwo componentsdependson thefibrogenicagent.We
couldnot confirm theinverserelationshipbetweentheregenerativeactivityof hepatocytes
andductularreaction.Thisfailuresuggeststhat theroleor function of ductularreactionin
fibrotic liverscouldbesubstantiallydifferentfrom thetraditional ªovalcellsºin regenerative
rodentmodels[55]. Finally,our resultsshowthatneithererlotinib nor imatinib arepowerful
antifibrotic drugsin theseexperimentalmodels.TheincreasedTGFβproductionduring the
fibrotic processmight contributeto theresistance.

Supporting information

S1 Fig. Progression of fibrosis in the three basic models (A-C: I. WT+CCl4; D.-F: II. WT

+TA; G-I: III. TGFβ+TA). Representativeimagesfrom sectionswith PicroSiriusstaining.
Scalebarfor S1Fig.:200μm.
(TIF)

S2 Fig. Progression of ductular reaction in the three basic models (A-C: I. WT+CCl4; D.-F:

II. WT+TA; G-I: III. TGFβ+TA). Representativeimagesfrom sectionswith CK19immuno-
fluorescentlabeling.Scalebarfor S2Fig.:200μm.
(TIF)
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S3 Fig. Progression of fibrosis in the imatinib treated wild type mice (IV. WT+TA+-

imatinib; D-F) and their control group (II. WT+TA; A-C). Representativeimagesfrom
PicroSiriusstainedsections.Scalebarfor S3Fig.:200μm.
(TIF)

S4 Fig. Progression of ductular reaction in the imatinib treated wild type mice (IV. WT

+TA+imatinib; D-F) and their control group (II. WT+TA; A-C). Representativeimages
from sectionswith CK19immunofluorescentlabeling.Scalebarfor S4Fig.:200μm.
(TIF)

S5 Fig. Progression of fibrosis in the imatinib treated TGFβ transgenic mice (V. TGFβ+TA

+imatinib; D-F) and their control group (III. TGFβ+TA; A-C). Representativeimagesfrom
PicroSiriusstainedsections.Scalebarfor S5Fig.:200μm.
(TIF)

S6 Fig. Progression of ductular reaction in the imatinib treated TGFβ transgenic mice (V.

TGFβ+TA+imatinib; D-F) and their control group (III. TGFβ+TA; A-C). Representative
imagesfrom sectionswith CK19immunofluorescentlabeling.Scalebarfor S6Fig.:200μm.
(TIF)

S7 Fig. Progression of fibrosis in the therapeutic models (A-C: VIII. Ther. control; D.-F:

IX. Ther. imatinib; G-I: X. Ther. erlotinib). Representativeimagesfrom sectionswith Picro
Siriusstaining.Scalebarfor S7Fig.:200μm.
(TIF)

S8 Fig. Progression of ductular reaction in the therapeutic models (A-C: VIII. Ther. con-

trol; D.-F: IX. Ther. imatinib; G-I: X. Ther. erlotinib). Representativeimagesfrom sections
with CK19immunofluorescentlabeling.Scalebarfor S8Fig.:200μm.
(TIF)

S9 Fig. Significant correlations between the extent of fibrosis (Picro Sirius) and the extent

of ductular reaction (CK19) in the different experimental groups. Spearman'scorrelation
coefficientsareshownin Table1.
(TIF)

S10 Fig. Significant correlations between the extent of fibrosis (Picro Sirius) and the prolif-

erative activity of ductular reaction (duct. prol.) (A-D); or between the extent of fibrosis

(Picro Sirius) and the proliferative activity of hepatocytes (hep. prol.) (E and F) in different

experimental groups. Spearman'scorrelationcoefficientsareshownin Table1.
(TIF)

S11 Fig. Significant correlations between the extent of ductular reaction (CK19) and the

proliferative activity of ductular reaction (duct. prol.) (A and B); or between the extent of

ductular reaction (CK19) and the proliferative activity of hepatocytes (hep. prol.) (C and

D); or between the proliferative activity of hepatocytes (hep. prol.) and ductular reaction

(duct. prol.) (E and F) in different experimental groups. Spearman'scorrelationcoefficients
areshownin Table1.
(TIF)
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