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Abstract:ȱ Benzo(a)pyreneȱ (BaP)ȱ isȱ aȱ recognizedȱ reprotoxicȱ compoundȱ andȱ theȱ mostȱ widelyȱ
investigatedȱpolycyclicȱaromaticȱhydrocarbonȱ inȱambientȱair;ȱ itȱ isȱwidespreadȱbyȱtheȱ incompleteȱ
combustionȱofȱfossilȱfuelsȱalongȱwithȱceriumȱdioxideȱnanomaterialsȱ(CeO2ȱNMs),ȱwhichȱareȱusedȱinȱ
nanoȬbasedȱ dieselȱ additivesȱ toȱ decreaseȱ theȱ emissionȱ ofȱ toxicȱ compoundsȱ andȱ toȱ increaseȱ fuelȱ
economy.ȱ Theȱ toxicityȱ ofȱ CeO2ȱNMsȱ onȱ reproductiveȱ organsȱ andȱ cellsȱ hasȱ alsoȱ beenȱ shown.ȱ
However,ȱtheȱeffectȱofȱtheȱcombinedȱ interactionsȱofȱBaPȱandȱCeO2ȱNMsȱonȱreproductionȱhasȱnotȱ
beenȱinvestigated.ȱHerein,ȱhumanȱandȱratȱgametesȱwereȱexposedȱinȱvitroȱtoȱcombustedȱCeO2ȱNMsȱ
orȱBaPȱorȱCeO2ȱNMsȱandȱBaPȱinȱcombination.ȱCeO2ȱNMsȱwereȱburnedȱatȱ850ȱ°Cȱpriorȱtoȱmimickingȱ
theirȱreleaseȱafterȱcombustionȱinȱaȱdieselȱengine.ȱWeȱdemonstratedȱsignificantlyȱhigherȱamountsȱofȱ
DNAȱdamageȱafterȱexposureȱtoȱcombustedȱCeO2ȱNMsȱ(1ȱΐgȉLƺ1)ȱorȱBaPȱ(1.13ȱΐmolȉLƺ1)ȱinȱallȱcellȱ
typesȱconsideredȱcomparedȱtoȱunexposedȱcells.ȱCoȬexposureȱtoȱtheȱCeO2ȱNMsȬBaPȱmixtureȱinducedȱ
additiveȱDNAȱdamageȱinȱspermȱandȱcumulusȱcells,ȱwhereasȱnoȱadditiveȱeffectȱwasȱobservedȱinȱratȱ
oocytes.ȱThisȱresultȱcouldȱbeȱrelatedȱtoȱtheȱstructuralȱprotectionȱofȱtheȱoocyteȱbyȱcumulusȱcellsȱandȱ
toȱ theȱoocyte’sȱefficientȱsystemȱ toȱrepairȱDNAȱdamageȱcomparedȱ toȱ thatȱofȱcumulusȱandȱspermȱ
cells.ȱ
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1.ȱIntroductionȱ
Dieselȱenginesȱareȱoneȱofȱmanyȱsourcesȱofȱambientȱparticulateȱmatterȱandȱgaseousȱ

airȱpollutantsȱ[1].ȱDieselȱexhaustȱisȱaȱcomplexȱmixtureȱofȱparticles,ȱcommonlyȱknownȱasȱ
sootȱ andȱ gasesȱ andȱ containsȱmoreȱ thanȱ oneȱ hundredȱdifferentȱ organicȱ andȱ inorganicȱ
compounds,ȱincludingȱmanyȱchemicalsȱthatȱhaveȱbeenȱdesignatedȱasȱairȱpollutantsȱ[2].ȱInȱ
2012,ȱtheȱInternationalȱAgencyȱforȱResearchȱonȱCancerȱ(IARC),ȱpartȱofȱtheȱWorldȱHealthȱ
Organizationȱ(WHO),ȱupgradedȱtheȱcarcinogenicityȱofȱdieselȱemissionsȱfromȱGroupȱ2ȹAȱ
(probablyȱ carcinogenic)ȱ toȱ Groupȱ 1ȱ (carcinogenicȱ withȱ sufficientȱ evidence)ȱ [3].ȱ Forȱ
instance,ȱ dieselȱ enginesȱ areȱ significantȱ sourcesȱ ofȱ polycyclicȱ aromaticȱ hydrocarbonsȱ
(PAHs)ȱinȱurbanȱairȱ[4].ȱDespiteȱtheȱhazardsȱinducedȱbyȱPAHsȱtoȱhumans,ȱthereȱareȱnoȱ
motorȱ vehicleȱ emissionȱ limitsȱ forȱ theseȱ compoundsȱ inȱmostȱ countries.ȱ Sixteenȱ PAHsȱ
compoundsȱhaveȱbeenȱclassifiedȱbyȱtheȱU.S.ȱEPAȱasȱaȱpriorityȱpollutantȱbecauseȱofȱvariousȱ
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toxicologicalȱconcernsȱ[5]ȱandȱsignificantȱhealthȱimpactsȱ[6].ȱAmongȱthem,ȱbenzoapyreneȱ
(BaP)ȱisȱrecognizedȱasȱaȱpowerfulȱcarcinogen,ȱmutagen,ȱandȱreprotoxicȱcompoundȱ[7,8].ȱ
TheȱexposureȱtoȱPAHsȱisȱmostlyȱthroughȱingestionȱandȱairȱinhalation,ȱtheȱBaPȱ“virtuallyȱ
safeȱdose”ȱ isȱdependingȱonȱcountriesȱ legislationȱandȱ isȱbetweenȱ0.7–1ȱng/m3ȱ[9].ȱBaPȱ isȱ
associatedȱwithȱ increasedȱ genotoxicityȱ [10–12]ȱ andȱDNAȱ fragmentationȱ [13]ȱ towardsȱ
spermȱcellsȱandȱoocytes.ȱBaPȱexposureȱdecreasesȱ spermȱmotilityȱandȱmorphologyȱandȱ
increasesȱ DNAȱ damageȱ [14–16].ȱ Inȱ vivoȱ experimentalȱ studiesȱ haveȱ alsoȱ shownȱ thatȱ
postnatalȱexposureȱtoȱBaPȱdestroysȱovarianȱfolliclesȱdueȱtoȱtheȱinhibitionȱofȱfollicleȱgrowthȱ
andȱthenȱcausesȱprematureȱovarianȱfailureȱ[17–20].ȱMoreȱrecently,ȱnanomaterialsȱ(NMs)ȱ
haveȱbeenȱ increasinglyȱusedȱ inȱEuropeȱandȱelsewhereȱasȱ fuelȬborneȱcatalystsȱ inȱdieselȱ
enginesȱ[21–23]ȱasȱCeO2ȱNMsȱ[24,25].ȱTheseȱCeO2ȱNMsȱareȱusedȱtoȱdecreaseȱtheȱemissionȱ
ofȱ toxicȱ compoundsȱ inȱ exhaustȱ [26],ȱ butȱ theyȱ haveȱ alsoȱ beenȱ shownȱ toȱ increaseȱ theȱ
emissionȱofȱultrafineȱparticlesȱandȱtheȱamountȱofȱCeȱreleasedȱ[26].ȱComparedȱtoȱthatȱofȱ
BaP,ȱtheȱpotentialȱeffectȱofȱtheȱreleasedȱCeO2ȱNMsȱonȱhealthȱisȱstillȱnotȱfullyȱunderstoodȱ
[27,28],ȱandȱupȱtoȱnow,ȱthereȱareȱstillȱfewȱstudiesȱregardingȱtheȱexposureȱtoȱCeO2ȱNMs,ȱ
andȱnoȱsecureȱdataȱareȱreportedȱconcerningȱtheȱhumansȱexposureȱlimits.ȱHowever,ȱfewȱinȱ
vivoȱ andȱ inȱ vitroȱ studiesȱ haveȱ demonstratedȱ theȱ potentialȱ toxicityȱ ofȱ CeO2ȱNMsȱ onȱ
reproductiveȱ cellsȱ [29–34],ȱwhichȱ likelyȱ occursȱ viaȱ theȱ generationȱ ofȱ reactiveȱ oxygenȱ
speciesȱ(ROS),ȱleadingȱtoȱoxidativeȱstressȱandȱDNAȱdamageȱ[26,32,33].ȱInterestingly,ȱtheȱ
biologicalȱeffectsȱofȱNMsȱdependȱnotȱonlyȱonȱtheirȱownȱstructureȱandȱchemistryȱbutȱalsoȱ
onȱtheirȱinteractionsȱ(e.g.,ȱadsorption,ȱcomplexation)ȱwithȱotherȱpollutants,ȱsuchȱasȱPAHs,ȱ
metals,ȱmetalloids,ȱ etc.ȱ [35,36].ȱ Toȱ date,ȱmostȱ researchȱ onȱ theȱ effectsȱ ofȱ chemicalsȱ onȱ
biologicalȱsystemsȱisȱconductedȱonȱoneȱchemicalȱatȱaȱtime,ȱwhileȱinȱtheȱrealȱworldȱ(asȱwithȱ
dieselȱ exhaust),ȱpeopleȱ areȱ exposedȱ toȱ chemicalȱmixturesȱwhoseȱ effectsȱ areȱ extremelyȱ
complexȱ andȱ needȱ furtherȱ investigationȱ [37].ȱ Withinȱ mixtures,ȱ chemicalsȱ (organic,ȱ
inorganic,ȱdissolved,ȱandȱnanoparticulate)ȱcouldȱinteractȱadditivelyȱ(whichȱresultsȱinȱtheȱ
sumȱofȱtoxicityȱofȱeachȱagent),ȱsynergisticallyȱ(inducingȱtoxicȱeffectsȱgreaterȱthanȱtheȱsumȱ
ofȱtheȱeffectsȱofȱtheȱindividualȱchemicals)ȱorȱantagonisticallyȱ(whereȱtheȱcombinedȱeffectȱ
ofȱtwoȱorȱmoreȱcompoundsȱisȱlessȱtoxicȱthanȱtheȱindividualȱeffects)ȱ[38].ȱThisȱstudyȱaimedȱ
toȱ investigateȱ theȱ combinedȱ biologicalȱ effectsȱ ofȱ oneȱ commercializedȱCeO2ȱNMȬbasedȱ
dieselȱadditiveȱ (EnviroxTMȱ fromȱEnergenicsȱEuropeȱLtd.,ȱBegbroke,ȱUK)ȱandȱoneȱPAHȱ
(BaP),ȱbothȱofȱwhichȱareȱ likelyȱreleasedȱ inȱ theȱatmosphereȱafterȱcombustionȱ inȱaȱdieselȱ
engineȱ[4,25,39].ȱPriorȱtoȱtheȱinȱvitroȱexposureȱofȱgermȱcells,ȱEnviroxTMȱwasȱcombustedȱatȱ
850ȱ°Cȱtoȱmimicȱ itsȱphysicoȬchemicalȱtransformationsȱ inȱaȱdieselȱengineȱ[40].ȱThen,ȱtheȱ
potentialȱgenotoxicityȱinducedȱbyȱtheȱinȱvitroȱcoȬexposureȱofȱhumanȱandȱratȱgametesȱtoȱ
combustedȱCeO2ȱNMsȱalongȱwithȱBaPȱwasȱinvestigatedȱusingȱtheȱcometȱassay.ȱHerein,ȱweȱ
willȱ studyȱhowȱ theȱ interactionsȱbetweenȱ combustedȱCeO2ȱNMsȱ andȱBaPȱmoleculesȱ inȱ
dieselȱexhaustȱmayȱadditively,ȱsynergistically,ȱorȱantagonisticallyȱimpactȱtheȱpreviouslyȱ
observedȱ genotoxicitiesȱ ofȱ theȱ individualȱ compoundsȱ onȱ humanȱ andȱ ratȱ germȱ cellsȱ
(sperm,ȱfollicularȱcells,ȱandȱoocytes).ȱ

2.ȱMaterialsȱandȱMethodsȱ
2.1.ȱSolutionȱandȱSuspensionȱPreparationȱPriorȱtoȱExposureȱ

Metabolicȱ activationȱ ofȱ benzo(a)pyreneȱ (BaP).ȱ BaPȱ wasȱ purchasedȱ fromȱ Sigmaȱ
Aldrichȱ (SaintȬQuentinȱ Fallavier,ȱ France).ȱ Aȱ BaPȱ stockȱ suspensionȱ wasȱ preparedȱ inȱ
dimethylȱsulfoxideȱ(DMSO)ȱ(SigmaȱAldrich)ȱatȱ10ȱmMȱtoȱobtainȱcompleteȱdissolutionȱ[41].ȱ
ToȱactivateȱBaPȱmetabolism,ȱweȱusedȱanȱS9ȱmixȱ[39,42,43]ȱthatȱconsistedȱofȱtheȱfollowingȱ
cofactors:ȱpooledȱS9ȱratȱliverȱ(SigmaȱAldrich),ȱ1ȱMȱKCl,ȱ0.25ȱMȱMgCl2*6H2O,ȱ0.2ȱMȱglucoseȬ
6Ȭphosphate,ȱandȱ0.04ȱMȱNADPȱ[44].ȱTheȱfinalȱconcentrationȱofȱBaPȱatȱ1.13ȱΐmolȉLȬ1ȱwasȱ
thenȱpreparedȱinȱFerticult®ȱmediumȱ(JCDȱLaboratories,ȱLyon,ȱFrance),ȱwithȱ1%ȱS9ȱmixȱ
andȱ1%ȱDMSOȱasȱpreviouslyȱdescribedȱbyȱBaumgartnerȱetȱal.ȱ(2012)ȱ[45].ȱTheȱworkingȱ
concentrationȱwasȱmainlyȱchosenȱbecauseȱofȱpreviouslyȱpublishedȱtoxicologicalȱdata,ȱbutȱ
alsoȱdueȱtoȱtheȱsolubilityȱlimitsȱinȱbiologicalȱmediaȱ[45].ȱ
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Agingȱofȱtheȱdieselȱfuelȱadditive.ȱCeO2ȱNMsȱwereȱextractedȱfromȱEnviroxTM,ȱaȱfuelȬ
borneȱ catalystȱ scientificallyȱ andȱ commerciallyȱ provenȱCeO2ȱNMȬbasedȱ dieselȱ additiveȱ
suppliedȱbyȱEnergenicsȱEuropeȱLtd.ȱTheȱEnviroxTMȱwasȱ combustedȱ andȱ characterizedȱ
followingȱ theȱprotocolȱ alreadyȱpublishedȱ inȱ refȱ [40,46].ȱBriefly,ȱ theȱEnviroxTMȱwasȱ byȱ
ultracentrifugatedȱatȱ396,750xȱgȱandȱ20ȱ°Cȱforȱ1ȱh.ȱTheȱpelletsȱcontainingȱCeO2ȱNMsȱwereȱ
freezeȬdriedȱ(HetoȱPowerDryȱLL3000,ȱThermoȱFisherȱScientific,ȱStrasbourg,ȱFrance)ȱforȱ5ȱ
daysȱandȱcombustedȱatȱ850ȱ°Cȱ[30,40].ȱAȱstockȱsuspensionȱofȱtheȱcombustedȱEnviroxTMȱ
(calledȱagedȱCeO2ȱNMs)ȱwasȱpreparedȱinȱMilliȬQȱwaterȱatȱ10.15ȱgȉLƺ1ȱCeO2ȱandȱputȱunderȱ
magneticȱstirringȱtoȱavoidȱtheȱformationȱofȱ largeȱaggregates.ȱTheȱfinalȱconcentrationȱ(1ȱ
ΐgȉLƺ1)ȱwasȱpreparedȱinȱFerticult®ȱmedium.ȱThisȱconcentrationȱofȱCeO2ȱNMsȱwasȱchosenȱ
becauseȱitȱwasȱtheȱlowestȱstudiedȱconcentrationȱresponsibleȱforȱsignificantȱDNAȱdamageȱ
inȱhumanȱandȱratȱspermȱcellsȱ[30].ȱ

MixtureȱofȱagedȱCeO2ȱNMsȱandȱBaP.ȱOneȱmicrogramȉLƺ1ȱofȱagedȱCeO2ȱNMsȱwasȱ
incubatedȱwithȱ1.13ȱΐmolȉLƺ1ȱBaPȱinȱabioticȱFerticult®ȱsupplementedȱwithȱ1%ȱS9ȱmixȱandȱ
1%ȱDMSOȱforȱ1ȱhȱatȱroomȱtemperatureȱ(RT)ȱpriorȱtoȱexposureȱtoȱtheȱcells.ȱToȱestimateȱtheȱ
stabilityȱofȱBaPȱinȱsupplementedȱFerticult®,ȱpureȱsuspensionsȱofȱBaPȱatȱ50ȱΐmolȉLƺ1ȱwereȱ
alsoȱincubatedȱwithoutȱNMsȱinȱsupplementedȱFerticult®,ȱcentrifugedȱ(1ȱhȱatȱ4000×ȱg),ȱorȱ
settledȱ(1ȱh),ȱandȱtheirȱsupernatantȱwasȱmeasuredȱbyȱUVȬvisȱspectrometryȱ(mySPECȱTwinȱ
UVȬvisȱ spectrometer,ȱVWR,ȱ ValȬdeȬMarne,ȱ France).ȱ Standardȱ curvesȱ obtainedȱ atȱ twoȱ
wavelengthsȱcorrespondingȱtoȱtheȱBaPȱsignalȱ(300ȱandȱ384ȱnm)ȱareȱprovidedȱinȱSupportingȱ
Information.ȱWeȱestimatedȱthatȱ30ȱ±ȱ6%ȱofȱtheȱBaPȱwasȱremovedȱfromȱtheȱsolutionȱjustȱbyȱ
1hȱ settlingȱ andȱ 57ȱ ±ȱ 11%ȱ byȱ 1hȱ centrifugation.ȱ Thisȱ couldȱ highlightȱ theȱ incompleteȱ
dissolutionȱbutȱalsoȱtoȱtheȱchemicalȱinstabilityȱofȱBaPȱinȱtheseȱabioticȱconditionsȱrelatedȱtoȱ
itsȱhighȱ affinityȱ forȱ serumȱ componentsȱ (i.e.,ȱ asȱ albuminȱ inȱFerticult®)ȱ [47–50].ȱUVȬvisȱ
spectrometryȱwasȱusedȱ toȱestimateȱ theȱaffinityȱofȱBaPȱ forȱ theȱsurfaceȱofȱ theȱagedȱCeO2ȱ
NMsȱ inȱabioticȱconditions.ȱToȱbeȱ inȱ theȱdetectionȱrangeȱofȱ theȱapparatusȱ (seeȱstandardȱ
curvesȱinȱSupplementaryȱMaterials,ȱFigureȱS1),ȱ10ȱΐgȉLƺ1ȱagedȱCeO2ȱNMsȱwereȱmixedȱwithȱ
11.3ȱΐmolȉLȬ1ȱBaPȱ(similarȱ[CeO2]/[BaP]ȱratioȱofȱconcentrationȱtoȱthoseȱusedȱwithȱtheȱcells)ȱ
inȱ Ferticult®ȱmediumȱ supplementedȱwithȱ 1%ȱ S9ȱmixȱ andȱ 1%ȱDMSOȱ forȱ 1ȱ hȱ underȱ
mechanicalȱstirringȱatȱRT.ȱAfterȱ1ȱh,ȱtheȱsamplesȱwereȱcentrifugedȱ(1ȱhȱatȱ4000×ȱg),ȱandȱtheȱ
supernatantȱwasȱrecovered.ȱNoȱwashingȱstepȱwasȱperformedȱinȱorderȱtoȱaccessȱbothȱtheȱ
weakȱandȱstrongȱsurfaceȱaffinityȱofȱBaPȱforȱNMs.ȱTheȱabsorbanceȱcorrespondingȱtoȱBaPȱ
wasȱmeasuredȱinȱtheȱsupernatantȱbyȱUVȬvisȱatȱtwoȱwavelengthsȱ(300ȱandȱ384ȱnm).ȱTheȱ
percentageȱofȱBaPȱadsorbedȱatȱtheȱsurfaceȱofȱNMsȱwasȱestimatedȱtakingȱintoȱaccountȱtheȱ
BaPȱinstabilityȱinȱabioticȱFerticult®ȱ(withȱNMs)ȱfollowingȱcentrifugation.ȱ
2.2.ȱGameteȱCollectionȱ

Ratȱcumulus–oocytesȱcomplexȱ(COC)ȱcollection.ȱFemaleȱsuperovulationȱwasȱinducedȱ
inȱprepubescentȱratsȱbyȱanȱintraperitonealȱinjectionȱofȱpregnantȱmareȱserumȱgonadotropinȱ
(20ȱU.I.ȱPMSG)ȱonȱdayȱoneȱandȱhumanȱchorionicȱgonadotropinȱ(40ȱU.I.ȱHCG)ȱonȱdayȱthree.ȱ
Twelveȱhoursȱlater,ȱweȱcollectedȱoviductsȱcontainingȱoocytesȱsurroundedȱbyȱfollicleȱcellsȱ
afterȱcervicalȱdislocationȱeuthanasiaȱ[51].ȱOnceȱtheȱcellsȱfromȱeachȱoviductȱwereȱrecovered,ȱ
weȱleftȱthemȱequilibrateȱinȱFerticult®ȱmediumȱatȱ37ȱ°CȱandȱCO2ȱ5%ȱforȱ1ȱhȱ[46].ȱ

Ratȱspermȱcellȱcollection.ȱMaleȱratsȱwereȱpreviouslyȱanesthetizedȱ(Sevoflurane,ȱvolȱ%ȱ
8)ȱandȱthenȱeuthanizedȱwithȱaȱ10ȱmLȱinjectionȱofȱDolethal.ȱAfterȱsacrifice,ȱweȱcollectedȱ
andȱcutȱtheȱepididymisȱtoȱallowȱtheȱexitȱofȱspermȱintoȱHTFȬBSAȱcultureȱmediumȱ(Humanȱ
Tubalȱ Fluid,ȱMillipore,ȱ StȬQuentinȬenȬYvelines,ȱ France,ȱwithȱ 0.4%ȱ BSA:ȱ Bovineȱ Serumȱ
Albumin,ȱSigmaȬAldrich,ȱSt.ȱQuentinȬFallavier,ȱFrance)ȱforȱ1ȱhȱatȱ37ȱ°CȱandȱCO2ȱ5%ȱunderȱ
mineralȱoilȱ(SigmaȬAldrich®,ȱFrance)ȱ[30].ȱ

Humanȱspermȱcollection.ȱWeȱusedȱfrozenȱhumanȱspermȱfromȱhealthyȱfertileȱdonors.ȱ
Afterȱthawing,ȱweȱaliquotedȱtheȱpreparationȱandȱcentrifugedȱitȱforȱ10ȱminutesȱatȱ420×ȱg.ȱ
Theȱ supernatantsȱwereȱ discarded,ȱ andȱ theȱ pelletsȱwereȱ exposedȱ toȱ variousȱ exposureȱ
conditionsȱ[30].ȱ
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2.3.ȱEthicalȱAuthorizationȱ
EthicalȱauthorizationȱforȱanimalȱsamplingȱofȱgametesȱwasȱobtainedȱfromȱtheȱNationalȱ

EthicsȱCommitteeȱonȱAnimalȱExperimentationȱ(2018061110211950ȬV2ȱ#15447).ȱWeȱusedȱ
SpragueȬDawleyȱ rats,ȱOncinsȱ Franceȱ StrainȱAȱ (623OFA),ȱwhichȱwereȱpurchasedȱ fromȱ
CharlesȱRiverȱLaboratoriesȱ (Lyon,ȱ France).ȱ Sexuallyȱmatureȱ 60ȬdayȬoldȱmaleȱ ratsȱ andȱ
prepubescentȱ26ȬdayȬoldȱfemaleȱratsȱwereȱhousedȱwithȱfreeȱaccessȱtoȱfoodȱandȱwaterȱuntilȱ
sacrifice.ȱ

HumanȱspermȱcellsȱwereȱpurchasedȱfromȱGERMETHEQUEȱBiobankȱ(BBȬ0033Ȭ00081ȱ
Marseille,ȱFrance);ȱinformedȱconsentȱwasȱobtainedȱfromȱeachȱdonorȱforȱtheȱinclusionȱofȱ
samplesȱinȱtheȱbiobankȱandȱforȱtheirȱuseȱinȱresearchȱexperimentsȱregardingȱhumanȱfertilityȱ
inȱ accordanceȱ withȱ theȱ 1975ȱ Helsinkiȱ Declarationȱ onȱ humanȱ experimentation.ȱ Theȱ
ScientificȱCommitteeȱapprovedȱtheȱpresentȱstudyȱdesignȱ(numberȱ20130102).ȱ

2.4.ȱGameteȱExposureȱandȱDNAȱDamageȱEvaluationȱbyȱtheȱCometȱAssayȱ
Weȱexposedȱhumanȱsperm,ȱratȱsperm,ȱandȱCOCsȱtoȱthreeȱexperimentalȱconditions:ȱ

(i)ȱagedȱCeO2ȱNMsȱatȱ1ȱΐgȉLƺ1ȱ(calledȱNMs);ȱ(ii)ȱBaPȱatȱ1.13ȱΐmolȉLƺ1ȱ(calledȱBaP);ȱ(iii)ȱagedȱ
CeO2ȱNMsȱatȱ1ȱΐgȉLƺ1ȱpreviouslyȱ incubatedȱwithȱ1.13ȱΐmolȉLƺ1ȱBaPȱ (calledȱNMs+BaP).ȱ
FertiCult®ȱmediumȱaloneȱandȱFerticult®ȱmediumȱcontainingȱ1%ȱS9ȱmixȱandȱ1%ȱDMSOȱ
wereȱusedȱasȱ theȱnegativeȱcontrolȱandȱ internalȱcontrolȱ(IC),ȱrespectively.ȱAsȱaȱprotocolȱ
verification,ȱweȱalsoȱexposedȱratȱspermȱcellsȱtoȱFerticult®ȱmediumȱ1%ȱS9ȱmix,ȱ1%ȱDMSO,ȱ
andȱCeO2ȱNMsȱ(1ȱΐgȉLƺ1)ȱ(seeȱSupplementaryȱMaterials,ȱFigureȱS2).ȱH2O2ȱ(110ȱΐmolȉLƺ1)ȱ
inȱFerticult®ȱmediumȱwasȱusedȱasȱaȱpositiveȱcontrol,ȱandȱ theȱH2O2ȱconcentrationȱwasȱ
chosenȱbasedȱonȱpreviousȱ studiesȱ [11,31,32].ȱAtȱ leastȱ threeȱdifferentȱexperimentsȱwereȱ
performedȱ forȱ eachȱ condition.ȱAfterȱ exposure,ȱweȱ recoveredȱallȱmotileȱ spermȱ cellsȱbyȱ
swimȬupȱ[8],ȱandȱweȱmeasuredȱspermȱviabilityȱbyȱeosinȬnigrosineȱstainingȱaccordingȱtoȱ
theȱWHOȱ(WHO,ȱ1999,ȱAppendixȱIV.2)ȱtechniqueȱ(100ȱcellsȱwereȱevaluatedȱperȱcondition).ȱ
Weȱ thenȱperformedȱ theȱalkalineȱcometȱassayȱaccordingȱ toȱ theȱprocedureȱdescribedȱbyȱ
Singhȱetȱal.ȱ(1988)ȱ[52]ȱandȱadaptedȱbyȱBaumgartnerȱetȱal.ȱ(2009)ȱ[53],ȱwhichȱhasȱalreadyȱ
beenȱdescribedȱinȱrefȱ[30,31].ȱDNAȱdamageȱwasȱquantifiedȱbyȱtheȱpercentageȱofȱDNAȱinȱ
theȱtailȱofȱ100ȱrandomlyȱselectedȱspermȱcellsȱfromȱeachȱtriplicateȱslideȱperȱconditionȱ(atȱ
leastȱ 300ȱ rawȱ valuesȱ analyzedȱ perȱ experiment,ȱ atȱ leastȱ 900ȱ inȱ totalȱ perȱ condition).ȱ
RegardingȱtheȱCOC,ȱweȱperformedȱaȱcometȱassayȱaccordingȱtoȱtheȱprotocolȱdescribedȱbyȱ
BerthelotȬRicouȱetȱal.ȱ(2011)ȱ[54]ȱandȱadaptedȱbyȱPréaubertȱetȱal.ȱ(2015)ȱ[32].ȱDNAȱdamageȱ
wasȱquantifiedȱbyȱOliveȱTailȱMomentȱ(OTM)ȱ[55]ȱinȱ2ȱreplicatedȱslidesȱofȱeachȱconditionȱ
perȱexperimentȱ(atȱleastȱ100ȱcumulusȱcellsȱperȱexperiment,ȱ300ȱinȱtotalȱperȱcondition,ȱandȱ
atȱleastȱ30ȱoocytesȱperȱexperiment,ȱ90ȱinȱtotalȱperȱcondition).ȱ

Theȱdataȱareȱpresentedȱasȱtheȱmediansȱofȱ%ȱtailȱDNAȱorȱoliveȱtailȱmomentȱ(OTM)ȱ
valuesȱwithȱ 1stȱ andȱ 3rdȱquartiles.ȱWeȱperformedȱ aȱ linearȱmixedȱmodelȱ analysisȱwithȱ
“condition”ȱ(exposureȱcondition)ȱasȱaȱfixedȱeffectȱandȱ“cells”ȱ(spermȱcells,ȱfollicleȱcells,ȱorȱ
oocytes)ȱwithinȱ theȱ replicateȱ slideȱ asȱ aȱ randomȱ effectȱ usingȱ theȱ linearȱmixedȱ effectsȱ
regressionȱ (LMER)ȱ functionȱ ofȱRȱ software,ȱ versionȱ 3.6.0ȱ (Rȱ Foundationȱ forȱ Statisticalȱ
Computing,ȱVienna,ȱAustria),ȱtoȱcompareȱDNAȱdamageȱamongȱtheȱvariousȱconditions.ȱ
Pairwiseȱ differencesȱ ofȱ leastȬsquareȱmeansȱ forȱ allȱ conditionsȱwereȱ postȱ hocȱ assessed.ȱ
Statisticalȱsignificanceȱwasȱsetȱatȱpȱ<ȱ0.05.ȱ
ȱ ȱ
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3.ȱResultsȱandȱDiscussionȱ
3.1.ȱDNAȱDamageȱinȱSpermȱCellsȱInducedȱbyȱAgedȱCeO2ȱNMsȱand/orȱBaPȱ

Inȱhumanȱandȱratȱspermȱcells,ȱaȱsignificantȱincreaseȱinȱDNAȱdamageȱwasȱobservedȱ
afterȱ1ȱhȱofȱinȱvitroȱexposureȱtoȱNMs+BaPȱversusȱthatȱinȱtheȱnegativeȱcontrolȱandȱNMsȱandȱ
BaPȱaloneȱgroupsȱ(pȱ<ȱ0.001)ȱ(Figureȱ1a,b,ȱTableȱ1).ȱItȱisȱnoteworthyȱthatȱallȱtheȱviabilityȱ
ratesȱwereȱoverȱtheȱnormalityȱthresholdȱasȱstatedȱbyȱtheȱWHOȱcriteriaȱ[56].ȱTheȱresultsȱareȱ
presentedȱasȱtheȱdistributionȱofȱmedianȱvaluesȱofȱtheȱ%ȱtailȱDNAȱwithȱ1stȱandȱ3rdȱquartilesȱ
obtainedȱfromȱthreeȱindependentȱexperiments.ȱTheseȱvaluesȱcouldȱinformȱaboutȱadditive,ȱ
synergistic,ȱorȱantagonisticȱeffectsȱwithinȱtheȱmixtureȱ[57].ȱInȱbothȱhumanȱandȱratȱspermȱ
cells,ȱ aȱ significantlyȱ higherȱ genotoxicityȱwasȱ detectedȱ afterȱ exposureȱ toȱ theȱNM+BaPȱ
mixtureȱcomparedȱtoȱtheȱtoxicityȱofȱsingleȱcontaminants,ȱhighlightingȱtheȱadditiveȱeffectsȱ
ofȱNMsȱandȱBaPȱwhenȱspermȱcellsȱareȱsimultaneouslyȱexposed.ȱ

ȱ
Figureȱ1.ȱEvaluationȱofȱDNAȱdamageȱusingȱtheȱcometȱassayȱfollowingȱinȱvitroȱexposureȱofȱhumanȱ(a)ȱandȱratȱspermȱ(b)ȱtoȱ
NMs+BaP.ȱTestedȱconcentrations:ȱNegativeȱcontrolȱ=ȱFigureȱ1.ȱS9ȱmix,ȱ1%ȱDMSO),ȱNMs:ȱagedȱCeO2ȱNMsȱatȱ1ȱΐgȉLƺ1;ȱBaP:ȱ
BaPȱatȱ1.13ȱΐmolȉLƺ1;ȱNMs+BaP:ȱagedȱCeO2ȱNMsȱatȱ1ȱΐgȉLƺ1ȱpreviouslyȱ incubatedȱwithȱ1.13ȱΐmolȉLƺ1ȱBaP.ȱpȱ<0.05,ȱ forȱ
differencesȱcomparedȱversusȱ*:ȱnegativeȱcontrolȱ(NEG);ȱ§:ȱvs.ȱNMs,ȱ£:ȱvs.ȱBaP.ȱ

Tableȱ1.ȱMedianȱvaluesȱofȱtheȱ%ȱtailȱDNAȱofȱeachȱconditionȱofȱthreeȱexperiments,ȱwithȱ1stȱandȱ3rdȱ
quartiles,ȱinȱratȱandȱhumanȱsperm.ȱ

ȱ
� RatȱSperm� HumanȱSperm�

Condition� MEDIANȱ
Values�

1stȱ
Quartile�

3rdȱ
Quartile�

MEDIANȱ
values�

1stȱ
Quartile�

3rdȱ
Quartile�

Negativeȱ
control� 4.9� 4.17� 5.3� 7.39� 6.27� 8.39�

ICȱ 4.34ȱ 3.73ȱ 6.4ȱ 7.49ȱ 7.20ȱ 8.99ȱ
NMsȱ 22.15ȱ 20.3ȱ 22.68ȱ 26.78ȱ 24.62ȱ 28.55ȱ
BaP� 11.64� 8.63� 14.99� 17.94� 15.64� 19.53�

NMs+BaP� 32.88� 26.57� 35.44� 34.19� 31.4� 36.06�

NMsȱ andȱ BaPȱ areȱ knownȱ toȱ individuallyȱ induceȱDNAȱ damageȱ onȱ spermȱ cells,ȱ
resultingȱ inȱ adverseȱ effectsȱ onȱ theȱ fertilizationȱ rateȱ [32]ȱ andȱ spermȱ nucleusȱ [8].ȱOurȱ
previousȱinȱvitroȱstudiesȱshowedȱaȱsignificantȱincreaseȱinȱDNAȱdamageȱinȱhumanȱspermȱ
afterȱexposureȱ toȱ10ȱΐgȉLƺ1ȱofȱpristineȱCeO2ȱNMs.ȱTheȱmechanismsȱofȱ theȱgenotoxicityȱ
wereȱ indirectlyȱ attributedȱ toȱ oxidativeȱ stressȱ viaȱ theȱ adjunctionȱ ofȱ anȱ antioxidantȱ (LȬ
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ergothioneine)ȱ inȱtheȱexposureȱmediumȱ[31].ȱWeȱalsoȱobservedȱaȱsignificantȱ increaseȱ inȱ
intracellularȱROSȱproductionȱ afterȱ inȱ vitroȱ exposureȱ toȱ 1ȱ ΐgȉLƺ1ȱofȱ agedȱCeO2ȱNMsȱ inȱ
humanȱspermȱcells.ȱThisȱenhancedȱoxidativeȱstressȱwasȱattributedȱtoȱaȱpotentialȱreductiveȱ
dissolutionȱofȱCe(IV)ȱinȱtheȱvicinityȱofȱtheȱplasmaȱmembraneȱofȱtheȱcellsȱintoȱCe(III)ȱwithȱ
proȬoxidantȱabilitiesȱ [30].ȱ Itȱ isȱnoteworthyȱ thatȱCeO2ȱNMȱ internalizationȱwithinȱ spermȱ
cellsȱwasȱneverȱobservedȱunderȱanyȱexposureȱconditionȱ[30,31].ȱ

Conversely,ȱitȱisȱwellȱknownȱthatȱBaPȱdirectlyȱpenetratesȱspermȱcells.ȱItsȱmetabolismȱ
involvesȱtheȱactivationȱofȱtheȱarylȱhydrocarbonȱreceptor,ȱwhichȱincreasesȱtheȱexpressionȱ
ofȱcytochromeȱP450ȱ1A1ȱandȱ1B1,ȱfollowedȱbyȱtheȱgenerationȱofȱreactiveȱmetabolitesȱ(4,5Ȭ
diol,ȱ7,8Ȭdiol,ȱandȱ9,10Ȭdiol).ȱAfterȱtheȱreactiveȱbayȱregion,ȱdiolȱepoxideȱmayȱcovalentlyȱ
bindȱtoȱDNAȱandȱotherȱcellularȱmacromolecules,ȱwhichȱinitiateȱitsȱtoxicity,ȱmutagenesis,ȱ
andȱcarcinogenesisȱ[58].ȱBaPȱexposureȱinȱhumanȱisȱassociatedȱwithȱBPDEȬDNAȱadductsȱ
andȱ ROSȱ productionȱ inȱ spermȱ [8,20,59–62].ȱ Moreover,ȱ Zhangȱ etȱ al.ȱ (2019)ȱ recentlyȱ
demonstratedȱ thatȱ inȱ vivoȱ exposureȱ toȱ BaPȱ canȱ alsoȱ significantlyȱ changeȱ theȱ DNAȱ
methylationȱ ofȱ ratȱ sperm,ȱmainlyȱ throughȱ hypomethylationȱ [63].ȱ Theseȱ changesȱ areȱ
associatedȱwithȱalterationsȱinȱembryonicȱandȱreproductiveȱsystemȱdevelopmentȱandȱwithȱ
manyȱgeneticȱdiseases,ȱbutȱitȱisȱstillȱnotȱunderstoodȱwhetherȱtheseȱepigeneticȱchangesȱareȱ
transgenerationalȱandȱcanȱthenȱbeȱtransmittedȱtoȱoffspringȱ[63].ȱ

Fewȱrecentȱ toxicologicalȱstudiesȱhaveȱstartedȱconsideringȱ theȱcoȬexposureȱ toȱNMsȱ
andȱotherȱcontaminantsȱ[57].ȱForȱinstance,ȱAswetoȱetȱal.ȱ(2017)ȱshowedȱforȱtheȱfirstȱtimeȱaȱ
synergisticȱ interactionȱ betweenȱ SiȬbasedȱ NMsȱ andȱ BaPȱ involvedȱ inȱ enhancingȱ theirȱ
individualȱ toxicityȱ afterȱ inȱ vitroȱ coȬexposureȱ ofȱ endothelialȱ cells.ȱ Itȱ causesȱ excessiveȱ
oxidativeȱstress,ȱleadingȱtoȱDNAȱdamage,ȱcellȱcycleȱarrest,ȱandȱapoptosisȱ[35].ȱHerein,ȱweȱ
assessedȱwhetherȱ theȱphysicochemicalȱ interactionsȱ betweenȱBaPȱ andȱ agedȱCeO2ȱNMsȱ
mightȱmodifyȱtheȱbehaviorȱofȱBaPȱunderȱabioticȱconditionsȱusingȱUVȬvisȱspectrometry.ȱ
Forȱ [CeO2]ȱoverȱaȱ [BaP]ȱratioȱofȱconcentrationsȱsimilarȱ toȱ thatȱusedȱwithȱ theȱcellsȱ (11.3ȱ
ΐmolȉLƺ1ȱBaPȱforȱ10ȱΐgȉLƺ1ȱCeO2ȱNMs),ȱweȱestimatedȱthatȱ44ȱ±ȱ9%ȱofȱBaPȱinteractedȱwithȱ
theȱsurfaceȱofȱtheȱNMs.ȱThisȱaffinityȱisȱinȱagreementȱwithȱpreviousȱstudiesȱshowingȱtheȱ
effectȱ ofȱ ultrafine,ȱ airborne,ȱ carrierȱ (nano)particlesȱ onȱ theȱ deposition,ȱ retention,ȱ andȱ
biologicalȱfateȱofȱPAHsȱ[64–67].ȱHerein,ȱweȱdemonstratedȱthatȱcoȬexposureȱtoȱagedȱCeO2ȱ
NMsȱandȱBaPȱadditivelyȱimpactȱspermȱcells.ȱConsequently,ȱtheȱpotentialȱaffinityȱofȱtheȱ
BaPȱforȱtheȱCeO2ȱNMsȱsurfaceȱobservedȱinȱabioticȱmediaȱdidȱnotȱimpactȱtheȱtoxicity.ȱThisȱ
couldȱbeȱeitherȱattributedȱtoȱ theȱBaPȱdesorptionȱ fromȱ theȱCeO2ȱNMsȱsurfaceȱrelatedȱ toȱ
reductiveȱdissolutionȱofȱnanocrystallineȱCe(IV)O2ȱ intoȱCe(III)ȱatȱ theȱvicinityȱofȱ theȱcellȱ
membraneȱ[30],ȱbutȱalsoȱtoȱtheȱlimitedȱnumberȱofȱBaPȱbindingȱsitesȱatȱtheȱsurfaceȱofȱtheȱ
spermȱcellsȱandȱtoȱtheȱlimitedȱcapacityȱofȱtheȱconstitutiveȱCYP1Aȱ(cytochromeȱP4501A)ȱ
enzymaticȱactivityȱinȱspermȱ[47].ȱ

3.2.ȱDNAȱDamageȱinȱCOCsȱInducedȱbyȱAgedȱCeO2ȱNMsȱand/orȱBaPȱ

InteractionsȱandȱcloseȱcommunicationȱbetweenȱcumulusȱcellsȱandȱoocytesȱinȱCOCsȱ
areȱcriticallyȱimportantȱforȱoocyteȱmaturationȱandȱquality.ȱCumulusȱcellsȱareȱparticularlyȱ
sensitiveȱ toȱexogenousȱcontaminantsȱ [68]ȱandȱprovideȱoocyteȱprotectionȱagainstȱ shortȬ
livedȱperturbationsȱinȱtheȱsurroundingȱenvironmentȱ[69–71].ȱ

Inȱratȱcumulusȱcells,ȱsignificantlyȱhigherȱDNAȱdamageȱwasȱobservedȱafterȱ1ȱhȱofȱinȱ
vitroȱexposureȱtoȱtheȱNMs+BaPȱmixtureȱcomparedȱtoȱtheȱnegativeȱcontrol,ȱNMsȱalone,ȱandȱ
BaPȱaloneȱ(pȱ<ȱ0.001)ȱ(Figureȱ2aȱandȱTableȱ2).ȱTheȱresultsȱareȱpresentedȱasȱtheȱdistributionȱ
ofȱmedianȱvaluesȱofȱOTMȱwithȱ1stȱandȱ3rdȱquartilesȱobtainedȱ fromȱ threeȱ independentȱ
experiments.ȱTheȱsignificantlyȱdifferentȱtoxicitiesȱobservedȱafterȱexposureȱtoȱtheȱNM+BaPȱ
mixtureȱhighlightȱtheȱadditiveȱeffectȱofȱNMsȱandȱBaPȱuponȱcoȬexposureȱtoȱCCs.ȱ
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Figureȱ2.ȱEvaluationȱofȱDNAȱdamageȱusingȱtheȱcometȱassayȱfollowingȱinȱvitroȱexposureȱofȱratȱcumulusȱcellsȱ(a)ȱandȱoocytesȱ
(b)ȱtoȱNMs+BaP.ȱTestedȱconcentrations:ȱnegativeȱcontrolȱ=ȱFerticult®ȱmedium,ȱICȱ=ȱinternȱcontrolȱ(Ferticult®ȱ1%ȱS9ȱmix,ȱ
1%ȱDMSO),ȱNMs:ȱagedȱCeO2ȱNMsȱatȱ1ȱΐgȉLƺ1;ȱBaP:ȱBaPȱatȱ1.13ȱΐmolȉLƺ1;ȱNMs+BaP:ȱagedȱCeO2ȱNMsȱatȱ1ȱΐgȉLƺ1ȱpreviouslyȱ
incubatedȱwithȱ1.13ȱΐmolȉLƺ1ȱBaP.ȱpȱ<0.05,ȱforȱdifferencesȱcomparedȱversusȱ*:ȱnegativeȱcontrolȱ(NEG);ȱ§:ȱvs.ȱNMs,ȱ£:ȱvs.ȱ
BaP.ȱ

Tableȱ2.ȱMedianȱvaluesȱofȱ%ȱoliveȱtailȱmomentȱ(OTM)ȱofȱeachȱconditionȱofȱthreeȱexperiments,ȱwithȱ
1°ȱandȱ3°ȱquartiles,ȱinȱcumulus–oocytesȱcomplexesȱ(COCs).ȱ

� ȱ ȱ Ratȱcumulusȱcells� ȱ ȱ Ratȱoocytes�

Condition� MEDIANȱ
valuesȱ �

1stȱ
Quartile�

3rdȱ
Quartile�

MEDIANȱ
valuesȱ �

1stȱ
Quartile�

3rdȱ
Quartile�

Negativeȱ
control� 0.46� 0.43� 0.62� 0.3� 0.17� 0.58�

ICȱ 0.51ȱ 0.33ȱ 0.70ȱ 0.39ȱ 0.20ȱ 1.23ȱ
NMsȱ 2.49ȱ 2ȱ 4.64ȱ 9.12ȱ 4.8ȱ 10.07ȱ
BaP� 2.04� 1.46� 2.92� 4.3� 3.12� 5.68�

NMs+BaP� 5.99� 5.44� 7.26� 7.22� 4.74� 9.5�

Itȱ isȱwellȱknownȱ thatȱBaPȱmetabolitesȱ impairȱ follicleȱgrowthȱ inȱ vitroȱ andȱ increaseȱ
primordialȱ follicleȱ atresiaȱ throughȱ theȱ inductionȱofȱ apoptosisȱ [72–75].ȱ Siddiqueȱ etȱ al.ȱ
(2013)ȱdemonstratedȱ thatȱ inȱvitroȱexposureȱ toȱBaPȱ [1.5–45ȱ ΐgȉL–1]ȱ forȱ13ȱdaysȱ inducesȱ
oxidativeȱstressȱinȱcumulusȱcells,ȱhighlightedȱbyȱaȱsignificantȱincreaseȱinȱ8ȬOHȬdG,ȱwhichȱ
isȱ aȱ generalȱ biomarkerȱ ofȱ cellularȱ oxidativeȱ stressȱ andȱDNAȱ oxidativeȱ damageȱ [76].ȱ
Einaudiȱ etȱ al.ȱ (2014)ȱ showedȱ aȱ significantȱ increaseȱ inȱDNAȱdamageȱ andȱBPDEȬDNAȱ
adductsȱinȱcumulusȱcellsȱafterȱinȱvivoȱexposureȱtoȱaȱsingleȱdoseȱofȱBaPȱ[13ȱmg/kgȱbodyȱ
weight]ȱ [11].ȱTheyȱobservedȱBaPȬinducedȱgenotoxicityȱ [11],ȱwhichȱwasȱ relatedȱ toȱ theȱ
differentȱfollicleȱmaturationȱstagesȱ[77–79].ȱConversely,ȱthereȱ isȱstillȱaȱ largeȱgapȱ inȱtheȱ
literatureȱregardingȱtheȱpotentialȱeffectȱinducedȱbyȱNMsȱexposureȱonȱcumulusȱcells.ȱAȱ
fewȱpreviousȱstudiesȱreportedȱaȱsignificantȱdoseȬdependentȱgenotoxicityȱinȱcumulusȱcellsȱ
exposedȱinȱvitroȱtoȱ2.103ȱtoȱ1ȉ105ȱΐgȉLƺ1ȱpristineȱNMs,ȱlikelyȱrelatedȱtoȱoxidativeȱstressȱ[33].ȱ
Moreover,ȱduringȱinȱvitroȱexposureȱofȱCOCsȱtoȱNMs,ȱCourbiereȱetȱal.ȱ(2013)ȱshowedȱtheȱ
abilityȱofȱcumulusȱcellsȱtoȱinternalizeȱpristineȱCeO2ȱNMsȱ(~8ȱnm)ȱbyȱendosomalȱtrappingȱ
afterȱ inȱvitroȱexposureȱtoȱ10ȉ104ȱΐgȉLƺ1ȱCeO2ȱNMsȱ[32,33].ȱBasedȱonȱthisȱinternalizationȱ
andȱ contraryȱ toȱ theȱ caseȱofȱ spermȱ cells,ȱ aȱ soȬcalledȱ “Trojanȱhorseȱ effect”ȱ couldȱhaveȱ
occurredȱinȱcumulusȱcells.ȱIndeed,ȱmetalȱoxideȱNMsȱhaveȱalreadyȱbeenȱshownȱtoȱenhanceȱ
theȱ toxicityȱ ofȱ contaminantsȱ adsorbedȱ onȱ theirȱ surfaceȱ viaȱ modificationȱ ofȱ theirȱ
bioavailabilityȱ [57].ȱHowever,ȱFigureȱ2aȱshowsȱ thatȱdespiteȱ theȱaffinityȱofȱBaPȱ forȱ theȱ
surfaceȱofȱagedȱCeO2ȱNMs,ȱcoȬexposureȱtoȱNMsȱandȱBaPȱresultedȱinȱadditiveȱgenotoxicityȱ
ofȱtheȱtwoȱsingleȱcontaminantsȱtowardsȱcumulus.ȱConsequently,ȱnoȱTrojanȱhorseȱeffectȱ
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modifyingȱ theȱ toxicityȱ ofȱ BaPȱ orȱ agedȱ CeO2ȱ NMsȱ hasȱ beenȱ observedȱ underȱ ourȱ
experimentalȱconditions.ȱ

Inȱ ratȱ oocytes,ȱweȱ detectedȱ aȱ significantȱ increaseȱ inȱDNAȱ damageȱ afterȱ inȱ vitroȱ
exposureȱ toȱNMs+BaPȱ comparedȱ toȱ theȱnegativeȱ controlȱandȱBaPȱaloneȱ (pȱ<ȱ0.001).ȱ Inȱ
contrastȱ toȱ spermȱandȱ cumulusȱ cells,ȱweȱdidȱnotȱobserveȱanyȱ significantȱdifferenceȱ inȱ
NMs+BaPȱexposureȱversusȱNMsȱaloneȱ(pȱ>ȱ0.05)ȱ(Figureȱ2b,ȱTableȱ2).ȱThisȱresultȱdidȱnotȱ
highlightȱanyȱadditiveȱeffectȱwhenȱoocytesȱwereȱcoȬexposedȱtoȱNMsȱandȱBaP.ȱTheȱresultsȱ
areȱpresentedȱasȱ theȱdistributionȱofȱmedianȱvaluesȱofȱOTMȱwithȱ1stȱandȱ3rdȱquartilesȱ
obtainedȱfromȱthreeȱindependentȱexperiments.ȱ

Fewȱ studiesȱ haveȱ exploredȱ theȱ effectȱ ofȱ CeO2ȱ NMsȱ onȱ oocytes.ȱ Inȱ mouseȱ theȱ
genotoxicityȱinducedȱatȱ10ȱΐgȉLƺ1ȱofȱpristineȱCeO2ȱNMȱwasȱattributedȱtoȱoxidativeȱstressȱ
[32].ȱDespiteȱ theȱprotectionȱofȱ theȱzonaȱpellucida,ȱTEMȱanalysisȱshowedȱpristineȱCeO2ȱ
NMsȱinȱtheȱperivitellineȱspaceȱ(betweenȱtheȱplasmaȱmembraneȱandȱtheȱzonaȱpellucida)ȱ
afterȱ inȱ vitroȱ exposureȱ toȱ 10ȉ104ȱ ΐgȉLƺ1ȱ [32],ȱ highlightingȱ theȱ incompleteȱ protectionȱ ofȱ
cumulusȱcellsȱagainstȱcontaminants.ȱRegardingȱBaPȱtoxicityȱtowardsȱoocytes,ȱitȱhasȱbeenȱ
shownȱthatȱtheȱovaryȱpossessesȱtheȱabilityȱtoȱmetabolicallyȱprocessȱBaPȱandȱobtainȱmoreȱ
reactiveȱ intermediatesȱ [80,81].ȱTheȱgenerationȱofȱ theseȱmetabolitesȱ isȱofȱ importance,ȱasȱ
theyȱareȱcapableȱofȱinducingȱcellularȱtoxicityȱthroughȱtheȱproductionȱofȱROSȱandȱoxidativeȱ
DNAȱdamageȱ[82],ȱwhichȱhasȱbeenȱlinkedȱtoȱBaPȬinducedȱsubfertilityȱ[83].ȱRekhadeviȱetȱ
al.ȱ(2014)ȱdemonstratedȱthatȱinȱvitroȱexposureȱofȱhumanȱovarianȱsubcellularȱfractionsȱtoȱ1ȱ
andȱ3ȱ ΐmolȉLƺ1ȱBaPȱ inducesȱmetaboliteȱ accumulation,ȱwhichȱ contributesȱ toȱprematureȱ
ovarianȱfailureȱ[80].ȱAnȱinȱvivoȱstudyȱshowedȱthatȱBaPȱoralȱexposureȱinducedȱoxidativeȱ
stressȱwithȱanȱincreasedȱlevelȱofȱROSȱandȱapoptosisȱinȱcumulusȬdenudedȱoocytesȱinȱmiceȱ
afterȱadministrationȱofȱBaPȱ(10,ȱ20,ȱorȱ40ȱmg/kgȱbodyȱweightȱperȱdayȱforȱ10ȱd),ȱhighlightingȱ
thatȱoxidativeȱ stressȱ isȱoneȱofȱ theȱmechanismsȱ responsibleȱ forȱBaPȱmetaboliteȬinducedȱ
toxicityȱ[84].ȱAdditionally,ȱEinaudiȱetȱal.ȱ(2014)ȱalsoȱdetectedȱaȱsignificantȱincreaseȱinȱDNAȱ
damageȱ inȱmouseȱoocytesȱafterȱoralȱ inȱvivoȱexposureȱtoȱaȱsingleȱdoseȱofȱBaPȱ(13ȱmg/kgȱ
bodyȱweight)ȱdependingȱonȱtheȱmaturationȱstagesȱ[11].ȱTheȱlowerȱsensitivityȱofȱmatureȱ
oocytesȱ(exposedȱinȱantralȱfollicles)ȱtoȱBaPȬinducedȱDNAȱdamageȱcouldȱbeȱdueȱtoȱoocytesȱ
thatȱhaveȱreachedȱtheȱnuclearȱmaturityȱrequiredȱtoȱrepairȱDNAȱdamageȱ[77–79].ȱItȱhasȱ
beenȱ shownȱ thatȱ evenȱ theȱ zonaȱ pellucidaȱ protectsȱ theȱ oocytes,ȱ excludingȱ someȱ
contaminantsȱ[85];ȱmostȱbiologicallyȱactiveȱmoleculesȱcanȱpassȱthroughȱindependentlyȱofȱ
theȱdevelopmentalȱstageȱ[86].ȱ

Herein,ȱweȱdemonstratedȱ thatȱNMs+BaPȱ exposureȱofȱoocytesȱdidȱnotȱ induceȱanyȱ
additiveȱ effectȱ comparedȱ toȱNMsȱexposureȱalone,ȱ contraryȱ toȱwhatȱweȱobservedȱwithȱ
spermȱandȱcumulusȱcells.ȱThisȱresultȱcouldȱbeȱexplainedȱbyȱtheȱparticularȱarchitectureȱandȱ
biologyȱofȱCOCs.ȱFirst,ȱthereȱisȱstructuralȱprotectionȱaroundȱtheȱoocyteȱdueȱtoȱtheȱmultipleȱ
layersȱofȱzonaȱpellucidaȱandȱcumulusȱcellsȱ[87,88].ȱTheseȱprotectiveȱlayersȱareȱgatekeepersȱ
forȱ theȱ oocyteȱ [88,89]ȱ andȱ actȱ asȱ aȱ barrierȱ betweenȱ theȱ oocyteȱ andȱ theȱ extrafollicularȱ
environmentȱ[74,90,91],ȱwithȱcumulusȱcellsȱableȱtoȱselectȱandȱprocessȱtheȱmetabolitesȱthatȱ
oocyteȱwillȱ receiveȱ [89].ȱThisȱprotectionȱ limitsȱ theȱcontactȱbetweenȱCeO2ȱNMsȱandȱ theȱ
oocyteȱplasmaȱmembraneȱcomparedȱtoȱCeO2ȱNMsȱinteractionsȱwithȱspermȱandȱcumulusȱ
cells.ȱSecond,ȱinȱcontrastȱtoȱspermȱandȱcumulusȱcells,ȱoocytesȱhaveȱanȱefficientȱsystemȱtoȱ
repairȱaȱvarietyȱofȱDNAȱlesionsȱ[92].ȱDNAȱrepairȱactivityȱinȱtheȱzygoteȱandȱduringȱearlyȱ
developmentȱis,ȱbyȱdefinition,ȱofȱmaternalȱoriginȱ[93].ȱItȱisȱparticularlyȱimportantȱforȱgermȱ
cellsȱtoȱcorrectȱdamageȱtoȱtheirȱDNA,ȱtoȱavoidȱapoptosis,ȱandȱpreventȱtheȱtransmissionȱofȱ
geneticȱ mutationsȱ toȱ offspringȱ [90,94].ȱ Instead,ȱ spermȱ cellsȱ generallyȱ lackȱ cytosolicȱ
antioxidantsȱandȱfullyȱfunctionalȱDNAȱrepairȱmachinery,ȱasȱ theyȱonlyȱpossessȱ theȱfirstȱ
enzymeȱ inȱ theȱbaseȬexcisionȱrepairȱpathway,ȱOGG1,ȱwhichȱremovesȱ theȱoxidizedȱbase,ȱ
leavingȱaȱvulnerableȱabasicȱsiteȱ[91].ȱConsequently,ȱfollowingȱtheȱcoȬexposureȱofȱoocytes,ȱ
efficientȱsystemȱrepairȱprotectedȱtheȱcellsȱfromȱNMȬBaPȬinducedȱoxidativeȱDNAȱdamage,ȱ
thereforeȱresultingȱinȱaȱnonȬadditiveȱeffectȱofȱtheȱmixtureȱofȱcontaminants.ȱ

ȱ ȱ
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4.ȱConclusionsȱ
Drawingȱuponȱpreviousȱstudies,ȱweȱinvestigatedȱtheȱpotentialȱinteractionȱbetweenȱ

agedȱ CeO2ȱ NMsȱ andȱ BaPȱ andȱ theȱ consequentialȱ impactȱ onȱ reproductiveȱ cells.ȱ Weȱ
demonstratedȱadditiveȱ toxicȱeffectsȱofȱNM+BaPȱexposureȱonȱ spermȱandȱ cumulusȱ cellsȱ
comparedȱtoȱthoseȱgeneratedȱbyȱtheȱindividualȱpollutants.ȱHowever,ȱweȱdidȱnotȱshowȱanyȱ
additiveȱeffectȱinȱratȱoocytes.ȱThisȱwasȱattributedȱtoȱtheȱprotectionȱofȱtheȱoocyteȱbyȱtheȱ
cumulusȱcellsȱandȱtoȱtheȱoocyte’sȱefficientȱsystemȱtoȱrepairȱDNAȱdamageȱcomparedȱtoȱ
thatȱofȱcumulusȱandȱspermȱcells.ȱTheȱexposureȱofȱCOCsȱandȱ theȱsubsequentȱgenotoxicȱ
analysisȱbyȱtheȱcometȱassayȱofȱbothȱcellȱtypesȱseparatelyȱallowedȱusȱtoȱanalyzeȱtheȱimpactȱ
ofȱcumulusȱcellsȱonȱtheȱDNAȱdamageȱofȱoocytes,ȱwhichȱcompliesȱwithȱtheȱrealȱexposureȱ
conditions.ȱToȱ furtherȱunderstandȱ theȱ impactȱ ofȱ coȬexposureȱ onȱ reproduction,ȱ inȱ vivoȱ
studiesȱareȱrequired.ȱInȱvivo,ȱtheȱbehavior,ȱtheȱtimeȱexposure,ȱandȱfateȱofȱtheȱtwoȱpollutantsȱ
areȱexpectedȱtoȱbeȱdifferent,ȱwhichȱshouldȱaffectȱtheirȱbioavailability,ȱbioaccumulation,ȱ
andȱtoxicity.ȱ

5.ȱLimitationsȱandȱStrengthsȱ
OurȱstudyȱconsidersȱforȱtheȱfirstȱtimeȱaȱcoȬcontaminationȱscenarioȱofȱgermȱcellsȱthatȱ

isȱcloseȱtoȱtheȱrealȱconditionsȱinȱwhichȱhumansȱareȱlikelyȱexposedȱtoȱdifferentȱemissionsȱ
ofȱultrafineȱparticlesȱandȱmanyȱotherȱpollutants.ȱWeȱconsideredȱtheȱpotentialȱexposureȱofȱ
humanȱandȱratȱgametesȱtoȱtheȱcombinationȱofȱagedȱCeO2ȱNMsȱandȱBaP,ȱwhichȱareȱreleasedȱ
inȱtheȱatmosphereȱafterȱcombustionȱinȱaȱdieselȱengine.ȱTheȱCeO2ȱNMsȱusedȱinȱthisȱstudyȱ
areȱrepresentativeȱofȱnanoȬbasedȱdieselȱfuelȱadditivesȱlikelyȱreleasedȱbyȱcombustionȱinȱaȱ
dieselȱengineȱandȱtoȱwhichȱpeopleȱareȱpotentiallyȱexposedȱ[30].ȱEvenȱthoughȱthisȱstudyȱ
reflectsȱrealisticȱexposureȱconditionsȱbecauseȱofȱcoȬexposureȱtoȱlowȱconcentrationsȱofȱagedȱ
CeO2ȱNMsȱandȱBaP,ȱitȱisȱlimitedȱbyȱitsȱinȱvitroȱnature.ȱ
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