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Abstract:ThecombinedtoxicityofFe3O4nanoparticles(nano-Fe3O4)andCdCl2intheliverof
mice wasreported.Theorgancoefficient,histopathologicalchanges,serum biochemical
parametersandoxidativestressresponsesweredeterminedintheliverofmiceafteroral
administrationofnano-Fe3O4and/orCdCl2for7d.Theresultsshowthatnano-Fe3O4andCdCl2
mutuallycompetitivelyinhibitFeandCduptakeintheliver.Oralnano-Fe3O4(50mg/kgBW)
doesnotinduceobviousinjuryinmice.Incontrast,oralCdCl2(2.0 mg/kgBW)causes
signigicantoxidativedamageintheliver.Co-administration ofnano-Fe3O4 with CdCl2
significantlyattenuatesCdCl2-induceddamageintheliverthroughreductionofoxidativestress.
TheinhibitionofCd-induceddeprivationoftissueFeanddecreaseinCdaccumulationafterco-
administrationofnano-Fe3O4withCdCl2mightplaytwokeyrolesintheprotectiveeffectofnano-
Fe3O4onCdCl2-inducedoxidativedamage.Nano-Fe3O4maybeusedasaperfectMRIcontrast
agentanddrugcarrierforpatientswithCdpoisoning,sinceitnotonlyactsasanMRIcontrast
agentordrugcarrier,butalsosimultaneouslyattenuatesCd-inducedtoxicity.
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口服纳米四氧化三铁和氯化镉对小鼠肝脏的联合毒性

龚家春,张 燕,桂宗祥,胡婷婷,王晓琴,王子怡,徐小龙

(中国科学技术大学化学系,安徽合肥230026)

摘要:报道了纳米四氧化三铁和氯化镉对小鼠肝脏的联合毒性.在连续7d给小鼠灌胃给药纳米四氧化三

铁、氯化镉或二者混合物(纳米四氧化三铁+氯化镉)后,测定了肝脏的脏器系数、组织病理学变化、血清生化

参数和氧化应激反应.结果表明,纳米四氧化三铁和氯化镉会竞争性抑制小鼠肝脏对铁和镉的摄取.口服纳

米四氧化三铁(50mg/kg体重)没有对小鼠肝脏产生明显的毒性,而口服氯化镉(2.0mg/kg体重)对小鼠肝



脏产生显著的氧化应激损伤.同时口服纳米四氧化三铁与氯化镉后,纳米四氧化三铁能够显著降低由氯化镉

诱导的肝的氧化应激,从而显著减少氯化镉对肝脏的损伤.同时口服纳米四氧化三铁与氯化镉后,纳米四氧

化三铁不仅能显著减少镉在肝脏的积累,而且能抑制由镉引起的肝脏中铁的缺乏,这是纳米四氧化三铁保护

肝脏免遭氯化镉诱导氧化损伤的两个关键作用机制.纳米四氧化三铁可以作为镉中毒患者完美的磁共振造

影剂和药物载体,因为它在发挥磁共振造影剂和药物载体功能的同时,可以减少镉的毒性.
关键词:纳米四氧化三铁;镉;联合毒性;肝

0 Introduction
Withtherapiddevelopmentofnanotechnology

overthelastdecade,nanomaterialswithunique
physicochemicalpropertiessuchashighsurface
area,smallsizeandhighreactivityhavebeenused
invariousfieldsonaglobalscale.Thereis
increasingconcernaboutthepotentialrisk of
nanomaterialstohumanhealth[1].Amongawide
varietyofnanomaterials,magnetiteironoxide
nanoparticles (MION)have found extensive
biomedicalapplicationssuchassite-specificdrug
delivery,contrastagentsformagneticresonance
imaging (MRI),and hyperthermia[2]. The
complementaryfunctionsof MION asimaging
agentsandcarriersfordrugdeliveryareofhigh
clinicalsignificance.Withthewideapplicationsof
MION,muchresearchhasbeencarriedoutto
assessthetoxicityof MION,andtheresults
indicatethatMIONshowslowtoxicitiesinvitro
andinvivoexperiments[3].

Cadmium(Cd)isaubiquitouscontaminantof
thenaturalenvironmentanddietaryproducts[4]and
hasbeenrecognizedasoneofthetop20hazardous
substancesprioritylist[5].Theprimarysourcesof
cadmium exposure are cigarette smoke,food
intakeandambientair,particularlyinthevicinity
ofbattery,electroplating,pigmentandplastic
manufactories[6].ChronicexposuretoCdresultsin
accumulationofthemetalmainlyintheliverand
kidneys, while acute exposure leads to
accumulationofCdmainlyintheliver[7].When
theamountofCdintheliverandkidneysexceeds
thebindingcapabilityofmetallothionein (MT)
thathasahighaffinityforCd,thenon-MT-bound
Cd ions can induce reactive oxygen species

(ROS)[8],whichresultsinoxidativedeterioration
tolipids,proteins and DNA[9].Chronic Cd
exposureisresponsibleforawiderangeofhuman
diseasesrangingfrom cancer,hepatotoxicityto
severekidneyfailure[10].

WiththewideapplicationsofMIONandthe
ubiquitousCdcontamination,itisnecessaryto
identifythesynergisticeffectofco-exposureto
MIONandCdonhumanhealth.Thedevelopment
andclinicalapplicationofMIONasanMRIagent
andcarrierfordrugdeliveryhasincreasedthe
interestforevaluationofthesynergistictoxicityof
co-exposure to MION and Cd. Such an
investigation is critically important for the
applicationofFe3O4nanoparticles(nano-Fe3O4)in
clinicaldiagnosisandtherapyofCdpoisoning.
MIONaresuitablecandidatesasoraldeliveryof
therapeuticagentsandMRIcontrastagentsforthe
diseasesofthegastrointestinaltractorgans[11].
Theoralrouteisoneofthemainentryportalsfor
nanomaterialsandCdintothebody.Herein,we
investigatedthesynergisticacutetoxicityofnano-
Fe3O4andcadmiumchlorideinmicebyoralroute.
Theresultsindicatethattheco-exposuretonano-
Fe3O4andCdhasanegativecooperativeeffecton
thebiodistributionofbothFeandCd,andthat
nano-Fe3O4isabletoprotectagainsttheCdCl2-
inducedliverinjuryin mice.Therefore,nano-
Fe3O4maybeusedasanidealMRIcontrastagent
forpatientswithCdpoisoning.

1 Experimental
1.1 Materials

Nano-Fe3O4andbovineserumalbuminwere
purchasedfromSigma-Aldrich (StLouis,MO,
USA). Nano-Fe3O4 was characterized by
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transmission electron microscopy (JEM-2010,
JEOL Ltd,Japan). CdCl2 and nitric acid
(ultrapuregrade)werepurchasedfromShanghai
ChemicalReagentCo.Ltd.(Shanghai,China).
Allotherreagentsusedwereofanalyticalgrade
fromcommercialsources.
1.2 Animalsandtreatment

6~8weekoldmaleKunMingmice(21g±
2g,AnimalCenterofAnhuiMedicalUniversity)
werehousedinpolycarbonatecageswithfiltertops
understandardconditions(22℃±2℃;relative
humidityat55%±5%;12hlight/darkcycle).
Distilledwaterandsterilizedfoodformicewere
availableadlibitum.Theywereacclimatedtothe
environmentfor 5 d prior to dosing. All
experimentswereconductedinaccordancewiththe
guidelines of the University of Science and
TechnologyofChinaforthecareanduseof
laboratoryanimals.Micewererandomlydivided
intofourgroupswith8malemiceineachgroup:
controlgroup (treated withsaline)andthree
experimentalgroups(50mg/kgBWnano-Fe3O4,
2.0mg/kgBWCdCl2,50mg/kgBWnano-Fe3O4+
2.0mg/kgBWCdCl2).Wechosetoworkwith
thedosesofCdCl2(2.0mg/kgBW)thatwas
suggestedbyJurczuketal.[12]andJinetal.[13],
and nano-Fe3O4 (50 mg/kg BW)that was
suggestedbytheOECDguidelines420[14].Before
treatment,animalswerefastedovernight.Nano-
Fe3O4andCdCl2weresuspendedintophysiological
saline, respectively. The suspensions were
sonicatedfor25minat60W (KQ3200ultrasonic
cleaner, Kunshan Ultrasonic Instrument Co.,
Ltd.).Chemicals wereadministeredto miceby
intragastricfeedingrespectively,onceadayfor7
consecutivedays.Forco-administration,nano-
Fe3O4 were administered 2h before the
administration of CdCl2. The symptom and
mortalitywereobservedandrecordedcarefully
everyday.Afterthelastoraladministration,the
micewerefastedovernight.Afteranaesthetization
withether,thebloodsampleswerecollected,and
then the mice were sacrificed by cervical

dislocation.Thelivers were excised,washed
thoroughlywith95%saline,weighedandstoredat
-80℃.Thecoefficientoflivertobodyweightwas
calculatedastheratiooforgan(wetweight,mg)
tobodyweight(g).
1.3 FeandCdcontentanalysis

Thelivertissues(0.1~0.3g)wereweighed
anddigestedwithultrapurenitricacidovernight,
respectively.Thenthesolutionswereheatedat
120℃toremovetheremainingnitricaciduntil
they were colorless and clear.Finally,the
remainingsolutionsweredilutedto5mLwith2%
nitricacid.TheFeand Cdconcentrationsin
samplesolutionsweredeterminedbyinductively
coupled plasma-atomic emission spectrometry
(ICP-AES)(PerkinElmerCorporation,USA).
Datawereexpressedasmicrogramspergramfresh
tissue.
1.4 Biochemicalparameterassayofserum

Liverfunction wasevaluated with serum
levels of alanine aminotransferase (ALT),
aspartate aminotransferase (AST), alkaline
phosphatase (ALP), lactate dehydrogenase
(LDH),totalbilirubin (TBIL).Allserum
biochemical parameters were determined by
commercialkits(RocheLtd.,Switzerland)using
biochemicalautoanalyzer(Roche ModularDPP,
RocheLtd.,Switzerland).
1.5 Measurementofoxidativestressmakers

Theliver tissues were assayed for the
oxidativebiomarkersbytheconventionalmethods
as described previously[15]. The activities of
glutathione peroxidase (GPx), superoxide
dismutase (SOD),and the level of lipid
peroxidation product malondialdehyde (MDA)
weredeterminedusingcommercialkits(Nanjing
JianchengBioengInst.,Nanjing,China)following
themanufacturer’sprotocol.
1.6 Histopathologicalexamination

Forpathologicalstudies,allhistopathological
examinations were performed using standard
laboratoryprocedures.Thetissuesofliverwere
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sampled,immobilized in 10% formaldehyde
solution,embeddedinparaffinblocks,slicedinto
5mminthicknessandplacedontoglassslides.
Afterhematoxylin-eosin(HE)staining,theslides
wereobservedandthephotosweretakenusing
optical microscope (Nikon U-III Multi-point
SensorSystem,USA).
1.7 Statisticalanalysis

Allresultswereexpressedasmeans±SD.
Data wereanalyzedusingone-wayanalysisof
variance(ANOVA).Differenceswereconsidered
significantwhenp<0.05.

2 Results
2.1 Characterizationofnano-Fe3O4

Thesizeandmorphologyofnano-Fe3O4were
characterizedbyTEM (Fig.1).TheTEMimage
ofnano-Fe3O4revealedthattheparticleshadan
approximately spherical morphology with an
averagesizeofabout15.0nm±0.5nm.

Fig.1 TEMimageofnano-Fe3O4withamean
sizeof15.0nm±0.5nm

2.2 Effectsofco-administrationoncoefficientofliver
Duringthewholeexposure,themicewereall

atagrowthstate.Thedailybehaviorsuchas
eating,drinkingandactivityinthenano-Fe3O4
groupandthenano-Fe3O4+CdCl2groupwereas
normalasthecontrolgroup,whilethe mice
treated with CdCl2 alone exhibited passive
behaviorssuch asunwillingnessto moveand
depressionafteroraladministration.Fig.2showed
thenetweightincreaseandthecoefficientofthe
livertothebodyweight.Noobviousdifferences
werefoundinnetweightincreasebetweenthe
controlandnano-Fe3O4groups,whereasthenet
weight increase in the CdCl2 group was
significantlyreduced(p<0.05)comparedwith
thatofthecontrol.Interestingly,thenetweight
increaseinthenano-Fe3O4+ CdCl2 groupwas
similartothecontrol.Theseresultssuggested
thatCdCl2obviouslysloweddownthegrowthof
miceandnano-Fe3O4significantlyalleviatedthe
harmfuleffectofCdCl2.

Datawereshownasmean±SD,n=6.*p <0.05versusthecontrol

Fig.2 Theweightgain(a)andthelivercoefficients(b)
ofmiceafter7doraladministrationofnano-Fe3O4
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2.3 FeandCdcontentanalysis
Fig.3showedthecontentsofFeandCdinthe

liverof mice.Oralnano-Fe3O4 resultedina
significantincreaseinFecontentintheliver.In
contrast,oral CdCl2 resultedin asignificant
decreaseinFecontentintheliver.Inthenano-
Fe3O4 + CdCl2 group,thecontentofFewas
significantlylowerthanthenano-Fe3O4 group
(p<0.05).ThecontentsofCdinthecontrol
groupandthenano-Fe3O4groupwerebeyondthe
limitofdetectionofICP-AES.OralCdCl2resulted
inasignificantincreaseinCdcontentintheliver.
Inthenano-Fe3O4+CdCl2group,thecontentof
CdwassignificantlylowerthanthatoftheCdCl2
group(p<0.05).Theseresultsrevealedthatco-
administrationofnano-Fe3O4 withCdCl2 hada
negativecooperativeeffectontheuptakeofFeand
Cdintheliver.

Micewereorallyadministratedwithnano-Fe3O4and/orCdCl2for

7d.Resultswerepresentedasmean±SD,n=6.*p <0.05
versusthecontrol

Fig.3 ThecontentsofFe(a)andCd(b)inthe
livermeasuredwithICP-AES

2.4 Histopathologicalexamination
The histopathologicalphotomicrographs of

livertissueswereshowninFig.4.Therewereno
abnormalpathologicalchangesinthelivertissues
inthecontrolornano-Fe3O4group.However,in
the CdCl2 group,thepiecemealnecrosis was
observedinthelivertissue.Inthenano-Fe3O4+
CdCl2group,althoughafewhepatocytesshowed
hydropicdegeneration,nopiecemealnecrosiswas
observedinthelivertissue.Theresultsindicated
thatnano-Fe3O4canprotectthelivercellsfrom
CdCl2-inducedliverdamage.

(a)normallivertissueinthecontrolgroup;(b)thenano-Fe3O4
groupshowsnormallivertissue;(c)theCdCl2groupshowsthe
spottynecrosis(oval);(d)thenano-Fe3O4+CdCl2groupshows
thehydropicdegenerationofhepatocytes(arrows).

Fig.4 Histopathologicalsectionsofthelivertissueinmicefollowing
oraladministrationofnano-Fe3O4and/orCdCl2for7d

2.5 Biochemicalanalysisofliverfunction
Inordertofurtherevaluatetheprotectionof

Cd2+-induced hepatotoxicityin mice by nano-
Fe3O4,theserumbiochemicalparametersinthe
miceafteradministrationnano-Fe3O4and/orCdCl2
weredeterminedandshowninTab.1.Inthe
nano-Fe3O4 group,there were no significant
differences in all tested serum biochemical
parameterscompared withthecontrolgroup,
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exceptforaslightincreaseinASTlevel,revealing
thatoralnano-Fe3O4 didn’taffecttheliver
function.IntheCdCl2group,thelevelsofALT,
ASTandLDHsignificantlyincreased(p<0.05)
andthelevelofTBILsignificantlydecreased(p<
0.05)comparedwiththecontrolgroup,indicating
CdCl2-inducedhepaticinjury.Inthenano-Fe3O4+
CdCl2group,thelevelsofASTandLDHsignificantly

increased(p<0.05)comparedwiththecontrol
group.However,comparedwiththeCdCl2group,in
thenano-Fe3O4+CdCl2group,thereweresignificant
decreasesinthelevelsofALT,ASTandLDH,anda
significantincreaseinthelevelofTBIL,suggesting
thatnano-Fe3O4significantlyattenuatedCdCl2-induced
damageintheliver.

Tab.1 Themicewereorallyadministratedwithnano-Fe3O4

and/orCdCl2forsevenconsecutivedays

Indexes Control nano-Fe3O4 CdCl2 nano-Fe3O4+CdCl2
ALT/(U·L-1) 43.2±3.1 46.1±3.3 91.5±8.1* 48.7±4.2#

AST/(U·L-1) 87.4±6.2 102±8* 283±15* 121±4*#

ALP/(U·L-1) 92.7±5.4 95.3±8.4 98.6±5 96.1±4.2
LDH/(U·L-1) 781±62 832±56 1153±92* 898±73*#

TBIL/(μmol·L-1) 1.85±0.25 1.82±0.21 1.35±0.14* 1.65±0.19
[Note]Datawereexpressedasmean±SD(n=6).*p<0.05versusthecontrol;#p<0.05versustheCdCl2group.

2.6 Measurementofoxidativestressmakers
Theendogenousantioxidativeenzymes,SOD

andGPxintheliverweredeterminedafteroral
administrationofnano-Fe3O4and/orCdCl2for7
d.AsshowninFig.5(a)and(b),oralnano-
Fe3O4didn’tcausesignificantchangesinthe
activitiesofSODandGPx,suggestingthatoral
nano-Fe3O4didn’tinduceanobviousoxidative
stressintheliver.However,oralCdCl2caused
significantdecreasesintheactivitiesofSODand
GPx,suggesting that oral CdCl2 induced an
oxidativestressintheliver.Interestingly,the
activitiesofSODandGPxonlyslightlydecreased
inthenano-Fe3O4+CdCl2group,comparedwith
thecontrolgroup.Co-administration ofnano-
Fe3O4 with CdCl2 significantly increased the
activitiesofSODand GPxcompared withthe
CdCl2 group, indicating that nano-Fe3O4
significantly reduced CdCl2-induced oxidative
stressintheliver.

MDAistheproductoflipidperoxidation,
whichis one ofthe main manifestations of
oxidativedamage.AsshowninFig.5(c),oral
nano-Fe3O4didn’tcausesignificantchangesinthe
levelofMDA,suggestingthatoralnano-Fe3O4
didn’tinduceanobviousoxidativestressinthe

Datawereshownasmean±SD,n=6.
*p <0.05versusthecontrol;#p <0.05versustheCdCl2
group.

Fig.5 Theactivitiesofantioxidativeenzymes,SODandGPx
andthelevelofMDAintheliverofmiceafter

oraladministrationofnano-Fe3O4and/orCdCl2for7d
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liver.However,oralCdCl2 causedsignificant
increaseinthelevelofMDA,suggestingCdCl2-
inducedlipidperoxidationintheliver.Inthenano-
Fe3O4+CdCl2group,althoughthelevelofMDA
significantlyincreased(p<0.05)comparedwith
thecontrolgroup,co-administration ofnano-
Fe3O4withCdCl2significantlydecreasedthelevel
of MDA compared with the CdCl2 group,
indicatingthatnano-Fe3O4significantlyattenuated
CdCl2-inducedoxidativestressintheliver.

3 Discussion
Inthisstudy,weobservedthatoralnano-Fe3O4

didn’tcauseobvioushepatotoxicity.However,oral
CdCl2causedobviousoxidativeinjuryintheliver,as
indicatedbytheliverdysfunctionandhistopathological
abnormalities.Co-administrationofnano-Fe3O4with
CdCl2significantlyattenuatedCdCl2-induceddamagein
liver.

Interestingly,anegativecooperativeeffecton
theuptakeofFeandCdintheliverwasobserved
afterco-administrationofnano-Fe3O4withCdCl2.
Afteroraladministration,nano-Fe3O4andCdCl2
enteredthebloodbytheuptakeofgastrointestinal
tractandfurtherdistributedintodifferentorgans.
Cdintheliverisbelievedtobetakenupviadivalent
metaltransporter1 (DMT1),atransmembrane
proton-coupledFe2+transporter[16].DMT1transports
notonlyFe2+,butalsoothercationsincludingCd2+.
Thenegativecooperativeeffectsofnano-Fe3O4and
CdCl2onthebiodistributionsofFeandCdinthemice
suggestedthatFeandCdmutuallyinhibitedtheuptake
ofeachotherinacompetitivemannersincetheyshared
thesameuptakepathwayviaDMT1.Kwongetal.[17]

alsoshowedthatFe2+andCd2+competitivelyinhibited
theuptakeofeachotherinfishenterocytes.

TheprotectionofCdCl2-inducedhepatotoxicityin
micebynano-Fe3O4maybepartiallyattributedto
thereductionofCdaccumulationintheliverby
nano-Fe3O4. Fig.3(a) showed that oral
administrationofCdCl2significantlydecreasedthe
Felevelintheliver.Cdnotonlyinhibitedthe
uptakeofFeintheliver,butalsoreplacedFein
Fe-dependentenzymes and proteins[18],which

causedFedeficiencyanddisturbancesoftheFe
metabolism.Cd-inducedFedeficiencyinmiceis
consideredasamajoraspectofCdtoxicity[18-20].
TheFeleveldramaticallyincreasesintheliverof
themiceafterco-administrationofnano-Fe3O4
withCdCl2beinghigherthanthatoftheCdCl2
group(Fig.3(a)).TheincreaseinFeuptakeand
decreaseinthereplacementofFeinFe-dependent
proteinsbyCdafterco-administrationshouldbe
consideredasanotherkeymechanismunderlying
thenano-Fe3O4-mediatedprotectionofCdtoxicity.

Cd2+isreportedtoinduceoxidativestressin
theliver,whichcauseslipidperoxidation.The
activitiesofantioxidantenzymessuchasGPx,
SODareimportantindicatorsofoxidativestress.
Yalinetal.[21]reportedthattheactivitiesofSOD
decreasedafterasingle-doseinjectionofCdto
rats.WealsoobservedthattheactivitiesofSOD
and GPx in the liver decreased after oral
administrationofCdCl2.SODcontainsZnandCu
initsactivesite.TheCd-induceddecreaseinSOD
activityshouldbeaconsequenceofthereplacement
oftheZninSODbyCd[22].GPxcontainsaSe-Cys
residueatitsactivesite.ThereductioninGPx
activitymightbeduetotheinteractionoftheSeat
the active site of GPx with Cd[23]. Co-
administration of nano-Fe3O4 with CdCl2
significantlyincreasedtheSODandGPxactivities
compared with the CdCl2 group, which is
attributedtothereductionofCdaccumulationin
theliverbynano-Fe3O4.

4 Conclusion
Nano-Fe3O4hasanantagonisticeffectonCd-

inducedhepatotoxicityinmice.Co-administration
ofnano-Fe3O4withCdCl2hasnegativecooperative
effectsonthebiodistributionsofFeandCdinthe
liver.TheinhibitionofCd-induceddeprivationof
tissueFeandreductionofCdaccumulationin
tissuesafterco-administrationofnano-Fe3O4with
CdCl2 mayplaytwokeyrolesintheprotective
effectofnano-Fe3O4onCdCl2-inducedoxidative
damageinmice.Nano-Fe3O4 maybeusedasa
perfectMRIcontrastagentanddrugcarrierfor
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patientswithCdpoisoning,sinceitnotonlyacts
asanMRIcontrastagentordrugcarrier,butalso
simultaneouslyattenuatesCd-inducedtoxicity.
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