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Abstract:Synergistictoxicityfrom multipleenvironmentalpollutantsposesgreaterthreatto
humans.HereweevaluatedcombinedtoxicityofenvironmentpollutantsFe3O4nanoparticles
(nano-Fe3O4)andcadmiumchloride(CdCl2)inthesmallintestineofmice.Theresultsshowed
thatFe3O4nanoparticles(nano-Fe3O4)andCdCl2haveanegativesynergistictoxicityinthesmall
intestineofmice.Oralnano-Fe3O4didnotshowobvioustoxicityinthesmallintestineofmice.
Incontrast,oralCdCl2causedsignificantoxidativestressinthesmallintestineofmice.CdCl2-
inducedoxidativestressresultedininflammatoryresponseinthesmallintestineasindicatedby
thesignificantincreasesinthelevelsofcyclooxygenase-2andnitricoxidesynthaseaswellasthe
inflammatorycellinfiltrationinthesmallintestinaltissue.Co-exposuretonano-Fe3O4andCdCl2
significantlyattenuatedtheCdCl2-induceddamageinthesmallintestinethroughreductionof
oxidativestressandinflammatoryresponse.
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纳米四氧化三铁对氯化镉诱导小鼠小肠毒性的保护作用

王晓琴,张 燕,谭伟航,聂 楷,徐小龙
(中国科学技术大学化学系,安徽合肥230026)

摘要:环境中多种污染物的协同毒性对人类健康有很大威胁.本文报道了环境中污染物纳米四氧化三铁和
氯化镉对小鼠小肠的协同毒性.结果显示,纳米四氧化三铁和氯化镉对小鼠小肠有负协同毒性.口服纳米四
氧化三铁对小鼠小肠没有明显的毒性.相反,口服氯化镉引起小鼠小肠的氧化应激反应,该氧化应激进一步
导致小鼠小肠炎症反应,表现为小肠组织中两个炎症指标(环氧合酶和一氧化氮合成酶)水平显著升高和小
肠组织出现炎细胞浸润.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
导的小肠的氧化应激反应,从而显著减少氯化镉对小肠的损伤.纳米四氧化三铁和氯化镉在小肠组织中相
互竞争禁阻摄取,导致纳米四氧化三铁和氯化镉对小肠中铁和镉的含量有负的协同作用.纳米四氧化三铁
不仅能显著减少镉在小肠中积累,而且能抑制由镉引起的小肠中铁的缺乏,这是纳米四氧化三铁保护小肠
免遭氯化镉引起的氧化损伤的两个关键作用机制.因此,纳米四氧化三铁可以作为由镉引起肠道损伤患者
的口服磁共振造影剂和药物载体.
关键词:纳米四氧化三铁;镉;联合毒性;小肠

0 Introduction
Superparamagneticiron oxide nanoparticles

(SPION)with good magneticresponsiveness,
biocompatibility and low toxicity have been

extensivelyusedindiverseapplicationssuchas
hyperthermia, contrast agents for magnetic
resonanceimaginganddrugdelivery[1-2].Amonga
largenumberofmetaloxidenanoparticles,only
SPIONistheapprovedmagneticnanomaterialfor



theclinical use by the US Food and Drug
Administration[3].Inaddition,SPION hasbeen
widelyusedinconsumerproductsandindustrial
applications[4-7],andconsequently,theirrelease
intoandeventualaccumulationintheenvironment
continuetogrowexponentially.Asaresult,the
concentrationofironoxideswasfoundtobeas
highas12.8to44ng/LinEurope[8].Withthe
wideapplicationsofSPION,itspotentialriskto
thehealthofhumanisincreasing[9-11].Previous
studiesrevealedthattheSPIONhaslowtoxicityin
vivoandinvitro[12].

Cadmium(Cd)isaubiquitouspollutantofthe
dietary productsand naturalenvironment[13-14],
whichhasbeenlistedasoneoftheTopTwenty
HazardousSubstancesPrioritybytheAgencyfor
ToxicSubstancesandDiseaseRegistry[15-16].The
reportedCdconcentrationinindustrialwastewater
ishighas3707μg/LinSaudiArabia

[17]and970
μg/LinIndia

[18].TheCdconcentrationinsurface
waterisashighas14μg/LinSingapore

[19].Oral
exposuresto Cd2+ causeinjuriesinrespiratory
system,liver,kidney,skeleton,reproductive
system,andevencausecancer[[20].

WiththeubiquitousCdpollutionandthewide
applicationofSPION,itisofgreatnecessityto
investigatethecombinedtoxicityofSPIONandCd
in humans and animals. Our recent studies
revealedthatFe3O4 nanoparticles (nano-Fe3O4)
markedlyalleviated CdCl2-inducedinjuryinthe
kidney and liver of mice[21]. However,the
combinedtoxicityofnano-Fe3O4andCdCl2inthe
gastrointestinaltractofmiceisstillunclear.As
therapeuticagents,SPIONsweremostcommonly
administrated by oraldelivery[22-23].SPION is
suitablefororaldeliveryastheMRIcontrastagent
forthegastrointestinaltractorgan[24].Currently,
wearenotassuredthat whetherSPIONsare
suitablecandidatesasoraldeliveryofMRIcontrast
agentsforpatientswiththeCd-induceddiseasesof
thegastrointestinaltractorgans.

Inthisstudy,weinvestigatedthecombined
acutetoxicityofnano-Fe3O4andCdCl2inthesmall
intestineofmice.Thisinvestigationiscrucialfor
theapplicationsofSPIONinclinicaldiagnosisand
therapyofCdpoisoning.Theresultrevealsthat
co-administrationofCdCl2withnano-Fe3O4hasa
negativesynergisticeffectonthebiodistributions
ofFeandCdinthesmallintestine.Nano-Fe3O4
canpreventtheoxidativedamageofthesmall
intestineinducedbyCdCl2.

1 Experimental
1.1 Chemicals

Commercially available nano-Fe3O4 was
purchasedfrom Alfa Aesar (Ward Hill,MA,
USA). The JEM-2010 transmission electron
microscopy (JEOL Ltd,Japan)was usedto
characterizenano-Fe3O4.CdCl2wasobtainedfrom
SigmaChemicalCo.(St.Louis,USA).
1.2 Materials

MaleKunmingmice(23g±2g,7weeks)
were obtained from Animal Center of Anhui
MedicalUniversity(China).Allmicewereraised
under standard conditions[25]. All animal
experimentswerecarriedoutinaccordancewith
theguideline[16]ofUSTCfortheuseofanimals.
Mice wererandomlyassignedtofourgroups:
controlgroup(salinesolution),nano-Fe3O4group
(50mg/kgbodyweight(BW)),CdCl2group(2.0
mg/kgBW),andnano-Fe3O4+ CdCl2group(50
mg/kgBWnano-Fe3O4+ 2.0mg/kgBW CdCl2
group)(10malemicepergroup).Thechemicals
wereintragastricallyinjectedintomiceforseven
days.After7days,allmiceweresacrificedafter
anaesthetizationwithanintraperitonealinjectionof
20%urethanesolution(5mL/kgBW).Thesmall
intestinewasdissectedout.Theratioofthewet
weight(mg)ofthesmallintestinetobodyweight
(g) was calculated as the small intestine
coefficient.Throughouttheexperimentalperiod,
themicewereobserveddailyforthehealthstatus.
1.3 MeasurementofcontentsofCdandFeinthe

smallintestine
Following the previous method[26], an

OPTIMA 7300DV inductively coupled plasma-
atomic emission spectrometry (PerkinElmer,
USA)(ICP-AES)wasusedtodetectthecontents
ofCdandFeinthesmallintestine.
1.4 Histopathologicalexaminations

An IX-81 optical microscope (Olympus,
Japan)wasusedtoanalyzethehistopathological
sectionsofthesmallintestinetissuesfollowingthe
previousmethod[26].
1.5 Analysisofoxidativestress

Theactivitiesofsuperoxidedismutase(SOD)
andglutathioneperoxidase(GPx)andthelevelof
malondialdehyde(MDA)weredeterminedbythe
previousmethods[25].
1.6 Analysisofcytokineexpressions

Thelevelsofnitricoxidesynthase (iNOS)
andcyclooxygenase-2 (COX-2)inthetissuesof
thesmallintestineweremeasuredbyELISAusing
commercialkits(ShanghaiJianglaiBiotechnology
Co.,Ltd.,Shanghai,China),followingthe
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manufacturer’sinstructions.
1.7 Statisticalanalysis

One-wayanalysisofvariance(ANOVA)was
usedtoanalyzethedata.Thesignificanceof
differenceswassetatp<0.05foralltests.Data
wereshownasthemeanvalue±SD(n=10).

2 Results
2.1 Characterizationofnanoparticles

TEMwasusedtocharacterizethenano-Fe3O4
particlesize.Fig.1showsthattheparticleswere
uniforminsizesand well-dispersedandhadan
averagesizeof14.1nm ±2.6nm.

Fig.1 TEMimageofnano-Fe3O4withameansizeof14.1
nm ±2.6nm.(a)RepresentativeTEMimageand(b)size
distributionprofile.

2.2 Effectsofco-exposureonthecoefficientofthe
smallintestine
During the entire exposure period, no

abnormal daily activity and symptoms were
observedinallgroups,exceptforslightdiarrheain
themiceintheCdCl2group.Fig.2showsthatoral
nano-Fe3O4didnotinfluencethesmallintestine
coefficientsignificantlycomparedtothecontrol.In
theCdCl2 group,thecoefficientofthesmall
intestinewasmuchhigherthanthecontrol(p <
0.05),suggestingtheCdCl2-inducedinjuryinthe
organ.Interestingly,co-administrationofnano-

Fe3O4withCdCl2causedasignificantdecreasein
thesmallintestinecoefficientcomparedtothe
CdCl2group (p < 0.05),revealingthatnano-
Fe3O4greatlyattenuatedthetoxicityofCdCl2in
thesmallintestine.

Fig.2 Thesmallintestinecoefficientofthemiceafter
intragastricalinjectionofCdCl2 and/ornano-Fe3O4for7
days.Dataweredisplayedasmean±SD,n=10.*p<
0.05vs.thecontrolgroup.

2.3 Effectsofco-exposureonbiodistributionsofFe
andCdinthesmallintestine
Fig.3showedthecontentsofFeandCdinthe

small intestine of mice. Oral nano-Fe3O4
significantlyincreasedthecontentofFeinmouse
smallintestine.However,oralCdCl2 decreased
thecontentofFeinthesmallintestineofthe
mouse.Interestingly,theFecontentinthesmall
intestineofthemouseofthenano-Fe3O4+ CdCl2
groupwasmuchlowerthanthatinthenano-Fe3O4
group(p<0.05).TheCdcontentswerebeyond
thedetectionlimitofICP-AESinthenano-Fe3O4
groupandthecontrolgroup.IntheCdCl2group,
Cdcontentincreasedalotinthesmallintestine.
TheCdcontentinthesmallintestineinthenano-
Fe3O4+ CdCl2groupwasmuchlowerthanthe
CdCl2group (p<0.05).Theresultssuggested
thatco-administrationofCdCl2 withnano-Fe3O4
hadanegativecooperativeinfluenceontheuptake
ofCdandFeinthesmallintestineofthemouse.
2.4 Effectsofco-exposureonhistopathological

changesinsmallintestinaltissue
Fig. 4 shows the histopathological

photomicrographsofthesmallintestinaltissues.
Nopathologychangeswereobservedinthetissues
ofthesmallintestineinthenano-Fe3O4groupand
thecontrolgroup.However,theinflammatory
cellinfiltration(ellipse)andtheerosionandpartial
loss oftheintestinal glands (arrows) were
observedinthesmallintestinaltissueintheCdCl2
group.Theserioushistopathologicaldamagesin
thesmallintestineaftertheCdCl2treatmentmight
becorrelatedwiththehighaccumulationofCdin
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Fig.3 TheFecontent(a)andCdcontent(b)inmouse
small intestine are determined by ICP-AES after
intragastricalinjectionofCdCl2 and/ornano-Fe3O4for7
days.Dataweredisplayedasmean±SD,n=10.*p<
0.05vs.thecontrolgroup.

theorgan.Interestingly,afterco-exposureto
nano-Fe3O4andCdCl2,noobviousinflammatory
responseandinjurywereobservedinthesmall
intestinal tissue,indicating that nano-Fe3O4
markedlyreducedthetoxiceffectofCdCl2onthe
smallintestine.
2.5 Nano-Fe3O4reducedCdCl2-inducedoxidativestress

Oxidativestressinthesmallintestine was
detectedafter7days’oraladministrationofnano-
Fe3O4and/orCdCl2.Fig.5((a)and(b))shows
thatoralnano-Fe3O4hadnosignificanteffecton
theactivitiesofGPxandSOD,indicatingthatno
observableoxidativestresswasinducedbyoral
nano-Fe3O4inthesmallintestineofthemouse.
However,oralCdCl2resultedinmarkeddecreases
intheactivitiesofGPxandSOD,revealingthatan
oxidativestresswasinducedbyoralCdCl2inthe
smallintestine of the mouse.Interestingly,
comparedwiththeCdCl2group,theactivitiesof
GPxand SOD remarkablyincreased afterco-
administration of CdCl2 with nano-Fe3O4,
suggestingthattheCdCl2-inducedoxidativestress
inthesmallintestinewasconsiderablyreducedby
nano-Fe3O4.

Thelipidperoxidationproduct(MDA)isone
mainmanifestationofoxidativedamage.Fig.5(c)

Fig.4 Histopathologicsectionofthetissueofmousesmall
intestineafterintragastricalinjectionofCdCl2and/ornano-
Fe3O4for7days.(a)thenormaltissueofsmallintestineof
controlgroup;(b)thenormaltissueofsmallintestinein
thenano-Fe3O4 group;(b)theCdCl2 groupdisplaysthe
inflammatorycellinfiltration(ellipse)andtheerosionand
partiallossoftheintestinalglands(arrows);(d)thenano-
Fe3O4+ CdCl2groupshowsnormalsmallintestinetissue.

showsthatoralnano-Fe3O4hadnoeffectonthe
MDAlevel,indicatingthatoralnano-Fe3O4didn’t
resultinanobservableoxidativestressinthesmall
intestineofthemouse.However,theMDAlevel
increaseddrasticallyinthesmallintestinecaused
byoralCdCl2,indicatingthatCdCl2inducedalipid
peroxidationin smallintestine ofthe mouse.
ComparedwiththeCdCl2group,theMDAlevel
decreasedsharplyafterco-administrationofnano-
Fe3O4 with CdCl2,revealing thatthe CdCl2-
inducedoxidativestressinthesmallintestinewas
markedlyreducedbynano-Fe3O4.
2.6 Nano-Fe3O4reducedCdCl2-inducedinflammatory

response
Toanalyzethenano-Fe3O4andCdCl2-induced

inflammatory response, ELISA was used to
examinethelevelsofCOX-2andiNOS.Fig.6
showsthattheCOX-2andiNOSlevelsinthesmall
intestineofthemousedidnotchangeafteroral
administration of nano-Fe3O4 (p > 0.05),
suggestingthatoralnano-Fe3O4 didn’tinduce
inflammatory responsein the smallintestine.
However,oralCdCl2resultedinmarkedincreases
intheiNOS and COX-2levelsin the small
intestine, suggesting CdCl2-induced the
inflammatory responsein the smallintestine.
ComparedwiththeCdCl2 group,thelevelsof
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Fig.5 ThelevelofMDAandtheactivitiesofGPxand
SODinmousesmallintestineafterintragastricalinjection
of CdCl2 and/or nano-Fe3O4 for 7 days.Data were
displayedasmean ±SD,n=10.*p<0.05vs.the
controlgroup;#p<0.05vs.theCdCl2group.

COX-2andiNOSsignificantlydecreasedafterco-
administration of CdCl2 with nano-Fe3O4,
suggestingthatCdCl2-inducedtheinflammatory
responseinthesmallintestinewasgreatlyreduced
bynano-Fe3O4.

3 Discussion
Inthepresentstudy,thecombinedtoxicityof

co-exposuretonano-Fe3O4andCdCl2inthesmall
intestine of mice was determined. We
demonstratedthatco-exposuretoCdCl2andnano-
Fe3O4 hasanegativesynergisticeffectonthe
biodistributionofFeandCdinthesmallintestine.
CdinthesmallintestineistakenupbyaFe2+

transporter, divalent metal transporter 1
(DMT1)[27].DMT1transportsboth Fe2+ and
Cd2+. CdCl2 and nano-Fe3O4 have negative
cooperativeeffectonthebiodistributionofCdand

Fig.6 ChangesinCOX-2andiNOSlevelsinmouse
smallintestineafterintragastricalinjectionofCdCl2

and/ornano-Fe3O4for7days.Dataweredisplayedas
mean±SD,n=10.*p<0.05vs.thecontrolgroup;
#p<0.05vs.theCdCl2group.

Feinthesmallintestineofthemouse,suggesting
thatCdandFecompetitivelyinhibittheuptakeof
eachotherinthatbothsharethesameuptake
pathway through DMT1. This result is in
agreementwiththeotherreport,whichindicates
thatCd2+andFe2+inhibitcompetitivelytheuptake
ofeachotherintheintestinalepithelialcellsof
fish[28].

The histopathology results indicated that
nano-Fe3O4 markedlyprotectsagainsttheCdCl2-
inducedinjuryinthesmallintestine,whichmaybe
partially caused by the nano-Fe3O4-induced
decreaseinCdaccumulationintheorgan.Itis
notablethatalthoughtheCdaccumulationinthe
smallintestineofthemice,co-exposuretonano-
Fe3O4andCdCl2 wasstillmuchhigherthanthe
controlgroup co-exposure to nano-Fe3O4 and
CdCl2didnotinduceobviouspathologicalchanges
inthesmallintestine,suggestingthatbesidesthe
reductionofCdaccumulationinthesmallintestine
bynano-Fe3O4,anothermechanism maybealso
responsiblefortheprotectiveroleofnano-Fe3O4.
Fig.3(a)showsthatexposuretoCdCl2 markedly
decreasedthelevelofFeinmousesmallintestine.
CdnotonlyreplacedFeinFe-dependentprotein
andenzymebutalsoinhibitedFeuptakeinmouse
smallintestine[29],whichresultedinFedeficiency
aswellasdisturbedtheFemetabolism.Several
reportsindicatethatthe majorfeature of Cd
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toxicityinmiceisCd-inducedFedeficiency[29-31].
Co-exposuretonano-Fe3O4 and CdCl2 causesa
dramaticincreasein Felevelin mousesmall
intestine,theFelevelinwhichishigherthanthat
ofeithertheCdCl2 grouporthecontrolgroup
(Fig.3(a)).ThereductionoftheFesubstituentin
Fe-dependentproteinbyCdandtheincrementof
Feuptakeafterco-exposuremightbeanotherkey
mechanism for the protection of Cd toxicity
mediatedbynano-Fe3O4.

Exposuretonano-Fe3O4 didnotcausethe
oxidativestressinthesmallintestineof mice.
However,exposuretoCdCl2causedthesignificant
oxidativestressintheorgan.Theoxidativestress
couldbeattributedtothehighaccumulationofCd
inthesmallintestineafterexposuretoCdCl2.
SODcontainsZnandCuinitsactivesite.Znin
SODcanbereplacedbyCd,therebymakingthe
enzymeinactive[32].ThesubstitutionofZninSOD
byCdmightbethereasonforthereductionof
SODactivityinducedby Cd.ThereisSe-Cys
residueattheactivesiteofGPx.Cdcaninteract
withSetoformacomplexattheactivesiteand
disruptsGPxactivity[33].Thedecreasein GPx
activityshouldbecausedbytheinteractionofCd
withtheSeinGPx.CdCl2-inducedoxidativestress
causedlipidperoxidationinthesmallintestineas
indicatedbythesignificantincreaseinits MDA
level.ComparedwiththeCdCl2group,theGPx
andSODactivitiesapparentlyincreasedafterco-
administrationofCdCl2 withnano-Fe3O4,which
wascausedbynano-Fe3O4-inducedreductionofCd
accumulationinthesmallintestineofthemouse.

Oral nano-Fe3O4 did not induce the
inflammatoryresponseinthesmallintestine.Oral
CdCl2resultedinsignificantincreasesinthelevels
ofCOX-2andiNOSinthesmallintestinaltissue.
COX-2performsakeyroleintheinflammation
process,andtheoverexpressionofCOX-2isan
inflammationmarker[34].Betweenoxidativestress
andinflammation,COX-2servesasabridging
molecule.INOSisarate-limitationenzymewhich
isresponsibleforNOsynthesis.Ithasbeenshown
thattheincreaseofiNOSexpressionresultsinthe
productionofhighconcentrationofNO,which
stimulateslipidoxidation[35].Theoverexpression
ofCOX-2andiNOSinthesmallintestinereveals
thatthe oral CdCl2 inducestheinflammatory
responseinthesmallintestine,whichisfurther
confirmedbypathologicalexaminations.

TheCdCl2-inducedoxidativedamageinthe
smallintestinecouldbereducedbynano-Fe3O4
throughthefollowingmechanisms.First,Fewas
widelyfoundattheactivesiteofmanyproteinsand
enzymesthefunctionsofwhicharecriticalfor
life[36].TheFeintheseproteinsandenzymes

couldbereplacedbyCdandexposuretoCdcould
perturbtheFehomeostasis.Co-administrationof
nano-Fe3O4withCdCl2increasedFecontentinthe
mice,andtherebyinhibitedthedisplacementofFe
byCdthroughthecompetitiveinteractionbetween
FeandCd,andreducedtheperturbationofFe
homeostasis. Second, the decrease in Cd
accumulationinthemiceafterco-administrationof
nano-Fe3O4 with CdCl2 could reduce the
displacementofZninSODbyCdandtherefore
increasedtheSODactivity.Third,thedecreasesin
Cd accumulation in the mice after co-
administrationofnano-Fe3O4 with CdCl2 could
reducethe CdCl2-inducedtoxicityinthesmall
intestine.

4 Conclusion
Insummary,nano-Fe3O4 andCdCl2 havea

negativesynergisticacutetoxicityinthesmall
intestineofmice.Co-exposuretonano-Fe3O4and
CdCl2 significantly attenuates CdCl2-induced
damageinthesmallintestine,whichisattributed
to the negative cooperative influence of co-
administrationofCdCl2 withnano-Fe3O4 onthe
biodistributionofCdandFeinthesmallintestine
ofthemouse.CdandFeinhibitcompetitivelythe
uptake of each other. The reduction ofthe
accumulationofCdinthesmallintestineand
inhibitionofCd-induceddeprivationofFeinthe
tissueafterco-exposuretoCdCl2andnano-Fe3O4
may playtwo pivoyalrolesin the protective
influenceof nano-Fe3O4 on the CdCl2-induced
injuryinthesmallintestine.Nano-Fe3O4 maybe
usedasapotentialMRIcontrastagentanddrug
carrierforpatientswiththeCd-induceddiseasesof
thegastrointestinaltractorgansinthatitnotonly
workswellasadrugcarrierorMRIcontrastagent
butalsoalleviatesCdtoxicitysimultaneously.
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