FI/IRTIYUZILOREFZED
M FELICETIRETE

IR 205K BEFBEFEFHRERETS
LEMRIROBREXE
H20 - 1% - —#& - 008

FRL20 £ RE-SEVRHEE
MERE KB &
¥Rk 2143A



I MEERT RIS

F /=T IT NVORFEEEOFMFEICE T oMEasE -

HH f&#

1. S EfF7EE

BRI DT /T NVORERR
FAt
L R EDFIIFICETA—EF  cvcrvrrrrrrrraraeanes

IV. FFFERCROTIATH - Bk

..............................



A @B R E (L FEMEI A FESE3E)
YRR 20 EERIE DT RS

F /=T VT N OEEE B O FIEICBE T ARG

WFFEEE K E @ RO R P3P %)

RN 1A 2 R EL RIS

WREE : A7 V=2 bTiRFT/~7 ) 7 AEERVRERL, BER,
HA L izt 2 (RNZEm 2 RHRIChiz-o TIET S L & biZ, &
i, KEEN, METEH. 5TF4ED
FHIRITER %2 b bW THN T 5, 1> EEOMICIEREE (HhEs &
CIEEEE) L EPESEER e F EmuvibatE 2 R oZERBA~O
B HRTT L, b b ~OSRTRE AR R B FiE A ML T 5,

WFFEsy A - A i
(U R R IR 7ET Bh#0

A BB

F ) TIT T T )T ao— R
FMELTERABMfFE R TWS, £0
WBR AL FH) 72 REPEIC LD | <o B
B DB IZE A Fih, AR

BURSIEDBESN TS, LAL,

RN F~DOBITEMARDF~D

RERCEBIZB T 2B EIXITEAL R,

AR TIET /~T VT O MR
BOFMFIERIZBIEL, (ToHWIE
EUOBREOERRICBW TR
DR B TR T A0
REITI,

B. IEEHH

T ot (AT b) Z VWS
F =TI B RO AR T BT

ELTT 4—ENHER SR T (DEP) |, &

K+ IR FAERMEL ThH—R T 7

w7 BLFE TFT—V v I—Ry

b Fa—TEEEMICER TS, b
BRI, BEMLTORLEDL D A
i

T =T VT D5 HORERRT : Bk~
R T /=T IT7 A BLOKE
{LERT=b DD 4 UK EE UV-vis-NIR
WY/ FeH, T~ A_TRV ARM,
EhA) e ikEL, & —EEALJI E 2 i 5% H
WTHERT LT,

F =T IT O - [RE M,
RN T /=T )T O - RIE.
TEM, STEM, FE-SEM, X## A2 e
B E B E (EDS) & FHWVTRENT L 7=,

F T VT VOB RERRYT iR~
AR OTGyMIF /=T IT LR xR
BHHNIE THEL, EiICHAEFD
I, g ~0B1TE Lt ikick
DEREBILTZ,

T T VT N DK IR
TORFGYMITF ) TIT N R
HA L 7= fF Otk R ~D IO
T, fTEHIEBR AR, IANE /7T
FORIEBLOMANEE -HBREEHD
fRT 21T o7, HEMEAE R ~DEEIC

_1_



DWTIE, - FEARE FFBIW
R OBMIZEZBISL TRHIL 7,

FITHFFNLEFBALT
F /=T VT VORRE-IER~DBIT.,
HAEAF ~DEEE R - A 53 - N5
Bl EEMMR - B TOR KB TRE
a7 ANV EENT, REARHT I L U
RN RTERYT 2 E 2 1THTD DR~ 72
EUERBEL, YT ERERLT:, 3
AR 2 B (P AR ) .

2
17

(ffm 2R g ~DECLKE)

ol BN £, B KRS
WL B2 COEKBER., LHHRFE
[BF 7 8% BE 2 0> T 4 52 Bk %5 0D FE i | 2
THEAES) KREBRKEBYHE
BRIgEH 2T L TiTole, T /R FDE
EURRATHEZEND, P2 TR
RN OEBRIZHECIEEFIEZ ERL
.

PNLETLTOERIIFTFREER
MR TE ) LR Z B X ToOK
WERTERLE, ERERETBY
ERIEEHCE SV LERE - BEE
JUOERABIZED, #H5HABRIZEL
T, BREETG Yt [543 FT RE 72 S8 &= A F
RETSAA Y — R E - ERETE
LJES

C. HRAE

H20 B R

T 7= T )T DFREPIERY A Z
74— BN PERPRLF (DEP) , —A

7Tl BLTFE T IR TR R

WRIAT 4o MBIZREL in vitro T

DFEZ ML 7=, PobFi3V bl

RNNCHIFE P ERIA E N2, Hila7E

HEBLUBIEAN R GERFO HO-1

BEFOFEERITHFIZEVENLR
bz,

R

L F R TR LR~ D X
MEDHAE(FIZHOUVT, 6 HERF R
#HR%kD TEM #1 22, B L U'FE-SEM/EDS
I LB 21T o128 A, Ti BIFHR
tH - [FESN T, BEHOREMEMKTIT
A NHIROBA LI R T OH
b, | B FEARORE
RIETFTHRR DN, BMARKIZSWT
OFEROMFHT T, REK, KA H ., 1
B8 OFAICEIL F 7 AR D3R -
FE Sz, MEFERORE T, RE
BEOAARE CREREWEMAR DN A/ S—F
-3 (FTHRN—AD~w—H—) DFEEIRTT
HEL TWAZENRHALNE ST,

FEEEAWBRE (P {4)
BIAEZ

D. HE

FI=TIVT O EHELRE~DE
BOEEO—EPERINHONIR
o>fz, /=T )T IMES A it
PR FEER IS RSB L RIT L, EFH
M EEZITD, TRbbHKRIE~D
EENHEGEOOND, LLEOFERITT
Bhik, 1RRIERE 25 L TERERERE
Zz26h5,

E. #&5i&

BaBEGEERIZ. /=T IT7 R
IR OBPHENIZ ADE, BB
BATL ., R E M i BEPY | K B
WM E@miamL ., AL ofiaiziE
BErREFTE AENTHORETD

._2_



BETERL RERLLTHRNADZE, £
NHITRFEL TEARRERBORBIE, HE
BIZBERABNEHDHEERBL T
5::.\

F. BERBIER

RS BIC W T, FROLBY
BT 5,
(1) fet B £ Bty e

BE., BEMICH /T2 /0 —nk
BB ChHLT /T VT VOEEOR
WLZORBRENERINIBED TWA,
B2 ixh—RorT o9, =R/
Fa—=F, Tl BIEFFARE
T¥EMICEESNDE RA 2FAT DT/
< TUVT NVORE~OEE, FFICkilt
K2R FHI-D~DOREEBE T LI
FICHRVAA T, ZO\RE T, Bt
FEERR~YVAR FICEE5T5L,
(b F 2T SR DPEATF ORI BT

L, B AHE 8 A BRI S5 2538 0 b,

i D 5 TE DERALICEE P AT Rh—3
A@ABO BN, LT Z R I3RS
RIZHIA EN, R 2BRER L% 5
ZEZ LTV V= (Takeda, et al. JHS), ¥
fo. RERT—FTiibs5, BANDOE

JTIVFRORMRELRDLNTND,

512, MR B s I EARTIE VN
BRI BEFREMITOKEREILD
Bx RRENRHLMIIR->TETWA,

(2) 8RR
WF%t# 4 :Ken Takeda, et al.
# A k)L :Nanoparticles Trasferred from
Pregnant Mice to Their Offspring Can
Damage the Genital and Cranial Nerve
Systems
MEEE4, : Journal of Health Science,
55(1) 95-102, 2009

(3) T HUICBY 4 HRFAli - = A b
ZL—F A {8 (FOHERKMENS, H

RICHOED NS IFMOEREMELLT
WL B A
ZL—F B {8 (R EMHEED
ZEMGHIEILTZER)

G. BFE R

1. FmCFER

Takeda, K., Suzuki, K. Ishihara, A,

Kubo-Irie, M., Fujimoto, R., Tabata, M.,
Oshio, S., Nihei, Y., Thara, T., Sugamata.M.
(2009)
pregnant mice to their offspring can damage

Nanoparticles  transferred  from
the genital and cranial nerve systems.
J. Health Sci., 55(1), 95-102.

Xu G., Umezawa M., and Takeda K. (2009)
Early Development Origins of Adult Disease
Caused by Malnutrition and Environmental
Chemical Substances.

J. Health Sci., 55(1), 11-19.

Yokota, S., Mizuo, K., Moriya, N., Oshio, S,
Sugawara, 1., and Takeda, K. (2009) Effect of
prenatal exposure to diesel exhaust on
dopaminergic system in mice.

Neurosci Let. 449, 38-41.

Komatsu,T., Tabata, M., Kubo-Irie, M,
Shimizu, T., Suzuki, K., Nihei, Y., and
Takeda, K. (2008) The effects of nano-
particles on mouse testis Leydig cells in vitro.
Toxicol. In Vitro. 22, 1825-1831.

Tokuhiro, K., Hirose, M., Miyvagawa, Y.,
Tsujimura, A., Shinji Irie, A., Isotani, A,
Okabe, M., Toyama, Y., Ito, C., Toshimori, K.,
Takeda, K., Oshio,S., Tainaka,H.,
Tsuchida,J,, Okuyama, A., Nishimune,Y.,



and Tanaka, H. (2008) Meichroacidin
containing the MORN motif is essential for

spermatozoa morphogenesis.
J. Biol. Chem. 283(27)19039-19048.

Satou, K., Nonaka, Y., Ohashi, N., Shimizu,
M., Oshio, S., and Takeda, K. (2008) The
effects of in uter exposure to a migrant,
4.4’-butylidenebis  (6-t-butyl
from nitrile-butadiene rubber gloves on

—m-cresol),

monoamine neurotransmitter in rats.
Biol. Pharm, Bull. ;31(12):2211-5.

Ono, N., Oshio, S., Niwata, Y., Yoshida, S.,
Tsukue, N., Sugawara, 1., Takano, T, and
Takeda, K. (2008) Detrimental effects of
prenatal exposure to filtered diesel exhaust
on mousespermatogenesis.

Archives of Toxicology. 82 (11): 851-859.

Umezawa M., Sakata C., Tanaka N., Kudo S,
Tabata M., Takeda K., Thara T., Sugamata M.
(2008) Cytokine and chemokine expression
in a rat endometriosis is similar to that in
human endometriosis. Cytokine 43 (2),
105-109.

Umezawa M., Sakata C., Tabata M., Tanaka
N., Kudo S., Takeda K., lhara T. and
Sugamata M. (2008) Diesel exhaust exposure
enhances the persistence of endometriosis
model in rats.J. Health Sci., 54(4),503-507.

K. Suzuki, T. Komatsu, M. Kubo-Irie, M.
Tabata, K. Takeda, Y. Nihei.(2008)
Interaction between Diesel Exhaust Particles
and Cellular Oxidative Stress. Applied
Surface Science, 255, 1139-1142.

N.Fukuhara, K. Suzuki, K. Takeda, Y. Nihei.
(2008) Characterization of Environmental

-4 -

Nanoparticles.
Applied Surface Science, 255, 1538-1540.

HER, B XBE R EB— ) ~T
U7 VO EERE~ Rt REEE PO
T N< T 45(3)245-250 (2009)

2. FoRK

BN, APRRAE ABRE. KBT
£, AMEETF, RAR. HEFE, FX
Ef: EBROZ M ERBET T MIRIE
TTF4—CNHETARBEORE, BROE
DA -3 E2ERKRE(ET3E AR
F—Txav YA M FE, B 19 BAEK
B4, 8 45 B4k R A (2008
) FLR(ALHEE)

BEREM, BAEET. RER, HEEE,
ERER. Fo— N ARBIIERY
Ty hFERNIRET T VRE R RS E 5,

%49 BIRTRREFS (2008 ) €R(E)
)

M. Sugamata , T. Thara, K. Takeda ,
MATERNAL EXPOSURE TO TITANIUM
DIOXIDE NANO-PARTICLES DAMAGES
NEWBORN MURINE BRAINS , 2l1th
European Congress of Perinatal Medicine
September 10-13, 2008  Istanbul, Turkey

AR, MR, ABBEE. AT
£, BEREF. RAR, HREFX, X
B 7y bMERBEETACRIET T4
—ENPEN AR O, B 52 Bl A A
FLM RIS, 2008 4E 10 A, (FIE)

MNERBE HRRR. BERE. MBHA.
REf: 7 —ENVHEH AR FHREII~D
AEFHRREREEE 5, 552 B A A%
¥R KIS, 2008 4 10 A, ()



WmAEE, By, RAR, FREX: HHE
RN~ A7aT L AR EN M, 352
[ B AFEFSHE RTINS, 20084 10 A,
(F%)

MR, KR EM, W R EE, ERRE,

HEE: §{LF T SR TR R
MNE/ TIVRICKIET R, AAREE
£ 129 4££2, 2009 4F 3 A (L#ER)

WmiEk, BHFHPH, APEE ARER,
RE, MEX WMESRNBEETFRR
RRITICESERBMHTME BAEFES
%129 4E£, 2009 4 3 A (UED)

fRiRREFn, R, HREE EXEH: 7
4 — BRI F O IG{F R IL 7o b
O BIBTLAX—%LESES, B A
KESE 1292, 2009 4 3 AGLHE)

Mo ZEiE WEMM, BHPY, Rk,
HEHX BXBE:~ /a7 LA42HN
FERNREOCREMNMIZELS T8 E
FRIBOMY, DAEESE 129 2,

2009 4= 3 A (X#)

H. fB9EAEEHE D HFR - B &AKR
7L



R BB AR MBS (L FWEYAZHRYHE)
EBK 20 4 EE Sy R TR

FEEE T B /=T )T OB

SRS (VN —T7R) hH i GRERE R RIBWRRT. Bh#)

MREE . AMRETIIY LETAZEREL T, EMIAMETTRER T/ ~=F) T
NDEEREBLEOFBFEICE TR BT 5, BEMICIE, L%
YWEMESSEE ThHD Y VIR - LFIZ oW T, FER B I OERMIC
PEAISNTWAT MEBHI-bTAKREBE A TALEIC, 2DHF
EREAOINCT S, RFFC, AT ARFRA LT WE) A2 R
DWW, RNA 4 )37 A% ERKIZLI= T BAA PR OMESIH S,

SRR kKT RUEAE
ERIPWIERT, )
VY—F - LIF b BHEE
(EFWHEY R 7 DR FEHetE g,
Y Y—F - LIFUH)

MZEBEH

AR T VRO LY - £BRFEH)
FEEMSEMIEERLT2RICF B L, L
FTTFNERELITF /=T VT ILDYAR
7B 7 & B35, BARMIZIX,
bW E NS ER THORF B LU
AFIZOWT, MARHRERER, 5>
R M7 5 TC RNA & )3V AD
FHET.F/~TITANRs| &R T4
EEBLEOS FERERMNTD, £
D BN > T, REFEIILL T ORFF
e T,

MR AE

T ET I SEBITEREET M
RELTT WA PN OIRIFET VA
LIl TR T 10 ARV V%15

Teo RNT, B BOMZEEZEZELT,

AHFIE T SE LT 2 IO MR AR 2
WrikZiE AL T (%) | iEiRY V24 2
BIXUOAZBFRIZ2 LT, -, Fid
D) )T IVT NG EBRITIL, FRiE
BT EBRAN A CHIE - FHEVAI %
ATRWERIZ, 1R s Br D EEZ A
STHILOEBFEHRICOEDT,

Fe, WHFETMITHOWTIEIA R 4
SABLUAR 4 BHOHN T2, 4 1% 6-8
A CEERD G BEL . AR 2% 1
Bl 2 HTORT—MERY.
well-being (ZEBEL2NHEI{EL TESR
WA A T,

WO LEFERBL O LE
RIZOWVWTYH, BEENAFTYLVER
RTCORBERDHE®IC, RiEichT--
T, AR AR D T,

T/=FTIT N BT/ MEEL
TT+—ENHER T /B (DEP) %, —
7. BRI MEELTH—RT T
7 (CB) Z#4R L, Tween—60/PBS T
DEP 3 XU CB O ilik %2 it , 8
WAL TH)—{EL, L F O E AW
o ?




BEEE /)T VT NAORRE
(e FAIH) E2BELT, DEP BX
CB %, Y ILVDOFEDREHREF P ERD
BERICE G LU, TRV LV~ 5 &
. Wit 18mg/head T, G B
BEE-> TWHEEIREEIC 7-10 H#RR
T5-6 B EL-, ZORANEEIZON
T, B4 OLLFIOBFR T, YR — A
M 2B 3 5-ER AL O B N BER B
AW THREL . B I ITLC,
MRS 25, &bio, ERESLE
ViRY — A R F 05, iR T Tidha
BEBTHFICEIELHERLTND
(3R 1. 2),

KON : i REY LR
B850z, ERRSHClERT A5
PILRHAIZ DEP X CB ##&5-L, ffé
B 5%, B RS CHRIEFAFEBT
MF /) ~=TITNVERETNALELT, MK,
Bt (/N4 MRS, RN E ., IR ) |
AR, £ O EEARRRE BRIz,
AL FAOBL 2 X E EEEREE, &
F M0 A W O B A I A A R
DEEERREREZHELR, RNA
Genomics fi#dT F (ZiX AR #R /N R %
RNALatter ZLERL7- 384t 2% . RiBk/e
4t C DNA 7)) — 72 &l EE RNA % 35
L7z, IRWT, flix OV VBRI 73
BLOE®% TE BANAFHTT S Real-time
RT-PCR D&M LE R -7, EHIZ, &
{a BB % M ERIAIT 57
DIC, F4DNA 7L A/Fo7 L, £
HBEBEMRLL O IIIA
T HARIR T, 2D —H>D RNA/ &5 F
FBHL VORI FEEREG L,
RNA Genomics (=X A4 (KR &M 7%
Bl

HERRBIUEER

Y VRG O MEREY] R - R R IZEF
ETHMBEDNR{F DNA IZFB LT, #
Rl oY (HEPE) e i 5Re A gene
? SRY-DNA O & &S R k% | nested
Real-time PCR THESL L7z,

ZOFETHIROIMO 42 Axb,
(KM 2ml F2EE TR fF OEREY] E 3R]
RBlIZRof (VY —F- LU TF U ERE
ORI, FERE-1)., ERIT
ABE B2 H) A Ui 51 E 23 £ b
STV, YVIRF DA A A REREN
INEW® | PR RE O T IR 3k [ A B
L TH IR BTl e E 23
W Tholc, —F ., AW THESIL
SRY nested Real-time PCR #iZ, #%
WAL E R E RN R AR LIS, iR E
BV TH VIR F O BEMEN TE % FT RE
WL CEIEINEVZ D, ZEiT, ABF
RIZBWTCX, ERERFIZBTLT/
< TUVT DY A7 FEBOBEMEZE =D
T, G- BT PR ICES
(2720 ARAFFRONEAHERE D FE SR &7
07":0

YAETNREL: LRROEIRT A5
NV, B8 DEP =2 CB 2 5.,
R ) ~T V7V BBESHI-MA
k- R, T hTh 2 SR,
RIEFIZ, T /=T VT NVIERED2 b
— VLR - SR HEREE T 2 BAS
HELL,

¥, THY YL OMHERL TS 2 8
(=, DEP %> CB O Y4 &% 7-10 ARk
TH-6[EEE L, BEFE, MLFED
e, HTrRAEDENBRNBIV
Real-time RT-PCR BXUhF a4 /3
I AfEMT OB T AT, R G DI
HERLEF Iz oW THEEEN D b —
IVRRE BRI 7=,

XN, THT YV RRER D HEREIZ DV




Th DEP X° CB ##¢ 5L, 5D
ro— NV EEEEHIZZRIEE  LHER
B/,

ZHLOREE ., BT, Jotris
JORERIC BT ) ~T VT VR
DA KRB LL RT3 L OFHMl /AR
A YRAE B LA ORFZEIZH VB,

AEEBOFMFE (FIZ RNA
Genomics) : Real-time RT-PCR Xk
BEFOEBVIFEBRMITICAR K TH
B1=¥ . SYBR Green %\ /= PCR PE¥)
OEBERHEU 2L, RFFIC,
fli 2 DYV PCR Primer 2% LT,
100 fELl EOBEERE FIZ oW T,
Real-time RT-PCR T E &R B
PrEmrRBic LTz,

IHiZ, 1 B EOBEFORBEEZ—
BLTRENICKRNT 20, v
H DNA TvA/F o1z 200 TRHIL-,
HROIA AT B D 3% (CodeLink, Filgen,
3D gene) IZDVNTHEA4 DELANHR .,
A RICE LT DNA 7L A/Fo L
LTIRL® 3D gene ZFFELTZ,

WE, TNoDBE TR FiEL
BR{EL T, DEPX° CB D {FR Bz
TREILTWS, ZnET. KGEE) .
BEASMARRE. Vo E ., ARERR Y
THREVWBREFRRASUIMRRL
T3, [RIFFIZ, Real-time RT-PCR &
DNA 7L A/F o7 e ABEbR KA
) RNA Genomics ZMtL . E &L 18
RMEZ R A T2 /=T )7
AEREBAMBOMBEEZBIEL T
B

HRRER
1. Ueiwa M, Mitsunaga F, Nagatono T, &
Nakamura S. Fetus  Sex
Determination by Nested Real-time PCR, Exp.
Anim.(Submitted) .

Macaque

2. Yamate J,
Mitsunaga F, & Nakamura S.: Vasoformative
Disorder, Resembling Littoral Cell Angioma

Izawa T, Kuwamura M,

of the Spleen in a Geriatric Japanese Macaque
(Macaca f uscate). Vet Pathol. (in press).

3. Jeong A.-R, Nakamura S & Mitsunaga F:
Gene expression profile of Thl and Th2
cytokines and their receptors in human and
nonhuman primates J. Med.
Primatol.,37:290-296 (2008).

4. YKBF, FH B YrEFTAERW
Te B REME & o PR ER ., FFI J. Jpn. ,
213:719-726 (2008).

3CHR

1. Hirano M, Nakamura S, Mitsunaga F,
Shimizu K, Imamura T, Placental Transfer of
Maternally Administered Liposome-DNA
Complex into Fetuses in a Pregnant Primate
Model, J. Gene Med, 4: 560-566 (2002).

20K F. PH . FE KE, HKETF,
SHEHF EREEBMEOHY . BEF
BRAOKRBEBOEANIS: | BREH
78, 17:35-45(2001)



=

WRREOTITICEET 5

EFERA

XA N4

EELEXND
A4

& W 4

HhRHA

s} 6l

HihR A

AR

HERS

RRERA

XA N4

RFKEL

&5

S—

HHRRAF

Takeda K., Suzuki
K., Ishihara A.,K
ubo-Irie M., Fujim
oto R., Tabata M.,
Oshio S., Nihei
Y., IThara T., Suga
mata M.

Nanoparticles transferred from
pregnant mice to their offspring
can damage the genital and cranial
nerve systems.

J. Health Sci.

55(1)

95-102

2009

Xu G., Umezawa

FLaMIﬂﬂi

Early Development Origins of
Adult Disease Caused by
Malnutrition and Environmental
Chemical Substances.

J. Health Sci.

55(1)

11-19

2009

Komatsu,T., Tabat
a, M., Kubo-Irie,
., Shimizu, T., S
uzuki, K., Nihei,
Y., and Takeda, K.

The effects of nanoparticles on
mouse testis Leydig cells in vitro.

Toxicol. In Vitro.

22

1825-
1831

2008

JeKKeF,
A

HYLEFALERBO-HEEERA
i D FHR R

FF11J. Jpn.

213

719-726

2008

Jeong A.-R, Naka
mura S & Mitsuna
ga F.

Gene expression profile of Thl
and Th2 cytokines and their
receptors in human and nonhuman
primates

J. Med. Primatol.

37

290-296

2008




Journal of Health Science, 55(1) 95-102 (2009)

Nanoparticles Transferred from Pregnant Mice to
Their Offspring Can Damage the Genital and Cranial

Nerve Systems

Ken Takeda,*“ Ken-ichiro Suzuki,” Aki Ishihara,” Miyoko Kubo-Irie,” Rie Fujimoto,”
Masako Tabata,” Shigeru Oshio,” Yoshimasa Nihei,” Tomomi Thara,?

and Masao Sugamata?

“Department of Hygiene Chemistry, Faculty of Pharmaceutical Science, " Department of Pure and Applied Chemistry, Faculty of Science

and Technology, Tokyo University of Science, 2641 Yamazaki, Noda-shi. Chiba 278-8510, Japan.  Department of Hygiene Chemistry,

Ohu University School of Pharmaceutical Sciences, 31-1 Misumidou, Tomita-machi, Koorivama-shi, Fukushima 963-8611, Japan and

"'D(’pm‘.'mf'n.f of Pathology, Tochigi Institute of Clinical Pathology, 2308-3 Minamiakatsuka, Nogi, Shimotsuga-gun, Tochigi 329-0112,

Japan

(Received September 26, 2008 Accepted October 27, 2008; Published online November 10, 2008)

Nanomaterials are being used increasingly for commercial purposes, vet little is known about the potential
health hazards such materials may pose to consumers and workers. Here we show that nano-sized titanium dioxide

(TiO3), which is used widely as a photo-catalyst and in consumer products, administered subcutaneously to preg-
nant mice is transferred to the offspring and affects the genital and cranial nerve systems of the male offspring.
Nanoparticles identified as TiO» by energy-dispersive X-ray spectroscopy were found in testis and brain of exposed
6-week-old male mice. In the offspring of TiOs-injected mice, various functional and pathologic disorders, such as
reduced daily sperm production and numerous caspase-3 (a biomarker of apoptosis) positive cells in the olfactory
bulb of the brain, were observed. Our findings suggest the need for great caution to handle the nanomaterials for

workers and consumers.

Key words —— nanoparticle, titanium dioxide (TiO;), brain, testis, pregnant mouse, olfactory bulb
INTRODUCTION combustible, odorless powder, is an important ma-

Nano-sized particles also known as ultrafine
particles, are very tiny particles less than 100 nm in
diameter. They are produced daily by activities such
as driving, cooking, and generating energy in power
plants. Engineered nanomateials are used in sport-
ing goods, tires, stain-resistant clothing, sunscreens,
cosmetics, and electonics and will likely be used
increasingly in medicine for purposes of diagnosis
and drug delivery.'™ Nanotoxicology, the evalua-
tion of the safety of engineered nanostructures and
nanodevices, is a novel field of toxicology. Mate-
rials that are generally thought to be inert may act
differently when introduced to the body as nanoma-
terials.*®

Nanocrystalline titanium dioxide (TiO>), a non-

*To whom correspondence should be addressed: Department of
Hygiene Chemistry, Faculty of Pharmaceutical Science, Tokyo
University of Science, 2641 Yamazaki, Noda-shi, Chiba 278-
8510, Japan. Tel.: +81-4-7121-3618; Fax: +81-4-7121-3784;
E-mail:takedak @rs.noda.tus.ac.jp

terial used in commerce. Anatase TiO, is currently
used in products as diverse as sunscreens and coat-
ings for self-cleaning windows.” TiO, can gener-
ate reactive oxygen species quite efficiently, par-
ticularly when exposed to ultraviolet light. The
photocatalytic activity of the anatase form of TiO;
was reported to be higher than that of the rutile
form.'” Gurr and colleagues'! reported that nano-
sized anatase TiO; particles induced oxidative DNA
damage, lipid peroxidation and micronuclei for-
mations and increased hydrogen peroxide and ni-
tric oxide production in BEAS-2B cells, a human
bronchial epithelial cell line, even in the absence of
photoactivation. However, the potential toxicity of
TiO; in the next generation has yet to be examined.
In the present study we examined the effects of pre-
natal exposure to anatase TiO; on the genital and
cranial nerve systems of male offspring mice.
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MATERIALS AND METHODS

Materials —— TiO; particles (anatase form, parti-
cle size 25-70 nm, surface area 20-25 m?/g, a pu-
rity 99.9 %) was purchased from Sigma-Aldrich (St
Louis, U.S.A.).

Animals —— Pregnant Slc: ICR mice (purchased
from Japan SLC Inc., Shizuoka, Japan) (6 mice/
group) received subcutaneous injections of 100 ul of
1 mg/ml TiO; particles in saline plus 0.05 % Tween
80 at 3, 7, 10, and 14 days postcoitum. Control
mice were treated on the same schedule with 0.05 %
Tween 80. Male offspring were weighed and killed
under anesthesia at 4 days or 6 weeks of age. All
experimental animals were handled in accordance
with institutional and national guidelines for the
care and use of laboratory animals.

Organ Weights —— The weights of the testis, epi-
didymis, and seminal vesicle (including prostate,
seminal vesicle, and coagulating gland) bilaterally
and brain were measured for each animal, and rela-
tive weights (weight of the organ/body weight) were
calculated in 6-week-old offspring.

Daily Sperm Production (DSP) and Morpholog-
ical Observation of Testis —— Testicular tissue
was thawed and weighed after removal of any ex-
tracapsular material from the testis. Testes were
homogenized in buffer containing 0.05 % Triton X-
100 (Nacalai Tesque, Kyoto, Japan) and 0.2 % Eosin
Y (Merck, Darmstadt, Germany). The number of
sperm nuclei in each suspension was determined by
hemocytometer.

Statistical Analysis —— Data were analyzed by
Mann-Whitney U test, and differences were consid-
ered significant at p < 0.05.

Fig. 1. Distribution of TiO, Particle Diameter by FE-SEM

Analysis by Field Emission-type Scanning Elec-
tron Microscopy (FE-SEM)/Energy-Dispersive
X-ray Spectroscopy (EDS)—— The testis or brain
tissue was embedded in epoxy resin for FE-
SEM/EDS observation. These samples were cut
with thickness of approximately 80nm with an
Ultra-Microtome (Leica EM UC6rt, Leica Mi-
crosystems Japan, Tokyo, Japan). Each ultra-thin
section was placed on a transmission electron mi-
croscopy (TEM) grid (Cu 150-B, Okenshoji, Tokyo,
Japan) and analyzed by FE-SEM/EDS (Hitachi
High-technology, Tokyo, Japan).

Methods of Immunohistochemical Staining of
Caspase-3 —— Tissue samples of olfactory from
the TiO; treated group and the control group were
fixed with 10 % buffered formalin and, after routine
dehydration, embedded in paraffin. To detect apop-
tosis in these olfactory under a light microscope,
the immunohistochemical staining for caspase-3 (a
common enzymatic biomarker of apoptosis) was
performed. Paraffin sections 5-um thick of olfac-
tory samples were stained immunohistochemically
by the streptoavidin-biotin method (Histofine SAB-
PO kit, Nichirei, Tokyo, Japan). The primary an-
tibody used was anti-human/mouse caspase-3 (ac-
tive) rabbit IgG (R&D Systems, Inc., Minneapolis,
MN, U.S.A).

RESULTS

TiO, powder size was confirmed by FE-SEM
(Fig. 1). Male offspring were killed under anesthe-
sia at 4days or 6 weeks of age. In order to de-
termine the genital toxicity of TiO, particles, body

Number of Particles

20 4 1
10 ’J{ H1Y]
0 :

Particle Diameter [nm]

(a) FE-SEM Image of TiO, particles (15.0kV x 80000, Scale bar, 100 nm). (b) Distribution of TiO; particle diameters according to FE-SEM
analysis. Columns show the diameter of single particles. Diameter of particles was measured on randomly selected area of FE-SEM image.
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Fig. 2. Detection of TiO; Nanoparticles in the Testis of Offspring by EDS

Testes were dissected from f-week-old mice and fixed

Particles were detected in the cells of testis by TEM and field FE-SEM. The particles

were identified us TiO; by EDS a1 7kV accelerating voliage, 1 x 107'° A beam current and 100 sec measurement time. Aggregated TiO; nanoparticles
(100-200 nm) were detected in spermatids (a), Sertoli cells (b) and Leydig cells (¢). Scale bars, 1 um. TiO; particles are indicated by arrows, Particles

in the testis were identified respectively as TiO; by EDS (d).

and reproduction weights were measured. TiO;-
exposed group had significantly lower body weight
(88 % relative to control) and significantly higher
weight of epidermis per body weight (117 % rela-
tive to control). However, there were no significant
changes in the weight of other reproductive organs.

The presence of TiO, particles was assessed in
testis and brain from 4-day-old and 6-week-old off-
spring by TEM and FE-SEM. Particles in the testis
and brain were identified as TiO, by EDS at 7kV
accelerating voltage, 1 x 107'? A beam current, and
100 sec measurement time.

As shown in Fig. 2, aggregates of TiO» nanopar-
ticles (100-200 nm) were detected in Leydig cells,
Sertoli cells, and spermatids in the testis at both
4 days and 6 weeks of age. Sperm samples were col-
lected from the cauda epididymis, and sperm motil-
ity and morphology were evaluated under phase
contrast microscopy. Testes of 6-week-old mice
were homogenized, and DSP was examined. Testes
were also fixed and stained with standard proce-
dures for examination by light and electron mi-
Croscopy.

Among 6-week-old mice, the seminiferous
tubules of hematoxylin and eosin-stained sections

from control mice showed the normal spermato-
genic cycle with germ cells and Sertoli cells. Ser-
toli cells were located regularly in the periphery
of the seminiferous tubules and had large nuclei
with large nucleoli. Testicular morphology in TiO;-
exposed mice was abnormal compared to that in
control mice. In exposed mice, some seminiferous
tubules appeared disorganized and disrupted. There
were fewer mature sperm in the tubule lumen. The
damaged tubules were scattered randomly through-
out the testis (Fig.3). These effects were depen-
dent on the dose of TiO, and were significantly
higher in the TiO; exposed mice than in control
mice. DSP per gram of testis, epididymal sperm
motility, and the number of Sertoli cells were sig-
nificantly lower in mice exposed to TiO; than in
control mice. Sperm morphology did not differ sig-
nificantly (Fig.4). These data suggest that prenatal
exposure to nano-sized TiO; has detrimental effects
on mouse spermatogenesis in offspring.

The olfactory bulb and the cerebral cortex
(frontal and temporal lobes) of 6-week-old mice
were examined by TEM and FE-SEM/EDS. Nano-
sized TiO, particles were detected in cells in brains
of 6-week-old mice exposed prenatally to TiO;
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Fig. 3. Morphology of Seminiferous Tubules and Testicular Functions in 6-week-old Mice Exposed Prenatally to TiO;

Hematoxylin and eosin-stained sections of seminiferous tubules from control mice (u. ¢) show a normal spermatogenic cyvcle with germ cells and
Sertoli cells. Testicular morphology in TiO;-exposed mice (b, d) was abnormal compared to that in control mice. Some seminiferous whules appear
disorganized and disrupted. There were fewer mature sperm in the wbule lumen. Damaged wbules were scattered randomly throughout the tesus. Scale
bars, 100 pm (a, b) and 25 um (¢, d). TEM demonstrating mitochondria (white arrow) of Sertoli cells from control mice (¢) and TiO-exposed mice (f).
Enlargement of mitochondria and disappearance of cristeae were observed (f). Scale bars, | um (e, f). BM; busement membrane.

(Fig. 5, a—e). We believe that the nanoparticles were
transferred from the mother to the fetus and moved
into the brain because blood-brain barrier was un-
developed.

Numerous cells positive for caspase-3., a com-
mon enzymatic marker of apoptosis, were observed
under light microscopy in the olfactory bulb of 6-
week-old mice exposed prenatally to TiO, and the
number of caspase-3-positive mitral cells was sig-
nificantly higher in exposed mice than in control
mice (no positive cells, Fig. 6.a, b).

Electron microscopic observations of olfactory
bulb revealed that a subset of cells contained
cresent-shaped spaces (CSS), which are specific
features of apoptosis.'?) Apoptotic granular perithe-
lial (GP) cells, which are scavenger cells that sur-
round vessels in the brain, contained unidentified
particulate matter. Occlusion of small vessels and

perivascular edema were observed in the prenatally
TiO;-exposed mice.

The abnormalities varied in severity were de-
pendent on the TiO> concentration, and were not
observed in the control group. These data indicate
that prenatal exposure of mice to TiO; has a severe
negative effect on fetal brain development and car-
ries a risk of various nervous system disorders.

DISCUSSION

We show here that anatase TiO; nanoparticles
administered subcutaneously to pregnant mice are
transferred to and affect the genital and cranial
nerve systems of the offspring. These findings sug-
gest that anatase TiO; can harm the developing fetus
in mice. As we observed in TiOs-exposed mice, we
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Fig. 4. Effect of Prenatal Exposure to TiO,; on Seminiferous
Tubles and Testicular Functions in 6-week-old Mice

Testis of 6-week-old mice was homogenized on ice, and DSP was
determined (a). Sertoli cells in seminiferous tubules were counted
(b). Sperm samples were collected from the cauda epididymis. and
morphology (¢) and sperm motility (d) were determined under phase
contrast microscopy. Sertoli cells with damaged mitochondria were
counted by TEM (e). Control: n = 8, TiO»: n = 8. Presented are the
mean + S E., where *, p < 0.05,*, p < 0,01, ***, p < 0.001.

have observed various histologic and functional ef-
fects on the male reproductive and central nervous
systems in mice exposed prenatally to diesel ex-
haust (DE)"*~'® and diesel exhaust particles (DEP).
The changes in the reproductive and central ner-
vous systems in DE-exposed mice could be reduced
by eliminating particles including nano-sized par-
ticles with a high-quality filter (unpublished data).
Sugamata et al.'” also found that granular perithe-
lial cells, which are scavenger cells, showed signs
of apoptosis in the cerebrum and hippocampus of
newborn mice exposed prenatally to DE. Further-
more, the cytoplasmic granules of these cells con-
tained nano-sized particles. These observations sug-
gest that exposure of pregnant mice to tiny particles
can damage the fetus.

To prevent exposure of the fetus to harmful sub-
stances, there is a blood-placenta barrier between
the mother and fetus. There is also a blood-brain
barrier and blood-testis barrier in the important re-
gions of the brain and genitals, respectively, in adult
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mice. Our present electron microscopy data indi-
cate that nanoparticles can transfer from pregnant
mice into brain and testis of their offspring. These
blood barriers are undeveloped or under developed
in the fetus, therefore, harmful nanoparticles could
easily pass into the brain during the early stages of
fetal development.

Nano-sized particles can enter the human body
via the lungs and intestines. Whether such particles
can penetrate the skin is less clear,®” Kreilgaard'”
suggested that very small TiO, particles (e.g. 5-
20 nm) can penetrate the skin and interact with the
immune system. Tinkle er al.”” showed that 0.5-
and 1.0-um particles, in conjunction with motion,
penetrate the stratum corneum of human skin and
reach the epidermis and, occasionally, the dermis.

There are reports that inhaled or injected
nanoparticles enter the systemic circulation®' 23
and migrate to various organs and tissues.’* If par-
ticles enter the body, their distribution is a func-
tion of their size and surface characteristics. There
may be a critical size beyond which movement of
the nanoparticles within the body is restricted. The
brain is especially vulnerable to oxygen stress dam-
age, and recent studies have supported our present
and previous findings that nanosized particles can
be uptaken in brain* and enter the central nervous
system.”® Oberdorster et al.>” reported that inhaled
nanoparticles could be translocated into brain via
the olfactory nerves. Sugamata et al.'® reported
previously that specific features of apoptosis were
present in Purkinje cells of cerebellum in mice ex-
posed prenatally to DE. In the present study, we ob-
served few apoptotic features in Purkinje cells of
TiOz-exposed mice. DEP and TiO; particles may
differ in their abilities to induce apoptosis in cere-
bellum.

Regardless of the particle size, TiO; has only
minimal effects in adult rodents.”® However, nu-
merous in vitro studies revealed that TiO; nanopar-
ticles cause oxidative stress-mediated toxicity in
diverse cell types including skin fibroblasts,?”
alveolar macrophages.® Long et al’" showed
that mouse microglia engulfed the TiO; particles
and, for 2hr, released bursts of reactive oxygen
molecules that interfered with mitochondrial energy
production. This did not damage the microglia,
however, prolonged exposure to such compounds
can damage neurons. Greater surface area per mass
renders nano-size particles more active biologically
than larger particles of the same chemical makeup.

Numerous studies regarding the effects of ul-
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Fig. 5. Detection of TiO, Nanoparticles in the Olfactory Bulb and Cerebral Cortex of Brain of Offspring of TiO,-exposed Mice by

EDS
Olfactory bulb and cerebral cortex were dissected from 6-week-old mice and fixed. Particles were detected by TEM and FE-SEM. Photographs

demonstrating aggregated TiO- nanoparticles (100-200 nm) in endotherial cells of olfactory bulb (a), and nerve cell fibers in cerebral cortex (c). Scale
bars, 1um. TiO; particles are indicated by arrows. Particles in the brain were identified respectively as TiOz by EDS at 15kV (b) and 7kV (d)
accelerating voltage, 1 x 107'% A beam current and 100 sec measurement time. Electron micrograph demonstrating magnified aggregated TiO; particles
in nerve cells in cerebral cortex (e).

Fig. 6. Immunohistochemical Staining of Caspase-3 in Olfactory Bulb of 6-week-old Mice
(a) Control mice, (b) mice exposed prenatally to Ti0;, Numerous caspase-3 positive mitral cells are visible and the number of positive cells in
TiOa-exposed mice is significantly higher compared with that in control mice,
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trafine particle pollutants on respiratory and circu-
latory systems have been reported. However, lit-
tle is known about the effect on the genital and
central nervous systems. Our present and former
findings suggest that widespread use of TiO; and
other nanoparticles including ultrafine particulates
in air might affect unborn children, especially de-
velopment of their reproductive and nervous sys-
tems. Therefore, research into the risk of exposure
to nanoparticles, into removal of nanoparticles from
the environment, and into methods to protect against
toxicity of such particles is important.
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We observed that maternal exposure to diesel exhaust (DE) and diesel exhaust particles (DEPs) damaged the
reproductive and central nervous systems in mice and rats. These observations suggest that impairment of early
development induced by maternal exposure to DE and DEP causes several disorders after growing up. To eluci-
date the effects of maternal exposure to environmental substances, we review here a hypothesis of fetal and early
developmental origins of adult disease. Recent studies influenced by Dr. Barker’s Thrifty Phenotype Hypothe-
sis have led to advances in understanding how fetal and infant malnutrition can permanently and adversely alter
the development of tissues and organs. Several epidemiological surveys in humans have uncovered links between
maternal malnutrition and effects on the organs such as the kidney, pancreas, liver, muscles, adipocytes, and the
hypothalamic-pituitary-adrenal (HPA) axis. These observations were examples of critical period programming. The
idea has been applied to examining possible fetal and early origins of other diseases. Interestingly, many reports
showed that similar phenomena were induced by perinatal exposure to airborne environmental pollutants. Studies
have shown that maternal DE exposure disrupts reproductive development and damages the central nervous sys-
tem. In addition, perinatal exposure to tobacco smoke has been linked to several respiratory disorders. These results
show that early development is a critical determinant of adult physiology and much care should be taken to ensure
the proper environment for fetal development. This idea is especially topical currently, where rapid industrialization
in Asia has accelerated changes in environment and increased pollution.

Key words —— thrifty phenotype hypothesis, early development, maternal exposure, diesel exhaust, environmental

tobacco smoke, critical period programming

INTRODUCTION

We observed that mice that were maternally ex-

posed to diesel exhaust (DE) and diesel exhaust par-
ticles (DEPs) showed signs of damage to the repro-
ductive and central nervous systems. These obser-
vations suggest that impairment of early develop-
ment induced by maternal exposure to DE and DEP
causes several disorders after growing up. To elu-
cidate the effects of maternal exposure to environ-
mental substances, we review here a hypothesis of
fetal origins of adult disease and its related refer-
ences.
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The main theory of fetal origins of adult disease
was put forth by Dr. David J.P. Barker in the early
1990's."-% The hypothesis stated that physiological
development in utero is tailored to the environment
that the fetus indirectly senses through the mother.
Then, development of certain organs ceases either
in utero or postnatally and certain features become
permanent. If the environment after birth is different
from the one sensed by the fetus, these permanent
changes can be maladaptive and lead to adult dis-
ease. The specific example that Dr. Barker consid-
ered is the link between perinatal malnutrition and
offspring adult diseases related to metabolic syn-
drome. He theorized that some cases of adult dis-
ease can be attributed to an adverse environment
(e.g., malnutrition) during fetal development. This
malnutrition then leads to permanent changes in the
growth, metabolism, and vasculature of various or-
gans which predisposes the child to adult disease.



