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THRY ., BURGER - B FREIE L ICIERE & I U COPECA T RRICEITR D ik
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CIGS MFHmTIE, 1A E5&E L LT CIGS
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DAEPT AL 224 (6.6%) . SP-D D]
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1 FFMAEIL 54. 90 w g/m’, B JHIEEIX 13. 43
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F7-. ~ 27 NRIE O REIE A K (4-/1)
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F1% 1.8 ThH o7,

c) By CA U T IVH A LHIE

VE¥E 3 £D VU THE A LHEZITV,
FEIRFAY 728y U A (B N B 82 U BE O HERS 2 T4
L7z, B A7 NANZOW T RERIC
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B3 X OV 30mg A CUIfiliAH <t B &A% CIGS 3mg
BRI CHEICEM L 72, SO
P4 J EV LR IRF AL L, CIGS i~ i
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2015.
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HEREZREIT LTz, AEEOTHE T, N A 24 2B, Rk 27 FEED
fERIEL, MFEREEHE - FEFHENGESN, 4 VU LAOBRBRENIGES
NTETWDZEND, A 2P U NEFERIGEENFRL 22 FLUEOF I iEA
VUL (In-S) =3ug/L OFFTRA IR ST AL TIXI7 @k E 8
MBHTHDLZENRBINT, £, TNETOREBREELE L CHERREK
ISEfR, ERERIR A R L O RIE MR DS, A~ — D —Tdh D KL-6 i
FIRFICIR N L CE TR Y, BIRER - B AREAE L DICIERFERE & L LR
EPHFT ARRIZEITRD DR, —FH, 4P AEEEO GO IEERER
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BAToT, WA CARBEROA oy MREITARIE, BRIEORS., B

BED 10pg/m* D 1.3{ENG 5.5 G2 L, HECOICIEERRSCE I M
VERH D] LiHMis T, BEI T 7 T X WA R L DRI ED~
ATWNA DT MREITFFAESNDOIRE 0.3 pg/m® KVERVWMEZRL, 6
~ A7 HERDOIRAIVERE TIX 1.00%LA T & Bl /et zm L, BB 7 7 T &
MR R BB I L D A o V0 A ADIRES RR ST,

A. BFEEB VT BT XD M E MR O 3

A Ty LNE, PR 22 12 A BEHE & R CHID THESZ L (Nakano
B HE D (AT L A et al.2009), BIfEHLEDT 4 —/L N
gk (1T0) DB MEZEIZ X Ze AfERRAEARE L TN D,
2R R R 1L B3 B Heffr e &t X BT, ITOD K B R B i) T2
(2 K0 VB M 2% oot o6 M 12 1 P 28 TIEMRERN AN EH SN2 &
PR B O FEIE R Ik B A W2 hEd T (Nagano et al. 2011) k0, A ¥
%R TE ST LW ERZEME R R T U LMEFER TDIED A D A RENED MG
b5, s, BERGNDETLI0FER

DT FE VAL 10 A MV E ME D DT OIZFHIT T E TRV, i
RZFIE L, TR 13 2 E OFRVE M NG TARMOE MR REELR & D
WA OF56 U 72 R ME U 2 F8 9 L FHMEIXEERRETH D,
- LTZERIE. A Y7 AITEF R 264 FE DAL T, BB
T OB E L TR THID T A UV LRBEEEE L. B
DRETHAEL, B AREEHBETS ERNKEL TNDZ LD, 22
P58 Journal of Occupational FEOWIEIZRBWTIL, EREI 44
Health (Homma et al. 2003) |Z/AZF =y, EIREAIEE T, RO
STz, Fox i3 Z OREGIFEAE DG HR BN T A EERIB LT,
G-, BAROFEE 1T0 il T8 AAEPE I LLF O %17 - 72,
D 34k 4 THCHEME L7z Wrm & il 1. ITO% A > v v sfbAhEEIC
TEBIRD, MEFOAL VT A B o 1268 O A
JEEE (In-S) ZBR@EfRRE L L. Mk 2. IT0%A vV L& ildE T
HORVEME R DA F~—H—T G DVFZEBR B E
o5 KL-6 FaEREL L, JEFIC
W7 & - SRR, & - POCBIfR B. BFZEHIE
% L7z (Hamaguchi et al.2007), 1. IT0% 4 v M ElEIC
ZD%, 34 THLS DA VD B D 1E3EE O FiiE
DR T T IA A S L, 3 WER2TAEAEA A ~ Rk 2843 H D]
4 THCTOBIERERITHELL, A 2. 6FZEFT (1T A Yo MMEE
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PR, RERFEIE & L CIn-SH
ER L OMREERE, AR & L TR
Weg >k BRI M5 5 40 AR ECT
(HRCT) #s, A XA m A NY— —
(b ML BAERRER  (%DLeo) |
M IEKL-6 | i iF SP-DJR B 4% 2
E Lo, 70, A ZEIZ THHn,
PRI, B, BUEEE 2 FH A L 7=, HRCT
w13, D L3, ELGO A MG T Lz,

2. ITO% A o Vv MMEAElE T
B OVFEZEBR BRI E
FL¥ SERR27412 4 8 H FEii
AT NERGE LT EEEEREEH
E. RIRREEBRB LA VT LES
BEERE, EERICB TS CA~
A7 NI L~ A 7 S (B 5
FEIE) S A F T3 T L=,
a) A >V LAOVEEERENE
EEBRET O A 2w AEERIE
A AV y N S Y /=AY e

# 1 FHmAEEYE

WNMEZEIZ L DR ER IR
L feE Ak 22 45 12 A 22 H )
ICED B TWD 228 F o 1T0 25
DOPE DR EFFIEIZDONT ITHEW
FEhi L7z, WEIXI =R 7230
AL~ PM—4 NWPS-254 %45
BrA&E (GRH RS R) 24855 LT
STz, RLREVEIL 50% » oRIER
4um(PiE 2.0L/57) T.4pum BAT (K
AMEA 20 NREE - ZIEE L
TWA YT NRE) L dum Pl ED
2 BBEIZ i CHE LTz, ARRITIR
HELE—R s TRATFILALT LYV
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) 2 U 7e, E ST OB X ¥
FOWEMEEK 1, 212~ Lz, &
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E=Ean el VS oY e IVAW SR SN 38 BN GIIN
TEEBREERED A JIE DO ANEA >
DT LR A DT 1 A E & &
BibL bz, oW T B HEME
ax, BAERESCHAEINDIEE
L LTz,

Wi L Dl

0.01 mg/m' LA |

(3B BT ] 0.01 mg/m’ bRl (5

v
v
b

. 310 mg/m’ i
FRENDM
HE L Db

3104 mg/m” LL |

VEZEBRECHIERS R « 55 1 A ST B I EMR

HIEEAE  0.01 mg/m* = 10ug/m’

HREINDHIEFE 3X10'mg/m’ = 0.3ug/m’
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7 S (BN REZ IR FERIE) DA
T IR EERIE

TR BT IR (P RIEEED) |
IR 7T H4E8 L, 7 MEET
EREAICHE L, WA CAT O
ATV LREZE L, R
CANHESE L 2 — T B~ AT H
BRI ., ~ A7 mENDA
D NEEIZOWT G REERICHIE L
7o PIETTFAT & FZITH T TITU,
LRI T2V, &5, 0
OIEZERIGRT, FEK T#., THED
TEERRERT, 1FERKR TRIHEHL T
Wz~ A7 Nl T v — LRI T
BRL, ~AZRWll~DA > T A
&AL LT,

c SRR3R SR
- PM4 NWPS-254 WUy kiditE LR FL
At

c) MUAYTIVHEA LHIE

VEZEE 3 212V TV A KRIEN
AR/ RN =Y F N H A B —
(CEMFFH LD-6N) 2358 LT,
F7. 10 G TOFEE U ARE
ZRE L, RBREE 728 U A OfE A1
BIREOHBEEZNE L, bz~
A7 NENZHSW T HRIERICY 7L
A LPEZ FhE LT,

d) ¥ A7 wIERHRIE

EEZICONWT, v A2 7 4 v T
AT T AL — NT-03 B SR
BT, FRTOIEZER MG, 1R
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TR, P OIEEBMRE, EEK
THEEOMEKRI S DO~ 2 7 FHVRAIE
i L7,

A DT LRRESHT T

a) 7 A4 IVH—

HEHT 40D 1 &2 W=, g
4ml, 3 L ONEERL/AKFE K Iml Z RN
LT, A7 ko fgiEsE
Multiwave3000 (Anton Paar #Hl) CTHi
JLBR AT - 7=, ATALERIR I PTFE 0. 45
pm 7 4 L% — (ADVANTEC #) T4
L7z, Al L 7= BIAVEER & i 24
IZFR L C, ICP-MS(Agilent 7500ce)
TA VU LREZHE LT,

b) 7L — LR (BLASHR)
NI L — A vz, 1
AEHZ DX 2 HAEZITV., K
0.1g Z Wz, AREHIIHEE 4nl 35
L ONEER LKFEK Il ZUSHIL T,
~A 7 R iR EE Multiwave
3000 (Anton Paar &) CHIALFE AT -
720 HIALFELRIZ PTFE0. 45 um 7 4 /L
4 — (ADVANTEC ) TAiE L7z, Al
U 7- BTALER IR 2 36 4 R FE I AR L T
ICP-MS (Agilent 7500ce) TA > 7
LIREEZHIE LT,

(fi 2R C DOELRE)

A VUL aR— MR, EY
WFFEIZ B9 2 i BRFR 1 (2D Z AT
FeRtBiE LR L, BIERZEEE
fBELZE B2 DGR D b & Tilkife S i
LTco ABER, T TOHRE D



SREZEISF L9 2 CTEM L7,

C. WFFEHER
1. ITO%A v v v MMEEhElE
B D AEEH OE ik

Rk 27 FEEORRELZ D2
(n=335), HEIX 309 4 (92.2%) .
SEYIAEHRIE 45,5 5% (FEPH : 25 79
k). MRERE 318 44 (BHBREE 230 44
W8 ENRTE 88 44) - FEMRERH 17 44,
i’]ﬂ% EHARTIZ 9. 6 4F (0. 6-39. 7 4F) .

FEBHAA B ORI 11.4

(0. 3-50. 2 4F) . IMyEA T LR
FE (In-S) (FHEMFEE) 2.6 u g/l (i
: <0.1upg/L-51.8 ug/L). In-S
=3 pug/lL OAEFTRFHIL 59 4
(17.6%) . FEMEMR DO~ —T1—T
B 5 KL-6 O 265 U/mL (IF
HAE <500 U/mL) (#iPH : 124 U/mL
-2090 U/mL) . KL-6 OAFT AEEI
22 4 (6.6%). SP-D D11
47. 4 ng/mL (IEF{E <110 ng/mL) (Fh
: <17. 2 ng/mL-437. 0 ng/mL) . SP-D
DT RESIL 354 (10.5%) T
ST, MFEREM AL 313 441 ﬁL
PERI, . B R CHiE L=k 13
A AR ZR TS THIE A L,
MERASRERREE AT A R T A NCHEL C
A Z AT L, BUEEZW - S0
THER (n=29) 1XFRA L 284 4 T
HrL7z, %VC OBEMEEIL, 101.4%
(#P#H 1 59. 1%-137. 0%) . %VC<80%
DOHFTREEIL 104 (3.5%) . %FVC
DB, 99. 5% (#iPH - 54. 5%
-130. 9%) . %FVC<80% DA Pt & ¥k
(X174 (6.0%). %FEVL. 0 DEITF-

16

PJik . 94.0% (#PH : 48.7 %

~127.9%) . %FEV1. 0<80% DA FT 7.3

L 334 (11.6%) . FEVL. 0%D AT

R, 81. 2% (FGPH : 49. 2%-99. 2%) |

FEVL. 0% <70% DA P AFEIL 11 4
(3.9%) Th-oT=,

Yok 27 AR R E D O b, I

BREE B L OV 21 2 F TlzA v~
DU LEEREN D o T2 E 1L 247 4T
Hot-, BMEIX 232 4 (93.9%) . F
i’»ﬁﬁ%&i 46. 3 7% (HDH 1 26 %79 5%)

ﬂ*‘% 231 4 (BilEiE 156 44, 1wk

H& 75 44) - HERREEL 16 44, VIR

ﬂ;ﬁﬁzﬁ I 11.6 4F (0.6-39. 7 4F) , W

FE GO OB WM IX 13.9 &
(1.6-50. 2 4F) . SRR 27 4D In-S
THENEY 3.5ug/L (#iDH -

<0.1ug/L-51.8 uw g/L) . In-S=3

ng/L OAPT AL 59 4 (23.9%)
EOERE 2T D In-S AT AFE 2RI

Rk 21 FELLRTD B DA //?Jaﬂi’é

BIEN D DHH ThoT,

Z D 247 4 % Rk 27 AR O R ER IR
DT, FENRER - BiRER - i EIRE O
3 BRI/ LR LT, FENREERE L
e U7 S EE O bikix, BlgEEREC

BREZ RS D In-S kJZU\T’\’CO)
AR (KL-6, SP-D. %VC, %FVC,
%FEV1. 0, FEV1.0%. %DLco) 23
wfﬁi&%i&#okobﬁb

B EIRFERECIX, FEREBEREE L L,
SRR 27 FEDOMEFEFRIZ D In-S BIFET
LEBICEETH D, BT
D %DLeo A ENAELL | %FEVL. 0 35
X T FEVL. 0% 2MEVME AN 3 - 72,

(% 2)



3 HECOAFT RO T, Hiig
BRECIL, FHMEO R & Rk, g
FBHEO In-S BLOT X ToOEE

i (KL-6. SP-D. %VC. %FVC,

%FEV1. 0, FEV1.0%. %DLco) 23
WTCHEBERET o7, LAl
W EMRFERE TIE, ARk 27 D IRERTE
FED In-S 1345 72 BABIATREN

m <. FETEBEEE D %DLco,
%FEV1. 0 3L O FEVL. 0% ™A & IC
mole, £io, BUERETRERIE L
Et L7223, %DLeco, %FEVI.0 35 &
UVFEVL. 0% DA P /L3R 0 i S [T
TOHBMATE /R TITRL, A
VU LRE ORI S,
(£ 3)

2 BRERHENOFE)E
JERRERE(n=16) RRREE(n=156) BEBREN=T5)
EHFERE) THEERE) FHEERD)
In-S 0.05(0.03) 1.95(3.68) 7.31(11.4)"
KL-6* 268(1.59) 268(1.45) 316(1.67)
SP-D* 46.7(1.97) 43.5(1.88) 63.4(2.23)
%VC 101.3(11.2) 102.6(13.2) 99.12(12.6)
%FVC 99.6(11.8) 100.(12.7) 96.2(12.5)
%FEV1.0 96.5(10.8) 95.7(11.7) 89.1(14.0)
FEV1.0% 82.3(4.6) 82.0(5.5) 78.7(1.7)
%DLco 95.7(12.6) 95.7(13.4) 83.8(18.2)"
& FEAAT 1 (BIAIZHE(RZE) | *, +x P <0.05, .0.01 Dunnett test {3 F (FERR
F2if&EHELT) ., %DLco:National Health and Nutrition Examination Survey
(NHANES) D IE X {E M.
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3 WREERER O HFTRE
FREC-10  WEEGo15) Do
(n=75)
n(%) n(%) n(%) P
In-S 0(0.0) 27(17.3) 32(42.7) <0.001
KL-6 1(6.3) 10(6.4) 9(12.0) 0.332
SP-D 2(12.5) 10(6.4) 18(24.0) 0.001
%VC 0(0.0) 5(3.7) 3(4.8) 0.667
%FVC 0(0.0) 9(6.6) 4(6.3) 0.572
%FEV1.0 0(0.0) 11(8.1) 15(23.8) 0.002
JERREH 0(0.0) 1(2.6) 3(20.0) 0.056
B2 42 2 0(0.0) 10(10.3) 12(25.0) 0.024
FEV1.0% 0(0.0) 3(2.2) 6(9.5) 0.039
JEELES 0(0.0) 0(0.0) 2(13.3) 0.045
LA 0(0.0) 3(3.1) 4(8.3) 0.279
%DLco 0(0.0) 3(3.4) 12(16.9) 0.004
JEEREH 0(0.0) 1(4.3) 4(22.2) 0.112
243 2 0(0.0) 2(3.0) 8(15.1) 0.032
P <0.05, .0.01 Pearson ¥ 2 test {# . Reference: %¥DLco<70, National Health and
Nutrition Examination Survey (NHANES) D 1IEZ{# .

2. ITO%A >V MEEmElE T
b OVEEBR B I &

a) {FFEREEHIE

ITO WFHIVEZESS O VFEZE BRI E
RELTHRAMER CAFDA VY
DPRFESE S 40T, TENLE OHEG
X1, 2R LT, FRIFICIT- 72
WFEIVEZEY O A PERMTELE (M)
X 2.77p g/m’, F 1 FF A0 E X
54.90 u g/m’, BO CEmAFHIEIEEE
AEfE) MEEIT 13. 43 wg/m’* T, & 1
A X B AT 10 u g/m” DF 5.5
5. BOMEMEITH L.3FHETHY Y
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ARG ORI RO EEER
BUGEICI D e ERH D L7
fli SNz, FRIAT - 2REES O
A T E S AmT 5B (M) 1 3. 05w g/m’
51 FEAMMELX 15,57 ng/m®, 13 BF 17
DINBIToT BOMEIXS 714 X
—MWHEEEE N ETHY, AV Y
LIREIT 14.34ng/m’ L2 ol B
R I B AR O 1.6 %5, B X
OBHIEMITH 1.4 5 THY . Y%
TEZES OFHmIZ AT & [FARIC TE
RN EFEBR B SGE Y AR T e B
NHDH | LFHE ST,



K4 A PU MMEEREHER R

Em | BEE | BT EILES IRAENEE | BInEE | RAMIN/&In

55 TS E, FFMEEE (u g/m® (U g/m) DEIE%)

AD 0.20 0.23 88.2

@ ITORFEI{E 15 0.06 144.22 0.0

© 16.59 3863.88 04

@ 3.24 5.70 56.9

® 1.86 366.16 05

® o EfE:2.77 8.92 15.67 56.9

@ 9:40 | 11:20 A IEAE(EZE:6.19 6.75 7.16 94.3

515 {E : 54.90 1.94 2.83 68.7

O (B%& . F25HM{E: 14.41) 1.38 411 335

(U g/md) 1.93 3.58 54.0

) 2545 28.27 90.0

® 2.49 2.75 90.8

® 2.40 5.77 41.7

23.46 26.67 87.9

BD | 9:47 | 957 | FTEMHIBEESE (CKR)LE 13.43 16.55 81.1

AD 13:15 | 14:55 1.20 1.65 72.8

@ ITOWEIE .15 1.31 1.86 705

© 2.40 26.80 9.0

@ 1.59 63.01 25

® 1.76 156.47 1.1

® (o] SF141E: 3.05 2.09 160.85 1.3

@ HMEEERZE:2.70 452 804.24 0.6

$15HMIE: 15.57 1.49 405.61 0.4

© (5% . FE25Ff1fE:4.98 ) 8.84 159.99 55

(u g/md) 713 236.01 3.0

) 2.59 112.70 2.3

@ 482 181.48 2.7

® 487 565.84 0.9

10.42 1667.67 0.6

BD |[13:17]13:27 | 5145 —meste s AR) 4B 14.34 201553 0.7

B® [13:37]13:47| 75104 Mg CRIE 7.62 1270.22 0.6
b) ~ A7 4 (fEl NREREEHIE) & Holz, TTEHELXDOD~ AT NEE
~ A7 N EAh /vxyﬂgfﬂﬂkﬁ ZIRE) 1L, A

KLY ATNOWAMEA VD I (B b = XEH 77 B L

LRER L O~ 27 A DWANEA — 3210 A) OFRIA 5. 6%, T1% D3
U LREOHEMSEE S L, M 4. 3%, B X (FEMBEFTHRL Sy-11V 1Y)
EIXRTE PRSI T T T2, DRI 2. 2%, TFHEN 1L.5%Th -7,
A7 AR (HANBRERIRE) ORK C I (FERRWERTER Sy-11V AY) |37
EIX A K (ZFRT) @ 24.36 1 g/m’, % BT 1. 7%, 1% 1.8% Th o1, F7-.
/MEIZB K (PRI D 2.76 ug/m’ T ~ A7 QWK L Em & ORIk
HoTz, T, ~ATHNMEDERK FoA4 U LMIEEEZR 6 ITRL
B A K CFii) O 1L36ue/n’, B 7o

MEIZ B X (FRT) @ 0.06 1 g/m* T
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1'5 ERLEY RSO RRIAADINREERE TR mnamamr
g = (EYALPAPRIES LL BF)
= | R TALE—1h nBE | gas| o0
5 PAPR ey | FEEH | X2 —— ToRE [ o | PRV | ERRTH
BMHSY AT EHTI7 x 1 24.36 81.2 083 037
A [TOFE. BL—321HE %0 Al " 136 45 56 (253)
P | mmmy TR BRI 950 T E 12.96 432 43 0.17 0.27
BL—321HE! : 3 "N 0.56 19 ’ (237)
N rs 1 276 92 0.08 0.24
gy | ERESSTIVE 09097 i M 0.6 02 22 (339)
BEK |34v%
N FEBSy-11VE 99.97 :; Z: E;Z 2(:: 15 017 o
RSV 0097 ; t 15.19 50.6 . 0.1 0.00
o | M 2] 026 09
. - \ 5 s 6.04 20.1 0.09 004
FWESy-11VE 99.97 A Py o oa 1.8
Fz6 ~A7OmEKEBELE OEMEIZIIT DA T T LMTEERER R
E%E | BER |InftEEW\ g TRYUNDIELE
AK 45.79 HhIXEBET7BL—321HE! (BHE)
FRIME _
BE %275 3.26 Sy-11VE! (EEHERTE)
CEK 053 Sy-11VE! (EHEFTR)
AK 27.37 HhIRXEE 77 BL—321HE! (BHE)
FiRiE% _
Y _ 1 I\ 251 1]
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ZHEM LT, A ROWPERREX 3,
BERZK 4, C KZK 5IZRLT, A
KX 74 ¥ — W EVEZER 2B
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REWE~YARITI T 4T 4T TR
H— MT-03 B Z LB~ A7 D=
PEZ R Ule, FRTH O1EHEBRbAKE
BT HIRNBORKMEILZ A KD
0.83%, H/IMEILB KD 0.08%TdH >
Teo FETo. TFRHIFOEERK TRIZE
DB RAEIEL 0.37%D A KK, He/ME
(% 0.00%D C KTHo7z, FHOME
SERTORAMEILO0. 1T%DAK & B,
/M 0.09%D B K Th o7, {E
S ORI 0.27%D A K. /)
E1Z 0. 04%D C K ToH - 7=,

D. BE
L. IT0%EA v v MeailEic
B 2 1EHEH OE Pl
TEHBREAE P - (FEE N SGE S
e AUV 0 AOIRFERENSES

22

NTETWD, ZORER, 1V 0
LR FEBARRIER N 22 LI O
121X In-S=3 g/l OFFTREILE
57 AREH T TBEEEENR
%T@é’kﬁﬁﬁéhko:ﬂi

DFEFERE L L CHR 2 &SR
% s BRR 2 s L QW RV
iR DONAF~—D—Th s KL6
ELHRIFFIIETLCE TR, HE
B LR ERFERED KL-6 fEHIX
JFERBEREE L L CTHBREEZRDR
VN, IFSRERR A ORI (%VC

<80%. %FVC<80%) . HiMRFERER
FONE BB ERE CHBHERL L AE R
;E ﬁlb\&)fé?l/\o

— 7. MitgRE R A oo PAZEMZ b
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FPLEARERE®E  (%DLco) 1E, A v~
U LRI E DS EREERE T




AEITKLS, T E CIlomges Lz g
Lo 110 :i4>%>HmVﬂ FRAT
L. 5 F~9 FO1BHMIFFE CTRUEMEZLE
{EREES 5 & & (Nakano et
al. 2014, Amata et al.2015)., —
TOHRRTH o7, RELEDONE CT
TR L 720 | TR DS A D
Pl e SN FH TN e o=, Ml
Wh 2 2 ERBOT, BFERTHIX
RIS MRS TR AME (23 A)
b Z s (Nagano et al
2011) A7& Bifle L 7= Rl g2 25 4
EThHD,

2. ITO% A o v MG T
Y OVEERRENE

ITO WHEEAEEESGICBIT 214 Py
LOEFERERERE R ICONT, E
ELAARPICHIE LT=FriH o A Jl
EMEOFF L, HIE S No2 @D 0.06
pg/m” x B RE K Noll D 25.45
peg/m Thov=, F 1 7HmE (54.90
pg/m’) 1% BAERRE DK 5.5 4%, Bl
FEE CEma I EEE A E) 13 B
BREOCK 1L.3HFTHD, #0NITE
ERBIYGEICI M LB B DG
RThot,

Pt D A PEMOFPE L, HIE S
Nol @ 1.20 u g/m’* 7> 5 HIE 5 Nold D
10.42 p g/m®* THoT-, 5 1 FHE
(15.57 pg/m*) X EFERE DK 1.6
5. K2 BOY 7 A v ¥ —WFEE{EE
FALETIE 14.34pg/m* TR 1.4 5
Em <, PRI & FIERIC T et ik
MBI fER L Ip o Tz, FRICTFRD
T T4 X —IZ L AEE T, BT
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PEREEE OB D 2> B oSBT
EICTOIEEMTONTWD T2,
EEEIIH CAIC L VBZES AT

AIREMEDNE 2 BT,

F 7o, BFEIEEE B TH - 7208,
AL I A MIZFORDICAEL
IR L T e, RZRL72R LA
T U EDZERIT &@ﬂLuﬂﬁ
THREEMEN D D & bz, fE
72 FHWRUR AT PR 2L B PN T ol 23
HEND,

TEZEBREEHIE /G R & (8 ANV BRI T
(v A7 DIRE) ORIERERITHD
WL FRTHIZAT DIV TV WFEIE
FENCE (B AENLE) {0 Noll
& Nold 12T, BRI mWNA P L
BRERRO LN, YTt =—
NA—T X0 BN TS HD
D, TOWHNO+ 2 KB LE L
EZ BT,

BE) 7 7 AP E PR HARGER T
% W 5 IR HE ®&Tﬂm(vxﬁm4
T LAPERE) ITHOWT, A KL
X, Y~ AZNEDA VT ABRET
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@T%é:kﬁ%%éﬂk0$@7
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Thol-y Flm. YRAI T 4T 4
VITT AKX D REF O T A
Z W To~ 2 7 TR O IR AV E RS
BT, 2T 1.00%A T & Bt 7%k
EawamlLlz, TOXH77HE @77/
H%EW%%%E%@E LETD

(Z X VR EA DR TH



EMTENITEEDbNS,
—J5. ¥ AJ OEK L Em & O

BRIENC BT DA VU DO AR,

7T ThDADFEIOEZEFICDH
0.90~3. 22 ug N INT=ZHL DD,

T OVESER TR 0. 53~45. T9 11 g

4 DVESERE THRIZ 3. 69~27. 3T g
ENEERIZIIMEENINT 5 Z &
WRER STz, ¥ A7 HIRIZ DN T,
Al R OREF RN EE L&
biLd,

E. H#
AEEORHETIL, BBEROH D
FEDOIINA 2 IO T, i
FED N B O T B BT D 7= 8
(ZHkRE L 72 B2 N 5% b LB T
H5b,

F. #FFE3R
1. FmSCFER
(D Nakano M, Tanaka A, Hirata M,
et al. Pulmonary effects in
indium

workers exposed to

metal: a cross—sectional study,

J Occup Health, 57,
2015.

346-52,
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F v &2 CIGS, 1GZ0 O B & BB A1

WrefEE | BER
UPMIRZER S B [EETIERCERBEE 247 B « GHRM)

e

I

JUNRFRZERE  EFHTTERe BB E 00 B - %)
e wE

(FUM R R EAIFTEE R O AR IR 220 BT - HEZER)

T SEHf

OUPMIRZER SR R TERe R BEIE 200 B - B30
KA FT

(KBEARE A Akttt o & — - 5Ehl)

MAEE

KGEBMBM THIH AL H YL (CusIn*Ga-Se:CIGS)
SRR EIRTH DA VT b - Y T4 - BRI (1620) 132 DR
AR LT A SNV TIEEERGROA > DY LEELTNE bOO, KR
MR LTETZD, 2o OMEORERZEOMAIIHFFRIZZ LY, €I T, 7
v FEHWT, CIGS B L VVIGZ0 & 7 » M OKUEWNIZTE G- L BEXGEMERTEIZ X
% B B A A L7z,

CIGS KiF+B LN IGZ0 hi+%2 T v hOKEWNIZEE- L, CICS %57 v MMIg
5% 12 B, 1620 57 v NI 24 BT HT= 0 . BRE R E OHERIZ
WTTRRET L7,

CIGS KL F-H& 512 L0 | oD CIGS B 1T LTz, MiF In & Ga R
ITARRFHIZHEIN U 7, L7 Cu & Se JREEITRRMEH 722 LA ITBIZE S oo 72 a3,
XFRRBEIC AR THEIC A Lz, CIGS 58 CIXMBEM MK ~— I —Th 51
15 SP-D MR I IRBEICH N THBIC LF L, & 51, ke Bk e L7 imkks
ENBIEE S AL, IR ZS ORI R R IR LT,

1GZ0 BEOD i 1620 K-V BRI A LML Tn 35 KO Ga PR EE LRI
HISHECHNT B LIS, 3% Zn JREEIE 1620 R fOEGIC L > TiE LAY
B T 725 12, 1620 R 1-$ 512 £ 0 i SP-D B 1 FREEIC LR CHE
(CER U IOMEARIRR T, Mkz BRE LoMkiaE Bl s, i
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S DREFE IR I C R U7, LA EORER L v | CIGS K3 KL TN 1620 Ki+ o
LRENEGIZ L 0 IEENS X Si, RMEFEENEELT 5 Z L2807,
CIGS K135 L TN IGZ0 K 7P HAZ K - TR ENFELT 2 Z E RSN |
BEINIREIZITOZ X LD & T 5F 2 DA >0 MMEGWE 52 X 5 M
ZREEPIL T2, InlcNz T, Ga, Se DFRIAF0> BT 5 4 8= CIGS ki ¥

BELYICIOKFZ DL DDOEEHELER T OMEN LD EEZ NI,

A. BB

A FE TOEMW R PR LY
A 2T MMEEDIFE D AELTR
fi R AR Z R 2 &R LT
STz, — ., KE3EER EBR
TRAX—~OHFENRFEED | FFIZ
AT HV T LB
(Cu* In » Ga » Se:CIGS) A FEEREIZ
fifi > 72 KB BT S M =3 @ 7z
B, U, EENEH LTS, &5
oA (In) « HY 75 (Ga) -
diEn (Zn) B84 (16Z0) 1% In. Ga.
Zn \Z X 0 AR S B R e gk T
by, BEBIBEENRE, ¥y TF 3%
IV D EkE AL ARVEE BRI R
ThoHlzd, EEZITEML TS,
CIGS R IGZ0 IIMiRIEEEBR TH D
In 2 THEL LTEALTHDR,
CIGS X° IGZ0 DAMKFEED A NZ L
<. CIGS <0 1GZ0 DYdHE 22 B3 A 1 X M2
BROBMETHHLEEZ BN D, CIGS
R 1620 DOREFEMEIRTE T D flE T2
& RS E O RS S RRRED i b IR R
DEEENREmWEEZ LD, XX
CIGS Ki¥ 1 B 5H& 0.5 mg/kg, 5
mg/kg, 50 mg/kg D 10 DA TR
L, RKGEMEIRERIC X 5 3 EE ol
PMEREIZ OV THIME L 7= (Tanaka
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et al. 2012), ZDOHEHE, CIGS kit
DEGIZE > T, MFEENRE L,
CIGS KifDFiNELD Y7 VT Z v A
BT &R STz,
AHFFEIZ BT, DCIGS R Dk
RSB 5 1 [I# 5 &lT 3 mg/kg,
10 mg/kg, 30 mg/kg D 3fFDNAHT
HIE., 52, @IGZ0 DfatEE ALY
it 5 1 [EFEEIT 10mg/kg 2% E L.
7 v M HWTRXGEMEREICE S
fifEE Iz OV TRRE L=,

B. HEBRFGIL

@ CIGS HIFD R E ST

WERME & LT CIGS ki (FEB/K
Fofih | YR 0.1um) & H
W72, CIGS KifDENLY%IL Cu: In :
Ga:Se=24:18:8:50 (CIGS 100 mg
H1 Cu:19. 7mg; In: 25 mg; Ga: 6.4 mg,
Se: 49 mg) Th D,

EhrEhY) & L CHlE Wistar 7 v b
(Kyudo, Tosu)128 PL% 7 ji i CHEA
L. S THEGZITo7=, 1 [m&5
BT FEE LT 3mg/kg (In &L
T 0.75mg/kg ; 3mg H5-H#) . 10 mg/kg
([, 2.5 mg/kg ; 10mg #F&5-#E) . 30
mg/kg ([Al, 7.5 mg/kg ; 30mg £ 5-#f)
D IFEONTREEEZRE LT, &




BRIEILAS CIGS # 5-7f 3 HF & x4
Nz 7= 4B, 18E 32 PECTHERR L 7=,
BB E T ARE K TRE L.
1 mL/kg ORREIR 2 $ 5 LTz, xFHEE
[ZIZFRE KR DO A E 1 nl/kg BEH LT,
8 Win L W & H- AL, W 2 [F,
5EICHOTz»> TRENKG 21TV, &K
w5 aoFEPE (08), 18, 4 B,
12 # BIZKEE 8 P92 (CIGS 30mg ¥
HRE128 B OR 7 I0) ZHIE ST,
7w MEIZEFEERITEKREFIREY
PRifn U, F et 2t Lz, @B
BrH o yE & fgdsr i3 —80°C THRAF L
7~ TRERANEERIT 10% P EfEE AL
~ U UIRIR CREER . FEIC LD R
PEARZERL L 7=, HE Yefa, PAS Yefa,
JRELEAREAM A2 4T o T2, S RER DD
SR EL LAY A O TR L 7=, YR
BEOREIZ-1ND 3+FTO 5 Pt
(- : none, £:slight, +: mild,
2+:moderate, slight =
1-10%, mild = 11-24%, moderate =
25-50%, and severe = 51-100%) CTaE
fili L7z,
SP-D JAITE : ELISA (& CIfii SP-D JzE
REZAT -T2,
fi€EE (Cu, In, Ga, Se) Z#F : fii
EEEE AT T, B SR O
10mL OHIIff L2 —BREIE L, &=

3+:severe,

&% 0. ImL Z RIS W -, F D%,

MiEERCFETEREEZRIT L
7o i EBEDOEBEE LV R0 RE
BEARMN LU, @RIEENE R FRE
DFEFHEATIZIZ T IRED 1/2 fEZH
AV

m;ELE (Cu, In, Ga, Se) Z#r : IfL
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T 1mL Z AT, B & L O 6mL
B L O /KSR 0. 5ol Z SN, ~
A7 vy =—7 fRAEE 2 VT K
1t (RTLER) 24772, IRACIRIZNEE
g ou vy NERINE, 20mL (2
EA L, ICP-MS #:E 2 W Ta g
FEAZBJIE LTz, & FIRIZ Cu:6 ng/mL,
In: 0.1ng/mL, Ga: 0.2 ng/mL, , Se:
30 ng/ml TH D, @BIRENER
BRAE O FHEATICIL TR D 1/2 fE
Z Tz,

HH WM L OB R oK E
2k, MEE, MoPREE b, mig
SP-D B, MoAGRE, IEERE
IR BE X0 PR Es SE BT O TR &
1T-7,

R L fisds B E O/ FHRATIZIT 2
WrHT#% Student’ s t—test &,

HKHEIL p<0. 05 & L7z,

@ 1GZ0 K FD R E ST

PR & LT 1620 ki (EWIHE
PR A — T — L 0 i SRR
4.6 um) &M=, 1620 ki + 1%
In,0,:Ga,0, : Zn0 & 1 : 1: 1 ®FE/LL

(IGZ0 100 mg "1 In:37 mg; Ga: 22 mg,
Zn: 21 mg) TIRA L., BERLLTZH D
Th b,

LEErEMY) & L CHE Wistar 7 v b
(Kyudo, Tosu)40 PE% 6 Js CHEA L.
8 Ml TR E21T o7, 1 & 5EiX
1GZ0 Ki+#&# L LT 10 mg/kg BW (In
& LT3 7Tmg/kg) ZaxiE L7, FEH
BEIL 1620 BEG-BE & XPHREED 2 BE, 4
BE 20 PECHERL L7, S HBRME 13K
K CTRIE L, 1 mL/kg DBREIKE 1



[l fe 5. U 7o, RIS IZAR R KD %
1 mL/kg &5 L7,

8 W frRFIZ 1 BIORE NG ZAT V),
1A, 48, 12 8, 24 HBEIZHKEE 5
VT DZHIE ST, T v MIZEHIE
ELARIC R RERIR L 0 BRafn U, = Efigds
G Uc, @@ oot FH ol & lses
X —80°C TR L7z, JHEL IS 1T
10% P PR R L~ U ¥R CE E
%, WIBIC LV IRBEARZERL L=,
HE Yo, Bl PRIGHE 21T o 72, 4%
IRE LD it DI BRI 28K DU CEE
fili U7z, BlJRZS DFREEIL 5 BEpE (-
none, = :slight, +: mild, 2+:moderate,
3+:severe, slight = 1-10%, mild =
11-24%, 25-50%,
severe = 51-100%) TaEAH L 7=,
fi€EE (In, Ga, Zn) 94 : HEEL
B BE 2 AT W72, R b % .
ICP-MS CTA&&BIRE 2 HIE L7, i b
WELRHIEOERE LV N2k &R
BEEEH L,

1) /NET (In, Ga, Zn) 947 : U %
#i0.01 g 7 AW TR b, ICP-MS
THERBIRELNE LT, &RIEEN
E BT RAE O FEFHEAT IZ 13T FRE D
1/2 iz Tz,

m;EERE (In, Ga, Zn) 44 : LI 1mL
ZZ W T, AR, ICP-MS T#4
BIREZPE LT, SRIRENERE
FRAE DR FHEAT 21T FIRED 1/2 E %
7=,

SP-D BISE : ELISA |2 T I SP-D j&fE
WExE1T -T2,

B AWM L OE R O E
b, MiER, 4, miE SP-D

moderate and
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R, Mgk LY NEERERE,
Jifi DR BLZEAL 10 PR AR 52 BT DU
TaHlhZ=17T > 72,
B FREE DR FHEHT IZIX 3 B AT 1%
Student’ s t—test Z VN, AEI/KUE
1% p<0.05 & L7,

(fm B~ O RELRE)
ARHFFRIEL AFERE B S 2 B 1T 2 E
FEBRE D E R BA S D HAFEERE, JuN
KRB FZERHLH S X O K5 8)
Wy FE R UGN AN I D & B FEBRET
(TR (S5 APNIIR P NE Y NE & A V=R 0
be B R ZE B = DIKER &2 45 TAT
DT,

C. #R
@ CIGS M FDEREEE T

CIGS Ki-f D) 1 hifF&1% BET
EICEDHETO. 1 um, 2 KR £1T
L— W — AT « BOELECRLEE A T &
HHEETO0.6um ThoTo, HHEOKR
B B3R & L LT CIGS 3mg #F :
5.0 £ 0.2 mg OV £ PR ) . CIGS
10mg Bf 16.5 + 0.6 mg, CIGS 30mg
£ 49.5+ 2.0 mg TH-o7= (Fig. 1),

5B L OEEYRF O CIGS
3mg Ff & 10mg FEDOREEV IR REEE
E R OHERS 27~ L7223, CIGS 30mg
HTITAEICEMECHER L, CIGS #&
HIZX > Te2HEoEERRBD LN
7= (Fig.2),

2 CIGS #¢ 5-HF DA FEAMRF 5 O i 8
I IR CTHEIHEM L, £
RERIZHE N L7, S 6102, 0, 1234
ElZ BT, CIGS 10mg FEFS L O 30mg



FECIIFAE® B & CIGS 3mg BEIZ L
NCHEEICHEM L7 (Fig. 3),

B HED Ml PSR4 R B IR RIS
WA L. CIGS KL+ fifi o =18 B 1
CIGS 3mg FE & 10mg AEIZ 12. 8 . CIGS
30mg AETIX 8.5 W ThH -7 (Fig. 4,5),
BRF RO MIE In JREITE G &IKFME
WZHEIN L. AR CRAFFRYIC 12 B B
F TG In BENEM L, —H,
Y% Ga JE 1L In & IXSCRHITRREFIYIZ
JME A 2R U7, M Cu B8 KO Se
PR EE X CIGS 30mg #f TIEARE A TR
BEICHE_RCTAHZCHEM L7=23, CIGS
3mg A& 10mg B ClrIcrBREE & [RIEED
HB AR LT- (Fig. 6), 45 CIGS ¥ 51
CIMLYE SP-D R 28 1A e A Tt R
ICHARTHEIZES L, 0S4
FTHILE2, 4 AMND 12 /T
(FHILNTHER L7 (Fig. 7).

Table 1 [Z&BEDIHE DRRFREFIZAL
DOHERB A R LTV 5, JRBEZRIZEE L,
BRSO E 3 B - i b 2
H DL &L o T JIEME IR
IZhifla~ 27 a7 7 — ORI &5
TeB M DRTEE  PAS B D RTH
N D a L 27 U s DT
FifafE YL, SRR DA, W
FHAR O AEDBIZZE S T2 (Fig. 8), PAS
SEPEE O | il D a2 L A7 Y
VAERM ORTRIT 0 8, 1 TIXRH
L7ginolz, 4B XY 2 b 0
ENBIEE ST, FREDOFRE T &G
EARTFEICRBEL LTz, MR OREEIX
12 8 B THERRE L 7228, hoRZs
I TRRRF IR LT,

@ 1620 fIFD R EETm
IGZO Ri{$& 5813 3.2 = 0.03 mg
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CEYEEHERE) Thb, B
Mo T v hOETIZARL . KED
HIMOHBIZE L Tix 2 HETHEER
RFEENTRO Lo T2, 1620 FED
Jiti R BB P 28 U T xR
BELHRTHEEICES LE (Fig.9),

1GZ0 FED fifi D &4 J8 Bl TR
B U, FEdT 42.5 @ ThHo7=
(Fig. 10), Fig. 11 (ZHfids K OV

UL REiD In, Ga, Zn REOHER %
RLTWD, DA 8RB XAy
FINZIBA LT3, U RBROREE 1 1
WHS 4 @B ETHEINL, T0%k
FIX W CHER L7223, 24 @ Tl
L7z, IGZ0 BEDIMIE In 38 X O Ga
FE IR EERITREOMNIC B J/ L7223,
MY Zn JEEEIX 1620 Ki D51 X
STIHFEAERBEEZ T o7
(Fig. 12), 1GZ0 BED IfyF SP-D J& 5 1%
LEBE»S 4 BBIZHTTCERL., 4
HEURRIER T L, 1285 24 81X
FRIXWCHERS L7z, IGZORE 1B H &
24 B TIIXRBEICHETHEIC L
H L7z (Fig. 13),

Table 2 (2K REDIRZE DRREFHI AL,
DB A RLTWS, 1620 BTV
THRE#£ 1B X VIERE X - il
R DS A A o T Ml g, il
~ a7y —YOMEEEN~DE
i e IR ) D BT HE . R MERE A oD
ANBIE SN, 4B X WA
WA, FRalEDYERE, BRFM: O &
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FREE | TR IR LT,
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FIRZE
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fa~ 27 n 77— DR %26 s
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KoYy —ur 72 FREEINT
AR L E X B LD, Yamazaki et
al. (2000) 5 InAs < InP D 512 &
o TREFRFEIC AR aENMER L, £ DN
HBIZ PAS BEVEME ST S 5 e
FUEREDIRE NGRS Hiviz L L,
5T, HATD In W AT K D IEFIHR
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& (Cummings et al., 2010, Xiao et
al., 2010) <TlE, MilREREZRD
TW5, Al BRMERLRE O B AP il
WEDILIREZ o> TV D Z &b
172 fifi B 2 I E & 13AEE TE 7203,
JfifaENIC i~ 27 717 7 — 2 O
R NEHEEIND Z Lnn, il
PNICTEFE LT- CIGS hi 2 BRT 5 2
LIk o Tfila~2 v 7y — s
FEAZHE D | i~ 7 v 7 7 — UMl
L CW/e i oAl Egipds L O
Clarafifan bW SV d—7 7 7
Z N DFEA RO NT o AR,
flaNC Y —7 7 7 2 RINEREL
TbDEZEZBND, B FOEFIHA
(Chonan et al., 2007, Hamaguchi et
al., 2008, Nakano et al., 2009) (Z
EU ATy DGEEEE CIIME N
RIZIMZ T, [IEIREDBIE SN T
W5 DT, koK B L~ %
MBHIFELHER S ND, —FH, Tk
W=t ) o Lo SigE (23
mg/m*) O 1 H 28R/, 5 A, 4 #ER-
DOIRFTECIIFEERETH 1| BEOMT
il FIENBIZE S, T 6 205
12 2 H#% CHiRZE ORI E L
BiARHEE N EIZ S 37 (Wolff et al.
1988), = bz, 7 v baxHWZEE
SRR LS O KUE N G- TiX BAL H
DOfififd~ 27 v 77— O, # X
7 BEO¥MBIEE S vz (Hiratano
et al., 1990, 1993 ), T v k. E/IL
v b, UHFEHN Se BiEIZO
W CHRERIE T 30 mg/m*, 16 ROk
B 7% S5 C VIR FE oD [’ i 2% 3
FlEfZ & (Hall et al., 1951),
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THECuB L Se REIZ0EMND 3 E
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&R YR CIGS OFH-Z X - THIMN
Ligmoilz, LML, AlFl., @5 =
BTHD CIGS 30mg £ 5-HE Tl
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T HEDOENBITHLEE TE RN,
LK CIGS i1 1Z L~ TH%/ N CIGS Hi
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WAILHE TH D0, ZED Cu DEHR
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et al., 1965), Se MAM:F 7 Clish
LRI &V HE (Patty,
1963) 3& 0 | WHE 7 Cu X Se 1T FEIZ
Il CEFE S AL, RN OTEFMEZ LR -
TW5 (Beliles, 1994) &¢&Zzx 51
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@ 1620 DR &
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RN ARy N2 Y It A i =
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S, T 24 BETHEF LT
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Fig.1 SEM photograph of CIGS particle
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Fig.2 Changes in body weight gain during instillation and observation period. The
results shown are mean = S.D.
a: Significantly different from the control group (P<0.05)
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Fig.3 Changes in relative lung weights from the final instillation. The results are shown as
mean = SD of rats euthanized at each time point

a: Significantly different from the control group (P<0.05)

b: Significantly different from the CIGS 3 mg group (P<0.05)
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Fig.4 Metal contents of Cu, In, Ga and Se in the lung from the final instillation
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Fig. 5 Change of CIGS patrticles contents in the lung from the final instillation
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Fig.6 Metal concentrations of Cu, In, Ga and Se in serum from the final instillation
a: Significantly different from the control group (P<0.05)

b: Significantly different from the CIGS 3 mg group (P<0.05)

c: Significantly different from the CIGS 10 mg group (P<0.05)
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Fig.7 Change of serum SP-D level after final intratracheal instillation of CIGS
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Fig. 8 Photomicrograph of the lung. (A)Lung of a rat in the control group at 12 wk. H & E stain. (B) Inflammation
with diffuse bronchiolo-alveolar cell hyperplasia in the CIGS 3 mg group at 12 wk. H & E stain. (C) Necrotic cell
debris in the alveolar spaces in the CIGS 10 mg group at 12 wk. H & E stain. (D) PAS positive mucinous
exudation in the CIGS 3 mg group at 12 wk. PAS stain. (E) Cholesterol clefts in the in the alveolar spaces in the
CIGS 30 mg group at 12 wk. H & E stain. (F) Expansion of alveolar spaces in the CIGS 10 mg group at 12 wk. H
& E stain. (G) Interstitial fibrotic proliferation and CIGS particles deposition in the CIGS 30 mg group at 12 wk. H
& E stain. (H) Granuloma formation in the CIGS 3 mg group at 12 wk. H & E stain.

Table 1 Pathological changes in the rat lung after intratracheal instillation of CIGS.
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Fig.9 Change of lung weight after an intratracheal instillation of IGZO
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Fig.10 Change of metal content in the lung after an intratracheal instillation of IGZO.
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Fig.11 Metal concentration of In, Ga and Zn in the lung and the lymph node from an
instillation.
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Fig.12 Change of serum metal concentration after an intratracheal instillation of IGZO.
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Fig.13 Change of SP-D in serum after an intratracheal instillation of IGZO.
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Table 1 Pathological changes in the rat lung after repeated intratracheal instillations of

CIGS.
Pathological Changes Grou Weeks after final instillation (W)
g g P 0 1 4 12
Inflammatory response with CIGS 3 mg + + 2+ +
diffuse hyperplasia of CIGS 10 mg 2+ 2+ 3+ 2+
bronchiolo-alveolar CIGS 30 mg 3+ 3+ 3+ 2+
epithelium
_ , , CIGS 3mg + + 2+ 2+
Exudation with necrotic
debris CIGS 10 mg 2+ 2+ 3+ 3+
CIGS 30 mg 3+ 2+ 3+ 3+
iy , CIGS 3mg — — + +
PAS positive mucinous
. CIGS 10 mg — — 2+ 3+
exudation
CIGS 30 mg — — 3+ 3+
CIGS 3 mg — — — —
Cholesterol clefts CIGS 10 mg — — — +
CIGS 30 mg — — + +
, CIGS 3 mg — — + +
Expansion of alveolar
CIGS 10 mg — + +
spaces
CIGS 30 mg — + + +
N . CIGS 3 mg — + + +
Interstitial fibrotic
, _ CIGS 10 mg + + + +
proliferation
CIGS 30 mg + + 2+ +
CIGS 3 mg + + + +
Granuloma CIGS 10 mg + + + +
CIGS 30 mg + + + +

- : nhone, £:slight, +: mild, 2+:moderate, 3+:severe
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Table 2 Pathological changes in the rat lung after an intratracheal instillation of IGZO

Weeks after an instillation (W)

Pathological Changes Group
4 12 24
Inflammatory response with diffuse IGZO + + + +
hyperplasia of bronchiolo-alveolar
o Control - - + +
epithelium
_ IGZO + + 2+ 2+
Accumulation of macrophage
Control - - - -
_ IGZO + 2+ 2+ 3+
Exudation
Control - - - -
IGZO - - + *
Cholesterol clefts
Control - - - -
IGZO - + + -
Granuloma
Control - - - -
_ IGZO - + + +
Expansion of alveolar spaces
Control - - - -
P . , IGZO + 2+ 2+ +
Interstitial fibrotic proliferation
Control + + + +
Bronchiolo-alveolar cell IGZO - + + +
hyperplasia Control - - - -

- : none, £:slight, +: mild, 2+:moderate, 3+:severe
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Pulmonary effects in workers exposed to indium metal:
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Abstract: Pulmonary effects in workers exposed to
indium metal: A cross-sectional study: Makiko
Nakano, et al. Department of Preventive Medicine
and Public Health, Keio University School of Medi-
cine—Objectives: Indium was added to the list of
substances regulated by the Ordinance on Prevention
of Hazards due to Specified Chemical Substances
(OPHSCS) in 2013. Indium metal (IM), however, is not
regulated by the OPHSCS due to insufficient information
on pulmonary effects following exposure. Methods:
From 2011 to 2013, a cross-sectional study was
conducted on 141 IM-exposed workers at 11 factories.
Subjective symptoms were assessed, including levels
of serum biomarkers, spirometry readings and total and
diffuse lung capacity. Krebs von den Lungen-6 (KL-6)
and surfactant protein D (SP-D) were selected as
biomarkers of interstitial pneumonia. Indium serum
concentration (In-S) and personal air sampling data
were used to estimate exposure. Subjects were catego-
rized into 5 groups based on occupation and type of
exposure: smelting, soldering, dental technician, bond-
ing and other. Results: The highest level of In-S was
25.4 ugll, and the mean In-S level was significantly
higher in the smelting group than in other groups. In the
smelting group, the prevalence of increased In-S levels
was 9.1%, while that of abnormal KL-6 was 15.2%. A
significant dose-effect relationship was observed
between the In-S and KL-6 levels. No marked differ-
ences were observed between any of the groups in
SP-D values, pulmonary symptoms, or pulmonary func-
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tion test results. A total of 31% of the subjects worked
in an environment with IM levels exceeding 0.3 pg/m3,
which requires a protective mask to be worn. Conclu-
sions: For workers exposed to IM, work environments
should be monitored, appropriate protective masks
should be worn, and medical monitoring should be
conducted according to the OPHSCS.

(J Occup Health 2015; 57: 346-352)

Key words: Cross-sectional study, Indium metal,
Indium concentration, Interstitial pneumonia, Krebs von
den Lungen-6 (KL-6), Surfactant protein D (SP-D)

Indium lung disease is a newly described occupa-
tional lung disease that affects workers exposed to
indium compounds, such as indium tin oxide (ITO),
which is used to manufacture electrodes to produce
flat-panel displays, and indium oxide, indium hydrox-
ide, and indium chloride, which are involved in the
production or reclamation of ITO. The Japanese
Society of Occupational Health recommended an
exposure limit for indium and indium compounds
of 3.0 yg/lV based on monitoring of the dose-effect
relationship between the level of serum indium (In-S;
exposure index) and the serum biomarker of inter-
stitial pneumonia (Krebs von den Lungen, KL-6)
associated with adverse pulmonary effects>™ in
2007. An inhalation experiment conducted in rats
over 2 years identified ITO with an indium concen-
tration of 0.01 mg/m® as a lung carcinogen®. Based
on these findings, the Japanese Ministry of Health,
Labour and Welfare established prevention guide-
lines for workers exposed to ITO and other indium
compounds in 2010%. In addition, indium compounds
were added to the list of substances regulated by the
Ordinance on Prevention of Hazards due to Specified
Chemical Substances (OPHSCS) in 20137®. Under
the OPHSCS, employers at indium-processing facto-
ries are required to measure indium concentrations
in the respirable dust fraction at their sites and to
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conduct health checks twice a year. These health
checks consisted of a review of job career and work-
ing conditions; a review of past medical history,
including pulmonary symptoms of coughing, sputum,
dyspnea, cyanosis and clubbed fingers; evaluation of
current pulmonary symptoms, including coughing,
sputum, dyspnea, cyanosis, and clubbed fingers; and
measurement of In-S and KL-6 values of workers.
In addition, X-Ray or computed tomography of the
chest was conducted at the start and end of employ-
ment. However, due to insufficient information on
the pulmonary effects of indium metal (IM) exposure,
IM and indium alloys are not listed in the OPHSCS.
To our knowledge, no studies have been conducted in
IM-processing factories.

Here, we determined whether or not IM exposure
induces adverse pulmonary effects similar to the
effects of non-IM indium compounds. We measured
In-S and pulmonary effects of IM exposure and evalu-
ated the relationship between IM exposure and mark-
ers of pulmonary effects at IM-processing factories.

Methods

This study was approved by the Ethics Committee
of the School of Medicine at Keio University (approval
number 20110268). Written informed consent was
obtained from all subjects.

Study design and subjects

This multicenter study was conducted at 11
IM-processing factories, including 2 dental techni-
cian shops, 1 electric contact plant, 1 indium alloy
target manufacturing plant, 3 lead-free solder manu-
facturing plants using an alloy containing less than
10% indium, 3 dental manufacturing plants using an
alloy containing less than 25% indium, and 1 indium-
free target plate bonding plant using 100% indium
as an adhesive material. This study was conducted
from 2011 to 2013. There were 142 subjects, and
the proportions of subjects enrolled were dependent
on the size of each factory and ranged from 2 to 41.
One of the subjects was excluded from the statisti-
cal analysis due to a history of exposure to non-IM
indium compounds.

Study subjects were categorized into five groups, as
follows: high-temperature (>1,000°C) alloy smelting
workers (smelting workers), soldering workers, dental
technicians, bonding workers and other workers.

All subjects underwent a health check, which
consisted of a medical interview, questionnaire, blood
test, spirometry examination and evaluation of total
lung capacity (TLC) and diffuse lung capacity for
carbon monoxide (DLCO). To investigate the relation-
ship between the levels of In-S and serum biomarkers
of interstitial pneumonia (KL-6 or surfactant protein
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D [SP-DJ), subjects were divided into currently and
formerly exposed workers according to their exposure
status. Job history was based on records at the plants
or, if unavailable, on findings from the interview
regarding occupational history.

Exposure indices

In-S (ug/l) was measured by inductively coupled
plasma mass spectrometry (ICP-MS) at the Center of
Advanced Instrumental Analysis, Kyushu University*®
or the Japan Industrial Safety and Health Association®.
In-S below the detection limit (0.1 ug/l) was ascribed
an arbitrary value of 0.05 g/l for statistical analysis.

Effect indices and confounding factors

KL-6 (EIDIA Co., Ltd., Tokyo, Japan)*'® and SP-D
(Yamasa Corporation, Tokyo, Japan)'” were used as
biomarkers for assessing interstitial changes in the
lungs and were evaluated at a major commercial clini-
cal laboratory (Special Reference Laboratory, Tokyo,
Japan). SP-D levels were not measured in 26 subjects
due to logistics.

Spirometry was performed using an electron-
ic spirometer (HI-801; Chest MI, Tokyo, Japan)
based on the standards of the Japanese Respiratory
Society!'”. TLC was determined by helium dilu-
tion lung volume tests, and DLCO was determined
by single breath diffusing capacity tests performed
using a portable compact machine (EasyOne Pro®,
ndd Medical Technologies, Zurich, Switzerland) based
on the standards of the American Thoracic Society/
European Respiratory Society'®. TLC and DLCO
were not measured in 12 workers due to rib fractures
(n=1) or lack of measurement at the factory due to
logistics (n=11). Spirometry was not evaluated in 5
workers due to rib fracture (n=1) or lack of measure-
ment at the factory due to logistics (n=4). Age- and
height-adjusted predicted values of vital capacity (VC),
forced vital capacity (FVC), and forced expiratory
volume in one second (FEV, ) were determined by
sex, using the regression formula recommended by
the Japanese Respiratory Society!¥. TLC was deter-
mined by sex, using reference values generated from
the third National Health and Nutrition Examination
Survey (NHANES III)!®. DLCO and DLCO/VA were
determined by sex, using the regression formula of
Nishida for Japanese subjects'®. Predictions were
calculated for VC, FVC, FEV,  , TLC, DLCO and
DLCO/VA.

Respiratory symptoms, smoking history and
confounding factors of sex, age, medical history and
history of exposure to indium metal and other mate-
rials were investigated using the Japanese version'”
of the American Thoracic Society Division of Lung
Disease questionnaire'® and supplementary questions.

1.0°
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Personal indium exposure concentration in respirable
dust fraction

Eight-hour time-weighted average personal indium
concentrations in respirable dust fractions (In-A) were
measured in 35 study subjects using respirable dust
samplers (GS-3 Respirable Dust Cyclone; SKC Inc.,
Eighty Four, PA, USA) and ICP-MS (Agilent 7500i;
Agilent Technologies, Santa Clara, CA, USA) by the
Japan Industrial Safety and Health Association accord-
ing to guidelines® at approximately the same time as
the health checks. An In-A level below the detection
limit (0.006 1£g/m?) was ascribed an arbitrary value of
0.006 ug/m? for statistical analysis.

Statistical analysis

Non-normally distributed data for KL-6 and SP-D
were log-transformed to an approximately normal
distribution before analysis. In-S and values of lung
function were not log-transformed before analy-
sis. Differences between occupational groups were
assessed using one-way analysis of variance (ANOVA)
for KL-6, SP-D, and values of lung function or the
Kruskal-Wallis test (non-normal distribution) for age,
exposure duration, time since last exposure and In-S.
The Chi-square test was used to compare the propor-
tion and prevalence of sex, smoking habits, exposure
status, pulmonary symptoms, increased In-S levels and
abnormal KL-6 and SP-D levels. A single regression
model was used to evaluate the dose-effect relation-
ship between In-S and KL-6 or SP-D levels by expo-
sure status and between In-A and KL-6 or S-D levels.

Based on the adopted reference value of In-S¥,
subjects were classified as either In-S<3.0 ug/l or

Table 1. Study subjects by occupational group

J Occup Health, Vol. 57, 2015

>3.0 ug/l. In-S >3.0 ug/l was used to assess the risk
of indium exposure on the effect variables. The
prevalence of abnormalities for biomarkers and lung
function was analyzed using the following cutoffs for
abnormal values: KL-6 2500 U/ml/, SP-D >110 ng/
m/, FEV, /FVC<70%, %VC<80%, %FVC<80%,
%FEV, <80%, %TLC<80%, %DLCO<70% and
%DLCO/VA<70%.

The reference value of In-A was set as 10 ug/m?
based on the target indium concentration in respi-
rable dust for immediately improved workplace envi-
ronments or as 20.3 zg/m? based on the acceptable
exposure limits calculated according to the exposure
concentration found to be potentially carcinogenic in
rats, as established in the technical guidelines of the
Japanese Ministry of Health, Labour and Welfare®.

Statistical significance was assessed by two-tailed
analysis, with p<0.05. All statistical analyses were
performed using SPSS version 19 (IBM Corp.,
Armonk, NY, USA).

Results

Tables 1 and 2 show the characteristics of study
subjects and the pulmonary effects for each group.
The mean age of the subjects was 40.9 years, and
88.7% were male. The mean duration from the start
to end of indium exposure for all workers was 7.5
years. For currently exposed workers, the duration of
indium exposure was calculated from the start to the
time of the health check. The proportion of formerly
exposed workers who were no longer experiencing
indium exposure at the time of the health check was
24.2% in the smelting group, 31.3% in the bond-

Occupational group Smelting Soldering Dental technician Bonding Other »
(n=33) (n=37) (n=3) (n=16) (n=50)
Age (yr), mean (SD) 39.5(14.5) 38.7(11.3) 41.6 (15.7) 39.5(13.1) 439 (11.5) 0.334
Male. n (%) 33 (100.0) 29 (78.4) 2 (40.0) 16 (100.0) 45 (90.0) <0.001
Exposure duration (yr). mean (range) 7.9(0.08-33.2) 10.2(0.83-34.8) 16.1(0.75-32.7) 5.4(0.25-17.8) 4.9(0.33-36.2)  0.001
Time since last exposure (yr), mean 6.6 (0.83-29.6) — e 9.7 (4.67-22.7) 6.4(1.17-12.6) 0.122
(range)
In-S (ug/l), mean (range) 22(0.1>-25.4) 0.1 (0.1>-0.4) 0.1 (0.1>-0.5) 0.1 (0.1>-0.5) 0.1(0.1>-0.9) <0.001
Smoking habit, n (%) 0.438
Nonsmokers 10 (30.3) 16 (43.2) 2 (40.0) 3(18.8) 15 (30.0)
Ex-smokers 10 (30.3) 6(16.2) 2 (40.0) 8(50.0) 15 (30.0)
Current smokers 13(39.4) 15 (40.5) 1(20.0) 5(31.3) 20 (40.0)
Exposure status, n (%) <0.001
Currently exposed 25(75.8) 37 (100.0) 5(100.0) 11(68.8) 30 (60.0)
Formerly exposed 8(24.2) 0(0.0) 0(0.0) 5(31.3) 20 (40.0)

Prev, prevalence; SD, standard deviation; In-S, serum indium; yr, year; exposure duration, duration from start to end of indium
exposure or to time of health check. p-value by one-way analysis of variance, Kruskal-Wallis test, or chi-square test among all

groups.
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Table 2. Effective markers by occupational group
Occupational group Smelting Soldering  Dental technician Bonding Other p
(n=33) (n=37) (n=5) (n=16) (n=50)
In-S 23.0 ug/l, n (%) 3/33 (9.1) 0/37 (0.0) 0/5 (0.0 0/16 (0.0) 0/50 (0.0) 0.040
Cough or sputum, n (%) 2/33 (6.1) 3/37 (8.1) 0/5 (0.0) 0/15 (0.0) 3/50 (6.0) 0.805
Biomarkers
KL-6 (U/ml), GM (GSD) 322.0 (1.7) 216.5 (1.3) 181.0 (1.2) 237.6 (1.4) 261.8 (1.4) <0.001
KL-6 2500 U/m/, n (%) 5/33 (15.2) 0/37 (0.0) 0/5 (0.0 0/16 (0.0) 2/50 (4.0) 0.034
SP-D (ng/ml), GM (GSD) 55.7(2.2) 38.1(1.8) 284 (1.5) 43.0 (2.0) 41.5 (1.7) 0.105
SP-D 2110 ng/ml, n (%) 7/33 (21.2) 0/14 (0.0) 0/5 (0.0) 1/15 (6.7) 3/48 (6.3) 0.094
Lung function, mean (SD)
%VC 104.8 (12.5) 109.7 (11.3) 105.8 (13.0) 111.1 (12.7) 105.1 (12.2)  0.224
%FVC 101.8 (11.5) 108.3 (11.8) 103.4 (12.0) 107.9 (9.9) 103.0(11.9) 0.112
%FEV |, 97.0 (12.8) 103.0 (12.6) 99.5 (19.0) 103.0 (10.4) 99.7 (11.6)  0.314
FEV, /FVC 82.7 (5.8) 82.4 (5.4) 82.4 (11.3) 82.8 (4.6) 83.5(7.0) 0.951
%TLC 94.8 (8.8) 94.2 (8.6) 943 (7.9) 98.6 (9.7) 94.2(10.1)  0.743
%DLCO 96.9 (13.4) 89.9 (12.8) 95.8 (11.6) 949 (11.4) 91.5(15.2)  0.260
%DLCO/VA 93.6 (9.5) 87.0 (14.1) 91.2 (13.5) 87.3 (12.0) 90.6 (14.2) 0.294

Prev, prevalence; SD, standard deviation; KL-6, Krebs von den Lungen-6; SP-D, surfactant protein D; VC, vital capacity; FVC,

forced vital capacity; FEV

1.0°

forced expiratory volume in one second; TLC, total lung capacity; DLCO, diffusing lung capacity for

carbon monoxide; VA, alveolar volume. p-value by one-way analysis of variance, Kruskal-Wallis test, or chi-square test among all
groups. %VC, %FVC, %FEV and FEV, /FVC measured in the smelting (n=32), soldering (n=37), dental technician (n=5), bond-
ing (n=14) and other groups (n=48) (total, n=136). %TLC, %DLCO and %DLCO/VA measured in the smelting (n=32), soldering
(n=37), dental technician (n=5), bonding (n=10) and other groups (n=45) (total, n=129).

ing group, 40.0% in the “other” group and 0% in
the remaining two groups. No marked differences in
smoking history or age were observed among groups.
The highest level of In-S in the smelting group was
25.4 ug/l, and the highest level of In-S among all
other groups, excluding the smelting group, was less
than 1.0 ug/l, with In-S levels below the detection
limit being found in 82% of workers (89/108). The
In-S level in the smelting group was significantly
higher than that in all other groups (p<0.001). The
KL-6 level in the smelting group was also signifi-
cantly higher than that in the other groups (p<0.001).
However, no marked differences were observed in the
SP-D level, pulmonary symptoms or pulmonary func-
tion test results among all groups.

For each group, the respective proportions of
subjects with abnormal levels of In-S, KL-6 and
SP-D stratified by occupation type were as follows:
9.1, 15.2 and 21.2% (smelting); 0.0, 0.0, and 0.0%
(soldering); 0.0, 0.0, and 0.0% (dental technicians); 0.0,
0.0, and 6.7% (bonding); and 0.0, 4.0, and 6.3% (other).
The proportion of increased In-S and abnormal KL-6
levels were significantly higher in the smelting group
than in the other groups (p=0.040 and p=0.034,
respectively).

Figure 1 shows a scattergram comparing the levels
of In-S and KL-6 or SP-D by exposure status (currently
and formerly exposed workers). In currently exposed
workers, significant increases in KL-6 levels were
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observed with increasing In-S levels (p<0.001). Dose-
effect relationships between In-S and SP-D levels in
currently and formerly exposed workers (p=0.018 and
0.014, respectively) were also observed. However,
in formerly exposed workers, no significant dose-
effect relationship between In-S and KL-6 levels was
observed (p=0.192).

The Mean In-A level (n=35) was 15.93 ug/m?,
with values ranging from <0.006 (undetectable) to
510.28 ug/m*® and differing significantly between
groups (p=0.006). In-A in the smelting group (mean,
68.36 ug/m?; standard deviation, 178.75 ug/m3; range,
0.12-510.28 ug/m®) represented the highest level of
exposure to respirable indium dust among groups.
The proportions of workers with In-A levels exceed-
ing 10 ug/m? (target indium concentration criteria
requiring immediate improvement of work environ-
ments) in each group were as follows: 25% (smelting),
0% (soldering), 0% (dental technicians), 0% (bonding)
and 0% (other). The proportions of workers with
In-A levels exceeding 0.3 zg/m* (acceptable exposure
concentration limit not requiring an appropriate mask)
in each group were as follows: 63% (smelting), 14%
(soldering), 20% (dental technicians), 17% (bonding),
and 33% (other).

Figure 2 shows a scattergram comparing In-A
and KL-6 or SP-D levels by occupation groups in
currently exposed workers. Although increasing In-A
levels were associated with increasing KIL.-6 and SP-D
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1c)

Fig. 1.

levels, the relationships between these parameters were
not significant (p=0.687 and p=0.657, respectively).

Discussion

In currently exposed workers, a dose-effect rela-
tionship between the levels of In-S and KL-6 was
observed. In particular, in the smelting group, the
level of In-S increased to over 20 ug/l, which is a
risk factor for interstitial pneumonia and progres-
sion of emphysematous changes>*'?. Workers in the
smelting group were involved in constructing indium
alloys with palladium, gold, silver and other metals.
Although the melting point of indium is 157°C, the
dissolution temperature in the melting process is
dependent on the other mixed metals in the alloy
and exceeds 1,000°C. Although exposure to indium
metal at room temperature is generally not harmful
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Dose-effect relationships between In-S and biomarkers by exposure status

la) and 1b) Scattergrams between In-S and KL-6 or SP-D in currently exposed workers. 1c)
and 1d) Scattergrams between In-S and KL-6 or SP-D in formerly exposed workers. Cut-off
values: KL-6, 500 U/ml, and SP-D, 110 U/ml. A single regression model was used to evaluate
the dose-effect relationship between In-S and KL-6 or SP-D levels.

to workers, indium melts at 157°C, and indium vapor
is generated at higher temperature?®. The vapor is
cooled down in air and ultimately becomes airborne
respirable particles. These respirable particles might
contribute to increases in In-A and In-S levels.

In the smelting group, 25% of workers required
immediate improvement to their work environment
according to prevention guidelines®. In addition,
regardless of occupational group, approximately 31%
of workers exposed to IM exceeding 0.3 ug/m* were
required to wear a protective mask according to
prevention guidelines®. Based on these results, for
workers exposed to IM, periodical monitoring of the
work environment including monitoring of whether
or not they wear an appropriate protective mask and
medical monitoring is required.

In this study, IM-exposed workers who were work-
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Fig. 2. Dose-effect relationships between In-A and biomark-
ers by occupational group
2a) Scattergram between In-A and KL-6 levels in
currently exposed workers. 2b) Scattergram between
In-A and SP-D levels in currently exposed workers.
Target concentration for indium according to preven-
tion guidelines: 10 zzg/m’. Acceptable exposure limit
for concentration of indium according to prevention
guidelines: 0.3 yg/m®. A single regression model was
used to evaluate the dose-effect relationship between
In-A and KL-6 or S-D levels.

ing without improvement of the workplace environ-
ment or use of a protective mask were investigated.
The level of exposure to respirable indium dust might
be directly reflected in the amount of dust inhaled
in the lungs. Although an increase in In-A levels
resulted in an increase in KL-6 and SP-D levels, this
change was not significant. The In-A levels were
considered to be low, with only a small proportion
of subjects having levels in excess of 10ug/m’. A
metric of cumulative exposure might have a prefer-
ence for In-S levels over In-A levels.

Although hamsters exposed to indium oxide®”
and workers formerly exposed to indium compounds
have been found to have elevated In-S levels for a
prolonged period of time*'?, the dose-effect relation-
ship between In-S and KL-6 levels was not signifi-
cant in the formerly exposed workers in the present
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study. Clearance of the indium burden on the lungs
may be more rapid following the inhalation of mist
containing indium oxide®” than that of dust containing
ITO or indium oxide at room temperature. In addi-
tion, the amount of indium inhaled into the lungs by
IM-exposed workers in this study might be lower than
that by ITO-exposed workers observed in previous
studies* .

Full evaluation with high-resolution computed
tomography (HRCT) of the chest was not conducted
in the present study. However, one IM-exposed
worker with high In-S levels (220 i g/l) visited a
hospital and underwent chest HRCT, which showed
interlobular septal thickening and a mild reticular
shadow. IM-exposed workers with high In-S levels
might therefore suffer adverse effects that are similar
to those of workers with noted exposure to indium
compounds at ITO-processing factories*™.

Due to the cross-sectional nature of our study, a
longitudinal observational study is also required. We
recommend that future studies monitor the lung condi-
tions of workers following the reduction of occupa-
tional exposure to IM.

Conclusions

We observed a dose-effect relationship between In-S
and KL-6 levels in workers currently exposed to IM.
The results of this study indicate that workers exposed
to IM require monitoring of their work environment,
appropriate protective masks and ongoing medical
checks according to the OPHSCS to prevent indium
lung disease.

Acknowledgments: We thank the staff members
and participants at all factories for their coopera-
tion. We also thank Dr. Mutsuko Yamada, PhD, for
her assistance and communication with ndd Medical
Technologies.

Funding: This study was supported by Grants-in-
Aid for Scientific Research (Project No.’s 23249033
and 24590758) from the Ministry of Education,
Culture, Sports, Science and Technology of Japan
(2011-13 and 2012-13), and in part by donations for
research in preventive and environmental medicine
from one of the surveyed companies.

Conflicts of interests: None of the authors have any
conflicts of interest to disclose.

References

1) Recommendation of occupational exposure limits
(2007-2008). J Occup Health 2007; 49: 328-44.

2) Chonan T, Taguchi O, Omae K. Interstitial pulmo-
nary disorders in indium-processing workers. Eur



352

3)

4)

5)

6)

7)

8)

9)

10)

11)

Respir J 2007; 29: 317-24.

Hamaguchi T, Omae K, Takebayashi T, et al.
Exposure to hardly soluble indium compounds in
ITO production and recycling plants is a new risk
for interstitial lung damage. Occup Environ Med
2008; 65: 51-5.

Nakano M, Omae K, Tanaka A, et al. Causal rela-
tionship between indium compound inhalation and
effects on the lungs. J Occup Health 2009; 51:
513-21.

Nagano K, Nishizawa T, Umeda Y, et al. Inhalation
carcinogenicity and chronic toxicity of indium-tin
oxide in rats and mice. J Occup Health 2011; 53:
175-87.

Ministry of Health, Labor, and Welfare. Technical
guideline for preventing health impairment of
workers engaged in the indium tin oxide handling
processes. Tokyo, Japan: Government of Japan.
[Online]. 2010 [cited 2014 Nov 17]; Available from:
URL: http://www.mhlw.go.jp/bunya/roudoukijun/
anzeneisei42/d1/03.pdf

Sakurai H. Occupational safety and health in Japan:
current situations and the future. Ind Health 2012;
50: 253-60.

Ministry of Health, Labor, and Welfare. Amendment
to Ordinance on Industrial Safety and Health Law
and to Ordinance on Prevention of Hazards due to
Specified Chemical Substances. Tokyo: Government
of Japan. [Online]. 2013 [cited 2014 Nov 17];
Available from: URL:http://www.mhlw.go.jp/bunya/
roudoukijun/anzeneisei48/dl/anzeneisei48-01.pdf (in
Japanese)

Kobayashi J, Kitamura S. KL-6: a serum marker for
interstitial pneumonia. Chest 1995; 108: 311-5.
Ohnishi H, Yokoyama A, Kondo K, et al.
Comparative study of KL-6, surfactant protein-A,
surfactant protein-D, and monocyte chemoattrac-
tant protein-1 as serum markers for interstitial lung
diseases. Am J Respir Crit Care Med 2002; 165:
378-81.

Honda Y, Kuroki Y, Matsuura E, et al. Pulmonary
surfactant protein D in sera and bronchoalveolar
lavage fluids. Am J Respir Crit Care Med 1995;

12)

13)

14)

15)

16)

17)

18)

19)

20)

21)

22)

54

J Occup Health, Vol. 57, 2015

152(6 Pt 1): 1860-6.

The Japanese Respiratory Society. Guidelines for
pulmonary function testing. Tokyo, Japan: Medical
Review; 2004 (in Japanese).

Macintyre N, Crapo RO, Viegi G, et al.
Standardisation of the single-breath determination of
carbon monoxide uptake in the lung. Eur Respir J.
2005; 26: 720-35.

The Clinical Pulmonary Functions Committee.
Standard criteria of spirography and arterial blood
gas partial pressure measurement in Japanese. J Jap
Respir Soc 2001; 39: 383-99.

Department of Health and Human Services (DHHS).
1996. National Center for Health Statistics. Third
National Health and Nutrition Examination urvey,
1988-1994, NHANES III Adult and Examination
Data Files (CD-ROM). Public Use Data File
Documentation Number 76200. Hyattsville (MD):
Centers for Disease Control and Prevention.

Nishida O. A clinical study of the carbon monoxide
diffusing capacity. The 3rd reports. Medical Journal
of Hiroshima University 1970; 18: 223-33 (in
Japanese) .

Japan Public Health Association. Research on
Method Of Measuring Influence On Health Due
To Air Pollution. Tokyo: Japan Public Health
Association; 1979 (in Japanese).

Ferris BG. Epidemiology Standardization Project
(American Thoracic Society). Am Rev Respir Dis
1978; 118(6 Pt 2): 1-120.

Nakano M, Omae K, Uchida K, et al. Five-year
cohort study: emphysematous progression of indi-
um-exposed workers. Chest 2014; 146: 1166-75.
lida et al. Steam pressure. Physical Constants New
Edition; Tokyo: Asakura Publishing Co., Ltd; 1978.
p. 133 (in Japanese).

Tanaka A, Hirata M, Homma T, et al. Chronic
pulmonary toxicity study of indium-tin oxide and
indium oxide following intratracheal instillations
into the lungs of hamsters. J Occup Health 2010;
52: 14-22.

Indium Oxide. Patty’s toxicology Fifth Edition; New
York (USA): John Wiley & Sons, Inc; 2001. p. 471-5.



55



56



57



58



59



60



61



62



Copyright © 2015 American Scientific Publishers
ég‘éﬁ.‘r‘mg Al} rigth reserveq )
PUBLISHERS  Printed in the United States of America

Journal of

Nanoscience and Nanotechnology
Vol. 15, 9298-9302, 2015
www.aspbs.com/jnn

Synthesis of Indium-Containing Nanoparticles in
Aqueous Suspension Using Plasmas in Water for
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Nanoparticles have great potential for medical applications such as cancer therapy, whereas their
toxic effects on human body are pointed out. To study kinetics and toxicity of nanoparticles in
living body, we synthesized indium-containing nanoparticles in aqueous suspension using pulsed
electrical discharge plasmas in water, because no indium compounds exist in the living body in the
normal situation and hence indium-containing nanoparticles are useful tracer materials for analyzing
kinetics of nanoparticles in living body. The mean size of synthesized primary nanoparticles is 7 nm,
whereas the mean size of secondary nanoparticles is 315 nm. EDX and XRD analysis reveal that
nanoparticles are indium crystalline and indium hydroxide crystalline with the mass ratio of 8:2.
Preliminary subcutaneous administration of nanoparticles to mice shows that indium is transported
from subcutaneous to blood. These results show that synthesized indium-containing nanoparticles
are useful for analyzing kinetics of nanoparticles in living body.

Keywords: Nanoparticles,
Nanotoxicology.

Indium,

1. INTRODUCTION

In recent years, nanoparticles have attracted much atten-
tion because of their great potential for applications in
medical fields.' For cancer therapy, nanoparticles enable
us to detect cancer cells and to treat cancer cells by
delivering drugs or generating heat.>® However, toxic
effects of nanoparticles on human body are pointed
out.” For instance, we have found that CIGS nanoparti-
cles cause subacute pulmonary toxicity by installing into
lung.®? Tt is important to study kinetics and toxicity of
nanoparticles in living body to prepare safety guidelines
of nanoparticle applications in medical fields. Although
several studies of kinetics and toxity of nanomaterials
such as carbon nanotube,'® TiO, nanoparticles,!' and gold
nanoparticles'>'* have been reported, very limited nano-
materials are employed for the studies. Since the specific
physico-chemical properties at the nanoscale are expected

*Author to whom correspondence should be addressed.
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Discharge Plasma in Water,

to result in increased reactivity with biological systems,
kinetics and toxity of various nanomaterials should be
examined.

There are various methods for producing nanoparticles.
The methods are categorized into three: condensation from
gas,” 2! chemical synthesis in liquid phase,?>?* and solid-
state processes such as milling and attrition.>* The con-
densation and chemical synthesis are bottom-up processes,
whereas solid-state processes are top-down ones. Synthe-
sis of nanoparticles using electrical discharge plasmas in
water is a condensation method which has drawn great
attention for various technological applications because of
a simplicity of apparatus, no need for vacuum equipment,
environmental safety, high-throughput and cost-effective
procedure to generate high yield of nanoparticles.?>2¢ Syn-
thesis of nanoparticles using electrical discharge plasmas
in water offers a simple way to prepare nanoparticles in
aqueous suspension, being useful for their administration
to animals.

1533-4880/2015/15/9298/005 doi:10.1166/jnn.2015.11427
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Here we report on synthesis of indium-containing
nanoparticles in aqueous suspension using pulsed electri-
cal discharge plasmas in water, because
(1) indium and its compunds are widely employed in elec-
tronic applications such as tranparent conducting oxcides,
(2) there is little infomration of kinetics and toxcity of in
indium-containing nanoparticles, and
(3) no indium compounds exist in living body and hence
indium-containing nanoparticles are useful tracer materials
for analysis of kinetics of nanoparticles in living body.

2. EXPERIMENTAL DETAILS

Synthesis of indium-containing nanoparticles using pulsed
electrical discharge plasmas in deionized (DI) water was
carried out with a device shown in Figure 1. An indium rod
electrode of 3 mm in diameter and an indium plate elec-
trode of 1 mm in thickness were immersed into DI water.
The discharges were generated between these electrodes
by applying an AC high voltage with a high voltage source
(Logy Electoric, LHV-10AC). The discharge voltage and
the discharge current were measured with a high voltage
probe (Tektronix, PO615A) and a Rogowski coil (U_RD,
CTL-28-S90-05Z-1R1-CL1), respectively. The frequency
of the applied voltage was 7.6 kHz, and its peak to
peak voltage was 15.2 kV. The discharge power den-
sity was 5.1 W deduced from voltage/charge Lissajous
plots. Optical emissions from the plasma were collected
with an optical fiber and their spectra were measured
with a spectroscope of spectral resolution of 1 nm
(Hamamatsu photonics, C7473-36). Optical emission spec-
tra were measured 5 times to check the reproducibility. We
deduced electron density of the discharge plasmas from the

@

Indium plate
electrode

Indium rod
electrode

DI water

Figure 1. Schematic of experimental setup for synthesis of indium-
containing nanoparticles using pulsed electrical discharge plasmas in DI
water.
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Stark broadening of H, and Hy line. The generation rate
of nanoparticles was 42 mg/min. The color of water gradu-
ally became brown with the discharges. The large particles
were precipitated quickly just after the discharges.

After 3 min discharge, we sampled supernatant of the
solution with a pipette and collected nanoparticles des-
iccating the solution on TEM-meshes and Si substrates.
Nanoparticles collected on TEM-meshes and Si substrates
were observed by TEM (JEOL, JEM-2010) and SEM/EDX
(Hitachi High-Technologies, SU8000), respectively. Size
destribution of secondary nanoparticles was measured by
the dynamic light scattering method (Otsuka Electronics,
ELSZ-0S).?”-2® To obtain chemical and structural infor-
mation of nanoparticles, we measured x-ray diffraction
(XRD) spectra (Bruker, D8 DISCOVER-KU/I 3kw) of
nanoparticles collected on Si substrates.

Synthesized nanoparticles were administrated towards
mice for a preliminary examination of kinetics of nanopar-
ticles in living body. Solution of nanoparticles was con-
densed at the concentration of 10 mg/ml by vaporizing
water with heat. Subcutaneous administration was carried
out to 13-week-old mice (Crlj:ICR) after 7 weeks acclima-
tion. The dose of administration was 1 mg/10 g BW per
each mouse. We collected the blood of the mice 10 days
after the administration. The collected blood was wet-
ashed with nitric acid, and indium content in the blood
was measured by ICP-MS (Agilent 7500c¢).

3. RESULTS AND DISCUSSION

Figure 2 shows an optical emission spectrum of plasmas
with an exposure time of 0.5 s. Atomic emission lines
of indium (325.8 nm, 410.2 nm, and 451.1 nm),”® oxy-
gen (777 nm and 844.6 nm), and hydrogen (H, 656.3 nm
and Hg 486.1 nm) exist in the spectrum. There also exit
weak molecular emission bands in the wavelength ranges
of 390-550 nm and 540-588 nm referred to radiation of
H,0 and H, molecules, respectively. Apart from the Stark

710%
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Figure 2. Optical emission spectrum of pulsed electrical discharge
plasma in DI water.
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broadening, any emission line spontaneously emitted by
plasma can be broadened by other mechanisms, and the
total broadening of the line profile is due to the combined
contribution of all causes.*® Each mechanism can produce
a shift in the energy levels of the emitter atoms and the
relative importance of these broadening depends on the
plasma conditions. In our case, for plasmas at atmospheric
pressure with moderate electron density and temperature,
the important sources of broadening of the H, line are
the Doppler effect with FWHM of 0.008 nm, and the van
der Waals broadening with FWHM of 0.04 nm.’*3! Sim-
ilarly, the important sources of broadening of the Hg line
are the Doppler effect with FWHM of 0.006 nm, and the
van der Waals broadening with FWHM of 0.06 nm.*-3!
The broadenings due to other less important effects are
neglected, such as the natural broadening and the resonant
broadening. The instrumental broadening is 1 nm. We have
evaluated Stark broadening by deconvoluting the mea-
sured spectra with taking other important line broadening
effects. The Stark broadening of H,, and Hg line are 5.39+
0.23 nm and 12.04+0.55 nm. The electron density deduced
from the Stark broadening of the H, and Hg line are
(5.284+0.34) x 10" cm™ and (4.64 £0.31) x 10" cm~3,
respectively.’*-3233 The electron density deduced from the
Stark broadening of the H, is more reliable, because the
H, line intensity is much stronger than the background
emissions.

Figure 3(a) shows a typical TEM image of the synthe-
sized nanoparticles and the size destribution of primary
nanoparticles. The size destribution is the Gaussian one
and the mean size of the primary nanoparticles is 7 nm.
The morphorogy of nanoparticles are mostly spherical or
distorted spherical. The nanoparticles are single or multi-
crystallines and have no core-schell structure. Figure 3(b)
shows the size destribution of secondary nanoparticles.
The size destribution is the log-normal one and the mean
size of secondary nanoparticles is 315 nm. EDX spectrum
of the nanoparticles is shown in Figure 4. The peaks of
indium and oxygen were observed from the spectra, show-
ing that the synthesized nanoparticles contain indium and
oxygen.

Further chemical and structural information of the syn-
thesized nanoparticles is obtained from Figure 5. This
figure shows an XRD pattern of the synthesized nanopar-
ticles. The presence of sharp peaks on the XRD patterns is
usually connected with a crystal structure in the samples.
The peaks of In (JCPDS card No. 85-1409), and In(OH);,
are observed in the XRD pattern.** ¥ These results indi-
cate that the nanoparticles are indium crystalline (In) and
indium hydroxide (In(OH);) crystalline. The mass ratio
of indium nanoparticles to indium hydroxide nanoparticles
is 8:2, deduced from the XRD pattern using the normal-
ized relative intensity ratio method.***” These two kinds of
nanoparticles might have different kinetics in living body.
To clarify kinetics of each kind of nanoparticles, we need
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Figure 3. (a) TEM image of indium-containing nanoparticles and size
distribution of primary nanoparticles, and (b) size distribution of sec-
ondary nanoparticles.

to control the mass ratio of these two kinds of nanoparti-
cles. We will develop such control in the future.

Although up to now no direct experimental evidence
has been obtained indicating a specific mechanism for the
formation of nanoparticles in pulsed electrical discharge
plasmas in DI water, we can hypothesize that the following
processes take place during the discharges.
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Figure 4. EDX spectrum of synthesized nanoparticles.
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Figure 5. XRD pattern of synthesized nanoparticles.

During the discharge, the indium electrodes are heated,
melted at the indium melting point of 156 °C, and
vaporized. Near the elecrodes, the water is also vapor-
ized as a result of exposure to high temperature. Due to
this vaporization of water, we observed many bubbles near
the electrodes during the dischrages. The discharge plas-
mas take place in a gas mixture consisting of the water
vapor and indium, with a temperature gradient from a
high temperature region near the electrodes to the boil-
ing point of the liquid at the gas mixture-liquid boundary.
The gas mixture can contain indium, H,O, O, and H,.
Moreover, H,0, O, and H, can be dissociated into OH, O,
and H by electron impact in discharge plasmas and thermal
decomposition.

Nanoparticles are formed in the gas mixture as a result
of the sequential change from nucleation to growth to coa-
lescence to aggregation. The growth of nanoparticles stops
as a result of interaction with the cold water surround-
ing the discharge zone. We measured temperature rise of
water during discharges with an electrical themometer. The
temperature increases from 25 °C to 38 °C after 5 min
discharge. Therefore, the average temperature of water
surrounding the discharge zone is in this range. Some
molecules and atoms originated from water vapor in the
gas mixture react with indium and lead to nanoparticles of
indium hydroxide (In(OH);).

Synthesized nanoparticles were administrated towards
mice for a preliminary examination of kinetics of nanopar-
ticles in living body. The subcutaneous administration was
well tolerated and no adverse effects were observed during
the 10 days observation period. The preliminary exami-
nation shows that indium of 1.2-1.6 ng/ml is transported
from subcutaneous to blood in 10 days. These results
show that synthesized nanoparticles are useful for analyz-
ing kinetics of nanoparticles in living body.

4. CONCLUSION

We synthesized indium-containing nanoparticles in aque-
ous suspension using pulsed electrical discharge plasmas
in DI water. We obtained the following conclusions.

(1) Nanoparticles of 7 nm in primary nanoparticle size
and 315 nm in secondary nanoparticle size are pro-
duced using pulsed electrical discharge plasmas in water
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with the indium plate electrode and the indium rod
electrode.

(2) EDX, and XRD analysis indicate that the synthe-
sized nanoparticles are indium (In) crystalline and indium
hydroxide (In(OH);) crystalline with the mass ratio of 8:2.
(3) Synthesized nanoparticles are useful for analyzing
kinetics of nanoparticles in living body.

The remaining issues are to reveal the mechanisms of
synthesis of nanoparticles using pulsed electrical discharge
plasmas in water in detail, to control the mass ratio of
indium nanoparticles to indium hydroxide nanoparticles,
and to carry out further experiments to reveal kinetics and
toxicity of nanoparticles as a parameter of size of primary
and secondary nanoparticles.

Acknowledgments: This study was partly supported
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We synthesized indium-containing nanoparticles using discharge plasmas with indium electrodes immersed in deionized
water and administrated nanoparticles to rats to analyze their kinetics in living body. We succeeded in producing indium and
indium hydroxide crystalline nanoparticles with the mass ratio of 8:2. The size of primary nanoparticles is 7nm. The
synthesized nanoparticles were administrated subcutaneously toward rats. Purchased In,Os; nanoparticles, whose size is
around 100 nm, were also administrated to compare with the results of the synthesized ones. Indium content of the
synthesized ones in the urine is much higher than those of purchased ones. Our results show that synthesized nanoparticles
are easily transported in living body and are useful for analyzing kinetics of nanoparticles in living body.

1. Introduction

Nanoparticles have gathered much attention because of
their great potential for applications in medical fields such
as cancer therapy and drug delivering systems (DDS) [1-4].
However, toxic effects of nanoparticles on living body have
been also pointed out [5-7]. It is important to study kinetics
and effects of nanoparticles in living body for safe
applications in medical fields. Synthesis of nanoparticles
using discharge plasmas in water offers a simple way to
synthesize nanoparticles in aqueous suspension which is
useful for their administration to living bodies. Here, we
report on synthesis of indium-containing nanoparticles using
discharge plasmas with indium electrodes immersed in
deionized (DI) water. We also report on administrating
nanoparticles to rats to analyze their kinetics in living body,
because indium and its compounds are widely employed in
electronic applications and no indium and its compound
exists in living body.

2. Experimental

Synthesis of nanoparticles was carried out by using
pulsed discharge plasmas in DI water as shown in Fig. 1. An
indium rod electrode of 3 mm in diameter and an indium
plate electrode of 1 mm in thickness were immersed into DI
water. The discharges were generated between the electrodes
by applying an AC high voltage. The frequency of the
applied voltage was 7.6 kHz, and its voltage was 15.2kVpp.
The discharge power was 5.1 W deduced from
voltage/charge Lissajous plots. Optical emissions from the
plasma were measured with a spectrometer. After 3 min
discharge, we sampled the supernatant of the solution with a
pipette and dripped on grid mesh for transparent electron
microscopy (TEM) measurements and Si substrate for
energy dispersive X-ray spectroscopy (EDX) and X-ray
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diffraction (XRD) measurements. We also prepare the
purchased In,O3; nanoparticles for comparison. To examine
their Kinetics of nanoparticles in living body, 10 mg/ml
solution of nanoparticles was administrated subcutaneously
towards 8-week-old rats. The dose of administration was 1
mg/10 gBW per each rat. We collected the urine for 12
weeks after the administration. The collected urine was
wet-ashed with nitric acid, and indium content in the blood
was measured by ICP-MS.

synthesizing indium-containing nanoparticles.
(a) before the discharges, (b) after the 3min
discharges.

3. Results and Discussion

Atomic emission lines of In (325.8 nm, 410.2 nm, and
451.1 nm), O (777 nm and 844.6 nm), and H (H, 656.3 nm
and Hg 486.1 nm) were observed from the optical emission
spectra of the discharge plasma. Emission from In indicates
that the In atoms are evaporated by interactions between
plasmas and electrode materials, leading to formation of In
nanoparticles. The generation rate of nanoparticles was 42
mg/min. The electron density deduced from the stalk



broadenings of hydrogen emissions  was 5x10* cm.

Figure 2 shows the TEM image of the synthesized
nanoparticles and purchased In,Oz nanoparticles. Figure 3
shows the size distribution of primary nanoparticles of
synthesized nanoparticles and purchased nanoparticles. The
size distributions are the Gaussian ones and the mean size of
the primary nanoparticles of synthesized nanoparticles and
purchased nanoparticles are 6.2 and 149.5 nm, respectively.
From the XRD pattern, the peaks of In and In(OH); are
observed [8,9]. In and O in nanoparticles are also confirmed
from the EDX spectra. These results indicate that the
nanoparticles are indium crystalline and indium hydroxide
crystalline. The mass ratio of indium nanoparticles and
indium hydroxide nanoparticles is 8:2, deduced from the
XRD pattern using the normalized relative intensity ratio
method [10, 11].

Synthesized nanoparticles were administrated towards
rats to study effects of nanoparticles in living body. Figure 4
shows the indium contents in the urine after the
administration. The indium content in urine for the
synthesized nanoparticles monotonically increases with time

and is much higher than that for the purchased nanoparticles.

The synthesized nanoparticles are well transported from
subcutaneous to urine. These results show that synthesized
nanoparticles dispersed in water are useful for analyzing
kinetics of nanoparticles in living body.

. am 100 nm

Fig. 2. TEM image of the nanopaiAcIes; (@)
synthesized nanoparticles, (b) purchased 1n203
nanopatrticles.
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4. Conclusions
We synthesized indium-containing nanoparticles using

discharge plasmas with indium electrodes immersed in DI

water. We administrated nanoparticles to rats to analyze their

kinetics in living body. We obtained the following
conclusions.

1. Nanoparticles of 7 nm in primary nanoparticle size are
produced by the discharge plasmas in water with the
indium plate electrode and the indium rod electrode.

2. The synthesized nanoparticles were indium crystalline
and indium hydroxide crystalline with the mass ratio of
8:2.

3. Synthesized nanoparticles are transported from
subcutaneous to urine. The indium contents of the
synthesized nanoparticles in urine is much higher than
the contents of the purchased nanoparticles.
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ABSTRACT

Nanoparticles have great potential for biomedical applications such as early detection,
accurate diagnosis, and personalized treatment of cancer. Assessment of bio-compatibility and
toxicity of nanoparticles body is an emerging topic for these applications. To study kinetics of
nanoparticles in body, we synthesized indium, gold and platinum nanoparticles in aqueous
suspension using pulsed electrical discharge plasmas in water. The average size of synthesized
primary nanoparticles for indium, gold, and platinum are 6.2 nm, 6.7 nm, and 5.4 nm, whereas
the average size of secondary nanoparticles for indium, gold, and platinum are 315 nm, 72.3 nm,
and 151 nm, respectively. Synthesized indium nanoparticles are transported from subcutaneous
to serum and brain. The indium content in serum for the synthesized nanoparticles is much
higher than that for the In,O3 nanoparticles of 150 nm in primary size. For gold and platinum
nanoparticles, preliminary examination of intratracheal administration revealed that
administration of synthesized nanoparticles with 10 mg/kg BW (body weight) may cause
bleedings and/or emphysema in lung.

INTRODUCTION

Nowadays, nanoparticles have gathered much attention in biomedical applications,
because of their size-dependent physical and chemical properties and they are much smaller than
cells of 10 um in size and comparable to proteins of 5 nm in size [1-2]. There are, for instance,
possible applications of detecting cancer cells by nanoparticles with antibody or treatment the
affected area by delivering drugs or generating heat [3,4]. On the other hands, the toxicities of
nanoparticles are also pointed out [5]. We have formed nanoparticles of various materials such as
Si, Ge, SiCHx and core-shell nanoparticles of Si/SiN, Si/SiC, Ge/GeN using plasma processes
and have applied them to solar cells and porous dielectric [6-9]. Moreover, we have found that
installation of copper indium gallium selenide (CIGS) nanoparticles in lung cause subacute
pulmonary toxicity [10,11]. To provide safety guidelines of nanoparticles, we must assess bio-
compatibility and toxicity of nanoparticles of various kinds of materials.

Synthesis of nanoparticles using electrical discharge plasmas in water is categorized into
a bottom-up nanotechnology. This method has several merits; no need of complicated equipment
such as vacuum equipment and cost-effective procedure to generate high yield of nanoparticles
[12,13]. Moreover, it offers a simple way to prepare nanoparticles in aqueous suspension, being
useful for their administration to body.

Indium and its compounds are widely used for electrical applications such as indium tin
oxide (ITO) transparent conducting oxides or CIGS solar cells. Furthermore, no indium
compounds exist in body and hence indium-containing nanoparticles are useful tracer materials
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for analysis of kinetics of nanoparticles in body. Au, and Pt nanoparticles are promising
nanomaterials for medical applications because of their stability and catalytic effects.

Here we report synthesis of indium (In), gold (Au), and platinum (Pt) nanoparticles using
some metal electrodes to study their kinetics in body, and some results of administrating the
synthesized nanoparticles to rats.

EXPERIMENTAL DETAILS

Nanoparticles were synthesized using pulsed electrical discharge plasmas in deionized
(DI) water [14]. The schematic of the discharge device is shown in Fig. 1. A rod electrode and a
plate electrode were immersed into DI water. The diameter of rod electrode and the thickness of
plate electrode for In, Au, and Pt were 3, 1, 1 mm and 1, 0.3, 0.3 mm, respectively. The
discharges were generated between the electrodes by applying an AC high voltage with a high
voltage source (Logy Electric, LHV-10AC). The discharge voltage was measured with a high
voltage probe (Tektronix, PO615A). The frequency of the applied voltage was 10 kHz, and its
peak to peak voltage was approximately 10 kV. The wave is sinusoidal at positive while the
voltage is positive and nearly square while the voltage is negative. The rise time and pulse width,
and duty ratio of the square wave pulse is around 5.6 us and 82 ps. Optical emissions from the
plasma were collected with an optical fiber and their spectra were measured with a spectroscope
of spectral resolution of 1 nm (Hamamatsu photonics, C7473-36). Optical emission spectra were
measured 5 times to check the reproducibility. We deduced electron density of the discharge

plasmas from the Stark broadening of H, line (656.3 nm) [15-17]. The generation rate of In, Au,
and Pt nanoparticles were 42 mg/min, 0.47 mg/min, and 0.25 mg/min, respectively. The water
was gradually changed from transparent to opaque with time after the discharge ignition. The
large particles were precipitated quickly just after the discharges. After the discharge, we
sampled supernatant of the solution with a pipette and collected nanoparticles desiccating the
solution on TEM-meshes. Nanoparticles collected on TEM-meshes were observed with TEM
(JEOL, JEM-2010). Size distribution of secondary nanoparticles was measured by the dynamic
light scattering method (Otsuka Electronics, ELSZ-0S/ELSZ-2000ZS) [18, 19]. To obtain
chemical and structural information of nanoparticles, we measured x-ray diffraction (XRD)
spectra (Bruker, D8 DISCOVER-KU/I 3kw) of nanoparticles collected on quartz substrates.

Synthesized nanoparticles were administrated towards rats for a preliminary examination
of kinetics of nanoparticles in body. Solution of nanoparticles was condensed at the
concentration of 10 mg/ml by vaporizing water with heat. Subcutaneous administration was
carried out to 8-week-old Wistar rat () after 2 weeks acclimation. The dose of administration
was 10 mg/kg BW (body weight) per each rat. We collected the organs of the rats after the
administration. The collected organs were wet-ashed with nitric acid, and the contents of metals
in the organs were measured by ICP-MS (Agilent 7500c).
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Figure 1. Schematic of pulsed electrical discharge plasmas in water for synthesizing metal
nanoparticles.

RESULTS AND DISCUSSION

Figure 2 shows optical emission spectra of plasma with an exposure time of 0.5 s. Atomic
emission lines of O (777 nm and 844.6 nm), and H (H, 656.3 nm and Hg 486.1 nm) exist in the
spectra. There are also atomic lines of metals of In (325.8 nm, 410.2 nm, and 451.1 nm), Au
(312.3 nm, 479.3 nm, 406.5 nm, and 523.0 nm), or Pt (306.5 nm). There also exist weak
molecular emission bands in the wavelength ranges of 390-550 nm (H,O) and 540-588 nm (H,).
We have evaluated Stark broadening by deconvoluting the measured spectra with taking other
important line broadening effects of the instrumental broadening with FWHM of 1 nm, Doppler
effect with FWHM of 0.008 nm, and the van der Waals broadening with FWHM of 0.04 nm [15,
20]. The Stark broadenings of H, line for In, Au, Pt electrodes are 5.39+0.23 nm, 3.40£0.05 nm,
3.84+0.17 nm, respectively. The electron density deduced from the Stark broadening are
(5.28+0.34)x10"" cm 3, (2.64+0.57)x10*" cm 3, (3.18+0.22)x10*" cm, respectively.

Figures 3(a)-(c) show typical TEM images of In, Au, Pt nanoparticles and their size
distribution of primary nanoparticles. The average size of the primary nanoparticles for In, Au,
Pt are 6.2 nm, 6.7 nm, and 5.4 nm, respectively. The aggregation of the particles were also
observed from dynamic light scattering, and the average size of the secondary nanoparticles for
In, Au, Pt are 315 nm, 72.3 nm, and 151 nm, respectively.

Figures 4(a)-(c) show the XRD spectrum of each synthesized nanoparticles. For indium
(Figure 4(a)), the peaks of In, and In(OH)3 are observed in the XRD pattern. This results indicate
that the nanoparticles are indium cubic crystalline (In) and indium hydroxide (In(OH)3)
tetragonal crystalline. The mass ratio of indium nanoparticles to indium hydroxide nanoparticles
is 8:2, deduced from the XRD pattern using the normalized relative intensity ratio method
[21,22]. For Au, the peaks of gold are observed in the XRD pattern, indicating that the
nanoparticles are gold (Au) cubic crystalline. For Pt, the peaks of platinum are observed in the
XRD pattern, indicating that the nanoparticles are platinum (Pt) cubic crystalline.

Synthesized In containing nanoparticles were administrated towards rats for the
examination of kinetics of nanoparticles in body. Figure 5 shows the indium contents in serum
and brain for 4 weeks after the administration. For comparison, large In,O3 nanoparticles (Sigma-
Aldrich, 150 nm in average size of primary nanoparticles, deduced from our TEM
measurements) were also administrated. The indium content in serum for the synthesized
nanoparticles increases linearly with time and is much higher than that for the In,05
nanoparticles. For brain, indium was detected only for synthesized nanoparticles at 4 weeks after
administration. Here we propose a tentative model for the kinetics of In nanoparticles in body.
Aggregated In nanoparticles or In,O3 particles in the subcutaneous tissue of rats dissolved slowly
and a dissolved form of indium or In nanoparticles itself appeared in the serum, increasing over
time. The quite low In content in serum and no trace of In in brain for In,O3 nanoparticles are
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probably because they have a low mobility in body owing to their large primary particle size of
150 nm. Although mobility of the synthesized primary nanoparticles is high due to their small
size of 6.2 nm, begin comparable to the size of proteins; most primary nanoparticles are
agglomerated to form the secondary nanoparticles of 315 nm in size and such secondary
nanoparticles have low mobility due to their large size. In containing nanoparticles have a long
residence time in body and some primary nanoparticles are likely to be detached from secondary
nanoparticles and they are transported towards serum and brain with a long time constant of 4
weeks. Our results in Fig. 5 suggest that small nanoparticles of around 6 nm in size are quite
mobile and easily distributed over body, even in brain.

We also administrated Au and Pt nanoparticles intratracheally for preliminary
examination. Figure 6 shows the images of lungs of the rat 1day after the administration.
Aggregations were observed in the lung. Bleedings and/or emphysema were also observed for
each lung. These results indicate that these aggregated nanoparticles induce damages in body,
although Au and Pt nanoparticles have been widely studied for biomedical applications.

Therefore, we must assess bio-compatibility and toxicity of these nanoparticles in body more in
detail.
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Figure 2. Optical emission spectra of discharge plasma for (a) indium, electrode (b) gold
electrode, and (c) platinum electrode.
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Figure 3. TEM images and primary size distributions of synthesized nanoparticle for (a) indium
electrode, (b) gold electrode, and (c) platinum electrode.
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Figure 6. Lungs of rats 1day after intratracheal administration of syntheS|zed nanoparticles for
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CONCLUSIONS

We synthesized indium, gold, and platinum nanoparticles in aqueous suspension using
pulsed electrical discharge plasmas in DI water. We obtained the following conclusions.
For indium,

1) Indium/ Indium hydroxide nanoparticles of 6.2nm in primary size and 315 nm in secondary
size are produced using pulsed electrical discharge plasmas in water with the indium
electrodes.

2) Synthesized nanoparticles are transported from subcutaneous to serum and brain. The indium
content of the synthesized nanoparticles is much higher than that of In,O3 nanoparticles of
150 nm in primary size.

For gold and platinum,

1) Gold nanoparticles of 6.7 nm in primary size and 72.3 nm in secondary size are produced
using pulsed electrical discharge plasmas in water with the gold electrodes. Platinum of 5.4
nm in primary size and 151 nm in secondary size are produced using pulsed electrical
discharge plasmas in water with the platinum electrodes.
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2) Preliminary examination of intratracheal administration of the gold and platinum

nanoparticles shows that administration of nanoparticles with 10 mg/kgBW may cause
bleedings and/or emphysema in lungs.

These results indicate that gold and platinum nanoparticles induce damages in body,

although they have been widely studied for biomedical applications. Therefore, we must assess
bio-compatibility and toxicity of these nanoparticles in body more in detail.
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ABSTRACT

Differentiation-inducing factor-1 (DIF-1) produced by Dictyostelium discoideum strongly inhibits the
proliferation of various types of cancer cells by suppression of the Wnt/B-catenin signal transduction
pathway. In the present study, we examined the effect of differentiation-inducing factor-3 (DIF-3), a
monochlorinated metabolite of DIF-1 that is also produced by D. discoideum, on human colon cancer cell
lines HCT-116 and DLD-1. DIF-3 strongly inhibited cell proliferation by arresting the cell cycle at the Go/Gq
phase. DIF-3 reduced the expression levels of cyclin D1 and c-Myc by facilitating their degradation via
activation of GSK-3f in a time and dose-dependent manner. In addition, DIF-3 suppressed the expression
of T-cell factor 7-like 2, a key transcription factor in the Wnt/B-catenin signaling pathway, thereby
reducing the mRNA levels of cyclin D1 and c-Myc. Subsequently, we examined the in vivo effects of DIF-3
in Mutyh~!/~ mice with oxidative stress-induced intestinal cancers. Repeated oral administration of DIF-3
markedly reduced the number and size of cancers at a level comparable to that of DIF-1. These data
suggest that DIF-3 inhibits intestinal cancer cell proliferation in vitro and in vivo, probably by mecha-
nisms similar to those identified in DIF-1 actions, and that DIF-3 may be a potential novel anti-cancer

agent.
© 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of Japanese Pharmacological
Society. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).

1. Introduction

pathway results in upregulation of its target genes, such as cyclin D1
and c-myc, which play key roles in the initiation and progression of

The Wnt/B-catenin signaling pathway plays essential roles in
cell proliferation and differentiation, embryonic development,
maintenance of tissue homeostasis, and several other biological
processes. In cell proliferation, activation of the Wnt/B-catenin

* Corresponding author. Tel.: + 81 92 642 6887
E-mail address: yanaga@clipharm.med.kyushu-u.ac.jp (F. Takahashi-Yanaga).
Peer review under responsibility of Japanese Pharmacological Society.

http://dx.doi.org/10.1016/j.jphs.2015.03.005

G1 phase in the cell cycle (1, 2).

Under physiological conditions, the activity of the Wnt/B-cat-
enin pathway is tightly controlled by the B-catenin destruction
complex in which glycogen synthase kinase-3 (GSK-3) phospho-
rylates B-catenin to induce its proteasomal degradation in coop-
eration with axin and adenomatous polyposis coli (APC). However,
mutations in components of the destruction complex or -catenin
itself can lead to hyperactivation of the Wnt/B-catenin pathway and
promotion of cancer development (3—7). Indeed, the Wnt/p-

1347-8613/© 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of Japanese Pharmacological Society. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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catenin pathway is constitutively active in most colorectal cancers,
as well as in other types of malignant tumors (8—12).

Differentiation-inducing factors (DIFs) were identified in D.
discoideum as morphogens required for differentiation to stalk cells
(13, 14), and have been shown to strongly inhibit the proliferation
of mammalian cells, regardless of whether they are normal or
cancerous (7,15—25). DIF-1 [1~(3, 5-dichloro-2, 6-dihydroxy-4-
methoxyphenyl)-1-hexanone] was the first identified member of
the DIF family. We have reported that DIF-1 activates GSK-38 to
phosphorylate and induce degradation of cyclin D1, c-Myc, and B-
catenin, which leads to inhibition of cyclin D1 and c-Myc trans-
cription (16—23). Recently, we found that DIF-1 inhibits the
expression of T-cell factor 7-like 2 (TCF7L2), a key transcription
factor in the induction of Wnt target genes, which might explain
why DIF-1 suppresses the proliferation of colon cancer cells with
constitutive activation of B-catenin signaling (22—24). Indeed,
repeated oral administration of DIF-1 inhibits oxidative stress-
induced intestinal tumor growth in vivo in a dose-dependent
manner (24).

D. discoideum metabolizes DIF-1 to the monochlorinated
analogue DIF-3 [1-(3-chloro-2, 6-dihydroxy-4-methoxyphenyl)-1-
hexanone] (14). We have previously reported that DIF-3 also
exerts a strong antiproliferative effect on the human cervical cancer
cell line HeLa by inducing cyclin D1 degradation and inhibiting
cyclin D1 mRNA expression (16). In some types of cancer cells, DIF-3
has been reported to exert more powerful antiproliferative effects
than DIF-1 (16, 25).

Therefore, in the present study, we examined whether DIF-3
exerts antiproliferative effects on human colon cancer cell lines
HCT-116 and DLD-1, which exhibit constitutive inactivation of the
B-catenin destruction complex, and analyzed downstream com-
ponents of the Wnt/B-catenin signal transduction pathway.
Furthermore, we examined the effect of repeated oral adminis-
tration of DIF-3 on intestinal cancer in Mutyh-deficient (Mutyh’/’)
mice (26), which lack the MutY homolog (MUTYH), a mammalian
DNA glycosylase that initiates base excision repair, and are thus
susceptible to oxidative stress-induced carcinogenesis (27—29).

2. Materials and methods
2.1. Chemicals and antibodies

DIF-1 and DIF-3 were synthesized as described previously (13,
14). MG132 was purchased from the Peptide Institute (Osaka,
Japan). SB216763 was purchased from BIOMOL International
(Farmingdale, NY, USA). A monoclonal and a polyclonal anti-cyclin
D1 antibodys were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). A monoclonal anti-c-Myc antibody was
purchased from Cell Signaling Technology (Danvers, MA, USA). A
monoclonal anti-a-tubulin antibody was purchased from Calbio-
chem (Darmstadt, Germany). A monoclonal anti-glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) antibody was purchased from
Abcam (Cambridge, UK). A monoclonal anti-TCF7L2 antibody was
purchased from Merck Millipore (Billerica, MA, USA). A monoclonal
anti-B-catenin antibody was purchased from BD Biosciences (San
Jose, CA, USA).

2.2. Cell culture

Human colon cancer cell lines HCT-116 (expressing wild-type
APC and mutant B-catenin) and DLD-1 (expressing mutant APC
and wild-type B-catenin) were cultured in Dulbecco's modified
Eagle's medium (Sigma, St. Louis, MO, USA) supplemented with 10%
fetal bovine serum, 100 U/mL penicillin G, and 0.1 pg/mL
streptomycin.
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2.3. Cell proliferation assay

HCT-116 or DLD-1 cells were seeded in 24-well plates (5 x 10%
cells/well) and treated with various concentrations of DIF-1 or DIF-
3 for the indicated periods. Cells were harvested by trypsin/EDTA
treatment and counted using an automated cell counter (TC10; Bio-
Rad, Tokyo, Japan).

2.4. Flow cytometry

Cells were suspended in a hypotonic solution containing 50 pg/
mL propidium iodide (PI), 0.1% sodium citrate, and 0.1% Triton X-
100. Pl-stained samples (1 x 10° cells) were analyzed for fluores-
cence with a FACSCalibur (Becton—Dickinson, Franklin Lakes, NJ,
USA).

2.5. Western blotting

Samples were separated by 12% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and then transferred to a poly-
vinylidene fluoride membrane using a semidry transfer system (1 h
at 12 V). Immunoreactive proteins were visualized by treatment
with a detection reagent (LumiGLO; Cell Signaling Technology).
Densitometric analysis was performed using Image] software
(National Institutes of Health, Bethesda, MD, USA).

2.6. Real-time quantitative RT-PCR

Total RNA was isolated using TRIzol reagent (Invitrogen).
Reverse transcription was carried out using a High Capacity cDNA
Reverse Transcription Kit (Applied Biosystems, Life Technologies,
DriveRockville, MD, USA). Quantitative PCR was performed using
TagMan® Universal Master Mix II, TagMan® Gene Expression
Assays (cyclin D1, Hs0075553_m1; c-Myc, Hs00153408_m1;
GAPDH, Hs99999905_m1), and an ABI 7500 Real-Time PCR System
(Applied Biosystems). PCR conditions were initial denaturation for
10 min at 95 °C, followed by 40 cycles of 15 s at 95 °C and 60 s at
60 °C. The expression levels of target genes were calculated from
the AACt values. GAPDH was used as an internal control.

2.7. Plasmids

TOPflash (TCF reporter plasmid) and FOPflash (negative control
for TOPflash) were purchased from Upstate Biotechnology (Lake
Placid, NY, USA). A cyclin D1 pGL3 basic luciferase reporter plasmid
was a generous gift from Drs. O. Tetsu and F. McCormick (University
of California, San Francisco, CA, USA). A TCF7L2 overexpression
plasmid was generated as described previously (22).

2.8. Luciferase reporter assay

Cells were transfected with luciferase reporter plasmids and
PRL-SV40, a Renilla luciferase expression plasmid as a control for
transfection efficiency, using Lipofectamine Plus reagent (Invi-
trogen, Life Technologies). After 24 h, the cells were stimulated
with DIF-3 for the indicated periods. Luciferase activity was
determined with a luminometer (Lumat LB 9507; Berthold Tech-
nologies, Barsinghausen, Germany) and normalized against Renilla
luciferase activity.

2.9. Intestinal tumor model
Induction of intestinal tumor formation (adenomas and carci-

nomas) in Mutyh’/ ~ mice was carried out by a previously reported
method (26). Briefly, KBrOs dissolved in water at a concentration of
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2 g/L was administered to 4-week-old mice for 12 weeks. At 16
weeks of age, the mice were randomly divided into two groups
(eight mice including four male mice and four female mice in each
group). Mice in the test group were orally administered DIF-3
suspended in a 0.25% methylcellulose solution once a day for 5
days/week over 4 weeks. Control mice received the vehicle only.
The body weight of the mice was monitored weekly. At 20 weeks of
age, all mice were sacrificed to obtain blood and intestinal samples.
Blood samples were analyzed for blood cell counts by a Celltac-
alpha MEK-6358 (Nihon Kohden, Tokyo, Japan). Intestines were
fixed in 4% formaldehyde, and the tumors were observed under a
microscope. Images of the tumors were obtained and analyzed
using Image] software.

2.10. Histological analyses

Tumors of 1.0-2.0 mm in diameter, which had developed
3.0-5.0 cm distal from the pylorus, were resected from
formaldehyde-fixed intestines. Samples were embedded in paraffin
and subjected to hematoxylin-eosin (HE) and immunohistochem-
ical staining. Briefly, the sections were incubated with the
anti-TCF7L2 antibody (1:2000 dilution) or polyclonal anti-cyclin D1
antibody (1:100 dilution) overnight at 4 °C, followed by incubation
with the secondary antibody (Histofine, Nichirei, Tokyo, Japan) for
1 h. The sections were then analyzed with a Biozero microscope
(Keyence, Osaka, Japan).
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2.11. Statistical analyses

Results are expressed as the mean + standard error of the mean
(SEM). Statistical analysis of differences between two mean values
was performed using the Student's t-test. Multiple mean values
were compared by one-way analysis of variance with the Dunnett's
multiple comparison test (GraphPad Prism 5.0; GraphPad Software,
La Jolla, CA, USA). P-values of less than 0.05 were considered sta-
tistically significant.

2.12. Ethics statement

This study protocol was approved by the Committee of Ethics on
Animal Experiments at Kyushu University (Permit Number: A22-
046-0). Animal handling and procedures were carried out in
compliance with the Guidelines for Animal Experiments, Kyushu
University, and the Law (No. 105) and Notification (No. 6) of the
Japanese Government. All surgeries were performed under sodium
pentobarbital anesthesia while making all efforts to minimize
suffering.

3. Results
3.1. Antiproliferative effect of DIF-3 on human colon cancer cells

First, we examined the effect of DIF-3 on the proliferation of the
human colon cancer cell lines, HCT-116 and DLD-1. As shown in
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Fig. 1. Antiproliferative effect of DIF-3 on human colon cancer cells. (A) Cell proliferation assay. HCT-116 and DLD-1 cells were seeded on a 24-well plate and treated with the
indicated concentrations of DIF-1 or DIF-3 for the indicated periods. (B) Flow cytometric analysis. Cells were treated with DIF-3 (30 uM) for 24 h and then harvested by trypsin/EDTA
treatment. The cells were stained with PI and nuclear fluorescence was measured by flow cytometry. The percentages of cells in the various cell cycle phases are shown. The results
are the mean + SEM of three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001 vs. control.
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Fig. 2. DIF-3 suppresses the expression of cyclin D1 in HCT-116 cells. (A) Time course. HCT-116 cells were treated with or without DIF-3 (30 uM) for the indicated periods. (B) Dose
dependency. HCT-116 cells were treated with the indicated concentrations of DIF-1 or DIF-3 for 24 h. Protein samples were subjected to Western blot analysis using anti-cyclin D1
and anti-a-tubulin antibodies. Protein bands were quantified and are shown as the percentage of the control level at time 0. The results are the mean + SEM of three independent

experiments. *P < 0.05, **P < 0.01, ***P < 0.001 vs. control.

Fig. 1A, DIF-3 strongly inhibited proliferation in a dose-dependent
manner in both cell lines. The effect of DIF-3 was slightly stronger
than that of DIF-1, and HCT-116 cells were more sensitive to DIF-3
than DLD-1 cells. Flow cytometry showed that treatment with
DIF-3 significantly increased the number of cells in Go/G; phase and
decreased those in S phase in both cell lines (Fig. 1B). Although DIF-
3 also significantly increased the number of cells in G, phase when
HCT-116 cells were employed, this effect was not observed by using
DLD-1 cells. These results indicated that DIF-3 arrested the cell
cycle at Go/Gq phase.
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3.2. DIF-3 induces proteolysis of cyclin D1 and c-Myc in HCT-116
cells via activation of GSK-3(

Because DIF-3 induces cell cycle arrest at Go/G; phase by
suppressing cyclin D1 expression in HelLa cells (16), we examined
the effect of DIF-3 on the expression of cyclin D1 in HCT-116 cells, in
which B-catenin is constitutively active. As shown in Fig. 2A and B, a
rapid and marked reduction in the amount of cyclin D1 protein in a
time and dose-dependent manner was induced by DIF-3. Further-
more, treatment with DIF-3 resulted in a strong reduction in the
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Fig. 3. DIF-3 suppresses the expression of c-Myc in HCT-116 cells. (A) Time course. Cells were treated with or without DIF-3 (30 uM) for the indicated periods. (B) Dose dependency.
Cells were treated with the indicated concentrations of DIF-1 or DIF-3 for 24 h. Protein samples were subjected to Western blot analysis using anti-c-Myc and anti-GAPDH an-
tibodies. Protein bands were quantified and are shown as the percentage of the control level at time 0. The results are the mean + SEM of three independent experiments. *P < 0.05,

**P < 0.01, ***P < 0.001 vs. control.
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Fig. 4. DIF-3 induces degradation of cyclin D1 and c-Myc in HCT-116 cells. Cells pretreated with MG132 for 1 h (A and B) or SB216763 for 3 h (C and D) were treated with or without DIF-3
(30 uM) for 1 h. Samples were subjected to Western blot analysis using anti-cyclin D1 and anti-a-tubulin antibodies (A and C) or anti-c-Myc and GAPDH antibodies (B and D). Protein bands
were quantified and are shown as the percentages of the degraded amounts. Values are the mean + SEM of three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001 vs. control.
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Fig. 5. DIF-3 represses the expression of cyclin D1 and c-Myc mRNA without decreasing the amount of B-catenin protein in HCT-116 cells. (A) mRNA expression. Cells were treated
with or without 30 uM DIF-3 for 24 h. Total RNA was isolated and subjected to quantitative PCR to analyze cyclin D1, c-Myc, and GAPDH mRNA expression. The levels of mRNA
expression were quantified and are shown as the percentage of the control level at time 0. (B) B-catenin protein. Cells were treated with or without DIF-3 (30 pM) for 24 h. Protein
samples were subjected to Western blot analysis using anti-B-catenin and anti-GAPDH antibodies. Protein bands were quantified and are shown as the percentage of the control
level at time 0. Values are the mean + SEM of three independent experiments. **P < 0.01, ***P < 0.001 vs. control.
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expression levels of c-Myc in a time and dose-dependent manner To determine the mechanisms of the DIF-3-induced reduction in
(Fig. 3A and B). DIF-3 decreased the expression of cyclin D1 and c- the expression levels of cyclin D1 and c-Myc, we examined the
Myc to a level comparable to the reduction induced by DIF-1 effect of MG132, a ubiquitin-proteasome inhibitor, on the actions of
(Figs. 2B and 3B). DIF-3. As shown in Fig. 4A and B, pretreatment with MG132
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Fig. 6. DIF-3 inhibits the expression of TCF7L2 and suppresses TCF-dependent transcription in HCT-116 cells. (A) Time course. Cells were treated with or without DIF-3 (30 uM) for
the indicated periods. (B) Dose dependency. Cells were treated with or without the indicated concentrations of DIF-1 or DIF-3 for 24 h. Protein samples were subjected to Western
blot analysis using anti-TCF7L2 and anti-GAPDH antibodies. Protein bands were quantified and are shown as the percentage of the control level at time 0. (C) Effects of DIF-3 on TCF-
dependent transcriptional activity. TOPFlash or FOPFlash were co-transfected with pRL-SV40 into HCT-116 cells. After 24 h of incubation, the cells were stimulated with 20 pM DIF-3
for 12 h. Luciferase activity is shown as the percentage of the control level at time 0. (D) Egr-1 protein. Cells were treated with or without DIF-3 (30 uM) for 24 h. Protein samples
were subjected to Western blot analysis using anti-Egr-1 and anti-GAPDH antibodies. Protein bands were quantified and are shown as the percentage of the control level at time 0.
(E) TCF7L2 overexpression. The pcDNA3 or pcDNA3/TCF7L2 plasmid was transfected into HCT-116 cells. After 24 h, the cells were treated with or without DIF-3 (20 pM) for 12 h.
Protein samples were subjected to Western blotting using anti-TCF7L2 and anti-GAPDH antibodies. Protein bands were quantified and shown as percentage of the decrease in the
amount of TCF7L2. (F) Cyclin D1 promoter activity using TCF7L2-overexpressed cells. Cyclin D1 promoter and pcDNA3 or pcDNA3/TCF7L2 plasmids were co-transfected with pRL-
SV40 into HCT-116 cells. After 24 h of incubation, the cells were treated with or without DIF-3 (20 uM) for 12 h. Data are shown as percentages of the reduction in luciferase activity.

Values are the mean + SEM of three independent experiments. *P < 0.05, **P < 0.01 vs. control.
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markedly attenuated the effects of DIF-3, indicating that DIF-3
accelerated ubiquitin-proteasome-dependent proteolysis of cyclin
D1 and c-Myc. Because GSK-3B has been reported to trigger
proteolysis of cyclin D1 and c-Myc (30, 31), we determined whether
GSK-3f was involved in the DIF-3-induced degradation of cyclin D1
and c-Myc using the GSK-3f inhibitor SB216763. As shown in
Fig. 4C and D, pretreatment with SB216763 (20 uM for 3 h) atten-
uated the effect of DIF-3, indicating the involvement of GSK-3f in
the DIF-3-induced degradation of cyclin D1 and c-Myc.

3.3. DIF-3 suppresses TCF-mediated transcription in HCT-116 cells

Interestingly, DIF-3 not only accelerated the proteolysis of cyclin
D1 and c-Myg, but also reduced their mRNA levels (Fig. 5A). These
effects could not be explained by inhibition of B-catenin, because
the mutant B-catenin expressed in HCT-116 cells is resistant to the
B-catenin destruction complex. In fact, DIF-3 had no effect on the
expression level of B-catenin (Fig. 5B).

To solve this enigma, we examined the effect of DIF-3 on the
expression of TCF7L2, a key transcription factor in the Wnt/B-
catenin signaling pathway. The amount of TCF7L2 increased
gradually over time in control cells, but it was markedly reduced
by DIF-3 in a time and dose-dependent manner (Fig. 6A and B).
Consistently, the TCF-mediated transcription measured by the
TOPflash assay was strongly suppressed in cells treated with DIF-3
(Fig. 6C). Furthermore, we investigated the effect of DIF-3 on early
growth response-1 (Egr-1), because we had previously found that
DIF-1 suppresses TCF7L2 expression by decreasing the expression
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of Egr-1, a transcription factor of TCF7L2 (22). As shown in Fig. 6D,
treatment with DIF-3 for 24 h reduced the protein level of Egr-1.

Next, we overexpressed TCF7L2 to confirm its involvement in the
action of DIF-3. As shown in Fig. 6E, stimulation with DIF-3 for 12 h
reduced the expression level of TCF7L2 in cells transfected with the
empty pcDNA3 vector, whereas this effect was attenuated in cells
transfected with pcDNA3/TCF7L2. Subsequently, we examined the
effect of DIF-3 on cyclin D1 promoter activity. Compared with cells
transfected with the empty pcDNA3 vector, the effect of DIF-3 was
attenuated in cells overexpressing TCF7L2 (Fig. 6F). These results
suggested that the DIF-3-induced reduction of TCF7L2 was associated
with the transcriptional inhibition of cyclin D1 mRNA in HCT-116 cells.

3.4. DIF-3 inhibits Wnt/$-catenin signaling pathway-related
proteins in DLD-1 cells

We next examined the mechanism by which DIF-3 inhibited the
proliferation of DLD-1 cells in which the function of the B-catenin
destruction complex is impaired by mutant APC. As demonstrated
in Fig. 7, similar to its effect on HCT-116 cells, DIF-3 markedly
reduced the expression levels of cyclin D1, c-Myc, and TCF7L2 in
DLD-1 cells.

3.5. Inhibitory effect of DIF-3 on oxidative stress-induced tumors in
Mutyh™~ mice

To investigate the anti-tumor effect of DIF-3 in vivo, we used
mice deficient for MUTYH (Mutyh‘/ 7), an enzyme that prevents the
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Fig. 7. Effect of DIF-3 in DLD-1 cells. DLD-1 cells were treated with the indicated concentrations of DIF-1 or DIF-3 for 24 h. Protein samples were subjected to Western blot analysis
using anti-cyclin D1 (A), anti-c-Myc (B), or anti-TCF7L2 (C) antibodies. Protein bands were quantified and are shown as the percentage of the control at time 0. Values are the

mean + SEM of three independent experiments. **P < 0.01, ***P < 0.001 vs. control.
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formation of oxidative stress-induced DNA lesions. Previous studies
have shown that MUTYH deficiency may be involved in the
development of colorectal adenomas and carcinomas in humans
(27—-29). Furthermore, we have previously reported dramatic in-
creases in the occurrence of oxidative stress-induced carcinomas in
the small intestines of Mutyh~/~ mice in comparison with normal
mice (24, 26).

Twelve weeks of treatment with 0.2% KBrOs, a strong oxidant,
induced numerous intestinal tumors in Mutyh~/~ mice (Fig. 8A). To
evaluate the effect of DIF-3 on these tumors, DIF-3 or the vehicle
only were orally administered to Mutyh~/~ mice for 4 weeks.
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Treatment with DIF-3 (150 mg/kg/day for 4 weeks) markedly
reduced the number of intestinal tumors, especially the number of
large tumors with a diameter of >2.0 mm (Fig. 8A). There were no
differences in the appearance, activity, body weight, or blood cell
counts between DIF-3-treated mice and the controls
(Supplementary Figure 1).

Subsequently, we performed immunohistochemical analyses of
the tumors. As shown in Fig. 8B, the numbers of TCF7L2-and cyclin
D1-positive nuclei in tumors were significantly decreased in the
DIF-3-treated group compared with the control, which was
consistent with the in vitro experimental results.
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Fig. 8. Effect of DIF-3 on intestinal tumors induced by KBrOs in Mutyh~/~ mice. (A) Upper panels: proximal region of the small intestines. Arrows indicate tumors of >2.0 mm in
diameter. Scale bar: 1 cm. Lower left panel: tumor numbers were plotted for each mouse. Lower right panel: the number of tumors of >2.0 mm in diameter was plotted for each
mouse. Horizontal bars indicate the mean of each group (n = 8). *P < 0.05, **P < 0.01 vs. vehicle. (B) Histological analyses of intestinal tumors. Tumor samples (n = 5 in each group)
were stained with anti-TCF7L2 (upper) or anti-cyclin D1 (lower) antibodies. Black square indicates the magnified area. Scale bar: 50 pm. More than 100 nuclei were counted in each
tumor sample and percentages of stained nuclei was shown. Values are shown as the mean + SEM of five individual samples. **P < 0.01 vs. vehicle.
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4. Discussion

Based on our earlier investigations on the DIF family, we
hypothesized that DIFs arrest the cell cycle by inducing degradation
of proteins essential for cell proliferation such as cyclin D1 and B-
catenin. Degradation of B-catenin further prevents TCF-mediated
transcription of several genes required for cell proliferation
(15—21). According to this hypothesis, the action of DIFs appears to
require an intact B-catenin destruction complex. Therefore, we
speculated that DIFs would be unable to inhibit colorectal cancer
cell proliferation because of the impaired functions of the B-catenin
destruction complex in most colorectal cancers, including MUTYH-
associated polyposis, which are caused by mutations in its com-
ponents such as B-catenin and APC (7—12,27—29). However, in
contrast to this hypothesis, we found that DIF-1 strongly inhibited
the proliferation of colorectal cancer cells through suppression of
TCF7L2 transcription by downregulation of Egr-1 levels in the
nucleus, resulting in the inhibition of the Wnt/B-catenin signaling
pathway (22). Consistent with our study, Saegusa et al (32) re-
ported that TCF7L2 promoter activity is regulated by Egr-1. Ac-
cording to these observations, downregulation of Egr-1 expression
might be one of the important actions of DIF-1 in suppression of the
Wnt/B-catenin signaling pathway.

Thus, we determined whether only DIF-1 inhibits the proliferation
of colon cancer cells irrespective of the B-catenin destruction
complex or whether this action is shared by other DIF family mem-
bers, particularly DIF-3, because DIF-3 exerts stronger effects than
DIF-1 on suppression of human cancer cell proliferation (16, 25).
Specifically, we investigated whether DIF-3 can inhibit the prolifer-
ation of colorectal cancers with impaired B-catenin destruction ma-
chinery with respect to its effect on TCF7L2. DIF-1 and DIF-3
demonstrated essentially the same effects. DIF-3 also had an anti-
proliferative effect on HCT-116 and DLD-1 cells, and reduced the
expression levels of cyclin D1, c-Myc, and TCF7L2 despite the mutant
B-catenin or APC. In addition, DIF-3, but not DIF-1, led to a significant
increase in the number of HCT-116 cells in G, phase, whereas this
effect was not seen in DLD-1, HeLa or bovine aortic endothelial cells in
which proliferation is strongly inhibited by DIF-3 (16). Therefore, cell
cycle arrest at G;/M phase may not be essential for the action of DIF-3.
Moreover, DIF-3 exhibited an anti-tumor effect in Mutyh~/~ mice, a
useful animal model for colorectal adenocarcinoma, without
apparent adverse drug reactions. Oral administration of DIF-3
markedly reduced the number of intestinal tumors, especially that
of large tumors (>2.0 mm in diameter), suggesting that DIF-3 has
potential as a novel anti-cancer agent.

We expected that the anti-tumor effect of DIF-3 on colorectal
cancer cells, if any, would be stronger than that of DIF-1, because it
has been reported that DIF-3 has more powerful effects than DIF-1
to inhibit the proliferation of HeLa cells (16) and the human leu-
kemia cell line K562 (25). However, in the present study, the effi-
cacy of DIF-3 was comparable to that of DIF-1 in HCT-116 and DLD-1
cells. Moreover, the in vivo effects of DIF-3 in the oxidative stress-
induced intestinal tumor model appeared to be weaker than
those of DIF-1 (24). Although we cannot exactly explain the reason
for these results, we speculate that the presence or absence of
mutations in the B-catenin destruction complex could have caused
the difference in sensitivity to DIF-1 and DIF-3 between the cell
lines. The B-catenin destruction complex is impaired in HCT-116
and DLD-1 cells, but it is intact in HeLa and K562 cells. Therefore,
the anti-tumor effect of DIF-3 may be more dependent on sup-
pression of B-catenin signaling than that of DIF-1. Further studies
are required to examine this issue.

Similar to DIF-1, we assume that DIF-3 is a potential lead com-
pound as a novel oral anti-cancer drug with unique mechanisms of
action. However, to identify and develop an optimal compound, it is

critical to identify the target molecule(s) of the DIF family. Despite
our and others' efforts, the target molecule(s) of the DIF family,
which mediate their antiproliferative effect on cancer cells, have
not been identified. Shimizu et al. have suggested that PDE1
(calmodulin-dependent cyclic nucleotide phosphodiesterase) may
be a target of DIFs (33). In addition, we have reported that mito-
chondrial malate dehydrogenase may be one of the target mole-
cules of DIF-1 (34). However, the effects of DIFs on these molecules
does not appear to correlate with their antiproliferative effects (33,
34). Identification of these target molecule(s) may not only reveal
the precise mechanisms of action of the DIF family, but also facili-
tate the design of novel anticancer drugs with unique mechanisms
of action.
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