VL FR1 CDR1 FR2 CDR2 FR3 CDR3  FR4

Clone2 DILLINQSQ KASQDVDT WYQQKPG SASY GVPDRFTGSGSGTDFT QQYNS FGGGTK GGGGSGG
KFMSTSVG  DVA QSPKALIY RYS  LTISNVQSEDLAEYFC YPYT LEIKR GGSGGGG

one
SLSVSAGEK GNQKNYLA QPPKLLIY RES LTISSVOQAEDLAVYYC SYPLT  LELKR GGSGGGG
VTMSC S

Clone 6 DIVITQSHK KASQDVGT WYQQKPG SASY GVPDRFTGSGSGTDFT QQHYS FGGGTK GGGGSGG
FMSTSVGD AVA QSPKLLIY RYT  FTISSVQAEDLAVYYC TPYT LEIKR GGSGGGG
RVSITC S

VH FR1 CDR1 FR2 CDR2 FR3 CDR3 FR4 FLAG tag

Clone2 QVOLQQSGA DYYMH WVKQR WIDPENGN KASITADTSSNTAYLQL DNYGYDA WGQGT DYKDDDDK
ELVRPGALVKL PEQGLE TIYDPKFQG SSLTSEDTADTSSNTAY FGY LVTASS
SCKASGFNIK WIG LQLSSLTSEDTAVYYCV

Clone4 EVMLVESGAE DYYMH WVKQR WIDPENGN KASITAETSSNTAYLQLS DNYGYYD WGQGT DYKDDDDK
LVKPGASVKLS PEQGLE AIYDPKFQG SLTSEDTAVYYCAR GFAY LVTVSA
CTTSGFNIK WIG

Clone6 EVQLOQSGAE NYLIE WVKLR  VINPGSGG  KATLTADKSSSTAYMQL DGVYYRY WGQGT DYKDDDDK
LVRPGTSVKVS PGQGL TNYNEKFK  SSITSDDSAVYFCAR DEGNYFA  SVTVSS
CKASGYAFT EWIG G MDY

Table Amino acid sequence of hCL1 binders.
The amino acids sequences of scFv clones were analyzed.
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EEXEFEHEMEEMBE(HFRETRBRANKATESE)
SEMERESE
scFvRRI7—OSA4TSYDEE

SIEHRE AR E— RITBEEAEREBRPRR JoPziob)—4—

BREE

WEETIC C BFRAVIMILADODREZEARLL T, claudin(CL)-1 | occludin, CD81. Scavenger
receptor class B type [(SR-BD ZEMNRESN  BEZERERT AT =AMEFIFALI-CEF RV
SEEEDO TREMEAIRIEE NI, 2010 FEIZH CL-1 HiAA B HE7L genotype @D C BFF KA L RIZHL
REAEFEMEZLOIEATEINZTEMD, CL-1 FUATZRMN C BIFFRIA I RBRERERZD R
ELTEHEIATWS, LALEAS, CL-1 ZUATdZAMDEIBIZRILEHEHE—COBEDHTH
U, druggable CL—1 binder DFAFIIRI-EETH 5.

—RBEBUA (scFv) IE, FUAD TR E 58S (VH, VL) DA M SER SN, 1gG SRS FENF 1/5 LIES
FTHHIZED S, MENSHEBAOBITHICBNTEY . KBEICKAMABRAZEABLLTELEMRT
HEHIENDS, BEIRMYEHIZ SN AREBIELD AV YA H D, D LI, scFv EFIAELS= CL-1
7 A= XM druggable CL-1 binder EL TORIBEMETO TS, EERETHD CLITHFENRE T
HY. FHEMELEVNVOZORIHIIILEBATOSDONRRTHS,

AREEE hCLT BERNFLAVAINATREFTEL: gpbd FSURDIZYITIRAND, 2.6 X 10°
CFUHARDI7—TTART A scFv SATSEEEL,

A. BIRE# HENTWADANIRKRTHS,
IREFETIZ.C BFLEIANILRHCVIDZ B E AME(X, HCVREEZBEDIDTHASCL-1%4

L T. CD81. claudin(CL)-1 . occludin, Scavenger —FyhELI-CEBFXABBRSIUFTHELZ, HBED

receptor class B type I(SR-BI)IZEMRBIESNTLY T7—TF AR T AscFvSA4 ISR B i £ 5 B

%, HOV DIvAOD—JERETHS E2 BEREN FTHELIZKYRIEHLESETHEDTHY . HLED

CNORBREZERICHEETSEHOV HFIFIUN BEREELVSEGEMAIEOALLT, /NA44

A= RZKYHMBERAIZRYRAEFNS, 2T, —N—DEBVCHHMEDOHERICEREENRTE

HCV B ZREOMINEEICHET 25 F(E. 5D THD,
RBREMEEREZETS C BFKAREIIHYES, REEIL, gpbdh TV AT =wH I RIThCLT
EHE. 2010 (T CL-1 AN L HEAL genotype D BARNF21OVAMILRERETHLICKYET:
HCV 2L, BAEEEBFHEZ L DOILMN RSN, hCLIFLIAEE TV RZEFAL., scFvI173DE
CL-1 FUAT=RM CEIFFR VAN ABREREE  EE2HAT-.
ELTEETHDHCENRSNT . LOLENDS,

CL-1 FUAI=ZRDEIRICKRL-MIEH—CD B, RAE
HEDHTHY . druggable CL-1 binder D BEFEIF3L scFv SA4 75 D {E&
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B.1 scFv 77—USA473DIEE

hCL1-BV Z%HJELT= gpbd SR TZYHITIR
HSIRMEAE L. total RNA Z[EIUXL 7=, Total RNA
M5 mRNA Z455IL. cDNA #ARLT=. cDNA4 1 %
$8 LT forward primer set 2 (1, reverse primer
set 2 (1, PCRbuffer 5 g1, dNTP 5 uil, MgS0, 2 ul,
DMSO 1 yl,KOD-plus 1 ¢l DEIETRALEDIDE
F=——Y4BE50C T30sec | HBERI68C TI
min [ZERFELT= 35 1 Z)LD PCR RIGIZH#L, #h %
N VHEH, VLEH®D cDNAZ1§7=. D PCR E¥% PCR
purification kit (QIAGEN) THERIL . #< PCRIZ& 5 VH,
VL OEH#E, #B1E (assembly PCR) IZ#tL7F=, VH $4
cDNA % 100 ng. VL $8 cDNA % 100 ng. PCR buffer 5
1, dNTP 5 1, MgS0,2 11,DMSO 1 y |, KOD-plus
1 HIDEIETRELEZEDET7=—VJBEE5CT
150 (BRRE68C T1HMICEKRELI18YAY
IWDEMHIZETEL. assembly PCR %1Fo1=, &51Z
Not I Y4b+ZEH TS Y15 primer
(5" —ggccagetttggagocttttttttggagattitcaacgtgaaaaaatt

scFv 100 ng.

atttattcgcaattcctttagttgttcctttctatgeggeccagecggecat

ggcc-3") 04 pl . Nco I YA hZEHIT S Y16 primer
(5" ~tta gtaaatgaattttctgtatgaggtttigctaaacaactttcaacag
tctatgecggecacgeggticcacggatecggatacggecaccggegeacct

gcggccge—3') 0.4 ul. PCR buffer 5 yl, dNTP 5 ul,

MgSO,2 11, DMSO 1 I, KOD-plus 1 | DEIE TIE
BLI-EDET7=—)JREECTIHNE (BRER
J568°C T1HRICERELIZ3 YA DEHICHRE
L PCR %f7L). soFv %#IBLT=. PCR EM% PCR
purification kit ZFRAWLVTHEEIL. scFv BizF&LT=,

scFv E{EF% Ncol | Notl T37°C, 20 EsRIMEEL.

PIYH LR EIT o7z, R#RIC Noo I Not I T2 h AL
L OYHLERLK pY03 —importinad® 1 g, scFv
BIRF# 0.8 g FLVT T4 DNA ligase #fLVT 16°CI<
T—BSAM5—av RIEETHE =, Bonit=5445
—av EWY% PCR Purification Kit TR E L=, 5144
—avEWEKRBE TG (STRATAGENE) IZTL Yk
ARL—2avdBHlEIckYBALI, D&, 100
1 g/ml ampicillin sodium E#& B E 2% D-glucose Z &N

20

L7z LB Kb (LAG H5ith) TL—MHERELz, — B
EEBEEOKBEONIOZ—%2EILRIL—/R—IZ&Y
LAG #E#TEIYIL -, COKBGEBREREE 10%&
BAEST A=V (FHASATRY) ERMLT
-80°CT{R7FL. hCL1-BV $RJE gp64Tg 54T 5 &
L=,

B.2 IL/hAKRL—Iay

TG1 #5)E8—LRAMYI M5 2YT (2-YT BROTH,
Invitrogen) H&ih 2 ml C—HRIEE L=, T H. 2YT 5
200 ml [Z OD600:0.05-0.1 L% 5 &S IZHEZMHSE . 37°C
T 0D600:0.4-0.6 FTHEL=, TD#. 4°C. 3000
rom 10 SRELED2HEL. EFEB T milliq KEMA
AL, I5124°C, 3000 rpm 10 HREEDLSBEL. £
BER T, COESEEEZIEMYERLIZER. TG #
BRE 105D )EO0—)LEEL SP KTHEL.
TGl /Bi® 50 pl &ESAT7—2avEW 1 ¢l (30 vk
#KkET 15 SELGLEEE. BEREFT YN
2L . Gene pulser® (Bio—Rad Laboratories) ZFLNT
BER/INIWNREEZT: (Ecl), TNk, BREE 2%
D-glucose & &ML T= 2YT (2YTG) HEth 950 ulIZFL.,
37°CT 1 BREIREEE L=, Titer check HELT.
DKBEFBRDIE 50 ! % 100 g g/ml ampicillin
sodium ZFHFEMLIz 2YTG (2YTGA) HHIT 10%-10° %
FIRL.ARKFJT740J/L L (3M Microbiology Products) 1=
BEJICTMBEER, A0 —HEHRTHILET
SATSIDYAXERDTI=, Tl=. BYDKGEBK
ETL—M 1 #HT=UH 300 ul &b &3 LAG i
TL—b 40 WICHEEL-, . TL—M 1 BHZY 2
ml @ LAG B TEIRIL—IR—EAVTKEGEEE
EURL . #&BE 10%E25 K512 a—)LESHML.
-80°CTR#FLT =,

B.3 scFv 77—L34T73Y) D ZHRIEFER
ILoraRL—2ar OBRICEBELEARMNI 1L
LSOO —%35U8 LIZEYS 7y 7L, LA tE#E 3
ml T—BEiE R LI, ZD %, S=TLyFI=&kY plasmid
=R, FEHL T plasmid Z R &L LT, primer &L



T pY03’ -S-1 (5’ -caggaaacagctatgac—3') Z LY, &
—OIVRBENEIT O
C. IRHER

gpb4 SV AT T YOI RIZ hCLI-BYV ZHE
LEERORDEEMSIERLT- cDNA ZHEIZ &
SERZ RS (VH) RUBHATEMEE (VL) &
{ZF% PCRIEICKYIBIELf=. VH, VLEETZEY
H—TEHFELTHTz scFviE{EF% Noo I/ Not |
WMEBL, IJ7—CFTARTLLBARGE—THD
pYO3' [THEARAAT, BN zEHEILILOR
L—2aVRITLYKBE TG-1 ITBEALE0%E
scFv BRI7—U54T5VELT =, #BELT- scFv
SA4T3YDSA4TZ) Y4 X &, 2.6 x10° CFU 12
D12 FAT I DEHRMEERERT 510,545
LITEHL=90—2 DY — 9T REBETo
= (Table),

D. #%&

BIESATS5)IE, 10-10° CFU BEDS4T5)
PHAXEHL. ERESATSVEHLTEHMEDE
TIREHIN RE~NDEREOE TIEEBN TS,
SEBEL: scFVIBRI7—OS4TSYDS4TS5
YA X1E 2.6 X 10° CFU THo =2 D, +21ES5
ATV G A XTHAHEEZ NS, UK EEFOE
HNDESEMEFRREOFEEIZEEL VH $80 CDR3
EHICBEWTRLONBIEN D, EELESATS5Y
M VHEH CDR3FEEZFRANFECA, YO—2HTT
S/BESICZHRENEH SN T=(Table), €2 T.
AS5475YI& hCL1 binder BRIFIZEELABLR YY)
—=VTYV—RXTHBEEZ . £i< hCL1 binder A1)
—Z VT ERICHL,

E. &

AR, gpbdbS U AP Ty I ™ X IZhCLT
RBENF21OVANRERET D EIZLY BT
hCLIMAELET I RER AL, scFViRRI77—25
AT DERET Tz, TDFER. hCLIEAR
scFVERBBIZHRESA TS DEEIZK L=,
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VL FR1 CDR1 FR2 | CDR2 FR3 CDR3 | FR4 | (G4S)3

Clone 1 | GIVMTQSPT | TASESLY | WYQKKPE | GASNRY! | GVPDRFTGSGS | AQFYSYP | FGAGTK | GGGGSGG
FLAVTASKK | SSKHKVH | QSPKLLIY GTDFTLTISSVQV | LT LEIKR GGSGGGG
VTISC YLA EDLTHYYC S

Clone 2 | DIVMTQSQK | KASQNVG | WYQQKPG | SASYRY | GVPDRFTGSGS | QQYSNYY | FGGGT | GGGGSGG
FMSTSVGD | TNVA QSPKALIY | S GTDFTLTISNVQS | T KLELER | GSGGGGS
RVSVTC EDLADYFC

Clone 3 | DIVMTQSHK | KASQDVS | WYQQKPG | SASYRY | GVPDRFTGSGS | QQYNSYP | FGAGTK | GGGGSGG
FMSTSVGE | TAVA QSPKLLIY T GTDFTFTISSVQA | LT LELKR GGSGGGG
RVNITC EDLAVYYC S

Clone 4 | DIVMTQSHK | KASQDVS | WYQQKPG | SASYRY | GVPDRFTGSGS | QQYNSYP | FGGGT | GGGGSGG
IMSTSVGDG | PAVA QSPKLLIY |8 GTDFTLTISNVQS | YT KLELKR | GGSGGGG
VSITC EDLAEYFC S

Cione 5 | DIQMTQSH | KASPDVS | WYQQKPG | SASYRY | GVPDRFTGSGS | QQHYSTP | FGAGTK | GGGGSGG
KFMSTSVG | TAVA QSPQLLIY | T GTDFTFTISSVQA | LT LEIKR GGSGGGG
DRVSITC EDLAVYYC S

Clone 6 | DIVMTQSQK | KASQDVG | WYQQKPG | WASTRH | GVPDRFTGSGS | QQYNTYP | FGAGTK | GGGGSGG
FMSTSVGD | TAVA QSPSKLLIY | T GTDFTLTISNVQS | LT LEIKR GGSGGGG
RVSITC EDLAEYFC S

Clone 7 | DIVMTQSHK | KASQNVG | WYQQKPG | SASYRY | GVPDRFTGSGS | QQYNYYP | FGAGTK | GGGGSGG
FMSTSVRD | TNVA QSPKALIY |S GTDFTLTISNVQS | LT LEIKR GGSGGGG
RVSITC EDLAEYFC S

Cione 8 | DIVITQSHKF | KASQDVS | WYQQKPG | SASYRY | GVPDRFTGSGS | QQHYSTP | FGGGT | GGGGSGG
MSTSVGDR | TAVA QSPKLLIY T GTDFTFTISSVQA | YT KLELKR | GGSGGGG
VSITC EDLAVYYC S

VH FR1 CDR | FR2 | CDR2 FR3 CDR3 | FR4 | FLAG
1

Clone 1 | DVKLVESGGG | SYTMS | WVRQT | TISSGGGY | RFTISRDNAKNNLY | RSLDGY | WGAGT | DYKDDDDK
LVKPGGSLKLS PEKRL | TYYLDTVK | LQMSSLRSEDTALY | DYWYFD | TLTVSS
CAASGFTFS EWVA |G YCAR \

Clone 2 | EVKLVESGGDL | SYGMS | WVRQT | TISSGGSF | RFTISRDNAKNTLH | HGSSYY | WGQGT | DYKDDDDK
VKPGGSLKLS PDKRL | TYYPDSVK | LQMSSLKSEDTAM | AMDY SVTVSS
CAASGFTFS EWVA |G YYCAR

Clone 3 | EVQLQQSGDD | SYWIN | WIKQR | RIAPGSGS | KATLTVDTSSSTAY! | RGIWGS | WGQGT | DYKDDDDK
LVKPGASVKLS PGQGL | TYYNEMFK | QLSSLSSEDSAVYF | SYDYFD | TLTVSS
CKASGYTFT EWIG G FCAR Y

Clone 4 | QVQLKQSGAE | DYFMH | WVKQ | WIDPENGN | KASITADTSSNTAYL | RYRWYL | WGQGT | DYKDDDDK
LVRPGALVKLS RPEQG | TIYDPKFQ | QLSSLTSEDTAVYY | SHFDY TLTVSS
CKASGFNIK LEWIG | G CAR

Clone 5 | EVMLVESGGG | NYAMS | WGRQ | TITSGGSY | RFTISRANAKHTLY | HEDTLLR | WGQGT | DYKDDDDK
LVQPGGSRKL TPDKR | TYYPDSVK | LRMSSLRSEDTAM | RHFDY TLTVSS
SCAASGFTFS LEWVA | G YYCTR

Clone 6 | EVKLVESGGGL | SYAMS | WVRQT | TISGGGTT | RFTISRDNAKNNLY | DDYDET | WGQGT | DYKDDDDK
VKPGGSLKLS PEKRL | YYPDSVKG | LQMSSLRSEDTALY | GSFAY LVTVSS
CAASGFTFS EWVA YCAR

Clone7 | EVMLVESGGG | SYAMS | WVRQ| EISSGGSY | RFTISRDNAKNTLY | VVYYAM | WGQGT | DYKDDDDK
LVKPGGSLKLS SPEKR| TYYPDTVT | LEMSSLRSEDTAM | DY TLTVSA
CAASGFTLS LEWVA | G YYCAR

Cione 8 | EVMLVESGGG | SYAMS | WVRQT | TISSGGSY | RFITSRDNAKNTLY | QGPPFA | WGQGT | DYKDDDDK
LVKPGGSLKLS PEKRL | NYYPDSVK | LQMSSLRSEDTAM | Y LVSVSS
CAASGFTFS EWVA |G YYCAR

Table Amino acid sequence of scFv phage library.
Phage clones were randomly picked up from the scFv phage
library, and the amino acids sequences of scFv clones were

analyzed.
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Claudin-4, a member of a tetra-transmembrane protein family that comprises 27 members, is a key func-
tional and structural component of the tight junction-seal in mucosal epithelium. Modulation of the clau-
din-4-barrier for drug absorption is now of research interest. Disruption of the claudin-4-seal occurs
during inflammation. Therefore, claudin-4 modulators (repressors and inducers) are promising candi-

KeyWQFde dates for drug development. However, claudin-4 modulators have never been fully developed. Here,
Claudin we attempted to design a screening system for claudin-4 modulators by using a reporter assay. We pre-
;‘eg;; ri‘;?g';‘g; pared a plasmid vector coding a claudin-4 promoter-driven luciferase gene and established stable repor-
Screening ter gene-expressing cells. We identified thiabendazole, carotene and curcumin as claudin-4 inducers, and

potassium carbonate as a claudin-4 repressor by using the reporter cells. They also increased or
decreased, respectively, the integrity of the tight junction-seal in Caco-2 cells. This simple reporter sys-
tem will be a powerful tool for the development of claudin-4 modulators.

Chemical modulator

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Tight junctions (TJs), the most apical components of intercellu-
lar junctional complexes, function as fences that maintain cellular
polarity and provide a barrier to regulate intercellular permeability
of epithelia [1,2]. Disruption of cellular polarity and the TJ-seal is
frequently observed during carcinogenesis and inflammation [3].
Modulation of TJ-seals for drug absorption is now of research inter-
est [4,5]. A series of studies has revealed that TJs are composed of
transmembrane proteins (such as occludin and claudins), junction
adhesion proteins, and cytoplasmic scaffolding proteins, including
Z0-1, Z0-2, and ZO-3 (see reviews [6-8]). Of these, claudins are
thought to be the main structural and functional components of
T]s.

Claudins, tetra-transmembrane proteins with a molecular mass
of approximately 23 kDa, comprise a multigene family containing
over 20 members [8]. The barrier-function and the expression
patterns - of claudin members differ among tissues [6,8,9].
Claudin-1-, -5-, and -11-deficient mice show dysfunction of the

Abbreviations: TJs, tight junctions; C-CPE, the carboxyl terminus of Clostridium
perfringens enterotoxin; TGF-B, transforming growth factor-p; EGF, epidermal
growth factor; PMA, phorbol 12-myristate 13-acetate; DMSO, dimethyl sulfoxide;
PCR, polymerase chain reaction; RT-PCR, reverse transcription-PCR; GAPDH,
glyceraldehyde 3-phosphate dehydrogenase; qPCR, quantitative PCR; SDS, sodium
dodecyl sulfate; SDS-PAGE, SDS-polyacrylamide gel electrophoresis; TER, transepi-
thelial electric resistance.
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epidermal barrier, blood-brain barrier, and blood-testis barrier,
respectively [10-12]. The expression levels and the barrier-
functions of claudins are often altered in various cancer cells; they
can be down-regulated or up-regulated, depending on the type of
cancer [13]. Changes in claudin expression have also been observed
in the mucosal epithelium under inflammatory conditions [14].
Claudins are thus potent targets for drug development, such as
drug delivery, anti-cancer agents, and anti-inflammatory agents.

Since claudins play a role in TJ-seals, modulation of the claudin-
barrier is a potent strategy for drug absorption. The carboxyl-ter-
minus of Clostridium perfringens enterotoxin (C-CPE) is a modulator
of the claudin-barrier [15]. Treatment of cells with C-CPE causes a
decrease in claudin-4 proteins in TJs, followed by an enhancement
of the paracellular transport of solutes without causing cytotoxic-
ity [15]. C-CPE also enhances jejunal, nasal, and pulmonary absorp-
tion of drugs [16]. Thus, proof-of-concept for claudin-targeted drug
absorption has been demonstrated. A decrease in claudin-4 in the
intestinal epithelium often occurs in colitis [17]. Down-regulation
of claudin-4 is also observed in some cancer cells [18]. Induction of
claudin-4 is involved in the chemo-preventive effect of nonsteroi-
dal anti-inflammatory drugs [19]. A modulator of claudin-4 expres-
sion would therefore be a potent molecule for claudin-targeted
drug absorption and drug development for some inflammatory dis-
eases and cancers. However, an effective system to screen for clau-
din modulators is lacking.

Here, we developed a simple system to monitor claudin-4
expression using a reporter gene, and we screened chemical clau-
din-4 modulators.
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2. Materials and methods
2.1. Reagents and cells

Recombinant human transforming growth factor-g (TGF-B) and
epidermal growth factor (EGF) were purchased from R&D systems
(Minneapolis, MN) and Peprotech Inc. (Rocky Hill, NJ), respectively.
The recombinant proteins were dissolved in water and stored at
—80 °C before use. Phorbol 12-myristate 13-acetate (PMA) were
dissolved in dimethyl sulfoxide (DMSO) and stored at —-20 °C be-
fore use. List of the chemicals used in this study for screening for
claudin-4 modulator is shown in Table 1. All reagents were of re-
search grade.

MCF-7, and Caco-2 cells were cultured in Dulbecco’s modified
minimal essential medium supplemented with 10% fetal bovine
serum in 5% CO, at 37 °C. MCF-7 cells were obtained from the RI-
KEN cell bank (Ibaragi, Japan). Caco-2 cells were obtained from
the American Type Culture Collection (Manassas, VA). MCF-7 cells
stably expressing snail or HRasV12 were prepared by infection
with a recombinant retroviral vector coding for snail or HRasV12
gene.

2.2. Preparation of a reporter plasmid

Genomic DNA was extracted from MCF-7 cells by using a geno-
mic DNA isolation kit (Sigma-Aldrich, St. Louis, MO). The claudin-4
promoter region was cloned by polymerase chain reaction (PCR)
using genomic DNA as a template and paired primers (forward pri-
mer, 5-GCGCTAGCGGTTGCCCCCTGGCCTTAAC-3'; reverse primer,
5-CGCTCGAGGTCCACGGGAGTTGAGGACC-3'). The resultant frag-
ments (500 bp) were subcloned into the pGV-B2 vector encoding
the luciferase gene (Toyobo, Osaka, Japan). The sequence of the
claudin-4 promoter region was confirmed.

2.3. A transient expression of transfection snail or HRasV12 gene

Transfection was performed with FuGENE HD (Roche, Mann-
heim, Germany) according to the manufacturer’s protocol. Briefly,
cells were seeded onto 24-well plates. When the cells reached to
80% confluent cell density, 20 pl of medium containing 0.6 pl of Fu-
GENE HD and 200 ng of plasmid carrying snail or HRasV12 gene
was added to the wells. After 48 h of transfection, the luciferase
activity of the cell lysates was measured as described below.

2.4. Luciferase assay

Luciferase activity was measured using a commercial available
luciferase assay system (Toyo Ink, Tokyo, Japan). Cells were lysed
with a cell lysis reagent, LCB (Toyo Ink). The cell lysates were then
centrifuged at 18,000g for 5 min. The luciferase activity in the
resulting supernatant was measured using a TriStar LB 941 micro-
plate reader (Berthold, Wildbad, Germany).

2.5. Establishment of a stable reporter cell line

MCF-7 cells were transfected with the reporter plasmid and a
plasmid carrying the puromycin resistance gene. Stable transfec-
tants were selected in the presence of puromycin.

2.6. Screening for claudin-4 modulators

The clone 35 cells were seeded onto 96-well plates at a density
of 4 x 10 cells/well. On the following day, vehicle or compound
was added, and the cells were cultured for an additional 24 h.

The luciferase activity in the cells was then measured as described
above,

2.7. Cytotoxicity assay

Clone 35 cells or Caco-2 cells were seeded onto a 96-well plate
at a density of 4 x 10* or 6 x 10* cells/well, respectively. On the
following day, cells were treated with chemicals at the indicated
periods. The cell viability was measured by using a WST-8 assay
kit (Nacalai, Kyoto, Japan).

2.8. Reverse transcription-PCR (RT-PCR) analysis

RT reaction and PCR amplification were performed with a cDNA
synthesis kit (Roche, Mannheim, Germany) and ExTaqTM (Takara,
Shiga, Japan), respectively, according to the manufacturer’s instruc-
tions. Briefly, total RNA was prepared with TRIzol reagent (Invitro-
gen, Carlsbad, CA). For reverse transcription, 5 pig of total RNA was
used. PCR was performed for 23 cycles for claudin-4 (94 °C for 30's,
55 °C for 15 s, 72 °C for 30 s) and for 20 cycles for GADPH (94 °C for
305,55 °Cfor 155,72 °C for 60 s). The PCR products were separated
by use of agarose gel electrophoresis and stained with ethidium
bromide. The sequences of the primers are as follows: forward pri-
mer for claudin-4, 5'-CAACATTGTCACCTCGCAGACCATC-3’; reverse
primer for claudin-4, 5-TATCACCATAAGGCCGGCCAACAG-3'; for-
ward primer for glyceraldehyde 3-phosphate dehydrogenase (GAP-
DH), 5'-TCTTCACCACCATGGAGAAG-3’; reverse primer for GAPDH,
5'-ACCACCTGGTGCTCAGTGTA-3'.

2.9. Quantitative PCR (qPCR) analysis

qPCR was performed with SYBR Premix Ex Taq II (Takara) using
an Applied Biosystems StepOne Plus (Applied Biosystems, Foster
City, CA). Relative quantification was performed against a standard
curve and the values were normalized against the input deter-
mined for the housekeeping gene, GAPDH. The primer sequences
used for qPCR were as follows: forward primer for claudin-4, 5'-
TTGTCACCTCGCAGACCATC-3’ and reverse primer for claudin-4,
5'-CAGCGAGTCGTACACCTTG-3'; forward primer for GAPDH, 5'-
GGTGGTCTCCTCTGACTTCAACA-3' and reverse primer for GAPDH,
5'-GTGGTCGTTGAGGGCAATG-3'.

2.10. Western blot analysis

Cells were lysed with RIPA buffer (0.15M NaCl, 50 mM Tris—
HCl, pH 7.4, 1 mM ethylenediaminetetraacetic acid, 1% Triton X-
100, 1% sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS),
1% protease inhibitor cocktail [Sigma-Aldrich]). The cell lysates
were subjected to 15% SDS-polyacrylamide gel electrophoresis
(SDS-PAGE), followed by blotting onto polyvinylidene difluoride
membrane. The membranes were incubated with anti-claudin-4
mouse monoclonal (Zymed, South San Francisco, CA) and anti-p-
actin mouse monoclonal (Sigma-Aldrich) antibodies, respectively,
and subsequently treated with horseradish peroxidase-conjugated
anti-mouse IgG (Zymed). The reactive bands were detected by
using an enhanced chemiluminescence reagent (GE Healthcare,
Buckinghamshire, UK).

2.11. Transepithelial electric resistance (TER) assay

Caco-2 cells were seeded into Transwell™ chambers (Corning,
NY) at a density of 8 x 10% cells/well. On 7 days after the seeding
or when TER values reached a plateauy, claudin-4 inducers (thia-
bendazole, carotene, or curcumin) or claudin-4 repressor (potas-
sium carbonate), respectively, was added. The TER values were
then monitored at 0, 24, and 48 h using a Millicell-ERS epithelial
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Chemicals used in this study as screening sources.

Sample number Sample name Concentration? Relative luciferase activity”
1 Tartrazine 10 mM 1.29
2 Potassium nitrate 1 mM 0.94
3 Potassium carbonate 10 mM 0.56
4 Sodium chlorous 10 mM 0.95
5 Zinc sulfate 0.1 mM 0.95
6 New coccine 0.01 mM 0.98
7 Amaranth (Bordeaux S) 1mM 1.34
8 Allura red AC 1mM 1.49
9 Sunset yellow FCF 1mM 1.59
10 Potassium hydroxide 1mM 0.83
11 L-ascorbic acid 1mM 1.02
12 Sodium nitrite 10 mM 0.91
13 Propionic acid 0.0001% 0.82
14 Sodium carbonate 1mM 0.91
15 Zinc gluconate 0.01% 1.76
16 Benzoic acid 0.01 mM 1.3
17 Sorbic acid 1mM 1.51
18 Aspartame 1mM 1.59
19 Dibutylhydroxytoluene 0.01 mM 1.81
20 Allyl isothiocyanate 0.0001% 1.72
21 Saccharin 1 mM 1.5
22 1-Ascorbyl palmitate 1mM 1.21
23 Hydroxy biphenyl 0.01 mM 1.87
24 Aluminium potassium sulfate 0.1 mM 0.94
25 I__Lysine 10 mM 1.42
26 Calcium pantothenate 10 mM 1.61
27 Carrageenin 0.01 mM 1.56
28 Tartaric acid 1mM 1.01
29 Sodium acetate 10 mM 1.02
30 Glycine 10 mM 1.68
31 Sodium alginate 10 mM 1.52
32 Ammonium chloride 10 mM 191
33 Magnesium sulfate 10 mM 1.56
34 5-Ribonucleotide 0.001 mM 1.15
35 Calcium chloride 1mM 1.62
36 Valine 10 mM 1.08
37 Erythrosine 0.01 mM 1.22
38 Annatto 0.01 mM 1.96
39 Maltitol 10 mM 1.44
40 Sodium dehydroacetate 1 mM 1.98
41 Nicotinic acid 1 mM 1.55
42 Isoleucine 1 mM 1.06
43 Mannitol 10 mM 1.29
44 Ascorbic acid (Vitamin C) 10 mM 117
45 Phenylalanine 1mM 0.95
46 Gallic acid 0.1 mM 141
47 Erythorbic acid (Sodium isoascorbate) 1mM 1.03
48 Magnesium chloride 0.1% 1.26
49 Cochineal extract 0.1% 1.02
50 Calcium dihydrogen pyrophosphate 1mM 1.1
51 Calcium citrate 0.01 mM 0.92
52 Polyvinyl acetate 0.1 mM 1.13
53 Fumaric acid 0.01 mM 1.24
54 Sodium methyl p-hydroxybenzoate 1mM 2.04
55 Tocophenol (Vitamin E) 0.0001% 2.14
56 Rennet 0.01% 0.89
57 Ionone 0.01% 1.15
58 Isoeugenol 0.001% 1.15
59 Allyl isosulfocyanate 0.001% 1.06
60 Propylene glycol 0.1% 0.87
61 Ethyl isovalerate 0.001% 0.89
62 Pectin 0.001% 0.98
63 Cysteine 0.01 mM 0.76
64 Tragacanth gum 0.01% 0.83
65 Thiamin 0.1% 1.15
66 Gum arabic 0.01% 0.91
67 Cellulose 0.001% 0.84
68 Thiabendazole 0.1 mM 3.24
69 Isopropyl citrate 10 mM 1.04
70 y-oryzanol 0.01% 1.02
71 Calcium carbonate 0.001% 0.857
72 Propylene glycol alginate 0.01% 0.87
73 Chlorophyll 0.1% 1.02
74 Sodium chondroitin sulfate 0.1% 1.04
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Table 1 (continued)

Sample number Sample name

Concentration® Relative luciferase activity®

75 Biphenyl

76 Sodium cytidylic acid
77 Stevia rebaudiana

78 Calcium stearoyl lactylate
79 Ferrous sulfate

80 Calcium sulfate

81 Benzoyl peroxide

82 Dibenzoyl thiamine
83 Carotene

84 Guar gum

85 Xanthan gum

86 Curcumin

0.1 mM 0.99
1mM 0.77
0.01% 0.96
0.01% 0.83
0.1 mM 1.37
0.1 mM 0.93
0.1 mM 1.13
1mM 0.88
0.1 mM 2.09
0.001% 0.84
0.001% 0.77
0.01 mM 2.0

2 The chemical concentrations were set at the maximum level to show no cytotoxicity.
b The relative luciferase activities were calculated as the ratio of that in the chemical-treated cells to that in the vehicle-treated cells. The treatment period was 24 h.

volt-ohmmeter (Millipore Corporation, Billerica, MA). The TER
values were normalized to the area of the Caco-2 cell monolayers,
and the TER value of a blank chamber was subtracted.

3. Results

3.1. Preparation of a reporter plasmid encoding a claudin-4-promoter-
driven luciferase gene

As a first step toward developing a simple screening system for
claudin-4 modulators, we cloned the promoter region of claudin-4.
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We searched for a region that was highly conserved among ani-
mals by using a UCSC Genome Bioinformatics program and cloned
a 500 bp fragment corresponding to —293 to +194 bp of the clau-
din-4 gene. This 500 bp fragment contained various transcription
factor-binding sites: an E-box (-276 to -271, —262 to —257,
—221 to —-216, —19 to —14, +10 to +14), a smad-binding element
(SBE; ~-212 to —209, —103 to ~100, —38 to —35), and Sp1 (—66
to —57, —53 to —44) [20,21], indicating that this region is a potent
candidate for a regulatory region of claudin-4 expression. We
constructed a reporter expression vector, in which the 500 bp frag-
ment was inserted upstream of a luciferase gene Suppl. Fig. 1A). To
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Fig. 1. Preparation of a reporter system monitoring claudin-4 expression. (A, B) Effects of snail and HRasV12 on the luciferase activity in transiently expressing cells. Snail-
expressing MCF-7 cells (A) or HRasV12-expressing MCF7 cells (B) were transfected with the claudin-4 reporter plasmid. Two days later, the cells were recovered, and the
luciferase activity in the lysates was measured. The data are means £ S.D. (n = 3). The results are representative of two independent experiments. (C, D) qPCR analysis of
claudin-4 expression in transiently expressing cells. After 2 days of the transfection with the claudin-4 reporter plasmid, total RNA was extracted from snail-expressing MCF-
7 cells (C) or HRasV12-expressing MCF-7 cells (D). Expression level of claudin-4 of the transfected cells was quantified by qPCR as described in the Section 2. Claudin-4
expression level was shown as ratio to that of the mock cells. The data are means £ S.D. (n = 3). The results are representative of two independent experiments.
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Fig. 2. Effect of PMA on the luciferase activity in clone 35 cells. Clone 35 cells were
treated with PMA at the indicated concentrations for 24 h. Luciferase activity in the
lysates was measured. The relative luciferase activity is shown as the ratio of the
luciferase activity in the treated cells to that of the vehicle-treated cells. The data
are means +S.D. (n=3). The results are representative of two independent
experiments.

evaluate expression of the reporter gene, we checked the endoge-
nous claudin-4 expression level in various cell lines and selected
MCF-7, HaCat, HT1080, and SiHa cells, which have different
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claudin-4 expression levels for our analyses (Suppl. Fig. 1B). We
transiently transfected the reporter plasmid into these cell lines
and found that the luciferase activity of each was correlated with
the endogenous expression level of claudin-4 (Suppl. Fig. 1C). We
also investigated expression of the reporter gene in MCF-7 cells
stably expressing snail or HRasV12, which suppress or induce clau-
din-4 expression, respectively [22,23]. Transfection of snail- or
HRasV12-expressing MCF-7 cells with the reporter plasmid de-
creased or increased, respectively, the luciferase activity compared
to that of mock-transfected MCF-7 cells (Fig. 1A and B). The differ-
ence in luciferase activity paralleled the level of claudin-4 mRNA in
the cells (Fig. 1C and D), suggesting that the cloned promoter
region was functional.

3.2. Preparation of a screening system for claudin-4 modulators

We transfected MCF-7 cells with the claudin-4 reporter plasmid
and isolated stable transfected clones. We investigated the effect of
transient expression of snail and HRasV12 on luciferase activity in
these clones and found that several clones showed altered lucifer-
ase activity when transfected with the claudin-4 suppressor (snail,
Suppl. Fig. 2A) or the claudin-4 inducer (HRasV12, Suppl. Fig. 2B).
TGF-B suppresses claudin-4 expression [23], whereas EGF en-
hances claudin-4 expression [24]. Therefore, we also investigated
the effects of TGF-B and EGF on the luciferase activity in the clones
(Suppl. Fig. 2C and D, respectively). Since clone 35 showed the best
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Fig. 3. Screening claudin-4 modulators using the reporter system. (A, B) Dose-dependent effects of the claudin-4 modulator candidates on luciferase expression. Clone
35 cells were treated with potassium carbonate (A), or thiabendazole, carotene, or curcumin (B) at the indicated concentrations for 24 h. Luciferase activity was measured in
the lysates. Relative luciferase activity is shown as the ratio of the luciferase activity in the chemical-treated cells to that in the vehicle-treated cells. The data are means £ S.D.
(n =3). The results are representative of three independent experiments. (C, D) Effects of the claudin-4 modulator candidates on claudin-4 mRNA expression (C) and claudin-4
protein (D) levels. Clone 35 cells were treated with potassium carbonate (5 mM), thiabendazole (0.1 mM), carotene (0.2 mM), or curcumin (10 uM) for 24 h (C) or 48 h (D).
Total RNA was used for qPCR analysis to detect claudin-4 mRNA (C). The relative mRNA expression of claudin-4 normalized to GAPDH expression. The cell lysates were
subjected to SDS—-PAGE, followed by immunoblotting for claudin-4 (D). GAPDH or B-actin served as loading controls. The result is representative of three independent

experiments.
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Fig. 4. Effects of claudin-4 modulator on the TJ-barrier in Caco-2 cells. (A) Effect of
claudin-4 inducers on the TJ-barrier. Cells were seeded in Transwell™ chambers.
Seven days after seeding, the cells were treated with thiabendazole (0.05 mM),
carotene (0.2 mM), or curcumin (10 pM). TER values were monitored every 24 h. (B)
Effect of a claudin-4 repressor on the TJ-barrier. Cells were seeded in Transwell™
chambers. When the TER values reached a plateau, the TJ-developed cells were
treated with potassium carbonate (10 mM). After 48 h of treatment, the medium
was replaced with fresh medium. The cells were then cultured for an additional
24 h. TER values were monitored every 24 h. TER values are shown as percentages
of the TER values before treatment relative to those in treated cells, as described in
the Section 2. The data are means * S.D. (n = 3). These results are representative of
three independent experiments.

response to the various claudin-4-modulating treatments, we se-
lected it for further analysis. The clone 35 cells were treated with
PMA, which enhances claudin-4 expression [25]. PMA increased
luciferase activity in a dose-dependent manner (Fig. 2). These re-
sults indicate that clone 35 could be used to screen for modulators
of claudin-4 expression.

3.3. Screening for claudin-4 modulators

When we eat, fragments of partially digested food, which still
have antigenicity, exist in the intestine. This suggests that claudin
modulators that tighten TJ-barriers may be contained in food.
Therefore, we screened 86 chemicals used as food additives for
claudin-4 modulators (Table 1). At first, we checked the cytotoxic-
ity of these compounds in the clone 35 cells (Table 1). Then, we
treated the cells with the compounds at non-toxic concentrations
and identified the following claudin-4 modulator candidates:
potassium carbonate (No. 3), thiabendazole (No. 68), carotene
(No. 83), and curcumin (No. 86) (Suppl. Fig. 3). Each chemical mod-
ulated luciferase activity in a dose-dependent manner (Fig. 3A and
B). gPCR analysis revealed that thiabendazole, carotene, and curcu-
min increased claudin-4 expression in the clone 35 cells (Fig. 3C),
whereas potassium carbonate decreased claudin-4 expression.

Similar results were obtained from Western blot analysis of clau-
din-4 (Fig. 3D).

To test whether the screened compounds also modulated the
TJ-barrier, we investigated the effect of the compounds on the
TER value, a marker of TJ-integrity, in Caco-2 cell monolayers,
which is a popular model for mucosal barrier. Treatment of cells
with thiabendazole, carotene, and curcumin increased the TER val-
ues (Fig. 4A). In contrast, potassium carbonate decreased the TER
value. Moreover, the TER values recovered when the potassium
carbonate was removed (Fig. 4B), and treatment with potassium
carbonate did not cause cytotoxicity (data not shown). Thus, we
successfully identified claudin-4 modulators.

4. Discussion

Claudin-4 inducers have been the focus of attention in drug
development to treat inflammatory diseases and cancers [17-
19]; however, their development has been slow. Some chemicals
that modulate TJ integrity have been identified: glutamine, bryost-
atin-1, berberine, quercetin, and butyrate [26-30]. Here, we estab-
lished a simple monitoring system for claudin-4 expression using a
reporter gene, luciferase, and successfully identified chemical clau-
din-4 modulators: one suppressor of claudin-4 expression, potas-
sium carbonate, and three inducers of claudin-4, thiabendazole,
carotene, and curcumin.

Curcumin is an active ingredient of the spice turmeric, which is
used in curry powders and as a food preservative. It is also used in
traditional medicine to treat various inflammatory conditions, such
as arthritis, colitis, and hepatitis [31]. Curcumin has various biolog-
ical activities, such as anti-inflammatory, anti-oxidant, and anti-
cancer effects [32]; however, the underlying mechanisms have
never been fully understood. Here, we found that curcumin in-
duces claudin-4 expression and increases TJ integrity. This
enhancement of TJ integrity by curcumin may be associated with
its therapeutic activities.

Carotene is a precursor of vitamin A. Retinoic acid, a metabolite
of vitamin A, enhances TJ integrity in epithelial cells accompanied
by expression of claudin-1, -4, and occludin [33]. These findings
suggest that metabolized B-carotene-activated expression of clau-
dins enhances the epithelial barrier in Caco-2 cells. Retinoic acid is
a biologically active regulator of cell differentiation, proliferation,
and apoptosis in various cell types [34]. The activities of retinoic
acid are mediated by two types of nuclear receptors: retinoic acid
receptors and their heterodimeric counterparts, retinoid X recep-
tors [35]. Specific heterodimer-mediated transcriptional activation
increases TJ integrity [36]. The increase in claudin-4 expression
and TJ integrity induced by carotene may be caused by the forma-
tion of the heterodimer, followed by transcriptional activation.

Thiabendazole is used as a broad spectrum anthelmintic in var-
ious animal species and is also used to control parasitic infections
in humans [37]. It is also used as an anti-fungal agent for the treat-
ment of fruits [38]. Here, we found that thiabendazole increases
claudin-4 expression and T] integrity, but the mechanism for these
activities remains unclear.

Our screening system identified a repressor of intestinal epithe-
lial barrier function as well as three enhancers. We showed that
potassium carbonate reduces claudin-4 expression and epithelial
barrier function in Caco-2 cells without causing cytotoxicity. Potas-
sium carbonate is used as an acidity regulator, and paracellular
permeability is sensitive to pH [39]. Thus, potassium carbonate
might reduce epithelial barrier integrity by changing the pH.

In conclusion, we developed the simple screening system for
claudin-4 modulator, and we identified several claudin-4 modula-
tors, including three inducers and one repressor. The screening sys-
tem will thus be a tool for the development of claudin-4
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modulators, thereby contributing to basic and pharmaceutical
researches.
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Nano-sized materials are widely used in consumer products, medical devices and engineered pharmaceu-
ticals. Advances in nanotechnology have resulted in materials smaller than the nanoscale, but the biologic
safety of the sub-nanosized materials has not been fully assessed. In this study, we evaluated the toxic
effects of sub-nanosized platinum particles (snPt) in the mouse liver. After intravenous administration of
snPt (15 mg/kg body weight) into mice, histological analysis revealed acute hepatic injury, and biochemical
analysis showed increased levels of serum markers of liver injury and inflammatory cytokines. In contrast,
administration of nano-sized platinum particles did not produce these abnormalities. Furthermore, snPt
induced cytotoxicity when directly applied to primary hepatocytes. These data suggest that snPt have the
potential to induce hepatotoxicity. These findings provide useful information on the further development of

sub-nanosized materials.

1. Introduction

Nanotechnology involves manipulation of matter on the scale
of the nanometer and has the potential to improve quality of life
via functional products. Nanomaterials are commonly defined as
objects with dimensions of 1 to 100 nm and are now widely used
in electronics, catalysts, clothing, drugs, diagnostic devices, and
cosmetics (Baughman et al. 2002; Patra et al. 2010; Service
et al. 2007; Ariga et al. 2010). Recent progress in the field
has allowed the creation of sub-nanosized materials that have
different physicochemical properties, including improved con-
ductivity, durability and strength. Although these materials may
be useful for industrial and scientific purposes, the biologic
safety of these materials has not been fully evaluated (Nel et al.
2006; Oberdorster et al. 2005).

Nano-sized platinum particles (nPt) are used for industrial
applications and in consumer products, such as cosmetics, sup-
plements and food additives (Gehrke et al. 2011; Horie et al.
2011). The biological influence of exposure to nPt has been pre-
viously investigated. For example, nPt has anti-oxidative activity
(Watanabe et al. 2009; Onizawa et al. 2009; Kajita et al. 2007),
and may be useful for the medical treatment of diseases related
to oxidative stress and aging. However, some reports suggest
that these substances can induce inflammation in mice or impair
DNA integrity (Pelka et al. 2009; Park et al. 2010). Thus, the
understanding of the biological influences of nPt has still not
been definitively established, and our knowledge regarding the
biological effects of sub-nanosized platinum particles (snPt) is
severely lacking.

Nano-sized particles can enter and penetrate the lungs, intestines
and skin. The degree of penetration depends on the size
and surface features of the nano-sized particle. Furthermore,
nanoparticles can enter the circulatory system and migrate to
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various organs, such as the brain, spleen, liver, kidney and mus-
cles (Zhu et al. 2008; Furuyama et al. 2009; Oberdorster et al.
2004; Ai et al. 2011). The liver is a vital organ that is involved
in the uptake of nutrients and the elimination of waste products
and pathogens from the blood; it is also an important organ for
the clearance of nanoparticles. However, some nanoparticles are
hepatotoxic (Nishimori et al. 2009a, b; Ji et al. 2009; Cho et al.
2009; Folkmann et al. 2009). In the present study, we investi-
gated the influence of sub-nanosized platinum particles (snPt)
on the liver.

2. Investigations and results

To investigate the acute liver toxicity of snPt, we administered
snPt (15 mg/kg body weight) into mice by intravenous injection.
Histological analysis revealed acute hepatic injury, including
vacuole degeneration (Fig. 1). Furthermore, administration of
snPt at doses over 15 mg/kg resulted in significant elevation
of serum alanine aminotransferase (ALT) and aspartate amino-
transferase (AST) levels (Fig. 2A and B) and of interleukin-6
(IL-6) levels (Fig. 2C). ALT and AST levels were increased
at 3 h to 24 h after intravenous administration at 20 mg/kg snPt
(Fig.3A and B). Cell viability assessment by WST assay demon-
strated that direct treatment of isolated hepatocytes with snPt at
concentrations of 0.1, 1, 10, 50 and 100 p.g/ml resulted in a dose-
dependent decrease in hepatocyte viability when compared with
vehicle-treated cells (Fig. 4). These observations suggest that
snPt induced inflammation and hepatocyte death.

Previous reports showed that biological influences of nanoma-
terials vary according to material size (Nishimori et al. 2009a, b;
Jiang et al. 2008; Oberdorster et al. 2010). Therefore, we exam-
ined whether nPt, with a diameter of approximately 15 nm, leads
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Fig. 1: Histological analysis of liver tissues in snPt-treated mice. snPt was
intravenously administered to mice at 15 mg/kg. At 24 h after administration,
livers were collected and fixed with 4% paraformaldehyde. Tissue sections
were stained with hematoxylin and eosin and observed under a microscope.
The pictures show representative data from at least four mice

to a different biologic effect than snPt. As shown in Fig. 5, snPt
administration resulted in dose-dependent increases in serum
ALT and AST levels, whereas nPt did not. Furthermore, IL-6
levels did not change in response to administration of nPt. These
results suggest that the biological effects of platinum particles
are dependent on their size.

3. Discussion

The influence of size and of physiochemical properties of
nanoparticles on their biologic safety is an important issue.
Animal experiments have demonstrated rapid translocation of
nanoparticles from the entry site to various organs (Almeida
et al. 2011). In particular, nanoparticles tend to concentrate in
the liver and are cleared from the body in the feces and urine
after intravenous infusion (Ai et al. 2011). While the liver plays a
pivotal role in the clearance of nanoparticles, some nanomateri-
als can induce liver injury. Therefore, we assessed the influence

of snPt on the liver and demonstrated that snPt induced liver
toxicity in vitro and in vivo.

Some studies have reported that nPt exert anti-oxidant and anti-
inflammatory effects (Watanabe et al. 2009; Onizawa et al. 2009;
Kajita et al. 2007), while other studies reported that nPt have neg-
ative biological effects. For example, treatment of a human colon
carcinoma cell line with nPt resulted in a decrease in cellular
glutathione level and impairment in DNA integrity (Pelka et al.
2009). Furthermore, Park et al. (2010) found that nPt prepared
from K, PtClg may induce an inflammatory response in mice. In
this study, we found that snPt damaged liver tissues and induced
inflammatory cytokines. Kupffer cells present in liver sinusoids
may mediate this process via phagocytosis of the particles and
subsequent release of inflammatory cytokines. However, when
we added snPt to primary hepatocytes, the viability of the cells
was significantly reduced, suggesting that snPt may also exert
a direct hepatotoxic effect. Thus, the cellular influences of Pt
nano- and sub-nano particles may be dependent on the target
cells as well as on the size and physical and chemical properties
of the particles.

snPt may damage other tissues as well. Cisplatin, a first-line
chemotherapy for most cancers, is a platinating agent that can
cause kidney damage (Daugaard et al. 1990; Brabec et al. 2005).
Furthermore, snPt-induced increases in systemic IL-6 may cause
damage to various organs. Further analysis of the distribution
and toxic effects of snPt is necessary.

Widespread application of sub-nanosized materials comes with
an increased risk of human exposure and environmental release,
and the future of nanotechnology will depend on the public
acceptance of the risk-benefit ratio. The present study demon-
strated that snPt induces hepatotoxicity in vitfro and in vivo.
However, our research also indicates that the toxicity of platinum
particles could be reduced by altering their size. Addition-
ally, biocompatible coatings can reduce the negative effects of
nanoparticles on cells (Oberdorster et al. 2010; Nabeshi et al.
2011; Singh et al. 2007; Clift et al. 2008). Therefore, future
studies will contribute to the development of sub-nanosized
materials and will also help produce safer products.

4. Experimental
4.1. Materials

Platinum particles with a diameter of 15 nm (nPt) and less than 1 nm (snPt)
were purchased from Polytech & Net GmbH (Rostock, Germany). The
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Fig. 2: Dose dependency of snPt-induced liver injury. snPt was intravenously administrated at 5, 10, 15 and 20 mg/kg. At 24 h after administration, blood was recovered, and the
resultant serum was used for measurement of ALT (A), AST (B) and IL-6 (C), as described in the “Experimental” section. Data are means &= SEM (n = 3). *Significant
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Fig. 4: Cytotoxicity of snPt in hepatic cells. Primary hepatocytes were treated with
snPt at 0.1, 1, 10, 50 or 100 p.g/ml. After 24 h of culture, cell viability was
evaluated with the WST assay, as described in the “Experimental” section.
Data are means &= SEM (n = 3). *Significant difference when compared with
the vehicle-treated group (P <0.05)

particles were stocked in a 5 mg/ml aqueous suspension. The stock solu-
tions were suspended using a vortex mixer before use. Reagents used in this
study were of research grade.

4.2. Animals

BALB/c male mice (8 weeks old) were obtained from Shimizu Laboratory
Supplies Co., Ltd. (Kyoto, Japan), and were housed in an environmen-
tally controlled room at 23+ 1.5°C with a 12h light/12h dark cycle.
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Mice had access to water and commercial chow (Type MF, Oriental Yeast,
Tokyo, Japan). Mice were intravenously injected with nPt or snPt at 5 to
20 mg/kg body weight. The experimental protocols conformed to the eth-
ical guidelines of the Graduate School of Pharmaceutical Sciences, Osaka
University.

4.3. Cells

Mouse primary hepatocytes were isolated from BALB/c mice (Shimizu Lab-
oratory Supplies Co.) by the collagenase-perfusion method (Seglen 1976).
Isolated hepatocytes were suspended in Williams’ E medium containing
10% fetal calf serum, 1nM insulin, and 1 nM dexamethasone. Next, cell
viability was assessed by Trypan blue dye exclusion. Cells that were at least
90% viable were used in this study. Cells were cultured in a humidified 5%
CO; incubator at 37 °C.

4.4. Histological analysis

After intravenous administration of snPt, mouse livers were removed and
fixed with 4% paraformaldehyde. Thin tissue sections were stained with
hematoxylin and eosin for histological observation.

4.5. Biochemical assay

Serum alanine aminotransferase (ALT) and aspartate aminotransferase
(AST) were measured using commercially available kits (WAKO Pure
Chemical, Osaka, Japan), respectively. Interleukin-6 (IL-6) levels were
measured with an ELISA kit (BioSource International, Camarillo, CA,
USA). These assays were performed according to the manufacturer’s
protocols.

4.6. Cell viability assay

Cell viability was determined using WST-8 (Nacalai Tesque, Osaka, Japan),
according to the manufacturer’s protocol. Briefly, 1 x 10* cells/well were
seeded on a 96 well plate at 37 °C overnight. After 24 h of treatment with
snPt, WST-8 reagent was added to each well. The plate was incubated for
1h at 37°C and assessed at an absorbance of 450 nm by a plate reader.
Obtained data were normalized to the control group, which was designated as
100%.

4.7. Statistical analysis

Data are presented as means = SD. Statistical analysis was performed by
student’s t-test. P < 0.05 was considered statistically significant.
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