EO6E A XFURADAKEKEERERIBICH T BB HEXT T

R EEASRS 55 AY, DruryKic &
FLid, JKERFIE ACEEROR IR R 2 B
A2 ET 5 E (sensitive customer)
& LT, BiE¥E. ALBNEHREAT 5
EHEEEREEETEESFD) X b & Fh
WCHER L. FFERFORSEEARH 2 E 2 T
V5, ZhuE, EIT, KREEIEREOIRHR
RREDFEETH LA R THRRSE
W2 XD K SRFNMIEEZRD 5N S
BN HDLIDTHD, —REIIF LT
X, KESHIIEEE OO F T,
DNU. DND, BWAOW TN 2DOEIEHTH
SATVBME—HY V&5 rOREE
HWRETEZH o LORKATYS

M1 KEEEREFEMTIU—-TLy bOH?

KEEEBBICLBEISNrHENE
EH DB
(1) GloucestershireA;K ' (2007# 7 B)
#EIDND (BRH - REICAT) 725
7o FEHBICDNU (b A4 Lk LA
AT A 7236 & LT 20074 7 A.
GloucestershireE Tewkesbury®Mythe
KIEDS, Severn/l| DPE/K THER T E % =
VS HE B o TR OB Tk
BIBERAIFE A S H, T ARALAT— B fE % i

3.3

R 7B FUTAEBRIE R 22 b DR AR Y]

DEXTEITEY, B2 AR

EHRNTDH DD, FEKPEAKRMITRA
L. F145#H (355 A) 12, 15HEICH
Teo CRBDBRATZ, FHREHRIIE DR
THiIAK %4 U2h5 AU H kAL, A3
KUEBEEIET KBRS SN0 TH-
7oo T DK MOEEKE P L DREKSR
Mythel§ /K% O ERRFEFIZ X O ST 6B 72
MR D B ARG KERHICED, 205 4
I V7 CDNDfh 23 2 7z

A —ER M I CDNDEh & & & & 128k
FIREORAKEHRE L0, #I5 A%
Tholze T2 TRTORKKXTRRAKE
HBL T, 2 HTDNDASBWA (¥
) WD Ex, S D ITRIEGARIT B
#% 1AM TREEES [Safe to Drink] %58
F L7 )

WK OWMIERE T, Mythel k¥ DIEH
e~ =2 7IVIZHID . EOREWVWK
220, $hbb, mhi, 28R, T
Br, T SICEMGERE D B
KIBDENFIRL 2 HERR L 720 EHDZE S
RPN ET KGR 2 B LT\ izizo,
KRETEHWIHETUIHINTES 2,
R L7 T2y HETALENZ LT
WhEH R SRR EE Y B9 A A
FWHMEBNER T &) IR ERER L 72,

WE)NO/NEEFKR Y 7 (Bowser) %
ZHITHRE L. SHIRICHKEIRBAKL 2
(K 2)s ¥— 2 KT 21,4000 Bowser %
LIOOBERTICRRE L. S 6Tk y 74~
x BAE L CHIEE D L OB MR E BTG
Lo BrkE ¥ 712X 5K [Safe to
Drink] EEVH 5 F THE I N, ¥
Y7 ROFBEERIIDNDEIE O & HBKE
LR ATHELIWA L, Zhid, b
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Do not drink. Do not use?

~ KB IE DI IS WT ~

A VRERKEEE»SHAKRT A LTS
EHRAOBEFIIKIBICBRT 52 & 2R
o F7o, IFKRY V7 TR PVKD
Eifi AT 7z, SR TEBRLE { DRk
DK L7700, AR EE 2 D,
R N OVIKOUGE & BLAT & R L7
(3)s

2 Bowser4HE2°®

3 MLKEEMEORTS

KB ERANITEA LB ER D 702
EhS. WIKBIEEOKEIZDOWTY 22
SMAEE L holze BXZL000DH
TR KPR L, B X 2230000
BT — ¥ 2B T, KELOMENIZELAL
W EREALTHLELEEN R SN
Too T2, BOKETOEEFERMEICIE, &
K TOMEFEANR L BEERZ TOEA
Ky FIFTHIE Lz ZOB, BEBIUH
BRI EITHENSEEZN R, S80S
BiTo 70

AREWEOE, Wi~ T VIR 72
HoK OB e, BRI, R H DO RO
REMBEXRDERLTEY. F /o
DND#E D & & E MG K% B L7 a
TISEFEKO BB KIRIARR L 722 LA
EEHIET 5. T/, HBAKERHEEEOKEIC
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XA e 2 KEFRELZTTHHL XD
T, REITERE L L o mAER
THhbo

(2) CamelfordiLowermoor;&7ki5 ®’
(1988% 7 R)

LFLDGloucestershire Ktk ik, &
FRENEDTD) T LB L BRI TH L5, %
BBBDOFEERPERKETH 722 & h
5, FHZEOHBEZECTholl bE R
bbb, £ZT. NBWZKIEHBRICE S
Kk Ik R A HHIROZERF & LT, 19884F
D Camelfordfi iz BT 2 KEEWS” %184
T 5o AR B R IFIIEA 2 2 2T
HIRREI S 7 LICHRARZHERF L 727201010, &
FIZhL I T AELFRITDH
N, REDPLERZ DT E LAz,
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Higid, 1988467 H 6 H. BrEHI O
TNIZTA20 raE T v 7 BT
PIFARMICER S THRA L LW ESET
% 8, F#EE D3000%% % 8 3620mg/L b
DA ELKEBRPIEARE N, FHEH2
FNE RS 1 AR L7, TR
EALIE/0E, KEEEHEERE TSR
L. KB LWEDFIHEDNLDRWE
bR LEMERVWEME LS
Yk Do BIFES LK 1EMBICE,
EFPAEC TFHKAEE] &3584
WMEERN LD DD, FHigFHAEIOHEICT
VI A EEBRBOFELRDOTRAEL
72o TOHBOFET, EBITIT. KEFE
FHIFEBE 2 HCERGOBEALEEN, 6
HBICIIEEZEAL T on, FHig
16 H%F THELLAFRET, BHRALHE
EFICOEDEITL TN EBREL
Too M XY A TIEKERELOFEFIC
B ol BELEHIIHEET 24T
D ERNTEREREHRLEIYE LA, D
SLEMIRETH Do PR KEKF D7V
I AET VYN T —EORBRICET
LEHERLRNELTY, BRIIE -
v aFVIlEIN, FEHIIEHELE
2 U2 23 O R K5 1k o w R A o i %
Bokt LTREMARIICRHEL, F3
HZRHAELERBEICERZTHLVWE RE
R ENT, ‘

DruryRIC & iE, 1 FUATIEZI0HE
W& & oIS, BEIE, WS, §
BEXGDERELY SR LWET L L H &K
WA S N, EmAGLSET &5, Ea
AT TEARGWE I L BEES ., &t
RICETRTTCERREELZRET S, T
T —LRER A AT ERET AR, BE
DR TITEROIITDON T EREE

HEPBEEINEICE -T2, T2, FRHEOR
R Eo7-oo%EE LT, F T4y
B 5 Y 7R OEAN, FIHZ DS O
WEDERRiNDORE CTIHE LRI %
EREfb s e, BEHEKITIE, Bfukz
BRACEERELZIT L FRETAHERDT
RIZZEHBY, BROBBILEL»OR
HiZhieoTWb, BHIHEOAMHEAIT B
WREGRMEZEG»ZRTEMNTH S,

(3) 745> Klimerickmi®
(201458 H)

THREBBRBOEH 2355, KEFE
HAY, KRR AF300RE KT L, KE K
RERAE. AL SO Bk, B3I v
ZOFEIHEA LX) EH, $hbh
DND (fkf - HEICFEHAT) 5% %
RLZDOTHB, AN, ¥ U —. i
AT EE S W) S FERCEM L, T
BN OKAKEE, HAKE, K PVKTOR
K EBIIR L 720
KEHELBEL DL, KESH»HE
WL TH o7 BRINDERILAEIZ20134F
1210 4 g/LICHRAL S L7235, B MIBRK P
TOBRHREII&RENI00ug/LTH o7,
19604E LLRT 1T B RR S N7 KENDF | & A A
BICHE I MEbN T W, UHBEEE IR
IR SN T FRUENIC LG
WZHEAR L C WS ER TR KR T OB E
ZRABEL TV holzldll, gt
E T FIHENE2014E 122 - THENRE L
Too SREZ T RTHDRZ ZICIERETD
124 RO LD % & HIRT U 7= Fr i 2353,
DND#) & % H L THRIEBRRKITE A8 - 72,
FERZ, 20154E 1 A8 ER Y2 TH
B L. MEORAFR T HIETE LT
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FRIMABBRKTCOETFE 2 RELZL SN
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WA, FTEER IR A BRI R FER I
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T w5,

4. B

KIETIE, A F) 2 QKB F#e 488
XT3 5EZFEFERMEAZERL, &
BIZAFVABITTA VT ¥ FIZBITA
KEFHDOBIERBNLTz0 £ AT
FIERIEH RBADREE (BERIEBAEYT
WEAR 22 &) 2R LT, BWA (8JF -
P13 &), DND (8 - FA3ICfE A
"), DNU (b A Lot o H &I H

i

EL DU N

) OWTFhrofErFEa L, &iEiE
WIFTHAEKEMEET Ho DruryRiZ I
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Th. KEFIEITHEARZ S 5 AT
g —ay NgEICE@EEDZ ETH
bo T/, BEDOKEFRHH, ST, Fik
FEZTDSD XN DHERREZLOWIEGZ
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KABEOHE 2 L. BROKEITE % %
25X TEERREIELNT:,

Acknowledgement

The author would like to give sincere thanks to
Mr. David Drury, a former Deputy Chief
Inspector of the Drinking Water Inspectorate
(DWI) for England and Wales, for the great
support.

1) The Drinking Water Inspectorate Website. http://www.dwi.gov.uk

2) Statutory Instruments (2000) No. 3184. WATER, ENGLAND AND WALES, The Water Supply
(Water Quality) Regulations 2000, Regulations as amended by S.I. 2001/2885, S.I. 2002/2469,
S.1.2005/2035, S.I. 2007/2734 and S.I. 2010/991. Applying from 20 April 2010.

3) Drinking Water Inspectorate (2012) Guidance on the implementation of the water supply (water
quality) regulations 2000 (as amended) in England, Version 1.1.
http://dwi.defra.gov.uk/stakeholders/guidance-and-codes-of-practice/WS (WQ) -regs-england2010.pdf

4) Drinking Water Inspectorate (2009) Drinking Water Safety, Guidance to health and water

professionals. ISBN 978-1-905852-40-6.

http://dwi.defra.gov.uk/stakeholders/information-letters/2009/09_2009 Annex.pdf
5) Severn Trent Water (2007) Gloucestershire 2007: The impact of the July floods on the water

infrastructure and customer service, Final report.

http//www.stwater.co.uk/upload/pdf/The_Final_Gloucester_2007_Report.pdf

6) The Guardian BEFhR, 19994F 6 A 9 HELE. Still thirsting for justice.
http://www.theguardian.com/society/1999/jun/09/guardiansocietysupplement14

7) BBC News®&FhR, 20124F 3 H 14 H 5%, Camelford water poisoning: ‘Authority gambled with lives’.
http://www.bbc.com/news/uk-england-cornwall-17367243

8) Paul Altmann, John Cunningham, Usha Dhanesha, Margaret Ballard, James Thompson, and Frank
Marsh (1999) Disturbance of cerebral function in people exposed to drinking water contaminated
with aluminium sulphate: retrospective study of the Camelford water incident. BMJ 319: 807-811.

http://dx.doi.org/10.1136/bmj.319.7213.807

9) The Journal ie® ¥R, 20144F 8 A20H 2. Limerick residents facing 18 months without drinking

water in their taps. http://jrnlie/1628983

vol.60 No.4 2015



EEZMEOSHTFMICE SV AKEELEFD

KO W E

RIRBEERE #39% (A) 25 (2016)
pp. 59~63 Bk
ARAEEA  BAKBEESES

a

et

o
X



b ME DEMFFMICE DV KB REFED

. Lo

REEE 4 LD CORE MG, BRIS3EIHIES
NTLIE, W0 35 4F, 414E, S3EBLUFRLFELE
D2 OB MM AOERICHTE, 2HHIZOWT—
FEORIEDAT LN TE D, PR 15 FEOREARE FEHERYL
FEOBRBEEFOBERXEFRICE DO I L LR
U HEFRAREREE (WHO) 2BV Th, SRk Er
4 K54 0% 3 Tid, £#I13 "Rolling Revision”
(BRREHFRL) 12XbzEEL, HEEDLD Z—uH
R ETHIEEESEFT 20 TR REFTORE
MAHEWECRE LA TbN A FRUICTW Y B SN T
Wb, =7, DHPETIETER IGEOLEHRORET AL
HEREEEBSVHRESN, BEREICRLEEA L
LT E IV, AREEFEEICBVTE
WA TN, AEERME ST 2 WE— &
4 (TDD) DB CTIHBEMAYRE I NI ko
720 DX BYUETHRAE KL RINOE(LIE, EFEEE
DOFMEERREICBYT 2 FEFEM D —SHE 2 B TaE
DALFEMEZ —FE LTI ) FR2 S, WEPLERER
DILFEWE L, BREOFBEMA L EFTO Y R o M
FHEIHDWT, LR HESTOREI L RS
o F2T, AETHEMGMEFMIC LD 7O B B
ERBICHTAIEMEED LD, EEEERMED
BERILE %2 5 TDI DEM & LEEEDHE E FEIZOWT
BRIV A7 FMFEELIEHTLZEEH BEd 5.

2. EEERIEFHME Z KD 5 72 DEMFHEE

— I LEYE 2 ¢ MR LGB0 EROE
fiild, ERDAEFCLELZFSBRZRANTE, © MCERE
B L TREEZH»D D Z LW TE R VWD, FHRD)
W Rvi-BERBRe, EFEEB X s REERIC
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X JE

il

L # B E

T, LERHFITLLZEOEROBRNI EAXEL 1S
MONTWBERIICOWTIE, EEF—y2Fh%ELT
BOE MIBIAMRZZITDIAREEN TS, L
»L, BEF—IERWREETY, k4 s X9 I10H
EIWHRDCAMERZZRETILEP LR B DLDAT,
TAAZIZET B AMEEME NOAEL OHEE % & OH AR
RHEEVER I B L CREREEL Lo TV, T9L
7RSI AT RIS R B LoD, & MY
A TDL #FEMICHET D 2 EAKD LN TV D,

VAT THEAAY MIBWT TDI 235K A 72D DiEE
M22FIHE LToFEMFFM (Hazard Assessment) 13,
B HIZEEMMETE (Hazard Identification) & &G
EFMli (Dose- response Assessment) & W9 250 FEE
PEBY T oTWDEENDY Y 25, HEIZIE 2 DD
WBEWCHEELA> TV, UTIENEFROFIEIZE
T ABRERERHT 5,

2.1 HEMER

FEROMBICBVTIX, F3HUEHRPINET S
EWLRETH BN, Z0IRESHRE LTIE, PubMed Ho
WM R R L L7 — 7 R— AR AW R 7 —
FR— 22 PRI TE 5 TOXNET (Toxicological
Data Network : http: /toxnet.nlm.nih.gov/) % HIREET
B EDPERTHL, T, BENCEHLOBVESEL
SR FPAIAR R TR S M-S0\ T, INCHEM
(http: /www.inchem.org/) #5, WHO R FAQ 7% &
LAMEINTWAFAILEEAFTLI LN TETH S,
INOOFMIEREEIC, FHMOBYZ F v/ -EhER
RPEFHMEOKRE L EOFERE EIC, FHIESILEYE
OFMEOTEIE, BEHSMCL, —#EME, A - 3t
B, REFE, BFAEFICOVWTOFREOREERE
FME (NOAEL : No Observed Adverse Effect Level)
B Wik i/ i (LOAEL : Lowest Observed
Adverse Effect Level) #RK®D B, & S ITFEM 2 FH#
BONDEAE, FHORBHBEICEL TOMREYTH
&I, BWEERIC L o TE L RFEIZOWTIIINE
HICELCHIRETT 5, T, BHRICHET 27— 50
WIEETH, WRETHLEWEOEEORIZ, HLHHE
OIEFEBNC IR LR RS 2 47 7 2 A, R
DOFWFEMIEELIAL L EZ N, DX &
AN DFMOBICEE T 2 LENDH 5,

W, Bonh-FHEER» S bOBEREE LMY
LOERDBELIERE BRT 2LEND 5. EDORIC
i, 9, THEEERZDLTH720128 MIBITA
HRARPESZT—F D9 b TDI OFREHE e A R
FEARE L, BRWELRT— 728 HL5813RIBRE
HEOBNIEEICBIT A N TONOAEL 2 \WE LOAEL
EWET S, BIRE 91T, FEFEO I Sh



TVBERILEMOEEITIE EMIBITAREF—5
LB - TH Y, EEMFIC XL HHMRH TDI 2 4
ThHIODEBNZFHICBV CEHATREATEL W,

LAaL, IEMZEMZTS 72000, REPLE & &
IIRFERED SO EFHEOE:, HENRERIC
L AEEMOBVE EOTHETFEZR L 2T IUTERS
v, T, BEFERIFEHPHREKRE EOBEEREKD
EYBE DA TH IHEITIE, KRUEOMERD L DB
BEEAERLLVE, BENECKTETI»EEREEOH
EREW 20T 5 2 EASEEEE 2 5, MAPEERRp
WA LD, WD D VIR IECRE L~V E
HMCTE 2PWETHIUE, COLILREAREI 2 LiT
MHeTH A, FMcFERTELIMET—FRELR
LD B,

—75, TDIDOREIIHEHREFET — 33 WiH&I1TiE,
EHEY E R I-ERERL T -y 2 Bws b E
T ho MARMITIZRE D BZHEOEVHERE 2RI L
NOAEL & %5\ i3 LOAEL #3215, TORICEET
HEELTI, eV ERERICE, EEEYIC
BENEEZONIBUIRIEZROBVEEL LT
PEINTVEEELEY, BoniFlEFT—ror b
ANONEEICELCOBETHALERDH L, Thbb,
Bon oo BB SR E LTL RSN
AT HWIEIBENTH LA, L P TLRELTEMED
HABETHLHE) PICOVTHRHAT S Z L BNBET
H5bo

T/, FRliT 2N SALEYE DN AMRIE T 5
LEELZFFMEETH Y, € M L ToORIF AN
121 LU T @ IARC (Intcrnational Agency for Research
on Cancer) WBIAFMERIEZLMRATH 5,
IARC TiX, F—7 OEEHEICEISVTR P TORENFA
PEDTREME 2 5 BERFICAHE L T B, Tz b, Bl
A (EU) BLORERERYET (USEPA) L TCH
BLL7EHIEA TR Twa, 72720, IhooFHiiiEE
BEENZ LOTHY, BB 5HESEMIZBWT
W&, BRSNS ARG TFEERICESCDDT
HAEDED PPEREL 20T BDT, BHEAMED AL
ZALCETIBEREIET A EVERETH S,

T, BAAVEA N =X AR ERMBROEREE
eI, —HRY 2B OFHRE LT
STEYENT Tu—FeHvizmie, ¥322%
TOFF I ZALEDA I 7 AF— 5T ED B
BEHETHLEEDNE, UL, BERCIZEEME,
SO E LTHATELbOD, BRTHERN:
AERGEHE~OBHIZOWTIE, $HBOBETH L,

2.2 HAERICEHE

TSl % S5 B 72 D TDI DEREE, VA
7T7RARA LV IMIBITAAERSTFMOFEICE:, F
EWEATHESNI- NOAEL 2 EDERBH T — 5 & &
12, B b~ofME RN B 220 KBRSk
AAZ RN ATBIERE HIRE SN AEEREE
HMHTAFREEECTROB I EATES, 72750, &
{EF RS (2D W 2 S A L F LIS o R
B CREMETFMECEMFTEIEL S, BEOSEE
3, EFASERLAEECEERENE LRV EHEES
NoEE L TOMENRETESEEZSNE720 TDI

60

FRETEDL, B, FHROEBIEEHE: LTHFELA
ERE (ADI : Acceptable Daily Intake) &\ FHEED
fEbn 25, ADIFREBEB I UELRNY R & b
AHEET B Z L HRMHRE SN T AWEIC LTHES
NBMHET, TDIIZARF Y PHFRHFEINL I EZHFES
NTOWRIEFERYESICH LTHAVLNE D E2YE
Ble o TWADART, MEOHERSFMICBIT 5
FRIEFRULTHELEELTIV. —7F, HEOBHEE, &
ETFAPEEEETAILICL o THEHENLERAMEI
X, RIS 2 2BEFEESY. BEES IS
S5RVIENIEFDOEIRTIZ 0% 5 & v ) BHIZST
>TBY) TDIRRETAIENTELR Y, ZOBE, B
ROIT L A EDORIFTFMEE T, BENZVWEROE
BEMHIEMEE LT107" 25 10° U 2R 7 1Y 5 52Y
#2448 (VSD : Virtually Safe Dose) SHEMBEZEDH -
NOYAZELTOI=y P AZEFEABLTY) Y
FIZHWTW 5,

221 BEOCHAEMO TDIOEH

ERN R FEE, BDMERT IIERTE»LBEON
72 NOAEL # AfEEEH (UF : Uncertainty Factor) T
B >TCTDIZRDBLDTH B, THOFHEICHNENS
THEEREICIE, DTICRT &I 5 EEORHEES
AT AZ EEIERELTEBY, fEEMETHLL
FEUMRBA DA LCHET A MR &2 ER L TEY 2
BEFREENDL, B, AT WHO DackRy A
F5 409 BLOER 5 EOKERGHEREEDKE
BHHEMERAREY RS b2 o kg ik
DEZHFCERRMINAFEZERE LTEST L, 2
NoDTHEERBOFM LA FERLLy P AV
WA CIEEHMEEEIC X o TR L ADT, FUILEEY
Blzatd AR USRIz E S TD] S Bk
MASIThoNTD, FEMREIC L o TERKRW 2 SHEEIZE
hHZ L5,

o TR Z 5T 5 THEEAE

o M NZEITRT T 2 T HETEAREL

T O FMEREEE FV T NOAEL 23 KD 2585 O ANHE
ELRE, .

* NOAEL Ic L o ¥ &/EMEE (LOAEL) #HWVizigs
DARFEELRE,
* NOAEL ORI E 72 o BUVFBE 2 IGE O PIEER
%

£ A OREEFIIF OBALSLERIFE 1-10 D1E
BLABIEPBERE ENTWED, BB SHHET
ERVIBAIRFT 74NV MEE LTI0Z2BHTAZ LH%5E
FITH5, BRI, BESESFMPIIOWTIL, HiF
F— L LT, BUEFEERRL GO TR BT -5
iioTWbIEMNILAETHY, ZDX)LEgER
EELBERECEROA T ERE L - FIEESRL 100 458
FASNBZEFE v, LA L, BESEYWEE LToL
EWEOEEIE, THREBRT— 5 2o T a{kE
WIS 2L, T — AN I — AT A R RTEERK
PHAEHLENTHEEASHL TV EOREETH B, B
B TDI 2 T ARSI, BERZZNENEKRLT
RE LB E TN A iR, BETHEER
e LTTDL 28T 5, 238, #4& UF 510,000 %
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FEMLZV, 72 WHO OfBIAKET 1 K54 7
ETE, 1,000 28z A ATEERKE EH LA TDIIE,
WEMR TDL E LTWwA,

FAEICHETATEERBIII—REIZ10 2HAVWAFEED
fiitz, EERWHRICE 2BEE, yoy) —FE (Caloric
Demand) IZEDWAREREEREREBHONTVS, —
F, BMAEL LUTEE T A2 HEMRIUNL, EoFF M
ThHIBEE 10 BHVSONT W B, EEFED SEHN
NOAEL 23 LT, FZEICHET AR FEEMREEHEA L
Zwboo, AEMNRIERZTUEATH 256 %K
WTIOAMA IR TS, &2 AT, i IPCS
(International Program on Chemical Safety) Ti%, &
DFEZE LEAZITHET A REERIIIOVWTIE, £hE
NVEHHENB L UEREEN ST A—F 258 TE, 1L
B0 B B AR L (Chernical Specific Adjustment
Factor : CSAF) &WHMRETE &2 5 FESLEKS
nTwaY (K1) BERNEZEREKOFM & 728A
ENTwiwdon, WHOSBKT A FI4 »DFY
FOFMTIEINEZIPEASINTND, TOETI,
TZDOTFEERL 10 1E AKye (BEOBIIFIZHET S
TREEEARE) 1 4.0 & ADyr (BEOBRESICHT 51
TESEARED) 1 25 120 EITE, ThENDREIL, in vitro
FEhgET — & B B WIEPBPK &7 )V (Physiologically Based
Pharmacokinetic Model) 12X 28TEF— 7 TRD SR
AEEARIICE SRR 22 LI X W R 2A01c %247 TDI
FEHLI) L VHIFETH L, FkoFEIL, HEE
DABERBIIOWTHEATE, ZoBEOBNEN
B I UBIHESEAG/NT A — ¥ OG5 EIEIZE 4 316 £ E451C
SEENb, WHO SRBlKTA K54 BT ARV #E
DEHIIZ BT, AAZOHEFENINT A —F DFR
[3.16] WWITIRO LD GFR 7 — % OFHE£ 2 o %1
WL EFREE LTREELL (18] ICBERZ SN
B, BAZICETARHEERBIL6 (518 x316) L&
N, WETHEFELRE60 (2 10 X E#4ZE6) 2 NOAEL
W 8T TDI A5 & iz,

S OFH M EER%E VT NOAEL 2RO A8 0T
EHEHIC2WTIE, ZDOBATI » AHBEECREZER

THEERE 100

ERAEE . Hikao
BE BAZE o4
100 , 100 | W5 A—4
PN PN | DLBHE SR
/| EERVERER
rLa i oo /P{;:\ */ %{,:Egmxé
FAFTHR HABTAIR FAFTEHR P /7)'{*7-'49(3 mh& E(J - P
ADy; AK Ho | | HKE BPR9/ 85 A—
10 :]JA 10 ;J.: 1{)’{5 logﬁ.g Q%I:Ej-%) ttﬁi
(2.5) @0) | {316 | | @1e) | ) HARBRFEAN
- A - ;f T:EE%%%H:E%
t 1 t /1 saa,
prom | |iva ega | A wes |
HAFZHR i | DARTFADR || FAFIOR HAXTFAOR
AD AK 5 HD HK pe
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Bt RE2 ] L TRARMED 10 @8ERonTnE, L
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ABSTRACT — Perfluoroalkyl carboxylic acids (PFCAs) are global environmental contaminants that
are the cause of concern due to their possible effects on wildlife and human health. Since few studies
have investigated the toxicity of long-chain PFCAs, we have performed combined repeated dose toxici-
ty studies with the reproduction/developmental toxicity screening tests. We previously examined perfluor-
oundecanoic acid (C11), perfluorododecanoic acid (C12), and perfluorooctadecanoic acid (C18). We here-
in reported our results for perfluorotetradecanoic acid (PFTeDA; C14) and perfluorohexadecanoic acid
(PFHxDA: C16). Male and female rats were administered PFTeDA at 1, 3 or 10 mg/kg/day or PFHx-
DA at 4, 20 or 100 mg/kg/day by gavage, and each female was then mated with a male in the same dose
group after 14 days. Males were dosed for a total of 42 days and females were dosed throughout the ges-
tation period until day 5 after parturition. PFTeDA and PFHxDA caused hepatocyte hypertrophy and/or
fatty changes in the liver at the middle and high doses. PFTeDA also induced follicular cell hypertrophy
in the thyroid at the middle and high doses. The only reproductive/developmental effect observed was an
inhibited postnatal body weight gain in pups in the 10 mg/kg/day PFTeDA group. Based on these results,
the NOAELSs for the repeated dose and reproductive/developmental toxicity were concluded to be 1 and
3 mg/kg/day for PFTeDA and 4 and 100 mg/kg/day for PFHxDA, respectively. Our current and previous
results indicate that the toxicity of PFCAs decreases with increases in the carbon chain length from 12 to
18.

Key words: Perfluoroalkyl carboxylic acids, Perfluorotetradecanoic acid, Perfluorchexadecanoic acid,
Repeated dose toxicity, Reproductive and developmental toxicity, Rat

INTRODUCTION

A large number of chemicals are industrially produced
and used without appropriate evaluations of their poten-
tial hazards to human health. The toxicity of these chem-
icals is continuously assessed in Japan by safety pro-
grammes for existing chemicals. These programmes have
recently targeted perfluoroalkyl carboxylic acids (PFCAs)
with carbon chain lengths of 11 to 18.

PFCAs are global environmental contaminants that
are the cause of concern due to their possible effects on
human health (Hekster et al., 2003; Lau ef al., 2007; Post
et al., 2012). Although extensive toxicological research

has been performed, especially on perfluorooctanoic acid
(PFOA), which has a carbon chain length of 8, few stud-
ies have examined the toxicity of PFCAs with a carbon
chain length of 11 and higher. Combined repeated dose
toxicity studies with the reproduction/developmental tox-
icity screening tests (combined studies) have been con-
ducted by Japanese safety programmes for existing chem-
icals in order to obtain initial toxicological information
on such long-chain PFCAs.

We have reported our findings in combined studies on
perfluoroundecanoic acid (PFUnA, C11), perfluorodo-
decanoic acid (PFDoA, C12) and perfluorooctadecanoic
acid (PFOcDA, C18) (Hirata-Koizumi et al., 2012; Kato
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et al., in press; Takahashi ez al., 2014). We showed that
the main toxic target of these long-chain PFCAs was the
liver, but they also affected reproduction/development at
the higher doses. Based on these findings, the NOAELs
were concluded to be 0.1 mg/kg/day for PFUnA (C11)
and PFDoA (C12) and 40 mg/kg/day for PFOcDA (C18).
The value of NOAEL for repeated dose toxicity of PFOc-
‘DA (C18) was much higher than those of PFUnA (C11)
and PFDoA (C12). The present study described the results
obtained from combined studies on perfluorotetradecano-
ic acid (PFTeDA, C14, CAS No. 376-06-7) and perfluor-
ohexadecanoic acid (PFHxDA, C16, CAS No. 67905-
19-5), whose carbon lengths are in between previously
reported substances. In this paper, we discuss the toxicity
of PFCAs in terms of their carbon chain length.

MATERIALS AND METHODS

Combined repeated dose toxicity studies with the
reproduction/developmental toxicity screening tests
were performed on PFTeDA and PFHxDA at the Safe-
ty Research Institute for Chemical Compounds Co., Ltd.
(Sapporo, Japan), according to the OECD guidelines for
testing chemicals No. 422 under good laboratory practice
(GLP) standards.

Chemicals and treatment

PFTeDA (lot No. 3728, purity: 96.5%) and PFHx-
DA (lot No. 1262, purity: 95.3%) were obtained from
Exfluor Research Corporation (Round Rock, TX, USA).
They were suspended in a 0.5% water solution of car-
boxymethyicellulose sodium, and administered by gav-
age. The homogeneity of test substances in the dosing
solution and their stability until they were administered
was confirmed before the start of the study. A separate
control group was used for each chemical evaluation,
and the control rats received vehicle only. The daily vol-
ume administered was 10 mL/kg, which was calculated
based on the latest body weight. Dose levels were deter-
mined to be 1, 3, and 10 mg/kg/day or PFTeDA and 4, 20,
and 100 mg/kg/day for PFHxDA based on the results of
14-day dose finding studies.

Animals and housing conditions

Eight-week-old male and female Crl:CD(SD) rats were
purchased from Charles River Laboratories Japan, Inc.
(Yokohama, Japan). This species and strain was selected
because its reproductive performance is stable and suffi-
cient historical data was available on this strain at the lab-
oratory.

Following quarantine and acclimation periods, the ani-
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mals were subjected to oral administration of PFTeDA
or PFHxDA at 10 weeks of age. They were housed indi-
vidually, except for the mating and lactation periods, in
bracket-type metallic cages with a wire-mesh floor, and
maintained in an air-conditioned room with controlled
temperature (22 £ 3°C) and humidity (50 = 20%). Light
was provided on a 12-hr light/dark cycle (light: 8:00-
20:00). All animals were fed ad libitum with a standard
rat diet (CRF-1; Oriental Yeast Co., Ltd., Tokyo, Japan)
and tap water. Pregnant females were reared using wood
chips as bedding from day 17 of gestation to day 4 after
delivery.

The present study protocols were approved by the
Ethical Committee for animal experiments in the Safety
Research Institute for Chemical Compounds Co., Ltd.,
and performed in accordance with the standard opera-
tional procedure contained in the Institutional Ethical
Code for Animal Experiments. The use and care of ani-
mals complied with the Act on Welfare and Management
of Animals (Japanese Animal Welfare Law, Act No. 105
of October 1, 1973. As amended up to Act No. 50 of June
2, 2006), Standards Relating to the Care, Management
of Laboratory Animals and, Relief of Pain (Announce-
ment No. 88 of Ministry of the Environment, Japan, dat-
ed April 28, 2006) and Guidelines for Animal Experi-
mentation (Japanese Association for Laboratory Animal
Science, dated May 22, 1987).

Study design

Male rats (12 animals/dose) were administered PFTe-
DA or PFHxDA for 14 days and then cohabited with
females. This administration of PFTeDA or PFHxDA was
continued during and after the mating period, and seven
males in the control and high dose groups and all of ani-
mals in the low and middle dose groups were euthanized
after a 42-day administration (main group). The remain-
ing rats were maintained without the administration of
PFTeDA or PFHxDA for 14 days after a 42-day admin-
istration and then euthanized for examination (recovery
group).

Female rats were assigned to the main group or recov-
ery group before PFTeDA and PFHxDA were adminis-
tered. The number of females was 12 per dose in the main
group, and PFTeDA or PFHxDA was administered for 14
days before mating, and continued throughout the mating,
gestation, and lactation periods up to 5 days after parturi-
tion. In the recovery group, 5 females/dose (vehicle con-
trol and high dose only) were administered for 42 days
without mating and euthanized after the 14-day recovery
period.
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Repeated dose toxicity evaluation

All animals were observed twice daily for gener-
al appearance and behavior. Detailed clinical observa-
tions, including evaluations in the home cage, during han-
dling and outside the home cage in an open field, were
also conducted using a standardized scoring system once
a week. Body weight and food consumption was meas-
ured at regular intervals (at least once a week).

Males and females in the recovery group were subject-
ed to urinalysis and functional observations in the sixth
week of the administration period and second week of the
recovery period. Functional observations were also per-
formed for females in the main group on day 4 of lacta-
tion. The parameters examined were as follows:

- Functional observations: sensory reactivity to visu-

al, tactile, auditory, pain, and-proprioceptive stimu-
li, mid-air righting reflex, forelimb and hindlimb grip
strength, and spontaneous motor activity

- Urinalysis: pH, protein, glucose, ketone body, uro-
bilinogen, bilirubin, occult blood, color, urine vol-
ume, and specific gravity

The effects of the administration of PFTeDA and
PFHxDA on hematology, blood biochemistry, organ
weight, and histopathology were examined on the day
after the final administration in the main group and after
the completion of the recovery period in the recovery
group. Serum thyroid-related hormone levels were also
analyzed in the study on PFHxDA because changes were
observed in thyroid weight.

The surviving rats were anesthetized deeply after
16- to 22-hr of starvation, and blood samples were col-
lected from the abdominal aorta. The animals were then
euthanized by exsanguination, and the organs and tis-
sues of the entire body were examined macroscopically.
The major organs were isolated and weighed, and organ
weight per body weight (relative weight) was calculated.
The eyeball and Harderian gland were fixed and preserved
with Davidson’s fixative solution. The testis and epidi-
dymis were fixed with Bouin’s solution and preserved in
70% ethanol. The other organs were stored in 10% neu-
tral-buffered formalin. All preserved organs in the control
and high dose groups were sectioned, stained with hema-
toxylin-eosin, and examined under a light microscope. If
treatment-related histopathological changes were found,
the same tissues were examined in the low and middle
dose groups. The parameters and organs examined were
as follows:

- Hematology: red blood cell count, hematocrit, hemo-
globin concentration, mean corpuscular volume,
mean corpuscular hemoglobin, mean corpuscular
hemoglobin concentration, reticulocyte count, plate-

let count, white blood cell count, differential count of
white blood cells, prothrombin time (PT), and acti-
vated partial thromboplastin time (APTT)

- Blood biochemistry: total protein, albumin, albumin/
globulin ratio, protein fraction ratio, glucose, total
cholesterol, triglyceride, total bilirubin, urea nitro-
gen (BUN), creatinine, aspartate aminotransferase,
alanine aminotransferase, alkaline phosphatase
(ALP), y-glutamyltranspeptidase, calcium, inorganic
phosphorus (IP), sodium (Na), potassium, and chlo-
rine (Cl)

- Hormonalysis (only in the study on PFHxDA): trii-
odothyronine (T,), thyroxine (T,), and thyroid-stimu-
lating hormone (TSH)

- Organ weight: the brain, pituitary gland, thyroid,
heart, liver, spleen, kidney, adrenal gland, thymus,
testis, epididymis, prostate gland, seminal vesicle,
and ovary '

- Histopathology: the brain, spinal cord, pituitary gland,
thymus, thyroid, adrenal gland, spleen, heart, esopha-
gus, stomach, liver, pancreas, duodenum, jejunum,
ileum, cecum, colon, rectum, trachea, lung, kidney,
bladder, testis, epididymis, prostate, seminal vesi-
cle, ovary, uterus, eyeball, Harderian gland, mamma-
ry gland, femur, mesenteric and mandibular lymph
nodes, sciatic nerve, and grossly abnormal tissues

Reproductive/developmental toxicity evaluation

The estrous cyclicity was evaluated daily by vagi-
nal lavage sampling from the first day of the administra-
tion period until evidence of copulation was detected in
the main group and until the necropsy day in the recovery
group. Females having repeated 4-6 day estrous cycles
were judged to have normal estrous cycles.

During the mating period, males and females random-
ly selected from the same dose group were cohabited on a
1:1 basis until successful copulation occurred for a max-
imum of 14 days. The presence of sperm in the vaginal
smear and/or a vaginal plug was considered to be evi-
dence of successful mating. The day of successful mat-
ing was designated as day 0 of gestation. Successfully
cohabited females were allowed to spontaneously deliver
and nurse their pups until the end of the study. They were
checked at least three times daily on days 21-25 of ges-
tation, and the day on which dams held their pups under
the abdomen in the nest by 9:00 was designated as day 0
of lactation or postnatal day (PND) 0. Gestational length
was recorded, and the following indices were computed
for each dose group.
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Number of animals with
successful copulation

ion index (%) = < 100
Copulation index (%) Number of animals X

cohabited

Number of pregnant females

Fertility index (%) = Number of pairs with x 100

successful copulation

Number of females with
live pups

Gestation index (%) = x 100

Number of pregnant
females

All live and dead pups born were counted, and live
pups were sexed and examined grossly on PND 0. They
were observed daily for general appearance and behav-
ior, and the body weight of live pups was recorded on
PNDs 0, 1, and 4. On PND 4, the pups were euthanized
and subjected to a gross external and internal observation.
At necropsy of maternal animals, the numbers of corpo-
ra lutea in the ovary and implantation sites in the uterus
were recorded.

Statistical analysis

Parametric data were evaluated by Bartlett’s test for
the homogeneity of variances. The neonatal sex ratio and
body weights of male and female pups were analyzed
using the litter as the experimental unit. When homoge-
neity was recognized, a one-way analysis of variance was
applied. If a significant difference was found, Dunnett’s
test was used for pairwise comparisons between the con-
trol and individual treatment groups. Data without homo-
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geneity were subjected to the Kruskal-Wallis test, and if
significant differences were detected, the Mann-Whitney
U test was used to compare PFTeDA- or PFHxDA-treat-
ed groups with the correspondent control group.

The results of the detailed clinical and functional
observations, qualitative parameters of urinalysis, specific
gravity of urine, and histopathological findings with mul-
tiple grades were evaluated for the trend in each group
by the Kruskal-Wallis test. When significant differences
were found, data were compared between the control and
each dosage group using the Mann-Whitney U test. The
incidence of females with normal estrous cycles, copula-~
tion, fertility, and gestation indices, and histopathological
findings with a single grade were analyzed using the chi-
square test or Fisher’s exact test.

RESULTS

Perfluorotetradecanoic acid (PFTeDA; C14)
Repeated dose toxicity

No treatment-related abnormalities were observed in
general appearance or behavior throughout the adminis-
tration and recovery periods. In the 10 mg/kg/day group,
the body weights of male rats were significantly lower
than those in the control group on days 7 and 14 of the
recovery period (Fig. 1). Although similar results were
observed in the female recovery group, significant differ-
ences were not observed from the control. Body weights
in the female main group were significantly lower on day
4 of the lactation period at 3 mg/kg/day and during the
lactation period at 10 mg/kg/day. A significant decrease
in food consumption was only found in females given
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Body weight changes in the combined repeated dose toxicity study with the reproduction/developmental toxicity screening

test for PFTeDA in rats. *: Significantly different from the control, P < 0.05. **: Significantly different from the control,

P<0.01.
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10 mg PFTeDA/kg/day in the main group on days 5
and 10 of gestation and on day 4 of lactation (data not
shown). '

At the end of the administration period, the hindlimb
grip strength of male rats decreased in a dose-dependent
manner, and a significant difference from the control was
found in the 3 and 10 mg/kg/day groups (Fig. 2). No sig-
nificant changes were observed in grip strength in males
of the recovery group or in females. Furthermore, no sig-
nificant differences were observed in urinalysis param-
eters between the PFTeDA-treated and control groups,
either at the end of the administration period or at the end
of the recovery period (data not shown).

In the main group, the only significant effect observed
on hematology was a shortening in APTT in males giv-
en 10 mg PFTeDA/kg/day (Table 1). Blood biochemical
examinations showed significant decreases in total pro-
tein in males and the B-globulin fraction in both sexes at
10 mg/kg/day (Table 1). Significant increases were also
observed in ALP and BUN in males and Cl in females
in the 10 mg/kg/day group. Absolute and relative liver
weights were significantly increased at 3 and 10 mg/kg/
day in males (Table 1). A significant increase in the rela-
tive liver weight was also found in females at 10 mg/kg/
day. In males, the absolute weight of the pituitary gland
was significantly decreased at 3 and 10 mg/kg/day and the
relative weight was also significantly decreased at 3 mg/
kg/day. The absolute weight of the seminal vesicle was
significantly decreased at all doses.

Histopathologically, centrilobular hepatocyte hypertro-
phy was observed in males at 3 and 10 mg/kg/day and

[ -

in females at 10 mg/kg/day (Table 2). Microgranulomas
were noted in the liver of both sexes in all groups con-
taining the control; however, the extent of these was sig-
nificantly higher in females given 10 mg PFTeDA/kg/day.
Focal necrosis was detected in the liver of one female
given 10 mg PFTeDA/kg/day. Follicular cell hypertrophy
was observed in the thyroids of males at 3 and 10 mg/kg/
day. In females, the incidences of decreases in extramed-
ullary hematopoiesis in the spleen and cortex atrophy in
the thymus were significantly increased at 10 mg/kg/day.
No treatment-related changes were detected in histopa-
thology in other organs, including the pituitary gland and
seminal vesicle.

In the recovery group, the hemoglobin concentra-
tion and hematocrit value were significantly decreased,
and PT was significantly shortened in females in the
10 mg/kg/day group (Table 1). Significant increases were
also observed in ALP and IP and décreases in triglycer-
ide levels in males, as well as a significant decrease in
total cholesterol and increase in BUN in females in the
10 mg/kg/day group. In this group, the absolute and/or rel-
ative liver weights were significantly increased, and his-
topathologically, centrilobular hypertrophy of hepatocytes,
diffuse hypertrophy of hepatocytes or diffuse fatty change
was found in the liver (Table 2). Hypertrophy of follicu-
lar cells was observed in the thyroids of two males in the
10 mg/kg/day group.

Reproductive/developmental toxicity

Reproductive/developmental results are summarized in
Table 3. No significant changes were found in reproduc-

FEMALES

Administration week 6 Recovery week 2

Fig. 2.

Lactation day 4 Administration Recovery
(main group) week 6 week 2
(recovery group) \recovery group)

The hindlimb grip strength of male and female rats in the combined repeated dose toxicity study with the reproduction/

developmental toxicity screening test for PETeDA. *: Significantly different from the control, P < 0.05. **: Significantly

different from the control, P < 0.01.
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Table 1. Significant changes in hematological and blood biochemical parameters and organ weights in rats given PFTeDA.

At the end of the administration period At the end of the recovery period
Dose (mg/kg/day) (Main group) (Recovery group)
0 1 3 10 0 10
MALES
Hematology
Hemoglobin (g/dL) 15.78 £ 0.61 16.00 + 0.85 15.90 £ 0.55 15.98 £ 0.77 16.42 + 0.38 15.88 + 0:61
Hematocrit (%) 44.86 £ 2.02 4526 £2.10 44.80 = 1.81 4516 £2.38 46.16 £ 1.04 45.50 £ 1.99
PT (sec) 21.56 + 6.33 22.46 + 0.78 22,74 +2.34 21.78 + 4.27 20.10 £ 3.33 21.14 £ 1.62
APTT (sec) 27.42 £ 361 28.18 + 1.36 26.42 £ 1.97 23.62 + 1.28*% 2578 +2.34 24.68 + 3.86
Blood biochemistry
Total protein (g/dL) 5.74 £ 0.19 5.66 +0.21 5.78 £ 0.30 5.26 £ 0.11%* 5.80 £0.12 5.52+0.34
B-Globulin fraction of protein (%) 17.12 £ 0.91 16.14 = 0.80 16.24 + 0.57 15.68 + 0.99% 16.40 £ 0.72 16.36 + 0.51
ALP (JU/L) 3632 +815 3526 £ 113.1 3550+ 51.8 520.8 + 75.6% 3342517 4704 £ 67.3%*
Triglyceride (mg/dL) 36.0+94 504 £22.1 464 = 17.1 21.8+6.3 592+ 14.2 31.8 = 8.9%%
Total cholesterol (mg/dL) 60.0 £ 9.9 53.8 £6.0 440 £ 11.2 50.8 £ 14.7 63.8 =189 50.6 = 10.7
BUN (mg/dL) 1426 £ 143 14.02 + 1.47 16.00 £ 1.71 19.88 +£ 1.99%* 14.82 + 1.04 16.20 + 2.11
Cl (mEq/L) 106.8 £ 1.3 1074 £ 1.8 107.0 £ 0.7 108.4 £2.3 1054 £ 1.1 106.6 = 1.1
IP (mg/dL) 6.36 = 0.47 6.04 £ 0.50 6.42 + 0.60 6.98 = 0.44 6.20 £ 0.33 6.68 £ 0.29*
Organ weight
Liver (g) 11.95 £ 1.53 12.09 £ 0.73 14.52 £ 1.82% 1521 + 0.53%* 13.09 £ 0.95 16.41 + 0.48**
(%) 241 £0.11 249 £0.12 2.87 £ 0.23*% 325 % 0.07*%* 243 £0.15 3.18 £ 0.16%*
Pituitary gland (mg) 13.20 = 0.74 13.06 £ 1.17 11.18 &+ 0.87* 11.48 + 1.07* 13.10 = 2.46 13.70 = 1.04
(10-%) 2.69 +0.28 2.69 + 0.26 222 +£0.21* 2.46 + 0.28 243 +0.44 2,65+ 021
Seminal vesicle (g) 2.53 = 0.51 2.00 +0.19* 2.01 £ 0.29% 1.91 £ 0.15% 2.18 £ 0.12 2.14 £ 042
(%) 05120102  0412+0035 0402+ 0077 0408 + 0.023 0.402 £ 0.029 0414 +0.074
FEMALES
Hematology
Hemoglobin (g/dL) 15.14 £ 0.40 14.68 £ 0.70 15.02 + 0.87 15.50 * 0.60 15.68 £ 0.62 14.46 + 0.68*
Hematocrit (%) 43.94 £2.17 4324 £2.58 4426 +2.83 4494 + 1.48 4434 £ 1.67 40.90 + 1.95%
PT (sec) 18.78 £ 0.93 17.60 + 1.04 17.76 + 0.47 17.52 + 1.32 17.26 + 0.50 16.12 + 0.87*
APTT (sec) 19.00 + 0.46 19.54 + 0.52 19.88 + 0.60 19.44 £ 0.75 18.28 + 1.30 19.48 + 1.03
Blood biochemistry
Total protein (g/dL) 6.30 £ 0.22 6.52 £ 0.25 6.40 + 0.23 6.12 £ 0.44 6.46 + 0.32 6.30 + 0.28
B-Globulin fraction of protein (%) 18.32 = 0.54 1732 + 1.15 17.56 + 0.98 15.90 £ 0.92%* 14.86 + 0.98 14.54 £ 048
ALP (IU/L) 196.8 £ 54.0 174.0 + 33.7 177.8 £ 51.3 236.0 % 32.1 1776 £ 51.8 2342+ 729
Triglyceride (mg/dL) 49.6 £29.2 43.0 £ 109 47.6 £ 139 292+ 18.0 158 7.7 18.8 £ 16.5
Total cholesterol (mg/dL) 68.8 £ 122 63.0 £ 145 572 109 512+ 154 758+ 116 56.6 + 10.6*
BUN (mg/dL)  2558+2.73 24.08 £2.27 23.80 = 3.17 3044 £ 4.18 15.00 = 1.60 20.24 + 4.60%
Cl (mEqg/L) 102.6 £2.3 103.8 £ 0.8 1050 £ 1.6 105.8 £ 0.8* 1084 £2.2 1074 £ 1.1
IP (mg/dL) 9.08 £ 0.91 8.86 £ 0.79 8.20 £ 0.45 8.30 + 0.60 470 + 0.85 5.64 £ 0.61
Organ weight
Liver (g) 10.14 £ 0.75 10.96 + 1.13 10.17 £ 0.19 10.44 £ 0.89 7.18 £ 0.69 7.90 + 1.07
(%) 333017 349 £0.21 342 £0.16 3.70 = 0.29* 240 £ 0.27 2.83 £ 0.27*
Pituitary gland (mg) 16.26 £ 243 17.44 +1.80 16.54 £ 0.93 15.82 £2.99 16.32 +£2.29 18.06 + 3.75
(10%) 537097 5.58 £ 0.62 5.56 £ 024 567 +1.37 5.44 £ 0.63 6.42 = 1.04

Data are shown as the mean £ S.D.
*: Significantly different from the control group at P < 0.05.
*#*: Significantly different from the control group at P <0.01.
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Table 2. Histopathological findings in the combined repeated dose toxicity study with reproduction/developmental

toxicity screening test for PFTeDA in rats.

At the end of the administration period

At the end of the recovery

Dose (mg/kg/day) (Main group) period (Recovery group)
0 1 3 10 0 10

MALES

Number of examined animals 7 12 12 7 5 5

Liver

- Centrilobular hypertrophy of hepatocytes + 0 0 6 0 0 2

- 0 0 ) 7 0 3 e

- Microgranuloma + 4 10 6 1 3 4

- Diffuse fatty change + 0 0 0 0 0 2

Thyroid

- Hypertrophy of follicular cells + 0 0 4 4 0 2

FEMALES

Number of examined animals 12 12 12 12 5 5

Liver

- Centrilobular hypertrophy of hepatocytes + 0 0 0 gx* 0 2

- Diffuse hypertrophy of hepatocytes + 0 0 0 0 0 2

- Microgranuloma + 6 9 8 3 j** 4 !

++ 0 0 0 7 0 3

- Focal necrosis + 0 0 0 1 0 0

Spleen

- Decrease in extramedullary hematopoiesis + 2 0 2 8* 0 0

Thymus

- Cortex atrophy . + 1 2 1 gk 0 0

Values represent the number of animals with findings.

+: Slight change, ++: moderate change

*: Significantly different from the control group at P < 0.05.
**: Significantly different from the control group at P < 0.01.

Brackets in the data columns mean that statistical analysis was performed for a total number of animals with findings in consideration

of grades.

tive parameters, including estrous cyclicity, the copulation
index, fertility index, gestation index or gestation length.
No significant differences were observed in the number
of corpora lutea, implantation sites, delivered pups, or
live pups on PNDs 0 and 4, or in the sex ratio of live
pups between the PFTeDA-treated and control groups. In
the 10 mg/kg/day group, the body weights of male and
female pups were significantly lower on PNDs 1 and 4.
There were no abnormalities in the general appearance or
necropsy findings of neonates.

Perfluorohexadecanoic acid (PFHxDA: C16)
Repeated dose toxicity

No treatment-related clinical signs of toxicity were
observed throughout the study. The body weights of males
in the 100 mg/kg/day group were significantly lower than
those of the control on days 35 and 42 of the adminis-
tration period (Fig. 3). Such effects on body weight were

not detected in the females. Food consumption was sig-
nificantly reduced on day 14 of the recovery period in
males given 100 mg PFHxDA/kg/day, on days 5-14 of
the gestation period, and on day 4 of the lactation peri-
od in females given 100 mg PFHxDA/kg/day in the main
group (data not shown).

A functional observation at the end of the adminis-
tration period revealed no significant changes in any of
the PFHxDA-treated groups, but a significant decrease
in hindlimb grip strength at the end of recovery period in
both sexes given 100 mg PFHxDA/kg/day (Fig. 4). No
significant difference was seen in any urinalysis param-
eters between the control and PFHxDA-treated groups
either at the end of the administration period or at the end
of the recovery period (data not shown).

At the end of the administration period, no significant
differences were observed in any hematological param-
eters between the control and PFHxDA-treated groups
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Table 3. Reproductive/developmental findings in the combined repeated dose toxicity study with the reproduction/

developmental screening test for PFTeDA in rats.

Dose (mg/kg/day) 0 1 3 10
Incidence of females with normal estrous cycle (%) 91.7 91.7 91.7 100
Estrous cycle length*® (days) 4.06 £ 0.21 4.00 = 0.00 398 £0.17 4.06 = 0.20
Number of cohabited pairs 12 12 12 12
Copulation index (%) Males 91.7 91.7 100 100

Females 100 100 100 100
Fertility index (%) 100 100 91.7 100
Gestation index (%) 100 100 100 100
Gestation length® (days) 223+0.7 223+0.5 222+04 22.0£ 0.0
Number of pregnant females 12 12 11 12
Number of corpora lutea® 167+ 19 164+ 1.8 16116 170+ 22
Number of implantation sites® 16.0 £ 1.7 162+ 1.6 159+ 1.8 164 £ 2.0
Number of pups delivered® 145+ 3.8 153+20 153 +2.1 158+ 1.8
Sex ratio of pups (male pups / all pups)® 0.470 = 0.113 0.532 £ 0.101 0481 +0.132 0.547 £ 0.116
Number of live pups® on PND 0 145+ 3.8 153 +2.0 152£20 158+ 1.8

on PND 4 14.1 £ 3.6 15019 151+ 1.8 152+ 13
Body weight of male pups® (g)

on PND 0 6.58 + 0.93 6.62 + 0.76 6.43 + 0.41 6.01 +0.34

on PND 1 732+ 1.14 7.19 + 0.89 6.97 £ 0.52 6.31 £ 0.46%*

on PND 4 10.66 + 2.03 10.53 + 1.31 9.93 £ 0.76 8.77 + 0.85%#
Body weight of female pups® (g)

on PND 0 6.29 = 0.81 6.28 + 0.68 6.05 £ 0.34 5.78 £ 0.36

onPND 1 6.99 = 1.03 6.83 +£0.78 6.53 £ 0.49 6.05 & 0.45%*

on PND 4 10.18 £ 1.72 9.98 + 121 9.35 + 0.68 8.41 + 0.85%*

a: Data of the main group are shown. No significant changes in estrous cycle normality were found in the recovery group, either.
b: Data are shown as the mean + S.D.

*: Significantly different from the control group at P < 0.05.

**; Significantly different from the control group at P <0.01.
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Body weight changes in the combined repeated dose toxicity study with the reproduction/developmental toxicity screening
test for PFHxDA in rats. *: Significantly different from the control, P < 0.05.
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MALES

FEMALES

®/0m

00y

Administration week 6

Recovery week 2

Fig. 4.

Lactation day 4
(main group)

Administration
week 6
(recovery group) (recovery group)

Recovery
week 2

The hindlimb grip strength of male and female rats in the combined repeated dose toxicity study with the reproduction/

developmental toxicity screening test for PFHxDA. *: Significantly different from the control, P < 0.05. **: Significantly

different from the control, P < 0.01.

(data not shown). Serum Cl levels were significant-
ly increased at 100 mg/kg/day in males and at 20 and
100 mg/kg/day in females (Table 4). A significant decrease
in serum total bilirubin levels and significant increases in
BUN and serum Na levels were also detected in females
given 100 mg PFHxDA/kg/day. In males, the absolute and
relative liver weights were significantly increased in the
100 mg/kg/day group (Table 4). The relative thyroid weight
was significantly increased at 20 and 100 mg/kg/day,
with a significant increase also being observed in the
absolute weight at 20 mg/kg/day in males. The analy-
sis of serum thyroid-related hormones revealed signif-
icantly decreased T, in females in all PFHxDA-treat-
ed groups. The histopathological examination revealed
the centrilobular hypertrophy of hepatocytes in males at
20 mg/kg/day and in both sexes at 100 mg/kg/day (Table 5).
Centrilobular fatty changes were also observed in males at
20 and 100 mg/kg/day. No treatment-related histopatho-
logical changes were detected in other organs including
the thyroid.

A significant decrease was noted in serum total bilirubin
levels in both sexes as well as a significant increase in
serum Cl level in females in the 100 mg/kg/day group
after the 14-day recovery period (Table 4). Serum T, lev-
els were significantly decreased in males in the 100 mg/
kg/day group. Absolute and relative liver weights in males
still remained higher, and in addition, significant decreas-
es were found in absolute and relative adrenal weights in
the 100 mg/kg/day group. Histopathologically, the centri-
lobular hypertrophy of hepatocytes was observed in both
sexes as well as centrilobular fatty changes in one male in
the 100 mg/kg/day group (Table 5).

Reproductive/developmental toxicity

PFHxDA did not significantly affect any reproductive/
developmental parameters (Table 6). Although the body
weights of male and female pups on PND 4 were slight-
ly lower in the 100 mg/kg/day group, no significant dif-
ference was observed from those in the control group.
There were no abnormalities in the general appearance or
necropsy findings of neonates.

DISCUSSION

The present study was performed to obtain initial
information on the repeated dose and reproductive/devel-
opmental toxicity of PFTeDA (C14) and PFHXDA (C16).
The results obtained demonstrated that the main toxic tar-
get of these compounds was the liver, which was simi-
lar to PFUnA (C11), PFDoA (C12), and PFOcDA (C18),
which we had examined previously (Hirata-Koizumi et
al., 2012; Kato et al., in press; Takahashi ef al., 2014).

The hepatic effects of PFCAs in rodents have been
attributed, at least partly, to the peroxisome proliferator-
activated receptor alpha (PPARa) (Lau et al., 2007; Wolf
et al., 2012). PPARa is a nuclear receptor that plays an
important role in regulating fatty acid metabolism in tis-
sues such as the liver, kidney, heart, and intestinal muco-
sa (Corton ef al., 2000). In the present study, the blood
biochemical examination did not reveal any clear effects
on lipid metabolism; however, PFTeDA (C14) and PFHx-
DA (C16) decreased serum total cholesterol in the 14-day
dose finding study performed at higher doses. Although
the PPAR« agonist activities of PFTeDA and PFHxDA
are unknown, PFDoA (C12), which is very similar in

Vol. 2 No. 4



186

M. Hirata-Koizumi et al.

Table 4. Significant changes in blood biochemical parameters, serum thyroid-related hormone levels and organ
weights in rats given PFHxDA.

At the end of the administration period

At the end of the recovery period

Dose (mg/kg/day) (Main group) (Recovery group)
0 4 20 100 0 100
MALES
Blood biochemistry
Total bilirubin (mg/dL) 0.062 £ 0.008  0.056 £ 0.011 0.058 + 0.015 0.064 & 0.011 0.064 + 0.013  0.044 = 0.005*
BUN (mg/dL) 14.54 + 0.88 14.52 + 1.54 14.98 + 1.60 17.52 + 2.81 16.16 = 1.18 15.12 £ 131
Na (mEqg/L) 1442+ 1.6 1444 + 1.7 1444 £ 1.1 1454 + 09 1442 + 1.5 144.4 = 0.5
Cl(mEq/L) 106.8 £ 1.3 1082 +2.3 1074 £ 0.9 109.6 + 1.5% 1062 + 1.1 1080+ 14
Hormonalysis .
T,(ng/mL) 0450 £ 0.070  0.466 £ 0.076 0.390 + 0.060 0.436 £ 0.119 0.474 £ 0.123  0.452 £ 0.061
T, (ng/mL) 69.71 = 1491 7473 £ 10.93 80.05 + 8.65 71.38 + 3.83 117.50 £ 15.00 8925 + 11.87%
TSH (ng/mL) 3.732 £ 1491 6586 +2.712 7.064 + 5.351 9.682 = 6.029 13.314 + 5530  13.564 = 3.229
Organ weight
Liver (g) 12.15 £ 1.27 11.81 £ 0.55 12.12 + 0.85 14.50 + 0.61%* 12.38 = 1.40 14.62 £ 1.35%
(%) 2.50 + 0.04 2.45+0.10 249 +0.15 326+ 0074 - 240+ 0.17 2.97 £ 0.33%*
Thyroid (mg) 18.94 + 1.6 20.58 £ 1.53 2426 + 4.28* 22,16 = 3.26 21.90 + 3.98 22.40 + 4.10
(103%) 3.94 £ 0.58 427+ 0.34 4.98 + 0.78% 4.98 = 0.67% 426 +0.82 4.54 £ 0.84
Adrenal (mg) 70.0 = 2.1 584+ 119 624+ 99 578 £ 84 704 + 3.8 552 & 6.1%%
(10-%) 14.52 £ 1.43 12.09 £ 2.41 1291 £2.56 13.03 +2.03 13.69 + 0.72 11.17 £ 1.14%%
FEMALES
Blood biochemistry
Total bilirubin (mg/dL) 0.080 £ 0.007  0.076 £ 0.005 0.072 £ 0.013  0.060 + 0.000%*  0.084 = 0.015  0.054 £ 0.011**
BUN (mg/dL) 2578 £235 27.82 +£2.05 28.22 + 4.41 31.18 + 1.55% 16.66 + 1.08 15.50 £ 1.09
Na (mEq/L) 140.8 + 0.8 1422 £ 08 1426 £ 1.5 142.8 + 1.3% 144.6 £ 1.1 1450+ 0.7
Cl (mEq/L) 104.0 = 0.7 105.0 £ 0.7 106.2 + 1.3% 106.8 £ 1.6%* 108.8 £ 0.8 109.8 + 0.4*
Hormonalysis '
T, (ng/mL) 0.734 £ 0.023  0.606 + 0.036%* 0.626 + 0.068** (.532 & 0.040*%*  0.784 = 0.143  0.684 + 0.032
T, (ng/mL) 65.48 £ 9.30 65.56 + 15.86 61.86 = 7.57 66.36 + 14.85 4626 £ 1670 5848 + 7.11
~ TSH (ng/mL) 4478 £ 1454 5434 £ 5.130 4.408 + 2.329 8.338 + 4.661 3.758 £ 0.859 28.772 + 54.988
Organ weight
Liver (g) 10.17 + 0.48 9.70 £ 0.61 10.00 + 0.81 10.53 £ 0.75 6.95 £ 0.37 7.48 £ 1.00
(%) 339+ 0.12 327 4021 3.35£0.15 3.55£0.20 2.49 £ 0.11 271 +£0.28
Thyroid (mg) 19.28 + 3.06 1578 £2.95 16.96 & 3.42 18.04 + 1,99 18.42 + 1.97 16.88 + 3.46
(102%) 6.40 £ 0.78 5.30 £ 0.86 571 %127 6.07 = 0.55 6.60 = 0.79 6.09 + 1.01
Adrenal (mg) 764 £ 58 79.6 £ 6.0 794 £179 754179 670+ 3.5 742 £ 124
(10%) 2544 + 168 26.80 + 2.00 26.59 £2.12 2543 £2.77 2398 £ 1.11 26.95 + 470

Data are shown as the mean £ S.D.

*. Significantly different from the control group at P < 0.05.
*#: Significantly different from the control group at P <0.01.

structure, was recently reported to activate mouse PPARa
in transiently transfected COS-1 cells (Wolf ez al., 2012)
and induce the mRNA levels of the important PPARa tar-
get genes, acyl CoA oxidase and CYP4A1, in the rat liv-
er (Zhang et al., 2008; Ding et al., 2009). These find-
ings indicated that PFTeDA and PFHxDA may activate
PPARa, which may in turn affect the liver. Regarding
the mechanism underlying the hepatotoxicity of PFCAs,
many studies have examined PFOA (C8) and showed
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that PFOA could elicit changes in the liver not only via
PPARa activation, but also through PPARau-independent
mechanisms (Peters and Gonzalez, 2011). The involve-
ment of other transcription factors such as the constitutive
androstane receptor and pregnane X receptor has been
implied. Further research is needed to clarify the mech-
anism involved in the hepatotoxicity of PFCAs including
PFTeDA and PFHxDA.

PFTeDA (C14) induced follicular cell hypertrophy in



