Survival rate post-hatch{%5) Hatching rate (%)

Survival rate(%)

Survival index

-5

:S\‘Iba_&

100%
50% -
Contrel 623 125 25 50 100
Concentration (mg/L)
SMbikEEE
100% o= = -

50%
0% : : : -
Control 625 125 25 50 100
Concentratlon [mg/L}
EHF=
100%
50% -
OX% g . +
Contro’ 6,25 12,5 25 50 100
Concentration {mg/L)
S ERIEGEE < JMEREFER)
200% =
50%
0%

HID SR - SMUBEFR - £1F

Control  5.25 12.5 25 50 100
Concentration {mg/L}

ASdbEE
100%
g
b
£ 5o
=
=
=3
K]
T
0% L -
Control 6.25 125 25 50 100
Bar £RERE Concentration [mg/L)
AdbRAEFE
__100%
g
=
F-]
a
<
-
wn
g s0%
E ok
= ke
Contro!  6.25 125 25 50 100
Bar: HIEERE Concentration {mg/L}
FHFE
100%
g
z 5%
2
a
00/6 . . . - N
Control  6.25 125 25 50 100
Bar: xEEFE Concentration {mg/fL}
FHEERMEEXAEBREES
100% -
g
g
3
£ 50%
3
-
5
12
0% g - P E P SN
Cortrol 625 125 25 50 100
Ber: ={RERE Concentration {mg/1)
<%z 2 sz
HBEDO SR - SMuBAETE - £FF

X-6

ReAFEEE: F7477—F Meant R-AFEREE: ¥ 2722 (Mean+SD

NOEC EC50

SD (n=4) (n=4), **: p<0.01 THBX LDHFEEH V)
R C1 Y74 75— BLOF 27 =D NOEC & EC50
En pot ] i a5 (E?ﬂ‘é’ =

NOEC EC50 NOEC ECs50

RYT4TS5—F >100mgL NA
Fr7oozy 375ug/L  150pg/L  25mg/l.  32mg/l  625mg/l. 17 mg/L

25mg/l.  49mg/l.  >100mg/l. NA

— 56



DRI & BN ATHKEE L HRE,
BRE/ATEREE RO beh oz,

7 hTa T R BRI S LBIER K
WSEBREF~DEEP R LIV, SMEED
NOEC 1% 12.5 mg/L, SMLBAETFE - £FF
- AFFEIE O NOEC 1% 6.25 mg/L Th -
Too SAREFE LT, —RICERZEEFRE D
BEEIZRRT S & Sh o IEEEEOM,
SHRX CIIER WD D A7V BEER-CIAH ISR,
BIEEIZB T 2RO EZBN, 12.5mg/L
~100mg/L DIX< B CHIE SN, R4
DEIETE, MHLORBRX THEFEEREDOK
Y ThH o1,

D3 S>OEYFEEEREE LD TE
C-1 WLz, W7 47T — NIFE
Wk U TR, ABRICKT LA AREE
ERLTED, SHMEAESRBSEEEIIR O
oo tr, AT T3 AT
WCEEAER L, BEEICR L, pgl LULT
AREFELRL, TOREIIEIER
ICRER L CHIZ E A CTEIHE L7222 L34y
Moiz,

2. ZEE)IFIIK (FALEK) OBMERE
W3R B ERGLOF S
2. 1iJiK (FKRLEEK) DEERE

FEFERS X OMEIEIT St.0~6 DT DS
BT BB EE 80%IZ BV T b B2 (B
. ARME, A B0, MEEES)
FRLN o T, IV IR LT,
St2 OZEEN| EFKEAE & — Otk
W LT, F18 40%, 80%D 2 IEEX T
BEITol2L 25, 40%IZBWTHEEOR
BREARDSFET L, MRS L CTHERE
fFRRE (BEHE=E 42%) MBR.O17z, NOEC
DEHTE o7 (40%A) 728, 40%
BEXNS SRBREX CERBRZ{ToEZ
A, A%RERIZBIT B EFEERIT 19%
CHIEIL D OOER L. SIRKICR LTH
BEREMFHEEIRON oD,
NOEC 1 40% & 72072, L. 40%J2EE

— 57

RAZHNT 80% DFRERER DS EE(FHRIZFE T
LTED, LC50 1L 30%tEBHEINF, L
tﬁor\&zwm@mmmm\%ﬁm%

(a) 40
35 e __MeanxsD
30
"
£ 25
5
& 20
=
B 15
S
Z 10
5
0 - S—
Control  2.5% 5% 10% 20% 40%
Concentration {%)

Mean=SD
35 P 1

No. of neonates
N
o

Control St.2-40% St.2-80% St.1-40% St.1-80%
Concentration {%)

-7 TFAKAEK (St.1,2) X< ERBRICK
J 5 RBEEDEFE: () SL1L,2 DA T —
= TRBR, (b) St.2 OFEFRER

PRI NS VD, FEVRICRE RBOLRE
ERIETEEVEITFET D LEALND,

2. 2. Pk OERRRE

= S LR FE A ST SR I 03 s AR R
LA EEDOR 2ITREINTZHDICFEL
ThHD (A~F BENEI St0~6 IZ%725),
FRHIREL 0.001~1 pg/ll THY . 7 54 2n
A VUR STV TR b EERE TR S
iz, FFITROFEELZSR I,



R C2 FEWHBRIZBT D TARLEKDOR NELERE

St St1 St2 St.3 St4 St5 St6
NOEC (%) FB#E NEF ZEBILER ZI 2B EIE IZE-&
B 80% 80% 80% 80% 80% 80% 80%
RS - 80% 80% 40% 80% 80% 80% 80%
b= 80% 80% 80% 80% 80% 80% 80%

#£C3 TAKOHEKFOEEELO NOEC B L O MEC/NOEC (k2> 5 #akE - HkE - A)

Pharmaceuticals NOEC (uglL) MEC/NOEC for Algae
for Algae St.1 St.2 St.3 St.4 St.5 St.6
sulpiride 50000 1.E-05 5.E-06 1E-05 2E-05 1.E-05 1.E-05
epinastine 2300 3.E-05 6.E-05 4.E-05 5E-05 4E-05 7.E-05
carbamazepine 4300 1.E-05 3.E-05 2E-05 2E-05 2E-05 2E-05
crotamiton 5200 5.E-05 1.E-04 7.E-05 8E-05 6E-05 9E-05
diclofenac 25000 5E-06 7E-06 7.E-06 1E-05 5E-06 9.E-06
mefenamic acid 600 4.E-06 4.E-06 3.E-05 9.E-06 1E-05 1E-05
fenofibrate 200 ND ND ND ND ND ND
SUM 0.0001  0.0002 0.0002 0.0002 0.0002 0.0002
Pharmaceuticals NOEC (ug{L) MEC/NOEC for Daphnids
for Daphnids St.1 St.2 St.3 St.4 St.5 St.6
sulpiride 100000 5.E-06 2E-06 7.E-06 8.E-06 7.E-06 7.E-06
epinastine 2800 2.E-05 5E-05 3.E-05 4E-05 4E-05 6.E05
carbamazep ine 10000 3E-06 1E-05 6.E-06 9E-06 8E-06 9.E-06
crotamiton 6220 4.E-05 8E-05 6.E-05 6E-05 5E-05 7.E-05
diclofenac 2000 7.E-05 9.E-05 8.E-05 1E-04 7E-05 1E-04
mefenamic acid 3900 6.E-07 6E-07 4.E-06 1E-06 2E-06 2E-06
fenofibrate 200 ND ND ND ND ND ND
SUM 0.0001  0.0002 0.0002 0.0002 0.0002 0.0003
Pharmaceuticals NOEC (.u olL) MEC/NOEC for Fish
for Fish St.1 St.2 St.3 St.4 St.5 St.6
sulpiride 100000 5E-06 2E-06 7.E-06 8E-06 7.E-06 7.E-06
epinastine 48200 1.E-06 3.E-06 2E-06 2E-06 2E-06 3.E-06
carbamazepine 50000 1.E-06 3E-06 1E-06 2E-06 2E-06 2E-06
crotamiton 25100 1.E-05 2.E-05 1.E-05 2E-05 1E-05 2E-05
diclofenac 2500 5E-05 7.E-05 7.E-05 1E-04 5E-05 9.E-05
mefenamic acid 1300 2.E-06 2E-06 1E-05 4E-06 5E-06 6E-06
fenofibrate 200 ND ND ND ND ND ND
SUM 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001

2. 3. TAMEK (A OBEEE Fr PZuT=F2F R IUA AT
Zxhd 5 EIRLOF 53 TLBE, T/ T 47 T— ] OTFECD
BRICIBMERET — 2 RH 0 | SEHIEY WT, FHEIERE (MEC) % NOEC ThL
SLpoEEGEE ALY B, =) HEZEHLEZLZA, TXRTOHMAOR
AF UHERER, AP, sux I B SERREICH LT 107~10° LD T



Motz (R C3), TORIEL->TH,
0.0001~0.0002 L A& TR, St2 128
WT R P ookt U CER S - B,
FRHOFEHE (BEELLANBEL) I
K3 EHESNT, HAWVIEELEOHE
BEANEZONDN, FEE, R EDOERK
snx g e 14 FE% WK R EHEFRED
1000 (FCIRA L TCHEEN RO
el b, BEEERIC I DIMERED
FREMEIEWEB 2 Hhvd, 2-3 BEET
FE(F L O B EGREER DS IEE LR T 6
NilC L AEBOBEBRON- 2D R %
BERBOMICMLIZEZ A, I Vv oizkt
THEMERLE LT Ni BEELTHDTE
BEMERTR Sz, |

D. HE
INETOFET 14 EOERIIHOBME
BT —Z BRSNS, EYEEEIRT
BEL~VIRLEWS b Fa T oy G
) THET pgL THY ., FAROMEKFRR
HJEEE L~UL 0.001~1 pg/L & W —HTPl Ed
poTWB, LIERoTEERIZBWTHE
BIOEIRENERY A7 & RIS Rer
BN EEZ ONDD, BEZEICONWTTE
P & M Ao TRV B, (B
HERERE WD Z & T, TAREK: E OB
BAVEWE & S B ORI R B T
BERHET 5 Z LN TE AN, TOMEBIIRT
LEAVEWERE O TS EENICHERIT 5
Wik, WEROMMMEREZEE L, =
 MEC/NOEC IZ L 2 H#ER FIEICR BTN D,
AEl, ZEE)IHRD FALIEANR I Pzl
X UCRUTEEIL. (b0t T — & 0T
BICHEREERNTEL L7005, ERSE
TR <ESBETHDL LHRIINEN, Z
D ECEEERICET 2 FRPA LT
IE7RWEATZ, MEC/NOEC D#Fng & %LU
Mz, FDOXHSCEEREIZ I AFEOEE
EHERA 2 RE Db, Fiiz/2T7 u—F R

— 59

PEEIhD,

E. &

ZEE) PRI IR ST ESRS 2 T
DUNT, HEEE - R - AR AW EH
BEEERBREEE L2 A, YT
77— MIFBEICR U TRERE, &8
TR UTHRER ER LTS, SMEBEER
BREEIR LN 2NhoTz, a7
I3 EYTNTCEELRR L, BEEICKt
L. pgL LIV TCERIAEFELZRL, £
DB TIEEFEMITHFER L THIZE A LHE
BLRWZ ERghoTz,

S HIT, ST T AKE O FKLEEK
ZEREOEHIEHEERBRICE L ThitE
HEEZFHME L. Zhicx 3 EELEOFS
. BRET-—S40HD T BIZONT
MEC/NOEC 7 HHEE L7z, MEC/NOEC @
A0 0.0001~0.0002 TH Y, Lizdd->T
EEIEOFEIIBD TNV EHERIE
D0, HRERAREOEEFELEEICA
B 72 HIZ1d EMEC/NOEC 12t BH7-
BT —FRUNETH S,

F. fERasER
2L

G. WFRFER

1. MR

1) Tamura, 1., Kagota, K. 1., Yasuda, Y., Yoneda,
S., Morita, J., Nakada, N., Kameda, Y., Kimura,
K., Tatarazako, N., Yamamoto, H.: Ecotoxicity
and screening level ecotoxicological risk
assessment of five antimicrobial agents:
triclosan, triclocarban, resorcinol,
phenoxyethanol and p-thymol. J Appl Toxicol.
2012 Jul 13.

2) Yamamoto, H., Tamura, 1., Hirata, Y., Kato,
J., Kagota, K., Katsuki, S., Yamamoto, A.,

Kagami, Y., Tatarazako, N.. Aquatic toxicity



and ecological risk assessment of seven (FrEEET)

parabens: Individual and additive approach. 1. FFEFBUS
Sci Total Environ. (2011) 410-411, 102-11. ZLo
2. FEHEK 2. FEMBRFET
L
2L
3. ZOfth

L
H. R PEHED HIRE - &R



M. HEREOFITICET 2 —EHR



MRAROHTIZEHT S —ER

HERERA WX Z A VA RRwA | BF | U |HRE

Yamamoto, H., Tamura, I.,
Hirata, Y., Kato, J.,
Kagota, K., Katsuki, S.,
Yamamoto, A., Kagami, Y.,
Tatarazako, N.

Aquatic toxicity and ecological
risk assessment of seven Sci Total
parabens: Individual and Environ.
additive approach.

410-411]102-111} 2011




V. WIEEREOTIITY - BRI



Science of the Total Environment 410-411 (2011) 102-11t

Contents lists available at SciVerse ScienceDirect

Science of the Total Environment

journal homepage: www.elsevier.com/locate/scitotenv

Aquatic toxicity and ecological risk assessment of seven parabens: Individual and
additive approach

Hiroshi Yamamoto **, Ikumi Tamura ?, Yoshiko Hirata ¢, Jun Kato ?, Keiichiro Kagota ?, Shota Katsuki ?,
Atsushi Yamamoto ®, Yoshihiro Kagami €, Norihisa Tatarazako ¢

2 Institute of Socio, Arts, and Sciences, Graduate School of Integrated Arts and Sciences, The University of Tokushima,1-1 Minamijosanjima-cho, Tokushima 770-8502, Japan
b Osaka City Institute of Public Health and Environmental Sciences, 8-34 Tojo-cho, Tennnoji-ku, Osaka, 543-0026, Japan

€ Ecogenomics Co., 1-1 Hyakunenkoen, Kurume, Fukuoka 830-0864, Japan

4 National Institute for Environmental Studies, 16-2 Onogawa, Tsukuba, Ibaraki 305-8506, Japan

ARTICLE INFO ABSTRACT

Article history:

Received 31 May 2011

Received in revised form 31 August 2011
Accepted 16 September 2011

Available online 1 November 2011

In the present study, aquatic concentrations of seven parabens were determined in urban streams highly
affected by treated or untreated domestic sewage in Tokushima and Osaka, Japan. The detected highest con-
centrations were 670, 207, and 163 ng 1~ for methylparaben, n-propylparaben, and n-butylparaben, respec-
tively in sampling sites with watershed area of no sewer system in Tokushima. Conventional acute/chronic
toxicity tests were conducted using medaka (Oryzias latipes), Daphnia magna, and Psuedokirchneriella subca-
pitata for four parabens, which was consistent with our previous study on three parabens, n-butylparaben, i-

ﬁ:{;{,‘i_ff& butylparaben, and benzylparaben. The aquatic toxicity on fish, daphnia, and algae was weaker for the para-
Medaka bens with a shorter alkyl chain than those with a longer aikyl chain as predicted by their hydrophobicity.
Vitellogenin Medaka vitellogenin assays and DNA microarray analysis were carried out for methylparaben and found in-
Daphnia magna duction of significant vitellogenin in male medaka at 630 pg1™! of methylparaben, while the expression

Ecological risk

levels of genes encoding proteins such as choriogenin and vitellogenin increased for concentrations at
Urban streams

10 ug I~ of methylparaben, Measured environmental concentrations (MECs) of seven parabens in Tokush-
ima and Osaka were divided by predicted no effect concentrations (PNECs) and hazard quotient (MEC/
PNEC) was determined for individual parabens. The MEC/PNEC was highest for n-propylparaben and was
0.010 followed by n-butylparaben (max. of 0.0086) and methylparaben (max. of 0.0042). The sum of the
MEC/PNEC for the seven parabens was 0.0049. Equivalence factors were assigned for each paraben on the
basis of the toxicity of n-butylparaben for each species, and n-butylparaben equivalence was calculated for
the measured environmental concentrations. The MEC/PNEC approach was also conducted for the n-butyl-
paraben-based equivalence values, The maximum MEC/PNEC was 0.018, which is lower than the trigger
level for further detailed study such as large-scale monitoring for chronic toxicity tests including futl-life
cycle tests for fish.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction Numerous studies have suggested the estrogenic activities of

parabens in vitro (e.g., Routledge et al,, 1998; Okubo et al,, 2001; Mor-

Alkyl esters of p-hydroxybenzoic acid, frequently called “parabens”
are a class of preservatives widely used in cosmetics such as creams,
skin lotions, and shampoos (e.g., Rastogi et al, 1995; Wang and
Chang, 1998; Melo and Queiroz, 2010). Some of these compounds are
also used in food products (e.g., Zhang et al, 2005) and pharmaceuticals
(e.g., Huang et al, 2003). Among these paraben species, the highest
concentrations found in various cosmetic products is methylparaben
followed by n-propylparaben, ethylparaben, and n-butylparaben (e.g.,
Wang and Chang, 1998; Melo and Queiroz, 2010).

* Corresponding author. Tel./fax: 481 88 656 7618.
E-mail address: hiroshi@ias.tokushima-v.ac,jp (H. Yamamoto).

0048-9697/$ ~ see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.scitotenv.2011.09.040

ohoshi et al., 2005) and in vivo (e.g., Oishi, 2001; Darbre et al., 2003)
for mammalian species, and health aspects of these compounds have
long been focused (e.g., Soni et al.,, 2005). As for aquatic organisms,
intraperitoneal injections of ethylparaben, n-propylparaben and n-
butylparaben in rainbow trout were found to cause estrogenic re-
sponses such as significant vitellogenin (VTG) induction in the male
fish (Pedersen et al., 2000). n-Propylparaben was found to induce in-
creases in plasma VTG concentration and up-regulate the expression
of VTG and choriogenin (CHG) relevant genes in male medaka (Inui
et al., 2003). The exposure of male rainbow trout to n-butylparaben
also increased the plasma VTG concentration of the fish (Alslev
et al, 2005). In our previous study, we found significant VIG
induction in male medaka by n-butylparaben, i-butylparaben, and
benzylparaben at 200, 100, and 100 pgl™!, respectively. We also
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conducted DNA microarray analysis for male medaka exposed to ben-
zylparaben and found up-regulations of CHG and VTG-responsive
genes at the lowest concentration of 4ugl™" (Yamameto et al.,
2007a).

In spite of numerous reports on the estrogenic activities and wide use
of parabens, few studies were conducted to determine conventional eco-
toxicity on aquatic organisms until the project by Danish Environmental
Protection Agency (Madsen et al,, 2001), which included acute toxicity of
methylparaben, ethylparaben, and n-propylparaben on Daphnia magna
and a green alga Pseudokirchneriella subcapitata. Kamaya et al. (2005)
also conducted extensive studies on substituted benzoic acids including
methylparaben using D. magna. The lowest median effect concentration
(ECsp) and lethal concentration (LCsg) of the report was 11.2mg1~". In
our previous study (Yamamoto et al, 2007a), we also assessed the eco-
logical risk of n-butylparaben, i-butylparaben, and benzylparaben based
on acute toxicity, VTG induction, and gene expression in medaka (Oryzias
latipes), and acute/chronic toxicity on D. magna and P. subcapitata. ECso
and no observed effect concentration (NOEC) values for the green alga
were as low as 0.52 mg 1™, On the basis of these toxicity values and
the predicted environmental concentration (PEC), we found that the
hazard quotient was 0.14 and 0.25 for n-butylparaben and benzylpara-
ben, respectively, which suggests the necessity of further detailed inves-
tigation, More recently, Terasaki et al. (2008) found much stronger acute
toxicity for chlorinated by-products of parabens than parental com-
pounds using D. magna and Vibrio fischeri. Dobbins et al. (2009) con-
ducted a probabilistic ecological hazard assessment based on acute/sub-
chronic toxicity on daphnia and fathead minnow, and they derived a haz-
ard quotient using the NOEC for the most sensitive assay and found at
most 2.3 x 10~ * for benzylparaben, which suggests negligible ecological
risk although they warned the potential endocrine effects and impacts
from manufacturing facilities in developing countries (Larsson et al,
2007).

Both the toxicity and environmental concentrations of personal
care preoducts including parabens were reviewed by Brausch and
Rand (2011). The aqueous concentration of parabens ranged from
the order of 0.01 to that of 1 ug 17 . For example, benzylparaben, n-
propylparaben, ethylparaben, and methylparaben were detected at
concentrations 1 pg 17" in effluent from Swedish wastewater treat-
ment plants (WWTPs) (Paxeus, 1998). Lee et al. (2005) analyzed n-
butylparaben, n-propylparaben, ethylparaben, and methylparaben in
influent and effluent of Canadian WWTPs and detected at as high as
243 and 0.04 ug 171, respectively. Canosa et al. (20083, b) also mea-
sured the four parabens, methylparaben, ethylparaben, n-propylpara-
ben, and n-butylparaben, in hospital sewer, WWTP influent and
effluent in Spain and the concentration was as high as 2.4, 2.92, and
0.064 ug 171, respectively. These studies suggest the significantly
high removal efficiencies up to 99% of parabens in WWTPs, which
agreed to our laboratory experiments (Yamamoto et al,, 2007a).

When the parabens are released into the aquatic environment,
they are predicted to be slightly accumulative in sediment and mod-
erately persistent against sunlight and microbes according to our pre-
vious study in a laboratory (Yamamoto et al,, 2007b). Some parabens
were detected in river water up to 0.15pg 1! in a river in South
Wales (Kasprzyk-Hordern et al., 2008) while the concentration is
less than 0.017 pg 1~ in a Swiss river (Jonkers et al,, 2009). However,
the concentration could be higher in effluent-dominated streams
(Brooks et al, 2006) and could cause physiological response in
aquatic organisms (Ankley et al, 2007), especially in a residential
area without sewer system (Tamura et al,, 2010).

In the present study, we selected seven parabens and attempted to
clarify the ecological risk of these compounds using the similar method
used in our previous studies for eight human pharmaceuticals
(Yamamote et al, 2007¢) and for three parabens (Yamamoto et al,
2007a) with slight modifications and additions. The objectives of this
study were to reveal (1) the aqueous concentrations of parabens in ef-
fluent-dominated streams with and without sewer system, (2) the

conventional acute/chronic toxicities of the parabens for aquatic organ-
isms using Japanese medaka, daphnia and green algae, (3) the estrogen-
ic activities and effects of parabens on the gene expression of fish using
the medaka vitellogenin test and medaka DNA microarray, and (4) to
conduct preliminary ecological risk assessments for the seven parabens
individually and together. )

2. Materials and methods
2.1. Materials

Methyl-p-hydroxybenzoate (methylparaben), ethyl-p-hydroxy-
benzoate (ethylparaben), n-propyl-p-hydroxybenzoate (n-propylpar-
aben), i-propyl-p-hydroxybenzoate (i-propylparaben), n-butyl-p-
hydroxybenzoate (n-butylparaben), and benzyl-p-hydroxybenzoate
(benzylparaben) of at least 99, 99, 95, 98, 98, and 99% purity, respec-
tively, were purchased from Wako Pure Chemical Industries (Osaka,
Japan). i-Butyl-p-hydroxybenzoate (i-butylparaben) of at least 99%
purity was purchased from Tokyo Kasei Co. (Tokyo, Japan). d,~-Methyl-
paraben of at least 98% purity was purchased from Kanto Chemicals Co.
(Tokyo, Japan), while **Cg-n-butylparaben of at least 99% purity was pur-
chased from Cambridge Isotope Laboratories (Andover, MA, USA).173-
estradiol of at least 97% purity was purchased from Sigma-Aldrich Chem-
ical (Milwaukee, WL, USA).

The chemical structures, acidity constant (pK,) values and octa-~
nol-water distribution constants (log Do) of the parabens selected
in this study are shown in Table 1. The log Dow, pK, and aqueous sol-
ubility values were estimated using the ACD software log D suite
(Advanced Chemistry Development, Inc., Toronto, Ontario, Canada).

2.2. Determination of aqueous concentrations in urban streams

River water samples were collected from six sites in a Tokushima
suburb and six sites in Osaka city, both western part of Japan as
shown in Fig. 1. The Tokushima sites include Imagire River (St. 1),
Tamiya Creek (St. 2), Tsumeta Creek (St. 3), Utebi Creek (St. 4),
Yoshino River (St. 5), and Shinmachi River (St. 6) while the those of
Osaka city include Daini-neya River (St. 7), Hirano River (St. 8),
Sakuranomiya Bridge of Okawa River (St. 9), Neya River (St. 10), Kyo-
bashi Bridge of Okawa River (St. 11), and Tenpozan wharf (St. 12).
The watershed areas of Tokushima sites (St. 1 to 6) are with no or
little sewer system while those of Osaka sites (St. 7 to 12) are with
sewer system. One liter of water samples were collected at the select-
ed sites twice, a day in january 2010 and February 2010, known
amount of surrogate standards, ds-methylparaben and *Cg-n-butyl-
paraben, were added, and stored at 4 °C until pretreatment.

Water samples were filtered through a glass-fiber filter (GF/B,
Whatman, Maidstone, ME, USA), and 500 ml of the filtrates (dupli-
cates) were extracted using an Qasis HLB 6 cc extraction cartridge
purchased from Waters Co. (Milford, MA, USA). Methanol was used
for the elution from Oasis HLB. The extract was concentrated to dry-
ness to remove methanol, dissolved in hexane. The clean-up was con-
ducted using Sep-Pak Florisil cartridge (Waters Co, Milford, MA, USA)
with hexane, and acetone/hexane (20:80v/v) was used for the
elution. The extract was completely dried under nitrogen purge and
then dissolved in methano! for the analysis using an LC/MS/MS
(API2000, Applied Biosystems/Life Technologies, Tokyo, Japan). Five
microliters of the sample were injected with negative ion modes. An
ODS column of 150 mm, 20 mm i.d., and 3 pm diameter (I-Column2
ODS, Chemical Evaluation and Research Institute, Tokyo, Japan) was
used, with mixture of acetic acid and acetonitrile for a mobile phase.
MRM modes were used for the quantification, and the Q1/Q3 ions
are listed in Table 2. Detailed information about the analytical condi-
tion is presented in Supplement Information (Table S1).



104 H. Yamamoto et al. / Science of the Total Environment 410-411 (2011) 102-111

Table 1
Chemical structure, log Dy, PK,, and aqueous solubility of the selected parabens.
Methylparaben Ethylparaben n-propylparaben i-propylparaben
Chemical structure 0 0 [¢) 0O 0 (0} [0) 0
OH OH oH OH
log Dow (at pH 7) 1.86 237 2.88 273
pKa 8.31 831 8.23 8.40
Aqueous solubility 5600 mg 1! 2500 mg ™! 1200 mg1™’ 1300 mg1™!

n-butylparaben

i-butylparaben benzylparaben

Chemical structure

0; EO\/\/
OH

log Dow 3.38
pKa 8.22
Aqueous solubility 540 mgi™'

A O

0
OH
OH
323 3.54
8.17 8.18
600 mgl~! 160 mg 1!

log Dow, PKa, and aqueous solubility was estimated using ACD Software log D Suite.

2.3. Acute/chronic toxicity tests

Fish acute toxicity tests were conducted using Japanese medaka
(O. latipes) provided by the National Institute for Environmental
Studies (NIES, Tsukuba, Japan) and acclimated in a laboratory of the
University of Tokushima for more than four years. Tests were con-
ducted in conformity with the OECD Guideline for Testing of Chemi-
cals No. 203 (OECD, 1992). Ten fish (10 d-old) were exposed to at
least five different concentrations of the parabens in a 100-ml beaker
at 25 £ 1 °C. The chemicals were diluted with dechlorinated tap water
(approximately 40 mg CaCOs 1™ hardness, pH 7.5+ 0.2). Half of the
paraben solution was replaced every 24 h (static renewal test), and
dissolved oxygen (DO) and pH were monitored to check if they are
over 80% of saturation and in the range between 6.5 and 8.5. The pho-
toperiod was a 16/8 h light/dark cycle by room light. The median

Kyg-Yoshind River

lethal concentration (LCsp) was determined based on the measured
concentration using Ecotox-Statistics software ver. 2.6 provided by
the Japanese Society of Environmental Toxicology to conduct probit
or logit conversion analysis.

D. magna were also provided by NIES (Tsukuba, Japan) and used
for the daphnia immobilization tests after at least a two-month accli-
mation period in the laboratory. Tests were conducted in conformity
with the OECD Guideline for Testing of Chemicals No. 202 (DECD,
2004). Briefly, 20 neonates of daphnids (less than 24-h-old, five neo-
nates per beaker), were exposed to at least five different concentra-
tions of the parabens in 50-ml beakers. The chemicals were
diluted with M4 medium (hardness: 250 mg CaCO; 177, pH 8.0).
The number of immobilized bodies was counted after 48 h of expo-
sure at 2041 °C. The photoperiod was a 16/8 h light/dark cycle by
room light. The median effective concentration (ECso) was

o Vamato Rivepn

Fig. 1. Map of the sampling sites in Tokushima and Osaka, Japan. O (white square) represents a WWTP; @ (black circle) represents a sampling site,
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Table 2

Monitoring ions, detection/quantification limit, and recovery of the selected parabens in the measurement of aqueous concentration using an LC/MS/MS.

methylparaben ethylparaben n-propylparaben i-propylparaben n-butylparaben i-butylparaben benzylparaben
Q1/Q3 (m/z) 151.01/91.81 165.01/91.90 179.01/91.90 178.95/92.82 193.00/91.89 193.00/91.89 227.15/91.82
LOD/LOQ (ng1™ ™) 1.8/6.1 13/4.4 0.3/2.7 16/5.3 0.6/2.1 1.2/39 0.2/0.7
Recovery 100:£18% 102+£3% 884-8% 75+10% 91 £7% 107 £2% 81:4£27%

determined on the basis of the measured concentrations by probit or
logit conversion analysis using Ecotox-Statistics software as with the
medaka acute test described above.

Similarly, a daphnia reproduction test was conducted for methyl-
paraben in reference to the OECD Guideline for Chemicals No. 211
(OECD, 2008). Briefly, ten neonates (less than 24 h old, one neonate
per test tube) of daphnids were exposed to at least five different con-
centrations of methylparaben in 20-ml test tubes, which are smaller
than the chamber size recommended in the guideline (ie., 50 to
100 mL). Thus, the DO was carefully checked every 48 h at the
replacement of test water but the data should be regarded as prelim-
inary. The other testing conditions were similar to OECD test guide-
line No. 202 described above. The fecundity of the daphnia was
examined by counting the cumulative number of neonates. ANOVA
analysis was conducted, followed by Dunnett's test using Ecotox-
Statistics software to determine the lowest effect concentration
(LOEC). The maximum no-effect concentration (NOEC) in 21 days
was determined as the next lower concentration of the LOEC.

Unicellular green algae (P. subcapitata) were also obtained from
NIES (nies-35, Tsukuba, Japan) and acclimated for at least three
months in the laboratory before the tests. Tests were conducted in
conformity with the OECD Guideline for Testing of Chemicals No,
201 (OECD, 2006). Briefly, a preincubated algal suspension was
exposed to at least five different concentrations of the parabens in
100-ml! Erlenmeyer flasks containing OECD medium, at 24 °C with
illumination controlled at 5000 Ix. The number of algae was mea-
sured every 24 h during the 72-h exposure period using a UV/visible
spectrophotometer at 450 nm, after calibration with known algal
counts. Three replicates were prepared for both blank and all the test-
ed concentrations. The growth rate was determined between 24 h
and 72 h. The 50% growth inhibition concentration (ECsy) in 72h
was calculated by linear correlation using a log-normalized plot. The
72-h NOEC was also determined using Ecotox-Statistics software
(Japanese Society of Environmental Toxicology), as similar to the
Daphnia chronic toxicity data described above.

2.4. Medaka vitellogenin test and DNA microarray analysis

The medaka vitellogenin (VIG) tests were conducted using
three month-old male medaka. The fish were individually exposed to
methylparaben for 14 days in a custom-made flow-through system
with a 23-liter glass tank (two to three replacements per day).
The nominal concentrations of methylparaben were set at 40, 200,
1000, 5000, and 25,000 ug 1~ . The concentrations were selected based
on conventional research (Inui et al,, 2003; Alslev et al., 2005; Bjerregaard
etal, 2008) and our previous study (Yamamoto et al,, 2007a). At least five
replicates (n=15) were prepared for each exposure concentration. The
negative control without methylparaben exposure and the positive con-
trol with exposure to 0.1 pug 1™ 17@-estradiol were prepared for compar-
ison, in addition to female medaka without methylparaben exposure. No
solvent was used to prepare methylparaben or 17B-estradiol solution.
Artemia salina was fed twice a day during the exposure period of 14 d.
The light-dark cycle was set at 16~-h light and 8-h dark, and the laboratory
was maintained at 2541 °C. After exposure, blood was collected using a
capillary soaked in sodium heparin over ice. The collected blood was di-
luted with an assay buffer and centrifuged at 10,000 rpm for 10 min at
4 °C. The supernatant (plasma) was further diluted with the assay buffer,

and the plasma VTG concentration was measured using an EnBio VIG
analysis kit (Amersham Biosciences Co., Tokyo, Japan).

The DNA microarray analysis was conducted as shown in our pre-
vious paper (Yamamoto et al,, 2007a). Briefly, male medaka fish ex-
posed to methylparaben were used for DNA microarray analysis in
addition to the unexposed male and female controls. These fish
were dissected in RNAlater® solution (Ambion Inc., Austin, TX, USA)
to prevent the degradation of total RNA. Then, liver samples were col-
lected and stored in RNAlater® solution at — 20 °C until the total RNA
extraction processes from all of the samples were completed. The
DNA microarray used in this study was the Medaka EG1000 oligo
DNA microarray (its 4x2K platform was provided by CombiMatrix
Corporation, Mukilteo, WA, USA) manufactured by Ecogenomics,
Inc. (Kurume, Fukuoka, Japan), on which each of the 1000 oligo
DNA probes (35-40-mer oligo nucleotides) was spotted twice. The
hybridization of the Cy5-labeled target antisense RNA (aRNA) sam-
ples and the oligo DNA probes on the microarray was carried out for
16 h at 45 °C in the hybridization solution (25% formamide, 6xSSPE,
0.05%Tween-20, 20 mM EDTA, and 0.04%SDS) recommended by Com-
biMatrix. After the hybridization, the microarrays were washed and
scanned according to the CombiMatrix's hybridization manual, and
expression signals were quantified from each of the gene probes.
For data analysis, the signal strength data were then normalized by
the expression signal of a reference gene (acidic ribosomal phospho-
protein PO) within each of the microarrays, and they were statistically
analyzed using arraySTAT™ z-test software (Imaging Research/GE
Healthcare, Piscataway, NJ) with offset correction, outlier detection,
and p<0.05 (significance cutoff) to obtain expression ratio of the
methylparaben-exposed group to the unexposed group for each of
the genes on the microarray.

2.5, Individual and summational ecological risk assessment

For the individual parabens, predicted no-effect concentration
(PNEC) was calculated based on the ECsq and LCsq values for three
acute tests, the NOEC values for chronic toxicity tests, similarly to our
previous study (Yamamoto et al, 2007a). PNEC,cure and PNECchronic
were determined by dividing the experimental ECsq (or LCsg)
and NOEC values, respectively, by an assessment factor as defined in
the followings.

PNEC, e = (EC5q/LCsq0f three acute toxicity tests)/AF, . e 1)
and
PNECehronic = (NOEC in chronic tests)/AF gonic @)

where AF . iS the assessment factor for acute ECsg (or LCsq) from
each of the three trophic levels of the base set (fish, daphnia, and
algae). AFenronic is the assessment factor for chronic NOECs. In the pre-
sent study, an assessment factor of 100 was used for the acute results,
and an assessment factor of 10 was used for the chronic NOECs for
daphnia and algae based on the strategy of ecological risk assessments
conducted by Japan Ministry of Environment (2011). No assessment
factor was used for NOEC determined for medaka VTG induction be-
cause this biomarker is not directly considered as an adverse effect
but is apparently linked to reproductive impairment (Miller et al,
2007). As for the chronic data for daphnia and fish VTG induction, linear
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Table 3

Detected concentrations of seven parabens in urban streams in Tokushima and Osaka, Japan.

Methyl-paraben  Ethyl-paraben

n-propyl-paraben

i-propyl-paraben  n-butyl-paraben i-butyl-paraben benzyl-paraben

Tokushima sites

January Imagire River (St. 1) 185 28 24 <16 17 28 21
Tamiya Creek (St. 2) 191 64 150 26 34 49 0.7
Tsumeta Creek (St. 3) 8s 15 23 34 10 54 <0.2
Utebi Creek (St. 4) 676 59 207 57 27 8.6 1.6

February Imagire River (St. 1) 266 55 164 46 54 13 2.1
Tamiya Creek (St. 2) 108 21 47 32 13 38 17
Tsumeta Creek (St. 3) 106 6.3 40 26 21 2.1 <0.2
Utebi Creek (St. 4) 49 7.0 7.5 <1.6 55 14 <0.2
Yoshino River (St. 5) 93 41 58 <1.6 29 39 <0.2
Shinmachi River (St. 6) 171 64 146 <16 163 8.5 23

Osaka sites

January  Daini-neya River (St. 7) 199 <13 31 <16 0.9 <1.2 <0.2
Hirano River {St. 8) 80 <13 19 <1.6 0.7 <12 . <0.2
Sakuranomiya Bridge (St. 9) 38 <13 2.7 <16 1.0 <1.2 <02
Neya River (5t.10) 41 <13 20 <1.6 2.6 <1.2 <0.2

February Daini-neya River (St. 7) 60 10 19 <1.6 <0.6 <1.2 <0.2
Hirano River (St. 8) 118 12 13 <1.6 1.5 <1.2 <0.2
Sakuranomiya Bridge (St. 9) 31 <13 <0.8 <1.6 <0.6 <1.2 <0.2
Kyobashi Bridge (St. 11) 25 <13 26 <16 <0.6 <12 <0.2
Tenpozan Harbor (St. 12) 26 <13 <0.8 <16 <0.6 <1.2 <0.2

Unit: ng 171

relationship between the logarithm of toxicity values and log Dgw
(Dobbins et al., 2009) was assumed to fill the lack of the data for ethyl-
paraben, n-propylparaben, and i-propylparaben. Finally, the hazard
quotient was determined for a wide variety of measured environmental
concentrations (MECs) divided by PNEC,qyte 0F PNECehronic-

As for the additivity evaluation, two approaches were used in this
study assuming the additive effects of the seven parabens with simi-
lar chemical structure and presumably similar mode of action. The
one is the simple summation of the hazard quotients for the seven in-
dividual parabens. The other was the n-butylparaben equivalence
approach. ECsq, LCsg or NOEC values of n-butylparaben was divided

Table 4

by those of each paraben to estimate the factor of n-butylparaben-
equivalence for each paraben. This approach can be considered as
concentration addition approach often applicable for endocrine dis-
ruptors (Kortenkamp, 2007). The total n-butylparaben-equivalence
for the MEC was determined using the following equation.

(Total n—butylparaben equivalence)
= 2_(MEG) x (equivalence factor of paraben specie i) 3

where MEC; is the measured environmental concentration of the

Results of acute toxicity tests for seven parabens using medaka, Daphnia magna, and green alagae.

Algae (72 h-ECso)

Daphnia (48 h-ECso)

Fish (96 h-LCs0)

Our results Literature

Our results

Literature Our results Literature

Methyl-paraben 80,000 (NDY)

91,000°

Ethyl-paraben 52,000 (ND°)

18,000°

n-propyl-paraben 36,000 (ND®)

15,0007

i~propyl-paraben 48,000 (33,000-69,000)

3500 (3100-4200)

n-butyl-paraben 95007

i-butyl-paraben 4000°
3300°
Benzyl-paraben 1200°

2100°

34,000 (30,000-39,000)

7400 (6200-8900)

2000 (770-2900)

1900° (1700-2600)

11,200
41,100°
62,000°
24,6004
20,000-
50,000°
32,000°
18,700¢
15,400
23,000°
12,3009
30,000°
8500¢
'9200°
5300°
9800°
7600%
6600°
4000° 730°

63,000 (50,000-93,000) <160,000°

14,000 (10,000-19,000) 34,3004

4900 (3600-6700) 97004

4500 (3100-6800) 17,500°

3100° (2500-8200) 42004
4600° 6900¢

3300¢

Unit: pg 171

Range of 95% confidence level was determined and presented within the parentheses for the acute data.

2 From Madsen et al. (2001).

® Not determined due to the high jump in inhibition ratio.
¢ From Kamaya et al. (2005).

4 From Dobbins et al. (2009).

¢ From Terasaki ef al. (2008).

f From Yamamoto ef al. (2007a).
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Table 5

107

Results of chronic toxicity tests, medaka vitellogenin assay, and DNA microarray analysis for the seven parabens.

Algae Daphnia

Fish

Our results
(21 d-NOEC)

Our results
(72 h-NOEC)

Literature (10 d- LOEC
growth/reproduction)

Our results
{14 d-NOEC VIG)

Literature
(LOEC VTIG)

Qur results (14 d-LOEC
microarray)

Literature (7 d-LOEC
growth)

2400
[1600]
[1100]
[1200]
800°

1500*
2300*
400°
20007
3007

Methyl-paraben
Ethyl-paraben
n-propyl-paraben
i-propyl-paraben
n-butyl-paraben

21,000
18,000
7400
11,000
800°

600°
520°

640°
840°

200°
1007

i-butyl-paraben
Benzyl-paraben

160
[80]
{40}
(501
30°

20°
20°

<10 25,0007
17,000°
25007
90007

1000*

<9200°

2104

134¢
35002

. <4.0° 1700*

Unit: pg [~ Predicted values are presented within the parenthesis; Nominal values are italicized.

2 From Dobbins et al. (2009).
From Inui et al. (2003).

From Yamamoto ef al. (2007a).
From Alslev et al. (2005).
From Bjerregaard et al. (2008).

o

c
d
e

paraben specie i. Similarly, the additive ecological risk was assessed
for dividing the total n-butylparaben equivalence by the toxicity
value for n-butylparaben.

3. Results
3.1. Measured agueous concentrations of seven parabens

The lower limit of detection (LOD) and the lower limit of quantifi-
cation (LOQ) for each paraben are summarized in Table 2. The mea-
sured concentrations of parabens in Tokushima and Osaka sites are
presented in Table 3. As can be seen, the highest concentration was
found for methylparaben followed by n-propylparaben and ethylpar-
aben or n-butylparaben for most of the sampling sites both in Tokush-
ima and Osaka. Methylparaben was detected in all sampling sites and
events, and the concentration ranged from 25 to 676 ng 1~ ! while n-
propylparaben was detected from 17 out of 19 samples and the con-
centration ranged from <0.8 to 207 ng 1™ . Overall, the detected con-
centrations were higher in Tokushima sites than Osaka sites. i-
Propylparaben, i-butylparaben and benzylparaben were only detect-
able in some or all Tokushima sites whereas these parabens were
under the detection limit in all the Osaka sites.

3.2. Acute/chronic toxicities for aquatic organisms

Results of acute toxicity tests using medaka, daphnia, and green
algae based on analytical concentrations are shown in Table 4. The
ECso and LCsq values ranged from 730 to 80,000 pg 1™ 1. The ECsq or
LCsq values were lowest for daphnia except for benzylparaben among
three aquatic organisms. When comparing the toxicities of the seven
parabens, the toxicity of the most hydrophobic paraben, benzylparaben,
was the strongest followed by n-butylparaben or i-butylparaben except
for daphnia, which was similarly sensitive against benzylparaben, two
butylparabens, and two propylparabens. Methylparaben was least
toxic for all three species and the ECsy and LCso values ranged from
34,000 to 80,000 pg 1. i

Preliminary acute tests for the mixture toxicity were conducted
for methylparaben and n-butylparaben using daphnia and medaka,
and these results are shown in Figure S1. As can be seen, mixture
toxicity values (ECsq or LCsq) with the unit of n-butylparaben-
equivalence pg 1~ for both species are within the range of 95% confi-
dence level of n-butylparaben's ECs; or LCsg values.

Results of chronic tests (daphnia and algae) are presented in Table 5.
As can be seen, the chronic toxicity of methylparaben was much weaker
than butylparaben and benzylparaben for both species. Whereas the
NOEC values for algae and daphnia were similar each other for benzyl-
paraben and the two butylparabens, the NOEC value for daphnia was
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Fig. 2. Correlation between the log D, of the seven parabens and logarithm of their
{a) acute toxicity values (ECsq or LCsq) or (b) chronic toxicity values (NOEC).
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Fig. 3. Results of the medaka vitellogenin (VTG) tests for the methylparaben, butylpar-
aben, and benzylparaben. *p<0.05 compared with the male control, Values in parenthe-
ses are geometrical means of analytically measured methylparaben or n-butylparaben
concentrations.

almost one order of magnitude lower than that for algae. The relation-
ship between log Dg. values and acute/chronic toxicity values are
plotted in Fig. 2 and the chronic toxicity value of ethyl, n-propyl, and
i-propylparaben were predicted and shown in Table 5 within the
parenthesis. This plot is further discussed in Discussion section.

3.3. Medaka plasma VTG assays and DNA microarray analysis

Results of medaka plasma VTG tests are presented in Fig. 3 and the
summary was shown in Table 5 along with the other chronic results.
As can be seen, the plasma VTG concentration in male fish started to
increase after exposure to 780 pg 1~ ! of methylparaben. The apparent
NOEC values for methylparaben was 160 pg I~ (200 pg 1™ as nomi-
nal), which was significantly higher than 30 (40 pg1™~! as nominal),
20, and 20 ug 1~ for n-butyl, i-butyl, and benzylparaben (Yamamato
et al., 2007a). The plasma VTG concentration in exposed male medaka
became similar to that in female blank medaka at 24,000, 630, 500,
and 500 pg 1™ ! methyl, n-butyl, i-butyl, and benzylparaben, respective-
ly. Again, the relationship between log D, values and NOECyy values
are plotted in Fig. 2b and that of ethyl, n-propyl, and i-propylparaben
was predicted and shown in Table 5 within the parenthesis.

The significantly up-regulated or down-regulated genes in the
medaka DNA microarray analyses are summarized in Table 6. The
Jowest concentration series in the methylparaben test (10 ug 1~ 1) in-
duced the significant up-regulation of 13 genes including estrogen-
responsive genes such as vitellogenin 2, choriogenin L, choriogenin,
and estrogen receptor ¢ as with the positive control while 10 genes
were down-regulated.

3.4. Screening level ecological risk assessment

Hazard quotients were determined for both Tokushima and
Osaka sites for all individual parabens in Fig. 4a. These values were
summed and also presented as “Tparabens” in Fig. 4a. As can be
seen, the hazard quotient was the highest for n-propylparaben fol-
lowed by n-butylparaben and methylparaben. The highest MEC/
PNEC value for individual paraben was 0.010 for n-propylparaben
while that for “Iparabens” was at most 0.017.

n-Butylparaben equivalence was determined for the seven para-
bens from the experimental or predicted toxicity values in Table S2.
Based on these factors, the measured concentrations of seven para-
bens were converted into n-butylparaben equivalence and MEC/
PNEC value was determined for acute/chronic tests for three aquatic
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Table 6
List of up-regulated and down-regulated genes in medaka DNA microarray tests.

Descriptions of significantly Accession  10pgl™!meanratio 0.1pgl™!
affected genes number (methylparaben/CTL) mean ratio
(E2/CTL)
Up-regulated
Adult beta-type globlin ABO80120 53 23
Apolipoprotein E AJ457362 35 19
{Oplegnathus fasciatus]
Choriogenin H D960 2.7 17
Choriogenin H minor AB025867 37 320
Choriogenin L (cds) AF500194 18 120
Embryonic alpha-type globin AB026052 7.1 20
Embryonic beta-type globin ~ AB080118 8.1 1.7
Estrogen receptor alpha AB033491 83 21
Glyceraldehyde-3-phosphate  AU179061 24 1.7
dehydrogenase
[Rattus norvegicus]
HMG CoA-reductase EF537031 34 16
(HMG-CoA), partial cds
Neural precursor cell Bjo01162 55 74
expressed, developmentally
down-regulated 8 (NEDDS)
[Homo sapiens]
Seryl-tRNA synthetase BJ489333 4.4 7.8
(SARS) [Homo sapiens]
Vitellogenin 2 AB074891 33 77
Down-regulated
Annexin max 2 Y11253 023 0.86
Beta-alanine synthase AU179036 038 0.50
[Rattus norvegicus]
cdc42 homolog precursor BJ492759 0.35 0.09
[Salmo salar]
Cytidylate kinase (pig) AVGEOE28 037 022
KFH-R ABOO1504 037 037
MCBAST3, astacin like AB256947 035 ND
metallo-protease
Reelin ABO72425 044 0.12
SH2 dornain containing AVE638553 0.29 031
4B [Gallus gallus}]
ZPC domain containing AF128812 0.38 0.18
protein 4
ZPC domain containing AF128813 042 0.17
protein 5 .

organisms as shown in Fig. 4b. As shown in Fig. 4b, the maximum
value was 0.018 for daphnia acute tests with assessment factor of 100.

4. Discussion

The detected concentration of parabens in the present study in
Osalka sites (Table 3) was at most 199 ng1™! and was comparable
to the reported concentrations in surface waters (Kasprzyk-Hordern
et al., 2008; Jonkers et al, 2009; Ramaswamy et al, 2011). Some of
the sampling sites in Osaka were affected by the effluent of WWTPs
such as Sts. 7, 8, and 10 (Fig. 1), where relatively higher concentration
was found. For the other sites, residual of parabens are sufficiently di-
luted or eliminated. Parabens are found to be highly degradable in
WWTPs (Lee et al,, 2005; Yamamoto et al,, 2007a), moderately persis-
tent in the river water (Yamamoto et al,, 2007b), and only benzylpar-
aben is easily photodegraded (Yamamote et al, 2007b), which
resulted in relatively low concentrations detected in Osaka sites,
where more than 90% is with sewer system.

In contrast, the concentrations found in Tokushima sites (i.e., max-
imum of 676 ng1~") are much higher than the reported values in
surface water (Kasprzyk-Hordern et al., 2008; jonkers et al, 2009;
Rarnaswamy et al,, 2011). The detected concentrations in Tokushima
sites are rather similar to those reported in effluent or even influent
of WWTPs (Paxeus, 1996; Lee et al, 2005; Canosa et al, 2006b). The
selected urban creeks, especially Sts 1 to 4, are highly contaminated
by treated or untreated domestic sewage with no sewerage system
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Fig. 4. Results of the preliminary ecological risk assessment for (a) seven individual parabens and their summation, and (b) n-butylparaben equivalence-based approach for three
aquatic organisms (green algae, daphnia, and medaka) using acute and chronic toxicity values and the measured environmental concentrations in Tokushima and Osaka, Japan.

in the watershed area but approximately 40% of residents are
using septic tanks. The reported concentrations may represent the
hot spot contamination of parabens in streams in residential area
with no sewer system both in developed and developing countries.
In our previous study (Yamamoto et al, 2007b), butylparaben and
benzylparaben were found to be moderately accumulative in river
sediment (i.e., Kq is less than 100 Lkg™1), and the significant accu-
mulation of the less hydrophobic methyl, ethyl, and propylparaben
is unlikely.

Acute toxicity of parabens for three aquatic organisms was also
examined in this study for four parabens in addition to our previous
studies on three parabens (Yamamoto et al,, 2007a). As can be seen
from Table 4, the acute toxicity of methyl, ethyl, and propylparabens
was comparable to the previous studies such as Madsen et al. (2001)
and Dobbins et al. (2009). The linear relationship between log Doy,
and logarithm of ECsq or LCsq was also clear for all the three aquatic
organisms (Fig. 2a). Some antimicrobial agents such as triclosan and
triclocarban are specifically toxic for algae (e.g., Tatarazako et al,
2003) but the similar phenomena were not observed for a class of
preservatives, parabens. As for the mixture toxicity, our preliminary
acute experiments suggest the applicability of the concentration (or
dose) addition assumption as discussed by Kortenkamp (2007) for
endocrine disruptors.

Chronic effects of methylparaben were investigated in present
study in addition to the three parabens as reported in our previous
paper (Yamamoto et al,, 2007a). Some of these data are in screen-
ing level because the nominal concentrations are used instead of
analytically measured ones to determine toxicity values. Parabens
are not so persistent in the static system and the applicability of
those values based on nominal exposure concentrations is limited.
These tests were not conducted for ethylparaben and propylpara-
bens because of the limitation of cost and time but the relatively
high linear correlation between log D, and logarithm NOEC
(Fig. 2b) can provide acceptably reliable estimate of the toxicity
values of these paraben species. Dobbins et al. (2009) presented
poor correlation between logarithm of the daphnia reproduction
NOEC and log P but their duration of the exposure was 10-d in-
stead of 21-d recommended in OECD No. 211 for D. magna
(OECD, 2008). D. magna starts to deliver neonates after 7 to
8 days old and the 10-d reproduction is the counting of only first
(and possibly second) brood, which may be unstable and therefore
make it difficult to observe any significant effect. Our results also
had deficiency in the volume of chamber, which may slightly af-
fect the reproduction of daphnia although the DO concentrations
of the testing solution were carefully checked at every replace-
ment of testing waters.
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As far as medaka VTG induction is concerned, the literature LOEC
values for n-butylparaben (Alslev et al, 2005; Bjerregaard et al,
2008) were much higher than our NOEC values (Fig. 3, Table 5)
but our dilution factor was 5 and the LOEC values were similar
each other. Inui et al. (2003) did not investigate even lower concen-
tration of propylparaben and the results are not comparable. The
NOEC values for medaka VTG was one to two orders of magnitude
lower than those for daphnia reproduction and algal growth,
although the VTG induction is a biomarker and not directly means
the “adverse” effect. The lowest methylparaben concentration of
10ug1™" even provided with significant up-regulation of some
estrogen-responsive genes such as VIG 2 and CHG L in the cDNA
microarray analysis as similar to what we found for benzylparaben
in our previous study (Yamamoto et al, 2007a). The induction of
these estrogen-responsive genes could potentially affect the repro-
duction of medaka fish in full-life cycle or multigenerational test al-
though the bioconcentration of methylparaben is limited compared
to benzylparaben, which is considered as more hydrophobic. Several
other genes are up-regulated or down-regulated as presented in
Table 6 but further dose-response relationships need to be exam-
ined to confirm the relevance between the exposure to parabens
and the targeted responses. The measured environmental concentra-
tions of methylparaben is still two to three orders of magnitude
lower than 10 pg 1! while the maximum concentration of benzylpar-
aben reported (1pg1™! by Paxeus, 1996) was comparable to the
previously reported LOEC for the microarray analysis of 4.0 pg1™!
(nominal value).

The individual ecological risk assessment for seven parabens
suggests the sufficiently low risk of all the paraben species
(Fig. 4). The highest risk was observed for n-propylparaben and
the maximum and median MEC/PNEC was 0.010 and 0.0010, re-
spectively, followed by n-butylparaben and methylparaben. Our re-
sults are slightly different from the results of probabilistic
assessment conducted by Dobbins et al. (2009) using the 95 per-
centile of the limited sets of the detected concentrations of the
parabens (e.g., Benijis et al, 2004; Lee et al, 2005; Kasprzyk-
Hordern et al,, 2008). Dobbins et al. (2009) presented the highest
hazard quotient of 0.00023 for benzylparaben followed by i-butyl-
paraben (0.00011) and methylparaben (0.000090). The summed
hazard quotient of Dobbins et al. (2009) is slightly lower than our
MEC/PNEC (maximum of 0.017) mainly because of the use of
NOECyr¢ and assessment factor of 100 or 10 for acute or chronic
toxicity, respectively.

The n-butylparaben equivalence approach slightly changed the
final MEC/PNEC value and became at most 0.018, 0.0099, and
0.0084 for daphnia acute, fish acute, and fish VTG induction test.
The slight difference was probably attributed to the slight discrep-
ancy of toxicity values for each paraben from the linear regression
line shown in Fig. 2 and the slight difference in the dose-response
curve in each paraben. This concentration addition approach is
probably useful for the reasonable ecological risk assessment for
structurally similar, presumably physiologically similar, group of
PPCPs.

The use of detected concentrations in highly effluent-dominated
urban streams in the present study may also provide more reliable
and comprehensive ecological risk of seven parabens. Even though
the sampling sites are highly affected by treated and untreated do-
mestic sewage, the risk level was far below the trigger level for the
further collection of the relevant information (i.e., 0.1) suggested by
Japan Ministry of Environment (2011). However, this work lacks reg-
ular fish chronic tests such as early-life stage tests and the chronic ef-
fects of ethylparaben and propylparaben on daphnia were predicted.
Furthermore, the concentration of parabens in surface water could be
higher in extremely effluent-dominated streams in semi-arid or arid
area or dry season and become the order of 1 pg 1™ because the con-
centration of parabens in influent or effluent of WWTPs becomes

micrograms per liter level (Paxeus, 1996; Lee et al, 2005; Canosa
et al,, 2006a, b).

Further detailed study may be necessary such as large-scale mon-
itoring in the highly effluent-dominated streams all over the world in
full season and chronic toxicity tests including partial or full-life cycle
tests for fish because this class of compounds are weakly estrogenic
and could affect the reproduction of vertebrates such as fishes.
Further investigation is also necessary for synergistic effects for mul-
tiple paraben species and the other antibacterial agents such as triclo-
san and triclocarban, which are found to exert higher ecological risk
than parabens (e.g., Ramaswamy et al, 2011; Brausch and Rand,
2011).

Supplementary materials related to this article can be found on-
line at doi;10.1016/j.scifotenv.2011.08.040,
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