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Gorge Reservoir (TGR) has raised increasing concern. In the present study, we investigated the combined endocrine
disrupting effects of benzo(a)pyrene (BaP) and di-(2-ethylhexyl)-phthalate (DEHP) on the Chinese rare minnow
(Gobiocypris rarus), a type of endemic fish distributed in upstream of the Yangtze River. Adult rare minnows were
exposed to BaP (0.1 or 1 pg-L™"), DEHP (10 or 100 wg-L™") or a mixture of both (BaP+DEHP: (0.1+10), or (1+
100) pwg-L™") for 28 days. Results showed that no significant difference of sex hormones or gene transcription was
observed by exposure to BaP, DEHP alone or combination in males. However, in the BaP+DEHP co-exposure ((1
+100) wg-L™") group, plasma concentrations of 17B-estradiol (E2) and testosterone (T) in females were significant-
ly altered, exerting synergy toxic effect. In addition, combined exposure to BaP and DEHP ((1+100) pug-L™")
caused increase of plasma T levels and T/E2 ratio in females compared to BaP or DEHP exposure alone, sugges-
ting an additive effect when BaP is supplemented with DEHP. These altered sex hormones in females were accom-
panied by modified gene transcription of f3h, vtg, cypl7, 17B-hsd and cypl9a. It should be noted that the observed
alterations of sex hormones and gene transcription occurred mostly in the high-dose combined exposure group ((1
+100) wg-L™"), which are higher than the concentration detected in TGR surface water. Therefore, it is suggested
that environment concentration of polycyclic aromatic hydrocarbons and phthalates alone or in combination might
not disturb the endocrine system of the rare minnow in the TGR.

Keywords: benzo(a)pyrene; di-(2-ethylhexyl)phthalate; Chinese rare minnow; Gobiocypris rarus; endocrine disrup-

ting effects; risk assessment

RATIRM & — 0], R E K R
T, HOK RS 5 B AATA 06 BB A OG, KA
AR VKRG P A Z A HLTS e, B,
LB2K — W R ik (phthalic acid esters, PAEs) , £ ¥/ 75 &
(polycyclic aromatic hydrocarbons, PAHs)F1 £ IR B4
fik(polybrominated diphenyl ethers, PBDEs)%:

SRR Z R FE(PAEs) , X FRBRAR Mg, )iz v T
SRR i At B B Atk L E BT R
FIFAR 2GS T b BEE 2551 & & , PAEs 1Y
77 AV S AN S, B8 Al 43k PAEs 196
T 800 5t i E & PAEs i i Rk
#2010 4%, 1 [# 9 PAEs fifi FI 2 5 i5 136 J7 t, 5
2015 4F  Hr[E PAEs AE S FHEIG K T4 7.7% %,
TEBKFREE b, SR — 1 iR — 2 K& C B (di-(2-ethylhex-
yl)phthalate, DEHP) & H §ij i F 5 o0 712 19— Fp i
TR IEYAT] 76 [, DEHP 4F 7= 4 5 PAEs 477 i
1) 80% LA 1P PRI bk 2 TR R s v A 32 2 19 3 S )
HTii, DEHP C 7F 2R IEAE W40 ot v LA BT A 3
YIFNZE B IR DRI HH A [ R B AR i 2 A
EH T Z A NLTG G, Kt DEHP 1Y 8 PEWF 5 45
K], DEHP BA A5 81k R REIE R R 1 |
G REBEIE KB RS 2R,

Z I T7 1 (PAHS) & — 2 IZ A1 TR i
GIRGE 7/ = S SV SRl IS UE X AWy S RN e
FAVIHEATE R B = R Y o — i,

TERRMR I LR K 55 F SR B vh i m] 7= A=
PAHs, PAHs ] DU JRORHHEOR A il it s 25 i A2
BEAEHATKAR T A AT DLE s RSAE GRS
[ R R TG Jek AR, i EDK RS H PAHSs 75 49 IR 4
L3y SR i e SN R SO/ TR 7 AR/ TR 4D S SURTI N/ T8
SEKARTTRR Yy v 44 0O W] 5 B2 PAHS® ™, JF
H PAHs S ik 8] 12.9 pg- L7 K If
(benzo(a)pyrene, BaP)J& PAHs H i AR M iy —Fh
TSR, K AT o7 el A S R] BESE R R 3R o
], BaP ANUESRBUR Y, I 2 1R B | 25 728 5] A
WA T o AU P 3R e 0 Il 45 32 498 F
B RGEABGIER], T H 5 A RAEIRES R 1Y &
AU PEiE Z 5 E , BaP B HUMEiK
RIGPE, 2 E 2 FL 30 KR S5 B AT R
S A EIE"

TESEBRK I TS Qe F AR A — A1, BT LER
— W) B B REPERT 5T O 2 e o8 4 S LA PR Y
W, 2 el Z MY BUR & J5 0 o KRR
A FRAREVERYIR S AE T . PRI & B 12800 BE %
SNNAER | EL S M RN T e ) R AR B AE
FARSERY | — 8 a3 Sy Up[R)VE T A T s A
AEEHUEH . YRS E R R T H b &5
Yy o SRR P M 0 S RN B AR P [R5 2 D B
Yyl B A7 AE I B A FH A 25 340 40 VIR
) A S BRI FRAE FH 5 1 e 7V 8 3 PR AR A0



46 1

FHB IR IR WL —.(2- L AL O k) e 52 & 2R 8 X0 A A 0 0 114 A 20000 - I8 L T 5 95

VER (H S T H A BRI R W et s fh B E IR 1Y 23
YIS AE I RN T b & 1 W i o PR VR T 25
PRGN, XTI R A 1 Pk 20 B B B B A
FHE 12 WA e B i AR 7Y (concentration addition,
CA)FIRL N AR R (response addition, RA), FHrfr,
CA JEIRA W B PR v A B 22 09 7 125, el o2
TER G YRR I PN BT ;1 RA 2R G Y HH
S3 USRI TR G ) v 45 20 53 A A AR b 2t S AR
FHEASSZ e oA B i) vk 3l TS 3G AR .
SERTIIFFE 45 R R, Z I FEIX 1Y) PAEs Fl PAHSs 1)
LR35 196 ~7.81 F10.23 ~0.99 pg-L™", Jtfx
TR 2 KAWLy EEEWMMRT
PAHSs (AR Y BaP X 7 A il 4l (1 P 73 0 T 3 5%
Ny, ZE R R0 BaP %% 58 AN 23 5 ) fa A PN
FHEL A 7K H X TR K IR R 2R A
B[R I AR XTESA (0 2R S IR AN A, 5
T PAHs Ml PAEs 74 1T._[ g /K 44 v JL R 77 78 1) %
WFSL, “HBA R IR E T LIFS WA a2k
M SRR, P, BF o 8 IR G ZR R 1Y B 3
SN AR R L
FERRBRAAFAT rh Vi B A T 2 F S S 50 Y G
S e YO R — A T I A5 R R A B KT 52 TR
Z ] o AHFEAS ] A e v o B A B I B AR
— S22 5], B NFE 2B b T YR KT
P B — e R A5 0 B8 ) B 5 7 7 T i
o TS QR BE KT 11 B — e LT R B
BEAN  FE IS RS PEU AT Hp | AR BE 118 13 8 DA S
PRINEFE NS % SR JE 4% L R G . A S5
VEHE TR ITK I 2 R (X375 444 DEHP
BaP, D\ SEFRIF 35 H BaP Al DEHP 7 VT L Ji# H 19
ROV A 2 AR R IR T 2 A YAt
FERIE BL T X A7 i S PN 2 s TR AkN; . 2B A
DT Fi AT B B TR A 38 5 , T R AKOF, DA
KT B -3 A -4 AR 4l (hypothalamic-pituitary-gonad-
al, HPG)AH G A R JH e i B 1 £ 11 5 (vitellogenin,
VTG)H:H A% 5K F, LLPEH BaP Fl DEHP X fi A
fif SRR I PN A3 U TN, SR T 22 s Yy e
S IR i 2R A A i SRR AR

1 ## 57 % (Materials and methods)
1.1 ARSI

ZRIF 1B (BaP, CAS:50-32-8) MIZB 2K —HI iR — &
B (DEHP, CAS: 117-81-7) 1 [ 25 8 AccuStan-
dard 7~ ), Bhigs 77 — B LA (DMSO), 1 FH 52 [

Amresco A Fl, WAMEG I TARZE I EE (d12-BaP)
SARERIE iR — £ L C iR (d4-DEHP) 73 1| F 26
& Supelco 1 AccuStandard 23 7], RNA 2 B 7
(RNAiso Plus reagent) Fl 3% % 5% i 1| £ (PrimerScript
RTreagent Kit)llg H 1 [ Takara /A 7], 2¢)6E mid )
& (SYBR Green PCR Kit)ly] [1 H /K Toyobo /A #],
Tl 11— P g IR 4 28 12077 & (Testosterone EIA Kit I
Estradiol EIA Kit)l4 [ 3% [E Cayman 2~ ], HAB A
WA A o bl
1.2 A g S0 %) ) 5 D 2% B S5

B A il Gobiocypris rarus) e 37 18 4 16 Pk 7%
1 H RSB B K OGRE R 16 ho s 8
h, KR AERFLEQ5 £1) C |, T 5% 0 (] 43 R £ EAH R 2
U, T b/ INURE ) it TR AN M A Y 4R gl ol
T SCI T AT R AR A AP (7 %) DL
FRSSRATERA 20 L KGR 9IER 2 i, A G
HOHCE 8 SRR 8 SR et B RV IR 22 4 TEDRLFN
Het Y, & e FA S 55 8% T 0 \BaP(0.1 .1
pg-L™") . DEHP(10.100 pg-L ")l BaP+DEHP((0.1+
10) .(1+100) wg- L™ )AYZRZE W 1 28 d, 5 588 45 Al
— R AFIER R S a2 5, 268 2 A
X} HRZE H DMSO 244k B2y 0.001% (R L),
MRBEALEE 3 A FATHL, 28 W1 1) A R 4 12 1)
FEEW ., 28 d J7, 1 0.03% I MS-222 5 fa Rk i, Jf:
FHUEARW T, PR 0 s AR IR R i ] T
WERME . OB AP RO TR 8, TR A
HBEE A R, RAF T -80 C R, I 48 b
AITHRIEINT

K=m/L*x100% 1)
BSI=m,/mx100% @)
GSI=m,/mx100% 3)
HSI=m,,/mx100% @)

Ao K MM T, m AIRHE (), L A1AK (cm), BSI
IRGHE R, my R (g), GSI AMERRAE S, mg Tk
Ji 5 HST W FIEFR £, my, IHFIE BT ().
1.3 fb2#5r#r

TEFRFRIEE 3 KA 7 K, 50 5 B 88 i B
K S5 7KAE 200 mL, JRAF T T A B B, 22 0.7
pom B AT Y i R U AR A R, A B 1
WAMES Y, 7KEER BaP M DEHP (14142 77 1%
S kS %5 Z R ng SCEkt ™™ . DEHP F SILICA/
PAS B¥ISIR A SPE /M & 4 (SPE /METI /e H —
ARG NG FHEAKAR K TG AL , T 35 i 7E 6 ~ 8
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mL-min™', JKAEE L EH, B R T 30
min, 28 J5 FH CIEBEIG , 18 i 7 — T WS 4 381 34 i 3%
B, S AR E T, 55 A 0.1 mL R
i HFRE G 0,4 CORFEREIN, BaP FH C18 LB
SPE /M 5 (SPE /INVEE 56 40 F e Y BRI
ali K54k, FEMKAERL 5 mL - min™" (97 S 0%
FRIR C18 /INKE , 7K B 4R 56 BR FL 23 il U8 30 min i
FETH . AR5 P A e e it , DR — I e 4 5
TP, maAl AR EE R T, 5 A 0.1
mL ZHEE AAMEE Y 4 CHAZR, ARBFFEA
FHACH 3% 5 3% 356 1A (Agilent 7890A-5975C) 43 Hr
T 2 R 45 Ab P 21 % K A BaP il DEHP ()
SRR T, FRR P AT RN AS AR R 47 5 e 45
il AR4E d4-DEHP 1 d12-BaP I Mikx 71 4 243 5]
1E 89% ~106% F193% ~115% Z[a],
1.4 PEERWhEE S50 e

BRBEEHG  MS-222(0.03% ) JFE e S5 16 £21, IT J2
Fellil, &2 SR G — &AM — 1T,
AR L EHE 04 4 ASFAT, 7E4 °C .7 000 remin™
MBS min, BUEYE 10 pL T HEEE K
W, MEMARES R Guo Z K, Bl RE
fn(10 pL M) I A 390 wL Milli-Q 7K, i i€ IR
A1, HHINA 2 mL 0 IRAARS), T4 C
5000 r-min' .0 10 min, B i, HH2 mL &
Bk 4% D3R 5 e — kK 2 AR S I s A
PP AT e, HASRR TG R T-80
C ., FrFESh I & 120 WL EIA buffer % fi#
F421® Cayman Chemical Company 2 F) [t 52 il A1 5 —
P 751 6 10 I G 0 e 3 2, R e SR G

R1 EMIERTE

FRA 6 pg-mL™", # —EEA KBRS 19 pg-mL™",
1.5 SmZOLER PCR

W I s AN ] 2H 2L (BRSSP AT 1R 2 R T A o
I E RNA $2HL 2lifl 72 5 5 cDNA & ik
Z: 18 Wang S 5L, kL R 4] DNA /75
e R AY S RNA FH RNase F1 DNasel #£171H
eIt aife, 466 BE I 5 A Al 7E 260 F1 280
nm T PYWOGAE, [RIES H 1% B9 B g Ak o5 Je v Ik itk —
AR RNA BOHEE BT wg & RNA 47 R kA5
#| cDNA, JH SYBR Green 1 JeRl X H by e K 17
SE K (ABI 7300, Applied Biosystem, USA), S
MAKZ K 20 pL, i 6145 SYBR Green PCR master
mix (Toyobo, Japan) 10 wL ,ROX 0.4 pL.5 pmol-
L7 E R L5144 0.5 pL f2 cDNA 1 pnL H17.6
pL ddH,0, SZifsE R PCR B8 95 C HiZZ 1 10
min;95 °C A5 30 5,58 C & 20 5,72 CHEffi 1
min, 40 NMEH, WSEEHERE B-actin, N} H ik
LR 5| 9 7 5 38 3 B Primer 5 (http:/www. pre-
mierbiosoft.com/primerdesign/) ¥ 11, 5| ¥ J¥ 51 WL %
1, FrAFEs e kil 2/ 085 3 I, Bk 3 41
fTo LA 272 2315 B A 3% 1 mRNA (1 #XT R
KR
1.6 HAaabs 55ty

PR B B s bR iR R . BT Kol-
mogorov-Smirnov J7 15 A I A 4 19 1F 25 P, il 0
Levene s £ %6 J7 15 73 B B4 1Y 75 22 W) vk, £5c 40 6
S5 2= A B, 48 SPSS 13.0 #{4(SPSS, Chicago,
IL, USA)ifi it Dunnett” s £ 56 % £ E 17 S & 7
Z43HT, 24 P<0.05 B, Bl FRORA i B

£ PCR EH 3%

Table 1 Primer sequences for the quantitative real-time polymerase chain reaction assays used in this study
51975
R e .
Primer sequences
Gene GenBank No.
1F X Forward % X Reverse

B-actin EF597101.1 CTGCTATGTGGCTCTTGACT CAGGTCCTTACGGATGTCG

Ih KC464361 AAGAGGGCTGTCCGAAAT CCACCGGGTACGTGATAT

fsh KC464360 AAGAGTTTACCGTAGCCC CAGTCTGTGATGTCCGAGTT

vig JN004056.1 AGGGAGTATGCAGGACC CTCAGTGTATGCCAAACCAAT
ceypl7 JN858107.1 AGGGACCCGAGTCATTAT GGGCAGCACAAACCATCAC
17B-hsd KF740472 GAGTGTGAGAGGGCTCCATAA CCCAGCAGATTGACATCCAG
cypl9a GU220394.1 GGCTACAAAGTGAAG GAACGGCTGAAAGAAACGAC
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2 Z55 (Results)
2.1 Z#Z/K BaP A1 DEHP 305 &

72 IR (5 3 RANEE 7 R)KEEH BaP il
DEHP ()& &t ol k25 7 . Z &% /K BaP fil DEHP
MYSEPRMREEANZR 2 i, i 1 5 (R UL, J5 45
2 SORBEFIR
2.2 JEARETERR

T A i T 28 2 e bn A2 A N 3R 3 s, e
PESZEG 2 b BaP F1 DEHP Pt 5 55 X 5 A fifd 8 f1y
B FIEPR I AAG W 520, 78 BaP Al DEHP &
IR TR Y RN T A0 %) 4 $i(P<0.05) s 7E
HErELH T, HAA7E 1 wg-L™' BaP 1100 pg-L™' DE-
HP & Z 360 7 # A S 6 A +5 $0(P<0.05) .,

2.3 IR PHEREER K

BaP il DEHP Sl 22 5% T, WP 0 A4 7 A5 fif
B MR K R W AR (B 1), FEEfa
&N,1 pg-L™ BaP+100 pg-L™' DEHP & & % H
I 2% Ff S2R(T) B 2t 5 00 B2 S 45 F Sl Ak 401 A
L TR (A 1(a)) , (H ISR ol — BE(B2) & i 5
Xof BRZF A PGt 35 PR R AR (T 1(b)), TER & 24
W HEPE R A I 2 Y T R B2 KRR
R A 1(c), (d), T/E2 EMRER 74 1
AR FEAR, FEMEMAY 1 pg- L' BaP+100 pwg-L™
DEHP 417, Ifil 3% T/E2 5% B 40 A48 A9 2R 4b
PR AR L 1 5 25 T s (P 1)), T £ %) R B 2
5%t BEZH AR AR TG P22 (L 1(D).,

2.4 RHFERIK
XA ) HPG i AT E o oAH G JE R R AT T

R, 25 R0, 5 X B A L, e 1 0 178-
hsd 3L iR AE BaP Fil DEHP P 52 55 i ¥4 76
F2E5(F 4), 500 100 pg-L™' DEHP b3 R R
T cypl9a S MKk (K 4), (AR ETHE T £h
cypl7 INFRIRH (R 4); SXTIA M, 5 REN 1
pg-L™' BaP+100 wg-L™' DEHP 41, fsh vtg. cypl7
F1 178-hsd FERFE R B LT 1.62.2.73.1.96 F1
128 15(3% 4), cyp19a W B E T T -156 f5(3 4),
TEPERR AT SRR SCSE R | 3k cypl 7, 17B-hsd I
cypl9a HyFihHAE BaP \DEHP P BRI N —H
GBI FTC 2 5 (3R 5); Ih I RIA TR
BaP Fl DEHP Fph B 5% T 400 W & ek 48 | e — 3%
HERBRHWEA P, IR RE D EETHET
-1.52 f%5(3R 5), vig LR FRIAEFE 100 pg-L™' DEHP
AL PRZE AN 1 wg- L' BaP+100 pg-L™' DEHP &
BALA T M LI T 148 £ A1 1.81 53R 5).

3 132 ( Discussion)

ZHIRZ B 5 AR h e s — AL S YR 2 13
PR AR SLBR KIS T AL B W IEAS R —AF
7, PRI — 4 B PP A BB 56 4 i i LA PR 858 v i
K, FEABEIE T, 23 Db B R A A e
fity A A X G , P T VT i K Bl 32 2 R
YeW) BaP Fl DEHP 3L [F] 77 75 I (14 5 58 P4 732+ 40
BN, SEERATI T AR S TR A AR AR RN R
FKF-F1 HPG il S R P oA G FE I i R ik i, SE
45 L3R W], BaP [ DEHP FfL1 2 75 B ) 475 A7 i) S04 38
REmAEREFEEAR IR EEm HWNEE A

®2 FIAGC-MS K& AMNESREBATEHFIE (BaP) MPE_RKR " (2-2ECE) B (DEHP) Bk E
Table 2 The measured concentrations of benzo(a)pyrene (BaP) and di-(2-ethylhexyl)-phthalate

(DEHP) in each single or co-exposure group by GC-MS analysis

T AR B E (pg- LY
BaP DEHP
Exposure groups Norminal concentration/(pg-L™")
Solvent control (SC) <LOD <LOD
0.1 0.03+0.01 —
BaP
1 032+0.01 —
10 — 3371021
DEHP
100 — 37.73+0.72
0.1+10 0.03+0.01 328+0.17
BaP+DEHP
1+100 031+0.03 36.15+124

T SRR L I PR ER IR —FOR BEA I, LOD WA IR

Note: Data are expressed as mean+SEM; — means not detected; LOD means limits of detection.
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Fig. 1 Effects on levels of serum testosterone (T), 173-estradiol (E2) and T/E2 ratio
in rare minnows after exposure to BaP, DEHP and BaP+DEHP
Note: Data are expressed as mean+SEM; there are 4 replicates in each exposure concentration;

different letters indicate the significant difference among the exposure groups (P<0.05).
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Table 4 mRNA expression of related genes in HPG axis and liver of female rare
minnows after exposure to BaP, DEHP and BaP+DEHP for 28 d

0 0.1 wg-L™! 10 pg-L7! 10 ug-L™! 100 pg-L™! 0.1+10) wg-L™! (1.0+100) pg-L!

BaP BaP DEHP DEHP BaP+DEHP BaP+DEHP

Ih 1.010.11 1.00+0.06 1.09+0.10 1.15+0.04 1.11£0.02 1.12£0.03 1.07£0.12
fsh 1012007 1.00£0.99 1.05+0.11 1072015 1.4520.08* 1.1520.14 1.61+0.13*%
vig 1.0120.06 1.1520.03 1.1620.02 148+0.09 1.82+0.08 1282003 273£027*
cypl7  100£0.04 1.0420.11 1.1820.06 1.1620.12 1.2820.08* 1.0520.10 196+0.12%
178-hsd 1012005 1.0020.03 1.1020.04 097+0.08 1.1620.02 0.99+0.08 128+0.03*
cypl9a  101£007 0.90+0.06 0.88+0.03 0.81+0.03 0.76+0.05* 09120.07 0.64+0.06*

T LIRE R LI E AR EIR IR  * R P<005,

Note: Data are expressed as mean+SEM; * P<0.05 indicate the statistically significant differences.
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Table 5 mRNA expression of related genes in HPG axis and liver of male rare

minnows after exposure to BaP, DEHP and BaP+DEHP for 28 d

0 0.1 pg-L™! 10 pg-L™! 10 pg-L™! 100 pg-L™! 0.1410) pwg-L™! (1.0+100) pg-L™!

BaP BaP DEHP DEHP BaP +DEHP BaP+DEHP

Ih 1.00+0.04 1.06+0.10 1.06+0.12 1.07+0.08 0.93+0.06 091+0.09 0.66+0.03*
fsh 1.00+0.04 120+0.09 1.16+0.11 1.05+0.07 1.05+0.08 1.19+0.09 1.09+0.15
vig 1.00+0.03 0.99+0.14 1.01+0.12 136+0.17 1.48+0.09* 1.16+0.02 1.81£0.13%
cypl7  101£0.08 1.05+0.06 1.04+0.08 0.98+0.07 1.030.11 1.00+0.03 0.99+0.03
178-hsd ~ 1.00+0.04 0.99+0.03 1.02+0.08 0.98+0.06 092+0.07 1.010.12 0.96+0.04
cypl9a  1.00+0.04 091+0.02 091+0.08 0.87+0.11 0.80+0.07 0.80+0.04 0.78+0.06

SRR R USE Y E bR IR F R | * /R P<0.05,

Note: Data are expressed as mean+SEM; * P<0.05 indicates the statistically significant differences.
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