== MM,
20184 H13 % CE O I S Vol. 13, 2018
6 1,97-106 Asian Journal of Ecotoxicology No6 97-106

DOI:10.7524/AJE.1673-5897 20180305002

WP, SRR, VLA AT BERI R X D S £6 ST RS2 WAL A A2~ BETE (0], AR ASTR B4, 2018, 13(6): 97-106

Yao D, Wu H, Jiang M. Effects of perfluorooctane sulfonate on the liver metabolism of Danio rerio [J]. Asian Journal of Ecotoxicology, 2018, 13(6): 97-
106 (in Chinese)

& @ IR R T BE D £ AT BE B2 AL B0 AR 5T A S R R
WA, R, s

1. bl ERFEFESSHE ¥, LF 201306
2. bR KA £ FRK, i 201306

3. bW AERA LA AR B, L 201306
Y5 B #A . 2018-03-05 FAHEH:2018-04-20

WE . AR 2 FFIERR(PFOS)X /K A Bl W FFNE A8 M3 P 32 AL, 4RI INE 02 1 3 Pk AE G AW A AR i 1, 18 TR
- BT B TG4 2y L F 98 5 88 T PFOS HP 5 5 £ JIF i Py I PE AR 4 1 22 Ak, -4 W 38 P 22 S AT b DG 3 8%
SEUR A 4 40 SRR K PFOS #4331 10,100,250 pg- L7 (S50 , A4 20 BB Dy fi , SLIRATHE 40 d, 255 B, 5% Hd
ZHAH L, PFOS WeJE R 10 wg- L FBED, £ IR vh i 11 4 A & A 5 2 AR A i P, 430 ok A R TR | B 1R & Ik e . B-D-i 3
Wi R V0 K 4 SR E BK B0 A= BRI AW 2R R IR A SR AR AT v e e AR BRI A AR 2E AR, 100 g L HREEAL
BT 10 JHF VR Fh i e 1L 5 il f 6 AR R R | B-D-H M AERAR AR IR R V5 R 5 SACE B, RO R AR BRAE WA i A
T ST 2 i AT 2 1 W 0 288 o B 28 2 0 6 R W R Ak sl A A W ZE A, 250 pug - L1 9 B2 200 190 RF % £ AU o i
s Bl BIA-RR AR B-D-#I 400 LA H I -3-BE AR IR CMERE , ¥ B 5 AN E K . A B R AN A e B A | H I e AR
HRE A A T WH TR A R AW 2R 1 AR R 1 %) 22 S AT A= 3Ty R AL S A Qi B 40-#T , #EI PFOS 32 %83
5 M) 4 TSIV A i 7 S W T ol 8 280 A i B — 28 i 25 A DAL T %o B 5 o JEF Ik 7= A B M 0T, R e A B R | 4 4
Emmrix 3 i ATV g BEE 3% PROS Wi PRI 5 8 I T E AR ie Y

K§#iF: PFOS; BT fh , 412 W FEbR ie W)

XEHS: 1673-5897(2018)6-097-10 RESES: X1715 XEARIRAEG. A

Effects of Perfluorooctane Sulfonate on the Liver Metabolism of Danio rerio

Yao Dan', Wu Hao’, Jiang Min'*"

1. College of Marine Ecology and Environment, Shanghai Ocean University, Shanghai 201306, China

2. College of Fisheries and Life Science, Shanghai Ocean University, Shanghai 201306, China

3. Shanghai Aquaculture Engineering Research Center, Shanghai Ocean University, Shanghai 201306, China
Received 5 March 2018 accepted 20 April 2018

Abstract; In order to explore the mechanism of chronic toxicity of perfluorooctane sulfonate (PFOS) on livers of
aquatic animals and to find potential markers related to chronic liver toxicity, a gas chromatography-mass spectrom-

etry metabolomics method was used in this study, so as to study the effects of PFOS exposure on changes in liver
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endogenous metabolites and to discover metabolites that are of significant differences and their related pathways in
Danio rerio. Four groups were set up including one control group and three experimental groups with PFOS con-
centration at 10, 100 and 250 pg-L™, respectively. 20 pieces of Danio rerio were cultured in each group, and the
experiment lasted for 40 days. The results showed that compared with the control group, four metabolites including
taurine, phosphoric acid amide, B-D-glucose and oleic acid were identified from the liver of Danio rerio of the
group with PFOS concentration at 10 pg-L" and four metabolic pathways including taurine and hypotaurine me-
tabolism, sphingolipid metabolism, glycerophospholipid metabolism, and glycolysis or gluconeogenesis were in-
volved. Five metabolites including taurine, 3-D-glucose, palmitic acid, oleic acid and cholesterol, were identified
from the liver of zebrafish of the group with PFOS concentration at 100 wg-L", and five metabolic pathways in-
cluding primary bile acid biosynthesis, taurine and hypotaurine metabolism, steroid biosynthesis, steroid hormone
biosynthesis and glycolysis or gluconeogenesis were involved. Four metabolites including taurine, 3-D-glucose,
lactic acid, glycerol-3-phosphate and phosphoacetamide, were identified from the liver of Danio rerio group with
PFOS concentration at 250 wg-L", and five metabolic pathways including taurine and hypotaurine metabolism,
glycerophospholipid metabolism, glycerolipid metabolism, sphingolipid metabolism and glycolysis or gluconeogen-
esis were invloved. Based on the physiological functions of the identified metabolites and the analysis of their met-
abolic pathways, it was speculated that PFOS exerts toxic effects on Danio rerio liver mainly by interfering the met-
abolic pathways of taurine and hypotaurine, glycolysis or glucose production, and some lipid metabolism. Among
them, the three metabolites including taurine, glucose and oleic acid can be used as potential markers for Danio re-
rio liver metabolism abnormalities induced by PFOS.

Keywords: PFOS; Danio rerio; metabolomics; potential markers

AJR Bl 2 (perfluorooctane sulfonate, PFOS)J&
T4 A5 (fluorinated organic compounds, FOCs),
SRR ANEA LG G, LB B AF Ry 3R TG
P K BPE, B 1949 4EH 3M 2 B DAk
Bz B Tl AR PR A T AT, PFOS fh2%
SERINAR S TE AR PIE LA A HE s, A A=
P& R, JF BT B s A2 45 124 Ry Ik AE i R
ISR (AR KR TR ) Bt
NAIGE " BRI e b PFOS #RAT A
CA KEMFIT R PFOS & XA W00l il T HE 25
ZRNERS 7 AR TR, B VA ) A A R
JHREAE ] R ik 220 A # P AU e B, [ AR 2
PFOS FZ(WHLARE ,PFOS A FEFIE h &L, S 8UT
EPR 43005, WA B S F 58 & B PFOS 1] 5[5 =
FAMLAE P AR 2 ) Ak 7, HAC I Y PFOS 255
3 B 8 R A0 A S 5 A A T B R S I R
PFOS &85 235 |62/ N BRUFIE A B D7 5 v, SR D
FREAR, SELLEEFERTATSY R PFOS RESLE K
T B AL A A, B I A W P &R 45, DA il
S L3 AR RN 22 A QR 7 A2 2 R

R 2H 27 (metabonomics ) £ AN i 1o He %58 25 Wy 7
FHETE A= PR i s ] 2R 3k 1 A8 £k, BB AL 4 If

b 5 A= A PR T 3 0 SO 1 R A R G A A AR
3, 97 HA B OGE R A4 1 /0 41 SRR 5 0] 3R A5
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£, 453K W] PFOS AIEIA KA 28 () se A, fid ik
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SRR A 2 I S O 2 B A H
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1 # #1575 % (Materials and methods)
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AMH EK14 £ 02) em, BEHEARTE .,

JIT A ER A4 « S %% 5 Y (Agilent,
7890A/5975) ;4= H sl FE i PR AF I AR (1 T 15 B
+i, Tissuelyser-24 ); Eppendorf & .(» #l ( Centrifuge
5810 R); =8 2500 ¥k 4 1 (Labogene ScanSpeed40);
FE IR TR ST (N B A #8A BR 22 ], TS100)

SEERE AN + 42 5 e £k R 1 (Sigma-Aldrich
Nl ,98%); HPLC %% H % (Sigma-Aldrich 2\ ] );
HPLC %7K (Sigma-Aldrich 23 ) ; N,O-3 (= F i
B k) L EME(BSTFA , 25 1% TMS) (L 1218 S 56 4}
A A7 PR 7)) 5 I BE (43 #7 46, Sigma-Aldrich 23
Fl) s B AR FE R EL R £h (43 Hr 4fi | Sigma-Aldrich 23 F);
2-F AN R R (Sigma-Aldrich 23 /).,

1.2 SEE U5k

IECSEGRT, BE )T 80 L /K A v (K AR AR AR
67 cmx50 cmx41 cm) & FF— ], — i J5 ve B RR |
TR ) BE T 80 5%, 4o 4 4, 43 0l Sy X HE 4
PFOS ¥4 10 100 250 wg- L' AYSZE4H | 4540 20
4, BRARKIAR 20 LOKAE R IR L H044 T, AR F(47 emx
32 cmx25.5 cm), SCHGATREE A 12 h 286, 000
140 d, FRIEFHK A 784 SRR A A SRk, #2361
KIRQR5+2) C, LR ERERF B 14 h 2 10 h, &K
168 78S LA AR K P il S A T AR O B R E B
R R TR (B R 52 K, BT 30 min 524
JKLAREE PFOS 7 2 A2, SI2 560 3 [ I Aof 37t 2L 7k
THRBET B fh , SCUEE AT 45 2 BE Hy fa st T 4050
BIH0.3.2 F14 B, 540 R LEFE, HERED M
BT UK A R G BCH AT, AR 12 A,
53 RIS A FIERAER 1 AR (B4 4
AR R E T OB T AR IR, TR
AR E.OE N BIMA 20 wL 0.3 mg-mL" 2-
SENEBR(NFR) T 800 WL Y s /K 4R U (Vi
V=4 1), 754 H BRI B3R FR IS &
F-20 C KA FE 10 min, BUEJS 1000 remin™ B0
5 min, W HL 600 WL F 35 TR, BT 2
OVERARAL 3 h ¥R, A8 ¥ TR S I UERE R
RS 100 WL 15 mg- L™ B 481 Eh 2 £5 e i %5
TN N,O- XL (= LR e 58 O WERG VA W, Z S5 BT
fEIRIR A1 78 CAiitEAL | h, fif A4k 45 R s T <M
- T I A REAG TN
1.3 SAHEGE- Tk A

A% T 1 B A (Algilent, 7890 A/5975 ) #:
WA DB-17MS E 414 4 (30 mx0.25 mmx0.25

) FEFEREN 2 L, HEREIR B 260 °C, AN73 i
BERE SR A RE L, B 4R 60 €, LA 10 C -
min” (Y B 3 min JFF] 315 °C,270 C X4 3 min,
AN R A A (L >99.999% ), H 2 i 3.0 mL-
min’ 5 FEIEHE CHEEE 280 °C L, EI B, FLFRE & 70
eV, B FIRIREE 230 C, PUBRAFTIREE 150 °C, it
L] 30 ~ 550 amu; DA AR RS S8 i
(SN
1.4 Bdlaorbr

SAH - 5T B AN AR AT Y S B i €3 4
JFE A% Agilent Mass Hunter Workstation (Quali-
tative Analysis B.07.00) MS & 1 43 7 54 R4 716 %)
FEFEFRR AL e 2R — D A B RS .
4 BA BF TR) RN BB 19 Excel 4%, B R 4% H 10 808
PR A S S AL S RS R N R Ex-
cel A%, 1G24 5 A SIMCA-P 14.1 4, R T
W Y TR A3 53 BT (PCA)FIA M B 114 1 52 i de /N —
Tk~ 53 H1 (OPLS-DA)K £ 4 s BE Ak . 0 Ak Ab
HFIERAE S K E R AR S AR Y 2 15 B OF
i 1 25 AR
1.5 R % AR 4Bt

bR R 2 A5 3 A 2 S A A, X BEORE
H &R E], 1) ] MSD ChemStation Data Analysis Ap-
plication BAE A B s 22 NIST Mass spectral Data-
base, 5 3| = VL C B2 (916 & 9, R AL & W 45t &,
7 if] ChemSpider /) Structure Search (http:/www.
chemspider. com/StructureSearch. aspx ) it 2, HMDB
(http://www.hmdb.ca), KEGG (http://www. genome. jp/
kegg/compound ) Hi E , M 45 1k 2% 4 A5 K i1 7
WE . KrAE SR n s S g 20 44k A
YA FK WHRAH Excel 4%, 5 A MetaboAnalyst 3.0 7
2843 #1 B A4 (http://www. metaboanalyst. ca/faces/home.
xhtml) , %4 FF RS R 52 ) (1) A Qi B2 A 75307 o

2 55 (Results)
2.1 REEE

LR SEBG ARG 177 MR 4 5, H R [k
J¥ PFOS %52 N &3 Ll s LB WS iR
I BE D 1 T I B0 S A SIMCA-P 3k 14, & S e
PCA IRA R Mt B4 55 3 4~ S2 56 20 P ik 40 21 1Y
FREHE, PR 1, B SR FFIEEE AR 2 6] 43 A
it B 5 S A I 52 443 T, e BH AR K S AT L)
WEEE] PFOS 2 &% T = A= 52w, Bifi J , 78 OPLS-
DA 4 X IEZH ZUBOE 154 T 8E—25 20 A, ] A5 &
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2(a. RX=0848,(*=0.752;b. R X=0815,Q =0.824; P, Rz AR Y () T30 BE 77), OPLS-DA R 25 T A%  %if
c. RX=0867,Q =0.816,R F&/~ OPLS-DA #i7 Zit A A B LA RE I AN GE ) B s R4, X IRZE S
D5 2508, BRI SRR, @ FR BITac SUARL SO 7E AFIEAR 3 Hh 24 mT AP (. X 45,
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TE:C Xt R4, T1 T2 T3 4351 PFOS ¥ 10100 F1250 g L™ AISEH4H
Fig. 1 PCA scores plots of zebrafish liver in control group and experimental groups of PFOS at 10, 100 and 250 pg-L"
Note: C stands for control group; T1, T2 and T3 stand for experimental groups of PFOS at 10, 100 and 250 wg-L", respectively.
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Fig. 2 OPLS-DA scores plots of zebrafish liver in control group and experimental groups of PFOS at 10, 100 and 250 pg-L"
Note: C stands for control group; T1, T2 and T3 stand for experimental groups of PFOS at 10, 100 and 250 pg-L™', respectively.
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2.2 =Y

g T i v AR T S PFOS B2 00 B 22 S AR i
Wy BT B2 5300 5 454 S B A R AT LA, 7 OPLS-
DA 7 Hr2s B S-plot B H ¥4 | p(corr) | >0.5,
| p [>0.1,VIP {E>1.0 H P{E<0.05 2= 55415
Y., #id NIST 3% FEK R, 7 B A H HMDB ,KEGG
ST LB T 22 S A W O S ) 44 FREEAT L XS
Wik, SXF LA AH e, PFOS ¥ N 10 wg- L7 B9 B

B/
7

Tt Tk b 0 38 4 b kAR AR AR AR
Y, G A TR R | B IR £k i | B-D-H A M Tl R
PFOS #¢ % 4 100 wg- L (R5E D £a fiT i A i s 5
PRI & A B S AR A, 43 5 Dk AR R | B-D-4
P ARAERR R IH[E B ; PFOS W B R 250 pg-
LB S i h A 5 RO Y & R W A
b, 4390 Ry A i R | B-D-H % M L FLIR | H il -3-8%
fig BETR O MERE(R 1),

F1 AEKE PFOS AR & FFiEH i B 1EE R K HHY
Table 1  Significantly changed metabolites of zebrafish liver in experimental groups of PFOS
PFOS ¢
Aug-L™") i 25 5 VIP {H £ B4 B 6] /min R R
PFOS concentration No. Differential metabolites VIP value tg/min Trend Metabolic pathways
Apg-L™)
AR ol AR A
1 1368 12.158 1 *
Taurine Metabolism of other amino acids
B B
2 2555 14.697 1wk
Acetyl phosphate Lipid metabolism
10
B-D-Hj 4k iAws i)
3 3212 15.588 T #x
beta-D-Glucose Carbohydrate metabolism
R AR
4 1405 21476 T
Oleic acid Lipid metabolism
B SRR A
1 3.099 12.158 T
Taurine Metabolism of other amino acids
B-D-H %I BRI
2 3634 15588 1wk
beta-D-Glucose Carbohydrate metabolism
Bt Btk
100 3 1.197 15.858 T *x
Cetylic acid Lipid metabolism
MR AR
4 1.171 17403 T
Oleic acid Lipid metabolism
JOEL T e AR
5 1466 24388 1ok
Cholesterol Lipid metabolism
m I
1 1.583 4.568 T
Lactic acid Carbohydrate metabolism
AR Holy A FERR A
2 2329 12.158 1
Taurine Metabolism of other amino acids
o -3-wE R AR
250 1.608 13314 T **
Glycerol-3-phosphate Lipid metabolism
BRI Befki
4 2928 14.697 T
Acetyl phosphate Lipid metabolism
B-D- Ak N
5 3.194 15588 1wk

beta-D-Glucose

Carbohydrate metabolism

0 TR B xR A5 B2 (P<0.05), ** K 2% 5 .3 (P<0.01),

Note: T stands for upregulation; *stands for significant difference (P<0.05); **stands for significant difference (P<0.01).
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Fig. 3

10(A), 100(B), 250(C) wg-L™" PFOS impacts on zebrafish liver metabolism pathway

Note: in Figure A, al. Taurine and hypotaurine metabolism; bl. Sphingolipid metabolism; cl. Glycerophospholipid metabolism;

dl. Glycolysis or Gluconeogenesis. In Figure B, a2. Primary bile acid biosynthesis; b2. Taurine and hypotaurine metabolism;

c2. Steroid biosynthesis; d2. Steroid hormone biosynthesis; 2. Glycolysis or Gluconeogenesis. In Figure C, a3. Taurine and hypotaurine metabolism;

b3. Glycerophospholipid metabolism; c3. Glycerolipid metabolism; d3. Sphingolipid metabolism; 3. Glycolysis or Gluconeogenesis.

2.3 ARHE AT

K SL g 2H PFOS &gl ) KT E izt
ULIE 3(A B .C 435 PFOS %2 & W FE 10,100,250
pg L4, 455 58 10,100 250 pg- L' PFOS ¥
2L 5 55 W A B TR A 24 Bl R A Qg e 120 A i
AT B, FLXF A 8 TR IV A el 1 A R 1 38 448 5
R,

3 it ( Discussions)

CA IR W PFOS 2 5% i B 5 £a JHAE i 18
W, e e TE PFOS 258 5 1Y B fiT
V) oL 82 31 K £ g D 5 . AR 9 R A 3R
PFOS 557 Al 5% Wi Bt & £ I I iR AX35F . PFOS ¥ 2

10 pg- L AT 100 g+ L™ 2H A4 3E o £ JIF U b 25 0 s 1
HA B2 S RIS IR , PFOS YR EE M 10 pg
L ZH e H R , PFOS ¥ FE N 100 wg - L 2H i i
IR AERER , 1 PFOS Mk 250 wg- L fUSLE:
2 BAF T £ JHF O o DU R O 25 T A D R A EL
SR ) PFOS, AR B PFOS 2 85 B[] T2 2k
TR 7 AR A AR 2R, AT RS T JEF I A A 3 A 2 g
BR, ERPER 8 S0 BFSE PFOS 2 75 X1 /)N
SUTFIE B 107 5 2 19 52 i, 45 5 7R PFOS 2252 )5 JIT
U g o e A L BEZH A i T, ARG S LR
HEEE, SR RABEA A EEANRE, SARLE
(IBIFTE 45 A — 2, e 0 2k A9 10 A g R, il
ikt PFOS ¥ B Tt s i P<0.01 7K 8 2% T
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AR P<0.05 /KT 42 T, BRI AN B (P
>0.05), fib 7Rt — 8 A R -0 ¢ &, AT A PFOS
XoF BRE L £ JHF IR JoiR 3 ROV FE AR 12

AR TR —Fh B Al B 1 2R R SR R TR b
GAPREACTIR o T r 7 2 i R 2 e S JIH R 1Y) 20 g
w5, EEAE IR S MR FR 45 A Y NG 195 Wy
T REIRER . 5340, 4 B R A B P AL 15 1
YEH, C Bk B fig i 3 3% % PFOS 4b38fY PC12 4 A
T HEREAICRT ROS B4 ™) SCgG 4 p | B %5 PFOS
TR I T, e R B AR R - P<0.05 7K i
F LTHE R P<0.01 K3 ETF, RIAW A Z ] H
A —E RO R, WV NS 7 PFOS Hhia
NRFRE P AE ARG Y, PFOS I i i T i 4 1L #5i
1349 250 wg- L' PFOS 203 B fa A v 2 fitf R 2
M ETHP<0.01), T AR R IR 95 TR - A% il 2 fitf 2 13 20
3 FTE, f AR SV PFOS AR #E TR I
PR AR P R S R AERTUER RR E T

AR R RE R 1) R BORUR , SE6 2 5 0] HE 41 AH
Lt , B S fa e B-D-A A4 2 L FH(P<0.01),
A0 3 30 S5 M 5 R A I A S b e e o 2
A%, $E7R PFOS TR

1£ PFOS B @WK 250 wg- L' A2 I0 4 | KR
HIEEINA TSR] T 5SRO R ZLRR | H i -3-
BERR . FLERAY b T 25 WK & IR JC 00T W 34 &
WITEALEAS R WG LT, Ry 1700 T i -3 - i 4k
SR AL, AR LR AL L) NAD T, i o™
il # ( CH,COCOOH) + NADH +H" g 7 g
(CH,CHOHCOOH)+NAD", — T8 () #F 7¢ & PLFL
MR AT DA A A v 0 g 4 HERRRL DA FLIR 2 (i
Jiigea A 4 | 3 A, HE 3 AT BE Rl RS IR R 2
— U AN A SR, FLER A AT R g A
LI T R A A5 (o 957 40 L e A2 A AR LR sl
FIZFRE ) LR B IR PSR BE PFOS (2
£ ] B AL H W = 8RR T LATE 4 T 5 4R
BB E] B 2ERR , PUE A NAD', NAD' & —Ff
R TS, B S 5 Ay A P e e BE
WAL A DNA B2 (5516 5% 5 PFOS
A 638 2 5 M LR 5 H I — B IR R 4225 i 40 g 22
P A BTG B,

25 FTR, BE S0 fE PFOS Y 10 pg- L™,
100 pg-L" 250 pg- L' P2 EE 40 d J5 , % T
IR P 2 B 7 R IV 2 it R A e i el A 3540
REZEARUI A P e 5, b Sk 2 sl R AR IF. 4 it 1R

PRI AR, BAR W B PFOS % 5% B {H 1] {2 ik
JEPIE A 107 #) SRR 8 =55 1 2 S A ) 2 TR A 4
B IR TAE S PROS i LIE S £ T EEAQ 35 5 o Y
TBAERRICY), 250 45 2R O ik — 2 9T PFOS 7K 4
ST SR AL T —E R MR . A S P fd
FHEARI A BRSO @3 B B B A, AR
e T BA R 73 BER AN RABE 73T AR, AT
HAL PR, HAT e B R AR R 2, e X
Py PR E FE AT, JR BRI AE Tt ZEAT A AL AL B, AN
REFRAT AR sUEMELUE A RIS B . BRitZ
A1, Bl 2 A 2 B AR A B A (3 T
HRHEA BREICIREOA , B IR 25 A sk
A AEUR UK B AT T A5 R R 0 ] 3 B i K A A
xR B BT T B R R — A a3
HIGTRABTFE PFOS 3 BEAIL A 4 2 nT LALL I Sy
_t)]/\ [:] [52-53] .
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