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LR AFARYFET R DR R FIRIE R &L T SE, IR0 BE 5 a7k 9 A4 K M3 (GH) R S R BB K R F(IGF-1 ) & = L
K GH/IGF HiAf e 3 R 55 A (78 Ak, 455 B8 40 g L7 M1 400 pg-L7' 1Y SMX B SR L@ TR B ETH, K
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Abstract; As a broad-spectrum antibiotic, sulfamethoxazole (SMX) has been widely used and frequently detected
in various water bodies. In order to study the developmental toxicity of SMX to zebrafish (Danio rerio), embryos
within 3 hours after fertilization (hpf) were treated with different concentrations (CK: 0 wg-L™", S4: 4 pg-L™,
S40: 40 wg-L™', S400: 400 wg-L™") of SMX solution until 120 hpf. The hatchability of zebrafish embryos, the
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mortality rate, heart rate, body length and malformation rate of larvae and other developmental parameters were ob-
served. Besides, the contents of growth hormone (GH) and insulin-like growth factor (IGF- I ) and the transcrip-
tional levels of genes involved in GH/IGF-axis in zebrafish were detected. The results showed that exposure to 40
pg-L™" and 400 pg-L™" of SMX significantly resulted in increased mortality and malformation (pericardium cyst,
spinal curvature, tail deformity, etc.), and shortened body length. SMX stress exhibited no significant effects on the
hatchability of zebrafish, but decreased the heart rates of embryos and larvae. In addition, under SMX exposure, the
levels of GH and IGF- I in larval fish were significantly increased, while SMX exposure down-regulated the tran-
scription of several genes along GH/IGF-axis, including ghl (0.30-, 0.17- and 0.10-fold), ghrb (0.74-, 0.36- and
0.39-fold), igfl (0.75-, 0.23- and 0.33-fold) and igf7ra(0.49-, 0.22- and 0.72-fold). It seemed that the response of
hormones had a delay compared with the transcriptional change of genes. The current results indicate that SMX in-
duces embryo developmental toxicity in zebrafish, and may inhibit the early growth of zebrafish via slowing heart
beat and/or interfering with GH/IGF axis.

Keywords: sulfamethoxazole; zebrafish; embryonic toxicity; heart rate; malformation; growth inhibition; GH/IGF

axis

it Jiiz FFY 2wk (sulfamethoxazole, SMX)J& —Ff )
TER YRR NGB R IR T AT A S i T Uk
PR | B 1) 2451 ) vz T 3 Ol DL
KIS SMX — i 2 15 7K Al A =
FEIMEH BRI D A B R, Bk
T [ N Y Z2 AR AR R B AT ZEAS T 2 SMX ., i,
U 25 1 T T DX R 0 1) SMIXC 1) ok B 31 L Ay
06 ~47.5 ng-L™'W HAZENFLF K 110 ng-
L' SEREMFEKF R 7.9 ~1 900 ng-L7' 7 JEA
=AM A 19.2 gL' AR s K th G
WE) Y SMX ¥R BE 5738 39 pg-L7'P, SMX i i
oY/ R N BT O WL S 5 A7l I 7 (RN 1
0 R A A ™ E AE , AL I 2017 AR
LA 2H 21 B 9 A AJF 9% AL A4 (International Agency
for Research on Cancer, IARC)¥ SMX K|~ £ ¥
iz —

SMIX B ME R i , 7R BB vh il KN R AE 7R, &5 7
G 7NN Y INTTPOREE /RN 3% RS i B
SMX T 2B UE IR K AR A ) (B2 H S R R0 288
HA MMM AT 550 M 255055 2 Fp i 3K
N, fan, XM AR A gE R B, 0.01 mg - L7 B i
HOWME R 7% 96 h X B 15 £ iR i 1 B S8 AL R G 1 A
HH X (45407 , 76 4R Tk 4 % £k il (SOD) A4 I H K S-
R GSTH R FEF , id A ML A B (CAT)Z 2 1
FAMH], N ZEE(MDA) B RN O S BURE 1
PR 020008 DL SRR S, A WF R W B i
KW 2> (it B T AR W 0 TR R R B T R, R LIS 1Y
AR R A T BT 5 e R D £ 17 3 AR T TR

AR, HERRIIR S mai s PR BTG 1% 2%, S 8 iE
KB ZM, dEm s m s D m A K R E D, ska
R, A SMX RS BEAR R HE a1 38
FE Y F R WRhF A 20 AT 2 4k
O ERK R S E S, A, sk AR R 3t
SMX fEXTEEH 0 (1) [ i iz 2l FLC Bk 3R 77 A4 5 7
FMSIE R X 515 60 (%) B (706 24 2y 5 S 4K B
Diger= A g e, 7E 2, GHAGF- 1 2k
KEH 1Y E 5 R a7 AR AR KR
(growth hormone, GH), i 1 5 /f K i 2 32 {4 (growth
hormone receptor, GHR) % & K AEVEH , e & 1E I
FRAE R i R RE A K R F(insulin like growth factor,
IGF) A ™ DT 22 40 L 1 | 36 e o 2 66 £
FKERKEEY™, 2058 &3, 2 MG
FAL G R AR R (3 4- R IE g B[ Lk nk
i BEE MK-677 AR IR AE KA1 R 55) g gl of 148
GH/IGF-T #li AT 5 A LR 1y AR 4102 B
H RIS A G B ) SMX 2 85 X 2800 & B 2tk
K ARKAMHIHL 1 ATERE

B e —Fh e 2 R s Y, BRS¢
FEIAAK, & B T, 4t i B 5 g, 7= i i K
AR ARSI DIBE T S S5 sh ), Kl
SMX Z& 5% I B f0 IR Jif i 7 Ak 38 A7 (i FE T 3% |
DR AR R 2 R E S I E B £ GHY
IGF-T Sl 3R 5 2 FUR OC 3 (R 1) 6 S /KO 1Al
SMX X B 5y fo B A= iy B B (9 kB REPE, #8R
SMX XA £ B8 A AR A FH AL, S SMX A 7K A=
ALV RIS 5
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1 ##l57 % (Materials and methods)
1.1 SERM R

il e P S, B 4 3 -N-(5 - -3 5 T e 3 )
ARRE TN (LEEE g 98% , 36 M A= s Bl 2% 5 R
Al 23wl — HOEA(DMSO) (43 #r 4, Bl hir T RHE (h
A FR/A 7], FastPure® Cell/Tissue Total RNA Iso-
lation Kit V2 (B8 50 i MERE L MR ety A BR A 7D,
HiScript® I Q RT SuperMix for gPCR (+gDNA wip-
er)(FA 5L MERE AR IR 0 7 FRZA 7] ), ChamQTM
Universal SYBR® qPCR Master Mix (4 5% 145 ME %5 4
YR R A BR A D)

ARSI R P A B AR B 5 ) W [ 58 BE
IR SEE TR IR EOW BE S A T 1 A H 1R
FEYNE , -5 14 h/10 h JEREHE, K IR(28.0+1) °C ,pH
070 ~80, %A >7 mg-L™',

1.2 SEEJ5k
1.2.1 W/ gk &t siss

fii 1 DMSO hy Bl 551, 45 sk Bl HH 0 mae 3 e, T
Tl 1 g- L8, BOGORAE T4 °C, AT REE ST
BT, Bt A R R B & B3 L P (5 mmol -
L' NaCl,0.17 mmol-L™" KCI1,0.33 mmol-L™" CaCl,,
033 mmol - L™' MgSO,), i H DMSO ¥k i
0.01% ,E % & 1 AN Bhi 7% IR 4H(0.01% DM-
SO)FH 3 AL FHLH (4 .40 F1400 pg-L™' SMX), & —
SEFRLA VL 3 A VAT, ZR R LU A B By R ML i
7, BRI R 100 mL E3 4L AT 100 kL
ZAGIN  Frer % 120 h, GHREM 12 h/12 hy

FRF R Gk 48 .72 .96 1120 h AET=
IR EL, 15 48 (72 F1196 hoax 3 st [i] B AN [ e i
FHIREAL R, G Ific ot 48 .72 M1 96 h BE L fa fT
130 s AR i0 5% 72 h 96 h BE D i pg kK
MELIC S 48 72 196 h BEhfa - FURRRLR |
1.2.2 A KIE (GH) B B R #4 K A F (IGF-
| Y il

GH FI IGF-T & i I 2 >R FH B 55 A KR
(GH)ELISA #6128 57 45 AN EE o 0 g 13 R AL AR K
F(IGF-1 )ELISA #1055 & (g 5t A= 4 T FE
SR, B ATREHLEER 15 4440, S26 A8 IR A
BARXS BRI & UL AS
1.2.3 R PCR

120 hpf i}, BEASEATREHLZE R 10 2558 5 fa T
o, il 45 4> 0 2 21570 | i i FastPure® Cell/Tissue
Total RNA TIsolation Kit V2 (Fg &L i M % A= M) Bl 4% 1k

By A PR F])HEEL RNA ] HiScript® I Q RT Su-
perMix for qPCR (+gDNA wiper)(F &% i MEHE A= P Bl
BB A RO 7)) BEAT 65 Sk 5 i cDNA, fiff ]
ChamQTM Universal SYBR® qPCR Master Mix (7
UV MERE A YRR ey A B B FEAL A% LightCy-
cle® 480 Il (Fii + %' [C) 1< #E4T qRT-PCR L, LA
rpl8 NS ] 2744 Jr kit 5 B R B Y AR
Xk, 514938 i NCBI M ¥5 A9 Primer-Blast 7F
LT HWE, HbREEF AN S 2R 5197 5 an 3k
1 FroR,
1.3 Habs

ARSI i A B s 4 {8 SPSS 25.0 # ik 48
AT, SCUR A RARR S Iy 255 S R IR R 7
7453 H7(One-way ANOVA), i i Tukey’ s HSD K%
P  EVE(P<0.05), S 45 R LIV B H 45
% (mean+S. D)L FE IR,

2 453 (Results)
2.1 T i E e X B £ IR fif ARG R T SR
Al

WK 1), 534 A L, SMX 585 & 24
hpf B, S40 Al S400 4b 41 38 T % & 3 14 fin &
39.25% A1 38.23% (P<0.05), % 5% & 48 hpf A, S40
1 S400 4 FRAFE TSR B F LA E 39.75%
39.33% (P<0.05), %7 % 72 hpf i}, S40 F1 S400 4b
FRAFET- R E T 2 54.75% H141.33% (P<0.05),
MELFRZE 96 hpf I, S4 F1 S40 Kb AT taIET R
E FTHE 61.67% M1 67.25% (P<0.05), ZF& & 120
hpf i}, S4  S40 F1 S400 b FRZH FET- AR o T i 2
75.00% ,72.50% Fil 63.33% (P<0.05), m & 1(b)nl
I BE L fE SMX 2 58 & 48 hpf F1 96 hpf J& , i A
S LA AL R 5 0] BEZHAH HE A H B ARk (R FE
FEFRZE 72 hpf i, S400 AL BRLH AL R B FTH &
98.67% (P<0.05), H1/& 1(c)m %, B 75 & 48 hpf I},
S4 . S40 F1 S400 AbFRH 9.0 2 0 2 BEAL R 102.94
106.60 #1115.73 YK -min~'(P<0.05), #:#& & 72 hpf il
96 hpf i, BT A3 Ak BEAH 9.0 3R 35 % A W 3 B AR (P<
0.05), 7t SMX i T AF iR A2 (L W & 1(d) B
7N, 7E SMX %% 5% % 72 hpf I}, S400 &b 2H Y B T £11
P4 50k BEZH AR LG W 3 REAIRE 2.51 mm(P<0.05),
TEZRTR 2 96 hpf [, S40 1 S400 A HRAL A BE 5 111 {4
K G RAAH L 25 T FE % 3.08 mm #1233 mm(P
<0.05).

WK 1(e) i, SMX Z& % 2 48 hpf i, A 52
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U2 AT fa TR 5 X B AR LU TG ik 28 22 53 (P<0.05) 5
FEFRZE 72 hpf I, S40 Ab BRA (47 fa I R B 3%
F 2 5.33% (P<0.05); Z& 7% 2 96 hpf i}, S4  S40 F1
S400 Ab BRA (1) i T R 5 1 & 12.00% ,16.00%
1 14.00% (P<0.05), @& 2 r7n, SMX Z#% 72 h
J& SR RHE A B A (8] 2(b)) RS IE (8] 2
()R B E (K 2(d)); SMX %55 & 96 h I, ff-fn
LT BN SRR (18] 2(6) AR il (B 2 () At
TR (] 2(h)AETE .
2.2 G H S BT ff A N GHLIGF-T % /)
Al

ANFVREE SMX %58 T 5 5 fi {740 4 1 GH il
IGF-1 By & an&l 3 fros, 2288 2 120 hpf B, 5059
RPN GH &5 F IGF-1 & & 5 X% A e
FETHE(P<0.05),
2.3 SMX Z: g5 B o fa (1) JE R 5k

mE 4 fros, BE 5 i fE SMX % 88 £ 120 hpf

If,S4 AbFRAL Y ghl (0.30 1i%5). ghrb(0.74 %), igfl
(0.75 %) . igf1ra(0.49 7)) mRNA F ik 5%} 4
AH LG 25 T I (P<0.05), S40 AL ghl(0.17 £%).
ghra(0 48 1i5) . ghrb(0.36 £i%) . igf1(0.23 £%) . igf2b(0.57
%) . dgflra(0 22 %) . igf1rb(0.74 1)) mRNA FEik &
5% LA L 5835 T 8 (P<0.05), S400 ZbFE4H ghl
(0.10 1) . ghra(0.36 1i%) . ghrb(0.39 1) . igf1(0.33 1)
igf2a(0.48 fi5). g2b(0.32 £%). igflra(0.72 %) gflrb
(045 1i%5) . igf21(0.35 %) mRNA F ik 5% 1821 M

L i 35 T (P<0.05).,
2.4 MRS

TEARRIREER SMX 2 T K 505 MR
KT IR 5 JE PR ) 2 S 7K SF- 1) 1 O 3 AH 6 43t 4
2 FUR, %5 96 h 5, KK FLL 2 5 GH IGF-
[ 7KV 2 W 3 ARG, i 5 ghl | ghra, ghrb ., igf] |
igf2a. gf2b  igflra. gflrb Ml igl2r W 5 kK2 B
FIEAH

Table 1 Nucleotide sequences of primers used in present study

&1 ZBATASIMEFT

S B G SHFAIG ~37) P bp bR %
Gene Gene number Primer sequence (5’ ~3”) Product size/bp Amplification efficiency/%
F: CACCAACAGTAGAGGCTGGG
ghrh NM_001080092.1 145 984
R: AGCATAGCACTAGCAAGGCA
F: GCATCAGCGTGCTCATCAAG
gh NM_001020492 2 114 976
R: TGAGACTGGTCTCCCCTACG
F: AGAGCCTCCCTCCAAATCCT
ghra NM_001083578.1 98 992
R: CTCATGGGGTCAGGTTTCCC
F: GAACTCAGAGTCCGGGCAAA
ghrb NM 0011110812 117 98.3
R: AAAGACCAGCACAGCCGTAA
F: TGACATTGCCCGCATCTCAT
igfl NM 1318252 101 1002
R: CCGCTAGACATCCCTTTGGG
F: CAGCCATCCCAAATGGCAAC
igf2a NM_131433.1 105 984
R: CTGGTTTTGGAAAGACGGCG
) F: TACTGCGCTAAACCTGCCAA
igf2b NM_001001815.1 151 102.5
R: GAGCAGCCTTTCTTTGCCAC
F: GATCCAAAGAGCAGGGCTCC
igflra NM 152968.1 192 97.6
R: CCCTCGTCATGCCAAAGTCT
F: TCGGTGGACTGGTCTCTCAT
igflrb NM_152969.1 121 99.1
R: TCGTGCACTGAGAGTTGTCC
) F: GAGCTTCATACGGGAACGCT
g2r NM_0010396272 199 984
R: CACCACTTCCTGCCATCAGT
F: GAGTTTAGGCCGCAATGGGA
I8 NM 200713.1 105 99.5

R: GACGGAGTTTAGCAGCACCT
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Fig. 1 Effects of sulfamethoxazole (SMX) exposure on hatchability, mortality, heart rate, body length

and malformation rate of zebrafish
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Fig. 2 Typical malformations of zebrafish larvae at 72 hpf and 96 hpf

Note: TD. tail deformation; YSE. yolk sac edema; PE. pericardial edema; BS. bend spinal;, TM. tail missing.
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Fig. 3 The contents of growth hormone (GH) and insulin-like growth factor (IGF-I ) in zebrafish larvae at 120 hpf
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Table 2 Pearson correlation analysis

WK mRNA 7K

Hormone level mRNA level
GH IGF-1 ghl ghra ghrb igfl igla 1g2b 1gflra 1gflrb igr

Heart rate
LSS
r 0591* -0887** —0874** 0.734** 0735** 0.740** 0.739** 0.736** 0.734** 0.754** (0.733*%* (0.730**
Body length

L% FR A G P<0.05 ;% * F2R B ZEAAC P<001,

Note: * indicates a significant correlation P<0.05; * * indicates a significant correlation P<0.01.

SCHRIRAE , AN [R] ) £k 27 400 o o) BE 2 8 5951 28 1) 52 il
BN, Bl ,44° -— 5 KB 247 - R
Tk S ) T 2 BRI BT o £ AR AL 3R T TR =254
EX A 45 TR RE A% (R E B 5 A0 IR i B AL BT, AR 5
BT SMX Z8& % 72 hpf I S400 &b B 2H 1) 5k %
3 LT AR AL A AL R R 27 B S R
XIRH A PR SE K B, 5 SMX B MRk 2 45 4
B e — F M5 IBE (1 ~ 700 mg- L") 225 D fa IR fif
48 hpf W57 Ak 23 10 25 T i, R B 1 ) A RN,
BRI, FRATTHEEIN 400 pg- L™ SMX % 2 % B 5 411 i
6k B T REZR I [RIRE ) FE ) 24 Ay U0, 7 72 hpf
B IR iR B 32328 s T, PR R S B0 AL
RRETE, WREESEP ORI R
FEAEFRIIRE AR T, 58 3% 06 R T BT IR AR 19 1E
WREREREERY, HIL, OFETEAG AT
LWrxd B 40 0 i O I 75 Ve ) AR AR, ADESR
H SMIX %k 75 b 5 B T B8 D f IR R AT a0
X5 Lin SPGB £ 5 5 T R e Ok i e —
Y W VA T W VR L 28] )00 3R B 38 I R
SERLARML, X SegE IR SMX R85 1] LUK BE
i IR R AT ARG 0 3R SERLO I & 75 RN e 00 J0E ) 1
WAMYIGE, AN, ASHISY K IR = R BE Y SMX (400
pg LS L m Y R B E T m . R R[]
KFH,SMX B 75 ZE 48 hpf I, B I a4 IR JIG 2 A
PRWIE | 4k 52 52 55 2 72 hpf 1 96 hpf B 3 T A [A]
FREE B RTIE AL FE A AR S R R R A 7K Tl
S5, SMX ] BE-Lh i B T S5 (1% 5% e 22 30 1 B S 1) B
ARG I, L 52 56 v PG A R R R RS il %
SMX X 3 I £ LI AR A B Be i B S R B R A W
MIERTER], X 5 Yan %% 68 fe S 245 W) 2 85 3 )
0 R R K e F A R TR () 25 SR AR B
ARG KB, R A SMX (400 g - L)%
T £ 1 (A A B8 B 4R OF BRI B

AT R, T ARF I & B, 7 72 hpf B,
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