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W& SR Jotil (Takifugu fasciatus) » SRJE TfiJE H . B 4 FEiE 4
FROptt)E, B AE R E AT AR R, R IRE KR IR ) R B AT
MR — o BRI, FREARE SR J7 il e I I G AR AR, JE AT e 7 A DG BT
FFBEE R T XA AR E FRAMERE L . EFR, KRG RILHEE
& J@ 5 Geoxt S NR 7 0 (175 S AL O S s o A FE DU DI A
ST T KRS (Cu®) BF Xt SUR 7 A Kotk g 44U R B DL KIT
WETEAS AL 2 (52 s B fan il 1 4] 2 8 T W UK 7 il PR v R A A
ST AN R R IA S 0L, Rl I 8 37 I SR il S T 40 B 5 AR R T
o] 2% o) A PRUTR ARV AR O R R TB g e s e, R FH sl sl PP e Ry
AN [F) % B2 40 2 2 T W SUR 7 Bl TE U A B 2 57 o AT S ANt — 0 4
AN T FKAA AR 5 5 I SR 7 i T G o O RS R0 i T T A VR AR A B AR FE LA,
T HL oA P1Ak B 4 8 2 B 0 /K R S 35 T R I A S % vk}, T
NG SUR 7 i R B PR Sl Bk FE 5 . AR AL S AR

1. KB R TRESOR T A K RE . HIAR R R B 1R oA

FEKRAZR TR T, W SURJ7 il MR A2 BB A, N IEFE % (VSD
MR TEE. (HSD SXF AL R T m, Sk A2 (100 ng/L) SE 4
Hl TSGR T AR KR . BEE BRI T, RESUR AR . B0
JUL PRI ZH 23 P 4 5 7 R B S I TR AR T, e AR BT O > > L
o H&E Jeth iR, EANFNKEHGRE T, JHIEH 52 204545 74 25 AL
R, SXTHRAAAHLG, KR R ER T W SUR J7 il R B, T R
Ry ABEHESIAHN, FATH LA, diMAZ LS ik, e O GethlioR,
] 5 A TR ZEL I SR Ty i A oA R R I R, AR R R b
Th. S5EKE 100 pg/L Cu* 4HAHEL, 20 pg/L Cu® Ay S 35S 40 4% Ty fif JHF i 41 47
FEAE TR AT AN, FIRNFREfR S B 2.

2 FRAREFREE T W GUAR 77 i Ak AR A A SR Bl v S R R R 3Rk 43 #r

KRG R LB S, WESURTTE RN AR & & Hill =05(TG) & & A
I 2 1 MR (LP L)Y 5 5 R 2 L3 T g, ARIREARFRAL (20 pg/L Cu®)
5 SR 7 Sl P9 A 7 2 TG & & LPL S s B B FE Ab B 21 K5
Rt R AL, SRER A ISR 5 AR (GBPD. 6PGD. LPL. FAS Al
ACC) Fik/KF 2 Bif, M-S WA 2 AN (HSL i CPTL) %

PACEN B E N, SEFEIR, 20 pg/L Cu b FR4 EL 100 pg/L Cu® kb2
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SH 5 I SUR 9 O PN 5 8 0 26 A DR IR R R KPR s 5 20 g/l
CU RbFEAL AR EL, 100 pg/L Cu bR 20155 S 55 g 1l 7 AR 9% 1) 32 (R 6 6 /K P85
B [FINHGI B 7 PPARo Al PPARy 2 5 T4 B 57 T S S0 4R J7 i if
PR AR, SxTHEZHAALE, 20 pg/L A0 100 pg/L #i%% 5 T, PPARa FE )
TR RSN, 1 PPARy JERI£E 20 po/L Cu™ b4 3% Fif, £ 100 pg/L
Cu™ Ab L FIE N i

3y FKAAE 2R 8 o 40 i iR AR A SR 22 R SR I S T

JF 40 R P B SR g A e R, T AR R (1 mg/mL) B 47 T A b 3
AT E A R4S 2.36>00" NI, ARSIk 94%, LAMOMRERL, 754
5 24 h AU S00EIKE (ICse) N 143.64 pM. FIIF qRT-PCR HARKG A
[FEAAME (0 pM. 10 pM. 30 M AT 50 M) IS 4045 7 fi T4 i Jig A C A
KERRIEE . GRER, MEEROIRENT S, SENARMHEK 5
ANEP (G6PD. 6PGD. LPL. FAS Al ACC) ik ¥ B & Fif, 30 pm Cu®
AbFRZH ERIEEE AR, LPL F FAS JER R IEK P s 55 08 2 i AH O (1) 3
(HSL F1 CPT1) KiIA/KF¥RE Ff; #ET, #%KF PPARa ik
BRI N U, AN TRV AR B X Ak R 2 AR R e, A A B ) v
5k K7 PPARy R AP EAHJE N I%, 78 30 M Ak H 3B K AR .

4, FKARH BT T XTEE SR T i B TE TR A W e B AR AL 3 i

FIFH 16S rRNA =R & 7R, 70 AT 58 5 T W SUR 7 il 1 i A= )78
HAB L o 25 SR 7, AN R4 VA B o I SUZR 7 i fizp 38 R A alpha 2 FEPER2 e AN [
Chao 1, ACE, Shannon A1 Simpson #§ ¥ 7E 20 pg/L Cu®* kb 341 5 =, 7 100 ug/L
Cu*H %, 20 pg/L Cu** 4% 311 alpha ZAEMEE & T 100 /L Cu®t 4H.

] 22 5 b PR 4H 5 060 R 4H R A 3 i 1 TR R 38 A8 TR R 1T (Proteobacteria)
(66.92%) FIHUFFE ] (Bacteroidetes) (19.41%) , SxtREAIAHLL, %5
AbPRAHBE e B (] (Spirochaetae) FT A5 b (11.19%) BHE R R, JEEER|]
(Firmicutes) Fif (5 Ll (14.16%) fEARIKIEHIALFELAL (20 g/l Cu®™) _ETT,
FE IR A AL L (100 pg/L Cu™) BT ELf] (0.329%) W FRE. B /KIk
R FE 3G, 5 B & (Arcobacter ) 1) 3 £ (44.8% ) PG, 5K J& (Vibrio)
(49.17%) FRAHTS I #JE (Elizabethkingia) (23.07%) (K=EENIM N, 2
T 20 pg/L Cu® (b WL Z 21 1) JEBE T | T S AP T T EE R (0.80) i,
M%7 T 100 pg/L Cu* it MR MER (0.02) Hik. F, 4inTaEm
i 75 5 SUZR i i PN R A T T s e e A T U P R A

R MESORTIE; WES T HEAC AU fiE e



Abstract

Abstract

Takifugu fasciatus, tetraodontiformes, osteichthyes, actinopterygii, takifugu,
mainly distributed in the China's adjacent waters and the middle and lower reaches
of the Yangtze River, is a hot economic variety of aquaculture. However, breeding
dark grain oriental fatty liver phenomenon is generally existent, and past research
is mainly focused on imbalanced nutrition and feed ratio. In recent years, the
mechanism of water pollution, especially heavy metal pollution, on the induction
of fatty liver in fish has become a research hotspot.This study takes this as a
starting point. First, the effects of copper exposure in water on the growth
performance, tissue accumulation, liver morphology and histochemistry of T.
fasciatus were analyzed; then the effects of copper exposure on the liver and fat
synthesis of T. fasciatus were analyzed, decompose and transport the enzyme
activity and gene expression related to the physiological process; through establish
the primary hepatocyte culture the system studied, the effects of different copper
exposures on the expression of genes related to lipid metabolism in liver cells at
the cellular level; finally, high-throughput sequencing technology was used to
analyze the differences in the composition of the intestinal microbes of the T.
fasciatus exposed to different concentrations of copper. This study not only further
reveals the mechanism of copper in water in inducing liver lipid deposition and
intestinal microbial community changes in aquaculture animals, but also provides
effective reference materials for assessing the toxic effects of heavy metal
exposure on aquaculture animals, and is useful for the breeding of T. fasciatus.
Provide guidance on the green and healthy development of the industry. The
specific research results are as follows:

1. The effects of Cu®* exposure on growth performance, copper
accumulation and liver microstructure on T. fasciatus

In this experiment, under the treatment of copper exposure in the water body,
the individual development of T. fasciatus was significantly affected, the visceral
index (VSI) and liver body index (HSI) were significantly increased, and
high-concentration copper exposure (100 pg/L) significantly inhibited the growth
performance of T. fasciatus. With the increase of the treatment concentration, the
accumulation of copper ions in the liver, intestine and muscle tissues of the T.

fasciatus increased in a time-dependent manner, and the final accumulation order
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was liver>intestine>muscle. H&E staining showed that the liver tissue was
damaged and vacuolated under different concentrations of copper. Compared with
the control group, the liver of T. fasciatus under water copper exposure was lighter,
the liver was light yellow, and the cells were not arranged. Regularly, the liver
tissue is vacuolated and the nucleus is marginalized. Oil red O staining showed
that the number of lipid droplets in the liver cells of T. fasciatus in the copper ion
treatment group increased significantly, and the liver fat content increased
significantly. Compared with the high concentration 100 pg/L Cu®*group, 20 pg/ L
Cu?* resulted in a larger vacuolation area of the liver tissue of T. fasciatus, and the
number of liver lipid droplets was also greatly increased.

2. The effects of Cu®* exposure on enzyme activity and gene expression
related to liver fat synthesis, decomposition and transport on T. fasciatus

The results showed that the lipid content, TG content and LPL enzyme
activity in the liver of T. fasciatus were increased after copper exposure. The lipid
content in the liver of T. fasciatus in the low concentration treatment group (20
lo/L), TG content and LPL activity were the highest; after 21 days of copper
exposure treatment, compared with the control group, the expression levels of
genes related to fat formation (G6PD, 6PGD, LPL, FAS and ACC) were
up-regulated, while genes related to lipolysis (HSL and ACC) were up-regulated.
CPT1) The expression level is down-regulated. At the same time, the 20 pg/L Cu®*
treatment group had higher expression levels of genes related to adipogenesis in
the liver of T. fasciatus than the 100 ug/L Cu?* treatment group. Compared with
the 20 pg/L Cu?* group, the 100 pg/L Cu?®* group Induces low expression levels of
genes related to lipolysis; transcription factors PPARa and PPARY participate in
the liver lipid metabolism of T. fasciatus under copper exposure. Compared with
the control group, under copper exposure treatment, the expression of PPARa gene
continues to decrease, while The expression of PPARy gene was up-regulated in
the 20 po/L group and down-regulated in the 100 pg/L Cu® group.

3. The effect of Cu?* exposure on the expression of genes related to lipid
metabolism in hepatocytes

Hepatocytes were digested with type 1l collagenase (1 mg/mL) from the liver
of T. fasciatus juveniles, and 2.36x10" cells per gram of liver weight were
obtained, and the cell survival rate reached 94%. This was used as a model to
measure The median lethal concentration (ICsg) of the cells exposed to copper for
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24 h was 143.64 uM. The qRT-PCR technique was used to detect the expression
of genes related to lipid metabolism in liver cells of T. fasciatus under different
copper concentrations (0 M, 10 piM, 30 M and 50 V). The results showed that
copper concentration significantly affected the expression of genes related to lipid
metabolism in liver cells. Specifically: With the increase of copper treatment
concentration, the genes related to fat synthesis (G6PD, 6PGD, LPL, FAS and
ACC) all appeared to be up-regulated, but the magnitude of the up-regulation was
different, reaching a peak in the 30 uM treatment group, and LPL And FAS genes
showed high sensitivity to copper concentration stimulation; the expression levels
of genes related to lipolysis (HSL, CPT1) were down-regulated to varying degrees;
under copper treatment, the expression level of transcription factor PPARa was
down-regulated, but different copper concentrations Its expression did not have a
significant effect. With the increase of copper concentration, the expression level
of transcription factor PPARY first increased and then decreased, with a maximum
value at 30uM.

4. The changes of intestinal microbial flora of T. fasciatus under Cu?*
exposure

Using 16S rRNA high-throughput sequencing, the changes in the intestinal
flora of the obscured puffer under copper exposure were analyzed. The results
show that different copper concentrations have different effects on the alpha
diversity of the intestinal flora of T. fasciatus. The Chao 1, ACE, Shannon and
Simpson indexes reached the highest in the 20pug/L group and the lowest in the
100 pg/L group. With 20 pg/L Cu?*, the induced alpha diversity value is higher
than 100 pg/L Cu?*. The dominant intestinal flora in the copper exposure
treatment group and the control group were both Proteobacteria(66.92%) and
Bacteroidetes(19.41%). Compared with the control group, the proportion of
Spirochaetae(11.19%) in the copper exposure treatment group was significantly
reduced, While the proportion of Firmicutes(14.16%) in the 20pg/L Cu®* exposure
treatment group increased, and the proportion of the high-concentration copper
treatment group (100 pg/L) decreased significantly(0.32%). As the copper
concentration in the water increases, the abundance of Arcobacter(44.8%)
decreases, while the abundance of Vibrio(49.17%) and Elizabethkingia(23.07%)
increases. The highest ratio of Firmicutes to Bacteroidetes(0.80) was observed in
fish exposed to 20pg/L Cu®*, while the lowest ratio(0.02) was observed in fish
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exposed to 100 pg/L Cu®*. Therefore, copper may affect the changes of the
intestinal flora in T. fasciatus and cause the fatty liver of the fish.

Keywords: Takifugu fasciatus; Cu®"; Lipid metabolism; Primary hepatocytes;
Intestinal flora
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(Abbreviations)
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Abbreviation Full name Annotation in Chinese
6PGD 6-phosphate glucose dehydrogenase 6Tk 195 o 260 W% o S I
G6PD Glucose-6-phosphate dehydrogenase ] 25 A -6~ Tl R Pt S
LPL Lipoprotein lipase JIg £ 15 T 107 g
FAS Fatty acid synthase NG TR A A
ACC Acetyl-CoA carboxylase LR A FRALEE
HSL Hormone-sensitive lipase TR BUR T 17
CPT1 Carnitine palmitoyltransferase 1 PRIAT A Pk e 7 il 1
PPAR Peroxisome proliferator-activated S A il A 1 TE )
receptor WOE 24k
TG Triglyceride Hh =g
ROS Reactive Oxidative Species TETEEA
SOD Superoxide Dismutase A B AL T
CAT Catalase A AR
GSH-Px Glutathione peroxidase A I H I S A i
GR Glutathione reductase A IWeH IR 5
IRAK

IL-1 receptor associated kinase
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1.1 BN R A =5 R E AR
1.1.1 BN ERFEEFE

WG SR il (Takifugu fasciatus) SRJET6{JEH . A& M. FEEE TN,
ROrtijg, LESAGETELE (B, KEMge MK h it w5
GUIRJT i — Ml R 2, I SUZR 7 s D 7K 21K i, 1 iR 46
H—LRE, SIHERE#EZ (Tetrodotoxin, TTX) £ KN 28 FTF,
s S0 7 i 0 S PP AR IR TR i v 4 v 3 1 35 AR R e 2 123, B R,
TTX AR JETAY, AIREAFE, RS FHR, TR TEITEZEM
PETREE, ARSI RSN S RS MEtE S, &&5RsY)
BET, WEFTER 0.5 mg 19 TTX RES I N EE™), Rk, 4 7 8% TTX 7
MESUR TR R R, 77 BRI SUR 7 il 72 i I A2 Hh oot TTX 34T Bl

HEEHROE, 1954 4F, KIT N e Er A fili g 2= B AT % 1000 W, (HEEE
W AR R AN T AR FE 4 s, TV R K A AR iE TS KRB R, R
HAL RS A, AT T K3k 2l 2™ E s 4. KITVRK M (.,
fife £ RN 1) I MBI BT ZE /N, TR ETS PV B B B AN L AR, R LA
KIS 7 G i £ M ) £ = AR TR E R 80% LA L, it B 43,
R 5K A OV 7 R KT R B A T S e A R SRR R A, X
BT ek ot s, ERF SRR, RN E S KR A AN
AR R R TS Gk B . ARG SUR 7 A AP 58 H &SR A R R, 1970 4F
ARG R B o] il 75 R 2 00 H a3, s i 0 EInOR T AR SN R i
b X yrT il Al 47 5 S, ek R A R AR e e TR H A IR, B AR VAT R A 1
O e AR g RN 5 K — By R A AT D0 e £ £
H BT 2K, RIS SUR J7 AT N T BHE I 98 o 24 45 2 24 20 4l 90 4K,
P O K2 b 7K 0T 50 i AR S O 1 W 80 4R il N\ T g e, 2eid
20 ZAERIR R, HENR AR IEAR FIER LT fhy FUBEAL, MRS A R TR
TSR EAT AR PR, SR R T AR, HE L,

1.1.2 BESURTS Gl R X R A B RO A SR BAR

W SR T BE A o e, IROMURy, fEL SR I A e H, H]
I, FERHIEUR, JUH AR KR & 5 B AL VAL o, WS SUR 7 il
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AT — PR G R AR MO8, O T ARG K 7 SR BB B v s SO
e, WAL AAER TN RERE. T4k, W3 TEYFER
LT e SUR J7 i AE /K PRI 38 2800 S 3 I 22 R 2 L 3] 48 Ak
(RRIE T2 A R

FEFR 8 30 B s SO 5 i B AL S 5 T, Cheng &5 H20NgF 7t R, I
IR (13°CAHT17°C) 218N ROS (Reactive oxygen species, ROS) F1 3 E( &
1k S, A AL B ( Superoxide Dismutase, SOD) Al & A4 & i ( Catalase,
CAT) 1E N A4 e i tb i R EEZAEH, SOD 1ER=4: H0,, 1 CAT
A LAV BR Ho0,, MRIEHE R, SOD il CAT mRNA [ EEEEW . fFAh
i N H, HSP %% (Heat Shock Proteins, HSP) #iA A7E R340 i 4
AN A G BE FH , HSP70 5 48 i S AKE SRS T 5 F0 ROS ZKF 1
B 9%, HSPOO FHF Al fa S F AL VG N BE M ROIR S, IRE NIRPLZ Fl
AR (IEE . BER D) HIBAEHLH] . Cheng 252225 58 E Y ,
faim (34°CHN 37°C) [RIFE ] LATS T 4 7 A AL B, #4Ppia R CAT. SOD.
B BEH RS E AL YIRS (Glutathione peroxidase, GSH-Px) F143 it H ik i i g
(Glutathione reductase, GR) Z5HiEMEER MRNA Fik/K TR &N, #ug
M H HSP70 1 HSPOO [ Zik [FFETHE, H£H HSP K5 H b R4 AL A4
AR A S SR (45 4 - Wen 25235 B iTRAQ MG IE M8 T W 8 43 7 i JH i
HHT T BEARAEM I, $el 160 MZERFEENEAK (DAP) , H
HAR YR (1 AL RS R EE T (9 FHER D - ZRRIARE (11 Ak
HFR) AE S-S (I3 MEAR) . KEGG FHE/EY, WEMmA D-Y&
MR MAPK 5555, wnt (557 5 Gap &gt BEHm, MiE,
HEPAT BRI (PRMD At Sl 7 =M R FiRER (CIRB, HSPI0
M GST) FMFFEE T IHKEE (FLNB 1 A2MLL) . BT 5545 S hniE 1 %t
AR SZ VEN LR B ER AR, A B T4 v A B P R R A 1 DA R
BN . Kim 1 Wang 2524258 k0, SRRE AT, WA 7l
NS PiEALFER (CAT. GR. GPxla. GPxlb. Mn-SOD) ] i #ERE 1Y
W2 R, RIS R, SXTIAAEL, AEH GR. CAT #1 Mn-SOD
MRNA K553 5 1%, RAMIZ MR 5 RN EESE, HEE
ERAMHHES RO . F PO BN AR S R B AL BT,
BEARI A, WS SR T BT Y MDA & & . JTEMEF (SOD. GSH-PX
A CAT) G B3 LT, HFRx—458,

2 BRI A0 P S B4R T il 4 38 85 J5 T, ChengM* 205 A 1 7t SR, 243
JERER] 13°CHE, BEQUZR 7 il A0 -4 B R B, 4B 2 Blamd], R
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#H (Olivetailmoment, OTM) {HiA£|H K, DNA Hfh/™H . MK A FLF
i (AST) . 45 A #4 & i ( Aspartate aminotransferase, ALT) . Bl P i FR i ( Alkaline
phosphatase, ALP) . FLEZHi 5k (Lactate dehydrogenase, LDH) %44k Z%
VBN LA REREAS AN 47 T A%, TT AR VP AG £ R0 P85 o 3 1) s AR B o
ALT FI AST 2 2R p - 4777 R R R AL RS I, 0 2H 2152 2145 35 R0 1) e b i
JE R EN MK A, AST F1 ALT W& J7EKiEMME (13°C) FH LB B3,

ALP 38 250 Ji A (10 2 T 225 A4 AN 3 S R 3 R A W 40 B ) R 77, 5 B A4 1
SR AE 77, LDH 57 57 75 1 R 81 W I i 2 i P M) LR B 3% AL, S50 RZH.(25°C)
FHEL,13°C Iy ALP 344 B BE S5 K 0 LDH 35 1 B & s I A i
BRI (TP W AE VN A YLE PR B e T i 4g BOtR B0 R 3R 47 Hr ok
FHRE ST E D485, YR E M 17°CREF) 13°CINF TP &8 I 53 T %,

7T 36 2 B 1) 5 B R B T v . S OERIE, Cheng 45t 12122 i 1 i o acs b i
GURTT il % N B, S RSN, mim (34°CL 37°C) A PRI 4L
RIS AR M T4, AR HYE J0 52 29I, Bl S I DNA 45145, 37°CHE e
Fl K OTM 1. #Uha R, Ifms¢d AST. ALT. LDH & 13 FE M E ETHE
PIAFAE R 27 (LDH>AST>ALT) ; 4ifE 2] 31°CHf, ALP &M T
B s TE/KETHE] 37 CHRIE A A TG S /BN, TP S®EWE T, b
T R e AR S D e AR, A B T4 B R AN 15 4 E
PEA, FERME RGE, KMASHGE 10 CHEE R AMA (C3) 1%64k12027281, Cheng
2200 R, C3 ) mRNA KCPAMREMNE (21°C. 17°CHI13°C) &3
Hahn, C3 MRk T BRI R VA B AR A 3 H BRI B E A . KA
R EAT PR 5 G T I SR 7 i e 1) 2 R A 5 3R e R AR B DA B e ) A
RGP, i SODICAT AR HIBUEMMR L LA F: 77 A 10U 1 Hh 3, i
T RRE BTG RIE R N, IR, HSP BN TR, GBI TRE RN &N
JRAZIE, B EZRNEAR, S PR AMERIE —
(B R B, 25 G HEN SR B R 22 R B 4 i R
BB 573 G 3% 40 M 5 A8 S A L R S 6 S B . RIS SR 7 itk g, BI-1 Al
Bel-2 #5KF B, ] Bax 75 3 M R 40 A 155, BRI ZRiAkE 75
EHIAMIRE {55 . BAFF M1 LIGHT 737 4E+F B 4M0AT T 4R ryid i, A
BRI KR R T2, CD-28 &R B (S SHLAE B E s g T
A FEIE AL L 7B, TLR/MyDSS8 15 538 2 AT Agilid TLR #23% MyDS8S,
BOE T IRAKL. IRAKA FIT IRAK B BE 5 BER A I0E TRAF6, M55 H:
fith 5 SR G 88 S N AH SR IR 48 TR T 13K 98 , CD28 Tl g5 TLR/MyD88 15 5-j
Ay 5B Fang 26053t @R, BEEKIAGL=T 3 (TBT-CD ik/E
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[RIBE N, W SR 7 il e i 40 e T 582D, ROS /K~FiZ i 7t &1, To-CD28 mRNA
FESEPEIME T RSO )iz 30k, (BAERTIF R B f i, B o A2
EERFNREATE . [FIET, TLR-MyD88 {55 i % HH AH S A1) mRNA R ILFHLL R
B, EEtERERIG T, BESUR Bl P To-MyD88 mRNA 7K F- 7 3
SLLLERFIESE A B S ER, T To-IRAK4 mRNA & 876 T IF A 25y 4 18, {5
0-20% TBT-CL 2 To-IRAK4 mRNA 7E A I T =1 e 2um) T B s (e
TXHHEH) , fEfErPREREE N, [FIRF, To-IRAKL 78 AN R 2 IARAU ) Rk
fath, LM EoR, WK TBT-Cl (20%. 50%) % T, To-CD28
RS SR, 40 PR A% . IEW] To-CD28 A% 5 | TBT-Cl 5%
M ENLE], RS TR SUR TR SRR e

TEVRES I8 75 SR SUR i g i T2 1, EEEF FIE T2 RN T
MR T8 4% ZRRiRIA Rt C A S PNIRMERE TR 5 B i/ S0
AT RAE . P53 2 HE A MR I, AT LALAF DNA 545 )5 I 4i o
WO B, B2 DNA IR, 4ERreife ifae i, Caspase ;&K & H
B i 5| R PR 2 B0k S I 2 2 B ) T ek R ) R 3RS, Caspase-9 A& - R A& iy
(2 BT, A0 T W0 21 Dk X 4 Bilg , Caspase-3 42 2 It K A&l i1 = B HAT
5TV 2 RGN M B A I B KRR DD ED, RO S I gE 3R C BT LU
FINIERLRARIER, Mt C BB LABGE RN+ caspase-9, Fifi
J& S84 caspase-3 Wik I SANMIE T . Cheng 45T 5t SR SR B A AT A
A ) ROS 33 B 4 MR T, 41 B S22 A2 () ROS AT LR AT P53 i 14,
ERMNE (34°CHI37°C) T, P53 Al caspase-3 mMRNA FEik/KFA & Fif,
KRy 37°C, caspase-9 Fik ik m P, E il F R caspase @1
ST, EREE (143 mM) %448 F, p53 B mRNA & &G ¥
ST, @A 72 h G, SIKEAFE T, caspase-3 A caspase-9 FE R FRik
K354 B T B4, Wang ZEPOIRT 5 o, 4K AR (20 pg/L A 100 pg/L)
TR RN, BEKAR R BE I T 57, I SUR 7 fiti 44 P p53. caspase-3 il caspase-9
MRNA i 7K B W7 T . W] p53 I caspase 1 i 113 51 B4 76 A 458 i 175
PGSR T AR TR R B . HERIE, SRR Cat Tt th S
5THTCREHESHSMATHPATI R, HHEENEER T RHME, M\
ROS HI P IZ0 ML BRI B 4G (Cf-Ca™) WRERII NSl R AT 8%, Cafass
RS K R, FERERIEREE R, BERESE, TR 2L R
A SRt T- "%, Cheng Mgt fEEMMAEZM T, Cf-Ca® ik
FEA B R A8n, BER A, AR tR B E B, SEME T (7.14
mM) , 48h JE7E AN F M EEEIH K OTM fH, #&/~ DNA JEE . [FFf
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RN 6 /NEHE, M4HPY Cf-Ca® WK IEA B SN, 12h JE ik, BE
EHA P ZE K, MNP TR 1.13%2#i T = & 12.23%, MEEREH, &
IR ATREIEIL 4 ROS, Hl Ca®*Fads, BJa ik 4ipiE T, Bel-2 (B 4/
M 2) e R sl (Pt M TR AT st
(¥1 Bel-2 17 8 A S B AA R 52 31, PS3 BT DAE et b AR I T R R e s
TP TR (B0 Bel2 i) MR ST Bax &0 T2 ki sb
JET Bel2 SRR IH TR, 15 T 40 (5 38 C(Cyt-C) R 2 4n i v+, J2& P53
S VO ) B A B2 P B T Bel2 J& T T IR B AT DA ) s Ak
Pt E C IR . ZHHL A Bel2 A1 Bax 2 Eb A1) i o A8 £ 5 i 2 b A 4 i £
% C R, Bax 5 Bel2 Z LI ar i S 4nfud -2 *“), Cheng %15t 5t
SR, EEIKEN 3.57 mM Al 7.14 mM It} Bax F%: KP4 #0034 B &
W, TERPUETEA, Bel2 fEREIRE (1.43 mM) HHamriE, KDl
T, 72h A MEREHE TR, Bax 5 Bel2 B L EI R MM a mig i, X
FHE WA AEIEE P53 - Bax - Bel2 42 5EIF T,

1.2 EERERIFHOARHE

T SRARHT T, K IRAEAT W AR, 24 i AR AF BIARA LM R .
MR AR E 28, Hit 2% TE IR S REC LR FRIEK IS
LR A B AR R RS LA T o SRR, T KBS G B N2 oK IR
SEAT kSR R JE I BE S BB, TRIAEETS QI e S T Gend # S i
T 75 AT T2 Ot FE A

121 E€RREX LM HIF I

JHNE A2 2R i BT I . —, 7RI G AR AR B A e B
HEEEER, YHIE I Bk A AR AR A 2 5 3R N RS S S Al 4k
BRAR S IE iR, 5 S B O 53 S Y M B KA T, T BRI K P 97
VEAT MY 42 e o RIS, AR IR 7 90% LA b i FF & i, SR A4k SR i K
0 2 65 PR L N T30 0 2K WLt ), i B st 8o, 24
R IR RGN, IR AR i . ARV AT, I 4H MRS AR
M, ZekifRik, Miziasit, 2R, TRpRh KR & DIERT
0 25 1 1 T IR T 78 % 4 7 T A S 4 1 SR AR LM, Sk it 7t B
Ny KM R RS EE RSB R A REN IR EER R,
S IBE SO R VT = A N SR B K AR R AT G RS YA I Bk, R KM Cu
JR IR K 0.1438mg/L AR 64.3%; AR BoR K = i X
HIEFREK P AR A 48 Cu S ER ., AL 60%FE M #iAR. Chen 510
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RN, KRR ENMUSMEBIR ER AR, M REl, Gl
9 £ PR R 2E 2R R AR T EL 2 3 i 41 33 1 107 6 Fs A % 6 DR A 3 08 410
G A AR SAR S FE R ) 3%, BRARR I 40 AR AR, % S P g o AR oA,
HERWA . RKAGEFET SERUTYIeR (0. 8 hEERBOCE
G BN 2K R R B A RO, 0 T S ST R SR K PN
BRI E FR TG R AE AR I WS D0 SCRT AR 9 KA W B A SRR K B i
. Liu 25000 7t SR, SHANE S @A L, A AT RS Sk B AR SR T4
gip, Chen 7o, TR E AR M (Synechogobius hasta) £ 30 K 14
ZF G, NeW& A %<EE(G6PD. 6PGD Al ME)RITE . ATAALL . ATARAIAA B
AR & BWAEANFRREER LT [FER, M O et 5 A B2 AT 4 21
h HELK R AR T, 2 BB R T KR B 7R T LA G A T R R A R
N, FEEAFIEFE RO R . I, xS IR 5E #2067 B 5
{EREASTRATHE— IR T

122 & RSB AR R EROR5

JE 2 sk E EM R T 2, NIRRT B A B R, =IR&
B a7 53 AN I ST B R AE B AT 45 SR, AN [FH AR AR R
PRSI AR, Hul =g (Triglyceride, TG) MGk 7ERE & LI L 4L
Brae ) EETE I, G RCH I =8 T I H e R R AR R B R R T A
ATt AR R R WS AL 2 A 2B R Z0T8E CoA AR, AT i H il = EEAS
BE Je I B2 I il 2 TV BT 1 OO 6-Tol 1% 781 267 1 755 i 50 B# ( 6-phosphate glucose
dehydrogenase, 6PGD ) Hl % %j ¥# 6- % & it & B ( Glucose-6-phosphate
dehydrogenase, G6PD) 217714 )i B4 4 11 (Nicotinamide adenine dinucleotide
phosphate, NADPH)™ /& ({1 < B SE (K], 5t AR IR 1) /5 e 22 6 d B0, 7 Ik il
A #1kEF (Acetyl-CoA carboxylase, ACC) Ttk ZEk4HEE A A RiA —Fk
-CoA, [ JG7ENE T IR& il (Fatty acid synthase, FAS) {4k T & B ATAS By
FRAEHEIEEEE, HE2E A HETEE (Lipoprotein lipase, LPL) AJ LA/K fift ifi 2% Hg &5 13
frH i = B PR A B AR e A T HeA 2L 2R SR O e PO R g AR
T it N I SUZR 7 Sl JH JE A A R S i v R, i A0 P (96 h) 5 JHENE A T
GRRET R, PVt AR (G6PD. 6PGD. FAS. LPL fl ACC) #*
EAERIKSE (0.1 mg/l) Kb IE 3wk,

e Wi o f AR N D 2 03, AEAH SCBRAE T 2 SO 17 B R0 H vl RO
A AR 20 2 AR, it = s 2 H il = e s ik @BE  (Adipose triglyceride
lipase, ATGL) fER T/KMERCH M —ERAI IR ITRR, BE 5 H i — BRSO Uk
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flg Wik (Hormone-sensitive lipase, HSL) 1 H N /K il s s ik H il A Ig iR, &
B T NN, 3 R R R Bl R 4, (E ek padt AT B AR,
WIRREA AL #5728 1 (Carnitine palmitoyltransferasel, CPT1) A&l i i 1L Jg iy
Tk S A A A0 R I o T 22 PRIt N 8 A Ak 2 I R 1 1 i Ak B R 1) B-
A PR SR

— LI 53 R -l I 1R 45 5 R A A 5 I ) A SR T o A oA T B AR AR
A, gk S AL P i AR BG 5E AR VDS 32k (Peroxisome  proliferator-activated
receptoro andy, PPARo. #1 PPARY) , 18 i i 5 AH G HE R (4 CPTL) # 5% /K-,
E T R B R A A i 12 1%), W o R4S &5 (SREBP-1¢) it i
1% ACC Il FAS 135 PR 2 3 32 11 S g 0l & A S Al ) & 10

1.3 BXEEMEVINARIERE

JEAE IR ZHE, MR, RARR, wfeRfifiZ Rt
SRS, MERARRE, HEMEYSaRERKRRKERRAGIRADT.
SR, FE R E Y R A BRI AR RN, AR KRB RS EE LK
AETEIAB [ A W] R BUIE AT AR . SR AT HES AL,
RAALGEMARIAGE T, WEREY) S P AL I i B3R 58 58 5 52 BK A B 22
GRM, KA E R Tl K B Y AL N B, AT TE R
AR R R,

131 ESRREXNEXFEREYNE N

WATE A IAE SN AR WAL E A%, KIHHE T 518 F i 4esF 7 ReA 1
AR, PR SR, BEREMERIRE KRS . WA
o 8 R % TR e T AR T, R P S T e I P A 0 K
AT B, Song STV NBE T Bon, 7R IR ONRERR B ONEK 0 B T
(Cu?*-loaded silicate CLS) )i, £ Ji7ie v 75 0 CRIINE AR AT ) AR
ERG, (HAMEEE BEA S, R CLS 1R N B A b EtE, nrLAHs
AR5 R B 4 52995 iR 11 e T K 1R 2% . Merrifield 257 B 78 BE 25 £ 35\ 4%
KA B KAR G B R AR AL, 45 R EIR, GRS YK B &5 1
FATE R E D I BEVE LR, — Se I8 2 B (U0 2R ER AT B8 D 50 4t 0 5
S AR A D e AL e . AT T] (Fusobacteria) J& T2 == IR 144
W, W T MRS, WERNUA AR, Guo VIR EIR, RIKEH
R, SRl iE AT T e R SR BAF 8 (Cetobacterium) J2
WATE =4 E 2 B12 MR, "THA D oK MR Z K, 15
F8 Jo . SRR JE Y e B3 T, nT R SR AR A K T o R RE TR T R

7
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(short-chain fatty acids, SCFA) 72 iz p # (1) 3 2R 4, W5t iR, SCFA
A CLOE 2 P S SAechd %, WATIRNT . IHEIREARE S AT, K,
i P JEEEE 1] (Firmicutes) FUATEE 1] (Bacteroidetes) LU 5|22 4k B #2520
PLiA e BARBOR g A Qs A2l ™), Rsesb SR, Mk RE T, M)
BEEARG, BN 7K A 2 5 A1 T A 3 e 2 M i At 2 A R R A 1 AT (] 422 5 M L
A8 SRR

1.3.2 16S rRNA M FH AR 7 & R IE M E IR PN

R IE ] B R AR E LA RS, WA TENFHEAR LR
ML, #EEREMRIHREBLET T 3 M E: gilkiFmk. K
AL IR 73 125 2SS T T AR 7 (449 7 A A5 2wt e ik, i o
TR A W B E R, 0 iE R YR REEAT o B E I
%E, AT T EImERMEMTEA R A KA 2 R R IE A =21 1
WL, RN T RREUR B M BOR MU RS P 7 A 2 S AT DU O R
% T DNA W) EAT 08T, TEANaliss 3% 85, Rl 4 Th 4 ke b e
IR . B T IR SUEISHOR = 205 R TUph FE &L Ik (DGGE)
AR PRIV B BE 2 & (T-RFLP) Al ERIC-PCR fR4ri, @i PCR
I HRAFAE IR SALIR 5y, T DASRE EDUL R IS it rh A MR VR RO
H ERIC-PCR Hi R THEMI B, Hikfae, &wedthm, B ZM
FH T R S5 M, M REVE S5 kg A 8780,

FESFHER IR, M EZ W53 Fhric 2 /N T RNA K&
[AI(16S Bk 18S rRNA H:[X]). lAE R Vg 4514 2 FEE R 5 de i st {6 16S
rRNA JER TERE SRS, SRAGHEVE P L R G R B s, BT A i v 4
R E S BRI ke, HETHEAT AR T BE T . Eckburg £ FH 16S rRNA
N T B SCPE TR R G i 1 NAR G TE RS I S 08 B AR VD B AL R,
N T iE R SRS R . mnl I TR AT LLRI 6 EE 7 DNA 4y
FHHMTIT, AN R RIS R . DR, i ey 3 &) AT LA
A T s R E AR D R RS IR 2, X TR S R AR A,
S A RER 2, I st AR TR ) S B S T B R A Y kAT
Pt RE R, mRpETEYZFEEMENEM, FEALRE]
(Proteobacteria) . JZE# ] (Actinobacteria) - JEEER ] (FirmiCutes) .
e AF B 1] ( Fusobacteria ) . 0\ #F & [] ( Bacteroidetes ) . ¥t 1l & ']
(Verrucomicrobia) - 718 #T % (Enteric Bacilli) FI4 IR ZF B 4T % (Clostridia)
HAWAETT. ERER AR E TS T HEhRAw, EARMaREHHL
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P15 90% LA b, X LER B RS B EEAE 8, s a8 )\ o 5kaE T
A — Yty ) f R E R AE IR B 454 mRE S P HAR AT, RIASF 2
TE A A W e G5 M 2H R 32 SRS Tk B T £ SRl 8 PN 3 T R I R S PRI I
77 CHpRRR S 1 S B AR o x4 397 25 880 B v B e B AR 40 A
N LIRVESZAE T F 82 (Paralichthys olivaceus) AN K B i T R 45 4 5
THRIR R, N LT TR T 7 018 A 24 B bn v SR AL B e k4 . ok
SE T\ S 0 A 3% £E S R #2 P 2 % 4E £ (Oreochromis  niloticus) 7 i&
WAEPATI I, AR ER, A0 DU 3 52 m /K A f 2R e e A A
Xy FRATER g Eh et SR AE AN [ R BRI T SR AR RE 0 1 22 AR AR

14 FRENNETERARAS

141 REN

s S0 2R 5 i ) RO P B ()R R 22 B i, SERTIE 7E B AR
EZaAERRE . RGN FRBIME A > 7 P, Rif, mE4
IRJT WAL TR RE Ao B SR AR U E AR 5, AN RIS 52 B 0 Tl AR
Bty A 7= e s Je s . H RTIE R I R CuP AR RS SO Ty fili i
F PR R B L 2 22—, BT /K A 2 i A AT 355 3 i SO e JE U A I
TR ATE R -

ST, ARBETCE S b 1 KR B B I SUR Ty A R RE . AU
R AL IS A e s BaE Al 1 A 5% 5 T WS SR D S T Atk o 5 A
Ul FRT 73 i AR ORI RE A S i AN DR A ZRIB T OL I8 I 3 N B S0 2R Tyt
JEACHT 20 M 15 TR ST FE 17 AS (R 4 22 i 3o P 240 I A U A S 3k PRI R TA (R R
fJr, T 165 IRNA WU B 70 M AN RIS A B 5 1 I SR J5 e B it 2B )
MR ZE SR o IXEBGE RN SO Ty il g 17 I jls DL B2 (A0 F LA, I DA i
SR DT il FE R Cu® (45 A8 F SR LR 4

142 FEMARAR

(1) T H&E et HURFE G B TS (ICP-MS) SR 5%
KA 2 N WG SR D7 il JFF AR A SR RS A A8 A, o0 A /K A i) 8 . T IS
GURJ7 il 4y 0 % AR KR bR DAL IE . & AL R A AR SR 2 .

(2) FI F B0 2 A1 qRT-PCR 45 J5 V2 70 A A 1 AH G i 3 0 22 [A]
(G6PD. 6PGD. LPL. FAS. ACC. HSL. CPT1. PPARa 1 PPARY ) fEH
GUIR 7 Sl T U o ) 2Rk A L

(3D g 7 — i U AR T il S A 40 M 1 o 5 B B 37 7 16, AL SR

9
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qRT-PCR HUAR 73 #fr /KA % 5 T HF-4E i N IS AR AH G 2L ] (GBPD. 6PGD.
LPL. FAS. ACC. HSL. CPT1. PPARo 1 PPARy) FikIH .

(4) izH 16S rRNA M FEEAR, BIF T8I 05 b AN IRl B2 2 g T IS SUR T
fi gy T S AR D TR A AR AL L

1.5 B AREE 2%
Wl RESCAR T
1 ! l
T A I % FE KRR B
N AL S B R
[
Ko :
ge. 4 AT RS I ﬁg
SR . H HA I B R
Bl = , | FE A BELHL R
TR FILPL T BEARE A4y
AR At ] ‘ P47 B
WAL, = REAC AR
24 5 HEFFk
1 | | |

PRAAER % o Xk SO J AT A AR i Bl A ) e B

10
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L 2F KAERBEMEAFFHE K. FRRARFRE
(peet A

21 5|5

TN — PP BRI VI, B2 BRI F LA TR, 5
BRSO, AR RS, JHTTERBAAE, AR A S R,
AR A KRG R 2 S RO, Ak, Rt YRR KRR
AR G 55 AR O E BRI 2 b OGBERE S (AN Cu-Zn i AL B LB . 144k
UM AIM R AR ) [ AL, BRI, 4t AR
L S BEAG ERIE R AR, W0 AED TR AR 2R SO e I & g SR
W, XA ERERR, BEHR WhE MR, FRmAGETET,

AN BETIE T KA e T S SR 7 B4 0 % AR AR, S AN AR 3R
B, @i H&E Jet LA ML O Bt S5 3 BOW S KA 7 55 T~ I SUR T
i JF A SR A S A A4, Dt — 2D AT T K A 2 e o Wiy S0 T3 e U A A8
SN SR PR AR TR

2.2 RIS NEE AR T
2.2.1 SEIGHH

AR KRG R PR G S0 2R T i S 56 FH A0 B VT 2548 BV T VL 2 Y R
1 PR A A BE SUR J7 i i St . S8 IS SUR J7ifidh it 500 4%, MG RE N
794059, 1AK 6.640.3 cm. {EHEATIESLIG 2 BT, f a8 IR s MR H
FERANT, W5 OUR 7 il 3R FE B S KGR R 88, 45 24 h T 20 %K.
HER CEA- 8 miATFA 4 /0 4B Bk iak (o B BT 57 35 1kl
HIRAR, EARSTENA420%) o LI MALEKAEEE N 26+05C, pH7.1
+0.1, WARE 7.520.2mg/ L, JEEMN 14 h BEJ6AT 10 h B FRERE +
TN 15 K, K 100 FEHE SUR 5 il FH T SR 3 1058, B e 96 /NET ) LC50

(BEH{E) H02mg/ L.

W Seid ta BENL MR = AN ERL b WIRALFRE ORI Cu®) o s2ib
4. 20 pg /L Cu”*AbFRLHLAN 100 g / L CuPAbBR4 . AR E =AEH,
BAKFETINE 25 BRESURT b, Ktk FE AP 21 K, R 24h Hf—K
7K BB K i FH RN Cu® R LA R A X i R P 1) C U™, 5 3 I3 A 35 9 4

11
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()4 ] 1) 7 kAT 1 9%

FEREURERT 24 h {5 E4AME, 7655 0. 7. 14 A1 21 RN /KAE P BENL%E
0 3 2kf0, MS-222 BRI (10 mg/L) FEUKAL g U a2 FE . faFnil
P, BTWAY, -80°CIRIRIRAE, miTHfE Ak SH AR R, B 21
Re G, WEKFETRRPE, FNEAA, FEMAERES, 540540
PRAGH) 3 S A WA I, Hh A 2K B AR [ 58 VR (10%) [ 58 , TR A - 2L (H&E)D
Jutty, FHL 3 Sk REIWCEETE, B TWEY, -80° CRIRIRAEHATIIAL O %
.

222 FEFLIH{UE

NEEAS A
2 A H 7 NIKON
B e R 2 5 E Leutkirch
NexION® 2000 H /8 745 B A i 4% % [ PerkinElmer
HLFRF MP502N g R RS R AR
e iR 4 QL-920 VT OB R A 3R
ABRIIKFE NBS [ Eppendorf
kL HIVKAL SIM-F140AY65-PC HART
FB4/K ARG AF2-1001-U G SRR A R A H
2.2.3 EERF
4R A
CuS0, HE FE
MS-222 & F%[H Sigma
VAR R Ty ARIE 2 R (10%) HE AR DU
TIAKE-HAL (H&E) Jettilki & i E AR
TIAHAL O Yty H[E Solarbio

2.3 KA
231 BIFEKSH. FRRLRBE (AL M 2

FEAR B ER AT 21 RJF, BE/KFERENLBEE 3 26t (REMAEEEL 9 550
M AR I T 7 RO BTk E, FRELR)G, KEaEuka Bt
W, IR A N T EAT A IR, e IR SRR i

12
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2.32 &{FFFRE. BAAANAHEFRRERNE

PRI . BAAIULPRE AEL . 200 Gomes EUMOHRIE [ )i,
HEIFAE 100°CHET, HEFIFREL 0.2 g THRAVALZL, FFIA 2 mL IRASIR, 220°C
AL 30 min. R AL)E ORE S AR R R 10 mL, FEE] NexION®
2000 FHLIEEHE 45 B - B A (ICP-MS)I & AN [ B h 4 S & (LU sw 4120
TETE N R R (/)

2.3.3 KNSR R E AT AEFL S AR N L A 52

P P 2 PP AR R S AR R B B IERE AR AT DR KRS - (H&ED Jeta 54T,
S0 AR S IR A SIS B O IS i Ele SBIRINR : E T p 4 4
TR VRS IR, —HRIER, RIS, VI AN (JEEZ8 6-7 pm) ,
IAFERP LG, WREIK, —HZREH, hrHEMEEEE, EEM
BN A TH L RN T S SR

SR REASBEAT I AT O Yeta HAT LU0 M, FEA AL IR 2 1B Wang 45
16 0y 799 , 7 S A4 UKV P JHF T R AR ZE A IR AR ) WL B0 % 9 m R4 A

FH B[ 2 10 min, BT O Geta, HimE A, 6= B N g,
1% F Image-Pro Plus 6.0 34 #1473 M H&E Bt i AR AN 4L O et rh fig
WA AR, NN BELIEEL 10 ANAREF K B A, B g2 4h ik
T81& 9t
2.3.4 BIRAIBS 2

SEIS BRI S35 SPSS 22.0 (IBM A ®]) HE4T B 5 24047
(One-way ANOVA), H tiaiit® p i, # p<<0.05, WEREE, Fra%dE
K FH ) R 1 2 (Means £SD)R 7R
24 ER55h
241 BIREKSE. FHAEEFIAERELE

mk 2.1 P, & 21 RWFEGELAHEE, BARgEE (WG) FAEWIKE
B TH T S A, T A IESE R (VSD FIFFARIE S (HSD MIARR, BE#E4
WEER T s, (RIS 30 KR B AE 20 po/L 4 EEAE 100 o/l dH b 58
B o UL, IKAARHRIR 0 ARSI 28 AR, 4 2R s AEx R4 51 20
Lo/l Cu™ LS SUA T iFET -4 0, {H 100 pg/L Cu*Hrr4hfasiT ik
4.7%,

13
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R 2.1 20 ROKARAR 2 55 J R 1 SO Ot A2 K S B 52 )

Table 2.1 Effect of Cu®* exposure on the growth parameters of T.fasciatus after 21 days.

VIR E  RACPIRE REGKE NIEES HaEi A%
IBW(g/fish)y  FBW(g/fish)  WG(%)  VSI(%) HSI®%)  S(%)

it 4 7.940.1° 16.140.4° 104442 15140.4° 11.2403°  100°
20pg/ll. 7.740.2° 157402  103.14.9° 17.240.1° 14.840.1°  100°
100 pg/L  7.740.1° 11.240.3" 4244.1° 171407 13.140.2° 95.3 #4.0°

P BRI AR TR (n=3) [ B PR S B MR AL 2 155
%5 (p005) + IBW W THIKE: FBW RRBATHAE, WG RRkE
HKE VSIRRIIFESL HSI SRR S WARR .

Note: Values are presented as means SD (n=3); the values with different letters within the
same column are significantly different at p<<0.05. IBW mean body weight; FBW mean body
weight; WG mean body weight; VSI mean viscerosomatic index; HSI mean hepatosomatic

index; S mean survival rate.

2.4.2 BRATRE. BAFALAREIRE S

2.1 o 1 5 e Ab 3 21 0K J W SR 7 I S LA A0 g i rh AR 2R
b5 K AR AR A B I TR, AN SN AR 2R B T TR 3G 0 s . AEAH
FHRE T, =AHAMRREAER, HIT ARES>ILA .

42 - Liver

et CoOntrol
35 1 20 pg/L

Cu (ug /g dry weight)
'ti

Exposure (days)

Bl 2.0 A KA B i J s SR 7 il JHE R AR AR 2
Figure 2.1 A Copper contents in the liver of T. fasciatus after exposure to control

conditions,20 or 100 pg/L Cu?*
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20 1 Intestine .
E 16 —¢— Control c
o0
g 20 pg/L
12 4 —t— 100 ng/L
2 g
=
&0
of 8 1
S
- c
O 4 1 be &
- i
a ol a
0 — T — T — L] — 1
0 7 14 21

Exposure (days)

5 2.1 B /K AAHR B 2 Ja I SUR 7 iz H A 2R

Figure 2.1 B Copper contents in the Intestine of T. fasciatus after exposure to control
conditions,20 or 100 pg/L Cu?*

10 1 Muscle
g 8
20
@
z 6 -
[«
-
® 4
=11
=
= 2 1
Q
0 )

Exposure (days)

K 2.1 C /KM 2 i i I SR D B LA AR AR 3R

Figure 2.1C Copper contents in the muscle of T. fasciatus after exposure to control
conditions,20 or 100 pg/L Cu?*

BRI PEME £ EE (n=3) « ARRNE FREFORARAFEREZR (p
<0.05) .

Note: Data are presented as the means £SD (n=3). The different letters indicate significant
differences (p <<0.05) during increasing duration of Cu®* exposure.
15
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2.4.3 KNSR R T TR RE LS FLA LR T (L I 52

R TR 21 KRG, XHRARSUR T ZUE S, AR RME., W
AN AEFRAH S SUR 7 S R B G 3 LU B2 VR (1 2.2A) o R EE AR 53K
S SR T B P 2 14k, SELAPALMIEL, 20 po/L Cu®* Kb PR 41 HAT f K T
VTR GRIE R THAR O RGE R B AT (B 2.2C f12.28) , Hitk
[FIEF, V2T O et 3R], 20 po/L 4 2 55 175 5 S0 J7 fif JF U T o 5 2 0
FREE R K (& 2.2B f12.2D)

0il Red O Relative areas
(%)
(3] = ()] o]
o (e} o o

_ g

H&E Relative areas
(%)

e 8 &8 8 8
i -
- -
— -

Control 20 ug/L 100 pg/L Control 20 ug/L 100 pg/L
Treatment Treatment

Il 2.2 Cu”" B HE Xt 21 R B SUAR il IE R 25 AN 4L SV 2 (R B

Figure 2.2 Effects of Cu*" exposure on liver morphology and histochemistry in T. fasciatus

after 21 days.
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e ARFRER 21 KRG & SCI TS B £E 200 £ MUK 26~ i o R g o ot /s i 21
O Gett (ZLth) ; CHHIEMELE 400 i BORFE N HIEAN H&E Jeto-250 1t (Va) .
BN PIMEEARHEZE (n=3) , ARHZ AR EZERHAANFFEERR (p<0.05)
Note: Figure A represents the liver morphology of each experimental group after 21 days of
exposure, The images in B display oil red O staining (red) for lipids at 200 ><magnification.
The images in C show haematoxylin and eosin (H&E)-stained hepatic vacuoles (Va) at 400 x
magnification. Data represent means =SD (n=3). Significant differences (p<<0.05) among

treatments are indicated by different letters.
2.5 i

B Ryt RS AR MR K W K B RN G 8 B A 5 A i 0 S BTl 20
iR eE, R BRI 2N TR IR, R0, BEE K
hESEERHGEME, K= IR E AR GE I RS ARR ZER.
WA RN, dEFRASEEHARNERKE, BFEIUELRN.
FF RS 005 A0 G 2 o 2 2 — AR A AR B AR, b, P AR ON o BT ) 1 £
ARG B FF B 5 0 P B o A ST 6 308 oS AN [ 0 9k 5 3 3 AR S IS 4
ROTi A KR BN R DL AR R B M s, A JE i e g 4
IR 77 i S A RE A ) A HLER R AL T SR AR

TEARSIG b, BRI, BESURIT AR B 2 2R, ik
J55 4 2% 5 S 25 A T RS SUR TR AR K R (BRI EI KRR o
MR TR, BARAEK MR PSS BT E RN 1 H T i 55 F1 4k
FE IR BRI 7 (A S DO, 1 g o e B B KU A i A e, 2K
AR 2R B L X B 4 S - 1 e s v, ARSEI AR T IX — A, Hi SR R b
BN, AR AR, BESURTT R A LR AN AR R & 8 BT,
H_EFHREE A, ARSI R B KT HEWANAHLR Gl .
ISR T R H 2, R4S AR 2 D122 21, AR, e
T S5IMiEEERESS, FEUFSRIRAENAR S RERR, HRER
B AR, SRR R, B g | AR IE A TR BLUORR, BRI
IGESL, RSEih WAFse T RS, FEA IR RELIE T, HFHSAZ
BIGFFE MR G . SXTRRAARLE, /KA 2 5 T 1% UK 7 6 U 2
B, R 2GR, H&E L EAITHL O Yet R, AbERL  HHE A i
o B, RS AL, ARHEIA N, LS. 5 sk EE 100
ng/L CU* AR EL, 20 pg/L Cu® 3™ A T IR 40 4% J T AU 2 29 B K F) 25 Ak

S, (RN AT AR RO B N . ARSI AR S, AN RV B (A A A B X I
GUR 7 il JH R 7 2 2 P S A A FE 22 5
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£ 3T KEERENRELFR G EFREEAHEXHERER
FIEHIFE

3.1 3|5

AR, BTSSR, K FREAT AR R PO R R . SR80,
K IR RGP R R, ERAHAR R R E. WA RN, |
i CRIMLa S 4, TR 2R, (H sk X A 2 2 i A £ 25 %) I s 1
TR R Ja AR R F R IR R B-& B TRIDTAERD A E
Sl B-4AAt (IR A SRR 2 AR 2 TR AN T4 512 g B0 62 041,
AR ERANTE T, B CABONE R E AR (nFifh, g%
PAems) i s . B SR, V2 0B ER 2S5 R,
Hr 6PGD. G6PD. LPL. FAS #l ACC %5 ig & it e vk, 1
HSL 1 CPTL fEVIZ M o i A2 b A3 R B E, #4s%[A1 PPARa Al
PPARy #{ Ik S ] @i i 5 AH SG I N () 2k /K, TR R A LA4 AR o A QU

7 5 F 5 R FH B 72 A qRT-PCR HA, PARSSUZ J7 6l 18s RNA N
SO, KM T RS LUR B IE R TG & & LPL % Al G6PD.,
6PGD. LPL. FAS. ACC. HSL. CPT1. PPARa 1 PPARy J& K] () ik 175 1% o
AR ik — 25 8 7= I SR 7 i T 107 TR B AL 4 1 225 k)

3.2 SEIFHRL, IUEERIRF
3.2.1 SEIRMRY
S8 2.2.1 Frik,

3.2.2 FESLIHUES

X HS AR A H]
BHMR BRI KIS IR IRE R4t i
A% 74 [X Eppendorf
1%KL T10 B 825 fHE KA
AURAETE B 0L Centrifuge S810R % Eppendorf
B IRIKFE NBS 5 Eppendorf

PCR {X Mastercycler pro #4[% Eppendorf

18
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SZI ¢ EE PCR 41X StepOnePlus
Nanodrop 2000 466 it

%E ABI
2 [E Thermo

Hyki# DYC-31D JEHN—
BT RF MP502N it A TR A
IR IR %% QL-920 Ve TR s P AR
FORL 1 UKL SIM-F140AY65-PC HAKT
4k 24 AF2-1001-U G RN PR A F
B AR AX Hh [ Bk A ]
il Galanz Rk AR RTE R AR
TEIE /K8 HH-S6 EIRTTEIT Ak
3.3.3 LIGRF
Ew By S A
EALE RNA o it e " Bioteke
FEssrviilla 1E Vazyme

ChamQ TM SYBR gPCR Master Mix
H = (TG) Wz ilif&
a2 A IRRE(LPL) . IR EE(HL) I E

W&

H & Vazyme
P A
PR A

3.3 LI E
3.3.1 BEAisEEENE

FREUTFREREAS 100 mg, AN 9 fE AR B AR B £k /K AE UK B 205 LA %6 10%

SIRH, SRS IRAE 4°C R EL 9500 g B5.0 5 7B . TG & &l FEdl P RS
R R o A AE R AE AR U B S, LPL BRI e VRN D IR S I i
FEIRAL Y LPL S I R S Ui . i Bradford J5 ik OURI LA if i
P 2R 1 A v S PP A0 S O TT bk 2 1 1R Luo 25O &,
{6 C A BE AT I E N RE oT & S e« ACER T B4 5 0 e 6 B T Bl
BEAROGHAT M R H AT IE R, LI E R =X PR 2ZE

3.3.2 kKA R ERFIEE RNA FYIREUNR cDNA &Rk

T EE VA VR RERE & Fc R i RNA PB4 70 B S ik 1 g vidk A7
BAE, SREBUEAZE RNA. SREGERES, SISt BbAT 3 K, B 4%
RNA A . 55 HUEE a1 RNA B i 8 1] Nanodrop 284073006 BETHEAT IR
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J& 72 A1 OD 260/280 LUAEM &, ELAATE 1.8~2.0 Z [AIFE AT RNA 2571 568
PERGI . K5 A K B0 RNA B A7 T-80°Cukas, H T /e 8:5

FIH Vazyme $&4L ) HiScript™ 1 ST strand cDNA Synthesis kit 3% 3618
AV AT cDNA &, #EFRATN: R0 08 kT 20ul )
ECH], BCHILIR: S RNA FES 2ul, 4>gDNA wiper Mix 4 uL, RNase-free
water 10 pL, JE& A GBEN B0y, 42T M 2 min, SN 5>gRT SuperMixll
Aul, B BAEER VIR S] Ja Iy B O MR S gk 1) R N AP 50°C 15min,
85°C 2min AT RN, R SLRIH T A4 gRT-PCR MELT--20°C
UKFE AT -

3.3.3 ®WHEE PCR #M G6PD, 6PGD, LPL, FAS, ACC, HSL, CPT1,
PPARo. F1 PPARy £ [E mRNA FRiX £

(1) 51¥¥it
FFH 5256 2= OF KIS SUR il 5 5 20808 , oS 802 5 il G6PD . 6PGD.
LPL.FAS.ACC.HSL.CPT.PPARa Il PPARy &K 34T F£ 51 Fiill, FF - Premier
5.0 BAFBCTHE IR I S, PR TAY TR (R A RA
Al AR I 3.1,

* 3.1 Ik

Table 3.1 Primers used in this study

5k 514 Fr 3
Gene Primer Primer sequence (5°-3")
6PGD-F CGGGAGAGCCTTGTTGTGAT
oPeD 6PGD-R CCGTCTTGTTCCAGTCGTCA
G6PD -F CTCACCTTCAAGGAGCCGTT
GOPD G6PD -R GGGCTATACGCTTCAGGACC
FAS-F GCAGCTTTCTTTGGCGTTCA
FAS FAS-R TCTGATCCACTCACCCCGAT
ACC-F GTGAAAATCCCGACGAGGGT
ACC ACC-R CCACGAGAAACAGTGTCCGA
LpL LPL-F CCTGCTGGGTTACAGTCTGG

LPL-R CCCCGTTGGGGTAAATGTCA

20
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HSL-F CGTGTGTGAGGAAAATGCCG

oL HSL-R ACCACCTTGACTAACGAGCG

CPT1-F CTTCATCCAGATTGCGCTGC

cPT CPTI-R AACAAACGCCTGCACACATC

PPAR a-F GTCAATGACTACCCGCCCTC

PRAR PPAR a-R AGCTTCAGACGGATAGTGCG

PPAR y -F GTAACCAGGACTCGGTGTGG

PRARY PPAR Y -R GATCTCCGATTGGTCGCTGT
18s RNA-F AGGTCTGTGATGCCCTTAGATGTC

1S RNA 18s RNA-R AGTGGGGTTCAGCGGGTTAC

(2) MR kEE PCR § &R
B SEEAS B cDNA VE RN, #2 IRk 7 & rh S AL R ot 2 B 1A &
(20ul) HIAFERIZHSY (3%3.2) , FHHAT 3 WAEYEEL.

% 3.2 POtERE PCR Y AR

Table 3.2 Quantitative Real-time PCR amplification system

Hoy PR /UL

Constituents Volume
ChamQ™ SYBR gPCR Master Mix 10
cDNA #ii (5 ng/ul) 4
1E17 5147(2 mmol/L) 3
S\ 5141(2 mmol/L) 3
SRR 20

(B) RMNERFRE(ABI 1X33)
% 3.3 wWtE B PCR U NAEF

Table 3.3 Quantitative Real-timePCR reaction procedure

(Edad TR I} 8]
Procedure Temperature Times
FiAE 95°C 30s
I RNE (40 MEFR) 95C 10s
55°C 30s
95°C 15s
A 2 55C 60s

95C 15s

21
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3.3.4 BIEAIBS 2

3t — DRI S S0 2R 6l A T A 9% 32 IR PR AN [R) 7K AR 4 i % i 4%
R mRNA FiEKF 284k, S 27 88T 20 b 50 5 B R AR A R I &
18s RNA 1E A S FE AP, s Mo Bl F Gt 24 8 F SPSS 22.0 (IBM A 7))
HEAT B[R T 5 22 40 H7 (One-way ANOVA), Fil t #3655 p i, 7% p<<0.05, I
g, PrEEE R AR #E % (Means £SD)E 7R

3.4 BERE S
3.4.1 FFEEABER. HiM=BES =M LPL j&M

I 5 7 2 B RIS SUR Bl R R & 2. TG & =AM LPL i
Y. Wik 3.1 Fros, (AL 21 RS, iﬁg? 20 Lg/L c&*MﬁéﬂH@aﬁéﬁc%ﬁ
i, AR R A2 (B 3.1A 50.0%) , &8 (& 3.1B 62.0%) A1 LPL
WEPE (] 3.1C 18.3 Uimg) f& i ﬁﬁxﬁ,ﬂﬁéﬁmﬁ F 100 pg/L Cu®* kb3 [ s
SURJ7 SR Y B IR R B B LPL 3&E A5 B4 AN 20 g/l Cu®
AbFRZH 2 8]

60 -
50 A

40 -

Lipid content (%)

Control 20 ng/L 100 pg/L
Treatment

3.1 A KU e 21 JONT B SOR T U FAE s o 25 B R 52

Figure 3.1A Effects of Cu®* exposure on lipid contents in T. fasciatus after 21 days
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75 7
a

- 60 1 b
&0
=Y
£ 45 1 ¢
—
5
= 30
=
[+
S 15

0

Control 20 ng/L 100 pg/L
Treatment

K 3.1B KIRHFEE 21 RASHE SR T IE TG & = 15200

Figure 3.1B Effects of Cu®* exposure on TG contents in T. fasciatus after 21 days

— [ [
h = Lh
1 1 )

—

L]
1

o

LPL activity (U /mg protein)
h

[=]

Control 20 ug/L 100 pg/L
Treatment

3.1C JKARHRRFR 21 FO ISR J7 Bl LPL &k B 52 R
Figure 3.1 Effects of Cu*" exposure on LPL activity in T. fasciatus after 21 days

B R A PEERAEE (n = 3) « ARMFEFOREHARMEEER (p<s
0.05) H.

Note: Data are presented as the means £SD (n=3). Significant differences (p=0.05) among

treatments are indicated by different letters.

3.4.2 FTAEARE IR XEERRE D

K %9 6 5 5 PCR J5 vkl 7K A48 2 55 21 K JE G 804 J7 it GGPD.6PGD .
23
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LPL. FAS. ACC. HSL. CPT. PPARa il PPARy & [ R IE B 45 TR,
T B TR A B 21 K J WG SR J7 Sl 1k 7 45 1 195 6 Al DG B B8 (6PGD, LPL,
FAS F1 ACC) Fik/K V53 i, 7£ 20 g/ L Cu® iy b B 20 b Wl 22 31 i i 1)
FKIE/KF, G6PD 7EHiF e G A H B BAR L. Bbah, B KRG 5% 25
WERNTHE, S5/ MIIEE (HSL 1 CPT1) RiA/KFRHIF#E, 1
100 pg / L FAL3EE ol 31 i e 1) T B B AN B IR Rk /Ko s LT
PPAR« J& [FI R A /KP4 5 5 A0 38 5 HH LR 2 T, AN [R1R P58 4 b 2R HE 300
B ET, BRI T PPARy 2 K A KPR IR EE A AL R (20 g / L Cu?h)
BF LW, ERES (100 g/ L Cu®) M TFEE T, B0 TR,

BControl =20 pg/l. =100 pg/L

Relative mRNA expression
e

G6PD  6PGD LPL FAS ACC HSL CPT] PPARo PPARy

Genes

K 3.2 KA B % 21 RXTIE SR 7 i A 2 5 08 AR T 9 24 8] (G6PD. 6PGD. LPL.
FAS. ACC. HSL. CPT1. PPARa il PPARY) HJ mRNA 1A 5200

Figure 3.2 Effects of 21 days of Cu®* exposure on the mMRNA expression of genes (G6PD.
6PGD. LPL. FAS. ACC. HSL. CPT1. PPARa and PPARY) involve d in lipid metabolism
in the liver of T. fasciatus

T Bl RIR eI EARHEZE (n = 3) o AR BFRIR AL B ZH 7] 2 25 72 57+ (p<<0.05) .

Note: Data are presented as the means =SD (n=3). Significant differences (p <0.05) among

treatments are indicated by different letters.
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35 g

ne] Y /D £ 25 g 17 FF B0 52 ) R 00— T PRI A /K 7 SR B AT i B £ 1]
A, SRR R TR AR A AR R B A A BN, 5 R IR R MR
I R AN 1B 2 A ()P4 o AN B d i R F VS U 2 R QRT-PCR S5 5256 7572 %) 4
B TSR I F IR S . TG S &M LPL W&k LR 5 FIE AR
AR I KRR AE BT 8T, WD IC T KRR 75 5 5 SR O il B g I
PRI . SERER, KA RIS, W SUR 7 80 I 9 6 5T 7 &
TG & &M LPL BgrstE T, K 2.2 v H&E Je B V4L O et frthidt—i
ESE 7 MG & B A2 4k Mela 250N 58 1 AR LSE 31, KRR TR &S
AR UORRTERF R, 4475 e MR Fs [CES (Rhamdia quelen) [AF4HM, Chen
2t ISV 7 2308 7K A 4 LA 750 B8 A0 R ] 442 36t 1) 05 3% 5 36 Fi 41 ( Pelteobagrus
fulvidraco) I 19 i 7 TR

gRT-PCR 455 87R, AR 21 K5, MXHIRAAEL, A3 g
5 T A e LK (GBPD, 6PGD, LPL, FAS #1 ACC) Hix/KF i, M5
FE 7 53 FRAH DS R (HSL 1 CPTL) RIAKFHBLN . 207 C&IUEsL,
5 1 197 TV RS 6 2k R 2 325 189 0 A0 5 g A A S 1) 26 TR 3 38 ik 2> 2 5 S50 7Y T
By, S5ikErS, 20 pg/L Cu?*kbFRZH EL 100 pg/L Cu®* i S 4r 25 7 fiti i
JIFE PR 55 IR 7 A R S RO R R R K P B B, X AT REARRE 7R 20 pg/L Cu®t 4l
M 30 2% 5 i PP PP R TR AR R TG 5 & T 100 pg/L Cu® 4. 4R, 5 20
ng/L CU* AR EL, 100 pg/L Cu®* 255 5 g i 73 AR AR 55 1) 3 PR i /K P75 4R
BAK, %4 AR R TR B RS20 (H 100 pg/L Cu® 4L frIHE SU4R Ty fi
JHF I o U2 3] (4 g R UTC AR T 20 o/l Cu ) o RATTHEN, Sk AR E T
A BEAFAE HAB S M BR R URR & 42, RO T 43 s i ia FHLA N Fa s
(AT FEE 2 1 RE R (EWG) - BFFLE R, shWrRE 2R R i o iR
X R F (PPARa 1 PPARY) 4%, Hd1, PPARa FZd S A= S5 RN
PR A P R DR 3R TS TR 4% Mg 7 20 AR, 1T PPARYy 32 247 5 1A% i i 1A 45 AR
WEm R IR TR . AP EIR, R EF PPARa il PPARy 25 1 4%
P NRESUR D7 AR AR AR, SxTRRAHARLE, R EEAEE T, PPARa F:A
flFik T, T PPARy ZEEI 1k .
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£ 4T KEEREXRESUAR ST 4R X EERIA
IS

41 5|5

W AR EALARMECR A RN, SHEESEMEL, B
R vt BB AE A, AR AR R B A e S e g
SR, [k, ok B TR ER B AR AR T Bt SR R 7 A A S ) ok
.o BATHGEF AT IEACH . M85 S5 A DCHLRI AR SNt 9T = AR AL 30D
Hgh AT, JTAEOR, SRR S A i 5 SR AT A S H 2538 £ . Kuwashiro
2t [O0LE 3o 4 ST 75048 (Oryzias latipes) FF2H B sp A8 RS HEAT AH O 25015, /5
SIS 4 S EL 0 (Ctenopharyngodon idellus) 2 fifi IS A 55 75 3 4T fig
IRUHHISEIER (PPARy, LPL. SREBP-1c Ml Lep 25) [Rf7c, 252 itz
T 3 R A R A I AR R R R B AR S g 7 TR T AR 3 P e
J5E R 21T v A FEE P R 7 TR 410 ok A P v g (R g A L o T MR SR U7 Bt AE AR
AT IFIE A M7 & sy, AR RS, W 2wt 5 i A
MU VB AE A R AE Y o ASHIF 70 38 5 8 57— ol i S0 2R 7 e JER AT 400 A P 0 18 K
BEFRITE, ARG 2 T 48 7R K A % 25 5 I SUZR O it R A R AL
M PR PEH AR SRR

4.2 SEIeMRE. (SR RAF
4.2.1 SEIGMHE

PRRERUERE, RS IK I SUR 7 S fr, 30 VL5048 B T L Pl
BHEA PR A FIRESUR J7 il 7 hE S 1 o e R K h 2.0£0.5 cm, 74 2.040.3
9. MFRTHARLHIFREAGH, HO R REE, FEMIR. BUFHS R
24h 15 IR, UKL B

4.2.2 KU{LE
28 3.2.2
4.2.3 KWEERF
bR 8 3.2.2 241, A LA
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EWnIEZpS A

1T 24 Ji i il % Gibco

JiG A4 i3 HE DU

WAL CHEBRMEREZD E PUZEE
0.25%/if 4 1 il H1E Solarbio

AR IBAS H[H Solarbio
Percoll 4 B5 H1E Solarbio

0.4% & 3 W5 YL 17K HE Solarbio
1xPBS 2zl HE A TAY)
DMEM Jfiti 5 57 5 HE A TAY)
CCK-8 4l g sl ik 7] & T R
BIOG T4l s RNA $2 U7 & I HNE AR

TR AW ITE IR . A 100mL R4 R IR, 414 DMEM Al
BEFRIE 70mL, IR 4R I3 20mL, BESUZR J7 i iE 10mL AT 110 pl Pl (&
%7 100 Units/mL. %% % 100 pg /mL) ,pH 4 7.6~7.8 Z [f],

43 LW
43.1 BEURG SRR AT AR A S

s S 2R 7 i S AR T 4R B I 3 B S IR DA R BB R « — B S0 7 i i
A 4E R 8o B8 S 377757 (LRIFRALS . Z1L201911044137.6) . SE4
SR MERARRIREG. 4+ R R RE £+ TR AR TR, PRtz Ab, Hapab
A .
HARPRAEIT
(1) EHMEM (KA 2.0+05cm, 1AE N 2.04+0.3g) fighfa (kKK
10.0+2.0cm, fAHE N 25.0+3.29) , 70%EkEHRERE ik, H S mEiRK
FR T BY JJE O B PR A s AR, O A, TN — IR PEREFR I, PBS 2%
MR (5 2% XL 2 RIE0E LR .
(2) KM NOBATLE S OB, PURETRE, BRI TR A\ 50mL
BLET, IO 8 R AR I YR IR A (1 mo/mL)Eifiki s FIf (0.25%) AbB
JEE T 28 C HIEE K LW 2 h.
(3)  ZbyHAk, TSRS, 40RO, 4°C 1000 rpm - 25
L 10min,  JINZLZH I 2R A 2 percoll 73 BV (60%) B & B O 13-4 i IiT
VE o
(4) PP MATREEFRE, HBRREVIRS, KRR 2 k7
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i, AME TR RS 8 mL (IS E 2N 1X10%8mL~1 X 10°/mL . Ja]) .
4.3.2 YRBEERE RN R E IR E AL

W AN P, N & B S VAR A 3 S T et (RRRLEER 9:1) , 7E
3 P, FIMERTHEOR 70 0 TH B A I ZEA e OB TSR, AEANf 2
o, MVEEELEER) , BESITEER. HHEAy: AERE
K (%) =IHMASEY GEAMEE+IEANIL R ED X 100%. HERAFALET
MATE 71, SEaMEE, EIURET BT &,

RAE MM RGE 2L 2] 90% A ERI4EAEA T /5 25, 4iM P8tk iE
Hf e IR CCKIATE T 1A 24 FLANMIRE F=A H HEAT , HIR R B 41 R : 0 M,
10 pM. 50 pM. 100 pM. 200 pM. 300 M. 400 V. 500 pM. SBIRUNT
YA ARV BE A B (400D RONXE R ALH, B4 3 AFATEE, i
A 28C, 5% CO, ks 7248 AT 24h W E R IR, HiRgsi s, LA
20ul CCK-8 ¥ (iRl G r= <) , IR AP 4k 42% F 4h. 4595,
MAFFLH NI EL 200ul ISR T 96 FLEEAR SR, A FH B A 0] 5 78
450nm AW . FEfL OD fE AL OD fH ik 2: 4K OD A (Se4xshaelt
I CCK-8, L4ifiL) , HMAEIEF (T/IC) %= (INZ540fu OD/X} R4 OD)
X100, HA T NsSZIRZNAEiY OD fE, C Jyxt R4 OD {H,#i& Cu [ ICs
B, NSRS EIRE .

4.3.3 2 RNA BY2EUM cDNA HIE AR

oy Ja A B e AT 8h kB G, FEA TSRS, SEIR A 4 4,
Xof IV E 4 509 OpMy 10pM . 30pM AT 50M Cu?* o 4 4 i 2. v e B T 5% [
B R IE AT R 9%, AW E 3 AT, T 24h S REANIT S ST 4i
HLE RNA B2 I M E AR A R R 4 RNA $2 B & il B kAT
eAE. RNA FUsARl DL & J5 42 cDNA 16 B Z 1 3.3.3 frid
4.3.4 WHEE PCR #&MATHEABER FHEXERERIEE

KH qRT-PCR 5 AR 43 A1 /A [) i 4 & Ab 38 B SU R il 5t AT 448 P 74
6PGD. G6PD. LPL. FAS. ACC. HSL. CPT. PPARa il PPARy & [X ik 1
o BARSLIG P IRZE 3.3.4 FTik.

435 HiEA B SNt

%8 3.3.5 itk
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4.4 ERE55H
4.4.1 BB TS8R BT LmpRIE TR 5 AR L

AR SEEG Y E 3ANAN R AL B 4y B E SR T S A, 45 R LR 4.1 FI R 4.1
M 4.1 FTLUE R, SR SRR RER (A 410, FUHIREMEE B &I
THRWAH (BMC) . NRALTTLIEH, HEMEFET, SR il
T 0 M A 2 P R A N v T A R A, T T 2 i i ) 4 A
PR B T it I g Ab EE A

SR 5 KT B S0 AR T i 4 L PR A7 2R, AR SRS R A CCK-8 v 43 #t
AR THAN 24h BEBAEIRE (N 4.2) o WEIRET LB, BEE K1)
Hhn, AU RAEIE R R TR, YATIR A E] 50uM B, AT 4G HIRAET:
DG, TEANREEIAS) 300 pM B, FFAHMEE AR AT, S 2RI 80T
WALy 143.64UM

K 4.1 RE AL 8h J5 AR 73 8 7 15T IS SUR J5 S T4 i

Figure 4.1 Hepatocytes of T. fasciatus under different separation methods after 8 hours of

recovery treatment
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R 4.2 WEGUR 7 A BAN ) 73 18 7530 20 7 B A 37 < (1 52

Table 4.2 The effect of different methods of separation of liver cells from T. fasciatus on cell

yield and survival rate

WeFRT5 5 15 AL 4 1) 200 i I (%)
Experimental treatment Number of cells (g) Survival rate
i £+ 5 il ( 2.3620.02 ) x10™ 944p.3°
4y 0+ SR i ( 1.4740.03 ) x10™ 7240.5°
T 11+ 25 (4 il (1.9840.02 ) x10™ 8840.3"

e B P IE R ARfEER IR (n=3) AT AR R AR R 2R B (p<0.05)

Note: Values are mean 25D (n=3) and values with different letters within the same row are
significantly different at p<<0.05

o
[

e
o

<
I

<o
[

Cell viability(%)

<

T T —® 1
0 100 200 300 400 500 600

Cu?* concentration (uM)

B 4.2 AR L AL ER 24h Xof i U2 7 il A2 A3 2R O R i

Figure 4.2 The effect of different copper concentrations for 24h on the survival rate of primary

cells of T. fasciatus
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4.4.2 BERIHHERXERE mRNA RIASHT

KA qRT-PCR i AR IS S 2= 77 i iF 41 g N GBPD. 6PGD. LPL. FAS.
ACC. HSL. CPT1. PPARo 1 PPARYy %5 O /™32 [RI 7 A [F) Ak B A 3 R iRk
L. GEREIR, MR R ER TR S IR ARSI R R, Bl
HA AR T, 5 IRDTG BAH SR (G6PD. 6PGD. LPL. FAS #1
ACC) ¥JHIL 1 B, H ERmEEA T ANE, e LPL A1 FAS B[RRI H xS
AR PR R R, SR B A VR FE (D 4k SRy, GBPD Al 6PGD 5k
RIZRIA XL . B ESAHR BE  Fmr, S5 0T A DGR (HSL
A CPTL) RIZ/KFHEAFREEN N, mMEMFLET, %%HET PPARw
FIEIKE T, AR RV B HARAR R = A B s, o o A VR FE
&, T PPARy Rk KA BT E N, FRLE 30pM Ab B 5 R AE

25 - o0 pM 10 M

@E3opM  B50uM

[

—
¥

Relative mRINA expression

CPT1 PPARa PPARy

K 4.3 ARV E AL P 24h Xof i S0 2R 75 6 JEU A0 B R AU A SR 2 DR R TA 2 i)

Figure 4.3 The effect of different copper concentrations for 24h on the expression of genes

related to lipid metabolism in primary hepatocytes of T. fasciatus
T BUEF R P IME £SD (n=3) AL FIAR XS T N S 25 185 RNA A XS ik /K-F-
ANF - BE 2 Al RN A 2 R 23 2 5 (p<<0.05) .

Note: The value is expressed as the mean =SD (n=3), the relative expression level of each
gene relative to the internal reference gene 18s RNA. Different letters indicate significant

differences between treatment groups(p=<:0.05).
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4.5 +1ig

FHAT /N SRS L Sh 40 B I o TRk 2R, S i 3% 77 Ok R A Wil vk
Jo, BREE S D RO AR ) B A A B R A, AR 2 H R S A i )
FAAEAERE A W B KT MR A0 7> B35 37 7R 2 5 T T AL an i,
JFF TR0 1 R 2 2R R 7 R AE i I B 2R S e DR SEANE F TS8R T
fili, WICEIN, FFANMRrE E S AR RIS AR . R AR A R
(HS-A5] b SO 5 Bl @ T s Mg i ke 2, DRIk, FRATCE T AR ta AR A0
TH AN S I = 2H 50 SR i G I SUAR 7 I A0 B 1 B R 0 B8 5 vk 45 SR B0,
KRG ER AL, R 20 da s B M SR () IS SR D R 28 RN ) 1T 2R i
JREEH LA BRAS B T B B U . R X — 40 R bR ) A £ 2
FIF4H P B, (B4 S WY Gt F1 CCK-8 % J1ll5E, %7 B ATl LA 2 i &
Wt SHEMMILL, KSR TG4t FF A o & 07 B A s R A R T
B, X AT RESE BT & TR IR 5 I SUZR J7 il ) f JH I P 48 70 P 200 i 2 8 s 07
YMG S, AR D, RN b T AR T A AR A B AR R K PRI
HOEET L, ST iR P, 3 AR G ARk A (R A £ ] DUSE o JFF44H e

FEAT T, Bl A B IR FE T S, I SUZR 7 il 14 B 1) A7 3 26 40 3
TR, mAEE (300pM L ED ARER TR AR ARTE T I E 1 24h 2 EL
JEIR FE 1ICso SN 143.64pM, 1% HUE B K T 5 M A 40 i & 19 I 2 18
(243.09M) MO, SRATHENIRR T B A YIRS S 2 A, TRARGH A T AE L S
it 25 B R L L S 5 ) v U

N T 3SR UK AR B B 0T I SR A RE AR R e, A SR EG A
M KT EAG I T S5 R R R R A L. AWFFC R, 7E 30pM Cu®*
ROFRA, RN E AR (G6PD. 6PGD. LPL. FAS 1 ACC) #HHIA
FIFEE R B, FRAREE S T IRAUR AL AL BRLL, 11 fig 5 43 AH o 3 IR
(HSL A1 CPTL) #3015 BRI B b B B % 175 5 0 SUR 7 i MU A
WYTRL . Chen MRS SR, K ARA 5% 55 45 AR B8 300 ST 40 i b g s 45 F
FHRHEE (G6PD. 6GPD Al FAS %5) FRik/KF, Xu]REH T-90Ah i 2 5 i
FH o B A A, 7E 50M Cu? kb PR, i & A < 22Kl GBPD \6PGD.
LPL. ACC) FIRERF /3 fEAHSSFE Rl (HSL. CPT1) Bl N, ik EHib
R LR KSE R AT RS B T H B EAE R, 1 FAS JERITE Sk &
NRIBACEAIER F I, TTRE R T A7) 35 PR G s e S A BT AN B A
SR, YRR 54 52 3] PPARo #1 PPARy [, ZEASZIG T, A~
[ 4 Ab HE X 5 e IR PPARa IRISZIA AN B35, (HEESRIKF PPARy &K ZRIAK
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SELE 30pM CuP AbFRAH IR G 3% i, X 5 Zheng 2514 5 57 T o 1 15
AR B 7T 45 SR AR
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B 5 B KiFHRE XSS 7 BAE N E Y8R

5.1 518

AR, 9 TMAEYH AT ARLRE, HIEMAEY)S SR
(120 R BN FE R TR AU = Wil i A S 5 20 -3t i e e 1 32 A4
ST, BN 54 2 0 R e R FE M IR, RV I 1R 8 1 0 Rk A
NS H AT R, Wil B RS TR LA BRI, FRU% IR AR AN
WM L FE i S EEE . LB AESRTEN, S5
RS I U B AR, 1 P f AR A R

A i@t A 16S rRNA =i S 7R , 8 7K A4 5 5 T i 20K 7 fif
o TE T A D R B AR AL, 40 AT i T AR D A K A A 5 R 5 I SR 7 i g
T O AR R R RIVER, it — P48 7 SRR 7 I T s L i B AT () 2
FRA

5.2 sEBamtHsh. (BRI
5.2.1 SLIaMHRY

S8 2.2.1
522 FELWNEE

S 332

5.2.3 RGN

A FR K]
Fast DNA Stool Mini Kit 7E Qiagen
Phusion® High-Fidelity PCR Kit ZE[E Thermo Scientific
R PR EA T & 8% Qiagen

5.3 LI A
5.3.1 Y R FEAEH MK E
IR %% B2 AL PR 21 RBEATFE N CSREE, BUFERT 24h 15 1B 3, BEANMEL A FE

PLpkik 3 264, BRI R AT WA N REWCER T, R TR, -80°CUKAH
IRAF
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5.3.2 = DNA 2S5 RERM

fiiFl Fast DNA Stool Mini Kit 7 &M 7iE 2 E 4 DNA, f#H
NanoDrop 4366 REETHFL 1% B fla bt e v vkl 72 &t DNA K, OD260/280
£ 1.8-2.0 Z [R5 AS 5 4% () DNA K i FH/E RSl LAY 15 165 rRNA F: K] () V3-V4
X 1 . f# Bl 5] % ( 341F : CCTACGGGNGGCWGCAG I 806R :
GGACTACHVGGGTATCTAAT) F#6i% X4, 7E Phusion® s £f H PCR
A GC ZZrhill, F%ER 5.1 RFFEFHEATY Y, H Qiagen &tficHEHY
&4tk PCR P24,

% 5.1 PCR ¥ e i fE 7

Table 5.1 PCR reaction procedure

(Edag T fif 8]
Procedure Temperature Times
Step 1 95°C 2 min
Step 2 98°C 10s
(27 MEFRD 62C 30s
68°C 30s
Step 3 68°C 10 min

5.3.3 SBRENF

FE] M e BAE IR BR A FI % PCR 4738 1 SCEHEAT 16S rRNA J
PRI 1llumina HiSeq™2500 Wl 7 . I 72 2 HR T M ekt B A= W B4 2 £ 1 4
PR FE R PP 7 %8, KRBT

(1) DNA FEdh &P
(2) SCPERE 3t S st

KE ks DNA FESLBENLIT Wl Br, FRERKIRIZ S, %0 poly(A).

M PPk s AN S S50 BR 58 O P 4, X SO BOR AT E & .
(3) EHLI
(4) 725 R PAb 2

NS B SR, FEEZ Illumina HiSeq™2500 715 31 (1) J5 45 Kt 17
ITTALEE, SRR AREL . BAT5 3. I WEEHEC . BlJEAS W5 5k barcodes
TAERIERIFFA, MIBRFRZE B AT &1/ T 20 H/A T B 082 80%H]
reads.

(5) 15 Bt
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19 3 A AR R AT OTU RT3 00 1. LT SILVA
) RDP 738 (2.2 WO » MEA RIR DI 1) 12 Fhirg SR J7 fil g
TR S AR TS, BEERMEIEEY 0.8 ) 1.0. f#f] Krona (iR
A 2.6) IR 2RI E RS A QUME (FiiA 17.0) ZE A Shannon,
Chao 1. ACE #5%t LA/ UniFrac FEESHIFE. A RIEFIHREIFIA 7 &4H
) [¥) alpha $i& R 5L T INAX UniFrac 2585 1) A8 bR 3 # (PCoA) o fiEH] Welch
[ t F 56, Wilcoxon ZRFIRG S, Tukey ) HSD #:%4, Kruskal-Wallis H #6536 DA
& R 15 H i) Adonis #1 Anosim ¥ 56 3E4T S5 17047

5.4 ER545H

BT i@ s 2 S R M, R R R T SR il g B AR 4R
(AR A, o
(1) HHEENEFZHEES T

Chao 1 il Ace FIRIT S HBEF RS, ARG THHEE & OUT 1
B H, SRV IE A ¢ . Simpson A1 Shannon ISk TH S B RE 2 REME TR SL,
Simpson 845 BEVE 2 FEME R SUAR S, T Shannon F8 55 5 8 2 B BUE A <

TEACSZIG R 5 i A0 30 W S0 AR T g T B ) B R 2 R 38 7 A
T, BT 20ug/L Cu®*4b34, Chao 1, ACE, Shannon 1 Simpson #&
Hlei, 1M 100 pg/L Cu? b FRALIG SUA J7 il A5 AR UM k. (F5.2)

R 5.2 H#EE 21 KIEEUR I3 il B R B e

Table 5.2 Microbial diversity in intestine among T. fasciatus after 21 days Cu®* exposure

R X HEAH AbFEL 1 AbFEL 2
Parameters Control 20 o/l 100 /L
OTUs 368.5+13.6 463.5428.0° 284.743.2°
Chao 1 481.43+21.6™ 570.61430.3° 406.548.05"
ACE 488.32:44.04" 584.2430.98 415.449.09°
Shannon 3.800.12" 5.53+0.08 2.6440.3°
Simpson 0.7940.01% 0.950.01° 0.68 +0.09"
Goods-coverage (%) 99.89 99.89 99.87
T BARLPEME R ERoR (n=3) AT AR REZ [0 o8 257 2 (p<<0.05)

Note: Values are mean #5D (n=3) and values with different letters within the same row are
significantly different at p<<0.05

36



555 B KR B R XTI SUR 77 Bt TE B A M R

(2) &S

A SIS HEZH RN 4 2 R AL FR AL A (9 AN 7E 97% AL EE KT BT AR
R E L Em T (B 5.0 , WEAR, BEFIIEEPIEm, A
iamrin, Ui CORS R I T A E s A, B AT DURT SR R AT A R
HA AR A PR T8 () 22 RE P RD S AR TR B VR 5 R A

observed species: SamplelD

500} 1
g o1 g2 lcx-a g2 T3 g g gns
wn
9
v
@ 400} 9
Y
®
e
&
2 300}
E AMM
a AT
8 1"..' -’*4“
= 200} o .w""”” 4
5 P il
5 7 p
‘“ o ~
w >
§ 100} / / 1
% 10000 20000 30000 40000 50000 60000

Sequences Per Sample

K 5.1 v i 2k

Figure5.1 Rarefaction Curve

¥ CK X4, T1 %R 20 o/l Cu* b4, T2 %75 100 pg/LCu® 4b 320

Note: CK: Control; T1: 20 pg/L Cu®*; T2: 100 pg/L Cu®*
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(3) JGE BB

SEF- Unifrac 43H745 51 ) B B A0 T i 2 46 B 5207547 PCOA
SYHT, T LTS ORE P B AL b 2 B S R, 1P 5.2 A
Fior, SATIRATRE, 45 36 LIS S0 77 i W R A B R IR R L A7
EREER.

2,00
OcK-1
OcK-2
i~ OcK-3
T1-1
1.50 T1-2
T1-3
T2
s
A T2
. T23
1.00
s
—
=
=
("]
oL 50
o
[ & ]
o
oo
o
- 50+
(o]
O
-1.00+
T T T T T
-2.00 -1.00 oo 1.00 2.00

PC1 (59.3%)
5.2 A Wil R 4T ARAR T (PCoA)

Figure 5.2 A Two-dimensional principal coordinate analysis (PCoA) plots of data (A)

¥ CK XA, T1 %R 20 o/l Cu* b4, T2 %75 100 pg/LCu® 4b 320

Note: CK: Control; T1: 20 pg/L Cu*"; T2: 100 pg/L Cu®*
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FETTHIKF B, RES b B 2RREIT S EE I K 5.2 B o, &z b4l

St HE 2H R A i 18 B R A K 1] (Proteobacteria)  (66.92%) FMLAT
7 (Bacteroidetes) (19.41%) . S5XHEZH (11.2%) AHEL, AR 4R AL EEZH

(20ug/ L Cu**) WZJE ] (Spirochaetae) Fr LMl (2.13%) BHE TR, itk
Ah, AR E AL FRAL (20pg/ L Cu®) JEBERE ] (FirmiCutes) T 5 Lb ] (14.16%)
I FTF, EREEARMALIEZE (100 png/ L Cu?) Pl (0.32%) B & T %,

100% 1 s mm =
. —| Unclassified
80% - I Other
B Fusobacteria
Actinobacteria
60% - = Planctomycetes
m Tenericutes
40% - Firmicutes
m Spirochaetae
20% - m Bacteroidetes
m Proteobacteria
0% -

CK-1CK-2 CK-3 T1-1 T1-2 T1-3 T2-1 T2-2 T2-3

K 5.2B 1K FAEGHE A =F R

Figure 5.2 B Relative abundance of different bacterial phyla

T CK FpRXTHE4L;  T1 %78 20 po/L CuP b F4; T2 %75 100 pg/LCu® ab 4

Note: CK: Control; T1: 20 pg/L Cu®*; T2: 100 pg/L Cu®*

EBIWIAKT L, SRS SR J7 it figi b B W B G A H . i 5.2 C fir
N, B KRR B 3N, SRR (Arcobacter) [H=EFE
(CK:44.8%) B&f%, TiKEJE (Vibrio) (T2:49.17%) AN A &
(Elizabethkingia) (T2:23.07%) MI=FEN3E 0. & 5.2 D fis, {EFKF
F, BFET 100 pg/L Cu” Ab R4 0 22 B E FLINE IIEE (49.01%) .
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0, -
100% = Unclassified

m Other

= Mycoplasma

= Comamonas

m Stenotrophomonas
® Pseudomonas

B B
80% -

60% -

m Ralstonia
40% 1 = Shewanella

H Brevinema

m Elizabethkingia
m Vibrio

® Arcobacter

20% -

0% -

CK-1CK-2CK-3 T1-1 T1-2 T1-3 T2-1 T2-2 T2-3

5.2 C JE/K P AT 10 FfAS [ 40 B R AH G = 5
Figure 5.2 C Relative abundance of top 10 different bacteria
at the genus level

1009%% - )
B Unclassified

m Other

80% - m Psychrobacter glacincola
B Mycoplasma_muris

60% - B Comamonas_testosteroni
m Elizabethkingia anophelis

mVibrio cholerae
40% - -

20% -

0% -
v ol

A BN A Z e T, A Z
&&CJ&%’&N&\&\&%&W&%
Kl 5.2 D Tk AR 40 B AH 0 = 2
Figure 5.2 D Relative abundance of different bacteria
at the species level
T CK R4  T1 %78 20 o/l Cu® b F4; T2 %5 100 po/LCu® b4

Note: CK: Control; T1: 20 pg/L Cu®*; T2: 100 pg/L Cu?*
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iy PR 1D ATALLRT B 1 00 451 5 PP £ R A et 10, S AR
Firr, K 4.2 E Fios BT 20ug/L Cu® b 20 I 40 A< J fi vpow 252 3] 1 )5 B
H ISR E IR (0.80) i, MHRFET 100ug/L Cu® kb HHAH S 40 4 T fil
LSRR E (0.02) HK.

1.2 -
a
g 1
()
S
© 0.8 -
3
3
@ 06 .
8
5 0.4 -
L
= b
= 0.2 -j
L C
0 a T
CK T1 T2

Treatments

Kl 4.2E KA 21 5 WG SUR 7 il iz E v i S BE T S5 40T B T TR EE AR
Figure 4.2E the Firmicutes to Bacteroidetes ratio in the intestine after 21 days Cu®* exposure

vE: CK: #fil; T1: 20pg/L; T2: 100 po/l. ANEVNGFREEIRSH 2 08 2% 25
(p<<0.05) .

Note: CK: Control; T1: 20 pg/L; T2: 100 po/L. Significant differences (p<<0.05) among

treatments are indicated by different letters.
55 11ig

FEIEFEEN T, MEEEES (et g, Foaged R MY R R
Gufads UL m e E AR Re I moe e R A SR AR, T i v AR LA
i b B o 52 48 1] - IR 0 P B 5 1 77 2 A e l20 et R s e e, A Ak P
JEE SR T i i E R E Alpha 2 FEPERAE T B #44k (40 Chao 1, ACE,
Shannon Al Simpson $8EUAT/R ) , 3% 3% W Wt o A6 VDR V& P48 A B T e R
Wi TR E SR 2 —. S5IFIN, 20 po/L Cu®i% S Alpha 2 REMEE &
F 100 /L Cu®, X BHEREE AR MK (1 Cu® vl BE I 8 v & R i A
K (COFE N A KIE SRR H 24T ik ER, Cu® Al Gt
WiE R AE R EAE . AEAHE T, 4 b B2 R R ZH b i 80K T fi fi
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T R DB TEAT AT 9, T Meng 251220 T A Ak 240 4 R0 HE 4
H i £ (Cyprinus carpio) JI7iE B Hf 2 AR TEAT AR, 45 RAAE 1T RE
2 BT RPN [F) 36 F P 22 57

i T T TE o I B A S50 B R AR T SCRA &, B iR = A A 4
EPPEARJE JORE A ¢ o Kimura 20PN BIE AL o, IRE 1 76 50 M 1 v 42232 4
MR (short-chain fatty acids, SCFA) , JEEEW | 1/&r=4: SCFA ff £ 2
17, FENG T B R b R . 3RATTH 20 pg/L Cu® Ab 3 (11 80 4R T il
ORI T o e PR VR B TR 1] = PR A g v ) JERBE TR 11 MUMF TR LA (0.80) , XK
1 20 pg/L Cu” A AT UL 75 S g 1 A bl S 36 R Il B ek 22 8D o3&
KRS S W EO T R, AT LB Ik 7 RS S04 il Bt o e A SCRA KRS8
fHAZ, fE 100 po/L Cu® AhFE 4 s SUA 7 fili iy il rp W 82 31 1 AR = FE A ml 2 A
SCFA [, XKW EIKRER Cu™ 7k SCFA MEEAHEEM (8T
B BE B I IR D A R A B, DRI I A B S S I Rk i 2
100 pg/L Cu®* ibFRAH IS SUAR 7 TR 9 AR i U AR B 2 2R K . 534k, 7E 100
Lo/l CU AbFRALr, fi7 il R B KT _ AR A B R NN & o 11 2 Bl (T
FoN, BURTEINE JE CE LY RS MR D) 26 SR AR K= AR 47
T st AT, 100 po/L f Cu® b BRZH g2 3 E FLINE F KT
40%, IXATRERRIKIE Cu® IbHE S BRGSO J fil A K A2 B30 i H B0 T R
Kz
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BOE IF

6.1 Z5if

TR 2 8 o e 2R g i A IR T R, T N AR AR SRR X BT
FPREZH 20 BRI, i AR o5 Beagn,  LPL i PET s ARAREAH Se 2k A
(G6PD, 6PGD, LPL, FAS. ACC. HSL. CPT1. PPARa fl PPARy) fEfE
AR P S50 5 ANRIRE FE AR AP K A4S % R B 3R 1 G SR U7 il i
EREYIE R R . A FC iR 75 1 KA S L 5 BB AR 7 5 s AN it 22 K]
(W28 il - S B AR TR (SCFA) T HEF B THE R AR ik i SR J7 fif i
JIEAE TR o WE TE 45 RO VA < Bk e XK IR S B W K B A SR A
MIIZHE Gk, EEERUT:

6.1.1 KA R T TN FFEE KT, BLRRRE LR EMEDR T

R AR B e (100pg/L) SR 7RSSR T S AR IR (RLHE AR
RS R) , BEEACE [, FFPAE P R 1 B R & KT i AL
WAL H&E Jet AL O Yetu b i, FEAFIREEH R T, FHE
LR BB A BRI R . IR (20pg/L) 1) Cu®™ 5 LUk
(100pg/L) ) Cu®* BEF&AENS 5550 2 HJFF A MR & Be TR0, K444 5 55
X S S0 2R 3 8 U A A P B AT P IR s AR S8 4 R

6.1.2 7K A8 2R 5B TSRS SUAR 73 SAT A A (X I AE X E S M B E Rk 8 0 4

KA R FR AR T, WESURTTHEE AR & &, TG & &AM LPL B
YT, SHRMIERCE K%K (G6PD, 6PGD, LPL, FAS fil ACC) #
it B, 5 g R SRR (HSL A1 CPTL) RiA B i, #3%EKNT1
PPARa #l PPARy 25 1 il B & T WG SUR 7 il I AG oA . &5 R os, KAk
S AR T DT R DR () A, AR g 77 4 e 35 DR 7 75 = U R
B

6.1.3 7K {48 3% 5B TSRS SUR 73 SEAT ZRARBE X A X B E Y RIE o 4

TE A0 M 7K SRS 0 4 5 553 X HE i B AR AT s, &5 B R, BE & H b2
WEKT &, SHaM&BAMERKERE (G6PD. 6PGD. LPL. FAS #l1 ACC)
FEIRAE 30pM AEFRZH T 2E B, LPL AN FAS 3 DK 22 30 HS A v o ) ik ) v Uk

43



56 3 NG

P S eI A SRR (HSL A1 CPTL) FA/KFEZE NHE; M T,
KA PPARa KIE /KT B N, (HAS R B0 H AR IR AR 7= A B 3 5
M, %5 [RF PPARy RIA/KFAE 30 pM 4183 1. BF 7845 554k Py s2 6 AH
FLRRIE, A7 7K AR 2 5 6T I SUZR 7 i I R A PR 52 i L

6.1.4 7KK ER R T T RESUR S S E M E ME R ERE LD

16S rRNA ER@EE T, 40T 8 B T W SUR J7 i iz 38 s R A L. 45
REIR, AT S S SUR 7 )7 18 R A alpha 2R R A T AR L, R
Aib PR 2H 55 0k HEAH R AR 34 i T TR A 2 AR TE R T] (Proteobacteria) AU B [

(Bacteroidetes) , #2JiE [ ] (Spirochaetae) F 5 Eb 1 B & %, # 5 T 20pg/L
Cu () OIS 21 1) i e B SR BE B T TSI T TR B2 . BRI, /K44 % % 2
B[ WESURTT S i AR Y R AL, iE TR R TR (SCFA) HEET
FEE () w50 AT RE A2k JH U i 7 AR AR 2R

6.2 BIE =

(1) AWEFCE O SLIESUR I 6 A 40 ML 35 7R R & ARG 2 mder I 177K
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