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Abstract ; To investigate the effects of MC-LR on endoplasmic reticulum stress (ERs) and lipid metabolism in vitro
liver cells and its mechanism, we selected ZFL (zebrafish liver) cells as experimental model and expose them to
MC-LR (0, 10, 20, 40, 80, 160 pg-mL™") for 24 h. After determining the 24 h-LC,, for MC-LR (493 pg-mL™),
the 10 wg-mL™" of MC-LR was set as exposure concentration and tauroursodeoxycholic acid (TUDCA) was used
as an inhibitor to verify the role of ERs in lipid metabolism. The results showed that the contents of intracellular to-
tal cholesterol (TC) and total triglycerides (TG) were increased significantly in the MC-LR (10 pg-mL™") treatment
group compared to the control group, and transcriptional levels of unfolded protein response (UPR) pathways relat-
ed genes including atf6, eif2ak3, ernl, and xbpls as well as downstream lipid metabolism-related genes including
srebfl, fasn, acaca, scd, srebf2, hmgcra and hmgcsl were significantly up-regulated. In contrast, the contents of TC
and TG were decreased significantly in the TUDCA treatment group compared to the control group, and the ex-
pression levels of genes related to UPR pathways and lipid synthesis were significantly downregulated. In the
TUDCA pretreatment group, the contents of TC and TG and expression levels of genes involved with UPR path-
ways and lipid synthesis returned to the control levels, but significantly decreased compared with the MC-LR treat-
ment group. This finding indicates that MC-LR mainly affected lipid metabolism of in vitro ZFL cells by interfer-
ing with the expression of lipid synthesis-related genes (fasn, acaca, scd, hmgcsl and hmgcra). The mechanism was
that the ERs caused by MC-LR further upregulated the expression of the steroid regulatory element protein factor
srebfl and srebf2 as well as genes related to lipid synthesis. The exposure of TUDCA and the recovery of corre-
sponding test indicators further verified the role of ERs in the abnormal lipid metabolism of zebrafish liver caused
by MC-LR. In conclusion, the results of this study provided a mechanistic insight for the hepatotoxicity of MC-LR,
and could be extrapolated to the potential impacts of MCs on human health.

Keywords: microcystin-LR; ZFL cell line; endoplasmic reticulum stress; lipid metabolism; TUDCA
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TEAR MR R0 T 5 BT RS A — R Rk A= AR ™
PR TN TERY, MCs XFZ sy Y
SR E K P RE XA AR 5 1 B MEAE Y,
BEPERT S O NEREET A FE RS LR
PEPIDL Je e e M EN I A Ol SR R,
MCs 1Y 2R AR R N, BRI 2 — R =
PR ] 22 222 RN 5 24 IR 2R 1 W BE 1R 5 1 1 N
2A(phosphatase 12A,PP1 F1 PP2A) Y% ", T4
B BT IR A RN 25 W R Ak ) - A, 1 T S B 2 A G
RS M5, MCs 54— TR L &
PR R, HA S0 P S (ROS) 1 2o 77 =
gAML T e T E AR IR AR ) 25 4
5Tag" 1 B DNA $i 451 Fn e AL bt S Ak By 18 &
Gl % MR, R ER T R MCs #2515
SV IR T, FERRIE 2™ B T PN S L, A0 B ROk
SERITEIR DL K 20 B (9 IR FE AL 1210 SR, A
H AR KA, KA B ) 2 K (] 3% 22 % % T MCs
RS o B o R A A A T, AT A

A CUESE, S el Gl 28 12 i 5 iRk 45 7 20K 1 42
ZARAKF MCs 2885, T BE VS & 148 218 M {E 5 1)
g R B A A Bl — g
Y125 L FE Y KK S 19 MC-LR 7] fig 5 BOUK 4=
SR ZL W) i IR R o S 2 R B A
P VEREE SR, MC-LR &%t 2 P43 1 K 309K
SN o IR AR A B o il 1 Y 32
Yl S sh LA i £ 2RI &, MR 50
FEAE IR B A i br ks . DR TR ABIESE MC-
LR SE X P BE A 5 5 15 5 B W AL X T
S THIARATES MC-LR #4735 P XU B 82 (1 PE
SR SUCRIRLA M A,

TEANM 9 5 R (ER) & MCs 1Y 3= B2 48 3
fB ) [RIA ER 4 J2 98 715 i 5 A i AR 5 A 43 i 4K
W, R AT S DL RS I A AN i AR, &
IR R AL TS B4R e B MU A S
i, #R AT B T30 ER I PR 3T S S IR T S 10 R
FIRRRR , 2B 5 R ER N % (ERs) AR 5 0 A 3 &
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DL i ERs 3 12175 5 Wi 7L 30 0 19 T 4 2 4 497 sk 4
HIJAT-RY  Huang %P BIF5E & I, /)N BRL22 08 T 1
KR e, HRF A 8Uh & % A % B ERs,
Christen 45" 4 i, MC-LR B 51 & A I % 40 il
(Huh7)7”4: ERs, JFE I MC-LR ] LA i 30
ERs 38 [H38 Bl 98 A1 98 0E [N, F+55 1, ERs 7] LA
fih & [ Bt ] 55 SR 45 45 B 11 (SREBPs) I UG °, 1%
B TS M I A pl /R ] B A= R AT e A AR G
SR R . ZEMZL sl b, Ok R 2 i i 5 2
W ,ERs i@ 11 SREBPs K& 54 SREBP-1¢ /3 5
0 T A 00 BRI 2 SR A 2 TR R I 7 1 o i O Ak
YEFARY, SR1fT, ERs JZ W #£ MC-LR 7 519 g e/ Gt
SEE I EE S S AL R R, ATE
R R A0 ) R REIR Y I, IS 5 A R AR
TR, DRI 2 0 2 R R T K AR A RS e )
B, B AR I S 2o K 88 a0 g SR BB TR
YL BT, B8R ERs Q1fif 25 MC-LR 5|2y
R A ZEEL I s AR A w2

ZFL YA IR H WA BE L f.(Danio rerio) - HE | J&
S 2 ST A 2R | 2 40 L 2R T 200 AR v AR
R B VR IF R F W 2 M A Y ALY A
fitli BB 25 4 IH R (TUDCA )i —F A R0 ER o7 30411 i
F, ] LR ER RO A ER O 38 Al
FIARIR TR ARWF5E R ZFL 40 i#E 45 MC-LR
PRAN RS, IR LA Y R 0L 3840 i 55 TUDCA
PEAF LR R 456 BR Ny i A G 3E IR K I A
BUAH DG HE R 19 22 35 40 BT, B 17 MC-LR X 5 14 it 4
JtL ER 7 38ORIR A3 114 5 ) B FCHTLA

1 ##57% (Materials and methods)
11 FEEG 58

BT L £ -4 g 22 ZFL(CRL-2643) H American
Type Culture Collection(ATCC); MC-LR(ZEFE =95% )
Wy A AL 5O B 37 23 W (R R0 s TUDCA W H 56
[&l APEXBIO 2 Wl ; — HI & 7. il (DMSO) iy T~ 55 [
Sigma 2 w5 i 4= 1 ¥ | iR & H §-EDTA (0.25%)
Leibovitz L-15 . DMEM HG Ham’ F12 FIXUi (5 %
RAET R A X E Gibeo 24wl ; Bl £h 1 1 14 H 58
[E Caisson labs; Jif &% Z Wy H 35 [F Amersco 2\ #) ; %
WK KT (EGF)I H € [# Pepro Tech 4 H] ; Trizol |
Prime Script™ RT Master Mix #1iQ™ SYBR® Green
Supermix ¥J H TaKaRa 23 &) (H ) ; &b AH & s
A =R ) &0 E R st AR ) AR
2wl (R ) s CCK8 R R & F B X 2E )

BHEA RA A (P E EE),
1.2 408 7 L Al

ZFL 4l T 28 °C 5% CO, HiFefarh i frHs
I, W2 d EiR—REEFRIEE, DL 102 ~ 3 B0 gk ek
Wigt . ZFL 8532 5L 40 ; Leibovitz’ s L-15  Dul-
becco’ s Modified Eagle’ s Medium(DMEM)#1 Ham’
s F12 M L8 50:35:15(V : V= V),0.01 mg-
mL " {4+ % % (Amersco) .50 ng-mL ™" i) EGF(Pep-
ro Tech) 5% # K (14 i 2F 1ML ¥ (Gibeo) 1% 1Y 5 8
2 (100 U-mL™")FI5E8E £ (100 wg-mL ™" )(Gibco) A K
1% (14§ 6 |l 7% (Caisson labs),,
1.3 A3 7 n

24 ZFL 400 BE A= R 5] 80% 1% BB, FH B
H F-EDTA(0.25% , Gibeo) 73 B 1 Ak , K Ak T X %k
A KPR R4 LA 4x10° cells - mL ™" %5 i $2
FhF 96 FLAR, £FFL 100 WL, 35554 P ks 35 24 h 5
#4T MC-LR %555, Z W4 0.10,20,40 .80 Fl
160 wg-mL™", %57 % I8 DMSO(0.1%), % A& 4l
ML) FA B2 4 P47, WA 24 b, BALm
A 10 wL CCKS8 37 (b1 2 A= R B AT BR A /D)
W58 2 h Ja FHE PR A 2E 5L 450 nm Zb WK EE(A
B, TR AN IAENE 5, A0 AT R =
[ AL -7 L)Y/ OW BRFL -7 F1FL)]x100% , 207
SEHAL MC-LR 258 2H 5 %of BRZH g 5500 %o B2 5 =5
F AL AN & G 35 77 5
1.4 40tk s mes

HRAE LA I 40 B G 7 00 K, B A 05 R 34 >
80% ) MC-LR Ay ZHZHRBE R 1 ~20 wg-mL™" 7]
TIRGL R0, 24 ZFL 4 K & 80% B I},
¥ 4%10° cells - mL™" (9% & 2 F0 F 6 FLAR (BEFL 2
mL), s 5% 24 h R AT R ER AL, LI E 4 4>
AbFRA] . MC-LR 02 #Z %4 10 pwg-mL™' ; TUDCA
HBEFEUE N 200 wmol - LB, TUDCA F1 MC-
LR 254 55 H TUDCA (200 wmol - L™)#E47 i kb
FE2 h, JF#4T MC-LR 25 ; %57 X B 25 DMSO 1y
W] 0.1% , BAEE 6 NEE L, 5L a2 g
24 h,
1.5 FEMIUEE

FRERAAE SB[ BE(TC) A H Il =TH(TG)
B i Y B CAR B SR L AE ML, DR AT -80 °C 5 ]
THEEUE RNA BI40 L, 5 m 85 R LALLM A 1 mL
Trizol , 24 J5 WWAE T 25 .0 PRAFF-80 °C,,
1.6 TC 1 TG &HHlsE

SR FH A2 VR Rl S 1) 240 B 1 5 AL 200
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nL PBS KR4 ffd 52 48 0% T PBS W, R mU A
A TR i A AR & D s 2) 3 b TC 1 TG
(%, U E 5 2 2 BRGR & i WA H k4T, B umol -
g ' FR . A0 PN AR B Y A e R 2 B Bradford
(1976) )71, LAZF L3 FIEE 1 (BSA) W BRiE
1.7 FERFRBHIE

K Trizol % 2 WU 4H A i &0 RNA, i ]
NanoDrop 2000 43 Y6 Y6 B i1 (Thermo Scientific,
Wilmington , DE , USA) X} B RNA {14 5 EAT & &,
fHFH 1% eI HEE I i KR RNA R il e e v | 15
F 28 S F 18 S AZMEIR RNA S5 5 Mt , Wi 1162
JEHEARAE 2.0 2247, BAFRRICT pg AU S RNA
YE R , R H TaKaRa #2419 Prime Script RT rea-
gent Kit with gDNA Eraser(Perfect Real Time)7E 20
pL & TG i cDNA, R 453 2 19 cDNA {717 7£
~20 C kA .

SR 96 E B PCR 7E Q5 Z (83X PCR A5
Z 4t (Bio-Rad Laboratories , Hercules, CA , USA) [ i
17, PCR WK ZR B E 20 pL:10 pL Hieff™ qPCR
SYBR® Green Master Mix (Low Rox Plus)(YEAS-
EN), [ Fi#E5144 0.4 pL,7.2 pL WZEK,2 pL
cDNA #&4ft, PCR SCNLAF 95 CHAE 10 min,
40 MG 95 CAEPE 10 s, 1B 2k 58 CHFLE20 s, 4
i1 72 CHFEE 10 s, FrA #RAEHR IR0 E 5l &
YL R 5Ot R ALERAE AR AT . R S5 R
gapdh 1R 4 2 PR AN (] b B vh B Y 2L R Y
FIk M 278 ik A BB, qPCR i ) £ A1
#FR  Genbank %5575 GIWFHNTENLE 1,
1.8 Giil2#oir

Siit oM fdi F Windows 19 SPSS 22.0 i#E4T, iF
B I LA -S4 £ 55 HE 1R (mean + SEM)” 75, I
FHELR 25 2250 T (ANOVA) fil Duncan’ s £ 8 %5
ARG 6 A A6 56 XoF R 41 T MC-LR Ab P2 22 [8] B Gt i T2
ZE 5t o KT SR e AR 1 AR S 25 55k P<
0.05 BN N BA geit =i 22 5 . AE B Origin-
pro 2017 %A%,

2 Z55 (Results)
2.1 A[F] MC-LR ¥ 258~ ZFL 4L /)

IR CCK8 7 & & 45 2 1Y ZFL 40 M 1% )
gENE 1 PR, 20158 MC-LR 2 5% 24 h 2 E05E
WeJE(LC,, ) M 493 wg-mL™",95% EA5 X ] Ky 424 ~
57.6 pg-mL™", FEAS A e BE B B ) MC-LR(0,10

20 .40 .80 1160 wg-mL™" )25 24 h J5,1 10 pg-
mL ™" i) MC-LR ¥ JEAbHRZ rf ZFL 400735 Rk 5
80% . [RIMTE G2k RS g I 10 pg-mL™

) MC-LR fE Ry 2 F8 Wk i
2.2 ZFL 4iffith TC TG & &A1k
I 2 T A OE e BR 4L, ZFL 40 i 5 8% T

10 pg-mL™' /% MC-LR ¥ 24 h J5 ,ix4ifgh TC,
TG 1y F i3 3 EPE TR (P<0.05), TC Fl TG %
TN AL 1.5 5 F1 2.0 £, TUDCA fE by i
KA ERs 38 BEIM I, I 200 wmol - L™ A4k JiF 52 5%
ZFL 4} 24 h J5 , 4L rh TC TG % & X i 4 A4
L B AR (P<0.05), T A TUDCA SE#E47 2 h il
AbBRFS R MC-LR 252 24 h, 4ifg+ TC . TG % &
AH T XS BT A 20 25 8 A
2.3 ZFL 4 P 5 0 Ry 8 A DG J PR ek A8 1k
ANRIAEFEL ZFL 240 B P9 53 9 2 38 B UPR {5 5
b O R R A S KCE R AR AR AN 3 TR, 10
pg-mL™ MC-LR #1155 T ERs {555 F chop fl
hspa5 mRNA 7K1 1 25 15 1 (P<0.05), 5t —3%
52,10 pg-mL™ MC-LR B F41h ZFL 40 3 %
UPR {55 6 1) AL Y et atfab] ernl FI xbpls
{8 ST 7K1 5 PR G 2 PR N (P<0.05), i TA B4y
A 1.8 £i5.1.5 £i5.1.7 581 2.1 fi5, 1 TUDCA
ZERH Y3 4% UPR 15538 8% h i bric 5E ] afs |
atfdbl eif2sl .ernl F1 xbpls (%5 58K EFAE T % 18
2H 2 I E YRR (P<0.05), ALY ERs 550 T

100

801

(o)
(=
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ANMLAT15 2/ %
Cell viability/%

33
(=
T

0——20"20 60 80 100 120 140 160 T80
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MC-LR concentration/(pg-mL™)
El1 ARERE MC-LR 2F T ZFL fifEER
AR LI E R IR Z I ER  n=4,
Fig. 1  Cell viability of ZFL cells treated with MC-LR
at different concentrations

Note: Date are shown as mean+SEM, n=4.
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hspa$ ) mRNA 7K-F- 52 i g 25 M [ 41K (P<0.05),,
1E TUDCA FiAb#E24H # (200 pmol - L™ TUDCA+10
pg-mL™" MC-LR), ZFL Z0Jifif¥ 3 4% UPR {5 ‘53l i%

HbRIC S N S ER {5550 FH Y eif2s! 1 hspas
(18 5 SR KPR 5 ) B 222 B0 I 2 PR R A1 (P<0.05)
BERIRSFATE i

F1 FLHZEHREE PCRSIHFF

Table 1 Primers sequences for real-time PCR

H BEE A
Target gene

RS

Accession No.

ST HIG ~37)

Primer sequences (from 5’ to 37)

it 7/] JLQE{/bp
Product length/bp

PR %

Amplification efficiency/%

F: CTGGTGACCCGTGCTGCTT

gapdh NM 001115114 150 98.1
R: TTTGCCGCCTTCTGCCTTA
F: CTGTGGTGAAACCTCCACCT
atfy NM_001110519 200 957
- R: CATGGTGACCACAGGAGATG
F: TGGCGTCTCTCCTAGCAAAC
atfibl XM_005172055 80 102.1
R: GAGAAGCTGCGGTATTTGCG
F: ATGGGTAAGAAGCAGGATGTG
ernl XM_001020530 108 88.9
R: CAGGGACGAAGATGGACATAAC
F: ACCAGTTAAGCTGGAAGCCC
xbpls NM 131874 132 1098
R: GTTTCAGAGAAGGCGACGGA
F: CCAAAGATGAGCAGCTGGAGA
eif2sl NM_199569 113 93.1
- R: ATCCGACACAGCCTGCTTAAA
F: TGGGCTCTGAAGAGTTCGAT
eif2ak3 XM_005156585 193 948
- R: TGTGAGCCTTCTCCGTCTTT
F: GAGGACACGTAGAGAAGGGG
chop NM 001082825 196 95.1
R: TCCGTTGAGCTCCACATTCTT
F: TTCTTCTGGACGTGTGTCCG
hspa5s NM 213058 184 96.9
R: TTGTCTTTGGTCAGGGGACG
F: CATCCACATGGCTCTGAGTG
srebfl NM_001105129 250 109.6
R: CTCATCCACAAAGAAGCGGT
F: GGACGGACCCTTGCACAATA
acaca NM 001271308 91 108 4
R: CCTCTGCAGGTCGATACGTC
F: GAGAAAGCTTGCCAAACAGG
fasn XM_009306806 203 90.7
R: GAGGGTCTTGCAGGAGACAG
F: TTCTGGCCATCGGAAACTCC
sed NM_198815 179 1082
R: TCTCTCGATGACTTCCGGGT
F: CACTCACACAAGCACACACG
sreb2 NM_001089466 208 101.7
R: ACCTGGTTCTGGATGAATCG
F: AACTGCTGCTCAGAGTCGTC
hmgcsl NM_201085 165 1073
R: GGGATGCTTCGAGGTTCGAT
F: CTGAGGCTCTGGTGGACGTG
hmgcra NM_001079977 103 976
R: GCAGCTACGATGTTGGCG
F: ACACACTTACACCGCGTGAT
atgl XM_005174256 98 1098
R: AGCACGTTTTCTCCATCCGT
F: AGGTAAGCAAAGGTTGTCCGA
hsla NM_ 001316725 147 102.9
- R: TTCATGACCCCCAACAGACG
F: TCTACCTGAGAGGTCGTGGG
cptlaa NM 001044854 108 899

R: TGACGTTTCCTGCTCTTGCT
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[ 200 pmol L' TUDCA

Il 200 umo!-L-' TUDCA+10 pug-mL-' MC-LR

TG
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Fig. 2 Contents of total cholesterol (TC) and triglycerides (TG) of ZFL cells in different treatment groups

Note: TUDCA stands for tauroursodeoxycholic acid; date are shown as mean+SEM, a, b, ¢ indicated a significant difference

among different treatment groups (P<0.05), n=6.

[_1Control
25 10 ug'mL* MC-LR
b [ 200 pmol-L"' TUDCA
b I 200 pmol-L™ TUDCA+10 pg-mL~ MC-LR
8207
§ ‘1‘
w § b b b
HK 3 15F
K5
Z 5 a ad
E< 4 a a 2 a {
< é 1.0 ac ac
é = cac ac
g 2 ¢ by . c oS
= 05t
Q
-2
0.0
atté6 atf4bl eif2sl eif2ak3 ernl xbpls hspas chop

B3 TE4LIA ZFL 450 b R 5 P 58 B S S 57 F RIAEXT mRNA Rix
0 ZR DI AR R ZZ B RN 2 b ¢ R AN R 2H 1A 1235 172 5 (P<0.05),, n=6

Fig. 3 Relative mRNA expression of endoplasmic reticulum stress (ERs) signaling molecules of ZFL cells

in different treatment groups

Note: Date are shown as mean+SEM, a, b, ¢ indicated a significant difference among different treatment groups (P<0.05), n=6.

2.4 AN[FAEPEAL ZFL 40 b i o A Gk (R 3%
KA

BT AFACBRA G ZFL 40 3 b g 54 15 A
PR RN R ) SR KT AR Ak n 181 4 R S
No MEET X4, 10 pg-mL™" MC-LR ¥ 5 ZFL
MM srebfl 1 srebf2 ) mRNA 435 B 3 F &=
1.5 50 1.7 £5(P<0.05), [FHF,10 pg-mL™" MC-LR
Wi R A WA OG5 K (B8 W7 R £ i (fasn) . &
TEAk T A SR AL (acaca) A G LAl A 2510 A1 S
(sed)) LA BB [ B G A 56 56 B (HMG CoA 4 Tilg

(hmgesI)Fl HMG CoA it J5i i (hmgcra)) i) mRNA 7K
Sl B e EE(P<0.05), HFEAE I E 1.6
W23 %5 .2.1 £i5 1.3 f5F1 1.6 £5, 1Mi#E TUDCA %
TR ZFL M srebfl 1 srebf2 () mRNA #ik
550 FRATAR HE 2 M T B (P<0.05) . AHXF Y, AR
PR AR S BE K (fasn AN acaca) L) K IR [ & W AH 6
LM (hmgesl F1 hmgera) i) mRNA K- g 5 4EF
F%(P<0.05), scd B3R KPS BT i i S5 EL G
1, 1F TUDCA Wikh B4 1 (200 wmol - L™ TUD-
CA+10 pg-+mL™" MC-LR), ZFL 40 MS i) srebfl F
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H

Fook 18 &

srebf2 mRNA ik 73 T X B4 J0 i 8 fk, H =
UV g 5 R RN JIE [ S R DG FE K] (fasn
acaca scd A1 hmgesl)i mRNA /K-8 7C i & A8 1k,
hmgcra ) mRNA FIE 7K P AR T X B2 52 00 g
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