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n-3 Polyunsaturated fatty acid attenuates hyperhomocysteinemia-induced hepatic

steatosis by increasing hepatic LXA; content
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Abstract: Nonalcoholic fatty liver disease (NAFLD) and hyperhomocysteinemia (HHcy) both are major health problems worldwide,
whose incidence are closely related with each other. We previously reported the mechanism of HHcy-caused hepatic steatosis, but the
role of n-3 polyunsaturated fatty acid (n-3 PUFA) in HHcy-induced hepatic steatosis remains unclear. In this study, 6-week-old
C57BL/6 male mice were given a high methionine diet (HMD, 2% methionine diet), and plasma homocysteine levels were measured
by ELISA to confirm the establishment of an HHcy model. Meantime, mice were fed HMD with or without n-3 PUFA supplement for
8 weeks to determine the role and mechanism of n-3 PUFA in hepatic steatosis induced by HHcy. Results showed that n-3 PUFA
significantly improved hepatic lipid deposition induced by HHcy. qRT-PCR analysis demonstrated that n-3 PUFA inhibited the upreg-
ulation of Cd36, a key enzyme of fatty acid uptake, caused by HHcy. Further, the inhibition of hepatic Cd36 expression was associated
with the inactivation of aryl hydrocarbon receptor (Ahr) induced by n-3 PUFA. Of note, mass spectrometry revealed that hepatic
content of lipoxin A; (LXA;) was significantly increased in HMD+n-3 PUFA-fed mice compared with that in HMD-fed mice. In

primary cultured hepatocytes, LXA; treatment markedly reversed homocysteine-evoked Cd36 upregulation and Ahr activation, which
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resulted in reduced lipid accumulation. In conclusion, we demonstrate that n-3 PUFA inactivates HHcy-induced Ahr-Cd36 pathway by

increasing hepatic LXA; content, which alleviates hepatic steatosis. Thus, our results may provide a potential strategy for treatment of

NAFLD.
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S E B fE K 2, 5 NAFLD [0 78 % U1 A o0
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T B R B N G B B[R] Cd36 muFkak, gk
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T+ RN IER (docosahexaenoic acid, DHA) %% ;n-6
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acid, AA). MFEWFFLED], n-6 PUFA K IHACH )
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S AR =R LR R IE B P AR T ik
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Huang %556 N\ BEHIRT 70 % BLAK £ 5% X n-3 PUFA 7] £
35 5 Hey FrAHSC O A B &A= Pe i Gonzalez-
Periz #4018 n-3 PUFA w[iliid EPA AQH ¥R R
E1 A1 DHA AR =¥ R4 2= D1 o8 AR 5 2 1
S R ICGURFIE A WA 4 1 FRATTRT IR 7T thAIE s
n-3 PUFA 1 EPA Rt =4 17,18-EEQ. 5-HEPE I
9-HEPE W] 3 izt 401 8] Jig Fiy 4L 23 4 i o5 38 6 30 v i K
IR AR R T LL S SRR n-3 PUFA
S FAR Y =90l BeAE HHey 5| A2 1 JH AT A 195 2% 1 v
RIFERELRYVER, (HEARNLH] A B .

AW 5T 4K 98 n-3 PUFA % HHey 5] #2 (4 JF E
JIEE i 785 e P R A L AL, B S NAFLD ()1
PRIGIT T RE T (84
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1.1 EZ|RF  L- FEEFF DL-Hey 3L H Sigma-
Aldrich 2 & (3 [# ) ; Hey ELISA &7 & W H ¥
IR TAERE FE R 5 X BB 4R EL (chow diet).
151 85 2 B2 "X & (high methionine diet, HMD) %d] £} Al
HMD+n-3 PUFA 1§} 458 H Medicience 22w (4 [H,
M) ; RNA e HUAF &4 3 BioTeke A ] (HH,
b 50) ; SEH %% )% %8 & PCR (quantitative real-time
PCR, qRT-PCR) A FM H Jb it & XM E AR F IR
/37 qQRT-PCR 5|#¥) 1 Invitrogen A& ( P E, i)
. A O H Sigma; N & MK & K&t % i
(alanine aminotransferase, ALT) i 7] &5 ) H 74 5% &
BCAE) TARREFE T+ H il = H8 (triglyceride, TG) A
JiH [#] &% (cholesterol, CHOL) Il 52 355 & B b 5t vp
AAeEERE A G R A .

1.2 ZHPSEIe IR SEES = AT 7 VA E 37 HHey
BB B EEL 6 Y CSTBL/6 /NRL, 44 T
XFHAKE (Chow). 2% L- AR E (HMD). 2%
L- FZ IR + 3% n-3 PUFA X & (HMD+n-3 PUFA) I
F5, BB WAR 1, B RMEIFILRINERE. AE,
JLURTR 8 Ji . LA WG, P A shi ¥ H = kIR
FERRIEE, 8 CoEREVE 10 mL PBS 2200, B0
Iy, K A ELISA 3 7 & € ifl 2% & Hey /K°F,
MM ALT. TG # CHOL B5f &l 3% ALT. TG
1 CHOL 7KV BUIFIEALZR Y] A Ja BEAT IR AT O Hefa,
BB FR B . AR SIS P 5 /D RIS B T 4E
BB A B R AR . A SLIG BT 7 M
LIS BNV BT A B Me BTG, SR R E R
KEB 3 B 5 A0 H 2 A 2t

1.3 JRCHT4mpaiEss 140 S5~6 AkMHENE CS7BL/6
ANER, MRS VES BRI FREENERE, 4r BT AR K,
K BR B 2 ) JE R HE N 2 5 0l 4n T T
FEVU 1 (1 x Krebs-Ringer 2241, 50 mmol/L EGTA)
VR 2 (1 x Krebs-Ringer 2B/, 1 B4 it A1
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VEN R B AT WA, BUR BEAE 5 ¥R & T 400
HE5 M, A 1640 35 35005 48 i T 1k
YN ; #E S min J5, W FEEIRE, KBUlE
(20 B RS 2 B0 R 5 IINTIS 1640 £5 7711,
B, FEiE, BEE 3R HE 10% M5 1) 1640
Br AR R A, AN RE 6 h fE i, AT RS
s

14 L OB GHMEALIKGEY) A 2 iR T
15 min, SCH R0 a0 s 725, R 4%

5 [E 2 10 min 5 35 BEE R 60% 5574 E R
1k 5 min ; VLT O Yeff 30 min ; o [ 50% HiliE
s BEGIRAE
1.5 FFERRERRRRENARME 4 30 mg JiFE
M, Wik E, EXEE; BHEAZSAT 1 mL
AW (U TlE=2: DK HE 16 h;
INZERIIK, 12 000 g 250> 10 min; W ELU R E B HLH,
BART ; H 2 5% Triton X-100 1]V B0V i W T
AN ; TG K CHOL 52 577 i =2 FF i 20
Zih TG % CHOL [ .

AL ERAHAAAE
Table 1. Composition of the experimental diets

Ingredient Chow (%) HMD (%) HMD-+n-3 PUFA (%)
Casein 14.00 14.00 14.00
Cornstarch 46.38 41.38 38.38
Dextrinized cornstarch 15.50 18.50 18.50
Sucrose 10.00 10.00 10.00
Cellulose 5.00 5.00 5.00
Soybean oil 4.00 4.00 4.00
L-methionine — 2.00 2.00
n-3 PUFA — — 3.00
Complex minerals and multivitamins 5.12 5.12 5.12
Total 100 100 100

HMD, 2% high methionine diet; HMD+n-3 PUFA, 2% high methionine diet and 3% n-3 PUFA; Both of these diets are based on AIN-93G

rodent diets.

&2. s AgRT-PCR3| 4 5 7
Table 2. Mouse primer sequences for qRT-PCR

Gene Sense Antisense

Lxra 5'-TGCCATCAGCATCTTCTCTG-3' 5'-GGCTCACCAGCTTCATTAGC-3'
Srebpl 5'-ACTTCTGGAGACATCGCAAAC-3' 5'-GGTAGACAACAGCCGCATC-3’
Fasn 5'-TGGGTTCTAGCCAGCAGAGT-3’ 5'-ACCACCAGAGACCGTTATGC-3’

Acc 5-TGGTCGTGACTGCTCTGTGC-3'

Chrebp 5'-TTACTGGAAGCGGCGCATCG-3'
Fatp?2 5-GATGCCGTGTCCGTCTTTTAC-3'
Cd36 5'-TGGTCAAGCCAGCTAGAAA-3'
Pparo 5-GTGGGTGGTTGAATCGTGAG-3'
Cptla 5'-ACGTTGGACGAATCGGAACA-3’
Acoxl 5'-CCGTCGAGAAATCGAGAACT-3'
Scad 5-ATGTGCCAGAGGAGCTGAGT-3'
Mcad 5'-AACTAAACATGGGCCAGCGA-3'
Lcad 5'-GCATCAACATCGCAGAGAAA-3'
apoB 5'-TCACCATTTGCCCTCAACCTAA-3’
Mtp 5'-ATCATCATTGGAGCCCTGGT-3'
Cyplal 5-GGCCACTTTGACCCTTACAA-3'
Cypla2 5'-CACTAACGGCAAGAGCATGA-3'

p-actin 5-GCTGTCCCTGTATGCCTCTG-3'

5-GTAGCCGAGGGTTCAGTTCC-3'
5'-CCAAGCAGCACAGGCACCAC-3'
5'-GACTTCAGACCTCCACGACTC-3'
5'-CCCAGTCTCATTTAGCCAC-3’
5-GCAGTGGAGTTTGGGTTGG-3'
5'-GGTGGCCATGACATACTCCC-3'
5'-ATTGAGGCCAACAGGTTCCA-3'
5'-TGATCCACTGTTGCTTCTGC-3'
5-CAGCTGCGACTGTAGGTCTG-3'
5'-ACGCTTGCTCTTCCCAAGTA-3'
5'-GAAGGCTCTTTGGAAGTGTAAAC-3’
5'-CATTCTTCAGGGCCAGCA-3'
5-CAGGTAACGGAGGACAGGAA-3'
5'-TCTGAAGCTTGCTGACGAGA-3'
5'-TTTGATGTCACGCACGATTT-3'
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1.6 qRT-PCR KT RMBTAM IR, RS
RNA, ¥i%% 5%y cDNA ##x, 1T qRT-PCR. 5]
YIFBIWNE 2. &4 PCR AR RALHE : 10 uL2 x SYBR
Premix. 0.5 pL b3 5140, 0.5 pL NiF 514, 4 L
cDNA. 5 puL ddH,0. PCR ¥ E U : 95 °C i
W 30 s JEIEANTEAY 1Y, 7E 95 °C &1 10s — 60 °C
B2k 30 s — 72 °C L1441 30 s FIFLR tFidE4T 40 NMEFE,
WRAE Y 34 #h 28, FIF A RE S B-actin R IAF1 272
JEEA— M H R RIA

1.7 FRigESH VI 50 mg AFAEAS, FrE)E
O E & BT T | mL R (S Piatbi,
FERAIAFER ), 213 ; 12000g B0 10 min 5 B3/, #%
ANHFEOE ;s I CRR CBERZE/K S, i)iE 2 min ;
4000 g B5.C» 10 min ; YBE BJZANAE, FAHTE L
B BRI R B, WwliE 2 min, BEEFER—X;
12 000 g 250> 10 min ; Y& EZHHAH s ZART
B, PEEET 30% B MG, BEAT BRI P
1.8 #iENHr K GraphPad Prism 5 Demo (Graph-
Pad Software, Inc.) #fF M. TER. B scis g f
PA mean = SEM Fox. LA A LK FH 4H TR] ¢ RG56,
Z M SR R K 5 2 0, LA P < 0.05 /FH
A WEEG TR S bRTE .

2 R
2.1 n-3 PUFA(E T HHey3 | &2 H9FFRE RS B 25 14

Sy RIS T 6 Ji C5TBL/6 HEPE/N B Chow £ .
HMD & DL J2 HMD+n-3 PUFA 1R &M% 8 J& . IfiL
¥ Hey Kl 45 B 2R, 5 Chow 1A Lk, HMD &
Z3EN T 13 Hey HI7K°F, n-3 PUFA 4S50 HMD
SIEH) Hey K@ (35 3). FFREZLZ B it 473
20 Jefo W, 5 Chow ZHAH L, HMD MEF:i%E S

3. 83T AR

(7 HHey /I B8 FFIE A 18 52 0 R B 2 389 5 i AR %2
HMD ™40, HMD+n-3 PUFA 41 /)5 B FF U JIg 53 3
FUBH LD (B 14)o 3k — 30 5% I 1 A o 2 A7 4k
I, KILHMD 0 7 R TG & &, HMD+
n-3 PUFA &3 [%X 7 HMD MEFE 5] & 1) IE TG 7K
SEHEIN, PR R A A E CHOL 7K1 (&
1B f1 C). 5 Chow ZHAHLY, HMD F1 HMD+n-3 PUFA
B /NR R E, s, RE/ RELL,
M3 ALT. TG #1 CHOL 7K~ ; {H HMD I HMD+n-3
PUFA Y B B2 a8 /K E L (% 3). DL EZS
$27K% n-3 PUFA X} HHey 51 & 1) FF IE B 7 22 14 &
LR ER
2.2 n-3 PUFA#P#I 7T HHceyS | #2RIBFRECd363R1&
WG R EFAhEE

JHRE I AG oG & il B S Ak iz [ 2R
R FEUFNERE W AR BN . ik, BATE
WTZ5RERRRA R L b 2 IbiE s ok
BEPRRIA. 455158, 5 Chow 4AHEL, HHcy
RN T K R D R i 12 5 ) 2 (fatty acid trans-
porter 2, Fatp2) FlJJig [T & ¥ A1l Cd36 [1)3R3%, 1M n-3
PUFA B4 T HHey 5] #21) Cd36 &1k, (HAR
Wi Fatp2 [)7K~F-. 64k, HHey H1n-3 PUFA SJANGE i
NS A AL (4% Loa, Fasny Ace. Srebpl, Chrebp).
A Ji B AL FE K] (45 Ppara. Cptla. AcoxI. Scad.
Mcad. Lcad) FEJ5 73R (445 apoB. Mip) 1]
Fik (B 24~D). BATIAT IO 7T 45 S AHAE ST HHey
nf@ I B 5 e R R ) R B R R Cd36 R
i, HEREUE 6 B AR B DL B gE R OR n-3
PUFA W] G838 i k) Cd36 ik, il FiF I i) A J
L, 3% HHey 5|76 0 FFAE i 17 28 1 o

Cd36 #& Pparo. Ppary. Lxr. Pxr fil Ahr Z555 5%

3B A B A F 3 B A B R -3 PUFAM AR 7 AR £ & S84

Table 3. Related variable indices in mice fed a chow diet, HMD or HMD+n-3 PUFA for 8 weeks

Variable index Chow HMD HMD+n-3 PUFA
Food intake (g/day) 2.82+0.17 2.84+0.18 3.02+0.16
Body weight (g) 25.53+0.28 25.85+0.52 25.93 +0.40
Liver/body weight ratio 0.037 + 0.001 0.046 + 0.002™ 0.045 + 0.002™
Fat mass/body weight ratio 0.010 £ 0.000 0.011 £ 0.000 0.010 £ 0.000
Plasma Hey (umol/L) 5.17+0.92 25.43 +0.43" 25.10+0.54"
Plasma ALT (U/L) 24.08 + 1.80 25.03 +0.99 21.87+2.38
Plasma TG (mg/dL) 37.69 +3.30 39.18 +£2.65 38.68 +2.63
Plasma CHOL (mg/dL) 62.70 = 7.02 70.16 + 4.02 61.73 +4.45

HMD, 2% high methionine diet; HMD+n-3 PUFA, 2% high methionine diet and 3% n-3 PUFA; Hcy, homocysteine; ALT, alanine
aminotransferase; TG, triglyceride; CHOL, cholesterol. Data are mean + SEM. “P < 0.01 vs chow group (1 = 6 for each group).
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Fig. 1. n-3 PUFA alleviated HHcy-induced hepatic steatosis in vivo. Male C57BL/6 mice (6-week-old) were fed a standard chow diet
and HMD with or without n-3 PUFA for 8 weeks. 4: Representative oil red O staining for lipid deposition in liver. Scale bar, 100 um.
B, C: Hepatic triglyceride (TG) and cholesterol (CHOL) contents. HMD, 2% high methionine diet; HMD+n-3 PUFA, 2% high methi-
onine diet+3% n-3 PUFA. Quantified data are mean + SEM of 6 mice in each group. P < 0.01.

DA 1) B AR R ], JRATTA A S B 98 ©IE S HHey
Wk Bl Ahe-Cd36 55 @ 8% 25 T HE i I A2
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HEFIFRIE, RERE HMD AL, HMD+n-3
PUFA ZH i iIT Ahr ¥EZE[K] Cyplal F1 Cypla2 [f13R1A
BERAK (K 2E). PLEZER$ER, n-3 PUFA @i
FH FE Ahr (80, BRAR R 7 R 5 ) DG B ik [A]
Cd36 3Rk, o3& HHey 51 B R AR 7 A2
2.3 n-3 PUFAXEI T BFBEAE S & A (lipoxin A,
LXAJHRE

FEAR A, n-3 PUFA 1] 5 n-6 PUFA f§ 1 3L A 4K
YRR = A2 A5 A R ME D RE A R AR = 4. &
HIIBF A £ W], n-6/n-3 PUFA X4 2% i J& NAFLD
KR EEERE R, RATATIIN R4 R ER,
HMD i i 3 i AT JIE AA 1 5 A6 (lipoxygenase,
LOX) i@ gl =I5 % % A, (lipoxin A,, LXA)) [¥)
o, DARCARAORE Y 7 SBeE Ahr-Cd36 15 5 il ik,
PRk I B g i As v B, LXA, J2 AA 5 EPA 3L H]
[ Fp LOX P24 1) EPA A4, Hor+&E5 LXA,
AHIE, 4585 LXA, ABL. At — 2 B LXA, 2
T2 5 7 HHey 51 & W JFWE RS 5 A2 14, FRAT1RI

PUFA $R[A AR 2H 0 M KB, HMD PRZR/IN B E
LXA; & &ML T AR, 11 HMD+n-3 PUFA M55
H/ANR I LXA; & EEE ST HMD 4 (E 3).
PL_E&E B8, n-3 PUFA ] fEiE it L EPA AR i 7~
) LXAs 3% 1 HHey 51 & 0 FF g 28 1
2.4 LXAPHER T Hey5 | ERIAhr-Cd36{5 S @B E
B4R B BE BAR

oy B ANEE TR IEACF 4, 457 Hey (100 pmol/L)
AL BE, A IES 0 BN U8 I LXAS (100 nmol/L) 4b 2
24 h, KB Hey &35 LR 40 Cd36 [RIE, i
LXA §] T Hey 51 #2 ) Cd36 ik Fifl (& 44) ;
A i % B LXAS ##) 7 Hey 5 #2 i) Ahr #8 3%
Cyplal #1 Cypla2 1A F i (&l 4B). F H 4L
O et xf JFEIE B R B TR EAT 404, R I LXAS &b
HERH Rk T Hey 51 R F4H M DT (B 40).
DL ESESRARIR, LXA, Al i@ #0fi] Ahr-Cd36 {5518
3% Hey 5182 40 B R Bl .

3 g
n-3 PUFA 7EARI AL B HERIPEH. &
T BT IR 98 E 52, n-3 PUFA @ i H EPA 4815 7=
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) 17,18-EEQ. 5-HEPE F1 9-HEPE 11| fi Jifj 2L 24 1) AW FE 0, n-3 PUFA T S 2 0] B % 40
RRERNE, WRZE T /MR AMEE IS EM NAFLD  Cd36 [k, %o i 22 30 bk o BE R AL R A FL R
4 "5 n-3 PUFA BENE T 2 OUUISEESE A EEER Y. RZHIESE, Cd36 fIZFRIAHE N
WA RIR BB S AL N s e bty , wIRESIL 5 TR " AR RIESE HMD SR N
DHA #i1 EPA 481§ 7= #) 16,17-EDP Fl EEQs [f]7k F  n-3 PUFA %3 [MC 7 FFIEZEZN Cd36 ik, $25R
FheEfa 5= ", {3 n-3 PUFA S 2LAREF=4%f HHey 51 n-3 PUFA BT A8 1k 001 -4 £ A o 435 EOMA T e 2
FEC P JEF 0k B 7 73 P R FH ML M AN A . ARSI AR R TR

(f45 B 7R, n-3 PUFA ifiid H EPA QG4 LXAS n-3 PUFA 5 n-6 PUFA 7E 44 A fd i 5] £ 48 35t
I T Ahr-Cd36 {5 5@ B0E, 4% 7 HHey 51 BRARM =4 S5 M RAME Th BEAN F AR W 7= 1. AA
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