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AR BERRR . TEIR AR BT AR S N 2 1B R B R L < IR B 1 % B (non-
communicable diseases, NCD) & ‘EF& & 11, R DI D 70%LA L% 5D 25 D, S 10 F/<T
NCD IC X 2FECHEIT S S+ 2 Lo G H 0, HEL L Tk 3 R & RO

Lo Tw3 2, —J, o E<CldlE&ER 2%l 2. NCD O P2l nEicn 3
LY MHADBEEEDKEICKE WERICH S, LA LS, NCD OIFEIC DV TIHK
KA RS L N LTl Z2, HEAER D 72w £ IRHEDSEIT L, IR 0SBEME L 3 2 BRI 13
HIELL T2 2L dMTIE RV d, H RN TVIVERTH 5, HEE) o BE R
7 REF L NCD O FHICHIRIE s Y, EHCRFNT VY A2HEARL LT, HADR
HHAOLENINEBEMATICI Y NCD D TFIHICEIT 2 2 e A TENIX. ZDOERITIKZ WV,

WA, MR BEIRE, FET v 2 — APERR AT 28 (non-alcoholic steatohepatitis, NASH) % (% U
» & L7z BB, BIIRELIERE, HORIERE, Ty A = — ik & MR Mk

B LI AIC 722 NCD o @i & L C [MEBMERE | 25 EH ST w 3 49, gt
PLENMEFBALIC 5\ TLHEBAY AR IC RAE DG MAL & IR % 48 U 2 RUERIE IS L <. 181k
FE TIIAHAR I I\ TR L L 0 SRE SIS 28 RIFITEIFRERE - 5BIEAL L T\ 5, Bt RIEREIC
BT, BRL 2~ n Ty =P o Rkl e EEMESHAER L <. M -
M OBECHEESTTEL TWwb, 20T, 20X ) AEEICH L, mEHE LM
DIGIH, BHEAL 7R & D 7w R X B EHBEICE S C 5, MRS & AE1E O B 23[Rk
ke S eIc XD, B &ic X 2 HEREE O WG Y £ T ) v )BT b, R
IR A 7 AR E 23 b 72 5 & B 9, T X 5 kA AL 1 2 B ARAE (L /e
iz I L & L8Rk E B L TR o N3 R TH v | MSEMIE L oE
e 7 & o EE ML O AAFH I X 2 RIESOCHSTRETZICEE TH 5, B 21X, MR
RETICH MR TIE. IERAE L 2Rl o i EFEictto T~ 77—



72 EDOREMIE DR DO TTHED RS b s 23, RIEMERK T TH % tumor necrosis factor o
(TNFa) L BUFIRERAES. toll-like receptor 4 (TLR4)% At L CHiZ IZMAAER 32 7, Zhic kb
BT 2 RIERIGIZ 2 B TR OEEER 2% b b L, 4 v 2 ) vl 2ER T 5,
%72, fliki~D~2 v 7 7 —UEIMICIZ7 € 4 ¥ monocyte chemoattractant protein-1 (MCP-
)& % DZERTH % chemokine C-C motif receptor 2 (CCR2)2S DAY 7 % & % 7= 2 & 28
55 MCP-1 % CCR2 # RIET 2 ~v A THEMERIC X Y FEI N B ICE VT,
MRS 2~20 77 =20 $ 2 2 & TRIEDIRTS L. NENIHLER O BEER 2252k
EFINDY, —F, TLRA BER L e~ U A LRSS iz~ 27 v 77— ClkAERHIRE &
DRI/ X VER I N2 RIERICITT 2 e AMEINTnE 9, b, ~/n 7
7 — V2 OEENC X o TRIEMED M1 B L HIAEMED M2 BT KHIcE 2 2 L SIS 2
& 7o T % 10, HiEE XA o FERAFEAR CHE N L <3 b . TLR4 C KIEMED 4 + 4 4 ~ TNFa,
interleukin-6 (IL-6) % [ 763 9~ % D icxf L €, . X I O AR #HARIC DFEL TH Y | IL-
10 72 EOWRIEMEY 4 b A A v ZREET 5, BEEAEGITIE MIM2 H2s3EM DL Twb Z
LR A v R) VIEPIHEGER TH 3 F T VY ¥ Vv ERERIC X B PUBIRIETER © —iic, fg
Witk ic B2 M2 Bl~w 27 v 7 7 —VHNIC X 2 MIM2 N7 v AR O ZIEAREE T 5
AIREMEDS R STz 12, Doz, FEMlo A2 s THEfMiich 2 ~vra 7y
— VBT ERIERGIE S 2 2 LI X v EBIERAEICHE S IR RE A 4 % J < % 2 AlRE
PEZRE L T b,

a7 4 Fi3fRroEtE 2L, lY-CHED. Bicsv» LR b b RARDNR
AtEEFEc. BTE 1000 FEHLL Eo3FI o B, EARREE LT8o0f Y L va=y b
DEHE LICHAE L AER) T VHEMEOZ Y PV —T O, =V F 7 —7(C
B, IKEEEE DB A, AEIFL. BB IR = X 7 v TRl s i sh s 2 &
T, SRR A v T 7 4 FAEL 3, PICHMAEMZES e T 7 4 FEEAE L, K&

REFRPCRILA ML 220 0REVE L LTS %, —J7. e F 28 TEWIIES Th o



T/ A P EEARTERVY, BRICLVEREN LoERNICTREENS, 1uT )/
AFE7rex Iy AEEPTHBERA L CHION S 149, X HICEF, fEfilibkae
1000 /E FEEER TSR 17 & oEBEWER 2SI 5 20 & 72 0 | A8 TERSE IR 2 NI 23
WfEE Nz, —H. BRFHEIRT ) A FR>EINEhz0b, —5 L2 0., iifza
L& offlihchur /4 FREVIZHREEN S B, Au7 /A4 FOEBEERICBET
ZHERIMATHBE 0D, ZDfERA B =X 4 e LTEKN oG e REOEED
TR E T et ) o o O AN

THRART 7 A FIEHEND 5 IFIERRNIGIC XY REEHPRME L 72T/ 4 F
LIERIND Y, WHABEHICEBT 20T /4 FroTHRAIaT 7 4 F~DORZRG % filh
T3 EEARMEL LT, MIEICHLET B B-carotene 15,15’ -oxygenase (BCO)& ., I b= v
N 7 NEICRTES 5 B-carotene 9°,10°-oxygenase (BCO2)23%1 & 41 5 202D, BCOL 1%, p-#~ &
7 v D ZHEEA(C-15,1560) TORRLIFZIC X 2 L F 2 4 F(e & I v A)~DZH
FOG x4 2, BCO1L X p-Au T v A, -2V ¥y vFveahurvibor
BEXIVAAIRT A FDARKL ST, B-apo-10’-carotenal 72 & D B-1 0 T VR T KA1 m
T AV ERHEL LT retinal IC£HAT 2, LarLlanb, o FHICERRFEELALT A
YRET X FUREDFY b7 A MHICEER L2, —J5, BCO2 (F, C-9,10i%
ICB T BHAERIC I L CIENFR T B v T 2 4 FE2ERT 2BECH Y. 2 DEWE
HBMETEF Y Y P 7 A MBI LCDIERT 2, 7 v 27V b=y RER W@ D 5,
ZNZNORERD FE R EFIFEREL LT, BCOl 131V F /7 4 FOARICHR®D CEE 2% HE
o 2—75, BCO2 IV F/ 4 FEARD -0 0Bk LTofix %, huoF )
A FOBFERESE, BILX ML AEELOHHT 2720 1@ W eBfEEI T
B, LhLAnb, LF /A FEBRSTEI T 4 FOBWIERIC BT 2 LSt B3
LRIV b H Y, BCO2 DEHIBENT D W TR ZWIE R Ao T Zan,

—Ji T ARART ) A VIR BEZICAEL B, B- v T v D HEERL 29 B fiF 20



X0, BABREEDB-TRAITT /A FHREKT 2, VaxvoHBRL X, 9ED
DY a_VHKTEAOT A FPEL LB WMEINTNE 2, ¥¥ v b7 4 VD
TAZRFFVFVICBENTS, BERLCHADT KA T ) 4 FHRAEKT 3D, £/, B-
haFy P Jaxy0 FREXYVF I LT[ v DEFBCAINEES 3 C & cfEi4
DTEHICT ) ARPBELBZZELDhoTnE, IbiT, THEAITT /4 Rk 3%
PAIERE 39, Ha T 4 FEERMT 925 b IE RIS N, BEEE2H L 2 ic X hTn
25055, lbokric, imT /4 FpoT7RAnT ) 4 F~DRHFEIRIGH A
EFEEHER IC BV TR R TH 2 AREMES. BARARICEW TSI T Kha T/ 4 FBA
CFEET DL E, TRABT ) A FBERISH L TS 22 08 # % HH > T 2 ATREME
THIEZ, L2LABb, -7 v axVICERTETRAIuT /4 Fo—Fico
DTN ZBE~D Y A7 v Pk 302 28 AMIIEFEINHIER D235 b CTn b b DD,
FHv T ANMERROT R T ) 4 FOEPIGEICET 2HE I LA LA bR,

ZaxHvFvid, THALaY T EORMERCHEREHEICEINIBOEET 5
FEAe T 7 4 FC, Z00FHNICT L VG, TRFU N, Ear R =rEx2HLTH
D, BEEEREYICIR R =— 7 fEE % b O(Figure 1), 7 2 ¥ 3% v F v oA H{EH
LT, BAMBE~D T R b — ZFFEEH 2T Lo, B b L REBRIER 392 i
ESCEEH ORHE S LT3, UFRETII N T Tic, BB/ E T v KK-AY ~ 7
A7 axyvF v 4 MG 27 A RERNC AR SEMONH 2R 5 & &
bic, ZoEMEFO—>o L LT, Efic BT, iz vy 78258 I bav b
U 7 KT ORI LE % M BB O TTENBED 2 2 L ZHHL T L 4D, 72, Sk
D X ST, MEEHREE TIZAEIAHERIC 3510 2 RIE D TTiE 35 X O o HE B I o FiT L A3
ADLNBEH, 7axH v F v EERL 7 KK-A4 < 7 2O H G (white adipose tissue,
WAT)TlE. RAERLER T O R A5 X OCHIGRE I S 1z 9, X ok, HEk

KGRETA=T RN LT, 7aFH v FVERBEEAT AT —X—TH3 70z s



7 vV v £ 2 (prostaglandin-endoperoxide synthase 2, Ptgs2)D FEIMNHI % /i U CLR#E(E
MERTZePMEINL P, ZNODHFIZ, 7aFH v F v rBHEREORERICH 5
[RAE) 1 L CHIEBERERA BT 2 2 L ZRB LTV 3,
HEREhz7ax3 v Fv3EECCT7axy v T ) —A~DONKSRE RTINS
72t HRICEB TR T~ o TXH v F v AICEBRI NG Z L BHIbNE ¥, &
CREDEICHE T, FFELIT 7 aF 3 v F VEBIL 72 KK-4Y = 7 A% C5TBL/6) = 7 &
DHEFMBF LS TR T /) A FTHE 7k bavzid Lo CHE T (Figure 1) & &
b, ®7m 77 = I L CGRRELRIEZHIET 2 2 L 2oLz, =7, 73 %
Vv FveatEEhtiYoe F ~o G, e 7 ax v 5 — Ak
MEIns e dic, ZDREIIKS 4 R CRAMEZ R L T 24 REELAPNISE S 212l L
7o 4, v MICBT R 7 aFx Py FYHRTEIRT ) A FIZOWTOWREIIRZ R VD
DD, ZDXH 7 axy T — ViREORRIRGEICH 5 L, ARG ET I bk
LGP > T HRENER TS ¥ 2, SOICHRIE, ¥T7 XV v Fvoersf4 v, A7
INEVREDFY V7 4 VEBROT R AT 7 4 Fhe ik WoAsk b e bR
b Och BTN LML, UEXY, 7aFxd v Ty EaBAREk 0T
ARH, e b REBMENTT RAu T 4 F~e B RO i 2 Rd 2 &
eI L e bic, ruT /A FOEMERHOREL LC, THRAvT ) A VB3P 70
OFBEEGT BN 2 R LT3, LT, 7RI T/ A F o EyEttici
THHMRAOERI, 7aFxH v FrrELovtLlzraTs /4 Fick 2458 ERICET 3
BHOAN=XLOBBICENR L D LTI 5,

Z TR TR, BURIEREE T A~y ST 30T ) 4 FORIETishE%E
FRzLidic, AT EAUT A FVicks=ru07 7 — Y REEMIBICHNT 2 %4E
TR 2 1L Lo & 2 EVNETEOTRR L P IA 2 i 2 7z, £ 3758 1 Eic B W T, iFfific

B BEMERIEEETH S NASH ICEHEH L 72 9, NASH [FHA Mmoo —&%27- & 518



YRFRE CTH b . RALER R REHEITIC X 0 IR LIS A IR 5 720, HiBRE < & % fahf
fF% 13 U NASH OMIfI 23 EGIRIICEE TH 5, RETIL, BEHFAEEN NASH €7 v~y
AERGT 7 ax¥ v F VI X 2 FRIC B T 3 HElL-C RAE~ DR E % in vivo THIGE L 7=,
Ioic, ZoEAF OO 2o, ffics 2 7 ax v F vy REMICEB L 7.
7axyvF U ERL 2T 20MEE & U AEGIBTO 7 a Xy v F vy REW O i %
B L L bic, NASH DFE « R ICHEE L FEHIIEP <~ 7 v 7 7 — P ic B 5 RAEICH
T27axy v REYOMEHER 2L 72, XT, FH2ETIE, 7aFIvFVH
k7 RAwT 4 Ficksw»T, RAEREBREIC A T, FiaEwimtte L, BEX b L
A5 EH B AR A S B LRGSR L 2 ORBHRERN FIcEH L, TR7ax5 v F
J A P2 X 2 AU EESRARBFEERA AT S L & bic, 2o BB 3 3 HlfK 1
$t4 B IEHEALERRE % in vitro TR L 720 X HiC, =27 m 7 7 —JiCE T 3 RAEWHIER &
iU B R FE BRI EIRRAE & OB E P~ 72, B3 E L, HARTRIEER I T /4 ¥
D—DTH53 p-HuFVicEHLE, TRAVT /4 FD 5 bHENEFHbhTWw3
DBB-HuTVHRTEAuT 7 A FTHY HARICEWTHIAL ZOHFEBR LD,
REBRTIE, LA L 3 B-7 a7 vIBLAERY IR g x O T Kha 7/ 4
FOFMEEZITI L & dic, o p-AuFvik7 R AIunT /4 Pt bicwru7y
— VI3 2 RAEINEETE O HEGUR % 17, FURIEE ISR A FRE 2 % L -
SO, HRARIC B 4 BT, B UER THEAIEA L T3 T A2 ¥ 9 v F VICEH LT,
T AR XY VTV OMREERETEICE T 2RI EA TW R b DD, TAXFH VT
VHERT AA v T A PO X DEYERICOWTIR L AN T, 22
T, B ICbEREEBbNETEhaT ) 4 FOFBLRIER{T- 72, Foh s D
TARXRXYVFVYHETFAvT /) A F2HWT, w7877 —YEXONEMMNE
5 RAEFIBIBERE 2 T~ 2 & & o, M ic B b 2 RERAMAL /(i 3 2 JilE T ic o v C

*ﬁ%ﬂf%fﬁ“) f:o



DLE. R CIIKEY RS 7 a3 vF v T 2233 vF vich 2. (CFKN
a7 ) ARTHD p-AuTvHEDOTRIuT ) 4 FIRTRAEGIEHBREZ T Lo & T
BHEYNELEEAS ICT B LICX Y, haT ) A4 FOEERERE I oW, Fi- s

SDOWZEDEFZNS Z L2 HIE T 5,
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Fucoxanthin

1 Ok

Fucoxanthinol

1 oy

Amarouciaxanthin A

€
T

i

v

Paracentrone

Figure 1 Fucoxanthin is converted to some metabolites in mouse body.

Dietary fucoxanthin is hydrolyzed to fucoxanthinol in gastrointestinal tract. Subsequently,
fucoxanthinol is oxidized to amarouciaxanthin A by unidentified dehydrogenase in liver. Paracentrone
is presumably generated by retro-aldol cleavage at C-6, 7 position of fucoxanthinol or

amarouciaxanthin A (dotted line).



1

7 a Xy v F I X B IET v 3 — AAERRIIIT 2 (NASH)HN I HA o i i

JET v 3 — A ERB TR B (non-alcoholic fatty liver diseases, NAFLD) & 1, fEE N X/
— VR Cc—H 20g LT CRENIIF 2 2 3 2 IREBEER T H % 52, NAFLD 0% < 1, Al o5
PRI, fRlllE 7 &2 HBBICRIET 22 0, AXRY v 7> v Fa—LoHRAE L LT
A2 BT 5, ITE NAFLD IFH B ICEMO-—@&ICH D, Z OFWRFEITI — 1 v ¥ 23.71%,
bk 24.13%., WK 30.45%. FH 31.79%. TV T 27.37%. 77V 71 13.48% & DED B
% 59, NAFLD (33E 7 v = — AYEREIHF (non-alcoholic fatty liver, NAFL) & . KIEHRAE(L %
4L % NASH I 4 & 5, NAFL & NASH Tl Z D Fi&IZRE < B b 7D NASH
12XV EEARIERECTH A CI A DIIERM & 72 %, %2 D 7=, NASH O FEIE itk
JEFLIE DS EECH 5 25, £ DRI IZR 2 C 7  SEMIEIE L S T v, —J5 T
NASH 12xf U CGHEEJEE S RAEWE ORISR I L TE Y 9, HLx 0%, HIEH
TN B EMATIC X 5 TNASH O FPRCHflATENIL, ZOERITKZ W,

Day and James 9725209 % two-hit theory IC X % &, WHEELIMN., BFRFE Vwo 2R
K23 first hit & L CHFMRE~DRERGILE RN Z 51 2 L, NAFL %&£ 25, R
T, BRI R Z P L ZRRIEMEY A F A 4 Y ZD second hit 255 ¥ 4x & 72 > T NASH 5%
FET % & N5 Figure 1.1), Jeibd X 5, 72 x4 v F v id WAT 85 <D RIEHR ¥ D
WERHEZAET 2 2 ik b, MkICE T 2 BHERELEMT 5., 72, FEicEs T 205
BABUGEIER OB b L ABREH Db EINTwE e hrb, 7axFvFv
IZ NASH (cxf L CTHIHIRICERI 32 2 L8 Aff S5, Lo Ledin, ZhET7aFxH
v F v D NASH ICH T 25 RIZH L 2 Thd o7z, £ 2T, 3 1 fiTld, BEEFEEYE NASH

ETARVRARL 7 axY v F v eEE L, HRcs T 2 IFEERPIRILA P LA, RAEL &



b ICHHE( L DHET IR 3~ 2 BIHIPE A % 54 L 72 50, —J7, EH S 13, BRI Wiz 7 a4 v
FVIRERNICE T, TR FAREBNKDRI N7 a %) F ) -1 C3 fide b
oFCEAMILINEZT0 T TEFVF Y A AT, BEYTHE Ty tay
~efRFEns LR R L T2 (Figure 1) %4, 2 Z T, % 2 fiiTli, NASH #FE~ v
AL EBT B AEMMHBTh O 7 a Xy F o REMOS iR L e bic, F 1 fiichbh
7= NASH HIHIER A 71 = X 5 D —SifEH D 7= 01, IEEER 2 RIEHE L -5 E i s

S~ m 7y —vicnd 3 7axy v REWOIMEIER 2 BEEL 72,

First hit Second hit

Oxidative stress
Inflammatory cytokines

Lipid accumulation

-

Fibrosis

-y

Steatosis Steatohepatitis Cirrhosis and
(NAFL) (NASH) Hepatocellular carcinoma

Healthy liver

Figure 1.1 Two-hit theory in progression to non-alcoholic steatohepatitis
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551

BEHFHEN NASH 7 v~ R 5 7 a9 v F v OMGIER ORKEE

ES T ah:S

L1 AR & RS

7axyvF o7 A XA MRSty A7 u 27 P oA L, B
VIEEREIRLE L CHWZ, 2 ) YREAF A= VRETEREA607131H)B LR ) v K2
A F 4 = iR EE BN 2 (A06071302) % Research Diet, Inc. & W B A L 72, FEEREMW) & L Cfl
L7z C57BL/6) = 7 ZIZHATF v — A Z + Y S —FHRA o4t L0 A L 72, RNAlater, bovine
serum albumin (BSA). protease inhibitor cocktail, sample buffer Laemmli 2x concentrate (¥ Sigma-
Aldrich Japan X Y . diphenyl-1-pyrenylphosphine (DPPP) I [ L AWH5EAT L VBEA L 7z 72
YT I F(E/ ~—, #E 99.9%). Bis (N, N-methylene-bis acrylamide), W&HiEET v E="7
Zs(ammonium persulfate, APS), TEMED (N, N, N’, N -tetramethyl ethylenediamine)!¥ Bio-Rad
Laboratories, Inc. £ Y A F L 72, Anti-smooth muscle actin (aSMA) PT & (14395-1-AP) I
Proteintech Group Inc. & ¥ . anti-GAPDH $1{4(ab8245) & X ¥if&k & L THI\»7z goat anti-rabbit

IgG H&L (HRP) (ab97051)3 &L U goat anti-mouse IgG H&L (HRP) (ab97023) (% abcam ple & b H#

&

Al7ze ZE¥X R I =R 7 7HERXKINE AE-6530M B, /KFREE L I F 74 K7 m v 74
VIREKRTAXTa v b AE-6677TP . T a v 7 4 VR PVDFE(Z VT 7 v v b PJE),
TUY T4 Y TR (T T H=RY P R=0¥—_ 09 mm E)iF7 b =KXt X VA
LedbozMvi, ZOMERICH -GRAEREZICD L T oML OHEITEL7 41

LADEMEER A St AL 72,

.12 7ax¥vF vl

T AR ME, ~FY /T b (6040, vERBRIBEL Ly VAT v T L7~ b

11



7o 74—t L, R E RS 7 a Xy v F VIS E ML 2, IR A B EG, 20
BRIV LA R ) = K(10:5:3, viviv)IC TRIHITEEZ ATV, 7 e o kv AJF (T ) Z [BII L
Too 7 aFX Y VT VD all-trans 1R & cis R G E T 97%LA L (all-trans: 85.1%, cis: 12.3%)
CRZ2ET. AT7L27u~ b7 774 —ICXDREERERBE VIR L 72, MEORMEZRIL. Fml

k7 u~ 1+ 2797 4 —(HPLC)IC X W A F IR $ 404 TiT- 72,

RV 7" LC-20AD (BEX &t B 8B

MEHIAR © SPD-M20A (bR 2tk B SR

717 L : Develosil ODS-UG-5 (250 x 4.6 mm., EFFL2ERR A4
i 30°C

BB : A % 7 =T %2 F =+ Y (70:30, viv)

i & : 1.0 mL/min

1.1.3 B E

5 HinHEYE CSTBL/6) = 7 A % 23°C+1°C. {RJE 50%. 12 Rl OIS OB~ ¢, 7
g 1R, EEREE 4 8B O 5 BRI E 217 o 72, b E W 135 £ (A06071314)
LIKGEKE HHICEBINTE 2 X5 ic L, THFAEK T RICETOFIRELFSF E 725 X
5. 3 HE@=THEICHE T 21T o 72, ERREHFHIRITE. OControl #£(A06071314 % #GEH).
@NASH #(A06071302 ##5EH). GFx+NASH #£(0.2% 7 a2 ¥ ¥ v F v &H A06071302 % 4G
EHDERICOWT, ZNENHHEBEHES XUCABHKTE S X 51CL, 2 HIFICH L Vel
B X UKEAKICEHR L 72, HRED AR IE Table 1.1.1 ISR L 72, EBEAER TH. 4V 7
VT VIR CBIIE L. IEEREIRD S IRIME (T > 72, KA, EHICEEERH L, =
BHITERRIC-80°CTIRTE L 720 FPIRUHHARBIZR I F W 72 il D — &R 12, 10% h iR A v < )

VW (pHT7.4)ICIRTE LR CRF L 72 mRNA FEIRARHT I H W 72 lilids © — 13, RNAlater (<

12



R L C-30°CTIRE L 72,

1.1.4 i RS ~ — 7 — 700 3 X OB - i A

MiEHOF S =27 3/ 5 ¥R 7 x5 —+(alanine aminotransferase, ALT), 7 2 ¥ 5 ¥/
W7 I/ b7 v A7 x 7 —+ (aspartate aminotransferase, AST){IE D 73 #T 13 2 4 b [k A B
HiERIS HEETEMSEZHRE vy X2 — KL 72, 72, FEVIA ol ~<= F ¥

Y v/ A4 ¥ v (Hematoxylin/Eosin, H/E)$s 13, #RA St A AFRBEWTFEATICHEE L 72,

1.1.5  FHlBAEE © 53 hr
AR E o i

Folch 15 W% AR L Lz ciH L7, Thb b K 150 mg ZHEFFL. 10 mL ©
ZunRnN L/ XR ) —VRATQ:L, vv)TT 1 DEIFEY 2 F 4 X %7 o 7=, W5 EE

L7, Dl m — X Y — T oKL — % —Tlglllfe, 7 v ukL L/ X %) —VRGHQ2:1,

v/v) 2 mL ISR L CRABRE TS L, 2K817K 400 uL % A2 T, 3,000 rpm, 15 43 fiis 00 %
12720 HHELZZTIE(Z mmdk v L%, TOEEL ZABE ICH L, ER5UT CiZE

RICHEZAE L, ERIEE & L7z,

FYZYEI54 FBLalLxru—Lg2ollE

FYV 7V T4 FBLPILATE—LVDOERICIT, ZhEZN ) 7V 2T A4 F E-T R
F7a—BXUaLRx7ua—V BE-7 A MY a—(FL7 4 v aHDEMEERAS ) 2 v,
FFREARAE E ) 3 mg % sBRE IR FE L. Triton X-100/X &/ — WA (1:1, v/v) 60 uL % il 2
TECBREBL, ERXIML I TAZ ) — A 2B LT, EPIcZ&#K12mL 20z, £<
BRI L 722, SOl 28T L WalBE 1T/ L. R CZ&BIK 50 uL. F v b 1R O FEEEAEE 750

ul % Z DIEICH 2T, 37°CKIBETS A4 v F 2 _—F L7z, KIGHRIAER 200 uL % 96-
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wellvA4 27ua7L—FiCHEL, v4 7871 — Y —%—(Molecular Devices Corp.)IC T T
£ 600 nm ¥ X EHIPE 700 nm (<313 2 BOCE 2 HITE L 7o, AR ICHH%EE L AR HESURE
EHWTERL 2mEfsr o, HEFo PV 7V 274 FBLU0aLrxre—1rEz2HT

L7,

JEE e Fae~ritFs FollE

Iwasaki & PDOPRICHE T o7z, Thb B, HIEHREERN | mg %1 U & HERE I fF
BL., 79 0{te FuaF bz v (butylated hydroxytoluene, BHT)% 10 mg/mL D JRJE TH
7 vuRL L 100 pL Z 12 CTHEMEL 72, KT, DPPP % 0.1 mg/mL DIRECTEL 7 1
Bk LA SOl AT, 7 8y 27 b — & —ICTEN T 60°CT 60 4> RIRE X # 72, G4,
EHIOKEICELT, 2-77% ) = 6mL ZMACTLLR L2, CORIBEEZLLTO

HPLC &t Tt L 7=,

v 7 L2130 (BR &4k H 2 8UERT)

MiHi#s © FL Detector L-2485 (FRzN& H 37 BUAEAT)

717 Lt Develosil ODS-UG-5 (250 x 4.6 mm. FFRf{Lsftkalatt)
i B 40°C

B8R : 1-7° % 7 — /A & 7 —1(10:90, vIv)

R A 352 nm, H% 380 nm

vt = 1.0 mL/min

FF v ey — VIS TEY)E (thiobarbituric acid reactive substance, TBARS) D HI| &

Kikugawa & SDBERICHENTT o 72, T b B, K S0mg ZFFELL . 30%(w/v) & 72 %

X9 1.15%wiv) AL V) T 2K EMATHREY 2 F 4 X L7z, RUAFEHEBREIC,
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Y 24— P 0.1mL, 8.1%W/N) BT Y AMREET + U 7 A (SDS)/KIAEWR 0.2 mL, WEFRERRERE
(pH3.5) 1.5 mL. 0.8%(w/v) BHT & EFEEAN 50 uL. 0.8%(w/v) TBA /KA 1.5 mL, 5 mM
HALSRAKIFIR 0.7 mL % & DNEICHIZ T, %I L 4°CT 60 srfAEE . WhE/KE T 60
SEMEL 72, WL, FEALSRAAKER 1mL, 7 & 7 —u/v ) ¥ ViBEWR(30:2, v/v) SmL
ZIMZTHRE 9 L7z, 3,000 rpm 10 Z3fAE L HEZ TV, @O BiEZF 2 ~xy ML T,

532 nm I BT B BEEZBEIE L2, TBARS fEIZ FadoX X W EHH L 7=,

AEER 1 g 22BN T 2 RO EZR(TBARS)E [umol]
=(A-A0)/156000%*x(5.8/10%)x(10%/3)x10°

Ap:7 7 v 7 DR, AR OWOLEE, * R tuthsk Do T IOEHREL

1.1.6 7€ polymerase chain reaction (PCR){%IC X % fH/sAHA%k mRNA FEHi & O HIE

TG AR 2> © @ total RNA fliH

FFHEAY 20 mg 2 F 2 — 71 L, Y ra =T —X 2 k& QIAzol Lysis Reagent (Qiagen)
500 pL %Al 2 C. Micro Smash(MR XNk b 3 —F5 1)1 T 3,000 rpm, 10 FPREBERE % 17 - 72,
Zuauakv L% 100l iz, #8057 8E(12,000xg, 10 47, 4°C) & 115 72, KE(LE) 200 uL %
Ly Xy Fa—TIBL, 2-7 057 —1 200 uL ZH 2T 10 5 EHE #1057 B
(12,000xg, 10 43, 4°C)% 1T > 7=, VLB L 72 ML RNA [H5IC 75%(v/iv) T &/ —i% 1 mL il 2

RO 87,500 g, 5 57, 4°C)fe. 15 D 17218t % RNase free water(= v & v ¥ — VR

£41) 1 mL ICE#E L total RNA %1577,

WL B MG IC X 3 cDNA DA

Total RNA %> 5 c¢cDNA D# K% High-Capacity cDNA Archive kit (Thermo Fisher Scientific,
Inc.) % VT, SERIERBHE ICHE W RO 2 FH3 L. 25°C, 10 Z2fA1IC R\~ T 37°C, 120 43 fE] D

WG G T2 72 LU IS, ROGHIE Z R L 72,
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Components Volume (uL)
Reaction
10 x Reverse Transcription Buffer 2.5
25 x dNTPs 1.0
10 x random primers 2.5
MultiScribe™ Reverse Transcriptase, 50 U/uL 1.25
Nuclease-free H,O 5.25
Total RNA solution 12.5
Total per Reaction 25

mRNA FH & D HIE

U 7 & A LGER PCR 21& StepOnePlus (Thermo Fisher Scientific, Inc.)IC T, GeneAce Probe
qPCR Mix II (= v & v ¥/ — v R &4k %2 il TR o A EHE IV 1T 5 72, PCR G
3. BERIGTEL D 729 95°C, 10 SXRI RIS D%, ZMER T » 778 L T 95°C, 30 FOfE]. K> Tt
RAT v 7L LT60°C, | 7ED/IGE 40 ¥4 7 V1T o7z, mRNA FBLZ, BEREIC X
SIHNERZIT o7 77— ZEHTICIE, WETEZ Y P o — & LT Rpsi8 & MW FEHLE %l

1IEL 7z, ffiH L 7z Tagman Gene expression assay (Thermo Fisher Scientific, Inc.)iZ AT Di#i b

Gene Name [Gene Aliases] Gene Symbol Assay ID
Tumor necrosis factor Tnf Mm00443258 ml
Interleukin 6 116 Mm00446190 ml
Interleukin 1 beta 11b Mm00434228 ml
Chemokine (C-C motif) ligand 2 Ccl2 Mm00441242 ml
Adhesion G protein-coupled receptor E1 [F4/80] Adgrel Mm00802529 ml
Integrin alpha X [Cd11c] Ttgax MmO00498698 ml
Chemokine (C-C motif) receptor 2 Cer2 MmO00438270 ml
Lymphocyte antigen 6 complex, locus C2 [Ly-6C] Ly6c2 Mm03009946 _ml1
Transforming growth factor, beta 1 Tgfbl MmO01178820_m1
Collagen, type I, alpha 1 Collal Mm00801666_g1
Tissue inhibitor of metalloproteinase 1 Timpl MmO01341361_ml
Actin, alpha 2, smooth muscle, aorta [aSMA] Acta? MmO01546133 ml
Ribosomal protein S18 Rpsi8 Mm02601777 gl
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1.1.7 wxREvy7uys 4 v 7ick s FEfELx v < 7 RN

BB 2> & D X v o 7 Bl

JHEH 3 mg % = v =V F 2 — ZICHE L B f#E-Y v 7 7 —(50 mM Tris-HCL, 150 mM NaCl,
1%(v/v) Triton X-100, 0.5%(w/v) 7 A % > 2 —AfEF b U 7 L, 0.1%(w/v) SDS, 1 mM EDTA,
10 mM 7 vt F U v L, 1 mM phenylmethylsulfonyl fluoride(PMSF). 1%(v/v) protease
inhibitor cocktail, pH8.0) 300 uL 1 CHFlE % F € = F 4 X%, K T 20 REEHE L 72, &
DA BE(12,000xg, 20 47, 4°C)te. LiEEHILVWZ vy Ry Fa—7HL, iz v 27 8%

57,

& v 7 H DYREHIE

Fus AT veA4 BCA ¥ v MELT7 4 VMRS 2 v, B
FAEICHE > T T2 72, Thb B, 96-well ¥4 71 7L — MTHERIR 20 uL 25 L 7214,
A3 A (BCA wiR)/AEE B (WUBLH (IR AW (50:1, v/v) 200 pL Z Al 2. 37°CIC T 30 Z7fH
AvFax—t L7, ROT, ¥4 2707 L —F Y —&—ICT 562nm BT 2L %
TE L7z, ML DEREICHHRE L 72 BSA #HOCTER L ZEMR» b, 2 v X EREZHEE

L7,

KU T 7 IANT I P VERKE

Laemmli D J5ik 9% —&BeKZE L CTIT o 720 B TS 72 % v o8 7 B R 30 uL 12, sample
buffer, Laemmli 2x concentrate 30 pL Z I 2 CTHIFRE L. 95°CT 5 4pfEINEA S 5 2 & i X Y &M
WA FT 5 72, ROT10% R Y 727 VAT I N7 10%(wN) 727 U LT 1 F/Bis, 375 mM
Tris-HCL, 0.1%(w/v) SDS. 0.15%(w/v) APS. 0.1%(v/v) TEMED, pHS8.8)IC X v/ X7 EH &) 50

ng iC72 % X 9 A L. Laemmli KBSy 7 7 —(25 mM Tris. 192mM 27U ¥ ¥ 0.1%(W/V)

17



SDS)HT 20 mA/7 IV DIEEFT 100 FHESKE 2T/, B TFE~—H—& LT,

Precision Plus Protein Standards Dual Color(Bio-Rad Laboratories, Inc.)% 5 uL & fif L 7z,

Tavra4 vy

2 IFNIAKXY 2 R&A v 7 vy T 47 Kyhese-Andersen D f5ik 0% —fe% L <17
572, PVDF X v 7L Vg FOBUKCMEE(X % 7 —dic 1 43fEiRIE) L. blotting buffer B
(25 mM Tris. 20%(v/v) A &/ —ANNCIRIE L 72 D & 72, GHREM_IC., blotting buffer
A (0.3 M Tris, 20%(v/v) XA X J —W)CIRLTHEWZT By T4 v 7=—r5—=2 L, blotting
bufferBICIR L THWZ 70 Y T 4 v 72— —1 K BUKLABLF PVDF X v 7L v 1L
TSIk EN 7 L 1 L, blotting buffer C (25 mM Tris, 40mM6-7 3/ /1 7 0 Vg, 20%(v/v) A
R =R LTEWZT Ry T 4 v 7= =3 W% C ORICEQEREMRIK % %5 X

Bz, TAYAXICHLT056 mA/em? DEBEMTLA0 DB 70y 74 v 7 %{To7,

2 v o3 O

Tween & FH TBS »¥v 7 7 —(TBST; 0.1%(v/v) polyoxyethylene (20) sorbitan monolaurate
(Tween-20 FH4 ). 20 mM Tris-HCl, 137 mM NaCl, pH7.6)IC 2%(w/v)IC72 % £ 9 BSA %A
fRL7z-7ay Xy /Ny 77—l CTAVY 7L Y% | KRS 5 #. TBST 12T 30 rfifik &
I LTI To T ROT, — KPR ZBBE L 7 vy F v 7Ny 77 —CTAVY T LY
% 2 R =R CIR & 5 L 72K, aSMA, 1:10,000, GAPDH, 1:20,000), TBST % F\>T 10
S OWEEE 3 EIT O R E B L7 my X v 7Ny 77 —ICTAY T L V% 1 I
MIZEICTIRE 5 L72(@F K, 1:20,000), TBST T 10 /0% 3 [8lfT 5 72#. Clarity
Western ECL Substrate (Bio-Rad Laboratories, Inc.) D fili HEEHE ICHE S, & v X7 B8 2L FEFH
B L7z, 37&bb, A 7L v EIC luminol/enhancer solution/ peroxide solution A (1:1,

viv) 2 mL 2 L, #EOET TS5 a[A v ¥ 2 xX— %, ATTO Cooled CCD Camera System
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(7 b =Bt % TR 21TV, ATTO Densitograph Software Library CS Analyzer 3.0

(7 b —HRAath)ic TR 2 BfEflt L 72,

1.1.8 Enzyme-linked immunosorbent assay (ELISA)IC X 2 IiFH MCP-1 #=E O HlE

IMiEH D MCP-1 ¥ 1Z. Mouse CCL2/MCP-1 Uncoated ELISA kit (Thermo Fisher Scientific,
Inc.)Z VT, IRMTOMFERHGHAZFICHEWEIE L 72, T7hbb. TED coating buffer IC 7
L 7z capture antibody % —HMifisE & €72 96-well ¥4 71 7 L — M, MiF S0pL ZMA . =
mT 2K A4 v F 2 _—F L7, R\, washbuffer (0.05%(v/v) Tween-20 &4 PBS) 250 uL
TS5 BIPEFH A 1T\, A F VIR & 117z detection antibody 100 pL % fll 2 T 1 FrfE] =R C
A v Fa—1 L7, FE. washbuffer 250 uL 1T 5 [k 217>, HRP 7 © ¥ ViR
#8100 pL Z M A2 72, FIT 30 474 v F 2~ — b4, wash buffer 250 pL 1T 7 B %
T2 720 KT, FE VAT (Tetramethylbenzidine, TMB) 100 pL Z 1 2T 15 594 v F 2 X — b
% INBREE SOUL IC CRIGEM T 87, =4 7m 7L — b Y =X =1 CEPFE 450nm
X CEIEER 570 nm i 5 1F 2SR HEE L 72, F v T8 OREHER R & B AR L CERR

L7zBRBEMR»r D, 2V 7 HREZENL 7,

1.1.9  #k&t

7 — Z 3 HEEHER S (standard error of the mean, SEM)T/n L 72, #iatal &l —JchliE 5

B NT % 4T 2 7214 Dunnett D% EIVEEE W72, BREKEZ % XN 1%E L7,

1.1.10 Eh¥fmee

KRENW)EER X, ALEE K ZEBRBIYIR B S DGR E ZIHT o 7= (KEE S 19-0082),
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(GE PR ROE

BEFEN NASH €7 v~ v RiCH T 2 ATlsE SR, TP E #E i s X Ok =

357 axy v i v oiHIER

NASH DFHHD—>TH 2 [T~ Di@H 2 g BRI 3 2 lelhaErE X, GRS
(reactive oxygen species, ROS)D EEA ZRHEL . ML A P L XAC/NEfER F LA 2RI 4T

ITFIEAIRESE % £ 5 IS 2355 5 o0, 4 JER O FEREIFE T, Control #F & HEXL T,

p=

NASH Ffic B W CHHE R FIREZ OB & HFlE~ D IEEERE 529 & 1172 (Table 1.1.2,

Figure 1.1.1); & 51 NASH #fic 5T, I DOFIRIEE~—» —TH % AST X U ALT
EASEE L T\ 7z(Table 1.1.2) 2 & 25, HAENILZ & icFEfEZE 5 E T hTnws 2 &
DER I N7z, NASH #f & 7 2 ¥ v F v EHIE(Fx+NASH) Tl HEHE P R AT ICE 0
RoNnahof—FT, 7axy v F EEE I, RSO O 27 & 3 hE$
DIFEFEIEE. PV 27V €74 F, RaLx7Fu—A) L1 EREBAWTh S FEICHH]
X 4172 (Table 1.1.2, Figure 1.1.1 (A)), Z ik, FFRERHARYI A © H/E Betaic 5> T, NASH #f
THERENHOEM (NPT ArRd LN DI LT, 7a x4 v F VEREET
HEG T D BRI S 201K T L7z 2 & 2> 5 B RS T ¥ % (Figure 1.1.1 (B)), & 5 I, [l AST
FILOALT D EF & A E LG X 7-(Table 1.1.2) 2 L 225, 7 2 X9 v F v FlE~D
MEEERE D IHE 72 & NICHFIRFEE 2 B L 72 2 E SR I Wiz, 7 3 3% v F v DTG
BB S 2 258 L LT, BRI E T L~ 7 R KK-AY ICE T 2 FRIEE L~ v ofK
T 9%, BEEFFEEEN~ v 2B W T B Lo TUEL /N L - IFE SR oMl »ed < h
TWw3 2, Ioic, 7ax¥vFVIIEEEMICED 5 peroxisome proliferator-activated
receptor o (PPARa)®D mRNA L % LR ¢, SEHEICX S MY 7 254
FEXUarxrue—rolmziif L7z o, Mo ehs, 7axd v 5 vid, BER

H 2 HilfE S 5 < & CRFIRIE IS L CHIfI c @ = . Bl 2 0 CrIgEE s E 2 o 5,
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REEFAEN: NASH €7 v~ 2ICEH T 2B A b L R332 7 a %4 v F v OB

fEH

B2 L R ROS DREEE LBRED AT v ZDWEFEIC L Y & 725 T, @B &2 b
L Z 3G 2> &5 NASH ~ DR ICBI 53 %, NAFLD/NASH T ic 517 2 2L A b L 2 % 5F
flis 2 BRI S 3 IREREE(L~— 7 —CTH 5 TBARS L fEE b Fu~<adF o Nl
ZHEL/ZE ZANASHHICBE LTI NL DS L 7228, 7 a %4 v F VEIEECIX
BRI Z /R L 72 (Figure 1.1.2), Iwasaki & %, 7a ¥4 v FVEIUCL D, KK-4Y <
7 ZADOMEBE L OWAT ICB T 288 FrALAdF o FLRAPMET T 5 2 & 2l L7,
IoL, 7axH v F VT a - VEREE ~y A EE R~ v X icxf L., HiEgL
BE3H K- nuclear factor, erythroid derived 2, like 2 (Nrf2) D i& AL % A L CTHIEE(LBER R I % {2
T2 L CHIRRAE R EZ R L ¢, Xy, 7axyvF v idifiEt otz b L

AEWEHT 2 Z L TNASH ~DHERZH T ERARBIN 3,

FEHFEME NASH €7 V= 7 A1) 2 ATEHAR R AE 3 X ORTFREAL R~ o fe )i iR i

W57 axyyF v oHER

NASH ~ DRI B\ €, FIEHIAE 2> & @334 X v72 TNFa < IL-6, IL-18. MCP-
1 FDOREWEYA AL VIIHFEE~ e 77—V %HEBL, 50534 A4 VEAEADR
fRiEI N2, Z OfEE, REMILD PG~ ol 5 L R L, fHikics ) 2%
FESIGDSHEHES % 99, Chiba & 0%, AEER & [FEkD BEHFEEN: NASH €7 v~ 7 XiCE
WC, fFliEH @ TNFa. IL-18. MCP-1 %D ZAETER 7% CD1le, F4/80 ZFDRM~ — 5 —D
mRNA FIHL _ARERT 2 &, HiRICEH T 2 F4/80 BFIEMBSE NS 2 2 & 23

L, 22C. iR 2o RTFORRICOWCIHIEEZI{To7- & 2 A, NASH #ic W
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RO LN RIEMERT O mRNA BB LA, 7aFx3 vy BIuCX Y wIins i n
7= (Figure 1.1.3 (A)). — /i, B~ —H—lcoWwT, =777 —YD<—/—#EFTH
% Adgrel ® mRNA F#HliZ NASH #t & 7 a x4 v F v EBIE ORI cEIRO N AL o7 b
DD, FHRHIHE (Irgax)® BER(Ly6c2) D~ — 71 —Bin T 7 b i€ - RIEICEREICE D
MCP-1 ZAEMEIZ T (Cer2)® mRNA FEH EFIZ 7 a ¥4 v 5 VEEIC X v AEICHfl s
7-(Figure 1.1.3 (B)), D & d, 7 2 F 4 v F v MRG0 BBk 0 58 % 1] 3~ 5 AT Ak
HERL TS, 2, MH O MCP-1EEIR, 7 aF5 v F VBT B W CHE R E(HE
%71 L 72(Figure 1.1.3 (C)). ML EX b, 72 x93 v F v IidAFEfE+ o KIEWER T ORI %
Ml 2 & &bIc, MCP-1 FEA % ES & & CHFIEMRR~ o e 0B 2 il 32 < &

TRAEDIEE [ < Z LRI Tz,

BEFFEE NASH €7 V= 7 A BT 2 fHlirh B (EBEE R 1 0 1783 X O

fais i bicn 32 7 a ¥4 v 5 v o IEH

NASH FFCld, 1M %0E L BL R b L 2 AFIC X 0 L AER I 5, R
(Hepatic stellate cells, HSCs) (2 #RAfEL DEfTICEE xR E 2 R F e pHIbhTE Y | FFE
EHIRE A & PEE & 2 #RAE(L B K 7 transforming growth factor B (TGFB)iZ HSCs % 5 < i
AL 3 5 67, iE1EAL HSCs X ARARMERIIE ~ L TR E L L, 2 7 — 7 v SEoffiitst~ + Y v
2 A (extracellular matrix, ECM) D ZE 4 % {23~ % 69, fill 2 T tissue inhibitor of metalloproteinase
(TIMP)E D~ + U v 7 A3 fRRAE K7 DA S v, ECM FEAERE & 7 i 234 U
ZAEER, IR O SAEL 25 EF T3 2 ), Control F & HE#K L T, NASH FEIC 31T, i
{LESERN T TH B %A + B4 v Tegfbl. ECM &2 ¥ X 27'E D | FiTH % Collal., ECM 4@ %
FHE S 2 Timpl ® mRNA FEH2SK & < 89/0(Figure 1.1.4 (A) 3 % & & b ic, iEMAL HSCs =
— 7 —T®H 2% aSMA DFILHER L 7-(Figure 1.1.4(B)) Z & 2> 5. NASH BECHREL A4 U

T3 2 epmRBRINn, NI, 7ax3 v 5 v EIEECE, 2 o LBIER
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T DFRBHBK E L FHEE(Figure 1.1.4) X N TEH Y, 73 F 4 v F v kL 0= % 1]
Lz b BRI NS Bl Kim 5 03, 73 ¥ v F vhie F X =7 ZHKD HSCs
I LT TGFB 1T X 2L 2 HET 2 2 L 2R L7z, Lz o T 7 3 X% v F Vi3 TGFB
D HSCs DIEHALFHER T O FEH &2 JIf 3~ 2 © A7 53, HSCs I b EHEIICER L TiE

MAL 2 C 2 & TRAEL 2 I3~ 2 ATREME A B 2 o1 %,

LEXY, 7aFxy v v IidBEHFLEE NASH £ 74~y 2t L <, FlERifL. Bt
AL RBXCRIEDEM D A 75 53, MRHEL Z TR T2 2 L 235 2 & 78 o
2o D XS ic, BRENET7 3 FH Y F VAN TIEIREY L L TRE X3 4,
ZZT, Rfficix, 7ax¥vF I kb NASH MIGIEA A =X 20— %6 20§
5720, 7ax¥ v F v REWE VT, NASH & FBICBhE S 2 IR Miids X O~ 2

nyy—YEHWERBEITOZEE LT,
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Table 1.1.1 Food composition used in this study

Diet ingredients Control NASH Fx+NASH
(A06071314) (A06071302) (A06071302+0.2% Fx)
L-Cystine [a] 4.2 4.2 4.2
L-Isoleucine [a] 7.6 7.6 7.6
L-Leucine [a] 15.8 15.8 15.8
L-Lysine [a] 13.2 13.2 13.2
L-Methionine [a] 5.1 0.8 0.8
L-Phenylalanine [a] 8.4 8.4 8.4
L-Threonine [a] 7.2 7.2 7.2
L-Tryptophan [a] 2.1 2.1 2.1
L-Valine [a] 9.3 9.3 9.3
L-Histidine [a] 4.6 4.6 4.6
L-Alanine [a] 5.1 51 5.1
L-Arginine [a] 6.0 6.0 6.0
L-Aspartic Acid [a] 12.1 12.1 12.1
L-Glutamic Acid [a] 38.2 38.2 38.2
Glycine [a] 3.0 3.0 3.0
L-Proline [a] 17.8 17.8 17.8
L-Serine [a] 10.0 10.0 10.0
L-Tyrosine [a] 9.2 9.2 9.2
Corn Starch [a] 502.0 0.0 0.0
Maltodextrin 10 [a] 130.1 130.1 130.1
Sucrose [a] 68.8 68.8 68.8
Cellulose, BW200 [a] 50.0 50.0 50.0
Soybean Oil [a] 25.0 25.0 235
Fucoxanthin [a] 0.0 0.0 1.5
Lard ]| 20.0 245.0 245.0
Mineral Mix S10026 [a] 10.0 10.0 10.0
DiCalcium Phosphate [a] 13.0 13.0 13.0
Calcium Carbonate [a] 5.5 5.5 55
Potassium Citrate, 1H,O [g] 16.5 16.5 16.5
Sodium BiCarbonate [a] 7.5 7.5 7.5
Vitamin Mix V10001 [d] 10.0 10.0 10.0
Choline Bitartrate [a] 2.0 0.0 0.0
Total [a] 1039.3 756.0 756.0
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Table 1.1.2 Food intake, body and liver weight, and the levels of AST and ALT in the serum

Control NASH Fx+NASH
Food intake [o/2days] 8.0+01" 57+0.3 5.9+0.3
Final body weight  [q] 27.3+0.8" 21.1+0.4 19.6 + 0.3
Liver weight [q] 1.2+0.17 1.6+0.1 1.3+0.1"
Serum AST [UL] 64.1+ 125" 413.9 + 22.4 179.6 + 13.3"
Serum ALT [UL] 38.9+126 526.0 + 37.5 260.6 + 28.8"

Fx, fucoxanthin; AST, aspartate aminotransferase; ALT, alanine aminotransferase.

Data are shown as mean SEM (n=7). **p < 0.01 vs NASH.
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Figure 1.1.1 Liver lipid analysis in diet-induced NASH model mouse fed fucoxanthin (Fx).
(A) Total lipid was extracted using Folch method and the levels of triglyceride and total cholesterol
were quantified using commercially available kits. (B) Hematoxylin/eosin staining of the mice liver

sections. Data are shown as mean + SEM (n=7) **p <0.01 vs. NASH.
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Figure 1.1.2 Evaluation of hepatic oxidative stress in diet-induced NASH model mouse fed
fucoxanthin (Fx).

(A) Thiobarbituric acid-reactive substances (TBARS) and (B) lipid hydroperoxide levels in the liver
of each mice (n=6-7) were determined according to the described methods. Data are shown as mean

+ SEM **p < 0.01 vs. NASH.
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Figure 1.1.3 Gene expression of inflammatory factors (A) and infiltration markers (B) in the liver and
MCP-1 level in the serum (C) of fucoxanthin (Fx)-fed mice.
Relative mRNA expression was quantified by reverse transcription-quantitative PCR (RT-qPCR).

Rps18 was used as endogenous control. MCP-1 level was determined commercialized ELISA kit. Data

are shown as mean + SEM (n=7) **p < (0.01 and *p < 0.05 vs. NASH.
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Figure 1.1.4 Relative mRNA expression of fibrogenic factors (A) and protein expression of the
activated-hepatic stellate cell marker aSMA in fucoxanthin (Fx)-fed mice.

(A) Relative mRNA expression was analyzed using RT-qPCR. Rps/8 was used as the endogenous
control. (B) Western blotting of liver homogenates. GAPDH was used as loading control. Data are

shown as mean + SEM (n=7) **p < 0.01 and *p < 0.05 vs. NASH.
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552 i
EEFs IO~ u 77— BT 3 IEEERB L OKIEREICH+ 2

7 a x 3 v F GV O IHIE R O R

KE5

12,1 5l & At

~ v AN Hepal-6 ffifitds X N~v 2~ 27 v 7 7 — Uk RAW264.7 #ifid iZ American Type
Culture Collection (ATCC) & Y AL 7z, Dulbecco’s modified Eagle’s medium (DMEM)!Z H7K
BRI A L VA L 72, TNFa, == V) ¥-Z F L 7 } =4 & VIEH(x100), RPMI1640,
dimethyl sulfoxide (DMSO)I$ & 1= 7 4 /L LZFEAEERR A &% X D B A L 72, Fetal bovine serum
(FBS, Gibco) % Thermo Fisher Scientific, Inc. X W W A L 7z, 7 X Bk Y ¥ — &,
lipopolysaccharides from E. coli (LPS). »¥v I F V[, A4 L v F O I Sigma-Aldrich Japan
POA LTz, X7V bryYERMELSIT oy T I F v A AT ER
K INBFHET-HZIR L 0 G T 72 (ME>99%), £ DI AERAERZ I Lo &3 54 D

AEITE L7 4 v LADEHSER A2 O A L 72,

122 7aFx3+vF /7 — Lol

7axH v vE L12IORLTETHRZ&, Tsukui b DJ5E Ity BERZ W
7aXVVFVONKMERIGICX Y 7ax S vF ) - E2HFBILZ, ThbH, 0.IM Y
VIR SO mLIC 7 2 ¥ Y v F v 50 mg, Xy wa—AfgF b Y YL 250 mg, 7R
sk ) =¥ 4 g iz, 37°CT 2 RRHIRICZAT 2 720 RGN E Z—T NIKIA X ) — b
(3:3:1, viwV) Tl B, —— T V(R RN L 72, EEEZEEHR, 7 ra kL) R
2 ) = 7K(10:5:3, vivVIC TR Z 1TV, 7 e ek L AR (T ZEIL, 7 =

Y VI =G E Lie, ROT, TOMG%HLAT D HPLC ki C, 7axHvF/ —
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NAREE DS 99% DL Fic7e 3 £ CTHREL 2T - 7=,

Ry 7 1 L2130 (X &1k H 2 8ERD

PMEHIER © L-2400 (BkxUaxtk H SZ8ER)

717 L Develosil ODS-UG-5 (250 x 4.6 mm, PRkt ) <2 A
O IR

BB : A % 7 =T % F =+ Y (70:30, viv)

% R 440 nm

# & 0.7 mL/min

123 AR ER L= T 2 4 FOONT

FAHA% 50-200 mg ZFFHLL . 1.1.5 IR I /ECRIEE 2l L 72, —J7. MiG0HA X
20 uL ICZREAK 380 L AN A, Z @ ak A L/ A & ) — ARAR2:1, viv) 2 mL % 12 Tl
SEEERIT o7 te. 7 nu R AJE(TRE)Z RIS 2 & & TRIFE 25872, M. Afdk» 5
a7 A4 FPieEGEURIEE 2T 288, Blikokd, e a7 zr—1% 50 pg/mL
Ghrzuaf N n/Ax ) —VIEBATRE:L vWEBER L -, 2o AR o RIEE %
~F Y V/T kb VIBAH(70:30, viv) l mL 72\ L 05 mL ICAMRL 72, 740X — 2
(TORAST Disc Syringe Filter, PTFE, kSt EE#Y —z v —) L TR b2 5i %, BATIC
NTEMET HPLC Z0ATicfit L 7z, B AEIRAL ICHEE U - B HES0R 2 O 7R K L 72 B 2 v

T, &hues /4 FOEREZIT> 7,
ARV 7 1 LC-20AD (MR &4 Bl EERT
& ¢ SPD-M20A (FRX &t B EUERT)

717 2 : Mightysil Si 60 (250 x 4.6 mm., BH#ALZRR A4
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m o 30°C
BEil : ~% 9 /7 4k b v (70:30, v/v)
450 nm

# & : 1.0 mL/min

1.2.4 Ak

~ v Z A Hepal-6 13, 37°C. 5% CO» fA7E F Ty 10%(v/v) FBS, 100 U/mL <=3V
v, 100 pyg/mL A b L7+~ A > v EED DMEM IS TEE LT 72, #&HE(5%10* cells/mL)
L C 48 AT B 2 1T o 7212, DMSO WA L7z 1m 7 7 4 FHERE 2.5 uM) % 24 IRffi]
WEL 7z, KT, [[iREO A a7 7 A FHAE T T TNFo(f&RE 10 ng/mL) ¥ 7213 v 3 5
VIEEFEIREE 100 M) Z ALE L C—E R E 21T, Milds X OhE B2 BN L 72,

RAW264.7 fllfiE i 37°C, 5% CO, F£1E T T\ 10%(v/v) FBS, 100 U/mL ~* =Y ¥, 100 pg/mL
ZbL 7 b~ A T v iEED RPMIIG40 I TREE R 1T o 72, FERE(5%10% cells/mL) L T 24 ¢
A B %2175 7215, DMSO ISR L 72 v 7 / 4 FRKIEEE 2.5 uM) % 24 REIALIE L 72, K
WC, [FIRED v T ) 4 FIEET T LPS(HRIE 100 ng/mL)ZALiE L T 24 WefHEEZ AT
W, BE RE UL 72,

M. DMSO FSImMc Y72 0, MilEEZ R E v 0.1%DIKIEEICR 3 X oL 72,

1.2.5 Hepal-6 fifeiC 351F 2 KIEBHHERE F D mRNA FEBLEHT

TNFa C 3 RffELE L 7z Hepal-6 Ml 052 i ZBRZE L. 300 uL @ PBS T 2 [H[¥EH %
1T > 721%. QIAzol Lysis Reagent 300 uL % fil 2 CHIEZ AR L 72, R\\»T, 7B B FILL 60
ul Z 0 2 CoE Lo iE(12,000%g, 10 57, 4°C) 21T 2 720 KJE( L) 120Ul ZF T Loy < v 5
2 =B L, 2-7 8% — 1 120l &N A T 10 s 1CE0 50 BE(12,000xg, 10 43, 4°C)

T o720 UL 72 M RNA 51T 75%(v/v) T & 7 —v% 1 mL fill 2 CFREEEO59 (7,500
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g, 547, 4°0) %, 15 b N7z 1LB % RNase free water (= v 7R v ¥ — VIR &1E) 60 pL 1A L
total RNA #1372, Z @ total RNA % 1.1.6 IC/R L 72753k L [FAIBRIC L TR IGE X OE &
PCR Z1T\>, £ —7 v MEEFD mRNA FEHZME L 7z, 27z Tagman Gene expression

assay (Thermo Fisher Scientific, Inc.){ZLA T D3 b ,

Gene Name [Gene Aliases] Gene Symbol Assay ID
Chemokine (C-C motif) ligand 2 [MCP-1] Cel2 Mm00441242 ml
Chemokine (C-C motif) ligand 5 [RANTES] Ccls Mm01302427 ml
Ribosomal protein S18 Rpsi8 Mm02601777 gl

12.6 Hepal-6 fliflid+ 4L v F O %t

2NV LT VEEC 24 RFELE L 72 Hepal-6 MIfE D55 LG % FRZE L. 300 ul @ PBS T 2 [A]
Dot AT o 722, 10% P HEREE v~ Y ViR (pH7.4) 300 uL % il 2 CHlAE % 1 R 2R
E LTz, dA~) VlERER, A4 L Y FOEH 60%((V/v)2-7" 8% ) — LA 300 uL
Mz, 15 srfEgta U7z, Z88 K CORRAEIIC 7 5 TRV IR LSS 21T\, BAMEIE

1T o770

1.2.7 Hepal-6 filAN + V) 77V & 7 4 FEDOHIE

2V 2T VT 24 IRFEALIE L 7= Hepal-6 il D555 Lig 2 FRZ L. 300 uL @ PBS T 2 [H
Ve % (T - 721%. PBS600 uL CTHIEZ KA L. 2D 5B 10 u(X v X7 HEEAER)Z
v ARV Fa—70C, S00uL#EAN P Y 7Y % 74 FEER) R EILE I Lz, UToAE

THIE Z 1T\ >, Hepal-6 fllEAN + VU 7Y & 7 4 F & (ug/mg protein) & 3K 7=,

s v N 7 EYRE D PIE

10 pL OHfRIEIR A © 72 T v XV F 2 — 7 & 55057 83,000 tpm, 15 47, 4°C) L. ik

ZErE%, Mlg~=Lv y MITER Ny 7 7 —(20 mM Tris-HCL, 150 mM NaCl, 1%(v/v) NP-40,
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0.1%(wiv) FF % & a3 —AWF b U % A, 0.1%(w/v) SDS. 1 mMEDTA. pH7.4) 10 uL % fill 2.
TEHEBL, KETI09A v F2x—F L7z, RT, &0 HE12,000xg, 10 47, 4°C)
LCHRLNZ BEFO £ v 7 HIRE %, DC Protein Assay Kit (Bio-Rad Laboratories, Inc.) %
FAWTHE L7z, bbb, 96-well 4 71 7L — M EESuL 28 L 7214, ReagentA(7
71 ) PR A B TR)/Reagent S SR A (50:1, v/v) 25 uL. Reagent B (Folin 53) 200 uL % &
DIFICM AT, FEiRT20 00 A v Fax—FL7, =477 L —}F ) —X—I2T 750 nm
ICB T 2PN ME L 7o, SR ICHHEE L 72 BSA Z W CTERL 728 5 & v o3

7EREERELL 2,

HIFEN R Y 277D 2 5 4 FollE

500 pL DOMAEEE A - @I EIC, A X7 = 1mL B 7 uadis2ml 200
A TX L, 053,000 rpm, 15 2RI 27 v ad v AJE(TE) %237 L WiliE o
L7z, EFRTN N T A2 E L L 728, Triton X-100/ X & 7 —ARETR(1:1, viv) 20 pL %1
ATCESBEEL, EFEXIL T TAX =V E2EEL T2, SEPNCZE-AK UL iz T X<
mE L, AR Lz, PV Z VT4 FOEREIR, PV VR TA N E-TAMNTa—%
vz, $7%2bb, 96-well ¥4 7 v 7L — M50 L DRERRAZ L 728, F v FMIED
FOHAIE150uL ZMA T, 37°CT IS A v Fa—F Lz, w470 7L —F ) =X —
ICCTERKE 600 nm ¥ X CHIBEE 700 nm 1C 31 3 WA BIE L7z, SEEEICHEL 72
BRI A CER L ZRER2 O P 7V 274 FEZHEINL, Zofiz 2 v <28

BEICCHRT LX), MlaFr) 7YV 274 FEEZREL 72,

1.2.8 ELISA IC X 2555 LiEH D MCP-1 3 X O IL-6 J=AE
TNFa T 24 RefEfilALE L 7z Hepal-6 M3 X OF LPS T 24 WFEIALE L 7= RAW264.7 filfd

DOR:E EFEZBINL, T % £ T-80°CTRIFEL 72, EiEH D MCP-1 I X OV 1L-6 B 1%,
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% L% 7L Mouse CCL2/MCP-1 Uncoated ELISA kit, Mouse IL-6 Uncoated ELISA kit (Thermo
Fisher Scientific, Inc.)% F\>C. ST OMHHEAZF ICHEWHIE L 72, #fElX. 1.1.8 LRk

1To77,

1.2.9 &t

7 — X3 VPHESEM TR L 72, #atat&EId—TThiCE 8T 217 o 72 %%, Dunnett D% 5

ek x vz, BEKEIZ S%B X 1%E Lz,
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(GE PRGOS

Z7axHvF/EELZ NASH iFEET L~ Y A0EEFMHEBIcE T3 7ax3 vy 57 4%

HY) OER

7 a %4 v VERL 22 BRI/ KK-4Y ~ 7 2% C5TBL/6] <7 RIZE T, flikic
ERETARFPE L7 axH v F ) AT ST X UTFY A, FLTATRY
b e Y AEE XL T B (Figure 1)4, 7 a2 ¥4 v F VL 72 NASH &~ 7 R ICHB W T
bINOREYBRE I NS 02~ T A, L OIRFFREE I X RN R <
JIVORICE Y 7axH v ) -1 T2a s T XV FVARRET L L L DI,
NT v b v AR E [E U RRREE % 7R 9 Peak 1 2 & 4172 (Figure 1.2.1 (A)), Peakl
EXT v b ARG E DHIERICE VT, Bl V@Y RINARZ BT RARARY
L DO—BBRSLNTZDT, Peak 1 Z-¥7 & b v v L[EAE L 72 (Figure 1.2.1 (B)), M L X
b, 7axyvFUEIIL NASH FEET <7 RICEWTH, EENICTH R LD
T7aAF¥PVF )N TR TEIHVFUVA ZLTAT e br v~ fR@Ens
& B30 7=(Table 1.2.1), Rifffi Tl 7 a x4 v F EBRIC X Y. B CoBIERS
FIEVBCIMZ b7z, Ml s X CHBSE cEEIcBbs~ sy r—YicE
F RV OB ET~5 2L L L, LD o OGP 0BT E D 7= o Wt T
HHLIEb, 7axHFVFUrLRBELEZT AR YT ) A, Ty T X VTV

A BB, Y7k v b YEBUGE T in vitro BERZ1T o 72,

Hepal-6 fil~D SV I F VIBRMIC X W FEINEEHICN T2 7335 —

Vv D HIHIE

NASH DHTERETH 2 T IZIFIRIC B 0 2 O ER/IC X » THEoO o3, I

RECHIACL i BERATE %2 N3 % 2 & 1T X o Toin vitro CHEMEMET L L LCEHic® 2 2 & A3
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HoPLHETN T2 7, Z 2T, Hepal-6 Ml iCBIMGITIEE CH 2 50 I F V2 RIS
2Z8ickh, HENOREMEEZFEL 72, Z OFEHR, WX L B L T, v I F Vil
100 pM(FRED) DIMNIC X 5 T Hepal-6 MAIPICHR Yt X 2 MR O M 2358 &
N7z (Figure 1.2.2 (A))—/7C. 72 ¥4 v F 7 —AHLE L 7-MfE < Bs1#E O 235580
Nize KT, BIHEO FEAMEEDTHE YV 7V 274 FREZHEELZE A, 72
XTI —nid, SAIFVBICLE M) ) T4 FERBOBMEGRICHIH L /2
(Figure 1.2.2 (B)), A E XV, AN TE I N7 ax ¥ v T/ — Vv i3FRO B ER %

f3 2% 2 & TNASH ZFi WA REERE 2 5 5,

Hepal-6 fllfi~® TNFoimlIC X W FEI N2 24 vlERHRIcN T2 7ax v 5 v

Y D BHEF 1M

HFiALRR 2> & D 7 & A A4 v @PFIFEAE 1Z NASH EITIC K E (BS54 2 ), Fifiii T3, NASH
FHi < v 212 B CHPIERAL T D MCP-1 mRNA (Cel2)F 8 it MCP-1 #2234 5 —
Jiv 7 aF¥ v F ABRUC X o T MCP-1 BB RE il s Tz, 2 2 ¢, fFliEiig
Hepal-6 % TNFa CRIEFE L 72f30 7 Th 4 viagIRHIcE 2 2 7 a %3 v 5 v @O
T e B L 720 WTHRIX & HRER L T, TNFo FIBUC X D Hepal-6 fifEk:E RiEH O MCP-1 8
JEIx E5 U 7z (Figure 1.2.3 (A)), L2 L7230, 7axH v/ —ABL 7wy T F
v F v A NUERETIEE I MCP-1 IREE S E R ICKAE%Z 7R L 7z (Figure 1.2.3 (A)). —7/7.
NIy buryTFEEIIRONED o7z, EHIC, TNFa il L 7z Hepal-6 fifidic B1F %
TEHNA VD mRNA BT 2T o7 A, 7aFHvF /) —ABIU0T~vr YT
P F Y AT TNFa i X > THFEIND Cel2 LU Cel5 D mRNA FI_EF %GB IHNH]
L 7= (Figure 1.2.3 (B)), Ccl5 13 /Z M ol D Aix b3, S O PIHABHS 1Ic  EE T H
ZZEDBHOLNTEN M, 7axHvF /) —AeT7~av s T7THFHUF v ALK S NASH

W D 72 0 D [ 7 RS RE S HER T L %
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RAW264.7 fllfid~a LPS Hliic X b FFE X N3 IL-6 @BFEAICN T2 7 a x93 v F R

) o iI{E

NAFLD/NASH T, BPMIERE RO v F kx> v (LPS)DMINRILA ~ D Atk 5 =

7n 77 —YOEELARD o, HEEOERICHFLS T2 LB8E2ZLNTVE P, HE

=

Bic, NAFLD Fofficizo vy FFF L VBERSERLTW2 0O &, BEEEED
HELTWBZEDBHLLER>TWE 7D, 72, NASH fFCld~ 7 v 7 7 — V23 FiEHAg
% B Y B e iR % (hepatic crown like structure) 233880 H AL ™), Z DM AN 23 RAE L KAk
fLofEri &7 > T NASH DJREIICEESG 35 2 L s h b, 22T, v v Ak~
7177 — RAW264.7 g% T, LPS FIC X VEFE I N2 RIEICK T 5 7 a x4
v F REW O WNHINE A % F-4f L 72, LPS M L 72 RAW264.7 flifE b EEE X 1 5 IL-6 &
WBEWE LT, 7aF¥yvF /-, Twuau s TFH VIV A BLUINT Y buY
TV FN D 2 BN & HE] L 72 (Figure 1.2.3 (C)). M EDfERIZ, 7 a %9 v F R

D A b T~ u 7 7 —VICB T 3 RIERIGZ bHlEIF 5 2 L ZR L Tw 5,

AEX Y, FlEfidics w7 axy v, =B LR D RICRIE, T~u v v 7
FHUF VA RREICH L CHIHIICE 2 & TNASH RIERPIC C MR I g, &
Hic, WIENORHEYD NASH %12 U0 & 3 2 kB RECE( b~ 77—
X3 2 RIESIGHIHAE % 7R L 72, Table 1.2.1 2> 510 7 a ¥4 v 5 V(REVIRE X2 h
ZhoXZkv by 20M, 70y THFHFVYF Y ASOUM, 7aFH v F I/ —1 23
uM & B I N D, invitro FEERTHEL 7238 (2.5 uM, Figure 1.2.3 (C))l1Z. MIFRJHREE & [RIFEEE
DENUUTTH Y, RN 7axHd v FrvrofE I TEL2RFYr~ 7 m
77— VLB S RIERICE Z 0 Z N3 2 & & CIEME R IERR o S CHE R R I I FF

FsseEzons,
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0]
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1\ D= 445 nm A A= 445 N
> /Y zi /0
2./ 3 \
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Figure 1.2.1 Detection of fucoxanthin metabolites in tissues of fucoxanthin-fed NASH model mouse.
(A) HPLC chromatogram of total lipid extracted from each tissue. 1, paracentrone; 2, unidentified; 3,
amarouciaxanthin A; 4, fucoxanthinol; 5 and 6, unidentified. (B) Absorption spectra (i) and mass
spectra (ii) of paracentrone standard and Peak 1 in the liver. (i) Both paracentrone standard and Peak
1 show absorption maxima of 445 nm. (ii) The characteristic ion signal with the highest relative
abundance is observed at m/z 445.25 [M+H-H,O0]*, corresponding to the elimination of water from

paracentrone. Other fragment ions of peak 1 correspond to those of the paracentrone standard.

Table 1.2.1 Tissue distribution of fucoxanthin metabolites.

Paracentrone Amarouciaxanthin A Fucoxanthinol
Liver [ng/g tissue] 2.04+0.11 32.2+0.9 132+1.1
Epididymal WAT [ng/g tissue] 2.30+0.08 67.0+1.2 11.0+0.3
Kidney [ng/g tissue] 0.93+0.02 19.9+0.4 13.8+0.9
Skeltal muscle [ng/g tissue] 0.43+0.01 7.6+0.2 34+03
Serum [pg/mL serum] 0.92 £ 0.05 3.0+0.2 1.4+0.1

WAT, white adipose tissue. Fucoxanthinol, amarouciaxanthin A, and paracentrone was quantified by

each standard curve. Data are shown as mean + SEM (n=7).

39



B

__ 100 -

=

[

g 801

o *%

:Em 60 -

on

2 44

]

T 20 A

S

3

> 0

2 B 3 >

I: \@( ,&\X ,&'\\00

S N S

R R &
R R QOQ

Figure 1.2.2 Fucoxanthinol inhibits lipid accumulation induced by palmitate in Hepa 1-6 cells.

The cells were treated with fucoxanthinol (2.5 pM) for 24 h and then stimulated with palmitate (100
uM) in the presence of fucoxanthinol (2.5 pM) for further 24 h. After incubation, the cells were
collected and evaluated their lipid accumulation. (A) Intracellular lipid droplet was visualized by Oil
red O staining. (B) Intracellular triglyceride was quantified by commercialized kit. Data are shown as

mean £ SEM (n=3) **p <0.01 vs. palmitate (+).
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Figure 1.2.3 Fucoxanthin metabolites suppresses inflammation in hepatocytes and macrophages.

(A and B) Hepal-6 cells were treated with the metabolites (2.5 uM) for 24 h followed by stimulated
by TNFa (10 ng/mL) for 24 h (A) and 3 h (B). (A) MCP-1 level in the culture media was quantified
by commercialized ELISA kit. (B) Relative mRNA expression of chemokines. Rps/8 was used as
endogenous control. (C) RAW264.7 macrophages were treated with the metabolites (2.5 pM) for 24 h
followed by stimulated by LPS (100 ng/mL) for 24 h. IL-6 level in the culture media was quantified
by commercialized ELISA kit. Data are shown as mean = SEM (n=3) **p < 0.01 and *p < 0.05 vs.
TNFo (+). $p<0.01 vs. LPS (+).
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H2E
JaxyvFrvHRETEIRT A NICk B

Nrf2 FEVEAL 2 A U 7 PUIRACIEESR  FEHEAE & PTARIERARRIANT

AR T, NASHFEET L2V RCBIT 2 7axy v FvoritiRisAiiTe e d
o, ARHBRICERTAREE LTh R b 7 aFx v F ) -, Teu v e T EY
VIVABRLRIN TRV PR VERE L, 61T, 2O REYI MR & FIREE
XN TORE T~ 7 m 7 7 — VI L CRAEMIGIER 2R3 2 & 230 h o7z, —7H.
HA ME 7 a %9 v F vk | HERBIE 272 KK-4Y ~ 7 2% C5TBL/6] ~ 7 A O A%
Hicz R ¥y FMll=y VOV —T7%2F T2 7axF v FvlkTRres /4 F(TH7 2
¥¥ v F /4 F)TH % apo-10’-fucoxanthinal DFIEE R L T35, 7/, LPSHIFLL 7=
RAW264.7 ffICN U CHIRIEMFHZ R T L 2 REL T 5 7, b oAk, B
ENFkT7axy T U ERNICBINE Ntk BRKGE G DKL @22 T2 L
rEWLCTEY., 7axd v roR s AEEEO —FIcREY2ED 2 2 L2 PRI
5, ILICIESE, ShkaAnT 7 A FeRE L L CREET 2 A BCO2 DIRIEAEM
FrcB3 2 8iE 800, v~ v 20Hie b T e MEFHBKTOTREAa 7 4 FoFEICET
RS BOBHR N THRINT WD, L2LAaEBDL, THRAT /A F, FFlcFH v b7
A NEHRD T EH T ) 4 FOEYREEIC O W CIREFRAREDRS L. 2 OEHIEH
a7/ A4 FO@REREERIAO 2 1cT 2 ETEELER B,

ERIEZ OEFEMEEZMFE T 572010, BALIEBELDO AN T v 2 2dE 2 $H% L. Mlgim
LiETTIRRE R —E IR o T3, 20T v ARMLO ST ANTE G 72 RBEEEL X + L %)
R4 IRBOJRIC R Y 5 5, BRELX M L 25 O Mlla% R4 3 72 0 O ERB RS ©

— DT LEEZR 231 © 21, heme oxigenase-1 (HO-1). NAD(P)H quinone oxidoreductase-1
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(NQO-1). catalase 72 ¥ 03 b L b, T OHMELEROFREHZG#EHT 2 FEARTL L
T Nrf2 23[A)7E & 7z 8D, Nrf2 |d CNC BB KFHEICE L. A/ o £ > v oy v —
Wi AT 2GR CH 5 3, @H. LA N7z Nef2 [ZHAEE 12 T Keapl & AR
ZIEKT A2 LT, 28X F V-7 07TV — LFREKICE PN THE X L5 (Figure 2),
DR —VF—r3—=I1 X b Nrf2 OMIfEPRE R Rz Tw5b, Lo L7ad b, —H Keapl
IC X BRI NS &, DEE 7 N2 2SR E 2 SN~ BATL. 7/ kD
PUREAL IS ALY (antioxidant response element, ARE)~Dfi& % /v L T, HERLELE T CH 55T
WL D FIHAIHE X L 2 $)(Figure 2), & D—H DT IC BT, Keapl TN AT
AvOFF—NEPEEREE > TE Y, FA-AEPEMEZ T 2 L, Keapl D
VI A A= avPZL L TN2 O X F AL T A AR, N2 0L ENT B

2, Nrf2 iEHEAIiE, IR P L 2ADA RO THETHMEIC Lo THAEL DL 2 B oo
T3, NAEOBEFEYE L LTRBEWARDDICT 7 F F v EEHREEEKIGY 15-

deoxy-A12,14-prostaglandin J2 (15d-PGI2)23Z\F S % 83, 15d-PGI2 (3> 7 u~<vF ) VB
FiC oAV R =V EEH L CTE Y, BETERKFEL Keapl X VX7 H3THO
FA—NHEL O A4 TN XY EEZBK T 2 /RS E 2 b Tw b 9, B
N7z Keapl 34—+ 7 7 V—FREKIC X VMR I N D 39, SEE Nrf2 13, 23 A L2t
PR, ATEE R 7 & OB RAERE & DBIHEH 5 2 o TE TH Y Nrf2 DAL
BINSEBOBFC TR D Z L AARFE N T 2 89, Nrf2 381D Ak b3,

H4 DRHIC K 2EOHFHEED O DBA» L b FHZED THY, Trya) -7

/

FUMCEINDEANT T 77800, Z—=RA Y v 7ICEENEINI IV DREDT

7AMTIANZIILD L L NR IEHERMBRT OBR PR ERICITDIL T2
THRABT ) A FICX 3 N iGEEIcowTiE, e riidicswcRBEhTcnws ) 2

~ v HRFHZY) apo-8°-lycopenal & 72523 % 5 89, & b HFEAHAE HepG2 12 5T,

apo-8’-lycopenal |$ Nrf2 DG TELZ /i L CHIRLIFE ORI 2 LR X ¥, ZDRFL
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T, FFRIED - A VAR = NVEROBEFE B KF L Keapl A —E D<A 7
MEMZENT EAREEEZELZ L C0d, KL 7zAV T+ T 77 v o T IvbET,

ST HNBETIERE L Keapl 74— A3 & OEREA %/ L 72 Nef2 GRS 3% 2 &

NTWw3, —f, 7TRZ7ax¥vF /4 FicsnT, N2 ifEbezhic X - THlf S
L MRALIER DFEBUC O W T OWME IR\, DT KAv T/ 4 FEeFkRIc, THR7a %
Y F A FSERERNIC ap-REMAN R AKEGT 5 2 &b, Nef2 iGMLEER T
MLz, 22T, RKETRTR7aFHvF /4 FOFREMEEOBER L LT, Nif2
AL 2 A U 7 PURRAU I SR o FEBLER SN O il 2 3 7z, & 51T, Nrf2 13 RIE & Db
DOIHLPICR>TETWE T ED, TR7aFH T/ 4 Fick b Nef2 ifit{LagE & &

FEMIGIVER & DB %2 FH~ 7z,

HS SH SH

HS
Induced condition Basal diti
(e.g., oxidative stress and electrophiles)/ Sasal condition \

S-Inducer

Inducer-S Cvtopl -
oplasm i
< ytop .
I Degradation
e
4%,

Degradation

Nucleus

-

Translocation
Antioxidant enzymes
—~—

DX

Figure 2 Induction of antioxidant enzyme gene expression through Nrf2 activation.

In basal condition, Nrf2 is sequestered in cytoplasm by Keapl and degraded by ubiquitin-
proteasome pathway. Upon stimulation by oxidative stress or electrophiles, Keapl which is modified
its cysteine residues is degraded through autophagy followed by Nrf2 translocates into nucleus and

promotes gene expression of antioxidant enzymes. Ub, ubiquitin.
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KE5

2.1 BURF & EAEKE

Cetyltrimethylammonium bromide (CTAB)IZF+#7 7 4 7 A 7 A L VAL 7z, i~ v
HYEEH Y 7 L(KMnOs). N-7F s 274 Y(NAC)EE 7 4 v ARDEHIEE X b BEA
L 7z, Phosphatase inhibitor cocktail 2. phosphatase inhibitor cocktail 3. AL 7 7 =7 I F
¥ X U° N-[1-naphtyl] ethylenediamine dihydrochloride (¥ Sigma-Aldrich Japan 7> b A L 7z,
Anti-heme oxygenase-1 (HO-1/HMOX1)#T{4(10701-1-AP). anti-nuclear factor erythroid-derived
2 like 2 (NRF2/NFE2L2)§T{4(16396-1-AP). anti-Kelch-like ECH-associated protein 1 (Keap1)#t
£(10503-2-AP). anti-lamin B1 $T{4(66095-1-Ig)(Z Proteintech Group Inc. & ¥ . anti-B-actin
(C4)JTiA(sc-47778) 1% Santa Cruz Biotechnology, Inc. & ¥ . anti-NF-«B p65 (D14E12)HT{4&
(#82428)1% Cell Signaling Technology, Inc. & Y B A L 72, Apo-10’-fucoxanthinal £/, apo-
12’-fucoxanthinal &% deepoxy-apo-12’-fucoxanthinal & B 13 A SERLA 1L B Hy 3& 7
Bz X 0 5 TE W 72 (#E>99%), B-Apo-12’-carotenal 35 &£ U apo-12°-zeaxanthinal |%, B-7 &
TYBXUONTA vEE YA VBEA ) Y AT LER L 72 b 02 v

(Supplementary Figure 2.1), % OfthfiiH L 7238351356 1 | & Rk b 2 HWw 7=,

2.2 ek

124 LEIDOHET~Y ZA~2 0 7 7 — VK RAW264.7 fMlld R85 1T - 72, §iEE{LEE
KT DIRHTIC 13, FBRE(5%10% cells/mL) L T 24 FEFETRS & % 1T - 7214, DMSO ICIFfR L 7=
Ara7 ANz —ERELE L, fildZEIXL 72, NAC (FIRE 1 mM) Z i3 2 BR i,
AaF A4 FeEHITHRML T ERRREERICHIEZ B L 72, ZEBLEE 7 o fifEbr ic
X, HIESE 21T > 72 RAW264.7 MiTIC NAC (R | mMEE T & 2 WIZIEFE T Thr
T A K% 24 WEREALE L 7215, [FIBE DO NAC 3 X U v T 7 4 F{EE FC LPS(RRIEEE 1

ng/mL) % ALiE L € —E R &% Icllild s X O i 2 I L 72,
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2.3 RAW264.7 filfidic B 2 PilE{b 3 X CRAERSHE N T D mRNA FEIRfEHT

125 LRkD FETITo 72, LT 74 ~—13ATO@ Y,

Gene Name [Gene Aliases] Gene Symbol Assay ID
Heme oxygenase 1 [HO-1] Hmox1 MmO00516005_ml
NAD(P)H dehydrogenase, quinone 1 Ngol Mm01253561 ml
Catalase Cat Mm00437992 ml
Nuclear factor, erythroid derived 2, like 2 [Nrf2] Nfe2l2 Mm00477784 ml
Interleukin 6 16 Mm00446190 ml
Interleukin 1 beta 11b Mm00434228 ml
Glyceraldehyde-3-phosphate dehydrogenase Gapdh Mm99999915 g1
Ribosomal protein S18 Rpsi8 Mm02601777 gl

24 RAW264.7 fifidic 513 2 Hilk(b & X CRIEBLER 70 & v o 7 B BT
Aua g/ A FC—ERBNLE L 72 RAW264.7 #lllg% 300 uL @ PBS T 2 [\IZEE L 7214,
PBS 600 uL CHIfEZBEE L, = v < v F 2 — 71T L 720 505 HE(3,000 rpm, 15 43, 4°C){4.
FiEEBREL 2, MilE<L v MICHEES Y 7 7 —(20 mM Tris-HCL, 150 mM NaCl, 1%(v/v)
NP-40, 0.1%(w/v) 74 F > a—AfEF kY 7 4, 0.1%w/v)SDS. 1 mMEDTA, ImM # /L
FANFTVVEEF U T L 1 mM PMSF., 1%(v/v) protease inhibitor cocktail, 1%(v/v)
phosphatase inhibitor cocktail 2, 1%(v/v) phosphatase inhibitor cocktail 3) (pH7.4) 50 uL % /il 2. C
XCHEBEL, 100K EICTA v F 2 x_— b} L7z, &0 HE(12,000xg, 10 47, 4°C) L T L
ZEIRL ., 2t 2 v s 282572, —75, MlREED B X OKES s T 5 2 v o8y
B o 1E. LysoPure Nuclear and Cytoplasmic Extractor kit (& 7 4 v L H1eAfiSErE & 4h)
ZH W EHBHE ICE T o 72, 37 b B UL 72 #lig~= L v } iC Nuclear Fractionation
buffer GAFE D)% 100 pL M THEIPE L, KET 10 54 v F 2=+ L2tk #0500k

(500xg, 10 47, 4°C) % T o7z, LiEEFI LW vy v F 2 — 7B L%, BEEL
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(20,000%g, 10 47,4°C) L T ki Z [ L 7= (A E #i59), —77. el D 500xg T D057 T

=Ly Micid, FERIEOS00 uL Z 0z TR L. &= 0508ES500xg, 10 47, 4°C)L T L
HERE L7z, R T, ~2L v b IC SDS Lysis buffer GREE®) % 50 L M 2 CTHEHE & &
HZEEVIRLAL Yy P OHKRZMHERL 721, =.077#(20,000xg, 10 77, 4°C) L T ki % B
L 7z(Bmi7r), #54 Ol o £ v 7 BRI 13 DC Protein Assay Kit (Bio-Rad Laboratories,
Inc.)% AW CHIE L 7z, —7. _EiF 30 pL I Sample buffer, Laemmli 2x Concentrate 30 uL %

Iz T L. 95°CT 5 HREIMNEAT 2 2 L1 X W U 21T 5 72, 10%% 72 1% 7.5%F

/

VT 27INATIFTAMCR Y NEEBN 10 pg K22 X AML, 1.1.7 ERFCLTY =
ARYT Ay T AVIICE D RN EHBEN %17 o 720 M, —XPUFIZFTD 1:2500

T, ZXRYUEIE 1:20000 DFRE-CRER L 72,

2.5 RAW264.7 fiflusE s LiFHh o NO IR O HIE

D NO BE X Griess 3 NS THIE L7z, $72b b, B8 LK 100 pL % 96-well =
A 7ma 7L —bMICB L, Griess ihF(Q2.5%WVNV) Y VIE. 1%WN) ALT7 7 =17 I F,
0.1%(w/v) N-[1-naphtyl] ethylenediamine dihydrochloride)100 uL % Jll 2 T, ZF#iZ T 15 43[4
YF¥a~X—FtLl, ¥4 2707 L —F Y =X =TT 550nm BT BWEEEBEL 72, &

BRI L W ) Y AR TER L 2B S5 NOBEZEH L 7=,

2.6 HiEt

— Z U3 ILSEM TR L 72, #iEHEHRIZ—JCICE D BT 21T 2 7212, Dunnett & % \»

V& Tukey-Kramer ®% BEEGEZ W72, B O LI ¢ BUE 21T - 72,
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s L UOFEE

Apo-fucoxanthinal 1€ X % HUFEILEE SR TUEHEEH

MREAEAFIC S 2 % apo-12°-35 X U apo-10’-fucoxanthinal (Figure 2.1) D522 % i ~7- & 2 5,
2.5 uM % T3 M%) 722> o 72 (Figure 2.2)D T, LAMEIZ Z DEELL T CEBREZ1T-> 72,
ZLoic, =HK* FMll=v F 27— 7 %FFD apo-12°-fucoxanthinal % RAW264.7 T 7S
ML7ze 2 A, PilE(LiESR HO-1 £ v ¥ 7 H O WHE 7 RIFE S & L7z (Figure 2.3 (A)).
Ric, &R rRo7axd vy /-, TLviialloz vy VoV —T%2H53 537+
vk u vt QB ET o 72 (Figure 2.1), % OFEHE, HO-1 85 T-(Hmox])® mRNA FH1Z,
apo-12’-fucoxanthinal #Li& 6 IRffH]#% T A D FHL F 5 % 7R L 72 (Figure 2.3 (B)). FRYITH 5
NIV PBVICBEWTH, MRXEHERL CHEREMIR A0, ZOREIX
apo-12’-fucoxanthinal £ Y d/NE oz, Tz, 7axHvF/ — ATl TIhokflics
WTHMBRX L FEARZIIR NG o7, BREFENC i, ALz R Fy Flloz v b7
N — 7 % FFD apo-10’-fucoxanthinal IZ 5\ T H ¥HE 2 BRI LA 2 ® & 7= (Figure 2.3
B,O)Z o FEMICHE T 2z F* L Ml v F 7N — 7 ORGERFER 72 Hmox] mRNA
RFFEPRB S NIz, T 5HIT, Ngol B XU Cat D mRNA B A7z & 25, »wihic
DT % apo-fucoxanthinal FINIC X - T, Z OFEHFHE X 17z (Figure 2.3 (D)) T L 2> 5,
apo-12’-F X ' apo-10’-fucoxanthinal (¥ HO-1 @ &7 b T O FIRELIEER IO\ T b FIRFHE

BEERTRT T & Do 7,

Apo-fucoxanthinal I X % 7 2 ¥ 4 v F VR OGS IR L 72 PUB LI R IR EVE

Apo-fucoxanthinal D 7> T HEE DS HIRRCIERFRIIC G 2 2758 % X W FEllIcii~ 2 7= . [F]
UCHEEC-12, IV ChZE) ZFfo = v F 7 v — TRiiE 0 % 72 5 apo-12°-carotenoids % ] B4

L. W& < oMo Lk % 1T - 72 (Figure 2.4 (A), Supplementary Figure 2.1), RAW264.7
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4

HHAEIC 2 L2 D apo-12°-carotenoids % 6 RFHIULE L 72$2D Hmox]I mRNA FEHLL ~ v % 3
N7z fEH. apo-12°-fucoxnthinal D & ICBHE 7= FEHIFHE 23 A & 717 (Figure 2.4 (B)), Z O[]
T D P (L EEEER T CTH 5 Ngol mRNA FIIC BT b FERICEED O L7z (Figure 2.4
B)o —H. THFF T FER72R A THEERNICHEZ %5 deepoxy-apo-12°-fucoxanthinal T,
apo-12’-fucoxanthinal 1C X 2 BEE R REBFERENHE L -2 b, Db TR F o F
DEFEDPPUIEAC IR RN E T 5 M REME AR X L7z, fh @D apo-12°-carotenoids 1C 35> T,
2.5uM OFIITIX HRX & LI L THEZIZED Wb 0o o4l L T 1.5 (5 D HmoxI
B L O Ngol mRNA OFEIIEIME A2 R CliLe, ZidibaiEcd 2 c-12fo 77
b PR (oB-NEIFI A7 VR = VB DB I N L L bic, A4 VERED C3 b
FaF oA C4 AR =N EOPIRIUERAERICG 2 2B IhSweBbn, sn
7/ A FTlERv2s, Wang b 0F, 2 FHNIC ap-AEMAVE =V EB IO *o M2
WDV 7 — VIBEAELR 12,13-epoxy-9-keto-(10)trans-octadecenoic acid (EKODE)%® ARE L
R— 2 =Gk NQO-1 FHIOSHE LI ZiHEd 5 —/7C. o p-NEEMAN K= VED 5
WIRIZRF Y FOF—TDOLEFO Y  — VIEEEERCIE EKODE 13 & D iFEREAH 5
N7V & ZE L7, Apo-12°-fucoxanthinal DGR L L T, 0 FHNDIEET 2(0E
ICTHRF 2 F(C-56 fD)F LV ap-AEIRI A LR = H(C-8 {i0)%Z 1 L Tk Y (Figure 2.4 (A)).

Z DER RS D PURICEER FEFAEREICBIG-5 5 nIREME D HER S B,

Apo-fucoxanthinal I X % Nrf2 3G MHEALEERE

SeDFEERIC X D | apo-12°-F5 & U apo-10’-fucoxanthinal 25, T v F 7 v — 7 DR 7o itk
FRIC TR ¥ ¥ F ORI L CHE VIR O RBGFEREL R T 2 L0350 o7z,
Z 2T, P LSRR ZGIEH T 25K 7 Nrf2 OFRRZ 72, Nrf2 #E{n 7 (Nfe2l2)D
mRNA FIIC DT, MIEX & g L T, apo-12°-F X O apo-10’-fucoxanthinal 13\ >3 L DAL

ERFEL RIS BT D 2 ORI E A KIT & 7> - 72 (Figure 2.5), K\ T, fE4 Offlifg
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B D Nif2 2 Vo7 Hazeiil~7-& 5, RX & Hi#E L T, apo-12’-fucoxnthinal ZLi&E
X0 Al Y R O Nif2 & Vo8 2B FEBLER O F E R M0 85 X 4172 (Figure 2.6 (A)).
T 5T, MIEE B X OIS H O Nef2 88 S H8 50 L 72 (Figure 2.6 (B)). % 7z. apo-12’-
fucoxanthinal #LEIC X U, Keapl & v X7 EHFEHL XK L 72 (Figure 2.6 (C)), XFHIX
x5, Al Th o Nef2 RIS & MRE /XIS T o Nif2 HE5r ORI 28ZIE
&TdH % T L (Figure 2.6 (A,B)). Nfe2l2 mRNA FHUT 1ZE(LH 75> 72 & & (Figure 2.5) % ff
HCEZDE, UTDX) el rHHERZ NS, $74bb, apo-12°-fucoxanthinal ¥ %
DOFHUMIEETH 2 TR F ¥ FIIKFE L T, Nrf2 ODEETRIAL Y T L 5 Keapl SfiEIC
X3 N2 ZEMZIRET 2, MIEHN N2 LA EFICHE - T, BN~D N2 #7828
W2 DRGSR, UL EER O T THE SN 5, 7 U < PIlE LR FEE % B3 CEFE L 72 apo-
10’-fucoxanthianl 12T & | ALEERIC N2 RNEREHINL 72 2 & 2 5 [ D HlfH
WE2MHESR X L % (Figure 2.6 (D)), — /7. Figure 2.7 1C(%, 7 A— L &2 H LEEBETHICX 3
Nrf2 {EPEL Z BHE 3 % OONAC % HICHLE L 72 BRO R8T D W TR L 72 NAC 77 T Tl
apo-12’-fucoxanthinal IC & 5 HO-1 % v ¥ 7 EFH MK T 3 % (Figure 2.7 (A)) & & b IC, fHA
DHFELIESE D mRNA FIL L (KT L 72(Figure 2.7 (B)). & 51, Nrf2 BB L ~vicEk
WTd . apo-12’-fucoxanthinal HFALERE & L~ T, Z DEMRL LK T L 72 (Figure 2.7
(€))e THHDEERIZ, apo-12°-fucoxanthinal i X % Nrf2 i MELEEDS Keapl @ F A —LFeD

1% A3 2 ATREM: 2 TR L T L B,

Apo-fucoxanthinal I X % Nrf2 iEHAL % /v L 72 SAEPIHIEA

Je D FEERTIE, apo-fucoxanthinal 23 Nrf2 &M LEEZ R 3T 2 & Z RH L 72D T, apo-
fucoxanthinal IC X 2 PIRIEMEH & ORE# % J~7z, £ 37 1%, LPS FHLL 7= RAW264.7 flifiEic
B 2 KAETER T 0 @BFETIC N 3 2 MR Z B L 72 & 2 A apo-12’-F5 X U apo-10°-

fucoxanthinal L& IC X V. RIEMERT-TH 5 NO DEEA B IH| X 172 (Figure 2.8 (A)). 5
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W, INSLTR7axHvF 74 Fid 6 X116 O mRNA #IH A S HE T 2 (Figure
2.8(B) L & b IT, RIEMEBIZT OFEIICB D 5 #5 KT Nuclear factor (NF)-xB p65 D%NEH
L~V DN S BT L 72 (Figure 2.8 (C))s LA L X V. RIERDHE > 7' F Mm@tk 2 FHE 5

52k PIRIEEN 2RI 2 L3 E I Tz, R\ T, apo-fucoxanthinal IC X % Nrf2

}

AL Z JIH] 35 NAC OFF(E T T RIEMHIBEIC 5 2 2 2~/ & 2 5, NO EAI

W9 3 HEMEMD NAC fFE FTlEF ¥ v &L TN 5 (Figure 2.9 (A) & & HIT, 16 B I
IIlb ® mRNA FIICDOWTH, apo-12°-fucoxanthinal 1C X 2 HIHIEES F ¥ v L I iz
(Figure 2.9 (B)), T 5 DFERIC X D, apo-12°-fucoxanthinal (X Nrf2 iG1EAL % /v L € RIEME
K7 DRI 2 MG 287 255 2 bz, Nrf2 iGMEAbIic X 2 ZAEMHIER I WL 22D
BIF ARG T T\w 3 29, FiERLEEE HO-1 13IRE TH 5 ~21 % befEsk, —MLR%E
(carbon monoxide, CO)&B X N ENANRY & VICHET 253, RICERYITH % CO PR
PV IPIRAEER 28T 9, — . Nif2 25, NF-«xBp65 & 5% KT CH % CBP-P300 1
AL DMEERICE AT S 2 &I12X Y, NF-kBp65 T X o THIfH & 12 RAEVER 7 D F I
ZIIHIT 5 EHMEIN TS B, I oICHE, /MG D, 63X NIb 22— 5
2 MG ELRCH EIRICHEE S 2 T~ N2 2354563 2 2 L ICK o T RNAK Y X T —¥D
Yo7 r—bFpHEIN, CNOEETOEERIH I L2 AHL Tw5, KEERICE
T %, apo-fucoxanthinal 1 /16 35 X O I11b ® mRNA FIH EF %50 HI L 7225, NAC 77
ETTIEZD XS RIS ITH I L 72 (Figure 2.9 (B)), L 727235 T, apo-fucoxanthinal
IC X o TEMNIZERE L 72 Nrf2 25, ZAEMERT- 0 mRNA B ARG L~ L Ciljfiiid s 2 & T

PURIETEE 2 FEf 3 2 n[HeE 23 & D BIRER W,

AEX Y, RETET A7 axH v 5 4 Fic X 2 HBCIFERFATEEC Nef2 iG1E Ui
OO TR &b, FIMILBERRIIEICII TR F2EOHrMErEETH 5

Tl®INLTz, 7. Nef2 ilEMEALEE & LT, Keapl O EICHE D Nrf2 D43 NI & BN
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BATOMAKRICK 2 b D LHEE S N7z, & 5IC, apo-fucoxanthinal I X 5 HLAKEMME 12D 75 <
b N2 L ENT B S EAMLIIC LI, TEZIFF Y F /)4 FICX 3 N2 AL
P IR RESRARIL &\~ 5 Ji 72 2 AL IEPE & & b 1 AR & OB A R L 72 2 213, 7

a2X YV F VIC X BEERENHOER A 7 =X L0BHICH T - EEECHIRICR S L

Ex b,
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Fucoxanthinol

Figure 2.1 Molecular structure of apofucoxanthinoids and fucoxanthinol used in this study.
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Figure 2.2 Cell viability of RAW264.7 macrophages treated with apo-12’- and apo-10’-fucoxanthinal.
After treating cells with apo-12’- and apo-10’-fucoxanthinal at each concentration for 24 h, cell
viability was determined by WST-1 assay. Data are mean = SEM (n=4). Bars with different letters are
significantly different (p < 0.05).
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Figure 2.3 Apo-fucoxanthinals promote the expression of antioxidant enzymes in RAW264.7
macrophages.

(A) Time-course experiment of HO-1 protein in the cells treated with apo-12°-fucoxanthinal (2.5 uM).
(B) Time-course experiment of Hmox! mRNA expression in the cells treated with each carotenoid (2.5
uM). (C) Relative HmoxI mRNA expression in the cells treated for 6 h. (D) Relative mRNA expression
of other antioxidant enzymes catalase (Cat) and NQO-1 (Ngo!) in the cells treated for 6 h. Data are
shown as mean + SEM (n=3) **p < 0.01 and *p < 0.05 vs. Control.
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Figure 2.4 Apo-12’-fucoxanthinal upregulates Hmox! and Ngol mRNA expression depending on its
characteristic structure in RAW264.7 macrophages.

(A) Molecular structure of apocarotenoids used in this experiment. (B) The cells were treated with
each apocarotenoid (2.5 uM) for 6 h. HmoxI and Ngol mRNA levels were quantified by RT-qPCR.

Gapdh was used as endogenous control. Data are shown as mean = SEM (n=3) **p < 0.01 vs. Control.
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Figure 2.5 The mRNA expression of Nrf2 (Nfe2/2) is not influenced by apo-fucoxanthinal treatment
in RAW264.7 macrophages.

(A) Time-course experiment of Nfe2l2 mRNA expression in the cells treated with apo-12’-and apo-
10’-fucoxanthinals (2.5 uM). (B) Nfe2/2 mRNA expression level in the cells treated with apo-12’- and
apo-10’-fucoxanthinals for 6 h. The mRNA levels were quantified by RT-qPCR. Gapdh was used as

endogenous control.

57



A Apo-12’-

Control fucoxanthinal
Nrf2
B-Actin
3
3 **
8
3= 5
53
s o
D
£2 1
Zz
o
= 0
3 >
& &
& +§\
s
OQ/
W
B Apo-12 Apo-12
po-12°- po-12°-
Control fucoxanthinal Control fucoxanthinal
Nrf2
Lamin B1
**x
c 2 c 2
=) ok S
= =
TR L8
o % [St=
=2 S = 1
- o8
o
[ 8 t g
z g, Zz
c
c -—
£ 9 0
N N 3 >
(\\,:\0 Q& 6\&0 ‘Q\‘@-
& & 8 &
0‘" 04"
< o
NN N
d{» S\’»
w W
C D
Apo-12’- s
Control fucoxanthinal Control Apo-10°-
fucoxanthinal
Keapl Nrf2
B-Actin Lamin B1
- 1.2 * - 2 *k
] —_—
£8 10 c 2
=08 8
=3 o &
a8 06 SC 1
P Qg
a5 04 N2
3 < ]
Y 2 0.2 Zz
£ 0 £ 0
> > N N
Q&‘o &'\\&’ Q‘\\@ @&
& & oy &
c»°‘i~ &
NS N
v N

Figure 2.6 Apo-fucoxanthinals regulate Nrf2 activation in RAW264.7 macrophages.

(A and B) Nrf2 protein levels in the cells treated with apo-12’-fucoxanthinal (2.5 pM) for 2 h. (A)
Whole cell lysate. (B, left) Cytosolic fraction. (B, right) Nuclear fraction. (C) Keap1 protein levels in
whole cell lysate of the cells treated with apo-12’-fucoxanthinal (2.5 uM). (D) Nuclear Nrf2 protein
levels in the cells treated with apo-10’-fucoxanthinal (2.5 uM). Data are shown as mean + SEM (n=3)

*xp < 0.01, *p < 0.05.
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Figure 2.7 N-acetyl-cysteine (NAC) inhibits the expression of antioxidant enzyme and the nuclear
accumulation of Nrf2 induced by apo-12’-fucoxanthinal in RAW264.7 macrophages.

The cells were treated with apo-12’-fucoxanthinal (2.5 uM) for 6 h (A and B) or 2 h (C) in the presence
or absence of NAC (1 mM). (A) HO-1 protein level in whole lysate. (B) Relative mRNA expression
of each antioxidant enzyme. Gapdh was used as endogenous control. (C) Nuclear Nrf2 levels. Data

are shown as mean + SEM (n=3) **p < 0.01, *p < 0.05.
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Figure 2.8 Apo-fucoxanthinals exert anti-inflammatory action against LPS-stimulated RAW264.7
macrophages.

The cells were treated each apo-fucoxanthinal (2.5 uM) for 24 h and then stimulated with LPS (1
pg/mL) for 24 h (A), 6 h (B), or 2 h (C) in the presence or absence of apo-fucoxanthinal. (A) NO level
in the culture media. (B) Relative mRNA expression of inflammatory cytokines. Rps/8 was used as
endogenous control. (C) Nuclear NF-«B p65 level. Data are shown as mean + SEM (n=3) **p < 0.01
vs. LPS (+).
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Figure 2.9 Anti-inflammatory activity of apo-12’-fucoxanthinal against LPS-stimulated RAW264.7
macrophages is cancelled in the presence of NAC.

The cells were treated apo-12’-fucoxanthinal (2.5 pM) and NAC (1 mM) for 24 h followed by
stimulated with LPS (1 pg/mL) for 24 h (A) and 6 h (B). (A) NO level in the culture media. (B)
Relative mRNA expression of inflammatory cytokines. Rps/8 was used as endogenous control. Data

are shown as mean + SEM (n=3) **p < 0.01 vs. LPS (+).
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53

B-A O TV HRT AT A F ORI L FoE T

B-h a7 v II LY, R L ICAS TN, BRR TR EERInT /[ FO—
DTH2, 82DA YV T L va=y FPEHEICHES L ZHER ) o B, mRmRS B
P-4+ vEYShi- &z b, KEBIWKERT2 LMK I N2 07 HICHHE
XN 3 (Figure3.2), ZNE Tic, PILEEZ I LD, Tur x I v A EESLTIAER,
AT BT R 72 &% M 7n 2R BB RE SRS S LT B 9596),

B-HuFvHRTEAuT ) A FB-TEATT )4 N)DH5b, &b I{FARLNATVS
bDIEF, LF/ANELZIVA)THD, LF /A FEB-AmT7 voliER) o viE#H Eo
H(C-15,1500) 10 35 1F 2 BE(LRIBAZLC X o CTHERL L. B D4R 9, i 97 L4k
DOBELREH T R ICBElb s, —Ji. VF /A NSO B-THEAwT 4 FICBAT 5
5 D EHED 5, B-Apo-12°-carotenal <° B-apo-10’-carotenal 72 &% (I L ¥ L T 54 DEE %
o B-TAEITT A4 FA, b MR &0 AR IC RILE NS SO0 KL F,
I ELMTERFPICIETNE Z ERHL L o T 10, 72 B-apo-8’-carotenal |¥
BMAMPIE L CRHAGERICHEH I TS 100, B-7KRAZB T/ 4 Fid BCO1 % BCO2 i<
L OBERWICEREINDE DAL T, FFMRNICH AR ICERT 2, p-h v 7 v o HEIEL
WIRER 20, 2 L CRMELEMTHIC D B-7TRAInT ) A FREKT 5, &5,
W= v HVEES Y Y L D100 g 1097 Y ORLEE 72 B-F1 v T v ORR{UBIZLRE
&3 B-THEAIuT A FPOFHBEICOWTII|ELRDH L, COXkHic, LF /A FEED
B-7 KA v T /A N, RO A% o FRMCEEM T ICE W TH Z DFIEHL S BD
ONBT LGP oTETEY  B-TEHEAIRT ) A FPOAEMERZHOICT L 213, A

v7 /A Rk bR ZE 2 2 ECHEHETH L LBDbNSE, LELado, B-7TFA
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o7 /) A4 N oEMEEREICEE 3 % #E 1 B-apo-13’-carotenone X B-apo-14’-carotenal I X % %M
RRET v AT A MERAREIICRONTE Y 36109 fEx RRBORIERBEICH 2K
JEICH 3 2 &Rl v, 22T, RETIE B-THRAvT /4 FiT X 5 RAEMTH
WREICOWTH S I $ 5 2 & BT, BALAIZ Al 7 AL R L SOCIC X 0 SR8 L 72
B-THEART ) A FOGFIERRET 2L I, RIFFE L z~vrmr 77—V d 5
PIRTERRRE A MREE L 72, X O, HRWER RO B-THR AT /A FLolbiic X Y i

TEFERE (C B G3 5 T R0 RS 2 HEE L 72 90,

63



KE5

3.1 EEE S5k

~U A~ 7177 — Uk RAW264.7 il i< European Collection of Authenticated Cell Cultures
(ECACO)D B AFL72bDHRHWE B-1u T VIdEL 7 4 v LRSS X W BEA
L 7z B-Apo-8’-carotenal |% Sigma-Aldrich Japan & Y B A L 7z, Anti-IxBo H1{4(10268-1-AP) I
Proteintech Group Inc. & Y . anti-phospho-IxBa(Ser32/36) (SAS)HL{A(#9246S). anti-SAPK/JNK #1
K #92528) B & U° anti-phospho-SAPK/INK (Thr183/Tyr185) 4T & (#9251S) iZ Cell Signaling

Technology, Inc. X WA L7z, Z OfthDiAFIIATE E CTL KD D D E Wz,

32 B-AmuT VvHEREYOREE X ru~ T T 4 =W

B-711 7 v 5mg & cetyltrimethylammonium bromide (CTAB) 0.8 mg % 7 & 1 7k )L 2\ 40 mL
SRR L, b~ v VB ) 7 LOKIRHE(180 mg/ 10 mL ZK) &2 Iz, ZEil < 3 REEEE L
T2 MG, ZuudnL/X R 7 = K(10:5:3, viviv)IIZ THRAH D BEZ TV, 7 aaFr A
JE(T Y%L L 7=, #fE 2 v~ 7°Z 7 4 —(thin layer chromatography, TLC)/#T 1%, RP-
18 Fasss plate (Merck KGaA) ECA % 7 — A% WCER L7z, 72, HPLC 4TI LA T IC

NI EIFICTIT o 72,

RV 7" LC-20AD (BEX &t B E8ERT)

BRI ER © SPD-M20A (MR th B B ERT)

717 I & Develosil C30-UG-5 (250 x 4.6 mm., EFFR{L2ErR &)
o £ 30°C

BEiH : 27—

7 & : 1.0 mL/min
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33 p-ruTviEEYOWK I e~ ST T 4 —-v XA Fu X+ Y —(iquid
chromatography-mass spectrometry, LC-MS)Z3 7

B-H a7 VEREY D LC-MS HriZ. b U FAPUEMA S 25 4 LCMS8040 (R &tk B
HEWEFNZ A WT, T2 bR 7L =4 F AUIKIC X 2R T4 T4 F v E— FICTTST
oo A2 T AP —HAHE 2.0L/min, F 74 4 v 7 AFE 15.0 L/min, DL iR 250°C,
t—F7 vy ZERE 400°C OB T, mkz 50-700 OEIFHCTEAF v =X ) VIR0

7oo ZOMLCECHWZEEE, 717 4, WHEFEIILLTOMED,

R v 7" LC-10AD (bR &t 5 3 8ERT)

MEHIER © SPD-20A (bR th Bt SR

71 7 s+ Develosil ODS-UG-3 (150 x 2.0 mm., ¥R gk 2th)
R 30°C

BEE : XA 2 —n

# & 0.2 mL/min

3.4 BBEA IR 556 (nuclear magnetic resonance, NMR)
'H-NMR (500 MHz)¥ X % BC-NMR (125 MHz)7r#7iZ. UNITY INOVA 500 spectrometer
(Varian Medical Systems) % Fi\>C, EZ 0 v &L LA TIT 272, NMR s X F 2~ 27 b

MR IR . R EERAFERI AT B EM O IR0 LiTbhi,

3.5 Mgk

1.2.4 L[AIRE DR CREEB % 1T 5 72, RAW264.7 HlIfiE % $&FH(5x10* cells/mL) L T 24 FEEH]
BB {To721%. DMSO ICIBfEL7=1a T /) 4 K% 2 BELE L 72, KT, FiBED A
a7/ 4 FELE T C LPS(FEIERE 100 ng/mL) 2 ALE L € —E R E 217, Milds X O

ﬁhﬁ%% E“’IX L ff_’.o
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3.6 MifeEE SR

B-71 v T VAP D RAW264.7 M EEE~ D8 % WST-1 7 v 2 4 IC X Vi~ T-, T4
bbb, RAW264.7 Ml % 96-well ~4 7 1 7L — MR L T 24 BIRIEEE 21T - 7214,
M2 DIRIEICHEE L2 ha T 7 4 P& 24 RRELE L 72, Z D% WST-1 383 10 uL Z iz,
37°CIC T 24 v Fa_—F L, 42787 L—} Y —X—iCT 450 nm 12 B 1F 3 BEHE
ZUEL, 77 v e LT Mil@z&EmE e T 7 4 FEZHEML T, Z OWSLEE

ZHIE L 7z,

3.7 RAW264.7 fifaks s Bl o NO BE o HlE
LPS T 24 FFfJLE L 72 RAW264.7 Mifd 058 FiEdh o NO BEIX. 2.5 LRk LT

HIE L 72,

3.8 RAW264.7 fillidic B 2 RIEHK T D mRNA FEE AT
LPS T 6 IRF[EIALE L 72 RAW264.7 HiEIC B 2 KAERDHE K T- 0 mRNA FEMAHT I, 1.2.5

EREED HETITo 72, & mRNA FBRICHERA L2774~ — A TDHEY,

Gene Name [Gene Aliases] Gene Symbol Assay ID
Interleukin 6 116 Mm00446190 ml
Interleukin 1 beta 111b MmO00434228 ml
Chemokine (C-C motif) ligand 2 Cel2 MmO00441242 ml
Glyceraldehyde-3-phosphate dehydrogenase Gapdh Mm99999915 gl

3.9 RAW264.7 fllfdIC B1F 2 RIEBDEKX T D & v o3 7 G FIAFENT
LPS T30 77® %\ % 2 R[HIALE L 72 RAW264.7 #IllEIC 313 2 RAERLER 7 % v o8 78

FIAANTIE, 2.4 LEIRDITETIT o720 M. —XIUKDOHERE I Z L Z 4L, INK; 1:2500,
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phospho-JNK; 1:2000, NF-xB p65; 1:2500. IxBa; 1:5000. phospho-IxBa; 1:3000. B-actin; 1:3000,

lamin B1; 1:3000 T, —X¥ifKIZ 1:20000 DFEFE-CHEH L 72,

3.10 RAW264.7 MifEEs#E FiEH o IL-6. IL-1B. MCP-1 D HlE

LPS T 24 IRFfEIALIE L 72 RAW264.7 filid D 52 i+ D IL-6.1L-1B ¥ & X MCP-1 #=FL 13,
% L% 11 Mouse IL-6 Uncoated ELISA kit, Mouse IL-1B Uncoated ELISA kit 35 & U* Mouse MCP-
1 Uncoated ELISA kit (Thermo Fisher Scientific, Inc.)% > T, ¥ O HEBHE IC/E W EIE L

72 TEEIZ. 1.1.8 L [EIBRICIT - 72,
3.1 ffkEE

7 — Z T TIILSEM TR L 7z, #ialatH I —TThLE D BT 21T o 72D B | Tukey-Kramer

DL EIIEE V-, BEKELS%E LTz,
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s L UOFEE

Invitro BBALRIGIC X 5 B-71 0 7 VIS O 5L

B-71 v 7 ¥ % KMnO4 12T 3 BEEEE{LE%. TLC I CE{L AR 2R L 7L 2 A, B-/1 1
TV TR ZBEEICEE D AR v b M X L7z (Figure 3.1 (A)). & L5 DIE{LEY)
DHIH, TARAZY R BN LEEREDZARy MK L, HPLC 7 v~ + 27 L L CRA
%7~ L 7z Peakl (Figure 3.1 (B))ICEH Lt 2 72, Peakl ICH T, MK E 462
nm %753 (Figure 3.1 (B) inset) & & 1T, )T A 4V ¥ —2 4494 [M+H]"F b U 7 LH34f
BN L 7z 471.4 [M+Na]* D 4 A v %588 7= (Figure 3.1 (C)). T @ Peakl (30 pg) % [FE 3T % 729,
B- v 7 v DR AR EAE D K LITVs, Peakl 1 mg % 47HLL 727%. NMR Sbricfik L 7z, 'H-
NMR v — 7 OIF)&E %, 'H-H COSY 72 5 WNiC NOESY 27 A B XA uT /) 4 FOEK
Ui I BA 3 2 BEER 'TH-NMR 7 — & 199 L @ [#RIC X U T 5 72(Table 3.1, Supplementary
Figure 3.1-4), 'H-NMR 27 FLICBEWT, 72D AF A 6 DD XFL VI 12 D4
L7 4V AFVvE BXUT1 20747 FEEZZED T, —FH., §1.17(Hs-16 B X U H;-17)
72 HNT §2.11 (H3-18)D A F L 7 F b ZIZ I §~1.54 (Ha-2). §~1.49 (Hx-3). §2.40 (Ho-
HDAFL VT T F N, §6.55H-1FE XN 740 (H-8)D A F v ¥ 7' F it AMLEY DK
MEEIC secop TV FION—=THFT LI LERL TS 19, T, FENAT LT Py
TFNTHD 594613, R T VKO H-8MICIFE S iz, KV T v #HEifhEH-19, 20,
19°, 200020 A FVH % ET H-7 2> 5 H-10° M7 D EH#EFEGE) D 'H-NMR & 7 F v B X U020
all-E (trans)B D AAFCIE 12 'H-'H COSY 72 & UNIC NOESY T X WikE L 7=, Bl bEX b, &
L&Y% . seco-B-apo-8’-carotenal ((2E,4E,6E,8E,10E,12E,14E,16F)-2,6,11,15,19,19-hexamethyl-
18,23-diox0-2,4,6,8,10,12,14,16-tetracosaoctaenal) & [FlE L 7z (Figure 3.2 (A)), Gurak 5 '3 %
7eo B-A1 B\ T v D KMnO4 BEALERYIHICALE L A DR T A4 4 v v — 27 2T 5 Hil#

VIERHEE L7225, ZD0HIE LC-MS DATHERE IR INTWinh o7z, L7223 > T,
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AWFFEIC X Y W] T seco-B-apo-8’-carotenal D ii&E % A€ L 72, Rodriguez and Rodriguez-
Amaya 5 2F, KMnOsIZ X 27 a7/ 4 FORLHZEET L L <, ) vl bo @ik
AOMETERPS ZH~D v 2+ 7 v ZBMALICHE T, W~ v 7V BA A v D3 syn £t
32zl clRkol~ Yy H VBT AT ABRBEI L., RENIC EEEGBHHET 2L
kY, —HOHEDB-TRAR T F—ARERT I LHELTEY, BA4/ vEREDZ
B EREGEAL(CS,6 B3 LU CS 600 ~DRIG %I L CHlERE(Seco B) T A A w7 /7 4 P23
AR Lz TFRHEIND,

BIRF T seco AT /7 4 Fo v MAFHBICE T 2 HFEICBAT 2 & Id R, Ll
b, YRR 10, ¥V I A FHEORH HH 1025 seco WA m T/ 4 PR
HEhTws, —h, BAGEL LTEHRINRTWE 7RI T/ 4 FD B-apo-8’-carotenal
RO 5%, KR IC T B-apo-8°-carotenal (L X 417z B-apo-8’-carotenoic acid, » %
WITEITR D B-apo-8’-carotenol & L CHHI X5 10D, Seco T AR A w7/ 4 Fofiiliko
Nz 2. 2 7 ARSI O FE ILRBEFRICDFEHTH V. X 5% 2RI

TN,

RAW264.7 #liid~o LPS HlHIC X Y 358 X h 2 KIEMER T OBFPEA I T 5 seco-B-apo-

8’-carotenal D 1l {EH

B-THEABRT I AFDI B, W, OhDILEMIIBANZENRT v 2aT=2 & LTELC
EDPMEINTV D DD, RIEICH T 2 MIFIKEE 2 et L 72611 2, £ 2T, LPSIC &
D RIEFAE L 72 RAW264.7 ffiEHh D ZREVER T 4E 103 5 | seco-B-apo-8’-carotenal D FHE
HE & REAM L 72, ¥ 3713, MIlEETFIC 5 2 % seco-B-apo-8°-carotenal DFFEEZ T~ 5 72, WST-
1 B X a il FER2 B L7z 25, seco-p-apo-8’-carotenal 5 uM Tl FEMEIZFZE D b1
70— T, 10puM TliE 60% F THEFFEIMET L 72(Figure 3.3), 7> T, UREDFEETIX S

uM DA T ORECREEEIT - 72, LPS JlBIC X v, RIEMERTTH 5 MCP-1 X X NO D
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FEA R DMEAN L 7225, seco-B-apo-8 -carotenal ALEHRE T I3 A B ICT{K(E Z 7R L 72(Table 3.2), —
H. BEHEAZHE TS B-Hu T vid NO FEA KT ZHERERIIR L2 DD, MCP-1 ©
T A % I U 222> o 72(Table 3.2), M LOfERIZ, B-H v 7 v IZMLEAR 22 T3 2 &
I X o THIRIEREA BT & 1 2 Al HEM: % 7 L T\ B (Figure 3.2), R IC, PIRAEREICH ST
G RO 22103 5 729 seco-B-apo-8’-carotenal & FHML DOHEE % H 3 % B-apo-8’-
carotenal & DI Z 1T 572, RMEEW)IE seco-B-apo-8’-carotenal & [FIERIC C-7-8hL THIZH L
&R FEb, PHERL 7% B-4 A/ vER%ZH J 5% (Figure 3.2 (C)), Seco-B-apo-8’-carotenal I,
LPS IT X » THEHIT 215 IL-6, IL-18. NO B X U MCP-1 L L2 FREICHD S 25 L
EHIT, TNHKFD mRNA FIL ~L(116, 111b, Ccl2) b KT X 2 7z (Figure 3.4), DI L
I seco-B-apo-8’-carotenal 23 ZJEMER T D mRNA FHHIHI%Z N L T & v X7 EHEEZHES
5T LRRLTVS, MRS, BB p-A A/ VERZH T % B-apo-8-carotenal TlI\>J'h
DRIEMER TS LT, mRNA FHE X 0% v oS 2 8L &b IcilflfER 25320 & ik
%> 7= (Figure 3.4), BL_E X 0| seco-B-apo-8’-carotenal D FABRIE 13, RAW264.7 Mifidic 1)
D RIS TEICEE R EE#H 2RO C L MR I NS,

il D X 51T, seco-B-apo-8’-carotenal (X RFETERT D mRNA FHHIHIZ AN L CTx v o¥ s
HEEZHET 2 LRSI N 720, RIEICBD 5 v 7 FNRERIKICE 2 5 seco-B-
apo-8’-carotenal D 2% % Miat L 72 (Figure 3.5), FE 7x ZAERE & 7 F IV IRERIKE CTH %
mitogen activated kinases (MAPK)7 7 3 Y —®—2>CT¥ % c-Jun-N-terminal kinase (JNK)IZ.
LPS EDRKIERMIC LV Y VgL ZF 2 &, c-Jun FO THRORT DV VL Z /L TH
JEMER 7 0@ TR 2 FHE T 5 19, Figure 3.5 (A)IC/RE N5 X H T, seco-B-apo-8’-
carotenal I3, LPS ICX % INK DV Vgt L~ EFEAHEICHGEIL 7z, —/7. NF-«B &%
PED ERFEBRRIEL 7 F NV TH S, LPS FFDRAERIC X V. 1xkB kinase (IKK)IZ & > T
kB 23V VBt X5 & kB D fRICFE - T, it & LT 7z p50/p65 AR DIERET 5 o

KT, p50/p65s EERITHINTE 2> S~ LT L. BBERT & LT & AN T O
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FILAEHET 2 19, LPS X kB © YV VR & & b IC kB DR %S 5 25, seco-B-apo-
8’-carotenal ALIEIC X b | kB YV V(L & #5355 L 72 (Figure 3.5 (A)). & 51T, seco-B-
apo-8’-carotenal 1% LPS #LEIC X » CTEE & 115 NF-«B p65 DB ICHT L CiEE 2 fHE
YEF %7~ L 72 (Figure 3.5 (B)). LA [ X 9 | seco-B-apo-8’-carotenal DHLRIEA H =X L& L T,
MAPK %D INK ¥ & O NF-«B I8 D kB ic B 2 V) VEB{LIHE & . NF-«B p65 DI4HNE
BOMHEZ /L CRAEER T O mRNA B EWIH$ 2 2 L 2RBE 3,
Seco-B-apo-8’-carotenal D43 F & IC 5> T, B-apo-8’-carotenal D B ERAFHER T 5 Z LT Xk
D, B2 ap-AREIFI AR = AV FDEA XT3 &0 ) B R © O (Figure 3.2), KJEH
FEME L aB-AEIFI A VR = AV FLDOBRE#E AR X LT 5 119, B-Apo-8’-carotenal I b H:f% R
Y = VER DARERIC ap-AEIRI A VR = A EEE D O3 REERIC B W CHIAIEMERAZR® b
NhholzZ b, B-THRART /A FOFIRIERRBERIICIZ, 2L d 2 oMU LD
o B-PEUFIA VR =V EEDBEETH % L b b, Linnewiel-Hermoni & i, [E#HHE %
Frb AR Y = VORI IC ap- AT AT e FEEET 2 ) a2 viEER2 2 A
e BMfEic 5\ T, TNFa % MCP-1 ® mRNA AW+ 2 2L Tnwd, %
DHFFANZALE LT, Y a2V FEEGTFHND of-ARIHIA VR = VD RS B R
& IKKB 2V XIEDFF—NFl D<A F Az N L Eiic X ) BEREE 3
25, NF-«B p65 DNBEATZ M4 5 2 &, X 51T NF-xkBp65 X v X 7' EH D F F —ndk
ICHEF L C DNA BATEH AR T I3 2 e BRI T w3, BRFEWC Lic, Z2hb
Y 22V EEEROREE L, EEEE TR ) T RN IC o B-ARIRI A VR = VR
35 &9 RIT, seco-B-apo-8’-carotenal D53 i & FHL L T %, Figure 3.5 IC/RI N5
£ 91T, seco-B-apo-8’-carotenal b F 7z IxB DV v {35 X X NF-xB p65 DIXMNZERE % #I] L
2o 2O DFERIL. seco-B-apo-8’-carotenal 23 IKKPB FEDAMIIN X v 3 7 H D F A —LF L

MEERS 2 2 e ic X > T, RMEMRNTOREBRZHIH ST 2 2 =X 22 TRIE 5,
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PLE, AWFFECTIE, B-Am T VHRT A Aw T 7 A FE LT, B-huTvo C-7.8fk &
W B-A4 47 vBRD C-5,6 i THAZ L 72, seco-B-apo-8’-carotenal % FHHL L . % D5 T % ¥)
DTPRE L7z, LPS I X Y RAEFAE L 72 RAW264.7 it iC 35> T, seco-B-apo-8’-carotenal (&
MAPK % NF-«B & 7 F Ve 2 BHE S 5 2 L1 X b SAEMERF o el 2 A 2 il L 72
—} T, PABRWIE %2 3 % B-apo-8’-carotenal TIIPLRIETEEIIFRD N o722 &2 b,
seco-B-apo-8’-carotenal D RIEHNHIFE X B-4 A /7 VIR FAER L 7235 0 W& ITRFE L T 5 A
REMEREZ NS, REBICX Y, B-TR AT 7 4 FIC X 2H8IEME & v 5 772 e fiiig
WREEZWI O L, £z, THE T seco A v T 7 4 FOEEEMICO W TORRIX %5
o722, BRFICHONDS seco WA BT 7 4 FOABKERCKE OB~

CEPHIfFE NG,
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Figure 3.1 Analysis of B-carotene oxidation products by KMnOa.
(A) Reverse-phase TLC chromatogram. Lane 1: B-carotene authentic standard. Lane 2: B-carotene
oxidation mixture. The asterisk represents the spot corresponding to Peak 1 in HPLC. (B) Reverse-

phase HPLC chromatogram of B-carotene oxidation products at 450 nm. (C) MS spectrum of Peak 1.
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Table 3.1 NMR spectra of seco-p-apo-8’-carotenal (Peak 1)

Position stc S'H mult. J Hz
1 46.4
2 39.3 ~1.54 m
3 19.2 ~1.49 m
4 44.0 2.40t (7)
5 208.7
6 204.0
7 119.3 6.55 d (15)
8 147.3 7.40 d (15)
9 134.5
10 140.2 6.56 d (11)
11 125.1 6.68 dd (15, 11)
12 137.1 6.53 d (15)
13 137.1
14 132.5 6.37 d (11)
15 130.7 6.77 dd (15, 11)
16 24.5 1.17s
17 24.5 1.17s
18 29.7 2.11s
19 12.9 1.99's
20 12.9 2.01s

' 194.5 9.46 s

9 136.2
10' 149.0 6.94 d (11)
11" 122.2 6.70 dd (15, 11)
12" 145.7 6.75 d (15)
13 136.2
14' 134.5 6.45 d (11)
15' 125.1 6.70 dd (15, 11)
19 9.7 1.91s
20' 12.9 2.02's

m, multiplet; t, triplet; d, doublet; dd, doublet of doublets; s, singlet.
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Figure 3.2 The molecular structure used in this study.

(A) Seco-B-apo-8’-carotenal. (B) f-Carotene. (C) B-Apo-8’-carotenal.
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Figure 3.3 Cell viability of RAW264.7 macrophages treated with seco-f-apo-8'-carotenal.

After treating cells with seco-B-apo-8’-carotenal at each concentration for 24 h, cell viability was
determined by WST-1 assay. Data are mean + SEM (n=3). Bars with different letters are significantly
different (p < 0.05).

Table 3.2 Concentration of inflammatory mediators in the culture media of LPS-activated RAW264.7

macrophages treated with seco-f3-apo-8'-carotenal (Seco).

LPS(-) LPS(+) Seco B-Carotene
NO [uM] N.D.? 6.3+05° 04+02° 1.1+03°%
MCP-1 [ng/mli] 19.6 +0.3° 62.8+2.50° 231+14° 58.7+2.6"

The cells were treated with each carotenoid (4 uM) for 2 h followed by stimulated with LPS (100
ng/mL) in the presence or absence of carotenoids for 24 h. Inflammatory factor secretion in the culture
media was quantified by the Griess method (NO) and commercialized ELISA kits (MCP-1). Data are
presented as mean + SEM (n=3). Different letters indicate significant differences (p < 0.05).
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Figure 3.4 Seco-B-apo-8'-carotenal exerts anti-inflammatory effects on LPS-activated RAW264.7
macrophages.

The cells were treated with each carotenoid (5 uM; IL-6 and //6 mRNA, 2 uM; the others) for 2 h
followed by stimulated with LPS (100 ng/mL). The levels of inflammatory factors in the culture media
(left panels) and mRNA expression (right panels) after LPS stimulation for 24 h and 6 h, respectively.
Data are mean + SEM (n=3). Bars with different letters are significantly different (p < 0.05). Seco,

seco-B-apo-8'-carotenal; BApo8', B-apo-8'-carotenal.
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Figure 3.5 Seco-B-apo-8'-carotenal inhibits the phosphorylation of c-Jun-N-terminal kinase (JNK) and
inhibitor of nuclear factor (NF)-xB (IxB) and the nuclear accumulation of NF-xB p65.

The cells were treated with seco-B-apo-8'-carotenal (4 pM) for 2 h and then stimulated with LPS (100
ng/mL) in the presence or absence of seco-f-apo-8'-carotenal. Phosphorylation (A) and nuclear
accumulation (B) levels of each protein after LPS stimulation for 30 min and 2 h, respectively. Data
are mean + SEM (n=3). Bars with different letters are significantly different (p < 0.05). Seco, seco-f-

apo-8'-carotenal.
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4

TARFFYFVYHERT KA T 7 A4 Vi X 2 RAENHIBEEE & AR {LINTRHIBE D it

TAZFI VTV IIHMESEPHBOE, SEICE I, BRCEEST 2l I T A
FTH2 1, Ll ohn7 /A eRRICHERRY) = VEHEOMAKRIC B-4 4/ vERz2f
LTED, ZND B-AF/ VEED CA@LICH AR = EE, C33)iLice Fa o ki
T2, TAXFH v F vid, WA RPIBENE I 2 < RIS 2 /EH O 2T
HITER. MabRRECCEER e E S ClENZREEZ A L TH 0, e tiEm iz % < o
PFFoHEHI N TS 13119,

—H.TAZZFHVvFVRRTEIaT ) A F(TRTRAZZFFVF 7 4 FTOWTOH
RIER7EL S v, TRZ2FXF Vv FrvkbLze Mk r FREEFMBICES T, 3-
hydroxy-4-oxo-B-ionone 3 & U' 3-hydroxy-4-oxo-B-ionol 23 A X415 10, ik, b hMIIHS
#)FLIC 35> T, apo-zeaxanthinal, apo-luteinal, apo-capsorubinal, apo-canthaxanthinal 7% & D& %
DEHREEZHET2XT IV VTV ATA VY ATV AV EZIFH Y FVHERT Ko
T A FBRMI N8O, £, W Oo2oilliEHIcE W Th, HEROFH VT4
HRT7HRKAvT 74 FOFEEZBO TS M, X 51T, Hayakawa b 3D, ERICH FEET
DIEHEERECTHL2NAF LT A P TA P TRAZXFH VTV LD in vitro FUGEH
I, apo-12’-astaxanthinal < apo-10’-astaxnthinal % R L 7z, 12 T, Etoh » (X, 7 A X ¥
Vv FVvoHBBICXY, MAOHEAAT LT RTAXFY VT /4 FOEREIE
LTWw3, 20X, ¥V 74k TR AvT 7 4 FREEHBeEYHIc)A <
ROLNB L, TAZFY VT Vv OIEMENBHAIGIC KLY TRET A2 X5 v F /4
FORRGICEREIND LR BT AL, TRAXXFF VT v OENHEEEEICT RT

ARFYVF AN ErOTHEET IARENEZ LN,
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e RE T D AEMGAHAR < 1. BERAE L 22 fE#ifid 2> © TNFa, IL-6, MCP-1 7x & @ RAEME
KF 2@ X s & e bic, BB~V v Bk~ m 7 7 — U EREHIRY
DERMEAEEML T3 1, B L Gz, SAEES A b4 v L RaRIENI#E % /i L
TN CORIERIGZMET 2 D, ZHICk b, X574 2 Eiila oM HETRE X .,
FEHAHRRIC 5 2 SIEEHE S 2, BIERAEREICH 2RI T 74 K94 A A4
v OEAFMOGWHEL TH Y. 2D X5 malftRRER 234 v XY VP25 2R L,
BERIFCAXRY v 7oy Fu— AORIEERICKE(EET 22E2 0TS 119, —
7 RABIE N T 22 X5 v F VL, GlEEREE~ v 2 1CB T 2 PIEIEEE O H
UM 2 2 & 10, MR IC B 5 IEMR T O R EIIHIT 2 2 & ORI I T
W3, THIT, TAXFHVF Vid PPARy DIEMALIHEZ A~ L <. 3T3-L1 fBlfiE 0 51t
ZIH 2 120, U b0, R ICBRE S 2 RIS L CT A X F4 v F v 530
HICEIC 2L ZRLTC0d, LBLAERL, TRTAZFHFVF I AP0 nbicnT 5
TERIZBAS 2T\, Z 2T, AR TR T RETAZFH Y F /7 A4 FIc X 2 M A B b
% SN 2 NG OIREEZ 1T 5 720 25 1 8Tl in vitro BBALSIGIC X 2 7 A2 ¥4 v
FYHRT AT A FOFBLFEE LTV, ZNOTHFTRZ2FH v F /7 4 FeHw

VRIEFE Lz~ om 7y =PI T A MGEWER AMGEL 72, S b, v a7y =k

A

RE ARG & o g e X 2 JUMEAEMERIEE 7 v e+ 2 JIHIsh BRI o> W T H RRET L 72,
¥ 72, 52 fHi T, BB & B L 2 RO MIc T2 TR T A XX vF I 4K

DAMHIE 2 WREE L 72,
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FREEFVFVHET RN TT A F OB L R T

ES T Uah:S

411 FURL & FSE

~ 7 AH13K 3T3-L1 JENfIEIE ATCC 22 5. RAW264.7 #fiflilid ECACC 25 AF L7, 7
AR XYV FVIRELT AV LRI X VAL 72 3T3-L1 Mg 2 (L E 2 2 7z oI fil
M L7z, insulin., dexamethasone ¥ X U isobutylmethylxanthine (IBMX)(Z Sigma-Aldrich Japan
L OHEAL 7o Z Dfth DI T RITE F T & [FARED b D % > 72, Apo-15-astaxanthinal £
apo-14’-astaxanthinal &35 X OF apo-12’-astaxanthinal £ B (34 2R S2 LT R S5 -

Pz X0 EETH G 72 (FLEE>99%).

412 TARRFHvF VY OHEL
TAXFHVF v 5mg & CTABO.8Smg % 7 B u )V A 40mL ICHEfREL ., i~ v VIEA
U v LKIEHR(180 mg/ 10 mL ZK) &Mz, FEiRT 3 BFEEIRE L 72 KISk, 7 v vdhn LR

& ) =K 10:5:3, viVWIT TIRAH B Z TV 7 e mdsr AP E) Z B L 72,

413 7su~ 727 4—8XUFNMR

TLC 3 X ' HPLC 1% 3.2, LC-MS % 3.3, NMR (% 3.4 L [FEfEDfiETIT- 72,

4.1.4 HifaksE
RAW264.7 flld D H5#813 3.5 L ABED 5L TIT o 72,
~ v Ak 3T3-L1 IGHAMIAEIX. 37°C. 5% CO» f£7E I T, 10%(v/v) FBS, 100 U/mL ~ =

Y v, 100pg/mL A L7 b A vy EED DMEM IS CHE 1T - 72, 3T3-L1 Mg % #%
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FLCav7rzy Michd ETHEZ1T\(day0). H L > DMEM T2 L T & 51T 48 B
MIREE X 1T > 72(day 0-2), % D&, MULEHEERHL (differentiation mix; 1 uM dexamethasone,

0.5 mM IBMX, 10 pg/mL insulin % &% DMEM)IC A4 L C X &1 48 W[5 E % 1T > 72 (day
2-4), Day 4 IZH T, MRS pg/mL insulin % & ¥ DMEM)ICY] Y 2 T 48 Kifilhs & %
1T > 7=(day 4-6), HEFFGHI~DAZHIL 2 HFIC—[Hl{T o 72 (day 6-8 35 X U day 8-10), Day 10

¥R L 72 3T3-L1 Mg % 8 72 2 EERIcfit L 7=,

4.1.5 3T3-L1#ifE & RAW264.7 Ml D HefdLEs 381 X 2 S8 fiEahd

BER D& B L L2 EIC U T o720 bbb, 414 1R L2 HETHEIE 7 3T3-L1
RERGHRE(day 10)D 12, RAW264.7 AT % #&F#H(1 x 105 cellsymL)L, #7727 / 4 F(DMSO i
EIEVE T & 5 W IZIEFAAE T C 24 IFREIEE 514, Mifls X OR5aR BiG 2 EINL 72, WX &
LC. R UCHIAEEE D 3T3-L1 Mlfigs X O RAW264.7 Mz % z 2 nugishohigE L, Mg
B X URE B2 BINERICHH 2 RA L CHW 72, XWHRIXICIE DMSO % 0.1%I1C7: 5 X 5 1

WL 72,

4.1.6 RAW264.7 #llic th sk 5 -85 Hb(RAW264.7-conditioned media, RAW-CM)IC X % 3T3-L1 fi§
ARG~ D 28 fE A

B W12 FR L L2 HIRIC T T2 72, T7b b, $ERE(S x 104 cells/mL) L 72 RAW264.7
fifd%Z DMEM ICC 48 WFERTEE % 1T o 7212, LPS(100 ngmL)Z &H H 2 W IFIEEH D
DMEM (IC Y L T 12 KRS E % 1T - 720 R\ C, LPS % & £ 72> DMEM IC 2 L T 12 IKf
M B E T - 72, B EEZEINL., 7 4 4 X —2iEMillex-GP 0.22 yum) L TR SN 7z 5
#i% RAW-CM & L. fififf £ T-80°CTRFE L 72, 1. 48 WEMIATHSE I LPS % &1 DMEM
T L 7-MlE D 515 5 172 CM % RAW-CM(+). LPS % & £ 72 \» DMEM T2 L 7= #llfig

255572 CM % RAW-CM(-) & L7z, 4.1.4 IZR L 72 /5ot & & 7= 3T3-L1 fElfHlia
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(day 10)IZ RAW-CM Z il 2 CA v T/ 4 F(DMSO ICAMRFIE T H % WIXIEFAE T T 24 KF
MRS E 21T - - Ml Rk 058 EiE A B L 72, RAW-CM(-) X 12 1% 0.1%12 72 % X 5 DMSO

%?{[%j]n L f:o

4.1.7 HREEEEG SR
RAW264.7 fllfdic 51 2 #MEalbrix. 3.6 LFEEED HETIT- 72,
3T3-L1 Mg B F 2 2B, 4.1.4 1SR L7z ETML & &7 3T3-L1 NEHHiE(day

10)ZH e T 4 FC24 BRIILE L 7-%. 3.6 LA ETTo 72,

4.1.8 RAW264.7 flfaksE i o NO = O HIE
LPS T 24 FFfJLE L 72 RAW264.7 Mg 058 Fih o NO BEIX, 2.5 LRk LT

HIE L 72,

4.1.9 e D RBAEVER T D mRNA FEIREHT

HIRE b D JRE B EE A 1D mRNA FEERNT X, 1.2.5 LEIED HiETITo72, fEH L7277

A<= To@E Y,

Gene Name [Gene Aliases] Gene Symbol Assay ID
Interleukin 6 116 Mm00446190 ml
Interleukin 1 beta 111b MmO00434228 ml
Prostaglandin-endoperoxide synthase 2 [COX2] Ptgs?2 MmO00478374 ml
Nitric oxide synthase 2, inducible [iNOS] Nos2 Mm00440502_ml
Glyceraldehyde-3-phosphate dehydrogenase Gapdh Mm99999915 gl
Actin, beta Actb Mm00607939 sl

4.1.10 K5 LiEH o 1IL-6, IL-1p. MCP-1 IR OHIE

LPS T 24 RFHALIE L 72 RAW264.7 fllfd D158 ik o 1L-6. IL-1p 35 X Y MCP-1 2%,
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RAW264.7 i & 3T3-L1 fEAfHAE % 24 RefEj L8588 L 7240 EiGHh o 1L-6 IR, RAW-CM
ICC 3T3-L1 MifE % 24 FFfEEEE L 72120 Bl o 1IL-6 X, 3.10 & [FEkD /i THlE L

770

4.1.11 #eEt

7 — Z I PELSEM TR L 72, #ERIRHRIE—TCRCE D BT 21T 2 72D B | Tukey-Kramer

DL EBEE M7, BREKHEIL %L L,
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(GE PRGOS

Invitro LT X 2 7 2 &2 9 v F v EAZW) o 5L

TARXRFY v F %k KMnO, 1T 3 KOG X & 724 % TLC aricfiL 7z & C
A, RICHIVIECTH BT AZFIHVF VILMACEHEBDOH 2 ARy P B3EEINE
(Figure 4.1.1 (A))o RIC, 2 DT AR ¥ % v F VUL % . C30 /1 7 2% i\ 72340 HPLC
KLz A, TREAFH Vv FVvEED 7T 20— 2 %508Ed 5 2 & AT % /2 (Figure
4.1.1(B)), Peak 1-6 2SR TR R (X, WTFNICOWTH T RAEZFHF v Frozh bl
~CHEBERMENCAE LT 72 (Figure 4.1.1 (B)), Mz T, 7TAZ x93 v F vBLERY D LC-
MS SHTDFER D S| Peak 1-6 I T AZ FH v F v (418 596.8) L0 bIEHTERTHS T
L 5K & L7 (Figure 4.1.1 (C)), ML EofEHE L, HEIMELIC X 27 22 X9 v F V(LA
YIcBE9 % Etoh b DR OME & B L 72 & T A, Peak 1-6 137 2 X x4 v F v DFZY)
ThHdHIeRTHRINE, 2T, AHEER%EZ AT HPLC fREFREHE & TUA <=2 + v o
Lg% 17 o 724558, Peak 2. 3. 4 (I Z % 2L apo-15-. apo-14’-, apo-12’-astaxanthinal & [F]%E
INsz, —TJi. Peak 1, 5, 6 Z[AET 5720, 7 AXF 4% v F v O L ¥iH HPLC I
KoM H AR VIRL, %41 mg % 'H-NMR 7p#ricfit L 72, Z DfER, Peak 1. 5. 6 13Z 1
Z ¥ apo-11-, apo-10°, apo-8’-astaxanthinal & [ & 17z (Table 4.1.1, Supplementary Figure
4.1.1-9), A EX D, KMnOsIC X 2T A X F 4 v F volg{bic X - T, apo-11-, apo-15-, apo-
14’-, apo-12°-, apo-10’-, apo-8’-astaxanthinal % FH#l 3 % Z & 53C & 7 (Figure 4.1.2), —77.
ERNT 22 X9 v F vRZEYNCBE T 2 2 v E ToOE L 3-hydroxy-4-oxo-B-ionone F X Y
3-hydroxy-4-oxo-B-ionol 2XH I NTWEDATH 2 19, LL7adb, il M5
G F b7 A VHRT R AT VA FBREINTEY, TRTAZXIFYF VT /A4
FIZoWnT b SHmEWIERIC X VMG 2 0821 H 5, SHEFLNLELOHEDOT KT

ARXHVF A FERERE LT 2T, TRAZIFYHVF VvAEKRARBHICOWT
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Hr W HIFFCE 5,

RAW264.7 #iffid~d LPS FIBUC X Y FHE X 5 RIEVER FO@BFRIICN T2 T RT A X

YT/ A4 FOWHIER

TAX XY v F VA OPRIEFRICBET 2 MRS R, — /. TAZFF v F v
IX RAW264.7 Mg % LPS FIEI L 72BRIC /3 415 NO iICxt LT 5 uM LA Lo e ERE
ERTIEBMEINTNE D), 22T, FTARMMCREBIECNT 2T RKTAZFH v F
J A Fic X 2 IiEY: % Ui L 72 RAW264.7 D AEFFICE 2 2 T KT A X X% v F
J A VOE RS-0, WST-13EIC X 2 MifdEfFELZEBLZL A, SuM DIRET
X EEIRER D & 2> o 72 (Figure 4.1.3 (A) 729, 5 uM DEE CHEREEZ (T - 72,
RAW264.7 fifd% 7 RT7 A X ¥4 F 7 4 FCTdb 2 apo-12’-astaxanthinal H % W IFTEHE
DT AR FH v F VT2 KEHHINLE L T LPS T 24 BERIHIM 2 1T - 72 %%, 558 L iE T o KIE
PERFDREAME L 72, Z DFEHE, apo-12’-astaxanthinal L& I X 0 . W o RAEVER T
2D b R EE AR 2358  PHE & L7z (Figure 4.1.4), — 77, TAZ FH v F VI IL-6 BL W
NO OEFFEAZHEL 2, LA LA 5H, 5 uM TIXIL-1p B X O MCP-1 2 DK T 1352
¥ 72 2> - 7z (Figure 4.1.4), £ 72, IL-6 X U NO FEE~DOHEEMICEH W T, apo-12°-
astaxanthinal |, 7 A X ¥ v F v L D iEWIEMEZ IR L 72 (Figure 4.1.4), T D D F 1%,
TAZFY v TV OBCFRKICIC XY FIRIEEMESHE I N2 WREEZ R L Tw 3,

TRTAZXZFYVF ) A PICXBPIRIEFHPR I NIT2DT, fitlTHL DHEZH S
2T RTAZFHvF /7 4 FEIT, RAW264.7 MifEIC 31T 5 SAEMRF D mRNA FEHL I
T 2 MIEE % [L#K L 72, Figure 4.1.5 ICRE N2 X 5 1c, FHBRICHLZETOTRT AL F
FvF A FT, RIEWRTCTH 3 116, 111b, Ptgs2 mRNA FI_EF %2 MH L 7z, —77. Nos2
mRNA L ~)LIZ2 Wi apo-10’-astaxanthinal AAND T RT A% ¥4 v F /) 4 FCHERK

TARE 572 (Figure 4.1.5), 7HRT7 A X X% v F /7 4 FETIE, apo-11-. apo-10’-, apo-8’-
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astaxanthinal Tl R OIHEEAZD b s —J7, apo-12°-3 X U apo-14’-astaxanthinal T (%
X0 BROHERME 2R Lz, £720 b mRNA FIHLL ~ LI 5T, apo-12’-astaxanthinal /L
i& Tl apo-14’-astaxanthinal L& DA X 0 b HEIKfE %R L 72 (Figure 4.1.5), LA X V.

LPS IC X Y RAEHE X 7z RAW264.7 MliEIC VT, A DHEDOT KT A2 FH v 5/
A P RIETERF D mRNA FHZHI#H+2 2 &, % L% oFEEEDRE I X8R A6

Y 5 ATREMEDSRIR & A7z,

~7u 77— L EMREOMEERICHST 2 TR TAZ X9 v F 7 4 F olfilfliE

2 4 v 2V VRBUMEE, BB Ic BT =207 7 — 2 L BIHIE O M EER I
Ko THL 2 RIE L BE T 5, NENHIIED o M T 5 IL-6 (ZIMHICEH 1T 2 Z 1D 30%U
Lo 205, EHEJREE T Tl oI Z OIREAIEINS % 129, IL-6 13T E iAo 4
VAY VIRYI AR ER T 2 19, LDFERTIE, TRTRAZXXH v F /A Fd~vruryr—
PACKE Ul 7 S 2 I3 2 WREMEAYR Sz, 2 & CAREBRTIE. in viro LAY
WRIEETNMICHT BT RT A2 ¥ v F ) 4 FORIHEREZBEEL 7z, £, 5uM TO
THRTAZX XY F 7 4 FALETIE 3T3-L1 BRI I 3 2 flfamtE s Ao nmnw s b %
#Z8 L 7= (Figure 4.1.3 (B)), R\»T, =71 77— LRIHMIIE & o BEdhs#ic X 3 KIE
FHEAAT o 720 MIARKGELREEX) L I L < HEBIC X0 IL-6 BB X Vv /BB XU
mRNA FEH L ~ )L TEHE L 72 (Figure 4.1.6 (A))e L2 L7 6, THRTAZXFH v F 7 4 F
WL I X Y (TL-6 OEFPE R 238 B IS & U7z (Figure 4.1.6 (A)). 7 1 | apo-14°-astaxanthinal
TZ DIEEMEETH Y, mRNA FHL ~ic BT AR % 7R L 72 (Figure 4.1.6
A)o UUEX Y, THRT R FH v F 7 4 FIZIEEEICX 5 RAW264.7 s X OF 3T3-L1
M2 5 D IL-6 WFFEA %, mRNA FEHHIE Z > L THIFI 2 2 L AR I sz, Ric, %
JEFE L7z~ m 77—V ORI NS IRIER T2 3T3-LIAIIIC G 2 2568 L 7T RT R

ZxHvF 7 A FIC X IR Z Gl L 72 RAW-CM(-) & IS L €, RAW-CM(+) Tl 3T3-
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L1 JEWGHIAE 2> & D IL-6 D X v o8 7 EFEAR ZEHET 2 & & HIC [I6 mRNA FHL O LA 2D
5 72 (Figure 4.1.6 (B)), —J7. apo-1l-astaxanthinal Z[R 7R T AZ ¥+ v F /4 FELV
TARFYVF VHUEIC L D, RAW-CM(+) & LB L THEE BiEH IL-6 L L 238F B Il
R LTz BRI 2 2T, Bt iE R O #5R & [T, apo-14°-astaxanthinal L& L 7=
HEIC 35 T D $1Hil] X 41T V> 72 (Figure 4.1.6 (B)), ¥ 7z, apo-14’-astaxanthinal (% & Tl 72 \»
23, apo-10’-astaxanthinal IZ b 5EWIIHIEED D biiz, TN O DFERIZ, THRT XX FH v
77 A Ve ~ 2 a7 7 — Y oMEMFERIC X 3 KAERIGICN L CHlEEREL 6 3
% Z & FFIT apo-14’-astaxanthinal @ 3T3-L1 MAEIC 35 1F 2 SERETE KT 0 FEBLNHI/EFH 2358 >

ZEERLTWES,

PEXY, TR7ZAZFHVF /4 Nid=2ru 77— 000 RIEMKNT DFEA % 1]
TE20HR%BLT. /077 —Vh bW B RERTIC X 2 IEIHHIRE D AE b JIH 3
el s, HEMHEFERICX 2 ZEFLIH L CHHET L BHO 2L RoTz, &
{ifE Nishida & 2903, 7 A X ¥4 v F v RAEFEFEWEF T 7L~ v 2D aHfHKIC
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o7y — L R oM EER T LT, apo-14’-astaxanthinal (/1 2 T, apo-10’-
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Figure 4.1.1 Analysis of astaxanthin oxidation products by KMnOa.

(A) Reverse-phase TLC analysis. Lane I, astaxanthin standard. Lane II, astaxanthin oxidation mixture.
(B) HPLC analysis using C30 column. Photodiode array (PDA) detector read the wavelength among
200 nm and 700 nm. Absorption spectra of each peak were showed in right 6 panels. Dotted lines were
drawn at 400 nm in each panel. (C) LC-MS analysis using ODS column. Peak number on HPLC
chromatogram (B, left upper panel) corresponds to those on PDA contour map (B, left lower panel),

on absorption spectra (B, right 6 panels), and on mass chromatogram (C).
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Table 4.1.1 'H-NMR spectrum of Peak 1, 5, and 6 in astaxanthin oxidation products

Peak 1 Peak 5 Peak 6
Position 8 (ppm) mult. J (Hz) 8 (ppm) mult. J (Hz) 8 (ppm) mult. J (Hz)
H-2a 2.2dd (13, 5) 2.18dd (13, 5) 2.16 dd (13.5, 6)
H-28 1.88 dd (13, 13) 1.84 dd (13, 13) 1.82 dd (13.5, 13.5)
H-3 4.35ddd (13, 5, 2) 4.35ddd (13,5, 2) 4.33 ddd (13.5, 6, 2)
H-7 6.7d (17) 6.27 d (17) 6.23d (15.5)
H-8 6.36 d (17) 6.45d (17) 6.43d (15.5)
H-10 6.03d (7) 6.32d (11) 6.3d(11)
H-11 10.18 d (7) 6.76 dd (15, 11) 6.68 dd (15, 11)
H-12 6.49 d (15) 6.45 d (15)
H-14 6.36 d (11) 6.33d (11)
H-15 6.88 dd (15, 11) 6.77 dd (15, 11)
Hs-16 1.34s 1.35s 1.33s
Hs-17 1.19s 1.23s 121s
Hs-18 1.89s 1.96s 1.95s
Hs-19 2.35s 2.04s 2.02s
Hs-20 2.05s 2.02s
H-8' 9.46 s
H-10' 9.62d (9) 6.94d (11)
H-11' 6.23 dd (15, 9) 6.69 dd (15, 11)
H-12' 7.18d (15) 6.75 d (15)
H-14' 6.64 d (11) 6.45d (11)
H-15' 6.68 dd (15, 11) 6.7 dd (15, 11)
H,-19' 1.91s
Hs-20' 1.94s 2.02s
OH 3.68d (2) 34d(2) 3.68d (2)
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Astaxanthin

l Oxidation by KMnO, (AX)
11 )
R0 Apo-11-astaxanthinal [1]
o (Apoll)
(o]
15
XA Apo-15-astaxanthinal [2]
HO
O
14’
R Apo-14°-astaxanthinal [3]
o (Apol4’)
O
12°
NN Apo-12’-astaxanthinal [4]
o (Apol2’)
O
10°
NIRRT Apo-10°-astaxanthinal [5]
o (Apol0’)
O
8’
NIRRT "X Apo-8’-astaxanthinal [6]
HO (Apo8’)

Figure 4.1.2 Identified apoastaxanthinoids in this study.
KMnO4 oxidation cleaved at the double bonds of the polyene backbone in astaxanthin (red dotted line)
and generated each apoastaxanthinoid with various chain-length. The numbers between brackets after

each compound name corresponds to the peaks described in Figure 4.1.1.
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Figure 4.1.3 Cell viability of RAW264.7 (A) and differentiated 3T3-L1 (B) cells treated with
apoastaxanthinoids and astaxanthin.

After treating cells with each carotenoid at 5 uM for 24 h, cell viability was determined by WST-1
assay. Data are mean +£ SEM (n=5 (A) or n=3 (B)). Bars with different letters are significantly different
(» <0.05).
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Figure 4.1.4 Apo-12'-astaxanthinal more potently inhibits the production of anti-inflammatory factors
than parental astaxanthin in LPS-stimulated RAW264.7 macrophages.

The cells were pretreated with each carotenoid at 5 uM for 2 h and then stimulated with LPS (100
ng/mL) in the presence or absence of carotenoids. Inflammatory factor concentrations in the culture
media after LPS stimulation for 24 h were quantified by Griess method (NO) and commercialized

ELISA kits (IL-6, IL-1B, and MCP-1). Data are mean + SEM (n=3). Bars with different letters are
significantly different (p < 0.05).
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Figure 4.1.5 Apoastaxanthinoids downregulate the mRNA expression of inflammatory factors in LPS-
stimulated RAW264.7 macrophages.

The cells were pretreated with each carotenoid at 5 uM for 2 h followed by stimulated with LPS (100
ng/mL) in the presence or absence of carotenoids. The relative mRNA expression of inflammatory
factors after LPS stimulation for 6 h was quantified by RT-qPCR analysis. Gapdh was used as the
endogenous control. Data are mean = SEM (n=3). Bars with different letters are significantly different

(p < 0.05).
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Figure 4.1.6 Apoastaxanthinoids and astaxanthin suppress the IL-6 production and mRNA expression

induced by the interaction between RAW264.7 macrophages and 3T3-L1 adipocytes.

(A) Contact coculture system. (B) Incubation of 3T3-L1 cells in RAW264.7-derived conditioned
media (RAW-CM). IL-6 level in the culture media was determined by commercialized ELISA kits and
116 mRNA was quantified by RT-qPCR analysis. Actb was used as the endogenous control. Data are

mean + SEM (n=3). Bars with different letters are significantly different (p < 0.05).
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Day 10 ¥ T3 L 72901t 3T3-L1 lgiifiid o F U 7Y 2 5 4 FREOHIE I 1.2.7 & Ak

DIETIT o 72,

4.2.5 Glycerol-3-phosphate dehydrogenase (GPDH)i 14 0 Hll &

3T3-L1 HEWG#HAEH © GPDH 1% 1% GPDH WEMEHEIE * v P (a2 A€ - A Fkath)z H
WTC, EHFHEICEVIT o7z, Thb b, Day 10 T T L 72431t 3T3-L1 fENMil 0 5%
# FiE % FRZ LT PBS300 uL T 2 [HI3EH %2 1T - 722, 600 uL @ PBS THlfid % &E L = v ~<
VI 2= L, EOSEE3,000 pm, 15 47,4°C) L. EiEEREE. Mgy v b icE
FHMH A % 100 uL 02 C A8 3 CHllAE 2 i U 72 28 S i 2 4T o 720 3580073 i (12,800% g,
547,4°C)f%. EiE40uL %, T 80 uL O RIGHE AR % A7z UV @il 96-well ~ A4 7 1
FL—hrBLT, ~4 2787 L=} =& =TT 340 nm IZB 1 3B % 30 F4 il
EF 5T LT, BEHTH S NADH DA ZBIF L 72, 1 57[IC 1 umol D NADH ZHE 3 %
WEHEEZ U L L, B ImL 729 © GPDH iEMEZ U ToRIc TR L 72, M. KSR
vz AEMHEE R L, KICHKE0.12mL % 96 7 = V7' L — } DK 0.32 cm? T3 5
itk ko,

40.D. 0.12 (mL KJGHE)
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A0D. 1 153572 b @ 340 nm 1T BT 2EE L E
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Gene Name [Gene Aliases] Gene Symbol Assay ID

Fatty acid binding protein 4, adipocyte [aP2] Fabp4 MmO00445878 ml
Peroxisome proliferator activated receptor gamma Pparg MmO01184322 ml
CCAAT/enhancer binding protein (C/EBP), alpha Cebpa MmO00514283 sl
Actin, beta Actb Mm00607939 sl

427 WREF

7 — Z T TIILSEM TR L 7z, #ialaHE I —TThCE D BT 21T o 72D B | Tukey-Kramer

DL EIIE RV, BEKELS%E LTz,
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(GE PRGOS

3T3-L1 HifSKAEHG AT O BRI HAE~ D 73K IS X 3 % apo-15-astaxanthinal @ #11iil{FH

TR o LR Ics T, DLFEMBERICY A X —EERFTH 5
CCAAT/enhancer binding protein (C/EBP)B 3 X U8 C/EBPS ORI LA K Z V., 2 d
230 V(LR AL CiEM L3 % 2 & T PPARy % C/EBPa FIAFHE & 15 (5 {LEHA 24-48
IRft]) 128, PPARy %° C/EBPo I3 A ICHRE K1 & L T C 2 D FEBL &2 #EFRF L 72 235 . PPARy
FIENHIREE OBIE TR 2 FET 5 L &b CIEMEMEL ER I3 19, —7,
C/EBPa 134 v v 2 U vEZ 2R <2 5 139, 3T3-L1 RiKASHMIIG 2 sl i e ~ 5y
L& 2, MLFEW(day 2)0 b4 DT RT 2R X X9 v F 7 4 F &I L 7= (Figure
4.2.1 (A)), EERICAA VL Y F O Rtaz{To72& T 5, FFIT apo-15-astaxanhtinal ALi&E L
Hifgic B nT, BOEEASWIMET L 72 (Figure 4.2.1 (B)), + 4 L v F O IZflifgN o ¢
REE 5 (IR A ISR AR R E 24 5 Z & 5 6. apo-15-astaxanthinal AL I X 0 BEAE
il DR < & 2 IR O RO 2 B L CH v . IBIMIE~ 0 s b2 ] & 27z
TR I Nz, 2 2T, IBilEMb~ —H —E (5T D mRNA ¥ ZE & PCR IC X Y
HIE L7zs % DS, PPARy I X U C/EBPo iBInT-(Pparg 3 £ U Cebpa)® mRNA FEHI L~
NV 23, apo-15-astaxanthinal ZLE AL IC 35\ TEEZFF I T L 72 (Figure 4.2.1 (C)), X 5 IZ, PPARy
BENRFO—2TH Y, /Mft~v—A—& L THHI N2 aP2 &L T (Fabp4)D mRNA FH b
¥ 7= apo-15-astaxanthinal ZLi& IC X Y HEICKT L 72 (Figure 4.2.1 (C)), — /7. ftho 7 KT &
ZxFvF 7 4 Fic X 2 EHERBRNGIC Mt~ —h — o FBEIENL % D ORE DT D 2
H DD, apo-15-astaxanthinal & FLiE L T W O TH - 72 (Figure 4.2.1 (B,C)), * 7z, apo-15-
astaxanthinal |JULEREKIFIIC, b~ — 7 — D mRNA FI % {IH] 9 2 (Figure 4.2.2 (A))
cldhic, AN Y 7Y kT4 FEDOERED W L 72 (Figure 4.2.2 (B)), Z1LH DfEHR L

—H T2 L1, BIGKOEEERD—>TH 5 GPDH iEMED apo-15-astaxanthinal L&
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PRI & 4172 (Figure 4.2.2 (C)), DAL X V| apo-15-astxanthinal |38 =R B I HE
Pt st % 58 M3 2 2 L BSHS 2 & 72 o T2,

KT, SHEHERIGEEERR 48 i) DN ICN 3 2 B 2~ 5 720, day 4
CTHEFFREHIC RS 2 % 4 1 v 77T apo-15-astaxanthinal % 5/l L 7z (Figure 4.2.3 (A)), % D
fili . apo-15-astaxanthinal 2LiE IC X - T, S (LEHERE & U L T Pparg 3 & OF Fabp4 mRNA
FIL UMK L 72 (Figure 4.2.3 (B)), & 5, MEAN MY 7V 74 FRICBEL T, &
CFEINRIN L 2 5A413 EClrR b 0D, % 0ER % HET 5 (Figure 4.2.3 (C) & &
$ 1T, GPDH & b {6 % /R L 7z (Figure 4.2.3 (D)), 15 DFER X V| apo-15-astaxanthinal
IZBEIC PPARy 2SR L TV 3 FEHMICEWTH, ZORBPL AL EZE TS5 LT

&R %2 I3 5 Rt s HEHl 2 L %

TV F 7N — 7 oG5 LIIHIRE IC 5 2 5 5% —retinal & apo-15-astaxanthinal D FEEX

Ziouzenkova & BOiE, < v ZAEHAIHAET I all-trans-retinal % B3 & & BT, invivo T
Wi A v A Y VPRI L CISIER 2R3 2 L 2L I L, X HiC, 3T3-L1 g
DAHEICXT L T all-trans-retinal 23HEME% 7R3 2 & D35 L 7z, Figure 4.2.4 (A)ICR T X
51T, retinal (¥ B-carotene D FRRFR(C-15,15°M0) CUIMTE /=TT FTH Y. apo-15-
astaxanthinal & [F U$HEZ2H$ 5, £ 2T, v F 27— 72RIHIIE LG c 5 2 5
B O TGN % 729, all-frans-retinal & apo-15-astaxanthinal (all-trans B D HiK % 17 -
7z (Figure 4.2.4 (B)), Pparg 3 X U8 Fabp4 mRNA FEH % G~ 7- & Z A apo-15-astaxanthinal,
all-frans-retinal & b 1T 245 mRNA FEBL L7 21 L 7223, all-trans-retinal iC 3T X Y 8
WHNHITEYEDS AL & 717 (Figure 4.2.4 (C)). % 7-. Ziouzenkova & 1393 retinal & $5RA3F 7%
% B-apo-8’-carotenal T 3T3-L1 M icxf 3~ 2 s bilflgER Ao s v LTw b, AEER
Lo NAMROIE 22 &, RIS LR CIZ Yy F o —TD -4 47 VER

LI ET 2 BREEDO AL DT, C-1515(1(F U = v #Hh i) cORIZME, 3 745b b
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ROHEETH RN Z LT 5,

PPARy 7 == X i X 2 IEHi#iNE D LR AEE IS X~ % apo-15-astaxanthinal O J55{F

PPARy 7 T =X b O —FETH 51 2 ) X/ | PPARy/retinoid X receptor (RXR) o # A
RoEHAL Z A L <. 3T3-L1 el o st 2 (€3 %, —J7. all-trans-retinal 2% PPARy 7
I =R MIC X % PPARY/RXRa EHAKRDEMALIHE %/ L < 3T3-L1 Mildo o bz 03 2
T EARE NS B, Z T T, apo-15-astaxanthinal 230 > 7Y % vic X 2 U & [HE
T 500 & D b &7z (Figure 4.2.5 (A)). Pparg 3 X Uf Fabp4 mRNA ¥ & if~7-2 & 2 5.
apo-15’-astaxanthinal (IP ¥ 7' ) XV VIiC X 5 24 mRNA ORI EFRZHEICHH L 72
(Figure 4.2.5(B)). [AIEIC, GPDH iEMEIC D W Th v s 7 ) &2 VIINC X 28128 apo-15-
astaxanthinal L& IC X - THNHI & 2172 (Figure 4.2.5 (C)). LA E X V. apo-15-astaxanthinal 1%
PPARy 7 X =R M X 2 UIREEFAZHE S 2 2 &3 d Tz, Z OfEAEF & L T,
retinal & [FAIERDFHIE % H 3 % apo-15-astaxanthinal  F 7z PPARy/RXRa &AL % EH:91C FH

FHL AR TFEIN G,

Db, 207 R T AZ2XHvF /7 4 Fefoziadbfio o, apo-15-astaxanthinal 238
RRFEMIC 3T3-L1 JERGAE o b icxd L Cifliic@i< C R &z, $72. Z otk
IFHEERINICLE L Cd A oh, FHREA2H T 5 all-trans-retinal I KX 720> d O D58 P
%R L7z, All-trans-retinal 13 PPARy 7 v X = Z MEHA/RE N TV 357280, apo-15-
astaxanthinal ICHE VT RRPAy 7T =R b THZu v 7Y 2V VvHEET Tl 2fTo7z e &

A, KALEWZe > 7)) & X B LIREER 2 1M 32 2 & 230 o 7=,
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Figure 4.2.1 Apo-15-astaxanthinal inhibits the differentiation of 3T3-L1 adipocytes.
(A) Differentiation scheme. (B) Intracellular lipid droplet was visualized by Oil red O staining. (C)
Relative mRNA expression of each differentiation marker. Actbh was used as endogenous control. Data

are mean + SEM (n=3). Bars with different letters are significantly different (p < 0.05).
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Figure 4.2.2 Apo-15-astaxanthinal dose-dependently inhibits the differentiation of 3T3-L1 adipocytes.

(A) Relative mRNA expression of each differentiation marker. Actb was used as endogenous control.

(B) Intracellular triglyceride was quantified by commercialized kit. (C) Rate-limiting enzyme for

adipogenesis glycerol-3-phosphate dehydrogenase (GPDH) activity was evaluated by commercialized

kit. Data are mean = SEM (n=3). Bars with different letters are significantly different (p < 0.05).
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Figure 4.2.3 Apo-15-astaxanthinal suppresses the differentiation of 3T3-L1 adipocytes by addition in
late stage.

(A) Differentiation schemes. Addition since early stage; apo-15-astaxanthinal was added in both
differentiation and maintenance media (upper). Addition in late stage; apo-15-astaxanthinal was added
only in maintenance media (lower). (B) Relative mRNA expression of each differentiation marker.
Actb was used as endogenous control. Intracellular triglyceride (C) and GPDH activity (D) was
evaluated by commercialized kit. Data are mean + SEM (n=3). Bars with different letters are

significantly different (p < 0.05).
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Figure 4.2.4 Comparison of suppressive activity against 3T3-L1 adipocyte differentiation between

apo-15-astaxanthinal and all-trans-retinal.

(A) Molecular structure of all-trans-retinal and apo-15-astaxanthinal. Both have the same chain-length
(cleaved at C-15,15). Apo-15-astaxanthinal has C-3 hydroxyl and C-4 carbonyl groups, although all-
trans-retinal does not. (B) Differentiation schemes. Both were added at 10 uM concentration. (C)

Relative mRNA expression of each differentiation marker. Actbh was used as endogenous control. Data

are mean £ SEM (n=3). Bars with different letters are significantly different (p < 0.05).
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Figure 4.2.5 Apo-15-astaxanthinal attenuates the promotion of 3T3-L1 adipocyte differentiation by
potent PPARY agonist rosiglitazone.

(A) Differentiation scheme. Differentiation and maintenance with or without rosiglitazone is
represented as Rosi+ or Rosi-, respectively. (B) Relative mRNA expression of each differentiation
marker. Actb was used as endogenous control. (C) GPDH activity was evaluated by commercialized

kit. Data are mean = SEM (n=3). Bars with different letters are significantly different (p < 0.05).
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N 2R D 272 O FAY L EGHICIAHIC M T 2 2 L B33 o TE TS T T,
Z DOEMPIEENCOWTOMEIFIZEA RN R, LrLAarb, ArnT /4 Fick?
AIERA A= X LR EFET 5720103, TRABT /A F2EUDE LYo
25 DWIED BETH B L H 2 5, AifFFE T, BHRIERBICNT 20T ) 4 FORE
HEEEE TR L L b, THRIOT /4 FIC X 2 RIEHIHBEREZ 2 Lo & L 2 EWibtE
IZDOWTHIE 21T 2 72,

%1 wETIE, BEEE TS 2IET v a — A MIENIFEENAFLD)ICE H L 72, NAFLD
(X AR IAF(NAFL) & IE 7 v 2 — APERENIF R (NASH)D 2 D DEEBERIC T b 5,
NASH (3#RHEL & FE O ITFEZE P F 23 A~ & AR ICERE T 5 2 L 25, NASH ZiHls
52 EHERRIICER b, L2 LML, Z DIRKEEMETH 5 720 ICEYFE R
7 X nConuhv, 7ax4vF iz cliiie T vicks T 38006 QmEdk
W5 € 70 BT 2 58 T OB R SAEZMIHI S5 2 L AIRE S LTz, NASH I
W BEHIEM S 2 Tld o7z, 22T, BFEFENE NASH €7 =y 22 wT7 2
¥ v F v OMFINR 2 L 72 50, ZOFR, 72 ¥ F v F VEIEICE T, NASH &
IC X o THBE & 12 AFBRIEE (Table 1.1.2)% 13 U o, AFiKIC 51 2 f5E & (Figure 1.1.1)%°
&t 2 b L Z(Figure 1.1.2)23K & {AKJR L 72, X 51T, NASH OFHECH 2 iFRIC BT 5 &
iE S S I DRI TTEE L. 7 2 F 9 v F VS X Y ] & 7z (Figure 1.1.3), —77. #H
Y €7V v ZIcEE RGN ICO VT, NASH 81T X o TR+ o Sk B E K 7
DFBERMP A EMEOEH LR D b8, 7axF v F VEREFCERE SR L
7z(Figure 1.1.4), L LD X 512, 7a x4 v F VI BEHFEE NASH €7 v~ v ZCxf LT
SROCHIHER 2R 2 e B30 hofed, SOEMA =X LZHoHIcT 5ITid, 7axy
vF v OERNRED EET 2 0EN D B, 2 2T ERARTAIr T A FERFRZEC
H.BERD@EY 72Xy v F )N TR YT I VT VA ZLTCTRART AN

TH2H87k v b vavOEREPRD LI (Figure 1.2.1, Table 1.2.1), X & ic, HEEMIZ%
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e 7-ato iR, ch s REIEIEfEC~ 27 07 7 =2 Ic BT 2 [FEERE P RIEIC
NUCHEERZ R T Z & 235020 5 72(Figure 1.2.2-3), LA L XY, BOBREI A7 2 x4
vFVIC kB NASH IHWER A A =X ap—o b LT, LN CcHE 7axH v+
=, TeRUuLTEF VTV ABIEANT ey P u vz, AR o PR
HAE-L i Ic o L RN R 2R C L R I B, — . idnbbrenite s & 7= ¢
MY =7 ) v ZIcEERRHHLIC L Th ., BRRTTH 2 7 a x4 v F v HHIRNER
R L7z RS IR O, BOlt, 7 a3 ¥ 9 v F v ASFRMIRICON U CERA IS AL 2 0]
T LmEI N O, MM LIER 2R o BT OWEIE S K R, SR 7Y
v F BT X 2 RIS CIIRIER S 2 0001 X h = X LA -5, 72
FH VT VIiE NASH ZZ L0 & F 2B MERIERED TR - Mo 5 e &3 FUlHE(LIER
ZNTH G EMRAT & LCHIfF I NG,

F2ETE, 7axY v FvERT R0 T )4 FICX B EYEEE LT, hiigfl
BRI & Z ORI F Nef2 DIEHELIC G 2 2 FBIC OV CTI~ 7z, T, Nrf2 O3 AL
DMBVERFEE B OB FIIICED 2 AHEMEAH L 2 iC 7 % & & b I, N2 i b % 5
TERMATOERDERICITORT WS, 7axH v F VEIL 72~ 7 2 AR I,
TLYFEAGHz Yy FOA =T 2oy o vigia<, =RKFLFlzy F 77—
7" % F§D apo-10’-fucoxanthinal D FETED R X LT 5 (Figure 2.1) 0720, T b7 KA R
7/ A PIC X 2 VIBUIER O RBIZ I~ T-, ZORE, vV A~ 278w 7 7 — Uk RAW264.7
HIRZIC B VT, apo-12°-F X U apo-10’-fucoxanthinal (T3> HO-1 FILFERED D & L7z
(Figure2.3), X HIC, BRZ2 TV L =T % o7 R Av 7/ 4 FEokKICX>T, b
D TRF Y FBVIELEERRFERICEEL 5 2 5 JREME 23 /R % X 1172 (Figure
2.4), KT, apo-fucoxanthinal IC X % Nrf2 FIH~DHE L F~7- & T 5. apo-fucoxanthinal
I Nrf2 ZLH 5 O mRNA FHICITHEL 5 2 37, 2 OMlNEE) 2 §l#H$ 2 2 & 2380 5 5

E7olz, 37ab b, apo-fucoxanthinal 23 Nrf2 #If|[KFCTH % Keapl O fE%EiE3 5 C
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LICX Y NR ZEE D 2L T L L biT, Nif2 OBNBATMER, TR LIS O % (¢
T 2T 25 HESE X L7z (Figure 2.5,6). Keapl (3 Nrf2 & AR EIEK L % oM L
T3 23, Keapl 3 FHT AT A v DF A —nEH Nef2 W& 522 T L B3AIb N
% 8, JeofEE A 6 | apo-fucoxanthinal I X % PIEL R ARIFEICII TR+ v FoE5H
R I N2, TOTRF Y N2 Keapl EMHAEAT 2 AlREMEAFHEND, F4—
NIEEFFD NAC HFEF T, ThbbFA— A28 DZ&MH T T apo-fucoxanthinal I X %
Nrf2 (G L PR BRI TFE 2T L 72 & & 13, & O A[REME 2 /R B 9 2 (Figure 2.7).
—Ti. T HNOEET AEICTRF Y Ve ap-h AV R=LIiE%H T %5 EKODE IX, ARE L
R— X —iEECHB LR 2 ECFEET 228, Eb o HOADEEETIEZDH
HIEHESRRE KT F 2 9, L7225 T, apo-fucoxanthinal D¥&d £72, THRF L FE X
NS 5 C-8 (2D o, B-AFAFI A VR =V FeD Keapl FA4 — I O AMERICEE» D
LN, TNEEI® L7201, C-8 AR AVEER-F, €56 =RFL FEFFD
apo-12’-carotenoids C& % apo-12’-violaxanthinal DOFIEE(LEERFIFEREZ T2 < &
X 21EMS FREEDFEE L, Keapl 74 — 3 & apo-fucoxanthinal O SIS D fighT % 11
I WENRD B, F 7z, apo-fucoxanthinal (I~ 7 17 7 7 —ITxf L CTHRAEWNHIEE Z 7~ L (Figure
2.8). I e d Nef2 WEMEL2BE 59 %5 2 & % B L 72 (Figure 2.9), Nrf2 [3§1HE
{LEEE S % A L 72 RAEIIHI D A 72 & NF-«B p65 DIEGIEM#HET 2SS N 2
B, St 77 LD NF-«B p65 ilfiRCHNICHE AT 2 Nrf2 O 2175 C L a L xd
LCZDIEHA N =X LD 5, UE, 2 RF L FPBXUC8 AR = Vi 2l
HHETAEX7 aXy v F v IckaolEThd b A TR S 7z Nef2 i % 1
O RAEMHRED L7 a3y v F v IRBYIEHIC T FA v 7 7 4 P IR %= Vs ©
HrLEZLND, COFMEWLIICT LT, 7aFF v FICX 3 EBEHOARY
ZIEHT 2720 DF 00 Lm0 Litkw,

KT, FI3ETEH, BARICRIBECHFET 20T /A FTHE B-huT VIch

110



HL7, p-huFrvHRoTEATT ) 4 FiconTid, BECHE A OEE A 7 0
v RCBEGT LT/ A FRD KSMREPED LN TS, it B 7R An T
) A PO CEWEEICET 2 ME b W 2hdb b, —H.B-THRIaT /4 FOEYE
PEICBI L T, B-apo-13-carotenone < B-apo-14’-carotenal IC 35> T, PPAR % RXR 72 & D%
WEZABRICNT 2 V7Y FiGtEZ R L, BAZERDO 7 T =X M X o CTHFE I N 2R
BETHREZHET 2 EP/WMEEINTNDE 120, L2LABL, B-THRAIRT /A FiTk
2 RIEIC RS BNHEER 2 BET L 7203 7o 72, B-hr e 7 v &~ v 7 VRS ) 7 ZALER
Lo =B ERY O 2 D 72 A, B4 A/ VERD C-56 Lk C-7°,8 (23 BHA
L 7z seco-B-apo-8’-carotenl % [A]7E (Figure 3.1-2, Table 3.1) L. A&7 RAW264.7 #lifidic
NLUTB-Au7 v eFAFELLEOVIREER 2R3 & 235720 o 7z(Table 3.2), WHAAYIC, [F
UL C-7 8 CRIZ L., BABR B-4 4 7 vBR% FfD B-apo-8’-carotenal TIIHIRIEIEF %R X
7275 7= (Figure 3.4) 2 L 55 B-4 A 7 VEROBIBRE M E B PIRIEE ICHE G35 2 L8
R E gz O, B T2 D X 5 BB (seco B A v T/ 4 F A KM IC B 2 EREIC
B 2 ¥ i3 a s, HARICE W YL B A E T seco A v T 7 4 F AR
T 105100, Sl B-A A4/ VERFIBRE S O PIRIEEE~DEF 505 O 2t a0 72 C
En b, BHARRICHAT % seco BA a7 7 4 FICoWTH1H] 5 20 EYENE% R 3 I REl:
HE z bbb, Seco-B-apo-8’-carotenal % &L seco A 1T /A F DA COEE % i
BT LT, AnT ) AN OLRR TR O 7- D OWFERBIAFF I 1 5,
FHAETIE, BENTBEAZIIL® L L TR AR EH 2o, Bih-e{uht
7 EOHBBIER > T W BT AXZ Y v FVICERH L, TAXXZH VvFVHRDOT R
AmT /A FELTIE b MR e FEEEHIEZ v 72852 50 3-hydroxy-4-oxo-B-
ionone 7z DB DO T K Aw T ) 4 FARMINATWE 120, X5, BCO2 /v 7T Y
P27 ZATIRBFAER L HRTT R FH Y F UV EBBIMZ 5205 120, EENTT X

£ XY v F v BCO2 20 LTRSS alREME SRR S D, L Lado, o
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TARXXYVFVHRT RAwT ) A VOSmeAEYGEICET 2RI R oz v, %
T, TR TRTRAE XY VT /4 FOFROME 21T o7, ZDFGR, B~ v vgEH
U LAIRIC X 5T, 6 FEOT AT AL FH v F /4 F oL [EEICHI) L 72 (Figure
4.1.1-2, Tabled.1.1), X HIC, TNLT KT RAXFH v F /7 4 FD RAW264.7 fllfEic x4 3
PIRIER A LB L2 & 25, 2 ToEYT RAW264.7 MIZICH 4 2 RIEME A 7 4 = —
2 — OEPFEH % W L 72 (Figure 4.1.4-5), HLERZE 2 & ic, $HRICERE L CHIHEE <&
WASER® 54, apo-14’-astaxanthinal ° apo-12’-astaxanthinal i< 35\ TRFICTRWHTRAERE 2 7R
Lize Vaxvilk7H Aha7 /4 FThHb lycopenal IFFHERICIL U TENZEAED 7V F
EEREZ Y . KIHE D apo-6’-lycopenal % apo-8’-lycopenal Tl¥ PPARy ~Df5i& X R S
3, apo-12’-lycopenal I35\ > T D AYRFEAKFFRY 72 PPARy iGTE DM Z 580 72 139, FLEHY
JACIE RREIE 2 RS PPARy IHIRIERNICIFR T2 2 & 35155 139, KRR D apo-8'-
astaxanthinal < %5 #4 & © apo-11-astaxanthinal & (X% 72 0 | apo-14’-7x & N IT apo-12°-
astaxanthinal |3 PPARy ~D#E&AEZNT 22 LTI VBWHIREERZ R L7020 Lk
Vo —Ji NEmHHEE T o iERGfAR ik IR~ D~ 7 m 7 7 — v o EETTED T /L3R
6, MRSIESIEE L T\ 5208, & oliffifgi oM A 1EH o FIEN S 10 5 e EAE
REOMGNC B 2R SD 5, 2 2T, w7 v 77—V LEIfiL L oLE#HIC X 218
WFHEERIECNT 27 RT 22 %% v F 7 4 FOWGIRERMGEL 72, Z DFER, 7HRT X
Z2XF VT A FiZ, HEBICX VFEE XN D IL-6 @PFPEL % I L 72 (Figure 4.1.6 (A)).
X 51T, RAW264.7 Ml SRR HI(RAW-CM(+)) Tl 3T3-L1 Ml @ IL-6 FEAE DS BEN S % —
. TRTAZXEFY VT A FULEIC X > CTZ DEADHE X 1172 (Figure 4.1.6 (B)). Apo-
14’-astaxanthinal L& IC X > THljEERIC B W T IL-6 IBEOHE K TR0 b, ~27u 7
7 =Y DB b FTHRIAHAIC R LT b 5R TL-6 RBHIEH 2R3 2 L2390 b o 720 F 72,
~7n 77— &Ntk oM A EAICH LT, apo-14’-astaxanthinal 12/l 2 T, apo-10’-

astaxanthinal IZ 3> C b 5> IL-6 FEHNHIFEDFR & 1172 (Figure 4.1.6), BCO2 / v 7 T v
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P~ 2 CHBAREERTTRZFF v F U EBERMZ 2225 120 apo-10-
astaxanthinal 28 BCO2 < & 2 SIGAERKY) & L CTEL 2 TREME A PR LK, TR T X
ZEFVF A PICEBEMHAZRE~D) 7Y FiEEZEE TS L L bic, ERNICB T
pofeEAZDAnT ) 4 FHEBEO T A X X% v F v ~DRIGHEZ AL it 3 2 &
T, TAXFH v FVOEDIEM A 1 = X LR T200 5,

KT, B & BEE o 2R HE ARG o B AR AT ~ D 23 i f 5 2 #Ii/E R ic > w
MEfL7elZAh, TRTRAZFXFH v F /4 FDH B, apo-15-astaxanthinal 1< 35\ T FHRFFTR
() 2> DB W INGIE 25528 & 7z (Figure 4.2.1-2), 72, #HE&MIC apo-15-astaxanthinal %
E L 7285 & ic B W d, RIS % 6] L 72 (Figure 4.2.3), #t\> T, PPARy 7 == & M ¢
7E T T D apo-15-astaxanthinal I X 2 5 {LIIHREEZ T~/ 2B . mo 7 ) 2 ViC X 5457
(LA AESE I 230855 L 7z (Figure 4.2.5), PPARy (% i5E#)HH(day 2) I @138 N3~ % C/EBPB
& C/EBPS IZ & » T, % OFBINFHE X N(day4~). K\ >T PPARy I Fabp4 75 & D g
R OB REZHET 2 L L IR EREER EH &2 128129, BLIC PPARy 2373
L T % FE %M (Day 4~)IC apo-15-astaxanthinal L& L 72354 C b EEG T CH % Fabp4
D mRNA FHL ~ L RIS A KT &2 5 Z & (Figure 4.2.3), PPARy 7 vV X T =R } &
L CH# < all-trans retinal & JE{LLOREE % H 4 % Z & (Figure 4.2.4), PPARy 7 2= M iC X %
SHACIEHESE FH % U 55 X 2 % (Figure 4.2.5) & % & [E3 % & apo-15-astaxanthinal |3 PPARy @
TvaxIT=Z e LTEAT 2 ATHEMEAMESE & 11 %, Apo-15-astaxanthinal DL Z R~ D
Vv FitEofige L bic, ERNICE T ZREZED L LT, TAX X H Vv F ok

BYER A 71 = X L DR~ DIt E R T 1 5,

PLE, REFgecid, FFEICE T 2BHERIERETH S NASH T2 7aFxH+vF o
MHEERZWD CTHLPICT B L L HIC, ZOEERIKE LTCTFRAInT /4 FEETR

DTN~ 27 v 7 7 =0 L CRAEIIFIRE 2 /n I 2 R L 72, T 512, iBEZ D
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Supporting Information
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Supplementary Figure 2.1 LC-MS analysis of B-apo-12’-carotenal (A) and apo-12’-zeaxanthinal (B)
prepared from B-carotene or lutein by potassium permanganate (KMnQO4) oxidation.

Five mg of B-carotene or lutein and 0.8 mg of cetyltrimethylammonium bromide (CTAB) were
dissolved in 40 mL of chloroform and added 10 mL of KMnOQj4 solution (180 mg/10 mL distilled water).
After 3 h incubation at room temperature, the oxidation mixture was separated with
chloroform:methanol:water (10:5:3, v/v/v). The chloroform phase was collected and dried with a
rotary evaporator. B-Apo-12’-carotenal (A) and apo-12’-zeaxanthinal (B) in the KMnO4 oxidation
products were purified by reverse-phase HPLC as following conditions: Column, Develosil C30-UG-
5 (250 x 4.6 mm, Nomura Chemical Co., Inc,); Eluent, methanol; Flow rate, 1.0 mL/min; Wavelength,
400 nm. Purified compounds were analyzed using LCMS8040 system (Shimadzu) as follows: Column,
Develosil ODS-UG-3 (150 x 2.0 mm, Nomura Chemical Co., Inc,); Eluent, methanol; Flow rate, 0.2
mL/min; lonization, electrospray ionization (positive ion mode); Nebulizer nitrogen gas, 2.0 L/min;

Drying nitrogen gas, 15.0 L/min; DL temperature, 250 °C; Heat block temperature, 400 °C.
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Supplementary Figure 3.1 "H-NMR analysis of seco-B-apo-8’-carotenal
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Supplementary Figure 3.2 H-H COSY of seco-B-apo-8’-carotenal
117



(mdd) Ta

4 € 14 S 9 L 8

i ]
0

wun =P
™= up
WATIN0DEA
0 bxzaes
0 Atpaes
0 xmd3es
Tuuu opouyvs
NOIIVNOIYSTNA
00€°T xyw
ASEON
009°2T B
19 xndy
s°s9 303
STE" 667 ba3s
= a3
WELLINSNVEL
00z =
- ZLBS ™s
NOILISINDDY az
9T B
000°T ™
ze S8
000€ a3
8%0Z du
PLT O e
»°ZL8S as
NOILISIODOY
pourzepun  oydums
£1T0a0 JueATOS
0Z0Z LT TRO  e3wp
TIINS

ASION ZTAx®

Supplementary Figure 3.3 NOESY of seco-p-apo-8’-carotenal
118



o~
N 189°6
~
s = 9LL* 2T
oL O\N
= '\4\ 6%8° 2T
o Z wemoa
TIT 9T N
oLE*LT—//
Z8T'6T — = - —_—
o 689°ZC
S vovive
096z //
o E0L'6T j
o6 1e— /,
~ 9TE"6E
- TPO" DY
— LTP-9V
085°0L
STV EL—\\
T
SYL 9L ,’; S Se—
77
000" LL—/
ssz LL—
DN PTE6TT
Ty LOZUEZT
<
% 0ST'SZT—
w  669°0ET—
& 689 CTET
‘h o— 6TS°PET
;v srzU9ET—\
~ \s
O~ BYT°LET
T3 6S8°LET
S  evzovt—/
Ly osevrrer— ;
899°S¥YT
E bo LEETLYT
g 0%0° 69T
.2
5
3
1
§ &
1 o
1 ;
2l -~
P § 0O TTS V6T
<
5 @
‘eor——
2 : O 096°€
2 E Ln b9 99T

Supplementary Figure 3.4 3C-NMR analysis of seco-B-apo-8’-carotenal
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Supplementary Figure 4.1.2 H-H COSY of apo-11-astaxanthinal

121



(wdd) TI

3JON
T Z € 4 S 9 L 8 6 0T N
J _.__A—_____________.__v____
; e [ - 1000 HIAN-H,
L e B e ']
. i yd opo T®
(A ) = [ 6 4 3
IE 08z sa
0 Zos
E 0°0€T zom uwu wp
| [— TOEREEA L, Sewa || BRSRom—| SV 0 o8 1H up
- 0°0€T on WaTanoDEa
[ LoIa 0 bagaes
L b 0 1d3x 0 Arp3es
— e = e o - [-L T°8Y€E TI3x 0 andaes
= o 0 dix uuua epourjes
- ﬁ.l. T°8%€ 3 NOILVMAINSHNA
- i 0°ZL6Y Tdm  00E°T xTu
s me——— - = |9 — 6°B0E Tds ASHON
L 0°ZL6Y dm  009°2T ad
I 6°80€E ds 19 andy
AVI4SIAQ £°G6T 303
- i G e S 8v0Z Tu3 STE"66¥ bags
= dar 0028 TIH u3
° : 3 B L pesn 3ou 1835 WELITHSNVNEL
- ) \ el el o o B L 0£0°0 135 00T Tu
” L ONISSEDONE T4  T°T909 a8
. ¢ \ F  — 8v02Z u3  NOILISIOODY aZ
| d R - pesn j0u 836 g 3u
S | S— S— | [ S . -, 8L0°0 356 000°T P
- ONISSEDO¥A Zd ze ss
B L (] urds  000€ qz
v g - b Wl 09 ured 8y0z au
Tk p = ——— e ——— - |- e pesn 30u dawes 69T°0 3e
. r (T TeIDEES T°1909 as
G > o) e - ¥ (wad) & SELY TATBSY NOILISIODOY
- d e £3 513944 peurjepun erdwes
g el S S| S| cd ﬁu. X indss £TOAD JueATOS
[ a sS4 0z0Z 0Z TAC  ©3EP
sovia EGE ]
Y v T ﬁ i

Teutyjuexe3zseody-i |
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Supplementary Figure 4.1.6 NOESY of apo-10’-astaxanthinal
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