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Abstract : In our continuing study on the antioxidant activity of Polysiphonia stricta, its crude extract was
fractionated into n-hexane, 85% aqueous methanol (85% aq.MeOH), n-butanol (n-BuOH), and water
fractions according to solvent polarity. The solvent fractions were evaluated for their potential to inhibit lipid
peroxidation and reactive oxygen species (ROS) production in HT 1080 cells. The n-BuOH fraction most
strongly inhibited both lipid peroxidation and ROS production in HT 1080 cells. The #»-BuOH fraction was
further separated by repeated silica gel column chromatography and RP-HPLC to give methyl aconitates (2
and 3). The chemical structure of isolated compounds was determinated by NMR spectral analysis.
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et al. 2006). °]23 SArrFe Aol HAHHF =T
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(SOD), catalase, peroxidase 52 72 d4ils) §47)
&l =, T3t ascorbic acid, tocopherol, carotenoid
=3 7re ksl ZAS 9L Egle] Ao N A
AEY2E A7 0]’“1:‘ “Joi 712ke 711 th(Diplock et al.
1998). wehr] SAATS AAWAA FdsHA] 4131
= Aol ulf- Fash thE oy QRIER sty o]
g o] oA ZHE AW S do7A "t Akshy
ZEd 2o oJa] HEsHA BE ROSE T4, £33}
AAr T3 Agtete] #itsA S A SHaL, DNAY
RNA 5ol &35 do7|w, BAldte] &4, Age s}
of 3 =1l SIS, Bl T3 22 oY
7 AW dF 2 =31 o Yo e s Y
A He Aoz dex JrhHalliwelll 1996; Ichiniose
2003). o2&t o]F= AW S4ATS AL YA
WA 2"S A EHA 7= kst E4o] FastH ol&
= A7 AlEE A gt 2 w9 g AREE &
3 &HkshAIQl butylated hydroxyanisole(BHA)H butylated
hydroxytoluene(BHT)= ¢t 2 =/49] f3ll/do] A4 =
I Slo] ARgo] Ha}F Zo]E3L JtH(Zia-ur-Rehman 2006).
mEbA Q1F g EC] ofd HARLAA FAtsAE A
sl =go] A&EAOH olzjgh o] dsto = 3
Heol 28 AERHE IBHAE dete A7 &
o] 8 = th(Yanishlieva et al. 2006).
559 sje Wate] s og Qe Fite] wsih 4l

s, F3e) 8708 Ro] Yol Uit sluct o B
& o) A2E TS YOBE, o] A ste =
T oldl B53 B0 M8 A GAsHE
& 7P 31 A0 g olbl HSale] A5k
BEF| LA Mste JEFRT O B A
oS82 AT stk @7 Ak waw g

(Regoli et al. 2000; Silva et al. 2013).

2 ATERE 55 dxfolA MEL diskAE g4
e o) BxF Polyszphoma stricta®] FZ2E3} 80|
23 Eo] FAALFQ peroxynitrited] Tl =& AR
= BRI+ 4% olm] B3k vl 2ATtkSeo et al. 20 07)
uzha] E 04—?01] e P stricta FEE2] &9 £8&
i3t =712 ¢l ElE s Al S AAE S B A _.,].204

Sl 5“}5}‘:7”3(2 3)S Ptz el on wgk
2 =259 F=AE Pt slehrxe e

o] AAIAE Totaetarat kit

r“ Mo nﬂo =2

2. AlE 5wy

7171 2 Aok
HPLC:E DionexAte] P580 PumpEs FA S 2 Varian
RI detector} YMC pack ODS-A (250 x 10 mm, S 5 um,

12 mm) columng ARE3IH T AFE= MeOH S =
polarimeter(ATAGO, POLAX-2L)E Ab&-3lo] =431 T}.
223 3] 125 F43s7] 918ke] Varian NMR
300 spectrometers AME-3FAT}. UV-Vis spectrophotometer
(Thermo Spectronic, England), Multi-detection microplate
fluorescence spectrophotometer Synergy HT(Bio-TEK
instruments, USA)7} @48} €4 S A& o
21 9]l Rotary Evaporator(EYELA, JAPAN) 52 A1-8-3}
o AEE FEUh

Column packing materialse= RP 18(YMC-GEL ODS-
A, 12nm, S-75um), Silica gel(silica gel 60, 0.063 ~
0.200 mm, Merck), Sephadex LH-20(bead size 25~ 100 pm,
Sigma)g AHE-3192H, TLC plate—* Silica gel 60 Fs4s
(0.5 mm. Merck), spray reagents= At &FLof =9l
5% HoSOs5 AHE-3IA T NMR SA o) AME-SH Sl
CD;0OD(Cambridge Isotope Laboratories, Inc., USA,
deuterium degree 99.8%)°]t}. L-Ascorbic acid, penicillamine
(DL-2-amino-3-mercapto-3-methylbutanoic acid), dihydro-
rhodamine 123(DHR 123)3} 3-morpholinsydnonimine(SIN-
)= SigmarHSt Louis, MO, USA), peroxynitrite(ONOO™)
MI, USA), DMSO(Dimethyl
JunseiolA] Y8R o™, 2 9] ethanol,
methanol, acetone3} methylene chloride= Junseirle] &

Ak BR3lel AT,

+ Cayman(Ann Arbor,
sulfoxide)~

A &2 7‘“’8 = ¥ 2139

FEAIFEE 20059 69 T4 =2 o]H 2Hui=
% (Svalbard Islands) <3l A A 3H o AZX7E
AREst dxste] WeEAsidT dERas AR
(50 9)E systd FRER W AlFHL S/TE T+
A Fof @A 22} methylene chloride®} acetone®] 1:1
gl =S st 2441752t WA - o st
ATk o] FAE 23] wHEaEte] A2 o2 40°CoA

==

vacuum rotary evaporator® §=3alo] E3rgn|o] FE5E

= Aolrh & ALl F7F2] methanols o] 219 &
%‘5& HEE& 254 HHE-8to] methanol FE&3 A& Fol
o F2E3 Felich

ezl FEE(5.18 gy methylene chloride®} waterZ
E319 e #2]3 methylene chloride #3812 ThA] n-
hexane?} 85% WEHE -8-M3(85% aq.MeOH)S.Z F-Hl|
stATh dellA EEEAE water 8T THA p-
butanol(n-BuOH)3} waterZ -1l 3}] n-hexane(0.38 g),
85% aq. MeOH(O 80 g), n-BuOH(0.38 g), water(1.98 g)
o BT whe 298 A3k

?'{}’&ﬁ} $4o] £ n-BuOH o tig Cjg flash
column chromatographyE -3l & 77112 8 (rfcl-
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rfc7)yS AUOH, Z}7}H] o] F40 = 50, 60, 70, 80, 90%
aq.MeOH, 100% MeOH 2] 100% EtOAc7} AFE-H
Atk 2 Fol 50% aqMeOH #3(rfcl)ol] TH3NA]
reversed-phase  HPLC(YMC ODS-A, 35% aq.MeOH,
2 mL/min)E 33131 2™, retention time 103} 14%-9]]
Al =53 SRHE 29 30] ®EEHAULH

Methyl frans-aconitate =452 4

T Zg2=390 200 mge] trans-aconitic acid2} I
©] methanol& &7} 3 Fol] A2 218 34kS 12
W J7FRAT S ARE o838t 3AIF B WS
AFHLoH, HHE ol N, gasE o]8-3t] &ulE #| A3
o}, 9SS (300 mg)ye 35% aq. MeOH €91 &2
uj 2 o]g-3to] 34 HPLC(YMC ODS-A, 2 mL/min)Z
T8Y3199. 2™, retention time 9%, 125, 15%, 208, 41&
ol =gt sIgHE 7H7F 8] = ATt Retention time
ORI 12%eA Aol setEH FdT FER
2(1253 mg)9} 3(18.5 mg)o] o] Fom 1553} 2050
] 5,6-O-dimethyl frans-aconitate(4, 27.9 mg)$} 1,5-O-
dimethyl frans-aconitate(5, 133.0 mg), 41514 1,5,6-0O-
trimethyl rans-aconitate(6, 8.9 mg)’} £z = JT}.

A 3wl oF

vR-2~ T2 M2 Raw 264.7+= =1 M2 28) (Korean
Cell Line Bank, KCLB)2 2 & £Fdto} 100 units/mL
9] penicillin-streptomycin® 10%2] fetal bovine serum
(FBS, Hyclone, Utah, USA)°] &+¥ Dulbecco’s modified
Eagle’s medium(DMEM, Hyclone, Utah, USA)S- A-&-3}
o 37°C, 5% CO, incubator(Forma Scientific, Japan)el]4]
i st Th Al EZ w2 7HA o2 ujA & wEHel
o, 6~7d A0 E A wjgste] Aol ARESHATH

ANENEE A

G EFTHY L] A EZ AEES MTT assays ©]-8-3}
o] =735} tH(Hansen et al. 1989). MTT assay= A&
A E o] mEF = oF W€ dehydrogenase®] ®A~ZHg-
of ofsf e g EZHA MTT7 $=o] dark
blue formazan crystal2 A 3te 92 E o] &3 A
© 2 formazan crystal®] FAE= A=E STHEE =74
o2 AE7 AP e T2 JAE= HEE 48T
< ) th(Hansen et al. 1989). WY AEE welld 2 x 10*
cellssfmL7} E%=5 96 well plated] 53} 37°C, 5%
CO, v F710IA 24X]7F vl F = A uljdfol] ARE HiA|E
A AL vi=] 180 pLet YAEE2] Al 20 uL(10% aq.
DMSO)E #7151 37°C, 5% CO, HiS71014 48117k vl
ettt tixTol= AlE w2l phosphate buffered

saline(PBS) 20 uLE H718t3lth. 48417F ¥l 5 5 mgy/
mLe FE=2 A|Z3F 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) &< 20 uLE 7}
sto] LTk W 27 4A7E S O wfFakiTh
(Park et al. 1990). oJu] A8 ¥ formazanZd*-2 DMSOe|
=0]A] ELISA reader(Bio-Tek instruments, USAYE ©]&
stod 540 nmollA FF=E SHste] AAE(%)s 7ot

ATt

ROS (reactive oxygen species) &A% 54

A2 reactive oxygen species(ROS) 32 DCF-DA
assay® =73} tH(Okimoto et al. 2000). DCF-DA
(fluorescence probe 2',7'-dichlorofluorescein diacetate)=
AT B UhSsle] FHEAS S| Y

3]
c o= T
Fgomm AEHS By Ak FEE Z3T 5 dok

Raw 264.7 A|ZZ 96 wellol] 53} 2447+ =<t 37°C,

ETEHE AIEE AEsle] 1A7}F incubation g ¥, DCF-
DAZ AASHL 500 M H,0,5 AZste] AHE=
Aexcitation 485 NM, Aemission 330 nmOl|A4] DCF fluorescence=
multi-detection microplate fluorescence spectrophotometer

Synergy HT(BioTEK instruments, USA)Z =743} T}

Peroxynitrite &7 24

ONOO™ &7 4L dihydrorhodamine 123(DHR 123)
o] A= ARE S5t FA4 8 tHKooy et al.
1994). DHR 123 dimethylformamideZ =41 5 mM
stock £4-& THEI, AR purgeste] —80°Col| 235
t}. 50 mM sodium phosphate, 90 mM sodium chloride,
5mM potassium chlorideE &% pH 7.4¢] buffere}
100 uM DTPA(diethylenetriamine pentaacetic acid)yE &
gste] DHR 1238 SuME 3435t AMg-stdtt. o]
buffer §oll A|59} peroxynitrites 3713} A -2-0f 4
587 W8k & multi-detection microplate fluorescene
spectrophotometer Synergy HTE AF&-3}o] excitation
485 nm, emission 530 nmol|A] =% 3}A T Authentic
peroxynitrite TH21¢l SIN-12 H7}8l= 7%+ SIN-19]]
o3 Aksl7F DHR 1239] o] 2tshole= g Hildos
dojipr] wizol] FYg WHOo R ety dRolA v
Aotk AIZRE 1IXZFo R st ST dlRES
2= AEE AQBIAL peroxynitriteE *12]$+ control3 &
T ok A2eHA] %2 blankE ARE-IATE A P2 triplicate
2 gsl¥on, Axl= blankE 28 7S Haske] o
Ztol| thek WEEE ALkt
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X2 23} (lipid peroxidation) 37

A dFobkslEe] A4S thiobarbituric  acid-reactive
substances(TBARS) W& 883t 4313 th(Heath
and Packer 1968). 200 uL°] PBS-suspended Raw 264.7
MEE ZF TEHE AEE A3 & 37°C, 5% CO,
incubatorol| A1 107} w8t A U 4ksls =3t
7] 915t 2 mM H,0,9}F 0.1 M FeSO,E A2 s ¥ 37°C
ol 1087 ¥HSAI7ITh WhS & trichloroacetic acid
(TCA, 10% wiv)yE A28t 2ksls FAA7)AL, 559
TBA(1% wiv)E F7Fsle] 90°CellA] 308 &9t v
oh A2oA WA 7l S-S AAEE] 528 nmollA
e FHEE SASUL 2T EE AEE A
9183 2 mM HyO5(100 uL)St 0.1 M FeSO4(100 pL)E
223t control# A|E, 2mM H,0,, 0.1 M FeSO, &5
o} H2eA] 23 &= 100 L F 713 blankS AMR-3)

iet.

FAAE

2t 2 A525E de A 4959 s
AR 7] 9lste] EAEA(ANOVA)S A3 T p<0.05
Z=5=oll4] Duncan's multiple range testS A&} o0,
I A= Hd(Mean) £ EFH2K(Standard  deviation,
SD)E FAIEITE & FA 412 Statistic Analysis
System(v8.2 SAS Institute Inc., NC, USA) SAIZZ 13
< o]gste] A skt

3. 2% 2 1%

Polysiphonia strictaZ%-8 F2]% 3i§E9] +=244

SANZF P stricta®l n-BuOH £SO ZHE 2719
sher= 29} 3o] EE = L€ SFEES] sz
£ 1D NMR('H, *C, DEPT)Z 2D NMR('HCOSY,
TOCSY, gHMQC, gHMBC) A ¥ 53l AA = Ak
3etE 29} 38 A oil FElE BT Y™, Mass
spectrum®} 3C NMR spectrum 53l #4}2]o] C;HgOq
Q Ao R AYEo] AFAH o T F sIgtEo| 2 AR
< 7HE &2 odEAgE o] ERIEAUT

3}9HE 29] 'H NMR =8 EfS 43 A 247} §
6.89(H-2)°1 4] methine peak, & 3.88(H-4)°l4] methylene
peak, & 3.76°141 methoxy group2] methyl peak”} ¥
Atk BC NMR =FEHME § 173.5(C-5), 168.7(C-
6), 167.1(C-1)°l14] carbonyl carbon peak”’} 2= )0
8 142.2(C-3)°14] quaternary carbon peak®2} 129.1(C-2)°ll
A] methine carbon peak’} Ve SlgHE Wol o]5 A
o] shi} EAsttE AL HAFATH S upfield 9
9] § 52.4(C-1)3} § 33.8(C-4)ll4] Z}Z} methoxy carbon

% allylic carbon®] EA|7F ER1= T}

gHMBC A#IA § 3.76(C-5-OCH;)2] methyl 4229}
5 167.1(C-1)2] €A Atolol] 73k correlation®] ¥2Hg o
2§ 167.1(C-1)8] ¥rA2E methyle] Z$HE methyl
esterd S Feld 4= 99Tt § 3.88(H-4)2] F2ATE §
142.2(C-3)2} 129.1(C-2)2] ¥+4215 9} Jong-ranged coupling
o] FFE o ZH allylic position®] X3t methylene] ©]
golElom, w3k § 3.88 (H4)S] 24137} § 1735
(C-5)3} 168.7(C-6)2] BFA2Al &l correlationS HYS=
A allylic carbon(C-4)°ll 17438 1|9l F 7H] carbonyl
carbon[d 173.5(C-5)3%} 168.7(C-6)]°] EAlata Y-S &
T AATE o] Wt ol § 6.89(H-2)Y] FA215 9t §
168.7(C-6)2] ©242135 Alo]o| = long-ranged coupling®]
HFE AT oY AP AHE A A 5eE 29
3} 2=  trams-aconitic acide] W EO|X~E<Q 1-0-
methyl frans-aconitate® 27 = Ach(Fig. 1).

39] 'H NMR 2ZEHE 29} 79] fAlsI o, 29
8 3.76(C-1)° YERS methoxy =40l th-3-8h= 257} 3
A= § 3.66(C-5)°14 FE=TH PC NMR 2~ EH
NME C-3(5 142.2)9F C-2(5 129.1)% Etalo] Th2 &
& AT 52| chemical shift to] eFH o]&Fste] 29t o
2 E4Ye 2o FA P FEE 2ol 29
gHMBCIA § 3.76(C-1-OCH3)9] methyl 4222159} §
167.2(C1)2] ©&2A1S Afolol] AZEAA 733t correlation
o] AlZA| AL 313HE 3ollA = § 3.66(C-5-OCH3)2] methyl
FRATL} 5§ 172.1(C-54 ©ARAlS Atolo] Zrgh
correlation®] =T wEbA] o] g BE AP AT o)
ot shetE 39 sletxe C-59] carboxylic acid
2+8-719 methyl7]7} ester FENZ A9SH 5-O-methyl
trans-aconitate S AT 4= S thFig. 1). =€ F
shetE(2-3)9] shettx 2 olF Aol wige frans-
aconitic acidZ%-E o 2HZ3HHS-S F35lo] 315 29}
S AT Fof] Hojx NMR dHlojE otz 2 A=A
t}. BE frams-aconitic acid F=AE(2-6)° EAs=
28} ©A9] 318H4 o]F3k2 2D NMR 28-S 535t 4
gsiA| A4 = ATHTable 134 2).

1: R,=H, Ry=H, Ry=H
2: R;=H, R,=H, Ry=CH,

3: R;=CHj, R,=H, Ry=H

4: R;=CHj, R,=CH3, Ry=H
5: R,=CH3, R,=H, Ry=CH,
6: R,=CH3, R,=CH;, R;=CH,

Fig. 1. Chemical structure of compounds (2-3) isolated
from Polysiphonia stricta and synthetic derivatives
(4-6) of trans-aconitic acid
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Table 1. 'H spectral data for compounds 2-6

"H chemical shift (3, ppm)

No
2 3 4 5 6

1 - - - - -

2 6.39 (s, 1H) 6.89 (s, IH) 6.89 (s, IH) 6.90 (s, 1H) 6.90 (s, 1H)

3

4 3.88 (s, 2H) 3.88 (s, 2H) 3.90 (s, 2H) 3.89 (s, 2H) 3.92 (s, 2H)

5 - - - - -

6 - - - - -
C1-OMe 3.76 (s, 3H) 3.75 (s, 3H) 3.76 (s, 3H)
C5-OMe 3.66 (s, 3H) 3.66 (s, 3H) 3.66 (s, 3H) 3.67 (s, 3H)
C6-OMe - - 3.79 (s, 3H) 3.80 (s, 3H)

Measured in CD3;0D at 300 MHz. Assignments were aided by DEPT, gHMQC, and gHMBC experiments.

Table 2. '*C NMR spectral data for compounds 2-6

13C chemical shift (5, ppm)

No

2 3 4 5 6
1 167.2 168.3 167.8 167.0 166.8
2 129.1 130.7 131.2 129.4 129.7
3 142.2 141.0 139.9 141.7 140.9
4 33.9 33.7 33.6 33.7 33.7
5 173.5 172.1 172.1 172.1 171.9
6 168.8 169.0 168.0 168.5 167.5
C1-OMe 524 52.5 52.5
C5-OMe 52.5 53.3 52.6 53.5
C6-OMe - - 52.6 52.6

Measured in CD;0OD at 75 MHz. Assignments were aided by DEPT, gHMQC, and gHMBC experiments.

Intracellular ROS &=AZ&A
2',7-Dichlorodihydrofluorescein diacetate(DCFH-DA)7}
Az 4 ke vhgal F3E2] DCFE Aksls =
L& ol &3t Az EAlste 84 TS 54
SHATE M W Aoz A H,0.5 ©l83k
Eaten, 302 HA0R 1208 5% BF AEE 54
st YeERfidth dx22 AIEE Akl 500 uM
H,0,%F 2] 8 control#t A&} H,0, 2% tF 22|14
92 blankE AFE-3FA T} Control Al7H we} DCF
flourescence %t°] A& S71k= WhAS, blanke] 749 A
74l w2 DCF flourescence %+2] ®3l7F A< 1l &
Z5 P stricta =22 £ E8 & (water, n-BuOH, 85%
aq. MeOH, n-hexane %)°] 7FA|+= intracellular ROS 227
< 10, 50, 100 pg/mLe] F=oNA SA S A 25 F
I 9]EZ O ROSE a7dks Zlo] 1T Sl
gFFolM n-BuOH Fol 7Hd £ &45 vehof
1003} 50 pg/mL F=1A controldt ] E wf 90% ©]/
o] & 27%S B FI=, ol H0.5 A5k

92 blanke} A9l -85k &35 YESITE 282
85% aq. MeOH3} water 3 100 pg/mL &=~ 30%
o] ROS 2758 YER 2™ n-hexane & 719
2SS B FA EUdThFig. 2).

TBARSH S ©]83} lipid peroxidation =3

Raw 264.7 A|EANA P stricta FE2=2] SEIES
100, 50, 10 pg/mL =4l TBARS W& ©]8-3t lipid
peroxidation =& 7431t 54 23}, n-BuOH 9l
A 7P BE A HitslelA a9 BHe Fon &
3], 100 B 50 pg/mL FEoAA 50% 7hge] AbstoiA] &
= e ATHEFig. 3).

Methyl trans-aconitate A5 (2-6)2] 343} &4

B Ao M= 27 P strictaol| A B2 3= 29}
39] gikst Bl ol 50 fEAlES dA st sz
ol w2 g a3E dolr Al SFATE. Peroxynitrite
2ATINE SAT A3} 100 M F=04] 2= authentic
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Fig. 2. Scavenging effects of solvent fractions from crude extract of Polysiphonia stricta on intracellular ROS induced
by hydrogen peroxide in Raw 264.7 cells. (a) n-Hexane, (b) 85% aqueous methanol, (¢c) »n-BuOH, (d) Water
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100 @50 pg/mL
g 810 pg/mL
g 80
= g a
2 60
£

40

a
) : H
ab
b
0 e § 2

85%aq.MeOH
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Fig. 3. Inhibitory effect of solvent fractions from crude
extract of Polysiphonia stricta on membrane lipid
peroxidation.* PMeans with different letters in
each sample are significantly different (p <0.05)
based on Duncan’s multiple range test

ONOO ™9} SIN-1¢] 71213 ONOOE 7+ 20%, 40% 3
= AAsks Aoz et vkdel s3HE 32 20 H]
3 B37F oA daske AL gelsiien, skeh=E 1
(trans-aconitic acid)®] 7A$-oll= A7 A9 vely
] 2&SUTh. oY EAKD)] EFEAES] 4, 5, 62 73

e, 100 uM FE=0A 39HE 6°] 35% ©1%3 authentic
ONOO = FaA7le Aoz yeton, o= 319}
E 41 20% A= 27k 202 YERHTE SIN-10014]
711¥ ONOO™®] &AZAe] Ao, 3FE 69
50 uM EEolA oF 80%2] AA &S Hlow, 35HE
4 B3 oF 50%°] 2A2AE B3k ONOO™ 54
A3} methyl groupe] X|$=|A] 252 mrans-aconitic acid
B methyl7| 2 Al 2~E 8t 31§t=E0] 4kst a7t
7t ATS HA o C-59] 7H347]7F methyl ester
7h =W ksl Gdo] STk A] edgkem C-60] THEA
717} methyl ester’} A& o @Aitste do] BEEA F
71=o] 3709 7HEA 7] BF7F methylZ| 2 o 2EslH 3}
32 60 7FF =2 ONOO™ &7 84S HAFITL &
Z5F P polysiphonia FZw=2] € FZ 5% n-BuOH
¥ Zo] lipid peroxidation A<} intracellular ROS 4~
= 2 245 Uizl 2ol n-BuOH &3l

F methyl frans-aconitates 2 I FFEAEE
TS EHES B ZoE JgEHAo Y ol vk 24
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Fig. 4. Peroxynitrite scavenging activity of compounds 1-6. (a) Authentic peroxynitrite, (b) Peroxynitrite from
decomposition of SIN-1.*"Means with different letters in each sample are significantly different (p < 0.05)

based on Duncan’s multiple range test
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