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Astaxanthin (ATX) is a red-orange carotenoid pigment that occurs naturally in a wide variety of living
organisms. In this study we investigated the inhibitory effects of ATX on the induction of inducible

nitric oxide synthase (iNOS), nitric oxide (NO

), proinflammatory cytokines, nuclear factor-kappa B

(NF-kB) and reactive oxygen species (ROS) in lipopolysaccharide (LPS)-stimulated RAW264.7 cells. In
addition, we tested the superoxide radical scavenging activity of ATX by scavenging assay. iNOS and
NF-xB expressions were determined by immunoblot analysis. Interleukin (IL)-6 and tumour necrosis
factor-a (ITNF-a) were assayed by ELISA. NO production was monitored by measuring the amount

of nitrite. ROS was examined by using the 2,

7'-Dichlorodihydrofluorescin diacetate (DCFH-DA)

method. At a concentration of 100 tM, ATX inhibited the expression level of LPS-induced NF-xB, as
well as the production of LPS-induced NO and proinflammatory cytokines (IL-6 and TNF-a), by sup-
pressing iNOS expression. In particular, the maximal inhibition rate of IL-6 and TNF-a production by
ATX (100 uM) was 65.2% and 21.2%, respectively. In addition, ATX inhibited the LPS-induced tran-
scriptional activity of NF-kB, and this was associated with suppressing the translocations of NF-xB
from the cytosol to the nucleus. Moreover, at various concentrations (25-100 uM), ATX inhibited the
intracellular level of ROS. At a concentration of 5 mg/ml, the superoxide radical scavenging activity
of ATX was 1.33 times higher than a-tocopherol of the same concentration. These results showed that
ATX inhibited the expression of iNOS and the production of NO and proinflammatory cytokines re-
sulting from ROS production and NF-kB activation in macrophages. Furthermore, ATX was found to
be more effective in superoxide radical scavenging activities compared to a-tocopherol. These findings
are expected to strengthen the position of ATX as anti-inflammatory medicine and antioxidant.
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ring®] Z %A o]u1[31] 719 T2 S4E £ 29
= Ao A8Y et o}, vitamin E$} B-carotene BT}
733l free radlcal 1ALl A S 7R A g o] Qe Edo|t)
[10 18] tt%]- o] A@a]:d/ﬂt' 2o J,],)\l-g].)&q] o]]}q uL_,] phos-
pholipid®} B2 AFES B3dte 75S 7 58 &2
2 4EA dom[2627], 53] o] A FiFsFAE-E singlet
6]-0]— U] D:]Oﬂ7] E]—}H o]]

thH3,4,17, 19,34]. ATXO] t &

oxygen ¥ free radicalS &AL
a7t A= 740&1"%_ Ha 9\

d7iat g, 99 8 P 9 929 /13

2 w38 FHse Ane } W g Aol weba,
B AToAE PAEFZEE 8@ ATXE ol §3tel 39
2 A E E A14 L NS AFea, Friel s
A9, FelA, A4, ¢ 59 FL2AAR NFBY] B4
A d3ael 234, Ba 2 YA EAZA 7}

A
$4S gAsnA B,

ATXS| M=
ATXO] S Y3 712402 NB/2 vjA(E&29 A4
< 98 ge dads F ]'—.__E 7NN X Haematococcus

pluvialis CCAP-34/1F 5 wj st on, o wjgzae
2& 25T, 160 rpm, 10% inoculum, %7] pHE 7.0, 25+
3,000-3,500 luxE A 3tATh ATXY AHFEE 9180 vege-
tative cellZH-E] cyst celle TH=EE HjFx 7d% 23°C, 150
rpm, 14,000 lux& 8] 15284 B-& M| n —g— z“ﬂﬂai
o ZAE dAEestd & e
gto] gk & WYAFEE wEEY 1 5, Z:L%”oﬂ%%
3191 n-Hexanel & THA| 23 &, 22 3H A 35191,
sodium sulfate anhydrous& ©|-&3lo] ZFFES AAS &
ATX FE82 AZSTh & APolMe ATXE 001% di-
methyl sulphoxide (DMSO)dl| &-3late] AM&-3tSit.

Al ot

Dulbecco’s modified Eagle’s medium (DMEM)-
(Thermo Scientific Inc., Bremen, Germany)ol| 4] T34,
fetal bovine serum (FBS)< Sigma Aldrich Co. (St. Louis,
MO, USA)Z%-¥, penicillin ¥ streptomycin Gibco/BRL
(Grand Island, NY)ol A #9434t} Anti-iNOS monoclonal
antibody= Calbiochem (San Diego, Calif.)ol| ], Anti-B-actin
monoclonal antibody= Sigma Aldrich Co. ZHH FY3%
T} Anti-NF-kB p65 monoclonal antibodies®} perox-

Hyclone

idase-conjugated  secondary
Biotechnology, Inc. (Santa Cruz, CA, USA)ZH-E +43}%
1, interleukin (IL)-6 2 tumour necrosis factor-a (TNF-a)
ELISA Kitse= Pierce Endogen (Rockford, IL, USA)elA|

antibody= Santa Cruz

Promega luciferase assay system-> Promega (Madison, CA,
USA)Z5-E FY3t4l 1, 3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyl tetrazolium bromide (MTT), sulfanilamide, lip-
opolysaccharide (LPS) ¥ T2 E & A 952 Sigma Aldrich
Co.ol A TAsti.

M|zHf

A EFYI RAW2647 celle A Z 523 (Seoul,
Korea)oll A 51819, NF-kB HAIZA & ZA43}7] 93t
& NF-kB reporter constructZ transfection® RAW264.7 cell
(15 NGL cell)& 95 w4258 o wol AHgaich
Dulbecco’s modified Eagle’s medium (DMEM) o 10% fetal
bovine serum (FBS), 100 U/ml penicillin % 100 pg/ml strep-
tomycings 3 WA E AF8-3te] 37°C, 5% CO, incubator
AN MEE wjFsta]l el ol &ttt

ME ME8 =X

RAW264.7 cell& 96 well platec] 5x10* cells/well & ¥
sto] 1627t vl kst &, ATXE 55 (25-100 uM)E A 2] 8}
of 1A17E B2t #lget ATt 1 %, lipopolysaccharide (LPS)E
A8t 37C, 5% CO; incubatordl| 4] 20417t v &kttt Al
Tl gFd s AAG F, A X MITE 05 mg/mld] TE=
Aejste] 4217 Wi 5, wjAE A Astal 449 formazan
crystalsS DMSO9| ¢ ELISA microplate reader (Tecan,
USA)Z 570 nmo A FBEE SAst A2 AEES
3tk A EY WESE control cellol] 3k MESE T A3}
AT

Nitric oxide (NO) A44d2¥ =%

RAW264.7 cell- 96 well plated] 1x10° cells/well 2 &
ato] 16213t W3 &, ATXE %E%‘(ZS-lOO IM)Z A2 o}
of 13t et gtk 1 &, LPSE A #she] 37°C, 5%
CO, incubatorl| A 204 7 viekalar, NO9] %S Griess A 2k
o2 2389 &, Al 100 ¢t Griess A1 2F(1% sul-
fanilamide in 5% phosphoric acid + 1% a-naphthylamide in
HZO) 100 e &3t % well platedl A 158 52t #H-&AIZ]
=, 540 nmoﬂ A] ELISA microplate reader (Tecan, USA)Z &
stk Sodlum nitrite (NaNO»)Z F3=E 34
NO9Y s=& &%S}Sﬁﬁr.
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Immunoblot analysis

1% Triton X-100, 137 mM sodium chloride, 10% glycerol,
2 mM EDTA, 1 mM sodium orthovanadate, 25 mM b-glycer-
ophosphate, 2 mM sodium pyrophosphate, 1 mM phenyl-
methylsulfonylfluoride, 20 mM Tris-HCl (pH 75)% 1
mg/ml leupepting X33} bufferg 0|83t cellS lysis



319931, cell lysatesE 10,000x g2 1087+ QAR 3} de-
brisE #1 A8} t}. Inducible nitric oxide synthase (iNOS) &
&& anti-INOS antibody S AH&-ste] W s}sta) Wiyos &
A438}9.2.1, anti-NF-kB p65 monoclonal antibodyE A}-§-3}
o] NF-kBE 5433t} 24} antibodyZ = goat anti-mouse
IgG-horseradish peroxidase (HRP)E AH&-3F 4 2.1, iNOS<}
NF-kB¢] band¥= ECL immuno blotting detection reagents
(Amersham)& o] &3t T3¢ Tt
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el
i
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N

kA7) PBSE 23] Al H3taL, o] 7S PBSS} 3
microtubed] ¥ o] 2,000x g2 587+ 9AEE ¥, PBSE Al
718}aL, 10 mM HEPES (pH 7.9), 10 mM KCl, 0.1 mM EDTA,
0.5% Nonidet P-40, 1 mM DTI, 05 mM phenyl-
methylsulfonylfluorideE 33} hypotonic bufferg %
1087 9ol ¥ 5, 7,200x g2 587 A3
I %, A59S AASAL crude nuclei7} E-+E pelletel] 20
mM HEPES (pH 7.9), 400 mM NaCl, 1 mM EDTA, 10 mM
DTT, 1 mM PMSFE &-3l= %8 buffer 50 nlE %
3087 G Sol WA F, 1057 15800x g2 U428}
of Pio] TFH TN o] Aol o] &3tAh

Cytokine &3

96 well plated] A|Z(5x10° cells/ml)E EF3}e] 16417
S M §, ATXE S5 (25-100 uM)Z 1A17F A2 g
%, LPSE At 37T, 5% CO; incubatordl] 4] 2047+ Hj &
stk Akl gt EAlste IL-69F TNF-a B4 FS
ELISA Kit (Pierce Endogen, Rockford, IL, USA)E A&t

=499,

Reporter  constructs,
line, and luciferase assay

NGL cell (5x10° cells/ml)Z 16717+ vl %3 &, ATXE 5%
(25100 pM)Z 1417+ 2123 F LPS (1 pg/ml)2 4 2)5h1
24X Ft e ¥, cell S 2]t Promega luciferase
assay system (Promega, Madison, CA, USA)¥} luminometer
(Tecan, USA)E ©]&3}9] luciferase activitys 333+ Th.
NF-kB w7} € luciferase activityS % cell lysatesS] T 235}
o2 FFsetda, DA 42 BCA protein assay kit
(Pierce, Rockford, IL, USA)Z =743} T}

transfection, reporter cell

Superoxide radical scavenging activity assay

Superoxide radical (O ) scavenging activity assay= 44
g ze] AASS gRlste AP OZ PMS-NADH super-
oxide generating system< ©]-8&3}S1t}. 3, Nitroblue tetrazo-
lium (NBT, 156 tM) 1 mlé} B-nicotinamide adenine dinu-
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cleotide hydrate (NADH, 468 uM) 1 mlE E%3}1L, positive
control?} Z+ 59 A5 1 ml¥ ¥o] wydl & 1 mlY
phenazine methosulfate (PMS, 60 uM)& ¥ 25Col| A 5%
ZF vjokslk & 560 nmo A absorbanceE =43} th.

¢

ROS M4EH

RAW2647 cell el A== 2FAett)Zd ROSE S74317]
93ty 2,7-dichloro-dihydrofluorescin  diacetate (DCFH-
DA)S o] &3ldth AlEo ATXS FEHE 147 A3 5,
LPS (10 ug/ml)E ©]-&3}o] 2447t 52t oxidative stress&
AT AR E o838t pellets T F, cell ly-
sis bufferg ©]-&3to] A5 E FZ3) AFl| o] &3t 190
ule] PBS9}F 50 ple] 125 yM DCFH-DAS} 10 ple] A &5 96
well plate (black)ol ¥l & Egtslef 30 T2 Hl Fatl o
W 1 %, fluorescence spectrophotometer (Tecan, USA)E ©]
4314 Ex: 485 nm9} Em: 530 nmol A 338 F, ROS A4
7% fluorescence/mg protein & & AL Th A& 9] pro-
tein ¥%-E BCA protein assayE ©]-&3t4 434t

Bl 2L
2
o

one-way analysis of variance (ANOVA) % independent
tHestE ©]- 835, pR0.055 FATFH LR frofido] Je A
o= HF3

2 o

ATX7} LPSE REE NO Myoj DXz sot & M=Y
E2

RAW264.7 cell& ©]43to] LPSE FX8 NO A4l g
ATXY) A EHE ZAHSY. dzes Mng o, P
(10 pg/ml, 20 hr)e F 36412 NO Aol F7ketA o1, ATX
AT (25-100 pM)E FE2EH 02 LPSE =9 NO9| A
e F94 A GAFHTH25-100 uM (p<0.01)](Fig. 1). &=
g, ATXY] NEEAHEHE MIT W& o] &3t 34 2
I, AZHEEL 100 pM9] T2 027|744 FFE A

okSkh(Fig. 2).

ATX7} LPS2 F== INOS EfEHZl ghs{oixof O|X|=
=p}

ATXE °]&3te] 954 NOY A9 A <} iNOS &2
w3 o)A 9] AAAAE Golr 7] 9] immunoblot anal-
ysisE SHANE S 2L A3}, LPSel| 8§ iINOS Tl A
2 A F7FetdoH, ATXE 50 2 100 pM 2] & =0 A
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Fig. 1. Inhibitory effects of ATX on NO production by LPS. The
RAW264.7 cells (5x10° cells/ml) were treated with vari-
ous concentrations of ATX for 1 hr prior to the addition
of LPS (10 ug/ml), and then the cells were further in-
cubated for 20 hr. Control cells were incubated with ve-
hicle alone. The concentrations of NO in culture medium
were monitored as described in the methods section.
Data represent the meanSD from three separate
experiments. **7<0.01, significant compared with ve-
hicle-treated control; **<0.01, significant compared with

LPS alone.
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Fig. 2. Cytotoxic effects of ATX in RAW264.7 cells. The cytotoxic
effects of ATX in cells were determined by MTT assay.
Cells (25x10° cells/ml) were treated with various con-
centrations of ATX for 1 hr prior to the addition of LPS
(10 ng/ml), and then the cells were further incubated for
20 hr. Control cells were incubated with vehicle alone.
Three independent experiments were performed, and da-
ta shown represent the mean+SD.

iNOS ¢ é%‘fﬂg A 3t AH(Fig. 3). °l=
A A e 7
et

ATX7} LPSE ®EE IL-6 3 TNF-a9 MMo| 0JXx|=

s
S53 116 9@ TNF-a8 AAdd vk ATXY A&

LPSE
Y} enzyme immunoassay S o] &3Fo] gRl5tYoH

LPS
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Fig. 3. Inhibitory effects of ATX on iNOS induction by LPS.
The RAW264.7 cells (5x10° cells/ml) were treated with
concentrations of ATX (25, 50 and 100 uM) for 1 hr prior
to the addition of LPS (10 ng/ml), and then the cells
were further incubated for 20 hr. Control cells were in-
cubated with vehicle alone. The protein levels of iNOS
were determined by immunoblot analysis. 3-Actin was
used as a loading control.

LPS A& F(10 pg/ml, 20 hr)S th&T3} Hlwa] oF 1119
IL-6 (p<0.05) % <F 23u] 9] TNF-a (p<0.01)E A2 F9
A e 712 29t £33 LPSE fr =¥ IL-6 2 TNF-a
Ao gk ATXS JAZF7} 100 MY ATX FE0A =
F oA A (p<0.05) YebgT 53], o] FRAX ATX=
LPSE f =8 IL-69 A4S 652% AAAIZ L, TNF-a9] A4
21.2% AAAHLZ 1690 Qo] & 3u) ¥ =L JA &
H GATh(Fig. 4).

it o

ATX7t LPSE RTE NF«B transcriptional  activity
of ol =2
ATX7} LPSZ =% NF-xB transcriptional activity®l |

A= Fs AT NF-kB reporter construct®Z trans-
fection® RAW264.7 cell¢] NGL cellS ATXY] 5 3l 10
ng/mle] LPS= Aejste] 43S Jyseh. ATX A2
(25-100 M) &% 9|EF 02 LPSE FE% NF-«B tran-
A3 Atk 531, 100 tM9] ATX A2
+ NF-xB transcriptional activity (NF-kB dependent lucifer-
ase activity)% T4 JA FAAFH(Fig. 5). ©]+ 100 uM

=9 ATX7} NF-kB &4& dAlst= A o|(Fig. 6) NF-kB
transcrlptlonal activity o] A ¢k AAF-& vl

scriptional activity &

ATX7} LPSE Rl NF-«xB &40j 0|X|= &

ATX7} LPSE fr58® NF-kB &4 |X& Q3Fe dolr
| 93}+e] immunoblot analysisZ NF-kB (p65 subunit)$]
52 2T Kim 5{14]& NF-kB7} LPS A8 &
30- 60Toﬂ 243 HAva Rusgon, B Ade FYs

B3-S JeERiiTh LPS He] &, 30 @ 60594 NF-kB 24
1 UERsEoH, 100 M) ATX X2 2 A = Atk (Fig. 6). ©]
A= ATX7F NFB 848 JAste A& Ueid, ol
ATX7} IkBa #3]2 Asldte] NF-kB7} o2 AYste A&
AAES ongich

N

O



=

A)
14
12

10 I |
#

Relative IL-6 production

O N b~ & @

Control - 25 50 100 @m
ATX
LPS
(B)
=
-.9_ 30
o
2 25 - iy
o
s 20 - #
]
u 15 -
=
= 10 -
=
5 5
& [ ; - " I
Control - 25 50 100 (uwn
ATX
LPS

Fig. 4. The inhibitory effects of ATX on LPS-induced production
of proinflammatory cytokines (IL-6 and TNF-a) in
RAW264.7 cells. The cells (5x10° cells/ml) were treated
with various concentrations of ATX for 1 hr prior to the
addition of LPS (10 ug/ml), and then the cells were fur-
ther incubated for 20 hr. Control cells were incubated
with vehicle alone. The levels of proinflammatory cyto-
kines were measured by ELISA (A and B). Data represent
the mean=SD from three separate experiments. *p<0.05,
**1x0.01, significant compared with vehicle-treated con-
trol; *<0.05, significant compared with LPS alone.

Superoxide  radical  AMEMO| 2ot ATXRb -
tocopherol®| EHtetss Hluw
H &44 superoxide radical A§/d 7%l NADH/PMSol| A
super0x1de radical®] 252 ATXY %% 0.01-5 mg/ml2|
oA & JEHOE AAHE FEFS YEheH,
posmve control?! a-tocopherol| M= &L g FS YERY
Ak =8 5 mg/mle] FEIA ATXE a-tocopherole] H] 3
superoxide radical &7 °] 1.338] © #Skth(Fig. 7).

ROS| ddof DIXl= ATXS| &2t

ATX®] 281218 (Fig. 7)°] AIE wollM dA k= ROS
Tl AoME TAT FE Uehll= AE A1) S8
I AAZ RAW264.7 cell ©]&3te] APS 33t
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Fig. 5. Inhibitory Effects of ATX on LPS-Induced NF-xB
Transcriptional Activity. RAW264.7 cells were trans-
fected with an NF-kB reporter construct as described
in the methods section and then either untreated (con-
trol) or pretreated with different concentrations (25-100
M) of ATX for 1 hr. LPS (10 pg/ml) was then added
and cells were further incubated for 24 hr. Cells were
then lysed and luciferase activities were determined us-
ing a Promega luciferase assay system and a
luminometer. Data represent the mean+SD from three
separate experiments. **z<0.01, significant compared
with vehicle-treated control; *<0.05, significant com-
pared with LPS alone.

Luciferase activity
(fold of control)

30 min 60 min

Control LPS + ATX LPS LPS + ATX

NF-kB

e

= T T ! T
|

Fig. 6. The inhibitory effects of ATX on NF-kB (p65 subunit)
activation by LPS. The RAW264.7 cells (5x10° cells/ml)
were treated with ATX (100 uM) for 1 hr prior to the
addition of LPS (10 ug/ml), and then the cells were fur-
ther incubated for 30 and 60 min. Control cells were in-
cubated with vehicle alone. Nuclear extracts for NF-xB
were prepared as described in the methods section. The
protein levels of NF-xB were determined by immunoblot
analysis. Lamin A/C was used as a loading control.
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2l 80
=
% 60 B actaxanthin
; " a-tocopherol o
= 40
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=
2
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w -
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Fig. 7. Superoxide radical scavenging activity of astaxanthin and
a-tocopherol. Data represent the mean+SD from three
separate experiments.
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Fig. 8. Effects of ATX on ROS generation. RAW264.7 cells were
treated with various concentrations of ATX (25-100 uM)
for 1 hr prior to the addition of LPS (10 pg/ml), and
then the cells were further incubated for 24 hr. Control
cells were incubated with vehicle alone. Cell lysates were
incubated with DCFH-DA for 30 min and intracellular
levels of ROS were measured by fluorescence spec-
trophotometer (Ex: 485 nm; Em: 530 nm). Data represent
the meaniSD from three separate experiments.
***p<0.001, significant compared with vehicle-treated
control; *p<0.01, significant compared with LPS alone.

LPS A |2 izl Hsf oF 33uj¢] ROS A4 ol
gom, o]# 3 ROSY Z7H= ATXd 98 5= o=
oA = Ah(Fig. 8). &, ATX 2] F(25-100 M) 5=
S 2 LPSE X% ROS AAE oA UA A
(p<0.01).

Mzt

o

AF, AH 94, o, =3, 488 EE, A2AAEE 5
o] ¥lo] ROSY free radical (hydroxyl 3 peroxyl radicals)
9 singlet oxygen A3l @& o] ltke ApAo] e Hef|
2 g G5 s THA= HE AFE T kaE A9
A3, o1} 74 A9 oF 2 AmsnA e el 37}

=
shar ) o]#e AW ES Yo = ROSE w9 Eebgst
3 RS o] o} sl Axy vl g 9 ik B2

[10,28].

F9

& Y S FHS st Hohe 2AEE A2
3ol 71ed gt} whd o), INOSE LPSE A2 th2A %
X B & NOE AASERE Ao &4 2
(33], 3 54 2 T3 A3l A HEFH FA
o] & 4= oH13]. A" NO %L Griess AJ2FC 2, INOS
i ]

i)
=
T

gl
[o

S immunoblot®.E 43 A3 ATX+ LPSE

=8 NO 44 3 iNOS dfdtd 38 A3 A4
ZATh o= ATX7}INOS® 7]5-& Alofsted NO A4S 2
N7EZ AFAR2E Ede 954 2 AR ol &
2 5 308 Joz Agdn

954 cytokinel IL-69 TNF-a= W8t 7)%50] vk
g 8 o2} target cell ¥} A5 A8 &0i[6] U52 visNet
I 2AP w3, b A EES 243 A7) 2 FrlE
24 B e A9 AN 9o £ gu]. 59,
IL-6E F2 B8 A 2o A EHEm S5 B Al
¥7h FAAEE AEH= oA LAAE A7, 7
ALHE A=dhs 2SR, o] cytokined] FEE 574 B
AM B S7keke Aoz Busu gu[7]. A, F2E
o FEAES o] &3l IL6 E TNF-a [15]9 2& 9354
ARIEZRIE AN LE 434 AFE ARsh= H2L
A7 ol s k. LPSE hAAEE A3 B
Fel L6 3 TNF-a7} &5 ™, o] 23 cytokineS ol g

ATXS] A E3}E ELISA kit ©]&3le] 43t} LPSE
IL-6 % TNF-a8] A4S Fo4 Al 717 2.5, ATX (100
IM)= LPSE =¥ IL-6 3 TNF-a9] A4E FJ4 S
AAA ATt 3], o] FEX ATXE LPSE #+59 IL-6 &
TNF-a 84S 27 65.2%, 21.2% AAA A2 IL-69 $lo
o 3uf T & JAEHE BATh

NF-kB= WIS, AEZAA 2 cell cycled] #AH 7}
HES 2435 AAE AAIRe |, iNOS, COX-2, IL-18
E3she B A5 sy Hd s 243

ol 293 o) HARIAS MR HA B GFF 4F

i T
AR TFE BRH, FET FASELS NFxB 42
£ 2AT 5 AT TS o] MARIAY 43 E JAlste
A& Q3 94N st ARe] BHHA Ao B
HATH1. NO, IL-6 ¥ TNF-aE dAste £44< 714<
o|8)3l7] Y& LPSE =¥ NF«B o] thal ATXS] &%

S

< immunoblot&. 2 A3 A3}, ATX7} LPSE 528 NF-x
B &4 addo g AAstqint. o|d 3 Aa= ATXVF LPS
2 F=8 M ZAA NF«B 25 288 = te A
o)ttt NFkB 42+ iNOS 3o 24| #dsr, 92
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