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Structure-activity relationship of alginates to induce TNF-a secretion
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Alginate 1s an acidic polysaccharide present in seaweed, and consists of mannuronate (M) and
guluronate (G). This polysaccharide is widely used as food additive, cosmetic and pharmaceutical
materials inducing thickener, humectant, and disintegrator of tablet because of its characteristic
physicochemical feature and the biologically innocent property. Several bioactivities of alginates
such as in vivo antitumor activity and activation of immune system have been reported. However,
there is no detailed study regarding the structure-activity relationship of alginates. To clarify
this point, we examined the effect of alginates with varying molecular weights and M/G ratio to
induce tumor necrosis factor-a (TNF-a) release from a murine macrophage cell line, RAW264.7
cells. Range of molecular size and M/G ratio of highly purified alginate polymers used in this
study were 9,000-38,000 and 1.50-3.17, respectively. Among the alginates tested, I-S, the highest
molecular weight of alginate (MW 38,000, M/G 2.24), showed the most potent TNF-a -inducing
activity. Alginates with molecular weight less than 20,000, and polyguluronate (MW 4,000) and
polymannuronate (MW 4,600) had no or only a trace activity. Furthermore, among the alginates
with similar molecular, alginates having higher M/G ratio tended to have higher activity. These
results suggest that M/G ratio also influences the TNF-a inducing activity in addition to the
molecular weight. By the analysis of the effects of three MAP kinase inhibitors on I-S and LPS-
mediated induction of TNF-a, the inhibition profile of I-S by these inhibitors was different from
that of LPS. Namely, I-S-mediated TNF-a induction was more significantly inhibited by JNK
and p4l MAP kinase (ERK) inhibitors than that of lipopolysaccharide (LPS). These results
suggest that the underlying mechanism of I-S-mediated TNF-a release may be different from
that of LPS in terms of the major MAP kinases involved.

Key Words : alginate, RAW264.7 cells, macrophage, TNF-a, MAP kinase

11

EEHICEEN D TVF VIR IZT O IEEREDFI30% % 5
DTHEY, BRI D 2 WidifaaEYE & L
THAEL, fMlEREOZEICHELTVwEEEL AT
o TWEF VBRI B-D-~v 2o v (LIFM EED &a-
L-7owve g (LIFG LKL 2 Oy o vk o
EnTBD, INSOHENS ) v MGk DfEx D
HETHALTEY, BEPSHEONE T IVF VR REMIR

DR Y v o= FERERMEEERL TWE, TosFHICi,
M 433875 5 72 Poly- B -D-mannuronate (PM) &#3fiz, G 78
1# 75 - 72 Poly- a -L-guluronate (PG) #lifii, 0" M & G
DEAEZITHTS - 72 MG 5 v & AR08 fEAE L, #efkrdic
3. N5 320D KA A v OFFELEBRE 2 2 Atz
BT 27 NVEVEENRBIELTVEY, 5T, TIE VB
T OREEZIEHEICEST 2 L RBARZH LVWESZ 5,

R 7S e S W SN
2 B R B RS
3 () R IR IR iR L [



12 aH,

[t

TVF VIR ISR T lIKITRNAETH B3, T Hho s
W F VIVEDIKIEL T VA ) SEOREE T VA ) BB L
LB T 254 Pkt DKIEK & 15 5, ERRICE
Mi4)BiE & PG A D 41 VK YA+ L — M EoIE 2k
BT EICE Y TF VIRIKERIZ T VLT 5, E-T, T
WEVEEF N ) T ADKIERITH IV A A & v EELIKE
AR 5 &, HONITA 4 VAHMEL, Ay s—
TIE VDTS VHBEREN S, PM KRS & — b
MEEZHLTOVED, PGRIECIILRTY v MMEEEG LT
BO, TORTy MEESICHILYY AL F VL EDEA A
VHBBALT, Tv Ry s RZ SN BB S AT
ZllickoTHrMLETAEEZONTVSE Y, 5T, G
SENEVWTLVEVIBEEN VYT A4 & VFEFTEWY
WETERT BT LIt b, TOHNYT ATIVE VRV,
Fix O¥EEE G 2MiaoEEA & LCRL s hTw
200 BIZIE, By AT IUE VERAIVIT R ILE VAR
ffa% 5 72 b Utc & D, HEFRPE P8 IR ~ O iRiEiic
HuoshTwad Y 7IUX vigld, EELLIACE/RD
BERGF LRGSO CRIBERSY, MEHEIN 73 RIS W S A
ENTVWDE, COXITTVFVREZI IO DA SN
TVWah, TVFrgEosTE, MEG ORI M/G
) &, 1BEEOA RS, EE, BRI Xk - THiA T
b, T OLEERE Yt d 2 W IFAEYIIETE & O R s BE
Iz oW TR FRMIHI LTV,

TF VIRIMOZ < OFEELSYE L FEIRIC, 2 < OFLE)
MOHEILSRE A NS, BRMEICX > Thd sy
RESNLTEETH S, - CTVF VIBIEYMHE LTE
BoboThy, FeANT Y TOTH A B EE, ©
NOoDOENTH LT NVF VIBIEGIEHNEZRITEEZON
TW3, I5iT, AYhoarzso—Lirxy Ky 72
THR S N EESEICaAAS, O P 2B
H5EDIEMEH L, COEMFIBIFELZILRATFO -V
ORI AL, MPD 3 v 257 e —VAKT S 4 25802510
HTXA2E D0, TAFVEEEZESUIEESSY 7Y X v
FELTHIRENTVWS, TDXIITTIVFE VIR IR 72
WP LIS 2G4 5 olRES RIS TV 3™,
—77, WIEWMmEITH T 3 AEEEER IS W T,
Otterlei 5% Pseudomonas aeruginosa DE 12THE & 0 pEE
L7253 F850,0000L Lo 7 v F¥ Vg€ ) ~—, Ray In
S5 N7 200,000/ 7 v F ViR < v Rk
FRAEBE M BRI & v & L EE B IEIN T (Tumor
Necrosis Factor-a; TNF-a) OELEFEEE =B L, 2
VI OEONIBENESTETPGAEZ L GLTVF Y
BRI 3G SV EEBRE LTV 5, i, Twamoto 57
1%, AL VE SN T IVE Y% Pseudoalteromonas sp.
HRO 7 VEx— )7 =€ (TIVF VIROFBESR) Tt
X B OREY) (D FEDOEB A4 ) I —D8EAK) Itk
b BLERAIE> 5 O TNF- a iHHFFREZ R L TV 5, LaL,
BEEO TV VIEOSTEB LU MG 7 v 5 40D R
(M/G ) 0o#EWic & 2 TNF- a BEAE « BUHFE 3472 R0
Thb,

B, &R, B, &, L0, hE 7OV RO MERRNT & TNF- a IS S

KWL TIE, RSN TV 7V F Vo s T-EB &
UM/GHEEEL, TVEVIO~Y 220757 —V%
PRl (RAW264. 700D (<4 21FM, HFiC TNF-a fEA: -
R OFBEIT D WCRHICRET L, 7 v ¥ VB OREE & A
TGV E OMBICBIT 2 MR AH 2 C E AN E L,

ERAE

TIUFVBRSEL SIS TOWE D2 L, I
Wi T FVBEIUITOM@MEY Th b, 1-S, 15, 13, IL-2,
IL-2G, IL-2M, I-1, ULV-3i3tkaStt+ I v L0t <
THW 7, SIGMA 3500 cps, SIGMA 250cps (& SIGMA #I
1% Nacalal 3+ 754 F227L0EAL K, PG, PM
BFH 547 A7 HBEO TV F VERK D BRI X 0 L
o,

RAW264.7T#0 @ 12 American Type Culture Collection
(ATCC) »H AT Lo RAW2GA.THII D BEMIIZ, RPMI
1640 55 i 1 A 1 (Benzyl Penicillin - Potassium,
Streptomycin Sulfate, Wako #:#!) A& %100 xg/ml &
5 EHIIRML, 56°C, 3043 [HEVLERZ L 7o AR Ia Y I iG
(FBS) #10%(v/v) #iNL7zbDEH W, fllaok:sg,
SBOCITRIFS N TV Al Z @i L, #9 5 mlo R 2N A
fife 2 EE otk @Bk ofilaz~Lr .y b &L,
AT, BOWEEERHK b mlic il s &, KE7
23 (77 a vl 26em’ 75 2F v 7 7523) I
L, 37TC, 5% CO M v+ aX—% —ThEE L7, —Bikk
EHL, fESEORABLBOVT &, £, fMlartEEr 52
IDERMHICHE L TWD T & AR LT, HEHIEH « fREs
BEIT- 172, RAW2A. TR O K ARIEE IR, 75 2 aNORs
& B £ 0.2%trypsin/0.026%EDTA (F ) 7 v v) I8iR%E
L, 37°C, 5% COA v & 2 ~N—% —NTHIEHME% I
St ETHAER, 75 AIND Y 7Y VIERETD B
&, HOHZEEBRBNODEEHE Lz, 79 X IERM» S
M HANTE L EAHERL TS, 10%FBS 258
RPMI 16408EH1 2 M4, ffazmOoick voBEIXL, #Hrci
BEE7 5 2 2 im0 E RS, HU 5 %CO1 v
FanN—y—THEET- I

TIVFE VRO T-EOWTEICE 3,5-dinitrosalicylic acid
HaE WY P 3 5-dinitrosalicylic acid 1g 12 20ml®
2 M NaOH & 50 mld7/KZMA TR L 785 S iaff & H 7,
S 530 gDWANESF Y v aH )y APDKFIYIEINA TH
fitsH, /KEIMATI00mlE L, 0 %3 5-dinitrosalicylic
acid I E Lo 7AUF VA Z1.5ml, 3,5-dinitro-
salicylic acid #{# %A 1 mINA L < fEFLEL b DEREA S &
too ZTO®RIFKPTEIRE THAIL, 5.0mloKEMA THE
L, 540nm TRHEAZRIE Lic, KB, MEHRIEROE
I3 A7 ve vigERVI,

Mtk (CD x <7 bv) ickb, &7 VE VR
D= vxovige svo vigoikit M/GH) 2EHL
72%, CD OHlIFE T iF. MR aMa8GT J500A (HAS
KED ARV, WETE, EENICERN R ERASEZE



RIFRSFKE AU RS 95865 (2005) 13

L[TOMEKOFEAETE BRI ST, £ HMESRRLT
DX ITIT > 1o A 10mM ) vigiEEg (pH 7.5), ¥
E 1190~260nm, /N 1mm, B&E 1m'/cm, HER:
8sec, EAMEE : 20nm/min, FEEREWIEREL : $20°C, CD
FoRicid, PRt - TEEREEHERE AW TE L,
1B (MRW) (31760 ME% WV 72,
[ 0 ]=mean residue ellipticity

0 obs=actually obserbed ellipticity

MRW=mean residue weight

d=path length (cm)

C=concentration (g/ml)

P/T<l1,

M/G=2.0XP/T
P/T>1,
M/G=(40+27 P/T)/(60-27 P/T)
TIF VRO MEEORE IS MTT 2 Wiz, 5g
@D MTT %#1L ® PBS i2igm» L MTT &K & L 7co 96 well
7L — T RAW264.THIE % 1 well 2472 0 2X 104H 1275 5
Koo, MIIAELE, MEREHRAR I THIE L 7, 37°C
5% CO1 v & 2= —NT—WifEik, KHicTico
TEEICHEE Lo v VAL, 24BN L 7o, B0
0 ulX7z MTT 5 %210 plidhml, 37C, 5% CO.A
YEFaN—y - NTR20SMER, EEEDBRE
DMSO % 1 well 24720 100 w1 0 LAMNE &2 7507 L 7co & <
BEL, ~1 707 L=t =5 —IC kD ESEEEAEHITE L 72
(Abs=570nm),
TNF-a OESITIE ELISA %2 Wiz, ELISA A 96 well

7L — MICHE PBS T4 pg/ml IR L 7 —kbLE
(Anti-Mouse Tumor Necrosis Factor alpha (TNF-a)
Monoclonal Antibody, Purified (ENDOGEN)) % 1 well
M7en 100wl FoiRINL 7o, =il C2ARRIEER, JEHA
% (0.025% tween 20 in PBS) T 2 [mBE#E L, Blocking
7w (4% BSA in PBS) % 1 well 247c 0200 p1 9" 24
U7co EiCURRMEHE L 721, A< b Bk L,
Blocking /A T10% I TR L 72+ » 7 Uik B (TNF-a
ERDOWNREB DY 7)) % Lwell Y120 100 ul o7
MU7e FIRTIMERIA v F 2 ~— L, BREEAEE TS [k
# L, Blocking i T 1 pg/mlic#imR L 7o IRPLIK
(Anti-Mouse Tumor Necrosis Factor alpha (TNF-a)
Polyclonal Antibody, Purified (ENDOGEN)) % 1 well
M720100ul IO ML 7o FilTIUREA v F 2=+ L,
PEi ARG < 5 B L, Blocking 1A% T1000f5 IS AR L 72
Be-fifka v v 27— b (Anti-Rabbit Ig, HRP-linked
Whole Ab Donkey (7 <Y+ & NA 444 v e
1) Z1well 47201001 2RINL 720 EE T30 1 ~
FaN— L, kAR TS ERERER, REAKR (TMB
Peroxidase Substrate & Peroxidase Solution B (TMB
Microwell Peroxidase Substrate System) % 1 : 1 Tii
HGlLicdbd) 2100l TOHRMUER TN A v+ 2 X —
b L7oo RIMERFIE LTIN Y Y ERIAKA50 1] $° 25
L, K<HEBLAEBA 2707 L= ) =5 =T X DR

(Abs=450nm) ZHIE L1, B, BFOEED TNF-qa %=
ELISA 17 v — biciphnL, [EEO#EE1T>C, TNF-a
OWHBEFRE Y v 7D TNF-a BE2RKH 12,

HRELUVEBE

TNF VIOV S TR E M/G LA Fig. 1 ISR LT, 7
IV F VRO 15 134,000~38,000 0 EIPH T H - 12, F
72, PGBIUPM 2R ALTOTIVE VEEICBWT M/G
H1.50~3.17TTh b, EBICHVWILIFhoT v+ VigEd M
MG EDZLEENTVWELZENHBAL I, THF VIR
teEH O RS, B, BT L > TREZEINT
W3, LHL, TOMMPG IO 2HBEEZVEVSEERE,
TSEDAES 2 7V F VRO AR SRR ICE S b
DEZEZ LN,

I-5

1-3

1-5

KIMICA H
LLV-3

1.-2

IL-2G

IL-2M

SIGMA 3500cps
SIGMA 250cps
Macalai

PG

PM

0 10000 20000 30000

40000

Average molecular weight

Fig. 1. Average molecular weight and M/G ratio of
various alginates

M/G ratio of each alginate was estimated by circular
dichroism analysis.!” The molecular weight of each
alginate was estimated by the combination of the
measurement of total uronic acid content” and reducing
endo-sugar content."”

[], guluronic acid; M, mannuronic acid.
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Fig. 2. The effect of various alginates or LPS on the
viability of RAW264.7 cells.

RAW264.7 cells in 96-well plates (2% 10'cells/well) were
incubated with 1,000 £ g/ml of each alginate or 1uxg/ml
LPS in RPMI 1640 medium containing 10% FBS at 37°C.
After 24 h, the viability of each treated RAW264.7 cells
was measured by MTT assay as described in the text.
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Fig. 3. TNF-a inducing activities of various alginates
and LPS in RAW264.7 cells.

RAW264.7 cells in 96-well plates (2% 10'cells/well) were
incubated with 1,000 zg/ml of each alginate or 1u¢g/ml
LPS in RPMI 1640 medium containing 10% FBS at 37°C.
After 24h, the amount of TNF-a in the cell-free
supernatant from each treated cells was measured by
ELISA as described in the text.
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Fig. 4. Concentration-dependent activity of alginate (I-
S) to induce TNF-a secretion from RAW264.7 cells.
RAW264.7 cells in 96-well plates (2X10'cells/well) were
incubated with varying concentrations (0-1,000 x g/ml)
of I-S in RPMI 1640 medium containing 10% FBS at
37°C. After 24 h, the amount of TNF-a in the cell-free
supernatant from each treated cells was measured by
ELISA as described in the text.
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Fig. 5. Effect of MAP kinase inhibitors on the
induction of TNEF-a release from RAW264.7 cells by
alginate (I-S) or LPS.

RAW264.7 cells in 96-well plates (2X10'cells/well) were
incubated with 5 M of each inhibitor in RPMI 1640
medium containing 10% FBS at 37 °C for 1 h. And then,
1,000 # g/ml of I-S or 1 g/ml of LPS was added to the
cells. After 23 h, the amount of TNF-a in the cell-free
supernatant from each treated cells was measured by
ELISA as described in the text.

M, alginate (I-S), [], LPS

C DFRIRE LB D 7V F v R OEE FoEW A, TNF-
a DEEFBICRELBEDL-TVEbDEEL D, 1, &
FlOfEHR B L ORIRRE O &) F 7 v F Vg EW TNF- a i
GV A RT CEAEA B E, [-S L0 ESTTM/G Hs

QP LD T VE VK Y = — 3 X D & TNF- a O FEEN:
T B ENHETE B,

BEedsk 7 v ¥ vERIC X B TNF-a FEAFEIC IR INK B
& ' ERK MAP kinase 28B4 5- L TW 7, ERK MAP
kinase (& filfEtgbiEA 1715 & BRI L 0 EH b B
fo, TOUF VEER ) < — DSHRuRETE A TE AL L RS, )
Uiz ERK MAP kinase &b s, 51T, #4 k
NA VIBEERDO Y 7 F LD s oz s — 212k BRI
SN, TNF-a OFEA « A FELTWEEEZ 5N 5,
%1%, MAP kinase X BROHEX S EAHVT, 7 F
VRO TNF- a FEEED 2 7 = X LfRIADPNETH 5,

1BEHRO 7TV F v BEOLEMEIZF A0,/ WH O THHM &
N, ROLERYWEDVDESTHEEENTWDE, TDOT IV
FUBEDF ) = —I2 TNF- a OFEAFEIGESHER TS 12,

NS TIVF VKR Y v — (ZREFIRIE(LA & LT o
RFans,

2 & XM

1) Haug, A.: Methods Carbohydr. Chem., 5, 69-73 (1965).

2) Grant, G.T., Morris, E.R., Rees, D.A., Smith, P.J.C.,
and Thom, D.: FEBS Lett., 32, 195-198 (1973).

3 ) Simpson, N.E., Stabler, C.L., Simpson, C.P., and
Sambanis, A.: Biomaterials, 25, 2603-2610 (2004).

4) Scott, C. D.: Enzyme Microb. Technol., 9, 66-73 (1987).

5) Darquy, S., and Sun, A.M.: AS4I0 J., 33, 356-358
(1987).

6) Fan, M.Y., Lum, Z.P., Fu, X.W., Levesque, L., Tai,
I.T., and Sun, A.M.: Diabetes., 39, 519-522 (1990).

T) PEEE—R, ERNET. EOAR. BT ke, 28-30
(1993).

8) Otterlei, M., Sundan, A., Skjak-Braek, G., Ryan, L.,
Smidsrod, O., and Espevik, T.: Infect Immun., 61,
1917-1925 (1993).

9) Iwamoto, Y., Xu, X., Tamura, T., Oda, T., and
Muramatsu, T.: Biosci. Biotechnol. Biochem., 67, 258-
263 (2003).

10) Iwamoto, Y., Araki, R., Iriyama, K., Oda, T.,
Fukuda, H., Hayashida, S., and Muramatsu, T.:
Biosci. Biotechnol. Biochem., 65, 133-142 (2001).

11) Morris, E., Rees, D.A., and Thom, D.: Carbohydr. Res.,
81, 305-314 (1980).

12) Hodge, J.E., and Hofreiter, B.T.: Academic Press, New
York, 388- 389 (1962).

13) Otterlei, M., Ostgaard, K., Skjak-Brak, G., Smidsrod,
O., Soon-Shiong, P., and Espevik, T.: J. Immunother.,
10, 286-291 (1991).



16 aH,

[t

14) Kawada, A., Hiura, N., Tajima, S., and Takahara,
H.: Arch. Dermatol. Res., 291, 542-547 (1999).

15) Kawada, A., Hiura, N., Shiraiwa, M., Tajima, S.,
Hiruma, M., Hara, K., Ishibashi, A., and Takahara,
H.: FEBS Lett., 408, 43-46 (1997).

16) Akiyama, H., Endo, T., Nakakita, R., Murata, K.,
Yonemoto, Y., and Okayama, K.: Biosci. Biotechnol.
Biochem., 56, 355-356 (1992).

17) Yonemoto, Y., Tanaka, H., Yamashita, T., Kitabatake,
N., Ishida, Y., Kimura, A., and Murata, K.: J.
Ferment. Bioeng., 75, 68-70 (1993).

18) Tomoda, Y., Umemura, K., and Adachi, T.: Biosci.
Biotechnol. Biochem., 58, 202-203 (1994).

B, A&, M, ks, b, N

TV F VIR O KSR & TNF- a iU E

19) Xu, X., Iwamoto, Y., Kitamura, Y., Oda, T., and
Muramatsu, T.: Biosci. Biotechnol. Biochem., 67, 2022-
2025 (2003).

20) Hide, I., Tanaka, M., Inoue, A., Nakajima, K.,
Kohsaka, S., Inoue, K., and Nakata, Y.: J. Neurochem.,
75, 965-972 (2000).

21) You, M., Flick, L.M., Yu, D., and Feng, G.S.: J
Exp. Med., 193, 101-110 (2001).

22) Hsu, H.Y., Chiu, S.L., Wen, M.H., Chen, K.Y., and
Hua, K.F.: J. Biol. Chem., 276, 28719-28730 (2001).

23) Hide 1.: Folia. Pharmacol. Jap., 121, 163-173 (2003).

24) Skjak-Braek, G., Grasdalen, H., and Larsen, B.:
Carbohydr. Res., 154, 239-250 (1986).





