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Effect of Phlorotannins Isolated from the Ethyl Acetate Fraction of
Ecklonia stolonifera on Peritoneal Macrophage Polarization

Min-Woo Choi, Jun-Hyeong Choi, Hyeung-Rak Kim and Jae-Il Kim*

Department of Food Science and Nutrition, Pukyong National University, Busan 48513, Korea

Inflammation is a protective response to infection or injury. However, prolonged inflammation can contribute to the
pathogenesis of many diseases, such as cancer, diabetes, arthritis, atherosclerosis, and Alzheimer’s disease. Recent
studies have shown that activated macrophages, inflammatory effector cells, can react to tissue insults in a polar-
ized manner, in which their phenotypes are polarized into two major subtypes, categorized as M1 or M2. Classical
MI activation involves the production of pro-inflammatory cytokines, such as interleukin (IL)-6 and tumor necrosis
factor (TNF)-a, and free radicals, while M2 or alternative activation is an anti-inflammatory phenotype involved
in homeostatic processes, such as wound healing, debris scavenging, and the dampening of inflammation via the
production of very low levels of pro-inflammatory cytokines and high levels of anti-inflammatory mediators, includ-
ing IL-10. As part of our ongoing effort to isolate anti-inflammatory compounds from seaweeds, we investigated
the effects of phlorotannins isolated from the brown alga Ecklonia stolonifera on macrophage polarization. Mouse
peritoneal macrophages were treated with various concentrations of the extracts, and real-time RT-PCR analyses
were performed to examine the expression of polarization markers: IL-1p, IL-6, and TNF-a for M1 and arginase-1,
peroxisome proliferator-activated receptor (PPAR)-y, found inflammatory zone-1 (Fizz-1), chitinase 3-like 3 (Ym1),
and Kriippel-like factor 4 (KIf-4) for M2. The pretreatment of cells with eckol, dieckol, and phlorofucofuroeckol-A
(PFF-A), isolated from the ethyl acetate fraction of E. stolonifera ethanolic extract, potentiated the anti-inflammatory
M2 phenotype of the macrophages. These results indicate that phlorotannins derived from E. stolonifera can be used
to enrich macrophages with markers of the M2 anti-inflammatory state.
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ed) Fefel M1 8 E -2 Hlo+9] lipopolysaccharides (LPS) %
peptidoglycan¥} 72 ¢]Q14] pathogen-associated molecular
patterns (PAMPs) X I AFE Al 3zofl A f-2] &= ol 4l 3l
Ak} -2 damage-associated molecular patterns (DAMPs), ~1
2|31 T helper 1 (Thl) cellof|A] 4] %]+= cytokine?] interferon
(IFN)-yoll &J gt 2l=ol &JsA] =% 1L, o] ol 5714
cytokines 2wl 7} A [nitric oxide (NO) & superoxide radical]
o] AAJEFo| Wolx= H5E74 (pro-inflammatory) E41S
7} tH(Mosser, 2003; Bystrom et al., 2008; Colin et al., 2014).

2 ol M2 2382 9452 oA (anti-inflammatory)s}
L EAS 7R a9, o] IL-4 2 IL-1337 22 Th2 cyto-
kines®f| 2JslA] F=Hh(Chang et al., 2015). ©]& cytokines
o] 29| glucocorticoids & resolvins¥ 22 &5 4 5
3l A A= 3 M2 phenotype2 3-8t Titos et al., 2011;
Zhang et al., 2009). M2 AN ZE [L-107 22 FHZA
cytokine2 HH| 3kl HSHHS-FARE ] 2o TE CD36
of wrlo] 7517 ¥, o] wheh 4K o] 8l W 240 2]
a2 S RISk A8 oA H5E ol
b 28 o8-S Tk ujeh Q1S Bt oAl Ee
3t e A5 ASARE 25l 8% 9T
skal, 333 o] 443t WS macrophage polarization)7} 0] %
oA A] = 77 W A E = US| Eth(Ferrante and
Leibovich, 2012; Bystrom et al., 2008). ¥ 2|52 0 & uAd A
Al F5= Fhteh= 54517 SHatherosclerosis), 4], ¥4
i} E2 Ao A AFSESZAY M1 x8Fo] F2 TAHE=
Aol B E|Gtt, | o]2jgh A3/ A e o 2 A2 E 9
=R FIHOEZHN o Y Ao 7 = o851 tf4]
AEZE M2 FHF 2] FLestALY M2 8PS B 7
A7)+ W E0] At AL QIti(Camell and Smith, 2013; Li et
al., 2013; Chen et al., 2014; Chang et al., 2015).

f2fe SR A de BEES ek
o] thelRt e dE Uetdl= o= deA Aeh(Kim et
al., 2009; Lee et al., 2012; Wijesinghe and Jeon YJ, 2012). Z1
> 4z2H = 4549 448 = xanthophyllF| caroteinods
29| fucoxanthin®} fucoidan 5-9] T}, fucosterol,
phlorotannins®} 22 thofet Ae|eyd E45S 7ML Q=
Z1o. 2 ®Hi1E S ch(Kang et al., 2003; Hosokawa et al., 2004;
Kim et al., 2012;Brown et al., 2014). & ¢15LAloj| A= o] A
of =gt Ao A Tt 27O FAFEE Y 77181
HEs £k, B3 3t SRk of8-sho] thakgt
TS BAske] Huslitt. 3], 53 (Ecklonia stolonifera)
FAFEZEY ethyl acetate (EtOAc) & U 1 S Eo|A &
3t phlorotannins [eckol, dieckol, phlorofucofuroeckol-A
(PFF-A)Jo] 74 Flojyt gk} 0 lelZ a3} o Aom
I tH(Kim et al., 2009; Lee et al., 2012). & ¢17-0)| 4]
= B2 A A2 (mouse peritoneal macrophages, PEM)E- ©]
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BAF 7)Aol A 228t Sul(E. stolonifera)25E] 95% 57
FEEY Az U I2HH ethyl acetate (EtOAc) E&2] &
2], 212|311 EtOAc &7 9 2 £ E phlorotannins (eckol, dieckol,
PFF-A)9] H2] 9 542 A1 o] W (Kim et al., 2009; Lee et
al., 2012)of| whe} =g 5}t

MZEi 2 2|

ICR 1}-$-2 5 o]-85}0] Alleva et al. (1998)2] W of ufe} &
73t A A 3£ (peritoneal macrophages, PEM) £-2|3}3itt =
1057 1h9A% ol gafo] tlAIE He) 349 o] kol
4% thioglycollate (w/v) 3 mLS FAFSFSI L. 0] uf-9-A & u}
Hsto] AR B 7 B3] Ul wBAA| T, 2AP71E o
231 3% bovine calf serum (BCS, Gibco, Rockville, MD,
USA)E F9sto] 5749 AN E 3lstdint. o] 2
2-33] Q23S o] & Y4]H2]|3}al phosphate-buffered saline
(PBS)=Z A|A kATt 223t B4 tHAAE= 10% fetal bo-
vine serum (FBS)@} penicillin (100 units/mL), streptomycin
(100 ug/mL)E #7}5t Dulbecco’s modified Eagle’s medium
(DMEM, WellGene, Daegu, Korea)= AR&sto] 5% CO,,
37°ColA 19 vieRE 7 o] Al S A2 st3ieh 2 AlRsS
100% dimethyl sulfoxide (DMSO)ol| =6 AR8-5}% 11, IL-49}
IL-13 (R&D systems, Minneapolis, MN, USA), LPS (Sigma-
Aldrich, St. Louis, MO, USA )= PBSo]| 0] AF&-5}3iT}.

MZ=Y Al

B AN ZE 96-well plateo]] 2 < 10° cells/well 2 H-53}
51 37°C oA 24413k B3 laFsteTt. o) %] 7t AlRSo]
%2 545 DMEM sh4) 2 23|5t0] ch] 24171 wfestsl
t}. 0] CellTiter96® Aqueous 3-(4,5-dimethylthiazol-2-yl)-
5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazoli-
um (MTS) A8 7] E(Promega, Madison, WI, USA)E A-8-3}
of A|lzAke] W o wheh Al 2AY a5 A8 AT MTS 81
2 FBS-free DMEM©] 5% (v/v)2] =2 40 100 uL# #
2|5}tk 14|17} 3o microplate reader (Glomax Multi Detec-
tion System, Promega, Madison, WI, USA)E ©|-85}4 490
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nm 3o FHEE
mRNA Zoigo| 24
BN Z(] x 106 cells/well)ol] A|RELS 4417F 52
2|3t 0] %-of] Quiazol A]2K(Quiagen, Valencia, CA, USA)Z ©]
43}0] total RNAS 22|35}, 1 ug® total RNA®Y GoS-
cript™ Reverse transcriptase (Promega, Madison, W1, USA)
£ ARESto] AlRAbe] WRitHE cDNA /& 285tk
FHJ%E cDNASL} TOPreal™ gPCR 2 x PreMIX (Enzynom-
ics, Daejeon, Korea), £2]-3-4 2} £0]Z| ¢l primersS AM4-5

o] real-time reverse transcription-polymerase chain reaction
(real-time RT-PCR, Rotor-Gene Q, Quiagen, Valencia, CA,
USA) e Fof A Ea s A vlaskqleh. #34k
T ] Hla= Al BlaE ffs AACt WS o83k
o1, real-time RT-PCRo]| o]-&5 ZF primers®] G741 LS
Table 1] LERH ATt

A 2|

2 o] mE AR A ¥l o]4h hEslglow, dloj A}
=S Wgiat FZ A2} mean £ SD)E AALsto] Liehfict.

B 7o) 8ol HEL P<0.05 50| 4] Student’s t-test=
SH4
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SZUAMZof tiet ME=d Al

HY(E. stolonifera) 74 FZ&=ol4 £23l ethyl acetate
(EtOACc) E1E(ESA)} £2] 3t eckol, dieckol, PFF-A 2] A 2%
A& B7rek] fl8l, 24249 AlmEs vhe2o] BAAA

Table 1. Primers used for real-time RT-PCR analysis

of TR A 2|otaL Al 2AYEEE FA 51T Fig. 1o]] LE}
U 150], eckol} dieckol 2] 7%~ 100 uM 2] -5 =7}4], PFF-A
9] 7% 50 uM, ESA 9] 79~ 200 pM 9] 5 &=7HA] =/d o] LiE}
LA oFottt. o A thAAHIE Hl325291 RAW264.7 cello] tigt
PFF-A % dieckole] Al 24 HA51S tloll i Akt 7
gFo] IEE A tH(Kim et al., 2009).

SZUAM=ZS EEFTEMY) 2 EBEM2) ®
315j0| o

— o

871014 Eelet BT AAIZ(PEM)O LPS E= IL-4E5 4
|7F&Qt A s, o] & MlES°I M1 2 M2 FH| 2 F=5
=32 odolH 7] Y|4 RNAS =%5}9] real-time RT-PCR 4
g B84 Z22] marker F-7dAES] B profiles 45
St} M1 of tf gt markers (Mosser., 2003; Bystrom et al., 2008;
Colin et al., 2014)2= TL-1B, IL-6, TNF-0.2} 22 cytokines
o]2]o] NO ¥ prostaglandin E, (PGE,)2} 2> H55174 vj
WA E A4 31= inducible nitric oxide synthase (iNOS) 2! cy-
clooxygenase-2 (COX-2)E £-43}31 tt. M29]| th gt marker
A= arginase (Arg)- 13} found in inflammatory zone (Fizz)-

>~
~

1, chitinase-like 3 (Yml), peroxisome proliferator-activated
receptor (PPAR)-y, Kriippel-like factor (KIf)-42} -2 G5AF
g A 9 22 B Lo Polst= SR HE(Liao et al., 2011;
Ferrante and Leibovich, 2012; Liu et al., 2014)& £43}4 .

Fig. 20 Yepfigiszol, LPS A 2ol oJs M1¢] S4%3l
marker F-32HE2] Ldo] A F7FHI(P<0.05),
IL-4 2o osf 1 Tgfe] sk Zo= Yyt
(P<0.05) (Fig. 2A). BHH, M2 marker -3 A=2] - IL-4 ]
2lo] ol8 s gojg o Wao] Z75He A0 et
(P<0.05), LPS #J2]o] eJsfjrl= Z W37} QIAY A7 s}

Gene Sense Antisense

GAPDH CTG CCCAGAACATCATCCCT ACT TGG CAG GTT TCT CCA GG
TNF-a TAG CCC ACG TCG TAG CAAAC ACAAGG TAC AAC CCATCG GC
IL-1B AGCTTC CTT GTG CAAGTG TC GCAGCC CTTCATCTTTTG GG
IL-6 CCT CTC TGCAAGAGACTT CCAT ACAGGT CTG TTG GGAGTG GT
iNOS AGA CCT CAACAGAGC CCT CA TCG AAG GTG AGC TGAACG AG
COX-2 GGG CCATGG AGT GGACTTAAA TGCAGG TTC TCAGGGATG TG
Arg-1 CCT GAA GGAACT GAAAGG AAAG TTG GCA GAT ATG CAG GGAGT
PPARy GAT GGAAGACCACTC GCATT AAC CAT TGG GTCAGC TCT TG
Fizz-1 CCAATC CAG CTAACTATC CCT CC CAC CCAGTAGCAGTCATC CC
Ym1 TGT CACAGG TCT GGC AAT TCT GCC TGT CCT TAG CCCAAC TG
Kif-4 GCA CAC CTG CGAACT CACAC CCG TCC CAG TCACAG TGG TAA

GAPDH, glyceraldehyde 3-phosphate dehydrogenase; TNF-a, tumor necrosis factors-a; IL-1p, interleukin-1p; IL-6, interleukin-6; iNOS,
inducible nitric oxide synthase; COX-2, cyclooxygenase-2; Arg-1, arginase-1; PPARy, peroxisome proliferator-activated receptor-y; Fizz-1,
found in inflammatory zone-1; Ym1, chitinase-3-like protein 3; KIf-4, Kruppel-like factor-4
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E73 A A 32 2] M2 polarizationo]] th gt &3] --3-2] eckol, di-
eckol, PFF-A9] 21329l R avtE A3 23, U5 Al
Fof|A] M2 marker §-31A}Fe] W o] F7ke= A SR UEY
A9 A Q1 A k= PHakE] A] 9FottH(data not shown). ~Le
U, BEAAANEE o) & SRMERE APt o] ¢ IL42 A=
51912 79 M2 marker -§-A+2] 'WE o] AASHA F7I6hH=
710 2 Uelth(Fig. 3). Fig. 29} ufx7 A 2, IL-47H2 %] 2]
512 wf M2 marker --84k2] o] fojAor FT6H=
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M2 marker {+514F9] LRl Arg-12 71 2 &2zl M2
markero|tH(Munder et al., 1999). 0] &4+ ArgS L-ornithine
O 2 BN 7] AL o] 2 AR 35 9 matrix 32kl ARE-E 4= 9l
+= polyamines¥} proline®] A-H4|1& Al FsiF= e gt
(Munder, 2009). Arg-2-iNOS 2] 7] 2 07| &= 5}7] wfj #of| Arg-1
9] o] 571k -2 INOSe| 23k NO9| AAdE A2 o
2 JA5h= 92 5 "th(Corraliza et al., 1995; Morris,
2007). Fizz-19] 735~ A3 9] F (extracelluar) matrix 2] 222
SRAF 2N &4 249 J|ES 5= A0 &2 dA 9l
CtHRaes et al., 2002). Kif-4= 2L 1504 M2 thA] A 329
A @A F7hekaL BHH M1 Jejoll A= st 2o '
o1 0 24 T A|A| 2] M1/M2 polarizationo]] 528k 24
oIz} &2 A8ttt Al o] Rl B Qltk(Liao et al., 2011). Ym1-2
extracellular matrix J&2] 23& AT o= 2244
uk= 710 2 B 11t Chang et al., 2001, Hung et al., 2002).
o]t o] M2 marker - AAE9] 3-8241Q1 42 A5 H
O] 4 W 22| &AF0] 3] o) WHE FAF S-S e
ujebA o] 59| Welo] Fu]-f-2f phlorotanninsoi] 2Jsf t%H
EETEoR SRR A2 M2 2 o] Z33hE] AL T1of 9
o gt dF A B TE UElhd 4= 132 ov|ste Aotk
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Fig. 1. Cytotoxicity of the ethyl acetate fraction of Ecklonia stolonifera (ESA) or phlorotannins isolated from ESA in mouse peritoneal mac-
rophages (PEM). Cells were treated with various concentrations of the samples including ESA, eckol, dieckol and phlorofucofuroeckol-A
(PFF-A) for 24 hrs. Viabilities of the cells were measured by MTS assay and their relative viabilities are shown.
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Fig. 2. Changes in mRNA expression profile induced by lipopolysacchrarides (LPS) or IL-4 treatment in mouse peritoneal macrophages
(PEM). M1 (A) or M2 (B) marker gene expressions in the cells treated with LPS or IL-4 were analyzed by real-time RT-PCR. All data are
presented as mean+SD of three independent experiments. * P<0.05 indicates significant difference compared to non-treated control.



n-3 =& 3AWAR] docosahexaenoic acid (DHA, C22:6
n-3) A 2] of a4 RAW264.7 A|3Z2] M1 E& 0] A 5=
HhH, M2 333 o] F71sh= o2 31 QI TH(Chang et al.,
2015). DHA 2] 7J-%- PPARYy ligand= A-8-5F© 224 PPARY 2]
GA31E 427111 M2 polarizationS F-E5l= 2 2.2 Sl g
o}, ot spAkE} W 8}oIE So] hokst Alej gL 7HA A
o2 AdHA = curcumin®] 73 RAW264.7 A|3Eof X 2]s}
92 v KI4 2 Fizz-19] Wl & 2710171 A 0.2 e,
o]2{3F M2 phenotype == PPARy 2] 2/ 3= 534 Lol
U= Aoz BaE K (Chen et al., 2014). PPARy+= M2 &
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Fig. 3. Effect of eckol, dieckol or phlorofucofuroeckol-A (PFF-A) isolated from ethyl acetate fraction of Ecklonia stolonifera on M2 polar-
ization in IL-4-treated mouse peritoneal macrophages (PEM). Cells pretreated with eckol (A), dieckol (B), PFF-A (C) or lipopolysaccha-
rides (LPS) for 1 h were stimulated with IL-4 for 4 hr, and then changes in their M2 marker gene expressions were analyzed by real-time RT-
PCR. All data are presented as mean+SD of three independent experiments. * P<0.05 or *P<0.05 indicates significant differences compared

to non-treated control or IL-treated group, respectively.
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