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Synergistic Anti-inflammatory Effect of Rosmarinic Acid and
Luteolin in Lipopolysaccharide-Stimulated RAW264.7 Macrophage Cells
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Abstract The aim of this study was to investigate the synergistic anti-inflammatory effect of rosmarinic acid (RA) and
luteolin from perilla (Perilla fiutescens L.) leaves in lipopolysaccharide (LPS)-stimulated RAW264.7 macrophages. A
combination of RA and luteolin more strongly inhibited the production of nitric oxide (NO), inducible NOS (iNOS),
prostaglandin E, (PGE,), and COX-2 than higher concentrations of RA or luteolin alone in LPS-stimulated RAW264.7
macrophages. The combined RA and luteolin synergistically inhibited the production of pro-inflammatory cytokines, such
as tumor necrosis factor-o (TNF-a), interleukin-6 (IL-6), and interleukin-1 (IL-1B), in LPS-stimulated RAW264.7
macrophages. Furthermore, combined RA and luteolin more strongly suppressed NF-kB activation than RA or luteolin
alone, by inhibiting the degradation of inhibitor of NF-kB (IkB)-o. and nuclear translocation of the p65 subunit of NF-xB
in LPS-stimulated RAW264.7 macrophages. Collectively, these results suggest that RA and luteolin in combination exhibit
synergistic effects in suppression of LPS-induced inflammation in RAW264.7 macrophages.
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Fig. 1. The structure of rosmarinic acid and luteolin from perilla (2. frutescens) leaves.
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T FE512), kst F FAHA|(13), 7Y BE(6,14,15) &
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AP E=EEo] WEEATH4,16,22,23). T3, Park 5(24)9] Ao
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Al A Auiate] 2014 7€ 1090l I, 2 AxE EA
Q) B2 RE rosmarinic acid (RA)S} Iuteolin (Fig. 1)9] #2&
Lim 525y Jeon 5(18)2] ¥l ulgl EElsion, 72574
2 LC-MSF NMR spectroscopy?ll 213l €R151%AT}. Griess reagent
9} LPS, NP40 cell lysis buffer, protease inhibitor cocktail>
Sigma-AldrichA} (St. Louis, MO, USA)ZE T3 th. Prostag-
landin E2 (PGE,), TNF-a, IL-6, IL-1p ELISA kit= R&D syste-
mesAH(Minneapolis, MN, USA)ZFE T43F3At) 12} & iNOS
£ BD Pharmingen*} (San Diego, CA, USA)I4, COX-2E Cay-
man Chemical*H(Ann Arbor, MI, USA)ZHE] +U3FA L, B-tubu-
lin, IkB-o, NF-kB p65, Lamin B19} 22} &A] goat anti-rabbit
IgG HRP-conjugated antibody= Santa Cruz Biotechnology*}(Santa
Cruz, CA, USA)ZHE 93t} NE-PER Nuclear and Cyto-
plasmic extraction reagents= Pierce BiotechnologyAHRockford, IL,
USA)ERE 14319 em, 718} EA4IA2F2 reagent grade= Sigma-
AldrichAK(St. Louis, MO, USA)ZHE 73] A3ttt
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B Ao A AEe rRe fel oiAMAET RAW264.7
MEZ ATCC (American Type Culture Collection, Manassas,
VA, USA)NIA F43IAtE 10% FBS (fetal bovine serum; Invit-

rogen, Carlsbad, CA, USA)9} 100 units/mL penicillin, 100 pug/mL
streptomycine 3 7}et DMEM  (Dulbecco’s modified eagle
medium)#l| ] (GIBCO-BRL, Invitrogen, Carlsbad, CA, USA)E A}
&3ld 37°C, 5% CO, incubatorll X vl3tR o™, AE D=7}
90%= EsEAS o Alchujgeh Aol AR
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N EZAEE2 Bz-Cytox cell viability assay kit (DAEIL lab,
Seoul, Korea)ys ARE-3I31om, AlZAloA A5 AR
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FEIL 2x10° cellsimL7} H &2 B3 H 37°C, 5% CO, incu-
batoroll Al 24A17F wiFet F RAE 0200 M =2 2|5t
luteoling 0-40 uM FE= A dto] 24A17F vjoFatdTh. 2441 7F
% EZ-Cytox AoF 10LE ¥ 3A17F B9 w8k 3 microplate
Ltd., Mannedorf, Switzerland)S ©]-& 3}
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reader (Tecan Group
450 nmollA] FHEE
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RAW264.7 A EZ 96 well plated] HZ5E7} 2x10° cells/mL
7} HEE BFE FH 37°C, 5% CO, incubatorol A 2447k Hl <k
g T 7t sibES AEE ok, 17 F LPS (1 ug/mL)E A
2lste] 18A17F mlgStATh Ml F 100 uL2b Griess A]9F
100 lLE &8st 204 158 <t 8HAIZ] F microplate
readerS 0183l 540 nmollA T3 =2 243103, sodium nitrate
2 FFFAES ZAdste] NO A S A=t
ELISA assay

RAW264.7 MEZE 6 well plated] HFF=7F 2x10° cells/mL7}
HEE B33 5 37°C, 5% CO, incubatordll X 24A17F wjkst 5
7+ 313HE-S APt 1A7F 3 LPS (1 ugmL)yE 22k 18
A v =, A E Y AEAS FHstel PGE,, TNF-a, IL-6,
IL-1B cytokine®] AJAteF Z7 -2 R&D systemesAH(Minneapolis,
MN, USA)°lA 4%+ ELISA kitZE ARR-&le], AlzAlolA A%
st Aol wakxd S sisivh

Total protein extraction

RAW264.7 AIZZ 6 well plated] HF&%=7}F 2x10° cells/mL7}
HEE B3 5 37°C, 5% CO, incubatordll X 24A17F wjkst &
7} 3HES At A7 = LPS (1 pg/mL)E A3t 18
AlZE wiget ¥, PBSE AlFE AIXE dilEE] &t
pelletoll NP40 cell lysis bufferS 3718t Lol 308 5
incubation ¥ 12,000 rpm&Z 158 E9F AAEZsl] A5
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Fig. 2. Effect of rosmarinic acid (RA) and luteolin on cell viability in RAW264.7 cells. Data are presented as the mean+SD. *p<0.05 vs.

control.

A, Bio-Rad protein assay (Bio-Rad, Hercules, CA, USA)
Aok Abgate] Tule sttt

Nuclear protein extraction

RAW264.7 AIEE 100 mm disholl #EFZ7F 2x10° cells/mL
7F HEE 253 F 37°C, 5% CO, incubatorol] A 2447+ HljQF
3 5 7} BES Aesiinh 1A 3 LPS (1 pgml)S A
3lod 30 B3t vt &, PBSE AM|Fela AxE d4lEe] st
o] pellet2 LT Nuclear and cytoplasmic T2 -& Pierce
BiotechnologyAHRockford, 1L, USA)ZFE T3 NE-PER
Nuclear and Cytoplasmic extraction reagents kits AR&-3}od, A=
AbellA] A7gete Wl weth deilds stk

Western blot

il 50 pgs sample buffere} 4101 100°CoNA 587 329l
T, 10% SDS-PAGEZ #2]3+ U, PVDF membrane® = trans-
fer 3+ ¥ 5% skim milkollA] 1A]7F E<F blocking3titt. 12} &
A(NOS, COX-2, B-tubulin, IkB-o, NF-kB p65, Lamin Bl)=
4°Coll A overnight A1Z1 ¥ TBS-T (tris-buffered saline and
tween-20) buffer2 1027+ 33 A3, 22 &A= 1:5,0002
2 N7 59 AdeolA REAIZIT TBS-TZE 1027k 33] A%
3t % membrane®] ECL (Pierce Biotechnology, Rockford, IL,
USA) Alks Aelate] S7gakict.
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LPS (1 pg/mL)E AF=3ked 18A17F v st U2 Griess reagents
ARE-3te] NO A3 =-E ERIEATHFig. 3). = A3 LPSE A
sk ZellA] NO A o] FAEtst vlaste] A F718ERA
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< YERISA, luteolin®] NO AYGA| 42 T3t 4395 B
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A 49E HAARL B AF dae o 92 7= 5uMel
A ALl FAke @S YERIIT olEg AFE HlRCE RA
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Fig. 3. Effect of rosmarinic acid (RA) and luteolin (Lut) on NO production in RAW264.7 cells. Data are presented as the meant SD.
#p<0.001 vs. control, *p<0.05 vs. LPS, **p<0.01 vs. LPS, ***p<0.001 vs. LPS.
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Fig. 4. Synergistic effect of co-treatment of rosmarinic acid (RA) and luteolin (Lut) on NO (A) and PGE, (B) production in LPS-
stimulated RAW264.7 cells. RAW264.7 cells were treated with RA (100 uM) or Lut (2 uM) and RA (50 uM) plus Lut (1 pM) for 1 h prior to
the addition of LPS (1 ug/mL) and the cells were further incubated for 18 h. Data are presented as the meantSD. “p<0.001 vs. control,

#£%p<0.001 vs. LPS.
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translocation levels were determined by western blot analysis.
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(1 pM)S AA S 1417 Foll LPS (1 pgmL)E A3} 30
B F dES Aof western blotS 47338l FoNE A= Fig.
79l JERAATE Z™ellA B dRe], LPSE A g oA
NF-kB] subunit®] p65¢] 3] ¢ro@e] o]Fo] Fxz|#¥} Hlw
slod =A F7FeFIAIT, RA (100 uM)THS A2 gk ZolldE LPS
Aot} vlwste] FEig 74 @4de] §IIAL, luteolin (2 pM)RH
< A3 FolM= LPS A2ed Hlwste] FEis a4 @48
BATh 28U RA (50 uM)2} luteolin (1 pM)yS- A0l =23k
< 79 RA (100 pM)$} luteolin 2 uM)S 2HzF AE8ldS o)
HT} NF-«xB2| subunit! p65¢] translocationo] O 953+ <A &
7t o] F FE 7 sl FEEE gl &+ o
Stk T3 LPSE A3t 7oA IkB-a®] degradationo] T
3} Hlawste] F5lo] VEFRA|TE RA (100 uM)} luteolin (2 pM)
YRS X2t oAM= LPS Al vlaste] kB-o2] degradation
o] 7+Asldtt. 2E A%k RA (50 uM)$} luteolin (1 pM)yS FA]
o] A&35AS A$ RA (100 uM)2} luteolin (2 uM)yS z+zt A2

39S W B} IkB-a®] degradationS T FHoluA GAIS= A
S E 7 o] F IAE 1M A5FEe] FEEE 91
AL olHg A= o 2 T2 AES F IFEC] o
2 F5E AT 77t SEET kB-of] degradations}
NF-xB9] subunit?] p659] translocations JA|3te] T FHoldt &
HE A4S Hellie 302 AztEoAH, o] F RHES ¢
Fad 43 FE N g X8 F8s €8E F U A
o2 e

2

2 Atdxe= E7 F8 7154 £Z2! rosmarinic acid (RA)
9} luteolin®] RAW264.7 A|ZolA HF2H-o gt A5 &3}
7t JEA Dotz vk 2 A3} RAW264.7 AlEo] RA
(50 uM)9} luteolin (1 uMYS FAIA A et9S 45 95 vl
Q#¢1 NO, iNOS, PGE, COX-2¢] AL RA (100 uM)<t
luteolin (2 uM)yS 22t AE319iS ] B} o HojuA A5t
Atk EF RA (50 uM)2t luteolin (1 pM)S FAld 22319
749 TNF-a, IL-6, IL-1B 22 A3/ Al|E7IRIS] AAHES RA
(100 pM)$} Iuteolin (2 pMyS ZHzh X2l5te w 2ok o FHo
A JAISHE AS ISttt 2813 RA (50 uM)2} luteolin
(1 uMyS B2l A2)319S 7% RA (100 uM)} luteolin (2 M)
< 77 AE89S W 2ol NF«kB9 subunit®] p652] transloca-
tion?} 1kB-0®] degradationg T HAUA HAlst= AL & +

glel ¥ BhME 70 gHAgel TV A T 4 AN,
RAS} luteolin 7 SPES FAO) A2 A9 dEdd 2% A

2ol f8501 289 + US Aow wawE,



12

5 AN EASEA A 47 A A 15 (015)

aAlel =

B e s R&DADAE Y A9 (2013HaC11)o] <]3)

TYEAFH

—

10.

11.

13.

14.

15.

References

. Sirisinha  S. Insight into the mechanisms regulating immune
homeostasis in health and disease. Asian Pac. J. Allergy 29: 1-14
(2011)

. Mok JY, Jeong SI, Kim JH, Jang SI. Synergic effect of quercetin
and astragalin from Mulberry leaves on anti-inflammation.
Korean J. Orient. Physiol. Pathol. 25: 830-836 (2011)

. Shin JS, Park YM, Choi JH, Park HJ, Shin MC, Lee YS, Lee
KT. Sulfuretin isolated from heartwood of Rhus verniciflua inhib-
its LPS-induced inducible nitric oxide synthase, cyclooxygenase-
2, and pro-inflammatory cytokines expression via the down-regu-
lation of NF-kappaB in RAW 264.7 murine macrophage cells.
Int. Immunopharmacol. 10: 943-950 (2010)

.Cho BO, Ryu HW, So Y, Lee CW, Jin CH, Yook HS, Jeong YW,
Park JC, Jeong IY. Anti-inflammatory effect of mangostenone F
in lipopolysaccharide-stimulated RAW264.7 macrophages by sup-
pressing NF-kB and MAPK activation. Biomol. Ther. 22: 288-
294 (2014)

.Guo S, Qiu P, Xu G Wu X, Dong P, Yang G, Zheng J,
McClements DJ, Xiao H. Synergistic anti-inflammatory effects of
nobiletin and sulforaphane in lipopolysaccharide-stimulated RAW
264.7 cells. J. Agr. Food Chem. 60: 2157-2164 (2012)

.Jeon YJ, Song KS, Han HJ, Park SH, Chang W, Lee MY. Ros-
marinic acid inhibits chemical hypoxia-induced cytotoxicity in
primary cultured rat hepatocytes. Arch. Pharm. Res. 37: 907-915
(2014)

. Ojha D, Mukherjee H, Mondal S, Jena A, Dwivedi VP, Mondal
KC, Malhotra B, Samanta A, Chattopadhyay D. Anti-inflamma-
tory activity of Odina wodier Roxb, an Indian folk remedy,
through inhibition of toll-like receptor 4 signaling pathway. PLoS
One. 9: €104939 (2014)

.Kawai T, Akira S. TLR signaling. Cell Death Differ. 13: 816-825
(2006)

.Lee Y, Song B, Ju J. Anti-inflammatory activity of Perilla frute-
scens Britton seed in RAW 264.7 macrophages and an ulcerative
colitis mouse model. Korean J. Food Sci. Technol. 46: 61-67
(2014)

Jeong SI, Kim HS, Jeon IH, Kang HJ, Mok JY, Cheon CJ, Yu
HH, Jang SI. Antioxidant and anti-inflammatory effects of etha-
nol extracts from Perilla frutescens. Korean J. Food Sci. Technol.
46: 87-93 (2014)

Cho BO, Park HY, Ryu HW, Jin CH, Choi DS, Kim DS, Lim
ST, Seo KI, Byun MW, Jeong IY. Protective effect of Perilla

frutescens cv. chookyoupjaso mutant water extract against oxida-

tive injury in vitro and in vivo. Food Sci. Biotechnol. 20: 1705-
1711 (2011)

.Huang N, Hauck C, Yum MY, Rizshsky L, Widrlechner MP,

McCoy JA, Murphy PA, Dixon PM, Nikolau BJ, Birt DF. Ros-

marinic acid in Prunella vulgaris ethanol extract inhibits

lipopolysaccharide-induced prostaglandin E2 and nitric oxide in

RAW 264.7 mouse macrophages. J. Agr. Food Chem. 57: 10579-
10589 (2009)

Zhu F, Asada T, Sato A, Koi Y, Nishiwaki H, Tamura H. Ros-

marinic acid extract for antioxidant, antiallergic, and o-glucosi-

dase inhibitory activities, isolated by supramolecular technique
and solvent extraction from Perilla leaves. J. Agr. Food Chem.

62: 885-892 (2014)

Osakabe N, Yasuda A, Natsume M, Sanbongi C, Kato Y, Osawa

T, Yoshikawa T. Rosmarinic acid, a major polyphenolic compo-

nent of Perilla frutescens, reduces lipopolysaccharide (LPS)-

induced liver injury in D-galactosamine (D-GalN)-sensitized mice.

Free Radical Biol. Med. 33: 798-806 (2002)

DomitroviR, Skoda M, Vasiljev Marchesi V, Cvijanovi O, Pernjak

Pugel E, Stefan MB. Rosmarinic acid ameliorates acute liver

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

damage and fibrogenesis in carbon tetrachloride-intoxicated mice.
Food Chem. Toxicol. 51: 370-378 (2013)

Park CM, Song YS. Luteolin and luteolin-7-O-glucoside inhibit
lipopolysaccharide-induced inflammatory responses through mod-
ulation of NF-kB/AP-1/PI3K-Akt signaling cascades in RAW
264.7 cells. Nutr. Res. Pract. 7: 423-429 (2013)

Xagorari A, Roussos C, Papapetropoulos A. Inhibition of LPS-
stimulated pathways in macrophages by the flavonoid luteolin.
Br. J. Pharmacol. 136: 1058-1064 (2002)

Jeon IH, Kim HS, Kang HJ, Lee HS, Jeong SI, Kim SJ, Jang SI.
Anti-inflammatory and antipruritic effects of luteolin from Perilla
(P, frutescens L.) leaves. Molecules 19: 6941-6951 (2014)

Ueda H, Yamazaki C, Yamazaki M. Luteolin as an anti-inflam-
matory and anti-allergic constituent of Perilla frutescens. Biol.
Pharm. Bull. 25: 1197-1202 (2002)

Cai Q, Rahn RO, Zhang R. Dietary flavonoids, quercetin, luteolin
and genistein, reduce oxidative DNA damage and lipid peroxida-
tion and quench free radicals. Cancer Lett. 119: 99-107 (1997)
Nazari QA, Kume T, Takada-Takatori Y, Izumi Y, Akaike A. Pro-
tective effect of luteolin on an oxidative-stress model induced by
microinjection of sodium nitroprusside in mice. J. Pharmacol. Sci.
122:109-117 (2013)

Gao Y, Jiang W, Dong C, Li C, Fu X, Min L, Tian J, Jin H,
Shen J. Anti-inflammatory effects of sophocarpine in LPS-induced
RAW 264.7 cells via NF-xB and MAPKs signaling pathways.
Toxicol. In Vitro. 26: 1-6 (2012)

Park HY, Kim GY, Hyun JW, Hwang HJ, Kim ND, Kim BW,
Choi YH. 7,8-Dihydroxyflavone exhibits anti-inflammatory prop-
erties by downregulating the NF-xB and MAPK signaling path-
ways in lipopolysaccharide-treated RAW264.7 cells. Int. J. Mol.
Med. 29: 1146-1152 (2012)

Park CM, Jin KS, Lee YW, Song YS. Luteolin and chicoric acid
synergistically inhibited inflaimmatory responses via inactivation
of PI3K-Akt pathway and impairment of NF-kB translocation in
LPS stimulated RAW 264.7 cells. Eur. J. Pharmacol. 660: 454-
459 (2011)

Lim HJ, Woo KW, Lee KR, Lee SK, Kim HP. Inhibition of
proinflammatory cytokine generation in lung inflammation by the
leaves of Perilla frutescens and its constituents. Biomol. Ther. 22:
62-67 (2014)

Kim JY, Jung KS, Jeong HG. Suppressive effects of the kahweol
and cafestol on cyclooxygenase-2 expression in macrophages.
FEBS Lett. 569: 321-326 (2004)

Qiao S, Li W, Tsubouchi R, Haneda M, Murakami K, Takeuchi
F, Nisimoto Y, Yoshino M. Rosmarinic acid inhibits the forma-
tion of reactive oxygen and nitrogen species in RAW264.7 mac-
rophages. Free Radical Res. 39: 995-1003 (2005)

Chen CY, Peng WH, Tsai KD, Hsu SL. Luteolin suppresses
inflammation-associated gene expression by blocking NF-kappaB
and AP-1 activation pathway in mouse alveolar macrophages.
Life Sci. 81: 1602-1614 (2007)

De Nardin E. The role of inflammatory and immunological medi-
ators in periodontitis and cardiovascular disease. Ann. Periodon-
tol. 6: 30-40 (2001)

Seo MJ, Kang BW, Kim MJ, Lee HH, Seo KI, Kim KH, Jeong
YK. The effect of cordycepin on the production of pro-inflamma-
tory cytokines in mouse peritoneal macrophages. Korean J. Food
Sci. Technol. 46: 68-72 (2014)

Kim SJ, Um JY, Kim SH, Hong SH. Protective effect of ros-
marinic acid is through regulation of inflammatory cytokine in
cadmium-induced ototoxicity. Am. J. Chin. Med. 41: 391-404
(2013)

Wu W, Li D, Zong Y, Zhu H, Pan D, Xu T, Wang T, Wang T.
Luteolin inhibits inflammatory responses via p38/MK2/TTP-medi-
ated mRNA stability. Molecules 18: 8083-8094 (2013)

Oeckinghaus A, Hayden MS, Ghosh S. Crosstalk in NF-kB sig-
naling pathways. Nat. Immunol. 12: 695-708 (2011)

Lee JW, Bae CJ, Choi YJ, Kim SI, Kim NH, Lee HJ, Kim SS,
Kwon YS, Chun W. 3,4,5-Trihydroxycinnamic acid inhibits LPS-
induced iNOS expression by suppressing NF-kB activation in
BV2 microglial cells. Korean J. Physiol. Pharmacol. 16: 107-112
(2012)





