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Anti-Atherosclerosis Activity of Rosmarinic Acid in Human Aortic
Smooth Muscle Cells
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Rosmarinic acid frequently found as a secondary metabolite in herbs and medicinal plants, has exhibited
antimicrobial, antiviral, antioxidative, and anti-inflammatory activities. The proliferation and migration of human aortic
smooth muscle cells (HASMC) in response to activation by various stimuli plays a critical role in the initiation and
development of atherosclerosis. This study was conducted to examine the effects of Rosmarinic acid on the
proliferation and migration of HASMC. Rosmarinic acid suppressed the proliferation of HASMC via induction of the
expression of apoptotic proteins including cleaved poly ADP-ribose polymerase (PARP), and caspase-3. Rosmarinic
acid decreased anti-apoptotic Bcl-2 and increased pro-apoptotic Bax. Moreover, treatment of rosmarinic acid decreased
the G1/S cycle regulation proteins (cyclin D1, cyclin E, CDK2, CDK4 and CDK®6) and increased p21, p27 and p53.
Rosmarinic acid also blocked HASMC migration via suppression of MMP-9 and MMP-2. Taken together, these results
indicate that rosmarinic acid has the potential for use as an anti-atherosclerosis agent.
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Rosemarinic acid= #%3 (Lamiaceae herbe) 7% ¢
Salvia officinalis (sage), £Z"}2] (Rosmarinus officinalis), 33l
% (Prunella vulgaris), 2§ (Perilla frutescens), & (Ocimum
basilicum), &3 (Teucrium veronicoides), ¥l (Schizonepeta
tenuifolia var. japonica), & (Elsholtzia ciliata), ¥} (Mentha
arvensis var. piperascens) 5o FFF o] 2t} Rosemarinic
acid= 360.32 Dag] 2% 2= polyphenolic compound 4]
(a-[[3-(3,4-dihydroxyphenyl)-1-oxo-2-propenyl]-oxy]-3,4-dihydroxy
-[R-(E)]-benzene-propanoic acid®] ++Z& 7}A 1L Ao,

Rosmarinic acidoll t)3F &2k3} AP gz 34334
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difigo] Fopx FaASH 2 AFATY HQlo QE}
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o A9 7] (extracellular matrix, ECM)°¢] &3] =] uﬂ%}:L
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(intima)&.2  FF3t F4  (proliferation)3t=t] MMP-2¢}
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B Ao M= rosmarinic acid®] XS ZAFSHY] 3]
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1. A8
A v FAQl Smooth Muscle Cell Medium (SMCM),

ScienCellA} (Sandiego, USA)ell A

SMC growth supplement=
Aot %

THEA. Ao AL z
(SDS), acrylamide, bist Bio-RadA} (CA, USA)o X F+H3HH L,
traswell CorningAt (CA, USA)lA 793t th. Recombinant
human TNF-a= R&D Systems (MN, USA)dlA F3tix
rosmarinic acid< Sigma (CA, USA)elA FY3t4tt. 5-bromo,
2'deoxyuridine (BrdU) kit Promega’} (WI, USA)ellA 18}
Atk 1x+ A F B-actin, cleaved Poly ADP-ribose polymerase
(PARP), cleaved caspase-3, -8, Bcl-xL, Bax= Cell Signaling
Technology (MA, USA)oll A F+48F A 3L cytochrome c9} Bel-2&
BD PharMingen (CA, USA)ellA FYht%ch 23+ FAA
Anti-rabbit IgG horseradish peroxidase (HRP)¢} anti-mouse
IgG HRP+= Santa Cruz Biotechnology (CA, USA)el A T-9)351
o MMP9Y  EHEg A%
immunosorbent assay (ELISA) kit R&D Systems (MN, USA)
o 4 98t 1L, Protein assay reagent Bio-RadA} (CA, USA)
AA FYeAT Al AHEE BE AL £4& FFEL

2 Agstat

sodium dodesyl sulfate

=4S enzyme-linked

2. 4
1) A Eu| ek

Atgtel W & AXF¢ Human Aortic Smooth
Muscle Cells (HASMC)2 ScienCellAt (CA, USA)ol| A & o}
SMCMellA B Fat At zHzhe] M= 37T, 5% CO, 7 A
et ST
2) MTS assay

A FE= A o B8 =4 42

5-(3-caroboxymeth-oxyphenyl)-2H-tetra-zolium inner salt (MTS

=

oz B4
dehydrogenasesol] ¢]3te] MTS7} formazan® 2 H&=+ A&
ZA43ste Aolth 96 well plated] 1x10*/well®] HASMCS #Z
3L P E =R E 24 A3 F S A Stk Well'd 20 pt©]
MTS solutions #7}sled 37°C, 5% CO, Bl &F7]ol A 4417+ &<t
H-3-A171 F, microplate reader (DYNEX, Opsys MR, USA)E

Kl

o=

1 . .
assay Pl = mitochondrial

o]-&3ted 450 nmel A FBES WSS S5 o] g
AZAZEE NP e BASRAT 24 52 oAVl 2 §3
T5 BA3] Y5t AEE W wjAE Zo] wjste] gjx2
I AT FHFEE HlL B AE YEES HESE
FA 8T
3) BrdU-(5'Bromo-2-deoxyuridine) ELISA assay
Azl Fd  wAe A4S GelEr] H8hd
BrdU-(5'Bromo-2-deoxyuridine) ELISA assayu)—e— T3y J Tk

96 well platec] 1x10*/well®] F=& HASMCES EFsl1 3¢
FEES FEHEE N3 AAYSEA 100 ng/mle] TNF-oE A
g3t 24A17F B w gt A Th. Welld 10 409 BrdU labeling

solutions %7} (final concentration : 10 yM)3}<d 37°C, 5% CO»
HF7lol A 2412 B wEeAIZl F, AASde AAS D

anti-BrdU-POD working solution 100 f %
30+ W17t 33] washing3lil substrate solution 100 pf ¥
o] 15% ®HEAIZIE 1 M HS0.02 w85 AAAZ F
microplate reader (DYNEX, Opsys MR, USA)—% 3] 450
nmol A &% AeEs HEEE
FEA A
4) Western blot analysis

A719se A% diE AR FE22 AEZS
buffered saline (TBS ; 20 mM Tris-HCl, pH 8.0, 137 mM NaCl)
o= 33] AlAHg ¥, lysis buffer (TBS, 1% NP-40, 1 mM sodium
orthovanadata, 10 gg/ml aprotinin, 10 gg/ml leupeptin 291
mM PMSF)E 2o 4Toll Al 3043t ¥H-8-A17) 3L 12,000xgl 4] 10

27 94 Relsd 4EAe Both £UT %o wuEL

ol A 1413t

ol

o]_Q_
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Fwo WekE ZYse ALY F

ice-cold tris

sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE)Z A7 ¥, ad s

d transferdt . ] membrane*—:. Ao vEold A3S A
@371 934 blocking buffer (5% non-fat milk®} 0.1% Tween

nitrocellulose membrane

20& 3 TBS &A)ol A 1413 T<k WA &, 24 A5 ©
Bgo thg FAE shete] 1~247 < HEAATE o]

0.1% Tween 20
secondary antibody= ¥H3-A|Z1Th.
AlZl & Xeray film7dell A @l dS G134 7t AR

363k TBST &0 2 4087 AHE the,
o]0} ECL system©.Z Wb
o
A %2 Bradford protein assay kitE AH&-31¢] 595 nmol 4]
EERREE-E

Migration assay
HASMC?] &

At WA HASMCoﬂ 100 ng/ml¢] TNF-a&
HH ot§—_ Hotoﬂ S o

1T

ELE]
U =
=&

oy 1% olo

5)
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At o G2 A Eol| i Rosmarinic Acide] &9 743 24

gelating coatingds ¥ upper chamber ¢rol AEE 1x10°
cells/mlZ  seeding¥tth. Low chambero]=
mediume 1ml¥ ¥ § 37C, 5% CO, v F71oA 24417t &
QF wjFett} Wi ¥, filterE 4% paraformaldehyde 830 =
17| PBSE 7 zbdEl MAHS E}% hematoxylin—eosin
(H-E) 841& gt} thA] PBSE A # 3 & 95% ethanolo A &

A7 B filterg slide glass® %7 permount solution® 2

.38t 4S 53 Filter2

conditioned

sealing3}al cover glassE ¥+
Fe AEE #A3T countingFHt.
6) Gelatin zymography assay

MMP-29} MMP-99] activity 58S #1349 24 well plateel
1X1O5/ml 2 A EE BF35to wjd & serum free mediumC.
2 wA st 16417 = starvationdt g th o 7)o zkzhe] okAj
2 1A259 AP F F 100 ng/mle] TNF-oZ 2447t # 2 8}
Atk Z47he] AE wj S A8t gelatin zymography S 4
3kt 20 pto] v NS reducing agent’t $1= SDS-sample
bufferd] 42 F A7195S ¢ F, gelS 2.5% Triton X-10091 4]
3017+ 23] soakingA|F S 2 M SDSE A AL 32k SHFE 20
3 23] AAHE AT MAHE gel2 incubation buffer (50 mM
Tris-HCl ; pH 7.6, 10 mM CaClp, 150 mM NaCl, 0.01% NaNj3)
o] ¥o] 37T incubatoroll Al 24A)17F5et HESAIZl & 0.1%
coomassie brilliant blue -84 22 30%7t @23} gelatin®] &
qEe A=E FE3AT
7) Flow cytometry analysis

Cell cycle #41& 3}7] $I3 PI/RNase stainingS 3}
FACS analysisg 33t 1X10° cells/mlo] A Zo
rosmarinic acid$} TNF-a& 24217t X )3t & trypsin-EDTAE
g ste] HEE $73t 1% paraformaldehyde® 1587+ A2
o4 AT 02% BSA/PBSE 23] washing® THS, 0.1%
Triton X-100& * 23l permeabilitys ZtA & $ 500
PI/RNaseZ % 7}3ste] ALdA 308 F<t incubationd}SiTh.
Becton Dickinson FACS calibur flow cytometer 9} CELL-Quest
Pro (BD Biosciences)& AF&-3} cell cycles #4313t

3. BAAE

AP A= meanstSEMOE  JEAE 1 FoAd A=
Prism 4.00& ©]&€3}9 one-way ANOVAE AA3%]
Western blot?} gelatin zymography S 435} A2 band/]
density %12 GelDoc-It Biolmaging System (UVP, USA)< At
&3t A3
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1. Rosmarinic acid®] HASMCoI| tst Alx FA4
Rosmarinic acid’} HASMC A X 9] A& 2 Z2o] v x]&=
gGeFS dolrgktt. AEd 0.1, 1, 10 M9 rosmarinic acidZ 1
7+ AAF F 10 ng/ml TNF-aE 2447 A28 & MTS
assayS Tt NEZAESEE AT 27 Fig. 1AA Bx0]

A%

TNF-aoll ]34 <F 1.58) AEPZEgo
acidoll 23|l control 0] 0}77]-7(] L=
¢t BrdU assayE &3l AlX9 F24d
Zo| %= TNF-aol &3 715 ‘,?iE
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Fig. 1. Effect of rosmarinic acid on the cell viability and proliferation
of HASMC. HASMC were treated with rosmarinic acid for 1 hr before treatment
with or without 10 ng/ml TNF-a for 24 hr. HASMC proliferation was assayed by
BrdU ELISA assay. Cell viabilty was measured by MTS assay as described in
Materials and Methods. Data were chosen from three independent triplicate
experiments.

2. Rosmarinic acid®ll 2J3] f+%=%= HASMCY apoptos1s
Rosmarinic acid®l <3} apoptosis7t FE¥=% ZASA

t}. HASMCO rosmarinic acidE =¥ & &3t 147 &
10 ng/ml®] TNF-a& AHg3te] 24/t § A2E FAS A
Apoptosis®] A E7} == poly(ADP-ribose) polymerase (PARP)
9] cleavage® = BEE &3}7] $3te] western blotS 433}
9ot 1 A3, rosmarinic acid® FE7F Z7Fd4E cleaved
PARP®] o] S7tste RS -ﬁkﬂf& F AATh EE PARPY
upstream signal$l caspase-37} rosmarinic acidell ]3] €43 s}5]
= A2Z YEMSthFig. 2). Rosmarinic acidel 93] FZ¥&
apoptosis7} mitochondrial pathway®l &t @iz o] WId
o vAe ¥ FAeIAT. I Z3, pro-apoptotic BaxeE
rosmarinic acid 22| Al 3} F718F¥ 2 anti-apoptotic Bcl-2&
Haste Ze FstAnh

3. Rosmarinic acid®ll 2|3 HASMC®] cell cycle arrest
Rosmarinic acid’} HASMCY] cell cycled] P]X&= J3FS &

o}E 7] $]3}] PI/RNase staining= 3} FACS analysisg 3

&9tk 2 A3, TNF-adl 28] GO/G1 phased] AE2] B]&-0
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228t93 S phased] AMEHIEO] F 4553% S7bSFATH
Rosmarinic acidE A g$ 4-F FAHAE GO/Gl phased] H

oAl FEEHAT, F74EAY S phased] HIES A9
22747 725 thFig. 3).

Western blot& 33t cell cycled] #FHost= Sl A5
HHGFS AT p532 tumor suppressor geneQ ZA| A}
ol 93] DNAZF <45 0S o 438159 cell cycle arrest9}
apoptosis®] F 7}A| pathwayoll #eisiAl Hcoh p217 p27e
S-phaseZ %E‘S‘}-‘E cyclin-CDK  complexell ZA3tsted CDK
2/4/69] kinase &4 AT ZHN A EE= Gl phaseol arrest
HHA &/0F DNAE repairdtth. 7+Y DNA /30| M27t 4
&34 XS A== He Hfde p53°] apoptosis-inducing

control

gene?! Bax @ E 9] genes W A|A apoptosisE =TT

Fig. 414 B0, TNF-aol 23] 22509 p53, p21, p27
9] & o] rosmarinic acidel]l ¢Js] thA] FE-5 At T3 TNF-a
o 93 F7IE A" cyclin D, cyclin E, CDK2, CDK4, CDK62

W3 2 rosmarinic acido] 98 A HE AL #1E 4 I

TNFa(ngim) 0 10 10 10 0
RosA(@M) 0 0 1 10 10

cleaved PARP §ien W W S| +— B5 KD
r ¥ F——— <+—19KDa
cleaved caspase-3 - - <«— 17 KDa

p-actin | e = " w» P |« 45K

TNFfngim) 0 10 10 10 0
RosA(uM) 0 0 1 10 10
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p-actin w
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Fig. 2. Rosmarinic acid induces apoptosis in TNF-a-treated HASMC.
HASMC was treated with indicated concentrations of rosmarinic acid for 1 hr and
then treated with TNF-a (10 ng/ml) for 24 hr. The expression levels of cleaved
PARP, cleaved caspase-3, Bax and Bcl-2 were measured by western blot assay. 3
—actin levels were used as a loading control.
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Fig. 3. Rosmarinic acid induces cell cycle arrest in GO/G1 phase.
Cells were treated with indicated concentrations of rosmarinic acid for 1 hr and
then treated with TNF-a (10 ng/ml) for 24 hr. DNA content was measured by
propidium iodide staining on flow cytometry.
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cyclin E | e e B
cDK2 | — e |
CDK4I o 7 At __,I
coke | —_—— |

(e
l

B—actinl C— — — — |

Fig. 4. Effect of rosmarinic acid on expression of cell
cycle-regulatory proteins. Cells were treated with indicated concentrations of
rosmarinic acid for 1 hr and then treated with TNF-a (10 ng/ml) for 24 hr. Cell
extracts were prepared and cell cycle-regulatory proteins were detected by
immunoblotting. b-actin levels were used as internal markers for loading variations.
The density of band was calculated by GelDoc-It Biolmaging System.

4. Rosmarinic acid’} HASMCY] #F%ol 1%

Rosmarinic acid7} AME2 550 vXE FTFS Lolr
7] 918te] transwellS ©]&¢ migtation assayE FH AT}
HASMCol 100 ng/ml¢] TNF-aZ 24217t AHgste] de

conditioned medium< transwell®] lower chambero] %I,
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Al T a3 A Zo] t)3 Rosmarinic Acid®] 359 743} &4

rosmarinic acidE€ 1A%t &<t A3 F 10 ng/mle] TNF-o&
24717k A 2]gk HASMCE upper chamberel loading3tith. 24
AZHEt 37T, 5% CO, incubatorol| A H]¥3SE & upper
chamberol| 4] lower chamber® F3F Al XS A2317] 93}
upper chamber®] matrigel filterE H-E 945 3o} 338t &
Bo2 APk 1 A7, TNF-a Aol s Ax9 {FF7}
oF 17.3v¥] Z7b8kdaL, TNF-aol 98] F7te Axe 57t
rosmarinic acid Aol <3l < 76.6%, 96.3% Tri = A T}(Fig.
5). Fake] AR o2 MMPY] AAAZ L#iA A catechin
=419l EGCGY EGCS} vl Bgke 79 EGCRT g3t
F5 A aH#E YA

[e]
B

[e]
R

T10+RosA10

control _ T10

L

-

T10+EGCG30

T10+EGCSD

#i#

migrated cells

Fig. 5. Inhibitory effect of rosmarinic acid on HASMC migration. Cells
were stimulated with rosmarinic acid for 1 hr prior to treatment with 100 ng/ml of
TNF-a for 24 hr. After 24 hr, the cells were collected and added to upper chamber.
TNF-a-treated conditioned medium was collected and added to lower chamber.
After 24 hr incubation, underside of matrigel filter was stained with hematoxylin
and eosin. And total number of cells that migrated to the underside of the filter
was counted. Data are represented as means+SEM. Significantly different from
control (#) or TNF-a alone (x) ; ###, =+ : P < 0.001.

5. Rosmarinic acid’7} MMP-9, MMP-2¢] &Aoo mx& 9

MMPs= 35 FAste e, S5, oute 744
A8l 71 dolyg 7| Hets EAIN S ZM HEZA X F
4 &g FEd, o]2 3 MMP-93 MMP-29] &4 ZAls7] 9
3| gelatin zymography assayS F~33t41 31, A4 ol o gt
S ZAEHY] 918l MMP-9, MMP-2 ELISAE 4-3) 3% th.

HASMCol A MMP-93} MMP-27} TNF-ao] 93] Z7}3sict
Y meka B A% ME TNF-adl 93 FE5HE MMPY,
MMP-27} rosmarinic acidll ¢j&] a3 8o g ZFAaAI|E A &
o}lE gtth. Rosmarinic acidg 1A17F A3t 10 ng/mle]

TNF-oE A ste] 24XF 5 AMEZ wjFdE dof gelatin
zymography assays 334t 1 A3}, TNF-adl 93 F7}
T+ MMP-93% MMP-2¢] &A] o] rosmarinic acidol] &3] &332
© 2 A=Atk MMP-9 TNF-aoll 98l oF 1.79) F7Fskdar,
o] = rosmarinic acid 1, 10 pM A & dl 9a z+zt 23.5%, 76.5%
Aol oy ﬁq(Fig 6A). MMP-2= TNF-ao| 93] <F 1.29)
=7}l AL, o] & rosmarinic acidoll &3] 2] control FF 714
z

o] a5 At (Fig 6B).

g 9

w
T

MMP-9 activity
[ %]
T

g

(=]
-

2000+

[=]

Fig. 6. Effect of rosmarinic acid on MMP-9 and MMP-2 activity in
HASMC. Cells were stimulated with rosmarinic acid for 1 hr prior to treatment
with 100 ng/ml of TNF-a for 24 hr. Gelatin zymography was performed with the
medium. Inhibitory effect of rosmarinic acid on MMP-9 and MMP-2 was estimated
in comparison with established MMP inhibitor, EGCG and EGC. The densitometric
intensity of zymography bands was eatimated as described in materials and
methods.
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Rosmarinic acid+ @ gujo] 2],
28 5 B AELH AUTH EZ HZoE A
o FIA EA A NF-kB 84S Ao ZH TNF-aol 93
E=5E CCL1% CCR3E JAFTHs Bk Y. Rosmarinic
acid7} 59743t 48] o g N5% A4S /HAE A &
olE 7] 13te] AtgE & TAEZ 1 HASMCe A glste] &4,
AZAETH 4P8S FPeA
A2, HASMCell t] 3 rosmarinic acid®] 54 2 52
ZAFSFA T TNF-aoll oA oF 1.5u] AEPEE
Z7}8F9 3 rosmarinic acidoll 93l control =5 ©]3}7FA] 7+
AEE Ao Yehktth £33 TNF-aol 98] 715 AW 52
o] rosmarinic acid®] Fxol] JEFo 2 ZAihEHE AL & F
T} Rosmarinic acidll 23l apoptosis7} fr=%=A FASFHA
t}. Rosmarinic acid®] %57} Z7}&42 cleaved PARPY 23
o] S718t%aL caspase-37F EA4SHE Zow YEyT. %3

pro-apoptotic Baxi= rosmarinic acid X2 Al Fz} 5718} H

oL
£
3

rr
PUUI
=

T, 3%

SEL
b:b}:'ﬁ‘

H
)

=
o)

2R

anti-apoptotic  Bal-2&  #A3te RS FRISAT o]EA
rosmarinic acid®]l ]3] mitochondrial pathwayS 53
apoptosis7t FEHE S &AL F U

Cell cycle G1-S>G2->M2Z A% ¢85 E, s7)&
DNAEA 7} dojyz M7|ole g9 Bdz
dojyar o] AtolE 77 G1, G2kl 31 o] Gl, G2 check
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