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St 5““74%4 3 A=A 528 = s AE A} A Ao Derdo] FxE 1 Q.
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FE AT i T JAES 238 S AU AN vl Al Ee] ATE AL 310‘31 =
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Abstract — Atherosclerosis, a disease with high morbidity and mortality worldwide, is a chronic inflammatory disease
that is a major cause of cardiovascular diseases such as stroke and myocardial infarction. Atherosclerosis is characterized
by the accumulation of lipid deposits in the arteries, forming atheromas. This leads to the narrowing of the arteries and
thrombosis. Recently, the need to develop bio-derived anti-atherosclerotic materials has been highlighted with concerns
about the side effects of synthetic therapeutics. Accordingly, related research (such as the discovery of biomaterials for
the improvement and treatment of atherosclerosis and the identification of mechanisms) has been actively conducted.
Biomaterials including polysaccharides, polyphenols, and coenzyme Q10 have been reported to inhibit or delay symptoms
by modulating factors involved in the development of atherosclerosis. For biomaterials with superior activity, in vivo anti-
atherosclerotic activity has been confirmed. In this review, the pathogenesis of atherosclerosis was investigated, and the
current status and application prospects of biomaterials with anti-atherosclerotic activity were proposed.
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2-1. SMASEO| JHA|: MUAIZTHHE 32 ! HEM=Z 4y

A= LDLO| Eitolu Ml3EALe] o] F (paracellular transport)
S 2RI E SoskE AR AR ghou 7], HTel= 52
A3E2] W] (transcytosis)©] U] 5 Q31| 2-8-8h= A0 B =]}
TA| A 02, LDLE AU =X 2 w92 487 (low-density lipoprotein
recpetor, LDLR)U HE]H] A S=8-A] §AF 7]L}o1A] 1(activin receptor-
like kinase 1, ARK1)°ll 2J3ll Q12 =]¢] 4l %<5 (endosome)] FE =
2HEETHS,9].

=] Wj2]e] LDLE #4ksHE(0,-), 310 2] Z(OH) 2
TR Az A2 E A el Q)8 AkskE 5= It 10]. o] W,
LDLE] =9 izl ofar X ekulal B-100(apolipoprotein B-100)
o] AbstE]o] 32 M o] dojubd LDLRS}E] Q14 0] A3)j= 1,
A A 4=8-A (scavenger receptor)2F2] X3Hdo] oIt 11].
Abshel A =X el (oxidized low-density lipoprotein, oxLDL)-
Wehe] A7IR1A =8-A) F ol M & lectin-like oxidized LDL receptor-1
(LOX-Dell o)l A Z = §-302 = Slvh12]. AlE Jiej=
230 9 0% oxLDL AMSIAEHAE ftsto] A5RESS
=3k}, Vascular cell adhesion molecule-1 (VCAM-1), intercellular
adhesion molecule-1 ICAM-1)$} 22 FI|F) M52 P22 27} ik
%] a1, C-C motif chemokine ligand 2 (CCL2), CCL5, C-X-C motif
chemokine ligand 10 (CXCL10), C-X3-C motif chemokine ligand 1
(CX3CL1) <] AR} (chemokine)©] &4 3} H A a4
(monocyte), 123 T ME7} WM EZ F-d = 13]. 53],
CCL2w= W=he] U= A| 3z, 3 &4 3 (smooth musclec cell), T34
T4 2 Az olal] A EH, T G0 RN E o s
ol gsh=t] #olsk= T2 ARIIRIITH 14]. vEte] 7= of
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2] 4| 3 (macrophage) % 315} AP E7RRIFA AIRIRIS
WEste] dele I 95 ZR3FTH15). A 2=
LOX-1, scavenger receptor A (SR-A), CD36 A 71| 2] 2~7|R1A 4=8-A]|
ARE 538 oxLDLS A3 Witoll 23} 16,17]. th2] Al W)
oxLDL2] FAHE-L Z2 e of| 28| 2 (cholesteryl esters)=

Aghelo] & A a5 PAdska, o] A whEo] A% FA|wd
A A= AZEA3E (foam cell)7} FTH18,19]. 3HA, oxLDLO 2
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&l 2793t vk CXCLAE EH]oho = A W) Al aE gl o4
Al3Ee]] gt oxLDLE] AHE F3lsto] AFAES] AdS 7153}
SHH20]. T Al 213t oxLDLS] AlAE AESA S fidshs
QR1& A gIThR= SHeA A 1S w7UEoE WY < Qv
T, Weko 2 o] WElte) o] g kel T whE thAAlE R 9
s} 9l AFAE AL s3] AE eAlgith

AFMEE HEIA XL o8|M = FAdE 4= 3t oxLDLO]
g el 2 =W A dyhla]/d7d<1 2k (vascular endothelial growth
factor, VEGF) %! Q1&H A} /374212 (insulin-like growth factor-1)
oF 2o AdAIAte] 17 FEE o] S (media)oll EAI8H= 3
A EF vt o R o] F Bl FA I TH21,22]. ko] B & A
XL AFNIA 8305 B8l oxLDLE A3 U2 F435F] A%
AR AehEt}[23,24]. ©14 3 LDLY &3 4l 4k3}o] <]t 114
A1 AW A AFANETL el A &2 o7 wEsHA|
.

2-2. SHES| TY: =
TS o ST Fo2EE 9 Ve A R-0]
2% 24 3 (lipid core), AL FH3lZ 0]F) 7 AT S (necrotic core),
T8]3 o]5& Yl e A3 (fibrous cap) O = T o] Q)

. al —
Tl =5 g ¥ oA
Exlo
E

LA

= szJd- AT
th25]. tIA M 2 FEEAEZRE AGE AFAEE | ES
Egjol NZAFEAE W M U Ze 45 8 7F3kA A
7|0 = (caspase cascade)?] E31E B3l AL APHo o]2A] H
TH26,27]. AmAES] AbE 3ol A Alshe A2 T8]an ErAE
g 74k} | 4 (myeloperoxidase, MPO), 71 S-Sl A 2-a .4
(matrix metalloproteinase, MMP)9} 22 thofst g 47} &5 31,
AFE 3 Az zhsf o] igtel] S = WA A #3) Aapg So)
F7dETh28]. 3, FHollA vjrto® o] Fdt P = Fet
70, depAgl 9 2 @ S22k 2 M| 322] 7] A (extracellular
matrix)e RSP AP Sak U a] 5 Alelof] F2 w o] Al
AJ ®r(fibrous cap)ys ¥4 $HCH29,30].
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wedo] ek o] Yo g welRo] o] Fo] FRIFTH35,36].
el R A7 & Wl Aapg o) ks feekal A |t

(e} RS i)
st o] e,

e

[



PG5t G vlol oA MY AT T Y gAY 135
ST AR TR T AR 4 A 9 wallell SEiA = 3, SHMAS|I= MSIAEH A

BolAs A 5 glom, st AEd 2ol o5 GEE A AE, T
AL Fhdo] ek T AL f2l AFAEE 322 752 MMP, 3-1. MBIAER|A S LY A} 71
F}el A (cathepsin)e WEste] HEIA X APE 2 AHA{A oS A 0 2 At AEGAE A, dE DNA 5 T2 AlEZ A
AL = A7 (E R, ARkaR) e EeE ol s WSS EAA AEREE, G, of 5 vkeket AR S Al
[37-39]. T Mol A 8] ¥ = AE #H& 7vk(interferon gamma, Zow deA qlok. Al ’\Ji}Z:E G2y QQlo 7= 84
IFN-y) 4 k7| AFQI R} q(tumor necrosis factor-o, TNF-a)= A& AF2~ZE (reactive oxygen species, ROS)Z} &J 2 A~ (reactive nitrogen
ARE L AL A APE S FXIsto] A A S WA 7|2 T species, RNS)O| QITH50]. AI3E2] Abs} &7d-& ®A]8b7] 213l thek

B2 ML) FFE FE30H40,41]. T3, [FN-y= HEA)
o] o3k el TS oAlste] BRI 58 FAsh= Hlo

2 A qluh42].

AL W I A E, AFAHZ7F E0) s Aaka 2 Q4
(hypoxia inducible factor, HIF), VEGF¢] ]3] WA st} &5 2]
A7Vt SNESE HJ”LP_ES’J 2b BRato] whal|E] a1, AFA T}
oxLDLS 357317 913 B8t ATP7} e A &5 ) AAkA
oJojo] WAiEHA| Er43]. o]of] WAL B A M= HIFE &
Hl5ke] F7k AAS 78044, HIFS VEGF2] S 714
7 R Az 71 w8l 2 v)A o) A 71, Ue A 22

o)l%E 1l Z=A1L o)

°l's FoH45,46]. Fao]l SAE A ETRe ekt

B A V) Fre A glo] B4 shEch, 7 wkg 71 U e
b o) A R 4 ek, WA, 14 0] 7188 A ] 3
A B kAol e BAkel S oAl WA Bk 1
A3 Apfetl g M b 98 B WY Fol 2AE T
A1 2 QAEH31], Aol 402 EAsH G el

superoxide dismutase (SOD), glutathione peroxidase (GPx) 5-©] 1
2 o] 70l ALk, 13 o] V)N 2 YRS Hels
A 58 735 221 o] 7]70] T eITE, 23} Wo] 7)41e]] wofahi
E4-2 vl 9} E, M E]5F7 (bilirubin), £-9]5]3 (ubiquinol), 7+
ZE] 0] = (carotenoid), 2] (polyphenol) 50|, 0] &2 Bt
7L oﬂ/xH u}o /] 7H/\] ol z zsﬂ ] tﬂ—;qsh;]. 52- 54 1;(]. ) 27\]. Hl—01

= o 1= Tra=L
MEE x5 3 A4 HE U A EQ7|Ho] BE3he] 73 712 Eetal ATt A4S whow, 3x1 W 43} Jo] 7] o)
Aoetrha4] A FroRE A9 A= W AFge]l FENW KRRk 33 ol He Bilael o8] £AE A BAE
| BPYE F50) FAETH4T) TR, 47 Wol7) e o) F FAE= AHfeitize] dls gkl 7]
o] thekgt kg o' SF0] stdEo] P ® L%Eli el Aol fred  UES 48 7134S FAeITHSs).
Ho) vhgRIT. Fgo] MshtiekE sk fAEe 397k 9
Ak, BB 20} 2 9)3A 2910 A3 F52) PgAel 3-2. SUZBIS L0l CfE ABIAER|AC| B
Wz Eo] S A7+ *‘7#?# FEFE HER = QU olgk FMAE T AR o] Hi= e AL 7] el ARSRAE
L& olfE BUskee) A5 918 F52) el Oﬂmj& ol 2=ol] 28 Mg EThse]. ALslEel 2o o3 o)Al %5} 3
QRlolu} o Al 9 Fzte] thgt A7) Eirs] X3 1 gl A, A A|EEE ROS, RNSE A5l Al W2 f-<1% LDL
T}H48,49]. o] AkskE g 5 UTHST). 53], 57 7elA ROSS} Akshd
e Endz;?lelial . Fibrouis
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Figure 1. Progression and evolution of atherosclerosis.

s

External elastic lamina

Adventitia

Korean Chem. Eng. Res., Vol. 62, No. 2, May, 2024



136 U5 - old=E - st

Z~(nitric oxide, NO)2] HF-8-0] LDL] Ab3}= 714:318l= A1 02
B uEgh NO= WA Aslal 4 34 5 2 (endothelial-type NO
synthase, eNOS)°ll €]3l| 33 =™ T2 WA 2ol 4] &5 o]
LDLO] 4131 WA gk} 58], W3k, WA S o|9x] 7] dt
t‘3011 Gawke] SR FaS Aoz Fude 2 A 7]
< UEeRdITH59]. 3FAIRE, SOD7| ROSE #l15314] Sah= 5 AF
ﬁ}*E Y27t FeskA wgEha, ROSS NO7E WHS-3o] mkats)
A (peroxynitrite, ONOO™)°] A3 ETH60]. A H ZpakslaAr
AE W HEES £44)7)3 A= LDLE] AFlE A3IAIZIT 013
7 NO2 ¥k 2heo] A sk e 535 s dod
4= 9tk &, eNOSS] B4 AstE LDLY Abdlel] 3akS w)X)
Q9107 HuEITh AFAEY A 4 AAAFE eNOS 0] A
(dimer)] AE-S dta]ah=t], 1 A3} eNOSEHE] ROS7} A4 =
o] T slEe] xao] 7]*:@@5}[54 . TE3E eNOSS B4 As)
= NO9| &3l 76 Al Zdist e o A2e] 76 ZelE
fstth61]. o] sk 291 3101] HEZAEAA o] SIS
FA817] 8 A== ROS A4 &4 NADPH-oxidase 4 (NOX-
4)01] )3 )\]—gl__/:Eg]/\7]. WA S}o] FuAslE=o R o]o}ﬁ 9
t}H62,63].
=, ABIAE AR Q] LDL A3}, dbsl 714 wgto] whays)
o] W97} &4 1L A skEo] HEI) o] = AlstAEd s}
T slEo] wlg- UHSA AdE o] S HojFr) upehA,
T Wy X Bl S YEliA e A ke 714 9]
N ASAEH AT ASAA F Q= 7S Al vide] A
o7 ®el},
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4-1. ClEk=

4-1-1. T30

$-FolHfucoidany> FAE7 |7} = oA THd - (heteropolysaccharide)
2, L-FF2~(L-fucose)’} a-1,2 B+ 0-1,3 A O.E o]ojx =74

2 251 QIeHe4]. FaOIRS ThAlnk, vl 5 g Fold] T2

EE
Su g g %’“ S 7]-X]L HNoF LQ SIT}. Holothuria polii
ZQ1AHI(heparin cofactor 11)7} EA| &=
z=7 o}oﬂﬂ EFNE Ak 202 RaEh67]. A,
Fucus vesiculosus 18 1A F3o|cto] Fl &-31 37 A=}
= %X*O] A E = AR fFefvleAl AlAAzleH, 5
A9l p38-MAPK (mitogen-activated protein kinase)= ¢} A5l
Ao 7 K aEQTH68]. =3t Ascophyllum nodosum X FZ 3k
F3toldko] Toll-frAl - &A ol ZH-g-8ke] ole] fies = ARSI
(CCL5, CCL22, CXCL1, CXCL5, CXCL)%] AA & o Aat= A
o2 BRIEATH69]. Yin 2] (2019)014= of LA wkwl E7} A
uh-2xof] FarolehS Ak A, A A ] M W A T
&18kS- 5= PPARY (peroxisome proliferator-activated receptor y)2] 3}
FEAR A o] oAl A gRlsigi o FAlel €% U LDL
0] HAadt A& FASINTH70]. Sargassum siliquosum S Z-
H $0lehs 5 9 ] A 5 A s Bk A
TollM = ThAI A A g o] EHZi:fL tiB] 28.9% HAF 2o
2 SRIFITHS0]. o] glellte, et rheAE o 5
FolehE FARSE A}, ALk P“’é}" 7ol elaf A ske Bg
AL T2 9 o]so] SAlE At At BT 7]

b SO TN ST ks A IAbEel A 3h
Aoz Agste] FAATA, FAT 2 a3E HeEhl7] wi
of FAA A7 AAE EE T US A OE Ve SNt 5
Foleke] Edef tisl] 55 Rdlef| ulg} Adol st Arlso] RaHg]
ovg FWANG A8 AR FE5h7] YA B 24 71
of thgt A7k o e Blo = Helrt,

Table 1. Summary of the therapeutic actions of fucoidan in the models of atherosclerosis

Source Experimental model Summary Ref.
Ascophyllum Apolipoprotein Fucoidant can significantly reduce total triglyceride level by down-regulating PPARy and the ~ Yinet al.
nodosum E-deficient mice ~ plasma LDL. (2019)
Acaudina Mice Fucoidant can protect the integrity of the mucosal barriermucosal barrier by downregulating Shi et al.
molpadioides IFN-y/IL-4, TNF-q, and IL-1 mRNAs. (2017)
Human hepatoma . o . . . Dutoet al.
cell line HepG3 Fucoidant inhibited the production of some cytokines and chemokines. (2019)
Padina Human hepatoma  Fucoidans reduced ROS generation, restored catalase (CAT) activity and increased the Chale;]l)zul ot
sanctae-crucis cell line, HepG2  glutathione (GSH) level playing an important role in reducing oxidation. @0 1'7)
0 . . - . o/ S Wang et al.
Sargassum siliquosum Mice Fucoidan decreased lipid synthesis 28.9% in contrast to the freefatty-acid-induced control. (2020)
. Mesenchymal . . . Han et al.
Fucus vesiculosus Fucoidan can increase SOD expression and decrease cellular ROS levels.
stem cells (2015)
Fucoidan undermined atherosclerotic plaque formation and enhanced plaque stability by
Laminaria iaponica LDLR-/-mice inhibiting NADPH oxidase subunit 4 (NOX4)-mediated ROS generation. Wang et al.
Jap Fucoidan decreased the expression of oxLDL-induced LOX-1 and the adhesion molecule (2016)
(ICAM-1, VCAM-1).
Lo . High-fat . . Liuel al.
Undaria pinnatifida diet-induced mice Fucoidan decreased LDL and liver cholesterol level. (2018)
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4-1-2. 9 s
H] E—,—ﬂ([}-glucan)% wlel, Al 52 Al ApdelA = 8
AE = vFol™ Cryprococcus neoformans, Preumocystis carinii,
Aspergillus fumigatus 52 YrE|2]ote} AdFAA T HAdG
[72]. HEFE TR 8 ] FelavlE B R g, )k A,
U:]OﬂZX-‘ t‘ﬂ—ol /] 51—/\% 7]—%% E].Okzs} tgg] 282 ilﬁi A
&I ”;} 73,74]. Wang £](2014)°114= Q17F ThAl| 2wy A
(human monocytic leukemia)Z €] LDLOY &J&ll f- =% th2 AL
£ e s velE 7o) A o g delato] weka1te] 7]
Rl 75]. 2 A3, HEkE 730 A glTrell A 2 AlaEe]
’“7]1‘1”;‘1 T&A|Q1 CD86¥ CD80 &/do] okslE| gl om, FA ]
Z=A) AFo| EF)C] IL-2, IL-8, IL-12, TNF-a, IFN-AS] #-8]7} 7F
253t} o)== LDLY oJ&f =H ook & p38-MAPKS] 214t3}
7} WEREF2E0 2 Q13| oA o] A5 ;1}—3” ‘/]‘E]'ﬂ 7/195 >
At 3l A A= wElE T A A At
T A= 7)i S GAJs) o] 9o, Aureobaszdlum pullulans R
o WElEF2HE Foigh ol Akl E Ay whe-2of of 3
oxLDL 5 1 o, ti2AE 2] 3t 554 7)Ao FR1E QT 76]. ¥
SRS Tkt A AdelA frEE 5 Qlo] Rt goldt
O R Holm ofe] Exke] BA & AT e A s s T
QO FAES A Folor R AIAH 0 7 T1H] Q= HAA

2AR AR,

4-1-3. 7| E&E g

7] &2 21 (chitooligosaccharide)> 7] EAH(chitosan) > 2 F-E]
Aol &4 7RIS Bl g o Yl Aot 77]. 71 E
SIS W B, =& 88 9 F5E, AARRA,
3} 9] EEstehs] 54 7 AL 9lo] theFsth wokellA A4t 1L
UTH78). 53] 7| B i Q? —gﬂﬂ’\‘?ﬂ T2 A, Absks
Efix 291 oA, % J3ls A mAlzA el L8
7FsAE AES T 9ok Yang 9](2019)4 04?011*% 7| EL8al

F= AFA T A= (rayell A Al o A F5% 1H4, SOD2] &4
27} d4 7 2k Ul LDL 7 a5 ®ghE ZRlskITH79].
TEok T ATelM s Ao 7| EST| 1S FARE A3, 1AW
Ao = Egatal 7F 224 Ul A F7o] A gkghon,
LDLY] =0 4% A7t LT 80]. ©] flolle 7| B
2] A W FHAEHE S 9 B Al 7)ol gk A7 vk
HyE OH:} Phil 3]( 018)ollM = Ryl A AaE nigo s

7 ;]'Oﬂ‘:]' [81]. 71 E&E| 2 24 2
L%OL J_E“a(ghrelm)/] 7 g 218 A =2 ¥ (leptine) 2
S7H713L, TEATE HH) AAE B8l A FrE AT
Atk Bogh, oA B G Asfste] FHlAEHIES] S

OEIO

O

E

ofN

PN

A7), PPAR-y2] s A 2 A WA 32 1315 AT},
él,}_ o7 7]Eig] —7%]—_‘0__ J—QAEE]]/\ Z]@B}—A—] ) ?7_(4‘3}. ;'Ll_
HH S22 o} aAel 2-gate] T STS A 4 A
o} gk U 5408 2] wlite] A EAE &8 w Ao
2 2gs 9ty a8y 7 ELugdS ] s a4t
2t 3R S-S 2H 8wl Ao g T e S
gg317] SlsiAe 7IEgeard A 3 A At ke sw
Zglojol gk A o7 Hel},

Hpol oAl i A7 w3 9 L8 A 137

4-2. E2|Hl=

4-2-1. 7HI7

FFelZ] (catechin)S Z2]H ol o= a2 2, Y, A
A5 TRES A= Aol M B o] 52 e}, Fe
ANt T ohergt Ay o] e 1l A 347} \= Aow deA
UTH82]. kel 3E3HE =8 FH|ZIQL s 1%&%3@ Aol &
(epigallocatechin gallate, EGCG)i= LDL9] 4ts}ol tiisl] 742 sk Ak
3} oA &35 Yebil=H), Miura £1(2001)% 31d B2 Z 54}
Fheiz1e] FEw st Bl ATS FYESTHS3]. LDL T840l
Agstol A hrtel wolshs ok LA B A H vk
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