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Abstract — Recently, particulate matter (PM) and micro-/nanoplastics (MP/NP) have emerged as significant environmental risk
factors that disrupt molecular homeostasis in the human body. These pollutants have been revealed to accelerate diseases and
the aging process by causing oxidative damage, inflammation, cellular aging, and metabolic abnormalities, going beyond being
mere sources of environmental pollution. There is a great deal of interest in researching the physiological and molecular effects
of these pollutants, identifying effective interventions that can mitigate their toxicity, and exploring associated protective mech-
anisms. For this reason, numerous experimental studies have been performed to unearth potentially active natural products that
could mitigate the toxic effects or dysfunctions caused by exposure to and accumulation of these pollutants. Among various
natural biological sources, marine macroalgae has attracted increasing interest as a considerable alternative source of bioactive
compounds with antioxidant and anti-inflammatory properties that counteract the potential health risks posed by PM and MP/
NP. Algal bioactive compounds, including sulfated polysaccharides (fucoidan, alginic acid, and k-carrageenan), polyphenols
(phlorotannin), carotenoids (fucoxanthin), steroids (fucosterol), mycosporine-like amino acids (porphyra 334), exhibited the
protective advantages against PM or MP/NP-induced damage. This study reviews the current approaches to using marine mac-
roalgae and explores their potential effectiveness against PM and MP/NP in experimental models.
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Table I. A representative sample of edible marine macroalgae (seaweed) that is grown in Korea

Classification

Family

Species

T ZF(Red algae)

71512 H(Bangiaceae)

-2 7FA1E] FH(Gelidiaceae)
7 -§-5-3+(Pterocladiaceaa)
=7 F] #H(Endocladiaceae)

H A3} 7] ZH(Gracilariaceae)

& 7HAH2] #H(Gigartinaceae)
A olg] 3, =83} (Halymeniaceae)

& mjl 7FA] #H(Cystocloniaceae)

114 A3k (Solieriaceae)
H] HZ 7} (Ceramiaceae)

w77 5-9] #H(Rhodomelaceae)

3 (Pyropia tenera)

WAV A (Pyropia yezoensis)

Slult] &% (Pyropia dentata)

R E ] (Neoporphyra seriata)
5= (Pyropia suborbiculata)
SE7Y Ve (Gelidium elegans)

o 7] -7 AVl (Gelidiophycus freshwater)
N §-5-(Pterocladiella capillacea)
B5Z 7l (Gloiopeltis furcata)
HAZ7HAE (Gloiopeltis tenax)

ol 71 & 712}l (Gloiopeltis complanate)
KA 7 (Gracilaria vermiculophylla)
QWA 71 (Gracilaria textorii)

NEA 2N 71 (Gracilariopsis chorda)
Z152H(Chondrus ocellatus)

= 8K (Grateloupia elliptica)

N =¥ (Pachymeniopsis lanceolata)

A | X] o} 2] (Grateloupia asiatica)
A 7ol (Grateloupia filicina)

1) 2] F=o}2] (Grateloupia divaricate)

Y X =o}2] (Polyopes lancifolius)

7FA1 -5 (Hypnea asiatica)

231 2] 7HA - F-(Hypnea japonica)
Z+el| = B (Meristotheca papulosa)
SN Ceramium boydenii)

A &-(Campylaephora hypnaeoides)
EX A (Hypnea asiatica)

A LE A A (Chondrophycus kangjaewonii)
N4 (Chondria crassicaulis)

Z+Z 5 (Brown algae)

o)) Z}(Ishigeaceae)
a2.2] W) 3 (Scytosiphonaceae)
7] < 7} (Alariaceae)

7+ell ZH(Lessoniaceae)

2] v 9 7} (Costariaceae)
o}A] v}k (Laminariaceae)

S AREH(Sargassaceae)

3\ (Ishige okamurae)

W3l (Ishige sinicola)

A= o] 2l (Scytosiphon lomentaria)
u] & & (Petalonia binghamiae)
W9 (Undaria peterseniana)

v (Undaria pinnatifida)

Vel (Ecklonia cava)

F3|(Ecklonia stolonifera)

& (Eisenia bicyclis)

2] v ¥ (Costaria costata)

T v S (Agarum clathratum)
Al vwK(Saccharina japonica)

NEAl wk(Saccharina sculpera)

% (Sargassum fusiforme)

AN Sargassum fulvellum)

=Y AY o] 2 A1 (Sargassum horneri)
o] B 2 (Sargassum confusum)
R F-°|(Sargassum thunbergii)
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Classification Family

Species

=2 (Green algae)
%524 I (Ulotrichaceae)
Z

23} ZH(Ulvaceae)

< 312 ZH(Monostromataceae)

5% = Z(Caulerpaceae)
7} 2H(Codiaceae)
718 &3} (Bryopsidaceae)

A

ul) X o] (Capsosiphon fulvescens)

7YA kel (Ulva prolifera)

S22l (Ulva compressa)

A9 (Ulva intestinalis)

Q3 (Uhva linza)

T8 232 (Ulva australis)

& 9}l (Monostroma nitidum)
Y-2& 92l (Monostroma latissimun)
SYZ(Caulerpa okamurae)
Z}(Codium firagile)

89 D(Bryopsis plumosa)

o
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Table II. Protective effects of macroalgae against particulate matter-induced damage
Algae species  Active materials/Compounds Experimental model Activities/Underlying mechanism References

Water extract
80% EtOH extract
Mix. Ext. (8:2 ratio)
[Containing sulfated
galactan, mycosporine-like
amino acids (MAAs;

* Attenuating PM, s-induced learning and
memory impairment

* Oxidative stress () / Inflammatory cytokine
levels () in brain tissue

* Inhibition of neuroinflammation by regulating
TLR-initiated NF-xB signaling

* Improving mitochondrial function

* AP production (|) / tau phosphorylation () by

. BALB/c mice inhibiting the JNK phosphorylation 73)
porphyra 334 isomers, - - — - -
L * Protecting against gut dysbiosis and intestinal
palythene, palythenic acid), L,
- tight junction damage
and chlorophyll derivatives .
(pheophorbide a)] * Inflammatory response (|); IL-6, TNF-q,
. MCP-1, IFN-y, IL-12 (p70), IL-1B) (})
=7 200 me/k in gut and serum
(Pyropia tenera) (200 mg/kg p.o.) « Colon length (1)
* Occludin, claudin-1 (1)
* SCFAs (acetate and propionate) contents (1)
nasal epithelial
(RPMI-2650), lung
Water extract oo .
80% E{OH extract briﬂfféilogﬁssi?ﬁa Intracellular ROS production (])
(MC-IXC) cells
* MDA production () 72)
* TLR-2, TLR-4, p-JNK and pro-inflammatory
Water extract BALB/c mice cytokines (IL-1B, TNF-a IL-6) expression ({)
in lung tissue
* Expressions of TLR-2, TLR-4, IL-1B (]) in
the brain tissue
* Cell Proliferation (1) by inhibiting ROS production
HIALE S 7] Porphyra 334 (15) human keratinocyte * AhR-induced ROS production (|) 74)
(Pyropia yezoensis) (1, 10,100 pM) cells (HaCaT) * Nuclear translocation () of AhR
* TRPVI activity (|)
k-Carrageenan (16) C57BL/6 mice Intraocular pressure (IOP) elevation induced
(MW. 94 kDa, a linear by PM, ; exposure (])
ZHA] Fol] backbone composed of 4-O- human trabecular < Cell viability (1)
(Grateloupia sulfated-B-D-galactose and ~ meshwork cells ¢ Inhibiting NLRP3 / caspase-1 / GSDMD /IL-  76)
filicina) 3,6-anhydro-a-D-galactose) (HTMCs) 1B axis
Topically eye drop angular aqueous  * PM, s-induced transendothelial electrical
(1 mg/mL) plexus (AAP) cells  resistance (TEER) (|)
. * ROS production (])
chAl e} Fucoidan (2) HaCaT « IL-6, IL-8, IL-13, IL-25, IL-33, TNF-a, IFN-,
(Saccharina (MW. 8~500 kDa; Fuc TSLP, MDC, TARC ({) 52)
Japonica) 72.80%, Glc 4.59%, Gal uman dermal : :
Y . - - - -
3.55%) fibroblasts (HDF) TSLP, IL-6, IL-8, IL-13, TNF-0, MDC, TARC ()
* COX-2, PGE,, IL-1B, IL-6 (])
HaCaT « Cell viability ()
. * NO production (|)
Diphlorethohydroxy- . . .
carmalol (DPHC, 8) RAW 2647 Expression of COX-2, iNOS, PGE,, 54)
(625 ~ 25 pg/mL) TNF-a, IL-1B, IL-6 (})
o ‘ * Cell viability (1)
(Ishige okamurae) * NO ({), ROS production (|)
Zebrafish larvae Cell death (1),
e o i
carmalol (DPHC, 8) HDF gen syn > collag ty 55)

(25, 50, 100 uM)

* Expression of MMPs (|) through NF-xB, AP-
1, MAPKs activation (|)
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» PM-induced lipid peroxidation ()
« Infiltration (]) of inflammatory cells (F4/80"
macrophages, Gr-1" granulocytes, and CD4"

lymphocytes)

s Fucoidan (2)
(Undaria (Commercially obtained. BALB/c mice Level of PM—exa.lcerbat.ed 1L-4 56)
innatifida) 100, 400 mg/ke, p.o.) o [L-4, IL-33 secretion () in the BALF and lungs
p ’ P * Mast cell number and degranulation (|)
* IgE synthesis (|)
* Mucus hypersecretion (|)
* Goblet cell hyperplasia (])
* NO, PGE,, IL-1B, IL-6, TNF-a production (|)
Dieckol (9) * INOS, COX-2 expression (])
(31.3 ~ 62.5 pg/mL) RAW 264.7 * ROS generation (), SOD activity (1), cell 63)
damages (|), Nrf2, HO-1 expression (1)
80% EtOH extract * Cell viability (1), lipid peroxidation (])
Dieckol (9) HaCaT * Expression of TNF-a, IL-1B, IL-6, IL-8 (]) 59)
Eckol (7) (dieckol, eckol)
* Cell viability (1)
* Expression of COX-1, COX-2, mPGES-2
0, > >
80/;)5;?«})1] e(:;‘;ract HaCaT stimulated by PM,, (]) (extract) 60)
* PGE, production, gene expression of COX-1,
COX-2, mPGES-1 stimulated by PM,, (|) (dieckol)
* ROS generation (|)
Eckol (7) . Ensyrm_g_the stability _of molea_ﬂes
30 M HaCaT * Maintaining steady mitochondrial state 61)

* PM, ;-induced cell apoptosis through MAPK
signaling pathway (|)

Water extract

RPMI-2650, A549,

* ROS production (|)

(Ecklonia cava)

e 80% EtOH extract MC-IXC cells.  + Cell protection (1) 62)
* Beneficial effect on the gut microbiota;
Water extract BALB/c mice abundance of Lactobacillaceae (1), abundance 66)

(200 mg/kg, p.o.)

of Rikenellaceae (|)
* Neuroprotective metabolite (kynurenic acid) (1)

Water extract
(200 mg/kg, p.o.;
polysaccharide,
phlorotannin detected)

BALB/c mice

* Prevention of the learning and memory decline

* NF-kB/inflammasome formation signaling
pathway ({)

* Pro-inflammatory cytokines (IL-6, IFN-y) ({)

* PM, s-induced oxidative damage (]) of the
lungs and brain

* MDA production (})

* Activation of mitochondrial activity; ROS 65)
content (| ), membrane potential (1), ATP level
(1), mitochondria damage (|)

* APP and p-Tau expression (|)

* Brain-derived neurotrophic factor (BDNF)
expression ()

» AChE activity (]), ACh level (1)

* ChAT (1), AChR-a3 expression (1)

Phlorofucofuroeckol-A

RAW 264.7
(10, 10 pM)

* PM-induced inflammatory responses (|)

* [L-1B expression by modulating the NF-kB/
MAPK signal pathway (])

* Expression of pro-inflammatory and
apoptosis-related genes (])

* Expression of Bmp gene families (1)

64)
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Table II. (continued)

Fucoidan (2) [MW. 102.67
kDa; carbohydrate/sulfate

« Cell viability (1)

(71.79:28.22); Fuc 79.20%, HaCaT * Intracellular ROS ({) 51)
Man 18.13%, Rha 2.09%, HDF * Pro-collagen content (1)
Ara 0.38%, Glc 0.19%] * MMPs-1, 2, 8, 9, 13 expressions (])
(12.5 ~ 50 pg/mL)
= ) . HaCaT * PGE,, COX-2, IL-1B, IL-6 ()
(Sargassum Fucoxanthin (5)-rich RAW 2647+ NO, TNF-w, iNOS, PGE, (]) 49)
Jusiforme) Zebrafish larvae  » NO, ROS levels (), cell death ()
75% EtOH extract [rich in * ROS level (|)
fucoidan and bioactive fatty * Enhancing antioxidant enzyme activity
acids (o-linolenic acid, HaCaT * PM-induced cytotoxicity ({) 50)
eicosatetraenoic acid, and * Modulating NF-xB, MAPK pathways
palmitic acid)] * Stabilizing membranes
(50, 100, 200 pg/mL) * Cell apoptosis (Bcl-2, Bax, and caspase-3) (|)
+ iINOS, COX-2, PGE, production ()
70% Ethanol extract * [L-1B, IL-6, TNF-a (|)
(62.5, 125 pg/mL) RAW264.7 . NO production (}) 38)
* HO-1 and Nrf2 activity (1)
) A o] ;2 z}at
’g(Sﬁ O]assill—nL < PGE, levels (]), ROS ()
ok o) L HaCaT « COX-2, IL-1B, IL-6, TNF-u. (}) by
orneri Alginic acid (1) suggressmn of NF-kB, MAPK pathways
(50~350 kDa; 25, 50, 100 « Pb> and Ca®" levels () 39)
ng/mL) RAW 2647 * NO.INOS, COX2, PGE,, and pro-inflammatory
) cytokines (|)
* Phosphorylation levels of MAPKSs (|)
70% EtOH extract . * iINOS and COX2 expression levels (|)
(200, 400 mg/kg, p.o.) BALB/c mice || RNA expression of TNF-, IL-1p, 1L-6 ([) )
* Antioxidant gene expression (Nrf2 and HO-1) (1)
* MDA, 8-hydroxydeoxyguanosine (8-OHdG) (|)
Mojabanchromanol (4) MLE-12 cells » TLR2/4/7 activation, Erk1/2, JNK (]) 44)
« IL-6, IL-1B, IL-33 (])
* Anti-inflammatory potential
EtOH extract MLE-12 cells * Inhibition of PM-triggered TLR2/4/7— 45)
MyD88-TRAF6 axis of MAPK signaling
* Dendritic cell activation ()
 Th2 polarization; GATA3, STAT5 expression
(1), IL-4, IL-5, IL-13 (])
(Zr(l)o%al])E;r?c}hIrgﬁ;icgl * Eosinophil infiltration in the lung, trachea, and
Jcomame 4 BALB/c mice BALF (|) 47)
(200, 400 mg/k ) * Mast cell activation and the IgE level in serum ()
’ g/ke, p-o. * Th17 cell response; RORyT, STAT3
expression (|), IL-17a expression (|)
* Neutrophil infiltration in the lung (|)
» PM—aggravated granulocytes infiltration into
the airway (])
%g:ﬁ’yﬁﬁ(gil?itcrﬁd « mRNA expression of TLR2/4/7 (]) .
67.58 mg of gallic acid BALB /c mice }VI yD88fdelt)}<13 ndt;nt NF-«B activation (]) in 46)
equivalents (GAE)/g] ungs of asthmatic mice. .
(200, 400 mg/k ) * IL-1PB, TNF-a, TGF-, IL-6 expression (|)
> gkeg, p-o. * Pro-allergic cytokines (TSLP, IL-25, 1L-33),
gic cyt
IL-8 in lungs ({)
* Inflammatory cytokines production and
Commercial grade 70% MH-S %prizi%rkgc(}gz’ TNF-a, IL-6, IL-1f, NF- 41)
EtOH extract * PM-induced mRNA expression levels of
TLR2/3/4/7 ()
* NO, PGE,, and pro-inflammatory cytokine
3-Hydroxy-5,6-epoxy-3- production (|)
ionone (6) MH-S * Blocking the signal transduction of NF-xB and ~ 42)

(31.3, 125 pg/mL)

MAPKs.
* mRNA expression levels of TLR2/4
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Fucosterol (3)

* ROS level (|), cell viability (1)

* Apoptotic body formation and DNA damage (|)

* Antioxidant protein (CAT, HO-1, Nrf2)
expression levels (1)

Sargassum binderi 15 5 55 50 pg/mL) AS49  Nuclear translocation of P65, P50 (1) 40)
* Phosphorylation of p38 MAPK, ERK1/2, JNK (])
» COX-2, PGE,, pro-inflammatory cytokines
(TNF-a, IL-6) ({)
* PM, ;-induced lung damage (|)
* Restoring antioxidant defense systems, GSH,
SOD levels (1), MDA (])
0,
% AECEL?a%;X;aCt * Serum levels of inflammatory cytokines
aming - (IL-1p, IL-6, IFN-y) ()
phlofi(;zirll::ln (sé)lr;(ﬁ:ildlng * Mitochondrial dysfunction (]); ROS (}),
3}
. EH ° .. phlorofucofuroeckol A (10), = BALB/c mice MMP agd A.TP gontent§ (N
(Eisenia bicyclis) sulfated polysaccharides . ?poptotlc 51g(na)lmg (1); BAX/BcL-2, caspase-
L . N expression (|
lipid ;;(iiviril\trel: acid * Expression of inflammatory markers (TLR2, TLR4, 67)
(20, 40 mg/kg p 0) MyD88, p-INK, TNF-a, IL-1B, COX-2) ({)
’ > * Activation of fibrotic signaling pathways via
the TGF-B/ Smad axis (|); MMP-2, MMP-9,
p-Smad-3, p-Smad-2, TGF-B1 expression (|)
* Cell viability (1)
95% EtOH extract (20 pg/ .
(I)nL) / phlorotan(nin HE . Inﬂammgtory cytokines (|)
components [dieckol (9) A549 * Modulating Nrf2/HO-1 pathway; PTEN,
6.6"-bicckol (12), and 6 8"- cytosol/nuclear Nrf2 (1), GPx4, SOD1(1)
’ bieckol (14) ’5 M] ’ * Fibrotic genes and proteins (|); p-Smad-3, p-Smad-
oM 2, TGF-p1, fibronectin, CollA1, a-SMA ()
¢ Improvement of lung damage
* SOD, GSH contents (1), MDA (|)
* Pulmonary mitochondrial dysfunction (]);
Water extract ROS contents (), MMP levels (1)
(palmitic acid, stearic acid, . * Inflammatory protein levels (TLR4, MyD88, p-
oleamide identified) BALB/c mice INK, p-NF-«B, iNOS, caspase-1, TNF-a, IL-1B) (|) 70)
(50, 100 mg/kg, p.o.)  Apoptotic protein expression of BCI-2 (1),
BAX and Caspase-3 (])
* Fibrous protein expression (TGF-B1, p-Smad-
2, p-Smad-3, MMP-1, MMP-2) (|)
* SOD ({), GSH (1), MDA (]) in colon and brain
tissues
* Improving intestinal myeloperoxidase (MPO)
371 activity
o » Abundance of the gut microbiome (1), SCFAs
(Codium fragile) . . Water exiract . contents (1), tight junction protein expression (1)
(identified hexadecanamide, . . .
oleamide. octadecanamide * Prevention of inflammatory and apoptotic
steari(ionic acid. and ’ BALB/c mice expression via TLR-4/MyD88 pathway in 71)
linolenic aci&) colon and brain tissues
(100 mg/k 0) * Mitochondrial function (1); MMP (1), ROS
gXE, po. contents (|) in brain tissues
* ACh contents (1), AChE activity (), Expression of
AChE (|) and ChAT (1) in brain tissues
* Spatial learning and memory, short-term memory,
long-term learning and memory function (1)
Water extract RPMI2650, A549, MC-
40% EtOH extract IXC, hippocampus * ROS production (|), MDA contents (|) 63)
’ (HT-22), microglia « Cell viability (1)
(1, 5, 10, 20, 100 pg/mL)
> (BV-2) cells
5 ; ——
70% EtOH extract HaCaT ROS (), cell viability (1) 69)

(80 pg/mL)

« MMP-1, MMP-9 (|)
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s} f372F e o] e 2Ego] ERIFATED HEt
Herath 5-& PM, ol =25 MLE 12 ¥ 34| o)A ofjek-g-
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primary response 88 (MyD88) 3 TNF whildo] &43l=
oFsIAIA MAPK & Aledd Z4=2E JAgo=A o
EPd-S Hasgl o, ol2fdt dEke-S S5 F e
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] 28g AAtete Aol ot
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g &85, o JAE A A o= HH|, BT
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Ao m 5 Atso] 54, 84, 98, 7154
ool P Qe BAS B s xRtk £
& ¢ fucoxanthin (5)°] F5-g H]=4d CHCL, &8
S nlA| ] :=ZF HaCaT 2P| EZA PGE,, COX-2,
IL-1B, IL-6 5¢] €5 Q1A A& AAlsk3AT). gtk v
Aol 22 HaCaT A28 v oS A2]3 RAW264.7 T
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/9 At EFIRIS] Wlo] STt oL il S =S
olgldt A5 WSS &FoEA o E FAT| YAslon,
nlARAof| =ZE A Hetule wjolellA NO, ROSS] A4
M E APE-E HA 3] ZAA AT Fucoidan (2)3 A|WHAto]
e 75% ollehg FEE-2 HaCaT AlX9A] HO-1, SOD-1
T s a4 B SAAT)IL NF«B B MAPK 65
REES ok 85 HAFUL, vAHA] =52 33k
Bcl-2 associated X protein (Bax) 2 caspase-32] &S
ABFATE & Th2 ArollA= & fEl fucoidan (2)0] wIAIH
A2 2= 17 213] Aol A (human dermal fibroblast,
HDF)ollA aks}, 95 9 MEAPE oA atet tEo]
matrix metalloproteinases (MMPs) W& Z7}1= 318k 243l
procollagen®] A& R8s A3E HIEITHD ol&
5 F2EI I o7 rlAl Ao ofal e 39 B
9 EFoRHE 1FE H3d A a3t vk As
Ysgt.

YA v Saccharina japonica) £ fucoidan (2) B+ H] A
WA & A5 HaCaT ZHEA| 4 NF-kB/MAPK A1 %7

R
lo v et

g AR E Z435le] IL-6, IL-8, IL-13, IL-25, IL-33, TNF-o,
IFN-y, thymic stromal lymphopoietin (TSLP) 722 93543
Ato] E71R]1 2 macrophage-derived chemokine (MDC), thymus
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A3 2™, o] fucoidan®] Z|2]E HaCaT ZHEAM|3E vl Sk
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DPHC (8) /32 HaCaT ZFEAIE B RAW 264.7 t2]A
XE |83} jn vitro AP A 73 IiEF A0 Z M
A2 A=E MEe] AEEE T7TMZH O, AlB et bl
o}= 0|83t in vivo AFNME NO 2 ROSS| AL #4
AA DEO=Z A Al AFES AT B8 HDF
A 320l A collagen T4 FrolsHAl fF-=31AL collagenase <
S Ao, NF«B2| /42 A3S}aL activator protein
I (AP-1) Q1438k] k2 % MAPK (15412 A2 298 5
3 MMP &S dA8] THAA7]= Zlo] WelRlth>

= % ] 2272 S (Undaria pinnatifida)®] 7
AHolA L& Al fucoidan (2)°] FF HHS L FHol F]
of 7He 2] Sl A= FFS AR A3 OVA ¥
AI(OH),Z 728 A7 Hardor 79 %02 mAd
A =Z3}F Bt fucoidans 7412 FgS ) v]AHA
A2 e AA kst 2 F4/80" M X, Gr-1" -,
CD4" T YZ9t 22 A5 AlEe] &3 IL4 X5 2
A AT B BRkA| 2] EAsH g H IgE $ES
AL ol Zrk EH] Bl A 3 (goblet cell) 52412 ¢+
SIAIA mlAHR ol oJaf ofste L2713 H2 F4S ¢
slebe d 34 US AARLEE

Z2Z7) OAvkE el F(Lessoniaceae)oll &3l SZF
Ecklonia®} Eisenia= 53] phlorotannin®]2} ¥-7{5+= 8=
F polyphenol /3% (eckol, 6,6™-bieckol, 8,8'-bieckol, dieckol,
phlorofucofuroeckol-A )02 <13 Uehl= ofd] Aze
oz & dEA ATk el (Ecklonia cava) FEE 2
St phlorotanning: |-8-81 wAHA 2 fte= el ds
SN 71 =A] H7Y in vitro R in vivorll A ZIEITE PM,,
© 2 7+ HaCaT ZHA| Eol| A ofehe 55 2 dieckol
9)°] A& ZrkskE Aslstar ofskdE 954 Aol BRI
COX, microsomal prostaglandin E synthase type 2 (mPGES-
2)2] LS A3 01 P9 eckol (7) T3+ PM, 2 213
ROS A4S 72713 nEZ ol HEiE g2 os
FA8H MAPK Al5dg 425 #1314 HaCaT HlEZE
A ZAME2HE BSSITES o] o] & FEE deke 5

=
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5 2% PM, A28 RPMI-2650 32 434 , A549
¥ A3 AH 3, MC-IXC = 2174 EAN| EF Al el A ROS A4S
JAst] ME Be g3 VERJTE? wAA] o] =&
H g2 M2ZAA dieckol (9)2 AT WHS ZAE vz A
2 A Al BRI A WIRlo] 7k = RS oA
319132, SOD A4 frie B HO-I/Nrf2 318} A1 S g 4=
GASIE Fall ROSO S THAAIA AL 45 ¢hstst
ATED thE A rollr= 5L 3 Al ZA phlorofucofiroeckol-
A 10y} FIAIHR| 2 E4dslE NF-kB/MAPK A& HZE
zdste] IL-18 W3S JAlstar, mAwA|el ofsf 27] 2t
SN G5 531 D A ZAPE B e W o)
AA 3] Fo=e Ao] fHA 229 7S T3l BTt
G Park 5 PM, =F AF 2] A% A 28
HEgo® 7 & FEE5 AFARS W 35 3 7199 A
a7t @3 o7 AHET RSt A3 AdEEe)
o} ¥ ZZ M= NF-«B/inflaimmasome g4 A&
29} IL-6, [FN-y2] A& F3ll TLR49 <J3l] -2 95
uk-g-o] ¢45}5]9] 0 | malondialdehyde (MDA) A4 &7}
nEZEo} 75 SASHE Sl PM, = Qg 7 9 9]
2hsh o] BatA o = AN E T Hate] Q1] 7] el 2k
A% amyloid precursor protein (APP) 2 p-TauZ 7H4A]
7]3L brain-derived neurotrophic factor (BDNF)S S7MA 7
o, = ZA oA acetylcholine (ACh)9] 34 2 W=o]| H]
A= RS AR Ao Eelsitt el g 550
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ol AL BE 9 AFA Al|EFR] X s TAE
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sl o] & 28 ‘; =/80% lehe FE= EHEB2)
NEES PMy 2 fE AA7)%5 Ash A7 =del 77 %
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Table II1. Protective effects of macroalgae against micro-/nanoplastics-induced damage

Activities/

Algae species Active materials/ Compounds Experimental model Underlying mechanism/ References
* SA-B-gal activity ({)
70% EtOH extract, Porcine coronary : Xisifilel\lt?\rieresstlr):snssfe\(/g W
e EtOAc fraction (100 pg/mL) artery (PCA) / * Restoration of cell proliferation
" 2,7'-Phloroglucinol-6,6'- Porcine coronary p 79)

(Ecklonia cava) i ol (PHB, 13)

(3, 10, 30 uM) (PCAECs)

endothelial cells

* p53, p21, pl16, AT1 expression ()

* eNOS expression (1)

* Restoration of endothelium-dependent
vasorelaxation

Fucoidan (2)
(625,125, 25, 50, 100 pg/mL)

Leydig cell (LC540)

* NO level (|)
* ROS content (])

A uk
=2 =
(Cladosiphon

okamuranus) Fucoidan (2)

(50, 100, 200 mg/kg, p.o.) rats, male

Sprague-Dawley

» Enzymatic antioxidant activities
(GPx, SOD, G6PD, GR) (1)
* MDA and NO production (|) 80)
* TNF-a, IL-6, caspase-3 expression ()
* Testosterone levels (1)
* Preventing the reduction of epithelium
thickness
* Reducing the area of the seminiferous tubule lumen
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Fig. 1. Structures of active compounds derived from seaweeds alleviating damage caused by fine dust and microplastics.
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Fig. 2. Structures of active compounds derived from seaweeds alleviating damage caused by fine dust and microplastics (continued).
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