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Plastic products have long been widely used in both industrial and household applications. However,
tiny plastic particles derived from plastic products, such as microplastics (MPs) and nanoplastics (NPs),
can infiltrate the human body through inhalation, ingestion, or skin contact. Once inside cells via
endocytosis, MPs and NPs (MNPs) can trigger autophagy, but lysosomal dysfunction can block auto-
phagic flux. Accumulating in the cytoplasm, these particles induce cellular stress, including oxidative
stress from free radicals, mitochondrial dysfunction, and increased inflammatory response. Meanwhile,
cellular senescence is a hallmark of aging and is defined as the stable termination of the cell cycle
in response to cell damage and stress. In particular, the accumulation of oxidative stress, a key factor
in inducing cellular senescence, induces the expression of major senescence markers. Senescent cells
increase the secretion of senescence-associated secretory phenotype, including inflammatory cytokines
and chemokines. Despite growing interest in how MNPs induce cellular senescence, there remains
a gap regarding their onset and therapeutic targets. Therefore, this review focuses on identifying recent
research trends on how MNPs induce cellular aging in key human cell types and proposes future

research directions to overcome these challenges.
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Fig. 1. Size classification and references of plastic particles.
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Fig. 2. Representative chemical composition substances con-
tained in MNPs.
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o2 W4, 11]. 283 WH e 75 Aol eNOS
g4 Zao] 9% NO ¥4 A =E ROSO 93 NO
23l S7F= Qs NO AA o] &E&o] At = A #d
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NPsol| &/ ROS A4S JAIetAA =3t& Attt
[81]. Resveratrol> &3 o]} o, eNOS uncoupling, ™ &

T 52 g3 =3 & U9 F7HY % o](endothelial mesen-
chymal transition) &3} %L% 14%4 715 dopst AHe 4
FEES F AT & A= 2 Bad vk TH70]. ©l
2 &k resveratrol 2] & &ol A "1]5— 7Fed 4 A=l Wy
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ZFAaAZ =4, o] = NADPH oxidaseol 2|3l F2=+= 4+
38 ~Ef 29 Sirtlo] #AE2]S Yr gt mabA
PS-NPsoll oja) ftel =7 YoM 2] x3} =H- - Sirtl
o]E2oln, Sirtl- PS-NPs mj 7] W3] Z2] 3} Ao
A 24 AR AL + Aok

HZ YEF =9 FF %4 (sodium-glucose co-
transporter type 2, SGLT2)9] A7} W3] =3} & 7]F
e MAE 5 Ae ASE gyt o= Wy =3}
2 7% ool Fa 2 a9l F sl ROSY FAH =
SGLT29] Aol &5t A 4= Q7] wjZolth17]. *=
3h SGLT2 AAA S Tfe 2Ed 2 el 9% v
9 =3} ZAE AAT L 3 93 AT AlE
A8l ~Eg 2 A 2 angiotensin A 2H Q] #8 FA5
Bl W] A S FEAIA FAT43]. otz A
AL A7k, 24 Ea 2 3 7]% $°] SGLT2
AR Aol o3l M= RNeH, AF WSS THAAA
=3t g Ay bt BE Ao E A F o] Bad
v} TH57, 59]. T Dhakal S[14]2] Aol 2]3}H, PS-
NPs+= #-ad oA ze}l A5l A SGLT29] &3
S S7MA AT, SGLT2 A3AIQ] enavogliflozine PS-
NPsoll &gk WaAZ o] A AA B =3} vprie] Ld S
N ol SGLT22]| 2417} PS-NPsoll ol fe
W =315 AHd 7 S-S AASH, enavogliflozine
TR Nox2 B p22phox @] &t 2H& Fall ROSO| A&
B oW eNOSe] B2 F7HAZT. °l= PS-NPs
o o% 7] W wiol Ho| = SGLT27} #eishn
9le-o o|m i},

Sirt13} proliferator-activated receptor gamma co-activator
1-o. (PGC-1a)2} fibroblast growth factor 21 (FGF21) &2
Sirt19] sHF w7l IAES XET AAEAE 2 AE X
o gt 8 BA A=FAAE0|th 9% A et 2
& 2194 SGLT2 AAl= A2 o] 87343 fA
o] F83 98-S 3}= adenosine monophosphate-activated
protein kinase (AMPK)<} 37 SIRT1/PGC-10/FGF21 21 &
NS gAgsta A7FEA S EZ%H68]. SGLT2

A A= WA ZEoA A 4k3td 7oA AAHE eNOS2}
SIRT19] &4& 3 5AZ 4 31om, SIRT1 77} eNOS]
deacetylation= SGLT2 A Ao ol& 7+3lH eNOSS| &

o]o

A 8loll Todgto] & uha Fh104]. webA SGLT2 A
A= PS-NPsol 23k 41317 2~Eg 2ol o3| oA eNOS
437 NO A o] #ES B35, SIRTI EA43E &
g ROS S AN 2N WI] 7|5 Fol g N
< ok webA Sirt] 3 SGLTE PS-NPsoll 93k W3] 4| &
9] 27] x3}ko] AojE 3 = shte] FHo] & 5 gk

SEH MZQ =30 0|Xl= MNPs2| d&

TFAY L3 74 249 H AL AA ) F7
Atelol| A AHaE ekl of 9] o] SR AE A A st
+ 9L F@3etr] wEel MNPset 22 3] F L9E
Aol Feofsitt. webA HE I3 A== 535k Ay
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ZEIHPE FA

1)

I (alveolar type

= S HI Y= HE A1

D F719F AA o] AWM ZTHAEHY S AstAA HE
7F &35t AS U= AW A3 Al (surfactant) E A A 3}
T F3 NAZE FAE Utk AW Z4A= AxzE
ARE ok AAZ2 F7])-AA AAHA F(film)<
st o] 92 FAAE S BET 3ol A =EH
= HE Ay Al E(alveolar epithelial cells)= SUE ol &
A& 2E3ta B o] S 2AFoEHN A H
+£4o 2R BEdte EY4 AHS YUY, ol& &
ol Hlx XW AY #3 [FAd 71 g32].

Li 5[53]2 &4 98 A EdoldE 53l #HxE dojA
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o2 FREHNOH, T2 AA
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43ttt PP} PVC 44 2] NPsi= AlHE g Aol 23|
£33 5o polymers FA T =4 HI7MAY BA o] &ES
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ol HEZ FU]-E AAHCE HIEHH AWHLSHA 7=
9} s Weleta AMEEA B8 B E EFxls)
o A ol HEE g]alz% ]‘—E e 4= 9lth v =
Azte] # #AHE S 88 e
= HHEkR ‘ﬂ' Az R FE5 B 15| ¥
= Gl #g AF7F EEetA o] FojA A

24 A A

SEE

A Aol 9|3t PE9} PS-MPs7} <17t
3w A Alze] FejA WstE F=skal
A& ROSE AT + Udso] Y=FHA
—%— %01 PET-MPs= # A3 A Zo A NO2

Tt om, fEAl 454 cytokine?!
tumor necrosis factor o (TNF-a)9} interleukin-6 (IL-6)2] &
H| 2 S A e, o= AlZ W A3 HE2A12 mitogen-



activated protein kinase (MAPK) T4 8.4~ 5 extracellular
signal-regulated kinase (ERK)%] &3t} Aol At
[41]. 281 FF ZddA H £48 o= A Y=
FE PSE HEH = MPs7}F HolA A5 w3 /A
Wt WstE et AAIRHS, 19], ool &3 A4
¢ 71 ATtE mRlgE Aol

TheFgt aQldl ot # Ao =3} Ax7t S45A
H HE F3 Bl 713k=H|[80], dE =0, =3
Aol A H o) 43 Ax =3k} SASP EHlE WAl
A7 #d Z&d 5S¢4 HA S (idiopathic pulmonary
fibrosis)e] & =2 FTAAZF ATH97]. T3, Luo
56312 PS-MPs l=E°] ¥ 75 Aol E st H =
Z19] SA-B-gal ¥ MEE F7HA7IH, 71HA] HZ AH
QoA SASP FFES FVHANZITH AL g vt ok H
Jin 5[38]2 PVC7} v}-g-2 mdlEal ol Al 39
A BRAR w3 FEAYS S vk Aok 22y
2bshAl Hes o] AAE GAAIA F71HE ROS FF
PVCE Q1% M3 8} Atolof] 2421 13AA 7} Q)
Utk 28 SE A s A el ofstd, PVC A
H el AlEzolA B rEZEg o} 3 B wid
of wlo] A WekEo] EREcl 7% Zol7l ROS
W7 A0l AT A 7152 WIT & A tread-
mill Z3ARe] A3tol o st pvCr A2ld H A= A3
ARbo] ZA ZARAT, Wl Ak A% BHol A
PVC E2 QUd MAT D AATe 7} felHez
F7tstA e, ol 3419 95 ol A4S EAS
< ou|gith Yozt A% B 3 715 =& &4 E o] PVC
2o & A 715y EFFL =59 rHEEe uy
Aol AATH38].
o}22, Luo S[63]% PS-MPsol| ==H #H 22 oA H
22 &4 A SA-B-gal® =3} A whF(p2l, pl6 R
p27) 2 SASP #H] FFo] ZolH S5 BUES I, Fan
5[19] Gene Ontology & Kyoto Encyclopedia of Genes
and Genomes &4 4] PS-MPsol| 2|3+ # &A= o] &
gk 3tk 4%, peroxide &4, oxidoreductase ¢ Z=d W
37 B EA S ALsAT. 152 E=3 PS-MPsoll
=23 FHol #H A T2 circular RNAs (circRNA)
2} long noncoding RNAs (IncRNAs)7} X5 02 13 &
Aom, o] o] PS-MPsol| 9|t ¥ dF YAl F8F o
e T T des AdsAT 53 18 72 Hgs
3} RNA (ring-structured non-coding RNA, ncRNA)?! circ-
kif26b7} PS-MPsoll =¥ o # =2 Ew ofyzt ¥
Aa] A Zo A Z71819 2.1, miR-346-3pS Tall #H A
|Z2] =3t FA3IAL PS-MPs F5 #H FFol B3}
o] dFHAUT63]. ol= TFA N4 MNPsell &3t
3} frzo] FARHH 2-o] #AS AL USFS BAF

EOE ort 2 5 Ao

]
o=

i e rlo

\
M x0

0 T

x

e broxe
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A MZECQ| =510 O|Xl= MNPs2| H&t

, A, Y, FEE 749 244 AAY RIS
taL, Al F2UE Bk, A M=o A4
1% 2s g v A% 59 75s 5%
3}747d (bone homeostasis)> Al 7FA] 3421 Al
, = A Z(osteoblasts), I} A E(osteoclasts) F = X
(osteocytes)] =4 2802 FAHM, o] Axo &&F
ZHE & T FAET HZ g 55 REAA

ﬁ\l%iﬂlﬂ
ot
N

0B Moo

S
AAGHE FAE AU Joh37]. °lElg AH= &
SAE Fstd FAAZ FYUE MNPs A7 A A3
Wafatr] sl =AA 74 AE FFE EF T U
AR A7) A= W o] A g o gk MNPso] <
of A3 A AT AHAE =t ot

=3} Fto] WHAsE =4 -2 4 (skeleton integrity)
Bl 7Hg F 21& ROS #Y Akl o7 A= 4t
317 ~Ed| 2o|th4]. 48t G4 B4 9 1HAe) 4heA
2EH 29 SVt & Z4 S (osteopenia)= S &
(bone mass)S 7 | W&ol A 223 ROS
o F7te we 44 wE 2 k3 fE9 dubz
7102 QA% 3 §ltH82]. wEtA MNPsE 4Hs} ~E
g0 FAZE fFEAC|EZ MNPsol =EHH AJRE

oo o o

v
>
< d
N

2

N
b
9‘15
fr
5=
i
Y
b

<, Pan 5[69] PS-MPs7} HAd o] w 48 743}
St w WS S B v ity 259 A
9J5tH, PS-MPse F 9o thEE, A= 9 A Fo) F3 A
2o, oo w2 AT (trabecular bone) VA T
Z7} £4E =4 oA Fol FLHIAS. a8, o
B=o ZFAEANA F7] AHET] B =3 v Q] SAp-
gal®] &, pl6 L p21, 71 E3] EAH(matrix-degrading
molecules) ¥ SASP (TNF-q, IL-1B, IL-6, IL-8 ¥ MMP-13
)Y @ A= SUkekRT 9o, F 2IAE
(murine osteoblast MC3T3-El cells)o| A= MPs= =34
E3E dAALeH, ol = 4 23 #AQ osteo-
calcin? =84 &3} #AqstE T8 HARIAH(Runx2,
MSX2 % DLX5)¢] &3 4o 93 Aot} 1E8L
=3 ¥ =3 MC3T3-El1 A Zol| A PS-MPs= % 1
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olFAFAA A7FE2 TEol EFHUJAATE, ATFELA
S 43RS AF, PS-MPsol| 2|3k A =317} A
HHA 5 g4 B3 IA =3 S EHASE B FS]
o}, PS-NPsol| =29 &¥® 710} F(Caenorhabditis ele-
gans)oN A 9] A5 B ste F20][102], ol AVHE
E AAAA 2EA LY

o 8}1:]— 27 EA 9]
CATbEA B
=5 2 F58 T AT

ol A WA A7V 9] 7] S MNP
2 B AN, AT
T ZE AL AAA
'VQF

A5 AR A2 AR

X
b
kr
i
4
™
ok
rr
iz
oo R
lo =N

T
z
>
o

h

dou o
f

o >

2

E
Olt
o
o,
0>

o

wxjol B & ok

ol2# NPsv= XA 2 AFAA HZ=Z M E(preos-
teoblasts)2] ©]54-& A FIAA ROS o EFH A LA
He FEATH28]. = A T FH<A Wap-
catenin ARE E3F ZZAE o] FE9] e w A3
of tigk JAA A5 HeF F&f shtoltH9]. 1y o]
AL 4sA 2Ed 2o ofs] AAH 7] W&ol NPsol
AZZMEY o]5A AL W A Z Ao &
4 At} HFA, NPs= Z 3hZ A 3 (preosteoclasts) 2]
= SEVPTRE

SEo| Pas

o

il e r?L'

A Z A é(osteoclastogenems)i
ZH(bone deposition)? THAH 7 A}
3t 5ol HAA profile B4 oA I AT o=
d cytokineSl IL-159] 8 FE9 22 g5 &
gk Akl ~E# 29} FEdo] wlg- ZArH28). IL-1
T AL F23F 74 2491 IL-15 receptor oo (IL15RA)S}
IL-15= FUtEl 2 34 A (rtheumatoid arthritis) 2 1 <=4
I #HEE 7|E g A 2AES o S £

oA =A LA ArH60]. 53], AALS) Al ZE(natural
killer cells)oll &3l Wi/ == S A £ &3} IL-15
7b A4 A o2 Fsty] wel[22] IL-15 2 ZE NPsol
o w FA AA o Fo =HARE ALIS ou|gTh

ol2-# AlE7] Z<F A AA w sk J,].oj] 3=
=3 w Ao Fagk TAAR] dEd FAb
47 Q1 A(insulin-like growth factor, IGF-1)2] ‘?z}??]_l-:_ NPs
o o3 A3t TH28].

Transforming growth factor (TGF)-p A8 T4 Y24
o715 cytokineQ! W] & e ¢y Tl (bone morphogenetic
proteins, BMPs) 74]‘*‘ G AEL2 oA W ¥ A (ectopic
bone formation)S F=dls THAZ XS WAFHIIT
[78]. 01C° ojF w, Ax, o5, A B dAe N ET
= o] FA B {A FANAE AAAQ] TS

< A )

U'o’rnnﬁzlo

> oo b

A 5=

3= o2 W A1) I &, BMP2E 23149 =714
o] Aol @ AFZop R RIS X8l 7
g% = ¥4 Aot 183, BMP4= &5 el E7]

Aol = &g Eahot w A4 7hedE FXsk wfol
R AAMEZ E7)M 2] A7t Aol BAFTH10]. A =
A 25 2 ME XS 22 AA 22| I #os)
+ Noggin< BMPsel| Agste] L&) &A o Adst
= A& BHA 5= 2 3A(antagonist) A BMP-29} BMP-4
o thd A E=7} E3] ETH100]. Nogginoll &3 BMP-29}
BMP-49| &4 A= =7 IS el &+ JdoH, =
s}o} °-]'°“€(cachex1a) o & o 98], -, TNF
44 A Goll 43 cluster of differentiation 40 (CD40)
2 W thARETE ofu e} PGFA cytokine] HAlol| Host
= AZE Z4383tH67]. 1812 Cannabinoid =& A
de] G @ A3 4842 Cannabinoid receptor 2
(CNR2)= ¥Rl 95 w3 A =34 =03F
(osteoporosis)2] Hlol T8 9&-& 3l SHE 9 =
0359 42 93 AAE W M vh25]. L2 A
7FA MNPsOll &3t 20435 fidol tiet 483 SA=
FE35kH, BMPs 289 F 40| Bre i Fox E75t
3 Noggin¥} CD40 F=+= CNR29] 244 #3 AT = °]F
ozl v ok 22w Akl #EE o] 3 B3-S
W WA ol A} MNPs7F W] 23 F4 Alole] =4
2] =@ & (skeleton remodeling) BEFE S 23} Al
AbatH, ofof] &g FAZH Q] AFE AHHOR o] Fo]A
of & Zlo|th

N of

MAA MZQ| 30| O|Xl= MNPs2| d&

ABAE A A2 FAEH o JR TS
ddete SFAAAL 5o AT HolA e AR E
TFAA AgsAY FFAAA L] HHES ARl
A= 715 GEots BXAAAZ FA=H Tt
2A7AA S T2 P 7eH &9l AAAEE o T
7I5& F3838t7] A8t tdatA E3tE o] ot 9
=3hE gxstolw i WS 23S g R 4l
AEYAL Aol o 97 asolth HZ MNPs7t Al
Y oS B3l Holl =2dte] o e AA 54 o
de I F Adsol W Roem, MNpsell g AA
o] 3ts 93 dFS AAS] A% AT = F
7Fska QlTH34].

]
Murali 5[66]2 2173 M2 4] PS-NPs7} W] EZE=g]o}
53 Alxut =42 X #EQ lactate dehydrogenase (LDH)
T2 S E F UASS BRAFAT. 259 A
o 2]3}H PS-NPs2] 21413t A (fresh particles)®ll B3|
6714 o] Bad @ Y AKaged particles) A =7d ]
F7FstR =, ol obnt= YA S (particle ag-
gregation) == Alg] &4 tEo] FFoE A3 A
T Utk AAA WE G Zo] AFEE § A= PS-NPse=
PS-MPs¢} Hlate] o B2 ROS A8 A vH&S
=at7] WEd o B2 5498 33 A Z PS-NPs



Acetylcholinesterase (AChE)S] &4 74 s ¢=3tolH
W9 gy 2 ohekd =3 A 4l
Sl A Moz FEE = FAFoIM[71], Prust S[74]<
PS-NPs®] 217454 F+%7F AChEY] &4 7Haiet a4
| & B3t Zebrafish (Danio rerio) 2ol
u] A @ W) 3] M) 3 (brain microvascular endothelial cells)
A HEF A4 (blood-brain barrier, BBB)2] 7] A 4}o]
PS-NPsoll oJafl &4E AT Bies AAATHS, 86],
PS-NPs7} ol =23l= 7133 BBBE $H4dte 82
EHgsitt. 28 Hodl A PS-NPs7F FH ok AR
2 dHA o, HoA PS-NPs 8 €5 ¢ 4HsE
2Ef e ¥ AAEEF R AFHEAAE fEetdTh &
T, =l PS-NPs7F A= F o] 5 o] WAs
AChEE Z3g 8 217 X2 I E A go] F7}
2 ALATH58]. & KB AL EoNA &} FAFSHA,
AR RAEZ A EANA PS-NPsE HEZEE 0} 7]
e, Ahsld ~Ed 2~ 9 AUt #- A 545
A MEZAIE S do7& ZoE e 0 M[84], PS-
NPsol| 9| gt 27} 2] & E(autophagic flux)9] &2 T
g AR EYE Ao S XY 7 vk A=
v} QATH33]. AFEH A Aol dAaEE HAdAd o
A A Al (amyloid B, Tau, huntingtin = a-synuclein 5)2]
H A1 & ubiquitin-proteasome system & A7FEA-PAF
73 2 (autophagy-lysosome pathway)2] <43} & o] 917]
o (12, 72], PS-NPsell &3 A7FE 2] AR &4 Al
ZAE YA Ag fe D% B J& F Uk =3,
PS-NPs &2 thFgt frall A5 AAFHAAL deo=
8] FH wo] s E o] AduA| Z(astrocytes) T7F

i

o off 2

HAGH R FIlele BEEA A4 E S (reactive as-
trocytosis)= F+=3IR 1L, WA A A EollA T2
AEE fFE3HE 214 5492 lipocalin-29] T3 £E2

2 <
S7HAHTH40]. ol213 AFE2 PS-NPsoll o3 A A=
A Ze Asld 2Ed s 3E AAES 9 2AEHEAY
YA A ABFHASS B FTH34].

Z T histone deacetylase 6 (HDAC6)2] A7} M3 &
-2 (exocytosis) Ol 2|3k A|3EZ oA PS-NPs W& F7HA|
Ao TV EL 237 R EATH33]. DNA A &4
2 o)E A Y& 3 2E DA acetylation B deacety-
lation®ll ]3] =AW, HDACE 3| 2E9] eN-o}A g &
Al o} = 4H(e-N-acetyl lysine amino acid)ol| Al o}HE 7] &
A At DNAZ} 3l2ES B} o gas| 28 5 A
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53]. HDAC6S A& 39 417 Ea44 Ao ¥
x5l 9 AF Aol ml$- {3 FRE B
A TH27]. 218]3 HDAC6H A2 vA| 23S ufe}
=5 @A 3 T/ dyneine A
TS 4344, 49], o] & @A
AZFE A A5S AAA Y
a1[49, 76], =3} A 4l =
[56]. @EtA HDAC6 &4 A& PS-NPse] 417
Zole AAZQ FHo] & & 9t

MNPs QA= wHe| 282 3] (Van der Waals forces), 7+
3 244 A3 (hydrophobic bond)S 53+ T A7) A
(surface electric polarity) ¥173, =4 Z ¥ (hydrogen bond)®l
o gk A=} A (dipole bonding) = oFv] =4l ko
w2 2 F2 53 2 v EolF g T o
A 2 AETH 71do wmzA FaFo] 159
< e Z7MAZ1Y30]. o2 MNPse| A3}
Wsl= MNPs9| §2H8 9 NMESAAE WA TH)
ATH54, 94]. H Yang 5951 A 3}to| 7]%3F PS-NPs2
A4 A oA] ol o}Fl ME PS (cationic amine-
modified PS, PS-NH;")7} 417 5 A Z(C17.2 neuronal
progenitor cells)ol A A|EXFAH S FE39 S RA3IH
o J8y ol 7t2 5L
boxylate-modified polystyrene, PS-COO)2} 54 PS-NPs+
AE2E4E deblA gt 159 Ades F9 v%
Pz o) Ao Aol FASEA S H[55], PS-NH;' & A Z

M3 PS (anionic car-

AtE ol A kel o] glo] C17.2 AlZo] 4L A
A BAA T, o= p53 HIEZH O E 13} 279 FEE F
TINZIAA GlI7]oA AE 712 J8 A E 53519
ool B FR FgAl 93 A=x F719 HA I}
p53 A& = Hold oA Zo A A" A 2o A
o] tH18, 93]. PS-NH; &= H3F ROS 2|F32 02 DNA <4
S 27PN FAE, o] PS-NH; 9] A|ZEA4o] 48} ~E
# 229} ROS A4 f=ol 9¢ A8 AxE7 2 A FHA
TH21), Al 719 BA = 3 EA71A] Zatsinh W,

Solg FoA 7198 gat dvk A7 wae] £
o)gk Aollth. Wb o] 2@ AT PS-NH'o] o] % A
wal7h MEEE L 7% ool o8] g & 3l

o

2 WoFE Zoln), MNPsol o % w3} fure) A
259 A3 wsiel WA ABAol dge o

2 E
2 A AE MNP A N BAE TASE T
& AZoIN AZ =5E FET 5 ks HT A7
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