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T O&L Fouk, FRE, & OFT, REBET
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. PR (particulate matter, PM, ;) 22 — i ™ B I IR 575 )i, ERTHLA 2 KRG HA A R 2,
MO M RG AL EZH IR, Kk PM, 5 558800 M5 28 55 10 52 0 HORER 32 B AT 6 . 2 sk W
PM, s 50U #95 (cardiovascular disease, CVD) [ &% R FILT- R 2 1A LA HTHRI ISR . PM, 5 it 4
RN SR ZRRIRIG G AU A T LI O i R GG 5%, O CVD I BSET RN &R . A
SCNRATIR S 300 LK B M BE RS 1 PM, s B85 CVD AL BRI FE IR, D SE s 1 g O ML S50
HUEE, &R ALK PMys %t CVD fEERINIR, N . 897 PM,; 5121 CVD F& Rk HE .
KRR : PM, ;5 O I RGHT 5 FAGRLEL 5 200 5 ZRRifRifs ; 4

FESES : R122; R54  XEAFRERD : A

Research progress on cardiovascular system injury

caused by PM, 5 and related mechanisms

WANG Han', LAO Wen-Yan', LI Song-Lin', QIN Fei'*, WU Guo-Hao™*
(1 College of Biochemical Engineering, Beijing Union University, Beijing 100023, China;
2 Scientific Research Institute of Beijing Tongrentang Co., Ltd, Beijing 100011, China)

Abstract: Cardiovascular system is the main target of fine particulate matter (PM, ), a serious environmental
contaminant, which has adverse health effects on multiple body systems. Therefore the influence of PM, 5 exposure
to cardiovascular system has drawn more and more attention. A unequivocal link between PM, 5 and morbidity and
mortality of cardiovascular diseases (CVD) has been proved by a number of studies. Cardiovascular system injury
was induced by PM, ; through mechanisms of oxidative stress, inflammation, mitochondrial dysfunction and cell
apoptosis, etc., thus PM, ;s has become the main risk factor for CVD death. Current researches on mechanisms of
PM, s-induced CVD were summarized from the perspectives of human epidemiology, animal and cell, to improve
the public awareness to CVD induced by PM, s and provide a scientific basis for the prevention, management and
treatment of CVD caused by PM, ;.
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FIZ 28 G5 S5 55075 (K1 R 93 SR AN FE T 5 2 IR AR K 7,
AR PM,s X 2 REH A REZW, HLIILE RS
HEZEHAR". [ Dockery %5 ¥ T 1993 4£ 1 7t &
MR %E CVD FET: N E MIEF L DR, K
AT SR, TGl I 2 KO R R,
PM, ; #8421 CVD [ R m R FpET- R 1, &
FFPM,; 5 CVD 2[R E R KR, AREK
HFRHERT FEAN 2 Fhsh P 24 (1) 25 BE 22 St gt 1
— SR, PM, s B 5RO I 2R G0 5 R
B2 B NATTRE . RSO NRAT R % shi) e 4i i
KPR PM, 5 B0 LA 3 Gt A 4 FH S AL il gk
ITHER, ik — DI IR S BE R AR -

1 RITRERR

1.1 PM, #iNCVDHI L HREMET X

ZANWAT R F LK, PM,s 5 &, 181
CVD M)A FEMIE TR A E T VI KRB, Mok
SRR G0 92 [E X R 3R T 8 111 44 Bl AL I
1974 FIFURBE VT 24 4, R ILFORA) 55 it 9 ALC i
BRIIPET- R EIEASS, ER ¥ LR ENE Y,
5 [E iR o0 3 [ 151 AT 120 75 ABE G 16 45,
I PM, 5 W& B3 T i 10 pgem™, e il 4 0 JUE 75
WYE RN W b~ 3 IR 1 S G T Bl O e <8
T 8%~18%"". R 25 K35 YL B DA BB 7T WK T
X} 5 AN 2K J6 BEAE e IR 3 ik A 1 100 166 N ik
11.5 4E 1A HiBE PR T 70 R B, PM, 5 5% B8 IR FE 45 & BK
M SRR R, TR S pgm”, AR
Rk AR 13% . 5 — TR A et 7 A KRR
PBAF1] 280 22 75 A 2011 4EBEVG & 2017 48, K
KRR TR T ST fRE M PM,s 5 CVD BET %
MIOe, &N S pgm?®, KN 1.053 (95% CI,
1.021-1.085)", 78 LA bRk 36 NBERE 7, PM,s 4
PRI, FRE S Liang % " S
(] 2 Fik 346 5 S L4 1 o0 1 75 2 9 IRV 300 H A 116 972
BiJE CVD AHEBEYT S 4F, KB PM,s SR 10 pgm?,
CVD & ML T R 73 79 3 0 25% F116%. A
FoH AR PM,; PR EEEH N 674 ug-m%, b
ETEREEE PM, s BT R BRI, NE ik
FIKAI5 95 CVD Kk RIS TUFEHE . 2022 4F,
Liu %5 "5 4341 20 AN E 5 / X (1) 205 AN CVD
SO Z NS5 G s, I PM, 5 R BERERE 0 10
ng'm”, CVD BT 5 1 i 0.43% (95% CI, 0.15%-
0.71%), N PM, s 5% 55 5 CVD SET-Z Z [A] 58 K
M7 R AL T8 (1) A ERAE 4 o

1.2 PM, &R L IME ARG A R HLHI A 55

KEAFEFK. FEERAT R 5 TR S PM,
T ir G B ML B, PM, 5 & CVD HA 755 Bl
YENSAZSIE N = 2 7 < B 4\ B R 1= SO 7
e AL T UEYE .
1.2.1 PM, M AL S R B8 S miRNAs A 7K

1E 3BT DG RBASIE 2 035 %254 %, PM,;
7 55 58 N EEE AR IR UL 5 2 8- RATHI R R F2a
A I A A P B OE AH OG, Ul B AAUA B AT RE 2
PM, ; V5 4¢3 CVD [ /EHLE] ' miRNAs /2 JE4
T RNA SRR, A& — T 3 ) SR 0 1 A% 1 4%
ML #l. miRNAs 2 5 CVD 4 4k M i [ M ) 2,
Je O ML T i (B A 1 R 171, Mancini 2 )
WER KRB PM, s B #5155 7 > miRNAs RIAT71E K HE,
miRNAs 475505 G e KU vFAik (18T AR bR B4
1.2.2  PM, BN AE AR EMKF

Chen %5 PV & 3 PM, s 282 15 2 Ft CVD “E¥pbi
EWEMG, HAads 6 MR MR icY) — 474k
HHAJR. C M [ (C-reactive protein, CRP), 4|
Jifu 18] %&b B 4 -F -1 (intercellular adhesion molecule-1,
ICAM-1). MEZMMIFTH 51 -1, p- EHERMPAZ
fBtbEE 1.
1.2.3  PM, fM 2RI ADNAYE U1E K FH AL

287 /& DNA (mitochondrial DNA, mtDNA) =
HE AR R DNA B R IhRE, & %% 24A
ARSI B T 45407 . mtDNA # 1% (mtDNA copy
number, mtDNAcn) #% 1\ 72 25K 44 ) G s 75 1) %
1k A W ks E . Ashar 28 Y% B mtDNAcn
FEAR 5 CVD RJs RS AH oG, — Wit 3£ [E 2 758
i AT R T B T R, PM, s KO R R
5 mtDNAcn P % A 56 P2 Liu 25 ™ % 81 PM, 5 £
#& 5 1L/ mtDNA 22 AN JE PR 20 X I3 B R0 AH 8,
2 h. 24 h PM,; #4375 mt12SRNA. D-loop [X 15,
RSB E A e, 1/l mtDNA H &40 ] BE 2
PM, 5 75 3 5% 55 R BRS80S A s 7640

AT S0 FE R I NS PR bR . RYERR
WY PM, s B ERAHK, PM, il A AN, &
JiE Z AR A0 S5 7 TR BOATL AR O L8 2R 420 B AT
i, 51k CVD. WITERI AN f&sh S5 it —
AT THLHIRER

2 (ERFINEIERR

2.1 FALRMH
FEARE R AWk, 3% P2 4 (reactive oxygen
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species, ROS) f= & ARG, 78 Hoxh 4 it 1 45 #4 F1 2y
Redin 0 2 /i st pi A AL B 18 R G IRGEIE BR . 24 ROS
()77 AR L B 1 R G PR A RE U, s R AR AR
6 R B, 7EMEYE Balb/e /N, PM, s 5 S 41
M ROS 724, 5l KA, FRARE At Btk
fif# (superoxide dismutase, SOD) &4, 2 2 38 Il
% M P, Kampfrath 25 P9 R 30, PM, K2 5%
Al g RN R A A B AR AT AR 3G I, @i Toll #%
24K 4 (Toll like receptor 4, TLR4)/ HH Bk fidc g vz ng: —
KA IR i R %8 AL B (nicotinamide adenine dinucleotide
phosphate oxidase, NOX) i& 12/ 5 4= & Il T gE
3. PM, s B i 3 35 P AROR BRUAZ I 7~ B2 MG 7 2
(nuclear factor-erythroid 2-related factor 2, Nrf2) ik
I %8 A I -1(hemeoxygenase-1, HO-1) /K7, B3
&4 % (malon dialdehyde, MDA) 7K>F-, & Jli K
RO R P

PM,; ] 5 5 AC16. HOc2 L JULAA M. A i
Jik I 4% A B2 40 g (human umbilical vein endothelial
cells, HUVECs)ROS ¥4/, 5| &AM B, 554
FAFIE R B 2, ZII5 RN PM, s (M E B4
RSy, AT Nef 2/HO-1 Fl#% R ¥ «B (nuclear
factor kappa-B, NF-xB)/ JfJ& 3R FE KT o (tumor necrosis
factor, TNF-a) i #%, ¥5 5 %040 N IO 2ORE J B,
e 3y Bz 40 i JE T P70 PML 51 & EA hy926 4
NOX Fifl, AKT/ WA —%8 1% &1 (endothelial
nitric oxide synthase, eNOS)/ —% L% (NO) {5 5 i@
PR, EALSIEOIN R, i R AR B S
VAT REAE AR ) 4 O T S B AR e R R
PEEEMEM. PM, %8 8% T miR-939-5p Kik,
miR-939-5p H 4% ¥ |r] &k A %5 5 A + -la (hypoxia
inducible factor-1a, HIF-1a), 1 2 & miR-939-
5p AT PM, 5 5| & BZ0 LS 71 B LR M A
(lactate dehydrogenase, LD) %11 LA & ROS i PY,
2.2 HRAE

RIES SR P A LG A R, ERANRL
WA 7y, A SEOEE S AR S S R
RE, T4 AE 2 FE ROS WG, IR R B2,
IR, N PM, s 512 R 4R 17 A K.
Zhu 2 1% 5L PM, 5 2H apoE” /)N B, 1L 375 12 % BRI 1
IL-6 F1 TNF-o BH & 5 T X5 B 4L, AT e T PM,s
T WOE FAIM NS R BEN BB K sk A AL
kg, PM,s 255 16 FlJG, /NRUODIE TNF-a. E
% 1B (interleukin-1pB, IL-1B). 1L-6 Fll IL-8 ik & & 7t
i (P < 0.05), EWEAH I AL 51k 1 28 AE IR 1H 3 B

LS B KRS T PM, s 7] 2 2% i
O AL S ICAM-1 f1 CRP RiA, KAELNM K &
A, FECHREMA B P, Du % P K
WL PM, ¢ % 7% 175 /N BRGC I 28 0E A2 H I 241 PR Al Ak
A1 NLRP3 ZEE/MABEE A5 o

NF-kB J& PM, 5 153 {1 RO S B o HY) S B e o
Fo PM,; 7% NF-xB i@ %, 340 BALB/c /) i
A1 HIC2 41 iy TNF-a. IL-1B &5 3iiF 4 5iE A -7 )
Fik BT, PM, 5 WIS I Py R 41 Hh B A A -2
(cyclooxygenase 2, COX-2)/ ki & Ay 51| i 2 E & i
(mPGES)/ if 51| J 2 E2 (prostaglandin E2, PGE2) #
i A, AR B AH B T O e B PV PML s B
IL-6 {8 ) Janus 8 I% A BRI 1/ 15 5 4% T A%
SIS RT3 JAK-STAT3) {5 5@ #%, Jhm HUVECs
2 AR A6 4B R T ICAM AN ik I R 7 7K °F,
SEN AL . PM, s AT miR-205 fiE %
FIIA 2 1 524 FH <40 2 (IL-1 receptor associated
kinase 2, IRAK2)/TNF 524&#HI¢[A - 6 (TNF receptor-
associated factor 6, TRAF6)/NF-«xB 15 5 il 1% i 5 0
LFE B,
2.3 iRt

LR A2 ROS 1 E BRI, 76 1EH A3 %1
T, itk ROS Al # B SOD. i A A (catalase,
CAT) I H ki S AL (glutathione peroxidase,
GSH-Px) 4 i 4 M fi 8B i R £ Bk s EALM
WOIRAS AT & B R AR 17, Bl 5 I SRR D) Be Fe i
SN RLA ROS 7KF-. “ROS #5311 ROS BT
ROS & 4 A it — 20 7= A 1E IRARPE L M. 2k
MR N A BB D0 R IR A 4, BN L R
GNHEE, BT ERELE. Ok
95% 1) = 2 i H (adenosine triphosphate, ATP) 4
FEoRk B 2R bR I SR, BoRifd 2y b s O LA
FAARI =2y 2 — W, H ik, kiR ] fg 2
CVD PAA R E R W, kit 2 S8 he
EhG, EEEFRLERAE AT (mitochondrial membrane
potential, MMP) FIZ5# e 38 . Bk AW & s b o
5y RN A T D N E AR A S ol Ve e

PEARIE, PM, s T 5 SRR /N BA S AN A
A8 2 A Y 2R R AR R T S A 47, T 2ok A4 i i
BRI L, W T A RAR S A Y g
LRI S K P AT AL, PM, 5 5 55 AT kR K
B R AR T RE R AG, R I N 28R R 1 4 fL i SOD
AL kifAft &8 A (optic atrophy 1, Opal Al mitofusin
1, Mfnl)/ ¢ [ £ A (dynamin-related protein 1, Drpl
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F mitofission 1, Fisl) 59 ik, & B - 4E4L
O ER G ), FORERAR G PM, 5 i R O IF B
P B E LA DY Nef2” N B PM, B 5R 6 N H
PM, 5 34 i /0 JIE 52 44 #H B /E H 85 B 0% 3 (receptor-
interacting protein kinase 3, RIP3) [|F&ik, #—FF
VLR IhBE, S50 ATP f#1K, mtDNA /KFFH5,
Fisl\ Opal JEREIE R, AN EBUK-FE 5, 0
HOMEFYE B 54 PM2.5 kB AC16. HIC2
S5 2 A0 R DL S/ R SRR B A Hh 35 W 5 ) MMP
(AYm) T B, BGRB8 7 1t 5 da FLIF IS ot
LR AR T PEREIR 250, PM, 5 DLERRL (A A 05,
TR RLR AR, il R ZH B EETE
2.4 YRR

OB T O OERE . ORI
YF % CVD [ 4 395 H 3 F2 o ke 25 5 24 1 Y,
PM, & NF-xB B, 75 38 A/ B0 % JVL4H fg
UK B A E T, InE O WLEESE B PM, 5
51 1 e AR IAE K BR O WL e-Jun ZIE AR b B (c-Jun
N-terminal kinase, JNK) I p53 [K1f§ Al K -, %
R RN L R B bk B4R SRS -2 (Bel-2) AR T
T [ Bcl-2 #H 5% X 2 H (Bcl-2-associated X, Bax),
T b Db 2 R R A& = R B 1 (caspase)-3 3K
&, SECOUAIIE T B PM, 51 R AR /)
B AL B, i i ROS-2 AU 37 4k -Ca® il % T 4R
Ca™ Fads, BT, RIS B OiE
I S 5K K4 4l 2 (angiotensin converting enzyme
2, ACE2) fE 4T O IE Th Re h R ¥E E EAE A, AR
ACE2 f] S 8.0 JIE W 45 71 81 i Y0 PM, s B R A S
ANEROC D RERRAS, PRI 2R SRR 1) /N2 i 41 B i v
) miR-421 w40 fE ACE2 (1L, FHECLLL
gy T (591

PM, s M 38 J3E N il ), 308 3t i v B 30F N
Mg, "Res FEN R4 M. i & -7 U4 f
(vascular smooth muscle cells, VSMCs). U JJL4H it &5
W45 5 . PM, 5 A 00 pS3-Bax-caspases i
% S HUVECs #7241 fa 4 1 35 2% [ 3 12
(ERK/2)/ 22 J53H AL 2 1 Ul (MAPK) {5 5 i % 2
57 PM,s #5855 N E3h ik VSMCs T © PM, 5 1]
g1 AC16 U LA AL B2- B 1 IR 25 BE 52 4 (adrenoceptor
beta 2, ADRB2) /& F 34k, G B2- B LR E / B
JI B LI 3 3l (PI3K)/ i H 3 Mg B (PKB) it 1%,
SEOUEIEIET: . Yang & P HERRBL, LR
A T B4R B TR AR AE PM, 5 5 3 1) ACL6 0 JIIL
Y A PR SR T . PM, 5 Tl fili R EALhy926 F

HUVEC 4H P9 J5t I S 380 A T 75 5 40 M 1 Wk 0 3
T, PM, %7 F&{% HUVECs /] miR-145-5p, |-
] CD40, 0% NF-kB i i Pl &2 NLRP3 28 5iE /M,
512 HUVECs #JEAET: ), DNA 34k th Al fE
S A A T ML, Yang 25 O i AL
J AT PMy s X0 JULAR BRI 52 e, R B HR AL A
(2 (R 2 2 SR P PR T R L 40 MR BE T AR I 1
P . PMys AT gl W K& 2 Fhar FHLE. R
BAENLHI AR T, SR E R difh, 51K
CVD.

3 RE

PM, s fE N — M =S50, T 2 AETAE
AETEIREE R, 6 N A RIS SRS R AR R
LB AE 2 AR B KT () PM, 5 5 75 o g FEA A A
Fgemn U2, AT AR N A SE IR IR R B PM,
##5 5 CVD R IEM . PM, # 752 FEROS 4K,
RAEBUNBL, FERAE, SRk 551 1 D) R 2
T S A 2 4. VSMCs. LA &5 i %
Tolt P 95 DL P I DR S S I AR R T X AT
AH HL S B F ML LA O I R G i, Bl R
CVD. H ik Z ML A& A X 5 A [ R I ©)
PM,;, H PM,s 45 205 B0 ML 70 A8
RN HABTAES Six et 2 B ENLH], WfipiE
BRI R AR, 0 ANTE . Xt PM,s 2 CVD
MU — 20 78, DASR m o HLIAR, v TR X
I CVD [ R AR B FHRIEAEIRIT APt
(&

(& £ X ®]

[1] Huang W, Zhu T, Pan X, et al. Air pollution and autonomic
and vascular dysfunction in patients with cardiovascular
disease: interactions of systemic inflammation, overweight,
and gender. Am J Epidemiol, 2012, 176: 117-26

[2] Fang X, LiR, Xu Q, et al. A two-stage method to estimate
the contribution of road traffic to PM, s concentrations in
Beijing, China. Int J Environ Res Public Health, 2016, 13:
124

[3] Collins T, Grineski S, Shawna M, et al. A comparative
approach for environmental justice analysis: explaining
divergent societal distributions of particulate matter and
ozone pollution across U.S. neighborhoods. Ann Am
Assoc Geogr, 2022, 112: 522-41

[4] MG, FER T A R S8 8 X IR S 4H R )5 G R AR
[D]. FAE: P4 R ACE K, 2020: 53

[5] Mannucci PM, Harari S, Franchini M. Novel evidence for
a greater burden of ambient air pollution on cardiovascular
disease. Haematologica, 2019, 104: 2349-57

[6] Environmental Protection Agency. Integrated Science



874

G gEEd

354

[10]

[11]

[12]

[13]

Assessment (ISA) for particulate matter[EB/OL]. [2019-
12]. https://cfpub.epa.gov/nceal/isa/recordisplay.
cfm?deid=347534

Wu X, Zhu B, Zhou J, et al. The epidemiological trends in
the burden of lung cancer attributable to PM, 5 exposure in
China. BMC Public Health, 2021, 21: 737

Thurston GD, Kipen H, Annesi-Maesano I, et al. A joint
ERS/ATS policy statement: what constitutes an adverse
health effect of air pollution? An analytical framework.
Eur Respir J, 2017, 49: 1600419

Dockery DW, Pope CA, Xu X, et al. An association
between air pollution and mortality in six U.S. cities. N
Engl J Med, 1993, 329: 1753-9

YuY, Sun Q, Li T, et al. Adverse outcome pathway of fine
particulate matter leading to increased cardiovascular
morbidity and mortality: an integrated perspective from
toxicology and epidemiology. J Hazard Mater, 2022, 430:
128368

Pope CA 3rd, Burnett RT, Thurston GD, et al.
Cardiovascular mortality and long-term exposure to
particulate air pollution: epidemiological evidence of
general pathophysiological pathways of disease.
Circulation, 2004, 109: 71-7

Cesaroni G, Forastiere F, Stafoggia M, et al. Long term
exposure to ambient air pollution and incidence of acute
coronary events: prospective cohort study and meta-
analysis in 11 European cohorts from the ESCAPE
project. BMJ, 2014, 348: 7412

Stafoggia M, Oftedal B, Chen J, et al. Long-term exposure
to low ambient air pollution concentrations and mortality
among 28 million people: results from seven large
European cohorts within the ELAPSE project. Lancet
Planet Health, 2022, 6: €9-18

Liang F, Liu F, Huang K, et al. Long-term exposure to fine
particulate matter and cardiovascular disease in China. J
Am Coll Cardiol, 2020, 75: 707-17

Liu C, Cai J, Chen R, et al. Coarse particulate air pollution
and daily mortality: a global study in 205 cities. Am J
Respir Crit Care Med, 2022, 206: 999-1007

Li W, Wilker EH, Dorans KS, et al. Short-term exposure
to air pollution and biomarkers of oxidative stress: The
Framingham Heart Study. J] Am Heart Assoc, 2016, 5:
¢002742

BT, Rk, TARZE. O M R A RS B AR ¢
microRNAs I FLHERE. IR A%, 2015, 33: 779-
81

Zhou S8, Jin JP, Wang JQ, et al. miRNAs in cardiovascular
diseases: potential biomarkers, therapeutic targets and
challenges. Acta Pharmacol Sin, 2018, 39: 1073-84
Mancini FR, Laine JE, Tarallo S, et al. microRNA
expression profiles and personal monitoring of exposure
to particulate matter. Environ Pollut, 2020, 263: 114392
Chen R, Zhao Z, Sun Q, et al. Size-fractionated particulate
air pollution and circulating biomarkers of inflammation,
coagulation, and vasoconstriction in a panel of young
adults. Epidemiology, 2015, 26: 328-36

Ashar FN, Zhang Y, Longchamps RJ, et al. Association of

[24]

[25]

[26]

[27]

(28]

[29]

[34]

[35]

[36]

mitochondrial DNA copy number with cardiovascular
disease. JAMA Cardiol, 2017, 2: 1247-55

Wang X, Hart JE, Liu Q, et al. Association of particulate
matter air pollution with leukocyte mitochondrial DNA
copy number. Environ Int, 2020, 141: 105761

Liu Q, Li H, Guo L, et al. Effects of short-term personal
exposure to air pollution on platelet mitochondrial DNA
methylation levels and the potential mitigation by
L-arginine supplementation. J Hazard Mater, 2021, 417:
125963

Di Meo S, Venditti P. Evolution of the knowledge of free
radicals and other oxidants. Oxid Med Cell Longev, 2020,
2020: 9829176

Long YM, Yang XZ, Yang QQ, et al. PM, ;5 induces
vascular permeability increase through activating MAPK/
ERK signaling pathway and ROS generation. J Hazard
Mater, 2020, 386: 121659

Kampfrath T, Maiseyeu A, Ying Z, et al. Chronic fine
particulate matter exposure induces systemic vascular
dysfunction via NADPH oxidase and TLR4 pathways.
Circ Res, 2011, 108: 716-76

El Tabaa MM, Habib EI, Zahran A, et al. SERCA2a
directs the cardioprotective role of nano-emulsion
curcumin against PM, s-induced cardiac injury in rats by
prohibiting PERK-elF2a pathway. Life Sci, 2022, 311:
121160

Eduarda SH, Enrique RDC, Adriana G, et al. From air to
heart: particle pollution (PM,;) and induced injury on
cardioblast cells. Atmos Pollut Res, 2021, 12: 152-9

He J, Pang Q, Huang C, et al. Environmental dose of 16
priority-controlled PAHs mixture induce damages of
vascular endothelial cells involved in oxidative stress and
inflammation. Toxicol Vitro, 2022, 79: 105296

Zou L, Xiong L, Wu T, et al. NADPH oxidases regulate
endothelial inflammatory injury induced by PM, via
AKT/eNOS/NO axis. J Appl Toxicol, 2021, 42: 738-49
Liang S, Ning R, Zhang J, et al. MiR-939-5p suppresses
PM, s-induced endothelial injury via targeting HIF-1a in
HAECs. Nanotoxicology, 2021, 15: 706-20

Kim YW, West XZ, Byzova TV. Inflammation and
oxidative stress in angiogenesis and vascular disease. J
Mol Med (Berl), 2013, 91: 323-38

Zhu X, Zhao P, Lu Y, et al. Potential injurious effects
of the fine particulate PM, on the progression of
atherosclerosis in apoE-deficient mice by activating
platelets and leukocytes. Arch Med Sci, 2019, 15: 250-61
Su X, Tian J, Li B, et al. Ambient PM, 5 caused cardiac
dysfunction through FoxOl-targeted cardiac hypertrophy
and macrophage-activated fibrosis in mice. Chemosphere,
2020, 247: 125881

Ma XN, Li RQ, Xie JL, et al. PM, s-induced inflammation
and myocardial cell injury in rats. Eur Rev Med Pharmacol
Sci, 2021, 25: 6670-7

Du X, Jiang S, Zeng X, et al. Fine particulate matter-
induced cardiovascular injury is associated with NLRP3
inflammasome activation in Apo E”” mice. Ecotoxicol
Environ Saf, 2019, 174: 92-9



£, 5

PM, BUL LA 2 G451 103 B WL E 7 2k e

875

[40]

[41]

[42]

[43]

[51]

Jiao Y, Wang S, Jiang L, et al. 2-Undecanone protects
against fine particles-induced heart inflammation via
modulating Nrf2/HO-1 and NF-«xB pathways. Environ
Toxicol, 2022, 37: 1642-52

Yin J, Xia W, Li Y, et al. COX-2 mediates PM, s-induced
apoptosis and inflammation in vascular endothelial cells.
Am J Transl Res, 2017, 9: 3967-76

Hu H, Wu J, Li Q, et al Fine particulate matter induces
vascular endothelial activation via IL-6 dependent JAK1/
STAT3 signaling pathway. Toxicol Res (Camb), 2016, 5:
946-53

Feng L, Wei J, Liang S, et al. miR-205/IRAK?2 signaling
pathway is associated with urban airborne PM, s-induced
myocardial toxicity. Nanotoxicology, 2020, 4: 1198-212
Zorov DB, Filburn CR, Klotz LO, et al. Reactive oxygen
species (ROS) -induced ROS release: a new phenomenon
accompanying induction of the mitochondrial permeability
transition in cardiac myocytes. J Exp Med, 2000, 192:
1001-14

Zhou B, Tian R. Mitochondrial dysfunction in pathophysiology
of heart failure. J Clin Investig, 2018, 128: 3716-26
Mookerjee SA, Gerencser AA, Nicholls DG, et al.
Quantifying intracellular rates of glycolytic and oxidative
ATP production and consumption using extracellular flux
measurements. J Biol Chem, 2017, 292: 7189-207

Brand MD, Nicholls DG. Assessing mitochondrial
dysfunction in cells. Biochem J, 2011, 435: 297-312

Jiang J, Liang S, Zhang J, et al. Melatonin ameliorates
PM, s-induced cardiac perivascular fibrosis through
regulating mitochondrial redox homeostasis. J Pineal Res,
2021, 70: e12686

Liang S, Zhao T, Xu Q, et al. Evaluation of fine particulate
matter on vascular endothelial function in vivo and in
vitro. Ecotoxicol Environ Saf, 2021, 222: 112485

Su R, Jin X, Li H, et al. The mechanisms of PM, 5 and its
main components penetrate into HUVEC cells and effects
on cell organelles. Chemosphere, 2020, 241: 125127

Liu J, Liang S, Du Z, et al. PM,; aggravates the lipid
accumulation, mitochondrial damage and apoptosis in
macrophage foam cells. Environ Pollut, 2019, 249: 482-90
Ning R, Shi Y, Jiang J, et al. Mitochondrial dysfunction
drives persistent vascular fibrosis in rats after short-term
exposure of PM, ;. Sci Total Environ, 2020, 733: 139135
Wang H, Peng X, Cao F, et al. Cardiotoxicity and
mechanism of particulate matter 2.5 (PM2.5) exposure in
offspring rats during pregnancy. Med Sci Monit, 2017, 23:
3890-6

Ge C, Hu L, Lou D, et al. Nrf2 deficiency aggravates
PM, s-induced cardiomyopathy by enhancing oxidative
stress, fibrosis and inflammation via RIPK3-regulated
mitochondrial disorder. Aging, 2020, 12: 4836-65

Wu T, Tong M, Chu A, et al. PM2.5-induced programmed
myocardial cell death via mPTP opening results in

[53]

[57]

[60]

(61]

[62]

[63]

deteriorated cardiac function in HFpEF mice. Cardiovasc
Toxicol, 2022, 22: 746-62

Ning R, Li Y, Du Z, et al. The mitochondria-targeted
antioxidant MitoQ attenuated PM, s-induced vascular
fibrosis via regulating mitophagy. Redox Biol, 2021, 46:
102113

Del Re DP, Amgalan D, Linkermann A, et al. Fundamental
mechanisms of regulated cell death and implications for
heart disease. Physiol Rev, 2019, 99: 1765-817

Li X, Geng J, Chen Y, et al. Exposure to particulate matter
induces cardiomyocytes apoptosis after myocardial
infarction through NF-kB activation. Biochem Biophys
Res Commun, 2017, 488: 224-31

Wang Q, Gan X, Li F, et al. PM, ; exposure induces more
serious apoptosis of cardiomyocytes mediated by caspase3
through JNK/P53 pathway in hyperlipidemic rats. Int J
Biol Sci, 2019, 15: 24-33

Meng M, Jia R, Wei M, et al. Oxidative stress activates
Ryr2-Ca”" and apoptosis to promote PM, s-induced heart
injury of hyperlipidemia mice. Ecotoxicol Environ Saf,
2022,232: 113228

Crackower MA, Sarao R, Oudit GY, et al. Angiotensin-
converting enzyme 2 is an essential regulator of heart
function. Nature, 2002, 417: 822-8

Wang H, Wang T, Rui W, et al. Extracellular vesicles
enclosed-miR-421 suppresses air pollution (PM,5)-
induced cardiac dysfunction via ACE2 signalling. J
Extracell Vesicles, 2022, 11: 12222

Wang W, Deng Z, Feng Y, et al. PM induced apoptosis in
endothelial cell through the activation of the p53-bax-
caspase pathway. Chemosphere, 2017, 177: 135-43

Ming Y, Zhou X, Liu G, et al. PM2.5 exposure exacerbates
mice thoracic aortic aneurysm and dissection by inducing
smooth muscle cell apoptosis via the MAPK pathway.
Chemosphere, 2023, 313: 137500

Yang X, Zhao T, Feng L, et al. PM, s-induced ADRB2
hypermethylation contributed to cardiac dysfunction
through cardiomyocytes apoptosis via PI3K/Akt pathway.
Environ Int, 2019, 127: 601-14

Yang X, Feng L, Zhang Y, et al. Cytotoxicity induced by
fine particulate matter (PM, ;) via mitochondria-mediated
apoptosis pathway in human cardiomyocytes. Ecotoxicol
Environ Saf, 2018, 161: 198-207

Wang Y, Tang M. PM2.5 induces autophagy and apoptosis
through endoplasmic reticulum stress in human endothelial
cells. Sci Total Environ, 2020, 710: 136397

Zhang X, Qi W, Shi Y, et al. Role of miR-145-5p/CD40 in
the inflammation and apoptosis of HUVECs induced by
PM, ;. Toxicology, 2021, 464: 152993

Yang X, Feng L, Zhang Y, et al. Integrative analysis of
methylome and transcriptome variation of identified
cardiac disease-specific genes in human cardiomyocytes
after PM, 5 exposure. Chemosphere, 2018, 212: 915-26



