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Abstract: PM,;, particulate matter with an aerodynamic diameter less than 2.5 wm, is one of the major air pollu-
tants in China. PM, ; has become a serious public concern because of the nationwide burden and tremendous effects
on human health. It can easily penetrate blood circulation and may cause irreversible damages to multiple organs
and tissues. The underlying biological mechanisms linking PM, ; with organ/tissue dysfunction or degeneration are
of high interest and have reached more attention gradually, especially metabolic disorders. Metabolomics, an emer-
ging technology for analyzing metabolite alterations, is widely used to identify the biological pathways linking

PM, ; with diseases. Metabolomics related to PM, ; exposure is well-documented, but the relevant systematic sum-
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mary is limited. This paper reviewed the progress of metabolomics in studies about PM, ; in decades, and concluded

the possible metabolic pathways affected by PM, ., including lipid metabolic pathway, tricarboxylic acid cycle met-

abolic pathway, amino acid metabolic pathway, and nucleotide metabolic pathway. Based on the current progression

about metabolic disorders of PM, ; exposure, this paper then raised suggestions and possible directions for further

metabolomics studies about PM, ;.

Keywords : air pollutant; particulate matter; PM, ; metabolomics; metabolic pathway

VAR FR E PR ok iy 28 5 A e 7 B e i H
FEIG = 2 TS Y HE O AR S5 PR BT (R, A Tl A
BRI 8 7 P HE O R AUBORL) PM, 5 1Y 322441
HORIEN . FRCIES, S R EAAR<2S5 wm BYRAM
K PM, s ™ fe 3 N MAAg ™) K AR/ IME R AR
R, /T IR Z2 R A ) I, an 2 3105 1
(polycyclic aromatic hydrocarbons, PAHs) . 5 4 J& 55 .
BEAR, PM, g AT DLIE 2 b 0 W% 38 1308 il vl 2 <E D,
T A0 M e RO W T L e 40 B, I 5L AT DL GE 3o o
B b B AN HOA LR G, DTS2 Wi BILAZR 2H 21
AE R IE R AEIIREY . HET, PM, s SFEWLARS
HIVE FIPLRE A AR T AE | A DG B ML 19 B 5
WAL TAREB B, S ZHLHIBOA b E PM, s I
YU 0 S L (HOR G T P, A A 2
) 1 AR e SR 3

AR 2% 05 ¥ 1z T T PEAS AUl 2 B8 - 0
LR R 3 S R VA A A 1 £t R XU
PRt T ERR AR . R T e L — B e
(I F LA YI(<2 000 Da), BT LY RGH)
s A b R EEERY G5 E L
b AR AR BB ST B2 TR e 12 I A )
AR EY) . R, RN EC 22—
faf L A A i RN TR EH e SO — A R BE
Pyt B v 36 BROK Bl R R A R R
I T AL N Al 25 S BU R K CF B B R 284k
PRI, AR ZE AT ARG b Al 42 B LR 25 B A2 2L
PR 22 5, Fic LS b S W 2 96 A 0 1) A 3R i 2L
RAET, [RIEF, SR AN JE AR G 5 SR W, #ET
WIS T N W SR TR Ui S R 7/ b2 i A |
() —Fh G ROTIES,

AR 2 0 TAR R AR — M0 FEAIER FEAR
& FEAR AT BE A3 bR W & 4 DA R 4
TN o RTREAKE I J7 18T, S AH € 3% - 5T 3 (gas chro-
matography-mass spectrometer, GC-MS) A 2 3%- i
¥ (liquid chromatography-mass spectrometer, LC-MS)
A% G He 4R (nuclear magnetic resonance, NMR) f2: £

AR ) A AR DTS Hoh  NMR #8471
A E A P DL BB AL B A G R, NMR T AR R B
SRR T — A7 B AN SR R 4 A R = D
& SHREE A AR, I B X2 T IO R eS| [) 4R
BT R Rl s 1] RUBE 9 ) - R 8l 27 1Y
TEAE R, M2 F,LC-MS 5 GC-MS 4 4%
A HER (AR i 2| ] A R,

T, RAUWOR PM, (175 S LIRS 17 15 8 o
FTABHH R BT R L LK), R
WFFE 025 B sk A 2 24 e il 5 i 30 i oAt
T E CU T A R M 25 ) 1 1R 1 200 27 BF 9 AR 6 A 20>
BEA, %ot 5 U8 i AR R i Cn v R TR,
OB AR REE T PM,, B9 EE, DR 40 A 5 5 114
WA R, [, A 5T & B M s BUIT
PEIRIS V2T J A A 2 58 I AR A 24 k5T, LA T
HEBRHUATR 22 R 28, SRS i b 7 Jm s A i
AL, LR A AR A TS 00T R B, PM, 28R
5 AL A 2R i BB AR5 TCA 3R 4
S MR AR 2R

ARICLER T KAL) PM, 5 15 S ML 15 1F
AR A0 5T, i — 2 MR ST 42 PM, 2
W ilbi e A A R A W R R T I
i AR AR B S 7 AT R O PM,
e B PEA PSR T — i B S

1 #FR 4B (Study introduction)
1.1 AR50 R

T PM, ;5 55 I il 4 20 09 AR 3 4 2 00 BF 5
H Ran 28R HIMEME BALB/c /N RAE b 5280 %5 42
R 8 h A PM,(69.1+3.7) pg-m™, 5% 8 )5
WA /I BRI Y T VR A, R T NMIR T ik gk A 7
PR R, G5 5R 0 PM,  SEBR 4 /N R
AOREER AL = e ILER | RH S0 AT A IR | DY T R
AR Z R KT 0 I T 9230 X B4, Li A1 Lin™Y
TEH C57BL/6T /INEAE R SERR R4 R 4% 6 h T
A PM,5(100 pg-m™), B 258 5 d, FFeBiE 1 4>
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H o A6/ NRUG , 245 I 2, B0 5 B RIS W, 18
FHR i 5 A €633 - AT sk ] Ji 1% (UPLC-Q-TOF-
MS)HATACE P BRI, o Br 46 SR R B, B ER AR
W= h AR B R AT S AT A L A e H
Bl 2B B A S 2 R BbE R . Li
SEIPUEME CSTBLON /N RSB X4  # IE PM, 5
WEARE 43 R X BE41(PBS 2% #hik) (180 pg-m™
PM, ;) . H1 (540 pg-m™ PM,;), (1 620 pg-m™
PM,  RGEAL, T IRGHIEE 1 4.7 RifATRE
T PM, s B PBS WK, S50 45 o f5 HUI 2 2 41
W, R IR w2 OB (0,33 - BT 1% 42 (UPLC-MS) #E 4 74X
W2 R0, SR ER,7E PM, ZEE4H, TCA
PEIA | L RERR AN 3R R A P9 R R A A% AT R AR
W SRR SRR I &k WA b, Wang 451k
FHMEE SD KB MBFFE T4, S NHETE 500 wg-
m™ PM, (5 K11 005 mg), 58— itE73 A .
W AR A UPLC-MS R E 746 0, 45 51 B
VAL H I =R (triglyceride, TGs) . 15 IfiL B I8 B
9t H 7 (Iysophosphatidylglycerol, LysoPG) . % & ik
MR BRI A=Y, T W% AL 45 15 95 5 (sphingomyelin,
SM) B JIE ¥t HH 58 (phosphatidylcholine, PC) i Jig Bt H-
Y (phosphatidylglycerol, PG)FIH [# 5, i — 243 #71
Z S HAELR R R, HIm s AE R iR A5 A A
JiER AW P e i R A L AW B 7/ B a4k =l D\
HEPE ICR /N R A 980 G2, 1 B 0 REZH (AR B3R K)
RS g L' PM,,) Fh7£HQ20 g-L™' PM,.).
PRGBS gL' PM,,), RGBS A X, R
PIEEH 60 wL F S E— IR, S0 3 d, Uiz
IS , RAE GC-MS it ARk, 25 R 2= W]
PM,, 785G N AR AR 5o @R 2R AR XS
BRI/ D | S S BRI L TS R RV T R,
FRGIR ST N5 Uk 2>, TCA TE3R 32 25200, (RSN
59, Huang 259065 50 wg-mL™ PM,, ¥ & AS549 41
i 24 h J5 BB SEAE  SRAE NMR J5 A6 00 4 A
IR 22 7 B, N 2R 4024 1R\ FLIR , w -6 IR
O PR AT A R 7K ST o A ) S TR L B TR S
MR SEsc R A HE s A — P H R K T
R SR | Re I A RIS 2 BT,
1.2 DU AR
PM, s 285 J5 , AN D WF 5835 R LIV A 0 5 %8
SR T RE R A A Y, Chu &0
B ERR AL TR X 55 R AR S I, 2015 4F
11 A2 2016 4 9 HBFEIAT 2 WILREE, 45

TR FEMLIE B — 35 40 S50 %F 42 T 2016 4F 12 H 17
HZE 2017 451 H 7 HINAZ g A I e X) B S
WS, WA R R SO S AR R R TR A
HPM, A N 191 pg-m™  H{EH 53 ug-
m~, #E—4 % UHPLC-Q-TOF-MS J7 ¥ JF & ifil
WACHH RN | 5 2 N 25 Sk e L A T LA, 45
F I LysoPC HAK  1,3- I ZE F1-2-45-1-
fiil .LysoPC(P-20:0)F1 LysoPC(P-18:1(92))/k ¥ i &
FHE . Gao %1V T 36 [F i JE M B V4 T A S5 4%
TG HF PR U, B3 XY H S35 PM, oy 421
pg-m” AREEE X PM, ;. HEKFEHR 120 pg-m™
FERIAT 6 h BRFERE I, T B v i BRI 4 ot
J& R LC-MS #EATACEH A, 7R PM, s 12 5%
SN 1 -B 152 4 2 5 (sphingosine 1-phosphate, S1P) 1-
WilR — & #h & ¥4 & B (sphinganine 1-phosphate,
SAI1P) BHZ B BRI,

Ran ZEUOEH 4 ~ 5 J5 5 A0 M4 BALB/c /MR,
PM,, & N69.1£3.7) ng-m™ 5E 7 d, 8K
WA 8 h, HLLETE 8 JHG, B/ FUS IR & am, >R A
NMR AT I, 2558 B PM,, 1Y 2R
SN BRI 2 R A R P AR R B A 5 id
A W K - 38 A 0GB A 24 I i B3 A1 Ak
PM,, Z&&EE 21 /N R MLE 1, TCA 183 N1 A1 g i
fi LR B AR R K 3 B TR, Li A
Lin""BEHL C57BL/6J /NI 4, B KiELE 6 h
WA 100 pg-m™ PM,,, B JH 5 d, Fee #8111
WU/ BT , 488 ) UPLC-Q-TOF-MS #EAT A% 4 Y
R, 2855 o 1 AR Ak e R T S AR
HIf(a) e JRmERE AE JE AR . Zhao &R
7 ~8 JEIUE e PE B 2 B BALB/c /N ERUCHBIFSE R4
3 o0 T R P AL B ANV PM, o REARR R E 10
mg-mL™", X FAEIHREGR AL, /N RUR K PM,
PR A BEER K AT — VR S TR VR AL 3 X TR
WIREEA /N 3 d ST I —OK T PM, 2
Iyl A= AR K, 2 6 R, JE U R , 18 FH
UPLC-Q-TOF-MS ATt # (i #l , &5 2R o
PM, s 285 /N EIMLIE 30 Fh ARG ok 2t
PERCAE  Hor 3 P BE T vm LR I i
L WERE (Lyso phosphatidyl ethanolamine, LysoPE) . 1-
AR H M AR R 5 53 Ab 27 RS i
TRFEMK, Zhang S5 BEHL 6 ~ 7 J& W HEYE CSTBL/6)
INECNBFFE X 42, 3k 256 HAr 16 /e, W E
i R, PM, s 2R EE I 3 518 10,50 150 g,
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T #2555 3 K(PED3, post-exposure-day 3) .55 7 K
(PED7) %} 14 K(PED14) % 21 K(PED21)R4E Ifil i
FEA, LC-MS fi Qi 24k, 45 R Wow, 5 &%)
WEZHAH L, {57 57N Bl PED3 \PED7 .PED14  PED21
I 0T S AR AL B 5N 6.3% (15.2% (28.1% Fil
11.6% (P<0.05), H 43 41 1 i 77 2 21 1% 28 £k fE #H
{21, \ PED3 % PED14 14 i1 %] PED14, £ PED14 I
IREEME, 7 PED21 L FRE, AR I 45 5 B 2 1
7R, PC KRS TGs BLRRHA G, X 2 4ANF
R PM, 5 A Y BTN R 7, 40 PC A AS -1
Jil e ] RS JEEAR 0518 52 I A R B D e 2R A OC
1.3 LLOBEARRGE A R

Li A1 Lin"" B C57BL/6T /NERAE Jy 52586 % 42
BRELE 6 h T A PM, (100 pg-m™), &5 5 d 7
PSR EE 1 IR 2RO N2
B0 BV /8 UPLC-Q-TOF-MS #EAT A5t
Prrakainl . SrHral R W O R AR Ak e R 5 Fl
RSP R B IRIRE: K2R | 5 2R | B2 AL 4
B ON-(1-i - 1R 8- &R, 3 =R R AR &
BRI ZE L
1.4 DUFEAARTER B

Li A1 Lin"" 58 2281 ) JHE IR AR 16 5 KA T S
FRACIEI A N(6)-(1,2- R 55 AMP & it (0 2414
2-WEMR IR T . TG (18:0/18:0/18:0) , 4-MeSO,-% &k
A, PRSMIFFEH, Duan %" SR LO, 40 (ANZRIE
B 40 L) . HUVECSs 4 L (A B & ik P Bz 4t )
Caco-2 2N s FE 25 I 968 40 ), 4 dl AR S0 N 28 1T
G R 8 B L-GOC (liver-gut-on-chip) , ' 200 g -
mL™" PM, X025 pL-min™' 3T 24 h, B LO,
Y ZLFH W T LC-MS H bR i, 25
1,96 R 61k 8,268 FhCIY 235 T H;
LO, 4ifE 4.11% (364/8839) (4% i4f 4 7K - 2 4,
ot PM, 5 5200 i 8 25 0 A g A58 2 R T e o
BT ERAC (BRI BR A WA 43 10k ) | 2 it iR AR Y 2 i
ARt
1.5 DUE WSk RO SE A4

Li F1 Lin""WF 5% & 30, B Wk 4 20 AR 2 A2 4k
R BYRT 5 A R i R | DRI ER 2,3
T RO PREERR R PO BE R A TR X
FABIX AL 25 £ R BT T, BRERIURE PRI, BURE
U] 3 IR R A PML, 5 - 24 5T i VR R (129.28
22.73) pg-m”  RBXCRAE A PM, 5 I v R
(59.51£12.91) pg-m™, RIWAAH G I ASAHE

T - BRI AN, AT AR A, e X &K
DXAFFEXF G IR 10 b 22 3505 43 52 564X 6§ 4 (OH-
PAHs) & &, 455 Bon , 3 X BF 52 % 42 R i b 2-OH-
Flu 3-OH-Bap & it i 3 s TRBIX 20, HABAC ™ 9
AOFTEW] 25 5, R T AERTLL 14 44 SR ERE AL
T A2 380 v ] b 0 R 2 11 22 0 58 460 2 Sy Bt 7 XoF
G B2 LR AR A BE AL, db ot Ry vk B4, SR
GC-MS X FREIEA TR /K- Rl & 30, SRR
Y IR AR i A W AR
1.6 LUEFERRABESEA B

T CAERILL 2 A AR SD KBRS
X5, B E AT 25 mg-kg™' PM,, RETRIE, ELE 3
A BRI SR A LC-MS & A, ek
i ) 22 AR S 6 P IR 3 Fh 2k
[ P 2 AR 2 AT AR 2 3 Al LysoPG 20 Fif
PC.7 # PE 5 Ff SM 2 FfvH b (1 A H b =5 |
S R = ER A 2 AR SRR, 25 F AR
% AR T AT IR A 2 B 3R B 2 A e 2 AR
SH O RRANSE A R 1A BURAE B, ] B
EPILL6 ~8 JHiy SD KR A4, B KK H
573.61 pg-m~ PM,, 25 4 h,ELE 12 i, BRI
A1 BT GC-MS Kl AR K-, PM, 5 415 %)
HRZH bh , JLi 3 bt 20 Pk e | 98 Mg P ML 7l g T
O 25 AN E B SR, SR AR | §
SR AR AW G BURZR TS 2R AR5 5 254X
WFEARSE, Shi ZPD) GC-2spd 4 HIAE K AR HMIF5E
X4, GC-2spd 2t il 2 — /N BRURS BE 40 M, A5
F10.25.50 100 mg-mL™" PM,, 43 GC-2spd 4 il
48 h J5 K UHPLC #: GC-2spd 4 fitg 3 5 1 £ i
2SR, PM, 2884 T3 TCA T, Il
DR IERRFZAT BRI A 1
1.7 UG A ARSE AR

Dong %55 R /N RIRIGVE N BIFFE X 4, S2 56 L)
C57BL/6 P 52 K5 /N AR MR 4, DL H 0.3
mg-kg™' PM, W EAE 2 d R NRE—IR, Frae
B L E G 18 K. ik H R i3 (imaging
mass spectrometry, iMS)XJ/NFRIRIR #E1T 4 R G A0
VISR 0T . G5B ST A2E 0 R G A Y4 AT
IR, T TRHARREE PM, 5, IR R & i R
hEAMEREES, —EBE LERT PM,, 15
SRR AU B A B RN B SRR B A R
T B RS AhE A e oL, RS
WESL L 1,
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Fig. 1 The probable early events induced by PM,
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Fig.2 The probable relations between TCA circle and early events induced by PM, ;

Note: TCA is tricarboxylic acid.
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Fig. 3 The probable relations between lipid metabolism and early events induced by PM,

Note: SREBP-1c¢ is sterol regulatory element binding protein-1c; LXRs is liver X receptors; lysoPC is lysophosphatidylcholine; PC is phosphatidylcholine;

SMS is sphingomyelin synthase; SM is sphingomyelin; Cer is ceramide; COX is cyclooxygenase; LOX is lipoxygenase; EPA is eicosapentaenoic acid.
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Fig. 4 The probable relations between amino acid metabolism and early events induced by PM,

Note: BCKAs is branched chain a-keto acids; ASK-1 is human apoptosis signal regulated kinase; GSH is glutathione; Val is valine;

Leu is leucine; Ile is isoleucine; Gln is glutamine; Glu is glutamine acid; Gly is glycine; Cys is cysteine; His is histidine.
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Fig. 6 The probable relations between polycyclic aromatic hydrocarbons metabolism and early events induced by PM,

Note: PAHs is polycyclic aromatic hydrocarbons.
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