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SR  I 2E LN A o S 9 2
MR o 5 5 BB 5 b A2 5 s 9526 0 55 25290 %2 2 P 00 3 1 4 B0 005 . M 450001)

W E.ETEMEYE-JRE(gas chromatography-mass spectrometrys GC-MS)HF X T 4 FliA AL B 7 Cor-
ganophosphate flame retardants, OPFRs) X} # Z8 21l fifd. PC12 38 A5 . & So8s PC12 40 i 70 B 52 52 T 4 Fh oK [a] vk i
B BELAR 300 b, 1) JTT 088 W 1% (methyl thiazolyl tetrazolium , MTT) bt (8,15 3 H X 40 0 77 175 S5 52 06 458 /0N 14 V6 BE 8K I 7E 1% Uk
BE T K% 35 40 it 5 42 B . R GC-MS X 400 it P 1) A 388 400 a2 A7 A 50 o) X 15 & 2 9 BT 32 35 SR L SIMCA 4R 44 4 8
5 AP BOE 34T OPLS-DA 2087, 4% 40 i P 32 3] OPFRs 52 Wi 59 ¢ 84S 4, JE 0 21 9045 8 24 07 1 43 7 3 8t
AR BT 9B M i B A B s A e PCL2 A 38 AN AV & 2 e sk it i kB
4 FOPFRs ¥ 80 PC12 40 il 19 R 2 1 OPFRs 7E 100 pmol/L F 1 000 pmol/L ¥k BE T 4 PC12 4 fifd 28 9 1L i 3%
B 2 i 7 P G o A S0 T 2 R R A QO R A2 R i 1Y) T A 5 B
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A LB FE A7 Corganophosphate flame retardants, OPFRs) J&— & A A VLB T ZaUH Bz, BF
ERE T L RE A% BHLIE R & W b Rk 51 R S 40 i K A A5 4% L L B O A R A BELJR ) 6 R AR T 2
AN 55 AR — A, OPFRs Jf i 2 £k 2% B 42 5 40 A RE 45 A 32 2202 58 o i 38 F B A S0 U6+
B AR 280 OPFRs HA 245 & 1 N AR 258 5 E A BRBE A 0 ) BRBE b 1 3 26 35 e ) A DLl 5 %8 P4
A A B R IR T 1 1 D K A R o LA 7 A S T R B A 5 R N S A T D X a2
BT 15 ey d M 1 i oY B 2R AR SO oY H R 9T 4 P OPFRs (B2 — 2K i (triphenyl phosphate,
TPHP) . 28 8 B — 78 lif (cresyl diphenyl phosphate, CDP) ., [H] & — Py X ( — 8 &) # BR 5 (resorcinol
bis(diphenyl phosphate) , RDP) FI§ 2 = 4% N ik (triallyl phosphate, TAP))Xf #2540 il PC12 L35 Y 52 M.

353 OPFRs HLA & & AR5 A 4 6 88 M DL ROW 78 19 #h & 8 ). TPHP . CDP #1 RDP ¥k 35 &
OPFRs. A W58 %M TPHP A W43 4 ALAE I RUR B 8 b % P 0 38 20 it A B 8 09 2493 1 s CDP £
W3R DNA FIZbr ik , S 804 i J& 3 452 35 s RDP [ 43 7 4589 & L TPHP A 3L ali 9, 4% 7 = f % 8 = 1
TPHP &, S8 KV L TPHP K. #4524 52 P 1L TPHP &, H iy RDP B A ] fE 23 7 A A= 4 B B &w .
TAP AT LAAE Sy 52 o7 79 BHAR T o 735 00 80 AS G R0 508 T B8 A R e e 0L 85— Wt 190 o 2 YRR+ 7 39 BEL B 0 e 38 A 5%
PERERYXCEAE A Y H AT, 4T TPHP A1 CDP #28 # M B9 A 58t /0 L 1 RDP Al TAP Xt PC12 41 i 7
P 8 BIF 5 0] A DL 41
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PRS2 27 H R C 28 10 XA ) 2 10 AR Wy 4l 40 i A5 0 6 A7 7 1 R 0 A B9 1030 7 3kl o AR R
H A WA /NG5 558 B UL S e 52 2 A Al 5 o7 00 245 10y 25 SR T A R L B 2 R BURAR R AR 24 1Y
IRERAE , IR 1% T 1 1 T ik e PR 358 2 B 27 J5 T80 A% [l A0 W)y T 0 638 - B3 (gas chromatography-
mass spectrometry, GC-MS) 4 A [ F3 {4 el B LA K il 2 i) A3 4 80808 T, A O 2 AR A 2 F 5
R 2 —.

AWFFELL PCL2 AAE ] OPFRs M 2 REPEIRIT A AR SMEL R, X 2 82 T OPFRs B 40 M 48 HUY i 47 1 2
T GC-MS A A AL 27 3 M AT 5245 0T D58 75 e 0 0g N 288 B0 fidt B JXU IS 42 1 Bk = AR 4l

1 #MB57T%

1.1 XA S5 EE

TPHP(CAS:115-86-6, 2li & 98 %0 W [ Bl T C_Fifg) A BR /> /] s CDP(CAS: 26444-49-5, 4l B 93 %) i [
CEH 2R AT BRZS 7 AR X B (3 Hr 4D Al RDP(CAS:57583-54-7, 4l i 98 Y0) ¥l LV 22 7 pk
AAFHE A RS R s TAP(CAS:1623-19-4, 4 B 98 %) W 3 |16 5o 45 2 25 BB R A A BR A m)L il 13k k2
i BT 5 0 F B AR (DMSO) I [ b 5t & 3 6 B A BR 2 ). i Bl 8% 3% 2 (hyClone) (i 2R 1fiL 7 (cell-Box) .
TR R-HEERBWE A S S RAED AR R AT EE 3BT S0k ke Fn R 4 8 iR £ Y e A % Bk
TLON ) BEME #5 (methyl thiazolyl tetrazolium, MTT, 4l & 98 %) Flfik ke ik 57 = B LS nk ket g B K AL A
BB A AR A R AL SE /K 3 S Milli-Q 8 4l K AL 45 19 1 2l 7K. Trace ISQTM < Bk FHAY (ET B F
PED) Il LabServ K3 Touch FFRIY 383 E Thermo Scientific 2 &) 4 77,

1.2 #iatEsE

PC12 4 Ml g 6 M O 2% 24 27 B 4 A3k, 76 A 52 30 %8 i A7 1% A 1% 3% 40 B 385 35 76 ! 16 4 1078 (R 23 B0k
10%0) 5 8 2 /8 55 2 OUPUIR A W CRFU B0 1%0) F0 B 8% 5% 28 (IR B4 0k 89 %6 i il 117 o 14 5 4 8% 5%
Serp UEAT. A0 M A A I B AR 6 om Y BT IR L, R B 3R L F B8 H A B IR A8 (37 C R E 5%
CO,) H 85 7% MR A0 M A= B B 90 %0 A A vl E AT AR AR L IR I 1k 50 s 245,

1.3 MTT 9#fF

i MTT Ho ok, bE A 4 FloA LG B ) X PC12 40 B 1% 7 (0 52 i oK DA 8% 5% I AP i 45 19 40 it L
5000 4~/ FL B3 BE B R AE 96 LA AEFLAT 100 pL 40 B L A6 55 3540 T 55 9% 24 hoRR 40 ARG RE S L LR IH
R, X 4 M AT 48 h 1) OPFRs & #E40 B BEJS [ B SLH A 20 wL B9 MTT W (A s 0.5 g/L).
R E 4 hJ5 . MA 100 pL 19 = BRI (SDS-HCI-5¢ T BV 80O ¥ fff 5 136 20 i 88000 F B HE IR 446 b s, il
FHBEFRALAE 570 nm A0 I+ 0% O
1.4 ZHRERATALIE

S 2 A B X AR K DR S B AF 69 PCL2 4R LA 10° AN /L0 235 BE HRh T4 555 0985 32 Lrp L 35 32 b1k

FRBEAL B A MG RE FS , 5 2 IH R IR AR 1.3 19 e A il 1 JH 10 pmol/L B9 OPFRs X 48 Ml #17 48 h
() 2% A0 R B S BBCHE 0 M SR IS T oK b BR SRR IR, T 4 CC PR A AR SR K BRI AN M 3 Wk, L BIAE A
TR T VK AE (— 80 °C )41 i) 4 i £ 385 .

R P 114 2 T« DA AV VL P A B 200 L, FH 200 B 0 43 3 KRB 300 pL M 40 LB T 1.5 mL Y EP
b Bl S AT 3 R EE R (—80 °C f£7ik 60 min,37 ‘CEifk 30 min). 40 B %S . A 90 pl B9 P A5
W, 600 p L A AE B 00 CH BRI R B0 T SRR AL EE 9+ 1IRA) LIRIETR21G .4 CH & 1 h LT M AL
R % 4 °C .12 000 r/min, AR E 0 10 min B0 BCEZ QSR TAT Al F .37 C FAEARRT.

PP AT A - SR FH AR 9230 =5 T & 1 Ji Ak A0 Rk e £k W 25 A 2B 0RO A A O I RE R B N S O T it
GC-MSA-Hr i .

1.5 #HEE

¥ GC-MS 345 1Y 1% 8 F0 5 4R 008 5 A AMDIS i 2k BUECPF AT i 5 AR A0 T NIST 548 2 F bR v

Jo7 25 5 A AU 0 R AT S - W AT 1 ARy, O AR AR B R AR I P b 1 RR T A A I — fk Ak B
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A5 A A AR O W R STMCA-P14.1 B xf 4 B 09 8088 BEAT 40 BT, R HT OPLS-DA #5710 % 405 B¢
A4 PR ARAGAE B A 23 2B R AEAF B L L VIP B SR8 )5 26 4% SPSS 22.0 H/F b B9 Mk ST A ¢ A6 36 %) 4 4l
(EE-2i

2 # B

2.1 MTT %@lE OPFRs 4B S 4

FIH MTT 3 E T 4 f OPFRs 43 BI4E 0.1~1 000 pmol/L ¥ B T X PC12 40 i i 35 1k 20, A 1
FiR 45 520 4 F OPFRs ££ 1 000 pmol/L F1 100 pmol/L ¥R , 00 H W3 A0 40 i #5404, M7 10 pwmol /L,
1 pmol/LA1 0.1 pmol/L ¥ B~ 40 i 5 4 22 5 34 A 25 K6 72 10 pemol /L AE Jy it — 25 41 £ 41 2 52 56
%) 2 58 K

150

[ Control

100 F ™= - = . 3 0.1 wmol/L
ok ok 3 1 wmol/L
EE (0 pmol/L
I 100 wmol/L
I | 000 umol/L

Cell viability/%
%
3

TPHP CbpP RDP TAP

OPFRs
VE:P<<0. 05, #%P<<0. 01.

B AFHOPERsYEPCL24H A i itk 2 i
Fig.1 Toxic effects of four OPFRs on PC12 cells
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TPHP HI CDP 4b 41 FI%F T8 20 1 20 6] 2% 5 5.2, RDP Al TAP 4b B 26 71 % 8 45 4 4 0] 25 S5 A A A/ i 55
HXF R Y S-plot BRI UL, OPFRs 2L BZH h ) VIP (ER T2 T 1(VIP =D RS & BRI Z M T
¥, Horf TPHP.CDP Fl RDP ffifg PC12 4 ffd (9 WLBE e L/ S5 R S L 1 RN o 24 R 45 O s ARy (&
B IR AR G E B 19 & R REAR s TAP 7R LR L H 2002 7 208 | I8 2 R 45 OGS ARy 1) 2 ek BRI 1Y
() Bt (o Ay A T A 2 T R i 5 G AR P 1) 5 T i
24 ERFRIERFYHIGIES ST
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Fig.2 OPLS-DA scores plots(left) and S-plot plots(right) of 4 OPFRs vs control group
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&1 TPHP £RRKRBYHILELER
Tab. 1 TPHP differential metabolite screening results
5 R (Metabolites) VIP  T-test(P) || %i % R (Metabolites) VIP  T-test(P)
1 752 ( Threonine) 1.164 63 0.001 13 Jifi %4 (Proline) 1.069 95  0.016
2 & R (Valine) 1.148 04 0.000 14 Fr 2 (Citric acid) 1.058 22 0.020
3 N & 2 ( Alanine) 1.128 37 0.004 15 KN 2 R (Phenylalanine) 1.051 21 0.006
4 JRH (Uridine) 1.118 20 0.001 16 i % B2 (Gluconic acid) 1.050 14 0.021
5 AR R (Pyroglutamic acid) 1.098 29 0.010 17 61 iR ] %6 # (Glucose-6-phosphate)  1.038 13 0.026
6 LR R (Leucine) 1.094 66 0.002 18 FLIR (Lactic acid) 1.032 57  0.028
7 R R (Palmitic acid) 1.086 86  0.010 19 1 fi§ B2 (Stearic acid) 1.030 35 0.027
8 AILEE (Inositol) 1.080 81  0.013 20 H &R (Glycine) 1.029 44 0.025
9 R (Malic acid) 1.077 23 0.014 21 i % B (Glucose) 1.022 90 0.023
10 %t 3K Z R (P-hydroxyphenylacetic acid) 1.073 84  0.001 22 2 B &R (Cysteine) 1.008 98  0.042
11 B (Ribose) 1.073 49 0.013 23 & SR (Fumaric acid) 1.006 21 0.016
12 22 5 R (Serine) 1.072 56 0.002
F2 CDPERRBGYHRLER
Tab. 2 CDP differential metabolite screening results
P 1R (Metabolites) VIP  T-test(P) |45 1 (Metabolites) VIP  T-test(P)
1 X IEEHE 2/ (P-hydroxyphenylacetic acid) 1.212 75 0.000 11 SR (Malic acid) 1.109 17 0.024
2 952 M (Threonine) 1.185 20  0.001 12 45 R (Valine) 1.078 84  0.015
3 FR R AR (Palmitic acid) 1.155 89  0.012 13 BARERIIR H g (Glyceryl Monopalmitate) 1.077 84 0.036
4 SR (Uridine) 1.148 18 0.003 14 PARE SR H A (Glyceryl Monostearate)  1.057 11 0.037
5 A H R (Pyroglutamic acid) 1.131 11 0.019 15 fiff JI5 2 (Stearic acid) 1.042 10 0.048
6 & &R (Fumaric acid) 1.123 86  0.018 16 6T 2 i %3 5 ( Glucose-6-phosphate) 1.041 42 0.046
7 ¥ B (Ribose) 1.122 63 0.022 17 JRWEE (Uracil) 1.018 93 0.013
8 ¥ 15 2 (Citric acid) 1.120 34 0.023 18 R (Oxalic acid) 1.011 96 0.045
9 fifi & & (Proline) 1.118 01  0.024 19 i 4 B B2 (Gluconic acid) 1.010 27 0.042
10 JLEE (Inositol) 1.111 20 0.025
*3 RDPERRMHHEEER
Tab. 3 RDP differential metabolite screening results
ErRE R4 (Metabolites) VIP  T-test(P) |45 1R (Metabolites) VIP  T-test(P)
1 =3 % (Leucine) 1.184 05 0.007 6 WEMR 2N R (Dihydroxyacetone phosphate) 1.109 66 0.023
2 I8 B2 (Threonine) 1.169 49 0.009 7 H & R (Glycine) 1.072 01 0.025
3 WLEZ (InositoD) 1.165 83 0.010 8 HPR (Oxalic acid) 1.080 33 0.031
4 & 52 (Fumaric acid) 1.131 16 0.017 9 F7 R (Citric acid) 1.119 11 0.035
5 fifi JI B2 ( Stearic acid) 1.187 14 0.022 10 SERLR (Malic acid) 1.045 21 0.048
3 iS4

M 1 2 4 Al DL, 4 Fh AT 2 68 PCL2 20 i v A JUL IS 35 45 I AT XoF 0l R JUL e Al i A8 7= A T 3
ma . UREEA BUEACT B8, 1T LUME B LRI 58 A8, X B 22 A0 I AT — Y AR A AR D O 25 R AR B 1 TPHP,

CDP #1 RDP ¥J% =8 R (TCA PRI =4 T 52

LRI Hh R A A0 B A R A3 A A T ) TR AT SR TR I T R R R TR AR

Wi, ¢ B A Py G R R TR RS0 SR R 1 kB T . TCA i 3R 78

Yo

@&

4
12

A BT g
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A AR TCA IR, EAEIE Hax 2 254K 1 38 % 18] 77 76 3 [8) w52 i 0 A% 38 90 #r 452 R . SHARMA
SE gt TCA IR P38 0 3 G PR A 09 15 5 AR Y 5 50 2 R DG 1 A0 T B e A5 9T LA 4 W00 A7 ML 7l BEL 48
SR AT i A1 foT 200 L e 3 AT 52 1) 48 7 955 P RN TR L 4R i L BRI BT T 2 — PR AR

x4 TAP ZRRBYMIELER

Tab. 4 TAP differential metabolite screening results

P 18359 (Metabolites) VIP  T-test(P) |45 R (Metabolites) VIP  T-test(P)
1 HILEE (Inositol) 1.568 76 0.000 6 52 liZ (Threonine) 1.228 45 0.027
2 H & M (Glycine) 1.508 89 0.000 7 X ILIE Z R (P-hydroxyphenylacetic acid) 1.188 67  0.042
3 N & #2 (Alanine) 1.503 76 0.000 8 fifi &/ A (Proline) 1.177 05 0.038
4 FriE R A (Citric acid) 1.445 67 0.004 9 AR A (Glutamic acid) 1.114 32 0.037
5 A H R (Pyroglutamic acid) 1.443 36 0.001

TE AR BR T S 1 AR e BE X TR

° (a) TPHP (b) CDP
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I"ig.3 Analysis of metabolic pathways affected by four OPI'Rs

TPHP.RDP I TAP 4k H 2 5xF ML AR LE  H 2008 | 22 2 R A 95 2 B AU a6 32 31 3% T b iy
R A IR R (1 i ER A AN R R BE 1 R R R AR N R TR AR B R s A S R R M2 R
iR 3% B2, A, I3 208 HL A 0 1F 200 it 328 )5 40 ) T B L3 3 P A 3 IR A 2 A AR 1 5 L R IR RN TR ) o 0
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T R IETR RN AR 1T LLE 1 RN R R AL B b o i AR R AR SR R A g A O, A RS
Z R ORI D BEAH G AL 8 U8 T S0 Ak B L S e RO MR E A TAP Ab B rp TN &R L K 4 J IR RN A T
PR s 28 Sk e A 2 T 0 2 IO IR L R OH 19 0 O 2 I A 18 2 22 3 52 i 5 % B AH HE , TAP kb B 4
(4% 2R A 28 IR AT A IR VA B T i b R R AN UR NN B 2R R AL S M & Rg b
IR 2 W PR3 B, R ELA SRR L 2 R R A TR A b S R - A TR T ) B 3 A D 1) 440 i ) b X
T 118458 BB S 50 IR IR 7K T B AT R 90 AR R A e H B — bl A R L H R N e R 4 R —
JK A Ry 1 T8 5 391 2 400 o7 0 4 Ak e o v R O B AVE R AR B SR R, BT A B e H IR i R v
REAR, 2 PCL2 200 i (4 4201 30 JERAS AN S A bk A1 BF 9 3% WK 2202 Rl 2R A 5 22 Rl N 2R 952005 19 4% 0
B YR G, T AU R L 25 4 0 2R AR ARE T T A2 I 3 1 e A Y g

M2 ARTAEFH GC-MS R4 R /08 T PC12 40076 4 ' OPFRs 258 T A9 10151 36 51 25 1k iF
ALY 38 Fp/NAY FARIE Y Ll OPLS-DA 438, 43 0 #& H T AH 56 1 28 55 kAR I 4 » 3 o %of ik 26 22 7
TR AT A Y B0 B OPFRs 1T LU0 PC12 41 A TCA fEER Bl iR LB AR 5 DL K 45 Fh &
SR AR IR 1. SC U0 AR A5 10 45 5 AT B 148 7R 0 R SR R0 9 b e 1

Bt % BB FhR (DOI1:10.16366/j.cnki.1000-2367.2023.07.18.0004 ).
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Research on the effects of OPFRs on the metabolism of
PC12 cells based on GC-MS

Sun Mengyao®, Zhao Yafei®, Wang Shaomin®, Liu Hongmin®

(a. School of Ecology and Environment; b. College of Chemistry; c. Collaborative Innovation Center of New Drug Research

and Safety Evaluation of Henan Province, Zhengzhou University, Zhengzhou 450001, China)

Abstract: This research explored the effects of four organophosphorus flame retardants(OPFRs) on the metabolism of
nerve cells(PC12) bases on gas chromatography-mass spectrometry(GC-MS). Firstly, PC12 cells were exposed to various con-
centrations of four flame retardants, and the concentration that had minimal effect on cell viability was determined by methyl
thiazolyl tetrazolium(MTT) colorimetry. Then, the cells were cultured at this concentration., and metabolites were extracted
and analyzed by using GC-MS for non-targeted metabolomics. Subsequently, SIMCA software was utilized to perform OPLS-
DA analysis on the quantitative metabolic data to discover the significant metabolites impacted by OPFRs in cells. Finally,
bioinformatics methods were employed to dissect the pertinent metabolic pathways linked to these key metabolites. A total of
38 small-molecule metabolites were identified in PC12 cells. Multivariate statistical analysis showed that all the four OPFRs
affected the metabolic phenotype in PC12 cells. OPFRs showed significant cytotoxicity against PC12 cells at 100 pmol/L and

1 000 pmol/L concentrations. Carbohydrate metabolism and amino acid metabolism were mainly affected in cells.

Keywords: organophosphate flame retardants; metabolomics; GC-MS; PC12 cells
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Fig.S1 Total ion chromatograms of PC12 cell metabolites



