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Abstract; Tris(1,3-dichloro-2-propyl) phosphate (TDCPP) was widely detected in a variety of environmental
media and biota samples. C57BL/6 mice were used as an animal model to study the potential neurotoxicity mecha-
nisms caused by TDCPP. Changes of the neural function related factors in cerebral cortex and serum metabolomics
in mice were investigated after continuous exposure to TDCPP at 300 mg-kg™' -d™" for 35 d. The results showed
that, after 35 d of TDCPP exposure, the concentrations of 5-hydroxytryptamine (5-HT) and activities of acetylcho-
linesterase (AChE) in the cerebral cortex had no significant change (P>0.05). Significant up-regulations of the gene
expression levels of the proinflammatory cytokine interleukin-6 (IL-6), interleukin-18 (IL-IB), tumor necrosis fac-
tor-a (TNF-a), inducible nitric oxide synthase (iNOS) and glial cell line-derived neurotrophic factor (GDNF) were
observed (P<0.05) in exposed mice. However, the gene expression level of neurotrophic factor-3 (Ntf3) was signifi-
cantly down-regulated (P<0.05). Meanwhile, TDCPP exposure interfered with the metabolic process of amino acid
metabolism, glycometabolism and lipid metabolism, leading to changes in the levels of biomarkers such as isoleu-
cine, glutamate, glycine and B-glucose, which were associated with a variety of neurological diseases. The results
showed that the neurotoxic effects of TDCPP were related to changes in the transcriptional levels of neuroinflam-
mation and neuronal damage-related factors as well as the metabolic signal disorder caused by metabolic imbalance.

Keywords: tris(1,3-dichloro-2-propyl) phosphate; mouse; neurotoxicity; metabolomics; biomarkers

T AR Fifi 4 5% 06 1R 2R BELAA ) 14 128 20 2 T F v
K, A HLBE £ BH #% 57 (organophosphate flame retard-

FMIRRBRZ
(2 RS L e S /L T I A RAAL S DN

ants, OPFRs){E Ry &5 X i AR 7 121 Ll o R e 4
KW BER = (13- 5-2-N 5K (tris (1,3 -dichloro-2-
propyl) phosphate, TDCPP)/2 H Fif i F i f: K11 OP-
FRs Z— 2 TR A JLEBR LR AR ER
P RSB ImAL B0, TDCPP LA fb 2 25
FERip ey I ESIR P e e U S S PO R = R R sy &
B 5T o 7R RS M RS R AR TR
FHAK A iR FEAS v | LK H 1 ML S L i 4
T PR I — 2 vk BE ) TDCPP™™ | A= 3 P15 vp
AR RS HY AN T R BR 2 KUK, TDCPP 72 AR JR
VLMV Ak R AR ) i R Y 2t
FEUESE , TDCPP Al REHA M TE M A 50 A 5 2
WAL A BUEESE2 ) i T TDCPP &5
ELA 350 b 28 B M 19 A DL A 24 (organophosphate
pesticides, OPs) % Mt i % (chlorpyrifos, CPF) %% #4 AH
L, e 2 U HER ST, AR,
TDCPP feek s PC12 4 {1 #h 28 50 531k, DA TTTT 52 i
W EFN AN, TDCPP A8 T I 1 AF BE 5 £ i) bf
2GR B AHOCHE R ) 3Rk DL K Bl IR P 22 0 T g
gt A PR, TDCPP 51 K Uk
VA 3 FN A RE S i 4K H T OE T TD-
CPP X i L 2l 0y 4 ol 28 2 B A HIAL A ) AH S BF

FARU YRR AR A B B 4 27 o0 M ikt R AR
W2 27 TR A YRS R AR AT LA A A58 15 G ot
AR R ENR | 38 7R B PEHL ] SRR U
I 3832 B 2 A= A P9 4 T A B ) 2 2 T =, TR ket
TRAR I LH 2= AE WL 3 FBE R IR 25 19 A= W bs W
e E A EA MRS, HAT, A AU A 0
WA A 22 R 15 i 28 1) i ol 28 5% 07 4 A% 9 (Parkin-
son’ s disease, PD)" B /K 7% iff B JiE (Alzheimer’ s
disease, AD)" FIH & #I fiBAE (major depressive disor-
der, MDD)"“V & bl 2295 119 & 25 TR TR HILA . LAk,
AT A5 38 2o 0 A I 2 2 AR s R T e 5 ik
2 RGBT ST
AHFFEH L T H-NMR (SIS 2 H R 45
[ 2R 22 (5 5~ B R R 3k 7 T TDCPP X /) Bl
2 R GRS TERETEVE R, T F s A S, R
TDCPP 1975 4% 7 i FEE 2 XU PP B2 AL LAt BcHis

1 ##l57 % (Materials and methods)
L1 S S5

TDCPP (4[i £ >95% , J&K Scientific 11 7 & F}
+%, % [#); SV Total RNA Isolation Kit i 7 £ (Pro-
mega 2> A, 3 [#); PrimeScript™ RT reagent Kit,
SYBR® Premix Ex Taq™ Kit i & [ H 4% Takara
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75 Al 5-¥ 2 B (5-hydroxytryptamine, 5-HT) ., Z [t IR
BB i (acetylcholinesterase, AChE )i & %) [
A A ) AR SE BT K (D, 0) . Na, HPO, |
NaH, PO, 1§ H 32 [# Sigma /A Fl

NanoDrop One # & #% 2 5 1 43§14 (Thermo
Fisher Scientific /A ], J¢[#); Step One Plus S5 )
7€+ PCR 1% (Applied Biosystems 23 ], 3 [€]); 15
YR B O ML 5424R (Eppendorf 2 ), 75 [# ) ; Spectra-
Max i3x [ifi #551% (Molecular Devices 72 7], ¥ }b F),
AVANCE Il 500 MHz 4= %7 {0l 3 A% i AR A
(Bruker 23], i 1),
1.2 SCBGEhY o2 e EE O AR AR

4 AWy SPF Zelfett: CSTBL/6 /MR 16 L, M
15 ~18 g, W [ b 5% 48 F| 42 52 50 sh W) HoR A BR 2
A RFR T E R BTN A W s 2 5 (a5 e
SPF sh¥Wy b A5 45F 12 h/12 h B9 H/OG IBIEER
FNIRE 20 ~24 C 1RJE 40% ~60% , LK s A
HROK TR o R/ BRUBE BIL 43 S 95 500 X6 B2 (45 7
SRR K ) Fil TDCPP 475 4H (300 mg - kg™ -
d), a8 H, Qe = YL RE EHE AL 0.1
mL, & HHEE 1R, ELYF 35 d, 53 d HEMFR
BOFic s/ MR R, AR5 AR 44U (WHO) )

T R /N FRZ8 11 3 TDCPP 1 LDy, 42 670 mg
kg ' AR BT E FH AR 205 1/10 LDy,

ARWKYEE 24 h )5, A 3% I B L Z445(0.15
mL/100 )M T S BRI Sh 90 , 15 /) BSU i 1F B SR 2%
LTI N S, P HIREE 5 F B 325 SR 2 ML YRR o
2 ZE R FE 30 min J5 3 500 r-min~' .0 30 min,
IR B T -80 CUKFIORAT . Bl IS K/ BRI 2 Ak
BE, LA AR UK 43 B O B2 S22, it o 1 J TR
mn R AR S B T80 C VAR IRAE
1.3 M 9T SRR BE PR 238 iy s U

WIS BRI i 1z J2% 4 2 78 R v B i L
RNA , LUSEE AR5 1K) cDNA A MR R4 T 52 i 56
E 2 PCR ORI, G iy 32 PR 466 i 428 97 13
(Nef3) JBE 20 U8 1 b 28 3% LT~ ( GDNF) FlU 41
AE A K IR =22, -23 (fgF-22  f2£23) SR —%
LA G WE(INOS) i I R FE K - TNF-r) | 11 200 i
M2 -6(IL-6) Fl A A1 A ZE-1B(IL-18), NS HE A
B-actin, &it51¥)FFIWFER 1 FiR, R 20 pL &
R, BANEEARSEAT 3 RTINS
1.4 5-HT &5 AChE & MR

AINERR NG Bz J2 rhodf 28388 0T 5-HT % i R FH gk
Yo 2 BRH I (ELISA)E , ACKE ¥ MR Rl Ak 2% L 4,

&1 (PCRER5IMFT
Table 1 Gene primer sequences for qPCR

E P IFFIG ~37) K/Mop B KRG
Gene Primer sequences (5’ ~37) Size/bp Annealing/°C
F: 5’ -CCTCCTCCACCCTACCAAGT-3’
INOS 199 60
R: 5’ -CACCCAAAGTGCTTCAGTCA-3’
F: 5’ -TACTGAACTTCGGGGTGATTGGTCC-3’
TNF-a 297 60
R: 5’ -CAGCCTTGTCCCTTGAAGAGAACC-3’
F: 5’ -ATCCAGTTGCCTTCTTGGGACTGA-3’
IL-6 290 58
R: 5’ -CAGCCTTGTCCCTTGAAGAGAACC-3’
F: 5’ -CAGGATGAGGACATGAGCACC-3’
IL-1B 447 58
R: 5’ -CTCTGCAGACTCAAACTCCAC-3’
F: 5’ -GGCAACAACAGAGACGCTACAAT-3’
N3 133 60
R: 5’ -TCCTCCGTGGTGATGTTCTA-3’
F: 5’ -ATGTCACTGACTTGGGTTTGGG-3’
GDNF 76 60
R: 5’ -GCTTCACAGGAACCGCTACAA-3’
F: 5’ - ATTCTAGAATGCGCAGCCGCCTCTGG-3’
ff22 482 58
R: 5’ -ATGGGCCCTCAAGACGAGACCAAGAC-3’
F: 5’ - ACTTGGCCTTTATTAGCCGGGTCT-3’
f2F23 98 60
R: 5’ -AGATGGCCTCTTCCCTGTGTTCAA-3’
F: 5’ -TGTGATGGTGGGAATGGGTCAG-3’
B-actin 514 60

R: 5’ -TTTGATGTCACGCACGATTTCC-3’
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25, Pt FH R AR S E
1.5 Iy AL

/N BRI 2 3 A R, TR A1 J5 B 200 wL fin % 5
mm ) NMR 05 FEINA 150 pl AR 22 vl
(02 mol-L™" Na,HPO, #10.2 mol-L"" NaH,PO,,
pH 7.4)F1 150 uL D,0,#&¥HIEAT, 5 LALLM,
1.6 '"H-NMR il & K &4 b 2

/INBRUIL 35 AF B9 H-NMR 3% 56 76 500 MHz #
SRMEIARIE AL ST, SR 24.85C 5 R H
Carr-Purcell-Meibom-Gill(CPMG)fik i 5 1) 411 11 1fi 7
R T AR B A T I R IR A5 5, 8 I B[]
2nt=100 ms, SHBERIERISE] 4 s SRAEMSE] 3.28 s,

K HIZR T80 0.3 Hz 145 £ ok B0 A7 48 5L et
At s A MestReNova 6.1(Mestrelab Research
S.L,Santiago de Compostela, Pt BE 25 ) i fir 3K 3% &1 3
T FBAEN FISEZ AL IE 5, 2 LR A H R JE4R 3L
HIE® 133)ITER, VIFR 8 4.68 ~522 JuRINRY
TSR, 7E 8 0.5 ~9.5 XIFE 8 0.01 Z5 [R5 BT,
X4 o B R A T IH —fh AL 3
1.7 Geiter ot B Bg o3t

fdi 7] SPSS 20.0 FRAF AT HHE 73 A o 2H 1) 2 S
SRR 2 Ty 24508, P<0.05 B ESE T A
AWEES ., H—Ibr O 2= 500 SIMCA-
P 12.0(Umetrics AB, Umea, Fii #1735 T L2 A5 B 4
TR IR 0T , 48 Pareto b EEAL FILAL PR S | E—
AT IE AW 5 /> — 3 F 53 1 (OPLS-DA) . Hi4fa
A FE A R (VIP () >1 S0 i 108 v 7 4 A0 1 G i
Yy OFHEAT e K A 25 AR, B KRR
P<0.05, H MetaboAnalyst 7£ £k E 4 %2 (http: //www.
Metaboanalyst.ca) X 22 5 A 5t 9 32 17 2y 58 43 Hr 11 3
PR, 4R S R ) 1 DG BRI

(a) 500
—‘on
o 400F
~&
on =
& T 300F
Red wv —T
g S
K _§ 200F
E § e e——
=
8 100f
=) 1
o
O
0 Xif B4 TDCPP Y41
Control group TDCPP exposed group
2

(b)

2 Z55 (Results)
2.1 /PR RARIE
/NRITERFF S B AR BT AR L B 1 s, ik
55 A () XS HR AL AT TDCPP Y 75 41 /)N BV i 2 2 2 1
G W2H ] T 1 25 M 25 5 (P>0.05), TDCPP 4
BELL/N RAERF 78 3 A P o B PR R T DL AR 81 7
SEH L YR 35 d JE, X IR4L S TDCPP 44/
TR 5 (25.55+0.61) g FI(23.56+1.26) g,
2.2 KWiZJZ 5-HT & & AChE 3§tk
5-HT Fl AChE A 2y 2K il i 15 37 ) 1% 2 2 pf
Zo3 IR 2% 5 ) SC M I, 2 A 2 R G Tfe AR
R EEAR B, W IS5 R s P mn
WK 2 fros, 8 TDCPP $52: 448 35 d J5, TDCPP 4+
BELH 50 IRA /N B B2 )22 5-HT & & #l AChE i
PEBA B 22 5+(P>0.05),,

30T = x4 Control group
-= TDCPP 4341 TDCPP exposed group
25
20
o
I g
2
£¥ 20
)
15T
0 3 6 9 ll2 ll5 lIS 2I1 2I4 2I7 3:0 3I3 3I6
i lil/d
Time/d
B1 ERASHE=(1,3-28-2-%E)E(TDCPP)
REHNRERE
Fig. 1 Body mass of mice from control group and

tris (1,3-dichloro-2-propyl) phosphate (TDCPP) exposed group
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Fig.2 Concentration of 5-HT and activity of AChE in mice cerebral cortex
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2.3 Kz R s M AR OCHE R ik

PR RVELANL A 7 TNF-a IL-6 F1 IL- 1B, #1285
FEH T Ntf3  GDNF . fz£22 1 f2£23, VL & —F AL A
A INOS TE R B2 JZH mRNA FHXT 8 & 3
Jis o WFFEEs R BoR , /N TDCPP FR4E 447 35 d
J& , TNF-a \IL-6 IL- 1B . iNOS Fl GDNF #J mRNA %
ki BI(P<0.05), HARb /K43 il 2 X BR2H 1Y)
1.6 f5.4.1 £5.2.9 £5 . 1.3 £i5F1 2.0 fi5, i N3 Y
mRNA ikt % T 4 (P<0.05), B KA R
XS HREH Y 53% o LT AEARMAE KR T f2f22 F fef
23 [ IR AK-AEXT B4 5 TDCPP Y5341/ i
Z IR TE 2 3 22 7(P>0.05),,
2.4 /R A ) i AR

K H OPLS-DA #ff5¢xf 84l 5 TDCPP 4L /)N

7 -
[_IXFHEZH Control group
| CTITDCPP 444l TDCPP exposed group

N

%

5t

4.—

1%

3_

&3k

Hiddnnsd

TNF-a IL-6 IL-1B INOS fgf-22 fgf-23 Ntf3 GDNF

mRNAFI ik i
Relative mRNA expression

B3 NRKMEEHESEEXEERNBENREE
TE:* P<0.05 **P<0.01, 5 IRLUM L,
Fig. 3 Relative expression of genes for nervous toxic
effect in mice cerebral cortex
Note: * P<0.05, **P<0.01, compared with control group.
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I I 15 22 5, 45 R i8] 4 (a) 7R, TDCPP
LR/ BRI i A AR 4 5 0 IR AE PCL 4
5 XA, 28] TDCPP 4L 5 /N BULAA (1 A= 11
R BARE & A T B A, FE, R
K 55 (permutation test) % i OPLS-DA #7115 #11 &
FEREFIA] FE (K 4(b)), OPLS-DA [ EEBHN .
RX=083,RY=0.97, Q" =0.88, % & #4531 (1)
R Q@ SR TRE S, B @ MIHZ 590 brfl
BEEA/INTZ UL 7 AR AT A FEAS B0 1)
S B, HLANAE R AR I AT JEAT 3 A A 5 i AN
K, WTLATE /i B REAR (B 1 25 52
2.5 TDCPP if5 7122 AR 5 A8 %
K H1 OPLS-DA LAY i % [F] Bf 6 /2 VIP {E>1
RS REA ¢ K236 P<0.05 4S9 1E &y TDCPP
B2 AU (G 2)., 45R BoR, /NRTE TD-
CPP #5224 ;35 d Jo , Mg h 2 ARk & 4
AR AR R AR R B AR
FHRIRL, #E— N H MetaboAnalyst X} 22 5 1€ i
YA AR 38 1 53 FT (Pathway Analysis), 25 S 115 3
JFi7R o A€ TDCPP I 250 19 /) BR OGS A 153
3 Sk %5 A IR A A O, 2 4508 I 5 0E AR A
Ko, M2 AR E B 2 ] TDCPP 53/ BUAR Y
A ZEFL A B E A& 5 B

3 17312 ( Discussion)

A B A AL R B SR TDCPP 75 2 F 4
BEA B A Yy i v ekt HL B B ok B, A
I VPR S DR ST B O, P9 i
7, TDCPP figt 5 | 8 2520 A X 3 e i 9 5547
R SR R B T AR A R R B R
IS ARER JF B m K B 2= 21812 fe Jr fnas

(b LOf

0.5t

0.0

0.0 0.2 0.4 0.6 0.8 1.0

B4 /MRIMFE H-NMR iZH OPLS-DA 84> E (a) F1EHRKIGINIEE (b)
Fig. 4 OPLS-DA score plot (a) and permutation test (b) derived from 'H-NMR spectra of mice serum
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FHRREE ", AR A R LR 2 1k
() —Bh R Ge AW F ik, T A 38 R AR = AR ik
HASE i BEALIAY B GHEAR A . A5 FAR
W 2 BRBTFSE TDCPP XL Sl 2% B 52, I
SEA A TR PR AR AR AN 7T, AR R TDCPP
AV TE A 2 B PR AL SR AR AR

AChE J2& 5 2L (1) Al b 28 il , 1 R 2= W s
W ARV AT Y T ph £ 8. AChE 36 P57 2]
P2 OPs 1 WA 22 B AR ML 2 — . 5-
HT {5 H A p 2538 S5 AN AN JE R 5, 2 5 22 100 32
F A BRI BT AR . ARBIFST /N2 300 mg kg™
d' 9 TDCPP #5444 35 d 5, R ML E| N2 2L
AChE & PEFN S-HT & &1 8 E A8 (P>0.05), LAfE
WFFERARAT T 2R S5 5, i 0 PV RBE o a  2e 2k
a8 TDCPP 25 J5 , KMkt AChE i 1 il il 2835

FK R 2484k, #2785 CPF 4F OPs AN,
TDCPP 7] GEF A 2 LY ) 2, Pk HEL ok s il 00 ) #4540,
SCVFION AR MR i 2 B M A A A E BRI 2

P28 SR AE F N 2 HORK A 48 2R 0 7 A I R A R
F A () 2 2 06 S 7, A 30 1) 8 1k AR E R 1 P 175
S BN RS AR B A (MDD) | B 2K 2 i BRAE
(AD), WA 4 #% %% (PD) 5§ it 28 1R 17 ¥ 2 9 1Y 9k
ARUT24751 © TNF-a IL-6 Fll TL-18 J& 3 2R E B 4L %
PEZRAE A T, INOS N2 — S AT {1 48 P 4 i R 375
S — A AL R (NO) A i, TNF-o IL-6 , IL-18 Fll
INOS HJFEM M 28 9 A S R v AR ER X 28T
T T , AR A 4 20 B 2k e T S B BLAA R RE
I FA L 40 403 R BP0 AR 58 & 8L, TDCPP
YL 2l /N BRI B2 2 o TNF-ao IL-6., IL- I8 F1 INOS
FEP kK- 35 THER (P<0.05), #2278 TDCPP % 5%

*2 XHRAS TDCPP £EH/NRMFPHERKEHEY
Table 2 Potential biomarkers in mice serum between control group and TDCPP exposed group

i) AR (W 2 RE ) © vIp 2R TDCPP Y72t

Metabolites Chemical shift (multiplicity)? Fold change Tends in TDCPP exposed group®
FLHR Lactate 1.33(d), 4.12(q) 12.81, 445 077 U
FE AR Isoleucine 1.45(m) 128 0.83 U
J§fR Lipid 2.75(m) 127 149 1o
W iz IR B, Phosphocholine 3.22(s) 3.75 1.12 1
B-Hi%i ¥k B-Glucose 325(d), 4.65(d) 246,184 1.13 T
HIIE 8, Betaine 327(s) 2.13 0.81 | owx
EJUEE Scyllo-inositol 336(s) 107 140 1o
H& W Glycine 3.55(s) 224 1.19 1o
B Glutamate 3.75(m) 2.64 1.18 Tk
JLER Creatine 3.92(s) 2.64 1.19 1

T W REVEROR T s B0 o d ORI 5 VUG  m A 2 FE I P S50 FRALAR 1L, 1 ORI | 435 37R TDCPP Y340 Aok F L AR i,

*FI*# 0B FIRTE P<0.05 Fl P<O01 B Git2E5,

Note:* in peak multiplicities, s represents singlet, d represents doublet, t represents triplet, q represents quartet, and m represents multiplet; ® compared to

control group, T and | represent relative increase and relative decrease in TDCPP exposed group; *and **represent statistical differences at P<0.05 and

P<0.01 level, respectively.

#®3 5 TDCPP R T8 XX K58
Table 3 Key metabolism pathways related to TDCPP exposure

AR Bt W PfE SR/ %

Pathway name Total Hit P-value Impact/%
HRZMR 2@ R Glycine, serine and threonine metabolism 34 3 0.001 318
A H KA Glutathione metabolism 28 2 0.009 10.8
ZETR A — R Glyoxylate and dicarboxylate metabolism 32 2 0.011 10.6
H R R ZRR 1 Arginine and proline metabolism 38 2 0016 10
D-BZ R D-B R BRI D-glutamine and D-glutamate metabolism 6 1 0.032 50




164 tx

ooz 4R #16 &
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-

Em e B
L-_/-

k2R ( Glutathione
/ Oxaloacetate\ l

.y |

Acetyl-CoA A EH R

B LR e drens WiEm
- G Fumarate | —RERIEH Citrate Arginine
\ / Choline TCA cycle / l
bay 2t ol — . PR 4|
Catabolism a-Ketoglutarate Glutamine

B 5 TDCPP -5/ R A3 EL A A i5HE B E
T L E RS EFRIC 5 33 R TDCPP Y85/ BURLTE LW A R I8 A
Fig. 5 TDCPP induced metabolic pathway disturbance in mice

Note: Metabolite names marked with red and green represent up-regulated and down-regulated in mice serum after TDCPP exposure, respectively.

FIRES /N UG 4 20 & A RRE U, T iNOS & P
() 3k 8 Rk ] T 30 NO B4, 3#E— 25 T o v 41 2 43
i, NTF .FGF F1 GDNF /& 3 J& & B il 2275 352
T IEMARG LT DR 2B TR A F i 240
Bt 2 i rh B VG AR AR s Rk
B, 5% BEZH A FL, TDCPP 335 40 /1 UK ik Bz 2
GDNF Rk B 3 T+, Ne3 SRR Rk 1 1 %
KA (P<0.05), 222 Fl fzf-23 FLP ik 70 B ik
A5 (P>0.05), $#£78 TDCPP Xif #2488 5% I 11 5 K F
ORZ IR T BEEL A SRR . ARBLAY i 2238 R TN T
F2 kKT RS . 7F TDCPP 18 4 52 552 114 i 1 Jlig 2
ZUR PGB TFFT AR R M RE 5 i
FIRETE TDCPP i /N e Bt b R A5 VE R
ML A 2-F5E B /R, TDCPP %55 8. % T4
T/NRBIREE R, EE RPN E RIS 55T
WEREEE A A s, 2RI 4 2F W 5T AR S
BAMR HERR 55t 2R 5 2 LM A A e T
MDD | PD 7 P 14 55 Z2 Bl il 28 52 95 1 26 b s
ERE I o R R BENAEY ) FRARET
ARG IEIR , X K A 2 2R e N R T I A0 A
B EEVEN, B 5-HT &80 24558% & &%
REY), k= v RS ZIARE 4 &R AE N 2%
PEHRX L R G 23 T, ol i ] 51 k< A e
P, S8R R B O AN INOS B M A0, 1 2R
PATCTEREER . HERE T & R h R 2R

I H N-HBE-D- 4 S iR (NMIDA) 37 1% 14 317 4l 24 ol
2o SRR T 70 2o B R 2R AN AR A B A
F RPN IR W R LR iy 4, B R LR R K =3 e
BRI AW, BRI 5 fih 4 700 %o 45 S W 1) 458 BBURI 3
BERL, M AT fEAWFSE T, TDCPP %t
BFA/NRIE T S e dm B ERIL, AEmR . HE
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AT REIE o S M IR G P sl 2 REAR DG IR 7 15 5
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B RS AT AR B 8 O 5 G 352 0ol 7 208 e 12 125 Mg s 0 fie
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PR RGTIRE BB KU

BIRAEE T 2 %5 44 (1986—), B L R R, ARG
161 9 ERBE 7T ey 64 B R AL

£ 2 3k ( References) ;

[1] wvan der Veen I, de Boer J. Phosphorus flame retardants:
Properties, production, environmental occurrence, toxicity
and analysis [J]. Chemosphere, 2012, 88(10): 1119-1153

[2] Wang Q W, Lam J C, Man Y C, et al. Bioconcentration,
metabolism and neurotoxicity of the organophorous flame
retardant 1,3-dichloro 2-propyl phosphate (TDCPP) to ze-
brafish [J]. Aquatic Toxicology, 2015, 158: 108-115

[3] Betts K S. Exposure to TDCPP appears widespread [J].
Environmental Health Perspectives, 2013, 121(5): al50

[4] van den Eede N, Dirtu A C, Neels H, et al. Analytical de-
velopments and preliminary assessment of human expo-
sure to organophosphate flame retardants from indoor
dust [J]. Environment International, 2011, 37(2): 454-461

[5]1 He C T, Zheng J, Qiao L, et al. Occurrence of organo-
phosphorus flame retardants in indoor dust in multiple
microenvironments of Southern China and implications
for human exposure [J]. Chemosphere, 2015, 133: 47-52

[6] Zheng X B, Sun R X, Qiao L, et al. Flame retardants on
the surface of phones and personal computers [J]. Science
of the Total Environment, 2017, 609: 541-545

[7] Qiao L, Zheng X B, Zheng J, et al. Analysis of human
hair to assess exposure to organophosphate flame retard-
ants: Influence of hair segments and gender differences
[J]. Environmental Research, 2016, 148: 177-183

[8] XuF C, Eulaers I, Alves A, et al. Human exposure path-
ways to organophosphate flame retardants: Associations
between human biomonitoring and external exposure [J].
Environment International, 2019, 127: 462-472

[9] Behl M, Hsieh J H, Shafer T J, et al. Use of alternative
assays to identify and prioritize organophosphorus flame
retardants for potential developmental and neurotoxicity
[J]. Neurotoxicology and Teratology, 2015, 52(Pt B): 181-

(10]

(1]

[12]

[14]

[15]

[16]

(7]

[19]

[21]

193

Wei G L, Li D Q, Zhuo M N, et al. Organophosphorus
flame retardants and plasticizers: Sources, occurrence,
toxicity and human exposure [J]. Environmental Pollution,
2015, 196: 29-46

Dishaw L V, Powers C M, Ryde I T, et al. Is the Pent-
aBDE replacement, tris (1,3-dichloro-2-propyl) phosphate
(TDCPP), a developmental neurotoxicant? Studies in
PCI12 cells [J]. Toxicology and Applied Pharmacology,
2011, 256(3): 281-289

FREML B, R R, . S0.3- 282 ) R
i %) KRR Bl 2 dE MOV [T, AR S B A% 3R, 2019, 14
(3): 186-195

Wang S M, Li X Y, Zhou Q X, et al. Tris(1,3-dichloro-2-
propyl) phosphate (TDCPP) induced neurotoxic effects in
rats [J]. Asian Journal of Ecotoxicology, 2019, 14 (3):
186-195 (in Chinese)

Nagana Gowda G A, Raftery D. Recent advances in
NMR-based metabolomics [J].
2017, 89(1): 490-510

Chahine L M, Stern M B, Chen-Plotkin A. Blood-based
biomarkers for Parkinson’ s disease [J]. Parkinsonism &
Related Disorders, 2014, 20(Suppl 1): S99-S103

Pefia-Bautista C, Roca M, Hervas D, et al. Plasma

Analytical Chemistry,

metabolomics in early Alzheime’ s disease patients diag-
nosed with amyloid biomarker [J]. Journal of Proteomics,
2019, 200: 144-152

Zheng P, Gao H C, Li Q, et al. Plasma metabonomics as a
novel diagnostic approach for major depressive disorder
[J]. Journal of Proteome Research, 2012, 11(3): 1741-
1748

Block M L, Calderon-Garciduefias L. Air pollution:
Mechanisms of neuroinflammation and CNS disease [J].
Trends in Neurosciences, 2009, 32(9): 506-516

World Health Organization. Flame retardants: Tris(chloro-
propyl) phosphate and tris(2-chloroethyl) phosphate [R].
Geneva: World Health Organization, 1998

Songa E A, Okonkwo J O. Recent approaches to impro-
ving selectivity and sensitivity of enzyme-based biosen-
sors for organophosphorus pesticides: A review [J]. Ta-
lanta, 2016, 155: 289-304

Xu J, Hu X T, Khan H, et al. Converting solution viscosi-
ty to distance-readout on paper substrates based on en-
zyme-mediated alginate hydrogelation: Quantitative deter-
mination of organophosphorus pesticides [J]. Analytica
Chimica Acta, 2019, 1071: 1-7

Bradley M, Rutkiewicz J, Mittal K, et al. In ovo exposure

to organophosphorous flame retardants: Survival, devel-



166 £ 0F # M ¥ #16 &
opment, neurochemical, and behavioral changes in white Medical Genetics Part B, Neuropsychiatric Genetics,
leghorn chickens [J]. Neurotoxicology and Teratology, 2019, 180(2): 122-137
2015, 52(Pt B): 228-235 [30] Baranyi A, Meinitzer A, Rothenhiusler H B, et al.

[22] Li R W, Zhang L, Shi Q P, et al. A protective role of au- Metabolomics approach in the investigation of depression
tophagy in TDCIPP-induced developmental neurotoxicity biomarkers in pharmacologically induced immune-related
in zebrafish larvae [J]. Aquatic Toxicology, 2018, 199: depression [J]. PLoS One, 2018, 13(11): ¢0208238
46-54 [31] Heales S J R, Bolafios J P, Stewart V C, et al. Nitric ox-

[23] Yuan L L, LiJ S, Zha J M, et al. Targeting neurotrophic ide, mitochondria and neurological disease [J]. Biochimica
factors and their receptors, but not cholinesterase or neu- et Biophysica Acta (BBA)-Bioenergetics, 1999, 1410(2):
rotransmitter, in the neurotoxicity of TDCPP in Chinese 215-228
rare minnow adults (Gobiocypris rarus) [J]. Environmen- [32] Xu C J, Klunk W E, Kanfer J N, et al. Phosphocreatine-
tal Pollution, 2016, 208(Pt B): 670-677 dependent glutamate uptake by synaptic vesicles [J]. Jour-

[24] Colombo E, Farina C. Astrocytes: Key regulators of neu- nal of Biological Chemistry, 1996, 271(23): 13435-13440
roinflammation [J]. Trends in Immunology, 2016, 37(9): [33] Sethi S, Pedrini M, Rizzo L B, et al.' H-NMR, 'H-NMR
608-620 T,-edited, and 2D-NMR in bipolar disorder metabolic

[25] Walker A K, Kavelaars A, Heijnen C J, et al. Neuroin- profiling [J]. International Journal of Bipolar Disorders,
flammation and comorbidity of pain and depression [J]. 2017, 5(1): 23
Pharmacological Reviews, 2014, 66(1): 80-101 [34] Lan M J, McLoughlin G A, Griffin J L, et al. Metabo-

[26] Heneka M T, Carson M J, Khoury J E, et al. Neuroin- nomic analysis identifies molecular changes associated
flammation in Alzheimer’ s disease [J]. The Lancet Neu- with the pathophysiology and drug treatment of bipolar
rology, 2015, 14(4): 388-405 disorder [J]. Molecular Psychiatry, 2009, 14(3): 269-279

[27] Lee Mosley R, Benner E J, Kadiu I, et al. Neuroinflam- [35] Fenili D, Brown M, Rappaport R, et al. Properties of scyl-
mation, oxidative stress, and the pathogenesis of Parkin- lo-inositol as a therapeutic treatment of AD-like patholo-
son’ s disease [J]. Clinical Neuroscience Research, 2006, gy [J]. Journal of Molecular Medicine, 2007, 85(6): 603-
6(5): 261-281 611

[28] Pathare G, Anderegg M, Albano G, et al. Elevated FGF23 [36] Xiee, W pr e, AR B, S5 BRI A IR S5 24
levels in mice lacking the thiazide-sensitive NaCl cotrans- YrisE e, BURE B, 2008, 24(1): 96-100
porter (NCC) [J]. Scientific Reports, 2018, 8(1): 3590 Liu Y Y, Zeng X A, Zhu S M, et al. Physiological func-

[29] MacDonald K, Krishnan A, Cervenka E, et al. Biomarkers tions and pharmacological activities of betaine [J]. Mod-

for major depressive and bipolar disorders using metabo-

lomics: A systematic review [J]. American Journal of

ern Food Science and Technology, 2008, 24 (1): 96-100
(in Chinese) L 4



