2025-05-12 16:05:12 . https://link.cnki.net/urlid/34.1065.R.20250509.1630.034
M EMKFF/  Acta Universitatis Medicinalis Anhui 2025 May;60(5) - 897 -

LC-MS/MS £l /5 fh — FRIR WG AU

{E27 1] DEHP 2% % /] BUBE R A i i H
BSCRRE gk 48D EEE 4 =0 AN,
ﬁ@ﬁllj,&m%llj,igj %1,2,3’35%%51,2,3
(" B EAKFLEA R, AN 230032, M EHKTFE —WEER
X R, A0 230012;° HHE AR T AR TS, A0 230012)

WE B8 A SORAR S B S (HPLC-MS/MS ) R4t 4 v, —RIRIGH EZAPIER I E ik, BT A LR —H R
(2 -ZE T H) B (DEHP) 2288 /N BRI AR ARG 55  SR SRR B HAMR | o N R S Sk R ATETR 6 Bl —IRTR
TEAA VIR T2, ik ZRU JEIERG AR S 2 BT 35 , LS 10 mmol/L Z FREL F /K AN 5 pumol /L Y. FE 3
TSR VETBIAR A FIF 10 mmol/L ZEREE ) 90% ZNE/KEE WA 5 pumol/L 3 H I — BEBRVE R SIAH B, i3 4 0. 35 ml/min, 2%
FH A6 B e B F e 2 15F Waters ACQUITY UPLC BEH Amide Column, 130 A, 1.7 pm, (2. 1 mm x 150 mm) @& 35 A 06475000, B3
Kol RGER WSS & T, M F 2RI, &R ZRIRIEIAEE 6 Fira MR bR fE M A R4 r 72 B3
Bl N KT 0.996, AT #3719 7 i HE B0 B K 97. 14% ~ 108.26% A%, Hh . & R BE H 18] F11 H P RS 5 82 AH X Bs o s 25 (RSD) Sy
1.35% ~6.73% , B JmA00 K 93.29% ~107. 47% , $LB Rl Ny 94. 82% ~ 112.57% . S xR AH L, Z2 1) DEHP 2 & 41 /)
SR FAHLGREA S TR SRR - N R 53k R AR FRAIE (P <0.05) , i ARSCEe#S7. HPLC-MS/MS J5i%
il 42 8 DEHP 288 /N Bl v JHFRE ARG 55 6 Ff —RIRIEAA WL AL 4, 7 ik R BUS & B koR .. 2210 DEHP 2%
51N ERUFIE I03E 6 4% 09 =R IR G SR A MLIR A /K A8 1k, #5278 22 1 DEHP 2 72 7] B 255 i 2ok = JRIRIE 7R A,

TE47 1 DEHP 22 82 805300 2 W AT i oA W e (e .

KEIR  RIRIEA; RMBIFIMCIY ; SRR 6 - BSR4 42 W %45 ; DEHP

hESES R-331

XHEARERD A

=RIBRYEIA (tricarboxylic acid cycle, TCA) 22k
;sz;ﬁo; ‘0 %”;H o (Do ses ) Dpk 2T BARRE R A B A0 E B, B S T A R A
I H  E K H AR R AT 5. 3 s AR A 3L s gt X "y B =
R TR R B R e VDL P RLIRARRERR B SR IR TR
435 (422023 YKI14 2023YKJ06 2023YKJ11) ;s e WREGEVEF JBNIER B-A AL FIIR TR & LS5 A R
BERREF AR LB UH (45 :2022xkj043 ) 5 R FERR N 15 R S 2 W 1 2 LA o i At
TR B (45 : AHWJ2023A20294 ) BAR B SR R = RS S A I R £
& AR i gk ’ B —~= s
R A R T SRR S L AR
THE Lo, 88, BRI, 4L S0, B EEH, E- = = °
mail ; jianqingwang81@ 126. com @g‘{ﬁ'ﬁ‘ ( phthdllc acid ester, PAEb) ?@%]ﬁﬁiﬂﬂi 2@%”

in stem cells of head and neck squamous cell carcinoma. ABCG5-positive cells had stronger proliferation (P <
0.001), metastasis (P <0.01), and spheroid formation abilities (P <0.001) than negative cells. The expression
levels of some stem cell molecules (SOX2 . NANOG ,S0X9 ,0CT4 ,CD44) in ABCG5-positive cells were higher than
those in ABCG5-negative cells. The expression of epithelial cell protein E-cadherin was lower in ABCG5-positive
cells than that in ABCG5-negative cells, and the expression of interstitial cell proteins N-cadherin, Slug, Snail 1,
and Vimentin were higher (P <0.01). Moreover, interfering with ABCG5 expression significantly inhibited tumor
cell spheroid formation (P <0.001) , as well as the expression of proteins related to cancer stem cells and epitheli-
al-mesenchymal transition. Conclusion ABCGS has a potential biological role in maintaining the function of head
and neck squamous cell carcinoma stem cells.

Key words ABCGS; cancer stem cells; HNSCC ;cell proliferation ; EMT; transfer
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BZ T R A AR R A A g JLE LR
G G 2 TR 3 i 2 ) | i R A AR
PEPT s HA R IZ ) PAESs SRR iR
(2 -2 H 2 %) B [ di-(2-ethylhexyl ) phthalate, DE-
HP | A28 —Fif AL 00 - 3I04SR JHG -5 2Rl i e
AR A&, A5 Nh 8 BRI B ok, B
PRSI B ey BT5E°Y 4R ), DEHP
e ] A T SO AN AL N BRI A Y T
AR A L (A2 42 1 5 S A S 0 3 3% 119
TR, BELWT =R RO PA AP B , I GL I o 2

A S 56 ) T v 5RO €3 o R B3 (high-per-
formance liquid chromatography-mass spectrometry,
HPLC-MS/MS) £ 7 il 223 DEHP 2 8% /)N Bl L3 |
JPHE 625 AR AR A of =R BR A 2 v 1] A G A LR
AT, LAY DEHP B8 375 A A B 14 i
PRI W G 7 U8 (Y 8 %

1 HHEH%

L1 s

1.1.1 34 CD-1 /NEL(SPF 28,8 J& H %, M/
AT 28 ~32 ¢,20 H s MErE /N BUA BT & 38 ~ 40
g,15 H) Wy 3 At 5t 4 56 A1) 42 5256 3l W) H R A R 2
A, SE 5 2l ) AR 7 VF AT IE S [ SCXK ( 3E) 2021-
0006 ] , 52 5% 2l 4 {8 FH /7 W] k5 [ SYXK (5% ) 2020-
001 ] o ABIFSE A I i) Sy i SR A LR R R 2 18
AR By, TR FUREE (IREE 22 °C 2 °C iR
J¥50% +5% ,12 h JERE3ZH) A POK B i 8.
AT Il FH 0 20 40 B 5 30 247 30 3o 2 SR B R R 2 5l
PIHERRZ: D125 i o AT (S 5 : 20200523 )
1.1.2 A%  AB Scientific Export Triple Quad™ =
T DU M T 5 B T R 48 (35 [H AB Scientific Export
AN, B 4500 ) 5 BB 1% A (S [ 2 A
Agilent A H], 151200 ) ;85 % H T K ( MettlerTo-
ledo 24 ], #1'5-: XS105DU) ; i3 g 1R 15 i ( P i 1)
HORRDTIRAS i i) 36 A PR 23 ), A5 vortex-5 ) 5y
RIE Y % B O L (75 [ sigma Zentrifugen 2\ ], Bl
5o 1-14k) s FHERH LU s (B E S0 & %
ARA T BVS MY-10) 5 8 75 P UEAL (T BB 2
YRR AT BR 22 7], 5145 SB-800D ) ; B 4fi /K 5
4 ( Milli-pore /7] , KI5 Synergy )

1L1.3 #HRbXA w58 VR IR oK
PR LGSk 1R | oI 1Y — 2 (¥4 HPLC R4l =
98% , 1% 5. B20404 ., B20937. B20534 . B21313,

B27105 .B24374) DL-3 %2 ,3,3-D, (HPLC 2% 4l
JE=99% , F B =98% , 155 : B72877) Hjily g v [F
v R A W B B R 4 Fl; DEHP (4% 5
D201154-500 ml) WP H — /R ( 955 : 64255-1G-F)
W 19 5 6] VG A% 3 8R4 B A B o A R A W) R OK
575 :C116025-500 ml) W [ _F#gBf 4 T A= AL A BR
vE]. 200 BBy ARG MR (1555 : AB05338 ) i
ROTREE (175 : A801000) Wy 7 ¥ % s Ak A= Lt
e tr AR AR, SRR AR O (185
A998-4) [HIEE( 1745 : A452-4) Il T 36 EFE R K il
IRBHEA R A
1.2 7%
1.2.1 a5 5m  CD-1 /RIS I
(JRPE22 C £2 C,I2E 50% +5% ,12 h YGRS
) BmYOKEEE S — G, T4 8 Hig L 10
PRI MERE2 - 1 BELBIA 8,559 HE L8 sz
FRS A2 A FE A, DA B R 32 B0 LB O S 4
45 0 K (gestational day 0,GDO) , &E- 4% /N B BEAL 4
fii Jy Control ZH A1 DEHP 4H , &40 10 HZ28, & H I
9 I H , DEHP 4 & 200 mg/kg DEHP [ £
A, Control 2H ## 15 45 & F 2K, A GDO #| GD16
FRELHEE 17 d,JF T GD16 25 6 h AL 3L J5 Bk, it
AL RIS RIS B T e 28050 .
1.2.2 @&#5H (A%t Waters ACQUITY UPLC
BEH Amide Column, 130 A, 1.7 pm, 2. 1 mm x 150
mm ; (AR AR 40 °C 5 Wl AH: WA A S 10
mmol/L. ZFREZ A1 5 wmol/L . FF J& — JBlk iR 1) /K 145
W, A B 10 mmol/L ZFREZFI S wmol/L i
FRE IR 1 90% LI 7K B8 W5 i 3l A It i - 0. 35
ml/min; FERE AR 1wl FESOREBEVRIARR T ILER 1,

®1 HEEEERREMYE

Tab.1 Sample gradient elution conditions

Time ('min) Flow (ml/min) A.Conc (%) B.Conc (%)
0 0.35 5 95
0.5 0.35 5 95
4 0.35 35 65
6 0.35 40 60
6.5 0.35 5 95
11 0.35 5 95

1.2.3 JFigdts 1EL ) W (multiple reaction
monitoring, MRM ) 94 77 U, R I fL i 55 25 1 U,
BB BT, 546U 45 psi “UAT UM 30 psi;
AN 8 psi; FBN N 45 psi HUBEZE BANE oL 1K
4500 VB FURIEREE R 450 °C, 6 Fp = RIRTEIF
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LA LR S AR TS SR P S RO 2.

FR2 AM=ZEBRBIREGVNEBENIRRIESHMRL
Tab.2 Optimization of mass spectrometry parameters for six

tricarboxylic acid cycle organic acids and internal standards

Metabolite RT Q1 Mass Q3 Mass DP EP CE CXP
name (min) (m/z) (m/z) (V) (V) (V) (V)
Fumarate 5.19 115 71 -20 -10 -11.5 -7
Malate 5.39 133 115 -20 -10 -15 -7
133 71 -20 -10 -19 -7
Succinate 5.04 117 73 -20 -10 -16.7 -7
117 99 -20 -10 -15.6 -7
a-Ketoglutarate 5. 07 145 101 -20 -10 -12 -7
145 57 -20 -10 -17 -7
Aconitate 5.16 173 129 -20 -10 -12 -7
173 85 -20 -10 -17 -7
Citrate 6.28 191 111 -20 -10 -18 -7
191 87 -20 -10 -23 -7
DL-malic-2,3, 136 117 -25 -10 -15 -7
. 5.39
3-D; acid 136 73 -21 -10 -20 -7

1.2.4  fiFai s eI S0 wl My, A
250 pl 4 CHVE R H BRI SR (1 2 1,V/V) /I
50 wl % 200 ng/ml Y DL-malic-2,3,3-D; acid P4
F5 (internal standard , 1S) ¥R i ( T4 $2 BO ) nl A7
R A P I ik B A= WD e AR ) S B SE S 10 e
IBA11 min, T -20 C#FE 1 h L3 E 1T
RO E ARG 4 CARM B0 & s ol 2
14 725 v/min 547543 %50 10 min, /)N C> W7 B4 3
FEREERE R LS ml BLOE P R AP R E
T AET R ITEE P A 50wl F0% # 4R TR 2 B0k
50% (1) FP /I WO 1 108 e 22 T 58 4 ¥ ik, 711K
TR R O AL L 4 °C (14 725 o/min £ B
O 10 min, IR E 5 = SERE A P ERLI AT
1.2.5 Jfpefeps farsab a2 BURARRSRFEA 20
mg, B IEA AL R 51 A S5 i SRL, e A
200 pl 4 CHL R AR, 1 F3h &) KA 114
LI, 803 IR G 1 SN 800 wl (4 “C it
R EER SIS (L 1, V/V) VR g SR IR
1100 wl N ¥R 75 % ( DL-malic-2, 3, 3-D, acid, 200
ng/ml) , FEIHSIE 1 min J5, KA 10 min, pKis
ARG A -20 CHE 1 h DR S E ETTERL
RGBS GHL 4 °C 14 725 /min 5.0 15
min B2 FIHRER RS — L5 ml BLOE TR
RV RS TG, A 100 wl 4 CHE 1 LG
UKW (1 2 1,V/V) B, 580 iiE 1 min Ji5, 7K
WH#E A 5 min, T4 °C 14 725 r/min Z.0> 15 min, I

G SR O [ T
1.2.6 =aAmegdes] SRl oo M #

O SR RN TR G 55 A A5, S s In i
PEBATIG PR EE A 0. 1 g/ ml ] 55 R B, R
BCE R etk 1 h 5, 7E 4 CH
IR EL.OHLPLL 14 725 ©/min B0 15 min J5, /N0
W S AR R AT
1.2.7 RAHAERAT AL R A WAFIR R0 4] &
KB FRE 6 P A HLER /3 Hrbr & 10 mg, fff AR FR
SRR 50% (TS H K VR TR T 78 A i i, IR AE
10 ml ZZ R ERE A 2 10 ml, 1535] 1 mg/ml )
FANRRER I . 2255 6 R HLRRAL /MRS 5
TERBERZ 10 ml, (1531018 & A VLERbRIE
VTR 2 A HLIR MR BE 35 2 100 000 ng/ml, 55 48 123
I 5E OHTR A LR B U T V2 R TR FL R 51 e
410 .20 .25 50,100,200 ,250 ,500 .1 000 .2 000 .2
500 .5 000,10 000 .20 000 ng/ml fjR & b 7
FFHhRUEINZL , 7E - 80 C AR T h IR FE
i R I BRARIE & DL R R-2,3,3-D, 10
mg, KT 0N 50% B T4 HY B /K I O i )
£ 10 ml 25 s bl 2 25 W EE 1 mg/ml (9 IR
PRV, - 80 CHBMIGIRIRAE . FIAB A ECH 50%
(14 T4 H /KT R4 2 B A 200 ng/ml (1) A B
HEVAT, TR EL
1.2.8 ARsm R PAR RO H & KA
il 3 FARMERE 5L (A (B C) , REFPAR TR S B 7
BCh B AR R 3 S AN RV (20,100, 2 000 ng/
ml) . FRAERE S A 2R FIARBU R 50% 1 Hive H
TR 7K VS YRR T 2 D TR 5 ML o Rt V088, s T AR
B 205 R FH I 1. 2. 6 TR I B 0 28 1 AL R AU
TIE , AT BCN 50% Fivs B LK 52 15 00 e 11
UUTE R TR A A FUER X BE S T, AR iR C 2
SR 28 I FE T ) (A MLER TR B X BRI T B b
HERE A3 3 MLHERE 43 BT, 10 SR 45 A AL IR I g AR
PIbRIgE AL
1.2.9 %uitsam  ffi F SPSS 22. 0 ffd ok it 47
BARGETTHT, I A T R S IR FE 1 3
B hRiE 22 R AL LU BOCR T ¢ K3 P <0.05
NEFHGI RS,

2 #HR

2.1 FEFEE

2.1.1 +EHBHXE E HPLC-MS/MS RS E
6 A HLERIE A PR dh 55 N AR AL 5 WA SR I 25
fE B, B BF B 1 (QL) 1B 1 (Q3) Jiifar Lt , i Ak
TR S %) B Al R TR AR RE L 6 M HLIR IR &
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Bt i 55 P9 A £ 1% P61 D 1 1, 5 3 VA B oV YRR
FESAC I AR B B8], 76 4 ~ 7 min 22 A SRR
6 BRI, gt a] FEEAE LS ~7 min,
2.1.2 fAewKXS5L&BEREFE i Mul-
tiQuant3. 0. 3 FAFHEAT 1A 20 B, LA HLER IR & B
TV VR B A BLIR AR 1 i e 1T FR 55 PR P e T R Y
FEAE A AR AR (y ), %k o 5 A AL R A T it k32 Ay
AERR (x) S IR R/ — 3k A (1/x7 ) A5 [el
s A B PRI L3R 3. 25 IR 6 Fl =R
FRAE R A HLIR A AH DGR R AL r BIRT 0. 996, 2tk ¢
AR

2.1.3 EHESHEEFR BAIRIE S
VMR A 20,100 .2 000 ng/ml i | Hv | i35 v BE ()
HE SR IRVE R QC B ke i CPATICE 5 7)) ,3 d i

SEPEAE 10 KA MLIR FISE R R bR e T AR, RS 5 B
FER BT 45 R AN 4 s, 6 Fia HLER 1Y A
JEH 97. 14% ~108.26% , H 1], H UK % BEAH XA
UHENW 22 (relative standard deviation, RSD) i 1. 35% ~
6.73% , % J5 E AR L B AR RSD 2/ T
15% , YR L FORS B2 R4 405 5 2 2K,

2.1.4 ARHEESRREEESR MR 1.3.5
HDBR, o3 ) SRR, 10 SR AT B R U4 ThT AR S 1N s 06 T
BLITE B 5 A BY HUAE ) A& FIREARE it i B2 114 3k o
RO, C 5 B A HUAE A & FAREAT: b ¥ 2 1) S R [m]
WO S5 R 7R bn HEAE i 1 BT 800 o A B TR
93.29% ~ 107.47% , % J5i %% iy RSD & 2.60% -~
9. 12% , #EEUR IR AE 94. 82% ~112.57% , HEEX ] i}
S RSD 7E 1. 45% ~12.23% 1B B A %

E1 6FEHEREFAR LC-MS/MS &ikE
Fig.1 Chromatograms of six organic acids and internal standard LC-MS/MS

Organic acid standard mixture chromatogram: a; Fumarate; b: Malate; ¢: a-Ketoglutarate; d: cis-aconitate; e: Citrate; f; Succinate;g: DL-malic-2,

3,3-D; acid (1S).

R3 6 THENBEIFHREBXRYEURLIEEE

Tab.3 Linear ranges, regression equations, and correlation coefficients for six organic acids

Metabolite name

Regression equations r value Linear range(ng/ml)
Fumarate y=2.22 076 x 10 ~*x +0.03 510 0.99 919 10 ~10 000
Malate y =0.00 507y +0.32 956 0.99 825 10 ~20 000
Succinate y =0.00 220y +0. 85721 0.99 762 20 ~20 000
a-ketoglutarate y =0.00 143x +0.52 347 0.99 638 10 ~ 10 000
Cis-aconitate y =0.01 796x +0.77 384 0.99 832 10 ~2 500
Citrate y =0.03 198y +8.22 528 0.99 679 20 ~ 10 000
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3R, A U TSN AR U RSCR AR DL 4 CHEE PR YICE AT 90 d 5 R e %22, 4%
2.1.5 REHEE REHIAEME P 53 FibRE IR S RTINS EOR R ITRRE o
JRAEWRFERERD , 25 M R S P AT HERG . S 2.2 28 DEHP RFE SR IMFE . B RFTAEFAL £
1/\ OPMBEATIEON A ShEAEAS (4 C) ik E 24 h % WAVEBEE  #id g v i HPLC-MS/MS f6 il =
M AAPFILCE 6 h, - 80 CARMFIUILVRRE 3 W& -80  JRIRIEHAPLRRAY I iENE 18 28 UL kAN

x4 MBEAEREEMRPEZLRBRBARGVNERNEZE ERE . ERYUEURRRE K ZE
Tab.4 Precision, accuracy, matrix effects, and extraction recovery rates of each TCA cycle

organic acid in serum samples at different concentrations

) Concentration Accuracy RSD of precision( % ) Matrix effect( % ) Extraction recovery (% )
Metabolite name
(ng/ml) (%) Intra-day  Inter-day Mean RSD Mean RSD

Fumarate 20 104. 63 4.96 5.10 97.91 3.55 96. 13 5.50

100 99.13 2.37 4.11 104.02 4.73 98.50 12.23

2 000 99.94 2.61 2.37 93.29 4.81 101.24 3.40

Malate 20 105.15 3.48 3.77 103.02 6.45 94.82 4.81

100 100. 93 4.30 5.19 100. 76 7.60 109.72 8.77

2 000 102.22 2.23 2.27 95.59 3.05 100. 25 3.54

Succinate 20 104. 15 4.64 4.39 107.47 2.79 95.22 5.62

100 99.13 4.45 4.98 94. 64 5.99 99.00 10. 10

2 000 97.81 2.26 2.54 96.17 8.62 96.13 5.26

a-Ketoglutarate 20 101.25 4.11 5.52 105.55 8.98 102.52 7.41

100 102. 62 3.52 4.60 99.90 5.23 106. 86 4.44

2 000 102.62 1.53 2.22 99. 60 2.60 100. 41 1.97

Cis-aconitic 20 102.18 2.38 4.10 99.34 9.12 100. 50 9.17

100 108.26 3.21 3.92 101. 88 5.21 98.72 4.15

2 000 97.14 2.40 2.16 97.39 3.90 102.30 3.73

Citrate 20 102.30 2.67 4.25 99.08 7.08 96.57 6.00

100 106.70 4.96 6.73 98.12 8.97 112.57 7.92

2 000 102. 64 1.35 2.64 96.59 3.29 103.38 1.45

£S5 KRB BIMREREFRPE=RBRBEAGNBROREL

Tab.5 Stability of TCA cycle organic acids in low-, medium-, and high-concentration quality control samples

Vetabolite name Concentration Stability (% )
(ng/ml) Autosampler (4 °C) for 24 h Room temperature for 6 h -80 °C repeated freeze-thaw 3 times -80 °C for 90 d

Fumarate 20 102.37 97.36 101.94 98.82
100 100.27 96.17 96. 84 96.98
2 000 101.40 97.44 99.73 100. 81
Malate 20 102.97 97.73 101. 86 104.05
100 104.22 101.79 100. 26 99.18
2 000 103. 46 101. 64 99.65 99.59
Succinate 20 100. 14 97.07 100. 65 98.95
100 101.36 96.25 98.09 98.47
2 000 101.69 99.30 100. 34 100. 45
a-Ketoglutarate 20 104.53 98.74 99.97 101.47
100 99.54 98.49 97.87 100.01
2 000 101.90 97.88 99.83 99.03
cis-aconitic 20 101.22 96.59 103. 46 97.81
100 100. 34 96.04 98.84 96. 80
2 000 98.40 96.97 98.62 98.04
Citrate 20 103.02 95.64 103.22 101.75
100 100. 88 99.41 98.31 100.79

2 000 101.44 100. 56 99.95 99.70




- 902 - ZHMEMKRFEFIR Acta Universitatis Medicinalis Anhui 2025 May;60(5)

JIG B A HLBR I3, 89¢ DEHP 28 3 2% 5% Xof & Bl
I3 FIE G 5 =R RIG PF = 2R LR KT
oM, ZEALINE 2, 5T IRZLAH H, DEHP 41 7% FRUH
WEFA LR 5 & SR PR o R R T
R K- REAG (1 =7. 372 6. 477 3. 241 3.593, # P

80
= Ctrl

65
O DEHP
50
ks k
35F
ok kk

20 F s

= [

Liver related metabolite content(ng/mg) >

0
x& x& & X8 X g
& : & N N &\‘Zy : \\@
& «© W N o @
s R
oF

100

85T = Ctrl
O DEHP

Placenta related metabolite content(ng/mg) O
— o B W
wn O W
T T T T
&)
*
(e .
‘ I
=
*

I\
8
6 - ok skk
4+ *
2 -
0 & ¥ & & &
2> & D & IS G&
QQ& %\3 @ oq}\y . ,‘D'QQ
o ¥
&
E
Group 2 Group

Control
alpha-Ketoglutarate . DEHP

Cis-aconitate 0
. -1
Succinate
-2
Citrate
Fumarate
Malate

<0.01), Hedh, M35 AR 3L A FLRR IR 7> & SR (¢
=3.769.2.789, P <0.05), 3 Wk (1 = 6.257 .
5.216, P <0.001) ,o-fii /5 —.F2 (1 =2.518 4. 463,
P <0.05) FrkEfR (1 =3.914 3. 661, P <0.01) Ji 2
SLER (1=2. 810.2. 241, P <0.01) 7K FFEA% .

15000

11500 £ DEHP
8000} s

4500} E D
seskesk
100g i -'_"-l

S
L
é*

Serum related metabolite content(ng/mL) g

x& x& & & X g
@ D A @ D <
0‘*& &‘Q& W \\’v& cPQ\ o
< S 6\0% C}g‘b
oF
D
Group 2 Group
Control
Malate 1 DEHP
Citrate 0
-1
Fumarate
-2
alpha-Ketoglutarate
Succinate
Cis-aconitate
F
Group 2 Group
Control
Fumarate | DEHP
Succinate 0
Malate -1
-2

alpha-Ketoglutarate

Cis-aconitate

Citrate

B2 2 DEHP 253} 2 RATE ., ME G = H MRk T 1300

Fig.2 The effect of DEHP exposure during pregnancy on liver, serum and placental organic acid levels in pregnant mice

A - C. Liver, serum and placenta organic acid levels; D — F; Clustered heatmaps of organic acid levels in liver, serum, and placenta; * P <0.05,

**P<0.01, """ P<0. 001 vs Ctrl group.
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3 i

LRI S N 1 BE S 25 %) At 2, A by 4 i
W Z A=Ak i A B AR R R 37 r , SR A2 41 i Y
AR JFORES (R i A 7 S A S 2 KOF L 4 i
FERFHEAET I 2 1, A AR SR Z A4
Yyt AR AN B A, L4 R i AR AR D R A
FALBER L AR TS . SRLIAE A 4 g it
s R 2 e W N BN TR SN e = ) ) -
() SCAE AN 235 M 248 RS A3, 10 L™ B AT RE 52 ) )
2 BRI faRRE B 2 A . R AT A A PN DG B Y
A B AR A AR R EE AR, an g B g e T
DA AT o WFgE Y S B, 2ok 1k o) B i A5 ]
RES 5 ANERZEMRM KA Gk, FEAFE S
IRATHEE O LB ACEPRE B R E S5 . 7F
JE R A I o G BE A R J o v, GOk AR B
IR T BRI R A GORL IR A ) Y
Il DA S A A S A 7 S R R TR BRI i 1) &
JEARE T BN,

DEHP {52 — Tl A 23 0 T 409, BOR B2 1
THR A R W], PEAs 289 52 87 5 I 0 1 v XL
B = Ja) A7 A DG I T DEHP W 5 2 il AROK
BIT RS IR R B it AR, K B 88 T 5 e AR
SEREVE RSN BT Mg AR
HAERTHIRIRFSE ' & BUR o PEAs BOACIHY 5 R
HA T P9 IR 32 FHUGE (intrahepatic cholestasis of preg-
nancy , ICP) ¥ & LEAAFEOCHK . AR 58 EIA SR R4 8
(112 7% 7| it (reference dose, RFD ) FIRK M 1) 4 H Tiif
& (tolerable daily intake, TDI) & X, — % i 4F
NER KA DEHP 155505128 20 g/ (kg -
day) #1137 pe/ (kg « day) " ;i A 3™ W, 7E
IEFIEOE , AR (R BT P 60 kg Sy BEHE) (1) DE-
HP HEAEZ N 2.7 mg/ (kg + day) . AK@H K
5% TR 5 9 DEHP, Tk 1 53 47 AR 480 472 Y
DEHP Z& 5% %5 N (15210 , A BF 58 2 2% DR B2 i 40
%1 DEHP 5 5 4 2 3 ICP 1955 it 200 mg/kg™
A B i DEHP X 3 ¥ JIF A #0728
JRAC 25 L T A BRI R A A B A A
5 24t DEHP 7T 5 0 JHF fIE 200K (A = J2 W 176 37
IR BN BT IR SR A 5T 5 4 ) S5 DL S ok
RIIRERE NG . A 5T 5L T HPLC-MS/MS £ AR5
TCA AR i A HLER 75 22 ] DEHP 2 #8 /)N B
JIE I3 G A 0y A8 Ak, B ST Y s B BT Y
SRk ERR R RORG 95 B . TCA J&ZobifA ™k fig & i

EER YRR —, 1E A A IE 7 00 A2 P D)
AE AP A 2R, ASBT 98 IR I 45 R R B, 2 40
DEHP #5220 RUTPAE | 17 iR 559 20 HLIR
KRR, o s SR R BRUKF T RO 3
TCA A A AT A 0 ik W A — A A
(55 LB D RE , U] 5 5 K A 8 A 1oz P B 73 2
A , LA RAT BB R A AR A Ul o
Wl 8, P ] A L R4 S S S B A SR A 5 1
B, S F ] NF-kB -5 (9 SR A i 2 9 S
R R AN F A >

AR AEBE L D7 o % B2 3] DEHP
TR AE 5 0 BF LA A R T R B 8 2 M L
ia SRR AR, RO RRKF T SR LA R
WG o ARSI 20T, LR T A e A2 i
JE IR T R B 77 2 40 15 ) T 2R A A R
THRRTE MR £ P A T ARG D A 2R (R T RE AT LA
Je i SR 2 A T AR T BEALE 1CP (Y A L]
B o MAEA TS A 57 HPLC-MS/MS
I TCA ALK, 4524 7w 2 18] DEHP Btk 52X
JIPBIE L3 A2 TCA #5070 B 2 HLIR K F- 20,
S5 AT RE N LAZRL A A 5 22 AR S 1Y e PR 12
W AR S T ) S R T 0k o

[1] Owen O E, Kalhan S C, Hanson R W. The key role of anaplerosis
and cataplerosis for citric acid cycle function[ J]. J Biol Chem,
2002, 277(34) : 30409 - 12. doi; 10.1074/jbc. R200006200.

[2] Wang Y, Zhu H, Kannan K. A review of biomonitoring of
phthalate exposures [ J ]. Toxics, 2019, 7(2): 21. doi: 10.
3390/toxics7020021.

[3] Gao M, Bai L, Xiao L, et al. Micro ( nano) plastics and phthalate
esters drive endophytic bacteria alteration and inhibit wheat root
growth[ J]. Sci Total Environ, 2024, 906: 167734. doi; 10.
1016/j. scitotenv. 2023. 167734.

[4] Chen Y, Wang Y, Xu Y, et al. Molecular insights into the cata-
Iytic mechanism of plasticizer degradation by a monoalkyl phthalate
hydrolase[ J]. Commun Chem, 2023, 6(1) : 45. doi; 10.1038/
s42004 —023 - 00846 -0.

[5] SuHY, Lai CS, Lee K H, et al. Prenatal exposure to low-dose
di-(2-ethylhexyl) phthalate ( DEHP) induces potentially hepatic
lipid accumulation and fibrotic changes in rat offspring[ J]. Eco-
toxicol Environ Saf, 2024, 269. 115776. doi: 10. 1016/j. eco-
env. 2023. 115776.

[6] LiG, Zhao CY, Wu Q, et al. Integrated metabolomics and tran-
scriptomics reveal di (2-ethylhexyl) phthalate-induced mitochon-
drial dysfunction and glucose metabolism disorder through oxidative
stress in rat liver [ J ]. Ecotoxicol Environ Saf, 2021, 228.
112988. doi: 10.1016/]. ecoenv.2021. 112988.



- 904 -

ZHEAKFFIR  Acta Universitatis Medicinalis Anhui

2025 May;60(5)

(7]

(9]

[10]

[11]

[12]

[13]

[14]

Abstract

Xu P, SuY N, Ling C, et al. Mitochondrial dysfunction mediated
by thioredoxin-interacting protein: a crucial determinant in di(2-
ethylhexyl) phthalate-induced liver failure[ J]. Ecotoxicol Environ
Saf, 2024, 272. 116103. doi: 10. 1016/j. ecoenv. 2024.
116103.

Zhao Y, Li H X, Luo Y, et al. Lycopene mitigates DEHP-in-
duced hepatic mitochondrial quality control disorder via regulating
SIRT1/PINK1/mitophagy axis and mitochondrial unfolded protein
response[ J]. Environ Pollut, 2022, 292 (Pt B) . 118390. doi:
10.1016/j. envpol. 2021. 118390.

&L, ik B, it B8, 5F. LC-MS/MS [RIIIE 22 FH T
BRAEZ# BT JHFIE KRG S po R [T]. RRIER R
g, 2023, 58 (8) . 1287 - 92, 1299. doi: 10. 19405/j.
cnki. issn1000 — 1492.2023. 08. 007.

Zhao F, Zhang L, Ye L, et al. LC-MS/MS simultaneous determi-
nation of 22 bile acids in serum, liver, amniotic fluid and placenta
of pregnant mice[ J]. Acta Univ Med Anhui, 2023, 58(8) . 1287
=92, 1299. doi: 10.19405/]. cnki. issn1000 — 1492.2023. 08.
007.

Abate M, Festa A, Falco M, et al. Mitochondria as playmakers of
apoptosis, autophagy and senescence[ J]. Semin Cell Dev Biol,
2020, 98: 139 -53. doi: 10.1016/]. semedb. 2019. 05. 022.
Zong Y, Li H, Liao P, et al. Mitochondrial dysfunction: mecha-
nisms and advances in therapy[ J]. Signal Transduct Target Ther,
2024, 9(1): 124. doi: 10.1038/s41392 —024 — 01839 - 8.
Arduini A, Serviddio G, Tormos A M, et al. Mitochondrial dys-
function in cholestatic liver diseases[ J]. Front Biosci ( Elite Ed) ,
2012, 4(6): 2233 -52. doi: 10.2741/539.

Yu L, Yang M, Cheng M, et al. Associations between urinary
phthalate metabolite concentrations and markers of liver injury in
the US adult population[ J]. Environ Int, 2021, 155; 106608.
doi: 10.1016/]. envint. 2021. 106608.

Wang Y, Yin L, DuY Y, et al. Associations between exposure to
phthalates and liver function among women undergoing assisted re-
productive technology [ J]. Environ Toxicol Pharmacol, 2024,
108 ; 104463. doi: 10.1016/]j. etap. 2024. 104463.

Xu B, He T, Yang H, et al. Activation of the p62-Keapl-Nrf2
pathway protects against oxidative stress and excessive autophagy in

ovarian granulosa cells to attenuate DEHP-induced ovarian impair-

[17]

[18]

[19]

[21]

[22]

[23]

ment in mice[ J]. Ecotoxicol Environ Saf, 2023, 265 115534.
doi: 10.1016/j. ecoenv. 2023. 115534.

Wang J] Q, Gao H, Sheng J, et al. Urinary concentrations of
phthalate metabolites during gestation and intrahepatic cholestasis
of pregnancy: a population-based birth cohort study[J]. Environ
Sci Pollut Res Int, 2020, 27(11): 11714 -=23. doi: 10. 1007/
s11356 - 020 - 07675 - x.

Fan Y, Qin Y, Chen M, et al. Prenatal low-dose DEHP exposure
induces metabolic adaptation and obesity: role of hepatic thiamine
metabolism[ J]. J Hazard Mater, 2020, 385 121534. doi: 10.
1016/j. jhazmat. 2019. 121534,

Chen M L, Chen J S, Tang C L, et al. The internal exposure of
Taiwanese to phthalate—an evidence of intensive use of plastic ma-
terials[ J]. Environ Int, 2008, 34(1): 79 —85. doi: 10. 1016/
j. envint. 2007. 07. 004.

Zhao F, Zhang L., Qu M, et al. Obeticholic acid alleviates intrau-
terine growth restriction induced by di-ethyl-hexyl phthalate in
pregnant female mice by improving bile acid disorder[ J]. Environ
Sci Pollut Res Int, 2023, 30(51) : 110956 —69. doi: 10. 1007/
s11356 —023 -30149 -9.

Zhao Y, Ma D X, Wang H G, et al. Lycopene prevents DEHP-in-
duced liver lipid metabolism disorder by inhibiting the HIF-1a-in-
duced PPARa/PPARy/FXR/LXR system [ J]. J Agric Food
Chem, 2020, 68 (41): 11468 —79. doi: 10. 1021/acs. jafc.
0c05077.

Asadi Shahmirzadi A, Edgar D, Liao C Y, et al. Alpha-ketoglut-
arate, an endogenous metabolite, extends lifespan and compresses
morbidity in aging mice[ J]. Cell Metab, 2020, 32(3); 447 -
56.€6. doi: 10.1016/j. cmet. 2020. 08. 004.

Liu Z, Gan L, Zhang T, et al. Melatonin alleviates adipose in-
flammation through elevating a-ketoglutarate and diverting adipose-
derived exosomes to macrophages in mice [ J]. J Pineal Res,
2018, 64 (1). DOI: 10. 1111/jpi. 12455. doi: 10. 1111/jpi.
12455.

Yang X, Zhou Y, Li H, et al. Autophagic flux inhibition, apopto-
sis, and mitochondrial dysfunction in bile acids-induced impair-
ment of human placental trophoblast[ J]. J Cell Physiol, 2022,
237(7): 3080 =94. doi: 10.1002/jcp.30774.

Application of LC-MS/MS in the analysis of six tricarboxylic acid

cycle metabolites in a mouse model of prenatal DEHP exposure

1,2,3
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1,2,3
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Objective To establish a method for measuring major organic acids in the tricarboxylic acid cycle using
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a high-performance liquid chromatography-tandem mass spectrometry ( HPLC-MS/MS) system, and to investigate
the changes in six tricarboxylic acid cycle organic acids (fumaric acid, malic acid, succinic acid, a-ketoglutaric
acid, cis-aconitic acid, and citric acid) in the serum, liver, and placenta of mice exposed to di(2-ethylhexyl)
phthalate (DEHP) during pregnancy. Methods The serum, liver and placental samples from pregnant mice were
processed and eluted through a Waters ACQUITY UPLC BEH Amide Column (130 A, 1.7 wm, 2.1 mm x 150
mm) using a gradient elution program. Mobile phase A comprised an aqueous solution of 10 mmol/L. ammonium
acetate and 5 pmol/L methanephosphonic acid, while mobile phase B consisted of a 90% acetonitrile aqueous solu-
tion containing 10 mmol/L ammonium acetate and 5 pmol/L methanephosphonic acid, with a flow rate maintained
at 0. 35 ml/min. The mass spectrometry detection system utilized an electrospray ionization technique with negative
ion mode for multiple reaction monitoring. Results The correlation coefficients of the standard curves for the six
tricarboxylic acid cycle organic acid metabolites were all above 0. 996 within the quantitative range. The method’ s
accuracy ranged from 97. 14% to 108.26% , with inter-day and intra-day precision relative standard deviation be-
tween 1.35% and 6. 73% . The matrix effect was between 93.29% and 107. 47% , and the extraction recovery rate
ranged from 94. 82% to 112.57% . Analysis of six tricarboxylic acid cycle organic acids in the liver, serum, and
placenta of DEHP-exposed mice during pregnancy showed significant reductions in fumaric acid, malic acid, a-ke-
toglutaric acid, cis-aconitic acid, and citric acid compared to the control group (P <0.05). Conclusion The
HPLC-MS/MS method established in this study for detecting six tricarboxylic acid cycle organic acids in the serum,
liver, and placenta of DEHP-exposed pregnant mice is stable, highly sensitive and selective. Prenatal DEHP expo-
sure induced alterations in the levels of tricarboxylic acid (TCA) cycle organic acid metabolites in the liver, ser-
um, and placenta of mice, suggesting that DEHP exposure during pregnancy may interfere with mitochondrial TCA
cycle processes. These findings indicate potential value in the diagnosis and treatment of diseases associated with
prenatal DEHP exposure.

Key words tricarboxylic acid cycle; tricarboxylic acid cycle metabolites; high performance liquid chromatogra-
phy-mass spectrometry system; pregnant mice; methodology; DEHP
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