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Abstract Bisphenol A (BPA) and its substitutes, as representatives of phenolic compounds (BPs),
have been widely detected in various environmental media, foods, consumer products, and human
and animal bodies, indicating a pervasive global contamination trend. Beyond their inherent toxicity,
BPs’ transformation metabolites within organisms may exhibit more complex endocrine-disrupting
and toxic effects than the parent compounds, with significant implications for human health. This
paper presents a comprehensive review and summary of experimental and theoretical research
methods employed in studying the biotransformation of BPs, along with the corresponding research
findings. Furthermore, by examining the existing limitations and deficiencies in current studies, the
paper provide insight into future research priorities. The elucidation of BPs' biological metabolism
and its implications contributes to a better understanding of their potential risks and aids in the
development of effective strategies for mitigating their adverse effects.
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XL 24k 4 W) (bisphenols, fii #k BPs) & — R 41 f ik ol B J 1 1 AN PSR LR b & 9, 3
ik A 1 TR X b A W) 1z N T SR A IR I RN A R N i AR, AR AR TR L 48
R, G AT ORISR . 40m | s B LS i b ok, B ATE g
TRROCHREE . B LB IR 40 R 25 A 25 45 B Y7 e 45 RN B 7 DR (e iR 45 2L ol £ FH SR I PR g 25 4 ol Uk
A AR S b AR AR 1 B, AT G B 3210 BPs 2288 XK. Hor, XU A(bisphenol A,
fAIF% BPA) J2& fie A8 7= 4 FH A —Ff BPs. 1 M 1938 4F Dodds 45 1 YK R T BPA X K fREA Ml 28 5%
N AR, KRG & B BPA SAEME OB PRG . FUBRE L O A L B R L 12 TR GE e .
Wi BB BT . AT hy B A 0 A B o A 55— AR G et B (] B DG ) BPA X R ARMI R G DI RGE . B
PERGE . WP R Ge VB IE RGBT AN FRZ i), 17 ELRE 28425 IR 35 Bt B BB i L.

1 BPs SEAL 451
(R AR 42 8 1 X 8 Rl b D B G R RE )
Fig.1 Basic chemical structure of BPs

(R represents carbon or sulfur atom and its substituents which connects the two p-phenolic groups)

B E AT BPA BEPEMITRA T i, 20 ERRZ N & 7 R ai2s 1k BPA A7~ Ffli A BOR . i
1M, kR 22 1% 3 Y BPs 9% FHAE BPA B9 A S A ZE = Fifdi . BT, E2 09 BPA B Q0 16 XL
F(bisphenol F, BPF) . X AF(bisphenol AF, BPAF) . X S(bisphenol S, BPS) . X B(bisphenol B,
BPB) . ¥/ Z(bisphenol Z, BPZ) . — H FE XL A(dimethylbisphenol A, DMBPA ) %5, A% SC /R DU YR XLy
A(tetrabromobisphenol A, TBBPA) 5 U, BPA &AL 5 —JFIH A BPs #4711 43 0, AR 2= 4544 I
2. Herfr, BPF, BPS 7l BPAF J& SR R I A1 BRS04 i 5 P fic 2 229 BPA B AR, I TR 2 2,
filan, BPF Al H TG E . #F8 . B G0 SRR DU BHE SR, D8 | A8V FE i
AR JZ WA= BPS 0] H T 3 AU . Sk ok BTG AR, DL R R R ) % S i 5
BPAF # FHYEHAZ I . BT FIGEF b B9 23S B, DA R SR e i SR PR s A HL At e b 3R 5 W 1) e P
PAREED 10 BPs FE PR KA L AR 7K B A R v B A S SR A ROk B B, PR A TG A H
% FH 5 ) BPs 2 5 KU . 75 221 B A2, X 48 BPs L IFAE 2 2% 4. N, BPS HA B 2«04 T4
BN, 1T BPF DUAAAE 4% B 31 v B PR S PR AN 55 MR R T MR- DL (AR DG Y2, BPs F A NK G &4
I3 — 2N A R e A, B 2 R A = 1, 77 A AR BRSO, PRI Xk N 28 A= i i BRE 7 52 Ml A 257 1N
B PR, X 78 BPs A= W A DL BRI R A 5T, i — 20 3P Ak AR % Ak 1) 22 M, A7 B T8/ BPs X
N ARG R 1S B P RS 3, TR R4 BPA B AR . AR SCX BPA SO AR 5 45 BPs 1Y S50 Al i3
I T A ) 5 e T B RO A AL RS A A S5 T B A Y R R R T T TR 2 R e B

F,C CF,

HO Il I| OH HO I l] OH HO II II OH
BPA BPF BPAF
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Fig.2 Chemical structural of common BPs
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1 DB FRACIHBF R o B EE LW ¥ (Main experimental methods in the study of bisphenols
metabolism)

L1 W2 AR R I A ) 2R B¢

X 21y A S BB 5E T 23 AR A Cim vivo) FUARSE Cin vitro) PIFN, SR FIBIE M R GEANSE 1 FT7R.
VRN SEIR AT 50 f SR T S R, LR AR sl sl B AR S A5 B RSP SE s 0 o T 9 A2 1 &
GEALIR ORI | SO ARG AR W20 M AN 20 IR 53, LA K45 Fh A 2 B 4181, ASHR 23K 35118 BPs AN ARSI
SRS foe W AR W R GE LR A

F 1 B AN RS E

Table 1 Categorization of biological systems employed in studying xenobiotic metabolism

AT
in vitro RPN SER:
AR5y 1 ER 73 HA in vivo
Subcellular fractions Cellular fractions Tissues
TR SOR ST IMLIE ALK | BRI, A4 L) Fr, Bk P PR
BRI T DN S T E ZUIAY) . SR EhY)

111 RN i A R 50

155 B0 Wy 2 I 5 SN 0 S5 A A 0 A P AS R 52 i) ) — o B AR AR AR SR TS A w15 3
BEh | RN AR S AR, S8 1k AT 32 IR S IR N BPs KPRl S ] AR A IR I L AR ) M e A
ELERAR S BN AR A DG RO AR DD R AT B SR, X — S0 R AR — W R BR A i 4,
AT NS BEHLRE | QG B R 72 5 Sh B RUAS 58 4 AR [R], XE LUK Sl PR 30 ) i 5 245 1 B 42
SMERL RIS & b eAb, fi 2L 3 SRR A ) 1 S50 25 06 M B4 BRI 7= R R, 53 A6, (R Py 5K
U B9 23 TH AR L K A 4 Jo RN B[] 55 35, Ak T At 1 ) B AR A 5
112 RSN8P R 52

(1) Nk 4

NJFCRAA (human liver microsomes, & FX HLMs) P A HA BEAS A X BAIG . Rl o] aif A v DA K
Gy Tl 45 A BRAE O A, R 5T AN A 5 A A i T LU HLMs 2 %60 A T8 IIE 20 2050 3R F 22
LT R A, Hod s A T A (5 K P450 fifi (cytochrome P450, f&j Fk CYP450) A1 I AR —
Tl iR 7 Wl T T2 % #% Tl (uridine-diphosphate-glucuronosyl transferases, i #% UGTs) . 7& H: Xt #hJ5 4 5 AR it
e 7 o AR b T R A T A O DA, kb 7S R R R W IR 15 (the reduced form of nicotinamide
adenine dinucleotide phosphate, fij 7k NADPH) A] DA# G CYP450. HLMs €15 T Fr A #) CYP450 M7 #Y, 5]
an HLMs HE2 %01 57 Flt CYPAS0 7Y, W4y 05 A J 2 W JFFIE AR 22, JF i€ BPs MR SN 52 30 B9 5
SR FH HLMs & L)L W ELAREIERR CYP450 7 AR5 fe iy i 21 3 S .

(2)}F S9 #4t

fiF SO A G e —Fh W 4n fa Ak 22, B FFIE ) 2K AE 7400 r-min ' 55 3 09 25000 H B0 20 A5 2 i 4 4y
A G B IR % 7 i (sulfotransferases, i #X SULTS ) FlI¥R B2 g i ( carboxylesterases, fij FX CES ) 55 14 21 it
FEELL AL S CYP450 A1 UGT 45 A GOk AR, n] DL AL T 4 a4 05 B, X o8 4N IR 5 1Y) A 0 AR
WEHA B . S ORLRAE L, S9 R GE T  Me i AT Ik R BN A2 2%, W LA Ak S o 45 Al g DS
P TR R I AR A3 D 8, 4 s i PR - 9 R 4 %45 0 12 (uridine diphosphate gluconic acid, fA #%
UDPGA) ] 3# 1% UGT, @8N 3-8 iR B 15 -5 -8 [k 67 2 (3'-phosphoadenosine-5'-phosphosulfate, fiij #%
PAPS) W] ## #§ SULTs, s il £ B % B A( acetyl coenzyme A, faj #% CoA) W 7] 3 1§ £ Wt % #% i
(acetyltransferase, & #% AT). #A1M, 5 HLMs #H [t, S9 R Gi 40 & f CYP450 7 M3 H A%, 24 0 Hrik 45
1) R AR AT, 25 R T AT 7 S AR A b S S A I A 9 v ) 2.

(3) E A il

{5 FH F IO B89 2 5 3 o3 R A T A OB IS 7 S 56, W] LA BSOPEAR AN IR B A R B, 25 5 AR AR P 1T BB
AR =Y. SR, T HLMs, S9 £ 45 sk oAt 41 B o0 25 9 vh Y5 A 2 Fh g, Xk DL 2 EL A R 2L i
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25 TG, CYP450 20 Bt FE D TR AR TREHOR, B A CYP450 WAL cDNA P94 2
SRFB A LI ARIRRIBRGEN, FIHREE 2 RKERE, B2 8 4 hil#m sy . H ik,
it A~ 20 Wl T DA s B S 5 A AR ) 5 A Bl AR, O R 6% SRAE S Ny R BRR 2 B R
AT DIHBR B RN M 24 m g AR RS, SR T ENTRAERE R R HREWN, FE—EBE
B AR S RIS 2 1, 3% AT e S BOHAEAR I 5 o v A2 252 . kA, T 20 BE T AL 9 KA AY B [E) AN
PRIR AT I A NA A, [FREXE LIS F i MR M 5T i) v e A
1.2 WU 2 B A I 5% b R A = s 5 3 A s 12

WL A DA 5 5256 B 52 U TR AL 45 K BPs 5 IR A 9 CYP450( 41 HLMs F1 S9 R 4% ) 545 iE 1Y
CYP450(4n 5 20 it ) L K it Rl ¥ NADPH S[R3 5, 28— ][] J ) s A Qi 7= 0. Ak o9 AR S 3t 90 07
P T EALHE 5 BPs B A ML ), MRSRE — B[R] AR EAE P S I A A . b, VR
4,15 - T i Bk FH B2 R (liquid chromatography-mass spectrometry, & 7% LC-MS) +& H fif e R & F iR M 15
PRI 5 A3 A UL AE LC-MS H, B o B MAR B 5 A DGR o T U, AR LY IE
B AT B M1 IR B R A9 M-1 06 BT R R T ) B s A I 2 B, W] LR AT — R A ST
T B S0k RALACIE =), A05E MS/MS, MSn, MSe., HPE4 2 45 . 38 32 40 B TS A, 38 T LA B R
Wy — SE AR B 2548, 5 A0 D5 A BR IS I 15.99 A i B, R BT B 1 R AR . A, i
ST AR = i RS, AT LR TR LAY R S A A T HE . SR, aok E AR DL
&40 ] fig T BCE EAH T ) R s

IS — S G YR T A AR S AL K T B A R R Ak R IR S AR AR, SR T A0 VR P ) T AR
CYP450 473 NAA AT RE S K AR S 22 B RO, AT 35082 AR 7= 9 0% A= 0. il an, (1) P-4 A0 4R 5
(2) A R FEHE, R B BEIRS T KA Y FHER N 5 (3) WA Ak S g f 5z i MEAR I ) gk — 26
. FEACH P 4 GRS I v, — 5 TR A B = ) B B (R 22 0, AT D ik e B AL it g e 1 Jo 35 14
SRHREE YR Bk ], KA i R, JREE S o v REIE S A P 45 i) >R R AE AU 4, L PT
A A o I v i R R A T R A Dy — T T, T DATE R T 3 T gk A o3 A =2,
TR A B2 Ak 2 R T, TR AT RE A A A AQIS R . 64N, 38 3 MetaSite™ 5 SMARTCypP! 4
AR TUIERAE, ATXTE CYP4A50 A AN B A ™ My kA 7 S0 6 . SR T, 56 T B3 A9 A 3 A B AR AEAE
Toi e AR S B BRI, ZEXFPE LR, BT LR AR 20 B I B S5 A8 S8 e B R — AR,
W% G LR H R (nuclear magnetic resonance, & #8 NMR )22~ %),

2 XUER Y AR LRI B 5 P FE B IR 5 (Main theoretical methods in the study of
bisphenols metabolism)

FETH AL A — Rl T MBS el ) R D7 ¥, 2 BR i E 2R A 20 1 e a1
O HAY v A A AT S A 2 e T VAL R B B S ), BT T S i 1l e AL A
T3 L AEASAUN G () 3h 285 3 A v Py T E AR (A, n] T IS RN R 4G A AR 0L T A T v
DR S 200 5 R A A A A% A1 P30 Y8198 o €60, B2 XS S 7 ()5 ), R Tl S 9 I A 90 A2 S DRI SR R A= ol 55
KEFETC R N B, 45 PR AT PR 4.
21wk

A2 I A R R ORI S A [ Y — 1) 2B, LA F L 45 43 1 19 46
FA P BRI B S W AL AR Ak 2 1 S AR R TAOWURE B 28 9 5 5 4 P IR A U R B A R
M A 15 7 72 (Schrodinger equation) . [R it Ak 1580 52 B sk J& oK i e 2 15 B, LURIS IR F1 4+
MAZAN R T I8 S B0, JF AT 20 1 28 [ 4540 . o er 201, I TR) 25 5 RE AN A5 4 5 PR BT iy G R B &
PR (B Is s L) Y B i T 2l AR R A IS B AT O S A, W B ARy kK i 2
HL IR R BEE 15 )7 FE. HiH, Hartee-Fock (HF ) J5 125 o — i BE T3 pR ARG 1 702 O s, A0 AR
BB 2 L 1A & 15 eRE T LSRR SR 224> B H ik R B0 SR AR U, T LUK ffy Ak 38N o3 (H B A 701
R4, HF THEL R 5 A e SR8 n, X LAAR BROR 737K & 1A, HF J5 3 2006 1 W A 5 SCHR RN, % 43
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PR Y TS A AR RS

FHECZ R, DFT J7 i AN 2 25 T i pRR, 2 56 T F %5 B, 1717 H %88 32 AT L3 ol S 250 0 o 745 38 21,
DFT J5 675 & T AT A1 A HE A R00 1Y 52 M, X F 850 2 A A BEM AL 58 19 2 7 tb HF 7388 3k
JE , TE T 43—V o 0 S 0 B AR T R B T SR R AR L B 2022 4F Science HE 1) 42 BUbE FE R IR TE
W PR AR B A7 75— B AR S B TR R K R AR L 8 = 1 IEAF A 25 T (U5 e 5 A E Ak
BN BT ) B LR 30 ¢ 1), RETE AR AR IR BE T 38 Ak B R AR FH A= B T BB S S T bR il ) 2 A
LA RS T 3K — s B 6 A, DFT J7iE TR a0, THR S B AR X R, %) T CYP450 i k4% 1k
15 P XA AR FR B BRI ACL SR, DFT J5 ik AN [R] (8 %5 B2 72 eROM T AN [ B 4R 22 A A [] ) 3 5
KB, DG 8% 5 35 1932 R XT T DFT J5 36 A3 H 345 5 2 0C s 22 X T A Ak 5 Ak s e i i ook
i, DA TR BFLAR JR3 0 25 8 AT 8L )7 75 (local density approximation, fif /i LDA) 2 SR JEE I J5 % (generalized
gradient approximation, fij PR GGA), LA M meta-GGA 12 PR J7 15 5588 A Fr i F. ABAE SERR P, B 1 2 TR
BIZ R, W B3LYP ¥Z bR, — Bk Uk, B3LYP 7EVF 200k E R IR 47, RIE 5 il 52 0 i v B S 80Pk i
12 PR 0 MO6 R A2 bR LL, 784 T RE I 0 R A T RE 15t 0 Sy 34 22 07 TR 3R I T 6. 55—
1, B3LYP 7] ARG P30 21 R AR RAEA R A S T By RE &L, ML Z1 R B CYPAS0 ZFH EER
MY 1 AR, T DL B3LYP 7E BPs AE WA % AL WL SR 58 gl 3z b . B B3LYP J5ik
L2 P2 AT 30 45, 76 R B FURS A B 7 1A T AS (2, B8R HL TS 7 S S iz, H ] DUA TR AR ok ok i
Z WISk 00 9% B2 V7 pR T VR4S 23 9tis 1T BPs AR AR HILEE 0y LR TH A A o vh PO, kb, KZ %k DFT 5
AL B S C RO B T, DA I 4 R 3 A 28 96 €0 BRI 60 5 B B 193 oRi v (4 B3LYP-D)
HATAMEE, XTI RREECA T HResED
22 HEEHIE

1 P A5 8 (transition state theory, [ FK TST) & —F 32 H T4 S 3l 7 2 3 285 E 58 I 42
TH 75 B B, A% O B R b 2% RN A 3 8l — > 2 AR P . TST Il FH #4468 1 (potential energy
surface, fi] 7K PES) A 48E &, ¥ i 422 V0 A Al /MBI B /D RE 1 B AR 9 e i i 5 JE AR R R R LU
CYP450 Ak S A, 4 4+ 1 S 5 B s i g o k54 1 (compound 1, K Cpd 1) A4
A BAEHIE B N E 5, SR o0 0 — S5 PR s Bl e A S , 2R SR BT R i, DT ¢
A=A SO, A W e Je A CYPASO A i MmO A 25 S oy 1 A6 RE = S 7 ) 52 6 1 A8 A 38 ok 9 25 %)
I YIS E, ' 7E Born—Oppenheimer [ FH (2 T 1Y 8% s A0 11550, PR AE Sy Ak A b & — MO A, BT DA
H— ™ KE A3 R AE. DN PES b AT USRI A [m] 9 A3 S i ML, I A A HIL 3 G 3k S 1 Ak b I . SR T
TST JoikAb PR BE B AR S A F TR RS AL, 33X mT DLl Marcus PRS i e, JEROSHR 1) 1325 7 DL 225 A
%iﬁﬁ[“l*&ﬂ.
23 BT ER

AT A HER PR AN UG TR 07 1, 3 O T B R A A2 A 3EAR A A 2 A 0 1%
TE2%5 TR AR 174 ] Bt 22 25 X g T A7 DG BEA o5, DA BB 6% M ot b ASSH0L 6 199 1 AL MR BB ) iy T og 3k
14 il 2 11 T S A B AT T R, vk B e O s R o Tl DFT &8 f Ak 2E ik
PG, 380 5 75 2 50 L0 il 0 9 M 67 S B A AR Y, DLk 2 1 A B AR v 4 i A D1
JIT SR PR AL S AT AT R B2 5 A Sy ) d5e /N X K

HF BPs 7ELL CYP450 RN T MG AL T, Ss9ko ] AFRIE | FRILE 4R A, BPs
5 VRSO, By AE R e B R 00 b TR AR S ), e L A v Tl R AU B AR AR, T SR LA
CYP450 ], ELARA A B F AL 2R AR . CYP4S0 S — S LUK MM 28 4 oAy Ak 15 v O A i 2T
REABFRGEAR, HAGPEAL A BN IR SN2 0 AN H 3 | PR O 56 PR FE S TN IR 2L, DU Sk H 2
o 2 P % S5 ) T i AR 4 R i 7R 1 il ) FEC AR ZEL B i DFT J5 v L0 CYP450 19 5 B A 2 R H
AR S VE RVARTAL, B Cpd DAY (7 A A0 2 25 R PSR B 22 422 1 R DA, (] Bl Jt ] £7%) 2 56 1R TG 4 FH 2
Fe(—SH), PRI EE (—SCH3) B & 2 Dt &R (—SCys ) B L. X AN A5 R FH A R AR A A
WAk 3% L2541 A5 7 (polarizable continuum model, fij FR PCM ) = 48140 #E.
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3 XUEREY) AR B R SE I AT B AFSE (In vivo/in vitro and in silico studies on the metabolic
reaction of bisphenols)

3.1 WS A Y S ARSMA S S 5 Y

ASCHAT T A B SCHERERIR, B TR B AR L5 XU A R HAE k2= i (&1 2) 7E N 1Y BPs AR
I FR B9 SCHR A AR AL 4G 2023 4F 3 A ZHi AR 1T A SCEE, 7E PubMed B0 B Hh #EATHL T R
FH T U3 4 3 g b X093 26 40y o A I 2 48 R SR DL 3R 2. AR SO e R BT 5 SR, HEBR £k SC
FEFE TR BB, A7 4G A A 70 8 78 O 58 0 SCRRAR, -85 AH G ST i K08l 22 BRAE AR ik v . XU 26
Yy B AR 256 WF 5T 73 R N FA SN W, A=W A2 BRI 43S 1AHAN ILAR S0 PRI 8. Horp, BPs 1
CYP450 S5 AL T &4 T AR N IS, A] BE 23 A8 il — 26 m 2 R 1Y rh BMA B ™ 1), 5 BPs 17 70 £ Bl KU
ARy —> SRR T AR B2 S0 K BPs -5 4 4 WHTEE R 25 N IR BT A9 2854, i UGTs, SULTSs S5 AL 5¢
B, AT ARSI BPs (A= 9y, B BB RE VR, Rtk, BPs 19 T ARARER SO 5 1k 7 AT Al K= 15
NGRS Sl | D A/ e E A

F 2 TR R S LE U 26 A & PACH = W A48 R 2 58 K SCRRE H e it

Table 2 Search logic applied to identify the researches about metabolites of BPs and the number of corresponding researches

X2 5T iR H I SCkECH
BPs The applied search logic Number of researches
(bisphenol A OR 4,4’-(propane-2,2-diyl)diphenol) AND (metabolism OR biotransformation OR
BPA . 5925
metabolites)
(bisphenol AF OR hexafluorobisphenol A OR BPAF) AND (metabolism OR biotransformation
BPAF . 221
OR metabolites)
(bisphenol F OR Bis(4-hydroxyphenyl)methane OR BPF) AND (metabolism OR
BPF 4 ) : 495
biotransformation OR metabolites)
bisphenol S OR Bis(4-hydroxyphenyl)sulfone OR BPS) AND (metabolism OR biotransformation
BPS . 2964
OR metabolites
(bisphenol B OR 2,2-Bis(4-hydroxyphenyl)butane OR BPB) AND (metabolism OR
BPB . . . 711
biotransformation OR metabolites)
TBBPA  (Tetrabromobisphenol A OR TBBPA) AND (metabolism OR biotransformation OR metabolites ) 584

XT3 24 ) B P 4 e Y TR R B R b L B0 A2 S W R A o T ARG A 9 R 2274 L) BPA R i), 7E
NAA T, BPA Bt i ) 2 0 1 R 1 O 38 4o PRIBHE 1 A4 51, i 7 K B BPA WU 8 [ Jig JFEAR R 070, A v
) UGT2B15 1 UGT1A9 S k. BPA 25 WHI R fb 1) Wi Fh 222 UGTs i B, esh, 0PI R 45, fpih
FIFLIR AL B HoAl UGTs X} BPA BRI 52 > BPs BB IR TL 5 A 0 WU 2 i ) o — 4>
FEAR =Y, R AR S BN ELFIC. i, 7 30 44 35 A H R 2 A9 BPA R =4 2
BPA 4 B % FR 1L 7= 9, Hok O BPA SR b= ¥ FHE 45 & & 1) BPA. TR 5% B lilf SULT1A1 J& i 3¢
BPs TR {9 2L SULTs WA, Hyf i &, HoO® SULTIEL Al SULT2A 1520,

A PRI S R0 BB 25 T AH A AR 0 15 AR /b, T ELARS ™= Wt S ik — 28 R AR 45 A RN,
AL R R IR S WS AT B ), BPA R A IR AL AW 2,2-— (4- B HE ) -1-5
B 2-(3,4- ZFR FE AR ) -2-(4-FR FL ORI ) TR ot 114 4] 2680 W T8 R 5 5 D A PR rP gl A T 31 4 %), JR 25 A 28
() BPA &P 57 35 55 7= -t A S A v i A 21, (R X AR v] BB 25 5 7= W0 7E W 1 AN B AR T R4S & 0 =
S50t Ah, BPs fABIER L DNA NG P TE 2CAE CD1 M K BRI 5 b Bl d ) 2107, 3 Ff
BPs SBERIE S5 A AL A R 3l 2 CYP450 A5 28 B0 21 1) Y2 SE AL VR FHIE 1 BPs 4B B2 L1k &9, 4k
TR AL R N ) BPs ST, FFiE— 20 543 b H IR SS & e g,

X A A W B RS T AAR B 9% 32 2200 FH 40 B . I S B itk iR . SO R Gt ok A W i1 7. #%
NADPH Js 2N anfsehifd . S9 R 48 S B, A% 4007 F2 364k BPA J& BPA 9 £ ZARI =9 . &4 i
48 1 CYP450 iy CYP2A1 #l CYP2CY &2 55 BPA My IR AL 11 2 Fh 32 B A1 AR Sl
SIZIG ARSI 21 X6 2K W3 (hydroquinone, fij FR HQ) . X 57 N i 3 4K 1 (4-isopropenylphenol, fj#K IPP) . X
5 TN K 3 (4-hydroxycumyl alcohol, fij #% HCA) Fl 4-F 3 -2, 4- = % 35 5L 2% e -1-180 I (4-methyl-2,4-
bis(p-hydroxyphenyl) pent-1-ene, fii #K MBP) 25 Ho At 4040 A 7 P 10 ik B A%, (B 2 A R 35 R WA 4
HCA 11 fE 3 25 16 1 K 2972 BPA 19 100 %, T 2 & MBP WJ 3¢ 3 57 &5 (9 Ml 32 06 14, 20°0 BPA 1)
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1000 £~ Nakamura %542 1} HQ. IPP 1 HCA J&ili & BPA # 5 A5 (ipso) I - MU s g JE Jlg 1y e, 3
— 25 KB BPA (154 (ipso) IR -G 42 B AR R & CYP450 E B A% 4k =X, (02 HAR I =9
(R PN 43 06 T PS80 $2 7% 1 AR AE BPA 11 2R 45 7 BRAA ML rh 93 25— R ff (0, 4 ) A — S0 24
R i = AL T, X —ARhE R I S 20N FEE AN A Z 0.

AH N H, HoAth BPs (19 {4 PN B A2 SR 35 7= 0 08 A $ 38 . B TR A 0 T R RD A R R 2L B0 2 A W A,
BPB. BPF. BPAF, BPS 4 [ A& 4 S 1k A 15 & & 32 22 7= A= ¥ 5L 4k 7= ¥ . W 7¢ BPF. BPAF, BPZ fll
DMBPA 5 A\ HF ORI AR I 5 156 7, 29460 2] T BPF, BPAF, BPZ 1 DMBPA Xif v/ ft 418 437 2 KAk AT it
FERIO0, L A AR K USRI B S50 b ARSI B T AR R 34k BPF™. ¥E BPS 4 Aok 4
0B PR AN, ARSI ) T AR A FR AR AR 5 = ) ¥ DMBPA 5 S9 414> il NADPH L0 &
RS gs H, R I T DMBPA €807 22 AL A ™ 7). b4k, BPAF 5 AUk {4&7E NADPH f£7E T
e F IR b, K ) o PR 4-(1,1,1,3,3,3-75 JR-2-F2 JE S DA 3K ) R RN 4-52 Y SR iy, R
BPAF 25Ul F BPA 1] & £ ipso B S iz 2. 2k F R BRUIF S9 & 48 X BPB 11 1 A 7% Ak it B I 0 5T,
Yoshihara 45 5% FH R € 3% - B B3 50 R %858 T BPB AU SLAL K 241 72 ), AU 45 BPB Y4B #2384k
PRI AR AR, AL, PRI ) R AL = WA 4G 5-2 86 -3,5- X R S ORI -3-CU R RN 5-2, 3k -
3,5- X R HORBE-2- LR IR R L X R E A A k& BPB e SE IR IR C—C B35 iff—
H BT A b2k T R AT RS,

FAL L, BT BRI 2R Y K R AN, Ashrap SEHGE T — 288 i AEAE T 28 G
W BT =, BB 2 ARG . 38 e 25 Y W) = S A (triclosan, f&j FR TCS) . BPA K G 55 41
S o £ | 55 58 RN T SORE AR 1 AR SRS A R R BRI ARSI 5, T B30 26 193 25 99 I v T B TCS-O-
TCS. BPA-O-BPA % lg 75 M 0 5 O Bk S A= 1. I HL, 13X Bk 20 oy 76 35 8 B 19 PR b i bl iy
ke . TR R BRI R, X SR R ) 5 A R e A2 A (constitutive androstane receptor,
fAI FR CAR) 2552 M H AT T 5 I 25 5 3% P, 40 TCS-O-TCS 5 CAR (945 4 1% 1k & H Rk AL &9 TCS 1Y
7.2 5. MR T AMEYEm 2 5 A B A A B T Ak, Liv SR8 BPA S5 2875 YW £L 2 0] L5 4
fir E SO ZFEAE N AR N UEE ) BAE B2 SO Akl Bk B2 A TR A 0 M S T VR, DA

S N AR I 8 A BRI RS,
3.2 KUY A AR A BEE AT Y

5K BPs 2 ARG A 0 S S0 B SE AH L, AR BT R S A A B, 240 T BPA Rl
FEAL B S FHLERIAI ST . ASTE SOK T WEE T BT 19 £ BE 11HE BPs 28 CYP450 A3 1Y S AL 5% AL S i
Sy FHLH. BPs AT REMY S A0 4% (1) AR WidE MR AL I 5 (2) MR FEAL I 5 (3) B e 3 76 1k B i 2 4
B A PG [ BRI BN . AL DL BPA F2 I R 5], B — R B 3 AR

i I3 R0 5 A TR e Bk S N 3 2 L AE CYP4AS0 AL Z R AR W h Bk iz BT, i SR Ry 4 20
SR BPA g i 4k F EAL LI 46 T Cpd TR EBUR P R Wik 56 1 0 S, 38 2o R0 i iy 3o AR ),
ROFEA A B — AR = A BE DU SIS H BESARE I LabAT. w00 T, AR s 3L A Y H it 5 T8
B H R R, 2 )5 Zead I sl P ST 26 7= 4. Dias % A2 AL &R Y45 A 1ASTR4r 1 222 4>
JE ARG OB, R T BPA R ke FR 3 AL I N FR Y DFT 318, & BE BPA 41 1T LL7E il
A S B A G, SRR 53 T E0ME LUTE 25 4 XIS 70 40 e 2 1 JHL FR R4 1) 1t 21 28, AT #E X6 A8 BUAS i
I 1 0 [76] 58 07 o JA 1 1A 7 R ) FsF - ) 5 508 A6 15 8 75 1) 5 B B A R I, Dias A543 H7 i TR )
O3 F IR BADE AR L K CYP450 IR 457 H 4SRN BRI, TA Sk CYP2C9 41k BPA 43F H H JL 5L (A1
B AR IX — N B AR T DLHERR L SR, R H HTOC T BPA 5 CYP2C9 11 52 50 B 5% oK A A )
BPA MR AL W), X — = WITE Zalko %5 ¢ T4 CD1 /N EUA N BPA ARISFRIFFE H i A il ™), 15
W] CYP450 iy H- B WA A] RES i1k BPA & Ak W R A0 S .

Y5 Cpd T HEALIING Wi4E 2 LA AR, 7855 H 2 ALl B v A7 e SRl A [ 23X 2 Fpag A2 0 M BLAE
H, DABS BRI R iR RIE AL o-2% G YR 6. IR S8 FBk S0 PR B - B Pl 56 48 0 W ki 2B Al
C—O #IFIE A A Hh AR, Cpd T X% 55 30 0 3% #U I AR5 B0 #7163 R 52 & ) (meisenheimer complex)
W K, 22 A YT LU FH B R sk [ i 380 rh (el A S0 9T 3R B, FHES R pl SR8 b ) A 1Y) e 12
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ZEHEACE JLT R L, I B e 00 R0 P HE P AR 6T BE 5 /NS 32 SN 3 1 52 i 2472, e 03 AR 1 2R
BEWIERUG, ipso-C 1 (4 JT 4% 78 5| fi it i kg &R+ b, JE B0 fh g R bk e (B 4. TijiX — N+
flrb B A T L gk H, DT B SR 7 2508 B 1 SR L, TR OSSR R R AL = ). AL, Yaday 5§
KRy Cpd T 35 H N AU A 308 2% 06 3R 52 G 0 vT e & A 72 B I ik iR 1 Ak & A TR IR S B, T A 44k
YR RS I, Dias SEMHFITIA N BPA 3 A b ad f A = e 22 = ARG B2, T i 63T Cpd T AEEAY
TR 0 2R 0 5% v T % AR B0 9 R R i Bk — ol R 0 B I o 1 S 0 B 22 . IR I, T IR Ak P Y
PEAR AT RELHERR . MRS IR A oEh, o MARA Kl 3] BPA B AL =4 0y B 98 4.

KT REMNEMIRE, 1S55I R, Cpd 1 filife BPA By B S5 5, &4 & Fe—OH %
Atk &9 1 (compound 1T, & Fx Cpd 11 ) Fil BPA Fiy 4 H B FEH [H]4K, Fe—OH 3L A1 -OH H Hi 3 2 3
Z BPA By H IR JFEAL (ipso) | B0 Cortho) FNAIN (meta) b, FAE WA B A BR B 18] 7= 4. 32
S B RO FRAEAR A IE AN R TCRR 2T Y, Hoh 5 ipso-C Fl ortho-C 57 551 R 3
SRR, FE ST 2 AT R AT 0SB E] meta-C L5 B BN 2 W 3RS, %0 R AE B Sy 2
ERBEH KT, XS5 R A TR T CYP450 i 4k BPA 1 1k 52 56 v 50 A A6 1 18] 137 F2 34k
AR 7= 1 110 S PRI B0 O, &7 i IR v ] 7= ) S FE FR B K 4 F B EM B T, S UG RS DT A AR A 72
FEAL =Yy 5 JEA SRR I ] PR ) S itk — 4 R C—C BB, 7R K5 T2 A9 U B R B A HCA,
IPP Al HQ. TH5 A5 i AR 35 7™ 4 5 512 56 A6 T 285 SR A — 30,

WNHT TR, Ashrap 259 % P 275 Y4y 26 CYP4S0 45 1] T U1 6 i ik 255 A= 4, R i B RG4S
B2 XX — i R A BRI, Guo 5K A DFT 115, B it #RR W BOW [ i JEAHIE . A H 5 n s A e 7
R R ] BE R IXALE], 878 T TCS 2] TCS-O-TCS AUACIHT iR 42 Fr 4545 5 2 0 18 3¢ oo 72 ] 18 3
CYP450 350> Cpd 1 A1 Cpd 1T 21K fE 22 A9 XL H H ZEHLHI R H i 28 sl il 647, Y e e g
AT RIS 25w, B4 A L RR S HAT 05 K 19 77 A S B0 F R SR IR, 3 — BRI
PR IRAT, PRK X — XU BB BGR AT B0 4G BHPF 7 P4 (19 HAAMIE A 5 28 9 U5 5 2K 9 5 1
RFHEREPEAN .

4 JEH (Perspects)

MR 2L B FEIRR A BT B T 20 2 AR g KA, 3] BPs f77E & 23k M KA
(75 Geka 3, A8 B BACERVERY BPA 84 1R B A% 1k 35 BR ) A= 7 il T, (B Rk B2 1) BPA X
AN A 7= A5 v, T 5% B AR i IR AR 58 42 e 4. eIl BPs ZEAR N % Ak = 4y ml e AT L LA
AT 5 2% B PN 4 0 T DI A8 R B M A8, X T N 2 A i R 114 52 T AR 5 B 0. AR 2538 DA BPs ZEAR Y
RSMIAIE ST 7 i L AL BE TH 9T 5 i, BAE SEIR A8 T 1 0 IS O I 98 BSR4 7 1 [ Jes
g R T LB AF R 5 AR T AR X BPs AR 72 | AR =4 M Hon] e B PR T
J'& T KA AR N ARSI AT T AR, IF 3R il— e L3R, (A — 26 ] sl Jy 325 75 2 iF — 2D g et fb. 5
—, ST R B AL A E BPs ISR AR N MR 2R 58 . AR A RE PR S5 G Y & e, DRI, A7 5 5 K % 23 A A
I T3 1 R 4 7 VR AE (R IR B AN e Ak = . 58—, DAAE AR 52 AR BR T/ B0 22 1) BPs L&, i
X R 22 B AU R ) S 3 4 SR B £ T 1) BPA AR it A AR 3 2 R = AT o 58 4 1 . S B, % T
BPs 15 4= 9 i A 8 AR D i, 78 BR5E 3L B A AR BEA 2 BT BPA 1Y i A A7 A 0 an & AR L
A %5, 5 BPA AL, HAE ARMER R S2 R 0 58 s s v, BRILLASE, BPA 1 = Skt vT LAY
T AR 3 S Ak W) 18 B TS A% 1K (peroxysome proliferator—activated receptors, fij #X PPARs) " it 4h,
BPS 11 = H JEA A7 A= P9l 4 70 £ 2 5200 v o I 25 1 DNA 504070, PRI, iR 7 A ) B B 22 300
KA B IHAG AW R AR | AR DA S AR i X #E PR 2 . 25 =, 5 K& BPs (R AL LY
ST A L, AHOC YR TE RA SE E R A A R, B 2 81 T BPA R AL o F AL B 9T 3558
b, BN THE AL 2R T IR AT A SN 43T ML L R AT AT SO AR R S e AR T B A ER
3. LA CYP450 PACIEIHLE A 71, RO B i PRS0 46 H AR I b B 3 T S s L], & PRA R T 2
S A SEHE S T BPs A A AL A ES TSR A ST RIS 2R BT S ) 2 4
W S ) 3 T L TR R R, T BPs AR HLE A9 B A 5 SE g A SR AR S B 2 B Y, —



3

TR BUEA 55 XU A5 04 A W) AL AT 5 0 719

TS T KA W) R 1, 55— 7 T RE S S IR H AR (Y BRA, S (3E S af UYL £ 15 5, A
H O H G AR — R AR RE R R A AT 5.

(11l

21

L4]
[51]

9]

[10]

[11]
[12]

[13]

[14]

[15]

L16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

S % ik (References)

VANDENBERG L N, HAUSER R, MARCUS M, et al. Human exposure to bisphenol A (BPA) [J]. Reproductive Toxicology, 2007,
24(2):139-177.

CHEN D, KANNAN K, TAN H L, et al. Bisphenol analogues other than BPA: Environmental occurrence, human
exposure, and toxicity—a review [J]. Environmental Science & Technology, 2016, 50( 11): 5438-5453.

DODDS E C, LAWSON W. Molecular structure in relation to oestrogenic activity. Compounds without a phenanthrene nucleus [J].
Proceedings of the Royal Society of London Series B - Biological Sciences, 1938, 125(839): 222-232.

ROCHESTER J R. Bisphenol A and human health: A review of the literature [J]. Reproductive Toxicology, 2013, 42: 132-155.
BEN-JONATHAN N. Endocrine disrupting chemicals and breast cancer: The saga of bisphenol A[M]. Estrogen Receptor and Breast
Cancer. Cham: Humana Press, 2019: 343-377.

CORBEL T, GAYRARD V, PUEL S, et al. Bidirectional placental transfer of Bisphenol A and its main metabolite, Bisphenol A-
Glucuronide, in the isolated perfused human placenta [J]. Reproductive Toxicology, 2014, 47: 51-58.

CABATON N, DUMONT C, SEVERIN ], et al. Genotoxic and endocrine activities of bis(hydroxyphenyl)methane (bisphenol F) and its
derivatives in the HepG2 cell line [J]. Toxicology, 2009, 255(1-2): 15-24.

NADERI M, WONG M Y L, GHOLAMI F. Developmental exposure of zebrafish (Danio rerio) to bisphenol-S impairs subsequent
reproduction potential and hormonal balance in adults [J]. Aquatic Toxicology, 2014, 148: 195-203.

KONNO Y, SUZUKI H, KUDO H, et al. Synthesis and properties of fluorine-containing poly(ether)s with pendant hydroxyl groups by
the polyaddition of bis(oxetane)s and bisphenol AF [J]. Polymer Journal, 2004, 36(2): 114-122.

MATSUSHIMA A, LIU X H, OKADA H, et al. Bisphenol AF is a full agonist for the estrogen receptor ERa but a highly specific
antagonist for ERB [J]. Environmental Health Perspectives, 2010, 118(9): 1267-1272.

LIUK, LIJ, YAN S J, et al. A review of status of tetrabromobisphenol A (TBBPA) in China [J]. Chemosphere, 2016, 148: 8-20.
ELADAK S, GRISIN T, MOISON D, et al. A new chapter in the bisphenol A story: Bisphenol S and bisphenol F are not safe
alternatives to this compound [J]. Fertility and Sterility, 2015, 103(1): 11-21.

ZHANG Y F, REN X M, LI Y Y, et al. Bisphenol A alternatives bisphenol S and bisphenol F interfere with thyroid hormone signaling
pathway in vitro and in vivo [J]. Environmental Pollution, 2018, 237: 1072-1079.

GRAMEC SKLEDAR D, PETERLIN MASIC L. Bisphenol A and its analogs: Do their metabolites have endocrine activity? [J].
Environmental Toxicology and Pharmacology, 2016, 47: 182-199.

GHOSH P, ROY S S, BEGUM M, et al. Bisphenol A: Understanding its health effects from the studies performed on model
organisms[M]// Bisphenol A Exposure and Health Risks. London: InTech, 2017: 2-26.

ASHA S, VIDYAVATHI M. Role of human liver microsomes in in vitro metabolism of drugs —a review [J]. Applied
Biochemistry and Biotechnology, 2010, 160(6): 1699-1722.

TANG W, WANG R, LU A. Utility of recombinant cytochrome P450 enzymes: A drug metabolism perspective [J]. Current Drug
Metabolism, 2005, 6(5): 503-517.

YOUDIM K A, SAUNDERS K C. A review of LC-MS techniques and high-throughput approaches used to investigate drug metabolism
by cytochrome P450s [J]. Journal of Chromatography B, 2010, 878(17-18): 1326-1336.

GUENGERICH F P. Common and uncommon cytochrome P450 reactions related to metabolism and chemical toxicity [J]. Chemical
Research in Toxicology, 2001, 14(6): 611-650.

CRUCIANI G, CAROSATI E, DE BOECK B, et al. MetaSite: Understanding metabolism in human cytochromes from the perspective
of the chemist [J]. Journal of Medicinal Chemistry, 2005, 48(22): 6970-6979.

RYDBERG P, GLORIAM D E, ZARETZKI J, et al. SMARTCyp: A 2D method for prediction of cytochrome P450-mediated drug
metabolism [J]. ACS Medicinal Chemistry Letters, 2010, 1(3): 96-100.

ZUHLKE M K, SCHLUTER R, HENNING A K, et al. A novel mechanism of conjugate formation of bisphenol A and its analogues by
Bacillus amyloliquefaciens: Detoxification and reduction of estrogenicity of bisphenols [J]. International Biodeterioration &
Biodegradation, 2016, 109: 165-173.

CABATON N, ZALKO D, RATHAHAO E, et al. Biotransformation of bisphenol F by human and rat liver subcellular fractions [J].
Toxicology in Vitro, 2008, 22(7): 1697-1704.

SHAIK S, DE VISSER S P, KUMAR D. External electric field will control the selectivity of enzymatic-like bond activations [J].
Journal of the American Chemical Society, 2004, 126(37): 11746-11749.

JACOBSON M P, KALYANARAMAN C, ZHAO S W, et al. Leveraging structure for enzyme function prediction: Methods,


https://doi.org/10.1016/j.reprotox.2007.07.010
https://doi.org/10.1016/j.reprotox.2013.08.008
https://doi.org/10.1016/j.reprotox.2014.06.001
https://doi.org/10.1016/j.tox.2008.09.024
https://doi.org/10.1016/j.aquatox.2014.01.009
https://doi.org/10.1295/polymj.36.114
https://doi.org/10.1289/ehp.0901819
https://doi.org/10.1016/j.chemosphere.2016.01.023
https://doi.org/10.1016/j.fertnstert.2014.11.005
https://doi.org/10.1016/j.envpol.2017.11.027
https://doi.org/10.1016/j.etap.2016.09.014
https://doi.org/10.1007/s12010-009-8689-6
https://doi.org/10.1007/s12010-009-8689-6
https://doi.org/10.2174/138920005774330602
https://doi.org/10.2174/138920005774330602
https://doi.org/10.1016/j.jchromb.2010.02.013
https://doi.org/10.1021/tx0002583
https://doi.org/10.1021/tx0002583
https://doi.org/10.1021/jm050529c
https://doi.org/10.1021/ml100016x
https://doi.org/10.1016/j.tiv.2008.07.004
https://doi.org/10.1021/ja047432k

720

7 A 4

3

43 %

[26]

[27]

[28]

[29]

[30]

[31]
[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

opportunities, and challenges [J]. Trends in Biochemical Sciences, 2014, 39(8): 363-371.

FU T T, ZHENG Q C, ZHANG H X. Investigation of the molecular and mechanistic basis for the regioselective metabolism of
midazolam by cytochrome P450 3A4 [J]. Physical Chemistry Chemical Physics, 2022, 24(14) : 8104-8112.

HUI C G, SINGH W, QUINN D, et al. Regio- and stereoselectivity in the CYP450g);3-catalyzed hydroxylation of complex terpenoids:
A QM/MM study [J]. Physical Chemistry Chemical Physics, 2020, 22(38): 21696-21706.

CHAI L H, ZHANG H N, GUO F J, et al. Computational investigation of the bisphenolic drug metabolism by cytochrome P450: What
factors favor intramolecular phenol coupling [J]. Chemical Research in Toxicology, 2022, 35(3) : 440-449.

ZHU L D, ZHOU J, ZHANG Q Z, et al. Computational study on the metabolic activation mechanism of PeCDD by Cytochrome P450
1A1 [J]. Journal of Hazardous Materials, 2021, 405: 124276.

HE L, HE F, BI H C, et al. Isoform-selective inhibition of chrysin towards human cytochrome P450 1A2. Kinetics analysis, molecular
docking, and molecular dynamics simulations [J]. Bioorganic & Medicinal Chemistry Letters, 2010, 20(20) : 6008-6012.
SCHRODINGER E. An undulatory theory of the mechanics of atoms and molecules [J]. Physical Review, 1926, 28(6): 1049-1070.
HARTREE D R. The wave mechanics of an atom with a non-coulomb central field. part I . theory and methods [J]. Mathematical
Proceedings of the Cambridge Philosophical Society, 1928, 24(1): 89-110.

KOHN W, SHAM L J. Self-consistent equations including exchange and correlation effects [J]. Physical Review, 1965, 140( 4A) :
A1133-A1138.

TRANG B, L1 Y L, XUE X S, et al. Low-temperature mineralization of perfluorocarboxylic acids [J]. Science, 2022, 377(6608) : 839-
845.

JIL,JISJ, WANG C C, et al. Molecular mechanism of alternative P450-catalyzed metabolism of environmental phenolic endocrine-
disrupting chemicals [J]. Environmental Science & Technology, 2018, 52(7): 4422-4431.

SHAIK S, COHEN S, WANG Y, et al. P450 enzymes: Their structure, reactivity, and selectivity-Modeled by QM/MM calculations [J].
Chemical Reviews, 2010, 110(2): 949-1017.

GUIDEZ E B, GORDON M 8. Dispersion correction derived from first principles for density functional theory and Hartree-Fock
theory [J]. The Journal of Physical Chemistry A, 2015, 119(10): 2161-2168.

GRIMME 8. Semiempirical GGA-type density functional constructed with a long-range dispersion correction [J]. Journal of
Computational Chemistry, 2006, 27(15): 1787-1799.

RILEY K E, VONDRASEK J, HOBZA P. Performance of the DFT-D method, paired with the PCM implicit solvation model, for the
computation of interaction energies of solvated complexes of biological interest [J]. Physical Chemistry Chemical Physics, 2007,
9(41): 5555-5560.

WANG M S, MO F, LI H B, et al. Adsorption based on weak interaction between phenolic hydroxyl, carboxyl groups and silver
nanoparticles in aqueous environment: Experimental and DFT-D3 exploration [J]. Journal of Environmental Chemical Engineering,
2021,9(6): 106816.

LAIDLER K J, KING M C. Development of transition-state theory [J]. The Journal of Physical Chemistry, 1983, 87(15): 2657-2664.
MARCUS R A. Electron transfer reactions in chemistry: Theory and experiment (Nobel lecture) [J]. Angewandte Chemie International
Edition in English, 1993, 32(8): 1111-1121.

JIL, ZHANG J, LIU W P, et al. Metabolism of halogenated alkanes by cytochrome P450 enzymes. Aerobic oxidation versus anaerobic
reduction [J]. Chemistry - An Asian Journal, 2014, 9(4): 1175-1182.

JI L, WANG C C, JI S J, et al. Mechanism of cobalamin-mediated reductive dehalogenation of chloroethylenes [J]. ACS Catalysis,
2017, 7(8): 5294-5307

HIMO F. Recent trends in quantum chemical modeling of enzymatic reactions [J]. Journal of the American Chemical Society, 2017,
139(20) : 6780-6786.

DENISOV I G, MAKRIS T M, SLIGAR S G, et al. Structure and chemistry of cytochrome P450 [J]. Chemical Reviews, 2005,
105(6): 2253-2278.

VOLKEL W, COLNOT T, CSANADY G A, et al. Metabolism and kinetics of bisphenol A in humans at low doses following oral
administration [J]. Chemical Research in Toxicology, 2002, 15(10): 1281-1287.

HANIOKA N, NAITO T, NARIMATSU S. Human UDP-glucuronosyltransferase isoforms involved in bisphenol A
glucuronidation [J]. Chemosphere, 2008, 74(1): 33-36.

GRAMEC SKLEDAR D, TROBERG J, LAVDAS J, et al. Differences in the glucuronidation of bisphenols F and S between two
homologous human UGT enzymes, 1A9 and 1A10 [J]. Xenobiotica, 2015, 45(6): 511-519.

STREET C M, ZHU Z H, FINEL M, et al. Bisphenol-A glucuronidation in human liver and breast: Identification of UDP-
glucuronosyltransferases (UGTs) and influence of genetic polymorphisms [J]. Xenobiotica, 2017, 47(1): 1-10.

YE X Y, KUKLENYIK Z, NEEDHAM L L, et al. Quantification of urinary conjugates of bisphenol A, 2,5-dichlorophenol, and 2-

hydroxy-4-methoxybenzophenone in humans by online solid phase extraction-high performance liquid chromatography-tandem mass


https://doi.org/10.1039/D2CP00232A
https://doi.org/10.1039/D0CP03083J
https://doi.org/10.1021/acs.chemrestox.1c00350
https://doi.org/10.1016/j.jhazmat.2020.124276
https://doi.org/10.1103/PhysRev.28.1049
https://doi.org/10.1017/S0305004100011919
https://doi.org/10.1017/S0305004100011919
https://doi.org/10.1103/PhysRev.140.A1133
https://doi.org/10.1126/science.abm8868
https://doi.org/10.1021/cr900121s
https://doi.org/10.1021/acs.jpca.5b00379
https://doi.org/10.1002/jcc.20495
https://doi.org/10.1002/jcc.20495
https://doi.org/10.1039/b708089a
https://doi.org/10.1016/j.jece.2021.106816
https://doi.org/10.1021/j100238a002
https://doi.org/10.1002/anie.199311113
https://doi.org/10.1002/anie.199311113
https://doi.org/10.1002/asia.201301608
https://doi.org/10.1021/acscatal.7b00540
https://doi.org/10.1021/jacs.7b02671
https://doi.org/10.1021/cr0307143
https://doi.org/10.1021/tx025548t
https://doi.org/10.1016/j.chemosphere.2008.09.053
https://doi.org/10.3109/00498254.2014.999140
https://doi.org/10.3109/00498254.2016.1156784

3

TR BUEA 55 XU A5 04 A W) AL AT 5 0 721

[52]

[53]

[54]

[55]

[56]
[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

spectrometry [J]. Analytical and Bioanalytical Chemistry, 2005, 383(4): 638-644.

SUIKO M, SAKAKIBARA Y, LIU M C. Sulfation of environmental estrogen-like chemicals by human cytosolic sulfotransferases [J].
Biochemical and Biophysical Research Communications, 2000, 267( 1) : 80-84.

NISHIYAMA T, OGURA K, NAKANO H, et al. Sulfation of environmental estrogens by cytosolic human sulfotransferases [J]. Drug
Metabolism and Pharmacokinetics, 2002, 17(3): 221-228.

YE XY, ZHOU X L, NEEDHAM L L, et al. In-vitro oxidation of bisphenol A: Is bisphenol A catechol a suitable biomarker for human
exposure to bisphenol A? [J]. Analytical and Bioanalytical Chemistry, 2011, 399(3): 1071-1079.

ZALKO D, SOTO A M, DOLO L, et al. Biotransformations of bisphenol A in a mammalian model: Answers and new questions raised
by low-dose metabolic fate studies in pregnant CD1 mice [J]. Environmental Health Perspectives, 2003, 111(3): 309-319.

KNAAK J B, SULLIVAN L J. Metabolism of bisphenol A in the rat [J]. Toxicology and Applied Pharmacology, 1966, 8(2): 175-184.

ATKINSON A, ROY D. In vivo DNA adduct formation by bisphenol A [J]. Environmental and Molecular Mutagenesis, 1995, 26( 1) :
60-66.

JAEG J P, PERDU E, DOLO L, et al. Characterization of new bisphenol A metabolites produced by CD1 mice liver microsomes and S9
fractions [J]. Journal of Agricultural and Food Chemistry, 2004, 52( 15) : 4935-4942.

OKUDA K, FUKUUCHI T, TAKIGUCHI M, et al. Novel pathway of metabolic activation of bisphenol A-related compounds for
estrogenic activity [J]. Drug Metabolism and Disposition, 2011, 39(9): 1696-1703.

SCHMIDT J, KOTNIK P, TRONTELJ J, et al. Bioactivation of bisphenol A and its analogs (BPF, BPAF, BPZ and DMBPA) in human
liver microsomes [J]. Toxicology in Vitro, 2013, 27(4): 1267-1276.

NAKAMURA S, TEZUKA Y, USHIYAMA A, et al. Ipso substitution of bisphenol A catalyzed by microsomal cytochrome P450 and
enhancement of estrogenic activity [J]. Toxicology Letters, 2011, 203(1): 92-95.

YOSHIHARA S, MIZUTARE T, MAKISHIMA M, et al. Potent estrogenic metabolites of bisphenol A and bisphenol B formed by rat
liver S9 fraction: Their structures and estrogenic potency [J]. Toxicological Sciences, 2004, 78(1): 50-59.

SKLEDAR D G, SCHMIDT J, FIC A, et al. Influence of metabolism on endocrine activities of bisphenol S [J]. Chemosphere, 2016,
157: 152-159.

ASHRAP P, ZHENG G M, WAN Y, et al. Discovery of a widespread metabolic pathway within and among phenolic xenobiotics [J].
Proceedings of the National Academy of Sciences of the United States of America, 2017, 114(23): 6062-6067.

LIUL, CUTH Y, HUANG Y X, et al. Enzyme-mediated reactions of phenolic pollutants and endogenous metabolites as an overlooked
metabolic disruption pathway [J]. Environmental Science & Technology, 2022, 56(6): 3634-3644.

SHAIK S, KUMAR D, DE VISSER S P, et al. Theoretical perspective on the structure and mechanism of cytochrome P450
enzymes [J]. Chemical Reviews, 2005, 105(6): 2279-2328.

ASAKA M, FUIII H. Participation of electron transfer process in rate-limiting step of aromatic hydroxylation reactions by compound I
models of heme enzymes [J]. Journal of the American Chemical Society, 2016, 138(26) : 8048-8051.

CANTU REINHARD F G, SAINNA M A, UPADHYAY P, et al. A systematic account on aromatic hydroxylation by a cytochrome
P450 model Compound [ : A low-pressure mass spectrometry and computational study [J]. Chemistry - A European Journal, 2016,
22(51): 18608-18619.

SHAIK S, FILATOV M, SCHRODER D, et al. Electronic structure makes a difference: Cytochrome P-450 mediated hydroxylations of
hydrocarbons as a two-state reactivity paradigm [J]. Chemistry - A European Journal, 1998, 4(2): 193-199.

DIAS A H S, YADAV R, MOKKAWES T, et al. Biotransformation of bisphenol by human cytochrome P450 2C9 enzymes: A density
functional theory study [J]. Inorganic Chemistry, 2023, 62(5): 2244-2256.

DE VISSER S P, SHAIK S. A proton-shuttle mechanism mediated by the porphyrin in benzene hydroxylation by cytochrome P450
enzymes [J]. Journal of the American Chemical Society, 2003, 125(24): 7413-7424.

DE VISSER S P, OGLIARO F, SHARMA P K, et al. What factors affect the regioselectivity of oxidation by cytochrome P450? A DFT
study of allylic hydroxylation and double bond epoxidation in a model reaction [J]. Journal of the American Chemical Society, 2002,
124(39): 11809-11826.

YADAV R, AWASTHI N, KUMAR D. Biotransformation of BPA via epoxidation catalyzed by Cytochrome P450 [J]. Inorganic
Chemistry Communications, 2022, 139: 109321.

GUO F J, CHAI L H, ZHANG S B, et al. Computational biotransformation profile of emerging phenolic pollutants by cytochromes
P450: Phenol-coupling mechanism [J]. Environmental Science & Technology, 2020, 54(5): 2902-2912.

RIU A, LE MAIRE A, GRIMALDI M, et al. Characterization of novel ligands of ERo, Erf, and PPARy: The case of halogenated
bisphenol A and their conjugated metabolites [J]. Toxicological Sciences, 2011, 122(2): 372-382.

FIC A, ZEGURA B, SOLLNER DOLENC M, et al. Mutagenicity and DNA damage of bisphenol A and its structural analogues in
HepG2 cells [J]. Archives of Industrial Hygiene and Toxicology, 2013, 64(2): 189-200.


https://doi.org/10.1007/s00216-005-0019-4
https://doi.org/10.1006/bbrc.1999.1935
https://doi.org/10.2133/dmpk.17.221
https://doi.org/10.2133/dmpk.17.221
https://doi.org/10.1007/s00216-010-4344-x
https://doi.org/10.1289/ehp.5603
https://doi.org/10.1016/S0041-008X(66)80001-7
https://doi.org/10.1002/em.2850260109
https://doi.org/10.1021/jf049762u
https://doi.org/10.1124/dmd.111.040121
https://doi.org/10.1016/j.tiv.2013.02.016
https://doi.org/10.1016/j.toxlet.2011.03.010
https://doi.org/10.1093/toxsci/kfh047
https://doi.org/10.1016/j.chemosphere.2016.05.027
https://doi.org/10.1073/pnas.1700558114
https://doi.org/10.1021/cr030722j
https://doi.org/10.1021/jacs.6b03223
https://doi.org/10.1002/chem.201604361
https://doi.org/10.1002/(SICI)1521-3765(19980210)4:2&lt;193::AID-CHEM193&gt;3.0.CO;2-Q
https://doi.org/10.1021/acs.inorgchem.2c03984
https://doi.org/10.1021/ja034142f
https://doi.org/10.1021/ja026872d
https://doi.org/10.1016/j.inoche.2022.109321
https://doi.org/10.1016/j.inoche.2022.109321
https://doi.org/10.1093/toxsci/kfr132
https://doi.org/10.2478/10004-1254-64-2013-2319

	1 双酚类物质代谢研究中的主要实验方法 （Main experimental methods in the study of bisphenols metabolism）
	1.1 双酚类物质代谢研究中采用的生物系统
	1.1.1 体内实验所用生物系统
	1.1.2 体外实验所用生物系统

	1.2 双酚类物质代谢研究中采用的产物检测与分析方法

	2 双酚类物质代谢机制研究中的主要理论计算方法 （Main theoretical methods in the study of bisphenols metabolism）
	2.1 量子化学计算方法
	2.2 过渡态理论
	2.3 量子化学计算模型

	3 双酚类物质代谢反应的实验和计算研究 （In vivo/in vitro and in silico studies on the metabolic reaction of bisphenols）
	3.1 双酚类物质体内及体外代谢实验研究
	3.2 双酚类物质代谢过程的理论研究

	4 展望 （Perspects）
	参考文献

