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3D-QSAR predicts the endocrine disrupting effect of estrogen and
measures and evaluates the effect of estrogen in chicken feed and
chicken on the human body

FANG Jing' ™ SHEN Zhemin' YUAN Tao' ZHANG Xuxiang®
(1. Shanghai Jiaotong University, School of Environmental Science and Technology, State Environmental Protection Key
Laboratory of Environmental Health Impact Assessment of Emerging Contaminants, Shanghai, 200240, China; 2. Nanjing
University, School of the Environment, State Key Laboratory of Pollution Control and Resource Reuse, Environmental Health
Research Center, Nanjing, 210023, China)

Abstract Estrogen has a significant endocrine disrupting effect on the human body. In this paper,
the relative binding affinity (RBA) was used as the biological activity, and the three-dimensional
quantitative structure-activity relationship (3D-QSAR) calculation of estrogen was carried out.
CoMFA (¢*=0.721, *=0.925) and CoMSIA (g>=0.824, *=0.961) models with good predictive ability
are obtained. The detection rates of phytoestrogens in chicken feed and chicken were 69% and 84%;
the detection rates of natural estrogens in chicken feed and chicken were 53% and 50%. The results
show that most chickens are safe to eat, but the estrogenic effects of diethylstilbestrol, 17a-ethinyl
estradiol and carvacrol in chicken are worthy of attention.

Keywords Estrogen, phytoestrogens, 3D-QSAR, hormonal effects, evaluation.

2021 4F 11 A 7 H Ytk (Received: November 7, 2021).
* IBRSIE RS “BE TR XM HEE4"(YG2017ZD15 ) %EH).

Supported by the Medicine & Engineering Collaborative Research Fund of Shanghai Jiao Tong University (YG2017ZD15 ) .
* * J@ISEAZR A Corresponding author, Tel: 13551822376, E-mail: 443936694@qq.com


https://doi.org/10.7524/j.issn.0254-6108.2021110701
https://doi.org/10.7524/j.issn.0254-6108.2021110701

1078 7N 54 1t 2 2 %

PTAE R, NS N 3 A AH DG 3995 9 &9 RN W3S 5 | & 17 A6 558 N 43 b 42 (environmental
endocrine disruptors, EDCs) i) 5¢ 14, 41 AR PN 730 25 6L, JLEEALEP 4. EDCs 1152 M o] DL 1% 4 it
Xt e 2 32 AR (estrogen receptor, ER) YT s/ FH R P44

XF NS 2R A2 AR A VR FH B MESEE P LA Ry =288 AR 2R CMETR L o — s, fE — 855 ); &
B E R 2 (AU A) 5 LA KA MEPE 2R (448 S 9 L p-4r (89 . BB B8 ) 1. H T R i o 2 A AR 1L
T PRI T R AR MERER S 7 A BUHE SR A SR A M R O A S A T KR
IS fi M DR 2R T DRSS 1T DA B DA HP R AT SR 000 285 o PR A IR 2 g XU

IHE 98 25 6 BR A8 3 s A FH AT LAGE 3 AH X 25 5 25 A1 T (relative binding affinity, RBA ) (4 504 #5471
fili, W50 L SE I TS VR B ER S AR AR R4S G 2 R0 T UL R R A A S SR A 1 )
[T, —SETIF 5 38 o A X BT a3 P QSAR HEREUS T T 2 A7 IR AR X 45 A SR RN T

AKX M K 64T T 3D-QSAR T, 15 2 B AT B4 I AE J7 1) CoMFA(¢*=0.721, =0.925) I
CoMSIA(¢g’=0.824, »=0.961) % . I:38 3:F {ii ] CoMFA F1 CoMSIA H5 BI T503 7 3% 43 Wi 384 % 9 RBA. Xof
TR ] 45 b DX X0 G A RS PRRE it o ) R SR MU 3 OMER . ME B . ME B 5D L S UM R OO A) |
FE ) ML R (26 S | -3 (S I . WSS S ) B /KB AT T RGN, e DRl LA B TR AR i HP 48 AN TR
JE G 2SS R QSAR AN TN (1 RBA X4 [ 3 Bl (0 AR 6 AT T 0 22 XU T A

1 #M¥5 )7 (Materials and methods)

1.1 SR p A

B4 S AR U AR R AR L O S EEAR R S L KT ARUE S, I F ANPEL A R R AR
i, W Dr 2N ) B (295%) . B A R (299%) , Il CNW A 5 448 S 5 il (96.0%) , 1 A
TCI A w5 8 A & 22 IR b5 (GB31660.2-2019) , I 1 ANPEL /2 75 ke AL iX 7] BSTFA:TMCS=99:1, It
H REGIS /A 7l; SPE o} LC-C18(40—63 um) , PSA(40—63 um), I F{ CNW 2\ .

XS ERDRHRE T4 MW SE 5 2538 BEE %, I TR IR T % B WY PIRE & T 25 HU I SE 5 18 R s ia
FEHGE, FET 40 C UKFRAE. RGBS AR i (0 SRR a5 i B e TR AR L X, AR b X, AE b
X, AEARHLIX R R HIIX | DY g b DX AT SR MR AT, 3 R A RS L b, PEEE . U )TN R AT,
1.2 Rk
12,1 FEA AT AL

K H QUEChERS ¥ #E 47 R fi b B, ZE 7705 A4 Ak J5 HERE . 1R0REOUS P TR R DL 16 5, VR MR
R, 76 =T 2 B R AE. A PR R 2.0 g ZEATRE S, T 50 mL 3 20 B0 8, 1) B0 i A
10 mL @47k, THieiR G4 IR G 1 min. [0 B.08 I 10mL 1% SR+ R LR, #E T iRigIR &
#r LIRA 1 min, ZE3RIRIR IR A 90 min. [ 4R 5 BIFE & IMA 4.0 g TOKERRREAFN 1.0 g SAALEAZEHL
i, TR A2 FIRA 1 min #2088 T &0, LL 4000 rmin™ (%5553 .0 10 min f5, B2
8mL W T 15 mL B.OA . mEOE A 100 mg Cg. 50 mg PSA F1 200 mg Jo/KHRER AN, TR
JERA 7 LIRA 1 min, 78 4 C KA FFEE RS, LS mL L3R E 10 mL £E 8, 40 C AR E T,
FH1 100 uL BSTFA-TMCS fii A AL AR A B, #4585 2 2 mL AF SR H B AL e 0oL,

122 s

fiiFH H A 55 HE GCMS-QP2010 AR (033 5t 33 156 FH AL EA T 43 8, EFE SR 4 B 3 AOC-6000 £ JifiE A
SFERE RS, 0 09 3% A & Rix-5ms U €354 (30 mx0.25 mm, 0.25 pm). FERER R 1 L, B T-RER
70 eV, B FIRIREE 230 °C, FEHEARRE R T AT : WG 50 °C, LL 8 C-s™' MR FHE & 220 °C, fr4¢
2 min; ZJ5 LA 10 C-s™ (YR TR 2 280 °C, Pi4F 16 min. M | mL-min!, A 52 1
(SIM) .

13 QSAR &

FH X} 4545 3 F1 J1 (relative binding affinity, RBA) & 43 b A It Ak 25 55 E — T ) 1C5o (I 1 o J35

() —2F ) ST
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E2

ICs;
RBA = C x 100

IS()

Horb, ICEHE (12 ME AR A= Wy 22 Hh X ER 4545 774 50% 0 /E T 0¥ B2, 1CsoF A2 a1k 27 it 7
AW E HRsE ER 255 77 A2 50% SR A Ak

TEAFZE o, (AR X 45 45 26 0 7 B9 %50 (log RBA) S £ 1 45 4 26 F0 7, 6 P83 ok 1 26 1
EPARY. ¥ [ 45 ¥ APk 11 PubChem™", 25 MarvinSketch #F4b HiLS 5 A Sybyl-X 2.1.1 ##47 QSAR 14.

2 25 5418 (Results and discussion)

2.1 MEHER HIE I QSAR 1A

A WF5E 1 S 1E PubChem {8 R T 1000 2 F M W R 25 M AHRIAL & 9, Hoh 65 FliL G B A
RBA SE 5. N iX 65 Fifb & 1 i B 29 A~ RE W B 47 4y T & & 14L& W 617 3D-QSAR WF 5%, LU
RBA [ %F B AE 4= W36 P, 857 T CoMFA 5 CoMSIA #50 #y 4 = 4 5 5 A A% 06 AL, ¥ 1 p-
Cresol fE MR 3 F, $4 B A3 43 F IR IAE R A 3L 854, #4770 F RIS 6. ZE T E Y SER ST
EREIHEZITE 1R,

1 NGER SN TES
Fig.1 Molecular superposition of compounds in the training set
X1 BB IR 44T CoMFA Hil CoMSIA A7 745 H A9 4 TR 4 1 fr 7 . CoMFA #8
Y 52 S UE AR % R B (g7) 2 0721, AR LS IEAR 5C R 8 (2) 9 0.925, F A B {8 64.977, BiW
CoMFA LRI N AT 5E . CoMFA 52437 (S) STk AR 56.6%, i HL 7 (E)  43.4%, PIHSZ R Fk i 3
X RBA T P #8452 T (4 5% 1 . CoMSIA K1 1) o7 F1 72 43 511 & 0.824 F1 0.961, F A& E N 113.157,
UL CoMSIA HERI Ay il 5. CoMSIA 5 R Fp 5 ik 5 5 55 14 2 SV (I ), O 29.4%, ZS 137, w7
Bk Q2 AR TTBRE R, BIHE 16%—20% Z[8], ILRZ L5 G % B4 T 10 52 .
%1 CoMFA #l CoMSIA MY 4TS5
Table 1 Statistical parameters of CoOMFA and CoMSIA models

e PLS statictics
Models ONC® ¢ E,° 2 Fe pt e
CoMFA 6 0.721 0.450 0.925 64.977 0.000 0.991
CoMSIA 6 0.824 0.323 0.961 113.157 0.000 0.989
Contributions

St Ef H' D* A'
CoMFA 0.566 0.434 — - —
CoMSIA 0.180 0.191 0.164 0.294 0.171

AR b 3k (LOO) A8 SUHRTIEAH & R 5. © Mt hrvfEiR 2z, ¢ JEa8 AR X REL. © FIER(E. T AR, & PR AR r Tt
HRREL " ==l 3. HEK Y. < S itAkdy. | a2 k3.

* Optimum number of components. ® Leave-one-out (LOO) cross-validated correlation coefficient. ¢ Standard error of estimate. *
Noncross-validated correlation coefficient. ¢ F-test value. ' Probability of 7. ¢ Predicted correlation coefficient for the test set. " Steric field. |
Electrostatic field.  Hydrophobic field. ¥ H-bond donor field. ' H-bond acceptor field.
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%} CoMFA il CoMSIA #5171 75 2] Y 1gRBA {H 5 RBA LI HEAT 1T A0 M40 M, 153 2 43
B4 0.991 F1 0.989, 1iH CoMFA Fl1 CoMSIA #5170 ¥4 HAT %5k BLUF- 1 W 6E 1 (18] 2).

L (a - L (b)
5 = Training set - st = Training set .
4 o Test set - 4 o Test set ..,,./'4
< 3+ /‘ﬂ < 3F o
@ 2 pé° ICEE 2 [T O
a
2 - g =
= 1 > = 1 -
.Eé 0 o" g .O.
g = g0 e
£ £ 0
oL 2
- -
Y . . . L . 1 . ) Y . \ . . \ . . .
-3 =2 -1 0 1 2 3 4 5 -3 =2 -1 0 1 2 3 4 5
Experimental logRBA Experimental logRBA

2 CoMFA(a) 1 CoMSIA (b) HEAI T 1gRBA {E 55 52 56 fEL FAAH X
Fig.2 CoMFA(a) and CoMSIA(b) models predict the correlation between the IgRBA value and the experimental value

LIRS 7138 H 22l T CoMFA il CoMSIA 452K [ (5] 3). CoMFA # A 53 Sr (R 1 L 7
5, W&l 3a F1 b Fizs, a (RFESLAK, b AEKREHL, AL BB LN 80% : 20%. ek, @Ak
FRHEA, 737 H9 RBA (BRI Sk (U AURIATRIE R, 70719 RBA fEIS K. i1 737, fELL @A BN i
FRIREIAT, 737 A9 RBA RS R 76 W (0 AL B3l 7 L A 3 141, 731 A9 RBA {HF#AR. CoMSIA #5215 37 {4
YR TS, R T 5K Y S A S 2 A, 1A 3c. d. e, R g iR, ¢ RIS,
d REFFRLY, e UK EIK T, TGRSR Y), g (URAHEZ YT, S HLENT L 80% : 20%. Hi/K
Yyh, O RRGIAGUK TR, 73719 RBA [ G K ARSI ABKHESER, 737/ RBA {H (K.
S AT, ARG I SR BRI, 779 RBA {HHE K. S Z R, 5 AU I S 52 K,
43119 RBA (B4R 2L (USRS S S S2 K, 731 1) RBA {HH K.

(a) Stereo field (b) Electrostatic field

CoMFA
Green
" Blue
Red
7 ’/ - ‘o
(c) Stereo field (d) Electrostatic field ComSIA
Green ' Blue
. Yello Red
& ou
4
N
(e) Hydrophobic field ((f) Hydrogen bond donor field (g) Hydrogen bond receptor field
Gray Purple
Y A/ > Blue =
y 8
- ) A H=¢ \ ~{
' e =
4 N\ &‘ /N /N
\Yellow ‘ Red

B3 BT CoMFA Fl CoMSIA Z:{H2k 5]
Fig.3 CoMFA and CoMSIA contour plots of template molecules

foff FHIZASE A A5 21 B G 0 19 13 b 38 2 A0 RBA FIUIIEL 4026 2. DA 2 B3l mT 0, 2 0000 9 O
17B-ME | 170 BRUHE B2 AF RBA (B 55 19 R SR MEIREE A, B 70 T 00 25 SR A AN AR, DR i B R
5T RBA A B R ARMERL R, X RBA (H AR AR FE Y ME S R A — T EE 1. 0 T 0F
Al B B B8R BT 00 W5, LA RBA S 56 i 9 M 38 2 00 A 52 36 {85 JC RBA 52 56 {8 1 i 33 2% fd
CoMSIA FIili{E, K2k CoMFA 531 %) S /A Tt il 52 7 Al T CoMSIA BEAY, B-4+ f§ B (1) CoMSIA il (B
BT AR B A, L H CoMFA Tl {E.
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£ 2 13 P EARY RBA SCI6E 5 FUN(E

Table 2 RBA experimental and predicted values of 13 estrogen

AT _ RBA
Compounds A CoMFA CoMSIA
Experimental value
7 e 398.107 3.969 4305
i 7.244 2.034 2.433
17p-HE 85 100 2.511 2.789
170- A HE— i 100 1.98 2.435
hfE = i 9.772 1.878 2.663
WA 0.008 1.861 1.871
A By — 9.747 3.645
I — 4.022 4133
FEHE — 8.886 4,569
&S 0.007 9.283 1.179
KEA — 8.886 4.569
L8 T 0.437 0.368 0.374
TR — 0.862 1.057
B — 0.484 -0.087

22 O SER hE R F

ERFRREARICHIX | b X | A X AR MK, A g b DX, 7Y R b DX R ] Ak L S X8 PR A
st TS AN [ R A L DR SR 3R DL B ) E VR 3R (151 4) . JHG v 40 5 3R e X b R X IR o o 2
BT, N 69% Fl 84%:; K AR MERLZR 7 X ARDRFFIXG R vk H R AR, Sl 53% F1 50%, & BUMHET 2R FEXS iRk}
TR PR H 34 ARG H . A AL ARE A0 P rhopE 0 e R VAR B AR T R HE IR R DR AR B X Y e ) AR )
B £E Z % (Biocon Centration Factor, BCF) 4 0.98—19.7.

(a) Il 7% Jt Northeast of China (b) Il 7 ]t Northeast of China
4.0 - B “=4k North of China 3.5 EE4EdbNorth of China
L B A Middle of China L El4EdMiddle of China
35k [CI4E%:East of China 3.0+ [CJ4E%East of China il .
L | P i Southwest of China L [ P§ g Southwest of China i
1% ¥ Southeast of China 2.5+ 1% ¥ Southeast of China _ -

30

@ 20F
T — L
2 'sg
B & 1.5
> £ I
< 2 10
80 )
- =

0.5

Estrogen type Estrogen type
B4 FESHXIGER () 53R (b) Tl = &
Fig.4 Concentration of estrogens in chicken feed(a) and chicken(b) in China
2.3 X P MR RN A
M €2020 HrE A @ ERGETTAF 4 ) P B3R £ RBE R a5 M LA K & s R A AN H B A R )
M EE H ARG N 89.7 g 2 MARHENE (AT 63 kg, 4Rl 18—45 %, N RIA ) 95 B 14T
), T A MR B 1 AR R ik 3P,
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RT3 KRR HEMESHRAERE (pgkg'd)

Table 3 Daily exposure to estrogen in chicken meat in various regions

s it #dt teify e it Y
Compounds
LI e 17y 0.013382 N.D. N.D. N.D. N.D. N.D.
WHERR 0.17143 N.D. N.D. N.D. N.D. 0.021743
1731 — i N.D. N.D. N.D. N.D. N.D. N.D.
170~ e — 0.112584 N.D. N.D. N.D. N.D. 0.052181
HfE = it 0.037081 N.D. N.D. N.D. N.D. N.D.
WA N.D. N.D. N.D. N.D. N.D. N.D.
A E 0.056508 0.033633 0.048733 0.045679 0.052643 0.058782
Tl 0.031307 0.633206 0.372618 0.028756 2.245922 0.417594
FOE 0.175107 0.17087 0.162316 0.167872 0.167255 0.167619
MR 0.04352 0.046175 0.042312 0.042596 0.049038 0.04333
KRG 0.002276 N.D. N.D. 0.01428 N.D. 0.006006
A4 TR 0.004643 N.D. 0.004314 0.005906 N.D. 0.004468
L P 0.340804 N.D. 0.000487 0.138105 0.416443 0.43459
B-73 {5 1.193188 N.D. 0.201398 0.355421 1.434338 N.D.

N.D., ¥ Hi N.D., not detected.
i . ‘ o CSPTHEREIREC x BN R H AR F
X PR MECER 1) H R R BE = YNUTSAT

— R UL, B TR FR A FH AR R F VAR R R ME VR 3R AU e 1Y, 3XRT LA FH U 3R Y At (Estrogen

equivalence quotient, EEQ) Jz B, 3144 A 20T
EEQ = RBA, X C;

Horfr, RBAZRR A MER R B AR 45 5 26 7, CoO2 s I iz MERL R TR

% W SRR KT R 3R 2 A% A BT R AN [T 5. i L S AT AR B, X ARk AR PR r A 4 SRR T BT RR 1Y
O 935 2R A0 e S DR SR K 2 R 4, DR A P 98 3R ) R 2R AU AN T 2

(a) Stigmasterol
2.95%

B-Sitosterol

3.23%
Coumarin

9.68%

i . I 170- 25— 17 a-Ethinyl estradiol
;4710;11?;:1 fiiScstriol I - J R Diethylstilbestrol
- I i Estrone
[ i =E¥Estriol
1 17p-# 17 p-Estradiol
[ I @A Bisphenol A
I 7 75 Carvacrol
I = 5 % Coumarin
I % 555 p-Sitosterol

{4 Stigmasterol
[ g2 Thymol

X H$Daidzin
[ | &4 R Genistein
[T iz #Naringenin

Carvacrol

32.29% ] .
Diethylstilbestrol

Estrone 11.16%
2.93%

®) Stigmasterol
B-Sitosterol 2,959,
3.23%

Coumarin
9.68%

-Ethi i 170- Z4 i —B¥17 o-Ethiny] estradiol
ettt = KSR Dicthylstilbestrol
I R Estrone
I #: =R¥Estriol
[ 17— 717 B-Estradiol
[ ] S #HA Bisphenol A
I = 5 Carvacrol
I % 5% Coumarin
I 5% (512 B-Sitosterol
I imrStigmasterol
[ gy i Thymol
[ | kG #Daidzin
[ ] &% 5 M Genistein
[ ZNaringenin

Carvacrol

32.29%
Diethylstilbestrol

(1}
Estrone 11.16%

2.93%
B 5 Xk (a) 5GP (b) s iR 0T SRR 4 i (0 5Tk
Fig.5 Contribution of estrogen in chicken feed and chicken to total EEQ
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XA PR VR XUBSAE Br 1R, 2 Rt v A 0 B XU DAl B4 I U R 5 9%, THEE s
RI=E/ADI

For, RO PR MR A9 KU 1550, oA PR MESCR A0 5 H B85 i, ADUN MMM R 19 5 H B VFREA
AR < 1, D)0 W2 M I8RO 2 e XU 7 T2 S2 0 B PN s R > 1, I 58 2D < A fe B AU

W £ i 22 42 R (EPSA) LA K tH 5 T A= 21 4L (WHO) 45 T #6530 Ml 32 119 H 2577 8 A (Acceptable
daily intake, ADI), 17B-#ff — [k 0.05 pg-kg'-d™', BEr A 2k 50 pg-kg'-d". HA AR 45t ADI (14 5t 7 3
L] EEQ %% 4k Jhy Ml — i 24 i AT A 5

A 1 A A 0 T M D 2R XU 6 8k (Risk index, RD UM% 4 FT/R. HH 3% 4 8508 ol L, Rt X ) 2
7 A 5 R0 PG T b X ) 7 1 RI>1, (RS RS s AR T 40t X R X8 P T L 22 4

R4 AU A HHERCR XU A 2 (RD
Table 4 Estrogen risk index (RI) in chicken meat by region

C’*?ﬂf*;ﬁiﬁs e e Herf s P i
L7 e 1.065483 N.D. N.D. N.D. N.D. N.D.
IR 0.248368 N.D. N.D. N.D. N.D. 0.031501
17p-ME N.D. N.D. N.D. N.D. N.D. N.D.
170-ZHRulfe — B 0.011258 N.D. N.D. N.D. N.D. 0.005218
= 0.072472 N.D. N.D. N.D. N.D. N.D.
WA N.D. N.D. N.D. N.D. N.D. N.D.
JB A 0.041194 0.024518 0.035526 0.0333 0.038377 0.042852
G 0.025879 0.523408 0.308006 0.02377 1.856479 0.345183
HTUR 0.160013 0.156141 0.148325 0.153401 0.152838 0.15317
iR R 6.09x107 6.46x107 5.92x10°7 5.96x10° 6.87x107 6.07x10°
KREH 0.00208 N.D. N.D. 0.013049 N.D. 0.005488
e S T 0.000406 N.D. 0.000377 0.000516 N.D. 0.00039
3 0.072046 N.D. 0.000103 0.029195 0.088036 0.091872
-4 £ it 0.115501 N.D. 0.019495 0.034405 0.138844 N.D.

N.D., K4 N.D., not detected.

3 %58 (Conclusion)

A% 3C LA logRBA R AE A= 9 1 P, X ME ¥ 2 £ 17 7 3D-QSAR i+ 5, 15 B H A B4 B #8 71 1
CoMFA(¢?=0.721, »=0.925) Fil COMSIA (¢*=0.824, »=0.961) F5 %1, I 1L JH 458 750 T30 10 1 308 43 M 18 2% 14
RBA.

XPARRIRE AR I IX | AU X, A X HEAR M IX | 7R e ML DX P g DX A DR L R A PR A
it TR MEVECER S s EAT TR AR R, A ) VR X TRDRL RN A RS R, A 69% FT 84%;
TR AR I 355 2% A X ARDRE A UL P rFops R AR, M 53% 1 50%, 45 A T 2 0 X0 AR R XS P v B4 A A H
7 Fof 308 3o B3 A A M DA 3R DA ek 380036 1) v ) -S4 5 B 3 71.4%.

T I TS A IR B R R DL R A TR 1Y H VR AR, X4 Y L PN A B XX T
HEAT T MEUER KU PI-Aik. 25 SR Sl 75 X GRSk R RS PR mh e 4 S8 3R T T R 19 3R 3R A5 -5 TR SR I TR 3R A
>, DR A VR A MBS R RN AN T 2. o R T ORI L 170- 2 BUHE Y EEQ f s,
A5 A A5 b DX PR ) M 3 KU 8 B8 7R, AR b DX O s M 1 RV R R DX A I RI> 1,
(ELA5 5 | R F 05 LA R - DX 4 X85 PR AT LA 22 4 .
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