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Abstract: As an environmental endocrine disruptor, estrogen has an endocrine disrupting effect on the human
body and affects human health. This paper uses the estrogen receptor relative binding affinity (RBA) to characterize
the biological activity of estrogens and calculates the three-dimensional quantitative structure-activity relationship
(3D-QSAR) of estrogen to obtain COMFA (q° =0.721, # =0.925) and CoMSIA (¢° =0.824, ¥ =0.961) models. Es-
trogen concentration detection and estrogen effect evaluation were carried out on pig feed and pork in various re-

gions of the country. Detection rate of phytoestrogens in pig feed and pork are 75% and 92% . Detection rate of
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natural estrogens in pig feed and pork are 33% . Synthetic estrogens were not detected in pig feed and the detection

rate of synthetic estrogens in pork is 33% . The bioconcentration factor (BCF) of phytoestrogens from pig feed to

pork is 027 ~8.2. An estrogen risk assessment has been conducted on pork. The results show that although the risk

index indicates estrogens in pork are relatively safe, the phytoestrogens such as carvacrol, coumarin and beta-sitos-

terol have relatively high estrogenic effects.

Keywords: estrogen; phytoestrogens; estrogen receptor; endocrine disrupting effects; 3D-QSAR

FEat 2 B JLHAE B NP9 4 W (B3 ) A O
93 11 1R 0 SR RS T B I (R B 345 | 7 AT TR
N 53 W T 3 W (environmental endocrine disruptors,
EDCs) &1, EDCs RE % T4l el 728 4 430k R 52
Ee, SLEARN I ZEELY 51 R LEE RS 4
W DB 2R A — b R ) EDC, AR 32 3 2R Y 2 )
AT LLAE 3 1% 9 5 % 9 2% A2 A (estrogen receptor,
ER) BB E RRITEAGS

XF NS 2R 2 A S sh V) e 25 mT LA 4y
Sk 3 2 R AR ME T ER (HE TR | fE S ROME — AR, B
R ER WL A, LA S 33 R (4 48 57 BT 8-
A B EEOR GRS EE A H TR IR ST & AR I
W PRI ARSI T AR MES R A e R
DA R AEYIMERCR ) A R R T MK A 3R
S5 H Al 38 22 0 XU T 5 DA e B 2509 R T A 5
T PR AR (4 XU

WERZT ER Bl VR F AT Ll s AR 45 G 2%
F1 /] (relative binding affinity, RBA ) Y 45 % S P4
AWFFTE L SEIR AR 1 S KRR AT R S R A
POETEE S IR Ol i1 i SR M g4 €/ EOE 7/} T
— LB 5 5E 2o o N B A QSAR A
T T MEBCR SZ R AHXT S5 G SRR

A FE T 4= 3 BN (R R TR L RO R R B
() R SR 80 25 (M) O — I R — ) 5 A T
RO A) FEYIHERCR (47 5 B B-4% 51 B Fn &L
B PSR HEAT T B A ARSI 5 I 6T 9 3R DA AR 2 4
PR s S AT T TAl o ASBIFTE I X ME VR 3R M
PR MR SZ RS 25 G it AT T
QSAR P15, #5717 ¢ =0.721, 7 =0.925 1) COMFA
FRIMFIF ¢ =0.824, 7 =0.961 (1) CoMSIA T il 45
S A AR B T A 80 1 0 38 2R 32 AR A ) 5
BRI SN AR RSB BT AR
X DA (S 2 A R T T X AR 52 M DA

1 ##57 % (Materials and methods)
1.1 bk
B4 {5 B AR UE i (=99% ) L il B2 3R A o (=

99% ), &4 85 BE AR E 5 (=99% ) Fll K & AR E (=
99% ) H ANPEL /AWl ; & & Z A5 #E MW H Dr. Eh-
renstorfer /A7) ; & T (=95%) B & S (=99% )
WG H CNW 728 ] 42 4 5 8 B (96.0%) 1 H TCI 2
]38 P ZEIIRIR(=99% )4 1 ANPEL 2 ] ; kb
FBIRFI(V(BSTFA) : V(TMCS)=99 : 1)l  REGIS
/N7 SPE $HB} LC-C18(40 ~ 63 um) . PSA (40 ~ 63
pm)lg [ CNW 24 #]

WRERE S T AL R 8 2 RE, T
F N BB B R T A MK 5 R s i
BRI T -40 CUKFERAT . J61RRE S R
i PSR i R A E TR AR b X AR b X A rp b
X AEAR B IX | R P b DXORN PG g b DX EL AT AR PR A 3%
7, 20 G R A P62 | b ) MR .
1.2 gk
1.2.1  FEShETAb

FES R IR 5 5 R A, T3 i N B
PRAFE. FREL2.0 g FRIUAE S T 50 mL 3R O B0 4
H A 10 mL B 4K IRHEDR % 1 min J5, ITA 10
mL 1% LR+ TR TR, WIS 2 min J&5 , 28 R YR
¥ 90 min, FFAIA 4.0 g JC/KBRRRENAN 1.0 g S 4ksN,
HEIR Y 2 min, U LV 2 8 mL & T4 A 100
mg C18 .50 mg PSA F1200 mg JC/KFRIRENAY 15 mL
BDET IRBERY 2 min, T 4 CUKFEREE R, B
5mL FiHWE 10 mL 4,40 CHA®RZET,H 1
mL BRI, 4 022 wm JEGEIE)S , EALIE™
1.2.2 g

151 ] H 45 55 H: GCMS-QP2010 <k (4,185 5 15 H
FISGIEAT 43 #r , ERERR A B AOC-6000 £ TIRE H
St EERR A A R Rix-Sms S0M 354 (30
mx0.25 mm, 0.25 pm), FFEFEHR 1 plL, BHFRERE
70 eV, B FIRIRE 230 °C , JEREA IR LT R 40
UHIRE 50 °C LA 8 °C - s WY BURFHE Z 220 C, 77
£ 2 min; ZJ5LL 10 C-s7' AR THE 2 280 C L, £
F5 16 min, #FHE 1 mL-min™" | SN % £
BT (SIM)BER
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1.3 QSAR %

FAXT4E A 55 Fl J (relative binding affinity, RBA)
SR IE A LB Ak 2 i 5 A e O o e
(ACs R,

E2
50

IC
RBA= x100

AL IC RME B A W I E R X ER &5 5 7R AR
50% IV A0 e BE L 1C,, S MR Ak 27 & 78 AR Bl
SE T ER 454 72 50% I A AOHRE

FEAIE 5T, ol FE AR X &5 4 25 0T B9 676 4
(PRBA) KA £ 25 555 1 f1  RBA 16 M4 ok H 26
EPA CompTox V- &%, Wy i 45 #4 % #% & A Pub-
Chem™'! | Z& MarvinSketch % {F 4 ¥ 5 5 A Sybyl-X
2.1.1(Tripos)#4T QSAR I,

2 ZR 5118 (Results and discussion)
2.1 MEFHER KRR QSAR I

AWF5EAE PubChem HHEE T 1000 Z iR
SHMRLE Y, B Tk T 65 FiHA RBA 5
WEMEY ., X 65 Fi k&t 29 MMes

YIEAT 3D-QSAR WF5T, LA ME I8 25 52 PR A X 26 F g
(RBA) I X} 3 RAEAE W 1% M, @57 T CoMFA 5
CoMSIA A | 4 = 2 1 5 3406 RAALET, 1
AR RCIRE 3 SR EES R (EE i e R Lo o 2 M A £
BHNEREE S5, #70FES, e m s ik
Y2250 29 MEE MR R A EE 1 TR,

CoMFA il CoMSIA #5571 [ 4 10 45 124 2
1 PR, Bt CoMFA BRI &, 28 LHKHIEAH ¢ &
()RR 28 LR AR OC R EL(2) 3 B2 0.721 Fl
0925, F K B fEAH X 341G, AR 64.977 , 1 75 7] 43
BN, ERSHEIFRE  CoMFA HiRLEA 541 1
BT o XA v o+ A0 PE TN, AH OC R 4K
9 0.991, CoMFA 3. &3 (steric field, S)TT k% K
56.6% , #irH, 37 (electrostatic filed, E) Ny 43.4% , A] WL
ZRACE YA BB ST AR RN i 3 — 38 R R PR TG
PEAT AR, CoMSIA BRI ¢ Fl 7 435 J&
0.824 F10.961, F K556 4y 113.157 , i 18 v] 55 10
W, FIRSEIFEU], CoMSIA 15 1 ELA 8 i 1Y 1
e

B1 IGEEhHEaUNsTFES

Molecular superposition of compounds in the training set

Fig. 1

%1 CoMFA #1 CoMSIA A St S

Table 1 Statistical parameters of CoOMFA and CoMSIA models

A PLS 2% PLS statistics

Models ONC* ¢P E° £ Fe Pf r,’
CoMFA 6 0.721 0450 0925 64977 0.000 0.991
CoMSIA 6 0.824 0.323 0.961 113.157 0.000 0.989

Y Y5tk Contributions

Model st Ef HI Dk Al

CoMFA 0.566 0434 - - -
CoMSIA 0.180 0.191 0.164 0294 0.171

VB R AU, B — 1R (LOO)E SR IEAR DG R B, Al I hsafisist 22, 4 e 38 SCIRTEAHDC R 80, FRRIRAE, " 2 e, & 0K 4 10 0000 AH G 3=

B, Ay, WY ) H kY AR RS A2 1

Note: * Optimum number of components, ® Leave-one-out (LOO) cross-validated correlation coefficient, ¢ Standard error of estimate, ¢ Noncross-valida-

ted correlation coefficient, ¢ F-test value, | Probability of 7%, ¢ Predicted correlation coefficient for the test set, ' Steric field, ! Electrostatic field, ! Hydro-

phobic field, ¥ H-bond donor field, and ' H-bond acceptor field.
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T CoMFA F1 CoMSIA H 5 750 75 5] it pR-
BA 5538 2 5560 5 A 0 PEAEL IR AT T A R A AT,
TAHEM M R B 0.991 F10.989, 1 KAk
PEFSCHE (P $47>0.9) PR UER] T3 2 FRfs A1 B Ay
R A iy B ae 71 (K 2).,

[(a s ..
5 [(@) W )I|Z:%E Training set
g O MHALE Test set -
4_— . ,/
< 3
Z2a 7 °
S= o
B e i
53
~ o 0
en o I 2
S O
A e //
- //,
ok /
_3 1 n 1 n 1 1 1 1 1 1 1
-3 -2 -1 0 1 2 3 4
log RBASLHG{H
Experimental log RBA
5L (b) . .
W )| Z5:4E Training set
4l O ML Test set
|}
< T
i o
=2 o .
B2
23 1
3]
o 0 -
23
= it
ok
_3 1 1 1 1 1 1 1 1 1
-3 -2 -1 0 1 2 3 4 5
log RBASLHG{H
Experimental log RBA

B2 CoMFA/(a)#0 CoMSIA (b) #E il logRBA &
SR EmEX S
1 :RBA 7R AHXS 2R HITT
Fig.2 CoMFA (a) and CoMSIA (b) models predict the
correlation between the logRBA value and the
experimental value

Note: RBA means relative binding affinity.

A AT FZ A RS B B A I (Y 13 Tl R
1Y) RBA Fi{E 43k 2 iR

3R 2 AT iR AL A TS A T 1l RBA {E#4
RAFEYIMER R | 5 220PA A RBA SEU0{E Ay MERL
A SCKE ; JC RBA S 56 {8 Y 38 32 8 CoM-
SIA TME ,B-% £ BEfdi 1] CoMFA il e .

Fz2 13 MUEHER RBA S {ESTHNE
Table 2 RBA experimental and predicted

values of 13 estrogens

RBA
YR A FR —
S H
Compounds CoMFA CoMSIA
Experimental value
I e Py
398.107 3969 4305
Diethylstilbestrol
ERR Estrone 7244 2034 2433
178-Wi i 17B-estradiol 100 2511 2789
17a-Z e —
100 198 2435
17 a-ethynylestradiol

I = Estriol 9772 1878 2663
XU A Bisphenol A 0.008 1861 1871
7 H ) Thymol - 9747 3.645
7 JrBy Carvacrol - 4022 4133
5 & Coumarin - 8.886 4569
iz & Naringenin 0.007 9.283 1.179
KEH Daidzin - 8.886 4569
446 5T Genistein 0437 0368 0374
FL{{ W Stigmasterol - 0.862 1.057
B-1+ B B B-sitosterol - 0484 -0.087

2.2 FETRLSRE MRS R A

AR RIE ARAH X AEdE X A il X A
IRHIX. AR e b KRV i s DX A9 5 LR L SR TR R
st HP R AN TR R B ARG HE DR SR MV 2% D R i 3%
(1%13),

S AR ) O 98 2R AR A DR RN TR R Y R A
1A 75 % F192% 5 KSR M 8 2% 16 0 T RL RS 1A
Rt 2RI, 1A 33% 5 5 IS HE 3R 748 TR R
Ky FEXE A P RS 38 g 33% ) P AL Y Pk
VIR W R TR A M 9 2R DB DR B R
A ) A= W) s B2 &R 81 (bioconcentration factor, BCF)
H027~82,

2.3 SERBERCR RN PAL

(2020 HHETAE R GEHAELE) I 2 JE
REEE L LR £ 5 R A H BYEA 2153
AR EE H AR BUIE N 89.6 g; 5 MbriE A E X
(K 63 kg, AEHE 18 ~45 5 W RMA S 35 5
ARG, B A M R A H R BRI 3 TR

TR R WA H R R ()=

BN PP ERCR R (O S A B H R AR (P

N BT (W)
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Bl C )7 Diethylstilbestrol /71 Carvacrol
I Y fi Estrone #1532 Coumarin
[ | 17p-ME % 17p-estradiol B #h 2 % Naringenin
0 170- 2. 1e i — % 17a-ethynylestradiol  [B0] K &4F Daidzin
[ M =% Estriol [ | &% 5 ¥ Genistein
[_] XA Bisphenol A [ ] Sf§® Stigmasterol
W /5 5 Thymol [ ] B4 5§ B-sitosterol
T 35¢ -
o2 @ ~» [®
on [~
=5 25 E S O T
£% f & ,Ld
= 2— 20t ==
Hg £5 |
=5 L5t o
&8 HE 1r
22 1ol iz
=% =° r
=c 05 & g
sz 2 g O
= £ 00} HE |
_I; S e 8
= 2 05 =8|
= o & °
£° £
& -1.0 . L £ U -
- At et ferp AEK [Iife:) R 4 4t ferh AEAR [lie] ARE
Northeast North ~ Central ~ East Southwest Southeast Northeast North ~ Central ~ East Southwest Southeast
China  China China  China  China China China  China China  China  China China
Sampling area Sampling area
B3 REESMXERL (a) 53R (b) PHEHRKHE
Fig. 3 Concentration of estrogens in pig feed (a) and pork (b) in China
b B 17027 170-ethinyl estradiol
@ 305% ®) I i Estrone
582% 7% 7.92% B C/%MEBS Diethylstilbestrol
787% 7.04% I 174 17p-estradiol

9.22%
11.1%

11.07%
3.97% ’

67.94%

56.57%

[ M =¥ Estriol
[ ] A Bisphenol A
I 51 Carvacrol
B == %f Coumarin
= ﬁ /} S B-sitosterol
{1 Stigmasterol
= F%ﬁﬁ’—@ﬁ Thymol
[:| *H]E% Naringenin
[ ] 4% 50 Genistein
== jccv i Daidzin

II
N:

B4 FEEE(a) 5HA(b) PEMHEXIENE L2 (EEQ) MTIHK

Fig. 4 Contribution of estrogen in pig feed and pork to total estrogen equivalence quotient (EEQ)

— R U, HE U R Y VR R AR 2 e Y vk
JEFIME R 20T R 14, 33X AT AT ME SR > 3 (es-
trogen equivalence quotient, EEQ) S Mt™ 155 /3 5
wr.
EEQ=RBA xC,
A RBA, RRFEAMERLER WA S &= /01, C,
SRR U IZMETCR AR . A ECR X UM R AL
I SRR EEQ WA 4 Ff7R
FH T 4 AT g el v R SR E R 2R DTk A L

PR Y 0 R T A HE U R Tk Y M R
MR R I A D 3R S R AN AN T B
JCHIER SR M B-A BTk EEQ 48
(SR

PO R KBS HR B 5, S IR s ik
F 0 T DRV DAV 14 Ji D00 AR 7 3, X6 B P RN A 1 1L
(A 224 0, e FH 75 B2 b R e F R A 1Y B 1k 2
S EE AR 0ATHE Bk AT KU PAL T
R/ W (1
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RI=E/ADI 005 png-kg™-d™, W A K50 pg-kg -d, Hifth

o RT  FRBE M3 R 0 KBS T8 55, B R PR 58 0 %
FIN4H R EE R, ADL O S 5EMES R 1 A H 28V
A, A RIS, D0 B 2 3 2% 7 22 1% XU 76 T
FEZ A A RI>1, U B 2 e 38 R A e ARG

WRYH £ i 22 42 Ry (EPSA) A Kttt 5 T3 A= 41 41
(WHO) %5 th 1 ¥ 4r MEVL = 1) ADI, 17B- — B K

R ADI YY) 5 n] o 66 00 ) RBA {E AT
(X

AT A ) MR R ANK 4 R
AL X P 2 BRI B<1, mT L2 g
BT RUERGE T 1, 5 WA R & TF
PRI TS A R S80S IR

®3 BMWRBEATEHEEERES
Table 3 Daily exposure to estrogen in pork in various regions

WMEM R H B R R (pg kg™ -d7h)
Daily exposure to estrogen/(pg-kg™' -d™")

L)
Compounds Rk £t Her IR [l R
Northeast North Central East Southwest Southeast
China China China China China China
LA MER) Diethylstilbestrol N.D. N.D. N.D. N.D. N.D. N.D.
MERR Estrone 0.001896 N.D. N.D. N.D. N.D. 2.87E-05
17B-ME [ 17B-estradiol N.D. N.D. N.D. N.D. N.D. N.D.
17 -2, Wl —F 17a-ethynylestradiol N.D. N.D. 0.006303 0.009269 N.D. 0.002076
M =% Estriol N.D. N.D. N.D. N.D. N.D. N.D.
WL A Bisphenol A N.D. N.D. 0.00062 N.D. N.D. N.D.
B E R Thymol 0.000778 0.004293 0.001708 0.000898 0.000148 0.000508
T Carvacrol 0.000311 0.12122 0.001028 0.001075 0.00023 0.002138
#H % Coumarin 0.001796 0.009362 N.D. 0.009698 0.002018 0.00179
T} & Naringenin 0.00047 N.D. 0.00237 0.002417 0.000492 0.000463
KEAf Daidzin 123E-05 475E-05 N.D. N.D. N.D. 0.00012
446 S ¥ Genistein 533E-05 0.000242 0.000241 0.000248 5.05E-05 9.71E-05
i {5 Stigmasterol 0.003007 0.002575 N.D. 0.008334 N.D. 0.001771
B-45 {§§ B B-sitosterol 0.005271 N.D. N.D. 0.010854 N.D. 0.004421

T N.D AR AR
Note: N.D. represents not detected.

R4 FMXEAPUEHEREIEL(RI)
Table 4 Estrogen risk index (RI) in pork from different region

DR 2% IS 6 AR (RI)
Estrogen risk index (RI)
L/)oie=g i
p.ld fisld e R (] ARE
Compounds
Northeast North Central East Southwest Southeast
China China China China China China
CUMEBT Diethylstilbestrol N.D. N.D. N.D. N.D. N.D. N.D.
HERR Estrone 0.150952 N.D. N.D. N.D. N.D. 0.002286
17B-Mf —- ¥ 17B-estradiol N.D. N.D. N.D. N.D. N.D. N.D.
17a-Z B — B 17 a-ethynylestradiol N.D. N.D. 0.50183 0.738027 N.D. 0.165315
I =i Estriol N.D. N.D. N.D. N.D. N.D. N.D.
XUy A Bisphenol A N.D. N.D. 0.049365 N.D. N.D. N.D.
B BB Thymol 0.061941 0341829 0.136026 007147 0011774 0.040437
7 Carvacrol 0.024724 09651719 0.081846 0.085574 0018321 0.170239
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k4
B8 2R XSS 4 BU(RT)
Estrogen risk index (RI)
LI i 3 }
Ak A2t fgrh HEIR [ R
Compounds

Northeast North Central East Southwest Southeast

China China China China China China
#H 5 #E Coumarin 0.14301 0.745383 N.D. 0772138 0.160666 0.142487
5z % Naringenin 0.037452 N.D. 0.188715 0.192444 0.03918 0.036894
KRG F Daidzin 0.000982 0.003779 N.D. N.D. N.D. 0.009589

448 B Genistein 0.004245 0.019261 0.019185 0.019741 0.004019 0.00773
Wi B5 Stigmasterol 023945 0205057 N.D. 0.66355 N.D. 0.141007
B-# i W B-sitosterol 0419683 N.D. N.D. 0.864183 N.D. 0.352039

HN.D.FRAK

Note: N.D. represents not detected.
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