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Localization bond index was used for acute toxicity of oxygenated
polycyclic aromatic hydrocarbons to zebrafish embryos

DU Xihua ™ LI Jing CHEN Yan
(School of Materials and Chemical Engineering, Xuzhou University of Technology, Xuzhou, 221018, China)

Abstract  Oxygenated polycyclic aromatic hydrocarbons (OPAHs) were persistent organic
pollutants, containing one or more base oxygens on the benzene ring of PAHs. OPAHs were more
toxic, carcinogenic, teratogenic, and mutagenic than parental PAHs. Therefore, it was very important
to explore efficient research methods to establish toxicity database. In order to investigate the
quantitative structure-toxicity relationship (QSTR) between the acute toxicity of OPAHs to zebrafish
embryos and their molecular structures, a novel structural index, the localization bond index L, was
derived based on the spatial topology of atoms in OPAHs molecules. Moreover, the electrical
topological state indices E,,, electrical distance vectors M, were calculated for 32 molecules of
OPAHs compound, and the electrical topological state index E4, the electrical distance vectors M4,

M,, and M;, were selected as structural descriptors. The electrical topological state index and
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electrical distance vectors were combined with localization bond index L, and they were introduced
to the regression analysis of the acute toxicity of OPAHs to zebrafish embryos. Using the five
molecular structural indices as enter the variable point value, and the neural network structure was
performed using 5-3-1, a neural network model which predicted the acute toxicity 1IgECs, of OPAHs
was constructed. The total correlation coefficient Rt was 0.9826, and the average error between the
experimental and the predicted values of acute toxicity was only 0.112. The results showed that the
acute toxicity of OPAHs had a good nonlinear relationship with the structural parameters of the
localization bond index, the electrical topological state index, and the electrical distance vectors. The
study provided theoretical guidance for environmental pollution and ecological risk assessment of
OPAHEs.

Keywords oxygenated polycyclic aromatic hydrocarbons, localization bond index, zebrafish

embryos, quantitative structure-toxicity relationship(QSTR), neural network.

T 8 £ ¥ 55 1% (oxygenated polycyclic aromatic hydrocarbons, OPAHs) /2 $§ 7£ 2 ¥/ 55 4& (PAHs) A% 2K
B EEA DA AR, SRS A RN —KAEY; B EZE A A S Y FUREEAS 58 2
P A, AT PREE ) 2 B 05 SR IR OGS A S B | Ak S SO B A W R 4 A 22 Ry O AL i T
BT E ME AR ff, HLAT FESEAC PAHs 3R B B 2 R AR D), A — 0 & S 2 IR 5 IR BRI
IR BHEEE B R RBUEYY. HErE NS T & A2 05 RIIR, FEED T EW S
ST L DR AR AT B B S BT AR A DGR, 45 BRI A SCHR T OPAHS (4G TN i AF X 45 1, A g b
T D 78RO A R b, R FH A2 18 454 -3 1 ¢ & (quantitative structure-toxicity relationship, QSTR ) #H5¢
AFF 5 A 7 458 117 3 i 24 A BRI 9 5 k. B B BICAE ) XA T TR A RSO 2R, AT RS B 2 R
IRAF, EEAY T FU OPAHSs X B 5 IR i Stk B M AR (0L B e Te 2R 2 a4, i f2 58 24,
HAVHFS A A 5 FR B0 A 25 5 15R 22 K, P8R 22365 81 0.371. S BLAREFT A i 44t 0 04 3 53 f B
(LA 2280, SR P A 28 DO 246 1 L, B 8 ooy 00N o 0 2 i e ) 3 S 2 05 R 2 PR dEME I QSTR BF9E R
DA SCHRIE.
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1 E{vaaieBudh a8t & BiE 8. (Construction of localization bond index and data calculation)
L1 AW aE PR R
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SRR E . T B R IO R, SRR LR B R B, S SR 2 A 0T R EE R RN
SEAANR], ST & R 2 I 05 IR I AN [R o7 B 3 AT O R AR R A T T RS OE
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1gECso MM SRS L. FIRAT L AL AYIERS LT 00 13 F A h g — i (a8 AR . AL PEFR IR
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Table 1 Molecular structural parameters and the toxicity of oxygenated polycyclic aromatic hydrocarbons

5 EEEZohe VR I
No. Oxygenated polycyclic aromatic hydrocarbons 16 14 2 32 R fH U fE BRI
Exp. Pre. Err.
1 RoAEE 71.637 12.028 37.064 7.201 7.730 2.000 1.996 —0.004
Xanthone
1,2- A e TR
2 ’ KJ{F}E@Z 83.638 24.113 32.946 9.077 12.462 1.950 2.114 0.164
Aceanthrenequinone
1,2- KL AR
3 o E M. 97.699 24.375 21.206 16.522 17.428 2.270 2.381 0.111
1,2-dihydroxyanthraquinone
4,5- 7 FE LT
4 4,5-phenanthrylene ketone 71.712 12.192 33.992 6.508 9.100 1.480 1.480 0
9-ifil
5 59.783 11.888 35.483 6.792 7.631 2.400 2.060 —0.340
9-fluorenone
2,7- IR
6 2,7-dihydroxynaphthalene 64.804 0  20.364 12.852 1.469 2.300 2.064 —0.236
7 16— 63.834 0 22492 12.015 2.858 1.780 2.065 0.285
1,6-dihydroxynaphthalene ’ ’ ’ ’ ’ ’ ’
2-23-9-25
8 L5 72.992 11.929 26.253 12.353 8.584 1.500 1.499 —0.002
2-hydroxy-9-fluorenone
5,12-Z8F %5
9 12235 89.567 25.090 39.987 14.650 15.275 1.720 1.722 0.002

5,12-naphthacenequinone
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2k
e 1gEC
L HRER P U VU N
No. Oxygenated polycyclic aromatic hydrocarbons 16 14 21 32 LH A e RE
Exp. Pre. Err.
2.3- T FRZE
10 ’ R 62.891 0 22.650 9.486 2.842 1.780 1.780 0

2,3-dihydroxynaphthalene

. LS MR 63419 0 24921 10750 4336  1.870 2065 0195
1,5-dihydroxynaphthalene : ’ ’ ' . . .

1,8- " FRHL R

12 . . 100.685 24.406 21.315 17.793 17.634 2.300 2.381 0.081
1,8-dihydroxyanthraquinone
13 et 59.712 11.585 33.513 8.071 5.133 1.080 1.163 0.083
Perinaphthenone

11h-FIf[a]Z-11-FR
11h-benzo[a]fluorene-11-one
2-FR R AR
15 AR R . 84.919 24.273 23.761 18.391 13.913 1.110 1.115 0.005
2-hydroxyanthraquinone

1,4- "R LT

14 77.712 12.502 45.710 7.142 9.537 1.700 2.063 0.363

16 1 4-dihydroxyanthraquinone 98.769 24.406 21.216 17.632 17.682 2.700 2.381 —-0.320
H
17 A . 71.710 23.659 34.082 10.699 9.284 0.301 0.280 —0.021
Phenanthrene-quinone
1,2-Z0
18 . 53.710 22.136 22.278 10.674 4.491 0.301 0.281 —0.020
1,2-naphthoquinone
1,4-7K15k
19 . 35.710 20.566 9.066 13.534 1.213 0 —0.004 —0.004
1,4-benzoquinone
1,4-JE1R
20 71.567 23.271 27.685 14.982 8.531 0.301 0.267 —0.034

1,4-anthraquinone

9-FR AT [a] e

21 100.278 0  60.746 7.923 1.593 0.301 0.229 —0.072
9-hydroxybenzo[a]pyrene
L4-Z5 1
22 . 53.710 22.384 20.406 13.670 6.891 —1.000 -0.997 0.003
1,4-naphthoquinone
12-52 36783 2
23 FRILAIF(alie 101.609 0 49.077 6428 4073 1980 2065 0.085
12-hydroxybenzo[a]pyrene
13- T332
24 1,3-dihydroxynaphthalene 62.320 0 22257 11.226 2934 2.300 2.065 —-0.235
2,6- " FRIESE
25 2,6-dihydroxynaphthalene 64.333 0 20318 13.012 1.480 1.840 2.065 0.225
THEE
26 e . 65.710 23.055 23.440 8.462 9.740 1.650 1.502 —0.148
Acenaphthenequinone
1-5255-9- 25 il
27 97 72.492 11.949 29.331 10.239 10.408 1.740 1.743 0.003
1-hydroxy-9-fluorenone
AIF[CIHE[ 1,408
28 Benzo[c]phenanthrene-1,4-dione 89.567 24.221 40.254 15.517 11.054 1.150 1.151 0.001
7,12- 51 R
29 A2 AR . 89.638 25.260 42.633 14.230 16.262 0.845 0.807 —0.038
Benz[a]anthracene-7,12-dione
S
30 i 77712 12.494 45.859 7.733 8.894 2.360 2.046 -0.314
1,9-benz-10-anthrone
EE-4,5-
31 . 83.638 24.186 32.708 10.279 11.516 0.301 0.483 0.182
Pyrene-4,5-dione
14
32 . 71.638 23.442 30.193 14.625 9.422 0.176 0.176 0

Phenanthrene-1,4-dione

2 FEIEH (model construction)
2.1 FefAR AR 1 H 43 B FN 22 TG ] I AR A
PR RNW 32 S A Z M IT IR E AL AR E L. B R ANRES S B, IR B R B M, 55
3 AR B, 5 HO BE I 0 IR IR 14 Sk B 1 1gECso(pmol L), I MINITAB #5048 43 H7 58 11 1 44 1) e A 7
A AT R AT AR OCOC R 1Y 20 Ar, IR R L& 2.
2% Frp (AR A AR A2
R2(n—b-1)
(n+b2)(1-R%)
(), n R B0 FREAREL, b R B AL 0 28 B, R AR SR i e R, AR P20
BTN AR Fp (B T3 2. — % Fip (EBROR, I @A AU RS PR BT, T 68 )t AR
MR 2 AT LUE ), 25675 A OC R B bRifEiR 2280 Fyp (B0 RN, B (5) S5cdif, RIS fef s 7 # 4

4

IT =
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L. PR FMRSTREN) . HVEIE BRI My My, Msy 32 5 A5, 5 & A 25005 X 5
i R IR B SRR A AR R DG OC 2R, ESL A ZTT [l T e

1gEC5p = 0.007L—-0.102E ¢ — 0.038M,4 — 0.092M,, +0.208 M3, +2.807 (5

n=232; r=0.8273; dej =0.6238; § =0.5475; F=11.280

AR 2 22 7T [l AR S50 45 3 1) SRR 1gECso, 5 SCHR A H S 6 {B 10 F- 2 26 X 52 22y 0.395, %
FZERIR B, i ELJ5 L BIAR S 2 N 0.8273, X T N 5 MR KU BERE A Ik B 2K, (H U 25 5RO A HHLAE.

%2 1gECsy 5B A T E M A5 R
Table 2 Results of parameters and 1IgECs5, with best subsets regression
= oY=y
JT:I? Subsj; ifa%ables b " Ragf? R F § Fre
1 Ey6 1 0.3502 0.0934 0.1226 4.192 0.8499 0.1270
2 L,E 2 0.5244 0.2250 0.2750 5.500 0.7858 0.3056
3 L, Eyg M3, 3 0.7907 0.5850 0.6252 15.567 0.5750 1.1392
4 E\g, M5, My, M, 4 0.8050 0.5959 0.6480 12.427 0.5674 1.0355
5 L, E\6, M4, My, M3, 5 0.8273 0.6238 0.6845 11.280 0.5475 0.9896
6 L, E\g, My4, M5, My, M3, 6 0.8274 0.6089 0.6846 9.043 0.5582 0.7980

VE: R IO AR G R R B R R BB HIE R BG R YU R G FIOR Fischerty S (8; SF8 A HBRIE D 2%;
Fir#%RKubinyi PR %L
22 TRINEIAIRRSE ML BUNAE ) | RS EAG

SRR 5 R 22 PR J ok BRE 1 £ JUR ifs A A Y T — 2P Ok 22 R 5 WY, S S (S) Y ARE T

TN RE J1 B2 A5 A B B AE A TR 3. SR 2K 38 — BB BEA TR0, BIRRRHIBR | DS H 0508
T, ARG 31 AR EZ ST TR, v 32 AR, 3RS 32 AR50 Y HE 56 R 25 CHE S 2508l L
R 3), FTA X B AR 5 AR B IIME D r=0.8285, I%E -5 30 (5) BUAR 5C 2 BB H230T, BT T AR M 2 1k
B (5) FY AR E PR B 5 O HT MINITAB S8 00 730 B G780, 0 22 02 P 1] U2 35000 2 1 ) A8 A
(5), R — LA T S HAG I, 15 BB (5) 28 UK IER OC R AL R°y=0.5050, 24 R°cy KT 0.5 I, i ]
Tl PRI FER R,(0.6238) 5 Ry (0.5050) Y 22 {8, 1521 0.1188, W& 22 {H/N T 0.3, —BHA N Hix
PRI G R BN 22 (E.<0.3 I, BB BY BoAT I UG, A7 AR B 3 (L, B LI LR A 119 22 56 [l D9 )
BRI R SE T, A —E YT BE ).

®3 AR

Table 3 Inspection of correlation coefficient »

WERGF MCRE || BIRT MRS || BIBRST O MCHREC || HIBRaT O MECREC || AIRT O MOCHREL
Remove Correlation Remove Correlation Remove Correlation Remove Correlation Remove Correlation
molecule  coefficient molecule  coefficient molecule  coefficient molecule  coefficient molecule coefficient

1 0.8276 8 0.8293 15 0.8273 22 0.8328 29 0.8335

2 0.8317 9 0.8338 16 0.8181 23 0.8245 30 0.8407

3 0.8211 10 0.8296 17 0.8195 24 0.8231 31 0.8401

4 0.8384 11 0.8296 18 0.8194 25 0.8271 32 0.8164

5 0.8362 12 0.8205 19 0.8162 26 0.8307

6 0.8339 13 0.8266 20 0.8173 27 0.8332

7 0.8266 14 0.8266 21 0.8338 28 0.8468

2.3 PREZLS TR AL

N T B B AR 2 T DT R B AR i 2 R R T 45 SR A v B, A Z2 ot AR AR S (5) Y
il b, 3 — 25 SR FHTE AR 22 A0 A5 321 732 7 FH #2245 0 2 R AT IR 5 U8, i 2 ) 4% [ A J2 8, i TR
Andrea™ AR BN ZE A 5 TSR], PR AR
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22>n/[ (b+2) H+1]>14 (6)

R (6)H, n EEA BEL, b AR T BURY S BB, H 2 M 2% = 2 450 T i B s 280 i (6)
L, H U 2 853, 250 B EIER, & B H 3 I, HE Sy 0 28 9 4% TR 25 A G R AR L. ok
Z 25K 5-3-1 28 2540 77 5, 08 32 A S E 20580 F 430 3 T4 YIZRAE L AE Fngs
W, DLEE S AN FAE I —4, 364y 6 41, R a0 F WAk 4. T NAHA 1R 2 A7, iy
SHE AR AR AR . i 28 PN 5 AR TR () A G . R G R BRI 4% T HE A AH OC R B 3% 4.

R4 PR AR ARG B AR

Table 4 Composition and Results of the neural network model

AN et i pu Pl M4E OISR
Neural network model Total Training set Test set Validation set
B ] 531
Network structure - o o o o
1S90 2,
AT - — tast wg w3t
Each group molecules
XA — 0.9826 0.9828 0.9812 0.9987

Correlation coefficient

FE 4 0T LLE Y, BAHOE R B Ry MHIAH] 0.9826, 3 A~F 5 MU RS B R B ], 3 R 3%
AT T ELR TS0 v A A AL R U, AR DG R ERRE IR F) 0.98 LA b, BEITAL HE AR AL A AR, AR AL Y AL
A I 5.

RS 2RI Y AR Al

Table 5 Weights and bias of neural network model

75k & it B
Inter layer variation Weight Skewing
5.4333 1.8446 3.1702 7.1633 -18.8820 0.7736
W*“”NK%JF%@K -1.9282 -5.3205 -5.3938 ~7.5461 16.0280 -0.1719
Input to hidden
-0.6525 -0.9611 -3.7414 9.3688 5.4315 -1.6258
B = S8 e = ~1.2688 ~1.0919 ~1.1762 —0.2436

Hidden to output

P2 P 2R (AR DG P O T 2 s MU AR, B & E 2 I 5 R 4 A5 S80S HXT s E
JRJHR A S P ) — el et G AR . ) 22 A 10 P 22 0 238 AR AT 000 5 SR 2 R D5 IR ) LR ) o
P 1gECso, FUME 5 SEH0 B AP 491R 22 R 0.112; TEP# Z R BEAT A G, FTid D5 BRI R,4=0.9644, 1% (H W]
5 T ZICMIH T R R =0.6238, il 28 00 £ 12 I 45 00 15 22 1) - 4 {1 B /N T 22 5 ] ) 32 Tl £
(- 2415 2 0.395, U6 Al 22 I 28 AR A LY 22 5 1] A 926 1) o000 A 4 0 /2. 5 SR [6] SR T %% B8V ok I8
T BILYP 73k, Ak T & A 2 7 55 42 (OPAHS) (143 F 45K, SR 5 g ~r 10000 AL Br 45 1 45 SR 647 L
B, SCHR 5 V5 P00 B P (R AP X952 22 0 0.371, AR T2 40 S 14 ol 28 100 2% 0 - P A 200 ) 9 00 5 32 e o
ARSI 22 76 ] U 7 RRH 28 I 246 1% BT A5 14 TR0 AF (Pre.) 5 925648 (Exp.) , 43 BIVE G R & (& 1 FIE 2), M
P 1 AP 2 AT RUE Y e ) 208 A R0 0 2 P T 45 2R 5y vl 5, v R B i M 22 I 25 1 0 5 S 2 R
5 X B e YR 1) S M TR 1gECso TR A AR 1, ¥l 5 92 2 IR iR 22, VETE I &I (7 3)
AT LU, 3 R S B 22 (BT s 2% A5 1 20 TOUII AP 0 22 [ It A 42 o 161 (161 4), [l T
VAT 245 Ak ) P e P T ) e R R 25 P e /MR 22, PR AR AR AR 22 VS I, 1E B3k 22 BEAR XS 4, IE 1
VEIE AT, R T, B T4k & W 7E BTG B, 305 ORI s o 8 B 428 100 24 9 73
I 1gECso R YRR AE T 5E . SCH A AR R ] B T3 S 2 IR 05 R M e i o7, R 0d ) TV E 3R
3585 Yy R T I 75 2 S 0 B
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Pre.

Exp.

B 1 ZIuhEk IgECs, TINE S LI E M R
Fig.1 Relationship between literal and calculated of IgECs5,

3~

Exp.

B2 Mg ML 1gECs, TINE S LB R
Fig.2 Relationship between literal and calculated of IgECs5,

B3 MM iLiRERIBE

Fig.3 Radar diagram of the errors by neural network method

0.6

04 L UCL=0.48899

Ay

0.4 LCL=-0.48898

Error
(=]

-0 T R N N T N N T N N N T N Y Y

TN N O 00 N O = AN N O~ 00N O — NN UN\O T~ 0N O —
ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ (o la [a (o (o (o) (ol o) (o [ [aolog]

& 4 Rz

Fig.4 Error control diagram
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KEEPE, AR SN NS, 205N 2, FrER, o8B KNEY, o5 FIk
FEUBROK, 7K PR R 5, 380 8 R0 B 5 ) BEPED); 7E & | B B 5 e rh, R — o B2 ST e s M o 7,
25 5y T8 A A A R 40710, AT 28 B HE S5 (0 3 PR RL N . BE AN B SR 2 R D5 R 7, Bk ol Rt
FEHAER A LR E | ER R M B R 4, S S B2 S R TN
PER/IN. A S T T A5 S8 RNZ I R, @ SCT IR FAREE, J38 2 X 4 B e R A T
FEALE B, AT T R TR R (A R IE, IS T 87 0 8 LB T8 28, o T IRFR R, Tt L (H kg
K, K (5) e fr A FR L L mr Y R B = M, BEIZIR 505 & |2 5 R0 B AR AL AL — B PR
AR B R S W3 AT R B PR AR SR ZS T AL s L PR A s T A 10 e M s Ak i A T
g4y, DT ST, B G A AT DA S0 5 G028 I 55 R o B0 VAR I v e g el 2 T 6 AR AN 114 7
GERATE I, HA 0 PR BUE AR 22 800 78 32 M RS R, HAXT 31 543 F1E-4,5-
R TR AF R 22 K, 1220 T R 2548 5 AR AR A T 3 N0 T RO SS M AT, (H HE 75 P Se 968 1gECso WA S
/N, 3X AT BE5 150 F-Ab T AH AR B A B A B AR, S8 1gBCso (B 578 A ¢, BRI &, A
SCHIEE Y & AR IR TS N B D 0 IR iR A M BRI 1gEC g 114 25 I 48 R0 2R 03000 445 B3 %) o A e, P34
BR2ZER 0.112, 4 F SCHR 7 ik % 22 19 0.371.

AU AR 7Y e (7 FH 1 2 7 BEE B — Flop e SCEEA 9 7 25 A e 55, S — R BT M Hh 98 1 4 T
SRR, ERSFRT R FE TR, B0, BTG, R T SR T R AR IREE R
25 (Al S R A B, T LB X AN [) 4854 B4 01 AR I 0 X 40 7, it ELI T Ry 7 B, BRSR AR 95 AR AR
Bt /b, BNEERTE, SRR AT, XA FEA S RI) 0) 2Pk R 5 e 8o A — 2 i e Te &
B, RO TG BTl Y ) SE B AT IR, WA A W 0V B A R AR AR A, AN S AR S R R
HUAE , AEAT DL 6 I 2 A B R R, AR o i Y AR L.

3 %51 (Conclusion)

(1) B LT —A B FRAEAE, JERTR IR T R AR E I, M T — R0k i 7 S8 85 L, %48
Bk o1 BA R AR X315 [ 3 O0 AR i it 7 R SRS TE B B, HUTERR B R BT M)y,
My My, ¥53% 5 DS B ILES G, 55 | 2 057 AT 55t R i ) 2k dE v 2 (R 361708 fe 4500 -1
FHSCHE ST MY, Fi AR 22 W 2% 5-3-1 1) = JZ M 28 45 K, 07 1 00N S PR F P A 22 I 2 A, L AR DG &
B Ry BY(EIRF] 0.9826, L5449 5 5Pk Z 18] (1A SePE 4 A 7, 1gECso TRIMME 1P 24352 225 0.112, BRIL T
22 I [ A5 P T A A 215 22 0.395, A0 T SRk 5 25 FE (1 2435 2% 0.371.

(2) P2 28 15 L 22 ST A 11 09 325 (9 FR0I0RG B 75 2 ) 8 B g, BP0 T 4540 5 2 stk Z A2 —
T R A RYAEZRMEAHOCC R, B RLIE LR,

() TR Z A IR A TENE, B 5 S E B 20 S, ik 5k EEBORFEE R | 1R
LA K, BB Z, MR,
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