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HE . AR " WERERZSAL A Y (phthalate esters, PAEs)/& —Fl 43 W T4 5T, KL ELAG 35 B8 M i e )3z A, (R G R R 77 A ¢
AT, EHL 6 Ff' PAEs YEMHFFE X4, 2 F AR U35 20453 #7 (comparative molecular similarity indices analysis, CoOMSIA)J5 ¥
5% PAEs 4> T 45X HepG2 4 Jifg A 2 ki {4 5% 5% A ¥ A(mitochondrial transcription factor A, Tfam)#E AR F kB ATRE M, 4
IR, 24 PAEs (U¥REEN 1 000 wmol - L' B}, B HepG2 40 o Tfam 1235, Hih 484 — H iR — 1 T Mg (dibutyl phthalate,
DBP)FI4S 4 — H iR — IE ¥ (di-n-octyl phthalate, DNOP)X} Tfam & [ MHIXT ik B ALK, 7 3D-QSAR I AR 32 X 56
TR G RBU(R )R 0.983, 28 LEGTE R Q) 0.508 , 4545 MBI IE K Williams 1] , 156 B 2045 AT 5 6 1) A 1k B T 1, ik
T CoMSIA FEERIE 187/ T 16 SChE T | A S B L A1 | B 7K 3 (A1 B 3% i &0 A7 PR nT 42 85 Tfam 25 (A KA &, 1855 PAEs S8
HepG2 A LKL ¥ % A Batis | it — 2L B PAEs X} HepG2 4N (1St

IR ARE T HIRRIEZE ; HepG2 ZHMY ; Tfam ; 2R RLE M1 & 2E ; =4k e BEHIRUOE &
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Abstract ; Phthalate esters (PAEs) are typical environmental endocrine disruptors. Because of their plasticity, PAEs
are widely used in different commercial products, which will cause environmental pollution. Six PAEs were chosen
as the analytical objects, comparative molecular similarity indices analysis (CoMSIA) method was used to explore
the influence of PAEs molecular structure on the relative expression of mitochondrial transcription factor A (Tfam)
protein in HepG2 cells. The results showed that when the concentration of PAEs was 1 000 wmol-L™", the relative

expressions of Tfam proteins were decreased in HepG2 cells, of which DBP and DNOP had greater influences on
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the relative expressions of Tfam protein. The non-cross validation coefficient (R*) of the 3D-QSAR model estab-

lished in this experiment was 0.983, and the cross validation coefficient (Q*) was 0.508. Combined with the exter-

nal validation and Williams diagram, it was shown that the model had good stability and predictability. Based on

the CoMSIA profile, it was revealed that the introduction of negative and hydrophobic groups into the branch chain

and the increase of hydrogen bond acceptor promoted the relative expression of Tfam protein, weakened the mito-

chondrial biogenetic dysfunction of HepG2 cells induced by PAEs, and further reduced the mitochondrial toxicity

of PAEs to HepG2 cells.

Keywords: phthalate esters; HepG2 cells; Tfam; mitochondrial biogenesis; 3D-QSAR

K87 — FH i 155 25 (phthalate esters, PAEs)f&—2&
&) Z B Tl Ak 25 i, A S 36 2859 DL E SR S 2
M, PAEs & BT A A B R
MANTERAIEY Z—, R BRI
REMMAY . Ak, B Toll A 7= Ak ot iy
K], 320 PAEs 15K KA L3555 F AR ER
e fF7E® . PAEs KW H I C ) 2 A7 T
UNZS RGP DN i3 IR S PNk S S BRI )
P37 J5)(United States Environmental Protection Agen-
cy, US EPA)¥4 6 Fil' PAEs 51| S £ e 45 il 5 4 1, £
FEARZK — H iR — B fig (dimethyl phthalate, DMP) 4}
7 W iR — Z Bk (diethy] phthalate, DEP) 44 —
% —1FE T ¥ (dibutyl phthalate, DBP) 4B4 — H iR ¢
£ Tk (benzyl butyl phthalate, BBP) 4F 78 — H iR —
(2-2.FE 0V FE)E (bis(2-ethylhexyl) phthalate, DEHP) I
L87E — R — IE =B (di-n-octyl phthalate, DNOP)®!
CAFSEUEN] , PAEs HY3E 3 F 2000 32 R HEM R
RN, AT TRV R B M DS Y L A,
#: 5% T DEHP A A5 2 Sl 1) 10 T 20 it 4 AR e 22 | e
PELRLAAIG T P55

JIFHE2 PAEs BT AUHE SR E , PAEs 2285 2352 Wil
JRDIRE" . ML A AE S 4 i b & i 2, 2 4
Jfi 555 T PAEs I, Aok 1k A g, SOk
M 5% A ¥ A (mitochondrial transcription factor A,
Tfam) & 2 BORAR A= W) 2 d B AR R 5 2
— % 52k & DNA(mtDNA)E il | 5% 5 DL K $2 I
s ™, Tfam GR 2 S BRI EY) &A1Y
Ree AT ZAE 1 Ty BE B3 %, 1T ZORL AR VR A * 48 i B
T YLK Y5 AR I, SORE R 16] 20 g A%
BERAE S, RA& T MOE T, HXET
PAESs & W{a] 52 0 Tfam £ 1 AR X 2 1K & A AF 58 5
/b, it PAEs Xf Tfam 8 FIAH XS 3Rk 5 1200, 7]
iJE—25 15 PAEs %t HepG2 ZHZR KLY, 4%
17, 1T PAEs KUY P L 3Z —MH X Tam 4K

SESEAESE P/

— Y5 8 F B 5 2 (three dimension quantitative
structure-activity relationship, 3D-QSAR )2 LA Fit {4 #1l
B RS = AR g i o BE AR R 43 7 1 N BE AR AL AN o)
TR A B FE R 1 AR Ak, 06 A s PR
I LI A WAL S I A Y s RO S A S8
HEATGETHRRARE R 19000 At 245 4 2K (LA 5 W 14 2E
PrEetE 02 0 PR AL 2= U — AR R,
FET LIRTE 5o, AR SCGHE AL E PAEs X HepG2 4t fitd
SRR Tfam 8 AT R I8 5 1Y 52 ), >R H] H 3
77 F #1813 (comparative molecular similarity indices
analysis, CoMSIA)f4 F i 5t 25 14 -1 P ¢ R AL, 45
IRANRIZ5 6 ¥ PAEs Xt HepG2 41 it iy L (4 2k 5
W] , Ay B Ge b 0 BRSE T G XU, AT DA DL S it
RITCHE Y PAEs 2 BtA A 8 S 4%

1 #1157 % (Materials and methods)
1.1 Sk R

MBS 20 2 HepG2 211l 52 MEM(minimum
essential medium)$5 7% 3L My [ o [E 0 75 58 A R
Al H LW (DMSO0) .6 FhAl 2R — R IR 251k
EYIEhENZ 2, a4 =99% ) [ Sigma-Aldrich
/3] RIPA 24 . BCA 25 A7 &0 T [ 1 ifg
2 KN T Anti-GAPDH Fii /K [ Affinity ; Anti-
Tfam $TIKIA B Cell Signal Technology,
1.2 YHpfE 3R Kb p

AN IR R e B MEM S 415 37 38 Hodh A3
10% (V: VIR A I 1% (V: VYV E R R
K 1% (V: VIL-A @B, A 37 °C,5% (V: V)CO,
ARG FRAR , B R T 4 5 TR, Y 4 Ik B AU K
1, DAL B BEAR BV E R SR B0 At . HERRRR I — 2
LR MR ERZAL G W07 T DMSO il e & b1
WM 1 mol L™ JF & UEBR A G P47 T-20 C

SO B A0 4 R T 6 FLAR P, MR AT I 41 e
BEPESCIO A ST, 24 h W EE S FHOR [R) VR B2 19 PAESs
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(0,125 250,500 11 000 pmol-L™")EFH 48 h,
1.3 EHRRElE

V4 TRAL S (9 40 M BT oK b, B & PMSF FR
it 100 61 770 P RIPA 24 A Vi 284 foe 4 B, - L i 4
F EP & BL, i BCA 2R B & i 55 & )
E IEWME RRIE . SRIGTE 10% (V: VI
St AL PR M- 3R D s O e sk Jse R 9k {3 (SDS-PAGE) I
HLUK S5 1 B L, B o B f IR A B
PVDF [ I, 3 FH 5% B9 R W3k T 36 T £
15 h, IA—$1T 4 COMWFLKR., W5, TEIR
ZM ™K PVDF S ZHiEE 1.5 h, &5, @it
ECL . i i 44 Image J 4 %F HOK BE gE A7 5
53 #r o
1.4 =4 BHEOCRER S bt

ARSI K ] SYBYL2.1.1 R4 45 45 B 52 1, A1)
JH CoMSIA 134T 3D-QSAR 30, LL2r TR
AL AE N IR B A ML, X A5 T 7E Tripos
1135 5 T2 F Minimize #E7fE 0L, 73 T
faf >k i Gasteiger-Huckel Hifif, F Powell BE i 5 &
2 e RPAL B A 1000, g F ISR E 4 0.005 kI
-mol™ . LIfL& % DBP DEP HI DNOP Tl 4 | 6
IR TN AE 1, AT PAEs fb & AE il rdk

IR /N — A (PLS)i#E AT B2 —12:(LOO) 38 L5
TEAH 3 P E8 52 IIE R AR (Q7) A K dw A 2 43 8
(), - LAAESE SHGUE T 1 1A A (1 58 SR IE
FHIC R EU(R) IFITI3HR HE (i 22 (SEE)  Fisher £ 305
(DL A T STk
1.5 CoMSIA Y ZM R IHIE S iy 5k

i 14 Golbraikh-Tropsha #1177 K14 QSAR
REAY By A0 56 15000 G 73", >R FH KNIME Analytics
Platform #£17 A 73 #H71, i 14 Enalos KNIME 7 &5
T QSAR BRI 5 it 5 T . 7 , % F A% 3¢
SR SN T RE 1 PFA 73, i 22 S 1 A AR 4 20
T 2 DA 4

R>06;R., >05;(R-R)/R<0.1;(R-R’})/R
<0.1;085<k<1.15;085<k’ <1.15
o, R? SRy 1000 5 08 2% 1) 1) 396 1 =2 ) 17 4 DG &R
B R o HANHAS U IE AR e R 8 B W HI 2 &
B 5 WA B 1 8y ); R G R A E R B 5 3]
R0 (40375 507 5 k A ARk R (T 5 L 39 114 375 2
1A 28 3 SR A 2) s & Sk ko3 (27 2 R 1% SO0 0 3
S5 NG S RA 2R )

1% QSAR AU )38 FH Y Bl s AL AT (leverage,

h)¥ Williams I (RIFRAEAL S5HTFHE )R RAED Horp
PRUEISR2E R 8 ALFHE R b ESFIATE N B . i
WEALBR 22 A 0 (E>3 1AL & W R B e SOl 5 1
A TN PAEs Z8 b4 5% 22 123X S8 BT Py, BmT
LU BT #5711 QSAR AL F S T AE A, KT
Williams #1965 b oh° HHREAXWT .
h=x(X"X)" x,

b x, Ky BFRE AP AR AR 5 T I8 B 1 &, X
VIR [ AR AR R

2 ZR5%5 17 (Results and analysis)
2.1 PAEs % HepG2 4fififirh Tfam & [ ZRIAHAYSZNA

6 i PAEs X} HepG2 #li i Tfam £ 4 AH X} 3
INEAZ M ANE 1 Fr7R, 24 PAEs DMIRIRE/EH T
HepG2 4l 48 h J7, Hovb DEP fEA/E W 125
pmol - L™ A H4 i Tfam &K [ AH X %235 &, Hi4x PAEs
BB PITEMRH EEXT Tfam 25 [ AR X 36 2K 2 1 52 R
W, SR, 2 PAEs 9B 1 000 pwmol - L7 A,
YA HepG2 it Fp Tfam & A A AH X 32k, Hop
DBP .DMEP .DNOP . DEHP X} Tfam & [ A % %% &
5 5 K (P<0.01), H # DBP, DNOP /£ JH &)
HepG2 4Hiffd ' Tfam & 1 AH XS 5 A Ay 4 Fh
PAEs {i%, #£7x DBP .DNOP Xf HepG2 4 g 1t 2% b {4
BEPEA XA

AR 2 AT B 9E & B, 4 PAEs fE H 1Y
HepG2 #iiffl, H: Tfam 7 1 R AKFA W TR
RIS ARBFSE o PAEs LA W% Tfam & [ 4H
X IR R R I — 2 22 5%, (B2 PAEs [W1E
JHYEFE N 1000 wmol - L™ A, HR4AR Tfam & [ AHRT
Fik i, NI 7E S5 22 B 55 K [R] 45 44 () PAEs Xt
HepG2 4f g ' Tfam 2 [ AH X 2 15 & 19 52 i L
1000 pmol- L™ HFA T , PAEs &l 488 — HI R
SRR A A — R 1 5 N ERALIE B, 2R
T TBEZAE A P AS [R) (0 ) B 56 A7 Hogh h A —
FE 25 50 G T ok B AR i CoMSIA J7ik 4y
BTt PAEs X} HepG2 4 fifl 7 Tfam & FHAH X 325 & 1Y
S LK PAEs 43 25 A 2 45 LR i A= 1 A= v
IVEF, T PAEs 4544 25 5 %) HepG2 4l it (1) £ 4
R,
2.2 PAEs 5 HepG2 #ifffd ' Tfam fY5E mAGRE R
2.2.1 CoMSIA &Y ff 1A FI G UE

i PLS THE AT, 5t CoMSIA AL 3T
TS HORN 5 T 5Tk (2 1), CoMSIA 57 i) f 1
AE ()R 3, 358 AR L (QP) N 0.508 , 458
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4B7E — FESES 3 ( PAEs) LUK BE A 125,250,500 #11 000 pmol - L™ 4b12 48 h XF HepG2 ZHAEH Tfam #8X1 R ik 2820

1 :(a) £ PAEs 1% Western blot 25417, (b) 482 —HI R — T FiK(DBP), (c) 4B7E —H! g — F fis(DMP),
(d) 8B4 " H R — ZFK(DEP), (e) 417K —H ik —(2-Z%5)EE(DEHP), (f) 4F7K —H R . 1E ¥ [E(DNOP),
(g) AFHE —H R —2-H F ) L BE(DMEP) ; n=3 ; 5% BEZH A Fb | * P<0.05, ** P<0 01,

Fig. 1

Effects of phthalate esters (PAEs) on the relative expression of Tfam in HepG2 cells treated

with 125, 250, 500, 1 000 pJnol-L’l for 48 h
Note: (a) Western blot strips of PAEs treatment groups, (b) Dibutyl phthalate (DBP), (¢) Dimethyl phthalate (DMP), (d) Diethyl phthalate (DEP),
(e) Bis(2-ethylhexyl) phthalate (DEHP), (f) Di-n-octyl phthalate (DNOP), (g) Bis(2-methoxyethyl) phthalate (DMEP); n=3;
compared with the control group, * P<0.05, ** P<0.01.

NUEAR & R BU(R*)H 0.983, SEE 4 0.017, Fisher
IOUE(E N 37962, HTFEIRI °>05 H R*>09,3%
AR HLA R A T0 8 ) BB Re T 6 B
PAEs 1b& 4 ) S 56 (A T5000 {8 DL 2% 2, FFAR 5 P &
MR AL PE R, W] 2 s B
B 5 R E = W) A, BER R 09316, H A {E 5 52
YA 22 18] il pe 5E 2R 80k 0.9823 , B 3 B T 44 2t A9
CoMSIA A5 % i P4 3 F0I0 68 g, mT LA 330
PAEs X} Tfam & [ AH X 235 5t (1) 52 0, 34— 20
X HepG2 il () 2 ki AR 7% .

£ CoMSIA HERI 37kl H# g Bk,
SR LA b S SR 2 AR 1 TR 43 50 R 11.90%
29.60% .30.90% .0.00% F1 27.60% , Bl $2 75 25 [8] 5
ARG S O I ) S A =5 P N o=
Tfam & AR A
2.2.2  AMEREUN RE

Enalos A&7 1] 42257 AR i KNIME 15 5 2 5 FH

FHHE , 15 /& Golbraikg-Tropsha!™! J5 i 1Y 454, Hi il
W55 LS 3] i 35 P 2 [T AH e RE(R) M 1.0, 40
HRAE SR UEAR A B EU(RE o) M 0.997 S E 2

et
O
1

e
o

y=0.9316x+0.0506 i
R?=0.9823 "

g
N
T

relative expression
f=]
~
T

=
Sa
W

TfamE [FUAHXS 35 i i &
Predictive value of Tfam protein

OI.() 017 0‘.8
Tfam 1A 25 1 SEBR
Actual value of Tfam protein relative expression
B2 ENESEEFNUE Tam EEHEN RIS
Z 18] B g M B3 53 4R

Fig. 2 Linear regression analysis between experimental data

0.9

and predicted data of Tfam protein relative expression
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B2 AR R (R -R))/R<0.1 J(R-R’})/R°<  FHMAES

1, 25 S B AR ko 1.007 k0993, 2.2.3 i I
Vi R 1 ) S i RS A o 0 g 7k Williams [#l—#¢FH TP Ir 237 QSAR A
Wi LB 0T 3D-QSAR FERLELAT A4 W, #E Williams B H, 480808 s AT FTHE () K T

&1 CoMSIA ER SIS E
Table 1 The statistical parameters of CoMSIA models

GTHR{E/% Contribution/%

@ R SEE F n ST iR Bk dfgftihy ARy
Steric Electrostatic Hydrostatic Donor Acceptor
0.508 0983 0.017 37962 3 11.90 29.60 30.90 0.00 27.60

T Q@ FR UM R A R Fn AR50 IR IEAR )C 54U ; SEE R bRl 22 ; F #7% Fisher B0 UE(H ; n 7R AL 1 £ AN
Note: ( stands for the cross validation coefficient; R stands for the non-cross validation coefficient; SEE stands for the standard deviation; F stands for

the Fisher verification value; n stands for the number of principal components of the model.

F 2 PAEs X1 HepG2 i1 s Tfam EBHEMN RIZEN IR ESREHTE
Table 2 The experimental and model-predicted values of Tfam protein relative expression in HepG2 cells by PAEs

E2 i CAS 45 SR CoMSIA k2
Names Structures Exp. Pred. Res.
0
e s CH
AR HR W g o~
oMP 131-11-3 o 0.6692 0658 00112
~CH,
0
0
EIE Sl 0~ CH,
84-66-2 : 0.7995 0.798 0.0015
DEP O-_CH,
0
0
S~ R - LI 2 B 0>,
DMED 117-82-8 o 0.7564 0.758 -0.0016
~"0cH,
0
0
AR T 07 ""CH,
84-74-2 : 0.604 0623 -0.019
DBP O~~~ CH,
o)
0
A R IE R o-CH(CH,) CH,
117-84-0 o 06013 0.592 0.0093
DNOP “CH,(CH,),CH,
o]

A TR (-2 C R 0 CH,
117-81-7 : 0.7283 0.73 -0.0017
DEHP Ovt/\/CHs
0 CH,
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EFCATAE (R I, ZRITZEE 5P REsE B A A fe
TRB% 22 M4 XHE >3 1Ak G W) BN R J2 i 1 2 7
H"™, i 3 s, SE50 T 15 PAEs $UdiE s b 3
/NF B HLIHBRE A% 22 1 46 XHE 2 38 7% A (-3, 3)
) RS [T PN, 2R BB R ELAT R A7 i T 2551 | g
W RE T2 A A N K,
2.2.4 FT DNOP ¥ JFi % CoMSIA &Rl = 4 45 5y
BT 4

HRAEE 4 1 DNOP (A B 48, 254 CoMSIA
PR (] 5), #K5¢ PAEs 43T 25 %) Tfam #& [ A7 X
FIBHFZM

e AR R 5 R EEM R F B A
e, AIFRIALE 58 T H L AR B, Tfam & A
XPFRIB D, H7E R 5 R ol EE L st
el RIRUIZEMIEE b5 e AR R EE 1AL B
i Tfam & FHAXTRIL, Bl ik &%) DEHP, L R 5
R JE A o i &5 51 A 20 3, XF A ) 4 F =AY
DNOP,DNOP 7£ R 5 R’ 7 FJomss, A itk 2
DEHP £ 1% HepG2 4iHdh Tfam & AHXT 1k &
Hahn, Hag o s £ 2EH,

(a)

c/\.)~

)<

20.000

80.000
20.000

TR T
Standard residual error
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3
25
2
1.5
1
0.5 ° .
0 ® o o h*=1.28
-0.5
“lfe
-1.5
-2
-2.5
-3 ‘ ‘ ‘
0 0.5 1 1.5 2
FLFFH
Leverage value
H3 R A

Fig. 3 Application domain of model

0

I
C—O0—R
1 3

2 4
C—0 —FR’
I

0

4 PEZHBREERNERTE
Fig. 4 Basic skeleton of phthalate esters

El5 DNOP 7£ CoMSIA R = # L H &R
T : ()13 (o)L 5 (OB K 5 () A BEZ AR
Fig. 5 DNOP’ s three-dimensional contour maps in the CoMSIA model
Note: (a) The steric field; (b) The electrostatic field; (c) The hydrophobic field; (d) The acceptor field.
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TEFHRI Y TR 3 4 500 Bl BRI AR Y 5 6
ok, BIZE B0 5] AIE i JE A1 2 S50 Tfam
FIARXS Fe kN, 75 R 5 R JEH] B4 (5 (5,
P, R 5 R’ A MR LR, 300 Tfam & H
Ak, BNk &4 DMEP, H: R 5 R’ 3L A1 5]
N HL B PR 1) F AR 3, X 4 B DBP 7E R 5 R
FEPA b5 | B 55 ) Y 3 PR k42 DMEP 1B
() HepG2 41 Tfam 25 F AHXF 35 A0

TEFK T, K & R 5 R LM K
UGBt RIFE R A7 81 b 38 i K 3 141 25 1
T Tfam 25 MY 5 1, T hE 2 K 3L A,
IEAE R 5 RO M 13 422 (0 e S e il K, FL s /K 1
R, Tfam & I AHXT B R, F %) it DEHP
AP T HIREF S 2-2 RO B AT Y TR,
H R 5 R EEMHK MR, F I Tfam 8 AT 3R

Rz R, Atk TN 45
fr b e I IAE R 5 R FEMA - BIULEA7E
R 5 R FEMA] FH A 5Z K, Tfam & H AR5
M, T E AR B TTERE S 0, R A S
Ko AR A m LB, Bl &
DMEP, [t 52 i 48 28 — H iR I 5 W 1 3 L B AE
FRVESCPE FERALmiAg, 76 R 5 R LM E5IA T 2 %t
X, BIZ T 2 ANEUSk 24, ir 2 DMEP /EH
) HepG2 ZHMIH Y Tfam 2 PN FEk g b,

F 552 DMP .DNOP () R 5 R’ #H 7]
ABiK IR GES AR PAEs (OFEMERY | b4 3 574
WFFE L5 R AL, T HEDN 2 7E PAEs 9 325551 A Bk
LA i, Tfam 25 [ AR X 3238 2 38, F — 25 B AR
PAEs M RLAR 3 1, I SL4F | 7E 235 PAEs Z544 |
BT REE AU YR AR50 B F 9% v 2 B, 76 4R — I
A X VNN N AN i A i kiR
AHZIRRE K PAES FFER

3 1118 ( Discussion)

AL R R, 24 PAEs DL 1 000 wmol-L™' iy
WEE T HepG2 #0148 h )&, 5 %t BRALAH b H
Tfam & FH AN 8 5 8 3% TR, 3 3D-QSAR J7
HERIMT T PAEs X Tfam & FAH X 28 5 A 52
Wi, 1% 3D-QSAR #RLEA R AF By AR T g
HEA 7 35 G5 A T 12 g R

AN 8 EAROC R E5 R R W], 78 PAEs 25 R
5 R IEA EGIAER B R Az R E
ML, 38 I PAEs 254 Bt 4b P 2H HepG2 4 ifd

Tfam £ [ AH X 35 5, 520 HepG2 i fitg o 2k b 14
W R FEAR PAEs % HepG2 40 A il 2ok A5
X} 6 Ft PAEs fb& W%} Tfam & (A R ik &
R SE M) 4 — 25 T50 1 2 ) 5% Hep G2 41 At Y 26 KL
PR BE P RON FE ARG R, SN TUI 37 78 PAEs X
Tfam PZMAERAL T — MG 7ER) TR 3 B4 5 it
JCTEMHT R PAEs $2(E 5% |

BIEE BT AP A 20(1968—), %, &, 3%, BT
BARGERE HFETF,
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