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SR ZH LU 5 X HE e @Bl f7 0 MEREE SRR, 5 CT 41 g, Bl e s Ab PEAH /N B2 > 012 R 1 th BB A, 25 () R
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Abstract; To study the effects of combined exposure of diethylhexyl phthalate (DEHP) and bisphenol A (BPA) on
learning and memory impairment and amyloid precursor protein (APP) processing pathway in mice. 80 Kunming
mice were selected and randomly divided into a blank control (CT) group, a BPA exposure group (1 mg-L™"), DE-
HP exposure groups of different concentrations (100, 250 and 500 mg-kg™') and combined exposure groups. The
mice were exposed to the toxin by oral gavage at 0.01 mL-g™', 7 times a week for 6 weeks. Morris water maze,
step-through training and jumping platform experiment methods were used to detect the effects of two chemicals
and their combined exposure on learning and memory of mice. The content of malondialdehyde (MDA) and mono-
amine oxidase (MAO), catalase (CAT) and activities of acetylcholinesterase (AchE) were detected from brain tissue;
enzyme-linked immunoassay (ELISA) method were used to detect the activity of B-secretase and 7y-secretase and
the content of AB,, in brain tissue; Western Blot method was used to detect the protein expression levels of APP,
PS1, BACEI and Tau; immunohistochemistry was used to observe HE staining in the hippocampus of mouse brain
tissue. Compared with the CT group, the behavioral test results showed that mice in the single chemical exposure
group had dysfunction in the learning and memory ability, and the spatial exploration capability was weaker. In the
combined exposure group the target quadrant stay time was shorter and the number of crossings was less than the
single-exposure group, the difference was statistically significant (P<0.05). Biochemical indicators show that as the
concentration of the chemical increases, the content of MAD, the activities of MAO and AChE were gradually in-
creased, and CAT activity was gradually decreased in the brain tissue. This changes in the combined exposure
group showed more obviously. In the exposure groups, the activity of B-secretase and y-secretase and the content
of AB,,, were increased, and the enzyme activity of the combined exposure group were increased more significant-
ly than single exposure group; the differences in each group were statistically significant (P<0.05). DEHP and BPA
exposure have separate neurotoxic effects on mouse brain tissues, and both cause learning and memory dysfunction
in mice; with the increase of DEHP concentration in the combined exposure group, the behavioral test results and
biochemical indicators were changed more obviously compared with the single exposure group with the corre-
sponding dose. The combined effect mode was evaluated by the effect additive model, which showed a synergistic
effect; the neurotransmitters of brain tissue were significantly reduced in the exposure group, and the specific mech-
anism may be related to the oxidative stress and APP processing pathway.

Keywords: bisphenol A; DEHP; combined exposure; APP processing pathway

BRI ELAT JE M | R A% 1 I YR R R AR
FEPE PR SRR AR 7 A i Hhpl R a1 P 31 9
i HRU AR oK T B iR T 20 %k & B (diethylhexyl
phthalate, DEHP)J& ™ & 5 K H 4 o) iz i —
Fsg o5 e NRAH BRI A IS P T
DEHP 5 ¥k 2 [A{ARSE AR 55 S S i A Ae )
Az, AR B ST BT Yo LA i) 2
PEROT™ AR SCRE T LT s 2 B PRS2 e, 5 —
Fhi ¥AF XU A (bisphenol A, BPA), J&— i g 1L 1
KRN T, HAe A s v R REPE A0
o BEME DT T 9E CAR BE S B & e S5 it
A BPA IR MR B 32 B T

DEHP 1 BPA X 25 1) JR 45 15 Yl 4y X BLAA 1t 22
ARG HA FOm N, A 5T R, Z0 R AR A
DEHP £ 52 M 0/ R P2 & 05 AR 258

AT PRI | BT RN B B ol Sk AR B R T
DEHP H1"' BPA % 2 id M A& 45820k A
N FEAILAAR v R A% 30 2 63 45 e R I S5 5%, AT
FAE R BTJR 2% 16 2R (Alzheimer disease,
ADER—Fl LAY g rh i pf 28 R GEAR AT,
WabaZE HIRFEECH DG 25 5 32 R 15 G I 52
VEMRE AT IR ER 1 (APP) i Af 38 1% 55 & AD B0 AL
il ) AR R G SRR i B B A DL R
T BRIR | BRAE S ST A A MR 2 [R] e 2
T2 FhEEy b, LIAEMWESE H DEHP fil BPA —
H P EEPE M T AR BRSSP A
W, T AR H £ RN R 7E DEHP 5 BPA ()
g A5 K 1 %2 4 ) 5 2 F T A T
TRUF s IR W SRR, B0 37 i fn A
{4 /9t DEHP F1 BPA Bt 45 %% 8 5 B0 {5 n) R4
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(LS S FNRL 2 A , A YR SE 50 X /N R T BG &
YREFR ST Ry 2 IR A AR 8 A ARG , 45
"} BPA 5 DEHP k& Y 5 09 8 M AE FH S5 HLH DL &
XF/NER A 2T e IR

1 ##l57 % (Materials and methods)
1.1 SEEshY)

PE#E 80 H SPF 4% 2 W (Kun Ming, KM )Ff i H4:
ANBL PR (20.0 £2.0) g, B AE 1 K2 S W R
S HRARE 7R AE ) K A R 2 B sl ) A 5 i 4R
T3R5 d,06 KGRI IR A 22 ~25 °C M
X B PR REAE 40% ~70% .,

1.2 SEEER 5]
1.2.1  SEE AR

AR (G A B AR A FRA ], 15 BioTek)
FRE P I8 AT B 1 R AL (TR TR BR R T A BR A W AL
IY96- 1) HL kA (L1 I 28 25 K A= Bl A BR 2 ]
KI5 165-8033) /NSl Wy ik I 2 48 I AN (b 5T Ak s
A, A5 YLS3TB) NSk & 10 s A (bt AR
1), 1S YLS-17B) Morri 7K 3 B (1 ik dk, =
XR-XM101) /5 3# ¥% 1k 2 0> ML (Thermo Electron , %4
2 CR3i),

1.2.2 S5

XU ASERE 99.0% , LA i Tolk & AT BR A
A)) AR ZE T H R XL (2-2, %6 & 3 B (46 99.0% , B
o B ()R Tl & A R A R ik i 80 (46 &
99.0% , KL Bk B AL 4 R 500 A7 BRA W) T8 1
(MDA) , Z, F5: JIH 54 T8 i3 (AchE) , B ¢ S8 AL i (MAO) .
I AL SR CAT) IR & 3 W T/ B T
HRR/\ ] ; APP PSI  tau ,BACEI . tubulin #7714 (38 2k
THEZRBHL (h DA R W) 5 AB, L, IR f 5% 1R
£ B-ITULHEERN y-43 WS BRI S 28 S AR B (L VA i
BAE YRR BR A ) .

1.3 5B

¥ DEHP 5t i 80(Tween-80) 4% FBAAF Ny 1:1
B, I8 RO A T il v B 4 3310 >4 100,250 F11
500 mg- kg™ MY FEW . 4 1 mg BPA ¥ fi# T 10
mL AJC/K ZBE, A 1 L KBS #] A 1 mg- L™ Ay %
BRI ;2 FREE M H R I 8 Ye 52 10 5 SO0 /N B4 T
Jedgab g,

1.4 SZEGp4H SRR ST

14 A 5E 2o /N ERE AT Y4 5, BF9Y DEHP X
TP /N B B 5 S Ak 361475 & Bel-2 \Bax R %35
SO, 45 SR DEHP 4% Y 75 41 (% K B2 5 Bel-2

EHEFIAIL 500 mg-kg™ A1 1 000 mg - kg™ F &
2 Bax A 5, #2785 DEHP AT B0/ BRI B2
T S A B R TR O B T A s SR A AT T
DEHP Bt SR #5000, AR e hn s SR 3 B
1.0 mg-m~>F13.0 mg-m™ FE5 500 mg-kg™' DE-
HP VI B EA BFE4 1.0 mg-m” FEE+50 mg-kg™'
DEHP #13.0 mg-m™ H £ +500 mg-kg™' DEHP #J
DL 30N B AR 5 | S SO, AR YR S B DA
R PER T e R B AW PR 80 HE W
Fl/NE BEHLA R 8 4, B4 4% 10 H AR in g
1 R,

BPA il DEHP b ¥ 2l £ K4 HE 0.01 mL-g™' 1)
F /N B T 1S YL ag ) HEZH 42 BREORH [ Eb 491 1Y)
F 25T W ZE K (double distilled water, DDW)JE 5 4k
A HY B R OK, YT 42 d, L5
], B RGN R Y B IR RVIRE, IF il 4 4
/N i S DA O &

®1 LBRHASEEFE(n=10)
Table 1 Experimental grouping and

exposure dose (n1=10)

F5 20 51 bl
No. Group Dose
0 mg-kg™!'-d!
1 CT mette
DEHP+DDW
0 mg-kg™'-d™!
2 BPA ke
DEHP+1 mg-L™' BPA
3 {i& DEHP 100 mg-kg™' -d™!
Low dose DEHP DEHP+DDW
. {% DEHP+BPA 100 mg-kg™'-d™!
Low dose DEHP+BPA DEHP+1 mg-L™' BPA
rf DEHP 250 mg-kg™'-d™!
Medium dose DEHP DEHP+DDW
i DEHP+BPA 250 mg-kg™' -d™!

Medium dose DEHP+BPA DEHP+1 mg-L™' BPA

; 1 DEHP 500 mg-kg™' -d™!
High dose DEHP DEHP+DDW
= DEHP+BPA 500 mg-kg™' -d!

High dose DEHP+BPA DEHP+1 mg-L' BPA

11 CT RR 2 N BRZH , BPA 3278 XUl A, DEHP KR 48 —H1 iR —
ZH i, DDW F7R WA K

Note: CT stands for blank control group; BPA stands for bisphenol A;
DEHP stands for diethylhexyl phthalate; DDW stands for double distilled

water.
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1.5 ZWtT e scss
1.5.1 /B Morris 7K 225

S FE A B A 42 R EAT /N B Morris 7K 24
YNk, IR E] B e i 25 25, KR EHER R
1.2 m (R KA A%, K5y 4 DR, 6
T 4 IR, A KA T 5 F 2 om &b, TR
PREEAR S HEAT SRAR AR B, S B KR SR
EQR3+1) C, FLWHTS d RENAAT LR . B UCK
ANERA S Il BE AR i N 12 3 4 RER Y A E
P E AT B R 60 5,10 5t /N BROAAS A 4
R LG ), B 5458 5 s Il b6y
FARRE IR BT &, W 5 S8 5 % -
&, b/ N RFEE G 8 10 s, B om = ) id i fg
J1. ARG 24 h lZ— 25 d; 58 6 K 5T
K9 RifbAr2s AR R S5 F /N BRE 5 X5 £
LR PR E S AK T 0 SR B BRI
H ARG BR 45 B8 B 1], DA s o I3/ LA 2 () 2 2
VA DA
1.5.2 /N FahE s 5256

556 JEBFUIZR, 3 AN SR ANE XD,
/N BRI S B ASC %) B A o e H O R 22 L 34 A
5533 min J5 T 1 B 0E == 00 B Al , I bk g ASCHE 17
WE , BRI E R 36 V, FFE20 5% 5 min,24 h J5 i
AR TR I3 A 1 S, 30 S /N ERUER 1 RO
2 165 A 52 3] L o BT %) BsF TR R /DS BROM B A 28 AR
21| 5 A 7 ) o o A VR, B SRR AR S AR Al R v 8
1.5.3 /NERBE G5

55 6 JRBTHEATUN SR, 3 BRI 25 TE =X
2 WAy, SEER T UG Z HHE S A Bk 5 AR A N 3
min, JIGHRIE FL, B9 52 2 R, T R RN BBk T
S £ SR £ R R, % BE A 0 /0N B2 ) 553 3k
SN AEAZRETT 3 5 2 KA/ NI AR | kAT
TERIE, A% B R 5 min, WLEEIE0 5/ RO 4
SOV G T T AR 9% i ] AN BROCE & 86 IR
B, B skEvE RS Ak 15 B DR R
1.6 AEAbFsbnimi e
1.6.1 /N4 MDA % & LA & MAO , AchE |
CAT &Py

/NEALBE S BTk O, FHORSE R 14 1
J, %08 9(mL): 1 (g) I HL il im A A B K BT
vk b Ry R ML AT R B, 2 500 e minT! #5010
min, PO 13 R, A% 48 BE R 1 B S X AR AR
HEATRI

1.6.2 ELISA IEAGIIAK 1L rp B y-43 WA il 175 14
AB, , FH

VAN YA e e o S N A R Y
i, %I 9(mL): 1 (g) W LA PBS, & F oKk L ¥
PERLB AR | 500 J5 B W, >R T ELISA 174
W, 4% FE UL A TR
1.6.3 Mi#ZH%17 APP PS1 .BACEIl F Tau & H %
briy/ & < il

SR F BT v, 2 BUS K I 41 20 A RIPA
ZE v A PMSF, 30 43 0O B | M SRy B, FR AR I
PMSF, 7K_L- 35 30 min, #5005 BUE S, P AS AR I
VLIS A5 | W . 7E SDS-PAGE #E i Hh 47
FLUK, BURE & 20 wL, B UK 5 % 5 Bl id 2 PVDF
JIEE, PRIV, B PATRCET A 2 h A —BL R 7EHR IR
HRE% 15 h 5,4 CKFME R, ) H Fif—t,
VG AERE IR TP E P 1 h, [ T, FRR TR TA,
WESCHURE , A& AL R RB K-,
1.7 fpEdifbyita

W EETE 10% fR/R SRR IE 2 W i i 20 2 UR IR
AR ARSI Yl HE Juta 357 b s i
FRAFEAE SR MG L 20 S IX TR A8 R b 25 57
1.8 ERGEEIEITM 3 07

H AT A G Ve I Jr =X 322 Tk B A
RI(CA) SR AR L (ES) 4 <74 FFAR 7Y (TA) AT BE
AL DT, R G X, AR
SR RN AR BT A T P4, AR B S P
(B AAEAEAR AR B 3% 2 Fh g ) 6 A Ab PR () 7
PN AE Ay < SEIAE B Ak B IS %) 3 00 AR R
CTRONAE 2 AT 035 M 25 S 0 B R B LR
VBT 5 #7500 8 b S R T BOE 156 & Je 2
RIAPRIE
1.9 Gtk

K SPSS26.0 #R AT S 2R 5 2243 Hr 4L 1A) 22
SHE ] LSD-t FIREH6 J7:, P<005 MEA G425,

2  Z55 (Results)
2.1 /P Morris 7K 385 3256

75 AR ZRE AR R W, 6 R4 /N BRUEE 5 RO
fm THANA, BARZ RS T K S R B
R B BYYE  DEHP F1 BPA Bk /5 141 /)s BRI
AL, X T B BICICRE 1858 B e i L AN
R BAR G IR, Pl A AR L, 25 [ 4R & Ae 1R
25 SRR AR L, 22 M B Gt 22 5 L(P<0.05)
(2 ME 1),
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F2 EAITRIGEEE BRI (X2, n=10)

Table 2 Evasion incubation period of positioning navigation experiment (x+s, n=10)

20 51 ERDN 2R E RS F4 KR LR S
Group 1% day 2" day 3" day 4" day 5" day
CT 5277+722 4433+8 88 39.07+9 81 3373+11.12 2845+11.87
BPA 54.82+8.86 45554965 39.95+7.29 39.71+11.86 36.93+9.19
it DEHP Low dose DEHP 57.19+8.13 46.15+9.17 43 65742 4023+742 3833+11.53°
o' DEHP Medium dose DEHP 57.60£926° 48.80+8.18 4443+11.17 42 46+10.80° 4478+10.09°
# DEHP High dose DEHP 582029 41 49738 44 473349 84 4439+10.83° 4623+10.15%
{ik DEHP+BPA Low dose DEHP+BPA 57.78+7.52° 5235+746° 47.60+9 89 4542+798° 47.68+10.67%
" DEHP+BPA Medium dose DEHP+BPA 58.56+531% 54.51+4.83%® 49.30+9 .52 5027+7.76% 49.14+726%

= DEHP+BPA High dose DEHP+BPA 59.89+9.96%

5596+1027%

52.82+11.65% 57.78+8.09% 54.13+13.49%°

H.a £R5 CT A, P<0.05;b F55 BPA 4 H#, P<0.05 ;¢ /RS54 F 7| DEHP YLaE4 s, P<0.05,
Note: a means compared with CT group, P<0.05; b means compared with BPA group, P<0.05; ¢ means compared with the same dose of DEHP

group, P<0.05.

PO

CT

Delivery point
%
End point
BPA

@ ©

fIkDEHP " DEHP
Low dose DEHP Medium dose DEHP

D @ O &

#DEHP
High dose DEHP

{I[kDEHP+BPA
Low dose DEHP+BPA

i DEHP+BPA
High dose DEHP+BPA

' DEHP+BPA
Medium dose DEHP+BPA

1 AT ERE KL E ST

Fig. 1 The trajectory of each group of space exploration experiments

2.2 AL L

5% B2 4 £, BPA i, DEHP H. 7 Yt 5 41 DA
S e 75 20 A TR AR I 400 0, B RO BT e 3 (P
<0.05), BRA Yl 33 41 55 HOO W 0 B YL BE AT LR
b v AR 5 A R B0 B e e B (P<
0.05)( 2),
2.3 /N4 MDA & & L) & MAO, AchE Al
CAT 5 B I 25

5% B4 L, YL 5 41 MDA & & MAO I
AchE TGP EHE TN, LS CAT TG PEZ i FRAR
HAT 35 22 5P (P<0.05) s B G B 4 -5 X6 L 114 B
YL EEZHAH L , MDA &1 \MAO Fl AchE {5 4 # i

B, CAT 15 M4 B AR (P<0.05), 2 0 {8 3ok HC 2
WA, RICNEIEHIGR 3).
2.4 /NEURAHZ B y-or BTSRRI AB, L, WO &
XA b, s e d A SR el B
y-or WS R AB, L, 1T B Z2(P<0.05), B A YL
BELH 5 OO ) sk e i 4 LA, B Ly -4 U il I P
T AB, L, W 3 s I 2 (P<0.05)(& 3),
2.5 HmHAFRKKF
HIE® AX) e, s YL # 41 APP PS1 BACEIL
1 Tau £ [ 2635 /K 7 BH 455 (P<0.05), Hov Bk &
YeRi2H APP PS1 BACEI Fll Tau (2 1334 K -1
i TR e A4 (P<0.05)( 4),
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RS TR AR HENEVE R
The number of errors The escape latency
s in the step-through training in the step-through training
250
abc o
& & 10f 23 20 ¥
X5 22 1s0f i | S
¥ = abc abe K= I ab o
éﬁ £ 3 g I I abc 4,
= 1 a } &5 100f I abe
= 8 §
! } = S0F
0 I 1 1 1 1 1 1 1 0 L L L L L 1 1 ]
1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8
Bk B HIRIREL B v R
The number of jumping errors The platform latency
151 abe 200
ab <
w 5 150'} i a
_1of \ § &5 § & o X
® e a K= i adC abc
ZE i i 22w 100f § age
K 5 I I & 5
£ ST i 5 3
Ry
¥ =
0 1 2 3 4 5 6 7 8 02 3 4 5 6 7 8

2 REEE B AL AEFEIRR B LB
Hi:a FR5 CT AILEL, P<0.05 ;b KR 5 BPA 41LLEL, P<0.05 ;¢ on SAH I & DEHP JL3220 U4, P<0.05;1 37K CT 41,2 %78 BPA 41,
3 ZR{% DEHP 4,4 2R DEHP 4,5 2R DEHP 4,6 R {k DEHP+BPA £ ,7 %/~ H DEHP+BPA #H ,8 3/ DEHP+BPA 4,
Fig. 2 Comparison of the latency and the number of errors in the dark avoidance and platform jump experiments in each group
Note: a means compared with CT group, P<0.05; b means compared with BPA group, P<0.05; ¢ means compared with the same
dose of DEHP group, P<0.05; 1 indicates CT group; 2 indicates BPA group; 3 indicates low dose DEHP group;
4 indicates medium dose DEHP group; 5 indicates high dose DEHP group; 6 indicates low dose DEHP+BPA group;
7 indicates medium dose DEHP+BPA group; 8 indicates high dose DEHP+BPA group.

*3 PRMARIRI_FE(MDA) FE  REFNLE(MAO) , ZEAEHERES (AchE) 1
TEEEE(CAT) iEHAI LB (X+s,n=10)
Table 3 Comparison of malondialdehyde (MDA) content and the activities of monoamine oxidase (MAO),

acetylcholinesterase (AchE) and catalase (CAT) in mouse brain tissue (x+s, n=10)

3 MDA MAO AchE CAT

Group /(nmol-mL™") AU-mL™") AU-mL™") (U-g™")

CT 1.07+0.58 15120.17 1232038 2102027

BPA 140026 196+0.64* 1.8620.13% 1.54+0.49°

ik DEHP Low dose DEHP 134£033 1.74+027 1.56+0.14 1.65+0.34

1 DEHP Medium dose DEHP 146048 2.11+021° 1.80+035° 152+024°

% DEHP High dose DEHP 1.692034° 2.042027° 2.00+026° 124+036°

{ilk DEHP+BPA Low dose DEHP+BPA 1.78+034° 246+0.18% 236+0.55%° 145+0332
" DEHP+BPA  Medium dose DEHP+BPA 2.00+042%° 2.69+0.29%° 2.60+0.25%¢ 121+0.30°
= DEHP+BPA High dose DEHP+BPA 226+023%° 3.07+0.22%%¢ 3.03+0.38%¢ 0.72+0 .46

1 a Fm 5 CT 4 HL#, P<0.05;b FR5 BPA 41104, P<0.05 ;¢ 7o 54 F) i DEHP Je3540 LL# , P<0.05
Note: a means compared with CT group, P<0.05; b means compared with BPA group, P<0.05; ¢ means compared with the same dose of DEHP

group, P<0.05.
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1

150}

100}

B-43 WA P/ (umol - L)
T 8 T

The activity of B-secretase/(umol-L")

£ 2
S S <
T 7

AP, Fr it/ (umol - L)
(3]
S
=

The content of AB, , /(nmol-L™")

(=]

1 2 3 4 5 6 7 8

1001

& (=) [ee]
(=] (=) (=
T T T

393
(=]
T

y-or WA (ng L)
The activity of y-secretase/(ng-L™")

(=)

B3 /NREEARS B-5 il y- 2 WEEEN AL, BE
H.a F AR5 CT 4l H#E, P<0.05;b £/ 5 BPA 4l AL, P<0.05 ;¢ /R 5[ 7| i DEHP YL i, P<0.05;1 7~ CT 41,2 /8 BPA 41,
3 #n Ik DEHP 41,4 F7Rh DEHP 41,5 375 & DEHP 41,6 %/~ {ik DEHP+BPA 41,7 3/~ "' DEHP+BPA 41,8 %/~ = DEHP+BPA 4,

Fig. 3 The activities of B-secretase, y-secretase and Af3, ,, content in mouse brain tissue

Note: a means compared with CT group, P<0.05; b means compared with BPA group, P<0.05; ¢ means compared with the same dose of DEHP group,

P<0.05; 1 indicates CT group; 2 indicates BPA group; 3 indicates low dose DEHP group; 4 indicates medium dose DEHP group; 5 indicates high dose
DEHP group; 6 indicates low dose DEHP+BPA group; 7 indicates medium dose DEHP+BPA group; 8 indicates high dose DEHP+BPA group.
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Fig. 4 APP, PS1, BACEI! and Tau protein expression in each group
Note: a means compared with CT group, P<0.05; b means compared with BPA group, P<0.05; ¢ means compared with the same dose of DEHP group,
P<0.05; 1 indicates CT group; 2 indicates BPA group; 3 indicates low dose DEHP group; 4 indicates medium dose DEHP group; 5 indicates high dose
DEHP group; 6 indicates low dose DEHP+BPA group; 7 indicates medium dose DEHP+BPA group; 8 indicates high dose DEHP+BPA group.
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Fig. 5 Hematoxylin-Eosin (HE) staining neuron morphology of mouse hippocampus
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