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Special column: Developmental toxicity of emerging contaminants
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Abstract:

[Background] Organic phosphate flame retardants are emerging environmental pollutants.
While there have been multiple toxicities reported following organic phosphate flame retardants
exposure, few studies focus on their potential developmental toxicities. It is necessary to elucidate
these developmental toxicological effects and underlying mechanisms to improve risk assessments
and better protect sensitive populations.

[Objective] To evaluate potential developmental toxicities in early chicken embryos following
exposure to triphenyl phosphate (TPhP) or cresyl diphenyl phosphate (CDP), to reveal TPhP and
CDP’s capabilities to activate peroxisome proliferator-activated receptor y (PPARy) in vivo in an
established chicken embryo gene reporter system, and to investigate the roles of PPARy in TPhP/
CDP-induced developmental toxicities with lentivirus-mediated in vivo gene silencing.
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Firstly, diverse doses of TPhP and CDP were injected into the air sacs of fertilized eggs to assess the development of chicken
embryos after 6 d of incubation, and an optimal dose was chosen for subsequent experiments. Subsequently, the report gene system
was employed to evaluate the intraembryonic activation of PPARy by TPhP and CDP. Eventually, PPARy was silenced using lentivirus, and
the embryos were co-treated with TPhP and CDP to further disclose the roles of PPARy in the observed developmental toxicity.

Following developmental exposure to TPhP or CDP, significantly lower chicken embryo weights (normalized with egg weights)
were observed in the 6 d embryos (10, 30 mg-kg™ TPhP and 3, 10, 30 mg-kg™* CDP), indicating that both chemicals have general develop-
mental toxicities and CDP is more potent. Additionally, exposure to CDP also resulted in remarkably increased sagittal brain area (normalized
to embryo weights) and decreased sagittal eye area (normalized to embryo weights) (P < 0.05), suggesting that CDP has specific develop-
mental neurotoxicity and ocular toxicity. The PPARy reporter gene experiment results revealed that rosiglitazone (positive control), TPhP,
and CDP all significantly activated PPARYy relative to control (P <0.05). The potency order was rosiglitazone > CDP > TPhP. The lentivirus
microinjection successfully achieved in vivo silencing of PPARy in developing chicken embryos, and the estimated silencing efficacy was
approximately 55% according to the real-time quantitative polymerase chain reaction (QRT-PCR) results. The in vivo silencing of PPARYy ef-
fectively alleviated TPhP or CDP-induced decrease of embryo weights (P < 0.05), as well as CDP-induced increase of brain areas and decrease

of eye areas (P <0.05).

Both TPhP and CDP can induce general developmental toxicities in early chicken embryos, and CDP is more potent than

TPhP. Meanwhile, CDP can induce specific enlarged brain area and decreased eye area. The observed toxicities are associated with in vivo

activation of PPARy.

triphenyl phosphate; cresyl diphenyl phosphate; developmental toxicity; chicken embryo; peroxisome proliferator-activated
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10% 52 R U PRI, 20% 2 5% R BEMAFI, & SRR
TR 1 BB A 57 BR 1 #8 5 22X 5 D058, B 1 Bk BB KA 5
(organophosphorus flame retardant, OPFR) fEAEH FE
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2018 F 2 IKXT OPFR BIFEKIAE! 1.00x10° t, B HF4UIE
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W58 = KBS (triphenyl phosphate, TPhP) F1#5E2 B
& — X E&(cresyl diphenyl phosphate, CDP) J& T # &
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EEMUER, FIU RS ZHEEREIARRER, B
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El Tehp R EL A, 5190, TEEKRREIRY TPhP
FRERE(EEMARE)SEERN 4.4~14000 ngL ™,
EARAMAEF PP B E 7 8 E B A 341~
62100 ng-g '™ 2010 E£ZE 2015 FHF ) U ERIFRIEH
TPHP E BRI BT ¥ 85 B8 — 285 (diphenyl phosphate,
DPHP) ™, SR FEE B E S T 2002 £ 2003 FUREM R
BErh DPHP SRE™,

CDP 2 OPFR F—F{ESEBEMM T K, HIFHIE
S EBERLEM, (E A RAFIFILER, BF
IMEN R, Glanid. mmhithzRok, S5
2540 o TE R [E Davyhulme 757K IR 16 MR S 1)
ik A, cOP KRB A 53 ng-L™, 1EFAYIEF Valen-
cia 557K QIR 1, COP IR E A 23.7 ug-Ll ™ ™ CDP 7£
£ ERET TPhr NITEY), REHAE S BB
&1, AR AE X MNBSHIER, ERSENIIE
BEFI B FTAR[E, BT cDP @8 OPFR, B EL/L AFIE
ANBEREIE . COP 5 TPhp AL BE AR OPFR,
“ENAEERERT LLARRRFIE OPFR ARG
g%,

TPhP B— MRS M TFIY™, AIESEBME
EEME. MESEROHESE RITREMRE
BE, TPhp e EL X154 DPHP AT LAFE ARR BRI E, /=
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H—FHR AAREFELESENSHER ——
YGRE, 3¢ —25 [#BE TPhp X2 COP VR HA R B EH 4. 18
FBRAGFE3R'VERZTERN, EENEHNE
BEVBRAETHMMNERASERRERE, HAS
O EEHRENE, KIRENRASZ FMRMiE
6, HA R A HBRB AN ER S, BEERAESRH
FLEhYIE B I R a7 #0780

S YESAILTEYEEZ 1K v( peroxisome pro-
liferator-activated receptor y, PPARy) =& — F B {4 BE
NiZEREF, BTRZEBRE, THAEEEDN
RIK, R 2 REEREIEXERE, PPARy EX I EH
A ZRIK, WNBRBEHLANER LB RINEHFES
Z(ERY, ERER A B3 2H, PPARY X HE R A
RENEEABTEEEMER"", EBXHEB KA,
TPhP BETSIEITIB5E PPARY T SMBERARBHES AR
W REANARRA T, MERRBINEEMR) LEAE Y, &
F TPhP 0 CDP TELE S L AIAR I R SEI0 4R A% 53 AU T
L8, CDP #7E PPARy B AT BEME K, SR AS B R 1B 4%
PPARy /J TPhP Sz CDP NBTE D FEH =, UARIRSE
BERBEARARIEHS NN, 1857 PPARy 7 TPhP &
COPIESUHR LA ESHFHIER. &AHFRA S TPhP
K2 cop B9k B 14 KBTSt —H R AN SRR
REBEEMKIE,

KRR FERANZIENSE(Gallus gallus) T8 B 78
RRFH(PEWUFRFT), DEFHE S, EEMED A
ERANEAFE(ES KX, PEIWLREMNRR) , RinE
EF#ITHCRE 37.9 °C, JB E 50%, &) % 8] [F
180 min) £ 6 d, BIE L8 B ohizHI & Mo

MARESR(PELUARRIFEETBM
BRARE), BAKZE(FEEASERAKZRATERA
7)), 4% ZRBEBR(FE NEEEYREERLQE).
TPhP DT AR G, 299.8%( BIE4l) ; CDP 98%F 1A
BEY(FELLEZEEMENRRRDERAED. 1€
REGTRERS. IREERFRSH PPARY MEIER
H)HPELLEFINEREZRERODERARIZIT
MER, AEFEFIREHIEIT A FEMEIE s1. & s1.
S2. & S2, KW HIHRNEMNEF R
@Y AEWENRERER M.

2 B oL FE(KF264, I EEMNH RS

WiigEERAE), BERMHES O (Sigma 1-16K,
EE sigma) , (A1 2R (XPZ-830TI, FREEEMEE SN
HIEERIFELAR), KFEEMER(BX53, HA Olym-
pus) , R TN AL BRI (IVIS Lumina Il, EE S iEEE
N Caliper Life Sciences) , M5 HiPer SYBR Premix EsTaq
(FEEEREEZEYRIBIRAR]) M LightCycler4go i
(I EBZ’R Roche) o

TPhP AARBF HBEIR, BENM KRG, UETE
OB ZE JF 5 B9 E A8 7)) B #I A% 100 300 1004
300 mg:mL™ BURER, £ RiE. COP NiRIE, HIZA
FEIEFH, BiEACAL 104 304 100, 300 mg-mL™ BYA
o BESERBHRSREFHESET Jiang E
KR, EEARREIEIERE, MR KRN R FREC R
BR, aRiR7E[RE ARSI ESME
PeRFRKTERERTEARS, IRTZ 5 AT
REBRRENRE, ZHZE ZRTHEXSEZETH
5=, TPhP MR IMEIR S £ B FREAMER, BEED
EUAENFISKIE. 5—F5 @, COP S HEAN
RENRE, REMRITERIL. £2EFNEKIEBEAZ
B2 & RM TPhP J% CDP RUFEFXFRZ >,

NS PP 7Y P N
F P IERA 1L 0 d(ED 0) IS ¥E XS E # 1T TPhP
3 COP F. BEAEREERATHANERE, BHRE
RIERE, G 70 2B S EFFXIEAE, A
BFEASEIFXENTLRESINEBREH—
MNMNF(ER 1mm), o1 uLg (UEET, BFR) M
ARBRBREBFHESREINSER, ZBRRE
RANSEFFREAR, £S5 ITBEITFHRERR
B, 1A AIAR E SRR B FE(10 mgmL™ RHE R
[ 1 mgkg™ REFE, LUILLEHE), TPhP BB RES
SRS A 750 R bR AR BN A9 8 9 16, E
55, BRERO, BERNFREITEEL.
AR AR IR HORR
SRCESHISRSB R RS EY, 17 ARy IREE RS
JRE D PPARY NIRIERF R R, ULTE LK
IBREHEBERN 3x10° TUML I TER(TU: S8
iD) , ELEET, 3§ 0 2 BN SERHERHTH—
PNER 2~3 mm B/NE, TEEMFRIAREREIR T, UL
e 518895 0.05 ul-g” RS TIERTINRNEES
RE 2~3 mm &, 5 LUK E O, X6 FE AR [o] % #8 45 42
1o
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1.5 LI

1.5.1 N EFIE TPhp & CDP XIEEE & B FI R
HARABNZHEBEREETIYHEE 9 MOIEA:
XTERLH . TPhP 1 mgkg™ 4H. TPhP 3 mg-kg™ £H. TPhP
10 mg-kg™ ZA. TPhP 30 mg-kg™ #H. CDP 1 mg-kg™ £H.
CDP 3 mg-kg™ 2H. CDP 10 mg-kg™" ZH. CDP 30 mg-kg™
4, 34 8 1 MBI EF GRS EH
TS, MMEFEME1L 6 d U ARG, FRE, UL 4%2 R
FREEE E, LA XPZ-830TI Al R MR IHER, LA Image!
(1.53a, EEE I BT X3 8 F ARG KR E X
MEREARHITIZ,

1.5.2 @12 PPARy Ik & E E B #Z1F 1t TPhP X CDP
TERPE0E PPARY UEET] HARERBHZHBEBE
BREEFYHEE 5 MNOIEA: STERA. PPARY IR
& B A% & ( PPARy reporter virus, PRV) 2. PPARy &
HEERREFE+ 2.5 mgkg” TIEFIERH(PRV+Z 1 51 ER)
¢H. PPARy IR EEFHE+ 10 mg-kg™ TPhP( PRV+TPhP)
2H. PPARy IR E B [AJF S + 10 mg-kg™ CDP( PRV+CDP)
A, 5He6N. FHEEKE, BLWBIFARET
TPhP 1 CDP IS ZEF 45, ML 2 d, Wi PR
TIREERBESOHCES LUK 2.5 mgkg™ T 15 E
SEFH, KM 6 d, BN FEERRRS, LU BIBE
B2 £h 28 )4 7% ( phosphate buffered saline, PBS) ;&% 5,
ERRX NN ENHENIRGEEEARSRIEN
FRNAEBHITRIE, RESEE— N RABER
FEIE 480 nm, 7% HE & BT FE I 520 nm, BE BT (8] 90 so
& LAY 28 B % 4 Living image X 4 (IVIS Lumina
Il 3£ [E S = 3% Z M Caliper Life Sciences) i# 1T & £
pa ki

1.5.3 i@ 1d PPARy TR fm & 1 — 1A PPARy 7
TPhP X2 COP FIES A B S MHIRMNER ®HERE
BNZEEEREETIIHECE 7 MOEA: XRA.
CDP 10 mg-kg™ 2H. TPhP 10 mg-kg™* £H. ¥TEBH = (con-
trol virus, CV) 8. PPARy J% &5 £H ( PPARYy virus, PV) £H.
10 mgkg™ TPhP + PPARy & & (TPV)4H . 10 mgkg™
CDP + PPARy fA 55 (DPV)4H, HAXFHR. cv. PVAE
10 1, Hfth4A & 8 1. F e bal, Bk #
17 TPhp F1 cOP IS EJF SRS, B 2 d, WRIFTIA
HITXTERIBIEE T PPARy AR B S RVRUEST, 44
1k 6 d, BYHBRRR, XSTER. cv K pv AR EX 3 NERBR
MERARFFUELNKAEELRZERERAR
[/ (real-time quantitative polymerase chain reaction,
qRT-PCR) , ELRARRE LA 4% Z R FFEEEE, LA XPZ-830TI

A EHERIAE, L Imagel(1.53a, EEEIL BEHAR
Bre) X BB 7 AR R RS S K E A AN BR E AR 1 TN 2
1.6 QRT-PCR

F8 Trizol WFI( P E _L/BHES) MIE 6 d BAEA
£0h3ZEY mRNA, FHEFH Evo M-MLV RT Mix I & (
ERmYBREY TEERAE) #ITYEERR, RE
{8 M5 HiPer SYBR Prermix EsTaq & LightCycler480 II
X3 PPARy BJ mRNA FRiXKF#H1T qRT-PCR. B LHMI,
SREIMIIsHYIRY 3 MED, R HERRY PPARY 514
HPEETEYTIE( LB RHBRATIZITIE K.
KRR ERBISIYE TG T PPARy, IEM 514D
CGAATGCCACAAGCGGAGAAGG, [z [A5|%) CACTGCCTC-
CACAGAGCGAAAC; H BB -3-1% B2 B S0 B8 (glyceralde-
hyde-3-phosphate dehydrogenase, GAPDH) , 1E [A 5| ¥
CAGGTGCTGAGTATGTTGTGGAGTC, /2 [A 5| #) CGTCTT-
CTGTGTGGCTGTGATGGo
1.7 FitEDH

SKF SPSS 25.0 HITRITFE D M. FRBEEIEIIR
I EtnEE R T EN TPhp HRIERFZ LK,
FERBRRRAEDTAEDT) RQNABHES,
HHEEDMREIEEMERN, FRAEEHRNEEY
ERNK R IRABIRZE F. 2 TPhr/CDP MIBHS
HEN AN, RBAREZITAES RIS TIAERE
BISZME, 1030 7K a=0.05,

2 #R
2.1 TPhP 2 CDP A BHE/5 6d BREKT
WE 1 FrR, S3TERZEAELL, TPhP 10, 30 mgkg™

ABRERG, L& CDP 3. 10, 30 mgkg ' KB REG
SRR AEEGREEIEE) K (P<0.05), BT
CDP 10. 30 mgkg™ A B R HE LA KK mEM X
AR EIRRRRE) 1 K(P<0.05) , MARERER
(tR{CEIBRRREE) IR/ P<0.05) o
2.2 TPhP }2 CDP R B ST 6 d BENIREERRK
FeRENE

WE 2 7R, 2.5 mgkg™ T FIED. 10 mgkg™
TPhP I 10 mg-kg™ CDP B9 A B & E197E LL PPARy IR
EEFISRELRIEN 6 d IBRES |2 B HER R
E_EFH(P<0.05), %RBB TPhp 5¢ COP 2B EEFS
PPARy ¥ R7EM, HP T 1R FIERY . & 5%, COP X Z,
TPhP £x55,
2.3 PPARy SRNIERBEMITARRIIEIE

BY PPARy IERIBfREHEREH 6 d SBAETT PCR 1%
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M PPARy RIAKTF, I IMBRELZRIK 55%, SN ER  BB)B&1K(P<0.05), M PPARY IEMAIIBA B WP F5 X —
B T, 5b[ERY, CDP 10 mg-kg A B 4 &E 5| 2 AIIERS
2.4 PPARy JIEAXY TPhP Xz CDP i SHVISHE S 4 1ER FREMXER(ARC R E) G AR ERER

WNE 3 AN, SXTERAMELL, TPhP 10 mgkg™ B (ARILEIRRRRE) R/ NI BERR PPARy TE AR &Y
CDP 10 mgkg KBRSESIREMBAEITHEIE  F(P<0.05),

LA

SFHRZH (Control) CDP 1 mg-kg™ CDP 3 mg-kg™ CDP 10 mg-kg™

CDP 30 mg-kg™*

- .
TPhP 1 mg-kg™ TPhP 3 mg-kg™ TPhP 10 mg-kg™? TPhP 30 mg-kg™?
C — —
B <3 o 3
— £ T e -~ T
i —~ 2 0.020 P L zs0 . w & 2 50
REl oo 3 E—~Eo¢ t-Eop
2 %0015 . Efli=3>40 5 g E 5 40 -
i‘ilg_qc) LT * ggggao 553’5530
E ®E 0010 EHE G2 B oo
%3 & 000 HES5g 10 BEZT 10
= o°g [ERSES Pes
1o 2 g 0 PTEz o0 KTe= 0
hos = NV # @ g N -EK %) g N
= 2 B N N N N I =R e NC NG INC NG NN NG B E L& & & &K%
- PSS & Rael & & & & B =8 & & & & D K&
P % B ® (O D 2 FTEDH DG DG S 2 (LD D HH DK
ARSI RO AR AEDRIRIHROEARIR AR IOROEARIIAN
SRR R LT R0 PR ST ARRS” PR KT L Q7
SGESESASIOPOPORSRN FECF IS SO EF SIS

CE]A: 6 d FIEEBRALTFARBRGEAREE R, n=6~8( TH) . TBEFXIFTRRERER, BEFANKIFRIREMER. B: 6d FIEHXG
MEEEHLER, C 6 d FEABRRREARMXEARENLER, D: 6 d FIZEAVKERIRARTDIRNENLE R, SXTRAMLL, *: P<0.05, **:
P<0.01o

[Note] A: Representative live imaging of chicken embryo tissue at 6 d, n=6-8 (same for subsequent figures). Red circular area indicates the area of the eye

in the sagittal plane, and yellow irregular area indicates the area of the brain in the sagittal plane. B: Quantitative results of chicken embryo weight
at 6 d. C: Quantitative results of the area of brain regions in the sagittal plane of chicken embryos at 6 d. D: Quantitative results of the area of the
eye in the sagittal plane of chicken embryos at 6 d. Compared with the control group, *: P<0.05. **: P<0.01.

1 TPhP % CDP R B#E/5 6 d BREILE

Figure 1 Evaluation of the changes in embryonic day 6 chicken embryos following developmental exposure to TPhP and CDP

x5k
ST 50a0
'% E *
F S 7
S EL 1.5x10 =
S 7 1.0x107 *
R
o 7
W 0.5x107
RS
X AR4H (Control) PRV B PRV+Z1&FIEAZE  PRV+TPhP £4H PRV+CDP 48 B 0107 =
3 4 D B B
R & & A7

S &K

IO
& S
N\l K ]
B &

S
0;8\\
N

CElA: 6 d SRR EEEARKRMEEF, #5 R =5 mm, PPARy 3k & & [KJ& & (PPARy reporter virus, PRV)£H . PPARy IR & B E/FH + 2.5 mgkg™
BIEGIER( PRV+ B 18 5IER) 2B, PPARy RS EE K+ 10 mg-kg™ TPhP(PRV+TPhP) £H. PPARy IR & EEHE+ 10 mg-kg™ CDP(PRV+CDP) £H, B: 6d
BRI EBRABRGRENLER, n=3~5, *: S5XHEAMLL, P<0.05; #: SIREERE RS +TPhr LAAELL, P<0.05,

[Note] A: Representative images of chicken embryo reporter genes at 6 d, bar=5 mm, PPARy reporter virus (PRV) group, PPARy reporter virus plus 2.5 mg-kg™*
rosiglitazone (PRV+rosiglitazone) group, PPARy reporter virus plus 10 mg-kg™ TPhP (PRV+TPhP) group, PPARy reporter virus plus 10 mg-kg™ CDP
(PRV+CDP) group. B: Quantitative results of 6 d chicken embryo reporter gene imaging, n=3-5. Compared with the control group, *: P<0.05. Compared
with the PRV+TPhP group, #: P<0.05.

2 fERs PPARy RS ERFRHRENE

Figure 2 Embryonic PPARy reporter gene fluorescence intensity
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o | &

SFBRLH (Control)

CDP 10 mg-kg* £

s K amm

TPhP 10 mg-kg™ £

cv4

_ C ) 7
£ *: ::D'ED @A —®
—~® w2 3 w9
m?‘m g 0020 t _EZ 40 P _E 60
o ta EBMES e EHES . i
W 800157« x Sw>48 30 4 Egs=E ,
= £ c Bige o I?Q SR
< = 0.010 o= © o 20 E:E_C
=y {8 £ % Eg:t
w 2 2 0.005 Ex= ¢ 32 10 Y >
65 N =S QP I.EIE\_E
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[E]A: 6d PPARy 18JR S M BB XS AR E R B KR B, 45/ =3 mm, TPhP & 10 mg-kg™, CDP FI & 10 mg-kg™, XF BRI 3 4B (control virus, CV) .
PPARy R £H( PPARy virus, PV) 28, 10 mg-kg™ TPhP+PPARy J& = (TPV) £H. 10 mg-kg™ CDP+PPARy &3 (DPV) fH, n=5~6( T @), A BREAFXiH=
TRERXER, BN RARERXET. B: 6 d RSACHAEEHER, C. 6 dFSAVREIRAMXEAFRENLER. D: 6d
REEERTRERENELER, *: 53384, P<0.05; #: 5 cDP 8L, P<0.05, &: 5 TPhP #BEL, P<0.05,

[Note] A: In vivo imaging representation of chicken embryos in the 6 d PPARy-lentivirus silencing group, bar=3 mm, TPhP dose 10 mg-kg™, CDP dose
ging rep Y/ Y g group g-kg

10 mg-kg™, control virus group (control virus, CV), PPARy virus group (PPARy virus, PV), 10 mg-kg™" TPhP + PPARy virus group (TPV), 10 mg-kg™* CDP +

PPARY virus group (DPV). n=5-6 (the same below). The red circular area shows the area of the sagittal eye area, and the yellow irregular area shows

the area of the sagittal brain area. B: The quantitative results of chicken embryo weight in the 6 d virus group. C: Quantitative results of sagittal

brain area of chicken embryo in the 6 d virus group. D: 6 d virus group eye area quantization results, * : Compared with the control group, P<0.05;
#: Compared with the CDP group, P<0.05. &: Compared with the TPhP group, P<0.05.
3 PPARy 18/ EMARA SN T

Figure 3 Evaluation of the changes of chicken embryo in PPARy-lentivirus silencing group
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