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Abstract; Triphenyl phosphate (TPhP) is one of the most commonly detected organophosphorus flame retardants
(OPFRs) in the environment. Continuous daily exposure to TPhP may adversely impact human lung tissues due to
its high volatility. In this study, human lung carcinoma cell line (A549) was selected as the cell model and the
effects of 50, 100, and 200 pmol-L™" TPhP on nuclear morphology, nuclear membrane permeability, mitochondrial

texture structure, mitochondrial membrane potential, intracellular reactive oxygen species, phosphorylated histones

E—1EH . F—2401979—), &, BIRFFE R, F58 07 10 A AE 25 B P24 E-mail: fengyxioz@126.com
* @15 1€ ( Corresponding author) , E-mail: shaobingch@ sina.com



260 EOR OF M Oo¥ R E18E

H2AX (pH2AX), cytochrome C and cell apoptosis were detected using the high-content screening (HCS) system.
As the results shown, with the increased exposure concentration of TPhP, a decrease in cell viability, an increase in
the nuclear area, a decrease in the nuclear intensity, an elevated degree of nuclear fragmentation, and an increase in
the nuclear membrane permeability were observed. The changes in the nuclear multiple parameters were most sig-
nificant in the 200 wmol-L™" TPhP group. Moreover, with the increase of intracellular reactive oxygen species lev-
els, the damage of mitochondria was aggravated and cytochrome C was released. At the dosage of 100 pwmol-L™
TPhP, the degree of mitochondrial damage was the most serious. In addition, the content of pH2AX was signifi-
cantly increased at the dosage of 100 wmol-L™" and 200 wmol-L™" TPhP, which indicated the presence of DNA
damage. Finally, early apoptosis was induced by 100 wmol-L™" TPhP treatment, while early and late apoptosis was
induced after exposure to 100 wmol-L™" and 200 wmol-L™" TPhP. In conclusion, TPhP showed obvious cytotoxic
effects on lung cells and caused oxidative stress-mediated DNA damage and mitochondrial impairment, thereby

leading to the cell apoptosis of lung cells. The completion of this study provides theoretical basis and data supports

for the scientific evaluation of human health risk induced by TPhP.

Keywords: triphenyl phosphate; human lung cells; cytotoxic phenotype; high content screening analysis
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2 Z55 (Results)
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%t FRZH ) 88.4% 81.6% .76.9% .63.9% .38.8% I
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Fig. 1

Effect of triphenyl phosphate (TPhP) on cell viability in A549 cells after 24 h treatment

Note: Figure (a), cell viability (%) induced by 50, 100 and 200 wmol-L™" TPhP in A549 cells, and results are means+SD of three replicate experiments;

“*” represents the significant difference between the control group and the TPhP treatment groups (Compared with the control, * * P<0.01).
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TPhP Z&Eg 21, b {4 T i 4 522 F B #(P<0.01),
Iy WIREAR 15.8% 44.1% 1 32.8% , Hi 100 wmol -
L™ A SR AR 0 7 B e ™ o
2.4 TPhP Xf A549 4ilfif P47 P 4 (ROS) /K F- \NMP
H1 MMP fY 5205

A CM-H2DCFDA , TOTO-3 1 JC-1 43 5l k5ic
ROS([&] 4(a)) NMP([&] 4(b))Fl MMP([& 4(c)), il 11 5%
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T£ 100 wmol - L™ 43K B e i K -, iR B X BEZH 1 A i PEAE Mk 78 50 100 1200 wmol-L™" TPhP %%
184.7% ;7£ 100 wmol-L ™' H1200 wmol-L™' TPhP ##E  #541, MMP & & F# AL (P<0.01), 53 5l FEAIX 35.3% .
ZHHP NMP B ZE 19 1(P<0.01),50 wmol <L~ TPhP 4 49.5% 1 61.6% , H- 52— iR KR

60 - kR TPhP 50 pumol L
[ITII]) TPhP 100 pmol-L-!
e SO0F TPhP 200 pmol-L-!
s 40f
s ©
= £
5 30r
3 2
®E 20F
e
NE 10}
X5
22 9
§ 5
2 -10}
2
“ 20t
_30 L
[[ApA YNGR gt
Area Intensity Fragmentation

B2 BEEE=ZFR (TPhP){EF AS49 4R 24 h SHMZSHMTL
TE: A549 428 50 100 #1200 wmol-L™" TPhP 252 /5 AN SHUL AR (%), BMEIEE 3 IRE T LI AF B EiRER
xRN RIFI R 50 B A LA 35 M 25 5 (* P<0.05, * * P<0.01),
Fig. 2 Change rate of cell nuclear parameters in A549 cells after 24 h treatment of triphenyl phosphate (TPhP)
Note: Change rate of nuclear parameters (%) induced by 50, 100 and 200 wmol-L™" TPhP in A549 cells, and results are means+SD of three
replicate experiments; “*” represents the significant difference between the control group and the TPhP treatment groups
(Compared with the control, * P<0.05 and * * P<0.01).
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- Ko TR JiT ik
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¥ : [ (a)H Control & DMSO X B84H , TPhP & 100 wmol-L™" TPhP £H , Hoechst 33342 #RiC 4IHfu#% , Mito Tracker Green FRicZbiids;
FE(b)h AS49 4iifIZ: 50 100 #1200 wmol-L™" TPhP #5E)5 M LR IR SIS H AL R (% ), B EACER 3 W HE B SE0 B H bR ifiE 22 5
“x M ARFORRIF R T 50 IR H AT 35 1 25 57 (* P<0.05, * * P<0.01),

Fig. 3 Change rate of mitochondrial network structure in A549 cells after 24 h treatment of triphenyl phosphate (TPhP)
Note: In figure (a), Control means DMSO treatment group, TPhP means 100 pwmol-L™! TPhP treatment group; nucleus was labeled with Hoechst
33342 and mitochondria was labeled with Mito Tracker Green; in figure (b), change rate of mitochondrial network structure (% ) induced by
50, 100 and 200 wmol-L™" TPhP in A549 cells, and results are means=SD of three replicate experiments; “* ” represents the significant difference

between the control group and the TPhP treatment groups (Compared with the control, * P<0.05 and * * P<0.01).
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5 200p "
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7 : F(a) K (b)F1E (c)*F Control & DMSO X} H&ZH , TPhP 4 100 wmol-L™" TPhP 41 ; &l (a) A& (b)* Hoechst 33342 #Ric4ifif4% , CM-H2DCFDA

FRIT ROS, TOTO-3 FRiC NMP; [Kl(c)F" Hoechst 33342 FRIC4IMIA% , IC-1 #RIC MMP;JC-1 DURSEMRIERAE LR, AL OTHEMMP FH5);

JC-1 VISRIE AT AR, S48 (0 5 6 (MMP F&AIR) ; Kl (d)h AS49 ZHJifZ: 50 100 £1200 wmol-L™! TPhP #FEJ5 ) ROS \NMP Fll MMP
AL (% ), AR 3 U A S0 P I b 22 5 AR i T S5 X LA HAT (8 38 P22 5 (* P<0.05, * * P<001),
Fig. 4 Change rate of reactive oxygen species (ROS), nuclear membrane permeability (NMP) and mitochondrial membrane
potential (MMP) in AS549 cells after 24 h treatment of triphenyl phosphate (TPhP)
Note: In figure (a), (b) and (c), Control means DMSO treatment group, TPhP means 100 wmol-L™" TPhP treatment group; in figure (a) and (b),
nucleus was labeled with Hoechst 33342, ROS was labeled with CM-H2DCFDA, NMP was labeled with TOTO-3; in figure (c),

nucleus was labeled with Hoechst 33342 and MMP was labeled with JC-1; red fluorescence represents the aggregate of JC-1;

green fluorescence represents monomer of JC-1; in figure (d), change rate of ROS, NMP and MMP (% ) induced by 50, 100 and

200 pmol-L™' TPhP in A549 cells; results are means+SD of three replicate experiments; “* ” represents the significant difference

between the control group and the TPhP treatment groups (Compared with the control, * P<0.05 and * * P<0.01).
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3 iFi (Discussion)
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Fig. 5 Change rate of protein expression of phosphorylated histones H2AX (pH2AX) and cytochrome C in A549 cells after 24 h
treatment of triphenyl phosphate (TPhP)

Note: In figure (a) and (b), Control means DMSO treatment group, TPhP means 100 wmol-L~' TPhP treatment group; nucleus was

labeled with Hoechst 33342, pH2AX was stained with an anti-pH2 AX primary antibody and an Alexa Fluor Plus 555-labeled secondary

antibody, cytochrome C was stained with an anti-cytochrome C primary antibody and an Alexa Fluor Plus 488-labeled secondary antibody;

in figure (c), change rate of pH2AX and cytochrome C (% ) induced by 50, 100 and 200 wmol-L™" TPhP in A549 cells, and results are

means+SD of three replicate experiments; “* ”

represents the significant difference between the control group and the TPhP

treatment groups (Compared with the control, * P<0.05 and * * P<0.01); pH2AX means phosphorylated histones H2AX.
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Fig. 6 Apoptosis percentage of A549 cells after 24 h treatment of triphenyl phosphate (TPhP)

Note: In figure (a), Control means DMSO treatment group, TPhP means 100 wmol-L™" TPhP treatment group; early apoptotic cells are

Annexin V positive and PI negative; necrotic cells are PI positive; late apoptotic cells are both Annexin V and PI positive; in figure (b), apoptosis

percentage (%) induced by 50, 100 and 200 wmol-L™' TPhP in A549 cells, results are means+SD of three replicate experiments; “* ”

represents

the significant difference between the control group and the TPhP treatment groups (Compared with the control, * P<0.05 and * * P<0.01).

Hoechst 33342 YL (52550088 %], 50 wmol - L™ 1Y
TPhP X ff AS49 20 A% 1fi ARG, 20 Az i) Hofth 2
B P AR A TR S R EE (100 umol - L'
11200 wmol-L™"YTPhP 41 , 41 fifo 44 H BH A e A48 i
A i AR T AR 30 37 1 1 o 45 ML 784 %) 440 i
ARG, 2P i oS g 45 R R ;100
wmol- L™ 1200 wmol-L™" TPhP % &8 £ Y pH2AX
Y BEAH LT R ZH B B 358 . pH2 AX J& DNA #5i
i EELhR Y, DNA RUEE W 24 )5 2 7F DNA XUEE
Wi 24 AR TE B pH2 AX B4R, & nl LR N5 Je
) DNA, 7E LR 3556 PR 41 1) 52 26 M )2 DNA fittiiie &
W EAA AR Y, B, pH2AX 2GR B 1) 1
5, i —20 Ut B TPhP 1E 51 & 40 e N DNA (945
i SASCHBE T S5 AL, Z A1 F TPhP (9 F

Y [RIFE & B, TPhP A 53 AS49 411l DNA 45 in
Jil 2 ROS 7K F-Ft &, #E I i 2 ROS 14 7= A= 1 A
DNA #15",

LR SE—FIEE TR 2B 2 )2 AR
R AR SR sh ) T, fErsdni &
7 A1 b Rl S AN i 70 P AR ERBE B — Fel
B FR ORI , 30 B A5 HT0 40 i ) R S B R
IRTEAN I B AR 2544, e b AR FETE &S BRI H
NGB AR T3 T B R 1) D) 286 45 4 =2 TR AR 536 1
THAR A () Bh AT, 33 (8 A5 2R A4 1Y) sl 5 28 AL &)
Z RN AP ERER I RZ I Le SEUAFSE BOR
5 7 OPFRs Z&#% AML-12 AF4ME 24 h, S8 bk
W28 ZE R IR | SRR PRE F AL R . E AT, 2ok
TR R SRR A S VP PR b2 4 o o M8 R



42

A R TR IR TR R AL B — AR 1 T B R 267

WbREY . AR SCRSE S R, TPhP(100 wmol -
L7 H1200 wmol-L™")fdi A549 4 g £k v A4 2 B 45 #
ZEN U S 30405, 2R R X AL RE T o, S B AR
WLk, B TPhP AT 305 Y LR IR B

AALR SR 2 AN AR 2S5 | 4N i 7
PEAY FEBAE FHMLER Lo A2 40 M P 8 A 1 =
BT AR SR 0 B S RO Ani i
ROS W)= A o fil kR e biifkdiifs . AR, o &
ROS 1 5 | e e b 44k 5538 175 14 % 35 .1 (mitochondrial
permeability transition pore, MPTP)F)FF ", B¢ it 40
M 28 C, 30 21 b A R 2R 1l , e ¢ 204 i O
T2 ARWFFEXR A0 ML N ROS 7K \MMP Kz 4 Jify {5,
% C i R won , W% TPhP 5 i A3 i,
AL ROS /KF- T i, MMP AR, 4l (A C &
TR, B TPhP BEIST AS49 4 i i Ak W
I LR 25 F 2 45, MMP T [, 20 i (0, %5 C ¢
W, A AT,

g5 b ik, AR B9 R FHAS W] vk B TPhP Ab 34
AS49 YA, K P4 e B TPhP m 100 5l s 240 Jd 7 715
1 I A A R S R M IR LR R 1 £ 25 44 il 5 |
AL DNA #5477 , 18 A 175 3 4 b {4 4 12 B8l 4t i
R C, A FEMMMT, BIRLL AT E 1)
TR R T I — MR {2 TPhP 78 4 1
R TR 0940 i EE M, X TPhP A9 B PR TR H
BH—EWNSHME, MU TPhP K [R] 7
RN NI A AFAE — 22 IO RS, 7 22 5 22 () F
FEILARAIE

BEEEEN AE0973—), B, 3888, 22585 @
AR T E M@ Th SRR, AT J ey A
R AR,

£ % 3Lk ( References) :

[1] YangJ W, Zhao Y Y, Li M H, et al. A review of a class
of emerging contaminants: The classification, distribution,
intensity of consumption, synthesis routes, environmental
effects and expectation of pollution abatement to organo-
phosphate flame retardants (OPFRs) [J]. International
Journal of Molecular Sciences, 2019, 20(12): 2874

[2] Dul,LiHX, XuS D, et al. A review of organophospho-
rus flame retardants (OPFRs): Occurrence, bioaccumula-
tion, toxicity, and organism exposure [J]. Environmental
Science and Pollution Research International, 2019, 26
(22): 22126-22136

[3] WeiG L, Li D Q, Zhuo M N, et al. Organophosphorus

[4]

[5]

[6]

(7]

[91

(10]

[12]

(3]

[14]

flame retardants and plasticizers: Sources, occurrence, tox-
icity and human exposure [J]. Environmental Pollution,
2015, 196: 29-46

Feng L P, Ouyang F X, Liu L P, et al. Levels of urinary
metabolites of organophosphate flame retardants, TDCIPP,
and TPHP, in pregnant women in Shanghai [J]. Journal of
Environmental and Public Health, 2016, 2016: 9416054
He R W, Li Y Z, Xiang P, et al. Organophosphorus flame
retardants and phthalate esters in indoor dust from differ-
ent microenvironments: Bioaccessibility and risk assess-
ment [J]. Chemosphere, 2016, 150: 528-535

Chen Y X, Liu Q Y, Ma J, et al. A review on organo-
phosphate flame retardants in indoor dust from China:
Implications for human exposure [J]. Chemosphere, 2020,
260: 127633

Li H R, La Guardia M J, Liu H H, et al. Brominated and
organophosphate flame retardants along a sediment tran-
sect encompassing the Guiyu, China e-waste recycling
zone [J]. The Science of the Total Environment, 2019,
646: 58-67

Wang R M, Tang J H, Xie Z Y, et al. Occurrence and spa-
tial distribution of organophosphate ester flame retardants
and plasticizers in 40 rivers draining into the Bohai Sea,
North China [J]. Environmental Pollution, 2015, 198: 172-
178

He C, Toms L L, Thai P, et al. Urinary metabolites of or-
ganophosphate esters: Concentrations and age trends in
Australian children [J]. Environment International, 2018,
111: 124-130

Gao D T, Yang J, Bekele T G, et al. Organophosphate es-
ters in human serum in Bohai Bay, North China [J]. Envi-
ronmental Science and Pollution Research International,
2020, 27(3): 2721-2729

Chen X L, Zhao X Z, Shi Z X. Organophosphorus flame
retardants in breast milk from Beijing, China: Occurrence,
nursing infant’ s exposure and risk assessment [J]. Sci-
ence of the Total Environment, 2021, 771: 145404

An J, HuJ W, Shang Y, et al. The cytotoxicity of organo-
phosphate flame retardants on HepG2, A549 and Caco-2
cells [J]. Journal of Environmental Science and Health
Part A, Toxic/Hazardous Substances & Environmental
Engineering, 2016, 51(11): 980-988

Canbaz D, Logiantara A, van Ree R, et al. Immunotoxici-
ty of organophosphate flame retardants TPHP and TD-
CIPP on murine dendritic cells in vitro [J]. Chemosphere,
2017, 177: 56-64

Belcher S M, Cookman C J, Patisaul H B, et al. In vitro

assessment of human nuclear hormone receptor activity



268 Ao #F O OH ¥ Mt 18 &
and cytotoxicity of the flame retardant mixture FM 550 [J]. Environmental Pollution, 2021, 274: 116541
and its triarylphosphate and brominated components [J]. [19] Perdiz D, Oziol L, Poiis C. Early mitochondrial fragmen-
Toxicology Letters, 2014, 228(2): 93-102 tation is a potential in vitro biomarker of environmental
[15] Wang X Q, Li F, Liu J L, et al. New insights into the stress [J]. Chemosphere, 2019, 223: 577-587
mechanism of hepatocyte apoptosis induced by typical or- [20] LiRW, Zhou P J, Guo Y Y, et al. Tris (1,3-dichloro-2-
ganophosphate ester: An integrated in vitro and in silico propyl) phosphate induces apoptosis and autophagy in
approach [J]. Ecotoxicology and Environmental Safety, SH-SYY cells: Involvement of ROS-mediated AMPK/
2021, 219: 112342 mTOR/ULKI pathways [J]. Food and Chemical Toxicolo-
[16] Bonner W M, Redon C E, Dickey J S, et al. Gam- gy, 2017, 100: 183-196
maH2AX and cancer [J]. Nature Reviews Cancer, 2008, 8 [21] Yu X L, Yin H, Peng H, et al. OPFRs and BFRs induced
(12): 957-967 A549 cell apoptosis by caspase-dependent mitochondrial
[17] Eisner V, Picard M, Hajnéczky G. Mitochondrial dynam- pathway [J]. Chemosphere, 2019, 221: 693-702
ics in adaptive and maladaptive cellular stress responses [22] Kluck R M, Esposti M D, Perkins G, et al. The pro-apop-

(18]

[J]. Nature Cell Biology, 2018, 20(7): 755-765
Le Y F, Shen H P, Yang Z, et al. Comprehensive analysis
of organophosphorus flame retardant-induced mitochon-

drial abnormalities: Potential role in lipid accumulation

totic proteins, Bid and Bax, cause a limited permeabiliza-
tion of the mitochondrial outer membrane that is enhanced
by cytosol [J]. The Journal of Cell Biology, 1999, 147(4):
809-822 L 2



