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Association between umbilical blood organophosphate esters exposure and meconium micro-
biome of newborns LIU Yang', ZHANG Liyi', MA Wenjuan’, ZHANG Yunhui' (1. School of Public
Health, Fudan University, Shanghai 200032, China; 2. Children's Hospital of Fudan University,
Shanghai 201102, China)

Abstract:

[Background] Animal studies have shown that exposure to organophosphate esters (OPEs) dis-
turbs the composition of gut microbiome in rodents and zebrafish. However, current associated
evidence in humans is limited. Considering the importance of gut microbiome in neonatal devel-
opment, we need to investigate the impact of OPEs exposure on the early development stage of
neonatal microbiome.

[Objective] To investigate the associations between umbilical OPEs exposure and the diversity
and composition of gut microbiome in newborns.

[Methods] Based on the Shanghai Maternal-Child Pairs Cohort (MCPC), 391 mother-infant
pairs with comprehensive follow-up information and bio-samples were enrolled in this study.
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Concentrations of OPEs in neonatal cord blood were quantified using ultra performance liquid chromatography-tandem mass spectrome-
try. Meconium samples were collected after delivery and measured through 16S rRNA sequencing on the lllumina Miseq platform. Multiple
linear regression models were used to assess the effects of OPEs exposure on the alpha diversity of meconium microbiome. Principal co-
ordinate analysis and permutational multivariate analysis of variance based on unweighted UniFrac distance were used to compare the
beta diversity differences between high and low exposure groups of OPEs. Linear discriminant analysis effect size (LEfSe) was utilized to
analyze the differential gut microbiome taxa between high and low OPEs exposure groups. The functional pathways involved in the
meconium microbiome were predicted based on the Kyoto Encyclopedia of Genes and Genomes (KEGG) database, and multivariate analysis
by linear models (MaAsLin2) were conducted to explore the effects of OPEs exposure on gut microbiome pathways.

Seven OPEs were detectable in the neonatal cord blood samples, of which four were detected higher than 50% including tributyl
phosphate (TBP), tris (2-butoxyethyl) phosphate (TBEP), 2-ethylhexyl diphenyl phosphate (EHDPP), and tris (2-chloro-1 (chloromethyl)
ethyl) phosphate (TDCPP), and the median concentrations of these four congeners were as follows: 0.52 pg:L™ for TBP, 2.41 pg-L™" for
TBEP, 0.13 pg-L™ for EHDPP, and 2.23 pg-L™* for TDCPP. A significant association was observed between umbilical TBEP and TDCPP exposure
and alpha diversity indices in neonatal meconium microbiome. Beta diversity significantly differed across varied high and low OPEs exposure
groups. The results of LEfSe analysis indicated a significant correlation between umbilical OPEs exposure and 27 genera, including Strep-
tococcus, Corynebacterium, Neisseria, Haemophilus, and Parabacteroides. The MaAsLin2 analysis identified associations between OPEs
exposure and upregulation of pathways related to linoleic acid metabolism, steroid biosynthesis, Toll and Imd signaling pathway, retinol
metabolism, NOD like receptor signaling pathway, and fatty acid biosynthesis .

Umbilical OPEs exposure is associated increased alpha diversity indices, increased relative abundances of Neisseria, Strepto-
coccus, Parabacteroides, and Corynebacterium in the gut microbiome, as well as predicted metabolic pathway alterations in linoleic acid
metabolism, fatty acid biosynthesis, etc. These findings indicate that umbilical OPEs exposure may disrupt meconium microbiome equi-
librium.

gut microbiome; newborn; organophosphate ester; cord blood; diversity

TRAANAGHELRE. FRAKNEKEBRAL
BMINGERBEEERM ™ 2AMM, X T OPEs REXY

EEFNRSS M RREREXY AREK
B, B LEFERR AR ERENFHERE, TE

JINERFHTHEERREE, HEE R EHAE
ZREY L) EEENEES A BIIE, £HM
REFEUEEFHAERNRNRANEFESRENED,
SINAERNR P RRENEERATEEEZW, 7
ERHESTENDREZ —EBEIHARELER AKRE
HZ L. MERF T B 5 15 5% A5 BH BR (short-chain fatty
acids, SCFA) , NZE AR E S, BRI RSIABTER,
BREER HEBMANMAEMIER, X8 E/I8E
RFMNRERFBADEESTEERY, AT, HEE
BHNRSKE TS HINEEREL, #MmEVAE
B. EBMRRA, MEREFRILIEEIMRSRY
SlEEEmAERNEIER RIEEEER,

B ML BB A organophosphate esters, OPEs)
H U RBYPE ARG 2B M BE, # 1F 0 2 IREXEER (poly-
brominated diphenyl ethers, PBDE) N E X &, I 727
BFrm. DTAFEA R BEHR. REERMAERK
BRESIHMAEN A, BEEHREDSRNZERK
4. B, MR R&REFEZFT(G A K OPEs BEIF N,
AMHERBESZMEREREEEEXEK, 8iF4%HE
MFIRE R BIRBRER. fiE) L BEAE. EighE
RAFER. RESEMERREZE)N ARETR
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mEREBEMNAREATTS, BRiB L ERiE
FRITRFMAR A oPEs RES/)\E. BIZ &AL
AN EEBERAZTILEX, DRZEHEH
OPEs REXTHTE) LR B E B R MAY A BRI,

ASER R AT RIBE M B 4 PASI A B, 383 A A
& ¥k & 5 P HA OPEs BB KT, H1EA 16S rRNA
FEN A ) LR AFHITNE, BRI OPEs B
BEXNHE)LERBEEENE M, LHNIRE OPEs
BREW) I BEREERK. WRAFHHELBTEFIRE

I ERV SR EEHIE S 15,

KIARAKIE L BEFIAT, ANT 2016 FF 4 B—
2017 FF 4 BHREIE L BTAARER R IR
BENEEZIE 760 A, ZBIEMIIEFEERRRHTE
IR EE S RHIARRRBIMERE. £EFHA A
BEASERATREFREEZ B KB, N
HEBRAR A SIS 1) REMDIEEEIN 2006 F4 BE
2017 F 4 Biel, AERENEXRAOFREE; 2) 2
W3R, 3) ZAFRAT 18 A%, 4) 2EALERHER™
BIBWERE; 5) W E) L EEREEG S ER. EHR
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ZHERTRA. EhRIE. KiF U HE GRS )L
B, HENKERFMABENZEY)L, REHE
391 W BEMASIHAR. KARBEREBEBERFELHE
PAFEREFMRECEZASHNEMGES: RB#
2016-4-0587-EX),, FIEHBIREX T FRBE S 5ENHE

BE=.

MNP FIRZ AT RS N ARIEITRIARE
BERS, LIRINEMEEBNEZFIAE. Fik. XHE
EE. B5. KREFWAN. INES R R ENIRIES #
IRAEES, FITETHIRAZZFAEIEY
(body mass index, BMI) . Ltb9h, MEE e #dEZE WS
FIRIFLZ DRI E, LUTEZAAE S, FiRH A
fE. BRR. Dt AN 2% ZEAE. R LHERK. BHE
HRENMHINFER.

FroE an B ER = R ER(tripropyl phosphate, TPrP) (1
= BB X B B8 BB (tris-m-cresylphosphate, TMCP) (LGC
Standards Ltd, Z2[&) ; 58 = T E&(tributyl phosphate,
T8P) CIAIEEREEIZRNDERAE, R E),; B
— AR 3FEEE(2-ethylhexyl diphenyl phosphate, EHDPP) «
B2 = AR EES (triphenyl phosphate, TPhP) . B2 =(2-
S-1-(FFHE) ZH)ES [tris (2-chloro-1 (chloromethyl)
ethyl) phosphate, TDCPP] MR = (2- T & E L E) 5
[tris (2-butoxyethyl) phosphate, TBEP]( It REMRIEEY)
HEBRAE, PE); FEAIREAF 100 pugmL™ d,-
i = R EFS 1IE © I /A & ( Cambridge Isotope Laborato-
ries, &) o

KRR RAR-REZBUEFIE BT MIERF &, HE
FiBE XA E & BB FIE AN BT I oPEs BIER
ERE(EVRE), FHANIRENRIESERBE AR
BYSCER™ ™, 1Z 75 7% OPEs BIEIUREE A 69.0%~118.9%.
OPEs M9 1 HH PR 40 T~ : TBP U 0.020 pgL™", TBEP /9
0.210pg-L™*,EHDPP 790.030ug-L™,TDCPP 90.070pg-L™",
TMCP 9 0.010 pg-L™', TPhP /9 0.650 pg-L™", TPrP A
0.570 pg-L ™%

KAENEENE S RBEEMH B =8KF, m
BEEREEMITENZZE pPhillips F"HI 7%, OPEs
BRE LB EE(ng-g™) AN RE (pgL™) RiTko

MBEZERF A FR1ZEY DNA, F 3T 165 V3~Vv4 X#{T
R A% R N ( polymerase chain reaction, PCR) 3 12 A0
EE, BB L FMEEL X E, XA llumina Mis-

eq MIFFEEHTEBEENRF, RIEBNFSERNIEK
(reads) HITERE, I2IR 7% BIAERI 2 AFAREN D
2542 1F 8 7T ( operational taxonomic units, OTUs) o ¥
0TUs IR TI SR EIREH#HITEEXI AR, 1
THETHNEMEEREDIT, BE g ZHEMER. o %
FMIEHRNYMERSE, FHAIREN RS2 0 EE
A E, BErh g MR SMRIEEREREAR
FIAEIE; a ZHEMIRMRIEF RN I ED S+
%, BENIENEEER A H. AHAFRERA ACE
FEEN. Chaol 1E#. AR LB Z1F1E15E(phylogenetic
diversity, PD). Shannon 5 %4 # Simpson 5 #{ R 1 ia
FHEEE o ZHEM, Shannon IE8UR M T BESE Y F
FEENNIE, ZIEHNEHS, RIAFEENZSHF
HKE#ME. Simpson 15 E N LB E M D AV
%, HEHUERARFEYIENS, PD IEHKRET
BRMA B ZHEMHNNIE, HEHESNE NS
FEMIKFE-S, Chaol I ACE 188 = B4 EHZ Y
MEEE, RIEVFMEE,; Chaol IEHEHES, R
TR %, ACE IBEEMK, R ZENYMESE
E#s.

IR KA Qiime 1.9.1 5 R 4.2.0 REHFHTHIT
DT, IRER IR KIEN a=0.05, 18T ZE L& 40T 1=
BY, A IM OPEs REBEXTHT A ) LBS B o 21N
HIFZM, RELPIRIE T 2R ABIEE. 28] BMIL F
e, ZHAL S ZHAEIRIA. ZHAH R IE. 728875 .
MEILVER. DBRET . ZEAEDEDFREF RN
FRFAE, BiE) LIZRETM oPEs SRKEH UL S
N RBEA, FRAFEMMN UniFrac BEEITBEF 48]
BB, # 1T I 2 45 59 M7 (principal co-ordinates
analysis, PCoA) P4, BN B % T 5 E DI RIQE
MARERRN B ZHEMER. ERLMEHIRI DT
N A /\(linear discriminant analysis effect size, LEfSe) 3£
734 OPEs &= (RBEEANRERFARNERYM,
RELZMEHFRDEDBEN 30

RZF8 PICRUSt 2 #X {4, f&k#E 16S rRNA JIF #iE S
SE B A HEIEE(Greengenes $IE ) K TN Ba 2
HEFNIEEE R, B ER S REERMERA
B £l 2 PB(Kyoto Encyclopedia of Genes and Genomes,
KEGG) #UIRBELLXY, S EIEFINEE R, FHZTE4
4 [8] V3 & BY(multivariate analysis by linear models,
MaAsLin2) iT{i B M OPEs £ 22 XY }7 18 & B Th 5B 1@ 2%
FREALT RN
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2 4R
2.1 MR ABESIFEMAT I OPEs BT KT
R1EZEWTANARNEHNEETAOEEE, &
RET, ANZPEABENDBER79(29.32¢4.28) %,
ZEE1 BMI /9 (21.4942.96) kg-m™, Z2 HA 1% &5 (13.73z
5.56) kg, RABKFIESP ML S 92.83%;
REFHWNET 10 HrthI &L 70%; B 25.32%
AN RBEWRAIF T, ZERESER R PEFKFE
BA_E L 58.05%; M= 72 18AYZ28 & 43.99%; R HIN
TIREAH R EEMIZ I3 61.89%; #1713 T A 8%
H9 56.78%. #TE) LHRZZEE bR 44.25%, B GEbA
3.84%, H 52.69%HETEREE,

K1 ARWNKREFAOFZER [ BHEREAREER n(%)]
Table 1 Basic sociodemographic characteristics of subjects
[X £ 5 0or n(%)]

W AB¥(n=391)

gR1

BT ANNBD ) gtn=760)

(Basic characteristic) (Includ.ed (Total population)

population)

YFIRHAFH & fiE (Pregnancy

complications)’ Cesd
A(Yes) 149(38.11) 309(40.66)
J&(No) 242(61.89) 451(59.34)

EFE (Parity) 0.864
#)7=(Nulliparous) 222(56.78) 437(57.50)
42 (Multiparous) 169(43.22) 323(42.50)

&) L14%5!(Newborn's sex) 0.890
E(Boy) 218(55.75) 419(55.13)
Z(Girl) 173(44.25) 341(44.87)

2= (Premature delivery) 0.999
% (No) 376(96.16) 731(96.18)
2(Yes) 15(3.84) 29(3.82)

HA4Z75 (Delivery season) 0.644
/2Z(Cold season) 185(47.31) 372(48.95)
BEZ(Warm season) 206(52.69) 388(51.05)

BT S AB#(n=760)
. - (Included i
(Basic characteristic) i (Total population)
population)
ZIAFR/ %
. 29.32+4.28 29.00+4.34 0.174
(Maternal age at delivery/years)
e U v 21.49+2.96 21.50+2.94 0.937
BM)/(kg-m™) B B ’
Z2HAHE &5 (Gestational weight
. 13.73+5.56 13.80+5.31 0.885
gain)/kg
RBEREE 0561
(Maternal education level) ’
MRREAT 28(7.16) 65(8.55)
(Junior high school and below) ' '
MRS 204(52.17) 406(53.42)
(High school or college) : ’
AFREE 159(40.66) 289(38.03)
(University or above) ’ '
REWNKF/FTT
(Annual family income/ten 0.630
thousand yuan)
<10 102(26.09) 216(28.42)
10~20 259(66.24) 493(64.87)
>20 30(7.67) 51(6.71)
Z BAME TH IR MR (Passive smoking
. 1 0.963
during pregnancy)
Al(Yes) 99(25.32) 190(25.00)
F&(No) 292(74.68) 570(75.00)
ZHR{KF)IE RN K E
(Physical activity level during 0.483
pregnancy)
{E(Low) 164(41.94) 293(38.55)
1 (Median) 209(53.45) 425(55.92)
= (High) 18(4.60) 42(5.53)
ba) b 0.491
(Delivery mode) ’
JIRF= (Vaginal) 172(43.99) 352(46.32)
&= 7= (Cesarean) 219(56.01) 408(53.68)

[3E 110 ZEIW SRS FI9E E>1 R, 8R>15 min; 2: TIRFHLIE
BIEEIREAS ME. TIREER M. FEIREAME REFN IR TF Mo

[Note] 1: Passive smoking during pregnancy means average >1 session per
week with at least 15 min per session; 2: Pregnancy complications
include hypertension, anemia, diabetes, and preeclampsia disease.

R AR MiFads oPEs EEIFLINE 2 Firo
ZERR QM 7 7 OPEs, EFAR TPrP. TPhP ] TMCP BY
o HERT 50%, RANGEED . B TDCPP BY
KMHERES, A 87.72%; TBP 1 TBEP 12 K 53 5 K
80.05%71 74.42%; EHDPP ¥ tHZ 1y 62.66%. BFININE
MR TBEP RE i, MREPUET 2.41 pgLl™

xR 2 &) LETI OPEs #E &R [M(Py, Pis)]
Table 2 Prenatal OPEs exposure of newborns [M (P,s, P5s)]
BAI(Unit): pgLl™

MANBE flic=gEs| SREH
OPEs (Included participants) (Low exposure group) (High exposure group)
(n=391) (n=195) (n=196)

TBP 0.52(0.08,0.92) 0.08 (LOD, 0.34) 0.92 (0.74,1.26)*
TPhP <LOD <LOD <LOD

TBEP 2.41(LOD, 5.58) LOD(LOD, 1.12) 5.58 (3.84, 8.46)*
TPrp <LOD <LOoD <LOD

EHDPP 0.13 (LOD, 0.31) LOD(LOD, 0.03) 0.31(0.22,0.49)*
TDCPP 2.23(0.88,4.11) 0.88(0.12,1.45) 4.08 (3.17,5.47)*
TMCP LOD (LOD, 0.01) <LOD 0.01(<LOD, 0.92)

[ 7 (Note)]*: P<0.001,

2.2 X0 oPEs BEMFE) LIEEREF o ZHFMEXREX
BT XIPAZERF A 1T 16S rRNA N, $518 19144233
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MNE, FRARED 7 185 > 0TUs, ZE L4 [E]FREY
SFRET, FFMPLEERKRIERGR oPEs BESHE
JLRRERR o ZEMZERXE(E 1A) . RIEEZ
K& /5, TBEP BESIEIN— X EB(L(ng-g™) , Simp-
son. Shannon. ACE F PD 5%k 4%3 532 0.017(95%ClI:
0.001~0.033). 0.079(95%Cl: 0.001~0.157). 2.402
(95%Cl: 0.262~4.543) # 6.822(95%Cl: 0.016~13.629);
TDCPP B F I — DT EE L (ng-g™), Shannon.
ACE. Chaol # PD 5%k 53 542 = 0.084(95%CI: 0.000~
0.166). 2.924(95%Cl: 0.632~5.215). 3.306(95%CI:
0.962~5.649) 1 10.215(95%Cl: 2.950~17.479), % FB
BEF oM ¢ AT A REEATM OPEs EEH
BEXNHE) LDEREE o ZHFEMUNFM, OPEs E5 5

BESWME) LEER o 21 5 MEHUIFEXE
(Pshannon=0-011; Pgi000=0.035, Pe;,01=0.017, Pyp=0.016,
P,=0.010) , Z5 RINE] 1B Pi~. ZE LR 1% [0])IREINY
HR D ERINERER, B TBEP I TDCPP R ES

TEBABETRER o ZHEMEIERXE, S A
KEXERE, MEBEPRAMNBESHERE o
ZHEMEEXREK(E 10,
2.3 OPEs &, RBEAFIIRIEEEE p ZSHMLLE
KA FENIAY UniFrac BE B 11T PCoA AR5 1T,
EbiRT OPEs B (RBEBAE) LFRERRN g 24
MER, OMEIE. RBESAHZEIN B ZEME
EER(P=0.018), F—E IR HF L — F R IrHAI S
EREE S5 25.90%F 8.93%,
24 OPEs BESHE/LBREFHYMENEEN
KEBE
KA LEfSe AR BIXT BR L R BFRVABXT FE IR
HITOH, LORBIBFILRFEIZEE oPEs & KB FELAIE]
MNERER SRNE 2FfR. 27 N ERERBHE
OPEs & RMEBAGFEER, HHSRBHE 1 ™M
TERE, RBTEAE 26 1, BIEHEIKE. BRTE. &
ZRENAMTEES

Shannon Simpson PD Chaol ACE
TBP | —e—] f—eo— |—e— e e
TBEP | & | el pms e} [—a— - ® P<0.05
® P>0.05
EHDPP - | HH—e—r |-te—] [ i e | i &
TDCPP [Fel==—f=—= (=== e R =T e
O W O NE o o NMhoOhoinaN O N % ON O N
O = - o o oo | = )
S o o cl) S o o
S(95%Cl)
Shannon Simpson PD
TBP TBEP EHDPP
TBEP TBP | TDCPP
TDCPP TDCPP | TBEP |
EHDPP EHDPP TBP
n o o n o v " o i n o i n o n o o
~ n o ~ wn ~ ~N o o~ (o] wn ~ ~ n o o~ wn ~
535 o33 555 33 $5 533
FARINE EARE FRINE IEAMRE FEINE EME
(Negative weights) (Positive weights) (Negative weights) (Positive weights) (Negative weights) (Positive weights)
Chao ACE
TDCPP TBEP |
TBEP TDCPP |
TBP TBP
EHDPP EHDPP
" o o n o o n o o n o o
N N N N N N N N
555 553 555 553
AERNE EMRE AERE IEMIRE
(Negative weights) (Positive weights) (Negative weights) (Positive weights)
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B2 (Boys) 22 (Girls)
Shannon Simpson PD Chaol ACE Shannon  Simpson PD Chaol ACE
TBP | = e TBP [ty i@ nnlar [m 80 o i@y linn (n® oy
TBEP A A | A A TBEP[ |4 i AR W 4 | ep0.05
©P>0.05
EHDPP ff—e— —+— }| [ iméamla ieennty EHOPP [ESeSS{l [FEot B8Nl IE S eSS} RiERse sl it Sse
TDCPP | = |—m—] o, = |-—=— TDCPP {}——m—| - — . TS, p S
S o =S =an = 1 L cocQ 99 = NN n N o
S co ! ¢ o©9° )
S(95%Cl) S(95%Cl)

CE]A: Bl oPEs BB SHL) LIAEER o ZHMMXE; B! BT O o BFTMEARXE M oPes EERBSE) LIHERE o R
BIREX; C: MR R, Bl oPEs ZRESIE) LBRZEREEE o ZHMAXE, RETEANZEZHEIRE. 228 M. FiR. ZHIEE. ZHA%E)
WA, ZERHARE. DA ) LR 28T ZHREEIREFERN.

[Note] A: Association of cord blood OPEs exposure with neonatal meconium microbiome alpha diversity; B: Quartile-based g-computation to assess the
association of different types of cord blood OPEs composite exposures with neonatal gut microbiome alpha diversity; C: Sex-stratified association
of cord blood OPEs exposure with neonatal meconium microbiome alpha diversity; confounders including maternal education, pre-pregnancy BMI,
maternal age, gestational weight gain, passive smoking during pregnancy, complications during pregnancy, delivery mode, infant sex, season of de-

livery, physical activity during pregnancy, and annual household income.
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