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ABSTRACT: Prenatal exposure to pesroalkyl and polyoroalkyl substances (PFASS)
has aroused public concerns as it can pose multiple health threats to pregnant wome

Specically, the binding aities between PFASs and some transporters were determi PFASs

Maternal blood
exposure to PFASs worldwide, summarizes relationships between TTE values and struet

of PFASs, and discusses possible transplacental transfer mechanisms, especially ‘
combination between PFASs and transporters. Given the critical roles of transporters in the
transplacental transfer of PFASs, we conducted molecular docking to further clari the =
binding behaviors between PFASs and the selected transporters. We proposed that the
machine learning can be a superior method to predict and reveal behaviors and mechanisms of the transplacental transfer of PF
In total, this is therst review providing a comprehensive overview on the prenatal exposure levels and transplacental transfe
mechanisms of PFASs.

KEYWORDS: peruoroalkyl and polyroalkyl substances, prenatal exposure, transplacental transfer, molecular docking,
guantitative structueetivity relationship

Placenta

Umbilical Cord

1. INTRODUCTION tively'? Meanwhile, many countries and regions around the

Per uoroalkyl and polyoroalkyl substances (PFASs) are new!V0rld (especially for developed countries) have imposed a

persistent organic pollutants (POPs) in which hydrogen atonf§/ €S ©f regulation to eliminate the production and use of
are completely or partially replaced bgrine atoms in PFOA, PFOS and their related compounds.

straight or branched chairBue to their unique character-  Recently, a large number of substitutes for PFOA and PFOS
istics such as hydrophobicity, oleophobicity, high chemicd®ve been designed and produced to meet the requirements of
stability, thermal stability, high surface activity, etc., PFA%arious industrial applications (main information about the
have been used globally in various industries and commer@grnatives of PFOS and PFOA is liste@ainie ).*> *°
products (e.g., textiles, papermaking, packaging, pesticidesGold et al® reported that, although the U.S. Environmental
extinguishing foam, household materials, and cosmeticByotection Agency had reached a voluntary agreement with
PFASs contain high-energy carbaprine bonds, conse- eight U.S. companies on the PFOA management plan, the plan
quently, they cannot be easily degraded and can accumulatexaluded the control of alternatives that these companies may
organisms through food chains. Many PFASs have bedevelop, use, produce, and release. Besides, the manufacturers
demonstrated to accumulate in protein-rich organ, tissues, akp the chemical structures of many alternatives a secret,
body uid such as liver, kidneys, human serum, and bregsteventing researchers from studying their physical and
milk? ° Toxicological studies have shown that PFASs havemical properties. Consequently, mamyinated alter-
various biological toxicities such as liver toxicity, neurotoxicity,

reproductive and developmental %(.)é(.idt[y’ endqcrine .disrUptir%%ecial Issue: Emerging Contaminants: Fluorinated

e ects, and suspected_ carcinogeficitgiven their environ- .AI}ernatives to Existing PFAS Compounds

mental persistence, bioaccumulation, and multiple biologica

toxicities, two traditional and widespread mondfitérs, Received: February 14, 2021

per uorooctanoic acid (PFOA), paprooctanesulfonate Revised: June 1, 2021

(PFOS), and their related compounds have been listed intecepted: June 4, 2021

Annex A and Annex B of Stockholm Convention, respec-
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Table 1. Brief Information on PFOS, PFOA, and Their Main Alternatives

Compounds Structural formula CAS No. Applications Prenatal exposure
PFOS and its alternatives
e r F e o oE F Electric and electronic
PFOS FWS _on 1763-23-1 parts, ﬁre-ﬁghtmg foam, Maternal serum, cord
N photo imaging, hydraulic serum, placenta
FER PR PR EOD fluids, textiles
R F R F
Mist suppressants in
Pz;?élz(r:?glé?;gsgf F < oH 375-73-5 chromium-plating industry, Mast::un:ql selr;x ;:ﬁ;ord
/\ flame retardant P
o o
R F R F R F Mist suppressants in
Perfluorohexanesulf F. _oH 355-46.4 chromium-plating industry, Maternal serum, cord
onic acid (PFHxS A water and stain repellents in serum, placenta
7\ P P
F F F FF F O O textile treatment
6:2 Chlorinated f Fr FE FE Fo o
polyfluorinated o \\S//\ 73606-19-6 Mist suppressants in Maternal serum, cord
ether sulfonate (6:2 © o chromium-plating industry serum, placenta
CI-PFESA/F53B) trrnrr T
6:2 Fluorotelomer NSNS RS Mist sgppressapts i'n
sulfonate (6:2 FWS _on 50587-39-2 chromlum—platmg industry, Placenta
FTSA) VANVANIAN N\ ﬂuorosu_rfactant in
firefighting foam
6:2 Fluorotelomer
sulfonamide NN q \/ Fluorosurfactant in Have not been
alkylbetaine (6:2 W\\/ Qk 34455-29-3 firefighting foam reported
FTAB)
Sodium p-perfluoro . .
nonenoxybenzene 70829-87-7 Fire and fluorine surfactants =~ Maternal serum, cord
sulfonate (OBS) in petroleum serum
PFOA and its alternatives
R F R F R F Q
PFOA 335.67-1 Non-stick lechen ware, Maternal serum, cord
food processing equipment serum, placenta
F F F F F F F
ROF o
Perfluorobutanoic F 375.20-4 Processing aids in Maternal serum, cord
acid (PFBA) OH fluoropolymer production serum, placenta
F F F F
KR F R F Q
Perfluorohexanoic e 307-24-4 Processing aids in Maternal serum, cord
acid (PFHxA) OH fluoropolymer production serum, placenta
Hexafluoropropylene Processing aids in Have not been
oxide-dimer acid 62037-80-3 & .
(HFPO-DA/Gen-X) fluoropolymer production reported
Hexafluoropropylene Processing aids in Have not been
oxide-trimer acid 13252-14-7 & .
(HFPO-TA) fluoropolymer production reported
Hexaﬂuoropropylene Processing aids in Have not been
oxide tetramer 65294-16-8 .
acid (HFPO-TeA) fluoropolymer production reported
Dodecafluoro-3H- X \VaRV4 Processing aids in Have not been
4,8-dioxanonanoate | °>$%<° o 958445448 g 0ol ygmer oroduction reported
(ADONA) AN AN
B
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Table 1. continued

Compounds Structural formula CAS No. Applications Prenatal exposure

Heptafluoropropyl F R F R F
1,2,2,2- e 3330-15-2 Processing aids in Have not been
tetrafluoroethyl o F fluoropolymer production reported
ether A £ %
Perfluoro-3,6- NSNS i N
dioxaoctanoic acid i o ° on 908020-52-0 Processing aids in . Have not been
EEA) fluoropolymer production reported
( F F F F F F
NH,"

Ammonium 2,3,3,3- o o
tetrafluoro-2- p E F E F
[1,1,2,3,3,3- . Processing aids in Have not been
hexafluoro-2- o F 310774-77-3 fluoropolymer production reported
(trifluoromethoxy)p ¢k J ¥

ropoxy |propanoate F ﬂ
.

natives, which are regarded as‘¢hgironmentally friendly  transplacental mechanisms of PFASs have not been fully
substitutes, are incorporated into the production and usenderstood. The exploration of this complex transfer
without any discussion. On the other hand, with themechanisms by computational toxicological methods are
advancement of analytical technology, some new PFASgected to break the bottleneck. The models established
monomers have been detected in environmental media atitough machine learning algorithms caneatly predict the
organism&, ?* which has caused great concern. Thereforeransplacental transport gencies of a large number of
solving the environmental issues that are linked to PFASs stidimpounds and reveal the molecular structure characteristics
has a long way to go. that a ect the transport eciencies. Various algorithms such as
The transmission behavior and health risks of PFAS in tmeural networks, genetic algorithms, random forest tree
human body have always been the concern of reseamlgorithms, and support vector machine algorithms have
subjects, wherein pregnant women and fetuses are the miosén used to predict the transplacental transmission rates of
vulnerable populations. The placenta of pregnant women dsugs’>*° In addition, molecular dynamics simulations can be
responsible for transferring of essential nutrients from thesed to predict and evaluate the binding behavior and
maternal circulation to the fetus, while selectively preventimgechanism of drugs and reveal related drug targets at the
from the transmission of certain biological macromolecul@solecular levél.For the research on PFASs, machine learning
and pathogens to the fetus to provide a suitable environmemiethods can be applied to study and reveal the behavior and
for its growth and developméhtiowever, some studies have mechanism of transplacental transfer mechanism of PFASs.
found that a number of environmental pollutants, including Many previous reviews have focused on the exposure
PFASs, can cross the placental barrier and reach the feggaghways® “* human body burdefisand health eect§® “©
through umbilical cord blo6t® Other studies have also of PFASs in pregnant women, children, or general population.
demonstrated that the transplacental transfer of PFASs durinigere is only one review artiéléhat has summarized the
pregnancy may be related to adverse heelttsend birth  variation among countries and continents, and the temporal
outcomes of fetus&s?® The fetus has an incomplete organ trend of prenatal exposure to PFASs. The review of the
development and its resistance and de#tixin capabilities  characteristics and mechanisms of transplacental transfer of
are very limited, as a result, exposure to xenobiotic compourisaASs, which is critical to the health risks assessment of
in the uterus may bring adverse heakticts throughout its  bijologically sensitive populations such as pregnant women and
childhood'®** Herein, the concerns on prenatal exposure tdetuses, has not been reported. In this review, we aim to (1)
PFASs have been continuously increased in recent years. Ehﬁ,ide a comprehensive summary on the global levels and
measurement of PFASs levels in pregnant women and fetugiggracteristics of prenatal exposure to various PFASs; (2)
has shown that the intrauterine exposure to PFASs ispovide an overview of the characteristics and trends of
widespread problem worldwidleMany studies have calcu- transplacental transfer aiencies of PFASs with efient
lated and compared the transplacental transmissien@es  stryctures, and (3) summarize and discuss the mechanisms of
of PFASs, showing that PFASs witkrent structures have the transplacental transfer of PFASs, especially for the
di erent transmission abilitiés” Lately, the transmission combination between PFASs and transporters in human
mechanism of PFASs in the placenta has become acscien§erum and placenta; and (4) propose the suggestions for the

issue that is highly concerned and needs to be solved urgerdlyplication and development of machine learning methods in
Passive dision and active transport have been adopted t@,tyre research in thigld.

explain the transplacental transfer mechanism of PFASs.

Transport proteins in maternal blood and placenta have been

demonstrated to play a critical role in the transmission proce Sb\l/i(\j/gtSDVC\)/::DFI;RENATAL EXPOSURE TO PFASS
In vitro experiments have three main limitatiogs:in vitro
experiments are ineient and take a long time; second, some 2.1. Concentration and Geographical Distribution of
proteins products cannot be bought for the experiments; thirBlFASs in Various Matrices. The occurrence of PFASs in
the transmission mechanism cannot be explained at tpgacent&’*® umbilical cord bloot?>° amniotic uid>%** and
molecular level in vitro experiments. Consequently, thiafant serunt indicated their prenatal exposure. Numerous
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Figure 1. Concentrations and compositions of PFASs in maternal and cord blood of pregnant women from various countries worldwide. The
numbers shown above the pie charts represent the median concentration of total PFASs in ng/mL. The corresponding sampling period was writf
under the name of the country or city. The data from America are geometric mean values. The data for Russia and Denmark are from whole blo
those for Norway are from plasma, and those for other countries are from serum.

studies have shown that there are extensive prenatal exposweight, respectively. Mamsen &t aleasured ve PFASs,
to PFASs among pregnant women and infants. including PFOS, PFOA, PFNA, peroundecanoic acid

In 2004, Inoue et af. measured the concentrations of (PFUNDA), and PFDA in the placenta of Danish women,
PFOA and PFOS in maternal serum and cord serum sampf®wing that their average concentrations were 1.3, 2.1, 1.1,
from pregnant Japanese women for stetime, wherein a 0.5, and 0.3 ng/g wet weight, respectively. Bangm# et al.
high correlation of PFOS concentration between maternal aimi/estigated the PFAS levels in the placenta from a high-risk
cord serum was observed. Additionally, the concentrationspgregnancy cohonh & 122) in North Carolina, wherein PFOS,
PFOS in maternal serum ranged from 4.9 to 17.6 ng/mL, arFHXS, PFHpS, and PFUNDA were detected in 99%, 75%,
those in cord serum ranged from 1.6 to 5.3 ng/mL. Althougb5%, and 49% of the placenta, respectively. There was no
only 15 pairs of maternal serum and umbilical cord serucorrelation between the level of PFASs and hypertensive
samples were analyzed, this research aroused public concdismders of pregnancy, fetal growth, or gestational age,
in the world. Apelberg et aldetermined the concentrations whereas maternal race/ethnicity was associated wittasigni
of PFOS and PFOA in the cord serum of 299 newborns idi erences in PFUnDA levels. Because the internal structure of
Maryland, U.S.A. They found that the geometric meathe placenta is very compglégurrent researchers have failed
concentrations of PFOS and PFOA were 4.9 and 1.6 ng/mtg e ectively separate the maternal side from the fetal side in
respectively. Besides, they cmed that there were placenta. Therefore, the level of PFASs in the placenta can only
imbalances in PFOS exposure levels among ethnic groups;used to comm the occurrence of prenatal exposure but
the geometric mean concentrations in Asians (6.0 ng/mL) anthnnot be used to further explain their transmission. In fact,
black people (5.1 ng/mL) were higher than those in whitdhe transmission of PFASs between maternal blood and fetal
people (4.2 ng/mL). Kim et dlinvestigated the residues of blood occurs at the placental villus, in which the fetal
PFASs in the serum and cord serum of pregnant Koreaapillaries are scatteringly distributed. To further reveal the
women, suggesting that PFOS and PFOA were the two masinsfer process of xenobiotic compounds in the placenta and
dominant PFASs, and PFHxS, peroheptanesulfonate to overcome the limitations of placenta samples, methods such
(PFHpS), peruorononanoic acid (PFNA), peorodecanoic  as ex vivo human placental perfusion model and virtual organs
acid (PFDA), and peuorotridecanoic acid (PFTrDA) were can be used (more details can be fourgkation 32
also detected. In South Africa, where the industries remainin addition, as demonstrated by several studies, PFASSs in
underdeveloped, the prenatal exposure to PFASs still exiatsniotic uid have also been detected. However, the levels of
Hanssen et al. measured the levels of PFOA, PFOS, amdst PFASs in amnioticid were very low and below the
PFHxS in maternal serum and cord serum of pregnant womdatection limit>>* Amniotic uid is the dialysisuid as
from 31 communities in South Afritalemonstrating that maternal serum enters the amniotic cavity through the placenta
pregnant women living in the cities (with industrial activities)n the rst trimester, and mainly comes from the urine excreted
had higher exposure levels to PFASs than those from thg the fetus after the second trimeSteow levels of PFASs
suburbs. in amniotic uid indicate the amniotiaid is not the main

The maternal and cord serum are superior samples mute of intrauterine exposure, nor is it the main route of fetal
prenatal exposure research because of their high accessil@htyretion of PFASSs.
and ease of handling. Besides, placenta is also frequently addition to the countries and cities mentioned above, the
collected and used in analysis of PFASs. Cherf’®t al. prenatal exposure of PFASs have been also found ii*€hina,
reported that the median concentrations of PFOS, PFO/&Germany? Denmark®®* Francé? Swedefi’ Canad&’
PFHXxS, and 6:2 CI-PFESA in placenta samples of womenSpairt>®° Italy®’ and Russi& as exhibited iffigure land
Wuhan, China were 2.416, 0.464, 0.207, and 0.340 ng/g watipporting Information (SI) Table Sdetails are not
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discussed here). Taken together, the prenatal exposureagpect is the identiation of substitutes of PFASsal{le ),

PFASs has been a widespread issue worldwide. particularly for the two monomers of F-53B. As reported by
Figure Ishows the levels of PFASs in human blood and cordan et al’® the median concentrations of 6:2 CI-PFESA in the

blood of pregnant women from various countries/regionserum and cord serum of pregnant women in Wuhan, China

worldwide. It should be noted that there is a certain gap in thgere 1.89 and 0.80 ng/mL, respectively, which were obviously
period of each study. Besides, due to the limitations gf

; ; igher than those of pregnant women in B&ij{dd94 and

techn_|cal methods, the types of PFASs measured in eaqh stydyg1 ng/mL, respectively). Theatence may be due to the
are dierent. As a result, these factors should be con3|der? t that Wuhan has been the primagyine chemical base in
when comparing the prenatal exposure levels of PFASs {01. . 71
di erent countries/regions. In the Asia, the highest exposu ina_since the 1990s. Lu el”ahave detected .FTSAS
levels were observed in Tianjin and Wuhan which are twid'cluding 6:2 FTSA, 8:2 FTSA, and 10:2 FTSA) in human
industrial cities in Chiid*’ In addition, the sampling time is Placenta samples with a very low detection frequency,
an important factor acting the levels of PFASs. For examplefeporting that the contribution of total concentration of
the exposure level in Russia is signtly higher than that in  FTSAs to PFASs is in the range 6£.0%. Finally, the fourth
Japan and South Korea, and this may result from that ti@spect is the recognition of other concerned PFASSs, including
sampling time in Rus&lgyears of 20012002, when PFOS PFOS precursors and some unknown PFASs. In 2013,
could be produced and used without any regulation) is earlittanssen et &f detected peworooctane sulfonamide
than that in Japahand South Kored.The PFASs exposure (PFOSA) in the maternal blood and umbilical cord blood of
in Denmark is the highest in the world, and its sampling periqussian pregnant women and reported that their median
is 1996 20027" The exposure level in Sweden is alsoconcentrations are 0.33 and 0.31 ng/mL, respectively. Zhao et
signicantly higher than that in other European countries|34 yeported that the median concentration of PFOSA in
(except Denmark), and its sampling time is TAXBL."The 516 piood of pregnant women in Tianjin, China is 0.011 ng/
study period in other European countries is 200b, thus ., 1, aqdition, Morello-Frosch ef%lso reported very low
their low exposure levels may be the result eftiee . .

concentrations of PFOSA in the maternal serum and cord

regulation on PFOS. Furthermore, therdnces in diet and ¢ in Los Angel PEOSA i
lifestyle between Sweden and other European countries may?g&!™M Of pregnant women in Los Angeles. IS more

one of the reasons of the relatively high exposure level figduently detected in whole blood than in serum because
Swedefi® The exposure level of PFASs in C&faslanuch ~ PFOSA can bind more strongly to red blood “éeTs,

higher than that in the United St&teshich is also likely due € ectively detect other PFASs, especially for those with
to the large dierences in the sampling time. Moreover, theunknown identities, nontargeted screening technology can be
data from the American is the geometric mean, while the datmployed. In 2020, Li et’dlapplied nontargeted screening
from Canada and other countries is the arithmetic meamethods to screen 19 PFASs in the maternal serum and cord
Mathematically, the geometric mean is generally less thansgrum from 117 pairs of pregnant women in Beijing, China,
equal to the arithmetic mean. This is also a unignorable reasgi found that the highest concentration of emerging PFASS is
for the low exposure level in the American. Although thg:2 C|-PFESA. They also detected otherinated com-
United States is the main producer of PFASs, its prenaighinds including unsaturated perinated alcohols, OBS,
PFASs exposure level is comparable to that in Soutf°Africa, qrosubstituted polyoroalkyl carboxylic acids, ether-per-

It is noteworthy that research on prenatal exposure of PFASs roalkyl sulfonates, and ketoneympoctanesulfonate, all

China starts relatively late, yet the analysis technology is t(t)1 . ) ) .
. : hich have not been reported in human serum prior to their
most developed, showing the most comprehensive types lication. The emerging PFASs idedtin this stde are

measured PFASs, which may be one of the reasons for :
larger total PFASs in China. accounted for 27.9% of the total PFASSs in the maternal serum

2.2. Concentrations and Types of PFASs of High of pregnant women Qnd for 30.3%_ of the total PFASS in _the
Concern. As mentioned earlier, previous studies on PFASE0rd serum, suggesting that attentions should also be paid to
prenatal exposure mainly focused on PFOS and PFOA, the ti@ prenatal exposure of emerging PFASSs.
traditional monomers. With the advancement of the detection To sum up, although PFOS and PFOA have been regulated
and analysis technologysea&chers have turned their around the world for over 10 years, they are still the main
attentions to the emerging PFASs. The teEmerging PFASs exposed to the fetus during pregnancy. Current
used here mainly ®xts the following four points. Thest research on the prenatal exposure of emerging PFASs is
aspect is the simultaneous test of isomers. Cheri’et allimited to the two monomers of F-53B (6:2 CI-PFESA and 8:2
conducted a study on the distribution of PFOS, PFOA, ang|.pFESA) and homologues of PFOS and PFOA. The prenatal
PFH'x.S isomer in 32 pairs of maternal serum, plac'enta, a@?posure of other PFASs precursors such asrpeikyl
umbilical ‘cord serum samples from Wuhan, China, a":E%osphinic acids (PFPiAs) and peroether carboxylic acids

S

conrmed that linear PFASs are the dominant isome .
(71% 97%) tested. The second aspect is the simultaneo EFECAs), as well as some alternatives such as BRPO

detection of homologues. Gao €f akamined the levels of ahd ADONA, has not b_gen reportgd. Therefore,_|t IS necessary
per uoroalkyl carboxylic acid (PFCAs; C4 to C13), angto develop more sensitive ana!y3|s method to investigate the
per uoroalkanesulfonic acids (PFSAs; C4, C6, C8) in maternB[enatal exposure levels oferént types of PFASs more
serum and umbilical cord serum of 132 pregnant women fPmprehensively. Given that the structure information on
Beijing, China. This work has been the most comprehensif@gany PFASs is still unknown, it is worth trying the
report on PFASs homologues so far. Their results showed ti@ntargeted screening method as a research pathway to
PFOS is the main PFASs detected in maternal serum and comdestigate the prenatal exposure of the unknown emerging
serum, and PFNA is the main long-chain PFASs. The thiféFASs.
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Figure 2. Anatomy of the human placenta and potential mechanism of transplacental transport of PFASs.

3. TRANSPLACENTAL TRANSFER MECHANISM OF transmission trends for PFFx&nd PFOSA] that is, the
PFASS TTE of straight chains is higher than that of branched chains.

. . Considering functional groups, the comparison of PFSAs

3.1. Transplacental Transfer E ciency of PFASs with with the sameuorinated chain length show that PFCAs has

Di_erent Structures. The level of transplacental transfer of higher TTE values than PFSAs as follows, wherein PFBA >
PFASs is determined by transplacental transténeies FBS. PFHxA > PFHxS. and PFOA > PFOS were
(TTE), which is the ratio of the PFASs concentration in corgypsen/ed’® Because the 'Eypes of PFASs idmshtiare

serum to that in corresponding maternal serum. Availabjgiteq, the relationships between TTE and other of functional

evidence has shown that the concentrations of some PFAS§iBups of PFASS, as well as their underlying mechanisms, have
cord serum are even higher than those in maternal serufApt been elucidated.

which indicated the accumulation of PFASs in cord serum and3.2. Transport Mechanism. At present, the understanding

the fetus because the metabolic capacity of the fetus is musththe transplacental transfer mechanism of PFASs is still

lower than that of the pregnant wortial.Gutzkow et af? inconclusive. Thus, researchers attempted to elucidate and

investigated a subpopulation of the Norwegian mother-to-chilthderstand the transmission process and mechanism through a

cohort and detected 7 PFASs in 123 pairs of maternal and carariety of methods.

blood samples, with TTE between 30% and 79%. Compared torhe mechanism of drug transport across the placenta has

other PFASs, the transmission rates of short chain PFASs &eé¢n fully studied. Generally, there are three possible

branched PFOS are relatively high, indicating that only certaitfechanisms of placental transport of drugs, including passive

PFASs can cross the placenta in a structurally dependéhtusion, active transport, and pinocytsitie transfer of

manner. Current research has demonstrated that TTE #ugs across the placenta barrier occurs mostly through passive

dependent on the following three aspects of structure@i usion.” Previous research has demons?Patbdt some

per uorocarbon chain length, isomers, and functional groupg.rugS taken by pregnant women during pregnancy can pass
Many studié§®%7%7> 77 have demonstrated that the TTE into the blood circulation of the fetus via passiwesidn. _

of PFASs homologues has a U-shaped relationship whljugs can also cross the placenta through various active
uoroalkyl chain lengths. That is, PFASs with shorter chalfgnsporters located on both fetal and maternal sides of the

lengths (such as PFBA and PFBS) or longer lengths (Suchsa@cytiotrophoblastﬁigure 3. Pinocytosis and phagocytosis

4 re considered too slow to have any smmii impact on the
PFTrDA and 6:2CI-PFESA) have higher TTE, whereas PFA ; ; :
with modulate chain lengths (such as PFDA and PFOS) ha 2tal drug concentration. Understanding the mechanisms of

) ugs transport across the placenta is of great reference for the
lower TTE. However, after the regulation of PFOS wagyqy of pFASS, and it was speculated that PFASs may cross
imposed, PFBS and 6:2 CI-PFESA have been produced afidcenta though passiveudion or/and active transport.

used as substitutes worldwide. Considering their transplacentalome studies have speculated that the transmission
transmissibility, therefore, these substitutes are not necessgfBithanism of some PFASs is similar to passaieoni It
“safet than PFOS. is known that the more hydrophobic the compounds, the
Other evidencé’” has suggested that isomers of PFOA andjreater the degree of passivasion, and the straight chain
PFOS have derent TTE values; TTE usually increases as thgsomers are more hydrophobic than branched chain isomers.
branch point moves closer to the carboxyl or sulfonate grouphis may explain, to some extent, why the TTE of the linear-
and the TTE of branched isomers is higher than that of lineahain PFHXS and PFOSA is greater than that of branch-
isomers. On the contrary, some studies foureredi chain isomers. However, the transmission through passive
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Table 2. Binding of PFASs to Transporter Proteins Reported in the Literatures

substrate transporter methodology conclusion reference
PFCAs (C4 C13), PFSAs (C4, C6, C8), 6:2CI-PFESA HSA, SRequilibrium dialysis equilibrium dissociation constants and 33
hL-FABP per uoroalkyl chain lengths have a U-shaped
PFCAs (C2C12), PFSAs (C4, C6, C8) BSA equilibrium dialysis correlation 82
PFOA, PFOS OAT4, ex vivo human placental perfusioRFOS and PFOA are maalle by OAT4, not 83
ABCG2 model ABCG2
PFOA, peruorododecanoic acid (PFDoA) BSA equilibrium dialysis and molebyi@rogen bonding and hydrophobic interaction 86
docking promote the interaction between PFASs and
proteins
PFOA, PFOS\-ethyl peruorooctane sulfonamitle rL-FABP equilibrium dialysis PFASs competitively inhibit the binding betwe&n
ethyl peruorooctane sulfonamidoethanol fatty acids and rL-FABP
PFCAs (C4C18), PFSAs (C4, C6, C8), 6:2 hL-FABP molecular docking the number of hydrogen bonds is positively 90
uorotelomer alcohol, 8:Riorotelomer alcohol correlated with anity
PFCAs (C4C9), PFSAs (C4, C6, C8), EEA, Genx,hL-FABP, molecular docking and molecularF-53 and F-53B have similar or stronger binding88
ADONA, 2m-PFOA, F-53B, F-53 rL-FABP dynamics simulation a nity than PFOS
74 PFASs hL-FABP size-exclusion column coelutiorifiot high-anity ligands are selectively captured 89
screen unknown hL-FABP from 74 PFASs
ligands)

di usion may not be true for PFOS and PFOA. Because fdius, location of transporters should also be taken into
PFOS*" and PFOA! it has been reported that the TTE consideration in future studies exploring this mechanism
values of branch-chain isomer are larger than those of tbrploration.
linear isomer. The passiveudion also cannot explain the Current evidence has shown that the binding of certain
transmission phenomenon of PFASs homologues, of which th@nsporters to PFASs can inhibit the transplacental transport
TTE has a U-shaped correlation with the increasing carbai PFASs. However, the interactions between PFASs and
chain length. Therefore, many studies have been conductegnsporters in the placenta, as well as critical faetciing
from the viewpoint of protein bindintaple 2. their interactions, are poorly understood. Many studies have
Bischel et &l evaluated the associations between 12 PFCAgported the mechanism of interactions between PFASs and
(C2 C12) as well as 3 PFSAs (C4, C6, C8) and bovinesome proteins that are ubiquitous to blood, such as &fbumin
serum albumin (BSA) using equilibrium dialysisroang and liver fatty acid binding protein (L-FABPY® Zhang et
that the correlation between thendly of BSA and carbon al®° compared the molecular docking of PFOA, PFOS, and L-
chain lengths has énverted U shape. Combined with the FABP and found that two hydrogen bonds between the
U-shaped correlation of PFASs mentioned above, it can barboxyl head of PFOA and L-FABP, and three hydrogen
concluded that the binding of PFASs to proteins in maternalonds between the sulfonic acid head of PFOS and L-FABP.
blood can hinder their transplacental transmission. As a resiilhe number of hydrogen bonds is positively correlated with
PFASs with strong protein-bindingndy may have a low the binding anity between PFASs and proteins; for this
TTE. Inspired by this research, Gao &t détermined the  reason, the binding aity of PFOA and L-FABP is less than
equilibrium dissociation constant of human serum albumithat of PFOS and L-FABP.
(HSA)-PFASs compleK£HP), serum proteins (SP)-PFASs Based on the current evidence, a consensus that PFASs
complex K4+SP) and liver-fatty acid binding protein (L- bound to selected proteins have lower ability to pass through
FABP)-PFASs compleXALP), wherein the number of the placenta compared to free PFASs has been reached.
carbon atoms has a U-shaped relationship with th&three However, it is still unclear whether the bindingita of
values (the highd€; value, the weaker the protein-binding PFASs and transporters is dependent on structures. In fact,
a nity), as well as with the TTE of PFASs. This researchtudies have demonstrated that some transporters in the
demonstrates the binding to proteins can cause the decreasplatenta could facilitate the transmission of certair®trugs.
TTE of PFASs. Thus, it can be speculated that PFASs can enter the fetal blood
Kummu et &f? employed the ex vivo human placental circulation through active transport with the intervention of
perfusion model to evaluate the role of organic aniocertain proteins. In addition to dsion and binding to
transporters 4 (OAT4) and ATP-binding cassette transportgroteins, PFASs may pass through the placenta via paracellular
G2 (ABCG?2) in the transplacental transmission of PFOS ammhssage-{gure 2. Studies have shown the placenta is a lipid-
PFOA. They determined the expression levels of OAT4 ambre membrane and placental channels in the syncytiotropho-
ABCG2 proteins by Western blotting and studied theiblast range from 15 to 25 nm in diamé&t&ome nanosized
correlation with the transfer index % (Tl %) of PFOS andirugs can cross the placenta via the placental channels (also
PFOA at 120 and 240 min. They found that the expression &hown as paracellular passagdjowever, this type of
OAT4 was negatively correlated with the Tl % of both PFOAransmission pathway of PFASs has not been examined.
(R =0.92p=0.043) and PFOSR{=0.99p=0.007) at 120  Additionally, there are more than 30 types of transport
min, whereas that of ABCG2 was not associated with Tl 9roteins expressed in the human platetitand data on
This implies that PFOS and PFOA in the placenta areome proteins are currently still limited. Considering that the
modi ed only by the transporter OAT4, not ABCG2; andlarge number of PFASs and related active proteins, the more
OAT4 may reduce the fetal exposure to PFASSs, similarly & cient method than in vitro experiments to study them is
HSA, SP, and L-FABP mentioned abib@enerally, OAT4is  computational toxicology.
mainly expressed in the basal membrane of the syncytio-3.3. Molecular Docking of 32 PFASs to HSA, hL-FABP,
trophoblast (fetal sid&jwhereas the ABCG2 is located at the and OAT4. According to literatures, HSA, SP, hL-FABP, and
apical membrane of the syncytiotrophoblast (matern&f'side) OAT4 can bind to a variety of PFASs, and the binding can
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Figure 3. Representative molecular docking results for the binding between PFASs and HSA (A), L-FABP (B), and OAT4 (C).

a ect the transplacental transferciencies of PFASs. Over the past few decades, machine learning algorithms and
However, studies on PFASs monomers are still limitedomputational toxicology methods have been widely applied to
Therefore, we adopted molecular docking to evaluate thmedict and evaluate the transplacental transfer ability of drugs
binding of 32 PFASs monomers with HSA, hL-FABP, andnd various environmental pollutaits’® Compared with in
OAT4 (Figure 3 The details of the molecular docking vitro experiments, machine learning can predict the trans-
methods are summarized in $upporting InformatioHSA placental transfer behaviof various compounds more

is the most abundant protein in human blood, and it plays @ ciently by establishing models, and may reveal the
role in transporting long-chain fatty acids in Bfoathough transplacental transfer mechanism at the molecular level.
L-FABP is mainly present in the liver, it is one of the major Machine learning algorithms can be employed to construct
proteins in serum with an average concentration of 9.46 ngluantitative structuractivity relationship (QSAR) models

mL (averaged from 4.5 to 17.5 ng/mLThe central cavity of between the structural properties and transplacental transfer
the L-FABP can bind to long-chain fatty acids and some othability of thousands of compounds, which can then be used to
hydrophobic ligands. OAT4 belongs to the organic aniopredict and assess the transplacental transfer ability of other
transporters (OAT) family, and it is mainly expressed in thanknown compounds, meanwhile, revealing the important
human placenta, acting as an organic anion/carboxylic aciblecular structural features thatcatransplacental transfer
exchanger on the placenta membtar@ur molecular  ability. Initially, the QSAR model was applied to the evaluation
docking results comed that the number of C atom in of transplacental transfer of diigRecently, the QSAR
PFASs is one of the main factoecting the protein binding model has been applied to predict the transplacental transfer of
ability (SI Table 91 As the number of carbon atoms concerned environmental pollutants. Eguchi “Et usked
increases, the binding raties between PFCAs and OAT4, multiple linear regression (MLR), partial least-squares
PFSAs and HSA showed the U-shaped trend, indicatimggression (PLS) and random forest regression (RF) to
PFCAs or PFSAs with medium chain lengths (such as PFHpgtudy the relationship between transplacental transmission
PFOA, and PFHxS) can bind more strongly to OAT4 or HSAates and the physicochemical properties of polychlorinated
than PFCAs or PFSAs with other chain lengths. As for PFCAfphenyls (PCBs), organochlorine pesticides (OCPs), poly-
and PFSAs with the same carbon number, generally, PFQ#&eminated diphenyl ethers (PBDEs), and dioxins. The RF
can bind more strongly to HSA and L-FABP than PFSA#nodel, which has the highest prediction ability, has been used
whereas PFSAs can bind more strongly to OAT4 than PFCAs. indicate that molecular weight and lipophilicity are the
In addition, PFOS or PFOA were found to bind more stronglyritical parameters ecting the transport of organic halogen

to these proteins than some PFOS or PFOA substitutes, susbmpounds across the placenta. Li"8eatablished multiple

as 6:2 CI-PFESA, 6:2 FTSA, NaDONA, HFB®, PFBS, linear regression models based on the experimental TTE values
and PFBA, suggesting that these substitutes may have higireat computed molecular descriptors of various environmental
health risks to the fetus compared to the legacy PFASs. chemicals (including polytigcaromatic hydrocarbons,

The a nity between PFASs and proteins cattathe organochlorine pesticides, polychlorinated biphenyls, poly-
transplacental transmissiortiency of PFASs. In contrast to brominated diphenyl ethers, and PFASSs), indicating topo-
in vitro experiments, molecular docking methods, which ndagical polar surface area may substantialgnire the TTE
only can more eciently obtain the data on the binding values of environmental chemicals. With the accumulation of
between PFASs with dient structures and dient proteins,  experimental data on transplacental transfer of PFASS, a variety
but also can further reveal the interaction mechanism betweaihmachine learning algorithms can be used to establish the

them at the molecular level. QSAR model to predict and evaluate the prenatal mother-to-
3.4. Application of Computational Toxicological fetus transmission eiency of PFASs. Also, the molecular
Methods on Transplacental Transfer Mechanisms. structure features that have an important impact on placental
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transport can be analyzed, which is important for th@FASs substitutes is still unknown, using nontargeted screen-
assessment of health risk of prenatal PFASs exposure.  ing technology is an ective pathway tdl these data gaps.

Di erent from other lipid-rich POPs, PFASs have beeNontargeted detection in human blood and placenta samples
proven to bind to a variety of proteins, which is a key processquires higher sensitivity and accuracy than that in environ-
that a ects the transfer of PFASs across the placenta. Througigntal matrices, so techniques for nontarget screening of
molecular docking, machine learning algorithms can be usedifknown PFASs need to be developed to provide data on risks
e ectively simulate the binding process of proteins angf prenatal exposure to emerging PFASS.
compounds, evaluate theimiy, and reveal the key amino ¢ petter understand the transmission mechanism of PFASs
acids and chemical bonds formed thettéhe binding at the i, the placenta, the mechanisms and roles of the transporters in
molecylar level. Based on the molecula_r QOcklng of PFASs 3R placenta need to be fully studied. A few studies have
HSA, it was suggested that the selectinityaof PFASS to ﬁ?# gested that the binding of PFASSs to transporter proteins in

HSA could be a key factor for selective transplacental tran ; : e .
00101 02 ' i ; placenta may restrict their transplacental transmission. This
of PFASS. Chen et al.”studied the binding mechanism nderstanding is, however, inconclusive and cannot be

of PFCAs to HSA through molecular docking and found thagxtended to a wider range because the transporter proteins

electrostatic interactions were the main intermolecular forceS ~__. . ; )
Iyestlgated in these studies represent only a small portion of

between PFOA and HSA, while hydrogen bonding and van d i ¢ tei d.in the h | t
Waals interactions played important roles in the combinatidf¢  lransporter proteins expressed in the human placenta.
dditionally, some transporters in the placenta could facilitate

of PFDA and HSA. Li et &.applied molecular docking to s o
investigate the binding mities between 51 environmental the transmission of xenobiotics from the mother to thé¥etus.

chemicals and 6 selected transporters, including BCRPharmaceutical research has demonStratent the ex- ,
MDR1, hENT1, FR alpha, SERT, and MRP1. The resultBression of many endogenous and exogenous receptors Iin
demonstrated that the structure-dependent bindinigyas ~ the placenta can increase the placental transport of drugs, and
one of the important factorseating transplacental transfer of the biotransformation transporter proteins involved in the
various environmental chemicals. In addition, based dhocess can also lead to the production of intermediat or
available data sets, machine learning can be used to buif@ducts of certain drugs (such as phenytoin sodium) with
QSAR models and to predict theeeis of compounds to teratogenic activity. Thus, interdisciplinary research in the
transporter proteins. Jiang éfafleveloped a series of QSAR environmental, pharmacy and medicielels should be
models by using seven machine learning approaches (includiogducted to further reveal the roles of transporters in the
a deep learning method, two ensemble learning methods, gidcenta on the transmissionciency of PFASs and to
four classical machine learning methods) to discriminateplore the mechanism and products of the biotransformation
between BCRP inhibitors and noninhibitors and found thef PFASs in the placenta. Knowledge from such research is
support vector machine clessyielded the best predictions. critical for assessing the risk of prenatal exposure to PFASs.
With the accumulation of data on transplacental transfer of pue to the lack of samples and data, it is highly necessary to
PFASs, it will be a hot spot for future research to usgdopt machine learning to research on prenatal exposure of
computational toxicological methods to reveal the transpopFASs. Through machine learning algorithms, the quantitative
mechanisms and predict the transport behavior of PFASS. gsiyycture activity relationship between structural character-
istics of PFASs and TTE can be established to predict and
4. PERSPECTIVES evaluate TTE of various PFASs. In addition, it is possible to
It has been commed that PFASs can cross the placenta tapply the molecular docking method to identify the key
fetuses, leading to their continuous prenatal PFSAs exposit@smical bonds, functional groups, and amino acids in the
and causing certain adverseces on human health. Current nteraction between PFASs and active proteins. By knowing
research focusing on this topic has reported prenatal exposyfich PFASs are more likely to bind to proteins, it is readily to
levels and transplacental transfeciencies of PFASS. requce the bioavailability of these PFASs by reversely designing
Multiple evidence has demonstrated that the transmission @k safer PEASs alternatives.

PFASs in the placenta is selectively and structurally dependenf;ma"y' establishing a more systematic toxicokinetic model

and the transmission rates of certain PFASs substitutes ﬁfecomprehensively assess the risk of PFASs exposure in

higher than those of legacy PFASs. However, information Buses is another essential step. It is known that the main

the transport mechanism of PFASs across placental barré%retion pathways of fetal metabolites in the uterus are the

remains limited. Various current studies have shown that frﬁﬁ] . R
' L bilical artery and amniotigid. The rst excrement from
PFASs may pass through the placenta via pa and he fetus within 48 h after born is meconium, along with

heir bingi it thei .
their binging to transporters can limit their transport capacit EASS that are accumulated due to the prenatal PFASS

thus, more research evidence on this topic is required. Ba: Bv d - he level of PFASS | bilical
on the current knowledge, the following prospects should §&Posure. By determining the level o S In umorlica
venous blood, amniotizid and meconium, the remaining

put forward: . =
To more comprehensively investigate the prenatal expostff¥e! of PFASs in the fetus can be deduced, and the ability of

to PFASs, the development of technology for PFASs analysitef's to metabolize PFASs in the uterus can then be evaluated.
urgently needed. At present, only a few studies have detechd@reover, multiple studies have demonstfatedf that the
PFOSA and FTSAs in human blood, but no studies that deteRtesence of PFASs in breast milk is an indicator that
PFPiAs, PFECAs, Genx, ADONA, HFPO-TA, etc. in humafreastfeeding infants are still exposed to PFASs. Therefore, a
blood or placental tissue have not been conducted. Therefos¥stematic toxicokinetic nebdfor the intrauterine and

it is urgent to develop analysis methods with low detectiolactation periods should be established to assess the risk of
limit and improved sensitivity to detect these emerging PFAS¥-ASs exposure in fetuses/infants, which are the most
Considering that the structure information of substantidbiologically sensitive populations.
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