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Abstract

The human placenta is an important organ that forms a barrier where maternal and fetal exchange takes place. The placenta
transport iodine to the fetal circulation by transfer of maternal iodine and deiodination of thyroid hormones (THs). The aim of the
study was to examine the distribution of iodine and thyroid hormone transporters in the maternal and fetal sides of human-term
placenta. A cross-sectional study was performed at the First Affiliated Hospital of China Medical University. Placental samples
(maternal and fetal surfaces) were collected from 113 healthy-term pregnant women. The iodine content; the concentration of
thyroxine (T4), triiodothyronine (T3), and reverse T3 (rT3); and the enzyme activity of placental type 2 iodothyronine deiodinase
(D2) and D3 were examined. The mRNA and protein localization/expression of iodine and thyroid hormone transporters in the
placenta were also studied. We also analyzed the association between expression level of Na+/I— symporter (NIS), thyroid
hormone transporter protein, D3 activity in maternal and fetal surfaces of placenta with iodine content, and thyroid hormone
levels. Iodine levels in placental samples from the maternal side were significantly higher than those in samples from the fetal
side. T3 and T4 expression in fetal placenta was significantly lower than in maternal placenta. D3 activity in the fetal side of the
placentas was significantly higher than that in the maternal side. The mRNA and protein expression of monocarboxylate
transporters 8 (MCTS), L-amino acid transporters 1 (LAT1), organic anion transporting polypeptides 4A1 (OATP4A1), and
TH binding protein transthyretin (TTR) were significantly increased in maternal side, while the NIS expression was higher in
fetal side of human-term placenta. In conclusion, the enzymatic deiodination of thyroid hormones forms a barrier which reduces
transplacental passage of the hormones and that the maternal part of the placenta is the primary factor in the mechanism regulating
the hormonal transfer.
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Introduction
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The supply of iodine for fetal synthesis of thyroid hormones
(THs) is dependent on the uptake of maternal iodine and pla-
cental deiodination of thyroxine (T4), as well as placental
capacity to store and transport iodine to the fetal circulation
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[1-3]. The fetal thyroid begins to generate iodine, for the
synthesis and secretion of THs, at 12—-16 weeks gestation
[4]. The placenta transports iodine to the fetal circulation by
transfer of maternal iodine and deiodination of maternal THs.
Iodine transport in the placenta, as in the thyroid, is regulated
by the sodium iodine symporter (NIS) and Pendrin (PDS), the
gene encoding which is mutated in Pendred syndrome. Both
transporters are highly expressed in trophoblasts in human
placenta at all stages of gestation and are also expressed in
choriocarcinoma cell lines [5—7]. NIS is highly expressed in
the apical (maternal) layer of syncytiotrophoblasts and
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regulates iodine uptake into trophoblasts, whereas PDS is lo-
calized in the basal membrane of syncytiotrophoblasts and
plays a role in the efflux of iodine [5, 6]. BeWo cells are a
human trophoblast cell line, which are used to study placental
iodine transporters [5]. Increased expression of NIS in both
the maternal and fetal side of the placenta has been demon-
strated under low iodine conditions in rats, indicating that NIS
compensates for insufficient iodine supply to assure adequate
iodine transportation for fetal growth [8].

The human placenta is an important organ that forms a bar-
rier where maternal and fetal exchange takes place. It transmits
all the essential nutrients from mother to fetus and can also act
as a barrier to protect against transfer of toxic substances to the
fetus. THs play a vital role in fetal development, especially in
the development of the central nervous system; even minimal
fluctuations in maternal THs can affect the development of
children in later life [9]. Synthesis of THs by the fetal thyroid
relies on the transport of maternal iodine and THs across the
placenta. Maternal thyroxine (T4) is the major TH transported
across the placenta to the fetal circulation, although triiodothy-
ronine (T3) can also be transferred from the maternal circula-
tion. The activity of THs is dependent on T4 and T3 levels,
which are mainly regulated by deiodinases and TH transporters.
The iodothyronine deiodinases expressed in human placenta
are deiodinase types 2 and 3 (D2 and D3) [10]. D2 has outer
ring deiodinase activity and converts T4 to T3, thus ensuring
that the fetus is exposed to only a small amount of T3 through-
out gestation [11]. D3 inactivates THs by catalyzing the inner
ring deiodination of T4 to give inactive reverse triiodothyronine
(rT3) and of T3 to give 3,3’-diiodothyronine (T2), thus
protecting the fetus from excess THs [12]. The predominant
deiodinase in the placenta is D3 and D2 is expressed at much
lower levels [5, 13]. D2 and D3 mRNA and enzymatic activity
have been previously reported in human placenta, and the ac-
tivities of both deiodinases decrease throughout gestation [5,
13]. D2 is present in villous cytotrophoblasts during the first
trimester and in syncytiotrophoblasts during the third trimester,
whereas D3 is localized to the syncytiotrophoblast layer in both
the first and third trimester of gestation [13].

It has been long believed that TH transporters regulate the
intake and efflux of iodothyronines across the placenta [14,
15]. To date, seven TH transporters, which are presumed to
regulate T4 and T3 transport, have been reported to be
expressed in the placenta [16—18]. These include monocar-
boxylate transporters 8 and 10 (MCT8, MCT10), L-amino
acid transporters 1 and 2 (LAT1, LAT2), organic anion
transporting polypeptides 1A2 and 4A1 (OATP1A2,
OATP4A1), and TH binding protein transthyretin (TTR).
The OATP family is a large family of homologous proteins,
which have been found to transport THs. OATP4Al, also
known as OATP-E, has the ability to transport T3 and T4,
and even a small amount of rT3 [19]. It has been reported that
MCT8 mRNA expression is elevated during gestation [20].
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MCT8 has been detected in both syncytiotrophoblasts and
cytotrophoblasts, and even in the endothelial cells of fetal
capillaries, indicating that MCTS8 may play an important role
in the transportation of THs across the placenta [21]. MCTS8
has been reported to regulate T3 uptake in the
syncytiotrophoblast layer of human-term placenta [22].
MCT10, which is highly correlated with MCTS8, has also been
reported to induce accumulation of T3 in JEG3 cells [22]. The
LATI1 and LAT2 transporter subtypes have been studied in
BeWo cells, in which the System L transporter is responsible
for almost 30% of T3 uptake [23]. TTR is a high-affinity T4
transport protein, and also transports retinol bound to retinol
binding protein [24]. It was previously reported that TTR is
expressed in the trophoblasts of placenta [25]. TTR was found
in the placenta 6 weeks into pregnancy and increased in a
time-dependent manner during early gestation, with levels re-
maining constant from 13 weeks to term [26]. The mecha-
nisms that mediate TH transport from the maternal to fetal
circulation remain largely unknown.

The aim of the present study was to examine iodine and TH
transporters in the maternal side and fetal side of human-term
placenta and to determine the transfer of T4, T3, and rT3 from
the maternal to fetal circulation. Levels of deiodinase mRNA
and enzymatic activity were also measured to analyze the
effect of deiodination on TH transfer.

Methods
Study Groups

A cross-sectional study was performed at the First Affiliated
Hospital of China Medical University and registered with
ClinicalTrials.gov (ChiCTR-TRC-12002326), which started
in June 2012 in Liaoning Province in northeastern China.
The study protocols were approved by the ethics committee
of China Medical University. A total of 113 healthy-term
pregnant women, scheduling for cesarean section (37—
40 weeks gestation), were enrolled in this study. Maternal
blood and urine samples were obtained from each subject
between 8 A.M. and 10 A.M. after an overnight fast. Serum
was collected and stored at — 80 °C until further analysis. All
subjects were between 21 and 40 years of age. Informed con-
sent was provided by all subjects. Patients with hypertension,
gestational diabetes, renal and cardiac diseases, autoimmune
diseases, polycystic ovarian syndrome, and multi-gestations
were excluded from the study. During the delivery, immedi-
ately after removal of the placenta, samples (2% 1x 1 cm)
were collected from the maternal side of the placenta, close
to the decidua, and from the fetal side of the placenta, close to
the amnion. All samples of placenta were stored at — 80 °C
until further use. The general information of the study popu-
lation is exhibited in Table 1.
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Table 1 The clinical characteristics of 113 pregnant women
Variabies Pregnancy(n=113)
Maternal age(Years) 27.34 +£3.28

BMI (Kg/m?) 21.2343.36

UIC 182.31 (125.36, 219.13)
Ul/Cr 127.19 (89.23, 198.48)
Systolic pressure(mmHg) 116.28+9.48

Diastolic pressure(mmHg) 78.93+8.39

TSH 1.47 (0.83, 2.36)

FT4 15.72 (14.83, 16.72)
FT3 43(3.8,4.7)

GGT (IU/L) 15.1 (10.3, 25.7)

AST (IU/L) 18.3 (15.9, 23.6)

ALT (IU/L) 16.4 (10.7,21.1)

Data are expressed as median with interquartile range according to the
distribution

BMI body mass index, UIC urinary iodine concentration, Ul/Cr urinary
iodine to creatinine ratio, 7SH thyroid-stimulating hormone, FT4 free
thyroxine, F73 free

Placental lodine Levels

Samples of placenta from both maternal and fetal sides were
thawed at room temperature, washed three times with 0.9%
NaCl solution, and dried with filter paper to remove excess
water. The placental samples (500 mg wet weight) were then
placed in quartz tubes and digested using a mixed menstruum
of 1.5 mL (BV-grade III) containing nitric acid (1 mL) and
H,0, (0.5 mL) in a high-pressure microwave digestion system
(Milpitas, CA, USA). After digestion, all placental samples
were transferred to vessels containing ultrapure deionized water
(0.7 mL). lodine levels were determined by inductively coupled
plasma mass spectrometry (ICP-MS), using a PerkinElmer
Sciex Elan mass spectrometer (PerkinElmer, Inc., Waltham,
MA, USA). lodine levels are presented as pg/g. Certification
using Chinese national reference material was used for affirma-
tion and adjustment of the specification curve.

Placental Thyroid Hormone Levels

T3, T4, and rT3 concentrations were measured in samples of
both maternal and fetal sides of the placenta. Extraction and
radioimmunoassay were carried out as previous described
[27-29]. Hormone levels are presented as ng/g.

Determination of D2 and D3 Activities

D2 activity was assayed as previously described [30], but the
activity in all samples was below the limit of detection. To
measure D3 activity [31], samples were homogenized in a
balanced solution (1 mL), containing EDTA (2 mM), DTT

(1 mM), and phosphate (100 mM). The culture mixture com-
prised diluted homogenate (100 ul), T3 (1 nM), ['*°I]-T3
(150,000 cpm), and rT3 (1 uM). Propylthiouracil (0.1 mM)
was added to rule out interference by D1. The mixture was
incubated for 2 h. D3 activity is reported as the quantity of
hormone deiodinated/mg/min.

Quantitative Real-Time-PCR Analysis

Expression levels of mRNAs for 11 iodine and TH trans-
porters were measured using TagMan Quantitative Real-
Time-PCR. Total RNA was extracted from 113 placental sam-
ples from both the maternal and fetal sides using TRIzol re-
agent (Invitrogen, Thermo Fisher Scientific Inc., Waltham,
MA, USA), following the standard protocol. A Nano Drop
2000C UV-Vis spectrophotometer (Thermo Fisher Scientific
Inc.) was used to determine RNA purity and concentration.
The OD 260/280 absorbance ratio was 1.8-2.0 for each sam-
ple. Total RNA was reverse transcribed with primers using a
PrimeScript™ RT Reagent Kit (TaKaRa Biotechnology Co.,
Ltd., Dalian, China). RT-PCR was carried out using an ABI
7500 Sequence Detection System (Applied Biosystems,
Thermo Fisher Scientific Inc.). All PCR reactions were per-
formed in a total volume of 20 pL, and single transcripts of
gene expression were determined using SYBR® Premix Ex
Taq TM II (TaKaRa Biotechnology Co., Ltd.), according to
the manufacturer’s instructions. Reactions began with a 10-s
hot-start activation of the Taq polymerase at 95 °C, followed
by 40 to 45 cycles of amplification in three steps (denaturation
at 95 °C for 5 s, followed by annealing at 60 °C for 30 s and
extension at 72 °C for 30 s). The reactions were carried out in
a total volume of 20 puL in a 0.2-mL flat cap PCR tube
(Axygen, Tewksbury, MA, USA). The primers for qRT-PCR
are shown in Table 2.

Analysis of lodine and Thyroid Hormone Transporter
by Immunohistochemistry

A total of 113 term placental samples, from both maternal and
fetal sides, were embedded in paraffin and sectioned coronally
into 5-um sections using a microtome. Sections were
dewaxed, rehydrated, and treated for endogenous peroxidase
using 3% hydrogen peroxide-methanol for 10 min. All sec-
tions were incubated with primary antibody at 4 °C overnight
and were then incubated for 40 min at room temperature. The
primary antibodies against D3, NIS, pendrin, LAT1, LAT2,
MCTS, MCT10, OATP1A2, OATP4A1, and TTR (Abcam,
Cambridge, UK) were used at concentrations of 1:200,
1:200, 1:150, 1:200, 1:150, 1:250, 1:150, 1:300, and 1:100,
respectively. The tissue sections were incubated with biotin-
conjugated secondary antibodies (Zhongshan Biotechnology,
Beijing, China) for 10 min and then with streptavidin-
peroxidase complex (Zhongshan Biotechnology) for 10 min.
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Table 2  Sequence of primers used to amplify

Genes Forward primer Reverse primer

NIS CTCATCCTGAACCAAGTGAC TACATGGAGAGCCACACCA

PDS TGGAACATCAAGACATATCTCAGTTG TGCTGCTGGATACGAGAAAGTG

TTR ATGGCTTCTCATCGTCTGCT TGTCATCAGCAGCCTTTCTG

D2 TGAAAAGATCCCAAGATGGA GGCTAGAAGCTGGAACATCA

D3 GTTCCCTGTTGCTTTTGTGT TCAAGGTTTAGGTGCTT

OATP1A2 GTGAACACAGATGATCTGATCATAACTC AACTCCTGCACAAATCAGAAAGC
OATP4A1 GCAGCCACGGAGACGAA AAAGATTCTGAGGGATACAGCTACAGT
LAT1 AAATGATCAACCCCTACAGAAACCT ACGTACACCAGCGTCACGAT

LAT2 AAATCTGGAGGTGACTACTCCTATGTC GATCACCAGCACAGCAATCC

MCT8 CAACGCACTTACCGCATCTG GTAGCCCCAATACA ACCAAGAG
MCT10 GATTCATGTCTATACCCATGACTGTTG CACATCATAGGAGCCCAGTTTGT
GAPDH TACGTTGCTATCCAGGCTGT GCAGTGATCTCCTTCTGCAT

Sections were then treated with a solution of 3, 3’-diamino-
benzidine (DAB; Zhongshan Biotechnology) for 1 to 3 min,
depending upon the staining of the DAB reaction product
observed under light microscopy. Finally, the sections were
counterstained with hematoxylin, dehydrated, rinsed, and
mounted in neutral gum (China National Medicines,
Shanghai, China). All placental sections were observed at x
400 magnification. D2 staining was not analyzed because the
specific antibody for D2 in placenta was unavailable.

Statistical Analysis

All statistical analyses were performed using SPSS soft-
ware 20.0 (SPSS, Inc., Chicago, IL, USA). Results are
displayed as mean + standard deviation. The Bonferroni
test was used for pairwise comparisons. GraphPad Prism
5 software (GraphPad Software, La Jolla, CA, USA) was
used to analyze study graphs. p values <0.05 were con-
sidered to be statistically significant.

Results
Placental lodine Levels

Iodine levels (pg/g) were measured in a total of 226 placental
samples (113 from the maternal side and 113 from the fetal
side), collected from women from Liaoning Province (Fig. 1).
lIodine levels in placental samples from the maternal side
(1.38 £0.32 ng/g) were significantly higher than those in sam-
ples from the fetal side (0.45 £0.13pg/g, p <0.01). There was
no correlation between fetal side of human-term placenta and
either urinary iodine concentration (UIC) or urinary iodine to
creatinine ratio (UI/Cr). However, iodine levels in maternal
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side of human-term placenta were correlated with UIC (r=
0.316, p <0.05) and UI/Cr (r=0.339, p <0.05).

Placental lodothyronine Concentrations

The concentrations of T3, T4, and rT3 in the maternal and
fetal sides of human-term placentas were compared. T4 levels
in the fetal side (44.96+6.35 ng/g) were much lower than
those in the maternal side (67.72 +18.2 ng/g, p<0.05,
Fig. 2a). Similarly, T3 expression in fetal placenta (4.34 +
0.29 ng/g) was significantly lower than in maternal placenta
(5.93+0.78 ng/g, p <0.05, Fig. 2b). Levels of rT3, however,
were not significantly different in fetal placenta (1.56 + 0.13
ng/g) and maternal placenta (1.47 £+ 0.35 ng/g, Fig. 2c¢).
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Fig. 1 Dot plots showing placental iodine content in the fetal and
maternal sides of human-term placenta. Iodine contents were measured
by ICP-MS. The data were expressed as pg/g. Values were shown as
mean+ SD. Differences between fetal and maternal groups were com-
pared using the Mann-Whitney U test. **p <0.01
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Fig.2 T4 (a), T3 (b), and rT3 (c) concentration in fetal and maternal side
of human-term placenta. The data were expressed as pg/g. Values were
shown as mean + SD. Differences between fetal and maternal groups

Deiodinase Activity

D2 activity was undetectable in both the maternal and fetal
sides of the placentas. D3 activity in the fetal side of the pla-
centas (9.03 +£3.08 fmol/min/mg) was significantly higher
than that in the maternal side (5.45+0.85 fmol/min/mg,
p<0.01, Fig. 3)

Placental mRNA Expression

Expression of mRNA for iodine and TH transporters was
measured by RT-PCR in a total of 226 samples of term pla-
centa (113 from the maternal side and 113 from the fetal side).
Expression levels of MCT8, OATP4A1, LAT1, and TTR were
significantly higher in maternal placenta (p <0.01, p <0.05,
p<0.01, p <0.05, respectively) than in fetal placenta (Figs. 3
and 4, whereas NIS expression was higher in the fetal side
than in the maternal side. There were no significant differ-
ences in the mRNA expression of D2, D3, Pendrin, MCT10,
OATP1A2, and LAT?2 between the maternal and fetal sides of
the placenta.

Fig. 3 Bar graphs compare the
mRNA expression of iodine and
thyroid hormone transporters in
the maternal and fetal side of
human-term placenta. The ex-
pression was measured by real-
time PCR using GAPDH as en-
dogenous control. Values were
shown as mean + SD. Differences
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Association Between Expression Level of NIS, Thyroid
Hormone Transporter Protein, D3 Activity with lodine
Content, and Thyroid Hormone Levels

In this study, we also analyzed the association between
expression level of NIS, thyroid hormone transporter pro-
tein, D3 activity in maternal and fetal surfaces of placenta
with iodine content and thyroid hormone levels. As exhib-
ited in Table 3, NIS expression did not correlate with
thyroid hormone levels, but its expression was correlated
with iodine content (r=0.3, p <0.05 in maternal side; r=
0.41, p <0.05 in fetal side). A positive correlation be-
tween D3 expression with iodine and TT3 levels was
found in maternal side of placenta (r=0.4, p <0.05; r=
0.36, p <0.05). D3 expression in fetal side of placenta
was correlated with iodine (r=0.31, p <0.05) and TT3
(r=0.42, p <0.05). In addition, TT3 levels were also pos-
itively associated with D3 activity in maternal (r=0.37,
p <0.05) and fetal surfaces of placenta (r=0.44, p <
0.05). Moreover, placental MCTS8 expression in maternal
side of human-term placenta was correlated with TT3 (r=
0.34, p <0.05). We could not demonstrate any statistically

D3 activity

**%

between fetal, and maternal
groups were compared using the
Mann-Whitney U test. *p <0.05.
**p <0.01.FP, fetal placenta; MP,
maternal placenta
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Fig.4 Bar graphs compare the D3 activity in the maternal and fetal side of human-term placenta. Values were shown as mean = SD. Differences between
fetal and maternal groups were compared using the Mann-Whitney U test. *p < 0.05. FP, fetal placenta; MP, maternal placenta

significant correlations between other thyroid hormone
transporter protein with iodine and thyroid hormone levels.

Localization and Immunostaining of lodine
and Thyroid Hormone Transporters

Iodine and TH transporters in placental tissues from both ma-
ternal and fetal sides of placentas were determined by immu-
nostaining. D3 was highly expressed in the syncytiotrophoblast
and cytotrophoblast layers of the placenta (Fig. 5) and was also
expressed in the fetal endothelium and decidua. NIS was highly
expressed at the apical side of syncytiotrophoblast layers of the
placenta. Pendrin was detected in the syncytiotrophoblast and
cytotrophoblast layers of the placenta. MCT8 was strongly
expressed in syncytiotrophoblasts, but weakly expressed in
cytotrophoblasts, of term placentas. MCT10 and OATP1A2
staining was localized in both syncytiotrophoblasts and
cytotrophoblasts. LAT2 was expressed in both apical and basal
membranes of syncytiotrophoblasts, whereas LAT1 and
OATP4A1 were predominantly located at the apical membrane
of syncytiotrophoblasts. TTR was more easily detected in
syncytiotrophoblast cells. Additionally, immunostaining of
MCTS, LAT1, OATP4A1, and TTR was increased in tropho-
blasts in samples of placenta from the maternal side compared
to those from the fetal side. In contrast, expression of NIS in
syncytiotrophoblasts was significantly lower in samples of pla-
centa from the maternal side than in those from the fetal side.
The intensity of Pendrin, D3, MCT10, LAT2, and OATP1A2
staining was comparable in syncytiotrophoblasts from maternal
and fetal placentas.
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Discussion

In this study, we have demonstrated a significant difference in
levels of iodine between the maternal and fetal sides of the
placenta. In addition, iodine levels in maternal side of human-
term placenta were correlated with UIC and UI/Cr. To the best
of our knowledge, this is the first study to examine iodine
levels in both sides of the placenta. This is also the first study
to analyze placental iodine by ICP-MS. These results of our
study support the theory that the placenta has the ability to
store iodine [32]. The placenta may not only transport, but
also store, iodine to supply iodine to the fetal circulation.
Burns et al. demonstrated that the placenta contains more io-
dine than any other tissue, except the thyroid, supporting the
theory that the placenta not only plays an important role in
iodine uptake but also in iodine storage as a potential method
to protect the fetus from exposure to excess iodine [32].
Although iodine levels in the placenta are significantly lower
than those in the thyroid, the placenta and thyroid seem to
have similar mechanisms for uptake and efflux of iodine. It
has been demonstrated that BeWo cells take up iodine via the
NIS and efflux iodine via pendrin, as does the thyroid [33].
Maternal iodine is transported by trophoblasts and released
into the fetal circulation by an active transfer process that is
regulated by NIS. It has been reported that NIS is upregulated
in the placentas of iodine-deficient rats [34]. NIS was detected
primarily in the fetal side of the placenta and was barely de-
tectable in the maternal side, even under conditions of iodine
deficiency. It is likely that the maternal placenta is still respon-
sible for limited iodine transport, and that other transporters
are expressed in the maternal side of the placenta. Our results
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Table 3  The relationship between the expression of NIS, D3 activity,
thyroid hormone transporter protein in maternal and fetal sides of placenta
and thyroid hormone levels

Maternal side Iodine TT3 TT4
r p r p r p
NIS 0.3% 0.042% 0.11 0434 —0.04 0.785
D2 -0.06 0.661 0.014 0.673 0.15 0.102
D3 0.40*%  0.01* 0.36*% 0.01* 0.01 0.947
Pendrin 0.03 0.726  0.02 0972 0.18 0.234
MCTS 0.01 0952  0.34* 0.017* —0.07 0.636
MCT10 -0.14 0285 006 0711 -0.06 0.612
OATP1A2  0.17 0201  0.08 0459 0.02 0.879
OATP4A1 03 0.072  0.07 0.654 0.093 0.388
LAT1 —0.1 0484 0.03 0836 0.05 0.781
LAT2 -025 0.112 -0.13 0281 -0.18 0.201
TTR 0.153  0.093 0.194 0.143 031* 0.039*%
D3 activity  0.19 0.197  0.37% 0.01* —0.026 0.862
Fetal side
NIS 0.41* 0.01* 0.074 0.728 —0.064 0.632
D2 -0.04 0532 008 0598 0.12 0.187
D3 0.31*% 0.03* 042% 0.01* 0.06 0.657
Pendrin 0.14 0.347 0.05 0825 0.107 0.165
MCTS8 0.017 0812 028 0.061 -0.027 0.858
MCT10 -0.16 0261 0.04 0.891 -0.08 0.551
OATP1A2 0.11 0461 009 0400 -0.03 0.309
OATP4A1 —0.036 0312 0.061 0.764 0.086  0.492
LAT1 -0.12 0335 0.02 0913 0.041 0.801
LAT2 -020 0.174 -0.07 0.621 -0.15 0471
TTR 0.16 0261 024 0.100 0.35% 0.031*
D3 activity  0.26 0.072  044* 0.0/ —0.08 0.600

Correlation between the expression of NIS, D3 activity, and thyroid hor-
mone transporter protein in maternal and fetal sides of placenta and thy-
roid hormone levels was analyzed with Spearman’s method

TT3 total triiodothyronine, 774 total thyroxine, NIS Na+/I- symporter,
D2 type 2 iodothyronine deiodinase, D3 type 3 iodothyronine deiodinase,
MCTS8 monocarboxylate transporters 8, MC710 monocarboxylate trans-
porters 10, OATPIA2 organic anion transporting polypeptides 1A2,
OATPA4AI organic anion transporting polypeptides 4A1, LATI L-amino
acid transporters 1, LAT2 L-amino acid transporters 2, 7TR thyroid hor-
mone binding protein transthyretin

*p < 0.05 was considered significant

supported this finding because we showed that NIS mRNA
expression was upregulated in the fetal side of the placenta.
We also examined TH levels in term placenta and found
that T4, T3, and rT3 accumulated in both maternal and fetal
sides of the placenta. These results indicated that high levels of
T3 and T4, or any other unidentified changes in the maternal
circulation, may result in the predominant expression of T4
and T3 in the maternal side of the placenta. Because increased
D3 activity in the placenta instantly converts the majority of

the T4 and T3 into inactive rT3 and T2, only minimal amounts
of T3 and T4 are transported from the maternal circulation to
the fetus [35]. Transfer of T4 from the maternal compartment
to the fetal side is extremely low and rT3 expression is elevat-
ed in the fetal and maternal circulation. In the presence of
iopanoic acid, an inhibitor of D3 activity, the concentration
of T4 is highly elevated in the fetal circulation while levels of
rT3 are reduced [35]. Because guinea pig placenta has many
similar features to human placenta, it is potentially a model for
the study of placental TH transfer [13]. A previous study dem-
onstrated that, in guinea pig placenta, an extremely limited
amount of maternal T4 is converted to T3 in the fetal circu-
lation [36]. The placenta may be responsible for mediating
fetal TH levels. High concentrations of rT3 may play a vital
role in maintaining low levels of T3 in the fetal circulation
since rT3 is a useful antagonist of conversion of T4 to T3. Our
results are further supported by the findings in guinea pigs,
where T3 and T4 were consistently higher in the maternal side
of the placenta than in the fetal side throughout gestation,
whereas T3 was always elevated in the maternal placenta
[36]. These results suggested that T3 and T4 remained at high
levels in the maternal placenta and could be actively reduced
during transplacental passage into the fetal placenta. The con-
centration of rT3 failed to reach statistical significance.
Deiodination of T4 by the fetal placenta makes a dramatic
contribution to the fetal rT3 concentration, whereas
deiodination of T4 by the maternal placenta is likely to make
a very limited contribution to fetal rT3 levels.

Although T3 and T4 can cross the placenta, it was demon-
strated long ago that the placenta is impermeable to TH [36].
The placenta does, however, express high levels of D3, which
converts T4 to inactive T3, indicating that placental
deiodination may have an inhibitory effect [10]. In the present
study, we found that D2 activity was undetectable in both ma-
ternal and fetal sides of the placenta and that D3 activity was
higher in the fetal side of the placenta than the maternal side. It
has been previously reported that, during normal pregnancy, the
placental lobule near the cord has higher D3 activity than the
middle and outer side of the cord insertion into the placenta
[37]. These results indicated that the major deiodinase in
human-term placenta was D3. D2 activity in both the maternal
and fetal sides of term placenta was below the limitation of
detection in this study, confirming previous research [37].
Placental D2 activity is 100-300-fold lower than D3 activity
and decreases with gestational age [35]. The high level of D3
activity results in a high level of silent T4 conversion to rT3 in
the maternal circulation from the very beginning of gestation
[38, 39]. D3 activity is the main reason for the minimal transfer
of maternal T4 through the placenta in the perfused human
placenta lobule model. Iopanoic acid can increase maternal
transfer of T4 to the fetal side of the placenta almost 3000-
fold [35]. In order to transfer into the fetal circulation, THs must
cross through the apical and basal membranes of the
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Fig.5 Localization ofiodine and thyroid hormone transporters in human-term placentas. Maternal placentas are presented as a, ¢, e, g, i, k, m, 0, ¢, and s.

Fetal placentas are presented as b, d, f, h, j, 1, n, p, r, and t

syncytiotrophoblast and then pass intracellularly through the
cytotrophoblasts to reach the fetal endothelium. The high D3
activity in fetal placenta has also been assumed to contribute to
the transfer of iodine into the fetus, which is essential for the
synthesis of THs by the fetus. These results indicated that the
fetal side of the placenta made a fundamental contribution to the
limitation of deiodination of iodothyronines.

To investigate the role of iodine and TH transport, we also
examined the mRNA and protein expression/localization of
iodine and TH transporters, including NIS, pendrin, D2, D3,
MCTS, MCT10, LAT1, LAT2, OATP4A1, OATP1A2, and
TTR, in both maternal and fetal sides of the placenta by real-
time PCR and immunohistochemistry. This study is the first to
demonstrate a difference in TH transporters in the two sides of
the placenta. mRNA and protein expression of MCTS,
OATP4A1, LAT1, and TTR were significantly higher in ma-
ternal placenta than in fetal placenta, while NIS expression
was higher in the fetal side than the maternal side. There were
no significant differences between the maternal and fetal side
of placenta in mRNA or protein expression of D2, D3,
pendrin, MCT10, OATP1A2, and LAT2.

@ Springer

We found that D3 was highly expressed in the
syncytiotrophoblast and cytotrophoblast layers of the placen-
ta, and also expressed in the fetal endothelium and decidua,
which was in direct contact with the maternal circulation and
was optimally positioned to protect the fetus from inadequate
TH transfer and also to regulate the release of iodine into the
fetal circulation [13]. This expression pattern is in agreement
with a study conducted by Huang et al. [40]. In a rat study, D3
levels were comparable in maternal and fetal sides of the pla-
centa on gestational day 18 [41]. Another study also demon-
strated that mRNA expression of D3 was similar in maternal
and fetal sides of human placentas [42]. These results sug-
gested that the predominant change was in D3 activity rather
than mRNA expression and that deiodinase reacts only to a
minor disturbance in TH levels.

In this study, we also analyzed the association between
expression level of NIS, thyroid hormone transporter protein,
D3 activity in maternal and fetal surfaces of placenta with
iodine content and thyroid hormone levels. NIS expression
was positively correlated with iodine content. In addition,
D3 expression was significantly correlated with iodine and
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TT3 in maternal and fetal side of human-term placenta. TT3
levels were also positively associated with D3 activity in ma-
ternal and fetal surfaces of placenta. Moreover, placental
MCTS expression in maternal side of human-term placenta
was correlated with TT3. We could not demonstrate any sta-
tistically significant correlations between other thyroid hor-
mone transporter protein with iodine and thyroid hormone
levels. The relationship between iodine and thyroid hormone
transporter protein with iodine content and thyroid hormone
levels has not been fully demonstrated until now. The mech-
anism needs to be further elucidated in the future research.

NIS was highly expressed in the apical membranes of
syncytiotrophoblast layers of the placenta, while pendrin
was detected in the syncytiotrophoblast and cytotrophoblast
layers of the placenta. mRNA and protein expression of NIS
were upregulated in the fetal side of the placenta compared
with the maternal side. This study is consistent with previous
research in rats, which found NIS expression in fetal placenta
[34]. These two iodine transporters regulate iodine transport in
the placenta [5], suggesting that iodine transporters may play
an important role in the development of the placenta.

It has been previously demonstrated that placenta ex-
presses a number of membrane TH transporters and that
these transporters play an important role in transplacental
supply of THs and iodine [43]. In term placentas, MCTS
is strongly located in the syncytiotrophoblast and only
weakly expressed in the cytotrophoblast. We also found
upregulated MCTS8 expression in trophoblast cells from
the maternal side of the placenta. This abundant staining
of MCTS confirmed the results of a previous study on
placenta [20]. This study assumed that preferential expres-
sion of MCT8 in the syncytiotrophoblast of human-term
placenta made an important contribution to the T3-
mediation of the placenta, which provided a balance be-
tween fetal development and placental function. The high
expression of MCTS in maternal placenta may provide a
compensatory mechanism that facilitates T3 uptake by
trophoblasts and increases the transfer of TH back to these
cells. MCT10 expression is comparable in both maternal
and fetal sides of the placenta, which may be because of
its abundance in cytotrophoblast and syncytiotrophoblast
basal membranes in the fetal placenta [44, 45]. In our
study, LAT1 was found to be abundant in the
syncytiotrophoblast layer of the microvillous plasma
membrane in human-term placenta and was elevated in
maternal placenta. This result is in agreement with a study
conducted by Prasad et al. [46], which demonstrated that
LAT1 is predominantly expressed in the brush border
membranes (maternal facing) and that the presence of
LAT1 could support the uptake of THs from the maternal
circulation. Studies using western blotting and immuno-
histochemistry showed that LAT1 is mainly expressed in
the apical membrane of the syncytiotrophoblast [47].

These results were consistent with our findings. In con-
trast, similar amounts of LAT2 were found in both the
apical and basal membranes of syncytiotrophoblasts. It
has been reported that LAT2 is present in the
syncytiotrophoblast layer of human-term placenta, which
is in agreement with our results [48, 49]. Other investiga-
tors demonstrated that LAT2 is localized in the apical
plasma membrane [49]. This localization of LAT2 in the
apical and basal membranes may explain the mechanism
by which this transporter can regulate transfer of THs
from the syncytiotrophoblast layer to the fetal circulation.
OATPI1A2 staining was localized in both
syncytiotrophoblasts and cytotrophoblasts, and there were
no differences between maternal and fetal placentas. The
localization of OATP1A2 was previously described by
Loubiere et al. [44], whose findings were similar to our
own. Loubiere et al. found that OATP4A1 was predomi-
nantly located at the apical membrane of
syncytiotrophoblasts. In our study, OATP4A1 was highly
expressed in the apical side of the syncytiotrophoblast
membrane, as previously demonstrated by Sato et al.
[19]. Immunostaining of OATP4A1 was more intense in
the syncytiotrophoblast layer of the maternal side of pla-
centas compared with the fetal side. OATP4A1 is a Na*-
independent TH transporter, which transports T3, T4, and
rT3 [50]. The unsymmetrical localization in the
syncytiotrophoblast indicated that OATP4A1 played an
important role in transporting THs from the maternal cir-
culation to the fetus. In the present study, we demonstrat-
ed that TTR was widely present in the apical side of the
syncytiotrophoblast layer in human-term placenta and that
immunostaining of TTR was increased in the trophoblast
from the maternal side of placentas compared with that
from the fetal side. It has been confirmed that trophoblasts
synthesize TTR in the maternal and fetal placental com-
partments. Apical secretion of TTR would thus increase
the maternal circulation of TTR through the apical mem-
branes of the trophoblast and might accelerate the trans-
port of maternal THs to the fetal circulation [25]. It has
also been shown that 63% of TTR is secreted apically and
37% basally in JEG-3 cells, suggesting that TTR secreted
by human-term placenta may account for the transfer of
THs from the maternal to the fetal circulation. TTR, se-
creted and synthesized by the placenta, may contribute to
transfer of maternal THs to the fetal circulation [25]. The
increased expression of TTR at the maternal placenta may
transfer maternal T4 to the fetal circulation. This result of
our study indicated that TTR could be involved in a sys-
tem where trophoblast TTR is secreted into the maternal
circulation and effluxes back into the trophoblast. This
mechanism could provide high levels of TTR at the ma-
ternal facing of the placenta, since secreted TTR could
combine with maternal T4, supporting a hypothesis for
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priority transfer of T4 from the trophoblast into the fetal
circulation.

In the present study, we found that iodine and TH trans-
porters were mostly expressed in the syncytiotrophoblast of
the maternal facing microvillous membrane, which may facil-
itate permeation of T4 and T3 from the maternal to the fetal
circulation. These results verified the assumption that trans-
placental transport was mediated by maternal and fetal TH
exchange, which served to balance fetal requirements with
hormone levels of the mother.

The limitation of this study is only pregnant women from
an iodine-sufficient city were studied, and the conclusion,
therefore, shortage for the effect of iodine nutritional status
on placental iodine and thyroid hormone distribution. At pres-
ent, there is a lack of research on the association of iodine
excess and placental iodine nutrition. A recent study has ex-
plored the relationship between iodine deficiency and placen-
tal iodine and maternal thyroid function [51]. It was reported
in an animal study that iodine concentration in the placenta
was related to the pre-gestational iodine nutrition status, and
the concentration in the low-iodine-pregnant group was sig-
nificantly lower than in the normal-pregnant group. Therefore,
the effect of iodine status should be taken into consideration.

Conclusion

The results of this study supported the hypothesis that enzy-
matic deiodination of THs forms a barrier which reduces
transplacental passage of these hormones. The maternal side
of the placenta was found to play the major role in regulating
hormone transfer, suggesting that enzymatic deiodination is
controlled in some way by the thyroid status of the fetus.
These changes might be important and help to stabilize trans-
portation of THs between mother and fetus.
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