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Abstract

As the interface between the fetal and maternal circulation, the placenta facilitates both nutrient
and waste exchange for the developing fetus. Iron is essential for healthy pregnancy, and transport
of iron across the placenta is required for fetal growth and development. Perturbation of this
transfer can lead to adverse pregnancy outcomes. Despite its importance, our understanding of
how a large amount of iron is transported across placental membranes, how this process is
regulated, and which iron transporter proteins function in different placental cells remains
rudimentary. Mechanistic studies in mouse models, including placenta-specific deletion or
overexpression of iron-related proteins will be essential to make progress. This review summarizes
our current understanding about iron transport across the syncytiotrophoblast under physiological
conditions and identifies areas for further investigation.
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1.1. Ironis an essential micronutrient

Iron is an essential, multifunctional micronutrient. The ability of iron to easily transition
between two oxidation states - ferrous (Fe2*) and ferric (Fe3*) - underlies its involvement in
a broad range of biological processes including oxygen transport, function of the electron
transport chain and DNA synthesis [1]. However, the reactive free iron also generates
hydroxyl radicals (- HO"), superoxide anions (OH™) and hydroperoxyl radicals (HOQe) that
oxidize and damage proteins, lipids and nucleic acids [2]. Consequently, iron levels must be
tightly regulated. As there is no biological mechanism for the excretion of excess iron from
the human body, regulation of total body iron occurs at the level of dietary absorption. This
regulation is accomplished through the action of the master iron regulator, hepcidin, and its
receptor and iron exporter, ferroportin. Under certain stresses, such as after hemorrhage or
during pregnancy, iron requirements increase several fold.
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1.2. Iron requirements during pregnancy

Pregnancy is a biological state that profoundly affects maternal metabolism, including iron
homeostasis. Maternal iron requirements increase substantially to allow for expansion of
maternal red cell mass, placental development and function, and fetal development,
requiring around 1 g of iron over the duration of pregnancy (reviewed in [3]). Iron supply to
the fetus is wholly dependent on the transfer across the placenta. The fetus requires
approximately 270 mg iron [4] and the placenta itself around 90 mg [5]. The flux of iron
through the placenta is unidirectional [6], and is greatest in the third trimester [7], with
several milligrams of iron transferred to the fetus daily [5].

1.3. Iron species transported by the placenta

Nutrient transport across the placenta is carried out by the syncytiotrophoblast, the primary
barrier between the maternal and fetal circulation. These cells express numerous nutrient
transporters including those mediating iron transport. In this review, we will mainly focus on
iron handling by the syncytiotrophoblast. Whether other cell types in the placenta (e.g.
mesenchymal cells, Hofbauer cells, fibro-blasts, endothelial cells, etc.) influence iron
transport to the fetus is entirely unknown.

Iron is delivered to the placenta by the maternal circulation, where iron is found complexed
with transferrin, ferritin or heme. Transferrin-bound iron is thought to be the predominant
iron source taken up by the placenta. Global knockout of transferrin receptor 1 (TFR1) in
mice, wherein both embryos and placentas lack TFR1, results in embryonic lethality before
embryonic day (E)12.5 due to severe anemia [8]. Analysis of the placenta, however, was not
reported. In mice, the placenta begins developing at E3.5 and matures by E14.5 [9,10].
Interestingly, although 7#727/~ embryos were not viable at E12.5, embryonic development
and erythropoiesis were evident at E10.5 [8], suggesting that other sources of iron must have
been taken up and transferred by the placenta during early development. It is entirely
unknown whether and under which conditions the placenta may utilize and transport any
other iron species, including ferritin, non-transferrin-bound iron or heme.

1.4. Mouse and human placental iron handling

Mouse models have been essential for defining the pathogenesis of iron disorders [11]
because the key regulatory and transport mechanisms are remarkably similar to those in
humans. Regarding the utility of mouse models in pregnancy studies, some important
differences between humans and mice exist, including differences in the uterine shape, the
number of embryos, and the site of progesterone synthesis in late gestation (placenta in
humans, corpus luteum in mice [12]). Nevertheless, many anatomical and physiological
features of pregnancy are similar. The placentas in both species are hemochorial, that is,
maternal blood comes in direct contact with the chorion. Although the nutrient-transporting
mouse labyrinth contains two syncytiotrophoblast layers (SynT-1 and SynT-11) vs a single
layer in humans, the syncytiotrophoblasts in the two species are functionally similar [10].
Mouse SynT-1 and SynT-1I have direct communication between their cytoplasms via gap-
junctions, and the distribution of key iron transporters is highly similar between human and
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mouse syncytiotrophoblast: TFR1 is facing maternal circulation (SynT-I in mice), and
ferroportin (FPN, S/c40al) is facing the fetal circulation (SynT-Il in mice) (Fig. 1). Despite
the known limitations of animal models, they are essential for mechanistic studies of
pregnancy, including those related to iron (patho) biology.

1.5. Placental trafficking of transferrin-bound iron

1.5.1. Internalization of transferrin-bound iron

Our current understanding of transferrin-bound iron transport across the placenta is depicted
in Fig. 1. TFR1 is highly expressed in both mouse [13] and human [14,15] placentas. Its
expression is primarily localized to the apical side of placental syncytiotrophoblasts, which
faces the maternal circulation (SynT-1 layer in mice) [16,17]. At physiological pH 7.4,
maternal holo-transferrin (Fe3* bound to transferrin) binds to placental TFR1; the resulting
iron-transferrin-TFR1 complex is internalized via clathrin-mediated endocytosis [18]. As the
pH within the endocytic vesicle decreases from pH 7.4 to below pH 5.5, Fe3* dissociates
from transferrin [19] and is reduced to ferrous iron (Fe2*) by ferrireductases. Iron-free
transferrin (apo-transferrin) is then recycled to the cell surface where it dissociates from
TFR1 at pH 7.4 [19], and can again bind iron atoms for the next round of iron transport.
With a half-life of approximately 8 days in humans, apo-transferrin undergoes up to 100
cycles of iron delivery [20].

1.5.2. Endosomal trafficking

Following dissociation from transferrin in the acidified endosome, Fe3* is reduced to the
more soluble Fe2* form by ferrireductases. The ferrireductases in the placenta have yet to be
definitively identified. Potential ferrireductases include six-transmembrane epithelial antigen
of prostate (STEAP)3 and STEAP4, which are highly expressed in the placenta and fetal
liver [21,22]. Mice lacking Steap3 (nm1054 mice) have increased prenatal lethality on a
C57BL/6 background, likely due to hydrocephaly [23], and those that are born are runted
and anemic [23], consistent with the role of Steap3 in erythroid iron acquisition. However,
the mice do not display systemic iron deficiency. Steap4 knockout mice are fully viable with
no visible abnormalities [24]. These mouse models suggest functional redundancy among
placental ferrireductases [22]. Duodenal cytochrome b (DCYTB; encoded by the CYBRD1
gene), a ferrireductase expressed at the brush border of duodenal enterocytes, is not highly
expressed in the placenta. Knockout (Cybrd1~'~) mice are viable with no overt iron
phenotype [25]. Additional ferrireductases from the cytochrome b561 family, lysosomal
cytochrome b (LCYTB) and chromaffin granule cytochrome b (CGCYTB), have been
detected in the placenta [26] although their roles remain unknown.

After iron is reduced, Fe2* is transported across the endosomal membrane into the cytosol.
Although the transport mechanism is still not fully understood, a number of potential
candidates have been suggested, including divalent metal transporter 1 (DMT1; encoded by
Slc11a2), ZRT/IRT-like protein (Z1P)14 (ZIP14; encoded by S/c39a14) and ZI1P8 (encoded
by S/c39a8). DMTL1 is required for intestinal iron absorption and erythropoietic iron
acquisition [27], and has been localized on the human placenta intracellularly and at the
basal membrane [17]. However, DMT1 knockout (S/cZ1a2”'~) mice were born alive and,
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although anemic, their total body iron content normalized to body weight was normal [27],
suggesting that DMT1 is dispensable for iron transport in the placenta. ZIP14 and ZIP8 are
members of the ZIP (SLC39) family of metal-ion import proteins initially described as zinc
transporters, but later determined to transport a number of divalent metals including iron.
Both ZIP14 and ZIP8 are able to transport Fe2* and are expressed in human [28,29] and
mouse [30] placentas. However, ZjpZ14 mRNA expression in the mouse placenta is much
lower than Zjp8. ZIP14 knockout (S/c39a147'") mice are viable [31] albeit smaller than
wild-type littermate controls, a phenotype attributed to abnormal chondrocyte differentiation
in growth plates rather than dysregulation of iron [32]. Therefore, knockout mouse models
indicate a non-essential or redundant role of DMT1 and ZIP14 in placental iron transport.

ZIP8 is highly expressed both in mouse placentas (second only to lung [30]) and in human
placentas (second only to the pancreas [29]). ZIP8 iron transport function is pH dependent
with optimal function between pH 6.5 and pH 7.5 [30], suggesting it may function as an
endosomal transporter. During mouse pregnancy, placental Zjp8 mRNA expression
increased 3-fold from E13.5 to E16.5 [33]. Knockdown of endogenous Z/P8in the human
choriocarcinoma placenta cell line, BeWo, resulted in decreased iron uptake [30] raising the
possibility of an iron transporting role for ZIP8 in the placenta. Global disruption of Zjp&8
expression during embryonic development in the Zjp& hypomorph mouse [34] resulted in
severe anemia and severely diminished embryo survival, with evidence of systemic iron
deficiency [33]. Although this phenotype implies a physiologic role of ZIP8 in gestational
iron metabolism, the specific role of ZIP8 in the placenta was not addressed. Zhang et al.
[35] compared global Zjp8~ embryos to Meox2-Cre;-Zjp&'ox/flox embryos in whom Zijp8
expression is preserved in the placenta and extraembryonic visceral endoderm (exVE).
Notable differences between these models included: 1) greater iron accumulation in
placentas from Zjp8~'~ compared to Meox2- Cre, Zip&1o¥/flox model; and 2) shorter survival
of Zip&'~ embryos compared to Meox2-Cre, Zip&1oX/flox (E14.5 vs E17.5). These results
suggest that Zip8 is not necessary for iron import into the placenta, but is required for
eventual iron delivery to the fetus, although it remains to be determined whether ZIP8
specifically facilitates endosomal iron export.

1.5.3. Cytoplasmic handling of iron in the syncytiotrophoblast

1.6. Ferri

source

It is not known how iron is trafficked within the cytoplasm of the syncytiotrophoblast. By
extension from other cell types, it is possible that cytosolic iron is chaperoned by poly(rC)-
binding protein 2 (PCBP2) to be delivered to ferroportin [36] for export out of the
syncytiotrophoblast. Alternatively, cytosolic iron may be delivered to ferritin by PCBP1 and
subsequently released through the process of ferritinophagy [37] for eventual export to the
fetus. Although global knockouts of PCBP1, PCBP2 and ferritin H subunit all result in
embryonic lethality [38], any placenta-specific roles of these proteins are still unknown.

tin, heme and non-transferrin-bound iron as a placental iron

Apart from the transferrin-bound iron, iron is present in maternal circulation in the form of
ferritin and possibly even heme. Cell-free heme and hemoglobin were detected in blood of
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healthy subjects [39], likely bound to their scavengers, hemopexin and haptoglobin. Whether
any of these molecules represent a significant iron source for the placental transfer is entirely
unknown. Although circulating ferritin tends to be iron-poor, ferritin could potentially be
taken up into the placenta by TFR1 [40] or scavenger receptor class A member 5 (SCARADS)
[41], the latter being expressed only at low levels in the placenta. Heme-hemopexin receptor
LRP/CD91 is highly expressed on syncytiotrophoblast [42], whereas hemoglobin-
haptoglobin receptor CD163 is expressed on Hofbauer cells (fetal macrophages) [43], which
are not in direct contact with the maternal circulation.

Non-transferrin bound iron (NTBI) is an iron species that appears in circulation when
saturation of transferrin exceeds 70 or 80%, and is usually found in subjects with iron
overload or impaired erythropoiesis [44]. NTBI is not measurable in maternal circulation in
healthy pregnancies, except perhaps transiently and at low levels in iron-supplemented
pregnancies [45]. Thus, NTBI is unlikely to be a physiologically-relevant source of iron
from the maternal circulation.

It remains to be determined to what extent any form of iron other than transferrin-bound
contributes to placental iron transfer in normal or complicated pregnancies.

1.7. Export of iron to the fetal circulation

Iron is exported from the placental syncytiotrophoblasts to the fetus through the iron
exporter ferroportin, located on the basal (fetal-facing) membrane of the placental
syncytiotrophoblast [16,46]. In human placentas from iron-sufficient non-anemic
pregnancies collected between weeks 24 and 40, placental FPN expression increased with
gestation age [47]. In mice, early in pregnancy FPN was shown to be expressed in the exVE,
a cell layer responsible for early nutrient transport [48], and later in the syncytiotrophoblast
(likely SynT-11 layer) [49]. Global knockout of FPN in mice was embryonic lethal [50];
however, when FPN expression was preserved in only the exVE and placenta, embryo
development was rescued [50], confirming an essential and non-redundant role of FPN in
placental iron export. Following export through FPN, the immediate fate of iron is unclear.

Exoplasmic ferroxidases may oxidize exported ferrous iron to ferric iron for loading onto
fetal transferrin. FPN transport function is facilitated by the presence of ferroxidases [51],
although in vitro studies have also demonstrated function in the absence of ferroxidases [52].
In order to facilitate iron export across basal membrane of the syncytiotrophoblast to the
fetal circulation, the ferroxidases would need to be produced by the syncytiotrophoblast
itself or by the fetus. All three known mammalian multi-copper ferroxidases, ceruloplasmin,
hephaestin and zyklopen, were localized by immunohistochemistry to the placenta [53-57].
Ceruloplasmin (CP) is a soluble copper-dependent ferroxidase essential for movement of
iron from hepatocytes and reticuloendothelial cells to plasma [53,58]. Fetal liver and lung
Cp transcript levels increase with gestational age [59]; however, mMRNA expression was not
detected in term rat placentas nor the placenta cell line, BeWo [59]. Despite lack of
detectable placental transcripts, in human placentas, CP protein localizes to
syncytiotrophoblast and fetal capillaries [56]. However, Cp knockout mice are viable with no
iron phenotype at birth [53] suggesting that CP is not essential for placental iron transport.
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Hephaestin (HEPH) is a Cp homolog found mutated in sex-linked anemia (s/a) mice [60].
Sla mice are viable but have lower hemoglobin at birth compared to wild-type littermates
[61]. This is a result of decreased intestinal iron absorption in pregnant animals rather than
impaired placental iron transfer as intraperitoneal administration of radioactive iron to
pregnant carrier (s/a/+) animals resulted in similar radioactive iron accumulation in embryos
[61]. Additionally, Heph knockout mice are viable and appear grossly normal at birth,
suggesting that HEPH is not essential for placental iron transport [51]. Furthermore, mice
lacking both CP and HEPH (Cp'~HeprY) are viable with no reported birth abnormalities
[62], although Hep™Y still retain some HEPH ferroxidase activity. Unlike CP, which is
predominantly expressed in the liver, or HEPH, which is predominantly expressed in
intestine, the third ferroxidase, Zyklopen (ZP, encoded by HEPHL 1), is predominantly
expressed in the placenta [55]. It localizes to the placental labyrinth, spongiotrophoblasts
and yolk sac of mouse placentas and contains membrane-bound region that positions the
ferroxidase domain extracellularly, the appropriate topology to interact with FPN [55].
However, mice null for Zp appear grossly normal at birth except for curly whiskers,
suggestive of a copper rather than iron deficiency [63]. Despite evidence that all three
ferroxidases are present in the placenta, single knockout studies suggest that these
ferroxidases likely have redundant roles. Interestingly, even triple ferroxidase knockout mice
were reported to be viable though anemic [63], raising the possibility that as yet unidentified
ferroxidase facilitates placental iron export, or that ferroxidases are not essential for
placental iron transport. Of note, detailed characterization of the triple ferroxidase mouse
has not yet been published.

Once iron is exported across the basal side of the syncytiotrophoblast through ferroportin,
iron still needs to cross the fetal endothelium to reach fetal circulation. This process is not
understood [64,65]. Iron exported through ferroportin may be loaded onto transferrin, whose
concentrations in fetal circulation gradually increases during gestation [66]. Fetal transferrin
is produced by the fetal liver [67] and possibly some other organs [68]. However, NTBI is
also found in fetal circulation, at least in the first trimester [69], when transferrin
concentrations are relatively low and transferrin saturation in the fetal circulation is high.
NTBI appears to be able to support fetal development. Hypo-transferrinemic ( 7/1PX/npx)
mice are severely deficient in serum transferrin; nevertheless, they are born alive but
severely anemic [70]. Although it is possible that the residual amount of transferrin in
TAPXhpX embryos is sufficient to promote organogenesis, it is also very likely that NTBI is
a relevant fetal source of iron, at least when transferrin-bound iron is unavailable. This is
further supported by the observation that newborns with cardiomyocyte-specific deletion of
TFR1 had no obvious heart abnormalities [71], indicating that non-transferrin-related
sources of iron were sufficient to support heart development 7n utero. More research is
required to determine if NTBI delivered by the placenta into fetal circulation is a source of
iron for normal fetal development and if so, in which tissues. The summary of candidate
proteins involved in placental iron transport is provided in Table 1.

1.8. Regulation of placental iron transport

Placental iron transport may be regulated by maternal, placental and fetal signals. A
common misconception is that the fetus is a “perfect parasite”, able to acquire adequate iron
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irrespective of the mother’s iron status [72]. However, several human and macaque studies
confirmed that neonatal iron stores are compromised when the mother is irondeficient or
anemic [73]. Understanding of the regulation of placental iron transport should improve the
prevention and treatment of fetal iron deficiency and anemia.

1.8.1. Maternal iron availability

Transfer of iron across the placenta to the fetus is dependent on the bioavailability of iron in
the maternal circulation. Iron absorption during pregnancy increases with gestational age
[74,75]. Additional iron needs are met through mobilization of liver and spleen iron stores
[76-78]. These systemic adaptions are mediated at least in part by maternal hepcidin.
Hepcidin functionally inhibits major flows of iron into the circulation from macrophages
recycling senescent erythrocytes, duodenal enterocytes absorbing dietary iron, and hepatic
stores [79,80]. Thus, bioavailable iron levels in plasma inversely correlate with hepcidin
levels. Hepcidin expression is regulated by plasma iron concentrations, body iron stores,
infection and inflammation, erythropoiesis and pregnancy (Reviewed in [81]). During
pregnancy, maternal hepcidin levels decrease to nearly undetectable levels in the second and
third trimesters of human pregnancy [82,83] and in the third week of pregnancy in rats [84],
presumably to maximize iron bioavailability and enhance transport across the placenta. In
fact, one study demonstrated a negative correlation between maternal hepcidin concentration
(albeit measured at delivery) and net dietary nonheme and heme iron that was transferred to
the fetus (as determined by stable iron isotopes) [85]. The mechanism of maternal hepcidin
suppression is currently unknown, but maternal iron status contributes to hepcidin regulation
during pregnancy, with iron deficiency resulting in a more profound hepcidin suppression
[83].

In developed countries, most women are iron-replete. Extensive use of maternal iron
supplements in this population raises the possibility that in some pregnancies, the placenta
may be exposed to high iron concentrations. Whether this has an effect on placental function
is unclear. Excess free iron is known to catalyze generation of free radicals and cause tissue
damage in disease of iron overload. It remains to be determined whether the placenta can
become iron-loaded in different pathological states or due to iron supplementation in
pregnancy, and whether this iron load is sufficient to increase placental oxidative stress to
such a degree as to cause placental damage. Large epidemiological studies have
demonstrated a U-shaped association between the iron marker ferritin and the risk of adverse
pregnhancy outcomes, including preterm birth and impaired fetal growth [86]. However,
association of high ferritin with adverse outcomes may not only be related to high iron, but
also to inflammation or a combination of the two [87]. Any direct effects of iron excess on
the placenta remain to be elucidated.

1.8.2. Fetal and placental regulation

In addition to maternal hepcidin regulating iron bioavailability in maternal circulation, fetal
hepcidin could determine the rate of placental iron transfer to the fetal circulation through
regulation of placental FPN. Placental FPN localizes to the basolateral side of
syncytiotrophoblasts and is thus accessible only to fetal and not maternal hepcidin. Increased
fetal hepcidin, either as a consequence of transgenic hepcidin overexpression or mutations in
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the hepcidin regulator TMPRSS6, was able to regulate placental ferroportin [88,89],
resulting in severe fetal iron deficiency and even death. However, under normal
physiological conditions, animal studies have demonstrated very low levels of fetal hepcidin
[88,89]. This is suggestive of a minimal role for fetal hepcidin in regulating placental FPN in
healthy pregnancy. In humans, cord blood hepcidin has been assessed [82,85,90]; however,
because of the stress of delivery, these levels likely do not reflect fetal hepcidin
concentrations. Indeed, in mice, hepcidin levels transiently increase immediately after birth,
between post-natal day (P)0 and P2 [88].

In addition to the iron availability in maternal circulation, the amount of iron transferred to
the fetus will depend on the expression levels of iron transport proteins in the placenta. Iron
transporters appear to be regulated in response to maternal iron status, presumably mediated
by the alterations in the iron concentrations in the placenta itself. Maternal iron deficiency in
rats increased TFR1 and DMT1 expression in the placenta but not £pn mRNA [91]. This is
consistent with the role of cellular iron-regulatory proteins 1 and 2 (IRP1 and 2), which
post-transcriptionally regulate iron uptake, storage and export proteins. Briefly, during
cellular iron deficiency, IRPs bind to ‘iron response elements’ (IREs) within UTRs of iron-
related genes. Binding of IRPs to 3’ IREs promotes stabilization of mMRNAS involved in
increasing iron uptake (i.e. TFR1), whereas binding to 5* IREs prevents translation of
mMRNAs involved in iron storage and export (i.e. ferritin and FPN) (Reviewed in [92]). Both
IRP1 and IRP2 activity have been detected in human placentas [47,93]. In one study, in
placentas from diabetic and non-diabetic pregnancies, iron-deficient placentae had higher
placental IRP1 activity and increased expression of 7/R1 mRNA [93]. Another study in
iron-replete non-anemic mothers found an inverse correlation between cord blood ferritin
and placental IRP1 and 2, suggesting that fetal iron status may also affect placental iron
regulation [47]. IRP regulation of placental FPN is less clear. Two human studies found no
changes in placental FPN protein related to maternal iron deficiency and anemia [54,94,95],
but improved availability of validated FPN antibodies should help address this question.

1.9. Challenges and prospects

The importance of adequate iron supply during pregnancy is well appreciated, but our
understanding of placental iron transport mechanisms and their regulation is very limited.
Mouse models with conditional knockout of genes in the cell of the placenta (e.g. GemI-Cre
for SynT-11, or Cyp19-Creor Tpbpan Adaf-AdaP-Cre for most trophoblast subtypes) will be
required to conclusively demonstrate the role of different regulators and transporters.
Complementary studies in human placentas will require the availability of validated
reagents. Defining specific iron species that are transported across placenta or can be utilized
by the fetus, and elucidating maternal, fetal and placental regulatory mechanisms governing
placental iron transport, will be essential for improved understanding of iron metabolism in
healthy and complicated pregnancies, and optimal management of pregnancy.
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Fig. 1. Iron trafficking across the syncytiotrophoblast.
(A) Human placenta, with a single layer of syncytiotrophoblast. (B) Mouse placenta, with

two syncytiotrophoblast layers (SynT-1 and SynT-I1). In both humans and mice, transferrin-
bound iron (holo-TF) from the maternal circulation binds to transferrin receptor, TFR1,
expressed on the apical membrane of placental syncytiotrophoblast (SynT-1 in mice). The
iron-transferrin-receptor complex is internalized via clathrin-mediated endocytosis, and
ferric iron (Fe3%) is released from transferrin in acidified endosomes. The apo-TF/TFR1
complex is recycled back to the cell surface. Fe3* in the endosome is thought to be reduced
to ferrous iron (Fe?*) by a ferrireductase and exported into the cytoplasm through an
endosomal iron transporter. Cytoplasmic Fe may be chaperoned, possibly by PCBP1 or 2,
either to ferritin for storage or to FPN on the basal membrane (SynT-1I in mice) for export
toward the fetal circulation. In the mouse placenta (B), it is unknown how Fe is transported
from SynT-1 to SynT-Il, but it likely occurs through gap junctions. The fate of iron following
export through FPN is unclear; it may enter the fetal circulation as NTBI or oxidized to Fe3*
by ferroxidases and loaded onto transferrin prior to reaching the fetal circulation.
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