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Abstract: The TransCure project entitled ‘Iron Transporters DMT1 and FPN1’ took an interdisciplinary approach
combining structural biology, chemistry and physiology to gain new insights into iron transport. Proteins studied
included Divalent Metal Transporter 1 (DMT1, SLC11A2), enabling the import of Fe?* into the cytoplasm, and the
iron efflux transporter Ferroportin (FPN1, SLC40A1). The physiology and pathophysiology, and the mechanisms
underlying iron transport in the gut, across the placenta and in bone were investigated. Small molecule high-
throughput screening was used to identify improved modulators of DMT1. The characterization of DMT1 inhibitors
have provided firstdetailed insightsintothe pharmacology ofahumaniron transport protein. In placental physiology,
the identification of the expressional and functional alterations and underlying mechanisms in trophoblast cells
clarified the association between placental iron transport by DMT1/FPN1 and gestational diabetes mellitus.
In bone, iron metabolism was found to differ between cells of the monocyte/ macrophage lineages, including
osteoclasts. Osteoclast development and activity depended on exogenous iron, the expression of high levels of
the transferrin receptor (TFR) and low levels of FPN1 suggesting the expression of an ‘iron storage’ phenotype
by these cells. The principles and main findings of the TransCure studies on transmembrane iron transport

physiology are summarized in this review.
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1. Iron Homeostasis in Health and Disease

Human iron homeostasis is controlled through a tightly
regulated process involving a number of cellular transport proteins
and enzymes (Fig. 1A). Recent molecular and genetic studies
have sparked a breakthrough in iron biology and understanding
of iron-related diseases.[!-10]

Iron can donate or accept electrons in redox reactions, which
makes it an important player in fundamental cellular processes such
as DNA synthesis, nucleic acid repair, mitochondrial respiration,
cell growth and death.l''l Moreover, iron is incorporated into heme,
the main component of hemoglobin, which mediates oxygen
transport and supply by erythrocytes. Thus, iron is an essential
elemental for life, but it can also be toxic when it reaches elevated
levels, allowing it to react with hydrogen peroxide and thereby
generate reactive oxygen species (ROS) via the Fenton reaction.[10]
ROS in turn can cause oxidative damage by lipid peroxidation
leading to cell death and tissue damage. Therefore, due to its dual
beneficial and deleterious properties, iron homeostasis needs to
be firmly controlled, which is achieved through tightly regulated
membrane transport processes. In the human body, most of the iron
is part of the erythrocyte hemoglobin, while the rest is mainly stored
in macrophages and hepatocytes. Much of the body’s iron stores
are required to fuel erythropoiesis in order to ensure sufficient red
blood cell production to transport oxygen to all tissues.[!21 The iron
requirements are primarily met by recycling senescent red blood
cells by macrophages, while the primary external iron source is
absorption from the diet, which is mediated by the enterocytes
of the small intestine. The main source of iron for humans is the
absorption from the digested food, where it can be found as ferric
iron (Fe**) or organic iron, known as heme (Fe-protoporphyrin IX).

Inorganic iron can be obtained from animal [Fe** bound to
ferritin (FT)] and vegetable (e.g. cereals and legumes) sources.
After digestion in the stomach, inorganic iron reaches the
duodenum as free Fe*, where it is taken up by the enterocytes
(Fig. 1B). In a first step, Fe** is reduced to ferrous iron (Fe*") by
the brush border cytochrome B (DCYTB) ferrireductase. This is
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Fig. 1. Systemic iron metabolism. A. Iron metabolism is tightly regulated
by membrane transport mechanisms and enzymes to meet the
metabolic needs and minimize potential iron toxicity. The figure shows
the major transport pathways of iron, the distribution of the transporters
involved, regulation by hepcidin and iron recycling pathways (see text
for details). B. Mechanisms of intestinal iron absorption. There are two
main pathways of dietary iron absorption: one for inorganic iron via
DMT1 and one for heme iron via an unknown mechanism. Intracellular
heme degradation and the release of iron into the bloodstream are
also illustrated. Abbreviations: TF, transferrin; TFR, transferrin receptor;
DMT1, divalent metal transporter 1; FPN, ferroportin; FT, ferritin; HEPH,
hephaestin; HEPC, hepcidin; HEMOX, heme oxigenase; DCYTB,
duodenal cytochrome B. Created with BioRender.com.

followed by absorption via the divalent metal ion transporter 1
(DMT1/SLC11A2, also known as DCT1 and NRAMP2) by
enterocytes.[9131 Iron is then transported to the circulation
through ferroportin (FPN1/SLC40A1, also known as IREG1 and
MTP1),l4-16] where it is immediately oxidized to Fe** via the
membrane-bound multi-copper oxidase hephaestin (HEPH),[!7]
followed by binding to the main iron plasma carrier transferrin
(TF).

In terms of organic iron absorption, in mammals most iron
is found as part of heme, which forms the prosthetic group of
myoglobin and hemoglobin. Therefore, the breakdown of these
proteins, which are present in red meat, provides an important
source of iron for human nutrition. Indeed, about 2/3 of total iron
absorbed by the intestine is incorporated in heme.!l'8] Although
heme absorption by the intestinal enterocytes was described as
early as 1955 and despite its relevance in iron homeostasis, the
exact absorptive pathway of heme in the intestine remains elusive
(Fig. 1B).[18.191 A heme carrier protein called HCP1 (SLC46A1)
was proposed to serve as the small intestinal apical heme
transporter.[20) However, subsequent studies demonstrated that its
main function is to mediate absorption of folate rather than heme,
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which is transported with a much lower affinity.2!l Absorbed
heme is metabolized by heme oxygenases, resulting in the release
of iron, carbon monoxide (CO) and biliverdin. Free iron can then
exit into the blood stream via FPN1, as described above.
Normally, all the iron present in the circulating blood is bound
to TF. However, under certain conditions, when the TF binding
capacity is exceeded, non-transferrin bound iron (NTBI) can also
be found in the circulating blood.[221 TF-bound iron is taken up by
erythrocyte precursors in the bone marrow via receptor-mediated
endocytosis. Iron-TF first binds to the transferrin receptor 1
(TFR1) and enters the cell through clathrin-mediated endocytosis.
As specified below, similar processes occur, for instance, also in
placental trophoblasts and bone-derived osteoclasts (Figs 2 and 3).
Acidification of the endosomes facilitates the release of TF bound
ferric iron, which is then reduced to ferrous iron via the endosomal
ferrireductase (i.e. STEAP3[23]) and released into the cytosol via
the endosomal variant of DMT1, while TFR1 is recycled back to
cell surface.[>* Once in the cytosol, iron joins the labile iron pool
and/or is incorporated into heme, or it is stored bound to FT. FT is
the main iron storage protein complex in cells and iron release from
FT is regulated by ferritinophagy, the degradation process of the
complex in the autolysosome.[!9 Liver hepatocytes play a major
role in the regulation of iron metabolism. Hepatocytes synthesize
large amounts of FT, due to their role as a major storage site of
absorbed iron.I»! Moreover, the liver is responsible of producing
most of the TF, along with hepcidin (HEPC), a peptide hormone
that serves as a key regulator of iron homeostasis.[2>-26l HEPC is
secreted into the circulating blood where it inhibits the release
of iron mediated by FPN1 expressed on the basolateral side in
enterocytes, as well as in macrophages and hepatocytes.[25l HEPC
inhibits FPN1 by promoting its internalization and degradation
and by directly blocking the iron export.?”l The synthesis and
release of HEPC is regulated by the serum iron concentration. At
high serum iron concentrations, HEPC is upregulated, whereas at
low serum ferritin levels, hepcidin production is reduced, leading
to increased intestinal iron absorption and blood iron availability.
Given the vital function of iron in human physiology, it is
expected that systemic or cellular imbalances in iron homeostasis
have the potential to develop into serious health issues. Since iron
is crucial for the production of the oxygen carrier hemoglobin,
insufficient iron supply leads to a shortage of hemoglobin
production that results in iron-deficiency anemia.[?8] Conversely,
in patients with red blood cell disorders such as -thalassemia,
iron release into the bloodstream is promoted to compensate the
reduced lifespan of the defective red blood cells, which leads to iron
overload in different organs.?1 Apart from these hematological
disorders, systemic iron homeostasis imbalances are involved in
the development of many other human pathologies. Mutations of
genescontrollingironregulation, asin hereditary hemochromatosis
patients, promote iron release into the bloodstream and hence
provoke iron-overload in different organs, which ultimately leads
to severe complications such as liver failure, myocardial diseases or
diabetes. In chronic inflammatory disease, increased expression of
pro-inflammatory cytokines, such as interleukin 6 (IL-6), promotes
HEPC expression, which limits iron absorption and availability
leading to the development of anemia.l*0! Likewise, imbalances
in iron homeostasis that occur at cellular level can develop into
severe diseases as well. A classic example is Friedreich ataxia, a
devastating genetic disorder in which reduced levels of mature
frataxin (FXN), anuclear gene (FXN)-encoded mitochondrial iron
chaperone, which is required for iron—sulfur cluster biogenesis
in mitochondria, results in progressive neurodegeneration and
hypertrophic cardiomyopathy.3'-321 In cancer cells, dysregulation
of iron homeostasis is associated with tumor progression, and
over-expression of iron-related genes are inversely correlated
with patient survival.[33 In addition to all these iron homeostasis-
related diseases, there are many other human pathologies in which

iron homeostasis is imbalanced. However, whether this is cause or
a consequence is not yet clear. In this regard, many studies have
implicated cellular iron overload and related oxidative-stress in
the development of neurological disorders such as Parkinson’s
disease, Alzheimer’s disease, Huntington’s disease or multiple
sclerosis, among others.[3+331 In atherosclerotic plaques, iron is
found at much higher concentrations than in healthy tissues.[33]
Similarly, in several ageing-related diseases, such as type 2 diabetes
mellitus, osteoporosis, osteoarthritis, macular degeneration and
liver fibrosis, increased levels of iron have been linked to disease
severity.[33 Altogether, these findings highlight that alterations in
iron metabolism are linked to a wide variety of highly relevant
human diseases including those associated with placental
dysfunction during pregnancy or impaired bone metabolism
(see specific chapters below). Therefore, the development of
molecular tools that can rescue or prevent further dysregulation of
iron homeostasis at both systemic and cellular levels have a great
potential for future therapeutic applications.

2. Iron Transport across the Placenta

During the TransCure studies the Albrecht group investigated
the mechanisms of iron homeostasis in the human placenta. The
placentais a temporary but vital organ during pregnancy maintaining
the balance between nutrition and fetal growth control through
a selective and regulated supply of macronutrients and critical
micronutrients such as iron. In humans, the iron requirement during
pregnancy is significantly higher compared to the nonpregnant state
in order to fulfill fetal and placental iron demands. All materno-
fetal and feto-maternal exchange processes take place across the
placental barrier of the chorionic villi which are surrounded by
syncytiotrophoblasts (STB), a multinuclear epithelial surface layer
that is in direct contact with the maternal blood (Fig. 2). Iron is
transferred unidirectionally from the mother to the fetus across the
blood—placenta barrier. Therefore, placenta-mediated fetal iron
homeostasis is predominantly controlled by regulating iron uptake.

2.1 Principles of Transplacental Iron Transport

Fig. 2 summarizes the current knowledge on maternal-fetal
iron transfer across the placenta. TF-mediated iron uptake by
the STB is initiated by TFR1-binding of di-ferric transferrin
(2 Fe*-TF) followed by clathrin-dependent endocytosis at the
maternal side of the STB (microvillous membrane, MVM) into
endosomes. Due to endosomal acidification, Fe** (red) is released
from TF, followed by reduction to Fe** (yellow) presumably by
the metalloreductases STEAP3/STEAP4. DMT]1 is supposed to
transport Fe?* following a proton-dependent mechanism from
endosomes into the cytosol. TF and TFRI1 return to the apical
MVM to be used for further cycles. In contrast to the transfer in
the gut and red blood cells, cytosolic iron is transferred to the fetal
circulation through the iron exporter FPN1 or stored intracellularly
in oxidized form bound to FT. After crossing the basal membrane
(BM), Fe** is oxidized by either ceruloplasmin (CP), HEPH or
zyklopen (ZP/HEPHL1). Finally, Fe* can be bound by TF and
further distributed via the fetal circulation towards the fetus.
Human poly (rC) binding protein 2 (PCBP2) is an iron chaperone
that may modulate iron release across the BM and may protect
fetal tissue by delivery of oxidative ferrous iron from DMT1 to
FPN1 or ferritin (Fig. 2, dotted line). Besides DMT1, there are
also alternative ferrous iron transporters that mediate endosomal
iron export from the endosome into the cytosol. In vivo studies
propose DMT1 as non-essential iron transporter in the placenta
since in two DMT1 mutant animal models carrying the same
DMT1 missense mutation iron-deficient but viable animals were
born.36-381 However, as the DmtI-null mice were severely anemic,
the role of DMT1 in placental iron transport requires further
experimental confirmation.31 Other potential endosomal iron
transporters with high expression in the human placenta are ZIP8/
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Fig. 2. Mechanisms and regulation of materno-fetal iron transfer
across the placenta. Iron (Fe) is transferred unidirectionally from the
maternal to fetal circulation across the blood-placenta barrier (right
to left). Syncytialized trophoblast cells (blue) are in direct contact with
the maternal blood (orange). Details on transferrin (TF)-mediated iron
uptake are found in the text. Hypotheses on non TF-mediated iron
uptake in the placenta are not shown. The iron chaperone human poly
(rC) binding protein 2 (PCBP2) may modulate iron release across the BM
and may protect fetal tissue by delivery of oxidative ferrous iron from
DMT1 to FPN1 or ferritin (dotted line). Abbreviations: Fe* (red), ferric
iron; Fe?* (yellow), ferrous iron; STEAP3/STEAP4, metalloreductases; CP,
ceruloplasmin; ZP, zyklopen; further abbreviations see Fig. 1.

SLC39A8 and ZIP14/SLC39A14, both members of the SLC39
zinc transporter family that also transport Fe?*.[401 ZIP14 has been
shown to mediate plasma membrane uptake of non-TF-bound
iron!*!l as well as TF-iron from endosomes (Fig. 2).[42] Targeted
Zip14 mutants have no abnormal birth phenotype except lower
birth weight,[*31 while deletion of Zip8 in mice leads to mortality
before birth.[*4l Despite different pH-dependence, ZIP14 and ZIP8
together with DMT1 probably play redundant roles in placental
endosomal iron export into the cytosol.

Iron export from the STB to the fetal stroma is mediated by
FPN1, the only currently known iron exporter. FPN1 is abundantly
expressed along the BM of human STB.[*31 As a prerequisite for
placental iron export towards the fetus, intracellular iron must be
re-oxidized to Fe** so that it can be bound by Tf on the fetal side
of the placental barrier (Fig. 2). The three ferroxidases CP, HEPH,
and ZP have been detected in human placental tissue. Cp-null
animals exhibit a normal phenotype at birth, suggesting that CP is
not essential for placental iron transfer.[*! Moreover, a placenta-
specific ferroxidase has been identified in association with sex-
linked anemia (SLA)-mice harboring a mutation in Hephl1.1471ZP
has approximately 50% protein identity with CP and HEPH and is
abundantly expressed in the placenta while being absent in liver
and intestine.[*”] Furthermore, the intracellular iron chaperone
protein poly(rC)-binding protein 2 (PCBP2) was suggested
to act as a recipient of iron from DMT]1 and as a donor of iron
to FPN1.1481 Iron can have toxic effects because it induces the
generation of reactive oxygen species. Thus, the carry-over of iron
by chaperons like PCBP2 may be relevant for protection of fetal
tissues from putative oxidative ferrous iron and for iron release
at the placental barrier across the BM (Fig. 2).14° Though there
is evidence that all three ferroxidases and the chaperon PCBP2
are expressed in the human placenta, experimental evidence

regarding their functions in the iron transport mechanism across
the placenta is mostly lacking.

2.2 Regulation of Placental Iron Transport

The relative resilience of fetal hemoglobin levels to maternal
anemia highlights the ability of the placenta to respond to altered
maternal iron supply. Stable isotope data in human pregnancies
have demonstrated that more iron is transferred from the maternal
diet to the fetus when maternal stores are low.I50! This is likely
a consequence of upregulation of intestinal and placental iron
transporters and TFR1.151.521 However, the mechanisms underlying
this regulation are not well characterized and may involve placental
iron regulatory proteins 1 and 2 (IRP1/IRP2) and intracellular free
iron. The iron regulatory hormone HEPC is expressed not only
in human liver, but also in placental tissuel2’! where it negatively
regulates cellular iron export via FPN1 across the BM towards
the fetal circulation. Furthermore, HEPC may play a role in fetal
sensing of the placental iron status and hence in signaling fetal
demand to the mother.[*] The anemic, iron-deficient phenotype of
transgenic mouse embryos overexpressing Hepc further supports
this notion,!53! though the exact role of HEPC in controlling
placental iron levels is still a matter of debate.[54->71 Moreover,
different studies suggested that the hemochromatosis factor HFE
is involved in the regulation of placental iron metabolism.[>8-62]

2.3 Association of Placental Iron Homeostasis with
Pregnancy Diseases

The TransCure network was particularly interested in
translational aspects and investigated the potential involvement of
iron transporters in human diseases. Generally, most investigations
on maternal iron status during pregnancy in relation to child health
outcomes focused on maternal iron deficiency, while iron excess
was significantly under-investigated.l®3] The considered studies
suggested deleterious effects on infant growth, cognition,[6465]
neonatal sepsis after premature rupture of membranes,[%¢! adverse
birth outcomes like stillbirth, preterm- or small for gestational agel®7]
and childhood type 1 diabetes.[%8] In the severe pregnancy disease
preeclampsia (PE), inadequate invasion of extravillous trophoblasts
into spiral arteries causes oxidative stress, high blood pressure and
intrauterine growth restriction in 2-8% of all pregnancies.[%%70 In
the clinical context, iron levels positively correlate with an elevation
of blood pressure and the severity of PE.[71-731 Overall PE has been
associated with several markers of disturbed iron homeostasis and
ferroptosis (recently reviewed in ref. [74]).

Within the TransCure project the Albrecht group investigated
the effect of disturbed iron homeostasis in gestational diabetes
mellitus (GDM). GDM is one of the most common pregnancy
complications and has a prevalence of 4.8% in Switzerland(73]
and 9.2% in the US," respectively. The etiology of GDM is
multifactorial, but interestingly FT and HEPC levels showed in
several clinical studies a positive association between maternal
iron status and the risk to develop GDM.!77-831 Only few studies
measured other parameters, such as serum iron/®4 or heme iron
intake,[8580] but confirmed the positive relationship between
increased maternal iron status and the risk for GDM. These
findings raise potential concerns for the recommendation of
routine iron supplementation among iron-replete pregnant women
especially for those with a high risk to develop GDM.

In the NCCR TransCure placenta studies, the Albrecht group
revealed altered expression of placental iron transporters and
iron-regulatory proteins in placental tissue of GDM patients
compared to healthy controls. Additionally to this clinical
approach, hyperglycemic trophoblast cell models mimicking
GDM conditions in three grades of severity were designed.
Within these in vitro studies, reduced iron uptake into placental
trophoblasts was detected by mechanisms involving alterations in
autophagy and oxidative stress pathways.!87I The almost complete
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reversion of hyperglycemic effects on placental iron homeostasis
gene expression in trophoblasts after antioxidant treatment
suggested beneficial effects of antioxidant supplementation in
pregnant women with increased risk to develop GDM.[87] On
the other side, excessive iron supplementation might expose
women to increased lipid peroxidation and protein carbonylation
by intracellular generation of reactive oxygen species.38.89]
To further elaborate the effects of iron depletion or increased
antioxidative potential by treatment with antioxidants in vivo,
the Albrecht group worked with a GDM-related mouse model. In
collaboration with Dr. Sferrruzzi-Perri, University of Cambridge,
they investigated a mouse model with wildtype mice receiving a
high fat high sugar (HFHS) diet which resulted in compromised
maternal glucose tolerance and insulin sensitivity in association
with dysregulated lipid metabolism, thereby mimicking typical
GDM symptoms.[?091] Interestingly, placental tissues from HFHS
fed mice and human GDM showed highly comparable expression
patterns of iron homeostasis genes. Similar to human GDM, the
placentae from HFHS mice also seem to protect the fetus from
excessive oxidative iron levels by expressional reduction of
placental iron-transporters and iron-regulatory proteins.[92!

3. Iron Homeostasis and Bone Metabolism

Iron and the skeleton has been a second focus of the TransCure
studies on iron. This interest arose from the original finding that
osteoclasts (OC), the cells resorbing bone, have an ‘iron uptake’
phenotype as compared to macrophages (M®), which have an
‘iron export’ phenotype.[®3 This interest was further strengthened
by reports showing that disturbances in iron homeostasis affect
skeletal and joint development.’495] In the adult organism, the
skeleton is continuously turned over to repair microfractures, to
adapt to mechanical needs and to assure mineral homeostasis.[90-97]
To assure maintenance of bone mass and microarchitecture the
two major processes of bone metabolism, resorption by OC and
formation by osteoblasts, are in equilibrium.8 Deviation from
this equilibrium leads to bone disease, either aloss of bone, leading
to osteopenia and osteoporosis!®! or a gain of bone, leading to
osteosclerosis and osteopetrosis.[100]

As outlined above, faulty iron homeostasis will lead to bone
diseases. Iron deficiency will cause anemia and iron surplus
hemochromatosis leading to a decrease in bone mass and
osteoporosis.[101.102] There is a large number of factors contributing
to the development of osteoporosis, and excess of iron was defined
as an independent risk factor for the disease.l'®3 Iron overload
conditions such as hereditary hemochromatosis, thalassemias,
sickle cell disease are associated with osteopenia/osteoprosis and
an increase in the frequency of bone fractures.l'% Also, in post-
menopausal osteoporosis, it was suggested that annual bone loss
correlates to plasma ferritin levels.[19] The mechanisms by which
iron overload or deficiency affect bone metabolism are not yet clear.
In particular, since excess iron deposits mainly in pancreas, liver,
pituitary and heart, while iron deficiency leads to anemia, direct and
indirect mechanisms may lead to the observed alterations in bone.

The two main cell lineages of bone are the mesenchymal
osteoblast lineage that comprises osteoblasts, osteocytes and
lining cells and is responsible for bone formation and mechanical
sensing within the bone matrix,['% and the haematopoietic
osteoclast lineage,!'97 which is resorbing the bone by dissolving
the calcium phosphate (CaP) mineral and digesting the organic
part of the bone matrix. Little is known, however, about the
mechanisms by which iron is impairing bone metabolism.

When investigating the effects of iron on bone cell lineages,
the cells of the monocyte/macrophage lineages and the OC were
of major interest. The two cell lineages originate from a common
progenitor, Macrophage Colony-Forming Unit, (MCFU).l108]
Depite this common origin, iron transport mechanisms in M® and
OC differ, due to their different physiological roles. Besides being

part of the innate immune system, one of the major functions of
M® consists in the recycling of heme iron from old and damaged
erythrocytes.[109-1101 Recycled iron from heme covers approx. 75%
of the daily requirement of iron.['1%1 Therefore, FPN1, the only
known iron export protein,[!>1111 is expressed at high levels in
M®. OC on the other hand expend large amounts of energy to
fulfill their basic function — bone resorption.!'%7] The resorption
of bone can be divided into two steps — the acid dissolution of the
hydroxyapatite mineral within the resorption lacuna and the release
of lysosomal enzymes to dissolve the organic part of the bone
matrix. For the acidification of the resorption lacuna, protons are
transported against a concentration gradient of approx. 1000-fold
by a vacuolar H*-ATPase.[!12l. The protons originate from the
spontaneous decay of carbonic acid (H,CO,), the formation of
which is catalyzed by Carbonic Anhydrase II (CAII) from CO,
and H,0O (Fig. 3) to H* and bicarbonate (HCO,"). The osteoclastic
anion exchanger SLC4A2 exchanges HCO,” with CI-,[!!31 which
is further transported through the CI- channel CIC-7['4] into
the resorption lacuna. Thus, it is the extrusion of hydrochloric
acid into the resorption lacuna that enables the cell to generate
and maintain a pH around 4.5 in this organelle. To assure the
availability of the high levels of energy spent during resorption,
OC are characterized by a high abundance in mitochondria.['!31 In
OC, iron is taken up via TFR1 and is supplied to mitochondrial
heme proteins and iron-sulfur clusters. The increase in iron
uptake has two functional consequences in OC development,
(1) it increases mitochondrial respiration, and (ii) it increases
transcription of PGC-1f (peroxisome proliferator-activated
receptor-y coactivator 1), a driver of mitochondrial biogenesis,
through ROS production.[!16]

Within the TransCure project on iron transport and metabolism,
the Hofstetter group focused on the role of iron transport in bone
cell lineages, the bone-forming osteoblasts and the bone-resorbing
OC. A low density array gene expression approach revealed iron
transport proteins to be highly regulated in OC developing from
monocyte/ macrophage progenitor cells.[3 No similar regulation
of protein expression was observed in osteoblast lineage cells.[!17]

During differentiation of osteoclast progenitor cells (OPC)
in vitro (cultured with macrophage colony-stimulating factor
M-CSF, and receptor activator of NF-xB ligand RANKL),[!18]
expression of TFR1 was increased, while expression of FPN1
was attenuated in comparison to expression levels in M®. Iron
in the culture medium dose dependently increased proliferation

Fig. 3. Iron transport in osteoclasts. Dissolution of the calcium
phosphate (CaP) mineral and the organic matrix of bone require high
levels of energy. Energy production in the mitochondrial respiratory
chain requires iron and the iron transport system of osteoclasts is
tailored towards an iron uptake phenotype with only low capacity

to extrude iron via ferroportin (FPN). Abbreviations: CA Il, carbonic
anhydrase Il; MMP, metallo-proteinases; catK, cathepsin K; further
abbreviations see Fig. 1.
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of OPC while inhibiting the differentiation into osteoclast
like cells (OCL). Furthermore, iron deficiency reduced the
capacity of OCL to dissolve CaP, without affecting survival of
the cells.

Deprivation of cultures of OCL of iron leads to an increase in
the expression of TFR 1, while levels of transcripts encoding FPN1
were not affected. Iron excess on the other hand led to attenuation
of TFR1 expression, which is accompanied by an increase in the
levels of transcripts encoding FPN1 and TFH1 (Transferrin Heavy
Chain). Furthermore, iron excess redirects cell differentiation to the
M® lineage, inhibiting osteoclast development, as characterized
by an increase in the expression of the pan-M® marker F4/80 and
a decrease in the OC marker tartrate resistant acid phosphatase
(TRAP).[1191 This shift is accompanied by the expression of an
iron storage and release phenotype (TFH1, FPN1) in M® vs. an
iron uptake phenotype (TFR1, DMT1) in OC.

Cellular uptake of iron by OC and intracellular trafficking is
not yet fully elucidated. As outlined above, iron loaded holoTF
binds to TFR1 (TFR2 not being found to be expressed by OC
lineage cells) and subsequently is endocytosed via clathrin coated
vesicles. Endosomal pH is lowered to allow for the release of
ferric iron from holoTF and reduction to ferrous Fe**, which
in turn is transported to the cytoplasm via DMTI1 to form the
labile iron pool (LIP). Cytoplasmic iron can be released from
the cells via FPN1, stored in ferritin or mitochondria or can be
incorporated into heme or iron-sulfur clusters.?4 In iron-deprived
OC, after 2 h of iron uptake, two iron pools can be differentiated
upon cellular fractionation on a density gradient, pool I localized
in the cytoplasmic fractions, containing also early endosomes
(characterized by the marker EEA 1) and lysosomes (characterized
by DMT1). Pool II was co-localizing with membrane vesicles
that are characterized by TFR1, CD51 (integrin o ) and TF. After
another 4 h, in the absence of exogenous iron, pool I disappeared,
while pool II proved to be stable. Furthermore, no cellular TF
could be detected, the iron binding protein being recycled as
described above. The storage mode of iron in osteoclasts remains,
however, a mystery, since iron was not found to accumulate either
in FT particles or in mitochondria, nor was iron ‘stored’ as part
of the labile iron pool.

The energy required to set up the resorptive pH in the form
of ATP is generated in the respiratory chain of the mitochondria.
Osteoclastsareparticularly richinthese organelles and mitochondrial
biogenesis has been suggested to be linked to osteoclast activation
and bone metabolism.[!1%] It is noteworthy, however, that the studies
described above do not suggest iron trafficking and storage in
mitochondria, even though the OCL have been starved for iron for
24 h before uptake. Nevertheless, iron deprivation causes a decrease
in the activity of OCL to dissolve CaP mineral, suggesting that one
of the essential steps in the establishment of the pH gradient is
affected under these culture conditions.

An interesting aspect of iron regulation is the modulation of
cell development in conditions of iron excess. Iron excess results
in an inhibition of OC development and a stimulation of M®
differentiation. Particularly noteworthy are the downregulation
of TFRI1 and upregulation of FPNI. Furthermore, TFH1 was
upregulated as wellin M@, providing the M® with two mechanisms
to handle iron, by releasing it via FPN1 and by storing it in ferritin
particles.

In conclusion, the cells of the monocyte/macrophage and
osteoclast lineages fulfill fundamental physiological functions.
They are part of the innate immune system and, on the other
hand, are the cells resorbing bone. While OC mainly need
iron to provide the necessary energy in the process of bone
resorption, monocytes/macrophages are crucial for iron
homeostasis. Excess iron in the cellular environment attenuates
OC differentiation and facilitates monocyte/macrophage
development, the first expressing an iron ‘uptake’ phenotype

with high levels of TFR1, the second expressing a ‘release and
storage’ phenotype with high levels of FPN1 and FTH1.

4. Development of Modulators Targeting DMT1

As part of the NCCR TransCure project on iron transport
and metabolism, the Hediger and Reymond groups used small
molecule high-throughput screening in an attempt to identify
improved modulators of DMTI1. Previous efforts to identify
modulators of DMT1 led to the identification of two distinct
scaffolds classes with moderate efficiency, represented by 1) bis-
cationic isothioureas such as dibenzofurans and mesitylene,[20]
and 2) pyrazolyl-pyridine.['2!l To identify more potent DMT1
modulators, we used these molecules as seeds for a 3D ligand-
based virtual screening, which allowed us to identify new bis-
isothiourea and pyrazolyl-pyrimidone molecules as additional
DMT]1 inhibitors.['22] Next, we tested a variety of analogues of
these compounds and performed studies to provide mechanistic
details on their pharmacological activity. In this context, we
characterized the interaction of aromatic bis-isothiourea-
substituted compounds with DMT1 and its prokaryotic
homologue EcoDMT. Our work revealed that these compounds
follow a competitive inhibition mechanism with potencies in the
low micromolar range. Moreover, working with the group of
Raimund Dutzler as part of this NCCR TransCure project, we
could solve the crystal structure of EcoDMT in complex with
brominated derivatives and validated the observed binding mode
by mutagenesis and structure-activity relationship experiments.
Altogether, this work provided the first detailed mechanistic
insight into the pharmacology of members of the SLC11/NRAMP
family of metal ion transporters.[123]

On the other hand, pyrazolyl-pyrimidone, the small size and
better drug-like properties of which made it an attractive drug
candidate, acted as a non-competitive inhibitor with a potency in
the low micromolar range. Surprisingly, our subsequent work to
understand its mechanism of action revealed that it acts as a metal
chelator rather than a specific DMT]1 inhibitor.!124]

To identify new small-molecule modulators of DMT1, we
recently developed a fragment-based drug discovery approach.
This approach consists in testing a small number of structurally
diverse fragments with the goal to find weak interactions, in
order to identify hits that can later be optimized. We assembled
a fragment library based on the GDB17 database containing all
possible organic molecules up to 17 atoms and screened for DMT1
and ZIP8 modulators.!'25 The screening led to the identification of
novel DMT1 and ZIPS inhibitors,!2¢] (Fig. 4).

5. Conclusions

In addition to the structural characterization of prokaryotic
SLCI1 transporters (described in the article by Manatschal &
Dutzler in this special issuel!?7l), the NCCR TransCure research
in the framework of the Iron Transporter Project has focused on
the identification, improvement and characterization of DMT1
inhibitors as well as on the study of iron transport physiology
in placenta and bone. Interdisciplinary work on existing DMT1
pharmacology provided important information for understanding
the true potential of the most promising molecular modulators
described to date. In addition, our screening efforts uncovered
novel modulators of transporters for divalent metals, opening
new avenues for the development of therapeutic strategies to
combat diseases related to the deregulation of iron homeostasis.
Physiological studies addressed specific aspects of iron
homeostasis in placenta and bone. The data suggest crucial local
effects of iron on cell and tissue development and function, in
addition to the systemic effects of chronic inflammation in
response to iron deposition in tissues or iron deficiency anemia
and the corresponding secondary effects.
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