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Abstract

An abundant metal in the human body, iron is essential for key biological pathways including
oxygen transport, DNA metabolism, and mitochondrial function. Most iron is bound to heme but
it can also be incorporated into iron-sulfur clusters or bind directly to proteins. Iron’s capacity

to cycle between Fe?* and Fe3* contributes to its biological utility but also renders it toxic in
excess. Heme is an iron-containing tetrapyrrole essential for diverse biological functions including
gas transport and sensing, oxidative metabolism, and xenobiotic detoxification. Like iron, heme is
essential yet toxic in excess. As such, both iron and heme homeostasis are tightly regulated. Here
we discuss molecular and physiologic aspects of iron and heme metabolism. We focus on dietary
absorption; cellular import; utilization; and export, recycling, and elimination, emphasizing studies
published in recent years. We end with a discussion on current challenges and needs in the field of
iron and heme biology.
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1. INTRODUCTION

An abundant metal in the human body, iron is essential for key biological pathways (18,

21, 54, 79, 94). While most of the body’s iron complement is found in heme, iron can also
be incorporated into iron-sulfur clusters or bind directly to proteins. In addition to its role

in oxygen transport as a component of hemoglobin, iron is critical for multiple biological
pathways including DNA metabolism and mitochondrial function. Iron’s capacity to cycle
between ferrous (Fe2*) and ferric (Fe3*) states contributes to its utility in biological systems
but also renders it toxic when present in excess. As such, both iron deficiency and excess are
detrimental to human health.
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Iron deficiency is a common nutritional deficiency worldwide (94). General causes of iron
deficiency include inadequate dietary iron levels, insufficient dietary iron absorption, and
blood loss. If severe enough, iron deficiency leads to anemia. Iron excess is also a common
condition. If not bound to factors such as the serum iron-binding protein transferrin or

the iron storage protein ferritin, iron can promote oxidative damage at the macromolecule,
organelle, cell, and organ level. In contrast to iron deficiency, iron excess is typically caused
by genetic or acquired defects rather than nutritional excess. If untreated, iron excess can
lead to dysfunction in multiple organs including the liver, pancreas, heart, and endocrine
glands.

Heme (iron-protoporphyrin IX) is an iron-containing tetrapyrrole that is a requisite for
diverse biological functions. It plays crucial roles in oxygen binding and transport (globins),
oxidative metabolism (cytochrome ¢ oxidase, succinate dehydrogenase), xenobiotic
detoxification (cytochrome P450), gas sensing (guanyl cyclases, nitic oxide synthase), and
microRNA processing (DGCR8). Heme can also bind to transcription factors and regulate
transcription of target genes in varied pathways including circadian rhythm, antioxidant
stress response, apoptosis, cell proliferation, ion channel activity, and mitochondrial
respiration (13).

While heme plays a pivotal role in biology, it is also cytotoxic and hydrophobic. Free
heme has peroxidase activity and can generate reactive oxygen species, thus leading to
oxidative stress. A hydrophobic molecule, heme can intercalate into membranes and bind
nonspecifically to proteins (17). A tight regulation system is necessary to keep in check
the concentration and bioavailability of heme. Heme homeostasis in an organism can be
controlled at different levels: import, utilization, synthesis, degradation, and export. While
heme synthesis and degradation are extensively characterized, heme trafficking remains
poorly understood.

In this review, we focus on molecular and physiologic aspects of iron and heme metabolism,
with an emphasis on regulation of organismal heme homeostasis. We pay particular
attention to recently published results, most notably those published in the last two to

three years. With regard to nonheme iron, we cover dietary absorption; cellular iron uptake;
and intracellular iron trafficking, utilization, storage, and recycling. With regard to heme,
we cover dietary absorption; heme synthesis and intracellular trafficking; and systemic
heme transport, sequestration, degradation, and elimination, then end with a discussion of
cellular heme import and export. For details on well-established aspects of iron and heme
metabolism, we provide references to reviews on these areas. We do not cover the role of
iron and heme metabolism in immunity, infection, cancer, or ferroptosis and defer to other
sources for coverage of these topics.

NONHEME IRON

2.1. Gastrointestinal Nonheme Iron Absorption

Dietary iron is present in heme and nonheme forms. Nonheme iron is present in the ferric
state and is found in cereals, vegetables, legumes, and fruits. Heme iron is more abundant in
animal than plant matter and more efficiently absorbed than nonheme iron. A key initial step
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in nonheme iron absorption is secretion of gastric acid in the form of hydrochloric acid by
the stomach (116). Gastric acid secretion is regulated by gastrin and other hormones (116).
Gastric acid solubilizes nonheme iron, rendering it available for reduction by ascorbic acid
and reductases and subsequent absorption by the small intestine. Gastric acid also maintains
ascorbic acid in its more active reduced form. Additionally, ascorbic acid chelates soluble
iron, preventing its precipitation. As humans cannot synthesize ascorbic acid, they must
acquire it from the diet.

Dietary nonheme iron absorption occurs in the proximal small intestine and involves several
steps (54) (Figure 1). First, nonheme iron is reduced to the ferrous form in the gut lumen

by gastric acid or ferrireductases such as duodenal cytochrome b reductase 1 (DCYTB).
Second, iron is transported across the apical surface of enterocytes by divalent metal
transporter 1 (DMT1) (SLC11A2). Ferrous iron bound to nicotianamine, an organic small
molecule found in plants, can also be transported by the amino acid transporter SLC36A1,
although the overall contribution of SLC36A1 to iron absorption has yet to be established
(85). Third, within enterocytes, iron is either utilized for iron-dependent processes, stored

in ferritin, or trafficked to the basolateral surface. Fourth, iron is exported from enterocytes
into the blood by the basolateral iron transport protein ferroportin (SLC40A1). Iron transport
by ferroportin is coupled to antitransport of two H* ions (92). Fifth, iron is oxidized to the
ferric form by the multicopper oxidase hephaestin. Sixth, ferric iron binds to transferrin, a
serum iron-binding protein produced largely by the liver (145). [Ferroportin-mediated iron
export also plays an essential role in release of iron from red blood cell (RBC)-scavenging
macrophages, as discussed below.]

Regulation of ferroportin is an active area of research. Central to this regulation is hepcidin,
a peptide hormone synthesized mainly by hepatocytes (18) (Figure 1). Hepcidin regulates
iron absorption by binding to ferroportin and inducing its internalization and lysosomal
degradation. Hepcidin has a greater affinity for iron-replete than iron-poor ferroportin and
binds in a manner that physically occludes iron transport by ferroportin (8). Internalized
ferroportin is targeted for proteasomal degradation by the E3 ubiquitin ligase RNF217 in

a process that also requires the E1 enzyme UBAG and adaptor protein NDFIP1 (44, 130).
Downregulation of ferroportin by hepcidin also increases enterocyte iron levels, which in
turn increases iron-dependent degradation of hypoxia-inducible factor 2, a transcription
factor that stimulates expression of genes required for iron absorption including DMT1 and
DCYTB (117).

Like ferroportin, hepcidin is highly regulated (18) (Figure 1). Expression increases under
conditions of iron excess and inflammation and decreases under hypoxia or conditions of
iron demand such as increased erythropoietic activity. Key to this regulation is a bone
morphogenetic protein (BMP)-dependent signaling pathway involving BMP2 and BMP6,
both of which are produced by liver sinusoidal endothelial cells (139). Multiple proteins on
the cell surface of hepatocytes are required to positively and negatively regulate hepcidin
expression in response to BMPs as well as diferric transferrin. These factors include
homeostatic iron regulator (HFE); hemojuvelin (HJV); transferrin receptor 2 (TFR2); BMP
receptor proteins ALK2, ALK3, and BMPR-II; neogenin; and TMPRSS6 (18, 30). Notably,
inherited mutations in HFE, HJV, and TFR2 lead to hereditary hemochromatosis, a disease

Annu Rev Nutr. Author manuscript; available in PMC 2022 December 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dutt et al.

Page 4

of iron excess resulting in dysfunction of multiple organs including liver, pancreas, heart,
and endocrine glands. SMAD1/5/8 transcription factors transduce the BMP signal to the
nucleus to stimulate hepcidin gene expression (132). Additionally, the transcription factor
nuclear factor E2-related factor-2 (NRF2) stimulates BMP-dependent hepcidin expression
under conditions of iron-induced oxidative stress (67). Finally, the regulation of hepcidin
expression by erythropoietic activity is mediated by the hormone erythroferrone (128).
Erythroferrone is synthesized by bone marrow erythroblasts and suppresses hepcidin
expression by inhibiting BMP signaling in hepatocytes. Erythroferrone-dependent hepcidin
suppression ensures adequate dietary iron absorption to supply erythropoietic demand for
iron. Notably, erythroferrone, hepcidin, and TFR2 also play roles in bone homeostasis.
Erythroferrone expression by osteoblasts modulates BMP signaling in osteoblasts and serves
an osteoprotective effect to prevent bone loss under conditions of enhanced erythropoiesis
(11). Hepcidin deficiency leads to bone loss by perturbing Wnt/B-catenin signaling (61) and
suppressing bone formation (60). TFR2 also inhibits bone formation by modulating BMP
and Whnt signaling (109).

The microbiome also contributes to regulation of dietary iron absorption. Intestinal microbes
produce metabolites that inhibit iron absorption, thereby ensuring an adequate supply for
their own metabolism (25). 3-Hydroxypropionaldehyde is produced by Limosilactobacillus
reuteribut its role in the gut microbiome is not well understood. 1,3-Diaminopropane is
produced by several bacterial species in the gut but can also come from dietary sources.
Both metabolites impair expression of DCYTB, DMT1, and ferroportin by inhibiting
activity of hypoxia-inducible factor 2 (HIF-2) in enterocytes. This results in decreased

iron import into enterocytes and export from enterocytes into blood. These metabolites

also stimulate expression of ferritin, which stores iron within enterocytes and limits its
availability for export from enterocytes, ultimately returning iron to the gut when the
enterocytes are sloughed.

2.2. Cellular Nonheme Iron Uptake

The majority of circulating diferric transferrin is taken up by erythroid precursors for use in
erythropoiesis (Figure 1). Under physiologic conditions, cellular iron uptake is mediated by
the transferrin cycle, in which diferric transferrin binds to transferrin receptor 1 (TFR1) and
is internalized into the cell via endocytosis (79). Endosomal acidification leads to release
of ferric iron from transferrin. Iron is then reduced to the ferrous state by the reductase
STEAP3 and transported into the cytoplasm by DMT1. TFR1 can also bind the heavy
chain of serum ferritin, representing a potential transferrin-independent means of cellular
iron uptake (80). Another transferrin-independent mechanism of cellular iron uptake was
recently identified in cells undergoing the epithelial-mesenchymal transition, in which the
transmembrane glycoprotein CD44 mediates the endocytosis of iron-bound hyaluronates
(83).

Transferrin was discovered two decades ago, but our understanding of its role in iron
homeostasis continues to evolve. While transferrin has an iron-binding site in each of its two
lobes, mice with mutations preventing iron loading in either the N or C lobe of transferrin
do not display similar sensitivities to erythropoietin, indicating that these iron-binding sites
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are not functionally homologous (93). Novel roles for TFR1 also continue to be identified.
Tfrl deficiency in mice protects them from metabolic dysfunction induced by high-fat
diets by impairing intestinal lipid absorption, although the underlying mechanism of the
adipocyte-intestine link is not fully understood (149). Notably, some novel roles for TFR1
may not involve iron transport. For example, Tfrl deficiency in adipocytes in mice leads
to impaired thermogenesis, increased insulin resistance, inflammation, iron deficiency, and
mitochondrial dysfunction (62). However, mice on an iron-deficient diet do not develop all
the characteristics observed in adipocyte Tfrl-deficient tissues.

Cellular iron uptake is highly regulated by RNA binding proteins known as iron regulatory
proteins (IRPs) (79) (Figure 2). IRPs regulate translation of mRNAs encoding TFR1, DMT1,
ferroportin, and ferritin light and heavy chain. IRP binding to iron-responsive elements
(IREs) in the 3" untranslated region (UTR) of mRNAs increases mRNA stability and
translation, while IRP binding to IREs in the 5" UTR inhibits translation. Degradation

of mRNASs not stabilized by IRP activity may be mediated by the RNA binding protein
roquin, which destabilizes 7FRZ mRNA in several cell lines (22). IRP1 is regulated by
iron-sulfur cluster binding: Only when devoid of iron-sulfur clusters does IRP1 bind RNA.
IRP2 activity is regulated by protein degradation mediated by an iron-stabilized E3 ligase
FBXL5. Through these mechanisms, IRP-dependent regulation of gene expression maintains
cellular iron at sufficient but nontoxic levels. Notably, some IRP-regulated mMRNAs encoding
factors such as DMT1 and ferroportin can also be expressed as IRE-free isoforms in some
but not all cell types, indicating that the impact of IRPs on gene expression is not identical
across all tissues. Additionally, a recent study on the glycogen branching enzyme AGBE in
Drosophila indicates that AGBE binds to holo-IRP1 and modulates its translocation to the
nucleus, suggesting that holo-IRP1 can also regulate gene expression (41).

The transferrin cycle is not the only means of cellular iron import. Under conditions of
iron excess, transferrin becomes saturated and excess iron circulates in the blood as a

toxic species known as nontransferrin-bound iron (NTBI). The biochemical nature of NTBI
has yet to be firmly established. NTBI import into liver and pancreas is dependent upon
SLC39A14 (ZIP14), a protein that transports manganese under physiologic conditions and
iron under conditions of iron excess (79).

Intracellular Iron Trafficking, Utilization, Storage, and Recycling

A significant fraction of iron imported into cells is directed to mitochondria (35).
Mitochondrial iron uptake is an active area of research, with several pathways shown to
occur in different cell lines including a kiss-and-run model in which the endosome transfers
iron to mitochondria via direct contact and uptake of iron from the labile iron pool, which
consists of low-molecular-weight species of redox-active iron. Within mitochondria, iron

is either stored or used for synthesis of heme and iron-sulfur clusters. (Heme synthesis is
discussed below.) Iron-sulfur cluster biogenesis is a multistep process requiring a sulfur
donor, iron supply, and a cohort of proteins that enable synthesis, trafficking, and targeting
of clusters to proteins residing throughout the cell (9). Biogenesis can occur in mitochondria
and cytoplasm. Iron-sulfur clusters are essential for electron transfer in the respiratory
chain and serve as cofactors for proteins required for DNA metabolism, oxygen sensing,
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and other critical cellular activities. Additional factors essential for iron-sulfur cluster
biogenesis continue to be identified as relevant to human health and disease. For example,
mutations in heat shock cognate B, which mediates transfer of iron-sulfur clusters to target
proteins, lead to a form of congenital sideroblastic anemia (23). Additionally, impairments
in lysosomal acidification lead to impaired cellular iron uptake, iron-sulfur cluster depletion,
mitochondrial dysfunction, and impaired cell viability (135, 141). Finally, some defects in
iron-sulfur cluster biosynthesis can be attenuated by hypoxia. Severity of disease in a mouse
model of Friedreich’s ataxia, caused by mutation in a protein essential for iron-sulfur cluster
biogenesis known as frataxin, is attenuated in mice grown under 11% oxygen (6).

Iron not directed to mitochondria or utilized for biological processes within the cytoplasm
or other cellular locales is stored in the ferric state in ferritin, which is composed of 24
subunits of ferritin heavy and light chains (79) (Figure 2). Ferritin heavy chains possess
ferroxidase activity. Iron is delivered to ferritin by poly(rC)-binding protein (PCBP1).
PCBP1 is a multifunctional protein that possesses both RNA- and iron-binding activity, with
these activities physically separable yet both essential (95). PCBP1 binds iron and delivers
it to ferritin and other iron-dependent proteins. Mice with liver-specific Pcbpl deficiency
develop oxidative stress, lipid peroxidation, and steatosis, indicating that PCBP1 is essential
for limiting the toxicity of cytoplasmic iron (104). Although ferritin was discovered

years ago, new roles have been discovered for this intriguing molecule. In Drosophila,
oligodendrocytes secrete ferritin heavy chain in extracellular vesicles to attenuate iron-
mediated oxidative stress (82). Another recent study demonstrated that exosomal excretion
of ferritin-rich vesicles involves IRP-dependent regulation of the extracellular vesicle marker
CD63 (142).

Mobilization of iron stored in ferritin is achieved by ferritinophagy, an autophagy

process mediated by nuclear receptor coactivator 4 (NCOA4) (Figure 2). Recent studies
have elaborated upon the essential role for NCOA4 in systemic and tissue-specific

iron homeostasis (63, 113). NCOA4 expression is upregulated under conditions of iron
deficiency via HIFs and downregulated under conditions of iron excess by proteasomal
degradation. Acute Ncoa4 deficiency in mice leads to tissue ferritin and iron accumulation,
serum iron deficiency, and anemia. Erythroid compartment-specific Ncoa4 deficiency also
leads to anemia, consistent with a role for ferritin iron mobilization in erythropoiesis.
Hepatocyte-specific Ncoa4 deficiency leads to impaired mobilization of hepatocyte ferritin
iron after blood loss. In cell culture, NCOA4 deficiency leads to impaired mitochondrial
function (33).

Iron Elimination

Dietary iron absorption is a key determinant of body iron levels. In contrast, iron excretion

is attributed to passive pathways not regulated by iron levels or other parameters relevant

to iron homeostasis (54). These pathways include sloughing of intestinal epithelial cells,
exfoliation of skin cells, and physiologic blood loss due to menstruation or minor trauma

to epithelial linings. However, evidence of iron excretion in rodent models has been

reported recently. Transferrin treatment of a transferrin-deficient mouse model of iron excess
normalizes iron levels by gastrointestinal iron excretion (78). Additionally, hepatocyte
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uptake of NTBI by SLC39A14 is an essential prerequisite for biliary excretion of iron-
loaded ferritin, although the significance of biliary iron excretion to iron homeostasis is
not clear (103). Finally, a recent study was conducted in anemic children to evaluate

the use of stable iron isotopes in long-term assessment of iron absorption and loss

during administration of iron supplements (127). Surprisingly, iron losses increased during
supplementation. The authors speculatively attributed iron losses to occult gastrointestinal
bleeding, although the study was not designed to assess routes of iron loss.

Maternal-Fetal Iron Homeostasis

Maternal-fetal iron homeostasis is a special area within the broader field of iron homeostasis
(59). Over the course of a pregnancy, maternal and fetal needs for iron must both be met

to ensure the well-being of the mother and embryo/fetus/baby during gestation and the
postnatal period. Sufficient iron must be available to accommodate increased maternal red
cell mass, fetal growth, and placental metabolism and to compensate for maternal iron loss
during delivery. Recent studies in animal models have expanded our understanding of the
mechanisms of maternal-fetal iron homeostasis.

Maternal iron deficiency is a common condition and can have adverse effects on the
mother and baby. In mice, maternal iron deficiency induced through dietary means

results in aberrant cardiovascular development and embryonic lethality (48). Cardiovascular
defects may reflect impaired differentiation and increased retinoic acid signaling in cardiac
progenitor cells, as they are attenuated by maternal administration of iron early in gestation
or retinoic acid signaling inhibitors in mid-gestation. Maternal iron deficiency can also
exacerbate the severity of placental insufficiency in rats administered alcohol, while
maternal iron administration attenuates such severity (58). Finally, maternal iron deficiency
impacts gene expression in the placenta, an organ essential for gas and nutrient exchange
between mother and fetus. Maternal iron deficiency increases TFR1 expression at the
maternal face of the placenta and decreases ferroportin expression at the fetal face of the
placenta in an IRP1-dependent manner (112).

Hepcidin plays a critical role in maternal-fetal iron homeostasis. Maternal hepcidin
expression is suppressed during pregnancy, which ensures increased dietary iron absorption
and release of iron stores to ensure adequate iron delivery to the fetus. Maternal hepcidin is
a key determinant of iron homeostasis in mouse embryos and placentas (111). In contrast,
fetal hepcidin impacts fetal but not placental iron homeostasis. Mouse fetuses expressing

a hepcidin-resistant mutant form of ferroportin globally or only within the liver have
decreased liver iron and ferroportin levels, although ferroportin levels are unchanged in

the placenta (49).

Dietary Heme Absorption

Heme is a readily bioavailable from of iron in our diet. Meat, poultry, and seafood are rich
in heme primarily derived from hemoglobin and myoglobin. The alkaline pH in the lumen
of the small intestine makes heme iron more bioavailable by preventing its polymerization.
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While the mechanism of nonheme iron uptake has been well characterized, the mechanisms
governing heme iron absorption from the intestine remain poorly understood (Figure 1).
Studies suggest two potential paradigms, receptor-mediated endocytosis and membrane
transport (136). Early studies showed the presence of a high-affinity heme-binding protein
on the microvillus membrane of the upper small intestine in pigs and humans that

was pH-dependent, saturable, and susceptible to trypsin digestion (37). Another study
demonstrated that iron deficiency increased intestinal heme uptake as well as binding in rat
duodenal enterocytes (55). Localization assays revealed heme accumulation at the surface of
microvilli as well as endosomal compartments in the apical cytoplasm (138). These studies
did not rule out the possibility of heme transport across the apical plasma membrane via a
membrane transporter.

Heme carrier protein 1 (HCP1) (SLC46A1) was initially identified as an intestinal heme
importer but later shown to serve as a high-affinity, pH-dependent folate transporter and
renamed as proton-coupled folate transporter (105, 121). HCP1 has a Ky, of 0.8 uM for
5-methyltetrahydrate folate and 125 pM for hemin. Loss-of-function splicing mutations in
SLC46A1 cause hereditary folate malabsorption in humans. Folate supplementation resolves
symptoms in affected children, who showed no defects in iron metabolism. Hence, the
mechanism of intestinal heme transport remains unknown, a question compounded by the
difficulty of a suitable genetic model organism as mice are poor absorbers of heme (31). A
compelling candidate for intestinal heme absorption is heme responsive gene (HRG) HRG1,
a four-transmembrane-domain heme transporter present on erythrophagosomal membranes
that imports heme into the cytosol of macrophages during iron recycling from RBCs (137).
HRGL1 is expressed in the human small intestine, where it could function as a heme importer
via endocytic compartments (107).

As mentioned above, the intestinal microbiome contributes to regulation of dietary nonheme
absorption. Dietary heme can also impact the microbiome by increasing the population of
gram-negative bacteria (42). Whether the microbiome influences dietary heme absorption
remains to be determined.

Heme Synthesis

Heme biosynthesis involves a series of eight highly conserved enzymatic reactions that
occur in the mitochondria and cytosol and are shared across all metazoans. Animals,
fungi, and a-protobacteria synthesize heme via the Shemin/C4 pathway (119). The first
committed step is condensation of succinyl-coenzyme A (succinyl-CoA) and glycine

to form 5-aminolevulinate (ALA) by the enzyme ALA synthase (ALAS). This rate-
limiting step takes place in the mitochondrial matrix. ALAS has two isoforms, the
ubiquitous ALAS1 and the erythroid-specific ALAS2. ALASI is negatively regulated
by heme at transcriptional, translational, and posttranslational levels, whereas ALAS2
is not affected by heme (150). Heme affects ALASI mRNA stability, leading to RNA
degradation, and impedes the processing of ALAS1 from its pro to mature form. Heme
also inhibits the mitochondrial import of ALAS1 (84). (The regulation of ALAS2

is described in Section 3.4.) Once ALA is made, it crosses the inner and outer
mitochondrial membranes into the cytosol by a yet-to-be identified transporter. SLC25A38
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and SLC25A39 have been implicated but they are also involved in glycine transport

and iron-sulfur cluster biogenesis (38, 69, 87). In the cytosol, two molecules of ALA
combine to from porphobilinogen, catalyzed by the zinc-dependent enzyme porphobilinogen
synthase or ALA dehydratase. ALA dehydratase was recently shown to contain a Fe4S4
cluster instead of zinc (68). Four prophobilinogen molecules are then assembled into

a chemically reactive, linear tetrapyrrole, hydroxymethylbilane, by hydroxymethylbilane
synthase or porphobilinogen deaminase. Hydroxymethylbilane is then cyclized to form
uroporphyrinogen 111 by uroporphyrinogen synthase. Uroporphyrinogen decarboxylase then
catalyzes decarboxylation of uroporphyrinogen 111 to form coproporphyrinogen 111, which
is transported back into the mitochondria. Coproporphyrinogen 11 is then converted to
protoporphyrinogen 1X by coproporphyrinogen oxidase. Protoporphyrinogen 1X undergoes
oxidation by protoporphyrinogen oxidase to form protoporphyrin IX (PP1X). The final

step involves insertion of Fe2* into the protoporphyrin ring to form heme. This reaction

is catalyzed by ferrochelatase (FECH) on the inner membrane side of the matrix (119).

Iron delivery to FECH occurs via mitoferrin 1 and 2. Proteomic analysis has revealed

that FECH is involved in protein-protein interactions with different enzymes of the heme
synthesis pathway (ALAS and protoporphyrinogen oxidase), as well as a-ketoglutarate
dehydrogenase, succinyl-CoA-synthase, and the porphyrinogen transporter TMEM14C (28,
39). FECH also forms complexes with mitoferrin, ATP-binding cassette (ABC) transporters
ABCB7 and ABCB10, and heme chaperones progesterone receptor membrane component
1and 2 (PGRMC1 and PGRMC2) (71, 99). (ABCB proteins are discussed in Section 3.8.)
These findings support the notion that a metabolon for heme synthesis machinery exists

to ensure efficient substrate channeling without exposing toxic intermediates to the cellular
milieu.

The control of heme homeostasis in an organism begins with regulation of heme synthesis at
multiple levels. Defects in heme synthesis can lead to toxic accumulation of intermediates,
ultimately culminating in porphyrias (119). Hence it is necessary to ensure efficient shuttling
and partitioning of these intermediates between the mitochondria and cytosol. Additionally,
heme synthesis is tightly coupled to other metabolic pathways in the mitochondria including
oxidative phosphorylation, the tricarboxylic acid cycle, and iron-sulfur cluster biogenesis
(32). A recent investigation indicated that flux to the tricarboxylic acid cycle and oxidative
phosphorylation is modulated by heme synthesis via ALAS1 and heme export by feline
leukemia virus subgroup C receptor-related (FLVCR) protein FLVCR1a, thus impacting
ATP distribution between the mitochondria and cytosol. (FLVCR is discussed in Sections
3.7 and 3.8.) Increased heme synthesis dampens the activity of the electron transport

chain, which ensures an adequate heme supply. Another functional study showed that ALA
dehydratase coordinates with an Fe,Sy cluster essential for enzymatic activity of ALA
dehydratase (68). The crosstalk between heme biosynthesis and other metabolic pathways
emphasizes the necessity for tight regulation of the former, since any errors in the heme
synthesis pathway can have other negative downstream consequences.

Intracellular Heme Trafficking

After synthesis in mitochondria, heme must cross the inner and outer mitochondrial
membranes for incorporation into various hemoproteins residing in cellular compartments
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such as the cytosol, nucleus, endoplasmic reticulum (ER), Golgi complex, peroxisomes, and
plasma membrane (Figure 3). The mechanism of intracellular heme trafficking is poorly
understood. Here we discuss this issue, first in the context of known heme-binding proteins.

Heme insertion into the cytosolic hemoproteins nitric oxide synthase and soluble guanylyl
cyclase require the glycolytic enzyme glyceraldehyde phosphate dehydrogenase (GAPDH)
(24). While the kinetics and key residues involved in heme binding to GAPDH have been
elucidated, its mechanism of interaction with target hemoproteins and transfer of heme
remains unknown. Glutathione-S-transferases, which conjugate glutathione to electrophilic
compounds, also interact with heme and porphyrins (97). p22HBP is a cytosolic heme-
binding protein that binds to PPIX while HBP23/PRX1 is a thiol peroxidase that upon
binding to heme loses its activity (134). Fatty acid binding protein is also known to

bind heme (131). The progesterone receptor membrane component (PGRMC) proteins,
PGRMC1, PGRMC2, neudesin, and neuferricin, all contain a heme-binding domain with
cyt-b5-like heme/steroid-binding domains. PGRMC1 and PGRMC2 form complexes with
FECH, the terminal heme biosynthetic enzyme (77). In vitro heme transfer experiments
provide evidence for heme donation from PGRMC1 to apo-cytochrome b5 and further
suggest that FECH activity is regulated by PGRMCL1 by controlling heme release (100). The
ER-based PGRMC?2 is predicted to function in heme mobilization to nuclear transcription
factors during thermogenesis (34). Cytochromes P450 are tethered to the ER membrane,
but their heme-containing globular domain faces the cytosol, from where they probably
acquire heme. For most of these cytosolic heme-binding proteins, the cellular functions of
their heme-dependent activities and their precise role in heme trafficking and homeostasis
are unclear, although broadly their primary function is to prevent the toxic effects of heme
by sequestering or transferring heme. Finally, the cytosol constitutes the largest labile heme
pool ranging from 20 to 340 nM, while the nucleus and mitochondria have less than 1 nM
(40, 147). A recent study illustrated that glutathione binds free heme in the cytosol in a

1:1 ratio and the heme is converted to hematin (89). In this manner, glutathione prevents
heme-induced oxidative damage and cytotoxicity.

Several transcription factors are known to bind heme. The nuclear heme-binding proteins
include transcription factors HAP1p, BACHL, and REV-ERB-a and the microRNA
processing protein DGCR8 (28). When bound to heme, REV-ERB-a. functions as a
transcriptional repressor impacting its stability and gas-sensing activity. REV-ERB-a
contains Fe3*-heme (115). Tight binding of the gases carbon monoxide or nitric oxide is
coupled to heme reduction to form Fe2*-heme, thus providing evidence for ligand-driven
redox coupling that can modulate the heme- and gas-regulated nuclear receptor to control a
multitude of biological processes.

Heme is also required in the secretory pathway. Hemoproteins synthesized, processed,

and folded in the ER and Golgi complex need to be targeted to the plasma membrane,
lysosomes, or peroxisomes. ER-based hemoproteins include prostaglandin synthases COX1
and COX2, myeloperoxidase in lysosome-like azurophil granules, catalase in peroxisomes,
eosinophil peroxidase in eosinophil granules, and thyroperoxidase and ferric reductase

on the plasma membrane. Secreted hemoproteins include lactoperoxidase, peroxidasin,
fungal ligninase and chloroperoxidase, and Caenorhabditis elegans HRG-3 (14, 55). The
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mechanism underlying heme trafficking through the secretory pathway and other organelles
is unresolved. Inter-organelle membrane contact sites (MCSs) are physical contacts formed
between two membrane-bound organelles held together by tethering forces, characterized
by a well-defined lipidome and proteome while serving a specific biological function

such as molecular transport or signaling (118). The majority of MCSs mediate exchange
between the ER and other structures including mitochondria, plasma membrane, Golgi
complex, endosomes, peroxisomes, and lipid droplets. Mitochondria can also form MCSs
with the ER, lysosomes, lipid droplets, and peroxisomes. Since heme synthesis occurs

in the mitochondria, the membranes of which are tethered to the ER, we have proposed

that heme is transferred via the ER-mitochondrial network within the cell (119). Studies

of ER-mitochondrial contact sites [also known as ER-mitochondria encounter structures
(ERMESS)] in Saccharomyces cerevisiae using genetically encoded fluorescent heme
sensors revealed that heme is trafficked to the nucleus via the ER-MCS and also identified
GTPases that regulate nuclear heme trafficking (73). Heme mobilization from mitochondria
to various organelles occurs in parallel, not sequentially. Another recent study described

the role of the mitochondrial contact site and cristae organization system (MICQOS) in yeast
(27). Yeast ferrochelatase forms an oligomeric complex with a MICOS component, Mic60.
Ferrochelatase activity is impaired in the absence of Mic60 and causes toxic accumulation
of tetrapyrrole precursors, leading to oxidative stress. This stress is mitigated in Mic60-
deficient cells by synthetic reconstruction of intermembrane connectivity. These studies
establish the potential role of yeast ERMESs in heme synthesis and mobilization to different
cellular compartments. In mammals, the ER-mitochondrial membrane sites are less defined
and are called mitochondria-associated membranes (MAMSs).

Originally identified in C. elegans, the intestinal heme exporter MRP-5 modulates heme
levels in the secretory pathway (96). Worms harboring deletions in mrp-5show a heme-
dependent lethality since extraintestinal tissues are heme deprived. In contrast, mice lacking
Mrp5 do not show any overt heme-related phenotype, although mice lacking both Mrp5 and
a related homolog Mrp9 show male reproductive defects, mitochondrial dysfunction, and
aberrant levels of heme precursor succinyl-CoA (12). Notably, both Mrp5 and Mrp9 localize
to MAM s in testis. The potential role of MRP5 and MRP9 in heme transport in MAMSs has
yet to be elucidated.

Mitochondria-derived vesicles (MDVSs) are another potential mechanism of heme

trafficking from mitochondria to other organelles (13, 55). MDVs are single- or double-
membrane-bound vesicles 70-100 nm in diameter derived from mitochondria that contain
mitochondria-anchored protein ligase. MDVs traffic in a cargo-specific manner and are
targeted to lysosomes and peroxisomes (86, 126). They have been implicated in peroxisomal
biogenesis (52). Packaging of heme within MDVs would enable intracellular heme
trafficking while protecting the cell from toxicity of free heme.

3.4. Heme in Red Blood Cell Biology

Erythropoiesis generates 2.5 billion erythrocytes per second in humans (81). Hematopoietic
stem cells in bone marrow or fetal liver form burst-forming unit erythroid progenitors,
colony-forming unit erythroid progenitors, and proerythroblasts, then basophilic,
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polychromatic, and orthochromatic erythroblasts. The latter cell type then undergoes
enucleation and loss of other organelles to form reticulocytes, which enter the circulation to
become mature RBCs.

The proerythroblast-erythroblast transition occurs in a specialized extravascular niche called
the erythroblastic island, which consists of a central nurse macrophage surrounded by

a ring of RBC precursors. This phase is characterized by increased iron requirements

for heme and hemoglobin synthesis for the developing RBCs. However, the molecular
mechanisms by which iron and heme regulate erythropoiesis is unclear. The erythroid
lineage is characterized by abundant expression of a heme-sensitive protein termed heme-
regulated inhibitor (HRI)/heme-regulated elF2a kinase (15). HRI balances globin mRNA
translation with heme availability for hemoglobin production. Heme deficiency activates
HRI, which phosphorylates elF2a, thereby inhibiting translation of globin mRNAs. This
hinders proteotoxicity by preventing precipitation of globins.

Enucleation and mitochondria loss are executed by the same transcription factor FOXO (65).
During murine erythroblast maturation, mitochondria aggregate near the nucleus, which is
crucial for enucleation to occur. Pyruvate is the primary mitochondrial metabolite driving
this enucleation process. RBCs retain mitochondria even after enucleation so that heme
synthesis and other mitochondrial metabolic pathways continue until terminal stages of
erythroblast maturation. Recent studies have also implicated the selenoprotein glutathione
peroxidase 4 (GPX4) in enucleation and red cell maturation. Independent of its role in
ferroptosis, GPX4 mediates lipid raft organization during enucleation (90). Mice with
hematopoetic Gpx4 deficiency exhibit perturbed reticulocyte maturation (2).

Given the pivotal role of heme in hemoglobin production, RBCs possess unique strategies

to control heme synthesis. ALAS2 is regulated at translational and posttranslational levels

to modulate heme synthesis. In the absence of iron, apo-IRP1 inhibits ALAS2 translation

by binding to an IRE in the 5" UTR of ALAS2 mRNA. However, when iron levels are
adequate, holo-IRP1, bound to an iron-sulfur cluster, functions as a cytoplasmic aconitase
that catalyzes the interconversion of citrate to isocitrate (46). Posttranslationally, ALAS2
turnover is regulated by the mitochondrial protease CLPXP, which is composed of an
unfoldase CLPX and a protease CLPP. In erythroid cells, CLPX controls ALAS2 turnover;
CLPX also regulates levels of terminal heme synthesis enzymes protoporphyrinogen oxidase
and FECH as well as mitochondrial iron metabolism (110).

Erythroid cells also possess a PPIX importer in the inner mitochondrial membrane, called
TMEM14C, which mediates PPIX entry into the mitochondrial matrix for terminal heme
synthesis (144). TMEM14C plays a crucial role in primitive and definitive erythropoiesis.
Functional genomic screens identified the vacuolar-type H* ATPase CCDC115 as a
regulator of heme and iron trafficking in erythroid cells (124). K562 cells deficient in
CCDC115 show impaired transferrin-bound-iron uptake and heme trafficking, although the
mechanisms for how CCDC115 impacts erythroid differentiation are unclear.
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3.5. Systemic Heme Recycling, Transport, Sequestration, Degradation, and Elimination

The majority of the iron requirement for erythropoiesis is fulfilled by iron recycling of
senescent RBCs by splenic red pulp macrophages and liver Kupffer cells (Figure 1).

This process is termed erythrophagocytosis, in which senescent RBCs are engulfed by
macrophages and billions of molecules of heme and hemoglobin are degraded (102). During
erythrophagocytosis, the heme importer HRG1 on phagolysosomal membranes mediates
heme import into the cytosol (137). Heme is then catabolized by heme oxygenase (HO)
tethered to the ER membrane with the active site facing the cytosol. [Heme oxygenases

1 (HO-1) and 2 (HO-2), respectively encoded by HMOXI and HMOX?Z, are discussed

in more detail below.] The iron liberated from degraded heme is either incorporated into
ferritin or exported out of the cell via ferroportin for de novo erythropoiesis. HRG1, heme
oxygenase, and ferroportin are all transcriptionally upregulated during erythrophagocytosis
(51). The mechanism for heme import via HRG1 for degradation by heme oxygenase is still
unknown. Hmox1-deficient mice are embryonic lethal whereas Hrgl-deficient mice survive
but accumulate large amounts of heme (96). Mice deficient in Hmox1 and Hrgl are not
viable, but heterozygosity for an Hrgl null allele in Hmox1-deficient mice results in 40%
lethality. This indicates that Hmox1 and Hrgl interact genetically, but further investigation
needs to be done to examine if they interact physically.

The mechanosensitive cation channel PIEZO1 was recently implicated in macrophage iron
biology (70). Mice expressing a gain-of-function Pjezo1 mutation associated with the blood
disorder hereditary xerocytosis develop late-onset iron overload. Mice carrying this mutation
only in macrophages developed a similar phenotype. Mutant mice exhibited increased

RBC turnover, enhanced erythropoiesis, increased erythroferrone expression, and decreased
hepcidin levels. Intriguingly, a mild gain-of-function PIEZO1 allele known as E756del is
present in one-third of individuals of African descent and is associated with increased
plasma iron (70). An additional study demonstrated that expression of gain-of-function
PIEZO1 mutants in hepatocyte cell lines led to increased calcium influx and ERK pathway
signal transduction activity leading to inhibition of BMP-SMAD signaling and hepcidin
expression (3).

Vascular hemolysis releases free heme and hemoglobin into the circulation that are cleared
by acute phase sequestration proteins hemopexin and haptoglobin, respectively (123)
(Figure 3). The hemopexin-heme complex is endocytosed via membrane-bound CD91/LRP1
receptors expressed in hepatocytes, macrophages, and neurons. The haptoglobin-hemoglobin
complex is scavenged by CD163 receptor-mediated endocytosis in macrophages. While
hemopexin is recycled after heme delivery, the haptoglobin-hemoglobin complex is
degraded (17). Heme can also bind to albumin, the most abundant serum protein, and the
heme-albumin complex can be taken up via transferrin receptor-mediated endocytosis (43).
All these heme-scavenging proteins alleviate heme-induced toxicity and lipid oxidation.
Heme import into cells also activates heme oxygenase 1, which further combats cytotoxicity
and oxidative damage. Hemopexin has been widely studied in the pathophysiology of
hemolytic disorders such as sickle cell anemia (5). Both hemopexin and haptoglobin have
neuroprotective functions (131) that help counter ischemia and intracerebral hemorrhage
(148).
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Low-density lipoproteins (LDL) and high-density lipoproteins (HDL), lipocalins, alpha-1-
microglobulin, and alpha-1-antitryptin are additional heme-binding proteins (13, 55).
Immediately after hemolysis, when heme appears in the plasma, more than 80% of heme
binds to LDL and HDL, while the remaining 20% is postulated to bind albumin and
hemopexin (17). Albumin and hemopexin gradually clear the heme from LDL and HDL.
Albumin and hemopexin bind heme with K4 values of 1078 and 10~° M, respectively. LDL
and HDL bind heme with Ky values of 10711 and 10710 M (4). The role of transient heme
binding by LDL and HDL is not known, but initial and rapid binding of heme to LDL and
HDL may represent a buffering period so that hemopexin and albumin can steadily bind
heme (1, 26).

Once imported into liver, heme undergoes degradation by heme oxygenases HO-1 and
HO-2 (Figure 3). HO-1 is an inducible isozyme induced by cellular stress, while HO-2

is constitutively expressed (19). Heme oxygenase cleaves Fe3*-PP1X to form biliverdin,
water, carbon monoxide, and iron. Iron is stored within ferritin. Biliverdin is converted to
bilirubin by biliverdin reductase using NADPH as a cofactor. Carbon monoxide modulates
signaling pathways and binds iron within heme pockets of hemoproteins. Heme oxygenase
is expressed primarily in the macrophages of the reticuloendothelial system (RES) (spleen,
liver, and bone marrow), but is induced under conditions of stress in many if not all cells
(75). The HMOX1 promoter has enhancer sequences that can bind many transcription
factors responsible for tissue redox homeostasis including activator protein-1, nuclear factor
kappa B, HIFs, and NRF2 (76). HMOX1 transcription is negatively regulated by cellular
heme levels by BACH1, a heme-binding protein. Although the structure, gene regulation,
and importance of HOs have been extensively studied, both in normal and diseased
conditions, there are gaps in knowledge about how heme oxygenases get their heme and
which proteins donate heme to heme oxygenases for degradation.

Heme oxygenases have been implicated to play a protective role in a broad range of
human diseases including cardiovascular, neurodegenerative, neoplastic, metabolic, and
inflammatory diseases (140). Diseases involving severe hemolysis such as sickle cell
disease release large amounts of heme and have low levels of circulating hemopexin (5).
Alpha-1-microglobulin acts as a secondary scavenger by directing heme to the kidney, which
is the main site for hemoglobin and myoglobin clearance and degradation during such
conditions (7). Hemoglobin binds to renal brush border epithelial membranes, specifically
to the endocytic receptors megalin and cubulin, residing in the renal proximal tubule.
Studies using knockout mice indicate that megalin mediates reabsorption of hemoglobin
under physiological conditions, whereas cubulin is involved during hemoglobinuria (36).
Hemoglobin is nephrotoxic due to its direct toxicity to proximal tubular epithelium,
hemoglobin precipitation impairing distal tubule function, and vasoconstriction caused by
nitric oxide scavenging. Furthermore, proximal tubules are rich in mitochondria that upon
injury release their cytochrome heme content, thereby inducing more damage. Hemolytic
stress and rhabdomyolysis cause acute kidney injury, which accounts for up to 15%

of mortality associated with sickle cell disease. Together, these findings emphasize the
importance of kidney in heme metabolism, but the detailed mechanism and its exact role in
mammalian heme homeostasis are still unclear.
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3.6. Heme Tolerance and Toxicity

3.7.

In the absence of a heme degradation system, hemoparasites such as Plasmodium sequester
heme in the form of a chemically stable crystal called hemozoin. Hemozoin is formed with
the help of histidine-rich proteins in an acidic environment (20). Lipids can also contribute
to hemozoin formation by forming hydrogen bonds between propionate side chains of heme.
A parasite-derived lipocalin-like protein, PV5, has been implicated in hemozoin formation
(74). While the structure of hemozoin is known, the molecular mechanisms for hemozoin
formation in vivo are still elusive. Mice lacking the heme importer Hrg1l accumulate
hemozoin in enlarged lysosomes within RES macrophages, thus conferring heme tolerance
(96). It is not clear if hemozoin heme is a bioavailable form of heme iron that can be used
during iron deficiency. If so, pharmacologic targeting of hemozoin formation may represent
a novel treatment for hemolytic anemias. Furthermore, Hrgl-deficient mice have enlarged
lysosomes reminiscent of lysosomal storage disorders, raising the possibility that lysosomal
storage disorders may instigate hemozoin formation.

Heme Import

The concept of heme importers and exporters is controversial for metazoans (101). All cells
can synthesize their own heme and have a heme degradation system to maintain intracellular
heme homeostasis. Then why do cells need to import or export heme if they can achieve this
autonomously? Even though RBCs are the major iron consumer for hemoglobin synthesis,
they still export iron (148). It is reasonable to assume that cells may import or export heme,
in spite of their ability to synthesize heme, for regulation of heme homeostasis. Since heme
synthesis and heme transport are tightly coupled, it has been challenging to track heme
trafficking and transport, without confounding factors from heme synthesis.

Hydrophobic and cytotoxic, free heme cannot freely diffuse within cells and across cell
membranes (17). C. elegansis an excellent animal model to identify heme importers as

it is a heme auxotroph and completely reliant on environmental heme for survival (122).
Genome-wide screens in C. elegans have identified more than 200 HRGs (120). Intestinal
heme uptake in worms is mediated by HRG-1 and its paralogs HRG-4, -5, and —6 (Figure
3). HRG-4 is present in the apical membrane and is involved in direct heme uptake from
the intestinal lumen. HRG-1 resides in endolysosomal compartments where it imports heme
into the cytosol (146). Interestingly, mammals only have HRG1 as a heme importer, thus
indicating a redundancy in the heme uptake system in C. elegans as they cannot synthesize
their own heme. HRG1 interacts with the ¢ subunit of vacuolar proton ATPase pump and
binds to heme in a pH-dependent manner (88, 107). Genetic, biochemical, and functional
assays in yeast, worms, Xenopus oocytes, zebrafish, and murine erythroleukemia cells have
established the essential role of HRG1 in iron and heme homeostasis at the organismal
level. HRG1 has been identified as a target of the transcriptional repressor BACHL1, a

basic leucine zipper transcription factor that can bind heme and derepress transcription (91,
133). Mechanistic studies have also characterized the key amino acid residues positioned

in the exoplasmic, cytoplasmic, and transmembrane regions of HRG1 that facilitate heme
translocation across the membrane (146). HRGL1 is expressed in RES macrophages and

is upregulated in the presence of heme and during erythrophagocytosis. A P36L variant

in HRG1 found in four human subjects shows inability to transport heme (137). HRG1
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aids in the process of iron recycling by importing heme into the cytosol for subsequent
degradation by heme oxygenase. The mechanism by which heme binds to HRGL1 is not
known. Hrg1-deficient mice showed the first evidence of mammalian heme tolerance, since
they accumulated hemozoin crystals resulting in enlarged lysosomes (96). All the RES
organs in these mice were dark in color due to hyperaccumulation of heme. Additionally,
HRG1 is highly expressed in non-RES tissues including brain, intestine, lung, kidney, and
smooth muscle, but its function in these organs is yet to be identified (13).

The FLVCR protein FLVCR2 (MFSD7C) was postulated as a cell surface heme importer
(29) (Figure 3). This protein has been associated with Fowler syndrome in humans,
characterized by proliferative vasculopathy in the brain (47, 114). FLVCR2 binds to hemin-
conjugated agarose, and FLVCRZ silencing using small-interfering RNA inhibits heme
import. Furthermore, cells expressing FLVCR2 show increased heme uptake and are more
sensitive to heme toxicity. However, recent studies localized FLVCR2 to mitochondria,
implying a role for this protein in thermogenesis in response to heme (64). Importantly,
FLVCR2 expression in yeast does not restore growth of heme-deficient yeast strains (146).
Thus, further investigation needs to be done to ascertain FL\VCR2 localization and heme
transport function.

Heme Export

Like heme import, heme export is a controversial topic. But with the discovery of heme
exporters there is growing awareness that a network of heme transporters could enable
tissues and organs to share heme to maintain systemic heme homeostasis.

FLVCRL1 was identified as a plasma membrane heme exporter (Figure 3). Cats develop

pure red cell aplasia due to arrested erythropoiesis when infected with feline leukemia virus
subgroup C (50). Heme transport assays using a fluorescent heme analog and 2°Fe-hemin
validated the heme export function of FLVCR1 in a rat renal epithelial cell line and K562
cells (106). Flvcrl-deficient mice have defective erythropoiesis and die at midgestation.
FLVCR1 mediates heme export from macrophages that engulf senescent RBCs and hence
aid in heme-iron recycling. Mutant mice also show craniofacial and limb deformities, which
were later attributed to an essential role for Flvcr in sensory neuron maintenance and T

cell development (98). An isoform of FLVCR1, termed FLVVCR1b, localizes to mitochondria
and effluxes mitochondrial heme. Loss of FLVCR1b results in heme excess in mitochondria
and termination of erythroid differentiation, while overexpression increases cytosolic heme
levels. FLVCR1b is postulated to regulate erythropoiesis by mediating mitochondrial heme
export, while FL\VCR1a prevents hemorrhages and edema (16). FLVCR also interacts
directly with hemopexin, which facilitates heme export (143). However, there is a significant
gap in our knowledge about the mechanism of heme export by FLVCR1a and FLVCR1b.
For example, it is unclear whether FLVCR1b is located on the inner or outer mitochondrial
membrane (129).

MRP-5/ABCC5 was identified as a heme exporter in C. elegans (Figure 3). MRP-5 localizes
to the basolateral membranes of worm intestine and its deficiency leads to embryonic
lethality. MRP5 belongs to a family of multidrug resistant proteins within the ABC
transporter superfamily that have been extensively implicated in their role in cancer drug
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resistance. Knockdown of mrp5in zebrafish causes severe anemia. MRP5 is present on the
plasma membrane, Golgi complex, and recycling endosomes, thus supporting its role in
heme export and for heme delivery to hemoproteins in the secretory pathway (56). MRP9, a
close homolog of MRP5 in mammals, has also been implicated to play a compensatory role
in heme homeostasis (12).

Breast cancer resistance protein (ABCG2) has been proposed as a cell surface heme
exporter (45) (Figure 3). Mice lacking Abcg2 show extreme photosensitivity attributed to
accumulation of pheophorbide, which is structurally similar to PPIX (119). While ABCG2
has broad substrate specificity including various drugs and xenobiotics, its true substrate is
unknown. Structural studies indicate that it can efflux heme, PP1X, and other porphyrins
(13). Cryoelectron microscopy of human ABCG2 has delineated the structural dynamics and
conformational changes involved in the transport cycle (72). In-depth proteomic analysis has
revealed eight ABC transporters on the RBC membrane, of which several are implicated in
porphyrin efflux (10). ABCB6, -7, —8, and —10 are all located in mitochondria (53). ABCB6
has been associated with the outer mitochondrial membrane and was initially shown to
facilitate transport of coproporphyrinogen 111 (57). This has been challenged since ABCB6
localizes to the plasma membrane of mature erythrocytes, endolysosomal compartments,
and exosomes secreted from reticulocytes. Cryoelectron microscopy of human ABCB6 has
recently delineated the structural mechanism of ABCB6 for porphyrin transport, although
the specific substrate for this transporter is debatable since it has been implicated in
cadmium detoxification (108, 125). Human ABCB7, a homology of yeast Atm1p, can
restore the phenotypic defects of an Atm1-deficient yeast mutant, including restoration of
normal cytochrome and iron levels (66). Defects in ABCB7 are associated with hereditary
X-linked sideroblastic anemia and cerebral ataxia due to mitochondrial iron accumulation.
ABCB?7 has been suggested to positively regulate heme biosynthesis via its interaction

with FECH. ABCB10 has also been demonstrated to interact with FECH as well as the
mitochondrial iron importer mitoferrin (71, 99, 129).

4. CONCLUDING REMARKS

Both iron and heme are essential for health but potentially toxic when present in excess.

As such, body iron and heme levels are tightly regulated to maintain these factors at
sufficient but nontoxic levels. Our understanding of the molecular basis of mammalian iron
homeostasis exceeds that of heme homeostasis. However, recent years have seen advances
in our understanding of molecular determinants of heme transport. Nevertheless, significant
challenges and questions still remain. For example, why do RBCs require such an efficient
porphyrin clearance system? Do they function in different stages of red cell differentiation
to ensure a precise control of porphyrin/heme efflux? What is the mechanism of dietary
heme absorption? How is heme delivered to heme oxygenases for degradation? How is
hemozoin formed in vivo? Given the progress made in our understanding of both iron and
heme metabolism, we are confident that these and other questions will be answered in due
time. In turn, this will expand our understanding of iron and heme homeostasis and their role
in human health and disease.
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DCYTB:
duodenal cytochrome reductase 1
DMT1:

divalent metal transporter 1
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BMP:
bone morphogenetic protein
TFR1:

transferrin receptor 1
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IRP:
iron regulatory protein
NTBI:

nontransferrin-bound iron
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heme-responsive gene

HRG:
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ALA:
5-aminolevulinate
ALAS:

ALA synthase
PPIX:
Protoporphyrin IX
FECH:
ferrochelatase
ABC:
ATP-binding cassette
PGRMC:

progesterone receptor membrane component
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FLVCR:

feline leukemia virus subgroup C receptor-related
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membrane contact site

MCS:
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ERMES:

ER-mitochondria encounter structure
MAM:

Mitochondria-associated membrane
MDV:

mitochondria-derived vesicle
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heme oxygenase

HO:
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reticuloendothelial system

RES:
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Figurel.
Model of mammalian iron homeostasis. Both nonheme and heme iron are absorbed in the

small intestine. Transporters involved with heme iron absorption have yet to be identified.
Nonheme iron is acidified in the stomach, reduced by gastric acid or DCYTB in the small
intestine, then imported into enterocytes by DMT1. Iron is then utilized by or stored in
enterocytes or exported into circulation by ferroportin. After oxidation by hephaestin, iron
binds to transferrin for distribution throughout the body. Most transferrin-bound iron is
imported by TFR1-mediated endocytosis into erythroid precursors, a process that requires
acidification to liberate iron from transferrin then export into the cytosol followed by
reduction by STEAP3. Iron is then utilized for heme synthesis. Senescent or damaged
RBCs are degraded by RES macrophages, in which heme oxygenase degrades heme,
thereby liberating iron for export by ferroportin into circulation. Under conditions of iron
excess, transferrin (and other factors) stimulates BMP expression in sinusoidal endothelial
cells. BMPs then stimulate hepcidin expression by hepatocytes in a pathway dependent
upon HFE, HJV, TFR2, and other membrane factors, as well as SMAD1/5/8 transcription
factors. Hepcidin then posttranslationally inhibits ferroportin activity and expression. Under
conditions of anemia, erythroid progenitors produce the hormone erythroferrone, which
inhibits BMP-dependent hepcidin expression, thereby ensuring continued dietary iron
absorption for erythropoiesis. Abbreviations: BMP, bone morphogenetic protein; DCYTB,
duodenal cytochrome b reductase 1; DMT1, divalent metal transporter 1; HFE, homeostatic
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iron regulator; HJV, hemojuvelin; RBC, red blood cell; RES, reticuloendothelial system;
TFR1, transferrin receptor 1; TFR2, transferrin receptor 2. Figure adapted from images
created with BioRender.com.
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Figure2.
Model of main pathways of cellular iron import and export and intracellular distribution.

Iron can be imported into cells via one of several pathways including import of ferrous
iron by DMT1,; import of Fe,-TF by TFR1-mediated endocytosis, followed by reduction
by STEAP3 and export into the cytoplasm; and import of NTBI by SLC39A14. Iron is
exported by ferroportin, the only known mammalian iron export protein, then oxidized

by hephaestin or ceruloplasmin and bound to transferrin for distribution to other cellular
targets. Within the cell, expression of iron transporters, the iron storage protein ferritin,
and other factors is regulated by HIFs and IRPs to ensure sufficient but nontoxic levels

of iron for cellular metabolism and adequate storage in settings of iron excess. The iron
metallochaperone PCBP1 delivers iron to multiple protein targets within the cell including
ferritin. Under conditions of iron limitation, ferritin is mobilized to the lysosome by
NCOAA4 for degradation and liberation of stored iron. For simplicity, not all pathways

of iron import are shown, nor are all known intracellular destinations or targets for iron
indicated. Abbreviations: DMT1, divalent metal transporter 1; Feo-TF, diferric transferrin;
HIF, hypoxia-inducible factor; IRP, iron regulatory protein; NCOAA4, nuclear receptor
coactivator 4; NTBI, nontransferrin-bound iron; PCBP1, poly(rC)-binding protein; TFR1,
transferrin receptor 1. Figure adapted from images created with BioRender.com.
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Figure 3.
Model of known metazoan heme transport mediators and pathways for intracellular heme

trafficking. A cell can autonomously meet its heme requirements by de novo synthesis

in mitochondria. ((D) It can also uptake heme through the plasma membrane heme
importer HRG1, FLVCR?2, or via endocytosis of senescent RBCs. Additionally, (®)

Hp and Hx are scavenged by membrane-bound CD163 and LRP1 receptor-mediated
endocytosis, respectively. Intracellular heme can be imported into the cytosol via HRG1

on endolysosomal membranes () and FLVCR1b on mitochondrial membranes (®). (®)
Export of heme can be mediated by plasma membrane exporters FLVCR1a, ABCG2, and
MRP5. To prevent free heme cytotoxicity, heme is degraded by HMOX1 (®. Cellular LHP
may facilitate intracellular heme trafficking. () In the nucleus, TFs bind heme to regulate
transcription of downstream target genes. Abbreviations: ABCG2, ATP-binding cassette
subfamily G member 2; FLVCR, feline leukemia virus subgroup C receptor; HMOX1,
heme oxygenase 1; Hp, haptoglobin; HRG, heme responsive gene; Hx, hemopexin; LHP,
labile heme pool; LRP1, LDL receptor related protein 1; MRP, multidrug resistance protein;
RBC, red blood cell; TF, transcription factor. Figure adapted from images created using
smart.servier.com and motifolio.com.
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