Institute of Experimental Morphology, Pathology and Anthropology with Museum
Bulgarian Anatomical Society

Acta Morphologica et Anthropologica, 31 (3-4)
Sofia e 2024

Review Articles

Renal Iron Metabolism and Its Role in the Kidney

Yavor Tabakov* Yordanka Gluhcheva

Institute of Experimental Morphology, Pathology and Anthropology with Museum, Bulgarian
Academy of Sciences, Sofia, Bulgaria

*Corresponding author e-mail: yavor.tabakov@iempam.bas.bg

For a long time iron transport and utilization in the kidney have been underestimated. The aim
of the present review is to discuss the available research data about kidney iron and its role
in some renal pathologies resulting from disturbed iron metabolism. The complex dynamics
between systemic and local cellular iron regulation reveal kidney’s key role in iron homeostasis.
This has been shown by the presence of several major iron transports in the nephrons and by
the fact that the kidney synthesises erythropoietin (EPO), master regulator of erythropoiesis.
Furthermore, renal pathologies have a wide-reaching negative effect on iron homeostasis and
like any of the canonical organs involved in iron metabolism, the kidney is very susceptible to
iron disorders. Iron metabolism has become a focus for novel therapeutic strategies for several
renal pathological conditions.
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Introduction

Iron (Fe) is the fourth most abundant element on Earth; therefore, it is not surprising
that almost all organisms have evolved to include this unique element and its properties
in various cellular process. Iron primarily exists in either ferrous (Fe?*) or ferric (Fe*")
oxidation state in biological systems. In a healthy, non-malnourished human there are
approximately 3-5 g of iron; 60-75% of which is bound to haem, forming haemoglobin
and around 10% is incorporated in myoglobin. The remaining amount forms complexes
with various other enzymes and proteins. Most of the inorganic iron (non-haem) is
stored as ferritin (Ft) or haemosiderin in macrophages and hepatocytes and only a very
small amount is bound to the circulating serum protein transferrin (Tf). Approximately
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1-2 mg of iron is lost daily through sweat, blood loss, sloughing of intestinal epithelial
cells, and desquamation. To compensate, the body absorbs an equal amount in the
same time period. Additionally, iron must be recycled and tightly regulated within the
system to support haemoglobin synthesis and other metabolic processes. In summary,
iron is an essential trace element involved in oxidation-reduction reactions, oxygen
transport and storage, and energy metabolism. In excess it can have a pathological
effect on cells, since it is involved in reactive oxygen species (ROS) production and
pathogenic microbes require it for survival [7].

The kidneys are paired bean-shaped organs, located retroperitoneally in the
posterior abdomen at the level of the 12th thoracic rib. The main function of the
kidneys is to maintain homeostasis by reabsorbing essential nutrients and elements
from the blood, whilst excreting metabolic waste and xenobiotics via urine. For
a long time, researchers overlooked the kidneys as a major contributor to systemic
iron homeostasis. This was due to the widely accepted fact that any “free” iron in
the blood is bound to transferrin and that the complex is too big to be filtered by the
glomerulus. Nevertheless, several articles published in the past few years have brought
up the presence of various metal transporters in the kidneys and have established their
involvement in systemic iron homeostasis [21, 24].

The aim of the present review is to discuss the research data regarding iron
homeostasis in the kidney and some renal pathologies resulting from disturbed iron
metabolism.

Iron Metabolism

Inorganic dietary iron is absorbed at the brush border of the duodenal enterocytes via
divalent metal transporter 1 (DMT1). Dietary iron is usually in the oxidized ferric
state (Fe*"), and it must be reduced before entry into the cell. This is done by the
membrane-associated ferrireductase — duodenal cytochrome b (Dcytb) [26]. Haem
iron is absorbed through a different manner that so far remains unconfirmed, but
animal models have identified haem carrier protein 1 (HCP1) and/or haem transporter
HRGI1 (SLC48A1) as potential transporters. Haem iron is released intracellularly
by the inducible haemoxygenase 1 (HOX1/HO-1) [11, 22]. Intracellular iron is used
for multiple processes and most of it is transferred to the mitochondria for haem and
Fe-S clusters production by mitoferrin [19]. Haem is indispensable for haemoglobin,
cytochromes, and enzyme activity. Fe-S clusters are essential to proteins involved in
genome maintenance, energy conversion, iron regulation and protein translation [3,
6]. Excess intracellular iron is stored in the storage protein ferritin; this is done to
maintain the labile iron pool (LIP) in specific limits and to avoid toxicity. Ferritin
oxidizes and sequesters excess ferrous iron into a ferrihydrite mineral core. Iron
sequestered in the Ft of enterocytes is lost after a few days through the sloughing of
intestinal epithelial cells [1, 26]. Dietary cytosolic iron is exported into the plasma by
ferroportin (Fpn). Exported Fe* iron is oxidized to Fe** by the ferroxidase hephaestin
(Heph) and ceruloplasmin (Cp) (Fig. 1). In the plasma, Fe** circulates bound to Tf, a
glycoprotein that has two binding sites for ferric iron and maintains iron in a soluble
form. Transferrin-bound iron (TBI) can be then recognised by TFR1 and delivered to
cells via an endosomal cycle (Fig. 2) [26].
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Fig. 1. Iron metabolism and systemic control by hepcidin. Enterocytes absorb inorganic or
haem iron from the diet and macrophages phagocytose iron-loaded senescent red blood cells.
Both types of cells release Fe*" into the plasma via ferroportin (Fpn), which is incorporated into
apo-Tf following oxidation to Fe*" via hephaestin (Heph) or ceruloplasmin (Cp). Hepatocytes
generate hepcidin in response to high iron or inflammatory signals, which inhibits the efflux of
iron via Fpn and promotes its retention within enterocytes and macrophages [26].

Regulation of Iron Metabolism

Iron metabolism is tightly controlled on two levels, cellular and systemic. The
cellular control of iron is done by the iron responsive element (IRE) — iron regulatory
protein (IRP) system. The system exerts a post-transcriptional control on proteins
associated with storage and transport. In an iron-deficient state, IRP1/2 stabilize TFR1
mRNA, which leads to increase in iron uptake. Additionally, iron storage and export are
blocked due to ferritin and ferroportin translation being suppressed. When iron levels
are repleted, Fe-S clusters convert IRP1 to cytosolic aconitase and IRP2 undergoes
proteasomal degradation (Fig. 2) [4].

The systemic control of iron is regulated by the hormone hepcidin, which is
produced by the liver. After secretion into the blood stream, hepcidin binds to its
target — Fpn, and leads to its internalization and subsequent lysosomal degradation.
Fpn degradation prevents the uptake of iron by the gut and prevents macrophages

35



Fe __Fe
plasma

holo-transferrin .L

Fe  Fe
e * e
e e
K N . clathrin-coated
TfR1 pits
H+
pmmu

ferritin

apo-transferrin
nucleus
q_-/

2

Fe* Fe*
. 24
L',
Fe” & ’?fzq‘,-(
‘:S:.S‘(V °n  mitoferrin
a"l?:q“’t'.r_;

mitochondrion

Fig. 2. Cellular iron uptake via the Tf cycle. Iron-loaded holo-Tf binds to TfR1 and is
endocytosed via clathrin-coated pits. A proton pump acidifies the endosome, releasing Fe’*,
which is then reduced to Fe*" by Steap3 and transported to the cytosol by DMTI1. Fe?* is directed
to mitochondria via mitoferrin for metabolic utilization and excess iron is stored in ferritin. A
cytosolic fraction of Fe?" constitutes the LIP. The apo-Tf~TfR1 complex is recycled to the cell
surface, where apo-Tf is released to capture plasma Fe** [26].

from releasing their iron stores. Circulating and tissue iron are positive regulators of
hepcidin production. Endothelial cells in the liver sense an iron increase and produce
bone morphogenic proteins 6 and 2 (BMP6/2), which induce hepcidin production
by the hepatocytes. BMP6 production is dependent on iron concentrations, and it is
believed that is the dominant ligand in high iron conditions. Whereas BMP2 is less
iron sensitive and has higher concentrations in normal conditions, leading to the
conclusion that it is the main regulator in normal physiology. Hepcidin levels can also
be upregulated by inflammatory cytokines, interleukin 6 (IL-6) and macrophages.
This crosstalk can potentiate iron sequestration during inflammation. Potent inhibitors
of hepcidin production, which leads to increase in plasma iron, are iron deficiency,
erythropoiesis, anaemia, and hypoxia (Fig. 1) [2, 4, 15].

Renal Function and Iron Metabolism

Nephrons are the functional units of the kidney, they are epithelial tubular
structures, with specific interconnected morphological regions. Each region possesses
specific functional properties that ensure the primary function of the kidneys. The
regions are glomerulus, proximal tubule, loop of Henle, distal tubule, connecting
tubule and finally collecting duct (Fig. 3).
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As mentioned previously, the kidney was often overlooked as a major contributor
to systemic iron homeostasis, due to TBI exceeding the molecular mass limit of the
glomerulus of ~80 kDa [21]. Some of the first indications that this belief was erroneous
began with research in Faconi’s syndrome, a pathology affecting the reabsorption
potential of the proximal tubule (PT) [9]. Patients with this syndrome have an increased
urinary excretion of proteins up to 160 kDa and subsequently have higher levels of
urinary Tf than healthy individuals [16]. The general presence of Tf in the urine and the
fact that in certain pathologies its levels increased led researchers to the conclusion that
TBI can pass through the glomerulus. This was further substantiated by the presence
of several iron transporters in the PT, such as cubilin, DMT1, TfR1 [29]. Cubilin was
originally considered a receptor only for apoliprotein Al and albumin in the kidney,
but Kozyraki et al. 2001, discovered that it is a novel ligand for TBI located at the
apical pole of polarized epithelial cells [10]. Due to lacking a transmembrane region,
cubilin is dependent on megalin to carry out its functions. Megalin itself, colocalizes
and binds to cubilin and the two receptors work together for ligand uptake. Megalin-
dependent cubilin-mediated endocytosis is considered one of the main ways by which
filtered TBI is reabsorbed and its proposed role is to rescue iron and supply the
iron-dependent enzymes in the renal proximal tubules [10]. DMT]I is another iron
transporter located in the PT, which further hints towards the importance of the kidneys
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in iron homeostasis. In fact in one of the first studies on DMT1, some of the highest
levels of DMT1 mRNA were identified in renal tissue [5]. Ultimately, findings like
this inspired Smith and Thévenod, 2009 to propose a hypothetical model of renal iron
transport (Fig. 4) [21].
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Fig. 4. Hypothetical model of renal iron transport. TBI is filtered and reabsorbed by proximal
tubule cells by receptor mediated endocytosis (RME) bound to either to TfR1 or cubilin. TBI
is transited to late endosomes/lysosomes where iron dissociates from Tf. Fe?" (potential Dcytb
activity) is translocated to the cell cytosol. Smith and Thévenod are not sure of Fe?"’s ultimate
fate and so propose three possible outcomes: (1) Fe?' is utilized by PT mitochondria or iron
requiring processes; (2) Fe*" is stored in ferritin; (3) Fe?*is exported back into the circulation via
FPN1 aided by hephaestin. According to the authors, the three potential fates are not mutually
exclusive [21].

Iron, The Kidney and Disease

With the growing interest in the kidney’s role in systemic iron homeostasis, researchers
have additionally enquired about the effect of renal pathologies on iron homeostasis
and vice versa, the pathological effect of iron on the kidney. Kidney diseases do not
escape the toxic effects of iron, and ferroptosis is identified as a pathophysiological
mechanism that could be a therapeutic target to avoid damage or progression of kidney
disease. Various animal models have been developed to study iron overload [18].
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Renal Pathologies and Fe metabolism

The body can experience direct loss of iron with urine as a result of proteinuria
caused by glomerulopathy. Tf and iron excretion with urine is increased with
patients with focal segmental glomerulosclerosis (FSGS), focal glomerulonephritis,
mesangioproliferative glomerulonephritis and diabetic nephropathy. These diseases
are associated with systemic absolute iron deficiency and iron deficiency anaemia
(IDA) [25]. Renal disorders may also affect systemic iron homeostasis indirectly by
negatively affecting the production of erythropoietin. EPO is a glycoprotein hormone
synthesised by the peritubular cells of the kidney and it stimulates red blood cell
production. Renal cell loss and inflammation in chronic kidney disease (CKD) cause
low levels of circulating EPO that correlates with the degree of anaemia and decreased
erythropoietic activity [13, 27]. In patients with proteinuria, loss of EPO with urine
is increased and may lead to lower systemic levels of the hormone, which has been
observed in animal and human studies [8, 28].

Kidney pathologies and specifically CKD can affect iron metabolism in
another way, by elevating hepcidin levels. Patients with CKD present with chronic
inflammation, receive intravenous (IV) iron which raises iron stores and have low
glomerular filtration rate (GFR). All of this leads to increase of Hep and decrease in its
excretion. The increase in serum Hep impairs absorption of dietary iron and promotes
iron sequestration by the reticuloendothelial system. Therefore, patients also present
with functional iron deficiency (FID), characterized with impaired release of iron from
stores and not meeting the needs of erythropoiesis, low serum Tf saturation (TSAT)
levels and normal or high Ft levels [25].

Systemic Fe disorders and the kidney

Disruption of iron homeostasis, iron overload, has been known to exert a negative
effect on organs that are heavy iron users and/or involved in iron recycling. Iron overload
is primarily caused by hereditary haemochromatosis (HH), a genetical condition, caused
by resistance or general deficiency of hepcidin. The causes are inherited genetical defects
that affect proteins involved in the production, function, or regulation of hepcidin. This
results in an unregulated uptake of iron by the duodenum which eventually leads to
systemic iron overload [17]. Systemic iron overload can also be caused as a secondary
pathological feature of thalassaemia disorders. They are characterized with reduced
production of a-globin or B-globin chains, structural units of haemoglobin. Based on
which chain production is disturbed, the disorders are classified as a-thalassaemia
or f-thalassaemia. Nevertheless, both syndromes have dysfunctional haemoglobin
production and impaired erythropoiesis. Patients with -thalassaemia are classified as
either intermediate or major, based on globin production levels, anaemia severity and
clinical presentation. Both have an ineffective and increased erythropoiesis which results
inareduced hepcidin production. Additionally, patients with B-thalassaemia major require
life-long, lifesaving blood transfusions, which could further exacerbate any systemic iron
overload [14, 23]. Iron overload leads to elevated levels of Ft and TBI, increased iron
saturation of Tf and increase in non-Tf bound iron (NTBI) and catalytic iron in the LIP.
The LIP is a pool of NTBI, that in normal conditions participates in redox cycling, it does
so by converting hydrogen peroxide to free-radical ions (Fenton reactions). Catalytic iron
can cause oxidative damage to cell membranes, proteins and DNA [12, 20].
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Conclusion

The kidney is potentially one of the biggest contributors to systemic iron homeostasis.
This has been shown by the presence of several major iron transports in the nephrons
and also by the fact that the kidney synthesises EPO, master regulator of erythropoiesis.
Furthermore, renal pathologies have a wide-reaching negative effect on iron homeostasis
and like any of the canonical organs involved in iron metabolism, the kidney is very
susceptible to iron disorders.
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