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Iron is an essential element for life. While it plays fundamental roles in processes such as
oxygen transport, DNA synthesis, and electron transport, it can also be toxicl. As such its
homeostasis is tightly controlled. Disorders of iron metabolism are well recognized as a
cause of disease in humans. Yet the role of iron in the context of atherosclerosis and
coronary artery disease (CAD) remains uncertain, despite iron having been known to be
present in atherosclerotic lesions for decades?. Sullivan proposed iron as a cardiovascular
risk factor, suggesting modest increases in levels of stored iron, promote cardiovascular
disease while relative iron deficiency might protect against it. The “iron hypothesis” was
initially presented as an explanation for sex-based differences in cardiovascular disease with
an increase in women after menopause®. The more basic idea was that free iron released
from tissues might accelerate lipid peroxidation and inflammation through production of
hydroxyl radicals via the Fenton reaction.

As our knowledge of the mechanisms involved in iron metabolism has improved, it appears
that such an understanding might be overly simplistic. Movement of iron throughout the
body is critical to maintaining cellular iron homeostasis. For the purposes of this discussion
we will focus on the regulation of systemic and cellular iron. Macrophages are especially
important in maintaining systemic iron levels*. Ferroportin (FPN) is the only known iron
exporter and mediates exit of iron from macrophages into the circulation. This molecule is
an extremely important mechanism for immediate control of available and circulating serum
iron. The peptide hormone hepcidin is the key hormone regulating the expression of FPN.
Hepcidin binds to FPN, inducing its internalization and degradation thus inhibiting cellular
iron export from macrophages. The hepcidin-FPN axis is a major regulatory mechanism that
maintains iron homeostasis and when dysregulated can cause disease®. In hereditary
hemochromatosis, a disease of iron overload, either the expression or function of hepcidin is
disturbed. In these situations, FPN is elevated because of low circulating hepcidin levels
leading to increased gut iron absorption and pathologic deposition of iron in tissues.

One would expect states of iron overload such as this to lead to increased risk of
atherosclerosis if Sullivan was correct. However, an autopsy study found the extent of CAD
to be less in those with hemochromatosis than the general population while a clinical study
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of 9000 individuals found carriers of the hemochromatosis genotypes C282Y did not have
an increased risk of CAD for ischemic heart disease or myocardial infarction® 7.
Furthermore, whether serum iron increases risk for CAD remains uncertain®11. In ApoE~~
mice, dietary iron overload reduces rather than exacerbates the severity of atherosclerosis!2.
These and other data challenge the paradigm of iron as a pro-oxidant capable of accelerating
CAD.

Likewise, data from experimental studies seems to contradict the iron hypothesis. Mice with
genetic defects meant to mimic human hemochromatosis (i.e. genetic deficiency of the
hemochromatosis gene HFE) show attenuated inflammatory responses with decreased
macrophage tumor necrosis factor-alpha and Interleukin-6 after exposure to the toll-like
receptor-4 (TLR-4) agonist lipopolysaccharide. Exposing wild type mouse macrophage to
iron chelators reproduced these effects suggesting lowered intracellular iron within
macrophages leads to impaired inflammatory TLR-4 signaling. Because hepcidin is a central
molecule regulating macrophage intracellular iron levels, it would seem logical to target
hepcidin to reduce atherosclerosis through its effects on lowering macrophage iron. Earlier
work by our group examined the effect of inhibiting bone morphogenic protein (BMP)
signaling to indirectly inhibit hepcidin. BMP signaling is involved in hepcidin gene
transcription via SMAD 1/5/8 phosphorylationl3. BMP inhibitors, such as LDN, potently
inhibit hepcidin production by blocking BMP type-I receptors, ALK 2/3/6 preventing its
downstream effects on SMAD4 15, Effects of BMP inhibition using LDN inhibited
macrophage inflammatory polarization and led to increased ATP binding cassette (ABC)
transporters, decreased cytokine and reactive oxygen species (ROS) production and
increased FPN production®® 16, Interestingly, LDN treatment inhibited atherosclerosis
progression in transgenic ApoE knockout mice and increased serum iron suggesting its
effect on plaque progression might be mediated via changes in macrophage function.
Because LDN does not directly inhibit hepcidin but yields its effect by inhibiting upstream
BMP signaling, other mechanisms for the decrease in atherosclerosis could not be ruled out.

In this issue of ATVB Malhotra et al. resolve some of the remaining issues regarding the role
of hepcidin in atherogenesis using gene knock-out mouse model. Mice with combined
deficiency of hepcidin (Hamp -/-) and the LDL receptor (LDLR-/-) demonstrated
decreased atherosclerosis and a reduced macrophage pro-inflammatory phenotype in a 21
week high fat diet model’. Because hepcidin deficiency is associated with both increased
serum iron and decreased macrophage iron, they also explored whether increasing serum
iron might be the mechanism behind the anti-atherogenic effects rather than decreased
macrophage iron. Hamp*/*/ LdIr~~ mice were treated with iron dextran so as to produce a 2-
fold increase in serum iron. However, increased serum iron did not decrease atherosclerosis.
These data suggest that reduced pro-inflammatory phenotype in macrophages could be the
key contributing to the vascular benefits of hepcidin inhibition1’.

However, whether inhibiting hepcidin truly would reduce atherosclerosis is still uncertain
especially in the context of human atherosclerosis. Different populations of macrophages
have been detected within an atherosclerotic plaques!8. A key mechanism of plaque
progression is thought to be intraplaque hemorrhage (IPH) resulting from leakage of red
cells from thin-walled microvessels which develop within advanced atherosclerosis
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plaques!®. Iron metabolism is a key factor in the development of a special subtype of
macrophage we have term M(Hb) which is found in these areas. While foam cell
macrophages maintain higher intracellular iron levels, M(Hb), characterized by high CD163
hemoglobin:haptoglobin (HH) scavenger receptor expression, have reduced free intracellular
iron and ROS levels likely due to increased export of free iron outside the cell via FPN.
However other aspects of these cells may be pro-atherogenic. We recently showed that in
human atherosclerotic lesions, M(Hb) macrophages were associated with plaque
progression, microvascularity, and a high level of HIF-1a and VEGF-A expressionZ0. A
relationship between iron and the proangiogenic transcription factor HIF1a can be found
through its interactions with the prolyl hydroxylase proteins (PHDs). Under conditions of
normoxia or hyperoxia, HIF1a becomes hydroxylated by PHDs on proline residues 402 and
564, within its oxygen-dependent domain. This allows it to be recognized by the von Hippel-
Lindau tumor-suppressor protein (pVVHL), which targets it for ubiquitin-mediated
degradation. While hypoxia is a well-known activator of HIF1a, indirectly controls the
activity of HIF1a, because it is an essential cofactor for the activity of PHDs. Our work
showed that within M(HDb) cells, activation of HIF1a via inhibition of iron-dependent PHDs
promoted VEGF-mediated increases in intraplaque angiogenesis, vascular permeability,
inflammatory cell recruitment, and plaque progression.

This work initially appears to contradict the findings of Malhotra et al. regarding genetic
depletion of hepcidin. How then can we resolve this? An important unanswered question, of
course, is whether hepcidin lowering increases the appearance of the proatherosclerotic
M(HDb) cells. It also remains possible that hepcidin may have different roles in atherogenesis
depending upon the stage of atherosclerosis. In advancing plaques inhibition of hepcidin
may have a beneficial effect by affecting macrophage pro-inflammatory activity while in
areas of IPH its effect may actually be detrimental. Such nuanced understanding would not
have been seen in the mouse model used by Malhotra et al since in mice 21 weeks of high
fat diet feeding does not result in IPH.

In conclusion, the results of the elegant work by Malhotra et al. advance our knowledge of
the role of hepcidin and iron in atherosclerosis. However, more work needs to be done to
understand completely the relationship between iron metabolism and atherosclerosis.
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Figure 1. Effect of Hepcidin on Macrophages Phenotype and Function in the Setting of
Atherosclerosis

(a): Hepcidin inhibits iron release from macrophage via down-regulation of iron transporter
ferroportin (FPN) and enhance intra-cellular iron storage. Elevated intra-cellular iron
accumulation results in incorporation increased oxidized low-density lipoprotein cholesterol
(ox-LDL) retention via transporter such as CD36 and LDL recepter-1 (LOX-1), and
increased inflammatory signaling (LPS) via toll-like recepter-4 (TLR4), decreasing
cholesterol efflux, and intra-cellular reactive oxygen species (ROS) generation. Overall these
cells exhibit a phenotype consistent with pro-inflammatory foamy macrophage phenotype.
In this condition, macrophages contribute to atherosclerosis progression (b).

(c): In the low/no hepcidin environment, intra-cellular iron is actively exported out of the
macrophage via FPN. Lowering intracellular iron within the macrophage suppresses LDL
uptake and increases its export via ABC transporters, lowers TLR4-dependent inflammatory
signaling and ROS production. These effects are thought to be anti-atherogenic (d). At the
same time low iron level enhance hypoxia inducible factor-1 alpha (HIF-1a) nuclear
translocation, promoting vascular endothelial target gene expression, endothelial
permeability, and inflammatory signaling. The latter effect may be pro-atherogenic
especially in the setting of intraplaque hemorrhage.

Abbreviations: ABCA1, ATP-binding cassette sub-family A member 1; CD, cluster
differentiation; Fe, iron; FPN, ferroportin; HIF1a, Hypoxia inducible factor-1 alpha; HDL,
high-density lipoprotein; LOX-1, low-density lipoprotein recepter-1; LPS,
lipopolysaccharide; NC, necrotic core; ox-LDL, oxidized low-density lipoprotein
cholesterol; ROS, reactive oxygen species; TLR4, tall-like receptor; TNF-a, tumor necrosis
factor-alpha; VEGF-a, vascular endothelial grows factor-alpha.
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