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Balance of cardiac and systemic hepcidin and its role in
heart physiology and pathology
Driton Vela

Hepcidin is the main regulator of iron metabolism in tissues. Its serum levels are mostly correlated with the levels of
hepcidin expression from the liver, but local hepcidin can be important for the physiology of other organs as well. There is
an increasing evidence that this is the case with cardiac hepcidin. This has been confirmed by studies with models of
ischemic heart disease and other heart pathologies. In this review the discussion dissects the role of cardiac hepcidin in
cellular homeostasis. This review is complemented with examination of the role of systemic hepcidin in heart disease and
its use as a biochemical marker. The relationship between systemic vs local hepcidin in the heart is important because it
can help us understand how the fine balance between the actions of two hepcidins affects heart function. Manipulating
the axis systemic/cardiac hepcidin could serve as a new therapeutic strategy in heart diseases.
Laboratory Investigation (2018) 98, 315–326; doi:10.1038/labinvest.2017.111; published online 23 October 2017

IRON, A CRUCIAL CELLULAR MICRONUTRIENT: ROLE AND
TRANSPORT
Iron is an essential nutrient for cell metabolism. It is involved
in DNA synthesis, ATP production, and oxygen transport.1,2

However, iron can be toxic for cells when they get overloaded
by it.1 This happens because of the ability of excess iron to
produce reactive oxygen species (ROS).1 On the other hand,
iron is important for survival of pathogenic microbes.1 These
observations mean that in order for our cells to get the most
benefits out of iron, there needs to exist a fine-tuning of the
machinery of proteins that can control iron reactivity and
availability. Most of the iron in our body comes from dietary
sources. However, iron ingested with food is in trivalent form,
which is not suitable for cellular reactions.1,3 Therefore,
enterocytes first reduce the trivalent form of iron into a
divalent form through enzymes called reductases.1,3 After
reduction divalent iron is transported inside enterocytes
through an iron transporter named divalent metal transporter
1.1 Once inside cells, iron is linked with chaperones like poly-
(rC)-binding proteins.3 PSBPs act as intracellular iron
transporters delivering iron to ferritin, but also to proteins
that use iron as a cofactor.3 Ferritin serves as a cellular iron
depot capable of storing high amount of iron atoms.3

Iron export out of cells is attributed to ferroportin (FPN),
but the mechanisms that involve the delivery of iron from
intracellular environment to FPN are not well understood.3

Role of FPN as a cellular iron exporter is linked with the

activity of ferroxidases that turn iron into a trivalent form.3

Only in this chemical form iron can bind to its transporter in
the blood, called transferrin.1,3 Transferrin circulates in the
blood and finally binds to its receptor, transferrin receptor 1
(TFR1), which delivers iron inside cells such as erythroblasts,
hepatocytes, and macrophages.1,3 The intracellular iron
homeostasis is regulated by iron regulatory proteins (IRPs).4

Under conditions characterized by low intracellular iron, IRPs
bind to iron-responsive elements (IREs) of TFR mRNA and
FPN mRNA.4 This action of IRPs will cause increased
expression of TFR1 and decreased expression of FPN.4 The
aim of these changes is to increase iron supply through TFR1
and reduce iron export through downregulation of FPN.
When intracellular iron is abundant, the active center of IRPs
is blocked and cannot bind to IREs.4

HEPCIDIN, THE PRIME CONTROLLER OF IRON
METABOLISM
Our bodies control serum iron and cellular iron levels
through different proteins, of which, a small peptide named
hepcidin has been established as the major regulator of iron
metabolism. It exists in three main isoforms: hepcidin-25,
-22, and -20, of which hepcidin-25 is considered the main
physiological actor in iron homeostasis.5 It is produced by
hepatocytes mainly in response to iron-mediated pathways.6

Iron-mediated pathways induce signaling through bone
morphogenetic protein 6 (BMP6), HFE protein, and
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transferrin receptor 2 (TFR2).7,8 BMP6 is a molecule
produced by nonparenchymal liver cells in response to iron
load (Figure 1).9 It acts in a paracrine way by binding to BMP
receptor (BMPR) in hepatocytes.10 BMPR actions are
modulated by its co-receptor, hemojuvelin (HJV).11 This
interaction activates the intracellular s-mothers against
decapentaplegic (SMAD) pathway that will eventually upre-
gulate hepcidin expression.12 HFE and TFR2 are also
mediators of iron-mediated signaling in hepatocytes by acting
as membrane receptors that react to transferrin and probably
other molecules. It is still not clear how do HFE and TFR2
cause upregulation of hepcidin, but TFR2 seems to be more
potent in this respect compared with HFE.8 This is also the
reason why the clinical course of classical hemochromatosis
(HH) caused by HFE mutations is more benign compared
with HH caused by TFR2 disturbance.13 Another important
regulator of hepcidin expression is inflammatory signals. They
act through cytokines like interleukin-6 (IL-6), which
activates IL-6 receptor (IL-6R).14,15 Activated IL-6R upregu-
lates the janus kinase 2/signal transducer and activator of

transcription 3 (JAK2/STAT3) pathway.15 STAT3 has a
binding site in the hepcidin antimicrobial peptide (HAMP)
promoter that causes increased expression of hepcidin.15

Inflammatory signals and iron-mediated pathways are con-
nected through actions of activin B, but the importance of
this connection is debatable.16,17 Apart from positive
regulators of hepcidin, there are a number of negative
regulators that suppress hepcidin expression. Signaling from
erythrocyte precursors (through newly discovered erythro-
ferrone (ERFE)) causes downregulation of hepcidin expres-
sion, which serves as a mechanism for increased iron delivery
into cells that need iron for the assembly of hemoglobin
molecules.18 Other suppressors of hepcidin expression
include hypoxia, vitamin D, and estrogen.19–21

The main mode of action of hepcidin is realized through
FPN.22,23 Hepcidin binds with FPN and causes FPN
degradation inside lysosomes of the cells.23 In this way
hepcidin lowers the activity of the main exporter of iron from
cells. This means iron cannot get out of cells and into the
blood. The most significant action of hepcidin in sequestering

Figure 1 Regulation and action of liver (systemic) hepcidin. Regulators of hepcidin expression in hepatocytes are iron-mediated pathways, inflammatory
signals, and erythropoietic drive. Iron-mediated pathways act through BMP6, TFR2, and HFE. BMP6 is produced by non-parenchymal liver cells (like
LSEC). BMP6 binds with BMPR that activates the SMAD pathway. Phosphorylated SMAD molecules induce HAMP expression. Inflammation is another
major regulator of hepcidin expression that acts by activating the JAK2/STAT3 pathway. Erythropoietic drive suppresses hepcidin expression through
newly discovered ERFE. Hepcidin induces FPN degradation in effector cells, which causes sequestration of iron in cells. This is accompanied with
reduction in iron plasma levels. BMP6, bone morphogenetic protein 6; BMPR, BMP receptor; ERFE, erythroferrone; FPN, ferroportin; HAMP, hepcidin
antimicrobial peptide; HFE, hemochromatosis protein; JAK2/STAT3, janus kinase 2/signal transducer and activator of transcription 3; LSEC, liver sinusoidal
endothelial cells; SMAD, S-mothers against decapentaplegic; TFR2, transferrin receptor 2.
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iron into cells is observed in macrophages, enterocytes, and
hepatocytes.22 These cells are responsible for maintaining
high turnover of iron; therefore, the action of hepcidin
through FPN is crucial in securing strict levels of iron
availability for cells. This role is even more important when
one considers the fact that our body has no known excretory
route for iron disposal.24

ROLE OF CARDIAC HEPCIDIN IN HEART HOMESTASIS
Although the role of systemic (liver) hepcidin has been
studied extensively, more and more research is shedding light
on the importance of local hepcidin in organ homeostasis.
There are a number of studies confirming the role of local
hepcidin in the lungs, stomach, and prostate.25–27

Cardiac HAMP and FPN are More Important Than Liver
HAMP for the Regulation of Heart Homeostasis
Iron metabolism in the heart is not regulated only by the liver
(systemic) hepcidin, but by local hepcidin as well. Levels of
heart hepcidin are up to 30 times lower than in the liver, but
still they seem to have an important role for heart function.28

We have to keep in mind that next to the liver, the heart is the
organ with the highest expression of hepcidin.29 This
relatively high expression of hepcidin in the heart raises
questions about the role of cardiac hepcidin in heart function.

Similar to the liver, cardiac hepcidin acts through FPN, the
main cellular iron exporter (Figure 2).30 Specific cardiac FPN
knockout in mice causes more severe cardiac dysfunction
than systemic hepcidin knockout, although hepcidin knock-
outs have a higher level of iron load in the heart.31 This
observation implies that, in cardiac FPN knockouts, iron load

is mostly concentrated in cardiomyocytes, whereas in the liver
HAMP knockouts, iron load is mostly seen in non-
cardiomyocytes.31 Caution should be taken into account
when dealing with cardiac FPN knockouts because contra-
dictory data from different models of mice suggest that only
specific cardiac FPN mutations can cause significant heart
dysfunction.32 It is interesting to notice that in classical HH
cardiac damage is observed later than liver damage,33 which is
in concert with the specific actions of systemic hepcidin in the
heart.31 However, in FPN disease organ iron load is mild, and
the reason for this is that in systemic FPN dysfunction iron
cannot get out from principal cell reservoirs of iron, such as
enterocytes and macrophages, thus making cardiac iron load
unlikely.34 Cardiac FPN controls iron load in cardiomyocytes
because iron excess upregulates FPN expression.35 Increased
activity of cardiac FPN protects cardiomyocytes during iron
excess by stimulating iron efflux from cells.31

Cardiac hepcidin is emerging as a crucial homeostatic
factor for cardiac physiology. Recent research conducted by
Lakhal-Littleton et al. in mouse models with specific cardiac
hepcidin knockout showed that loss of hepcidin was
associated with fatal cardiac dysfunction.28 Loss of cardiac
hepcidin resulted in very significant increase in left ventricle
mass and apoptosis. This dysfunction caused a marked
reduction in ejection fraction of rat hearts.28 Could it be that
cardiac hepcidin mutations are a source of unrecognized form
of cardiomyopathy? This intriguing idea should be investi-
gated by future genetic studies. Another important finding
from the elegant paper of Lakhal-Littleton et al. has revealed
the differences in the liver and heart hepcidin expression
during cardiac iron deficiency. It is known that liver hepcidin

Figure 2 Mode of action of cardiac hepcidin. Cardiac hepcidin is upregulated by ischemia, iron deficiency, hypoxia, and inflammation. Intercalated discs,
which function as intercellular links, are the location with the highest concentration of cardiac hepcidin. Cardiac iron deficiency induces hepcidin
expression through actions of furin. Cardiac hepcidin similar to the liver acts on cardiac FPN, but can also induce anti-apoptotic (GATA-4) and anti-
fibrotic signals (through ERK1/2 protein mediation). Ischemia is also linked with upregulation of TFR2-beta that counteracts hepcidin actions. ERK,
extracellular signal-regulated kinase; FPN, ferroportin; GATA-4, transcription factor; TFR2-beta, transferrin receptor 2 beta.
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is downregulated in iron deficiency.28 The downregulation of
liver hepcidin serves as a regulatory mechanism that increases
iron efflux from enterocytes and macrophages into plasma.
Resultant increase in serum iron secures abundant amounts
of this important micronutrient for the needs of different
tissues. However, in the heart, increased local hepcidin
expression during cardiac iron deficiency, as observed by
Lakhal-Littleton et al., could also have a protective role,
because during iron deficiency increased heart hepcidin will
induce FPN degradation and cause iron sequestration in
cardiomyocytes. This action reduces iron leakage from
cardiomyocytes and preserves iron depots inside the cells.
Indeed, preventive iron treatment is not associated with
cardiac dysfunction compared with untreated hepcidin
knockout mice.28 Low serum hepcidin in anemia in heart
failure (HF) and increased cardiac hepcidin expression during
induced cardiomyocyte iron deficiency by in vivo and in vitro
experiments support the observations that show differential
regulation of hepatic and cardiac hepcidin by iron.28,36

Although total heart iron content did not change in cardiac
hepcidin knockouts, cardiomyocyte iron content was sig-
nificantly lower compared with controls. Furthermore, the
reactive upregulation of the iron importer TFR1 in cardiac
hepcidin and FPN knockouts is consistent with the presence
of an iron-deficient state in these cells. Proper iron supply is
vital for mitochondrial enzymatic activity during cardiac
injury.37,38 In addition, data suggest that preserving cardiac

iron during iron deficiency protects from HF, which
complements previous observations.38

It seems that the intracellular mediator of cardiac hepcidin
upregulation during iron deficiency involves furin.28 Furin is
a protein that cleaves the immature form of hepcidin in its
active form in the liver.39 Its expression has been observed in
cardiac cells as well, and it might be that its action in the heart
is similar to the liver.40

As we can see, studies suggest that the balance between
cardiac and systemic hepcidin is crucial in fine-tuning of
cardiac iron transport. Whereas global organ iron supply is
mostly controlled by systemic hepcidin, cardiac hepcidin
exerts its role by influencing iron efflux in cardiomyocytes
(through cardiac FPN). The local scope of cardiac hepcidin
and FPN is enforced by results from Lakhal-Littleton et al.,28

where cardiac hepcidin and FPN-specific knockouts do not
show significant changes compared with controls in relation
to serum hepcidin levels and global serum iron parameters.

In certain cardiac pathologies characterized with inflamma-
tory infiltrate, local hepcidin can be overexpressed, but the
source of this hepcidin is not cardiomyocytes. In Friedreich’s
ataxia (FA) heart dysfunction is accompanied with chronic
myocarditis.41 Inflammatory infiltrate in FA shows higher levels
of hepcidin expression compared with cardiomyocytes.41 This
observation should be taken into account when measuring
hepcidin expression in the heart, especially in pathologies
characterized with excessive inflammatory infiltrate. This is
probably the reason why in FA local iron load in cardiomyocytes

Table 1 Overview of the most important findings about cardiac hepcidin actions and regulation

Study model Evaluated condition Main results Authors

Cardiac HAMP knockout and knock-in of

hepcidin-resistant FPN

Cardiac iron deficiency Mortality↑

Cardiac hypertrophy

LVEF↓

Lakhal-Littleton et al.28

H9C2 cardiomyocyte cell line Physiological conditions Cardiac hepcidin reduces cardiac FPN

content

Ge et al.30

Cardiac FPN knockouts Physiological conditions Cardiomyocyte iron overload

Mortality↑

Dilated cardiomyopathy

LVEF↓

Lakhal-Littleton et al.31

Transgenic expression of hepcidin Dilated cardiomyopathy Replenishment of cardiac iron stores

LVEF↑

LV wall↑

Zhang et al.46

Knockdown of cardiac hepcidin with siRNA in

human cell lines

Cardiac iron load Apoptosis↑ Hsieh et al.43

Expression of hepcidin in the rat myocardium Cardiac hypoxia and inflammation Cardiac hepcidin↑ Merle et al.42

Expression of hepcidin in rat hearts Myocarditis and myocardial

infarction

Cardiac hepcidin↑ Isoda et al.,50 Simonis

et al.51

Abbreviations: FPN, ferroportin; HAMP, hepcidin antimicrobial peptide; LV, left ventricle; LVEF, LV ejection fraction; siRNA, small interfering RNA.
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is not in relation to the amount of cardiac damage, which is in
contrast with HH, where damage to the heart is not
characterized with infiltration by inflammatory cells, but by
global excessive iron storage in cardiomyocytes.42

Role of Cardiac Hepcidin Extends Beyond Iron
Regulation?
Studies have shown that hepcidin in cardiomyocytes tends to
accumulate near intercalate discs, especially in hypoxic
conditions, which is interesting, as these intercellular contacts
in the heart are crucial for propagating electrical impulses
without resistance.43 How this relates local hepcidin dis-
turbance with cardiac arrhythmia remains to be seen. Another
interesting finding has been observed by silencing hepcidin
expression using small interfering RNA. Silencing hepcidin
promotes apoptosis in cardiomyocytes, which suggests a
protective role of hepcidin beyond iron regulation.44 This is in
terms with the observation that GATA-4, the transcription
factor known for mediating cardiac hypertrophy and
apoptosis, has a binding site in the hepcidin promoter, at
least in liver cells.45,46 Disturbance of the GATA-4-binding
site downregulates hepcidin expression in response to IL-6,
but not to BMP6.45 Future studies should address the
question whether GATA-4 has a similar binding site in
cardiac myocytes. Nonetheless, by serving as an antiapoptotic
signal cardiac hepcidin can protect cardiomyocytes from
excessive apoptosis in the heart, and this is crucial because
apoptosis is linked to the emergence of HF.

Cardiac hepcidin has been proposed as a mediator of
cardiac hypertrophy in Dahl salt-sensitive rats.47 High-salt
diet in these rats causes hypertension and compensatory
hypertrophy, whereas knockdown of cardiac hepcidin attenu-
ates cardiac hypertrophy.47 Role of cardiac hepcidin in cardiac
hypertrophy can be explained from results obtained with
transgenic mice with dilated cardiomyopathy.48 Hepcidin in
these mice is downregulated, while restoring its expression
induces significant cardiac hypertrophy (Table 1). This
compensatory hypertrophy does not affect cardiac ultra-
structure and it is associated with reduced interstitial
fibrosis.48 Still, it is unclear what drives cardiac hepcidin
expression in Dahl salt-sensitive rats, with iron load being an
unlikely candidate.47 In addition, it would be interesting to
understand the relationship between chronic overexpression
of cardiac hepcidin and the maintenance of the functionally
beneficial cardiac hypertrophy, as Dahl salt-sensitive rats
eventually develop HF.47,48

Models of transgenic mice have revealed the molecular
pathways that are associated with improved cardiac function
during cardiac hepcidin expression. This improvement is
accompanied by increased phosphorylation of extracellular
signal-regulated kinase 1/2 (ERK1/2) levels in cardiomyo-
cytes, which suggests that the beneficial role of hepcidin in
this setting is at least partially linked with recovering of
intracellular signaling through the ERK pathway.48 ERK
proteins are important signaling factors that control cardiac

hypertrophy.49 What is more important, ERK2 has been
shown to protect cardiac muscle against reperfusion injury.49

It would be interesting to analyze levels of ERK proteins in
heart-specific hepcidin knockout models during reperfusion
injury. In this way we could unveil molecular mediators of
cardiac hepcidin actions in protecting the cardiac muscle
during reperfusion injury.

It has to be mentioned that this is not the first time that
hepcidin is linked with beneficial actions outside the classical
role in controlling iron load in cells. Hepcidin has been
proposed to have a direct antifibrotic effect in the liver by
keeping the quiescent status of hepatic stellate cells.50 In the
biliary system, it acts as a potent antimicrobial agent and a
marker of acute stress situations.51 It remains to be seen
whether hepcidin actions are outside the scope of iron
regulation in the heart as well.

Cardiac Stress is Regularly Associated with Increased
Hepcidin Expression
There is a pattern of increased hepcidin expression in organs
under stress, and this is the case with heart as well. In the early
phase of myocardial infarction (MI) and in myocarditis,
cardiac hepcidin expression is increased significantly.52

Hepcidin upregulation under these conditions is related to
inflammatory markers, and this is especially the case with
myocarditis. It is interesting to notice that, in MI, the rise in
levels of hepcidin is not accompanied with an increase in
levels of cardiac HJV, reflecting an HJV-independent
upregulation of cardiac hepcidin in MI.53 This increase in
hepcidin expression is in correlation with IL-6 levels in the
heart, which is not surprising, as IL-6 is a known
inflammatory signal that induces hepcidin expression.[51]
Another clue that hepcidin is increased in stress situations in
the heart is its correlation with B-type natriuretic peptide,
which has important cardioprotective functions during heart
stress.54,55 It is interesting to notice that, in models of heart
hypoxia, cardiac hepcidin is upregulated, which is in contrast
with downregulation of liver hepcidin seen during systemic
hypoxia.43 This might mean that hypoxia in the heart induces
hepcidin upregulation as a protective mean in heart home-
ostasis. This role could be related to anti-apoptotic actions of
cardiac hepcidin. During cardiac iron overload cardiac
hepcidin protects cardiomyocytes against apoptosis.44

Another protective role of cardiac hepcidin in hypoxia/
ischemia is the increase in ferritin levels. Hepcidin increases
ferritin, which sequesters excess iron that might cause
oxidative damage in cardiomyocytes not only during
ischemia, but also during reperfusion.30,31,56

Cardiac iron excess is one of the complications of HH.
High iron load (determined by levels of ferritin above
1000 μg) in this condition is associated with significant
myocardial siderosis and heart dysfunction. However, this
paradigm has been rivaled by studies from which we have
learnt that cellular injury could be a more important factor
than iron signaling in inducing cardiac hepcidin expression.55
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This would be why hepcidin expression is observed in remote
myocardium in the setting of MI without an accompanied
increase in ferritin depots.53,55 On the other hand, it has to be
mentioned that the lack of correlation between cardiac ferritin
and hepcidin in rat models of cardiac injury is additionally
complicated by the existence of sex differences in the
regulation of iron metabolism.57

During cardiac injury, levels of BMP6 are upregulated in
synchrony with levels of cardiac hepcidin, but there exists no
correlation between these two parameters, as the one
observed in the liver.55 BMP6 is expressed in the heart and
it is involved in cardiogenesis.58 Its increase during cardiac
injury has been proposed as an important downstream signal
that is a part of a protective mechanism, which results in
cardiac hypertrophy, increased vascularity, and decreased
fibrosis.59 This reaction preserves heart function and reduces
the risk of HF. On the other hand, secretion of BMP6 during
cardiac injury, similar to the liver, is realized in a paracrine
manner, that is from endothelial cells of coronary arteries.59

Recent observations of increased BMP6 levels in HF are in
concert with these finding, and they suggest a reactive
response to cardiac injury.60 In conclusion, the release of
hepcidin and BMP6 during cardiac injury might serve as part
of an orchestrated cardiac response to protect the myocardial
function. Still, molecular mediators of BMP6 expression in
the heart are unknown, whereas the relation of BMP6 with
cardiac hepcidin remains to be elucidated.

TFR2, as it was previously mentioned, is a positive
regulator of hepcidin expression. It exists in two isoforms,
one of which is expressed in the heart and its downregulation
is associated with heart protection during ischemia and
reperfusion injury.61 The downregulation of cardiac TFR2 is
accompanied by increased ferritin and decreased FPN
expression, which is similar to the effect of hepcidin.61,62

However, data suggest that this action of TFR2-beta is realized
through direct transcriptional modification of FPN,62 which
would make TFR2-beta an unlikely signaling candidate in
inducing cardiac hepcidin during reperfusion injury. It is
interesting to notice the dichotomy between hepcidin and
TFR2-beta in cardiac cells; myocardial injury increases
expression of cardiac hepcidin and TFR2-beta, but hepcidin
protects cardiomyocytes in this setting, whereas TFR2-beta
overexpression has deleterious effect on heart function. It
would seem that tipping the balance in favor of cardiac
hepcidin expression would offer increased preservation of
myocardial function during ischemia/reperfusion injury. This
hypothesis needs to be validated by further research.

ROLE OF SYSTEMIC HEPCIDIN IN HEART HOMEOSTASIS
The most prevalent genetic condition characterized with
disturbance in liver hepcidin production and action is HH. It
encompasses several distinct forms of the disease, of which
juvenile HH has a more malign course compared with
classical HFE-HH. The reason for this outcome is that in
juvenile HH hepcidin expression is disrupted more

significantly than in HFE-HH, resulting in more severe organ
iron load.13 One of the complications of HH is iron-load
cardiomyopathy. Although the risk of developing organ
damage in HH is low, cardiomyopathy in HH-HFE patients
is still higher than in non-HFE-HH patients.63 This risk is
mostly confined to patients with high levels of iron load,
which is confirmed by the observation that myocardial
siderosis is present in 0% of patients with levels of ferritin
o1000 μg/l. However, when levels of ferritin are 41000 μg/l,
myocardial siderosis increases markedly and it is present in
1/3 of patients.64 Myocardial siderosis causes oxidative
damage and resultant heart dysfunction.65

It is believed that in conditions with iron excess, iron enters
myocardial cells through L-type calcium channels (LTCC).66

When iron depots get overloaded, the levels of free iron go up
and lead to the formation of ROS.65 ROS causes disruption of
the integrity of many cellular structures, which will eventually
lead to heart dysfunction. Preventing heart dysfunction in
HFE-HH can be reversed with phlebotomy and iron chelator
therapy.67,68 Data suggest that LTCCs are not the only way of
iron entry in myocardial cells. In thalassemic patients, iron
entry in cardiomyocytes can be prevented by T-type calcium
channel (TTCC) blockers, which suggests a role for TTCC for
iron entry in cardiac cells.69 This is the reason why the dual
LTCC and TTCC blocker efonidipine has additional benefits
compared with verapamil, which is a sole LTCC blocker.70

In FA iron overload is also frequently present and is related
to mitochondrial dysfunction.71,72 There is an increasing
evidence that specific cellular compartmentalization of iron in
mitochondria accompanied with cytosolic iron deficiency is
behind heart dysfunction observed in FA.71,72 Although iron
supplementation does limit cardiac hypertrophy in models of
mice with FA, tackling mitochondrial iron overload should be
included in therapeutic strategies under this condition.73,74

Serum hepcidin in models of mice with FA are increased,
coinciding with an increase in expression of HJV, which is a
major positive regulator of hepcidin.73 It seems that levels of
liver hepcidin in FA occur in response to increased iron load
in the liver.

Role of liver hepcidin has been studied in conditions
associated with iron deficiency as well, such as HF. Anemia in
HF patients is frequent and weakly related to myocardial iron
content, which is reduced in these patients.75 It is interesting
to notice that, although mitochondrial dysfunction is present
in HF patients with myocardial iron deficiency (MID),
anemia is not correlated with mitochondrial dysfunction.75

This suggests that mitochondrial dysfunction in cardiomyo-
cytes is not directly related to MID, but is probably caused by
the underlying pathophysiological process related to cardiac
injury that eventually progresses to HF. For example, in
ischemic heart disease there is an increase in mitochondrial
iron, which causes mitochondrial dysfunction through
oxidative stress.76 Reduction of mitochondrial iron with iron
chelators and overexpression of mitochondrial iron exporters

Hepcidin in cardiac homeostasis
D Vela

320 Laboratory Investigation | Volume 98 March 2018 | www.laboratoryinvestigation.org

http://www.laboratoryinvestigation.org


protects cardiomyocytes against damage caused by oxidative
stress.76

On the other hand, MID is associated with certain aspects
of mitochondrial dysfunction, such as reduction of the
activity of citric acid cycle enzymes and ROS-protecting
enzymes, some of which use iron as a cofactor.75 One of these
enzymes is catalase, and its overexpression in models of mice
with HF restores mitochondrial functionality.77 The observed
changes mean that MID might worsen the already present
mitochondrial dysfunction in HF through specific mechan-
isms. In-line with the associations of MID with heart
dysfunction are also results from experiments with mice
lacking TFR1. These mice develop serious heart damage and
mitochondrial dysfunction, which can be reversed by early
aggressive iron supplementation.78 Similarly, reduced activity
of IREs and loss of IRPs has been observed in advanced HF,
which is important, as IREs and IRPs control cellular iron
availability.38 Furthermore, loss of IRPs increases the risk of
HF after MI.38 It has to be mentioned that loss of IRPs
is associated with an increase in mitochondrial ferritin,
which might indicate preferential iron transport into
mitochondria.38 These observations show that mitochondria
are sensitive to iron deficiency and iron overload, both of
which can cause serious mitochondrial dysfunction, although
there are suggestions that iron overload is a more prominent
etiological factor in mitochondrial dysfunction.79

Anemia is frequently present in HF patients, but hepcidin
does not seem to be an important mediator of anemia in this

condition.80,81 Hepcidin in HF is correlated with iron stores,
erythropoiesis, and liver congestion.36,82 This suggests a
preserved hepcidin expression in response to iron status
and erythropoietic drive. Hepcidin expression is induced in
liver congestion even in the setting of anemia because of high
levels of IL-6.82 According to Jankowska et al., levels of
hepcidin in patients with HF start to drop with increase in HF
stage.36 In addition, according to this study, low levels of
hepcidin are predictors of mortality. Lower levels of hepcidin
observed in advanced HF are probably a result of the
suppression of hepcidin in response to the degree of iron
deficiency (Figure 3). Furthermore, higher baseline hepcidin
levels are predictors of nonresponsiveness to oral iron therapy
in anemia in HF according to IRONOUT-HF-randomized
clinical trial.83 Similarly, in patients with iron-deficient
anemia higher levels of hepcidin are related with non-
responsiveness to oral iron.84 Decreased gastrointestinal
absorption of iron in HF means that IV iron is more likely
to correct anemia in HF.85 Indeed, the latest results from
EFFECT-HF trial seem to confirm these suggestions.86

CKD can cause increased levels of liver hepcidin because of
impaired glomerular filtration and inflammation.87 However,
even in these patients, iron deficiency lowers liver hepcidin
expression, confirming the crucial role of iron status in
hepcidin regulation.88 Systemic hepcidin levels can serve as a
therapeutic target in CKD because according to the study
from Hsieh et al., low levels of serum hepcidin in CKD are
negative predictors of left ventricular hypertrophy.88 Still,

Figure 3 Role of liver (systemic) hepcidin in heart disease. In heart failure levels of systemic hepcidin are low in the advanced stages of disease. These
levels are in response to anemia and resultant low iron depots inside hepatocytes. In the heart, iron deficiency causes downregulation of FPN, through
which cardiomyocytes try to keep their iron depots. In myocardial infarction levels of systemic hepcidin are high. The source of increased hepcidin
expression is activated macrophages. FPN, ferroportin.
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authors of this study did not evaluate the mechanistic links
between low hepcidin and cardiac hypertrophy, which would
shed light on the role of systemic hepcidin in heart damage
during CKD.

More evidence comes from chronic hemodialysis patients
with diabetic nephropathy, where high serum hepcidin is
independently associated with common carotid artery intima
media thickness, which is a marker of atherosclerosis.89

Similar results in hemodialysis patients have been observed
by other authors as well.90 Furthermore, high levels of
hepcidin in hemodialysis patients were shown to be a risk
factor for fatal and non-fatal cardiovascular events.91 High
hepcidin in this condition is probably caused by inflammatory
stimuli, which is enforced by the existence of high correlation
between hepcidin and inflammatory markers such as hsCRP,
and IL-6.89 In addition, under conditions characterized with
high levels of inflammation, like rheumatoid arthritis,
increased risk of atherosclerosis is related with high levels of
hepcidin,92 whereas in Kawasaki disease higher serum
hepcidin levels are associated with coronary atherosclerosis
and inappropriate treatment response to therapy.93

However, in general population without the presence of
high levels of inflammation serum hepcidin is not associated
with incident cardiovascular disease.94 On the other hand, in
postmenopausal healthy women, hepcidin is related to
atherosclerosis.95 It is interesting to notice that in the study
by Galesloot et al.95 hepcidin levels were higher compared
with those described in the study by Pechlaner et al.,94 where
only 2% of patients showed high levels of hepcidin. This
might imply that higher baseline hepcidin levels can serve as a
pathogenic risk co-factor in atherosclerosis. Furthermore, the
most significant associations between serum hepcidin levels
and plaque presence in the study by Galesloot et al. were
observed with higher quartiles of hepcidin values, whereas in
men only the highest quartile showed an association with
atherosclerosis.95 In conclusion, serum hepcidin can serve
convincingly as a marker of cardiac damage and athero-
sclerosis in specific populations like patients on
hemodialysis,89–91 patients with higher baseline levels of
hepcidin (especially women),95 but also in high-risk patients
with metabolic alterations.96 This strengthens the notion that
hepcidin is at least a co-contributing factor in plaque
formation and destabilization, especially when other risk
factors are present. This idea is further enforced by the
observation that serum hepcidin can serve as an independent
marker of cardiovascular events in hemodialysis patients
independently of inflammation.[90] In addition, hepcidin
levels might be related with the severity of plaque destabiliza-
tion, which is in accordance with higher levels of iron
observed in the plaques of symptomatic patients compared
with non-symptomatic patients.97 Interestingly, levels of iron
protein importers, such as TFR1, are also increased in plaques
of symptomatic patients and are associated with plaque
instability.98 In addition, it has been suggested that HH
patients seem to be protected from atherosclerosis, which can

be explained by the lower levels of serum hepcidin observed
in this condition.99–101

In vitro data show that macrophages can cause plaque
instability by increasing hepcidin production.102 What is
more, suppression of liver hepcidin through BMPR inhibitors
in models of mice with atherosclerosis results in increased
cholesterol efflux from macrophages and decreased formation
of foam cells.103 This action of hepcidin was related with
its effects on FPN, which might not seem surprising as
reduction of intracellular iron in plaque macrophages
increases cholesterol efflux through upregulation of ABC
transporters.104 It should be noted that the observed effect of
BMPR inhibitors might not occur solely as a result of
hepcidin suppression but also because of direct consequences
of inhibition of BMP signaling, which has been observed by
earlier studies.105 Furthermore, inhibition of BMP signaling
reduces levels of inflammation,105 which, as studies show, is
an important factor in promoting hepcidin plaque
destabilization.89–93 This might be the reason why Kautz
et al. did not observe a significant role of FPN mutations
(unresponsive to hepcidin action) in progression of
atherosclerosis.106 This study was characterized with low
levels of inflammation and without a significant rise in IL-6
levels, which is a known inducer hepcidin expression through
the JAK/STAT pathway.15 It would be interesting to examine
the interaction between increasing levels of hepcidin and
inflammation in models of atherosclerosis in relation to
plaque stability.

Changes in systemic hepcidin levels have been detected in
acute MI. There have been reports that levels of hepcidin-20
and hepcidin-25 are increased in MI.107 However, this study
could not resolve the issue of tissue origin of increased
hepcidin levels. The dilemma might have been solved by the
work from Sasai et al., in which higher levels of hepcidin-25
and hepcidin-20 were detected in aspirate samples from
coronary arteries compared with peripheral blood samples.102

Accompanied in vitro experiments from this study detected
macrophages from atherosclerotic plaques as the cellular
‘culprits’ of increased hepcidin levels. This is an interesting
observation because it shows that hepcidin from other sources
than liver can contribute to total levels of systemic hepcidin.
More importantly, according to this study, hepcidin produced
by macrophages was related to endothelial damage and plaque
instability. This would make increased serum levels of
hepcidin a negative prognostic factor in MI.

CONCLUDING REMARKS AND CLINICAL APPLICATIONS
Latest research has revealed an interesting picture about the
role of hepcidin in heart homeostasis. This role seems to be
crucial considering the marked effect of cardiac hepcidin
deficiency in heart function. Under specific conditions, like
iron deficiency and hypoxia, regulation of cardiac hepcidin is
different from liver hepcidin, suggesting a distinct role of both
hepcidins in heart homeostasis. It is interesting to notice that
there are suggestions that protective effects of hepcidin in
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heart function might span outside the classical iron-regulatory
role of this peptide. These suggestions should be examined in
further detail by future studies.

Data suggest that heart homeostasis is affected more
markedly with loss of cardiac FPN and hepcidin compared
with the loss of systemic FPN and hepcidin. Loss of cardiac
hepcidin is directly related to cardiac iron deficiency, which
can be reversed by restoring cardiac hepcidin expression.28 As
iron supplementation has been consistently shown to restore
mitochondrial function in MID, while preferential mitochon-
drial ROS inhibition offers cardioprotective effects, then this
means that restoring cardiac hepcidin expression in conjunc-
tion with mitochondrial ROS inhibition could prove to be a
new therapeutic strategy in HF. However, we must not forget
the complex nature of mitochondrial dysfunction in HF that
should be taken into account when using target therapy. For
example, ischemic etiology of HF compared with non-
ischemic etiology is more prominently related to mitochon-
drial dysfunction and mitochondrial oxidative stress.108 In
addition, hormonal sex differences have been proposed as a
factor that can affect intracellular ROS production.37 Finally,
there is experimental evidence from mice that age-related
differences in mitochondrial biochemistry can affect treat-
ment strategies in heart dysfunction.109

Encouraging news comes from manipulating cardiac
hepcidin expression in models of transgenic mice with dilated
cardiomyopathy as well. In these mice local hepcidin
expression protects from fibrosis and improves heart
function.48 Still, there remain hurdles to this strategy in
clinical practice, the main one of which would be specific
induction of hepcidin in heart cardiomyocytes without
affecting systemic hepcidin levels.

The role of cardiac hepcidin could be beneficial in cardiac
ischemia as well. There are suggestions that increased cardiac
hepcidin protects cardiomyocytes from iron toxicity, but also
by reducing extracellular iron pool.52,53 Unfortunately,
knockdown and overexpression of cardiac hepcidin has not
been studied in cardiac ischemia, which would help us
elucidate the role of cardiac hepcidin in this setting.

In FA local anti-hepcidin therapy can be beneficial as
increased hepcidin production from cardiac inflammatory
infiltrate is related to the pathogenesis of FA, although this
hypothesis needs to be validated by future research.

Although cardiac hepcidin has an important role in
maintaining cellular homeostasis, systemic hepcidin has an
important role as well, which is seen during chronic loss of
liver hepcidin production and action. This is confirmed by
increased risk of cardiomyopathy observed in conditions with
high iron load, such as HH. It has to be mentioned that in
HH cardiac iron overload is less frequently observed than
liver iron overload. The accumulation of iron in non-
cardiomyocytes during systemic hepcidin deficiency and the
autonomous role of cardiac hepcidin in controlling cardiac
iron depots might be the reason for this observation, although
it remains to be confirmed by studies that will evaluate

cardiac hepcidin expression in HH. Unfortunately, the effects
of experimental overexpression of liver hepcidin and treat-
ment with synthetic hepcidins have been studied only in
terms of correction of liver iron load.110,111 Comparisons
between overexpression of systemic vs cardiac hepcidin in
acute and chronic setting can yield us the necessary results
about the importance of recovering hepcidin signaling in
heart function. As liver hepcidin has a role in heart
homeostasis, it would be interesting to compare the efficacy
of iron reduction therapy between iron chelators or
phlebotomy and hepcidin therapy during cardiac iron over-
load. Iron chelation or phlebotomy does not solve the
problem of hepcidin loss; therefore, it is probable that
recuperating hepcidin levels through hepcidin agonists could
potentially increase the therapeutic success in cardiac iron
overload.

Although iron load through hepcidin deficiency is a known
factor in heart dysfunction, iron deficiency is also important,
as it is related to one of the most prevalent heart conditions,
which is HF. Many studies have shown that iron deficiency
dysregulates cardiac cellular biochemistry, which is why we
observe low levels of serum hepcidin in HF. Low levels of
hepcidin seem to serve as a counteractive mechanism that
fights iron deficiency by securing more iron supply from
enterocytes and macrophages into the plasma. Therefore,
restoring liver hepcidin levels in this setting might be
counterproductive. It is interesting to notice that drugs used
in cardiac pharmacotherapy, such as spironolactone and
heparins, are known suppressors of liver hepcidin, although it
is not known whether they can affect iron metabolism in
HF.112,113

Increased serum hepcidin levels in MI might be deleterious
for cardiac function. This happens because increased serum
hepcidin in this setting, at least partially, originates from
activated macrophages of the atherosclerotic arteries, where
excess hepcidin induces plaque instability, probably through
increased oxidative stress. Indeed, hepcidin overexpression in
models of mice with atherosclerotic lesions induces plaque
instability, whereas hepcidin knockdown reverses these
changes.114 These observations can serve future therapeutic
regimens in atherosclerosis.
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