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Abstract

during oxidative stress conditions.

Background: Iron is essential not only for erythropoisis but also for several bioenergetics’ processes in myocardium.
Hepcidin is a well-known regulator of iron homeostasis. Recently, researchers identified low hepcidin was
independently associated with increased 3-year mortality among systolic heart failure patients. In addition, our
previous in vivo study revealed that the left ventricular mass index increased in chronic kidney disease patients with
lower serum hepcidin. We hypothesize that hepcidin interacts with the apoptotic pathway of cardiomyocytes

Methods: To test this hypothesis, human cardiomyocytes were cultured and treated with ferrous iron. The possible
underlying signaling pathways of cardiotoxicity were examined following knockdown studies using siRNAs of
hepcidin (siRNAT was used as a negative control and siRNA2 was used to silence hepcidin).

Results: We found that ferrous iron induces apoptosis in human cardiomyocytes in a dose-dependent manner. This
iron-induced apoptosis was linked to enhanced caspase 8, reduced Bcl-2, Bcl-xL, phosphorylated Akt and GATA-4.
Hepcidin levels increased in human cardiomyocytes pretreated with ferrous iron and returned to non-iron treated
levels following siRNA2 transfection. In iron pretreated cardiomyocytes, the siRNA2 transfection further increased
caspase 8 expression and decreased the expression of GATA-4, Bcl-2, Bcl-xL and phosphorylated Akt than iron
pretreatment alone, but caspase 9 levels remained unchanged.

Conclusions: Our findings suggest that hepcidin can rescue human cardiomyocytes from iron-induced apoptosis
through the regulation of GATA-4/Bcl-2 and the extrinsic apoptotic pathway.
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Introduction

Iron is essential not only for erythropoiesis but also for
several bioenergetic processes in the myocardium [1].
Cardiac muscle iron overload leads to systolic and dia-
stolic abnormalities, cardiac hypertrophy, and thus myo-
cardial dysfunction in animal models [2]. At the molecular
level, excess extracellular iron in heart muscle is thought
to induce the formation of reactive oxygen species (ROS),
such as superoxide and hydroxyl radicals via the Haber
Weiss and Fenton reactions. The overproduction of these
ROS, in turn, increases the susceptibility to cardiac injury
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and cell death [2]. In contrast, chronic iron deficiency
may, by itself, reduce exercise capacity and cause ultra-
structural alterations in cardiomyocytes [3]. Indeed, Dong
et al. found that in iron-deficient rats, heart weight and left
ventricle dimension were increased, as well as mitochon-
drial swelling and sarcomere disorganization, which may
collectively lead to cardiac hypertrophy [4].

Hepcidin, a recently discovered 25-amino acid peptide
that contains four disulfide bonds, was first identified in
human urine and plasma [5]. The pivotal role of hepcidin
in iron homeostasis was established in transgenic mouse
models and in human diseases that result because of either
its excess or deficiency [6,7]. Further studies found that
hepcidin regulates iron homeostasis by binding to and in-
ducing the internalization and degradation of ferroportin,
the sole cellular iron efflux channel in iron-transporting
cells [8]. Elevated hepcidin inhibits the release of stored
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iron from macrophages and hepatocytes into the circula-
tion. The net effect of which is greater intracellular iron
storage, along with less iron dietary absorption and circu-
lating availability [9].

However, an increasing number of studies show that
iron deficiency itself inhibits the expression of hepcidin
and its release into the circulation [10-12]. Weber and
colleagues reported that hepcidin levels in the lower tertile
were strongly associated with iron deficiency [13]. Using
multivariable Cox models, Jankowska et al. found that low
hepcidin was independently associated with increased
3-year mortality among systolic heart failure (HF) pa-
tients [14]. These authors also found a gradual reduc-
tion in serum hepcidin levels during the natural course
of HF, in accompaniment with depleted iron stores
(low serum ferritin) and iron-restricted erythropoiesis
(reduced hemoglobin, high red blood cell distribution
width [RDW]).

Six GATA transcription factors have been identified in
vertebrates and are divided into two subclasses based
on their expression patterns. GATA-1, -2, and -3 are
prominently expressed in hematopoietic cell lineages,
whereas GATA-4, -5, and -6 are expressed in various
mesoderm- and endoderm-derived tissues such as the
heart, liver, lung, gonad, and gut [15,16]. Evidence for
the role of GATA factors in the regulation of apoptosis
was initially generated in studies of GATA-1-deficient
precursor cells that were found to undergo apoptosis
[17]. GATA-4 is a survival factor in terminally differen-
tiated cardiomyocytes [18,19] and may be an essential
component of the adaptive response of the adult heart
[19]. In our previous study, we found that activation of
ERK can protect against pro-apoptotic stimulants [20].
Notably, GATA-4 contains putative ERK phosphorylation
sites, and suppression of the ERK/GATA-4 pathway in-
duces cardiomyocyte apoptosis [20]. Notably, GATA-4 is
enriched in cardiac tissue where it is essential for various
cardiomyocyte physiological and adaptive responses. More-
over, an early event in doxorubicin (an antitumor drug)-
induced cardiotoxicity is GATA-4 depletion, which in turn
results in cardiomyocyte apoptosis [18,19]. GATA-4 has
also been shown to upregulate transcription of the anti-
apoptosis genes Bcl-2 and Bcl-Xp in cardiomyocytes
[20,21]. Thus these studies support that GATA-4 plays a
central role in regulating the survival of cardiomyocytes
through regulation of apoptosis.

Bcl-2 protein family members are best characterized
proteins for their direct involvement in the regulation of
apoptosis [22]. Bcl-2 and its closest homologues, Bcl-xL
and Bcl-w, potently inhibit apoptosis in response to
many cytotoxic insults. Bax and Bak, on the other hand,
are well known proapoptotic members of the Bcl-2 pro-
tein family. Conditions that induce myocardial stress
cause complex alterations in levels of Bcl-2 family
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proteins [23]. Cardiac Bcl-2 gene expression has been
shown to be regulated by GATA-4 both in vitro and
in vivo [21]. During apoptosis, the 14 members of the
caspase family in mammals are produced in cells as cata-
lytically inactive zymogens and must undergo proteolytic
activation. Caspases involved in apoptosis are generally
divided into two categories: the initiator caspases, which
include caspase-2, -8, -9, and -10, and the effector cas-
pases, which include caspase-3, -6, and -7 [24].

Cardiomyocyte apoptosis can result in a loss of con-
tractile tissue, compensatory hypertrophy of myocardial
cells, reparative fibrosis, and heart failure. Bulvik et al,,
showed that myocardial protection by ischemic precon-
ditioning (IPC) is mediated by a transient 'iron-signal' in
concert with ferritin accumulation [25]. Our recent cross-
sectional observational study in chronic kidney disease
(CKD) patients [26] demonstrated that after adjustment
for BMI, age, anemia, lipid profiles and blood pressure,
there was a negative correlation between serum hepcidin
and left ventricular mass. However, the knowledge of
the hepcidin’s impact on cardiomyocytes from previous
studies is limited.

Thus, we postulate that changes to hepcidin levels may
regulate the apoptotic pathway of cardiomyocytes follow-
ing oxidative stress. To test this hypothesis, human cardio-
myocytes were cultured and treated with ferrous iron, and
the effects of siRNA-mediated knockdown of hepcidin, as
well as possible underlying signaling pathways of cardio-
toxicity, were examined. In our knowledge, this is the first
study to transfect human cardiomyocytes with hepcidin
siRNA and understand the effect this has on GATA-4.

Methods

The study was approved by the Institutional Review
Board of the Changhua Christian Hospital, Taiwan. Under
the approval of the Institutional Review Board of the
China Medical University Hospital, Taiwan, human car-
diomyocytes were obtained from myocardial ventricular
resections of patients who underwent cardiac surgery,
as described previously [20]. All subjects gave written
and informed consent to participate.

Cardiomyocyte culture

Human cardiomyocytes were cultured for 8 days, during
which the culture medium was replaced every third day.
Endogenous CAPON protein expression in cultured cardi-
omyocytes was detected by immunofluorescent staining
and confocal microscopy [20]. We also measured electro-
physiological characteristics of cultured cardiomyocytes,
including action potential duration (APD) and peak
L-Type calcium current (Ical) [27]. Both APD and
peak L-Type calcium current (Ical) were APD;o, APDsq,
APD,5 and APDgy: 95.4 +10.6, 289.2 + 15.6, 308.2 + 15.4,
and 318.4 + 16.4 ms, respectively, with a peak Ical. density
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of -10.2+ 0.9 pA/pE at+ 10 mV (n = 6) [20]. Cultured rat
cardiomyocytes incubated with 20 uM iron displayed
hypertrophy, while cardiomyocyte necrosis occurred at a
dose of 100 uM iron [28]. Cultured human cardiomyocytes
were treated with ferrous iron (500 microg/mL, 18 h) then
transfected with siRNA against hepcidin. Forty-eight hours
later, cellular lysates were prepared as previously described
[29], and proteins were resolved on SDS-polyacrylamide
gels and transferred to Immobilon polyvinyldifluoride
(PVDF) membranes. Membranes were blocked with 4%
(w/v) BSA for 1 h at 22.2°C and probed with rabbit anti-
human Ab against hepcidin (Abcam, Abgent, San Diego,
CA), Akt (Cell Signaling Technology, Beverly, MA),
Caspase 8 (Millipore Corp., Billerica, MA, USA), pro-
caspase 9 (Cell Signaling Technology), Bcl-2 (Santa,
Cruz, CA), Bcl-xL (Santa Cruz) and f-actin (Sigma)
(1/1000) for 1 h at room temperature. Protein expression
was visualized by ECL using Kodak X-OMAT LS film
(Eastman Kodak, Foster City, CA, USA). Quantitative data
were obtained using a computing densitometer and Image
Quant software.

Bromodeoxyuridine (BrdU) assay

Cardiomyocyte proliferation was determined using the
BrdU assay. Briefly, in a 96-well microplate, 2 x 10° car-
diomyocytes/well were incubated in 100 pL of culture
media and exposed to different concentrations of ferrous
iron, or Doxorubicin (DOXO, 0.5 uM) as a positive con-
trol. Our preliminary data (not shown) for the time course
experiment indicated that the incubation time for the
maximal effect of ferrous iron on human cardiomyocytes
was 18 h. Cells were further incubated with 10 pL of
1 mM BrdU/mL and fluorescent anti-BrdU antibody for
15 min (BrdU Flow kits, BD Pharmingen, San Jose, CA,
USA), then resuspended for flow cytometry analysis.

Apoptosis assays

Flow cytometry

Apoptosis was quantitatively gauged by detecting phos-
phatidylserine exposure on cell membrane with Annexin
V staining [20]. Cells were simultaneously stained with
Annexin V-FITC (25 ng/ml; green fluorescence, R&D
Systems, Minneapolis, MN) and dye exclusion (propidium
iodide, 20 mg/ml, red fluorescence). Data were obtained
by flow cytometry analysis with FACS-SCAN (Becton-
Dickinson, Heidelberg, Germany) FACS Canto in cell pop-
ulations from which debris was gated out and analyzed.

Comet assay

The comet assay (single-cell gel electrophoresis) is an
uncomplicated and sensitive method for measuring de-
oxyribonucleic acid (DNA) strand breaks in eukaryotic
cells. Cardiomyocytes (approximately 5x 10® cells/mL)
were incubated with DOXO or phosphodiesterase (PDE)
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during peritonitis for 24 h at 37°C, isolated, then examined
for DNA damage using the comet assay as previously de-
scribed [30]. Briefly, treated cells were embedded in situ in
1% (w/v) agarose, then placed in lysis solution for 30 min.
Cell nuclei were subsequently separated by electrophoresis
for 20 min at 1 V/cm, followed by staining with PI and
visualization under a fluorescence microscope.

RNA isolation and reverse transcription

RNA was extracted from cells using RNAzol B (Tel-Test,
Inc., Friendswood, Tex.), and was then converted to cDNA
by reverse transcription. Samples were stored at -70°C
until ready for analysis by PCR.

Real-time PCR with SYBR green
For real-time PCR, 5 pL of cDNA (1-10 ng) was mixed
with SYBR green PCR core reagent or master mix reagent
(Applied Biosystems, CA, USA). The thermal cycling con-
ditions were determined according to the rules of the
‘Thermal cycling parameters for primer optimization’.
Each RNA sample was also analyzed for f-actin expres-
sion, which served as an internal control for correcting
relative specific gene expression levels. Primers were de-
signed using Primer Express Primer Design software, and
are as follows:
Bcl-2: sense primer: ATGTGTGTGGAGAGCGTCAA
antisense primer: ATCACCAAGTGCACCTACCC
Bcl-x;: sense primer: ACAGCAGCAGTTTGGATGC
antisense primer: TGGGATGTCAGGTCACTGAA
GATA-4: sense primer: AGCTCCTTCAGGCAGTGAGA
antisense primer: CTGTGCCCGTAGTGAGATGA
[-actin: sense primer: CAGGTATGCACCCAGAGTGA
antisense: GATATGGAGAAGATTTGGCA
According to the amplification plot, the cycle number
over the threshold equals the Ct value. The Ct value of
the non-template control was 45. The relative expression
ratio among untreated RNA and different RNA samples
could be thus calculated by 2-Ct.

Western blotting

For western blotting, 10-50 pg of protein extracts were
separated using 10-12% SDS-polyacrylamide gel electro-
phoresis, transferred to nitrocellulose (PVDF) membranes,
then blocked overnight with 1 x tris buffered saline buffer
containing 5% (w/v) skim milk. Membranes were next
incubated with optimal concentrations of primary anti-
bodies: anti-GATA-4 mAb (Abcam), and anti-p actin
mAb (Sigma) all diluted in blocking buffer. Membranes
were washed and then incubated with appropriate second-
ary antibodies (goat anti-mouse mAb conjugated with
HRP), and visualized using the enhanced chemilumines-
cence detection kit (Perkin Elmer, MA, USA). The anti-
bodies for GATA-4 (1:100) and Bcl-X; (1:100) were
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purchased from Santa Cruz (CA, USA) while Bcl-2
(1:1000) was purchased from Cell Signaling (CA, USA).

siRNA transfection

Two pairs of small-interfering RNAs (siRNA1 and siRNA2)
were synthesized by Invitrogen Life Technology (Invitro-
gen). siRNA2 was employed to knock-down hepcidin
levels and siRNA1 was injected s the negative control.
Cultured human cardiomyocytes were transfected with
each siRNA (20 pM) using Lipofectamine RNAIMAX
(Invitrogen) as per the manufacturer’s instructions. After
48 h, protein was extracted for western blot analysis.

Statistical analyses

Values are expressed as the mean + standard deviation
(SD). Parameters between groups were compared using
the Jonckheere Terpstra or Kruskal-Wallis test for non-
parametric continuous data, or the independent t-test for
parametric data. Statistical analysis was performed via
SPSS for Windows software, version 15.0. A P-value < 0.05
was considered statistically significant.

Results

Ferrous iron induces cell death in human cardiomyocytes
Cardiac cell death is believed to be a major contributor
in the development and progression of myocardial dys-
function [31]. To assess whether ferrous iron treatment
induces cardiac death, cell viability of cardiomyocytes
treated with ferrous iron, or DOXO as a positive control,
was evaluated by BrdU flow cytometry. The BrdU assay
revealed that ferrous iron induced human cardiomyocyte
cell death in a dose-dependent manner (Figure 1). As
expected, DOXO also induced cardiotoxicity.

Ferrous iron induces apoptosis in human cardiomyocytes
To further explore whether ferrous iron accumulation
induces human cardiomyocyte apoptosis, we assessed
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Figure 1 Cell proliferation of human cardiomyocytes treated
with different concentrations of ferrous iron. Doxorubicin
(DOXO, 0.5 uM) was used as a positive control. Data are expressed
as the mean £ SD of six independent experiments.
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apoptotic cell death using Annexin V-FITC and flow cy-
tometry. As above, DOXO (0.5 uM) was used as a posi-
tive control. After cell incubation with ferrous iron for
18 h, apoptosis was observed. Higher concentrations of
ferrous iron resulted in greater numbers of damaged
cells (Table 1). Using the comet assay (Figure 2), we also
monitored the extent of cardiomyocyte apoptosis follow-
ing pretreatment with ferrous iron and more severe car-
diomyocyte apoptosis damage following transfection with
siRNA2 to knockdown hepcidin expression.

Ferrous iron suppresses GATA-4 expression in human
cardiomyocytes

The transcription factor GATA-4 is a well-known specific
myocardial survival factor [32]. To characterize the mech-
anisms underlying ferrous iron-induced apoptosis in hu-
man cardiomyocytes, mRNA expression and protein levels
of GATA-4 were measured. GATA-4 mRNA expression
was decreased in a dose-dependent manner after in-
cubation with ferrous iron (Figure 3a). Western blots
of nuclear GATA-4 protein expression also showed a
dose-dependent decrease in response to ferrous iron
in cardiomyocytes (Figure 3b).

Silencing of hepcidin induced apoptosis in iron-induced
human cardiomyocytes

To further explore the mechanisms of ferrous iron-
induced apoptosis, other well-known apoptotic markers
were examined by western blotting. After cardiomyocyte
treatment with ferrous iron (500 mg/mL, 18 h; middle
column of Figure 4), in comparison to non-iron medium,
there was increased expression of both hepcidin and
cleaved caspase 8, and a significant decrease in Bcl-2,
Bcl-xL, phosphorylated Akt and GATA-4 expression
levels. Following hepcidin siRNA2 transfection and
treatment with ferrous iron (right column of Figure 4),
hepcidin protein returned to non-iron treated levels.

Table 1 Effect of different doses of ferrous iron on
apoptosis in cultured human cardiomyocytes

Ferrous Iron (ug/ml) % apoptosis (mean + SD)

0 1.0+22
10 1.1+£23
50 42+21
100 76%25
250 84+23
500 11.2+21

Positive control: DOXO (0.5 uM)

Positive control: medium + DOXO (0.5 uM): 10.1 £ 2.2%.

Cultured human cardiomyocytes were incubated with medium alone or in
combination with ferrous iron at the indicated concentrations for 18 h to
reach the maximal effect of ferrous iron. Medium plus DOXO (0.5 uM) was
used as a positive control. Following the maximal effect of ferrous iron, cells
were stained with annexin V-FITC and apoptosis analysis was determined by
FACS. Each value represents the mean + SD from six independent experiments.

10.1+£22
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Figure 2 Comet assay: effect of silencing hepcidin on ferrous iron-induced cardiomyocyte apoptosis. siRNA2 was employed to knock-down
hepcidin levels and siRNAT was injected as a negative control. Cultured human cardiomyocytes, pretreated with ferrous iron (500 microg/mL, 18 h),
were transfected with each siRNAs (20 uM, 48 h). DNA damage was then determined by the comet assay. Ferrous iron-free treated cells were used as
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Meanwhile, the synthesis of cleaved caspase 8 also
significantly increased and protein expression levels
of Bcl-2, Bcl-xL, phosphorylated Akt and GATA-4 were
significantly suppressed when compared with the non-
iron medium group.

Following treatment with ferrous iron and siRNA2
(right column of Figure 4), cleaved caspase 8 levels were
higher and protein levels of Bcl-2, Bcl-xL, phosphorylated
Akt and GATA-4 were significantly lower than treatment
with ferrous iron only (middle column of Figure 4). There
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Figure 3 Effects of ferrous iron on GATA-4 m-RNA and protein
levels in cardiomyocytes. GATA-4 mRNA expression was decreased
in a dose-dependent manner after incubation with ferrous iron
(Figure 3a). Western blots of nuclear GATA-4 protein expression
also showed a dose-dependent decrease in response to ferrous iron
in cardiomyocytes (Figure 3b). Cultured human cardiomyocytes were
treated with different concentrations of ferrous iron. Doxorubicin
(DOXO, 0.5 pM) was used as a positive control. Data are normalized to
B-actin, and are expressed as the mean + SD of six independent
experiments.

was no significant difference among the conditions with
respect to caspase 9 protein levels.

Discussion

In the present study, we have demonstrated for the first
time that transfection of human cardiomyocytes with
hepcidin siRNA can downregulate anti-apoptotic GATA-
4/Bcl-2. By contrast, hepcidin siRNA augmented protein
expression of pro-apoptotic caspase 8. This finding was
consistent with our earlier published clinical study which
found that there was a significant negative correlation
between serum hepcidin levels with either left ventricu-
lar mass (LVM) or the left ventricular mass index
(LVMI) in CKD patients [26]. We also found that ferrous
iron-induced human cardiomyocyte apoptosis was associ-
ated with decreased protein expression of GATA-4, Bcl-2,
and Bcl-xL, and phosphorylated Akt. In addition, ferrous
iron increased the expression of hepcidin and caspase 8 in
human cardiomyocytes.

Iron ions stored within the ferritin molecule are
redox-inactive and cannot catalyze the generation of free
radicals [33]. By contrast, excessive extracellular iron in
heart muscle is thought to induce the formation of ROS.
Therefore, ferritin is assumed to play an important cyto-
protective role against free radical formation by control-
ling free cytosolic iron content [34]. Moreover, it has
been shown that ROS formation, amplified by labile and
redox-active iron ions, increases the susceptibility to
cardiac injury and cell death [35]. Indeed, in the BrdU
cell viability study, we showed that ferrous iron-induced
human cardiomyocyte cell death was dose-related. Con-
sistent with our finding, Munoz et al. showed that differ-
ent iron concentrations exhibit diverse effects on cultured
cardiomyocytes, whereby either its excess or deficiency
inflicts myocardial damage [28].

There is convincing evidence that apoptosis contributes
to the progression of heart failure [36]. Inflammatory me-
diators and cytokines have been cited as playing a role in
cardiomyocyte apoptosis and clinical cardiac dysfunction
[37]. More recently, experiments demonstrated that
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Figure 4 Hepcidin knockdown by siRNAs alters the apoptotic protein expression profile. sSiRNA2 was employed to knock-down hepcidin
levels. Cultured human cardiomyocytes were transfected with each siRNAs (20 uM). After 48 h, proteins were extracted for western blot analysis.
The protein expression of caspase-8, Bcl-2, Bcl-xL and phosphorylated Akt, were measured by western blotting. Cultured human cardiomyocytes
were pretreated with ferrous iron (500 mg/mL) only (lane 2) and in combination with siRNA2 for silencing hepcidin (lane 3). Cells cultured in
ferrous iron-free medium were also analyzed (lane 1). Quantitative densitometry was performed and a histogram was developed showing protein
expression relative to total protein. Data are expressed as the mean + SD of six independent experiments. P-values are indicated.
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anthracycline cancer chemotherapeutic agents, such as
daunorubicin and doxorubicin, cause cardiomyopathy
and also induce cardiac myocyte apoptosis [38]. Using
doxorubicin as a positive control, we demonstrated that
greater ferrous iron levels resulted in more apoptosis
in human cardiomyocytes. Cardiogenesis is known to
be enhanced in embryonic stem cells overexpressing
GATA-4, while its depletion results in apoptosis [39].
Survival factors of cardiomyocytes, such as hepatocyte
growth factor and endothelin-1, activate GATA-4 to
protect the heart against oxidative stress [19]. Our

results also show that exogenous iron can downregu-
late the expression of GATA-4 mRNA and protein
levels in a dose-dependent manner.

Importantly, following human cardiomyocyte pretreat-
ment with ferrous iron, we noted that the expression
levels of hepcidin and caspase 8 increased, while those
of Bcl-2, Bcl-xL, and phosphorylated Akt significantly
decreased. From the study, we suggest that the pro-
apoptotic pathway contributes to the iron-associated
cardiomyopathy. In the heart, hepcidin is an intrinsic
cardiac hormone which has a predominantly local effect



Hsieh et al. Journal of Occupational Medicine and Toxicology 2014, 9:11
http://www.occup-med.com/content/9/1/11

[40]. Moreover, studies in the ischemic and non-ischemic
myocardium after myocardial infarction showed particular
upregulation of hepcidin [41]. The authors speculated that
upregulation of hepcidin may reduce iron toxicity and
thus infarct size expansion in an infarcted heart [41]. Our
present findings seem to be consistent with these assump-
tions that beyond iron regulation, hepcidin expression in
the heart could impact on heart function. In the present
study, however, we did not link Akt activation and the
GATA-4-Bcl-2/Bcl-xL pathway.

Island et al. reported that GATA-4 may participate in
the control of hepcidin expression and that the alteration
of its expression could contribute to the development of
iron-related disorders [42]. Previous research [43] has
shown that overexpression of Bcl-2 attenuates myocardial
apoptosis. Similarly, in an in vivo study we found that hep-
cidin may be involved in cardioprotection [26]. In the
present study, we found that the combined treatment of
human cardiomyocytes with hepcidin siRNA and ferrous
iron led to the increased synthesis of cleaved caspase 8,
while that of hepcidin, as well as other anti-apoptotic
proteins, were significantly suppressed. These findings
indicate that silencing hepcidin could downregulate anti-
apoptotic protein synthesis and provoke cardiomyocyte
death. Indeed, evaluation of DNA damage by Comet assay
confirmed the negative impact of hepcidin siRNA on
cardiomyocytes.

In addition, following silencing of hepcidin mRNA ex-
pression, the synthesis of caspase 8 was enhanced. By
contrast, caspase 9 levels did not significantly change.
As known, the extrinsic apoptotic pathway is mediated by
caspase 8, which is first activated by the death receptors
and, in turn, activates caspase 3. In the intrinsic pathway,
caspase 9 is first activated by mitochondria-released cyto-
chrome C [44]. Based on these observations, we propose
the extrinsic apoptotic pathway could be the target for
cardioprotection by hepcidin.

There were several limitations in our studies: (1) Given
that only caspase 9 was monitored, it is difficult to attri-
bute the observed apoptosis to the extrinsic pathway
alone. To rule out any involvement of the intrinsic path-
way, we need to monitor at least cytochrome c release or
inhibit caspase 8 activation to determine if cell death could
be completely inhibited. (2) The knockdown of hepcidin
resulted in an increase in apoptosis, but suggested that
hepcidin played a protective role. If we could show that
over-expression of hepcidin resulted in an increase in
Bcl-2, GATA-4, Bcl-xl etc. and that would greatly en-
hance our work.

In conclusion, this study demonstrates that hepcidin
acts as a novel survival factor for human cardiomyo-
cytes through the regulation of GATA-4/Bcl-2 and the
extrinsic apoptotic pathway. These results comple-
ment our earlier clinical findings that serum hepcidin
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is significantly negatively correlated with LVM and
LVMI [26].

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions

CY Lin and CC Chang conceived of the study; YP Hsieh, CH Huang and CC
Chang participated in the design and coordination of the study; YP Hsieh
and CY Lee carried out the experiments, analyzed the data; YP Hsieh and CC
Chang wrote the manuscript; CY Lin contributed to the guidance of
experiments; and CC Chang read the manuscript and revised it for important
intellectual content. All authors have read and approved the final
manuscript.

Acknowledgements
This study was partially supported by grants from the Department of Health
(DOH 97-HP-1103).

Author details

'Division of Nephrology, Department of Internal Medicine, Changhua
Christian Hospital, 135 Nanhsiao St, Changhua 500, Taiwan. “Division of
Cardiology, Department of Internal Medicine, Changhua Christian Hospital,
Changhua, Taiwan. Division of Pediatric Nephrology, China Medical
University Hospital, Changhua, Taiwan. *Clinical Immunological Center, China
Medical University Hospital, No. 2, Yuh-Der Road, Taichung, Taiwan.
°Graduate Institute of Clinical Medical Science, College of Medicine, China
Medical University, Taichung, Taiwan. °Program for Aging, China Medical
University, Taichung, Taiwan. “School of Medicine, Chung Shan Medical
University, Taichung, Taiwan.

Received: 10 December 2013 Accepted: 10 March 2014
Published: 18 March 2014

References

1. Anker SD, Josep Comin C, Gerasimos F, Ronnie W, Kenneth D, Helmut D,
Luscher TF, Boris B, Waldemar B, Joanna N, Bridget-Anne K, Claudio M, von
Eisenhart Rothe B, Pocock SJ, Poole-Wilson PA, Piotr P, for the FAIR-HF Trial
Investigators: Ferric carboxymaltose in patients with heart failure and iron
deficiency. N Engl J Med 2009, 361:2436-2448.

2. Turoczi T, Jun L, Cordis G, Morris JE, Maulik N, Stevens RG, Das DK: HEE
mutation and dietary iron content interact to increase ischemia/
reperfusion injury of the heart in mice. Circ Res 2003, 92:1240-1246.

3. Brownlie TT, Utermohlen V, Hinton PS, Haas JD: Tissue iron deficiency
without anemia impairs adaptation in endurance capacity after aerobic
training in previously untrained women. Am J Clin Nutr 2004, 79:437-443.

4. Dong F, Zhang X, Culver B, Chew HG Jr, Kelley RO, Ren J: Dietary iron
deficiency induces ventricular dilation, mitochondrial ultrastructural
aberrations and cytochrome c release: Involvement of nitric oxide
synthase and protein tyrosine nitration. Clin Sci 2005, 109:277-286.

5. Krause A, Neitz S, Magert HJ, Schulz A, Forssmann WG, Schulz-Knappe P,
Adermann K: LEAP-1, a novel highly disulfide-bonded human peptide,
exhibits antimicrobial activity. FEBS Lett 2000, 480:147-150.

6. Nicolas G, Bennoun M, Porteu A, Mativet S, Beaumont C, Bernard G, Mario S,
Michele S, Axel K, Sophie V: Severe iron deficiency anemia in transgenic
mice expressing liver hepcidin. Proc Natl Acad Sci U S A 2002,
99:4596-4601.

7. Viatte L, Lesbordes-Brion JC, Lou DQ, Bennoun M, Nicolas G, Kahn A,
Canonne-Hergaux F, Vaulont S, Kahn A, Canonne-Hergaux F, Vaulont S:
Deregulation of proteins involved in iron metabolism in hepcidin-
deficient mice. Blood 2005, 105:4861-4864.

8. Nemeth E, Tuttle MS, Powelson J, Vaughn MB, Donovan A, Ward DM, Ganz
T, Kaplan J: Hepcidin regulates cellular iron efflux by binding to
ferroportin and inducing its internalization. Science 2004, 306:2090-2093.

9. Nemeth E, Rivera S, Gabayan V, Keller C, Taudorf S, Pedersen BK, Ganz T,
Pedersen BK, Ganz T: IL-6 mediates hypoferremia of inflammation by
inducing the synthesis of the iron regulatory hormone hepcidin.

J Clin Invest 2004, 113:1271-1276.

10.  Hentze MW, Muckenthaler MU, Galy B, Camaschella C: Two to tango:

regulation of mammalian iron metabolism. Cell 2010, 142:24-38.



Hsieh et al. Journal of Occupational Medicine and Toxicology 2014, 9:11
http://www.occup-med.com/content/9/1/11

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

Babitt JL, Lin HY: Molecular mechanisms of hepcidin regulation:
implications for the anemia of CKD. Am J Kidney Dis 2010, 55:726-741.
Nemeth E, Ganz T: (2009) The role of hepcidin in iron metabolism.

Acta Haematol 2009, 122:78-86.

Weber CS, Beck-da-Silva L, Goldraich LA, Biolo A, Clausell N: Anemia in
heart failure: association of hepcidin levels to iron deficiency in stable
outpatients. Acta Haematol 2013, 129:55-61.

Jankowska EA, Malyszko J, Ardehali H, Koc-Zorawska E, Banasiak W, von
Haehling S, Macdougall IC, Weiss G, McMurray JJ, Anker SD, Gheorghiade M,
Ponikowski P: Iron status in patients with chronic heart failure. fur Heart J
2013, 34:827-834.

Molkentin JD: The zinc finger-containing transcription factors GATA-4,
-5, and —6. Ubiquitously expressed regulators of tissue-specific gene
expression. J Biol Chem 2000, 275:38949-38952.

Oka T, Xu J, Molkentin JD: Re-employment of developmental transcription
factors in adult heart disease. Semin Cell Dev Biol 2007, 18:117-131.

Weiss M, Orkin S: Transcription factor GATA-1 permits survival and
maturation of erythroid precursors by preventing apoptosis. Proc Nat/
Acad Sci U S A 1995, 92:9623-9627.

Aries A, Paradis P, Lefebvre C, Schwartz RJ, Nemer M: Essential role of
GATA-4 in cell survival and drug-induced cardiotoxicity. Proc Natl Acad
Sci U'S A 2004, 101:6975-6980.

Suzuki YJ, Evans T: Regulation of cardiac myocyte apoptosis by the
GATA-4 transcription factor. Life Sci 2004, 74:1829-1838.

Wang HH, Lin PC, Huang HJ, Lee TY, Lin CY: Peritoneal dialysate effluent
during peritonitis induces human cardiomyocytes apoptosis by
regulating the expression of GATA-4 ant Bcl-2 families. J Cell Physiol 2011,
226:94-102.

Kobayashi S, Lackey T, Huang Y, Bisping E, Pu WT, Boxer LM, Qiangrong L:
Transcription factor gata4 regulates cardiac BCL2 gene expression

in vitro and in vivo. Faseb J 2006, 20:800-802.

Cory S, Adams JM: The Bcl2 family: regulators of the cellular life-or-death
switch. Nat Rev Cancer 2002, 2:647-656.

Bishopric NH, Andreka P, Slepak T, Webster KA: Molecular mechanisms of
apoptosis in the cardiac myocyte. Curr Opin Pharmacol 2001, 1:141-150.
Yigong S: Mechanisms of caspase activation and inhibition during
apoptosis. Mol Cell 2002, 9:459-470.

Bulvik BE, Berenshtein E, Meyron-Holtz EG, Konijn AM, Chevion M: Cardiac
protection by preconditioning is generated via an iron-signal created by
proteasomal degradation of iron proteins. PLoS One 2012, 7:e48947.
Hsieh YP, Huang CH, Lee CY, Chen HL, Lin CY, Chang CC: Hepcidin-25
negatively predicts left ventricular mass index in chronic kidney disease
patients. World J Nephrol 2013, 2:38-43.

Chang KC, Barth AS, Sasano T, Kizana E, Kashiwakura Y, Zhang Y, Foster DB,
Marban E: CAPON modulates cardiac repolarization via neuronal nitric
oxide synthase in the heart. PNAS 2008, 105:4477-4482.

Munoz JP, Chiong M, Garcfa L, Troncoso R, Toro B, Pedrozo Z, Diaz-Elizondo
J, Salas D, Parra V, Nufez MT, Hidalgo C, Lavandero S: Iron induces
protection and necrosis in cultured cardiomyocytes: role of reactive
oxygen species and nitric oxide. Free Radic Biol Med 2010, 48:526-534.
Chiu YC, Lin CY, Chen CP, Huang KC, Tong KM, Tzeng CY, Lee TS, Hsu HC,
Tang CH: Peptidoglycan enhances IL-6 production in human synovial
fibroblasts via TLR2 receptor, focal adhesion kinase, Akt, and

AP-1- dependent pathway. J Immunol 2009, 183:2785-2792.

Zoccali C, Benedetto FA, Mallamaci F, Tripepi G, Giacone G, Stancanelli B,
Cataliotti A, Malatino LS: Left ventricular mass monitoring in the follow-up
of dialysis patients: prognostic value of left ventricular hypertrophy
progression. Kidney Int 2004, 65:1492-1498.

Haunstetter A, lzumo S: Apoptosis: basic mechanisms and implications for
cardiovascular disease. Circ Res 1998, 82:1111-1129.

Ancey C, Corbi P, Froger J, Delwail A, Wijdenes J, Gascan H, Potreau D,
Lecron JC: Secretion of IL-6, IL-11 and LIF by human cardiomyocytes in
primary culture. Cytokine 2002, 18:199-205.

Ponka P, Beaumont C, Richardson DR: Function and regulation of
transferrin and ferritin. Semin Hematol 1998, 35:35-54.

Balla G, Jacob HS, Balla J, Rosenberg M, Nath K, Apple F, Eaton JW,
Vercellotti GM: Ferritin: a cytoprotective antioxidant strategem of
endothelium. J Biol Chem 1992, 267:18148-18153.

Jamieson RW, Friend PJ: Organ reperfusion and preservation. Front Biosci
2008, 13:221-235.

36.

37.

38.

39.

40.

42.

43.

Page 8 of 8

Narula J, Kolodgie FD, Virmani R: Apoptosis and cardiomyopathy.

Curr Opin Cardiol 2000, 15:183-188.

Haudek SB, Taffet GE, Schneider MD, Mann DL: TNF provokes
cardiomyocytes apoptosis and cardiac remodeling through activation of
multiple cell death pathways. J Clin Invest 2007, 117:2692-2701.

Kang YJ, Zhou ZX, Wang GW, Buridi A, Klein JB: Suppression by
metallothionein of doxorubicin-induced cardiomyocyte apoptosis
through inhibition of p38 mitogen-activated protein kinases. J Biol Chem
2000, 275:13690-13698.

Suzuki YJ: Cell signaling pathways for the regulation of GATA4
transcription factor: Implications for cell growth and apoptosis.

Cell Signal 2011, 23:1094-1099.

Merle U, Fein E, Gehrke SG, Stremmel W, Kulaksiz H: The iron regulatory
peptide hepcidin is expressed in the heart and regulated by hypoxia
and inflammation. Endocrinology 2007, 148:2663-2668.

Simonis G, Mueller K, Schwarz P, Wiedemann S, Adler G, Strasser RH,
Kulaksiz H: The iron-regulatory peptide hepcidin is upregulated in the
ischemic and in the remote myocardium after myocardial infarction.
Peptides 2010, 31:1786-1790.

Island M-S, Faith N, Leroyer P, Brissot P, Loreal O: GATA-4 transcription factor
regulates hepatic hepcidin expression Biochem. J 2011, 437:477-482.

Chen Z, Chua CC, Ho YS, Hamdy RC, Chua BH: Overexpression of Bcl-2
attenuates apoptosis and protects against myocardial I/R injury in
transgenic mice. Am J Physiol Heart Circ Physiol 2001, 280:H2313-H2320.
Wu'Y, Wang D, Wang X, Wang Y, Ren F, Chang D, Chang Z, Jia B: Caspase 3 is
activated through caspase 8 instead of caspase 9 during H202-induced
apoptosis in Hela cells. Cell Physiol Biochem 2011, 27:539-546.

doi:10.1186/1745-6673-9-11

Cite this article as: Hsieh et al.: Silencing of hepcidin enforces the
apoptosis in iron-induced human cardiomyocytes. Journal of
Occupational Medicine and Toxicology 2014 9:11.

~
Submit your next manuscript to BioMed Central
and take full advantage of:
¢ Convenient online submission
¢ Thorough peer review
* No space constraints or color figure charges
¢ Immediate publication on acceptance
¢ Inclusion in PubMed, CAS, Scopus and Google Scholar
* Research which is freely available for redistribution
Submit your manuscript at ( -
www.biomedcentral.com/submit BiolVed Central
J




	Abstract
	Background
	Methods
	Results
	Conclusions

	Introduction
	Methods
	Cardiomyocyte culture
	Bromodeoxyuridine (BrdU) assay
	Apoptosis assays
	Flow cytometry
	Comet assay

	RNA isolation and reverse transcription
	Real-time PCR with SYBR green
	Western blotting
	siRNA transfection
	Statistical analyses

	Results
	Ferrous iron induces cell death in human cardiomyocytes
	Ferrous iron induces apoptosis in human cardiomyocytes
	Ferrous iron suppresses GATA-4 expression in human cardiomyocytes
	Silencing of hepcidin induced apoptosis in iron-induced human cardiomyocytes

	Discussion
	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References

