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ABSTRACT

Background/aim: Hepcidin is the main hormone in the regulation of iron metabolism which is also released
from the heart. The aim of our study was to investigate the effects of hepcidin on the cardiac ischemia-
reperfusion injury.

Materials and methods: In this study, 12 Wistar albino rats were divided into two groups (n=6 each): 1)
The ischemia-reperfusion group (Group 1); 2) Hepcidin-treated group (Group 2). Rat hearts were perfused
on Langendorff system with KH (Krebs-Henseleit) and subjected to 30 min stabilization, 30 min global ische-
mia, and 30min reperfusion. Hepcidin (" M) was applied to group 2 at the onset of ischemia.
Malondialdehyde (MDA), glutathione (GSH), and nitric oxide (NOx) levels were measured in heart tissue
for NOx levels, viscosity, and ion content of perfusate were collected before ischemia and the 1st, 5th, 10th,
20th, and 30th minutes of reperfusion were determined. Apoptosis in heart was evaluated.

Results: NOx and MDA levels significantly decreased in heart tissue in Hepcidin-treated group. NOx and
viscosity of perfusate were not significantly different between the groups. Perfusate iron, calcium, magne-
sium, potassium, and sodium levels in group 2 were more homogeneous. Histologic structures of heart tis-
sue were regularly in group 2. Apoptosis were increased in control group compared to hepcidin
treated group.

Conclusion: These results suggest that hepcidin may have a protective effect on the heart for the ischemia-

reperfusion injury.
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INTRODUCTION

Ischemic disorders are the leading causes of death
in Western countries. Ischemic heart disease or myo-
cardial ischemia is characterized by insufficient
blood flow, with respect to the metabolic require-
ments of the myocardium. In other words, the
reduction in coronary blood flow is the result of
reduced oxygen and nutrient support in the
heart [1-3].

Reperfusion is the restoration of blood flow to
an ischemic organ. Timely reperfusion decreases car-
diac morbidity and mortality. However, reperfusion

may result in cardiomyocyte dysfunction, also
known as “ischemia-reperfusion (I/R) injury” [4-6].

Hepcidin is a small peptide hormone and plays
a central role in iron metabolism and internalization
and destruction of ferroportin (FPN) [7].

Hepcidin secretion, induced by the increase of
plasma transferrin bound iron levels, decreases iron
release from macrophages and enterocytes. These
homeostatic circuits maintain a constant range of
plasma iron with preventing iron absorption from
the intestine and iron overload in tissues [8].
Hepcidin inhibits ferroportin channels of enterocytes
which are located on basolateral part [9, 10].
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Myocardial ischemia results in increased ferritin
associated with the degree of ischemia [11, 12].

Iron deposition in heart myocytes causes oxida-
tive stress and changes in myocardial function due
to DNA damage [13].

Hepcidin is an intrinsic cardiac hormone that
can be released from the heart, and its release is
regulated by hypoxia and inflammation [11, 14].

Increased hepcidin levels in the heart with hyp-
oxia; may create a protective mechanism against free
radicals by controlling intracellular ferritin concentra-
tion of free cytosolic iron (Fe?) concentration [15].

There is limited literature on the effect of hepci-
din on cardiac ischemia-reperfusion. In this study,
we aimed to investigate the effects of hepcidin on
the cardiac ischemia-reperfusion injury with regard
the tissue MDA, NOx, perfusate ion levels and vis-
cosity and caspase 9 activity and histological
evaluations.

MATERIALS AND METHODS
Animals

The recommendations of the Declaration of Helsinki
(1964) for animal care were taken into consideration.
In this study, we used 12 mature Wistar albino rats
weighing 250-300g each. Animals were obtained
from the Animal Breeding and Experimental
Research Laboratory of Gazi University. The experi-
mental protocol was approved by the Ethical
Committee (GU ET-10.021) of Gazi University. The
animals were housed under (12h light/dark cycle,
20-25°C) designed laboratory conditions and were
fed with a standard rat pellet and allowed to drink
water ad libitum.

Experimental Protocol

In the experiment, 12 rats were randomly divided
into two groups:

1. The Ischemia-Reperfusion control group (Group
1, n==6)
2. Hepcidin-treated group (Group 2; n=6).
NOx levels as nitrite (NO;"), plus nitrate (NO3")
in tissue and perfusate, tissue MDA as an indicator

of lipid peroxidation, and GSH level as an indicator
of antioxidant capacity were measured.

The Isolated Perfused Heart

Animals were heparinized and anesthetized with
Ketamine HCI (60mg/kg, intraperitoneal). The

hearts were excised and put in to ice cold Krebs-
Henseleit (KH) and immediately cannulated from
aortae and perfused with the non-circulating modi-
fied Krebs-Henseleit solution containing (in mM)
118 NaCl, 47 KCI, 1.5 CaCl,, 1.2 KH,PO, 12
MgSO,, 25.2 NaHCO;, and 11.1 glucose in reverse.
The perfusion pressure was kept constant at 90
cmH,0. The KH was bubbled with 95% O,-5% CO,
mixture and kept at 37 °C during experiment.

Perfusate and Tissue Preparation

The fluid passing from the heart (perfusate) was
taken to the eppendorf tubes during reperfusion
period at the 1st, 5th, 10th, 20th, and 30th min and
stored in deep freeze at —20°C for biochemical ana-
lysis. At the end of the reperfusion, the hearts were
unloaded from langendorff, were immediately fro-
zen in liquid nitrogen and were stored in the deep
freeze for biochemical analyzes at -80 °C. NOx levels
were measured in the perfusate. In addition, MDA,
GSH, and NOx levels were determined in the
heart tissue.

Measurement of NOx Content (Nitrate and
Nitrite) in Tissue and Perfusates

NOx concentrations were measured by the Griess
reaction. The tissue was diluted with PBS and were
homogenized. After homogenization, it was centri-
fuged at 2,000 relative centrifugal force (RCF) at 4°C
for 5minutes. Then, 500uL of supernatant was
removed and 250 uL. 0.3N NaOH was added, then
incubated for 5min at room temperature. After incu-
bation, 250 ul of 10% ZnSO4 was added and vor-
texed. After vortexing, the supernatant was
centrifuged at 3,000 RCF at 4°C for 5minutes. It
was then centrifuged at 14,000 RPM for 5minutes at
4°C. After centrifugation, vanadium III chloride
(VaCly), sulfanilamide (SULFA), and N-(1-naphtyl)
ethylenediamine dihydrochloride (NEDD) were
added to the supernatant and the mixture was kept
at 37°C for 30 minutes. The samples were read by a
spectrophotometer at 540 nm. The same method was
applied to the perfusate samples and was studied
by spectrophotometer at 540 nm [16].

Measurement of Tissue MDA Levels

Tissues were diluted with 10% trichloroacetic acid
(TCA) and homogenized. After homogenization, the
samples were centrifuged at 3,000 RCF at 20°C for
15 minutes. The supernatant was removed and again
centrifuged at 3,000 RCF at 20°C for 8minutes.
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Then, 750 ul of samples were taken to the glass tube
and 10ul of 1% butylated hydroxytoluene (BHT)
was added on the samples. TBA (750 ul) was added
to the mixture and vortexed for 20seconds. After
vortexing, the mouths of the tubes were covered
with glass marbles and boiled at 120°C for
15 minutes. The mixture was centrifuged at 3,000
RCF for 8 minutes. After centrifugation, the samples
were analyzed by a spectrophotometer (ELISA)
(BioTek ELx405 Washer-Synergy HT Reader-Gen5
Data Analysis Software) at 535nm [17].

Measurement of Tissue GSH Levels

Tissues were diluted with 10% TCA and homogen-
ized. After homogenization, the samples were centri-
fuged at 3,000 RCF at 20°C for 15minutes. The
supernatant was removed and again centrifuged at
3,000 RCF at 20°C for 8 minutes. After centrifuged,
Na,HPO, (0.3M) and 5',5'-dithiobis 2-nitrobenzoic
acid (DTNB) were added and the samples were vor-
texed. The samples were kept at room temperature
for 10 minutes. After the whole procedure, the sam-
ples were analyzed by a spectrophotometer (ELISA)
(BioTek ELx405 Washer-Synergy HT Reader-Gen5
Data Analysis Software) at 412nm [18].

Histologic and
Immunohistochemical Procedures

The heart tissues of group 1 and group 2 were rap-
idly fixed in 10% formalin for 72h at room tempera-
ture and embedded in paraffin blocks. Then, routine
histological procedures were applied. Tissue sections
(4pm in thickness) were stained with Hematoxylin
and Eosin (H&E) and Masson’s Trichrome.

For immunohistochemical analyses, sections at
4 ym thickness were used for the primary antibody;
Caspase-9 (LAP6 Ab-4, Abcam) was diluted at 1:100
and incubated overnight at 4°C. Then, the tissue
sections were incubated with secondary antibody
(LabVision, Thermo Scientific, Fremont) for 10 min
each. The reaction product was revealed by strepta-
vidin peroxidase complex (LabVision, Thermo
Scientific, Fremont) with 3,3'-diaminobenzidine
(DAB). Finally, Mayer's hematoxylin was used as a
counter staining.

For each animal, caspase-9 was examined in six
randomly selected areas with 40x magnification.
The scores were derived semiquantitatively by using
light microscopy on the preparations of each animal
and were reported as follows: none: 0, mild: 1, mod-
erate: 2, severe: 3, and very strong: 4.

All the sections were examined and photo-
graphed with a light microscope (Leica DM 4000B,

© 2019 Taylor & Francis Group, LLC
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Germany). The images were evaluated with the
Leica Q Win 3 Software (Cambridge, UK).

Perfusate Viscosity

The viscosities of the perfusates obtained from both
groups were determined before ischemia and during
reperfusion at the 1st, 5th, 10th, 20th, and 30th
minutes with a viscometer (BioProfiller Vilastic).

Determination of Elements

Iron, calcium, magnesium, potassium, and sodium
ions were analyzed in the perfusates collected from
both groups, before ischemia and during reperfusion
at the 1st, 5th, 10th, 20th, and 30th minutes by using
Inductively Coupled Plasma-Optical Emission
Spectrometer.

Statistical Analysis

Experimental data analysis was performed by using
SPSS version 15.0 for Windows. Whether the distri-
bution is normal or not was tested by using
Kolmogorov-Smirnov test. Analysis of variance
(ANOVA) was used in order to analyze the differen-
ces for each element within group. Student’s t-test
was used to compare the I/R and hepcidin groups
for each data. p<0.05 was considered to indicate
statistical significance. Data were presented as
means = SEM and median (min — max).

RESULTS
Tissue NOx, MDA, and GSH Levels

The differences in tissue NOx levels between I/R
and hepcidin group rats were found to be statistic-
ally significant (p < 0.05) (Table 1). Tissue NOx levels
were significantly lower in the Hepcidin-treated
group compared to the control (I/R) group (p <0.05)
(Table 1).

Tissue MDA levels were significantly lower in
Hepcidin group compared to the control (I/R) group

TABLE 1. Comparison of tissue NOx, MDA, and GSH levels
between study groups

Parameters Group 1 Group 2
NOx (uM/g tissue) 33.76 £2.45 30.14 +1.24*
MDA (nM/g tissue) 19.59 +0.82 17.87 £1.26*
GSH (nM/ g tissue) 1.01+0.07 0.93x0.11

*p < 0.05. All data were expressed as mean +SD.



8l6 A. Bayraktar et al.

TABLE 2. Perfusate NOx levels and viscosity values of experimental groups

Parameters Preischemia 1th min 5th min 10th min 20th min 30th min
Perfusate NOx levels (nM/ml)
Group 1 18.32+2.47 17.92+1.63 17.98 1.5 1744 +1.44 17.7£0.86 17.4+1.11
Group 2 17.06 +1.44 17.06 +0.79 17.3+0.76 17.6 +£0.31 1792 +1.46 17.3+0.74
Perfusate viscosity (cp)
Group 1 0.61+0.18 0.76 £0.10 0.75+0.08 0.71+0.01 0.76 +0.06 0.72+0.02
Group 2 0.72+0.02 0.71+0.01 0.72+0.01 0.71+0.01 0.72+0.01 0.71+0.02

All data were expressed as mean + SD; cp: centipoise.

i
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FIGURE 1. H&E and Masson’s Trichrome staining of the experimental groups. (a,b) IR group showing disorganization of cardiac
muscle fibers (arrowhead), morphology deformation of nuclei (arrow), edematous areas in the connective tissue (star); (c, d)
hepcidin treated group showing recovery of cardiac muscle fibers (arrowhead), regularity of the organization of the fiber nuclei

(arrow), cross striations (thin arrow) (magnification 40x).

(p <0.05) (Table 1). Tissue GSH levels were lower in
the hepcidin-treated group in comparison to the
control (I/R) group. However, the difference was not
statistically significant (p >0.05) (Table 1).

Perfusate NOXx Levels, Viscosity, and
Element Levels

There was no difference between intergroups and
intragroups in perfusate NOx levels and viscosity
values (Table 2). Iron, calcium, magnesium, potas-
sium, sodium, and thallium levels were observed to
be more uniform in the hepcidin group compared to
the control (I/R) group. A significant decrease in Ca

levels (p<0.05) was observed in group 2 at
30 minutes compared to group 1.

Histochemical Results

In Hematoxylin-Eosin and Masson’s Trichrome
staining, the control (I/R) group showed the disor-
ganization of cardiac muscle fibers, loss of cross
striations, and intercalated disc (Figure 1a,b).
Moreover, the nuclei of cardiomyocytes from I/R
group showed eccentric location. HE staining dis-
closed pyknotic and heterochromotic nucleus struc-
ture (Figure 1a). The presence of edematous areas in
the connective tissue between the bundles of cardiac
muscle fibers and degenerative alterations were

Journal of Investigative Surgery



TABLE 3. Perfusate element levels
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Element (ppm) Preischemia 1st min 5th min 10th min 20th min 30th min
Fe
Group 1 0.055 +0.004 0.054 +0.003 0.056 +0.002 0.057 +0.001 0.050 +0.01 0.052+0.01
Group 2 0.055+0.002 0.052+0.007 0.056 +0.001 0.056 +0.003 0.056 +0.001 0.056 +0.001
Ca
Group 1 35.84 +0.47 36.13+0.51 36.02+0.41 36.25+0.45 36.35+0.65 35.84+0.34
Group 2 36.45+0.43 36.42+0.32 36.12+0.40 36.44 +0.58 36.6 +0.49 36.47 +0.48*
Mg
Group 1 26.01+3.69 27.97 +1.68 27.81+1.31 24.96+5.41 27.08+2.54 28.02+1.90
Group 2 26.21+0.98 26.20x0.78 26.42+2.55 25.78 £2.00 25.79 +1.66 26.60+1.49
K
Group 1 1513.19+292.01  1606.93+136.03  1665.41+138.53  1359.125+665.75  1611.45+181.62  1682.05+243.9
Group 2 1551.86+117.1 1522.38 £115.19  1605.22+283.09  1551.55+129.85 1489.26 +148.59  1565.24 +140.13
Na
Group 1 15.83+1.24 15.25+0.31 1517 £0.22 16.79 +3.66 15.35+0.38 15.19+0.43
Group 2 15.4+0.37 15.34+0.22 15.53+0.81 15.44+0.35 15.57 £0.54 15.36+0.24

*p < 0.05. All data were expressed as mean +SD.

FIGURE 2. The immunoreactivity of caspase-9 in rat heart from each group. (a, b) The immunoexpression (yellow arrow) was
detected in cardiac muscle fiber, sarcolemma, and endothelial cells in group 1; (c,d) cytoplasmic and membranous caspase-9

immunoreactivity was observed (yellow arrow) in the muscle fibers in group 2 (magnification 40x).

observed (Figure 1b). In the hepcidin-treated group,
although some certain areas were similar like I/R
group because of the ischemia-reperfusion injury,
rest of the tissue was histologically regular and was
similar to the normal cardiac muscle structure
(Figure 1c,d).

In areas which appear to be regular, the recov-
ery of cardiac muscle fibers, regularity of the

© 2019 Taylor & Francis Group, LLC

organization of the myocardial fibers nuclei, regular
cross striations, and myocardial intercalated disc
appearance were noticed. The connective tissue
between the cardiac muscle fibers was regular and
there was no edematous area (Figure 1b,d). The
myocardial tissue in the hepcdin group showed
fewer pathological changes, as compared with the I/
R group (Table 3).
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TABLE 4. Mean staining intensity of caspase-9 in
heart tissue

Parameter Group 1 Group 2
Caspase-9 2 (1-3) 1 (0-2)*
immunoreactivity

*p <0.000. All data were expressed as median (min — max).

Immunohistochemical Evaluation

Immunoreactivity of caspase-9 in I/R group, was
detected in cardiac muscle fiber and sarcolemma
(Figure 2a,b). Also, immunoreactivity was observed
on endothelial cells in the connective tissue between
the bundles of cardiac muscle fibers (Figure
2a, inset).

Immunohistochemical staining of caspase-9 in
hepcidin group did not reveal increased cytoplasmic
and membranous immunoreactivity in the muscle
fibers (Figure 2c,d). Caspase-9 activity was signifi-
cantly decreased in group 2 compared to group 1.
The results of staining with caspase-9 are given in
Table 4.

As a result, physiological apoptotic findings
were increased in control group compared to hepci-
din treated group.

DISCUSSION

Hepcidin is a novel peptide hormone and studies
have largely focused on hepcidin in a broader per-
spective in recent years [19]. The aim of this study
was to examine the effect of hepcidin on the cardiac
ischemia-reperfusion injury. In our experimental
study, we did not create a basal (control) group,
because The use of any untreated heart as a control
group in cardiac ischemia reperfusion studies by
using the Langendorff mechanism will not provide
any information for our purpose. Since it is more
informative to compare the effect of the given sub-
stance with the ischemia reperfusion group,
untreated ischemia heart tissue has not been used.
Since the control group had I/R damage, no add-
itional basal group was needed [20-23].

The literature indicates that iron metabolism
contributes to the ischemic damage after myocardial
infarction. After myocardial infarction, the hepcidin
mRNA expression is temporarily upregulated in the
ischemic and in the nonischemic myocardial cells.
The increase was specifically for hepcidin, no
change was observed in other iron-related genes
(hemoguvelin, IREG-1). The alteration of hepcidin
protein expression in the ischemic area of infarct
rats is associated with serum hepcidin level [23].
These data show that hepcidin is significantly

increased in ischemic and nonischemic myocardial
cells, after myocardial infarction. This finding indi-
cates that hepcidin upregulation reduces the infarct
area expansion by decreasing the iron toxicity of the
infarcted heart.

Moreover, hepcidin is expressed in cardiomyo-
cytes in experimental autoimmune myocarditis
(EAM) and acute myocardial infarction (AMI) rat
models. In the hearts of EAM and AMI, the ratio of
hepcidin expression is significantly increased with
interleukin-6/gamma-actin expressions. The same
significantly higher rate is histologically found in
human myocarditis hearts compared to those with-
out myocarditis. Hepcidin expression is induced
under myocarditis and myocardial infarction in car-
diomyocytes. Increased inflammatory cytokine levels
play an important role in iron homeostasis and free
radical formation [24].

We also examined the generation of NOx, MDA,
and GSH, which are the indicators for oxidant and
antioxidant system.

Ischemia increases inflammatory cell infiltration
and inducible nitric oxide synthase (iNOS) activity
in vascular endothelium. Thus, while NO level
increases during ischemia, large amounts of molecu-
lar oxygen transport to the tissues by the resump-
tion of blood flow. A large amount of free oxygen
radical and superoxide O,.—, which are thought to
be responsible for reperfusion injury, occurs [25-27].

The excess amount of NO which is formed dur-
ing ischemia may react with increased O, radical
during reperfusion resulting in peroxynitrite
(ONOQ)) formation or turns into end products as
nitrite and nitrate. Peroxynitrite is also responsible
for some tissue damage. During reperfusion, both
superoxide (O,.—) and NO are produced and these
two molecules form peroxynitrite. Thus, while the
physiological effect of NO is inhibited, oxidative
stress increases [25-28]. A study conducted by
Wang et al. showed that NO's toxic effect in the
heart; superoxide and a reaction with peroxynitrite.
The activity of peroxynitrite such as NO is very low,
however, it is a strong oxidant and causes lipid per-
oxidation and protein oxidation reactions in bio-
logical systems and membranes [29].

It has been observed that NO and peroxynitrite
produced in the late phase of reperfusion are much
higher than the early phase of reperfusion. This
delayed increase in NO levels leads to an even
greater increase in tissue damage [30].

In many studies, it has been suggested that NO
and peroxynitrite formation, which occur in high
amounts due to ischemia-reperfusion, can be
reduced and reperfusion injury can be pre-
vented [31].

In our study, NOx levels of tissues were signifi-
cantly lower in the hepcidin-treated group than in

Journal of Investigative Surgery



the control group; therefore, it was suggested that
hepcidin may have a protective effect during I/R.

Also, the peptide hormone hepcidin is expressed
in the heart and regulated by hypoxia and inflam-
mation [15]. Hepcidin production regulated by tis-
sue hypoxia may have a protective role in the heart
with increased ferritin and reduced free O, radical
production [11]. When tissue MDA levels, which are
the indicators of oxidative stress, were analyzed,
hepcidin has been shown to decrease oxidant stress
in ischemia-reperfusion. Although the GSH levels
decreased, it was not significant [15]. Our data
showed that hepcidin has a positive effect during I/R
and prevents oxidative damage. These findings were
correlated with the study of Merle et al. (2007). A
similar effect was observed in varies of ions in the
perfusate. More uniform ion outputs that were simi-
lar to the preischemia levels in the hepcidin group
was observed. This finding can be interpreted as less
damage to the cells.

Cardiac ischemia results in an impaired balance
in Ca levels in myocardial cells. As a result of this
damage, increased Ca levels arising from extracellu-
lar and intracellular stores may occur at toxic levels
during the reperfusion period. Excessive levels of
cytoplasmic Ca may lead to contracture develop-
ment by reducing the susceptibility of myofibrils [5,
32, 33]. In our study, significantly higher perfusate
calcium levels were found in hepcidin group than in
the control (I/R) group at the 30th minute. This find-
ing can be explained as the use of Ca in a lesser
damaged cells. Ischemia disrupts oxidative phos-
phorylation in the cell, leading to a decrease in
intracellular adenosine triphosphate (ATP) and
phosphocreatine synthesis. This condition leads to
the ATP-dependent ionic pump dysfunction of the
cell membrane and presence of more calcium,
sodium, and water in the cell [34].

Na-K-ATPase is an important membrane
enzyme that plays a key role by providing the
sodium and potassium gradient on the cell mem-
brane. Benkoel et al. showed that hepatic ischemia-
reperfusion induces a decrease in Na®, K ATPase
expression [35].

In our study, increased Na and decreased K lev-
els were observed in the hepcidin treated group.
This demonstrates that Na-K ATPase activity is close
to regular in hepcidin-treated group.

With the deterioration of membrane permeabil-
ity, the concentrations of potassium and magnesium
ions, which are very important for protein synthesis,
are changed and accordingly protein synthesis is
inhibited [36]. Our findings about ion concentrations
are in agreement with a previous study [37].

Lowered magnesium levels in the perfusate at
30th minute from the hepcidin group were
observed, but it was not significant compared to

© 2019 Taylor & Francis Group, LLC
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controls indicating the possible protective role
of hepcidin.

In the hepcidin-treated group, histological find-
ings also indicated less cellular damage because of
less immunoreactivity for caspase 9 which is an
indicator of apoptosis. Ma and Xu (2010) showed
that in osteoblast, in comparison with the control,
apoptosis rate of cells treated with hepcidin were
lower [38]. A similar effect was also detected in our
immunohistochemical findings. In our study, immu-
noreactivity score of cardiomyocytes for caspase 9
was lower in hepcidin group indicating the prevent-
ive effect of hepcidin.

In our model of cardiac ischemia reperfusion,
externally applied hepcidin at 10™> M caused antiox-
idative, antiapoptotic, and protective effect on heart.
These results were conflicting with the findings of
Sasai et al. In this study, authors presented adverse
effect of hepcidin > on plaque rupture and endo-
thelial cell death at the onset of acute myocardial
infarctus [39]. In addition to, hepcidin has not only
a protective effect on heart but also on kidney.
Hepcidin treatment reduces inflammation with pro-
tection in renal ischemia-reperfusion [40].

In conclusion, ischemia—reperfusion causes local
and systemic inflammatory response associated with
oxidant production, increased microvascular perme-
ability, complement activation, leukocyte—-endothe-
lial cell adhesion, and decreased endothelium-
dependent relaxation [41, 42]. Moreover, I/R may
result in multiple organ dysfunction syndromes
(MODS) and death. Therefore, new clinical research
and new therapeutic strategies are needed.
According to our biochemical, histological and
immunohistochemical results we found that hepci-
din, which is administered at the beginning of ische-
mia at 107> M concentration, may have a
cardioprotective effect on I/R damage. In the future,
in vivo studies will be a guide for the protective
impact of hepcidin. New therapeutic strategies may
help to prevent or limit ischemia-reperfusion injury
in human.

DISCLOSURE STATEMENT
The authors declare that they have no conflict
of interest.
FUNDING
This study was funded by Scientific Researches
Project Unit at Gazi University (Project number 01/

2010-56). The authors thank Prof. Dr. Yusuf Kadioglu,
from the Geology Research and Application Center at



820

the

A. Bayraktar et al.

Ankara University, Turkey, for his support for

ions analyses.

(1]
(2]

(4]

(5]

(6]

(7]

(8]

9]

[10]

[11]

[12]

(13]

[14]

[15]

[16]

[17]

[18]

REFERENCES

Kalogeris T, Baines CP, Krenz M, Korthuis R]. Ischemia/
reperfusion. Compr Physiol. 2016;7(1):113-170.
Teagtmeyer H, King LM, Jones BE. Energy substrate
metabolism, myocardial ischemia, and targets of
pharmacotherapy. Am | Cardiol. 1998; 82:54—60.

Suleiman MS, Halestrap AP, Griffiths E]. Mitochondria:
a target for myocardial protection. Pharmacol Ther. 2001;
89(1):29-46.

Damjanov I, Linder J. Cell injury and cellular adapta-
tions. In: Anderson’s Pathology. 10th ed. St. Louis: Mosby;
1996:357-365.

Piper HM, Meuter K, Schafer C. Cellular mechanisms of
ischemia-reperfusion injury. Ann Thorac Surg. 2003; 75:
644-648.

Verma S, Fedak PW, Weisel RD, et al. Fundamentals of
reperfusion injury for the clinical cardiologist. Circulation
2002; 20:2332-2336. doi:10.1161/01.CIR.0000016602.96363.36.
Angmo S, Tripathi N, Abbat S, et al. Identification of
guanosine 5'-diphosphate as potential iron mobilizer:
preventing the hepcidin-ferroportin interaction and mod-
ulating the interleukin-6/Stat-3 Pathway. Sci Rep. 2017;
7:40097.

Anderson GJ, Darshan D, Wilkins SJ, Frazer DM.
Regulation of systemic iron homeostasis: how the body
responds to changes in iron demand. Biometals 2007;
20(3-4):665-674.

Ganz T. Hepcidin-a regulator of intestinal iron absorp-
tion and iron recycling by macrophages. Best Pract Res
Clin Haematol. 2005;18(2):171-182.

Ganz T. Hepcidin and its role in regulating systemic
iron metabolism. Hematology 2006, 507:29-35. doi:
10.1182/asheducation-2006.1.29.

Loncar R, Flesche CW, Deussen A. Myocardial ferritin
content is closely related to the degree of ischaemia. Acta
Physiol Scand. 2004;180(1):21-28.

Voogd A, Sluiter W, van Eijk HG, Koster JF. Low
molecular weight iron and the oxygen paradox in iso-
lated rat hearts. | Clin Invest. 1992;90(5):2050-2055.
Munoz Gémez M, Campos Garriguez A, Garcia Erce JA,
Ramirez Ramirez G. Physiopathology of iron metabol-
ism: diagnostic and therapeutic implications. Nefrologia
2005; 25:9-19.

Torti FM, Torti SV. Regulation of ferritin genes and pro-
tein. Blood 2002;99(10):3505-3516.

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(6):2663-2668.

Miranda KM, Espey MG, Wink DA. A rapid, simple
spectrophotometric method for simultaneous detection
of nitrate and nitrite. NitricOxide 2001;51:62-71. doi:
10.1006 /niox.2000.0319.

Casini AF, Ferrali M, Pompella A, Maellaro E, Comporti
M. Lipid peroxidation and cellular damage in extrahe-
patic tissues of bromobenzene-intoxicated mice. Am |
Pathol. 1986,;123(3):520-531.

Aykag G, Uysal M, Yalgin AS, Kogak-Toker N, Sivas A,
Oz H. The effect of chronic ethanol ingestion on hepatic
lipid peroxide, glutathione, glutathione peroxidase and
glutathione transferase in rats. Toxicology 1985;36(1):
71-76.

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[34]

[35]

Kali A, Charles MV, Seetharam RS. Hepcidin - a novel
biomarker with changing trends. Pharmacogn Rev. 2015;
9(17):35-40.

Esmaeili H, Hafezimoghadam Z, Esmailidehaj M,
Rezvani ME, Hafizibarjin Z. The effect of asafoetida
essential oil on myocardial ischemic-reperfusion injury
in isolated rat hearts. Avicenna | Phytomed. 2018; 8(4):
338-349.

Oz E, Arsakay G, Dinger S, Erbag D. Role of the nitric
oxide pathway on ischemia-reperfusion injury in an iso-
lated perfused guinea pig heart. Gen Pharmacol. 2000;
34(1):3-7. Jandoi:10.1016/5S0306-3623(99)00044-0.

Gonon AT, Erbas D, Broijersén A, Valen G, Pernow J.
Nitric oxide mediates protective effect of endothelin
receptor antagonism during myocardial ischemia and
reperfusion. Am | Physiol Heart Circ Physiol. 2004;286(5):
H1767-H1774.

Simonis G, Mueller K, Schwarz P, et al. The iron-regulatory
peptide hepcidin is upregulated in the ischemic and in the
remote myocardium after myocardial infarction. Peptides
2010; 9:1786-1790. doi:10.1016/j.peptides.2010.05.013.

Isoda M, Hanawa H, Watanabe R, et al. Expression of
the peptide hormone hepcidin increases in cardiomyo-
cytes under myocarditis and myocardial infarction. |
Nutr  Biochem. ~ 2010;  8:749-756.  doi:10.1016/
jjnutbio.2009.04.009.

Beckman JS. -OONO: rebounding from nitric oxide. Circ
Res. 2001;89(4):295-297.

Ferdinandy P, Schulz R. Nitric oxide, superoxide, and
peroxynitrite in myocardial ischemia-reperfusion injury
and preconditioning. Br | Pharmacol. 2003;138(4):532-543.
doi:10.1038/sj.bjp.0705080.

Ronson RS, Nakamura M, Vinten-Johansen J. The cardio-
vascular effects and implications of peroxynitrite.
Cardiovasc Res. 1999;44(1):47-59.

Landino LM, Crews BC, Timmons MD, Morrow ]D,
Marnett L]. Peroxynitrite, the coupling product of nitric
oxide and superoxide, activates prostaglandin biosyn-
thesis. Proc Natl Acad Sci USA.1996;93(26):15069-15074.
doi:10.1073/pnas.93.26.15069.

Radi R, Beckman JS, Bush KM, Freeman BA.
Peroxynitrite-induced membrane lipid peroxidation: the
cytotoxic potential of superoxide and nitric oxide. Arch
Biochem Biophys. 1991;288(2):481-487. d0i:10.1016/0003-
9861(91)90224-7.

Wildhirt SM, Weismueller S, Schulze C, Conrad N.
Inducible nitric oxide synthase activation after ischemia/
reperfusion contributes to disorders to myocardial dys-
function and extent of infarct size in rabbits: evidence
for a late phase of nitric oxide-mediated reperfusion
injury. Cardiovasc Res.1999;43(3):698-711. doi:10.1016/
50008-6363(99)00080-2.

James JP, Benedict RL. Mechanism of myocardial reper-
fusion injury. Ann Thorac Surg 1999; 68:1905-1912.

Gross GJ, Kersten JR, Warltier DC. Mechanisms of posti-
schemic contractile dysfunction. Ann Thorac Surg. 1999;
68(5):1898-1904.

Moens AL, Claeys MJ], Timmermans JP, Vrints CJ.
Myocardial ischemia/reperfusion injury, a clinical view

on a complex pathophysiological process. Int |
Cardiol.2005;100(2):179-190.  d0i:10.1016/j.ijcard.2004.04.
013.

Kandilei HB, Giimiisel B. Akcigerlerde iskemi-

reperfiizyon hasari ve iskemik onkosullama. Hacettepe
Universitesi, Eczacilik Fakiiltesi Dergisi 2005; 1:35-49.

Benkoel L, Dodero F, Hardwigsen ], et al. Effect of ische-
mia-reperfusion on Na*, K"-ATPase expression in
human liver tissue allograft: image analysis by confocal

Journal of Investigative Surgery


https://doi.org/10.1161/01.CIR.0000016602.96363.36
https://doi.org/10.1182/asheducation-2006.1.29
https://doi.org/10.1006/niox.2000.0319
https://doi.org/10.1016/S0306-3623(99)00044-0
https://doi.org/10.1016/j.peptides.2010.05.013
https://doi.org/10.1016/j.jnutbio.2009.04.009
https://doi.org/10.1016/j.jnutbio.2009.04.009
https://doi.org/10.1038/sj.bjp.0705080
https://doi.org/10.1073/pnas.93.26.15069
https://doi.org/10.1016/0003-9861(91)90224-7
https://doi.org/10.1016/0003-9861(91)90224-7
https://doi.org/10.1016/S0008-6363(99)00080-2
https://doi.org/10.1016/S0008-6363(99)00080-2
https://doi.org/10.1016/j.ijcard.2004.04.013
https://doi.org/10.1016/j.ijcard.2004.04.013

[36]

[37]

(38]

laser scanning microscopy. Dig Dis Sci. 2004;49(9):
1387-1393. doi:10.1023/B:DDAS.0000042235.72622.16.
White BC, Grossman LI, Krause GS. Brain injury by global
ischemia and reperfusion: a theoretical perspective on mem-
brane damage and repair. Neurology 1993;43(9):1656-1665.
Liu JX, Tanonaka K, Ohtsuka Y, Sakai Y, Takeo S.
Improvement of ischemia/reperfusion-induced contract-
ile dysfunction of perfused hearts by class Ic antiarrhyth-
mic agents. | Pharmacol Exp Ther. 1993;266(3):1247-1254.
Ma Y, Xu Y. Effect of hepcidin on proliferation, apop-
tosis, mineralization and gene expression of osteoblast
(hFOB1.19) in vitro. Bone 2010; 47:5407. doi:10.1016/
j-bone.2010.09.198.

© 2019 Taylor & Francis Group, LLC

[39]

[40]

[41]

[42]

The Effect of Hepcidin on the Heart 82|

Sasai M, Iso Y, Mizukami T, et al. Potential contribution
of the hepcidin-macrophage axis to plaque vulnerability
in acute myocardial infarction in human. Int | Cardiol.
2017;227:114-121.

Scindia Y, Dey P, Thirunagari A, et al. Hepcidin miti-
gates renal ischemia-reperfusion injury by modulating
systemic iron homeostasis. | Am Soc Nephrol. 2015;26(11):
2800-2814. Novdoi:10.1681/ASN.2014101037.

Carden DL, Granger DN. Pathophysiology of ischaemia-
reperfusion injury. ] Pathol. 2000;190(3):255-266.

Collard CD, Gelman S. Pathophysiology, clinical mani-
festations, and prevention of ischemia-reperfusion injury.
Anesthesiology 2001,94(6):1133-1138.


https://doi.org/10.1023/B:DDAS.0000042235.72622.16
https://doi.org/10.1016/j.bone.2010.09.198
https://doi.org/10.1016/j.bone.2010.09.198
https://doi.org/10.1681/ASN.2014101037

	Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	Animals
	Experimental Protocol
	The Isolated Perfused Heart
	Perfusate and Tissue Preparation
	Measurement of NOx Content (Nitrate and Nitrite) in Tissue and Perfusates
	Measurement of Tissue MDA Levels
	Measurement of Tissue GSH Levels
	Histologic and Immunohistochemical Procedures
	Perfusate Viscosity
	Determination of Elements
	Statistical Analysis

	RESULTS
	Tissue NOx, MDA, and GSH Levels
	Perfusate NOx Levels, Viscosity, and Element Levels
	Histochemical Results
	Immunohistochemical Evaluation

	DISCUSSION
	DISCLOSURE STATEMENT
	References


