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Tenascin-C May Regulate Behavior of Proepicardium-derived Cells
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Background: During cardiogenesis. the epicardium derived from the proepicardium (PE) undergoes epithelinl-mesenchymal
4 E proeg t )

transformation and migrates into the myocardivm. These PE-denved cells differentisre imo interstinal fibroblusts, coronary

smooth muscle cells, and perivascular fibroblasts, However. the onigin of the cells forming the onfices of the coronary vessels

remains uncertain, Tenascin-C, an extracellular mutrix glycoprotein, often appears associated with cell motility of the neural crest
and epithelial
Methods: We made PE
ws. Expression of tenascin-C and distnbution of the PE-denved und CNC-d

ssenchymal/mes

hymal-epithelial ransformation, and can accelerate the migranon of various types of cells

quail-chick chimeras, card

¢ neural crest (CNC) quanl-chick chimeras and CNC-ublated chick embry -

nved cells were examined

Results: The PE-derived cells differennated into epicardial cells. interstitinl fibroblasts, coromry smouoth muscle cells and en
dothelial cells, and endocardial cells, CNC-ablation caused anomalies of coronary onfices. Tenascin-C was expressed in the area
where epithelial-mesenchymal transformation of PE-denved cells was tuking place and around the onfices of the coronary vessels
Conclusion: The PE-derived and CNC-derived cells contribure 1o the formation of the coronary orifices, and tenascin-C may

regulate their behavior
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Fig. 1 Preparation of proepicardial (PE) chimera (A) and cardiac neural crest chimera (B) between quail and chick embryos

The left panel in (A} shows a right lateral view of quail embryo at HH16. Heart (H) and PE tissue (a ad) 1s shown in the
boxed area. The nght omphalomesenteric vein is opened. A small piece of the shell membrane is pushed forward through the
opening. Arrowheads show the PE tissue labeled with fluorescent dye, CM-Dil (right panel). The quail PE tissue with the shell
Is inserted in the chick-hos! embryo between the PE tissue and heart (middle panel)

(B) The neural tube (indicaled by dolting), which contains the cardiac neural crest befare migration, is removed from the chick
ambryo at HHB-9. The neural lube containing the cardiac neural crest of the HHB-9 quail embryo treated with dispase is trans
planted into the ablated chick embryo,
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Flg 2 The distribution of quail cells in proepicardium chi-
meras.
'A, B] The grafted quail proepicardium attaches to
the heart and forms the epicardium (arrowheads)
of the HH18 (3 days) chimera embryo.(C, D)
Quail-dernived cells have migraled into the myocar-
dium and formed the epicardium (arrowhead), en-
docardium (arrow), and interstitial fibroblasts. The
donor-dernived cells are detected through immu-
nostaining with anti-quail antibody (QCPN). HH31
(7 days) quail-chick chimeras
H. Heart: LY. left ventncle: MYO, myocardim: QPE.
transplanted guail proepicardium: RY, rght ventnicle
Scale bar. 100 gm
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Fig. 3 Expression ol lenascin-C in proepidardium chimeras. (A, B) Histological sec-
tion of the hean doubly immunostained with QCPN and anti-tenascin-C of HH24
(4 days) chimera. Quail-denved epicardial cells (arrowheads) undergo epithalial-
mesenchymal transformation (arrow) between the epicardium and myocardium
(MYO). Deposition of tenascin-C (green lluorescence) is observed around epi
thelial-mesenchymal transforming cells (B). (C, D, E) Serial sections of the acrta
of HH34 (9 days) chimera immunostained with QCPN (C), QH1 (D), and anti-ten-
ascin-C (TNC) (E). Endothelial cells of the orifice (arrowhead) as well as of the
proximal region of coronary artery consist of quail-derived cells. Deposition of
tenascin-C can be seen around the proximal region of the coronary artery

Ao, aortis. Bars in A and D, 50 gm; in E, 1N gm

Total
Fig. 4

(A)

(B} 66

P

19
(29%)

Anomalies of the coronary onfices of per
sistant truncus anenosus in cardiac neu
ral crest-ablated embryos. (A Schematic
presentation of the coronary orifices in
control chick embrya. A singla coronary
orifice is formed at the base of the right
(R) and left (L) sinuses of Valsalva of the
aortic valve, respectively. (B) Abnormal
patterns of valves and coronary orifices in
persistent truncus arteriosus at HH386 (10
days). Four valve leallels are seen in
most cases ol the fruncus arteriosus. A
wide variely of coronary orifices, includ-
ing single coronary and abnormal posi-
tioning of two orifices located al various
siles, were observed
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Fig. 5 Distribution of neural crest cells and TNC in the aorta in neural crest chimera.
Serial sagittal sections of HH34 (A, B) and HH30 (C. D) chimera embryo immunostained
with QCPN (A), QH1 (B,C) and anti-tenascin-C (TNC) (D). (A The tunica media of the
distal portion of the aorla was ted of QCPN-positive quail neural crest cells (white
arrowheads), whereas QCPN-positive cells were scattered in the proximal wall of the
aorta (two-headed arrow). The base of the aora is suggested to incorporate the cells
derived Irom the secondary hear field. Some of the endothelial cells of the orifice of the
coronary artery (arrowhead in B, arrows in C) are OH1 positive. Tenascin-C is expressed
around the orifice (arrows in D).
AO, sorta. Scale bar = 50 .
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Fig. 6 Spreading, migration and differentiation of epicardium-derived and cardiac neural crest cells.

(A) The proepicardium (PE) derived from the sey Ir

L 1the liver and heart covers most of the atrio-

venltricular junction, ventricles and atria. The cardiac neural crest (CNC) Iocated from the mid-otic placode and somite
3 migrates dorsolaterally through the pharyngeal arches and into the outfiow tract of the hear. (B) The epithelial-mes-
enchymal transformation (EMT) from the epicardium (epi) occurs between the epicardium and myocardium (mya) with
deposition of tenascin-C (TNC). The EMT cells differentiate into the endothelium and smooth muscle of the coronary
vessels, libroblasts (blue) and endocardium (endo). (C) The epicardium and splanchnic masoderm (SPM) cover the
outfiow tract lastly (dotted area), The CNC migrates into the outflow cushions and is related to the outliow septation.
(D) The cells denved lrom the CNC and PE give rise the coronary orifice. TNC is expressed around the orifice.

A, atrium: AoV, aoric valve: LA, left atrium: LY, left ventricle; OFT, outflow tract, RA, right atrium: RV, right ventiicle: V, ven-

tricle
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Downregulation of ferritin heavy chain increases labile iron pool, oxidative stress and
cell death in cardiomyocytes
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ARTICLE INFO ABSTRACT

Ferritin heavy chain (FHC) protein was significantly reduced in munne failling hearts following left coronary
ligatian or thoracic transverse aortic constriction. The mRNA expression of FHC was not significantly altered
in failing hearts, compared to that in control sham-operated hearts. Prussian blue staining revealed sporty
iron depositions in myocardial infarct failing hearts. Oxidative stress was enhanced in the myocardial infarct
failling hearts, as evidenced by increases in 4-hydroxy-2-nonenal and 8-hydroxy-2"-deoxyguanosine
Keywords immunoreactivity. To clarify the functional significance of FHC downregulation in hearts, we infected rat
Héart Talliire neonatal cardiomyocytes with adenoviral vector expressing short hairpin RNA targeted to FHC (Ad-FHC-
Ferritin RNAIL). The downregulation of FHC induced a reduction in the viability of cardiomyocytes. The relanve
fron aumber of iron deposition-, 4-hydroxy-2-nonenal- or 8-hydroxy-2'-deoxyguanosine-positive cardiomyo
Oxidative stress cytes was significantly tugher in Ad-FHC-RNAi-infected cardiomyocytes than in control vector-infected
Cardiomyocyte death cardiomyocytes. Treatment of Ad-FHC-RNAi-infected cardiomyocytes with desferrioxamine, an icon chelator,
significantly reduced the number of iron. 4-hydroxy-2-nonenal or 8-hydroxy-2'-deoxyguanosine-positive
cells, and increased viability. In addition, treatment with N-acetyl cysreine, an antioxidant, significantly
reduced the number of 4-hydroxy-2-nonenal- or 8-hydroxy-2'-deoxyguanosine-positive cells, Reduced
viability in Ad-FHC-RNAi-infected cardiomyocytes was significantly improved with N-acetyl cysteine
treatment. These findings indicate that excessive free iron and the resultant enhanced oxidative stress
caused by downregulation of FHC lead o cardiomyocyte death. The decrease in FHC expression in failing
hearts may play an important role in the pathogenesis of hearr failure.
© 2008 Elsevier Inc. All rights reserved
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1. Introduction ubiquitous and highly conserved iron-binding protein in vertebrates,
and the cytosolic form consists of 2 subunits, termed ferritin heavy
chain {FHC) and light chain (FLC). Ferritin has enzymatic activities,
converting Fe(ll) to Fe(1ll} as iron 1s internalized and sequestered in the
ferritin mineral core, This function is an inherent feature of FHC, which

has ferroxidase activity [3]. The content of cytoplasmic ferritin is

Several studies have suggested that the level of reactive oxygen
species (ROS) mcreases in the failing heart. It has been postulated that
ROS contribute to the pathophysiology of heart failure by imitiating
myocyte cell death and directly exerting negative inotropic effects [ 1. 2].

The labile iron pool of mammalian cells has been implicated in cell
iron regulation and in the production of intracellular ROS. Iron in
heme is necessary for the transport. binding. and release of axygen,
and is essential to organism survival. On the other hand, iron also
donates electrons for the generation of superoxide radicals and can
participate in the regulation of hydroxyl radicals via the Fenton
reaction. An excess of free iron must be detoxified by sequestration in
ferritin, the major intracellular iron storage protein |3]. Ferritin is a

* Corresponding author
E-mil address: kotsudmedone med osaka-oacjp (K. Otsu)

0022-2828/8 - see front matter © 2008 Elsevier Inc. All nghts reserved.
doil W06 jyjmice 200809714

.

regulated by the translation of FHC and FLC mRNAs in response to an
intracellular pool of labile iron [3]. This process is mediated by
interaction between RNA binding proteins (iron regulatory protein.
IRP?) and a region in the 5" untranslated region of FHC and FLC mRNA,
termed the iron responsive element (IRE).

In this study, we here demonstrated that the protein level of FHC is
downregulated in murine and rat models of heart failure. Knockdown
of FHC in isolated cardiomyocytes resulted in increased iron deposition
and oxidative stress, leading to cell death. Our findings support the
hypothesis that the down-regulation of FHC contributes to cardio-
myocyte cell death, and possibly t the development of heart failure
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2. Materials and methods
2.1, Animals and in vivo assessment af cardiac functions

This study was carried out under the supervision of the Animal
Research Committee in accordance with the Cuideline on Animal
Experiments of Osaka University and the Japanese Government
Animal Protection and Management Law (no. 105). Eight-week-old
male CS7BI6/] (WT) mice were subjected to surgery. Ligation of the left
coronary artery (LCA), causing myocardial infarction (M1}, and thoracic
transverse aortic constriction (TAC) were performed as described
previously [4]. Eight-week-old male Sprague-Dawley (SD) rats were
also subjected to higation of LCA as previously described [5].
Echocardiography was performed on awake mice or anesthetized
rat, using ultra-sonography (SONOS-5500, equipped with a 15-MHz
linear transducer. Philips Medical Systems) 4 weeks after Ml [6].

2.2, Western blot analysis

Total protein homogenates or cell lysates (10 pg per lane) were
subjected to Western blot analysis using antibodies against FHC
[Abcam), FLC (Alpha Diagnostics International Inc.), transferrin
receptor 1 (TR 1) (Santa Cruz biotechnology. Inc.) and ferroportin 1
(Fpn 1) (Alpha Diagnostics Int'l. Inc.), Western blots were developed
using either the ECL Plus kit or the ECL Advance kit (Amersham
Biosciences Corp. ).

2.3, Quantitative real-time reverse trunscnptase-PCR (QRT-PCR) and
RNA dot blot analysis

Total RNA was isolated from the left ventricle for analysis using the
TRizol reagent (Life Technologies). The mRNA levels for FHC were
determined by quantitative RT-PCR, as previously reported [7]. All
data were normalized to GAPDH content and expressed as fold
increase over the sham-operated group. Quantitative assessment of
FHC or GAPDH mRNA was performed by dot blot analysis, as
previously described | 7],

2.4. Electrophoretic mobility shift assay (EMSA)

Electrophoretic mobility shift assay (EMSA) was performed using
Electrophoretic Mobility Shift Assay kit (Invitrogen Corp.), according
to the manufacturer's instructions. The RNA oligonucleotide con-
taining the conserved region of IRE was designed for EMSA as
follows: 5-GUU UCC UGC UUC AAC AGU GCU UGA ACG GAA-3.
Ten pg of total protein homogenates from mouse heart were
incubated with 50 ng of RNA oligonucleotides and subjected to
electrophoresis on 6% nondenaturing polyacrylamide gels. The gels
were stained using SYBR Green EMSA stain and visualized using a
Fluorimager 595 (Molecular Dvnamics) at 488 nm excitation and
530 nm emission.

2.5. Hisrol

ical and | shistochemical analysis

(-1

The hearts were excised and immediately fixed in buffered 4%
paraformaldehyde (PFA), embedded in paraffin, and sectioned to a
thickness of 3 pm. We performed Prussian blue staining using the
standard procedure and counted the number of iron-positive
cardiomyocytes in an area of 4.1x 10% pm? using a light micrascopy
of a magnification of x200 [8]. Six to ten fields per section were
counted. and the data were averaged. Immunohistochemistry was
performed using the Mouse on Mouse Immunodetection Kit (VECTOR
Laboratories, Inc.) with mouse anti-4-hydroxy-2-nonenal (HNE) anti-
body (Japan Institute for the Control of Aging. Japan) and mouse anti-
B-hydroxy-2'-deoxyguanosine (8-OHdC) antibody (Oxis Interna-
tional, Inc.). Sections were counterstained with merthyl green. The

area and ntensity of staimng for HNE were blinded to score for
semiquantification (9], Briefly, score 0 is no visible staining, 1 is faint
staining. 2 is moderate staining, and 3 is strong staining. Expression
intensity of 8-OHdG in the myocardium was scored using a previously
reported scoring range [9). The range was as follows: 0 was no
labeling, 1 was < 50% area labeling of low intensity, 2 was =50% area
labeling with low intensity or <50% area labeling with high intensity,
and 3 was ~50% area with high intensity, We scored on ten color
images per section for either HNE or 8-OHdG staining.

2.6, Neanatal cardiomyocyte culture and adenoviral infection

Rat ventricular myocytes from 1- to 2-day-old Wister rats were
prepared and cultured as described previously [10]. A 67 bp short
hairpin fragment was inserted into the pSIREN-DNR Vector (BD
knockout RNAi systems, Clontech) as described previously [6]. The
negative control short hairpin RNA {shRNA) (Ad-ns-RNAi) was
constructed using Negative Control Annealed Oligonucleotide (BD
knockout RMAi systems, Clontech). Cardiomyocytes were infected
with adenoviral vectors expressing shRNA targeted to FHC (Ad-FHC-
RMAi) or non-specific shRNA [Ad-ns-RNAi) at a multiplicity of
infection of 25, and incubated for an additional 6 days. Cardiomyo-
cytes were treated with 0.5 mM desferrioxamine (DFO), 0.2 mM N-
acetyl cysteine (NAC), 1 mM vitamin E (Sigma) or 5 uM EUK-8
[Calbiochem) 4 days after infection of Ad-FHC-RNAI.

27. Cell death assay

The viability of rat neonatal cardiomyocytes was assessed by cell
titer blue (CTB) assay 6 days after infection of Ad-FHC-RNAIL. The CTB
assay. which measures the metabolic activity of viable cells, was
carried out using Cell Titer Blue reagent (Promega) as described
previously [11]. The nuclear morphology was observed with 200 pM
Hoechst 33258 as described previously [4]

2.8. Cytological and immunocytochemical analysis

The cells were fixed with 4% PFA and permeabilized in 0.1% Triton
X-1005 to & days after infection. Prussian blue staining was performed
using standard procedure. The cells were incubated in Perl's solution
(1% potassium ferrocyanide/ 1% HCl) at room temperature for 30 min.
The first antibodies used for immunocytochemistry were mouse anti-
HNE antibody and mouse anti-8-OHdG antibody. The cells were
incubated with biotinylated anti-mouse 1gG (H + L} affinity purified rat
absorbed, and developed with use of a VECTASTAIN Standard ABC
reagent.

29, Sratistical analysis

Results are shown as mean+SEM. Paired data were evaluated by
Student’s r-test, and a one-way analysis of variance {ANOVA) with the
Bonferroni's past hoe test was used for multiple comparisons. A value
of P<0.05 was considered statistically significant

3. Results
3.1. Downregulation of ferritin heavy chain in heart failure

We examined the FHC expression level in murine and rat failing
hearts following Ml M| was caused by ligation of LCA in WT mice or
SD rats. Four weeks after surgery, echocardiographic analysis
indicated chamber dilatation and cardiac dysfunction (data not
shown) [4]. The protein level of FHC in mwurine whole heart
homogenates was significantly reduced in failing hearts after MI
compared with that in the corresponding sham-operated hearts
(36.6% of sham-operated hearts, P<0.05) (Fig. 1A} We observed a
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hearts, P-0. Supplemental Figure 1B). On the other hand, QRT-PCR
analyses showed that the mRNA expression level of FHC was not
significantly different between sham- and Ml-operated hearts (Fig
I1B). Furthermore, the protein level of FHC in other organs such as
brain, lung and liver showed no significant difference between sham
and Mi-operated mice {Fig. 1C

with that in sham-operated hearts, indicating that the reduction of We next examined FLC, TfR1, the membrane receptor for iron

FHC protein after M1 is species-independent (53.8% of sham-operated

uptake, and Fpnl, the iron exporter. FLC protein was significantly
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increased in Mi-operated hearts compared with that in the corre- with that in the corresponding sham-operated hearts (2.7-fold
sponding sham-operated hearts {14.6-fold increase compared with increase compared with sham-operated hearts) (Fig. 1D)

sham-operated hearts) (Fig. 1D). Although TfR1 protein was not We also examined the FHC expression level in pressure overload-
significantly different between sham- and Ml-operated hearts. Fpn 1 induced failing hearts by means of TAC. The protein level of FHC was

protein was significantly increased in Ml-operated hearts compared significantly reduced in pressure overload-induced failing hearts
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compared with that in the corresponding sham-operated hearts
(P-0.05) (Fig 1E). However, dot blot analysis revealed that mRNA
expression level of FHC was not significantly different between sham
and TAC-operated failing hearts (Fig. 1E).

To investigate the molecular mechanism underlying the reduction
of FHC protein in failing hearts, we evaluated the activation of IRP
using EMSA assay. There was no significant difference in IRP activation
between sham- and Ml-operated hearts (Fig. 1F).

3.2 Cordiac deposition of iron and an increase in oxidative stress in heart
fuilure

Because ferntin plays a key role in maintaining iron homeostasis,
the downregulation of FHC may result in the accumulation of free iron
in the cytosol [12]. Thus, we assessed the iron deposition in failing
hearts after Ml by Prussian blue staining (Fig. 2A). The number of iron-
positive cardiomyocytes was significantly higher in both peri-infarct
and non-infarcted zones in Mi-operated hearts compared wich thart in
sham-operated hearts.

Free iron released from FHC induces the generation of ROS through
the Fenton/Haber-Weiss reaction | 13,14]. We next examined the Jevel
of pxidative stress in failing hearts after Ml by immunohistochemical
staining with anti-HNE or anti-8-0HdG antibadies, oxidative stress
markers (Fig. 2B, C). There was a significant increase in HNE
immunoreactivity in Ml-operated hearts compared with that in
sham-operated hearts (Fig. 2B). The increase was observed in both
peri-infarct and non-infarcted zones. Myocardial 8-0HAG staining
was significantly increased in both peri-infarct and non-infarcted
zones in Mi-operated hearts compared with that in sham-operated
hearts (Fig. 2C)

3.3. Induction of cardiomyocyte death by downregulation of FHC

To clanfy the functional significance of FHC downregulation in
lailing hearts, we infected rat neonatal cardiomyocytes with Ad-
FHC-RNAI (Fig. 3A). We constructed three kinds of Ad-FHC-RNAI,
called Ad-FHC-RNAI |, Il and lIL. We were able to achieve significant
reduction in FHC protein level with Ad-FHC-RNAI | or Il 4 days after
infection (53.7% and 55.8% of cantrol Ad-ns-RNAi-infected cardio-
myocytes, respectively, P=-0.05) (Fig 3A), Ad-FHC-RNAI 1l failed to
suppress the expression level of FHC. We then examined cardio-
myocyte viability 6 days after infection. The viability of cardiomyo-
cyles was significantly reduced in Ad-FHC-RNAL |- or ll-infected
cardiomyocytes (45.6% and 43.6% of control Ad-ns-RNAi-infected
cardiomyocytes, respectively, P<0.05). However. there was no
significant difference in the viability of Ad-FHC-RNAi lll-infected
cardiomyocytes compared with that of Ad-ns-RNAi-infected cardi-
omyocytes (Fig. 3B). To characterize cell death induced by reduction
of FHC expression, we examined the nuclear morphology of Ad-
FHC-RNAI |- or ll-infected cardiomyocytes by staining with Hoechst
dye 33258 (Fig. 3C). The number of cardiomyocytes showing nuclear
shrinkage, a characteristic feature of necrotic cell death, was
significantly increased by infection with Ad-FHC-RNAI | or 1T [11]
The number of cardiomyocytes showing nuclear fragmentation or
chromatin condensation, characteristic features of apoptotic cell
death. was not significantly different among cardiomyocytes
infected with Ad-FHC-RNAL 1, Il and Ad-ns-RNAi. These results
indicate that the reduction of FHC induced necrotic cardiomyocyte
teath,

34. Contmbution of excessive free iron ro cardiomyocyte death in
FHC-downvegulated cardiomyocytes

To clarify the mechanism of cardiomyocyte dearh induced by the
reduction of FHC protein level, we examined whether the down-
regulation of FHC induces the generation of free iron. We assessed the
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free iron level in Ad-FHC-RNAi-infected cardiomyocytes by Prussian
blue staining {Fig. 4A). Five days after infection, the relative number of
iron depasition-positive cardiomyocytes was significantly higher in
Ad-FHC-RNAI |- or ll-infected cardiomyocytes than that in Ad-ns-
RNAl-infected cardiomyocytes. However, treatment with DFO, an iron
chelator, significantly reduced the number of iron-positive cells in Ad-
FHC-RNAI | or ll-infected cardiomyocytes (Fig. 4A). However, RNA}-
induced downregulation of FHC did nor alter the expression level of
Fpn1 in rat neonatal cardiomyocytes (Supplemental Figure 11), Next, to
examine whether excessive free iron could affect cardiomyocyte
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viability, we investigated the effect of DFO on the viability of Ad-FHC-
RNAi-infected cardiomyacytes. Reduced viability in Ad-FHC-RNAi I- ar
ll-infected cardiomyocytes was significantly improved with DFO
treatment (Fig. 4B).

3.5, Involvement of oxidative stress in FHC downregulation-induced
cardiomyocyte dearh

To examine whether downregulation of FHC induces oxidative
stress, we assessed the level of oxidative stress in cardiomyocytes
6 days after infection using immunocytochemical staining with
anti-HNE or anti-8-OHAG antibodies, The relative numbers of HNE-
or B-OHdG-positive cardiomyocytes had significantly increased in
cardiomyocytes infected with Ad-FHC-RNAi-1 or |l compared with
those in Ad-ns-RNAi-infected cardiomyocytes (Fig, 5A, B). Treatment
with NAC, an antioxidant, significantly reduced the number of HNE-
or B-OHdG-positive cells in Ad-FHC-RNAI-I- or li-infected cardio-
myocytes. Importantly, chelation of free iron with DFO significantly
decreased HNE- or 8-OHdG-positive cardiomyocytes in Ad-FHC-
RNAI-I or [l-infected cardiomyocytes (Fig. 5A, B). In order to
investigate whether the enhanced oxidative stress could affect
cardiomyocyte viability, we then examined the effect of NAC on the
viability of Ad-FHC-RNAi-infected cardiomyocytes. Reduced viability
in Ad-FHC-RNAI-I- or ll-infected cardiomyocytes was significantly
improved with NAC treatment (Fizg. 5C). We also examined the
effects of other antioxidants such as vitamin E or EUK-8 on FHC
downregulation-induced cardiomyocyte death. Reduced viability in
Ad-FHC-RNAI-1- or ll-infected cardiomyocytes was significantly
improved wirh vitamin E (Fig. 5D) or EUK-8 [data not shown)
treatment

4. Discussion

The study presented here showed that the protein level of FHC i3
downregulated in failing hearts after LCA ligation or pressure
overload. Thus, it appears that decreased FHC expression is a comman
feature in failing hearts. Upregulation of Fpnl compensates for the
excess of iron induced by downregulation of FHC in failing hearts.

Ferritin has a large capacity for iron storage and serves to
sequestrate and detoxify excess iron. Ferritin is consisted of FHC and
FLC. and only FHC has ferroxidase actwity. Thus, FHC 15 more
important than FLC to detoxify the harmful function of iron. Ferritin
functions to limit Fe(ll) available to participate in the generation of
ROS. In this study, reducing the expression of FHC by the use of RNAi
resulted in increases in iron deposition and oxidative stress. The iron
chelator, DFQ, inhibited increase in oxidative stress induced by the
reduction of FHC in cardiomyocytes. These findings suggest that the
reduction of FHC protein expression leads to an increase in labile
iron and thereby results in an increase in oxidative stress.
Furthermore, DFO, NAC, vitamin E and EUK-8 attenuated cell death
induced by the reduction of FHC expression. DFO chelates free iron
NAC is a membrane-permeable precursor of glutathione, EUK-8 1s a
synthetic superoxide dismurase and catalase mimic [15] and is
effective in the prevention of ROS-induced cardiomyocyte death | 16].
Vitamin E functions as a lipophilic membrane antioxidant. Iron
catalyzes the generation of superoxide radicals and participates in
Fenton reaction leading to formation of hydroxy! radicals |3]. The
fact that different antioxidants with different modes and sites of
action are all effective in the prevention of cardiomyocyte death by
the reduction of FHC clearly indicates the invalvement of oxidative
stress in the mechanism of the death. Thus, reduction of FHC leads to
cell death, mediated through increases in labile iron and oxidative
Stress.

We observed decreased protemn levels of FHC, increased levels of
iron depaosition and oxidative stress in failing hearts. The increased
oxidative stress leads to cardiomyocyte cell death and may play an
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important role in the pathogenesis of heart failure | 2]. Although we do
not have direct evidence, the decreased level of expression of FHC
observed in failing hearts may be involved in the increase in oxidative
stress and the pathogenesis of heart failure. Furthermore, there is
strong experimental support for ferritin as a protectant against
oxidative stress. Exposure to heme induced ferritin synthesis and
reduced the cytotoxic response to hydrogen peroxide in endothelial
cells and in tumor cell lines [17,18], and overexpression of ferritin
reduced ROS levels in cells challenged with hydrogen peroxide and
reduced oxidant toxicity | 19]. Thus. the decreased expression of FHC in
failing hearts leads not only to induced oxidative stress, but also to
increased oxidant toxicity.

The protein level of FHC is regulated by both transcriptional and
postrranscriptional mechanisms. The transcription of FHC is induced in
respanse to cytokines, hormones, growth factars and second messen-
gers|3]. The translation of ferritin is controlled by the interaction of IRP
and IRE. Cytokines also regulate ferritin posttranscriptionally. The
induction of ferritin by IL-1j4 is mediated by protein binding to a region
ol the mRNA distinct from the IRE [3]. We observed no differences in
FHC mRNA expression level between MI- or TAC-induced failing hearts
and contrals, suggesting that FHC is downregulated through a post-
transcriptional mechanism. We did not observe changes in the
activation of IRP in failing hearts compared to that in the control
non-failing hearts. Furthermore, we showed that FHC was down-
regulated, while FLC was upregulated in failing hearts. These findings
indicate that the posttranscriptional regulation dependent on the IRP-
IRE interaction does not appear to be involved in the downregulation of
FHC in failing hearts. Differential degradation of FHC and FLC has been
reported in lens epithelial cells, which results in accumulation of L-
chain-rich ferritin [20]. It has been reported that oxidized ferritin is
degradated by the proteasomal system [21.22], Oxidation reduces a
half-time of bath FHC and FLC and this results in a decreased ferritin
pool due to oxidative stress. The proteasomal system may be involved
in the differential alteration of FHC and FLC protein levels, The
molecular mechanism that explains the selective downregulation of
FHC in failing hearts remains to be elucidated.

In summary, we first demonstrated that FHC expression 1s
downregulated in failing heart. The decreased level of FHC can induce
oxidative stress and cardiomyocyte cell death, Modulation of FHC
might be a therapeutic target for the treatment of patients with heart
fatlure.

Appendix A. Supplementary data

Supplementary data assocated with this article can be found, in
the online version, at doi: 10.1016/).yjmec. 2008.09.7 14,
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S100A8/A9 is expressed in activated monocytes/macrophages and assumed to be heavily involved in the pathogenesis
of acute inflammation. Although several studies have asserted that S100AB/A9 has a proinflammatary function, the
exact biological function of S100AB/A9 is yet to be described. We examined the anti-inflammatory effects of $100A8/
A9 on experimental autoimmune myocarditis (EAM) in rats.

Experimental autoimmune myocarditis was induced in Lewis rats by immunization with porcine cardiac myosin. The
recombinant (R-) 5100AB/A9 was injected intraperitoneally into EAM rats. R-S100A8/A9 attenuated the severity of
myocarditis, as evidenced by echocardiographic and histological findings. In addition, we found that not only the
mRNA expression of proinflammatory cytokines [interleukin (IL)-1p, IL-6, and tumour necrosis factor (TNF)-a] in
the myocardium, but also their serum concentrations were suppressed in EAM rats treated with R-S100A8/A9.
Nuclear factor-kappa B expression in inflammatory cells was also suppressed in the treated rats. To elucidate the
mechanistic function of S100AB/A9 on proinflammatory cytokines in vivo, we used an ELISA on the supernatant of
homogenized heart tissue treated with R-5100A8/A9. The findings revealed high-affinity binding of R-S100AB/A9
with IL-1B, IL-6, and TNF-a in the myocardium, suggesting the trapping of proinflammatory cytokines by
RA5100A8JA9

5100A8|!'A9 attenuates EAM mmugh modulanan of the pmmﬂammamr}r cy'tokme netwrk

S100A8/A9 = Autoimmune myocarditis ® Cytokines » Inflammauon

Introduction

5100AB/A9, consisting of two low molecular mass subunits (10.6
and 13.5 kDa), is a member of the $100 family and contains two
calcium-binding sites per molecule.'? The two subunits are
expressed in activated human granulocytes and macrophages in
the inflammatory process 3 In activated human neutraphils and
macrophages, S100AB and S100A9 are non-covalently associated
to rapidly form the heterodimer S100AB/A% in a calciume
dependent manner’ * Translocation of the heterodimer from
cytoplasm to membrane is induced in the presence of increased

intracellular calcium concentration and correlates with the inflam-
matory action of activated granulocytes andfor macrophages. This
protein is known to be involved in several infections and immune
diseases, including advanced arthritis, transplant rejection, and sar-
coidosis,” 7 suggesting that it plays an important role in the patho-
genesis of the inflammatory process. Although several studies have
suggested that ST100AB/A9 has a proinflammatory function, we
recently demonstrated that 5100A8/A9 indirectly suppresses the
averproduction of nitrous oxide in activated neutrophils and/or
macrophages in rats with lipopolysaccharide-induced liver injury
and revealed the binding of S100AB/A9 with proinflammatory
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cytokines in vitro.® However, the presence of the S100AB/
A9-proinflammatory cytokine complexes was not confirmed in
wivo in that study.

Experimental autoimmune myocarditis (EAM) in rat models is
characterized by severe myocardial damage with inflammatory
cell infiltration. The EAM model has been widely used as a
disease model of human myocarditjs.y and experimental data
have documented that macrophages play a pivotal role in the
inflammatory process of EAM in raws.'®

To verify our hypothesis that S100AB/A9 has an anti-
inflammatory effect and to clarify the mechanistic function of
S100A8/AT on proinflammatory cytokines in vivo, we treated the
EAM rat model with newly prepared recombinant S100AB/AS.

Methods

Preparation of recombinant S100A8/A9
Expression of cDNA for S100AB or S100A9 in

Escherichia coli cells

cDNAs with the histidine tag sequence for the human S100AB and
S100A9 subunits were synthesized using PCR'' The resulting
cDNAs were inserted into pCold | vectors (Takara Bio, Shiga,
Japan). The two different expression vectors were then separately
transfected into E coli cells. The S100AB or S100A9 cDNA-transfected
E. coli cells were cultivated in Miller's LB Broth for 3 h at 37°C. When
the absorbance of the culture medium at 600 nm ranged between 0.5
and 0.8, the culture bottle was quickly cooled to 15°C and cultivatad
for 24 h after adding a final concentration of 1 mmel/L IPTG. The cul
tivated cells were harvested and then frozen at — 80"'C until use,

Purification of S100A8 and S100A9 by Ni-agarose affinity
column

The E. coli cells expressing 5100AB or S100A% were suspended in
200 mL of binding buffer and then treated by an ultrasonic generator
for 10 min at 4°C. After centrifugation at 17 400 g for 20 min at
4°C, the supernatant obtained was applied to a Ni-agarose affinity
column equilibrated with the binding buffer. After washing the
column with washing buffer, S100AB and 5100A9 were eluted from
the column with the elution buffer. The fractions containing S100A8
or 5100A9 were concentrated to an adequate volume using an
Amicon Ultra centrifugal filter device (MW 5000; Millipore, Billerica,
MA, USA), and their protein concentrations were obtained by measur.
ing absorbance at 280 nm,

Synthesis and purification of S100A8/A%

Equal molar concentrations of S100A8 and S100A9 were mixed and
the mixture was poured into an MW 5000 and incubated overnight
in 20 molL Tris—-NaOH solution (pH 12.0) at 4°C. It was dialyzed
against 0.1 M Tris—HC! buffer (pH 10.0) containing 300 mM MNaCl
for 3—-4h at 4 C After confirming the protein band of recombinant
S100AB/A9 by SDS-PAGE. 5100AB/A9 was partially purified on a
gel filtration column (Sephacryl 5-300 HR), Major fractions containing
S100A8/AF were pooled and concentrated to an adequate volume
using the same filter device. The above procedures were repeated
until the product was adequately concentrated

Animals and immunization

Animal experimental protocols were approved by the Institutional
Amimal Care and Use Committee, Osaka Medical College. Male
Lewis rats (7 weeks old: body weight 200250 g) were purchased

from Japan SLC (Shizuoka. Japan). Before initiating the experiments,
they were kept in cavity for 1 week with free access to food and
water, The rats were immunized subcutaneously twice with 0.7 mg
purified porcine cardiac myosin (Sigma Chemical Co., 5t Louis, MO,
USA) in an equal volume of complete Freund's adjuvant supplemented
with Mycobacterium tuberculosis H37RA (Difco, Sparks, MD, USA) on
Days 0 and 7.

Administration of recombinant S100A8/A9%
Immunized rats were randomly assigned to two groups: Group 5
(recombinant S100AB/A9, n = 20) and Group C (saline as vehicle,
n= 20). Recombinant S100AB/AS (1 mg/day) or saline was injected
intraperitoneally into the immunized rats each day from Days B to
13. On Day 14 or 21, 10 rats in each group (544 531, Cia and Cyy)
were sacrificed under ether anaesthesia. Rats that were neither immu
nized nor received S100AB/A? were used as normal controls (M, and
Nz, n = 5. respectively).

Echocardiography

Rats were lightly anaesthetized with pentobarbital sodium (1 mg/kg
body weight ip.) on Day 14 or 21. Echocardiography was performed
with an echocardiographic apparatus equipped with a 10-MHz transdu-
cer (Vivid Five, General Electric-Vingmed, Milwaukee, W1, USA). Two-
dimensional targeted M-mode echocardiograms were abtained along
the short axis of the left ventricle at the level of the papillary
muscles. Left ventricular dimensions at end-diastole (LVDd) and end
systole (LVDs) were measured. Left ventricular ejection fraction
(LVEF) was calculated as follows: [(LVDd® — LVDs*)LVDd?Y] x 100.

Histological assessment

For the microscopic evaluation, apex, mid-ventricular, and basal level
slices were stained with haematoxylin—eosin. The entire heart and
the regions affected by myocarditis (i.e. regions showing inflammation
with .n!'lammamry cells and myocardial necrosis) were examined as
described prwuously.m"” using a computer-assisted analyzer
(Scion Image Beta 4.03; Scion Corp, Frederick, MD, USA). The area
ratio (percentage value of affected arealentire area) was calculated
by two investigators (Y.K. and T.K.) who were blinded to slide identi-
fication; the inter- and intra-observer variance was <5%.

Immunohistochemistry

Anti-human S100AB/A9 (rabbit) antibody® was used to determine the
localization of endogenous S100AB/A in Group Cia, with.anti-rabbit
immunogloblins/FITC swine polyclonal antibody (Dako, Denmark) as
secondary antibody. Mouse monoclonal antibodies aganst CD68
were used as a marker for macrophages (AbD serotec, Raleigh, NC,
USA), with labelled goat anti-mouse IgG antibody (10 pg/mlL, Invitro-
gen, Carlsbad, CA, LISA) as secondary anubody. The resulting fluor-
escent signal was detected by a fluorescence microscopy.

Rabbit monoclonal antibodies against nuclear factor-kappa B
(NF-xB) p65 (Cell Signaling Technology, Danvers, MA, USA) were
used to evaluate the activation of NF-kB. The primary antibodies
were reacted to sections and immunoreactivity was evaluated using
the avidin—biotin horseradish peroxidase complex method (ScyTek
Laboratories, Logan, UT, LISA). The reactions were optimized with
diaminobenzidine chromogen
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Measurement of mRNA levels for
proinflammatory cytokines in the heart

RNA isolation and cDNA preparation

RMNA was extracted from the excised LV using the RNeasy Mini Kit
(Qiagen). The concentration and purity of RNA was determined by
measunng the optical density at 260 and 280 nm prior ta use. Total
RNA (1 pug) from each sample was used for reverse transcription
First strand c¢DMA was synthesized with random primers and
Moloney murine leukaemia virus reverse transcriptase (SuperScript
i Invitrogen),

Quantitative RT-PCR analysis

Quantitative RT-PCR analysis was performed using the LightCycler
Real-Time PCR System (Roche Molecular Biochemicals, Indianapalis,
IN, USA) to detect the mRMNA expression of interleukin (IL)-1B.
IL-6, and tumour necrosis factor (TNF)-o. The expression of glyceral
dehyde phosphate dehydrogenase (GAPDH) mRMNA was measured as
the internal control. Assays were designed using the Roche Universal
Probe Library (https/iwww.roche-applied-science.com/sis/ripor/upl/
ndex.jsp). For each reaction, the LightCycler Tagman Master Kit
(Rache Molecular Biochemicals) was used according to the manufac
turer’s instructions. PCR cycling was conducted under the following
conditions: preheating for 1 cycle at 95 C for 10 min, amplification
for 45 cycles at 95°C for 10 s and 60°'C for 25 s, and final cooling to
40 C mRNA levels were quantified and normalized against levels of
GAPDH. The averaged and normalized levels of mRNA in each
control group were expressed as 1.0.

Measurement for serum concentrations

of proinflammatory cytokines

Serum concentrations of IL-18, IL-6, and TNF-o were determined by
enzyme-linked immunosorbent assay (ELISA) kit (R&D systems, Min
neapolis, MN, USA) according to the manufacturer’s instructions

Detection of S100A8/A9-proinflammatory
cytokine complexes in heart tissue

The S100AB/A9 —proinflammatory cytokine complexes were detected
as follows: Heart tissue from EAM rats treated with recombinant
ST0DAB/AT (Group Si4) was quickly homopenized after sacrifice and
centrifuged at 7700 g at 4 'C. Supernatant was assayed by ELISA in
which anti-5100AB8/A9 monaclonal antibody was used as the first anti-
body. ST00AB/A? of the complexes reacted first to the antibody. Sub
sequently, biotinylated anti-rat IL-1(3, IL-6, and TNF-a IgGs were added
to the wells and incubated for 1 h at room temperature, After washing
with washing buffer, 100 L of diluted streptavidin—horseradish per-
oxidase conjugate was added and further incubated for 30 min at

CD68

S100A8/A9

room temperature. After washing, co

ur development of the plate
was achieved by adding 100 pl of colour reagent (30 mg o-PDJ
10 ul of 30% hydrogen peroxide/20 mL of citrate buffer, pH 5.0),
and terminated by adding 100 L of 0.75 mol/L sulfuric acid. The con
centrations of the S100A8/A9-IL-18. IL-6. and TNF.a complexes
were obtained using a standard curve for S100AB/A9

Statistical analysis

Data are expressed as the mean + SE for con vanables and as

numbers (%) for categorical variables. Multiple

SONS AMong
three groups were performed by ANOVA followed by Schefie’s test
(S5PS5; Chicago, IL, USA). A P-value of <0.05 was considered statists

cally significant

Results

Infiltration of macrophages and
S100A8/A9

We examined the localization of endogenous S100AB/AS in the
inflamed myocardium of EAM rats by a double staining method
using the fluorescent immunohistochemistry. Most of the infiltrat-
ing mononuclear cells were positive for CD68, and all cells positive
for S100AB/A9 were positive for CD&8 (Figure 1)

Purification of recombinant S100A8/A9

Recombinant S100AB/AY was purified successiully. As determined
by densitometry. the purity of recombinant S100AB/AT was ~~93%
protein concentration (Figure 2). The recombinant ST00A8/AS was
used in the subsequent study

Effect of treatment with recombinant
S100A8/A9 on the severity of myocarditis
Group Sy vs. Group Cyy

On macroscopic observation, the hearts in Group C,4 were
enlarged and contained large, dark-blue-greyish areas with
massive pericardial effusion. The hearts in Group Sy4. however,
were slightly enlarged, had small, dark-blue—greyish areas, and
showed almost no pericardial effusion. Echocardiography revealed
that LVEF in Group 544 was significantly higher than that in Group
Cra (81 + 2% vs. 70 + 3%, P = 0.017) (Figure 3A and B). There was
no significant difference in LVEF between Groups Ny and Sy
(85 4+ 2% vs. 814 2%). The heart weight (1.02+£003g vs
121 + 006g P=0015) as well as the heart weight/body

Merged

Figure | infiltration of macrophages and endogenous S100AB/AZ in cardiac tissue of rats with EAM, Most of the infiltrating mononuclear cells
were positive for CD6B, and all cells positive for S100AB/A9 were positive for CDé8 (merged). Bar indicates 25 pm.
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