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We investigate here the role of reactive oxygen species and nitric oxide in iron-induced cardiomyocyte
hypertrophy or cell death. Cultured rat cardiomyocytes incubated with 20 μM iron (added as FeCl3–Na
nitrilotriacetate, Fe–NTA) displayed hypertrophy features that included increased protein synthesis and cell
size, plus realignment of F-actin filaments along with sarcomeres and activation of the atrial natriuretic
factor gene promoter. Incubation with higher Fe–NTA concentrations (100 μM) produced cardiomyocyte
death by necrosis. Incubation for 24 h with Fe–NTA (20–40 μM) or the nitric oxide donor Δ-nonoate
increased iNOS mRNA but decreased iNOS protein levels; under these conditions, iron stimulated the activity
and the dimerization of iNOS. Fe–NTA (20 μM) promoted short- and long-term generation of reactive oxygen
species, whereas preincubation with L-arginine suppressed this response. Preincubation with 20 μM Fe–NTA
also attenuated the necrotic cell death triggered by 100 μM Fe–NTA, suggesting that these preincubation
conditions have cardioprotective effects. Inhibition of iNOS activity with 1400W enhanced iron-induced ROS
generation and prevented both iron-dependent cardiomyocyte hypertrophy and cardioprotection. In
conclusion, we propose that Fe–NTA (20 μM) stimulates iNOS activity and that the enhanced NO production,
by promoting hypertrophy and enhancing survival mechanisms through ROS reduction, is beneficial to
cardiomyocytes. At higher concentrations, however, iron triggers cardiomyocyte death by necrosis.
In animal models, cardiac muscle iron overload promotes systolic
and diastolic abnormalities, cardiac fibrosis, and cardiac hypertrophy,
leading to myocardial dysfunction [1,2]. Through the HaberWeiss and
Fenton reactions iron mediates the production of superoxide (O2

•−)
and hydroxyl (·OH) radicals [3]; overproduction of these reactive
oxygen species (ROS) causes cell death [4]. In addition, O2

•− can react
with nitric oxide (NO) to generate peroxynitrite, which can either kill
cells [5] or exert a protective role in cardiac or cerebral ischemic
preconditioning [6].

NO is generated from L-arginine by three nitric oxide synthase
(NOS) isoforms [7]. All three NOS isoforms are present in cardiac
muscle and play key roles in cardiac function [8]. Activation of eNOS
and iNOS expression is important for exercise-induced cardiac
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preconditioning, an effect prevented by antioxidants [9]. Moreover,
eNOS knockout mice display increased infarct size after ischemia/
reperfusion [10], supporting a protective role for eNOS in cardiac
function. In contrast, iNOS overexpression generates peroxynitrite
and causes sudden death [11], whereas iNOS-deficient transgenic
mice show increased survival after ischemia and reperfusion [12].
Furthermore, specific iNOS overexpression induces cardiac hyper-
trophy and fibrosis [13].

Cellular ROS are involved in the transcriptional activation of iNOS
and play a key role in cardiac protection [13]. Up to a certain level, ROS
generation has a pivotal role in cell survival, preconditioning, and
cardiac hypertrophy [14]. Because cardiomyocytes are terminally
differentiated cells that have lost the ability to proliferate, cardiac
growth during hypertrophy results primarily from an increase in
cellular protein content, with little or no change in cardiomyocyte
number [15]. The development of hypertrophy involves cytoskeletal
reorganization, metabolic adaptation, increased protein synthesis
(i.e., β-myosin heavy chain, β-MHC), activation of a fetal program of
gene expression (i.e., atrial natriuretic factor, ANF), and expression of
antiapoptotic proteins [15]. Hypertrophy can be initially considered,
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therefore, an adaptive mechanism that protects cardiomyocytes
against cell death.

We studied the effects of iron on the induction of cardiomyocyte
survival and death and investigated how NO, iNOS, and ROS
participate in these effects. We show here for the first time that
incubation of cultured cardiomyocytes with 20 μM FeCl3–sodium
nitrilotriacetate (Fe–NTA) stimulates hypertrophy and promotes
survival, whereas higher iron concentrations (80–100 μM) produce
necrosis. Fe–NTA (20–60 μM) stimulated the generation of NO and
nitrate/nitrite metabolites. Inhibition of iNOS activity increased iron-
induced ROS generation and prevented cardiomyocyte hypertrophy
as well as iron-dependent cardioprotection. We propose that 20 μM
Fe–NTA stimulates iNOS activity and that the ensuing NO production
is beneficial in promoting hypertrophy and enhancing survival
mechanisms in cardiomyocytes.

Experimental methods

Culture of cardiomyocytes and iron challenge

All studies conformed to the Guide for the Care and Use of
Laboratory Animals, published by the U.S. National Institutes of Health
(NIH, Publication No. 85-23, revised in 1996), and were approved by
the Institutional Ethics Review Committee, Facultad de Ciencias
Químicas y Farmacéuticas, Universidad de Chile. Cardiomyocytes
were isolated from neonatal Sprague–Dawley rat ventricles as
described previously [16]. Rats were bred in the Animal Breeding
Facility of the Facultad de Ciencias Químicas y Farmacéuticas,
Universidad de Chile. Cell cultures were at least 95% pure. Cardio-
myocytes were plated at 70% final density on gelatin-coated petri
dishes and maintained for 24 h in DMEM/M199 (4/1), 10% fetal
bovine serum (FBS), 5% fetal calf serum (FCS). Serum was withdrawn
24 h before the cells were further incubated with 20–100 μM Fe3+ as
the complex Fe–NTA (1:2.2, mol:mol) [17], 100 μM desferoxamine, or
200 μM Δ-nonoate at 37°C. For iNOS inhibition, cardiomyocytes were
preincubated with 10 μM 1400 W before incubation with iron.

Cytotoxicity assays

Cardiomyocyte viability was evaluated using the trypan blue
exclusion method [18]. Necrosis was quantified by measuring
lactate dehydrogenase (LDH) activity in cells and culture media
using the Sigma LDH kit. The fraction of LDH released was
determined by comparing LDH activity in culture medium relative
to total LDH activity.

Apoptosis assays

Mitochondrial transmembrane potential was measured after
loading cardiomyocytes with tetramethylrhodamine methyl ester
(TMRM; 100 nM, used in nonquenchmode) and cell fluorescence was
determined by flow cytometry (λexcitation=543 nm; λemission=
560 nm) using a FACScan system (Becton–Dickinson, San Jose, CA,
USA). DNA fragmentation was determined in cardiomyocytes per-
meabilizedwithmethanol and labeledwith propidium iodide (PI) and
the sub-G1 population was quantified by flow cytometry.

Cardiomyocytes grownoncoverslipswerefixedwithPBS containing
4% paraformaldehyde for 10min, permeabilizedwith 0.3% Triton X-100
for 10 min, and blocked for 1 h with 5% BSA in PBS. Cells were then
incubated with anti-cytochrome c antibody (BD Pharmingen) at 1:400
and revealedwith anti-mouse IgG–Alexa 488. Coverslipsweremounted
in DakoCytomation fluorescencemountingmedium (DakoCytomation)
and visualized by confocal microscope (Carl Zeiss Axiovert 135, LSM
Microsystems). Procaspase 3 fragmentation was determined by
Western blot using anti-caspase 3 antibody (Cell Signaling) and
secondary HRP-coupled antibody (Calbiochem) and developed by
chemiluminescence using the ECL system (Perkin–Elmer). As a positive
control cells were incubated with 300 mM sorbitol for 6 h [18].

Assays of cardiomyocyte hypertrophy

Sarcomerization was determined by confocal microscopy analy-
sis (Carl Zeiss Axiovert 135, LSM Microsystems) of methanol-
permeabilized cells stained with TOPRO3 1:400 (to stain nuclei)
and phalloidin–rhodamine 1:400 (to stain F-actin). Quantitative
analysis of sarcomeres was performed rating cardiomyocytes as
having parallel bundles or complete disorganization, diffuse or
punctate staining. Cardiomyocyte size was determined in methanol-
permeabilized cells stained with β-MHC antibody (1:80) and anti-
rabbit–FITC. At least 100 cells from randomly selected fields were
analyzed using the ImageJ software (NIH). ANF promoter expres-
sion was assessed using the ANF-lux reporter plasmid provided by
Dr. K.R. Chien (Harvard Medical School, Boston, MA, USA) and was
normalized against the pRL-TK reporter plasmid (Promega, Madison,
WI, USA). Protein synthesis was evaluated through the incorporation
of [3H]phenylalanine (1 μCi/μl) on trichloroacetic acid-insoluble
protein.

Evaluation of iNOS activity and mRNA and protein levels

iNOS activity was determined according to Balligand et al. [19].
Briefly, cardiac myocytes, plated on 60-mm dishes at 60% confluence,
were washed with PBS and homogenized with 200 μl of a solution
containing 20mMTris–HCl, pH 7.4, 0.5mMEDTA, 1mMdithiothreitol
(DTT), 1 μM tetrahydrobiopterin, 1 μM leupeptin, 0.2 mM phenyl-
methylsulfonyl fluoride. Homogenates were incubated for 15 min on
ice, sonicated for 30 s, and centrifuged at 1500 g for 15 min at 4°C.
Protein concentrations were determined by the Bradfordmethod. One
hundredmicrograms of protein (in 25 μl) was added to 125 μl of assay
solution (50 mM Tris–HCl, pH 7.4, 1 mM EDTA, 1 mM EGTA, 0.5 mM
NADPH, 10 μM FAD, 10 μM FMN, 10 μM tetrahydrobiopterin, 1 mM
DTT, 100 mM NaCl, 10 μg/ml calmodulin, and 0.2 mM L-[3H]arginine
(61 Ci/mmol; Amersham)) and incubated for 1 h at 37°C. Samples
were applied to Dowex 50 W8-400 ion-exchange resin preequili-
brated with 20 mM Hepes, pH 5.5. The product L-[3H]citrulline was
eluted with deionized water. Radioactivity was quantified by
scintillation counting.

RNA was isolated from cardiomyocytes using Trizol reagent. cDNA
was obtained with reverse transcriptase and random primers. iNOS
forward and reverse primers were 5′-GGGATCTTGGAGCGAGTTGTGG-
3′ and 5′-TCTGCCTGTGCGTCTCTTCCG-3′, respectively. For β-actin, the
primers were 5′-TCTACAATGAGCTGCGTGTG-3′ and 5′-TACAT-
GGCTGGGGTGTTGAA-3′, respectively. Thermal cycling conditions
were 94°C for 3 min, followed by 30 cycles at 94°C for 45 s, 56°C for
30 s, and 72°C for 30 s, and the final extension reaction was done at
72°C for 7 min. Total protein extracts from cardiomyocytes were
resolved by SDS–PAGE; gels were electrotransferred to nitrocellulose
and blocked with 5% nonfat milk in PBS plus 0.05% (v/v) Tween 20.
Blots were incubated with iNOS antibody (1:1000) and then
horseradish peroxidase-linked secondary antibody (1:5000) and
revealed by enhanced chemiluminescence reagent. Blots were
quantified by densitometry, using tubulin as loading control. iNOS
dimer levels were analyzed by Western blot under nonreducing
conditions as described previously [20].

Measurement of ROS

Plated cardiomyocytes were incubated for 24 h with 0–40 μM Fe–
NTA, preloaded with DCDHF-DA in Krebs buffer, incubated for 10 min,
and washed with PBS. ROS generation was measured at 37°C in a
fluorimetric plate reader (λexcitation=485 nm; λemission=535 nm) for
90 min. ROS generation was also determined in trypsin-treated
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cardiomyocytes loaded with 25 μM dihydrorhodamine 123 for
30 min and then subjected to flow cytometry (λexcitation=543 nm;
λemission=560 nm) in a FACS Scan (Becton–Dickinson).

Expression of results and statistical methods

Data are presented either as means±SEM of a number (n) of
independent experiments or as examples of representative experi-
ments performed on at least three separate occasions. Data were
analyzed by analysis of variance and comparisons between groups
were performed using a protected Tukey t test. A value of pb0.05 was
chosen as the limit of statistical significance.
Fig. 1. High iron concentrations induce cell death in cultured cardiomyocytes. (A) Cells were
blue exclusion method. Data are given as means±SEM (n=8). ⁎pb0.05 vs 0 μM Fe–NTA. (B
the extent of LDH release into the culture medium. Data represent means±SEM (n=3). ⁎pb
8 h andmitochondrial potential was assessed by flow cytometry using TMRM as the fluoresce
cells (gray line) or from cells incubated with 100 μM Fe–NTA (black line), and the bottom sho
0 μM Fe–NTA. (D) Cells were incubated with 0, 20, or 100 μM Fe–NTA for 8 h and cytoc
conjugated secondary antibody (green). Sorbitol (300 mM) was used as positive control. Ins
Cells were incubated with 0, 20, or 100 μM Fe–NTA for 2 h and procaspase and caspase 3 w
were incubated with 0–100 μM Fe–NTA for 24 h and DNA fragmentation was detected by me
Data represent means±SEM (n=3).
Results

High iron concentrations stimulate necrosis in cultured cardiomyocytes

Incubation with 20 to 60 μM Fe–NTA for 24 h did not affect
cardiomyocyte viability, whereas 80 or 100 μM Fe–NTA resulted in
around 2.5-fold increase in cell death (Fig. 1A). Twenty to 60 μM Fe–
NTAdid notmodify significantly LDH release relative to the controls. In
contrast, 80 or 100 μM Fe–NTA increased LDH release 1.4- and 2-fold
over control (Fig. 1B), suggesting significant cell necrosis under these
conditions. Mitochondrial transmembrane potential determined by
TMRM fluorescence decreased by 20–30% after 8 h of incubation with
incubated with 0–100 μM Fe–NTA for 24 h and cell death was assessed using the trypan
) Cells were incubated with 0–100 μM Fe–NTA for 24 h and necrosis was determined by
0.05 and ⁎⁎pb0.01 vs 0 μMFe–NTA. (C) Cells were incubated with 0–100 μMFe–NTA for
nt probe. The top shows representative TMRM fluorescence plots obtained from control
ws the values obtained at 0–100 μM Fe–NTA, given as means±SEM (n=3). ⁎pb0.05 vs
hrome c was detected by immunocytochemistry using anti-cytochrome c with FITC-
ets are close-ups of images. Arrows show punctate or diffuse cytochrome c labeling. (E)
ere detected by Western blot. Sorbitol (300 mM) was used as positive control. (F) Cells
asuring sub-G1 DNAwith PI labeling followed by flow cytometry in permeabilized cells.
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80–100 μM Fe–NTA, but was not affected significantly by lower iron
concentrations (Fig. 1C). Cardiomyocytes incubated with 20–100 μM
Fe–NTA did not undergo apoptosis as evaluated by mitochondrial
cytochrome c release (Fig. 1D), caspase 3 activation (Fig. 1E), and
DNA fragmentation (Fig. 1F). Hyperosmotic stress produced by
sorbitol (300 mM) was used as positive control for mitochondrial
cytochrome c release and caspase 3 activation (Figs. 1D and 1E).
These results suggest that 20 μM Fe–NTA does not induce cell death,
whereas 80–100 μM Fe–NTA stimulates cardiomyocyte death by
promoting necrosis but not apoptosis.
Fig. 2. Low iron concentration induces hypertrophy in cultured cardiomyocytes. Cells were in
with rhodamine-conjugated phalloidin (red) and β-MHC was detected using anti-β-MH
determined in 100 cells for each condition. Data are given as means±SEM (n=4); ⁎pb0.05
transfected with ANF-lux and TK-Renilla reporter gene plasmids, and luciferase activity was d
means±SEM (n=5); ⁎pb0.05 vs control. (C) Protein synthesis was assessed by [3H]phenyla
represent means±SEM (n=3); ⁎pb0.05 vs control. (D) Cell sarcomerization was visualized
stained with Hoechst (blue). Insets show sarcomerization details (left). The percentage
independent experiments (right). Data represent means±SEM; ⁎pb0.05 vs control.
Fe–NTA (20 μM) induces cardiomyocyte hypertrophy

Cardiomyocytes (β-MHC-positive cells) incubated for 24 h with
20 μM Fe–NTA presented a 30% increase in cell area (Fig. 2A), plus
greater than twofold enhanced ANF-reporter gene activity (Fig. 2B),
without changes in DNA content (Supplementary Fig. 1), and
displayed a 20% increase in [3H]phenylalanine incorporation
(Fig. 2C). Moreover, cardiomyocytes incubated for 24 h with 20 μM
Fe–NTA presented 60% sarcomerized F-actin, compared to the
controls, which had only 16% sarcomerized F-actin (Fig. 2D). These
cubated with or without 20 μMFe–NTA for 24 h. (A) Left: F-actin filaments were stained
C with FITC-conjugated secondary antibody (green). Right: cardiomyocyte area was
vs control (C). (B) ANF-promoter activity in iron-incubated cardiomyocytes. Cells were
etermined by luminescence. Results were expressed as lux/Renilla ratio. Data represent
lanine incorporation in cardiomyocytes incubated with or without 20 μM Fe–NTA. Data
by F-actin filament labeling with rhodamine-conjugated phalloidin (red). Nuclei were
of sarcomerized cardiomyocytes was determined by counting 100 cells from three
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results suggest that 20 μM Fe–NTA effectively induces hypertrophy in
cultured cardiomyocytes. At higher Fe–NTA concentrations, i.e.,
80 μM, some of the surviving cardiac myocytes displayed increased
cell size and sarcomerization (data not shown), suggesting that
hypertrophy and cell death occur simultaneously under these
conditions.

Iron stimulates NO generation in cardiomyocytes

Cardiomyocytes were incubated with nonlethal iron concentra-
tions (20–40 μM Fe–NTA), and NOS activity was indirectly measured
through the formation of L-[3H]citrulline. Incubation of cardiomyo-
cytes with 20 μM Fe–NTA for 24 h increased L-[3H]citrulline formation
Fig. 3. iNOS contributes to nitric oxide generation and nitric oxide induces iNOS degradation
citrulline formation, in cardiac myocytes incubated with 20 μM Fe–NTA for 24 h. Data are
protein changes in cells after incubation with 20 μM Fe–NTA for 0–24 h. (C) iNOS monome
1400W on iNOS monomer protein content after incubation with 0–40 μM Fe–NTA for 24 h. R
(E and F) Representative blots of iNOS monomer protein (n=3) and iNOS mRNA levels (n=
Δ-nonoate for 24 h. (G) iNOS dimer protein content in cardiomyocytes incubated with 0–40m
approximately threefold (Fig. 3A). NO generation was also measured
using the fluorescent specific NO probe DAF-FM [21]. A time series of
confocal microscopy images of live cardiomyocytes preloaded with
DAF-FM showed that, up to 60 min, NO generation increased
significantly after 40 or 60 μM Fe–NTA addition (Supplementary Figs.
2A and 2B) and was decreased by 40% with the specific iNOS inhibitor
1400W (data not shown). These results suggest that iNOS plus other
NOS isoforms contributes to iron-dependent NO generation.

NO regulates iNOS protein levels in cultured cardiomyocytes

A significant decrease in iNOS protein content was observed after
12 h of incubation of cardiomyocytes with 20 μM Fe–NTA (Fig. 3B);
in cultured cardiomyocytes incubated with iron. (A) iNOS activity, measured as L-[3H]
given as means±SEM (n=3); ⁎pb0.05 vs control. (B) Time course of iNOS monomer
r protein content after incubation with 0–40 μM Fe–NTA for 24 h. (D) Effect of 10 μM
epresentative Western blots for iNOS with tubulin as loading control are shown (n=3).
3), respectively, obtained for cardiomyocytes incubated with 20 μM Fe–NTA or 200 μM
MFe–NTA for 24 h (n=3)was determined as described under Experimental methods.
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this decrease was more pronounced after 18 h of incubation, whereas
after 24 h iNOS decreased to very low levels (Fig. 3B). The substantial
decrease in iNOS protein levels produced by 24 h incubation with
20 μM Fe–NTA was similar to that observed after incubation with
40 μM Fe–NTA (Fig. 3C). Despite the significant decrease in iNOS
protein levels, total NOS activity measured as L-[3H]citrulline
production was around threefold higher in cells preincubated for
24 h with 20 μM Fe–NTA than in controls (Fig. 3A).
Fig. 4. Iron-induced nitric oxide decreases ROS formation in cultured cardiomyocytes. (A) Ce
in Krebs buffer in the presence or absence of 10 μM 1400W. ROS formation was monitore
(n=6). (B) ROS generation in cells incubated with 20 μM Fe–NTA for 90 min, in the presenc
20 μM Fe–NTA. (C) ROS generation in cells incubated with 20 μM Fe–NTA for 90 min, in the
vs 20 μM Fe–NTA and C. (D) Cells were supplemented with 0, 20, 40, or 100 μM Fe–NTA, incu
detected by flow cytometry. Data are given as means±SEM (n=6); ⁎pb0.05, ⁎⁎pb0.01 v
To investigate whether iNOS-generated NO promoted cytoplasmic
iNOS degradation, cardiomyocytes were incubated with 20–40 μM
Fe–NTA for 24 h in the presence of 1400W. Fig. 3D shows that 1400W
largely prevented the iNOS protein decrease produced by 24 h
incubation with 20–40 μM Fe–NTA. To further study whether NO
generation promoted iNOS degradation, cells were incubated for 24 h
with the NO donorΔ-nonoate to increase NO levels. Fig. 3E shows that
Δ-nonoate drastically decreased iNOS protein levels, suggesting that
lls were loaded with DCDHF-DA (10 μM) and incubated with 20 μM Fe–NTA for 90 min
d continuously using a plate reader spectrofluorimeter. Data represent means±SEM
e and absence of 100 μM L-arginine. Data represent means±SEM (n=6); ⁎⁎pb0.01 vs
presence or absence of 10 μM 1400W. Data represent means±SEM (n=8); ⁎⁎pb0.01
bated for 24 h, and loaded with dihydrorhodamine 123 for 30 min. ROS formation was
s 0 μM Fe–NTA.
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enhanced NO generation causes almost complete iNOS depletion. Yet,
cardiomyocytes incubated for 24 h with 20 μM Fe–NTA or Δ-nonoate
displayed increased iNOSmRNA levels relative to the control (Fig. 3F).
Thus, a decrease in transcript level seems not to be the cause of the
marked decrease in iNOS protein content produced by 24 h incubation
with 20 μM Fe–NTA or Δ-nonoate.

These results combined show that 20–40 μM Fe–NTA increased NO
generation at early times but at later times decreased iNOS protein
content by promoting cytoplasmic iNOS depletion. Thus, iNOS-
generated NO may contribute to the down-regulation of iNOS protein
levels in iron-stressed cardiomyocytes.

To explore why Fe–NTA produced an increase in iNOS activity
despite the significant iNOS protein reduction, we investigated
whether Fe–NTA increased iNOS dimerization as reported by Chen
et al. [22]. Fig. 3G shows that 20–40 μM Fe–NTA increased iNOS dimer
levels. These data suggest that enhanced iNOS dimerization is
responsible for the increase in iNOS enzymatic activity induced by
Fe–NTA.

NO release decreases ROS generation in iron-incubated cells

Significant endogenous ROS generation, which increased linearly
up to 90 min, was observed in control cardiomyocytes preloaded
with DCDHF-DA; addition of 20 μM Fe–NTA increased by 1.8-fold the
rate of ROS production (Fig. 4A). L-Arginine decreased ROS
generation to control levels in cells incubated with 20 μM Fe–NTA
for 90 min (Fig. 4B). Moreover, cells incubated with 20 μM Fe–NTA
and 1400W exhibited a significant increase in ROS production
compared to control cells (Figs. 4A and 4C). These results suggest
that NO produced via iron-induced iNOS activation reduced ROS
formation in cardiomyocytes.

In analogy to the results obtained after incubation with iron for
90min, incubationwith 20 μMFe–NTA for 24 h significantly increased
Fig. 5. Low iron concentration induces cardiomyocyte survival and hypertrophy through an
incubated with or without 10 μM 1400W for 60 min, and then incubated with 100 μM Fe–NT
represent means±SEM (n=6); ⁎⁎pb0.01 vs control, #pb0.05 vs 100 μM Fe–NTA, and &&pb
determined by LDH release into the culture medium. Data represent means±SEM (n=3); ⁎p
Fe–NTA plus 100 μM Fe–NTA. (B) Cells were incubated with or without 10 μM 1400W for 60
cells for each condition (top). Cells were transfected with the ANF-lux reporter gene and incu
the ANF-lux reporter activity is shown at the bottom. Data are means±SEM (n=4); ⁎pb0
ROS formation; but increasing iron concentration to 40 or 100 μM Fe–
NTA did not enhance ROS generation further (Fig. 4D).

The results illustrated in Figs. 3 and 4 indicate that short (90 min)
and long (24 h) incubations with 20 μM Fe–NTA stimulate production
of both ROS and NO in cultured cardiomyocytes.

Low iron concentration induces cardiomyocyte survival and hypertrophy
through an iNOS-dependent mechanism

To investigate whether low iron concentration (20 μM Fe–NTA)
provided protection against the loss of viability produced by higher
Fe–NTA concentrations, cells were preincubated for 24 h with or
without 20 μM Fe–NTA, followed by 24 h exposure to 100 μM Fe–NTA.
Treatment with 100 μM Fe–NTA induced around threefold increase
in cell death, but preincubation with 20 μM Fe–NTA drastically
reduced the cardiomyocyte death induced by 100 μM Fe–NTA (Fig.
5A, top). A similar result was obtained when LDH release (a necrotic
cell death marker) was determined (Fig. 5A, bottom). Moreover,
preincubation with 10 μM 1400W completely abolished the
protective action of 20 μM Fe–NTA pretreatment (Figs. 5A and 5B),
suggesting an iNOS-dependent mechanism. These results suggest
that preincubation with 20 μM Fe–NTA significantly attenuated the
cardiomyocyte necrotic death induced by 100 μM Fe–NTA by an
iNOS-dependent mechanism.

As shown in Fig. 2, cell incubation for 24 h with 20 μM Fe–NTA
induced a hypertrophic response. To assess the contribution of iNOS
to hypertrophy, cardiomyocytes were preincubated for 24 h with
20 μM Fe–NTA in the presence or absence of 10 μM 1400W.
Inhibition of iNOS with 1400W prevented the increase in cellular
area produced by 20 μM Fe–NTA (Fig. 5B, top). Incubation of
cardiomyocytes with 20 μM Fe–NTA for 24 h also stimulated the
ANF-lux reporter gene, a hypertrophy marker that measures the
activation of the prohypertrophic gene expression program; iNOS
iNOS-dependent mechanism. (A) Cells were preincubated with 20 μM Fe–NTA for 24 h,
A for 24 h. Top: Cell viability was assessed with the trypan blue exclusion method. Data
0.01 vs preincubation with 20 μM Fe–NTA plus 100 μM Fe–NTA. Bottom: Necrosis was
b0.05 vs control, #pb0.05 vs 100 μMFe–NTA, and &pb0.05 vs preincubation with 20 μM
min and then with 20 μM Fe–NTA for 24 h. Cardiomyocyte area was determined in 100
bated with or without 10 μM 1400W for 60 min and then with 20 μM Fe–NTA for 24 h;
.05 and ⁎⁎pb0.01 vs control, #pb0.05 and ##pb0.01 vs 20 μM Fe–NTA.
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inhibition by 1400W prevented the stimulating effect of 20 μM Fe–
NTA (Fig. 5A, bottom). These results suggest that 20 μM Fe–NTA
induces cardiomyocyte hypertrophy by promoting NO generation
via iNOS.

Discussion

The main findings presented in this work are: (a) high Fe–NTA
concentrations (80–100 μM) induced cardiomyocyte death by
necrosis and lower Fe–NTA concentrations (20 μM) stimulated both
cardiomyocyte hypertrophy and cardioprotection; (b) iron-induced
NO generation was required for iron-dependent hypertrophy and
cardioprotection; and (c) iron (20–40 μM) stimulated iNOS mRNA
expression, iNOS enzymatic activity, and iNOS dimerization, but
decreased iNOS protein content.

Iron cardiotoxicity has been described in animal models as well as
in patients with primary hemochromatosis, β-thalassemia, and end-
stage kidney disease [23–25]. Echocardiography evaluations per-
formed in patients with idiopathic hemochromatosis showed that
increased thickness of ventricular walls without impairment of left
ventricular systolic function is probably the first and still reversible
cardiac alteration due to iron deposition in the myocardium [26].
Later, with increasing iron overload, left ventricular function becomes
impaired and dilated cardiomyopathy develops [26]. During iron
overload, lipid peroxidation increases the content of unsaturated and
saturated aldehydes in the heart and plasma [25,27]. These agents are
associated with cell dysfunction, cytotoxicity, and death [23]. In a rat
model of heart ischemia and reperfusion, intraperitoneal administra-
tion of iron reduces the postischemic recovery of heart function,
associated with increased hydroperoxide content in heart perfusates
[28]. These observations agreewith our data showing that low Fe–NTA
(20–40 μM) concentrations triggered cardiomyocyte hypertrophy, i.e.,
similar to the initial stages of hemochromatosis, whereas high
concentrations of Fe–NTA (80–100 μM) triggered cardiomyocyte
death, similar to the effects of iron overload.

In rats, iron depletion caused by a single administration of the
specific iron chelator desferoxamine (200 mg/kg) induces prolonged
myocardial preconditioning via accumulation of oxygen radicals
through a NOS-dependent mechanism [29]. Similar results were
also obtained in isolated rabbit hearts and cultured rabbit cardio-
myocytes [30]. Here, we show that low iron concentrations triggered
both cardiac hypertrophy and cardioprotection. Stimuli that trigger
hypertrophy can induce the expression of antiapoptotic proteins such
as Bcl-2 and survivin, and a recent report has shown that the
hypertrophic agents ET-1 and LIF decrease H2O2-induced necrosis
[31,32]. Our results, showing that iron at low concentrations
protected against necrosis induced by higher iron concentrations,
agree with a report showing that in vascular smooth muscle cells
HSP72 and HSP27 participate in protection against necrosis but not
against apoptosis [33].

We show here that iron stimulated NO synthesis in cultured
cardiomyocytes. A number of studies have described a complex
interrelationship between iron and NO, which can result in changes in
NO production in vivo [34]. In this regard, increased NO generation
occurs in the liver under conditions of acute and chronic iron overload
[35]. In patientswith hereditary hemochromatosis a higher expression
of liver iNOS was observed, whereas iron enhances NO production in
cultured proximal tubule cells [36].

Using the potent inhibitor of iNOS 1400 W, we show here that
iNOS contributes to iron-dependent NO synthesis. The inhibitory
activity of 1400W against iNOS is about 5000- and 200-fold more
effective than against eNOS and nNOS, respectively [37]. Several
agents, including statins and phosphodiesterase-5 inhibitors, can
induce iNOS activity in the heart, in which their most significant
action is linked to late preconditioning [8,38]. In this phase, eNOS-
derived NO initiates a cascade of molecular events that culminates in
the delayed activation of iNOS, which then confers protection [39].
Our results—showing that iNOS inhibition by 1400W abolished both
the hypertrophic and the cardioprotective effects of low iron levels—
suggest that iNOS-generated NO mediates iron-dependent hyper-
trophy and cardioprotection.

In an attempt to clarify the mechanism of iNOS activation by iron,
the effects of 20 μM Fe–NTA on iNOS mRNA and protein content and
enzymatic activity were investigated. We found that although iron-
induced NO synthesis was associated with an increase in both iNOS
mRNA and iNOS enzymatic activity, surprisingly, iron decreased iNOS
protein content. This decrease required NO, because inhibition of
iNOS-dependent NO synthesis increased iNOS protein content,
whereas increased NO generation with Δ-nonoate had the opposite
effect. The fact that iron increased iNOSmRNA levels suggests that the
decreased iNOS protein content reflects increased iNOS protein
degradation more than a reduction in its synthesis.

Different regulatory mechanisms have been proposed to control
iNOS activity [40]; among them, it has been established that iNOS is
activated by dimerization [22]. Heme, tetrahydrobiopterin (THB4),
L-arginine, and iNOS's own N-terminal region are all important
stabilizers of iNOS dimeric structure [22,41]. NO produced from the
reaction catalyzed by iNOS not only can rebind to the heme group,
thereby directly inhibiting the turnover of the enzyme, but also can
induce monomerization of functional dimers [41]. It has been
shown that NO-induced monomers cannot revert to the dimeric
state by the combined addition of L-arginine and THB4 [22,40].
Therefore, iron-enhanced NO-dependent iNOS degradation may be
causedby irreversibleNO-induced iNOSmonomerization. Interestingly,
Tummala et al. [41] demonstrated by mass spectroscopy that eNOS is
S-nitrosylated and that this posttranslational modification promotes
eNOS stability. Our results, shown in Fig. 3G, support the hypothesis
that Fe–NTA promotes iNOS dimerization in cardiomyocytes, possibly
explaining the increase in iron-induced iNOS activity despite iNOS
protein reduction.

Several reports have described that O2
•− produced via NAPH

oxidase, xanthine oxidase, and themitochondria, plus H2O2 generated
by monoamine oxidase, contributes to the development of cardio-
myocyte hypertrophy [42]. A recent report showed that iNOS activity
participates in hepatic regeneration and expression of survival
proteins such as HSP70 and HO-1 [43]. Our findings indicate that
low iron concentrations induce the activation of a cell protection
program, which leads to hypertrophy via iNOS-dependent NO
generation and the ensuing reduction of ROS levels. Additionally,
cardiomyocyte iNOS down-regulates its own protein levels through
NO formation, a cellular response that presumably counterbalances
the strong activation of iNOS activity produced by iron.

In summary, our results indicate that the effects of iron on
cardiomyocytes should be visualized as a biphasic response. Thus,
depending on iron concentration cardiomyocytes can undergo cell
death or can display instead cellular hypertrophy and activation of
survival cascade pathways that require iNOS-mediatedNO generation.
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