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Abstract
Preconditioning (PC) procedures (ischemic or pharmacological) are powerful procedures

used for attaining protection against prolonged ischemia and reperfusion (I/R) injury, in a

variety of organs, including the heart. The detailed molecular mechanisms underlying the

protection by PC are however, complex and only partially understood. Recently, an ‘iron-

based mechanism’ (IBM), that includes de novo ferritin synthesis and accumulation, was

proposed to explain the specific steps in cardioprotection generated by IPC. The current

study investigated whether nitric oxide (NO), generated by exogenous NO-donors, could

play a role in the observed IBM of cardioprotection by IPC. Therefore, three distinct NO-

donors were investigated at different concentrations (1–10 μM): sodium nitroprusside

(SNP), 3-morpholinosydnonimine (SIN-1) and S-nitroso-N-acetylpenicillamine (SNAP). Iso-

lated rat hearts were retrogradely perfused using the Langendorff configuration and sub-

jected to prolonged ischemia and reperfusion with or without pretreatment by NO-donors.

Hemodynamic parameters, infarct sizes and proteins of the methionine-centered redox

cycle (MCRC) were analyzed, as well as cytosolic aconitase (CA) activity and ferritin protein

levels. All NO-donors had significant effects on proteins involved in the MCRC system.

Nonetheless, pretreatment with 10 μMSNAP was found to evoke the strongest effects on

Msr activity, thioredoxin and thioredoxin reductase protein levels. These effects were

accompanied with a significant reduction in infarct size, increased CA activity, and ferritin

accumulation. Conversely, pretreatment with 2 μMSIN-1 increased infarct size and was

associated with slightly lower ferritin protein levels. In conclusion, the abovementioned find-

ings indicate that NO, depending on its bio-active redox form, can regulate iron metabolism

and plays a role in the IBM of cardioprotection against reperfusion injury.

PLOS ONE | DOI:10.1371/journal.pone.0159951 July 22, 2016 1 / 17

a11111

OPEN ACCESS

Citation: Grievink H, Zeltcer G, Drenger B,
Berenshtein E, Chevion M (2016) Protection by Nitric
Oxide Donors of Isolated Rat Hearts Is Associated
with Activation of Redox Metabolism and Ferritin
Accumulation. PLoS ONE 11(7): e0159951.
doi:10.1371/journal.pone.0159951

Editor: Meijing Wang, Indiana University School of
Medicine, UNITED STATES

Received: April 6, 2016

Accepted: July 11, 2016

Published: July 22, 2016

Copyright: © 2016 Grievink et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are
credited.

Data Availability Statement: All relevant data are
within the paper.

Funding: This research was supported by research
grants (awarded to MC) from the Dr. Avraham Moshe
and Pepka Bergman Memorial Fund, by the German-
Israel Foundation for Scientific Research and
Development (GIF 1061-59.2/2008), and by the Israel
Science Foundation (ISF 489/12). A Lady Davis Post-
doctoral Fellowship was awarded to HG. The funders
had no role in study design, data collection and
analysis, decision to publish, or preparation of the
manuscript.

http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0159951&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Introduction
Nitric oxide (NO) is a highly reactive diatomic molecule produced in various tissues, including
the myocardium, by a family of enzymes called NO-synthases (NOS). NOS catalyze the step-
wise conversion of L-arginine and O2, to L-citrulline and NO [1, 2]. Two of the three NOS iso-
forms, endothelial (eNOS) and neuronal (nNOS), are expressed constitutively also in the heart.
Conversely, the inducible form (iNOS) releases NO as a defense against stress (e.g., inflamma-
tion). NO is an important signaling molecule [3, 4] and plays key roles in modulating cardio-
myocyte function [5] and cardioprotection [6–10]. On the molecular level, NO has been
associated with the activation of various cell survival pathways and antiapoptotic genes [11].
The biological effects of NO depend strongly on its concentration, the cellular redox state, the
presence of reactive oxygen species (ROS), and the subsequent identity of its bio-active redox
forms.

Redox related species of NO include; NO•, which can modulate iron (Fe)-containing pro-
teins by direct coordination to iron-centers of heme [12–14] and non-heme (iron-sulfur; Fe-S)
proteins [13, 15]. NO• readily reacts with O2

-. to produce peroxynitrite (ONOO−) [16].
ONOO− can, amongst other reactions, cause nitration of tyrosine, including tyrosine residues
in proteins [17, 18] and affect their function and stability [19, 20]. The second important spe-
cies of NO, is the nitrosonium ion (NO+), which can nitrosylate thiol groups of proteins, a
modification that may have important regulatory functions [21–23]. NO+ has a short half-life
(�10−10 s) in solution at physiological pH [24], and binds rapidly to thiol groups resulting
in–SNO-containing compounds that maintain a ‘nitrosonium character’. The subsequent
transfer of NO+ to other thiols can lead to alterations in protein function, stability and location
[22, 25–28].

Methionine residues are among the most susceptible to oxidation by ROS [29]. The Methio-
nine-Centered Redox Cycle (MCRC) is an enzymatic system that catalyzes the reduction of,
free and protein-bound, oxidized methionine (MetO). For its action it utilizes methionine sulf-
oxide reductases (Msr), thioredoxin (Trx), thioredoxin reductase (TrxR), and NADPH (Fig 1).
Malfunction of the MCRC system can lead to cellular changes resulting in compromised anti-
oxidant defense, enhanced age-associated diseases involving neurodegeneration, and shorter
life span [30, 31].

Recently, we have showed that ischemic preconditioning (IPC) led to an ‘iron signal’, accu-
mulation of cellular ferritin, and the activation of an ‘iron-based mechanism’ (IBM) of myocar-
dial protection against ischemia and reperfusion (I/R) injury [33]. The source of iron for the
iron signal was found to originate from the proteosomal degradation of ferritin [34]. Ferritin,
the major iron storage and detoxifying protein, chelates the harmful redox active iron that is
released during ischemia [35–37]. The expression of ferritin is post-transcriptionally regulated
by the iron-regulatory proteins (IRPs), IRP1 and IRP2 [38]. When intracellular iron is low,
both IRP1 and IRP2 bind with high affinity to the iron-responsive element (IRE) within the fer-
ritin mRNA, inhibiting its translation. When iron is abundant, IRP1 combines with it and dis-
sociates from the IRE, allowing for the renewal of ferritin mRNA translation. Under these
conditions IRP1 exhibits cytosolic aconitase (CA) activity. CA is part of the metabolic pathway
that converts citrate to iso-citrate and then to α-ketoglutarate. The latter reduces NADP+ to
NADPH. NADPH is an essential cofactor in the MCRC, glutathione metabolism and lipid and
cholesterol biosynthesis [39, 40].

In the current study the effects of three distinct NO-donors were investigated on hearts sub-
mitted to prolonged ischemia and reperfusion; sodium nitroprusside (SNP), 3-morpholinosyd-
nonimine (SIN-1) and S-nitroso-N-acetylpenicillamine (SNAP). The effects of the different
NO-donors on myocardial infarct size, hemodynamic function, as well as the MCRC system
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and iron homeostasis were assessed. The findings presented here, provide insight into the
mechanistic pathways underlying the cardioprotective effects generated by NO, and suggest a
role of NO in the IBM of myocardial protection.

Materials and Methods

Animals
Male Sprague-Dawley rats weighing 300–350 g were fed a regular laboratory diet and had free
access to food and water. The rats were acclimated to the local animal facility for at least four days
prior to use in an experiment. During this time, the physical conditions of the rats were monitored
regularly. No animals became ill or died prior to the experimental end point. All the experimental
protocols were approved by the ‘Institutional Animal Care and Use Committee’ of the Hebrew
University of Jerusalem, conforming to the Guide for the Care and Use of Laboratory Animals pub-
lished by the U.S. National Institutes of Health (NIH Publication No. 85–23, revised 1996).

Perfusion technique
Rats were injected intraperitoneally (IP) with sodium heparin (500 units) and 20 min later with
sodium pentobarbital (60mg/kg). Confirmation of deep anesthesia and an unresponsiveness to
pain stimuli was confirmed by a negative paw withdraw reflex. Hearts were then rapidly
removed and placed in heparinized ice-cold saline. Each heart was then cannulated via the
aorta and retrogradely perfused at a constant perfusion pressure of a 90 cm water column. The
standard perfusate consisted of modified Krebs-Henseleit (KH) buffer containing (mM) NaCl,
118; KCl, 4.5; KH2PO4 1.3; CaCl2, 2.5; MgSO4, 1.2; NaHCO3, 25 and glucose, 11.1. The perfu-
sion buffer was gassed with 95% O2 and 5% CO2 and pH was maintained at 7.4. The NO-

Fig 1. The Methionine-Centered Redox Cycle. The formation of methionine sulfoxide (MetO) can result from
the oxidation of free methionine, or a methionyl residue of a protein. Additional oxidation will generate methionine
sulfone (MetO2), a product that is almost irreversible in biological systems, and can cause protein denaturation.
MetO can be reduced by methionine sulfoxide reductases (MsrA or MsrB isoform), through thioredoxin (Trx).
Thioredoxin reductase (TrxR) regenerates the oxidized Trx (Trxox) via critical components of the cellular redox
system, NADP/NADP(H) [32].

doi:10.1371/journal.pone.0159951.g001
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donors (SNP, SNAP and SIN-1) were added at the indicated time points and concentrations
along the perfusion protocol. Hearts were kept in a thermostated glass cell, at a constant tem-
perature of 37.0°C± 0.1. Upon the initiation of the experiment, a small latex balloon-tipped
catheter was inserted into the left ventricle through an incision on the left atrium. The balloon
was connected via a pressure transducer to a recording system that allowed monitoring of the
peak systolic pressure (PSP), the end diastolic pressure (EDP), the developed pressure (DP) =
PSP–EDP, the positive and negative derivatives of DP (+dp/dt and–dp/dt), and the heart rate
(HR). The work index (WI) was calculated according to WI = DP x heart rate.

Experimental protocol
Fig 2 represents the experimental designs and perfusion protocols. Each experimental group
contained 8 hearts, which were used for biochemical analyses. Infarct size analyses were con-
ducted on 4–6 additional hearts. The combined hemodynamic data were used for functional
analyses. A typical experiment was started by perfusion for 10 min with KH-solution in order
to stabilize cardiac function and to determine the basal hemodynamic parameters. The heart
was then subjected to an additional 20 min perfusion with KH-buffer (without or with the
addition of a NO-donor). Subsequently, the heart was subjected to 35 min of no-flow global
ischemia, followed by 60 min of reperfusion.

Infarct size analyses
At the end of reperfusion, hearts were frozen for 15 min at -20°C before slicing into five trans-
verse slices, parallel to the atrioventricular groove. After removing right ventricular and atrial
tissue, heart slices were incubated for 30 min in a 1% solution of triphenyltetrazolium chloride
at 37°C. This allowed differentiation of the infarcted (pale) from viable (bright red) myocardial
area [41]. The size of the infracted tissue was digitally photographed with a Nikon Coolpix
5000 camera and quantified with IMAGE J 1.32 (NIH, USA) software. Determination of the
area of infarction was performed by a blinded investigator.

Methionine sulfoxide reductase activity
Measurements of the Msr activities were carried out by incubating the heart homogenates with
dabsyl-methionine sulfoxide for 30 min at 37°C. Subsequently, analysis of the reduced product
(dabsyl methionine) was conducted by a HPLC-photometric detection at 436 nm [29, 42]. The
reaction mixtures contained 200 μMDabsyl-MetO (the substrate)/ 20 mM Tris�HCl (pH 7.5)/
10 mMMgCl2/30 mM KCl/20mM dithiotreitol (DTT), and ~100μg protein; total volume of
100μL. The reactions were stopped by adding 100μL of acetonitrile. The samples were then
spun down and the protein fractions were discarded. In the chromatographic assays, the sam-
ples were run on a 150 mm 3μmC-18 column, using a gradient (A to B). A = 19g of sodium
acetate, pH 6.0 plus 0.5ml of triethylamine, in one liter of solution; B = acetonitrile (pure). The

Fig 2. Experimental protocols.

doi:10.1371/journal.pone.0159951.g002
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substrate, dabsyl-Met(O) was prepared according to Moskowitz et al. [42]. Activities were
given as pmol/mg protein/min.

Western blot analysis
Quantifications of Trx and TrxR proteins were conducted by Western blot analyses as previ-
ously described, with minor modifications [32, 43]. Briefly, equal amounts of protein (5 μg)
were separated by SDS-PAGE and transferred to a nitrocellulose membrane at 250 mA for 90
min. Membranes were blocked at 4°C overnight with 5% dry skim milk in 0.05 M Tris-buffered
saline pH 7.6, containing 0.05% Tween-20 (TBS-T). Subsequently, the membranes were incu-
bated with Trx or TrxR primary antibodies, which were generously provided by Dr. S.G. Rhee
(Ewha Women University, Seoul, Korea). After washing with TBS-T, the membranes were
incubated for 1h at room temperature with HRP-labeled goat anti-rabbit IgG (Jackson Immu-
noResearch Laboratories Inc. West Grove, PA, USA). Next, the membranes were washed with
TBS-T and developed using light sensitive film (Amersham Biosciences, Little Chalfont, Buck-
inghamshire, UK) and the chemiluminescence detection kit for HRP (EZ-ECL; Biological
Industries, Beit-Haemek, Israel) according to manufacturer's instructions. Band intensities
were quantified using IMAGE J 1.32 software (NIH, USA).

Cytosolic aconitase activity
At the end of the experiments, one half of the left ventricle was homogenized in a buffer containing
Tris-HCl, 50 mM; cysteine, 1 mM; sodium citrate, 1 mM; andMnCl2, 0.5 mM; pH 7.6. To rule out
contamination with mitochondrial aconitase, digitonin (0.02%) was added to the buffer before
homogenization, in order to preserve the inner mitochondrial membrane. Homogenates were cen-
trifuged at 1800 g for 8 min. Supernatants were re-centrifuged at 11,000 g for 20min at 4°C; the pel-
lets containing the mitochondrial fraction were discarded; the supernatants representing the
cytosol were kept on ice until analyzed. The cytosolic fraction was checked and cleared of mito-
chondrial proteins by western blot. The aconitase activity in the reaction mixture was measured in
duplicates by a coupled assay using isocitrate dehydrogenase and NADP+, which was reduced to
NADPH in the course of the reaction. Briefly, 135 μL of the reaction mixture (90 μL sample, 35 μL
(2 unit/mL) isocitrate dehydrogenase, 10 μL (0.2 mMNADP+) was added to 865 μL assay buffer
consisting of 100 mMTris-HCl, 30 mM sodium citrate and 0.5 mMMnCl2, pH 7.4. The rate of
NADPH+ reduction was measured photometrically at 340 nm over 5–10 min, at 37°C. Protein con-
tent of heart extracts was assessed using Bio-Rad reagent and bovine serum albumin as a standard.

Total protein content
Total cytosolic protein content was determined using the BCA (bicinchoninic acid) Protein
Assay Kit (Pierce, Rockford, IL, USA).

Heart ferritin levels
Heart ferritin levels were determined in the cytosolic fractions using a previously described
ELISA-based method [36].

Iron content in a ferritin molecule
After immuno-precipitation, ferritin was dissolved in nitric acid and iron content was deter-
mined by Zeeman atomic absorption spectroscopy [36] or spectrophotometrically using
batho-phenanthroline bi-sulphonate (BPS) [44]. Subsequently the average number of iron
atom per ferritin molecule was calculated.
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Statistical data analyses
Data are presented as Mean ± SEM. Statistical analyses between values of the same group at
various stages of the protocol were performed by one-way analyses of variance (ANOVA).
Between groups comparisons were made for each time point using a one-way ANOVA fol-
lowed by the Dunnett’s post-hoc test, where appropriate. Changes were considered statistically
significant when p<0.05.

Results

Hemodynamics
Table 1 represents the hemodynamic data and recoveries of the hearts after exposure to the dif-
ferent perfusion protocols. There were no significant differences in baseline values for HR,
EDP and left ventricular DP or its derivatives; +dp/dt and–dp/dt, in any of the experimental
groups. SHAM treated hearts maintained ~90% of their function compared to baseline, as
depicted by the hemodynamic parameters in Table 1. In addition, EDP values remained at
baseline levels in the SHAM group. These values were significantly better than hearts subjected
to I/R alone. Hearts subjected to I/R alone, lost 60% of their basal WI capacity, by the comple-
tion of the reperfusion phase. DP recovered to 43% of the pre-ischemic value, whereas HR
recovered fully. The EDP at the end of the reperfusion, was increased significantly in the I/R
group. Treatment with the different NO-donors for 20 min, before the onset of ischemia, did
not have any significant effects on hemodynamic recovery in any of the experimental groups.
Nonetheless, hearts treated with 10 μM SNAP and 100 μM SNP displayed slightly lower EDP
values compared to hearts exposed to I/R alone. In contrast, there is a trend towards lower
recoveries of WI capacities after treatment 2 μM SIN-1, 10 μM SIN-1 and 2 μM SNAP. A con-
centration dependent effect can be detected after perfusion with SNAP. The hemodynamic
recoveries (%) of hearts perfused with 10 μM SNAP are consistently better compared to hearts
perfused with 2 μM SNAP. Such an effect was not observed between the groups perfused with
2 μM or 10 μM SIN-1.

Infarct size
Infarct size was (23.4 ± 0.9) % in hearts exposed to I/R alone (Fig 3). SHAM treated animals
had significantly lower infarct sizes (6.7 ± 2.0%; p< 0.05 vs. I/R). Treatment with 10 μM

Table 1. Hemodynamic parameters of the rat hearts after exposure to the different experimental protocols.

Protocol HR0 (min-1) DP0 (mm Hg) HR (%) DP (%) WI (%) EDP125 (mm Hg)

SHAM 261 ± 8 83 ± 3 104 ± 5 93 ± 2* 96 ±6* 5 ± 2*

I/R 288 ± 8 101 ± 6 91 ± 9 43 ± 5 40 ± 6 44 ± 4

100 μM SNP + I/R 273 ± 12 93 ± 5 84 ± 5 46 ± 6 44 ± 7 37 ± 5

2 μM SIN-1 + I/R 283 ± 8 89 ± 6 72 ± 5 39 ± 6 29 ± 6 47 ± 8

10 μM SIN-1 + I/R 253 ± 14 98 ± 10 55 ± 10 37 ± 7 23 ± 9 43 ± 5

2 μM SNAP + I/R 268 ± 13 97 ± 6 64 ± 8 31 ± 5 22 ± 7 47 ± 5

10 μM SNAP + I/R 272 ± 11 97 ± 9 93 ± 8 47 ± 5 42 ± 5 35 ± 9

The hemodynamic recoveries (%) of the heart rate (HR), developed pressure (DP) and the work index (WI), at the completion of each of the protocols was

compared to the pre-ischemic values. The following additional abbreviations were used: I/R–ischemia/reperfusion; EDP125 –end diastolic pressure at the

completion of the experiment (125th min); WI–work index; DP0 and HR0– developed pressure and heart rate at the stabilization phase, respectively. Data are

presented as Mean ± SEM.

* p < 0.01 versus I/R.

doi:10.1371/journal.pone.0159951.t001
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SNAP for 20 min, before prolonged ischemia and reperfusion, significantly reduced infarct size
to (14.4 ± 1.7%; p<0.05 vs. I/R). Treatment with 2 μM SNAP (21.6 ± 2.0) %, 100 μM SNP
(23.7 ± 2.2) % or 10 μM SIN-1 (23.3 ± 3.1) % had no infarct sparing effect. 2 μM SIN-1 was
found to significantly increase infarct size (34.8 ± 2.4%; p< 0.05) compared to I/R alone.

Methionine-Centered Redox Cycle
Msr activity (expressed as: pmol/mg protein/min) was not significantly different at the end of
the reperfusion between the SHAM (3650 ± 433) and I/R groups (3656 ± 605) (Table 2). Perfu-
sion with the NO-donors: 100 μM SNP (6681 ± 1046), 2 μM SNAP (7575 ± 543) or 10 μM
SNAP (8521 ± 576) significantly increased Msr activity compared to I/R alone (p< 0.01), as
measured at the end of reperfusion. Concentration dependent effects on Msr activities can be
observed after perfusions with 2 μM and 10 μM SNAP and SIN-1. Perfusion with SIN-1 did
not significantly increase Msr activity compared to the I/R group. Furthermore, hearts perfused

Fig 3. Infarct sizes of the rat hearts after exposure to the different experimental protocols. Data are presented as
Mean ± SEM.* p < 0.05 versus I/R.

doi:10.1371/journal.pone.0159951.g003

Table 2. Activities of methionine sulfoxide reductase.

Protocol Msr activity (pmol/mg protein/min)

Pre-Ischemia End of Ischemia End of reperfusion

SHAM 5833 ± 711 - 3650 ± 433

I/R 5833 ± 711 5409 ± 399 3656 ± 605

100 μM SNP + I/R - - 6881 ± 1046*

2 μM SIN-1 + I/R - - 4591 ± 304

10 μM SIN-1 + I/R - - 6061 ± 429

2 μM SNAP + I/R - - 7575 ± 543*

10 μM SNAP + I/R 11277 ± 238* 11820 ± 647* 8521 ± 576*

Data are presented as Mean ± SEM and indicate the activity of Msr as measured at different time points along the perfusion protocols.

* p < 0.01 versus I/R.

doi:10.1371/journal.pone.0159951.t002
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with 2 μM SIN-1 generated the lowest Msr activities (4591 ± 304). These findings are in line
with the observed increase in infarct sizes in the 2 μM SIN-1 perfused hearts. As perfusion with
10 μM SNAP resulted in a significantly reduction in infarct size (Fig 3), additional time points
along this perfusion protocol were investigated. 10 μM SNAP had a profound stimulatory effect
on the Msr activity at each time point along the protocol. Immediately after completion of the
perfusion with SNAP (Pre-Ischemia), the Msr activity was approximately two fold
(11277 ± 238; p< 0.01) higher compared to untreated hearts (5833 ± 711). This higher Msr
activity was maintained during the ischemic period (11820 ± 647; p< 0.01 vs. I/R).

The proteins levels of Trx and TrxR were determined by western blot analyses and are
shown in Fig 4 and Table 3. Heart subjected to I/R (3.66 ± 0.36 AU.), showed an 8-fold increase
in Trx levels compared to SHAM treated hearts (0.46 ± 0.16 AU.; p< 0.01 vs. I/R). All NO-
donors prevented this increase and had significantly lower Trx proteins levels compared to I/R
treated hearts (p< 0.01). Among the NO-donors, hearts perfused with 2 μM SIN-1 had the
highest Trx protein levels at the end of reperfusion (Table 3). The Pre-Ischemic protein level of
Trx, was found to be significantly higher after perfusion with 10 μM SNAP (2.47 ± 0.17 AU.;
p< 0.01) compared to untreated hearts (0.42 ± 0.05 AU.) During the subsequent I/R the Trx
protein level dropped to (0.66 ± 0.06 AU., p< 0.01 vs. I/R). Hearts perfused with 10 μM SNAP
also significantly lowered TrxR protein levels (2.42 ± 0.16 AU.) levels at the end of reperfusion
compared to hearts treated by I/R alone (4.94 ± 0.87 AU.; p< 0.01). None of the other

Fig 4. Western blots of cytosolic Thioredoxin and Thioredoxin reductase. Representative western blots
used for the protein estimations of cytosolic thioredoxin (A) and cytosolic thioredoxin reductase (B).

doi:10.1371/journal.pone.0159951.g004

Table 3. Thioredoxin and thioredoxin-reductase protein levels.

Protocol Trx(AU) TrxR (AU)

Pre-Ischemia End of reperfusion End of reperfusion

SHAM 0.42 ± 0.05 0.46 ± 0.16* 3.09 ± 0.25

I/R 0.42 ± 0.05 3.66 ± 0.36 4.94 ± 0.87

100 μM SNP + I/R - 0.32 ± 0.07* 3.17 ± 0.50

2 μM SIN-1 + I/R - 1.60 ± 0.52* 6.06 ± 1.29

10 μM SIN-1 + I/R - 0.63 ± 0.01* 5.24 ± 0.23

2 μM SNAP + I/R - 0.68 ± 0.10* 2.93 ± 1.29

10 μM SNAP + I/R 2.47 ± 0.17* 0.66 ± 0.06* 2.42 ± 0.16*

Data are presented as Mean ± SEM and indicate the protein levels of thioredoxin 1(Trx) and thioredoxin reductase 1 (TrxR) as measured at various time

points along the perfusion protocols.

* p < 0.01 versus I/R.

doi:10.1371/journal.pone.0159951.t003
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treatment groups showed significant different TrxR proteins levels compared to I/R treated
hearts (Table 3).

Cytosolic aconitase activity
CA activities (expressed as: μM/ (min x mg protein); Table 4) were significantly lower in
SHAM (7.1 ± 1.5; p<0.01) compared to I/R (12.7 ± 1.1) perfused hearts. Both 10 μM SIN-1
(22.8 ± 0.6; p< 0.05 vs. I/R) and 10 μM SNAP perfused hearts (21.7 ± 1.5; p< 0.05) signifi-
cantly increased CA activities compared to I/R alone (12.7 ± 1.1).

Heart ferritin levels
Heart ferritin levels (expressed as: μg Ft/mg protein) were measured along the different time
points of the various perfusion protocols and are depicted in Table 5. Analyses of heart ferritin
levels at all time points were conducted only for the SHAM, I/R and 10 μM SNAP groups
(Table 5). After perfusion with 10 μM SNAP (Pre-Ischemia) ferritin levels increased
(0.308 ± 0.008), without reaching statistical significance compared to control (0.225 ± 0.047).
At the end of ischemia, ferritin levels in 10 μM SNAP (0.358 ± 0.060) perfused hearts were sig-
nificantly higher compared to I/R (0.140 ± 0.014; p< 0.01) and SHAM (0.218 ± 0.016;
p< 0.05). The ferritin levels in 10 μM SNAP (0.271 ± 0.017; p< 0.01) perfused hearts,
remained significantly elevated until the end of reperfusion compared to I/R (0.192 ± 0.016)
and SHAM (0.181 ± 0.027). No statistical difference was detected between the I/R and SHAM
groups at any of the time points. Ferritin levels, at the end of reperfusion, were also determined
for hearts perfused with 100 μM SNP and 2μM SIN-1. The ferritin levels in both groups were
lower compared to I/R but did not reach statistical significance (Table 5).

Iron atoms per ferritin molecule
NFe -the average number of iron atoms per ferritin molecule—were drastically elevated at the
end of ischemia in I/R (3169 ± 4) NFe, compared to 10 μM SNAP (1280 ± 14) NFe perfused
hearts (Table 5). At the end of reperfusion, the NFe ratios were similar among the I/R, SHAM
and 10 μM SNAP perfused hearts. In the 2 μM SIN-1 perfused hearts, a 2.4 fold increase in the
Fe/Ft ratio was detected at the end of the reperfusion (3156 ± 79) NFe compared to I/R
(1335 ± 79) NFe, SNAP (1313 ± 64) NFe or SHAM (1351 ± 112) NFe. 100 μM SNP perfusion
hearts also had a slightly increased ratio (1942 ± 90) NFe compared to the other groups at the
end of reperfusion.

Table 4. Activity of cytosolic aconitase.

Protocol CA Activity (μM/ (min x mg protein))

SHAM 7.1 ± 1.5*

I/R 12.7 ± 1.1

100 μM SNP + I/R 17.9 ± 2.6

2 μM SIN-1 + I/R 19.2 ± 1.5

10 μM SIN-1 + I/R 22.8 ± 0.6*

2 μM SNAP + I/R 19.1 ± 2.0

10 μM SNAP + I/R 21.7 ± 1.5*

Data are presented as Mean ± SEM and indicate the CA activity as measured at the end of reperfusion.

* p < 0.05 versus I/R.

doi:10.1371/journal.pone.0159951.t004
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Discussion
IPC is a well-known procedure which can generate a transient protection of the heart against
injury associated with prolonged ischemia and reperfusion. Recently an IBM for cardioprotec-
tion by IPC was proposed [33]. The IBM involves the generation of an iron signal, through
activation of the proteasome, which results in the accumulation of ferritin [33, 34]. Ferritin can
chelate the considerable amounts of mobilized cellular labile iron, during the subsequent pro-
longed ischemia and reperfusion, and so generate cardioprotection by IPC. Numerous studies
have suggested a role of NO in IPC [6–10, 45]. The regulatory capacities of NO are however
complex and dependent on its concentration, the cellular redox state, the presence of ROS and
the subsequent identity of its bio-active redox forms [23, 27, 46]. The current study investigated
a possible link between NO, cardioprotection and the IBM.

Three distinct NO-donors, SNP, SNAP and SIN-1, were employed at various concentrations
previously shown to evoke cardioprotection. SNP is known to generate NO+, SNAP potentially
generates both NO+ and NO., whereas SIN-1 generates NO. and O2

-., which react to form
ONOO− [24, 47]. In contrast to the cardioprotective effects of ONOO−, several studies have
also reported apparent cardiotoxic effects of ONOO− [48]. It has been suggested that this dis-
crepancy could be dependent on the crystalloid buffer or biological (i.e. blood) environment
[48–50]. In the current study, infarcts size analyses revealed a dose dependent and NO-donor
dependent effect on myocardial infarct size. A significantly reduction in infarct size was only
observed in Langendorff perfused isolated rat hearts after a 20 min perfusion with 10 μM
SNAP prior to the onset of global ischemia and reperfusion (Fig 3). These results support prior
observations on the infarcts sparing ability of SNAP treatment before ischemia and reperfusion
[8, 51]. Unlike previous findings presented by Nakano, et al., 2 μM SNAP was not found to
reduce infarct size [8]. None of the other NO-donors used in the current study generated an
infarct sparing effect. Moreover, perfusion with 2 μM SIN-1 prior to prolonged ischemia and

Table 5. Ferritin and iron content at various times of the perfusion protocol.

Protocol Time points Ferritin (μg Ft/mg protein) NFe

SHAM Stabilization 0.209 ± 0.037 2250 ± 80

Pre-Ischemia 0.225 ± 0.047 2250 ± 80

End of Ischemia 0.218 ± 0.016 N.D.

End of reperfusion 0.181 ± 0.027 1351 ± 112

I/R Stabilization 0.209 ± 0.037 2250 ± 80

Pre-Ischemia 0.225 ± 0.047 2250 ± 80

End of Ischemia 0.140 ± 0.014 3169 ± 4

End of reperfusion 0.192 ± 0.016 1335 ± 79

10 μM SNAP Stabilization 0.209 ± 0.037 2250 ± 80

Pre-Ischemia 0.308 ± 0.008 1280 ± 14

End of Ischemia 0.358 ± 0.060 *# 1309 ±14

End of reperfusion 0.271 ± 0.017 * 1313 ± 64

100 μM SNP End of reperfusion 0.138 ± 0.013 1942 ± 90

2 μM SIN-1 End of reperfusion 0.148 ± 0.037 3156 ± 79

Date are presented as Mean ± SEM and indicate the heart ferritin levels and the average number of iron atoms per ferritin molecule (NFe), at various time

points along the perfusion protocols. Complete analyses of heart Ft levels was only conducted for the I/R, SHAM and 10 μM SNAP protocols. Iron content

was determined in duplicate. Therefore no statistical analyses were conducted on the NFe ratios for the different groups N.D.- non-determined.

* p < 0.01 versus I/R and SHAM.
# p < 0.05 vs. SHAM.

doi:10.1371/journal.pone.0159951.t005
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reperfusion was found to increase infarct size compared to hearts exposed to I/R alone. These
findings are in line with previous studies in which peroxynitrite was largely found to generate a
deleterious effect in a crystalloid buffer environment [49, 50, 52]. The observations that perfu-
sion with 2 μM SIN-1 significantly increased infarct size, whereas 10 μM SIN-1 did not, sug-
gests that the deleterious effects of ONOO− in a crystalloid buffer environment are
concentration dependent [49]. One can hypothesize, that increasing concentrations of NO.,
O2

- and/or ONOO− differently affect endogenous pathways and mechanisms (e.g. NOS activa-
tion, nitrosylations). Subsequent differences in NO. and O2

- stoichiometry, could alleviate
some of the deleterious effects of ONOO− [49, 50]. Further investigations are necessary to vali-
date such hypotheses.

In previous studies, 100 μM SNP and 10 μM SIN-1 were found improve functional recovery
after I/R similarly to hearts submitted to IPC [6, 7]. In the current study however, no significant
improvement in functional recovery could be detected after perfusion with any of the tested
NO-donors (Table 1). These discrepancies could be due to differences in the experimental pro-
tocols and the analyzed parameters. Nonetheless, the above result suggests that NO+/NO. can
generate a cardioprotective effect when administered before prolonged ischemia and reperfu-
sion. ONOO- on the other hand was found to evoke a concentration dependent cytotoxic
effect.

Oxidative damage is considered to be an important factor in cardiac damage after I/R and
can result in the dysfunction and degradation of oxidatively modified proteins [53]. The
MCRC catalytic antioxidant system is involved in the protection against oxidative stress-
induced cell injury. In the present study, the components of the MCRC were analyzed to inves-
tigate the effects that different NO-donors might have on the antioxidant defense system. Msr
activities, were significantly increased after treatment with 100 μM SNP and 10 μM SNAP, and
suggest activation of the hearts’ antioxidant defense pathways (Table 2). Note that the mea-
sured Msr activities are independent of Txr, as they were performed in the presence of excess
reducing agent (DTT). Increased Msr activities have been found to be associated with increased
MsrA and MsrB expression levels [54, 55]. Detailed analyses revealed that the Msr activity was
significantly increased immediately after perfusion with the NO-donor (Pre-Ischemia) and
remained significantly elevated along the entire experiment. In line with a previous study by
Picot et al., ischemia alone did not affect Msr activity [56]. Small decreases in Mrs activities of
37% and 24% were observed at the end of reperfusion in SHAM, I/R and 10 μM SNAP perfused
hearts, respectively. It has been suggested that a decrease in Msr activity, after I/R, is not associ-
ated with a decrease in MsrA protein levels, but most likely caused by oxidative modifications
of e.g. cysteine residues [56, 57]. Harmful oxidative modifications could explain the relatively
low Msr activities in hearts exposed to I/R alone (Table 2). Even though no markers of oxida-
tive stress (e.g. protein carbonyl) were investigated in the current study, the MCRC is known to
play a key role in oxidative stress regulation. For example, there were greater increases in the
levels of oxidized proteins (protein carbonyls) in tissues ofMsrA null mice compared to wild
type [29]. In addition, in old rats and in the brains of patients with Alzheimer’s disease there
were decreases in MsrA activity that consequently lead to accumulations of carbonyl adducts
in proteins [32, 58, 59].

Trx protein levels were dramatically increased after I/R (Table 3). These findings are in line
with previous studies that found that Trx can be induced by oxidative stress [60, 61]. In the cur-
rent study, perfusion with NO-donors were found to partially reverse the stimulatory effects of
I/R on Trx protein expression levels. At the end of reperfusion, lower Trx levels were observed
in all hearts when compared to I/R. These results mirror the observed increases in Mrs activi-
ties after NO-donor treatment, as measured at the end of reperfusion (Table 2). These findings
correlate with previous studies and suggest that the induction of Trx is not linked directly to
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Msr activity, but is important for the function of e.g. Met(O) reduction [29]. This is not surpris-
ing as Trx has been found to be associated with other numerous cytoprotective effects includ-
ing; regulation of transcription, regulating of apoptosis and co-cytokine activities [62]. In
accordance with the reduction in Trx protein levels, at the end of reperfusion, 10 μM SNAP
treated hearts also show a significantly reduction in TrxR protein levels.

Increasing Trx levels before I/R has been found to generate protection against I/R injury in
a variety of studies [63–65]. In concurrence, the results presented in this study show that perfu-
sion with 10 μM SNAP significantly increased Pre-Ischemic Trx protein levels which suggest
an activation of the MCRC antioxidant defense system right before the damaging I/R. The
abovementioned findings show that, depending on its bio-active redox form, NO can signifi-
cantly affect various components of the MCRC and possibly aid in cardioprotection against
oxidative damage.

Although not fully investigated here, previous studies have shown discrepancies between
protein levels and Msr, Trx and TrxR activities. These differences were suggested to be associ-
ated with post translational oxidations and/or nitrosylations of amino acid residues, leading to
either inactivation or activation of proteins activities [32, 66]. Bulvik et al. showed a reduction
in TrxR activity in heart homogenates exposed to oxidative stress, whereas no differences in
TrxR proteins levels were detected [32]. The fact that hearts treated with I/R alone displayed
significant signs of myocardial damage, as shown by hemodynamic parameters and infarct size
analyses, suggest an overloaded and/or impaired antioxidant defense. Possibly, the high Trx
protein levels after I/R observed in this study are the results of an unsuccessful mechanism to
compensate for the loss of Trx protein activity. A similar mechanism involving the MCRC sys-
tem was previously observed in aging [32]. Furthermore, post translational S-nitrosylation of a
regulatory Trx cysteine residue was found to be required for the increased activity and anti-
apoptotic mechanisms in endothelial cells [66]. These observations suggest that exogenous
NO-donors, increase Trx activity, without affecting protein expression levels, and so aid in the
protection against the oxidative stress generated by I/R. The smaller infarct sizes, increased
Msr activities, decreased Trx and TrxR proteins levels, all support this hypothesis.

Iron, an essential consistent of many macromolecules, is involved in energy production, res-
piration and metabolism. Excess ‘labile iron’ however, can enhance ROS-induced oxidative
damage through the formation of hydroxyl radicals and shift the redox balance from cell sur-
vival to cell death [67, 68]. Because of its redox activity, most of the cellular iron is protein-
bound by ferritin. Ferritin levels are post-transcriptionally regulated by IRP1 and IRP2. When
iron is abundant, IRP1 and 2 dissociate from the ferritin mRNA, allowing its synthesis. After
dissociation, IRP2 is targeted for proteasomal degradation, whereas IRP1 assembles an Fe-S
cluster displaying CA activity [69, 70]. Targeted deletions have demonstrated that IRP2 is the
main physiologic iron sensor in most organs [71–73]. In the current study, I/R was found to
significantly increase CA activities compared to SHAM treated hearts (Table 4). Furthermore,
the NO-donors 10 μM SIN-1 and 10 μM SNAP significantly increased CA activities compared
to I/R treated hearts. The observed increase in CA activity after perfusion with 10 μM SNAP
was also associated with increased levels of ferritin levels (Table 5). These observations suggest
that the activation of ferritin synthesis is a result of the increased levels of intracellular iron,
and the subsequent dissociations of IRP1 and IRP2 from the ferritin mRNA. Interestingly,
2 μM SIN-1 perfused hearts were associated with lower ferritin levels and a higher number of
iron atoms per ferritin molecule (3156 ± 79) NFe. The ferritin molecule can harbor up to 4,500
iron atoms [74]. Thus the impression is that the ferritin molecule reaches saturation levels.
This finding could explain the increase in infarct size, observed in 2 μM SIN-1 perfused hearts
and the inferior preservation of the MCRC system. The abovementioned specific effects of the
different NO-donors on ferritin levels have previously been observed in in vitro studies and are
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most likely related to the different bio-active redox forms of NO [25, 75–77]. Detailed analyses
of ferritin levels, revealed that perfusion with 10 μM SNAP caused a ~1.5-fold increase in ferri-
tin levels. A significant ~2.5-fold increase was observed at the high-risk moment of the onset of
reperfusion. This accumulation of ferritin can protect the heart from iron-mediated oxidative
damage associated with I/R injury, and resembles the accumulation observed after IPC. None-
theless, IPC was found to generate a more robust increase in ferritin levels of 4-7-fold [33, 41].
This increase was accompanied by a reduction in infarct size as well as a significant improve-
ment in hemodynamic function. The regulatory capacities of NO are dose-dependent, thus
increasing the SNAP concentration could possibly generate more profound cardioprotective
effects [7]. Alternatively, it can be hypothesized that NO is sufficient but not a trigger for gener-
ating the strong protection observed by IPC [8, 45].

The abovementioned findings indicate that exogenous NO, like IPC, can regulate ferritin
accumulation and is involved in the IBM of cardioprotection [33, 34]. The role of NO was
found to depend on its concentration and the identity of its bio-active redox form. Future stud-
ies employing NO scavengers and/or NOS inhibitors, during the IPC phase, will need to be
conducted to confirm the role of endogenous NO in the IBM of cardioprotection. The current
literature is divided on the requirement of the biosynthesis of endogenous NO for the develop-
ment of IPC [45]. It is yet unknown if NO will act as a trigger or mediator during IPC and the
IBM. Likewise, the exact role of NO in the proteasomal pathway remains to be elucidated [34].
We hypothesize that NO is involved in generation of the ‘iron signal’, and the subsequent ferri-
tin accumulation leading to cardioprotection, through either direct (release of labile iron from
iron centers) or indirect (nitrosylations and/or nitrations) effects.

Acknowledgments
This research was supported by research grants (awarded to MC) from the Dr. Avraham
Moshe and Pepka Bergman Memorial Fund, by the German-Israel Foundation for Scientific
Research and Development (GIF 1061–59.2/2008), and by the Israel Science Foundation (ISF
489/12). A Lady Davis Post-doctoral Fellowship was awarded to HG. We gratefully thank Dr.
Sue Goo Rhee (Ewha Womans University, Seoul, Korea) for generously providing the Trx and
TrxR antibodies.

Author Contributions
Conceived and designed the experiments: HG GZ EB MC. Performed the experiments: HG GZ
EB. Analyzed the data: HG GZ. Contributed reagents/materials/analysis tools: MC. Wrote the
paper: HG GZ. Participated in discussions: BD.

References
1. Abu-Soud HM, Presta A, Mayer B, Stuehr DJ. Analysis of neuronal NO synthase under single-turnover

conditions: conversion of Nomega-hydroxyarginine to nitric oxide and citrulline. Biochemistry. 1997; 36
(36):10811–6. Epub 1997/10/06. doi: 10.1021/bi971414g bi971414g [pii]. PMID: 9312270.

2. Marletta MA. Nitric oxide synthase structure and mechanism. J Biol Chem. 1993; 268(17):12231–4.
Epub 1993/06/15. PMID: 7685338.

3. Cary SP, Winger JA, Derbyshire ER, Marletta MA. Nitric oxide signaling: no longer simply on or off.
Trends Biochem Sci. 2006; 31(4):231–9. PMID: 16530415.

4. Mustafa AK, Gadalla MM, Snyder SH. Signaling by gasotransmitters. Sci Signal. 2009; 2(68):re2.
PMID: 19401594 doi: 10.1126/scisignal.268re2

5. Balligand JL, Feron O, Dessy C. eNOS activation by physical forces: from short-term regulation of con-
traction to chronic remodeling of cardiovascular tissues. Physiol Rev. 2009; 89(2):481–534. PMID:
19342613 doi: 10.1152/physrev.00042.2007

Cardioprotection by Nitric Oxide Donors

PLOS ONE | DOI:10.1371/journal.pone.0159951 July 22, 2016 13 / 17

http://dx.doi.org/10.1021/bi971414g
http://www.ncbi.nlm.nih.gov/pubmed/9312270
http://www.ncbi.nlm.nih.gov/pubmed/7685338
http://www.ncbi.nlm.nih.gov/pubmed/16530415
http://www.ncbi.nlm.nih.gov/pubmed/19401594
http://dx.doi.org/10.1126/scisignal.268re2
http://www.ncbi.nlm.nih.gov/pubmed/19342613
http://dx.doi.org/10.1152/physrev.00042.2007


6. Bilinska M, Maczewski M, Beresewicz A. Donors of nitric oxide mimic effects of ischaemic precondition-
ing on reperfusion induced arrhythmias in isolated rat heart. Mol Cell Biochem. 1996; 160–161:265–71.
Epub 1996/07/01. PMID: 8901482.

7. Lochner A, Marais E, Genade S, Moolman JA. Nitric oxide: a trigger for classic preconditioning? Am J
Physiol Heart Circ Physiol. 2000; 279(6):H2752–65. Epub 2000/11/22. PMID: 11087230.

8. Nakano A, Liu GS, Heusch G, Downey JM, Cohen MV. Exogenous nitric oxide can trigger a precondi-
tioned state through a free radical mechanism, but endogenous nitric oxide is not a trigger of classical
ischemic preconditioning. J Mol Cell Cardiol. 2000; 32(7):1159–67. Epub 2000/06/22. doi: 10.1006/
jmcc.2000.1152 S0022-2828(00)91152-0 [pii]. PMID: 10860760.

9. Vegh A, Szekeres L, Parratt J. Preconditioning of the ischaemic myocardium; involvement of the L-argi-
nine nitric oxide pathway. Br J Pharmacol. 1992; 107(3):648–52. Epub 1992/11/01. PMID: 1472963.

10. Yellon DM, Downey JM. Preconditioning the myocardium: from cellular physiology to clinical cardiol-
ogy. Physiol Rev. 2003; 83(4):1113–51. Epub 2003/09/25. doi: 10.1152/physrev.00009.2003 83/4/
1113 [pii]. PMID: 14506302.

11. Teng L, Bennett E, Cai C. Preconditioning c-Kit-positive Human Cardiac Stem Cells with a Nitric Oxide
Donor Enhances Cell Survival through Activation of Survival Signaling Pathways. J Biol Chem. 2016;
291(18):9733–47. Epub 2016/03/05. M115.687806 [pii] doi: 10.1074/jbc.M115.687806 PMID:
26940876.

12. Chevion M, Stern A, Peisach J, BlumbergWE, Simon S. Analogous effect of protons and inositol hexa-
phosphate on the alteration of structure of nitrosyl fetal human hemoglobin. Biochemistry. 1978; 17
(9):1745–50. Epub 1978/05/02. PMID: 26386.

13. Ramachandran A, Ceaser E, Darley-Usmar VM. Chronic exposure to nitric oxide alters the free iron
pool in endothelial cells: role of mitochondrial respiratory complexes and heat shock proteins. Proc Natl
Acad Sci U S A. 2004; 101(1):384–9. Epub 2003/12/24. doi: 10.1073/pnas.0304653101 0304653101
[pii]. PMID: 14691259.

14. Sharma VS, Isaacson RA, John ME, Waterman MR, Chevion M. Reaction of nitric oxide with heme pro-
teins: studies on metmyoglobin, opossummethemoglobin, and microperoxidase. Biochemistry. 1983;
22(16):3897–902. Epub 1983/08/02. PMID: 6311256.

15. Cairo G, Ronchi R, Recalcati S, Campanella A, Minotti G. Nitric oxide and peroxynitrite activate the iron
regulatory protein-1 of J774A.1 macrophages by direct disassembly of the Fe-S cluster of cytoplasmic
aconitase. Biochemistry. 2002; 41(23):7435–42. Epub 2002/06/05. bi025756k [pii]. PMID: 12044177.

16. Goldstein S, Czapski G. The reaction of NO. with O2.- and HO2.: a pulse radiolysis study. Free Radic
Biol Med. 1995; 19(4):505–10. PMID: 7590401.

17. Goldstein S, Czapski G, Lind J, Merenyi G. Tyrosine nitration by simultaneous generation of (.)NO and
O-(2) under physiological conditions. How the radicals do the job. J Biol Chem. 2000; 275(5):3031–6.
PMID: 10652282.

18. Goldstein S, Merenyi G. The chemistry of peroxynitrite: implications for biological activity. Methods
Enzymol. 2008; 436:49–61. PMID: 18237627 doi: 10.1016/S0076-6879(08)36004-2

19. Ischiropoulos H. Protein tyrosine nitration—an update. Arch Biochem Biophys. 2009; 484(2):117–21.
PMID: 19007743 doi: 10.1016/j.abb.2008.10.034

20. Souza JM, Choi I, Chen Q, Weisse M, Daikhin E, Yudkoff M, et al. Proteolytic degradation of tyrosine
nitrated proteins. Arch Biochem Biophys. 2000; 380(2):360–6. PMID: 10933892.

21. Hess DT, Matsumoto A, Nudelman R, Stamler JS. S-nitrosylation: spectrum and specificity. Nat Cell
Biol. 2001; 3(2):E46–9. Epub 2001/02/15. doi: 10.1038/35055152 PMID: 11175760.

22. Stamler JS, Simon DI, Osborne JA, Mullins ME, Jaraki O, Michel T, et al. S-nitrosylation of proteins with
nitric oxide: synthesis and characterization of biologically active compounds. Proc Natl Acad Sci U S A.
1992; 89(1):444–8. Epub 1992/01/01. PMID: 1346070.

23. Stamler JS, Singel DJ, Loscalzo J. Biochemistry of nitric oxide and its redox-activated forms. Science.
1992; 258(5090):1898–902. Epub 1992/12/18. PMID: 1281928.

24. Kim S, Ponka P. Role of nitric oxide in cellular iron metabolism. Biometals. 2003; 16(1):125–35. PMID:
12572672.

25. Kim S, Ponka P. Control of transferrin receptor expression via nitric oxide-mediated modulation of iron-
regulatory protein 2. J Biol Chem. 1999; 274(46):33035–42. Epub 1999/11/07. PMID: 10551872.

26. Lipton SA, Choi YB, Pan ZH, Lei SZ, Chen HS, Sucher NJ, et al. A redox-basedmechanism for the neu-
roprotective and neurodestructive effects of nitric oxide and related nitroso-compounds. Nature. 1993;
364(6438):626–32. Epub 1993/08/12. doi: 10.1038/364626a0 PMID: 8394509.

27. Stamler JS. Redox signaling: nitrosylation and related target interactions of nitric oxide. Cell. 1994; 78
(6):931–6. Epub 1994/09/23. 0092-8674(94)90269-0 [pii]. PMID: 7923362.

Cardioprotection by Nitric Oxide Donors

PLOS ONE | DOI:10.1371/journal.pone.0159951 July 22, 2016 14 / 17

http://www.ncbi.nlm.nih.gov/pubmed/8901482
http://www.ncbi.nlm.nih.gov/pubmed/11087230
http://dx.doi.org/10.1006/jmcc.2000.1152
http://dx.doi.org/10.1006/jmcc.2000.1152
http://www.ncbi.nlm.nih.gov/pubmed/10860760
http://www.ncbi.nlm.nih.gov/pubmed/1472963
http://dx.doi.org/10.1152/physrev.00009.2003
http://www.ncbi.nlm.nih.gov/pubmed/14506302
http://dx.doi.org/10.1074/jbc.M115.687806
http://www.ncbi.nlm.nih.gov/pubmed/26940876
http://www.ncbi.nlm.nih.gov/pubmed/26386
http://dx.doi.org/10.1073/pnas.0304653101
http://www.ncbi.nlm.nih.gov/pubmed/14691259
http://www.ncbi.nlm.nih.gov/pubmed/6311256
http://www.ncbi.nlm.nih.gov/pubmed/12044177
http://www.ncbi.nlm.nih.gov/pubmed/7590401
http://www.ncbi.nlm.nih.gov/pubmed/10652282
http://www.ncbi.nlm.nih.gov/pubmed/18237627
http://dx.doi.org/10.1016/S0076-6879(08)36004-2
http://www.ncbi.nlm.nih.gov/pubmed/19007743
http://dx.doi.org/10.1016/j.abb.2008.10.034
http://www.ncbi.nlm.nih.gov/pubmed/10933892
http://dx.doi.org/10.1038/35055152
http://www.ncbi.nlm.nih.gov/pubmed/11175760
http://www.ncbi.nlm.nih.gov/pubmed/1346070
http://www.ncbi.nlm.nih.gov/pubmed/1281928
http://www.ncbi.nlm.nih.gov/pubmed/12572672
http://www.ncbi.nlm.nih.gov/pubmed/10551872
http://dx.doi.org/10.1038/364626a0
http://www.ncbi.nlm.nih.gov/pubmed/8394509
http://www.ncbi.nlm.nih.gov/pubmed/7923362


28. Doulias PT, Tenopoulou M, Greene JL, Raju K, Ischiropoulos H. Nitric oxide regulates mitochondrial
fatty acid metabolism through reversible protein S-nitrosylation. Sci Signal. 2013; 6(256):rs1. PMID:
23281369 doi: 10.1126/scisignal.2003252

29. Moskovitz J, Bar-Noy S, WilliamsWM, Requena J, Berlett BS, Stadtman ER. Methionine sulfoxide
reductase (MsrA) is a regulator of antioxidant defense and lifespan in mammals. Proc Natl Acad Sci U
S A. 2001; 98(23):12920–5. PMID: 11606777.

30. Moskovitz J. Methionine sulfoxide reductases: ubiquitous enzymes involved in antioxidant defense,
protein regulation, and prevention of aging-associated diseases. Biochim Biophys Acta. 2005; 1703
(2):213–9. Epub 2005/02/01. S1570-9639(04)00241-9 [pii] doi: 10.1016/j.bbapap.2004.09.003 PMID:
15680229.

31. Bulvik BE, Berenshtein E, Konijn AM, Grinberg L, Vinokur V, Eliashar R, et al. Aging is an organ-spe-
cific process: changes in homeostasis of iron and redox proteins in the rat. Age (Dordr). 2012; 34
(3):693–704. Epub 2011/06/07. doi: 10.1007/s11357-011-9268-7 PMID: 21643761.

32. Bulvik B, Grinberg L, Eliashar R, Berenshtein E, Chevion MM. Iron, ferritin and proteins of the methio-
nine-centered redox cycle in young and old rat hearts. Mech Ageing Dev. 2009; 130(3):139–44. Epub
2008/11/11. S0047-6374(08)00190-5 [pii] doi: 10.1016/j.mad.2008.10.002 PMID: 18996141.

33. Chevion M, Leibowitz S, Aye NN, Novogrodsky O, Singer A, Avizemer O, et al. Heart protection by
ischemic preconditioning: a novel pathway initiated by iron and mediated by ferritin. J Mol Cell Cardiol.
2008; 45(6):839–45. Epub 2008/09/27. S0022-2828(08)00580-4 [pii] doi: 10.1016/j.yjmcc.2008.08.011
PMID: 18817783.

34. Bulvik BE, Berenshtein E, Meyron-Holtz EG, Konijn AM, Chevion M. Cardiac protection by precondi-
tioning is generated via an iron-signal created by proteasomal degradation of iron proteins. PLoS One.
2012; 7(11):e48947. Epub 2012/11/17. doi: 10.1371/journal.pone.0048947 PONE-D-12-19817 [pii].
PMID: 23155431.

35. Liu X, Theil EC. Ferritin as an iron concentrator and chelator target. Ann N Y Acad Sci. 2005;
1054:136–40. Epub 2005/12/13. 1054/1/136 [pii] doi: 10.1196/annals.1345.016 PMID: 16339659.

36. Berenshtein E, Vaisman B, Goldberg-Langerman C, Kitrossky N, Konijn AM, Chevion M. Roles of ferri-
tin and iron in ischemic preconditioning of the heart. Mol Cell Biochem. 2002; 234-235(1–2):283–92.
Epub 2002/08/07. PMID: 12162445.

37. Chevion M, Jiang Y, Har-El R, Berenshtein E, Uretzky G, Kitrossky N. Copper and iron are mobilized
following myocardial ischemia: possible predictive criteria for tissue injury. Proc Natl Acad Sci U S A.
1993; 90(3):1102–6. Epub 1993/02/01. PMID: 8430081.

38. Ponka P, Beaumont C, Richardson DR. Function and regulation of transferrin and ferritin. Semin Hema-
tol. 1998; 35(1):35–54. Epub 1998/02/14. PMID: 9460808.

39. TongWH, Rouault TA. Functions of mitochondrial ISCU and cytosolic ISCU in mammalian iron-sulfur
cluster biogenesis and iron homeostasis. Cell Metab. 2006; 3(3):199–210. Epub 2006/03/07. S1550-
4131(06)00063-5 [pii] doi: 10.1016/j.cmet.2006.02.003 PMID: 16517407.

40. TongWH, Rouault TA. Metabolic regulation of citrate and iron by aconitases: role of iron-sulfur cluster
biogenesis. Biometals. 2007; 20(3–4):549–64. Epub 2007/01/06. doi: 10.1007/s10534-006-9047-6
PMID: 17205209.

41. Vinokur V, Berenshtein E, Bulvik B, Grinberg L, Eliashar R, Chevion M. The bitter fate of the sweet
heart: impairment of iron homeostasis in diabetic heart leads to failure in myocardial protection by pre-
conditioning. PLoS One. 2013; 8(5):e62948. Epub 2013/05/22. doi: 10.1371/journal.pone.0062948
PONE-D-13-06379 [pii]. PMID: 23690966.

42. Moskovitz J, Berlett BS, Poston JM, Stadtman ER. The yeast peptide-methionine sulfoxide reductase
functions as an antioxidant in vivo. Proc Natl Acad Sci U S A. 1997; 94(18):9585–9. PMID: 9275166.

43. Shioji K, Kishimoto C, Nakamura H, Toyokuni S, Nakayama Y, Yodoi J, et al. Upregulation of thiore-
doxin (TRX) expression in giant cell myocarditis in rats. FEBS Lett. 2000; 472(1):109–13. Epub 2000/
04/27. S0014-5793(00)01446-0 [pii]. PMID: 10781815.

44. Nilsson UA, Bassen M, Savman K, Kjellmer I. A simple and rapid method for the determination of "free"
iron in biological fluids. Free Radic Res. 2002; 36(6):677–84. Epub 2002/08/16. PMID: 12180193.

45. Bolli R. Cardioprotective function of inducible nitric oxide synthase and role of nitric oxide in myocardial
ischemia and preconditioning: an overview of a decade of research. J Mol Cell Cardiol. 2001; 33
(11):1897–918. Epub 2001/11/16. doi: 10.1006/jmcc.2001.1462 S0022-2828(01)91462-2 [pii]. PMID:
11708836.

46. Bell RM, Maddock HL, Yellon DM. The cardioprotective and mitochondrial depolarising properties of
exogenous nitric oxide in mouse heart. Cardiovasc Res. 2003; 57(2):405–15. Epub 2003/02/05.
S0008636302006752 [pii]. PMID: 12566113.

Cardioprotection by Nitric Oxide Donors

PLOS ONE | DOI:10.1371/journal.pone.0159951 July 22, 2016 15 / 17

http://www.ncbi.nlm.nih.gov/pubmed/23281369
http://dx.doi.org/10.1126/scisignal.2003252
http://www.ncbi.nlm.nih.gov/pubmed/11606777
http://dx.doi.org/10.1016/j.bbapap.2004.09.003
http://www.ncbi.nlm.nih.gov/pubmed/15680229
http://dx.doi.org/10.1007/s11357-011-9268-7
http://www.ncbi.nlm.nih.gov/pubmed/21643761
http://dx.doi.org/10.1016/j.mad.2008.10.002
http://www.ncbi.nlm.nih.gov/pubmed/18996141
http://dx.doi.org/10.1016/j.yjmcc.2008.08.011
http://www.ncbi.nlm.nih.gov/pubmed/18817783
http://dx.doi.org/10.1371/journal.pone.0048947
http://www.ncbi.nlm.nih.gov/pubmed/23155431
http://dx.doi.org/10.1196/annals.1345.016
http://www.ncbi.nlm.nih.gov/pubmed/16339659
http://www.ncbi.nlm.nih.gov/pubmed/12162445
http://www.ncbi.nlm.nih.gov/pubmed/8430081
http://www.ncbi.nlm.nih.gov/pubmed/9460808
http://dx.doi.org/10.1016/j.cmet.2006.02.003
http://www.ncbi.nlm.nih.gov/pubmed/16517407
http://dx.doi.org/10.1007/s10534-006-9047-6
http://www.ncbi.nlm.nih.gov/pubmed/17205209
http://dx.doi.org/10.1371/journal.pone.0062948
http://www.ncbi.nlm.nih.gov/pubmed/23690966
http://www.ncbi.nlm.nih.gov/pubmed/9275166
http://www.ncbi.nlm.nih.gov/pubmed/10781815
http://www.ncbi.nlm.nih.gov/pubmed/12180193
http://dx.doi.org/10.1006/jmcc.2001.1462
http://www.ncbi.nlm.nih.gov/pubmed/11708836
http://www.ncbi.nlm.nih.gov/pubmed/12566113


47. Wang PG, Xian M, Tang X, Wu X, Wen Z, Cai T, et al. Nitric oxide donors: chemical activities and bio-
logical applications. Chem Rev. 2002; 102(4):1091–134. Epub 2002/04/11. cr000040l [pii]. PMID:
11942788.

48. Vinten-Johansen J. Physiological effects of peroxynitrite: potential products of the environment. Circ
Res. 2000; 87(3):170–2. Epub 2000/08/06. PMID: 10926863.

49. Ma XL, Gao F, Lopez BL, Christopher TA, Vinten-Johansen J. Peroxynitrite, a two-edged sword in
post-ischemic myocardial injury-dichotomy of action in crystalloid- versus blood-perfused hearts. J
Pharmacol Exp Ther. 2000; 292(3):912–20. Epub 2000/02/25. PMID: 10688604.

50. Ronson RS, Thourani VH, Ma XL, Katzmark SL, Han D, Zhao ZQ, et al. Peroxynitrite, the breakdown
product of nitric oxide, is beneficial in blood cardioplegia but injurious in crystalloid cardioplegia. Circula-
tion. 1999; 100(19 Suppl):II384–91. Epub 1999/11/24. PMID: 10567334.

51. Xu Z, Ji X, Boysen PG. Exogenous nitric oxide generates ROS and induces cardioprotection: involve-
ment of PKG, mitochondrial KATP channels, and ERK. Am J Physiol Heart Circ Physiol. 2004; 286(4):
H1433–40. Epub 2003/12/06. doi: 10.1152/ajpheart.00882.2003 00882.2003 [pii]. PMID: 14656708.

52. YasminW, Strynadka KD, Schulz R. Generation of peroxynitrite contributes to ischemia-reperfusion
injury in isolated rat hearts. Cardiovasc Res. 1997; 33(2):422–32. Epub 1997/02/01. S0008-6363(96)
00254-4 [pii]. PMID: 9074708.

53. Shao D, Oka S, Brady CD, Haendeler J, Eaton P, Sadoshima J. Redox modification of cell signaling in
the cardiovascular system. J Mol Cell Cardiol. 2012; 52(3):550–8. Epub 2011/09/29. S0022-2828(11)
00385-3 [pii] doi: 10.1016/j.yjmcc.2011.09.009 PMID: 21945521.

54. Franklin JM, Carrasco GA, Moskovitz J. Induction of methionine sulfoxide reductase activity by pergo-
lide, pergolide sulfoxide, and S-adenosyl-methionine in neuronal cells. Neurosci Lett. 2012; 533:86–9.
Epub 2012/11/28. S0304-3940(12)01474-7 [pii] doi: 10.1016/j.neulet.2012.11.017 PMID: 23178192.

55. Moskovitz J, Malik A, Hernandez A, Band M, Avivi A. Methionine sulfoxide reductases and methionine
sulfoxide in the subterranean mole rat (Spalax): characterization of expression under various oxygen
conditions. Comp Biochem Physiol A Mol Integr Physiol. 2012; 161(4):406–14. Epub 2012/01/11.
S1095-6433(11)00349-7 [pii] doi: 10.1016/j.cbpa.2011.12.014 PMID: 22230185.

56. Picot CR, Perichon M, Lundberg KC, Friguet B, Szweda LI, Petropoulos I. Alterations in mitochondrial
and cytosolic methionine sulfoxide reductase activity during cardiac ischemia and reperfusion. Exp
Gerontol. 2006; 41(7):663–7. Epub 2006/05/09. S0531-5565(06)00077-5 [pii] doi: 10.1016/j.exger.
2006.03.011 PMID: 16677789.

57. Vougier S, Mary J, Friguet B. Subcellular localization of methionine sulphoxide reductase A (MsrA): evi-
dence for mitochondrial and cytosolic isoforms in rat liver cells. Biochem J. 2003; 373(Pt 2):531–7.
Epub 2003/04/16. doi: 10.1042/BJ20030443 BJ20030443 [pii]. PMID: 12693988.

58. Gabbita SP, Aksenov MY, Lovell MA, Markesbery WR. Decrease in peptide methionine sulfoxide
reductase in Alzheimer's disease brain. J Neurochem. 1999; 73(4):1660–6. Epub 1999/09/29. PMID:
10501213.

59. Petropoulos I, Mary J, PerichonM, Friguet B. Rat peptide methionine sulphoxide reductase: cloning of
the cDNA, and down-regulation of gene expression and enzyme activity during aging. Biochem J.
2001; 355(Pt 3):819–25. Epub 2001/04/20. PMID: 11311146.

60. Nakamura H, MatsudaM, Furuke K, Kitaoka Y, Iwata S, Toda K, et al. Adult T cell leukemia-derived fac-
tor/human thioredoxin protects endothelial F-2 cell injury caused by activated neutrophils or hydrogen
peroxide. Immunol Lett. 1994; 42(1–2):75–80. Epub 1994/09/01. 0165-2478(94)90038-8 [pii]. PMID:
7829134.

61. Tanaka T, Nishiyama Y, Okada K, Hirota K, Matsui M, Yodoi J, et al. Induction and nuclear translocation
of thioredoxin by oxidative damage in the mouse kidney: independence of tubular necrosis and sulfhy-
dryl depletion. Lab Invest. 1997; 77(2):145–55. Epub 1997/08/01. PMID: 9274857.

62. Arner ES, Holmgren A. Physiological functions of thioredoxin and thioredoxin reductase. Eur J Bio-
chem. 2000; 267(20):6102–9. Epub 2000/09/30. ejb1701 [pii]. PMID: 11012661.

63. Hattori I, Takagi Y, Nakamura H, Nozaki K, Bai J, Kondo N, et al. Intravenous administration of thiore-
doxin decreases brain damage following transient focal cerebral ischemia in mice. Antioxid Redox Sig-
nal. 2004; 6(1):81–7. Epub 2004/01/10. doi: 10.1089/152308604771978372 PMID: 14713338.

64. Kasuno K, Nakamura H, Ono T, Muso E, Yodoi J. Protective roles of thioredoxin, a redox-regulating
protein, in renal ischemia/reperfusion injury. Kidney Int. 2003; 64(4):1273–82. Epub 2003/09/13.
kid224 [pii] doi: 10.1046/j.1523-1755.2003.00224.x PMID: 12969145.

65. Turoczi T, Chang VW, Engelman RM, Maulik N, Ho YS, Das DK. Thioredoxin redox signaling in the
ischemic heart: an insight with transgenic mice overexpressing Trx1. J Mol Cell Cardiol. 2003; 35
(6):695–704. Epub 2003/06/06. S0022282803001172 [pii]. PMID: 12788387.

Cardioprotection by Nitric Oxide Donors

PLOS ONE | DOI:10.1371/journal.pone.0159951 July 22, 2016 16 / 17

http://www.ncbi.nlm.nih.gov/pubmed/11942788
http://www.ncbi.nlm.nih.gov/pubmed/10926863
http://www.ncbi.nlm.nih.gov/pubmed/10688604
http://www.ncbi.nlm.nih.gov/pubmed/10567334
http://dx.doi.org/10.1152/ajpheart.00882.2003
http://www.ncbi.nlm.nih.gov/pubmed/14656708
http://www.ncbi.nlm.nih.gov/pubmed/9074708
http://dx.doi.org/10.1016/j.yjmcc.2011.09.009
http://www.ncbi.nlm.nih.gov/pubmed/21945521
http://dx.doi.org/10.1016/j.neulet.2012.11.017
http://www.ncbi.nlm.nih.gov/pubmed/23178192
http://dx.doi.org/10.1016/j.cbpa.2011.12.014
http://www.ncbi.nlm.nih.gov/pubmed/22230185
http://dx.doi.org/10.1016/j.exger.2006.03.011
http://dx.doi.org/10.1016/j.exger.2006.03.011
http://www.ncbi.nlm.nih.gov/pubmed/16677789
http://dx.doi.org/10.1042/BJ20030443
http://www.ncbi.nlm.nih.gov/pubmed/12693988
http://www.ncbi.nlm.nih.gov/pubmed/10501213
http://www.ncbi.nlm.nih.gov/pubmed/11311146
http://www.ncbi.nlm.nih.gov/pubmed/7829134
http://www.ncbi.nlm.nih.gov/pubmed/9274857
http://www.ncbi.nlm.nih.gov/pubmed/11012661
http://dx.doi.org/10.1089/152308604771978372
http://www.ncbi.nlm.nih.gov/pubmed/14713338
http://dx.doi.org/10.1046/j.1523-1755.2003.00224.x
http://www.ncbi.nlm.nih.gov/pubmed/12969145
http://www.ncbi.nlm.nih.gov/pubmed/12788387


66. Haendeler J, Hoffmann J, Tischler V, Berk BC, Zeiher AM, Dimmeler S. Redox regulatory and anti-apo-
ptotic functions of thioredoxin depend on S-nitrosylation at cysteine 69. Nat Cell Biol. 2002; 4(10):743–
9. Epub 2002/09/24. doi: 10.1038/ncb851 ncb851 [pii]. PMID: 12244325.

67. Breuer W, ShvartsmanM, Cabantchik ZI. Intracellular labile iron. Int J Biochem Cell Biol. 2008; 40
(3):350–4. Epub 2007/04/25. S1357-2725(07)00090-8 [pii] doi: 10.1016/j.biocel.2007.03.010 PMID:
17451993.

68. Chevion M. A site-specific mechanism for free radical induced biological damage: the essential role of
redox-active transition metals. Free Radic Biol Med. 1988; 5(1):27–37. Epub 1988/01/01. PMID:
3075945.

69. Salahudeen AA, Thompson JW, Ruiz JC, Ma HW, Kinch LN, Li Q, et al. An E3 ligase possessing an
iron-responsive hemerythrin domain is a regulator of iron homeostasis. Science. 2009; 326(5953):722–
6. Epub 2009/09/19. 1176326 [pii] doi: 10.1126/science.1176326 PMID: 19762597.

70. Vashisht AA, Zumbrennen KB, Huang X, Powers DN, Durazo A, Sun D, et al. Control of iron homeosta-
sis by an iron-regulated ubiquitin ligase. Science. 2009; 326(5953):718–21. Epub 2009/09/19.
1176333 [pii] doi: 10.1126/science.1176333 PMID: 19762596.

71. Galy B, Ferring D, Minana B, Bell O, Janser HG, Muckenthaler M, et al. Altered body iron distribution
and microcytosis in mice deficient in iron regulatory protein 2 (IRP2). Blood. 2005; 106(7):2580–9.
Epub 2005/06/16. 2005-04-1365 [pii] doi: 10.1182/blood-2005-04-1365 PMID: 15956281.

72. LaVaute T, Smith S, Cooperman S, Iwai K, LandW, Meyron-Holtz E, et al. Targeted deletion of the
gene encoding iron regulatory protein-2 causes misregulation of iron metabolism and neurodegenera-
tive disease in mice. Nat Genet. 2001; 27(2):209–14. Epub 2001/02/15. doi: 10.1038/84859 PMID:
11175792.

73. Meyron-Holtz EG, Ghosh MC, Iwai K, LaVaute T, Brazzolotto X, Berger UV, et al. Genetic ablations of
iron regulatory proteins 1 and 2 reveal why iron regulatory protein 2 dominates iron homeostasis.
EMBO J. 2004; 23(2):386–95. Epub 2004/01/17. doi: 10.1038/sj.emboj.7600041 7600041 [pii]. PMID:
14726953.

74. Harrison PM, Arosio P. The ferritins: molecular properties, iron storage function and cellular regulation.
Biochim Biophys Acta. 1996; 1275(3):161–203. Epub 1996/07/31. PMID: 8695634.

75. Oberle S, Schroder H. Ferritin may mediate SIN-1-induced protection against oxidative stress. Nitric
Oxide. 1997; 1(4):308–14. PMID: 9441903.

76. Recalcati S, Taramelli D, Conte D, Cairo G. Nitric oxide-mediated induction of ferritin synthesis in J774
macrophages by inflammatory cytokines: role of selective iron regulatory protein-2 downregulation.
Blood. 1998; 91(3):1059–66. PMID: 9446669.

77. Weiss G, Goossen B, Doppler W, Fuchs D, Pantopoulos K, Werner-Felmayer G, et al. Translational
regulation via iron-responsive elements by the nitric oxide/NO-synthase pathway. EMBO J. 1993; 12
(9):3651–7. Epub 1993/09/01. PMID: 7504627.

Cardioprotection by Nitric Oxide Donors

PLOS ONE | DOI:10.1371/journal.pone.0159951 July 22, 2016 17 / 17

http://dx.doi.org/10.1038/ncb851
http://www.ncbi.nlm.nih.gov/pubmed/12244325
http://dx.doi.org/10.1016/j.biocel.2007.03.010
http://www.ncbi.nlm.nih.gov/pubmed/17451993
http://www.ncbi.nlm.nih.gov/pubmed/3075945
http://dx.doi.org/10.1126/science.1176326
http://www.ncbi.nlm.nih.gov/pubmed/19762597
http://dx.doi.org/10.1126/science.1176333
http://www.ncbi.nlm.nih.gov/pubmed/19762596
http://dx.doi.org/10.1182/blood-2005-04-1365
http://www.ncbi.nlm.nih.gov/pubmed/15956281
http://dx.doi.org/10.1038/84859
http://www.ncbi.nlm.nih.gov/pubmed/11175792
http://dx.doi.org/10.1038/sj.emboj.7600041
http://www.ncbi.nlm.nih.gov/pubmed/14726953
http://www.ncbi.nlm.nih.gov/pubmed/8695634
http://www.ncbi.nlm.nih.gov/pubmed/9441903
http://www.ncbi.nlm.nih.gov/pubmed/9446669
http://www.ncbi.nlm.nih.gov/pubmed/7504627

