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Abstract
Nitric oxide (NO) plays an important role in acute ischemic preconditioning (IPC). In addition to
activating soluble guanylyl cyclase (sGC)/cyclic guanosine monophosphate (cGMP)/protein
kinase G (PKG) signaling pathways, NO-mediated protein S-nitros(yl)ation (SNO) has been
recently shown to play an essential role in cardioprotection against ischemia–reperfusion (I/R)
injury. In our previous studies, we have shown that IPC-induced cardioprotection could be
blocked by treatment with either N-nitro-L-arginine methyl ester (L-NAME, a constitutive NO
synthase inhibitor) or ascorbate (a reducing agent to decompose SNO). To clarify NO-mediated
sGC/cGMP/PKG-dependent or -independent (i.e., SNO) signaling involved in IPC-induced
cardioprotection, mouse hearts were Langendorff-perfused in the dark to prevent SNO
decomposition by light exposure. Treatment with 1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one
(ODQ, a highly selective inhibitor of sGC) or KT5823 (a potent and selective inhibitor of PKG)
did not abolish IPC-induced acute protection, suggesting that the sGC/cGMP/ PKG signaling
pathway does not play an important role in NO-mediated cardioprotective signaling during acute
IPC. In addition, treatment with ODQ in IPC hearts provided an additional protective effect on
functional recovery, in parallel with a higher SNO level in these ODQ+IPC hearts. In conclusion,
these results suggest that the protective effect of NO is not related primarily to activation of the
sGC/ cGMP/PKG signaling pathway, but rather through SNO signaling in IPC-induced acute
cardioprotection.
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Introduction
Ischemic preconditioning (IPC) is a cellular adaptive phenomenon whereby brief episodes of
myocardial ischemia and reperfusion render the heart resistant to subsequent prolonged
ischemic injury [1]. Nitric oxide (NO) is an important signaling molecule that mediates IPC-
induced acute cardioprotection [2,3]. Early studies have suggested that NO mediates acute
IPC-induced protection through the classical soluble guanylyl cyclase (sGC)/cyclic
guanosine monophosphate (cGMP)/protein kinase G (PKG) signaling pathways [4–7].
Lochner et al. found that 1H-[1,2,4]oxadiazolo[4,3–a]quinoxalin-1-one (ODQ), an inhibitor
of sGC, blocked the IPC-mediated reduction in postischemic contractile dysfunction in a
Langendorff-perfused rat heart ischemia–reperfusion (I/R) model [6]. However, in the
absence of IPC, ODQ also caused enhanced postischemic contractile dysfunction following
I/R, making it difficult to draw conclusions from these studies. Furthermore, the magnitude
of the cGMP increase during preconditioning did not correlate with protection [6]. Using a
Langendorff-perfused rabbit heart model, Qin et al. reported that IPC was not blocked by
ODQ; however, IPC was also unaffected by an NO synthase (NOS) inhibitor, N-nitro-L-
arginine methyl ester (L-NAME) [7]. Another in vivo study in enflurane-anesthetized swine
hearts reported that IPC-mediated protection was also not affected by a NOS inhibitor [8].
Recently Sips et al. examined acute IPC in hearts from mice lacking the α1 isoform of sGC,
the primary isoform expressed in heart. Loss of the α1 isoform of sGC did not block the
infarct reduction afforded by IPC. However, they showed that ODQ addition blocked IPC
protection in both wild-type and α1 isoform sGC null mice, suggesting that another isoform
of sGC might be important for IPC [9]. In addition, sGC/cGMP/PKG has also been
evaluated in delayed IPC and postconditioning. Kodani et al. showed that ODQ added on
Day 1 did not block the protective effect of delayed preconditioning on Day 2 [10]. Cohen et
al. showed that L-NAME but not ODQ blocked protection with postconditioning [11].
However, a recent study by Inserte et al. suggested that cGMP/PKG might contribute to
postconditioning protection in part by delaying normalization of pH during reperfusion [12].

Taken together, it is unclear whether there is a requirement for NO-dependent sGC/cGMP/
PKG signaling in acute IPC. Most recent studies have shown that IPC-induced
cardioprotection is blocked by NOS inhibitors [6,13–16], and that mouse hearts lacking
constitutive NOS are not protected by IPC [17,18], suggesting a role of NOS/NO signaling
in acute IPC. In addition to activating sGC/cGMP/PKG signaling pathways, it has been
shown that NO can directly modify protein sulfhydryl residues through protein S-
nitros(yl)ation (SNO), which has emerged as an important posttranslational protein
modification in cardiovascular signaling [19,20] and cardioprotection [21–23]. Our recent
studies have demonstrated that protein SNO is important for cardioprotection against I/R
[22,24]. SNO not only leads to changes in protein structure and function [16,25] but also
protects those thiol(s) from further irreversible oxidative modification on reperfusion
[21,26].

To further clarify the role of NO-mediated signaling pathways (i.e., protein S-nitros(yl)ation
vs sGC/cGMP/PKG) during acute IPC, ODQ and KT5823 (an inhibitor of PKG) were tested
in Langendorff-perfused mouse hearts. Interestingly, neither of these inhibitors blocked the
protection provided by IPC. In addition, treatment with ODQ enhanced protection with IPC.
Furthermore, IPC significantly increased protein SNO, while ODQ treatment prior to and
during IPC caused a further increase of SNO. Therefore, NO-mediated protein S-
nitros(yl)ation, rather than activation of sGC/cGMP/PKG signaling, appears to play a key
role in IPC-induced acute cardioprotection.
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Materials and methods
Animals

Male C57BL/6J mice were obtained from Jackson Laboratories (Bar Harbor, ME) and were
between 12 and 16 weeks old at the time of experimentation. All animals were treated in
accordance with National Institutes of Health guidelines and the “Guiding Principles for
Research Involving Animals and Human Beings.” This study was reviewed and approved by
the Institutional Animal Care and Use Committee of the National Heart Lung and Blood
Institute.

Compounds
ODQ (Sigma, O3636, St. Louis, MO) is a selective, irreversible, heme-site inhibitor of sGC,
and the binding of ODQ is competitive with NO [27]. The inhibitory effect is time
dependent with virtually complete inhibition at 10 min. Previous Langendorff-perfused heart
studies used ODQ at doses in the range of 1–10 μM [9,11,28,29]. In this study, 10 μM ODQ
was used to perfuse hearts, which is based on its inhibitory effect on SNAP (100 μM)-
induced increase in coronary flow rate and cGMP production in the myocardium (please see
Supplemental Data). KT5823 (Sigma, K1388) is a potent and selective inhibitor of PKG
(IC50 ≅ 0.25 μM for PKG). We used 1 μM KT5823, a concentration that has been used
previously in Langendorff-perfused rat hearts to inhibit PKG [29].

Langendorff heart perfusion and IPC-ischemia/reperfusion (I/R) protocol
Male C57BL/6J mice were anesthetized with pentobarbital and anticoagulated with heparin.
Hearts were excised quickly and placed in ice-cold Krebs-Henseleit buffer (in mM: 120
NaCl, 11 D-glucose, 25 NaHCO3, 1.75 CaCl2, 4.7 KCl, 1.2 MgSO4, and 1.2 KH2PO4). The
aorta was cannulated and the heart was perfused in retrograde fashion with Krebs-Henseleit
buffer (oxygenated with 95% O2/5% CO2 and maintained at pH 7.4) at a constant pressure
of 100 cm of water at 37 °C in the dark to prevent light-induced SNO decomposition. After
equilibrium perfusion or IPC (4 cycles of 5 min of ischemia and 5 min of reperfusion),
mouse hearts were subjected to 20 min of no-flow ischemia followed by 90 min of
reperfusion. Drug administration is illustrated in the IPC-I/R protocol as shown in Fig. 1.

Hemodynamic and infarct size measurements
To monitor left ventricular developed pressure (LVDP), a latex balloon connected to a
pressure transducer was inserted into the left ventricle of Langendorff-perfused hearts.
LVDP was recorded and digitized using a PowerLab system (ADInstruments, Colorado
Springs, CO). We used the rate pressure product (RPP=LVDP × heart rate) as a measure of
function. The postischemic functional recovery was expressed as percentage of the
preischemic RPP during the equilibrium period. The time to onset of ischemic contracture
was determined. For measurement of myocardial infarct size, hearts were perfused with 1%
(w/v) of 2,3,5-triphe-nyltetrazolium chloride (TTC) after 90 min of reperfusion and
incubated in TTC at 37 °C for 15 min, followed by fixation in 10% (w/v) formaldehyde.
Infarct size was expressed as the percentage of total cross-sectional area of the ventricles.

Total heart homogenate preparation
To prevent SNO decomposition, sample preparations were also carried out in the dark. Total
heart homogenate was obtained by grinding snap-frozen mouse heart into powder in liquid
nitrogen followed by homogenization with a tight-fitting glass Dounce homogenizer on ice
in 1.5 ml homogenate buffer containing (in mM): 300 sucrose, 250 Hepes-NaOH (pH 7.8), 1
EDTA, 0.1 neocuproine (a copper chelating agent). An EDTA-free protease inhibitor tablet
(Roche Diagnostics Corporation, Indianapolis, IN) was introduced just before use. Total
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heart homogenates were saved as aliquots, snap-frozen in liquid nitrogen, and stored at −80
°C.

Identification of SNO proteins by 2D DyLight DIGE
A modified biotin switch method [30] using DyLight-maleimide sulfhydryl-reactive fluors
(Pierce Biotechnology, Rockford, IL) was applied to identify SNO proteins [16,25,31]. After
the DyLight switch and 2D electrophoresis, each gel was scanned at the unique excitation/
emission wavelengths of each DyLight fluor using a Typhoon 9400 imager (GE Healthcare
Life Sciences, Piscataway, NJ) at a resolution of 100 μm. Images from each gel were
aligned with two internal anchor spots and analyzed using Progenesis Discovery software
(Nonlinear Dynamics, Newcastle upon Tyne, UK). The Ettan Spot Handling Workstation
(GE Healthcare Life Sciences) performed automated extraction of the selected protein spots
followed by in-gel trypsin digestion. We initially picked the Dylight fluorescent spots. The
gel was then poststained with SYPRO Ruby (Sigma) and the protein spots that corresponded
to the fluorescent DyLight pattern were picked [25]. After sample extraction from the spot
handling workstation, each sample was manually desalted using Millipore C18 Ziptips
following the manufacturer’s recommendation. For the DyLight fluorescence spot samples,
Liquid chromatography–tandem mass spectrometry was performed using an Eksigent
nanoLC-Ultra 1D plus system (Dublin, CA) coupled to an LTQ Orbitrap Velos mass
spectrometer (Thermo Fisher Scientific, San Jose, CA) using CID fragmentation. The raw
file generated from the LTQ Orbitrap Velos was analyzed using Proteome Discoverer v1.3
software (Thermo Fisher Scientific, LLC) using our six-processor Mascot cluster at NIH (v.
2.3) search engine. The following search criteria were set: database, Swiss-Prot (Swiss
Institute of Bioinformatics); taxonomy, Mus musculus (mouse); enzyme, trypsin;
miscleavages, 2; variable modifications, oxidation (M), N-ethylmaleimide (C), deamidation
(NQ); MS peptide tolerance was set to 20 ppm and MS/MS tolerance was set as 0.8 Da. The
peptide confidence false discovery rate was set to 1%. For those Ruby-stained spots, protein
identification was carried out using a MALDI-TOF/TOF instrument (4700 Proteomics
Analyzer, Applied Biosystems) in positive-ion mode with a reflector. The peak-list
generating software used was GPS Explorer software, set to default parameters (version 3.0,
Applied Biosystems). The Mascot (v.2.3) search engine was used for the following search
criteria: database, Swiss-Prot (Swiss Institute of Bioinformatics); taxonomy, Mus musculus
(mouse); enzyme, trypsin; miscleavages, 2; variable modifications, oxidation (M), N-
ethylmaleimide (C), deamidation (NQ); MS peptide tolerance was set to 25 ppm and MS/
MS tolerance was set as 0.8 Da. The positive identifications criteria were two or more
unique peptides, MS/MS C.I. of 95% or higher, correct molecular mass, and identification
from all three 2D gels. Proteins identified in the DyLight spots were included if they were
found in 2 out of 3 gels and were at the correct molecular weight. All the proteins that were
found in the DyLight fluorescence spots were also validated in the Ruby-stained spot
analysis.

Data analysis
Results are expressed as mean±SE. Statistical significance was determined by one-way
ANOVA followed by a post hoc Student-Newman-Keuls test.

Results
Inhibition of the sGC/cGMP/PKG pathway does not block IPC-induced cardioprotection

Nadtochiy et al. showed that postischemic cardiac functional recovery in Langendorff-
perfused rat hearts was significantly enhanced in the dark, a condition which preserves SNO
[32]. Because light exposure causes decomposition of SNO, in this study and our previous
studies [16,25,31], hearts were perfused in the dark.
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Langendorff-perfused mouse hearts were treated with 10 μM ODQ or 1 μM KT5823 10 min
prior to and during 4 cycles of IPC (Fig. 1). As shown in the Supplemental Data, 10 μM
ODQ was sufficient to block sGC activity in perfused mouse hearts. Perfusion of hearts with
ODQ or KT5823 alone in non-IPC hearts did not change cardiac hemodynamics (Table 1).
In addition, in the absence of IPC, the drug treatment did not lead to changes in
postischemic functional recovery (Table 1, Fig. 2A) or infarct size (Fig. 2B). IPC resulted in
a significant reduction in postischemic contractile dysfunction and a decrease in myocardial
infarction. However, treatment with ODQ or KT5823 prior to and during IPC did not block
IPC-induced protection (Fig. 2).

ODQ treatment enhances IPC-mediated protection
In contrast with KT5823 treatment, which had no effect on IPC, ODQ treatment prior to and
during IPC led to a significant increase in postischemic cardiac functional recovery
compared to IPC alone (Fig. 2A). Infarct size was also smaller with ODQ+IPC (8.7±2.1%)
versus IPC alone (11.3±1.0%, Fig. 2B). KT5823 inhibits PKG but does not affect upstream
NO/sGC/cGMP signaling. In contrast, ODQ competitively inhibits NO binding to the heme
site of sGC, and therefore could increase the bioavailability of NO to enhance formation of
SNO, which might lead to an additional SNO-mediated improvement in postischemic
functional recovery.

Similar to previous findings [33,34], IPC reduced the time to onset ischemic contracture
(5.8±0.2 min vs 8.6±0.2 min in Perf-I/R as shown in Table 1). ODQ treatment alone did not
change the time to onset ischemic contracture, i.e., 8.3±0.5 min. However, ODQ treatment
in IPC hearts further reduced the time to onset ischemic contracture (3.7±0.1 min).

ODQ treatment during IPC increases protein S-nitros(yl)ation
To test whether ODQ-treated IPC hearts might show increased levels of SNO over that
observed with IPC alone, total heart homogenates were subjected to 2D DyLight DIGE
proteomic analysis for SNO detection in IPC±ODQ and perfusion control hearts. A
representative 2D DyLight DIGE gel is shown in Fig. 3A. SNO proteins in perfusion control
hearts were labeled by DyLight 549 (yellow), IPC hearts were labeled with DyLight 488
(green), and ODQ-treated IPC hearts were labeled with DyLight 649 (red). As shown in Fig.
3A and Table 2, IPC significantly increased SNO levels compared to perfusion control
(overlay image of DyLight 488/549 in Fig. 3A). ODQ+IPC hearts also had significantly
higher SNO levels compared to perfusion control (overlay image of DyLight 649/549 in Fig.
3A). Compared to IPC hearts, ODQ+IPC hearts had a larger increase of SNO in selected
proteins such as mitochondrial complex I-75 KDa, electron transfer flavoprotein
dehydrogenase, electron transfer flavoproteins α/β, and creatine kinase S/M type (Fig. 3B,
Table 2). These data are consistent with the hypothesis that increased bioavailability of NO
leads to higher levels of SNO in ODQ+IPC hearts compared to IPC hearts and that this
increased SNO might result in additional improvement of postischemic cardiac functional
recovery.

Discussion
Recent data suggest that protein S-nitros(yl)ation plays an important role in cardioprotection
[16,22,25]. Our previous studies have demonstrated that IPC results in an increase in SNO,
and that SNO leads to altered protein activity and protection against further oxidation
[22,25,26]. Previous studies reported that IPC was blocked by reducing agents such as N-
acetylcysteine [35], N-2-mercaptopropionyl glycine [7,36], and glutathione [15], suggesting
that a redox-sensitive mechanism is involved in the protection afforded by IPC. Ascorbate, a
reducing agent that specifically decomposes SNO [30], has been found to block IPC in both
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in vivo [37,38] and in vitro [16] studies. Our recent study in Langendorff-perfused mouse
hearts showed that activation of NO signaling is important for IPC-induced cardioprotection,
and that treatment with L-NAME (a NOS inhibitor) 10 min prior to and during four cycles
of IPC blocked the protection provided by IPC [16]. Taken together these studies suggest
that NO-mediated redox-based SNO signaling plays a role in IPC-induced acute
cardioprotection.

A key criterion used to classify a response to NO or an NO donor as cGMP-dependent is to
test whether the effect is prevented by the selective inhibitor of sGC, ODQ. In this study,
neither ODQ nor KT5823 caused any changes in cardiac hemodynamic parameters under
basal conditions (Table 1), suggesting that the blockade of sGC/cGMP/PKG has little or no
effect on the vascular response (coronary flow rate) or cardiac function in Langendorff-
perfused mouse hearts. Treatment of perfused mouse hearts with ODQ or KT5823 before a
sustained period of ischemia did not alter postischemic functional recovery (Table 1, Fig.
2A) or infarct size (Fig. 2B) in non-IPC hearts. However, mouse hearts treated with ODQ or
KT5823 were still protected by IPC, suggesting that blockade of the sGC/cGMP/PKG
pathway does not abolish NO-dependent IPC-induced cardioprotection. To our surprise,
instead of blocking IPC, ODQ treatment provided additional improvement in postischemic
functional recovery in IPC hearts (Fig. 2A), suggesting that a NO/SNO-mediated effect
might also contribute to a better preservation of contractile function after ischemia and
reperfusion [39–41].

IPC has been previously shown to shorten the time to ischemic contracture [33,34,42]. It has
been proposed that the more rapid time to ischemic contracture observed with IPC is due to
earlier inhibition of glycolysis, due either to inhibition or to depletion of glycogen, and the
earlier inhibition of glycolysis is consistent with the reduced ischemic acidosis observed
with IPC [42]. The reduction in ischemic acidosis has been suggested to contribute to
cardioprotection by reducing the rise in Na+ (by reducing Na+–H+ exchanger) and thereby
reducing Ca2+ overload during ischemia and early reperfusion via a reduction in Ca2+ entry
via Na+–Ca2+ exchanger [43]. The additional reduction in time to onset ischemic contracture
observed when ODQ is added with IPC would be consistent with earlier inhibition of
glycolysis perhaps secondary to SNO-mediated inhibition of glycolysis.

A role for sGC and PKG is commonly included in the signaling pathway leading to
activation of the mitochondrial KATP channel [44], mitochondrial permeability transition
pore [44,45], and cardioprotection [4,46–48]. A role for sGC in cardioprotection has been
demonstrated with bradykinin-mediated protection, as the addition of ODQ blocked
bradykinin-induced protection [29]. Interestingly, in the same paper it was reported that
ODQ did not block the protection induced by ouabain, suggesting that not all
cardioprotective pathways require sGC. Qin et al. showed that protection provided by the
NO donor SNAP was blocked by the addition of ODQ, again suggesting an important role
for sGC [7]. ODQ has also been shown to block the IPC-mediated protection [6,9].
However, in the study by Lochner et al., in the absence of IPC, ODQ alone also cause
enhanced postischemic contractile dysfunction [6]. Sips et al. reported that IPC was not
blocked with loss of the α1 isoform of sGC, the primary isoform expressed in heart.
However, they showed that ODQ addition blocked IPC-induced protection in both wild-type
and α1 isoform sGC null mice, suggesting that another isoform of sGC might be important
for IPC [9]. The protection provided by postconditioning has also been shown to be blocked
by ODQ [12,49,50], but interestingly a recent paper by Cohen et al. showed that protection
provided by the addition of SNAP at reperfusion was not blocked by ODQ [11]. Although
sGC has been shown in many models to be required for protection, not all protection
requires sGC. For example, ouabain-induced protection was not blocked by ODQ [29]. Sips
et al. also showed that a different isoform of sGC is important for protection [9]. A role for a
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cGMP-independent NO-induced cardioprotection against I/R injury has also been
demonstrated in studies using isolated cardiomyocytes [51,52]. Therefore, the variable
results could be due to the differences in animal species, IPC protocols, and whether or not
ODQ would elicit some vascular response such as a decrease in coronary flow rate. In this
study, ODQ treatment did not change flow rate (Table 1), suggesting little or no vascular
response induced by ODQ.

Because ODQ competitively inhibits NO binding to the heme site of sGC, ODQ treatment
could increase the bioavailability of NO during IPC, resulting in higher levels of SNO.
Using 2D DyLight DIGE proteomics, we found an increase in SNO for several proteins in
ODQ+IPC hearts compared to IPC hearts (Fig. 3, Table 2). It is important to emphasize that
our perfused heart studies were performed in the dark to prevent the decomposition of SNO
during IPC-I/R. Interestingly, it has been shown that sGC can undergo S-nitros(yl)ation in
vascular cells, and S-nitros(yl)ation of sGC results in decreased responsiveness to NO [53].
The SNO proteins identified in this study are mostly mitochondrial (Table 2), and because of
dynamic range issues, most of the proteomic methods are biased toward detection of high-
abundance proteins [22]. Since IPC has been shown to increase protein S-nitros(yl)ation
[16,25,26], it will be interesting to know whether IPC could possibly lead to S-
nitros(yl)ation of sGC, thus shifting downstream NO signaling pathways toward SNO
signaling.

In summary, treatment with ODQ or KT5823 to inhibit sGC/ cGMP/PKG signaling did not
block the protection provided by IPC. In addition, IPC hearts treated with ODQ enhanced
protection concomitant with a higher SNO level. In conclusion, these results suggest, at least
in some models of cardioprotection, that NO-mediated cardioprotection is regulated by
protein S-nitros(yl)ation rather than through activation of the sGC/cGMP/PKG signaling.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

cGMP cyclic guanosine monophosphate

2D DIGE two-dimensional difference gel electrophoresis

IPC ischemic preconditioning

I/R ischemia/reperfusion

NO nitric oxide

PKG protein kinase G

sGC soluble guanylyl cyclase

SNO S-nitros(yl)ation
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Fig. 1.
IPC-I/R protocol. Mouse hearts were Langendorff-perfused with Krebs-Henseleit buffer
(oxygenated with 95% O2/5% CO2 and maintained at pH 7.4) at a constant pressure of 100
cm of water at 37 °C in the dark. After equilibrium perfusion or IPC (4 cycles of 5 min of
ischemia and 5 min of reperfusion), mouse hearts were subjected to 20 min of no-flow
ischemia followed by 90 min of reperfusion. Drug administration (10 μM ODQ or 1 μM
KT5823) is illustrated for each IPC-I/R protocol.
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Fig. 2.
ODQ and KT5823 treatment did not block IPC-induced cardioprotection. Inset (n), number
of animals in each group. (A) Postischemic left ventricular RPP functional recovery. (B)
Infarct size, measured at the end of reperfusion by 1% TTC staining. ** P<0.01 vs Perf-I/
R; ## P<0.01 and # P<0.05 vs IPC-I/R by one-way ANOVA post hoc Student-Newman-
Keuls test.
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Fig. 3.
Differences in protein S-nitros(yl)ation in total heart homogenate isolated from perfusion
control and IPC hearts with and without ODQ treatment. (A) Top panels: a representative
2D DyLight DIGE gel was scanned at each of the distinct wavelengths of the DyLight
fluors, showing a pattern of protein SNO for that particular treatment group. Bottom left
panel: overlaid images of DyLight 488 (IPC, green) vs 549 (Perfusion, yellow). Bottom
right panel: overlaid images of DyLight 649 (ODQ+IPC, red) vs 549 (Perfusion, yellow).
(B) The overlaid images of DyLight 649 (ODQ+IPC, red) vs 488 (IPC, green) showed that
there was still an increase of S-nitros(yl)ation for some proteins in ODQ+IPC vs IPC hearts.
The protein spots were picked for MS/MS analysis, and are listed in Table 2.
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