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Abstract

Nitrite has recently come to the fore as an important bioactive molecule, capable of conferring
cardioprotection, as well as a variety of other benefits in the cardiovascular system and elsewhere.
The mechanisms by which it accomplishes these functions remain largely unclear. To characterize
the dose-response and corresponding cardiac sequelae of transient systemic elevations of nitrite,
we assessed the time-course of oxidation/nitros(yl)ation as well as the metabonomic/proteomic
and associated functional changes in rat hearts following acute exposure to nitrite /n vivo.
Systemic nitrite elevations resulted in: a) the transient formation of nitroso and nitrosyl species, b)
moderate short-term changes in cardiac redox status and c) a pronounced increase in selective
oxidative stress as manifested by cardiac ascorbate oxidation persisting long after changes in
nitrite-related metabolites had normalized. Glutathione redox status (GSSG/GSH) and the profile
of cardioprotection displayed a complex but remarkably concordant dose-response relationship
with nitrite. Mass spectrometry-based proteomic studies revealed that nitrite induced significant
modifications (including phosphorylation) of specific proteins involved in: i) metabolism (e.g.,
ALDH2, COQ9, LDH), ii) redox regulation (e.g., PDIA3), iii) contractile function (e.g., Filamin-
C), and iv) serine/threonine kinase signaling (e.g., PKA Rla, PP2A A R1-a). Thus, brief
elevations in plasma nitrite trigger a concerted cardioprotective response that is characterized by
persistent changes in cardiac metabolism, redox stress, and activation of myocardial signaling.
These findings help elucidate the possible mechanisms of nitrite-induced cardioprotection and
have implications for nitrite dosing in therapeutic regimens.
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Introduction

Methods

Although traditionally considered an inert byproduct of nitric oxide (NO) metabolism, the
nitrite anion (NO,") is now recognized as an important bioactive molecule.® It represents a
source of NO, nitrosation and nitrosylation (nitros(yl)ation), yielding profound biological
effects, especially in the context of hypoxia and ischemia.2 Nitrite has been shown to elicit
NO-dependent vasodilatation,* angiogenesis® and cardioprotection.”-1 While the
mechanisms of cardioprotection afforded by nitrite remain elusive, it has been postulated
that nitrite alters the rate of mitochondrial respiration via modulation of the electron
transport chain.” Nitrite bioconversion to NO has varyingly and non-exclusively been
attributed to heme-dependent reductase activity,”12:13 to reductase activity contributed by a
combination of other enzymes, including aldehyde dehydrogenase (ALDH2) and xanthine
oxidase (X0),14 and to a lesser extent to chemistry occurring at low oxygen tension or low
pH.15 Cardioprotection by nitrite is manifest in isolated heart preparations,16 and low doses
of nitrite prevent ischemia/reperfusion (I/R) injury in myocardial infarction (M1).17 Thus,
while there is great potential for nitrite-based therapeutics, a number of questions remain to
be answered: 1) What is the dose-response relationship for nitrite-mediated
cardioprotection? 2) What are the immediate (15t hour) and longer-term (24 h) cardiac
sequelae of elevations in plasma nitrite levels? 3) By what mechanisms does nitrite-induced
cardioprotection occur? Using a metabonomic/proteomic approach, we here demonstrate
that, following a brief systemic exposure to nitrite /7 vivo, cardiac tissue experiences a rapid,
dose-dependent wave of S-, A- and heme nitros(yl)ation that is associated with longer-term
alterations in redox status and changes in the cardiac proteome that may contribute to
cardioprotection.

An expanded Methods section is available in the online data supplement at http://
circres.ahajournals.org.

Animal Care and Nitrite Administration:

Male Wistar rats (Harlan, Indianapolis, IN) were given a single intraperitoneal (i.p.)
injection of sodium nitrite dissolved in phosphate buffered saline (PBS, pH 7.4) at doses of
0, 0.1, 1.0 and 10 mg/kg body weight. To avoid effects of chronobiological variation, nitrite
injections were staggered for time course experiments such that organ harvest was
conducted at the same absolute time-of-day. All animal experiments were performed in
triplicate and in accordance with National Institutes of Health Guidelines for the Care and
Use of Laboratory Animals and with the Institutional Animal Care and Use Committee of
Boston University.

Organ Perfusion and Homogenization:

At0, 2,5,10and 30 min or 1, 3, 12, 24, 36, and 48 h post-application of nitrite, animals
were anesthetized, and organs were perfused before homogenization on ice in the
appropriate buffers for metabonomic and proteomic analyses.
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Isolated Perfused Heart Preparation:

Hearts were isolated and perfused ex vivo in the Langendorff mode using a modified Krebs-
Henseleit buffer, according to a previously described protocol.18 Hearts were stabilized for
15 min and subsequently subjected to 15 min of zero-flow ischemia, followed by 30 min of
reperfusion. A custom balloon pressure transducer inserted into the left ventricle was used
for measurements of end diastolic pressure (EDP) and rate pressure product (RPP).

Metabonomic and Redox Measurements:

Quantitative analyses of nitroso and nitrosyl species and oxidation products of NO were
performed as detailed elsewhere.1920 Briefly, nitroso- and nitrosyl- compounds were
measured by group-specific denitrosation followed by gas phase chemiluminescence
detection. Ascorbate and dehydroascorbate and reduced and oxidized glutathione were
measured essentially as described!®. Protein carbonyls were quantified using a commercially
available ELISA (Northwest LLC, Vancouver, WA). Data are means = SEM from
individual experiments. Statistical analysis was performed by one-way ANOVA using means
comparison by Bonferroni. Statistical significance was determined by £< 0.05.

Heart Mitochondrial Isolation:

Hearts were perfused, isolated, and homogenized as described19:20, except using
mitochondrial purification buffer (MPB) for homogenization. Crude mitochondria and post-
mitochondrial cytoplasm were separated by differential centrifugation.

2D-PAGE Analysis:

2D-PAGE analysis was conducted using IPG strips of pl 3-10 or 4— 7 and 10% SDS-PAGE
gels under standard conditions. Gels were stained by Coomassie (Gelcode™ Blue, Pierce,
Rockford, IL), silver (PlusOne™ Silver Stain, GE Healthcare), or ProQ-Diamond™
(Invitrogen, Carlsbad, CA). Samples were analyzed on a minimum of three separate gels.
Gel images were normalized for total stain intensity within the area of the gels containing
distinctly resolved spots and analyzed using QuantityOne™ or PDQuest™ (BioRad).

Western Blotting:

Proteins were transferred to Immobilon-P PVDF membranes (Millipore, Billerica, MA) and
probed overnight with a mouse monoclonal anti-nitrotyrosine primary antibody (Upstate,
Billerica, MA) at a 1:2500 dilution, followed by horseradish peroxidase-linked anti-mouse
secondary antibodies (Upstate) at a 1:4000 dilution.

In-Gel Digestion and MALDI-TOF Mass Spectrometry:

In-gel digestion was conducted as previously described.?! Briefly, protein spots were
subjected to trypsin digestion, followed by peptide extraction and purification using
ZipTips™ (Millipore). Mass spectra were obtained using 2,5-dihydroxybenzoic acid as the
matrix and AnchorChip™ targets (Bruker-Daltonics, Billerica, MA), using a Reflex IV™
matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) MS instrument
(Bruker-Daltonics) equipped with a nitrogen laser (337 nm, 3 ns pulse width) in positive ion,
reflectron mode, over the range /m/z 400-8000.
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MS Data Analysis and Peptide Mass Fingerprinting:

MALDI-TOF mass spectra were analyzed using MoverZ™ software (Genomic Solutions;
Ann Arbor, MI). Peak lists were submitted to the database search engine Mascot™ (Matrix
Science, London, UK) for peptide mass fingerprinting analysis against the SwissProt or
NCBI non-redundant protein databases. Only high scoring Mascot™ matches
(corresponding to a false positive rate <5%) were considered valid protein assignments.

Preparation of Peptides from Tissue Homogenates and Phosphopeptide Enrichment for
LC-MS

Protein was isolated from pooled vehicle-treated (control) and pooled nitrite-treated heart
homogenates by acetone/TCA precipitation, then subjected to thiol reduction and alkylation,
followed by sequential in-solution digestion with Lys-C (Pierce) and trypsin.
Phosphopeptides were enriched using a 2-stage process consisting of calcium phosphate
precipitation?2 followed by titanium dioxide enrichment.23

Nanoflow HPLC-coupled Tandem Mass Spectrometry

LC-MS was performed on the phosphopeptide-enriched samples using a nanoAcquity
UPLC™ capillary high-performance liquid chromatography system (Waters Corp., Milford,
MA) coupled to an LTQ-Orbitrap™ hybrid mass spectrometer (ThermoFisher Scientific,
San Jose, CA) equipped with a TriVersa NanoMate ion source (Advion, Ithaca, NY). Mass
spectra were acquired in the positive-ion mode over the range /2 300-2000 at a resolution
of 60,000. Mass accuracy after internal calibration was within 4 ppm. Tandem mass spectra
(MS/MS) were acquired using the LTQ for the five most abundant ions using multistage
activation. All spectra were recorded in profile mode for further processing and analysis.

LC-MS and MS/MS Data Analysis

Analysis of LC-MS and MS/MS data was accomplished using Xcalibur and Proteome
Discoverer software (ThermoFisher Scientific), while peptide and protein assignments were
conducted using Mascot™ against the rodent species subset of the SwissProt database
(UniProt release 14.3) employing a error of +/— 6 ppm on precursor ions and +/- 0.6 Da on
fragments. Fixed modifications included cysteine carbamidomethylation; variable
modifications included phosphorylation and methionine oxidation. Mascot™ results were
analyzed using Scaffold (Proteome Software, Portland, OR). Potential phosphopeptides were
verified and assignments were refined by manual interpretation of the original spectra.

Results

Acute Systemic Exposure to Nitrite Leads to Rapid, Transient Elevations in Cardiac Tissue
Nitrite and Nitros(yl)ation Levels and a Selective, Long-term Perturbation of Cardiac Redox
Tone.
We have demonstrated previously that systemically administered nitrite rapidly and dose-
dependently equilibrates across multiple organ systems, including the heart, brain, liver,
kidney, and lung.1® Elevated tissue nitrite levels can then directly nitros(yl)ate proteins in an
NO-independent manner, an activity that requires the cooperative action of tissue hemes and
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thiols.1® Using an experimental design to model acute systemic nitrite exposure and its
cardiac effects (Figure S-1, Online Data Supplement), we extended previous findings by
characterizing the dynamics of changes in redox, metabonomic, proteomic, and functional
parameters of the heart in response to various doses of nitrite, or vehicle (PBS), over an
extended period post administration.

To follow the fate and potential nitrosative and oxidative effects of nitrite after a systemic
burst in circulating nitrite concentration, hearts from animals administered a bolus of nitrite
(1 ma/kg) were analyzed over a time-course of 48 h post application. At each time point (0,
2,5,10,and 30 min, 1, 3, 12, 24, 36, and 48 h), cardiac nitrite levels were measured,
together with other NO-related metabolites, including S-nitrosothiols and A-nitrosoamines
(& and A~nitroso products) and heme-nitrosyl species. Additionally, as a measure of the
cardiac redox tone, the ascorbate oxidation status (the ratio of ascorbic acid over
dehydroascorbate) was determined. Analysis of nitrite recovered from perfused heart tissue
over the time course showed that there was a rapid increase in cardiac tissue nitrite levels
within the first 5 min post administration (Fig. 1). Cardiac nitrite levels peaked between 10
and 30 min (increasing from baseline levels in the high nanomolar range to peak levels in the
low micromolar range), remained elevated for a maximum of 1 h, then sharply dropped to
baseline levels or below, followed by oscillations near baseline for the remainder of the 48-h
period. The short-lived elevations in cardiac nitrite at the early time-points following
systemic nitrite administration were accompanied by rapid rises in S and A-nitroso and
heme-nitrosyl levels (1-3 orders of magnitude from basal values), with S-nitroso species
undergoing the largest relative changes (Fig. 1). Similar results were observed in other
tissues and organs, including brain, liver, kidney, lung, plasma, and erythrocytes (data not
shown).

In the heart, these transient nitrite and nitros(yl)ation spikes were associated with a small
increase in the ascorbate oxidation status (Fig. 1, asterisk), which returned to near baseline
levels within 1 h, consistent with a known direct chemical interaction between ascorbate and
nitrite.24 However, while cardiac nitrite and nitros(yl)ation levels in the subsequent hours
remained close to baseline, ascorbate oxidation continued to rise during that time. This
progressive increase in ascorbate oxidation peaked at 36 h and remained substantially
elevated even 48 h after nitrite administration. Total ascorbate levels changed little over the
same period, remaining slightly elevated (15-21%) between the 12-h and 48-h time points.
Because this protracted elevation in ascorbate oxidation occurred long after nitrite’s return to
baseline, it is unlikely to have been caused through direct oxidation by nitrite. Instead, it
appears to reflect a lasting change in myocardial redox status potentially mediated by a
complex cascade of events elicited by brief systemic exposure to nitrite.

Dose-Response Relationship of Nitrite-Induced Perturbations of Cardiac Redox Tone Is

Complex.

Considering the finding that transient, physiologically-relevant elevations in plasma nitrite
concentrations are capable of eliciting major, persistent changes in the oxidation status of
ascorbate, we sought to characterize these redox perturbations in further detail by examining
their dose-response relationship. Nitrite doses (0.1, 1.0, and 10 mg/kg body weight) were
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chosen to produce physiologically/pharmacologically relevant rises in plasma concentrations
(from nanomolar levels at baseline to treatment levels transiently in the low micromolar
range), and concomitant elevations in tissue nitrite levels, as shown previously.2> Cardiac
ascorbate and glutathione oxidation status was analyzed 24 h post-administration of nitrite
or vehicle (a time-point at which cardiac nitrite and nitros(yl)ation levels had long returned
to near baseline but cardiac ascorbate oxidation was markedly enhanced; see arrow in Fig.
1). Ascorbate oxidation was found to be elevated to comparable levels, independent of the
nitrite dose applied (Fig. 2A, left panel). The oxidation status of glutathione was also
perturbed following nitrite administration (Fig. 2A, right panel), however, in contrast to that
of ascorbate, glutathione showed a complex (trimodal) dose-response relationship. The
changes observed were characterized by a decrease in glutathione redox status in hearts
exposed to the lowest (0.1 mg/Ig) and highest (10 mg/kg) nitrite doses, with essentially no
change in hearts exposed to the intermediate (1.0 mg/kg) dose; as with ascorbate, total tissue
glutathione concentrations increased slightly (14+4%). No redox changes were observed in
time-matched vehicle-treated controls (not shown). To assess potential consequences of the
marked changes in ascorbate redox status on global oxidative stress in cardiac tissue, the
tissue content of total protein carbonyls was measured 24 h after nitrite application. No
significant changes were detected for any of the nitrite doses (data not shown), suggesting
that the observed perturbations in oxidant status of the heart were specific to distinct cellular
redox couples and did not reflect a global increase in oxidative stress, which would have
resulted in increased protein carbonylation.

Only Low and High, But Not Intermediate, Doses of Nitrite Are Cardioprotective.

To evaluate whether the nitrite-induced nitros(yl)ative tissue modifications and perturbations
in cardiac redox tone had any effect on the functional properties of the heart, we subjected
isolated hearts from nitrite-treated animals to a period of ischemia and assessed their ability
to recover during reperfusion. Hearts were obtained 24 h after administration of a bolus dose
of nitrite, retrogradely perfused /n vitro, and, following a 15-min stabilization period,
subjected to 15 min of global ischemia. Hearts from animals given a low (0.1 mg/kg) or a
high (10 mg/kg) dose of nitrite 24 h prior showed a significant improvement in cardiac
contractile recovery during the 30-min reperfusion following zero-flow ischemia. This was
reflected in a decreased end diastolic pressure (EDP) (Fig. 2B, left panel) and an increased
rate pressure product (RPP) (Fig. 2B, right panel) relative to controls. In contrast, hearts
from animals given an intermediate dose (1.0 mg/kg) of nitrite did not differ from hearts of
sham-treated animals. Thus, as with the cardiac glutathione oxidation status, functional
performance of the heart was affected by prior nitrite exposure in a complex dose-dependent
fashion.

Nitrite Induces Alterations to Cardiac Mitochondria-Associated Proteins, PDIA3, COQ9,

and ALDH2.

To evaluate what underlies the nitrite-induced changes in myocardial function following I/R,
we characterized alterations in the cardiac proteome using a global differential 2D-PAGE-
based proteomic analysis. Hearts were analyzed 24 h after exposure to increasing amounts of
nitrite. For these experiments, we employed a strategy of partitioning heart tissue into
mitochondria (containing metabolic and redox-active proteins) and cytoplasm (containing
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soluble contractile/structural proteins) through differential centrifugation. Mitochondria
were denatured in IEF buffer and subjected to 2D-PAGE analysis followed by silver staining
for high-sensitivity, qualitative differential comparison (Fig. 3). Although largely uniform
between treatment groups (as evident by the overall similarity of the stained gels; see Fig.
3A), the cardiac mitochondrial proteome displayed several distinct protein changes in
response to nitrite treatment. Among other changes, profound qualitative nitrite dose-
dependent changes were consistently evident in three series of protein spots in trains within
the pl 4.5-6.5 region of the gels (Fig. S-2 and movies showing dose-dependent changes in
spot patterns for each series, Online Data Supplement), suggestive of changes within each
series in pl-altering posttranslational modifications (PTMs). Series 1 was located roughly at
pl 6 and MW 60 kD and contained four spots (Fig. 3Bi, left panel, spots a-d), Series 2 was
located in the region of pl 5 and MW 35 kD and also contained 4 spots (Fig. 3Bii, left panel,
spots a-d), while Series 3 was located in the range of pl 6.3 and MW 55 kD and consisted of
five spots (Fig. 3Biii, left panel, spots a-e). Interestingly, although in each case pronounced
changes in spot intensities within Series 1-3 did occur between dosage groups, the patterns
of changes were distinct for each series. For example, while the intensities of the two most
acidic spots in Series 1 (Fig. 3Bi, left panel, spots a and b) followed roughly the same dose-
dependent behavior as the glutathione oxidation status, the intensities of the two most basic
spots in that same series (Fig. 3Bi, left panel, spots ¢ and d) followed the dose-dependence
of the ascorbate oxidation status. This suggests that there may be complex mechanisms
linking the migrational isoform changes (potentially resulting from changes in PTM) to the
ascorbate and glutathione redox status, as well as to functional changes.

To identify the proteins of these spot series, preparative amounts of purified mitochondrial
material were subjected to 2D-PAGE analysis followed by Coomassie blue staining. A
large-scale peptide mass fingerprint (PMF) survey of the protein spots across the gels was
undertaken as a roadmap for protein identifications by excising spots and subjecting them to
in-gel digestion, followed by MALDI-TOF MS analysis of eluted peptides and PMF
analyses of the MS peak lists using the database search engine, Mascot™, and rodent
proteomic databases (see Table 1, Online Data Supplement). When selected spots from each
of Series 1-3 were also subjected to these digestion and MALDI-TOF MS analyses (Fig.
3Bi-iii, right panels, from representative spots within each series), PMF results showed that
the constituents of the trains of spots in Series 1, 2, and 3 matched unambiguously to
isoforms of protein disulfide isomerase A3 (PDIA3), ubiquinone biosynthesis protein CoQ9
(COQ9Y), and aldehyde dehydrogenase 2 (ALDH?2), respectively (having Mascot™ scores of
221, 79, and 205, and corresponding false discovery rates (Expect values) of 1.6 x 10718, 8.6
x 1075, and 6.2 x 10717).

Nitrite Induces Changes in the Nitration and Phosphorylation Status of Cardiac
Myofilament, Energetic, and Signaling Proteins.

In addition to mitochondrial analyses, we performed differential 2D-PAGE analyses on post-
mitochondrial cytoplasmic supernatants from hearts of nitrite-treated animals. This
cytoplasmic cell fraction contains the majority of soluble structural and contractile
(including myofilament) proteins of the heart. These 2D gels (Fig. S-3, Online Data
Supplement) revealed distinct alterations in spot intensity in a cluster of spots corresponding
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to isoforms of myosin light chain protein 1 (MLC1) (Fig. 4A, spots a-g), which varied
according to nitrite treatment dose. Importantly, our findings are consistent with previous
reports suggesting that similar changes in MLC1 phosphorylation occur in the context of
cardioprotection (e.g. by adenonsine and diazoxide).26:27 Qualitative protein migrational
changes were also observed in the train of spots corresponding to cardiac a-actin,
particularly in acidic isoforms (corresponding potentially to actin phosphospecies or other
acidic post-translationally modified isoforms), as highlighted by staining the 2D gels with
the dye, Pro-Q Diamond™, which stains protein phospho-isoforms and other acidic species
(Fig. 4B, spots a-e). As with the proteomic changes observed in mitochondria, the staining
intensity of these actin species varied with nitrite dose. These observations motivated us to
undertake a detailed characterization of nitrite-induced PTMs that are typically more stable
than nitros(yl)ation.

In the context of oxidative stress, nitrite’s capacity to induce protein nitrosation may be
accompanied by the formation of nitrogen dioxide and the posttranslational nitration of
proteins. To assess whether brief nitrite exposure also leads to a change in nitration of
cardiac proteins, we conducted 2D-PAGE followed by anti-nitrotyrosine Western analysis of
whole heart homogenates 24 h after treatment with nitrite (Fig. 4C). In order to control for
blotting variability, first dimension isoelectric focusing strips from each nitrite-dose sample
were placed atop a single second dimension gel and subjected as one to second dimension
SDS-PAGE and Western blotting. Nitration was not indiscriminant: the staining intensity of
protein spots such as those corresponding to the beta subunit of F1-ATPase and the
chaperone protein GRP78 (both known targets of tyrosine nitration) (spots f and g, Fig. 4C)
remained unchanged with increasing nitrite exposure, while qualitative changes in anti-
nitrotyrosine immunoreactivity were observed for lactate dehydrogenase B (LDH) (spot a,
Fig. 4C), dehydrolipamide S-acetyl transferase (PDC-E2, a component of the pyruvate
dehydrogenase complex) (spot b, Fig. 4C), a-actin (spot c, Fig. 4C), as well as other cardiac
proteins (including spots d and e, Fig. 4C). While LDH anti-nitrotyrosine immunoreactivity
increased with increasing nitrite dose, the apparent nitration of other proteins showed a more
complex, bimodal dose-response relationship (decreasing at low doses, rising at higher
doses). Conversely, anti-nitrotyrosine staining of several cardiac proteins was already
observed under basal conditions (in vehicle controls). A summary of the changes observed
across nitrite doses in the normalized relative intensity of each spot shown in Figures 3B and
4A—C is contained in Table 2, Online Data Supplement.

As the spot patterns we observed in several of our 2D gel analyses (e.g., Fig 3B, Series 1-3)
resemble those that are seen in the context of phosphorylation, we investigated whether there
was evidence for cardiac phosphoproteomic alterations in response to nitrite administration.
Indeed, the MALDI-TOF mass spectra of peptides from the 2D gel spots corresponding to
acidic isoforms of PDIA3, COQ9, and ALDH2 (as in Fig 3B, spots a and b) contained ions
that would correspond to phosphopeptides derived from these proteins. For example, we
detected an ion corresponding to the ALDH2 phosphopeptide, 431-438 (Fig 5A), bearing
phosphorylation on residue Thr431, a recently reported phosphosite.3# Also evident in the
MALDI-TOF mass spectra were several other potential phosphopeptides (data not shown)
that correspond to phosphorylation at known and novel sites, whose definitive assignments
await confirmation and further characterization by other MS techniques.
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Recently it has become appreciated that gel-based proteomics can lead to chemical artifacts
that resemble protein phosphorylation.28 In order to avoid potential artifactual chemical
modifications associated with peptides extracted from stained gels, tryptic peptides were
produced directly from pooled heart homogenates of vehicle-treated (control) animals and
pooled homogenates from nitrite-treated animals, by in-solution endoproteinase digestion.
Peptides were then subjected to a two-stage phosphopeptide enrichment procedure,
involving calcium phosphate precipitation and titanium dioxide purification.
Phosphopeptide-enriched samples were then subjected to characterization by liquid
chromatography (LC)-MS and tandem MS (MS/MS). LC-MS analysis of the samples from
nitrite-treated animals detected the phosphorylated and non-phosphorylated forms of the
ALDH2 peptide 431-438 (Fig 5B) that were also found in the gel-derived samples analyzed
by MALDI-TOF MS. MS/MS spectra of this and other potential phosphopeptides from
ALDH2, PDIA3 or COQ9 were not acquired during the data-driven selection of peaks for
MS/MS acquisition due to their low relative abundances in the mass spectra obtained during
the LC/MS analyses of the phosphopeptide-enriched heart homogenate material. However,
LC-MS/MS analysis did reveal phosphopeptides which were abundantly present in the
pooled nitrite-treated samples (Fig. 6), but below detection in the control samples.
Interpretation of the MS/MS spectra led to the identification of these phosphopeptides as
belonging to Filamin-C (FLNC) (Fig. 6A) and to specific subunits of cCAMP-dependent
protein kinase (PKA) (Fig 6B) and serine/threonine protein phosphatase 2A (PP2A) (Fig
6C). Because numerous diagnostic fragment ions were present in each spectrum, it was
possible to assign unambiguously the sites of phosphorylation to residues Ser2234 of FLNC,
Ser83 of PKA Regulatory Subunit 1-alpha (PKA R1la, KAPO), and Ser9 of PP2A
Regulatory Subunit A-alpha (PP2A A R1-a, 2AAA) These three proteins were not identified
in our 2D-PAGE and PMF analyses, possibly due to the large size of filamin-C, which
probably makes it incompatible with our 2D-PAGE methodologies, and the potential co-
migration of PKA Rla and PP2A A R1-a with other, much higher abundance proteins
(Their MWs and theoretical pls would place them in the regions of highest spot density in
our 2D-PAGE gels. Although numerous additional phosphosites on other proteins were
characterized by these LC-MS/MS analyses (such as Ser283 of tropomyosin alpha chain 1,
TPM1, and Ser663 of sarcoplasmic/endoplasmic reticulum calcium ATPase 2 (SERCA2),
SERCA2A, AT2A2, data not shown), their abundances did not appear to vary substantially
with nitrite treatment.. Further studies, such as MS analyses incorporating stable-isotope
labelled standards, will be necessary to quantitate potentially more subtle changes in the
occupancy of these other sites and to determine their relevance to nitrite treatment.

Discussion

This study provides novel insights into the dose-response relationship, potential
mechanisms, and consequences of nitrite-induced delayed cardioprotection. The principal
findings are that: a) Acute systemic elevations in nitrite availability lead to transient
increases in cardiac tissue nitrite and nitros(yl)lation. b) Despite this transiency, there is
robust persisting myocellular oxidant stress, as manifested by the ascorbate oxidation status
(DHA/AA); changes in the oxidation status of this redox couple are specific, as they are not
reflected in total protein carbonylation, nor by the changes seen in the glutathione oxidation
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status (GSSG/GSH) that follow a complex nitrite-dose response. ¢) These changes are
associated with complex and specific alterations of proteins in key pathways, some of which
are already known to have a role in cardioprotection.26:27:29 Such pathways include:
myofilament-related and energy consuming proteins (e.g. FLNC, a-actin, sarcomeric MLC),
energy producing proteins (e.g., LDH, PDC-E2), serine/threonine kinase signaling proteins
(e.g. PKA and PP2A) and proteins modifying mitochondrial function and the response to
redox stress (e.g., PDIA3, COQ9, and ALDHZ2). d) Despite the complexity of the changes
we observed in redox status and in the proteome, the same nitrite-dose related pattern was
recapitulated in nitrite’s delayed cardioprotection against I/R injury.

Previous studies have highlighted nitrite’s ability to confer cardioprotection,’12 however the
efficacy of nitrite in delayed cardioprotection (at 24 h) still remains to be explored. In
particular, the dose-response relationship of nitrite-mediated cardioprotection and the
mechanisms conferring its benefits remain to be determined. The present study suggests that
systemic exposure to nitrite, such as that which occurs physiologically (e.g., with
exercise*30), results in rapid uptake and metabolism of nitrite by the heart. Despite the
transient nature of increases in tissue nitrite and consequent nitros(yl)ation levels, these
changes induce a protracted influence on tissue redox status. Acute nitrite exposure
increases the ascorbate oxidation status (DHA/AA) over 48 h and alters the glutathione
oxidation status (GSSG/GSH) in a complex nitrite dose-dependent manner. The importance
of these changes is underlined by the observation that there is a compelling correspondence
between the pattern of GSSG/GSH changes and contractile recovery following myocardial
ischemia and reperfusion ex vivo.

Although the explanation for these redox changes is yet to be investigated, we speculate
(Fig. 7) that these changes reflect the influence of nitrite on nitric oxide (NO) and reactive
oxygen species (ROS) availability, cross-talk, and signaling. Although both NO and ROS are
known to fulfill critical cell signaling functions, it appears that both the level and the balance
of these species, and their interaction to form peroxynitrite (ONOO), are critical in
determining whether cells exhibit a detrimental or beneficial delayed preconditioning
response.31 Moreover, a significant body of literature suggests that both species are
necessary to trigger delayed protection.31:32 The association between glutathione oxidation
status and myocardial recovery from I/R injury raises the possibility that the dose-dependent
modulation of redox status by transient nitrite exposure is pertinent to cardioprotection.

Concurrent with these persisting redox and functional changes, the heart undergoes
significant proteomic changes in response to brief nitrite exposure. Alterations in the
expression pattern of protein isoforms (e.g., isoforms of PDIA3, COQ9, and ALDH2) have
been identified in the context of nitrite exposure for the first time. Many of these proteins
and the pathways to which they belong have recently been identified as critical mediators of
cardioprotection arising from different preconditioning stimuli, underlining the robustness of
conserved preconditioning pathways.26:27.29.33.34 Moreover, LC-MS of peptides from pooled
nitrite-treated versus control animals demonstrated specific nitrite-induced protein
phosphorylation (e.g. ALDH2, FLNC, PKA, and PP2A). It is noteworthy that the
phosphorylation of ALDH2 at Thr431 that we observed has been described as being
regulated by protein kinase Ce (PKCe) activity and has been linked to cardioprotective
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increases in ALDH2 enzymatic activity.34 Future studies will be necessary to quantitate the
nitrite-dose response of the phosphosites we have described and to probe deeper into the
proteome to investigate the quantitative changes, stoichiometry and functional consequences
of putative phosphorylation elicited by nitrite (e.g. in myofilament proteins, MLC1) and
their relationship to cardioprotection. Additionally, other functional PTMs26:27:29.35 (g g,
prolyl hydroxylation, oxidation, A-acetylglucosamine modification) should be investigated
by methodologies tailored to their enrichment and characterization.

In accordance with other similar studies,26:27:29 novel and important, hypothesis-generating
information has been gained from relatively unbiased proteomic investigations. In contrast to
most cardioprotection proteomic analyses performed to date using isolated myocytes
explanted 60 min after treatment, our studies were performed on whole heart preparations
and uniquely studied the metabolome/proteome long after treatment (at 24 h), yielding novel
insights into potential mediators and pathways of late cardioprotection. Despite our
extensive 2D-PAGE approach using cell compartment-specific proteomics, the protein
changes identified are by no means comprehensive. For technical reasons (e.g. the high
dynamic range of protein abundances, the limited compatibility of 2D-PAGE methodologies
with large and hydrophobic proteins, etc.) such proteomic approaches only provide a limited
window into the biological pathways involved.2® Thus, many of the observations reported
herein represent only the first stage of full structural and functional determination of nitrite-
dependent protein alterations. Precise sites (and in some cases, types) of PTMs on many of
the proteins (e.g., PDIA3, COQJ9, additional sites on ALDH2) remain uncharacterized.
Future analyses should enable the identification of these PTMs and the determination as to
whether they are stimulatory or inhibitory to protein function. For example, the changes in
post-translational modification of myofilament proteins will need to be characterized
comprehensively, and detailed functional assays will need to be performed to determine their
contribution to cardioprotection.36:37 Specifically, issues of the stoichiometry of
myofilament PTMs (namely, the extent of modification of the total myofilament protein pool
and how this may impact function /in vivo) will have to be addressed. Such PTMs, if present
with sufficient stoichiometry, may make an important contribution to sarcomeric function
and hence may contribute to alterations in energetic state during I/R. Finally, although
beyond the scope of this largely proteomic study, it will be necessary to test the hypothesis
that the elaboration of NO and ROS are pertinent to delayed nitrite-induced
cardioprotection. This may be accomplished through the systematic assessment of the
response to I/R following the concurrent administration of nitrite and antioxidants (e.g.,
superoxide dismutase, catalase, and mercaptopropionyl glycine).32:38:39 Bearing in mind
nitrite’s direct and indirect capacity for protein modification, comprehensive strategies will
be needed to dissect out the role(s) of such changes in nitrite-mediated cardioprotection.

Conclusions

The present study confirms that nitrite is an effective cardioprotective agent that can
facilitate persistent protection against myocardial ischemia and reperfusion. We propose for
the first time that: a) The protective influence of nitrite conforms to a complex dose-response
relationship (only low and high doses are effective). b) These doses induce a complex
oxidant stress pattern with oxidized ascorbate and reduced glutathione corresponding to a
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functionally protected heart. ¢) The changes in redox status not only correlate with
functional protection, but also correspond to a complex pattern of putatively protective
protein alterations, including PTMs (phosphorylaton and nitration), of proteins involved in
serine/threonine kinase signaling, protection from oxidative stress, potential bioconversion
of nitrite to NO, and proteins involved in the cellular metabolic machinery that ensures an
optimal energetic balance. Although further studies will be needed to fully delineate the
mechanisms of nitrite-induced cardioprotection, this study informs ongoing basic and
translational studies by highlighting the importance of the dose-effect relationship for nitrite
and the broad array of downstream targets possibly involved in its cardioprotective efficacy
(Fig. 7). Finally, our results may be of relevance to discussions about the role of lifestyle-
related factors for cardiovascular health, in the context of the transient increases in
circulating nitrite levels following physical exercise30 and ingestion of nitrite/nitrate-rich
foods.3
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Figure 1. Major, long-term perturbation of cardiac redox tone following brief elevationsin
nitrite.

Detailed examination of the levels of cardiac nitrite, S- and A- nitroso and heme-nitrosyl
species, and ascorbate oxidation status through time after a brief systemic nitrite elevation.
Hearts from animals administered a bolus dose of nitrite (1 mg/kg) by intraperitoneal
injection were analyzed after 0, 2, 5, 10, and 30 min, and 1, 3, 12, 24, 36, and 48 h. Cardiac
nitrite levels were determined by ion chromatography; S-nitrosothiol (RS-NO), A-
nitrosamine (RN-NO) and heme nitrosylation (heme-NO) levels were determined by gas-
phase chemiluminescence; the ascorbate oxidation status, /.e. the ratio of dehydroascorbate
(DHA) over ascorbic acid (AA), was determined by spectrophotometry. Values are
normalized as percent change from baseline, which is indicated by the cyan plane. Left axis,
nitrite and nitros(yl)ation scale; right axis, ascorbate oxidation status scale. The asterisk
indicates the brief elevation in ascorbate oxidation status that accompanies the spike in
cardiac nitrite levels, while the arrow indicates the 24 h value during the subsequent
protracted elevation of the ascorbate oxidation status (mean values of 3 animals/time point;
error bars omitted for sake of clarity). Errors were all < £ 15 %.
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Figure 2. Complex dose-response of nitrite-induced long-term perturbationsin cardiac redox
tone and in cardiac preconditioning.
(A) Ascorbate oxidation uniformly increases in response to nitrite 24 h post administration,

whereas the dose-response relationship of glutathione oxidation status is complex. Hearts
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from animals administered a bolus dose of nitrite (0.1, 1.0, 10 mg/kg nitrite, or saline
(control)) by intraperitoneal injection were analyzed after 24 h: the ascorbate oxidation
status (DHA/AA) (left panel) and glutathione oxidation status (GSSG/GSH) (right panel)
were determined by spectrophotometric methods (means + SEM; n = 3). (B) Dose-
dependent cardioprotective or detrimental preconditioning by nitrite. Hearts, isolated from
animals 24 h after administration of a bolus dose of nitrite (0.1, 1.0, 10 mg/kg nitrite, or
saline (control)), were perfused in the Langendorff mode, subjected to ex vivo ischemia/
reperfusion, and monitored for recovery of contractile function: after 15 min of stabilization,
hearts were subjected to 15 min of global ischemia, followed by 30 min of reperfusion, at
which time end diastolic pressure (EDP), rate/pressure product (RPP) and other
hemodynamic parameters were measured (mean values + SEM; n = 4-5).
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Figure 3. Nitrite-induced alterationsto cardiac mitochondrial-associated proteins, PDIA3,
COQ9, and ALDHZ2, revealed by differential 2D-PAGE and M S analyses.

Hearts from animals administered a bolus dose of nitrite (0.1, 1.0, 10 mg/kg nitrite, or saline
(control)) were isolated 24 h post administration, homogenized and subjected to differential
centrifugation to isolate mitochondria and post-mitochondrial cytoplasmic supernatant.
Protein was subjected to 2D-PAGE and visualized by silver staining. All samples were
pooled from 3 animals per dose; gels are representative of a minimum of three replicates.
(A) Purified cardiac mitochondria (50 pg), subjected to 2D-PAGE over the pl range 3-10
and molecular weight (mw) range of approximately 250-10 kD, as indicated (shown to
display uniformity of preparation and staining). (B) Enlargments across treatment groups of
3 regions of 2D gels run with the same mitochondrial material as in (A) over the pl range 4—
7 and mw range of approximately 250-10 kD (enlargements, left panels; full gels, Fig. S-2,
Online Data Supplement). Spots circled in red are constituents that appeared to be grossly
differentially expressed at different levels of nitrite exposure. (i) Series 1, train of 4 spots,
labeled a-d, at ca. pl 6 and mw 60 kD. (ii) Series 2, train of 4 spots, labeled a-d, at ca. pl 5
and mw 30 kD. (iii) Series 3, train of 5 spots, labeled a-e, at ca. pl 6.3 and mw 57 kD. A
summary of the changes observed in these 3 series of spots can be found in Table 2 (Online
Data Supplement). The same spots from equivalent 2D-PAGE gels (using ~10-fold more
protein) stained with Coomassie blue were excised and subjected to in-gel digestion. Eluted
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peptides were analyzed by MALDI-TOF MS, and resultant spectra (right panels; spectra
shown for one spot in each series over the approximate range /7/z 700-3000) were analyzed
to generate peptide ion peak lists that were submitted to the on-line database search engine,
Mascot™, for peptide mass fingerprint analyses against the rat proteomic database. Spots
series 1, 2, and 3, were determined to consist of isoforms of protein disulfide isomerase A3
(Mascot score, 221; expect value 1.6 x 10718), ubiquinone biosynthesis protein CoQ9
(Mascot score, 79; expect value 8.6 x 107°), and aldehyde dehydrogenase 2 (Mascot score,
205; expect value 6.2 x 10717), respectively. Prominent peptide ions are labeled in the
spectra with their observed /m/zvalues and corresponding amino acid intervals (bold) within
the sequence of the assigned proteins. T, trypsin autolysis peptide.
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Figure 4. Alterationsto other cardiac proteins, including myofilament, energetic, and signaling
proteinsinduced by brief nitrite exposure.

Post-mitochondrial cytoplasmic supernatant purified by differential centrifugation from the
cardiac tissue of animals administered a bolus dose of 0.1, 1.0, 10 mg/kg nitrite, or saline
(control), as described, was analyzed by 2D-PAGE over the pl range 4-7 and molecular
weight range of 250-10 kD. Shown here (A) are enlargements of the myosin light chain 1
(MLC1) region displaying differential changes in isoform expression (spots a-g, circled in
red) depending on nitrite dose. (B) Equivalent gels were run and stained with the
phosphoprotein-sensitive fluorescent dye, ProQ-Diamond™. Shown are enlargements of the
actin region (actin circled) displaying differential changes in actin migrational isoforms
(spots labeled a-€) according to nitrite dose. (C) Changes in protein nitration due to acute
nitrite exposure. Equivalent amounts of cardiac tissue homogenate from animals
administered a bolus dose of 0.1, 1.0, 10 mg/kg nitrite, or saline (control), were analyzed by
IEF over the pl range 3-10. IEF strips were trimmed to pl ranges of 5-8 and then placed
alongside one another atop a single second dimension gel and subjected to SDS-PAGE

Circ Res. Author manuscript; available in PMC 2019 September 07.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Perlman et al.

Page 22

followed by Western blotting of a single membrane using anti-nitrotyrosine anti-sera. Shown
is the 2D-Western blot over the molecular weight range of 80-20 kD. Nitrotyrosine—related
immunoreactive protein spots a-h (a-e, changing with nitrite dose, circled in red). a) lactate
dehydrogenase B (LDH), b) dehydrolipamide S-acetyl transferase (PDC-E2), ¢) actin, d) &
e) unidentified cardiac proteins, f) F1 ATPase beta subunit, g) GRP78, h) MLC isoforms.
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Figure 5. Phosphorylated and non-phosphorylated forms of ALDH2 peptide431TI EEVVGRy3s
detected by M S analyses.
lons are labeled with their detected /2 values. The phosphorylated Thr431 residue is

indicated on the sequences with a P inside a circle. (A) MALDI-TOF mass spectrum of
peptides from a spot assigned by PMF to ALDH2 in the 2D-PAGE analysis of mitochondria
from nitrite-treated animals (as in Fig 3Biii, spot b), shown over the range /2 900-990.
Labeled are the unmodified ALDH2 peptide, 431-438, the phosphorylated species of the
same peptide (the shift of 80 u corresponding to the addition of a phosphate group), and
another ALDH2 peptide, 150-157. (B) ESI mass spectra recorded during LC-MS analysis of
peptides that were isolated, through in-solution digestion and phosphopeptide enrichment,
directly from pooled heart homogenates of nitrite-treated animals. Shown are regions of the
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mass spectra containing the [M+2H]%* molecular ions assigned to the unmodified (left
panel; displaying the range m/z451.0-453.0) and the phosphorylated (right panel;
displaying the range m/z491.0-493.0) species of the ALDH2 peptide, 431-438.
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Figure 6. Phosphospecies of filamin-C, PKA, and PP2A subunits detected differentially in heart
homogentes of nitrite-treated animals.

Tandem mass spectra from three phosphopeptides which were present differentially in
homogenates of nitrite-treated animals. (A) Filamin-C (FLNC) phosphopeptide
corresponding to amino acids 2232—2240, containing phosphorylated Ser2234 ([M+2H]%*
m/z509.2418). (B) PKA Regulatory Subunit 1-alpha (KAPO) phosphopeptide,
corresponding to amino acids 75-92, containing phosphorylated Ser83 ([M+2H]2+ m/z
1028.9838). (C) PP2A Regulatory Subunit A-alpha (2AAA) phosphopeptide, corresponding
to amino acids 2—28, containing phosphorylated Ser9 ([M+4H]** m/z 763.6262). Precursor
ion spectra are shown inset into the product ion spectra (both over the indicated /m/z ranges).
The precursor ions and prominent fragment ions are labeled in the spectra with their
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observed m/zvalues; where applicable, their corresponding b/y-ion designations, charge
states, and neutral losses of phosphoric acid (-98) are labeled (bold). A summary of the
fragment ion data, including the less abundant fragment ions detected, is indicated on the
phosphopeptide sequence above each spectrum. In each case, the site of phosphorylation
(indicated with a P inside a circle) is identified unambiguously by numerous prominent
diagnostic b- and/or y- ions.
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Figure 7. Schematic representation of the mechanisms underlying nitrite-induced late
preconditioning.

Nitrite, both directly and through the release of NO, induces the release of free radicals,
including reactive oxygen species (ROS). One mechanism leading to the increase in ROS
includes NO-induced activation of cyclic GMP (cGMP) which in turn activates a redox-
sensitive protein kinase G (PKG); this opens mitochondrial Karp channels, enhancing local
ROS production. NO, ROS and peroxynitrite (OONO™), when produced in an optimal
balance resulting from effective nitrite concentrations and incipient conditions (e.g. cellular
redox status), lead to activation of cellular kinases (e.g. PKA, PKC & and e). Nitrite-derived
NO can also act via transient modification of components of the electron transport chain and
S-nitrosation of proteins involved in regulation of mitochondrial energetics. Ultimately,
these lead to cardioprotection mediated through the interplay of transcription factor
signaling, proteomic, metabolic, and redox changes, and alterations in contractile function.
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