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Abstract

Background: Traditional studies of the cardiac proteome have mainly investigated in an animal model by two-
dimensional gel electrophoresis (2-DE). However, the results have not been of satisfactory quality for an understanding
of the underlying mechanism. Recent quantitative proteomic methods have been improved to overcome these
limitations. To comprehensively study the cardiac proteome in a rat model of ischemia-reperfusion (IR), we developed
a tandem mass tag (TMT)-based quantitative proteomic strategy. Furthermore, using this strategy, we examined the
molecular mechanisms underlying the prevention of myocardial infarction by the intake of Triticum aestivum L. extract
(TALE), a representative dietary fiber grain.

Methods: Cardiac proteomes were analyzed by 2-DE as a gel-based approach, and TMT labeling coupled with two-
dimensional liquid chromatography (2D-LC) and tandem mass spectrometry (MS/MS) as a non-gel-based quantitative
approach. Additionally, gene ontology annotation was conducted by PANTHER database. Several proteins of interest
were verified by a Western blot analysis.

Results: Total 641 proteins were identified commonly from two independent MS datasets using 2D-LC MS/MS. Among
these, we identified 151 IR-related proteins that were differentially expressed between the sham-operation group and
IR group, comprising 62 up-regulated proteins and 89 down-regulated proteins. Most of the reduced proteins were
involved in metabolic processes. In addition, 57 of the IR-related proteins were affected by TALE intake, representing

25 up-regulated proteins and 32 down-regulated proteins. In particular, TALE intake leads to a switch in metabolism

to reduce the loss of high-energy phosphates and the accumulation of harmful catabolites (especially reactive oxygen
species (ROS)) and to maintain cytoskeleton balance, leading to a reduction in cardiac IR injury.
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Conclusions: Our study provides a comprehensive proteome map of IR-related proteins and potential target proteins
and identifies mechanisms implicated in the prevention of myocardial infarction by TALE intake in a rat IR model.

Keywords: Cardiac proteome, TMT labeling, Quantitative proteomics, Ischemia, Myocardial infarction, Triticum aestivum,

Dietary fiber

Background

Cardiac ischemia and ischemia-reperfusion (IR) injury are
major contributors to morbidity and mortality worldwide
[1]. Ischemia results from an imbalance between myocar-
dial oxygen demand and supply, causing cardiac dysfunc-
tion, arrhythmias, myocardial infarction, and sudden
death. In fact, acute myocardial infarction is a primary
cause of death worldwide [2]. Specifically, the blood
supply to heart muscle cells is typically reduced by an oc-
clusion in the coronary artery, leading to myocardial
infarction. Reperfusion therapy removes the occlusion by
thrombolytic therapy, bypass surgery or percutaneous
coronary intervention and is currently the mainstay of
treatment for acute myocardial infarction. Clinically, early
diagnostic markers of ischemic heart disease and myocar-
dial infarction and pharmacological postischemic treat-
ments have been widely investigated to reduce infarction
size and mortality after IR injury [3, 4]. However, the
pathogenesis of myocardial infarction and its progression
to heart failure are complex multifactorial processes that
largely depend on the size of the infarcted myocardium.

The genes associated with the control of apoptotic
cascades (p38, c-Jun N-terminal kinase (JNK), mitogen-
activated protein (MAP) kinases [5], Bcl-2, Bax, caspase-
3 and DNA nicking [6]) are closely associated with
reducing myocardial infarction as demonstrated using
molecular analysis tools, such as Western blotting and
immunohistochemistry.  Additionally, alterations in
metabolic pathways and apoptotic cascades by IR injury
can be more deeply analyzed at the proteome level. Most
IR-related proteomic studies have utilized a 2-D gel-
based method [7-10]. However, traditional two-
dimensional gel electrophoresis (2-DE) analyses have
limitations, including gel-to-gel variations, issues with
quantification based on spot intensity, and the lack of
detection of a trace amount of proteins in most cases.
Moreover, only several proteins exhibiting differential
expression under various conditions have been identified
by mass spectrometry (MS). Therefore, obtaining a
systemic understanding of the mechanism underlying
myocardial IR injury is still challenging.

However, recent advancements in proteomic technolo-
gies and instrumentation have radically improved
throughput and detection limits to solve these problems.
One of the most popular methods for relative quantifica-
tion by using MS involves isobaric chemical labeling of

biological samples prior to MS analysis, such as isobaric
tags for relative and absolute quantitation (iTRAQ) or
tandem mass tag (TMT) [11]. Moreover, the ability to
multiplex with isobaric mass tags has expanded the ap-
plicability of this method to a wide range of sample
types and multiple biological samples, which can be
analyzed under the same chromatography and MS
conditions. A limited number of more recent studies
have employed liquid chromatography (LC) MS/MS-
based multidimensional protein identification. Using an
iTRAQ-based quantitative proteomic approach, 22
unique proteins among 220 proteins in a sarcomere-
enriched fraction differed between ischemia and non-
ischemia regions in rat heart tissue without reperfusion
[12]. In addition, neuroproteome changes induced by
the administration of a tissue plasminogen activator in a
rat IR model of acute ischemic stroke have been ana-
lyzed using iTRAQ labeling [13]. However, to date, a
cardiac proteomic study investigating IR injury in a rat
model has not been performed using a quantitative
proteomic method, particularly the TMT labeling
method. Furthermore, although the intake of dietary
fiber (DF) reduces the risk of coronary heart disease [14,
15] and alters the physiology of myocardial infarction in
a clinically significant manner, to the best of our know-
ledge, no study has attempted to measure proteome
changes associated with DF in IR injury.

In this study, an efficient proteomic strategy was de-
veloped for studying the cardiac proteome in a rat model
of IR injury. Here, using a 2-D gel-based method or
TMT labeling and MS-based quantitative proteomic
method, we investigated the protein expression profiles
of heart tissues in a rat model of IR injury to discover
possible protein targets and the underlying mechanisms
involved in the intake of Triticum aestivum L. extract
(TALE) as a representative DF grain [16, 17]. The rats
were exposed to no IR treatment (sham-operated group),
IR treatment with 30 min of ischemia and 3 h of reperfu-
sion (IR group), or TALE intake for 3 days prior to IR
injury (TALE intake group) as reported in our previous
studies [18, 19]. The proteomic data obtained using the
TMT labeling strategy revealed more information about
the metabolic pathways involved in IR, thereby increas-
ing our understanding of the underlying mechanism by
which TALE intake regulates protein expression to
potentially protect the heart from serious IR injury.
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Methods

Animals

Eight-week-old male Sprague Dawley (SD) rats were
purchased from Samtaco, Inc. (Osan, Korea). The exper-
iments were performed according to the Guidelines for
the Animal Care and Use of Laboratory Animals ap-
proved by the Institutional Animal Care and Research
Advisory Committee of Catholic University, Daegu,
Korea (No. DCIAFCR-151230-20-Y). The animals were
housed with ad libitum access to a chow diet and water
under diurnal lighting conditions in a temperature-
controlled environment until the start of the IR
experiment.

Myocardial infarction model

Myocardial infarction was generated by ligating the left
anterior descending coronary artery (LAD) in male SD
rats (~ 300 g) as previously described [18, 20, 21]. Briefly,
the rats were anesthetized with intraperitoneal injections
of ketamine (100 mg/kg) and xylazine (5mg/kg). The
rats were ventilated with air after intubation. The LAD
was ligated at approximately 5 mm below the aortic
origin. In the IR experiments, the hearts were ligated for
30 min and reperfused for 3 h. During surgery, the rectal
temperature was maintained between 37 + 0.5 °C with a
thermostatically controlled warming plate (Harvard
Apparatus, Holliston, MA).

Infarct size assessments

The infarct size was assessed by 2,3,5-triphenyltetrazo-
lium chloride (TTC) staining [18, 20, 21]. Evans blue dye
was infused, and areas at risk (AAR) exhibiting no infil-
tration of Evans blue dye were assessed. Two slices pre-
pared by cutting the myocardium were stained with
TTC, and the infarct area (IA), which is the region not
stained with TTC, was assessed. The areas of the left
ventricle (LV), AAR, and IA were determined by com-
puterized planimetry using Image] software (Image]J ver-
sion 1.47 V, NIH). Specifically, the infarct size (IS) and
risk size (RS) were defined as a percentage of IA to AAR
and AAR to LV, respectively.

Protein extraction for proteome analysis

The frozen heart tissues (approximately 100 mg) were
added to 0.5 mL of lysis buffer containing 8 M urea, 4%
CHAPS, 5 mM magnesium acetate and 30 mM Tris (pH
8.5). The suspension was mechanically homogenized
with metal beads (hard tissue grinding MK28-R, Bertin
Technologies, Montigny-le-Bretonneux, France) using a
Precellys 24 (Bertin Technologies) at 5800 rpm for 20s
and repeated thrice with a 5-min pause between the
homogenization cycles to prevent overheating. The
supernatant was collected by centrifugation at 20,800xg
for 30 min at 15°C. The protein concentrations of the
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supernatants were estimated using a Bradford protein
assay (Bio-Rad, Hercules, CA, USA), and the protein ex-
tracts were stored in aliquots at — 80 °C until use.

2-DE and image analysis

The protein extracts (200 pg) were resolubilized with re-
hydration buffer containing 7 M urea, 2 M thiourea, 4%
(w/v) CHAPS, 1% (w/v) DTT, and 1% (v/v) IPG buffer
(pH 3-10 NL; GE Healthcare, Chalfont St. Giles, UK).
The 2-DE experiments were performed using an IPG-
phor IEF system (GE Healthcare) and Protean II xi Cell
(Bio-Rad) as previously described [22]. The prepared
protein samples were carefully loaded onto IPG strips
(18 cm, pH3-10 NL; GE Healthcare). The loaded IPG
strips were rehydrated for 12 h using an in-gel rehydra-
tion method and focused at 20°C for 15min at 250V,
followed by 8000 V until a total of 60 kV-h was achieved.
The strips were equilibrated in equilibration buffers as
previously described [22] and then placed on 12% (w/v)
sodium dodecyl sulfate polyacrylamide gel electrophor-
esis (SDS-PAGE) gels. The protein spots were visualized
using a silver staining kit (GE Healthcare), and the
stained gels were scanned with a UMAX PowerLook
2100XL Scanner (UMAX Technologies, Inc., TX, USA).
PDQuest 2-D Analysis Software (Bio-Rad) was used to
automate the protein spot identification within the
image and quantify the density of the spots based on the
percentage of volume (i.e., the values were calculated
using the integration of the spot optical intensity over
the spot area). Each sample was analyzed at least in du-
plicate. Features resulting from nonprotein sources were
removed, and the protein spots were normalized. Then,
pairwise image comparisons were performed.

TMT labeling and MS-based quantitative proteomics
The protein extracts were tagged for quantitative proteo-
mics using an isobaric TMT six-plex reagent kit (No.
90064, Thermo Scientific) as previously described [19,
23]. The six-plex labeling scheme used allows up to six
samples to be compared in a single MS run, thereby
increasing the experimental throughput for protein
quantitation. In this study, three samples, each contain-
ing 30 pug of peptides, were labeled in duplicate using
TMT-126 and TMT-129 for the sham-operated group,
TMT-127 and TMT-130 for the IR group, and TMT-
128 and TMT-131 for the TALE intake group. Then, the
six samples were mixed, speed-vacuum dried, and redis-
solved in 50 pL of water containing 0.1% formic acid.
The TMT-labeled samples were analyzed using a
2DLC-MS/MS system consisting of a Nano Acquity
UPLC system (Waters, USA) and a linear trap quadru-
pole (LTQ) Orbitrap Elite mass spectrometer (Thermo
Scientific, USA) equipped with a nanoelectrospray
source as previously reported by Lee et al. [23] and
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Washburn et al. [24] with slight modification. Briefly, a
strong cation exchange (SCX, 5pum, 3 cm) column was
used for the peptide fractionation by a salt gradient. The
fractionated peptides were separated on a 200-mm
homemade C;g capillary column (Aqua; particle size
3 um, 100 um silica tubing, orifice id of 5 pm). The MS
data were acquired in five data-dependent collision in-
duced dissociation-high energy collision dissociation
(CID-HCD) dual MS/MS scans per full scan. For the
protein identification and quantification, the MS/MS
spectra were analyzed using the IPI and UniProt rat da-
tabases. The database was appended with the reversed
sequences of all proteins for the false discovery rate
(FDR) calculations. ProLucid [25] was used to identify
the peptides with a precursor mass error of 25 ppm and
a fragment ion mass error of 600 ppm. Trypsin was se-
lected as the enzyme, with three potential missed cleav-
ages. TMT modification (+229.1629) at the N-terminus
and lysine residues by the labeling reagent and carba-
midomethylation at cysteine were chosen as static modi-
fications. Oxidation at methionine was chosen as the
variable modification. CID and HCD tandem MS spectra
from the same precursor ion are often combined by the
software to allow for better peptide identification and
quantification [26]. We used homemade software in
which the reporter ions from the HCD spectrum were
inserted into the CID spectrum with the same precursor
ion as the previous scan. Reporter ions were extracted
from small windows (+ 20 ppm) around their expected
m/z in the HCD spectrum. The output data files were
filtered and sorted into a protein list by DT ASelect [27]
with two or more peptide assignments to obtain a pro-
tein identification and false positive rate less than 0.01.
A quantitative analysis was conducted using Census in
the IP2 pipeline (Integrated Proteomics, USA). To con-
trol the quality of the protein quantification, we labeled
the same samples with two different TMT reagents.
Comparing the different TMT labels of the same sam-
ples, data with more than 30% variation were excluded.
The TMT ratios of the proteins were calculated using
the average reporter ion intensities across all peptides
assigned to a protein subgroup [28]. The measured in-
tensity ratios of the proteins were transformed to a log,
scale.

Immunoblotting

Immunoblotting was performed using protein extracts
from different batches of rat heart tissues than those
used for the TMT labeling experiments. Briefly, aliquots
of protein extracts were thawed, and protein from each
sample (20 pug) was separated on 10 or 15% SDS-
polyacrylamide gels according to the molecular weight
of a target protein. The proteins were transferred to
Immuno-Blot PVDF membranes (Bio-Rad) using a wet

Page 4 of 14

electroblotter. The membranes were stained with
MemCode reversible protein stain (Pierce Biotechnology,
Waltham, MA, USA) and imaged to verify uniform pro-
tein loads and efficient electro transfer. The membranes
were destained with Milli-Q water and blocked with
nonfat dry milk. The membranes were incubated at 4 °C
overnight with the following primary antibodies: anti-
fatty acid-binding protein monoclonal antibody (FABP;
Abcam, Cambridge, MA, USA), anti-PYGM polyclonal
antibody (PYGM; Abclonal, Woburn, MA, USA), anti-
adenylate kinase isoenzyme 1 polyclonal antibody (AKI;
Aviva Systems Biology, San Diego, CA, USA), anti-
myoglobin monoclonal antibody (MB; Abcam), anti-
protein DJ-1 polyclonal antibody (DJ-1; Cell Signaling
Technology, Danvers, MA, USA), anti-gelsolin monoclo-
nal antibody (GSN; Abcam), and anti-ERK1 polyclonal
antibody (ERK1; Santa Cruz Biotechnology; Dallas, TX,
USA). Then, the membranes were incubated with HRP
(horseradish peroxidase)-labeled secondary antibodies
(Sigma-Aldrich, St. Louis, MO, USA) at room
temperature for 1h. The bound antibodies were de-
tected by ECL immunoblotting detection reagent (GE
Healthcare, UK). The images were captured using
ChemiDoc XRS Gel Imager (Bio-Rad). The protein
bands were analyzed by Image] software. ERK1 was
employed as a loading control.

Statistical analysis

The statistical analyses of a single comparison were
performed using Student’s ¢-test. For the Western blot
analysis, multiple comparisons were performed using
one-way ANOVA, followed by Fisher’s Least Significant
Difference (LSD) test using SPSS software (IBM SPSS
Statistics; version 19, Armonk, NY, USA). The values are
expressed as the mean + SEM. P<0.05 was considered
indicative of statistical significance.

Results and discussion

Experimental design for the cardiac proteome analysis

To study the physiological change in the animals
(particularly rats) due to myocardial infarction at the
proteome level, a typical 2-DE approach has been used
in many proteomic studies [7-10]. Recently, non-gel-
based quantitative proteomic approaches (mainly
iTRAQ) have been used to reveal more in-depth physio-
logical phenomena and mechanisms of the cardiac
proteome in an IR mouse model [11] or the neuropro-
teome in an IR rat model [13]. Using both methods, the
most important step is harvesting tissue samples from
animals impaired by IR and obtaining efficient and
quantitative extraction of all proteins from the proteome
despite diverse physical and chemical properties. How-
ever, the quantitative preparation of heart tissue is
particularly challenging given that myocytes are
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composed of membranes (sarcolemma, mitochondrial
membrane and sarcoplasmic reticulum) and myofila-
ments and contain large numbers of mitochondria [29].
Therefore, a method that completely disrupts various
compartments and effectively extracts these proteins
while maintaining high peptide recovery is highly
desirable.

In this study, we introduce a new strategy for a more
systematic proteome analysis using hard heart tissues
(Fig. 1). We used an IR rat model that mimics the clin-
ical setting in which occluded arteries are opened
through reperfusion therapy, such as percutaneous cor-
onary angioplasty [30]. In this IR model, the rats under-
went ischemia (30min) through ligation of the left
anterior descending (LAD) coronary artery, followed by
reperfusion (3 h) through the release of the ligation as
reported in our previous studies [18, 19, 21]. The rats
were randomly divided into the following 3 groups: no
IR treatment (sham-operated group; #n = 3), IR treatment
with 30 min ischemia and 3 h reperfusion (IR group; #n =
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3), and TALE intake (400 mg/kg/day) for 3 days prior to
IR injury (TALE intake group; n=3). After performing
the IR experiment, the heart was infiltrated with Evans
blue dye and dissected from each rat, and then AAR
assessed. The heart was sliced into 4 pieces, which were
weighed (Fig. 1a and b). Two pieces were immediately
used for the IS assessment with TTC. TALE intake
significantly reduced the IS compared with that in the IR
group (35.0+3.9% versus 53.2+2.0%) (Fig. 1c). The
remaining two pieces were further minced with a razor
blade, rapidly frozen in liquid nitrogen and stored at -
80 °C for the proteome analyses. In this proteomic study
(Fig. 2), two approaches (i.e., a gel-based method and a
non-gel-based quantitative method) were employed to
identify a more efficient method for cardiac proteome
analyses.

Gel-based method using 2-DE
Most proteomic studies investigating IR rat models
have utilized 2-D gel and MS analyses [7-10]. Only

A 2

A 4

Assessment of IS

Proteome analysis

-~
o

C = R group
{ == TALE group

Ratio (%)
2 8 g & g3

IS

Fig. 1 Scheme of rat heart preparation after IR experiments. a Rats are randomly divided into the following three groups: sham, IR, and TALE.
sham, no IR but subjected to the same surgical procedure; IR, IR with surgical procedure; TALE, fed Triticum aestivum L. extract (TALE) as a
representative DF grain prior to IR. The heart was sliced into 4 parts using a rat heart slicer matrix (ZIVIC Instruments, Pittsburgh, PA). b Two of
the four parts were used for the assessment of the IS through TTC staining, and the remaining parts were chopped and frozen at — 80 °C. Each
protein was extracted from the tissues and subjected to a proteome analysis. c Effect of TALE intake on the IS in an IR rat model. Abbreviations:
LA, left atrium; RA, right atrium; LV, left ventricle; RV, right ventricle; LAD, left anterior descending coronary artery; IS, infart size; RS, risk size

RS
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several proteins with a relatively high abundance were
identified, and these proteins were involved in heat
shock stress (HSP60, peroxiredoxin-2, or protein di-
sulfide isomerase), energy metabolism (ATP synthase
components), muscle contraction (myosin compo-
nents), or protein synthesis (elongation factors) [7, 8,
10]. Here, we also investigated the physiological
differences in the IR experiments using 2-DE, as a
scheme shown in Fig. 2. In this case, the sliced
tissues were homogenized with metal beads for hard
tissue grinding in buffer containing urea given its
compatibility with the subsequent isoelectric focusing
conditions in downstream 2-DE processes. Represen-
tative 2-D gels are presented in Fig. 3. The separation
of the protein spots on the 2-D gels was good, but
several spots presented with only some differences in
quantity similar to results from previous studies [7, 8,
10]. Thus, these data did not facilitate an understand-
ing of the physiological and metabolic processes at
the complete level. For a more in-depth analysis, we
further examined the samples using quantitative MS-
based proteomics.

Non-gel-based quantitative method using TMT labeling
and MS/MS analysis

Among the recent non-gel-based approaches, we applied
isobaric TMT-based quantitative MS as this method is
among the most popular quantitative proteomics as
mentioned in the Introduction. The workflow of the
quantitative proteomic study using six-plex TMT label-
ing following MS analysis is schematically illustrated in
Fig. 2. In this scheme, the peptides digested from the
sham, IR, and TALE groups were individually labeled
with two different TMT tags to exclude technical varia-
tions in a single 2D-LC MS/MS experiment. The labeled
peptides were equally mixed and subjected to identifica-
tion and quantification via tandem MS. The proteins
that showed reproducibility in the MS/MS results from
two independent sets were considered, representing 641
non-redundant proteins (Fig. 4a). The information of
MS data and proteins identified in two independent sets
was listed in Additional file 1. The proteins differentially
expressed between the sham-operation group and IR
group were selected as IR-related proteins on the basis
of significant log, ratios > +0.6 and the presence of two
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Fig. 3 Representative 2-D gels of cardiac proteomes in an IR rat model. Repeated 2-D gels of sham (left), IR (middle), and TALE (right) groups are
presented at the top/bottom of the figure. Solid and dotted arrows on the gels of the IR and TALE groups indicate increased and decreased
protein levels compared with the corresponding proteins in the sham group. The positions of the molecular mass standards are indicated in
kilodaltons on the vertical axes, and the approximate p/ scales are indicated on the horizontal axes

or more peptides. The sham-operated rats were used as
controls. We identified 151 proteins and referred to the
high stringency data sets as IR-related proteins
(Additional file 2). In total, 62 proteins exhibited in-
creased levels, whereas 89 proteins exhibited decreased
levels. The IR-related proteins were further analyzed for
Gene Ontology annotation and verification of the
expression levels from proteome data.

Gene ontology analysis of IR-related proteins

To determine the potential biological relevance of the
IR-related proteins, we performed a Gene Ontology
analysis using PANTHER to identify their molecular
functions, biological processes, and cellular components
(Fig. 4b-d, Additional file 3).

The molecular function analysis revealed that most
proteins with reduced expression upon IR injury were
related to catalytic activity (60.7%) (Fig. 4b). Concerning
the biological processes, most proteins were assigned to
the cellular process (37.0%) and metabolic process
(33.3%) clusters (Fig. 4c). In particular, within metabolic
processes, many proteins involved in glycolysis (Pgaml,

Pgam2, Aldoa, Aldoc, Tpil, Gpi, Pygm, Pgkl, and Pkm2)
were significantly down-regulated in response to IR
injury. Minor groups of proteins also clustered in
biological regulation (7.4%), multicellular organismal
process (6.2%), response to stimulus (4.9%), and develop-
mental process (3.7%). The remaining 3 classes each had
<3% proteins assigned to these groups. The cellular
component analysis revealed that most proteins were
from cell compartments, such as cell part (66.7%), and
organelle (19.0%) (Fig. 4d). Only a few proteins are re-
leased into the extracellular region.

In contrast, the results of the proteins increased in
response to IR injury revealed an enrichment in protein
binding (39.0%) and catalytic activity (33.9%) in the IR
group (Fig. 4b). The cellular process (37.5%) was domin-
antly altered, and the other biological processes of these
proteins included response to stimulus (15.3%),
localization (12.5%), biological regulation (11.1%), and
metabolic process (11.1%) in sequence order (Fig. 4c).
The cellular components showed most proteins were
assigned to extracellular region (48.5%), and cell part
(30.3%) (Fig. 4d).
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Validation of TMT-based proteomic data

Western blotting was performed to verify the expression
level of several proteins identified by the TMT-based
quantitative proteomics using new biological replicates
of each group. We selected six IR-related proteins
(differentially expressed proteins), including glycogen
phosphorylase (PYGM), FABP, adenylate kinase isoen-
zyme 1 (AK1), myoglobin (MB), protein DJ-1 (Park7),
and isoform 2 of gelsolin (GSN). Representative Western
blot results are presented in Fig. 5. The expression levels
of these proteins were analyzed using Image] software.
FABP, PYGM, AKl, MB, and DJ-1 expression levels
were significantly reduced in the IR group compared
with those in the sham-operation group. In contrast, the
GSN levels were significantly increased in the IR group.
The direction of the expression level change in the
Western blot results of these six proteins was consistent
with the proteomic data; however, the magnitude of the
change substantially differed for GSN. Also, the alter-
ation of expression levels of these six proteins in
Western results of TALE group corresponded well with
that of the proteomic data. Thus, these results

demonstrated the satisfactory quality of the proteomic
experimental procedures and data.

Effect of TALE on IR-related proteins

The effect of TALE on these IR-related proteins was
further analyzed. The expression levels of proteins in the
TALE group were quantified relative to those of the IR
group to identify proteins affected by TALE upon IR in-
jury. Total 57 of the IR-related proteins were influenced
by TALE intake, representing 25 up-regulated proteins
and 32 down-regulated proteins. TALE intake mainly
exhibited a metabolic shift attenuating the loss of high-
energy phosphate (ATP) and inhibiting the generation of
reactive oxygen species (ROS). In addition, cytoskeleton
impairment was inhibited by TALE intake.

TALE intake efficiently generates ATP required for IR
injury via a metabolic switch

Notably, the IR-related proteins are involved in ATP
synthesis, namely, fatty acid oxidation, glycolysis, glucose
oxidation, tricarboxylic acid (TCA) cycle, electron trans-
port chain (ETC) and ATP conversion (Fig. 6). These
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Fig. 5 Validation of the expression levels of several proteome data analyses by a Western blot analysis. Representative Western blot results of
FABP, PYGM, AK1, MB, DJ-1(Park?), and GSN are presented. The number indicates the average fold-changes of the quantitative Western blot
results (W) from biological duplicates and quantitative proteome data (P). *P < 0.05, **P < 0.01, ***P < 0.001

results indicate a switch in the mode of ATP production
during myocardial infarction (myocardial ischemia and
reperfusion) and are consistent with the importance of
these proteins for cardiac adaptation to IR injury [11].
Laboratory and clinical studies have suggested that
cardiac metabolism is abnormal in patients with heart
failure and is characterized by a diminished capacity to
convert chemical energy into mechanical work due to
mitochondrial imbalances [31]. Approximately 95% of
ATP produced in the healthy heart is obtained from

oxidative phosphorylation in mitochondria in the pres-
ence of oxygen, whereas approximately 5% of ATP is ob-
tained from glycolysis in the cytoplasm in the absence of
oxygen [32].

As illustrated in Fig. 6, acetyl CoA is the substrate for
oxidative phosphorylation and is derived from the
uptake of fatty acids into the cytosol mediated by fatty
acid-binding protein, heart (Fabp3) and subsequent -
oxidation of fatty acids. Acetyl CoA is also derived from
the hydrolysis of glycogen to generate glucose mediated
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Fig. 6 Metabolic adaptation for efficient ATP production in IR by TALE intake. Detailed information is described in the Results and Discussion. The
numbers in parenthesis represent the quantitative values obtained by TMT-based quantitative proteomics and are presented as a fold-change
change [log, (IR versus sham); log, (TALE versus IR)]. Abbreviations: FA, fatty acid,; a-KG, a-ketoglutarate,; Asp, aspartate; OAA, oxaloacetate; Glu,

by glycogen phosphorylase, muscle form (Pygm). Our
proteome and Western results showed that these two
enzymes (Fabp3 and Pygm) were increased by TALE in-
take. Then, pyruvate produced from glycolysis mediated
by several increased enzymes [triosephosphate isomerase
(Tpil), phosphoglycerate kinase (Pgkl), phosphoglycer-
ate mutase 1 and 2 (Pgaml and 2), and pyruvate kinase
(Pkm2)] and lactate oxidation mediated by enhaced lac-
tate dehydrogenases (Ldha and Ldhb) in TALE intake

could be generated to a high amount of acetyl CoA in
mitochondria. The overproduced acetyl CoA is metabo-
lized to generate carbon dioxide in the TCA cycle, dur-
ing which NADH, FADH,, and GTP are highly
produced. Also, NADH generated from glycolysis in the
cytoplasm is transported into mitochondria through the
malate-aspartate shuttle system, which is partially medi-
ated by aspartate aminotransferase (Gotl), and malate
dehydrogenase (Mdh1) [33]. TALE intake up-regulated
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the expression of Gotl and Mdhl on IR injury. Electrons
on NADH and FADH, are transferred through the ETC
to oxygen to yield water at complex IV, where the oxy-
gen supply is enhanced by myoglobin (Mb), ultimately
leading to the synthesis of ATP by ATP synthase. In
addition, ATP can be produced from GTP by nucleoside
diphosphate kinase (Nme2) and ADP by adenylate
kinase (Ak1). Proteome data showed these proteins (Mb,
Nme2 and AK1) were up-regulated by TALE intake on
IR injury. Moreover, the expression levels of two
proteins (Mb and Akl) verified by Western blots were
consistent with those of proteomic data. Thus, these
results suggest that TALE intake enhances ATP produc-
tion. In fact, sharply reduced ATP production is particu-
larly severe for cardiac tissue viability and function. In
ischemia, most ATP is produced through anaerobic gly-
colysis due to an insufficient oxygen supply. However, in
reperfusion, ATP production through the oxidation of
fatty acid and glucose is recovered based on the oxygen
supply [32, 34]. Therefore, our results reveal that the key
to improving cardiac function after IR is to restore ro-
bust ATP production through oxidative phosphorylation
via efficient ETC and ATP conversion.

Furthermore, the generation of superoxide (O,),
which is a subset of ROS, is greatly increased at the ETC
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(complex I and III in particular). Superoxide can damage
enzymes involved in ATP generation (Fig. 6). The dele-
terious effects of superoxide can be eliminated by anti-
oxidant systems. For example, DJ-1 (Park7) releases nrf2
from its inhibitor Keapl [35]. Free nrf2 translocates to
the nucleus and upregulates the transcription of target
genes, including peroxiredoxin 6 (Prdx 6) [36]. Subse-
quently, the peroxiredoxin proteins transform hydrogen
peroxide generated from superoxide into innocuous
water. TALE intake up-regulated the expression of DJ-1
and peroxiredoxin 6, which could redcue the ROS level
in mitochondria. Thus, TALE contributes to maintaining
the normal functions of enzymes involved in ATP gener-
ation. This hypothesis was also demonstrated in our
previous study. Specifically, wheat extract attenuated
ROS production and subsequent apoptosis in human
blastoma cells [17], indicating that it acts as an antioxi-
dant by removing ROS formed during IR [37] and
inhibits downstream apoptotic cascades by preventing
malondialdehyde (MDA) production from lipid peroxi-
dation due to ROS [19, 38].

Taken together, TALE intake contributes to maintain-
ing high ATP levels in IR through the upregulation of
enzyme expression and the maintenance of normal en-
zymatic functions.
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TALE reduces cytoskeleton impairment

The cardiac cytoskeleton is divided into contractile
and cytoskeletal components [39]. Myofibrils are the
major contractile components responsible for the
conversion of chemical energy (ATP) into mechanical
energy. Myofibrils consist of sarcomere repeating
units that can be subdivided into contractile proteins,
such as actin and myosin, and structural scaffolding
proteins, such as Fhl2 (four and one-half LIM
domains), Crip2 (Cysteine-rich protein 2), Csrp3
(Cysteine and glycine-rich protein 3), and Laspl (LIM
and SH3 domain protein 1), which are located in the
Z-disk in addition to other regions [40] (Fig. 7). Some
proteins are involved in Z-disc stability, such as Laspl
[42]; Z-disc organization, such as Crip2; and
sarcomere assembly, such as Csrp3 [40]. The Fhl2,
Crip2, and Csrp3 were significantly decreased by IR
injury. In contrast, the Crip2 and Csrp3 were highly
increased by TALE intake on IR injury.

The cytoskeletal components include microfilaments,
such as actin, and microtubules composed of tubulin.
Microfilaments and microtubules undergo polymerization
and depolymerization to adjust to environmental stresses.
Specifically, gelsolin and katanin sever microfilaments and
microtubules, respectively [43, 44], and Sorb1 (Sorbin and
SH3 domain-containing protein 1) stimulates microfila-
ment polymerization [45]. The katanin and Sorbl were
significantly decreased, while gelsolin was increased by IR
injury (Fig. 7). However, TALE intake significantly re-
duced the synthesis of gelsolin, as shown in proteomic
and Western results. Therefore, TALE intake contributes
to cardiomyocyte survival in ischemic heart disease by
stabilizing the myofibril structure and adjusting the
microfilament and microtubule levels in cardiomyocytes
because the cardiac cytoskeleton becomes damaged,
especially during reperfusion in myocardial infarction [46].

Conclusions

The results of this study obtained using TMT-based
quantitative proteomics suggest that cardiac IR
induces significant alterations in the moderators of
cell metabolism and host defense in the heart. In
particular, these proteins perform important functions
in metabolic pathways and several cellular enzyme
cascades important for the response to stress and the
cytoskeleton. Furthermore, TALE intake affects
metabolic adaptation for the efficient production of
high-energy phosphate (ATP) in conjunction with re-
duced generation of reactive oxygen species (ROS)
and cytoskeleton disruption, thereby reducing cardiac
IR injury. Therefore, these findings provide a more
complete picture of the biological roles of TALE in
both IR injury and other aspects of cellular biology.
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