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Remote ischemic preconditioning’s (RIPC) ability to render the myocardium resistant to subsequent prolonged ischemia is
now clearly established in different species, including humans. Strong evidence suggests that circulating humoral mediators
play a key role in signal transduction, but their identities still need to be established. Our study sought to identify potential
circulating RIPC mediators using a proteomic approach. Rats were exposed to 10-min limb ischemia followed by 5- (RIPC 5')
or 10-min (RIPC 10’) reperfusion prior to blood sampling. The control group only underwent blood sampling. Plasma
samples were isolated for proteomic analysis using surface-enhanced laser desorption and ionization - time of flight - mass
spectrometry (SELDI-TOF-MS). A total of seven proteins, including haptoglobin and transthyretin, were detected as up- or
down-regulated in response to RIPC. These proteins had previously been identified as associated with organ protection,
anti-inflammation, and various cellular and molecular responses to ischemia. In conclusion, this study indicates that RIPC
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Introduction

First described in 1986 by Murry et al. [1], ischemic precondi-
tioning (IPC) is a powerful technique, consisting of short periods of
coronary artery ischemia-reperfusion (I/R), that attenuate I/R
mjuries caused by subsequent prolonged coronary occlusion. IPC
can be effective in humans but requires invasive procedure, which
could be harmful in clinical settings [2,3]. Many experimental
studies have therefore explored another preconditioning method,
easily applicable to most patients: remote ischemic precondition-
ing (RIPC). This is a phenomenon whereby transient ischemia of a
tissue or an organ at a distance from the heart affords
cardioprotection when applied before myocardial I/R [4]. In this
way, many remote tissues, such as the small intestine [5], kidney
[6], or skeletal muscle [7], have shown potential to reduce
subsequent myocardial infarct size. Furthermore, RIPC, which
uses a standard blood pressure cuff placed around the arm, has
emerged as an attractive non-invasive strategy in clinical settings
[8,9]. This approach has been taken in several clinical trials, and
has been shown to be effective in patients undergoing corrective
cardiac surgery for congenital heart disease [10], coronary bypass
surgery [11,12], elective surgery for abdominal aortic aneurysm
[13], or elective percutaneous coronary intervention (PCI) [14].
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More recently, RIPC was also demonstrated to significantly
decrease myocardial injury when applied in the ambulance during
transfer to primary PCI [15]. While the protective effects of RIPC
are well-established, the underlying mechanisms involved remain
unknown. Dickson et al. [16] were the first to demonstrate that a
blood transfer from a remote preconditioned rabbit to a naive one
exhibits protective benefits. This humoral cardioprotective phe-
nomenon has since been observed in other animal models, and
includes coronary effluent transfer [17] or RIPC cardioprotection
of the recipient following brain-dead donor heart transplantation
[18]. Shimizu et al. [19] have even shown that cross-species
protection via RIPC is possible by protecting rabbit cardiomyo-
cytes with human blood. Although these experiments are clear
evidence that circulating humoral mediators play a major role in
signal transduction [20], the identities of these effectors remain
undetermined. In the past, many proteomic techniques were used
to seek out novel biomarkers associated with cardiovascular
diseases, such as left ventricular remodelling after a first
myocardial infarction [21,22] or abdominal aortic aneurysm
[23]. In cardioprotection, a study using two-dimensional gel
electrophoresis  (2-DE), matrix assisted laser desorption and
ionization — time of flight — mass spectrometry (MALDI-TOF-
MS), and liquid chromatography — electrospray ionization —
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tandem mass spectrometry (nanoLC-ESI-MS/MS), was conduct-
ed to identify humoral factors involved in RIPC, but without
success [24]. Surface-enhanced laser desorption and ionization -
time of flight - mass spectrometry (SELDI-TOF-MS), is another
proteomic method that combines both chromatography on
ProteinChip arrays and mass spectrometry (MS), providing a
proteomic high-throughput strategy for profiling potential humor-
al factors of RIPC [25]. Therefore, our research was designed to
identify potential RIPC-induced humoral mediators using SELDI-
TOF-MS technology.

Materials and Methods

Ethics Statement

All experiments were performed in accordance with the Guide for
the Care and Use of Laboratory Animals published by the US National
Institute of Health [NIH publication 85 (23), revised in 1996].
Protocols have been approved by our regional ethic committee:
Comité Régional d’Ethique pour I’'Expérimentation Animale-Pays
de la Loire (CEEA.2012.50). All surgery was performed under
sodium pentobarbital anesthesia, and all efforts were made to
minimize suffering.

Animal Studies

Wild type male Wistar rats, 8- to 10-week-old, were anesthe-
tized with an intraperitoneal injection of sodium pentobarbital at a
dose of 60 mg/kg (Ceva santé Animal, France). Animals were
orotracheally intubated with a 16-gauge tube and ventilated using
a small animal ventilator at a rate of 50-60 breaths per minute
(SAR-830 A/P, CWE). Body core temperature was continuously
monitored during the procedure and maintained at 37+ 1°C using
a homeothermic blanket, connected to a temperature control unit
(HB101/2 RS, Bioseb, France). RIPC was achieved by occlusion
arterial blood flow for 10 minutes, using a vascular clamp placed
on the upper right femoral artery, followed by reperfusion. Limb
ischemia was confirmed by a change in skin color and a decrease
in subcutaneous limb temperature. Following limb reperfusion, the
skin color turned back to a pink color, while the under-skin
temperature reached the baseline temperature. Rats were
randomly assigned to one of three groups: RIPC 5, with blood
sampling 5 minutes after the end of limb ischemia (n = 10); RIPC
10, with blood sampling 10 minutes following the end of limb
ischemia (n=10); Control (no intervention), with blood sampling
only (n=10). Vena cava blood samples were collected at 5 or 10
minutes after limb reperfusion in glass tubes containing ethyldia-
mine tetraacetic acid (EDTA) as anticoagulant. Samples were
centrifuged at 3000 rpm for 15 min and plasma was taken and
immediately processed, divided into aliquots of 500 pL, and stored
at —80°C. These samples underwent no more than two freeze/
thaw cycles prior to analysis.

Sample Treatment

Combinatorial peptide ligand library (CPLL) with ProteoMiner
protein enrichment kit (Bio-Rad Laboratories, Hercules, CA) was
used to pre-treat plasma samples as previously described [25].
These hexapeptides beads bind all the plasma proteins equally and
allow to eliminate the excess of unbound majority proteins. The
low-abundance plasma proteins are enriched compared to the
high-abundance proteins which are in smaller quantities. The
dynamic range is thus reduced. Columns containing these beads
were previously washed and 200 pL. of samples was then added
and rotated end to end for 2 h at room temperature. Unbound
proteins were then eliminated and beads were washed. Sample
was then eluted by adding 20 pL elution reagent, repeated three
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times. Elution samples obtained from all 3 centrifugations were
pooled and stored at —20°C.

SELDI-TOF-MS Profiling

SELDI-TOF-MS analysis was used to profile samples collected
for the selection of potential biomarkers of remote conditioning.
Samples were profiled with eight spot format ProteinChip Arrays
CM10 (Weak Cation Exchanger) or H50 (Reverse Phase) (Bio-
Rad Laboratories). Arrays were prepared with 5 pL samples
diluted 10-fold in binding buffer, which was sodium acetate
100 mmol/L pH4 for CM10 and ACN10%, TFA 0.1% and NaCl
150 mmol/L for H50 array. Native and CPLL treated forms of all
samples were analyzed using the two types of ProteinChip and
each of them was tested in duplicate and randomly distributed on
arrays, as previously described [25]. All data were processed with
the ProteinChip Data Manager software. For the peak selection of
potential biomarkers, peaks were detected automatically: groups of
peaks of similar mass across spectra were assembled into clusters,
according to two-step parameter settings as previously described
[25]. For the first step, peaks were automatically detected
according to the specified S/N (4 or 5) and the minimum valley
depth (3 or 4), if they were found in at least 10% of all spectra, with
an m/z error of less than 0.2%. Settings for the second step were a
S/N of 2 and a minimum valley depth of 2. The m/z range was set
between 3000 and 30,000 for low-mass and between 20,000 and
150,000 for high-mass proteins. Clusters of all spectra were then
submitted to a univariate analysis with a non-parametric test to
calculate the p-value of each cluster. A Mann-Whitney test was
used to compare groups in pairs and a Kruskal-Wallis to compare
the three groups. Duplicates were averaged before any statistical
analysis.

Protein Sample Purification

Albumin and IgG were depleted, from samples not pre-treated
by CPLL, with the ProteoPrep Blue Albumin Depletion Kit
(Sigma-Aldrich) before protein separation by MicroRotofor cell or
spin columns. After equilibration of the column, 25 uL of plasma
was added; the sample was bound and then washed with
equilibration buffer. The flow-through obtained from centrifuga-
tions of the depleted sample (125 pl) was then pooled and stored
at —20°C.

In accordance with a previous study [26], we chose an adapted
strategy for enrichment and purification of peaks selected by
SELDI-TOF-MS, in order to identify them by MALDI-MS/MS.
A set of techniques was used.

Liquid-phase isoelectric focusing. Proteins were isolated
and purified by liquid-phase isoelectrofocusing (IEF) with the
MicroRotofor cell (Bio-Rad Laboratories), according to their
isolectric points. 1-2 mg of protein samples were diluted in IEF
buffer (7 mol/L urea, 2 mol/L thiourea, CHAPS 4% [w/v] and
0.24% Triton X100), glycerol 5% [v/v] and ampholytes
(appropriate pH gradient, 1.6% [v/v]). The MicroRotofor cell’s
focusing chamber was loaded with 2.5 mL of samples and the
electrode assemblies were filled with 6 mL of appropriate
electrolytes (depending of the pH range investigated). Focusing
was performed at room temperature, under a constant power of
1 W. At the end of the IEF, protein fractions from each
compartment (200 uL.) were harvested quickly to avoid the
diffusion of separated proteins and stored at —20°C. Detection
of peaks was performed on a ProteinChip NP20 array.

Protein treatment. Before SELDI-TOF-MS analysis of
fractioned proteins, the 2-D Clean-Up kit (GE Healthcare) was
used to precipitate proteins, and precipitation was performed to
selectively discard contaminant from proteins. 300 pL of precip-
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itant and co-precipitant were added to samples (1-100 pg protein),
which were then centrifuged. The supernatant was removed and
the protein pellet was washed by 40 pL. of co-precipitant to
remove more non-protein contaminants. After a second centrifu-
gation, the pellet was finally suspended in 25 pl. of deionized
water, | mL of wash buffer and 5 pL of wash additive. Proteins
from samples were too diluted for separation on spin columns. A
precipitation was thus realized for 30 min at —20°C to
concentrate proteins from samples. The mixture was then
centrifuged and the pellet was finally dissolved in 20 uL of
deionized water and stored at —20°C.

Gel electrophoresis. Iractions (or pooled fractions) contain-
ing the purified peak of interest were separated with SDS-PAGE
gels with an appropriate percentage of acrylamide depending on
the mass of the peak of interest (Bio-Rad Laboratories). Gels were
then stained with Coomassie Brilliant Blue, as described by
Neuhoff et al. [27].

Protein Identification

Trypsic digestion. Proteins were then identified by an in-gel
digestion method, as previously described [28]. Briefly, the band of
interest was excised and the gel plugs were washed with ultrapure
water until totally destained. Gel pieces were then rinsed several
times with 50 mM ammonium bicarbonate and acetonitrile
(ACN), before addition of 3 pL. of 40 pg/mL trypsin (Trypsin
Gold, Promega, Madison, WI) in 50 mmol/L acetic acid and
0.025% ProteasMAX '™ Surfactant (Trypsine Enhancer, Pro-
mega, Madison, WI). After digestion overnight at 37°C, the
supernatant was removed, and the gel pieces were washed with
CAN [v/v]/0.1% TFA. Supernatants were desalted and eluted
with ZipTip C18 in accordance with the manufacturer’s protocol
(Millipore, Bedford, MA). 0.5 puL of this solution was then mixed
with 0.5 pLL of matrix solution (5 mg/mL of a-cyano-4-hydro-
xycinnamic acid dissolved in 10% TFA/50% ACN) and spotted
onto the MALDI-TOF-MS target.

MALDI-TOF profiling. External calibration was performed
with a peptide mixture resultant from the tryptic digest of BSA
(0.5 pg/mL). MALDI-TOF-MS was then performed with a
Voyager DE STR mass spectrometer (PerSeptive Biosystems,
Framingham, MA, USA) equipped with a 337.1 nm nitrogen laser
and a delayed extraction facility (125 msec). All spectra were
acquired in a positive ion reflector mode at the voltage of 20 kV,
with grid-voltage of 61%. Typically, 300 laser shots were recorded
per sample. Following this, the mass spectra were calibrated prior
to protein identification by peptide mass fingerprinting, conducted
by running the MASCOT web searcher (http://www.
matrixscience.com/, Matrix Science, UK) against the Swissprot
57-15 (515203 sequences; 181334896 residues) with the following
parameters: fixed modifications: carbamidomethyl (C) and vari-
able modifications: oxidation (M); peptide mass tolerance:
*50 ppm; peptide charge state: 1+; max missed cleavages: 1;
taxonomy: rattus.

Verification of Identification by Immunodepletion

After identification by MALDI-TOF-MS, validation was
performed by immunodepletion using specific antibodies against
the protein identified. 500 pL of RIPA buffer (Triton X-100 1%,
NaCl 150 mmol/L, EDTA 1 mmol/L, EGTA 1 mmol/L,
sodium vanadate 0.1 mmol/L, and NP40 0.5% in Tris-HCI
10 mmol/L) was added by 1 pL of native plasma sample and 5 or
10 pg of antibodies, as previously described [22]. The antibodies
used were for haptoglobin (SantaCruz sc-134466), hemoglobin
(SantaCruz sc-31116), apolipoprotein C-III' (Tebu-bio, 036sc-
50378), transthyretin (Abcam, ab905), apolipoprotein A-IV
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(SantaCruz sc-19036) and fibrinogen (sc-335581). After overnight
incubation at 4°Cl, 50 puL. of protein A Sepharose 4 Fast Flow
beads (GE Healthcare) were added and the preparation was
rotated end-to-end 4 h at 4°C. Supernatant was next obtained
after centrifugation, and was precipitated in cold acetone
overnight. Supernatant was removed after centrifugation 20 min
at 12,000 g and pellet was dried 5 min at room temperature and
added by 5 pLL of SELDI binding buffer (depending on the array).
Immunodepleted and undepleted plasma were compared by
SELDI-TOF-MS on ProteinChip CM10 or H50 arrays and
disappearance of the peak of interest was visualized, compare to
untreated plasma.

Statistical Analysis

All values were expressed as mean =SEM. Clusters of all
spectra obtained using SELDI-TOF-MS were subjected to
univariate analysis, with a non-parametric test to calculate the p
value of each cluster. A Mann-Whitney test was used to compare
groups in pairs and a Kruskal-Wallis test to compare the three
groups. A p value <0.05 was considered statistically significant.

Results

SELDI-TOF-MS Profiling of Plasma in RIPC-induced

Circulating Factors in Rats

Plasmas from three groups of rats were analysed for differential
proteomic analysis. The three groups are: Control (CRTL), which
endured no intervention (except blood sampling), RIPC 5" and
RIPC 10" groups, which endured blood sampling respectively 5
and 10 minutes after the end of limb ischemia.

All plasmas (n=10 per group) were treated by CPLL as
previously described [25]. The protein profiling of CPLL-treated
and untreated plasma from the different groups was performed in
duplicate with SELDI-TOF-MS technology on CM10 and H50
arrays.

Using the clustering parameters described in Materials and
methods section, we detected in the three groups of rats, a total of
130 peaks for CMI10 arrays and 166 peaks for H50 arrays.
Interestingly, we observed with the two arrays an increased
number of peaks detected after CPLL treatment with 60 additional
peaks in CM10 and 55 additional peaks in H50 arrays (Figure 1A)
representing respectively 46% in CM10 arrays and 33% in H50
arrays of the total peaks detected.

SELDI-TOF analysis revealed 42 significant (p<<0.05) modula-
tions of peak intensity between two groups of rats with 18 down-
regulated, 21 up-regulated and 3 down- or up-regulated (7192,
21120 and 140846 m/z) depending on the groups (Table 1). Only
3 peaks were found to be significantly expressed between CRTL
and RIPC 5’ groups, 25 peaks between CRTL and RIPC 10’
groups and 24 peaks between RIPC 5" and RIPC 10" groups
(Figure 1B). Interestingly, no peaks differentially expressed were
in common between the three groups compared in pairs. In
addition, only few peaks were differentially expressed between
each pair of groups (Figure 1B).

Protein Identification of the Peaks Differentially
Expressed between the Three Groups of Rats

We followed the same strategy for purification and mass
spectrometry identification of SELDI peaks corresponding to low-
abundance proteins that has been described previously [26]. The
first step was the choice of the appropriate sample containing the
selected peaks. From our databank recording all the m/z peaks
detected from samples in different conditions, we excluded 12
peaks of our proteomic profiling to be purified (Table 1) due to
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untreated

39

CM10 profiling

CTRL/RIPC5’

RIPC 5’'/RIPC 10/

CTRL/RIPC 10’
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ntreated

61

H50 profiling

Figure 1. Venn diagram demonstrating the number of SELDI peaks detected and analysed for the comparison between the CRTL,
RIPC 5’ and RIPC 10’ groups. A: Comparison of the number of peaks detected before or after CPLL treatment of plasma samples in CM10 and H50
arrays. B: Comparison of the number of peaks with significant modulations of intensity in the CRTL, RIPC 5’ and RIPC 10’. All the samples were

analyzed in duplicate.
doi:10.1371/journal.pone.0085669.g001

low abundance in the sample or too much high intensity of peaks
surrounded the peak to be purified. For the 6560, 7017, 7227,
8405, 8527, 9566, 13038, 13156, 13794, 21120, 21182, 21354,
21390 and 26026 m/z peaks, we used the strategy described
previously [26] but we were unsuccessful to purify them and
identify the corresponding protein.

Three SELDI peaks, 27583/27791/28284 have already been
identified and validated to be apolipoprotein A-I [29].

For the other peaks (8317, 13720, 27340, 42427-42463, 42610
and 54700 m/z), the strategy already published was used and
successful  [26]. Detailed information on these peaks with
significant mean intensity levels between the CRTL, RIPC 5’
and RIPC 10" groups are provided on Table 2. Complete
purification and protein identification process of the 8317 m/z
peak is detailed below and is representative of the strategy used.

Figure 2A presents a detailed representative spectrum of

8317 m/z peak for one rat from each group (left panel) and the
mean intensity level in each group (right panel). Interestingly, we
observed a decreased intensity for the peak at 10-min reperfusion
compared to Control. Purification of the 8317 m/z peak by liquid-
phase IEF (fraction F1) and gel electrophoresis (Figure 2B)
combined with mass spectrometry successfully identified the
8317 m/z peak as being apolipoprotein C-III (ApoC-III)
(Figure 2C). We verified the identification of 8317 peak using a
specific polyclonal antibody. Immunodepletion significantly re-
duced the peak, thereby confirming the identification of the
8317 m/z peak as ApoC-III (Figure 2C).

Data concerning the others peaks are presented in supplemental
section (Figures S1-S7 in File S1).
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Discussion

Our study’s major finding is that RIPC induced significant
modulations in blood’s protein composition. We used the SELDI-
TOF-MS method on ProteinChip Arrays, well known for its
potential to identify circulating biomarkers of cardiovascular
diseases [22,25]. The CPLL was also employed with the goal of
reducing high-abundance proteins and increasing the concentra-
tion of rare species. These low- and very low-abundance proteins,
called deep proteomes, constitute the vast majority of human
proteomes, and their analysis is an undeniable asset in the quest to
identify the circulating factors of RIPC [26,28]. The SELDI-TOF-
MS analysis revealed a significant modification in plasma
proteome following RIPC stimulus, with 296 peaks differentially
expressed. Of these peaks, 100 were detected in native plasma, 115
in CPLL-treated plasma, and 81 in both forms of plasma. These
results confirmed the relevance of plasma proteome analysis for
the identification of circulating factors of RIPC. Finally, we found
several proteins significantly modulated in response to RIPC.

These findings accord with numerous studies suggesting the key
role of humoral mediators in RIPC signalling [18,20]. Indeed, the
mechanism for conveying cardioprotective information to the
heart is still unknown, though many authors suggest that
circulating factors could be released from the remote organ
[16,17,19]. One proteomic study sought to identify the circulating
factors of RIPC, but the results were inconclusive [24]. Having
failed to successfully identify a cardioprotective protein, biochem-
ical studies were then performed to characterize the chemical
nature and molecular size of the circulating factors. The consensus
is that the humoral factor is hydrophobic, and sized between 3.5
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Table 1. SELDI peaks selected to be differentially expressed.
CRTL/RIPC 5' CRTL/RIPC 10’ RIPC 5'/RIPC 10’
Down- Up-regulated Down- Up-regulated Down- Up-regulated
4386
6560
7017
7160 7140
7192 7192
7227
8224
8317
8405
8527
9420
9566 9866
13038 13038
13156
liéil
13720
13794
13902
15870
15980
21120 21120
21182
21354
21390
26026
27340
27583
27791
28284
29133
42427 42427
42463 42463
42610
43655
54700
26080 76060
87765
102847
109310 109310
15169
138820
140846 140846
Only peaks with statistical difference expression (p<<0.05) between two groups are indicated and expressed in m/z.
Peaks outlined are common between two groups.
Peaks underlined are impossible to purify for protein identification.
doi:10.1371/journal.pone.0085669.t001

and 30 kDa [19,24,30,31]. Over the last few years, proteomic and Hepponstall ¢t al. recently demonstrated that the transient I/R of
genomic techniques have been used to better define gene and an arm modifies plasma protein content in healthy volunteers.
protein expression modulations in response to RIPC stimulus [32]. They identified 51 proteins significantly modulated after RIPC,
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strengthening the hypothesis of cardioprotective circulating RIPC
factors [33]. In the same way, our study sought to identify plasma
proteome modifications in rats following RIPC stimulus. We
identified seven proteins that were significantly modulated after
RIPC and involved in hemostasis, lipid transport, iron regulation,
and the anti-inflammatory process (Table 3). Our group recently
published the identification of apolipoprotein A-I (ApoA-I) as a
potential RIPC-induced circulating factor [29]. ApoA-I, shown to
be significantly increased in rat plasma following RIPC stimulus,
was able to recapitulate the cardioprotection offered by RIPC
when injected before myocardial I/R. Interestingly, some of the
proteins identified in the present study are linked to this protein’s
homeostasis. Notably, most of the proteins identified have a
molecular size below 30 kDa, in accordance with the humoral
RIPC factors’ hypothesized size.

Haptoglobin (Hp) is a protein, synthesized in the liver, that
scavenges hemoglobin (Hb) during hemolysis [34]. It is also known
to exhibit strong anti-oxidant and anti-inflammatory properties,
among them lymphocyte T helper-2 cytokine release and
mhibition of cyclooxygenase [34], along with some tissular effects,
like facilitating cell migration, angiogenesis, and tissue repair, and
arterial restructuring by inhibition of gelatin degradation [35].
The involvement of Hp in I/R is not clearly described, but liver
protection against I/R by pharmacological RIPC was related to a
preservation of Hp expression, while I/R alone decreased Hp
expression by 50% [36]. Furthermore, Hp was shown to bind to
ApoA-I in order to protect its structure and function against
hydroxyl radical-induced damages [37].

Transthyretin (IT'TR), or prealbumin, is a plasmatic protein
synthesized in the liver and choroid plexus that is involved in the
plasma and cerebrospinal fluid, carrying of thyroid hormones (T3,
T4), retinol, and vitamin A [38]. In brain I/R models, TTR has
neuroprotective effects, as TTR ™/~ mice exhibit larger infarcts,
increased edema formation, and delayed nerve regeneration [39].
TTR protective effects are mediated by the thyroid hormones
carried, including reverse intracellular H" accumulation after I/R,
via stimulation of its efflux through a Na*/H" exchanger. These
events, occurring in the brain, are classically described in
myocardial I/R injuries and could be extrapolated to cardiopro-
tection of TTR through thyroid hormones. In addition to these
cellular homeostatic effects, TTR seems to display anti-inflamma-
tory properties via inhibition of monocyte and endothelial cells’
interleukine-1 production [40]. Furthermore, in humans, TTR
levels are significantly lower in patients with acute myocardial
infarction [38], suggesting increase in TTR levels may have a
cardioprotective effect in RIPC. TTR is a 14 kDa protein present
in different homomeric forms, such as dimeric (dTTR; 28 kDa)
and monomeric (nTTR; 14 kDa) forms, in human plasma. Levels
of mTTR have been shown to be significantly decreased in plasma
from patients with familiar hypercholesterolemia in conjunction
with episodes of cardiovascular disease, pointing to a protective
effect of mTTR [38]. Interestingly, these two forms were
significantly modulated in the different groups of rats in our
study, with an up-regulation of mTTR and a down-regulation of
dTTR in RIPC. Our data is consistent with a previous study of
Suzuyama et al. [41]. The authors also used a SELDI-TOF-MS
approach in order to identify changes in the rat cerebrospinal fluid
proteome after transient focal cerebral ischemia, and demonstrat-
ed the monomeric form of TTR to be significantly increased
during the acute phase of reperfusion. Hepponstall e al. also
described TTR as over-expressed following RIPC in humans [33].
Interestingly, TTR 1is associated to ApoA-I in high-density
lipoproteins (HDL) [42], and the only form carried by HDL is
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Figure 2. Profiling, purification and identification of the protein corresponding to the 8317 m/z peak. A: Representative SELDI-TOF-MS
protein spectra of plasma sample from one Control, one RIPC 5, and one RIPC 10’ rat. Results are presented as intensities of SELDI-TOF reading
(arbitrary units). The 8317 m/z peak was found to be differentially expressed on the CM10 array as calculated by the Mann-Whitney test (left panel).
Scattergram showing the significant differences in intensity of 8317 m/z peak in plasma samples derived from Control, RIPC 5’, and RIPC 10’ rats. The
continuous line represents the mean, and dots represent each individual rat (n=10 in each group) (right panel). Detailed p-value data for comparison
between the three groups is indicated in Table 2. B: Purification of the protein corresponding to the 8317 m/z peak. SELDI-TOF-MS protein spectrum
of fractions F1, F2, F3, F4, F5 and F6 from MicroRotofor® cell, by a pH gradient 7-9 (left panel). Each fraction (F1, F2, F3, F4, F5 and F6) was analyzed on
NU-PAGE 10% coomassie blue stained-gel. The band corresponding to the 8317 m/z peak was framed (right panel). C: Identification of the 8317 m/z
peak by mass spectrometry. Aminoacids indicated in red corresponds to the peptides identified in Apolipoprotein C-lll (ApoC-lll) (left panel). SELDI-
TOF-MS protein spectra of crude (untreated) and immunodepleted plasma (20 plL) with 10 ug ApoC-lil antibody (depleted) showed the decrease in

8317 m/z peak following immunodepletion, validating the identification (right panel).

doi:10.1371/journal.pone.0085669.g002

mTTR [38]. TTR, thus, has protective properties on its own
through its carrying of thyroid hormones.

Fibrinogen B (FgP) is a hemostatic protein promoting platelet
adhesion during I/R that was found to be down-regulated in the
RIPC group. Platelet recruitment is induced by ICAM-I
expression on ischemic endothelial cells and leads to coronary
reocclusion and an inflammatory response via ROS and cytokine
release [43]. Its reduction could be related to protective effects of
RIPC. Fgf is transformed into fibrin $ (Ff) by thrombin, and then
into the fibrin-derived peptide BPi5 40 (BBi5 49). BBi5 42 corre-
sponds to amino acids situated on the B-chain of Fp, binding to
VE-cadherin. In myocardial and kidney I/R, this peptide prevents
interaction with leukocytes and their infiltration into the infarcted
tissue [44]. BP5 49 has also been shown to reduce infarct size and
production of IL-1B, TNF-o, and IL-6 [44—47]. These results
evince the role of Fgf} in cardioprotection. The decrease in Fgf3 in
the RIPC group that our study observed suggests a degradation of

PLOS ONE | www.plosone.org

FP in BB5 49 by RIPC. As the m/z detectable range limit in the
SELDI-TOF-MS analysis was 3000 Da, we can speculate that the
BBi5 40 peptide was too small to be detected.

Apolipoprotein C-III (ApoC-III) is a small plasma protein of
8 kDa, synthezised in the liver, that presents mainly in very low
density lipoproteins (VLDL) but also in low density lipoproteins
(LDL) and HDL. Involved in triglyceride-rich lipoprotein clearance
and catabolism, ApoC-III is associated with hypertriglyceridemia,
type-I diabetes, and coronary heart diseases [48-50]. ApoC-III also
induces inflammation, via ICAM-1 expression and monocyte
adhesion to endothelial cells, leading to atherosclerosis [51].

Overall, most of the proteins identified in our study are in
accordance with a protective role of RIPC (Table 3). Some
proteins play a role in anti-inflammation, oxidative stress
inhibition, hemostasis, and tissue repair, and others have
cardioprotective properties documented in the literature. ApoA-I
has recently been described as a potential circulating factor of
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RIPC [29]. Our study presents clear evidence that RIPC can
induce rapid modulation in different plasma proteins. We have
only studied the early response to RIPC (5- and 10-min limb
reperfusion), which explains why the majority of the identified
proteins were up-regulated. Nevertheless, these
consistent with Hepponstall et al. [33] who described a strong
tendency toward protein up-regulation following RIPC, followed
by a down-regulation at 15-min and 24 h reperfusion.

The use of the SELDI-TOF-MS, for its ability to identify
circulating biomarkers in plasma, combined with CPLL treatment,
for studying deep-proteome, was successful. We have identified
potential mediators of RIPC, having taken their size into
consideration. Some of these proteins may be able to mimic
RIPC cardioprotection i vivo, which could be a major step in the
use of cardioprotection in clinical practice. These proteins’
capacity to mimic cardioprotection induced by RIPC must still
be validated.

results are

Limitation Section

The proteins identified in our study were obtained with a single
algorithm of 10 min limb ischemia-10 min reperfusion. Whether
other algorithms of remote conditioning would induce the same
modifications of plasmatic proteome needs to be confirmed. Our
study was conducted in a rat model of limb ischemia. These results
have to be confirmed in other experimental models, and other
animal species. The cardioprotective effects of these 7 proteins also
need to be confirmed in a MI model.

Conclusion

Our data shows that RIPC by a short episode of limb I/R i vivo
was highly related to proteomic modulation, with up- and down-
regulation of plasma protein expression. We identified seven
significantly modulated proteins as potential blood-borne RIPC
factors. This data supports the involvement of circulating
mediators in signal transduction from remote organs to the heart.

PLOS ONE | www.plosone.org

Table 3. Main functions of regulated proteins after RIPC.
Protein name Molecular mass Modulation Main function
(Da)
Haptoglobin alpha chain 9317 Up-regulated Anti-oxidative and anti-inflammation
ApoA-| protection
Apolipoprotein C-lll 11117 Down-regulated Lipid metabolism
Pro-inflammation and atherogenesis
Transthyretin 15720 Up-regulated Thyroid hormones, retinol and vitamin A transport
(monomeric form)
Transthyretin 31440 Down-regulated Anti-inflammation and ApoA-I binding in HDL
(dimeric form)
Hemoglobin beta chain 15979 Down-regulated Oxygen transport
Apolipoprotein A-IV 44456 Down-regulated Lipid metabolism
Anti-oxidative and anti-atherogenesis
Fibrinogen beta chain 50671 Down-regulated Haemostasis, platelet aggregation
Pro-inflammation
doi:10.1371/journal.pone.0085669.t003

Supporting Information

File S1 Figure S1. Profiling of the proteins correspond-
ing to the m/z peaks. Representative SELDI-TOF-MS protein
spectra of plasma sample from one Control, one RIPC 5', and one
RIPC 10’ rat for the 13720, 27340, 4246342427, 42610 and
54700 m/z peaks. Results are presented as intensities of SELDI-
TOF reading (arbitrary units). The 27340, 42427 and 42610 m/z
peaks were found to be differentially expressed on the H50 array
and the 13720, 42463 and 54700 m/z peaks on the CM10 array.
The statistical significance was calculated by the Mann-Whitney
test. Figure S2. Quantification of the proteins corre-
sponding to the m/z peaks. Scattergrams showing the
significant differences in intensity of each peaks in plasma samples
derived from Control, RIPC 5’, and RIPC 10’ rats. The
continuous line represents the mean, and dots represent each
individual rat (n=10 in each group). Detailed p-value data for
comparison between the three groups is indicated in Table 2.
Figure S3. Purification by liquid-phase electrofocusing.
Protein corresponding to the m/z peaks indicated were purified
using the MicroRotofor® cell. SELDI-TOF-MS protein spectra
analysis of fractions from pH gradient 7-9 for 13720, 42463—
42427 and 42610 m/z peaks, pH gradient 3-10 for 27340 m/z
peak and 5-7 for 54700 m/z peak. Figure S4. Purification by
gel electrophoresis. LEach fraction obtained by liquid-phase
electrofocusing was analyzed on NU-PAGE 10% coomassie blue
stained-gel. The band corresponding to the peak of interest was
framed. Figure S5. Identification of the proteins corre-
sponding to the m/z peaks. Identification of the m/z peaks
purifed by gel electrophoresis by mass spectrometry. Aminoacids
indicated in red corresponds to the peptides identified in the
protein sequence. Figure S6. Identification of the proteins
corresponding to the m/z peaks. SELDI-TOF-MS protein
spectra of crude (untreated) and immunodepleted plasmas with
antibodies (depleted) showed the decrease in the corresponding m/
z peak following immunodepletion, validating the identification.
Figure S7. Profiling and verification of identified
proteins corresponding to the 9420 and 15870-
15980 m/z peaks. A: Representative SELDI-TOF-MS protein
spectra of plasma sample from one Control, one RIPC 5’, and one
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RIPC 10’ rat. Results are presented as intensities of SELDI-TOF
reading (arbitrary units). B: The 9420 and 1587015980 m/z peak
were respectively found to be differentially expressed on the H50
and CMI10 arrays as calculated by the Mann-Whitney test.
Scattergram showing the significant differences in intensity of 9420
(left panel), 15870 (middle panel) and 15980 (right panel) m/z
peaks in plasma samples derived from Control, RIPC 5', and
RIPC 10’ rats. The continuous line represents the mean, and dots
represent each individual rat (n =10 in each group). Detailed p-
value data for comparison between the three groups is indicated in
Table 2. G: SELDI-TOF-MS protein spectra of crude (untreated)
and immunodepleted plasma (10 pL) with 10 pg of haptoglobin or
5 pg of hemoglobin antibody (depleted) showed the decrease in
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