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Abstract Ischaemic preconditioning (IPC) provides
myocardial resistance to ischaemia/reperfusion (I/R) inju-
ries. The protection afforded by IPC is not limited to the
target tissue but extends to remote tissues, suggesting a
mechanism mediated by humoral factors. The aim of the
present study was to identify the humoral factors that are
responsible for the cardioprotection induced by the coro-
nary effluent transferred from IPC to naive hearts. Isolated
rat hearts were submitted to IPC (three cycles of 5 min I/R)
before 30-min global ischaemia and 60-min reperfusion.
The coronary effluent (Efi_IPC) collected during IPC was
fractionated by ultrafiltration in different molecular weight
ranges (<3, 3-5, 5-10, 10-30, 30-50, and >50 kDa) and
evaluated for cardioprotective effects by perfusion before
I/R in naive hearts. Only the <3, 5-10 and <10 kDa
fractions of hydrophobic eluate reduced I/R injuries. The
cardioprotective effect of the 5-10 fraction was blocked by
Katp channel blockers and a PKC inhibitor. An Efi_IPC
proteomic analysis revealed 14 cytoprotection-related
proteins in 4—12 kDa peptides. HSP10 perfusion protected
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the heart against I/R injuries. These data provide insights
into the mechanisms of cardioprotection in humoral factors
released by IPC. Cardioprotection is afforded by
hydrophobic peptides in the 4-12 kDa size range, which
activate pathways that are dependent on PKC and Karp.
Fourteen 4-12 kDa peptides were identified, suggesting a
potential therapeutic role for these molecules in ischaemic
diseases. One of these, HSP10, identified by mass spec-
trometry, reduced I/R injuries and may be a potential
candidate as a therapeutic target.

Keywords Ischaemic preconditioning - Cardioprotection -
Ischaemia/reperfusion - Proteomic

Introduction

Ischaemic preconditioning (IPC) protects the myocardium
against ischaemia/reperfusion (I/R) injuries [58]. The pro-
tection afforded by IPC is not limited to the target tissue
but extends to neighbouring tissues and distant organs [65].
This “conditioning at a distance” is known as remote
ischaemic preconditioning (rIPC) and provides a remote
protective signal [62]. Beyond the heart, it also has been
demonstrated in different organs and tissues with in vivo
and ex vivo IPC [1, 3, 20, 22, 28, 38, 41, 62, 63]; however,
it is an invasive procedure and requires direct, potentially
harmful manipulation of organ vessels, which can cause
coronary microembolisation and consecutive microvascu-
lar and myocardial injury [28, 30]. In addition, IPC rep-
resents an ischaemic non-lethal event, and this may present
a problem in clinical settings [62]. Therefore, rIPC repre-
sents a good alternative to IPC against I/R injuries.

The rIPC by humoral signal transfer was first demon-
strated in an ex vivo isolated heart bioassay, where IPC-
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induced cardioprotection was transferred between isolated
rabbit hearts via coronary effluent from preconditioned
hearts to virgin hearts [11]. Subsequent studies in vivo
demonstrated the humoral transfer of cardioprotection from
remotely conditioned donors to ex vivo acceptor hearts by
the transfer of whole plasma or dialysate [84]. The pro-
tection can be transferred from the donor species after rIPC
to virgin hearts, even among different species, and various
studies have identified these humoral factors
[19, 49, 70, 72]. Although many factors have been identi-
fied [28], surprisingly, the elimination of a single factor
abrogates the whole protection. In this regard, not all
important factors appear to be identified and the identity
and characteristics of these unknown humoral factors
remains largely enigmatic [35].

Initially, the first step to isolate and characterise func-
tional molecular content is to identify the molecular weight
range. The humoral factors in the rIPC effluent were first
showed a molecular weight range smaller than 14 kDa
since the protective effect of rIPC effluent remains even
after dialysis with a 12-14 kDa cut-off membrane
[19, 34-36, 54, 66, 73, 78]. Otherwise, Breivik et al. [2]
found that the IPC coronary effluent had cardioprotective
effects also in fractions above 30 kDa. However, the
majority of studies have focused on molecular weights less
than 15 kDa. A previous study from our lab showed two
characteristics of these humoral factors: a molecular weight
range greater than 3.5 kDa and hydrophobicity [71].
However, a low molecular weight range had been proposed
and a narrow range of molecular weights for these humoral
factors remains controversial.

The mass spectrometry approach has been used to
identify the humoral factors released during rIPC. In fact,
mass spectrometry is the most advanced approach for
molecular identification [69]. The first study to try to
identify humoral factors by mass spectrometry showed
impaired identification. This limitation could be explained
by contamination due to the use of serum [44]. In addition,
some studies had already identified molecules released
during rIPC [25, 26]. However, whether these molecules
are involved in the cardioprotection by rIPC is unclear.
Furthermore, the release of these molecules during rIPC
was proposed to be randomised, creating difficulty in
obtaining the same proteomic identification in different
samples [25]. Therefore, reinforcing the hypothesis of the
casual release and the activity of these humoral factors
warrants investigation [28, 30].

Therefore, the aim of the present study were (1) to
improve the characterisation of the cardioprotective factors
released in the coronary IPC effluent (Efl_IPC) by frac-
tionation into different molecular size ranges and to eval-
uate the cardioprotective effect of each fraction compared
to the total IPC effluent and (2) to identify the alleged
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cardioprotective factors responsible for the humoral trans-
fer of cardioprotection from rIPC to naive hearts with a
proteomic analysis.

Methods
Animals

Adult male Wistar rats (300-350 g) were used for the
experiments. This study conformed to the Guide for the
Care and Use of Laboratory Animals published by the US
National Institute of Health (8th edition, 2011) and the
experimental protocols were approved by the local Insti-
tutional Animal Care and Use Committee (IBCCF194-07/
16).

Ex vivo I/R experiments

The I/R experiments were performed on isolated rat
hearts as described previously [71]. The hearts were
rapidly removed and cannulated through the aorta in a
modified Langendorff apparatus and perfused at constant
flow of 10 mL/min with Krebs—Henseleit buffer solution
(in mmol/L: NaCl 118.0, NaHCO; 25.0, KC1 4.7, KH,._
PO, 1.2, MgSO4 1.2, CaCl, 1.25, and glucose 11.0) at
37 °C and equilibrated with a gas mixture of 95% O, and
5% CO, (pH 7.4). A water-filled latex balloon was
inserted into the left ventricle (LV) through the mitral
valve and was connected to a pressure transducer and the
PowerLab System (ADInstruments, Australia) for con-
tinuous LV pressure recording. The heart remained
immersed in a buffer-filled, water-jacketed glass cham-
ber and the end-diastolic pressure (LVEDP) was adjusted
to 10 mmHg. The LV developed pressure (LVDP) was
determined as the difference between the systolic peak
and the LVEDP. After 20-30 min of stabilisation time,
the hearts were subjected to the experimental protocols
(Fig. 1) as described in a previous study [71]. The hearts
were allocated to following groups: CTL (n = 5) control
hearts were only subjected to the I/R protocol of nor-
mothermic no-flow global ischaemia for 30 min fol-
lowed by reperfusion for 60 min. IPC (n = 10) hearts
were subjected to the IPC protocol, which consisted of
three consecutive cycles of 5 min of ischaemia and
5 min of reperfusion, immediately before the I/R pro-
tocol. Coronary effluent was collected from the IPC
hearts during the three 5-min episodes of reperfusion in
the IPC protocol and used fresh (used within 2 h) or
stored between 0 and 2 °C for subsequent fractionation.
Efl_IPC (n = 7) hearts were perfused with the fresh
coronary effluent from the IPC hearts for 15 min before
the I/R protocol.
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Fig. 1 Experimental protocols.
All hearts were subjected to
30 min of global ischaemia
followed by 60 min of
reperfusion. IPC hearts were
subjected to three cycles of
5-min global ischaemia/5-min
reperfusion. IPC effluent
(Efi_IPC) or its fractions were
perfused in naive hearts for
15 min prior to ischaemia/
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The preconditioned coronary effluent was filtered using
ultrafiltration membranes (Amicon model 8200, Millipore)
with different cut-offs to obtain fractions within the fol-
lowing molecular weight ranges: <3, 3-5, 5-10, <10,
10-30, 30-50, and >50 kDa. The preconditioned coronary
effluent was maintained at 0-2 °C before ultrafiltration.
The coronary effluent ultrafiltration and perfusion was
performed on the same day of the collection. Each fraction
was perfused within 2 h, including ultrafiltration and pH
stabilisation. Hearts allocated to the groups <3, 3-5, 5-10,
<10, 10-30, 30-50 and >50 (n = 5 per group) were per-
fused with the respective fractions for 15 min before the
I/R protocol. The lyophilized coronary effluent was
stable for use for up to 30 days as shown in our previous
study [71]. The lyophilized coronary effluent was kept
frozen at —80 °C. Furthermore, the hearts allocated to the
groups Chel, Glib, and 5-HD (n =5 per group) were
perfused with the 5-10 kDa fraction in the presence of
10 umol/L  chelerythrine, 10 pmol/L. glibenclamide, or
100 pmol/L 5-HD, respectively, before the I/R protocol.

Furthermore, we evaluated the cardioprotective activity
of the mitochondrial 10 kDa heat shock protein (HSP10),
one of the proteins previously identified in our proteomic
analysis. The hearts were perfused with 0.1, 0.3, 0.5, and
1 pM of HSP10 (Sigma Aldrich) for 15 min before the I/R

0 30 60 20

protocol in the absence or presence of 0.2 uM PUH71
(6-amino-8-[(6-iodo-1,3-benzodioxol-5-yl)thio]-N-(1-methy-
lethyl)-9H-purine-9-propanamine, TOCRIS), a non-selective
heat shock protein inhibitor. In another set of experiments,
we perfused the 5—-10 kDa fraction in the presence of PUH71
for 15 min before the I/R protocol.

Infarct size measurement

At the end of the 60-min reperfusion period, the hearts
were removed and sliced into 1.5 mm cross-sections from
the apex to the base and were incubated in 1% triphenyl-
tetrazolium chloride (TTC) for 4 min at 37 °C, followed by
incubation in a 10% (v/v) formaldehyde solution for 24 h
to improve the contrast between the stained (viable) and the
unstained (necrotic) tissues. The slices were placed
between two glass slides and scanned (imaged). The infarct
size was determined by planimetry using Image] 1.22
software (NIH, USA). The infarct size was expressed as a
percentage of the area at risk (total). Although some con-
cern exists in terms of the reperfusion duration necessary to
determine the infarct size by TTC staining [67], other
studies have shown that the 60-min reperfusion duration in
ex vivo perfused hearts is sufficient to assess valid mea-
sures of the infarct size [17].
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The effect of the dilution or the concentration
of Efl_IPC on the cardioprotective response

To assess the effect of the concentration or the dilution of
the humoral transfer factors on the cardioprotection
induced by the Efl_IPC, the fluid was concentrated (two-
fold) or diluted (75, 50, 25%) as described below. To
obtain the twofold concentrated sample, the Efl_IPC col-
lected from two hearts (300 mL) was dialysed (3 kDa cut-
off) to wash out salts and the retained sample was frozen
and lyophilised (used within 30 days), followed by resus-
pension in 150 mL of filtered Krebs solution (within 2 h).
To obtain the diluted samples, fresh Efl_IPC was diluted to
25, 50, and 75% with Krebs solution. After pH adjustment,
the samples were perfused for 15 min before the ischaemia
period. The diluted samples were perfused in other hearts
within 2 h after collection, dilution, filtration and pH
stabilisation.

The cardioprotective effect of hydrophobic
and hydrophilic fractions of the Efi_ 5-10 kDa

The Efl_ 5-10 kDa samples were applied in an adsorbent
cartridge (Sep-Pak C-18, 20 mg, Water Corp., Milford,
MA) at a constant rate of 3 mL/min using a peristaltic
pump (Minipuls3, Gilson, Middleton, WI). The cartridge
was previously conditioned with acetonitrile (100%), fol-
lowed by washing with water (MilliQ). After sample
application, the cartridge was washed with water to remove
the unbound fraction (hydrophilic compounds). The
hydrophobic compounds bound in the C-18 silica were
eluted using 35% acetonitrile. The organics phases were
removed by lyophilisation. This protocol was performed
within 2 h, including coronary effluent collection and
ultrafiltration, to preserve the cardioprotective effects. Both
fractions were lyophilised and stored frozen at —80 °C to
be used within 30 days for the later analysis.

Electrophoresis analysis

Lyophilised samples of Efl_IPC, Efi_ >10 kDa and Efl
5-10 kDa were solubilised (60 pg/mL) with buffer
(0.5 mM Tris, pH 6.8, 1% SDS, 20% glycerol, 0.5%
mercaptoethanol) and boiled at 100 °C for 5 min. After
centrifugation at 14,000x g for 4 min at 4 °C, the super-
natant was subjected to electrophoresis in discontinuous
vertical polyacrylamide gel containing SDS. The proteins
in the stacking gel (4% polyacrylamide) were subjected to
a current of 10 mA and the proteins in the separating gel
(15% polyacrylamide) were subjected to a current of
20 mA. Bands were visualised by staining with a silver
nitrate solution. The gels were scanned using the Labscan
image scanning programme.
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Efl_IPC preparation under reducing and alkylating
conditions

Two independent Efl_IPC samples were obtained at dif-
ferent times. Each sample was constituted by a pool of
coronary effluent collected from five IPC hearts. The
Efl_IPC sample was filtered (Amicon, 3 kDa cut-off),
lyophilised, and resuspended in 50 pL of water. The
amounts of protein in the sample were quantified using the
Pierce BCA protein assay kit (Thermo Scientific). Then,
10 pg of Efl_IPC proteins were precipitated by the TCA
protocol and resuspended in an ammonium bicarbonate
solution (50 mM) buffer. The reduction of the proteins in
the sample was performed with the addition of 2.5 pL of
dithiothreitol (DTT) 100 mM followed by incubation for
30 min at 60 °C. The alkylation was carried out with the
addition of 2.5 pL of iodoacetamide 300 mM followed by
incubation for 30 min at room temperature in darkness.
The digestion of the proteins was performed with the
addition of trypsin solution (Promega) to establish a ratio
of 1:50 (trypsin:protein), followed by incubation for 14 h at
37 °C. The tryptic peptides were dried in a speed vac and
cleaned/concentrated with the use of OASYS (Waters
Corporation, UK), with elution in 100% methanol. After
drying the material a second time in the speed vac, the
peptides were resuspended in a solution of 0.1% formic
acid and 3% acetonitrile for a mass spectrometry analysis.
Three replicates of each Efl_IPC sample were analysed by
LC-MS/MS.

LC-MS/MS analysis and data analysis

Two microliters of peptides solution (0.8 pg of proteins)
were used for the nanoL.C-based separation, combined with
mass spectrometry analysis on a UPLC-ESI-Q-TOF Micro
MS/MS instrument (Waters Co., Williford, USA) by the
data-dependent acquisition (DDA) mode. Peptide separa-
tion was performed in a NanoAcquity system equipped
with a Symmetry C18 5 pm, 5 mm x 300 precolumn and
an Atlantis 100 x 100, 1.7 pm analytical reverse phase
C18 column, with a solution gradient of 5-50% mobile
phase acetonitrile over 50 min at a flow rate of 350 nL/
min. Column temperature was maintained at 35 °C. The
lock mass used was phosphoric acid, delivered by the
auxiliary pump at a flow rate of 600 nL/min. The condi-
tions for peptide ionization included a source temperature
of 80 °C, capillary voltage at 3500 V, positive polarity and
a sample cone at 35 V. Mass spectra were acquired with
the TOF mass analyser operating in V-mode and the
spectra were integrated over 1 s of scan and 0.1 s interscan
intervals. The MS/MS mass spectra were acquired using
50-1700 m/z with the reference mass acquired and con-
tinuous fragmentation mode in 10 eV collision energy.
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The DDA raw data were processed and searched by the
Peaks 7 software server search engine (Bioinformatics
solutions, Inc., Waterloo Canada), Mascot Distiller (http://
www.matrixscience.com/) and ProteinLinx 2.5.1 (Waters,
Inc. Willilford, USA) using a tolerance up to 0.1 Da for
precursor and fragment ions. A maximum of one missed
cleavage site and carbamidomethyl (C) and oxidation
(M) to fixed and variable modifications were, respectively,
selected. Protein identification was performed by searching
for the Rattus norvegicus species in the reverse databases
of UNIPROT with FDR <1%. Only proteins that were
identified by three proteomic software programmes were
considered as valid hits.

All results were manually checked considering only those
valid IDs whose protein hits presented three or more different
peptides or, if less than three peptides were identified, the
presence of a peptide with at least seven amino acid residues
sequenced consecutively in the series y or b. Valid identifi-
cation was also accepted for a protein with less than three
peptides if at least five residues were indicated in bold red by
Mascot or for those that had at least one peptide only if 100%
of the protein’s identification was performed on the UNI-
PROT database. The cluster analysis was performed using
the STRING (Search Tool for the Retrieval of Interacting
Genes) tool to evaluate possible interactions between the
related proteins in mass spectrometry.

Statistical analysis

The data are presented as the mean + SEM. Statistical
differences were determined by a one-way ANOVA fol-
lowed by a Bonferroni post hoc test. The differences were
considered statistically significant at P < 0.05.

Results

Cardioprotective effects of the coronary effluent
collected during IPC

After stabilisation, no significant differences in the baseline
LVDP among the groups were observed (Supplementary
material online, Table S1). All LVDP results were expressed as
a percentage of the baseline values. Under the ischaemic con-
dition, all hearts exhibited a fast reduction of LVDP to zero
(Fig. 2a) and an increased LVEDP (Fig. 2b) after a few minutes
of ischaemia. During reperfusion, an additional increase in
LVEDP was observed in CTL hearts but not in Efl_IPC hearts.
The IPC hearts exhibited a reduction in LVEDP (Fig. 2b). The
post-ischaemic recovery of LVDP was poor in CTL hearts but
improved in the hearts subjected to IPC or in those precondi-
tioned with pre-ischaemia perfusion of coronary effluent
(Efi_IPC) collected from IPC hearts (Fig. 2a).
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Fig. 2 Effect of preconditioned coronary effluent (Efl_IPC) on post-
ischaemic cardiac performance. a Time course of changes in left
ventricular developed pressure (LVDP) during 30 min of global
ischaemia and 60 min of reperfusion. b Time course of changes in left
ventricular end-diastolic pressure (LVEDP) during ischaemia/reper-
fusion protocol. ¢ Dilution or concentration effects of Efl_IPC on
post-ischaemic recovery of LVDP. Efl_IPC was collected from IPC
hearts during ischaemic preconditioning. Efi_IPC hearts were
perfused with preconditioned coronary effluent before ischaemia.
Data are mean = SEM. Number in each colunm is n of hearts.
#44P < 0.001 vs. CTL; ™ P < 0.001 and #P < 0.01 vs. IPC
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Fig. 3 Effect of different molecular weight fractions of precondi-
tioned coronary effluent on post-ischaemic cardiac performance. a,
b Time course of changes in left ventricular developed pressure
(LVDP) during ischaemia/reperfusion protocol in hearts submitted to
ischaemic preconditioning (IPC) or perfused with total (Efi_IPC) or
fractioned coronary effluent from IPC hearts. Post-ischaemic LVDP

The dilution and concentration effect of the Efi_IPC on the
post-ischaemic LVDP recovery (Fig. 2c) was evaluated by
dilution (25, 50, and 75%) or concentration (twofold) of the
coronary effluent collected during IPC. The improvement on
the LVDP recovery was abolished by Efl_IPC dilution to 25 or
50%. Additionally, the twofold increase in the Efl_IPC con-
centration was not able to increase the cardioprotective effect.

Cardioprotective factors are present in the <3
and 5-10 kDa fractions of coronary effluent
collected during IPC

The coronary effluent collected during IPC was frac-

tionated by molecular size (<3, 3-5, 5-10, <10, 10-30,
30-50 and >50 kDa), and each fraction was perfused for
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recovery (c¢) and end-diastolic pressure (d) at 60 min of reperfusion.
LVDP was expressed as percentage of pre-ischaemic basal values.
Data are mean £ SEM. Number in each colunm is n of hearts.
#44P < 0.001 and **P < 0.01 vs. CTL; *¥¥P < 0.001 and #P < 0.01
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15 min before ischaemia in the hearts subjected to I/R.
The fractions <3, 5-10, and <10 kDa improved the post-
ischaemic recovery of LVDP (Fig. 3a). Conversely, the
3-5, 10-30, 30-50, and >50 kDa fractions had no sig-
nificant effect on the post-ischaemic recovery of LVDP
(Fig. 3b) compared to CTL hearts. The LVDP recovery
at 60 min of reperfusion (Fig. 3c) was approximately
4.5-fold higher in IPC hearts compared to CTL hearts.
The fractions 5-10 and <10 kDa induced post-ischaemic
LVDP recovery similar to IPC hearts. The hearts pre-
conditioned with Efl_IPC and the <3 kDa fraction
showed greater LVDP recovery than CTL, but less than
IPC hearts. The fractions 3-5, 10-30, 30-50 and
>50 kDa had no effect on the LVDP recovery compared
to CTL hearts.
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Fig. 4 Infarct size in isolated rat hearts perfused with preconditioned
coronary effluent (Efl_IPC) before 30 min of global ischaemia and
60 min of reperfusion. a effect of dilution or concentration of Efl_IPC
on myocardial infarct size. b Effects of different molecular weight of

The mean value of LVEDP measured at 60 min of
reperfusion is shown in Fig. 3d. The <3, 5-10, and <10 kDa
fractions decreased the LVEDP during reperfusion. How-
ever, the hearts perfused with the 5-10 kDa fraction before
I/R presented LVEDPs similar to the IPC hearts, and the
hearts pre-treated with the <3 or <10 kDa fractions exhib-
ited LVEDPs similar to the Efl_IPC hearts. All other groups
(3-5, 10-30, 30-50 and >50) had a mean value of LVEDP at
60 min of reperfusion similar to the CTL group.

The myocardial infarct size measured at 60 min of
reperfusion decreased in the hearts pre-treated with the
Efl IPC one or twofold concentrated, or diluted to 75%
(Fig. 4a). The cardioprotection was abolished by Efl_IPC
dilution to 25 or 50%. Additionally, the twofold increase in
the Efl_IPC concentration was not able to increase the
cardioprotective effects. The myocardial infarct size
decreased in the hearts pre-treated with the <3, 5-10 and
<10 kDa fractions to a level similar to that observed in
IPC and Efl_IPC hearts (Fig. 4b). However, the other
Efi_IPC fractions (3-5, 10-30, 30-50 and >50 kDa) had no
significant effect on infarct size.

Cardioprotective effects of the 5-10 kDa fraction
are dependent on PKC and K, tp channels

As previously demonstrated in the Efi_IPC [71], we found
that the cardioprotective effect of the 5-10 kDa fraction
was abrogated by treatment with chelerythrine, a PKC
inhibitor, and by the K,1p channel blockers, glibenclamide
and 5-HD. Figure 5a, b show that the post-ischaemic
recovery of LVDP was enhanced by perfusion of the
5-10 kDa fraction prior to ischaemia. However, when the
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bar in the graphs. Data are mean &= SEM. Number in each column is
n of hearts. ***P < 0.001 vs. CTL

hearts were perfused with the 5-10 kDa fraction in the
presence of chelerythrine, glibenclamide or 5-HD, the post-
ischaemic recovery of LVDP was diminished to levels
similar to the CTL group. Treatment with chelerythrine,
glibenclamide, or 5-HD also abrogated the effects of the
5-10 kDa fraction on the post-ischaemic LVEDP (Fig. 5¢)
and myocardial infarct size (Fig. 5d).

Characteristics of the humoral factors present
in the 5-10 kDa fraction

We also evaluated the cardioprotective effects of
hydrophobic and hydrophilic fractions obtained by passing
the lyophilised extract of the 5-10 kDa fraction through a
Sep-Pak C18 column. The hydrophobic analyte was
effective in improving the post-ischaemic recovery of
LVDP (Fig. 6a) and reducing the infarct area (Fig. 6b) of
the hearts subjected to I/R. The hydrophilic eluate fraction
exhibited a shorter but significant improvement in LVDP
recovery but had no significant effect on the infarct size.
Figure 7 shows a representative gel of a tenfold concen-
trated sample of the 5-10 kDa fraction, suggesting the
presence of peptides with molecular sizes in the range of
4-11 kDa.

Mass spectrometry and cluster analysis

The mass spectrometry analysis of the Efl_IPC revealed the
presence of 60 cytoprotection-related proteins, 14 of which
had molecular weights below 12 kDa (Table 1), 12 pro-
teins ranging from 12 to 20 kDa (Supplementary material
online, Table S2) and 34 proteins had molecular weights
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Fig. 5 Inhibition of PKC and blocking of Katp channels abolishes
the cardioprotection induced by the 5-10 kDa fraction of IPC
coronary effluent. (a) Time course of changes in left ventricular
developed pressure (LVDP) during ischaemia/reperfusion protocol in
hearts preconditioned with 5-10 kDa fraction, in absence or presence
of chelerythrine (Chel), glibenclamide (Glib), or 5-HD. LVDP

greater than 20 kDa (Supplementary material online,
Table S3). Additionally, 38 putative pro-apoptotic proteins
were identified (Supplementary material online, Table S4),
but all of them were larger than 14 kDa.

The 14 identified proteins with molecular weights below
12 kDa were analysed by STRING from UNIPROT in a
cluster analysis (Figure S1) to identify relevant interactions
to understand the role of these molecules in the cardio-
protection mechanism. The cluster analysis showed a direct
interaction of HSP10 with heat shock protein 60 (HSP60,
score 0.993), heat shock protein beta-7 (HSPB7, score
0.179), and Bcl-2 (score 0.172). HSP60 (score 0.240),
HSPB7 (score 0.254) and Bcl-2 (score 0.998) interact with
the cellular tumour antigen (p53). In fact, p53 appears to be
a common target for interaction with several proteins
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recovery (b), end-diastolic pressure (c¢), and infarct size (d), after
60 min of reperfusion. LVDP was expressed as percentage of pre-
ischaemic basal values. Representative images of TTC-stained heart
sections are shown beneath each bar. Data are mean == SEM. Number
in each column is n of hearts. ***P < 0.001 vs. CTL; *P < 0.001
and *P < 0.05 vs. 5-10 kDa fraction

identified in our analysis. p53 interacts with insulin-like
factor 1 (score 0.454), protein S100a4 (score 0.973), pro-
tein S100al0 (score 0.168), pneumo-secretory protein 2
(score 0.151), and the protein Ash2l (score 0.330) to
assemble with DPY30 (score 0.989) to form the regulatory
module of H3K4 methyltransferase complexes. Spermatid
nuclear transition protein 1 (Tnpl) showed an interaction
(score 0.316) with protamine-3 (Prm3). The guanine
nucleotide-binding protein subunit gamma (Gng4) inter-
acted (score 0.966) with guanine nucleotide-binding pro-
tein G(I)/G(S)/G(O) subunit y-12 (Gnb3). Our analysis not
showed interactions among apolipoprotein CII (Apoc2),
DCMS protein (Decm5), CAMPATH antigen (Cd52), or the
retinal cone rhodopsin-sensitive ¢cGMP 3’,5'-cyclic phos-
phodiesterase, gamma subunit (Pde6h).
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Fig. 7 Representative results from gel electrophoresis analysis
(SDS-PAGE) of proteins present in >10 and 5-10 kDa fractions of
the IPC coronary effluent. Samples were lyophilized and desalted
before protein extraction. M1 and M2: protein marker. Lane 1 fivefold
concentrated protein extract from the >10 kDa fraction. Lane 2
tenfold concentrated protein extract of the 5—-10 kDa fraction. Silver
nitrate staining

Cardioprotective effects of the HSP10

The perfusion of 0.1 uM, 0.3 pM or 0.5 uM HSP10 prior
to I/R not revealed cardioprotective effects against I/R
injuries (Supplementary material online, Fig. S2). How-
ever, at 1 uM, HSP10 elicited cardioprotective effects, as

5-10 kDa fractions

5-10 kDa fractions

.w.

evidenced by increased post-ischaemic LVDP recovery
(Fig. 8a, b) and reduced LEVDP (Fig. 8c) after 60 min of
reperfusion. In addition, HSP10 perfusion reduced the
infarct size from these hearts (Fig. 8d). The non-selective
heat shock protein antagonist PUH71 (0.2 pM) abolished
the cardioprotective effects of HSP10. However, this
antagonist attenuated, but did not abolish, the cardiopro-
tective effect of the 5-10 kDa fraction.

Discussion

The novel findings of the present study are (1) that the
cardioprotection induced by the transfer of coronary
effluent from IPC to virgin rat hearts is afforded by
humoral factors present in two fractions of the Efl_IPC:
one sized below 3 kDa and the other sized between 5 and
10 kDa, as defined by the cut-off values of the ultrafiltra-
tion membranes. Both fractions allowed for greater
recovery of the developed pressure and decreased diastolic
pressure and infarct size after I/R; (2) that the proteomic
analysis of the Efl_IPC identified 14 peptides within a
molecular weight range of the 5-10 kDa fraction, which
are potential candidates as cardioprotective factors present
in the 5—10 kDa fraction; (3) that the humoral factors of the
5-10 kDa fraction induced cardioprotection by mecha-
nisms that involve the activation of PKC and K,rp chan-
nels; and (4) that the HSP10 protein, identified by mass
spectrometry, improved the developed pressure, decreased
the diastolic pressure, and reduced the infarct size after I/R
when perfused in isolated hearts.

In the present study, we demonstrated in buffer-perfused
ex vivo rat hearts that the cardioprotection afforded by
local IPC can be transferred to other hearts by transferring
coronary effluent or fractions <3 and 5-10 kDa from the
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Table 1 ESI-TOF profiles of proteins with molecular weight smaller than 12 kDa present in the Efl_IPC

Accession Description Mass (Da)  Unique peptide Main function
trlQ63261 Rat pre-pro-insulin-like 5650.8521 GLLLPTLTC(457.02)C(457.02)VNDPGRTKMSAPP  Growth factor
growth factor (fragment)
splQ9QUKSI  Heat shock protein beta-7 9803.8896 MRDFSPEDLLVTTSNNH Response to heat stimulus
(fragment)
splP02317I Spermatid nuclear 6395.3911 THGMRRGKNRAPHKGVKRGGSKRK Elongating spermatids
transition protein 1
splQ8K3E7l  Protein dpy-30 homolog 11,200.592  AVLAKERPPNPTEFLASYLLK Regulation of
transcription, DNA-
templated
trlQ91ZP2I DCMS protein 85279121 RRQSQVPLPVVSELP Endosomal transport
trlQ71MT8l  Pneumo secretory protein  10,512.557 ELGPEAVGAVKSLLGA Immunomodulation
2
splQ63064]  CAMPATH-1 antigen 9829.4531 6564,splQ63064ICD52_RATGASSLTDVGAC Cell surface molecule
(+57.02)
trlIG3V6PS| Guanine nucleotide- 7985.1675 TNSTAQARRTVQQ Phosphate ion binding
binding protein, 7y
subunit
spIP26772l 10 kDa heat shock protein, 10,901.662 TVTKGGLM Chaperone activity;
mitochondrial Mitochondrial protein
biogenesis; ATPase
activity supressor
spIP05943| Protein S100-A10 11,074.970  FLSLVAGLLL Calcium ion binding
splP61250! Retinal cone rhodopsin- 9044.4326 LELHELAQ Cyclic GMP
sensitive cGMP 3',5'- phosphodiesterase
cyclic activity
phosphodiesterase, y
subunit
splQ64256]  Protamine-3 11,450.0947 EQLPVKGKLLLLEPEK DNA binding
trlG3V8D4l  Apolipoprotein C-II 10,695.073  QEHLFSYWNSAKAAAGELY Enzyme activator activity
spIP05942| Protein S100-A4 11,776.407 LVSTFHKYSGNEGDKFK Calcium ion binding

Efl_IPC collected from five IPC hearts. Analysis by UPLC-ESI-Q-TOF spectrometry

IPC donor to virgin receptor hearts prior to I/R. In contrast
to our previous study [71], which did not evaluate the
dialysate of the coronary IPC effluent (fraction below
3.5 kDa), our present data demonstrate that the <3 kDa
fraction also induced cardioprotection against I/R injury.
The cardioprotective effects induced by this fraction were
probably afforded by autacoids such as adenosine
(267 Da), opioids (500-800 Da), bradykinin (1060 Da),
and others signalling molecules with sizes below 3 kDa
that are released during IPC [28]. Cytoprotection by these
autacoids had  been  previously  demonstrated
[28, 48, 70, 83], but the focus of the present study was only
on the characterisation and identification of the cardio-
protective humoral factors present in the 5-10 kDa frac-
tion. Our results are consistent with data from our previous
study [71], which showed cardioprotective effects provided
by retained content (fractions above 3.5 kDa) in the pre-
dialysed IPC coronary effluent. Our findings also agree
with results from rIPC studies that showed cardioprotective
effects of dialysate from plasma dialysed through

@ Springer

12—-14 kDa cut-off membranes [19, 34-36, 54, 66, 73, 78].
However, our results partially disagree with those of
Breivik et al. [2] who found protective effects not only
from the fractions below 10 kDa but also from the fractions
above 10 kDa and below 30 kDa. Our data showed that the
10-30 kDa fraction not elicited cardioprotection, although
the proteomic analysis of the IPC coronary effluent iden-
tified some cytoprotection-related proteins within this
range of molecular weight, such as the heat shock protein
beta-2 [21], interleukin-3 [10], Bcl-2 [51], and
apolipoprotein  A-1 [39]. Additionally, other proteins
greater than 10 kDa in size, not identified in our proteomic
analysis, have been described as cardioprotective, such as
IL-10 [5], urocortin [69], and leptin [77]. However, some
of these exerted cardioprotective effects only with exoge-
nous administration (for review, Heusch [28]).

Our previous study [71] showed that the cardioprotec-
tive effect of the IPC effluent was due to hydrophobic
molecules. This result was confirmed by Breivik et al. [2]
and by our present data, which demonstrate that
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Fig. 8 Cardioprotection conferred by exogenous HSP10 perfusion.
a Time course of changes in left ventricular developed pressure
(LVDP) during ischaemia/reperfusion protocol in hearts precondi-
tioned with 1 pM HSP10 or 5-10 kDa fraction, in absence or
presence of 0.2 pM PU-H71. PU-H71 prevented HSP10 or 5-10 kDa
fraction-mediated improvement in post-ischaemic functional recovery
and infarct-limiting effect. LVDP recovery (b), end-diastolic pressure

hydrophobic molecules in the 5-10 kDa fraction elicit
cardioprotection similar to the total 5-10 kDa fraction.
Furthermore, to determine whether the cardioprotection
elicited by the 5-10 kDa fraction is dependent on the
activation of PKC, as previously demonstrated for the IPC
effluent [71], we perfused naive hearts with this fraction in
the presence of an inhibitor prior to I/R. The PKC inhibi-
tion abrogated the cytoprotective effect of the 5-10 kDa
fraction. The involvement of PKC in the mechanism of IPC
has been widely demonstrated and is considered a target for
different triggers of cytoprotection [13, 47, 64, 68, 80, 85].
Activation of subtype PKCe is known to block the mito-
chondrial permeability transition pore structuring, activate
mitochondrial Katp channels and increase the expression
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(c), and infarct size (d), after 60 min of reperfusion. Representative
images of TTC-stained heart sections are shown beneath each bar in
the graph d. LVDP was expressed as percentage of the pre-ischaemic
basal value. Data are mean &= SEM. Number in each colunm is n of
hearts. *P < 0.05 and ***P < 0.001 vs. CTL; *P <0.01 and
##p < 0.001 vs. 5-10 kDa fraction; "TP < 0.001 vs. HSP-10

of functional Kir6.2-containing Karp channels in the
mitochondrial inner membrane [18]. Indeed, the blocking
of Katp channels by glibenclamide or 5-HD abrogated the
cytoprotective effect of the 5-10 kDa fraction. Therefore,
we can suggest that the activation of PKC and mitochon-
drial Kotp channels has an important role in the cardio-
protection induced by the factors present in the 5-10 kDa
fraction. Furthermore, is related an interaction between
PKC and HSP during IPC. However, there is no evidence
whether PKC could interact with mitochondrial HSP10
[52].

To identify the putative cardioprotective humoral factors
present in the 5-10 kDa fraction, we performed a pro-
teomic analysis of the preconditioned coronary effluent.
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The key result from this study was the identification of 14
proteins with molecular weights in the range of 4-12 kDa,
which may be the humoral factors responsible for the
cardioprotective effects of the 5-10 kDa fraction. This
result was verified by the presence of a 4-12 kDa band in
the electrophoresis gel of a sample of the 5-10 kDa frac-
tion. The mitochondrial 10 kDa heat shock protein
(HSP10) was one of the proteins identified in our pro-
teomic analysis that is less than 12 kDa in size. The cluster
analysis showed a direct interaction between HSP10 and
HSP60, HSPB7, and Bcl-2. HSP10 is known to interact
with HSP60 to form a chaperonin complex that is impor-
tant for mitochondrial protein folding and function [44].
The overexpression of both HSP10 and HSP60 was found
to protect cardiomyocytes against apoptosis induced by
ischaemia [44], I/R [46], or doxorubicin [72]. Indeed, the
overexpression of HSP10 and HSP60 in doxorubicin-trea-
ted cardiomyocytes increased the expression of the anti-
apoptotic Bcl-2 protein family and reduces the expression
of the pro-apoptotic Bax [72]. In the present study, to
evaluate the functional relevance of HSP-10 in the car-
dioprotective effect of the 5-10 kDa fraction, we evaluated
this fraction in the presence of an HSP inhibitor. Our
results showed that the HSP inhibitor PU-H71 attenuated
the cardioprotective effect of the 5-10 kDa fraction.
Additionally, we demonstrated that the exogenous admin-
istration of HSP-10 prior to I/R also reduced the I/R injury
and this effect was abrogated by the inhibitor PU-H71. The
minor effect of HSP10 compared to the 5-10 kDa fraction
may suggest that other factors, in addition to HSP10,
contribute to the cardioprotective effect of the 5-10 kDa
fraction or perhaps a higher concentration of HSP10 is
necessary.

Another identified protein below 12 kDa in size with the
potential for cardioprotection transfer is HSPB7, a member
of the a-crystallin-related small heat shock proteins [40]. In
addition to interacting with HSP10, it also interacts directly
with p53. The translocation of cytoplasmic p53 to the
mitochondria in response to stress signalling has been
shown to activate apoptosis and chromatin degradation
[81]. However, no study has demonstrated the involvement
of HSPB7 in local or remote IPC, and the increased
expression of the homologue HSP20 has been related to
cardioprotection against I/R injury [16].

Hearts subjected to I/R showed p53 upregulation and
Bcl-2 downregulation [51]. Moreover, IPC induces p53
downregulation, Bcl-2 upregulation, and a reduction in
apoptotic cells [51, 55]. In fact, the cluster analysis showed
that protein p53 is a common target for interaction with
several proteins identified in our analysis. The pre-pro
insulin-like growth factor is a precursor of insulin-like
factors (IGF). IGF-1 was demonstrated to reduce the
infarction area when administered exogenously and IGF1
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interacts with p53 by upregulating the Mdm?2 protein,
which induces p53 degradation [27] and elicits cardiopro-
tection [4, 8, 45]. However, no evidence is available to
show that endogenous IGF-1 is involved in local or remote
IPC. Our cluster analysis also showed interactions of
S100a4 and S100a10 proteins with p53. Both proteins are
members of the S100 protein family [12]. S100-A4 was
reported to interact with p53 in the nucleus and promote
p53 degradation [60]. In addition, SI00A4 overexpression
protects myocytes against apoptosis [14]. The other iden-
tified S100 protein, S100al0, was reported to bind to
annexin 2 to form the annexin A2-S100A10 complex [57],
which is translocated to the plasma membrane by hypoxia-
induced intracellular acidification [56]. However, to our
knowledge, no evidence is available to show whether the
annexin A2-S100A10 complex participates in the IPC or
the rIPC mechanism. The protein DPY30 was shown to
assemble with Ash2LL and two other subunits to form the
regulatory module of H3K4 methyltransferase complexes,
which regulate histone 3-lysine 4 methylation and activate
target gene transcription [7, 15, 37]. However, whether
DPY30 or Ash2l has any important role in the IPC or the
r[PC mechanism remains unknown. Furthermore, the
cluster analysis not identified any relevant interactions
among the proteins: pneumo-secretory protein 2 (Scgb3al),
apolipoprotein CII (Apoc2), guanine nucleotide-binding
protein subunit gamma (Gng4), spermatid nuclear transi-
tion protein 1 (Tnpl), protamine-3 (Prm3), DCMS5 protein
(DCMS), CAMPATH antigen (Cd52), and retinal cone
rhodopsin-sensitive ¢cGMP 3',5'-cyclic phosphodiesterase,
gamma subunit (Pde6h). However, we cannot exclude the
alleged involvement of one or more of these proteins in the
IPC or the rIPC mechanism.

The proteomic analysis of the IPC effluent also identi-
fied another 84 proteins with sizes greater than 12 kDa,
with 46 of these reported as cytoprotective proteins and the
other 38 identified as pro-apoptotic proteins. Among the 46
cytoprotective proteins, 12 had molecular weights between
12 and 20 kDa (Table S2) and the other 34 had molecular
weights greater than 20 kDa (Table S3). Among these
proteins, apolipoprotein A-1 [33], pro-opiomelanocortin
[61], heat shock protein beta-2 [16], and insulin-like
growth factor II [82] were demonstrated to elicit cardio-
protection when administered exogenously. However, we
not observed any cardioprotective effect of fractions above
10 kDa. Since all pro-apoptotic proteins identified were
larger than 14 kDa, we can suggest that the presence of
pro-apoptotic proteins in the fractions larger than 12 kDa
antagonised the effects of the cytoprotective proteins. On
the other hand, the proteomic analysis of the IPC effluent
not identified some proteins, such as stromal cell-derived
factor-1oo (SDF-1a) and interleukin 10 (IL-10), that were
previously reported as cardioprotective cytokines that are
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upregulated by rIPC [6, 9]. However, these proteins were
found in the plasma analysis and could not have been
secreted by cardiac tissue, which is different from our
results that analysed humoral factors secreted from isolated
hearts. SDF-1a (10,103 Da) levels increased in the plasma
of rats undergoing rIPC and blocking the SDF-1a receptor
with AMD3100 abrogated the cardioprotective effect of
rIPC [9]. The rIPC-induced upregulation of IL-10
(18,700 Da) expression promoted late protection against
myocardial I/R in mice [6]. The cardioprotective effect of
rIPC was lost in IL-10 knockout mice but was recovered by
the exogenous administration of IL-10 [6]. The absence of
IL-10 in the IPC effluent can be explained by a delay in the
upregulation of IL-10 in response to rIPC.

Study limitations

The bioassay approach chosen in the present study differs from
functional rIPC in clinical settings. Remote ischaemic condi-
tioning by transient I/R of the limb has emerged as a therapeutic
non-invasive method for cardioprotection in patients under-
going cardiac surgery or acute infarct [34, 43]. However, the
translation from experimental studies to the clinical settings has
failed to produce the expected results, as shown in the recent
multi-centre phase III trials ERICCA and RIPHeart
[23,24,30,31,53]. The failure of these trials to improve clinical
outcome in patients undergoing rIPC before cardiac surgery has
been attributed to confounding variables such as co-morbidi-
ties, anaesthesia or comedications, which may have prevented
the cardioprotective effects [5, 23, 24, 29, 32, 42, 76]. There-
fore, more investigations on the mechanisms of cardioprotec-
tion by ischaemic conditioning are needed, with more insight
into the identification of circulating cardioprotective factors and
the pathways activated by the conditioning stimulus. Signal
transduction in rIPC represents a complex interaction of neu-
ronal and humoral signalling cascades [28, 30] and rIPC signal
generation participates in different organs and their innervation
[35, 50, 59]. Therefore, we chose a bioassay approach that was
not influenced by other organs, blood-borne factors, cofoun-
ders, or signals from either the central or the autonomic nervous
system. We utilised ex vivo rat hearts in a constant flow Lan-
gendorff perfusion setup to investigate the humoral factors
responsible for the cardioprotection afforded by the transfer of
coronary effluent from donor hearts undergoing IPC to receptor
hearts prior to ischaemia. The main limitation of the constant
flow mode is that under regional ischaemia, the same volume of
perfusate may be forced through a smaller vascular bed [79].
However, we avoid this limitation using no-flow global
ischaemia in all I/R protocols. Moreover, the Langendorff
perfusion under constant flow enabled controlled conditions, in
which the amount of perfusate delivered to the whole heart was
not altered by changes in heart rate or force contraction, nor
vascular auto regulatory mechanisms or sheer-mediated

endothelium-derived relaxing factors [74, 79]. Although we
have identified some proteins candidates in the IPC effluent as
cardioprotective humoral transfer factors with potential thera-
peutic applications, their translation into the clinical setting has
limitations due to species differences in the transduction of
cardioprotective signals [75]. Moreover, patients differ from
health laboratory animals used in the study since the cardio-
protective responses of patients to rIPC is confounded by risk
factors, comorbidity, and comedications [36, 42].

In conclusion, our findings demonstrate that cardiopro-
tection induced by the transfer of preconditioned coronary
effluent is afforded by humoral factors with molecular
weights below 3 kDa or in the range of 4-12 kDa. The
4-12 kDa factors are hydrophobic molecules that activate
cardioprotective pathways that are dependent on PKC and
ATP-sensitive K channels, similar to those previously
demonstrated for the Efl_IPC [71]. Our proteomic analysis
assessed the protein content of the preconditioned coronary
effluent and identified at least 14 peptides in the range of
4-12 kDa, which may be potential candidates as cardio-
protective transfer factors, suggesting a potential thera-
peutic role for these molecules in the prevention of cardiac
ischaemic injury. The HSPI10, identified by mass spec-
trometry analysis, reduces the cardiac injuries by I/R,
might be a new therapeutic target against I/R injuries.
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