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Abstract
Background Coronary effluent from an isolated perfused
heart undergoing ischemic preconditioning can be transferred
to precondition another naïve isolated heart. We investigated
the effects of this effluent on mitochondrial integrity and
function following a global infarct model of ischemia/
reperfusion and the role of adenosine in this model of remote
preconditioning.
Methods and Results Coronary effluent from isolated perfused
rabbit hearts was collected prior to (control effluent) and during
three cycles of 5-min ischemia and 10-min reperfusion (IPC
effluent). Adenosine concentration was significantly increased
in IPC effluent (2.6±1.1 μM) versus control effluent (0.21±
0.06 μM, P <0.01). Infarct size (% necrotic LV mass) after 30-
min global ischemia and 90-min reperfusion was significantly
reduced in hearts preconditioned with IPC effluent (IPCeff,

23±7 %) and control effluent supplemented with 2.5 μM
exogenous adenosine (Ceff + 2.5 μM ADO, 25±10 %) when
compared to control effluent perfused hearts (Ceff, 41±8 %,
P <0.05). Compared to Ceff mitochondria, IPCeff mitochondria
had preserved complex I/State3 and complex IV/State 3 respi-
ration and outer membrane integrity, and reduced cytochrome
c release. In contrast, Ceff + 2.5 μM ADO mitochondria had
improved state 2 respiration and coupling to oxidative phos-
phorylation, reduced reactive oxygen species production and
preserved outer membrane integrity. Administration of adeno-
sine receptor blocker 8-(p-sulfophenyl)theophylline abolished
the infarct limiting effect (46±7 %) and the mitochondrial
integrity and function preservation of IPC effluent.
Conclusion Remote cardioprotection by IPC effluent pre-
serves mitochondrial integrity and function in an adenosine
receptor dependent mechanism, and although infarct size re-
duction can be mimicked by adenosine, IPC effluent contains
additional factor(s) contributing to modulation of the mito-
chondrial response to ischemia/reperfusion injury.
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Introduction

Repetitive brief episodes of nonlethal ischemic stress applied
to the myocardium, known as ischemic preconditioning (IPC),
induces a potent cellular protective mechanism that renders
the myocardium resistant against a subsequent potentially
lethal ischemia/reperfusion (I/R) injury [1]. Remote ischemic
preconditioning, in contrast, confers similar protection after
repetitive brief periods of nonlethal ischemic stress applied to
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remote (non-cardiac) tissue [2–4]. The signaling pathways
that mediate cardioprotection by IPC has been extensively
characterized since its discovery (reviewed by Yang et al.
[5]) but the extracellular factor(s) that mediates remote ische-
mic preconditioning is unknown.

We have previously shown that plasma-derived dialysate
from remote ischemic preconditioned rabbits by brief epi-
sodes of hindlimb I/R elicited cardioprotection by a transfer-
rable humoral factor(s) [6] and is associated with preservation
of mitochondrial integrity and function after I/R injury [7].
Because such dialysate contains factors derived from multiple
tissue beds, other investigators have used a single organ
“transfer of cardioprotection” model in which an isolated
crystalloid-perfused heart undergoes IPC and the coronary
effluent (IPC effluent) is harvested and used to perfuse a
second ‘naïve’ isolated heart with transfer of preconditioning
[8, 9]. This model is useful because potential extraneous
factors released from non-cardiac organs are excluded from
the preparation. Furthermore, other investigators have dem-
onstrated the presence of low molecular weight hydrophobic
cardioprotective factors in the IPC effluent [9, 10] but the role
of these factors on mitochondrial integrity and function fol-
lowing an ischemic insult is currently undefined.

Mitochondrial integrity and function is intrinsically related
to energy production and recovery of myocardial performance
after I/R injury. Complex I and complex III in the electron
transport chain are major sources of reactive oxygen species
(ROS’ production [11, 12] and ischemia-induced dysfunction
at these two sites is associated with increased rate of ROS
production [11]. I/R induced ROS production subsequently
disrupts mitochondrial membrane integrity which is associat-
ed with the release of cytochrome c [13] and decreases the
reducing capacity at cytochrome c oxidase [14]. Furthermore,
cytochrome c is an early marker of pro-apoptotic stimuli that
activates downstream mitochondrial apoptotic signaling cas-
cades [15]. IPC has been demonstrated to protect against I/R
injury through amelioration of ROS production [16], inhibi-
tion of mitochondrial permeability transition pore (MPTP)
opening [17], and prevention of cytochrome c release [18].

The local endogenous release of bioactive substances (eg.
adenosine, bradykinin, and opioids) from the myocardium
following transient ischemia has been characterized as the
major trigger of IPC [5]. Liu et al. [19] first demonstrated that
blockade of the adenosine receptor could effectively abolish
IPC and prior ischemic activation of A1 receptor by adenosine
and its analogue mimicked IPC. Adenosine receptors are also
critical mediators of remote ischemic preconditioning as sys-
temic delivery of an adenosine receptor blocker abolishes the
cardioprotection triggered by transient ischemia of non-
cardiac tissue in the skeletal muscle [2] and kidney [20].
Given that adenosine is released into the coronary effluent
after ischemic preconditioning [21], we hypothesized that
adenosine mediates the infarct-limiting effect of IPC effluent.

The present study was therefore designed to determine if
preconditioning with IPC effluent is associated with 1) im-
proved cardiac hemodynamic recovery and diminished infarct
size, 2) preservation of mitochondrial integrity and function,
and 3) to examine if the adenosine receptor participates in this
model of remote preconditioning.

Materials and Methods

All animals received humane care and treatment in accordance
with the “Guide for the Care and Use of Laboratory Animals”
(NIH publication No. 85–23, revised 1996) and all protocols
were approved by the Animal Care and Use Committee of the
Hospital for Sick Children in Toronto.

Effluent Donor Hearts Preparation

Donor hearts for coronary effluent production were obtained
from male New Zealand White rabbits (Charles River, Saint-
Constant, Quebec, Canada) weighing 3.0–3.5 kg. Rabbits
were subjected to a single intramuscular injection of ketamine
(15 mg/kg), acepromazine (0.29 mg/kg) and atropine
(0.02 mg/kg), anaesthetized with pentobarbital (50 mg/kg),
and heparinized. Hearts were quickly excised and retrogradely
perfused on a Langendorff system by 95 % O2 and 5 % CO2

equilibrated Krebs-Henseleit Buffer (KHB) (in mM: 118
NaCl, 25 NaHCO3, 1.2 KH2O4, 4.7 KCl, 1.2 MgSO4, 1.8
CaCl2, and 11 glucose) at 37 °C. After a 30-min stabilization
period, control effluent was collected (Fig. 1). Hearts then
underwent ischemic preconditioning that consisted of 3 cycles
of 5-min ischemia and 10-min reperfusion. IPC effluent was
collected during each reperfusion interval. All effluents were
harvested on ice and stored at 4 °C overnight before perfusion
of recipient hearts. Effluents for nucleotide quantification
were immediately stored at −80 °C.

Quantitation of Effluent Nucleoside Levels

Control and IPC effluents (n =10 in each group) were applied
via an Autosampler (Leap Technologies HTS PAL) onto a
Gemini-NX C18 column connected to an HPLC (Agilent)
equipped with a binary pump (G1312A) and degasser
(G132A). Mobile phases consisted of A: Milli-Q Water and
B: Methanol. Adenosine and inosine were resolved using the
following gradient 0 min: 5%B; 2 min.: 5%B; 7 min. 25 % B;
7.1. min. 5 %B; 9 min. 5 % B.Material from the column (flow
rate 500 μL/min) was injected onto a Applied Biosystems
(MDS Sciex, Toronto, ON, Canada) API4000 triple-
quadruple mass spectrometer operating in positive MRM
mode, with current set to 12, IS: 5500 and Temperature
700 °C (GS1: 40, GS2:40 and CAD: 8). Adenosine and inosine
levels weremonitored using parent to product ion transitions of
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268.1–> 136.1 and 269.1–> 137.1 and with DF and CE set to
53, 27 and 35 and 19, respectively. Dwell time for each
compound was set to 100 msec. For each batch of unknown
samples, standard curves for adenosine and inosine (dissolved
in KHB) spanning the range 2.5 nM to 500 nMwere generated
with an LOQ of 5 nM (average accuracy 100.1 %, range 92.8–
103 %) for both compounds.

Effluent Recipient Heart Preparation

Prior to recipient heart perfusion, KHB, Control and IPC
effluents were gassed with 95 % O2/5 % CO2 for 1 h at
37 °C. Perfusion buffers and effluents were analyzed for blood
gases by Abbott i-STAT Portable Handheld device to ensure
effluent conforms to the following parameters: pH 7.35 to
7.45, pO2 600 to 650 mmHG, and pCO2 35 to 40 mmHG.
Upon excision, effluent recipient rabbit hearts were perfused
on a flow-through Langendorff system and stabilized for 30-
min with KHB perfusion. To determine the infarct size of
effluent recipient hearts and whether the concentration of
adenosine in the IPC effluent could precondition a naive
isolated heart, hearts were perfused with either control effluent
(Ceff), IPC effluent (IPCeff), or control effluent supplemented
with 2.5 μM adenosine exogenous adenosine (Ceff + 2.5 μM
ADO) to mimic adenosine concentration in IPC effluent

(Fig. 1). Hearts were perfused by effluent for 30-min followed
by 30-min global ischemia and 90-min reperfusion by KHB.
To examine if adenosine receptor inhibition abolishes the
infarct-limiting effect of IPC effluent, hearts were perfused
with 100 μM 8-(p-sulfophenyl)theophylline [21] (IPCeff + 8-
SPT) 5-min prior to and throughout IPC effluent perfusion for
30-min. 8-SPTwas used as a non-specific adenosine receptor
antagonist in this study as no specific adenosine receptor
subtype has been characterized as the major trigger of remote
ischemic preconditioning. Infarct sizes for all groups were
assessed at the end of reperfusion.

LV Functional Assessment

Isovolumetric LV pressure changes were measured using a
water-filled balloon placed in the LV cavity via themitral valve,
connected to a pressure transducer (MLT844; ADInstruments,
Inc, Colorado Springs, CO). Balloon volume was adjusted to a
left ventricular end-diastolic pressure (LVEDP) of 5mmHg and
kept constant throughout the entire experiment. Cardiac perfor-
mance was assessed by LVEDP, LV developed pressure
(LVDP), and peak positive and negative first derivatives LV
pressure (±dP/dT). Heart rate and coronary flow rate were
monitored with a small disk electrode probe (Harvard Appara-
tus, Holliston, MA) connected to an electrocardiographic

Fig. 1 Experimental design of effluent donor and recipient hearts on a
Langendorff perfusion system. Control effluent was collected from efflu-
ent donor hearts following a 30 min stabilization period and IPC effluent
was collected during the three cycles of 10 min reperfusion period
following 5 min global ischemia. Effluent recipient hearts were pretreated
with either control effluent, IPC effluent, control effluent supplemented
with 2.5 μM exogenous adenosine, or IPC effluent with prior adminis-
tration of adenosine receptor blocker 8-SPT. All effluent recipient hearts
were then subjected to 30 min ischemia/90 min reperfusion for infarct

assessment. For mitochondrial assessments, separate effluent recipient
hearts were subjected to 30 min ischemia/30 min reperfusion. Normal
perfused hearts without ischemia/reperfusion injury that were perfused
with KHB for identical timeframe as effluent recipient hearts served as
baseline controls for mitochondrial assessments. Ceff, Control effluent
recipient hearts; IPCeff, IPC effluent recipient hearts; NH, non-ischemic
perfused hearts; ADO, adenosine; KHB, Krebs-Henseleit Buffer; 8-SPT,
8-(p-sulfophenyl)theophylline
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amplifier (ML 136; ADInstruments, Colorado Springs, CO).
Analog data was digitized and analyzed with Chart VI
(ADInstruments, Colorado Springs, CO).

Infarct Size Assessment

At completion of reperfusion, the left ventricle from effluent
recipient hearts was frozen and sliced into five 1 mm slices
perpendicular to the apex-base axis with a rabbit heart cham-
ber slicer (Zivic Instruments, Pittsburgh, PA). Slices were
weighed and then stained in 1 % triphenyltetrazolium (TTC)
(37 °C, 20 min) followed by 10 % neutral formalin fixation
(room temperature, 2 h). Slices were scanned and digitized
using a flatbed scanner. Color was standardized and the non-
infarct (red) and infarct area representing necrosis (pale) were
quantified by color pixel density (Adobe Photoshop CS4).
Infarct size was expressed as a percentage of necrotic mass
over total LV weight.

Mitochondrial Isolation

Because subsarcolemmal mitochondria (SSM) are more sensi-
tive to ischemic damage when compared to interfibrillar mito-
chondria [14, 22], SSM was isolated for mitochondrial integ-
rity and function evaluation. In separate effluent recipient
hearts, SSM was isolated following 30-min ischemia and 30-
min reperfusion to encapsulate the impact of the early phase of
reperfusion on the mitochondria, which is critical in determin-
ing the severity of injury in the later phase (apoptosis versus
necrosis). Mitochondria from time matched KHB perfused
hearts (NH), which were not subjected to I/R injury, were used
for baseline comparisons. SSM was isolated according to the
protocol by Palmer et al. [23]. One gram of LV tissue was
minced in buffer A (100 mmol/L KCl, 50 mmol/L 3-
morpholino-propane-1-sulfonic acid (MOPS), 1.0 mmol/L
MgSO4, 1.0 mmol/L EGTA, and 1 mmol/L adenosine triphos-
phate [pH 7.4] at 4 °C, and then homogenized in buffer Awith
0.2 % bovine serum albumin with a loose Potter–Elvejhem
homogenizer. The homogenate was centrifuged at 500 g, and
the supernatant was combined with the supernatant from a
second 500 g spin after the initial pellet was resuspended.
The pooled supernatant was centrifuged at 3,000 g to sediment
SSM, which was washed twice and resuspended in buffer
containing 100 mmol/L KCl, 50 mmol/L MOPS, and
0.5mmol/L EGTA). Sincemitochondria are isolated from both
viable and non-viable myocardium, the purity and quality of
the mitochondria were assessed by the recovery rate per 1 g of
LV tissue and citrate synthase activity per mg of mitochondria.

Mitochondrial Oxygen Consumption Measurement

Mitochondrial oxygen consumption was measured by a
Clark-type electrode (Instech Laboratories, Plymouth, PA) in

buffer containing (in mM): 100 KCl, 50 MOPS, 1.0 EGTA,
5.0 KH2PO4 and 5 % defatted BSA at 30 °C. Respiratory
Complex I (State 2 and 3), complex II and complex IV (State
3) were measured as previously described by Ricci et al. [24].
Complex I, II and IV respiratory control ratio were expressed
as State 3 normalized to State 2 oxygen consumption rates.
State 4 respiration was not measured as a consequence of our
protocol with the addition of ADP and respiratory inhibitors.

Mitochondrial Outer Membrane Permeability

Integrity of the mitochondrial outer membrane was assessed
by monitoring mitochondrial oxygen consumption after ad-
ministration of exogenous cytochrome c (10 μM) into the
respiratory chamber during measurement of complex IV mi-
tochondrial respiration [25]. The subsequent increase in com-
plex IV activity reflects the permeabilization of outer mito-
chondrial membrane [26].

Cytochrome C Content

Mitochondrial cytochrome c content was determined by the
difference of oxidized and reduced spectra measured by
Agilent 8453 UV-visible Spectrophotometer (Agilent Tech-
nologies, Waldbronn, Germany) in a dual cuvette method as
described by William [27].

Mitochondrial ROS Production

Reactive oxygen species (ROS) production was monitored in
triplicates and standardized against a negative control from
reduced dichlorofluorescein (H2DCF) oxidation (exCitation/
emission, 490/525 nm) by a microplate spectroflurometer
(Spectra MAX Gemini EM, Molecular Devices, Sunnyvale,
CA) after incubating 50 mg of mitochondria energized by
malate/glutamate (both 2.5 mM) in mitochondrial respiratory
buffer with 10 μM CM-H2DCF diacetate (Molecular Probes,
Eugene, OR) at room temperature for 30 min.

Statistics

Data were expressed as mean ± S.D. Planned two group
comparisons (effluent adenosine and inosine concentrations)
were performed by t -test. Infarct data and mitochondrial func-
tion analysis comparison between groups were performed by
one-way ANOVA followed by Tukey’s post hoc test. Hemo-
dynamic data were compared among groups by 2-factor
ANOVA with replication and Tukey’s post hoc test was ap-
plied to identify differences between groups when signifi-
cance was achieved. The correlation between infarct size
and adenosine/inosine concentration in the effluent was deter-
mined by Pearson’s correlation coefficient. P <0.05 was con-
sidered statistically significant.
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Results

Adenosine and Inosine Levels in the Coronary Effluent
of Donor Hearts

Quantification of nucleotide levels in the coronary effluent
(Table 1) from normal perfused hearts and hearts undergoing
three cycles of ischemic preconditioning showed that pre-
conditioning increased adenosine concentration in the IPC
effluent by more than 10-fold (P <0.01 vs Control effluent),
and inosine concentration by approximately 7-fold (P <0.01 vs
Control effluent).

Hemodynamics

Baseline hemodynamics obtained during the stabilization pe-
riod were not significantly different between all groups
(Table 2). Compared to control effluent recipient hearts, per-
fusion by IPC effluent and 2.5 μM exogenous adenosine
increased the coronary flow prior to ischemia. However, this
increase was transient and did not persist after reperfusion. ±
dP/dT was also increased during effluent perfusion for IPC
effluent and 2.5 μM exogenous adenosine treated hearts com-
pared to control effluent and IPCeff + 8-SPT perfused hearts.
After 30-min global ischemia, left ventricular performance
and contractility were significantly better preserved in IPC
effluent and 2.5 μM exogenous adenosine recipient hearts
compared to control effluent recipient hearts throughout the
course of reperfusion. Administration of adenosine receptor
blocker 8-SPT prior to perfusion by IPC effluent abolished the
protection against left ventricular dysfunction that was ob-
served in IPC effluent recipient hearts.

Myocardial Infarction

Consistent with previous reports [8, 9], infarct size in IPC
effluent recipient hearts (23±7 %) was significantly reduced
compared to control effluent recipient hearts (41±8 %,
P <0.01) after 30 min ischemia and 90 min reperfusion
(Fig. 2). Antecedent perfusion with control effluent supp-
lemented with 2.5 μM adenosine resulted in infarct size reduc-
tion similar to IPC effluent (25±10 %, P <0.01 vs. Ceff).
Adenosine receptor inhibitor treatment by 8-SPT prior to

preconditioning by IPC effluent completely abolished the in-
farct limiting effect of IPC effluent (IPCeff + 8-SPT: 46±7 %).
Infarct size was not significantly different between IPCeff + 8-
SPT and Ceff hearts. The correlation between infarct size and
adenosine concentration was found non-significant by
Pearson’s Correlation Coefficient statistical test (P=0.205 for
control effluent and P=0.143 for IPC effluent). The correlation
between infarct size and inosine concentration was also non-
significant by Pearson’s Correlation Coefficient statistical test
(P=0.225 for control effluent and P=0.276 for IPC effluent).

Mitochondrial Respiration Assessment

The relative mitochondrial recovery rate per 1 g of LV tissue
(mg protein/g wet weight) and citrate synthase activity per mg
of mitochondria were used as indicators of isolation purity and
were not significantly different between all groups (Table 3).
These values were consistent with a previous study from
Lesnefsky et al. [14].

Ischemia and reperfusion in control effluent recipient hearts
resulted in a significant deficit in mitochondrial complex I/
State 3 respiration (P <0.01 vs. NH) and complex IV/State 3
respiration (P <0.05 vs. NH) (Fig. 3a). However, pretreatment
with IPC effluent attenuated the deficits in complex I (P <0.01
vs. IPCeff) and complex IV respiration (P <0.05 vs. IPCeff).
Administration of 8-SPT with IPC effluent abolished the
improvements in complex I (P <0.01 vs IPCeff) and complex
IV (P <0.05 vs IPCeff) respiration that was observed in IPC
effluent recipient hearts. Perfusion with 2.5 μM adenosine
prior to I/R failed to preserve complex I (P <0.01 vs NH)
and complex IV respirations (P <0.01 vs NH). Complex II/
State 3 respiration was not different among all groups.

Mitochondrial State 2 respiration however was significant-
ly improved in 2.5 μM adenosine recipient hearts (P <0.01 vs
Ceff and NH, P <0.05 vs IPCeff, Fig. 3b), suggesting inner
membrane permeability and proton leakage were decreased
following I/R. No significant increase in mitochondrial State 2
respiratory activity was observed in all groups, indicating that
I/R did not impair the integrity of the mitochondrial inner
membrane.

The coupling between respiration and oxidative phosphor-
ylation as represented by the respiratory control ratio (State 3/
State 2) in control effluent and IPCeff + 8-SPT recipient hearts
were significantly lower for complex I after I/R injury (P <0.05
vs. NH, Fig. 3c). Perfusion with IPC effluent (P <0.05 vs. Ceff)
and 2.5 μM adenosine (P <0.01 vs. Ceff) significantly attenu-
ated this deficit. Respiratory control ratios for complex II and
complex IV were also improved in mitochondria of 2.5 μM
adenosine recipient hearts due to improved State 2 respiration
but not improved State 3 respiration (P <0.01 vs. all groups)
albeit with a high degree of standard deviation in the complex
IV RCR. Respirometry rates in the current study were consis-
tent with our previous reports [7, 28].

Table 1 Adenosine and Inosine concentrations in coronary effluent

Control effluent [μM] IPC effluent [μM]

Adenosine 0.21±0.06 2.6±1.1*

Inosine 0.78±0.31 5.6±0.34*

Values are means ± S.D. n =10 per group
*P<0.01 vs control effluent
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Mitochondrial Membrane Integrity and Cytochrome c
Retention

Administration of exogenous cytochrome c reversed the def-
icit in the complex IV/State 3 respiration ofmitochondria from
control effluent and IPCeff + 8-SPT recipient hearts (P <0.01
vs. NH, Fig. 3d) suggesting that outer mitochondrial mem-
brane permeabilization contributes to the decline in complex
IV activity. IPC effluent and 2.5 μM ADO effluent recipient
hearts maintained the integrity of the mitochondrial outer
membrane as exogenous cytochrome c failed to elicit addi-
tional complex IV activity. Correlating with the notion of

increased permeabilization of the outer mitochondrial mem-
brane in control effluent recipient hearts was the signifi-
cantly diminished total mitochondrial cytochrome c content
when compared to non ischemic hearts (P <0.01 vs. NH,
Fig. 4). Conversely, total mitochondrial cytochrome c con-
tent in IPC effluent recipients hearts was well preserved
(P <0.01 vs. Ceff) but was not preserved in 2.5 μM adeno-
sine recipient hearts (P <0.01 vs NH). Adenosine receptor
blockade with IPC effluent recipient hearts abolished the
preservation of mitochondrial outer membrane integrity
and total cytochrome content that were observed in IPC
effluent recipient hearts.

Table 2 Cardiac performance
parameters of effluent recipient
hearts during stabilization (Base-
line), following perfusion with
effluent and adenosine, and re-
perfusion at 15, 30, and 90 min

LVEDP left ventricular end dia-
stolic pressure, LVDP left ven-
tricular developed pressure, +dP/
dt positive first derivative of left
ventricular pressure, −dP/dt,
negative first derivative of left
ventricular pressure

Values are means ± S.D. n =5–6
for all groups
*P<0.01 vs Ceff

#P<0.05 vs Ceff

^P<0.01 vs IPCeff + 8-SPT

Φ vs IPCeff + 8-SPT

Ceff IPCeff IPCeff + 8-SPT Ceff + 2.5 μM ADO

Baseline

Coronary flow, ml/min 48±5 47±3 51.4±3 52±7

Heart rate 169±7 165±11 176±8 166±4

LVEDP 3.7±0.7 3.7±0.59 2.52±0.76 3.5±1.2

LVDP (mmHG) 127±3 128±13 131.68±4 126±4

(+) dP/dT (Max) 2119±105 2068±104 2110±115 2084±83

(−) dP/dT (Max) 1384±70 1389±50 1410±85 1410±47

Effluent/ADO perfusion

Coronary flow, ml/min 51±3 59±1* 36±6* 61±3*

Heart rate 165±8 162±5 168±17 162±5

LVEDP 3.7±1 3.3±0.6 3.08±1.3 2.6±0.94

LVDP (mmHG) 126±4 145±6# 134±17 148±8*

(+) dP/dT (Max) 2047±167 2253±144^ 1851±315# 2220±96^

(−) dP/dT (Max) 1301±72 1512±91#^ 1245±53 1536±84*^

15 min reperfusion

Coronary flow, ml/min 26±3 32±2 22±7 33±2#

Heart rate 141±9 136±5 149±6 135±10

LVEDP 43±7 18±10*^ 84±5* 20±5*^

LVDP (mmHG) 46±5 73±8*^ 29.8±3* 66±6*^

(+) dP/dT (Max) 665±74 1006±193*^ 480±72 983±83*^

(−) dP/dT (Max) 547±89 865±95*^ 382±66* 897±87*^

30 min reperfusion

Coronary flow, ml/min 23±4 28±2Φ 20±6 29±2#^

Heart rate 135±10 130±15 143±5 133±14

LVEDP 36±8 15±8*^ 81±7* 14±6*^

LVDP (mmHG) 56±7 83±6*^ 29±3* 78±3*

(+) dP/dT (Max) 911±79 1519±108*^ 572±127* 1531±78*^

(−) dP/dT (Max) 788±84 1052±105*^ 463±64* 1073±97*^

90 min reperfusion

Coronary flow, ml/min 19±3 23±2#^ 13±2*# 25±2*^

Heart rate 127±14 113±10 127±11 122±10

LVEDP 27±6 11±4*^ 75±1* 10.1±6*^

LVDP (mmHG) 63±3 83±6*^ 31±4* 78±3*^

(+) dP/dT (Max) 834±96 1459±312*^ 599±115 1499±78*^

(−) dP/dT (Max) 719±63 936±129*^ 471±62* 926±61*^
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Mitochondrial ROS Production

I/R injury resulted in a significant increase in mitochondrial
ROS production measured by H2DCF in control effluent re-
cipient hearts (P <0.05 vs. NH) (Fig. 5). Preconditioning with
2.5 μM adenosine significantly attenuated the increase in ROS
production (P <0.05 vs. Ceff), supporting a role for reduction of
oxidative stress in adenosine mediated cardioprotection. Mito-
chondrial ROS production however was not significantly re-
duced in IPC effluent recipient hearts (P=0.11 vs. Ceff) after I/
R injury.

Discussion

Based on the remote preconditioning model described by
Dickson et al. [8] which utilized coronary effluent from an
ex vivo preconditioned heart to precondition a second naive
heart, we evaluated the hypothesis that endogenously released
adenosine could be responsible for effluent-mediated transfer of
cardioprotection between isolated perfused hearts. The novel
findings in the present study include: (1) the concentration of
adenosine in the IPC effluent is 10-fold greater than control
effluent and supplementation of this concentration of adenosine
in control effluent mimics IPC effluent associated infarct size
reduction and left ventricle functional recovery. This protection

by IPC effluent can be abolished with adenosine receptor
inhibition indicating the participation of adenosine receptors
in this mode of preconditioning. (2) In contrast to adenosine
supplementation, IPC effluent induces a unique profile of alter-
ations in mitochondrial function in the reperfusion period com-
pared to adenosine preconditioned hearts, which suggests that
adenosine alone is not entirely responsible for the preservation
of mitochondrial function. IPC effluent likely contains other
factor(s) in addition to adenosine that confer mitochondrial
resistance to I/R injury.

Dickson et al. [29] provided evidence supporting the hy-
pothesis that the protective mechanism in a model of coronary
effluent-mediated transfer of cardioprotection requires an in-
tact opioid receptor system as administration of opioid recep-
tor antagonist naloxone prior to IPC effluent preconditioning
abolished cardioprotection. However, pretreatment with ex-
ogenous Met- and Leu-enkephalin which was found up-
regulated in the IPC effluent failed to elicit a protective re-
sponse. Since adenosine is rapidly released from the hydroly-
sis of ATP during hypoxia in isolated hearts [21, 30], we
hypothesized that endogenously released adenosine in the
IPC effluent is responsible for the transfer of preconditioning.
In the present study, adenosine content was measured in the
entire collection of IPC effluent aggregated during the three
10-min reperfusion periods after three cycles of 5-min ische-
mia. With this protocol, adenosine concentration was in-
creased 10-fold in comparison to control effluent and this
concentration was cardioprotective. Our observation com-
bined with Dickson’s report [29] suggest the possibility of
adenosine and opioid receptor crosstalk that has been impli-
cated in IPC [31] and remote ischemic preconditioning [32].

Ischemia induced membrane permeability and release of
cytochrome c resulting in reduction of mitochondrial respira-
tion at cytochrome c oxidase contributes to the decline in
myocardial performance following reperfusion injury [14].
We demonstrate that cardioprotection by IPC effluent is asso-
ciated with mitochondrial integrity and function preservation
as evidenced by maintenance of mitochondrial membrane
integrity, prevention of cytochrome c release, and preservation
of complex I and complex IV respiration. Although the reduc-
tion in infarct size by IPC effluent could be reproduced by
2.5 μM adenosine, mitochondrial function in complex I and
complex IV state 3 respirations and cytochrome c content in
adenosine preconditioned hearts were not well preserved

Table 3 Mitochondria yield and
citrate synthase activity following
isolation

Values are means ± S.D. n =5–6
for all groups

NH Ceff IPCeff IPCeff + 8-SPT Ceff + 2.5 μM ADO

Mitochondria yield
(mg protein/g wet weight)

11.9±1.4 11.7±1.1 11.8±0.5 11.1±1.1 11.6±1.1

Citrate synthase activity
(nmol/mg protein/min)

2232±124 2135±122 2277±156 2196±175 2229±158

Fig. 2 Infarct size assessed by TTC staining expressed as % of necrotic
mass over total LV weight after 30 min ischemia and 90 min reperfusion
in effluent recipient hearts. IPC effluent and 2.5 μM adenosine
preconditioned hearts had significantly reduced infarct size compared to
control effluent recipient hearts following ischemia/reperfusion injury.
Administration of adenosine receptor blocker 8-SPT abolished the
cardioprotection by IPC effluent. n=5–6 per group. * P<0.01 vs C
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compared to IPC effluent preconditioned hearts. However,
cardioprotection by adenosine was associated with lowered
ROS production and improved RCR due to a significantly
lower State 2 respiration but not improved State 3 respiration.

The mechanism by which adenosine improves coupling how-
ever is unclear. Our results suggest that other factors present in
the IPC effluent preserve mitochondrial integrity and function
that is independent of adenosine.

Fig. 3 Isolated subsarcolemmal mitochondria respirometry assessment
after 30 min ischemia and 30 min reperfusion in effluent recipient hearts.
n =5–7 per group. a Mitochondrial oxygen consumption of Complex I,
II, and IV in State 3 respiration. Complex I and complex IV respiration
were better preserved in IPC effluent preconditioned hearts after ische-
mia/reperfusion injury compared to control effluent recipient hearts.
* P <0.01 vs NH. # P <0.05 vs NH. ^ P <0.01 vs IPCeff. P<0.05 vs
IPCeff. b Mitochondrial oxygen consumption in State 2 respiration.
2.5 μM adenosine preconditioned hearts had improved state 2 respiration
compared to control effluent recipient hearts. * P<0.01 vs NH and Ceff.
# P<0.05 vs IPCeff. c Respiratory control ratio as an indicator of the
coupling between respiration and oxidative phosphorylation is

represented by State 3/State2. Respiratory control ratio of complex I
was preserved in IPC effluent preconditioned hearts compared to control
effluent recipient hearts. In contrast, complex I, II, and IV respiratory
control ratio was better preserved in 2.5 μM adenosine preconditioned
hearts compared to control effluent recipient hearts. * P <0.01 vs NH.
^ P <0.05 vs IPCeff. P<0.05 vs Ceff, IPCeff + 8-SPT . # P <0.01 vs NH,
C, IPCeff, IPCeff + 8-SPT. d Proportional increase in Complex IVactivity
after addition of exogenous cytochrome c was significantly lower in IPC
effluent and 2.5 μMadenosine preconditioned hearts compared to control
effluent recipient hearts indicating integrity of the outer mitochondrial
membrane was preserved following ischemia/reperfusion. * P <0.01 vs
NH. # P <0.05 vs Ceff

Fig. 4 Total cytochrome c content in the mitochondria following ische-
mia/reperfusion. Cytochrome c was preserved in IPC effluent
preconditioned hearts but not in 2.5 μM adenosine preconditioned hearts
compared to control effluent recipient hearts. * P <0.01 vs NH. ^ P<0.01
vs IPCeff. n =5–7 per group

Fig. 5 Mitochondrial ROS production measured by H2DCF was signif-
icantly attenuated in 2.5 μM adenosine preconditioned hearts but not in
IPC effluent preconditioned hearts when compared to control effluent
recipient hearts. # P<0.05 vs NH. * P <0.05 vs Ceff. n =5–7 per group
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It is well established that opening of the MPTP during
reperfusion has a critical impact on determining the fate of
the myocardium [33]. An important core component of the
MPTP is the adenine nucleotide translocase (ANT), w hich is
also responsible for the majority of the basal proton leak across
the inner membrane [34]. Preconditioning with adenosine has
been demonstrated to induce translocation of protein kinase C
epsilon to the mitochondria [35] and protein kinase c epsilon
interacts with ANT to inhibit opening of the MPTP [36]. It is
not known whether this interaction results in reduced proton
leak across the inner membrane to induce a hypercoupled state
but Scorrano et al. [37] provided evidence that the inner
membrane potential facilities the state of the MPTP and that
uncoupling enhances the propensity towards opening. Our
observation that state 2 respiration is lower in adenosine
preconditioned hearts suggests that the lower proton leakage
and improved coupling may protect the mitochondria by de-
creasing the propensity towards opening of the MPTP. Since
adenosine preconditioned hearts have decreased cytochrome c
content but preserved outer membrane permeability, this sug-
gests that transient opening of the MPTP during reperfusion
results in the release of cytochrome c but early closure may
have protected the myocardium by preventing necrotic cell
death [33]. Furthermore, although mild uncoupling is recog-
nized as an innate protective mechanism through reduced
ROS production and hypercoupling may predispose the mi-
tochondria to enhanced ROS production, adenosine pre-
conditioned hearts have lower ROS production suggesting
that adenosine may have up regulated the anti-oxidative
activity of manganese superoxide dismutase, which have
been suggested as a protective mechanism in delayed aden-
osine preconditioning [38]. Reduced ROS production with
adenosine may also contribute to inhibition of MPTP open-
ing as demonstrated in a study by Clarke et al. [39] in which
reduction in oxidative stress may inhibit MPTP opening
from ischemic preconditioned hearts at 3 min post reperfu-
sion. We are unable to detect differences in exogenous
calcium induced propensity to MPTP opening between
groups (data not shown) and it is possible that we have
missed the critical time point at which inhibition of the
MPTP opening occurs due to our protocol which includes
mitochondrial isolation at 30 min post reperfusion. Other
studies have noted that the MPTP reseals as early as 25 min
after reperfusion in the isolated rat heart [40] and 30 min
after cardioplegic arrest in the isolated rabbit heart [28].

Preservation of mitochondrial outer membrane integrity,
cytochrome c, and state 3 respiration in IPC effluent
preconditioned hearts may largely be contributed to activation
of the mitochondrial KATP channel as previous studies from
our group have demonstrated the importance of mitochondrial
KATP channels in mediating remote ischemic preconditioning
as specific inhibition by 5-hydroxydecanoic acid abolished
cardioprotection [41]. Opening of the mitochondrial KATP

channel may prevent reperfusion injury by reducing accumu-
lation of Ca2+ in the mitochondria during ischemia through
membrane depolarization [42, 43], and by maintaining ATP
synthesis through preserved oxidative phosphorylation [44].
We have observed a trend towards a reduction in ROS pro-
duction (P=0.11) in IPC effluent perfused hearts, which may
be indicative of mild uncoupling from opening of the mito-
chondrial KATP channel resulting in reduction of ROS pro-
duction. Taken together, these observations suggest that IPC
effluent may precondition the myocardium in a different path-
way than adenosine alone and induce cardioprotection
through a different mechanism in the mitochondria, which
involves preservation of cytochrome c and respiration.

Other investigators have pursued the identification of these
cardioprotective factor(s) in the IPC effluent using similar
isolated rat heart perfusion models. A study by Serejo et al.
[9] has shown that IPC effluent contains low molecular weight
hydrophobic cardioprotective factors higher than 3.5 kDawhile
Breivik et al. [10] have demonstrated that cardioprotection was
lost when hearts were perfusedwith a hydrophobic IPC effluent
fraction containing proteins higher than 30 kDa. Characteriza-
tion by liquid chromatography-tandemmass spectrometry (LC-
MS/MS) of the coronary effluent following five cycles of 5 min
ischemia and 11 min reperfusion in the isolated rat heart by
Koomen et al. [45] identified 185 unique proteins (66 % intra-
cellular proteins), with functions related to metabolism,
structure/contractility, and oxidative stress response. We have
performed a preliminary peptidomic/metabolomic analysis of
the coronary effluent using LC-MS analysis of control and IPC
effluent (n =2) concentrated by isocratic elution from C18
reverse phase column and analyzed on an Orbitrap LTQ MS
instrument. In this preliminary survey (m/z scan from 310 to
1,300), we were able to identify 50–60 peptides of which 8–10
were increased by more than 50 % relative to the levels found
in control effluent (Supplementary Figure 1). Additionally, we
detected 406 uncharacterized ions corresponding to either me-
tabolites or peptides, 25 % of which were increased more than
1.5 fold in the IPC effluent. The identities of these factor(s)
associatedwith remote cardioprotection remain known andwill
require further studies to characterize the physiological signif-
icance of the changes in metabolite and proteins that are found
in the IPC effluent.

Inosine, a metabolic breakdown product arising from aden-
osine deamination and a potent activator of the adenosine A1
[46] and A3 receptor [47] was also significantly elevated in
IPC effluent. It is not clear whether the concentration of
inosine found in IPC effluent (5.6 μM) would produce a
similar level of protection when used in combination with
adenosine to perfuse a naive heart although Naydenova et al.
[46] demonstrated that inosine at a concentration of 5 μMwas
sufficient to precondition HL-1 cardiomyocytes through aden-
osine A1 receptor activation. However, Peart et al. [48] dem-
onstrated that pretreatment with inosine (20 μM) plus
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hypoxanthine (10 μM) prior to I/R in an isolated mouse heart
model failed to alter pre-ischemic contractile function and had
no effect on post-ischemic functional recovery (contractile
and coronary flow).

Adenosine however remains a critical mediator in remote
ischemic preconditioning as systemic delivery of 8-SPT abol-
ishes the cardioprotection triggered by brief ischemia of non-
cardiac tissue in the skeletal muscle [2] and kidney [20].
Furthermore, intra-arterial (but not intravenous) injection of
adenosine into a limb leads to cardioprotection and the plasma
dialysate taken from adenosine pretreated rabbit is able to
protect a naïve heart against I/R injury [49]. These observations
suggest the possibility that endogenous adenosine release from
ischemic preconditioning in the heart or the limb may induce
the secondary release of cardioprotective humoral factor(s).

In summary, transient ischemia liberates endogenous pro-
tective substances into the coronary effluent of isolated hearts.
This effluent provides potent cardioprotection in a naïve re-
cipient heart, an effect which can be abolished with an aden-
osine receptor antagonist. Addition of exogenous adenosine to
control effluent recapitulated the reduction in infarct size and
left ventricle recovery but preserved mitochondrial function
with a different profile than IPC effluent. Our study reinforces
the notion that multiple innate cardioprotective factors are
released after ischemic preconditioning and the identity of
these factors remain to be identified.
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