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Oberdürrbacher Str. 6, 97080 Würzburg, Germany. Email: Lotz_C@klinik.uni-wuerzburg.de

Abstract
Remote ischemic preconditioning (remote IPC) elicits a protective cardiac phenotype against myocardial ischemic injury. The

remote stimulus has been hypothesized to act on major signaling pathways; however, its molecular targets remain largely

undefined. We hypothesized that remote IPC exerts its effects by activating the peroxisome-proliferator-activated

receptors (PPARs) a and g, which have been previously implicated in cardioprotective signaling. Male New Zealand white

rabbits (n ¼ 78) were subjected to a 30-min coronary artery occlusion followed by three hours of reperfusion. Three cycles

of remote IPC consisting of 10-min renal ischemia/reperfusion were performed. The animals either received the PPARa-

antagonist GW6471 or the PPARg-antagonist GW9662 alone or combined with remote IPC. Infarct size was determined

gravimetrically. Tissue levels of 15d-prostaglandin J2 (15d-PGJ2), as well as the PPAR DNA binding were measured using

specific assays. Reverse transcriptase polymerase chain reaction was used to analyze changes in endothelial nitric oxide

synthase or inducible nitric oxide synthase (iNOS) mRNA expression in relative quantity (RQ). Data are mean+SD. As a

result, remote IPC significantly reduced the myocardial infarct size (42.2+4.9%� versus 61+1.9%), accompanied by an

increased PPAR DNA-binding (189.6+19.8RLU� versus 44.4+9RLU), increased iNOS expression (3.5+1RQ� versus

1RQ), as well as 15d-PGJ2 levels (179.7+7.9 pg/mL� versus 127.9+7.6 pg/mL). The protective response elicited by

remote IPC, as well as the accompanying molecular changes were abolished by inhibiting PPARa (56.8+4.7%; 61.1+
14.2RLU; and 1.91+0.96RQ, respectively) or PPARg (57.4+3.3%; 52.7+16.9RLU; and 1.54+0.25RQ, respectively).

(�Significantly different from control P , 0.05). In conclusion, the obtained results indicate that both PPARa and PPARg

play an essential role in remote IPC against myocardial infarction, impinging on the transcriptional control of iNOS expression.
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Introduction

In 1993, Przyklenk et al.1 extended the concept of precondi-
tioning by showing that intramyocardial protection could be
transferred from the area of one coronary artery to another,
a phenomenon called remote ischemic preconditioning
(remote IPC). Subsequent studies demonstrated that
remote IPC is not restricted to the heart; and that further-
more, transient episodes of ischemia and reperfusion of
one organ, such as the kidney, are able to protect another
organ, such as the heart.2 Since remote IPC seems to be

much easier to apply in a clinical setting than IPC, e.g. by
using repetitive blood-pressure cuff inflations and defla-
tions, it has recently received increasing attention.3,4 The
mechanisms identified in this protection at a distance are
similar to those of classic ischemic preconditioning (IPC)
and include the generation of reactive oxygen species
(ROS),5 as well as the production of nitric oxide (NO).6

NO is known to hold a decisive role in cardioprotective
signaling7 and recent investigations further linked its pro-
duction to pharmacological cardioprotection afforded by
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the activation of peroxisome-proliferator-activated receptors
(PPARs),8 – 10 as pharmacological inhibition of nitric oxide
synthetase (NOS) abrogated both the cardioprotective
effects of the PPARa agonist WY 14,463,11 as well as the
PPARg agonist rosiglitazone.12 PPARs are a family of
nuclear receptors, consisting of three known isoforms (a,
b, g), of which PPARa, as well as PPARg, are involved in
lipid and lipoprotein metabolism and play a central role in
the regulation of myocardial fatty acid oxidation.13 The
receptors are activated upon the action of multiple known
ligands, most prominently 15d-prostaglandin J2

(15d-PGJ2)14 and the administration thereof has been
shown to process cardioprotective properties as well.10

However, the role of PPARa and PPARg in remote IPC
has not been investigated to date. Thus, we hypothesized
that the activation of PPARa and PPARg plays a pivotal
role in mediating remote IPC against myocardial infarction
via a mechanism involving the increased production of
15d-PGJ2, as well as distinct changes of NOS function. To
test our hypothesis we used a well-established in vivo infarc-
tion model of the rabbit heart. The obtained results indicate
that both PPARa and PPARg play an essential role in
remote IPC against myocardial infarction, impinging on
the transcriptional control of inducible nitric oxide synthase
(iNOS) expression.

Material and methods

All experimental procedures and protocols carried out in
this investigation were reviewed and approved by the
Animal Care and Use Committee of the local authorities
(Government of Lower Franconia, Würzburg, Germany).
All procedures conformed to the Guiding Principles in the
Care and Use of Animals of the American Physiologic
Society and were in accordance with the Guide for the Care
and Use of Laboratory Animals.15

Materials

GW6471 [(2S)-2-[[(1Z)-1-methyl-3-oxo-3-[4-(trifluoromethyl)
phenyl]-1-propenyl] amino]-3-[4-[2-(5-methyl-2-phenyl-4-
oxazolyl)ethoxy]phenyl]propyl]-carbamic acid ethyl ester]
was purchased from Tocris Bioscience (Bristol, UK).
GW9662 [N-((2S)-2-(((1Z)-1-methyl-3-oxo-3-(4-(trifluoromethyl)
phenyl)prop-1-enyl)amino)-3-(4-(2-(5-methyl-2-phenyl-1,3-
oxazol-4-yl)ethoxy)phenyl)propyl) propanamide] was pur-
chased from Sigma-Aldrich (Steinheim, Germany). TRIZOL
reagent was obtained from Invitrogen (Carlsbad, NM,
USA); an iSkript cDNA synthesis kit was purchased from
Bio-Rad Laboratories (Munich, Germany) and a QuantiTech
SYBR PCR kit was obtained from Qiagen (Valencia, CA,
USA). Primers for the reverse transcriptase polymerase
chain reactions (RT-PCR) were purchased from Biomers
(Ulm, Germany). A PPAR transcription factor assay kit
was obtained from Novagen (Madison, WI, USA).
15d-PGJ2 was measured by an enzyme immunoassay kit
obtained from Cayman Chemicals (Tallinn, Estonia). All
other chemicals were obtained from Sigma-Aldrich.

General preparation

Male New Zealand White rabbits were anesthetized with
sodium pentobarbital (30 mg/kg intravenous bolus, fol-
lowed by an infusion of 20–30 mg/kg/h) via the left mar-
ginal auricular vein. Depth of anesthesia was verified by
recurrent testing of palpebral reflexes and hind paw with-
drawal throughout the experiment. After tracheotomy and
tracheal cannulation, the animals were artificially ventilated
(Cicerow; Draeger, Luebeck, Germany) using positive
pressure with an air and oxygen mixture (70%/30%).
Arterial blood drawn from the auricular artery was recur-
rently analyzed using an ABL 505 blood gas analyzer
(Radiometer, Copenhagen, Denmark), and blood gases
were maintained within a normal physiological range by
adjusting the respiratory rate or tidal volume. Continuous
measurement of the heart rate (HR) was performed using
a saline-filled PE 50 polyethylene catheter inserted into the
left ventricle (LV) via the right carotid artery. Mean arterial
pressure was monitored by insertion of a saline-filled PE 10
polyethylene catheter via the right femoral artery into the
descending aorta. Rectal body temperature was maintained
at 38.5+ 0.58C16 by a servo-controlled heating pad (Foehr
Instruments, Seeheim, Germany). After thoracotomy in the
left fourth intercostal space and pericardiotomy, the left
heart was exposed and suspended in a pericardial cradle.
A silk ligature was placed halfway between the base and
the apex of the heart around a prominent branch of the
left anterior descending coronary artery to form a snare.
By tightening the snare, a coronary artery occlusion (CAO)
was produced, and reperfusion was instituted by loosening
the snare. CAO was verified by epicardial cyanosis, regional
dyskinesia in the ischemic zone and electrocardiographic
changes. Adequate reperfusion was confirmed by an epicar-
dial hyperemic response and reversion of electrocardio-
graphic changes. For remote IPC the abdominal cavity
was opened and the left renal artery was dissected free.
An arterial vessel clamp was placed around the renal
artery for renal artery occlusion (RAO). Renal reperfusion
was achieved by removal of the clamp. RAO was verified
by renal cyanosis; adequate reperfusion was accessed by
renal hyperemia. Each rabbit received 300 U/kg heparin
five minutes before RAO for anticoagulation.

Hemodynamic parameters, body temperature and elec-
trocardiogram were recorded continuously and analyzed
using a personal computer (Hewlett Packard, Palo Alto,
CA, USA) and hemodynamic data acquisition and analysis
software (Notocordw hem 3.5; Croissy sur Seine, France).
Data were digitized at a sampling rate of 1000 Hz.

Experimental protocol

The experimental protocol used in this investigation is
illustrated in Figure 1. Baseline systemic hemodynamic par-
ameters were recorded following an one-hour equilibration
period after completion of instrumentation and calibration.
All rabbits were subjected to 30 min of CAO followed by
three hours of reperfusion. Rabbits were randomly assigned
to one of the six study groups (n ¼ 8 per group) after com-
pletion of the preparation of each animal. Rabbits received

................................................................................................................................................
114 Experimental Biology and Medicine Volume 236 January 2011



either vehicle (25 mL dimethylsulfoxide [DMSO] in 2 mL
0.9% saline) (control), three cycles of renal ischemia/reper-
fusion (I/R) plus vehicle (remote IPC), GW6471 (4 mg/
kg21) or GW9662 (1 mg/kg21). In two additional groups,
remote IPC and GW6471 or GW9662, respectively, were
co-administered. Each cycle of remote IPC consisted of
10 min of renal ischemia alternating with 10 min of renal
reperfusion. The specific PPARa inhibitor GW6471 and
the specific PPARg inhibitor GW9662 were dissolved in
DMSO and administered as an intravenous bolus injection
(containing a final concentration of 0.0125% DMSO).

In an additional set of experiments (n ¼ 5 per group),
the heart and the left kidney were rapidly excised one
hour after the last cycle of remote IPC or at the correspond-
ing time point, respectively. Both organs were shock
frozen in liquid nitrogen and stored at 2808C until further
use.

Measurement of myocardial infarct size

Infarct size and area at risk (AAR) were gravimetrically
determined according to standard procedures.17 In brief,
at the end of each experiment, the coronary artery was
re-occluded and the AAR was determined by infusion of
2 mL patent blue (0.1 g/mL; Sigma-Aldrich, Taufkirchen,
Germany). The rabbits were then euthanized with a lethal
dose of pentobarbital, and the heart was rapidly excised.
The heart was cut into five slices from apex to base, and
the non-stained red myocardium was separated from the
non-ischemic blue-stained normal area. The samples of
ischemic and non-ischemic regions were incubated at 378C
for 20 min in 1% 2,3,5-triphenyltetrazoliumchloride in
0.1 mol/L phosphate buffer adjusted to pH 7.4. After over-
night storage in 10% formaldehyde, infarcted (pale) and
non-infarcted (brick-red) myocardium within the AAR
was carefully separated and weighted. Infarct size (as % of

left ventricular [LV] weight) was expressed as a function
of the AAR (as % of LV weight). Rabbits with an AAR
less than 15% of LV mass and those with intractable ventri-
cular fibrillation or LV pump failure were excluded from the
study.

RNA extraction and real-time PCR

Total RNA was isolated with TRIZOL Reagent (Invitrogen).
First-strand cDNA synthesis was performed with 1 mg of
total RNA in a 20-mL reaction mixture according to the rec-
ommended conditions in the Bio-Rad iSkript cDNA
Synthesis kit (Bio-Rad Laboratories). For subsequent real-
time PCR, the cDNA was amplified using an ABI 7500
Real Time PCR System (Applied Biosystems, Foster City,
CA, USA). The double-stranded DNA-specific dye SYBR
Green I was incorporated into the PCR buffer provided by
the QuantiTech SYBR PCR kit (Qiagen), allowing quantitat-
ive detection of the PCR product in a 25-mL reaction
volume. The primer sequences (Biomers) for endothelial
nitric oxide synthase (eNOS) were 50 CCA-CCA-GAG-
AAC-GGA-G 30 (sense, 00082327_5) and 50 CCT-CTT-CCG-
CCG-CCT 30 (antisense), for iNOS 50 GGC-CGG-CGG-CCT-
CGA-GTT 30 (sense, 00082327-3) and 50 TTC-TGG-AAG-
CTG-TGG-AGC 30 (antisense, 00082327-4). The primer
sequences used for glyceraldehyde 3-phosphate dehydro-
genase (GAPDH) were 50 GGG-CAA-GGT-CAT-CCC-
CGA-GCT-GAA 30 (sense, 00082327-1) and 50 GAG-GTC-
CAC-CAC-CCT-GTT-GCT-GTA 30 (antisense, 00082327-2).
The following temperature profile was used: 958C for
10 min, 50 cycles of denaturation at 958C for 15 s, annealing
at 608C for 30 s, and extension at 728C for 30 s. GAPDH was
used to normalize differences in RNA isolation, RNA degra-
dation and the efficiencies of the reverse transcription.
Values are expressed in relative quantities (RQ) to the
mRNA expression in the control group (set to 1).

Figure 1 Experimental protocol. All animals were subjected to 30-min coronary artery occlusion (CAO) followed by three hours of reperfusion. The animals either

received vehicle (Control) or three cycles of 10-min renal artery occlusion (RAO)/reperfusion as a remote ischemic stimulus (remote IPC). Additional groups

received the peroxisome-proliferator-activated receptor (PPAR)a-antagonist GW6471 (GW6471) or the PPARg-antagonist GW9662 (GW9662) alone or in combi-

nation with remote IPC (remote IPC þ GW6471 and remote IPC þ GW9662), respectively
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Measurement of 15d-PGJ2

Left ventricular and renal contents of 15d-PGJ2 were
measured using an enzyme immunoassay kit as described
by the manufacturer.

Preparation of nuclear extracts

Preparation of nuclear extracts from left ventricular and
renal tissue was carried out to determine the
DNA-binding activity of PPAR. The frozen tissue was hom-
ogenized in ice-cold buffer A (10 mmol/L HEPES pH 7.9,
10 mmol/L KCl, 0.1 mmol/L EDTA, 0.1 mmol/L EGTA)
with a glass grinder. After homogenation, 1% Triton X-100
was added and the samples were incubated on ice for
15 min, followed by centrifugation at 10,000g for five
minutes at 48C. The resulting supernatants were collected
as the cytosolic fraction. The resulting pellets were resus-
pended in buffer A and again centrifuged at 10,000g for
five minutes at 48C. The resulting supernatants were dis-
carded. The resulting pellets were suspended in ice-cold
buffer B (20 mmol/L HEPES pH 7.9, 0.4 mmol/L NaCl,
0.1 mmol/L EDTA, 0.1 mmol/L EGTA, 20% glycerol, 1%
Triton X-100) and rocked for one hour at 48C, followed by
centrifugation at 20,000g for 10 min at 48C. Resulting super-
natants containing the nuclear proteins were collected and
stored at 2808C until further use. Protein concentrations
of the nuclear and cytosolic extracts were determined
using a Bradford assay (Bio-Rad Laboratories).18

Determination of PPAR transcription factor activity

PPAR DNA-binding activity was accessed in left ventricular
and renal tissue using a commercially available non-
radioactive transcription factor assay.

In brief, nuclear extracts were incubated with a biotin-
labeled DNA probe containing a PPAR-specific double-
stranded consensus sequence and a single-stranded
capture region. Activated PPARs bind specifically to the
consensus sequence utilized in the assay. The samples
were digested with a double-stranded DNA-specific nucle-
ase, whereas probes with bound transcription factor are pro-
tected from digestion. Samples were subsequently
transferred to a 96-well plate coated with single-stranded
DNA complementary to the capture region. A chemilumi-
nescent alkine phosphatase substrate was added and the
output signal was measured using a microplate lumin-
ometer (Tecan, Maennedorf, Switzerland). Results are
expressed as relative light units (RLUs).

Statistical analysis

Statistical analysis of data within and between groups was
performed with one-way and two-way analysis of variance
followed by post hoc Duncan testing (SPSS 16.0 software,
The Apache Software Foundation, Forest Hill, MD, USA).
Changes were considered statistically significant when the
P value was less than 0.05. All data are expressed as
mean+SD.

Results

A total of 82 rabbits were instrumented to obtain 78 success-
ful experiments. Three rabbits had to be excluded due to
intractable ventricular fibrillation; one rabbit was excluded
from analysis due to an AAR under 15% of LV mass.

Hemodynamics

Hemodynamic parameters of all experimental groups are
shown in Table 1.

Myocardial infarct size

LV AAR was not significantly different between experimen-
tal groups (Table 2). Myocardial infarct size (% AAR) was
60.2+ 1.9% (n ¼ 8) in the control group. Remote IPC signifi-
cantly (P , 0.05) reduced infarct size to 42.2+ 4.9%� (n ¼ 8).
GW6471 and GW9662 alone had no influence on myocar-
dial infarct size compared with control (56.4+ 3.2%, n ¼ 8
and 55.7+ 3.3%, n ¼ 8 respectively), but abolished infarct
size reduction by remote IPC (56.7+ 4.7%, n ¼ 8 and
57.4+ 3.3%, n ¼ 8, respectively) (Figure 2).

PPAR DNA-binding activity

Remote IPC lead to a significant (P , 0.05) increase in myo-
cardial PPAR DNA-binding activity (189.5+ 19RLU�, n ¼
5) compared with control (44.4+ 9RLU, n ¼ 5). GW6471
(67.8+ 25.6RLU, n ¼ 5) and GW9662 (86.7+ 24.8RLU,
n ¼ 5) alone did not alter PPAR DNA-binding in the
heart, but abrogated the increase in PPAR DNA-binding
by remote IPC (61.1+ 34.2RLU, n ¼ 5 and 52.7+
16.8RLU, n ¼ 5, respectively) (Figure 3a).

In renal tissue no significant differences in PPAR
DNA-binding activity could be observed between the
study groups (Figure 3b).

RT-PCR analysis of eNOS and iNOS mRNA expression

RT-PCR was used for the analysis of iNOS and eNOS
expression in left ventricular tissue. Remote IPC signifi-
cantly (P , 0.05) increased iNOS mRNA levels in the heart
(3.5+ 1RQ�, n ¼ 5) compared with the control group. In
contrary, no changes of eNOS mRNA expression could be
observed in response to the remote ischemic stimulus. The
application of either the PPARa inhibitor GW6471 (1.91+
0.96RQ) or the PPARg inhibitor GW9662 (1.54+ 0.25RQ),
respectively, abolished the increase in iNOS mRNA
expression, while showing no influence on eNOS mRNA
expression compared with the control group (Figure 4).

15d-PGJ2 levels

Remote IPC (179.7+ 7.9 pg/mL�, n ¼ 5), as well as the com-
bined application of remote IPC and GW6471 (186.7+
13.2 pg/mL�, n ¼ 5) or remote IPC and GW9662 (164.9+
9.4 pg/mL�, n ¼ 5) significantly (P , 0.05) increased levels
of 15d-PGJ2 in the heart compared with the control group
(127.9+ 7.6 pg/mL, n ¼ 5). GW6471 or GW9662 alone did
not alter myocardial tissue levels of 15d-PGJ2 (139.5+
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16 pg/mL, n ¼ 5 and 138.7+ 2.4 pg/mL, n ¼ 5, respect-
ively) (Figure 5a). Renal tissue levels of 15d-PGJ2 did not
alter significantly differently between the experimental
groups (Figure 5b).

Discussion

The results of the current study demonstrate that the acti-
vation of myocardial PPARa and PPARg comprises an
essential role in mediating remote IPC against myocardial
infarction in vivo. Pharmacological inhibition of PPARa
with GW6471 or PPARg with GW9662 both abolished the
myocardial infarct size reduction elicited by the remote
ischemic stimulus, as well as the accompanying increase
in iNOS mRNA expression, indicating an impaired NO pro-
duction in these groups.

Przyklenk et al. were the first to demonstrate protection
against myocardial I/R injury through remote IPC in the
canine heart. Four cycles of five minutes I/R of the left

circumflex coronary artery were able to protect local and
remote myocardium against ischemic injury.1 Subsequent
studies confirmed and extended these findings by
showing cardioprotective effects, utilizing different remote
IPC protocols in various species, including humans.4,19 In
the current study, we used a protocol of three cycles of
RAO, each cycle consisting of 10-min renal ischemia and
10-min renal reperfusion. The magnitude of infarct size
reduction achieved with this protocol was comparable
with that described in other studies in the rabbit heart
during remote IPC,19 as well as with classical IPC.20,21

Myocardial infarct size reduction by the remote IPC
stimulus was accompanied by a significantly increased
myocardial PPAR DNA-binding activity, indicating a sub-
stantial activation of the PPARs in this setting. The magni-
tude of myocardial PPAR DNA-binding increased
approximately four-fold, corresponding well to the data
obtained by McLeod et al.,22 showing a 2.5-fold increase in
the transcript levels of peroxisome-proliferator-activated
receptor gamma coactivator 1a (PGC-1a) two hours after

Table 1 Systemic hemodynamic parameters

Reperfusion

Base Remote IPC CAO 60 min 120 min 180 min

HR (min21)

Control 275+12 269+10 250+9 244+9 245+8 252+11

Remote IPC 256+12 245+10 246+10 255+9 253+8 257+11

GW6471 245+12 253+10 255+10 254+9 240+9 243+11

GW9662 258+12 255+10 264+9 251+9 240+8 224+11�

Remote IPC þ GW6471 243+13 242+11 237+9 238+9 237+9 240+12

Remote IPC þ GW9662 246+12 249+10 255+10 251+9 250+8 249+11

MAP (mmHg)

Control 73+5 75+4 73+4 68+4 63+4 67+3

Remote IPC 86+5 65+4 69+4 66+4 65+5 66+4

GW6471 68+5 69+4 66+4 62+3 70+5 73+4

GW9662 79+5 87+6 78+4 75+4 67+4 63+5

Remote IPC þ GW6471 78+5 74+4 73+4 68+4 63+4 62+5

Remote IPC þ GW9662 90+5 74+4 75+4 72+4 71+4 66+5

RPP (HR 3 MAP/1000)

Control 19+2 19+1 20+1 17+1 16+1 18+1

Remote IPC 19+2 17+1 16+1 17+1 17+1 17+1

GW6471 17+2 16+1 15+1 17+1 15+1 16+1

GW9662 20+2 21+1 20+1 22+2 19+2 17+1

Remote IPC þ GW6471 18+2 17+1 16+1 16+1 15+1 14+1

Remote IPC þ GW9662 22+2 18+1 17+1 18+1 17+1 16+1

HR, heart rate; MAP, mean arterial pressure; RPP, rate pressure product; IPC, ischemic preconditioning

Data were analyzed at the end of the equilibration period (¼Base), after the last cycle of remote IPC (remote IPC), at the end of the coronary artery occlusion

(¼CAO) and 60, 120 and 180 min after the onset of coronary reperfusion, respectively. Data are mean+SD
�Significantly different from baseline (P , 0.05)

Table 2 Myocardial infarct size analysis in vivo

Experimental group n IS/AAR (%) AAR (%) AAR (g) LV (g) Body weight (kg)

Control 8 60.2+1.9 44.5+3.5 1.54+0.15 3.31+0.14 2.6+0.1

Remote IPC 8 42.2+4.9� 37.3+4.3 1.35+0.20 3.26+0.16 2.5+0.1

GW6471 8 56.4+3.2 34.2+5.0 0.97+0.21 2.82+0.29 2.4+0.1

GW9662 8 56.7+4.7 39.5+4.2 1.25+0.12 3.18+0.12 2.6+0.1

Remote IPC þ GW6471 8 56.7+4.7 36.9+4.1 1.05+0.29 2.86+0.14 2.5+0.1

Remote IPC þ GW9662 8 57.4+3.3 35.7+4.1 1.15+0.15 3.10+0.13 2.6+0.1

AAR, area at risk; LV, left ventricle; IS, myocardial infarct size; IPC, ischemic preconditioning; PPAR, peroxisome-proliferator-activated receptor

Animals subjected to remote IPC exhibited a significantly decreased myocardial infarct size (P , 0.05 versus Control). This protective effect was abolished by the

prior administration of either the PPARa-antagonist GW6471 or the PPARg-antagonist GW9662. No significant differences in the AAR, LV weight or body weight of

the animals could be observed between the experimental groups. Data are mean+SD
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an IPC stimulus. The application of either a specific blocker
of PPARa or PPARg decreased the myocardial PPAR
DNA-binding activity back to control levels, allowing the
conclusion that both isoforms were activated by the
remote ischemic stimulus. However, the assay used in this
study only allows an overall assessment of PPAR activity
and does not distinguish between the different isoforms.
Therefore, we are not able to decipher any differences in
the exact magnitude of transcriptional activation of either
PPARa or PPARg in the heart. Furthermore, in contrary to

the myocardial data obtained, PPAR DNA-binding activity
was not altered in the renal tissue investigated.

Participation of PPARa and PPARg in cardioprotection
has recently been increasingly recognized. In the murine
heart, myocardial I/R injury downregulated PPARa
mRNA expression, while the PPARa agonist GW7646 not
only reversed this finding, but also improved myocardial
dysfunction and attenuated myocardial I/R injury.9

Similar results were obtained in rats using clofibrate and
WY-14643 as PPARa ligands.8 Multiple studies were also

Figure 2 Myocardial infarct size (IS) (as % of left ventricle [LV] weight) expressed as a function of the left ventricular area at risk (AAR) (as % of LV weight) in

rabbits subjected to myocardial ischemic injury. The administration of three repetitive cycles of remote ischemic preconditioning (remote IPC) significantly

reduced the resulting infarct size, a cardioprotective effect, that was abolished by the preceding blockade of peroxisome-proliferator-activated receptor

(PPAR)g or PPARa, respectively. All data are mean+SD. N ¼ 8 in all groups. �Significantly (P , 0.05) different from control

Figure 3 PPAR DNA-binding activity in left ventricular (a), as well as renal (b) tissue expressed in relative light units (RLUs). Three cycles of remote ischemic

preconditioning (remote IPC) were accompanied by a significantly increased peroxisome-proliferator-activated receptor (PPAR) DNA-binding activity in the

heart, indicating a robust activation of these receptors by the remote stimulus. The administration of either the PPARa-antagonist GW6471 or the

PPARg-antagonist GW9662 (GW9662) abrogated this finding, consistent with the activation of both isoforms during the protective response. No significant differ-

ences from the control group were observed in the renal samples, indicating a distinct response between the remote and the target organ, respectively. All data

are mean+SD. N ¼ 5 in all groups. �Significantly (P , 0.05) different from control
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able to demonstrate cardioprotective effects afforded by
ligand activation of PPARg using rosiglitazone treatment,23

as well as ciglitazone, showing reduced myocardial I/R
injury accompanied by enhanced PPAR DNA binding.10

Nevertheless, some studies also failed to depict any ben-
eficial effects by PPARa or PPARg;24,25 however, the exper-
imental models used in these studies differed significantly
from ours, not only by utilizing different animal species,

Figure 4 Left ventricular mRNA expression of iNOS and eNOS. RT-PCR was utilized to examine changes in iNOS and eNOS expression elicited by remote IPC,

as well as their inter-relation to PPARa and PPARg signaling. The remote ischemic stimulus elicited a differentiated response as a significantly enhanced iNOS

expression, dependent on both PPARa and PPARg activation was found, while no alterations in eNOS mRNA expression could be observed. These data indicate

that both PPARa and PPARg impinge on the transcriptional control of iNOS expression during remote IPC. GAPDH was used to normalize differences in RNA

isolation, RNA degradation and the efficiencies of the reverse transcription. Values are expressed relative to the mRNA expression in the control group (set to

1). All data are mean+SD. N ¼ 5 in all groups. �Significantly (P , 0.05) different from control. iNOS, inducible nitric oxide synthase; eNOS, endothelial nitric

oxide synthase; PPAR, peroxisome-proliferator-activated receptor; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; RQ, relative quantity

Figure 5 Myocardial (a), as well as renal (b) tissue levels of 15d-prostaglandin J2 (15d-PGJ2) expressed in pg/mL. 15d-PGJ2 acts as a known activator of PPARg,

as well as PPARa, respectively. The obtained data indicate that the remote ischemic stimulus elicited an increase in myocardial 15d-PGJ2, suggesting 15d-PGJ2

as an upstream activator of the receptors in this setting. In contrary, no significant changes were observed in the renal tissue investigated, corroborating the data

obtained in the PPAR-DNA-binding experiments. All data are mean+SD. N ¼ 5 in all groups. �Significantly (P , 0.05) different from control
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but by orally treating the animals for 12 weeks with a
PPARa agonist24 or eight weeks with different PPARg ago-
nists,25 respectively.

An additional finding of our study were significantly
higher myocardial tissue levels of 15d-PGJ2 subsequent to
the remote ischemic stimulus, while no such increase was
present in the renal tissue investigated. 15d-PGJ2 is known
to modulate the transcriptional activities of various
nuclear transcription factors and is a well-known endogen-
ous ligand of PPARg,26 moreover efficiently activating
PPARa.27 The exogenous administration of 15d-PGJ2 has
previously been shown to elicit infarct size reducing
effects, which were associated both with the activation of
PPARa and PPARg.8 Our finding of an increased myocar-
dial 15d-PGJ2 after the remote stimulus, which was not
abrogated by the blockade of either PPARa or PPARg com-
plies with its role as an upstream activator of the
PPARs, and indicates that 15d-PGJ2 acted as an endogenous
activator of the PPARs during the remote IPC stimulus.
Furthermore, the current finding complements the well-
established notion of prostaglandins holding up an essential
role in cardioprotective signaling.28 However, due to its
molecular structure, 15d-PGJ2 is known to display multiple
cellular functions. It is a cyclopentone prostaglandin acting
as a Michael reaction acceptor, reacting with cysteine thiol
groups in proteins. Therefore we cannot completely rule
out that 15d-PGJ2 acted on signaling pathways other than
PPARa and PPARg during the protective response.
Nevertheless, the majority of the cellular events mediated
by 15d-PGJ2 are actually known to be due to PPAR
activation.26

As a subsequent step, we focused our investigation on
possible changes in NO signaling elicited by the remote
stimulus, as well as its interaction with the respective
PPAR activation in this setting. Studies not only support a
role for NO in remote IPC, but also recently established an
important link between PPAR-mediated cardioprotection
and NO signaling.11,12 Protection against lung, intestine
and pancreatic I/R injury through remote IPC was associ-
ated with an increase in NO levels.29 Furthermore, bilateral
occlusion of the internal carotid arteries leads to a reduced
myocardial infarct size in the murine heart, an effect not
reproducible in iNOS knockout animals.6 These findings
were further corroborated by Li et al.,30 showing increased
iNOS mRNA in the heart after preconditioning of the
hind limbs, while no cardioprotection was found in mice
with targeted deletions of the iNOS gene. Our study corro-
borates these findings and adds new insights by showing
that the remote ischemic stimulus augmented an increase
in myocardial iNOS expression, dependent on the activation
of PPARa and PPARg. Using RT-PCR measurements, we
were able to decipher a differential response in NOS signal-
ing subsequent to the remote stimulus. It is known that
tissue ischemia triggers rapid induction of specific transcrip-
tion factors, setting the stage for subsequent tissue injury
during reperfusion,31 and that changes in iNOS transcrip-
tion can already be observed after 20 min.32 While the
eNOS mRNA expression did not differ significantly
throughout the experimental groups, remote IPC signifi-
cantly increased the iNOS expression in the heart.

Furthermore, pharmacological inhibition of either PPARa
or PPARg abrogated the observed effect, indicating the
activation of a PPARa/PPARg-NOS pathway in the heart.
This pathway seems to be exclusive to the heart further con-
sidering the distinct response between heart and kidney
observed in the PPAR transcription factor activity assay,
as well as the absence of increased renal 15d-PGJ2 levels
in our study. However, one has to consider that the
observed increase in iNOS mRNA only provides limited
information about the actual change in iNOS activity, as
well as the absolute values of NO in the heart, as the
enzyme is explicitly known to be regulated by post-
translational modifications. Nevertheless, taking into
account that the remote IPC stimulus lead to a 3.5-fold
increase in iNOS mRNA, we believe that it is safe to con-
clude that the protective response was indeed governed
by an increased availability of NO in a PPARa/PPARg
dependent fashion.

Moreover, the results imply the presence of a yet
unknown, mechanistic pathway linking the remote organ
to the heart. Neural pathways, as well as humoral
mediators, like opioids or endocannabinoids, have been
suggested to connect the remote organ to the heart during
remote IPC. Hajrasouliha et al.33 demonstrated cannabinoid
receptor 2 (CB2) receptor activation during remote IPC and
proposed that endocannabinoids generated during ischemia
of the remote organ may enter the bloodstream and activate
CB2 receptors. Since enhanced endocannabinoid levels are
known to activate PPARa34 and PPARg agonists35 are
capable of interacting directly with the endocannabinoid
system, most likely endocannabinoids may have been gener-
ated during renal I/R. In turn, activation of myocardial CB
receptors may have subsequently led to the increase in
PPARa and PPARg activity. Nevertheless, future studies
are required to test this hypothesis.

The current results must be interpreted within the con-
straints of several potential limitations. Myocardial infarct
size is determined primarily by the size of the AAR and
extent of coronary collateral perfusion. In the present inves-
tigation, the AAR expressed as a percentage of total left ven-
tricular mass was similar between groups and rabbits have
been shown to exhibit little if any coronary collateral blood
flow.36 Therefore, it seems unlikely that differences in collat-
eral perfusion between groups account for the observed
results. Furthermore, the possibility that GW6471 and
GW9662 may have affected other signaling cascades or pro-
teins involved in myocardial protection cannot be comple-
tely excluded from the analysis. Nonetheless, GW6471 and
GW9666 have proven to be highly selective inhibitors of
PPARa37 and PPARg,38 respectively.

In summary, the results of the current study demonstrate
an essential role for PPARa, as well as PPARg in mediating
the cardioprotective response elicited by remote IPC by
impinging on the downstream production of NO.
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