
Remote Ischemic Preconditioning Applied during
Isoflurane Inhalation Provides No Benefit to the
Myocardium of Patients Undergoing On-pump Coronary
Artery Bypass Graft Surgery

Lack of Synergy or Evidence of Antagonism in Cardioprotection?

Eliana Lucchinetti, Ph.D.,* Lukas Bestmann, Ph.D.,† Jianhua Feng, M.D., Ph.D.,‡
Heike Freidank, M.D.,§ Alexander S. Clanachan, Ph.D.,# Barry A. Finegan, M.B.,�
Michael Zaugg, M.D., M.B.A.�

ABSTRACT

Background: Two preconditioning stimuli should induce a
more consistent overall cell protection. We hypothesized that
remote ischemic preconditioning (RIPC, second precondi-
tioning stimulus) applied during isoflurane inhalation (first
preconditioning stimulus) would provide more protection to
the myocardium of patients undergoing on-pump coronary
artery bypass grafting.
Methods: In this placebo-controlled randomized controlled
study, patients in the RIPC group received four 5-min cycles of
300 mmHg cuff inflation/deflation of the leg before aortic cross-
clamping. Anesthesia consisted of opioids and propofol for in-
duction and isoflurane for maintenance. The primary outcome was high-sensitivity cardiac troponin T release. Secondary end-

points were plasma levels of N-terminal pro-brain natriuretic
peptide, high-sensitivity C-reactive protein, S100 protein, and
short- and long-term clinical outcomes. Gene expression pro-
files were obtained from atrial tissue using microarrays.
Results: RIPC (n � 27) did not reduce high-sensitivity car-
diac troponin T release when compared with placebo (n �
28). Likewise, N-terminal pro-brain natriuretic peptide, a
marker of myocardial dysfunction; high-sensitivity C-reac-
tive protein, a marker of perioperative inflammatory re-
sponse; and S100, a marker of cerebral injury, were not dif-
ferent between the groups. The incidence for the
perioperative composite endpoint combining new arrhyth-
mias and myocardial infarctions was higher in the RIPC
group than the placebo group (14/27 vs. 6/28, P � 0.036).
However, there was no difference in the 6-month cardiovas-
cular outcome. N-terminal pro-brain natriuretic peptide re-
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What We Already Know about This Topic

• Remote ischemic preconditioning (RIPC) of the heart is a
promising cardioprotective strategy based on ischemic pre-
conditioning, and involves short episodes of ischemia and
reperfusion of noncardiac tissue such as the limbs

What This Article Tells Us That Is New

• RIPC applied to the lower extremities during isoflurane inhala-
tion provided no additional protective benefit to the myocar-
dium in patients undergoing on-pump CABG surgery

� This article is accompanied by an Editorial View. Please see:
Lotz C, Kehl F: Translating volatile anesthetic-induced cardio-
protection into systems biology. ANESTHESIOLOGY 2012; 116:
238–9.

� Supplemental digital content is available for this article. Direct
URL citations appear in the printed text and are available in
both the HTML and PDF versions of this article. Links to the
digital files are provided in the HTML text of this article on the
Journal’s Web site (www.anesthesiology.org)
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lease correlated with isoflurane-induced transcriptional
changes in fatty-acid metabolism (P � 0.001) and DNA-
damage signaling (P � 0.001), but not with RIPC-induced
changes in gene expression.
Conclusions: RIPC applied during isoflurane inhalation
provides no benefit to the myocardium of patients undergo-
ing on-pump coronary artery bypass grafting.

R EMOTE ischemic preconditioning (RIPC) of the
heart is a promising cardioprotective strategy based on

ischemic preconditioning and involves short episodes of isch-
emia and reperfusion of noncardiac tissue such as the limbs.1

Limb-induced RIPC is of particular interest, as it simply
involves the inflation and deflation of a tourniquet applied to
the limb before a sustained ischemic period of the heart or
other vital organs. RIPC has been shown to effectively reduce
cardiac injury associated with ischemia-reperfusion in animal
models and patients.2–4 Whereas local myocardial ischemic
preconditioning has not found a routine place in current
cardiovascular surgical practice, limb-induced RIPC is non-
invasive and has potential clinical applications in prophylac-
tic treatments against myocardial ischemia-reperfusion in-
jury. On the other hand, whole body preconditioning with
ether-derived volatile anesthetics was shown to decrease the
release of biomarkers associated with myocardial cell death
and myocardial dysfunction in patients undergoing coronary
artery bypass graft (CABG) surgery.5–8 One study demon-
strated that application of volatile anesthetics for the entire
case, mimicking a combination of pre- and postconditioning
(anesthetic conditioning), most markedly protected the
myocardium of CABG patients.9 These studies further sug-
gest protective effects of volatile anesthetics on other vital
organs and on the perioperative inflammatory response.6,10

According to the commonly accepted threshold theory of
preconditioning, which implies that a certain degree of stim-
ulation is required to reach the level where a cell or organ is
able to activate its endogenous protection program,11 it
would be conceivable that the application of two well-de-
fined preconditioning stimuli should induce a more consis-
tent and effective overall cell protection. Experimental results
in the field of ischemic and pharmacologic conditioning pro-
vide evidence that cell signaling of both types of conditioning
share many critical steps, such as the inhibition of the meta-
bolic enzyme GSK3� and the opening of the mitochondrial
KATP channel.12–15 Conversely, based on genome-wide tran-
scriptional analyses, striking differences in gene expression
patterns elicited by ischemic as compared with pharmaco-
logic preconditioning by isoflurane were detected in the trig-
ger phase (application of the preconditioning stimulus
alone), as well as after exposure to ischemia-reperfusion in-
jury.16 In the present study, we tested whether RIPC exe-
cuted on the lower limb (second preconditioning stimulus)
would protect the myocardium in patients undergoing on-
pump CABG surgery with isoflurane anesthesia (first pre-
conditioning stimulus). Specifically, we hypothesized that

RIPC in combination with isoflurane inhalation would pro-
vide more pronounced protection, i.e., enhance the protec-
tion by isoflurane alone, as measured by the perioperative
release of the cardiac necrosis marker cardiac troponin T, the
primary endpoint of the study.

Materials and Methods
The local ethics committee of the University of Alberta
(Edmonton, Canada) approved this study. Written in-
formed consent was obtained from all patients. Fifty-five pa-
tients scheduled for elective on-pump CABG surgery were fi-
nally enrolled and assigned to RIPC treatment or placebo at the
University of Alberta Hospital between September 2008 and
July 2010. The trial was registered with ClinicalTrials.gov and
issued with the identification number NCT00546390.

Study Criteria
Inclusion criteria were being scheduled for elective on-pump
CABG surgery and age of 50–85 yrs. Exclusion criteria were
emergency surgery, myocardial infarction within 48 h before
surgery as defined by increased plasma concentrations for
cardiac enzymes, diabetes mellitus, a body mass index greater
than 35, concomitant noncardiac surgery, or severe periph-
eral vascular disease.

RIPC Protocol and Anesthetic and Surgical Management
Details of the study protocol are given in figure 1. A 1:1 block
randomization (block size 10) with no further stratification
was generated by an independent person using a computer
random number generator, and the results were stored in
numbered, sealed, opaque envelopes. Anesthesia was in-
duced with propofol; opioids including fentanyl, sufentanil,
or remifentanil; and the muscle relaxant rocuronium. All
monitoring lines were inserted and anesthesia was main-
tained with 0.5–2 minimum alveolar concentration of iso-
flurane and repetitive doses of opioids and rocuronium. A
15-cm sterile blood pressure cuff was placed around the right
thigh and connected to the inflating device, and the patient
was draped obscuring the visibility of the cuff. Subsequently,
the patient was randomly allocated (by opening of an enve-
lope) to RIPC consisting of four 5-min cycles of lower limb
ischemia-reperfusion induced by a tourniquet inflated to 300
mmHg or placebo, i.e., no treatment. This procedure was
executed by an operating room technician who also carefully
checked the proper functioning of the inflating device before
and after usage, but was otherwise not involved in the study.
After median sternotomy and pericardiotomy, the right
atrium and the ascending aorta were cannulated. Heparin
was administered and standard cardiopulmonary bypass
(CPB) was started using a disposable hollow fiber oxygen-
ator. Isoflurane was given via an Isotec 5 vaporizer (Abbott
Canada, Saint-Laurent, Québec, Canada) integrated into the
CPB machine. After aortic cross-clamping, cold blood con-
taining cardioplegia was administered antegradely to achieve
cardiac arrest. Distal anastomoses were performed during a
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single period of aortic cross-clamping, whereas proximal
anastomoses were conducted during side clamping. Using
�-stat regulation of blood pH, core temperature was allowed
to decrease spontaneously. Phenylephrine was administered
to maintain on-pump blood pressure greater than 55
mmHg. Atrial tissue samples were collected at the time of
cannulation and 15 min after releasing the cross clamp. After
CPB, heparin was antagonized. Hemoglobin was maintained
at greater than 7 g/dl during CPB and at greater than 9 g/dl
after surgery. All patients were transferred to the intensive
care unit, where they received the same standardized routine
postoperative care. Collection and analyses of all clinical and
laboratory data were performed by study personnel blinded
for group assignment.

Primary and Secondary Study Outcomes
The primary outcome was high-sensitivity cardiac troponin
T (hscTnT) release as measured by peak hscTnT values and
area-under-the-curve. Secondary outcomes were plasma lev-
els of N-terminal pro-brain natriuretic peptide (NT-
proBNP), high-sensitivity C-reactive protein (hsCRP),
S100, and short- and long-term clinical outcomes. The peri-
operative composite endpoint combining new arrhythmias
and new myocardial infarctions was an additional secondary
endpoint defined a priori.

Determination of Biochemical Markers
Blood samples were drawn preinduction, prebypass, im-
mediately postbypass, 60 min post cross-clamp release,
24, 48, and 72 h after surgery for all patients. They were
stored at �80°C until analysis. The following parameters
were determined using the Roche Elecsys 2010 (Roche
Diagnostics, Mannheim, Germany): cardiac troponin T
(cTnT) (electrochemiluminescence sandwich immunoas-

say), or limit of detection with coefficient-of-variation of
10%: 0.03 ng/ml, reference range/cutoff less than 0.1 ng/
ml; hscTnT (electrochemiluminescence sandwich immu-
noassay), or limit of detection with coefficient-of-varia-
tion of 10%: 13 pg/ml, reference range/cutoff less than 14
pg/ml (95% CI, 12.4 –24 pg/ml); NT-proBNP (electro-
chemiluminescence sandwich immunoassay), or limit of
detection with coefficient-of-variation of 20%: 50 pg/ml;
normal range/cutoff for men: age of 55– 64 yrs, less than
210 pg/ml; 65–74 yrs, less than 376 pg/ml; greater than or
equal to 75 yrs, less than 486 pg/ml; for women: age of
55– 64 yrs, less than 287 pg/ml; 65–74 yrs, less than 301
pg/ml; greater than or equal to 75 yrs, less than 738 pg/ml;
hsCRP (particle-enhanced immunoturbidimetric assay),
or limit of detection with coefficient-of-variation of 10%:
0.1 ng/ml, reference range/cutoff less than 5 mg/l; S100
(S100A1B and S100BB) (electrochemiluminescence im-
munoassay), or limit of detection more than 0.005 pg/ml;
intra- and interassay coefficients of variance, less than 5%;
reference range/cutoff less than 0.105 pg/ml. S100 was
only determined in preinduction, 1 h post cross-clamp,
24, 48, and 72 h blood samples.

Clinical Outcome
All medical charts were reviewed, and the caregivers were
interviewed daily for the occurrence of adverse events.
Any adverse events were diagnosed by the independently
managing physicians as opposed to the biomarkers that
were determined at the end of the study. Twelve-lead
electrocardiograms were obtained postoperatively every
day until discharge. The diagnosis of a new postoperative
myocardial infarction was made if the criteria of the con-
sensus guidelines for the detection of myocardial infarc-
tion as defined by the American Heart Association were

Fig. 1. Study protocol. CABG � coronary artery bypass grafting; RIPC � remote ischemic preconditioning.
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met.17 The diagnosis of a cerebral stroke required the
presence of clinical symptoms and/or a positive comput-
erized tomography scan. The diagnosis of significant renal
dysfunction required postoperatively established hemodi-
alysis or hemofiltration. The 6-months follow-up evalua-
tion was performed by structured telephone interviews,
and each patient’s general physician was also contacted.
Hospital charts, if applicable, were further reviewed. The
study endpoints were late adverse cardiac events including
cardiac death, nonfatal myocardial infarction, unstable
angina, intercurrent coronary angioplasty or CABG sur-
gery, arrhythmias requiring rehospitalization, and new ep-
isodes of congestive heart failure occurring after the hos-
pitalization for CABG surgery. Death was considered a
result of cardiac origin if the patient died of myocardial
infarction, arrhythmia, or congestive heart failure. Myo-
cardial infarction and unstable angina were defined as
previously reported.17 The diagnosis of congestive heart
failure was based on symptoms and signs of pulmonary
congestion and abnormal results on chest radiograph.

Transcriptional Analysis of Atrial Samples
Microarray analyses were performed to confirm the suc-
cessful translation of the remote ischemic stimulus from
the leg to the heart and to identify specific transcriptional
changes in the myocardium elicited by RIPC and isoflu-
rane. Microarray analysis was performed following the
“minimum information about a microarray experiment”
guidelines.18 The microarray data are available at the
Gene Expression Omnibus database under the series num-
ber GSE29396. For 11 randomly selected patients from
each group, two atrial samples were collected, one at the
time of cannulation (T1) and one 15 min after releasing
the cross-clamp (T2). Total RNA was isolated using the
Qiagen RNeasy MiniKit (QIAGEN Inc., Toronto, Can-
ada) according to the manufacturer’s instructions. The
quality of the isolated RNA was determined with a Nano-
Drop ND 1000 (NanoDrop Products, Wilmington, DE)
and a Bioanalyzer 2100 (Agilent Technologies, Inc., Santa
Clara, CA). The complementary DNA was prepared from
total RNA using the WT Ovation Pico System (NuGEN
Technologies, Inc., San Carlos, CA). The FL-Ovation
complementary DNA Biotin Module V2 (NuGEN) was
used to generate biotin-labeled single-stranded comple-
mentary DNA samples, which were subsequently frag-
mented randomly to 35–200 bp at 94°C in Fragmentation
Buffer (Affymetrix Inc., Santa Clara, CA) and used to
hybridize onto Affymetrix Exon 1.0 ST arrays (Affymetrix
Inc.). Exon arrays from Affymetrix contain exon-specific
oligonucleotide probes (4 probes per exon). Compared
with Affymetrix standard expression arrays, the increased

number of probes (for most of the multi-exon genes, 40
probes on average are used to interrogate the same gene)
increases the robustness of gene-level expression measure-
ments. Background correction, normalization, and calcu-
lation of probe set summaries were based on the custom
chip definition files from BrainArray** (Brainarray Ver-
sion 11.0.1, HuEx10stv2_Hs_ENSG)19,20 and the Ro-
bust Multichip Average method.21 When computing the
Robust Multichip Average, poorly performing probes,
i.e., probes with a signal less than 25 (log2 signal threshold
4.644) in all samples were excluded. The gene expression
matrix was used as input to Gene Set Enrichment Analy-
sis22 (GSEA), which is designed to identify genes with
coordinate transcriptional regulation within functionally
related groups of genes called gene sets. Gene sets are
collected in the Molecular Signatures Database††
(MSigDB; Release 3.0, Sept. 2010). GSEA was used (1) to
identify pathways that were altered from time T1 (cannu-
lation) to time T2 (after cross-clamp release) indepen-
dently of the treatment, and (2) to identify differential
transcriptional responses to on-pump CABG in RIPC ver-
sus placebo. To achieve this goal the fold change of each
transcript from T1 to T2 was computed and GSEA anal-
ysis was performed using a two-phenotype design
(FC_RIPC vs. FC_placebo). In order to compute the av-
erage gene expression changes within a given gene set, the
gene expression levels of the enriched genes in a pathway
were standardized to a mean of 0 and a variance of 1 across
all 44 samples. Validation of chip data using real-time
reverse-transcriptase polymerase chain reaction was con-
ducted as previously described.10

** http://brainarray.mbni.med.umich.edu/Brainarray/Database/
CustomCDF/genomic_curated_CDF.asp. Accessed April 20, 2011.

†† http://www.broadinstitute.org/gsea/msigdb/index.
jsp. Accessed April 20, 2011.

Fig. 2. CONSORT diagram showing the flow of patients
through the randomized placebo-controlled remote ischemic
preconditioning trial. MI � myocardial infarction; PAVD pe-
ripheral arterial vascular disease; RIPC � remote ischemic
preconditioning.
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Statistical Analysis
Sample size was calculated based on the results for cTnT
reported previously.2 With an expected difference of 0.22
pg/ml between group means, a SD of 0.25 pg/ml of the
means, � � 0.05, and � � 0.8, a sample size of 22 was
necessary. Five or six additional patients per group were
enrolled to compensate for possible dropouts. The area
under the hscTnT concentration time curve was com-
puted using the trapezoidal rule.2 Continuous data were
summarized as mean � SD or median and quartiles (25%
percentile, 75% percentile), where appropriate. Categor-
ical data were summarized using percentage (propor-
tions). The standardized difference (effect size) was com-
puted as the (absolute) difference of the means divided by
the SD of all observations (continuous data). In the case of
proportions, the standardized difference was computed as:

standardized difference �
�P1 � P2�

�P*�1 � P�
, where P1 and

P2 are the proportions in the placebo and the RIPC group
and P is their average. Biochemical parameters were log-
transformed and two-way ANOVA was used to evaluate
differences over time between groups. All other data in-
cluding the primary outcome variables (peak hscTnT and
area-under-the-curve) were analyzed using the unpaired
Student t test or the Wilcoxon rank sum test, depending
on the underlying data distribution. Categorical variables
were compared using the chi-square test, if appropriate.
To test the association between NT-proBNP and tran-
scriptional changes, linear regression analysis was per-
formed. In addition, forward stepwise linear regression
(F-to-Enter � 4.000, F-to-Remove � 3.996) was applied
using NT-proBNP as the dependent variable and tran-
scriptional changes and clinical data as the independent
variables. Adjusted squared correlation coefficients (R2

adj)
and the P values were reported. Differences were consid-
ered significant if P � 0.05. Analyses were performed
using Sigmaplot Version 11.0 (Systat Software, Inc., Chi-
cago, IL).

Results

Demographics, Perioperative Data, and Clinical Outcome
The CONSORT diagram is depicted in figure 2 and pa-
tient data are listed in table 1. The RIPC group and the
placebo group were similar with respect to all preoperative
data including medication and comorbidity. Data from
the preoperative assessments are listed in table 2. The
number of diseased coronary arteries and the number and
the degree of accompanying valvular disease were similar
between the groups. Intraoperative data were comparable
between groups except for a slightly reduced CPB time in

Table 1. Preoperative Patient Characteristics

RIPC
(n � 27)

Placebo
(n � 28) ES

Demographics
Age (years) 59 � 7 62 � 10 0.33
Gender, male 26 (96) 24 (86) 0.37
Body weight (kg) 90 � 13 87 � 13.4 0.23
Height (cm) 173 � 7 174 � 9 0.14

Cardiac status
EF (%) 49.2 � 10.2 52.8 � 7.1 0.40
Previous MI 11 (41) 12 (43) 0.04
Angina 21 (78) 19 (68) 0.22
CHF 1 (3.7) 1 (3.6) 0.01
sBP (mmHg) 128.4 � 16.3 125.7 � 15.7 0.17
dBP (mmHg) 77.4 � 10.1 75.4 � 7.0 0.22
O2 saturation (%) 95.7 � 1.2 96.4 � 2.4 0.34
HR 61.3 � 11.4 60.7 � 11.5 0.05

Risk factors and
comorbidities

Hypertension 19 (70) 20 (71) 0.02
Hyperlipidemia 23 (85) 24 (86) 0.02
Current smoker 4 (15) 3 (11) 0.12
History of smoking 21 (78) 20 (71) 0.15
Pack years 17.7 � 15.5 19.4 � 14.8 0.11
Cancer 3 (11) 4 (14) 0.10

Medication
� blockers 25 (93) 25 (89) 0.12
ACE inhibitors 14 (52) 14 (50) 0.04
Angiotensin receptor

antagonists
5 (19) 8 (29) 0.24

Calcium blockers 3 (11) 5 (18) 0.19
Statins 26 (96) 27 (96) 0.01
ASA 26 (96) 26 (93) 0.15
Clopidogrel 1 (4) 5 (18) 0.46
Diuretics 6 (22) 5 (18) 0.11

Data are presented as mean � SD or number (%).
ACE � angiotensin converting enzyme; ASA � aspirin; CHF �
congestive heart failure; dBP � diastolic blood pressure; EF �
ejection fraction; ES � effect size; HR � heart rate; MI � myo-
cardial infarction; RIPC � remote ischemic preconditioning;
sBP � systolic blood pressure.

Table 2. Preoperative Evaluations

RIPC
(n � 27)

Placebo
(n � 28) ES

Angiogram
Number of diseased

vessels
2.9 � 0.7 3.0 � 0.7 0.05

LM stenosis 9 (33) 8 (29) 0.10
�2 vessels with

�70% occlusion
24 (89) 19 (68) 0.51

Valvular disease
Tricuspid

regurgitation
3 (11) 7 (25) 0.36

Aortic regurgitation 0 (0) 4 (14) 0.55
Aortic stenosis 0 (0) 1 (4) 0.27
Mitral regurgitation 7 (26) 11 (39) 0.28
Mitral stenosis 0 (0) 0 (0) —

Lab results
HBG (g/l) 148.7 � 10.1 147.2 � 12.5 0.13
PLT (109/l) 226.3 � 37.7 229.1 � 62.9 0.05
Creatinine (�M) 91.7 � 15.4 88.0 � 24.5 0.18

Data are presented as mean � SD or number (%).
ES � effect size; HGB � hemoglobin; LM � left main coronary
artery; PLT � platelet; RIPC � remote ischemic preconditioning.
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the placebo group (P � 0.05) (table 3). In the RIPC
group, three of the patients had a new myocardial infarc-
tion and 10 experienced new atrial fibrillation, whereas in
the placebo group only one patient had a new myocardial
infarction and five patients experienced new atrial fibril-
lation (table 3). None of the patients required postopera-
tive intraaortic balloon pump therapy, and the vasocon-
strictor usage was similar between groups. None of the

patients had cerebrovascular injury or renal damage re-
quiring hemdialysis or hemofiltration. The incidence for
the perioperative composite endpoint combining new ar-
rhythmias and new myocardial infarctions was higher in
the RIPC group than the placebo group (14/27 vs. 6/28,
P � 0.036). However, there was no difference in the
long-term cardiovascular outcome between the groups
(table 4).

Table 3. Intraoperative and Postoperative Data

RIPC (n � 27) Placebo (n � 28) P Value

Intraoperative data
Surgery time (min) 227 � 42 205 � 35 0.34
Anesthesia time (min) 303 � 45 281 � 40 0.33
Elapsed time between biopsies (min) 103 � 32 93 � 25 0.32
Bypass time (min) 109 � 30 94 � 24 0.05
Cross-clamp time (min) 74 � 33 63 � 24 0.16
Ventricular fibrillation after cross clamp 3 (11) 0 (0) 0.11
Atrial fibrillation after cross clamp 1 (4) 0 (0) 0.49
Total bypass grafting 3.6 � 0.8 3.5 � 0.6 0.39
Arterial grafting 1.2 � 0.5 1.2 � 0.5 0.74
Venous grafting 2.4 � 1.1 2.3 � 0.9 0.64
Average �isoflurane� (%) end-tidal 1.02 � 0.11 1.05 � 0.08 0.91
Min �isoflurane� (%) end-tidal 0.70 � 0.29 0.69 � 0.26 0.91
Max �isoflurane� (%) end-tidal 1.22 � 0.37 1.29 � 0.51 0.54

Postoperative data
At ICU admission

HGB (g/l) 108 � 10 109 � 16 0.88
PLT (109/l) 142 � 42 146 � 52 0.79
Creatinine (�M) 95 � 18 90 � 21 0.39
MAP (mmHg) 75 � 8 80 � 13 0.12
CVP (mmHg) 13 � 12 10 � 4 0.23
HR 81 � 13 75 � 12 0.08

On postop day 1
HGB (g/l) 98 � 10 103 � 12 0.10
PLT (109/l) 147 � 37 154 � 49 0.54
Creatinine (�M) 90 � 25 84 � 21 0.35
MAP (mmHg) 75 � 8 81 � 7 0.11
sBP (mmHg) 112 � 10 119 � 17 0.17
dBP (mmHg) 67 � 8 70 � 11 0.38
CVP (mmHg) 8 � 3 10 � 3 0.47
HR 91.56 � 17.25 88.64 � 11.37 0.46

On postop day 2
HGB (g/l) 98 � 10 103 � 12 0.10
PLT (109/l) 147 � 37 154 � 49 0.54
Creatinine (�M) 90 � 25 84 � 21 0.35
MAP (mmHg) 75 � 8 81 � 7 0.11
sBP (mmHg) 111 � 10 119 � 16 0.17
dBP (mmHg) 66 � 8 70 � 11 0.38
CVP (mmHg) 8 � 3 10 � 3 0.47
HR 92 � 17 89 � 11 0.46

On postop day 3
Creatinine (�M) 92 � 24 81 � 21 0.09
Outcome at hospital discharge
New myocardial infarction 3 (11) 1 (4) 0.35
New atrial fibrillation 10 (37) 5 (18) 0.14
Cerebrovascular insult 0 (0) 0 (0) —
Hemofiltration/hemodialysis 0 (0) 0 (0) —
Angiogram prior to discharge 0 (0) 0 (0) —

Data are presented as mean � SD or number (%).
CVP � central venous pressure; dBP � diastolic blood pressure; HGB � hemoglobin; HR � heart rate; ICU � intensive care unit;
MAP � mean arterial pressure; PLT � platelets; RIPC � remote ischemic preconditioning; sBP � systolic blood pressure.
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Biomarkers for Myocardial Necrosis (hscTnT, cTnT) and
Contractile Dysfunction (NT-proBNP) Do Not
Demonstrate Cardioprotection with RIPC in Isoflurane-
anesthetized Patients
Measurements of hscTnT and cTnT representing the pri-
mary endpoint of this study peaked on postoperative day 1
and were similar in the RIPC and the placebo groups (fig.
3A, 3B). The area under the curve was 15,146 (11,708;
25,330) pg � h�1 � ml�1 in the RIPC group and 9,574
(8,082; 16,597) pg � h�1 � ml�1 in the placebo group (P �
0.33). Median peak postoperative hscTnT values were 298
(226; 440) pg/ml in the RIPC group compared with 231
(133; 418) pg/ml in the placebo group. Five RIPC patients
and two placebo patients had a peak postoperative cTnT
concentration greater than 650 pg/ml (5/27 vs. 2/28, P �
0.32), indicative of major myocardial damage.23

NT-proBNP values exhibited a gradual increase from post-
operative day 1 to postoperative day 3. There was no differ-
ence between the RIPC group and the placebo group (fig.
3C). Median peak postoperative NT-proBNP values were
2,348 (1,638; 3,196) pg/ml in the RIPC group compared
with 1,758 (1,234; 3,049) pg/ml in the placebo group.

Biomarker for the Perioperative Inflammatory Response
(hsCRP) and Cerebral Injury (S100) Do Not Show
Protection with RIPC in Isoflurane-anesthetized Patients
Preoperative hsCRP, a marker for coronary artery plaque
inflammation and instability, was similar between RIPC and
the placebo group (fig. 4A). Two patients in the placebo
group but no patient in the RIPC group had increased base-
line preoperative hsCRP levels. Levels of hsCRP peaked on
postoperative day 2 (RIPC group: 251 (210; 304) mg/l vs.
placebo group: 229 (136; 328) mg/l), but there was no dif-
ference between groups. S100 measurements only showed a
sharp peak 1 h after the release of the cross-clamp (RIPC
group: 1.26 (0.79; 1.93) pg/ml vs. placebo group: 0.98 (0.45;
1.57) pg/ml) (fig. 4B), which did not correlate with hscTnT
measurements (R2 � 0.12, P � 0.67), implying a different
source of release of this biomarker than the heart.

Gene Expression Profiling Unveils that Isoflurane, but
Not RIPC-related Transcriptional Footprints, Correlate
with the Release of the Biomarker NT-proBNP
For each patient two atrial biopsies were collected, the first sam-
ple after induction of anesthesia and chest opening and the
second sample after release of the cross-clamp before chest clos-
ing. Sample one in both groups mainly reflects the gene expres-
sion in the presence of isoflurane, because RIPC was conducted
shortly before cannulation and collection of the first tissue sam-
ple. Sample two mirrors the expression after ischemia-reperfu-

Table 4. All-cause Death and Cardiovascular Long-term
Outcome (6 Months)

RIPC
(n � 27)

Placebo
(n � 28)

P
Value

Death 0 (0) 1* (4) 1.00
Rehospitalization 3 (11) 3 (11) 1.00

Heart failure 3 1
Renal failure 0 1
New atrial

fibrillation
0 1

Data are presented as mean � SD or number (%).
* Due to cancer.
RIPC � remote ischemic preconditioning. pre
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Fig. 3. Cardiovascular biomarkers. (A) High-sensitivity car-
diac troponin T (hscTnT). (B) Cardiac troponin T (cTnT).
(C) N-terminal pro-brain natriuretic peptide (NT-proBNP). POD �
postoperative day; RIPC � remote ischemic preconditioning.
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sion with or without the transcriptional effects elicited by RIPC.
The expression and direction of transcriptional changes were
reliably detected by the microarray as confirmed by real-time
quantitative polymerase chain reaction (see Supplemental Dig-
ital Content 1, http://links.lww.com/ALN/A796, which is
primer information; see Supplemental Digital Content 2,
http://links.lww.com/ALN/A797, which is validation status).
As a first step, gene sets differentially regulated over time (T1-
T2) in both groups were determined. CABG surgery with iso-
flurane anesthesia induced significant and characteristic changes
over time, as detected by GSEA (table 5). Transcripts involved
in fatty-acid oxidation and DNA-damage signaling were down-
regulated (figs. 5 and 6 and table 5), a transcriptional feature that
was previously reported for sevoflurane when compared with
propofol in off-pump CABG surgery.10 There was a close cor-
relation between fatty-acid oxidation and DNA-damage signal-
ing (R2

adj � 0.89, P � 0.001; see Supplemental Digital Con-
tent 3, http://links.lww.com/ALN/A798, which is a graphical
representation). Fatty-acid oxidation (P � 0.001; fig. 5C) and
DNA-damage signaling (P � 0.001; fig. 6C) directly correlated
with peak NT-proBNP release. There was no correlation with

hscTnT. A forward stepwise linear regression was conducted to
test whether other factors such as body temperature, bypass
time, cross-clamp time, or time elapsed between the collection
of the biopsies would predict peak NT-proBNP values. Our
analysis shows that only changes in transcripts related to fatty
acid metabolism (P � 0.001) reliably predict peak NT-proBNP
values. Using DNA damage signaling, which strongly correlates
with fatty acid metabolism, in a similar analysis, DNA damage
signaling (P � 0.001) and bypass time (P � 0.026) remain as
independent predictors of NT-proBNP in the model. Although
GSEA detected differences in transcriptional activity between
RIPC and placebo (see Supplemental Digital Content 4,
http://links.lww.com/ALN/A800, and Supplemental Digital
Content 5, http://links.lww.com/ALN/A801, for heat maps of
the differentially regulated genes), including gene sets related to
tumor necrosis factor signaling,24 stem cell and progenitor activ-
ity,25 hypertrophy26 (see table in Supplemental Digital Content 6,
http://links.lww.com/ALN/A802, for all upregulated in RIPC),
and inner mitochondrial membrane proteins (see table in Supple-
mental Digital Content 6, http://links.lww.com/ALN/A802,
for down-regulated in RIPC), these differences did not
correlate with the release of biomarkers (fig. 7 and further
graphical representations in Supplemental Digital Con-
tent 7, http://links.lww.com/ALN/A803; Supplemental Digital
Content 8, http://links.lww.com/ALN/A804; Supplemental Dig-
ital Content 9, http://links.lww.com/ALN/A805; and Supple-
mental Digital Content 10, http://links.lww.com/ALN/A806).

Discussion

The present study tested whether RIPC, when applied fol-
lowing induction of anesthesia, would protect the myocar-
dium against ischemic injury in isoflurane-anesthetized pa-
tients undergoing on-pump CABG surgery. Unlike most
previous studies,2,27 the anesthetic was standardized in our
study with propofol used for induction and isoflurane for
maintenance before, during, and after cardiopulmonary by-
pass. Here, we report the following salient findings. First, we
were unable to detect enhanced cardioprotection by RIPC
with any of the used cardiac biomarkers (hscTnT, cTnT,
NT-proBNP) in isoflurane-anesthetized patients. Also, there
was no decrease in in-hospital and 6-months cardiovascular
complications in patients assigned to RIPC. Rather, combin-
ing arrhythmias and new myocardial infarction unexpectedly
discovered fewer events in the placebo patients. We note that
our study is clearly underpowered to detect differences in
clinical outcomes, but the sample size used allowed the de-
tection of a 40% difference in the release of troponin be-
tween groups with a power of 80%.2 However, smaller dif-
ferences may not be detected reliably. Since RIPC potentially
impacts not only the heart but also other vital organs,3 we
also evaluated whether RIPC would reduce the release of
S100, a marker of cerebral injury, because of CPB-associated
emboli28 and hsCRP, a marker of the perioperative inflam-
matory response. Again, no differences between groups were
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Fig. 4. Inflammatory response and brain injury. (A) High-
sensitivity C-reactive protein (hsCRP). (B) S100 protein.
POD � postoperative day; RIPC � remote ischemic
preconditioning.
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Table 5. Representative Induced and Repressed Pathways in On-pump CABG Surgery with Isoflurane Anesthesia

GSEA Pathway Brief Description

Normalized
Enrichment

Score
P

Value

False
Discovery

Rate Q
Value

UZONYI_RESPONSE_TO_LEUKOTRIENE_AND
_THROMBIN

Genes upregulated in HUVEC cells
(primary endothelium) after
stimulation with LTD4 or
thrombin for 1 h

1.690 0.002 0.493

SCHLESINGER_METHYLATED_DE_NOVO_
IN_CANCER

Genes whose promoters are
bound by the polycomb proteins
SUZ12 or EED. Epigenetic
system that normally has a role
in marking embryonic genes for
repression

1.769 0.000 0.443

KAAB_FAILED_HEART_ATRIUM_UP Genes upregulated in atria of
failing hearts (DCM and ICM)
compared to healthy controls

1.600 0.014 0.475

V$SRF_01 Genes with promoter regions
around transcription start site
containing the motif
ATGCCCATATATGGWNNT,
which matches annotation for
serum response factor (c-fos
serum response element-binding
transcription factor)

1.856 0.004 0.636

ADDYA_ERYTHROID_DIFFERENTIATION_BY
_HEMIN

Selected genes changed in K562
cells induced by hemin
treatment to express erythroid
properties

1.813 0.008 0.546

V$STAT3_02 Genes with promoter regions
around transcription start site
containing the motif
NNNTTCCN, which matches
annotation for signal transducer
and activator of transcription
3 (STAT3)

1.716 0.010 0.493

REACTOME_NUCLEAR_RECEPTOR_
TRANSCRIPTION_PATHWAY

Genes involved in the nuclear
receptor transcription pathway

1.637 0.019 0.484

REACTOME_FGFR_LIGAND_BINDING_AND
_ACTIVATION

Genes involved in fibroblast
growth factor receptor ligand
binding and activation

1.549 0.019 0.472

GERY_CEBP_TARGETS Genes changed in NIH 3T3 cells
by expression of one or more of
CCAAT/enhancer-binding
proteins

1.689 0.021 0.467

NEGATIVE_REGULATION_OF_BIOSYNTHETIC
_PROCESS

Genes annotated by the GO* term
GO:0009890. Any process that
stops, prevents, or reduces the
rate of the chemical reactions
resulting in biosynthesis

1.580 0.022 0.499

GNF2_ATM Neighborhood of ATM �1.651 0.004 1.000
DNA_DAMAGE The process of restoring DNA after

damage
�1.706 0.000 1.000

KEGG_FATTY_ACID_METABOLISM Fatty acid metabolism �1.555 0.011 1.000
ZHOU_INFLAMMATORY_RESPONSE_FIMA_DN Genes down-regulated in

macrophages by the FimA
pathogen

�1.548 0.010 1.000

(continued)
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detected in these secondary endpoints. Our results of the
biomarker analyses were further corroborated with a compre-
hensive transcriptional analysis in atrial tissue samples
collected at the beginning and at the end of the cardiopul-
monary bypass. Although previous studies investigated
RIPC-induced transcriptional changes in mouse hearts29

and human blood,30 our study is the first to assess RIPC-
induced transcriptional changes in human hearts. In accor-
dance with the negative results of the biomarker analyses, our
genome-wide analysis revealed that peak NT-proBNP re-
lease correlated with isoflurane- but not RIPC-induced tran-
scriptional footprints, suggesting that isoflurane rather than
RIPC dominated the transcriptome and potentially trans-
lated into functional improvement as measured by lower
NT-proBNP release. Collectively, we were unable to detect
cardioprotective effects elicited by RIPC in isoflurane-anes-
thetized patients at the biochemical or clinical level.

How can these results be interpreted in the context of the
available preconditioning literature? According to the thresh-
old theory of preconditioning, which implies that a certain
degree of stimulation is required to reach the level where a
cell or organ is able to effectively activate its endogenous
protection program, it could be expected that the application

of two well defined preconditioning-stimuli, such as RIPC
and isoflurane in our study, should indeed induce a more
consistent and effective overall cell protection. Conversely, if
the maximum preconditioning trigger stimulus has been al-
ready reached with approximately 1.0–1.5 minimum alveo-
lar concentration of isoflurane alone, as used in our study, the
ischemic stimulus by RIPC may become redundant, and the
net result would be a lack of synergy. In support of this
concept, Zaugg et al.15 reported a concentration-dependent
protection by isoflurane and sevoflurane in isolated rat ven-
tricular myocytes with a ceiling-effect at approximately 1.5
minimum alveolar concentration. Whereas most previous
studies of RIPC in nonsurgical patients showed cardiopro-
tection,31 results from studies in patients undergoing CABG
surgery were rather mixed or disappointing.27 In fact, a re-
cent randomized double-blinded study with 162 patients
undergoing on-pump CABG surgery demonstrated no re-
duction in troponin release or improvement in hemodynam-
ics or any renal or lung protection after exposure to RIPC
elicited by three 5-min cycles of 200 mmHg cuff inflation/
deflation of the arm.27 In that study, the patients were exposed
to propofol at the time of RIPC and to some (unreported) levels
of enflurane and sevoflurane during cardiopulmonary by-

Table 5. Continued

GSEA Pathway Brief Description

Normalized
Enrichment

Score
P

Value

False
Discovery

Rate Q
Value

KINETOCHORE Genes annotated by the GO* term
GO:0000776. A multi-subunit
complex on chromosomes
where the spindle fibers attach
during cell division

�1.542 0.006 1.000

IVANOVA_HEMATOPOIESIS_
INTERMEDIATE_PROGENITOR

Genes upregulated in
hematopoietic intermediate
progenitor cells from adult bone
marrow and fetal liver

�1.536 0.021 1.000

NUCLEAR_ENVELOPE Genes annotated by the GO* term
GO:0005635. The double lipid
bilayer enclosing the nucleus
and separating its contents from
the rest of the cytoplasm

�1.510 0.005 1.000

KEGG_GLUTATHIONE_METABOLISM Genes involved in glutathione
metabolism

�1.505 0.025 1.000

REACTOME_PEROXISOMAL_LIPID_
METABOLISM

Genes involved in peroxisomal
lipid metabolism

�1.495 0.021 1.000

REACTOME_METABOLISM_OF_RNA Genes involved in the metabolism
of RNA

�1.425 0.039 1.000

False discovery rate is the estimated probability that a set with a given normalized enrichment score represents a false positive finding.
A normalized enrichment score is measured as positive � induction/upregulation at time T2, or after aortic cross clamp release;
negative � repression/down-regulation at time T2.
* Gene ontology, http://www.geneontology.org. Accessed April 20, 2011.
ATM � ataxia telangiectasia mutated; CABG � coronary artery bypass graft surgery; DCM � dilated cardiomyopathy; EED �
embryonic ectoderm development (GeneID � 8,726); GO � gene ontology; GSEA � gene set enrichment analysis; HUVEC � human
umbilical vein endothelial cells; ICM � ischemic cardiomyopathy; LTD4 � leukotriene D4; NIH 3T3 � Mouse embryonic fibroblast cell
line established from a National Institutes of Health (Bethesda, Maryland) Swiss mouse embryo; SUZ12 � suppressor of zeste 12
homolog (Drosophila; GeneID � 23512).
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pass. We speculate that application of RIPC under general
anesthesia is an ineffective way to achieve cardiac and vital
organ protection, because anesthetics are known to mitigate
the ischemic response in the human body necessary to elicit
the preconditioned state. This may be particularly true for
ether-derived volatile anesthetics, which are known to elicit
strong preconditioning by activation of the mitochondrial
KATP channel.13,15 In fact, Lucchinetti et al.32 showed in
healthy volunteers that sevoflurane at low sedative concen-
trations attenuates ischemia-reperfusion-induced activation
of leukocytes and protects the endothelium against ischemic
injury. Likewise, propofol is known to protect against isch-
emia/reperfusion damage in a human forearm model of isch-
emia-reperfusion.33 What do we know from animal studies?
Using a rat model of unilateral nephrectomy and ischemic
preconditioning with three 5-min cycles of the contralateral
kidney artery, Vianna et al.34 demonstrated that ischemic
preconditioning, when applied during isoflurane anesthe-
sia, completely “loses” its renal protection compared to
isoflurane anesthesia alone. Similarly, opioids such as
remifentanil limit infarct size but attenuate ischemic pre-
conditioning-induced infarct limitation in a rabbit
model.35 Conversely, Toller et al.36 reported in a dog
model of coronary artery occlusion synergistic effects of

ischemic preconditioning and sevoflurane if administered
sequentially and not concomitantly. Taken together,
these studies provide evidence of antagonism rather than
lack of synergy between different types of precondition-
ing, i.e., ischemic and pharmacologic preconditioning,
and suggest that anesthetics attenuate or even abolish
RIPC when administered concomitantly.

Using oligonucleotide microarrays, we previously studied
different types of preconditioning for their therapeutic potential
in human and rat cardiac tissues.10,16 Whereas both pharmaco-
logic preconditioning with isoflurane and ischemic precondi-
tioning prevented activation of genes involved in hypertrophy
and remodeling, ischemic as opposed to isoflurane precondi-
tioning elicited a postischemic expression profile similar to un-
protected cardiac tissue, implying that ischemic precondition-
ing may be even harmful to the myocardium. Iliodromitis et
al.37 reported that RIPC in patients undergoing percuntaneous
coronary intervention exacerbates the release of troponin from
the heart and that the inflammatory marker C-reactive protein
remains high after the intervention especially in patients treated
with RIPC. In our study, GSEA,22 a sophisticated tool for pat-
tern recognition, detected upregulation of gene sets related to
hypertrophy and inflammation after RIPC heralding detrimen-
tal rather than beneficial effects. The higher incidence of the

Fig. 5. Fatty-acid metabolism and release of NT-proBNP. (A) Fatty-acid metabolism pathway activity at the time of cannulation
and after aortic cross clamp release. Each numbered square indicates the expression of the indicated transcript in a specific
patient. Red color indicates high expression, green color indicates low expression. There was down-regulation of fatty-acid
metabolism-related transcripts (18 of 34) during isoflurane anesthesia and surgery. (B) There was no difference in the regulation
of fatty-acid metabolism between remote ischemic preconditioning and placebo. Each dot represents the standardized fold
change of all enriched transcripts in the fatty-acid metabolism signaling pathway. (C) Independent of group assignment,
fatty-acid metabolism given as standardized fold change closely correlated with peak NT-proBNP release (P � 0.001). Dashed
lines indicate 95% CIs. FA � fatty acids; NT-proBNP � N-terminal pro-brain natriuretic peptide; RIPC � remote ischemic
preconditioning; T1 � time of cannulation; T2 � after aortic cross clamp release.
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composite endpoint arrhythmias and myocardial infarction in
RIPC patients (P � 0.036) raises the possibility that RIPC
under certain conditions may harm rather than benefit. How-
ever, these RIPC-induced transcriptional changes did not cor-
relate with the release of biomarkers. On the other hand,
GSEA22 detected beneficial transcriptional changes previously
observed in hearts exposed to volatile anesthetics, including
down-regulation of transcripts involved in fatty-acid oxida-
tion.10 This metabolic shift correlated closely with transcripts
involved in DNA-damage signaling (see Supplemental Digital
Content 3, http://links.lww.com/ALN/A798) and periopera-
tive cardiac function as determined by NT-proBNP release and
confirms previous findings that myocardial substrate metabo-
lism critically affects perioperative cardiac function.10,38,39 A
comparison of the peak NT-proBNP release between this study
and the study by Julier et al.6 demonstrates that RIPC and
placebo patients in the present study (approximately
2,200 pg/ml) were more similar to the sevoflurane precon-
ditioned group (approximately 1,500 pg/ml) than to the
placebo group (without preconditioning) (approximately
3,800 pg/ml) of the Julier study, suggesting that most

probably all but not just the RIPC patients, in accordance
with isoflurane application to all patients, were precondi-
tioned and hence protected in our study.

Our findings have important clinical implications.
RIPC remains a promising strategy to provide protection
to the entire body specifically in the nonsurgical setting.31

But it harbors the risk of plaque ruptures, thrombosis, and
embolization. More importantly, the right “dose” of isch-
emia is unknown specifically during concomitant anesthe-
sia, and experimental studies suggest that diseased hearts
may be less amenable to ischemic than pharmacologic
preconditioning.40 Since our study, consistent with pre-
vious results,32 suggests that ischemic and pharmacologic
preconditioning antagonize each other rather than act in
synergy, organ protection with volatile anesthetics alone
may be preferable at least in CABG patients. Another
possibility, though less feasible in the clinical setting,
could be the sequential application of different types of
preconditioning-stimuli, i.e., applying RIPC in the awake
patient before anesthesia and surgery. We would like to
emphasize that anesthetics may mitigate much less the

Fig. 6. DNA-damage signaling and release of NT-proBNP. (A) DNA-damage signaling pathway activity at the time of cannulation
and after aortic cross clamp release. Each numbered square indicates the expression of the indicated transcript in a specific
patient. Red color indicates high expression, green color indicates low expression. There was down-regulation of DNA-damage
signaling transcripts (32 of 103) during isoflurane anesthesia and surgery. (B) There was no difference in the regulation of
DNA-damage signaling between remote ischemic preconditioning and placebo. Each dot represents the standardized fold
change of all enriched transcripts in the DNA-damage signaling pathway. (C) Independent of group assignment, DNA-damage
signaling given as standardized fold change closely correlated with peak NT-proBNP release (P � 0.001). Dashed lines indicate
95% CIs. NT-proBNP � N-terminal pro-brain natriuretic peptide; RIPC � remote ischemic preconditioning; RPA � replication
protein A; T1 � time of cannulation; T2 � after aortic cross clamp release.
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effects of direct ischemic preconditioning (classic precon-
ditioning), because the ischemic stimulus in this case is
much stronger than the anesthetic effects and thus is likely
to dominate cell signaling. Whether similar antagonistic
effects between volatile anesthetics and RIPC can be ob-
served in patients undergoing abdominal aortic aneurysm
repair, i.e., in noncardiac surgery, where RIPC was suc-
cessfully used for cardioprotection in the past,41,42 needs
to be investigated in future clinical trials. Irrespectively,
isoflurane and other halogenated ethers can be safely in-
haled during surgery and thus act systemically providing
total body protection.

Study Limitations
The negative result of our study could be theoretically because of
a failure of our RIPC protocol using leg ischemia as opposed to
arm ischemia-induced RIPC. However, this is unlikely, because
lower limb-induced RIPC was previously shown to successfully
elicit protection in the heart.41 Also, by using microarray tech-
nology in myocardial samples we were able to monitor the ef-
fects of leg ischemia-induced RIPC on the cardiac transcrip-
tome, providing evidence that the remote ischemic stimulus was

indeed transferred to the heart. Moreover, from a conceptual
point of view, leg ischemia should be more effective in activating
RIPC than arm ischemia because of the higher release of auta-
coids. A previous study in rabbits43 showed that propofol may
inhibit desflurane preconditioning if the drugs were adminis-
tered concomitantly. However, in our clinical study, we used
isoflurane and not desflurane, and the results of this animal
study cannot be directly translated into the clinical setting.
Moreover, in the study by Julier et al.6 propofol was used for
induction and maintenance in many patients but did not block
sevoflurane protection. Finally, a comparison of the peak NT-
proBNP values between our current study and the study by
Julier et al.6 suggests that most probably all but not just the
RIPC patients, in accordance with isoflurane application to all
patients, were preconditioned and hence protected. Therefore,
it is unlikely that propofol as the induction agent in our study
inhibited any of the preconditioning stimuli (isoflurane or
RIPC).

In conclusion, our study suggests that RIPC applied during
isoflurane inhalation, and most probably inhalation of other
halogenated ethers, provides no additional benefit to the myo-
cardium of patients undergoing on-pump CABG surgery.

Fig. 7. Absence of correlation between remote ischemic preconditioning-induced transcriptional changes and biomarkers.
(A) Representative gene set of inner mitochondrial membrane given as fold changes between time of cannulation and
aortic cross clamp release. Red color indicates upregulation and green color indicates down-regulation of transcripts over
time. (B) There was down-regulation of transcripts related to inner mitochondrial proteins in remote ischemic precondi-
tioning patients as compared with placebo. However, there was no correlation between the release of NT-proBNP (C) or
hscTnT (D). ATP � adenosine-5	-triphosphate; hscTnT � high sensitivity cardiac troponin; NADH � nicotinamide adenine
dinucleotide; NT-proBNP � N-terminal pro-brain natriuretic peptide; RIPC � remote ischemic preconditioning.
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