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ABSTRACT

Background: The noble gas helium induces pre- and postconditioning in animals and humans. 

Volatile anesthetics induce cardioprotection in humans undergoing coronary artery bypass 

graft (CABG) surgery. We hypothesized that helium induces pre- and postconditioning in 

heat shock protein 27 (HSP-27) within cardiac tissue, and reducing postoperative troponin 

levels.

Methods: After ethical approval and informed consent, 125 elective patients undergoing 

CABG surgery were randomised into this prospective, placebo controlled, investigator 

blinded, parallel arm single-centre study. Helium preconditioning (3x5 min of 70% helium and 

was applied before release of the aortic cross clamp. Signaling molecules were measured in 

right atrial appendix specimens. Troponin-T was measured at 4, 12, 24, and 48 hours postop-

eratively.

Results: Baseline characteristics of all groups were similar. Helium preconditioning did not 

were observed after helium preconditioning [He-Pre: 11 (6, 18)], helium postconditioning [He-

observed in this study.

Conclusions:

in patients undergoing CABG surgery.

Clinical trial number
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INTRODUCTION

Noble gases like Xenon can induce cardioprotection via preconditioning.1-6 The signal 

with transduction cascade mediating ischemic preconditioning.7,8 This noble gas induced 

and p38 mitogen activated protein kinase (p38 MAPK).3 Xenon preconditioning also involves 
6 leading to intracellular translocation 

of heat shock protein 27 (HSP-27).4

already clinically used in patients with airway diseases.9,10 It can easily and safely be admin-

istered using readily available ventilators and in critical care patients. 11,12 Experimental data 

-
1,13,14 In a previous 

study in healthy volunteers, we demonstrated that 3 times 5 minutes of 79% helium inhalation 

prevented post-ischemic endothelial dysfunction.15 Experimental data indicated involvement 

of similar signal cascades during helium conditioning as were shown before for xenon and 

anesthetic induced conditioning.1 However, the exact underlying mechanism of helium pro-

tection in humans remains unclear.

-

ing, either via continuous administration throughout surgery,16 during ischemia/reperfusion17 

or before aortic cross clamping.18 It is known that both, timing and repetition of the precondi-

tioning stimulus, are central for producing the respective protection.

that helium induces pre- and/or postconditioning in human myocardium of patients undergo-

postoperative Troponin T release.

METHODS

The institutional review board of the Academic Medical Center, Amsterdam, The Netherlands, 

prospective, placebo controlled, investigator blinded, parallel arm single-center study took 

place from 8-7-2008 to 3-7-2011 at the Academic Medical Center, Amsterdam, The Netherlands, 

in accordance with the International Conference on Harmonization on Good Clinical Practice 

-
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tion on sex (see ). While the anesthesiologist and the investigator in the operating room 

were not blinded, the patients as well as the investigators performing laboratory data analysis 

(Troponin T values, Western Blot experiments) were blinded to the randomization strategy. Pa-

tients were recruited by self-selecting, and all subjects gave written informed consent. Exclusion 

were added after publication on www.trialregister.nl but before start of the study.

Figure 1 Protocol outline
Schematic timeline of the study protocol. The black arrows represent the time points at which atrial myo-
cardial biopsies were taken. Aox: aortic cross clamp. CPB: cardiopulmonary bypass  Helium precondi-
tioning group. Helium was administered in three cycles for 5 minutes, followed by 5 minutes inhalation of 
oxygen enriched air (30% oxygen). B: Helium postconditioning group, helium administration started at the 
end of aortic cross clamping for 15 minutes and was continued for 5 minutes after begin of reperfusion. C: 
Helium pre-and postconditioning group. Helium was administered both as preconditioning stimulus before 
cardiopulmonary bypass and as postconditioning stimulus at the end of aortic cross clamping. D: Anesthetic 

E: untreated con-
trols.
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Study protocol

-

mans.18,19 We wanted to extend the preconditioning stimulus and decided to use 3 cycles of 

conditioning, as this protocol was also used in most experimental studies.20

received helium preconditioning (He-Pre) by inhalation of three cycles of helium for 5 min, 

followed by 5 min inhalation of oxygen-enriched air (30% oxygen). Helium was obtained as a 

mixture with oxygen (Heliox: 79% helium and 21% oxygen, BOC, Mordon, United Kingdom) 

and administered using a non-invasive helium delivery system (Helontix Vent, Linde Thera-

oxygen. He-Pre was administered shortly before start of cardiopulmonary bypass (CPB). A 

graphical presentation of our study protocol is represented in . The postconditioning 

group (He-Post) received at least 15 minutes of helium at the end of aortic cross-clamping, 

lasting up to 5 minutes after release of the clamp. The third group received helium as pre- 

and postconditioning stimulus (He-PP). Patients receiving helium pre- and postconditioning 

thus received two conditioning stimuli of helium with double time of helium ventilation. To 

-

rane. The 5th group was an untreated control group.

Anesthesia

Patients received premedication with temazepam 10 mg per os. Induction of anesthesia was 

performed with intravenous administration of midazolam 0.1-0.2 mg kg-1 and target con-
-1, 

and rocuronium 0.6 mg kg-1 for muscle relaxation. Target controlled infusion of propofol was 

continued to maintain anesthesia in combination with either continuously or intermittently 

sufentanil.

Surgery

All patients received routine monitoring during operation and routine surgical techniques were 

used. A pulmonary artery catheter was used for cardiac output monitoring. The left internal 

mammary artery was used to graft the left anterior descending artery. As additional grafts, 

harvested veins from the leg, the right internal mammary artery or one of the radial arteries 

were used. Both, cold crystalloid and cold blood cardioplegia were administered antegrade 

via the aortic root, and management of the cardiopulmonary bypass (CPB) was according to 

standard procedure.
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sample of the right atrial appendage was obtained. Then the left internal thoracic artery was 

prepared, during which time systemic heparinization was started (300 IU/kg goal: coagulation 

-

ond sample of the right atrium was obtained which was directly after preconditioning in the 

applicable groups. Then CPB was started, and the aorta was cross-clamped and cardioplegia 

solution was infused. All distal anastomoses were performed during aortic cross-clamping. 

-

postconditioning in the designated groups, and continued helium ventilation until 5 minutes 

after the start of reperfusion. After completion of coronary artery bypass grafting, CPB was 

discontinued and the third sample of the right atrium was obtained. After surgery, patients 

were transferred to the intensive care unit (ICU), received routine therapy and were weaned 

Blood sampling and tissue preparation

Blood samples were taken before cardiopulmonary bypass, 10 min after cardiopulmonary 

bypass and at the end of operation, as well as at 4, 12, 24, and 48 hours after cardiopulmonary 

Kinase-Muscle/Brain as markers of cellular injury. All samples were analysed in the Laboratory 

of Clinical Chemistry of the Academic Medical Centre, Amsterdam, The Netherlands.
°C until 

further processing. Tissue fractionation was performed as described by Weber et al.6 Cytosolic, 

membrane, and the particulate fraction were immunoblotted using the Criterion Western 

Blotting system (Biorad, Hercules, CA).

After protein determination by the Lowry method, samples were thawed and diluted 1:5 

were vortexed and boiled at 95°C before being subjected to sodium dodecyl sulfate–poly-

acrylamide gel electrophoresis using Criterion™ XT precast gels (Biorad, Hercules, CA). The 

-

was blocked by incubation with 5% fat dry milk powder or bovine serum albumin solution 

incubated overnight at 4°C with the respective primary antibody at indicated concentrations. 

After washing in fresh, cold TBS-T, the blot was subjected to the appropriate horseradish 

peroxidase-conjugated secondary antibody for 2 h at room temperature. Immunoreactive 
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as the ratio of phosphorylated to total protein. Values are expressed as x-fold average light 

intensity (AVI) compared with control. Equal loading of protein on the gel was additionally 

Antibodies

(1:5.000) and total p38 MAPK (1:5.000) were obtained from Cell Signalling (Danvers, MA), HSP 

obtained from Sigma (St. Louis, MO). Peroxidase-conjugated goat anti-rabbit and donkey 

-

miluminescence protein detection kit was purchased from Santa Cruz (Heidelberg, Germany).

Endpoints and data collection

Troponin T release.

Data were collected on age, sex, race, length and weight, co-morbidities and risk factors for 

cardiovascular disease, Euroscore, medication usage, duration of bypass, and aortic clamping, 

Sample size calculation and statistics

expression in human myocardial tissue was available while setting up the study. A proper 

sample size calculation was therefore not possible at start of the study. However, based on 

previous experimental research and a similar clinical study,19

Numerical data are presented as mean ± SD or median with interquartile range, as appropri-

ate. Categorical data are presented as numbers and percentages. Statistical analyses were 

non-parametric data followed by Bonferroni correction for multiple testing (GraphPad Prism 

version 5.0, GraphPad, La Jolla, CA). We chose to graphically represent our data as mean+SD, 

primary endpoints is available in the online data supplement 1.
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To compare post-operative Troponin T release the area-under-the-curve was calculated 

(mentioned as arbitrary units) and compared in a one-way-ANOVA.

RESULTS

Baseline characteristics

available (1), unplanned additional valve surgery (1), previously unknown decreased left 

). Baseline characteristics of all groups were similar 

with regard to age (66±9) and sex (83% male, table 1). Preoperative demographic data showed 

that in controls, less patients with hypercholesterolemia, or who used statins or beta-blockers 

were present compared to the other groups. The predictive additive risk determined by Eu-

roscore was similar in all groups. The number of bypass grafts and duration of aortic cross 

clamping and CPB duration were also similar in all groups (table 2).

Figure 2 CONSORT diagram
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Table 1: Demographic data

  Controls He-Pre He-Post He-PP APC p value

N 28 23 22 24 24  

Age (years) 66,7 (±7,0) 62,8 (±11,7) 66,2 (±7,8) 66,2 (±8,3) 66,9 (±7,6) 0.47

Male (%) 22 (82) 21 (91) 20 (83) 20 (83) 21 (88) 0.88

BMI 28,4 (3,7) 27,3 (±2,7) 26,7 (±3,8) 27,4 (±3,7) 27,7 (±3,2) 0.55

Risk factors       

 Hypertension 16 (59) 9 (39) 13 (57) 10 (42) 13 (54) 0.52

 Hypercholesterolemia a 6 (22) 11 (48) 10 (44) 5 (21) 14 (58) 0.023a

 Smoking 13 (48) 10 (44) 8 (34) 11 (46) 10 (42) 0.89

 Diabetes 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)  

 Family 12 (44) 9 (39) 7 (30) 9 (38) 13 (54) 0.56

MI 7 (26) 10 (44) 8 (36) 10 (42) 8 (33) 0.71

CVA 0 (0) 0 (0) 0 (0) 1 (4) 0 (0) 0.40

Heart Failure       

 NYHA I 20 (74) 17 (74) 19 (86) 17 (71) 16 (70) 0.97

 
NYHA II 2 (7) 2 (9) 1 (5) 2 (8) 3 (13) 0.97

NYHA III 5 (19) 4 (17) 2 (9) 4 (17) 4 (17) 0.97

Myocardial Infarction 7 (26) 10 (44) 8 (36) 10 (42) 8 (33) 0.71

Cerebrovascular accident 0 (0) 0 (0) 0 (0) 1 (4) 0 (0) 0.40

Ejection fraction       

 >50% 21 (81) 16 (73) 12 (57) 16 (67) 19 (90) 0.15

 30-50% 5 (19) 6 (27) 7 (33) 4 (17) 1 (5) 0.15

Medication       

 Salicylate 24 (86) 19 (83) 22 (92) 23 (96) 23 (92) 0.57

 Clopidogrel 9 (32) 9 (39) 12 (50) 9 (38) 4 (16) 0.15

 Statin b 27 (96) 23 (100) 24 (100) 20 (83) 21 (84) 0.04 b

 Beta-blocker c 19 (68) 22 (96) 24 (100) 21 (88) 21 (84) 0.008 c

 ACE inhibitor 10 (36) 8 (35) 10 (42) 4 (17) 11 (44) 0.30

 AT2 receptor blocker 6 (21) 1 (4) 5 (21) 5 (21) 3 (12) 0.40

 Calciumchannel blocker 10 (36) 7 (30) 4 (17) 10 (42) 6 (24) 0.35

 Diuretics 6 (21) 4 (17) 4 (17) 7 (29) 4 (16) 0.77

 Nitrates 10 (36) 9 (39) 7 (29) 12 (50) 13 (52) 0.43

Euroscore 3 (±2) 2 (±3) 3 (±3) 4 (±3) 1 (±3) 0.36

numbers and percentage, n (%).
a b Use of statins was 

c

lower in our control group compared to other groups.
-



102

 Table 2: 

Controls He-Pre He-Post He-PP APC p value

ECC time (min) 88 ±7 84 ±6 91 ±5 100 ±7 95 ±6 0.53

Cross-clamp time (min) 59 ±4 54 ±4 58 ±5 67 ±5 62 ±4 0.51

Cardioplegia

Blood (%) 18 (82) 17 (85) 18 (82) 14 (67) 18 (78) 0.36

Saline (%) 4 (18) 3 (15) 4 (18) 7 (33) 5 (22) 0.36

Number of coronary arteries

1 1 (4) 1 (5) 0 (0) 2 (8) 1 (4) 0.19

2 9 (33) 6 (27) 4 (17) 8 (33) 7 (29) 0.19

3 17 (63) 15 (68) 17 (81) 14 (58) 16 (67) 0.19

Left Main 9 (32) 8 (36) 3 (13) 20 (42) 10 (40) 0.88

-

Table 3: Hemodynamic data

Controls He-Pre He-Post He-PP APC

Heart Rate (beats min-1)

After sternotomy 56±7 59±8 62±12 60±10 60±13

After preconditioning 60±11 59±8 59±9 61±11 61±13

After CPB 72±7 73±10 73±14 71±12 80±15

Mean arterial pressure (mmHg)

After sternotomy 76±12 74±13 76±14 77±13 80±16

After preconditioning 66±12 69±13 64±12 67±11 68±13

After CPB 63±12 64±7 66±11 70±11 70±14

Cardiac Index (L/min/m2)

After sternotomy 2.1±0.6 2.1±0.6 2.0±0.4 2.1±0.4 2.2±0.5

After preconditioning 2.0±0.7 2.1±0.5 2.0±0.4 2.3±0.4 2.1±0.5

After CPB 2.4±0.7 2.7±0.8 2.4±0.4 2.5±0.7 2.1±0.8

Pulmonary artery pressure (mmHg)

After sternotomy 18±6 16±5 16±5 17±4 20±3

After preconditioning 18±6 18±6 14±5 17±4 18±5

After CPB 20±6 18±4 18±4 20±5 20±4

PCWP (mmHg)

After sternotomy 11±6 10±6 8±6 10±2 8±4

After preconditioning 4±5 9±6 9±7 9±3 9±5

After CPB 15±6 11±3 8±3 13±3 10±1

-

wedge pressure.

Pre- and postconditioning protocols

during surgery. Neither the preconditioning nor the postconditioning stimulus altered hemo-
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artery pressure were observed between groups (table 3). We did not measure myocardial 

oxygen tension and hemoglobin levels (see supplement 1).

Phosphorylation of p38 MAPK in cytosolic fraction

We determined in the cytosolic fraction of the myocardial atrial tissue the phosphorylated-

to-total (p/t) p38 MAPK ratios within three biopsies from each patient taken at time points 

described in 

of CPB and after CPB compared to baseline ( ). In groups receiving a preconditioning 

p38 MAPK was observed (biopsy 2 vs. biopsy 1). In addition, also postconditioning (He-Post, 

Figure 3: Ratio of activated p38 MAPK

ratio p/t p38MAPK is represented by biopsy 1. Biopsy 2 represents the ratio directly after application of the 
preconditioning stimulus, and the biopsy 3 is at the end of cardiopulmonary bypass. Values presented in 

-

Phosphorylation of ERK-1 and ERK-2 in cytosolic fraction

-
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Figure 4 Ratio of activated ERK-1 and ERK-2

the second biopsy (taken after preconditioning) compared to baseline. In the anaesthetic preconditioning 
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upper panel). While these changes were still evident after CPB in the APC group, the changes 

, lower 

panel).

Protein expression of HSP-27 in particulate fraction

Total levels of HSP-27 were determined in the particulate fraction of myocardial atrial tissue. 

). The same pattern of 

changes in HSP-27 as observed in the control group was seen in all other pre- and postcondi-

tioning groups, with the only exception that in the He-Pre group no increase of HSP-27 after 

CPB (biopsy 3) was seen.

Figure 5 Levels of HSP-27

controls, helium pre- and postconditioning group and the anesthetic preconditioning group this increase 

). Neither 
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after CPB.

(He-Post) or the combination of helium pre-and postconditioning (He-PP).

Plasma concentrations of postoperative Troponin T

preconditioning [He-Pre: 11 (6, 18)], helium postconditioning [He-Post: 11 (8, 15)], helium 

(8, 24), p=0.13, one-way ANOVA after log transformation, ].
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Figure 7 Postoperative Troponin T levels

-
trols (panel A), nor does Helium postconditioning (He-Post, panel B) or the combination of helium pre- and 

postoperative Troponin T levels compared to controls in the present study (panel D). X-Axis represents Tro-

DISCUSSION

after helium treatment as compared to the control group. He preconditioning alone (without 

postconditioning) prevented HSP-27 increase as observed in all other groups. Helium pre- and 

patients undergoing CABG surgery.

Molecular changes by helium

Mechanisms underlying the protection by volatile anesthetics and noble gases have been 

investigated extensively in animal experiments.8,21,22 However, mechanistic data from human 
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markers known to play a role in noble gas induced cardioprotection we demonstrated be-

fore.3-5,7,23 Although p38 MAPK plays a role in inhalational anesthetic induced preconditioning,4 

we were unable to demonstrate a role for p38 MAPK in preconditioning with either helium 

at various time-points in all groups. In contrast, Pouzet et al. demonstrated an increase of p38 
24 No 

-

rane or in untreated controls was observed, which is in contrast to a previous study showing 
19

demonstrated in atrial tissue obtained at similar time-points during CABG surgery an increase 
25

Several studies investigated changes of HSP-27 during cardiac surgery, most of them mea-

suring HSP in patient blood.26-28 Our data demonstrate that in untreated controls the level of 

-

dicating that aortic cross clamping and subsequent reperfusion increases the levels of HSP-27.

at start of the current study. Although unlikely, we cannot completely exclude the possibility 

clinically relevant outcome parameter to be alternatively used for power calculation would 

have been Troponin T values during the postoperative course. This parameter was used in 

a previous study with much smaller groups sizes (n=10),16

release with the current group size of 25 patients per group.

In the present study we were unable to show protection in the suggested positive control, 

-

rane.18,19
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In our previous study,19 all patients received crystalloid cardioplegia, while in the current 

study crystalloid as well as blood cardioplegia was allowed. However, the distribution of crys-

Only two cardiac surgeons performed all procedures in the previous study, while in the current 

study numerous surgeons were involved. Larger than expected variations in biopsies, both 

-

ing protein analysis of these samples are described in online supplement 3. Whether these 

agents,29 however all patients received opioids in a comparable dosage, which was also per-

release (see 

agents that so far was successfully translated from experimental studies into clinical practice: 
17-19 Several meta-

-

ated with a reduction in mortality after cardiac surgery when compared with total intravenous 

anesthesia.30,31 The original data from the studies included in these reviews contain small 

review, focussing on the preconditioning protocol used,32 mentioned that protection could 

not necessarily indicating preconditioning. Despite the initial successful translation of anes-

thetic preconditioning into clinical practice, more recent studies show more variable or even 

needed to provide more robust evidence.

Lack of helium pre- and postconditioning

While the stimulus for preconditioning is applied before myocardial ischemia, postcondition-

ing is the protection induced by a stimulus applied during ischemia or at the beginning of 

reperfusion. Presence of the stimulus during reperfusion seems to be essential for its success 

to evoke protection. Ischemic postconditioning decreased postoperative troponin release 

after cardiac surgery in children, 33 and decreased postoperative CK-MB but not troponin I 

release in adults34

Helium induces protection by postconditioning,13 but the current results do not show a 
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aortic cross clamping by manual ventilation of the lungs - while the patient was still on CPB. We 

coronary artery system at the beginning of cardiac reperfusion, and it is possible the postcon-

of oxygen of 30%. Although experimental data indicate a concentration of 30-70% helium to 

be enough to induce preconditioning,14 it cannot be excluded that 70% helium was too low 

to induce protection in CABG patients with increased age and multiple comorbid conditions. 

We previously showed helium induced preconditioning was abolished in aged 35 as well as in 

hypertensive animals.36 However, in the hypertensive rat, a combination of helium induced 

pre- and postconditioning was able to overcome the barrier for cardioprotection, leading to 

reduction of infarct size.36 In our current study, thirteen patients (57%) from the He-PP group 

had hypertension. However, even the combination of helium pre- and postconditioning did 

not result in reduction of troponin release in this patient group.

It could be that the general trauma for CABG has reduced over time and therefore it will 

CABG surgery, thoracic aortic surgery) are still unknown.

CONCLUSION

-

-

tioning in human atrial tissue, or on troponin T release. The use of helium as a cardioprotective 

the robustness and true translational value of this type of cardioprotection in CABG surgery.
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Technical problems using human atrial tissue for protein detection with western 
blot

surgeons. This problem was solved during the time of the study, as both the surgeons and the 

investigators became more experienced. However, even with the sizes of the biopsies similar, 

patients. This resulted in great variations of protein content of the samples after preparation 

for Western blotting. As all the samples were standardized to protein content for western blot-

with low protein concentrations, the amount of sample for Western Blot was low, allowing us 

only to perform a few blots.

-

switching back from our infrared odyssey imager to chemiluminescence detection on X-ray 

blot tank, allowing more samples to be analyzed at the same time. However, establishing 

Table 1: perioperative arterial oxygen tension and hemoglobin

Control He-Pre He-Post He-PP APC

Hemoglobin (mmol/L)

before CPB 5,7±0,6 5,7±0,8 5,4±0,7 5,4±0,8 5,9±1,0

after CPB 6,0±0,6 5,9±1,0 5,6±0,8 5,6±0,8 6,2±0,7

Arterial oxygen tension (kPa)

before CPB 23±7 21±8 21±7 21±8 19±7

after CPB 21±14 23±19 18±7 23±19 20±13

-
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Table 2a: 

Time 1-2 Time 1-3

Control 0.21 (-0.13 to 0.54) 0.42 (0.07 to 0.77)

He-Pre 0.15 (-0.01 to 0.31) 0.44 (0.02 to 0.86)

He-Post -0.19 (0.04 to 0.34) 0.34 (0.09 to 0.59)

He-PP 1.35 (-4.33 to 1.62) -1.91 (-6.63 to 2.80)

APC 0.02 (-0.18 to 0.21) 0.06 (-0.13 to 0.25)

Time 1-2 Time 1-3

Control 0.62 (-0.04 to 1.28) 0.56 (0.05 to 1.08)

He-Pre 0.17 (0.02 to 0.31) 0.13 (-0.05 to 0.31)

He-Post 0.40 (-0.01 to 0.80) 0.33 (-0.22 to 0.88)

He-PP 0.35 (-1.98 to 0.90) 0.19 (-0.13 to 0.51)

APC * 0.31 (0.13 to 0.50) 0.35 (-0.13 to 0.51)

Time 1-2 Time 1-3

Control 0.57 (-0.46 to 1.59) 0.18 (-0.70 to 1.05)

He-Pre 0.39 (-0.04 to 0.81) 0.26 (-0.23 to 0.75)

He-Post 0.58 (-0.25 to 1.41) -0.008 (-0.58 to 0.57)

He-PP 0.26 (-0.19 to 0.71) 0.11 (-0.83 to 1.05)

APC 0.09 (-0.27 to 0.45) 0.05 (-0.24 to 0.34)

Time 1-2 Time 1-3

Control 351923 (54200 to 649648) 587276 (195040 to9795120

He-Pre 303491 (1571 to 605412) 112993 (-13115 to 239101)

He-Post 178773 (-1678 to 359224) 331187 (66224 to 596151)

He-PP 294947 (-15916 to 605810) 420241 (225811 to 614670)

APC 233016 (74261 to 391773) 323358 (97583 to 549133)
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Time 1-2 Time 1-3

Control 44292 (-89173 to 177757) 42817 (-53249 to 138883)

He-Pre 184134 (-90656 to 458925) -166053 (-343517 to 11411)

He-Post -23844 (-148205 to 100516) -91881 (-330778 to 147016)

He-PP 136673 (-311139 to 584486) 95976 (-70820 to 26773)

APC 331781 (50277 to 613285) -58411 (-217277 to 100455)


