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INTRODUCTION
Coronary artery disease and subse-

quent myocardial infarction is a common
cause of death (1). In the acute phase of
myocardial infarction, occlusion of a car-
diac vessel by a thrombus or stationary
embolus leads to myocardial hypoxia,
which is followed by cessation of aerobic
respiration and ATP production in the af-
fected cardiomyocytes. The rapid energy
depletion gradually suppresses meta-
bolic activity and leads to the induction
of cell death pathways and eventually

the demise of cardiomyocytes. Reperfu-
sion and reoxygenation of the infarcted
tissue, as a result of, for example, phar-
macological dissolution or dislodgement
of the clot, ameliorate the extent of
 hypoxia-induced cell death, but in turn
inflict lethal reperfusion injury (2). The
type of cell death that is manifested de-
pends on how fast reoxygenation occurs
as a result of reperfusion (2) and may
proceed via necrosis, apoptosis or au-
tophagy. Cell survival is mediated
mainly by activation of antiapoptotic

proteins and stimulation of prosurvival
autophagy (3–5).

The use of the colorless, odorless, non-
anesthetic noble gas helium in patients
with respiratory disease was first de-
scribed in 1934 (6). The benefits of helium
mixed with oxygen (heliox) were attrib-
uted to its reduced density and conse-
quently reduced work of breathing in res-
piratory conditions. In the last few years,
the use of heliox has been tested in acute
respiratory diseases in both children and
adults (7,8) and for decompression illness
(9). In addition, helium has been shown to
reduce the extent of cell death in myocar-
dial, neuronal and epithelial tissue sub-
jected to ischemia/ reperfusion (I/R), as re-
viewed in (10). In the heart, helium
preconditioning considerably reduces in-
farct size in rat and rabbit models of car-
diac I/R by coronary artery ligation (data
of these studies are summarized in Sup-
plementary Figure S1). On average, the in-
farct size reduction was 18% to 25% after
exposure to helium preconditioning
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(11–20). Helium postconditioning
(HePOC), the clinically more relevant
form of conditioning, also protects the my-
ocardium, as has been demonstrated in
several rat strains (15,21). Some mechanis-
tic insight into the damage- ameliorating
effects of helium gas during I/R has been
provided in the last few years (22). Apop-
totic pathways have been shown to be in-
volved in helium conditioning (17–19).

Given the fact that helium precondi-
tioning and HePOC reduce the extent of
I/R-induced cell death, helium may af-
fect the transcriptional regulation of cell
death and survival pathways and thereby
promote prosurvival signaling. Here we
used a regional cardiac I/R model in rats
to determine the differential expression
patterns of genes related to apoptosis,
necrosis and autophagy following ische-
mia, I/R or I/R with different regimes of
HePOC. Transcriptional analysis of these
pathways not only allowed us to test the
hypothesis that HePOC reduces the mag-
nitude of death signaling and stimulates
survival pathways, but also provided in-
sight into the significance of each mode
of cell death and cell survival in every
phase of I/R under native conditions and
following HePOC.

MATERIALS AND METHODS

Animal Model of
Ischemia/Reperfusion

Animal experiments were approved by
the Academic Medical Center’s animal
ethics committee (DAA102650). Animals
were treated in accordance with the
Guide for the Care and Use of Laboratory
Animals (1996) (24). Male Wistar rats
(354 to 426 g, age range of 12 to 16 wks)
were acclimatized for 7 d under condi-
tions of 12-h light and dark cycles and ad
libitum access to food and water.

Rats were anesthetized and surgically
prepared as described previously (21).
In short, rats were mechanically venti-
lated and cannulation of the carotid ar-
tery was done for measurement of the
mean arterial pressure and heart rate and
for blood sampling. The left anterior de-
scending coronary artery (LAD) was lig-

ated with a single puncture 5-0 Prolene
suture (Ethicon [Johnson&Johnson],
Amersfoort, the Netherlands) through
the myocardium. The ends of the suture
were threaded through propylene tubing
to enable tightening and loosening of the
snare for the induction of I/R. The he-
lium postconditioning groups received
helium gas (Linde Gas Benelux, Dieren,
the Netherlands) at the onset of reperfu-
sion (Figure 1). To make sure that suffi-
cient helium was present in the lungs
and normal air washed out at the onset

of reperfusion, helium administration
was started at 24 min of ischemia.

Study Design (Figure 1) 
The study was divided into two test

arms for the determination of (1) histolog-
ical damage, and (2) quantitative reverse
transcriptase polymerase chain  reaction
(qRT-PCR) experiments. Additionally,
Western blot experiments were performed
to investigate levels of proteins involved
in autophagy in the I/R15 and He15
groups (I/R15 received 15 min of reperfu-

Figure 1. Schematic overview of the experimental protocols. (A) Experimental setup for his-
tological analysis. Rats were euthanized after 25 min (25′) of ischemia and 5, 15, or 30 min
(5′, 10′, or 30′) of reperfusion (groups I/R5, I/R15, I/R30; the group I had ischemia alone; the
sham group had no I/R. The number behind the reperfusion block indicates the duration
(in minutes) of the reperfusion phase. Helium postconditioning (He) encompassed the en-
tire reperfusion phase (groups He5, He15, He30). (B) Experimental setup for gene analysis by
qRT-PCR. Rats were euthanized after 25 min of ischemia or after 15 min of reperfusion.
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sion; He15 received 15 min of helium
postconditioning; for additional informa-
tion on the groups, see Figure 1 legend).

Histological Staining and Analysis
For histological processing of the

hearts, the organs were mounted on a
modified Langendorff setup and per-
fused retrograde with isotonic saline so-
lution to wash out blood from the coro-
nary circulation. Next, the coronary
circulation was flushed with 10 mL of ice-
cold fixative (96% ethanol, acetic acid,
10% buffered formalin and Milli-Q water
[Millipore, Amsterdam, the Netherlands]
in a 50:5:10:35 volume ratio). Adequate
retrograde perfusion was confirmed visu-
ally by uniform changes in size and color
of the myocardium. The heart was then
removed from the Langendorff setup and
stored in ice-cold fixative. Fixed rat hearts
were dehydrated in graded steps of etha-
nol and xylene and cut in half, longitudi-
nally at the center of the ligation of the
LAD (Supplementary Figure S2). The left
half of the heart was embedded in paraf-
fin and sectioned with a microtome along
the cutting plane (4-μm thick sections).
The sections were deparaffinized, stained
with hematoxylin and eosin (H&E) and
mounted using VectaMount (Vector Labo-
ratories, Burlingame, CA, USA).

A histological scoring system was de-
veloped to semiquantitatively analyze the
extent of myocardial damage in I/R-
 subjected rat hearts and to determine the
extent of cardiomyocyte protection by
HePOC. The scoring parameters are listed
in Table 1. H&E-stained sections were
viewed under a light microscope (confo-
cal microscope SP8 X; Leica, Rijswijk, the
Netherlands). The area at risk was delin-
eated on the basis of the pathological de-
marcation zone at low power view (10×
magnification), whereby the puncture
wound from the suture was used as an
anchor point. The area at risk always ex-
tended from the periphery of the punc-
ture wound to the apical end. Semiquanti-
tative scoring of histopathological
parameters of myocardial damage (con-
traction band necrosis, interstitial edema,
granulocyte adherence/extravasation, ex-

travasation of erythrocytes) was per-
formed at higher power magnification
(400×) in the full thickness of the my-
ocardium. The endocardial segment and
an epidcardial segment of myocardium
were scored separately. All parameters
were scored in four fields of view (FOVs)
per segment in the area at risk (400×).

qRT-PCR
At the end of the experiment (Figure 1B),

the heart was excised under deep anes-
thesia. The area at risk (AAR) was cut
from the rest of the myocardium (area not
at risk [NAAR]) and sliced in two pieces
on ice, which was snap frozen in liquid
nitrogen and stored at –80°C until further
analysis. All analyses were performed in
myocardial tissue at risk. For a detailed
description of RNA extraction, cDNA syn-
thesis and run parameters, see Supple-
mentary Table S1.

Melting curve analysis was performed
at the end of the PCR run. Amplicons that
showed amplification of nonspecific prod-
ucts were excluded from analysis. The
data was further processed according to
Ruijter and colleagues (24). Each amplicon
was corrected for baseline fluorescence
and a common fluorescence threshold
(Nq) for all arrays was set in the upper
half of the log-linear phase of the amplifi-
cation plot. Amplicons that did not reach
Nq before cycle 40 were considered unde-
tectable. Next, the individual PCR efficien-
cies were calculated and amplicons with
an efficiency <1.80 or >2.00 were excluded
from further analysis. The individual effi-

ciencies were subsequently used to calcu-
late the starting concentration (N0) per am-
plicon. All samples were normalized to
the mean N0 of the housekeeping genes
that showed the most stable expression
over all arrays (that is, Ldha and Rplp1).

Two comparisons were made. First, the
differences between experimental groups
(ischemia, I/R15 and He15) and the
sham group was calculated according to

and expressed as fold difference versus
the sham group. The GOI (gene of inter-
est) within one group is thus first normal-
ized against the housekeeping gene, after-
ward a comparison between each
experimental group and the sham group
was made. Heat maps of these expression
profiles were generated using Mayday Mi-
croarray Data Analysis software (25). A
total of 84 genes involved in cell death and
survival pathways were investigated and
divided in four categories: necrosis,
proapoptosis, antiapoptosis and au-
tophagy. For a description of each gene
also see Supplementary Table S2. Due to
multiple roles for some genes, the total
number of genes in each category was 27
(necrosis), 23 (proapoptosis), 14 (antiapop-
tosis) and 33 (autophagy). After exclusion
of genes with insufficient n-numbers in ei-
ther group due to melting curve, efficiency
or undetectable levels of mRNA, a total of

Table 1. Histological scoring parameters used to semi-quantify myocardial slices.

Parameter Score Quantitative value

1. Contraction bands/coagulation necrosis 0 Absent
1 1%-10% of cardiomyocytes
2 11%-50% of cardiomyocytes
3 51%-100% of cardiomyocytes

2. Interstitial edema 0 Absent
1 Present

3. Granulocyte infiltration 0 Absent
1 Present

4. Platelet aggregates/thrombi 0 Absent
1 Present

5. Extravasation of red blood cells 0 Absent
1 Present
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20 (necrosis), 21 (proapoptosis), 14 (anti-
apoptosis) and 29 (autophagy) genes were
included in the heat maps.

Secondly, a comparison between the
I/R and He15 group was made. For this,
the means of the He15 group were di-
vided by the means of the I/R group and
presented as fold increase. Gene selection
was performed according to the criteria
as described above. A total of 20 (necro-
sis), 20 (proapoptosis), 14 (antiapoptosis)
and 30 genes (autophagy) were included
in the analysis.

Western Blot Analysis
Western blot analysis was performed in

AAR and NAAR tissue to allow for inves-
tigation of the two distinct types of tissue
within one sample. For preparation of cy-
tosol, membrane and mitochondrial frac-
tions as well as for Western blot analysis,
see “Methods: Western Blot Analysis” in
the Supplement Data. In short, samples
were loaded on a Criterion Gel. Proteins
were separated by electrophoresis and
transferred onto an Immobilin-FL mem-
brane. The membrane was incubated
overnight at 4°C with beclin1 (Cell Signal-
ing Technology, Leiden, the Netherlands,
1:1000) or sequestosome1 (Abcam, Cam-
bridge, MA, USA, 1:2000) antibody. After
washing in fresh, cold TBS-T, the blot was
subjected to the appropriate horseradish
peroxidase conjugated secondary anti-
body for 1 h at room temperature. Subse-
quently, immunoreactive bands were vi-
sualized on an Odyssey Infrared Imaging
System. Densitometric analysis of the
blots was performed in Odyssey Infrared
Scanning Software. Results are presented
as the ratio of the target protein over the
fraction-specific control protein: for the
cytosol fraction this was actin (1:5000), for
the membrane fraction NaKATPase (Cell
Signaling Technology, 1:5000), for the mi-
tochondrial fraction PHB1 (Cell Signaling
Technology, 1:10000).

Statistical Analysis
Statistical analysis was performed in

GraphPad Prism (GraphPad Software, La
Jolla, CA, USA). Baseline hemodynamics
were analyzed using one way analysis of

variance (ANOVA) with a Tukey post hoc
test for multiple comparisons. Differences
in mRNA expression and protein levels
between the I/R and He15 group were
tested using a Mann-Whitney test. A P
value of < 0.05, indicated with an asterisk
in the figures, was considered significant.

All supplementary materials are available
online at www.molmed.org.

RESULTS

Hemodynamic Parameters
Aortic pressure and heart rate (mean ±

SD) during the experiments are shown in
Table 2. Baseline hemodynamics did not
vary between groups.

Histological Damage Profiles
Histological analysis was performed to

assess cell damage at a microscopic level
(n = 4-6 per group). The morphology of
cardiomyocytes clearly differed among
the experimental groups. Hearts in the

sham group contained normal unaltered
cardiomyocytes; myofibrils were ordered
in a structured manner and exhibited
similar morphology. The absence of car-
diomyocyte damage, inflammatory cell
infiltrates, red blood cell extravasation,
thrombosis and edema resulted in a
mean total histology scores of 0. Repre-
sentative micrographs of sham-operated
animals are shown in Figure 2B and Sup-
plementary Figure S3.

After 25 min of ischemia, hypercon-
traction of myofibers was observed in
some slices (Supplementary Figure S4),
without loss of the native structure and
morphology of cardiomyocytes similar to
the sham-operated group. In the 5-min
reperfusion group, waviness of my-
ofibers and contraction bands could be
observed and were accompanied by
other signs of tissue damage (Supple-
mentary Figure S5). At 15 or 30 min of
reperfusion, the cardiac tissue exhibited
clear signs of damage that entailed
necrosis, interstitial edema, granulocyte

Table 2. Hemodynamics (mean arterial pressure and heart rate) sampled after 15 min of
baseline, 24 min of ischemia and 15 min of reperfusion.a

After 24 min After 5 min After 15 min After 30 min
Groupb Baseline of ischemia of reperfusion of reperfusion of reperfusion

Mean APc (mmHg)

Sham 111 ± 13 113 ± 22 113 ± 21 98 ± 20
I 95 ± 16 110 ± 15
I/R5 90 ± 33 95 ± 19 73 ± 20
I/R15 95 ± 24 93 ± 20 83 ± 21 62 ± 8
I/R30 96 ± 29 91 ± 28 80 ± 24 79 ± 21 60 ± 15
He5 102 ± 20 108 ± 23 78 ± 21
He15 102 ± 20 108 ± 17 96 ± 14 75 ± 11
He30 97 ± 25 100 ± 24 95 ± 18 91 ± 23 69 ± 15

Mean HRd (BPM)

Sham 372 ± 20 373 ± 20 363 ± 24 352 ± 32
I 341 ± 40 367 ± 32
I/R5 338 ± 29 354 ± 29 330 ± 18
I/R15 320 ± 60 340 ± 50 326 ± 46 306 ± 44 320 ± 39
I/R30 329 ± 62 359 ± 39 342 ± 38 346 ± 41
He5 360 ± 36 366 ± 16 344 ± 35
He15 338 ± 35 365 ± 36 350 ± 37 324 ± 34
He30 343 ± 57 366 ± 36 347 ± 47 359 ± 40 328 ± 51

aData are shown as mean ± SD. At each time point there were no significant differences
between different experimental groups.
bOn group infomation, see Materials and Methods and Figure 1. 
cMean AP, mean arterial pressure in mmHg.
dMean HR, mean heart rate in beats/minute.
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infiltration, platelet aggregates/thrombi
and extravasation of red blood cells (Fig-
ure 2C). This was observed in all histo-
logical specimens (Supplementary Fig-
ures S6, S7) and was reflected in the total
histology score (Figure 2A).

Fifteen min of HePOC reduced the ex-
tent of cell damage, which was reflected
in the trend of an overall lower total his-
tology score in this group compared with
all other intervention groups (Figure 2A).
Interestingly, 15 min of HePOC (Supple-
mentary Figure S9) resulted in less cell
damage compared with 30 min of helium
(Supplementary Figure S10), indicating
that prolonged helium inhalation is not
beneficial for cardiac I/R. The morpho-
logical features of cardiomyocytes that
had been exposed to 30 min of HePOC
were similar to those of cardiomyocytes in
the I/R15, I/R30 and He5 group (Supple-
mentary Figures S6, S7, S8). A representa-

tive micrograph of myocardium exposed
to I/R15 and He15 is shown in Figures 2C
and D, respectively. The extent of necro-
sis, edema, extravasation of red blood
cells, granulocyte infiltration and platelet
aggregation is much lower after He15 (see
Figure 2D) compared with I/R15 (see Fig-
ure 2C). This is also reflected in the total
histology score (see Figure 2A).

mRNA Expression Profiles in Hearts
Subjected to Ischemia,
Ischemia/Reperfusion and HePOC

Exposure of cardiomyocytes to ische-
mia, I/R15 and He15 caused differential
gene expression in all cell death pathways
compared with cardiomyocytes in the
sham- operated group (Figure 3). Many
genes of the cell death pathways in the is-
chemia and I/R15 groups are regulated in
a similar manner, that is, the expression
patterns of genes involved in the execu-

tion of necrosis, apoptosis and autophagy
are affected similarly under both condi-
tions of ischemia and I/R. To specify this:
most genes are similarly up- or downregu-
lated after ischemia and I/R15. This can
be seen from the actual number of genes
that are up- or downregulated in each
group of genes. Fifteen of 20 genes in-
volved in necrosis pathways were down-
regulated after ischemia and 14 of 20 after
I/R15. Simultaneously, genes involved in
proapoptosis were upregulated (I, 11 of 21;
I/R15, 12 of 21) and antiapoptotic genes
were downregulated (10 of 14 in both
groups). Ischemia and I/R15 also down-
regulated most genes involved in au-
tophagy: 21 of 29 and 23 of 29, respectively.

The addition of 15 min of helium post-
conditioning changed the expression
profiles of whole sets of genes. This can
be seen easily when one compares the
last column to the third column. Helium
particularly upregulated genes involved
in antiapoptotic pathways (10 of 14) and
autophagy (16 of 29). By contrast, ische-
mia and I/R15 downregulated the major-
ity of antiapoptotic genes and genes in-
volved in autophagy. This suggests that
the protective effect of 15 min of helium
postconditioning is linked to expression
of genes involved in autophagy and anti-
apoptotic signaling.

Figure 3 first of all shows that gene ex-
pression patterns that are visible during
reperfusion already emerge during ische-
mia. Additionally, it shows that exposure
to a short 15-min episode of HePOC is
powerful enough to exert changes on ex-
pression patterns of genes involved in
cell death pathways, which occurs al-
ready during early reperfusion. Taken to-
gether, the data suggests that the effects
of helium postconditioning are immedi-
ate and undo some of the detrimental
changes in gene expression that have
been initiated during ischemia and are
extended during reperfusion.

Effects of HePOC on Cell Death, Cell
Survival and Autophagy

Beside the general changes in gene ex-
pression profiles during ischemia, reper-
fusion and POC in comparison to sham

Figure 2. (A) Total histology score plotted per group. Representative histological sections of
(B) hearts in the sham, (C) I/R15, and (D) He15 group. E indicates tissue edema; P, presence
of platelets and thrombi; RBC, extravasation of red blood cells; GRA, extravasation of granu-
locytes; asterisks (*), contraction band or coagulation necrosis. Original magnification 400×.
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animals, a direct comparison between the
I/R15 and He15 group has been made. In
Figure 4, the fold increase and decrease of
each gene within one of four categories of
cell damage/ survival after He15 in com-
parison to I/R15 is depicted. This figure
shows which genes are upregulated and
downregulated (most strong upregula-
tion to downregulation from left to right
in the figure) after HePOC and could
therefore play a key role in helium’s un-
derlying cardioprotective mechanism.

In line with results shown in Figure 3, in
comparison to I/R15, He15 particularly
upregulates genes involved in autophagy
and antiapoptosis: 27 of 30 genes involved
in autophagy were upregulated, and 12 of
14 antiapoptotic genes. This underlines the
general finding that the cardioprotective

mechanism of HePOC is related to an in-
crease in the expression of genes employed
in autophagy and against apoptosis.

Apart from general trends, individual
genes were found to be significantly up-
regulated after He15 as compared to
I/R15. Within the necrosis group of
genes, Olr1583, Sycp2, Cybb, Txnl4b and
Dpysl4 all were significantly upregulated
after He15 as compared to I/R15 only.
Their function in vivo is described in
Supplementary Table S2 and the relation
of these genes to HePOC will be ad-
dressed in the discussion.

Protein Levels of Beclin-1 and
Sequestosome

Differences in protein levels of beclin-1
and sequestosome between the I/R15 and

He15 groups were consistent in AAR and
NAAR tissue, indicating a tissue-
 independent effect of helium inhalation. In
the mitochondrial fraction, 15 min of he-
lium postconditioning significantly in-
creased the amount of beclin-1, which was
found in both the AAR and NAAR tissue
(see also Figure 5). No differences in se-
questosome protein levels could be found
between the I/R15 and He15 groups. For
an overview of sequestosome Western blot
results, see Supplementary Figure S11.

DISCUSSION
In this study, helium-induced postcon-

ditioning was investigated by microscopic
assessment of cell damage and analysis of
its transcriptional effects on cell death and
survival pathways (necrosis, apoptosis
and autophagy). We showed that signs of
cell damage in H&E-stained histological
slices were reduced after 15 min of he-
lium. Additionally we showed that in
comparison to I/R15 only, He15 upregu-
lated genes in all categories; necrosis, pro-
and antiapoptosis and autophagy. How-
ever, He15 predominantly upregulated
genes involved in autophagy and inhibi-
tion of apoptosis. Taken together, these
data suggested that the HePOC-induced
reduction of I/R-induced cell damage is
mediated by an instantaneous upregula-
tion of genes employed in autophagy and
the inhibition of apoptosis during early
reperfusion. We therefore suggest that the
upregulation of these genes at least coun-
terbalances or even overrules the upregu-
lation of the pro-cell-death genes, result-
ing in cardioprotection after HePOC.

In earlier studies from our laboratory,
infarct size reduction (analyzed by triph-
enyl tetrazolium chloride [TTC]–Evans
blue staining) after HePOC was found in
several rat strains (15,21,26). Fifteen min-
utes of 70% helium during early reperfu-
sion reduced infarct size as a percentage of
area at risk from 47% ± 2% (mean ± SEM)
in control to 30% ± 2% in the HePOC
group (Supplementary Figure S12), while
the area at risk as percentage of total ven-
tricular tissue was similar in both groups;
21% ± 2% in CON and 22% ± 2% (data not
shown). This is in line with the results of

Figure 3. Heat maps indicating the differential expression of genes in the ischemia (I), I/R,
and I/R + He (He15) relative to the sham group, classified per cell death/survival pathway
and autophagy. The significance of the color-coding, indicating the extent of fold de-
crease (green) and fold increase (red), is provided in the inserted legend. The function(s)
of the genes is (are) summarized in Supplementary Table S2.
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the current study, in which histological
analysis showed less cellular damage after
He15 in comparison to I/R15. He15 slices
exhibited less contraction band necrosis,
edema, extravasation of red blood cells and
granulocytes and fewer platelets/ thrombi
than I/R15 slices. Interestingly, histologi-
cal slices of 30 min of helium showed ex-
cessive cellular damage in comparison to
15 min of helium. Again, this is in line
with results from infarct size experiments
analyzed by TTC staining, in which 30 min
of helium during early reperfusion abro-
gated the protection that was seen after 
15 min of HePOC (26). Prolonged epi-
sodes of helium inhalation did not protect
the rabbit heart against I/R (27), neither
did prolonged helium inhalation protect
forearm endothelium in a study with male
human volunteers (28).

From enzymatic and histologic assess-
ment of cell damage after HePOC, we
therefore drew the conclusion that (1) he-
lium reduces cardiomyocyte damage
which results in smaller infarct size, and
(2) it does so only after 15 min of HePOC.
This led to the investigation of transcrip-
tional profiles of genes employed in cell
death and survival pathways after 15 min
of HePOC. Although mRNA expression
profiles after 25 min of ischemia also were
analyzed in this study, we focused on
reperfusion because that seems to be the
time window in which HePOC exerts its
effects. Histological analysis showed a re-
duction of cell damage after HePOC at
15 min of reperfusion. From TTC staining,
we know that the protective effect of
15 min of HePOC also can be found after 
2 h of reperfusion (15,21,26); 1 h and 
45 min after the postconditioning stimulus
is discontinued. It is very likely that
within this time window both necrotic and
apoptotic cell death are reduced by helium
postconditioning, and that prosurvival
mechanisms such as autophagy contribute
substantially. We aimed to investigate
whether signs of cellular survival on an
mRNA expression level could be found as
early as the 15 min reperfusion episode.

Separate studies investigating the ef-
fects of helium conditioning on specific
proteins and their concomitant posttrans-

Figure 4. Regulation of genes after 15 min of helium postconditioning shown as fold in-
crease or decrease in comparison to I/R15 per category. *p < 0.05
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lational modifications in the cell death
and survival pathways have been con-
ducted (22). However, cell death and sur-
vival pathways interact, and various
ways of cellular stress might trigger
necrotic, apoptotic and autophagic path-
ways simultaneously, leading to activa-
tion of common downstream cell death
elements or might offset each other (4).
We therefore used PCR arrays to investi-
gate four categories of cell death/sur-
vival simultaneously. Generally it is
thought that necrosis occurs quickly and
centrally, whereas apoptotic cell death
takes a bit longer owing to the slowly or-
chestrated execution of the apoptotic cell
death program and mainly occurs in the
border zone of the area at risk (3). In this
study, we investigated gene expression in
the area at risk to find out which type of
cell death is particularly affected by

HePOC. The trend of the current study
suggests that orchestration of genes
against apoptosis and proautophagy
leads to the reduced cellular damage that
is found in histological analyses at 15 min
of reperfusion. This could make sense, as
programmed cell death might play a far
more important role than anticipated: in
rats, chronic (7 d) ligation of a coronary
artery resulted in a peak-mycocyte death
within the first 4.5 h after ligation in
which apoptosis predominated (29).

Autophagy is originally categorized as
a survival mechanism in which cells con-
sume their own proteins, lipids and or-
ganelles to maintain protein and or-
ganelle quality and to provide amino
acids, energy and free fatty acids in case
of nutrient deficiency. Cell constituents
and parts of the cytoplasm are first en-
gulfed in autophagosomes, after which

fusion with lysosomes take place. Here-
after, degradation and recycling occurs.
It is suggested that once this process be-
comes overactive, it becomes detrimental
to cells and might end in autophagic cell
death or in another type of cell death,
such as apoptosis (5,30,31). Yet, inhibi-
tion of autophagy might lead to cellular
damage, for example due to an increased
sensitivity to apoptotic signs, stressing
the potential prosurvival role of au-
tophagy (32). In vivo, sevoflurane late
preconditioning (33) and ischemic POC
(34) increased autophagic vacuoles and
reduced infarct size.

In the current study, we found a simul-
taneous upregulation of genes employed
in pathways against apoptosis and proau-
tophagy; this could relate to the infarct
size reduction that was observed after
HePOC (15,21, 26) as well as the results
from histological analysis in this study.
Three significantly regulated genes -
Becn1 and Sqstm1 (autophagy) and Nol3
(antiapoptosis) in this analysis were of
particular interest. Nol3 (nucleolar protein
3), which is also known as an apoptosis
repressor with caspase recruitment do-
main (ARC), inhibits apoptosis on a level
further down the apoptotic cascade as it
directly binds to and inhibits caspase-8 ac-
tivity. Phosphorylation of ARC by protein
kinase CK2 activates this protein, while
calcineurin dephosphorylates and inacti-
vates ARC (35). Not only did ARC over-
expression decrease infarct size after I/R
(5), anesthetic-induced preconditioning
was associated with an increase of phos-
phorylation of ARC, a reduction in activ-
ity of calcineurin and a reduction in cas-
pase-8 activity and cytochrome c release
(35). This is in line with our results; I/R
decreases Nol3 expression while He15 in-
creases it.

Our results show a general change in
mRNA levels of genes involved in au-
tophagy, including upregulation of the
autophagy enhancer protein Becn1 after
HePOC in comparison to I/R15. The inac-
tivation of beclin-1 (Becn1), a protein in-
volved in autophagosome formation, re-
duced infarct sizes (36) thereby
suggesting a detrimental effect of au-

Figure 5. Protein levels of beclin-1. Data are shown as mean ± SEM, *p < 0.05. Ratios: 
(A) beclin-1:actin (cytosol fraction); (B) beclin-1:NaKATPase; (C) beclin-1:PHB1.
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tophagosome formation on infarct size.
Becn1 loses its proautophagic function
after interaction with Bcl-2 (5), which is
logical according to the hypothesis that an
increased rate of autophagy in apoptotic
cells probably leads to cell death (37).
Thus, a combined downregulation of the
antiapoptotic Bcl-2 with an upregulation
of Becn1 during reperfusion facilitates cell
death, presumably necrosis. In our study,
I/R caused a downregulation of both
Becn1 and Bcl-2 in comparison to sham,
which was diminished by helium post-
conditioning. Additionally, Becn1 protein
levels were significantly higher after
HePOC. These findings are comparable to
results from a study in rats, in which is-
chemic postconditioning increased pro-
tein- and mRNA-levels of  beclin-1 (34).

Protein analysis of Becn1 in cytosol,
membrane and mitochondrial fractions of
AAR and NAAR showed an identical
pattern: after HePOC, there was a ten-
dency toward a decrease in cytosol frac-
tions, a tendency toward increase in the
membrane fraction and a significant in-
crease in the mitochondrial fraction. A
possible reason for these findings is the
translocation of the protein when au-
tophagy is induced. The first step in au-
tophagy is the formation of the
phagophore; a membrane composed of
different parts of organelles such as the
Golgi complex, the ER and mitochondria.
Subsequently, the autophagosome is
formed and fuses with lysosomes, after
which degradation of the cargo takes
place (38,39). Becn1 is actively involved in
the first step; it stimulates the formation
of the phagophore and the autophago-
some at the contact site of the ER and mi-
tochondria (40). Hence, the increased
Becn1 levels in the mitochondrial and
membrane fractions. Becn1 also is needed
for autophagosome-lysosome fusion, a
crucial step for an effective autophagy
flux. Not only ischemic preconditioning,
but also nonclassical preconditioning
agents are known to induce autophagy
and enhance the autophagic flux (41).

Albeit complex, autophagy flux can be
measured in several ways. Sqstm1 (se-
questosome 1) is generally considered a

read out for autophagic activity; protein
levels of Sqstm1 are regulated by au-
tophagy as they are degraded in its ma-
chinery, due to its role in the delivery of
ubiquitinated cargo to autophagosomes
(39,42,43). It is especially linked to mi-
tophagy: the process in which depolar-
ized or damaged mitochondria are di-
rected toward degradation in the
autophagosome. Discarding damaged
constituents of mitochondria is essential
in I/R injury and plays a role in aging
and cardiovascular disease (44,45). In
mice, infarct size reduction after ischemic
postconditioning was accompanied by
translocation of Sqstm1 to mitochondria
and presence of Parkin, an E3 ubiquitin
ligase. In Parkin–/– mice the translocation
of Sqstm1 to mitochondria was absent
and infarct size reduction was blunted
(46). These findings are in line with our
results, as the I/R-induced downregula-
tion of Sqstm1 was attenuated after he-
lium postconditioning. However, the
mRNA upregulation after HePOC did
not seem to translate to changes at a pro-
tein level. This could be explained by the
fact that a true measurement of au-
tophagic flux has not been done. From
literature, it is known that upregulation
of Sqstm mRNA does not always trans-
late to an increase in protein levels (39).
Sqstm1 protein levels are not only influ-
enced by processing through the au-
tophagosome machinery, they also are
influenced by proteosomal degradation
(39), a different pathway of protein deg-
radation within a cell (43).

Although Figure 5 is particularly useful
to observe trends, it also shows that some
genes categorized in the necrotic pathway
were upregulated significantly after He15:
Olr1583, Sycp2, Cybb, Txnl4b and Dpysl4.
Their function in vivo is described in Sup-
plementary Table S2. After a quick glance
at these genes, it looks as if some unex-
pected genes play a role in cardioprotec-
tive mechanisms. Olr1583 and Dpysl4 are
not directly known to be expressed in the
heart, but do play a role in HePOC.
Olr1583 (Olfactory receptor 1583), a mem-
ber of the olfactory gene family, is found
predominantly in the olfactory epithelium

of the nose and is involved in the recogni-
tion of specific odorants (47). However,
evidence exists that at least one specific
member of the olfactory receptor family
also exists in the heart. Olfactory receptor
1 transcripts were detected in the develop-
ing heart, suggesting that the olfactory re-
ceptor might play a role in cardiac devel-
opment (48). In the current study, we
show that Olr1583 is expressed in the
heart and that this expression is downreg-
ulated by I/R, but upregulated after He15.
Dpysl4 (dihydropyrimidinase-like 4), also
known as CRMP3, is expressed in the de-
veloping brain, but its function is unclear
(49,50). An inhibitory effect on brain de-
velopment (50) as well as a crucial role in
neurite outgrowth and axonal differentia-
tion (49) has been described. We showed a
downregulation of CRPM3 in heart tissue
after I/R in comparison to sham-operated
animals and an attenuation of downregu-
lation after He15.

Two other genes, Sycp2 and Txnl4b, are
involved in the cell cycle and biological
diversity. Sycp2 (synaptonemal complex
protein 2) is part of the so-called synap-
tonemal complex, a meiosis-specific nu-
clear structure that is involved in recom-
bination of chromosomes during the
prophase, resulting in chromosomal
crossover (51). Sycp2 therefore plays a role
in genetic variation. Txnl4b (thioredoxin-
like 4B) or DIM-2 is a gene required in cell
cycle progression as it transits cells from
the synthesis (S)-phase to the growth 2
(G2) phase, and it is involved in pre-
mRNA splicing (52). Pre-mRNA leads to
different types of mRNA, which in turn
results in different proteins. In a way, pre-
mRNA plays a role in the establishment
of the vast diversity of proteins that exists
in eukaryotes. I/R downregulated both
Sycp2 and Txnl4b, while He15 attenuated
the downregulation of Sycp2 and even up-
regulated Txnl4b.

Cybb (Cytochrome b-245, β polypep-
tide), also known as Gp91-phox or Nox2,
encodes for a protein called cytochrome
b-245, which is a constituent of the
NADPH-oxidase. The NADPH-oxidase
produces superoxide and hydrogen per-
oxide in phagocytes that are used for the
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killing of pathogens (53) in vascular
smooth muscle cells, endothelial cells
(54,55) and cardiomyocytes (56). Nox2 is
upregulated in infarcted areas after myo-
cardial infarction in the rat (54) and after
hypoxia-reoxygenation in porcine coro-
nary artery endothelial cells (PCAEC)
(55). Pharmacological or genetic block-
ade of the NAPDH oxidase in PCAECs
reduced the hypoxia/reoxygenation-in-
duced reactive oxygen species levels. In-
terestingly, this was accompanied by a
reduction in vessel outgrowth (55), sug-
gesting a role for NADPH oxidase in an-
giogenesis and neovascularization.

Nox2 and NADPH oxidase upregula-
tion might be associated with cell death
due to increased levels of oxidative stress,
however, under certain circumstances,
upregulation could signal prosurvival
(57). It is not unlikely that the outcome
depends on the intensity and extent of
the ROS signal, the present kinases and
caspases in the tissue, the stress signal
that induced it and the type of tissue (57).
Nox-induced ROS was shown to be in-
volved in the differentiation of cardiomy-
ocytes from embryonic stem cells and
neonatal cardiomyocytes. Nox2 expres-
sion peaked at embryonic d 12, suggest-
ing a critical role for Nox2 in early car-
diomyogenesis. As Nox2 is also
upregulated after myocardial infarction,
it is not unlikely that it plays a role in dif-
ferentiation of cardiac progenitor cells
(56). In our study, I/R downregulated the
Cybb/Nox2 gene, while He15 upregulated
it. Taken together, the relative upregula-
tion of Cybb/Nox2, Sycp2 and Txnl4b sug-
gest that HePOC is possibly related to
organ development and cell reproduc-
tion. This idea is underlined by the find-
ing that Olr1583 and Dpysl4 are expressed
in the heart and affected by HePOC.

A limitation of this study is the lack of
subsequent experiments investigating
protein levels of all the corresponding
genes in the mRNA expression profile.
Furthermore, posttranslational modifica-
tions often determine net function and the
effect of a protein. Additionally, au-
tophagy and mitophagy are complex
processes, and their investigation requires

sophisticated research techniques. How-
ever, the goal of this study was to obtain
an insight in the cell death and survival
pathways that are involved in HePOC.

Because of the aforementioned goal of
this study, no experiments were con-
ducted to obtain specific hemodynamic
measurements such as pressure–volume
loops. As no studies have been done to
investigate the contractile properties of
the myocardium after helium postcondi-
tioning, it would be interesting to use a
conductance catheter in future experi-
ments. However, calibrating the volume
component is a complex procedure, as it
can be done by ultrasound, blood con-
ductivity or stroke volume measure-
ments. This might limit its feasibility
(58,59). ECG recordings during I/R could
point out another interesting problem
often occurring in human coronary artery
disease: (lethal) arrhythmia. In 1969, it
was shown in dogs that heliox inhalation
reduced the occurrence of ventricular fib-
rillation during the acute phase of coro-
nary occlusion (60). It is questionable
though, how relevant the problem of ar-
rhythmia is in the small rodent model of
regional I/R, as the dog and human heart
differs in the presence of collateral arter-
ies. Additionally, in humans, the presence
of multiple atherosclerotic plaques (that
is, multiple vessel disease) often poses
the most significant threat. The likelihood
of reducing I/R- induced arrhythmias by
an intervention in a small rodent model
is small when significant arrhythmia is
not a dominant problem in the first place.

Our study does indicate that HePOC
exhibits a wide array of effects on cell
death and survival, and that it does so in
an acute manner. A clue as to the underly-
ing mechanism of HePOC could be found
within the complex interplay of the above-
mentioned cellular processes. Beside the
cell death and survival pathways, it is
likely that oxidative stress pathways also
are involved in helium postconditioning.
Future research could focus on this direc-
tion, but should, in any case, comprise an-
tiapoptotic and autophagic pathways as
well as the long-term effect of HePOC on
gene transcription and translation.

CONCLUSION
In conclusion, helium-induced cardio-

protection by 15 min of POC seems to be
associated with activation of prosurvival
cell mechanisms. Helium influences the
balance between pro- and antiapoptosis,
in favor of genes directed against apopto-
sis. Simultaneously, it stimulates genes
involved in autophagy and possibly cell
reproduction and tissue development.
This suggests that helium exerts its pro-
tective effects through a cell-surviving
mechanism that comprises a whole set of
pathways.
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