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Introduction

1. Introduction

1.1 Coronary Artery Disease

Coronary artery disease and subsequent myocardial infarction are major reasons of
patient mortality (Kramarow et al., 2013, O'Gara et al., 2013). In 2014 chronic
ischemic heart disease and acute myocardial infarction were the two leading causes
of death in Germany according to the German Federal Statistical Office
(Statistisches-Bundesamt-Deutschland, 2014).

Myocardial ischemia occurs, when blood flow in the coronary vessels is restricted
and supply of oxygen as well as other nutrients to the myocardial tissue is inhibited.
A common cause of partial or complete blockage of the coronary arteries is
atherosclerosis, a multifactorial process, induced by damage to the endothelium.
Cholesterol rich low-density-lipoprotein (LDL) particles infiltrate the intima layer,
which causes macrophage cells to accumulate oxidized lipids by endocytosis.
Subsequently the endothelium thickens (Chen et al., 2016). Cytokines enhance the
fibrotic remodeling process by stimulating smooth muscle cell proliferation. Over time
the medial layer of the vessel becomes atrophic and the elastic lamina may rupture
(Gaze, 2013). Collagen forms a hard fibrous cap over the lesion, referred to as fibro-
lipid plague. This vascular remodeling with thickening of the intimal layer and the
formation of fibro-lipid plagues is referred to as coronary artery disease (Badimon et
al., 2012). As the lesion grows the lumen may be narrowed or detached. Thrombi or
ruptured plagues may travel downstream and completely occlude arteries (Falk,
2006). If the blood flow is not re-established, myocardial ischemia occurs, cell death
pathways are induced and eventually cardiomyocytes demise, a process called
myocardial infarction (Hausenloy et al., 2013). During myocardial infarction patients
may present with acute coronary syndrome undergoing strong chest pain and

vegetative symptoms (Bruyninckx et al., 2008).
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1.2 Myocardial Infarction

Tissue damage and type of cell death during myocardial infarction depend on the
area supplied by the occluded vessel and the duration of occlusion (Hamacher-Brady
et al., 2006, Matsumura et al., 1998). Severe ischemia stops oxygen supply and
alters mitochondrial metabolism with consequent abrogation of its membrane
potential. Additionally, adenosine triphosphate (ATP) levels decrease quickly causing
failure of ATP dependent ion pumps, e.g. the Na*-ATPase (Baines, 2009). Active
Ca?* efflux and reuptake into the sarcoplasmic reticulum (SR) are limited resulting in
uncontrolled electrolyte shifts and Ca?* overload (Yellon et al., 2007). The
mitochondrial permeability transition pore (mPTP) is an emerging endpoint and its

opening induced cell death (Baines, 2009).

When mitochondrial respiration halts, the pH decreases and anaerobic metabolism
takes over causing production of acidic catabolites. Lower pH-values may have
severe consequences under physiological conditions. During ischemia however, they
might even be beneficial as they increase the threshold of mPTP opening (figure 1)
(Griffiths et al., 1995). When reperfusion is restored the pH increases very quickly,
which might be detrimental to surrounding tissue (Cohen et al., 2007). Furthermore
these processes are accompanied by activation of intracellular proteases, e.g.
calpain, which lead to damage of myofibrils and trigger destructive rigor contracture.
As a consequence of cellular stress the mPTP opens and cell death becomes
imminent (Padilla et al., 2003).

1.3 Reperfusion Injury

The detrimental effects of arterial occlusion are evident. In contrast, it has been
discussed controversially, whether the phenomenon of reperfusion injury is a distinct
process or just an enhancement of damage sustained during ischemia (Kloner, 1993,
Jennings et al., 1960). In recent years, it has become widely accepted that significant
damage occurs immediately after reperfusion is restored (Hausenloy et al., 2004b).
Reperfusion injury can occur in different manners and patients may present

arrhythmias and stunning while blood flow is re-established (Piper et al., 1998).
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The current gold standard therapy, to alleviate the extent of damage from coronary
artery occlusion, is the induction of reperfusion and re-oxygenation through
pharmacological dissolution or dislodgement of the clot. Thus, making reperfusion

injury an inevitable side effect (Yellon et al., 2007, Ovize et al., 2010).

As underlying mechanisms, Ca?* alterations and mPTP opening gained focus as
closely related key mediators of reperfusion induced-cell death (figure 1) (Ibafiez et
al., 2015, Piper et al., 1998). During the reperfusion phase, intracellular Na* may also
increase, as pH restoration is associated with Na* influx and impaired Na* pump
function (Ruiz-Meana et al., 1999). Na* influx prompts additional intracellular Ca?*
increase through the Na*/Ca?*-exchanger (Marber et al., 1993). When ATP synthesis
is restored, Ca®* is pumped into the SR, which may result in fluctuations of Ca?*.
Ca?* is released through the ryanodine receptor 2 channel (RyR2), if the cellular
capacity is exceeded. These quick alterations in Ca?* concentrations may lead to
damaging hypercontracture, arrhythmias and mitochondrial Ca?* overload (figure 1)
(Ruiz-Meana et al., 2009).

Opening of the mPTP is an emerging point of several involved pathways and leads to
subsequent cell death during ischemia and reperfusion. The mPTP is a non-specific
channel located in the mitochondrial membrane (Heusch et al.,, 2010). Under
physiological conditions, the mPTP remains mostly closed. Its opening occurs in
response to the increased concentrations of Ca?* and is catalyzed by an elevated pH
during reperfusion. Other processes involved in mPTP opening are high
concentrations of reactive oxygen species (ROS), inorganic phosphate and reduction
of the inner membrane potential (Heusch et al.,, 2010). Consequent cell death is
triggered by depolarization of the inner mitochondrial membrane potential as well as
matrix swelling and eventually destruction of the membranes. Thus, the
intermembrane space is liberated and proteins, such as cytochrome C, activate
caspases and ultimately induce cell death (Kroemer et al., 2000, Kroemer et al.,
2007).

Taken together, cardiac ischemia/reperfusion injury (I/R) is a major challenge in

modern medicine. Not only ischemia is detrimental to the myocardium, but also
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reperfusion injury can constitute to 50% of the final infarct size making its treatment a
promising approach to reduce cardiac damage (Herzog et al., 1997).
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figure 1 A Potential Effects of Ischemia and Reperfusion. RISK pathway (blue). Based on
(Murphy et al., 2008)

1.4 The Concept of Ischemic Conditioning

In 1986 Murry et al. showed that brief cycles of non-lethal ischemia and reperfusion
prior to prolonged myocardial infarction reduce the final infarct size (Murry et al.,
1986). This concept, known as ischemic preconditioning (IPC, figure 2 A), has been
successfully replicated in many studies making IPC a promising cardioprotective
approach (Heusch, 2013). However, as ischemic events are hard to predict in non-
experimental settings, it remains difficult to establish IPC in clinical practice. Hori et
al. altered the strategy of IPC in 1991 and successfully used gradual restoration of
blood flow in a dog model to reduce infarct damage (Hori et al.,, 1991).
Cardioprotective effects similar to those of IPC were first reproduced by Zhao et al.
using short repetitive cycles of IPoc (Zhao et al., 2003). Different studies confirmed

these results (Kin et al., 2004, Yang et al., 2004). This new concept with additional
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cycles of I/R after myocardial infarction, referred to as ischemic postconditioning
(IPoc, figure 2 B), was developed to prevent reperfusion induced damage even after

the ischemic event (Hausenloy et al., 2016).

>
A
B
c Ischemia >

figure 2 A Concept of Pre- and Postconditioning. Short intermittent, non-lethal cycles of
cardioprotective stimuli (ischemia, anesthetics, pharmacological agents), preconditioning (A), prior
to prolonged ischemia may reduce myocardial infarct size. Short periods of intervention after
prolonged ischemia, postconditioning (B), may induce similar cardioprotection. Some stimuli may
only be cardioprotective, when applied for a single cycle after prolonged ischemia, also referred to
as postconditioning (C).

IPoc has been shown to protect against numerous aspects of I/R, including reduction
of infarct size, interstitial and intracellular edema. It decreases Ca?*-accumulation,

ROS generation as well as the inflammatory response (Hausenloy et al., 2016).

As underlying mechanisms of cardioprotection Tsang et al. described involvement of
the pro-survival reperfusion injury salvage kinase pathway (RISK, figure 1 and
section 1.7) (Tsang et al., 2004). Later, the survivor activating factor enhancement
pathway (SAFE) was identified to mediate cardioprotective effects of IPoc as well

(section 1.7) (Hausenloy et al., 2011).
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1.5 Pharmacological Conditioning

Cardioprotection may also be induced through certain pharmacological agents
mimicking the effects of IPC and IPoc, referred to as pharmacological conditioning.
Several substances have been investigated for their cardioprotective properties
(Hausenloy et al., 2016). Applying these agents with an alike protocol as IPC and
IPoc, with short application cycles before (pharmacological preconditioning) or after
(pharmacological postconditioning) prolonged ischemia, results in reduced infarct
size (Hausenloy et al., 2016). Some substances produce cardioprotection only when
applied for a single cycle after prolonged ischemia (figure 2 C) (Sonne et al., 2008,
Hausenloy et al., 2016).

Volatile anesthetics, e.g. sevoflurane (Toller et al., 1999) or isoflurane (Cason et al.,
1997), are recognized to reduce infarct size after myocardial infarction in vitro and in
vivo similar to ischemic conditioning (IC) (Mullenheim et al., 2002). However, these
anesthetic gases may have unfavorable side effects on hemodynamics and
cardiovascular parameters aside from causing anesthesia (Cason et al., 1997). The
noble gas xenon gained focus as it has been shown to induce cardioprotection in the
setting of pre- or postconditioning, while causing minimal cardiovascular changes
(Preckel et al., 2000, Preckel et al., 2002, Weber et al., 2006).

Interestingly, the pathways underlying the cardioprotective effects in anesthetic
conditioning are very similar to the ones induced in IC. Both, RISK and SAFE
pathway, are known to be mediators involved in cardioprotection with the mPTP as

an emerging end-point (section 1.7) (Hausenloy et al., 2016, Davidson et al., 2006).

A common challenge for all pharmacological conditioning strategies is their clinical
translation, which remains difficult, as cardioprotective effects are often reduced or
abolished in the existence of pathological conditions, e.g. diabetes, hypertension
and/or several medications like P2Y12-inhibitors (Boengler et al., 2009, Ferdinandy
et al., 2014).
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1.6 Helium Conditioning

The noble gas helium is an odorless, colorless, inert, non-anesthetic gas. Helium is
the sixth most occurring gas in the world and has a density that is approximately six
times lower than atmospheric air (Oliver, 1984). The physical properties of helium
reduce airway resistance and turbulences resulting in increased respiratory flow
(Papamoschou, 1995). The first medical use of helium for respiratory diseases was
described in 1936 by Barach et al. (Barach et al., 1936). Helium is mostly applied as
a mixture of helium and oxygen, called heliox and is well established for medical use
in pulmonary disease like asthma bronchial or chronic obstructive pulmonary disease
(Valli et al., 2007). Studies investigating helium safety have shown no carcinogenic or
toxic side effects (Harris et al., 2008). In fact, helium has been used in deep sea
diving for decades and is used even in children with pulmonary diseases (Hess et al.,
2006, Liet et al., 2015). Taken together, these characteristics make helium potentially

an ideal medical agent.

In 2007 Pagel et al. first described cardioprotective effects of helium and several
studies have replicated cardioprotective effects of helium preconditioning with short
cycles of helium prior to prolonged ischemia (Huhn et al., 2012, Huhn et al., 2009a,
Pagel et al., 2008a, Pagel et al., 2007). Helium postconditioning (HePoc), with helium
ventilation during reperfusion, has also been shown to protect from myocardial I/R in
different experimental studies (Huhn et al., 2009b, Oei et al., 2012). The underlying
mechanisms of helium conditioning still need further research. However, it has been
shown that helium preconditioning influences the RISK pathway kinases extracellular
signal-regulated kinase 1/2 (Erk1/2), phosphatidylinositol 3-kinase (PI3K), protein
kinase B (Akt) and glycogen synthase kinase-3@3 (GSK-3B) (Halestrap et al., 2007,
Nishihara et al., 2007). Thus, it is anticipated that the mentioned molecules might
play an important role in HePoc. Other involved signaling may include pro-survival
autophagy as expression of autophagy related genes, beclin-1 (Bcl-1) and

sequestosome-1, is upregulated during HePoc (Oei et al., 2015b).
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1.7 Mechanisms Behind Cardioprotection: RISK and SAFE Pathways

At the time of discovery of the concept of IC, the pathways were unknown. First
studies investigating cardioprotective effects of IC suggested washout of ischemic
catabolites as well as restauration of ATP synthesis as important underlying effectors
(Murry et al., 1986). 30 years later the understanding of signaling pathways behind IC
induced cardioprotection has advanced, indicating a network of complex and diverse

mechanisms to be responsible for cardioprotection.

One key target of ischemic and pharmacologic conditioning is the RISK pathway
(Yellon et al., 1999, Hausenloy et al., 2004b). The RISK pathway is a pro-survival
pathway consisting of several effector-kinases including PI3K, Akt, Erkl/2 and
proteinkinase Ce (PKCg). Interestingly, these kinases are not arranged into separated
pathways, but have to be understood as a communicating network of co-factors
(figure 1) (Hausenloy et al., 2004a). Signaling through PI3K induces cardioprotection
in I/R through its downstream effector serine-threonine kinase Akt (Tsang et al.,
2004). Like Akt, the activation of Erk1/2 triggers a signal cascade that regulates cell
proliferation and cell death (Yue et al., 2000). Erk1/2 has been shown to mediate
different cell pathways (Dagda et al., 2008, Kassan et al., 2016). However, the exact
mechanisms through which different conditioning strategies activate the RISK
pathway kinases, are yet unclear. Explanations involve intermediary factors, e.g.
adenosine or PKC. It is not known, whether these kinases emerge in a mutual
pathway or use different end-effectors to mediate their pro-survival signals. However,
several components of the RISK pathway converge on the mitochondria and a role

for prevention of mPTP opening seems likely (figure 1) (Davidson et al., 2006).

The SAFE pathway is a simultaneously activated signal cascade, which has been
closely related to the RISK pathway and cardioprotection (Goodman et al., 2008,
Lecour, 2009). Lecour et al. first described the cardioprotective SAFE pathway, which
involves the tumor necrosis factor a (TNFa), which in other settings may be
detrimental (Lecour, 2009). Its activation occurs at the onset of reperfusion, but has
also been reported for IC (Hausenloy et al., 2016). The SAFE pathway may produce
cardioprotection independently from the RISK pathway through activation of the

Janus kinase (JAK) and the signal transducer and activator of transcription 3

8
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(STAT3) (Lecour et al., 2005). However, several interactions between RISK and
SAFE pathway have been described (Somers et al., 2012).

As described previously, mPTP opening is a common consequence of ischemia
(Weiss et al.,, 2003). Opening of the mPTP within the first min of reperfusion is
caused by Ca?* overload in the mitochondria, oxidative stress and ATP depletion.
RISK and SAFE pathway activation through IC targets the mitochondria with mPTP
acting as a converging point to attenuate cellular damage (Hausenloy et al., 2005,

Hausenloy et al., 2006).

1.8 The Role of Caveolins in Cardioprotection

Caveolae are flask like invaginations of the plasma membrane, which have been
described first in 1953 by George Palade using electron microscopy (Palade, 1953).
Since then caveolae have been discovered in most cell types (Patel et al., 2008) with
only few exceptions, e.g. erythrocytes, lymphocytes and neurons (Yousuke T.
Horikawa, 2014). Caveolae are lipid enriched structures made of sphingolipids,
cholesterol and fatty acids (Pike, 2006). They are key mediators of physiological
cellular functions, including adrenergic receptor regulation, Ca?*-homeostasis,
endocytosis and surface signaling (Schilling et al., 2015). Interestingly, several of
these mechanisms have also been shown to be involved in cellular responses to I/R
and cardioprotection induced by IC (Yousuke T. Horikawa, 2014).

Caveolin (Cav) is the essential structural protein for the formation of caveolae (figure
3). Caveolins exist in three isoforms, Cav-1, Cav-2 and Cav-3. Cav-1 and Cav-2 are
expressed by different cell types, including endothelial cells, fibroblasts and
pneumocytes (Yousuke T. Horikawa, 2014). Cav-3 has been shown to be the
predominant isoform muscle tissue (Song et al., 1996). Knockout (KO) models have
been developed for each of the Cav-isoforms with different effects on the organisms
and support the idea of tissue specificity. While Cav-1 KO mice show absolute
deprivation of caveolar invaginations in several cell types (Drab et al., 2001, Razani
et al., 2001), Cav-3 KO mice present with caveolae loss in skeletal as well as
myocardial muscle cells (Hagiwara et al., 2000). In Cav-2 KO mice no changes of

caveolae formation in the myocardium were reported, but lung parenchyma showed

9
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pathological alterations (Razani et al., 2002). Many functions and signaling
processes of caveolins are mediated through a scaffolding domain (CSD, figure 3)
(Sargiacomo et al., 1995, Feron et al., 2006).

The CSD is a 20 amino acid long, hydrophobic region in the cytoplasmic amino
terminal tail, which can communicate with signaling partners through hydrophobic
interactions. Several proteins and pathways have been connected to the CSD and
have been shown to interact with GPCRs (Head et al., 2005), eNOS, Erk1/2, or the
PI3K/Akt signaling pathway (figure 3) (Ballard-Croft et al., 2006, Fecchi et al., 2006).

out —\Xr caveolin-dimer
= | cholesterol
M ’\af " phospholipid membrane
. @ sphingolipid
!

out 3 % COOH

NH,

PKC, eNOS, Erk,
Akt, PI3K, G-
proteins

out

COCH

figure 3 A Caveolae and Caveolins. Caveolae are small lipid and cholesterol enriched
invaginations of the plasma membrane. Essential for caveolae formation are caveolins (blue),
which exist in three isoforms Cav-1, Cav-2, Cav-3. Functioning caveolins form dimers and contain a
scaffolding domain, CSD (red), which interacts with several signaling proteins (orange box). Based
on (Ushio-Fukai et al., 2006)

Cav-1 and Cav-3 activation and signaling may be mediated by I/R (Ballard-Croft et
al., 2006). Interestingly the infusion of the CSD of Cav-1 into hearts undergoing I/R
resulted in improved endothelial function and cardiac function (Young et al., 2001).
Additionally roles of Cav-1 and Cav-3 in cardioprotection have been shown through

overexpression models of Cav-1 and Cav-3, which present innate resistance to

10
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cardiac I/R (Schilling et al., 2015). Cav KO models however, prevent conditioning

induced cardioprotection (Yousuke T. Horikawa, 2014).

As other conditioning strategies, e.g. IC, have been related to caveolins and CSD-
mediated signaling, a role of caveolins in HePoc induced cardioprotection can be
suspected (Schilling et al., 2015).

1.9 Autophagy in Helium Postconditioning

During myocardial infarction, different survival- and death-pathways influence the
level and extent of tissue damage as well as clinical outcome. Autophagy, also
referred to as type Il cell death, is a highly regulated process of degradation and
phagocytosis of cellular components (Thapalia et al., 2014). Autophagic signaling is
induced by a class-IlI-PI3K complex involving Vps34 and Bcl-1. A phagophore is
formed from membrane parts of the mitochondria, ER and/or Golgi apparatus as well
as endosomes. The phagophore matures forming the autophagosome, which fuses
with lysosomes sequestering lysosomal acids for target degradation building and
autolysosome (figure 4) (Glick et al., 2010).

Therefore, autophagy can promote cell survival during cellular stress as digestion of
cellular structures can provide energy from amino or fatty acids. It may target specific
cell structures or proteins for digestion (Fink et al., 2005). However, the process can
also be non-selective and dismantle essential cell components enhancing cellular
damage (Glick et al., 2010). Consequently the over-activation of autophagy may
result in cell death or lead to e.g. neurodegenerative, liver or cardiac disorders
(Konstantinidis et al., 2012).

11
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figure 4 A Autolysosome Formation. Ubiquitinated Bcl-1 in the Class-I1I-PI3K complex initiates
the assembly of a membrane-particles, which elongate and form the phagophore. Sequestosome-1
mediates LC3-lI, which may be conjugated to LC3-ll and is involved in recruitment of
autophagosomal membranes. Sequestosome-1 regulates selective autophagy and identifies
targets. Fusion with lysosomes results in autolysosome formation and induces degradation of the
sequestered molecules. Based on (Sriram et al., 2011)

In long living cells, like cardiomyocytes, autophagy of mitochondria, mitophagy, is a
continuous process helping to maintain cellular functioning (Gottlieb et al., 2009).
Damaged mitochondria release cytochrome C, which triggers apoptosis, and have a
significant role in ROS production. Therefore their removal may decrease oxidative
damage and benefit cellular functioning (Kavazis et al., 2008). Additionally, the
surviving highly functional mitochondria have a more efficient ATP synthesis and
higher threshold for mPTP opening. During myocardial infarction, the most damaged
mitochondria are selectively digested by mitophagy, referred to as mitochondrial
guality control (Twig et al., 2008). Mitochondrial quality control during cellular stress
may stimulate mitochondrial biogenesis and increase number of functioning
mitochondria (Kavazis et al., 2008). Taken together, it can be assumed that
autophagy and, especially, mitophagy are essential for cardioprotection (Huang et
al., 2010) and several pharmacological conditioning protocols, including HePoc,

present upregulated autophagy genes like Bcl-1 (Oei et al., 2015b, Wei et al., 2013).

12
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1.10 Aims of the Study

HePoc is a safe treatment for myocardial I/R, which reduces infarct size and cardiac
damage. Further insight on underlying mechanism is needed for clinical
implementation. In this study, a HePoc rat model, which is, to some extent, resistant
to cardiac I/R, was employed. Using western blot and quantitative reverse
transcriptase polymerase chain reaction (QRT-PCR), myocardial caveolins as well as
RISK pathway kinases and autophagy associated proteins were investigated as
possible mediators of HePoc induced cardioprotection.

The main goals of the study were:

() To investigate changes of Cav-1 and Cav-3 protein expressions in different
cellular fractions and blood (through serum analyses) after I/R as well as
HePoc

(I) To evaluate different effects of HePoc on mRNA and protein expression on
ischemic AAR and non-ischemic NAAR tissue

(I To analyze whether activation of RISK pathway and autophagy related

proteins is associated with HePoc
The results of the present work give new insight in the effects and underlying

protective signaling of HePoc. Our findings may enable further advancement of

HePoc research and aid the transfer of HePoc into the clinical setting.

13
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2. Materials and Methods

2.1 Materials

2.1.1 Chemicals and Reagents

Chemicals and solutions were purchased from Merck (Amsterdam, the Netherlands),

Carl Roth (Karlsruhe, Germany), Roche (Almere, the Netherlands) or Sigma-Aldrich

(Zwijndrecht, the Netherlands), unless stated otherwise.

2.1.2 Antibodies

Antibody Dilution Species Manufacturer

Actin 1:5000 rabbit Cell Signaling Technology,
Cambridge, UK

Cav-1 1:40000 mouse BD Biosciences, Franklin
Lakes, NJ, USA

Cav-3 1:20000 mouse BD Biosciences

Bcl-1 1:1000 rabbit Cell Signaling Technology

Sequestosome-1 1:2000 mouse Abcam, Cambridge, UK

PHB1 1:5000 rabbit Cell Signaling Technology

NaK-ATPase 1:10000 rabbit Cell Signaling Technology

pAkt 1:500 rabbit Cell Signaling Technology

Akt 1:2000 rabbit Cell Signaling Technology

pErk1/2 1:2000 rabbit Cell Signaling Technology

Erk1/2 1:2000 rabbit Cell Signaling Technology

pPKCe 1:1000 rabbit Milipore, Billerica, MA, USA

PKCe 1:2000 rabbit Milipore

pPI3K 1:2000 rabbit Cell Signaling Technology

PI3K 1:2000 rabbit Cell Signaling Technology

Table 1 A List of Antibodies.
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2.1.3 Oligonucleotides

Gene Direction Sequence

Cav-1 forward 5 CGT AGACTCCGAGGGACATCYZ
reverse 5 CGTACACTT GCTTCT CATTCAC 3

Cav-3 forward 5 CCAAGAACATCAATGAGGACATIGTGZ
reverse 5 GTG GCA GAA GGA GATACAG 3

GAPDH forward 5 TGC CCC CATGTTTGT GATG 3
reverse 5 GCT GAC AAT CTT GAG GGAGTT GT &

Table 2 AOverview of Primers.

2.1.4 Solutions

Greenberger Lysis Buffer: 8.77 g of sodium chloride together with 1.82 g tris
(hydroxymethyl) aminomethane (Sigma 7-9®), 0.20 g of magnesium chloride,
monohydrate, 0.11 g of calcium chloride and 5 ml 1% Triton were diluted in 400 ml
Milli-Q water. The pH was adjusted to 7.4 with hydrochloric acid and afterwards the
volume was filled up to 1 | total with Milli-Q water. 100 pl (100 mg/ml) of each
protease inhibitor, Pepstatin A, Leupeptin and Aprotinine, were added shortly before

use.

Lysis Stock Solution: 60.57 mg of Sigma 7-9®, 210.00 mg of sodium fluoride,
36.78 mg sodium orthovanadate and 76.08 mg triethylene glycol diamine tetraacetic

acid were diluted in 100 ml Milli-Q water.
Tris-hydrochloride, 0.5 mol/l, pH 7.4: 15.8 g of tris-hydrochloride were dissolved in
150 ml Milli-Q water. The pH was corrected to 7.4 with sodium hydroxide. Milli-Q

water was added to a total volume of 200 ml.

Inase Inhibitor Mix: Aprotinine 1 mg, Leupeptin 1 mg and Pepstatin A 1 mg were

mixed with 10 ml tris-hydrochloride solution (0.5 mol/l, pH 7.4).
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Okadaic Acid, 100 pmol/l: 50 ug of okadaic acid potassium salt (stored at -20°C)
was diluted in 593 pl Milli-Q water. An end concentration of 100 pmol/l was obtained.

Lysis Buffer: 10 ml lysis stock solution was mixed with 200 pl Inase Inhibitor Mix,
7.7 mg dithiothreitol (DTT) and 100 ul okadaic acid (100 pmol/l).

5x Sample Buffer: 5x Sample Buffer contains 1.0 g sodium dodecyl sulfate (SDS),
25 mg bromophenol blue and 150 mg Sigma 7-9® in 4 ml Milli-Q water. Then 5 ml
glycerol were added to the solution, which was next heated to 50°C. The pH was
adjusted to 6.8 with hydrochloric acid before 1 ml mercaptoethanol was added.

10x 3-Morpholinopropanesulfonic Acid (MOPS) Running Buffer: 60.6 g Sigma7-
9®, 104.6 g MOPS, 10 g SDS, 3 g ethylenediaminetetraacetic acid (EDTA) were
dissolved in 1000 ml Milli-Q water.

1x MOPS Running Buffer: 50 ml 10x MOPS Running Buffer were added to 450 ml
Milli-Q water.

10x Transfer Buffer: 30 g Sigma 7-9® and 144 g glycine were dissolved in Milli-Q

water to a total volume of 1000 ml.

1x Transfer Buffer: 200 ml 10x Transfer Buffer were added to 1400 ml Milli-Q water.

400 ml methanol were added before the solution was stored at 4°C.
Tween PBS (TBS-T), pH 8: 6 g Sigma 7-9®, 22.2 g sodium chloride and 2 ml Tween

20® were dissolved in 2000 ml Milli-Q water. Before use, the pH was corrected to 8.0
with hydrochloric acid. The solution was stored at 4°C.
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2.2 Methods
2.2.1 Ethics

Animal experiments were performed in accordance with the Guide for Care and Use
of Laboratory Animals (NIH Publication No. 85-23, revised 1996) and approved by
the Academic Medical Center’s animal ethics committee (DAA102650).

2.2.2 Animal Model of Ischemia/Reperfusion

Male Wistar rats (354 to 426 g, age range of 12 to 16 weeks) were acclimatized for
seven d with sequences of 12 h light and 12 h dark and access to food and water ad
libitum. Animals were anesthetized by intraperitoneal S-ketamine (150
mg/kg)/diazepam (1.5 mg/kg) injection and surgical procedures were performed as
described previously (Oei et al., 2012). All rats were ventilated mechanically and the
carotid artery was canulated to register the mean arterial pressure (section 7.3) and
draw blood samples. Animals were left
B AAR untreated for 15 min before the start of the
respective experimental protocol. The aortic
pressure was measured using a fluid filled
pressure catheter. The analog signal was

RCA_ LAD digitalized with an  analogue-to-digital

_. Y converter (Powerlab/8SP, ADInstruments Pty
@ occlusion Ltd, Castle Hill, Australia) and recorded with
Chart 5.0 for Windows (ADInstruments Pty
4 Ltd, Castle Hill, Australia).

figure 5 A Scheme of Coronary Artery

Occlusion. LCA = left coronary artery, The left anterior descending coronary artery
LAD = left anterior descending artery,

RCA = right coronary artery, AAR = (LAD) branching out of the left coronary artery
(ischemic) area at risk. . . .

(LCA) was encircled with a single puncture 5-

0 Prolene suture (Ethicon Johnson&Johnson, Amersfoort, the Netherlands) through

the myocardium. Regional ischemia was induced by tightening of the suture, which

was re-opened in order to begin reperfusion (figure 5). In animals subjected to I/R

only, the ischemic period was followed by 5, 15 or 30 min of reperfusion, respectively
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(I/R5, 15, 30) (figure 6). The treatment groups were ventilated with heliox (70%
helium and 30% oxygen, Linde Gas Benelux, Dieren, the Netherlands) at 24 min of
ischemia ensuring sufficient helium concentrations in the lungs at the onset of
reperfusion. HePoc was performed for 5, 15 or 30 min of reperfusion (I/R+He5, 15,
30) (figure 6). The Sham group received surgical treatment without undergoing I/R or
HePoc. Tissue was obtained from the ischemic area at risk (AAR) and the non-
ischemic, not area at risk (NAAR). AAR and NAAR were separated and ground in a
pre-cooled mortar (Oei et al., 2015b). The AAR was determined histologically on the
basis of the pathological demarcation zone at low power view (10x magnification),
extending from the suture to the apex of the heart (figure 5) (Oei et al., 2015b). AAR
as well as the NAAR tissue was snap frozen in liquid nitrogen and stored at -80°C

until further processing.

Sham Sham procedure Sgggslon
I/R5 [ |
I/R15
I/R30 " occlusion |
I/IR+He5 [ )
I/IR+He15
I/R+He30
5 15 30
15’ 25 || |
Baseline Reperfusion

figure 6 A Experimental Setting. After 15 min of baseline-stabilization the LAD was ligated to
commence ischemia in the left ventricle (figure 5). The study groups underwent 15 min of reperfusion
and 15 min of reperfusion with helium ventilation. The Sham operated group did not undergo ischemia.
The experiments were performed with 5 and 30 min periods, respectively. However, these results are
only shown in the appendix as groups showed no significant differences (section 7.1 and 7.2). The
results and discussion section will focus on the 15 min intervention groups only. (Flick et al., 2016)
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2.2.3 Preparation of Cytosolic-, Membrane- and Mitochondrial- Fractions
from Ischemic AAR and Non-Ischemic NAAR Tissue

For fraction separation, lysis buffer, inase-inhibitor mix, DTT and okadaic acid,
according to section 2.1.4, were added. The samples were mixed with a
homogenizer (Ultra-Turrax T8, IKA) and 50 pl of the respective sample were pipetted
into new vials containing 450 pl of Tripur for RNA analyses. The remaining
homogenate was centrifuged at 1000 g, 4°C for 10 min, the supernatant
subsequently at 10000 g, 4°C for 15 min. The resulting supernatant was pipetted into
new vials, while the remaining pellet was re-suspended with lysis buffer (1%Triton X-
100) to be used as the mitochondrial fraction. Samples were centrifuged again at
5000 g, 4°C for 15 min and the supernatant was used as the cytosolic fraction. The
pellet was mixed with lysis buffer, vortexed and after 60 min of incubation on ice
centrifuged at 5000 g, 4°C for 15 min. The supernatant was obtained as the

membrane fraction (figure 7). All fractions were stored at -80°C.

—_—

50 pl homogenate-
homogenated Tripur-mix
sample —> RNA Isolation
+ 450 pl Tripur
1000 g
4°C
10 min

\

19800 9 mitochondrial
15 min fraction
+ lysis buffer figure 7 <« Schematic
Overview of Tissue
/ Processing. After
separation of AAR and
NAAR the tissue
i?go g cytosol homogenate  (beige)
15 min fraction was  processed to

+ lysis buffer, 60 min incubation on ice

5000 g
4°C
15 min

membrane
fraction

_

isolate the
mitochondrial  fraction
(green), the cytosolic
fraction (blue) and the
membrane fraction
(grey). Homogenate-
Tripur-mix was stored
for further MRNA
analyses (red).
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2.2.4 Bradford Protein Assay

Bradford Protein Assays (Bio-Rad, Hercules, CA, USA) were performed in duplicates
on standard 96-well plates. For the bovine serum albumin (BSA) standard curve 10 pl
of each pre-diluted BSA standard solutions was pipetted in duplicate. 10 pl of sample
was pipetted into each well. Afterwards 140 pl/well of Bradford reagent were added
and mixed on a microplate mixer. Concentrations of each sample were calculated by

reading the absorbance at 595 nm with a microplate reader.

2.2.5 Western Blot

Protein concentrations were measured as described in section 2.2.4 and diluted to
align concentrations. Equal amounts of protein were mixed with SDS-PAGE sample
buffer (SDS, Bromophenol Blue, TrisBase, Glycerol and Mercaptoethanol), the
samples were vortexed and heated to 95°C for 5 min. Samples were separated by
SDS-PAGE using Criterion™ XT precast gels (Bio-Rad, Hercules, CA, USA) and
transferred onto a Immobilin-FL Membrane (Millipore, Billerica, MA, USA). The
membrane was washed in Odyssey® Blocking Buffer (LI-COR, Lincoln, NE, USA) for
60 min and incubated with target antibodies overnight (table 1). After washing the
membrane for 3x5 min in cold, fresh TBS-T, the blot was incubated for 60 min with
IRDye800 CW or IRDye680 CW conjugated mouse- or rabbit-antibody (1:5000, LI-
COR, Lincoln, NE, USA). The membranes were washed again for 3xX5 min and
scanned using Odyssey ® Infrared Scanning Software v2.1 (LI-COR, Lincoln, NE,
USA), which was later used for quantification of the blots. Results were presented as
ratio of the target protein over a fraction-specific reference protein: cytosolic fraction,
actin; membrane fraction, tubulin; mitochondrial fraction prohibitin-1 (PHB1) (for Cav-
1, Cav-3 and RISK pathway proteins) or NaK-ATPase (for Bcl-1 and sequestosome-
1). RISK pathway proteins were analyzed as ratio of phosphorylated:total protein.

Duplicate western blots were performed for all experiments.
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2.2.6 Isolation of RNA and cDNA Preparation

A total of 450 ul tissue-homogenate-Tripur mix was diluted 1:10 with 1-Bromo-3-
chloropropane (Sigma-Aldrich, Zwijndrecht, the Netherlands) and shaken vigorously
for 15 sec. After 10 min of incubation at room temperature, the samples were
centrifuged at 12000 g, 4°C for 15 min. The upper layer containing RNA was pipetted
into clean vials and precipitated by adding 250 pl isopropanol followed by another 10
min incubation period. RNA was centrifuged at 12000 g, 4°C for 8 min resulting in
RNA pellets and supernatants, which were removed to dissolve the RNA pellet in 1ml
75% ethanol. The samples were centrifuged at 12000 g, 4°C for 5 min and after this
ethanol was removed and RNA was dissolved in 20 pl of Milli-Q water. RNA was
heated at 60°C for 5 min, followed by a short centrifugation, vortexing and another
heating at 60°C for 5 min. RNA concentrations were determined by UV-vis
absorbance spectroscopy (NanoDrop, Thermo Scientific, Rockford, IL, USA). RNA
yields typically ranged from 0.16 to 1.08 pg/ul. cDNA was synthesized using the First
Strand cDNA Synthesis Kit for gRT-PCR (Roche, Almere, the Netherlands).
Amplicons were diluted to 1 uyg RNA/10 pl Milli-Q. 1 pl oligo-(dT)-primer (50 pmol/l)
was added before samples were heated for 10 min at 65°C. cDNA-mix was added
containing 4 pl 5x RT-buffer, 2 yl dNTP-mix, 0.5 yl RNase inhibitor (40 U/ul), 0.5 ul
RT (20 U/ul) and 2 ul Milli-Q water. The samples were heated at 55°C for 30 min and
then heated at 85°C for 5 min. The cDNA samples were diluted with 60 pl Milli-Q
water and stored at -80°C.

2.2.7 Reverse Transcriptase Real Time PCR

cDNA samples were diluted 1:5 in Milli-Q water before adding 5 pl Sybr Green |
MasterMix (Roche, Almere, the Netherlands) and 0.5 pl of sense- and anti-sense-
primer for Cav-1, Cav-3, or glyceraldehyde-3-phosphatedehydrogenase (GAPDH) as
reference gene (table 2) (all Invitrogen, Breda, the Netherlands). gRT-PCR was
performed in the LightCycler480 (Roche, Almere, the Netherlands) with following
conditions: Pre-incubation heating to 95°C for 10 min, followed by 45 cycles of
amplification (95°C for 15 sec, 56°C for 10 sec, 72°C for 15 sec) and a melting curve
analysis. Amplicons that showed amplification of nonspecific products were excluded

from analyses. Subsequently for each amplicon its baseline was determined and
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corrected using LinRegPCR software (AMC Heart Failure Research Center,
Amsterdam, the Netherlands) according to Ruijter and colleagues (Ruijter et al.,
2009). Each amplicon was corrected for baseline fluorescence. Amplicons that did
not reach Ng before cycle 45 were considered undetectable. The individual PCR
efficiencies were calculated and amplicons with an efficiency <1.80 or >2.00 were
excluded from further analyses. The mean efficiency of each target gene was used to
calculate the starting concentration (NO) per amplicon. All samples were normalized
to the NO of the reference gene GAPDH. Differences in expression of the gene of

interest in the experimental groups (I/R15 vs. I/R+Hel5) and Sham were calculated.

2.2.8 Statistical Analyses

Kruskal-Wallis tests with Dunn’s post hoc analyses were performed to determine
differences of protein levels and mRNA-expression between the groups. GraphPad
Prism 5 (GraphPad Software, La Jolla, CA, USA) was used to perform tests.
Statistical significance was assumed if P<0.05. Variables are expressed as mean *

standard error of the mean (SEM).
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3. Results

3.1 Main Findings

Target Location I/IR+Hel5 vs. I/R15 | P-Value Figure

mRNA | Cav-1 AAR whole tissue 0 P<0.05 8 A
protein | Cav-1 AAR Membrane 0 P<0.01 9A
Cav-3 AAR Membrane 0 P<0.05 9B

Serum 1 P<0.05 11 B

Akt AAR Cytosol 0 P<0.05 12 A

NAAR Cytosol 1 P<0.05 13 A

Erkl AAR Cytosol 0 P<0.05 12C

NAAR Cytosol ! P<0.001 13C

Erk2 AAR Cytosol 0 P<0.05 12 B

NAAR Cytosol l P<0.001 13B

Bcl-1 AAR Mitochondria 0 P<0.05 14 A

NAAR Mitochondria 1 P<0.05 14 B

Table 3 A Main Findings.

1 significant increase
| significant decrease

3.2 mRNA Expression Analyses of Caveolin-1 and Caveolin-3

To measure mMRNA expression of Cav-1 and Cav-3, gRT-PCR was performed with

MRNA isolated from whole tissue (figure 7). In the ischemic tissue of the I/R15 group,

both Cav-1 and Cav-3 showed significantly reduced mRNA expression [AAR: Cav-1,
I/R15 (4.49+0.37) P<0.05 vs. Sham (6.81+0.91); figure 8 A; Cav-3, I/R15 (3.82+0.18)
P<0.01 vs. Sham (5.06+0.29); figure 8 B]. The HePoc group presented increased
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expression of Cav-1 in comparison to I/R, but no differences vs. Sham [AAR: Cav-1,
I/R+Hel5 (5.65+0.25) P<0.05 vs. I/R15 (4.49+0.37); figure 8 A]. Cav-3 expression
was also reduced after HePoc compared to Sham, but showed no differences vs I/R
[AAR: Cav-3, I/R+Hel5 (3.54+0.21) P<0.001 vs. Sham (5.06+0.29); figure 8 B]. In the
NAAR, Cav-1 and Cav-3 mRNA expression were lower after HePoc in comparison to
Sham [NAAR: Cav-1, I/R+Hel5 (0.66+0.11) P<0.05 vs. Sham (1.58+0.34); figure 8 A;
Cav-3, I/R+Hel5 (4.70+0.31) P<0.01 vs. Sham (6.70+0.38); figure 8 B]. No
differences were found comparing mRNA expression of Cav-1 and Cav-3 between
I/R15 and I/R+Hel5 in NAAR tissue.

AAR NAAR
A
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= 8.00 = 2.00
z3 - * i3 1T
g 2600 M S £150
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=] s =]
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o O
E200 Eos0 i
0.00 0.00
Sham I/R15 1/R+He15 Sham I/R15 I/R+He15
B
6.00 8.00
o s
é%un —#|#— #a# §§ o0 1T i
< 5 < £
> <
8 Z 2.00 SE
£ E2.00
0. 0.0
Sham I/IR15 I/R+He15 Sham I/IR15 I/R+He15

figure 8 A Quantification of mMRNA Expression of Caveolin-1 and Caveolin-3 in Sham,
I/R15 and I/R+Hel5 Treated Animals. mRNA expression of Cav-1 (A) and Cav-3 (B) was
measured in AAR and NAAR tissue (red) using GAPDH as reference gene. mRNA levels are
displayed as ratio of Cav-1 or Cav-3:GAPDH. Results show the mean £+ SEM. A pound sign
indicates differences vs. Sham (#=P<0.05, ##=P<0.01 ##=P<0.001), whereas the asterisk
indicates differences vs. I/R15 (*=P<0.05). n=8 in each group. (Flick et al., 2016)

3.3 Protein Analyses of Caveolin-1 and Caveolin-3

For protein analyses using western blot, the tissue was separated into cellular
fractions as described in section 2.2.3 (figure 7).

HePoc significantly increased accumulation of Cav-1 and Cav-3 in the membrane
fraction of ischemic cardiac tissue, AAR, compared to Sham and I/R15 [AAR: Cav-1,
IIR+Hel5 (45.53+8.38) P<0.01 vs. Sham (17.38+4.31); P<0.01 vs. I/R15
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(20.43+4.44); figure 9 A; Cav-3, I/R+Hel5 (12.62+2.35) P<0.05 vs. Sham
(5.99£1.21); P<0.05 vs. I/R15 (6.52+1.13); figure 9 B]. In the NAAR tissue protein
expression of caveolins in the membrane fraction did not show differences between
groups (figure 9 A and B). In the cytosolic and mitochondrial fraction no differences of

protein levels of Cav-1 and Cav-3 were detected in AAR or NAAR tissue (figure 10).
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figure 9 A Protein Levels of Caveolin-1 and Caveolin-3 in Membrane Fractions of
Sham, I/R15 and I/R+Hel5 Treated Animals. Data are shown as ratios of Cav-1:tubulin
(A) and Cav-3:tubulin (B) in AAR and NAAR membrane fractions (grey). Columns display
the mean * SEM. A pound sign indicates differences compared to Sham (#=P<0.05,
##=P<0.01), whereas the asterisk indicates differences compared to I/R15 (*=P<0.05,
**=P<(0.01). Bands display a representative example of western blot analyses. Sham: n=6,
I/R15 and I/R+Hel5: n=7. (Flick et al., 2016)
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figure 10 A Protein Levels of Caveolin-1 and Caveolin-3
Mitochondrial Fractions of Sham, I/R15 and I/R+Hel5 Treated Animals. Values are
displayed as ratio of Cav-1 or Cav-3 and control protein actin (Act) in cytosol (A+B, blue) or
prohibitin-1 (PHB1) for mitochondria (C+D, green). Columns display the mean + SEM.
Bands display a representative example of western blot analyses. n=7 in each group. (Flick

et al., 2016)

I/R+He15

NAAR
5.00
3 400 1
g T
£ 300
<
S 200
S o0
iiea
Sham I/R15 1/R+He15
1.50
E T
£ 100 T
<
2 0.50
(8]
0.00
Sham I/IR15 1/R+He15
20.00
E 15.00
& o st
E —
T 1000
{_,% 5.00
0.00
Sham I/IR15 I/R+He15
30.00
- 1
S 2000
o
4
2 10.00
3
0.00
Sham I/R15 1/R+He15

in Cytosolic and

26



Results

Serum analyses did not present any differences of Cav-1 levels (figure 11 A),
whereas serum from I/R+Hel5 group revealed increased amounts of Cav-3 [Serum:
Cav-3, I/R+Hel5 (8.23+0.48) P<0.05 vs. I/R15 (6.79+0.41); figure 11 B].

>
s}

5.00- 10.00 *

1

4.0

8.00:

3.0 6.00

2.0 4.00

1.0 2.00:

Cav-1 intensity [a.u.]
Cav-3 intensity [a.u.]

0.00 0.00

Sham I/R15 I/R+Hel5 Sham I/IR15 1/R+He15

figure 11 A Protein Levels of Caveolin-1 and Caveolin-3 in Serum of Sham, I/R15 and
I/IR+Hel5 Treated Animals. Data are shown as relative values of Cav-1 (A) and Cav-3 (B) in
serum. Columns display the mean £ SEM. An asterisk indicates differences compared to I/R

(*=P<0.05). Bands display a representative example of western blot analyses. Sham: n=4,
I/R15 n=7, I/R+Hel15: n=7. (Flick et al., 2016)
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3.4 Phosphorylation of RISK Pathway Associated Proteins

Western blot analyses of RISK pathway associated proteins showed increased
phosphorylation levels of Akt in the ischemic tissue [AAR: I/R+Hel5 (6.50+0.68)
P<0.05 vs. Sham (4.51+0.49); P<0.05; vs. I/R15 (4.38+0.33); figure 12 A]. Increased
amounts of pAkt were also detected in non-ischemic NAAR tissue after HePoc
[NAAR: I/R+Hel5 (6.51+0.70) P<0.05 vs. I/R15 (4.35%+0.30); figure 13 A]. Erkl and
Erk2 showed increased activation after I/R compared to Sham [AAR: Erkl, I/R15
(12.37£1.54) P<0.01 vs. Sham (5.63+0.62); figure 12 B; Erk2, I/R (1.85+£0.31) P<0.05
vs. Sham (1.22+0.08); figure 12 C]. HePoc treated animals showed even higher
phosphorylation levels of both Erkl and Erk2 in the ischemic tissue compared with
I/R15 [AAR: Erkl, I/R+Hel5 (14.57+0.93), P<0.05 vs. I/R15 (12.37+1.54); figure 12
B; Erk2, I/IR+He15 (2.68+0.18) P<0.05 vs. I/R15 (1.85+0.31); figure 12 C].
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figure 12 A Phosphorylation Levels of RISK Pathway Associated Proteins in
Ischemic AAR Cardiac Tissue of Sham, I/R15 and I/R+Hel5 Treated Animals. Data are
shown as ratios of phosphorylated protein:total protein in the AAR cytosolic fraction (blue).
Columns display the mean + SEM. A pound sign indicates differences compared to Sham
(#=P<0.05, ##=P<0.01, ###=P<0.001), whereas the asterisk indicates differences

compared to I/R15 (*=P<0.05). Bands display a representative example of western blot
analyses. n=7 in each group. (Flick et al., 2016)

28



Results

NAAR tissue analyses revealed, that Erkl and Erk2 phosphorylation was reduced vs.
Sham in both I/R15 and I/R+Hel5 [NAAR: Erkl, I/R15 (2.23+0.30); I/R+Hel5
(2.17+0.21) both P<0.001 vs. Sham (5.62+1.21); figure 13 B; Erk2, I/R15
(4.51+0.32); I/R+Hel5 (5.03+0.42) both P<0.001 vs. Sham (12.25+1.08); figure 13
C]. Phosphorylation levels of PI3K and PKCe showed no differences in any of the
treatment groups (figure 12 D, 13 D, 12 E and 13 E).
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figure 13 A Phosphorylation Levels of RISK Pathway Associated Proteins in Non-Ischemic
NAAR Cardiac Tissue of Sham, I/R15 and I/R+Hel5 Treated Animals. Data are shown as
ratios of phosphorylated protein:total protein in the NAAR cytosolic fraction (blue). Columns show
the mean + SEM. A pound sign indicates differences compared to Sham (###=P<0.001) whereas

the asterisk indicates differences compared to I/R15 (*=P<0.05). Bands display a representative
example of western blot analyses. n=7 in each group. (Flick et al., 2016)
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3.5 Protein Analyses of Autophagy Associated Proteins

Our analyses of sequestosome-1 showed no differences between Sham, I/R and
HePoc in any of the investigated cell fractions in AAR or NAAR (not shown). Bcl-1
levels in I/R15 group were significantly lower than Sham in both AAR and NAAR
tissue [AAR: Bcl-1 I/R15 (1.99£0.14) P<0.05 vs. Sham (3.32+£0.49); figure 14 A;
NAAR: Bcl-1 I/R15 (2.70+0.12) P<0.05 vs. Sham (4.44+0.48); figure 14 B] However,
Bcl-1 showed a significant increase after 15 min of HePoc in the mitochondrial
fraction, similar results were found in both AAR and NAAR tissue [AAR: Bcl-1,
I/IR+Hel5 (2.62+0.17) P<0.05 vs. I/R15 (1.99%0.14); figure 14 A; NAAR: Bcl-1,
I/R+Hel5 (3.77+£0.17) P<0.05 vs. I/R15 (2.70+0.12); figure 14 B]. In the cytosolic and

membrane fractions no significant differences were detected (not shown).
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figure 14 A Protein Levels of Bcl-1 in Mitochondrial Fractions of Sham, I/R15 and I/R+Hel5
Treated Animals. Values are displayed as ratio of Bcl-1 and control protein Prohibitin-1 (PHB1).
Figures show results in AAR (A) and NAAR (B) tissue. Columns display the mean + SEM. A pound
sign indicates differences compared to Sham (#=P<0.05), whereas the asterisk indicates differences

compared to I/R15 (*=P<0.05). Bands display an example of western blot analyses. n=7 for each
group. Based on (Oei et al., 2015b)

3.6 Protein Analyses of Caveolin-1 and Caveolin-3 after 5 and 30 Min of
HePoc

The results of western blot analyses of Cav-1 and Cav-3 in different cell
compartments after 5 and 30 min of HePoc are not further described in the results
section. No significant differences between the groups were found. The results are
shown in the appendix (section 7.1 and 7.2).
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4. Discussion

4.1 Helium Postconditioning and Cardioprotection

The cardioprotective effects of helium have been replicated in different animals and
models (Huhn et al., 2009b, Pagel et al., 2007, Pagel et al., 2008b). For this thesis
we used tissue from a HePoc rat model, which was previously investigated for
myocardial damage with best outcome after 15 min of HePoc (Oei et al., 2015b). The
tissue was obtained immediately after performing I/R or HePoc. It is widely accepted
that damaging effects of reperfusion injury occur within the first min. Therefore
cardioprotective signaling induced by HePoc has to take effect with the onset of

reperfusion to reduce damage (Kin et al., 2004).

In line with the previous analyses of tissue profiles and infarct size (Oei et al., 2015b)
our results indicate that duration of HePoc is of great importance. Too short, 5 min, or
too long, 30 min, duration of HePoc showed no significant changes in protein
expression in the different cellular fractions (section 7.1 and 7.2). Another HePoc rat
model by Oei et al. showed similar results supporting the idea that duration of HePoc
is of high importance (Oei et al., 2015a). Cardioprotection was also abolished in a rat
model, where prolonged helium inhalation commenced with the onset of ischemia
and continued for three hours of reperfusion (Hale et al.,, 2013). Other studies
investigating liver protection and hepatic I/R came to a similar conclusion and
showed no beneficial effect after elongated HePoc (Fukuda et al., 2007). In most
studies no harmful side effects of helium ventilation were reported. Only a single
study reports detrimental effects of helium conditioning in oxygen deprived human

kidney cells after three hours of helium inhalation (Rizvi et al., 2010).
However, further research will be necessary to determine the ideal duration of

postconditioning, in order to transfer the findings of our study to human models (Oei
et al., 2015a).
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4.2 Helium Postconditioning and Caveolins

Caveolins are important transmitters of pathways involved in cardioprotection and
their repression in KO models reveals complete inhibition of advantageous effects in
several settings (Yousuke T. Horikawa, 2014, Patel et al., 2007, Horikawa et al.,
2008). While the exact involvement of caveolins in cardioprotection is yet unknown,
more recent studies revealed an important role in transmembrane signaling
(Fridolfsson et al., 2014).

In our setting we cannot confirm previous reports of caveolin reduction after I/R
(Chaudhary et al., 2013), with no difference of Cav-1 and Cav-3 protein levels
compared to Sham in any fraction of ischemic AAR tissue. However, our results
show insignificant reduction of caveolin in the NAAR membrane and cytosolic fraction
after both I/R and HePoc. As we understand, caveolins function mostly within
membrane formations. Our analyses of the AAR membrane fraction revealed a
significant increase of both, Cav-1 and Cav-3 after 15 min of HePoc. These results
oppose recent results from Weber et al., who applied 30 min of helium ventilation in a
mouse model. In their model Cav-1 analyses of whole cell protein levels presented
significantly lower Cav-1 compared to the control group (Weber et al., 2013).
Differences in used models, with longer helium ventilation and later tissue extraction,
have to be taken in consideration, when comparing these results. Our findings of
increased Cav-1 and Cav-3 in AAR membrane may indicate involvement of
membrane-associated and therefore functioning, caveolins in HePoc-induced
myocardial protection. Caveolins function as regulators for cellular processes. They
are involved in metabolism and support compartmentalization of receptors and other
proteins within the plasma membrane through their CSD (Ostrom, 2002, Patel et al.,
2008). Interaction with and localization to caveolins of cardioprotective RISK pathway
kinases, e.g. Erk1/2, PI3K and Akt, have been shown in several studies (Shack et al.,
2003, Woodman et al., 2002, Smythe et al., 2006). A study by Ballard-Croft et al.
even suggests that separate pathways can be activated specifically, when located to
caveolar formations (Ballard-Croft et al., 2006). Underlining the importance of
caveolins, the infusion of the CSD of Cav-1 into hearts undergoing I/R reduced
cardiac damage (Young et al., 2001). However the exact role and purpose of

caveolins within the membrane still need to be investigated.
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In our study the analyses of mMRNA expression showed a significant increase of Cav-
1 after HePoc compared to I/R in AAR tissue. The mRNA levels of Cav-1 in HePoc
group reached values similar to Sham animals. However, due to our model design,
no conclusion, whether levels were decreased after I/R and re-elevated by HePoc or
remained the same during the whole protocol, can be made. Cav-3 expression on the
other hand was significantly reduced in comparison to Sham in both, AAR and

NAAR, with no difference to the I/R only group.

Other studies with Cav-1 and Cav-3 KO models for I/R and conditioning protocols
showed loss of cardioprotective effects in both designs (Patel et al., 2007, Tsutsumi
et al., 2010a, Tsutsumi et al., 2010b). Overexpression of Cav-3 resulted in increased
activation of respective pathways and even induced endogenous cardioprotection in
a study conducted by Tsutsumi et al. (Tsutsumi et al., 2008). In addition, Cav-3 KO
mice lack formation of caveolae and may present with cardiac hypertrophy and
cardiomyopathy (Kikuchi et al., 2005). As mentioned earlier, the overexpression of
Cav-3 lead to a significant increase of caveolae formation, improved cardiac function
and innate cardioprotection against I/R (Tsutsumi et al., 2008, Horikawa et al., 2011).
Overexpression of Cav-1 may result in inhibition of Erk1/2 signaling and vice versa,
the activation of Erk1/2 has been shown to downregulate Cav-1 mRNA (Engelman et
al., 1998). Our results show a different tendency with increased Erk1/2 activation and
simultaneous mMRNA upregulation of Cav-1 in AAR tissue. Interestingly Erk1/2
phosphorylation was significantly lower in NAAR tissue of our model supporting the
thesis of negative correlation. However, in NAAR tissue Cav-1 mRNA showed a
tendency of reduced expression after I/R and HePoc. This was previously reported in
an I/R rat model by Ballard-Croft et al. (Ballard-Croft et al., 2006). Our findings of
reduced Cav-3 mRNA expression in AAR tissue differ from the findings in same

study, where Cav-3 expression was not altered by I/R (Ballard-Croft et al., 2006).

Our results indicate that HePoc not only induces changes of protein level, but also in
MRNA expression. However, these changes are unlikely transferred into a protein
response within the short time period for tissue extraction chosen in our current
model. Nonetheless, they might indicate that I/R and HePoc induce long-term cellular

responses. Even though the immediate effects of mMRNA regulation are marginal, the
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modulation of Cav-expression could benefit long term outcome and cardiac

remodeling (Arslan et al., 2013).

Besides the effects on mRNA level, we found not only increased Cav-1 and Cav-3 in
the membrane, but also higher levels of Cav-3 in the serum of HePoc groups.
Interestingly, the previously mentioned model, in which Cav-1 was depleted from the
tissue, showed higher Cav-1 and Cav-3 levels in the serum as well (Weber et al.,
2013).

Serum caveolin has been researched in different medical fields and discussed
controversially. Increased serum levels have been found in various cancers including
prostate (Sugie et al., 2013), colorectal (Erdemli et al., 2016) or lung cancer (Han et
al., 2014). Data suggest that serum caveolin might be linked to pro-angiogenic and
pro-survival mechanisms in tumors (Tahir et al., 2008). Protective characteristics in
physiological states have been reported for prevention of right heart hypertrophy and
subsequent pulmonary hypertension (Jasmin et al., 2006). In contrast lower Cav-1
levels have been related to cerebral microbleeds. In the same study protective
effects of circulating caveolins during acute cerebral bleeding are proposed
supporting the idea of beneficial characteristics of caveolins in the serum (Zhang et
al., 2016). Furthermore heart specific serum Cav-3 likely plays an important role in
cardiac pathologies. Feiner et al. have reported significant decrease of Cav-3 in heart
failure. Nonetheless the functioning of caveolins in the serum will need further
investigation and the exact mechanism are yet unclear (Feiner et al., 2011). Together
the current data points towards interactions between serum caveolins and specific

tissue or organs.

4.3 Helium Postconditioning and RISK Pathway Activation

Recent studies have shown that mPTP signaling is transmitted through the CSD, an
important binding site of caveolins (Fridolfsson et al.,, 2014). The CSD acts as a
binding partner for many mediators and end-effectors involved in conditioning
induced cardioprotection. One group of these known binding partners is RISK
pathway associated kinases. These include the investigated kinases PI3K, Akt, PKCe
and Erk1/2. PKCe and PI3K are known upstream mediators of Erk1/2 and Akt, which,
when activated, cause inhibition of mPTP opening. Activation of these kinases has
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been described for ischemic as well as pharmacological conditioning including
anesthetic gases. Our findings of increased phosphorylation of Erk1/2 and Akt are in
line with current opinion of these kinases as key players for cardioprotection. The
analyses of Erk1/2 in the NAAR tissue, however, showed a significant decrease of
Erk1/2 phosphorylation after I/R and HePoc. The implication of decreased Erk1/2
activity after I/R and HePoc cannot be resolved completely, however Erk1/2
decrease may lead to Cav-1 upregulation (Kavazis et al., 2008). Beneficial effects of
Akt and Erk1/2 activation are not limited to cardiac tissue. Also activation of these
kinases has been investigated as important factor in other organ-protection, e.g.
neuroprotection, liver protection (Liu et al., 2016, Zhang et al., 2014). However, our
results contradict previous (Huhn et al., 2009b), where 15 min of HePoc showed no
effect on Erk1/2 and Akt phosphorylation in a similar model. In this study tissue was
obtained 120 min after the onset of reperfusion. As phosphorylation may be
processed quickly and cardioprotection occurs within the first min effects might not

be visible after a longer time period.

Our findings in the AAR tissue support the idea of Erk1/2 as a substantial component
of HePoc induced cardioprotection. Pagel et al. discovered a strong dependency of
cardioprotection on Erkl/2 as beneficial effects were abolished, when Erk1/2-
blockers were applied in a rabbit model. Interestingly the same model showed no
infarct size reduction, when the upstream PI3K was blocked (Pagel et al., 2007). Our
results reveal no increase in PI3K activation, but Akt, another downstream kinase of
PI3K, showed significantly higher phosphorylation after HePoc compared to Sham
and I/R only. Akt and Erk1/2 pathways have been identified as activators of eNOS,
GSK-3B and inhibit Ca?*-induced opening of the mPTP. Our results indicate that the
downstream kinases might be activated through other processes. Several studies
have also detected higher phosphorylation of PKCe in xenon- as well as helium-
conditioning. Our model did not show alteration of PKCe phosphorylation in I/R or
HePoc animals. Together these studies imply variation of signaling pathways
between HePoc in different animal species as well as other conditioning procedures.

Nevertheless it seems likely that similar end-effectors are involved.
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4.4 Helium Postconditioning and Autophagy

Previously published experiments from this animal model showed significant
upregulation of genes associated with autophagy and reduction of apoptosis
associated genes (Oei et al., 2015b). Our analyses, investigating effects of HePoc on
proteins Bcl-1 and sequestosome-1, which are well established in autophagy
(Klionsky et al., 2012), indicate increased activation of autophagy after HePoc. The
HePoc group showed a significant increase of Bcl-1 in the mitochondrial fraction of
both AAR and NAAR tissue. Together, this suggests a shift of Bcl-1 towards the
membrane, which might indicate induction of autophagy as it is substantial for
phagophore-formation during I/R (Matsui et al.,, 2007). Even though research
indicates that I/R itself induces autophagy, different pharmacological conditioning
agents have been shown to augment autophagy induction (Wei et al., 2016, Huang
et al., 2010). Our results contradict other in vitro models, which reported significant
increases and upregulation of Bcl-1 after I/R (Matsui et al., 2007). In vitro models
using Bcl-1 heterozygous KO mice showed reduction of autophagosome formation.
In contrary to previous studies, these animals developed smaller infarct sizes
compared to wild-type animals (Matsui et al., 2007). Nevertheless, research of I/R in
different organs strengthens the hypothesis that autophagy is protective during I/R
(Zhang et al., 2015, Yang et al., 2015, Thapalia et al., 2016). Hence, the increased
Bcl-1 in mitochondrial fraction after HePoc may play an important role for

cardioprotective effects.

The mRNA expression of another autophagy protein, sequestosome-1, was
significantly upregulated in our model, as previously described (Oei et al., 2015b).
However, our protein analyses of sequestosome-1 showed no significant difference
of protein levels after HePoc compared to I/R only. Segestosome-1 is involved in
later processes of autophagy, consequently changes of sequestosome-1 may only

be visible after a longer period of time.

A recent in vitro study by Kassan et al. indicates a link between autophagy and
caveolins. Cav-3 KO cells showed decreased expression of autophagy markers,
whereas overexpression Cav-3 resulted in protection against I/R and preserved

mitochondrial function (Kassan et al., 2016).
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Erk1/2 is a cardioprotective effector kinase, which also has been discussed in
autophagy (Zhu et al., 2007). A study investigating Parkinson’s disease provides
evidence that Erk2 is an essential modulator of autophagy, including mitophagy
(Dagda et al., 2008). Interestingly, in our model Erk1/2 showed higher activation in
AAR tissue of HePoc groups. Erk1l/2 may be involved in other signaling than
described in section 4.3 and might be involved in pro-survival autophagy. However,
our current setting gives no further insight on specific function or localization of
Erk1/2, which might be an interesting aspect of further studies. Taken together our
results may indicate increased autophagy initiation after HePoc.

4.5 Caveolins and Mitochondria

Within the cell, caveolins are not only important for cellular membrane associated
processes, such as endocytosis or cellular signaling, but also have been identified to
play key roles within the cell, e.g. mitochondrial functioning (Fridolfsson et al., 2012).
Maintaining mitochondrial homeostasis during cellular stress in highly metabolic
tissue, like myocardial muscle tissue, is crucial for cell survival. Fridolfsson et al.
discovered that membrane-bound caveolin translocation from the plasma membrane
to the mitochondria averts mitochondrial dysfunction and induces caveolin-dependent
protective effects during cellular stress (Fridolfsson et al., 2012). Mitochondrial
dysfunction may induce metabolic misbalance and eventually cause cell death.
Several pathways leading to cell death emerge in the opening of the mPTP, which is
especially eligible during cellular stress, like I/R (Hausenloy et al., 2003). As Pagel et
al. showed in a rabbit model, mPTP opening is a key component of helium
preconditioning induced cardioprotection as beneficial effects are eradicated, when
atractyloside, a mPTP opener, is applied simultaneously (Pagel et al., 2007). Our
protein analyses of the mitochondrial fraction showed no difference of Cav-1 or Cav-
3 levels between groups. Nonetheless increased levels of Cav-1 and Cav-3 in the
membrane fraction as well as the serum caveolins may be a sign of increased
caveolin trafficking, which could potentially be involved in maintenance of
mitochondrial functioning. However, it is unlikely to see significant changes in protein
amounts after such short period, making it more likely that the differences in the

fractions are caused by translocation or other processes.
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4.6 Limitations of the Study

Due to the design of our study, with tissue extraction directly after the end of HePoc,
we are able to investigate instant effects of HePoc. Some processes might only be
activated and therefore measurable during reperfusion or at the end of HePoc

intervention.

In some cases, the heart might undergo short periods of ischemia during the
performed surgical procedures. This might mimic IPC and therefore conflict with our
HePoc protocol. However, the procedures were executed likewise in the different
groups, including the Sham control group. Therefore, possible effects should be

equal and out-cancel each other.

Healthy young animals were employed in this study. Animal models with pathologies,
e.g. diabetes or hypertension, which mimic the typical clinical patient, fail to show
cardioprotection after HePoc (Huhn et al., 2009b). Most patients suffering from I/R

present with several of these pathologies hindering the clinical translation.

Using the described study design, a connection between HePoc and effects on
caveolins, RISK pathway and autophagy can only be described as correlation. Even
though a causality seems likely, our model cannot prove dependency of
cardioprotective effects on the described pathways. Further experiments, e.g.
blocking experiments, will be necessary to investigate causality between HePoc and

the described targets.
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4.7 Conclusion and Outlook

The presented HePoc rat model enables us to explore the signaling pathways

underlying the cardioprotective effects of helium.

Our results support the hypothesis of a complex signaling network involved in HePoc
induced cardioprotection. We conclude, that membrane-associated caveolins are
important mediators of cardioprotective signaling and that RISK pathway kinases Akt
and Erk1/2 as well as an activation of autophagy may also be essential for HePoc
induced cardioprotection. Further experiments, including blocking experiments, are
necessary to inhibit specific targets and to distinguish between correlation and

causality of activated pathways.
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5. Abstract

Background: Short cycles of ventilation with anesthetic gases, such as isoflurane or
xenon, prior to or after prolonged cardiac ischemia, called anesthetic pre- or
postconditioning, are known to reduce cardiac damage. The underlying cellular
mechanisms include the reperfusion injury salvage (RISK) pathway and recent
studies also indicated recruitment of molecular signaling via caveolin (Cav)
modulation. Postconditioning with the noble gas helium (HePoc) mimics
cardioprotective effects. In the present study using a rat model, we investigated
whether (1) HePoc alters protein or mRNA expression of Cav-1 and -3 and (2)
activation of RISK pathway and (3) autophagy associated proteins.

Materials and Methods: In a previous study our animal model was analyzed
showing significantly lower histological damage and reduced infarct size after 15 min
of HePoc (Oei et al., 2015b). Here, heliox ventilation (70% He, 30% O2) was applied
after 25 min of ischemia and tissue from ischemic area at risk (AAR), non-ischemic
not area at risk (NAAR), and serum was obtained. Cell fractions (cytosolic,
mitochondrial, membrane) of Sham, I/R, I/R+He treated animals were separated and
investigated for changes of Cav-1 and Cav-3 protein levels and mRNA expression
(total tissue). Phosphorylation levels were measured to determine RISK pathway
activation (Erk1/2, PI3K, PKCe and Akt). Protein levels of autophagy proteins Bcl-1
and sequestosome-1 were also measured.

Results: HePoc lead to an increase of Cav-1 mRNA expression compared to I/R
only and additionally elevated levels of Cav-1 (P<0.01) and Cav-3 (P<0.05) in the
membrane fraction of ischemic myocardium (AAR). RISK pathway kinase Akt was
activated more in AAR and NAAR tissue of the HePoc group (both P<0.05). Erk1/2
phosphorylation was higher in AAR (P<0.05) after HePoc. However in NAAR tissue
of I/R and HePoc treated animals, pErkl/2 was lower compared to Sham (both
P<0.001). PKCe and PI3K showed no significant changes in phosphorylation.
Furthermore Bcl-1 was significantly elevated in the mitochondrial fraction after HePoc
in AAR (P<0.05) as well as NAAR (P<0.05), while sequestosome-1 levels showed no

difference between groups.
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Conclusion: We propose that HePoc activates a network of signaling cascades,
which in turn induce cardioprotection. Respective mediators may include caveolins,

RISK pathway kinases and proteins involved in autophagy.
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7. Appendix

7.1 Caveolin-1 and Caveolin-3 after 5 Min of Reperfusion or Helium
Postconditioning
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supplementary figure 1 A Protein Levels of Caveolin-1 and Caveolin-3 in Sham, after 5 Min of
I/R or I/R+HePoc in Cytosolic, Membrane and Mitochondrial Fractions of AAR and NAAR
Tissue. Ratios are calculated as Cav-1:actin (cytosol A), Cav-1:PHB1 (mitochondria, C), Cav-1:tubulin
(membrane, E) and Cav-3:actin (cytosol, B), Cav-3:PHB1 (mitochondria, D), Cav-3:tubulin
(membrane, F). Columns display the mean + SEM. AAR Membrane I/R+He5: n =6, other groups n=7
(Flick et al., 2016)
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7.2 Caveolin-1 and Caveolin-3 after 30 Min of Reperfusion or Helium
Postconditioning
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supplementary figure 2 A Protein Levels of Caveolin-1 and Caveolin-3 in Sham, after 30 Min of
I/lR or I/R+HePoc in Cytosolic, Membrane and Mitochondrial Fractions of AAR and NAAR
Tissue. Ratios are calculated as Cav-1:actin (cytosol A), Cav-1:PHB1 (mitochondria, C), Cav-1:tubulin
(membrane, E) and Cav-3:actin (cytosol, B), Cav-3:PHB1 (mitochondria, D), Cav-3:tubulin
(membrane, F). Columns display the mean =+ SEM. NAAR Membrane I/R+He30: n =6, other groups
n=7 (Flick et al., 2016)
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7.3 Hemodynamics

Group Baseline | 24 Min of 5 Min of 15 min of 30 min of
Ischemia | Reperfusion | Reperfusion | Reperfusion
mean arterial pressure (mmHg)

Sham 111+13 | 113 +22 113+ 21 98 + 20 -

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

I/R+He5 102 +20 | 108 +23 78 £ 21 - -

I/R+Hel5 102+20 @ 108 +17 96 + 14 75+11 -
I/R+He30 97 £+ 25 100 + 24 95+ 18 91 +23 69 + 15
mean heart rate (BPM)

Sham 372+20 | 373+20 363 £ 24 352 £ 32 -

I/R5 338+29 | 354 +29 330 +18 - =
I/R15 320+ 60 | 340+50 326 + 46 306 + 44 -
I/R30 329+£62 | 359 + 39 342 £ 38 346 £ 41 320 £ 39

I/R+He5 360+36 | 366+ 16 344 £ 35 - -

I/R+Hel5 338+35 | 365+ 36 350 £ 37 324 £ 34 -
I/R+He30 343 +57 | 366 + 36 347 + 47 359 + 40 328 £ 51

supplementary table 1 A Hemodynamics. Hemodynamics were measured after 15 min of baseline
stabilization, 24 min of ischemia and after 5, 15 and 30 min of reperfusion. As analyzed by Oei et al.,
no statistical differences between the groups were found. Data are shown as mean + standard
deviation. (Oei et al., 2015b)
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ARTICLE INFO ABSTRACT
Keywords: Caveolae, lipid enriched invaginations of the plasma membrane, are epicentres of cellular signal transduction.
Cardiac postconditioning The structural proteins of caveolae, caveolins, regulate effector pathways in anaesthetic-induced cardioprotec-
He““"} tion, including the RISK pathway. Helium (He) postconditioning (HePoc) is known to mimic anaesthetic
Caveolin conditioning and to prevent damage from myocardial infarction. We hypothesize that HePoc regulates caveolin-
RISK pa.thway ¢ 1 and caveolin-3 (Cav-1 and Cav-3) expression in the rat heart and activates the RISK pathway.
Ischaemia reperfusion 3} i X % % A &
Noble gases Male Wistar rats (.n=8, each group) were subjected to 25 min of cardiac 1sc.haem1a foll(fwed by rfepe.rf\lsxon FI/
R) for 5, 15 or 30 min (I/R 5/15/30). The HePoc groups underwent I/R with 70% helium ventilation during
reperfusion (IR+He 5/15/30 min). Sham animals received surgical treatment without I/R. After each protocol
blood and hearts were retrieved. Tissue was obtained from the area-at-risk (AAR) and non-area-at-risk (NAAR)
and processed for western blot analyses and reverse-transcription-real-time-polymerase-chain-reaction (RT-
qPCR).
Protein analyses revealed increased amounts of Cav-1 and Cav-3 in the membrane of I/R+Hel5 (AAR: Cav-
1, P <0.05; Cav-3, P <0.05; both vs. I/R15). In serum, Cav-3 was found to be elevated in I/R+Hel5 (P < 0.05
vs. I/R15). RT-qPCR showed increased expression of Cav-1 in IR+Hel5 in AAR tissue (P <0.05 vs. I/R15).
Phosphorylation of RISK pathway proteins pERK1/2 (AAR: P <0.05 vs. I/R15) and pAKT (AAR: P <0.05;
NAAR P < 0.05; both vs. I/R15) was elevated in the cytosolic fraction of I/R+Hel5.
These results suggest that 15 min of HePoc regulates Cav-1 and Cav-3 and activates RISK pathway kinases
ERK1/2 and AKT. These processes might be crucially involved in HePoc mediated cardioprotection.
1. Introduction of reperfusion, referred to as postconditioning, are equally effective,
making it a promising clinical approach to treating ischaemia/reperfu-
Coronary artery disease and successive myocardial infarction are sion injury (I/R) (Lupi Herrera et al., 2006). Volatile anaesthetics, e.g.
leading causes of mortality and major medical care costs (Kramarow sevoflurane (Toller et al., 1999) or isoflurane (Cason et al., 1997), are
et al., 2013). Several experimental studies have shown that short known to mimic cardiac protection similar to ischaemic conditioning
episodes of ischaemia prior to an ischaemic event (ischaemic precon- and are mediated by identical pathways (Tsutsumi et al., 2006).
ditioning) produce cardioprotection and reduce infarct size and However, these agents induce anaesthesia and have side effects on
damage (DeFily and Chilian, 1993). Conditioning cycles at the onset haemodynamic and cardiovascular parameters restricting their clinical
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practicability.

The noble gas xenon, another volatile anaesthetic, has minimal
cardiovascular side effects (Preckel et al, 2002) and also induces
cardioprotection through conditioning protocols (Preckel et al., 2000;
Weber et al., 2005). The noble gas helium, which has no anaesthetic
potency or haemodynamic side effects, mimics cardioprotective con-
ditioning similar to volatile anaesthetics (Oei et al., 2012b; Pagel et al.,
2007). Helium postconditioning (HePoc) reduces infarct size and
myocardial damage in rat and rabbit models after I/R injury (Huhn
et al.,, 2009; Oei et al., 2012a, 2014, 2015).

Pathways involved in helium conditioning include G-protein-
coupled receptors (GPCR), nitric oxide signaling, the reperfusion injury
salvage kinase (RISK) pathway, and the survival activating factor
enhancement (SAFE) pathway (Pagel et al., 2007). Many cardiopro-
tective mechanisms have also been linked to the functionality of
mitochondria during I/R (Fridolfsson et al, 2012). Consistently
HePoc affects the mitochondrial permeability transition pore (mPTP)
during cellular stress, preventing it from opening, and thereby reducing
mitochondrial dysfunction (Pagel et al., 2008a).

Several of these HePoc effectors interact with and are possibly
mediated through caveolae (Horikawa et al., 2008; Patel et al., 2007).

Caveolae are small flask-like invaginations of the cellular mem-
brane (Palade, 1953). They are found in most cell types and regulate
several physiological functions such as endocytosis, adrenergic receptor
regulation and cellular signaling (Anderson, 1993). Besides sphingoli-
pids, cholesterol and fatty acids as lipid components, caveolae are
enriched in caveolins, their essential structural proteins. Caveolins
exist in three isoforms, Cav-1, -2 and -3, and contain a scaffolding
domain (CSD), that plays a key role in regulating and localizing
signaling molecules (Patel et al., 2008). All three isoforms are found
in cardiac myocytes (Patel et al., 2006) and cardiac myocyte-specific
overexpression of Cav-3 in the heart induced upregulation of survival
kinases and resulted in protection against I/R (Horikawa et al., 2008).

In our current study, we used cardiac tissue subjected to regional I/
R, I/R and HePoc, or Sham operation to investigate HePoc induced
changes of Cav-1 and Cav-3 protein localization and mRNA expression.
HePoc induced cardioprotection was characterized further by examin-
ing the role of the caveolin-associated RISK pathway as possible
underlying mechanism.

2. Materials and methods
2.1. Animal experiments

Animal experiments were performed in accordance with the Guide
for Care and Use of Laboratory Animals (NIH Publication No. 85-23,
revised 1996) and approved by the Academic Medical Centre's animal
ethics committee (DAA102650). Data from these animal experiments,
including haemodynamic measurements, were recently published (Oei
et al., 2014).

2.2. Chemicals, solutions and culture media

Chemicals and solutions were purchased either from Merck
(Millipore, Amsterdam, the Netherlands), Carl Roth (Karlsruhe,
Germany), Roche (Almere, the Netherlands) or Sigma-Aldrich
(Zwijndrecht, the Netherlands), unless stated otherwise.

2.3. Study design for ischaemia/reperfusion injury

Male Wistar rats (354-426 g, age range of 12-16 weeks) were
acclimatized for 7 days under conditions of 12 h light and dark cycles
and ad libitum access to food and water. All animals received
anaesthesia and surgical procedures as described previously (Oei
et al., 2012a). Rats were mechanically ventilated and the carotid artery
was cannulated to measure the mean arterial pressure and draw blood
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Fig. 1. : Experimental setting. After 15 min of baseline-stabilisation the left anterior
descended artery (LAD) was ligated to commence ischaemia in the left ventricle. The
study groups underwent 15 min of reperfusion and 15 min of reperfusion with HePoc
respectively. The Sham operated group did not undergo ischaemia. The experiments were
performed with 5 and 30 min periods, respectively (supplementary Fig. S3 and S4)..

samples. After 15 min of stabilisation the left anterior descending
coronary artery (LAD) was encircled with a single puncture 5-0 Prolene
suture (Ethicon Johnson & Johnson, Amersfoort, the Netherlands)
through the myocardium. A snare was formed with the ends of the
suture through a propylene tube to allow reversible ligation of the LAD,
thereby inducing 25 min of ischaemia followed by reperfusion. For
those animals subjected to I/R only, the ischaemic period was followed
by 5, 15 or 30 min of reperfusion, respectively (I/R5, 15, 30). The
treatment groups receiving HePoc commenced administration of
helium gas (70% helium and 30% oxygen, Linde Gas Benelux,
Dieren, the Netherlands) at 24 min of ischaemia (providing sufficient
helium presence in the lungs at the onset of reperfusion). HePoc was
performed for 5, 15 or 30 min of reperfusion (I/R+He5, 15, 30). The
Sham group received surgical treatment without undergoing I/R or
HePoc (Fig. 1).

2.4. Preparation of cytosol, membrane and mitochondrial fractions

After each protocol hearts were excised and shock frozen in liquid
nitrogen. Tissue was obtained from the ischaemic area at risk (AAR)
and the non-ischaemic, non area at risk, (NAAR) as described
previously and ground in a pre-cooled mortar (Oei et al., 2014).
Subsequently a lysis buffer (Tris base, EGTA, NaF and NazVO, (as
phosphatase inhibitors), protease-inhibitor mix (aprotinin, leupetin
and pepsatin), DTT and okadaic acid) was added to prevent degrada-
tion. Samples were mixed with the homogenizer (Ultra-Turrax T8, IKA)
and 50 pl of sample was pipetted into new vials containing 450 ul of
Tripur for RNA analysis. The rest of the homogenate was centrifuged at
1000g, 4 °C for 10 min, the supernatant subsequently at 10,000g, 4 °C
for 15 min. The resulting supernatant was pipetted into new vials,
while the remaining pellet was resuspended with lysis buffer
(1% Triton X-100) to be used as the mitochondrial fraction. Samples
were centrifuged again at 5000g, 4 °C for 15 min and the supernatant
was used as the cytosolic fraction. The pellet was mixed with lysis
buffer, vortexed and after 60 min of incubation on ice centrifuged at
5000g, 4 °C for 15 min. The supernatant was obtained as the mem-
brane fraction. All fractions were stored at —80 °C.

2.5. RNA isolation and ¢cDNA preparation

A total of 450 pl homogenate-Tripur mix was diluted 1:10 with BCP
(1-Bromo-3-chloropropane)  (Sigma-Aldrich,  Zwijndrecht, the
Netherlands), and shaken vigorously for 15 s. After 10 min of incuba-
tion at room temperature, the samples were centrifuged at 12000g,
4 °C for 15 min. The upper layer containing RNA was carefully pipetted
into clean vials and precipitated by adding 250 ul isopropanol followed
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Fig. 2. : Protein levels of Cav-1 and Cav-3 in cardiac tissue of Sham, I/R15 and I/R+Hel5 treated animals are shown as ratios of Cav-1:tubulin and Cav-3:tubulin. Columns display the
mean + S.E.M. An asterisk indicates differences compared to Sham (*P < 0.05, **P < 0.01), whereas the pound sign indicates differences compared to I/R15 (*P <0.05, **P <0.01).
Bands display an example of western blot analyses. Sham: n=6, I/R15 and I/R+Hel5: n=7.

by another 10 min incubation period. RNA was centrifuged at 12000g,
4 °C for 8 min resulting in RNA pellets and supernatants, which were
removed to dilute the RNA pellet in 1 ml 75% ethanol. The samples
were centrifuged at 12000, 4 °C for 5 min and after this the ethanol was
removed, and RNA was diluted in 20 pl of Milli-Q water. RNA was
heated at 60 °C for 5 min, followed by a short spin down, mix and
another heating at 60 °C for 5 min. RNA concentrations were deter-
mined by UV-vis absorbance spectroscopy (NanoDrop, Thermo
Scientific, Rockford, IL, USA). RNA yields typically ranged from 0.16
to 1.08 pug/ul (data not shown). cDNA was synthesized using First
Strand c¢DNA Synthesis Kit for RT-PCR (Roche, Almere, the
Netherlands). Amplicons were diluted to 1pg RNA/10 pl Milli-Q.
1 pl Oligo(dT) primer (50 pm) was added before samples were heated
for 10 min at 65 °C. cDNA-mix was added containing 4 pul 5x RT-buffer,
2 pl ANTP-mix, 0.5 pl RNAase inhibitor (40U/ul), 0.5ul RT (20U/ul)
and 2 pl Milli-Q water. The samples were heated at 55 °C for 30 min
and then boiled at 85 °C for 5 min. The ¢cDNA samples were diluted

720

with 60 pl Mili-Q water and stored at —80 °C.

2.6. RT-gPCR

RT-qPCR samples were prepared using SybrGreen I MasterMix
(Roche, Almere, the Netherlands). cDNA samples were diluted 1:5 in
Milli-Q water before adding 5 pl Sybr Green and 0.5 pl of sense- and
anti-sense-primer as follows: Cav-1 (forward 5’ CGT AGA CTC CGA
GGG ACA TC 3’; reverse 5’ CGT ACA CTT GCT TCT CAT TCA C 3’),
Cav-3 (forward 5 CCA AGA ACA TCA ATG AGG ACA TTG TG 3’;
reverse 5° GTG GCA GAA GGA GAT ACA G 3’) and glyceraldehyde-3-
phosphatedehydrogenase (GAPDH) (forward 5’ TGC CCC CAT GTT
TGT GAT G 3'; reverse 5' GCT GAC AAT CTT GAG GGA GTT GT 3’) as
reference gene (all Invitrogen, Breda, the Netherlands). RT-qPCR was
performed in the LightCycler480 (Roche, Almere, the Netherlands)
with following conditions: Pre-incubation heating to 95 °C for 10 min,
followed by 45 cycles of amplification (95 °C for 15s, 56 °C for 10s,
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Cav-3

72 °C for 15s) and a melting curve analysis. For each amplicon its
baseline was determined and corrected using the LinRegPCR pro-
gramme according to Ruijter and colleagues (Ruijter et al., 2009). Each
amplicon was corrected for baseline fluorescence. Amplicons that did
not reach N, before cycle 45 were considered undetectable. The
individual PCR efficiencies were calculated and amplicons with an
efficiency < 1.80 or >2.00 were excluded from further analysis. The
mean efficiency of each target gene was used to calculate the starting
concentration (Nj) per amplicon. All samples were normalized to the
NO of the reference gene GAPDH. Differences in expression of gene of
interest in experimental groups (I/R15 vs. I/R+Hel5) and Sham were
calculated.

2.7. Western Blot analysis

Protein concentrations were measured using Bradford Protein
Assays (Bio-Rad, Hercules, CA, USA) and diluted to align concentra-
tions. Equal amounts of protein were mixed with SDS-PAGE sample
buffer (SDS, Bromophenol Blue, TrisBase, Glycerol and
Mercaptoethanol), the samples were vortexed and boiled at 95 °C for
5 min. Samples were separated by SDS-PAGE using Criterion™ XT
precast gels (Bio-Rad, Hercules, CA, USA) and transferred onto a
Immobilin-FL Membrane (Millipore, Billericam, MA, USA). The mem-
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brane was washed in Odyssey® Blocking Buffer (LI-COR, Lincoln, NE,
USA) for 60 min and incubated with caveolin-1 (1:40000), caveolin-3
(1:20,000, both from BD Biosciences, Franklin Lakes, NJ, USA), p-AKT
(1:500), AKT (1:2000), p-ERK1/2 (1:2000), ERK1/2 (1:2000, all Cell
Signaling Technology Camebridge, United Kingdom), p-PKCe (1:1000,
upstate, Millipore, Billericam, MA, USA), PKCe (1:2000, Millipore,
Billericam, MA, USA) p-PI3K (1:1000) or PI3K (1:2000, both Cell
Signaling Technology, Camebridge, United Kingdom), overnight. After
washing the membrane for 3x5 min in cold, fresh TBS-T, the blot was
incubated for 60 min with IRDye800 CW or IRDye680 CW secondary
antibody conjugated mouse- or rabbit-antibody (1:5000, LI-COR,
Lincoln, NE, USA). The membranes were washed again for 3x5 min
and scanned using Odyssey® Infrared Imaging System. The Odyssey®
Infrared Scanning Software v2.1 was used for quantification of the
blots. Results are presented as ratio of the target protein over a
fraction-specific reference protein: for the cytosol fraction we used
actin (1:5000, Santa Cruz, Heidelberg, Germany), for the membrane
fraction tubulin (1:5000, Cell Signaling Technology, Camebridge,
United Kingdom),) and for the mitochondrial fraction anti-prohibitin1
(PHB1) (1:10,000, Cell Signaling Technology, Camebridge, United
Kingdom). RISK pathway proteins were analysed as ratio of phos-
phorylated over total protein. All western blots were performed in
duplicates.

2.8. Statistical analysis

Statistical analysis was performed using in GraphPad Prism 5
(GraphPad Software, La Jolla, CA, USA). Kruskal-Wallis tests with
Dunn's post hoc were used to detect differences between the groups in
mRNA expression and protein levels. Statistical significance was
assumed for P < 0.05 and indicated with an asterisk or a number sign
in the figures. Variables are expressed as mean + standard error of the
mean (S.E.M.).

3. Results
3.1. Protein analyses of Caveolin-1 and Caveolin-3

Western blot analyses showed different amounts of Cav-1 and Cav-
3 between 15 min of I/R, and I/R plus HePoc. HePoc significantly
increased accumulation of Cav-1 and Cav-3 in the membrane fraction
of ischaemic cardiac tissue, AAR, compared to Sham and I/R15 (AAR:
Cav-1, I/R+Hel5 (45.53 +8.38) P <0.05 vs. Sham (17.38 +4.31 P<
0.05 vs. I/R15 (20.43 + 4.44); Cav-3, [/R+Hel5 (12.62 + 2.35) P < 0.05
vs. Sham (5.99 + 1.21); P < 0.05 vs. I/R15 (6.52 + 1.13); Fig. 2 A and
B). In the NAAR tissue caveolins did not show differences between
groups (Fig. 2 A and B). In the cytosol and mitochondrial fraction no
differences of Cav-1 and Cav-3 were detected in AAR or NAAR tissue
(supplementary Fig. S1). The serum analysis did not present any
differences in the serum for Cav-1 levels (Fig. 3 A), whereas Cav-3
showed increased amounts in I/R+Hel5 group (I/R+Hel5 (8.23 +
0.48) P <0.05 vs. I/R15 (6.79 + 0.41); Fig. 3 B). Protocols with 5 or
30 min of I/R or I/R+HePoc did not alter amounts of Cav-1 and Cav-3
in AAR or NAAR tissue (supplementary Fig. S3 and S4).

3.2. mRNA expression

To measure mRNA expression of Cav-1 and Cav-3 RT-qPCR was
performed. In the ischaemic tissue, I/R15, both Cav-1 and Cav-3
showed significantly reduced mRNA expression (AAR: Cav-1, I/R15
(4.49+0.37) P<0.05 vs. Sham (6.81 +0.91); Cav-3, I/R15 (3.82+
0.18) P < 0.05 vs. Sham (5.06 +0.29); Fig. 4 A and B). HePoc group
presented increased expression of Cav-1 in comparison to I/R, but no
difference vs. Sham. (AAR: Cav-1, I/R+Hel5 (5.65 + 0.25) P < 0.05 vs.
I/R15 (3.82 + 0.18); Fig. 4 A). Cav-3 expression was also reduced after
HePoc compared to Sham, but showed no difference vs I/R (AAR: Cav-
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3, I/R+Hel5 (3.54 + 0.21) P < 0.05 vs. Sham (5.06 + 0.29); Fig. 4 B). In
the NAAR reduction of Cav-1 and Cav-3 mRNA expression was found
after HePoc in comparison to Sham (NAAR: Cav-1, I/R+Hel5 (6.59 +
1.10) P < 0.05 vs. Sham (15.77 + 3.38); Cav-3, I/R+Hel5 (4.70 + 0.31)
P <0.05 vs. Sham (6.70 + 0.38); Fig. 4 B).

3.3. Protein levels of RISK pathway associated proteins

The reperfusion injury signaling kinase (RISK) pathway has been
linked to cardioprotection. Western blot analyses of phosphorylated
and total protein levels were performed to indicate RISK pathway
activation in the cytosol fraction.

Increased phosphorylation levels of AKT were found in the ischae-
mic tissue (AAR: I/R+Hel5 (6.50 + 0.68) P < 0.05 vs. Sham (4.51 +
0.49); P <0.05; vs. I/R15 (4.38 + 0.33); Fig. 5 A). Increased amounts of
PAKT were also detected in non-ischaemic tissue after HePoc (NAAR:
I/R+Hel5 (6.51 +0.70) P <0.05 vs. I/R15 (4.35 + 0.30); supplemen-
tary Fig. S2). ERK1 showed increased activation after I/R compared to
Sham (AAR: ERK1, I/R15 (12.37 + 1.54) P <0.05 vs. Sham (5.63 +
0.62); Fig. 5 C). HePoc treated animals showed even higher phosphor-
ylation levels of both ERK1 and 2 in the ischaemic tissue (AAR: ERK1,
I/R+Hel5 (14.57 £ 0.93), P < 0.05 vs. I/R15 (12.37 + 1.54); ERK2, I/R
+Hel5 (2.68+0.18) P<0.05 vs. I/R15 (2.12+0.30); Fig. 5 B-C).
NAAR tissue analyses revealed, that ERK1/2 phosphorylation was
reduced vs. Sham in both I/R15 and I/R+Hel5 (NAAR: ERKI1 I/R15
(2.23 +0.30) P < 0.05; I/R+Hel5 (2.17 + 0.21) P < 0.05 both vs. Sham;
ERK2, I/R15 (4.51 +0.32) P <0.05; I/R+Hel5 (5.03 + 0.42) P < 0.05
both vs. Sham (12.25+1.08); supplementary Fig. S2 B-C).
Phosphorylation levels of PKCe and PI3K showed no differences
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(Fig. 5 D-E, supplementary Fig. S 2D-E).
4. Discussion

The major findings of the present study are: (1) HePoc changes
accumulation of Cav-1 and Cav-3 in cardiac tissue shortly after I/R
indicating change in location. (2) RISK pathway proteins AKT and
ERK1/2 are activated by 15 min of HePoc. (3) Serum of HePoc animals
contains increased amounts of Cav-3.

Earlier studies from our laboratory showed that HePoc reduces
infarct size in cardiac tissue of several rat strains (Huhn et al., 2009;
Oeiet al., 2012a, 2015, 2014). The cardioprotective effect of helium has
been shown in other animal models (Pagel et al., 2007, 2008¢). Our
earlier study reproduces results, which imply that the duration of
HePoc appears to be important as cardioprotection occurs within
15 min of HePoc (Oei et al., 2014 2015). Accordingly, we now find
changes in Cav-1 and Cav-3 localization only after 15 min of HePoc and
no difference after 5 or 30 min, respectively. Other in vivo models have
shown that longer or shorter periods of HePoc produce limited
protective effect or might even impair outcome (Hale et al., 2013;
Oei et al., 2015). HePoc seems to induce protective effects shortly after
the onset of reperfusion. Therefore, underlying processes should
commence within this time frame.

Caveolins, the structural proteins of caveolae, have been shown to
be important mediators of cardioprotective pathways (Hausenloy et al.,
2005; Horikawa et al., 2014). Caveolin-knockout animals present
complete loss of cardioprotection (Horikawa et al., 2008; Patel et al.,
2007). Several studies imply a significant role for transmembrane
signaling, but involved pathways are still not completely understood
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(Fridolfsson et al., 2014). 15 min of HePoc restored Cav-1 mRNA
expression to Sham levels in the AAR showing a significant increase
versus I/R. These findings indicate that HePoc effects include mRNA
changes, which our laboratory also found for several apoptotic and
autophagy genes (Oei et al., 2014). These mRNA changes are unlikely
to be transferred into protein expression after only 15 min of reperfu-
sion, but indicate that HePoc induces cardioprotective pathways on
different levels.

Several studies report loss of caveolae from membranes during
cellular stress (Chaudhary et al., 2013; Ratajczak et al., 2003), whereas
in our setting protein levels remained unchanged after I/R. The
analyses of the membrane fraction of the AAR showed a significant
increase of Cav-1 and Cav-3 after 15 min of HePoc. These results are in
contrast to another study from our laboratory investigating He inhala-
tion alone in a mouse model, where depletion of Cav-1 from the cardiac
tissue 24 h after 30 min of helium inhalation was found (Weber et al.,
2013). In the same model helium treatment induced secretion of Cav-1
and -3 into the serum (Weber et al., 2013), which is in line with
increased Cav-3 levels in the serum of our in vivo model in rats. Even
though the studies use different species and time periods, the results
indicate that secreted caveolin might have a potentially protective effect
due to its availability in the whole body.

The functions of secreted caveolins are discussed controversially.
Several authors detected increased levels of caveolins in the blood of
cancer patients and suggested serum caveolins as biomarkers for
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prostate (Sugie et al., 2013), colorectal (Erdemli et al., 2016) or lung
cancer (Han et al, 2014). Interestingly, caveolins in serum from
tumour patients have also been associated with pro angiogenic and
pro cell survival characteristics (Tahir et al., 2001, 2008). In addition,
several publications proposed specific effects of circulating caveolins on
different organs. Zhang et al. showed that lower serum Cav-1 levels are
associated with cerebral microbleeds, suggesting a protective role of
circulating caveolins during acute cerebral ischaemia (Zhang et al.,
2016). Increased serum Cav-1 has also been associated with prevention
of right heart hypertrophy and pulmonary hypertension (Jasmin et al.,
2006).

In summary, there is some evidence that secreted caveolins might
specifically interact with tissues and organs. However, little is known
about the detailed functions of the more cardiospecific Cav-3 in serum
and possible cardioprotective effects of serum caveolins still need to be
investigated.

Caveolae and caveolins have been shown to regulate mitochondria
in different settings supporting the idea of a functional role for
caveolins during cellular stress (Bosch et al., 2011; Fridolfsson et al.,
2012). In highly metabolic tissue, like cardiac tissue, maintaining
mitochondrial function during cellular stress is of major concern. It
appears that an elevated number of caveolae, and therefore membrane
localized caveolins, promotes caveolin trafficking from the plasma
membrane to mitochondria and prevents mitochondrial dysfunction
(Fridolfsson et al., 2012). Cellular damage is caused by opening of the
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mitochondrial permeability transition pore (mPTP) during the first
minute of reperfusion (Hausenloy and Yellon, 2003) causing closure of
ATP-sensitive potassium channel and generation of bursts of reactive
oxygen species (Pagel et al., 2008¢). Helium conditioning has been
shown to prevent mPTP opening, whereas administration of atractylo-
side, a mPTP opener, abolished helium preconditioning (Page!l et al.,
2007). In our results Cav-1 and -3 protein levels showed no difference
in the mitochondrial fractions. However, increased Cav-1 and -3 in the
membrane fraction as well as the serum might indicate involvement of
mitochondrial signaling.

Caveolins are involved in mPTP transitioning through binding of
signaling molecules to the CSD (Fridolfsson et al., 2014). The CSD
binds with several triggers, mediators and end-effectors of cardiopro-
tective pathways known as RISK pathway proteins, including PI3K,
AKT, PKC isoforms, and ERK1/2 (Hausenloy, 2006; Patel et al., 2008).
Moreover, several of these proteins have been associated with helium
conditioning (Pagel et al., 20072008b).

Anaesthetic and xenon-induced conditioning are known to depend
on ERK1/2 phosphorylation (Toma et al., 2004; Weber et al., 2006).
Consistently, helium has been shown to induce ERK1/2 thereby
preventing mPTP opening (Pagel and Krolikowski, 2009; Pagel et al.,
2007). Our findings of increased ERK1/2 phosphorylation substantiate
the idea of ERK1/2 as a key mediator in helium-induced cardioprotec-
tion. Accordingly, infarct size reduction was abolished in a rabbit
model, when ERK1/2 was inhibited or a mPTP opener was utilized
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Reduction of Cardiac Cell Death after Helium
Postconditioning in Rats: Transcriptional Analysis of Cell
Death and Survival Pathways

Gezina TML Oei," Michal Heger,” Rowan F van Golen,” Lindy K Alles,” Moritz Flick,"
Allard C van der Wal,> Thomas M van Gulik,> Markus W Hollmann," Benedikt Preckel," and Nina C Weber"

lDepartment of Anesthesiology, Laboratory of Experimental Intensive Care and Anesthesiology (L.E.I.C.A.), ."Department of
Experimental Surgery, and 3Depcn't‘ment of Pathology, Academic Medical Center, University of Amsterdam, Amsterdam, The

Netherlands

Helium, a noble gas, has been used safely in humans. In animal models of regional myocardial ischemia/reperfusion (I/R) it was
shown that helium conditioning reduces infarct size. Currently, it is not known how helium exerts its cytoprotective effects and
which cell death/survival pathways are affected. The objective of this study, therefore, was to investigate the cell protective ef-
fects of helium postconditioning by PCR array analysis of genes involved in necrosis, apoptosis and autophagy. Male rats were
subjected to 25 min of ischemia and 5, 15 or 30 min of reperfusion. Semiquantitative histological analysis revealed that 15 min of
hellum postconditioning reduced the extent of I/R-induced cell damage. This effect was not observed after 5 and 30 min of he-
lium postconditioning. Analysis of the differential expression of genes showed that 15 min of helium postconditioning mainly
caused upregulation of genes involved in autophagy and inhibition of apoptosis versus I/R alone. The results suggest that the cy-
toprotective effects of hellum inhalation may be caused by a switch from pro-cell-death signaling to activation of cell survival
mechanisms, which appears to affect a wide range of pathways.

Online address: hitp://www.molmed.org

doi: 10.2119/molmed.2014.00057

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
pmceed via necrosis, apoptosis or au-
tophagy. Cell survival is mediated
mainly by activation of antiapoptotic
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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-

A Histological analysis
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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 | 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, He 15, He30). (B) Experimental setup for gene analysis by

gRT-PCR. Rats were euthanized after 25 min of ischemia or after 15 min of reperfusion.

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

MOL MED 20:516-526, 2014 | OEI ET AL.

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 Hel5
groups (I/R15 received 15 min of reperfu-
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sion; Hel5 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-um 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 (10x
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-

CELL SURVIVAL

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 infilfration 0 Absent
1 Present
4.Platelet aggregates/thrombi 0 Absent
1 Present
5. Extravasation of red blood cells 0 Absent
1 Present

travasation of erythrocytes) was per-
formed at higher power magnification
(400x) 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 (400x).

QgRT-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
atrisk [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-
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ciencies were subsequently used to calcu-
late the starting concentration (N,) per am-
plicon. All samples were normalized to
the mean N 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, [/R15 and Hel5) and the
sham group was calculated according to

N,GOI
N, Housekeeping
NAOL
N, Housekeeping

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

64



Appendix

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 Hel5 group was made. For this,
the means of the Hel5 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 sequestosomel (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
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Table 2. Hemodynamics (mean arterial pressure and heart rate) sampled after 15 min of
baseline, 24 min of ischemia and 15 min of reperfusion.®

After 24 min After 5 min After 15 min After 30 min
Group®  Baseline of ischemia of reperfusion of reperfusion of reperfusion
Mean AP® (mmHg)
Sham 111 +£13 113+22 113+ 21 98 + 20
| 95116 11015
1/R5 90 + 33 95+ 19 73 +£20
I/R15 95 +24 93+ 20 83 +21 62+8
1/R30 96 + 29 91 +28 80+24 79+ 21 60+ 15
Heb5 102 + 20 108 + 23 78 + 21
Helb 102 + 20 108 + 17 96+ 14 75+ 11
He30 97 +25 100 + 24 95+ 18 91+23 6915
Mean HR® (BPM)
Sham 372+ 20 373+ 20 363 +24 352 + 32
| 341 + 40 367 + 32
1/RS 338 + 29 354 + 29 330+ 18
I/R16 320 + 60 340 + 50 326 + 46 306 + 44 320 + 39
1/R30 329 + 62 359 + 39 342 + 38 346 + 41
Heb 360 + 36 366 + 16 344 + 35
Hels 338 + 35 365 + 36 350 + 37 324+ 34
He30 343 + 57 366 + 36 347 + 47 359 + 40 328 + 51

“Data are shown as mean + SD. At each time point there were no significant differences

between different experimental groups.

®On group infomation, see Materials and Methods and Figure 1.

“Mean AR mean arterial pressure in mmHg.

9Mean HR, mean heart rate in beats/minute.

variance (ANOVA) with a Tukey post hoc
test for multiple comparisons. Differences
in mRNA expression and protein levels
between the I/R and Hel5 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 54),
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

MOL MED 20:516-526, 2014 | OEl ET AL. | 519

65



Appendix

HELIUM POSTCONDITIONING AND CELL SURVIVAL

Histology score

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 400x.

infiltration, platelet aggregates/thrombi
and extravasation of red blood cells (Fig-
ure 2C). This was observed in all histo-
logical specimens (Supplementary Fig-
ures 56, 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 Hel5 (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 Hel5 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-
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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
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Figure 3. Heat maps indicating the differential expression of genes in the ischemia (), 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.

animals, a direct comparison between the
1/R15 and Hel5 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 Hel5 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, Hel5 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 Hel5 as compared to
1/R15. Within the necrosis group of
genes, Olr1583, Sycp2, Cybb, Txnl4b and
Dpysl4 all were significantly upregulated
after Hel5 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
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Hel5 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 Hel5 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, Hel5 upregu-
lated genes in all categories; necrosis, pro-
and antiapoptosis and autophagy. How-
ever, Hel5 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
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He15 vs I/IR15 the current study, in which histological
analysis showed less cellular damage after
He15 in comparison to I/R15. He15 slices
m. Necrosis 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-
Pro-apoptosis sodes of helium inhalation did not protect
o the rabbit heart against I/R (27), neither
1 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.
Anti-apoptOSIS 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,
a we know that the protective effect of
* Autophagy 15 min of HePOC also can be found after
2 h of reperfusion (15,21,26); 1 h and
1 45 min after the postconditioning stimulus
is discontinued. It is very likely that
within this time window both necrotic and
=t 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-
Figure 4. Regulation of genes after 15 min of helium postconditioning shown as fold in- fects of helium conditioning on specific
crease or decrease in comparison to I/R15 per category. *p < 0.05 proteins and their concomitant posttrans-
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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.

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
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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 -
Becnl and Sgstm1 (autophagy) and Nol3
(antiapoptosis) in this mmlysis 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; [/R
decreases Nol3 expression while Hel5 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-
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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 Bel-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 Beenl 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 Sgstm1 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 Sgstm 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 Hel5:
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. OIr1583 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
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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 OIr1583 is expressed in the
heart and that this expression is downreg-
ulated by I/R, but upregulated after Hel5.
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 Hel5.

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). Sycp?2 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 Hel5 attenuated
the downregulation of Sycp2 and even up-
regulated Txnl4b.

Cybb (Cytochrome b-245, B 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 Hel5 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 OIr1583 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.
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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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