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ABSTRACT IN ENGLISH

The ischemia-reperfusion (I/R) injury, which is a consequence of myocardial infarction,
represents a major cause of death worldwide. One of the most effective cardioprotective
interventions increasing the resistance of hearts to the I/R injury is the adaptation to a
chronic hypoxia (CH). However, the molecular mechanisms of CH are still not well
understood. The most important factors responsible for the I/R injury are reactive oxygen
species (ROS) produced by complexes I and III within the mitochondrial electron
transport chain. Potential candidates maintaining ROS at a low level are mitochondrial
creatine kinase (mtCK) and two hexokinase isoforms (HK1 and HK2). These enzymes
highly support the mitochondrial oxidative phosphorylation by increasing the availability
of ADP for complex V of the respiratory chain. In addition, the HK binding to
mitochondria inhibits binding of the pro-apoptotic protein BAX, thereby protecting
cardiac cells against apoptosis. Besides the mitochondrial CK isoform, there are two
cytosolic CK (CKM and CKB) present in cardiomyocytes that help to maintain energy
homeostasis. Based on the known anatomical and physiological differences between the
left (LV) and the right (RV) ventricles, the first study focused on the comparing
ventricles in terms of the energy metabolism and the HK co-localization with
mitochondria. Further, the level of activated AKT kinase, which facilitates interaction of
HK?2 with mitochondrial membrane, was determined. The results of this study indicate
that the RV has a higher activity of aerobic glycolytic metabolism and may be able to
respond faster and more powerfully to stressful stimuli than the LV. The results also
suggest that AKT activation is a necessary but not a sufficient condition for the
enhancement of the interaction of HK2 with mitochondria and that yet another
mechanism may be involved. Next, this study aimed at the effect of the normobaric
hypoxia on the CK and HK expressions and enzyme activities and the HK co-localization
with mitochondria in both ventricles. Rats were adapted for 3 weeks to protective and
non-protective regimens of 10% normobaric hypoxia. The results showed that the
adaptation to the normobaric hypoxia leads to the activation of glycolysis and
phosphocreatine (PCr)/CK system to maintain energy homeostasis under the reduced

oxygen concentration. This may suggest that CK and HK can be involved in the
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stimulation of the oxidative phosphorylation, which reduces the production of ROS.
Although no differences were found between protective and non-protective phenotypes, it
cannot be ruled out that CK and HK may play a role in the cardioprotective mechanisms
induced by the normobaric hypoxia. Interestingly, HK1 and HK2 co-localizations with
mitochondria remained unchanged in the LV as well as in the RV after adaptation of rats
to a protective regimen, continuous normobaric hypoxia (CNH), suggesting a
stabilization of the HK bond with mitochondria. Then, rats adapted to CNH were
subjected to the I/R insult. The HK activity significantly increased in the CNH LV after
the I/R insult, which can suggest that the HK can possibly participate in the establishment
of the ischemia-resistant phenotype of chronically hypoxic hearts. Finally, the last
objective of the study was to investigate the role of CK and HK enzymes in the LV and
RV of rats adapted to a hypobaric hypoxia (7000 m). The hypobaric hypoxia represents a
greater stress for the myocardium compared to the normobaric hypoxia. The results
verified the response of energy metabolism to the reduced oxygen level independently on
the degree of stress. In addition, the HK1 and HK2 co-localizations with mitochondria
markedly increased in both ventricles after adaptation of rats to hypobaric hypoxia, which
was confirmed by the immunofluorescence technique as well as by the fractionation and
Western blot method. In conclusion, the protective mechanism of the HK, which lies in
its binding with mitochondria, seems to be activated under the hypoxia which is marginal
for the fatal cell damage, representing by present hypobaric model. This dissertation
study provides a novel insight in the CK and HK function and co-operation under
different hypoxic adaptations. And it also provides new information related to
cardioprotective mechanisms of adaptation to hypobaric hypoxia, which includes
increased binding of the HK with mitochondria. Targeting the HK binding with

mitochondria thus represents a potential approach for future therapeutic uses.
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ABSTRACT IN CZECH

Ischemicko-reperfuzni (I/R) poskozeni, které¢ je disledkem infarktu myokardu,
pfedstavuje hlavni pficinu Gmrti po celém svété. Jednim z nejucinnéjSich
kardioprotektivnich intervenci zvySujicich odolnost srdce k I/R poSkozeni je adaptace na
chronickou hypoxii (CH). Avsak molekuldarni mechanismy CH nejsou zcela objasnény.
(ROS) produkované komplexy I a III mitochondridlniho elektronového transportniho
fetézce. Potencidlnimi kandidaty udrzujici ROS na nizké trovni jsou mitochondrialni
kreatinkindza (mtCKs) a dv¢ isoformy hexokindzy (HK1 a HK2). Tyto enzymy
vyznamné podporuji mitochondridlni oxidativni fosforylaci tim, Ze zvySuji dostupnost
ADP pro komplex V dychaciho fetézce. Navic HK navazana na mitochondrie inhibuje
navazani pro-apoptotického proteinu BAX, ¢imZ chrani srde¢ni bunky vici apoptoze.
Kromé¢ mitochondridlni isoformy CK jsou v kardiomyocytech také pfitomny dvé
cytosolické isoformy CK (CKM a CKB), které pomahaji udrzovat energetickou
homeostazu. Na zdkladé zndmych anatomickych a fyziologickych rozdili mezi levou
(LV) a pravou (RV) komorou se prvni studie zamétila na porovnani téchto komor z
hlediska energetického metabolismu a ko-lokalizace isoforem HK s mitochondriemi.
Také byla stanovena hladina aktivované formy AKT kinazy, kterd napomaha interakci
HK2 s mitochondrialni membranou. Vysledky této studie naznacuji, Ze RV ma vyssi
aktivitu aerobniho glykolytického metabolismu a je tedy schopna reagovat rychleji a
siln€ji na stresujici podnéty nez LV. Dale bylo zjisténo, ze aktivace AKT je nutnou,
nikoli vSak postacujici podminkou pro stimulaci interakce HK2 s mitochondriemi a Ze je
zde pravdépodobné zapojen jesté jiny mechanismus. DalSim cilem studie bylo stanovit
vliv normobarické hypoxie na expresi a enzymatickou aktivitu CK a HK a ko-lokalizaci
HK s mitochondriemi u obou komor. Potkani byli adaptovdni po dobu 3 tydnd na
protektivni a neprotektivni rezimy 10% normobarické hypoxie. Vysledky ukézaly, ze
adaptace na normobarickou hypoxii vede k aktivaci glykolyzy a kreatinfosfat (PCr)/CK
systému udrzujiciho energetickou homeostazu i za sniZzené¢ koncentrace kysliku. D4 se
tedy usuzovat, ze CK a HK by se mohly podilet na stimulaci oxidativni forforylace a tim

na sniZzeni produkce ROS. I kdyz nebyly zjiStény z&dné rozdily mezi protektivnimi a



neprotektivnimi  fenotypy, nelze vyloucit, ze CK a HK mohou hrat roli v
kardioprotektivnich mechanismech vyvolanych adaptaci na normobarickou hypoxii. Je
zajimavé, ze ko-lokalizace HK1 a HK2 s mitochondriemi zlstaly nezménény v LV i v
RV po adaptaci potkanti na protektivni rezim, kontinualni normobarickou hypoxii
(CNH), coz svéd¢i o stabilizaci vazby HK s mitochondriemi. Nasledné byli potkani
adaptovani na CNH vystaveni I/R inzultu. Celkova aktivita HK v CNH LV se vyrazné
zvySila po I/R inzultu, coz by mohlo vypovidat o zapojeni HK v mechanismech
ischemicko-rezistentniho fenotypu u chronicky hypoxickych srdci. Poslednim cilem této
studie bylo urcit roli CK a HK enyzymi v LV a RV potkani adaptovanych na
hypobarickou hypoxii (7000 m). Hypobarickd hypoxie piedstavuje vyssi stres na
myokard ve srovnani s normobarickou hypoxii. Vysledky potvrdily reakci energetického
metabolismu na sniZzenou koncentraci kysliku nezavisle na mife stresu. Navic byla
pozorovana zvysSena vazba HK1 a HK2 s mitochondriemi v obou komorach po adaptaci
potkanli na hypobarickou hypoxii, kterd byla potvzena jak pomoci imunofluorescen¢nich
technik, tak i pomoci frakcionace a metody Western blot. Zavérem lze fici, Ze protektivni
mechanismus HK, ktery souvisi s mirou vazby tohoto enzymu na mitochondriich, se zda
byt aktivovan v hypoxii, kterd je na hranici poSkozeni bunék, coz piedstavuje praveé
hypobaricky model. Tato diserta¢ni prace poskytuje novy pohled na funkci CK a HK a
jejich vzajemnou spolupraci v adaptaci na rizné modely hypoxie. A zaroven pifinasi nové
poznatky o mechanismu kardiprotektivniho puasobeni hypobarické hypoxie, ktery
zahrnuje zvySenou vazbu HK s mitochondriemi. Studium vazby HK s mitochondriemi

tak predstavuje potencidlni cestu pro budouci terapeutické vyuziti.
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1. INTRODUCTION

1.1 Energy metabolism of the heart

The heart is a unique highly dynamic organ that supplies oxygen and necessary
nutrients to the other tissues throughout the life. Maintaining the continuous contraction, ionic
homeostasis, and cell signaling requires large amounts of energy and unconditional continuous
supply thereof. The primary source of energy for the heart is represented by the adenosine
5’triphosphate (ATP) molecule. As the heart is a primarily aerobic organ containing a large
number of mitochondria, almost all (~ 95%) of the generated ATP comes from the oxidative
phosphorylation. The rate of ATP production is closely linked to the rate of ATP consumption
so that the level of ATP remains constant even with an intense cardiac workload (reviewed in
Stanley et al., 2005). The mammalian heart preferentially utilizes free fatty acids (FFA) as the
major energy substrates, because their complete oxidation is a highly exergonic process, which
accounts for ~ 60-90% of the total ATP production. Carbohydrates, mainly glucose, lactate,
and pyruvate, contribute the remaining 10—40% of the total ATP production (Bing et al., 1954;
Lopaschuk et al., 1994; van der Vusse et al., 2000; Wisneski et al., 1987).

1.1.1 Glucose fatty acid cycle

The glucose fatty acid cycle, also called the “Randle cycle”, was discovered and
described in the rat heart by Phillip Randle. It shows the relationship between glucose and
FFA oxidation and their mutual regulation (Randle, 1998). Generally, the resting heart
metabolism is highly economic, the FFA oxidation predominates and the glucose oxidation
pathway is partially reduced. The reduction of glucose metabolism is performed on three
levels: 1) limitation of glucose uptake, ii) suppression of glycolytic enzymes activities, and iii)
inhibition of glucose oxidation. The high concentration of the FFA in blood decreases the
glucose uptake into cardiac cells (Nuutila et al., 1992; Randle et al., 1964), which leads to low
intracellular concentration of glucose and to a decrease in hexokinase (HK) activity. The HK
activity can be inhibited by its product glucose-6-phosphate (G-6-P), which is not further
metabolized through glycolysis due to an inhibition of the phosphofructokinase 1 (PFK1). The
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G-6-P can be further incorporated into glycogen due to a stimulation of glycogen synthase
(McNulty et al.,, 1995; Villar-Palasi and Guinovart, 1997) or degraded via the pentose
phosphate pathway to generate nicotinamide adenine dinucleotide phosphate (NADPH)
required for the FFA biosynthesis. The PFK1 activity is limited by an increased concentration
of the citrate generated from the acetyl coenzym A (acetyl-CoA) during FFA oxidation
(Garland et al., 1963). The massive production of the acetyl-CoA and the nicotinamide
adenine dinucleotide (NADH) during the FFA oxidation also results in the suppression of the
pyruvate dehydrogenase (PDH) activity, which blocks the formation of acetyl-CoA from
pyruvate, thereby inhibiting the glucose oxidation. In addition, the acetyl-CoA and the NADH
indirectly activates the pyruvate dehydrogenase kinase complex (PDC), which phosphorylates
and thus inactivates the PDH (Kerbey et al., 1976; Randle and Priestman, 1996).

On the other hand, increased cardiac workload, e.g., under physical exercise or
hypoxia, results in the increase of glucose uptake into cells. The intracellular glucose is
immediately phosphorylated by the HK to produce the G-6-P, which is directly degraded in
the glycolytic pathway. The PFK1 is strongly activated by the increased intracellular levels of
the adenosine 5’monophosphate (AMP), adenosine 5’diphosphate (ADP), iorganic phopshate
(Pi), or fructose-2,6-bisphosphate (F-2,6-P). The F-2,6-P is a by-product of the glycolysis
forming from the fructose-6-phosphate by the enzyme phosphofruktokinase 2 (PFK2) (Kantor
et al., 2001; Katz, 2006). The PFK2 can be stimulated via phosphorylation by the 5’ AMP-
activated protein kinase (AMPK), whose activity increases with the rise in the AMP/ATP ratio
(Marsin et al., 2000, 2002).

The fatty acid cycle is primarily controlled by the ATP production, which depends on
an adequate supply of electrons for the respiratory chain generating a force for the ATP
synthase. Thus, the NADH/NAD" ratio represents one of the main regulators, which is
maintained by the combined action of glycolysis and tricarboxylic acid cycle (TCA cycle).
The increase in the NADH/NAD' ratio leads to an increase in the ATP/ADP ratio, which
under decreased energy demands results in the inhibition of enzymes in the TCA cycle and
glycolysis. An increased concentration of the ATP also inhibits the AMPK and thus reduces
the FFA oxidation in favor of the FFA biosynthesis occurring in liver and the triacylglycerol

synthesis in the adipose tissue. Conversely, under increased energy demands, the TCA cycle

22



and the glycolysis are stimulated by an increased concentration of free ADP and Ca®" ions
(Voet and Voet, 2010).

However, the fatty acid cycle is also affected by the substrate availability,
(patho)physiological interventions, and hormones. Therefore, the regulation of the substrate
contribution to the total ATP production represents a far more complex mechanism, including
the allosteric control, phosphorylation/dephosphorylation system, and the regulation of gene

expression (discussed in more detail in Hue and Taegtmeyer, 2009).

1.1.2 Substrate utilization

The heart possesses a metabolic flexibility and ability to utilize different substrates
depending on the specific conditions and the actual substrate availability. While the
metabolism of the fetal heart is predominantly glycolytic, the metabolism of the adult heart is
highly oxidative. However, the adult heart is able to switch its preferences to glucose
utilization under low oxygen supply, such as under increased workload, hypoxia, or ischemia.
Under these conditions, the glucose coming from the glycogen breakdown and from blood,
due to an increased glucose uptake, is metabolized in anaerobic glycolysis. The lactate from
blood also becomes a preferential fuel of the heart under these conditions (Opie, 2004) and can
contribute between 5 and 10% of the total ATP production depending on workload (Allard et
al., 1994). An increased intracellular level of lactate can inhibit the glucose oxidation via the
inhibition of PDH and under the severe oxygen deprivation even glycolysis via the inhibition
of PFK1 (Depre et al., 1993, 1998b). Beside the conditions dependent on the oxygen
concentration, the high carbohydrate diet leads to a higher consumption of the glucose. The
heart can also utilize amino acids and ketone bodies, mainly during the prolonged starvation

and diabetic acidosis (Voet and Voet, 2010).
1.1.3 Hormonal regulation

The fatty acid cycle is also controlled by the pancreatic hormones, insulin and
glucagon, together with the adrenal hormones, adrenaline and noradrenaline. The glucagon is

secreted during the fasting and energy demand states, when the blood glucose concentration is
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lowering under the 5 mM. The glucagon and adrenaline promotes glycogenolysis by the
activating adenylate cyclase signaling pathway. An increased concentration of the 3'-5'-cyclic
adenosine monophosphate (cCAMP) activates the protein kinase A (PKA), which accelerates,
through the phosphorylation-dephosphorylation cascade, the glycogen breakdown and inhibits
the glycogen synthesis (Goodwin et al., 1995). The glucagon and adrenaline also regulate the
FFA metabolism via the cAMP-dependent phosphorylation cascade. They stimulate
expression and activity of FFA oxidation enzymes and decrease the expression and activity of
enzymes involved in the lipid biosynthesis. In the adipose tissue, there is an increased
hydrolysis of triacylglycerols leading to the raise of blood FFA levels, which increases the
entry of the FFA into target tissues and activates the -oxidation pathway. The energy demand
states bring an increasing AMP concentration resulting in the elevation of the active AMPK,
which blocks the malonyl-CoA inhibition of the fatty acyl-CoA transport into mitochondria.
The malonyl-CoA is a product of the acetyl-CoA-carboxylase, which regulates the FFA
oxidation in the heart (Awan and Saggerson, 1993). Adrenaline also promotes the
glycogenolysis by stimulating the phospholipase C (PLC) and by increasing concentration of
related second messengers, such as the inositol-1,4,5-triphosphate (IP3), diacylglycerol
(DAG), and Ca®" ions. In contrast to glucagon, the insulin is secreted during the fed and
resting states, when the blood concentration of glucose is increasing above 5 mM. The insulin
has the opposite effect causing the stimulation of glucose transport into the cell and its
utilization together with the glycogen formation. The insulin also supports the synthesis of the
FFA and triacylglycerols, while reducing the glycogenolysis and the FFA oxidation (Lawson
and Uyeda, 1987; Moule and Denton, 1997; Watanabe et al., 1984; Witters et al., 1988). In
addition to glucagon-insulin system, the hormonal regulation of the fatty acid cycle can also
include thyroid hormones, sex hormones, and growth hormone (reviewed in Clegg, 2012;

McAninch and Bianco, 2014; Meller and Jorgensen, 2009; Randle, 1964).
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1.2 Creatine kinase

The creatine kinase (CK) represents a major phosphagen system transporting the ATP
in the heart. The impaired CK function is thus a sign of many human diseases, including
cardiovascular disorders. The substantial reduction or loss of the CK activity or creatine
content cause the insufficiency of energy metabolism observed in the heart failure or the
myocardial infarction (Bottomley et al., 2009).

The CK catalyzes a reversible reaction: phosphocreatine (PCr*) + MgADP™ + protons
(H") < MgATP* + creatine (Cr) (Kenyon and Reed, 1983; Watts, 1973), thus in the case of
acute energy needs the CK regenerates the ATP for muscle contraction and, on the other hand,
the CK provides supply of the PCr. The PCr is a unique molecule, which possesses a higher
phosphoryl transfer potential than the ATP and therefore represents a major source of
phosphoryl groups for immediate ATP regeneration. Another advantage of PCr molecule is
that it is much smaller than the ATP and can easily and faster diffuse between sites of its
production and consumption. The PCr is also metabolically inert and thus it can accumulate in
the cell to high concentrations without affecting regulatory feedback loops. The concentration
of PCr in the resting muscle is ~ 25 mM, 6-fold higher than the ATP concentration (Ingwall,
2002), which covers the first ten seconds of the high performance before the ATP production
by glycolysis and oxidative phosphorylation is activated.

Mammalian tissues express four CK isoforms: the cytoplasmic muscle CK (CKM),
cytoplasmic brain CK (CKB), ubiquitous mitochondrial CK (mtCKu), and sarcomeric
mitochondrial CK isoform (mtCKs) (reviewed in Wallimann et al., 1992, 1998). The cytosolic
CK isoforms are mainly located in close proximity of ATPases, where they keep a high local
ATP/ADP ratio and optimal pH for ATPase activities. The mitochondrial CK isoforms highly
support mitochondrial oxidative phosphorylation by increasing the ADP availability for
complex V of the respiratory chain, which can protect cells against apoptosis (Meyer et al.,
2006; Santiago et al., 2008). All CK isoforms create together a highly compartmentalized
phosphocreatine/creatine kinase (PCr/CK) system, which transports energy from sites of
production, mitochondria, to various sites of utilization, including the sarcomere, sarcoplasmic
reticulum, and plasma membrane (Figure 1) (Bessman and Carpenter, 1985; Rossi et al.,

1990), and thus controls the energy flow within cells. Therefore, the PCr/CK system functions
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as a spatial and temporal energy buffer maintaining the cellular energy homeostasis (reviewed
in Saks et al., 1996; Schlattner et al., 2006; Ventura-Clapier et al., 1994; Wallimann et al.,
1992).

Figure 1: The PCr/CK system transporting energy from sites of production (mitochondria) to sites of utilization
(sarcomere, sarcoplasmic reticulum, and sarcolemma). The CK, creatine kinase; PCr, phosphocreatine; Cr,

creatine.
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1.2.1 Cytosolic CK isoforms

The cytosolic isoforms CKM and CKB are encoded by ckm and ckb genes (Bertin et
al., 2007; National Center for Biotechnology Information, NCBI), respectively. The CKM
gene is located on the chromosome 19 in human tissues (NCBI #1158) (Nigro et al., 1987;
Stallings et al., 1988) and on the chromosome 1 in rat tissues (NCBI #24265). The CKB gene
is located on the chromosome 14 in human tissues (NCBI #1152) (Chern et al., 1980) and on
the chromosome 6 in rat tissues (NCBI #24264). Both of these isoforms create homo-dimers
CKMM and CKBB or the hetero-dimer CKMB. The CKM is predominantly expressed in the
heart and skeletal muscles, while the CKB is abundantly expressed in the brain, heart, smooth
muscle, uterus, placenta, colon (Trask et al., 1988), as well as in tumors (Gazdar et al., 1981)
and most permanent cell lines (Kuzhikandathil and Molloy, 1994; Ritchie et al., 1991). In the
skeletal muscle, the CKB expression is very low and an absolute absence of the CKB is
observed in bone marrow (Mariman et al., 1987).

In the adult cardiac muscle, the CKM represents a major isoform, whereas the minor
isoform CKB is predominantly expressed in early developmental stages of the heart. In
adulthood it functions as a backup enzyme, which is over-expressed under conditions of
metabolic challenge occurring during the hypertrophy (Ingwall, 1984; Smith et al., 1990),
hypertension (Fontanet et al., 1991; Pauletto et al., 1989; Smith et al., 1990), and hypoxia
(Letout et al., 2005; Pissarek et al., 1997, Waskova-Arnostova et al., 2014). At the cellular
level, the CKB is present in the cytosol as a solubilized molecule unable to bind with
intracellular structures in contrast to the CKM, which can associate with intracellular
structures through its NH-terminal lysine charge-clamps (Figure 2) (Hornemann et al.,

2000).

27



Figure 2: The x-ray structure of the (A) rabbit CKM isoenzyme dimer (Rao et al., 1998) and the (B) chicken CKB
isoenzyme dimer (Eder et al., 1999). The lysine residues K8, K24, K104, K115, which have been identified to be
responsible for the isoenzyme-specific interaction of the CKM with the M-line are shown in yellow (4) and the
homologous residues in the CKB isoform LS, V24, E104, and Q115 are depicted in green (B). The figure is
reprinted from ©2000. Hornemann et al. Journal of Cell Biology. 149:1225-1234, with permission from Dr.

Hornemann and Rockefeller University Press.

The CKM was found to bind into the myofibrillar M-line of the sarcomere (Turner et
al., 1973; Wallimann et al., 1977, 1978, 1983a; b), where it is functionally coupled to the acto-
myosin ATPase (Gregor et al., 2003; Wallimann et al., 1984) and regenerates the ATP for
cardiac contraction (Ventura-Clapier et al., 1987a; b). The CKM delivers preferentially ~ 40%
of the ATP to this ATPase and the maximal efficiency of this process is in a slightly acidic pH
(Gregor et al., 2003; Zurmanova et al., 2007). This privileged exchange of substrates and
products is called a “substrate channeling”, which is also observed in mitochondrial CK
isoforms. The CKM is also located within I-band of the sarcomere (Wegmann et al., 1992),
where it is functionally linked to the glycolysis and glycogenolysis (Scopes, 1973; Van
Waarde et al., 1990). The functional coupling between the CKM and the pyruvate kinase (PK)
has been reported as the exchange of the phosphate between the PCr and the
phosphoenolpyruvate without a change in the ATP (Dillon and Clark, 1990). The direct

association of the CKM with the PFK at low pH, which occurs for example under increased
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workload, has also been described (Kraft et al., 2000). Other glycolytic enzymes, such as the
aldolase, glyceraldehyde 3-phosphate dehydrogenase (GAPDH), lactate dehydrogenase
(LDH), and phosphoglycerate kinase (PGK) are also able to interact with the F-actin-
tropomyosin complex (Arnold and Pette, 1970; Bronstein and Knull, 1981). The potential
involvement of these enzymes in the functional coupling of the CKM with glycolysis could be
speculated.

The CKM have been found to be associated with the sarcoplasmic reticulum (Baskin
and Deamer, 1970; Khan et al., 1972; Rossi et al., 1990; Sharov et al., 1977), where it is
functionally coupled to the ATP-dependent Ca®" pump (Korge et al., 1993) regulating local
ATP/ADP ratios and supporting Ca®" release (Rossi et al., 1990) due to the fact that IP;
receptor is allosterically regulated by intracellular concentration of the ATP (Ferris et al.,
1990). In addition, the CKM also regenerates the ATP for the Ca®” ATPase (SERCA) in the
sarcoplasmic reticulum, enabling a faster Ca*" re-uptake and thereby causing a faster cardiac
relaxation.

Some amounts of CKM have also been found at the sarcolemma membrane (Saks et
al., 1977), where it is functionally coupled to the ATP-dependent Na'/K " pump (Grosse et al.,
1980; Saks et al., 1977) optimizing the Na'/K' antiport across the membrane due to the
immediate re-phosphorylation of the ADP produced in the Na'/K"~ ATPase reaction. The CKM
also physically binds to the sarcolemmal ATP-dependent K™ (Katp) channel and inhibits its
opening, i.e., K" flux across the membrane, via maintaining a high ATP level within the close
proximity of the channel (Crawford et al., 2002). It has been recently described that the CKM
is able to interact with the Na'/Ca®" exchanger (NCX) and regulates its activity (Yang et al.,
2010). It is well known that the antiport of Na* and Ca*"ions is not dependent on the ATP.
However, it has been shown that the NCX activity is stimulated by the ATP (Collins et al.,
1992), thus the CKM may be involved in the regulation of the NCX activity via increasing the
ATP/ADP ratio around this exchanger.

Given these observations, the CKM is critically involved in the regulation of ion fluxes
taking place during the excitation-contraction coupling and plays an important role in the

synchronizing electrical signals on the membrane with cellular metabolic states.
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1.2.2 Mitochondrial CK isoforms

Two mtCK isoforms are encoded by three genes in human and by two genes in rat
tissues. While the mtCKu isoform is encoded by two genes ckmtiA (NCBI #548596) and
ckmtIB (NCBI #1159), located near each other on the chromosome 15 in human tissues, only
a single gene ckmtl on the chromosome 3 has been identified in rat tissues (NCBI #29593).
The mtCKs isoform is encoded in human and rat tissues by a single gene ckmt2 located on the
chromosome 5 (NCBI #1160) and 2 (NCBI #688698), respectively (Bertin et al., 2007). The
mitochondrial mtCKu is abundantly expressed in conjunction with the CKB in the intestine,
brain, kidney, placenta, and during pregnancy in uterus (Friedman and Perryman, 1991; Payne
et al., 1993). A very low expression level of the mtCKu was detected in aorta and in
sarcomeric tissues. No expression was detected for liver and lung. The mtCKs isoform is
expressed only in slow-oxidative and fast-oxidative-glycolytic skeletal muscles and in the
heart, but not in any other organs.

The mtCK is located in the cristae and in the intermembrane space of mitochondria

(Figure 3) (Beutner et al., 1998; Brdiczka et al., 1998).
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Figure 3: The mtCK localization in the cristae and in the intermembrane space of mitochondria. The MtCK,
mitochondrial CK; ANT, adenine nucleotide translocase; VDAC, voltage dependent anion channel; NDPK-D,
nucleoside dihosphate kinase D. The figure is reprinted and slightly modified from the paper Mitochondrial
kinases and their molecular interaction with cardiolipin, Schlattner et al., 2009, Biochim Biophys Acta. 2009
Oct;1788(10):2032-47, Figure 2 and 3. The figure is republished with kind permission from Prof. Schlattner and
Elsevier B.V.

The mtCK exists as two inter-convertible forms, a homodimer and a homooctamer
(Marcillat et al., 1987). Only the octameric form of the mtCK can bind to the outer face of the
inner mitochondrial membrane, dimers can no longer interact with anionic phospholipids
(Rojo et al., 1991; Soboll et al., 1999). In the inner mitochondrial membrane, the mtCK binds
with a high affinity to a phospholipid cardiolipin (Miiller et al., 1985, 1986; Rojo et al., 1991,
Schlame and Augustin, 1985; Stachowiak et al., 1996) via following a two-step mechanism.
The first step is the electrostatically driven adsorption of positively charged lysine residues of
mtCK exposed on the top and bottom faces of the octameric cube by the negatively charged
cardiolipin head (Schlattner et al., 2004). The second step involves the protein insertion
between lipids, which is generally associated with hydrophobic interactions (Maniti et al.,
2010). The cardiolipin also interacts with other proteins binding peripherally to the inner
mitochondrial membrane, including cytochrome ¢ (Gonzalvez et al., 2008; Rytomaa et al.,

1992; Salamon and Tollin, 1996a; b) or nucleoside diphosphate kinase (NDPK-D) (Tokarska-
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Schlattner et al., 2008), and further with trans-membrane protein complexes of the redox chain
and transporters like the adenine nucleotide translocase (ANT), an ATP/ADP antiporter
(Schlattner et al., 2009). The cardiolipin controls retention of the cytochrome c in the cristae
while apoptotic stimuli induce the cardiolipin oxidation and the cytochrome c release (Kagan
et al., 2005). During apoptosis, an oxidized cardiolipin is transferred from the inner to the
outer mitochondrial membrane and this transfer can be facilitated by the mtCK and NDPK-D
via liposomal vesicle bridges (Epand et al., 2007). On the outer mitochondrial membrane, the
cardiolipin provides a recognition site for Bcl-2 pro-apoptotic proteins (Schlattner et al.,
2009), acts as a mitochondrial receptor for the tBID (Lutter et al., 2000), and regulates the
oligomerization of pro-apoptotic BAK and BAX proteins (Kuwana et al., 2002). In fact,
cardiolipin-protein interactions are important not only for activity and structural integrity of
mitochondrial inner membrane proteins, but also for the subunit assembly, supercomplex
formation, and apoptosis prevention (Claypool et al., 2008; Pfeiffer et al., 2003; Schlame et
al., 2000; Zhang et al., 2002). The mtCK-cardiolipin interaction is very important for the
“substrate channeling and for the maintaining of mitochondrial ultrastructure and
morphology (Lenz et al., 2007; Speer et al., 2005).

The mtCK is able to cross-link membranes to form contact sites, where it is
functionally coupled with the ANT (Schlattner et al., 1998; Wyss et al., 1992) in the inner
mitochondrial membrane and physically interacts with a voltage dependent anion channel
(VDAC) in the outer mitochondrial membrane (Figure 3) (Brdiczka et al., 1994, 2006;
Schlattner et al., 2001). Another functional property common to the mtCK is the ability to
stimulate the respiration through local synthesis of the ADP in the intermembrane and cristae
space via functional coupling with the ANT (Figure 3) (Dolder et al., 2001; Frey and
Mannella, 2000; Saks et al., 2003, 2004; Vendelin et al., 2004). In peripheral contact sites, the
co-localization of mtCK with ANT, the direct interaction of mtCK with VDAC, and possibly
also the diffusion limitations at the outer mitochondrial membrane (Gellerich and Kunz, 1987)
create a micro-compartment that maintains the “substrate channeling” (Dolder et al., 2003;
Saks et al., 1985, 2007; Vendelin et al., 2004). However, the locally produced ADP is
immediately re-imported into the mitochondrial matrix space via the ANT and the PCr is then
released into the cytosol via the VDAC. The mitochondrial metabolism would not be regulated

by the intracellular free ADP concentration per se, but rather by the intra-mitochondrial ADP
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production triggered via the cytosolic Cr (Kay et al., 2000; Saks et al., 2004, 2007). This could
indicate the presence of a factor or regulator in the outer mitochondrial membrane, which
helps to restrict free ADP diffusion from the intermembrane space (Veksler et al., 1995). In
cristae, the mtCK associates only with the ANT and it would still allow the “substrate
channeling” between these two proteins. The Cr and PCr molecules, however, have to diffuse
along the cristae space to reach the VDAC (Schlattner et al., 2009). The ATP/ADP recycling
is restricted mostly to mitochondrial intermembrane and matrix spaces, while the Cr and PCr
are recycled between mitochondrial intermembrane and cytoplasmic spaces (Saks et al., 2010).
Many experimental evidences point to the role of the tubulin in regulating the VDAC (Appaix
et al., 2003; Carre et al., 2002). Recently, functional interaction of the tubulin with the VDAC
was revealed by applying biophysical and oxygraphic methods by Rostovtseva and colleagues
(Rostovtseva and Bezrukov, 2008; Rostovtseva et al., 2008) and by Monge and his team
(Monge et al., 2008). Rostovtseva and her colleagues proposed the model for the tubulin-
VDAC interaction in which the negatively charged C-terminal tail of the tubulin penetrates
into the channel lumen due to the interaction with a positively charged domain of the VDAC
(Rostovtseva et al., 2008). Guzun et al. (2009) showed that tubulin and other cytoskeletal
proteins like desmin (Capetanaki, 2002; Linden et al., 2001) and plectin (Reipert et al., 1999)
selectively limit the VDAC permeability, restricting mostly the ATP and ADP but not the Cr
or PCr (Guzun et al., 2009). The strongly decreased permeability of the outer mitochondrial
membrane for adenine nucleotides significantly enhances the functional coupling between the
mtCK and ANT increasing the rate of the ADP and ATP recycling in the mitochondrial
matrix-intermembrane space. Especially interesting and important is the significantly
enhanced apparent affinity of the mtCK for the Cr in cells in situ (Guzun et al., 2009). It
appeared that all ATP produced by the oxidative phosphorylation is practically completely
used for the PCr production and the ADP is rapidly channeled back through the ANT to the
mitochondrial matrix (Timohhina et al., 2009). The selective regulation of diffusion barrier
functions is highly important for the structural and functional organization of the energy
metabolism.

The mtCK-ANT-VDAC complex highly supports the oxidative phosphorylation of
mitochondria by the PCr pool restoration in the cytosol and by increasing the availability of

ADP for complex V of the respiratory chain. The complex also decreases the membrane
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potential and hyper-production of reactive oxygen species (ROS) (Jacobus and Lehninger,
1973; Jacobus and Saks, 1982; Kernec et al., 1996; O’Gorman et al., 1996; Saks et al., 1991;
Wyss et al., 1992), and it diminishes the opening of the mitochondrial permeability transition
(MPT) pore, a well known trigger of apoptosis (Dolder et al., 2001, 2003; Kowaltowski et al.,
2001; Meyer et al., 2006; Saks et al., 2007). Recently, biochemical and structural studies by
Peter Pederson’s laboratory (Chen et al., 2004; Ko et al., 2003) resulted in the discovery of the
“ATP synthasome”, a complex consisting of the ATP synthase, phosphate carrier (PIC), and
ANT (Ko et al., 2003). From a physiological point of view, the “ATP synthasome” (Figure 4)
allows a continuous production of the ATP by transporting Pi and ADP into the matrix
directly to the active sites of the ATP synthase and an immediate release of the ATP into the

intermembrane space (Pedersen, 2007b).

Figure 4: The ATP synthasome. The ANC, adenine nucleotide carrier; PIC, phosphate carrier; IMS,
intermembrane space; IMM, innermitochondrial membrane. The figure is reprinted from the paper Transport
ATPases into the year 2008: a brief overview related to types, structures, functions and roles in health and
disease, Pedersen PL, Springer and J Bioenerg Biomembr, 2007 Dec;39(5-6):349-55, Figure 2a. The figure is

republished with kind permission from Prof. Pedersen and Springer Science and Business Media.

Therefore, there seems to be the supercomplex of ATP synthasome-mtCK-VDAC-
tubulin localized in contact sites of cardiac mitochondria, which regulates the respiration. This
whole complex was shortly named “mitochondrial interactosome” (Figure 5) (Timohhina et

al., 2009).
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Figure 5: The mitochondrial interactosome. The MtCK, mitochondrial CK; VDAC, voltage dependent anion
channel; ANC, adenine nucleotide carrier; PIC, phosphate carrier; PCr, phosphocreatine; Cr, creatine; MOM,
mitochondrial outer membrane; IMS, intermembrane space; MIM, mitochondrial inner membrane; LP, linker
protein. The figure is reprinted from the paper Direct measurement of energy fluxes from mitochondria into
cytoplasm in permeabilized cardiac cells in situ: some evidence for mitochondrial interactosome, Timohhina et
al., Springer and J Bioenerg Biomembr. 2009 Jun;41(3):259-75, Figure 9. The figure is republished with kind

permission from Springer Science and Business Media.

This mitochondrial interactosome may in some cases include also supercomplexes of
the respiratory chain (Lenaz and Genova, 2007; Vonck and Schifer, 2009). Along the cristae
membranes the mitochondrial interactosome contains only the mtCK and the “ATP
synthasome” (Timohhina et al., 2009). The mitochondrial interactosome regulates the
interaction between mitochondrial cycles of adenine nucleotides and PCr/Cr cycles in the
cytoplasm of the heart, skeletal muscles and brain cells. Changes in the mitochondrial

interactosome may lead to severe pathology (Saks et al., 2010).
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1.2.3 Regulation of CK expression and activity

The expression of the CK is regulated at the transcriptional, post-transcriptional,
translational, and the post-translational level. The cytosolic CKs and the mitochondrial CKs
are often expressed co-ordinately: the mtCKs together with the CKM and the mtCKu with the
CKB. The best-studied area is the development of skeletal and cardiac muscles. The most of
the myogenic factors are involved in the expression of all CK isoforms. It is generally known,
that during myogenesis and cardiogenesis, the cytosolic CK isoforms undergo a transition
from the major fetal CKBB isoforms via an intermediate CKMB heterodimer to the major
adult CKMM isoform (Adamson, 1976; Dym and Yaffe, 1979; Ingwall, 1976; Trask and
Billadello, 1990). Transcription factors responsible for this process in skeletal and cardiac
muscles come mainly from MyoD and MEF families of proteins, respectively (reviewed in
Qin et al., 1998). The CKM gene expression is particularly controlled by transcription factors,
such as the MyoD1 (Davis et al., 1987), myogenin (Edmondson and Olson, 1989; Wright et
al., 1989), Myf5 (Braun et al., 1989), and MRF4/herculin/Myf6 (Braun et al., 1990; Miner and
Wold, 1990; Rhodes and Konieczny, 1989), and by transcription enhancers MEF1, MEF2, and
MADS box (Buskin et al., 1985; Molkentin et al., 1995). The CKB contains the same common
TA-rich recognition protein-binding regulatory elements as the CKM (Horlick et al., 1990),
thus the CKB expression can be controlled by the same transcription MEF enhancers that are
expressed in the brain (Lin et al., 1996; Lyons et al., 1995). However, it has been observed
that the MyoD1 and myogenin by themselves did not result in a significant increase in the
CKM expression during skeletal myogenesis, suggesting that the presence of other
transcription factors and enhancers is required (Amacher et al., 1993; Lyons et al., 1991).
These may include the homeodomain transcription factor Six4, which was found as a trans-
activator of the CKM enhancer (Himeda et al., 2004). Another important transcriptional
regulator is the p53, which is activated during the myoblast differentiation and together with
the MyoD stimulates the CKM gene expression in muscle cells (Jackson et al., 1998; Tamir
and Bengal, 1998) and represses transcription of the CKB (Zhao et al., 1994). These findings
may suggest the possible explanation for the switch between cytosolic CK isoforms during
development stages. Another developmental factor described as a negative regulator of the

CKB gene expression is the PARP-1 (Chen et al., 2010). The CKB up-regulation is related to
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an impaired energy supply occurring during pathophysiological states and diseases (Fontanet
et al., 1991; Ingwall, 1984; Letout et al., 2005; Neubauer et al., 1998; Pauletto et al., 1989;
Pissarek et al., 1997; Smith et al., 1990), when the CKM is mostly inhibited. It has been
shown that an ischemia (Mehta et al., 1988) or a mechanical overload (Tsika et al., 1995) lead
to a significant decrease in the CKM expression. The CKM activity was also lower in the
failing human myocardium compared to the physiological status (Nascimben et al., 1996). In
the study of Boheler and Dillmann (1988), two in vitro translation products of the CKM,
CKMa and CKMb, representing the more acidic and basic forms, respectively, have been
found, but only the CKMb isoform decreased with cardiac hypertrophy. The isoelectric micro-
heterogenity for the CKM has been also described in other studies both in vitro and in vivo
(Rosenberg et al., 1982; Schweinfest et al., 1982), suggesting that the transcriptional or
translational control for the CKM is much far more complicated than previously believed and
that multiple mRNAs could arise from the alternative splicing (Boheler and Dillmann, 1988)
under stress conditions. The B-adrenergic stimulation by the isoproterenol induced a switch in
the CK gene expression from the CKM to the CKB, which is characteristic for the
hypertrophied or failing heart. This may be interpreted as an adaptive mechanism making
energy transduction via the CK more efficient at times of increased metabolic demand
(Hammerschmidt et al., 2000). These findings could be explained by the stimulation of the
signaling pathway via the cAMP and PKA to activate transcription of the CKB (Korge et al.,
1993; Korge and Campbell, 1994; Kuzhikandathil and Molloy, 1994; Minajeva et al., 1996;
Rossi et al., 1990). Willis et al. (2005) have first reported a role for the AP2 factor, which is
activated by the cAMP, in the regulation of the CKB transcription (Willis et al., 2005). The
transcription factor Spl, acting through the estrogen signaling pathway, was also found to
regulate the CKB gene expression (Wu-Peng et al., 1992). Moreover, Ch’ng et al. (1990) have
suggested that translation of the CKB is regulated by the binding of a soluble factor or factors
to the 3' UTR (Ch’ng et al., 1990). The post-translational regulation of the CKB is controlled
by the protein kinase C (PKC)-mediated phosphorylation, which increases the CKB activity
(Chida et al., 1990; Hemmer et al., 1993). Nevertheless, the PKC also modulates an activity of
the CKM, but in this case the phosphorylation decreases the CKM activity (Lin et al., 2009).
Beside the PKC, the AMPK can also phosphorylate the CKM and thus reduce its activity

(Ponticos et al., 1998). Other post-translational modifications, such as the autophosphorylation
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and the nucleotidylation of CK molecules, have been also identified as effective modulators of
its catalytic function (David and Haley, 1999; Hemmer et al., 1995; Stolz et al., 2002). The
possible physiological explanation for the up-regulation of the CKB under the stress
conditions is that this isoform possesses unique characteristics relevant to the maintenance of
ATP concentrations in specialized instances of high energy demand (Mahadevan et al., 1984).
The phosphorylated CKB has an increased affinity for the PCr (Quest et al., 1990). This higher
affinity may increase the CKB ability to transfer the high-energy phosphate from the PCr to
the ADP, thereby providing a higher ATP supply for ATP-requiring processes at low PCr
levels (Hemmer et al., 1993). The CK isoforms are highly susceptible to an oxidative stress
and to a free radical damage (Konorev et al., 1998; Koufen et al., 1999; Mekhfi et al., 1996;
Wendt et al., 2003). It has been reported that the CKM activity was depressed after the
incubation of myofibrils with ROS (Mekhfi et al., 1996). These results suggest that ROS
mainly alters the myofibril-bound CKM probably by the oxidation of -SH bonds between
cysteine residues in each CK monomer, which may be followed by the CKM dissociation
from the M-line. The interaction of the myofibrillar CKM in the M-line is strongly pH
dependent (Zurmanova et al., 2007), which is reflected in the “substrate channeling” between
the CKM and the myosin ATPase (Gregor et al., 2003). Such CKM inactivation results in a
decrease in the intra-myofibrillar ATP/ADP ratio (Mekhfi et al., 1996), leading to a higher
concentration of the ADP and Pi, which causes an inhibition of ATPases. In addition, Zhao et
al. (2007) have observed that the CKM exists in two forms, in the reduced form (R-CK) and in
the oxidized form (O-CK). In contrast to the R-CK, the O-CK contains an intra-chain disulfide
bond in each subunit and it has decreased catalytic activity. Surprisingly, the O-CK, unlike the
R-CK, cannot interact with the M-line protein myomesin and can be rapidly ubiquitinylated.
The O-CK has been also shown to be a negative regulator of the R-CK (Zhao et al., 2007).
Likewise the CKM, the mtCK can be ubiquitinylated (Kwon et al., 2010) and it is also very
sensitive to free radicals. Previous studies have described that free radicals of the X-ray-
induced water radiolysis and peroxynitrite cause the dissociation of mtCK octamers into
dimers, which are unable to bind into the mitochondrial membrane (Koufen et al., 1999;
Wendt et al., 2003). The dissociation of the mtCK from mitochondria results in an impairment
of the mitochondrial architecture and the oxidative phosphorylation (Soboll et al., 1999). A
comparison of the mtCKu with the mtCKs revealed that the mtCKu is much stable and less
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susceptible to the peroxynitrite than the mtCKs (Wendt et al., 2003). The study of Kaasik et al.
(1999) showed that a nitric oxide (NO) is able to inhibit cardiac energy production via
inhibition of the mtCK (Kaasik et al., 1999). On the other hand, it has been reported that
expression and activity of the mtCKs increased after a chronic stress, such as hypoxia
(Waskova-Arnostova et al., 2014). The activation of mtCKs indicated that the energy supply
was damaged after a chronic stress and the complementary mechanism had to operate to
protect cardiomyocytes from a stress-induced injury (Liu et al., 2004). The CK catalytic
activity or the reversibility of the CK reaction can be further regulated by the availability of its
cofactors, such as Mg®" and Mn>" (Noda, 1958), or inhibited by —SH group reagents (Font et
al., 1983), -S04* (Cain and Davies, 1962), as well as by iron ions concentration (Korge and
Campbell, 1993).

1.2.4 Intracellular phosphotransfer network

The PCr/CK system represents a major phosphotransfer system contributing to 89% of
the total ATP turnover rate in the heart (Dzeja et al., 1996). The adenylate kinase (AK)
phosphagen system also facilitates the transfer of high-energy phosphoryls and the signal
communication between mitochondria and sites of utilization. The AK catalyzes the reversible
reaction: 2 ADP <> ATP + AMP and contributes to 10% of the total ATP turnover rate (Dzeja
et al., 1996; Zeleznikar et al., 1990). Under the conditions, when the CK is inactive or absent,
the AK can partially substitute its function to maintain the intracellular phosphotransfer. It has
been reported an increased contribution of the AK-catalyzed phosphotransfer to the total ATP
turnover in the failing heart, when the contribution by the CK dropped to 40%. However, the
compensation provided by the AK was only partial, the CK and the AK together contributed
only 60% to 65% of the total ATP turnover in failing hearts (Dzeja et al., 1999). The rest 35-
40% of the ATP turnover may be mediated by other phosphotransfer enzymes. Beside the
phosphotransfer role, the AK also facilitates communication of mitochondrial signals to the
sarcolemmal Kartp channel under the stress conditions, such as the hypoxia or ischemia
(Carrasco et al., 2001; Deutsch et al., 1991). The AK promotes opening of the Katp channel by
hydrolyzing the ATP and producing the ADP around the channel environment and thus

increases the flux of K ions from cells (Carrasco et al., 2001), which is associated with their
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electrical instability (O’Rourke et al., 1994; Wilde and Janse, 1994). Studies on genetically
manipulated animals lacking the gene for one of the CK isoforms or for both major CK
isoforms have revealed increased phosphotransfer enzymes enabled to compensate the CK
deficiency.

The CKM absence, which eliminates ~ 71% of the total CK activity (Dzeja et al.,
2011), does not cause any changes in cardiac energy metabolism or left ventricular contractile
function, even during an increased cardiac workload (Saupe et al., 1998). The CKM function
is compensated by an increased phosphotransfer through the CKB isoform and glycolytic
enzymes, such as the HK. The AK phosphotransfer flux remains unchanged in this case (Dzeja
et al., 2011). It has been also described that mitochondria of CKM knockout mice had a higher
sensitivity to the cellular ADP and thus a higher permeability of the outer mitochondrial
membrane, indicating a greater participation of the mtCKs in cytosolic processes (Veksler et
al., 1995) and its higher phosphotransfer activity (Dzeja et al., 2011). However, it should be
also mentioned that Saupe et al. (2000) have demonstrated no compensatory increase in the
CKB isoform in hearts lacking the CKM (Saupe et al., 2000). Comparing the heart and
skeletal muscles, which possess nearly undetectable amount of the CKB and conversely nearly
100% of the CKM, the CKM deficiency is mainly compensated by an increased contribution
of the cytosolic AK1 and also glycolytic phosphotransfers, such as the GAPDH, PK, and
PGK, to the total cellular ATP turnover (Dzeja et al., 2004; Ventura-Clapier et al., 1995).
Studies on fast-twich skeletal muscles of mice deficient in the CKM have also shown an
increase in the mitochondrial volume (Kaasik et al., 2003; van Deursen et al., 1993) and
respiration rate (Veksler et al., 1995) to accelerate delivery and production of the ATP
required for the muscle contraction. However, this adaptation cannot fully compensate the lack
of the CKM and as a result, it leads to a weak communication between the ATP synthase and
acto-myosin ATPase associated with a lower energetic efficiency.

The combined loss of the CKM and the mtCKs is in the heart still well compensated
due to the activation of other phosphotransfer systems. Double CK-knockout is associated
with a significant decrease, by over 88%, of the total CK-phosphoryl capability, which
eliminates ~ 96% of the total CK activity. The remaining CKB represents only 12% of this
phosphoryl capability. Kassik et al. (2001) suggested that the combined knockout of the CKM

and mtCKs results in a direct channeling between mitochondria and ATP-utilizing structures
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(Kaasik et al., 2001). These authors have later observed an increased content of the
intermyofibrillar mitochondria, an increased oxidative capacity and aerobic metabolism,
which supports their previous findings (Kaasik et al., 2003). It is generally known that the
heart has a much higher content of mitochondria, which is needed for a greater capacity of the
aerobic ATP synthesis. Nevertheless, the recent work of Dzeja et al. (2011) showed that the
combined loss of the CKM and mtCKs led to the involvement of more phosphotranfer
systems. They have observed an increased phosphotransfer flux through the CKB and the
glycolytic phosphotransfer system, primarily via the HK, further an increased phosphotransfer
flux through the AK system, and also elevated guanosine 5’triphosphate (GTP) turnover
through the nucleoside monophosphate kinase (NMPK) and NDPK (Dzeja et al., 2011). Like
the CK, glycolytic enzymes are also involved in the regulation of the Karp channels (Dzeja
and Terzic, 1998; Weiss and Lamp, 1987) and they are able to support the SERCA activity
(Boehm et al., 2000; Xu et al., 1995). Beside the maintaining of the high-phosphoryl group
transfer, the enzyme carbonic anhydrase maintains the H™ and pH homeostasis and reduces H"
concentration around ATPases, protecting them against inhibition (Dodgson et al., 1980;
Geers and Gros, 1991; Stewart et al., 1999). This way, the carbonic anhydrase substitutes the
CK role in CKM/mtCKs-deficient hearts. These results demonstrate the existence of
comprehensive compensation mechanisms keeping the energy homeostasis in hearts with
partial CK deficiency. However, the communication between ATP-consuming and ATP-
generating cellular sites is compromised, being reflected in the increased cardiac workload.
The heart lacking both major CK isoforms, the CKM and mtCKs, has a reduced ability to
respond to P-adrenergic stimulation (Crozatier et al., 2002) and is more vulnerable to
ischemia-reperfusion (I/R) injury (Spindler et al., 2004).

The deletion of the mtCKs alone resulted in similar changes in the high-energy
phosphate metabolism as observed in CKM/mtCKs knockout animals, suggesting that the
mtCKs is an enzyme primarily responsible for the energy homeostasis in the heart (Spindler et
al., 2002). This is in contrary with results from mtCKs-deficient skeletal muscles, where the
deletion of the mtCKs has no significant effect on the deterioration or change in the PCr/CK
system and the ATP turnover. This suggests that the mtCKs role in the stimulation of
oxidative phosphorylation is well compensated by an alternate process including the

mitochondrial NDPK-D, AK2 or AK3, and glycolytic enzymes (Dzeja et al., 2004). The
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opposite findings between cardiac and skeletal muscles could be related to the different
proportion of two major CK isoforms to the total CK activity. The CKM and the mtCKs
constitute 61% and 25% of the total CK activity in the heart, respectively, while 98% and 2%
in skeletal muscles, respectively (Bittl et al., 1987). Therefore, the heart and skeletal muscles
differ significantly in response to the absence of any of the major CK isoforms. The lack of
both CKM and mtCKs in skeletal muscles causes also progressive changes in the energy
homeostasis (Momken et al., 2005; Steeghs et al., 1997, 1998), even in the decrease of PCr
turnover and the Pi compartmentalization. Hereby, the skeletal muscles become more sensitive
to metabolic stress, like the heart (Dzeja et al., 2004). These observations indicate the
importance of the PCr/CK system as a central phosphotransfer system in excitable tissues.

Taken together, the intracellular phosphotransfer network, including the PCr/CK
system, AK, glycolytic enzymes, guanine nucleotide system, and carbonic anhydrase,
represents a functional cellular bioenergetics infrastructure supporting an efficient high-energy
phosphoryl transfer, ionic homeostasis, and metabolic signal communication (Figure 06)
(reviewed in Dzeja and Terzic, 2003). The disruption of this network leads to many serious
cardiovascular diseases (Bottomley et al., 2009; Dzeja et al., 1999; Ingwall et al., 1985;
Ingwall, 2009; Janssen et al., 2000; Pucar et al., 2002).
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Figure 6: The intracellular phosphotransfer network. The GAPDH, glyceraldehyde 3-phosphate dehydrogenase;
1,3 bis-P-Gl, 1,3 bis-phosphoglycerate; GI-3-P, glyceraldehyde-3-phosphate; CA, carbonic anhydrase; CK,
creatine kinase; Cr, creatine;, CrP, phosphocreatine; AK, adenylate kinase; PGK, phosphoglycerate kinase; 3-P-
Gl, 3-phosphoglycerate; PK, pyruvate kinase; HEX, hexokinase; G-6-P, glucose-6-phosphate; PFK,
phosphofructokinase; F-6-P, fructose-6-phosphate; PEP, phosphoenol pyruvate; PYR, pyruvate. The figure is
republished with permission of Prof. Dzeja and The FASEB Journal from the paper Phosphotransfer networks

and cellular energetics, Dzeja and Terzic, J Exp Biol. 2003 Jun;206(Pt 12):2039-47, Figure 3; permission
conveyed through Copyright Clearance Center, Inc.
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1.3 Hexokinase

The Hexokinase is a key glycolytic enzyme, which keeps the intracellular glucose
concentration at a low level by phosphorylating glucose to G-6-P, thereby regulating glucose
fluxes into cardiomyocytes. The HK is thus essential for the regulation of the glucose
utilization and for the maintenance of the glucose uptake (Wilson, 2003). Depending on the
current conditions, the produced G-6-P is further metabolized via triosa-phosphate pathway,
which is the primary glycolytic pathway for the ATP generation. Alternatively, it can be
processed through the pentosa-phosphate pathway to generate NADPH and precursors for
biosynthetic reactions or it may be used for a glycogen synthesis (Voet and Voet, 2010). As
mentioned previously, the HK is an integral part of the intracellular phosphotransfer network,
where it tightly co-operates with the CK and in some cases can compensates the CK function.
Beside its metabolic function, the HK also plays an important role in anti-apoptotic processes.
The HK bound to mitochondria also stimulates oxidative phosphorylation and thus prevents
ROS over-production and oxidative stress similarly as the mtCKs. In addition, the HK
competes with pro-apoptotic proteins for particular binding site on the mitochondria, thereby
inhibiting apoptosis. Dysfunction of the HK results in decreased cardiac function and heart is
then more susceptible to the I/R injury (Wu et al., 2011). The dissociation of HK2 from
mitochondria is associated with an extensive decrease in the tolerance of the heart to the I/R
insult (Smeele et al., 2011). The reduced HK2 also impairs the function of skeletal muscles
(Smeele et al., 2010, 2012). On the other hand, the over-expression of the HK2 protects the
cancer cells against cell death (Ahmad et al., 2002; Azoulay-Zohar et al., 2004; Sun et al.,
2008). Therefore this enzyme could be a potential candidate for therapeutic interventions in
cardiovascular as well as in cancer research. The experimental intervention directed at
increasing and/or maintaining of the HK bond with mitochondria appears to be a promising

cardioprotective approach.
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1.3.1 Glucose transport

The glucose represents one of the important energy substrates in cardiac and skeletal
muscles. The glucose is transported into cardiomyocytes by facilitative glucose transporters
(GLUTs), which are developmentally and hormonally regulated (reviewed in Abel, 2004). The
predominant GLUTs expressed in the heart are GLUT1 and GLUT4 isoforms. The GLUT]1 is
the most abundant isoform in the embryonic heart, whereas the GLUT4 predominates in the
adult heart (Smoak and Branch, 2000; Studelska et al., 1992). Regulation of the GLUTI1
transcription is mediated by similar transcription factors involved in the CKB transcription
regulation. The GLUT4 transcription is controlled by transcription MEF enhancers, as the
CKM gene expression, and mainly by thyroid hormones. After the birth the circulation of
thyroid hormones significantly increases (Lompre et al., 1984), which results in increased
GLUT4 expression. The GLUT1 and GLUT4 expressions are also regulated by the insulin,
however, the GLUT4 is the major regulator of insulin stimulated glucose uptake in the heart
(Kraegen et al., 1993). During fasting, when the insulin is low, cardiac FFA utilization
increases and glucose utilization decreases, leading to repression of both GLUT1 and GLUT4
expressions. However, the isoforms can differ in their response to pathophysiological
conditions. Up-regulation of GLUT1 is associated with hypertrophy (Tian et al., 2001),
hypoxia (Sivitz et al., 1992), or ischemia (Brosius et al., 1997). The regulation of the GLUT1
expression during hypoxia and ischemia could probably be mediated by the AMPK (Tian et
al., 2001) or by hypoxia inducible factor, HIF1 (Chen et al., 2001a). Generally, hypoxia
activates the expression of fetal genes including also the myosin heavy chain (MyHC) B and
the CKB (Letout et al., 2005; Pissarek et al., 1997, Waskova-Arnostova et al., 2014). The
GLUT4 expression is elevated by endurance exercise (Ren et al., 1994) and conversely is
down-regulated by hypertrophy (Paternostro et al., 1995). The effect of hypoxia or ischemia
on the GLUT4 expression probably depends on the duration and intensity of the stimulus. The
more pronounced changes have been observed in the translocation of GLUTs into the plasma
membrane. Under the resting conditions, the GLUT1 and GLUT4 are located in the
intracellular vesicles and are recruited into plasma membranes under an increased level of
catecholamines and adrenergic activation (Egert et al., 1999a; Rattigan et al., 1991), under

ischemia, hypoxia, and increased concentration of insulin (Egert et al., 1999b; Sun et al.,
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1994). Beside GLUT1 and GLUT4 isoforms, other members of the glucose transporter family
have been determined in the heart. The GLUT3 in the fetal heart (Grover-McKay et al., 1999)
and the GLUT12, which is insulin-responsive (Macheda et al., 2002; Rogers et al., 2002),
GLUTI11 (Doege et al., 2001; Wu et al., 2002b), GLUTS8 (Doege et al., 2000), and GLUT10
(Dawson et al., 2001) in the adult heart.

1.3.2 Hexokinase isoforms

The mammalian tissues express four isoforms of hexokinase: HK1, HK2, HK3, and
HK4 (Gonzalez et al., 1964; Katzen and Schimke, 1965), which differ in their kinetic and
regulatory properties, transcriptional regulation, tissues distribution, and subcellular location.
HK1, HK2, and HK3 are 100 kDa molecules, while HK4 is only 50 kDa molecule. It has been
speculated that 100 kDa HKs arose by duplication and fusion from an ancestral 50 kDa HK,
while HK4 probably separated before this process and therefore remains smaller than other
mammalian HK isoforms (Cardenas et al., 1998). Each of the three 100 kDa HKs consist of
two parts: C-terminal half, which is catalytically active, and N-terminal half of whose function
differs between isoforms. While HK1 and HK2 possess the 15 hydrophobic amino acid
residues on their N-terminal half enabling them to interact with mitochondria (Fiek et al.,
1982; Kurokawa et al., 1982; Linden et al., 1982; Rose and Warms, 1967), HK3 lacks this
sequence and is mainly soluble. The HK3 has been also found in a perinuclear compartment
(Preller and Wilson, 1992; Wilson, 2003), but its specific metabolic role remains unclear. In
addition, HK2 contains two active sites, one on the C-terminal half, as HK1 and HK3, and the
second one on the N-terminal half (Ardehali et al., 1996; Printz et al., 1997; Tsai and Wilson,
1996), which again points to a distinct function. The structural features are naturally related to
kinetic parameters of the enzyme. All 100 kDa HK isoforms are inhibited by their product G-
6-P. Only HK1 inhibition can be antagonized by a low Pi concentration. The regulatory effect
of the Pi is based on the direct competitive inhibitory mechanism attenuating the G-6-P
binding to the N-terminal half of the enzyme at physiological concentrations (Ellison et al.,
1974, 1975; Rose and Warms, 1967; Tsai and Wilson, 1995) and an indirect displacement of
the G-6-P from the catalytic site on the C-terminal half (Fang et al., 1998). The HK2 is more

sensitive to the inhibition by its G-6-P product, because it is not antagonized by the Pi at the
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N-terminal domain (Lueck and Fromm, 1974). The HK3 is also inhibited by the Pi at all
concentrations (Wilson, 2003) and moreover, the HK3 may be also inhibited by a high
concentration of glucose (above 0.2 mM), but the physiological significance has not been
completely resolved (Radojkovic and Ureta, 1987). On the other hand, the HK4 cannot be
physiologically inhibited by its product G-6-P. The HK4 has the highest Km for glucose from
all four HKs, thus it requires a high concentration of glucose for the reaction, which is related
to a high value of Vmax indicating a low concentration of G-6-P (Niemeyer et al., 1975; Storer
and Cornish-Bowden, 1977). The HK4 also phosphorylates glucose faster than other three
HKSs, which can be due to a different interaction of ATP molecule within a binding site of the
enzyme (Kumar et al., 2012). The structural, kinetic, and regulatory differences are associated
with tissue distribution. The HK4 is mainly expressed in liver and pancreatic tissue, where it
acts as a glucose sensor. However, some studies have reported no HK4 activity in liver of
several species (Ureta et al., 1973, 1975), even mammals (Ureta et al., 1981). The lack of the
HK4 in liver could represent the adaptive phenotype based on the diet that is high in protein
and low in carbohydrate content and thus these species, particularly carnivores, have mild
glucose intolerance and reduced insulin sensitivity (discussed in more detail in Schermerhorn,
2013). The HK4 has also different promoters in liver and pancreas, allowing tissue-specific
gene regulation (Andreone et al., 1989; Magnuson and Shelton, 1989). The HK3 has the
highest level in lung, kidney, and liver, in other tissues is absent or present in very low
concentrations (Ureta, 1982). The HK1 is expressed in most tissues, but predominantly in
brain and muscles. The increased energy demand activates glycolysis, thereby increasing the
Pi/G-6-P ratio, which prevents the inhibition of HK1, i.e., its activity increases. Moreover, the
low Km for glucose allows to retain more than 70% of full HK1 activity at glucose
concentration as low as 0.1 mM (Niemeyer et al., 1975; Storer and Cornish-Bowden, 1977).
This is important especially for brain, which is almost entirely dependent on glucose
metabolism (Clarke and Sokoloff, 1999). The HK2 predominates in insulin-sensitive tissues,
such as skeletal muscles, heart, and adipose tissue. This isoform is also expressed at high
levels in many tumors (Shinohara et al., 1991) that exhibits a “Warburg effect”, metabolizes
glucose to lactic acid at a high rate even in the presence of oxygen (Warburg, 1956).

The heart expresses two HK isoforms, HK1 and HK2 (Aubert-Foucher et al., 1984;
Burcelin et al.,, 1993). HK1 and HK2 isoforms are encoded by hk/ and hk2 genes,

47



respectively. The HK1 gene is located on the chromosome 10 in human tissues (NCBI #3098)
and on the chromosome 20 in rat tissues (NCBI #25058). The HK2 gene is located on the
chromosome 2 in human tissues (NCBI #3099) and on the chromosome 4 in rat tissues (NCBI
#25059). The HK1 and HK2 share a high degree of functional similarity but there are some
differences. As already mentioned, they differ in their substrate affinity and subcellular
localization reflecting their different metabolic roles (John et al., 2011; Mathupala et al., 2009;
White and Wilson, 1990). It has been suggested that under the physiological conditions, the
HK1 is predominantly bound to the outer mitochondrial membrane and channels glucose
towards glycolysis (Wilson, 1997, 2003), whereas the HK2 is mainly soluble and controls
glycogen formation (John et al., 2011; Sebastian et al., 2000; Wilson, 2003). Distribution of
the HK2 between the cytosol and the mitochondria is dynamically regulated by the glucose
availability (John et al., 2011). Increasing glucose uptake via the main glucose transporter
GLUT4 (Abel, 2004; Postic et al., 1994) mediates the interaction of the HK2 with the outer
mitochondrial membrane (Figure 7) (Southworth et al., 2007). This interaction enhances the
affinity of HK2 to the ATP (Aubert-Foucher et al., 1984; Bustamante and Pedersen, 1977;
Depre et al., 1998b; Wilson, 1997) and makes the HK2 less sensitive to inhibition by its
product G-6-P, which is further metabolized in the glycolytic pathway (Bustamante and
Pedersen, 1977; Bustamante et al., 1981; Depre et al., 1998b).
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Figure 7: The intracellular distribution of HK1 and HK?2 isoforms. The HK1, hexokinasel; HK2, hexokinase 2;
GLUT, glucose transporter; Glucose-6-P, glucose-6-phosphate.

Both HK isoforms bind to mitochondria via VDAC (Anflous-Pharayra et al., 2007;
Rosano, 2011; Shoshan-Barmatz et al., 2009), where highly support oxidative phosphorylation
by increasing the availability of ADP for complex V of the respiratory chain (Chen et al.,
2001b). This helps to maintain a suitably low membrane potential and prevent the over-
production of ROS (da-Silva et al., 2004; Santiago et al., 2008). Recently, the existence of a
complex VDAC-HK2-ATP synthasome (Ko et al.,, 2003) in cancer cells has been shown
allowing the HK2 a preferential access to mitochondrially generated ATP, thus enhancing
oxidative phosphorylation as well as glycolysis (Figure §) (Chen et al., 2004; Pedersen,
2007b; a, 2008).
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Figure 8: The complex of the VDAC, HK2, and ATP synthasome. The HK2, hexokinase 2; VDAC, voltage
dependent anion channel; ANC, adenine nucleotide carrier;, PIC, phosphate carrier;, MOM, mitochondrial outer
membrane; IMS, intermembrane space; MIM, mitochondrial inner membrane. The figure is reprinted from the
paper Warburg, me and Hexokinase 2: Multiple discoveries of key molecular events underlying one of cancers’
most common phenotypes, the “Warburg Effect”, i.e., elevated glycolysis in the presence of oxygen, Pedersen PL,
Springer and J Bioenerg Biomembr. 2007 Jun;39(3):211-22, Figure 1g. The figure is republished with kind

permission from Prof. Pedersen and Springer Science and Business Media.

The HK bound to mitochondria also reduces the probability of apoptosis initiation
(Azoulay-Zohar et al., 2004; Majewski et al., 2004a; Pastorino and Hoek, 2003) by inhibiting
the binding of the pro-apoptotic protein BAX to the outer mitochondrial membrane (Pastorino
et al., 2002), thereby preventing MPT pore opening and cytochrome c release (Azoulay-Zohar
et al., 2004; Beutner et al., 1998; Miyamoto et al., 2008). It has been shown that the HK1 can
also inhibit the formation of active pro-apoptotic caspases and block the mitochondrial step of
tumor necrosis factor (TNF)-mediated cell death (Schindler and Foley, 2010). These
observations suggest that, besides its critical involvement in the regulation of glucose
metabolism, the HK could play a crucial role in protective signaling pathways. It has also been
shown that the over-expression of full-length HK results in protection against cell death
(Ahmad et al., 2002; Azoulay-Zohar et al., 2004; Sun et al., 2008). Both HK isoforms are
essential for the normal physiological function of the heart and are not mutually substitutable.
The depletion of the HK1 isoform results in caspase-8-dependent cell death in response to the
TNF (Schindler and Foley, 2010), which indicates a strong pro-survival function of this
enzyme. The physiological importance of the HK1 probably lies to a high degree in the

association of this isoform with mitochondria, because its function in glycolysis could be
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replaced by HK2. Accordingly, the binding of the HK2 to mitochondria has been shown to be
necessary for the normal function of mitochondria. A recent study demonstrated that the
displacement of the HK2 from isolated mitochondria using an artificial peptide resulted in the
enhanced release of cytochrome ¢ upon treatment with the recombinant tBID, a membrane-
targeted death ligand (Shulga et al., 2009). In addition, the disruption of the HK2 binding to
mitochondria blocks ischemic preconditioning and may cause myocardial necrosis (Smeele et

al., 2011) or apoptosis (Chiara et al., 2008).

1.3.3 Regulation of HK expression and activity

The regulation of the HK expression is different between tissues and depends on the
availability of substrates (Griffin et al., 1991). The HK1 and HK2 also differ in their
subcellular locations and affinities for their substrates (John et al., 2011; Mathupala et al.,
2009; White and Wilson, 1990), which can be reflected by their distinct and varying responses
to actual conditions. In Addition, promoter regions of the HK1 and HK2 are distinct in
character and responsive to different transcription factors (Heikkinen et al., 2000; Liu and
Wilson, 1997; Mathupala et al., 1995; Osawa et al., 1996a; b; White et al., 1996). The
regulatory mechanism of the HK1 gene expression is not completely understood. It has been
demonstrated that Sp sites may have the functional significance as cis-regulatory elements in
this case (Liu and Wilson, 1997; White et al., 1996). The Sp factors are also involved in the
regulation of the GLUTI transcription (Santalucia et al., 1999). This could indicate a
relationship in the regulation of gene expression between the HK1 and GLUT]1. There could
therefore be a similar relationship between the HK2 and GLUT4. Studies focused on the HK2
promoter from normal and cancer cells have revealed that the hypoxic conditions, glucose,
insulin, glucagon, catecholamines, cAMP, and p53 activate the HK2 transcription (Mathupala
et al., 1995, 1997, 2001; Rempel et al., 1996; Osawa et al., 1995, 1996a). From these
transcription factors, only the insulin and hypoxia also increase the GLUT4 transcription
(Chou et al., 2004; Olson and Pessin, 1995), while the cAMP decreases the GLUT4 gene
expression (Flores-Riveros et al., 1993). A common transcription factor for the HK2 and
GLUT4 could be the AMPK, which is activated during endurance training (Stephens et al.,
2002) as well as hypoxia (Emerling et al., 2009; Jing et al., 2008; Mungai et al., 2011), under
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the same conditions as the expression of the HK2 (Koval et al., 1998; Waskova-Arnostova et
al., 2014) and the GLUT4 (Chou et al., 2004; Ren et al., 1994). Moreover, a chronic activation
of the AMPK by the adenosine analog, 5-aminoimidazole-4-carboxamide ribonucleoside
(AICAR), led to an increased expression of the HK2 (Stoppani et al., 2002) as well as GLUT4
(Holmes et al., 1999). In addition to expression, the AMPK also increases the HK activity
(Holmes et al., 1999), which demonstrates a more complex role of this kinase. The main
regulator of the HK2 is the HIF1 (Riddle et al., 2000), which together with other co-activators,
such as Myc, activates the HK2 transcription (Kenneth and Rocha, 2008). The HIF1 also
positively regulates the transcription of the HK1, GLUT1, GLUT4, and other glycolytic
enzymes (reviewed in (Marin-Hernandez et al., 2009; Semenza et al., 1994). Recent study has
described the translocation of the HK2 into nucleus in cancer cells (Neary and Pastorino,
2010), which has so far been observed only in yeast (Randez-Gil et al., 1998). Experiments on
Saccharomyces cerevisiae revealed that the HK2 can activate its own transcription and repress
transcription of the HK1 (Rodriguez et al., 2001), suggesting its role as a transcription factor.
However, this regulatory mechanism has not yet been described in mammalian cells. It has
been shown that other multifunctional kinase, the AKT kinase, also regulates the expression of
HK2 at the transcriptional level via the phosphatidylinositol-4,5-bisphosphate 3-kinase/AKT
kinase (PI3K/AKT) signaling pathway (Osawa et al., 1996b) stimulated by the insulin (Printz
etal., 1993).

However, the more important role of the AKT is related to the post-translational
regulation of the HK. Recently, it has been reported that the AKT kinase phosphorylates the
HK2 at the Thr473 residue and stimulates its translocation into the mitochondria (Miyamoto et
al., 2008). The interaction of the HK2 with the outer mitochondrial membrane enhances its
binding affinity for the ATP (Bustamante and Pedersen, 1980) and the HK2 thus becomes less
sensitive to inhibition by the G-6-P (Bustamante and Pedersen, 1977; Bustamante et al., 1981)
and it gains preferential access to mitochondrial generated ATP (Arora and Pedersen, 1988).
The effect of the AKT requires the presence of glucose (Majewski et al., 2004b). Therefore,
both glucose and AKT signaling promote the binding of the HK2 to the mitochondria, thereby
favoring glucose catabolism over glycogen synthesis (John et al., 2011). The association of the
HK with mitochondria is enhanced under ischemic conditions (Southworth et al., 2007), by an

increased level of insulin (Southworth et al., 2007; Zuurbier et al., 2005), after morphine
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administration (Zuurbier et al., 2005), or under increased concentration of glucose (John et al.,
2011). Nevertheless, association of the HK with mitochondria under hypoxic conditions has
not yet been elucidated. The subcellular distribution of the HK2 can be also regulated by
intracellular stimuli, such as pH changes. The shift of pH toward basic values increases the
interaction of the HK2 with mitochondria, conversely, the acidic pH decreases this interaction
(Miccoli et al., 1996). Another regulator is lactate, whose effect on the HK localization is
tissue specific. In skeletal muscles, lactate can promote dissociation of the HK from
mitochondria and thus also indirectly inhibits its activity, whereas in the heart, lactate does not
affect neither the HK distribution, nor activity (Leite et al., 2011). This could be explained by
the ability of the heart to metabolize lactate in contrast to fast-twich skeletal muscles (Voet
and Voet, 2010). The same authors have also reported the inhibition of the HK activity and
alteration in the distribution mediated by lactate in liver tissue, which is the main tissue for
lactate degradation in Cori cycle, but independent on the glucose concentration used in the
study (Leite et al., 2011). These observations suggest that lactate can also act as a positive
modulator of gluconeogenesis and represent thus the universal molecule.

The HK activity differs among species and exhibits the transmural gradient in the heart
(De Tata et al., 1986, 1988). The HK exhibits the maximal enzyme activity in the heart during
the fetal period and only moderate changes occur during postnatal life (Andres et al., 1984;
Bass et al., 2001). Changes in the total HK activity correlate with specific changes in the
activity of the HK2 rather than with the activity of the HK1 (Riddle et al., 2000). The higher
HK activity is associated with the binding of the HK to the mitochondria. It has been
demonstrated that the HK activity doubled during the first hour after the HK translocation into
the mitochondria and continued to rise thereafter (Parra et al., 1997). Mechanisms involved in
the enhancement of the enzyme activity induced by the HK interaction with the mitochondria
include conformational changes of the HK molecule and the Pi competition with the G-6-P at
its binding site. The HK2 forms dimers in the cytosol, while the interaction of the HK2 with
mitochondria requires the HK in a tetrameric form, as well as the HKI-mitochondria
interaction (Mulichak et al., 1998; Wilson, 1995). Dimers or tetramers may differ in their
activity (Hoggett and Kellett, 1992). Post-translational modifications, such as sumoylation
(Aslanukov et al., 2006) and ubiquitinylation (Magnani et al., 1994), may affect the enzyme

activity of the HK and cause its degradation. The majority of soluble HK1 in brain tissue has
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been found to be ubiquitinylated at the N-terminal portion of the molecule, which may
increase its susceptibility to degradation (Magnani et al., 1994) and affect its enzyme activity
(Pastorino and Hoek, 2003). The HK monomer-dimer-tetramer transition and their interactions
with mitochondria can further affect the conformational state of the monomers and thus
change their substrate-binding affinity resulting in the increased activity of the whole
complex.

The HK activity can be also affected by hormones, such as insulin (Pilkis, 1970),
thyroid hormones (Kubista et al., 1971; Rosa et al., 1992), growth hormones (Bernstein and
Kipnis, 1973a), and estrogen (Kostanyan and Nazaryan, 1992; Moorthy et al., 2004), further
by exercise (Koval et al., 1998; O’Doherty et al., 1996), hypoxia (Daneshrad et al., 2000;
Rumsey et al., 1999; Waskova-Arnostova et al., 2014), and also by age (Bernstein and Kipnis,
1973b; Ding et al., 2013). Interestingly, most studies have showed substantial changes in the
HK2 isoform instead of the HK1 isoform, which emphasizes the importance of the HK2

isoform in the glycolytic metabolism control.

1.3.4 AKT kinase and glucose metabolism

The AKT kinase is involved in variety cellular processes such as cellular metabolism,
cell survival, cell growth and proliferation, angiogenesis, cell migration and invasion, and it
also cross-talks with other signaling pathways (reviewed in Hanada et al., 2004; Manning and
Cantley, 2007; Sussman et al., 2011). The activation of the AKT kinase is a multi-step process
that may be promoted by a number of stimuli. The most studied activation has been the PI3-
kinase dependent activation of the AKT (Burgering and Coffer, 1995; Franke et al., 1995)
shown in Figure 9 (Shen et al., 2013).
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Figure 9: The activation of the AKT kinase. The PI3K, phosphatidylinositol-4,5-bisphosphate 3-kinase; PIP2,
phosphatidylinositol  (4,5) bisphosphate; PIP3, phosphatidylinositol (3,4,5) trisphosphate; PDKI,
phosphoinositide-dependent kinasel; mTOR C2, mammalian target of rapamycin complex 2. The figure is
reprinted from the paper Dual fluorescent molecular substrates selectively report the activation, sustainability
and reversibility of cellular PKB/Akt activity, Shen et al. 2013, Sci Rep. 2013;3:1697, Figure 4. The figure is
republished with kind permission from Prof. Achilefu and Nature Publishing Group. This paper is licensed under

a Creative Commons Attribution-Noncommercial 2.5 International License.

In the insulin-sensitive tissues, such as cardiac and skeletal muscles, liver, and adipose
tissue, the PI3-kinase dependent activation of the AKT1 stimulates metabolic pathways
including the translocation of the GLUT4 to the plasma membrane facilitating glucose uptake.
The PI3-kinase produces the phosphatidylinositol (3,4,5) trisphosphate (PIP3), which interacts
with the pleckstrin homology (PH) domain of the AKT1 mediating a translocation of the
AKTI to the plasma membrane. This translocation enables the phosphoinositide-dependent
kinasel (PDKI1) to phosphorylate the AKT1 at the Thr308 residue in the activation loop
(Alessi et al., 1996) and the mammalian target of rapamycin complex 2 (mTORC2) to
phosphorylate the AKT1 at the Ser473 residue in the hydrophobic motif (Sarbassov et al.,
2005). These two phosphorylated sites are necessary and sufficient for full activation of the
AKT. Phosphorylation either Thr308 or Ser473 leads to a partial activation of the AKTI in
vitro and phosphorylation of both residues results in a synergistic activation of the enzyme
(Alessi et al., 1996). Alessi and his colleagues have also demonstrated that phosphorylation of
Thr308 and Ser473 phosphorylation are independent of each other in 293 cells (Alessi et al.,
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1996). The Ser473 may be also phosphorylated by the mitogen-activated protein kinase-
activated protein kinase 2 (MAPKAP-K2) (Alessi et al., 1996), but MAPKAP-K2 activation is
not induced by stimuli which activate the AKT, such as the insulin-like growth factor 1
(IGF1). The MAPKAP-K2 activation is also not dependent on the PI3-kinase activation,
suggesting that this kinase may not be a major kinase for the AKT Ser473 phosphorylation
(Shaw et al., 1998). The Ser473 phosphorylation can dictate the differential substrate
utilization (Alessi et al., 1996; Guertin et al., 2006; Jacinto et al., 2006). However, so far any
specific factors or kinases that result in the Thr308 phosphorylation in the absence of the
Ser473 phosphorylation have not yet been discovered (Manning and Cantley, 2007). One of
the most important physiological functions of the AKT is to acutely stimulate glucose uptake
in response to insulin. The AKT2, the primary isoform in insulin-responsive tissues, has been
found to associate with the GLUT4 containing vesicles upon insulin stimulation of adipocytes
(Calera et al., 1998), and the AKT activation leads to the GLUT4 translocation to the plasma
membrane (Kohn et al., 1996). The current model is that the AKT-mediated phosphorylation
of some combination of the sites on the AS160 inhibits its GAP activity. This allows a Rab-
family GTPase to become GTP loaded to stimulate the GLUT4 vesicle translocation.
However, recent studies suggested the AS160-independent mechanisms of regulation of this
process (Bai et al., 2007), and other AKT substrates involved in various steps of the GLUT4
translocation have been identified, including the FYVE zinc finger domain kinase binding
phosphatidylinositol 3-phosphate (PIKfyve kinase) (Berwick et al., 2004). The activated
phospho-AKT further phosphorylates the HK2 and thus stimulates the HK2 translocation into
the outer mitochondrial membrane, where the HK2 inhibits the binding of BAX protein and
opening of the MPT pore. Another glycolytic enzyme phosphorylated and activated by the
AKT is the cardiac-specific isoform of PFK2. The AKT phosphorylates the PFK2 on Ser466,
which results in the promotion of glycolysis (Deprez et al., 1997). Another major substrate for
AKT is the glycogen synthase kinase 3 (GSK3), which phosphorylates and inactivates
glycogen synthase in response to insulin stimulation (Burgering and Coffer, 1995). The AKT
kinase can also regulate the intracellular level of cyclic nucleotides in response to insulin. It
phosphorylates the phosphodiesterase 3B (PDE3B) on Ser273, which leads to decrease of the
cAMP (Kitamura et al., 1999). The anti-apoptotic effects of the AKT are related to the BAD
phosphorylation on Serl136 resulting in the BAD dissociation from the Bcl-2 and Bcel-x
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proteins and in the inhibition of the BAD apoptotic activity (Downward, 1999). The AKT
signaling also leads to an increased production of the HIF1a and HIF2a transcription factors,
at least in part, through the mTORC]1-dependent translation (reviewed in Gordan and Simon,
2007; Semenza, 2003). Recently, it has been reported that both HIF1a and HIF2a are also
dependent on the mTORC2 and in addition, the HIF2a gene expression is specifically
dependent on the AKT2 signaling (Toschi et al., 2008).

The heart contains three AKT isoforms, AKT1, AKT2, and AKT3, but the most
abundant are the AKT1 and AKT2 (Matsui and Rosenzweig, 2005). The AKT1 is mainly
present in the cytosol, the AKT2 and AKT3 are localized in the mitochondrial membrane and
the nucleus, respectively (Santi and Lee, 2010). The distinct subcellular localization of AKT
isoforms is associated with different metabolic roles and could suggest different modes of
activation and different downstream targets (discussed in more detail in Gonzalez and
McGraw, 2009). The AKT]1 regulates the cell proliferation and cardiac growth (Chang et al.,
2010; DeBosch et al., 2006b) and plays a critical role in a cell survival (Chen et al., 2001b).
The AKT2 plays a central role in the maintenance of glucose homeostasis (Cho et al., 2001)
and also possesses an anti-apoptotic effect (DeBosch et al., 2006a). The AKT3 has been
proposed to play a role in development and function of cardiovascular system and brain

(Tschopp et al., 2005; Yang et al., 2005).

1.4 Myocardial ischemia-reperfusion injury

Cardiovascular diseases (CVDs) are one of the most common disorders of modern
civilization and are leading causes of death in the world. According to the World Health
Organization (WHO), the cardiovascular events cause 30% of all global deaths, representing
over 17.3 million deaths per year and the number still increases (Mendis et al., 2011). It is
generally accepted, that men are at greater risk of CVDs than women, but the risk for women
increases after menopause (World Heart Federation, WHF). One of the proposed explanations
for the gender difference is a distinct level of estrogen, which is predominant among women
and may have protective effects on improving cardiovascular functions (Jousilahti et al.,
1999). The risk of CVDs also increases with the age. Aging is associated with physiological

and morphological changes that alter the mechanical and structural properties of the cardiac
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muscle and circulatory system (Jani and Rajkumar, 2006; Minaker, 2011; Schwartz and Zipes,
2011), and thus lead to subsequently increased risk of CVDs, even in healthy asymptomatic
individuals (Dantas et al., 2012). However, an increasing number of young people can
develops heart problems, because of the unhealthy lifestyles, which often begins in childhood
and the childhood obesity is now on the rise. There is an evidence that behavioral and
metabolic factors such as tobacco smoking, physical inactivity, unhealthy diets (Finks et al.,
2012; Howard and Wylie-Rosett, 2002), and the harmful use of alcohol (Yusuf et al., 2004)
are one of the main risk factors causing the majority of CVDs. The long-term exposure to
these risk factors results in hypertension, diabetes, dyslipidemia, and obesity, which can
subsequently lead to a development of other serious diseases including renal disease, chronic
respiratory disease, or cancer (Mendis et al., 2011).

The main diseases that fall under the umbrella of CVDs include diseases of the heart
such as arrhythmia, cardiomyopathy, or ischemic heart disease, as well as vascular diseases of
the brain, which include, for example, cerebrovascular disease and ischemic stroke, and finally
diseases of blood vessels, such as hypertensive heart disease (Mendis et al., 2011). The
ischemic heart disease and its' acute form, myocardial infarction, is the major cause of death
and disability from all CVDs worldwide. They are responsible for nearly half of deaths caused
by CVDs. The ischemic heart disease comprises almost three quarters of all cardiovascular
deaths, its frequency of world mortality is ~ 13% per year, therefore it has been classified as
the most serious cardiovascular disorder at this time (WHF). The ischemic heart disease is
characterized by a reduced blood supply to the heart due to an atherosclerotic plaque builds up
inside the coronary arteries, which can lead to the myocardial infarction. The subsequent
restoration of the coronary flow, which is crucial for the viability of the myocardium, causes
other complications such as an impaired heart contractility and reperfusion arrhythmias. This
phenomenon is therefore termed the myocardial ischemia-reperfusion, I/R, injury and
represents a common pathophysiological feature (Figure 10) (reviewed in Frank et al., 2012;

Hausenloy and Yellon, 2013).
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Figure 10: The scheme of the I/R injury. The MPTP, mitochondrial permeability transition pore; ROS, reactive
oxygen species;, SR, sarcoplasmic reticulum. The figure is reprinted and slightly modified from the paper of
Hausenloy and Yellon 2013 with permission from prof. Yellon and The Journal of Clinical Investigation.
Myocardial ischemia-reperfusion injury: a neglected therapeutic target

Derek J. Hausenloy, Derek M. Yellon

Published in Volume 123, Issue 1

J Clin Invest. 2013; 123(1):92-100 doi:10.1172/JC162874

1.4.1 Myocardial ischemic injury

The ischemia occurs when the coronary artery lumen diameter is reduced by ~ 50%.
Necrosis of the myocardium follows when a complete loss of blood flow occurs for more than
20 min (Kloner et al., 1983). During the prolonged ischemia, ATP levels decrease by 65% at
15 min and by 90% at 40 min (Reimer and Jennings, 1986). The absence of oxygen switches
cell metabolism to anaerobic glycolysis leading to an accumulation of lactate and H'. In
contrast to the hypoxia, during the ischemia the effective removal of lactate and H' is
significantly decreased, which results in a marked reduction of the intracellular pH and
subsequently in the inhibition of glycolysis (Neely and Grotyohann, 1984). The prolonged
ischemia also causes a decrease of glucose uptake (Bricknell et al., 1981) probably mediated

by the cyclic guanosine 5’monophosphate (cGMP) (Depre et al., 1998a), which increases in
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the ischemic heart (Depre and Hue, 1994) because of an activation of NO synthase (NOS)
(Depre et al., 1997). Once the glycolysis is inhibited, glucose uptake progressively decreases,
while H', Na', and Ca’ continue to accumulate (Hausenloy and Yellon, 2013). The
intracellular accumulation of H' activates the sarcolemmal Na'/H' ion exchanger, which
extrudes H™ from the cell in exchange for Na" entry. The lack of the ATP during the ischemia
ceases the function of the sarcolemmal Na'/K" ATPase, thereby exacerbating the intracellular
Na' overload. In response, the reverse activation of the sarcolemmal Na'/Ca®" ion exchanger
results in the intracellular Ca®" overloading as the cell tries to extrude Na' (Avkiran and
Marber, 2002). The acidic conditions during the ischemia prevent the opening of the MPT
pore and cardiomyocyte hypercontracture at this time (Hausenloy and Yellon, 2013). In
conclusion, the ischemia inhibits oxidative phosphorylation, which leads to the depolarization
of the mitochondrial membrane, ATP depletion, and inhibition of myocardial contractile

function, which may further cause an acute myocardial infarction.

1.4.2 Myocardial reperfusion injury

During the reperfusion the physiological pH is rapidly restored by the wash out of
lactate and H' due to the activation of the Na'/H' exchanger as well as the Na'/HCO
symporter (Lemasters et al., 1996). The resultant increase in the intracellular Na' in turn
activates the sarcolemmal 2Na'/Ca®" exchanger, resulting in the exchange of the intracellular
Na' with the extracellular Ca**. A high rate of the 2Na'/Ca*" exchange can finally lead to the
Ca®" overload (Schifer et al., 2001; Yellon and Hausenloy, 2007). The restoration pH leads to
an activation of myocardial contractile function, but to a loss of the inhibitory effect on the
MPT pore opening. The presence of oxygen activates the mitochondrial oxidative
phosphorylation, which causes the excessive production of ROS (Ide et al., 1999, 2000;
Simpson and Lucchesi, 1987). The ROS mediate dysfunction of sarcoplasmic reticulum
resulting in Ca®" release, which contributes to the intracellular Ca** overload (Harman and
Maxwell, 1995). The ROS also causes a damage of membranes by lipid peroxidation, enzyme
denaturation, and damage of DNA, which results in the ionic homeostasis instability, enzyme
dysfunction, and impaired DNA replication and transcription (Ceconi et al., 1991; Galang et

al., 2000). The intracellular Ca*" overload causes a hypercontracture of cardiomyocytes
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(Ladilov et al., 1995; Siegmund et al., 1997) and together with ROS stimulate the MPT pore
opening and cytochrome c release leading to a cell death (Halestrap et al., 2004). The
restoration of mitochondrial membrane potential drives Ca®" into the mitochondria via the
mitochondrial Ca®" uniporter and subsequently induces the opening of the MPT pore. The
ROS activate also an inflammatory response that leads to a further damage to viable tissue
around infarct (reviewed in Marchant et al., 2012). The ROS promote the release of the pro-
inflammatory factors, such as the TNFa (Cain et al., 1999; Kleinbongard et al., 2011), the
nuclear factor kappa B (NFxB) (Gordon et al., 2011; Van der Heiden et al., 2010), toll-like
receptors (Boyd et al., 2006), and danger—associated molecular patterns (Arslan et al., 2011).
The presence of these chemoattractants results in the invasion of neutrophils (Jordan et al.,
1999; Williams, 1996), which produce more ROS by the NADPH oxidase activity (Babior et
al., 2002). Other sources of the ROS include the xanthine oxidase (Brown et al., 1988; Lee et
al., 2009) and eNOS (Vasquez-Vivar et al., 1998; Xia et al., 1998) in endothelial cells and the
cytochrome p450 (Granville et al., 2004; Sato et al., 2011). The cytochrome p450 is activated
by the arachidonic acid, a product of the phospholipase A2 activity, and generates other
inflammatory molecules (Granville and Gottlieb, 2006; Levick et al., 2007). Additionally, the
ROS also lead to inflammasome activation in cardiac fibroblasts, which results in further

inflammatory cytokine production, such as interleukin 1 B (Kawaguchi et al., 2011).

1.4.3 Cardioprotective interventions

Developing new strategies to reduce the I/R injury is currently one of the main goals of
the research in cardioprotection. In this context, the myocardial ischemic pre-conditioning and
post-conditioning have recently been proposed as interesting cardioprotective approaches
(reviewed in Bousselmi et al., 2014). The ischemic pre-conditioning has been first
documented as a cardioprotective phenomenon by Murry and his colleagues (Murry et al.,
1986). The ischemic pre-conditioning is triggered by brief episodes of ischemia and
reperfusion performed before the ischemic insult. Although it has been described to have a
strong in vivo protective effect against the I/R injury (Kloner et al., 1998), its clinic application
is limited. The cardioprotection persists only for hours or days (Kuzuya et al., 1993). Another

disadvantage is direct stress to the heart and mechanical trauma to major vascular structures.
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Another method, called the remote ischemic pre-conditioning, protects the heart indirectly via
conditioning of other organs (Tapuria et al., 2008). Even though classical pre-conditioning
may work in a clinical setting such as the heart surgery, it is not feasible in patients with acute
myocardial infarction because the coronary artery is already occluded at the time of hospital
admission of the patient. Zhao et al. (2003) was the first who described a phenomenon called
the post-conditioning in a canine model (Zhao et al., 2003). The post-conditioning, unlike to
the pre-conditioning, is induced by brief episodes of ischemia and reperfusion applied just
after the ischemic insult, which allows a direct clinic application. It has been shown that the
cardioprotection induced by the post-conditioning is as potent as that provided by the pre-
conditioning (Darling et al., 2007; Jin et al., 2007; Staat et al., 2005; Thibault et al., 2008; Xue
et al., 2010).

Beside ischemic conditionings, the adaptation to chronic hypoxia represents a potential
therapeutic intervention activating similar cardioprotective mechanisms as the ischemic pre-
conditioning (Neckar et al., 2002a). In addition, the myocardial infarct-size limiting effect of
the chronic hypoxia persists for 5 weeks of normoxic recovery compared to the ischemic pre-
conditioning (Neckar et al., 2004). Nevertheless, the adaptation to chronic hypoxia has not
been studied as intensively as ischemic conditionings, therefore the molecular mechanisms
responsible for the cardioprotective effect of chronic hypoxia are not still completely

understood and need more research.

1.5 Hypoxia

The hypoxia is the result of disproportion between the oxygen supply and demand
leading to the oxygen deficiency in tissues. According to the cause, four main types of
hypoxia can be defined (reviewed in Ostadal and Kolar, 2007):

1) The histotoxic hypoxia represents a disability of tissue to utilize oxygen due to an
injury caused by toxic substances, such as alcohol, cobalt, or cyanide, inhibiting the
mitochondrial respiratory chain;

i) The anemic hypoxia possesses the normal arterial pO, but has a decreased level of

erythrocytes as well as hemoglobin or impaired function of the hemoglobin. This type
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of hypoxia is found in anemia, poisoning by carbon dioxide, or in methemoglobinemia,
resulting from an oxidation of iron in hemoglobin;

ii1) The circulatory hypoxia has a decreased coronary blood flow leading to a lower
oxygen as well as nutrients supply, despite the normal pO, and hemoglobin
concentrations. The main cause of this hypoxia is the formation of atherosclerotic
plaques, which can lead to the development of ischemia and in case of a complete
cessation of coronary flow it may cause a myocardial infarction;

iv) The hypoxemic hypoxia is characterized by a low pO; in arterial blood under an
adequate perfusion. This hypoxia, beside its relation to some cardiovascular diseases,

also occurs naturally during perinatal development and during staying at high altitudes.

The adaptation to the high altitude hypoxia was shown to be a cardioprotective
intervention relating to an acute form of ishemic heart disease, the myocardial infarction. It
has been reported that populations living at high altitudes had a lower incidence of the
myocardial infarction (Hurtado, 1960) and lower mortality rates of ischemic and coronary
heart diseases (Mortimer et al., 1977; Voors and Johnson, 1979). Moreover, a reduced infarct
size (Meerson et al., 1973; Turek et al., 1980), an improved recovery of the post-ischemic
contractile function (Baker et al., 1997) and the hemodynamic function (Tajima et al., 1994),
and a reduced incidence and severity of ischemic and reperfusion arrhythmias (Asemu et al.,
2000; Meerson et al., 1987, 1989) in high altitude-residents have been observed. The
cardiprotective effects of chronic hypoxia (CH) were also confirmed in experimental studies
using a model of simulated hypoxia in a normobaric (Neckar et al., 2013) or hypobaric
chamber (McGrath and Bullard, 1968; McGrath et al., 1973; Neckar et al., 2002a; b; Poupa et
al., 1966; Widimsky et al., 1973). In contrast to protective effects of adaptation to CH, the
study of Joyeux-Faure et al. (2005) showed that an extreme model of CH makes the heart
more sensitive to the ischemic injury (Joyeux-Faure et al., 2005). And similarly, the study of
Park and Suzuki (2007) showed that the I/R-induced myocardial injury depends on the
duration of hypoxic exposure (Park and Suzuki, 2007). From these experimental data it is
evident that the type of hypoxia, duration, intensity, and frequency of hypoxic episodes are
critical factors determining whether hypoxia has beneficial or harmful effect (Beguin et al.,

2005).
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1.5.1 Experimental models of hypoxia

Experimental animals can be adapted to either the hypobaric or the normobaric
hypoxia. The hypobaric hypoxia represents conditions with a low O, supply under a low
barometric pressure, while the normobaric hypoxia demonstrates conditions with a low O,
supply under a lower O, concentration (less than 21%). Both types of hypoxia are
cardioprotective. However, whether their effects on cardiovascular parameters are similar or
different it is still sporadic. While Sheedy et al. (1996) have found similarities between
normobaric and hypobaric hypoxia actions (Sheedy et al., 1996), Savourey et al., (2003) have
observed dissimilar effects of these two hypoxias (Savourey et al., 2003). Therefore, it cannot
be excluded that these hypoxias will differ in the activation of molecular mechanisms due to
the effect of the barometric pressure on O, supply into tissues.

According to the duration of hypoxia we can distinguish an acute and a chronic
hypoxia. These two forms differ in the anti-arrhythmic and anti-necrotic effects. Neckar and
his colleagues have observed that the adaptation to a normobaric hypoxia for hours or few
days led to an activation of a strong anti-arrhythmic mechanism. The reduced incidence of
ischemic arrhythmia persists into the fifth day of the adaptation. After this time, the anti-
arrhythmic effect decreases and with increasing duration of the adaptation to hypoxia it
disappears. In contrast, the anti-nectrotic mechanism, representing a reduced size of the
necrotic tissue after induction of the myocardial infarction, is not visible in the first days of the
adaptation to CH and it increases from the fifth day of the adaptation. It reaches its maximum
at about the third or fourth week of the adaptation (Neckar et al., 2013).

The intensity of the hypoxia also plays an important role in the cardioprotection. The
distinct barometric pressure during the adaptation to a hypobaric hypoxia can lead to the
activation of different mechanisms. The adaptation to a hypobaric hypoxia simulated a high
altitude 7000 m for 5 weeks still has a cardioprotective effect (Kolar et al., 2007). The
question arises how long exposure would still results in the cardioprotection and whether the
7000 m is a limit altitude for the activity of survival mechanisms or not. For example, at the
normobaric hypoxia, the adaptation to 10% O, possesses a cardioprotective effect (Neckar et
al., 2013), but a lower concentration of O, can result in opposite impact (Joyeux-Faure et al.,

2005).
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The last critical factor determining whether hypoxia is beneficial or harmful is the
frequency of hypoxic episodes. It has been observed that the intermittent normobaric hypoxia
with 16 hours of daily reoxygenation was cardioprotective (Figure 23) (Kasparova et al., data
in preparation), whereas the intermittent normobaric hypoxia with 1 hour of daily
reoxygenation abolished this effect (Neckar et al., 2013). Conversely, Milano et al. (2010)
have published that the daily reoxygenation decreased the myocardial injury and improved the
post-ischemic recovery after chronic hypoxia (Milano et al., 2010a). Recent studies have
reported the cardioprotective effect of the normobaric intermittent hypoxic conditioning,
which is characterized by several short cyles of hypoxia per day (Mallet et al., 2006;
Manukhina et al., 2013; Maslov et al., 2013).

In addition to the experimental models of the hypoxia, the sensitivity of the organism
to the hypoxia has a vital role. Different species respond differently to the hypoxia. For
example, cattle and pigs are more sensitive than rats and rabbits and these than dogs and sheep
(Herget and Palecek, 1978; Reeves et al., 1979; Turek et al., 1975; Wauthy et al., 2004).
Differences exist also between males and females. The female myocardium is more tolerant to
the hypoxia than the myocardium of male (Ostadal et al., 1984b), which can be related to the
effect of female sex hormones. And last but not least, the age affects the sensitivity of the
organism to the hypoxia. La Padula and Costa (2005) have found that senescents rats (25
months) are more sensitive to the hypoxia than younger adult rats (up to 18 months), which
may be associated with worse cardiovascular system plasticity (La Padula and Costa, 2005).

It can be generally concluded that the exposure to a moderate oxygen deprivation
(physiological hypoxia) triggers defence mechanisms to deal with a reduced oxygen supply,
and cardioprotective programmes. Conversely, a severe impairment of oxygen supply
(pathophysiological hypoxia) may exceed the host organism’s defence apparatus resulting in a
maladaptive cardiac phenotype.

It should be also mentioned that beside the protective character, the adaptation to CH
induces hypoxic pulmonary hypertension and right ventricle hyperthrophy, which, in case of

an excessive hypoxic stimulus, may result in a congestive heart failure.
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1.5.2 Adaptation to hypoxia

The adaptation to the hypoxia is associated with changes in the cardiac structure and
function to preserve an adequate contractile function in spite of a lower oxygen concentration
in blood. The oxygen sensing mechanisms and mechanisms maintaining the energy
homeostasis play the important role in these adaptive processes. The reduced O, availability
occurred during the hypoxia results in a reduced rate of electron transfer to O, by the complex
IV, cytochrome ¢ oxidase (COX). This impairs transfer between the complex III, cytochrome
bc, complex, and the COX, which results in an increased rate of the ROS formation at the
complex III. Interestingly, the continous hypoxia leads to an increased ROS production at the
complex III (Chandel et al., 2000), while the intermittent hypoxia leads to an increased ROS
generation at the complex I, NADH dehydrogenase, (Prabhakar et al., 2006). In both cases, the
ROS function as signal molecules and activate HIF1 (Chandel et al., 2000; Guzy et al., 2005;
Mansfield et al., 2005), the central regulator of cellular responses to chronic hypoxia
(reviewed in Wang and Si, 2013). The HIF1 stimulates genes encoding proteins involved in
adaptive mechanisms, which enables to cope with oxidative stress and relieve the severity of

hypoxia.

1.5.2.1 Hypoxia inducible factor 1 (HIF1)

Mammalian tissues express three HIF isoforms, HIF1 (Semenza et al., 1991; Semenza
and Wang, 1992), HIF2 (Drutel et al., 1996; Hirose et al., 1996), and HIF3 (Gu et al., 1998;
Takahata et al., 1998), however, the most studied one is the HIF1. The HIF1 is composed of
two subunit, o and B (Jiang et al., 1996; Wang and Semenza, 1995). The a subunit is localized
in the cytosol (Kallio et al., 1998; Moroz et al., 2009) and is regulated by cytosolic
hydrolylases, while the B subunit, identified as the aryl hydrocarbon nuclear translocator
(ARNT) (Hoffman et al., 1991), is located in the nucleus (Chilov et al., 1999). The HIFla
activity is regulated by the concentration of oxygen (Cockman et al., 2000; Kamura et al.,
2000; Ohh et al., 1998; Tanimoto et al., 2000; Wang et al., 1995a; b). Under normoxia (pO; =
0.21 bar), the HIFla is hydroxylated at prolines by prolylhydrolylases (PHDs) (Bruegge et al.,
2007; Fandrey et al., 2006; Gorres and Raines, 2010) and at asparagins by the asparagyl
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hydroxylase, also called factor inhibiting HIF, FIH (Dann et al., 2002; Hewitson et al., 2002;
Lando et al., 2002a; Linke et al., 2004; Lisy and Peet, 2008; Mahon et al., 2001; Stolze et al.,
2004). Thus hydroxylated HIFla is further ubiquitinylated by the proteasome complex and
degraded (Kallio et al., 1999; Kamura et al., 2000). Under hypoxia (pO, < 0.21 bar), the PHDs
and the FIH are inactivated (Lancaster et al., 2004; Lando et al., 2002b) and unhydroxylated
HIFla can enters the nucleus, where binds to its B subunit (Chilov et al., 1999) and co-
activators (Arany et al., 1996; Carrero et al., 2000; Ema et al., 1999) and activates
transcription of target genes. The HIF regulates the transcription of its target genes by binding
to the hypoxia responsive element (HRE), which may be located either in the promoter region,
or in distant regions called enhancers. There is a suggestion that target genes of the HIF could
be up to 500 (Benita et al., 2009), but the evidence of a direct relationship has been described
just for 80 of them (Benita et al., 2009; Schofield and Ratcliffe, 2004). The main target genes
related to the adaptation to CH are summarized in the reviews of Semenza (Semenza, 2007,
2014) and the HIF1 action is illustrated on the Figure 11 and described in the paper of Goda
and Kanai (Goda and Kanai, 2012).
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Figure 11: The HIFI action in cells. The GLUT, glucose transporter; PDH, pyruvate dehydrogenase; PDK,
pyruvate dehydrogenase kinase; Acetyl-CoA, acetyl conezym A; LDHA, lactate dehydrogenase A; LON, ATP-
dependent protease in the mitochondrial matrix; COX4-1 and 4-2, cytochrome c oxidase subunit 4-1 and 4-2;
ETC, electron transport chain; miR-210, micro RNA; TCA, tricarboxylic cycle; MXLI1, max family protein; MAX,
myc-associated factor X; BNIP3, member of the Bcl-2 family of mitochondrial proteins; PGC-1p, coactivator 1of
peroxisome proliferator-activated receptor y. The figure is reprinted from the paper Hypoxia-inducible factors
and their roles in energy metabolism, Goda and Kanai, Springer and Int J Hematol (2012)95:457—463, Figure 1.
The figure is republished with kind permission from Prof. Goda and Springer Science and Business Media.

The hypoxia also activates other transcription factors, which cross-talk with the HIF1
to regulate cellular responses to hypoxia (Cummins and Taylor, 2005; Kenneth and Rocha,
2008). For example, the NFkB modulates the HIF1 transcription (Bonello et al., 2007; Jung et
al., 2003; van Uden et al., 2008). The co-operation between the AP1 and the HIF1 has also
been reported (Damert et al., 1997; Michiels et al., 2001). The p53 and the HIF1 regulate to
each other. While the HIF1 activates the p53 (Chen et al., 2003), the p53 inhibits the HIF1
activity (Blagosklonny et al., 1998; Ravi et al., 2000). The Myc and HIF complexes can

compete for binding sites at the promoters of target genes to alter their expression profile
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(Koshiji et al., 2004). Beside transcription factors, the hypoxia controls transcription of target
genes via an activation of the histone acetyltransferases or histone deacetylases and controls
translation processes via activation of several kinases, which are responsible for the regulation

of eukaryotic initiation factors (reviewed in Kenneth and Rocha, 2008).

1.5.2.2 Oxygen sensing mechanisms in hypoxia

From a physiological point of view, exposure to the hypoxia is initially associated with
an increased respiratory rate and cardiac output, due to an increased adrenergic activity and
elevated plasma concentration of catecholamines (Bao et al., 1997; Kumar et al., 2006;
Ostadal et al., 1984a), to keep the adequate oxygen supply into tissues. The increased
adrenergic activity results from the elevated carotid chemoreceptor response to a low arterial
pO, during the hypoxia (Fletcher et al., 1992; Peng and Prabhakar, 2003; Rey et al., 2004) that
is mediated by the ROS and the HIFla signaling (Peng et al., 2006). It should be noted that
with an acute exposure carotid chemoreceptors in humans are activated above a high altitude
2000 m, where the alveolar pO, is 60 mmHg and lower, while a chronic exposure can activate
carotid chemoreceptors at lower altitudes. The carotid chemoreceptor sensor activity
continuously increases with the length of the hypoxic exposure and reversibly decreases to a
basal level during the normoxia (Peng et al., 2003). The initial increased cardiac output
declines with the prolonged hypoxia to the sea-level values (Calbet, 2003). The increased
sympathetic activity induced by the hypoxia also leads to an increase of blood pressure
(reviewed in Fletcher, 2001; Prabhakar and Kumar, 2010). In addition, the adaptation to
hypoxia elevates plasma levels of the vasoconstrictor endothelin 1 (Kanagy et al., 2001),
which is also the HIFla-target gene (Hu et al., 1998) and it increases a blood pressure via
binding to its receptor (Allahdadi et al., 2008). The activation of the rennin-angiotensin system
also contributes to an increased blood pressure via angiotensin II and its receptor (Fletcher et
al., 2002). On the other hand, the HIF1 activates expression of genes and enzymes promoting
relaxing the vascular tone (Wenger and Gassmann, 1997), such as the atrial natriuretic peptide,
adrenomedullin (ADM), and NO synthase, which produces a known vasodilator NO, and thus

decreases the blood pressure and peripheral resistance due to a vasodilation of arteries and
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veins (Henley et al., 1992; Lyamina et al., 2011). Taken together, the effect of hypoxia on the
cardiovascular system appears to be rather complex and further investigations are needed.

Other adaptive responses are represented by an increase of hematocrit (see Table I,
Chapter 3) and hemoglobin concentration via the HIF1 signaling pathway. The HIF1 activates
the transcription of erythropoietin (EPO), which stimulates erythropoiesis (Jiang et al., 1996;
Semenza and Wang, 1992), further the transcription of transferrin and its receptor (Lok and
Ponka, 1999; Rolfs et al., 1997; Tacchini et al., 2002), which enhances the delivery of iron to
the bone marrow for incorporation into hemoglobin, and also the transcription of heme
oxygenase 1 (HOl) (Wang and Semenza, 1993; Wenger and Gassmann, 1997), which
catalyzes a degradation of hem and release of iron needed for a erythropoiesis. The higher
expression of HO1 under hypoxia has been already observed (Han et al., 2010). These
mechanisms increase the blood oxygen transport capacity.

The HIF1 also regulates angiogenic processes via stimulation of the vascular
endothelial growth factor (VEGF) and its receptor transcriptions, which mediates
vascularization (Forsythe et al., 1996; Wenger and Gassmann, 1997) resulting in a higher
density of coronary arteries and elevated coronary blood flow. The effect of hypoxia on the
coronary blood flow is another controversial theme. Some authors have observed a greater
coronary flow (Scheel et al., 1990; Turek et al., 1975) and increased capillary density (Miller
and Hale, 1970; Zhong et al., 2002), while others have reported decreased capillary density
(Clark and Smith, 1978; Smith and Clark, 1979) and low coronary flow (Grover and
Alexander, 1971; Moret et al., 1972), or they have not found any changes in capillary density
(Pietschmann and Bartels, 1985; Rakusan et al., 1981). These controversial findings observed
across studies may be due to differences in the hypoxic model or among species. Rodents have
relatively higher capacity for myocardial vascular growth than other mammals. Another
important factor may be the age, since the degree of angiogenesis decreases with the age of

animals (Tomanek et al., 2003).
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1.5.2.3 Energy metabolism in hypoxia

The decreased level of oxygen slows down the mitochondrial oxidative
phosphorylation via decreasing the ATP synthase activity (Nouette-Gaulain et al., 2005).
Therefore it is necessary to activate mechanism that can produce the ATP even in the low
oxygen. Another indicator of energetic status is PCt/ATP ratio, which is lower in hearts of
people from high altitudes (Hochachka et al., 1996). These observations indicate an increased
contribution of glucose to myocardial aerobic ATP production. The glucose and lactate are
becoming the preferred substrates for the cardiac metabolism because of their higher
efficiency in the ATP generation. The enhanced glucose uptake and utilization have been
observed in people living in high altitudes or adapted to high altitudes and in rats adapted to
the hypobaric hypoxia (Holden et al., 1995; Hurford et al., 1990; Roberts et al., 1996). The
higher glucose transport into cardiomyocytes is mediated by the GLUT1 and GLUT4, which
translocate into the plasma membrane during the hypoxia (Zhang et al., 1999). It has been also
observed an increased expression of the GLUTI (Sivitz et al., 1992) directly activated by the
HIF1 (Wenger and Gassmann, 1997). The regulation of the glycolytic metabolism is mainly
managed by the HIF1. The HIF1 activates expression of glycolytic enzymes (reviewed in

(Marin-Hernandez et al., 2009; Semenza et al., 1994, 1996), such as HK, G-6-P
isomerase, PFK, aldolase, triose phosphate isomerase, GAPDH, PGK, phosphoglycerate
mutase, enolase, and PK. The stimulated glycolysis leads to an increased production of lactate
by the LDH, which is also an inducible target gene of the HIF1 (Firth et al., 1994, 1995;
Wenger and Gassmann, 1997). The increased intracellular concentration of lactate activates
the gene expression of the monocarboxylate transporter 1 (MCT1) and thus promotes lactate
uptake (Hashimoto et al., 2007). The excessive lactate within cells is transported into blood by
the MCT4, which is up-regulated during the hypoxia in the HIF-dependent manner (Ullah et
al., 2006). This increased efflux of lactate from cardiomyocytes prevents further reduction of
pH and development of lactic acidosis (McClelland and Brooks, 2002; Ullah et al., 2006).
Despite the increased glycolytic rate, the FFAs are still metabolized, only the proportion
between major cardiac substrates is changed. Under the normoxic conditions, the glucose
uptake and glycolytic enzymes are inhibited by the FFA and their metabolites, while under

hypoxia, the FFA uptake and utilization decreases, which leads to a decline in levels of FFA
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metabolites and an activation of glycolysis. The hypoxia causes the decrease in the carnitine
palmitoyltransferase 1 activity (Kennedy et al., 2001) via an increased malonyl-CoA
concentration (Wang et al., 1996), which reduces the transport of the FFA into mitochondria.
In addition, the hypoxia attenuates enzyme activities of the 3-hydroxyacyl-CoA-
dehydrogenase (Bass et al., 1989; Daneshrad et al., 2000; Kennedy et al., 2001) and the
medium-chain acyl-CoA dehydrogenase (Ngumbela et al., 2003), which decreases the FFA
oxidation. The expression of f-oxidation enzymes is down-regulated by a reducing a level of
their transcription factor the peroxisome proliferator-activated receptor (PPAR) a (Razeghi et
al., 2001) mediated by the HIF1 (Narravula and Colgan, 2001). According to a lower ATP
production, the cardiomyocytes switches into a slower mode by decreasing the contractility
through the transition of myosin heavy chains from MyHCa to MyHCp, which has a lower
ATPase activity (Pissarek et al., 1997; Letout et al., 2005). The CK system also adapts to the
hypoxic condition. The CKB isoform is up-regulated, which improves the PCr transfer within
cells (Pissarek et al., 1997; Waskova-Arnostova et al., 2014). Generally, the adaptation to

hypoxia leads to the activation of the fetal gene program.

1.5.2.4 Mitochondrial respiration in hypoxia

The HIF1 also regulates the mitochondrial metabolism. First, the HIF inhibits the PDH
via activation of the PDC1 and thus inhibits the conversion of pyruvate to acetyl-CoA (Kim et
al., 2006; Papandreou et al., 2006). The pyruvate is further converted into lactate by the LDH.
The decreased level of the acetyl-CoA results in a decreased flux through the TCA and
thereby reducing flux through the electron transport chain, which leads to a lower production
of mitochondrial ROS. However, this mechanism does not have to be such effective in
cardiomyocytes because of a high generation of the acetyl-CoA from the FFA oxidation,
which is less, but still, active under hypoxic conditions.

The second way the HIF1 regulates the ROS over-production is the activation of
switch in the COX from the COX4-1 subunit to the COX4-2 subunit that increases the
efficiency of the complex IV (Fukuda et al., 2007).

The third posibility how to reduce the ROS production could be an activation of the

mitochondrial autophagy. It has been recently observed, that patients with congenital heart
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disease living at a high altitude resisted I/R injury during a cardiac surgery better than those at
a low altitude, possibly through an elevated basal autophagy induced by the chronic hypoxia
(Hu et al., 2014). The HIF1 activates the gene encoding BNIP3, a member of the Bcl-2 family
of mitochondrial proteins, which triggers selective mitochondrial autophagy (Bellot et al.,
2009; Zhang et al., 2008), even in cardiomyocytes (Regula et al., 2002). In addition, the HIF1
inhibits the mitochondrial biogenesis by repression of the c-Myc activity, which leads to an
inhibition of the PPARy coactivator 1 (PGC1) B, a mediator of mitochondrial biogenesis
(Zhang et al., 2007). This is supported by a study, which reported a reduction in the
mitochondrial oxidative capacity after exposure to hypobaric hypoxia (Green et al., 1989). The
autophagy may be also induced by the AMPK without the HIF1 and BNIP3 participations, but
this has been observed under severe oxygen deprivation (< 0.01% O,) (Papandreou et al.,
2008). On the contrary, there are also some evidences that hypoxia induces mitochondrial
biogenesis in cardiac myocytes. The proliferation of smaller mitochondria has been found in
response to chronic hypobaric hypoxia (Costa et al., 1988; Friedman et al., 1973). Hashimoto
et al. (2007) has reported the association between a higher lactate concentration, which occurs
during hypoxia, and enhanced expression of the PGCla gene (Hashimoto et al., 2007). The
recent study has found that the mitochondrial biogenesis is activated by the AKT kinase and
endothelial NOS signaling pathway (Qin et al., 2014) and via activation of the PGCla
expression (Zhu et al., 2010). Another study has showed that the PGCla expression is
activated by the Ca®"-calmodulin-dependent protein kinase (CaMK) (Wu et al., 2002a). The
study of Ahuja et al. (2010) has demonstrated that the c-Myc activated the mitochondrial
biogenesis but reduced the PGCla level in the adult mouse heart (Ahuja et al., 2010). The
elevated mitochondrial biogenesis has been also proposed by observed enhanced activities of
respiratory enzymes and ATP synthesis in response to a high altitude hypoxia (Reynafarje and
Marticorena, 2002). In addition, the PCr synthesis has been shown to be accelerated after
adaptation to CH (Novel-Chate et al., 1995). These studies thus demonstrate how different
models of hypoxia affect the mitochondrial metabolism and may result in distinct
mitochondrial functional phenotypes. The activation of both autophagy and mitochondrial

biogenesis processes may also be time dependent.
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1.5.3 Cardioprotective mechanisms of hypoxia

The adaptive mechanisms activated during hypoxia may be potential candidates
increasing a tolerance of the myocardium to I/R injury and arrhythmias. As the principal
regulator of cellular responses to hypoxia is the HIF1, it may be assumed that the
cardioprotective effects of hypoxia are mediated via the HIF1 signaling. The cardioprotective
effect of the HIFla has been demonstrated in numerous studies. The up-regulation and
activation of the HIFla using pharmacological agents, genetically modified animals, PHD
inhibitors, or si-RNA mediated PHD gene silencing reduce the myocardial infarct size and
improved the post-ischemic ventricular functions (Bao et al., 2010; Cai et al., 2003, 2008;
Czibik et al., 2009; Eckle et al., 2008; Hyvirinen et al., 2010; Kido et al., 2005; Natarajan et
al., 2006, 2007; Ockaili et al., 2005; Raphael et al., 2008; Xi et al., 2004). In most cases, the
cardioprotective effect has been mediated by the HIF1a target genes, e.g. the HO1 (Ockaili et
al., 2005), the ADM and the platelet-derived growth factor subunit B (Czibik et al., 2009),
adenosine receptor (Eckle et al., 2008), or by the iNOS (Xi et al., 2004). However, the
mechanism of the cardioprotective effect controlled by the HIF1a is not well understood. Cai
et al. (2003) were the first to describe the cardioprotective effect of the HIF1a induced by an
intermittent hypoxia using heterozygous knockout mice and suggest a potential role of the
EPO (Cai et al., 2003). Recently, Wang and Si (2013) have shown the up-regulation of the
HIFla and the VEGF in rat hearts and suggested their participation in the cardioprotective
effect of a short-term intermittent normobaric hypoxia (10% O, for 1, 7, 14, and 28 days)
(Wang and Si, 2013). However, Forkel et al. (2004) have shown an increased mRNA of the
HIF1a and the eNOS, but no improvement of the post-ischemic left ventricular function of rats
adapted to a normobaric hypoxia (10.5% O, for 2 weeks) (Forkel et al., 2004). The study of
Shi et al. (2002) described an increased association of the eNOS with the heat shock protein
90 in hearts of rabbits adapted to a normobaric hypoxia (12% O, for 9 days) and that this
association helps to produce the NO and to limit the superoxide generation (Shi et al., 2002).
On the other hand, the adaptation to an acute intermittent normobaric hypoxia (10% O, for 30
min, 2 h, or 4 h) induced the delayed cardioprotection in mice, which was triggered and
mediated by the iNOS. This cardioprotective effect was abolished by the iNOS2 inhibitor (S-
methylisothiourea) (Xi et al., 2002). The same findings have been reported by Beguin et al.
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(2005), who observed that the infusion of a nonselective inhibitor of the NOS, the N(omega)-
nitro-L-arginine methyl ester (L-NAME), into hearts of rats adapted to an acute intermittent
normobaric hypoxia (5 or 10% O, for 30 min or 4 h) before the ischemia abolished the
cardioprotective effect of the hypoxic adaptation (Beguin et al., 2005). The contribution of the
iNOS in the protection of rat hearts against I/R injury has been also observed after the
adaptation to an intermittent hypobaric hypoxia (5000 m for 42 days) using the iNOS-selective
inhibitor aminoguanidine (Ding et al., 2005). Other studies on rabbits using a model of a
normobaric continuous hypoxia (12% O, for 7-10 days) and the L-NAME inhibitor has also
reported that the enhanced NOS activity is associated with a resistance to myocardial ischemia
(Baker et al., 1999; Fitzpatrick et al., 2005). It has recently been suggested that the ROS/NO
balance plays an important role in cardioprotective mechanisms. The adaptation of rats to a
sub-chronic hypobaric hypoxia (7620 m for 5 days) significantly increased the NO level and
enzyme activities of antioxidants and simultaneously markedly decreased the level of ROS
(Singh et al., 2013). The cardioprotective effect of antioxidant enzymes has been already
described for guinea pigs adapted to a chronic intermittent hypobaric hypoxia (5000 m for 28
days) (Guo et al., 2009). These authors have found that the pre-treatment of control hearts with
an antioxidant mixture containing the superoxide dismutase (SOD) and the catalase (CAT)
caused cardioprotective effects similar to the hypoxic adaptation and that the irreversible CAT
inhibitor aminotriazole abolished the cardioprotection of the hypoxia (Guo et al., 2009). Based
on all these observations, the regulation of the ROS over-production and the enhancement of
antioxidant capacity represent promising cardioprotective targets for clinical studies.

Beside the antioxidant defense, the NO also plays a role in the regulation of a blood
pressure via vasodilation of vessels (Archer et al., 1994). The angiotensin II and its receptor
represent other important regulators of the blood pressure. It has been demonstrated that the
inhibition of the angiotensin II receptor by the candesartan exhibited the cardioprotection of a
chronic continuous normobaric hypoxia (10% O, for 2 weeks) in part through the reduction of
the blood pressure and cytokine expression in diabetic rats (Inamoto et al., 2006). In addition,
the angiotensin II receptor 1 antagonist irbesartan completely abolished the improvement of
the post-ischemic recovery of the cardiac contractile function during the reperfusion. Thus, the

angiotensin II receptor 1 pathway plays an important role in the coronary angiogenesis and
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improved the cardiac ischemic tolerance induced in neonatal rats by a chronic intermittent
hypobaric hypoxia (5000 m for 10 days) (Rakusan et al., 2007).

In addition to the ROS-mediated cell and tissue damage, the Ca*" overload induces the
apoptosis and inflammation. Therefore, the regulation of processes maintaining the Ca®'
homeostasis could be another cardioprotective tool against I/R injury. It has been
demonstrated that the CaMKII is involved in the cardioprotection induced by the adaptation of
rats to an intermittent hypobaric hypoxia (5000 m for 42 days) due to an administration of the
CaMKII inhibitor, the KN-93, which significantly attenuates the protective effect of
mentioned hypoxia (Xie et al., 2004; Yu et al., 2009). The intermittent hypobaric hypoxia
(5000 m for 42 days) has also up-regulated the phospholamban phosphorylation site for the
CaMKII as well as for the PKA, which may consequently contribute to the cardioprotection of
rat hearts against the I/R injury (Xie et al.,, 2005). The elevated CaMKII inhibits the
phospholamban via phosphorylation and thus activates the SERCA and the Ca*" re-uptake
(Mattiazzi and Kranias, 2014). Another study reported that the intermittent hypobaric hypoxia
(5000 m for 42 days) may preserve the Ca>" homeostasis and contraction by preserving the
ryanodine receptors (RyRs) and the SERCA2 proteins as well as the NCX activity in isolated
rat cardiomyocytes during the I/R injury (Chen et al.,, 2006). The following study has
demonstrated that also an intermittent normobaric hypoxia (10% O, for 3, 7, and 14 days)
confers the cardioprotection against the I/R injury in rat cardiomyocytes by altered the Ca®*
handling with augmented the RyR and the NCX activities via the PKA and PKC, but not via
the CaKMII activation (Yeung et al., 2007).

The high intracellular concentration of Ca®" leads to an opening of the MPT pore and
to the subsequent apoptosis. Targeting the MPT pore and other mitochondrial pro- and anti-
apoptotic proteins may be significant protective mechanisms against the cell death. Zhu et al.
(2006) have demonstrated that the inhibition of the MPTP opening, inducing by an
intermittent hypobaric hypoxia (5000 m for 42 days), attenuated the intracellular as well as the
mitochondrial Ca®" overloading in rat cardiomyocytes, which contributed to the
cardioprotection of this hypoxic adaptation. On the other hand, opening of the MPT pore with
the atractyloside immediately at the reperfusion abolished these cardioprotective effects (Zhu
et al., 2006). Moreover, the adaptation of rats to an intermittent hypobaric hypoxia (5000 m
for 42 days) attenuated the I/R-induced apoptosis via increasing the ratio of Bcl-2/BAX,

76



especially in the membrane fraction (Dong et al., 2003). Recent study of Neckar et al. (2013)
has reported the cardioprotective effect of a chronic continuous normobaric hypoxia (10% O,
for 15 and 30 days) via the activation of the mitochondrial Ca*"-activated K~ (BKCa)
channels. Authors have demonstrated that the using of the BKCa channel blocker paxilline
attenuated the cytoprotective effect in cardiomyocytes isolated from hypoxic rat hearts
(Neckar et al., 2013).

Other ionic channels regulating the distribution of Ca®" are the Karp channels. They
control the membrane potentials, regulate membrane swelling, and maintain the optimal
sensitivity to sympathetic signals. It has been observed that the sarcolemmal and
mitochondrial Karp channels contribute to the cardioprotection in rabbit hearts adapted to a
normobaric continuous hypoxia (12% O, for 8-10 days). The activation of the Karp channels
is associated with the resistance of rabbit hearts adapted to a normobaric continuous hypoxia
(12% O for 7-10 days) to the myocardial ischemia. The application of a general Katp channel
blocker glibenclamide (Baker et al., 1997; Fitzpatrick et al., 2005) or a selective mitochondrial
Karp channel blocker 5-hydroxydecanoate and a sarcolemmal Katp channel blocker HMR
1098 abolished cardioprotection in previously hypoxic hearts (Kong et al., 2001). On the other
hand, the application of Karp channel agonist bimakalim increased the recovery of the left
ventricular developed pressure in normoxic rabbit hearts (Baker et al., 1997). The Karp
channels are also associated with a resistance of rat hearts to the I/R injury induced by the
adaptation to an intermittent hypoxia (5000 m for 42 days) (Zhu et al., 2003). Authors reported
that the glibenclamide as well as the 5-hydroxydecanoate abolished the cardioprotective and
cytoprotective effects of the hypoxic adaptation, whereas the Karp channel opener, pinacidil,
attenuated the Ca>" overloading during the ischemia and reperfusion in isolated normoxic
cardiomyocytes. However, Asemu et al. (1999) first proposed that the mitochondrial Krp
channel, rather than the sarcolemmal Katp channel, appears to be involved in the protective
mechanism afforded by the adaptation to an intermittent hypobaric hypoxia (5000 m for 2-3
weeks or 5-6 weeks) (Asemu et al., 1999). They have observed an increased number of
arrhythmias in normoxic as well as hypoxic rat hearts using a glibenclamide and in contrast, a
decreased number of arrhythmias in the normoxic hearts using a diazoxide, the mitochondrial
Karp channel opener. However, Suzuki et al. (2003) have reported that the diazoxide activated

the sarcolemmal Katp channels, not the mitochondrial Katp channels in mouse hearts (Suzuki

77



et al., 2003). It seems that the selective Katp channel modulators might not be sufficiently
selective under certain conditions and might be species-dependent. Results similar to those of
Asemu et al. (1999) have been later demonstrated by Kolar et al. (2005), who have used a
novel agent MCC-134, which inhibits the mitochondrial Karp and activates the sarcolemmal
Kartp channels, and thus found that the opening of the mitochondrial Karp channels but not the
sarcolemmal Katp channels plays a crucial role in the mechanism by which the intermittent
hypobaric hypoxia (7000 m, 5-6 weeks) improves the cardiac tolerance to the I/R injury in rats
(Kolar et al., 2005). The cardioprotective effect of the mitochondrial Katp channels using a 5-
hydroxydecanoate inhibitor has been also confirmed for the intermittent hypobaric hypoxia
(5000 m for 24-32 days or 6 weeks) (Neckar et al., 2002b; Xie et al., 2004). The mitochondrial
Karp channels also underlie cardioprotective mechanisms in rat hearts induced by the
adaptation to an acute intermittent normobaric hypoxia (5 or 10% O, for 30 min or 4 h)
(Beguin et al., 2005), as well as in rabbit hearts induced by the adaptation to a chronic
continuous normobaric hypoxia (12% O, for 7-10 days). This improves the mitochondrial
bioenergetics via regulation of the ATP synthesis rate (Eells et al., 2000). It has been recently
reported that the inhibition of the mitochondrial ATP synthase by the oligomycin abolished
the improvements of the post-ischemic recovery of the left ventricle function, mitochondrial
membrane potential, and respiratory control ratios in rats previously adapted to an intermittent
hypobaric hypoxia (5000 m for 4 weeks) (Wang et al., 2012).

The high ATP/ADP ratio is essential for the activity of ATPases. The Na'/K"~ ATPase
is one of the main consumers of the ATP (Rolfe and Brown, 1997). Therefore, any change in
the production of the ATP has a significant impact on its function. Under the ischemia, when
the ATP synthesis is strongly inhibited, the function of the Na'/K" ATPase is ceased, thereby
exacerbating the intracellular Na" overload (Chapter 1.4). Guo et al. (2011) have shown that
the enhancement of the Na'/K" ATPase activity by a chronic intermittent hypobaric hypoxia
(5000 m for 28 days) protected guinea pig hearts against the I/R injury, while the inhibition of
the Na'/K" ATPase activity by the oubain attenuated this protective effect (Guo et al., 2011).

It is generally accepted that the adaptation to a hypoxia increased the level of
catecholamines in blood resulting in the adrenergic stimulation (Bao et al., 1997; Kumar et al.,
2006; Ostadal et al.,, 1984a). Activation of the o;p-adrenergic receptors by its agonist

phenylephrine has been shown to improved the post-ischemic myocardial performance in rats
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adapted to an intermittent hypobaric hypoxia (5000 m for 4 weeks) via the PKC-¢ signaling
pathway and inhibiting the matrix metalloproteinase 2, which is involved in the breakdown of
extracellular matrix proteins (Gao et al., 2014). Moreover, the a;g-adrenergic receptor is the
target gene of the HIFla (Eckhart et al., 1997). Other study by Mallet et al. (2006) has
demonstrated that the episodic Pi-adrenergic activation during an intermittent hypoxic
conditioning (9.5-10% O,, 20 days) evoked a progressive development of the powerful
resistance to the myocardial ischemia in dogs (Mallet et al., 2006). Beside the adrenergic
activity, activation of opioids receptors by elevated levels of endogenous opioid peptides is
responsible for the cardioprotection induced by the adaptation of rats to a chronic continuous
normobaric hypoxia (12% O, for 3 weeks) (Maslov et al., 2013).

The adrenergic and other extracellular signals activate a variety of signaling cascades,
whose central regulators are various protein kinases. It has been reported that the
administration of the PI3K inhibitor wartmaninn in mice adapted to an intermittent normobaric
hypoxia (6-8% O, for 14 days) reduced also the level of the phospho-AKT and magnified the
infarct size, indicating that the PI3K/AKT pathway is crucial for the cardioprotection induced
by the adaptation to a hypoxia (Milano et al., 2013). It has been also described that the
PI3K/AKT pathway have an important role in the cardioprotection mediated by a chronic
intermittent normobaric hypoxia (10% O;) with 1 h daily reoxygenation. Moreover, the
extracellular signal-regulated kinases 1/2 (ERK1/2) are also involved in the cardioprotective
mechanisms of this type of hypoxia (Milano et al., 2010b). The recent study has reported that
the cardioprotection induced by the adaptation of rats to an intermittent hypobaric hypoxia
(5000 m for 6 weeks) is mediated by the ERK1/2 signaling, which was found in H9C2 cells
using an ERK1/2 phosphorylation inhibitor PD98059 (Meng et al., 2014). The PKC represents
the other kinase playing a role in cardioprotective mechanisms mediated by the adaptation of
rats to an intermittent hypobaric hypoxia (5000 m for 42 days) (Ding et al., 2004). These
authors have found that a PKC antagonist chelerythrine significantly inhibited the protective
effects of the intermittent hypobaric hypoxia and that the PKC contributed to the elimination
of Ca*" and Na" overloads in isolated hypoxic cardiomyocytes. This might underlie the
mechanism of the cardiprotection. Neckar et al. (2005) have described that the chronic
intermittent hypobaric hypoxia (7000 m for 5-6 weeks) induces the cardioprotection in the rat

myocardium, which is partially mediated by the PKC-3. The administration of a selective
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PKC-8 inhibitor, rottlerin, attenuated the infarct size-limiting effect of a chronic hypoxia
(Neckar et al., 2005). A later study from the same laboratory demonstrated that the infarct
size-limiting mechanism of this intermittent hypobaric hypoxia mediated by the PKC-o-
dependent pathway does not apparently involve the increased capacity of major antioxidant
enzymes (Kolar et al., 2007). Wang et al. (2011) have found that the PKC-¢ and AKT
pathways may form a positive feedback loop. Both kinases mediate the ROS-dependent
cardioprotection in rat hearts during the early reperfusion period induced by an intermittent
hypobaric hypoxia (5000 m for 4 weeks), because the inhibition of the AKT with the
wortmannin and the PKC-¢ with the ¢V1-2 abrogated the intermittent hypobaric hypoxia-
improved post-ischemic left ventricle performance (Wang et al., 2011). Other study, using
known inhibitors wortmannin, chelerythrine, PD98059, and a selective inhibitor of the p38
mitogen-activated protein kinases (p38 MAPK), SB203580, has reported that not the PI3K,
but the PKC, ERK1/2, and p38 MAPK are involved in the cardioprotective effects induced by
the adaptation of rats to an acute intermittent normobaric hypoxia (10% O, for 4 h) (Beguin et
al., 2007). In addition to the cardiprotective role of the PKC-¢ and p38 MAPK, the activation
of the JUN kinase signal transduction pathway may be also responsible for the
cardioprotection in the chronically hypoxic rabbit hearts due to a fact that the inhibition of the
JUN kinase with the curcumin abolished this cardioprotective effect (Rafiee et al., 2002).
Given the existence of other cardioprotective mechanisms activated under different
conditions than under the adaptation to a hypoxia, it can be assumed that more signaling
pathways and molecules maintaining energy and ion homeostasis and preventing an excessive
production of the ROS and the Ca®" overload might be involved in the cardioprotection

induced by a hypoxia.
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2. AIMS OF THE THESIS

2.1 Study 1: The comparison of the left (LV) and right (RV) ventricles

under normoxia

The specific objectives of Study 1 were:

* To determine the CK and HK isoform expressions, the total CK and HK enzyme activities,
and the co-localization of HK isoforms with mitochondria.

* To examine the phoshorylated and non-phosphorylated AKT protein levels and the
phoshorylated/non-phosphorylated AKT ratios.

2.2 Study 2: The effect of the normobaric hypoxia and I/R insult on the CK

and HK enzymes

The specific objectives of Study 2 were:

* To determine the CK and HK isoform expressions and the total CK and HK enzyme
activities in both ventricles of rats adapted to protective and non-protective regimens of
moderate normobaric hypoxia.

* To investigate the co-localization of HK isoforms with mitochondria in the LV as well as
in the RV of rats adapted to a protective regimen, continuous normobaric hypoxia.

* To examine the effect of I/R insult on the HK isoform expressions and on the total CK and
HK enzyme activities in the LV of rats adapted to a protective regimen, continuous

normobaric hypoxia.

2.3 Study 3: The effect of the hypobaric hypoxia on the CK and HK

enzymes

The specific objectives of Study 3 were:

* To determine the CK and HK isoform expressions, the total CK and HK enzyme activities,
and the co-localization of HK isoforms with mitochondria in the LV as well as in the RV

of rats adapted to a severe intermittent hypobaric hypoxia.
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3. METHODS

3.1 Animals

Adult male Wistar rats were obtained from breeding companies Velaz, Ltd., Czech
Republic (Chapter 4, Chapter 5, and Chapter 6) and Charles River Laboratories, Inc., Germany
(Chapter 5 and Chapter 6). Animals were fed a standard laboratory diet and kept at a 12/12-h
light/dark cycle. The maintenance and handling of the experimental animals were in
accordance with the Guide for the Care and Use of Laboratory Animals published by the US
National Institutes of Health (NIH Publication No. 85-23, revised 1996). The experimental
protocol was approved by the Animal Care and Use Committee of the Institute of Physiology,
Academy of Sciences of the Czech Republic.

3.2 Adaptation to normobaric hypoxia

Animals were housed in a normobaric chamber equipped with hypoxic generators
(Everest Summit, Hypoxico Inc., NY, USA), which reduced the percentage of oxygen in the
ambient air to 10%, corresponding to a high altitude of 5500 m. Animals were exposed to a
normobaric hypoxia for 3 weeks under the following three regimens (Figure 12): the
continuous hypoxia for 24 h/day (CNH), the intermittent hypoxia for 23 h/day with a single 1-
h normoxic period per day (INH-23), and the intermittent hypoxia for 8 h/day with a single
16-h normoxic period per day (INH-8). The control group (N) was kept under normoxic
conditions for the same period of time. Animals had a free access to the water and standard

diet for the whole time of experiments.

Figure 12: The scheme of the adaptation to the chronic normobaric hypoxia. The N, normoxia; INH-8,
intermittent hypoxia for 8 h/day with a single 16-h normoxic period per day, INH-23, intermittent hypoxia for 23
h/day with a single 1-h normoxic period per day; CNH, continuous hypoxia for 24 h/day.
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3.3 Adaptation to hypobaric hypoxia

Animals were housed in a hypobaric chamber, in which they were acclimated to a
reduced barometric pressure for 2 weeks to reach a barometric pressure (PB), which
corresponds to a high altitude of 7000 m (PB = 308 mm Hg, 41 kPa; pO, = 65 mm Hg, 8.6
kPa) (Figure 13). Thereafter, animals were exposed to a hypobaric hypoxia simulated a high
altitude of 7000 m for 3 weeks. Animals were exposed to a hypobaric hypoxia intermittently
for 8 hours a day (IHH-8) (Figure 14). The control group (N) was kept under normoxic
conditions for the same period of time at PB and pO, equivalent to an altitude of 200 m (PB =
742 mm Hg, 99 kPa; pO, = 155 mm Hg, 20.7 kPa). Animals had a free access to the water and

standard diet for the whole time of experiments.

Figure 13: The illustration of the barometric pressure reduction during the adaptation to the intermittent
hypobaric hypoxia. The continuous acclimatization was performed for 2 weeks to reach a high altitude of 7000

m.

Figure 14: The scheme of the adaptation to the intermittent hypobaric hypoxia. The N, normoxia; IHH-8,

intermittent hypoxia for 8 h/day with a single 16-h normoxic period per day.
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3.4 Ischemia-reperfusion protocol

The normoxic rats and rats adapted to the CNH regimen were killed by a cervical dislocation.
Hearts were rapidly removed, placed on the Langendorff apparatus and perfused by Krebs-
Henseleit solution (118 mM NaCl, 4.7 mM KCIl, 1.2 mM MgSOs, 1.25 mM CaCl,, 1.2 mM
KH,PO4, 25 mM NaHCOs, 11 mM glucose, pH 7.4) saturated by 95% O, and 5% CO; at the
temperature 37°C and a constant pressure (100 cm H,O). The Langendorff hearts were divided
into 3 groups: 1) hearts stabilized for 15 min by perfusion (KN, KH); ii) hearts stabilized for 15
min and subjected to a no-flow ischemia for 10 min (IN, IH); iii) hearts stabilized for 15 min,
subjected to ischemia for 10 min and then subjected to reperfusion for 10 min (IRN, IRH).
After the start of reperfusion, the effluent samples (0.5 ml) were collected at intervals: 10 s, 20
s, 30 s, 60 s, 3 min, and 10 min to determine the LDH release as an indicator of degree of cell
damage. The scheme of I/R protocol is shown in Figure 15. And the end of each period, hearts
were removed from the apparatus, separated into LV, RV, and septum (S), frozen in liquid

nitrogen, weighed (7able 1), and stored for further analyses.

Figure 15: The scheme of the I/R protocol. The N, normoxic rats; H, rats adapted to continuous normobaric
hypoxia; KN, stabilized normoxic hearts; KH, stabilized hypoxic hearts; IN, ischemic normoxic hearts; IH,

ischemic hypoxic hearts; IRN, normoxic I/R hearts; IRH, hypoxic I/R hearts; LDH, lactate dehydrogenase.
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Table 1: The weight parameters of experimental animals. The N, normoxia; INH-8, intermittent normobaric hypoxia for 8 h/day; INH-23, intermittent

normobaric hypoxia for 23 h/day; CNH, continuous normobaric hypoxia;, IHH-8, intermittent hypobaric hypoxia for 8 h/day; KN, perfused normoxic hearts, IN,

, perfused normoxic hearts subjected to ischemia; IRN, perfused normoxic hearts subjected to I/R insult; KH, perfused hypoxic hearts; IH, perfused hypoxic

hearts subjected to ischemia; IRH, perfused hypoxic hearts subjected to I/R insult; BW, body weight; RV, weight of the right ventricle (RV); LV, weight of the left

ventricle (LV); S, weight of the septum; RV/BW, relative weight of the RV; LV/BW, relative weight of the LV, HW/BW, relative weight of the heart. Values are

mean + S.E.M.*P<0.05 vs. N, *P<0.05 vs. corresponding normoxic group, $P<0. 05 vs. KN.

Velaz, Ltd., Czech Republic

Group BW RV LV S RV/BW LV/BW HW/BW Hematocrit
(g) (mg) (mg) (mg) (mg/g) (mg/g) (mg/g) (%)

N 361 +9 189 +5 460 + 14 201 +6 0.52 +£0.01 1.28 £ 0.04 2.36 £ 0.05 429+0.9
INH-8 347+ 5 224 + 6% 472 +£9 194 +£3 0.65 + 0.02* 1.36 £ 0.03 2.57+0.06 542 +1.3%
INH-23 308 + 8* 319 + 16* 453 £21 178 £ 10 1.03 £0.04* 1.47 £ 0.05 3.08+0.10* 58.5+1.7%

CNH 311 £ 7% 351 £ 28%* 451 £26 189 + 12 1.12+£0.07* 1.45+0.08 3.18+0.15* 61.5+1.5%
N 425+9 203 +£8 539+ 15 244 + 11 0.48 £0.01 1.27+£0.03 2.32+0.04 426+14
IHH-8 371 + 6* 293 + 8* 624 +27* 235+7 0.79+0.02*  1.68+£0.07*  3.10+0.09* 59.7 +£2.0%
Charles River Laboratories, Inc., Germany
Group BW RV LV S RV/BW LV/BW HW/BW
(g (mg) (mg) (mg) (mg/g) (mg/g) (mg/g)

N 423 +£3 246+ 6 528 + 16 254 +13 0.58 £ 0.01 1.25+0.03 2.43 +0.06

IHH-8 375+ 8* 391 £ 29* 617 £32 254 £22 1.04 + 0.08* 1.65+0.1% 3.37+0.21%*
KN 393+4 230+ 6 684 + 14 240+ 8 0.59 +0.02 1.74 £ 0.05 2.94 +0.04
IN 390+ 8 255+10 778 £ 18 $ 272 +7 0.65+0.02 2.00+0.03 3.35+0.03
IRN 380+ 10 242 + 16 645+ 14 234+9 0.63+0.03 1.71 £ 0.06 2.96 +0.05
KH 354 + 8* 454 +34* 682 + 25 293 £ 10* 1.28 £ 0.08* 1.93 £ 0.07 4.04+0.16*
IH 335+ 3% 476 £43* 724 + 25 291 £13 1.42 +£0.12* 2.16 +0.07 4.45+0.19*
IRH 350+ 4 392 + 15% 651+ 18 273+£9 1.12 £ 0.05* 1.86 £ 0.05 3.76 £ 0.09*

85



3.5 Tissue preparation

All rats were sacrificed by decapitation and the hearts were rapidly excised and washed
in ice-cold saline. The LV and RV were dissected, immediately frozen in liquid nitrogen and
weighed. Frozen tissue pieces were pulverized in liquid nitrogen and subsequently
homogenized either in homogenization buffer in the ratio 1:8 (w/v) for Western blot (WB) and
enzyme analyses or in TRIZOL Reagent (Invitrogen-Molecular Probes, Eugene, OR) for
isolation of RNA. The homogenization buffer (pH 7.4) contained 12.5 mM TRIS, 2.5 mM
EGTA, 1 mM EDTA, 250 mM sucrose, 5 mM DL-Dithiothreitol (DTT), and protease
inhibitor cocktail (COMPLETE, Roche Diagnostics). The homogenization buffer for analyses
of phosphorylated AKT (Chapter 4) also included phosphatase inhibitor cocktail (PhosSTOP,
Roche Diagnostics) to preserve the phosphorylation state. The 100 pl of homogenates were
separated, aliquoted and stored at -80°C for enzyme analyses. The rest of homogenates were
diluted 1:1 (v/v) with buffer containing 5 M urea, 2 M thiourea, 10 mM sodium pyrophosphate
tetrabasic decahydrate, and 0.13% 2-mercaptoethanol, which enables a better solubilization of
contractile proteins. Thereafter, homogenates with urea were diluted with a 4x concentrated
sample loading buffer (260 mM TRIS/HCI pH 6.8, 40% glycerol, 8% SDS, 8% DTT, 0.04%
bromophenol blue), up to concentration 3 pg/ul, aliquoted and stored at -80°C for WB
analyses. Protein concentration was measured in both original homogenates and homogenates

with urea using the Bradford dye binding assay (Sigma-Aldrich).

3.6 RNA isolation and Real-Time quantitative RT-PCR analysis

The total cellular RNA was extracted from each left and right ventricles using TRIZOL
Reagent and cleaned up by DNA-free RNA kit (Ambion, Carlsbad, CA). The purity and
integrity of the RNA preparations was checked using NanoDrop spectrophotometer and by
agarose gel electrophoresis. The total RNA was converted to cDNA using a RevertAidTM H
Minus First Strand cDNA Synthesis Kit (Fermentas UAB, Vilnius, Lithuania) with oligo(dT)
primers according to the manufacturer’s instructions. Real-time PCR was performed on a
LightCycler® 480 Real-Time PCR System (Roche Applied Science, Mannheim, Germany)
using the mono color hydrolysis probe method (Roche Applied Sciences) with the appropriate
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Probe Master kit (Roche Applied Sciences) according to the manufacturer’s protocol (Chapter
5 and Chapter 6) or using SyberGreen protocol with the SyberGreen Master Mix (Bio-Rad)
according to the manufacturer’s instructions (Chapter 4). Specific primers and probes for
HKI1, HK2, CKM, CKB, mtCKs, and the reference gene hypoxanthine-guanine
phosphoribosyltransferase 1 (HPRT1) were designed using the Universal Probe Library Assay
Design Center (Roche Applied Science). Sequences of the primers are listed in Table 2. PCR
amplification was performed under following conditions: initial denaturation at 95°C for 10
min, followed by 50 cycles consisting of denaturation at 95°C for 10 s, annealing at 60°C for
10 s where fluorescence was acquired, and elongation at 72°C for 5 s. The data used for the
calculations are the mean of the crossing point (CP) values obtained from qPCR performed in
triplicates. The variation between triplicate determinations did not exceed 0.5 CP. Melting
curve analysis was performed to ascertain the presence of a single amplicon for each pair of
primers. Standard curves were generated for each pair of primers using a 3-fold serial dilution
of cDNA. The amplification efficiency of the PCR reaction for each primer pair was then
calculated from the standard curve in order to estimate precisely the relative transcript
expression. Transcript levels were normalized to the level of the reference gene HPRTI1
transcript. High expression stability of HPRT1 had been established previously (Bohuslavova
et al., 2010). The expression level of mRNA was normalized with regard to specific PCR
efficiency (E) for each gene according to the following formula (Pfaffl, 2001):

Normalized amount = (1+E)CT reference transcrlpt/( 1 +E)CT target transcript

No-template and no-RT control reactions were performed to screen for false amplification and

to confirm the absence of DNA contamination.
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Table 2: The specific primers designed using the Universal Probe Library (UPL) Assay Design Center (Roche
Applied Science). The HK, hexokinase; CKM, creatine kinase muscle; CKB, creatine kinase brain;, mtCKs,

mitochondrial creatine kinase sarcomeric; HPRT1, hypoxanthine-guanine phosphoribosyl transferasel.

Transcript Forward primer Reverse primer UPL probe number
HK1 tetgggcttcaccttctcat atcaagattccacagtccaggt 121
HK2 ccagcagaacagcctagace agatgccttgaatccctttg 101
CKM ccgcagcatcaagggtta cccgtcaggetgttgaga 16
CKB ccacttcctcttcgacaage ggaacgtcttattgtcattgtge 84
mtCKs gccacccecttcattaagactg  caaaaaggtcagcaaacacct 83
HPRTI gaccggttctgtcatgtcg acctggttcatcatcactaatcac 95

3.7 SDS-PAGE and Western blot analysis

Individual homogenates from the LV and RV samples were separated by sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) on 10% polyacrylamide
separating gels and 5% polyacrylamide stacking gels at constant voltage of 200 V and room
temperature (Mini-PROTEAN TetraCell, Bio-Rad). The gel-resolved proteins were
electrotransferred onto the nitrocellulose membrane (0.2 pum pore size, Protran BA 8§83,
Whatman, Germany) at constant voltage of 100 V and 350 mA current for 1 h at 4°C (Mini
Trans-Blot, Bio-Rad). Membranes were blocked for 1 h at room temperature with 5% non-fat
dry milk in TRIS-buffered saline solution (TBS) containing Tween 20 (TTBS). After washing
in TTBS (3x15min), membranes were incubated overnight at 4°C with the primary polyclonal

antibodies (7Table 3).
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Table 3: The specific primary antibodies for the Western blot (WB) and immunofluorescence staining (IF). The

HK, hexokinase; CKM, creatine kinase muscle; CKB, creatine kinase brain; mtCKs, mitochondrial creatine

kinase sarcomeric; AKT, AKT kinase; pS-AKT, phosphorylated AKT on serin 473; pT-AKT, phosphorylated AKT

on threonin 308; OXPHOS, compartments of the mitochondrial respiratory chain and ATP synthase; GAPDH,

glycerlaldehyde 3-phosphate dehydrogenase; Bcl-2, anti-apoptotic protein from the Bcl-2 protein family; BAX,

pro-apoptotic protein from the Bcl-2 protein family.

Protein Primary antibody Company Specific use Dilution
HK1 sc-28885 Santa Cruz Biotechnology WB, IF 1:2000, 1:50
ab78420 Abcam WB, IF 1:1000, 1:50
HK2 sc-28889 Santa Cruz Biotechnology WB, IF 1:800, 1:50
ab78259 Abcam WB, IF 1:1000, 1:50
CKM sc-15164 Santa Cruz Biotechnology WB 1:200
CKB sc-15157 Santa Cruz Biotechnology WB 1:200
mtCKs sc-15168 Santa Cruz Biotechnology WB 1:400
AKT A00301 GenScript, Antibodies-online GmbH WB 1:2000
pS-AKT A00272 GenScript, Antibodies-online GmbH WB 1:4000
pT-AKT A00275 GenScript, Antibodies-online GmbH WB 1:2000
OXPHOS ab110412 Abcam IF 1:200
GAPDH Sc-25778 Santa Cruz Biotechnology WB 1:5000
Bcl-2 SAB4500003 Sigma-Aldrich WB 1:1000
BAX ab7977 Abcam WB 1:1000
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Next day, the membranes were washed in TBS (3x10min) and incubated for 1 h at
room temperature with appropriate anti-rabbit (GE Healthcare Amersham) or anti-goat (Santa
Cruz Biotechnology) secondary antibody conjugated with horseradish peroxidase. Proteins
were detected by enhanced chemiluminiscence (ECL) substrate (SuperSignal West Dura
Extended Duration Substrate, Thermo Scientific Pierce) and visualized by the LAS-4000
imaging system (Genetica, Fujifilm). Changes in the relative protein levels were quantified
using the Quantity One Software (Bio-Rad). The same amount of protein (20 ug per lane) was
loaded on the gels. Samples from each experimental group and from both ventricles were
always run on the same gel and quantified on the same membrane. The analysis was repeated
at least four times for each antibody and the results were normalized to the total protein. In the
Chapter 4, GAPDH was used as a loading control to ensure that equal amount of protein was
analyzed in each sample. Variation of the GAPDH immunoreactivity signal between the
individual samples on each immunoblot was under 5% (Figure 16). In the Chapter 5 and 6, the
total protein concentration was used as the most suitable referential value due to the fact that

the housekeeping protein GAPDH is affected by chronic hypoxia (Balkova et al., 2011).

Figure 16: The GAPDH immunoreactivity between the left (LV) and right (RV) ventricle.

3.8 Isolation of mitochondria

Normoxic rats and rats adapted to intermittent hypobaric hypoxia were killed by
decapitation. Hearts were quickly removed and washed in ice-cold saline buffer. The LV, RV,
and S were separated, weighed, and immediately placed in the BIOPS buffer (10 mM Ca-
EGTA buffer, 0.1 uM free calcium, 20 mM imidazole, 20 mM taurine, 50 mM K-MES, 0.5
mM DTT, 6.56 mM MgCI2, 5.77 mM ATP, 15 mM PCr, pH 7.1). The tissue was cut to pieces
and homogenized with homogenization buffer (0.25 M sucrose, 10 mM TRIS, 2 mM EDTA, 2
mM EGTA, BSA (0.5mg/mL), pH 7.2) in the ratio 1:20 (w/v) using glass-teflon homogenizer

(500-700 rpm) until the sample was homogeneous. After that, homogenates were centrifuged
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at 600 g and 4°C for 10 min. The supernatants were filtered and centrifuged at 10,000 g and
4°C for 10 min. Supernatants representing the cytosol were stored at -80°C for further
analyses. Pelets were resuspended in the buffer (pH 7.2) containing 0.25 M sucrose and 10
mM TRIS and centrifuged at 10,000 g and 4°C for 10 min to wash mitochondria. Supernatants
were discarded and pelets were resuspended in the same buffer (0.25 M sucrose, 10 mM TRIS,
pH 7.2). All contents were removed into glass homogenizer and shortly gently homogenized.

Homogenates were stored at -80°C for further analyses.

3.9 Enzyme analyses

3.9.1 CK and HK activities

The specific CK and HK enzyme activities were assessed by enzyme-coupled assays
and measured spectrophotometrically using a multireader system Synergy'™ HT (Biotek
Instruments). Both assays were based upon the reduction of NAD" through a coupled reaction
with glucose-6-phosphate dehydrogenase (G6P-DH) and were determined by measuring the

increase in absorbance at 339 nm:

CK
PCr+ ADP — Cr +ATP

HK
Glucose + ATP — Glucose-6-P + ADP

G6P-DH
Glucose + NAD" — Gluconate-6-P + NADH + H'

The specific enzyme activity of the HK was assessed according to a slightly modified
Worthington protocol (Worthington Biochemical Corporation). The assay buffer consisted of
0.05 M TRIS, 13.3 mM MgCl,, 0.8 mM NAD, 0.8 mM ATP, 0.5% Triton X-100, and 1 U/ml
G-6-P dehydrogenase (pH 8.0). Samples (60 pg per well) were placed into 96-well plates. The
167 ul of the HK assay buffer were added into each sample. The reaction was initiated after 2
min by the addition of 33 ul of the starting solution (1.5 M glucose in TRIS-MgCl, buffer, pH
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8.0) and the assay was run at 30°C for 15 min. The CK activity was measured at 37°C for 10
min using a commercial kit (CK NAC lig. SYS 1, Roche Diagnostics). Samples (42 pg per
well) were pipetted into wells, then 200 pl of the CK working solution R1 were added and
after 2 min incubation the 40 pl of CK working solution R2 were added. The specific enzyme
CK and HK activities were expressed as units per gram protein (U/g) (Units of Enzyme

Activity, 1979).

3.9.2 LDH release

The LDH release was determined using the LDH Liqui-UV kit (Stanbio, Boerne, TX,
USA). The LDH assay was freshly prepared by mixing a solution of R1 and R2 in the ratio 5:1
(v/v). The 200 pl of the assay were added into each effluent sample (10 pl). The LDH activity
was measured at 37°C, 340 nm in 96-well plates using a multireader Synergy' ™ HT (Biotek
Instruments) for 20 min and expressed as units per liter (U/L) according to manufacturer’s

instructions.

3.10. Immunofluuorescence analyses

3.10.1 Native frozen section preparation

Animals were killed by decapitation. Hearts were rapidly excised, washed in ice-cold
saline and placed on Langendorff apparatus, where they were perfused by Krebs-Henseleit
solution with 20 mM 2,3-butanedione monoxime for 2 min. After that, atria were cut out and
ventricles were cut transversally in one third from apex and snap-frozen and stored in liquid
nitrogen. Frozen ventricles were mounted using tissue-Tec medium and cut to cryosections (5
to 7 um) using a cryocut (Leica 1800). Cryosections were collected on the Super-Frost slides.
Eight cryosections from each normoxic or hypoxic heart were used for antibodies staining and

as negative and positive controls.
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3.10.2 Formaldehyde perfused frozen section preparation

Animals were killed by decapitation. Hearts were rapidly excised, washed in ice-cold
saline and perfused by Tyrode solution (140 mM NaCl, 5.4 mM KCl, I mM Na,HPO,4, | mM
MgCl,.6H,0, 10 mM glucose, 5 mM HEPES, pH 7.4) without calcium for 2 min. Then, hearts
were perfused by 4% methanol-free formaldehyde (Polysciences, Inc.) for 3 min. After that,
hearts were incubated in 20% sucrose overnight. Then, atria were cut out, ventricles were cut
transversally in one third from apex, snap-frozen in liquid nitrogen and stored in -80°C. The

following steps were the same as in the previous procedure.

3.10.3 Immunofluorescence staining

Ventricular myocardium for immunofluorescence staining was processed as described
previously (Hlavackova et al., 2010). The subcellular localization of HK1 and HK2 and their
co-localization with the mitochondrial membrane in the LV and RV were investigated by
immunofluorescence staining of apex cross cryosections followed by fluorescence
microscopy. Cryosections were fixed in 4% methanol-free formaldehyde (Polysciences, Inc.)
for 5 min at room temperature and permeabilized in 100% ice-cold methanol for 10 min. Non-
specific binding sites were blocked for 1 h at room temperature in an appropriate serum
diluted in PBS containing 0.3% Triton X-100 and 0.3 M glycine (Sigma-Aldrich).
Cryosections were incubated for 1 h at room temperature with rabbit primary polyclonal
antibodies against HK1 and HK2 from Santa Cruz Biotechnology and from Abcam (7able 3).
Sections were subsequently incubated for 45 min at room temperature with donkey anti-rabbit
IgG secondary antibody (1:200) conjugated with Alexa Fluor 488 (Invitrogen, Molecular
Probes). The mitochondrial compartment was stained with MitoProfile BlueNative OXPHOS
Antibody Cocktail (Abcam) overnight at 4°C and subsequently with goat anti-mouse Alexa
Fluor 647 secondary antibody (1:200) for 45 min at RT (Invitrogen, Molecular Probes).
Sections were mounted in ProLong Gold Antifade Reagent containing a nuclei marker 4',6-

diamidino-2-phenylindole (DAPI) (Invitrogen, Molecular Probes) and stored at 4°C.
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3.10.4 Quantitative fluorescence microscopy

Representative qualitative images were captured by confocal microscopy (Leica TCS
SP2). Images were acquired using a sequential scanning mode avoiding cross-talk between
channels, 16 times line averaging, and noise reduction by 3 times frame averaging. For the
purpose of quantitative analyses, images were acquired using a widefiled fluorescence
microscope (Olympus Cell*R IX2-UCB). The objective lens magnifications were 20x 0.75
NA Plan-Apochromat (Chapter 4) and 100x 1.4 NA Plan-Apochromat (Chapter 5 and Chapter
6). The excitation and emission spectra corresponded to used fluochromes: DAPI (345/455),
Alexa 488 (495/519), Alexa 647 (650/668). Images were acquired using Hamamatsu ORCA
camera C4742-80-12AG and the fluorescence intensity was measured using Fiji ImageJ open
source software (Schindelin et al., 2012). For the quantification of fluorescence intensity
(Chapter 4), eight positions (four for each ventricle) on every section were captured. A time-
lapse scanning mode was used for in order to prove the stability of fluorescence during the
sample observation and acquisition. Each position was scanned 10 times and average intensity
for each ventricle was calculated. For the co-localization screenings, eight positions on each
cryosection (four for each ventricle) were sequentially acquired for red (AlexaFluor 647) and
green (AlexaFluor 488) channels. Each position was optically sectioned at 0.5 pm steps
resulting in approximately 12 focal planes depending on specimen thickness. Each position
was captured twice to calculate the influence of the noise of an image. Regions of interest
(ROI) were selected as sarcoplasmic myofibrilar regions excluding nucleus, perinuclear area
and sarcolemma. The correlation between the fluorescence signal of HK1 or HK2 isoforms
and the mitochondrial OXPHOS complex was calculated using an ICA plugin of Fiji ImageJ
software (Li et al., 2004). The RBNCC method (Adler et al., 2008) was applied for the
correction of noise when calculating the Pearson’s correlation coefficient between the green

channel representing HK1 or HK?2 and the red channel representing OXPHOS complexes.
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3.11 Statistical analyses

3.11.1 Study 1: The comparison of the LV and RV under normoxia

Ten rat hearts were used for WB, enzyme activities, and Real-Time RT-PCR analyses
and 6 hearts were used for quantitative fluorescence analyses. The statistical differences
between the ventricles were determined by the unpaired Mann Whitney test (P < 0.05 or P <

0.001) (Chapter 4).

3.11.2 Study 2: The effect of the normobaric hypoxia and I/R insult on the CK and HK

enzymes

Five hearts from each experimental group were used for WB, enzyme activities, and
Real-Time RT-PCR analyses and 6 hearts were used for quantitative fluorescence analyses
and I/R protocol. Statistical evaluation was performed using One-way ANOVA followed by a
post hoc Dunett’s multiple comparison test, One-way ANOVA followed by a post hoc
Tukey’s multiple comparison test, and Mann Whitney test. Values of P < 0.05 were

considered statistically significant (Chapter 5).

3.11.3 Study 3: The effect of the hypobaric hypoxia on the CK and HK enzymes

Five hearts from each experimental group were used for WB, enzyme activities, and
Real-Time RT-PCR analyses and 6 hearts were used for quantitative fluorescence analyses.
The statistical differences between normoxic and hypoxic groups were determined by the

unpaired Mann Whitney test (P < 0.05) (Chapter 6).

All statistical analyses were performed using GraphPad Prism 5.00 software. All data
are expressed as mean + S.E.M. The degree of imunoreactivity, relative mRNA expression,
and fluorescence intensity are expressed as a percentage of total. The co-localization of HK
with mitochondria is expressed as the Pearson’s correlation coefficient and enzyme activities

are expressed as U/g or U/L.
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4. STUDY 1: The comparison of the LV and RV under normoxia

4.1 Introduction

The normoxic RV and LV differ in many anatomical and physiological parameters
(reviewed in Haddad et al., 2008; Walker and Buttrick, 2009). The ventricular pressure and
elasticity of the RV is lower than that of the LV (Davidson and Bonow, 2005; Dell’Italia and
Walsh, 1988; Starling et al., 1987). The RV free wall is thinner than the LV free wall (Ho and
Nihoyannopoulos, 2006; Jiang, 1994) and the mass of the RV is also less that of the LV
(Lorenz et al., 1999). While the LV has an ellipsoidal shape, the RV is crescent shaped in
cross-sections and appears triangular from the side view (Dell’Italia, 1991; Ho and
Nihoyannopoulos, 2006; Jiang, 1994). It has been reported that there are regional differences
in the size of cardiomyocytes in adult rat hearts (Gerdes et al., 1985), and that cardiomyocytes
respond differently to changes in hemodynamic load depending on the ventricle in which they
are located (Campbell et al., 1991). Concerning myocardial energetics, oxygen requirements
of the RV is lower compared to the LV due to lower wall stress, resulting in larger oxygen
supply reserve (Walker and Buttrick, 2009) making the RV less vulnerable to conditions
associated with increased energy demands. Based on these differences, LV and RV could
respond diversely to various physiological conditions, such as physical training, high altitude
exposure or pregnancy, as well as to pathophysiological situations, such as systemic and
pulmonary hypertension, sleep apnea and others (reviewed in Walker and Buttrick, 2009).
Some physiological studies have demonstrated that the RV is more resistant than the LV to
toxic effect of anthracycline and to injury caused by acute ischemia (Baker et al., 1999;
Belham et al., 2006; Dell’Italia, 1991), which may suggest the existence of some specific
protective mechanism(s) operating in the RV.

As mentioned previously, CK and HK play an essential role in energy homeostasis and
possess an anti-apoptotic effect (Chapter 1.2 and 1.3). In addition, AKT enhances the pro-
survival effect of HK. Therefore, the purpose of the present study was to compare the
expression and subcellular localization of HK isoforms, AKT kinase, and CK isoforms
between ventricles of male Wistar rats. The similar comparison study at the protein and

mRNA levels has not yet been examined.
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4.2 Results

The Real-Time qRT-PCR analyses showed a significantly higher mRNA levels of CK
isoforms in the RV as compared to the LV (Figure 17), however the protein levels of all CK
isoforms (Figure 17) as well as the total CK activity (Figure 18) remained unchanged.

Figure 17: The expression of CK isoforms in the normoxic left (LV) and right (RV) ventricles. The relative levels
of the CKM mRNA (top left), CKB mRNA (top middle), mtCKs mRNA (top right), CKM protein (middle left),
CKB (middle middle), and mtCKs protein (middle right) are expressed as a percentage of total. The

representative bands were cut out from the original gels containing also other experimental groups (bottom).

Values are mean £ S.SEM. (n=35). # P < 0.05 vs. LV.
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Figure 18: The specific enzyme activities of the CK (left) and HK (right) in the normoxic left (LV) and right (RV)
ventricles. The CK and HK activities are expressed as units per gram protein (U/g). Values are mean + S.E.M. (n

=5).

The mRNA levels of both HK1 and HK2 were significantly higher by ~ 128% and
34%, respectively, in the RV than in the LV (Figure 19). The protein levels of the HK1 and
HK?2 followed this pattern: they were also markedly higher (by ~ 76% and 42%, respectively)
in the RV than in the LV (Figure 19). The HK specific enzyme activity did not significantly
differ between the ventricles (Figure 18).
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Figure 19: The expression of HK1 and HK?2 isoforms in the normoxic left (LV) and right (RV) ventricles. The
relative levels of the HK1 mRNA (top left), HK2 mRNA (top right), HKI protein (bottom left), and HK2 protein

(bottom right) are expressed as a percentage of total. Values are mean £+ SEM. (n = 10). # P < 0.05vs. LV.

The expression of both HK1 and HK2 isoforms in the RV was also verified by the
immunofluorescence staining of the cross cryosections. The HK1 as well as HK2 manifested
the significantly higher fluorescence intensity (by ~ 24% and 22%, respectively) in the RV
compared to the LV (Figure 20).
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Figure 20: The determination of the intensity of HK1 and HK?2 fluorescence signals in the left (LV) and right
(RV) ventricles of normoxic rat hearts. The representative micrographs show the intensity of fluorescence signals
of HK1 in the LV (top left), HK1 in the RV (top middle), HK2 in the LV (bottom left), and HK?2 in the LV (bottom
middle). The green color corresponds to the specific HK1 and HK2 staining and the blue color indicates the
nuclear 4',6-diamidino-2-phenylindole (DAPI) staining. The scale bar represents 13 um. The quantification of
the intensity of HK1 (top right) and HK?2 (bottom right) fluorescence signals are expressed as a percentage of the
total. Values are mean + S EM. (n =6). #P <0.001 vs. LV.

The phospho-Ser473-AKT as well as the phospho-Thr308-AKT level was significantly
higher in the RV than in the LV (Figure 21), similarly as the ratio of the phosphorylated to
non-phosphorylated AKT (Figure 21), indicating a higher activation of the AKT in the RV,

which is required for the interaction of HK2 with mitochondria.
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Figure 21: The expression of the phosporylated AKT at Ser473 residue (pS-AKT) and Thr308 residue (pT-AKT)
and the determination of the ratio of the phosphorylated/non-phopshorylated AKT: pS-AKT/AKT (bottom left)
and pT-AKT/AKT (bottom right) in the normoxic left (LV) and right (RV) ventricles. The relative protein levels of
the pS-AKT (top left) and pT-AKT (top right) are expressed as a percentage of total. Values are mean + S.E.M. (n
=10).#P <0.05vs. LV.

It has been previously demonstrated that the higher phosphorylation of the AKT is
usually associated with a higher co-localization of HK2 with mitochondria (Miyamoto et al.,
2008, Roberts et al., 2013). As can be seen in Figure 20, the HK isoforms displayed different
patterns of fluorescence signals in cardiomyocytes. In contrast to a fuzzy pattern of the HK2
distribution, the HK1 appeared to be organized rather into longitudinal arrays or chains. The
Pearson’s correlation coefficients between the green (HK1 or HK2) and the red channels
(OXPHOS mitochondria) were calculated to further quantify differences in the co-localization
of HKs with mitochondria. Neither co-localization of the HK1 (0.48 + 0.04 vs. 0.53 + 0.04)
nor co-localization of the HK2 (0.35 £+ 0.03 vs. 0.37 £ 0.03) with mitochondria differed
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between the LV and the RV. However, the co-localization of the HK2 with mitochondria was

significantly lower compared to the HK1 in both ventricles (Figure 22).

Figure 22: The representative micrographs showing the co-localization of the HK1 (top left and top middle) and
HK?2 (bottom left and bottom middle) with mitochondria in cross cryosections of the normoxic left (LV) and right
(RV) ventricles obtained by a confocal microscope. The green color represents the specific HK1 or HK2 staining,
the blue color indicates the nuclear 4',6-diamidino-2-phenylindole (DAPI) staining, and the red color represents
the distribution of the OXPHOS complexes. The increase in yellow-orange color in both panels indicates an
increased co-localization of the HK1 or HK2 with mitochondria in both LV and RV. The scale bar represents 13
um. The HKI and HK?2 co-localizations with mitochondria (OXPHOS complexes) were quantified using the
Pearson’s correlation coefficients (middle right). Values are mean + S.E.M. (n=6). +P < 0.05 vs. HK1.
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4.3 Conclusion

The present study has revealed significantly higher amounts of the HK1 and HK2 and
the increased phosphorylation of the AKT in the RV as compared to the LV. These findings
suggest that the AKT activation is a necessary but not a sufficient condition for the
enhancement of the interaction of the HK2 with mitochondria and that yet another mechanism
may exist in the RV. In conclusion, these results suggest that the RV has a higher activity of
aerobic glycolytic metabolism and may be able to respond faster and more powerfully to

stressful stimuli than the LV.
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5. STUDY 2: The effect of the normobaric hypoxia and I/R insult on the CK

and HK enzymes

5.1 Introduction

The adaptation to the normobaric hypoxia has been reported to impair cardiac
energetics in humans by decreasing the PCr/ATP ratio (Holloway et al., 2011), which could
reflect the participation of other phosphotransfer systems in the stimulation of the ATP
production (discussed in details in Dzeja and Terzic, 2003; Dzeja et al., 2011). However,
another study has shown that the adaptation to the normobaric hypoxia significantly increases
the PCr synthesis in rat hearts (Novel-Chate et al., 1995), which could indicate a higher
activity of the mtCK. The normobaric hypoxia has not been studied as much as the hypobaric
hypoxia. So far, only one paper has been published for the CK. Novel-Chaté et al. (1998) have
reported a significant decrease of the total CK and mtCKs isoform enzyme activities in the LV
of rats adapted for 3 weeks to the normobaric hypoxia (10% O,). The CKM isoform activity
also decreased but not significantly, and the CKB activity remained unchanged (Novel-Chate
et al.,, 1998). The adaptation to a chronic hypoxia did not affect either the CK activity or
alterations in the CK isoform distribution in the RV. This study, dealing with the CK under
hypoxia, have focused only on the enzyme activity of the total CK or each CK isoform. The
expression on the mRNA as well as protein level has not yet been investigated. The similarly
focused papers have been also published with the HK. Rumsey et al. (1999) have reported an
increase of the HK activity and mRNA level in the LV as well as in the RV of rats adapted to
the normobaric hypoxia (10% O) for 14 days and 21 days, respectively (Rumsey et al., 1999).
Daneshrad et al. (2000) have also showed an increased HK activity in the LV and in the RV of
rats adapted to the normobaric hypoxia (10% O;) for 3 weeks (Daneshrad et al., 2000).
However, it is unknown whether the continuous and intermittent normobaric hypoxias have a
different impact on the CK and HK activities and isoform profiles. It has been shown that the
continuous normobaric hypoxia (CNH) as well as the intermittent hypoxia lasting 8 h per day
(INH-8) increased the cardiac tolerance to the ischemic injury, while the regimen based on 23
h of hypoxia per day interrupted with only 1 h normoxic episode (INH-23) did not induce the

cardioprotective phenotype (Figure 23) (Kasparova et al., data in preparation; Neckar et al.,
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2013). Therefore, the purpose of the present study was to compare the protective and non-
protective regimens and to determine the CK and HK responses to the I/R insult in the LV of

rats adapted to protective CNH regimen.

Figure 23: The comparision of protective and non-protective regimens of normobaric hypoxia. The Cont,
normoxic controls; CNH, continuous hypoxia; INH-23, intermittent hypoxia for 23 h/day; INH-8, intermittent
hypoxia for 8 h/day. The infarct size is expressed as a percentage of area at risk (AR) and is shown at
representative images below the bar chart: brown color represents normally perfused tissue stained by potassium
permanganate; red area, tetrazolium positive, represents tissue surviving the occlusion; and pale area,

tetrazolium negative, is infarcted tissue. The figure is adapted from Dr. Neckar with permission.

5.2 Results

5.2.1 The effect of the normobaric hypoxia

As shown in the Table 1 (Chapter 3.5), the adaptation of rats to the INH-23 and CNH
regimens led to a growth retardation by ~ 14% as compared to normoxic controls. The INH-8
regimen had no significant effect on the body weight. While the hypoxia did not significantly
affect the LV weight, it resulted in the RV hypertrophy, which was more pronounced in the
CNH and INH-23 groups than in the INH-8 group. Similarly, the increase of the hematocrit

was proportional to the duration of daily hypoxic exposure.
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The adaptation to all hypoxic regimens affected neither mRNA nor protein levels of
the CKM in both ventricles, except for a slight decrease of the LV transcript in the INH-23
group (Figure 24). On the other hand, the normobaric hypoxia up-regulated the CKB at the
mRNA and protein levels in both LV and RV, although only some groups exhibited a
statistically significant difference from normoxic controls due to a rather high variability in
this isoform level (Figure 24). The protein expression of the mtCKs was significantly
increased in the LV after the adaptation to all hypoxic regimens (by ~ 33%, 29%, and 30% in
the CNH, INH-23, and INH-8 groups, respectively), while the LV levels of the mtCKs mRNA
increased only in the CNH and INH-8 groups. In contrast, no effect of the hypoxia on the
mtCKs expression was observed in the RV (Figure 24).

Figure 24: The expression of CK isoforms in the left (LV) and right (RV) ventricles. The relative levels of the
CKM mRNA (top left), CKB mRNA (top middle), mtCKs mRNA (top right), CKM protein (bottom left), CKB
protein (bottom middle), and mtCKs protein (bottom right) are expressed as a percentage of total amount
determined in the LV and RV from normoxic rats (N), from rats adapted to the continuous normobaric hypoxia
(CNH), intermittent normobaric hypoxia for 23 h/day (INH-23), and intermittent normobaric hypoxia for 8 h/day
(INH-8). Values are mean = S.E.M. (n =5). * P < 0.05 vs. N.
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The protein and mRNA levels of both HK isoforms were markedly higher in the
normoxic RV than in the LV, which is in line with the previous findings (Chapter 4.2). All
hypoxic regimens similarly increased the HK1 protein levels in the LV (by ~ 99%, 95%, and
86% in the CNH, INH-23, and INH-8 groups, respectively), but did not affect the HK1 mRNA
levels. Interestingly, the adaptation to a moderate normobaric hypoxia affected neither mRNA
nor protein levels of the HK1 in the RV (Figure 25). All regimens of the hypoxia up-regulated
both mRNA (by ~ 74-112 %) and protein (by ~ 94-113 %) level of the HK2 in the LV. In the
RV, the protein expression of the HK2 remained unchanged and the mRNA level increased

only in the INH-8 group (Figure 25).

Figure 25: The expression of HKI1 and HK2 isoforms in the left (LV) and right (RV) ventricles. The relative
levels of the HK1 mRNA (top left), HK2 mRNA (top right), HK1 protein (bottom left), and HK2 protein (bottom
right) are expressed as a percentage of total amount determined in the LV and RV from normoxic rats (N), from
rats adapted to the continuous normobaric hypoxia (CNH), intermittent normobaric hypoxia for 23 h/day (INH-
23), and intermittent normobaric hypoxia for 8 h/day (INH-8). Values are mean + S.E.M. (n = 5). ¥ P < 0.05 vs.
N; #P < 0.05 vs. corresponding LV.
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The adaptation to a moderate normobaric hypoxia markedly increased the total CK
activity in the LV by ~ 41% (CNH), 43% (INH-23), and 40% (INH-8), which was in
agreement with the enhanced expression of the mtCKs and CKB proteins. In the RV, only
adaptations to the INH-23 and INH-8 regimens significantly increased the total CK activity by
~ 31% and 51%, respectively (Figure 26). All hypoxic regimens also significantly increased
the HK activity in the LV by ~ 32% (CNH), 23% (INH-23), and 29% (INH-8), which was in
line with the up-regulation of the HK1 and HK2 protein levels. The total HK activity in the
RV was higher than in the LV already under normoxic conditions and the normobaric hypoxia

resulted in further increases by ~ 67% (CNH), 75% (INH-23), and 21% (INH-8) (Figure 26).

Figure 26: The specific enzyme activities of the CK and HK in the left (LV) and right (RV) ventricles. The CK
(left) and HK (right) activities are expressed as units per gram protein (U/g) in the LV and RV from normoxic
rats (N), from rats adapted to the continuous normobaric hypoxia (CNH), intermittent normobaric hypoxia for 23
h/day (INH-23), and intermittent normobaric hypoxia for 8 h/day (INH-8). Values are mean + S.E.M. (n = 5). * P
< 0.05vs. N; # P < 0.05 vs. corresponding LV.

The fluorescence analyses showed a higher co-localization of the HKI1 with
mitochondria than the HK2 in the normoxic LV and RV, which is in accordance with the
previous results (Chapter 4.2). In addition, a higher co-localization of the HKI1 with
mitochondria, compared to the HK2, was also observed in the RV of the CNH rats. However,
the adaptation to the CNH did not affect the mitochondrial co-localization of both isoforms in

the LV as well as in the RV, compared to the normoxic controls (Figure 27).
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Figure 27: The representative qualitative images of transversal cross cryosections showing the co-localization of
the HK1 and HK2 with mitochondria in the left (LV) and right (RV) ventricles from normoxic rats (N) and from
rats adapted to the continuous normobaric hypoxia (CNH) (top and middle). The green color represents the
specific HK1 or HK2 staining and the blue color indicates the nuclear 4',6-diamidino-2-phenylindole (DAPI)
staining. The red color represents the distribution of the mitochondrial compartments (I-V complexes). The
increase in yellow-orange color indicates an increased co-localization of the HK1 and HK2 with mitochondria
expressed as the Pearson’s correlation coefficients (bottom). The scale bar represents 20 um. Values are mean £

SEM. (n=5).
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5.2.2 The effect of the I/R insult

The present I/R protocol was designed to be marginal for the fatal cell damage. The
degree of cell damage was determined by measuring the LDH release, which occurred only
after 30 s and 60 s of reperfusion. Nevertheless, these increases were negligible due to low
levels of the LDH activity (Figure 28). The degree of apoptosis was determined by the Bcl-
2/BAX ratio, which remained unchanged during ischemia and I/R insult in normoxic LV. The
ratio of the anti-apoptotic Bcl-2 protein to the pro-apoptotic BAX protein was significantly
elevated after the I/R insult in the CNH LV, as compared to the normoxic LV (Figure 28).

Figure 28: The degree of cell damage and apoptosis. The ratio of the Bcl-2/BAX proteins in the left ventricle
(LV) of perfused control (KN, KH), ischemic (IN, IH), and I/R (IRN, IRH) hearts. The N, normoxic rats; H, rats
adapted to the continuous normobaric hypoxia (left). The LDH release during the reperfusion is expressed as

U/L (right). Values are mean £ S.EM. (n =6). $ P < 0.05 vs. KH; * P < 0.05 vs. corresponding normoxic group.

The I/R insult did not affect the HK2 protein level in the hypoxic LV. Only ischemia
had a tendency to increase the HK2 protein level in the hypoxic LV. The HK1 expression

remained unchanged in all experimental groups (Figure 29).
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Figure 29: The expression of the HK1 protein (left) and HK?2 protein (vight) in the left ventricle (LV) of perfused
control (KN, KH), ischemic (IN, IH), and I/R (IRN, IRH) hearts. The N, normoxic rats;, H, rats adapted to the

continuous normobaric hypoxia. Values are mean + S.E.M. (n = 6).

The I/R insult significantly increased the total HK activity in the CNH LV compared to
the appropriate normoxic LV. The ischemia also markedly elevated the total HK activity in the
hypoxic LV as well as in the control LV (Figure 30). The total CK activity was not affected
either by ischemia or by the I/R insult (Figure 30).

Figure 30: The specific enzyme activities of the CK and HK in the left ventricle (LV) of perfused control (KN,
KH), ischemic (IN, IH), and I/R (IRN, IRH) hearts. The N, normoxic rats; H, rats adapted to the continuous
normobaric hypoxia. Values are mean £ S.EM. (n = 6). $ P < 0.05 vs. KN; $ P < 0.05 vs. KH; * P < 0.05 vs.

corresponding normoxic group.
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5.3 Conclusion

This study demonstrated similar effects of three different hypoxic regimens on CK and
HK isoforms in the myocardium of adult rats. The up-regulation of the mitochondrial CK and
HK and their activities may lead to a higher stimulation of the respiratory chain via ADP
recycling, which can reduce a formation of ROS and thus help to prevent the oxidative stress
and maintain the energy homeostasis during the normobaric hypoxia. Although any difference
between the protective and non-protective phenotype was found, it cannot be ruled out that the
CK and HK may play a role in the cardioprotective mechanisms induced by the adaptation to
the normobaric hypoxia. The fluorescence analyses revealed that the CNH regimen stabilizes
the HK bond with mitochondria in both ventricles, which can subsequently protect the HK
dissociation from mitochondria under the I/R injury. This suggestion is supported by an

increased HK activity in the CNH LV subjected to the I/R insult.
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6. STUDY 3: The effect of the hypobaric hypoxia on the CK and HK

enzymes

6.1 Introduction

The hypobaric hypoxia has been studied since 1950"™. The first experiments has been
carried out in the Czech Republic in 1958 by Kopecky and Daum, who have demonstrated the
cardiprotective effect of the adaptation to the hypobaric hypoxia. However, the hypobaric
hypoxia differ in some physiological parameters from the normobaric hypoxia (Millet et al.,
2012; Savourey et al., 2003). Surprisingly, few studies focused on the CK and HK activities
under hypoxic conditions have been published untill now. Pissarek et al. (1997) adapted rats to
the hypobaric hypoxia for 28 days simulating altitude 5500 m. They have observed a
significant decrease of the total CK activity in the LV and a non-significant decrease of the
total CK activity in the RV. The enzyme activities of CK isoforms were also changed under
hypoxic conditions. The CKM activity significantly decreased, while the CKB activity
significantly increased in both ventricles. The mtCKs activity significantly decreased only in
the LV (Pissarek et al., 1997). However, more recent research has shown different results.
Letout et al. (2005) have found that the total CK activity increased in the LV but remained
unchanged in the RV of rats adapted to the hypobaric hypoxia (640 hPa, 3700 m) for 3 weeks.
The CKM isoform activity increased in the LV but decreased significantly in the RV. The
CKB activity markedly increased in both ventricles. The mtCKs had a tendency to grow in the
LV as well in the RV (Letout et al., 2005). These different findings may be due to a distinct
model of the hypobaric hypoxia. According to many models of the hypobaric hypoxia, it is
very complicated to compare obtained results with published data.

Only one paper has been published regarding hexokinase thus far. Cai et al. (2010)
have demonstrated a decrease of the HK activity in the RV and no changes in the HK activity
in the LV of rats adapted for 5 weeks to a hypobaric hypoxia (53 kPa, 5000 m) (Cai et al.,
2010). The present study used a model of the hypobaric hypoxia simulating a high altitude of
7000 m, which represents greater oxidative stress and thus may have a different effect on the

HK and CK functions.
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6.2 Results

The adaptation to the IHH-8 substantially increased the total CK activity in both
ventricles (Figure 31), which was in agreement with the enhanced expression of mtCKs and
CKB proteins (Figure 32). The adaptation to the IHH-8 regimen also significantly increased
the total HK activity in both ventricles (Figure 31), which was in line with the up-regulation

of the HK1 and mainly with the HK2 protein level (Figure 32).

Figure 31: The specific enzyme activities of the CK and HK in the left (LV) and right (RV) ventricles. The CK
(left) and HK (right) activities are expressed as units per gram protein (U/g) in the LV and RV from normoxic
rats (N) and from rats adapted to the intermittent hypobaric hypoxia (IHH-8). Values are mean + S EM. (n = 5).
*P <0.05vs. N.

The adaptation to the severe intermittent hypobaric hypoxia significantly decreased the
CKM mRNA in both ventricles and the protein level in the RV. The CKM protein in the LV
only showed a tendency to decrease. On the other hand, the IHH-8 adaptation up-regulated the
CKB at the protein level in both LV and RV. The CKB mRNA level remained unchanged.
The mtCKs transcript tended to fall in the LV and markedly decreased in the RV. The protein
expression of the mtCKs significantly increased in the LV and tended to decrease in the RV

(Figure 32).
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Figure 32: The expression of CK isoforms in the left (LV) and right (RV) ventricles. The relative levels of CKM
mRNA (top left), CKB mRNA (top middle), mtCKs mRNA (top right), CKM protein (middle left), CKB protein
(middle middle), and mtCKs protein (middle right) are expressed as a percentage of total amount determined in
the LV and RV from normoxic rats (N) and from rats adapted to the intermittent hypobaric hypoxia (IHH-8). The
representative bands were cut out from the original gels containing also other experimental groups (bottom).

Values are mean = S.E.M. (n =5). * P < 0.05 vs. N.

The mRNA level of the HK1 did not change after the adaptation to the IHH-8, while
the HK1 protein significantly increased in the LV and markedly decreased in the RV. The
HK2 mRNA did not change, only tended to rise in the LV and decline in the RV. The protein
expression of the HK2 substantially increased in the LV and had a tendency to increase in the

RV (Figure 33).
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Figure 33: The expression of HK1 and HK2 isoforms in the left (LV) and right (RV) ventricles. The relative
levels of HK1 mRNA (top left), HK2 mRNA (top right), HK1 protein (middle left), and HK?2 protein (middle right)
are expressed as a percentage of total amount determined in the LV and RV from normoxic rats (N) and from
rats adapted to the intermittent hypobaric hypoxia (IHH-8). The representative bands were cut out from the
original gels containing also other experimental groups (bottom). Values are mean + S.EM. (n = 5). * P < 0.05

vs. N.

The fluorescence analyses showed that the adaptation to the IHH-8 significantly
increased the co-localization of the HK1 with mitochondria as well as the co-localization of
the HK2 with mitochondria in the LV as well as in the RV (Figure 34). These observations
were confirmed by the fractionation and WB method showing the elevated HK1 and HK2
protein levels in the mitochondrial fractions from the hypoxic LV and RV (Figure 35).
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Figure 34: The representative qualitative images of transversal cross cryosections showing the co-localization of
the HK1 and HK?2 with mitochondria in the myocardial left (LV) and right (RV) ventricles from normoxic rats (N)
and from rats adapted to the intermittent hypobaric hypoxia (IHH-8) (top and middle). The green color
represents the specific HKI1 or HK2 staining and the blue color indicates the nuclear 4'6-diamidino-2-
phenylindole (DAPI) staining. The red color represents the distribution of the mitochondrial compartments (I-V
complexes). The increase in yellow-orange color indicates an increased co-localization of the HK1 and HK?2 with
mitochondria expressed as the Pearson’s correlation coefficients (bottom). The scale bar represents 20 um.

Values are mean = S.E.M. (n = 6). * P < (.05 vs. N.
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Figure 35: The protein levels of the HK1 and HK?2 in the mitochondrial fraction from the left (LV) and right (RV)
ventricles. The relative levels of HKI protein (top) and HK?2 protein (bottom) are expressed as a percentage of
total amount determined in the LV and RV from normoxic rats (N) and from rats adapted to the intermittent

hypobaric hypoxia (IHH-8). Values are mean = S.E.M. (n = 5). * P < 0.05 vs. N.

6.3 Conclusion

The present study showed the increased CK activity, which is in line with the up-
regulation of mtCKs and CKB proteins, indicating an elevated activity of PCr/CK system,
which is responsible for maintaining energy homeostasis and ADP recycling in mitochondria.
The up-regulation of HK1 and HK2 proteins and the total HK activity in the LV may be
related to the protective metabolic mechanisms of hypobaric hypoxia enhancing the oxidative
phosphorylation and consequently preventing oxidative stress. In addition, the higher HK1 as
well as HK2 co-localization with mitochondria may suggest the activation of survival pathway

in the heart of rats adapted to the severe intermittent hypobaric hypoxia.
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7. DISCUSSION

7.1 Study 1: The comparison of the LV and RV under normoxia

The present study demonstrated a significantly higher expression of HK1 and HK2
isoforms at mRNA as well as protein level in the RV as compared to the LV. These findings
were confirmed by immunofluorescence staining and fluorescence microscopy analyses,
which revealed substantially higher fluorescence signals of both HKs in the RV than in the
LV. To this author’s knowledge, no data have been published to date comparing the
expression and subcellular localization of HK isoforms in the RV and LV. The higher content
of HK isoforms in the RV may suggest a higher activity of aerobic glycolytic metabolism in
this ventricle, which can enhance oxidative phosphorylation and consequently attenuate

oxidative stress.

7.1.1 Differences in energy metabolism between ventricles

The present results are supported by recent findings regarding the higher expression of
the IGF1 in the RV than in the LV (Drake et al., 2011). The IGF1 regulates the glucose
transport into the cells, glucose utilization and promotes glycolysis, which can be reflected in
the increased expression of glycolytic enzymes, such as the HK (Cheng et al., 2000; Bondy
and Cheng, 2004). It has been observed that the IGF1 induced the HK gene expression in a
concentration and time dependent manner in two cancer cell lines (Sebastian and Kenkare,
1997). The IGFl also plays a role in the cardiomyocyte growth and controls cell
differentiation and apoptosis (Takeda et al., 2010). Besides that, the RV shows a lower
expression of both fatty acid binding protein isoforms and a higher expression of glycogen
debranching enzyme (Phillips et al., 2011), which may favor a higher glucose utilization in the
RV. The activity of glucose metabolism is associated with the expression of contractile
proteins, such as MyHCa and MyHCB. MyHCa possesses a higher ATPase activity leading to
a faster contraction, whereas MyHCp with a lower ATPase activity is associated with a slower
contraction (Ebrecht et al., 1982; Pope et al., 1980; Schwartz et al., 1982). Interestingly, a
lower expression of MyHC and a higher expression of MyHCa has been observed in the RV
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as compared to the LV (Brooks et al., 1987; Sharma et al., 2003), indicating that the RV
exhibits a faster muscle phenotype. Indeed, the shortening velocity of RV muscle is greater
than that of the LV (Brooks et al., 1987).

The faster contraction requires a faster transport of the ATP provided by the CK.
Although, mRNA levels of all CK isoforms were significantly higher in the RV than in the
LV, no differences at protein levels of CK isoforms were found between ventricles, except for
the CKB protein, which tended to be higher in the RV than in the LV. Similarly, total CK
activity did not differ between ventricles. This may suggest a higher contribution of glycolysis

to phosphotransfer network in the RV as compared to the LV.

7.1.2 Coronary blood flow differences between ventricles

Increased metabolism rate requires an enhanced oxygen delivery, which is provided by
an increased coronary blood flow. It has been shown that the collagen concentration in the
adult RV is higher than that in the LV (Caspari et al., 1975b; a; Ostadal et al., 1978). This
higher collagen concentration in the RV is associated with a higher static elasticity of right
myocardium (Cappelli et al., 1984) and can reflect the distribution of coronary vasculature
(Buccino et al., 1969). The number of capillaries per mm? is significantly greater in the RV
than in the LV (Henquell and Honig, 1976). Experimental studies dealing with amino acid
incorporation into the heart have also found differences between the RV and LV. The
incorporation of '*C-Proline and '*C-Lysine into the RV was significantly higher than into the
LV (Ostadal et al., 1978; Schreiber et al., 1966). The authors assumed that increased
incorporation into the RV might be due to a more rapid turnover or greater coronary perfusion
per unit of muscle mass (Ostadal et al., 1978). The higher coronary blood flow in the RV can
be also due to a lesser systolic compression of the arteries, as compared to the LV, so the
coronary blood flow is more continuous. Recently, Drake et al. (2011) have reported that the
gene encoding the nuclear receptor subfamily 2, group F, member 2 (NR2F2) protein was
found to be expressed 2-fold higher in the normal RV than in the LV (Drake et al., 2011). The
NR2F2 is required for angiogenesis during heart development (Pereira et al., 1999) and it
might thus correspond to the increased vascularization in the RV observed by Henquell and

Honig (1976).
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7.1.3 The interaction of HK isoforms with mitochondria

Hexokinase represents an essential glycolytic enzyme playing an important role in
survival pathways. Several reports have shown that an increased expression of HK is
associated with an improved resistance of cells, including cardiomyocytes, against ischemic
injury (Zuurbier et al., 2009) and apoptosis (Ahmad et al., 2002; Azoulay-Zohar et al., 2004;
Chiara et al., 2008; Miyamoto et al., 2008; Pastorino et al., 2002; Sun et al., 2008). The anti-
apoptotic importance of HK lies to a high degree in the association of this enzyme with
mitochondria. However, neither HK1 nor HK2 co-localization with mitochondria differed
between ventricles in the present study. On the other hand, the immunofluorescence analyses
showed that the co-localization of HK1 with mitochondria is greater than that of the HK2 in
both ventricles. Southworth et al. (2007) have performed a very detailed study focused on the
distribution of HK in LV cardiomyocytes using electron microscopy. They have found that in
the heart under resting conditions, HK1 is associated with mitochondria to a much higher
extent (10-fold) than HK2 and that the binding of each enzyme isoform to mitochondria is
regulated differently. Interestingly, under ischemic conditions or increased level of insulin
(Southworth et al., 2007) as well as under increased concentration of glucose (John et al.,
2011), the association of HK2 with mitochondria increased 5-fold, while that of HK1 only 2-
fold (Southworth et al., 2007).

Recently, it has been reported that fully activated phospho-AKT stimulated HK2
translocation to the outer mitochondrial membrane (Miyamoto et al., 2008; Roberts et al.,
2013), where HK2 inhibited the binding of the pro-apoptotic BAX protein (Pastorino et al.,
2002) and the opening of the MPT pore (Azoulay-Zohar et al., 2004; Beutner et al., 1998).
Full activation of AKT requires phosphorylation at both Ser and Thr residues (Alessi et al.,
1996). In the present study, the expression of phospho-Ser-AKT as well as phospho-Thr-AKT
was significantly higher in the RV than in the LV. In addition, both ratios of phospho-Ser-
AKT/mon-phosphorylated AKT and phospho-Thr-AKT/non-phosphorylated AKT were
markedly higher in the RV than in the LV. Nevertheless, the higher level of activated AKT in
the RV did not lead to an increased co-localization of HK2 with the mitochondria. These
findings suggest that AKT activation is a necessary but not a sufficient condition for the

enhancement of the interaction of HK2 with mitochondria and that yet another mechanism
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may be involved, initiated by a complex physiological processes such those associated with an
increased concentrations of glucose or insulin, for which the increased binding of HK2 to

mitochondria was described (John et al., 2011; Southworth et al., 2007).

7.1.4 The HK enzyme activity in the LV and RV

The increased binding of HK with mitochondria generally results in an increased HK
activity because of the reduction of G-6-P inhibitory effect (Parra et al., 1997). Most studies
dealing with HK in the heart focused only on the enzyme activity in homogenate. Although
higher activity of HK in the RV as compared to the LV was found in young rats (Bass et al.,
2001; De Tata et al., 1988), other studies did not detect any significant right-to-left ventricular
difference (Bass et al., 1993; Daneshrad et al., 2000; Rumsey et al., 1999). This is in accord
with the results of the present study, supporting the co-localization findings, too. In contrast,
the activity does not correlate with the higher expression of HK1 and HK2 observed in the RV
as compared to the LV. This apparent discordance may be explained by the fact that
comparable concentrations of both HK isoforms bound to mitochondria were detected in both
ventricles. The increased total concentration of HK in the RV as compared to the LV can be
due to higher levels of cytosolic forms of the enzyme. Taking into account that HK associated
with mitochondria contributes principally to a higher enzyme activity, the increased levels of
cytosolic HK in the RV may not necessarily affect the total enzyme activity. Moreover,
changes in the total HK activity correlate with specific changes in the activity of the cytosolic
isoform HK2 rather than with the activity of HKI1, which is predominantly bound to
mitochondria (Riddle et al., 2000).

When comparing the expression and the activity of HK, it is important to keep in mind
that standard WB analysis under denaturing conditions only allows the detection of the
monomeric form of the enzyme, while the dimers or tetramers may substantially differ in their
activity (Hoggett and Kellett, 1992). Post-translational modifications such as sumoylation
(Aslanukov et al., 2006) and ubiquitinylation (Magnani et al., 1994) can affect the enzyme
activity of HK and cause its degradation. Hence, the enzyme activity need not be directly
proportional to the relative amount of HK determined by WB. Moreover, tissue

homogenization could disrupt many of these levels of regulation, including detaching the HK
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from mitochondria. This means that in vifro measurements of HK activity may differ from the
real in vivo tissue activities.

The mechanisms underlying the enhancement of enzyme activity induced by HK
interaction with the mitochondria include conformational changes of the enzyme molecule and
Pi competition with G-6-P at its binding site. The HK2 forms dimers in the cytosol, while the
interaction of HK2 with mitochondria requires HK in a tetrameric form, as well as the HK1-
mitochondria interaction (Mulichak et al., 1998; Wilson, 1995). The HK monomer-dimer-
tetramer transitions and their interactions with mitochondria may further affect the
conformational state of the monomers and thus change their substrate-binding affinity
resulting in the increased activity of the whole complex. The question then arises how
oligomerization of HK can change the enzyme activity of monomers. Another question is
whether the increased enzyme activity due to its binding to the mitochondria is caused by
product channeling (Gregor et al., 2003), i.e., by a shift of the equilibrium to the right, or
through an increased number of active monomers formed by conformational changes induced
by the interaction itself. Based on the different functional properties between HK1 and HK2,

the different contribution of each HK isoform to the total HK activity can be expected.

7.2 Study 2: The effect of the normobaric hypoxia and I/R insult on the CK

and HK enzymes

The present study showed significantly increased enzyme activities of CK and HK and
expression of mtCKs, CKB and both HK isoforms in the LV induced by adaptation to the
moderate normobaric hypoxia. The up-regulation of the mitochondrial enzymes and their
activities may indicate a higher stimulation of the respiratory chain via ADP recycling, which

can reduce ROS and thus help to prevent oxidative stress.

7.2.1 The CK enzyme activity in the LV

The CK molecule is known to be very susceptible to oxidative stress, which causes a
dissociation of SH bonds between cystein residues in each monomer and thus affects the CK

catalytic activity (Konorev et al., 1998; Koufen et al., 1999; Mekhfi et al., 1996; Wendt et al.,
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2003). The significant increase of the total CK activity in the LV of rats adapted to protective
regimens of normobaric hypoxia (CNH, INH-8) suggests that the cardiac energy metabolism
responses physiologically under these conditions, which are not associated with a severe
oxidative stress. This is likely due to an increased capacity of the antioxidant system, which is
responsible for the control of the ROS over-production. This is supported by the finding of an
increased mRNA expression of major antioxidant enzymes (Kasparova et al., data in
preparation). In addition, the total CK activity did not change in the LV during an acute I/R
insult suggesting that the adaptation to CNH regimen preserves the CK function and possibly
preserves the octamer-dimer transition of the mtCKs. Adaptation to normobaric hypoxia could

thus have similar protective effects as ischemic preconditioning (Laclau et al., 2001).

7.2.2 The CK expression in the LV

The total CK activity represents all CK isoforms at the protein level. The adaptation to
CNH and INH-8 regimens significantly increased expression of mtCKs and CKB isoforms,
while did not change the CKM expression. In view of the fact that CKB represents a minor
isoform in the mature heart (7able 4), it can be assumed that the increase of the total CK

activity under hypoxic conditions can be attributed mainly to mtCKs.

Table 4: The mRNA and protein levels of CK isoforms in the normoxic LV and RV expressed as percentage of

total.

protein % mRNA %
CK isoform
LV RV LV RV
mtCKs 37.44 43.88 48.12 47.96
CKM 54.48 49.48 51.58 51.69
CKB 8.07 6.64 0.30 0.34

124



The mRNA level of CKB is by two orders of magnitude lower than that of mtCKs and
CKM in the normoxic LV. The mtCKs and CKM mRNA/mRNA ratios are close to 1:1 in the
LV suggesting equilibrium between PCr production in mitochondria and its utilization close to
ATPases mediated by CKM under physiological conditions. It seems that increased expression
of mtCKs under hypoxic conditions may result in an elevated PCr production in mitochondria
leading to the increased availability of ADP for ATP synthase. The accelerated PCr synthesis
has been already shown after adaptation to chronic hypoxia (Novel-Chate et al., 1995).
Moreover, it has been reported that increased mtCK levels could help to sustain a high energy
turnover, which may be beneficial under stress situations (Carter et al., 1995; Holtzman et al.,
1998) and possibly protect cells from apoptosis (Kornacker et al., 2001). It appears that the up-
regulation of mtCKs and increase of the total CK activity induced by adaptation to protective
regimens of normobaric hypoxia can represent a compensatory mechanism engaged in
improving oxidative energy metabolism. However, the question remains why mtCKs protein
level and total CK activity also increased after adaptation to a non-protective regimen of
normobaric hypoxia (INH-23). The CKB protein also tended to increase, but not significantly,
and mRNA levels of both mtCKs and CKB remained unchanged. One of the possible
explanations could be that the elevated total CK activity and mtCKs protein level mainly
represent the adaptive mechanism of CK system to hypoxia, which is able to maintain
adequate phosphotransfer homeostasis within cardiomyocytes. The cardioprotective phenotype
of CNH and INH-8 regimens may therefore be related to the activation of other mechanisms,
such as antioxidant system, other enzymes of energy metabolism, or pro-survival kinases.

From the literature data it is evident that the model of normobaric continuous hypoxia
is not as frequent as the model of hypobaric intermittent hypoxia. There is only one study
(Novel-Chate et al., 1998) which has used the same model and focused on CK. However, this
study has reported opposite results showing a decrease of total CK and mtCKs activities after
adaptation to normobaric (10% O,) hypoxia for 3 weeks. However, it should be noted, that the
authors used female rats and that significant differences may exist in the sensitivity of males
and females to hypoxia (Ostadal et al., 1984b).

The regulation of mtCKs gene expression still remains unclear. It is known that mtCKs
is regulated by the same transcription factors from the MyoD and MEF2 family of proteins as
CKM (Qin et al., 1998). Nevertheless, the results showed a discordant trend in the expression
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between two major isoforms mtCKs and CKM in the LV of all hypoxic groups, suggesting
different regulatory mechanisms controlling the expression of these genes during hypoxia.
One of the possible factors playing a role in a transcriptional regulation of mtCKs is the
mitochondrial transcription factor A (mtTFA), which is activated under impaired
mitochondrial energy supply and is involved in mitochondrial proliferation (Wiesner et al.,
1999) stimulated also by chronic hypoxia (Nouette-Gaulain et al., 2005).

The up-regulation of CKB induced by normobaric hypoxia seems to be controlled at
the transcriptional (Willis et al., 2005; Wu-Peng et al., 1992) as well as translational (Ch’ng et
al., 1990) and post-translational (Chida et al., 1990; Hemmer et al., 1993) levels. The post-
translational modification usually leads to phosphorylation of CKB mediated by kinases, such
as PKC (Chida et al., 1990; Hemmer et al., 1993). The phosphorylated form of CKB has an
increased affinity for PCr (Quest et al., 1990) allowing CKB to transfer the high-energy
phosphate from PCr to ADP. This may provide a higher ATP supply for ATP-requiring
processes at low PCr levels (Hemmer et al., 1993), which may likely occur also during
hypoxia. Other potential candidate is the AMPK, which is activated under metabolic stress
conditions (Emerling et al., 2009; Jing et al., 2008; Mungai et al., 2011), phosphorylates CKB
and thus allows CKB to regulate the SERCA activity (Rios et al., 2014). The CKB is
predominantly expressed during prenatal life and it is better adapted to stressful conditions

(Mahadevan et al., 1984).

7.2.3 The CK expression and enzyme activity in the RV

Adaptation to chronic hypoxia has a beneficial effect on the LV as well as on the RV.
Even the hypoxic RV is more tolerant of ischemia than the hypoxic LV. However, the hypoxia
also causes a pulmonary hypertension leading to a pressure overload and hypertrophy of the
RV (Baker et al., 1997). The degree of the hypertrophy correlates with the intensity and
duration of the hypoxic exposure (Bonnet et al., 2001). In the present study, the relative RV
weight increased by ~ 86% at CNH, 69% at INH-23, and only 19% at INH-8 regimen. No
changes in the LV weight were observed (7able I). The LV is not exposed to increased
afterload during the moderate hypoxia. Its weight therefore remains unchanged and it may

increase only after prolonged exposure to the severe intermittent hypoxia (Cazorla et al., 2006;
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Kolar et al., 2007; La Padula and Costa, 2005; Neckar et al., 2005; Widimsky et al., 1973),
which is associated with moderate systemic hypertension. Hence, chronic hypoxia acts
differently on the LV and RV energy metabolism (Daneshrad et al., 2000; Cai et al., 2010;
Letout et al., 2005; Nouette-Gaulain et al., 2005; Novel-Chate et al., 1998; Pissarek et al.,
1997; Rumsey et al., 1999). In the present study, the observed significant increase of the total
CK activity in the RV at INH-8 regimen compared to CNH and INH-23 regimens may be
possibly related to a lower oxidative stress. The protein level of mCKs was slightly higher in
the normoxic RV compared to the LV and it remained unchanged after the adaptation to all
hypoxic regimens, which can be possibly explained by the RV hypertrophy masking its
potential increase. On the other hand, the same expression profile of mtCKs was found in the
RV also at the mRNA level, so the question is whether it is due to a hypertrophy or not. This
could also be associated with the mitochondrial biogenesis activating in the hypoxic LV and
not in the hypoxic RV. The cytosolic CK isoforms showed a similar profile at mRNA as well
as protein levels in both ventricles suggesting a direct effect of hypoxia on these isoforms. The
compensation increase of CKB isoform induced by the adaptation to hypoxia has already been
described (Letout et al., 2005; Pissarek et al., 1997). The CKB increase at protein level was
markedly higher than that at mRNA level, which suggested the post-transcriptional or post-
translational regulation (Shen et al., 2003).

7.2.4 The HK expression and enzyme activity in the LV

Adaptation to chronic hypoxia causes a shift from fatty acid oxidation to a glycolysis
(Holden et al., 1995), which was also supported by the obtained results. The present study
demonstrated that HK1 as well as HK2 protein level significantly increased in the LV of all
hypoxic groups. The mRNA level of HK2 also markedly increased, which is in agreement
with results obtained by Rumsey et al. (1999) using the same model of hypoxia. However, the
HK1 mRNA remained unchanged, which is not in line with Rumsey et al. (1999), who have
shown a significantly increased HKI mRNA in both ventricles (Rumsey et al., 1999).
Interestingly, different responses of HK1 at mRNA and protein levels were observed also in
the human lung cell line A549 adapted to hypoxia (Riddle et al., 2000), which may indicate a

higher activity of translational machinery. While the promotor region and potential
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transcription factors of HK1 have been described (Chapter 1.3), the mechanisms regulating
HK1 translation are still not known. These mechanisms may include the activation of initiation
factors and transfer RNA, or inhibition of translational repressor proteins. The regulation of
the HK2 gene expression has been studied more intensively. One of the potential HK2
regulators under hypoxia could be the transcriptional factor HIF1 (Riddle et al., 2000). The
HIF1 is also activated via PI3K/AKT pathway (Gordan and Simon, 2007; Semenza, 2003), the
same pathway, which activates HK2 expression (Osawa et al., 1996b). Adaptation to hypoxia
leads to an increased level of catecholamines and cAMP, which may activate putative
response elements in the HK2 promotor region (Mathupala et al., 1995; Rempel et al., 1996;
Osawa et al., 1995, 1996a). Another important regulator is AMPK (Stoppani et al., 2002) also
stimulating the total HK activity (Holmes et al., 1999), which in the present study increased in
the LV after adaptation to all hypoxic regimens. The AMPK also inhibits the CKM activity
(Ponticos et al., 1998) and, as mentioned earlier, it positively regulates CKB isoform (Rios et
al., 2014). In addition to post-translational modification mediated by kinases, the HK activity
could be also modulated by its substrate and product concentrations. It is known that hypoxia
increases the glucose flux into cardiomyocytes leading to an elevation of the HK activity. This
produces G-6-P, which is immediately metabolized in glycolysis and thus cannot reversely

inhibit the HK activity (Chapter 1.5.2.3).

7.2.5 The HK interaction with mitochondria

The enhancement of the HK activity could be achieved by its greater association with
mitochondria. It has been shown that AKT kinase phosphorylates HK2 and stimulates its
translocation to the mitochondria (Miyamoto et al., 2008; Roberts et al., 2013). However, this
mechanism does not seem to play a role in the stimulation of the HK activity under present
experimental conditions, because no increase in mitochondrial co-localization of HK isoforms
was observed after adaptation to normobaric hypoxia. Nevertheless, it should be mentioned
that the present HK assay allowed determining the maximal specific activity of both HK
isoforms independently of the localization of the enzyme molecules. Therefore, the
disproportionately smaller increase of HK activity as compared to the higher increase of HK

expressions may rather indicate the effect of post-translational modifications than changes in
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interactions of HK with mitochondria. In addition, the conformational changes leading to a
higher affinity of the enzyme for substrate do not have to affect the interaction of the enzyme
with subcellular structures. Although the HK1 and HK2 co-localizations with mitochondria
did not increase, they also did not decrease after adaptation to normobaric hypoxia. Hence, it
seems that the present protective CNH regimen, similarly as ischemic preconditioning, could
stabilize the binding of HK with mitochondria. Recently, Pasdois et al. (2013) have reported
that ischemic preconditioning reduces HK2 loss from mitochondrial membrane during
prolonged I/R insult, thereby reducing cytochrome c release, oxidative stress, and probability

of the MPT pore opening (Pasdois et al., 2013).

7.2.6 The HK expression and enzyme activity after I/R insult

The present study also involves I/R experiments on isolated normoxic hearts and hearts
from rats adapted to CNH regimen that showed a significantly increased HK activity in the
hypoxic LV after I/R insult as compared to non-ischemic ventricles. Moreover, the Bcl-2/BAX
ratio was markedly higher in hypoxic LVs subjected to the I/R insult than in normoxic
ventricle. These results may suggest that adaptation to CNH regimen can preserve the binding
of HK with mitochondria during the I/R injury, thereby reducing the probability of BAX
binding into mitochondria to activate apoptosis. The protein level of HKI1 remained
unchanged in hypoxic LVs after the I/R insult, although a tendency to its increase was
observed in LVs adapted to hypoxia as compared to the normoxic ones. Similar trend was also
observed in the total HK activity and HK2 protein level. In addition, HK2 protein tended to
increase more after ischemia in the hypoxic LV than in the normoxic LV, which may reflect

the contribution of this HK isoform to ischemia-resistant phenotype of CNH hearts.
7.2.7 The HK expression and enzyme activity in the RV

Regarding the HK1 and HK2 expressions in the RV, there were not any differences
between experimental groups. Only adaptation to INH-8 regimen significantly increased HK2

mRNA in the RV. HK1 and HK2 protein levels were higher in the RV compared to the LV

under normoxic condition. These findings were already confirmed and discussed previously
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(Chapter 7.1). It was also observed a markedly higher mRNA level of HK1 in the RV as
compared to the LV in all hypoxic regimens, which could be associated with the development
of the RV hypertrophy. The total HK activity significantly increased in the RV of rats adapted
to all hypoxic regimens. The marked differences between RV and LV were found in CNH and
INH-23 groups, which can be explained by differences in the oxidative stress between these
two hypoxic regimens. The present data are in line with other studies focused on the effect of

normobaric hypoxia on the HK activity (Daneshrad et al., 2000; Rumsey et al., 1999).

7.3 Study 3: The effect of the hypobaric hypoxia on the CK and HK

enzymes

7.3.1 The comparison of CK expression and enzyme activity with the INH-8 regimen

The present study demonstrated the significantly increased total CK activity and
elevated protein levels of mtCKs and CKB in the LV of rats adapted to IHH-8 regimen. The
same results have been also obtained after adaptation of rats to a less severe model of
intermittent normobaric hypoxia, INH-8 (Chapter 5.2.1). These findings showed that a
stronger hypoxic stimulus, which is just IHH-8 adaptation, still maintains active PCr/CK
system for optimal energy homeostasis and ADP recycling in mitochondria. In contrast,
mtCKs and CKB mRNA levels remained unchanged in the LV of IHH-8 rats as compared to
those adapted to milder normobaric hypoxic regimens, where mRNA levels substantially
increased or tended to increase (Chapter 5.2.1). These observations may suggest the
involvement of different transcriptional and post-transcriptional regulatory mechanisms.
Moreover, the LV has to be able to maintain contractile function. Therefore most ATP is used
for muscle contraction, whereas transcription processes are inhibited. With respect to RV,
changes in CKB expression were similar, but the expression of mtCKs and CKM significantly
decreased after IHH-8 as compared to INH-8 regimen. These progressive changes observed in

the IHH-8 group can be due to a greater RV afterload imposed by pulmonary hypertension.
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7.3.2 The comparison of the CK function with the published data

Comparing present data with other studies is very complicated due to different models
and adaptation regimens of hypoxia. In addition, other studies have determined the enzyme
activity of CK isoforms, while the present study demonstrated the expression of CK isoforms.
For example, Letout et al. (2005) have reported similar results related to the total CK activity
and CKB and mtCKs activities in the LV, but they have observed an opposite results for CKM
activity in the LV and for total CK activity and CK isoforms activities in the RV (Letout et al.,
2005). This can be explained by the fact that the authors had adapted rats to much lower
degree of hypoxia compared to the present study, which might result in distinct cellular
responses and the degree of RV pressure overload. Moreover, they had studied the effect of
hypoxia on Sprague-Dawley rats, as compared to the present study on Wistar rats, which also
may have affected the results. Another study has reported a decrease of the total CK activity
and mtCKs activity in the LV of rats adapted to hypobaric hypoxia (Pissarek et al., 1997). In
this case, the authors used a model of continuous hypobaric hypoxia with only 30-45 min of
reoxygenation per day, which could be associated with a greater oxidative stress than the
present model of intermittent hypobaric hypoxia. The increased total CK activity and elevated

protein levels of mtCKs and CKB in the LV may result from post-translational modifications.

7.3.3 The comparison of HK expression and enzyme activity with the INH-8 regimen

As expected, the total HK activity also markedly increased in the LV of rats adapted to
IHH-8 regimen, which is in line with elevated HK1 and HK2 protein levels. The HK2 mRNA
only tended to increase and HK1 mRNA remained unchanged. The discrepancy between HK1
mRNA and protein expression is discussed in the Chapter 7.2 and the differences between
normoxic LV and RV in the Chapter 7.1. The up-regulation of HK1 and HK2 proteins and the
increased total HK activity in the LV may be related to the protective metabolic mechanisms
of hypobaric hypoxia enhancing the oxidative phosphorylation. In addition, HK1 and HK2 co-
localizations with mitochondria significantly increased after adaptation to IHH-8 regimen,

which may indicate the activation of survival pathways in cardiomyocytes.
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The present model of hypobaric hypoxia simulating an altitude of 7000 m seems to be
quite extreme in terms of adaptive potential and may already result in some maladaptive
changes. It has been shown that IHH-8 regimen, unlike less severe conditions of chronic
hypoxia, may increase systemic blood pressure causing mild LV hypertrophy, fibrosis, and
diastolic dysfunction in addition to focal micro-necrosis (Boussuges et al., 2000; Kjaergaard et
al., 2006; Kolar et al., 1989; Ostadal et al., 1981; Urbanova et al., 1977; Widimsky et al.,
1980). Nevertheless, the LV myocardium of rats adapted to IHH-8 regimen still retains the
improved resistance to the I/R injury (Kolar et al., 2007; Neckar et al., 2002a). The specific
protective effect of HK lies in its increased binding with mitochondria, which results in the
inhibition of apoptosis. Therefore, it seems that adaptation to IHH-8 is associated with ROS-
dependent signaling, which leads to the activation of pro-survival pathways that may possibly
involve the HK binding to mitochondria. One of the important pro-survival pathways resulting
in the stimulation of HK association with mitochondria is the PI3K/AKT pathway, because it
has been found that activated AKT stimulated HK2 translocation into mitochondria
(Miyamoto et al., 2008; Roberts et al., 2013). It has been reported that IHH-8 regimen induced
the activation of AKT mediated by its phosphorylation in the LV but not in the RV
(Strniskova et al., 2006). However, the present results showed substantially increased HK1
and HK2 co-localizations with mitochondria also in the RV. This indicates that the increased
co-localization of HK isoforms with mitochondria is directly induced by hypoxia in both
ventricles. This supports the view that the stimulation of HK co-localization with

mitochondria is associated with a distinct pathway independent on the AKT activation.

7.4 Conclusion

The results of the present study indicate that the normoxic RV has a higher activity of aerobic
glycolytic metabolism and may be able to respond faster and more powerfully to stressful
stimuli than the LV. Furthermore, the study demonstrates that adaptation to normobaric
hypoxia as well as to more severe hypobaric hypoxia increases mtCKs, CKB, HK1, and HK2
expressions and total CK and HK activities in the LV, which reflects the adaptation of energy
metabolism to a decreased tissue oxygen concentration regardless the model and type of

hypoxia. These results also suggest that CK and HK co-operate together to maintain energy
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homeostasis and provide an adequate ATP production and transfer in the LV under hypoxia.
Adaptation to hypoxia evokes apparently dissimilar metabolic responses in the LV and RV,
which could be related to RV hypertrophy. Based on the results from co-localization
experiments, it can be assumed that the cardioprotective role of HK lies in its interaction with
mitochondria, which depends on the degree of oxidative stress. In particular, HK may play a
crucial role in the caridoprotective mechanism induced by severe hypobaric hypoxia, which

represents an extreme model of adaptation.

133



8. REFERENCES

Abel, E.D. 2004. Glucose transport in the heart. Front. Biosci. J. Virtual Libr. 9:201-215.

Adamson, E.D. 1976. Isoenzyme transitions of creatine phosphokinase, aldolase and
phosphoglycerate mutase in differentiating mouse cells. J. Embryol. Exp. Morphol.
35:355-367.

Adler, J., S.N. Pagakis, and I. Parmryd. 2008. Replicate-based noise corrected correlation for
accurate  measurements of  colocalization. J.  Microsc. 230:121-133.
doi:10.1111/5.1365-2818.2008.01967 .x.

Ahmad, A., S. Ahmad, B.K. Schneider, C.B. Allen, L.-Y. Chang, and C.W. White. 2002.
Elevated expression of hexokinase II protects human lung epithelial-like A549 cells
against oxidative injury. Am. J. Physiol. Lung Cell. Mol. Physiol. 283:L573-584.
doi:10.1152/ajplung.00410.2001.

Ahuja, P., P. Zhao, E. Angelis, H. Ruan, P. Korge, A. Olson, Y. Wang, E.S. Jin, F.M. Jeffrey,
M. Portman, and W.R. Maclellan. 2010. Myc controls transcriptional regulation of
cardiac metabolism and mitochondrial biogenesis in response to pathological stress in
mice. J. Clin. Invest. 120:1494-1505. doi:10.1172/JCI38331.

Alessi, D.R., M. Andjelkovic, B. Caudwell, P. Cron, N. Morrice, P. Cohen, and B.A.
Hemmings. 1996. Mechanism of activation of protein kinase B by insulin and IGF-1.
EMBO J. 15:6541-6551.

Allahdadi, K.J., T.W. Cherng, H. Pai, A.Q. Silva, B.R. Walker, L.D. Nelin, and N.L. Kanagy.
2008. Endothelin type A receptor antagonist normalizes blood pressure in rats exposed
to eucapnic intermittent hypoxia. Am. J. Physiol. Heart Circ. Physiol. 295:H434-440.
doi:10.1152/ajpheart.91477.2007.

Allard, M.F., B.O. Schonekess, S.L. Henning, D.R. English, and G.D. Lopaschuk. 1994.
Contribution of oxidative metabolism and glycolysis to ATP production in
hypertrophied hearts. Am. J. Physiol. 267:H742-750.

Amacher, S.L., J.N. Buskin, and S.D. Hauschka. 1993. Multiple regulatory elements
contribute differentially to muscle creatine kinase enhancer activity in skeletal and
cardiac muscle. Mol. Cell. Biol. 13:2753-2764.

Andreone, T.L., R.L. Printz, S.J. Pilkis, M.A. Magnuson, and D.K. Granner. 1989. The amino
acid sequence of rat liver glucokinase deduced from cloned cDNA. J. Biol. Chem.
264:363-369.

Andres, A., J. Satrustegui, and A. Machado. 1984. Development of enzymes of energy
metabolism in rat heart. Biol. Neonate. 45:78-85.

Anflous-Pharayra, K., Z.-J. Cai, and W.J. Craigen. 2007. VDACI serves as a mitochondrial
binding site for hexokinase in oxidative muscles. Biochim. Biophys. Acta. 1767:136—
142. doi:10.1016/j.bbabio.2006.11.013.

134



Appaix, F., A.V. Kuznetsov, Y. Usson, L. Kay, T. Andrienko, J. Olivares, T. Kaambre, P.
Sikk, R. Margreiter, and V. Saks. 2003. Possible role of cytoskeleton in intracellular
arrangement and regulation of mitochondria. Exp. Physiol. 88:175-190.

Arany, Z., L.E. Huang, R. Eckner, S. Bhattacharya, C. Jiang, M.A. Goldberg, H.F. Bunn, and
D.M. Livingston. 1996. An essential role for p300/CBP in the cellular response to
hypoxia. Proc. Natl. Acad. Sci. U. S. 4. 93:12969-12973.

Archer, S.L., JJ]M. Huang, V. Hampl, D.P. Nelson, P.J. Shultz, and E.K. Weir. 1994. Nitric
oxide and cGMP cause vasorelaxation by activation of a charybdotoxin-sensitive K
channel by ¢cGMP-dependent protein kinase. Proc. Natl. Acad. Sci. U. S. A. 91:7583—
7587.

Ardehali, H., Y. Yano, R.L. Printz, S. Koch, R.R. Whitesell, J.M. May, and D.K. Granner.
1996. Functional organization of mammalian hexokinase II. Retention of catalytic and
regulatory functions in both the NH2- and COOH-terminal halves. J. Biol. Chem.
271:1849-1852.

Arnold, H., and D. Pette. 1970. Binding of aldolase and triosephosphate dehydrogenase to F-
actin and modification of catalytic properties of aldolase. Eur. J. Biochem. FEBS.

15:360-366.

Arora, K.K., and P.L. Pedersen. 1988. Functional significance of mitochondrial bound
hexokinase in tumor cell metabolism. Evidence for preferential phosphorylation of
glucose by intramitochondrially generated ATP. J. Biol. Chem. 263:17422—17428.

Arslan, F., D.P. de Kleijn, and G. Pasterkamp. 2011. Innate immune signaling in cardiac
ischemia. Nat. Rev. Cardiol. 8:292-300. doi:10.1038/nrcardio.2011.38.

Asemu, G., J. Neckar, O. Szérszoi, F. Papousek, B. Ostadal, and F. Kolar. 2000. Effects of
adaptation to intermittent high altitude hypoxia on ischemic ventricular arrhythmias in
rats. Physiol. Res. Acad. Sci. Bohemoslov. 49:597-606.

Asemu, G., F. Papousek, B. Ostadal, and F. Kolar. 1999. Adaptation to high altitude hypoxia
protects the rat heart against ischemia-induced arrhythmias. Involvement of
mitochondrial K(ATP) channel. J. Mol Cell. Cardiol. 31:1821-1831.
do0i:10.1006/jmcc.1999.1013.

Aslanukov, A., R. Bhowmick, M. Guruju, J. Oswald, D. Raz, R.A. Bush, P.A. Sieving, X. Lu,
C.B. Bock, and P.A. Ferreira. 2006. RanBP2 modulates Cox11 and hexokinase I

activities and haploinsufficiency of RanBP2 causes deficits in glucose metabolism.
PLoS Genet. 2:e177. doi:10.1371/journal.pgen.0020177.

Aubert-Foucher, E., B. Font, and D.C. Gautheron. 1984. Rabbit heart mitochondrial
hexokinase: solubilization and general properties. Arch. Biochem. Biophys. 232:391—
399.

Avkiran, M., and M.S. Marber. 2002. Na(+)/H(+) exchange inhibitors for cardioprotective
therapy: progress, problems and prospects. J. Am. Coll. Cardiol. 39:747-753.

Awan, M.M., and E.D. Saggerson. 1993. Malonyl-CoA metabolism in cardiac myocytes and
its relevance to the control of fatty acid oxidation. Biochem. J. 295 ( Pt 1):61-66.

135



Azoulay-Zohar, H., A. Israelson, S. Abu-Hamad, and V. Shoshan-Barmatz. 2004. In self-
defence: hexokinase promotes voltage-dependent anion channel closure and prevents
mitochondria-mediated  apoptotic  cell death. Biochem. J.  377:347-355.
doi:10.1042/BJ20031465.

Babior, B.M., J.D. Lambeth, and W. Nauseef. 2002. The neutrophil NADPH oxidase. Arch.
Biochem. Biophys. 397:342-344. d0i:10.1006/abbi.2001.2642.

Bai, L., Y. Wang, J. Fan, Y. Chen, W. Ji, A. Qu, P. Xu, D.E. James, and T. Xu. 2007.
Dissecting multiple steps of GLUT4 trafficking and identifying the sites of insulin
action. Cell Metab. 5:47-57. doi:10.1016/j.cmet.2006.11.013.

Baker, J.E., B.D. Curry, G.N. Olinger, and G.J. Gross. 1997. Increased tolerance of the
chronically hypoxic immature heart to ischemia. Contribution of the KATP channel.
Circulation. 95:1278-1285.

Baker, J.E., P. Holman, B. Kalyanaraman, O.W. Griffith, and K.A. Pritchard Jr. 1999.
Adaptation to chronic hypoxia confers tolerance to subsequent myocardial ischemia by
increased nitric oxide production. Ann. N. Y. Acad. Sci. 874:236-253.

Balkova, P., M. Hlavackova, M. Milerova, J. Neckar, F. Kolar, F. Novak, and O. Novakova.
2011. N-acetylcysteine treatment prevents the up-regulation of MnSOD in chronically
hypoxic rat hearts. Physiol. Res. Acad. Sci. Bohemoslov. 60:467-474.

Bao, G., N. Metreveli, R. Li, A. Taylor, and E.C. Fletcher. 1997. Blood pressure response to
chronic episodic hypoxia: role of the sympathetic nervous system. J. Appl. Physiol.
Bethesda Md 1985. 83:95-101.

Bao, W., P. Qin, S. Needle, C.L. Erickson-Miller, K.J. Duffy, J.L. Ariazi, S. Zhao, A.R.
Olzinski, D.J. Behm, G.C.T. Pipes, B.M. Jucker, E. Hu, J.J. Lepore, and R.N. Willette.
2010. Chronic inhibition of hypoxia-inducible factor prolyl 4-hydroxylase improves
ventricular performance, remodeling, and vascularity after myocardial infarction in the
rat. J. Cardiovasc. Pharmacol. 56:147—-155. doi:10.1097/FJC.0b013e3181e2bfef.

Baskin, R.J., and D.W. Deamer. 1970. A membrane-bound creatine phosphokinase in
fragmented sarcoplasmic reticulum. J. Biol. Chem. 245:1345—-1347.

Bass, A., B. Ostadal, J. Prochazka, V. Pelouch, M. Samanek, and M. Stejskalova. 1989.
Intermittent high altitude--induced changes in energy metabolism in the rat
myocardium and their reversibility. Physiol. Bohemoslov. 38:155-161.

Bass, A., M. Stejskalova, B. Ostadal, and M. Samanek. 1993. Differences between atrial and
ventricular energy-supplying enzymes in five mammalian species. Physiol. Res. Acad.
Sci. Bohemoslov. 42:1-6.

Bass, A., M. Stejskalova, A. Stieglerova, B. Ostadal, and M. Samanek. 2001. Ontogenetic
development of energy-supplying enzymes in rat and guinea-pig heart. Physiol. Res.
Acad. Sci. Bohemoslov. 50:237-245.

Beguin, P.C., E. Belaidi, D. Godin-Ribuot, P. Levy, and C. Ribuot. 2007. Intermittent
hypoxia-induced delayed cardioprotection is mediated by PKC and triggered by p38
MAP  kinase and  Erkl/2. J Mol Cell. Cardiol. 42:343-351.
doi:10.1016/j.yjmcc.2006.11.008.

136



Beguin, P.C., M. Joyeux-Faure, D. Godin-Ribuot, P. Levy, and C. Ribuot. 2005. Acute
intermittent hypoxia improves rat myocardium tolerance to ischemia. J. Appl. Physiol.
Bethesda Md 1985. 99:1064—1069. doi:10.1152/japplphysiol.00056.2005.

Belham, M., A. Kruger, and C. Pritchard. 2006. The Tei index identifies a differential effect
on left and right ventricular function with low-dose anthracycline chemotherapy. J.
Am. Soc. Echocardiogr. Off. Publ. Am. Soc. Echocardiogr. 19:206-210.
doi:10.1016/j.ech0.2005.08.018.

Bellot, G., R. Garcia-Medina, P. Gounon, J. Chiche, D. Roux, J. Pouysségur, and N.M.
Mazure. 2009. Hypoxia-induced autophagy is mediated through hypoxia-inducible
factor induction of BNIP3 and BNIP3L via their BH3 domains. Mol. Cell. Biol.
29:2570-2581. doi:10.1128/MCB.00166-09.

Benita, Y., H. Kikuchi, A.D. Smith, M.Q. Zhang, D.C. Chung, and R.J. Xavier. 2009. An
integrative genomics approach identifies Hypoxia Inducible Factor-1 (HIF-1)-target
genes that form the core response to hypoxia. Nucleic Acids Res. 37:4587-4602.
doi:10.1093/nar/gkp425.

Bernstein, R.S., and D.M. Kipnis. 1973a. Regulation of rat hexokinase isoenzymes. II. Effects
of growth hormone and dexamethasone. Diabetes. 22:923-931.

Bernstein, R.S., and D.M. Kipnis. 1973b. Regulation of rat hexokinase isoenzymes. I. Assay
and effect of age, fasting and refeeding. Diabetes. 22:913-922.

Bertin, M., S.M. Pomponi, C. Kokuhuta, N. Iwasaki, T. Suzuki, and W.R. Ellington. 2007.
Origin of the genes for the isoforms of creatine kinase. Gene. 392:273-282.
doi:10.1016/j.gene.2007.01.007.

Berwick, D.C., G.C. Dell, G.I. Welsh, K.J. Heesom, I. Hers, L.M. Fletcher, F.T. Cooke, and
JM. Tavaré. 2004. Protein kinase B phosphorylation of PIKfyve regulates the
trafficking of GLUT4 vesicles. J. Cell Sci. 117:5985-5993. doi:10.1242/jcs.01517.

Bessman, S.P., and C.L. Carpenter. 1985. The creatine-creatine phosphate energy shuttle.
Annu. Rev. Biochem. 54:831-862. doi:10.1146/annurev.bi.54.070185.004151.

Beutner, G., A. Riick, B. Riede, and D. Brdiczka. 1998. Complexes between porin,
hexokinase, mitochondrial creatine kinase and adenylate translocator display properties

of the permeability transition pore. Implication for regulation of permeability transition
by the kinases. Biochim. Biophys. Acta. 1368:7—18.

BING, R.J., A. SIEGEL, I. UNGAR, and M. GILBERT. 1954. Metabolism of the human
heart. II. Studies on fat, ketone and amino acid metabolism. Am. J. Med. 16:504-515.

Bittl, J.A., J. DeLayre, and J.S. Ingwall. 1987. Rate equation for creatine kinase predicts the in
vivo reaction velocity: 31P NMR surface coil studies in brain, heart, and skeletal
muscle of the living rat. Biochemistry (Mosc.). 26:6083—6090.

Blagosklonny, M.V., W.G. An, L.Y. Romanova, J. Trepel, T. Fojo, and L. Neckers. 1998. p53
inhibits hypoxia-inducible factor-stimulated transcription. J. Biol. Chem. 273:11995—
11998.

Boehm, E., R. Ventura-Clapier, P. Mateo, P. Lechéne, and V. Veksler. 2000. Glycolysis
supports calcium uptake by the sarcoplasmic reticulum in skinned ventricular fibres of

137



mice deficient in mitochondrial and cytosolic creatine kinase. J. Mol. Cell. Cardiol.
32:891-902. doi:10.1006/jmcc.2000.1130.

Boheler, K.R., and W.H. Dillmann. 1988. Cardiac response to pressure overload in the rat: the
selective alteration of in vitro directed RNA translation products. Circ. Res. 63:448—
456.

Bohuslavova, R., F. Kolar, L. Kuthanova, J. Neckar, A. Tichopad, and G. Pavlinkova. 2010.
Gene expression profiling of sex differences in HIFI-dependent adaptive cardiac
responses to chronic hypoxia. J. Appl. Physiol. Bethesda Md 1985. 109:1195-1202.
doi:10.1152/japplphysiol.00366.2010.

Bondy, C.A., and C.M. Cheng. 2004. Signaling by insulin-like growth factor 1 in brain. Eur. J.
Pharmacol. 490:25-31. doi:10.1016/j.ejphar.2004.02.042.

Bonello, S., C. Zihringer, R.S. BelAiba, T. Djordjevic, J. Hess, C. Michiels, T. Kietzmann,
and A. Gorlach. 2007. Reactive oxygen species activate the HIF-1alpha promoter via a
functional NFkappaB site. Arterioscler. Thromb. Vasc. Biol. 27:755-761.
doi:10.1161/01.ATV.0000258979.92828.bc.

Bonnet, S., J.M. Hyvelin, P. Bonnet, R. Marthan, and J.P. Savineau. 2001. Chronic hypoxia-
induced spontaneous and rhythmic contractions in the rat main pulmonary artery. Am.
J. Physiol. Lung Cell. Mol. Physiol. 281:1.183—192.

Bottomley, P.A., K.C. Wu, G. Gerstenblith, S.P. Schulman, A. Steinberg, and R.G. Weiss.
2009. Reduced myocardial creatine kinase flux in human myocardial infarction: an in

vivo phosphorus magnetic resonance spectroscopy study. Circulation. 119:1918-1924.
doi:10.1161/CIRCULATIONAHA.108.823187.

Bousselmi, R., M.A. Lebbi, and M. Ferjani. 2014. Myocardial ischemic conditioning:
Physiological aspects and clinical applications in cardiac surgery. J. Saudi Heart
Assoc. 26:93-100. doi:10.1016/j.jsha.2013.11.001.

Boussuges, A., F. Molenat, H. Burnet, E. Cauchy, B. Gardette, J.M. Sainty, Y. Jammes, and
J.P. Richalet. 2000. Operation Everest III (Comex ’97): modifications of cardiac
function secondary to altitude-induced hypoxia. An echocardiographic and Doppler
study. Am. J. Respir. Crit. Care Med. 161:264-270.
doi:10.1164/ajrcem.161.1.9902096.

Boyd, J.H., S. Mathur, Y. Wang, R.M. Bateman, and K.R. Walley. 2006. Toll-like receptor
stimulation in cardiomyoctes decreases contractility and initiates an NF-kappaB

dependent inflammatory response. Cardiovasc. Res. 72:384-393.
doi:10.1016/j.cardiores.2006.09.011.

Braun, T., E. Bober, B. Winter, N. Rosenthal, and H.H. Arnold. 1990. Myf-6, a new member
of the human gene family of myogenic determination factors: evidence for a gene
cluster on chromosome 12. EMBO J. 9:821-831.

Braun, T., G. Buschhausen-Denker, E. Bober, E. Tannich, and H.H. Arnold. 1989. A novel
human muscle factor related to but distinct from MyoD1 induces myogenic conversion
in 10T1/2 fibroblasts. EMBO J. 8:701-709.

138



Brdiczka, D., G. Beutner, A. Riick, M. Dolder, and T. Wallimann. 1998. The molecular
structure of mitochondrial contact sites. Their role in regulation of energy metabolism
and permeability transition. BioFactors Oxf. Engl. 8:235-242.

Brdiczka, D., P. Kaldis, and T. Wallimann. 1994. In vitro complex formation between the
octamer of mitochondrial creatine kinase and porin. J. Biol. Chem. 269:27640-27644.

Brdiczka, D.G., D.B. Zorov, and S.-S. Sheu. 2006. Mitochondrial contact sites: their role in
energy metabolism and apoptosis. Biochim. Biophys. Acta. 1762:148-163.
doi:10.1016/j.bbadis.2005.09.007.

Bricknell, O.L., P.S. Daries, and L.H. Opie. 1981. A relationship between adenosine
triphosphate, glycolysis and ischaemic contracture in the isolated rat heart. J. Mol.
Cell. Cardiol. 13:941-945.

Bronstein, W.W., and H.R. Knull. 1981. Interaction of muscle glycolytic enzymes with thin
filament proteins. Can. J. Biochem. 59:494—499.

Brooks, W.W., O.H. Bing, A.S. Blaustein, and P.D. Allen. 1987. Comparison of contractile
state and myosin isozymes of rat right and left ventricular myocardium. J. Mol. Cell.
Cardiol. 19:433—-440.

Brosius, F.C., 3rd, Y. Liu, N. Nguyen, D. Sun, J. Bartlett, and M. Schwaiger. 1997. Persistent
myocardial ischemia increases GLUT1 glucose transporter expression in both ischemic
and non-ischemic heart regions. J. Mol. Cell. Cardiol. 29:1675-1685.

Brown, J.M., L.S. Terada, M.A. Grosso, G.J. Whitmann, S.E. Velasco, A. Patt, A.H. Harken,
and J.E. Repine. 1988. Xanthine oxidase produces hydrogen peroxide which

contributes to reperfusion injury of ischemic, isolated, perfused rat hearts. J. Clin.
Invest. 81:1297-1301. doi:10.1172/JCI113448.

Bruegge, K., W. Jelkmann, and E. Metzen. 2007. Hydroxylation of hypoxia-inducible
transcription factors and chemical compounds targeting the HIF-alpha hydroxylases.
Curr. Med. Chem. 14:1853—1862.

Buccino, R.A., E. Harris, J.F. Spann Jr, and E.H. Sonnenblick. 1969. Response of myocardial
connective tissue to development of experimental hypertrophy. Am. J. Physiol.
216:425-428.

Burcelin, R., R.L. Printz, J. Kande, R. Assan, D.K. Granner, and J. Girard. 1993. Regulation
of glucose transporter and hexokinase II expression in tissues of diabetic rats. Am. J.
Physiol. 265:E392—-401.

Burgering, B.M., and P.J. Coffer. 1995. Protein kinase B (c-Akt) in phosphatidylinositol-3-OH
kinase signal transduction. Nature. 376:599-602. doi:10.1038/376599a0.

Buskin, J.N., J.B. Jaynes, J.S. Chamberlain, and S.D. Hauschka. 1985. The mouse muscle
creatine kinase cDNA and deduced amino acid sequences: comparison to
evolutionarily related enzymes. J. Mol. Evol. 22:334-341.

Bustamante, E., H.P. Morris, and P.L. Pedersen. 1981. Energy metabolism of tumor cells.
Requirement for a form of hexokinase with a propensity for mitochondrial binding. J.
Biol. Chem. 256:8699—-8704.

139



Bustamante, E., and P.L. Pedersen. 1977. High aerobic glycolysis of rat hepatoma cells in
culture: role of mitochondrial hexokinase. Proc. Natl. Acad. Sci. U. S. A. 74:3735-
3739.

Bustamante, E., and P.L. Pedersen. 1980. Mitochondrial hexokinase of rat hepatoma cells in
culture: solubilization and kinetic properties. Biochemistry (Mosc.). 19:4972—-4977.

Cai, M.-C., Q.-Y. Huang, W.-G. Liao, Z. Wu, F.-Y. Liu, and Y.-Q. Gao. 2010. Hypoxic
training increases metabolic enzyme activity and composition of alpha-myosin heavy
chain isoform in rat ventricular myocardium. Eur. J. Appl. Physiol. 108:105-111.
doi:10.1007/s00421-009-1189-0.

Cai, Z., D.J. Manalo, G. Wei, E.R. Rodriguez, K. Fox-Talbot, H. Lu, J.L. Zweier, and G.L.
Semenza. 2003. Hearts from rodents exposed to intermittent hypoxia or erythropoietin
are protected against ischemia-reperfusion injury. Circulation. 108:79-85.
doi:10.1161/01.CIR.0000078635.89229.8A.

Cai, Z., H. Zhong, M. Bosch-Marce, K. Fox-Talbot, L. Wang, C. Wei, M.A. Trush, and G.L.
Semenza. 2008. Complete loss of ischaemic preconditioning-induced cardioprotection
in mice with partial deficiency of HIF-1 alpha. Cardiovasc. Res. 77:463—470.
doi:10.1093/cvr/cvmO035.

Cain, B.S., D.R. Meldrum, C.A. Dinarello, X. Meng, K.S. Joo, A. Banerjee, and A.H. Harken.
1999. Tumor necrosis factor-alpha and interleukin-1beta synergistically depress human
myocardial function. Crit. Care Med. 27:1309-1318.

Cain, D.F., and R.E. Davies. 1962. Breakdown of adenosine triphosphate during a single
contraction of working muscle. Biochem. Biophys. Res. Commun. 8:361-366.

Calbet, J.A.L. 2003. Chronic hypoxia increases blood pressure and noradrenaline spillover in
healthy humans. J. Physiol. 551:379-386. doi:10.1113/jphysiol.2003.045112.

Calera, M.R., C. Martinez, H. Liu, A.K. Jack, M.J. Birnbaum, and P.F. Pilch. 1998. Insulin
increases the association of Akt-2 with Glut4-containing vesicles. J. Biol. Chem.
273:7201-7204.

Campbell, S.E., B. Korecky, and K. Rakusan. 1991. Remodeling of myocyte dimensions in
hypertrophic and atrophic rat hearts. Circ. Res. 68:984-996.

Capetanaki, Y. 2002. Desmin cytoskeleton: a potential regulator of muscle mitochondrial
behavior and function. Trends Cardiovasc. Med. 12:339-348.

Cappelli, V., R. Forni, C. Poggesi, C. Reggiani, and L. Ricciardi. 1984. Age-dependent
variations of diastolic stiffness and collagen content in rat ventricular myocardium.
Arch. Int. Physiol. Biochim. 92:93-106.

Cardenas, M.L., A. Cornish-Bowden, and T. Ureta. 1998. Evolution and regulatory role of the
hexokinases. Biochim. Biophys. Acta. 1401:242-264.

Carrasco, A.J., P.P. Dzeja, A.E. Alekseev, D. Pucar, L.V. Zingman, M.R. Abraham, D.
Hodgson, M. Bienengraeber, M. Puceat, E. Janssen, B. Wieringa, and A. Terzic. 2001.
Adenylate kinase phosphotransfer communicates cellular energetic signals to ATP-
sensitive potassium channels. Proc. Natl. Acad. Sci. U. S. A. 98:7623-7628.
doi:10.1073/pnas.121038198.

140



Carre, M., N. Andre, G. Carles, H. Borghi, L. Brichese, C. Briand, and D. Braguer. 2002.
Tubulin is an inherent component of mitochondrial membranes that interacts with the
voltage-dependent  anion  channel. J.  Biol.  Chem.  277:33664-33669.
doi:10.1074/jbc.M203834200.

Carrero, P., K. Okamoto, P. Coumailleau, S. O’Brien, H. Tanaka, and L. Poellinger. 2000.
Redox-regulated recruitment of the transcriptional coactivators CREB-binding protein
and SRC-1 to hypoxia-inducible factor lalpha. Mol. Cell. Biol. 20:402—-415.

Carter, A.J., R.E. Miiller, U. Pschorn, and W. Stransky. 1995. Preincubation with creatine
enhances levels of creatine phosphate and prevents anoxic damage in rat hippocampal
slices. J. Neurochem. 64:2691-2699.

Caspari, P.G., K. Gibson, and P. Harris. 1975a. Changes in myocardial collagen in normal
development and after beta blockade. Recent Adv. Stud. Cardiac Struct. Metab. 7:99—
104.

Caspari, P.G., K. Gibson, and P. Harris. 1975b. Collagen and the myocardium. A study of
their normal development and relationship in the rabbit. Cardiovasc. Res. 9:187-189.

Cazorla, O., Y. Ait Mou, L. Goret, G. Vassort, M. Dauzat, A. Lacampagne, S. Tanguy, and P.
Obert. 2006. Effects of high-altitude exercise training on contractile function of rat
skinned cardiomyocyte. Cardiovasc. Res. 71:652—-660.
doi:10.1016/j.cardiores.2006.06.020.

Ceconi, C., A. Cargnoni, E. Pasini, E. Condorelli, S. Curello, and R. Ferrari. 1991. Evaluation
of phospholipid peroxidation as malondialdehyde during myocardial ischemia and
reperfusion injury. Am. J. Physiol. 260:H1057-1061.

Ch’ng, J.L., D.L. Shoemaker, P. Schimmel, and E.W. Holmes. 1990. Reversal of creatine
kinase translational repression by 3’ untranslated sequences. Science. 248:1003—-1006.

Chandel, N.S., D.S. McClintock, C.E. Feliciano, T.M. Wood, J.A. Melendez, A.M. Rodriguez,
and P.T. Schumacker. 2000. Reactive oxygen species generated at mitochondrial

complex III stabilize hypoxia-inducible factor-lalpha during hypoxia: a mechanism of
O2 sensing. J. Biol. Chem. 275:25130-25138. doi:10.1074/jbc.M001914200.

Chang, Z., Q. Zhang, Q. Feng, J. Xu, T. Teng, Q. Luan, C. Shan, Y. Hu, B.A. Hemmings, X.
Gao, and Z. Yang. 2010. Deletion of Aktl causes heart defects and abnormal

cardiomyocyte proliferation. Dev. Biol. 347:384-391.
doi:10.1016/j.ydbio.2010.08.033.

Chen, C., Y. Ko, M. Delannoy, S.J. Ludtke, W. Chiu, and P.L. Pedersen. 2004. Mitochondrial
ATP synthasome: three-dimensional structure by electron microscopy of the ATP

synthase in complex formation with carriers for Pi and ADP/ATP. J. Biol. Chem.
279:31761-31768. doi:10.1074/jbc.M401353200.

Chen, C., N. Pore, A. Behrooz, F. Ismail-Beigi, and A. Maity. 2001a. Regulation of glutl
mRNA by hypoxia-inducible factor-1. Interaction between H-ras and hypoxia. J. Biol.
Chem. 276:9519-9525. do1:10.1074/jbc.M010144200.

141



Chen, D., M. Li, J. Luo, and W. Gu. 2003. Direct interactions between HIF-1 alpha and Mdm?2
modulate pS3 function. J. Biol. Chem. 278:13595-13598.
doi:10.1074/jbc.C200694200.

Chen, J., Y. Sun, X. Mao, Q. Liu, H. Wu, and Y. Chen. 2010. RANKL up-regulates brain-type
creatine kinase via poly(ADP-ribose) polymerase-1 during osteoclastogenesis. J. Biol.
Chem. 285:36315-36321. doi:10.1074/jbc.M110.157743.

Chen, L., X.-Y. Lu, J. Li, J.-D. Fu, Z.-N. Zhou, and H.-T. Yang. 2006. Intermittent hypoxia
protects cardiomyocytes against ischemia-reperfusion injury-induced alterations in
Ca2+ homeostasis and contraction via the sarcoplasmic reticulum and Na+/Ca2+
exchange mechanisms. Am. J. Physiol. Cell Physiol. 290:C1221-1229.
doi:10.1152/ajpcell.00526.2005.

Chen, W.S., P.Z. Xu, K. Gottlob, M.L. Chen, K. Sokol, T. Shiyanova, I. Roninson, W. Weng,
R. Suzuki, K. Tobe, T. Kadowaki, and N. Hay. 2001b. Growth retardation and

increased apoptosis in mice with homozygous disruption of the Aktl gene. Genes Dev.
15:2203-2208. doi:10.1101/gad.913901.

Cheng, C.M., R.R. Reinhardt, W.H. Lee, G. Joncas, S.C. Patel, and C.A. Bondy. 2000.
Insulin-like growth factor 1 regulates developing brain glucose metabolism. Proc.
Natl. Acad. Sci. U. S. A. 97:10236-10241. doi:10.1073/pnas.170008497.

Chern, C.J., P. Tan, and H. Park. 1980. Chromosomal mapping of human creatine kinase
(brain type) using human-rodent somatic cell hybrids. Cytogenet. Cell Genet. 27:232—
237.

Chiara, F., D. Castellaro, O. Marin, V. Petronilli, W.S. Brusilow, M. Juhaszova, S.J. Sollott,
M. Forte, P. Bernardi, and A. Rasola. 2008. Hexokinase II detachment from
mitochondria triggers apoptosis through the permeability transition pore independent

of voltage-dependent anion channels. PloS One. 3:e1852.
doi:10.1371/journal.pone.0001852.

Chida, K., M. Tsunenaga, K. Kasahara, Y. Kohno, and T. Kuroki. 1990. Regulation of creatine
phosphokinase B activity by protein kinase C. Biochem. Biophys. Res. Commun.
173:346-350.

Chilov, D., G. Camenisch, I. Kvietikova, U. Ziegler, M. Gassmann, and R.H. Wenger. 1999.
Induction and nuclear translocation of hypoxia-inducible factor-1 (HIF-1):
heterodimerization with ARNT 1is not necessary for nuclear accumulation of HIF-
lalpha. J. Cell Sci. 112 ( Pt 8):1203—-1212.

Cho, H., J. Mu, J.K. Kim, J.L. Thorvaldsen, Q. Chu, E.B. Crenshaw 3rd, K.H. Kaestner, M.S.
Bartolomei, G.I. Shulman, and M.J. Birnbaum. 2001. Insulin resistance and a diabetes
mellitus-like syndrome in mice lacking the protein kinase Akt2 (PKB beta). Science.
292:1728-1731. doi:10.1126/science.292.5522.1728.

Chou, S.-W., L.-L. Chiu, Y.-M. Cho, H.-Y. Ho, J.L. Ivy, C.-F. Ho, and C.-H. Kuo. 2004.
Effect of systemic hypoxia on GLUT4 protein expression in exercised rat heart. Jpn. J.
Physiol. 54:357-363.

Clark, D.R., and P. Smith. 1978. Capillary density and muscle fibre size in the hearts of rats
subjected to stimulated high altitude. Cardiovasc. Res. 12:578-584.

142



Clarke, D.D., and L. Sokoloff. 1999. Circulation and energy metabolism of the brain. /n Basic
Neurochemistry: Molecular, Cellular and Medical Aspects. G.J. Siegel, B.W.
Agranoff, R.W. Albers, S.K. Fisher, and M.D. Uhler, editors. Lippincott-Raven,
Philadelphia. 637-669.

Claypool, S.M., Y. Oktay, P. Boontheung, J.A. Loo, and C.M. Koehler. 2008. Cardiolipin
defines the interactome of the major ADP/ATP carrier protein of the mitochondrial
inner membrane. J. Cell Biol. 182:937-950. doi:10.1083/jcb.200801152.

Clegg, D.J. 2012. Minireview: the year in review of estrogen regulation of metabolism. Mol.
Endocrinol. Baltim. Md. 26:1957-1960. doi:10.1210/me.2012-1284.

Cockman, M.E., N. Masson, D.R. Mole, P. Jaakkola, G.W. Chang, S.C. Clifford, E.R. Maher,
C.W. Pugh, P.J. Ratcliffe, and P.H. Maxwell. 2000. Hypoxia inducible factor-alpha
binding and ubiquitylation by the von Hippel-Lindau tumor suppressor protein. J. Biol.
Chem. 275:25733-25741. doi:10.1074/jbc.M002740200.

Collins, A., A.V. Somlyo, and D.W. Hilgemann. 1992. The giant cardiac membrane patch
method: stimulation of outward Na(+)-Ca2+ exchange current by MgATP. J. Physiol.
454:27-57.

Costa, L.E., A. Boveris, O.R. Koch, and A.C. Taquini. 1988. Liver and heart mitochondria in
rats submitted to chronic hypobaric hypoxia. Am. J. Physiol. 255:C123—129.

Crawford, R.M., H.J. Ranki, C.H. Botting, G.R. Budas, and A. Jovanovic. 2002. Creatine
kinase is physically associated with the cardiac ATP-sensitive K+ channel in vivo.
FASEB J. Off. Publ. Fed. Am. Soc. Exp. Biol. 16:102—104. doi:10.1096/1j.01-0466{je.

Crozatier, B., T. Badoual, E. Boehm, P.-V. Ennezat, T. Guenoun, J. Su, V. Veksler, L.
Hittinger, and R. Ventura-Clapier. 2002. Role of creatine kinase in cardiac excitation-
contraction coupling: studies in creatine kinase-deficient mice. FASEB J. Off. Publ.
Fed. Am. Soc. Exp. Biol. 16:653—-660. doi:10.1096/1].01-0652com.

Cummins, E.P., and C.T. Taylor. 2005. Hypoxia-responsive transcription factors. Pfliig. Arch.
Eur. J. Physiol. 450:363-371. doi:10.1007/s00424-005-1413-7.

Czibik, G., V. Martinov, A. Ruusalepp, J. Sagave, . Skare, and G. Valen. 2009. In vivo
remote delivery of DNA encoding for hypoxia-inducible factor 1 alpha reduces
myocardial infarct size. Clin. Transl. Sci. 2:33-40. doi:10.1111/5.1752-
8062.2008.00077.x.

Damert, A., E. lkeda, and W. Risau. 1997. Activator-protein-1 binding potentiates the
hypoxia-induciblefactor-1-mediated hypoxia-induced transcriptional activation of
vascular-endothelial growth factor expression in C6 glioma cells. Biochem. J. 327 ( Pt
2):419-423.

Daneshrad, Z., M.P. Garcia-Riera, M. Verdys, and A. Rossi. 2000. Differential responses to
chronic hypoxia and dietary restriction of aerobic capacity and enzyme levels in the rat
myocardium. Mol. Cell. Biochem. 210:159-166.

Dann, C.E., 3rd, R.K. Bruick, and J. Deisenhofer. 2002. Structure of factor-inhibiting hypoxia-
inducible factor 1: An asparaginyl hydroxylase involved in the hypoxic response

143



pathway.  Proc.  Natl.  Acad.  Sci. u S A 99:15351-15356.
doi:10.1073/pnas.202614999.

Dantas, A.P., F. Jiménez-Altayd, and E. Vila. 2012. Vascular aging: facts and factors. Front.
Physiol. 3:325. doi:10.3389/fphys.2012.00325.

Darling, C.E., P.B. Solari, C.S. Smith, M.I. Furman, and K. Przyklenk. 2007.
“Postconditioning” the human heart: multiple balloon inflations during primary

angioplasty may confer cardioprotection. Basic Res. Cardiol. 102:274-278.
doi:10.1007/s00395-007-0643-6.

David, S.S., and B.E. Haley. 1999. ATP nucleotidylation of creatine kinase. Biochemistry
(Mosc.). 38:8492—-8500. doi:10.1021/bi990041b.

Davidson, C., and R. Bonow. 2005. Cardiac catheterization. /n Braunwald’s Heart disease a
textbook of cardiovascular medicine. D.P. Zipes, Libby, R.O. Bonow, and Braunwald,
editors. Elsevier/Saunders, Philadelphia.

Davis, R.L., H. Weintraub, and A.B. Lassar. 1987. Expression of a single transfected cDNA
converts fibroblasts to myoblasts. Cell. 51:987—-1000.

Dawson, P.A., J.C. Mychaleckyj, S.C. Fossey, S.J. Mihic, A.L. Craddock, and D.W. Bowden.
2001. Sequence and functional analysis of GLUT10: a glucose transporter in the Type
2 diabetes-linked region of chromosome 20q12-13.1. Mol. Genet. Metab. 74:186—199.
doi:10.1006/mgme.2001.3212.

DeBosch, B., N. Sambandam, C. Weinheimer, M. Courtois, and A.J. Muslin. 2006a. Akt2
regulates cardiac metabolism and cardiomyocyte survival. J. Biol. Chem. 281:32841—
32851. doi:10.1074/jbc.M513087200.

DeBosch, B., I. Treskov, T.S. Lupu, C. Weinheimer, A. Kovacs, M. Courtois, and A.J.
Muslin. 2006b. Aktl is required for physiological cardiac growth. Circulation.
113:2097-2104. doi:10.1161/CIRCULATIONAHA.105.595231.

Dell’Italia, L.J. 1991. The right ventricle: anatomy, physiology, and clinical importance. Curr.
Probl. Cardiol. 16:653-720.

Dell’Italia, L.J., and R.A. Walsh. 1988. Acute determinants of the hangout interval in the
pulmonary circulation. Am. Heart J. 116:1289-1297.

Depre, C., L. Fierain, and L. Hue. 1997. Activation of nitric oxide synthase by ischaemia in
the perfused heart. Cardiovasc. Res. 33:82-87.

Depre, C., V. Gaussin, S. Ponchaut, Y. Fischer, J.L. Vanoverschelde, and L. Hue. 1998a.
Inhibition of myocardial glucose uptake by cGMP. Am. J. Physiol. 274:H1443-1449.

Depre, C., and L. Hue. 1994. Cyclic GMP in the perfused rat heart. Effect of ischaemia,
anoxia and nitric oxide synthase inhibitor. FEBS Lett. 345:241-245.

Depre, C., M.H. Rider, and L. Hue. 1998b. Mechanisms of control of heart glycolysis. Eur. J.
Biochem. FEBS. 258:277-290.

Depre, C., K. Veitch, and L. Hue. 1993. Role of fructose 2,6-bisphosphate in the control of
glycolysis. Stimulation of glycogen synthesis by lactate in the isolated working rat
heart. Acta Cardiol. 48:147-164.

144



Deprez, J., D. Vertommen, D.R. Alessi, L. Hue, and M.H. Rider. 1997. Phosphorylation and
activation of heart 6-phosphofructo-2-kinase by protein kinase B and other protein
kinases of the insulin signaling cascades. J. Biol. Chem. 272:17269-17275.

Van Deursen, J., A. Heerschap, F. Oerlemans, W. Ruitenbeek, P. Jap, H. ter Laak, and B.
Wieringa. 1993. Skeletal muscles of mice deficient in muscle creatine kinase lack burst
activity. Cell. 74:621-631.

Deutsch, N., T.S. Klitzner, S.T. Lamp, and J.N. Weiss. 1991. Activation of cardiac ATP-
sensitive K+ current during hypoxia: correlation with tissue ATP levels. Am. J.
Physiol. 261:H671-676.

Dillon, P.F., and J.F. Clark. 1990. The theory of diazymes and functional coupling of pyruvate
kinase and creatine kinase. J. Theor. Biol. 143:275-284.

Ding, F., J. Yao, J.R. Rettberg, S. Chen, and R.D. Brinton. 2013. Early decline in glucose
transport and metabolism precedes shift to ketogenic system in female aging and
Alzheimer’s mouse brain: implication for bioenergetic intervention. PloS One.
8:€79977. doi:10.1371/journal.pone.0079977.

Ding, H., H. Zhu, J. Dong, W. Zhu, W. Yang, H. Yang, and Z. Zhou. 2005. Inducible nitric
oxide synthase contributes to intermittent hypoxia against ischemia/reperfusion injury.
Acta Pharmacol. Sin. 26:315-322. doi:10.1111/.1745-7254.2005.00046.x.

Ding, H.-L., H.-F. Zhu, J.-W. Dong, W.-Z. Zhu, and Z.-N. Zhou. 2004. Intermittent hypoxia
protects the rat heart against ischemia/reperfusion injury by activating protein kinase
C. Life Sci. 75:2587-2603. doi:10.1016/5.1f5.2004.07.005.

Dodgson, S.J., R.E. Forster, B.T. Storey, and L. Mela. 1980. Mitochondrial carbonic
anhydrase. Proc. Natl. Acad. Sci. U. S. A. 77:5562-5566.

Doege, H., A. Bocianski, A. Scheepers, H. Axer, J. Eckel, H.G. Joost, and A. Schiirmann.
2001. Characterization of human glucose transporter (GLUT) 11 (encoded by

SLC2A11), a novel sugar-transport facilitator specifically expressed in heart and
skeletal muscle. Biochem. J. 359:443—-449.

Doege, H., A. Schiirmann, G. Bahrenberg, A. Brauers, and H.G. Joost. 2000. GLUTS, a novel
member of the sugar transport facilitator family with glucose transport activity. J. Biol.
Chem. 275:16275-16280.

Dolder, M., B. Walzel, O. Speer, U. Schlattner, and T. Wallimann. 2003. Inhibition of the
mitochondrial permeability transition by creatine kinase substrates. Requirement for
microcompartmentation. J. Biol. Chem. 278:17760-17766.
doi:10.1074/jbc.M208705200.

Dolder, M., S. Wendt, and T. Wallimann. 2001. Mitochondrial creatine kinase in contact sites:
interaction with porin and adenine nucleotide translocase, role in permeability
transition and sensitivity to oxidative damage. Biol. Signals Recept. 10:93—111.

Dong, J.W., H.F. Zhu, W.Z. Zhu, H.L. Ding, T.M. Ma, and Z.N. Zhou. 2003. Intermittent
hypoxia attenuates ischemia/reperfusion induced apoptosis in cardiac myocytes via
regulating Bcl-2/Bax expression. Cell Res. 13:385-391. doi:10.1038/sj.cr.7290184.

145



Downward, J. 1999. How BAD phosphorylation is good for survival. Nat. Cell Biol. 1:E33—
35. doi:10.1038/10026.

Drake, J.I., H.J. Bogaard, S. Mizuno, B. Clifton, B. Xie, Y. Gao, C.I. Dumur, P. Fawcett, N.F.
Voelkel, and R. Natarajan. 2011. Molecular signature of a right heart failure program

in chronic severe pulmonary hypertension. Am. J. Respir. Cell Mol. Biol. 45:1239—
1247. do0i:10.1165/rcmb.2010-04120C.

Drutel, G., M. Kathmann, A. Heron, J.C. Schwartz, and J.M. Arrang. 1996. Cloning and
selective expression in brain and kidney of ARNT2 homologous to the Ah receptor
nuclear translocator (ARNT). Biochem. Biophys. Res. Commun. 225:333-339.
doi:10.1006/bbrc.1996.1176.

Dym, H., and D. Yaffe. 1979. Expression of creatine kinase isoenzymes in myogenic cell
lines. Dev. Biol. 68:592—599.

Dzeja, P.P., K. Hoyer, R. Tian, S. Zhang, E. Nemutlu, M. Spindler, and J.S. Ingwall. 2011.
Rearrangement of energetic and substrate utilization networks compensate for chronic

myocardial ~ creatine  kinase  deficiency. J.  Physiol.  589:5193-5211.
doi:10.1113/jphysiol.2011.212829.

Dzeja, P.P., and A. Terzic. 1998. Phosphotransfer reactions in the regulation of ATP-sensitive
K+ channels. FASEB J. Off- Publ. Fed. Am. Soc. Exp. Biol. 12:523-529.

Dzeja, P.P., and A. Terzic. 2003. Phosphotransfer networks and cellular energetics. J. Exp.
Biol. 206:2039-2047.

Dzeja, P.P., A. Terzic, and B. Wieringa. 2004. Phosphotransfer dynamics in skeletal muscle
from creatine kinase gene-deleted mice. Mol. Cell. Biochem. 256-257:13-27.

Dzeja, P.P., K.T. Vitkevicius, M.M. Redfield, J.C. Burnett, and A. Terzic. 1999. Adenylate
kinase-catalyzed phosphotransfer in the myocardium : increased contribution in heart
failure. Circ. Res. 84:1137—-1143.

Dzeja, P.P., R.J. Zeleznikar, and N.D. Goldberg. 1996. Suppression of creatine kinase-
catalyzed phosphotransfer results in increased phosphoryl transfer by adenylate kinase
in intact skeletal muscle. J. Biol. Chem. 271:12847-12851.

Ebrecht, G., H. Rupp, and R. Jacob. 1982. Alterations of mechanical parameters in chemically
skinned preparations of rat myocardium as a function of isoenzyme pattern of myosin.
Basic Res. Cardiol. 77:220-234.

Eckhart, A.D., N. Yang, X. Xin, and J.E. Faber. 1997. Characterization of the alphalB-
adrenergic receptor gene promoter region and hypoxia regulatory elements in vascular
smooth muscle. Proc. Natl. Acad. Sci. U. S. A. 94:9487-9492.

Eckle, T., D. Kohler, R. Lehmann, K. El Kasmi, and H.K. Eltzschig. 2008. Hypoxia-inducible
factor-1 is central to cardioprotection: a new paradigm for ischemic preconditioning.
Circulation. 118:166—175. doi:10.1161/CIRCULATIONAHA.107.758516.

Eder, M., U. Schlattner, A. Becker, T. Wallimann, W. Kabsch, and K. Fritz-Wolf. 1999.
Crystal structure of brain-type creatine kinase at 1.41 A resolution. Protein Sci. Publ.
Protein Soc. 8:2258-2269. doi:10.1110/ps.8.11.2258.

146



Edmondson, D.G., and E.N. Olson. 1989. A gene with homology to the myc similarity region
of MyoD1 is expressed during myogenesis and is sufficient to activate the muscle
differentiation program. Genes Dev. 3:628—640.

Eells, J.T., M.M. Henry, G.J. Gross, and J.E. Baker. 2000. Increased mitochondrial K(ATP)
channel activity during chronic myocardial hypoxia: is cardioprotection mediated by
improved bioenergetics? Circ. Res. 87:915-921.

Egert, S., N. Nguyen, and M. Schwaiger. 1999a. Contribution of alpha-adrenergic and beta-
adrenergic stimulation to ischemia-induced glucose transporter (GLUT) 4 and GLUT1
translocation in the isolated perfused rat heart. Circ. Res. 84:1407—-1415.

Egert, S., N. Nguyen, and M. Schwaiger. 1999b. Myocardial glucose transporter GLUTI:
translocation induced by insulin and ischemia. J. Mol. Cell. Cardiol. 31:1337-1344.
do0i:10.1006/jmcc.1999.0965.

Ellison, W.R., J.D. Lueck, and H.J. Fromm. 1974. Studies on the kinetics and mechanism of
orthophosphate activation of bovine brain hexokinase. Biochem. Biophys. Res.
Commun. 57:1214-1220.

Ellison, W.R., J.D. Lueck, and H.J. Fromm. 1975. Studies on the mechanism of
orthophosphate regulation of bovine brain hexokinase. J. Biol. Chem. 250:1864—-1871.

Ema, M., K. Hirota, J. Mimura, H. Abe, J. Yodoi, K. Sogawa, L. Poellinger, and Y. Fujii-
Kuriyama. 1999. Molecular mechanisms of transcription activation by HLF and

HIFlalpha in response to hypoxia: their stabilization and redox signal-induced
interaction with CBP/p300. EMBO J. 18:1905-1914. do0i:10.1093/emboj/18.7.1905.

Emerling, B.M., F. Weinberg, C. Snyder, Z. Burgess, G.M. Mutlu, B. Viollet, G.R.S.
Budinger, and N.S. Chandel. 2009. Hypoxic activation of AMPK is dependent on
mitochondrial ROS but independent of an increase in AMP/ATP ratio. Free Radic.
Biol. Med. 46:1386-1391. doi:10.1016/j.freeradbiomed.2009.02.019.

Epand, R.F., U. Schlattner, T. Wallimann, M.-L. Lacombe, and R.M. Epand. 2007. Novel lipid
transfer property of two mitochondrial proteins that bridge the inner and outer
membranes. Biophys. J. 92:126—137. doi:10.1529/biophysj.106.092353.

Fandrey, J., T.A. Gorr, and M. Gassmann. 2006. Regulating cellular oxygen sensing by
hydroxylation. Cardiovasc. Res. 71:642—651. doi:10.1016/j.cardiores.2006.05.005.

Fang, T.Y., O. Alechina, A.E. Aleshin, H.J. Fromm, and R.B. Honzatko. 1998. Identification
of a phosphate regulatory site and a low affinity binding site for glucose 6-phosphate in
the N-terminal half of human brain hexokinase. J. Biol. Chem. 273:19548—19553.

Ferris, C.D., R.L. Huganir, and S.H. Snyder. 1990. Calcium flux mediated by purified inositol
1,4,5-trisphosphate receptor in reconstituted lipid vesicles is allosterically regulated by
adenine nucleotides. Proc. Natl. Acad. Sci. U. S. A. 87:2147-2151.

Fiek, C., R. Benz, N. Roos, and D. Brdiczka. 1982. Evidence for identity between the
hexokinase-binding protein and the mitochondrial porin in the outer membrane of rat
liver mitochondria. Biochim. Biophys. Acta. 688:429—-440.

147



Finks, S.W., A. Airee, S.L. Chow, T.E. Macaulay, M.P. Moranville, K.C. Rogers, and T.C.
Trujillo. 2012. Key articles of dietary interventions that influence cardiovascular
mortality. Pharmacotherapy. 32:¢54—87. d0i:10.1002/5.1875-9114.2011.01087 .x.

Firth, J.D., B.L. Ebert, C.W. Pugh, and P.J. Ratcliffe. 1994. Oxygen-regulated control
elements in the phosphoglycerate kinase 1 and lactate dehydrogenase A genes:

similarities with the erythropoietin 3’ enhancer. Proc. Natl. Acad. Sci. U. S. A.
91:6496-6500.

Firth, J.D., B.L. Ebert, and P.J. Ratcliffe. 1995. Hypoxic regulation of lactate dehydrogenase
A. Interaction between hypoxia-inducible factor 1 and cAMP response elements. J.
Biol. Chem. 270:21021-21027.

Fitzpatrick, C.M., Y. Shi, W.C. Hutchins, J. Su, G.J. Gross, B. Ostadal, J.S. Tweddell, and J.E.
Baker. 2005. Cardioprotection in chronically hypoxic rabbits persists on exposure to
normoxia: role of NOS and KATP channels. Am. J. Physiol. Heart Circ. Physiol.
288:H62—68. doi:10.1152/ajpheart.00701.2004.

Fletcher, E.C. 2001. Invited review: Physiological consequences of intermittent hypoxia:
systemic blood pressure. J. Appl. Physiol. Bethesda Md 1985. 90:1600—1605.

Fletcher, E.C., J. Lesske, R. Behm, C.C. Miller, H. Stauss, and T. Unger. 1992. Carotid
chemoreceptors, systemic blood pressure, and chronic episodic hypoxia mimicking
sleep apnea. J. Appl. Physiol. Bethesda Md 1985. 72:1978—-1984.

Fletcher, E.C., N. Orolinova, and M. Bader. 2002. Blood pressure response to chronic episodic
hypoxia: the renin-angiotensin system. J. Appl. Physiol. Bethesda Md 1985. 92:627—
633. doi:10.1152/japplphysiol.000152.2001.

Flores-Riveros, J.R., K.H. Kaestner, K.S. Thompson, and M.D. Lane. 1993. Cyclic AMP-
induced transcriptional repression of the insulin-responsive glucose transporter
(GLUT4) gene: identification of a promoter region required for down-regulation of
transcription. Biochem. Biophys. Res. Commun. 194:1148—1154.

Font, B., C. Vial, D. Goldschmidt, D. Eichenberger, and D.C. Gautheron. 1983. Effects of SH
group reagents on creatine kinase interaction with the mitochondrial membrane. Arch.
Biochem. Biophys. 220:541-548.

Fontanet, H.L., R.V. Trask, R.C. Haas, A.W. Strauss, D.R. Abendschein, and J.J. Billadello.
1991. Regulation of expression of M, B, and mitochondrial creatine kinase mRNAs in
the left ventricle after pressure overload in rats. Circ. Res. 68:1007-1012.

Forkel, J., X. Chen, S. Wandinger, F. Keser, A. Duschin, U. Schwanke, S. Frede, P.
Massoudy, R. Schulz, H. Jakob, and G. Heusch. 2004. Responses of chronically
hypoxic rat hearts to ischemia: KATP channel blockade does not abolish increased RV
tolerance to ischemia. Am. J. Physiol. Heart Circ. Physiol. 286:H545-551.
doi:10.1152/ajpheart.00022.2003.

Forsythe, J.A., B.H. Jiang, N.V. Iyer, F. Agani, S.W. Leung, R.D. Koos, and G.L. Semenza.
1996. Activation of vascular endothelial growth factor gene transcription by hypoxia-
inducible factor 1. Mol. Cell. Biol. 16:4604—4613.

148



Frank, A., M. Bonney, S. Bonney, L. Weitzel, M. Koeppen, and T. Eckle. 2012. Myocardial
ischemia reperfusion injury: from basic science to clinical bedside. Semin.
Cardiothorac. Vasc. Anesth. 16:123—132. doi:10.1177/1089253211436350.

Franke, T.F., S.I. Yang, T.O. Chan, K. Datta, A. Kazlauskas, D.K. Morrison, D.R. Kaplan, and
P.N. Tsichlis. 1995. The protein kinase encoded by the Akt proto-oncogene is a target
of the PDGF-activated phosphatidylinositol 3-kinase. Cell. 81:727-736.

Frey, T.G., and C.A. Mannella. 2000. The internal structure of mitochondria. Trends Biochem.
Sci. 25:319-324.

Friedman, D.L., and M.B. Perryman. 1991. Compartmentation of multiple forms of creatine
kinase in the distal nephron of the rat kidney. J. Biol. Chem. 266:22404-22410.

Friedman, 1., J. Moravec, E. Reichart, and P.Y. Hatt. 1973. Subacute myocardial hypoxia in
the rat. An electron microscopic study of the left ventricular myocardium. J. Mol. Cell.
Cardiol. 5:125-132.

Fukuda, R., H. Zhang, J. Kim, L. Shimoda, C.V. Dang, and G.L. Semenza. 2007. HIF-1
regulates cytochrome oxidase subunits to optimize efficiency of respiration in hypoxic
cells. Cell. 129:111-122. do0i:10.1016/j.cell.2007.01.047.

Galang, N., H. Sasaki, and N. Maulik. 2000. Apoptotic cell death during ischemia/reperfusion
and its attenuation by antioxidant therapy. 7Toxicology. 148:111-118.

Gao, L., L. Chen, Z.-Z. Ly, H. Gao, L. Wu, Y.-X. Chen, C.-M. Zhang, Y.-K. Jiang, Q. Jing, Y.
Zhang, and H.-T. Yang. 2014. Activation of alB-adrenoceptors contributes to
intermittent hypobaric hypoxia-improved post-ischemic myocardial performance via
inhibiting MMP-2  activation. A4Am. J. Physiol. Heart Circ. Physiol.
doi:10.1152/ajpheart.00772.2013.

GARLAND, P.B., P.J. RANDLE, and E.A. NEWSHOLME. 1963. CITRATE AS AN
INTERMEDIARY IN THE INHIBITION OF PHOSPHOFRUCTOKINASE IN RAT
HEART MUSCLE BY FATTY ACIDS, KETONE BODIES, PYRUVATE,
DIABETES, AND STARVATION. Nature. 200:169-170.

Gazdar, A.F., M.H. Zweig, D.N. Carney, A.C. Van Steirteghen, S.B. Baylin, and J.D. Minna.
1981. Levels of creatine kinase and its BB isoenzyme in lung cancer specimens and
cultures. Cancer Res. 41:2773-2777.

Geers, C., and G. Gros. 1991. Muscle carbonic anhydrases: function in muscle contraction and
in the homeostasis of muscle pH and pCO2. In The Carbonic Anhydrases. S.J.
Dodgson, editor. Springer Science & Business Media. 227-240.

Gerdes, A.M., J.A. Moore, and S.P. Bishop. 1985. Failure of propranolol to prevent chronic
hyperthyroid induced cardiac hypertrophy and multifocal cellular necrosis in the rat.
Can. J. Cardiol. 1:340-345.

Goda, N., and M. Kanai. 2012. Hypoxia-inducible factors and their roles in energy
metabolism. Int. J. Hematol. 95:457-463. do0i:10.1007/s12185-012-1069-y.

Gonzalez, C., T. Ureta, R. Sanchez, and H. Niemeyer. 1964. Multiple molecular forms of
ATP:hexose 6-phosphotransferase from rat liver. Biochem. Biophys. Res. Commun.
16:347-352.

149



Gonzalez, E., and T.E. McGraw. 2009. The Akt kinases: isoform specificity in metabolism
and cancer. Cell Cycle Georget. Tex. 8:2502-2508.

Gonzalvez, F., Z.T. Schug, R.H. Houtkooper, E.D. MacKenzie, D.G. Brooks, R.J.A. Wanders,
P.X. Petit, F.M. Vaz, and E. Gottlieb. 2008. Cardiolipin provides an essential
activating platform for caspase-8 on mitochondria. J. Cell Biol. 183:681-696.
do0i:10.1083/jcb.200803129.

Goodwin, G.W., J.R. Arteaga, and H. Taegtmeyer. 1995. Glycogen turnover in the isolated
working rat heart. J. Biol. Chem. 270:9234-9240.

Gordan, J.D., and M.C. Simon. 2007. Hypoxia-inducible factors: central regulators of the
tumor phenotype. Curr. Opin. Genet. Dev. 17:71-77. doi:10.1016/j.gde.2006.12.006.

Gordon, J.W., J.A. Shaw, and L.A. Kirshenbaum. 2011. Multiple facets of NF-kB in the heart:
to be or not to NF-«B. Circ. Res. 108:1122-1132.
doi:10.1161/CIRCRESAHA.110.226928.

Gorres, K.L., and R.T. Raines. 2010. Prolyl 4-hydroxylase. Crit. Rev. Biochem. Mol. Biol.
45:106-124. doi:10.3109/10409231003627991.

Granville, D.J., and R.A. Gottlieb. 2006. Having a heart attack? Avoid the “HETE”! Am. J.
Physiol. Heart Circ. Physiol. 291:H485-487. doi:10.1152/ajpheart.00241.2006.

Granville, D.J., B. Tashakkor, C. Takeuchi, A.B. Gustafsson, C. Huang, M.R. Sayen, P.
Wentworth Jr, M. Yeager, and R.A. Gottlieb. 2004. Reduction of ischemia and
reperfusion-induced myocardial damage by cytochrome P450 inhibitors. Proc. Natl.
Acad. Sci. U. S. A. 101:1321-1326. doi:10.1073/pnas.0308185100.

Green, H.J., J.R. Sutton, A. Cymerman, P.M. Young, and C.S. Houston. 1989. Operation

Everest II: adaptations in human skeletal muscle. J. Appl. Physiol. Bethesda Md 1985.
66:2454-2461.

Gregor, M., A. Janovska, B. Stefl, J. Zurmanové, and J. Mejsnar. 2003. Substrate channelling
in a creatine kinase system of rat skeletal muscle under various pH conditions. Exp.
Physiol. 88:1-6.

Griffin, L.D., B.D. Gelb, D.A. Wheeler, D. Davison, V. Adams, and E.R. McCabe. 1991.
Mammalian hexokinase 1: evolutionary conservation and structure to function
analysis. Genomics. 11:1014-1024.

Grosse, R., E. Spitzer, V.V. Kupriyanov, V.A. Saks, and K.R. Repke. 1980. Coordinate
interplay between (Nat+ + K+)-ATPase and creatine phosphokinase optimizes
(Na+/K+)-antiport across the membrane of vesicles formed from the plasma membrane
of cardiac muscle cell. Biochim. Biophys. Acta. 603:142—156.

Grover, R.F., and J. K. Alexander. 1971. Cardiac performance and the coronary circulation of
main in chronic hypoxia. Cardiology. 56:197-206.

Grover-McKay, M., S.A. Walsh, and S.A. Thompson. 1999. Glucose transporter 3 (GLUT3)
protein is present in human myocardium. Biochim. Biophys. Acta. 1416:145-154.

150



Gu, Y.Z., S.M. Moran, J.B. Hogenesch, L. Wartman, and C.A. Bradfield. 1998. Molecular
characterization and chromosomal localization of a third alpha-class hypoxia inducible
factor subunit, HIF3alpha. Gene Expr. 7:205-213.

Guertin, D.A., D.M. Stevens, C.C. Thoreen, A.A. Burds, N.Y. Kalaany, J. Moffat, M. Brown,
K.J. Fitzgerald, and D.M. Sabatini. 2006. Ablation in mice of the mTORC components
raptor, rictor, or mLSTS8 reveals that mTORC2 is required for signaling to Akt-FOXO
and PKCalpha, but not S6K1. Dev. Cell. 11:859-871.
doi:10.1016/j.devcel.2006.10.007.

Guo, H.-C., F. Guo, L.-N. Zhang, R. Zhang, Q. Chen, J.-X. Li, J. Yin, and Y.-L. Wang. 2011.
Enhancement of Na/K pump activity by chronic intermittent hypobaric hypoxia
protected against reperfusion injury. Am. J. Physiol. Heart Circ. Physiol. 300:H2280—
2287. doi:10.1152/ajpheart.01164.2010.

Guo, H.-C., Z. Zhang, L.-N. Zhang, C. Xiong, C. Feng, Q. Liu, X. Liu, X.-L. Shi, and Y.-L.
Wang. 2009. Chronic intermittent hypobaric hypoxia protects the heart against
ischemia/reperfusion injury through upregulation of antioxidant enzymes in adult
guinea pigs. Acta Pharmacol. Sin. 30:947-955. doi:10.1038/aps.2009.57.

Guzun, R., N. Timohhina, K. Tepp, C. Monge, T. Kaambre, P. Sikk, A.V. Kuznetsov, C.
Pison, and V. Saks. 2009. Regulation of respiration controlled by mitochondrial
creatine kinase in permeabilized cardiac cells in situ. Importance of system level
properties. Biochim. Biophys. Acta. 1787:1089-1105.
doi:10.1016/j.bbabio.2009.03.024.

Guzy, R.D., B. Hoyos, E. Robin, H. Chen, L. Liu, K.D. Mansfield, M.C. Simon, U.
Hammerling, and P.T. Schumacker. 2005. Mitochondrial complex III is required for
hypoxia-induced ROS production and cellular oxygen sensing. Cell Metab. 1:401-408.
doi:10.1016/j.cmet.2005.05.001.

Haddad, F., S.A. Hunt, D.N. Rosenthal, and D.J. Murphy. 2008. Right ventricular function in
cardiovascular disease, part I: Anatomy, physiology, aging, and functional assessment
of the right ventricle. Circulation. 117:1436-1448.
doi:10.1161/CIRCULATIONAHA.107.653576.

Halestrap, A.P., S.J. Clarke, and S.A. Javadov. 2004. Mitochondrial permeability transition
pore opening during myocardial reperfusion--a target for cardioprotection. Cardiovasc.
Res. 61:372-385. doi:10.1016/S0008-6363(03)00533-9.

Hammerschmidt, S., M. Bell, N. Biichler, H. Wahn, H. Remkes, M.J. Lohse, and S. Neubauer.
2000. Acute changes of myocardial creatine kinase gene expression under beta-
adrenergic stimulation. Biochim. Biophys. Acta. 1502:471-480.

Han, F., K. Takeda, M. Ono, F. Date, K. Ishikawa, S. Yokoyama, Y. Shinozawa, K.
Furuyama, and S. Shibahara. 2010. Hypoxemia induces expression of heme

oxygenase-1 and heme oxygenase-2 proteins in the mouse myocardium. J. Biochem.
(Tokyo). 147:143—151. doi:10.1093/jb/mvp153.

Hanada, M., J. Feng, and B.A. Hemmings. 2004. Structure, regulation and function of
PKB/AKT—a major therapeutic target. Biochim. Biophys. Acta BBA - Proteins
Proteomics. 1697:3—16. doi:10.1016/j.bbapap.2003.11.009.

151



Harman, A.W., and M.J. Maxwell. 1995. An evaluation of the role of calcium in cell injury.
Annu. Rev. Pharmacol. Toxicol. 35:129-144.
doi:10.1146/annurev.pa.35.040195.001021.

Hashimoto, T., R. Hussien, S. Oommen, K. Gohil, and G.A. Brooks. 2007. Lactate sensitive
transcription factor network in L6 cells: activation of MCT1 and mitochondrial
biogenesis. FASEB J. Off. Publ. Fed. Am. Soc. Exp. Biol. 21:2602-2612.
doi:10.1096/1].07-8174com.

Hausenloy, D.J., and D.M. Yellon. 2013. Myocardial ischemia-reperfusion injury: a neglected
therapeutic target. J. Clin. Invest. 123:92—-100. doi:10.1172/JC162874.

Van der Heiden, K., S. Cuhlmann, L.A. Luong, M. Zakkar, and P.C. Evans. 2010. Role of
nuclear factor kappaB in cardiovascular health and disease. Clin. Sci. Lond. Engl.
1979. 118:593-605. doi:10.1042/CS20090557.

Heikkinen, S., S. Suppola, M. Malkki, S.S. Deeb, J. Jinne, and M. Laakso. 2000. Mouse
hexokinase II gene: structure, cDNA, promoter analysis, and expression pattern.
Mamm. Genome Off. J. Int. Mamm. Genome Soc. 11:91-96.

Hemmer, W., E.M. Furter-Graves, G. Frank, T. Wallimann, and R. Furter. 1995.
Autophosphorylation of creatine kinase: characterization and identification of a
specifically phosphorylated peptide. Biochim. Biophys. Acta. 1251:81-90.

Hemmer, W., L. Riesinger, T. Wallimann, H.M. Eppenberger, and A.F. Quest. 1993. Brain-
type creatine kinase in photoreceptor cell outer segments: role of a phosphocreatine

circuit in outer segment energy metabolism and phototransduction. J. Cell Sci. 106 ( Pt
2):671-683.

Henley, W.N., L.L. Bellush, and M.A. Notestine. 1992. Reemergence of spontaneous
hypertension in hypoxia-protected rats returned to normoxia as adults. Brain Res.
579:211-218.

Henquell, L., and C.R. Honig. 1976. Intercapillary distances and capillary reserve in right and
left ventricles: significance for control of tissue po2. Microvasc. Res. 12:35-41.

Herget, J., and F. Palecek. 1978. Experimental chronic pulmonary hypertension. /nt. Rev. Exp.
Pathol. 18:347-406.

Hewitson, K.S., L.A. McNeill, M.V. Riordan, Y.-M. Tian, A.N. Bullock, R.W. Welford, J.M.
Elkins, N.J. Oldham, S. Bhattacharya, J.M. Gleadle, P.J. Ratcliffe, C.W. Pugh, and C.J.
Schofield. 2002. Hypoxia-inducible factor (HIF) asparagine hydroxylase is identical to
factor inhibiting HIF (FIH) and is related to the cupin structural family. J. Biol. Chem.
277:26351-26355. doi:10.1074/jbc.C200273200.

Himeda, C.L., J.A. Ranish, J.C. Angello, P. Maire, R. Aebersold, and S.D. Hauschka. 2004.
Quantitative proteomic identification of six4 as the trex-binding factor in the muscle
creatine kinase enhancer. Mol. Cell. Biol. 24:2132-2143.

Hirose, K., M. Morita, M. Ema, J. Mimura, H. Hamada, H. Fujii, Y. Saijo, O. Gotoh, K.
Sogawa, and Y. Fujii-Kuriyama. 1996. cDNA cloning and tissue-specific expression of
a novel basic helix-loop-helix/PAS factor (Arnt2) with close sequence similarity to the
aryl hydrocarbon receptor nuclear translocator (Arnt). Mol. Cell. Biol. 16:1706—1713.

152



Hlavackova, M., K. Kozichova, J. Neckar, F. Kolar, R.J.P. Musters, F. Novak, and O.
Novakova. 2010. Up-regulation and redistribution of protein kinase C-9 in chronically
hypoxic heart. Mol. Cell. Biochem. 345:271-282. doi:10.1007/s11010-010-0581-8.

Ho, S.Y., and P. Nihoyannopoulos. 2006. Anatomy, echocardiography, and normal right
ventricular ~ dimensions.  Heart Br. Card. Soc. 92  Suppl 1:12-13.
doi:10.1136/hrt.2005.077875.

Hochachka, P.W., C.M. Clark, J.E. Holden, C. Stanley, K. Ugurbil, and R.S. Menon. 1996.
31P  magnetic  resonance  spectroscopy of the  Sherpa  heart: a

phosphocreatine/adenosine triphosphate signature of metabolic defense against
hypobaric hypoxia. Proc. Natl. Acad. Sci. U. S. A. 93:1215-1220.

Hoffman, E.C., H. Reyes, F.F. Chu, F. Sander, L.H. Conley, B.A. Brooks, and O. Hankinson.
1991. Cloning of a factor required for activity of the Ah (dioxin) receptor. Science.
252:954-958.

Hoggett, J.G., and G.L. Kellett. 1992. Kinetics of the monomer-dimer reaction of yeast
hexokinase PI. Biochem. J. 287 ( Pt 2):567-572.

Holden, J.E., C.K. Stone, C.M. Clark, W.D. Brown, R.J. Nickles, C. Stanley, and P.W.
Hochachka. 1995. Enhanced cardiac metabolism of plasma glucose in high-altitude

natives: adaptation against chronic hypoxia. J. Appl. Physiol. Bethesda Md 1985.
79:222-228.

Holloway, C.J., H.E. Montgomery, A.J. Murray, L.E. Cochlin, I. Codreanu, N. Hopwood,
A.W. Johnson, O.J. Rider, D.Z.H. Levett, D.J. Tyler, J.M. Francis, S. Neubauer,
M.P.W. Grocott, and K. Clarke. 2011. Cardiac response to hypobaric hypoxia:
persistent changes in cardiac mass, function, and energy metabolism after a trek to Mt.
Everest Base Camp. FASEB J. Off- Publ. Fed. Am. Soc. Exp. Biol. 25:792-796.
doi:10.1096/11.10-172999.

Holmes, B.F., E.J. Kurth-Kraczek, and W.W. Winder. 1999. Chronic activation of 5’-AMP-
activated protein kinase increases GLUT-4, hexokinase, and glycogen in muscle. J.
Appl. Physiol. Bethesda Md 1985. 87:1990-1995.

Holtzman, D., A. Togliatti, I. Khait, and F. Jensen. 1998. Creatine increases survival and
suppresses seizures in the hypoxic immature rat. Pediatr. Res. 44:410-414.
doi:10.1203/00006450-199809000-00024.

Horlick, R.A., G.M. Hobson, J.H. Patterson, M.T. Mitchell, and P.A. Benfield. 1990. Brain
and muscle creatine kinase genes contain common TA-rich recognition protein-binding
regulatory elements. Mol. Cell. Biol. 10:4826—4836.

Hornemann, T., M. Stolz, and T. Wallimann. 2000. Isoenzyme-specific interaction of muscle-
type creatine kinase with the sarcomeric M-line is mediated by NH(2)-terminal lysine
charge-clamps. J. Cell Biol. 149:1225-1234.

Howard, B.V., and J. Wylie-Rosett. 2002. Sugar and cardiovascular disease: A statement for
healthcare professionals from the Committee on Nutrition of the Council on Nutrition,
Physical Activity, and Metabolism of the American Heart Association. Circulation.
106:523-527.

153



Hu, J., D.J. Discher, N.H. Bishopric, and K.A. Webster. 1998. Hypoxia regulates expression
of the endothelin-1 gene through a proximal hypoxia-inducible factor-1 binding site on
the antisense strand. Biochem. Biophys. Res. Commun. 245:894-899.
doi:10.1006/bbrc.1998.8543.

Hu, Y., Q. Sun, Z. Li, J. Chen, C. Shen, Y. Song, and Q. Zhong. 2014. High basal level of
autophagy in high-altitude residents attenuates myocardial ischemia-reperfusion injury.
J. Thorac. Cardiovasc. Surg. doi:10.1016/j.jtcvs.2014.03.038.

Hue, L., and H. Taegtmeyer. 2009. The Randle cycle revisited: a new head for an old hat. Am.
J. Physiol. - Endocrinol. Metab. 297:E578-E591. doi:10.1152/ajpendo0.00093.2009.

Hurford, W.E., G. Crosby, H.W. Strauss, R. Jones, and E. Lowenstein. 1990. Ventricular
performance and glucose uptake in rats during chronic hypobaric hypoxia. J. Nucl.
Med. Off. Publ. Soc. Nucl. Med. 31:1344-1351.

HURTADO, A. 1960. Some clinical aspects of life at high altitudes. Ann. Intern. Med.
53:247-258.

Hyvérinen, J., LE. Hassinen, R. Sormunen, J.M. Miki, K.I. Kivirikko, P. Koivunen, and J.
Myllyharju. 2010. Hearts of hypoxia-inducible factor prolyl 4-hydroxylase-2
hypomorphic mice show protection against acute ischemia-reperfusion injury. J. Biol.
Chem. 285:13646—13657. doi:10.1074/jbc.M109.084855.

Ide, T., H. Tsutsui, S. Kinugawa, N. Suematsu, S. Hayashidani, K. Ichikawa, H. Utsumi, Y.
Machida, K. Egashira, and A. Takeshita. 2000. Direct evidence for increased hydroxyl
radicals originating from superoxide in the failing myocardium. Circ. Res. 86:152—-157.

Ide, T., H. Tsutsui, S. Kinugawa, H. Utsumi, D. Kang, N. Hattori, K. Uchida, K. i Arimura, K.
Egashira, and A. Takeshita. 1999. Mitochondrial electron transport complex I is a

potential source of oxygen free radicals in the failing myocardium. Circ. Res. 85:357—
363.

Inamoto, S., T. Hayashi, N. Tazawa, T. Mori, C. Yamashita, D. Nakano, Y. Matsumura, N.
Okuda, K. Sohmiya, A. Sakai, E. Furuya, and Y. Kitaura. 2006. Angiotensin-II
receptor blocker exerts cardioprotection in diabetic rats exposed to hypoxia. Circ. J.
Off- J. Jpn. Circ. Soc. 70:787-792.

Ingwall, J.S. 1976. Creatine and the control of muscle-specific protein synthesis in cardiac and
skeletal muscle. Circ. Res. 38:1115-123.

Ingwall, J.S. 1984. The hypertrophied myocardium accumulates the MB-creatine kinase
isozyme. Eur. Heart J. 5 Suppl F:129-139.

Ingwall, J.S. 2002. ATP and the Heart. Springer. 272 pp.

Ingwall, J.S. 2009. Energy metabolism in heart failure and remodelling. Cardiovasc. Res.
81:412—419. doi:10.1093/cvr/cvn301.

Ingwall, J.S., M.F. Kramer, M.A. Fifer, B.H. Lorell, R. Shemin, W. Grossman, and P.D.
Allen. 1985. The creatine kinase system in normal and diseased human myocardium.
N. Engl. J. Med. 313:1050-1054. doi:10.1056/NEJM198510243131704.

154



Jacinto, E., V. Facchinetti, D. Liu, N. Soto, S. Wei, S.Y. Jung, Q. Huang, J. Qin, and B. Su.
2006. SIN1/MIP1 maintains rictor-mTOR complex integrity and regulates Akt

phosphorylation and substrate specificity. Cell. 127:125-137.
doi:10.1016/j.cell.2006.08.033.

Jackson, P., I. Mastrangelo, M. Reed, P. Tegtmeyer, G. Yardley, and J. Barrett. 1998.
Synergistic transcriptional activation of the MCK promoter by p53: tetramers link

separated DNA response elements by DNA looping. Oncogene. 16:283-292.
doi:10.1038/sj.onc.1201491.

Jacobus, W.E., and A.L. Lehninger. 1973. Creatine kinase of rat heart mitochondria. Coupling
of creatine phosphorylation to electron transport. J. Biol. Chem. 248:4803—4810.

Jacobus, W.E., and V.A. Saks. 1982. Creatine kinase of heart mitochondria: changes in its
kinetic properties induced by coupling to oxidative phosphorylation. Arch. Biochem.
Biophys. 219:167-178.

Jani, B., and C. Rajkumar. 2006. Ageing and vascular ageing. Postgrad. Med. J. 82:357-362.
doi:10.1136/pgm;j.2005.036053.

Janssen, E., P.P. Dzeja, F. Oerlemans, A.W. Simonetti, A. Heerschap, A. de Haan, P.S. Rush,
R.R. Terjung, B. Wieringa, and A. Terzic. 2000. Adenylate kinase 1 gene deletion
disrupts muscle energetic economy despite metabolic rearrangement. EMBO J.
19:6371-6381. doi:10.1093/embo;j/19.23.6371.

Jiang, B.H., E. Rue, G.L. Wang, R. Roe, and G.L. Semenza. 1996. Dimerization, DNA
binding, and transactivation properties of hypoxia-inducible factor 1. J. Biol. Chem.
271:17771-17778.

Jiang, L. 1994. Right ventricle. /n Principles and Practice of: Echocardiography. A.E.
Weyman, editor. Lea & Febiger. 901-921.

Jin, Z.-X., J.-J. Zhou, M. Xin, D.-R. Peng, X.-M. Wang, S.-H. Bi, X.-F. Wei, and D.-H. Yi.
2007. Postconditioning the human heart with adenosine in heart valve replacement
surgery. Ann. Thorac. Surg. 83:2066—-2072. doi:10.1016/j.athoracsur.2006.12.031.

Jing, M., V.K. Cheruvu, and F. Ismail-Beigi. 2008. Stimulation of glucose transport in
response to activation of distinct AMPK signaling pathways. Am. J. Physiol. Cell
Physiol. 295:C1071-1082. doi:10.1152/ajpcell.00040.2008.

John, S., J.N. Weiss, and B. Ribalet. 2011. Subcellular localization of hexokinases I and II
directs  the  metabolic  fate  of  glucose. PloS One. 6:¢17674.
doi:10.1371/journal.pone.0017674.

Jordan, J.E., Z.Q. Zhao, and J. Vinten-Johansen. 1999. The role of neutrophils in myocardial
ischemia-reperfusion injury. Cardiovasc. Res. 43:860—878.

Jousilahti, P., E. Vartiainen, J. Tuomilehto, and P. Puska. 1999. Sex, age, cardiovascular risk
factors, and coronary heart disease: a prospective follow-up study of 14 786 middle-
aged men and women in Finland. Circulation. 99:1165-1172.

Joyeux-Faure, M., F. Stanke-Labesque, B. Lefebvre, P. Béguin, D. Godin-Ribuot, C. Ribuot,
S.H. Launois, G. Bessard, and P. Lévy. 2005. Chronic intermittent hypoxia increases

155



infarction in the isolated rat heart. J. Appl. Physiol. Bethesda Md 1985. 98:1691-1696.
doi:10.1152/japplphysiol.01146.2004.

Jung, Y., J.S. Isaacs, S. Lee, J. Trepel, Z.-G. Liu, and L. Neckers. 2003. Hypoxia-inducible
factor induction by tumour necrosis factor in normoxic cells requires receptor-

interacting protein-dependent nuclear factor kappa B activation. Biochem. J.
370:1011-1017. doi:10.1042/BJ20021279.

Kaasik, A., A. Minajeva, E. De Sousa, R. Ventura-Clapier, and V. Veksler. 1999. Nitric oxide
inhibits cardiac energy production via inhibition of mitochondrial creatine kinase.
FEBS Lett. 444:75-717.

Kaasik, A., V. Veksler, E. Boehm, M. Novotova, A. Minajeva, and R. Ventura-Clapier. 2001.
Energetic crosstalk between organelles: architectural integration of energy production
and utilization. Circ. Res. 89:153—-159.

Kaasik, A., V. Veksler, E. Boehm, M. Novotova, and R. Ventura-Clapier. 2003. From energy
store to energy flux: a study in creatine kinase-deficient fast skeletal muscle. FASEB J.
Off- Publ. Fed. Am. Soc. Exp. Biol. 17:708-710. doi:10.1096/1j.02-0684fje.

Kagan, V.E., V.A. Tyurin, J. Jiang, Y.Y. Tyurina, V.B. Ritov, A.A. Amoscato, A.N. Osipov,
N.A. Belikova, A.A. Kapralov, V. Kini, LI. Vlasova, Q. Zhao, M. Zou, P. Di, D.A.
Svistunenko, I.V. Kurnikov, and G.G. Borisenko. 2005. Cytochrome c¢ acts as a

cardiolipin oxygenase required for release of proapoptotic factors. Nat. Chem. Biol.
1:223-232. doi:10.1038/nchembio727.

Kallio, P.J., K. Okamoto, S. O’Brien, P. Carrero, Y. Makino, H. Tanaka, and L. Poellinger.
1998. Signal transduction in hypoxic cells: inducible nuclear translocation and

recruitment of the CBP/p300 coactivator by the hypoxia-inducible factor-lalpha.
EMBO J. 17:6573—-6586. doi:10.1093/emboj/17.22.6573.

Kallio, P.J., W.J. Wilson, S. O’Brien, Y. Makino, and L. Poellinger. 1999. Regulation of the
hypoxia-inducible transcription factor lalpha by the ubiquitin-proteasome pathway. J.
Biol. Chem. 274:6519—6525.

Kamura, T., S. Sato, K. Iwai, M. Czyzyk-Krzeska, R.C. Conaway, and J.W. Conaway. 2000.
Activation of HIFlalpha ubiquitination by a reconstituted von Hippel-Lindau (VHL)
tumor suppressor complex. Proc. Natl. Acad. Sci. U. S. A. 97:10430-10435.
doi:10.1073/pnas.190332597.

Kanagy, N.L., B.R. Walker, and L.D. Nelin. 2001. Role of endothelin in intermittent hypoxia-
induced hypertension. Hypertension. 37:511-515.

Kantor, P.F., G.D. Lopaschuk, and L.H. Opie. 2001. Chapter 32 - Myocardial Energy
Metabolism. /n Heart Physiology and Pathophysiology (Fourth Edition). N. Sperelakis,
Y. Kurachi, A. Terzic, and M.V. Cohen, editors. Academic Press, San Diego. 543-569.

Kasparova, D., J. Neckar, J. Novotny, F. Kolar, and J. Zurmanova. Adaptation to
cardiprotective in contrast to non-protective regimens of chronic hypoxia activates
antioxidant systems in the left heart ventricle.

Katz, A.M. 2006. Physiology of the Heart. Lippincott Williams & Wilkins. 670 pp.

156



Katzen, H.M., and R.T. Schimke. 1965. Multiple forms of hexokinase in the rat: tissue
distribution, age dependency, and properties. Proc. Natl. Acad. Sci. U. S. A. 54:1218—
1225.

Kawaguchi, M., M. Takahashi, T. Hata, Y. Kashima, F. Usui, H. Morimoto, A. Izawa, Y.
Takahashi, J. Masumoto, J. Koyama, M. Hongo, T. Noda, J. Nakayama, J. Sagara, S.
Taniguchi, and U. Ikeda. 2011. Inflammasome activation of cardiac fibroblasts is

essential for myocardial ischemia/reperfusion injury. Circulation. 123:594-604.
doi:10.1161/CIRCULATIONAHA.110.982777.

Kay, L., K. Nicolay, B. Wieringa, V. Saks, and T. Wallimann. 2000. Direct evidence for the
control of mitochondrial respiration by mitochondrial creatine kinase in oxidative
muscle cells in situ. J. Biol. Chem. 275:6937-6944.

Kennedy, S.L., W.C. Stanley, A.R. Panchal, and R.S. Mazzeo. 2001. Alterations in enzymes
involved in fat metabolism after acute and chronic altitude exposure. J. Appl. Physiol.
Bethesda Md 1985. 90:17-22.

Kenneth, N.S., and S. Rocha. 2008. Regulation of gene expression by hypoxia. Biochem. J.
414:19-29. doi:10.1042/BJ20081055.

Kenyon, G.L., and G.H. Reed. 1983. Creatine kinase: structure-activity relationships. Adv.
Enzymol. Relat. Areas Mol. Biol. 54:367-426.

Kerbey, A.L., P.J. Randle, R.H. Cooper, S. Whitehouse, H.T. Pask, and R.M. Denton. 1976.
Regulation of pyruvate dehydrogenase in rat heart. Mechanism of regulation of
proportions of dephosphorylated and phosphorylated enzyme by oxidation of fatty
acids and ketone bodies and of effects of diabetes: role of coenzyme A, acetyl-

coenzyme A and reduced and oxidized nicotinamide-adenine dinucleotide. Biochem. J.
154:327-348.

Kernec, F., N. Le Tallec, L. Nadal, J.M. Bégué, and E. Le Rumeur. 1996. Phosphocreatine
synthesis by isolated rat skeletal muscle mitochondria is not dependent upon external
ADP: a 31P NMR study. Biochem. Biophys. Res. Commun. 225:819-825.
doi:10.1006/bbrc.1996.1257.

Khan, M.A., P.G. Holt, J.M. Papadimitriou, J.O. Knight, and B.A. Kakulas. 1972. Creatine
kinase, a histochemical study by the gelatin film-lead precipitation technique.
Histochem. Histochem. Histochim. 32:49-58.

Kido, M., L. Du, C.C. Sullivan, X. Li, R. Deutsch, S.W. Jamieson, and P.A. Thistlethwaite.
2005. Hypoxia-inducible factor 1-alpha reduces infarction and attenuates progression

of cardiac dysfunction after myocardial infarction in the mouse. J. Am. Coll. Cardiol.
46:2116-2124. doi:10.1016/j.jacc.2005.08.045.

Kim, J., I. Tchernyshyov, G.L. Semenza, and C.V. Dang. 2006. HIF-1-mediated expression of
pyruvate dehydrogenase kinase: a metabolic switch required for cellular adaptation to
hypoxia. Cell Metab. 3:177—-185. doi:10.1016/j.cmet.2006.02.002.

Kitamura, T., Y. Kitamura, S. Kuroda, Y. Hino, M. Ando, K. Kotani, H. Konishi, H.
Matsuzaki, U. Kikkawa, W. Ogawa, and M. Kasuga. 1999. Insulin-induced

phosphorylation and activation of cyclic nucleotide phosphodiesterase 3B by the
serine-threonine kinase Akt. Mol. Cell. Biol. 19:6286—6296.

157



Kjaergaard, J., E.M. Snyder, C. Hassager, T.P. Olson, J.K. Oh, and B.D. Johnson. 2006. The
effect of 18 h of simulated high altitude on left ventricular function. Eur. J. Appl.
Physiol. 98:411-418. doi:10.1007/s00421-006-0299-1.

Kleinbongard, P., R. Schulz, and G. Heusch. 2011. TNFa in myocardial ischemia/reperfusion,
remodeling and heart failure. Heart Fail. Rev. 16:49—69. doi:10.1007/s10741-010-
9180-8.

Kloner, R.A., R. Bolli, E. Marban, L. Reinlib, and E. Braunwald. 1998. Medical and cellular
implications of stunning, hibernation, and preconditioning: an NHLBI workshop.
Circulation. 97:1848-1867.

Kloner, R.A., S.G. Ellis, R. Lange, and E. Braunwald. 1983. Studies of experimental coronary
artery reperfusion. Effects on infarct size, myocardial function, biochemistry,
ultrastructure and microvascular damage. Circulation. 68:18—15.

Ko, Y.H., M. Delannoy, J. Hullihen, W. Chiu, and P.L. Pedersen. 2003. Mitochondrial ATP
synthasome. Cristae-enriched membranes and a multiwell detergent screening assay

yield dispersed single complexes containing the ATP synthase and carriers for Pi and
ADP/ATP. J. Biol. Chem. 278:12305-12309. doi:10.1074/jbc.C200703200.

Kohn, A.D., S.A. Summers, M.J. Birnbaum, and R.A. Roth. 1996. Expression of a
constitutively active Akt Ser/Thr kinase in 3T3-L1 adipocytes stimulates glucose
uptake and glucose transporter 4 translocation. J. Biol. Chem. 271:31372-31378.

Kolar, F., J. Jezkova, P. Balkova, J. Breh, J. Neckar, F. Novak, O. Novakova, H. Tomasova,
M. Srbova, B. Ostadal, J. Wilhelm, and J. Herget. 2007. Role of oxidative stress in
PKC-delta upregulation and cardioprotection induced by chronic intermittent hypoxia.
Am. J. Physiol. Heart Circ. Physiol. 292:H224-230. doi:10.1152/ajpheart.00689.2006.

Kolar, F., J. Neckar, and B. Ostadal. 2005. MCC-134, a blocker of mitochondrial and opener
of sarcolemmal ATP-sensitive K+ channels, abrogates cardioprotective effects of
chronic hypoxia. Physiol. Res. Acad. Sci. Bohemoslov. 54:467—471.

Kolar, F., B. Ostadal, J. Prochazka, V. Pelouch, and J. Widimsky. 1989. Comparison of
cardiopulmonary response to intermittent high-altitude hypoxia in young and adult
rats. Respir. Int. Rev. Thorac. Dis. 56:57-62.

Kong, X., J.S. Tweddell, G.J. Gross, and J.E. Baker. 2001. Sarcolemmal and mitochondrial
K(atp)channels mediate cardioprotection in chronically hypoxic hearts. J. Mol. Cell.
Cardiol. 33:1041-1045. doi:10.1006/jmcc.2001.1362.

Konorev, E.A., N. Hogg, and B. Kalyanaraman. 1998. Rapid and irreversible inhibition of
creatine kinase by peroxynitrite. FEBS Lett. 427:171-174.

Korge, P., S.K. Byrd, and K.B. Campbell. 1993. Functional coupling between sarcoplasmic-
reticulum-bound creatine kinase and Ca(2+)-ATPase. Eur. J. Biochem. FEBS.
213:973-980.

Korge, P., and K.B. Campbell. 1993. The effect of changes in iron redox state on the activity
of enzymes sensitive to modification of SH groups. Arch. Biochem. Biophys. 304:420—
428. doi:10.1006/abbi.1993.1370.

158



Korge, P., and K.B. Campbell. 1994. Local ATP regeneration is important for sarcoplasmic
reticulum Ca2+ pump function. Am. J. Physiol. 267:C357-366.

Kornacker, M., U. Schlattner, T. Wallimann, M.R. Verneris, R.S. Negrin, B. Kornacker, A.
Staratschek-Jox, V. Diehl, and J. Wolf. 2001. Hodgkin disease-derived cell lines
expressing ubiquitous mitochondrial creatine kinase show growth inhibition by
cyclocreatine treatment independent of apoptosis. Int. J. Cancer J. Int. Cancer.
94:513-519.

Koshiji, M., Y. Kageyama, E.A. Pete, I. Horikawa, J.C. Barrett, and L.E. Huang. 2004. HIF-
lalpha induces cell cycle arrest by functionally counteracting Myc. EMBO J. 23:1949—
1956. doi:10.1038/sj.emboj.7600196.

Kostanyan, A., and K. Nazaryan. 1992. Rat brain glycolysis regulation by estradiol-17 beta.
Biochim. Biophys. Acta. 1133:301-306.

Koufen, P., A. Riick, D. Brdiczka, S. Wendt, T. Wallimann, and G. Stark. 1999. Free radical-
induced inactivation of creatine kinase: influence on the octameric and dimeric states
of the mitochondrial enzyme (Mib-CK). Biochem. J. 344 Pt 2:413-417.

Koval, J.A., R.A. DeFronzo, R.M. O’Doherty, R. Printz, H. Ardehali, D.K. Granner, and L.J.
Mandarino. 1998. Regulation of hexokinase II activity and expression in human
muscle by moderate exercise. Am. J. Physiol. 274:E304-308.

Kowaltowski, A.J., R.F. Castilho, and A.E. Vercesi. 2001. Mitochondrial permeability
transition and oxidative stress. FEBS Lett. 495:12—15.

Kraegen, E.W., J.A. Sowden, M.B. Halstead, P.W. Clark, K.J. Rodnick, D.J. Chisholm, and
D.E. James. 1993. Glucose transporters and in vivo glucose uptake in skeletal and

cardiac muscle: fasting, insulin stimulation and immunoisolation studies of GLUT]I
and GLUT4. Biochem. J. 295 ( Pt 1):287-293.

Kraft, T., T. Hornemann, M. Stolz, V. Nier, and T. Wallimann. 2000. Coupling of creatine
kinase to glycolytic enzymes at the sarcomeric I-band of skeletal muscle: a
biochemical study in situ. J. Muscle Res. Cell Motil. 21:691-703.

Kubista, V., J. Kubistova, and D. Pette. 1971. Thyroid hormone induced changes in the
enzyme activity pattern of energy-supplying metabolism of fast (white), slow (red),
and heart muscle of the rat. Eur. J. Biochem. FEBS. 18:553-560.

Kumar, G.K., V. Rai, S.D. Sharma, D.P. Ramakrishnan, Y.-J. Peng, D. Souvannakitti, and
N.R. Prabhakar. 2006. Chronic intermittent hypoxia induces hypoxia-evoked

catecholamine efflux in adult rat adrenal medulla via oxidative stress. J. Physiol.
575:229-239. doi:10.1113/jphysiol.2006.112524.

Kumar, Y.N., P.S. Kumar, G. Sowjenya, V.K. Rao, S. Yeswanth, U.V. Prasad, J.A.
Pradeepkiran, P. Sarma, and M. Bhaskar. 2012. Comparison and correlation of binding

mode of ATP in the kinase domains of Hexokinase family. Bioinformation. 8:543—-547.
d0i:10.6026/97320630008543.

Kurokawa, M., S. Oda, E. Tsubotani, H. Fujiwara, K. Yokoyama, and S. Ishibashi. 1982.
Characterization of hexokinase isoenzyme types I and II in ascites tumor cells by an
interaction with mitochondrial membrane. Mol. Cell. Biochem. 45:151-157.

159



Kuwana, T., M.R. Mackey, G. Perkins, M.H. Ellisman, M. Latterich, R. Schneiter, D.R.
Green, and D.D. Newmeyer. 2002. Bid, Bax, and lipids cooperate to form
supramolecular openings in the outer mitochondrial membrane. Cell. 111:331-342.

Kuzhikandathil, E.V., and G.R. Molloy. 1994. Transcription of the brain creatine kinase gene
in glial cells is modulated by cyclic AMP-dependent protein kinase. J. Neurosci. Res.
39:70-82. doi:10.1002/jnr.490390110.

Kuzuya, T., S. Hoshida, N. Yamashita, H. Fuji, H. Oe, M. Hori, T. Kamada, and M. Tada.
1993. Delayed effects of sublethal ischemia on the acquisition of tolerance to ischemia.
Circ. Res. 72:1293-1299.

Kwon, S., D. Kim, J.W. Rhee, J.-A. Park, D.-W. Kim, D.-S. Kim, Y. Lee, and H.-J. Kwon.
2010. ASB9Y interacts with ubiquitous mitochondrial creatine kinase and inhibits
mitochondrial function. BMC Biol. 8:23. doi:10.1186/1741-7007-8-23.

Laclau, M.N., S. Boudina, J.B. Thambo, L. Tariosse, G. Gouverneur, S. Bonoron-Adéle, V.A.
Saks, K.D. Garlid, and P. Dos Santos. 2001. Cardioprotection by ischemic
preconditioning preserves mitochondrial function and functional coupling between
adenine nucleotide translocase and creatine kinase. J. Mol. Cell. Cardiol. 33:947-956.
doi:10.1006/jmcc.2001.1357.

Ladilov, Y.V., B. Siegmund, and H.M. Piper. 1995. Protection of reoxygenated
cardiomyocytes against hypercontracture by inhibition of Na+/H+ exchange. Am. J.
Physiol. 268:H1531-1539.

Lancaster, D.E., L.A. McNeill, M.A. McDonough, R.T. Aplin, K.S. Hewitson, C.W. Pugh,
P.J. Ratcliffe, and C.J. Schofield. 2004. Disruption of dimerization and substrate

phosphorylation inhibit factor inhibiting hypoxia-inducible factor (FIH) activity.
Biochem. J. 383:429-437. doi:10.1042/BJ20040735.

Lando, D., D.J. Peet, J.J. Gorman, D.A. Whelan, M.L. Whitelaw, and R.K. Bruick. 2002a.
FIH-1 is an asparaginyl hydroxylase enzyme that regulates the transcriptional activity
of hypoxia-inducible factor. Genes Dev. 16:1466—1471. doi:10.1101/gad.991402.

Lando, D., D.J. Peet, D.A. Whelan, J.J. Gorman, and M.L. Whitelaw. 2002b. Asparagine
hydroxylation of the HIF transactivation domain a hypoxic switch. Science. 295:858—
861. doi:10.1126/science.1068592.

Lawson, J.W., and K. Uyeda. 1987. Effects of insulin and work on fructose 2,6-bisphosphate
content and phosphofructokinase activity in perfused rat hearts. J. Biol. Chem.
262:3165-3173.

Lee, B.E., A.H. Toledo, R. Anaya-Prado, R.R. Roach, and L.H. Toledo-Pereyra. 2009.
Allopurinol, xanthine oxidase, and cardiac ischemia. J. Investig. Med. Off. Publ. Am.
Fed. Clin. Res. 57:902-909. doi:10.231/JIM.0b013e3181bca50c.

Leite, T.C., R.G. Coelho, D. Da Silva, W.S. Coelho, M.M. Marinho-Carvalho, and M. Sola-
Penna. 2011. Lactate downregulates the glycolytic enzymes hexokinase and

phosphofructokinase in diverse tissues from mice. FEBS Lett. 585:92-98.
doi:10.1016/j.febslet.2010.11.009.

160



Lemasters, J.J., J.M. Bond, E. Chacon, L.S. Harper, S.H. Kaplan, H. Ohata, D.R. Trollinger, B.
Herman, and W.E. Cascio. 1996. The pH paradox in ischemia-reperfusion injury to
cardiac myocytes. EXS. 76:99-114.

Lenaz, G., and M.L. Genova. 2007. Kinetics of integrated electron transfer in the

mitochondrial respiratory chain: random collisions vs. solid state electron channeling.
Am. J. Physiol. Cell Physiol. 292:C1221-1239. doi:10.1152/ajpcell.00263.2006.

Lenz, H., M. Schmidt, V. Welge, T. Kueper, U. Schlattner, T. Wallimann, H.-P. Elsésser, K.-
P. Wittern, H. Wenck, F. Staeb, and T. Blatt. 2007. Inhibition of cytosolic and
mitochondrial creatine kinase by siRNA in HaCaT- and HeLaS3-cells affects cell
viability and mitochondrial morphology. Mol. Cell. Biochem. 306:153-162.
doi:10.1007/s11010-007-9565-8.

Letout, A., M. Solares-Espinoza, P. Mateo, N. Koulmann, L. Bahi, B. Serrurier, R. Favier, R.
Ventura-Clapier, and X. Bigard. 2005. Adaptive changes in cardiac myosin heavy
chain and creatine kinase isozymic profiles in rats native of altitude. Acta Physiol.
Scand. 184:95-104. doi:10.1111/5.1365-201X.2005.01435 x.

Levick, S.P., D.C. Loch, S.M. Taylor, and J.S. Janicki. 2007. Arachidonic acid metabolism as
a potential mediator of cardiac fibrosis associated with inflammation. J. Immunol.
Baltim. Md 1950. 178:641-646.

Li, Q., A. Lau, T.J. Morris, L. Guo, C.B. Fordyce, and E.F. Stanley. 2004. A syntaxin 1,
Galpha(o), and N-type calcium channel complex at a presynaptic nerve terminal:

analysis by quantitative immunocolocalization. J. Neurosci. Off. J. Soc. Neurosci.
24:4070-4081. doi:10.1523/INEUROSCI.0346-04.2004.

Lin, G., Y. Liu, and K.M. MacLeod. 2009. Regulation of muscle creatine kinase by
phosphorylation in normal and diabetic hearts. Cell. Mol. Life Sci. CMLS. 66:135—144.
doi:10.1007/s00018-008-8575-3.

Lin, X., S. Shah, and R.F. Bulleit. 1996. The expression of MEF2 genes is implicated in CNS
neuronal differentiation. Brain Res. Mol. Brain Res. 42:307-316.

Linden, M., P. Gellerfors, and B.D. Nelson. 1982. Pore protein and the hexokinase-binding
protein from the outer membrane of rat liver mitochondria are identical. FEBS Lett.
141:189-192.

Linden, M., Z. Li, D. Paulin, T. Gotow, and J.F. Leterrier. 2001. Effects of desmin gene
knockout on mice heart mitochondria. J. Bioenerg. Biomembr. 33:333-341.

Linke, S., C. Stojkoski, R.J. Kewley, G.W. Booker, M.L. Whitelaw, and D.J. Peet. 2004.
Substrate requirements of the oxygen-sensing asparaginyl hydroxylase factor-
inhibiting  hypoxia-inducible  factor. J.  Biol. Chem. 279:14391-14397.
doi:10.1074/jbc.M313614200.

Lisy, K., and D.J. Peet. 2008. Turn me on: regulating HIF transcriptional activity. Cell Death
Differ. 15:642—649. doi:10.1038/sj.cdd.4402315.

Liu, W., and J.E. Wilson. 1997. Two Sp sites are important cis elements regulating the
upstream promoter region of the gene for rat type I hexokinase. Arch. Biochem.
Biophys. 346:142—-150. doi:10.1006/abbi.1997.0295.

161



Liu, X.-H., L.-J. Qian, J.-B. Gong, J. Shen, X.-M. Zhang, and X.-H. Qian. 2004. Proteomic
analysis of mitochondrial proteins in cardiomyocytes from chronic stressed rat.
Proteomics. 4:3167-3176. doi:10.1002/pmic.200300845.

Lok, C.N., and P. Ponka. 1999. Identification of a hypoxia response element in the transferrin
receptor gene. J. Biol. Chem. 274:24147-24152.

Lompre, A.M., B. Nadal-Ginard, and V. Mahdavi. 1984. Expression of the cardiac ventricular
alpha- and beta-myosin heavy chain genes is developmentally and hormonally
regulated. J. Biol. Chem. 259:6437—6446.

Lopaschuk, G.D., D.D. Belke, J. Gamble, T. Itoi, and B.O. Schonekess. 1994. Regulation of
fatty acid oxidation in the mammalian heart in health and disease. Biochim. Biophys.
Acta. 1213:263-276.

Lorenz, C.H., E.S. Walker, V.L. Morgan, S.S. Klein, and T.P. Graham Jr. 1999. Normal
human right and left ventricular mass, systolic function, and gender differences by cine
magnetic resonance imaging. J. Cardiovasc. Magn. Reson. Off. J. Soc. Cardiovasc.
Magn. Reson. 1:7-21.

Lueck, J.D., and H.J. Fromm. 1974. Kinetics, mechanism, and regulation of rat skeletal
muscle hexokinase. J. Biol. Chem. 249:1341-1347.

Lutter, M., M. Fang, X. Luo, M. Nishijima, X. Xie, and X. Wang. 2000. Cardiolipin provides
specificity for targeting of tBid to mitochondria. Nat. Cell Biol. 2:754-761.
doi:10.1038/35036395.

Lyamina, N.P., S.V. Lyamina, V.N. Senchiknin, R.T. Mallet, H.F. Downey, and E.B.
Manukhina. 2011. Normobaric hypoxia conditioning reduces blood pressure and

normalizes nitric oxide synthesis in patients with arterial hypertension. J. Hypertens.
29:2265-2272. doi:10.1097/HJH.0b013e32834b5846.

Lyons, G.E., S. Miihlebach, A. Moser, R. Masood, B.M. Paterson, M.E. Buckingham, and J.C.
Perriard. 1991. Developmental regulation of creatine kinase gene expression by

myogenic factors in embryonic mouse and chick skeletal muscle. Dev. Camb. Engl.
113:1017-1029.

Lyons, I., L.M. Parsons, L. Hartley, R. Li, J.LE. Andrews, L. Robb, and R.P. Harvey. 1995.
Myogenic and morphogenetic defects in the heart tubes of murine embryos lacking the
homeo box gene Nkx2-5. Genes Dev. 9:1654—1666.

Macheda, M.L., D.J. Kelly, J.D. Best, and S. Rogers. 2002. Expression during rat fetal
development of GLUT12--a member of the class III hexose transporter family. Anat.
Embryol. (Berl.). 205:441-452. doi:10.1007/s00429-002-0263-8.

Magnani, M., R. Crinelli, A. Antonelli, A. Casabianca, and G. Serafini. 1994. The soluble but
not mitochondrially bound hexokinase is a substrate for the ATP- and ubiquitin-
dependent proteolytic system. Biochim. Biophys. Acta. 1206:180—-190.

Magnuson, M.A., and K.D. Shelton. 1989. An alternate promoter in the glucokinase gene is
active in the pancreatic beta cell. J. Biol. Chem. 264:15936—-15942.

162



Mahadevan, L.C., S.A. Whatley, T.K. Leung, and L. Lim. 1984. The brain isoform of a key
ATP-regulating enzyme, creatine kinase, is a phosphoprotein. Biochem. J. 222:139—
144.

Mahon, P.C., K. Hirota, and G.L. Semenza. 2001. FIH-1: a novel protein that interacts with
HIF-lalpha and VHL to mediate repression of HIF-1 transcriptional activity. Genes
Dev. 15:2675-2686. doi:10.1101/gad.924501.

Majewski, N., V. Nogueira, P. Bhaskar, P.E. Coy, J.E. Skeen, K. Gottlob, N.S. Chandel, C.B.
Thompson, R.B. Robey, and N. Hay. 2004a. Hexokinase-mitochondria interaction

mediated by Akt is required to inhibit apoptosis in the presence or absence of Bax and
Bak. Mol. Cell. 16:819-830. doi:10.1016/j.molcel.2004.11.014.

Majewski, N., V. Nogueira, R.B. Robey, and N. Hay. 2004b. Akt inhibits apoptosis
downstream of BID cleavage via a glucose-dependent mechanism involving
mitochondrial hexokinases. Mol. Cell. Biol. 24:730-740.

Mallet, R.T., M.-G. Ryou, A.G. Williams Jr, L. Howard, and H.F. Downey. 2006. Betal-
Adrenergic receptor antagonism abrogates cardioprotective effects of intermittent
hypoxia. Basic Res. Cardiol. 101:436—446. doi:10.1007/s00395-006-0599-y.

Maniti, O., M.-F. Lecompte, O. Marcillat, C. Vial, and T. Granjon. 2010. Mitochondrial
creatine kinase interaction with cardiolipin-containing biomimetic membranes is a

two-step process involving adsorption and insertion. Eur. Biophys. J. EBJ. 39:1649—
1655. doi:10.1007/s00249-010-0600-4.

Manning, B.D., and L.C. Cantley. 2007. AKT/PKB signaling: navigating downstream. Cell.
129:1261-1274. doi:10.1016/j.cell.2007.06.009.

Mansfield, K.D., R.D. Guzy, Y. Pan, RM. Young, T.P. Cash, P.T. Schumacker, and M.C.
Simon. 2005. Mitochondrial dysfunction resulting from loss of cytochrome ¢ impairs
cellular oxygen sensing and hypoxic HIF-alpha activation. Cell Metab. 1:393-399.
do0i:10.1016/j.cmet.2005.05.003.

Manukhina, E.B., L.M. Belkina, O.L. Terekhina, D.V. Abramochkin, E.A. Smirnova, O.P.
Budanova, R.T. Mallet, and H.F. Downey. 2013. Normobaric, intermittent hypoxia

conditioning is cardio- and vasoprotective in rats. Exp. Biol. Med. Maywood NJ.
238:1413-1420. doi:10.1177/1535370213508718.

Marchant, D.J., J.H. Boyd, D.C. Lin, D.J. Granville, F.S. Garmaroudi, and B.M. McManus.
2012. Inflammation in myocardial diseases. Circ. Res. 110:126-144.
doi:10.1161/CIRCRESAHA.111.243170.

Marcillat, O., D. Goldschmidt, D. Eichenberger, and C. Vial. 1987. Only one of the two
interconvertible forms of mitochondrial creatine kinase binds to heart mitoplasts.
Biochim. Biophys. Acta. 890:233-241.

Mariman, E.C., C.A. Broers, C.A. Claesen, G.I. Tesser, and B. Wieringa. 1987. Structure and
expression of the human creatine kinase B gene. Genomics. 1:126—137.

Marin-Hernandez, A., J.C. Gallardo-Perez, S.J. Ralph, S. Rodriguez-Enriquez, and R.
Moreno-Sanchez. 2009. HIF-1alpha modulates energy metabolism in cancer cells by

163



inducing over-expression of specific glycolytic isoforms. Mini Rev. Med. Chem.
9:1084-1101.

Marsin, A.-S., C. Bouzin, L. Bertrand, and L. Hue. 2002. The stimulation of glycolysis by
hypoxia in activated monocytes is mediated by AMP-activated protein kinase and
inducible  6-phosphofructo-2-kinase. J.  Biol.  Chem.  277:30778-30783.
doi:10.1074/jbc.M205213200.

Marsin, A.S., L. Bertrand, M.H. Rider, J. Deprez, C. Beauloye, M.F. Vincent, G. Van den
Berghe, D. Carling, and L. Hue. 2000. Phosphorylation and activation of heart PFK-2
by AMPK has a role in the stimulation of glycolysis during ischaemia. Curr. Biol. CB.
10:1247-1255.

Maslov, L.N., N.V. Naryzhnaia, S.Y. Tsibulnikov, F. Kolar, Y. Zhang, H. Wang, A.M.
Gusakova, and Y.B. Lishmanov. 2013. Role of endogenous opioid peptides in the

infarct size-limiting effect of adaptation to chronic continuous hypoxia. Life Sci.
93:373-379. doi:10.1016/5.1£5.2013.07.018.

Mathupala, S.P., C. Heese, and P.L. Pedersen. 1997. Glucose catabolism in cancer cells. The
type II hexokinase promoter contains functionally active response elements for the
tumor suppressor p53. J. Biol. Chem. 272:22776-22780.

Mathupala, S.P., Y.H. Ko, and P.L. Pedersen. 2009. Hexokinase-2 bound to mitochondria:
cancer’s stygian link to the “Warburg Effect” and a pivotal target for effective therapy.
Semin. Cancer Biol. 19:17-24. doi:10.1016/j.semcancer.2008.11.006.

Mathupala, S.P., A. Rempel, and P.L. Pedersen. 1995. Glucose catabolism in cancer cells.
Isolation, sequence, and activity of the promoter for type II hexokinase. J. Biol. Chem.
270:16918-16925.

Mathupala, S.P., A. Rempel, and P.L. Pedersen. 2001. Glucose catabolism in cancer cells:
identification and characterization of a marked activation response of the type II
hexokinase gene to hypoxic conditions. J. Biol. Chem. 276:43407-43412.
doi:10.1074/jbc.M108181200.

Matsui, T., and A. Rosenzweig. 2005. Convergent signal transduction pathways controlling
cardiomyocyte survival and function: the role of PI 3-kinase and Akt. J. Mol. Cell.
Cardiol. 38:63—71. doi:10.1016/j.yjmcc.2004.11.005.

Mattiazzi, A., and E.G. Kranias. 2014. The role of CaMKII regulation of phospholamban
activity in heart disease. Front. Pharmacol. 5:5. doi:10.3389/fphar.2014.00005.

McAninch, E.A., and A.C. Bianco. 2014. Thyroid hormone signaling in energy homeostasis
and energy metabolism. Ann. N. Y. Acad. Sci. 1311:77-87. doi:10.1111/nyas.12374.

McClelland, G.B., and G.A. Brooks. 2002. Changes in MCT 1, MCT 4, and LDH expression
are tissue specific in rats after long-term hypobaric hypoxia. J. Appl. Physiol. Bethesda
Md 1985.92:1573—-1584. doi:10.1152/japplphysiol.01069.2001.

McGrath, J.J., and R.W. Bullard. 1968. Altered myocardial performance in response to anoxia
after high-altitude exposure. J. Appl. Physiol. 25:761-764.

McGrath, J.J., J. Prochdzka, V. Pelouch, and B. Ostadal. 1973. Physiological responses of rats
to intermittent high-altitude stress: effects of age. J. Appl. Physiol. 34:289-293.

164



McNulty, P.H., W.X. Liu, M.C. Luba, J.A. Valenti, G.V. Letsou, and J.C. Baldwin. 1995.
Effect of nonworking heterotopic transplantation on rat heart glycogen metabolism.
Am. J. Physiol. 268:E48-54.

Meerson, F.Z., O.A. Gomzakov, and M.V. Shimkovich. 1973. Adaptation to high altitude
hypoxia as a factor preventing development of myocardial ischemic necrosis. Am. J.
Cardiol. 31:30-34.

Meerson, F.Z., E.E. Ustinova, and E.B. Manukhina. 1989. Prevention of cardiac arrhythmias
by adaptation to hypoxia: regulatory mechanisms and cardiotropic effect. Biomed.
Biochim. Acta. 48:S83-88.

Meerson, F.Z., E.E. Ustinova, and E.H. Orlova. 1987. Prevention and elimination of heart
arrhythmias by adaptation to intermittent high altitude hypoxia. Clin. Cardiol. 10:783—
789.

Mehta, H.B., B.K. Popovich, and W.H. Dillmann. 1988. Ischemia induces changes in the level
of mRNAs coding for stress protein 71 and creatine kinase M. Circ. Res. 63:512-517.

Mekhfi, H., V. Veksler, P. Mateo, V. Maupoil, L. Rochette, and R. Ventura-Clapier. 1996.
Creatine kinase is the main target of reactive oxygen species in cardiac myofibrils.
Circ. Res. 78:1016-1027.

Mendis, S., P. Puska, and B. Norrving eds. . 2011. Global atlas on cardiovascular disease
prevention and control. World Health Organization, Geneva. 164 pp.

Meng, X.-Y., H.-L. Yu, W.-C. Zhang, T.-H. Wang, X. Mai, H.-T. Liu, and R.-C. Xu. 2014.
ZFP580, a Novel Zinc-Finger Transcription Factor, Is Involved in Cardioprotection of
Intermittent High-Altitude Hypoxia against Myocardial Ischemia-Reperfusion Injury.
PloS One. 9:€94635. doi:10.1371/journal.pone.0094635.

Meyer, L.E., L.B. Machado, A.P.S.A. Santiago, W.S. da-Silva, F.G. De Felice, O. Holub,
M.F. Oliveira, and A. Galina. 2006. Mitochondrial creatine kinase activity prevents
reactive oxygen species generation: antioxidant role of mitochondrial kinase-dependent
ADP re-cycling activity. J. Biol. Chem. 281:37361-37371.
doi:10.1074/jbc.M604123200.

Miccoli, L., S. Oudard, F. Sureau, F. Poirson, B. Dutrillaux, and M.F. Poupon. 1996.
Intracellular pH governs the subcellular distribution of hexokinase in a glioma cell
line. Biochem. J. 313 ( Pt 3):957-962.

Michiels, C., E. Minet, G. Michel, D. Mottet, J.P. Piret, and M. Raes. 2001. HIF-1 and AP-1
cooperate to increase gene expression in hypoxia: role of MAP kinases. [UBMB Life.
52:49-53. doi:10.1080/15216540252774766.

Milano, G., P.M. Abruzzo, A. Bolotta, M. Marini, L. Terraneo, B. Ravara, L. Gorza, M.
Vitadello, S. Burattini, D. Curzi, E. Falcieri, L.K. von Segesser, and M. Samaja. 2013.
Impact of the phosphatidylinositide 3-kinase signaling pathway on the cardioprotection
induced by intermittent hypoxia. PloS Orne. 8:€76659.
doi:10.1371/journal.pone.0076659.

Milano, G., A.F. Corno, M. Samaja, S. Morel, G. Vassalli, and L.K. von Segesser. 2010a.
Daily reoxygenation decreases myocardial injury and improves post-ischaemic

165



recovery after chronic hypoxia. Eur. J. Cardio-Thorac. Surg. Off. J. Eur. Assoc.
Cardio-Thorac. Surg. 37:942-949. doi:10.1016/j.ejcts.2009.10.030.

Milano, G., L.K. von Segesser, S. Morel, A. Joncic, P. Bianciardi, G. Vassalli, and M. Samaja.
2010b. Phosphorylation of phosphatidylinositol-3-kinase-protein kinase B and
extracellular  signal-regulated kinases 1/2 ~mediate reoxygenation-induced
cardioprotection during hypoxia. Exp. Biol. Med. Maywood NJ. 235:401-410.
doi:10.1258/ebm.2009.009153.

Miller, A.T., and D.M. Hale. 1970. Increased vascularity of brain, heart, and skeletal muscle
of polycythemic rats. Am. J. Physiol. 219:702—-704.

Millet, G.P., R. Faiss, and V. Pialoux. 2012. Point: Hypobaric hypoxia induces different
physiological responses from normobaric hypoxia. J. Appl. Physiol. Bethesda Md
1985. 112:1783—-1784. doi:10.1152/japplphysiol.00067.2012.

Minajeva, A., R. Ventura-Clapier, and V. Veksler. 1996. Ca2+ uptake by cardiac sarcoplasmic
reticulum ATPase in situ strongly depends on bound creatine kinase. Pfliig. Arch. Eur.
J. Physiol. 432:904-912.

Minaker, K.L. 2011. Common clinical sequelae of aging. /n Cecil Medicine: Expert Consult -
Online. L. Goldman and A.I. Schafer, editors. Elsevier Health Sciences. 104—110.

Miner, J.H., and B. Wold. 1990. Herculin, a fourth member of the MyoD family of myogenic
regulatory genes. Proc. Natl. Acad. Sci. U. S. A. 87:1089-1093.

Miyamoto, S., A.N. Murphy, and J.H. Brown. 2008. Akt mediates mitochondrial protection in
cardiomyocytes through phosphorylation of mitochondrial hexokinase-I1. Cell Death
Differ. 15:521-529. doi:10.1038/sj.cdd.4402285.

Molkentin, J.D., B.L. Black, J.F. Martin, and E.N. Olson. 1995. Cooperative activation of
muscle gene expression by MEF2 and myogenic bHLH proteins. Cell. 83:1125-1136.

Mpller, N., and J.O.L. Jorgensen. 2009. Effects of Growth Hormone on Glucose, Lipid, and
Protein  Metabolism in  Human Subjects. Endocr. Rev. 30:152-177.
doi:10.1210/er.2008-0027.

Momken, I., P. Lechéne, N. Koulmann, D. Fortin, P. Mateo, B.T. Doan, J. Hoerter, X. Bigard,
V. Veksler, and R. Ventura-Clapier. 2005. Impaired voluntary running capacity of
creatine kinase-deficient mice. J. Physiol. 565:951-964.
doi:10.1113/jphysiol.2005.086397.

Monge, C., N. Beraud, A.V. Kuznetsov, T. Rostovtseva, D. Sackett, U. Schlattner, M.
Vendelin, and V.A. Saks. 2008. Regulation of respiration in brain mitochondria and

synaptosomes: restrictions of ADP diffusion in situ, roles of tubulin, and mitochondrial
creatine kinase. Mol. Cell. Biochem. 318:147-165. doi:10.1007/s11010-008-9865-7.

Moorthy, K., U.C.S. Yadav, M.R. Siddiqui, D. Sharma, S.F. Basir, and N.Z. Baquer. 2004.
Effect of estradiol and progesterone treatment on carbohydrate metabolizing enzymes

in  tissues of  aging female rats. Biogerontology. 5:249-2509.
doi:10.1023/B:BGEN.0000038026.89337.02.

166



Moret, P., E. Covarrubias, J. Coudert, and F. Duchosal. 1972. Cardiocirculatory adaptation to
chronic hypoxia: comparative study of coronary flow, myocardial oxygen consumption
and efficiency between sea level and high altitude residents. Acta Cardiol. 27:283-305.

Moroz, E., S. Carlin, K. Dyomina, S. Burke, H.T. Thaler, R. Blasberg, and 1. Serganova. 2009.
Real-time imaging of HIF-lalpha stabilization and degradation. PloS One. 4:¢5077.
doi:10.1371/journal.pone.0005077.

Mortimer, E.A., Jr, R.R. Monson, and B. MacMahon. 1977. Reduction in mortality from
coronary heart disease in men residing at high altitude. N. Engl. J. Med. 296:581-585.
doi:10.1056/NEJM197703172961101.

Moule, S.K., and R.M. Denton. 1997. Multiple signaling pathways involved in the metabolic
effects of insulin. Am. J. Cardiol. 80:41A—49A.

Mulichak, A.M., J.E. Wilson, K. Padmanabhan, and R.M. Garavito. 1998. The structure of
mammalian hexokinase-1. Nat. Struct. Biol. 5:555-560. doi:10.1038/811.

Miiller, M., D. Cheneval, and E. Carafoli. 1986. The mitochondrial creatine phosphokinase is
associated with inner membrane cardiolipin. Adv. Exp. Med. Biol. 194:151-156.

Miiller, M., R. Moser, D. Cheneval, and E. Carafoli. 1985. Cardiolipin is the membrane
receptor for mitochondrial creatine phosphokinase. J. Biol. Chem. 260:3839-3843.

Mungai, P.T., G.B. Waypa, A. Jairaman, M. Prakriya, D. Dokic, M.K. Ball, and P.T.
Schumacker. 2011. Hypoxia triggers AMPK activation through reactive oxygen

species-mediated activation of calcium release-activated calcium channels. Mol. Cell.
Biol. 31:3531-3545. doi:10.1128/MCB.05124-11.

Murry, C.E., R.B. Jennings, and K.A. Reimer. 1986. Preconditioning with ischemia: a delay of
lethal cell injury in ischemic myocardium. Circulation. 74:1124-1136.

Narravula, S., and S.P. Colgan. 2001. Hypoxia-inducible factor 1-mediated inhibition of
peroxisome proliferator-activated receptor alpha expression during hypoxia. J.
Immunol. Baltim. Md 1950. 166:7543-7548.

Nascimben, L., J.S. Ingwall, P. Pauletto, J. Friedrich, J.K. Gwathmey, V. Saks, A.C. Pessina,
and P.D. Allen. 1996. Creatine kinase system in failing and nonfailing human
myocardium. Circulation. 94:1894—1901.

Natarajan, R., F.N. Salloum, B.J. Fisher, R.C. Kukreja, and A.A. Fowler 3rd. 2006. Hypoxia
inducible factor-1 activation by prolyl 4-hydroxylase-2 gene silencing attenuates
myocardial ischemia  reperfusion  injury. Circ.  Res. 98:133-140.
doi:10.1161/01.RES.0000197816.63513.27.

Natarajan, R., F.N. Salloum, B.J. Fisher, E.D. Ownby, R.C. Kukreja, and A.A. Fowler 3rd.
2007. Activation of hypoxia-inducible factor-1 via prolyl-4 hydoxylase-2 gene
silencing attenuates acute inflammatory responses in postischemic myocardium. Am. J.
Physiol. Heart Circ. Physiol. 293:H1571-1580. doi:10.1152/ajpheart.00291.2007.

Neary, C.L., and J.G. Pastorino. 2010. Nucleocytoplasmic shuttling of hexokinase II in a
cancer cell. Biochem. Biophys. Res. Commun. 394:1075-1081.
doi:10.1016/j.bbrc.2010.03.129.

167



Neckar, J., G.H. Borchert, P. Hlouskova, P. Micova, O. Novakova, F. Novak, M. Hroch, F.
Papousek, B. Ostadal, and F. Kolar. 2013. Brief daily episode of normoxia inhibits

cardioprotection conferred by chronic continuous hypoxia. Role of oxidative stress and
BKCa channels. Curr. Pharm. Des. 19:6880—6889.

Neckar, J., I. Markova, F. Novak, O. Novakova, O. Szarszoi, B. Ostadal, and F. Kolar. 2005.
Increased expression and altered subcellular distribution of PKC-delta in chronically

hypoxic rat myocardium: involvement in cardioprotection. Am. J. Physiol. Heart Circ.
Physiol. 288:H1566—1572. doi:10.1152/ajpheart.00586.2004.

Neckar, J., B. Ostadal, and F. Kolar. 2004. Myocardial infarct size-limiting effect of chronic
hypoxia persists for five weeks of normoxic recovery. Physiol. Res. Acad. Sci.
Bohemoslov. 53:621-628.

Neckar, J., F. Papousek, O. Novakova, B. Ostadal, and F. Kolar. 2002a. Cardioprotective
effects of chronic hypoxia and ischaemic preconditioning are not additive. Basic Res.
Cardiol. 97:161-167.

Neckar, J., O. Szarszoi, L. Koten, F. Papousek, B. Ostadal, G.J. Grover, and F. Kolar. 2002b.
Effects of mitochondrial K(ATP) modulators on cardioprotection induced by chronic
high altitude hypoxia in rats. Cardiovasc. Res. 55:567-575.

Neely, J.R., and L.W. Grotyohann. 1984. Role of glycolytic products in damage to ischemic
myocardium. Dissociation of adenosine triphosphate levels and recovery of function of
reperfused ischemic hearts. Circ. Res. 55:816—-824.

Neubauer, S., M. Frank, K. Hu, H. Remkes, A. Laser, M. Horn, G. Ertl, and M.J. Lohse. 1998.
Changes of creatine kinase gene expression in rat heart post-myocardial infarction. J.
Mol. Cell. Cardiol. 30:803-810. do01:10.1006/jmcc.1998.0645.

Ngumbela, K.C., M.N. Sack, and M.F. Essop. 2003. Counter-regulatory effects of incremental
hypoxia on the transcription of a cardiac fatty acid oxidation enzyme-encoding gene.
Mol. Cell. Biochem. 250:151—-158.

Niemeyer, H., M. de la Luz Cérdenas, E. Rabajille, T. Ureta, L. Clark-Turri, and J. Pefaranda.
1975. Sigmoidal kinetics of glucokinase. Enzyme. 20:321-333.

Nigro, J.M., C.W. Schweinfest, A. Rajkovic, J. Pavlovic, S. Jamal, R.P. Dottin, J.T. Hart,
M.E. Kamarck, P.M. Rae, and M.D. Carty. 1987. cDNA cloning and mapping of the
human creatine kinase M gene to 19q13. Am. J. Hum. Genet. 40:115-125.

Noda, L. 1958. Adenosine triphosphate-adenosine monophosphate transphosphorylase. III.
Kinetic studies. J. Biol. Chem. 232:237-250.

Nouette-Gaulain, K., M. Malgat, C. Rocher, J.-P. Savineau, R. Marthan, J.-P. Mazat, and F.
Sztark. 2005. Time course of differential mitochondrial energy metabolism adaptation

to chronic hypoxia in right and left ventricles. Cardiovasc. Res. 66:132—-140.
doi:10.1016/j.cardiores.2004.12.023.

Novel-Chate, V., J. Aussedat, V.A. Saks, and A. Rossi. 1995. Adaptation to chronic hypoxia
alters cardiac metabolic response to beta stimulation: novel face of phosphocreatine
overshoot phenomenon. J. Mol. Cell. Cardiol. 27:1679-1687.

168



Novel-Chate, V., P. Mateo, V.A. Saks, J.A. Hoerter, and A. Rossi. 1998. Chronic exposure of
rats to hypoxic environment alters the mechanism of energy transfer in myocardium. J.
Mol. Cell. Cardiol. 30:1295-1303.

Nuutila, P., V.A. Koivisto, J. Knuuti, U. Ruotsalainen, M. Terds, M. Haaparanta, J. Bergman,
O. Solin, L.M. Voipio-Pulkki, and U. Wegelius. 1992. Glucose-free fatty acid cycle
operates in human heart and skeletal muscle in vivo. J. Clin. Invest. 89:1767-1774.
doi:10.1172/JCI115780.

O’Doherty, R.M., D.P. Bracy, D.K. Granner, and D.H. Wasserman. 1996. Transcription of the
rat skeletal muscle hexokinase II gene is increased by acute exercise. J. Appl. Physiol.
Bethesda Md 1985. 81:789-793.

O’Gorman, E., G. Beutner, T. Wallimann, and D. Brdiczka. 1996. Differential effects of
creatine depletion on the regulation of enzyme activities and on creatine-stimulated

mitochondrial respiration in skeletal muscle, heart, and brain. Biochim. Biophys. Acta.
1276:161-170.

O’Rourke, B., B.M. Ramza, and E. Marban. 1994. Oscillations of membrane current and
excitability driven by metabolic oscillations in heart cells. Science. 265:962-966.

Ockaili, R., R. Natarajan, F. Salloum, B.J. Fisher, D. Jones, A.A. Fowler 3rd, and R.C.
Kukreja. 2005. HIF-1 activation attenuates postischemic myocardial injury: role for

heme oxygenase-1 in modulating microvascular chemokine generation. Am. J. Physiol.
Heart Circ. Physiol. 289:H542-548. doi:10.1152/ajpheart.00089.2005.

Ohh, M., R.L. Yauch, K.M. Lonergan, J.M. Whaley, A.O. Stemmer-Rachamimov, D.N.
Louis, B.J. Gavin, N. Kley, W.G. Kaelin Jr, and O. Iliopoulos. 1998. The von Hippel-

Lindau tumor suppressor protein is required for proper assembly of an extracellular
fibronectin matrix. Mol. Cell. 1:959-968.

Olson, A.L., and J.E. Pessin. 1995. Transcriptional regulation of the human GLUT4 gene
promoter in diabetic transgenic mice. J. Biol. Chem. 270:23491-23495.

Opie, L.H. 2004. Heart Physiology: From Cell to Circulation. Lippincott Williams & Wilkins.
687 pp.

Osawa, H., R.L. Printz, R.R. Whitesell, and D.K. Granner. 1995. Regulation of hexokinase II
gene transcription and glucose phosphorylation by catecholamines, cyclic AMP, and
insulin. Diabetes. 44:1426—-1432.

Osawa, H., R.B. Robey, R.L. Printz, and D.K. Granner. 1996a. Identification and
characterization of basal and cyclic AMP response elements in the promoter of the rat
hexokinase II gene. J. Biol. Chem. 271:17296—-17303.

Osawa, H., C. Sutherland, R.B. Robey, R.L. Printz, and D.K. Granner. 1996b. Analysis of the
signaling pathway involved in the regulation of hexokinase II gene transcription by
insulin. J. Biol. Chem. 271:16690—16694.

Ostadal, B., and F. Kolar. 2007. Cardiac adaptation to chronic high-altitude hypoxia:
beneficial and adverse effects. Respir. Physiol. Neurobiol. 158:224-236.
doi:10.1016/j.resp.2007.03.005.

169



Ostadal, B., R. Kvetnansky, J. Prochazka, and V. Pelouch. 1984a. Effect of intermittent high
altitude stress on epinephrine and norepinephrine levels in the right and left ventricular
myocardium of rats. In Stress, the Role of Catecholamines and Other
Neurotransmitters: Proceedings of the Third International Symposium on
Catecholamines and Other Neurotransmitters in Stress, Smolenice Castle,
Czechoslovakia, June 7-12, 1983. E. Usdin, R. Kvetnansky, and J. Axelrod, editors.
CRC Press. 669-674.

Ostadal, B., E. Mirejovska, J. Hurych, V. Pelouch, and J. Prochazka. 1978. Effect of
intermittent high altitude hypoxia on the synthesis of collagenous and non-collagenous
proteins of the right and left ventricular myocardium. Cardiovasc. Res. 12:303-308.

Ostadal, B., J. Prochazka, V. Pelouch, D. Urbanova, and J. Widimsky. 1984b. Comparison of
cardiopulmonary responses of male and female rats to intermittent high altitude
hypoxia. Physiol. Bohemoslov. 33:129-138.

Ostadal, B., D. Urbanova, J. Ressl, J. Prochazka, V. Pelouch, and J. Widimsky. 1981. Changes
of the right and left ventricles in rats exposed to intermittent high altitude hypoxia. Cor
Vasa. 23:111-120.

La Padula, P., and L.E. Costa. 2005. Effect of sustained hypobaric hypoxia during maturation
and aging on rat myocardium. I. Mechanical activity. J. Appl. Physiol. Bethesda Md
1985. 98:2363-2369. doi:10.1152/japplphysiol.00988.2004.

Papandreou, 1., R.A. Cairns, L. Fontana, A.L. Lim, and N.C. Denko. 2006. HIF-1 mediates
adaptation to hypoxia by actively downregulating mitochondrial oxygen consumption.
Cell Metab. 3:187-197. doi:10.1016/j.cmet.2006.01.012.

Papandreou, 1., A.L. Lim, K. Laderoute, and N.C. Denko. 2008. Hypoxia signals autophagy in
tumor cells via AMPK activity, independent of HIF-1, BNIP3, and BNIP3L. Cel/
Death Differ. 15:1572—-1581. doi:10.1038/cdd.2008.84.

Park, A.-M., and Y.J. Suzuki. 2007. Effects of intermittent hypoxia on oxidative stress-
induced myocardial damage in mice. J. Appl. Physiol. Bethesda Md 1985. 102:1806—
1814. doi:10.1152/japplphysiol.01291.2006.

Parra, J., D. Brdiczka, R. Cusso, and D. Pette. 1997. Enhanced catalytic activity of hexokinase
by work-induced mitochondrial binding in fast-twitch muscle of rat. FEBS Lett.
403:279-282.

Pasdois, P., J.E. Parker, and A.P. Halestrap. 2013. Extent of mitochondrial hexokinase II
dissociation during ischemia correlates with mitochondrial cytochrome c release,

reactive oxygen species production, and infarct size on reperfusion. J. Am. Heart
Assoc. 2:¢005645. doi:10.1161/JAHA.112.005645.

Pastorino, J.G., and J.B. Hoek. 2003. Hexokinase II: the integration of energy metabolism and
control of apoptosis. Curr. Med. Chem. 10:1535-1551.

Pastorino, J.G., N. Shulga, and J.B. Hoek. 2002. Mitochondrial binding of hexokinase II
inhibits Bax-induced cytochrome c release and apoptosis. J. Biol. Chem. 277:7610—
7618. doi:10.1074/jbc.M109950200.

170



Paternostro, G., K. Clarke, J. Heath, A.M. Seymour, and G.K. Radda. 1995. Decreased
GLUT-4 mRNA content and insulin-sensitive deoxyglucose uptake show insulin
resistance in the hypertensive rat heart. Cardiovasc. Res. 30:205-211.

Pauletto, P., L. Nascimben, D. Piccolo, S. Secchiero, G. Vescovo, G. Scannapieco, L. Dalla
Libera, U. Carraro, A.C. Pessina, and C. Dal Palu. 1989. Ventricular myosin and
creatine-kinase isoenzymes in hypertensive rats treated with captopril. Hypertension.
14:556-562.

Payne, R.M., D.L. Friedman, J.W. Grant, M.B. Perryman, and A.W. Strauss. 1993. Creatine
kinase isoenzymes are highly regulated during pregnancy in rat uterus and placenta.
Am. J. Physiol. 265:E624-635.

Pedersen, P.L. 2007a. Warburg, me and Hexokinase 2: Multiple discoveries of key molecular
events underlying one of cancers’ most common phenotypes, the “Warburg Effect”,

i.e., elevated glycolysis in the presence of oxygen. J. Bioenerg. Biomembr. 39:211—
222. doi:10.1007/s10863-007-9094-x.

Pedersen, P.L. 2007b. Transport ATPases into the year 2008: a brief overview related to types,
structures, functions and roles in health and disease. J. Bioenerg. Biomembr. 39:349—
355. doi:10.1007/s10863-007-9123-9.

Pedersen, P.L. 2008. Voltage dependent anion channels (VDACs): a brief introduction with a
focus on the outer mitochondrial compartment’s roles together with hexokinase-2 in
the “Warburg effect” in cancer. J. Bioenerg. Biomembr. 40:123-126.
doi:10.1007/s10863-008-9165-7.

Peng, Y.-J., J.L. Overholt, D. Kline, G.K. Kumar, and N.R. Prabhakar. 2003. Induction of
sensory long-term facilitation in the carotid body by intermittent hypoxia: implications
for recurrent apneas. Proc. Natl. Acad. Sci. U. S. A. 100:10073-10078.
doi:10.1073/pnas.1734109100.

Peng, Y.-J., and N.R. Prabhakar. 2003. Reactive oxygen species in the plasticity of respiratory
behavior elicited by chronic intermittent hypoxia. J. Appl. Physiol. Bethesda Md 1985.
94:2342-2349. doi:10.1152/japplphysiol.00613.2002.

Peng, Y.-J., G. Yuan, D. Ramakrishnan, S.D. Sharma, M. Bosch-Marce, G.K. Kumar, G.L.
Semenza, and N.R. Prabhakar. 2006. Heterozygous HIF-lalpha deficiency impairs
carotid body-mediated systemic responses and reactive oxygen species generation in
mice exposed to intermittent hypoxia. J.  Physiol.  577:705-716.
doi:10.1113/jphysiol.2006.114033.

Pereira, F.A., Y. Qiu, G. Zhou, M.J. Tsai, and S.Y. Tsai. 1999. The orphan nuclear receptor
COUP-TFII is required for angiogenesis and heart development. Genes Dev. 13:1037—
1049.

Pfaffl, M.W. 2001. A new mathematical model for relative quantification in real-time RT-
PCR. Nucleic Acids Res. 29:e45.

Pfeiffer, K., V. Gohil, R.A. Stuart, C. Hunte, U. Brandt, M.L. Greenberg, and H. Schigger.
2003. Cardiolipin stabilizes respiratory chain supercomplexes. J. Biol. Chem.
278:52873-52880. doi:10.1074/jbc.M308366200.

171



Phillips, D., A.M. Aponte, R. Covian, E. Neufeld, Z.-X. Yu, and R.S. Balaban. 2011.
Homogenous protein programming in the mammalian left and right ventricle free
walls. Physiol. Genomics. 43:1198-1206. doi:10.1152/physiolgenomics.00121.2011.

Pietschmann, M., and H. Bartels. 1985. Cellular hyperplasia and hypertrophy, capillary
proliferation and myoglobin concentration in the heart of newborn and adult rats at
high altitude. Respir. Physiol. 59:347-360.

Pilkis, S.J. 1970. Hormonal control of hexokinase activity in animal tissues. Biochim. Biophys.
Acta. 215:461-476.

Pissarek, M., X. Bigard, P. Mateo, C.Y. Guezennec, and J.A. Hoerter. 1997. Adaptation of
cardiac myosin and creatine kinase to chronic hypoxia: role of anorexia and
hypertension. Am. J. Physiol. 272:H1690—-1695.

Ponticos, M., Q.L. Lu, J.E. Morgan, D.G. Hardie, T.A. Partridge, and D. Carling. 1998. Dual
regulation of the AMP-activated protein kinase provides a novel mechanism for the
control of creatine kinase in skeletal muscle. EMBO J. 17:1688-1699.
doi:10.1093/emboj/17.6.1688.

Pope, B., J.F. Hoh, and A. Weeds. 1980. The ATPase activities of rat cardiac myosin
isoenzymes. FEBS Lett. 118:205-208.

Postic, C., A. Leturque, R.L. Printz, P. Maulard, M. Loizeau, D.K. Granner, and J. Girard.
1994. Development and regulation of glucose transporter and hexokinase expression in
rat. Am. J. Physiol. 266:E548-559.

Poupa, O., K. Krofta, J. Prochazka, and Z. Turek. 1966. Acclimation to simulated high altitude
and acute cardiac necrosis. Fed. Proc. 25:1243—-1246.

Prabhakar, N.R., and G.K. Kumar. 2010. Mechanisms of sympathetic activation and blood
pressure elevation by intermittent hypoxia. Respir. Physiol. Neurobiol. 174:156—161.
doi:10.1016/j.resp.2010.08.021.

Prabhakar, N.R., Y.-J. Peng, G. Yuan, and G.K. Kumar. 2006. Reactive oxygen species
facilitate oxygen sensing. Novartis Found. Symp. 272:95-99; discussion 100-105,
131-140.

Preller, A., and J.E. Wilson. 1992. Localization of the type III isozyme of hexokinase at the
nuclear periphery. Arch. Biochem. Biophys. 294:482—492.

Printz, R.L., S. Koch, L.R. Potter, R.M. O’Doherty, J.J. Tiesinga, S. Moritz, and D.K.
Granner. 1993. Hexokinase II mRNA and gene structure, regulation by insulin, and
evolution. J. Biol. Chem. 268:5209-5219.

Printz, R.L., H. Osawa, H. Ardehali, S. Koch, and D.K. Granner. 1997. Hexokinase II gene:
structure, regulation and promoter organization. Biochem. Soc. Trans. 25:107-112.

Pucar, D., P. Bast, R.J. Gumina, L. Lim, C. Drahl, N. Juranic, S. Macura, E. Janssen, B.
Wieringa, A. Terzic, and P.P. Dzeja. 2002. Adenylate kinase AK1 knockout heart:
energetics and functional performance under ischemia-reperfusion. Am. J. Physiol.
Heart Circ. Physiol. 283:H776—782. doi:10.1152/ajpheart.00116.2002.

172



Qin, C., S. Zhou, Y. Xiao, and L. Chen. 2014. Erythropoietin enhances mitochondrial
biogenesis in cardiomyocytes exposed to chronic hypoxia through Akt/eNOS
signalling pathway. Cell Biol. Int. 38:335-342. d0i:10.1002/cbin.10205.

Qin, W., Z. Khuchua, J. Cheng, J. Boero, R.M. Payne, and A.W. Strauss. 1998. Molecular
characterization of the creatine kinases and some historical perspectives. Mol. Cell.
Biochem. 184:153-167.

Quest, A.F., T. Soldati, W. Hemmer, J.C. Perriard, H.M. Eppenberger, and T. Wallimann.
1990. Phosphorylation of chicken brain-type creatine kinase affects a physiologically

important kinetic parameter and gives rise to protein microheterogeneity in vivo. FEBS
Lett. 269:457-464.

Radojkovic, J., and T. Ureta. 1987. Hexokinase isoenzymes from the Novikoff hepatoma.
Purification, kinetic and structural characterization, with emphasis on hexokinase C.
Biochem. J. 242:895-903.

Rafiee, P., Y. Shi, X. Kong, K.A. Pritchard Jr, J.S. Tweddell, S.B. Litwin, K. Mussatto, R.D.
Jaquiss, J. Su, and J.E. Baker. 2002. Activation of protein kinases in chronically
hypoxic infant human and rabbit hearts: role in cardioprotection. Circulation. 106:239—
245.

Rakusan, K., Z. Chvojkova, P. Oliviero, I. Ostadalova, F. Kolar, C. Chassagne, J.-L. Samuel,
and B. Ostadal. 2007. ANG II type 1 receptor antagonist irbesartan inhibits coronary

angiogenesis stimulated by chronic intermittent hypoxia in neonatal rats. Am. J.
Physiol. Heart Circ. Physiol. 292:H1237-1244. doi:10.1152/ajpheart.00965.2006.

Rakusan, K., Z. Turek, and F. Kreuzer. 1981. Myocardial capillaries in guinea pigs native to
high altitude (Junin, Peru, 4,105 m). Pfliig. Arch. Eur. J. Physiol. 391:22-24.

Randez-Gil, F., P. Herrero, P. Sanz, J.A. Prieto, and F. Moreno. 1998. Hexokinase PII has a
double cytosolic-nuclear localisation in Saccharomyces cerevisiae. FEBS Lett.
425:475-478.

Randle, P.J. 1964. The Interrelationships of Hormones, Fatty Acid and Glucose in the
Provision of Energy. Postgrad. Med. J. 40:457—-463.

Randle, P.J. 1998. Regulatory interactions between lipids and carbohydrates: the glucose fatty
acid cycle after 35 years. Diabetes. Metab. Rev. 14:263-283.

Randle, P.J., E.A. Newsholme, and P.B. Garland. 1964. Regulation of glucose uptake by
muscle. 8. Effects of fatty acids, ketone bodies and pyruvate, and of alloxan-diabetes

and starvation, on the uptake and metabolic fate of glucose in rat heart and diaphragm
muscles. Biochem. J. 93:652—665.

Randle, P.J., and D.A. Priestman. 1996. Shorter term and longer term regulation of pyruvate
dehydrogenase kinases. /n Alpha-Keto Acid Dehydrogenase Complexes. P.M.S. Patel,
D.T.E. Roche, and D.R.A. Harris, editors. Birkhduser Basel. 151-161.

Rao, J.K., G. Bujacz, and A. Wlodawer. 1998. Crystal structure of rabbit muscle creatine
kinase. FEBS Lett. 439:133—-137.

Raphael, J., Z. Zuo, S. Abedat, R. Beeri, and Y. Gozal. 2008. Isoflurane preconditioning
decreases myocardial infarction in rabbits via up-regulation of hypoxia inducible factor

173



1 that is mediated by mammalian target of rapamycin. Anesthesiology. 108:415-425.
doi:10.1097/ALN.0b013e318164cabl.

Rattigan, S., G.J. Appleby, and M.G. Clark. 1991. Insulin-like action of catecholamines and
Ca2+ to stimulate glucose transport and GLUT4 translocation in perfused rat heart.
Biochim. Biophys. Acta. 1094:217-223.

Ravi, R., B. Mookerjee, Z.M. Bhujwalla, C.H. Sutter, D. Artemov, Q. Zeng, L.E. Dillehay, A.
Madan, G.L. Semenza, and A. Bedi. 2000. Regulation of tumor angiogenesis by p53-
induced degradation of hypoxia-inducible factor lalpha. Genes Dev. 14:34—44.

Razeghi, P., M.E. Young, S. Abbasi, and H. Taegtmeyer. 2001. Hypoxia in vivo decreases
peroxisome proliferator-activated receptor alpha-regulated gene expression in rat heart.
Biochem. Biophys. Res. Commun. 287:5-10. doi:10.1006/bbrc.2001.5541.

Reeves, J.T., W.W. Wagner Jr, LF. McMurtry, and R.F. Grover. 1979. Physiological effects of
high altitude on the pulmonary circulation. /nt. Rev. Physiol. 20:289-310.

Regula, K.M., K. Ens, and L.A. Kirshenbaum. 2002. Inducible expression of BNIP3 provokes
mitochondrial defects and hypoxia-mediated cell death of ventricular myocytes. Circ.
Res. 91:226-231.

Reimer, K.A., and R.B. Jennings. 1986. Biologic basis for limitation of infarct size. Adv. Exp.
Med. Biol. 194:315-330.

Reipert, S., F. Steinbock, 1. Fischer, R.E. Bittner, A. Ze6ld, and G. Wiche. 1999. Association
of mitochondria with plectin and desmin intermediate filaments in striated muscle.
Exp. Cell Res. 252:479-491. doi:10.1006/excr.1999.4626.

Rempel, A., S.P. Mathupala, and P.L. Perdersen. 1996. Glucose catabolism in cancer cells:
regulation of the Type II hexokinase promoter by glucose and cyclic AMP. FEBS Lett.
385:233-237.

Ren, J.M., C.F. Semenkovich, E.A. Gulve, J. Gao, and J.O. Holloszy. 1994. Exercise induces
rapid increases in GLUT4 expression, glucose transport capacity, and insulin-
stimulated glycogen storage in muscle. J. Biol. Chem. 269:14396—-14401.

Rey, S., R. Del Rio, J. Alcayaga, and R. Iturriaga. 2004. Chronic intermittent hypoxia
enhances cat chemosensory and ventilatory responses to hypoxia. J. Physiol. 560:577—
586. doi:10.1113/jphysiol.2004.072033.

Reynafarje, B.D., and E. Marticorena. 2002. Bioenergetics of the heart at high altitude:
environmental hypoxia imposes profound transformations on the myocardial process
of ATP synthesis. J. Bioenerg. Biomembr. 34:407-412.

Rhodes, S.J., and S.F. Konieczny. 1989. Identification of MRF4: a new member of the muscle
regulatory factor gene family. Genes Dev. 3:2050-2061.

Riddle, S.R., A. Ahmad, S. Ahmad, S.S. Deeb, M. Malkki, B.K. Schneider, C.B. Allen, and
C.W. White. 2000. Hypoxia induces hexokinase II gene expression in human lung cell
line A549. Am. J. Physiol. Lung Cell. Mol. Physiol. 278:L407-416.

Rios, S.R., F. Lamarche, C. Cottet-Rousselle, A. Klaus, R. Tuerk, R. Thali, Y. Auchli, R.
Brunisholz, D. Neumann, L. Barret, M. Tokarska-Schlattner, and U. Schlattner. 2014.

174



Regulation of brain-type creatine kinase by AMP-activated protein kinase: Interaction,
phosphorylation and ER localization. Biochim. Biophys. Acta.
doi:10.1016/j.bbabio.2014.03.020.

Ritchie, M.E., R.V. Trask, H.L. Fontanet, and J.J. Billadello. 1991. Multiple positive and
negative elements regulate human brain creatine kinase gene expression. Nucleic Acids
Res. 19:6231-6240.

Roberts, A.C., J.T. Reeves, G.E. Butterfield, R.S. Mazzeo, J.R. Sutton, E.E. Wolfel, and G.A.
Brooks. 1996. Altitude and beta-blockade augment glucose utilization during
submaximal exercise. J. Appl. Physiol. Bethesda Md 1985. 80:605-615.

Roberts, D.J., V.P. Tan-Sah, J.M. Smith, and S. Miyamoto. 2013. Akt phosphorylates HK-II at
Thr-473 and increases mitochondrial HK-II association to protect cardiomyocytes. J.
Biol. Chem. 288:23798-23806. doi:10.1074/jbc.M113.482026.

Rodriguez, A., T. De La Cera, P. Herrero, and F. Moreno. 2001. The hexokinase 2 protein
regulates the expression of the GLK1, HXK1 and HXK2 genes of Saccharomyces
cerevisiae. Biochem. J. 355:625-631.

Rogers, S., M.L. Macheda, S.E. Docherty, M.D. Carty, M.A. Henderson, W.C. Soeller, E.M.
Gibbs, D.E. James, and J.D. Best. 2002. Identification of a novel glucose transporter-
like protein-GLUT-12. Am. J. Physiol. Endocrinol. Metab. 282:E733—738.

Rojo, M., R. Hovius, R. Demel, T. Wallimann, H.M. Eppenberger, and K. Nicolay. 1991.
Interaction of mitochondrial creatine kinase with model membranes. A monolayer
study. FEBS Lett. 281:123—-129.

Rolfe, D.F., and G.C. Brown. 1997. Cellular energy utilization and molecular origin of
standard metabolic rate in mammals. Physiol. Rev. 77:731-758.

Rolfs, A., I. Kvietikova, M. Gassmann, and R.H. Wenger. 1997. Oxygen-regulated transferrin
expression is mediated by hypoxia-inducible factor-1. J. Biol. Chem. 272:20055—
20062.

Rosa, L.F., Y. Cury, and R. Curi. 1992. Effects of insulin, glucocorticoids and thyroid
hormones on the activities of key enzymes of glycolysis, glutaminolysis, the pentose-

phosphate pathway and the Krebs cycle in rat macrophages. J. Endocrinol. 135:213—
219.

Rosano, C. 2011. Molecular model of hexokinase binding to the outer mitochondrial
membrane porin (VDACI1): Implication for the design of new cancer therapies.
Mitochondrion. 11:513-519. doi:10.1016/j.mit0.2011.01.012.

Rose, I.A., and J.V. Warms. 1967. Mitochondrial hexokinase. Release, rebinding, and
location. J. Biol. Chem. 242:1635-1645.

Rosenberg, U.B., G. Kunz, A. Frischauf, H. Lehrach, R. Mahr, H.M. Eppenberger, and J.C.
Perriard. 1982. Molecular cloning and expression during myogenesis of sequences
coding for M-creatine kinase. Proc. Natl. Acad. Sci. U. S. A. 79:6589—6592.

Rossi, A.M., H.M. Eppenberger, P. Volpe, R. Cotrufo, and T. Wallimann. 1990. Muscle-type
MM creatine kinase is specifically bound to sarcoplasmic reticulum and can support
Ca2+ uptake and regulate local ATP/ADP ratios. J. Biol. Chem. 265:5258-5266.

175



Rostovtseva, T.K., and S.M. Bezrukov. 2008. VDAC regulation: role of cytosolic proteins and
mitochondrial lipids. J. Bioenerg. Biomembr. 40:163—170. doi:10.1007/s10863-008-
9145-y.

Rostovtseva, T.K., K.L. Sheldon, E. Hassanzadeh, C. Monge, V. Saks, S.M. Bezrukov, and
D.L. Sackett. 2008. Tubulin binding blocks mitochondrial voltage-dependent anion
channel and regulates respiration. Proc. Natl. Acad. Sci. U. S. A. 105:18746—-18751.
doi:10.1073/pnas.0806303105.

Rumsey, W.L., B. Abbott, D. Bertelsen, M. Mallamaci, K. Hagan, D. Nelson, and M.
Erecinska. 1999. Adaptation to hypoxia alters energy metabolism in rat heart. Am. J.
Physiol. 276:H71-80.

Rytomaa, M., P. Mustonen, and P.K. Kinnunen. 1992. Reversible, nonionic, and pH-
dependent association of cytochrome c¢ with cardiolipin-phosphatidylcholine
liposomes. J. Biol. Chem. 267:22243-22248.

Saks, V., R. Guzun, N. Timohhina, K. Tepp, M. Varikmaa, C. Monge, N. Beraud, T.
Kaambre, A. Kuznetsov, L. Kadaja, M. Eimre, and E. Seppet. 2010. Structure-function
relationships in feedback regulation of energy fluxes in vivo in health and disease:
mitochondrial  interactosome.  Biochim.  Biophys.  Acta. 1797:678—697.
doi:10.1016/j.bbabio.2010.01.011.

Saks, V., T. Kaambre, R. Guzun, T. Anmann, P. Sikk, U. Schlattner, T. Wallimann, M. Aliev,
and M. Vendelin. 2007. The creatine kinase phosphotransfer network: thermodynamic
and kinetic considerations, the impact of the mitochondrial outer membrane and
modelling approaches. Subcell. Biochem. 46:27-65.

Saks, V., A. Kuznetsov, T. Andrienko, Y. Usson, F. Appaix, K. Guerrero, T. Kaambre, P.
Sikk, M. Lemba, and M. Vendelin. 2003. Heterogeneity of ADP diffusion and
regulation of respiration in cardiac cells. Biophys. J. 84:3436-3456.
doi:10.1016/S0006-3495(03)70065-4.

Saks, V.A., Y.O. Belikova, and A.V. Kuznetsov. 1991. In vivo regulation of mitochondrial
respiration in cardiomyocytes: specific restrictions for intracellular diffusion of ADP.
Biochim. Biophys. Acta. 1074:302-311.

Saks, V.A., A.V. Kuznetsov, V.V. Kupriyanov, M.V. Miceli, and W.E. Jacobus. 1985.
Creatine kinase of rat heart mitochondria. The demonstration of functional coupling to

oxidative phosphorylation in an inner membrane-matrix preparation. J. Biol. Chem.
260:7757-7764.

Saks, V.A., A.V. Kuznetsov, M. Vendelin, K. Guerrero, L. Kay, and E.K. Seppet. 2004.
Functional coupling as a basic mechanism of feedback regulation of cardiac energy
metabolism. Mol. Cell. Biochem. 256-257:185-199.

Saks, V.A., N.V. Lipina, V.G. Sharov, V.N. Smirnov, E. Chazov, and R. Grosse. 1977. The
localization of the MM isozyme of creatine phosphokinase on the surface membrane of
myocardial cells and its functional coupling to ouabain-inhibited (Na+, K+)-ATPase.
Biochim. Biophys. Acta. 465:550-558.

176



Saks, V.A., R. Ventura-Clapier, and M.K. Aliev. 1996. Metabolic control and metabolic
capacity: two aspects of creatine kinase functioning in the cells. Biochim. Biophys.
Acta. 1274:81-88.

Salamon, Z., and G. Tollin. 1996a. Surface plasmon resonance studies of complex formation
between cytochrome ¢ and bovine cytochrome ¢ oxidase incorporated into a supported
planar lipid bilayer. 1. Binding of cytochrome c to cardiolipin/phosphatidylcholine
membranes in the absence of oxidase. Biophys. J. 71:848-857. d0i:10.1016/S0006-
3495(96)79286-X.

Salamon, Z., and G. Tollin. 1996b. Surface plasmon resonance studies of complex formation
between cytochrome ¢ and bovine cytochrome ¢ oxidase incorporated into a supported
planar lipid bilayer. II. Binding of cytochrome c¢ to oxidase-containing
cardiolipin/phosphatidylcholine membranes. Biophys. J. 71:858-867.
doi:10.1016/S0006-3495(96)79287-1.

Santalucia, T., K.R. Boheler, N.J. Brand, U. Sahye, C. Fandos, F. Vinals, J. Ferre, X. Testar,
M. Palacin, and A. Zorzano. 1999. Factors involved in GLUT-1 glucose transporter
gene transcription in cardiac muscle. J. Biol. Chem. 274:17626—-17634.

Santi, S.A., and H. Lee. 2010. The Akt isoforms are present at distinct subcellular locations.
Am. J. Physiol. Cell Physiol. 298:C580-591. doi:10.1152/ajpcell.00375.2009.

Santiago, A.P.S.A., E.A. Chaves, M.F. Oliveira, and A. Galina. 2008. Reactive oxygen species
generation is modulated by mitochondrial kinases: correlation with mitochondrial

antioxidant ~ peroxidases  in  rat  tissues.  Biochimie. 90:1566—-1577.
doi:10.1016/j.biochi.2008.06.013.

Sarbassov, D.D., D.A. Guertin, S.M. Ali, and D.M. Sabatini. 2005. Phosphorylation and
regulation of Akt/PKB by the rictor-mTOR complex. Science. 307:1098-1101.
doi:10.1126/science.1106148.

Sato, M., U. Yokoyama, T. Fujita, S. Okumura, and Y. Ishikawa. 2011. The roles of
cytochrome p450 in ischemic heart disease. Curr. Drug Metab. 12:526-532.

Saupe, K.W., M. Spindler, J.C. Hopkins, W. Shen, and J.S. Ingwall. 2000. Kinetic,
thermodynamic, and developmental consequences of deleting creatine kinase
isoenzymes from the heart. Reaction kinetics of the creatine kinase isoenzymes in the
intact heart. J. Biol. Chem. 275:19742—19746. doi:10.1074/jbc.M001932200.

Saupe, K.W., M. Spindler, R. Tian, and J.S. Ingwall. 1998. Impaired cardiac energetics in
mice lacking muscle-specific isoenzymes of creatine kinase. Circ. Res. 82:898-907.

Savourey, G., J.-C. Launay, Y. Besnard, A. Guinet, and S. Travers. 2003. Normo- and
hypobaric hypoxia: are there any physiological differences? Eur. J. Appl. Physiol.
89:122-126. doi:10.1007/s00421-002-0789-8.

Schifer, C., Y. Ladilov, J. Inserte, M. Schéfer, S. Haffner, D. Garcia-Dorado, and H.M. Piper.
2001. Role of the reverse mode of the Na+/Ca2+ exchanger in reoxygenation-induced
cardiomyocyte injury. Cardiovasc. Res. 51:241-250.

Scheel, K.W., E. Seavey, J.F. Gaugl, and S.E. Williams. 1990. Coronary and myocardial
adaptations to high altitude in dogs. Am. J. Physiol. 259:H1667-1673.

177



Schermerhorn, T. 2013. Normal Glucose Metabolism in Carnivores Overlaps with Diabetes
Pathology in Non-Carnivores. Front. Endocrinol. 4. doi:10.3389/fendo.2013.00188.

Schindelin, J., I. Arganda-Carreras, E. Frise, V. Kaynig, M. Longair, T. Pietzsch, S. Preibisch,
C. Rueden, S. Saalfeld, B. Schmid, J.-Y. Tinevez, D.J. White, V. Hartenstein, K.
Eliceiri, P. Tomancak, and A. Cardona. 2012. Fiji: an open-source platform for
biological-image analysis. Nat. Methods. 9:676—682. doi:10.1038/nmeth.2019.

Schindler, A., and E. Foley. 2010. A functional RNAi screen identifies hexokinase 1 as a
modifier of type II apoptosis. Cell. Signal. 22:1330-1340.
doi:10.1016/j.cellsig.2010.04.010.

Schlame, M., and W. Augustin. 1985. Association of creatine kinase with rat heart
mitochondria: high and low affinity binding sites and the involvement of
phospholipids. Biomed. Biochim. Acta. 44:1083—1088.

Schlame, M., D. Rua, and M.L. Greenberg. 2000. The biosynthesis and functional role of
cardiolipin. Prog. Lipid Res. 39:257-288.

Schlattner, U., M. Dolder, T. Wallimann, and M. Tokarska-Schlattner. 2001. Mitochondrial
creatine kinase and mitochondrial outer membrane porin show a direct interaction that
is modulated by calcium. J. Biol. Chem. 276:48027-48030.
doi:10.1074/jbc.M106524200.

Schlattner, U., M. Forstner, M. Eder, O. Stachowiak, K. Fritz-Wolf, and T. Wallimann. 1998.
Functional aspects of the X-ray structure of mitochondrial creatine kinase: a molecular
physiology approach. Mol. Cell. Biochem. 184:125-140.

Schlattner, U., F. Gehring, N. Vernoux, M. Tokarska-Schlattner, D. Neumann, O. Marcillat, C.
Vial, and T. Wallimann. 2004. C-terminal lysines determine phospholipid interaction
of sarcomeric mitochondrial creatine kinase. J. Biol. Chem. 279:24334-24342.
doi:10.1074/jbc.M314158200.

Schlattner, U., M. Tokarska-Schlattner, S. Ramirez, A. Briickner, L. Kay, C. Polge, R.F.
Epand, R.M. Lee, M.-L. Lacombe, and R.M. Epand. 2009. Mitochondrial kinases and
their molecular interaction with cardiolipin. Biochim. Biophys. Acta. 1788:2032-2047.
doi:10.1016/j.bbamem.2009.04.018.

Schlattner, U., M. Tokarska-Schlattner, and T. Wallimann. 2006. Mitochondrial creatine
kinase in human health and disease. Biochim. Biophys. Acta. 1762:164—180.
doi:10.1016/j.bbadis.2005.09.004.

Schofield, C.J., and P.J. Ratcliffe. 2004. Oxygen sensing by HIF hydroxylases. Nat. Rev. Mol.
Cell Biol. 5:343-354. doi:10.1038/nrm1366.

Schreiber, S.S., M. Oratz, and M.A. Rothschild. 1966. Protein synthesis in the overloaded
mammalian heart. Am. J. Physiol. 211:314-318.

Schwartz, J.B., and D.P. Zipes. 2011. Cardiovascular disease in the elderly. /n Braunwald’s
Heart Disease: A Textbook of Cardiovascular Medicine. R.O. Bonow, D.L. Mann,
D.P. Zipes, and P. Libby, editors. Elsevier Health Sciences. 1727-1756.

178



Schwartz, K., A.M. Lompre, P. Bouveret, C. Wisnewsky, and R.G. Whalen. 1982.
Comparisons of rat cardiac myosins at fetal stages in young animals and in
hypothyroid adults. J. Biol. Chem. 257:14412—-14418.

Schweinfest, C.W., R.W. Kwiatkowski, and R.P. Dottin. 1982. Molecular cloning of a DNA
sequence complementary to creatine kinase M mRNA from chickens. Proc. Natl.
Acad. Sci. U. S. A. 79:4997-5000.

Scopes, R.K. 1973. Studies with a reconstituted muscle glycolytic system. The rate and extent
of creatine phosphorylation by anaerobic glycolysis. Biochem. J. 134:197-208.

Sebastian, S., J.D. Horton, and J.E. Wilson. 2000. Anabolic function of the type II isozyme of
hexokinase in hepatic lipid synthesis. Biochem. Biophys. Res. Commun. 270:886—891.
doi:10.1006/bbrc.2000.2527.

Sebastian, S., and U.W. Kenkare. 1997. Insulin-like growth factor I induces tumor hexokinase
RNA expression in cancer cells. Biochem. Biophys. Res. Commun. 235:389-393.
doi:10.1006/bbrc.1997.6797.

Semenza, G.L. 2003. Targeting HIF-1 for cancer therapy. Nat. Rev. Cancer. 3:721-732.
doi:10.1038/nrc1187.

Semenza, G.L. 2007. Hypoxia-inducible factor 1 (HIF-1) pathway. Sci. STKE Signal
Transduct. Knowl. Environ. 2007:cm8. doi:10.1126/stke.4072007cm8.

Semenza, G.L. 2014. Oxygen sensing, hypoxia-inducible factors, and disease
pathophysiology. Annu. Rev. Pathol. 9:47-71. doi:10.1146/annurev-pathol-012513-
104720.

Semenza, G.L., B.H. Jiang, S.W. Leung, R. Passantino, J.P. Concordet, P. Maire, and A.
Giallongo. 1996. Hypoxia response elements in the aldolase A, enolase 1, and lactate
dehydrogenase A gene promoters contain essential binding sites for hypoxia-inducible
factor 1. J. Biol. Chem. 271:32529-32537.

Semenza, G.L., M.K. Nejfelt, S.M. Chi, and S.E. Antonarakis. 1991. Hypoxia-inducible
nuclear factors bind to an enhancer element located 3’ to the human erythropoietin
gene. Proc. Natl. Acad. Sci. U. S. A. 88:5680—-5684.

Semenza, G.L., P.H. Roth, H.M. Fang, and G.L. Wang. 1994. Transcriptional regulation of
genes encoding glycolytic enzymes by hypoxia-inducible factor 1. J. Biol. Chem.
269:23757-23763.

Semenza, G.L., and G.L. Wang. 1992. A nuclear factor induced by hypoxia via de novo
protein synthesis binds to the human erythropoietin gene enhancer at a site required for
transcriptional activation. Mol. Cell. Biol. 12:5447-5454.

Sharma, S., P. Razeghi, A. Shakir, B.J. Keneson 2nd, F. Clubb, and H. Taegtmeyer. 2003.
Regional heterogeneity in gene expression profiles: a transcript analysis in human and
rat heart. Cardiology. 100:73-79. doi:73042.

Sharov, V.G., V.A. Saks, V.N. Smirnov, and E.I. Chazov. 1977. An electron microscopic
histochemical investigation of the localization of creatine phosphokinase in heart cells.
Biochim. Biophys. Acta. 468:495-501.

179



Shaw, M., P. Cohen, and D.R. Alessi. 1998. The activation of protein kinase B by H202 or
heat shock is mediated by phosphoinositide 3-kinase and not by mitogen-activated
protein kinase-activated protein kinase-2. Biochem. J. 336 ( Pt 1):241-246.

Sheedy, W., J.S. Thompson, and A.H. Morice. 1996. A comparison of pathophysiological
changes during hypobaric and normobaric hypoxia in rats. Respir. Int. Rev. Thorac.
Dis. 63:217-222.

Shen, D., M. Bai, R. Tang, B. Xu, X. Ju, R.G. Pestell, and S. Achilefu. 2013. Dual fluorescent
molecular substrates selectively report the activation, sustainability and reversibility of
cellular PKB/Akt activity. Sci. Rep. 3:1697. d0i:10.1038/srep01697.

Shen, W., D. Willis, Y. Zhang, and G.R. Molloy. 2003. Expression of creatine kinase
isoenzyme genes during postnatal development of rat brain cerebrum: evidence for
posttranscriptional regulation. Dev. Neurosci. 25:421-435. doi:75668.

Shi, Y., J.E. Baker, C. Zhang, J.S. Tweddell, J. Su, and K.A. Pritchard Jr. 2002. Chronic
hypoxia increases endothelial nitric oxide synthase generation of nitric oxide by
increasing heat shock protein 90 association and serine phosphorylation. Circ. Res.
91:300-306.

Shinohara, Y., J. Ichihara, and H. Terada. 1991. Remarkably enhanced expression of the type
IT hexokinase in rat hepatoma cell line AH130. FEBS Lett. 291:55-57.

Shoshan-Barmatz, V., M. Zakar, K. Rosenthal, and S. Abu-Hamad. 2009. Key regions of
VDACI functioning in apoptosis induction and regulation by hexokinase. Biochim.
Biophys. Acta. 1787:421-430. doi:10.1016/j.bbabio.2008.11.009.

Shulga, N., R. Wilson-Smith, and J.G. Pastorino. 2009. Hexokinase II detachment from the
mitochondria potentiates cisplatin induced cytotoxicity through a caspase-2 dependent
mechanism. Cell Cycle Georget. Tex. 8:3355-3364.

Siegmund, B., W. Schlack, Y.V. Ladilov, C. Balser, and H.M. Piper. 1997. Halothane protects
cardiomyocytes against reoxygenation-induced hypercontracture.  Circulation.
96:4372-4379.

da-Silva, W.S., A. Gomez-Puyou, M.T. de Gomez-Puyou, R. Moreno-Sanchez, F.G. De
Felice, L. de Meis, M.F. Oliveira, and A. Galina. 2004. Mitochondrial bound
hexokinase activity as a preventive antioxidant defense: steady-state ADP formation as

a regulatory mechanism of membrane potential and reactive oxygen species generation
in mitochondria. J. Biol. Chem. 279:39846-39855. d0i:10.1074/jbc.M403835200.

Simpson, P.J., and B.R. Lucchesi. 1987. Free radicals and myocardial ischemia and
reperfusion injury. J. Lab. Clin. Med. 110:13-30.

Singh, M., P. Thomas, D. Shukla, R. Tulsawani, S. Saxena, and A. Bansal. 2013. Effect of
subchronic hypobaric hypoxia on oxidative stress in rat heart. Appl. Biochem.
Biotechnol. 169:2405-2419. doi:10.1007/s12010-013-0141-2.

Sivitz, W.I., D.D. Lund, B. Yorek, M. Grover-McKay, and P.G. Schmid. 1992.
Pretranslational regulation of two cardiac glucose transporters in rats exposed to
hypobaric hypoxia. Am. J. Physiol. 263:E562—569.

180



Smeele, K.M., O. Eerbeek, A. Koeman, R. Bezemer, C. Ince, S. Heikkinen, M. Laakso, A. de
Haan, G. Schaart, M.R. Drost, M.W. Hollmann, and C.J. Zuurbier. 2010. Partial
hexokinase II knockout results in acute ischemia-reperfusion damage in skeletal
muscle of male, but not female, mice. Pfliig. Arch. Eur. J. Physiol. 459:705-712.
doi:10.1007/s00424-010-0787-3.

Smeele, K.M., O. Eerbeek, G. Schaart, A. Koeman, R. Bezemer, J.K. Nelson, C. Ince, R.
Nederlof, M. Boek, M. Laakso, A. de Haan, M.R. Drost, M.W. Hollmann, and C.J.
Zuurbier. 2012. Reduced hexokinase II impairs muscle function 2 wk after ischemia-

reperfusion through increased cell necrosis and fibrosis. J. Appl. Physiol. Bethesda Md
1985.113:608—618. doi:10.1152/japplphysiol.01494.2011.

Smeele, K.M., L.H. ter Horst, A. Koeman, S. Heikkinen, M. Laakso, N.C. Weber, M.W.
Hollmann, and C.J. Zuurbier. 2011. The effect of standard chow and reduced

hexokinase II on growth, cardiac and skeletal muscle hexokinase and low-flow cardiac
ischaemia-reperfusion injury. Lab. Anim. 45:160—166. doi:10.1258/1a.2011.010096.

Smith, P., and D.R. Clark. 1979. Myocardial capillary density and muscle fibre size in rats
born and raised at simulated high altitude. Br. J. Exp. Pathol. 60:225-230.

Smith, S.H., M.F. Kramer, 1. Reis, S.P. Bishop, and J.S. Ingwall. 1990. Regional changes in
creatine kinase and myocyte size in hypertensive and nonhypertensive cardiac
hypertrophy. Circ. Res. 67:1334—1344.

Smoak, I.W., and S. Branch. 2000. Glut-1 expression and its response to hypoglycemia in the
embryonic mouse heart. Anat. Embryol. (Berl.). 201:327-333.

Soboll, S., D. Brdiczka, D. Jahnke, A. Schmidt, U. Schlattner, S. Wendt, M. Wyss, and T.
Wallimann. 1999. Octamer-dimer transitions of mitochondrial creatine kinase in heart
disease. J. Mol. Cell. Cardiol. 31:857-866. doi:10.1006/jmcc.1998.0925.

Southworth, R., K.A.B. Davey, A. Warley, and P.B. Garlick. 2007. A reevaluation of the roles
of hexokinase I and II in the heart. Am. J. Physiol. Heart Circ. Physiol. 292:H378-386.
doi:10.1152/ajpheart.00664.2006.

Speer, O., N. Bick, T. Buerklen, D. Brdiczka, A. Koretsky, T. Wallimann, and O. Eriksson.
2005. Octameric mitochondrial creatine kinase induces and stabilizes contact sites

between the inner and outer membrane. Biochem. J. 385:445-450.
doi:10.1042/BJ20040386.

Spindler, M., K. Meyer, H. Stromer, A. Leupold, E. Boehm, H. Wagner, and S. Neubauer.
2004. Creatine kinase-deficient hearts exhibit increased susceptibility to ischemia-
reperfusion injury and impaired calcium homeostasis. Am. J. Physiol. Heart Circ.
Physiol. 287:H1039-1045. doi:10.1152/ajpheart.01016.2003.

Spindler, M., R. Niebler, H. Remkes, M. Horn, T. Lanz, and S. Neubauer. 2002.
Mitochondrial creatine kinase is critically necessary for normal myocardial high-
energy phosphate metabolism. Am. J. Physiol. Heart Circ. Physiol. 283:H680—687.
doi:10.1152/ajpheart.00800.2001.

Staat, P., G. Rioufol, C. Piot, Y. Cottin, T.T. Cung, I. L’Huillier, J.-F. Aupetit, E. Bonnefoy,
G. Finet, X. André-Fouét, and M. Ovize. 2005. Postconditioning the human heart.
Circulation. 112:2143-2148. do0i:10.1161/CIRCULATIONAHA.105.558122.

181



Stachowiak, O., M. Dolder, and T. Wallimann. 1996. Membrane-binding and lipid vesicle
cross-linking kinetics of the mitochondrial creatine kinase octamer. Biochemistry
(Mosc.). 35:15522—15528. doi:10.1021/bi961838v.

Stallings, R.L., E. Olson, A.W. Strauss, L.H. Thompson, L.L. Bachinski, and M.J. Siciliano.
1988. Human creatine kinase genes on chromosomes 15 and 19, and proximity of the
gene for the muscle form to the genes for apolipoprotein C2 and excision repair. Am. J.
Hum. Genet. 43:144-151.

Stanley, W.C., F.A. Recchia, and G.D. Lopaschuk. 2005. Myocardial substrate metabolism in
the normal and failing heart. Physiol. Rev. 85:1093-1129.
doi:10.1152/physrev.00006.2004.

Starling, M.R., R.A. Walsh, L.J. Dell’Italia, G.B. Mancini, J.C. Lasher, and J.L. Lancaster.
1987. The relationship of various measures of end-systole to left ventricular maximum
time-varying elastance in man. Circulation. 76:32—43.

Steeghs, K., A. Benders, F. Oerlemans, A. de Haan, A. Heerschap, W. Ruitenbeek, C. Jost, J.
van Deursen, B. Perryman, D. Pette, M. Briickwilder, J. Koudijs, P. Jap, J. Veerkamp,
and B. Wieringa. 1997. Altered Ca2+ responses in muscles with combined
mitochondrial and cytosolic creatine kinase deficiencies. Cell. 89:93—103.

Steeghs, K., F. Oerlemans, A. de Haan, A. Heerschap, L. Verdoodt, M. de Bie, W.
Ruitenbeek, A. Benders, C. Jost, J. van Deursen, P. Tullson, R. Terjung, P. Jap, W.
Jacob, D. Pette, and B. Wieringa. 1998. Cytoarchitectural and metabolic adaptations in

muscles with mitochondrial and cytosolic creatine kinase deficiencies. Mol. Cell.
Biochem. 184:183—194.

Stephens, T.J., Z.-P. Chen, B.J. Canny, B.J. Michell, B.E. Kemp, and G.K. McConell. 2002.
Progressive increase in human skeletal muscle AMPKalpha2 activity and ACC
phosphorylation during exercise. Am. J. Physiol. Endocrinol. Metab. 282:E688—694.
doi:10.1152/ajpendo.00101.2001.

Stewart, A.K., C.A. Boyd, and R.D. Vaughan-Jones. 1999. A novel role for carbonic
anhydrase: cytoplasmic pH gradient dissipation in mouse small intestinal enterocytes.
J. Physiol. 516 ( Pt 1):209-217.

Stolz, M., T. Hornemann, U. Schlattner, and T. Wallimann. 2002. Mutation of conserved
active-site threonine residues in creatine kinase affects autophosphorylation and
enzyme kinetics. Biochem. J. 363:785-792.

Stolze, 1.P., Y.-M. Tian, R.J. Appelhoff, H. Turley, C.C. Wykoff, J.M. Gleadle, and P.J.
Ratcliffe. 2004. Genetic analysis of the role of the asparaginyl hydroxylase factor
inhibiting hypoxia-inducible factor (FIH) in regulating hypoxia-inducible factor (HIF)
transcriptional target genes [corrected]. J. Biol. Chem. 279:42719-42725.
doi:10.1074/jbc.M406713200.

Stoppani, J., A.L. Hildebrandt, K. Sakamoto, D. Cameron-Smith, L.J. Goodyear, and P.D.
Neufer. 2002. AMP-activated protein kinase activates transcription of the UCP3 and
HKII genes in rat skeletal muscle. Am. J. Physiol. Endocrinol. Metab. 283:E1239—
1248. doi:10.1152/ajpend0.00278.2002.

182



Storer, A.C., and A. Cornish-Bowden. 1977. Kinetic evidence for a “mnemonical” mechanism
for rat liver glucokinase. Biochem. J. 165:61-69.

Strniskova, M., T. Ravingerova, J. Neckar, F. Kolar, S. Pastorekova, and M. Barancik. 2006.
Changes in the expression and/or activation of regulatory proteins in rat hearts adapted
to chronic hypoxia. Gen. Physiol. Biophys. 25:25-41.

Studelska, D.R., C. Campbell, S. Pang, K.J. Rodnick, and D.E. James. 1992. Developmental
expression of insulin-regulatable glucose transporter GLUT-4. Am. J. Physiol.
263:E102-106.

Sun, D., N. Nguyen, T.R. DeGrado, M. Schwaiger, and F.C. Brosius. 1994. Ischemia induces
translocation of the insulin-responsive glucose transporter GLUT4 to the plasma
membrane of cardiac myocytes. Circulation. 89:793-798.

Sun, L., S. Shukair, T.J. Naik, F. Moazed, and H. Ardehali. 2008. Glucose phosphorylation
and mitochondrial binding are required for the protective effects of hexokinases I and
II. Mol. Cell. Biol. 28:1007-1017. do0i:10.1128/MCB.00224-07.

Sussman, M.A., M. Volkers, K. Fischer, B. Bailey, C.T. Cottage, S. Din, N. Gude, D.
Avitabile, R. Alvarez, B. Sundararaman, P. Quijada, M. Mason, M.H. Konstandin, A.
Malhowski, Z. Cheng, M. Khan, and M. McGregor. 2011. Myocardial AKT: the
omnipresent nexus. Physiol. Rev. 91:1023—-1070. doi:10.1152/physrev.00024.2010.

Suzuki, M., T. Saito, T. Sato, M. Tamagawa, T. Miki, S. Seino, and H. Nakaya. 2003.
Cardioprotective effect of diazoxide is mediated by activation of sarcolemmal but not
mitochondrial ATP-sensitive potassium channels in mice. Circulation. 107:682—685.

Tacchini, L., D. Fusar Poli, A. Bernelli-Zazzera, and G. Cairo. 2002. Transferrin receptor gene
expression and transferrin-bound iron uptake are increased during postischemic rat
liver reperfusion. Hepatol. Baltim. Md. 36:103—111. doi:10.1053/jhep.2002.33997.

Tajima, M., D. Katayose, M. Bessho, and S. Isoyama. 1994. Acute ischaemic preconditioning
and chronic hypoxia independently increase myocardial tolerance to ischaemia.
Cardiovasc. Res. 28:312-319.

Takahata, S., K. Sogawa, A. Kobayashi, M. Ema, J. Mimura, N. Ozaki, and Y. Fujii-
Kuriyama. 1998. Transcriptionally active heterodimer formation of an Arnt-like PAS
protein, Arnt3, with HIF-la, HLF, and clock. Biochem. Biophys. Res. Commun.
248:789—794. doi:10.1006/bbrc.1998.9012.

Takeda, N., I. Manabe, Y. Uchino, K. Eguchi, S. Matsumoto, S. Nishimura, T. Shindo, M.
Sano, K. Otsu, P. Snider, S.J. Conway, and R. Nagai. 2010. Cardiac fibroblasts are

essential for the adaptive response of the murine heart to pressure overload. J. Clin.
Invest. 120:254-265. doi:10.1172/JC140295.

Tamir, Y., and E. Bengal. 1998. p53 protein is activated during muscle differentiation and
participates with MyoD in the transcription of muscle creatine kinase gene. Oncogene.
17:347-356. doi:10.1038/sj.0nc.1201929.

Tanimoto, K., Y. Makino, T. Pereira, and L. Poellinger. 2000. Mechanism of regulation of the
hypoxia-inducible factor-1 alpha by the von Hippel-Lindau tumor suppressor protein.
EMBO J. 19:4298-4309. do0i:10.1093/embo0j/19.16.4298.

183



Tapuria, N., Y. Kumar, M.M. Habib, M. Abu Amara, A.M. Seifalian, and B.R. Davidson.
2008. Remote ischemic preconditioning: a novel protective method from ischemia
reperfusion injury--a review. J. Surg. Res. 150:304-330. doi:10.1016/j.jss.2007.12.747.

De Tata, V., V. Fierabracci, Z. Gori, and E. Bergamini. 1986. Transmural distribution of
glucose metabolizing enzymes across the left and the right ventricle heart walls in
three different mammalian species. Comp. Biochem. Physiol. B. 84:549-553.

De Tata, V., Z. Gori, and E. Bergamini. 1988. Changes in the transmural distribution of
glucose-metabolizing enzymes across the left and right ventricular wall of rat heart
during growth and ageing. Arch. Gerontol. Geriatr. 7:23-30.

Thibault, H., C. Piot, P. Staat, L. Bontemps, C. Sportouch, G. Rioufol, T.T. Cung, E.
Bonnefoy, D. Angoulvant, J.-F. Aupetit, G. Finet, X. André-Fouét, J.C. Macia, F.
Raczka, R. Rossi, R. Itti, G. Kirkorian, G. Derumeaux, and M. Ovize. 2008. Long-term
benefit of postconditioning. Circulation. 117:1037-1044.
doi:10.1161/CIRCULATIONAHA.107.729780.

Tian, R., N. Musi, J. D’Agostino, M.F. Hirshman, and L.J. Goodyear. 2001. Increased
adenosine monophosphate-activated protein kinase activity in rat hearts with pressure-
overload hypertrophy. Circulation. 104:1664—1669.

Timohhina, N., R. Guzun, K. Tepp, C. Monge, M. Varikmaa, H. Vija, P. Sikk, T. Kaambre, D.
Sackett, and V. Saks. 2009. Direct measurement of energy fluxes from mitochondria
into cytoplasm in permeabilized cardiac cells in situ: some evidence for Mitochondrial
Interactosome. J. Bioenerg. Biomembr. 41:259-275. doi:10.1007/s10863-009-9224-8.

Tokarska-Schlattner, M., M. Boissan, A. Munier, C. Borot, C. Mailleau, O. Speer, U.
Schlattner, and M.-L. Lacombe. 2008. The nucleoside diphosphate kinase D (NM23-
H4) binds the inner mitochondrial membrane with high affinity to cardiolipin and
couples nucleotide transfer with respiration. J. Biol. Chem. 283:26198-26207.
doi:10.1074/jbc.M803132200.

Tomanek, R.J., D.D. Lund, and X. Yue. 2003. Hypoxic induction of myocardial
vascularization during development. Adv. Exp. Med. Biol. 543:139—149.

Toschi, A., E. Lee, N. Gadir, M. Ohh, and D.A. Foster. 2008. Differential dependence of
hypoxia-inducible factors 1 alpha and 2 alpha on mTORC1 and mTORC?2. J. Biol.
Chem. 283:34495-34499. doi:10.1074/jbc.C800170200.

Trask, R.V., and J.J. Billadello. 1990. Tissue-specific distribution and developmental
regulation of M and B creatine kinase mRNAs. Biochim. Biophys. Acta. 1049:182—
188.

Trask, R.V., A.W. Strauss, and J.J. Billadello. 1988. Developmental regulation and tissue-
specific expression of the human muscle creatine kinase gene. J. Biol. Chem.
263:17142—17149.

Tsai, H.J., and J.E. Wilson. 1995. Functional organization of mammalian hexokinases:
characterization of chimeric hexokinases constructed from the N- and C-terminal
domains of the rat type I and type II isozymes. Arch. Biochem. Biophys. 316:206-214.
doi:10.1006/abbi.1995.1029.

184



Tsai, H.J., and J.E. Wilson. 1996. Functional organization of mammalian hexokinases: both N-
and C-terminal halves of the rat type II isozyme possess catalytic sites. Arch. Biochem.
Biophys. 329:17-23. doi:10.1006/abbi.1996.0186.

Tschopp, O., Z.-Z. Yang, D. Brodbeck, B.A. Dummler, M. Hemmings-Mieszczak, T.
Watanabe, T. Michaelis, J. Frahm, and B.A. Hemmings. 2005. Essential role of protein

kinase B gamma (PKB gamma/Akt3) in postnatal brain development but not in glucose
homeostasis. Dev. Camb. Engl. 132:2943-2954. doi:10.1242/dev.01864.

Tsika, R.W., S.D. Hauschka, and L. Gao. 1995. M-creatine kinase gene expression in
mechanically overloaded skeletal muscle of transgenic mice. Am. J. Physiol.
269:C665-674.

Turek, Z., K. Kubat, B.E. Ringnalda, and F. Kreuzer. 1980. Experimental myocardial
infarction in rats acclimated to simulated high altitude. Basic Res. Cardiol. 75:544—
554.

Turek, Z., M. Turek-Maischeider, R.A. Claessens, B.E. Ringnalda, and F. Kreuzer. 1975.
Coronary blood flow in rats native to simulated high altitude and in rats exposed to it
later in life. Pfliig. Arch. Eur. J. Physiol. 355:49—-62.

Turner, D.C., T. Wallimann, and H.M. Eppenberger. 1973. A protein that binds specifically to
the M-line of skeletal muscle is identified as the muscle form of creatine kinase. Proc.
Natl. Acad. Sci. U. S. A. 70:702-705.

Van Uden, P., N.S. Kenneth, and S. Rocha. 2008. Regulation of hypoxia-inducible factor-
lalpha by NF-kappaB. Biochem. J. 412:477—484. doi:10.1042/BJ20080476.

Ullah, M.S., A.J. Davies, and A.P. Halestrap. 2006. The plasma membrane lactate transporter
MCT4, but not MCT1, is up-regulated by hypoxia through a HIF-1lalpha-dependent
mechanism. J. Biol. Chem. 281:9030-9037. d0i:10.1074/jbc.M511397200.

Units of Enzyme Activity. 1979. Eur. J. Biochem. 97:319-320. doi:10.1111/.1432-
1033.1979.tb13116.x.

Urbanova, D., V. Pelouch, B. Ostadal, J. Widimsky, J. Ressl, and J. Prochazka. 1977. The
development of myocardial changes during intermittent high altitude hypoxia in rats.
Cor Vasa. 19:246-250.

Ureta, T. 1982. The comparative isozymology of vertebrate hexokinases. Comp. Biochem.
Physiol. B. 71:549-555.

Ureta, T., J. Radojkovi¢, S. Zepeda, and V. Guixé. 1981. Comparative studies on glucose
phosphorylating isoenzymes of vertebrates—VII. Mammalian hexokinases. Comp.
Biochem. Physiol. Part B Comp. Biochem. 70:225-236. doi:10.1016/0305-
0491(81)90038-9.

Ureta, T., S.B. Reichberg, J. Radojkovi¢, and J.C. Slebe. 1973. Comparative studies on
glucose phosphorylating isoenzymes of vertebrates. IV. Chromatographic profiles of

hexokinases from the liver of several avian species. Comp. Biochem. Physiol. B.
45:445-461.

185



Ureta, T., J.C. Slebe, J. Radojkovi¢, and C. Lozano. 1975. Comparative studies on glucose
phosphorylating isoenzymes of vertebrates. V. Glucose phosphotransferases in the
liver of reptiles. Comp. Biochem. Physiol. B. 50:515-524.

Vasquez-Vivar, J., B. Kalyanaraman, P. Martasek, N. Hogg, B.S. Masters, H. Karoui, P.
Tordo, and K.A. Pritchard Jr. 1998. Superoxide generation by endothelial nitric oxide
synthase: the influence of cofactors. Proc. Natl. Acad. Sci. U. S. A. 95:9220-9225.

Veksler, V.I., A.V. Kuznetsov, K. Anflous, P. Mateo, J. van Deursen, B. Wieringa, and R.
Ventura-Clapier. 1995. Muscle creatine kinase-deficient mice. II. Cardiac and skeletal

muscles exhibit tissue-specific adaptation of the mitochondrial function. J. Biol. Chem.
270:19921-19929.

Vendelin, M., M. Lemba, and V.A. Saks. 2004. Analysis of functional coupling:
mitochondrial creatine kinase and adenine nucleotide translocase. Biophys. J. 87:696—
713. doi:10.1529/biophysj.103.036210.

Ventura-Clapier, R., A.V. Kuznetsov, A. d’ Albis, J. van Deursen, B. Wieringa, and V.L
Veksler. 1995. Muscle creatine kinase-deficient mice. 1. Alterations in myofibrillar
function. J. Biol. Chem. 270:19914—-19920.

Ventura-Clapier, R., H. Mekhfi, and G. Vassort. 1987a. Role of creatine kinase in force
development in chemically skinned rat cardiac muscle. J. Gen. Physiol. 89:815-837.

Ventura-Clapier, R., V.A. Saks, G. Vassort, C. Lauer, and G.V. Elizarova. 1987b. Reversible
MM-creatine kinase binding to cardiac myofibrils. Am. J. Physiol. 253:C444-455.

Ventura-Clapier, R., V. Veksler, and J.A. Hoerter. 1994. Myofibrillar creatine kinase and
cardiac contraction. Mol. Cell. Biochem. 133-134:125-144.

Villar-Palasi, C., and J.J. Guinovart. 1997. The role of glucose 6-phosphate in the control of
glycogen synthase. FASEB J. Off. Publ. Fed. Am. Soc. Exp. Biol. 11:544-558.

Voet, D., and J.G. Voet. 2010. Biochemistry, 4th Edition. John Wiley & Sons. 1533 pp.

Vonck, J., and E. Schifer. 2009. Supramolecular organization of protein complexes in the
mitochondrial inner membrane. Biochim. Biophys. Acta. 1793:117-124.
doi:10.1016/j.bbamcr.2008.05.019.

Voors, A.W., and W.D. Johnson. 1979. Altitude and arteriosclerotic heart disease mortality in
white residents of 99 of the 100 largest cities in the United States. J. Chronic Dis.
32:157-162.

Van der Vusse, G.J., M. van Bilsen, and J.F. Glatz. 2000. Cardiac fatty acid uptake and
transport in health and disease. Cardiovasc. Res. 45:279-293.

Van Waarde, A., G. Van den Thillart, C. Erkelens, A. Addink, and J. Lugtenburg. 1990.
Functional coupling of glycolysis and phosphocreatine utilization in anoxic fish
muscle. An in vivo 31P NMR study. J. Biol. Chem. 265:914-923.

Walker, L.A., and P.M. Buttrick. 2009. The right ventricle: biologic insights and response to
disease. Curr. Cardiol. Rev. 5:22-28. doi:10.2174/157340309787048077.

186



Wallimann, T., T.C. Doetschman, and H.M. Eppenberger. 1983a. Novel staining pattern of
skeletal muscle M-lines upon incubation with antibodies against MM-creatine kinase.
J. Cell Biol. 96:1772—-1779.

Wallimann, T., M. Dolder, U. Schlattner, M. Eder, T. Hornemann, E. O’Gorman, A. Riick,
and D. Brdiczka. 1998. Some new aspects of creatine kinase (CK): compartmentation,
structure, function and regulation for cellular and mitochondrial bioenergetics and
physiology. BioFactors Oxf. Engl. 8:229-234.

Wallimann, T., H. Moser, and H.M. Eppenberger. 1983b. Isoenzyme-specific localization of
M-line bound creatine kinase in myogenic cells. J. Muscle Res. Cell Motil. 4:429-441.

Wallimann, T., G. Pelloni, D.C. Turner, and H.M. Eppenberger. 1978. Monovalent antibodies
against MM-creatine kinase remove the M line from myofibrils. Proc. Natl. Acad. Sci.
U. S. A. 75:4296-4300.

Wallimann, T., T. Schlésser, and H.M. Eppenberger. 1984. Function of M-line-bound creatine
kinase as intramyofibrillar ATP regenerator at the receiving end of the
phosphorylcreatine shuttle in muscle. J. Biol. Chem. 259:5238-5246.

Wallimann, T., D.C. Turner, and H.M. Eppenberger. 1977. Localization of creatine kinase
isoenzymes in myofibrils. I. Chicken skeletal muscle. J. Cell Biol. 75:297-317.

Wallimann, T., M. Wyss, D. Brdiczka, K. Nicolay, and H.M. Eppenberger. 1992. Intracellular
compartmentation, structure and function of creatine kinase isoenzymes in tissues with

high and fluctuating energy demands: the “phosphocreatine circuit” for cellular energy
homeostasis. Biochem. J. 281 ( Pt 1):21-40.

Wang, D., L.M. Buja, and J.B. McMillin. 1996. Acetyl coenzyme A carboxylase activity in
neonatal rat cardiac myocytes in culture: citrate dependence and effects of hypoxia.
Arch. Biochem. Biophys. 325:249-255. doi:10.1006/abbi.1996.0031.

Wang, G.L., B.H. Jiang, E.A. Rue, and G.L. Semenza. 1995a. Hypoxia-inducible factor 1 is a
basic-helix-loop-helix-PAS heterodimer regulated by cellular O2 tension. Proc. Natl.
Acad. Sci. U. S. A. 92:5510-5514.

Wang, G.L., B.H. Jiang, and G.L. Semenza. 1995b. Effect of altered redox states on
expression and DNA-binding activity of hypoxia-inducible factor 1. Biochem. Biophys.
Res. Commun. 212:550-556. doi:10.1006/bbrc.1995.2005.

Wang, G.L., and G.L. Semenza. 1993. General involvement of hypoxia-inducible factor 1 in
transcriptional response to hypoxia. Proc. Natl. Acad. Sci. U. S. A. 90:4304—-4308.

Wang, G.L., and G.L. Semenza. 1995. Purification and characterization of hypoxia-inducible
factor 1. J. Biol. Chem. 270:1230-1237.

Wang, X.-J., and L.-B. Si. 2013. Advances on hypoxia inducible factor-1. Chin. Med. J.
(Engl.). 126:3567-3571.

Wang, Z.-H., X.-L. Cai, L. Wu, Z. Yu, J.-L. Liu, Z.-N. Zhou, J. Liu, and H.-T. Yang. 2012.
Mitochondrial energy metabolism plays a critical role in the cardioprotection afforded
by  intermittent  hypobaric = hypoxia. = Exp.  Physiol. 97:1105-1118.
doi:10.1113/expphysiol.2012.065102.

187



Wang, Z.-H., Y.-X. Chen, C.-M. Zhang, L. Wu, Z. Yu, X.-L. Cai, Y. Guan, Z.-N. Zhou, and
H.-T. Yang. 2011. Intermittent hypobaric hypoxia improves postischemic recovery of
myocardial contractile function via redox signaling during early reperfusion. Am. J.
Physiol. Heart Circ. Physiol. 301:H1695—-1705. doi:10.1152/ajpheart.00276.2011.

Warburg, O. 1956. On the origin of cancer cells. Science. 123:309-314.

Waskova-Arnostova, P., D. Kasparova, B. Elsnicova, J. Novotny, J. Neckar, F. Kolar, and J.
Zurmanova. 2014. Chronic hypoxia enhances expression and activity of mitochondrial
creatine kinase and hexokinase in the rat ventricular myocardium. Cell. Physiol.
Biochem. Int. J. Exp. Cell. Physiol. Biochem. Pharmacol. 33:310-320.
doi:10.1159/000356671.

Watanabe, T., M.M. Smith, F.W. Robinson, and T. Kono. 1984. Insulin action on glucose
transport in cardiac muscle. J. Biol. Chem. 259:13117-13122.

Watts, D.C. 1973. Creatine kinase (Adenosine 5’-triphosphate-creatine phosphotransferase).
In The Enzymes. P.D. Boyer, editor. Academic Press. 383—455.

Wauthy, P., A. Pagnamenta, F. Vassalli, R. Naeije, and S. Brimioulle. 2004. Right ventricular
adaptation to pulmonary hypertension: an interspecies comparison. Am. J. Physiol.
Heart Circ. Physiol. 286:H1441-1447. doi:10.1152/ajpheart.00640.2003.

Wegmann, G., E. Zanolla, HM. Eppenberger, and T. Wallimann. 1992. In situ
compartmentation of creatine kinase in intact sarcomeric muscle: the acto-myosin
overlap zone as a molecular sieve. J. Muscle Res. Cell Motil. 13:420-435.

Weiss, J.N., and S.T. Lamp. 1987. Glycolysis preferentially inhibits ATP-sensitive K+
channels in isolated guinea pig cardiac myocytes. Science. 238:67—69.

Wendt, S., U. Schlattner, and T. Wallimann. 2003. Differential effects of peroxynitrite on
human mitochondrial creatine kinase isoenzymes. Inactivation, octamer
destabilization, and identification of involved residues. J. Biol. Chem. 278:1125-1130.
doi:10.1074/jbc.M208572200.

Wenger, R.H., and M. Gassmann. 1997. Oxygen(es) and the hypoxia-inducible factor-1. Biol.
Chem. 378:609-616.

WHF. World Heart Federation. http://www.world-heart-federation.org/. Last accessed on 2410
July 2014 at 10:01:03 pm.

White, J.A., W. Liu, and J.E. Wilson. 1996. Isolation of the Promoter for Type I Hexokinase
from Rat. Arch. Biochem. Biophys. 335:161-172. d0i:10.1006/abbi.1996.0494.

White, T.K., and J.E. Wilson. 1990. Binding of nucleoside triphosphates, inorganic phosphate,
and other polyanionic ligands to the N-terminal region of rat brain hexokinase:
relationship to regulation of hexokinase activity by antagonistic interactions between
glucose 6-phosphate and inorganic phosphate. Arch. Biochem. Biophys. 277:26-34.

WHO. World Health Organization. http://www.who.int/en/. Last accessed on 2410 July 2014 at
09:58:54 pm.

Widimsky, J., B. Ostadal, D. Urbanova, J. Ressl, J. Prochazka, and V. Pelouch. 1980.
Intermittent high altitude hypoxia. Chest. 77:383—-389.

188



Widimsky, J., D. Urbanova, J. Ressl, B. Ostadal, V. Pelouch, and J. Prochazka. 1973. Effect of
intermittent altitude hypoxia on the myocardium and lesser circulation in the rat.
Cardiovasc. Res. 7:798—808.

Wiesner, R.J., T.V. Hornung, J.D. Garman, D.A. Clayton, E. O’Gorman, and T. Wallimann.
1999. Stimulation of mitochondrial gene expression and proliferation of mitochondria
following impairment of cellular energy transfer by inhibition of the phosphocreatine
circuit in rat hearts. J. Bioenerg. Biomembr. 31:559-567.

Wilde, A.A., and M.J. Janse. 1994. Electrophysiological effects of ATP sensitive potassium
channel modulation: implications for arrhythmogenesis. Cardiovasc. Res. 28:16-24.

Williams, F.M. 1996. Neutrophils and myocardial reperfusion injury. Pharmacol. Ther. 72:1—
12.

Willis, D., Y. Zhang, and G.R. Molloy. 2005. Transcription of brain creatine kinase in U87-
MG glioblastoma is modulated by factor AP2. Biochim. Biophys. Acta. 1728:18-33.
doi:10.1016/j.bbaexp.2005.01.007.

Wilson, J.E. 1995. Hexokinases. Rev. Physiol. Biochem. Pharmacol. 126:65-198.

Wilson, J.E. 1997. An introduction to the isoenzymes of mammalian hexokinase types I-III.
Biochem. Soc. Trans. 25:103—107.

Wilson, J.E. 2003. Isozymes of mammalian hexokinase: structure, subcellular localization and
metabolic function. J. Exp. Biol. 206:2049-2057.

Wisneski, J.A., E'W. Gertz, R.A. Neese, and M. Mayr. 1987. Myocardial metabolism of free
fatty acids. Studies with 14C-labeled substrates in humans. J. Clin. Invest. 79:359-366.
doi:10.1172/JC1112820.

Witters, L.A., T.D. Watts, D.L. Daniels, and J.L. Evans. 1988. Insulin stimulates the
dephosphorylation and activation of acetyl-CoA carboxylase. Proc. Natl. Acad. Sci. U.
S. A. 85:5473-54717.

Worthington Biochemical Corporation. Hexokinase. http://www.worthington-
biochem.com/HK/. Last accessed on 24" July 2014 at 10:15:57 pm.

Wright, W.E., D.A. Sassoon, and V.K. Lin. 1989. Myogenin, a factor regulating myogenesis,
has a domain homologous to MyoD. Cell. 56:607-617.

Wu, H., S.B. Kanatous, F.A. Thurmond, T. Gallardo, E. Isotani, R. Bassel-Duby, and R.S.
Williams. 2002a. Regulation of mitochondrial biogenesis in skeletal muscle by CaMK.
Science. 296:349-352. doi:10.1126/science.1071163.

Wu, R, K.M. Smeele, E. Wyatt, Y. Ichikawa, O. Eerbeek, L. Sun, K. Chawla, M.W.
Hollmann, V. Nagpal, S. Heikkinen, M. Laakso, K. Jujo, J.A. Wasserstrom, C.J.
Zuurbier, and H. Ardehali. 2011. Reduction in hexokinase II levels results in decreased

cardiac function and altered remodeling after ischemia/reperfusion injury. Circ. Res.
108:60—69. doi:10.1161/CIRCRESAHA.110.223115.

Wu, X., W. Li, V. Sharma, A. Godzik, and H.H. Freeze. 2002b. Cloning and characterization
of glucose transporter 11, a novel sugar transporter that is alternatively spliced in
various tissues. Mol. Genet. Metab. 76:37-45.

189



Wu-Peng, X.S., T.E. Pugliese, H.W. Dickerman, and B.T. Pentecost. 1992. Delineation of
sites mediating estrogen regulation of the rat creatine kinase B gene. Mol. Endocrinol.
Baltim. Md. 6:231-240.

Wyss, M., J. Smeitink, R.A. Wevers, and T. Wallimann. 1992. Mitochondrial creatine kinase:
a key enzyme of aerobic energy metabolism. Biochim. Biophys. Acta. 1102:119-166.

Xi, L., M. Taher, C. Yin, F. Salloum, and R.C. Kukreja. 2004. Cobalt chloride induces delayed
cardiac preconditioning in mice through selective activation of HIF-lalpha and AP-1
and iNOS signaling. Am. J. Physiol. Heart Circ. Physiol. 287:H2369-2375.
doi:10.1152/ajpheart.00422.2004.

Xi, L., D. Tekin, E. Gursoy, F. Salloum, J.E. Levasseur, and R.C. Kukreja. 2002. Evidence
that NOS2 acts as a trigger and mediator of late preconditioning induced by acute
systemic  hypoxia. Am. J.  Physiol. Heart Circ. Physiol. 283:H5-12.
doi:10.1152/ajpheart.00920.2001.

Xia, Y., A.L. Tsai, V. Berka, and J.L. Zweier. 1998. Superoxide generation from endothelial
nitric-oxide synthase. A Ca2+/calmodulin-dependent and tetrahydrobiopterin
regulatory process. J. Biol. Chem. 273:25804-25808.

Xie, Y., W.-Z. Zhu, Y. Zhu, L. Chen, Z.-N. Zhou, and H.-T. Yang. 2004. Intermittent high
altitude hypoxia protects the heart against lethal Ca2+ overload injury. Life Sci.
76:559-572. doi:10.1016/5.15.2004.09.017.

Xie, Y., Y. Zhu, W.-Z. Zhu, L. Chen, Z.-N. Zhou, W.-J. Yuan, and H.-T. Yang. 2005. Role of
dual-site  phospholamban  phosphorylation in intermittent hypoxia-induced
cardioprotection against ischemia-reperfusion injury. Am. J. Physiol. Heart Circ.
Physiol. 288:H2594-2602. doi:10.1152/ajpheart.00926.2004.

Xu, K.Y., J.L. Zweier, and L.C. Becker. 1995. Functional coupling between glycolysis and
sarcoplasmic reticulum Ca2+ transport. Circ. Res. 77:88-97.

Xue, F., X. Yang, B. Zhang, C. Zhao, J. Song, T. Jiang, and W. Jiang. 2010. Postconditioning
the human heart in percutaneous coronary intervention. Clin. Cardiol. 33:439-444.
doi:10.1002/clc.20796.

Yang, Y.-C., M.-J. Fann, W.-H. Chang, L.-H. Tai, J.-H. Jiang, and L.-S. Kao. 2010.
Regulation of sodium-calcium exchanger activity by creatine kinase under energy-
compromised conditions. J. Biol. Chem. 285:28275-28285.
doi:10.1074/jbc.M110.141424.

Yang, Z.-Z., O. Tschopp, N. Di-Poi, E. Bruder, A. Baudry, B. Diimmler, W. Wahli, and B.A.
Hemmings. 2005. Dosage-dependent effects of Aktl/protein kinase Balpha
(PKBalpha) and Akt3/PKBgamma on thymus, skin, and cardiovascular and nervous
system  development in  mice. Mol  Cell.  Biol.  25:10407-10418.
doi:10.1128/MCB.25.23.10407-10418.2005.

Yellon, D.M., and D.J. Hausenloy. 2007. Myocardial reperfusion injury. N. Engl. J. Med.
357:1121-1135. doi:10.1056/NEJMra071667.

Yeung, HM., G.M. Kravtsov, K.M. Ng, TM. Wong, and M.L. Fung. 2007. Chronic
intermittent hypoxia alters Ca2+ handling in rat cardiomyocytes by augmented

190



Na+/Ca2+ exchange and ryanodine receptor activities in ischemia-reperfusion. Am. J.
Physiol. Cell Physiol. 292:C2046-2056. doi:10.1152/ajpcell.00458.2006.

Yu, Z., Z.-H. Wang, and H.-T. Yang. 2009. Calcium/calmodulin-dependent protein kinase II
mediates cardioprotection of intermittent hypoxia against ischemic-reperfusion-
induced cardiac dysfunction. Am. J. Physiol. Heart Circ. Physiol. 297:H735-742.
doi:10.1152/ajpheart.01164.2008.

Yusuf, S., S. Hawken, S. Ounpuu, T. Dans, A. Avezum, F. Lanas, M. McQueen, A. Budaj, P.
Pais, J. Varigos, L. Lisheng, and INTERHEART Study Investigators. 2004. Effect of
potentially modifiable risk factors associated with myocardial infarction in 52
countries (the INTERHEART study): case-control study. Lancet. 364:937-952.
doi:10.1016/S0140-6736(04)17018-9.

Zeleznikar, R.J., R.A. Heyman, R.M. Graeff, T.F. Walseth, S.M. Dawis, E.A. Butz, and N.D.
Goldberg. 1990. Evidence for compartmentalized adenylate kinase catalysis serving a

high energy phosphoryl transfer function in rat skeletal muscle. J. Biol. Chem.
265:300-311.

Zhang, H., M. Bosch-Marce, L.A. Shimoda, Y.S. Tan, J.H. Baek, J.B. Wesley, F.J. Gonzalez,
and G.L. Semenza. 2008. Mitochondrial autophagy is an HIF-1-dependent adaptive
metabolic  response to  hypoxia. J.  Biol  Chem.  283:10892-10903.
doi:10.1074/jbc.M800102200.

Zhang, H., P. Gao, R. Fukuda, G. Kumar, B. Krishnamachary, K.I. Zeller, C.V. Dang, and
G.L. Semenza. 2007. HIF-1 inhibits mitochondrial biogenesis and cellular respiration

in VHL-deficient renal cell carcinoma by repression of C-MYC activity. Cancer Cell.
11:407-420. doi:10.1016/j.ccr.2007.04.001.

Zhang, J.Z., A. Behrooz, and F. Ismail-Beigi. 1999. Regulation of glucose transport by
hypoxia. Am. J. Kidney Dis. Off. J. Natl Kidney Found. 34:189-202.
doi:10.1053/AJKD03400189.

Zhang, M., E. Mileykovskaya, and W. Dowhan. 2002. Gluing the respiratory chain together.
Cardiolipin is required for supercomplex formation in the inner mitochondrial
membrane. J. Biol. Chem. 277:43553—-43556. doi:10.1074/jbc.C200551200.

Zhao, J., F.I. Schmieg, D.T. Simmons, and G.R. Molloy. 1994. Mouse p53 represses the rat
brain creatine kinase gene but activates the rat muscle creatine kinase gene. Mol. Cell.
Biol. 14:8483-8492.

Zhao, T.-J., Y.-B. Yan, Y. Liu, and H.-M. Zhou. 2007. The generation of the oxidized form of
creatine kinase is a negative regulation on muscle creatine kinase. J. Biol. Chem.
282:12022-12029. doi:10.1074/jbc.M610363200.

Zhao, 7.-Q., J.S. Corvera, M.E. Halkos, F. Kerendi, N.-P. Wang, R.A. Guyton, and J. Vinten-
Johansen. 2003. Inhibition of myocardial injury by ischemic postconditioning during
reperfusion: comparison with ischemic preconditioning. Am. J. Physiol. Heart Circ.
Physiol. 285:H579-588. doi:10.1152/ajpheart.01064.2002.

Zhong, N., Y. Zhang, H.-F. Zhu, J.-C. Wang, Q.-Z. Fang, and Z.-N. Zhou. 2002. Myocardial
capillary angiogenesis and coronary flow in ischemia tolerance rat by adaptation to
intermittent high altitude hypoxia. Acta Pharmacol. Sin. 23:305-310.

191



Zhu, H.-F., J.-W. Dong, W.-Z. Zhu, H.-L. Ding, and Z.-N. Zhou. 2003. ATP-dependent
potassium channels involved in the cardiac protection induced by intermittent hypoxia
against ischemia/reperfusion injury. Life Sci. 73:1275-1287.

Zhu, L., Q. Wang, L. Zhang, Z. Fang, F. Zhao, Z. Lv, Z. Gu, J. Zhang, J. Wang, K. Zen, Y.
Xiang, D. Wang, and C.-Y. Zhang. 2010. Hypoxia induces PGC-1a expression and
mitochondrial biogenesis in the myocardium of TOF patients. Cell Res. 20:676—687.
do0i:10.1038/cr.2010.46.

Zhu, W.-Z., Y. Xie, L. Chen, H.-T. Yang, and Z.-N. Zhou. 2006. Intermittent high altitude
hypoxia inhibits opening of mitochondrial permeability transition pores against
reperfusion injury. J. Mol. Cell. Cardiol. 40:96-106. doi:10.1016/j.yjmcc.2005.09.016.

Zurmanova, J., F. Difato, D. Malacova, J. Mejsnar, B. Stefl, and 1. Zahradnik. 2007. Creatine
kinase binds more firmly to the M-band of rabbit skeletal muscle myofibrils in the
presence of its substrates. Mol. Cell. Biochem. 305:55-61. doi:10.1007/s11010-007-
9527-1.

Zuurbier, C.J., O. Eerbeek, and A.J. Meijer. 2005. Ischemic preconditioning, insulin, and
morphine all cause hexokinase redistribution. Am. J. Physiol. Heart Circ. Physiol.
289:H496-499. doi:10.1152/ajpheart.01182.2004.

Zuurbier, C.J., K.M.A. Smeele, and O. Eerbeek. 2009. Mitochondrial hexokinase and
cardioprotection of the intact heart. J. Bioenerg. Biomembr. 41:181-185.
doi:10.1007/s10863-009-9209-7.

192



