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The Real-Time RT-PCR, Western blot, and enzyme-coupled assays were used. In addition, the 
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localization with mitochondria was observed. Conclusion:
isoforms may stimulate the respiratory chain and help to maintain energy homeostasis of 

can possibly participate in the establishment of ischemia-resistant phenotype of chronically 
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Introduction

High energy demand of mammalian heart is critically dependent on continuous and 

between the sites of energy production and utilization primarily depends on the creatine 
kinase (CK) system, which functions in cardiac muscle cells as the main energy buffer 
keeping a high ATP/ADP ratio and optimal pH simultaneously [1–4]. It catalyzes a reversible 
reaction of creatine with ATP in which creatine is phosphorylated [5].

Cardiomyocytes express three CK isoforms: two cytosolic (CKM, CKB) and one 
mitochondrial sarcomeric (mtCKs). The major cytosolic CK isoform CKM associates with 
subcellular structures in close proximity to ATPases [6, 7] and regenerates ATP according to 
actual energy requirements. CKM also maintains the phosphocreatine (PCr) pool by coupling 
with the glycolytic system, where it preferably transphosphorylates the produced ATP [1, 8]. 
The minor cytosolic isoform CKB is predominantly expressed in early developmental stages 
of the heart. In adulthood it functions only as a constitutive enzyme, which is overexpressed 
under conditions of metabolic challenge, such as hypertrophy [9, 10], hypertension [9, 11, 
12] and hypoxia [13, 14]. In contrast to CKM, CKB occurs in cytosol only as a solubilized 
molecule unable to bind with intracellular structures [15]. The mitochondrial sarcomeric 
isoform mtCKs located in the intermembrane space [16, 17] plays an important role during 
“physiological” hypoxia. The mtCKs supports oxidative phosphorylation by increasing 
availability of ADP for complex V of the respiratory chain [18, 19] and thus regulates the 
membrane potential and controls formation of reactive oxygen species (ROS) [20]. It also 
prevents opening of the mitochondrial permeability transition pore (MPTP), a well known 
trigger of apoptotic cell death [20–24].

Importantly, apoptosis is also controlled by one of the key glycolytic enzymes, hexokinase 
(HK) [25–29] via its interaction with outer mitochondrial membrane. The HK association 

thus supports oxidative phosphorylation [30], which prevents ROS overproduction [31], 
similarly as mtCKs does. There are two HK isoforms expressed in cardiomyocytes, HK1 and 
HK2 [32, 33]. Under normoxic conditions, HK1 binds to the outer mitochondrial membrane 
[34, 35], whereas HK2 is mainly soluble [32, 36]. Ischemia increases binding of HK2 to the 
outer mitochondrial membrane resulting in enhancement of oxidative phosphorylation [37].

Any perturbation of oxygen supply to the heart results in physiological or 
pathophysiological changes depending on the degree, duration, and periodicity of the 
hypoxic insult. While severe oxygen deprivation may cause myocardial injury and ultimately 
heart failure, adaptation to moderate chronic hypoxia leads to complex adaptive changes 
[38] including metabolic remodeling due to ROS-sensitive induction of a fetal gene program 
that restores the balance between energy supply and demand [39]. Several studies reported 
rather diverse and inconclusive results regarding the effects of chronic hypoxia on myocardial 

and animal species. It is unknown whether continuous and intermittent hypoxias have a 

recent studies, which showed that the cardiac ischemic tolerance of chronically hypoxic 
hearts is strictly dependent on hypoxic model and regimen. We showed that continuous 
hypoxia as well as intermittent hypoxia lasting 8 h per day increases cardiac tolerance to 
ischemic injury, but the regimen based on 23 h of hypoxia per day interrupted with only 1-h 
normoxic episode does not induce a cardioprotective phenotype [41, 42]. Therefore, the aim 
of the present study was to determine the expression of CK and HK isoforms and the activity 
of these enzymes in ventricular myocardium of rats adapted to three different regimens of 
chronic normobaric hypoxia. In view of an increased workload imposed by chronic hypoxia 
on the RV as a consequence of pulmonary hypertension, the hypertrophied RV and non-
hypertrophied LV were examined separately.

http://dx.doi.org/10.1159%2F000356671


Cell Physiol Biochem 2014;33:310-320
DOI: 10.1159/000356671
Published online: January 31, 2014

© 2014 S. Karger AG, Basel
www.karger.com/cpb 312

Waskova-Arnostova et al.: Mitochondrial CK and HK in Hypoxic Heart

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

Materials and Methods

Animal model
Adult male Wistar rats obtained from a breeding company (Velaz, Ltd., Czech Republic) were exposed 

for 3 weeks to normobaric hypoxia (10 % O2) under the following three regimens: continuous hypoxia for 
24 h/day (CNH), intermittent hypoxia for 23 h/day with a single 1-h normoxic period per day (INH-23) 
or intermittent hypoxia for 8 h/day with a single 16-h normoxic period per day (INH-8). A control group 
(N) was kept under normoxic conditions for the same period of time. Rats were fed a standard laboratory 
diet and kept at the 12/12-h light/dark cycle. The maintenance and handling of experimental animals was 
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.

Tissue preparation
All rats were killed by decapitation. Hearts were rapidly excised and washed in ice-cold saline solution. 

The LV and RV were dissected, immediately frozen in liquid nitrogen and weighed. The frozen tissue was 
pulverized in liquid nitrogen and subsequently homogenized either in homogenization buffer (12.5 mM 
Trizma base-TRIS, 2.5 mM EGTA, 1 mM EDTA, 250 mM sucrose, 5 mM DTT, and protease inhibitor cocktail 
(Complete, Roche Diagnostics), pH 7.4) for Western blot (WB) and enzyme activities or in Trizol Reagent 
(Invitrogen) for isolation of mRNA. The homogenates for WB and enzyme activities were aliquoted and 
stored at -80 °C. Protein concentration was measured using the Bradford dye binding assay (Sigma Aldrich).

Real-Time RT-PCR analysis 
All procedures including isolation of total mRNA, following reverse transcription as well as PCR 

according to manufacture instructions by Light Cycler Roche using Light Cycler 480 Probes Master and 
 ) designed by the Universal 

Probe Library Assay Design Center (UPL, Roche Applied Science): HK1_F: tctgggcttcaccttctcat, HK1_R: 
atcaagattccacagtccaggt and 121; HK2_F: ccagcagaacagcctagacc, HK2_R: agatgccttgaatccctttg and 101; 
CKM_F: ccgcagcatcaagggtta, CKM_R: cccgtcaggctgttgaga and 16; CKB_F: ccacttcctcttcgacaagc, CKB_R: 
ggaacgtcttattgtcattgtgc and 84; mtCKs_F: gccaccccttcattaagactg, mtCKs_R: caaaaaggtcagcaaacacct and 

83; HPRT_F: gaccggttctgtcatgtcg, HPRT_R: acctggttcatcatcactaatcac and 95.

SDS-PAGE and WB analysis
All steps of protein expression analysis were performed essentially as described previously [43]. 

Samples from each experimental group and from both ventricles were always run on the same gel and 

and the results normalized to the total protein. The total protein concentration was used as the most suitable 
referential value [44]. Quantitative data obtained from 5 animals in each experimental group are presented 
as a percentage of total values. In this study we used the following primary polyclonal antibodies: goat 
anti-mtCKs (sc-15168), goat anti-CKM (sc-15164), goat anti-CKB (sc-15157), rabbit anti-HK1 (sc-28885), 
and rabbit anti-HK2 (sc-28889) (Santa Cruz Biotechnology). Appropriate anti-goat or anti-rabbit secondary 
antibodies conjugated to horseradish peroxidase were obtained from Santa Cruz Biotechnology and GE 
Healthcare Amersham, respectively. 

Enzyme activity

by measurement of absorbance at 339 nm in 96-well plates using a multireader SynergyTM HT (Biotek 

www.worthington-biochem.com/HK/; Worthington Biochemical Corporation). The assay buffer consisted of 
0.05 M TRIS, 13.3 mM MgCl2, 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 μg per well) in 167 μl of the HK assay buffer were placed into 96-well plates. The 
reaction was initiated after 2 min by the addition of 33 μl of starting solution (1.5 M glucose in TRIS-MgCl2 
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buffer, pH 8.0) and the assay was run at 30°C for 15 min. The CK activity was measured at 37 °C for 10 min 

expressed as units per gram protein (U/g) [45].

The subcellular localization of HK1 and HK2 and their co-localization with the mitochondrial 
membrane were investigated in the LV and RV of normoxic and CNH rats as the shift of Pearson´s correlation 

or from Abcam (HK1 ab78420, HK2 ab78259) were used. Quantitative correlation analysis was calculated 
in the whole scanned area. Appropriate sampling density, precise background subtraction, and correctly 
processed deconvolution along with Replicate-Based Noise Corrected Correlation (RBNCC) method enabled 
us to reliably assess signal co-localization.

Statistical analysis
Five hearts from each experimental group were analyzed. Data are expressed as mean ± SEM. Statistical 

evaluation was performed using One-way ANOVA followed by a post hoc Dunett’s multiple comparison test 
or Mann Whitney test (GraphPad Prism 5.00 software). Values of P < 0.05 were considered statistically 

Results

As shown in Table 1, adaptation of rats to INH-23 and CNH led to growth retardation by 

hypertrophy, which was more pronounced in the CNH and INH-23 groups than in the INH-8 
group. Similarly, the increase of hematocrit was proportional to the duration of daily hypoxic 
exposure.

Adaptation to all hypoxic regimens affected neither mRNA nor protein levels of CKM 
in both ventricles, except for a slight decrease of the LV transcript in the INH-23 group (Fig. 
1A, B). On the other hand, chronic hypoxia up-regulated CKB at mRNA and protein levels in 

normoxic controls due to rather high variability in this isoform level (Fig. 1C, D). The protein 

regimens (by 33 %, 29 %, and 30 % in CNH, INH-23, and INH-8 groups, respectively), while 
the LV levels of mtCKs mRNA increased only in CNH and INH-8 groups. In contrast, no effect 
of hypoxia on mtCKs expression was observed in the RV (Fig. 1E, F).

Protein and mRNA levels of both HK isoforms were markedly higher in the normoxic RV 

Table 1. Body Weight, Relative Ventricular and Septum Weights, Heart Weight and Hematocrit in Rats Adap-
ted to Continuous and Intermittent Hypoxia and in Normoxic Controls. CNH, continuous hypoxia; INH-23, 
intermittent hypoxia for 23 h/day; INH-8, intermittent hypoxia for 8 h/day; 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.  
(n = 5).*P<0.05 vs. normoxia; †P<0.05 vs. INH8
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increased HK1 protein levels in the LV (by 99 %, 95 %, and 86 % in CNH, INH-23, and INH-
8 groups, respectively), but did not affect HK1 mRNA levels. Interestingly, adaptation to 
hypoxia affected neither mRNA nor protein levels of HK1 in the RV (Fig. 2A, B). All regimens 

Fig. 1. Expression of CK isoforms in the left (LV) and right (RV) ventricles. The relative levels of CKM mRNA 
(A), CKM protein (B), CKB mRNA (C), and CKB protein (D), mtCKs mRNA (E) and mtCKs protein (F) are ex-
pressed as a percentage of total amount determined in myocardial LV and RV preparations from normoxic 
rats (N), from rats adapted to continuous hypoxia (CNH), intermittent hypoxia for 23 h/day (INH-23), and 
intermittent hypoxia for 8 h/day (INH-8). Values are mean ± S.E.M. (n = 5). * P < 0.05 vs. N.

Fig. 2. Expression of HK1 and HK2 
isoforms in the left (LV) and right 
(RV) ventricles. The relative levels 
of HK1 mRNA (A), HK1 protein 
(B), HK2 mRNA (C), HK2 protein 
(D) are expressed as a percentage 
of total amount determined in 
myocardial LV and RV preparations 
from normoxic rats (N), from rats 
adapted to continuous hypoxia 
(CNH), intermittent hypoxia for 23 
h/day (INH-23), and intermittent 
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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of hypoxia up-regulated both mRNA (by 74-112 %) and protein (by 94-113 %) level of HK2 
in the LV. In the RV, the protein expression of HK2 remained unchanged and mRNA level 
increased only in the INH-8 group (Fig. 2C, D).

Adaptation to hypoxia markedly increased CK activity in the LV by 41 % (CNH), 43 % 
(INH-23), and 40 % (INH-8), which was in agreement with the enhanced expression of mtCKs 

increased HK activity in the LV by 32 % (CNH), 23 % (INH-23), and 29 % (INH-8), which was 
in line with the up-regulation of HK1 and HK2 protein levels. The HK activity in the RV was 
higher than in the LV already under normoxic conditions and chronic hypoxia resulted in 
further increases by 67 % (CNH), 75 % (INH-23), and 21 % (INH-8) (Fig. 3B).

than HK2 in the normoxic LV and RV, which is in accordance with our previous study [43]. 
In addition, a higher co-localization of HK1 with mitochondria, compared to HK2, was also 
observed in the RV of CNH rats. However, adaptation to CNH did not affect the mitochondrial 
co-localization of both isoforms in the LV as well as in the RV, compared to the normoxic 

in pilot experiments on isolated rat hearts exposed to 
ischemia. Compared to non-ischemic controls, co-localization of HK2 with mitochondria 
was substantially increased in as indicated by the Pearson´s
control and 0.68 for ischemic hearts.

Discussion 

The present study demonstrated that adaptation of rats to different regimens of 

in accordance with an increased expression of mtCKs and CKB isoforms. In view of the fact, 
that CKB represents a minor isoform in the mature heart, we can assume that the increase of 
total CK activity under hypoxic conditions can be attributed mainly to mtCKs. This suggests 
that up-regulation of mtCKs and increase of its activity induced by chronic hypoxia may 
represent a compensatory mechanism engaged in improving oxidative energy metabolism. 

Fig. 3. 
activity are expressed as units per gram protein (U/g) in myocardial LV and RV preparations from normoxic 
rats (N), from rats adapted to continuous hypoxia (CNH), intermittent hypoxia for 23 h/day (INH-23), and 
intermittent 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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Adaptation to hypoxia leads to mitochondrial biogenesis manifested by the increased 
number and decreased size of mitochondria [46]. This process is regulated by mitochondrial 
transcription factor A (TFAM) under conditions of impaired mitochondrial energy supply 
[47]. It can be assumed, that TFAM also plays a role in transcriptional regulation of mtCKs 
leading to stimulation of oxidative phosphorylation [18, 19]. The up-regulation of CKB 
points to the activation of fetal gene expression program, which is in line with the abundant 
evidence of hypoxia-induced metabolic changes resembling early developmental stages 
[39]. The increased expression of CKB together with the elevated total CK activity was 
observed also in the RV, where mtCKs expression remained unchanged. This may imply that 
the increase of total CK activity is at least partially related to the phosphorylation of CKB 
mediated, for example, by protein kinase C (PKC), which leads to increased CKB activity [48, 

supply for energy-requiring processes at low PCr levels [49], which may be likely required 
also during hypoxia. Our results showed a discordant trend in the expression 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, although it 
is known that mtCKs is regulated by the same transcription factors from the MyoD and Mef2 
family of proteins as CKM [51].

Fig. 4. Representative qualitative images of transversal cross cryosections showing the co-localization of 
HK1 and HK2 with mitochondria in the myocardial left (LV) and right (RV) ventricles from normoxic rats 

HK2 staining and blue color indicates the nuclear 4',6-diamidino-2-phenylindole (DAPI) staining. Red color 
represents the distribution of the mitochondrial compartments (I-V complexes). The increase in yellow-
orange color indicates an increased co-localization of HK1 and HK2 with mitochondria expressed as the 

n = 5). + P < 0.05 vs. corresponding HK1.

http://dx.doi.org/10.1159%2F000356671


Cell Physiol Biochem 2014;33:310-320
DOI: 10.1159/000356671
Published online: January 31, 2014

© 2014 S. Karger AG, Basel
www.karger.com/cpb 317

Waskova-Arnostova et al.: Mitochondrial CK and HK in Hypoxic Heart

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

Adaptation to chronic hypoxia causes a shift from lipid oxidation to glycolysis [52], 

in line with other studies [53, 54]. This can be related to an increased expression of HK1 
and HK2, which we observed only in the LV. Another possible explanation of enhancing HK 

kinase (AMPK) [55] or in changes in the enzyme tertiary structure [56]. AMPK is activated 
by hypoxic stimuli [57] and, beside of regulating HK2 [58], it also inhibits CKM activity by 
phosphorylation [59]. In addition, the enhancement of HK activity can be achieved by its 
greater association with mitochondria. It has been shown that Akt kinase phosphorylates 
HK2 and stimulates its translocation to the mitochondria [29]. However, this mechanism 
does not seem to play a role in the stimulation of HK activity in our experimental conditions, 
because we did not observe any increase in mitochondrial co-localization of HK isoforms 
after adaptation to hypoxia. Nevertheless, it should be mentioned that the present HK assay 

the localization of the enzyme molecules. Therefore, the disproportionately smaller increase 
of HK activity as compared to the higher increase of HK expression in our study may rather 

mitochondria. It seems that the present regimens of chronic normobaric hypoxia, similarly 
as the ischemic preconditioning, could stabilize the binding of HK with mitochondria. 
Recently, Pasdois et al. have reported that ischemic preconditioning does not increase the 
HK2 association with mitochondria but reduces its loss from mitochondrial membrane 
during prolonged ischemic insult, thereby reducing cytochrome c release, oxidative stress, 
and probability of permeability transition pore opening [60]. It remains to be determined 
whether similar effects may contribute to the ischemia-resistant phenotype of chronically 
hypoxic hearts.

Surprisingly, we found discordant changes in the expression of HK1 and HK2 at 

unchanged. It has previously been observed that adaptation to hypoxia stabilizes the hypoxia 
inducible factor 1, which potentiates HK2 transcription [61]. Experiments on Saccharomyces 
cerevisiae revealed that HK2 can activate its own transcription and repress transcription of 
HK1 [62], but this regulatory mechanism has not yet been described in mammalian cells.

expression of mtCKs and both HK isoforms. While the increased expression was observed in 
the LV, the RV myocardium remained unaffected. This may be related to the fact that both HK1 
and HK2 exhibited higher expression levels in the RV than in the LV already under normoxic 
conditions [43]. Unlike the LV, the RV is exposed to an increased workload due to hypoxic 
pulmonary hypertension leading to hypertrophy, which may account for the absence of any 
up-regulation of these enzymes. 

In conclusion, our study has demonstrated the similar effects of three different 
hypoxic regimens on CK and HK isoforms in the myocardium of adult rats. Up-regulation 
of mitochondrial CK and HK and their activities may lead to a higher stimulation of the 
respiratory chain via ADP recycling, which can reduce formation of ROS and thus help to 
prevent oxidative stress and maintain energy homeostasis during hypoxia. Although we 

excluded that CK and HK may play a role in the cardioprotective mechanisms induced by 
chronic hypoxia.
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