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Introduction
Heart failure syndrome is an aspect of primary 
or secondary heart disease and is associated with 
decompensation, formation, and activation of 
pathological interactions between components of 
neurohumoral regulation systems. This state is also 
characterized by myocardial energy metabolism 
suppression (Lopaschuk et al., 2010). For example, 
systolic dysfunction is associated with adrenal system 
activation, leading to heart rate acceleration. This 
catecholamine-induced action provokes increased 
oxygen demand in the myocardium, increased free 
fatty acids (FFA) consumption as an energy resource, 
adenosine diphosphate (ADP) accumulation, and 
negative inotropic effect. These conditions are well 
observed in chronic sympathetic hyperactivity in heart 
failure (Opie et al., 1979; Liu et al., 2001; Neubauer, 

2007; Scwenk and Luiken, 2008; Fukushima and 
Lopaschuk, 2016).
The main substrates for adenosine triphosphate (ATP) 
formation in the myocardium are carbohydrates and 
FFA (Lopaschuk et al., 2010). The energy resources 
include the following: triglycerides (TG), long-chained 
fatty acids, glucose, glycogen, lactate, pyruvate, 
ketone bodies (acetoacetate and beta-hydroxybutyrate) 
and in some cases amino acids (leucine, valine, 
and isoleucine). Listed substrates are degraded to 
intermediates, which then are included to Kreb’s cycle 
as an acetyl-coenzyme A (ACoA) or as a metabolic 
equivalent. During the utilization of these substrates 
a proton is generated, forming an electrical potential 
between mitochondrial membranes, and ADP to ATP is 
phosphorylated through the respiratory chain (Tian and 
Abel, 2001; Ingwall, 2009; Shibayama et al., 2015).
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Abstract
Background: Heart failure syndrome is an aspect of primary or secondary heart disease and is associated with 
decompensation, formation, and activation of pathological interactions between regulation systems. This results in 
myocardial energy metabolism alteration. This study was carried out to defy some metabolic aspects of myocardial 
tissue insulin resistance (IRM) development in canine heart failure.
Aim: To investigate the myocardial tissue concentration of adenosine triphosphate (ATP), glucose transporters 1 and 
4, pyruvate dehydrogenase (PDH), hexokinase 2, insulin receptor (InsR), and adropin (ADR) protein and to screen 
metabolic changes and IRM in canine myocardium with heart failure.
Methods: We studied 28 dogs of different sexes, ages, and breeds. Groups were formed according to primary 
pathology: apparently healthy dogs (HD, n = 6); dogs with CDVD (CDVDD, n = 8); dogs with DCM (DCMD, n = 
6); and dogs with doxorubicin chemotherapy and doxorubicin-induced cardiomyopathy (DoxCMD, n = 8). Animals 
in the study were diagnosed for primary disease by standard methods and algorithms. Animals were euthanized due 
to incurable neurological disease, refractory heart failure, or by owners will. The material was obtained immediately 
after death, fixed in liquid nitrogen, and stored in −80°C refrigerator. Studied proteins concentrations were analyzed in 
a specialized research laboratory, using ELISA kits, provided by Cloud-Clone Corp.
Results: ATP, GLUT1, and GLUT4 concentrations in myocardial tissue from the valvular disease group did not 
differ from the HD group. In CDVD, we found depression of PDH, hexokinase II (HX2), and ADR concentrations in 
comparison to HD. InsR was significantly lower in the CDVD and DoxCMD groups in comparison to the HD group, 
but in the DCM group, it was twofold higher than in the HD group. In the DCMD and DoxCMD groups, all parameters 
were lower than in the HD group. ATP, HX2, ADR, GLUT1, and GLUT4 were higher in the CDVD group, than in the 
DCM and DoxCM groups. PDH in the CDVD and DoxCM groups did not differ. PDH was depleted in the DCM to 
CDVD and DoxCM groups. InsR did not differ between the CDVD and DoxCM groups, but was upregulated in the 
DCM to CDVD and DoxCM groups.
Conclusion: Development of myocardial tissue IRM is a part of the structural, functional and metabolic remodeling 
in dogs with heart failure of different etiology. At the late stages, we found significant changes in energy supply 
availability and production in the myocardium.
Keywords: Canine, Cardiomyopathy, Heart failure, Insulin resistance, Myocardial metabolism.
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This dispersion in substrates for uniform energy 
fuel is a base for several concepts: (1) myocardial 
metabolism is adaptive to the whole organism state 
and substrates are available and can be autonomically 
changed for more suitable energy supply; however, in 
heart failure this flexibility is limited; (2) myocardial 
metabolism is automatically regulated and all 
metabolic intermediates are mediators controlling 
metabolism pathways and their intensity (Randle’s 
cycle); (3) intermediates can be used for cell structure 
synthesis and, at the same time, degrading cell’s 
components can be utilized as energy resource; (4) 
metabolic alterations and intermediates accumulation 
can damage cells’ proteins and alter the ability 
of cardiomyocytes to contract; (5) myocardial 
metabolism is not “cell chemistry”, but it is a 
functional unit with its structure and mediators which 
controls cardiomyocytes adaptability (Taylor et al., 
2001; Knupfer and Beckstein, 2013).
The diversity of heart failure etiology in dogs has a wide 
specter. The most common diseases that cause heart 
failure in dogs are chronic myxomatous degenerative 
valvular disease (CMDV, CDVD, and MVD), dilated 
cardiomyopathy (DCM), arrhythmogenic right 
ventricular cardiomyopathy, primary or secondary 
pulmonary arterial hypertension, myocarditis, toxic 
alterations (doxorubicin), and inherited diseases. 
Most of them are characterized by cardiac chambers 
dilatation, systolic and diastolic dysfunction, and 
associated arrhythmias. 
In this study, we tried to defy some metabolic aspects 
and markers of myocardial tissue IRM development in 
most common heart diseases of dogs (CDVD, DCM, 
and doxorubicin-induced cardiomyopathy/DoxCMD) 
and compare them with clinically healthy animals to 
elucidate myocardial metabolic remodeling occurring 
in heart failure.

Material and Methods
In this work, we studied 28 dogs of different sexes, 
ages, and breeds. All dogs were patients of veterinary 
clinics in Saint Petersburg, Russia. Groups were 
formed according to primary pathology: apparently 
healthy dogs (HD, n = 6); dogs with CDVD (CDVDD, 
n = 8); dogs with DCM (DCMD, n = 6); and dogs with 
doxorubicin chemotherapy (DoxCMD, n = 8).
This study aims to elucidate some metabolic aspects 
attributed to glycolysis and glucose oxidation of each 
disease. The object of the study is the myocardium. 
The material was obtained immediately after death. 
Samples for the metabolic study were taken from the 
apical part of the left ventricular free wall and fixed 
in liquid nitrogen at once and were stored in −80°C 
refrigerator.
Animals in the study were diagnosed for primary 
disease by standard methods and algorithms (clinical 
findings, anamnesis, blood analyses, radiography, 
echocardiography, electrocardiography, and blood 

pressure measurement). Patients without signs of heart 
failure were euthanized due to the low quality of life 
(most of them had primary neurological disease). Dogs 
from the other groups were euthanized due to refractory 
heart failure, unsuccessful neoplasia treatment, or by 
owners’ will due to low quality of life. Obtaining 
samples was agreed upon by the owners. 
For biochemistry analysis, we used ELISA kits, provided 
by Cloud-Clone Corp. (Katy, TX), which included the 
following: total ATP, pyruvate dehydrogenase (PDH), 
hexokinase II (HX2), Adropin (ADR), GLUT1 and 
GLUT4, and insulin receptor (InsR).
Statistical analysis was carried out on STATISTICA 7.0 
software, using Fisher’s exact test and Mann–Whitney 
criteria.
Ethical approval
The scheme of this study was ethically approved 
on clinical conference and by Research Standard 
department of Almazov National Medical Research 
Center.

Results
The group of dogs without cardiac disease (HD) 
included animals with absent signs of heart dysfunction 
observed by echocardiography and electrocardiography 
methods. The reasons for euthanasia in this group were 
neurological diseases (epilepsy, local traumas of the 
cervical and thoracic spine, and neoplasm of brain and 
spinal cord), where the treatment was unsuccessful or 
was associated with low quality of life. Euthanasia was 
carried out with owners’ will.
Results obtained from biochemical studies were used 
as criteria of apparently physiological condition. 
In parallel, the data were compared with available 
information from studies of other species, and our 
previous studies on myocardial metabolomics in dogs 
with heart failure.
Observed ATP concentration in the HD group showed 
a sufficient amount of macroergic phosphates for 
myocardium contractility energy supply (Table 1). 

Table 1. ATP concentration in the myocardium.

Group ATP concentration  
(mmol/mg of wet tissue)

HD (n = 6) 3.8 ± 0.40
CDVDD (n = 8) 4.16 ± 0.64b,g,j

DCMD (n = 6) 0.54 ± 0.27a,d,i

DoxCMD (n = 8) 0.72 ± 0.17a,d,l

ap ≤ 0.01 in comparison to HD.
bp ≤ 0.05 in comparison to HD.
dp ≤ 0.01 in comparison to CDVD.
gp ≤ 0.01 in comparison to DoxCM.
ip ≤ 0.005 in comparison to DoxCM.
jp ≤ 0.01 in comparison to DCM.
lp ≤ 0.005 in comparison to DCM.
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These data converge with metabolomic studies from 
rats and our previous results.
Unfortunately, the physiological concentration of 
Adropin, PDH, HX2, GLUT1, and InsR for dogs is not 
described in the available literature. Due to this fact, we 
accepted that information obtained from the HD group 
as it is mostly unaltered and characterizes physiological 
condition (Tables 2–4). 
ATP concentration in myocardial tissue from the 
CDVD group did not differ from this parameter in 
the HD group (p ≥ 0.05). Additionally, GLUT4 and 
GLUT1 protein concentrations were similar to these 
parameters in HD (p ≥ 0.05 for both). In other CDVD 
group measurements, we discovered the statistically 

strong depression of PDH, HX2, ADR, and InsR (p ≤ 
0.01, for each) in myocardial tissue in comparison to 
the HD group. 
All parameters observed in the DCMD and the 
DoxCMD groups were statistically lower than that in 
the HD group (p ≤ 0.01, except GLUT1 for DCMD). 
Nonetheless, there were differences in heart failure 
groups. ATP concentration was significantly higher in 
the CDVD group than in the DCMD and DoxCMD 
groups (p ≤ 0.01, for both), but this parameter did 
not differ between DCMD and DoxCMD group (p ≥ 
0.05). As for PDH, we observed the non-statistically 
significant difference between the concentration of the 
protein in the CDVD and DoxCMD groups (p ≤ 0.05) 
and, at the same time, PDH concentration was severely 
depleted in DCM group to CDVD (p ≤ 0.01) and 
DoxCMD (p ≤ 0.01) groups. HX2 protein concentration 
in myocardial tissue was statistically lower in both 
DCM and DoxCMD groups than in CDVD group (p 
≤ 0.01), but did not significantly differ between each 
other (p ≥ 0.05). Adropin was depleted in the DCMD 
group in comparison to CDVD (p ≤ 0.05), but in the 
DoxCMD group, there was a great lack of the protein 
comparing both with DCMD and CDVD (p ≤ 0.01) 
groups. As for glucose transport system, we found 
that GLUT4 concentration was significantly depleted 
in both DCMD and DoxCMD groups compared to 
CDVD (p ≤ 0.01); at the same time, we observed 
lower concentration of this protein in DoxCMD group 
in comparison to DCMD group, but this fact was not 
statistically proven (p ≥ 0.05). GLUT1 proteins were 
severely depleted in both DoxCMD to CDVD (p ≤ 
0.01) group; also, GLUT1 was significantly lower in 
DoxCMD to DCMD (p ≤ 0.01). In the DCMD group, 
GLUT1 was significantly increased to CDVD and 
HD (p ≤ 0.01). InsR protein differed non-significantly 
between CDVD and DoxCMD groups (p ≥ 0.05). This 

Table 2. GLUT1 and GLUT4 concentrations in the 
myocardium.

Group GLUT4  
(ng/mg of wet tissue)

GLUT1  
(ng/mg of wet tissue)

HD  
(n = 6) 127.48 ± 18.76 285.81 ± 61.79j

CDVDD  
(n = 8) 111.27 ± 14.67b,g,j 288.14 ± 37.85b,g

DCMD  
(n = 6) 48.99 ± 21.81a,d,i 516.95 ± 77.57a,d,j

DoxCMD  
(n = 8) 38.68 ± 15.16a,d,l 74.04 ± 0.25a,d,g

ap ≤ 0.01 in comparison to HD.
bp ≤ 0.05 in comparison to HD.
dp ≤ 0.01 in comparison to CDVD.
gp ≤ 0.01 in comparison to DoxCM.
ip ≤ 0.005 in comparison to DoxCM.
jp ≤ 0.01 in comparison to DCM.
lp ≤ 0.005 in comparison to DCM.

Table 3. InsR protein and Hexokinase2 concentrations in the 
myocardium.

Group InsR  
(ng/mg of wet tissue)

HX2  
(ng/mg of wet tissue)

HD  
(n = 6) 3,780.06 ± 499.64j 3,221.94 ± 862.01

CDVDD  
(n = 8) 513.34 ± 93.45a,g,j 2,034.79 ± 581.59a

DCMD  
(n = 6) 6,943.26 ± 955.38a,g 605.1 ± 157.22a,d,i

DoxCMD  
(n = 8) 464.08 ± 210.54a,f,j 637.25 ± 94.30a,d,l

ap ≤ 0.01 in comparison to HD.
dp ≤ 0.01 in comparison to CDVD.
fp ≥ 0.05 in comparison to CDVD.
gp ≤ 0.01 in comparison to DoxCM.
ip ≤ 0.005 in comparison to DoxCM.
jp ≤ 0.01 in comparison to DCM.
lp ≤ 0.005 in comparison to DCM.

Table 4. Adropin and PDH concentrations in the 
myocardium.

Group Adropin  
(ng/mg of wet tissue)

PDH  
(ng/mg of wet tissue)

HD  
(n = 6) 7.04 ± 1.88 9.53 ± 0.66

CDVDD  
(n = 8) 3.23 ± 0.93a,k,g 3.52 ± 0.88a,g,j

DCMD  
(n = 6) 1.77 ± 0.72a,d,g 1.16 ± 0.30a,d,g

DoxCMD  
(n = 8) 0.46 ± 0.25a,d,j 2.77 ± 0.7a,e,j

ap ≤ 0.01 in comparison to HD.
dp ≤ 0.01 in comparison to CDVD.
ep ≤ 0.05 in comparison to CDVD.
gp ≤ 0.01 in comparison to DoxCM.
jp ≤ 0.01 in comparison to DCM.
kp ≤ 0.05 in comparison to DCM.
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parameter was several times higher in the DCMD 
group in comparison to the CDVD, HD, and DoxCMD 
groups (p ≤ 0.01).

Discussion
In this study, we did not find significant differences 
between HD and CDVDD groups in ATP concentration. 
This could be explained by the fact, that heart 
failure associated with degenerative valvular disease 
does not have enough influence to alter the energy 
supply in the myocardium. Thus, we can suppose 
metabolic dysregulation does not play the main 
role in the development of systolic and diastolic 
dysfunction, it mostly depends on volume overload 
and decompensation in the Frank–Starling mechanism 
(Mercadier et al., 1987; Komamura et al., 1994).
From heart failure studies we can see adaptive changes 
in metabolic and protein profiles, which lead to 
increased production of heavy chains of myosin and 
BB-isomer of creatine kinase (CK). These changes are 
a part of the shift to fetal metabolic profile, which helps 
to sustain effective work in conditions of decreased 
oxygen and energy supply. Moreover, the part of this 
shift is imbalanced between the expression of GLUT1 
and GLUT4. This could be explained by two models: 
(1) decreased insulin sensitivity leads to suppression of 
GLUT4 trafficking to a membrane (although the protein 
concentration is still stable and we see this in cases of 
CDVD); (2) absolute depletion of GLUT4 proteins and 
a compensatory increase in GLUT1 (which is still a 
part of tissue IRM on late stages) (Schulz et al., 1997; 
Friehs et al., 1999; Tokarska-Schlattner et al., 2005; 
Kolwitcz and Tian, 2011; Taegetmeyer et al., 2016). In 
our study, we did not recognize changes in GLUT4 and 
GLUT1 expressions in comparison to HD group. 
In the previously mentioned concept of IRM, there 
is a fact of unchanged expression of proteins or 
microRNA of GLUT4, despite alterations in exocytosis 
of transporting molecules (Friehs et al., 1999; Ventura-
Clapier, 2004; Fazakerley et al., 2009). In our study, we 
did not elucidate the factor of GLUT4 trafficking, but 
this concept could be a marker of a silent or hidden IRM 
in terminal stages of CDVD-dependent heart failure.
In the CDVD group, we found a significant decrease 
in InsR expression in comparison to HD. Therefore, 
we can suppose that this can influence on IRM 
development due to decreased intensity of GLUT4 
exocytosis (without absolute protein concentration 
changes) and suppression of glucose utilization. This 
is also connected with the suppression of PDH and 
HX2 expression in myocardial tissue. The depletion 
of intermediates of glucose metabolism firstly leads 
to suppression of HX2 synthesis, then to decreased 
availability of pyruvate suppress PDH and such 
depletion activates beta-oxidation of FFA. This kind of 
IRM development should be monitored as a complicated 
mechanism of interactions: increased demand in energy 

substrates, stromal myocardial remodeling, changes 
in vascular architecture and oxygen delivery, adrenal 
system overactivation, and possibly, parasympathetic 
suppression. Human medicine defines that IRM 
is developed during the stage of New York Heart 
Association classification and adrenaline/noradrenaline 
effects are significant (Stanley et al., 2005; Ashrafian 
et al., 2007). 
During heart failure development, beta-oxidation of 
FFA as a main resource of energy accentuates, leading 
to migrating GLUT4 availability and suppressing 
of genes associated with InsR, PDH and GLUT4 
resynthesis (Schulz et al., 1997; Ashrafian et al., 2007). 
Moreover, during the first stages, exocytosis of GLUT4 
is increased, but then endocytosis becomes altered 
(this is a side effect of catecholamines) (Yang and 
Holman, 2005; He and Liu, 2007). This pathogenetic 
mapping is supported by ADR changes. Almost a 
twofold-decreased ADR concentration elucidates IRM. 
Therefore, decreased concentrations of InsR, PDH, and 
HX2 increased FFA consumption, GLUT4 translocation 
inhibition, leading to ADR secretion suppression by 
feedback principle (Aydin et al., 2015).
To summarize, in the CDVD group the main parameters 
of myocardial metabolism were stable, according to our 
previous study (Oleynikov, 2017). However, in detail, 
we found markers of developing IRM, which decreases 
liability of myocardial energy supply and worsen the 
adaptation to heart failure.
Next, we observed several characteristics of DoxCMD 
myocardial metabolism. Energy production in DoxCMD 
is severally suppressed which is sustained by extremely 
low concentrations of ATP. This alteration is associated 
with multistage failure in metabolism. First of all, we 
analyze aspects of the glycolytic system. Previously, 
we described changes in myocardial lactate and 
pyruvate concentrations, LDH and general CK activity 
(Oleynikov, 2017). These results showed depressed 
glucose utilization and a decrease in intermediates 
production. This was the base of our opinion of PDH 
block due to Randle’s cycle activation (Randle et al., 
1963; Scwenk and Luiken, 2008; Lopaschuk et al., 
2010). This is sustained by the fact that tissue lactate 
level characterizes glycolysis intensity and metabolites 
exocytosis. However, decreased glucose traffic to the 
cell leads to suppression of intermediates production 
(especially glucose-6-phosphate) and the suppressing 
of HX2 activity. Hexokinase is one of the threshold 
enzymes for glucose metabolism, because HX activity 
stays unchanged, which is a reason of glycolysis 
limitation in energy supply despite its increased 
demand (due to energy starvation) and microRNA 
expression (Ritchie and Delbridge, 2005; Lionetti et 
al., 2007; Scwenk and Luiken, 2008; Ardehali et al., 
2012; Taegetmeyer et al., 2016). Decreased glucose 
utilization leads to depletion in pyruvate for oxidation. 
This condition is associated with Kreb’s cycle alteration, 
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due to metabolites “loss” (fumarate, succinate, malate, 
oxoglutarate) and acceleration of this process during 
heart failure, insufficiency of pyruvate decreases 
the ability to sustain the number of lost metabolites 
(Scwenk and Luiken, 2008). Pyruvate insufficiency 
also leads to decreased lactate production and changes 
in the redox potential of cytoplasm. Alteration of 
NAD/NADH ratio (associated with suppression of 
NAD-dependent enzymes) elucidates a decrease of 
macroergic phosphates production. In conditions 
of suppressed ATP production, the activity of NAD 
utilization and restoration decreases and negatively 
affects enzyme activity. Also increased NAD could be a 
consequence of mitochondria damage due to oxidative 
stress (Jang et al., 2012). The study showed that 
doxorubicin can damage mitochondrial complex 1 and 
provoke hydroxyl radicals overproduction (Daviest and 
Doroshow, 1986; Weinstein et al., 2000). Therefore, we 
can suppose two reasons for decreased LDH activity: 
depleted glycolysis and Dox effect on NAD-dependent 
dehydrogenase systems (inability to restore pyruvate 
from available lactate) (Garcia et al., 1994; Johannsson 
et al., 1997; Van der Vusse et al., 2000; Outomuro et 
al., 2007).
In heart failure, there is an adrenal system overactivation 
that leads to increased catecholamines circulation and, 
as a consequence, lipomobilisation and increased FFA. 
Overutilization of FFA in myocardial metabolism 
leads to PDH and glycolysis block. In the case of 
DoxCM, this is worsened by suppression of CPT- 
and NAD-dependent systems. This associated with 
slowed utilization of cytosolic FFA and conversion 
of them to the TG. They are stored as lipid droplets in 
the cytosol. While the demand for energy substrates 
stays high and glycolysis is blocked, these droplets 
are included in “energy–waste” cycles of degradation 
and stabilization, with side production of ceramides, 
ROS, and activation of uncoupling protein 3 (energy 
production is dismissed by heat production) (Opie et 
al., 1979; Sack et al., 1996; Taylor et al., 2001; Scwenk 
and Luiken, 2008; Jastroch et al., 2010). In parallel, 
Dox alters CK activity, blocking its connection to the 
outer mitochondrial membrane and transport of ATP to 
creatine (Wallimann et al., 1992; Tokarska-Schlattner 
et al., 2005; Taegetmeyer et al., 2016).
We also found the depletion of GLUT1 and GLUT4 
proteins, which is the reason for decreased activity 
PDH, HX2, and development of tissue IRM (Randle 
et al., 1963; Schulz et al., 1997). Decreased PDH and 
HX2 show not only a metabolic remodeling but also a 
significant decrease in glucose intracellular transport, 
leading to feedback decrease in the synthesis of HX2, 
pyruvate production, cytosol acidosis, and PDH 
deactivation (Razeghi and Young, 2001). In the study 
of Mouline et al. (2015), DoxCMD was associated 
with decreased activity of AMPK, ACoA carboxylase, 
suppression of GLUT4, and HX2 (correlated with 

AMPK depression). In parallel, PDK4 activity was 
increased, which is associated with PDH activity 
block and decrease of glucose utilization (Korvald, 
2000; Ashour et al., 2012; Mouline et al., 2015). In 
experimental work with rats, the DoxCM-associated 
IRM was admitted, and was associated with decreased 
microRNA and proteins of GLUT4 and AMPK. This 
could be explained by Dox-assisted inhibition of InsR 
and GLUT interactions (de Lima et al., 2016). In the 
DoxCMD group, InsR was depleted too, which leads 
to changes in the synthesis of Insulin–InsR–GLUT4 
axis proteins. To sum up, FFA oxidation overactivation 
and Dox effect (PDH, HX2, and mitochondria) cause 
changes in GLUT trafficking providing IRM, resulting 
in InsR suppression and finishing in stable IRM vicious 
circle. 
Adropin is a new marker of tissue glucose metabolism. 
It is produced in the heart and could be a specific marker 
of tissue IRM development. In some studies, ADR is 
associated with heart failure stage. In our study, we 
tried to determine connection between development of 
heart failure and changes in ADR expression. ADR was 
significantly depleted in DoxCMD and could be estimated 
as a consequence of metabolic decompensation. This 
data is consistent with the tendency admitted to heart 
failure but differs from available sources. One of the 
studies, elucidating changes in copeptin, irisin, and 
adropin under Dox effects, showed increased ADR 
concentrations in myocardium and plasma on the 14th 
day of the experiment (Aydin and Kuloglu, 2013). In 
our study, we defined a tremendous decrease of ADR 
in the myocardium. It could be explained by some 
facts: doses (cumulative dose was higher in mg/kg), 
chronic mechanism of heart failure onset. A described 
experiment on rats is an example of fast developed heart 
metabolic changes, while our work is a presentation 
of chronic heart failure due to the Dox-prolonged 
exposition.
In the DCMD group, we similarly admitted significant 
changes in energy supply. In our previous research, 
we found a slight decrease in lactate concentration 
and LDH activity (Nikolaidis et al., 2004). This could 
be explained by relatively saved glucose metabolism, 
due to the absence of additive Dox damage. Also, we 
admit that, despite the decrease of GLUT4 proteins in 
comparison to HD and CDVDD, GLUT4 was higher 
than in DoxCMD and increased InsR. This data can be 
explained as a marker of IRM development because 
energy starvation provides an increased expression 
of InsR, but active FFA oxidation suppresses GLUT4 
production and alteration of the Insulin–InsR–GLUT4 
axis. The glucose flux is modulated by increased 
GLUT1 expression. GLUT1 is a weak insulin-
dependent transporter, but insulin promotes GLUT1 
synthesis and sustains intercellular glucose flux. These 
modifications cannot transport enough resources for 
adequate glucose metabolism.
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In experimental works on dogs with DCM, GLUT4 
expressions did not change, but in studies with chronic 
infarct, this protein was severely decreased (Nikolaidis 
et al., 2004). In Nikolaidis’s study, tissue IRM was 
also admitted; markers of this state were associated 
with decreased FFA and glucose consumption and 
increased oxygen demand (desynchronization of 
glycolysis and oxidative phosphorylation). In this 
study, GLUT4 protein expression in tissues decreased; 
this fact correlates with increased circulated FFA, their 
utilization, and suppression of GLUT4 resynthesis 
being the feedback principle of Randle’s cycle. The data 
could be associated with high tonus of the sympathetic 
nervous system, associated catecholamine-mediated 
lipolysis, and AMPK activation (Nikolaidis et al., 
2004). The observed differences in these experiments 
could be explained by the fact, that Nikolaidis’s study 
was carried out during the early stages of heart failure 
(35–42 from DCM modulation) when the metabolic 
alteration was not developed. In Murray’s study, 
metabolic alterations seemed more prominent and 
this could be explained by the length of the period (70 
days) (Murray et al., 2006). In our study, dogs with the 
diagnosis of DCM were treated for about 200 days.
Prolonged active FFA utilization provides PDH and 
HX2 suppression. As it was previously mentioned, HX2 
is a limiting threshold for the Insulin–InsR–GLUT4 
axis, this state decreases the number of glycolysis 
metabolites (pyruvate). This condition leads to further 
activation of FFA utilization, PDH block (due to PDK4 
activation), decrease in pyruvate utilization, and its 
transformation to lactate (this metabolite was mostly 
unchanged in our previous study). 
Adropin was decreased in the DCMD group in 
comparison to HD and CDVD groups, but was higher 
than that in DoxCMD group. This fact could be 
explained by stimulating the role of ADR for glucose 
metabolism, as an alternative source of energy, but a 
long period of disease and development of IRM is the 
reason for the suppressed expression of ADR.

Conclusion
In conclusion, changes in myocardial metabolism 
associated with heart failure in dogs were described. 
Development of myocardial tissue IRM is a part of 
structural, functional, and metabolic remodeling in 
dogs with heart failure of different etiology. At the late 
stages, significant changes in energy supply availability 
and production in the myocardium were found. Further 
studies are needed to identify plasma markers for 
metabolic alteration, possible role, and treatment.
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