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The aim of the investigations was to verify early signs of heart failure decompensation and its progression in cardiosurgical patients
according to the dynamics of myocardial energy metabolism indices.

Materials and Methods. We examined 80 cardiosurgical patients, who had undergone artificial circulation surgeries in Nizhny
Novgorod Specialized Cardiac Surgery Clinical Hospital. A control group consisted of 40 healthy volunteers. The concentration of glucose
and high-energy compounds was determined by infrared spectroscopy of blood serum in the absorption band 1,200-1,000 cm™, typical for

phosphorus-containing compounds and glucose. To verify the concentration dynamics of fatty acids, gas chromatography was used.
Results. The study revealed the regularity of occurrence of life threatening conditions caused by changed direction of myocardial
energy metabolism: the accumulation of glucose and fatty acids in blood serum due to reduced glycolysis rate and intensity, and lipolysis
caused by myocardial oxygen deprivation and accompanying concentration change of high-energy compounds.
Conclusion. In heart failure decompensation and tissue hypoxia in myocardial cells there is the decrease of glycolysis and lipolysis
rate resulting in an increased concentration of glucose and fatty acids against a decreased concentration of adenosine triphosphoric acid
that still aggravates myocardial dysfunction and ischemia. The changes can serve as the early markers of life threatening conditions.
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Acute heart failure including acute decompensation
of cardiac failure is a life threatening condition requiring
an early diagnosis and immediate treatment [1-3]. In
recent years, great importance is given to the study of
capabilities of prognosis and progression prevention of
the disease, which is due to acute myocardial damage,
as a rule. It is the decompensation periods, when the
myocardium is damaged, that are of serious hazard to
a patient’s life, since the course of the disease changing
dramatically raising the risk of fatality [4].

The problem is the most urgent for cardiosurgical
patients, who can develop the postoperative
decompression of heart failure that level a positive effect
of high-technology, labor-intensive surgeries. Therefore,
the most significant things are to determine a surgical
risk and the disease prognosis in a postoperative period,
as well as the search of possible ways to reduce the
postoperative complication rate, and it is the reveal of
universal markers of cardiac failure that will enable to
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detect the negative trend and escape the development
of irreversible changes regardless the underlying
disease and accompanying pathology.

Numerous studies of heart failure etiology and
pathogenesis enabled to estimate the crucial
significance of myocardial energy metabolism changes
in the condition development. Currently, there are three
main theories of myocardial energy metabolism changes
resulting in myocardial metabolism impairments: cardio-
renal, cardio-circulatory and neurohumoral [5], however,
there is no agreement of opinion on the problem. On
the other hand, needless to say fatty acids is the basic
energy substrate of a cardiomyocyte under normoxia,
as they provide up to 60% of adenosine triphosphate
synthesis in a cardiomyocyte, while the oxidation of
lactate, glucose, and other substrates provides only up
to 40% of myocardial energy requirements [6].

Creatinine phosphate and adenosine triphosphate
synthesis are known to decrease in ischemia resulting
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in anaerobic glycolysis activation. Moreover, lactic acid
and only two molecules of adenosine triphosphoric
acid are synthesized from pyruvate that cannot provide
adequate energy requirements of the myocardium.
Lactate synthesized in excess is not just released from a
cell that is a reliable sign of myocardial ischemia but also
accumulates in cytosol resulting in intracellular acidosis
and further cardiomyocyte dysfunction [7].

Adenosine triphosphate hydrolysis causes the
formation of adenosine monophosphate, which against
acidosis activates kinase suppressing acetyl coenzyme
A carboxylase leading to the decreased synthesis
of malonyl-coenzyme A, and as a consequence, the
increase in carnitine palmitoyltransferase 1 activity.
As a result, mitochondria capture a large number of
fatty acids, and more acetyl coenzyme A is formed
that inhibits pyruvate dehydrogenase and disconnects
pyruvate glycolysis and oxidation. Cardiomyocyte
metabolism is switched to the oxidation of fatty acids [8].

When free fatty acids are used as energy substrate,
the efficiency of myocardial energy supply is 30% higher
than in case glucose is used. However, free fatty acids
utilization is known to be related to a higher oxygen
uptake that is wasteful for cardiomyocyte in ischemia.
If glucose is used as an energy substrate, the amount
of adenosine triphosphoric acid formed per 1 mol of
absorbed oxygen is 15% higher than in free fatty acids
utilization [6, 9, 10]. Thus, “oxygen cost” of an adenosine
triphosphate molecule formed in glucose utilization
is lower than that formed in free fatty acids oxidation.
Therefore, since the increased utilization of fatty acids to
provide the myocardial function results in an increased
oxygen uptake, the process serves as the most effective
way of energy production under normal myocardial
oxygenation, while under myocardial ischemia, the most
preferable way is glucose oxygenation, since this way is
less dependent on oxygen concentration [6, 7, 11].

Moreover, under oxygen deficiency, in a cell
underoxidized fatty acids accumulate that further
disconnects tissue respiration and contribute to
malfunction of cell membranes. The increase in fatty
acids leads to the change of ionic pump functioning,
sodium and calcium excess in a cell that breaks the
capability of cardiomyocytes to relax and contract. In
this situation, the necessity for using residual adenosine
triphosphate to maintain transmembrane ion gradients
aggravates the contractile dysfunction of cardiomyocytes
[6-8].

Impaired glucose tolerance is proved to have
preceded acute heart failure in 29% patients, and type 2
diabetes is firstly diagnosed in 21% patients with cardiac
decompensation. Moreover, the patients with acute
myocardial infarction were revealed to have significant
direct correlation between cardiac failure frequency and
fasting glucose [12].

Thus, initial hyperglycemia is known to provoke
heart failure development and progression; however,
there have been no studies on the importance of the
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secondary blood sugar level increase and impaired
lipid metabolism against the primarily existing and
progressive heart failure and in its decompensation,
which is particularly acute in an early postoperative
period in cardiosurgical patients.

The aim of the investigations was to verify
early signs of heart failure decompensation and its
progression in cardiosurgical patients according to the
dynamics of myocardial energy metabolism indices.

Materials and Methods. The clinical laboratory
study involved 120 patients, the work being performed
in two stages. The first stage revealed normal infrared
(IR) spectrum of the blood components, which are the
most informative for heart failure (group 1 patients), the
second stage revealed the dynamics of IR spectroscopy
findings in cardiac decompensation (group 2 patients).

Group 1 (control group) consisted of the volunteers
with no cardiac failure signs (n=40), and group 2 (study
group) included 80 cardiosurgical patients, who had
undergone artificial circulation surgeries in Nizhny
Novgorod Specialized Cardiac Surgery Clinical Hospital.
Patients' mean age was 57.21+4.38 years (from 29 to 68
years). Regardless the disease (coronary heart disease,
pulmonary and right heart embolism, valvular heart
disease) and its etiology, group 2 patients were divided
into three subgroups:

subgroup 2A involved the patients, who clinically had
had no severe heart failure in an early postoperative
period according to laboratory and instrumental findings
(n=50);

subgroup 2B involved the patients with evident signs
of decompensation and heart failure augmentation in
an early postoperative period with the following positive
answer to intensive care (n=20);

subgroup 2C included the patients with evident
decompensation signs and heart failure augmentation
resulted in lethality on day 3 (n=10).

The study was carried out in accordance with the
declaration of Helsinki (adopted in June 1964, Helsinki,
Finland and revised in October 2000, Edinburg,
Scotland) and was approved by the Ethics Committee
of Nizhny Novgorod State Medical Academy. All patients
gave their written informed consent.

Blood samples (5.0 ml) were taken from cubital vein
in group 2 patients in the morning, on the eve of the
surgery, as well as during a postoperative period on days
1-10; in group 1 at the same time and the same blood
sample volume was taken. The blood was centrifuged,
1,000 rpm for 15 min. The separated serum (1.0 ml) was
dried in a hot-air sterilizer in Petri dish at 25°C within
24 h. The dry serum residue was ground and suspended
in liquid paraffin.

IR spectra of dried blood serum were obtained on
spectrophotometers SPECORD IR-75 and M80 (Carl
Zeiss Jena, Germany), photometric error being 0.2%. We
determined the peak height of absorption bands, max
1,165 cm™ corresponding to IR spectra of nucleoside
triphosphate, and 1,005 cm~' corresponding to glucose
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IR spectrum [13]. In addition, we verified the maximum
peaks 1,050 and 1,025 cm™", since our previous studies
[14-16] revealed the information significance of the
relationship of absorption bands 1,005/1,050 (B, —
glucose) and 1,165 /1,025 (B,— ATP) for coronary heart
disease diagnosis.

To verify the concentration dynamics of fatty acids we
used gas chromatography being highly accurate, specific
and complementary to IR spectroscopy, which does not
enable to differentiate a particular substance from the
complex of compounds comprising CO group.

Methyl ethers of fatty acids were identified by
comparing the retention time of methylate standards of
higher fatty acids with chromatogram peaks. The data
were processed on hardware and software system
Chromatec (Russia). HFA were quantitatively assessed
by a normalization principle of peak areas of their
methylated derivatives.

Higher fatty acids were determined on a gas
chromatographic unit Chromos GKh-1000 (Chromos,
Russia) equipped by a plasma ionization detector
and capillary column with polyethylene glycol phase
(ZB FFAP 50 m x 0.32 m x 0.5 ym; Phenomenex,
USA) modified by nitro-terephthalic acid. The applied
equipment meets the technical conditions TU 9443-001-
52470488-2006.

The findings on higher fatty acids and glucose content
by the characteristics of blood serum infrared absorption
were processed by an application software package
Statistica 6.0 and Microsoft Excel using univariate
statistics. The findings were presented as M+m, where
M is arithmetic mean, and m is standard deviation.
The significance of differences of mean values was
determined by Student t-test using Bonferroni correction.
Paired intra- and intergroup mean values were also
compared by Wilcoxon and Mann—-Whitney tests. The
samplings were considered to belong to different general
populations if p=<0.05.

Results and Discussion. To assess the condition
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of energy metabolism components (higher fatty acids,
glucose) in decompensation, and in increase and
decrease of marked cardiac failure, we studied IR
spectral blood serum profile in cardiosurgical patients
that enabled to reveal at a single-step the most
significant changes of a wide range of compounds.

The findings of the relations of absorption peaks,
glucose content, the concentration of fatty acids:
saturated fatty acids (SFA), monounsaturated fatty acids
(MUSFA), arachidonic acid (AA) in blood serum of group
1 and group 2 patients in pre- and postoperative periods
(See the Table) show that all group 2 patients before
surgery had a significant initial increase in glucose
content in blood by 45.5% when ATP concentration
concurrently decreased by 67.7% compared to the norm
(p=<<0.001).

The obtained IR data correlate with standard
biochemical glucose assays (r=1.0).

In blood of all the patients on the first postoperative
day glucose content was significantly higher compared
to the initial data: on average, by 36.4% (p<0.001).
According to literature data [17, 18], in ischemia, glucose
oxidation is the preferable way. However, according to
our findings, glucose content in patients’ blood serum in
cardiac decompensation increases.

Thus, it is arguable that on a cell level, myocardial
ischemia is characterized just by the decrease
of glucose oxidation rate. Therefore, the use of
pharmaceutical preparations inducing glucose oxidation
should be considered as the most promising direction of
myocardial cytoprotection [19]. The work [20] has also
demonstrated the inhibition of both oxidation systems in
ischemia: both glucose and fatty acids, however, glucose
oxidation is inhibited to a greater degree. Therefore, to
prevent the decrease in intracellular ATP concentration,
glucose oxidation rate should be induced.

The study of SFA, MUSFA, and AA concentrations in
blood serum showed the patients with advanced heart
failure to have lower SFA content than in group 1 —

The change of carbohydrate and lipid metabolism metabolites in operated cardiosurgical patients (Mtm)

Patients’ groups Relations of absorption band peaks

and time of blood taking P, (glucose) P, (ATP)
Group 1 0.55£0.15 0.57+0.11
Group 2 before operation 0.80+0.09* 0.34+0.05*
Group 2 after operation:
day 1 1.2840.21* 0.2240.03*
day 3 (2A) 0.89+0.10* 0.2740.01*"
day 3 (2B, 2C) 1.0410.13* 0.1240.03*
day 6 0.73£0.09* 0.2740.01*"
day 9 0.63£0.05" 0.32+0.01*

Glucose content

Concentration of fatty acids (mass/%)

(mg/di) SFA MUSFA AA
88+22 36.5442.57 22.57+1.81 3.69+0.85
12045* 34.55¢1.13 28.25+1.22* 4.22+0.31
19550* 36.560.45" 25.64+1.43" 4.91+0.32
132411* 36.86£0.34" 29.86+0.45* 4.1440.23*
140411 31.96£0.31™  20.3240.25" 14.5043.26*"
11545+ 36.07£0.23 28.15£0.56* 3.74£0.11*
100£9* 36.25£0.24" 29.11£0.13* 3.58+0.01"

Note. P, P, the relationship of absorption bands 1,005/1,050 and 1,165/1,025; SFA: saturated fatty acids; MUSFA:
monounsaturated fatty acids; AA: arachidonic acid; * statistically significant values compared to the healthy volunteers
group (p=<0.001); ¥ compared to patients group in a preoperative period (p<0.001); * compared to patients group in first day

postoperative period (p<<0.001).
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by 6% on average (p=0.69), and higher MUSFA
concentration — by 25.1% on average (p<0.001). The
findings are consistent with the data [21] demonstrating
that in ischemia, lipolysis is energetically unfavorable,
since SFA are not spent during oxidation and, therefore,
MUSFA content is increasing. In addition, there is AA
content increased: by 14.4% on average (p=0.71), and
its metabolites play a key role in platelet aggregation
regulation and thrombogenesis. Thus, in ischemia due
to heart decompensation, lipolysis and glycolysis rate
decreases, i.e. oxidative substrates are not consumed,
and ATP content sharply decreases.

The findings are proved by the negative dynamics
of the relationship values of absorption band peaks of
these patients on the first postoperative day compared
to their parameters before the surgery. The Table
shows that on the first postoperative day, at the peak
of decompensation, there was the significant increase
of blood glucose — by 60% on average at concurrent
decrease of ATP concentration — by 55.2% on average
(p=<<0.001).

The analysis of gas chromatography findings in the
patients of this group showed the content of fatty acids
in blood to have changed in an early postoperative
period. The Table demonstrates SFA content in blood
of patients with developing heart failure in an early
postoperative period to increase by 6% on day 1, and
AA — by 16.3%, while MUSFA content decreased by
10.2% (p<<0.001). MUSFA are likely to be spent on AA
synthesis, the metabolites of which are consumed in an
early postoperative period.

Our studies demonstrate SFA in an early
postoperative period to accumulate in blood plasma of
patients, and according to literature data [6, 7], under
normal oxygen conditions, it is fatty acids that are the
main oxidative substrates. High level of glucose and fatty
acids suggests lipolysis and glycolysis rates to decrease
sharply. Therefore, at this time these patients have
energy metabolism imbalance associated with increased
heart decompensation.

On day 9 of the postoperative period the patients with
advanced heart decompensation (subgroup 2B) had
a significant decrease of glucose level in blood serum:
by 50% on average, and concurrent ATP concentration
increase — by 44.6% on average (p<0.001) compared
to day 1.

On day 9 of the postoperative period, MUSFA in
blood serum of these patients increased by 13.5%
(p=<<0.001) compared to day 1, while SFA level did not
change (p=0.955), and AA concentration decreased by
37.2% (p=<0.001). These changes are consistent with
clinical and echocardiography presentation with the
reduced intensity of the heart failure signs: alleviation
of breathlessness, edema, normalized heart rate
and arterial pressure, left ventricular ejection fraction
increase.

The analysis of gas chromatography findings revealed
a gradual decrease of body AA need, and therefore,
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MUSFA, which are AA substrate synthesis, are not
spent.

The study of the dynamics of glucose, fatty acids
and ATP within the first 10 postoperative days in most
patients of 2A subgroup — with no signs of heart failure
in an early postoperative period — revealed a general
tendency to the normalization of energy metabolism
values that is consistent with the changed clinical
presentation and echocardiography findings.

SFA total level does not change that suggests the
following: glucose is still used as the main oxidative
substrate for ATP, since in case of successful treatment,
the content of glucose, fatty acids, ATP, AA in patient’s
blood normalize on day 9 (p=<0.001). The fact that in a
postoperative period, glucose level keeps decreasing,
i.e. glucose is used as the main energy source, while
the content of fatty acids changes slightly, is inconsistent
with literature data [18] demonstrating that in normoxia,
primarily, lipolysis occurs.

Based on the findings, it can be expected that fatty
acids compared to glucose are the less effective ATP
source, since more oxygen is required to produce the
same amount of ATP when fatty acids are oxidized.
Therefore, to save oxygen, a cardiomyocyte uses
glucose as the main oxidative substrate.

Thus, the present study shows that in heart
decompensation and tissue hypoxia, in myocardial
cells the glycolysis and lipolysis rate decreases
resulting in an increased glucose level and fatty
acids against ATP decrease that still aggravates the
impaired cardiomyocyte function and ischemia. The
revealed regularity enables to assess objectively
qualitative and quantitative changes of blood serum
components in patients with heart failure, and reveal
the impairments accompanying the energy metabolism
changes in myocardiocytes under progressive heart
failure. Moreover, clinicians can screen the condition of
myocardial metabolic processes, determine the severity
of the metabolic changes at the earliest postoperative
period after cardiac artificial circulation surgery by
objectifying the prognosis of a postoperative course in
cardiosurgical patients, and justifying the choice of an
adequate and early correction of the treatment provided.

Conclusion. Energy metabolism indices such as
glucose and fatty acids can serve as early markers
of cardiomyocyte dysfunction and life threatening
conditions.
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