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Background. Myocardial energy homeostasis disruption plays a critical role in the development and progression of cardiovascular
diseases. Epinephrine-induced myocardial dystrophy (EMD) serves as a relevant experimental model for studying the effects of sympathetic
overactivation on myocardial tissue, including mitochondrial dysfunction, oxidative stress, and impaired carbohydrate metabolism.

Objective. This study aimed to elucidate the adaptive effects of porcine heart cryoextract on myocardial energy metabolism in a rat model of EMD.

Methods. Eighty-four male rats weighing 250-300 g were included in the study. EMD was induced by a single subcutaneous injection of
0.18% epinephrine tartrate solution at a dose of 5 mg/kg. Animals received intraperitoneal injections of cryoextract of porcine heart fragments
(50 pg of peptides per 100 g of body weight) daily for 14 days. The control group received an equivalent volume of 0.9% sodium chloride
solution. The reference group received amiodarone (10 mg/kg). Levels of adenine nucleotuides (ATP, ADP, and AMP) in myocardial tissue
were determined using high-performance liquid chromatography, and the myocardial energy charge was calculated.

Results. Treatment with cardiac cryoextract led to a statistically significant increase in ATP content and myocardial energy charge
compared to untreated controls. These findings suggest enhanced restoration of cellular energy metabolism and stabilization of the myocardial
bioenergetic state under pathological conditions.

Conclusions. The study demonstrated that porcine cardiac cryoextract exhibits pronounced cardioprotective properties by improving
myocardial energy processes in experimental myocardial dystrophy. These results support further research to explore its mechanisms of action
and potential clinical applications in cardiology.

Keywords: epinephrine-induced myocardial dystrophy, cardiac cryoextract, energy metabolism, adenine nucleotides, energy charge.
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Y po0oTi HaBeZIEHO Pe3yNIBTAaT! AOCII/UKEHHS BIUIUBY KPIOEKCTPAKTY CepIlsl Ha eHepreTHYHI MPOLECH y MiOKap/i IPH eKCIIepIMEHTANbHIH
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caMIisIM, OLiHIOBaIM e(eKTH BBEICHHS KPIOEGKCTPaKTy (pparMeHTIB ceplisi mopocst. [IpoBeneHO aHaii3 piBHIB aJEHUIOBUX HYKJICOTHAIB
(ATD, AID, AM®) Ta eHepreTHIHOTO 3apsiTy cepist K KpuTepiiB GyHKIIOHYBaHHS eHepreTHaHoro oOMiny. OTprMaHi pe3ynbTaTy CBig4aTh
PO 3ATHICTH KPIOSKCTPAKTy HOPMANi3yBaTH €HEPreTUYHMI OajaHC y cepueBiii TKaHWHI 3a yMOB marojorii. 3poctanHs piBHA AT Ta
SHEePreTHYHOTO 3apsTy IIC/sl BBEJCHHS SKCTPAKTY MOPIBHSHO 3 KOHTPOJEM BKa3y€ Ha aKTHBALiIO BiJHOBIIOBAIBHHX IMpoOIECiB. BussneHi
edeKTH MiAKPEeCIIo0Th NepPCIeKTHBHICT MOANBIION0 BUBYCHHS MEXaHI3MIB JIii KpPiOEKCTpakTy ceplil Ta MOMIMBOCTI HOTO KIIiHIYHOTO

3aCTOCYBaHHS Y KapIioNorii.

Kitrouogi ciioBa: anpeHaninoBa Miokapaioquctpodisi, KpioeKCTPAKT ceplis, HepreTHUHUI 00MiH, aIeHII0BI HYKJICOTHIU, CHEPIeTHIHHIT

3apsia.

Introduction

One of the key mechanisms in the pathogenesis of
many cardiovascular diseases is the disruption of energy
homeostasis in the myocardium, which is accompanied by
increased oxidative stress, mitochondrial dysfunction, and
alterations in cardiomyocyte metabolism. Such changes are
observed both in the context of generalized atherosclerosis
[1, 2] and under conditions of excessive stress load, which
becomes particularly relevant in wartime conditions [3].

Epinephrine-induced myocardial dystrophy (EMD) is
considered in this context as an experimental model that
reproduces myocardial injury under conditions of excessive
activation of the sympathoadrenal system [4, 5]. Although
this condition does not have the status of a separate clinical
entity in the International Classification of Diseases (ICD),
it reflects typical mechanisms underlying such clinical con-
ditions as heart failure, coronary artery disease, and stress-
induced cardiomyopathy [6, 7].

In this regard, there is growing scientific interest in
the search for cardioprotective agents capable of correct-
ing key pathobiochemical disturbances, in particular by
reducing oxidative stress and normalizing cellular energy
metabolism [8]. The contemporary concept of cardiopro-
tection is undergoing a shift from symptomatic treatment
to regenerative strategies, in which regulators of cellular
metabolism and tissue adaptation play a central role [9]. In
this context, natural extracts, among which cardiac cryoex-
tract is notable, are considered promising cardioprotective
agents with potential for metabolic and antioxidant modu-
lation [10].

Objective: To investigate the mechanisms of the adap-
tive action of cardiac cryoextract on myocardial energy
metabolism in a model of EMD.

Materials and methods

Experimental studies were conducted on 84 non-
linear male white rats weighing 250-300 g, maintained
under standard vivarium conditions. Epinephrine-
induced myocardial dystrophy was modeled by a single
subcutaneous injection of 0.18% epinephrine tartrate
solution at a dose of 5 mg/kg, using the method described
by Markova [4]. Animals were randomly assigned to four
groups (n = 21 each): intact (no intervention), control
(EMD without treatment), experimental (EMD + cardiac
cryoextract), and reference (EMD + amiodarone). In each
group, 7 animals were sacrificed on days 2, 7, and 14 of
observation.

The cryoextract from porcine heart fragments (CCE),
also referred to as cardiac cryoextract, was prepared
according to a previously described method [10]. The
extract was administered intraperitoneally at a dose
of 50 pg of peptides per 100 g of body weight daily for
14 days. The control group received isotonic NaCl solution,
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while the reference group was treated with amiodarone at a
dose of 10 mg/kg.

At the end of the experiment, heart tissue and blood
samples were collected. Preparation of cardiac tissue
homogenates, plasma and serum isolation, as well as
determination of adenosine triphosphate (ATP), adenosine
diphosphate (ADP), and adenosine monophosphate (AMP)
levels and calculation of the energy charge (EC), were
performed according to previously described methods [11,
12]. The EC was calculated according to Atkinson [11],
using the formula: EC = (ATP + 0.5 ADP) / (ATP + ADP +
AMP).

The study was conducted in accordance with the
fundamental bioethical principles outlined in the European
Union Directive 2010/63/EU on the protection of animals
used for scientific purposes, as well as other applicable
national and international regulations. The research
protocol was reviewed and approved by the Bioethics
Committee of the Institute for Problems of Cryobiology
and Cryomedicine of the National Academy of Sciences of
Ukraine (Protocol No. 2, January 3, 2022).

Statistical analysis. Statistical processing of the
results was performed using Microsoft Excel (Microsoft
Office package). The distribution of variables within
each group was assessed using the Shapiro—Wilk test. For
normally distributed independent variables, between-group
differences were evaluated pairwise using Student’s t-test.
For non-normally distributed data in at least one
group, pairwise comparisons were performed using the
nonparametric Mann—Whitney U-test. Differences were
considered statistically significant at p < 0.05.

Results and discussion

The study demonstrated that ATP levels in rat cardiac
tissue during the development of EMD undergo significant
changes depending on the therapeutic approach applied,
particularly following the administration of CCE (Table 1).

In rats with the EMD model, a significant decrease in
ATP content in cardiac tissue was observed as early as Day
2. Administration of CCE led to a significant increase in
ATP levels compared to untreated animals, suggesting early
activation of energy metabolism. A similar, albeit slightly
less pronounced, effect was observed with amiodarone.

By Day 7, all treatment groups showed an increase
in ATP levels, with the highest values observed in
animals receiving CCE. The difference between CCE and
amiodarone was not statistically significant, although both
agents exceeded the control group in the degree of energy
metabolism recovery.

By Day 14, ATP levels in the CCE group approached
those of intact animals. Recovery was also observed in the
amiodarone and untreated groups, but to a lesser extent.
At all-time points, the dynamics in the CCE group were
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Table 1

Effect of cryoextract of porcine heart fragments on adenosine triphosphate levels in rat cardiac tissue
in a model of epinephrine-induced myocardial dystrophy, pmol/g dry tissue (M+m, 95% CI, n=84)

" Group I Group 11 Group 111 Group IV P-value [A%]
£ = Controls EMD EMD+
F g Intact rats (EMD without +CCE amiodarone P, P,, P., Pys
treatment) (10 mg/kg)
. 3.740.06 1.2£0.09 1.5£0.04 1.70.06
2 (95% CTI: (95% CT: (95% CTI: (95% CI: <0.0001 1~ 0.03 0.002 0.02
a 3.5-3.8) 1.0-1.4) 1.4-1.5) 1.5-1.8) [66.8%] | [20.0%] | [36.5%] | [13.7%]
3.420.10 1.8£0.06 2.4%0.13 22006
- (95% CI: (95% CI: (95% CI: (95% CI:
2 3 2-3.6) 1.7-1.9) 2.1-2.6) 2.0-2.3) ;2‘7’9/5] [304070(;) | [201"0& ] [906;)]
A = 0.04 p,,= 0.009 p,,=0.009 p,,=0.009 : : :
[ty [45.9%] [63.7%] [30.29%]®
3.840.06 29007 3.320.07 3.040.15
(95% CI: (95% CI: (95% CI: (95% CI:
<t _ _ .
T OATRe ) 280 | s 2TaY | 0 | oo | <000 | o
8 [3.5206] [140.0%] [195.5%]® [80.7%] [23.0%] | [12.7%] | [2.5%] | [9.1%]
p,,=0.01 p,,=0.01 p,,=0.01 p,,=0.01
[11.8%]7 [64.5%]7 [37.7%] [38.4%]7

Notes (applicable to Tables 1-4):

1. P,
2. [A%]

— level of statistical significance;

— percentage differences;

3. Indices 1, 2, and 3 denote the groups being compared,

4. Indices

d2> d7

denote study days compared over time.

significantly better than in the control group, indicating a
potentially pronounced energotropic effect of CCE.

In animals with EMD, a significant increase in ADP
levels in cardiac tissue was observed, indicating disruption
of energy homeostasis (Table 2).

Administration of CCE as early as Day 2 led to a
significant reduction in this parameter compared to the
untreated control animals.

By Day 7, the treatment groups continued to show a

group, levels remained elevated. CCE produced a more
consistent reduction over time compared with amiodarone,
although the difference between these two groups was not
statistically significant.

By Day 14, ADP concentrations decreased in all
treatment groups, with levels in the CCE group approaching
those of intact animals. In the control group, despite partial
normalization, levels remained elevated, indicating that
CCE more effectively restored normal adenine nucleotide
balance.

trend toward decreased ADP levels, whereas in the control

Table 2

Effect of cryoextract of porcine heart fragments on adenosine diphosphate levels in rat cardiac tissue
in a model of epinephrine-induced myocardial dystrophy, pmol/g dry tissue (M*m, 95% CI, n=84)

E’ Group I Group 11 Group III Group IV P-value [A%]
g2 Controls EMD EMD+
g Intact rats (EMD without + CCE amiodarone P, P, P., P.s
= treatment) (10 mg/kg)
~ 1.1+0.06 2.1+0.05 1.6+0.04 1.6+0.10
2| (95%CrL: (95% CI: (95% CI: (95% CI: [fo(’l'oﬁ,}o] Egg% [20402002 ] [009;)]
- 0.9-1.2) 2.0-2.2) 1.5-1.7) 1.4-1.8) ) ) )
1.2+0.03 1.8+0.09 1.5+0.04 1.4+0.06
~ (95% CI: (95% CI: (95% CI: (95% CI: <0.001 0.003 0.001 0.2
z 1.1-1.3) 1.7-2.0) 1.4-1.5) 1.3-1.5) : ; ;
- a "~ o~ [52.4%] [19.5%] [25.0%] [6.8%]
21 p,=005 p,=0.02 p,=0.02 p,=0.06
[13.5%]%“ [14.1%]%2 [8.0%]% [15.0%]%2
1.1£0.08 1.4+0.08 1.3+0.05 1.4+0.04
(95% CI: (95% CI: (95% CI: (95% CI:
= 0.9-1.2) 1.3-1.6) 1.2-1.4) 1 4-1.5) 0.006 02 0.006 0.06
> p,=0.5 p,=0.01 p,=0.02 ,= 0.6 S : . o
gl e Phove | Llrovre | [ibevqe | [B65%] | [89%] [ [9.8%]
p,,= 0.06 p,,=0.01 p,,= 0.02 p,=0.3
[-11.9%] [-21.1%]" [-10.7%]" [5.2%]
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The study of CCE effects on AMP levels in rat cardiac
tissue in the EMD model also revealed significant changes
in this parameter depending on the type of treatment and
the study time point (Table 3).

In animals with EMD, a marked increase in AMP levels
was observed, indicating energy depletion. Administration
of CCE or amiodarone led to a significant reduction in AMP
concentration as early as Day 2, with further stabilization
by Day 7. The decrease was more pronounced in the CCE
group.

By Day 14, AMP levels in all treatment groups
approached physiological values. In animals receiving
CCE, the parameter decreased significantly at an early
stage and remained stable until the end of the study. The
control group showed only partial recovery. Thus, CCE
demonstrated effective activity in normalizing energy
balance, particularly by reducing excess AMP.

Assessment of EC in cardiac tissue of rats with EMD
revealed significant changes depending on the study
time points and applied treatment. On Day 2 after EMD
induction, EC decreased significantly, indicating impaired
myocardial energy status. Administration of CCE and
amiodarone promoted partial recovery, with better results
observed in the amiodarone group.

By Day 7, EC levels in both treatment groups were
substantially higher than in untreated animals. CCE showed
a slightly better trend compared with amiodarone, although
no statistically significant difference was observed.

By Day 14, EC continued to increase in all groups. In
animals receiving CCE, levels approached those of intact
rats, indicating effective restoration of energy homeostasis.
Amiodarone also promoted EC elevation, although the
effect was less pronounced compared with CCE (Table 4).

The results of this study demonstrate a pronounced
positive effect of CCE on the regulation of myocardial
energy metabolism in rats with EMD. At early stages,
specifically on Day 2 post-EMD induction, a significant
decrease in ATP levels was observed in the cardiac tissue of

the control group, confirming an acute energy deficit due to
destructive myocardial processes. Administration of CCE
resulted in significant increase in ATP levels compared
with untreated controls, suggesting activation of energy-
generating mechanisms and stabilization of metabolic
homeostasis.

Over the course of the study, on Days 7 and 14, a gradual
restoration of energy metabolism parameters was observed
in all groups. In rats receiving CCE, ATP levels increased
more markedly and approached the levels observed in
intact animals, indicating more effective regeneration of
energetic capacity. Although amiodarone also showed a
positive trend, its efficacy was somewhat lower than that
of CCE, as evidenced by both absolute ATP values and
statistical analyses.

Additionally, assessment of ADP and AMP levels
demonstrated a reduction in their concentrations under
CCE treatment, indicates restoration of the normal adenine
nucleotide balance and activation of ATP resynthesis. The
decline in AMP was particularly notable, as AMP levels
were significantly elevated in the control group under
hypoxic and metabolic stress. This effect in the CCE group
may be interpreted as an indicator of normalized oxidative
phosphorylation.

Evaluation of energy charge (EC) as an integrative
indicator of energy metabolism further confirmed the
advantages of CCE administration. At an early stage of
treatment, EC in the CCE group was significantly higher
compared to the control group, and by Day 14, it nearly
reached levels observed in intact rats. This suggests effective
stabilization of myocardial energy balance following CCE
administration, likely mediated by the biologically active
components of the preparation with metabolic, antioxidant,
and membrane-stabilizing effects. These findings are
consistent with previously established antioxidant
properties of CCE [12]. Future studies should investigate
the effects of the cryoextract under systemic pathological
conditions, including extracoronary vascular involvement,

Table 3

Effect of cryoextract from porcine heart fragments on adenosine monophosphate levels in rat cardiac tissue
in a model of epinephrine-induced myocardial dystrophy, pmol/g dry tissue (M+m, 95% CI, n=84)

2 Group I Group I1 Group IIT Group IV P-value [A%]
'i Controls EMD EMD+
g Intact rats | (EMD without + CCE amiodarone P, P., P, P.s
= treatment) (10 mg/kg)
~ | 0.5£0.001 1.2+0.05 1.0+0.08 0.9+0.11
<0.001 0.05 0.02 0.4
2 95% CI: 95% CI: 95% CI: 95% CI:
3 o(.sz—?).54) (1‘1—01.3) e 2) (0.7—01.1) [128.5%] | [17.7%] | [28.2%] | [12.9%]
0.5+0.01 1.0+0.06 0.6+0.09 0.7+0.12
~ (95% CI: (95% CI: (95% CI: (95% CI:
2| 049-0.53) 0.9-1.1) 0.4-0.8) 0.4-0.9) [;2'2% [féogjz) : [3%3%%) ] [903‘;)]
21 p,=005 p,,=0.03 p,,= 0.009 p,=0.1 : : ' '
[-4.3%]® [-17.6%]2 [-38.6%]%2 [-23.0%]2
0.5+0.01 0.60.06 0.5+0.07 0.5+0.03
(95% CI: (95% CI: (95% CI: (95% CI:
= | 047-0.52) 0.5-0.7) 0.4-0.7) 0.6-0.6)
= | p,=001 p,= 001 p,=001 p,=001 0.05 04 0.05 0.7
A [-7.3%]® [-49.4%]® [-45.7%] [-41.0%]2 [24.6%] [11.6%] [16.3%] [5-3%]
py,;=0.2 py;= 0.01 P, =02 p,;=0.2
[-3.9%]¢ [-38.6%]" [-11.6%]" [-23.4%]"
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Table 4

Effect of cryoextract from porcine heart fragments on energy charge in rat heart tissue in an adrenaline-induced
myocardial dystrophy model (M+m, 95% CI, n=84)

= Group I Group II Group IIT Group IV P-value [A%]
2 controls EMD EMD+
g Intact rats | (EMD without + CCE amiodarone P, P:, P., P.s
= treatment) (10 mg/kg)
« 0.80+0.02 0.50£0.01 0.56£0.01 0.60+0.01
2| (95%cClL (95% CI: (95% CTI: (95% CI: [23'29/1] [101'070;] [Tg'gf,)/l] [702;‘]
- 0.79-0.80) 0.48-0.52) 0.54-0.58) 0.57-0.63) e 7o 70 o
0.78+0.04 0.58+0.01 0.70+0.02 0.68+0.02
~ (95% CI: (95% CI: (95% CI: (95% CI: -
0.001 <0.001 <0.001 0.4
2| 0.78-0.79) 0.56-0.60) 0.67-0.73) 0.65-0.70) [25.9%] [20.6%] [17.3%] [3.5%]
R p,=0.009 p,,= 0.009 p,,= 0.009 p,=0.03 : : : .
[-2.0%]%2 [16.1%]® [25.3%]%2 [13.6%]®
0.81+0.01 0.73+0.01 0.77+0.01 0.75+0.01
(95% CI: (95% CI: (95% CI: (95% CI:
< | 0.80-0.82) 0.71-0.76) 0.74-0.79) 0.74-0.76) 0.001 0.049 0.001 0.1
> p.,,=0.06 p,,=0.01 p,,=0.01 p,,=0.01 "o 00 20 10
S| [135% [46.7%]® [37.7%]® [25.20]® [9-5%] [4.9%] [2.3%] [2.4%]
py,= 0.01 py,= 0.01 py,=0.01 p,,=0.01
[3.41%]" [26.3%]" [9.9%]¢ [10.2%]%

as previous work has highlighted the importance of
systemic vascular pathology in cardiovascular disease [13].

Building on the observed dynamics of ATP, ADP, AMP,
and energy charge, the results indicate that CCE exerts a
multifactorial effect on myocardial energy homeostasis
in the EMD model. The observed increase in ATP levels,
concomitant with reductions in ADP and AMP concentrations
under CCE treatment, may reflect not merely compensation
for energy deficit but a deeper activation of high-energy
phosphate resynthesis systems. This effect is likely mediated
through enhanced efficiency of oxidative phosphorylation and
preservation of mitochondrial membrane integrity, which is
particularly critical under conditions of oxidative stress.

Notably, the changes observed with CCE exhibited a
preventive factor: restoration of energy parameters began
earlier and progressed more rapidly than with amiodarone.
This suggests that the biologically active components of
CCE may influence cellular regulatory systems, including
activation of AMP-activated protein kinase (AMPK), a key
energy sensor, and stimulation of mitochondrial biogenesis
via PGC-1o-related signaling pathways.

Another important aspect is that CCE not only
prevented early decreases in energy charge (EC) following
myocardial injury but also promoted its gradual restoration
toward physiological levels. From a pathophysiological
perspective, this is highly significant: even transient loss of
energetic balance in cardiomyocytes can trigger cascades
of apoptosis and necrosis. Thus, the ability to stabilize
myocardial energy status is effectively equivalent to the
potential to prevent progression of heart failure.

Particular attention should be paid to the dynamic
ATP/ADP/AMP ratio: following CCE administration, a
restoration of the normal adenine nucleotide profile was
observed, indicating optimization of the cellular energy
cycle, recovery of adenylate kinase activity, and stabilization
of the intracellular nucleotide pool. Importantly, this effect
persisted even at later time points (Day 14), suggesting a
prolonged action of the preparation.

Thus, interpretation of the obtained data allows
us to hypothesize that CCE exerts a comprehensive
cardioprotective effect, simultaneously delivering energy-
modulating, antioxidant, and membrane-stabilizing
actions. This multifactorial profile distinguishes CCE
from conventional pharmacological agents, whose effects
are typically targeted at individual components of the
pathophysiological cascade.

In a broader biomedical context, these findings
underscore the concept of using tissue-specific extracts
of natural origin as agents for metabolic therapy in
cardiology. Current understanding emphasizes that a key
strategy in cardioprotection involves modulating the
energetic and antioxidant potential of cardiomyocytes in
response to diverse stressors, ranging from ischemic to
catecholaminergic stress. Considering that myocardial
injury resulting from ischemic, inflammatory, or toxic
insults is characterized by energy imbalance and limited
reparative capacity due to the low proliferative potential of
cardiomyocytes, there is a strong rationale for therapeutic
strategies that combine anti-inflammatory, metabolic, and
regenerative properties [14]. Taken together, biologically
derived formulations may be considered as agents with the
capacity to restore organ function through stimulation of
reparative processes. The similar research by Halchenko
and Sandomirsky [15] demonstrated that extracts from
cryopreserved organ fragments of pigs and piglets,
including cardiac tissue, contain bioactive peptides that
regulate cellular proliferation, thereby underscoring the
broader potential of tissue-specific peptide formulations in
cardioprotection. Moreover, cryobiological technologies
enable the production of extracts with consistently high
biological activity [12, 15].

Building on these findings, our results suggest that the
use of CCE represents not merely a symptomatic approach
to correcting energy disturbances, but a component of
pathogenetic therapy with the potential to modify the course
of cardiac diseases associated with metabolic dysfunction.
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Conclusions

Cryoextract of porcine heart fragments effectively
enhanced the restoration of ATP levels in the myocardial
tissue of rats with epinephrine-induced myocardial
dystrophy. By Day 14 of the experiment, ATP levels in the
CCE group reached 3.3 = 0.07 umol/g of dry tissue, which
was 13.8% lower than in intact animals (3.8 + 0.06 umol/g;
p < 0.001) and 13.8% higher than in the control group
(2.9£0.07 umol/g; p < 0.001).

CCE produced a significant improvement in
cardiomyocyte energy charge (EC). By Day 14 of the

experiment, EC in the CCE group reached 0.77 + 0.01,
which was 5.5% lower than that in intact rats (0.81 =+
0.01; p =0.001) but 5.5% higher than in the control group
(0.73 £0.01; p = 0.049).

Administration of CCE contributed to normalization of
the adenylate nucleotide pool by reducing elevated ADP
and AMP levels. Specifically, on Day 7, AMP levels in the
CCE group were 0.6 +0.09 pmol/g, which was 38.6% lower
than in the untreated control group (1.0 = 0.06 pmol/g;
p=0.004), while ADP levels were 1.5 + 0.04umol/g, 19.5%
lower than in the control (p = 0.003).
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