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Post-Conditioning Efficacy of Natural Carnosine and a 
Carnosine-Containing Galanin Receptor Agonist in 
Myocardial Ischemia/Reperfusion Injury

Abstract

The mechanisms of protective action of peptide 
WTLNSAGYLLGPβAH-OH (Gal), the pharmacological agonist of 
galanin receptor GalR2, against myocardial Ischemia/Reperfusion 
Injury (IRI) remain obscure. This work was designed to compare 
anti-ischemic and antioxidant effect of Gal and the dipeptide car-
nosine (βAH), the C-terminal part of the Gal molecule.Gal was ob-
tained by automatic solid phase synthesis using the Fmoc method-
ology. The effect of Gal and carnosine was studied in a rat model of 
acute Myocardial Infarction (MI) when administered intravenously 
at the onset of reperfusion in the dose range of 0.5-5.0 mg/kg. Ad-
ministration of the optimal dose of Gal (1 mg/kg) reduced the size of 
MI, decreased the plasma activity of creatine kinase-MB and lactate 
dehydrogenase at the end of reperfusion and improved preserva-
tion of the energy state of the Area at Risk (AAR) of the heart to 
a significantly greater extent than carnosine. In addition, Gal more 
effectively reduced the formation of hydroxyl radicals spin adducts 
and lipid peroxidation products in the AAR compared to carnosine. 
The optimal dose of carnosine (1 mg/kg) caused a significantly 
greater increase in the activity of catalase and glutathione peroxi-
dase in the AAR than Gal. The results suggest the possibility of using 
Gal as an adjuvant therapy to reduce myocardial reperfusion injury 
and oxidative stress.
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Introduction

Myocardial ischemia and reperfusion induce various forms 
of cell and coronary microcirculation damage, which contribute 
to myocardial infarction [1]. Pharmacological Post Conditioning 
(PPC) for cardioprotection is attracting researchers and physi-
cians with a wide range of reperfusion therapeutic interventions 
to limit Ischemia/Reperfusion Injury (IRI). The mechanisms of 

PPC are implemented through the involvement of many trig-
gers, mediators and end effectors involved in cardio protective 
effects [2]. The neuropeptide galanin, consisting of 29 amino 
acid residues (30 amino acid residues in humans), is involved 
in the regulation of vital processes - memory, food intake, body 
weight, alcohol dependence, neuropathic pain, ionic homeosta-
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sis and osmosis [3]. Like other natural G-protein-coupled recep-
tor ligands, galanin is able to activate intracellular signaling cas-
cades, triggering the mechanisms of programmed cell survival 
under conditions of insufficient supply of oxygen and energy 
substrates [4]. In peripheral organs and tissues, galanin acts 
not only through neuronal mechanisms, but also by activating 
receptors GalR1, GalR2 and GalR3. We have previously shown 
that exogenous N-terminal galanin fragments (2-11) and (2-15) 
(WTLNSAGYLL-NH2 and WTLNSAGYLGGPHA-OH, respectively), 
which preferentially bind to the GalR2 receptor, decrease the 
formation of superoxide radicals in mitochondria and reduce 
apoptosis and necrosis during myocardial I/R [5,6]. Subsequent-
ly, a number of proteolytically stable analogs of galanin frag-
ment (2-11) and (2-15) were synthesized, which retained the 
pharmacophore amino acid residues responsible for binding 
to the GalR2 receptor [7]. The chimeric molecule representing 
the sequence of galanin (2-13) supplemented with the natural 
dipeptide carnosine WTLNSAGYLLGPβAH-OH (Gal) turned out 
to be the most effective. Gal improved the parameters of rat 
heart function, the integration of cell membranes, and the en-
ergy state of cardiomyocytes, as well as reduced the formation 
of Reactive Oxygen Species (ROS) and Lipid Peroxidation (LPO) 
products, and increased the activity of antioxidant enzymes in 
the heart when modeling oxidative stress in vitro and in vivo 
[8]. It cannot be ruled out that beneficial effects of Gal could be 
due to C-terminal carnosine. The effectiveness of carnosine has 
been shown in various pathophysiological conditions, including 
myocardial I/R injury, and is primarily due to its direct antioxi-
dant effect, as well as the properties of a modulator of super-
oxide dismutase, an antiglycating agent, a metal ion chelator, 
and a molecular chaperone [9-11]. The aim of this work was to 
compare the anti-ischemic and antioxidant effects of Gal and 
carnosine in in vivo and in vitro models of I/R injury of the rat 
heart. For this purpose we evaluated the effect of these pep-
tides as post conditioning agents on myocardial Infarct Size (IS), 
damage to cardiomyocyte membranes, ROS generation, the for-
mation of LPO products, and the activity of Cu,Zn-Superoxide 
Dismutase (Cu,Zn-SOD), Glutathione Peroxidase (GSH-Px) and 
Catalase (CAT).

Materials and Methods 

Animals

Age-matched male Wistar rats weighing 300 + 2 g were pro-
vided by the Animal House Stolbovaya of Scientific Center for 
Biomedical Technologies (Moscow, Russia). All rats were kept 
in individual cages at 20-250C with a natural light-dark cycle 
and had free access to water and standard pelleted diet (Aller 
Petfood, St. Petersburg, Russia). The animal experiments were 
performed in accordance with the European Convention for 
the Protection of Vertebrate Animals Used for Experimental 
and other Scientific Purposes (No 123 of 18 March 1986). The 
Bioethical Committee of National Medical Research Center of 
Cardiology, Moscow approved the experimental protocols (per-
mission No. 9 of 12 September 2021).

Peptides

Gal was produced using a stepwise solid-phase synthesis 
with Fmoсmethodology [7]. It was purified using reverse phase 
High Performance Liquid Chromatography (HPLC), and its struc-
ture was characterized with 1H-NMR-spectroscropy and MALDI 
TOF (Matrix-assisted laser desorption/ionization-time of flight) 
mass-spectrometry. The chemical structure of the peptide, its 
mass spectrum and HPLC conditions are shown in (Figure S1, S2 

and S3 in Supplementary data). Characteristics of Gal peptide 
are given in (Table 1). L-carnosine (βAH) was purchased from  
Sigma-Aldrich Chemical Co. (St. Louis, MO, USA).

Sequence
MW, g/

mol
Yield*, 

%
MALDI-TOF, m/z

HPLC **

Rt, 
min

Purity,  
%

WTLNSAGYLLGPβAH-
OH 1499.67 46.3

1499.76
1521.73[М+Na]+

1537.72[M+K]+

14.66 98.2

Rt - Retention Time. *The yields are given relatively to the first amino acid, 
which is attached to the polymer. ** The analytical HPLC was performed on a 
Kromasil 100-5 C18 column (4, 6 × 250 mm), the size of sorbent particles was 5 
μm. Buffer А (0.1% trifluoracetic acid) and buffer B (80% acetonitrile in buffer 
А) were used as eluents. The column was eluted at a flow rate of 1 ml/min 
with a concentration gradient of buffer B in buffer А from 20 to 80% within 30 
min at 220 nm.

Cu, Zn-SOD, 
U/ml

CAT, 
U/ml

GSH-Px, 
U/ml

Control 145.30 + 3.19 462.84 + 3.07 12.73 + 0.45

Carnosine, 0.01 mM
Carnosine,  0.1 mM

199.32 + 1.19*
202.21 + 4.01*#

439.25 + 1.02*
446.77 + 4.70*

13.35 + 0.27
12.99 + 0.28

Gal, 0.01 mM
Gal, 0.1 mM

193.73 + 3.72*
180.23 + 3.36*

443.12 + 1.77*
438.36 + 2.68*

13.82 + 0.34
13.12 + 0.10

Data are presented as means + SEM for a series of 3 experiments. Significant 
difference P<0.05 from: * control, # Gal

Gal Carno-
sine

Limitation in  IS/AAR, %  of control 39.7* 22.4
Decrease in plasma CK-MB activity, % of control 45.6* 27.6
Decrease in plasma LDH activity, % of control 31.6* NS
Reduction of  Cr loss in the AAR, µmol/g dry wt.# 12.7* 22.1
Increase in  AN content in the AAR, µmol/g dry 
wt.+ 5.24 2.81

Increase in PCr content in the AAR, µmol/g dry 
wt.+ 4.54 1.56

Reduction of lactate accumulation in AAR, 
µmol/g dry wt.+ 7.64 6.80

Decrease in DMPO-OH concentration in the 
interstitium of the AAR at the end of reperfusion, 
µM + 0.075* 0.017

Increase in Cu,Zn-SOD activity in the AAR, U/mg 
protein + 19.44 42.95

Increase in CAT activity in the AAR, U/mg protein 
+ 5.39 22.93*

Increase in GSH-Px activity in the AAR,U/mg 
protein + NS 0.13*

Reduction in TBARS content in the AAR,  nmol/
mg protein + 0.24* 0.09

The data presented in Figures 1-3 was used. Significant difference (P <0.05) 
from: *the comparison peptide; #the initial state; +the control. NS, no signifi-
cant difference from control.

Table 1: Characteristics of the synthesized Gal peptide.

Table 2: Influence of Gal and carnosine on the activity of commercial 
antioxidant enzymes in vitro.

Table 3: Effect of postconditioning with Gal and carnosine on param-
eters of myocardial injury and oxidative stress in acute myocardial 
infarction in rats.
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Chemicals and Kits

Chemicals and enzymes for myocardial metabolite determi-
nation were purchased from Sigma-Aldrich Chemical Co. (St. 
Louis, MO, USA). Kits for assessment of plasma Creatine Kinase-
MB (CK-MB) and Lactate Dehydrogenase (LDH) activity were 
purchased from BioSystems S.A. (Barcelona, Spain). Commer-
cial preparations of Cu, Zn-SOD and GSH-Px from bovine eryth-
rocytes and of CAT from bovine liver (Sigma-Aldrich Chemical 
Co. (St. Louis, MO, USA) were used in vitro model systems. A 
spin trap 5, 5-dimethyl-1-pyrrolin N-oxide (DMPO) was pur-
chased from Abcam (UK). All other chemicals of the analytical 
grade were purchased from Serva Chemicals (Germany) and 
Fluka Chemie (Switzerland). Solutions were prepared using de-
ionized water (Millipore Corp. Bedford, MA, USA). 

Experimental Design

Rats were randomly allocated into five groups (n = 8): Ini-
tial State (I.s.), Control (С), Carnosine (C) and peptide Gal (G). 
A 30-min period of stabilization of hemodynamic parameters 
(the initial state) followed the animal's preparation. In controls, 
a 40-minute Left Anterior Descending (LAD) coronary artery 
occlusion followed by a 60-minute reperfusion was performed 
after IS. In the C and G group, the peptides were administered 
intravenously (iv) as a bolus at doses of 0.5; 1.0; 2.0; 3.0 or 5.0 
mg/kg at the onset of reperfusion. Rats of the control group 
were injected with the same volume of saline (0.5 ml). In a 
separate series of experiments the effect of the peptide sol-
vent (0.2% Dimethyl Sulfoxide, DMSO) on the myocardial IS and 
plasmа activities of CK-MB and LDH was examined.

Assessment of Myocardial Infarct Size

At the end of reperfusion, LAD coronary artery was occluded 
and 2 ml of 2% Evans Blue solution was injected through the 
jugular vein to distinguish the myocardial non-ischemic Area 
from the Area at Risk (AAR). The heart was excised and myo-
cardial infarct size was determined using 2, 3, 5-triphenyltet-
razolium chloride staining of the Left Ventricle (LV) [12]. The 
stained LV slices were placed between two transparent glasses 
and captured using a scanner at 600 d.p.i. resolution; the saved 
images were digitized by computerized planimetry using Image 
J software (NIH, USA). The AAR was expressed as a percentage 
of LV weight, the IS was expressed as a percentage of the AAR 
in each group.

Assessment of Cardiac Markers

At the end of the steady state and reperfusion, blood sam-
ples were collected for plasma separation and stored at -700C 
for further analysis. Plasma LDH and CK-MB activities were used 
as indicators of cardiomyocyte membrane damage. 

Monitoring of ROS Production in the AAR of Rat Heart

The level of short-lived oxygen radicals in the AAR was 
monitored by micro dialysis technique and spin trapping with 
DMPO [13]. This compound can effectively interact with both 
superoxide and hydroxyl radicals producing relatively stable 
spin adducts that can be detected using Electron Paramag-
netic Resonance (EPR) technique [14]. A Varian E-109 E X-band 
EPR spectrometer (Germany) was used for registration of EPR 
spectra of dialysates. EPR signals of DMPO spin adducts were 
recorded at room temperature with a magnetic field modula-
tion of 0.1 mT, modulation of frequency of 100 kHz, microwave 
power of 10 mW, and microwave frequency of 9.15 GHz. Mag-
netic field was scanned with a center at g = 2.00 during signal 

recording.

Preparation of Tissue Homogenates

At the end of reperfusion, the AAR was quickly excised from 
the heart and freeze-clamped by a Wollenberger clamp cooled 
in liquid nitrogen. A portion of the frozen tissue samples was 
homogenized in 50 mM Na-phosphate buffer, pH 7.4 (1:10 wt/
vol) using an Ultra-Turrax T-25 homogenizer (IKA-Labortechnik, 
Staufen, Germany). The homogenates were centrifuged at 
1000хg for 10 min at 40C in a Joan MR-23 centrifuge (France). 
The supernatants contained the cytosolic fraction were used for 
the estimation of Cu, Zn-SOD, CAT and GSH-Px activities, Thio-
barbituric Acid Reactive Substances (TBARS) and protein. The 
remaining frozen tissue samples were used to prepare protein-
free extracts using cooled 6% HClO4 (10 ml/g) as previously de-
scribed [5] for the determination of myocardial metabolites. 
Tissue dry weights were determined by weighing a portion of 
the pellets after extraction with 6% HClO4 and drying overnight 
at 1100C. In a separate series, the non-ischemic area was ex-
cised from the heart and freeze-clamped to determine the me-
tabolites in the initial state.

Determination of Antioxidant Enzymes Activity and TBARS 

Cu, Zn-SOD activity was determined from inhibition of p-ni-
trotetrazolium Blue reduction by the superoxide radical generat-
ed in the system of xanthine-xanthine oxidase [15]. CAT activity 
was determined by the rate of H2O2 consumption at 200C during 
1 min at λ = 240 nm [16]. Activity of GSH-Px was determined 
in the conjugated system of glutathione-glutathione reductase 
by oxidation of NADPH using tret-butyl peroxide as a substrate 
[17]. Proteins in the supernatant of the cardiac muscle homog-
enate were precipitated with 10% trichloroacetic acid (1:1). The 
level of TBARS, the secondary LPO products, was determined in 
the reaction with 2-thiobarbituric acid by analyzing quantity of 
the produced trimethine complex at  λ = 532 nm [18]. Protein in 
the supernatants was estimated by the method of Lowry.

Determination of Myocardial Metabolites

Concentrations of ATP, ADP, AMP, PCr, Cr and lactate in neu-
tralized tissue extracts were determined by modified enzymatic 
methods [19] using a Shimadzu UV-1800 spectrophotometer 
(Japan).

Assessment of the Effect of Peptides on Activities of the An-
tioxidant Enzymes

Commercial preparations of Cu, Zn-SOD and  GSH-Px and 
CAT dissolved in 50 mM phosphate buffer (pH 7.4) to a concen-
tration of 250 µg/ml were used. Gal and carnosine dissolved in 
50 mM phosphate buffer (pH 7.4) were added to the enzyme-
containing solutions to final concentrations of 0.01 and 0.1 mM. 
The resulting mixtures were incubated at 40C for 24 h. Activities 
of Cu, Zn-SOD, CAT, and GSH-Px were determined on comple-
tion of incubation as described in [15-17].

Statistical Analysis

All data are presented as means ± SEM. Results were ana-
lyzed by one-way ANOVA followed by Bonferroni multiple range 
tests for estimation of differences between more than two 
groups. Comparisons between two groups involved use of the 
Student’s unpaired t-test. A P<0.05 was considered statistically 
significant. 
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Figure 1: Effects of intravenous injections of Gal and carnosine on the parameters of myocardial I/R injury in rats in vivo.
(A) Dose-dependent effect of the peptides on myocardial infarct size (IS/AAR, %): Cont, control; C, carnosine; G,  a pharmacological agonist 
of galanin receptor GalR2. Data are means + SEM for each group of eight animals.  A significant difference (P< 0.05)vs: *Cont, #C. Effect of 
optimal doses of the peptides on plasma activities of CK-MB (B) and LDH (C) in rats at the end of reperfusion. I.s., initial state, Cont, control 
(injection of saline); V, vehicle, 0.2% DMSO; C (carnosine, 1 mg/kg); G (agonist of galanin receptor GalR2, 1 mg/kg). Data are means + SEM 
for each group of eight animals. A significant difference (P<0.05) vs: + I.s, *Cont, # C.

Figure 2: Effects of optimal dose of Galand carnosine (1mg/kg) оn metabolic state of the area at risk of rat heart at the end of reperfusion.
(A), (B), (C), (D), (E), (F) Myocardial contents of ATP, ΣAN=ATP+ADP+AMP, PCr, Cr, ΣCr=PCr+Cr, and lactate.  I.s., initial state; Cont, control; C, 
iv administration of carnosine, G, iv administration of the pharmacological agonist of galanin receptor GalR2. Data are means ±SEM from 8 
experiments. A significant difference (P <0.05) vs: + I.s., * Cont, # C.
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Figure 3: Antioxidant effect of optimal dose of Gal and carnosine 
(1mg/kg) in reperfusion of the area at risk of rat heart. 
(A) Effect of peptides on the concentration of DMPO-OH adduct in 
dialysates from the area at risk of rat heart during the experiment. 
Cont, control; G, agonist of galanin receptor GalR2; C, carnosine. 
The arrow shows iv administration of peptides. Data are means 
±SEM from 5 experiments. A significant difference (P <0.05) vs: + 
initial state, * Cont, # C.
(B), (C), (D) Activity of Cu,Zn-SOD, CAT and GSH-Px in the area at 
risk. (E) Content of TBARS in the area at risk. I.s., initial state; Cont, 
control; C, carnosine; G, agonist of galanin receptor GalR2. Data 
are means ± SEM from 8 experiments. A significant difference (P 
<0.05) vs: + I.s., * Cont, # C.

Figure S1: Chemical structure of Gal peptide.

Figure S2: Mass spectrum of Gal peptide. Mcalc. = 1499.67; m/z 
1499.762, 1521.735  [M+Na]+, 1537.717 [M+K]+.

Figure S3:  HPLC of Gal peptide (x-axis time in min). HPLC condi-
tions: column Kromasil-C18-100 4.6 x 250mm, 5 μm; 1ml/min 
with detection at λ= 220 nm. The mobile phase was 0.1% Trifluo-
roacetic Acid (TFA) (Buffer A) and Buffer A additionally containing 
80% acetonitrile (Buffer B); linear gradient (30 min) from 20% to 
80% B in Buffer A

 Figure S4: EPR spectrum of the spin adduct DMPO-OH in cardiac 
dialysate.
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Results 

Effects of Gal and carnosine on myocardial IRI in rats in vivo

Histochemical analysis of LV sections after reperfusion did 
not reveal significant differences in the AAR between the con-
trol, G, C groups, and administration of 0.2% DMSO. For these 
groups, the average value of the ratio AAR/LV, % was 40.8 ± 
0.9%. In the control, myocardial IS was 43.3 ± 2.1% (Figure 1A). 
The administration of the vehicle (0.2% DMSO) did not affect IS: 
in this case, the ratio of IS/AAR, % was 41.6 ± 3.1%. The admin-
istration of the studied doses of Gal resulted in a decrease in IS. 
The optimal dose of Gal  1.0 mg/kg reduced IS by an average of 
39.7% compared with control (P<0.001). In the case of carno-
sine, the largest reduction in IS by 22.4% was found for a dose of 
1.0 mg/kg (P<0.01). The difference in IS limitation between Gal 
and carnosine at 1 mg/kg was statistically significant (P=0.044).

Activity of Necrosis Markers in Blood Plasma

In the control, the plasma activity of necrosis markers CK-
MB and LDH by the end of reperfusion were an order of mag-
nitude higher than those in the initial state (Figure 1B, C). The 
administration of 0.2% DMSO did not affect the activity of both 
enzymes compared with the values in the control. The optimal 
dose of Gal (1.0 mg/kg) significantly reduced the activity of CK-
MB and LDH compared with the control by 45.6 (P<0.005) and 
31.6% (P<0.05), respectively. Carnosine reduced the plasma 
activity of CK-MB by an average of 27.6% (P<0.05) and the ac-
tivity of LDH by 18.4% (P = 0.079) compared with the control 
at the end of reperfusion. A statistically significant difference 
between peptides was found for the reduction in CK-MB activ-
ity (P=0.030).

Changes in Metabolic State of the AAR Induced By Gal and 
Carnosine 

The effect of optimal doses of Gal and carnosine on the pa-
rameters of the metabolic state of the AAR at the end of re-
perfusion is shown in (Figure 2). The administration of Gal 
increased the content of ATP (by 37.9% compared with the con-
trol, P= 0.012) and had almost no effect on the levels of ADP and 
AMP. This resulted in a significant increase in the total adenine 
nucleotide pool ΣAN=ATP+ADP+AMP (by 52.3% compared with 
the control, P<0.001). Under the influence of Gal, the total cre-
atine (ΣСr=PCr+Cr) was retained in the AAR to a greater extent 
than in the control (on average by 27.6%, Р<0.01). These chang-
es were accompanied by a 3-fold decrease in the accumulation 
of lactate in the AAR compared with the control (P<0.001). 
Сarnosine showed a clear tendency to increase ATP and ADP in 
the AAR compared with the values ​​in the control, and did not 
affect the content of AMP. This led to a significant increase in 
ΣAN (P=0.024). Carnosine did not have a significant effect on 
the components of the PCr-Cr system compared to these indi-
ces in the AAR of the control group. The administration of car-
nosine reduced lactate in the AAR compared with the control 
(P<0.001). The overall effectiveness of both peptides on meta-
bolic state of the reperfused ААR was approximately the same. 
A statistically significant difference between the peptide groups 
was observed only for ΣCr (Figure 2E): Gal preserved 81.9% of 
pre-ischemic  Cr content, while carnosine 68.4% (P<0.01).

Effect of Gal and Carnosine on ROS Production in the AAR

The EPR spectra of the dialysate samples were four nar-
row equidistant lines with an amplitude ratio of 1:2:2:1 (Figure 
S4, Supplementary data), characteristic of the paramagnetic 

DMPO-OH adduct formed as a result of the interaction of DMPO 
with hydroxide [15]. Figure 3A presents changes in the dialysate 
DMPO-OH concentration in the course of experiment. In the 
control, this parameter increased after 40 minutes of LAD occlu-
sion, which was due to an increase in the level of ROS in the in-
terstitium of the AAR. This could be due to a significant increase 
in the rate of ROS generation in the mitochondrial respiratory 
chain upon restoration of blood flow in the AAR. The adminis-
tration of Gal at the onset reperfusion significantly reduced the 
concentration of DMPO-OH in the dialysate compared with the 
control. These data indicate a decrease in the formation of ROS 
in the reperfused area of the heart under the action of this pep-
tide. There was no significant decrease in the DMPO-OH adduct 
in the dialysates of the AAR compared with the control under 
the influence of carnosine. Starting from 120th minute of the 
experiment until the end of reperfusion, the differences in the 
dialysate DMPO-OH concentration between the peptide groups 
were significant (P<0.05).

TBARS Content and Activity of Antioxidant Enzymes in the 
AAR

The content of TBARS in the ARR of the control group at the 
end of reperfusion was two times higher than in the initial state 
(P=0.012, Figure 3E). The administration of Gal and carnosine 
significantly reduced the formation of TBARS in comparison 
with the control by 2.4 and 1.3 times, respectively. In the Gal 
group, this LPO index was almost two times lower than in the 
carnosine group (P<0.005). In the control, the activity of Cu, Zn-
SOD, CAT and GSH-Px in the AAR did not differ from the values in 
the initial state (Figure 3B, C, D). The injection of Gal increased 
the activity of Cu, Zn-SOD (P=0.043) in the AAR, but did not 
have a significant effect on the activity of CAT and GSH-Px com-
pared with the control. In the carnosine group, the activities 
of Cu, Zn-SOD, CAT and GSH-Px were higher by 1.3, 1.7 and 1.4 
times, respectively, than in the control (P<0.02-0.001). In gen-
eral, these experiments showed that carnosine increased the 
activity of СAT and GSH-Px in the AAR to a significantly greater 
extent than Gal.

The effect of peptides on the activity of Cu, Zn-SOD, CAT, and 
GSH-Px in myocardial reperfusion injury could be associated 
with their direct effect on enzymes. This situation was modeled 
by the incubation of Gal and carnosine with commercial Cu,Zn-
SOD, GSH-Px and CAT in in vitro systems. When choosing the 
concentrations of peptides in the incubation medium, the dose 
and volume of circulating blood in a rat with an average weight 
of 300 g were taken into account. In accordance with this, a 
concentration of peptides close to physiological (0.01 mM) and 
an order of magnitude higher was used. Varying the concentra-
tions of peptides in the incubation medium had little effect on 
the activity of antioxidant enzymes (Table 2). Both peptides at 
a concentration of 0.01 mM and 0.1 mM significantly increased 
the activity of Cu, Zn-SOD by an average of 38 and 28% for car-
nosine and Gal, respectively, compared with the values ​​in the 
control. Incubation with carnosine or Gal at concentrations of 
0.01 mM and 0.1 mM caused a slight but significant decrease 
in CAT activity (on average by 5% for both peptides) and had 
no effect on GSH-Px activity compared with the control. These 
data show that changes in the activity of commercial antioxi-
dant enzymes during incubation with carnosine and Gal are of a 
multidirectional nature, which is not consistent with the data of 
in vivo experiments (Figure 3).
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Discussion

In the present work, the post conditioning activity of Gal, the 
pharmacological agonist of the galanin receptor GalR2, and the 
dipeptide carnosine was studied in acute myocardial infarction 
in ratsin vivo. Intravenous bolus administration of these pep-
tides at the onset of reperfusion initiated anti-ischemic protec-
tion of the damaged myocardium. This was manifested in the 
limitation of myocardial IS, a reduction of cardiomyocyte mem-
brane damage, and an improvement in the metabolic state of 
AAR at the end of reperfusion. Antioxidant properties of both 
peptides were also revealed in this model. They consisted in a 
decrease in the formation of DMPO-OH, the adduct of hydroxyl 
radicals, in the interstitium of the AAR during reperfusion, and 
an increase in the myocardial activity of Cu, Zn-SOD, CAT and 
GSH-PX, which was accompanied by a decrease in the forma-
tion of TBARS in the reperfused area of the heart.

One of the reasons for the increased activity of antioxidant 
enzymes in the AAR of the rat heart under the action of peptides 
could be upregulation of gene expression. This assumption is 
supported by the results of a study [20], which demonstrated 
an increase in Cu,Zn-SOD mRNA expression in the infarcted 
myocardium of galanin-treated mice. The ability of carnosine 
to enhance the antioxidant capacity of the cell by increasing the 
expression of key antioxidant enzymes was also noted in vari-
ous experimental objects [21,22]. Many peptides are known to 
be able to scavenge ROS and inhibit LPO [23]. These properties 
are well documented for carnosine [9-11]. In a number of inde-
pendent studies, including myocardial I/R injury, a suppression 
in the formation of ROS and LPO products (malonic dialdehyde, 
peroxyl radicals, and cytotoxic unsaturated aldehydes 4-hy-
droxy-trans-2-nonenal and acrolein) under the action of carno-
sine have been demonstrated [24,25]. There are no data on the 
direct antioxidant effect of Gal in the contemporary literature. 
However, recent studies have shown that its natural analog, the 
N-terminal fragment of galanin (2-15) WTLNSAGYLLGPHA-OH, 
reduced the formation of superoxide anion radical and hydro-
gen peroxide in mitochondria of isolated rat cardiomyocytes 
and cardiomyoblasts of the H9c2 cell line during hypoxia/reoxy-
genation, which was accompanied by a decrease in apoptosis 
[6]. We believe that the mechanisms of action of Gal in condi-
tions characterized by increased levels of oxidative stress (I/R 
injury, diabetes, metabolic syndrome, neurodegenerative dis-
eases) are an important task for future research.

The influence of Gal and carnosine on parameters of myo-
cardial injury and oxidative stress is compared in (Table 3). Of 
note, Gal limited myocardial IS to a significantly greater ex-
tent than carnosine. This effect was accompanied by a greater 
decrease in the activity of both necrosis markers (CK-MB and 
LDH) in blood plasma and a more pronounced improvement in 
metabolic state of the AAR at the end of reperfusion compared 
with these indices for carnosine. These key differences directly 
point to the benefits of Gal as a post conditioning agent. The 
possibility of activation of various signal transduction pathways 
upon binding of N-terminal fragments of galanin to the GalR2 
receptor and its consequences for damaged cardiomyocytes 
has been discussed earlier [8,26]. Coupling of the GalR2 recep-
tor to various types of G proteins (Gi/o, Gq/11, and G12/13) can 
stimulate the uptake and oxidation of glucose by cardiomyo-
cytes [27], inhibit proapoptotic BAD/BAX proteins and reduce 

the activity of caspase-3 and caspase-9 [3], block the opening 
of mitochondrial transient permeability pores (mPTP) and thus 
promote cell survival and motility [28]. It is highly probable that 
these mechanisms can be activated by Gal peptide. Along with 
this, Gal is able to enhance the antioxidant protection of the re-
perfused myocardium, which may not be directly related to the 
activation of GalR2 receptors. In accordance with previous re-
sults [10,24,25,29], carnosine showed a significantly more pro-
nounced increase in the activity of antioxidant enzymes (CAT 
and GSH-Px) in the AAR compared to Gal.

Conclusions

The pharmacological agonist of galanin receptor GalR2, pep-
tide Gal WTLNSAGYLLGPβAH-OH, and its C-terminal fragment, 
the dipeptide carnosine βAH, exhibit similar metabolic and anti-
oxidant effects in a model of regional ischemia and reperfusion 
of the rat heart in vivo. When using the same doses, Gal reduces 
the necrotic death of cardiomyocytes in the AAR during reper-
fusion and the release of the necrosis marker CK-MB into the 
bloodstream to a significantly greater extent than carnosine. As 
is known, the use of pharmacological agents in early reperfu-
sion, capable of post conditioning the ischemic heart, is recog-
nized as a useful addition to the generally accepted methods of 
protection against myocardial infarction and is well document-
ed in the experiment. To date, a small number of such com-
pounds have been studied in clinical trials. The results of this 
work suggest the possibility of using Gal as an adjuvant therapy 
to reduce myocardial reperfusion injury. In the future, it seems 
important to study the molecular mechanisms and signaling 
molecules, the activation of which by pharmacological agonists 
of galanin receptors is able to reproduce the beneficial effects 
of post conditioning.
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