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ARTICLE INFO ABSTRACT

Keywords: It is generally accepted that oxidative stress plays a key role in the development of ischemia-reperfusion injury in
Cardiomyocytes ischemic heart disease. However, the mechanisms how reactive oxygen species trigger cellular damage are not
Hypoxia

fully understood. Our study investigates redox state and highly reactive substances within neonatal and adult
cardiomyocytes under hypoxia conditions. We have found that hypoxia induced an increase in HyO; production
in adult cardiomyocytes, while neonatal cardiomyocytes experienced a decrease in HyO; levels. This finding
correlates with our observation of the difference between the electron transport chain (ETC) properties and
mitochondria amount in adult and neonatal cells. We demonstrated that in adult cardiomyocytes hypoxia caused
the significant increase in the ETC loading with electrons compared to normoxia. On the contrary, in neonatal
cardiomyocytes ETC loading with electrons was similar under both normoxic and hypoxic conditions that could
be due to ETC non-functional state and the absence of the electrons transfer to O, under normoxia. In addition to
the variations in HoO5 production, we also noted consistent pH dynamics under hypoxic conditions. Notably, the
pH levels exhibited a similar decrease in both cell types, thus, acidosis is a more universal cellular response to
hypoxia. We also demonstrated that the amount of mitochondria and the levels of cardiac isoforms of troponin I,
troponin T, myoglobin and GAPDH were significantly higher in adult cardiomyocytes compared to neonatal ones.
Remarkably, we found out that under hypoxia, the levels of cardiac isoforms of troponin T, myoglobin, and
GAPDH were elevated in adult cardiomyocytes, while their level in neonatal cells remained unchanged. Obtained
data contribute to the understanding of the mechanisms of neonatal cardiomyocytes’ resistance to hypoxia and
the ability to maintain the metabolic homeostasis in contrast to adult ones.

Hydrogen peroxide
Genetically encoded fluorescent biosensor
Raman microspectroscopy
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0D, oxygen deprivation; NHE, Na*/H" exchanger; RS, Raman spectroscopy.
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1. Introduction

The widespread prevalence of cardiovascular diseases poses complex
challenges for modern science. According to the World Health Organi-
zation, ischemic heart disease ranks first among the causes of mortality
in the population [1,2]. Currently, it is known that most cardiac pa-
thologies, including hypertrophy, ischemia, heart failure, inflammation,
and fibrosis are associated with disruptions in signaling pathways
involving redox reactions [3-7]. Reactive oxygen species (ROS),
comprising superoxide anion radicals, hydrogen peroxide, hydroxyl
anions, peroxynitrite and hypochlorite anions play a pivotal role in these
mechanisms [8,9]. Under typical physiological circumstances, cellular
ROS levels are regulated by antioxidant systems encompassing super-
oxide dismutases, catalase, glutathione peroxidases, peroxiredoxins as
well as glutathione- and thioredoxin-dependent systems, among others
[3,9-12]. In diverse cell types, including cardiomyocytes, controlled
production of ROS plays a crucial role in preserving cellular balance by
governing numerous signaling pathways. For example, hydrogen
peroxide (H203) is an essential signaling molecule that participates in
signal transduction pathways through the reversible modification of
amino acid residues in proteins [13-15]. In cardiomyocytes, ROS
regulate vital processes like differentiation, proliferation, and electro-
mechanical coupling [16-18]. However, the disruption of the equilib-
rium between ROS production and activity of protective antioxidant
systems leads to the emergence of oxidative stress. Consequently,
elevated ROS concentrations induce cellular oxidation, resulting in
damage to DNA, lipids, proteins, and other macromolecules.

It is generally accepted that oxidative stress occurs during myocar-
dial infarction and subsequent reperfusion in the heart [19,20]. Reper-
fusion is necessary to rescue heart function during myocardial
infarction, but the restoration of blood flow can also cause additional
damage to the heart, known as ischemia-reperfusion injury (IRI). IRI is a
significant risk factor contributing to the morbidity and mortality
associated with cardiovascular disease [21-23]. Recently, significant
efforts have been made to understand the origins of oxidative stress
during ischemia/reperfusion and develop approaches for its correction.

The main sources of ROS formation in cardiomyocytes include the
mitochondrial respiratory chain (electron transport chain, ETC), NADPH
oxidases, xanthine oxidase, NADPH reductases, cytochrome P450, and
monoamine oxidase [17,24,25]. Under ischemic conditions, ROS gen-
eration in cardiomyocytes is attributed to mitochondrial respiratory
chain dysfunction [26], xanthine oxidase activation [27], and the
oxidation of iron (Fe2+) within the oxyhemoglobin complex [28].
Meanwhile, it is widely believed that a predominant surge in ROS pro-
duction occurs during reperfusion, making a significant contribution to
the development of oxidative stress [29].

Although the consequences of ROS effects on various cell types
including cardiomyocytes might be critical for cell structure, physiology
and metabolism, cells may react to oxidative stress through multiple
adaptation mechanisms. Upregulation of expression of multiple proteins
is one of the fundamental pathways that helps the cell to sustain survival
and functionality in oxygen-deficient situations. For example, it has
been previously demonstrated that the expression of such proteins as
troponin T and myoglobin increased under hypoxic conditions providing
the maintenance of contractile apparatus function and oxygen preser-
vation in various types of cells [30-32].

Despite significant scientific interest in this field, the role of redox
modifications and contributors to oxidative stress during pathological
cardiac conditions remains one of the least explored areas. The revolu-
tion in redox biology began with the development of genetically enco-
ded fluorescent sensors. These biosensors are now widely used in various
biomedical and biological research studies. For instance, the HyPer
biosensor is a powerful tool for monitoring H,O2 dynamics in vivo within
tissues of transgenic organisms [33]. Genetically encoded fluorescent
instruments from the HyPer family have become highly demanded in
recent years in redox process studies, prompting a reevaluation of the
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role of HyO> in various biological processes [34-37].

Various genetically encoded biosensors have been used to study
heart tissues, with metabolic biosensors for registration of ATP [38],
lactate, pyruvate [39], as well as cyclic nucleotides (cAMP, cGMP)
[40-42]. In the present study we employed HyPer7 for HyO5 detection
[43] and SypHer3s for monitoring pH dynamics [44].

Our study has a tripartite aim, with a strong emphasis on the
investigation of redox-state and highly reactive substances within car-
diac cells. Firstly, we seek to quantify and compare the generation of
H,0; and pH in neonatal and adult cardiac cells under hypoxic condi-
tions. Secondly, our focus extends to examining the impact of hypoxia
on the redox state of mitochondria in both adult and neonatal car-
diomyocytes, applying Raman microspectroscopy to unravel how oxy-
gen deprivation influences the redox state of c- and b-type cytochromes
in ETC. By the estimation of the ETC redox state we analyzed the ETC
loading with electrons that is closely coupled to the generation of the
superoxide anion-radical (O37) in complexes III. Lastly, we aim to
investigate the dynamic of four pivotal cardiospecific proteins following
hypoxia/reoxygenation, potentially uncovering adaptive mechanisms
that counteract the detrimental effects of reactive oxygen species.

2. Materials and methods
2.1. Animal husbandry

SHR male rats (2-month-old, 180-210 g) were bred and housed in
the animal facilities of the Institute of Bioorganic Chemistry of the
Russian Academy of Sciences (IBCh RAS) in a 12 h light-dark cycle with
free access to food and water. For neonatal cardiomyocyte cell culture,
neonatal rat pups (1-3 days after the birth) were obtained from adult
SHR rats. The work was accomplished under the supervision of the IBCh
IACUC and following the Regulations of the Ministry of Health of the
Russian Federation. All procedures were approved by IBCh IACUC
protocol No 372 from March 13, 2023.

2.2. Isolation and culture of neonatal rat cardiomyocytes

Rat neonatal cardiomyocytes were obtained from the hearts of a
single litter (7-13 pups) of SHR rats. All solutions used in the protocol
were sterile-filtered, and all tools were sterilized with 70 % alcohol prior
to the procedures. Except for the initial tissue extraction, all subsequent
steps were performed within a sterile laminar flow environment.
Initially, the rat pups were decapitated, and their hearts were extracted
and placed in a cold PBS solution (137 mM NacCl, 2.7 mM KCI, 10 mM
NaoHPO4, 1.8 mM KHyPO4, pH 7.4) on ice. The ventricles were then
isolated from the atria and blood vessels, and the epicardium was
removed. The isolated ventricles were minced and suspended in a so-
lution containing a mixture of enzymes (Neonatal Heart Dissociation Kit,
mouse and rat, Miltenyi Biotec), followed by incubation at 37 °C for 15
min. This resuspension and incubation process was repeated two more
times, resulting in a total incubation time of 45 min for the enzymatic
treatment. The tissue homogenate was subsequently transferred to a cell
culture medium DMEM/F12 (BioloT), containing penicillin/strepto-
mycin (1 %, PanEco), Fetal Bovine Serum (FBS, 10 %, BioloT) and
filtered through a 70 pm cell strainer (SPL Life Sciences). The cells were
then centrifuged for 5 min at 600 g, the supernatant was removed, and
the cells were resuspended in 1 mL of PEB buffer (PBS, 10 % BSA, 2 mM
EDTA). To eliminate erythrocytes, the cells were incubated for 1 min in a
red blood cell lysis solution (Miltenyi Biotec). After another centrifu-
gation step for 5 min at 600 g, the supernatant was removed. The cells
were resuspended in 1 mL of DMEM/F12 with glutamine and counted
using a Goryaev chamber. Following cell counting, the cells were plated
in 35-mm plastic Tissue Culture Dishes (SPL Life Sciences) in 1 mL
DMEM/F12, with a seeding density of 5x10°5 cells per dish. For tran-
sient expression of biosensors, we used AAV-based vectors with cloned
HyPer7 or SypHer3s genes. Cells were infected with viral particles at a
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MOI of 10 000 VG/cell. The fluorescence signal of the biosensors
expressed in neonatal cardiomyocytes was measured on the 5-7th day
after transduction under hypoxia/reoxygenation conditions.

2.3. Isolation and culture of adult rat cardiomyocytes

Isolation of adult rat cardiomyocytes was performed according to the
described protocol [45] with little changes. All solutions used in the
protocol were sterile-filtered, all tools and Langendorff perfusion system
were sterilized with 70 % alcohol prior to the procedures. Except for the
initial tissue extraction and enzymatic perfusion all subsequent steps
were performed within a sterile laminar flow environment. Ten minutes
prior to the procedure, the animal received an intraperitoneal injection
of heparin (1000 units/kg). Subsequently, the rat was anesthetized with
5 % isoflurane and then decapitated. The chest was opened, and the
heart was briefly excised and washed with a Krebs-Henseleit buffer
(KHB) solution (118 mM NaCl, 4.8 mM KCI, 25 mM HEPES (PanEco),
1.25 mM MgSOy4, 1.25 mM K3HPO4, 11 mM p-glucose, 5 mM Taurine
(Sigma), pH 7.4). The heart was then cannulated through the aorta for
retrograde Langendorff perfusion using a KHB solution aerated with
carbogen (95 % O, 5 % COy). After perfusing 100 mL of KHB solution
and removing the blood, the perfusion was switched to an enzyme so-
lution consisting of KHB with the addition of 1 g/L bovine serum al-
bumin (BSA, PanEco), 0.6 g/L Collagenase Type II (Worthington
Biochemical Corp.), 0.05 g/L Protease Type XIV (Sigma), and 25 pM
CaCly. The enzyme solution was recirculated through the heart for
40-50 min. Subsequently, the heart was transferred to a sterile laminar
flow box, the atria were removed, the ventricles were minced and sus-
pended using a pipette with a trimmed tip in a Petri dish with 5 mL of
KHB solution supplemented with 10 mM BDM (2,3-Butanedione mon-
oxime). Next, 5 mL of KHB-B solution (consisting of KHB with the
addition of 10 mM BDM, 10 g/L BSA, and 0.1 mM CaCl,) was added, and
the cell suspension was filtered through a 100 pm strainer. The strainer
was additionally rinsed with 5 mL of KHB-B solution. The cell suspen-
sion was centrifuged at 100 g for 3 min. After removing the supernatant,
the cells were suspended in 25 mL of KHB-B solution and gently mixed.
The cells were allowed to settle under their own weight for a period of
5-7 min. Once again, the supernatant was removed, and the cells were
resuspended in 25 mL of KHB-B solution. Calcium was gradually
introduced to the solution by titrating 20 mM CaCl,, adding 250 pl, 375
pl, and 500 pl at intervals of 3-5 min. Following this, the cell suspension
underwent another round of centrifugation at 100g for 3 min. The su-
pernatant was removed, and the cells were suspended in 5 mL of culture
medium containing DMEM high glucose (4.5 g/L), 1 % pen-
icillin/streptomycin (1 %, PanEco), 2 mM glutamine (Gibco), and 10 %
FBS (BioloT). The cells were then plated on laminin-coated confocal
dishes (SPL Life Sciences), with an excess of approximately 300-500 pl
per dish. Over the next 3 h, any non-adherent cells were removed. The
medium volume in the dish was adjusted to 2 mL. On the following day
after isolating the cardiomyocytes, viral particle transduction was per-
formed. Fluorescence visualization was carried out on the 5th day after
cell isolation.

2.4. Genetic constructs and viruses

The genetic constructs cTnT-HyPer7-mito and cTnT-SypHer3s-cyto
were introduced using adeno-associated viruses (AAVs) of serotype
PHP.S and serotype 9 (AAV-PHP.S for HyPer7 and AAV9 for SypHer3s).
To achieve precise expression of these constructs in cardiomyocytes, a
cardiac-specific promoter was employed. This promoter is a constitutive
hybrid promoter composed of the CMV immediate early enhancer fused
to the cardiac troponin T promoter (c¢TnT). The ¢TnT promoter was
inserted into the multiple cloning site (MCS) of the AAV9 plasmid
(Stratagene) using Mlul and EcoRI (FD, ThermoFisher Scientific) re-
striction sites. The genes encoding the biosensors HyPer7 [43] and
SypHer3s [44] were then inserted into the MCS of the AAV9-cTnT vector
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using EcoRI and HindIII (FD, ThermoFisher Scientific) restriction sites. In
order to localize the biosensor HyPer7 in the mitochondrial matrix, the
respective gene was equipped with a duplicated mitochondrial targeting
sequence (MTS2) [46]. The SypHer3s-cyto constructs, which did not
contain any subcellular localization signals, were employed for
biosensor expression in the cytosol. The virus titers were 4.8%10%12
VG/mL for AAV9-cTnT-SypHer3s-cyto and 8.1¥10"12 VG/mL for AAV-
PHP.S-cTnT-HyPer7-mito.

2.5. Dynamics of H202 and pH in neonatal and adult cardiomyocyte cell
culture under oxygen-glucose deprivation/restoration conditions

Imaging of HyO», and pH dynamics in neonatal and adult car-
diomyocyte cell cultures was performed using an Olympus Fluoview
FV3000 inverted fluorescent microscope equipped with a gas mini-
incubator (Miniature Incubator TC-MWP, Bioscience Tools), where 35
mm glass coverslips with cardiomyocytes had been placed. For HyPer7
and SypHer3s DAPI/FITC/Cy3/Cy5 Quad smb LED Set filters were used
for excitation (hex = 370-420 nm and Aey = 447-503 nm) and for
emission (Aem = 495-527 nm). All the measurements were carried out
using an Olympus UPLFLN 20x Objective.

Half an hour prior to the experiment, the cell medium in the dishes
was replaced with a control Tyrode solution for fluorescence micro-
scopy. To simulate oxygen-glucose deprivation/restoration (OGD/OGR)
conditions, a custom-designed perfusion setup was used, that allows to
switch the perfusion flow from normal oxygenated Tyrode solution (118
MM NacCl, 4.7 MM KCl, 2.2 MM NaH,POy4, 1.2 MM MgCly, 1.2 MM
CaCly, 25 MM NaHCOs, pH 7.2-7.4) to deoxygenated Tyrode solution.
Control Tyrode solution contained 5 mM glucose, while the deoxygen-
ated solution was free of glucose to induce OGD conditions. The detailed
description of the perfusion setup was previously reported at [47].

The control and deoxygenated perfusion solutions were prepared by
saturating the Tyrode solution in 1-L tanks with air, CO,, or N, using a
gas controller (CO,—05-MI, Bioscience Tools). For the control solution, a
gas mixture of 5 % CO4 and 95 % air was bubbled into the tank, for the
hypoxia solution, a gas mixture of 5 % CO2 and 95 % N3 was used. The
oxygen concentration was continuously monitored using fluorescent
oxygen sensors (FTC-PSt3) in the solution tanks and within the tubes of
the perfusion system, both immediately before and after the flow into
the dish. To capture the signal from the fluorescent oxygen sensors,
optical fibers were connected to a multichannel oximeter (Multi-Chan-
nel Oxygen Meter OXY-4 SMA (G3)). The acquired signal was recorded
using PreSens Measurement Studio 2 software. All components of the
oxygen sensor system were obtained from PreSens Precision Sensing
GmbH. To exclude oxygen leakage to the dish, N, was supplied to the
mini-incubator, displacing O from the external medium around the dish
during hypoxia conditions, during normal/reoxygenation conditions,
the mini-incubator was supplied with air. This setup allowed an
exceptionally rapid (within 30-60 s), precise, and controlled alteration
of the oxygen concentration in the cell medium. The oxygen concen-
tration was changed from pO; ~ 150 mmHg (~20 % of the oxygen
concentration in the air) to pO2 < 5 mmHg (<1 % of the oxygen con-
centration in the air).

The protocol of the experiment was as follows. Each experiment
involved the recording of the biosensor’s signal for 10-15 min under
normal conditions to establish the baseline fluorescent signal (perfusion
with normal Tyrode solution with glucose). Then, the signal was
recorded during OGD for 35 min (perfusion with deoxygenated Tyrode
solution without glucose). Subsequently, the signal was recorded during
OGR for 15 min (perfusion with normal Tyrode solution with glucose).
After OGR, the perfusion was terminated, and HoOy (200 pM) or t-
lactate (20 mM) was added to the dish to elicit the maximal ratiometric
response of the biosensors and validate live cells with an appropriate
biosensor response.
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2.6. Detection of cardiac troponin I, T and myoglobin by sandwich-type
fluorescent immunoassay (FIA)

The concentrations of troponin I, troponin T and myoglobin in the
cell lysates were determined by a sandwich-type FIA using monoclonal
antibody pairs 19C7-560-Eu" (determining the concentration of car-
diac troponin I), 329-406-Eu’* (determining the concentration of car-
diac troponin T) and 4E2-7C3-Eu®* (determining the concentration of
cardiac myoglobin) as described by Katrukha et al. [48] (all monoclonal
antibodies were kindly provided by HyTest). For FIA, the capture anti-
bodies (20 pg/mL, 0.1 mL/well in PBS) were sorbed onto the surface of
the wells of a 96-well polystyrene plate by shaking for 30 min at RT. The
wells were then washed with 10 mM Tris-HCl, 150 mM NacCl, 0.025 %
Tween 20 and 0.05 % NaN3 pH 7.8 (buffer A). After that, 0.025 mL of the
sample was diluted in the stabilizing buffer (20 mM Tris-HCI buffer, 5
mM CaCly, 150 mM KCl, 7.5 % bovine serum albumin, 0.15 % NaNs pH
7.5) for troponin concentrations measurements or in the assay buffer
(50 mM Tris-HCI buffer, 0.9 % NaCl, 0.01 % Tween 40, 0.5 % bovine
serum albumin, 0.05 % NaNs; pH 7.7) for myoglobin concentration
measurements. After that 0.05 mL of detector antibodies (4 pg/mL)
conjugated with a stable europium chelate (Eu3+) were added into each
well. The plates were incubated for 30 min at RT with constant shaking.
After washing with buffer A, 0.2 mL of fluorescent enhancement solution
was added to the wells of the plate, and then the fluorescence was
detected using Victor X plate analyzer (PerkinElmer).

2.7. Cell lysates preparation

To prepare cell lysates, neonatal and adult cardiomyocytes were
washed 3 times with PBS followed by the addition of 300 pl of lysis
buffer (PBS with 0.1 % Triton X-100, 20 pg/mL phenylmethylsulfonyl
fluoride, 3 pg/mL aprotinin, 1 pm pepstatin A). Then, the samples were
subjected to ultrasonic treatment using Branson 450 Digital Sonifier
(Branson), frozen and stored at —20 °C. The protein concentration in cell
lysates was determined using the Bradford protein assay as described in
Ref. [49]. The obtained values were utilized to normalize the troponins,
myoglobin and GAPDH concentrations.

2.8. Western blot analysis

To assess the relative content of GAPDH, Western blot analysis with
chemiluminescence detection was employed. Different quantities of
chicken GAPDH that was used as a standard and protein samples from
cardiomyocyte lysates were separated via 12.5 % SDS-PAGE and blotted
onto 0.45 pM nitrocellulose membranes (Bio-Rad) according to the
Towbin protocol [50]. Then immunostaining by anti-GAPDH mAbs
(clone 4G5, HyTest), conjugated with horseradish peroxidase (HRP) was
performed. GAPDH was visualized using SuperSignal West Femto
Maximum Sensitivity Substrate (Thermo Scientific) on the ChemiDoc
Touch Imaging System (Bio-Rad). Image quantification was performed
using ImageLab 5.2.1 software (Bio-Rad). The total protein content in
the cell lysates was normalized to p-actin content. The GAPDH content in
the lysates of cardiomyocytes was calculated using a calibration curve
showing band intensity of standard GAPDH samples versus their protein
content.

2.9. Monitoring of the redox state of mitochondria in cardiomyocytes with
Raman microspectroscopy

2.9.1. Recording of cardiomyocyte Raman spectra

To estimate the redox state of the respiratory chain of mitochondria
in cardiomyocytes we used Raman microspectroscopy. Raman spectra of
cultured adult or neonatal cardiomyocytes were recorded with confocal
Raman microspectrometer InVia Qontor (Renishaw) with laser excita-
tion wavelength 532 nm. Cells were grown on glass-bottom Petri dishes
in a cell culture medium as described in sections 2.2 and 2.3. The cell
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culture medium was exchanged to the control Tyrode solution 30 min
before the experiments. For the measurements Petri dishes were placed
on the scanning table of the up-right Leica FSM microscope (Free-space-
microscope) connected to the Raman microspectrometer and the water-
immersion objective 63x, NA 0.9 (Leica) was used for the laser light
focusing and the Raman scattering collection. The laser power was less
than 0.5 mW for the registration spot with the diameter of 400 nm.
Raman spectra were recorded from the central part of cardiomyocytes
with the accumulation time of 60 s. Measurements of cardiomyocyte
Raman spectra under normoxia (control conditions) were done under
the perfusion of the Petri dishes with cardiomyocytes with the physio-
logical solution continuously gassed 90 % Oz. The perfusion rate was
2-3 mL/min. Hypoxia (oxygen deprivation condition) was induced by
the switching to the perfusion of cardiomyocytes with non-oxygenated
physiological solution containing sodium dithionite (Sigma, 1 mg/ml).
Sodium dithionite is known to be a highly efficient reducing agent that
interacts with molecules in all phases of the sample and reduces Oy and
all oxidized molecules including ETC components, cytosolic hemopro-
teins, etc.

2.9.2. Analysis of Raman spectra

Raman spectra were analyzed with open-source software Pyraman,
available at https://github.com/abrazhe/pyraman. The baseline was
subtracted in each Raman spectrum and it was defined as a cubic spline
interpolation of a set of knots, number and x-coordinates of which were
selected manually outside any informative peaks in the spectra. The
number and x coordinates of the knots were fixed for all spectra in the
study, y coordinates of the knots were defined separately for each
spectrum as 5 point neighborhood averages of spectrum intensities
around the user-specified x-position of the knot. To choose the param-
eters for baseline subtraction we processed approximately 10 spectra
from different cardiomyocytes. After the baseline subtraction, the in-
tensities of peaks with the following maximum positions were defined:
570, 640, 750, 1126, 1365, 1370 and 1445-1450 cm'. Peak at 570
em™! corresponds to vibrations of cytochrome ¢ heme in ruffled
conformation with the decreased ability to accept and to donate elec-
trons [51]; peak at 640 cm ! is attributed to the vibration of C-S bond in
c-type cytochromes (bond between Cys residue and heme c), Fe-S
clusters and in non-oxidized Cys-containing proteins [52]. Peaks at 750
and 1126 cm™! corresponds to bonds’ vibrations in hemes of c-and
b-type cytochromes [53-56]; peaks at 1365 and 1370 em ! - to deox-
ymyoglobin and oxymyoglobin [53-55], respectively, and peak at
1445-1450 cm™! - to C-C bond vibration in lipids [53-56]. Though all
listed cytochrome peaks are typical for Raman spectra of both redox
cytochrome forms, it is known that in cells and tissues only reduced
cytochromes are seen in Raman spectra due to their 100-1000 times
higher Raman scattering intensity than that of oxidized cytochromes
[56-59]. To estimate the redox state of cytochromes, conformation of
cytochrome c heme, relative amount of C-S bonds and oxy-and deoxy-
myoglobin we used the following ratios of Raman peaks/intensities.

@ I750/11450 and I1106/I1450 ratios - as an estimation of the relative
amount of reduced c-type and b-type cytochromes, respectively,
normalized on the amount of lipids;

® I750/I1126 - relative amount of reduced c-type cytochromes vs
reduced b-type cytochromes;

® I570/1750 - the probability of ruffled heme conformation in reduced
cytochrome c;

® Is40/1750 - relative amount of proteins with non-oxidized Cys-resi-
dues or with Fe-S clusters;

® l1370/T1450 - relative amount of oxymyoglobin vs lipids. Under nor-
moxia conditions all myoglobin molecules are oxygenated, therefore
this ratio corresponds to the total amount of myoglobin under con-
trol conditions;

@ I1365/11450 - relative amount of deoxymyoglobin vs lipids. Under
hypoxia all myoglobin molecules are deoxygenated, therefore this
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ratio corresponds to the total amount of myoglobin under conditions
of oxygen deprivation.

3. Results

3.1. H30; and pH dynamics in neonatal and adult cardiomyocytes cell
culture under acute oxygen-glucose deprivation/restoration conditions

As oxidative stress plays a principal role in cardiovascular disease
development, this study focuses on investigating the dynamics of
hydrogen peroxide and pH. To track the real-time dynamics of the
studied parameters at the level of individual cellular compartments, we
used genetically encoded fluorescent biosensors. Specifically, we con-
ducted visualization within the cytosol and mitochondrial matrix of
cardiomyocytes. For monitoring the HoO, dynamics, we employed the
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highly sensitive biosensor HyPer7 [43] localized in the mitochondrial
matrix. The choice of localization was determined by our previous ex-
periments, revealing that HoO, generated in the cytosol rapidly diffuses
into the mitochondrial matrix, while the reverse diffusion is limited
[43]. Hence, when HyPer7 is localized in the mitochondria, it detects the
general HyO» pool regardless of the source of the oxidant. pH dynamics
were visualized using the SypHer3s biosensor [44] in the cytosol.
Meanwhile, to investigate the impact of OGD/OGR conditions on car-
diomyocyte biochemical parameters, we utilized a setup that was pre-
viously established in our laboratory [47], which enables controlled and
rapid modulation of oxygen levels in the perfusion chamber, alongside
with the simultaneous microscopy of the studied subjects.

Using the highly sensitive HyO» biosensor, HyPer7, we have found
that redox events during hypoxia differ between neonatal and adult
cardiomyocytes. Our experiments revealed that in neonatal
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Fig. 1. Effects of OGD/OGR on H;0, and pH in cultured neonatal and adult cardiomyocytes. A — real-time registration of H,O, concentration using HyPer7 biosensor
in the mitochondrial matrix of cultured neonatal (black) and adult (red) cardiomyocytes during 35 min of OGD and subsequent OGR. The graph represents the
dynamics of a normalized HyPer7 signal (ratio F470/F395 normalized to 1). Data averaged from 40 cells in 2 experiments for adult cardiomyocytes and from 86 cells in
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HyPer7 signal from neonatal and adult cardiomyocytes, mixed-effects model, $idak’s multiple comparisons test. B - normalized HyPer7 ratio F470/Fsos in cultured
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SypHer3s ratio F470/F39s5 in cultured adult (up) and neonatal (down) cardiomyocytes placed under OGD/OGR conditions (scale bar 100 pm). Sequentially shown:
baseline, 35th minute of OGD and 15th minute of OGR. All data are presented as mean + SEM.
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cardiomyocytes, OGD induced a significant decrease in HyPer7 signal, biosensor signal to its initial baseline values, indicating a resumption of
registering 8.3 + 1.5 % below baseline values at 35th minute of OGD, H0; production (Fig. 1A). Notably, similar HoO2 dynamics were pre-
corresponding to reduced basal HyO, concentrations under hypoxic viously observed in neurons [47].
conditions. During the OGR phase, we observed the restoration of the Conversely, within adult cardiomyocytes under OGD/OGR
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are shifted vertically and each spectrum is normalized on the intensity of its “lipid” peak with maximum at 1450 cm ™. Numbers above peaks show the position of the
peak maximum. C, D - relative amounts of reduced c and b-type mitochondrial cytochromes vs. lipids, respectively, in adult cardiomyocytes (red bars) and neonatal
cardiomyocytes (grey bars) in control and oxygen deprivation conditions. E — relative amount of reduced c-type cytochromes vs. b-type cytochromes; F - relative
amount of reduced cytochrome ¢ with ruffled heme, possessing low ability to donate electron, normalized on the total amount of reduced cytochrome c; G - relative
amount of C-S bonds in cytochrome ¢ heme and molecules with reduced —-SH groups normalized on the total amount of reduced c-type cytochromes; H - relative
amount of myoglobin normalized on the amount of lipids. *, **, *** are p values < 0.05, 0.01 and 0.001, respectively (Mann-Whitney test).

150



A.D. Ivanova et al.

conditions, HoO5 dynamics exhibited an inverse pattern compared to
neonatal cardiomyocytes. In adult cardiomyocytes, the signal of the
HyPer7 biosensor increased by 15.2 + 6.9 % during OGD and gradually
returned to its initial values during OGR. Substantial differences in
biosensor values were observed between neonatal and adult car-
diomyocytes from the 34th to 50th minutes of experiment (Fig. 1A).
Both neonatal and adult cardiomyocytes exhibited a significant increase
in the HyPer7 biosensor signal upon the introduction of HyO5 into the
cellular environment, confirming its proper functionality (Fig. 1A).

Another detrimental factor for heart tissues during cardiac ischemia
could be the accumulation of acidic metabolites, resulting in a reduction
of both intracellular and extracellular pH, which could decrease to the
values as low as 6.0-6.5 [60,61]. This tissue acidosis exacerbates
ischemic damage and significantly impacts cardiac function. Thus, in the
next step of this study, we examined the pH dynamics in both neonatal
and adult cardiomyocytes under normal and hypoxia conditions using
the genetically encoded fluorescent biosensor SypHer3s [44].

Upon exposure to OGD, a rapid onset of cytosolic acidosis was
observed in both types of cardiomyocytes. The signal from the SypHer3s
biosensor decreased by 41.7 + 10.3 % and 29.2 + 8.9 % in neonatal and
adult cardiomyocytes, respectively (Fig. 1C). Remarkably, following
OGR, the pH values in both neonatal and adult cardiomyocytes returned
to their initial levels. According to the previously obtained data [47] this
decrease in the normalized SypHer3s fluorescent signal equals approx-
imately 0.5 pH units. At the end of each experiment series with both
neonatal and adult cardiomyocytes, we introduced 20 mM lactate into
the medium during imaging, observing the typical response of SypHer3s
in these conditions: a sharp pH decrease followed by a rapid recovery to
values higher than the initial ones. This phenomenon could be explained
by the compensatory mechanisms of the cell. Thus, we have not
observed significant differences in SypHer3s biosensor signal which
reflects pH dynamics during OGD/OGR between neonatal and adult
cardiomyocytes.

3.2. Comparative study of hypoxia effect on mitochondria redox state in
adult and neonatal cardiomyocytes

Hypoxia is known to affect the redox state of the respiratory chain of
mitochondria of many cell types including excitable cells [55]. Previ-
ously with resonance Raman spectroscopy (RS) it was demonstrated that
hypoxia causes overloading of mitochondrial ETC in cardiomyocytes of
isolated heart [54,55]. Here we applied RS with laser excitation at 532
nm to study the effect of oxygen deprivation on adult and neonatal
cardiomyocytes. Expectedly, we observed the similar sets of peaks in
Raman spectra recorded from these two types of cardiomyocytes
(Fig. 2A and B). Thus, their Raman spectra demonstrated peaks corre-
sponding to heme bond vibrations in reduced both c-and b-type cyto-
chromes (peaks with maximum positions at 750, 1126, 1587 cm™ D), to
reduced cytochrome ¢ (570, 604, 1313 cm™)), reduced b-type cyto-
chromes (1338 crn’l), C-C bond vibrations in lipids (1450 ecm™Y) and
C-N peptide bond vibration on proteins (1660 em™ ) [53-56]. Besides,
Raman spectra of cells demonstrated peaks of heme b vibration in oxy-
myoglobin (1367-1370 ecm 1) and deoxymyoglobin (1363-1365 cm™})
[53-55]. We should also note that the peak at 750 ecm™* corresponds
mainly to reduced cytochrome ¢, whereas the peak at 1126 cm™! — to
reduced b-types cytochromes [56-59]. Importantly, the peak at 570
em ™! corresponds to bond vibrations in ruffled heme conformation in
cytochrome ¢ and by monitoring its relative intensity we can study
changes in cytochrome ¢ heme conformation and its ability to donate
electron [51]. All spectra also demonstrated peak at 640 cm ™! that is a
marker of C-S bonds in heme of c-type cytochromes, in non-oxidized
thiol groups of Cys residues in proteins and Fe-S clusters [52].

We have found that the relative amount of reduced c-and b-type
cytochromes in adult cardiomyocytes is much higher than in neonatal
cardiomyocytes under both control and oxygen deprivation conditions
(Fig. 2A-D). This difference is clearly seen from the Raman spectra
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(higher relative intensity of “cytochrome” Raman peaks in adult car-
diomyocytes compared with neonatal cells) (Fig. 2A and B) and from
histograms (Fig. 2C and D). Since hypoxic condition was caused by the
application of sodium dithionite that reduces all available electron
carriers exposing in Raman spectra all cytochrome-containing ETC
complexes, we can conclude, that the total amount of ETC complexes
and therefore the number of mitochondria in adult cardiomyocytes are
significantly higher, than in neonatal cells. Moreover, in adult cells
under normoxia conditions the percentage of ETC carriers with electrons
is higher than in neonatal cardiomyocytes (Fig. 2C and D). Besides,
under normoxia in adult cardiomyocytes the relative amount of reduced
c-and b-type cytochromes vs. lipids is significantly lower (6-7 times),
than under hypoxia. This result shows that under control conditions the
ETC of adult cardiomyocytes is only partly loaded with electrons. This
also means that hypoxia results in the accumulation of electrons in ETC
including complex III, causing electron transfer to Oz in the
ubichquinone-binding site with the following superoxide anion-radical
formation. To the contrary, the relative amount of reduced cyto-
chromes in neonatal cardiomyocytes is almost the same under control
normoxic and hypoxic conditions (Fig. 2C and D). It indicates that in
neonatal cells under normoxia ETC is almost fully loaded with electrons
and that hypoxia does not increase the amount of electrons in ETC and
does not lead to excessed O3 generation. These data can explain the
observed decrease in HyO, generation by neonatal cardiomyocytes
under hypoxia compared to adult cardiomyocytes that respond to hyp-
oxia by the increase in HoO2 amount (Fig. 1): in neonatal cells ETC seems
to be in the non-functional state similar for both normoxia and hypoxia
conditions, whereas in adult cells hypoxia results in the significant
accumulation of electrons in ETC comparing to the normoxia state, thus
enhancing O3~ generation in complexes III and I with the following
formation of HyO,. Remarkably, we also observed differences in the
redox state and heme conformation of cytochrome c¢ in adult and
neonatal cardiomyocytes. Cytochrome c in neonatal cells demonstrates
higher probability of the ruffled heme conformation, than heme of cy-
tochrome c in adult cells (Fig. 2F). Ruffled heme conformation is known
for its low ability to transfer electrons [62,63]. This can be among rea-
sons for the non-functional ETC state and similar full ETC loading with
electrons in neonatal cells under normoxia and hypoxia conditions
(Fig. 2C and D). In adult cardiomyocytes under normoxia the relative
amount of reduced c-type cytochromes normalized on the amount of
reduced b-type cytochromes is significantly higher, than under hypoxia
or under both conditions in neonatal cells (Fig. 2E). We suggest that in
adult cells under normoxia reduced cytochrome ¢ molecules can accu-
mulate in mitochondria intermembrane space if the complex IV does not
reduce oxygen quickly enough. At the same time, the ratio between
amounts of all molecules of c-and b-type cytochromes in mitochondria of
adult and neonatal cardiomyocytes are similar as can be seen from
Fig. 2E, oxygen deprivation (OD) conditions. We believe, that the
observed increase in the ETC loading with electrons under hypoxia in
adult cardiomyocytes is due to the lack of O; as of the terminal electron
acceptor in the complex IV and not due to other factors as, for example,
hypoxia-induced nitric oxide (NO) production. It is known that NO can
interact with a-type cytochromes of the complex IV [64,65]. However, it
was demonstrated that NO-induced inhibition of cytochrome c-oxidase
occurred under high pO; values and not under hypoxia [64,65].
Expectedly, hypoxia in both cell types leads to an increase in the
input of C-S bond Raman peak at 640 cm ™! to the spectra (Fig. 2A and
B). Since this peak corresponds to C-S vibrations in reduced SH-groups,
c-type cytochromes and Fe-S clusters, we performed normalization of
the C-S bond Raman peak intensity on the intensity of cytochrome c-
peak at 750 cm ™! to estimate hypoxia-induced changes in the relative
amount of C-S bonds not in the reduced cytochrome c, but in non-
oxidized Cys-residues and Fe-S clusters (Fig. 2G). We have found, that
the relative number of molecules with such C-S bonds was higher in
neonatal cardiomyocytes, than in adult cardiomyocytes under normoxia
and hypoxia, and that hypoxia caused the increase in this parameter in
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both cell types compared to the control condition (Fig. 2G). We attribute
the observed differences between cells to the higher amount of gluta-
thione and relative molecules in neonatal cardiomyocytes compared to
adult cells. We also observed higher relative amounts of oxymyoglobin
in adult cells, than in neonatal cardiomyocytes (Fig. 2H), that is due to
the lower amount of myoglobin in neonatal cells. Hypoxia leads to the
significant increase in the deoxymyoglobin amount in adult car-
diomyocytes that can be explained by its de-novo synthesis under OD
conditions (Fig. 2H). This result is in the agreement with the data ob-
tained by independent measurements (Fig. 3B). Low amount of
myoglobin in neonatal cells can be explained by the absence of necessity
to store oxygen intracellularly, since these cells almost do not use
oxidative phosphorylation and rely on glycolysis. These data are in
agreement with our data that reveals the lower amount of ETC com-
plexes in neonatal cells compared to adult cardiomyocytes (Fig. 2).

3.3. The effect of hypoxia on major cardiospecific protein content in
neonatal and adult cardiomyocytes

Hypoxia is reported to alter the expression pattern of numerous
structural and metabolic proteins in different cell types [66-69].
Biochemical profile variation appears to be one of the key mechanisms
of promoting cell adaptability and maintaining cell survival in oxygen
deficiency conditions. Herein, using FIA and Western blot analysis, we
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assessed the quantity of four important cardiac proteins: cardiac
troponin I, cardiac troponin T, myoglobin, and GAPDH in normoxic and
hypoxic conditions to examine how neonatal and adult cardiomyocytes
respond to hypoxia in the context of protein expression (Fig. 3). First,
under a normoxic state, we examined the content of the investigated
proteins in neonatal and adult cardiomyocytes. Results of our experi-
ments revealed that in normoxic conditions the content of all analyzed
proteins was significantly higher in adult cardiomyocytes than in
neonatal ones. The 20-, 10-,3- and 2-fold increase of cardiac troponin I
(Fig. 3A), myoglobin (Fig. 2B), cardiac troponin T (Fig. 3C) and GAPDH
content (Fig. 3D), respectively, was observed (Fig. 3A).

When considering hypoxic stress, we discovered that the biochemical
profiles of neonatal and adult cardiomyocytes changed in response to
OGD differently. It turned out that OGD has no effect on the relative
content of all analyzed proteins in neonatal cardiomyocytes. However,
in adult hypoxic cells the levels of cardiac troponin T, GAPDH and
myoglobin were significantly (2-, 3- and 1,3- fold, p < 0.05, respec-
tively) elevated compared to the control cardiomyocytes (Fig. 3B, C, D).
In the case of troponin I level, no statistically significant difference be-
tween control and hypoxia-treated adult cardiomyocytes was observed
(Fig. 3A).
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Fig. 3. The content of major cardiac proteins in control and OGD treated neonatal (grey bars) and adult (red bars) cardiomyocytes. A — cardiac troponin I, B —
myoglobin, C — cardiac troponin T and D — GAPDH. * - p < 0.05, *** - p < 0.001, two-way ANOVA, Sidak’s multiple comparisons test.
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4. Discussion

Cardiovascular disease continues to be the leading cause of global
illness and death. The myocardium’s susceptibility to IRI is a significant
vulnerability [23]. When oxygen availability is compromised in
myocardial IRI, ROS are released, which can lead to the breakdown of
mitochondria, disruption of energy production, and ultimately, the
death of cardiomyocytes [70].

The metabolic response to acute myocardial ischemia is crucial for
determining the fate of cardiomyocytes. In conditions of energy deple-
tion, as observed in acute myocardial IRI, impaired mitochondria pro-
duce less ATP and generate more ROS, which are detrimental to cellular
viability [71]. Recent insights into succinate accumulation during
ischemia have revealed its role in triggering ROS generation upon
reperfusion through reverse electron transport via mitochondrial com-
plex I [25]. Notably, during ischemia/reperfusion, the activation of
NADPH oxidases Nox2 and Nox4 also contributes to myocardial damage
[72]. Controlled Nox2/4 activity is crucial for cardioprotective mecha-
nisms, where ROS production regulates gene expression and provides
myocardial protection [73].

Although there is extensive data suggesting the role of ROS in car-
diomyocytes during ischemia-reperfusion, short-lived highly reactive
compounds posed significant challenges. The utilization of genetically
encoded fluorescent biosensors has helped mitigate these difficulties.
These instruments are increasingly being used in cardiovascular disease
models to visualize the redox regulation of specific cardiac conditions
[74,75].

In addition to advancing novel technologies for investigating
oxidative stress in the heart during ischemic scenarios, there is a ne-
cessity to explore different models. Isolated cardiomyocytes from adult
animals or cultured cardiomyocytes from neonatal organisms are
commonly used for this purpose. These cells are placed in specialized
chambers that replicate hypoxia and reoxygenation -conditions.
Research focused on isolated cardiomyocytes is precise because it
eliminates the potential influence of other cell types and circulating
elements such as hormones, neurotransmitters, and cytokines [76]. This
model is frequently used to study specific factors that cause car-
diomyocyte damage during ischemia-reperfusion or cardioprotection
[77,78]. Nevertheless, it is worth noting that findings derived from cell
culture experiments may differ considerably from the actual dynamics
occurring in vivo. Specifically, the pO; levels in cell cultures (approxi-
mately 140 mmHg in our study) are unachievable in living cardiac tis-
sues, where this parameter seldom surpasses 90 mmHg [79]. Therefore,
artifactual redox changes associated with the analysis of isolated bio-
logical samples is widely recognized [80].

Currently, there is no standardized protocol for inducing hypoxia-
reoxygenation in cardiomyocyte cultures. While freshly isolated car-
diomyocytes from adult animals yield the most representative results,
neonatal cardiomyocyte cultures are increasingly utilized due to their
ease of isolation and superior viability [81,82]. However, it is important
to note that neonatal cardiomyocytes are more resistant to hypoxia than
adult cardiomyocytes, although the mechanisms underlying this resil-
ience are not yet fully understood [83].

In this study, we used the highly sensitive fluorescent biosensor
HyPer7 [43] to examine the HyO» levels under oxygen-glucose depri-
vation conditions. We considered the well-established variations in
hypoxic tolerance between adult and neonatal cardiomyocytes, which
may correlate with ROS levels during ischemia/reperfusion. We sup-
ported hypoxia conditions with glucose deprivation to be closer to in vivo
conditions of ischemia/reperfusion. We have not observed HyO5 pro-
duction in neonatal cardiomyocytes in contrast to another study, where
H20, production was detected using chemical fluorescent probes in
cultured neonatal cardiomyocytes [77]. However, this was observed
only after subjecting the cells to a repeated series of hypoxic conditions
for 4 days [77]. Our experiments revealed contrasting responses in HyO2
levels, illuminating intricate variations in redox signaling and cellular
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stress within these two developmental stages of cardiomyocytes.
Notably, our data demonstrates an elevated concentration of HyO2 in
adult cardiomyocytes during acute OGD, while in neonatal car-
diomyocytes, the HyO2 concentration slightly decreased. These findings
are consistent with the outcomes observed in our Raman spectroscopy
results (Fig. 2) showing the accumulation of electrons in ETC of adult
cardiomyocytes under hypoxia, whereas in neonatal cardiomyocytes
ETC is fully loaded with electrons under both normoxia and hypoxia
conditions indicating almost non-functional ETC state. Besides, by
means of RS we have found, that neonatal cardiomyocytes possessed
lower total amount of ETC complexes (e.g. mitochondria), than adult
cardiomyocytes and that the total amount of ETC complexes in neonatal
cells is also lower, than the amount of reduced ETC complexes in adult
cells under normoxia. So, neonatal cardiomyocytes cannot generate as
much of HyO,, as adult cells. We also observed the difference in the
cytochrome c heme conformation in adult and neonatal cardiomyocytes:
in neonatal cells heme of cytochrome ¢ has more ruffled conformation
that deteriorate processes of the electron acceptance and donation and
decreases the rate of electron transport between complexes III and IV.

It’s intriguing to note that the differences in hypoxia resistance are
closely linked to the distinguishing metabolic characteristics of neonatal
and adult cardiomyocytes. These metabolic distinctions undergo sig-
nificant changes during cardiac development. In the fetal and early
postnatal stages of cardiac development, glucose serves as the primary
energy substrate, with glycolysis playing a pivotal role in energy pro-
duction [84-86]. Neonatal hearts predominantly rely on glycolysis for
ATP generation, while the rates of fatty acid oxidation remain low. As
maturation progresses, there is an increase in fatty acid oxidation rates
and an enhanced capacity for glucose oxidation [84,85,87]. Conse-
quently, adult cardiomyocytes heavily depend on continuous mito-
chondrial activity for ATP production. This is also supported by
increased mitochondrial content and the expression of mitochondrial
proteins in adult heart compared to neonatal, as was shown by others
[85,88] and in our present experiments with Raman microspectroscopy.
Additionally, neonatal cardiomyocytes may utilize glycogen accumu-
lated during the fetal period [89] when glucose is insufficient to main-
tain ATP production. Furthermore, it was indicated that mitochondria
may play a role in the mechanism of neonatal hypoxia tolerance, as the
mitochondrial permeability transition pore in neonates exhibits lower
sensitivity to factors that induce pore opening, such as calcium (Ca?*")
[90]. Calcium levels increase during hypoxia due to the enhanced ac-
tivity of the sodium-calcium exchanger. The reduced mitochondrial
quantity and complexity, along with a prevalence of anaerobic glycol-
ysis and elevated glycogen reserves in neonatal cardiomyocytes, may
explain the lower levels of HyO4 observed during OGD in our study.

Meanwhile, unlike HoO, dynamics, we did not observe significant
differences in SypHer3s biosensor responses during OGD/OGR between
neonatal and adult cardiomyocytes. Consistent with our previous studies
on neurons, the signal from the SypHer3s biosensor decreased signifi-
cantly, but subsequent OGR restored pH to its initial level [47,91]. This
suggests a potentially shared regulation mechanism for pH homeostasis,
despite differences in HoO5 dynamics, between these cellular stages. It
can be explained by more general mechanisms of acidosis development.
For example, limited oxygen conditions may lead to a shift from mito-
chondrial oxidative phosphorylation to anaerobic glycolysis, initiating
the accumulation of lactate and an increase in intracellular proton levels
[87]. Considering this, our study also delved into the role of acidic
metabolite accumulation during cardiac ischemia, which contributes to
tissue acidosis. Recognizing the established effect of ischemia on
inducing substantial pH changes, this study was designed to investigate
the extent of intracellular pH dynamics between neonatal and adult
cardiomyocytes using the genetically encoded fluorescent biosensor
SypHer3s [44].

The absence of oxygen and nutrient supply triggers an accelerated
conversion of pyruvate to lactate via lactate dehydrogenase, along with
the regeneration of NAD" from NADH, as a mechanism to sustain
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anaerobic glycolysis. While glycolysis can indeed generate a limited
amount of ATP under ischemic conditions, the hydrolysis of glycolyti-
cally derived ATP, in the absence of subsequent pyruvate oxidation,
leads to the accumulation of lactate and H' in both adult and neonatal
cardiomyocytes [87].

Moreover, the rapid restoration of pH equilibrium during subsequent
reperfusion can be explained by the mechanisms involving the coordi-
nated action of lactate elimination and activation of the Na'/H'
exchanger (NHE) [92] and the Na™/HCO3 symporter [93]. Intracellular
proton accumulation during ischemia triggers NHE, which expels pro-
tons in exchange for Na® entry [92]. Notably, it was shown that NHE
expression is rapidly increased in response to ischemia/reperfusion as
well as in response to ischemic metabolites such as hydrogen peroxide
[94]. The decrease in Na'/K" ATPase activity due to ATP depletion
leads to intracellular Na* overload, driving the Na*/Ca?" ion exchanger
(NCX) into reverse mode. This, in turn, causes Ca®* overload in both
intracellular and mitochondrial compartments, exacerbating damage of
the cell [95].

Furthermore, increased ROS production during hypoxia triggers
adaptive responses in gene expression that result in the altered
biochemical profile of the cell that helps to overcome oxidative stress
[96]. In the present study we evaluated the content of cardiac troponin I,
troponin T, myoglobin, and GAPDH in neonatal and adult car-
diomyocyte cultures under normoxic and hypoxic conditions. All pro-
teins we analyzed are reported to play key roles in different aspects of
cell function and metabolism. Troponins I and T are involved in cardiac
muscle contraction regulation, myoglobin serves as storage for oxygen
in cardiac muscle and GAPDH is a pivotal enzyme in glycolysis. It should
be stressed out that neonatal cardiomyocytes might express also slow
skeletal isoform of troponin I [97] that displays homology with cardiac
isoform up to 52 %. Therefore, to avoid any unspecific detection we
measured troponin I cardiac isoform content in cardiomyocytes using
sandwich type FIA utilizing monoclonal antibodies 19C7 and 560 that
recognizes only cardiac isoform of troponin I. In a normoxic state, adult
cardiomyocytes were found to have considerably more analyzed pro-
teins than neonatal cardiomyocytes which is consistent with early
findings [98]. It can be explained by the adult cardiomyocytes’ more
complex contractile apparatus structure, improved contractile function
as well as increased metabolic needs. However, under hypoxia neonatal
and adult cardiomyocytes displayed different profiles of analyzed pro-
teins. In neonatal cardiomyocytes hypoxia had no effect on the level of
measured proteins. This goes along with previously reported suggestions
that physiology and metabolism of neonatal cardiomyocytes are resis-
tant to oxygen deficiency conditions. In adult cardiomyocytes under
hypoxia troponin T, myoglobin and GAPDH levels were elevated that is
consistent with the data that hypoxia promotes cardiac troponin T
expression in chicken embryonic heart and adipose-derived adherent
stromal cells (ADASs) [30,99] and facilitates GAPDH levels increase in
different types of cells [100-102]. It was also demonstrated that not only
mRNA and protein content, but also GAPDH enzyme activity increased
under hypoxic conditions. For instance, GAPDH enzymatic activity was
elevated by 45 % in hypoxic cell homogenates of rat alveolar epithelial
cells in the publication of Escoubet et al. [103]. Furthermore, we pro-
pose that myoglobin, troponin T, and GAPDH augmentations under
hypoxia may indicate important roles in the adaptation of cells to low
oxygen levels.

Taken together, these findings support earlier theories suggesting
that neonatal hearts are capable of maintaining metabolic and structural
homeostasis under hypoxic stress and modified redox state conditions,
in contrast to adult ones [104]. This phenomenon is rooted in a funda-
mental biological process, as fetal hearts evolve under low oxygen
availability and subsequently undergo labor-related stress. Conse-
quently, the metabolism of neonatal cardiomyocytes is pre-adapted to
oxygen deprivation, enhancing their resilience. Acknowledging this
limitation is important during studying redox signaling and metabolism
of cardiomyocytes in various cardiovascular pathologies.
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