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Hypoxia and re-oxygenation effects on human ==
cardiomyocytes cultured on polycaprolactone
and polyurethane nanofibrous mats
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Abstract

Heart diseases are caused mainly by chronic oxygen insufficiency (hypoxia), leading to damage and apoptosis of
cardiomyocytes. Research into the regeneration of a damaged human heart is limited due to the lack of cellular
models that mimic damaged cardiac tissue. Based on the literature, nanofibrous mats affect the cardiomyocyte
morphology and stimulate the growth and differentiation of cells cultured on them; therefore, nanofibrous
materials can support the production of in vitro models that faithfully mimic the 3D structure of human cardiac
tissue. Nanofibrous mats were used as scaffolds for adult primary human cardiomyocytes (HCM) and immature
human induced pluripotent stem cell-derived cardiomyocytes (iPSC-CMs). This work focuses on understanding

the effects of hypoxia and re-oxygenation on human cardiac cells cultured on polymer nanofibrous mats made of
poly(e-caprolactone) (PCL) and polyurethane (PU). The expression of selected genes and proteins in cardiomyocytes
during hypoxia and re-oxygenation were evaluated. In addition, the type of cell death was analyzed. To the best

of our knowledge, there are no studies on the effects of hypoxia on cardiomyocyte cells cultured on nanofibrous
mats. The present study aimed to use nanofiber mats as scaffolds that structurally could mimic cardiac extracellular
matrix. Understanding the impact of 3D structural properties in vitro cardiac models on different human
cardiomyocytes is crucial for advancing cardiac tissue engineering and regenerative medicine. Observing how 3D
scaffolds affect cardiomyocyte function under hypoxic conditions is necessary to understand the functioning of the
entire human heart.
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Introduction

Most heart diseases such as heart failure, arrhythmia,
and myocardial infarction (MI) are induced by a chroni-
cally insufficient amount of oxygen (hypoxia) supply of
cardiomyocytes (CMs), whereby cells undergo dam-
age and apoptosis [1]. The main cause of damage to the
heart’s cells is limited blood supply with oxygen and
nutrients (ischemia) caused by blockage of the vessels
through deposition of lipids, such as cholesterol, in the
wall of the coronary arteries. Additionally, cardiomyo-
cytes do not have the ability to regenerate. Damaged
CMs are replaced by cardiac fibroblasts, where scar tissue
is formed. Scar tissue formation reduces the heart’s abil-
ity to contract correctly, leading to abnormal heart func-
tioning [2, 3].

Currently, available treatments for damaged cardiac tis-
sue include drugs (anticoagulants, beta-blockers, calcium
channel blockers, anti-thrombotic therapy) or special
devices that support cardiac functioning (pacemakers,
artificial heart, coronary artery bypass) [4]. Unfortu-
nately, in many cases, using these solutions is inadequate,
as they only provide a temporary improvement in the
condition of the patients. Nowadays, the best treatment
for heart disease is transplantation. However, the number
of potential donors is insufficient due to the increasing
number of patients suffering from cardiac diseases. For
this reason, it is necessary to search for new therapies
that will promote cardiac regeneration and reduce the
number of patients requiring transplantation [5].

Ischemia induces hypoxia, which can cause cardiomyo-
cyte dysfunction, disorders of metabolic pathways, and
apoptotic death of cardiac cells after a short time. How-
ever, research is focused on hypoxia-related processes
because they are not entirely known [6]. In addition, a
growing number of studies indicate that the main effect
on hypoxia-induced damage to cardiac cells is the deliv-
ery of oxygen back to the CMs, called re-oxygenation in
in vitro models or when blood is redelivered to the cells
(reperfusion) in vivo [7—10]. For example, Xu et al. car-
ried out hypoxia (H) and re-oxygenation (R) (H/R by
6 h/12 h) on rat cardiomyoblasts (H9c2) to confirm the
influence of myosin 1b (myolb) on cell apoptosis and
autophagy. Thus, the strategy limiting the promotion of
myolb may be the prevention of cardiac damage [9]. In
other research, scientists compared the cardioprotective
abilities of miRNA for immortalizing mouse cardiomyo-
cytes HL-1 after H/R (2 h/24 h) and for mouse myocar-
dial after 30 min ischemia and 1 h reperfusion (I/R) and
for both models, the cardioprotective abilities of miRNA
were confirmed [10]. Therefore, studying the effects of
hypoxia and hypoxia/re-oxygenation cardiac cells on
in vitro and in vivo models is crucial for understand-
ing and comparing the various models of damaged car-
diomyocytes [11]. It supports the search for an effective
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method of treating damaged heart cells. Most in vitro
studies are conducted on 2D models, and in vivo studies
are conducted on rodent model organisms, which are not
adequate models. To our knowledge, there are no accu-
rate models of the complexity of human heart tissue after
ischemia/reperfusion [12-15].

Research into the regeneration of a damaged human
heart is limited due to the lack of cellular models that
mimic damaged cardiac tissue; therefore, it is neces-
sary to develop a human cardiac tissue model that will
enable the mimic of disease states in vitro. Hence, new
methods are being looked for, and one technique that can
potentially mimic appropriate human cellular models of
the heart is tissue engineering (TE) [16]. TE combines
knowledge of biomaterials, engineering, biology, physics,
and medicine [17]. Tissue engineering involves the devel-
opment of tissue models that can be used for diagnostic
purposes to test drug efficacy and toxicity in vitro [16,
17]. Scaffolds such as nanofibers are used to graft and
culture cells. Various nanofibrous mats with the required
appropriate physicochemical properties, such as suffi-
cient elasticity to allow the cells to contract, fiber diam-
eter to mimic the fibers that build the extracellular matrix
(ECM), a high surface-to-volume ratio, biocompatibility,
and the ability to obtain fibers with a parallel arrange-
ment as it is in cardiac tissue, are utilized. The nanofibers
can also be electrically conductive, allowing researchers
to simulate electrophysiological conditions in cardiac
tissue [18]. Several methods of manufacturing nanofi-
bers are known, among which the most important are
electrospinning (ES) and solution blow spinning (SBS).
The techniques allow the use of natural materials (e.g.,
collagen, gelatin) and synthetic materials such as poly-
urethane (PU) and poly(e-caprolactone) (PCL) as well
as composites [19-21]. Nanofibers have been used so far
as a scaffold for human cardiac cell attachment, viability,
and maturation [16—24]. For example, Zhang et al. pro-
duced electrospun PCL nanofibrous mats with modified
surfaces by gelatin solution for the maturation of human
induced pluripotent stem cell-derived cardiomyocytes
(iPSC-CMs). Scientists confirmed the high viability of
cells growing on nanofibrous mats, increased expression
of genes and proteins characteristic of mature cardio-
myocytes such as c¢InT (cardiac troponin T), a-actinin,
MYL2 (myosin light chain 2), increased p-MHC/a-MHC
(myosin heavy chain p and «), and MLC2v/MLC2a (myo-
sin light chain 2a and 2v) ratios [23]. In addition, it was
noted that the cells grown on nanofibers showed enhanc-
ing calcium transient kinetics, confirming that iPSC-CMs
grown on PCL nanofibers are closer to adult human car-
diomyocytes than cells grown on PS plate [23].

It has been investigated that nanofibrous mats increase
cell viability, rod-like cell morphology, and parallel orien-
tation, which is similar to cardiomyocytes in the human
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cardiac tissue. Their usage may also support the dif-
ferentiation of stem cells into cardiomyocytes. For this
reason, nanofibers have great potential for use in tis-
sue engineering as a model to study cardiac treatments
and heart disease (mainly caused by hypoxia). To date,
there is a lack of research on using nanofiber mats as a
biomaterial for studying hypoxic human heart cells. Car-
diomyocyte function under hypoxia or hypoxia with re-
oxygenation has been compared for iPSC-CM cultured in
2D and 3D (using) hydrogel cultures [25, 26]. There is still
a lack of information on whether there are differences in
the cellular response to the hypoxia and re-oxygenation
state depending on the human cardiac cell line used, or
whether the cellular response is organism specific.

This study aimed to use nanofibrous mats (made of
PCL and PU) as scaffolds that mimic in vivo conditions
to investigate the effects of hypoxia and re-oxygenation
on human cardiac cells cultured on 3D structures. We
decided to use PCL and PU nanofibrous mats because, so
far, studies proved their usage as 3D cardiac tissue mod-
els [20, 22, 27-30]. PCL and PU are non-toxic, biode-
gradable polymers with appropriate mechanical strength
and elasticity for culture cardiac cells [31, 32]. In contrast
to other works, we used nanofibrous mats with different
physicochemical properties (types of polymer, elastic-
ity) to study the influence of functioning human cardio-
myocytes after hypoxia or hypoxia with re-oxygenation.
Differences in the functioning of human cardiomyocytes
cultured on nanofibrous mats under pathological condi-
tions (hypoxia or H/R) were established. Cell response on
hypoxia conditions could differ between 2D and 3D cell
models. The study used adult primary human cardiomyo-
cytes (HCM) and immature human induced pluripotent
stem cell-derived cardiomyocytes. Although iPSC-CMs
are immature, studying their response to hypoxia and
hypoxia with re-oxygenation in 3D models may support
further research into their use in the production of spe-
cialized 3D heart models, such as organoids. In addi-
tion, to the best of our knowledge, this is the first study
in which nanofiber mats have been used to study the
response of human cardiac cells to pathological condi-
tions. The cellular response to hypoxia and re-oxygen-
ation conditions was studied in human and chimpanzee
iPSC-CM cells [33]. The responses to hypoxic and re-
oxygenation conditions were similar between species. In
this study, we asked whether we would observe similar
responses to hypoxia and H/R between human cardio-
myocytes derived from induced stem cells and the pri-
mary human HCM cell line. Since both lines are derived
from humans, one would potentially expect an analogous
response at the cellular level. However, iPSC-CMs are
immature cells, while the HCM line is cells derived from
an adult organism. Since iPSC-CMs are increasingly used
as model cells to study cardiac function, knowing how
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they differ from adult-derived mature cardiac cells is cru-
cial. To the best of our knowledge, there are no compari-
son studies on the effects of hypoxia on human mature
and immature cardiomyocytes cultured on nanofibrous
mats. We can assume that due to the special properties
of nanofibers, using them as a structural element for cells
after hypoxia will allow the cellular response to be more
similar to their in vivo response.

Materials and methods

PCL and PU nanofibrous mats

Poly(e-caprolactone) (PCL, Sigma Aldrich Mn=80 000)
nanofibers with an average diameter of 509+178 nm,
and polyurethane (PU, ChronoFlex C75D, AdvanSource
Biomaterials) nanofibers with an average diameter of
4521151 nm were produced with the solution blow spin-
ning method (SBS). The production method and physi-
cochemical characterization of nanofibrous materials
were described in our previous study [34]. Additionally,
the characterization of the nanofibrous mats is given in
Supplementary Materials in Figure S2.

Cell culture

Human cardiomyocytes HCM (ScienCell) were cultured
in polystyrene (PS) flasks covered by 0.01% poly-l-lysine
solution. HCM cells were cultured in Dulbecco’s Modi-
fied Eagle Medium: Nutrient Mixture F-12 (DMEM/F12,
Gibco) supplemented with 10% v/v fetal bovine serum
(FBS, Gibco), 1% v/v 100 mM Penicillin—Streptomycin
(Sigma-Aldrich), 1% v/v 200 mM L-glutamine (Sigma-
Aldrich), 1% v/v 100 mM sodium pyruvate (Sigma-
Aldrich), 1% v/v cardiac myocyte growth supplement
(CMGS, ScienCell) and 0.01% v/v MEM non-essential
amino acids (NEAA, Sigma-Aldrich). When the cells
have received a confluence of more than 90%, wash them
with phosphate-buffered saline (PBS, Sigma-Aldrich) and
trypsinized with 0.25% Trypsin (Sigma-Aldrich), then
passaged or seeded on nanofibers. The cultures were
maintained in a humidified incubator (37 °C, 5% CO,).
The cells for the sixth passage were used in the experi-
ments (based on the supplementary materials, Fig. S1, it
was estimated the cells for experiments up to 6-8 pas-
sages can be used).

Human induced pluripotent stem cells (iPSCs, 1IM-
CBi001-A (ELE10) line) were received from the Labo-
ratory of Molecular and Cellular Neurobiology of the
International Institute of Molecular and Cell Biology in
Warsaw. The protocol for obtaining iPSCs was described
by Liszewska et al. [35]. Differentiation of hiPSCs into
iPSC-CMs was conducted based on the GiWi proto-
col described by Lian et al. [36]. The process is based on
the modulation of the pathway with the GSK3 inhibitor
and Wnt inhibitor. iPSC-CMs were washed with Dul-
becco’s phosphate-buffered saline (DPBS, ATCC) and
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detachment by TrypLE (Thermo Fisher Scientific). The
cells were resuspended in RPMI medium with 20% v/v
fetal bovine serum (FBS, Gibco), 1% v/v 100 mM Peni-
cillin-Streptomycin (Sigma-Aldrich) and 5 uM ROCK
inhibitor. iPSC-CMs were seeded on the prepared nano-
fibrous mats and polystyrene plate (coated with 0.1%
gelatin solution). After 48 h, the medium is replaced by
RPMI with added B-27 with insulin (Thermo Fisher Sci-
ence) by 24 h. The cultures were maintained in a humidi-
fied incubator (37 °C, 5% CO,).

Human cardiomyocytes on nanofibrous mats

Nanofibrous mats were placed in 24-well plates, sterilized
with 70% EtOH (POCH) for 30 min, and then dried in an
oven at 40 °C (Binder). Next, the surface of nanofibrous
mats was modified with oxygen plasma (0.3 mbar, 90 s,
Diener) and coated with protein solutions to improve
their hydrophilic properties. Nanofibrous mats were
coated with 0.01% poly-1-lysine solution (ScienCell) and
0.1% gelatin solution (Sigma-Aldrich) for the culture of
HCM and iPSC-CMs, respectively. 24 h after that, HCM
and iPSC-CM cells were seeded with densities of 6.6x 10*
cells/cm? and 2x10° cells/cm? respectively. Images of
HCM and iPSC-CMs grown on PCL and PU nanofibrous
mats are added in the Supplementary Materials (Figure
S3 and Figure S4).

Hypoxia induction and re-oxygenation

A study of the effect of hypoxia on HCM and iPSC-CM
cells was carried out by placing the cells in an incubator
(Thermo Fisher Scientific) designed for hypoxia equipped
with an oxygen level sensor. For primary human car-
diomyocytes, the medium was changed to serum-free,
glucose-free, and phenol-free Dulbecco’s Modified Eagle
Medium (DMEM, Gibco). For human pluripotent stem
cell-derived cardiomyocytes, the medium was modified
on serum- and glucose-free DMEM (Gibco) contain-
ing 1% MEM NEAA (Aldrich-Sigma), 1% GlutaMAX
(Gibco) and 1% penicillin/streptomycin (Sigma-Aldrich).
Hypoxic media for both types of cells were pre-incubated
in an environment without oxygen for 24 h to remove
the dissolved oxygen. Then, cells were maintained under
hypoxic conditions at 1% O,, 5% CO,, and 37 °C for 6 h.
The cells cultured under normoxia conditions (21% O,,
5% CO,, and 37 °C) on polystyrene plates were used as a
control. Hypoxia with re-oxygenation (H/R) was obtained
by replacing the hypoxia with standard media in cell cul-
ture. The cells undergoing hypoxia and re-oxygenation
were placed in an incubator (21% O,, 5% CO,, and 37 °C)
for 24 h.

Immunostaining fluorescence
Cells after hypoxia and hypoxia with re-oxygenation
(H/R) were fixed with 4% paraformaldehyde for 10 min
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at room temperature (RT) and permeabilized with 0.5%
Triton X-100 (Sigma-Aldrich) in DPBS. Next, samples
were blocked with 2.4% bovine serum albumin (BSA,
Thermo Fisher Scientific) solution in DPBS (50 min, RT).
They were incubated with mouse anti-human monoclo-
nal hypoxia-inducible factor 1-alpha (HIF-1a, Novus Bio)
antibody (1:100) overnight at 4 °C. Then, the cells were
stained with goat anti-mouse Alexa Fluor 488 (1:200,
Thermo Fisher Scientific) and Phalloidin conjugated with
Alexa Fluor-568 (1:400, Thermo Fisher Scientific) for 1 h
at RT. Next, Hoechst 33,342 (10 pg/ml in DPBS) (Thermo
Fisher Scientific) was added. After 5 min, the cells were
washed with 0.1% Triton X-100. The stained cells were
observed, and relative fluorescence intensity was deter-
mined under the Zeiss Axio Observer 7+LSM 900 con-
focal microscope. Additionally, sarcomeric distribution
was evaluated using the Image]J software (version 1.54f).

Apoptosis and necrosis assay

To evaluate the cell death induced by hypoxia and H/R,
an Apoptosis/ Necrosis Assay Kit (Abcam) was used. The
cells were labeled based on the manufacturer’s protocol
by three fluorescence dyes: CytoCalcein Violet 450 (Ex/
Em=405/450 nm), Appoxin Green (Ex/Em=490/525
nm), and 7-AAD (Ex/Em=546/647 nm). CytoCalcein is a
cell-permeable dye hydrolyzed into a strong fluorescence
dye in living cells. Appoxin Green binds to phosphatidyl
serine (PS) on the surface of the apoptotic cells. 7-AAD
is an impermeable dye through the cell membrane, binds
to the double strand of DNA, and labels cells in later
apoptosis or necrosis stages. HCM and iPSC-CMs were
observed under a microscope (Nikon Eclipse Ts2-FL). In
addition, quantitative analysis of the percentage of viable,
apoptotic, and necrotic cells was performed using Image]
software.

Real-time reverse transcription-quantitative polymerase
chain reaction

Total RNA was extracted using RNeasy Mini Kit (Qiagen)
and then reverse transcribed into cDNA using RevertAid
H Minus First Strand cDNA Synthesis Kit (Thermo Fisher
Scientific). RT-PCR was carried out utilizing SsoAd-
vanced Universal SYBR Green Supermix (Bio-Rad) on a
CFX Connect Real-Time PCR System (Bio-Rad). GAPDH
as a housekeeping gene was used. The sequences of the
primers used to analyze the expression of human genes
are given in the Supplementary Information (Table S1).

Statistical analysis

Statistical significance was determined as the
meantstandard deviation (SD) by Student’s t-tests or
ANOVA for three independent experiments using the
OriginPro 8 software. Values of p<0.05 were considered
statistically significant and marked with an asterisk.
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Results

Analysis of HIF-1a level and sarcomeric distribution after
hypoxia and hypoxia/re-oxygenation

The study aimed to investigate the effect of hypoxia and
hypoxia/re-oxygenation (H/R) on the function of car-
diomyocytes cultured on 3D structures. The response of
two types of human cardiac cells, a commercially avail-
able line of human cardiomyocytes - HCM and a line
of human cardiomyocytes obtained by differentiating
induced pluripotent stem cells - iPSC-CMs, was stud-
ied. The function of iPSC-CMs has not been fully inves-
tigated so far. However, thanks to their phenotype and
spontaneous contraction, they can be a promising cell
model in cardiovascular disease studies. Nanofibrous
mats affect the cardiac cell morphology and stimulate
growth and differentiation; therefore, they may also affect
the response of cells to hypoxia. The study used poly-
caprolactone and polyurethane nanofibers with diam-
eters of 509+178 nm and 452+151 nm, respectively.
The nanofibers were oriented parallel to each other, and
their Young’s modulus was 48.6+3.6 MPa (for PCL) and
60.3£8.9 MPa (for PU). Our previous research described
the characterization of nanofiber’s morphology in detail
[34, 37]. Nanofibrous mats were utilized as a substrate
that can influence cardiac cell response under hypoxia,
and the results were compared with the controls (cul-
tures on polystyrene (PS)). We established three types
of cultures on PS plates: the cells cultured under (a) nor-
mal oxygenation (21% O,) conditions as normoxia con-
trol, (b) under hypoxia for 6 h as hypoxia control, and
under hypoxia for 6 h and re-oxygenation for 24 h as H/R
control.

The results of human cardiomyocyte staining of F-actin
and HIF-1a after hypoxia and re-oxygenation are shown
in Fig. 1. A parallel arrangement cytoskeleton structure
characterized HCM cells cultured on polystyrene plate
(PS) under normoxia. The cells cultured on PS under
hypoxia conditions for 6 h showed disrupted actin cyto-
skeleton structure and increased levels of HIF-1la fac-
tor (3.5-fold higher than in normoxia control). The cells
cultured on PCL and PU nanofibrous mats subjected to
6 h of hypoxia also showed disrupted actin cytoskeleton
structure and increased HIF-1a (for cultures grown on
PCL scaffolds is 6.8 higher, for PU nanofibers is 4.3 than
for normoxia). Despite disrupting the cytoskeleton struc-
ture, parallel orientation was evident in the cells cultured
on PU nanofibrous mats. The cytoskeletal structure of
the cells cultured on PCL nanofibers subjected to 6 h of
hypoxia was more disturbed than observed for the other
culture types. These results suggest that HCM cells, after
hypoxia cultured on PCL, show greater sensitivity to
hypoxic conditions than cultures grown on PU nanofi-
brous mats and PS.
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Some literature reports indicate that the influence
on damaged cardiac cells has delivered oxygen back to
CMs after hypoxia [7-9]. Therefore, the influence of re-
oxygenation on human cardiomyocyte function in 3D
models was studied. After 6 h of hypoxia and 24 h of
re-oxygenation (Fig. 1B), the cells had similar disruption
of the cytoskeletal structure as the cells maintained 6 h
under hypoxia. The most significant differences between
each surface were observed for the HIF-1a. In control,
H/R cells, HIF-1a gene expression decreased, while an
increase was observed for HCMs cultured on PCL and
PU nanofibrous mats. The protein level was 2.9-fold (for
PCL) and 2.5-fold (for PU) higher than normoxia control.
Hypoxia and re-oxygenation caused a decrease of HIF-1a
for culture performed on PS plate (0.6-fold of 30 h nor-
moxia control). This may indicate that nanofibrous mats
can reduce the oxygen transfer rate into cells, affect-
ing the high expression of HIF-1la. Slight disruption of
F-actin filaments was observed in cells cultured on PU
and PS nanofiber mats. In contrast, cells cultured on PCL
nanofiber mats were characterized by significant disrup-
tion of the cytoskeletal structure, which may indicate a
higher degree of cell damage. In Fig. 1C and D, the cells
grown on nanofibrous mats under hypoxia and H/R show
significantly higher HIF«a expression than normoxia con-
trol. However, for H/R cultures, the expression is signifi-
cantly lower than for cultures after hypoxia. Moreover,
for the cells cultured on PCL nanofibrous mats, the dis-
rupted structure of F-actin filaments persists for cultures
after hypoxia and H/R. In contrast, the cellular structure
returns to parallel arrangements for cultures grown on
PS. HCMs grown on PU nanofibers remain aligned after
hypoxia or hypoxia with re-oxygenation.

Morphological and physiological terms of iPSC-CMs
are more similar to fetal than adult cardiomyocytes. Fetal
cells rely on anaerobic metabolism, based on glycolysis,
to a greater resistance to hypoxia than mature cells. For
this reason, the cells adapt to anaerobic conditions and
may be less sensitive to the negative effects of oxygen
deprivation [38]. Based on the above, iPSC-CMs were
used as a promising cell model in our studies.

The results of iPSC-CM staining of F-actin and HIF-1«
are shown in Fig. 2A and B. In the case of cells cultured on
a polystyrene plate under normoxia, a parallel arrange-
ment of F-actin filaments was observed, while in the case
of cells subjected to hypoxia, disrupted sarcomeric fibers
were noticed. This may indicate cell damage in response
to hypoxia. A disrupted sarcomeric distribution also
characterized the cells cultured on PCL and PU nanofi-
brous mats under hypoxia. The cytoskeletal structure of
the cells cultured on nanofibrous mats made of PCL was
characterized by a more parallel orientation than actin
fibers building cells cultured on PU nanofibers. HIF-1a
protein level decrease after 6 h of hypoxia was noted for
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p <0.05 statistically significant differences between groups. n> 3. Scale bar 50 ym
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iPSC-CM cells (C) after hypoxia and (D) after hypoxia with re-oxygenation. *- p < 0.05- statistically significant differences compared to control normoxia,
*with line-p < 0.05 statistically significant differences between groups. n> 3. Scale bar 50 um
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both nanofibrous mats and PS after hypoxia compared to
pluripotent stem cell-derived cardiomyocytes cultured in
normoxia. It equaled 0.9-fold, 0.6-fold, and 0.3-fold of 6 h
normoxia control for PS, PU, and PCL, respectively.

It was noticed that hypoxia and re-oxygenation also
disrupted the actin microfilaments of iPSC-CM cells. The
cells cultured on PS (control) and PCL nanofibrous mats
after H/R showed more parallel arrangement than cells
cultured on PU nanofibrous mats. Moreover, an increase
of the HIF-1a was observed for the cells after H/R for PS
and PCL nanofibrous mats compared to the cells main-
tained under normoxia (for PS was 1.5-fold and PCL was
1.3-fold of normoxia control). No significant differences
have been noted when comparing the arrangement of
actin filament in cultures after hypoxia and hypoxia with
reoxygenation. In contrast, the level of HIF-1a protein
changes significantly depending on the substrate and
conditions (hypoxia or H/R).

In Fig. 2C and D, the HIF-1a level decreases signifi-
cantly for all types of cultures after hypoxia, while for
H/R, it increases significantly for cultures grown on PCL
nanofibers and PS. For iPSC-CMs cultured on PU nano-
fibrous mats, there is also an increase in HIF-1a level
after H/R, but it is significantly lower than the level of
this protein in normoxia control. It seems likely that the
observed increase in HIF-1a protein levels after 24-hour
reoxygenation on nanofibers, relative to hypoxia without
reoxygenation, may be related to the more difficult pen-
etration of oxygen into the nanofiber structure and thus
the delayed response of iPSC-CM cells to hypoxic condi-
tions. To our knowledge, there is no explanation in the
literature for this mechanism for immature cells cultured
on 3D structures. However, this may be because of the
impact of the physicochemical properties of the nanofi-
bers on cell functioning.

Comparing the function of HCM and iPSC-CMs cul-
tured on nanofibrous mats, it was noticed that actin
damages after hypoxia and maintained in cultures after
re-oxygenation. However, it has been noted that the dis-
ruption of actin filaments varies depending on the type
of culture and nanofiber mats. HCMs cultured on PCL
nanofibers showed the greatest F-actin disruption, while
iPSC-CMs presented the greatest cytoskeletal distur-
bances for cultures on PU nanofibrous materials. Also,
HCM and iPSC-CM cells differ in HIF-1a expression,
which may be due to different cell physiology and their
response to hypoxia and culture on 3D structures.

Type of cell death after hypoxia and hypoxia with
re-oxygenation

Degradation of F-actin indicated that cells may begin
to go into apoptosis. We noticed different HIF-1a lev-
els depending on the culture conditions (normoxia,
hypoxia, or hypoxia with re-oxygenation) and the
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culture substrates (PS, PCL, and PU nanofibrous mats).
Hypoxia and hypoxia with re-oxygenation caused a sig-
nificant increase of apoptotic cells for cultures performed
on nanofibrous mats (Fig. 3). For HCM, the number of
apoptotic cells was 5.3%, 8.1%, and 24.0%, 21.8% for con-
trol normoxia, control hypoxia, hypoxia on PCL, and PU
nanofibrous mats, respectively (Fig. 3C). The number of
apoptotic HCM cells equaled 3.2%, 8.6%, 29.6%, 23% for
control normoxia, control H/R, H/R on PCL, and PU
nanofibrous mats, respectively (Fig. 3D).

According to the literature, iPSC-CMs are immature
cells that may become less sensitive to anaerobic condi-
tions and undergo more necrotic death during hypoxia
than adult cardiomyocytes [39, 40]. iPSC-CMs cultured
on PS under hypoxia caused an increase in the number
of necrotic cells (10.5%) (Fig. 4A). For cultures performed
on PCL and PU nanofibrous mats, it equaled 3.6%. How-
ever, we noted that iPSC-CM culture on nanofibrous
mats after hypoxia and hypoxia with re-oxygenation
showed a much lower percentage of necrotic cells. Cul-
ture conducted on nanofiber mats can indirectly affect
the cell death pathway that the cell enters. Similarly to
HCM cells, the increase of the number of apoptotic
iPSC-CM cells under hypoxia was also noticed (for PS,
PCL, and PU nanofibrous mats was 15.7%, 28.3%, and
25.9%, respectively) to compare with normoxia control
(4.1%) (Fig. 4A and C). The number of apoptotic cells
was 4.7%, 16.1%, 25.5%, and 30.1% for control normoxia,
control under H/R, PCL, and PU nanofibrous mats under
H/R (Fig. 4B and D). We noticed that iPSC-CM culture
on nanofibrous mats after hypoxia and hypoxia with re-
oxygenation induces apoptotic cell death. This is more
characteristic of adult cardiomyocytes in vivo [41].

Based on the above results, HCM and iPSC-CMs
cultures grown on nanofibrous mats after hypoxia
and hypoxia with re-oxygenation showed a significant
increase in number of apoptotic cells compared to cells
cultured on polystyrene plates. Moreover, there is an
increase in the number of apoptotic cells after H/R com-
pared to cultures after hypoxia, but it is not statistically
significant.

Analysis of gene expression under hypoxia and H/R

The changes in gene expression under hypoxia and
H/R by RT-PCR analysis were carried out for five
genes (Figs. 5 and 6): hypoxia-inducible factor 1-alpha
(HIF-1a), mitogen-activated protein kinase kinase kinase
kinase (MAP4K), Troponin T (TNNT2), calcium-ATPase
type 2 (SERCA2), and sodium voltage-gated chan-
nel alpha subunit 5 (SCN5A). The genes studied were
related to cell changes under hypoxia and disorders that
may indicate cell dysfunction or damage. Changes in
HIF-1a expression are a response of cardiomyocytes to
hypoxia and are involved in the triggering of a number of
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pathophysiological processes [42]; MAP4K is responsible
for the regulation of oxidative stress, induction of inflam-
mation and cell death [43], TNNT2 regulates cardiomyo-
cytes function [44], changes in the expression of genes
encoding ion pumps (such as SCN5A and SERCA2) may
indicate disturbances in membrane potential [45, 46].
For gene expression analysis, PU nanofibrous mats were
selected. Performing RT-PCR for cells cultured on PCL
nanofiber mats was difficult due to the limited amount of
RNA extracted for the study.

For HCM cells, the expression of most genes decreased
(HIF-1a, MAP4K, SERCA2, SCN5A) under hypoxia con-
ditions (Fig. 4A). For all tested genes, the greater decrease
in level of gene expression for cultures performed on
PU nanofibrous mats than on a polystyrene plate were
determined. However, only for SCN5A was it statisti-
cally significant. The level of the TNNT2 expression
increased for both types of cultures under hypoxia (2.4-
fold for PS and 1.3-fold for PU nanofibrous mats com-
pared to normoxia control). For HCM cells maintained
under hypoxia with re-oxygenation, the level of TNNT2
expression is higher than in controls; however, it is lower
compared to cultures under hypoxia. Additionally, there
is an increase in the level of MAP4K expression for cells
cultured under H/R, which may indicate that re-oxy-
genation causes increased oxidative stress and triggers
inflammation. Also, the expression of SERCA2 increased,
and it is higher for cells grown on PU nanofibrous mats.
The expression of the other genes (HIF-1a and SCN5A)
decreased for H/R compared to the control normoxia.

For iPSC-CMs, the changes in gene expressions were
not significant. Figure 6A shows that the expression level
of all selected genes decreases under hypoxia for cultures
on nanofibrous mats and polystyrene plates compared
to normoxia controls. For the HIF-1a, a significant dif-
ference in expression was noticed between cells cultured
on PU nanofibrous mats and control normoxia. For the
other selected genes, the changes in expression are sta-
tistically insignificant when cultures on PU nanofibrous
mats are compared to normoxia and hypoxia controls.
Based on the results in Fig. 6B, the expression of all study
genes of cultures grown on PU nanofibrous mats and PS
after hypoxia with re-oxygenation increases compared
to the expression for cells under hypoxia. The expres-
sion level of genes for the test cultures (iPSC after H/R)
is similar to that of the normoxia control. These results
may indicate that iPSC-CMs cells are less sensitive to
hypoxia and that after receiving oxygen again, cellular
repair mechanisms restore cells to their pre-hypoxic state
in both 2D and 3D cultures.
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Discussion

Nanofibrous mats form three-dimensional (3D) porous,
gas-permeable structures, have a large surface-to-volume
ratio, and can be used as culture substrates, which imi-
tate the extracellular matrix of cardiac tissue [47]. Addi-
tionally, they have been found as materials that affect
the morphology and physiology of cardiac cells. It was
noticed that the cells have a more elongated, rod-like
shape and could maturate [17, 23, 48]. The cells grown
on nanofibers are morphologically and functionally more
similar to adult cardiomyocytes than those cultured on
polystyrene plates [22—24, 28]. Based on the literature,
it is determined that cardiomyocytes cultured on nano-
fibers more accurately reflect the function of adult car-
diac tissue than 2D cultures [48-50]. Therefore, it is
worth testing whether nanofibrous mats will also affect
the response of human cardiomyocytes to hypoxia and
hypoxia with re-oxygenation. Hypoxia is a major cause
of myocardial damage in cardiovascular diseases [1];
however, more and more research has indicated that
the influence on damaged cardiac cells has also deliv-
ered oxygen back to CMs after hypoxia [7-10]. There-
fore, studying the cellular response to hypoxia and H/R
on a substrate that mimics in vivo conditions is neces-
sary. To the best of our knowledge, there are no studies
on the effects of hypoxia on cardiomyocyte cells cultured
on nanofibrous mats. Due to the specific properties of
nanofibrous mats, perhaps using them as a substrate for
cells under hypoxia will allow for a cellular response that
more closely resembles their response in vivo. Due to the
limited number of human cardiac in vitro models, veri-
fying how not only human cardiomyocytes but also car-
diomyocytes derived from induced pluripotent stem cells
cultured on nanofibrous mats with a 3D structure would
behave under hypoxia and hypoxia with re-oxygenation
was determined.

HCM cells are primary human cardiomyocytes, similar
to mature cardiomyocytes in morphology and physiol-
ogy. In addition, the metabolism of these cells is based
on fatty acid oxidation rather than glycolysis, as in fetal
cells [51]. However, they do not contract, and their
usage is limited due to the number of passages that can
be made [52] (see Supplementary materials). iPSC-CMs
are the cells that are increasingly used in regenerative
medicine despite their differences from mature cardio-
myocytes. iPSCs, which differentiate into cardiomyo-
cytes, can be derived from a selected patient; therefore,
using iPSC-CMs provides a chance for individual analysis
of the condition. This is important because the pheno-
type of the same disease can vary from one organism to
another. Therefore, using iPSC-CMs to develop a model
of a patient’s heart tissue may allow the cause of a specific
disorder to be understood Therefore, the use of iPSC-
CMs to develop a model of a patient’s cardiac tissue can
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allow the treatment of not only the symptoms but also
the cause of the onset of a particular disorder [53]. Addi-
tionally, more and more research is being done on using
induced pluripotent stem cells to generate cardiac organ-
oids [54, 55]. An organoid is a 3D multicellular structure
formed through a self-organization [55]. Cardiac organ-
oids physiologically mimic the development of immature
cardiac tissue [54]; therefore, in further studies, they may
be a suitable in vitro model for the human heart. They
may also be useful for mimicking human heart tissue
under hypoxic or H/R conditions.

For both HCM and iPSC-CMs cells under hypoxia,
F-actin filaments are disrupted for cultures on nanofi-
brous mats and polystyrene plates. However, this dis-
ruption is maintained only for cultures on nanofibrous
mats after H/R. According to the literature, the disrupted
organization of the cytoskeletal structure of adult car-
diomyocytes after hypoxia and H/R indicates cell dam-
age [56]. The HIF-1a increase is due to damage and the
occurrence of cellular stress [52], which we also observed
in HCM cultures on nanofibrous mats. For iPSC-CMs,
the decrease in the level of HIF-1a protein for cultures
under hypoxia was noticed. However, the level of HIF-1a
in the cells grown on nanofibrous materials after H/R is
higher than in cultures after hypoxia. In the literature,
the decrease in HIF-1a is explained that its level is regu-
lated by oxygen-independent pathways [57]. Based on the
literature, mechanical stress can influence the decrease
of HIF-1a [40]. Mechanical stress can be affected by the
elasticity of the substrate on which cardiomyocytes are
cultured [58]. In our study, nanofibrous mats differing in
elasticity were used. From the results, PU nanofibers with
lower elasticity cause a greater decrease in HIF-1a than
PCL nanofibers. In our research, it is noticed that HIF-1a
protein expression differs from the gene expression. This
may be due to the HIF-la gene increasing under the
influence of hypoxia and dropping rapidly when cells
come into contact with oxygen [59]. The level of HIF-1a
protein is stabilized longer [60], which made it possible
to observe it during immunostaining. HIF-1a« mRNA is
degraded very rapidly when exposed to oxygen [59].

One of the cellular responses to hypoxia observed
in cardiac tissue is apoptosis of cardiomyocytes [61].
Our work showed a significant increase in apoptotic
cells for HCMs and iPSC-CMs cultured on nanofibrous
mats under hypoxia or H/R compared to cultures on
PS. Moreover, there was a slight increase in the number
of damaged cells after H/R than after hypoxia for iPSC-
CM and HCM cells cultured on nanofibrous mats. The
decrease in cardiomyocyte viability after H/R is also
observed in other studies with iPSC-CMs. However, the
study used a standard culture surface [26]. Re-oxygen-
ation results in the supply of oxygen to the cells again
and the restoration of pre-hypoxia conditions, but it can
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trigger biological mechanisms that cause cardiac cell
dysfunction [62]. Similarly, in the above studies, HCM
after H/R shows an increase in MAP4K gene expres-
sion, which is an indicator of inflammation in the cell
[63]. For HCM, a higher level of TNNT2 expression was
determined under hypoxia than for control normoxia
and cultures after H/R. In contrast, expression TNNT2
in iPSC-CMs is downregulated. TNNT2 encodes cardiac
troponin T, which regulates the function of cardiomyo-
cytes under hypoxia. Based on the literature, fetal car-
diomyocytes mainly adopted anaerobic glycolysis under
hypoxia, which induces reduced expression of cardiac
troponin T. In contrast, adult cardiac cells used oxidative
phosphorylation as energy suppliers and upregulated car-
diac troponin T in hypoxia conditions [64]. Our research
shows no significant differences between 2D and 3D cul-
tures. Additionally, after H/R, the expression of this gene
was similar in hypoxia cultures and normoxia controls.
The decreased expression of SCN5A and SERCA2 was
also noticed for cultures of HCM and iPSC-CMs under
hypoxia. Moreover, these genes’ levels are lower for HCM
grown on PU nanofibrous mats than for cultures on PS.
In contrast, HCM and iPSC-CMs under H/R gave differ-
ent cellular responses. The level of these genes for iPSC-
CMs under H/R is restored to a pre-hypoxic state in both
2D and 3D cultures. The expression of SCNSA for HCM
cultures after H/R is lower than for normoxia, whereby
the lowest for cultures on nanofibers. In turn, SERCA2
expression increases and is highest for cultures for nano-
fibrous mats. As a result of cardiac hypoxia, metabolic
pathways are activated, which reduce the oxygen demand
and protect cardiomyocytes from the negative effects of
its lack [65]. The anaerobic condition reduces pyruvate
dehydrogenase activity, which in turn causes the con-
version of pyruvate to lactate [26]. The accumulation of
lactate involves acidification of the cellular environment,
which leads to disturbances in the binding of calcium to
troponin. Reperfusion is necessary for cell survival but
also causes changes that can negatively affect cardiomyo-
cyte functioning. Such changes include accumulation
in cardiac cells Na* instead of H*, which activates the
pumps responsible for exchanging Na* ions into Ca*.
Changes in ion transport also result in disturbances in
membrane potential. This can induce a decrease in the
level of SCN5A expression [45]. The expression level of
the SERCA2 gene, encoding calcium ATPase, responsible
for the transfer of calcium ions from the cytosol to the
sarcoplasmic reticulum, decreases during hypoxia in the
heart (also causing Ca** accumulation) while restoring
the availability of oxygen to cells and increases the expres-
sion of this gene to prevent the development of contrac-
tile dysfunction [46]. Based on the above data, two in
vitro models were obtained in which the functioning of
two types of human cardiomyocytes was compared in 3D
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and 2D models, which allowed us to study the response
of the cells to hypoxia and hypoxia with reoxygenation.

Conclusion

In vivo conditions, human cardiac tissue is formed by
fibers composed of cardiomyocytes that form a 3D struc-
ture supported by extracellular matrix proteins. Nanofi-
brous mats can imitate the heart ECM structurally and
functionally in 3D cardiac in vitro models. In the present
study, we analyzed the type of cell death, expression of
selected genes, and proteins in which the changes occur
in cardiomyocytes cultured on nanofibrous mats under
hypoxia and hypoxia with re-oxygenation. The research
utilized primary human cardiomyocytes (HCM) and
human pluripotent stem cell-derived cardiomyocytes
(iPSC-CMs) cultured on polystyrene plate (PS), poly(e-
caprolactone) (PCL) nanofibers and polyurethane (PU)
nanofibers. It was noticed that nanofibrous mats affect
the cellular response of HCM and iPSC-CM to hypoxia
and hypoxia with re-oxygenation. Primary human car-
diomyocytes cultured on nanofibrous mats significantly
increased HIF-1a protein levels and the number of dam-
aged cells after hypoxia. Also, these changes are sus-
tained after re-oxygenation. In contrast, such significant
changes are not determined for iPSC-CM cells. However,
using iPSC-CMs in 3D models has potential, and further
studies are required. These studies can support research
to find in vitro cardiac models to accurately imitate
human cardiac tissue during ischemia or ischemia with
reperfusion. This will enable effective research to find a
treatment for damaged human cardiac tissue.
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