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Introduction

Ko, Y. H,, Kot, K. V., & Kurbanov, R. A. (2023). The determination of fibroblast and keratinocyte death types afier their transplanta-
tion into y-irradiated porous scaffold in vitro. Regulatory Mechanisms in Biosystems, 14(4), 552-558. doi:10.15421/022380

In the course of radiation therapy, normal cells surrounding the tumor are also irradiated. During and after irradiation, they undergo a
series of structural and metabolic changes, which can lead to cell death or transformation. Therefore, when planning and conducting radia-
tion therapy, the effects of radiation on normal cells are taken into account with the aim of predicting and further correcting post-radiation
complications, including the development of radiation burns and ulcers. Radiation skin burns are characterized by a prolonged course of
the wound healing process, which is accompanied by a sharp decrease in the number of viable cells in the affected tissue from the first
hours of irradiation. The type of cell death can significantly impact the effectiveness of radiation therapy and post-radiation complication
correction. Therefore, it is important to study the type of their death in irradiated three-dimensional culture on a model of irradiated dermal
equivalent, which is widely used today for modeling biological processes. To detect the pathways of cell death, the levels of reactive oxy-
gen species, cell viability, number of cells undergoing autophagy, apoptosis, and necrosis, the content of active caspases 3, 8, and 9 was
fluorometrically measured in the irradiated 3D cell culture by laser scanning confocal microscopy. It was determined that the transplanta-
tion of fibroblasts and keratinocytes into the irradiated dermal equivalent contributed to an increase in the overall viability of cells of the
equivalent and led to a significant decrease in the concentration of free oxygen forms in the irradiated equivalent. Cells within the irra-
diated equivalent were not evenly distributed in terms of their quantity and viability, with an overall decrease in the cell count over time.
A cluster of equivalent cells with significantly higher viability was formed around the transplant. At the same time, the fibroblasts of the
transplant were found to be more resistant to the cytotoxic factors of the post-irradiation culture environment compared to keratinocytes.
It was demonstrated that non-irradiated dermal equivalent cells predominantly undergo cell death through autophagy, irradiated equivalent
cells primarily undergo necrosis, and after the introduction of the transplant, cell death predominantly occurs through apoptosis.
In irradiated culture, both with and without transplantation, there is an increase in the content of effector caspase 3. Cells in irradiated cul-
ture undergo apoptosis through the mitochondrial mechanism (with a predominance of active caspase 9), while in irradiated culture with
the introduction of the transplant, the receptor-mediated mechanism of apoptosis dominates (with a predominance of active caspase 8).
The obtained results can be important for the development of new effective methods of therapy for radiation burns, chronic ulcers and
wounds of various etiologies.
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molecules, and has unique biochemical, functional, and immunological
consequences (Galluzzi & Myint, 2023). RCD encompasses three major

Previously, in an in vivo experiment, we demonstrated that the trans-
plantation of autologous fibroblasts and keratinocytes into irradiated skin
leads to the inhibition of radiation-induced skin ulcers and the restoration
of the structure of the affected skin (Kot et al., 2015). This occurs due to
the restoration of a pool of living actively synthesizing cells that have a
system of positive feedback, stimulating mutual proliferation and synthetic
activity. However, at the same time, it was shown that the regenerated skin
has certain histological features and biochemical defects — a thicker and
harder epidermal layer is formed, tissue sclerosing occurs, the content of
pro-oxidant and pro-inflammatory markers in the radiation zone remains
quite high. This may be a consequence of the predominance of unregu-
lated forms of cell death in irradiated culture.

The current cell death classification system was last significantly up-
dated in 2018 by the Nomenclature Committee on Cell Death (NCCD),
which formulates principles for defining and interpreting all aspects of cell
death (Hu et al., 2021). Currently, cell death can be fundamentally divided
into regulated cell death (RCD) and accidental cell death (ACD). ACD
can be triggered outside of possible control mechanisms. In contrast, RCD
involves precise signaling cascades, is executed by a set of defined effector

types of cell death. Type I cell death (apoptosis) is characterized by the
decrease in cell volume, the loss of plasma membrane asymmetry, the
formation of apoptotic bodies, the condensation and fragmentation of
chromatin (Takécs-Vellai, 2023). Type I cell death (autophagy) is charac-
terized by specific vacuolization and promotion of survival of surrounding
cells in most cases. However, in some cases, autophagy can induce auto-
phagy-dependent death of microenvironment cells (Lu et al., 2022). Type
11T cell death (necrosis) is characterized by intense loss of plasma mem-
brane integrity, accompanied by the saturation of the microenvironment
with cell decay products (Zhang et al., 2022; Park et al., 2023).

An inevitable consequence of cell irradiation is the generation of reac-
tive oxygen species (ROS), which are considered as specific cellular mes-
sengers capable of both promoting cell survival and adaptation, and indu-
cing a certain type of cell death (Owusu et al., 2021; Villalpando-Rodrigu-
ez & Gibson, 2021). ROS-induced cell death occurs in both the transplant
and the microenvironment of the transplant and is considered one of the
key problems in transplantation and cell therapy (Van Erp et al., 2017;
Machado et al., 2023). Biomolecules related to cell death are now being
investigated as potential biomarkers for assessing the viability of donor
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organs and their role in disease development (Shen etal., 2023; Zhao
etal., 2023). Inhibitors for various types of cell death have been explored
as potential therapeutics for managing injuries related to ischemia/reperfu-
sion syndrome in organ transplantation or cell therapy following radiation
therapy (Sia et al., 2020; Capuzzimati et al., 2022). The type of cell death
induced by radiation depends on several factors, including cell type, radia-
tion dose and quality (Jiao et al., 2022), oxygen tension (Rasouli et al.,
2023), TP53 status (Brahme, 2023), DNA repair capacity, cell cycle phase
at the time of radiation exposure (Obata et al., 2023), and the microenvi-
ronment (Amold et al., 2018; Monjazeb et al., 2020).

Yoo et al. (2023) described that apoptosis was confirmed to occur la-
ter than autophagy in radiation treatment, and the inhibition of autophagy
led to a decrease in apoptosis. Radiation-induced autophagy may be regu-
lated by modulators such as IL6, IL1, TNFa, IL18, microRNAs like mi-
croRNA-7 and microRNA-7-5P, and ROS. Augmentation of autophagy
results in increased cervical cancer cell death under radiation (Roy et al.,
2022; Wu et al., 2023). Autophagy occurs to maintain stability and pro-
mote cell survival against radiation, thus contributing to cells’” radioresis-
tance (Lomonaco et al., 2009; Saleh et al., 2022). However, when auto-
phagic activity becomes excessive and degradation overwhelms the cell’s
capacity, autophagy can lead to the death of irradiated cells and cells in the
microenvironment (Zein et al., 2021).

Fibroblast and keratinocyte cell therapies have shown promising the-
rapeutic effects in restoring damaged skin and promoting the functional
repair of tissue in radiation-induced dermatitis. However, accumulating
evidence has demonstrated the presence of increased concentrations of
proinflammatory cytokines in cell-treated skin post-transplantation, which
compromises the therapeutic efficiency of fibroblasts and keratinocytes.

Determination of cell death types and gaining a deeper understanding
of the molecular mechanisms of cell death may help to improve preserva-
tion of donor cells and treatment of primary graft dysfinction during and
after cell therapy.

The aim of the work was to investigate experimentally in vitro on a
dermal equivalent model which type of cell death predominates when in-
troducing a cell transplant into irradiated three-dimensional culture.

Materials and methods

Primary cells source and culturing. The experiments were performed
with cryopreserved primary normal human dermal fibroblasts (Promo-
Cell, C-12302) and normal human epidermal keratinocytes (PromoCell,
C-12003). In the laboratory, cells were stored in Biorack 3000 cryogenic
storage (Statebourne Cryogenics, UK). Immediately before culturing, cells
were thawed and washed from cryoprotectant according to the standard
protocol and their number, viability and size distribution were determined.
Determination of the number, viability and size heterogeneity of cells in
the primary cell suspensions was carried out by the method of measuring
impedance in the flow, using an automatic cell counter Scepter 2.0 (Milli-
pore, USA) and Scepter Software Pro 2.1. The primary cell suspensions
were examined for the total number of cells (1.5-1.7x10%mL), cell via-
bility (92.0-94.0%) and the degree of heterogeneity in size (11-13 pm).
Fibroblasts and keratinocytes were seeded at a density of 1.5x10" cells/well
in a Millicell EZ SLIDE 8 (Merck Millipore, USA) well glass slide and
allowed to grow in Dulbecco’s Modified Eagle Medium (Gibco™, USA)
supplemented with 10.0% Fetal Bovine Serum (Gibco™, USA), 2 mM
L-glutamine (Invitrogen, USA) and 1.0% ““Antibiotic-Antimycotic Solu-
tion” (Gibco™, USA) using a Galaxy 14S (Eppendorf, Germany) CO,-
incubator (37.0 + 0.1 °C, 5.0 £ 0.1% CO,, 99.5 + 0.1% RH) for 10 days
until 80.3% to 85.1% confluence. The non-adherent cells were removed
after 48 h incubation after the first medium change. Fibroblast and kerati-
nocyte cultures were tested for mycoplasma contamination using the
“MycoAlert® Mycoplasma Detection Kit” (Lonza Inc., Switzerland) and
a Sirius L luminometer (Titertek Berthold, USA).

Porous scaffold-based 3D cell culture formation. Cultivation of fibro-
blasts and keratinocytes in an immobilized state was carried out using the
GEM — Global Eukaryotic Microcarrier technology, according to which
cells are immobilized on the surface of spherical porous alginate microcar-
riers. Alginate microcarriers were prepared using the GEM Microcarrier
Packs kit (Global Cell Solutions, cat. no. GEM-4133) and following the
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manufacturer’s instructions. Because fibroblasts and keratinocytes have a
high degree of adhesion to collagen and fibronectin, the alginate solution
contained 1.0% collagen type 1 (Merck, cat. no. CC050) and 1.0% fibro-
nectin (Merck, cat. no FC010). Microcarriers were stored at 4.0 °C in PBS
until use. Before immobilization of cells, alginate microcarriers were wa-
shed three times with Dulbecco’s Modified Eagle Medium (Gibco™,
USA) and preheated to 37.0 °C. Cells were added to the suspension of
alginate carriers at the rate of 0.5x10° each type of cells/ml of suspension.
After 24 hours, the cells adhered to the surface of the microcarriers. Non-
attached cells were removed when the nutrient medium was replaced.
15 mL of the microcarrier suspension with immobilized cells was placed
in a LeviTube vial (OMNI Life Sciences, cat. no. #2800005) and cultured
for 168 hours (37.0 0.1 °C, 5.0 = 0.1% CO,, 99.5 = 0.1% RH, mixing
5 revolutions’hour) in the CERO BioLevitator bioreactor (Omni Life
Science GmbH & Co). The conditions for the production of media, im-
mobilization and cultivation of fibroblasts and keratinocytes were in ac-
cordance with the current practice of dynamic cultivation of this type of
cells (Hofmann et al., 2023; Tahri et al., 2023).

3D cell culture irradiation. Porous scaffold-based 3D cell culture was
irradiated with the ROCUS AM (Co60) gamma complex. The irradiation
dose was 0.75 Gy (104 kV, 9 mA; 0.2 Gy/minute; irradiation duration
225 seconds) and corresponded to the range of single doses used in radia-
tion therapy. A single focal dose in clinical external beam radiation thera-
py is 0.3-5.0 Gy, while a single dose of 0.7-1.1 Gy is recommended as a
tolerable single dose, which reduces the likelihood of radiation complica-
tions (Mott & West, 2021; Wong et al., 2021). An increase in the number
of non-viable cells becomes probable at the 6th hour of observation. Since
the effectiveness of the negative consequences of radiation damage cor-
rection is correlated with the time after irradiation, it is of greatest interest
to evaluate the ability of normal fibroblasts and keratinocytes to correct the
prooxidant status of cells in the first hours after irradiation, when irradia-
tion has not yet led to significant cell death. Under the conditions of this
experiment, the research time of 2 hours meets these requirements.

Cells transplantation into irradiated 3D cell culture. Two hours after
irradiation, normal fibroblasts and keratinocytes were injected into irra-
diated porous scaffolds using micromanipulators TransferMan NK (Ep-
pendorf) and CellTram Air pneumatic microinjector (Eppendorf) as part
of IMT2 inverted microscope complex (Olympus). Cells were added di-
rectly to the center of each scaffold at the rate of 0.5x10° for each type of
cells/scaffold. Normal cells-treated porous microcarriers were cultured for
8 days (37.0£0.1 °C, 5.0 + 0.1% CO,, 99.5 + 0.1% RH, mixing 5 revolu-
tions/hour) in the CERO BioLevitator bioreactor (Omni Life Science
GmbH & Co). Determination of the parameters reactive oxygen species
content, cell viability, cell death types and active caspases content was
performed after 2,4 and 6 days of incubation.

Tracking of irradiated and transplanted cells. Two hours before ir-
radiation, alginate scaffold-based 3D cell culture was incubated with vital
blue fluorescence cell dye (Ag/Agy, = 360/445 nm) as part of “CytoPainter
Cell Tracking Staining Kit — Blue Fluorescence” (Abcam, ab187963).
Two hours before transplantation, fibroblasts and keratinocytes were incu-
bated with vital green and red fluorescence cell dyes (Ag/Agm = 490/520,
Aexd/Aem = 540/560 nm) as parts of “CytoPainter Cell Tracking Staining
Kit— Green Fluorescence” (Abcam, ab187964) and “CytoPainter Cell
Tracking Staining Kit — Red Fluorescence” (Abcam, ab187965) respec-
tively. Determination of live cells’ localization and migration into micro-
carriers was performed in 35 mm confocal dishes in Z-stack real-time
mode by confocal microscopy FV10i-LIV (Olympus) equipped for pro-
longed cell viability in time-lapse experiments (37.0 = 0.1 °C, 5.0+ 0.1%
CO,, 99.5 + 0.1% RH). Post-rendering of the obtained images of optical
sections was performed using Olympus cellSence software (Olympus li-
censed).

Assay of cell viability, ROS, cell death types and caspases. Cell viabi-
lity was determined using the NIR dye (Ag/Agy, = 633/720 nm) as parts of
“LIVE/DEAD Near IR Viability Kit” (Thermo Scientific, 1.34994).
The concentration of free oxygen species in living cells was determined
fluorimetrically using the “Cellular Reactive Oxygen Species Detection
Assay Kit — Orange Fluorescence” (Abcam, ab186028). The cell death
types and content of active caspases was determined using the “Apoptosis/
Necrosis Assay Kit (Abcam ab176749)”, “Autophagy Assay Kit” (Ab-
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cam, ab139484) and “Caspase-3, Caspase-8 and Caspase-9 Multiplex
Activity Assay Kit” (Abcam ab219915) respectively. The caspases mul-
tiplex activity assay kit uses DEVD-ProRed™, IETD-R110 and LEHD-
AMC as fluorogenic indicators for caspase 3, caspase 8 and caspase 9
activity respectively. Upon caspase cleavage, three distinct fluorophores
are released: ProRed™ (red fluorescence), R110 (green fluorescence) and
AMC (blue fluorescence), which can be readily monitored in a single
assay due to their nice spectral separation. Cells were observed using the
same parameters of lasers and photomultipliers.

Statistical analysis. The data were statistically analyzed using the
ANOVA dispersion analysis using Statistica 7.0 software (StatSoft Inc.,
USA). We calculated standard mean values (x) and standard deviation
(SD). Differences between groups were determined using the Tukey test,
where the differences were considered reliable at P < 0.05 (taking into
account Bonferroni correction).

Results

Figure 1 shows the three-dimensional distribution of fibroblasts and
keratinocytes in the transplant 20 minutes after the injection of a cell mix-
ture into a porous scaffold without and after irradiation. In both groups, the
transplant exhibited a similar shape, volume, and cell distribution within
the volume (Table 1).

Figure 2 shows the localization of the skin equivalent cells prior to
transplantation (blue marker), as well as the individual migration tracks of
fibroblasts and keratinocytes (green and red markers, respectively) on the
2nd, 4th, and 6th day after the injection of the cell mixture into a three-
dimensional culture. The quantitative analysis of the tracks is provided in
Table 2.

It is evident that as early as the 2nd day of observation, an area with
an increased density of cells of skin equivalent is formed around the trans-
plant. This may be the result of cell migration from the volume of the
equivalent to the periphery of the transplant, and the transplant with a

Injected fibroblasts

2 days

4 days

6 days

higher content of nutrients is a chemoattractant for the cells of the equiva-
lent. At the same time, in the non-irradiated skin equivalent, the cell densi-
ty at the periphery of the transplant is significantly higher due to their
greater viability and, consequently, mobility, compared to the cells in the
irradiated dermal equivalent.

M Injected keratinocytes

Injected fibroblasts

Fig. 1. Confocal laser scanning microscopy (CLSM) 3D visualization
(fluorescence z-stack mode) of injected fibroblasts and keratinocytes
into irradiated (@) and non-irradiated (b) porous alginate scaffold:
60/1.2 NA water-immersion objective

Table 1

The morphometric parameters of cellular transplantants
into irradiated and non-irradiated porous alginate scaffold
(x = SD, n= 24, 20 minutes after the injection)

. Convex hull Aspectratio )
Morphometric parameters meter (Dye/Dii) Volume, um?x10°
Non-irradiated scaffold 0.71+0.10 1.38+0.12 4113+342
Irradiated scaffold 0.74+0.11 1.35+£0.08 4624+27.5

M Injected keratinocytes

Notes: the convex hull perimeter and aspect ratio of ideal sphere is 1.0; no statistical
differences in each column were found.

M Trradiated cells of equivalent

c d

Fig. 2. Confocal laser scanning microscopy (CLSM) 3D tracking visualization (fluorescence z-stack mode) of irradiated fibroblasts
and keratinocytes (blue tracking dye) and injected fibroblasts (green tracking dye) and injected keratinocytes (red tracking dye) into
irradiated (c—d, g—h, m—n) and non-irradiated (a—b, e, k) scaffold on the 2, 4 and 6 days: 60/1.2 NA water-immersion objective
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Table 2

Migration speed (v, unvh) and net displacement (Dnet, pum) injected fibroblasts and keratinocytes into irradiated porous alginate scaffold (x + SD, n=24)

. Fibroblasts Keratinocytes
Days Experimental groups v Dnet v Dnet
5 Non-imadiated scaffold 302+2.1° 170.6 94 323+11° 194153
Trradiated scaffold 285+18° 2565+7.3 36.1+18° 2435+10.5°
4 Nonimadited scaffold 327+16" 1812475 372+32° 2083 +64°
Irradiated scaffold 319+15 4085+48 559425 5377118
¢  Nomimdiated scaffold 346+30° 318.1+12.1¢ 41717 2750495
Trradiated scaffold 462+24° 7657+ 14.5° 683+24° 7914+107"

Notes: means in each column followed by different letters are significantly different from one another on the results of comparison using the Tukey test (P < 0.05) with Bonferro-

ni correction.

Throughout all days of observation, cell migration of both fibroblasts
and keratinocytes within the transplant occurs. However, the nature of
transplant cell migration in non-irradiated and irradiated skin equivalent
was different.

Thus, on the 2nd day of observation in both groups, the nature of cell
migration predominantly exhibited a local character. There was no diffe-
rence in average speed of cell migration, persistence of direction (net dis-
placement), and overall direction between fibroblasts and keratinocytes in-
jected into the non-irradiated three-dimensional culture. However, in the
irradiated culture, both fibroblasts and keratinocytes showed significant
heterogeneity in all of these parameters. A distinct group of cells (7.8% of
the total injected number of cells) exhibited higher migration speed and
persistence of direction. At the same time, 98.2% of migrating keratino-
cytes and 4.1% of migrating fibroblasts shared the same overall direction,
moving toward the upper surface of the skin equivalent.

On the 4th day of observation, the heterogeneity of the transplant cells
according to migration parameters was also manifested in the non-irradia-
ted skin equivalent. At the same time, 93.7% of cell migration within the
transplant exhibited a local character, and the proportion of keratinocytes
with higher migration speed and persistence of direction towards the upper
surface of the skin equivalent was 27.6%.

By the 6th day of observation, clear and distinct differences in the mi-
gration nature of fibroblasts and keratinocytes following the injection of
the cell mixture into the skin equivalent, with or without irradiation, were
observed. Thus, 73.8% of migrating fibroblasts of the transplant moved
exclusively within the lower 2/3 of the three-dimensional culture, with
61.3% of them maintaining a local migration pattern toward the periphery
of the transplant.

Only 1.9% of fibroblasts retained a persistent movement towards the
upper surface of the non-irradiated skin equivalent. At the same time,
27.5% of migrating keratinocytes exhibited local migration at the periphe-
ry of the transplant, while 72.1% had a different overall direction compa-
red to fibroblasts; they migrated exclusively towards the upper surface of
the non-irradiated equivalent skin.

The pattern of cell migration in the irradiated three-dimensional cultu-
re on the 6th day of observation differed from the pattern of cell migration
in the non-irradiated culture. Specifically, 75.8% of migrating fibroblasts
and 98.2% of migrating keratinocytes within the transplant moved to-
wards the upper surface or migrated within the upper plane of the irradia-
ted equivalent. On the other hand, 23.7% of migrating fibroblasts and 2.4%
of migrating keratinocytes within the transplant exhibited a local migration
pattern at the periphery of the transplant, possibly due to low viability.

At the same time, it was shown that over the entire observation peri-
od, the total number of cells in the skin equivalent remained unchanged,
since the skin equivalent at the beginning of the experiment was a stable
three-dimensional culture, and the cells were in a state of contact inhibition
and did not proliferate. However, the number of cells in the irradiated cul-
ture significantly decreased each day of observation, and by the 6th day, it
had reduced by 46.1%. Nevertheless, it was found that the reduction in the
number of cells occurred unevenly, with an area where the number of skin
equivalent cells decreased by only 11.8% — this was at the periphery of the
transplant. It is possible that the introduced fibroblasts, which have a local
nature of migration at the periphery of the transplant, "support" the viabili-
ty of cells in their microenvironment. Such an autocrine effect can be pro-
vided by the secretion of a number of growth factors, in particular the con-
nective tissue growth factor (CTGF), the synthesis of which by the fibro-
blasts of the transplant stimulates the synthesis of the transforming growth

factor TGF-beta. TGF-beta activates the chemotaxis of microenvironment
fibroblasts and sustains the metabolism of exhausted or damaged cells
incapable of autoregulation.

Fig. 3. Confocal laser scanning microscopy (CLSM) 3D tracking (a, b, d,
e) and single optical section (c, f) visualization of irradiated fibroblasts and
keratinocytes (blue tracking dye) and injected fibroblasts (green tracking
dye) and injected keratinocytes (red tracking dye) on surface of irradiated
(d, e, f) and non-irradiated (a, b, c) scaffold on 6 days. 60/1.2 NA water-
immersion objective

It was shown that due to the different migration patterns of fibroblasts
and keratinocytes in the non-irradiated and irradiated culture, there were
significant differences in the specific cellular composition of the upper,
keratinocyte-enriched layer of the dermal equivalent on the 6th day
(Fig. 3). Thus, in the non-irradiated culture on the 6th day of observation, a
keratinocyte-enriched layer was formed, in which the content of fibro-
blasts migrating from the transplant was less than 0.9%. However, in the
irradiated culture on the same day of observation, in the upper keratino-
cyte-enriched layer, the proportion of fibroblasts was 37.2% of the total
number of cells.

Cells of the equivalent in culture die as a result of either direct effects
of ionizing radiation, or due to hyperproduction of reactive oxygen species
(ROS) by both the cells (Fig. 4, 5) and their microenvironment, as a con-
sequence of the well-known radiolysis effects of polymers, in particular
alginate, which comprises the framework of the dermal equivalent.

The transplantation of cells into the irradiated culture did not lead to
significant changes in the concentration of ROS on the 2nd, 4th and 6th
day after irradiation of the equivalent. However, by the 6th day, the con-
centration of reactive oxygen species was nearly 1.6 times (35.2%) lower
compared to the irradiated equivalent without transplantation and de-
creased by 35.2% (Fig. 5).

Regul. Mech. Biosyst., 2023, 14(4)
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2 days 4 days 6 days

‘Without irradiation and
without transplantation
After irradiation and
without transplantation
After irradiation and
after transplantation

Fig. 4. Confocal laser scanning microscopy (CLSM) visualization
of ROS-specific fluorescence in fibroblasts and keratinocytes of irradiated
and non-irradiated scaffold. 60/1.2 NA water-immersion objective
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Fig. 5. The content of reactive oxygen species in fibroblasts and
keratinocytes of irradiated and non-irradiated scaffold (x + SD, n=24):
different letters indicate samplings that significantly differ one from
another according to the Tukey test with the Bonferroni correction

In addition to the uneven distribution of the number of cells within the
irradiated equivalent volume against the background of a decrease in their
number it is demonstrated that the cells within the irradiated equivalent are
unevenly distributed in the volume according to their viability (Fig. 6).

B All cells in scaffold
[ Cells in peripheral area of transplantant
[ Cells in outside of peripheral area of transplantant

= 1007
£ b
z : o
=
T T
:H]
< a _I—
b
b C
2 4 6
Days

Fig. 6. Viability of the fibroblasts and keratinocytes in irradiated alginate
porous scaffold (x + SD, n=24): different letters indicate significant
differences between the groups in each day according
to the Tukey test with the Bonferroni correction
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Fig. 7. Death types of the fibroblasts and keratinocytes
in alginate porous scaffold

Table 3
The content of caspases 3, 8 and 9 in fibroblasts
and keratinocytes in alginate porous scaffold (rf/10° cells)

Days  Experimental groups Caspase 3 Caspase 8 Caspase 9
‘xﬁgﬁinggﬁm 127424 145+21°  31+15
2 mﬁfﬁgﬁ;@m 873+51° 339446 1045+45°
ﬁmﬁgﬁm 615436  T15429° 882431
yﬁgﬁt mﬁ;ﬁm 105£21°  123+18  24=L1°
4 Q?gg:fm‘l‘mmm 1157484°  375+29  1448+112'
ﬁﬁ;ﬁzﬁm 947£33" 938436  1014+28°
xﬁgﬁtmﬁgﬁm 141425 147+33 61428
6 ﬁvﬁ;ﬁm‘l‘amﬁm 317439° 86+28 394422
ﬁﬁ;ﬁzﬁm 1553 114"  1645+41"  1157£5.1°

Notes: means in each column followed by different letters are significantly different
from one another on the results of comparison using the Tukey test (P < 0.05) with
Bonferroni correction.

It has been found that cells in the non-irradiated dermal equivalent
primarily underwent autophagy-induced cell death (Fig. 7). Thus, the ave-
rage percentage (26 days of observation) of non-viable cells in non-
irradiated culture is 10.9%. Among these, the majority (99.2%) underwent
cell death via autophagy, while only 0.8% underwent apoptosis. Cell
death by necrosis was not observed.

It has been demonstrated that cell death through autophagy predomi-
nantly occurs in non-proliferating cells (GO phase or terminal differentia-
tion), which aligns with the conditions in a stable three-dimensional cul-
ture where cells, due to contact inhibition, hardly divide or migrate.

After irradiation, there was a significant increase in the proportion of
cells undergoing apoptosis. On the 2—4th day of observation, cells primari-
ly underwent apoptosis, necrotic cells accounted for a smaller percentage.

Regul. Mech. Biosyst., 2023, 14(4)



However, the percentage of apoptotic and necrotic cells increased with the
duration of observation. On the 6th day, the cells of the irradiated culture
without transplantation primarily underwent necrosis, indicating the deple-
tion of cellular energy resources needed to sustain the energy-demanding
apoptotic pathway.

In support of this assumption, the results of determining the profile of
active caspases in the irradiated equivalent should be mentioned (Table 3).

Thus, on the 2-4th day of observation, the irradiated culture expe-
rienced an increase in the content of active caspase 3 (the main effector
caspase that initiates proteolytic processes within cells) and a significant
increase in the content of active caspase 9, while the content of active
caspase 8 remained unchanged. This indicates that cells in the irradiated
culture underwent apoptosis through the mitochondrial pathway, rather
than the receptor-mediated pathway. This is consistent with the data ob-
tained regarding the hyperproduction of reactive oxygen species by cells
after irradiation.

Mitochondria are able to directly induce cell death by increasing the
permeability of the mitochondrial outer membrane, which leads to the
release of cytochrome ¢ into the cytosol. Cytochrome c, in tum, plays a
role in forming the apoptosome, which interacts with effector procaspase
9, activating it. On the 6th day of observation, the content of active caspas-
es 3, 8, 9 significantly decreased due to a sharp reduction in the proportion
of cells undergoing apoptosis and the activation of necrotic processes
incompatible with transcription/translation processes.

A number of authors have shown that the predominance of caspase 9
content in irradiated tissues and serum of patients after radiation therapy is
accompanied by low efficacy of accompanying pharmacological support
therapy. Transplantation of a mixture of fibroblasts and keratinocytes into
the irradiated equivalent led to a significant increase in the content of ac-
tive effector caspases 3, 8, and 9 from the 2nd to the 6th day of observa-
tion. However, compared to the irradiated culture without transplantation,
the significant differences in the content of different types of caspases
under transplantation conditions were shown. In the irradiated culture,
caspase 9 was activated while the content of caspase 8 remained un-
changed. However, in the presence of the transplant, both types of caspa-
ses were activated. Starting from the 6th day, the content of active caspase
8 became significantly higher than the content of caspase 9.

Discussion

As was shown, active proliferation of fibroblasts and keratinocytes of
the transplant began on the 6th day, and by that time, they were distributed
throughout the irradiated volume of the dermal equivalent. It is probable
that proliferating and actively synthesizing cells of the transplant signifi-
cantly reduce the concentration of reactive oxygen species through the
synthesis of antioxidant defense enzymes (Jena et al., 2023; Chettouh-
Hammas et al., 2023). In a series of studies, it has been demonstrated that
culturing keratinocytes under unfavorable conditions without the support
of fibroblasts or mesenchymal cells leads to the complete death of kerati-
nocytes through apoptosis after 14 days of cultivation (Tanaka et al., 2022,
Xu et al., 2023). However, when keratinocytes are cultured on a collagen
gel with fibroblasts, they do not undergo apoptosis and actively proliferate
(Tahri et al., 2023; Zhang et al., 2023). This result can be explained by the
fact that fibroblasts synthesize keratinocyte growth factor (KGF), epider-
mal growth factor (EGF), colony-stimulating growth factor/interleukin
(IL6), fibroblast growth factor (FGF10), which stimulate keratinocytes to
synthesize interleukin IL1, which stimulates fibroblasts to the synthesis of
KGF (Yen et al., 2014; Bartolo et al., 2022). Such a system of mutually
regulating positive feedback leads, firstly, to the migration of fibroblasts
after keratinocytes along the interleukin IL1 gradient, and secondly, pro-
vides mutual "support" of the transplant cells in the conditions of a rela-
tively aggressive cytotoxic environment of the post-irradiated culture.
Atthe same time, it was shown on models of mechanical skin damage
that one of the early reparative regulatory molecular mechanisms is the
synthesis of the keratinocyte growth factor KGF7, which binds to the
FGFR2IIIb receptor on keratinocytes and stimulates them to synthesize
the transforming growth factor of fibroblasts TGFp1. This leads to the
differentiation of fibroblasts into myofibroblasts. Compared to fibroblasts,
myofibroblasts are characterized by an inability to migrate, hyperproduc-

tion of total protein (in particular, collagen type 1), TGFB1, TGFf2. These
transforming growth factors stimulate keratinocytes in the microenviron-
ment to regenerate, which leads to sclerosing of the damaged tissue and the
formation of scars (Lee, 2022; Pot et al., 2023). It is possible that a similar
mechanism should also be triggered under conditions of irradiation.

It was shown that cells in the non-irradiated dermal equivalent pri-
marily undergo autophagy-induced cell death while cell death by necrosis
was not observed. In principle, this corresponds with existing literature
data, indicating that autophagy is the pathway through which a normal,
untransformed cell culture "clears out" cells that have exhausted their limit
of division numbers or have critical disruptions in the mechanisms of
division and transcription/translation (Yang et al., 2023).

Starting from the 6th day, the content of active caspase 8 became sig-
nificantly higher than the content of caspase 9. This indicates that in cells
of the irradiated culture under transplantation conditions, the receptor-
mediated apoptosis pathway dominates through the plasma membrane
receptor Fas, which interacts with the FADD domain of the Fas receptor,
thereby activating caspase 8 (Dixit, 2023). A series of studies have de-
monstrated that the molecular mechanisms of the receptor-mediated apo-
ptosis pathway have cross-links with the molecular mechanisms of autopha-
gy. For example, the Fas-FADD-caspase 8 apoptosome can activate the
ubiquitin-like Atg5-Atgl2 complex, which participates in autophagosome
membrane elongation. Thus, the change in the path of cell apoptosis during
transplantation makes the process of cell death through the receptor-
mediated mechanism significantly more controlled (Pang & Vince, 2023).

It has been shown that along with the change in the apoptosis induc-
tion mechanism during cell transplantation into the irradiated equivalent,
there is a significant reduction in the number of necrotic cells, starting
from the 4th day. A number of authors have shown on various experimen-
tal models that programmed necrosis can be inhibited by the action of
antioxidants on cells (Miklos & Horvath, 2023; Sun et al.,, 2023). It is
probable that proliferating and actively synthesizing cells in the transplant
significantly reduce the levels of free oxygen radicals through the synthe-
sis of antioxidant defense enzymes on the 6th day. Alternatively, an in-
crease in the content of active caspases may play a role in suppressing the
activity of RIP protein kinase, an initiator of necrosis in cells (Moriwaki &
Chan, 2014; Urwyler-Rosselet et al., 2023).

Conclusion

The cells of the non-irradiated dermal equivalent mainly die through

autophagy, while in the irradiated equivalent, necrosis is the primary mode
of cell death. However, after transplantation, apoptosis becomes the domi-
nant mode of cell death. In the irradiated culture, cells die primarily
through the mitochondrial apoptosis pathway (as indicated by a higher
content of active caspase 9), whereas in the irradiated culture with trans-
plantation, the receptor-mediated apoptosis pathway predominates (as
indicated by a higher content of active caspase 8). The obtained results can
be important for radiobiology and radiomedicine, because in addition to
advancing fundamental knowledge, they can be used for the development
of new effective methods of therapy for radiation burns, chronic ulcers and
wounds of various etiologies.
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