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Abstract: This study describes the changes in ion homeostasis of human endometrial mesenchymal
stem/stromal cells (eMSCs) during the formation of three-dimensional (3D) cell structures (spheroids)
and investigates the conditions for apoptosis induction in 3D eMSCs. Detached from the monolayer
culture, (2D) eMSCs accumulate Na* and have dissipated transmembrane ion gradients, while in
compact spheroids, eMSCs restore the lower Na* content and the high K/Na ratio characteristic of
functionally active cells. Organized as spheroids, eMSCs are non-proliferating cells with an active
Na/K pump and a lower K* content per g cell protein, which is typical for quiescent cells and a
mean lower water content (lower hydration) in 3D eMSCs. Further, eMSCs in spheroids were used
to evaluate the role of K* depletion and cellular signaling context in the induction of apoptosis. In
both 2D and 3D eMSCs, treatment with ouabain (1 pM) results in inhibition of pump-mediated K*
uptake and severe K* depletion as well as disruption of the mitochondrial membrane potential. In
3D eMSCs (but not in 2D eMSCs), ouabain initiates apoptosis via the mitochondrial pathway. It is
concluded that, when blocking the Na/K pump, cardiac glycosides prime mitochondria to apoptosis,
and whether a cell enters the apoptotic pathway depends on the cell-specific signaling context, which
includes the type of apoptotic protein expressed.

Keywords: Na/K pump; potassium; mitochondrial membrane potential; ouabain; apoptosis; three-
dimensional spheroids; human endometrial mesenchymal stem /stromal cells

1. Introduction

Mesenchymal stem/stromal cells (MSCs), multipotent clonogenic cells of mesodermal
origin, can be isolated from numerous adult tissues, including the endometrium (eM-
SCs) [1-7]. MSCs’ differentiation potential, ease of harvest, low immunogenicity, and
capacity to promote cell migration make them an attractive therapeutic remedy [8,9]. It is
considered that they promote the survival and proliferation of host cells through paracrine
activity as well as reducing inflammation [10,11]. The majority of clinical trials use the
cellular suspension of MSCs as the therapeutic agent. However, the latest research suggests
using the MSCs incorporated into three-dimensional (3D) structures [12-14]. Different 3D
models of cell growth, such as scaffolds based on different synthetic or natural materials
and seeded with cells, as well as scaffold-free models and cell spheroids are under develop-
ment [15]. Spheroids, originally emerged as 3D aggregates of tumor cells, have long been
used as a model for studying the tumors and their microenvironment, as well as for testing
antitumor drugs [16]. Now this model of cell growth is used for the cultivation of MSCs
isolated from different tissues [17-21].

How cells survive in spheroids is widely discussed. Single suspended cells are not
capable to survive, however, in compact spheroids with developed cell—cell contacts, cells
remain viable. Culturing of MSCs in 3D configuration leads to their phenotype shifts and
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acquirement of the features unusual for their two-dimensional (2D) cultures [15,22]. Some
studies have shown that in spheroids, the cell-cell contacts make them responsive to the
survival factor of cells [23]. Cultivation in spheroids augments the angiogenic potential of
MSCs and enhances anti-inflammatory MSC properties [17,19,24,25]. As recently shown,
eMSCs in spheroids are prone to apoptosis and in response to stress stimuli enter an
apoptotic pathway [26]. It is hypothesized that basal down-regulation of anti-apoptotic and
autophagy-related genes may provide the molecular basis for apoptosis-prone 3D eMSCs.

Changes in the molecular and functional properties of MSCs cultivated in spheroids
open up new prospects for the clinical use of these cells. Currently, preclinical studies
with the use of MSC spheres are conducted, aimed at the correction of various human
diseases, such as skeletal system diseases, ischemic and cardiovascular disorders, and
wound healing [27-30]. As shown recently, transplantation of eMSCs in spheroids can be
used in the treatment of infertility in a rat model of Asherman’s syndrome and enhance
skin wound healing in rats [21,31].

In our study, we paid attention to the high tendency of spheroids to the activation
of the apoptosis program under stressors. In particular, cells in spheroids respond to
damage induced by various stress insults by activating the apoptosis program, in contrast
to monolayer cells in which a program of premature senescence is induced [26]. Starting
from these observations, we studied the ion homeostasis as an indicator of cell viability
during the transfer of eMSCs from a 2D monolayer culture to scaffold-free spheroids and
tried to find out whether switching off the Na/K pump with ouabain can induce apoptosis
in 3D eMSCs. The Na/K pump is the primary ion transport system responsible for the
maintenance of the cell Na* and K* concentrations and the resting membrane potential.
In cells, the Na/K pump is the most important homeostatic regulator. In recent years,
cardiac glycosides have been suggested as drugs for eliminating cancer and senescent cells,
however, the mechanisms of the selective killing activity of glycosides against dangerous
cells remain poorly understood [32,33].

In the present study, we investigated the changes in ion homeostasis that accompany
spheroid formation in the hanging drop technique from attached eMSCs in a monolayer and
characterized the ion homeostasis of eMSCs cultivated in 3D configuration. To elucidate
the mechanism of the apoptotic action of ouabain as a selective inhibitor of the ion pump,
we studied the relationship between the intracellular content of K* and the mitochondrial
membrane potential in 2D and 3D eMSCs, and discussed the role of mitochondria priming
and an enhanced apoptotic program in the induction of apoptosis by cardiac glycosides.

2. Materials and Methods
2.1. Cells and Experimental Design

All the experiments have been performed on human endometrial mesenchymal stem/stromal
cells (eMSCs) established from a desquamated endometrium of menstrual blood from healthy
donors [7]. Cells exhibited properties typical of mesenchymal stem/stromal cells: fibroblast-like
morphology, multipotency, and expression of standard surface markers such as CD13,
CD29, CD44, CD73, CD90, CD146, CD105 and are negative for the hematopoietic markers
CD19, CD34, CD45, CD117, CD130. These cells are characterized by high rate of cell
proliferation (doubling time 22-23h). eMSCs were cultivated in DMEM/F12 medium
(Gibco, Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS, HyClone,
Logan, Utah, USA), 1% L-glutamine, and 1% penicillin-streptomycin (Gibco, Waltham,
Massachusetts, USA). Cells were maintained at 37 °C, 5% CO,, and were subcultured twice
a week at the split ratio of 1:3. For experiments, cells were harvested by trypsinization and
plated at a density of 15 x 102 cells per cm? for experiments with monolayer cultures or
were used to organize spheroids.

The procedures involved human cells were performed in accordance with the stan-
dards of the Declaration of Helsinki (1989) and approved by the Institute of Cytology Ethics
Committee. All cell donors signed an informed consent for voluntary participation.
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2.2. Spheroid Formation

Spheroids (three-dimensional cultures, 3D) were formed from monolayer eMSCs (2D
cultures) using the hanging drop technique. First, 7.5-30 x 10° cells in suspension per 30 pL
of DMEM/F-12 medium containing 10% FBS were placed in drops on the cover of 10-cm
Petri dishes (Corning, NY, USA) and inverted. During the next 24 h, in hanging drops, cells
spontaneously aggregated and formed compact spheroids. For experiments, spheroids
in hanging drops were directly treated with ouabain, or they were transferred to dishes
coated with 2-hydroxyethyl methacrylate (HEMA, Sigma-Aldrich, St. Louis, MO, USA)
and cultured in 2 mL of full growth medium with additions for the next 24 or 48 h. HEMA
was used as a nonadhesive substrate in the preparation of cell spheroids in suspensions.

For flow cytometry assay, the single-cell suspension of spheroids was obtained. For
this purpose, spheroids with culture medium were transferred to a 15 mL conical tube and
centrifuged for 3 min at 1500 rpm. After centrifugation, the supernatant was removed;
10 mL of PBS solution was added, and the tube was centrifuged again. Then, the PBS
solution was removed, and spheroids were incubated with 0.05% trypsin/EDTA solution
for 5 min at +37 °C. After the incubation was completed, the cell suspension was gently
pipetted 2-3 times to achieve spheroid dissociation. Finally, a three-fold volume of the
culture media was added for trypsin inactivation.

2.3. Analysis of Cell K* and Na* Content and K* Influx

Measurements of ions were performed essentially as described in detail previously [34,35].
To evaluate K* influx, Rb* was used as the physiological analog of K*. RbCl (final concen-
tration 5 mM) was introduced into the culture medium for 20 min. To evaluate K* influx
via the Na*, K*-ATPase pump, prior to RbCl, 10~* M ouabain (Sigma-Aldrich, St. Louis,
MO, USA) was added to culture medium. Then, cells were rapidly washed 5 times with
ice-cold isotonic MgCl, and cations were extracted with 1 mL of 1% trichloroacetic acid
(TCA). TCA extracts were analyzed for Rb, K, and Na by emission flame photometry on a
Perkin-Elmer AA 306 spectrophotometer with standard TCA solutions. TCA precipitates
were dissolved in 0.1 N NaOH and analyzed for protein by the Lowry procedure, with
serum bovine albumin as a standard. Ouabain-sensitive Rb*™ uptake was calculated as the
differences between the mean values measured in samples incubated with and without
ouabain. The intracellular ion content was expressed as number of ions per amount of
protein in each sample analyzed.

2.4. Flow Cytometry Assay of Apoptosis and Mitochondrial Membrane Potential

All samples were analyzed with a CytoFLEX flow cytometer (Beckman Coulter, Brea,
CA, USA) or CytoFLEX S flow cytometer (Beckman Coulter, Brea, CA, USA), using CytEx-
pert software (version 2.0, Brea, CA, USA). The data obtained are presented as diagrams,
dot plots, and histograms.

To perform cell cycle analysis, 2D and 3D cells were harvested with 0.05% trypsin-
EDTA solution, suspended in the fresh medium, permeabilized with 0.1% Triton X-100
(Sigma-Aldrich, St. Louis, MO, USA), and stained for 5 min with 2 ng/mL of 4’,6-diamidino-
2-phenylindole (DAPI, Sigma-Aldrich, St. Louis, MO, USA). Cell cycle phase distribution
was measured with CytoFLEX S flow cytometer and analyzed using CytExpert 2.0 software”
(Beckman Coulter, Brea, CA, USA, 405 nm laser).

Apoptosis was assayed using Annexin V/Alexa Fluor™ 647 conjugate in accordance
with the manufacturer’s instructions (Thermo Fisher Scientific, Waltham, MA, USA).
Treated and untreated cells were harvested by trypsinization, washed with PBS, pelleted by
centrifugation, and adjusted to a concentration 1 x 10° cells/mL in 1x Annexin binding
buffer (10 mM HEPES, 140 mM NaCl, 2.5 mM CaCl,, pH 7.4). Next, 1 x 10° cells (100 pL of
cell suspension) were stained with 5 uL of Annexin V, Alexa Fluor™ 647 conjugate (Thermo
Fisher Scientific, Waltham, MA, USA), and 2 uL (final concentration 2 ng/mL) of DAPI
for 15 min in the dark at room temperature. Then, 400 pL of 1x buffer was added to each
sample, gently vortexed, and analyzed by flow cytometry as soon as possible.



Biomedicines 2023, 11, 301

40f18

For detection of the caspase activity, 6 or 24 h after the ouabain treatments, 3D cells
were trypsinized, suspended in the growth medium, stained with Cell Event Caspase-3/7
Green Detection Reagent (Thermo Fisher Scientific, Waltham, MA, USA) for 20 min at
37 °C, and analyzed with a CytoFLEX flow cytometer (Beckman Coulter, 488 nm laser).

Tetramethylrhodamine (TMRM; Invitrogen, Carlsbad, CA, USA) dye was used as
mitochondrial membrane potential (MMP) indicator. TMRM, as a cationic and lipophilic
fluorescent dye, was used to detect changes in the membrane potential by tracking the
redistribution of the dye. A healthy cell will display a robust fluorescent signal; however,
the fluorescence diminishes when the mitochondrial membrane depolarizes due to changes
such as induction of apoptosis. The protonophore CCCP (carbonyl cyanide m-chlorophenyl
hydrazone), an inhibitor of mitochondrial oxidative phosphorylation, was used to dissi-
pate the membrane potential and to define the baseline for the analysis of mitochondrial
potential by TMREM fluorescence. Briefly, 50 mM CCCP (1000 x solution) was added to
cells at least 10 min prior to TMRM staining. Then, 100 pM TMRM (1000x solution) was
added to all samples, incubated for 30 min at 37 °C, and analyzed by FACS. TMRM was
excited with a 561 nm laser and analyzed in PE channel.

2.5. Quantitative RT-PCR

To analyze gene expression, total RNA was isolated with an Aurum™ Total RNA Mini
Kit (BioRad, Hercules, CA, USA) according to the manufacturer’s instructions. RNA was
quantified using NanoDrop ND-1000 Spectrophotometer (NanoDrop Technologies, Inc,
Wilmington, DE, USA). cDNA was obtained via the reverse transcription of RNA using
RevertAid H Minus First Strand cDNA Synthesis Kit (Thermo Fisher Scientific, Waltham,
Massachusetts, USA) according to the manufacturer’s instructions. For gqRT-PCR, cDNA
was amplified with specific primers, using qPCRmix-HS SYBR (Evrogen, Moscow, Russia)
in the BioRad CFX Opus-96 real-time system (BioRad, Hercules, CA, USA) according to
the kit’s enclosed protocol. The volume of RT and PCR reactions was 20 puL. Expression of
target genes was normalized to GAPDH or actin gene. Primers and reaction conditions are
presented in Table 1.

Table 1. The primers and conditions for qRT-PCR.

Amplification PCR
Symbol Primer Sequence phic Product Accession Number
Conditions .
Size (bp)

F: 5-GGGTTGTCGCCCTTTTCT-3 93°C,20s,59-62 °C,

BAX R: 5-CAGCCCATGATGGTTCTGATCAG-3 30s72°C,30s o XM_047439168.1
F: 5-GCTTGGATGGCCACTTACCT-3' 93 °C, 20's,59-62 °C,

Bel-XI R: 5-GGGAGGGTAGAGTGGATGGT-3 30s72°C,30s 231 NM_001317919.2
F: 5-GAGGTCAATGAAGGGGTCAT-3' 93 °C, 20s,59-62 °C,

GAPDH R: 5-AGTCAACGGATTTGGTCGTA-3' 30s572°C,30s 100 NM_001357943.2

2.6. Statistical Analysis

Results are presented as the mean with standard error of the mean from at least three
independent experiments. Statistical significance was assessed using either Student’s t-test
in case of pair comparisons or one-way ANOVA with post-hoc Tukey HSD test was used to
determine the significance of differences among groups.

3. Results
3.1. Intracellular K* and Na* Content and Rb* (K*) Influxes during eMSCs Transit from 2D
Monolayer Culture to 3D Spheroids

Experiments were designed to obtain eMSCs as spheroids by the hanging drop method
and to determine the intracellular content of K* and Na* and the short-term Rb* uptake
(as a measure of K* influx) during spheroid formation and their survival, as well as after
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the dissociation of spheroids, followed by seeding into a monolayer (2D) culture. As seen
in Figure 1A, when detached from the monolayer culture by tripsinization (0.05% trypsin,
HyClone) and thereafter washed extensively with DMEM/F12 growth medium containing
10% fetal bovine serum for 2-3 min, eMSCs have high K* content, which is within the range
of cell K* content in a pre-confluent 2D culture. However, in detached cells in suspension,
the Na* content was increased so much that it was comparable to the intracellular K*
content and the cell K/Na ratio approached 1 (Figure 1A).
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Figure 1. Ion homeostasis of eMSCs during the transition from 2D to 3D culture. (A) Na* content
increases in eMSCs detached from the monolayer culture (2D) and then maintained in suspension
(2D sus). Two-dimensional eMSCs (passage 11) were taken for experiments as a pre-confluent
monolayer was achieved; 2D sus—cells from monolayer were harvested by trypsinization, cultivated
as suspension in DMEM/F12 medium supplemented with 10% fetal calf serum for 2 h, and then
grown as 2D culture (2D). (B) In spheroids (3D), eMSCs have a low Na* content as compared to
cells in suspension (2D sus). Three-dimensional eMSCs (passage 11) were grown in hanging drops
at a cell density of 15 x 103 cells /30 uL of growth culture medium and then seeded as a monolayer
(2D). Ion content is presented as pmol/g protein. Data in (A,B) were obtained in two separate set
of experiments. (C) Rb influxes, ouabain-inhibitable and ouaban-resistant, in 2D and 3D eMSCs.
Rb* influx is presented as pmol/g, 30 min. Data are shown as the mean + SD, n = 3-5 from one
experiment out of three conducted with the same protocol. (D,E) Flow cytometric analysis of the
distribution of cell cycle phases in 2D (D) and 3D € eMSCs.

We asked whether the elevated Na* content in detached eMSCs was a consequence
of cell treatment with trypsin solution which is used to remove cells from adhesive plates
and which is able to increase the permeability of cell membrane to Na* [36]. To answer
this question, we maintained the detached eMSCs in suspension in growth medium by
soft rocking up to 2 h in a humidified chamber with 5% CO; at 37 °C. It turned out that
under these conditions, an increased content of Na* (and high K* content) in eMSCs
persisted as long as the cells were in suspension (Figure 1A). When the suspended eMSCs
were plated into 2D culture, intracellular Na* gradually decreased, approaching a lower,
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normal value the next day after plating (Figure 1A). These data suggest that in detached
eMSCs in suspension, the elevated Na* content and low K/Na ratio is not due to trypsin
treatment, but rather due to cell detachment and impaired cell-extracellular matrix and
cell—cell contacts.

The normal ion homeostasis with high K/Na ratio is also restored when dissociated
eMSCs in suspension are organized into spheroids in hanging drops (Figure 1B). One
day after the eMSCs suspension was placed into hanging drops, cell Na* content de-
creased to 100-200 umol/g, which is typical for growing cell cultures in 2D conditions.
At the same time, the content of K* in cells does not change significantly and amounts to
500-600 pmol/g. According to our previous data, such lower values of cell K* content per
1 g of cell protein (K* /protein ratio in a cell) are characteristic of non-cycling and quiescent
cells [37]. In this study, eMSCs spheroids contain 94 + 2% GO0/G1 cells, 1 & 0.2% S cells,
3 4+ 0.52% G2/M cells (instead of 81 + 0.15% G0/G1 cells, 7 + 0.3% S cells, 13 + 0.16%
G2/M cells in 2D culture) so eMSCs in 3D culture represent arrested cells (Figure 1D,E). It
is interesting that the dissociation of eMSCs spheroids with a trypsin-containing solution,
followed by short-term (three times) washing with a culture medium that does not contain
trypsin, is accompanied by a sharp drop in the K/Na ratio in the cells to 0.5 as a result of the
loss of K* and the accumulation of Na* (Figure 1B). When thus dissociated from spheroids,
eMSCs are placed on an adhesive surface, where they attach and begin to proliferate. Under
these conditions, the transition from dissociated spheroids to 2D cell culture is associated
with an increase in the content of K* in cells and the beginning of cell culture growth
(Figure 1B).

To evaluate Na/K pumping activity in 3D cell culture, short-term, ouabain-inhibitable
Rb* uptake was determined as a measure of pump-mediated K* influx. In 3D eMSCs,
ouabain-inhibited Rb* influx accounts for a significant part of the total Rb* uptake and
somewhat higher than that in 2D eMSCs (Figure 1C). To determine whether the increased
ouabain-inhibitable Rb influx in 3D eMSCs is proportional to changes in intracellular Na*
content, we compared pump rate coefficients calculated as the ratio of ouabain-inhibitable
Rb* uptake to intracellular Na* content in 2D and 3D cultures [38,39]. It turned out that the
pump rate coefficients are close in value both in eMSCs spheroids (0.021 4 0.002 min~—!) and
in preconfluent eMSCs monolayer culture (0.025 + 0.002 min~!), which indicates that the
increased ouabain-inhibitable Rb* transport in spheroids is not associated with a change
in the intrinsic properties of the Na/K pump, but is a consequence of flux concentration
relations in existing ion pumps. We observed that pump-mediated Rb* influx remained
high and stable for 2 days of cell survival in spheroids.

In 3D eMSCs cultivated under hanging drop conditions, a high K/Na ratio and
normal contents of K* and Na* persist for at least 2 days at a cell concentration of
(7.5-30) x 103 cells per 30 pL of culture medium. High ion gradients are also maintained
if 2-day-old spheroids were placed on non-adherent HEMA-coated dishes and further
cultured in a humidified chamber with 5% CO, at 37 °C for the next 2 days.

Taken together, our findings indicate that eMSCs, organized as compact spheroids in
hanging drops, represent non-cycling but functionally viable cells that are characterized
by an active Na/K pump and high intracellular K/Na ratio. A peculiar feature of eMSCs
spheroids is a lower K* content per g cell protein as compared to growing monolayer cul-
tures of eMSCs. As to detached from monolayer and suspended cells as well as dissociated
spheroids, it turned out that the loss of cell-cell and cell-extracellular matrix contacts leads
to a reversible dissipation of ion gradients between the cell and the extracellular medium.

3.2. Ouabain Induced Apoptosis in eMSCs Spheroids

As recently shown, eMSCs spheroids activate the apoptotic program in response to
various stressors, thus being committed to programmed cell death [26]. We addressed this
property of eMSCs in a 3D configuration to elucidate the ability of cardiac glycosides to
induce apoptosis. In our recent study, we tested the ability of ouabain to inhibit the ion
pump in proliferating eMSCs and found that at a concentration of 10~7 M, more ouabain
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stops ion pumping, thus leading to the disruption of cell K/Na gradients [40]. Therefore,
in this study, we applied ouabain at a concentration of 107® M to discover the role of K*
depletion in apoptosis induction by cardiac glycosides. As detected by flow cytometry
assay, in the 3D eMSCs population, the proportion of AnnV+/DAPI— cells (defined as
early apoptotic cells) increased after treatment with 1 uM ouabain (Figures 2A and 3Aa).
Apoptosis induction was also seen in 3D MSCs, organized as spheroids, and then cultured
on HEMA-coated dishes in complete growth medium (2 mL) with 1 uM ouabain for
the next 24 or 48 h (Supplementary Figure S1). In contrast to spheroids, apoptosis tests
performed in ouabain-treated 2D eMSCs did not reveal signs of activation of the apoptotic
program according to the AnnV+ test, although the number of DAPI+ (“dead”) cells in
ouabain-treated cells in monolayer culture increased (Figures 2B and 3Ba,b).
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Figure 2. Ouabain induces apoptosis in eMSCs cultivated in three-dimensional spheroids rather than
in a monolayer. (A) Apoptosis assay of eMSCs in spheroids obtained by the hanging drop method
and exposed to ouabain. AnnexinV/DAPI flow cytometry cytograms (dot plots) measured in 3D
eMSCs, control (Ctr) and treated with 1 uM ouabain for 6, 24, and 48 h. Data from one experiment
out of four performed on the same protocol. (B) Annexin V/DAPI double staining with monolayer
(2D) eMSCs, control and treatment with 1 uM ouabain for 24 and 48 h. AnV-/DAPI-live cells (I); early
apoptotic AnV+/DAPI- cells (II); late apoptotic cells AnV+/DAPI+ (II). DAPI+AnV- necrotic cells (IV).
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Figure 3. Three-dimensional eMSCs activate the apoptotic program in response to ouabain. (A,B)
Quantification of apoptotic cell fractions in 2D and 3D eMSCs exposed to 1 tM ouabain; a—early
apoptotic An+/DAPI- cell fraction; b—dead DAPI+ cell fraction; c—FSC decrease in ouabain-treated
3D eMSCs (A) and FSC increase in ouabain-treated 2D eMSCs (B), % to FSC of ouabain-untreated 3D
(Ac) and 2D (Bc) cells. Data are presented as mean =+ SD of four independent experiments performed
in triplicate; significant difference between ouabain-treated and untreated cells at the same time of
experiment was calculated using one-way ANOVA with Tukey’s post hoc tests, * p < 0.05; ns not
significant. (C) Representative histograms showing FSC reduction in eMSCs spheroids exposed to
1 uM ouabain for 6 (a), 24 (b), and 48 (c) h. (D) Flow cytometry assay for 3/7 caspase activation in 3D
eMSCs exposed to 1 pM ouabain reveals a cell fraction with increased caspase (a). (b) Quantification
of the cell fraction with active caspase in 3D ouabain-treated eMSCs. Data from one experiment
from two independent experiments on eMSCs in spheroids. Three-dimensional eMSCs (passage 10)
were grown in hanging drops at a cell density of 7.5 x 103 cells/30 uL of growth culture medium.

Ouab—ouabain.
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We analyzed how cell sizes change in 2D monolayers and 3D spheroids after treatment
with ouabain. A decrease in flow cytometric forward light scatter (FSC) is commonly
interpreted as a sign of apoptotic cell volume decrease: indeed, a delayed decrease in
FSC occurs along with the accumulation of annexin-positive cells [41,42]. Flow cytometric
analysis of eMSCs in spheroids showed that ouabain treatment decreased FSC, indicating
a decrease in cell size and confirming ouabain-induced apoptosis in eMSCs organized as
spheroids (Figure 3Ac,C). On the contrary, in the monolayer, the size of ouabain-treated
eMSCs (as judged by FSC increase) gradually increased, which was in favor of the necrotic
(or mixed) type of death of these cells (Figure 3Bc).

Ouabain-induced apoptosis in 3D eMSCs is associated with an increased caspase
3/7 activity (Figure 3D). It should be mentioned that untreated eMSCs spheroids—the
control—showed the presence of caspase 3/7 activity, which was mainly associated with
dead cells: 3D eMSCs in hanging drops usually contain 4-18% DAPI+ (“dead”) cells. The
activation of caspase 3/7 in ouabain-treated 3D eMSCs indicates the transit to the executive
stage of apoptosis and irreversibility of induced cell death. Overall, flow cytometry data
on annexinV induction and caspase 3/7 activation indicate that ouabain initiates apoptosis
in eMSCs cultured in spheroids but not in a monolayer.

To confirm the possibility of switching on the apoptotic program in 2D and 3D eMSCs
after exposure to ouabain, we analyzed changes in the expression of the proapoptotic BAX
gene, which promotes the release of cytochrome C, leading to the activation of caspases,
and the antiapoptotic gene BCLXL, which prevents the release of cytochrome C from
mitochondria. The results of our studies showed that the baseline level of BAX in 3D
eMSCs is higher than in 2D cell culture (Figure 4). Twenty-four h after exposure to ouabain,
there is no change in the expression of the pro-apoptotic BAX gene in either 2D or 3D eMSCs.
In contrast to 2D eMSCs, where the expression of the anti-apoptotic BCLXL gene remains
unchanged, it significantly decreases in 3D eMSCs (Figure 4). It can lead to alterations in the
balance between pro- and antiapoptotic genes and the activation of the apoptosis program.

*
* *
¢ 2D eMSCs
12D eMSCs Ouab
e =30 eMSCs
T M 3D eMSCs Ouab
0 L ]

Realtive Normalized Expression

.
T

BAX BCLXL

Figure 4. Ouabain-induced gene expression profiles in 2D and 3D eMSCs. Expression. Pro-apoptotic
(BAX) and anti-apoptotic (BCLXL) genes in 2D and 3D eMSCs, controled and exposed to 1 uM
ouabain (24 h after the ouabain treatment). Data are shown as mean + SD (n = 3). * p < 0.05 the
control 3D vs. control 2D eMSCs or the control 3D vs. the ouabain-treated 3D eMSCs.

3.3. Effect of Ouabain on Cellular K* Content and Mitochondrial Membrane Potential in 2D and
3D eMSCs

It is suggested that ouabain can initiate apoptosis via a mitochondria-dependent
pathway [43]. In the following set of experiments, we tested how a decrease in cytoplasmic
K* in ouabain-treated cells affects the mitochondrial membrane potential (MMP), which
is critical for mitochondria to produce ATP and normal mitochondria functioning. In the
same batches of cells with ouabain-suppressed ion pumps, we measured the internal K*
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and Na* content, pump-mediated Rb* influx (as a measure of Na/K pump activity), and
MMP. The results showed that in both 2D and 3D, eMSCs 1 uM ouabain rapidly inhibited
pump-mediated K* influx as evidenced by the drop in ouabain-sensitive Rb* uptake in
ouabain-treated cells (Figure 5B,D).
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Figure 5. Changes in intracellular K* and Na* content and pump-mediated Rb* uptake in eMSCs
growing in spheroids and a monolayer after treatment with ouabain. (A,B) Cells in spheroids were
treated with 1 pM ouabain for 0.5, 1 and 24 h and analyzed for K* (black columbs), Na* (light
columns) content (A), and Rb* uptake (B) by flame emission photometry. (C,D) Cells in monolayer
were treated with 20, 100 nM, or 1 puM ouabain for 0.5, 1, and 24 h and analyzed for K* content (C) and
Rb uptake (D). Data are shown as mean =+ SD (n = 3) of one representative experiment from two
performed on the same scheme. * p < 0.5, ** p < 0.05, *** p < 0.005 vs. the control cell, ns—insignificant.
Ctr—control cells.

Within 1 h after the addition of ouabain, the cells lose most of their internal K*, and
after 24 h, the K* content in the cells is only 100-200 pmol/g (Figure 5A,C). The study of the
relationship between the dose of ouabain and the content of K* in cells, carried out on 2D
eMSCs, showed that, although the process of depletion of intracellular K* depends on the
concentration of ouabain and the time of its action, in cells with the ion pump turned off,
by 24 h, the same low content of K* is established in both 2D and 3D eMSCs (Figure 5A,C).

To investigate the effect of intracellular K* depletion on mitochondrial function, we ex-
amined the changes in mitochondria membrane potential (MMP) in ouabain-treated eMSC
spheroids. MMP is an indicator of mitochondrial activity because it reflects the process of
electron transport and oxidative phosphorylation. Oubain (1 uM) was added directly to the
hanging drops with organized spheroids, after which MMP was assayed by flow cytometry
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measurements of TMRM fluorescence after 1, 6, or 24 h of ouabain addition. Figure 6A
shows that ouabain treatment leads to time-dependent changes in TMRM fluorescence.
A drop in fluorescence was observed 1 h after the addition of ouabain to hanging drops
with spheroids; thereafter, fluorescence remained low for 24 h (Figure 6B). The data in
Figure 6A,B revealed similar changes in MMP in ouadain-treated eMSCs cultivated in both
3D and 2D configurations. These results demonstrate a strong and rapid depolarization of
mitochondria in K*-depleted cells, thus indicating a loss of mitochondria function.
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Figure 6. Ouabain-induced changes in the membrane potential of mitochondria in eMSCs growing
in spheroids and in a monolayer. Cells in spheroids (A,B) and monolayer were treated with 1 pM
ouabain (C,D) or 20 nM and 100 nM ouabain (E,F) and analyzed at the indicated time points using
FACS. Changes in mitochondrial membrane potential (MMP) were assessed by TMRM (tetramethyl-
rhodamine, methyl ester) fluorescence. The protonophore CCCP (carbonyl cyanide m-chlorophenyl
hydrazone), an inhibitor of mitochondrial oxidative phosphorylation, was used to define the baseline
for the analysis of MMP; 50 mM CCCP was added to probes with cells before FACS analysis. Data are
shown as mean + SD (n = 3) from one experiment from two performed on the same scheme. * p < 0.5,
** p < 0.05, *** p < 0.005 vs. the control cells. Ctr—control cells. Ouab—ouabain.

4. Discussion

The human eMSCs incorporated into various 3D structures are more appropriate in
clinical trials, however, the cell phenotype and cell behavior are changed as the culture
environment changes from 2D to 3D configuration [16,22-26]. In the present study, we
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revealed peculiar changes in ion homeostasis during the transition from 2D to 3D cell
culture and the formation of eMSCs spheroids.

Detached eMSCs accumulate Na* and have dissipated transmembrane ion gradients,
while in spheroids, eMSCs restore the low content of Na* and the high K/Na ratio char-
acteristic of functionally active cells. MSCs organized as spheroids are non-proliferating
cells with a lower K* content per g of cell protein, which is typical for quiescent cells and
may mean lower water content in cells cultured in 3D scaffold-free conditions. Non-cycling
eMSCs in spheroids are viable cells that begin cycling when seeded into a monolayer
culture. It is noteworthy that cell adhesion in 2D culture and the transition to proliferation
are associated with an increase in the K* content per g of protein.

Changes in the ion homeostasis of eMSCs during 2D-3D transit are likely the result of
changes in cell-extracellular matrix (ECM) and cell—cell contacts. The spheroids in hanging
drops represent a scaffold-free culture system in which cell-ECM contacts are destroyed.
Several studies have reported that spheroids represent spatial organization of cells with
enhanced cell-cell interactions, and E-cadherin is a key molecule in the formation of cell-
cell contacts in the three-dimensional organization of cells [44—48]. It is also established
that the Na*, K*-ATPase promotes adhesion and the formation of tight junctions due to the
self-adhesive properties of the (3-subunit, and E-cadherin binds to the 3-subunit, forming
a complex for adhesion [49-51]. Recent studies also suggest that the different isoforms
of the 3-subunit of Na,K-ATPase are implicated in regulating cell motility during cancer
progression [52,53]. We propose that cell-cell interactions during spheroid formation can
contribute to the optimization of ion pump activity and the maintenance of transmembrane
gradients of Na* and K*, which are necessary for the normal functioning of eMSCs—in
particular, to enhance the paracrine activity of cells.

A peculiar feature of eMSCs in 3D spheroids is a lower K* content per g cell protein
(500-600 umol/g) as compared to eMSCs in pre-confluent monolayer culture with high
rate of proliferation (700-900 pmol/g). Recently, we found a decreased cell K* /protein
ratio during the development of senescence in stress-induced eMSCs [40]. Human eMSCs
in compact multicellular spheroids as well as senescent eMSCs in monolayer culture are
arrested, non-proliferating cells, and a lower cell K* /protein ratio is consistent with our pre-
vious finding that a decrease in this index indicates a decrease in cell proliferation [35,54]. In
a recent study, we showed that stimulation of quiescent human lymphocytes with mitogens
is accompanied by an increase in both cell K* content per gram of cell protein and cell water
content per gram of cell protein, so that as activated human lymphocytes progress from
quiescence towards proliferation, their K* concentration remains constant [37]. Together,
these data shed light on the role of K* in the regulation of cell proliferation. Based on our
experimental studies and previous theoretical considerations about the ion-water balance
in animal cells [55,56], we conclude that K* is involved in the regulation of cell proliferation
as the dominant intracellular osmolyte that controls changes in cellular volume and water
content in cells. It is important to emphasize here that, since a high ratio of K* content to
protein mass in the cell indicates an increased content of water in the cell, it can be assumed
that the cycling cell is more hydrated than the resting one.

In light of these findings, the lower K* /protein ratio in 3D eMSCs is consistent with
their loss of proliferative activity. Indeed, when eMSCs are seeded from spheroids into a
2D culture, they begin to cycle and the K* /protein ratio increases. By analogy with the
cases when measurements of the ion content were carried out with a parallel measurement
of the water content [37,57], we assume that a lower K* /protein ratio in 3D eMSCs may
indicate a lower water content in these cells, that is, lower hydration of non-cycling cells in
3D spheroids compared to proliferating cells in 2D monolayer culture. This assumption
is consistent with a recent direct measurement of intracellular dry mass density: using
ratiometric stimulated Raman scattering microscopy to measure the intracellular mass
density of single cells, it was found for the first time that 3D spheroids of HEK293 cells
have a higher density than cells in 2D monolayer culture [58].
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The functional significance of changes in cell hydration has not been sufficiently ex-
plored. There is evidence that reduced cellular hydration can directly affect macromolecule
concentration and macromolecular crowding and impact cellular metabolism, signaling,
and gene activity [59-63].

Adhesion receptors not only support a physical attachment between ECM and the
cytoskeleton, but they also generate an adhesion-dependent signaling via a number of
adaptor proteins and kinases, and the disruption of connection with the extracellular matrix
leads to a specific type of apoptosis known as anoikis [64-66]. That is why recent data
that eMSCs in spheroids become commitment for apoptosis are not surprising [26]. In
the present study, we paid attention to this peculiarity of eMSCs in 3D configuration to
elucidate the mechanism by which ouabain, a selective inhibitor of the Na/K pump, could
initiate apoptosis: at present, cardiac glycosides are suggested as drugs for targeting the
cancer or aging cells [32,33].

In animal cells, the Na/K pump is the primary ion transport system responsible for
the maintenance of the low Na* and high K* concentrations and the resting membrane
potential. Disruption of transmembrane ion gradients causes multiple effects on the
cell. Steep Na* and K* gradients are used to facilitate secondary transport of molecules
(sugars, aminoacids, metabolites) and other ions (H, Ca?t, Cl7). Selective pump inhibition
leads to the cytoplasm acidification and the increases in intracellular Ca®* concentration.
Further, glycosides, when bound to Na*, K*-ATPase, trigger several signaling pathways,
including the Src-EGFR-Ras-Raf-MAPK signaling [67-71]. An analysis of transcriptomic
changes in ouabain-treated cells permits to reveal a set of upstream Na* /K*-sensitive genes,
among which were the early immediate genes [72]. Recent studies have also identified
intracellular targets for cardiac glycosides, the modulation of which may not be related
to the inhibition of membrane Na* ,K*-ATPase. These include endosomal trafficking of
Na* K*-ATPase and initiating the signaling pathways that are involved in Src-mediated
cell death pathways [73,74]. In view of the multiplicity of intracellular pathways for cardiac
glycosides, it is not surprising that the type of induced death is dependent on the type
of cell. Numerous studies demonstrated tissue- and species-dependent actions of cardiac
glycosides on cell survival: in addition to apoptosis, these drugs cause necrosis, pyroptosis,
autophagic, or hybrid cell death.

Human eMSCs are highly resistant to apoptosis [75-77]. In the present study, we found
that when organized into spheroids, eMSCs—in response to ouabain—initiate apoptosis via
a mitochondrial- and caspase-dependent pathway, while eMSCs cultured as monolayers
do not. As recently shown, eMSCs in spheroids are prone to apoptosis and, in response to
stress stimuli, enter an apoptotic pathway due to the down-regulation of anti-apoptotic
Bcl-xL gene and up-regulation of pro-apoptotic Bax and PUMA genes [26]. Within the
present study, we revealed that in contrast to 2D eMSCs, in ouabain-treated 3D eMSCs, the
expression of the anti-apoptotic BCLXL gene significantly decreased. It can lead to alteration
in the balance between pro- and anti-apoptotic genes and the activation of the apoptosis
program. Studies with some cancer cells also demonstrate that the ability of ouabain to
initiate apoptosis correlates with reduced expression of the anti-apoptotic proteins Mcl-1,
Bcl-XL, and Bcl-2, or increased expression of the pro-apoptotic proteins Bid and Bax [78-80].
The present study provides insight into how alterations in cell signaling context may
influence the ability of ouabain to induce apoptosis: in cells with an ouabain-inhibited
Na/K pump, the necessary intracellular context to induce apoptosis would include the
enhanced pro-apoptotic program.

Another aspect of ouabain-induced apoptosis in eMSCs spheroids concerns the role of
intracellular K* depletion. In our experiments, blockade of the Na/K pump with ouabain
results in a rapid (within the first hour) decrease in K* content in human eMSCs, grown in
both 2D and 3D configurations. Excessive K* efflux and intracellular K* loss are key early
events in receptor-induced, extrinsic apoptosis [81-83]. Here, we focused on long-term
depletion of intracellular K* caused by ion pump inhibition and hypothesized that by
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reducing cellular K*, ouabain treatment could prime mitochondria for intrinsic apoptosis
that is triggered by stressors.

Mitochondrial function and architecture are fundamentally dependent on the concen-
trations of key cellular ions, K*, H*, Ca?* [84]. Under normal physiological conditions,
the high electric potential difference generated by the proton pump across the inner mito-
chondrial membrane, determines the K* influx into matrix. Changes in the matrix volume
due to this K influx and concomitant water entry are compensated by the activity of the
electroneutral K*/H* antiporter [85].

In this study, for the first time, we carried out parallel direct measurements of K*
content and mitochondrial membrane potential in eMSCs treated with ouabain at concen-
trations that inhibit the Na/K pump and initiate apoptosis, and showed that K* depletion
leads to the breakdown of mitochondrial potential, thus priming the mitochondria to
apoptosis. When mitochondrial potential drops, changes in the mitochondria volume and
architecture facilitate cytochrome c release into intra-mitochondrial space [86-88]. Further,
to release the cytochrome c into the cytoplasm, a voltage-gated anion channel (VDAC), the
function of which is directly regulated by Bcl-2 proteins, must be opened: it is proposed that
pro-apoptotic BAX interacts with VDAC, thus forming a channel through which cytochrome
c can pass into the cytoplasm and participate in the formation of apoptosomes [89-93].
Thus, in ouabain-treated, mitochondria-primed cells, the active pro-apoptotic proteins are
required to induce irreversible apoptotic events.

5. Conclusions

Organized as free spheroids, eMSCs are viable but non-proliferating cells with an
active Na/K pump and a lower K* content per g cell protein, which is typical for quiescent
cells, and which means lower hydration of eMSCs in 3D configuration. In contrast to
monolayer culture, eMSCs in spheroids are committed to apoptosis, and in response to
ouabain at concentrations which blocked the ion pump, they initiate the apoptotic program
via mitochondrial pathways. In cells with the Na/K pump turned off, a sharp decrease
in cytoplasmic K* content leads to disruption of the mitochondrial membrane potential
and mitochondria priming to apoptosis; the entry of such a cell into the apoptotic pathway
depends on the cell-specific context, which includes the type of expressed Bcl-2 protein.

Taken together, the available data shed light on the possibility of applying the cardiac
glycosides as drugs for targeting dangerous cells. Originally described to treat—in small,
non-toxic doses—cardiovascular diseases, at present, cardiac glycosides in higher concen-
trations are suggested as anti-cancer and anti-aging drugs. As shown in present study;, at
doses that inhibit the Na/K pump and disrupt the high K/Na ratio, ouabain primes the
cell for death and, depending on the specific signaling context, may promote further entry
into the apoptotic pathway. However, the Na/K pump is the main homeostatic cellular
regulator that ensures the stability and survival of animal cells, and cardiac glycosides,
turning off the pump, destroy not only highly proliferating tumor or arrested senescent
cells, but also normal cells. Thus, blockade of the ion pump by cardiac glycosides is unlikely
be a reliable way to selectively kill dangerous cancer or senescent cells.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390 /biomedicines11020301/s1, Figure S1: Apoptosis assay of eMSCs
spheroids obtained using a hanging drop, thereafter transferred to dishes coated with 2-hydroxyethyl
methacrylate (HEMA, Sigma) and cultured in 2 ml of complete growth medium with ouabain for the
next 24 or 48 h. AnV-/DAPI- live cells (I); early apoptotic AnV+/DAPI- cells (II); late apoptotic cells
AnV+/DAPI+ (IIT). DAPI+AnV- necrotic cells (IV).

Author Contributions: Conceptualization, .I.M.; investigation, A.N.S., AP.D.,, N.A.P, LL.A. and
LLM.; writing, original draft preparation, AN.S., A.P.D., L.L.A. and L.L.M. All authors have read and
agreed to the published version of the manuscript.

Funding: The research has been supported by the Russian Science Foundation No. 22-74-10126.


https://www.mdpi.com/article/10.3390/biomedicines11020301/s1
https://www.mdpi.com/article/10.3390/biomedicines11020301/s1

Biomedicines 2023, 11, 301 15 of 18

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the Institutional Review Board of Institute of Cytology RAS.

Informed Consent Statement: Prior to the study, informed consent was obtained from all donors
involved in the study.

Data Availability Statement: Data sharing not applicable.

Acknowledgments: Experiments were performed using facilities of the shared research facility
“Vertebrate cell culture collection” supported by the Ministry of Science and Higher Education of the
Russian Federation (Agreement No. 075-15-2021-683).

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Trounson, A.; McDonald, C. Stem cell therapies in clinical trials: Progress and challenges. Cell Stem Cell 2015, 17, 11-22. [CrossRef]

2. Parker, AM.; Katz, A.]. Adipose-derived stem cells for the regeneration of damaged tissues. Expert Opin. Biol. Ther. 2006, 6,
567-578. [CrossRef] [PubMed]

3.  Harris, D.T,; Badowski, M.; Ahmad, N.; Gaballa, M.A. The potential of cord blood stem cells for use in regenerative medicine.
Expert Opin. Biol. Ther. 2007, 7, 1311-1322. [CrossRef] [PubMed]

4. De Coppi, P; Bartsch, G.; Siddiqui, M.M.; Xu, T.; Santos, C.C.; Perin, L.; Mostoslavsky, G.; Serre, A.C.; Snyder, E.Y.; Yoo, ].].; et al.
Isolation of amniotic stem cell lines with potential for therapy. Nat. Biotechnol. 2007, 25, 100-106. [CrossRef]

5. Cho, N.H,; Park, Y.K; Kim, Y.T.; Yang, H.; Kim, S.K. Lifetime expression of stem cell markers in the uterine endometrium. Fertil.
Steril. 2004, 81, 403—407. [CrossRef] [PubMed]

6.  Gargett, C.E. Identification and characterisation of human endometrial stem /progenitor cels. Aust. New Zealand J. Obstet. Gynaecol.
2006, 46, 250-253. [CrossRef]

7. Zemelko, VI1.; Grinchuk, T.M.; Domnina, A.P.; Artzibasheva, 1.V.; Zenin, V.V.; Kirsanov, A.A.; Bichevaia, N.K.; Korsak, V.S.;
Nikolsky, N.N. Multipotent mesenchymal stem cells of desquamated endometrium: Isolation, characterization and use as feeder
layer for maintenance of human embryonic stem cell lines. Cell Tissue Biol. 2011, 6, 1-11. [CrossRef]

8. Prockop, D.J. The exciting prospects of new therapies with mesenchymal stromal cells. Cytotherapy 2017, 1, 1-8. [CrossRef]

9.  Prockop, D.J.; Kota, D.J.; Bazhanov, N.; Regerl, R.L. Evolving paradigms for repair of tissues by adult stem/progenitor cells
(MSCs). J. Cell. Mol. Med. 2010, 14, 2190-2199. [CrossRef]

10. Bozorgmehr, M.; Gurung, S.; Darzi, S.; Nikoo, S.; Kazemnejad, S.; Zarnani, A.-H.; Gargett, C.E. Endometrial and menstrual blood
mesenchymal stem/stromal cells: Biological properties and clinical fpplication. Front. Cell Dev. Biol. 2020, 8, 497. [CrossRef]

11. Murphy, M.P; Wang, H.; Patel, AN.; Kambhampati, S.; Angle, N.; Chan, K.; Marleau, A.M.; Pyszniak, A.; Carrier, E,;
Ichim, T.E; et al. Allogeneic endometrial regenerative cells: An “Off the shelf solution” for critical limb ischemia? J. Transl.
Med. 2008, 6, 45. [CrossRef]

12. Baptista, L.S.; Kronemberger, G.S.; Cortes, I.; Charelli, L.E.; Matsui, R.A.M.; Palhares, T.N.; Sohier, J.; Rossi, A.M.; Granjeiro, ].M.
Adult stem cells spheroids to optimize cell colonization in scaffolds for cartilage and bone tissue engineering. Int. J. Mol. Sci.
2018, 19, 1285. [CrossRef] [PubMed]

13.  Nimiritsky, P.P; Eremichev, R.Y.; Alexandrushkina, N.A.; Efimenko, A.Y.; Tkachuk, V.A.; Makarevich, P.I. Unveiling mesenchymal
stromal cells” organizing function in regeneration. Int. J. Mol. Sci. 2019, 20, 823. [CrossRef] [PubMed]

14. Yao, B.; Wang, R.; Wang, Y.; Zhang, Y.; Hu, T.; Song, W.; Li, Z.; Huang, S.; Fue, X. Biochemical and structural cues of 3D-printed
matrix synergistically direct MSC differentiation for functional sweat gland regeneration. Sci. Adv. 2020, 6, eaaz1094. [CrossRef]
[PubMed]

15. Han, H.-W.; Asano, S.; Hsu, S.-H. Cellular spheroids of mesenchymal stem cells and their perspectives in future healthcare. Appl.
Sci. 2019, 9, 627. [CrossRef]

16. Sant, S.; Johnston, P.A. The production of 3D tumor spheroids for cancer drug discovery. Drug Discov. Today Technol. 2017, 23,
27-36. [CrossRef] [PubMed]

17.  Bartosh, TJ.; Ylostalo, J.H.; Mohammadipoor, A.; Bazhanov, N.; Coble, K.; Claypool, K.; Lee, R.H.; Choi, H.; Darwin, J.P.
Aggregation of human mesenchymal stromal cells (MSCS) into 3d spheroids enhances their antiinflammatory properties. Proc.
Natl. Acad. Sci. USA 2010, 107, 13724-13729. [CrossRef] [PubMed]

18. Baraniak, PR.; McDevitt, T.C. Scaffold-free culture of mesenchymal stem cell spheroids in suspension preserves multilineage
potential. Cell Tissue Res. 2012, 347, 701-711. [CrossRef]

19. Lee, J.H,; Han, Y.S,; Lee, S.H. Long-duration three-dimensional spheroid culture promotes angiogenic activities of adipose-derived
mesenchymal stem cells. Biormol. Ther. 2016, 24, 260-267. [CrossRef]

20. Cui, X.; Hartanto, Y.; Zhang, H. Advances in multicellular spheroids formation. J. R. Soc. Interface 2017, 14, 20160877. [CrossRef]

21. Domnina, A.; Novikova, P.; Obidina, J.; Fridlyanskaya, I.; Alekseenko, L.; Kozhukharova, I.; Lyublinskaya, O.; Zenin, V.;

Nikolsky, N. Human mesenchymal stem cells in spheroids improve fertility in model animals with damaged endometrium. Stem
Cell Res. Ther. 2018, 9, 50. [CrossRef] [PubMed]


http://doi.org/10.1016/j.stem.2015.06.007
http://doi.org/10.1517/14712598.6.6.567
http://www.ncbi.nlm.nih.gov/pubmed/16706604
http://doi.org/10.1517/14712598.7.9.1311
http://www.ncbi.nlm.nih.gov/pubmed/17727322
http://doi.org/10.1038/nbt1274
http://doi.org/10.1016/j.fertnstert.2003.07.015
http://www.ncbi.nlm.nih.gov/pubmed/14967381
http://doi.org/10.1111/j.1479-828X.2006.00582.x
http://doi.org/10.1134/S1990519X12010129
http://doi.org/10.1016/j.jcyt.2016.09.008
http://doi.org/10.1111/j.1582-4934.2010.01151.x
http://doi.org/10.3389/fcell.2020.00497
http://doi.org/10.1186/1479-5876-6-45
http://doi.org/10.3390/ijms19051285
http://www.ncbi.nlm.nih.gov/pubmed/29693604
http://doi.org/10.3390/ijms20040823
http://www.ncbi.nlm.nih.gov/pubmed/30769851
http://doi.org/10.1126/sciadv.aaz1094
http://www.ncbi.nlm.nih.gov/pubmed/32181358
http://doi.org/10.3390/app9040627
http://doi.org/10.1016/j.ddtec.2017.03.002
http://www.ncbi.nlm.nih.gov/pubmed/28647083
http://doi.org/10.1073/pnas.1008117107
http://www.ncbi.nlm.nih.gov/pubmed/20643923
http://doi.org/10.1007/s00441-011-1215-5
http://doi.org/10.4062/biomolther.2015.146
http://doi.org/10.1098/rsif.2016.0877
http://doi.org/10.1186/s13287-018-0801-9
http://www.ncbi.nlm.nih.gov/pubmed/29482664

Biomedicines 2023, 11, 301 16 of 18

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Yeh, H.Y.; Liu, B.H.; Sieber, M.; Hsu, S.H. Substrate-dependent gene regulation of self-assembled human MSC spheroids on
chitosan membranes. BMC Genom. 2014, 15, 10. [CrossRef] [PubMed]

Korff, T.; Augustin, H.G. Integration of endothelial cells in multicellular spheroids prevents apoptosis and induces differentiation.
J. Cell. Biol. 1998, 143, 1341-1352. [CrossRef] [PubMed]

Murphy, K.C.; Whitehead, J.; Falahee, P.C.; Zhou, D.; Simon, S.I.; Leach, J.K. Multifactorial experimental design to optimize the
anti-inflammatory and proangiogenic potential of mesenchymal stem cell spheroids. Stem Cells 2017, 35, 1493-1504. [CrossRef]

Madrigal, M.; Rao, K.S.; Riordan, N.H. A review of therapeutic effects of mesenchymal stem cell secretions and induction of
secretory modification by different culture methods. J. Transl. Med. 2014, 12, 260. [CrossRef]

Domnina, A.; Ivanova, J.; Alekseenko, L.; Kozhukharova, I.; Borodkina, A.; Pugovkina, N.; Smirnova, I.; Lyublinskaya, O.;
Fridlyanskaya, I.; Nikolsky, N. Three-dimensional compaction switches stress response programs and enhances therapeutic
efficacy of endometrial mesenchymal stem/stromal cells. Front. Cell Dev. Biol. 2020, 8, 473. [CrossRef]

Wang, C.C.; Chen, C.H.; Hwang, S.M.; Lin, WW.; Huang, C.H.; Lee, W.Y.; Chang, Y.; Sung, H.-W. Spherically symmetric
mesenchymal stromal cell bodies inherent with endogenous extracellular matrices for cellular cardiomyoplasty. Stem Cells 2009,
27,724-732. [CrossRef]

Amos, PJ.; Kapur, S.K.; Stapor, P.C.; Shang, H.; Bekiranov, S.; Khurgel, M.; Rodeheaver, G.T.; Peirce, S.M.; Katz, A.J. Human
adipose-derived stromal cells accelerate diabetic wound healing: Impact of cell formulation and delivery. Tissue Eng. Part A 2010,
16, 1595-1606. [CrossRef]

Bhang, S.H.; Lee, S.; Shin, ].Y.; Lee, TJ.; Kim, B.S. Transplantation of cord blood mesenchymal stem cells as spheroids enhances
vascularization. Tissue Eng. Part A 2012, 18, 2138-2147. [CrossRef]

Emmert, M.Y.; Wolint, P.; Wickboldt, N.; Gemayel, G.; Weber, B.; Brokopp, C.E.; Boni, A.; Falk, V.; Bosman, A.; Jaconi, M.E ; et al.
Human stem cell-based three-dimensional microtissues for advanced cardiac cell therapies. Biomaterials 2013, 34, 6339-6654.
[CrossRef]

Domnina, A.; Alekseenko, L.; Kozhukharova, I.; Lyublinskaya, O.; Shorokhova, M.; Zenin, V.; Fridlyanskaya, I.; Nikolsky, N.
Generation of therapeutically potent spheroids from human endometrial mesenchymal stem/stromal cells. J. Pers. Med. 2021, 11,
466. [CrossRef] [PubMed]

Guerrero, A.; Herranz, N.; Sun, B.; Wagner, V.; Gallage, S.; Guiho, R.; Wolter, K.; Pombo, J.; Irvine, E.E.; Innes, A.J.; et al. Cardiac
glycosides are broad-spectrum senolytics. Nat. Metab. 2019, 1, 1074-1088. [CrossRef] [PubMed]

Triana-Martinez, F,; Picallos-Rabina, P; Da Silva-Alvarez, S.; Pietrocola, E; Llanos, S.; Rodilla, V.; Soprano, T.; Pedroso, P; Ferreir6s,
A.; Barradas, M.; et al. Identification and characterization of cardiac glycosides as senolytic compounds. Nat. Commun. 2019, 10,
4731. [CrossRef] [PubMed]

Marakhova, L.I; Vereninov, A.A.; Toropova, EV.,; Vinogradova, T.A. Na K-ATPase pump in activated human lymphocytes: On the
mechanisms of rapid and long-term increase in K influxes during the initiation of phytohemagglutinin-induced proliferation.
Biochim. Biophys. Acta 1998, 1368, 61-72. [CrossRef]

Marakhova, I.; Domnina, A.; Shatrova, A.; Borodkina, A.; Burova, E.; Pugovkina, N.; Zemelko, V.; Nickolsky, N. Proliferation-
related changes in K* content in human mesenchymal stem cells. Sci. Rep. 2019, 9, 346. [CrossRef]

Sudarikova, A.V.; Vasileva, V.Y,; Vassilieva, 1.O.; Negulyaev, Y.A.; Morachevskaya, E.A.; Chubinskiy-Nadezhdin, V.I. Extracellular
protease trypsin activates amiloride-insensitive sodium channels in human leukemia cells. J. Cell. Biochem. 2019, 120, 461-469.
[CrossRef]

Marakhova, I; Yurinskaya, V.; Aksenov, N.; Zenin, V.; Shatrova, A.; Vereniniv, A. Intracellular K* and water content in human
blood lymphocytes during transition from quiescence to proliferation. Sci. Rep. 2019, 9, 16253. [CrossRef]

Jakobsson, E. Interactions of cell volume, membrane potential, and membrane transport parameters. Am. J. Physiol. Cell Physiol.
1980, 238, C196—C206. [CrossRef]

Vereninov, I.A.; Yurinskaya, V.E.; Model, M.A; Lang, F.; Vereninov, A.A. Computation of pump-leak flux balance in animal cells.
Cell. Physiol. Biochem. 2014, 34, 1812-1823. [CrossRef]

Shatrova, A.; Burova, E.; Pugovkina, N.; Domnina, A.; Nikolsky, N.; Marakhova, I. Monovalent ions and stress-induced senescence
in human mesenchymal endometrial stem/stromal cells. Sci. Rep. 2022, 12, 11194. [CrossRef]

Vanden-Berghe, T.; Grootjans, S.; Goossens, V.; Dondelinger, Y.; Krysko, D.; Takahashi, N.; Vandenabeele, P. Determination of
apoptotic and necrotic cell death in vitro and in vivo. Methods 2013, 61, 117-129. [CrossRef] [PubMed]

Yurinskaya, V.; Aksenov, N.; Moshkov, A.; Model, M.; Goryachaya, T.; Vereninov, A. A comparative study of U937 cell size
changes during apoptosis initiation by flow cytometry, light scattering, water assay and electronic sizing. Apoptosis 2017, 22,
1287-1295. [CrossRef] [PubMed]

Chou, W.H,; Liu, K.L.; Shih, Y.L.; Chuang, Y.Y.; Chou, J.; Lu, H.F; Jair, HW.; Lee, M.Z.; Au, M.K,; Chung, ].G. Ouabain induces
apoptotic cell death through caspase- and mitochndria-dependent pathways in human osteosarcoma U-2 OS cells. Anticancer Res.
2018, 38, 169-178. [PubMed]

Lee, EJ.; Park, SJ.; Kang, S.K.; Kim, G.-H.; Kang, H.-].; Lee, S.-W.; Jeon, H.B.; Kim, H.-S. Spherical bullet formation via e-cadherin
promotes therapeutic potency of mesenchymal stem cells derived from human umbilical cord blood for myocardial infarction.
Mol. Ther. 2012, 20, 1424-1433. [CrossRef]

Mege, R.M.; Ishiyama, N. Integration of cadherin adhesion and cytoskeleton at adherens junctions. Cold Spring Harb. Perspect.
Biol. 2017, 9, a028738. [CrossRef]


http://doi.org/10.1186/1471-2164-15-10
http://www.ncbi.nlm.nih.gov/pubmed/24387160
http://doi.org/10.1083/jcb.143.5.1341
http://www.ncbi.nlm.nih.gov/pubmed/9832561
http://doi.org/10.1002/stem.2606
http://doi.org/10.1186/s12967-014-0260-8
http://doi.org/10.3389/fcell.2020.00473
http://doi.org/10.1634/stemcells.2008-0944
http://doi.org/10.1089/ten.tea.2009.0616
http://doi.org/10.1089/ten.tea.2011.0640
http://doi.org/10.1016/j.biomaterials.2013.04.034
http://doi.org/10.3390/jpm11060466
http://www.ncbi.nlm.nih.gov/pubmed/34070346
http://doi.org/10.1038/s42255-019-0122-z
http://www.ncbi.nlm.nih.gov/pubmed/31799499
http://doi.org/10.1038/s41467-019-12888-x
http://www.ncbi.nlm.nih.gov/pubmed/31636264
http://doi.org/10.1016/S0005-2736(97)00164-8
http://doi.org/10.1038/s41598-018-36922-y
http://doi.org/10.1002/jcb.27402
http://doi.org/10.1038/s41598-019-52571-1
http://doi.org/10.1152/ajpcell.1980.238.5.C196
http://doi.org/10.1159/000366382
http://doi.org/10.1038/s41598-022-15490-2
http://doi.org/10.1016/j.ymeth.2013.02.011
http://www.ncbi.nlm.nih.gov/pubmed/23473780
http://doi.org/10.1007/s10495-017-1406-y
http://www.ncbi.nlm.nih.gov/pubmed/28762188
http://www.ncbi.nlm.nih.gov/pubmed/29277770
http://doi.org/10.1038/mt.2012.58
http://doi.org/10.1101/cshperspect.a028738

Biomedicines 2023, 11, 301 17 of 18

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.
60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Powan, P; Luanpitpong, S.; He, X.; Rojanasaku, Y.; Chanvorachote, P. Detachment-induced E-cadherin expression promotes 3D
tumor spheroid formation but inhibits tumor formation and metastasis of lung cancer cells. Am. J. Physiol. Cell. Physiol. 2017, 313,
C556-C566. [CrossRef] [PubMed]

Chou, Y,; Chen, H.; Li, H.; Wu, Y. 3D culture increases pluripotent gene expression in mesenchymal stem cells through relaxation
of cytoskeleton tension. J. Cell. Mol. Med. 2017, 21, 1073-1084.

Colombo, E.; Cattaneo, M.G. Multicellular 3D models to study tumour-stroma interactions. Int. J. Mol. Sci. 2021, 22, 1633.
[CrossRef]

Belusa, R.; Aizman, O.; Andersson, R.M.; Aperia, A. Changes in Na+-K+-ATPase activity influence cell attachment to fibronectin.
Am. J. Physiol. Cell. Physiol. 2001, 282, C302-C309. [CrossRef]

Vagin, O.; Dada, L.A.; Tokhtaeva, E.; Sachs, G. The Na-K-ATPase «11 heterodimer as cell adhesion molecule in epithelia. Am. ].
Physiol. Cell. Physiol. 2012, 302, C1271-C1281. [CrossRef]

Clausen, M.V.; Hilbers, F.; Poulsen, H. The structure and function of the NA,K-ATPase isoforms in health and disease. Front.
Physiol. 2017, 8, 371. [CrossRef] [PubMed]

Rotoli, D.; Cejas, M.; Maeso, M.D.; Pérez-Rodriguez, N.D.; Morales, M.; Avila, J.; Mobasheri, A.; Martin-Vasallo, P. The Na,
K-ATPase 3-Subunit Isoforms Expression in Glioblastoma Multiforme: Moonlighting Roles. Int. J. Mol. Sci. 2017, 18, 2369.
[CrossRef] [PubMed]

Roldan, M.L.; Ramirez-Salinas, G.L.; Martinez-Archundia, M.; Cuellar-Perez, F.; Vilchis-Nestor, C.A.; Cancino-Diaz, J.C.; Shoshani,
L. The p,-Subunit (AMOG) of human Na*, K*-ATPase is a homophilic adhesion molecule. Int. J. Mol. Sci. 2022, 23, 7753.
[CrossRef]

Vereninov, A.A.; Guseyv, E.V,; Kazakova, O.M.; Klimenko, E.M.; Marakhova, LI; Osipov, V.V,; Toropova, E.V. Transport and
distribution of monovalent cations in human peripheral blood lymphocytes activated by phytohemagglutinin. Tsitologiia 1991, 33,
78-93. [PubMed]

Tosteson, D.C.; Hoffman, J.F. Regulation of cell volume by active cation transport in high and low potassium sheep red cells. J.
Gen. Physiol. 1960, 44, 169-194. [CrossRef] [PubMed]

Hoffman, TK.; Lambert, .H.; Pedersen, S.F. Physiology of cell volume regulation in vertebrates. Physiol. Rev. 2009, 89, 193-277.
[CrossRef] [PubMed]

Yurinskaya, V.; Goryachaya, T.; Guzhova, I.; Moshkov, A.; Rozanov, Y.; Sakuta, G.; Shirokova, A.; Shumilina, E.; Vassilieva,
I; Lang, F; et al. Potassium and sodium balance in U937 cells during apoptosis with and without cell shrinkage. Cell Physiol.
Biochem. 2005, 16, 155-162. [CrossRef]

Figueroa, B.; Xu, EX.; Hu, R;; Men, S.; Dan Fu, D. Quantitative imaging of intracellular density with ratiometric stimulated
Raman scattering microscopy. J. Phys. Chem. B. 2022. Online ahead of print. [CrossRef]

Burg, M.B. Macromolecular crowding as a cell volume sensor. Cell. Physiol. Biochem. 2000, 10, 251-256. [CrossRef]

Hoffmann, E.K.; Pedersen, S.F. Cell volume homeostatic mechanisms: Effectors and signalling pathways. Acta Physiol. 2011, 202,
465-485. [CrossRef]

Akabayov, B.; Akabayov, S.R.; Lee, S.J.; Wagner, G.; Richardson, C.C. Impact of macromolecular crowding on DNA replication.
Nat. Commun. 2013, 4, 1615. [CrossRef] [PubMed]

Matsuda, H.; Putzel, G.G.; Szleifer, I.; Szleifer, I. Macromolecular crowding as a regulator of gene transcription. Biophys. ]. 2014,
106, 1801-1810. [CrossRef] [PubMed]

Model, M.A.; Hollembeak, J.T.; Kurokawa, M. Macromolecular crowding: A hidden link between cell volume and everything
else. Cell. Physiol. Biochem. 2021, 55, 25-40. [PubMed]

Rosen, K.; Shi, W.; Calabretta, B.; Filmus, J. Cell detachment triggers p38 mitogen-activated protein kinase-dependent over-
expression of Fas ligand. A novel mechanism of Anoikis of intestinal epithelial cells. J. Biol. Chem. 2002, 277, 46123-46130.
[CrossRef]

Grossmann, J. Molecular mechanisms of “detachment-induced apoptosis-anoikis. Apoptosis 2002, 7, 247-260. [CrossRef] [PubMed]
Zhan, M.; Zhao, H.; Han, Z.C. Signalling mechanisms of anoikis. Histol Histopathol. 2004, 19, 973-983.

Xie, Z.; Askari, A. Na*/K*-ATPase as a signal transducer. Eur. ]. Biochem. 2002, 269, 2434-2439. [CrossRef]

Aperia, A. New Roles for an old Na,K-ATPase emerges as an interesting drug target. J. Intern. Med. 2007, 261, 44-52. [CrossRef]
Orlov, S.N.; Tverskoi, A.M.; Sidorenko, S.V.; Smolyaninova, L.V.; Lopina, O.D.; Dulin, N.O.; Klimanova, E.A. Na,K-ATPase as a
target for endogenous cardiotonic steroids: What's the evidence? Genes Dis. 2020, 8, 259-271. [CrossRef]

Lopina, O.D.; Tverskoi, A.M.; Klimanova, E.A.; Sidorenko, S.V.; Orlov, S.N. Ouabain-induced cell death and survival. Role of
a1-Na,K-ATPase-mediated signaling and [Na*]; /[K*];-dependent gene expression. Front. Physiol. 2020, 11, 1060. [CrossRef]
Lopachev, A.V,; Lagarkova, M.A.; Lebedeva, O.S.; Ezhova, M.A.; Kazanskaya, R.B.; Timoshina, Y.A.; Khutorova, A.V.; Akkuratov,
E.E.; Fedorova, T.N.; Gainetdinov, R.R. Ouabain-induced gene expression changes in human iPSC-derived neuron culture
expressing dopamine and cAMP-regulated phosphoprotein 32 and GABA receptors. Brain Sci. 2021, 11, 203. [CrossRef] [PubMed]
Klimanova, E.A.; Sidorenko, S.V.; Abramicheva, P.A.; Tverskoi, A.M.; Orlov, S.N.; Lopina, O.D. Transcriptomic changes in
endothelial cells triggered by Na,K-ATPase inhibition: A search for upstream Na*;/K*; sensitive genes. Int. J. Mol. Sci. 2020, 21,
7992. [CrossRef] [PubMed]

Newman, R.A.; Yang, P.; Pawlus, A.D.; Block, K.I. Cardiac glycosides as novel cancer therapeutic agents. Mol. Interv. 2008, 8,
36—49. [CrossRef] [PubMed]


http://doi.org/10.1152/ajpcell.00096.2017
http://www.ncbi.nlm.nih.gov/pubmed/28931539
http://doi.org/10.3390/ijms22041633
http://doi.org/10.1152/ajpcell.00117.2001
http://doi.org/10.1152/ajpcell.00456.2011
http://doi.org/10.3389/fphys.2017.00371
http://www.ncbi.nlm.nih.gov/pubmed/28634454
http://doi.org/10.3390/ijms18112369
http://www.ncbi.nlm.nih.gov/pubmed/29117147
http://doi.org/10.3390/ijms23147753
http://www.ncbi.nlm.nih.gov/pubmed/1726377
http://doi.org/10.1085/jgp.44.1.169
http://www.ncbi.nlm.nih.gov/pubmed/13777653
http://doi.org/10.1152/physrev.00037.2007
http://www.ncbi.nlm.nih.gov/pubmed/19126758
http://doi.org/10.1159/000089841
http://doi.org/10.1021/acs.jpcb.2c04355
http://doi.org/10.1159/000016371
http://doi.org/10.1111/j.1748-1716.2010.02190.x
http://doi.org/10.1038/ncomms2620
http://www.ncbi.nlm.nih.gov/pubmed/23511479
http://doi.org/10.1016/j.bpj.2014.02.019
http://www.ncbi.nlm.nih.gov/pubmed/24739179
http://www.ncbi.nlm.nih.gov/pubmed/33385320
http://doi.org/10.1074/jbc.M207883200
http://doi.org/10.1023/A:1015312119693
http://www.ncbi.nlm.nih.gov/pubmed/11997669
http://doi.org/10.1046/j.1432-1033.2002.02910.x
http://doi.org/10.1111/j.1365-2796.2006.01745.x
http://doi.org/10.1016/j.gendis.2020.01.008
http://doi.org/10.3389/fphys.2020.01060
http://doi.org/10.3390/brainsci11020203
http://www.ncbi.nlm.nih.gov/pubmed/33562186
http://doi.org/10.3390/ijms21217992
http://www.ncbi.nlm.nih.gov/pubmed/33121152
http://doi.org/10.1124/mi.8.1.8
http://www.ncbi.nlm.nih.gov/pubmed/18332483

Biomedicines 2023, 11, 301 18 of 18

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Prassas, I.; Diamandis, E.P. Novel therapeutic applications of cardiac glycosides. Nat. Rev. Drug Discov. 2008, 7, 926-935.
[CrossRef] [PubMed]

Alekseenko, L.L.; Zemelko, V.I.; Zenin, V.V.; Pugovkina, N.A.; Kozhukharova, 1.V.; Kovaleva, Z.V.; Grinchuk, T.M.; Fridlyanskaya,
LL; Nikolsky, N.N. Heat shock induces apoptosis in human embryonic stem cells but a premature senescence phenotype in their
differentiated progeny. Cell Cycle 2012, 11, 3260-3269. [CrossRef]

Lin, Y.T.; Wang, C.K; Yang, S.C.; Hsu, S.C.; Lin, H.; Chang, EP,; Kuo, T.C.; Shen, C.N.; Chiang, PM.; Hsiao, M.; et al. Elimination
of undifferentiated human embryonic stem cells by cardiac glycosides. Sci. Rep. 2017, 7, 5289. [CrossRef]

Deryabin, P1.; Shatrova, A.N.; Borodkina, A.V. Apoptosis resistance of senescent cells is an intrinstic barrier for senolysis induced
by cardiac glycosides. Cell. Mol. Life Sci. 2021, 78, 7757-7776. [CrossRef]

Cerella, C.; Muller, F; Gaigneaux, A.; Radogna, F,; Viry, E.; Chateauvieux, S.; Dicato, M.; Diederich, M. Early downregulation of
Mcl-1 regulates apoptosis triggered by cardiac glycoside UNBS1450. Cell Death Dif. 2015, 6, e1782. [CrossRef]

Yosef, R.; Pilpel, N.; Tokarsky-Amiel, R.; Biran, A.; Ovadya, Y.; Cohen, S.; Vadai, E.; Dassa, L.; Shahar, E.; Condiotti, R.; et al.
Directed elimination of senescent cells by inhibition of BCL-W and BCL-XL. Nat. Commun. 2016, 7, 11190. [CrossRef]

Wang, L.; Cai, W,; Han, B.; Zhang, J.; Yu, B.; Chen, M. Ouabain exhibited strong anticancer effects in melanoma cells via induction
of apoptosis, G2/M phase arrest, and migration inhibition. Onco Targets Ther. 2021, 14, 1261-1273. [CrossRef]

Vereninov, A.A.; Rubashkin, A.A.; Goryachaya, T.S.; Moshkov, A.V.; Rozanov, Y.M.; Shirokova, A.V,; Strelkova, E.G.; Lang, F,;
Yurinskaya, V.E. Pump and channel K*(Rb*) fluxes in apoptosis of human lymphoid cell line U937. Cell. Physiol. Biochem. 2008,
22,187-194. [CrossRef] [PubMed]

Kondratskyi, A.; Kondratska, K.; Skryma, R.; Prevarskaya, N. Ion channels in the regulation of apoptosis. Biochim. Biophys. Acta
2015, 1848, 2531-2546. [CrossRef] [PubMed]

Bortner, C.D.; Cidlowski, J.A. Ions, the movement of water and the apoptotic volume decrease. Front. Cell Dev. Biol. 2020, 8,
611211. [CrossRef] [PubMed]

Pedersen, S.F; Flinck, M.; Pardo, L.A. The interplay between dysregulated ion transport and mitochondrial architecture as a
dangerous liaison in cancer. Int. J. Mol. Sci. 2021, 22, 5209. [CrossRef] [PubMed]

Garlid, K.D.; Paucek, P. Mitochondrial potassium transport: The K+ cycle. Biochim. Biophys. Acta 2003, 1606, 23—41. [CrossRef]
[PubMed]

Kaasik, A.; Safiulina, D.; Zharkovsky, A.; Veksler, V. Regulation of mitochondrial matrix volume. Am. . Physiol. Cell Physiol. 2007,
292, C157-C163. [CrossRef]

Gottlieb, E.; Armour, S.M.; Harris, M.H.; Thompson, C.B. Mitochondrial membrane potential regulates matrix configuration and
cytochrome c release during apoptosis. Cell Death Differ. 2003, 10, 709-717. [CrossRef]

Nowikovsky, K.; Schweyen, R.]J.; Bernardi, P. Pathophysiology of mitochondrial volume homeostasis: Potassium transport and
permeability transition. Biochim. Biophys. Acta 2009, 1787, 345-350. [CrossRef]

Shimizu, S.; Narita, M.; Tsujimoto, Y. Bcl-2 family proteins regulate the release of apoptogenic cytochrome ¢ by the mitochondrial
channel VDAC. Nature 1999, 399, 483-487. [CrossRef]

Harris, M.; Thompson, C.B. The role of the Bcl-2 family in the regulation of outer -mitochondrial membrane permeability. Cell
Death Differ. 2000, 7, 1182-1191. [CrossRef]

Tsujimoto, Y.J. Cell death regulation by the Bcl-2 protein family in the mitochondria. Cell Physiol. 2003, 195, 158-167. [CrossRef]
[PubMed]

Gogvadze, V,; Orrenius, S.; Zhivotovsky, B. Multiple pathways of cytochrome c release from mitochondria in apoptosis. Biochim.
Biophys. Acta 2006, 1757, 639-647. [CrossRef] [PubMed]

Roufayel, R.; Younes, K.; Al-Sabi, A.; Murshid, N. BH3-only proteins Noxa and Puma are key regulators of induced apoptosis.
Life 2022, 12, 256. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1038/nrd2682
http://www.ncbi.nlm.nih.gov/pubmed/18948999
http://doi.org/10.4161/cc.21595
http://doi.org/10.1038/s41598-017-05616-2
http://doi.org/10.1007/s00018-021-03980-x
http://doi.org/10.1038/cddis.2015.134
http://doi.org/10.1038/ncomms11190
http://doi.org/10.2147/OTT.S283548
http://doi.org/10.1159/000149796
http://www.ncbi.nlm.nih.gov/pubmed/18769045
http://doi.org/10.1016/j.bbamem.2014.10.030
http://www.ncbi.nlm.nih.gov/pubmed/25450339
http://doi.org/10.3389/fcell.2020.611211
http://www.ncbi.nlm.nih.gov/pubmed/33324655
http://doi.org/10.3390/ijms22105209
http://www.ncbi.nlm.nih.gov/pubmed/34069047
http://doi.org/10.1016/S0005-2728(03)00108-7
http://www.ncbi.nlm.nih.gov/pubmed/14507425
http://doi.org/10.1152/ajpcell.00272.2006
http://doi.org/10.1038/sj.cdd.4401231
http://doi.org/10.1016/j.bbabio.2008.10.006
http://doi.org/10.1038/20959
http://doi.org/10.1038/sj.cdd.4400781
http://doi.org/10.1002/jcp.10254
http://www.ncbi.nlm.nih.gov/pubmed/12652643
http://doi.org/10.1016/j.bbabio.2006.03.016
http://www.ncbi.nlm.nih.gov/pubmed/16678785
http://doi.org/10.3390/life12020256
http://www.ncbi.nlm.nih.gov/pubmed/35207544

	Introduction 
	Materials and Methods 
	Cells and Experimental Design 
	Spheroid Formation 
	Analysis of Cell K+ and Na+ Content and K+ Influx 
	Flow Cytometry Assay of Apoptosis and Mitochondrial Membrane Potential 
	Quantitative RT-PCR 
	Statistical Analysis 

	Results 
	Intracellular K+ and Na+ Content and Rb+ (K+) Influxes during eMSCs Transit from 2D Monolayer Culture to 3D Spheroids 
	Ouabain Induced Apoptosis in eMSCs Spheroids 
	Effect of Ouabain on Cellular K+ Content and Mitochondrial Membrane Potential in 2D and 3D eMSCs 

	Discussion 
	Conclusions 
	References

