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Intracellular monovalent ions have been shown to be important for cell proliferation, however,
mechanisms through which ions regulate cell proliferation is not well understood. lon transporters
may be implicated in the intracellular signaling: Na* and Cl~ participate in regulation of intracellular
pH, transmembrane potential, Ca?* homeostasis. Recently, it is has been suggested that K+ may
be involved in “the pluripotency signaling network”. Our study has been focused on the relations
between K* transport and stem cell proliferation. We compared monovalent cation transport in human
mesenchymal stem cells (hMSCs) at different passages and at low and high densities of culture as well
as during stress-induced cell cycle arrest and revealed a decline in K* content per cell protein which was
associated with accumulation of G1 cells in population and accompanied cell proliferation slowing. It
is suggested that cell K* may be important for successful cell proliferation as the main intracellularion
that participates in regulation of cell volume during cell cycle progression. It is proposed that cell K+
content as related to cell protein is a physiological marker of stem cell proliferation and may be used as
an informative test for assessing the functional status of stem cells in vitro.

Human mesenchymal stem cells (hMSCs) are adult stem cells derived from the mesenchymal tissues, such as
bone marrow, adipose, dental pulp, amniotic fluid, endometrium!-%. Over the last few decades, they have gained
much attention for their potential in clinical application. These cells are capable for self-renewal and differen-
tiation into various lineages. hMSC may be maintained in culture for long periods without the loss of renewal
capacity and ability to be differentiated under appropriate conditions. These adult stem cells are attractive not only
as a potential source of cells in regenerative medicine, but also as a research tool in laboratory investigations. At
present, an attention is focused on studies of signaling networks that regulate stem cell growth, differentiation, cell
death. Little is known about the fundamental physiological properties of hMSCs, including the ion homeostasis
and the role of ion transporters in maintaining cell survival and proliferation. Meanwhile, when investigating
cellular response and signaling events in stem cells, it is important to deal with the functionally stable cells and
to find the optimal conditions for cell maintaining in vitro and further manufacturing for clinical application.

Ion transporters and channels controlling cellular concentrations of monovalent ions have been shown to be
important for cell growth and proliferation®'°. The expression levels of ion channels and ion pump have been
found to differ in quiescent and transformed cells!!~*”. Inhibition of ion transporters with selective pharmacologi-
cal drugs prevents the induction of cell proliferation in quiescent cells and induces cell cycle arrest in proliferating
cell culture'®-22. Unlike Ca®*, that is an important player in signaling network within the cell, the role of monova-
lent ions, such as K*, Na*, Cl~, in cell proliferation is not well understood. It is commonly suggested that changes
in concentrations of Na*t, Cl~ and H* may play regulatory role in cell cycle progression. Changes in the cellular
content of monovalent ions regulate intracellular pH (pH;) and transmembrane potential. It is proposed that cell
Na™ concentration may affect the cell cycle progression by pH; as well as altered Ca** signaling?. It has also been
shown that Na*/H™ exchanger activity regulates G2/M progression by increasing pH; which in turn regulates cyc-
lin B1 expression and cdk2 activity**~°. Cellular Cl~ concentration may regulate cell cycle through cell membrane
hyperpolarization and modulation of Ca®* signaling during the G1/S transition®>*.

In previous studies, we have examined the changes in cell K* and proliferative status of cultured cells. We have
revealed significant changes in cell K™ content in long-term cultures of different cell lines: under optimal culture
conditions, K* content as calculated per cellular protein content was found to decrease in growing cultures of
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transformed cells of different origin?*-*°. The relationship between intracellular K™ content and cell proliferation
was further examined in human blood lymphocytes which represent an adequate model for investigating the
events underlying the transit of cell from quiescence to proliferation. We have found that cell K* content per cell
protein content was permanently increased during G0/G1/S transit: in mitogen-activated lymphocytes, the K*
content increase preceded the onset of DNA synthesis and was associated with the growth of small T cells into
blasts®'~%. The conclusion was made that cells that are preparing to proliferate are to raise their K+ content up to
the higher level, and cell K* content can be used as a physiological marker in determining the proliferative status
of cell culture.

In this study, we focused on the ion homeostasis of human stem cells. We compared monovalent cation trans-
port in hMSCs at different passages and at low and high density of cultures as well as during stress-induced cell
cycle arrest and revealed proliferation-related changes in K* content per cell protein and K* influxes via Na*,
K*-ATPase pump. Our present study highlights the importance of K* as the main intracellular ion for successful
proliferation and suggests that the cell K* content as related to cell protein is a functional characteristic for stem
cell proliferation. The mechanism which is potentially involved in the proliferation-associated changes in cell K*
content is suggested.

Results

Intracellular K* and Na* content during the growth of hMSC culture. To characterize the ion
homeostasis of cultivated hMSCs, K* and Na™ contents were evaluated in cells during culture growth from low to
high density. After initial delay during the first day after seeding, the hMSCs were exponentially growing during
the next 6 days (Fig. 1a). In growing hMSCs culture, the amount of cell protein (used as an additional indicator
of cell number increase in the same culture) was also augmented (Fig. 1a). It was noticed that in dense cultures
with declined cell multiplication rate the cell protein mass continued increasing. As a result, in confluent culture
of hMSCs the protein content per single cell was higher than in sparse and sub-confluent culture.

In adherent cell culture, there are considerable difficulties in calculating the intracellular ion concentrations
because of uncertainties in measuring cell volume and water content: cells have different sizes and it is impossible
to compare cells of different lines. To evaluate cellular content of ions in growing hMSCs culture, we normalized
cell ion content per cell protein mass in the same culture. In cell biology studies, such method for calculating
intracellular ion concentration is widely used. We revealed that cell K* content per cell protein was changed
during hMSCs cultivation. After increasing within the first 2 days after plating, later K* content starts to decrease.
As shown in Fig. 1b, K* content diminished from 999 4= 57 umole/g (n =4) on the 3d day to 690 £ 24 umole/g
(n=3) on the 7th day of culture maintenance. The decrease in cell K* content was not associated with a medium
depletion since a change to fresh medium on the 2nd and the 4th days after plating had no effect on the K* con-
tent decrease. Thus, during a single passage, hMSCs growing in high densities show a significant decrease in K*
content per cell protein. In growing culture of hMSCs, intracellular Na* content did not change as much as K*
and the changes observed were not regular: Na* content per cell protein was 95 =+ 8 umole/g (n =4) at the 3d day,
93 4 13 (n=3) at the 5th day and 105 & 14 pmole/g (n = 3) at the 7th day of cell cultivation (Fig. 1b). At all stages
of culture growth, hMSCs are characterized by high intracellular K*/Na™ ratio typical for most animal cells.

To find out whether the decrease in K* content in proliferating hMSCs was caused by prolonged cultivation,
we prepared sparse and confluent cultures simultaneously: cells were seeded at the same day, but with different
densities, and cell ion contents were estimated at the same day after plating. As shown in Fig. 1c, cell K* content
was lower in high density culture (250 x 10* cells per dish) than in low density culture (100 x 10® per dish). We
concluded that during the maintenance of MSCs under optimal culture conditions, changes in cell K* content
were not due to the time in culture, but in growing culture a decrease in intracellular K* content might de due to
the higher cell density in culture (Fig. 1d).

Rb* influx decreases during the growth of hMSC culture. A short-term Rb* uptake was used to
evaluate the changes in K flux across plasma membrane. We revealed that during the culture growth, Rb* influx
was not constant. As with cell K, Rb* influx decreased during the growth of cell culture to confluency (Fig. 2).
In hMSCs, the ouabain-inhibitable Rb™ influx, mediated by the Na*, K*-ATPase pump, comprised more than
a half of the total Rb* uptake and Rb* uptake changes during culture growth were mainly due to a decrease
in ouabain-inhibitable influx. Under the optimal conditions, within the first 3 days the density of cell culture
was usually doubled and the ouabain-inhibitable Rb* uptake decreased from 106+ 16 (n=6) to 72+£5 (n=7)
umole/g, 30 min. These data may indicate that in hMSCs, the functional expression of the Nat, K*-ATPase pump
was down-regulated with increasing cell density in culture. At the same time, the ouabain-resistant Rb* influx (i.e.
K* leakage) remained unchanged (Fig. 2).

Age-dependent changes in K+ and Na* content in MSC culture. We analyzed cells at different pas-
sages and revealed that cell K* content was dependent on cell age. It was higher in “young’, early-passage than in
“old”, late-passage cultures. Figure 3 represents the data on K content in hMSCs of different passages. In cells at
the 2nd-5th passages, Kt content per cell protein was higher that of in cells at the 12th-15th passages (Fig. 3a).
Moreover, a degree of Kt content decrease during the growth of cell culture to confluence was also dependent
on the age of culture (Fig. 3¢c). In the early-passage hMSCs (up to 7 passages) the decrease in K content in
high-density culture was larger (12-15%) as compared to the K™ content decrease in the late-passage hMSCs
(4-7%). In contrast to K*, changes in Na* content in cells of different passages were not regular and we did not
find any significant differences in cell Na* content between “young” and “old” cells (Fig. 3a). Altogether, the above
findings indicate that intracellular K* content during the maintenance of hMSCs in culture is dependent on both
the cell density and the age of the cell culture (Fig. 3b).
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Figure 1. Density-dependent changes in intracellular K* and Na* content during the growth of hMSCs
culture. (a) Growth curve (1) and cell protein content (2) in cultivated hMSCs. A representative data of seven
independent experiments are presented. (b) Changes in intracellular K™ and Na* content per cell protein
during the growth of hMSCs culture. The same experiment as in (a). (¢) Increased culture density impact on K*
content in hMSCs. hMSCs (passage #2) were seeded simultaneously at two densities (5 x 10%and 15 x 10* cells
per 35 mm dish), and at the third day, the intracellular cations were estimated. Data are representative of three
independent experiments. (d) Cell K™ content decreased with increasing cell density in culture. Summary data
from thirteen independent experiments are presented. The experimental conditions are similar to those in (a)
and (b). The culture density is presented as cell protein per 35 mm dish with hMSCs culture. Bar graphs indicate
the mean #+ SD, n=3-4. *p < 0.05 by Tukey t-test for each pair of columns. NS, not significant.

Changes in cell K* content and proliferative status of hMSCs cultures. In previous studies we
suggested that in growing cultures of different cell lines, the changes in intracellular monovalent cations were due
to a decrease in the proliferation rate in confluent cell cultures*-°. Therefore, we next analyzed cell cycle profiles
and found that at the 7th day of cell cultivation, there was an accumulation of cells in G1 phase and a decrease
in S and G2/M phases (Fig. 4a). Thus, the cell cycle profile in MSCs cultures of high density showed that the cell
population was slowing down their proliferation. When comparing the changes in cell ion contents and cell cycle
profiles in the course of hMSC cultivation, we found that K* content per cell protein decreased simultaneously
with the increase in G1 cell population. In contrast, growth-related decrease in proliferation status of MSCs was
not accompanied with changes in cell Na™ content.

The correlation between a decrease in cell K* content and accumulation of cells in G1 phase was seen in hMSC
cultures of different passages. The analysis of cell cycle profiles showed that in early-passage sub-confluent cell
culture (at the 2-4th passages) up to 45% of cell population was in (S 4+ G2 + M) phases, whereas phase profile
of late-passage cell population (above 10-12 passages), was characterized with accumulation of cells in G1 phase

SCIENTIFIC REPORTS |

(2019) 9:346 | DOI:10.1038/s41598-018-36922-y 3



www.nature.com/scientificreports/

240+ O Total Rb

1 @® Ouabain-inhibitable Rb
2004 A Ouabain-resistant Rb

160 +

:
wl @
%
3

(0}
o
1

Py
JAY

Rb uptake, umole / g, 30 min
N
?

0 1 | 1
0,0 0,1 0,2 0,3
Culture density, mg/dish

Figure 2. Rb" influx in hMSCs is dependent on the cell density in culture. Rb* influxes were defined in one
experiment for three cultures of the same passage. Open circles: total Rb™ uptake; filled circles: ouabain-inhibitable
Rb* influx; triangles: ouabain-resistant leakage. The experimental conditions are similar to those presented in
Fig. 1b. Every point represents the mean &= SD, n=3-5. Summary data of thirteen independent experiments.

(81,9%) (Fig. 4b). Together, the above data suggest that in hMSCs, density- and age-dependent decrease in K*
content is related the delay in cell cycle progression and to the inhibition of cell proliferation.

To explore relationships between K* content per cell protein and proliferation of hMSCs we tried to change
intracellular K* content by manipulating the permeability of cell membrane for K™ and tested the effect of phar-
macologically inhibiting K* influx on intracellular K* content and proliferation rate. We asked whether K* chan-
nel blockers are able to decrease cell K* content per cell protein and to slow down cell proliferation.

In experiments, we used tetraethylamminium chloride (TEA) as a blocker of K* channels in cell membrane.
TEA was added to culture medium at the 2nd day after cell plating and K* and Na* contents as well as Rb™
influxes were determined during culture growth. We observed that TEA (10 mM) inhibited the growth of MSCs
culture one day after addition to culture medium (Fig. 5a). Four days after TEA addition there were 115411 x 10°
cells/plate (n=3) compared to 195+ 18 x 10° cells/plate (n=3) in control. To investigate if TEA can affect the
survival of hMSCs, the percentage of viable cells was studied using the propidium iodide exclusion assay. We
found that on the 4th day in TEA-treated cultures, the percentage of viable cells in population was 91 +7 (n=3)
instead of 96 =5 (n=2) in untreated cells.

As seen in Fig. 5¢, in cultures with TEA intracellular K* was lower that of in cultures without TEA.
Ouabain-resistent Rb™ influxes in TEA-treated cells were halfless than in control cells (Fig. 5d). To the last day of
cell cultivation with TEA" internal Na* content was comparable with that in control (Fig. 5¢). Thus, a significant
decrease in passive K* leakage across cell membrane as well as in cell K* content per cell protein was observed in
hMSCs in the presence of TEA. Notably, in TEA-treated cells, the cellular K*/Na™ ratio (as an indicator of normal
and high ion heterogeneity) remained high (5,2-5,6).

As found by flow cytometry measurements, treatment with 10 mM TEA increased the percentage of cells in
G1 phase and decreased that in S and G2/M phases to 94+ 7 (n=3) and 5,0 £ 0,8 (n = 3) respectively (Fig. 5b,e).
Thus, reduction of K* leakage leads to decrease in cell K* content per cell protein and to cell cycle delay at G1
phase.

K* transport and H,0,-induced cell cycle arrest.  To explore further the relationship between intracellular
K* and cell proliferation we examined ion changes during the stress-induced proliferation arrest and the develop-
ment of premature senescence. Senescence was shown to be an irreversible cell cycle arrest of metabolically active
cells**-38. We asked whether changes in K™ transport accompany also the growth arrest during the premature senes-
cence and investigated the ion changes in hMSCs stimulated by sublethal doses of H,0,. H,0, is an intermediate
product of cellular metabolism. Therefore, it is widely used in studies of oxidative stress in cell culture models.
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Figure 3. Intracellular K* content is dependent on the passage number of hMSCs. (a) Cell K* content per cell
protein is decreased in the late-passaged hMSC:s. Filled bars: cell K* content, open bars: cell Na*t content. The
data are presented as mean £ SD, n=3. p < 0.05 by Tukey t-test for each pair of columns. NS, not significant.
(b) Density-associated decrease in cell Kt content in early-passage (filled circles) and in late-passage (open
circles) hMSCs. Summary data of eleven independent experiments are presented. Every point corresponds

to cell K™ content determined in one experiment for cultures of the same passage. The data are presented as
mean £ SD of three individual cultures of the same passage. (c) Density-associated decrease in cell K™ content
is more significant in early-passage hMSCs as compared to late-passage hMSCs. Open bars: Kt contents in
sparse cultures (at the second day); filled bars: K contents in confluent cultures (at the fourth day). All data are
presented as mean + SD, n = 3, *p < 0.05 by Tukey ¢-test for each pair of columns.
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Figure 4. Cell proliferation rate is decreased both in the high density and in the late passage hMSCs cultures.
(a) Cell cycle profile of hMSCs growing during seven days in culture. FASC assay (upper panel) and the
percentage of cells in G1, S and (G2 + M) phases (low panel). A representative data of one experiment from
five performed on the same scheme. (b) Cell cycle profile of hMSCs is dependent of the passage number. FACS
assays (upper panel) of cultures at the third day after plating and the percentage of cells in G1, S and (G2 + M)

phases (low panel). A representative data of nine experiments performed on the same scheme. All data are
presented as mean =+ SD of three individual cultures.
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Figure 5. TEA effects on growth, cation content and proliferation of hMSCs. A representative data of two
experiments performed on the same scheme. (a) Growth curves of control hMSCs (1, open circles) and hMSCs
treated with 10mM TEA (2, filled circles). (b) Cell cycle profiles of hMSCs growing four days in complete culture
medium or in the presence of 10 mM TEA. (c) and (d) Effect of 10 mM TEA on cell K™ and Na* content (c)

and ouabain-resistent Rb* influx (d). Light bars: untreated cells; gray bars: TEA-treated cells. (e) TEA increases
the number of cells at G1 phase. The data are presented as mean & SD (n=3), *p < 0.05 by Tukey t-test, versus
untreated cells. Ctrl: untreated cells.
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Figure 6. Changes in K* and Na* content and Rb* influxes in hMSCs and H,0,-induced cell cycle arrest. (a)
Growth curves of control (1, open circles) and H,0,-treated (2, filled circles) hMSCs. A representative data of
four experiments performed on the same scheme. (b) H,0,-treated hMSCs exhibited cell cycle arrest in G2/M
phases. Cell cycle profile of hMSCs growing four days after H,0, pulse under normal culture conditions is
presented. Ctrl: untreated cells. (¢) Changes in K™ and Na* content in H,0,-treated hMSCs. An arrow indicates
the H,0, “pulse” (200 pM H,0, for 0.5h). Light (K;,) and light grey (Nay,,) bars: untreated cells; black bars: H,0,-
treated cells. Data are presented as mean + SD, n =3, *p < 0.05 by Tukey ¢-test in each bar graph. (d) H,O,-
induced cell cycle arrest is accompanied by persistently elevated Na* content and did not affect K™ content in
hMSCs. Light (K;,,) and light gray (Na,,) bars: untreated cells; black bars - after H,O, “pulse” cells were cultivated
under normal conditions for the indicated days. Ctrl: untreated cells. (¢) Changes in Rb* influxes in H,0,-
treated hMSCs. Light bars: total Rb™ uptake; light gray bars: ouabain-sensitive Rb* influx, black bars: H,0,-
treated cells. The data are presented as mean &= SD (n = 3), *p < 0.05 by Tukey ¢-test, versus unstressed cells. Ctrl:
untreated cells.

Earlier, it was shown that hMSCs treated with sublethal doses of H,O, enter the premature senescence accom-
panied by the irreversible cell cycle arrest, cell hypertrophy and enhanced SA-3-Gal staining®. We confirmed that
the growth of hMSCs, shortly subjected to 200 pM H,0, and then returned to the normal culture conditions, was
stopped. As presented in Fig. 6a, 3 days after the H,0, pulse (1h), the cell number remained unaltered whereas
the population of control cells was increased. In our experiments, H,O,-treated cells were arrested, at least, for 5
days. The results demonstrate cellular hypertrophy in response to H,0,, namely, growth arrest was accompanied
by protein content elevation so that the amount of protein per single cell was increased (Fig. 6b). After short-term
treatment with H,0,, hMSCs retain high viability. As evaluated by FACS analysis, in 96 hours after H,O, treat-
ment, the percentage of viable cells in population was 86 £ 7 (n=3) instead of 96 &+ 5 (n=3) in untreated cells.
Cell cycle analysis by flow cytometry revealed that H,O,-treated cultures were arrested mostly in G2/M transition
(Fig. 6¢). Based on these observations we concluded that in our experimental conditions, hMSCs, which received
short-term sublethal H,O, pulse may be used as a model for studies of ion homeostasis during stress-induced cell
cycle arrest.

First, we examined cation changes in hMSCs in response to the sublethal concentration of H,O, and revealed
a significant decrease in K* content and increase in Na* content after 1h treatment with 200 uM H,O, (Fig. 6d).
As a result, intracellular K*/Na' ratio decreased from 7-8 to 3-3.5 thus indicating the disturbances in cellular
ion homeostasis. After replacing the medium to H,O,-free serum-containing DMEM, cell K* content gradually
increased, cell Na* content decreased and by the next day after H,O, pulse, hMSCs restored their ion heteroge-
neity and high intracellular K¥/Na™ ratio.

When testing the delayed ion changes in H,O,-treated cells we revealed that 4 days after short H,O, treat-
ment, in arrested culture, intracellular K* content per cell protein remained high and did not differ from that of
in control cells whereas Na* content was doubled (Fig. 6e). The H,0,-induced cell cycle arrest in hMSCs was also
accompanied by an increase in ouabain-inhibitable Rb* uptake. This implies that under sublethal oxidative stress,
the pump-mediated K* influx was enhanced, presumably due to the higher intracellular Na* concentration. Such
ionic changes (elevated Na* content, increased ion pumping and decreased cell K*/Na™ ratio) can indicate the
physiological damage of stressed cells.
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Discussion

In this study, we report changes in intracellular K™ and Na* contents as well as in transmembrane K" influxes
during the growth of stem cell culture. First, we observed that within a single passage, hMSCs grown to high den-
sities showed a significant decrease in K* content per cell protein mass. At higher densities of cell monolayer, the
ouabain-sensitive K* influx was decreased thus indicating a decline in Na*, K*-ATPase pump-mediated trans-
port. Next, we revealed the age-dependent changes in ion transport in hMSCs. In early-passage hMSCs, K* con-
tent per cell protein and ouabain-inhibitable K* transport were higher as compared to late-passage hMSCs. We
analyzed the cell cycle profiles of hMSCs under different growth conditions and concluded that in high-density
cultures as well as in late-passage hMSCs, the decline of K* content per cell protein was associated with accumu-
lation of G1 cells in population and accompanied cell proliferation slowing.

We examined also ion homeostasis in stress-induced hMSCs and revealed that H,0,-induced cell cycle arrest
and senescence development was accompanied by elevated intracellular Na* content and decreased cell Kt/Na*
ratio. No specific changes in intracellular K™ content were found in stress-arrested hMSCs as compared to that
in growing culture. Worth mentioning, senescent cells displayed about 2 times higher Ca** concentration as
compared to control cells*>***!. There are also findings implicating NHE1 (Na™/H* exchanger) activation as a
signaling event activated by stress conditions and modulating cell proliferation and death*?. Altogether, the data
available suggest that stress-induced senescent cells are characterized by changes in ion homeostasis that indicate
physiological damage of cells and are prerequisite to cell death.

At present, there is little information on ion homeostasis and the role of ion transporters in stem cell pro-
liferation and differentiation. Some studies have shown the existence of various ion channels in hMSCs**4.
Several KT and Na* channels at the mRNA and functional levels were revealed in hMSCs from umbilical cord
vein channels®. Cardiomyocytes derived from mouse embryonic stem cells have been demonstrated to exhibit
a time-dependent expression of ion channels*®. Expression and distribution of Na*, K*-ATPase subunits are
changed during differentiation of pluripotentent embryonic stem cells*”*. It has been revealed that stem cells
could increase the activities of the sarcolemma Na™*, K*-ATPase and the sarcoplasmic reticulum membrane
Ca*"-ATPase in heart failure, a possible mechanism to improve heart function**°.

Our study was focused on relations between K* transport and stem cell proliferation. Recently, using reflec-
tion X-ray fluorescence spectrometry and mass spectrometry, the extensive research of the inorganic components
in human stem cells in distinct states of cellular pluripotency was performed>'. This study revealed that intracellu-
lar K* content differs considerably between non-pluripotent and pluripotent cells (hPSCs), and the perturbations
of K™ homeostasis in the presence of pharmacological drugs affect the intracellular signaling in hPSCs and the
cell reprogramming for induced hPSCs production.

Many evidence indicate that inhibition of Na*t, K*-ATP-ase pump with ouabain or in low K* medium and the
subsequent decrease in intracellular K+ content reduced the growth rate in cultures of permanent cell lines!>>%3,
It was demonstrated that the decrease in cell K* content below some threshold level (about 500 pmole/g proteins)
stopped proliferation®***. The asymmetric distribution of Na™ and K™ is a universal characteristic of living cell
and high cellular K*/Na* ratio is necessary for successful proliferation.

In our study of MSCs cultures, we discovered growth-dependent cell K* decline within a range from 1,100
to 600 umole/g protein that was associated with accumulation of G1 cells in population and accompanied prolif-
eration delay. To elucidate the relations between growth-dependent cell K* changes and proliferation we asked
whether higher cell K* per cell protein might be essential for maintaining cell proliferation in the context of
volume regulation of cycling cell.

During cell cycle, an increase of cell volume is required: before division, the cycling cell is growing and its
volume is significantly increased™. In experiments with modulations of osmotic cell balance it was found that cell
swelling promoted and cell shrinkage inhibited proliferation®”8. Cells are known to contain impermeable anionic
macromolecules (such as proteins, nucleic acids, etc.) that set up an unstable osmotic condition and could lead
to cell lysis. Animal cells cope with this problem and prevent the water flows into the cell, induced by intracel-
lular impermeable molecules, by pumping Na* out and K* in; simultaneously, a coupled transport of osmolytes
(including highly permeable monovalent ions, such as K*, Na*, Cl) is another factor that is responsible for cell
volume regulation (“pump-leak model”)>*-¢4,

During cell cycle, the amount of osmotically active substances significantly increases that induces an increase in cell
water content and needs the participation of ion movements through cell membrane. Ion channels (in particular, K*
channels) play an active role in cell cycle progression and participate in adjustment of cell volume®-%. An inhibition of
K+ channel can retard the cell cycle?>*>”. In our experiments with hMSCs, K* channel blocker TEA decreased inward
Rb*(K*) leakage and TEA-induced cell cycle delay was associated with a decrease in cell K™ content per cell protein.
Here, we wonder, what could be the functional significance of changes in K* content/protein content ratio for growing
cell cultures. Really, this parameter may have a specific meaning for living cells in which the protein mass increases.

According to the theory of cell ion and water balance in animal cells, cell K* content per cell protein correlates
always with cell water content per cell protein as soon as K* is the major cellular osmolyte®"¢>7-7% To date, few
studies are available on changes in cell volume and K* content in cycling cell. As shown in synchronized Ehrlich
ascites cells, K™ concentration (i.e. K content per water content) does not change during cell cycle progression®.
However, it is well known that the cell buoyant density (i.e. cell dry mass per cell water content) is much higher
in proliferating than in quiescent cells’>®*. In the present study, we found that growth-associated cell K+ decline
represents K content change related to cell protein. Similar changes in K™ transport were earlier revealed in
cultures of permanent cell lines?®°. It was also shown that in mitogen-activated lymphocytes, G0/G1 — S transit
and the growth of small T cells into blasts is accompanied by a gradual increase in the ratio of cell K* content per
cell protein®-%. Altogether, these observations may indicate that in cycling cells the water content per cell protein
should be higher than that in quiescent or differentiated cells. It is interesting to note here that there is evidence
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that the relationship between cell volume, cell water and proliferation rate can reflect the effects of macromolecu-
lar crowding on enzyme activity and cell metabolism®*7>.

In summary, the mechanisms by which monovalent ions regulate cell proliferation seem to be different. Ion
channels and ion transporters may be implicated in signaling in cells stimulated by growth-promoting factors.
Changes in free, monovalent ion concentration regulate cellular pH;, transmembrane potential, Ca*" homeostasis
and the activity of some proteins with important function in cell cycle progression. Our study is the first to elu-
cidate the relationship between cell K* content as calculated per cell protein and successful proliferation of stem
cells. We revealed the changes in intracellular K* content per cell protein that are closely associated with growth
and proliferative status of hMSCs. Based on these results and previous studies of monovalent ion transport in
permanent cell lines and human T cells, we suggest (1) cell K may be important for cell proliferation as the main
intracellular ion that is involved in cell volume regulation during cell cycle progression, and (2) in cycling cells,
the water content per cell protein should be higher than that in quiescent or differentiated cells. It is proposed that
cell K™ content as related to cell protein is a physiological marker of stem cell proliferation and may be used as an
informative test for assessing the functional status of stem cells in vitro.

Methods

Cells and cell treatment. Experiments have been performed on hMSCs (lines 2304 and 2804) obtained
from Department of intracellular signaling and transport of Institute of cytology RAS (Russia)’®. No donor con-
sent was needed.

The cells are multipotent, capable for self-renewal, express CD13, CD29, CD44, CD73, CD90, CD105 and
are negative for the hematopoietic markers CD19, CD34, CD45, CD117, CD130, and HLADR (class II)*.
Multipotency of isolated hMSCs is confirmed by their ability to differentiate into other mesodermal cell types,
such as osteocytes and adipocytes. Besides, the isolated hMESCs partially (over 50%) express the pluripotency
marker SSEA-4. These cells are characterized by high rate of cell proliferation (doubling time 22-23 h) and high
cloning efficiency (about 60%). Cells were maintained in Dulbecco’s Modified Eagle Medium (DMEM)/F12
(Gibco) supplemented with 10% fetal calf serum (HyClone), 1% penicillin-streptomycin (Gibco BRL, MD, USA),
and 1% glutamax (Gibco BRL, MD, USA) and subcultured at 1:3-1:4 ratio twice a week. For experiments, MSCs
were seeded into 35-mm Petri dishes (10 x 10* cells per dish). Cells were passed every 5-7 days. The culture
medium was changed every day until the collection of cells for analyses at each time point. Cells at the 2th-15th
passages were used in the experiments.

H,0, treatment was performed on the subconfluent cells. H,0, stock solution in serum-free medium was pre-
pared from 30% H,0O, (Sigma, USA) just before adding. Cells were treated with 200 uM H,O, for 1 h, then washed
twice with serum-free medium to remove H,0,, and re-cultured in fresh complete medium for various durations
as specified in individual experiments. The short-term treatment with 200 uM H,O, was sublethal and was shown
to induce senescence in hMSCs¥. In separate set of experiments, tetyraethylammonium chloride (TEA, Sigma)
used as K*channel blocker, was added to cell culture at the 2nd day after plating at final concentration of 10 mM.

Analysis of cell Kt and Na*t content and K* influx. Measurements of ions were performed essentially
as described previously®’. To estimate K™ influx Rb™ was used as the physiological analog of K*. RbCl (final con-
centration 5mM) was introduced into the culture medium for 20 min. To evaluate the Na™, K*-ATPase K* influx,
prior to RbCl, ouabain (10~*M) was added to medium. Then cells were rapidly washed 5 times with ice-cold iso-
tonic 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. TCA precipitates were dissolved in 0.1 N NaOH and ana-
lyzed for protein by Lowry procedure. 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 amount of ions per amount of protein in each sample analyzed.

FACS analysis of cell cycle progression and cell viability. ~ Adherent cells were rinsed twice with PBS and
harvested by trypsinization. Detached cells were pelleted by centrifugation and suspended in PBS. For cell cycle anal-
ysis, each cell sample was suspended in 300 ul PBS/serum-free medium containing 200 ug/ml of saponin (Fluka,
NY,USA), 250p1g/ml RNase A (Sigma-Aldrich, MO, USA) and 50 ug/ml propidium iodide, incubated for 30 min at a
room temperature and subjected to FACS analysis. At least 10,000 cells were measured per sample. Cell cycle analysis
was performed with Coulter EPICS XL Flow Cytometer and WinList and ModFit LT software (Verity Software House).
Proliferation was also evaluated by growth curve assay. In the growth medium, 10° cells per 35-mm plate were seeded.
Cells were harvested at the indicated time, stained with trypan blue, and counted. Experiments were repeated three
times. Propidium iodide (PI) staining was used to determine cell viability. PI is excluded by viable cells but can pene-
trate cell membranes of dead cells and intercalates into double-stranded nucleic acids. 50 pg/ml propidium iodide (PI)
was added to each sample just before analysis and mixed gently. Flow cytometry was performed using the CytoFLEX
(Beckman Coulter, CA, USA) and the obtained data were analyzed using CytExpert software version 1.2. To discrimi-
nate the live and dead cells, two parameter histogram was used (FL4LOG vs. SLOG). Each sample was analyzed for 50s
and at least 20,000 cells were acquired for analysis. Triplicate counts were obtained for each procedure.

Statistical analysis. Data are presented as the means with their standard deviations from at least three cell
cultures in one experiment. Statistical differences were calculated using the Tukey t-test. A level of p < 0.05 was
considered to be statistically significant.

References
1. Baksh, D. et al. Adult mesenchymal stem cells: characterization, differentiation, and application in cell and gene therapy. J. Cell. Mol.
Med. 8,301-316 (2004).
2. Grompe, M. Tissue stem cells: new tools and functional diversity. Cell Stem Cell 10, 685-689 (2012).

SCIENTIFIC REPORTS | (2019) 9:346 | DOI:10.1038/s41598-018-36922-y 9



www.nature.com/scientificreports/

3

IS

15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.

26.

32.
33.
34,

35.

40.
41.
42.
43.
44,
45.
46.

47.
. Habiba, A. et al. Expression, activity and distribution of Na,K-ATPase subunits during in vitro neuronal induction. Brain Res. 875,

49.

50.

. Nombela-Arrieta, C. et al. The elusive nature and function of mesenchymal stem cells. Nat. Rev. Mol. Cell Biol. 12, 126-131 (2011).
. Wang, S. et al. Clinical applications of mesenchymal stem cells. J. Hematol. Oncol. 5,19-27 (2012).
. Grinstein, S. & Dixon, S. J. Ion transport, membrane potential and cytoplasmic pH in lymphocytes: changes during activation.

Physiol. Rev. 69, 417-481 (1989).

. Kaplan, J. G. & Owens, T. Membrane cation transport and the control of proliferation of mammalian cells. Annu. Rev. Physiol. 40,

19-41 (1980).

. Lang, F. et al. Ion channels in cell proliferation and apoptotic cell death. J. Membr. Biol. 205, 147-157 (2005).

. Lang, F. et al. Cell volume regulatory ion channels in cell proliferation and cell death. Meth. Enzymol. 428, 209-225 (2007).

. Orlov, S. N. & Hamet, P. Intracellular monovalent ions as second messengers. J. Membr. Biol. 210, 161-172 (2006).

. Rozengurt, E. Early signals in mitogenic response. Science 234, 161-166 (1986).

. Fomina, A. F et al. Single channel properties and regulated expression of Ca™ release-activated Ca™ (CRAC) channels in human T

cells. J. Cell. Biol. 150, 1435-1444 (2000).

. Ghanshani, S. et al. Up-regulation of the IKCal potassium channel during T-cell activation. Molecular mechanism and functional

consequences. J. Biol. Chem. 275, 37137-37149 (2000).

. Karitskaya, I. et al. Long-term regulation of Na,K-ATPase pump during T-cell proliferation. Pfliigers Arch. 460, 777-789 (2010).
. Panet, R. et al. Overexpression of the Na*/K */Cl~ cotransporter gene induces cell proliferation and phenotypic transformation in

mouse fibroblasts. J. Cell. Physiol. 182, 109-118 (2000).

Vassilieva, I. O. et al. Expression of transient receptor potential vanilloid channels TRPV5 and TRPV6 in human blood lymphocytes
and Jurkat leukemia T cells. J. Membr. Biol. 246, 131-140 (2013).

Vereninov, A. A. et al. Differential transcription of ion transporters, NHE1, ATP1B1, NKCCI in human peripheral blood
lymphocytes activated to proliferation. Cell. Physiol. Biochem. 11, 19-26 (2001).

Vereninov, A. A. et al. Study of “group” expression of mRNA of the ion transporters ATP1B1, NHE1 and NKCCI, beta-actin,
glycerophosphosphate dehydrogenase, proteins regulating proliferation and apoptosis of p53, Bcl-2, IL-2 and hSGK kinase at the
prereplicative stage of human lymphocyte activation. Tsitologiia 43, 613-618 (2001).

Brodie, C. et al. Ouabain induces inhibition of the progression phase in human T-cell proliferation. J. Cell. Physiol. 165, 246-253 (1995).
Dornand, J. et al. Mechanism whereby ouabain inhibits human T lymphocyte activation: effect on the interleukin-2 pathway.
Immunobiology 171, 436-450 (1986).

Jiang, B. et al. Expression and roles of Cl-channel CIC-5 in cell cycles of myeloid cells. Biochem. Biophys. Res. Commun. 317, 192-197
(2004).

Tian, J. et al. Changes in sodium pump expression dictate the effects of ouabain on cell growth. J. Biol. Chem. 284, 14921-14929 (2009).
Wonderlin, W. E. & Strobl, J. S. Potassium channels, proliferation and G, progression. J. Membr. Biol. 154, 91-107 (1996).

Klausen, T. K. et al. Monovalent ions control proliferation of Ehrlich Lettre ascites cells. Am. J. Physiol. Cell. Physiol. 299, C714-C725 (2010).
Darborg, B. V. et al. Regulation of mitogen-activated protein kinase pathways by the plasma membrane Na/H exchanger, NHE1.
Arch. Biochem. Biophys. 462, 195-201 (2007).

Pedersen, S. E. et al. Regulation of mitogen-activated protein kinase pathways by the plasma membrane Na/H exchanger, NHEI.
Arch. Biochem. Biophys. 462, 195-201 (2006).

Putney, L. K. & Barber, D. L. Na-H exchange-dependent increase in intracellular pH times G,/M entry and transition. J. Biol. Chem.
278, 44645-44649 (2003).

. Duran, C. et al. Chloride channels: often enigmatic, rarely edictable. Annu. Rev. Physiol. 72, 95-121 (2010).
. Marakhova, I. I. et al. Early and delayed changes in potassium transport during the initiation of cell proliferation in CHO culture.

Gen. Physiol. Biophys. 8, 273-282 (1989).

. Troshin, A. S. et al. Culture density and ion transport through the plasma membrane in transformed cells. Doklady Akademii nauk

SSSR 282, 709-711 (1985).

. Vereninov, A. A. & Marakhova, I. I. Ion transport in cultured cells, 1-292 (Leningrad, 1986).
. Marakhova, I. I. et al. T.A. Long-term enhancement of Na,K-ATPase pump during blasttransformation of human lymphocytes is

controlled first by translational, then by transcriptional mechanisms. FEBS Lett. 368, 110-112 (1995).

Marakhova, I. I. et al. 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 1368, 61-72 (1998).
Vereninov, A. A. et al. Transport and distribution of monovalent cations in human peripheral blood lymphocytes activated by
phytohemagglutinin. Tsitologiia. 33,78-93 (1991).

Blagosklonny, M. V. Cell cycle arrest is not yet senescence, which is not just cell cycle arrest: terminology for TOR-driven aging.
Aging 4, 159-165 (2012).

Borodkina, A. V. et al. Calcium alterations signal either to senescence or to autophagy induction in stem cells upon oxidative stress.
Aging 12, 3400-3418 (2016).

. Fridlyanskaya, I. et al. Senescence as a general cellular response to stress: A mini-review. Exp. Gerontol. 72, 124-128 (2015).

. Kuilman, T. et al. The essence of senescence. Genes Dev. 24, 2463-79 (2010).

. Terzi, M. Y. et al. B. The cell fate: senescence or quiescence. Mol. Bio. Rep. 43,1213-1220 (2016).

. Burova, E. et al. Sublethal oxidative stress induces the premature senescence of human mesenchymal stem cells derived from

endometrium. Oxid. Med. Cell. Longev. 2013, 474931 (2013).

McCarthy, D. A. et al. Redox control of the senescence regulator interleukin-1c and the secretory phenotype. J. Biol. Chem. 288,
32149-32159 (2013).

Yu, X. et al. Isradipine prevents rotenone-induced intracellular calcium rise that accelerates senescence in human neuroblastoma
SH-SYS5Y cells. Neuroscience 246, 243-53 (2013).

Pedersen, S. F. The Na/H exchanger NHE] in stress-induced signal transduction: implications for cell proliferation and cell death.
Pfliigers Arch. 452, 249-259 (2006).

Deng, X. L. et al. Cell cycle-dependent expression of potassium channels and cell proliferation in mesenchymal stem cells from bone
marrow. Cell Prolif. 40, 656-670 (2007).

Ding, E et al. Involvement of cationic channels in proliferation and migration of human mesenchymal stem cells. Tissue Cell. 44,
358-364 (2012).

Park, K. S. et al. Functional expression of ion channels in mesenchymal stem cells derived from umbilical cord vein. Stem Cells. 25,
2044-2052 (2007).

Otsu, K. et al. Na+/K+ ATPase and its functional coupling with Na+/Ca2 + exchanger in mouse embryonic stem cells during
differentiation into cardiomyocytes. Cell Calcium. 37, 1371-1351 (2005).

Acosta, E. et al. Na+, K-+-ATPase genes are down-regulated during adipose stem cell differentiation. Front. Biosci. 3, 1229-1240 (2011).

1-13 (2000).

Chen, M. et al. Effects of autologous stem cell transplantation on ventricular electrophysiology in doxorubicin-induced heart failure.
Cell. Biol. Int. 30, 576-582 (2006).

Fine, M. et al. Human-induced pluripotent stem cell-derived cardiomyocytes for studies of cardiac ion transporters. Am. J. Physiol.
Cell. Physiol. 305, C481-C491 (2013).

SCIENTIFIC REPORTS | (2019) 9:346 | DOI:10.1038/s41598-018-36922-y 10



www.nature.com/scientificreports/

51. Lin, V. J. T. et al. Potassium as a pluripotency-associated element identified through onjrganic element profiling in human
pluripotent stem cells. Sci. Rep. 7, 5005 (2017).

52. Frantz, C. N. et al. Effect of ouabain on growth regulation by serum components in Balb/c-3T3 cells: inhibition of entry into S phase
by decreased protein synthesis. J. Cell. Physiol. 105, 439-448 (1980).

53. Tupper, J. T. et al. Potassium transport and content during G, and S phase following serum stimulation of 3T3 cells. J. Cell. Physiol.
91, 429-440 (1977).

54. Ledbetter, M. L. & Lubin, M. Control of protein synthesis in human fibroblasts by intracellular potassium. Exp. Cell Res. 105,
223-236 (1977).

55. Lopez-Rivas, A. et al. Intracellular K™ and the mitogenic response of 3T3 cells to peptide factors in serum-free medium. Proc. Natl.
Acad. Sci. USA 79, 6275-6279 (1982).

56. Pardee, A. B. et al. Animal cell cycle. Annu. Rev. Biochem. 47, 715-750 (1978).

57. Chen, L. X. et al. Roles of volume-activated Cl- currents and regulatory volume decrease in the cell cycle and proliferation in
nasopharyngeal carcinoma cells. Cell Prolif. 40, 253-267 (2007).

58. Dubois, J. M. & Rouzaire-Dubois, B. The influence of cell volume changes on tumour cell proliferation. Eur. Biophys. J. 33, 227-232 (2004).

59. Hoffmann, E. K. et al. Physiology of cell volume regulation in vertebrates. Physiol. Rev. 89, 193-277 (2009).

60. Jakobsson, E. et al. Interactions of cell volume, membrane potential, and membrane transport parameters. Am. J. Physiol. Cell
Physiol. 238, C196-C206 (1980).

61. Jentsch, T. et al. VRACs and other ion channels and transporters in the regulation of cell volume and beyond. Nat. Rev. Mol. Cell Biol.
17, 293-307 (2016).

62. 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. 44, 169-194 (1960).

63. Vereninov, A. A. et al. Analysis of the monovalent ion fluxes in U937 cells under the balanced ion distribution: recognition of ion
transporters responsible for changes in cell ion and water balance during apoptosis. Cell. Biol. Int. 31, 382-393 (2007).

64. Yurinskaya, V. E. et al. Balance of unidirectional monovalent ion fluxes in cells undergoing apoptosis: why does Na+/K+ pump
suppression not cause cell swelling? J. Physiol. 589, 2197-2211 (2011).

65. Hoffmann, E. K. & Pedersen, S. F. Cell volume homeostatic mechanisms: effectors and signalling pathways. Acta Physiol. 202,
465-485 (2011).

66. Lang, E et al. Cell volume in the regulation of cell proliferation and apoptotic cell death. Cell. Physiol. Biochem. 10, 417-428 (2000).

67. Lang, E. et al. Ton channels and cell volume in regulation of cell proliferation and apoptotic cell death. Contrib. Nephrol. 152, 142-160
(2006).

68. Stutzin, A. & Hoffmann, E. K. Swelling-activated ion channels: functional regulation in cell-swelling, proliferation and apoptosis.
Acta Physiol.(Oxf). 187, 27-42 (2006).

69. Urrego, D. et al. Potassium channels in cell cycle and cell proliferation. Phil. Trans. R. Soc. B. 369, 20130094 (2014).

70. Chittajallu, R. et al. Regulation of Kv1 subunit expression in oligodendrocyte progenitor cells and their role in G1/S phase
progression of the cell cycle. Proc. Natl. Acad. Sci. USA 99, 2350-2355 (2002).

71. Kay, A. R. How Cells Can Control Their Size by Pumping Ions Front. Cell Dev. Biol. 5, 41-63 (2017).

72. Lew, V. L. et al. A mathematical model of the volume, pH, and ion content regulation in reticulocytes. Application to the
pathophysiology of sickle cell dehydration. J. Clin. Invest. 87, 100-112 (1991).

73. Vereninov, I. A. et al. Computation of pump-leak flux balance in animal cells. Cell. Physiol. Biochem. 34, 1812-1823 (2014).

74. Vereninov, I. A. et al. Unidirectional flux balance of monovalent ions in cells with Na/Na and Li/Na exchange: experimental and
computational studies on lymphoid U937 cells. PLoS ONE 11, e0153284 (2016).

75. Model, M. A. & Petruccelli, J. C. Intracellular macromolecules in cell volume control and methods of their quantification. Curr. Top.
Membr. 81, 237-289 (2018).

76. Zemel'ko, V. L. et al. Multipotent mesenchymal stem cells of desquamated endometrium: isolation, characterization and use as feeder
layer for maintenance of human embryonic stem cell lines. Tsitologiia 53, 919-29 (2011).

Acknowledgements

The authots thank Dr. Vinogradova T.A. for ion assays by flame photometry (Laboratory of Cell Physiology,
Institute of Cytology RAS, St-Petersburg, Russia) and Dr. Egorova L.I. for excellent technical assistance. We thank
Dr. A.A. Vereninov and Dr. V.E. Yurinskaya (Institute of Cytology RAS, St-Petersburg, Russia) for valuable advice
and discussion of the manuscript. This research was supported by The Russian Science Support Foundation,
project #14-50-00068 (Russia).

Author Contributions

APD., AVB, EBB,N.AP, VIZ. designed the experiments and edited the manuscript. A.N.S. performed the
flow cytometry. N.N.N. conceived and supervised the project. .I.M. designed research, wrote and edited the
manuscript.

Additional Information
Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

T | icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:346 | DOI:10.1038/s41598-018-36922-y 11


http://creativecommons.org/licenses/by/4.0/

	Proliferation-related changes in K+ content in human mesenchymal stem cells

	Results

	Intracellular K+ and Na+ content during the growth of hMSC culture. 
	Rb+ influx decreases during the growth of hMSC culture. 
	Age-dependent changes in K+ and Na+ content in MSC culture. 
	Changes in cell K+ content and proliferative status of hMSCs cultures. 
	K+ transport and H2O2-induced cell cycle arrest. 

	Discussion

	Methods

	Cells and cell treatment. 
	Analysis of cell K+ and Na+ content and K+ influx. 
	FACS analysis of cell cycle progression and cell viability. 
	Statistical analysis. 

	Acknowledgements

	Figure 1 Density-dependent changes in intracellular K+ and Na+ content during the growth of hMSCs culture.
	Figure 2 Rb+ influx in hMSCs is dependent on the cell density in culture.
	Figure 3 Intracellular K+ content is dependent on the passage number of hMSCs.
	Figure 4 Cell proliferation rate is decreased both in the high density and in the late passage hMSCs cultures.
	Figure 5 TEA effects on growth, cation content and proliferation of hMSCs.
	Figure 6 Changes in K+ and Na+ content and Rb+ influxes in hMSCs and H2O2-induced cell cycle arrest.




