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Abstract

BACKGROUND

Mesenchymal stem cells (MSCs) have been extensively studied for therapeutic
potential, due to their regenerative and immunomodulatory properties. Serial passage
and stress factors may affect the biological characteristics of MSCs, but the details of

these effects have not been recognized yet.

AIM
To investigate the effects of stress factors (high glucose and severe hypoxia) on the
biological characteristics of MSCs at different passages, in order to optimize the

therapeutic applications of MSCs.

METHODS

In this study, we investigated the impact of two stress conditions; severe hypoxia and
high glucose on human adipose-tissue derived MSCs (hAD-MSCs) at passages 6 (P6),
P8, and P10. Proliferation, senescence and apoptosis were evaluated measuring WST-1,

senescence-associated beta-galactosidase, and annexin V, respectively.

RESULTS

Cells at P6 showed decreased proliferation and increased apoptosis under conditions of
high glucose and hypoxia compared to control, while the extent of senescence did not
change significantly under stress conditions. At P8 hAD-MSCs cultured in stress
conditions had a significant decrease in proliferation and apoptosis and a significant
increase in senescence compared to counterpart cells at P6. Cells cultured in high
glucose at P10 had lower proliferation and higher senescence than their counterparts in
the previous passage, while no change in apoptosis was observed. On the other hand,
MSCs cultured under hypoxia showed decreased senescence, increased apoptosis and

no significant change in proliferation when compared to the same conditions at P8.
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CONCLUSION
These results indicate that stress factors had distinct effects on the biological processes
of MSCs at different passages, and suggest that senescence may be a protective

mechanism for MSCs to survive under stress conditions at higher passage numbers.
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Core Tip: Mesenchymal stem cells (MSCs) are increasingly being used for the treatment
of various diseases due to their immunomodulatory and regenerative properties, but
serial passages needed for MSCs expansion and stress factors found in the diseased
tissues may compromise their therapeutic potential. Investigating the effects of stress
factors (high glucose and severe hypoxia) on the biological characteristics of MSCs at
different passages will help optimize the clinical uses of MSCs and their expected

outcomes.

EITRODUCTION

Mesenchymal stem cells (MSCs) are stromal cells that have the ability to self-renew and
differentiate into multiple lineages. Due to their potent regenerative and
immunomodulatory properties, MSCs have been extensively studied as potential
therapies for a large number of acute and chronic diseases!!l. To preserve their
biological and therapeutic properties, MSCs must be cultured in optimal environmental
conditions, which are rarely found in the diseased tissues into which MSCs are
transplanted23]. Indeed, the successful therapeutic effects of MSCs are often of short

duration due to these hostile microenvironmentsll. Although MSCs are able to adapt to
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many conditions, their biological response to stressful microenvironments can be
unexpected!l.

High glucose and severe hypoxia are two main stress conditions that affect the
biological functions of MSCs and the efficacy of their clinical applications. High glucose
cell media were found to decrease proliferation rates, induce senescence and increase
apoptosis in rat MSCsl®7], while low glucose was associated with increased survivall®l,
When used to treat pathologic conditions characterized by hyperglycemia, such as
diabetes mellitus (DM), MSCs have low survival rate and poor outcomel®?l.

Moderate hypoxic conditions (oxygen gradient 2%-9%) are considered the
physiologic environment for MSC growth(!%l and are known to positively affect their
behaviorl!l. On the other hand, exposure of MSCs to severe hypoxia (Oz less than 1%)
was found to promote their senescence and apoptosis while reducing proliferationl213].
MSCs are obtained in limited numbers from donors, so they have to undergo expansion
in vitro by serial passagell4l. It is important to recognize the effects of serial passage on
the quality of cultured MSCs in order to ensure the accuracy of stem cell research, as
well as consistent and effective MSC based therapies!(!®l. Serial passage of MSCs from
different origins (umbilical cord, placenta, adipose tissue) was found to affect their
biological characteristics, including growth rate, senescence, gene expression, migration
and differentiation!>'7], For example, long-term serial passaging of MSCs from different
sources induced cellular senescence and decreased their proliferation potentialllsl. The
results of previous studies, however, are discrepant and the details of these effects need
further clarifications. In addition, little is known about the response of MSCs to stress

conditions at different passages, which dictates the need for further investigations in

this field.

MATERIALS AND METHODS
Human MSCs

Human adipose-tissue derived MSCs (hAD-MSCs) were commercially purchased from
Lonza (Cat# PT5006, Lot# 21TL138912) and expanded using Dulbecco’s Modified
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Eagle’s Medium low glucose (DMEM-low glucose, Euroclone), which contained 5.6
mmol/L glucose and were supplemented with 10% fetal bovine serum (FBS, Gibco)[19],
0.1 mg/mL streptomycin and 100 units/mL penicillin G in standard cell culture
incubators (5% CO2/95% air; 37 °C). Medium was changed every 72 h and cells were
sub-cultured when confluence exceeded 60%. For high glucose conditions, cells were
cultured in DMEM high glucose (DMEM-High Glucose, Euroclone) which contained 25
mmol/L glucose and were supplemented with 10% FBS, 0.1 mg/mL streptomycin and
100 units/ mL penicillin G for 5 d in standard cell culture incubators (5% CO2/95% air;
37 °C). High glucose complete medium was changed every 72 h. For the preparation of
the high glucose media, we followed a previously reported protocoll2:2ll. MSCs that
were cultured in low glucose were considered as our study control. MSCs of passage 6

(P6), P8, and P10 were used to perform the experiments.

Hypoxia treatment using cobalt chloride

A stock solution of cobalt chloride (CoCl), a hypoxia-mimetic chemical agent(?2], was
prepared by dissolving the chemical in distilled water (stock solution concentration was
100 mmol/L). For hypoxia induction, the stock solution of CoClz was further diluted in
the culture media to yield a working concentration of 250 pM. The hypoxia treatment
for hAD-MSCs was performed for 48 h in standard cell culture incubators (5%
CO2/95% air; 37 °C)l22l.

WST-1 proliferation assay

The proliferation of hAD-MSCs at P6, P8, and P10 after being exposed to normal (low
glucose) and treatment conditions (high glucose and hypoxia) was measured using the
commercial kit (WST-1 Assay Kit, Abcam, Cat# ab65473). The WST-1 assay is based on
the cleavage of tetrazolium salt WST-1 to formazan by cellular mitochondrial
dehydrogenases. The greater the percentage of viable cells, the higher the amounts of
formazan generated. Briefly, MSCs were seeded in 96 well plate (5 x 104 cells/well)

after being cultured in low glucose and high glucose for 5 d. For hypoxia induction,
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MSCs were seeded in 96 well plate (5 x 10* cells/well) and CoCl, was added to the
cell culture media at 250 pM and cells were incubated in CoCl, for 48 h. Next, 10 pL of
WST-1 solution was added to each well of the different treatment groups. After an
incubation time of 2 h in the standard cell culture incubator (5% CO2/95% air; 37 °C),
the absorbance values were measured at 450 nm using Cytation 5 Multimode Reader

(BioTek, United States).

Senescence detection assay

Senescence-associated beta-galactosidase (SA-B-gal) activity was detected with a
senescent cell staining kit (Abcam, Cat# ab65351). Briefly, MSCs at P6, P8, and P10 were
seeded in 24-well plate (1 x 10° cells/well) after being cultured in low and high glucose
conditions. For hypoxia treatment, MSCs at P6, P8, and P10 were seeded in 24-well
plate (1 x 105cells /well) followed by the addition of CoCl; in the culture media at 250
PM and incubation for 48 h. Media were aspirated and MSCs in different treatment
groups were washed with 1x phosphate buffered saline (PBS) and then fixed with the
fixative solution supplied in the kit for 10 min. 20x X-gal stock solution was prepared
by weighing 20 mg X-gal and dissolving it in dimethyl sulfoxide. Next, cells were
incubated in 250 pL staining solution containing X-gal, Staining Solution I/Staining
Solution, and Staining Supplement for 24 h. Colored bright field images were obtained
using Cytation 5 Multimode Reader (BioTek, United States) and the activity of X-gal

was calculated.

Apoptosis assay

To detect apoptosis in hAD-MSCs at P6, P8, and P10 after being cultured in low glucose,
high glucose, and hypoxia, we used RealTime-Glo™ Annexin V Apoptosis live assay
(Promega, Cat# JA1011, Lot# 0000400486) following the manufacturer’s guidelines.
Briefly, cells were seeded (1 x 10* cells/well) in 24 well plate after being cultured in low
and high glucose for 5 d. For hypoxia treatment, cells were seeded (1 x 10 cells/well) in
24 well plate and incubated with 250 pM CoCl> for 48 h. For apoptosis detection in
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different treatment conditions, the media were aspirated and each well was washed
with PBS followed by the addition of 100 pL of fresh medium having Annexin V-LgBiT,
Annexin V-SmBiT, CaCl,, and Annexin V NanoBiT Substrate to each well. After 1 h
incubation, the fluorescent images of green color, which represented cells undergoing
apoptosis, were detected at GFP filter using Cytation 5 Multimode Reader (BioTek,
United States). Relative luminescence intensity, which is proportional to the level of
apoptosis, was also detected using the luminescence filter in Cytation 5. The higher the

luminescence intensity, the greater the apoptosis level.

Statistical analysis

Data were reported as mean + SD. Comparison of data between multiple groups was
performed using one-way analysis of variance (ANOVA) followed by Tukey’s post-hoc
multiple comparison test, and analysis between two groups was made using Student’s
t-test (two-tailed). Statistical significance was determined as P < 0.05. Each figure

represents one of at least three independent quantifiable experiments.

RESULTS

Proliferation

Cell proliferation is the controlled, well-defined increase in cell number resulting from
cell divisionl®!, In our study, proliferation was quantified using a WST-1 assay protocol,
which is based on the cleavage of the tetrazolium salt WST-1 to formazan by cellular
mitochondrial dehydrogenases. Our results showed that high glucose and hypoxia
were associated with a significant decrease in proliferation of MSCs compared to
control cells at each of the studied passages (P6, P8 and P10; P < 0.05). At PS§,
proliferation decreased in all MSC groups compared to their counterparts at P6 (P <
0.05). On the other hand, at P10 only MSCs cultured in high glucose showed decreased

proliferation compared to the same condition at P8 (P < 0.05; Figure 1).

Senescence
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Cellular senescence is the process leading to a state of cell growth arrestl?!l. Expression
of SA-B-gal was used as a marker of senescence in hAD-MSCs. At P6, no significant
differences in senescence were detected between the cells cultured in stress conditions
and control cells. At P8, MSCs exposed to both hypoxia and high glucose exhibited
significantly higher senescence compared to control at the same passage (P < 0.05), as
well as to their counterparts at P6 (P < 0.05). On the other hand, at P10 control MSCs
and MSCs cultured in high glucose showed significantly higher senescence compared to
their counterparts at the previous passage (P < 0.05), while MSCs cultured under
hypoxia exhibited significantly less senescence than control MSCs at P10 and compared
to the cells cultured at the same condition at P8 (P < 0.05 both; Figures 2 and 3).

8

Apoptosis

Apoptosis is a controlled form of programmed cell death that occurs in multicellular
organisms to maintain homeostasis(®l. Apoptosis is also involved in the
pathophysiology of various diseases!2°l and it was found to compromise the therapeutic
efficacy of MSGCsl?l. Apoptosis of MSCs was detected using annexin V, a calcium-
binding protein that binds to phosphatidylserine, a plasma membrane lipid that
becomes exposed in apoptotic cellsi28l. MSCs at P6 exhibited increased apoptosis under
conditions of high glucose and hypoxia compared to control cells (P < 0.05). Apoptosis
of the MSCs at P8 significantly decreased in both stress conditions compared to their
counterparts at P6 (P < 0.05), while no significant difference was detected compared to
the control group at the same passage. At P10 only cells cultured in hypoxia had a
significantly higher apoptosis compared to control group at P10 and to counterpart cells

at both P6 and P8 (P < 0.05 both; Figures 4 and 5).

Biological behavior of hAD-MSCs at each passage
At P6 high glucose and hypoxia were associated with significant decrease in
proliferation and increase in apoptosis (P < 0.05 both), while they had no significant

effect on senescence. At P8, MSCs cultured in both stress conditions showed
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significantly lower proliferation and higher senescence compared to control groups (P <
0.05 both), while no significant difference was observed in apoptosis. Compared to
counterpart cells at P6, MSCs in stress conditions had a significant decrease in
proliferation and apoptosis (P < 0.05 both) and a significant increase in senescence (P <
0.05).

At P10 both stress factors were associated with lower proliferation compared to
control conditions at the same passage (P < 0.05), while only hypoxia significantly
affected senescence (decrease; P < 0.05) and apoptosis (increase; P < 0.05). When
compared to the previous passage, cells cultured in high glucose had lower
proliferation, higher senescence (P < 0.05 both) and no change in apoptosis, while MSCs
cultured under hypoxia showed decreased senescence, increased apoptosis (P < 0.05

both) and no significant change in proliferation.

Correlation of senescence with apoptosis

The results of our study showed a reverse correlation between senescence and
apoptosis in stress conditions at higher passages. At P8 increased senescence was
associated with decreased apoptosis of the MSCs cultured both in high glucose and
under hypoxia, and decreased senescence was associated with increased apoptosis in

case of hypoxia at P10.

MSCs biological behavior at P10 differs in response to different stress conditions

Our findings revealed that at P10 the effects of the two studied stress conditions on
hAD-MSCs were different. When compared to the same condition at the previous
passage, high glucose was associated with decreased proliferation (P < 0.05), increased
senescence (P < 0.05), and no change in apoptosis. On the other hand, hypoxia was
associated with decreased senescence (P < 0.05), increased apoptosis (P < 0.05), and no

change in proliferation.

DISCUSSION
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MSCs have shown promising results in the treatment of a number of chronic diseases,
providing a new hope to patients with debilitating conditions. Due to their specific
molecular composition, MSCs are able to regenerate damaged tissues and restore their
functionality(?’l. These effective outcomes, however, are often short-lived due to the
hostile microenvironments in which MSCs are infusedl. Severe hypoxia and high
glucose are two of the stress factors that characterize these environments and negatively
affect the outcomes of MSC infusions. Severe hypoxia, a condition associated with
myocardial ischemia, chronic kidney disease and cancer, among others!®l, was found to
impair MSC proliferation and enhance senescence and apoptosisl1213]. Similarly, MSCs
cultured in high glucose concentrations were reported to have lower proliferation rates
and greater senescence and apoptosis(®’l. High glucose is of particular importance in the
pathophysiology of DM and the development of its complications, such as retinopathy,
nephropathy, and heart diseasel®!l.

To obtain successful clinical applications, MSCs have to be generated in large
numbers without compromising their properties; therefore, it is paramount to
characterize the biological functions and the potency of MSCs in serial passages!®!. This
will ensure the quality of cells during culture in vitro, their stability when used for
specific purposes, the maximization of their potential and the reproducibility of
techniques and technologies based on MSCs!'%],

In this study, we investigated the effects of two stress factors - high glucose and
severe hypoxia - on the proliferation, senescence and apoptosis of hAD-MSCs at
different serial passages (P6, P8, and P10). Our findings revealed that hAD-MSCs
cultured under conditions of high glucose and hypoxia exhibited decreased
proliferation at all studied passages compared to the cells cultured in low
glucose/normoxia conditions. These findings corroborate previous results indicating
the association of stressful microenvironment with impaired proliferationl”2. A
number of studies reported that hyperglycemia impaired proliferation of MSCs from

various sources/®l, and high glucose was found to induce aging of MSCs via the
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Akt/mTOR pathwayll. Similarly, human MSCs, including hAD-MSCs, showed
reduced proliferation rates when cultured under conditions of severe hypoxial335l.

The effect of stress factors on senescence compared to control conditions was
observed starting at P8, where senescence was significantly higher, while at P10 only
hypoxia induced a decrease in senescence. On the other hand, apoptosis increased at P6
under conditions of stress, did not differ at P8 and was significantly increased only
under hypoxia at P10. These results are interesting when compared to previous reports.
Despite a few exceptionsl®77], previous studies found that high glucose and severe
hypoxia induced both senescence and apoptosis in different types of MSCsl[10203839]
This supports the suggestion that senescence and apoptosis pathways are
simultaneously involved in certain stress responses(*’l. Our findings, on the other hand,
indicate that hAD-MSCs apoptotic and senescent response to high glucose and hypoxia
varied according to the stress factor and the passage number.

An interesting finding in our results is the association of senescence with decreased
apoptosis, which was observed in both stress conditions at P8. Similarly, increased
senescence at P10 prevented an increase in apoptosis in cells cultured in high glucose
media, while decreased senescence was associated with increased apoptosis in case of
hypoxia. Our findings indicate a protective role of senescence against apoptosis, an
observation that had been reported in previous studies*142l, Senescent cells were found
to activate a number of pro-survival factors, including members of the BCL-2 family,
PI3K, p21, FOXO4, ]NK, caspase, HSP90 and plasminogen activated inhibitor-2, leading
to apoptosis resistancel4042l. Resistance to apoptosis occurring through p53 signaling
was found in senescent human fibroblasts(#l. Because cellular senescence is commonly
observed in MSCs in response to stressful stimulil*!l, it can be suggested that MSCs
utilize senescence as a survival mechanism against stress factors. This finding is of
particular importance, because it highlights the enhancement of senescence as a
potential strategy to inhibit apoptosis in MSCs, thus improving their survival and

therapeutic efficacy.
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Most MSC-based therapeutic interventions utilize cells at P3 to P74, while higher
passage numbers are avoided as passaging was found to modify some physiologic
characteristics of MSCsl#l, as well as their immunological behavior and cellular
bioenergeticsi#546l. The results of our study, however, challenge this practice, as they
suggest that even at higher passages (P8 and P10) hAD-MSCs are able to resist
apoptosis when exposed to stress conditions by shifting into the senescent phenotype.
This indicates the potential usefulness of high passage MSCs in specific clinical
situations.

Interestingly, we observed a difference in MSC response to the different stress factors
at the highest passage. At P10 high glucose was associated with increased senescence,
while hypoxia induced a decrease in senescence, compared to the previous passage.
Regarding apoptosis, high glucose had no significant effect on this parameter, while
hypoxia was associated with higher apoptosis. Although a number of studies addressed
the biological and functional characteristics of MSCs at different serial passages!7.43, to
the best of our knowledge, no previous studies investigated the effects of stressful
microenvironments on MSCs at various serial passages. Our findings thus provide a
new insight for the optimization of MSCs use in the clinical setting, with different
passages of MSCs to be considered for the treatment of conditions characterized by
specific stressful microenvironments. This suggests that optimal MSCs therapy may
benefit from a “passage - stress matching”.

Our study has some limitations. First, it involved only one type of MSCs (hAD-
MSCs), which may make generalization of the results to MSCs from other sources
inappropriate. In addition, only three passages where investigated (P6, P8, and P10),
while it would be useful to study the biological behavior of MSCs under stress
conditions at even higher passages. In the future, it would be recommended to expand
investigation to other types of MSCs and to different stressful conditions. The biological
behavior of MSCs could also be addressed in a wider context by measuring other

parameters, such as cytotoxicity and differentiation.
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CONCLUSION

The successful utilization of MSCs in the treatment of many diseases is hindered by a
number of stress conditions that undermine the biological characteristics and survival
rates of these cells. These properties are also affected by the serial passages MSCs
undergo for culture. The results of our study revealed that severe hypoxia and high
glucose induced distinct biological responses in hAD-MSCs at different passages.
Therefore, the passage number of MSCs could represent a significant factor to be taken
into consideration when choosing the optimal MSCs for specific therapeutic
applications. Our study also found that hAD-MSCs at high passages still possess the
ability to resist apoptosis, as showed by the reverse relationship between senescence
and apoptosis. These findings reinforce the theory that senescence in MSCs may
represent a protective mechanism against stress, and prompts a review of the practice of

limiting the MSCs used in regenerative therapies into the earlier passages.

ARTICLE HIGHLIGHTS

Research background
Mesenchymal stem cells (MSCs) have significant therapeutic potential. The biological

properties of MSCs seem to be affected by serial passage and stress factors.

Research motivation

Despite their regenerative and immunomodulatory properties, the therapeutic
applications of MSCs are sub-optimal and short-lived. The effects of stress factors on
MSCs at various serial passages on their biological characteristics have not been

recognized yet.

Research objectives
This study aimed to investigate the effects of stress factors (high glucose and severe
hypoxia) on the biological characteristics of MSCs at different passages, in order to

optimize the therapeutic applications of MSCs.
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Research methods
Proliferation, senescence and apoptosis of MSCs exposed to severe hypoxia and high
glucose were evaluated measuring WST-1, senescence-associated beta-galactosidase,

and annexin V, respectively.

Research results

Severe hypoxia and high glucose affected the biological responses of human adipose
tissue-derived MSCs and these responses varied according to the serial passages. At
high passages, a reverse relationship between senescence and apoptosis was observed,
suggesting that senescence in MSCs may represent a protective mechanism against

stress.

Research conclusions
This study showed that the passage number of MSCs could represent a significant
factor to be taken into consideration when choosing the optimal MSCs for specific

therapeutic applications.

Research perspectives
The practice of limiting MSCs used in regenerative therapies into the earlier passages

should be reviewed to expand and optimize the therapeutic potential of MSCs.
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