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In vitro senescence of multipotent cells has been commonly associated with DNA damage induced by oxidative stress. These
changes may vary according to the sources of production and the studied lineages, which raises questions about the effect of
growing time on genetic stability. This study is aimed at evaluating the evolution of genetic stability, viability, and oxidative
stress of bone marrow mesenchymal stem cells (MSCBMsu) and renal progenitor cells of the renal cortex (RPCsu) of swine (Sus
scrofa domesticus) in culture passages. P2, P5, and P9 were used for MSCBMsu and P1, P2, and P3 for RPCsu obtained by
thawing. The experimental groups were submitted to MTT, apoptosis and necrosis assays, comet test, and reactive substance
measurements of thiobarbituric acid (TBARS), nitrite, reduced glutathione (GSH), and catalase. The MTT test curve showed a
mean viability of 1.14 + 0.62 and 1.12 + 0.54, respectively, for MSCBMsu and RPCsu. The percentages of MSCBMsu and RPCsu
were presented, respectively, for apoptosis, an irregular and descending behavior, and necrosis, ascending and irregular. The
DNA damage index showed higher intensity among the MSCBMsu in the P5 and P9 passages (p <0.05). In the TBARS
evaluation, there was variation among the lines of RPCsu and MSCBMsu, presenting the last most significant variations
(p <0.05). In the nitrite values, we identified only among the lines, in the passages P1 and P2, with the highest averages
displayed by the MSCBMsu lineage (p <0.05). The measurement of antioxidant system activity showed high standards,
identifying differences only for GSH values, in the RPCsu lineage, in P3 (p < 0.05). This study suggests that the maintenance of
cell culture in the long term induces lower regulation of oxidative stress, and RPCsu presents higher genetic stability and lower
oxidative stress than MSCBMsu during in vitro expansion.

1. Introduction has been commonly associated with macromolecular dam-
age, especially to DNA induced by oxidative stress [1]. These
The in vitro senescence of multipotent cells, such as mesen-  changes are most frequently identified in cultures with

chymal stem cells (MSC) and renal progenitor cells (RPC),  prolonged incubation time, from the fourth passage, which
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limits the possibility of clinical application given the intrinsic
need for cell expansion in vitro to obtain the minimum ther-
apeutic concentration of 10° cells/mL [2, 3].

Contemporary studies have identified that early passages,
until the third passage, maintain the intrinsic characteristics
of prolificity, viability, plasticity, antioxidant, and immuno-
modulation of some cell lines [4-6]. However, these observa-
tions may vary according to the sources of production and
the lines studied, which raises relevant questions about the
effect of growing time on genetic stability [7-10].

Recently, some studies considered cell therapies using
MSC and RPC for the treatment of kidney lesions [11-15].
The therapeutic application of these cell lines raises relevant
debates regarding the potential risks inherent to the tech-
nique, as well as its efficacy resulting from idiosyncrasies such
as plasticity, immunomodulation, mutagenesis, and DNA
damage, among others, developed under long-term culture
[16]. An alternative is the use of lines in the early passages
until the third passage. However, the maintenance of genetic
stability in MSC and RPC has not been comparatively eluci-
dated, both between lines and in vitro incubation time. More-
over, it has been an option that the use of RPC could benefit
the differentiation of this lineage into specific kidney cells
and, consequently, therapy for kidney diseases [14, 15]. How-
ever, this hypothesis still lacks validation.

The genetic stability of stem cells can be evaluated
using assays to measure oxidative stress, tests to determine
the integrity of the DNA strand and by necrosis and apo-
ptosis indexes, and growth curves during its expansion in
culture [17-19].

Among the trials to assess DNA integrity, comet testing is
often used to detect strand breaks, commonly caused by reac-
tive oxygen species [17, 18, 20]. Besides, measurements of
reactive substances of thiobarbituric acid (TBARS) as
markers of lipid peroxidation, nitric oxide production by
nitrite levels, and components of the enzymatic defense sys-
tem, such as reduced glutathione (GSH) and catalase, are also
often used as a simple, fast, and economical alternative for
measuring oxidative stress in culture [4, 21, 22].

However, few studies comparatively evaluated genetic
stability and oxidative stress between MSC and RPC during
in vitro expansion. Given the persistence of these relevant
doubts, this study is aimed at assessing the evolution of
genetic stability, viability, and oxidative stress of MSC
derived from bone marrow and RPC obtained from the
renal cortex of swine (Sus scrofa domesticus) in passages
of culture.

2. Materials and Methods

2.1. Experimental Design. This study was authorized by the
ethics committee on the use of animals of the Federal Univer-
sity of Piaui, no. 269/16, according to the standards of the
National Council for the Control of Animal Experimentation
(COBEA/Brazil).

A completely randomized design is composed of two
groups with three replications each, consisting of mesenchy-
mal stem cells derived from bone marrow (MSCBMsu) and
progenitor cells derived from renal cortex (RPCsu) of swine
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(Sus scrofa domesticus), and evaluated in duplicate at the
P2, P5, and P9 passages for MSCBMsu and P1, P2, and P3
for RPCsu.

The choice of evaluation passages was based on the sci-
entific literature [2, 3], and the experimental groups were
submitted to viability tests by 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT), apoptosis and
necrosis assays, comet test, and measurements of TBARS,
nitrite, GSH, and catalase.

2.2. Kinetics and Cell Viability Assay. The Integrated Center
of Morphology and Stem Cell Research (NUPCelt) donated
the MSCBMsu and RPCsu. The cells were thawed conven-
tionally, according to Bezerra [23].

Cellular kinetics was evaluated by saturation growth curve
assay, in duplicate, using MSCBMsu in P5 and RPCsu in P2,
with 7.6 x 10° cells/mL. The cells were thawed, and the initial
viability was immediately evaluated by 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT). The
cells were seeded in 24 wells, each well randomly trypsinized
and submitted to the new MTT assay in DMEM High Glu-
cose® (Invitrogen™, USA) in the ratio of 1:9 every 72 hours,
as described by Zhou et al. [24].

Briefly, after incubation with MTT in DMEM for five
hours, the supernatant was aspirated, and the culture was
washed with 200 yuL of dimethyl sulfoxide (DMSO) for 30
minutes and evaluated in a spectrophotometer at 550 nm.

2.3. Analysis of Apoptosis and Necrosis. The cells were trypsi-
nized and washed to 10° cells/mL with PBS and resuspended
in buffer solution (1x).

Samples were centrifuged at 480g; then, 100 uL of the
solution was transferred to a tube and 5uL of PE Annexin
V and 5uL 7-AAD of I were added using Annexin V-PE
Apoptosis Detection Kit (BD Pharmingen™, no. 559763)
with light agitation, then incubated for 15 minutes at room
temperature (25°C) in the dark. With the complementary
addition of 400 uL of binding buffer in each tube, they were
analyzed by flow cytometry within 1 hour.

2.4. Comet Test (Genetic Instability). The trial was performed
under alkaline conditions (pH > 13), according to Da Silva
et al. [25]. Briefly, an aliquot (10uL) of 10% homogenate
(pellet and sodium phosphate buffer, pH7.4) was mixed
with 95uL of 0.75% agarose, homogenized, and arranged
on slides coated with 5% agarose. These were kept at 30°C
for 20 minutes, immersed in lysis solution (2.5M/L NaCl,
100 mM/L EDTA, 10 mM/L Tris-HCI, pH 10-12, 1% Triton
X-100, and 10% DMSO), and packed in a dark environment
at 4°C for 72 hours.

Subsequently, we performed electrophoresis using a
buffer solution (30 mM/L NaOH and 1mM/L of EDTA,
pH 13) at 25V and 300 mA at 30°C for 20 minutes, neutral-
ized (400 mM Tris, pH7.5) in three five-minute cycles. The
slides were washed; dried; fixed in 15% (w/v) trichloroacetic
acid, 5% (w/v) zinc sulfate, and 5% (w/v) glycerol solution;
hydrated; and stained with the association of 0.2% (w/v)
ammonium nitrate, 0.2% (w/v) silver nitrate, 5% (w/v) tung-
stosilic acid, 0.15% (w/v) formaldehyde, 5% (w/v) sodium
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carbonate, and 5% (w/v) sodium carbonate solutions, for 30
minutes at 37°C.

The evaluation followed the methods of Carvalho et al.
[26] to calculate the damage frequency (DF) and the damage
index (DI). DF is based on the number of cells with or with-
out tail, and DI refers to the cells visually allocated in five
classes according to the tail size (0 = no tails and 4 = tails of
maximum length) in a single DNA damage score for each
sample and consequently for each group studied, ranging
from 0 (completely undamaged =100cellsx0) to 400
(maximum damage = 100 cells x 4).

2.5. Evaluation of Thiobarbituric Acid Reactive Substance
(TBARS) and Nitrite Concentration. We performed the assay
to measure TBARS reagents using a method described by
Draper and Hadley [27]. In general, 10% homogenate was
stirred with 10% trichloroacetic acid and 0.67% thiobarbitu-
ric acid solution, kept in boiling water for 15 minutes, and
then cooled. The mixture was centrifuged with n-butanol at
480g for 5 minutes. The butanolic phase was measured in a
spectrophotometer at 535nm. Protein concentration was
determined, according to Lowry et al. [28]. We expressed
the results in nM/g of the pellet.

Nitrite concentration was measured according to the
method described by Green et al. [29]. We added in a tube
500 uL of Griess reagent and 500 uL of 10% homogenate,
reading on a spectrophotometer at 560 nm.

2.6. Determination of Reduced Glutathione Level (GSH). We
adopted Ellman’s reaction assay (5,5' -dithiobis-(2-nitroben-
zoic acid)), according to Sedlak and Lindsay [30].

In a test tube, we added 400 uL of 10% homogenate,
320 uL of distilled water, and 80 uL of 50% trichloroacetic
acid. The material was stirred and centrifuged at 960g for
15 minutes, and the supernatant was diluted in 800 L of
0.4M Tris-HCI buffer, pH8.9, and 20 L of 0.01M DTNB
(5,5’ -dithiobis-(2-nitrobenzoic acid)), and the absorbance
was evaluated after 1 minute at 412 nm.

2.7. Determination of Catalase Activity. We used the method
described by Chance and Maehly [31]. The reaction medium
was prepared with H,O, (18 mL), 1 M Tris-HCI buffer, 5nM
EDTA, pH8.0 (1.0mL), and H,0O (0.8mL). An aliquot
(980 mL) was mixed with 20 yL of 10% homogenate and
incubated at 37°C; then, we read the absorbance levels every
1 minute up to 6 minutes at 230 nm. The absorbance of the
reaction medium, without homogenate, was considered
white. Protein concentration was determined, according to
Lowry et al. [28].

2.8. Statistical Analyses. The data were submitted to analysis
of variance (ANOVA), followed by the post hoc Newman-
Keuls test, using GraphPad Prism 7.0 software (San Diego,
CA, EUA). Cell cultures were compared to each other
between the P2, P5, and P9 passages for MSCBMsu and P1,
P2, and P3 for RPCsu. Significance was adopted to reject
the 5% null hypothesis.

3. Results

The curve elaborated by the MTT assay showed an average
viability of 1.14+0.62 and 1.12+0.54, respectively, for
MSC and RPC.

The MSCBMsu demonstrated logarithmic kinetics from
the initial day to the ninth day, showing an evident decay
phase from the 12th day. Diametrically, the RPCsu showed
a logarithmic phase, only until the third day. Then, it pre-
sented a decay phase interspersed with a short logarithmic
phase on the ninth day, when the decay was reestablished
(Figure 1).

The percentages of apoptosis between the MSCBMsu
and RPCsu lines presented polynomial distribution, iden-
tifying positive parabolic (a4 >0) and negative exponential
(0<a<1) curves, respectively (Figures 2(g) and 2(h)).
Regarding the percentages of necrosis, it evidenced a
curve in Gaussian-type behavior for MSCBMsu and of the
positive exponential type (a>1) for RPCsu (Figures 2(i)
and 2(j)).

Comparing the percentages of apoptosis and necrosis
within the same lineage, we observed that, for MSCBMsu,
the rate of apoptosis was irregular, reaching maximum levels
in P2 and P9 and minimum levels in P5. Diametrically, the
percentages of necrosis for this lineage showed ascending
behavior. For the RPCsu lineage, the rates of apoptosis
showed descending expression, while the rates of necrosis
were irregular, reaching minimum levels in P1 and P3 and
maximum levels in P2 (Figure 2).

The comet assay identified no significant differences
(p>0.05) between the frequency of DNA damage but with
significance (p <0.05) for the DNA damage index among
the studied lineages.

We observed that the P1 and P2 passages presented low
frequency and DNA damage index for RPCsu and
MSCBMsu, respectively. Over the course of the passages,
the rate of DNA damage of the MSCBMsu increased signifi-
cantly in P9 (p <0.05). The DNA damage index showed
higher intensity among the MSCBMsu (p < 0.05) in the P5
and P9 passages (Figures 3(a) and 3(b)).

DNA damage assessment identified 75% of severe dam-
age (grade 4) and 25% of moderate damage (grade 3) in
MSCBMsu cultures. For RPCsu cultures, the results identi-
fied 44.4% of mild damage (grade 2), 22.3% of moderate
damage (grade 3), and 33.3% of severe damage (grade 4)
(Figures 3(c) and 3(d)).

The evaluation of oxidative stress did not identify signif-
icant variations (p >0.05) of TBARS levels between the
different passages of the RPCsu lineage. The mean values
were 1.08 +0.08 nM, 1.10 £ 0.04 nM, and 1.15 + 0.07 nM in
the P1, P2, and P3 passages, respectively. However, there
was significant variation (p <0.05) of this marker between
the RPCsu and MSCBMsu lines, presenting the last highest
variations, 1.32 +0.06 nM, 1.67 + 0.07 nM, and 2.03 + 0.04
nM, in the same passages, respectively (Figure 4(a)).

The evaluation of nitrite values identified significant var-
iation (p < 0.05) only between the lines, in the P1 and P2 pas-
sages, with the highest averages displayed by the MSCBMsu
lineage (Figure 4(b)).
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The measurement of antioxidant system activity, by GSH
and catalase, identified significant differences (p < 0.05) only
for GSH values, in the RPCsu lineage, in P3. The means pre-
sented by the antioxidant system were high, denoting posi-
tive activity (Figures 4(c) and 4(d)).

4. Discussion

This study is the first to evaluate the correlation between
DNA damage and oxidative stress in mesenchymal stem cells
and renal progenitor cells in culture. Previous studies using
these lineages evaluated general characteristics of cell cultiva-
tion and tissue repair capacity [23, 32]. However, as the
in vitro cellular behavior and, consequently, its therapeutic
potential in vivo are subordinated to cellular resilience and
metabolic adaptation capacity to possible molecular injuries,
this study is aimed at seeking these answers in a frontier area
of knowledge.

Initially, we identified that the MSCBMsu presented
kinetics in culture higher than the RPCsu. The growth curve
model adopted by saturation subjected cultures to relevant
metabolic stress, since it did not use rebound to limit cell
expansion and, consequently, exhaustion of the culture
medium. Nevertheless, MSCBMsu showed a logarithmic
increase over nine days before showing a reduction in cell
concentration (Figure 1). This characteristic is not uncom-
mon among mesenchymal stem cell lines, and studies with
bone marrow, adipose tissue, and dental pulp lineages have
commonly demonstrated similar evidence [33-35]. This
observation raises the possibility that this group of somatic
stem cells may present relevant metabolic adaptability.

The maintenance of the logarithmic growth of MSCBMsu
in this study did not negatively influence the viability index.
The MSCBMsu showed an average variation also higher than
the RPCsu throughout the logarithmic phase (Figure 1).

These data demonstrate a thriving and probably stable cul-
ture until the ninth day of cultivation. From then on, the
decay of kinetics and viability reflected the exhaustion of
nutrients from the culture medium, resulting from the pro-
longed total confluence.

Although the RPCsu exhibited lower growth kinetics, the
viability index remained similar to those of the MSCBMsu,
denoting a metabolically active culture (Figure 1). Corrobo-
rating this proposition, studies with this lineage [23, 36]
describe shorter cellular kinetics due to a possible in vitro
immaturity, which restricts long-term expansion [37]. It is
believed, therefore, that perhaps this is an intrinsic character-
istic of RPCsu in culture. The possibility of the therapeutic
use of this line would require a greater number of renal tissue
samples for isolation and expansion in order to obtain ade-
quate concentrations for use in preclinical and clinical trials.
Contemporary studies used minimum cell concentration
ranging from 2 to 5 x 10 RPC/mL in clinical trials [38-40].

The apoptosis and necrosis tests indirectly corroborated
the observations of the kinetics and viability tests, with the
proliferation behavior and cell death following the variations
of the growth curves for each lineage.

In general, the RPC showed lower rates of apoptosis and
necrosis than the MSCBMsu after long-term incubation.

The MSCBMsu exhibited higher rates of logarithmic
expansion on days 3, 6, and 9, with the highest apoptosis rate
in the second passage, corresponding to the sixth day
(Figures 2(b), 2(d), 2(f), and 2(g)). The increase in apoptosis
rate may be related to the rise in the mitotic rates of cell cul-
ture. This relationship has been described in contemporary
studies that investigate the increase in apoptosis rates in
expanding cell cultures [41, 42]. This is a relevant mecha-
nism of homeostasis in mammalian cells, during which
formed apoptotic bodies are phagocytized by dendritic cells,
favoring the transfer of trophic factors between cells and,
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culture passages. Frequency DNA damage (a), index DNA damage (b), severity classification in MSCBMsu (c), and severity classification in
RPCsu (d). * and #: significant differences between the passages, compared to the initial passages, of each lineage. ANOVA and Newman-

Keuls: p < 0.05.

consequently, cellular communication [43]. This mecha-
nism, therefore, supports cell renewal, allowing continuous
cell expansion [44]. Such syllogism has been defended by
the demonstration, in classical studies, that the absence of
apoptosis in mammalian cell cultures predisposes to the
development of autoimmune disorders [45, 46].

Similarly, the RPCsu exhibited similar behavior, with a
higher rate of apoptosis in the first passage (Figures 2(a),
2(c), and 2(h)), corresponding to the early three days of cul-
ture, which occurs with the peak of logarithmic expansion on
the third day. The lowest rates of apoptosis from the second

pass, when compared to the MSCBMsu, are probably due
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FIGURE 4: Measurement of TBARS levels (a), nitrite (b), reduced glutathione (c), and catalase (d) in bone marrow mesenchymal stem cells
(MSCBMsu) and renal progenitor cells (RPCsu) in the different culture passages. *Difference between the passages (compared to initial
passages) of each lineage; “Difference between the groups of each passage. ANOVA and Newman-Keuls: p < 0.05.

to the end of the logarithmic expansion phase and subse-
quent decay of the crop (Figure 1).

Necrosis rates in the cultivation of the MSCBMsu lineage
were lower than the apoptosis rates in the second passage,
with subsequent elevation in a fifth passage corresponding
to the 15th day of cultivation, in which culture already pre-
sented kinetic decay. Similarly, necrosis rates of the RPCsu
lineage were also lower than the apoptosis rates, at first pas-
sage, with elevation after the sixth day of cultivation. Similar
results have been described [23, 33, 34]. The increase in these
rates is probably due to exhaustion of the culture medium
due to the large cellular confluence, inducing necrosis [33].

The data obtained for the index and frequency of DNA
damage indicated low percentages in the initial passages,
corresponding to three and six days of culture, respectively,
for both lineages. These variables showed significant eleva-
tion only between the following passages (Figure 3). These
results followed the pattern of in vitro behavior of the line-
ages studied in this research, which showed a reduction in
kinetics, viability, increased necrosis, and, consequently,
increased index and frequency of DNA damage after the
third (P1) and ninth (P3) day, for the RPCsu and MSCBMsu
lineages, respectively.

The behavior of the variables, index, and frequency of
DNA damage allows the inference of direct correlation

between them and the establishment of the culture exhaus-
tion phase. A contemporary study raised this hypothesis ear-
lier, describing increased DNA damage as strongly correlated
to in vitro culture expansion time [18]. These authors
observed that the highest rates of DNA damage were concen-
trated between the fourth and sixth passages, considered
“late” passages, corresponding to the 12th and 18th days of
cultivation.

Besides, intrinsic factors have also been incriminated
as predictors of this in vitro behavior [7, 8]. A contempo-
rary study suggested that MSCBMsu when in early pas-
sages would be more resistant to irradiation or induced
DNA damage, mediated by polyenzyme (ADP-ribose)
polymerase-1 (PARP-1) and ATM gene [47]. This can
probably be considered one of the arguments to the recom-
mendation of the therapeutic use of MSCBMsu, preferably
in initial passages [6].

Oxidative stress assays showed that the RPCsu lineage
presented lower lipid peroxidation indexes and nitrite pro-
duction when compared to MSCBMsu (Figure 4). However,
the means of TBARS measurements for both lines remained
below the values referenced in previous studies of 3.31 uM
+0.38 [48, 49]. This observation suggests that, although
RPCsu has lower rates of lipid peroxidation than MSCBM:su,
in general, in this study, this oxidative change occurred at a



more moderate intensity than that observed in other mam-
malian cells.

Nevertheless, the levels of the GSH antioxidant system
and catalase were elevated for both lineages, denoting posi-
tive activity (Figure 4). It seems evident to us that the preser-
vation of the antioxidant system may have contributed to the
lower rates of lipid peroxidation and nitrite production, as
well as the lower average of DNA damage index and fre-
quency, observed previously in this study. Previous studies
had already described such in vitro behavior, in which stem
cell lineages in early passages exhibited high resistance to
necrosis induced by oxidative stress, mediated by the cellular
capacity to reduce intracellular production of reactive oxygen
species, as well as preserve the constitutive expression of the
antioxidant system [4, 50].

In this study, in general, it was identified that the increase
in cell culture time and, consequently, the number of pas-
sages induced the increase in the means of lipid peroxidation
and DNA damage, promoting genetic instability and cell
necrosis, for both lineages. However, comparatively, the
RPCsu exhibited lower averages, suggesting that in this line-
age idiosyncratic factors that favor the low rates of oxidative
stress may participate. On the other hand, the shorter loga-
rithmic expansion time of this lineage, when compared to
MSCBMsu, theoretically, could also induce the low oxidative
stress rates reported.

The relation between in vitro cell expansion time and oxi-
dative stress has been previously described as resulting from
the marked production of EROS damaging proteins and
DNA and inducing replicative senescence, known as prema-
ture senescence caused by stress [51].

We believe that such data, as well as the hypotheses
listed in this discussion, may contribute to future clinical
trials, both in the choice of cell lineage and in the time of
culture for therapeutic administration. It seems evident to
us that there is a directly proportional correlation between
incubation time and oxidative stress. This fact may mitigate
the relevant doubts about the therapeutic efficacy of these
lines, as well as contribute to support the possible review
of the International Society of Cell Therapy of the maxi-
mum limit of allowed passages for cultures intended for
clinical application.

5. Conclusion

This study is the first to evaluate the correlation between
DNA damage and oxidative stress in the RPCsu and
MSCBMsu lineages, in which an inversely proportional rela-
tion was identified between growing time and cell viability
and directly proportional between growing time, necrosis,
lipid peroxidation, and DNA damage.

The results suggest that the maintenance of cell culture in
the long term, in general, induces lower regulation of oxida-
tive stress, with subsequently cellular senescence. This fact
may be considered predictive of the maintenance of genetic
stability in cultures until the third passage and, consequently,
more excellent clinical safety and therapeutic effectiveness.

The comparative analysis between the lineages indicated
that the RPCsu presented higher genetic stability and lower
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oxidative stress than the MSCBMsu during in vitro expan-
sion and may be considered preferred for the treatment of
kidney diseases.

Data Availability

The data used to support the findings of this study are
available from the corresponding author upon request.
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