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SUMMARY

High rates of stem cell proliferation are important in regenerative medicine and in stem cell banking for clinical use. Ambient oxygen
tensions (21% O,) are normally used for in vitro culture, but physiological levels in vivo range between 3% and 6% O,. We compared
proliferation of human dental pulp stem cells (hDPSCs) cultured under 21% versus 3% O,. The rate of hDPSC proliferation is significantly
lower at 21% O, compared to physiological oxygen levels due to enhanced oxidative stress. Under 21% O,, increased p38 phosphoryla-
tion led to activation of p21. Increased generation of reactive oxygen species and p21 led to activation of the NRF-2 signaling pathway.
The upregulation of NRF-2 antioxidant defense genes under 21% O, may interact with cell-cycle-related proteins involved in regulating
cell proliferation. Activation of p38/p21/NRF-2 in hDPSCs cultured under ambient oxygen tension inhibits stem cell proliferation and

upregulates NRF-2 antioxidant defenses.

INTRODUCTION

Human mesenchymal stem cells (hMSCs) have a therapeu-
tic potential in tissue engineering and regenerative medi-
cine (Caplan, 2007), mostly due to immunologic properties
(Jones and McTaggart, 2008) and their ability to differen-
tiate into cardiovascular or neuronal cells (Tae et al.,
2006) among others.

Human dental pulp stem cells are mesenchymal cells
derived from the neural crest, which have been already
proved to regenerate tissue in oral inflammatory diseases
(Aimetti et al., 2014; Nakashima et al., 2009). These cells
can be obtained from permanent and deciduous pulp tis-
sue, which is easily available from teeth after extraction
without ethical issues. As previously mentioned, they
have a potential role for clinical use either immediately af-
ter isolation, or for use in stem cell banking. Therefore, it is
highly important to obtain and culture them under the
best possible conditions.

The in vitro culture of MSCs has been routinely carried
out under the ambient oxygen tension (18%-21% O,) (Mo-
hyeldin et al., 2010). However, in vivo these cells are not
exposed to such a hyperoxic environment (Harrison
et al., 2002; Kofoed et al., 1985; Matsumoto et al., 2005; Pa-
sarica et al., 2009). Depending on the cell type, the local ox-
ygen tension in MSCs niches varies between 1% and 7% O,
in bone marrow (Harrison et al., 2002) and between 10%
and 15% O, in the adipose tissue (Bizzarri et al., 2006).
Although values of 3% to 6% O, (20-40 mmHg) in adult or-
gans and tissues have been reported (Hall and Giaccia,
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2005; Kozam, 1967), the actual oxygen concentration
in situ depends predominantly on the vascularization of
the tissue and its metabolic activity (Ward, 2008). The
dental pulp has a relatively high blood flow. It is estimated
to be 40-50 ml/min/100 g of pulp tissue in a mature tooth
(Meyer, 1993). This flow is relatively high, compared to
that of other oral tissues and skeletal muscle (Kim, 1985).

Previous studies have shown the negative impact of the
ambient oxygen tension (21% O,) on the physiology of
stem cells, e.g., neuronal (Rodrigues et al., 2010), bone
marrow (Dos Santos et al., 2010; Hung et al., 2012), umbil-
ical cord (Lavrentieva et al., 2010), or adipose tissue (Efi-
menko et al., 2011; Kim et al., 2012). Although reduced
rates of cell proliferation have been observed during culture
under 21% O,, an oxygen tension that causes oxidative
stress, the underlying molecular mechanisms have not
been investigated in a systematic manner.

The aim of this study was to determine the growth rate
of human dental pulp stem cells (hDPSCs) under physio-
logical oxygen tension (3%), and to investigate the cell
signaling pathways underlying decreased stem cell prolif-
eration during routine culture under ambient oxygen ten-
sion (21%). We show that oxidative stress is responsible
for the low proliferation rate under ambient oxygen ten-
sion and describe the signaling pathway linking oxidative
stress with proliferation of hDPSCs. We demonstrate that
oxidative stress leads to the sequential activation of p38
MAPK, p21, and the Nuclear factor erythroid 2-related fac-
tor 2 (NRF-2) antioxidant defense pathway (Ishii et al.,
2004). A practical consequence is that incubation with
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Figure 1. Oxidative Stress-Related Parameters in hDPSCs

(A) ROS levels. Results are represented as the mean + SD for three
independent experiments (three replicates each). The statistical
significance is expressed as **p < 0.01 versus 3% 0,.

(B) Membrane potential levels. Results are represented as the
mean + SD. The statistical significance is expressed as *p < 0.05
versus 3% 0.

(C) MDA levels. Results are represented as the mean + SD. The
statistical significance is expressed as **p <0.01 3% 0, versus 21%
0, and #p < 0.05 and *#p < 0.01 21% versus 21% 0, with Trolox.
See also Figure S1.

Trolox, a water-soluble analog of vitamin E (Raspor et al.,
2005), or with an inhibitor of p38 (SB203580) restores
high proliferation rate of hDPSCs even if cultured under
21% O,.

RESULTS

Characterization of hDPSCs

The phenotype of the hDPSCs was confirmed by five posi-
tive and one negative marker of these hDPSCs after four to
five cell passages. The positive markers for mesenchymal
stem cells were STRO1 (Gronthos et al., 1994), OCT4 (Nich-
ols et al., 1998), CD133 (Meregalli et al., 2010), Nestin
(Honda et al., 2007), and CD34 (Wood et al., 1997). The
negative marker was CD45, which is specific for hemato-
poietic stem cells (Barclay et al.,, 1988; Pittenger et al.,
1999; Zhang et al., 2003). Confocal microscopy showed
that the hDPSCs were positive for STRO1, OCT1, CD133,
CD34, and Nestin and negative for CD45, thus confirming
the mesenchymal stem cell phenotype (Figure S1 available
online).

Oxidative Stress Is Higher at 21% Than at 3% O,
We hypothesized that cells cultured at 3% O, would have a
much lower level of oxidative stress than those cultured at
21% O,. Figure 1A shows that this is the case. The level of
ROS in dental pulp stem cells cultured under 21% oxygen
at confluence was almost 3-fold higher than at 3% oxygen.
We also determined mitochondrial membrane potential
as a marker of the mitochondrial status and found that
mitochondria were “healthier” in cells cultured under 3%
compared to 21% O,, because they exhibited a higher
mitochondrial membrane potential (see Figure 1B).
Malondialdehyde (MDA) is one of the products gener-
ated during the process of lipid peroxidation especially in
biological membranes. hDPSCs cultured at 3% O,, 21%
Oy, or 21% O, with 50 uM Trolox (water-soluble structural
analog of vitamin E) after 1, 3, 5, and 7 days of culture were
used to determine lipid peroxidation. Figure 1C shows that
incubating stem cells at 21% O, results in a marked increase
in lipid peroxidation (measured as MDA) that is prevented
by Trolox.

Adhesion of hDPSCs to the Culture Plate Is Lower at
21%0, Than at 3% O,

Cellular adhesion, an indication of the capacity of the cells
to recover after a passage, is regulated by expression of
adhesion proteins (Hung et al., 2012). Adhesion of hDPSCs
to culture plate was significantly higher in cultures under
3% O, compared 21% O, (Figure 2A).

Proliferation of hDPSCs at 3% O, Is Higher Than at
21% O,

Adhesion of hDPSCs to culture plates is ~30% lower at 21%
compared to 3% O, (see Figure 2A). Thus, to have the same
number of adhering cells from the starting point of the
growth curve (6 hr), we seeded 30% more cells at 21% O,
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Figure 2. Higher Rate of Cell Proliferation in hDPSCs Cultured
under 3% 0,

(A) Adhesion of hDPSCs cultured at 3% 0, is higher than at 21% 0,.
Results are mean + SD for three independent experiments (three
replicates in each experiment). Statistical significance is expressed
as *p < 0.05.

(B) Growth curve of hDPSCs. Results are means + SD for six inde-
pendent experiments (three replicates each). The statistical sig-
nificance is expressed as *p < 0.05, **p < 0.01, and ***p < 0.001
3% 0, versus 21% 0,, *p < 0.05, and *#p < 0.01 21% 0, versus 21%
0, with Trolox, &p <0.05, and &&p <0.013% 0, versus 21% 0, with
Trolox.

than at 3% O,. Where indicated, incubation with Trolox
(50 uM) began 6 hr after seeding and during the rest of
the experiment. Proliferation, evaluated by direct counting
of cellsat 1, 2, 3, 5, 7, and 8 days after seeding revealed a
significantly higher cell number at 3% compared to 21%
O, after all time points. Trolox reversed the effect of
increased oxygen tension on cell proliferation after 3, 5,
7, and 8 days of culture (Figure 2B). Cell viability was
>90% in all conditions.

Cell-Cycle Regulators of hDPSCs at 3% and 21% O,

Activation of p38MAPK is an indicator of oxidative stress in
proliferating cells (Ito et al., 2006). Thus, we examined p38
MAPK expression in hDPSCs cultured under 3% O,, 21%
O, or 21% O, + Trolox (50 uM) at 3, 5, and 7 days after

Stem Cell Reports

Oxidative Stress and Proliferation in hDPSCs

seeding under the conditions described previously (30%
more cells seeded at 21% O). p38MAPK phosphorylation
was significantly higher in hDPSCs cultured at 21% O,
compared to 3% O,, and this difference was prevented by
treatment with 50 uM Trolox (Figure 3A); therefore, this
activation is dependent on oxidative stress.

p21 is a downstream target of p38, and notably incuba-
tion of hDPSCs under 21% O, resulted in an expression
of p21 significantly higher than in cells cultured at 3%. Tro-
lox also prevented this effect (Figure 3B).
NRF-2-Mediated Antioxidant Defenses against Oxidative Stress
in hDPSCs
In order to study NRF-2-associated antioxidant defenses in
hDPSCs under 3% O, or 21% O,, we examined protein
expression of its downstream antioxidant enzymes: heme
oxygenase 1 (HO-1) and NAD(P)H quinone oxidoreductase
1 (NQO1). We treated confluent hDPSCs with 100 uM di-
ethylmaleate (DEM), a GSH depleting agent that renders
cells more prone to oxidative stress (Garcia-Ruiz et al.,
1995). We found a significantly higher basal and DEM stim-
ulated expression of HO-1 in hDPSCs cultured under 21%
O, compared to 3% O, (Figure 3C). Similar differences
were observed for NQOI1, another antioxidant enzyme
regulated by NRF-2 (Figure 3D). Thus, incubation under
21% O, elicits an NRF-2 mediated antioxidant response
due to the reported activation of NRF-2 under conditions
of 21% O3 (Cho et al., 2002).
Decreased Cell Proliferation under 21% O Is Determined by
p38 and NRF-2 Activation
In order to demonstrate that p38 and NRF-2 activation are
responsible for the lower cell proliferation under 21% O,,
we performed two cell proliferation curves. In one, we
compared the cell proliferation under 3% O, versus 3%
O, plus 10 uM resveratrol, an activator of NRF-2 (see Fig-
ure S2). As shown in Figure 4A, activation of NRF-2 resulted
in a decrease of cell proliferation. We also incubated cells
under 21% O, versus 21% O, plus 10 uM SB203580 (an in-
hibitor of p38 phosphorylation, see Figure S3), and, as
shown in Figure 4B, we found an increase of cell prolifera-
tion by inhibiting p38 activation, thus showing the role of
p38 activation on the decreased rate of cell proliferation.

DISCUSSION

Oxidative Stress as a Signaling Mechanism to Explain
Low Rates of Proliferation Rate in hDPSCs

Hyperoxia has been described as an important factor to
destabilize cellular redox homeostasis (Fan et al., 2008).
High oxygen concentrations can cause oxidative damage
via production of reactive oxygen species (ROS), leading
to damage of lipids, proteins, and DNA (Wiseman and
Halliwell, 1996). Nevertheless, ambient oxygen tension
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Figure 3. Molecular Pathways Involved in the higher Proliferatio of hDPSCs Cultured under 3% 0,

(A) Phosphorylated p38 MAPK levels in hDPSCs. Values are mean + SD for three independent experiments (three replicates each). The
statistical significance is expressed as ***p < 0.001 3% 0, versus 21% 0,, #p < 0.05, and #p < 0.01 21% 0, versus 21% 0, with Trolox.
(B) Protein expression of p21 in hDPSCs. Results are means + SD for three independent experiments (three replicates each). The statistical
significance is expressed as ***p < 0.001 3% 0, versus 21% 0,, *p < 0.05 21% 0, versus 21% 0, plus Trolox, *&p < 0.001 3% 0, versus 21%

0, plus Trolox.

(C and D) Protein expression of HO-1 (C) and NQO1 (D) in hDPSCs. Data represent the average +SD. Every point is the mean of
three independent experiments (three replicates each). The statistical significance versus controls is expressed as *p < 0.05, **p < 0.01,
***p < 0.001. HO-1, heme oxygenase-1; NQO1, NAD(P)H:quinone oxidoreductase 1.

(18%-21% O equivalent to 160 mmHg) is routinely used
to culture hDPSCs in vitro despite the fact that physiolog-
ical oxygen tension in the organism is markedly lower
(i.e., 3%-6% O, equivalent to 20-40 mmHg) (Hall and
Giaccia, 2005). Recently, the negative impact of the
ambient oxygen tension on physiological function of

different stem cells has been reported. This includes prolif-
eration (Rodrigues et al., 2010; Kim et al., 2012), reduced
stem cell migration (Fuchs and Weber, 1994), and reduced
osteogenic differentiation (Hung et al., 2012). However, to
our knowledge the underlying molecular mechanisms
have not been elucidated.
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Figure 4. Growth Curve of hDPSCs

(A) At 3% 0, or 3% 0, + resveratrol (10 uM) Results are means + SD
for three to six experiments. The statistical significance is ex-
pressed as **p < 0.01 versus 3% 0,.

(B) At 21% 0, or incubated with an inhibitor of Pp38 (10 uM
SB203580). Results are means + SD for three to six experiments.
The statistical significance is expressed as **p < 0.01 versus 3% O,.
See also Figures S2 and S3.

In the present study, we confirmed a lower proliferation
of the stem cells at ambient oxygen tension. Moreover,
we found that the adhesion of these cells at 21% O, is
30% lower than at 3% O,. We show that oxidative stress
is responsible for these differences, because Trolox is able
to reverse the lower proliferation under 21% O,. To clarify
the mechanisms by which oxygen tension affects hDPSCs
proliferation, we studied p38 MAPK and p21, two cell-cycle
regulators, which are activated by stress stimuli.

Oxidative-stress-induced p21""/“P! expression is gener-
ally mediated via a p53-dependent mechanism (el-Deiry
etal., 1995; Giono and Manfredi, 2006). Nevertheless, there
is also a p53-independent pathway (O’Reilly, 2005) that in-
volves p38 MAPK. Indeed, p38 phosphorylates p21*2{1/¢ip1
in response to oxidative stress by inducing phosphoryla-
tion at Ser130 in vitro and in vivo (Kim et al., 2002).

We found that levels of P-p53 were not correlated with
levels of p21"WV/CiPl (data not shown). On the other
hand, increased P-p38 protein expression under 21% O,
compared to 3% O, was correlated with higher p21 protein
expression. We conclude that regulation of the p21 protein
expression in hDPSCs under 3% O, or 21% O is pS3 inde-
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pendent but probably dependent on p38 MAPK activation.
p21 is involved in many different cellular processes,
including cell-cycle arrest, cell differentiation, senescence,
and apoptosis (Dotto, 2000; Gartel and Tyner, 2002; O'Re-
illy, 2005). Furthermore, a recent study showed a direct
interaction between p21 and NRF-2 (Chen and Carmichael,
2009). It was shown that p21 is able to interact with the
DLG motif within NRF-2, thereby attenuating Keap1-medi-
ated ubiquitination and subsequent proteasomal degrada-
tion. The antioxidant properties of p21 rely on Nfr2 activity.
Because NRF-2 upregulates HO-1 and NQO1, we measured
the expression of these proteins and found that their
expression is upregulated in hDPSCs under ambient oxygen
levels. Thus, there is an antioxidant response of hDPSCs to
oxidative stress caused by high oxygen tension that is medi-
ated by NRF-2, confirming previous studies in vivo (Cho
et al., 2002) and in vitro (Visner et al., 1996).

Culture of hDPSCs under Ambient and Physiological
Oxygen Concentrations: Practical Issues

A major practical aim of the study of the biology of stem
cells is that they may serve as important tools in regenera-
tive medicine. To this end, high yields of stem cells are
required when they are obtained from tissues from pa-
tients. We used dental pulp stem cells, but these consider-
ations apply to other tissues, such as fat, hair follicles, etc.

For instance, in the dental setting, it is critically impor-
tant to obtain a high yield of cells so that they can be
used in the same clinical act after obtaining them, to
implant them in the alveoli. Minimizing time to obtain
large amounts of viable cells is also critically important.

Moreover, hDPSCs have been proposed as potential sour-
ces for stem cell banking for clinical use (Perry et al., 2008),
and for this purpose it is critically important to culture
them under the best conditions.

Our results show that the usual high oxygen concentra-
tion (21%, atmospheric) used to obtain and culture cells
is far worse than the physiological O, (3%), to obtain
high yields of viable stem cells. In summary, we have
shown that physiological O, tension is better than ambient
O, for propagation of stem cells and have identified a
signaling pathway involving p38 MAPK, p21, and NRF-2
activated by ambient Os.

EXPERIMENTAL PROCEDURES

Cell Culture

Intact third molars were collected from men (aged from 15 to 20
years old). All patients were informed and agreed freely to partici-
pate and signed the informed consent by contributing the ex-
tracted tooth, which was always extracted for reasons independent
of this study. The study was approved by the institutional review
board of the University of Valencia.

570 Stem Cell Reports | Vol. 3 | 566-573 | October 14, 2014 | ©2014 The Authors



Stem Cell Reports

Oxidative Stress and Proliferation in hDPSCs

Cells cultured from dental pulps did not exhibit any clinical and/
or radiological sign or symptom of inflammation and/or infection.
The dental pulp was cut into very small pieces and disaggregated in
a solution of 2 mg/ml collagenase type I for 90 min at 37°C in an
oxygen-regulated cell-culture incubator at the appropriate oxygen
tension (3% or 21%) and 5% CO,. Cell suspensions were centri-
fuged at 1,000 x g at 20°C for 2 min, the medium was removed,
and the cell pellet resuspended and cultured in DMEM with 10%
heat-inactivated fetal bovine serum (Gibco, Invitrogen). Cells
used for experiments were between passages 3 and 6.

Immunofluorescence Staining

We tested CD133 (Prominin-1) (Sigma, Ref: C9493), STRO-1
(MILLIPORE, Ref: MAB4315), POUSF1 (Oct4) (Sigma, Ref:
P0082), Nestin (Sigma, Ref: N5413), CD34 (Cell Signaling Technol-
ogy Ref: #3569), and CD45 (Cell Signaling Technology Ref: #3575).
We used Lab-Tek plates (Nalge Nunk International) treated with
poly-L-lysine (Chemical Sigma-Aldrich). Dental pulp stem cells
were seeded at 20,000 cells/cm? and cultured under physiological
oxygen conditions (3% O,) for 3 days. Cells were fixed with
3.7% paraformaldehyde, neutralized with 50 mM glycine in PBS
for 10 min, and permeabilized with 0.25% Triton X-100 in PBS
for 10 min. Cells were then incubated with 3% BSA for 10 min, fol-
lowed by the primary and second antibody incubation. The sec-
ondary antibodies were anti-rabbit immunoglobulin (Ig) G TRITC
conjugated (Sigma) and anti-mouse IgG FITC conjugated (Sigma).
For immunofluorescence staining, we used laser confocal micro-
scopy (Leica, TCS-SP2 Leica) with an argon laser and neon-helium
Leica reversed microscope (Leica, DM1RB).

Reactive Oxygen Species Determination

Cells were washed with warm PBS and treated with trypsin and
then resuspended in DMEM containing 1 g/1 glucose. We used di-
hydrorhodamine-123 at a final concentration of 1 pug/ml. Cells
were incubated for 30 min at 37°C in the dark. Values were read
by flow cytometry until 20,000 events were recorded.

Mitochondrial Membrane Potential Determination
We used JC-1 staining to assess the mitochondrial membrane po-
tential. The procedure was similar to dihydrorhodamine-123.

Lipid Peroxidation

Lipid peroxidation was estimated as malondialdehyde (MDA),
which was detected by high-performance liquid chromatography
(HPLC) as an MDA-thiobarbituric acid adduct following the
method described by Wong et al. (1987).

Cell Proliferation Assays
The cells were counted after 6 hr, 1, 2, 3, 5, 7, and 8 days of seeding
using a Neubauer plate.

Trypan Blue Dye Exclusion Method

Viability of hDPSCs was determined using the vital dye trypan
blue, which is excluded by living cells but accumulates in dead
cells. Cells were counted after they were trypsinized and incubated
1:1 with 0.01% trypan blue.

Immunoblot Analysis

Aliquots of cell lysates (40 ng) were immediately boiled for 10 min,
electrophoresed in SDS-10 or 12.5% polyacrylamide gels, and elec-
troblotted (Bio-Rad) ontopolyvinylidene difluoride (PVDF) mem-
branes (Bio-Rad). Protein content was determined by a modified
Lowry method (Lowry et al., 1951). Membranes were blocked
with 0.05 g/ml BSA in TBS-0.2% Tween 20 (TBST) and incubated
with primary antibodies and further incubated with a secondary
horseradish peroxidase-linked anti-rabbit IgG antibody. Blots
were then developed by using the “ECL Prime Western Blotting
Detection Reagent” as specified by the manufacturer (Amersham
Pharmacia).

Statistical Analysis

Quantitative variables are expressed as means and SD. Qualitative
data are expressed as total number and percentage. Statistical anal-
ysis consisted of Student’s t test for 2 means and ANOVA to
compare 2 means with one variation factor. If the n is not the
same in all the groups, the comparison of Scheffé was used. All
values are means + SD of measurements in at least three different
cultures (three replicates each). Significance was defined as p <
0.05, p<0.01, and p < 0.001.

SUPPLEMENTAL INFORMATION

Supplemental Information includes three figures and can be found
with this article online at http://dx.doi.org/10.1016/j.stemcr.2014.
08.002.

ACKNOWLEDGMENTS

We want to acknowledge all the individuals who have accepted to
donate their teeth for the extraction of dental pulps. This work was
supported by grants SAF2010-19498, from the Spanish Ministry of
Education and Science (MEC); ISCIII2012-RED-43-029 from the
“Red Tematica de investigacion cooperativa en envejecimiento y
fragilidad” (RETICEF); PROMETEO2010/074 from “Conselleria
d’Educaci6, Cultura i Esport de la Generalitat Valenciana”;
RS2012-609 Intramural Grant from INCLIVA and EU Funded
CM1001 and FRAILOMIC-HEALTH.2012.2.1.1-2. The study has
been cofinanced by FEDER funds from the European Union.

Received: November 15, 2013
Revised: August 4, 2014
Accepted: August 5, 2014
Published: September 18, 2014

REFERENCES

Aimetti, M., Ferrarotti, E.,, Cricenti, L., Mariani, G.M., and Romano,
F. (2014). Autologous dental pulp stem cells in periodontal regen-
eration: a case report. Int. J. Periodontics Restorative Dent. 34
(Suppl 3), s27-s33.

Barclay, A.N., Jackson, D.I., Willis, A.C., and Williams, A.F. (1988).
The leukocyte-common antigen (L-CA) family. Adv. Exp. Med.
Biol. 237, 3-7.

Bizzarri, A., Koehler, H., Cajlakovic, M., Pasic, A., Schaupp, L.,
Klimant, I, and Ribitsch, V. (2006). Continuous oxygen

Stem Cell Reports | Vol. 3 | 566-573 | October 14,2014 | ©2014 The Authors 571



http://dx.doi.org/10.1016/j.stemcr.2014.08.002
http://dx.doi.org/10.1016/j.stemcr.2014.08.002

monitoring in subcutaneous adipose tissue using microdialysis.
Anal. Chim. Acta 573-574, 48-56.

Caplan, A.IL. (2007). Adult mesenchymal stem cells for tissue engi-
neering versus regenerative medicine. J. Cell. Physiol. 213,
341-347.

Chen, L.L., and Carmichael, G.G. (2009). Altered nuclear retention
of mRNAs containing inverted repeats in human embryonic stem
cells: functional role of a nuclear noncoding RNA. Mol. Cell 35,
467-478.

Cho, H.Y,, Jedlicka, A.E., Reddy, S.P., Kensler, T.W., Yamamoto, M.,
Zhang, L.Y., and Kleeberger, S.R. (2002). Role of NRF2 in protection
against hyperoxic lung injury in mice. Am. J. Respir. Cell Mol. Biol.
26, 175-182.

Dos Santos, F.,, Andrade, P.Z., Boura, J.S., Abecasis, M.M., da Silva,
C.L., and Cabral, ].M. (2010). Ex vivo expansion of human mesen-
chymal stem cells: a more effective cell proliferation kinetics and
metabolism under hypoxia. J. Cell. Physiol. 223, 27-35.

Dotto, G.P. (2000). p21(WAF1/Cip1): more than a break to the cell
cycle? Biochim. Biophys. Acta 1471, M43-M56.

Efimenko, A, Starostina, E., Kalinina, N., and Stolzing, A. (2011).
Angiogenic properties of aged adipose derived mesenchymal
stem cells after hypoxic conditioning. J. Transl. Med. 9, 10.

el-Deiry, W.S., Tokino, T., Waldman, T., Oliner, ].D., Velculescu,
V.E., Burrell, M., Hill, D.E., Healy, E., Rees, J.L., Hamilton, S.R.,
et al. (19995). Topological control of p21WAF1/CIP1 expression in
normal and neoplastic tissues. Cancer Res. 55, 2910-2919.

Fan, J., Cai, H., Yang, S., Yan, L., and Tan, W. (2008). Comparison
between the effects of normoxia and hypoxia on antioxidant
enzymes and glutathione redox state in ex vivo culture of
CD34(+) cells. Comp. Biochem. Physiol. B Biochem. Mol. Biol.
151, 153-158.

Fuchs, E., and Weber, K. (1994). Intermediate filaments: structure,
dynamics, function, and disease. Annu. Rev. Biochem. 63,
345-382.

Garcia-Ruiz, C., Colell, A., Morales, A., Kaplowitz, N., and Fernan-
dez-Checa, J.C. (1995). Role of oxidative stress generated from
the mitochondrial electron transport chain and mitochondrial
glutathione status in loss of mitochondrial function and
activation of transcription factor nuclear factor-kappa B: studies
with isolated mitochondria and rat hepatocytes. Mol. Pharmacol.
48, 825-834.

Gartel, A.L., and Tyner, A.L. (2002). The role of the cyclin-depen-
dent kinase inhibitor p21 in apoptosis. Mol. Cancer Ther. 1, 639-
649.

Giono, L.E., and Manfredj, J.J. (2006). The p53 tumor suppressor
participates in multiple cell cycle checkpoints. J. Cell. Physiol.
209, 13-20.

Gronthos, S., Graves, S.E., Ohta, S., and Simmons, PJ. (1994). The
STRO-1+ fraction of adult human bone marrow contains the oste-
ogenic precursors. Blood 84, 4164-4173.

Hall, E.J., and Giaccia, A.J. (2005). Radiobiology for the Radiologist,
Sixth Edition (Philadelphia: Lippincott, Williams and Wilkins).
Harrison, J.S., Rameshwar, P., Chang, V., and Bandari, P. (2002).
Oxygen saturation in the bone marrow of healthy volunteers.
Blood 99, 394.

Stem Cell Reports

Oxidative Stress and Proliferation in hDPSCs

Honda, A., Hirose, M., Hara, K., Matoba, S., Inoue, K., Miki, H.,
Hiura, H., Kanatsu-Shinohara, M., Kanai, Y., Kono, T., et al.
(2007). Isolation, characterization, and in vitro and in vivo differ-
entiation of putative thecal stem cells. Proc. Natl. Acad. Sci. USA
104, 12389-12394.

Hung, S.P.,, Ho, J.H., Shih, Y.R,, Lo, T., and Lee, O.K. (2012). Hypox-
ia promotes proliferation and osteogenic differentiation potentials
of human mesenchymal stem cells. J. Orthop. Res. 30, 260-266.

Ishii, T., Itoh, K., Ruiz, E., Leake, D.S., Unoki, H., Yamamoto, M.,
and Mann, G.E. (2004). Role of Nrf2 in the regulation of CD36
and stress protein expression in murine macrophages: activation
by oxidatively modified LDL and 4-hydroxynonenal. Circ. Res.
94, 609-616.

Ito, K., Hirao, A., Arai, F, Takubo, K., Matsuoka, S., Miyamoto, K.,
Ohmura, M., Naka, K., Hosokawa, K., Ikeda, Y., and Suda, T.
(2006). Reactive oxygen species act through p38 MAPK to limit
the lifespan of hematopoietic stem cells. Nat. Med. 12, 446-451.

Jones, BJ., and McTaggart, S.J. (2008). Immunosuppression by
mesenchymal stromal cells: from culture to clinic. Exp. Hematol.
36, 733-741.

Kim, S. (1985). Microcirculation of the dental pulp in health and
disease. J. Endod. 11, 465-471.

Kim, G.Y., Mercer, S.E., Ewton, D.Z., Yan, Z., Jin, K., and Friedman,
E. (2002). The stress-activated protein kinases p38 alpha and JNK1
stabilize p21(Cipl) by phosphorylation. J. Biol. Chem. 277,
29792-29802.

Kim, J.H., Song, S.Y., Park, S.G., Song, S.U., Xia, Y., and Sung, J.H.
(2012). Primary involvement of NADPH oxidase 4 in hypoxia-
induced generation of reactive oxygen species in adipose-derived
stem cells. Stem Cells Dev. 21, 2212-2221.

Kofoed, H., Sjentoft, E., Siemssen, S.O., and Olesen, H.P. (1985).
Bone marrow circulation after osteotomy. Blood flow, pO2,
pCO2, and pressure studied in dogs. Acta Orthop. Scand. 56,
400-403.

Kozam, G. (1967). Oxygen tension of rabbit incisor pulp. J. Dent.
Res. 46, 352-358.

Lavrentieva, A., Majore, ., Kasper, C., and Hass, R. (2010). Effects of
hypoxic culture conditions on umbilical cord-derived human
mesenchymal stem cells. Cell Commun. Signal. 8, 18.

Lowry, O.H., Rosebrough, N.J., Farr, A.L., and Randall, RJ. (1951).
Protein measurement with the Folin phenol reagent. J. Biol. Chem.
193, 265-275.

Matsumoto, A., Matsumoto, S., Sowers, A.L., Koscielniak, J.W.,
Trigg, N.J., Kuppusamy, P., Mitchell, ].B., Subramanian, S., Krishna,
M.C., and Matsumoto, K. (2005). Absolute oxygen tension (pO(2))
in murine fatty and muscle tissue as determined by EPR. Magn.
Reson. Med. 54, 1530-1535.

Meregalli, M., Farini, A., Belicchi, M., and Torrente, Y. (2010).
CD133(+) cells isolated from various sources and their role in
future clinical perspectives. Expert Opin. Biol. Ther. 10, 1521~
1528.

Meyer, M.W. (1993). Pulpal blood flow: use of radio-labelled micro-
spheres. Int. Endod. J. 26, 6-7.

572 Stem Cell Reports | Vol. 3 | 566-573 | October 14, 2014 | ©2014 The Authors



Stem Cell Reports

Oxidative Stress and Proliferation in hDPSCs

Mohyeldin, A., Garzon-Muvdi, T., and Quifiones-Hinojosa, A.
(2010). Oxygen in stem cell biology: a critical component of the
stem cell niche. Cell Stem Cell 7, 150-161.

Nakashima, M., Iohara, K., and Sugiyama, M. (2009). Human
dental pulp stem cells with highly angiogenic and neurogenic
potential for possible use in pulp regeneration. Cytokine Growth
Factor Rev. 20, 435-440.

Nichols, J., Zevnik, B., Anastassiadis, K., Niwa, H., Klewe-Nebenius,
D., Chambers, 1., Scholer, H., and Smith, A. (1998). Formation of
pluripotent stem cells in the mammalian embryo depends on
the POU transcription factor Oct4. Cell 95, 379-391.

O'Reilly, M.A. (2005). Redox activation of p21Cipl1/WAF1/Sdil: a
multifunctional regulator of cell survival and death. Antioxid.
Redox Signal. 7, 108-118.

Pasarica, M., Sereda, O.R., Redman, L.M., Albarado, D.C., Hymel,
D.T., Roan, L.E., Rood, J.C., Burk, D.H., and Smith, S.R. (2009).
Reduced adipose tissue oxygenation in human obesity: evidence
for rarefaction, macrophage chemotaxis, and inflammation
without an angiogenic response. Diabetes 58, 718-725.

Perry, B.C., Zhou, D., Wu, X., Yang, EC., Byers, M.A., Chu, TM,,
Hockema, ].J., Woods, E.J., and Goebel, W.S. (2008). Collection,
cryopreservation, and characterization of human dental pulp-
derived mesenchymal stem cells for banking and clinical use. Tis-
sue Eng. Part C Methods 14, 149-156.

Pittenger, M.E.,, Mackay, A.M., Beck, S.C., Jaiswal, R.K., Douglas, R.,
Mosca, J.D., Moorman, M.A., Simonetti, D.W., Craig, S., and
Marshak, D.R. (1999). Multilineage potential of adult human
mesenchymal stem cells. Science 284, 143-147.

Raspor, P., Plesnicar, S., Gazdag, Z., Pesti, M., Miklavcic, M., Lah, B.,
Logar-Marinsek, R., and Poljsak, B. (2005). Prevention of intracel-
lular oxidation in yeast: the role of vitamin E analogue, Trolox

(6-hydroxy-2,5,7,8-tetramethylkroman-2-carboxyl acid). Cell

Biol. Int. 29, 57-63.

Rodrigues, C.A., Diogo, M.M., da Silva, C.L., and Cabral, J.M.
(2010). Hypoxia enhances proliferation of mouse embryonic
stem cell-derived neural stem cells. Biotechnol. Bioeng. 106,
260-270.

Tae, S.K., Lee, S.H., Park, J.S., and Im, G.I. (2006). Mesenchymal
stem cells for tissue engineering and regenerative medicine. Bio-
med. Mater. 1, 63-71.

Visner, G.A., Fogg, S., and Nick, H.S. (1996). Hyperoxia-responsive
proteins in rat pulmonary microvascular endothelial cells. Am. J.
Physiol. 270, L517-L525.

Ward, J.P. (2008). Oxygen sensors in context. Biochim. Biophys.
Acta 1777, 1-14.

Wiseman, H., and Halliwell, B. (1996). Damage to DNA by reactive
oxygen and nitrogen species: role in inflammatory disease and pro-
gression to cancer. Biochem. J. 313, 17-29.

Wong, S.H., Knight, J.A., Hopfer, S.M., Zaharia, O., Leach, C.N., Jr.,
and Sunderman, EW., Jr. (1987). Lipoperoxides in plasma as
measured by liquid-chromatographic separation of malondialde-
hyde-thiobarbituric acid adduct. Clin. Chem. 33, 214-220.

Wood, H.B., May, G., Healy, L., Enver, T., and Morriss-Kay, G.M.
(1997). CD34 expression patterns during early mouse develop-
ment are related to modes of blood vessel formation and reveal
additional sites of hematopoiesis. Blood 90, 2300-2311.

Zhang, J., Niu, C,, Ye, L., Huang, H., He, X., Tong, W.G., Ross, ]J.,
Haug, ]., Johnson, T., Feng, J.Q., et al. (2003). Identification of
the haematopoietic stem cell niche and control of the niche size.
Nature 425, 836-841.

Stem Cell Reports | Vol. 3 | 566573 | October 14,2014 | ©2014 The Authors 573




	Activation of p38, p21, and NRF-2 Mediates Decreased Proliferation of
Human Dental Pulp Stem Cells Cultured under 21% O2
	Introduction
	Results
	Characterization of hDPSCs
	Oxidative Stress Is Higher at 21% Than at 3% O2
	Adhesion of hDPSCs to the Culture Plate Is Lower at 21%O2 Than at 3% O2
	Proliferation of hDPSCs at 3% O2 Is Higher Than at 21% O2
	Cell-Cycle Regulators of hDPSCs at 3% and 21% O2
	NRF-2-Mediated Antioxidant Defenses against Oxidative Stress in hDPSCs
	Decreased Cell Proliferation under 21% O2 Is Determined by p38 and NRF-2 Activation


	Discussion
	Oxidative Stress as a Signaling Mechanism to Explain Low Rates of Proliferation Rate in hDPSCs
	Culture of hDPSCs under Ambient and Physiological Oxygen Concentrations: Practical Issues

	Experimental Procedures
	Cell Culture
	Immunofluorescence Staining
	Reactive Oxygen Species Determination
	Mitochondrial Membrane Potential Determination
	Lipid Peroxidation
	Cell Proliferation Assays
	Trypan Blue Dye Exclusion Method
	Immunoblot Analysis
	Statistical Analysis

	Supplemental Information
	Acknowledgments
	References


