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ABSTRACT

Mesenchymal stem cell (MSC) transplantation is a promising approach in the therapy of ischemic heart or CNS diseases; however, the poor
viability of MSCs after transplantation critically limits the efficacy of this new strategy. Prolyl hydroxylase inhibition followed by HIF-1a up-
regulation participates in the regulation of apoptosis and cell survival, which have been shown in cancer cells and neurons. The role of prolyl
hydroxylase inhibition by dimethyloxalylglycine (DMOG) in regulation of cell survival has not been investigated in MSCs. In the present
investigation with MSCs, apoptosis and cell death induced by serum deprivation were assessed by caspase-3 activation and trypan blue
staining, respectively. The mitochondrial apoptotic pathway and PI3K/Akt cell survival pathway were evaluated. DMOG significantly
attenuated apoptosis and cell death of MSCs, stabilized HIF-1a and induced downstream glucose transport 1 (Glut-1) synthesis. DMOG
treatment reduced mitochondrial cytochrome c release, nuclear translocation of apoptosis inducing factor (AIF), and promoted Akt
phosphorylation. A specific PI3K inhibitor, wortmannin, blocked Akt phosphorylation and abrogated the beneficial effect of DMOG. These
data suggest that the DMOG protection of MSCs may provide a novel approach to promote cell survival during cell stress. J. Cell. Biochem.

106: 903-911, 2009. © 2009 Wiley-Liss, Inc.
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D espite great strides in medical strategies aimed at post-
infarct remodeling, the development of aggressive reperfu-
sion strategies such as interventional diagnosis and therapy, as well
as common drug therapy, heart failure persists as an emerging
public health concern in the developing world and remains the
leading cause of death and hospitalization in industrialized
countries [Schuleri et al., 2007]. In recent years, cell-based therapy
has emerged as a promising therapeutic approach for restoration of
heart function after myocardial infarction [Sharma and Raghubir,
2007]. Circumventing ethical and immune rejection issues, trans-
plantation of autologous mesenchymal stem cells (MSCs) is an ideal
option for clinical cell therapy. It has been demonstrated that MSCs
are capable of ameliorating the cardiac function after myocardial
infarction [Wang et al., 2005; Miyahara et al., 2006; Hu et al., 2007].
However, the majority of transplanted cells usually die a few days
after transplantation into the harsh host environment. It was
reported that over 90% of transplanted MSCs died in the first
24 h [Tang et al., 2005] and only 0.44% survived 4 days after
transplantation to the ischemic heart [Toma et al., 2002]. Poor cell

viability after transplantation into infarcted myocardium obviously
restricts the efficacy of this attractive therapy. Therefore, strategies
to enhance MSCs survival are important and urgently needed.
The hypoxia inducible factor-1 (HIF-1) is a heterodimer
composed of HIF-1a and HIF-1B, both belonging to the basic-
helix-loop-helix PER-ARNT-SIM family of transcriptional factors.
HIF-1 is constitutively expressed in the nucleus and HIF-1a is an
oxygen sensitive subunit [Wang et al., 1995]. In the presence of
oxygen, modification of HIF-1a by the oxygen dependent prolyl
hydroxylases allows an interaction between HIF-1a and the von
Hippel Lindau (VHL) complex, resulting in rapid degradation
through the ubiquitin-proteasome pathway [Salceda and Caro,
1997]. In addition, asparagine hydroxylation by Factor Inhibiting
HIF-1 (FIH-1) blocks the interaction of HIF-1a with the transcrip-
tional co-activator p300/CBP leading to inhibition of HIF-1-
mediated gene transcription in the presence of oxygen [Lando
et al., 2002]. Under hypoxic conditions, prolyl hydroxylase activity
decreases because it requires oxygen as a co-factor and the HIF-1a
protein is stabilized. HIF-1a stabilization is followed by activation
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of the transcription of numerous target genes such as vascular
endothelial growth factor (VEGF), erythropoietin (EPO), and glucose
transporter 1 (Glut-1) that are involved in angiogenesis, erythropoi-
esis, energy metabolism and cell survival [Iyer et al., 1998; Kerendi
et al., 2006].

Prolyl hydroxylases play an important role in heart diseases.
Inhibition of prolyl hydroxylase activity or expression can be
experimentally effected using competitive inhibitors such as
dimethyloxalylglycine (DMOG) or siRNA, leading to the stabilization
of HIF and other beneficial factors. In ischemia-reperfusion (I/R)
injury and acute myocardial infarction animal models, inhibition of
prolyl hydroxylases prevents deleterious remodeling and attenuates
the acute inflammatory response [Ockaili et al., 2005; Natarajan et al.,
2006, 2007; Philipp et al., 2006]. Additionally, prolyl hydroxylase
inhibition followed by HIF-1a up-regulation participates in the
protection of cell survival and regulation of apoptosis which have
been shown in cancer cells and neurons under hypoxic conditions,
serum deprivation or trophic factor deprivation [Alvarez-Tejado
et al., 2001; Piret et al., 2004; Sasabe et al., 2005; Lomb et al., 2007].
The precise role of HIF-1a in the regulation of cell death and
apoptosis remains controversial because of the concern that HIF-1a
may promote cell death [Carmeliet et al., 1998; Sowter et al., 2001].
Specifically, the role of prolyl hydroxylase inhibition by DMOG in
regulation of cell survival has not been investigated in MSCs. The
purpose of this study is to evaluate the effect of DMOG on apoptosis
and cell death induced by serum deprivation in MSCs and to delineate
the underlying signaling mechanism.

MATERIALS

Dimethyloxalylglycine was purchased from Frontier Scientific
(Logan, UT). Antibodies against p-Akt, Akt, AIF and wortmannin
were obtained from Cell Signaling Technology (Boston, MA),
Caspase-3 and Cytochrome-c from Millipore (Billerica, MA), HIF-
1o, Tubulin and Actin from Santa Cruz Biotechnology (Santa Cruz,
CA), and V-DAC from Abcam (Cambridge, MA). Trypan blue and
Hoechst 33342 were from Sigma (St. Louis, MO) and Molecular
Probes (Carlsbad, CA), respectively.

MSC CULTURE

Bone marrow mesenchymal stem cells were isolated and harvested
as previously described [Campagnoli et al., 2001]. In brief, bone
marrow samples were collected by flushing the cavities of femurs
and tibias from green fluorescent protein (GFP) transgenic mice
(Charles River laboratories, Wilmington, MA) with basal Dulbecco’s
Modified Eagle’s medium (DMEM). Whole marrow cells were seeded
at 1x 10%/cm? into flasks with DMEM supplemented with 10%
fetal bovine serum (FBS). The cultures were maintained at 37°C in
a 5% CO0, and humidified incubator. After 24 h, non-adherent cells
were removed and small number of spindle-shaped cells were
found to adhere the bottom of flasks. Cells were subcultured 1:2 or
1:3 when they reached approximately 80% confluence. To avoid
hematopoietic cell contamination in earlier passages and the
presence of differentiated or senescent MSCs in later passages, we
used MSCs of four to seven passages.

Using CD90, CD34 and CD45 cell surface markers, cells were
identified by fluorescence-activated cell sorting analysis before
the experiments and identified as CD90+/CD34—/CD45— cells [Hu
et al., 2008].

SERUM DEPRIVATION

Cells were plated in 60 mm dishes and allowed to attach overnight.
Cells were washed three times with phosphate buffered saline, and
then administered serum-free DMEM for serum deprivation (SD) or
normal culture media as control. DMOG or vehicle were co-applied
at the time of serum withdrawal for cell death/apoptosis assays, and
western blotting of active caspase 3, HIF-1a, GLUT-1, cytochrome c,
and AIF. For p-AKT and p-ERK detection, cells were treated with
21 h of SD to induce a decrease in phosphorylated AKT or ERK and
then DMOG was added for an additional 3 h of SD.

APOPTOSIS ASSESSMENT

Cell morphology was examined by a phase contrast microscope
and Hoechst33342 at the concentration of 5 wg/ml was used for
chromosomal condensation and nuclear fragmentation analysis
under a fluorescence microscope. Apoptotic cells were characterized
by caspase-3 activation and morphological changes, such as cellular
shrinkage, nuclear condensation and fragmentation.

Cleaved caspase-3 staining was applied to detect and quantify
MSCs apoptosis induced by serum deprivation. MSCs were fixed
with 10% formalin for 5 min, permeabilized with 0.2% Trition
X-100 for 5 min, blocked with 1% Fish gelatin (Sigma) for 1 h at
room temperature, and then incubated with primary antibody
overnight. After incubation with Cy3-conjugated second antibody
(Jackson ImmunoResearch, West Grove, CA) for 1 h at room
temperature, Hoechst 33342 was used to stain the nucleus. Dishes
were mounted and analyzed under a fluorescent microscope (BX51,
Olympus, Japan).

CELL DEATH EVALUATION

Trypan blue staining was performed to assess serum deprivation
induced cell death. Trypan blue at a final concentration of 0.05%
was added to the medium at the end of treatment. Subsequently,
pictures in five different randomly chosen fields per well were taken
under a phase contrast microscope after 10 min incubation. Cell
death was calculated by the ratio of trypan blue positive cells to total
number of cells.

WESTERN BLOT ANALYSIS
According to the time points in experimental design, cells were
harvested into 1.5 ml Eppendorf tubes and then lysed with modified
RIPA buffer (50 mM HEPES, PH 7.3, 1% sodium deoxycholate, 1%
Triton X-100, 0.1% SDS, 150 mM NaCl, 1 mM EDTA, 1 mM Na3V04,
1 mM NaF, and protease inhibitor cocktail (Roche, Nutley, NJ)). Cells
were vortexed until lysed completely, followed by centrifugation at
12,000 rpm for 20 min. Protein concentrations of the supernatant
were determined by the Bicinchoninic Acid Assay (Sigma). All
procedures were performed at 4°C.

Proteins (30-50 pg) were then electrophoresed on a 6-18%
gradient gel by SDS-PAGE in a Hoefer Mini-Gel system (Amersham
Biosciences, Piscataway, NJ) and transferred in a Hoefer Transfer
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Tank (Amersham Biosciences) to PVDF membrane (BioRad,
Hercules, CA). After blocking the membranes with 5% milk in
Tris-buffered saline with 0.1% Tween (TBS-T) at room temperature
for 2 h, membranes were incubated with specific primary antibodies
by gentle agitation overnight at 4°C. Conjugation of primary
antibodies with AP-marked or HRP-marked secondary antibodies
were incubated at room temperature for 2 h. Finally, protein
expression signals were detected by using BCIP/NBT solution
(Sigma) or film and analyzed by Image-Pro Plus analysis software.

STATISTICAL ANALYSIS

Data were expressed as mean + standard error of mean (SEM) and
were analyzed with SPSS13.0. Student’s two-tailed #-test was used
for comparison of two independent groups and one-way ANOVA
followed by Tukey’s post hoc test for multiple comparisons.
Statistical significance was defined as P < 0.05.

DMOG STABILIZED HIF-1c EXPRESSION AND UP-REGULATED
DOWNSTREAM Glut-1 SYNTHESIS WITH NO OBVIOUS TOXICITY
Compared with control group, DMOG showed no toxicity to MSCs at
the concentration of 1 mM (3.6 4 0.2% and 3.8 + 0.2% trypan blue
positive cells, respectively, n=>5 independent assays). Increasing
DMOG concentration to 5 mM resulted in a trend of cytotoxicity
(4.3 £0.3% trypan blue positive cells, n=5). We therefore tested
DMOG at 1 mM (1,000 M) or lower concentrations in following
experiments.

MSCs were exposed to the apoptotic insult serum deprivation (SD)
along with increasing doses of DMOG. DMOG markedly increased
HIF-1a protein expression in a dose-dependent manner. HIF-1a
protein expression was significantly up-regulated at 500 and
1,000 uM DMOG treatments. A trend of increased expression of
HIF-1a was observed with 100 wM DMOG (Fig. 1A). Glucose
transporter 1 (Glut-1) is one of the downstream genes that depends
on HIF-1 activation [Iyer et al., 1998]. Glut-1 is normally highly
expressed in endothelial cells [Gerhart et al., 1989]. In our study,
increased Glut-1 expression verifies the increase in HIF-1
transcriptional activity, and represents an increase in a vascular
protein. An increase in vascular proteins may indicate an increased
angiogenic potential of these MSCs, which could be beneficial for
transplantation studies. As expected, there was a significant increase
of Glut-1 expression observed in DMOG-treated cells compared
to SD-only group (Fig. 1B). Thus, the HIF-1a protein is not only
upregulated, but also transcriptionally active.

DMOG DECREASED MSC APOPTOSIS

MSCs were treated with SD in the absence or presence of different
concentrations of DMOG. After 24 h SD, MSCs underwent obvious
cell volume decreases, nuclear condensation and fragmentation.
This apoptotic morphology was prevented by co-applied DMOG in
a dose-dependent manner (Fig. 2). In a fluorescent staining assay
for caspase-3 cleavage, DMOG treatment again showed a dose-
dependent reduction of the caspase-3 activation (Fig. 3). The anti-
apoptotic property of DMOG was confirmed by Western blot
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Fig. 1. DMOG induced HIF-1a stabilization and downstream Glut-1 expres-
sion. A: MSCs were cultured in the presence or absence of DMOG for 24 h, and
dose dependent effect on HIF-1a was determined (n = 4). B: Glut-1 expression
was evaluated at the concentration of 1,000 uM (n=4). #P<0.001 for SD
versus control group; “P< 0.01 for SD + DMOG versus SD group.

analysis (Fig. 4). In apoptotic cells, caspase-3 activation was
detected at 6, 12, and 24 h after the onset of SD, reaching the highest
level at 24-h time point (Fig. 4). DMOG (1,000 pM) significantly
prevented the SD-induced caspase-3 activation (Fig. 4).

To assess the influence of DMOG on cell death, trypan blue
staining was applied. Similar to caspase-3 activation, DMOG
diminished the SD-induced cell death of MSCs in a dose-dependent
manner. At 1,000 pM, DMOG reduced the ratio of trypan blue
positive cells from 29.4 & 1.0%to 12.7 £ 0.5% (P < 0.05; Fig. 5). Cell
death was detectable at 12 h after SD and gradually increased in later
time points up to 72 h in SD. DMOG (1,000 M) attenuated cell death
at all time points (Fig. 5).

DMOG REDUCED CYTOCHROME c RELEASE AND AIF

NUCLEAR TRANSLOCATION

Cytochrome crelease from mitochondria is a key step in the caspase-
dependent apoptotic cascade [Green and Reed, 1998]. DMOG
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Fig. 2. Effect of DMOG on the morphological changes of MSCs undergoing apoptosis. DMOG at concentrations of 100, 500, and 1,000 wM was co-applied with serum
deprivation. Images were taken 24 h after the treatments. DMOG showed dose-dependent effect against cell volume decrease. Fluorescent immunostaining of Hoechst 33342
revealed nuclear changes in volume, condensation and integrality of MSCs. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

treatment significantly decreased cytochrome c release compared to
cells in SD-only group (Fig. 6A). Apoptosis inducible factor (AIF) is
also released from mitochondria, its nuclear translocation mediates
a caspase-independent DNA fragmentation and apoptotic pathway

[Broker et al., 2005]. In the SD-induced apoptotic MSCs death, we
identified noticeable AIF translocation into the nucleus of cells
undergoing apoptosis, while DMOG significantly diminished this
caspase-independent event (Fig. 6B).
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Fig. 3. Effect of DMOG on caspase-3 activation. Images illustrate immunostaining of cleaved caspase-3 (red) in MSCs under control, 24~h SD and SD plus DMOG. Hoechst
33342 staining (blue) shows nuclei of total cells. The percentage of apoptotic cells that were positive to caspase-3 staining was calculated and summarized in the bar graph.
#P<0.001 for SD versus control group; *P<0.01 for SD+ DMOG versus SD group. N=3. [Color figure can be viewed in the online issue, which is available at

www.interscience.wiley.com.]

PI3K/Akt BUT NOT ERK PATHWAY INVOLVED IN THE DMOG
PROTECTIVE EFFECT

To test the roles of cell survival pathways in DMOG protective effect,
PI3K/Akt pathway and MEK/ERK1/2 pathway were evaluated.
Compared with control groups, SD decreased the activation of both
Akt and ERK. Three hours DMOG treatment at the end of the 24 h SD,
reversed the reduction of phosphorylated Akt, however, DMOG
showed no effect on ERK activation (Fig. 7). Administration of
a typical PI3K inhibitor, wortmannin (100 nM), blocked Akt
phosphorylation activated by DMOG. Consistently, wortmannin

applied throughout the 24 h SD treatment abrogated the DMOG
protective effect on MSCs (Fig. 8).

This investigation provides the first evidence that the prolyl
hydroxylase inhibitor DMOG has an anti-apoptotic activity in MSCs.
At the tested concentrations up to 1 mM, DMOG showed no toxic
effect on MSCs. DMOG induced stabilization of HIF-1a protein and

JOURNAL OF CELLULAR BIOCHEMISTRY

907

PROLYL HYDROXYLASE INHIBITOR ENHANCES STEM CELL SURVIVAL



A

Cleaved
—
Caspase-3 - 17 kD
Actin T T S S 41T
4.00 P
£
E
% 3.004
£ 2001 .
g
-
T
= 100
=
L=
0,00
5D = + + + +
DAMOG (pM) 0 0 100 500 1000
+
e sD SD+DMOG
Caspase-3 —_ 17 kD
Tubulin — e SSKD
Time(k) 0 6 12 24 0 6 12 01
4,00
#
& - Coatrul )
E 3.00 E= 5o
¥4 [E e
~”
é 2.00
3
-
2
E 1.00
)
o
0.00 -

&h 12h 24h

Fig. 4. DMOG protected MSCs against SD-induced apoptosis. A: Western
blot analysis confirmed a dose-dependent effect of DMOG on caspase-3
activation in MSCs subjected to SD. DMOG was co-applied with SD for
24 h. B: The time course of SD-induced caspase-3 activation in MSCs and
the inhibitory effects by 1,000 wM DMOG. P < 0.01 for SD versus control
group; “P< 0.05 SD + DMOG versus SD group. N=3.

augmented downstream Glut-1 synthesis. The mechanisms of the
protective effect of DMOG were mediated through mitochondrial
pathways involving reduced cytochrome c release and caspase-3
activation. Interestingly, we also identified a protective role
for DMOG against caspase-independent apoptotic pathway, in
blocking the key step of AIF translocation into nucleus. We further
demonstrated that the PI3K/Akt signaling pathway but not ERK
activation mediates the DMOG-associated cell survival.

HIF-1a stabilization induced by prolyl hydroxylase inhibition
participates in the protection against apoptosis in different cell types
under different insults [Alvarez-Tejado et al., 2001; Piret et al., 2004;
Sasabe et al., 2005]. However, until now, the role of hydroxylase
inhibition in MSCs was unclear. The present investigation supports
the notion that prolyl hydroxylase inhibition, which stabilizes
HIF-1aq, is highly protective against apoptosis and cell death. As
shown in Figure 5, DMOG exerted its protective effect in a dose
dependent manner and delayed cell death at least 72 h after serum
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Fig. 5. Effect of DMOG on SD-induced cell death. A: MSCs death
was detected by using Trypan blue staining 24 h after SD exposure. DMOG
co-applied with SD showed dose-dependent effects of reducing Trypan blue-
positive cells. B: Time course of SD-induced cell death and the protective effect
of DMOG (1,000 pM). P < 0.001 for SD versus control group; “P< 0.01 for
SD + DMOG versus SD group. N=3.

deprivation. Glut-1, one of the HIF-1 target genes, may have anti-
apoptotic effects [Lin et al., 2000] and Glut-1 antibodies induced
apoptosis in human cancer cell lines [Rastogi et al., 2007].
Consistently, we observed an increase in Glut-1 expression in cells
treated with DMOG.

A recent study demonstrated that hypoxia and serum deprivation
induced apoptosis of MSCs via mitochondrial pathway but not the
extrinsic death receptor pathway [Zhu et al., 2006]. Based on this
understanding, we examined the mitochondria-associated cyto-
chrome c release, caspase 3 activation, and AIF translocation to
the nucleus. DMOG effectively inhibited cytochrome c release into
the cytosol. This result is consistent with other studies showing the
effect of DMOG on neuronal cell death induced by trophic factor
deprivation [Lomb et al., 2007]. There is evidence in a neuronal cell
line that HIF-1« stabilization by removal of the prolyl hydroxylase
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Fig. 6. Effect of DMOG on mitochondrial apoptotic pathway. Cells were
cultured in the absence or presence of 1,000 wM DMOG for 12 h, and then
cytosol protein, mitochondrial protein or nuclear protein was isolated and
analyzed by using Western blot, respectively. A: Decrease of cytochrome ¢
release into cytosol by DMOG treatment. Tubulin and voltage-dependent anion
channel (V-DAC) were used as cytosol marker and mitochondrial marker,
respectively. B: Reduction of AIF translocation into nucleus by DMOG treat-
ment. P < 0.01 for SD versus control group; “P< 0.01 for SD + DMOG versus
SD group. N=3.

target sites reduces apoptosis without prevention of cytochrome c
released from mitochondria [Xie et al., 2005]. This suggests that
there may be multiple mechanisms of protection by DMOG
including prolyl hydroxylase-dependent up-regulation HIF-1a.

It is well known that the PI3K/Akt pathway is very important in
regulation of cell survival. Increased Akt activity in MSCs protects
against SD- and hypoxia-induced apoptosis [Mangi et al., 2003].
Hypoxia was reported to activate Akt phosphorylation and show a
protective effect on PC12 cells [Alvarez-Tejado et al., 2001; Beitner-
Johnson et al., 2001]. Prolyl hydroxylase inhibitors or hypoxia
mimicking agents were reported to decrease the apoptosis of PC12
cells in vitro [Alvarez-Tejado et al., 2001] and myocardial apoptosis
in vivo [Kerendi et al., 2006] by activation of the PI3K/Akt pathway.
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Fig. 7. Effect of DMOG on Akt and ERK activation in MSCs. MSCs were
exposed to SD for 21 h before exposed to DMOG (1,000 puM) for 3 h.
Wortmannin (100 nM) was added to MSCs 1 h before DMOG application.
A: Ratio of phosphorylated Akt to total Akt affected by different treatments.
B: Ratio of phosphorylated ERK to total ERK affected by SD and SD plus DMOG.
#P<0.001 for SD versus control group; *P< 0.01 for SD + DMOG versus SD
group; TP<0.001 for SD + DMOG + wortmannin or SD + wortmannin versus
SD + DMOG group. N =3.

Consistent with these studies, we found that DMOG significantly
increased Akt phosphorylation. Wortmannin, a specific inhibitor of
PI3K, inhibited Akt activation and abrogated the protective effect of
DMOG, indicating that the PI3K/Akt pathway played an important
role in the protective effect of DMOG. However, the exact mech-
anism by which DMOG induces PI3K/Akt signaling is unknown and
further study is needed.

In conclusion, we demonstrated that the prolyl hydroxylase
inhibitor DMOG inhibited apoptosis induced by serum deprivation
in MSCs concurrent with HIF-1a stabilization, mitochondrial
protection, and activation of the PI3K/Akt pathway. This study
provides a new approach for enhancing MSCs viability in vitro and
further investigations will evaluate whether prolyl hydroxylase

JOURNAL OF CELLULAR BIOCHEMISTRY

PROLYL HYDROXYLASE INHIBITOR ENHANCES STEM CELL SURVIVAL 909



b

25.00 i
= F
g
2 20.00-
)
A
‘T 15.00-
oy 3
7
[-F]
% 10.00
&
o
=]
2 5.00-
5
-

0.00-
sD = + -+ + +
DMOG - - + + -
Wortmannin - - = + +
B

4 ¥

= 30.00 4 %
T
2
= 20.00 -
2 *
=
o
=
= 10.00
=
=3
=
o
—

0.00 -
SD = + + + +
DMOG - - + + "
Wortmannin - - - + +

Fig. 8. Role of PI3K/Akt pathway in the protective effect of DMOG.
SD-induced caspase-3 activation (A) and MSCs death (B) were decreased
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inhibitors may be applied to protect MSCs after transplantation into
the ischemic heart.
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