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Abstract
Aims—To investigate the mechanisms underlying the beneficial effect of hypoxia
preconditioning (HPC) on mesenchymal stromal cells (MSCs) and optimize novel non-invasive
methods to assess the effect of biological interventions aimed to increased cell survival.

Main methods—MSCs from rat femur, with or without HPC, were exposed to hypoxic
conditions in cell culture (1% O2 for 24 h) and cell survival (by the LDH release assay and
Annexin-V staining) was measured. Oxidant status (conversion of dichloro-fluorescein-DCF- and
dihydro-ethidium-DHE-, protein expression of oxidant enzymes) was characterized, together with
the mobility pattern of cells under stress. Furthermore, cell survival was assessed non-invasively
using state-of-the-art molecular imaging.

Key findings—Compared to controls, Hypoxia resulted in increased expression of the oxidative
stress enzyme NAD(P)H oxidase (subunit 67phox: 0.05 ± 0.01 AU and 0.48 ± 0.02 AU,
respectively, p<0.05) and in the amount of ROS (DCF: 13 ± 1 and 42 ± 3 RFU/µg protein,
respectively, p<0.05) which led to a decrease in stem cell viability. Hypoxia preconditioning
preserved cell biology, as evidenced by preservation of oxidant status (16 ± 1 RFU/µg protein,
p<0.05 vs. hypoxia), and cell viability. Most importantly, the beneficial effect of HPC can be
assessed non-invasively using molecular imaging.

Significance—HPC preserves cell viability and function, in part through preservation of oxidant
status, and its effects can be assessed using state-of-the-art molecular imaging. Understanding of
the mechanisms underlying the fate of stem cells will be critical for the advancement of the field
of stem cell therapy.
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Introduction
Cellular therapy has appeared as a therapeutic alternative for many disease states. The main
objective of the field of regenerative medicine using stem cells is to reconstitute the
damaged organ. Among the many options in types of cells to be used, mesenchymal stromal
cells (MSCs) have attracted significant attention, in part due to their multilineage potential
(Pittenger et al. 1999; Pittenger and Martin 2004) and because they appear to be devoid of
immune response (Gerdoni et al. 2007; Krampera et al. 2003; Rossignol et al. 2009).

Despite significant advances in the field of stem cells, significant questions remain regarding
the biology of stem cells (Engelmann and Franz 2006; Welt and Losordo 2006). Almost
invariably, transplanted cells undergo significant cell death, which could significantly
hamper the potential benefit of cell transplantation. In this respect, strategies targeted to
increase the survival of stem cells have attracted significant attention. Furthermore, a better
understanding of the mechanisms underlying the poor cell viability experienced by stem
cells in situations of stress may lead to better therapeutic strategies aimed at increasing stem
cell survival.

Several different therapeutic strategies have been developed with the goal of improved stem
cell survival. Previous studies have shown that cells that over-express survival genes
(Gnecchi et al. 2005; Gnecchi et al. 2006; Urbinati et al. 2005) or angiogenic factors
(Azarnoush et al. 2005) have better cell survival capacity after transplantation. However,
these interventions are complex and include genetic engineering of stem cells, what may
lead to unwanted alterations in cell biology. Thus, interest has been placed on physiological
maneuvers that can endogenously stimulate an increased survival of stem cells. For quite
some time ischemic preconditioning of tissue has also been shown to preserve tissue that
undergoes ischemia. Thus, it is reasonable to propose that ischemic preconditioning of stem
cells may result in improved survival of stem cells in situations of stress. In fact, a few
studies have shown that hypoxia preconditioning (HPC) of stem cells increases expression
of pro-survival genes such as Akt and is associated with better stem cell survival (Wang et
al. 2008). However, the biological mechanisms underlying the benefit of hypoxia
preconditioning on stem cell biology remain to be elucidated.

One of the major factors associated with cell stress/death is that of increased oxidative
stress. Increased oxidative stress results from an imbalance between pro-oxidants and
antioxidants substances and has been demonstrated when cell/tissue is under stress
(Griendling and Alexander 1997; Griendling and FitzGerald 2003). In states of increased
oxidative stress, there is an increase in the amount of reactive oxygen species (ROS), what
will lead to impaired cell biology, leading to decreased cell viability (Epperly et al. 2004;
Suzuki et al. 2004; Wang et al. 2009). Whether there is a relationship between the benefit
seen with HPC and alterations in oxidant balance remains unclear.

The ultimate goal of regenerative medicine is the use of stem cells in the living subject. To
accurately assess stem cell survival in the living subject, it is imperative that a non-invasive
imaging strategy is used. Novel developments in non-invasive imaging have allowed us to
study transgene expression and the biology of cell therapy, using imaging modalities such as
bioluminescence imaging (BLI) (Contag and Ross 2002; Negrin and Contag 2006; Shah et
al. 2004; Wu et al. 2004). Our laboratory has previously demonstrated that cell survival can
be monitored longitudinally (Rodriguez-Porcel et al. 2005).

Thus, we tested the hypothesis that preservation of oxidant status is responsible, at least in
part, for the effect of HPC on the preservation of cell survival. Furthermore, we postulate
that the beneficial effects of HPC can be detected using a molecular imaging strategy.
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Material and methods
Experimental design

First, MSCs were obtained from rat femur and characterized using Fluorescent Activated
Cell Sorting (FACS). Subsequently, cells were divided into three groups: control (21% O2),
hypoxia (1%O2, 4%CO2, and 95%N2), and Hypoxia + HPC. HPC protocol consisted on 2
sets of hypoxia (15 min, 1%O2) and reoxygenation (30 min, 21%O2), prior to hypoxic
challenge. Hypoxia was achieved by placing cells in Modular Incubator Chamber
(Billumps-Rothenberg; Del Mar, CA) that was flushed with a mixture of 1%O2, 4%CO2,
and 95%N2, confirmed by an infrared gas analyzer (Novametrics, Wallingford, CT). Cell
viability, oxidative stress, survival genes, mobility assay, molecular imaging were
performed after 24 h of hypoxic challenge (or controls). Treatment refers to HPC. We have
also performed cell viability studies in control and hypoxia up to seven days.

Isolation of MSCs
MSCs were harvested from Sprague-Dawley rats following previously described protocols
(Lennon and Caplan 2006a, b). Briefly, Sprague-Dawley rats were euthanized with CO2, the
femurs removed aseptically and placed on ice in medium (minimum essential medium-
MEM- alpha containing 20% fetal bovine serum -FBS-, 1% penicillin/streptomycin and 25
ng/ml amphotericin B, Gibco, Carls-bad, CA). The bones were transferred to a sterile culture
hood, the ends removed and the bone marrow is flushed from each piece with approximately
5 ml medium using a sterile syringe and 19 g needle and passed through a 70 µm cell
strainer (BD Biosciences, San Jose, CA). The filtered material was centrifuged at 1000 rpm
for 5 min at 4 °C, resuspended in fresh medium and plated into 10 cm dishes and placed in a
humidified incubator at 37 °C with 5% CO2. Medium was changed after 24–48 h attachment
period, and every 2–3 days thereafter until passage 5. At that time, cells were characterized
by FACS and used for the study.

Characterization of MSCs
FACS was performed using standard protocols (Rosova et al. 2008; Sotiropoulou et al.
2006). MSC were trypsinized and resuspended in phosphate buffered saline -PBS- and
blocked with 10% donkey serum in PBS for 15 min. Cells were then labeled with hamster
anti-rat CD 29, mouse anti-rat CD11b/c and mouse anti-rat CD90 conjugated to APC
(BioLegend, San Diego, CA, 5 µl/million cells) and mouse anti-rat CD45 conjugated with
FITC (AbD Serotec, Raleigh, NC, 10 µl/million cells) with gentle rocking at 4 °C for 45 min
(Schrepfer et al. 2007; Sotiropoulou et al. 2006; Zangi et al. 2006). Cells were washed once
with PBS and then fixed with formalin. Isotype IgG controls were used as negative controls
for each antibody. Data was collected from 1.5 × 105 cells on FACSCalibur flow cytometer
(BD Biosciences, San Jose, CA) and analyzed by WinMDI software. For further cell
characterization we performed double staining for FACS, where all the CD29+ cells were
FACS for CD90 and vice versa.

Role of hypoxia on cell viability
Cell viability was measured with the lactate dehydrogenase (LDH) release assay (CytoTox
96 Non-radioactive assay, Promega, Madison, WI) using manufacturer's instructions.
Briefly, cells were grown in medium supplemented with heat-inactivated serum (2 × 104

cells per well, n = 8). After the hypoxic challenge, an aliquot of medium from each well was
transferred to an assay plate, cells lysed by freeze–thaw, and an aliquot of each lysate
transferred to the assay plate. Substrate mix was added to the samples in the assay plate and
incubated in the dark at room temperature for 30 min, then stop solution was added and the
Absorbance at 490 nm was measured. After subtracting background absorbance of cell-free
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medium, total LDH released into medium and total cellular LDH were calculated and results
were expressed as percentage of total cellular LDH released into medium.

A second measure of cell viability was performed using the FACS for Annexin-V (Geft et
al. 2008; Shimony et al. 2008), using the Annexin V-FITC Apoptosis Kit from Abcam. Cells
were trypsinized in 0.25% trypsin for 5 min and resuspended in medium containing serum to
neutralize trypsin. Medium and all washes were retained and centrifuged with cells for 5 min
at 1200 rpm. Cells were then resuspended in 500 ul binding buffer and incubated with 5 ul
Annexin V-FITC antibody in the dark for 15 min at room temperature. Following a single
rinse in PBS unfixed cells were analyzed by FACS for FITC staining on a FACSCalibur
flow cytometer (BD Biosciences, San Jose, CA). Data was analyzed by WinMDI software.

Assessment of oxidative stress
The production of endogenous oxidative stress by-product hydrogen peroxide (H2O2) was
assessed using the conversion of 2′,7′-dichlorodihydrofluorescein diacetate (DCHFDA,
Molecular Probes, Eugene, OR) (Ksiazek et al. 2006). After hypoxia or control conditions,
cells were exposed to DCHFDA (5 µM/L) in DMEM (10% FBS) for 30 min at 37 °C. To
measure the catalase-inhibitable fractions of dichlorofluorescein (DCF) fluorescence, a
separate group of cells were incubated with 25 units of catalase (Worthington Biochemical,
Lakewood, NJ) prior to exposure to DCHFDA. For quantification of H2O2 production, cells
from the different groups were lysed using passive lysis buffer (Promega, Madison, WI).
The cell lysate was removed and centrifuged at 4 °C at 13,000 rpm for 15 min, and the
DCHFDA fluorescence in the supernatant was read with an excitation wavelength of 488 nm
and emission at 510 nm on a Spectramax Gemini EM (Molecular Devices, Sunnyvale, CA,
USA) plate reader. To normalize fluorescence per cell, protein was determined by Bradford
(BioRad, Hercules, CA, USA) following manufacturer's directions. Fluorescence was
corrected for background signal and normalized for protein content, and expressed as
fluorescence/µg of protein.

To provide another measure of oxidative stress, the production of ROS was measured by the
conversion of Dihydroethidium (DHE) to Ethidium (Herrmann et al. 2007; Lim et al. 2005;
Yang et al. 2007). To measure the superoxide dismutase (SOD)-inhibitable fractions of DHE
fluorescence, a separate group of cells were incubated with 25 units of erythrocyte Mn–SOD
(Sigma-Aldrich, St. Louis, MO) prior to exposure to DHE. Briefly, cells were rinsed with
PBS, and a solution of 5 µM DHE (Invitrogen, Carlsbad, CA) in PBS was then added to
each well and incubated at 37 °C for 30 min. to allow for the conversion of the DHE, a
process that is mediated by ROS (Esterhazy et al. 2008; Honjo et al. 2008; Morten et al.
2006). After 1, cells were fixed with 4% paraformaldehyde and counterstained for 5 min
with 4′,6-diamidino-2-phenylindole (DAPI), coverslips were mounted with ProLong Gold
(Invitrogen, Carlsbad, CA) and visualized on a Zeiss Axiovert LSM 510 inverted confocal
fluorescent microscope (Carl Zeiss, Inc., Oberkochen, Germany, excitation: 480–530 nm
and emission: 567–610 nm). DHE fluorescence was analyzed with ImageJ (NIH, Bethesda,
MD) using a minimum of 10 representative images from each well, 4 wells per group (n =
40 in each group). The threshold for each individual image was obtained (to minimize noise
and increase signal to noise ratio) and % area of field showing red fluorescence (after
threshold correction) was calculated for each image. DAPI stained nuclei were counted
manually for each image and the % area was normalized by dividing by the number of
nuclei in each field (to reflect the amount of staining per cell).

Western blotting
Western blotting was performed following standard protocols (Chade et al. 2005; Chade et
al. 2004). Equal amounts of cell lysates (25 µg protein) were loaded onto 10% PAGE gels,
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electrophoresed for 90 min at 90 V in Tris–glycine–SDS buffer, then transferred to PVDF
membranes in Tris–glycine–SDS–20% methanol at 100 V for 1 h in a semi-dry transfer on a
Hoefer TE70X unit (Hollister, MA) for 1 hr at 60 mAmps constant current. Membranes
were blocked for 1 h in Tris–Buffered Saline Tween-20 (TBST) containing 5% milk
(TBST:milk) followed by overnight incubation on rocker at 4 °C with primary antibody
diluted in TBST:milk. β-actin was used as the loading control (Abcam, Cambridge, MA,
1:2000). Following incubation with primary antibody, membranes were washed once for 5
min, then 3 times for 10 min each in TBST and then incubated on rocker for 1 h at room
temperature with horseradish peroxidase conjugated secondary antibody diluted 1:5000 in
TBST:milk. Wash steps were repeated as above, and then membranes were incubated for 5
min. with Super-Signal West Pico chemiluminescent substrate per manufacturer's
instructions and imaged by a 5 minute (or 15 second for β-actin) film exposure. Band
densities were analyzed by ImageJ and normalized to corresponding β-actin band densities.

Oxidative stress
Antibodies used included NAD(P)H oxidase p47phox and NAD(P)H oxidase p67phox, Mn–
SOD, Cu and Zn–SOD (dilution for NAD(P)H subunits 1:250, dilution for Mn– and CuZn–
SOD 1:500, all from Santa Cruz Biotechnology, Santa Cruz, CA), catalase (dilution 1:500,
Epitomics, Burlingame, CA).

To ensure that hypoxia was obtained the expression of hypoxia inducible factor 1-α (HIF 1-
α, 1:250, Abcam, Danvers, MA) was measured.

Survival/apoptosis
Antibodies used included survivin, Akt, bax and bcl-2, phosphor-ylated Akt (serine-453,
1:200), p38MAPK, ERK ½ and PI3K/PTEN (PTEN is an inhibitor of PI3K and Akt, all
dilutions 1:1000, all from Cell Signaling Inc., Danvers, MA).

Mobility assay
The mobility assay is based on the migration of cells in response to a certain stimulus/
condition (Annabi et al. 2003; Rosova et al. 2008). To prevent cell proliferation, thymidine
(10 µM, Sigma, St. Louis, MO) was added to standard medium. A defined area of the plate
was cleared of MSCs by scraping using a 20 µl pipette tip, prior to the hypoxic challenge.
After 24 h, cells were fixed in 4% paraformaldehyde and covered with PBS for imaging
(Apotome with 10× magnification). A total of 5 images were obtained for each well from 5
replicate wells per treatment. The average number of cells migrating per field was calculated
for each well, and the mean and SD were then calculated from the averages of replicate
wells.

Molecular imaging
To further characterize the effect of HPC in hypoxia and to corroborate that reporter genes
can be used to evaluate the effect of modulation of the microenvironment on cell survival we
assessed cell viability with BLI using a charge cooled coupled device (CCD) camera. We
have previously shown that light emission correlates with the number of cells (Rodriguez-
Porcel et al. 2005), so it can be used as a measure of number of viable cells and thus cell
survival.

Briefly, MSCs cells were plated in 12 well-plates (7 × 104 per well) and 24 h later
transfected with a plasmid consisting of the Ubiquitin promoter driving the reporter gene
firefly luciferase (fluc). Cells from the experimental groups were placed in hypoxia
following the protocol described above, and compared to control. After 24 h of either
hypoxia or control conditions, medium was removed from all wells, and 1 µg/mL of D-
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luciferin was added to each well for 5 min. Plates were imaged with a CCD camera in a 1
minute-medium Sensitivity acquisition format, and detected light was measured as maximal
radiance (in photons/s/cm2/sr). Experiments performed in tetraplicates.

Statistical analysis
Data are given as means ± SEM. Comparisons were performed using unpaired Student t-test
of unequal variance. Statistical significance was accepted for p<0.05.

Results
MSC isolation/FACS characterization

Shortly after harvesting, the adherent cell population was comprised of a mixture of MSCs,
hematopoietic stem cells (HSCs) and macrophages (Fig. 1A left). After several passages (5),
a mostly homogenous cell population remained attached (Fig. 1A right). FACS analysis at
passage 5 showed the cells were negative for CD45 (99.68% were not of hematopoietic
origin) and CD11b/c (99.14% were not macrophages), and positive for CD29 and CD90
(96.62 and 99.98%, respectively, as characteristic for MSCs, Fig. 1B) (Rosova et al.
2008;Schrepfer et al. 2007;Sotiropoulou et al. 2006;Zangi et al. 2006). This data was further
confirmed by the double FACS studies (Fig. 1C), in which 99.96% of the CD29+ cells were
also CD90+ (Fig. 1C) and 99.96% were CD45−, and 98.85% of CD90+ cells were also
CD29+ (Fig. 1C). This characterization was obtained at passage 5, and thus cells from that
passage were used for this study.

Effect of hypoxia on cell viability and survival
As expected, a hypoxic microenvironment resulted in decreased cell viability (as assessed by
the LDH release) at the short term (24 h, Fig. 2A). Hypoxia preconditioning was associated
with an activation of HIF 1-α (control: 0.2 ± 0.08, HPC: 0.7 ± 0.1, p<0.05 vs. control)
providing evidence of the powerful stimuli of the hypoxic stimuli. HPC resulted in partial
preservation of cell viability (Fig. 2A). Effects of hypoxia of cell viability and beneficial
effect of HPC were confirmed by Annexin-V FACS staining (Fig. 2B).

Interestingly, hypoxia resulted in an increase in cell death (Fig. 2A), which was tempered by
day 3 (Fig. 2C, probably suggesting that those cells that survived were better prepared).
However, a continued hypoxic state resulted in further cell death (Fig. 2C).

Assessment of oxidative stress
Then, we assessed whether hypoxic conditions led to increases in oxidative stress, compared
to control conditions. Cells under control conditions demonstrated low levels of the
oxidative stress markers DCHFDA and DHE (Fig. 3A and B, respectively). In response to
hypoxia, however, there was an increase in fluorescence to DCHFDA and DHE, suggesting
that hypoxia leads to a pro-oxidant status with an increase in the amount of ROS, an effect
that was blocked when cells were pre-incubated with catalase and superoxide dismutase
(SOD), respectively (Fig. 3A and B), providing evidence that the DCF and DHE signal
specifically relates to increased oxidative stress. However, in cells pre-treated with HPC the
amount of oxidative stress markers was significantly lower than untreated cells exposed to
prolonged hypoxia and not different from cells under control conditions (Fig. 3A and B),
indicating that HPC preserved the oxidant balance under prolonged hypoxia.

To understand whether the increase in oxidative stress was related to a decrease in ROS
metabolism or an increase in oxidative stress production, we assessed the protein expression
of one of the main ROS producers (NAD(P)H oxidase) and found that under hypoxia, cells
had an increase in the expression of NAD(P)H oxidase subunits p47phox, and p67phox, while
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the expression of catalase was reduced (Fig. 4). Furthermore, in MSCs that underwent HPC,
the level of NAD(P)H oxidase and its subunits as well as catalase were normalized. Hypoxic
challenge did not alter the expression of the endogenous scavenger enzyme manganese–
SOD (Mn–SOD, Fig. 4). Interestingly, after HPC, the expression of SOD was even higher
than normal levels, suggesting that the cell is trying to restore its oxidant balance.

Assessment of survival and apoptosis
Hypoxia induced a decreased in the protein expression of the survival protein survivin and
p38MAPK (Fig. 5 top). Importantly, HPC preserved these changes and the expression
pattern of survivin and MAPK were similar to control MSCs and significantly different from
hypoxic, un-conditioned cells (Fig. 5 top).

Hypoxia was associated with an increase in apoptosis, as evidenced by Annexin-V (Fig. 2B)
and changes in the bcl-2/bax ratio (Fig. 5 middle). Interestingly, the phospho/non-phospho
ERK 1–2 ratio was decreased after 6 h of hypoxia (Fig. 5 middle), but levels return to
normal at 24 h (data not shown), underscoring the dynamic nature of the changes. Hypoxia
also modulated the activation of PI3K and its inhibitor PTEN and pAkt/Akt (Fig. 5 bottom).

Mobility assay
MSC mobility was analyzed over 24 h. Under control conditions, there was minimal
mobility of MSCs (Fig. 6 left). When cells were exposed to hypoxia, there was a significant
increase in mobility of MSC (Fig. 6 middle), possible suggesting an adaptation mechanism
of the MSC to a stress situation. However, in HPC-MSCs, prolonged hypoxic challenge did
not alter the mobility pattern, which was similar to the control cells and significantly
different from the hypoxic, untreated MSCs (Fig. 6 right).

Molecular imaging
When MSCs-fluc cells were exposed to hypoxia, they had a decrease in cell survival
evidenced by a decrease in detected light that was significantly different from controls (Fig.
7). However, in HPC-MSCs the maximal radiance (as a measure of viability) was
significantly higher than untreated MSCs and similar to controls. Similar to what was
observed by ex-vivo techniques molecular imaging showed that hypoxic preconditioning
leads to preservation of cell viability under hypoxia (Fig. 7).

Discussion
The main findings of this study are: 1) the beneficial effect of HPC involves normalization
of the oxidant balance and 2) the beneficial effect of HPC can monitored using molecular
imaging.

In the current study we chose to use MSCs due to their therapeutic potential in regenerative
medicine. For MSC isolation and characterization we used the accepted method of plastic
adherence and FACS analysis, respectively. However, we cannot exclude the presence of
small number of other cell types (e.g., fibroblasts, pre-adipocytes, etc). Importantly, in this
study we corroborate previous observations that MSCs undergo significant stress and cell
death under hypoxic conditions (Xu et al. 2008; Zhu et al. 2006), and expand these
observations by showing an association with an increase in oxidative stress. Increased
oxidative stress is an imbalance between pro-oxidants and anti-oxidants, which can lead to
deleterious effects on cell biology and survival (Griendling and Alexander 1997; Griendling
and FitzGerald 2003). Depending on the pathophysiological state, a pro-oxidant state can be
characterized by either an increase in pro-oxidants or a decrease in anti-oxidants, or a
combination of both acting in concert. In our study, we observed that prolonged hypoxia
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triggered a significant increase in pro-oxidants, like the ROS producer NAD(P)H oxidase
subunits p67phox and p47phox, leading to an increase in ROS (evidence by the conversion of
DCHFDA and DHE), that was associated with a decrease in cell survival (evidence by LDH
release and Annexin). Because oxidative status is a delicate balance between pro- and anti-
oxidants, from our study we cannot exclude the possibility that milder changes in oxidant
status may even have had beneficial effects for the survival and biology of stem cells, as
suggested by other groups (Ushio-Fukai and Urao 2009). In our study also showed that the
metabolism of ROS was also impaired (or at least not sufficient), evidenced by a decrease in
the expression of the anti-oxidant enzyme catalase, a major metabolizer of ROS, while the
levels of SOD and its subunits were unaltered by the hypoxic challenge. A decrease in the
endogenous scavenger enzyme catalase will not allow for the metabolism of H2O2, leading
to further intracellular accumulation of H2O2, with deleterious effects to the cell.

In the current study, we confirmed previous observations that hypoxia activates many
survival and stress pathways. Our results are in-line with previous observations on the
hypoxia-dependent down-regulation of p38MAPK (Ren et al) and the downregulation of the
PI3K activity and ERK 1–2 (Xu et al. 2008). Furthermore, we also observed that there was
an increase in the expression of the Akt inhibitor PTEN. However, other investigators have
reported that hypoxia can increase the expression of p38MAPK and Akt (Kanichai et al.
2008). Different degrees of hypoxia and age of MSCs (senescence) can have a differential
effect on the activation of these pathways (Jin et al.; Kanichai et al. 2008).

More importantly, this study shows that HPC can prevent the deleterious effects of
prolonged hypoxia. We corroborated that when cells, prior to their exposure to hypoxia,
undergo pre-conditioning, they are more prepared to confront the hypoxic challenge. Wang
et al has previously shown that HPC can preserve MSC survival (Wang et al. 2008), and
suggested that most of the beneficial effect were due to increased expression of “survival
genes” like Akt, and bcl-2. However, the involvement of oxidant status in the beneficial
effect of HPC was not clear. We extended those observations and show that the beneficial
effect of HPC is in part due to preservation of oxidant status. The beneficial effect of HPC
on oxidant status was not only preserving those pathways affected by hypoxia, but also
“priming” additional endogenous scavenger enzymes like SOD. In other words, pre-
conditioning of MSCs with short periods of hypoxia/re-oxygenation, prior to the hypoxic
challenge, led to a decrease in pro-oxidant enzymes, as well as an increase in anti-oxidant
enzymes, what resulted in low levels (comparable to normal) of ROS. This new balance
(with increases in the expression of catalase and SOD) allows the cell to metabolize ROS
(such as H2O2) into H2O and O2.

As previously suggested, prolonged hypoxia resulted in an increase in cell mobility (Annabi
et al. 2003), possibly through the activation of pro-angiogenic or paracrine pathways
targeted to adapt MSCs to survive in a noxious environment. In our study, we confirmed the
effects of hypoxia on cell mobility and extended them by showing that HPC restores a
mobility pattern similar to the control groups. These findings suggest that when pre-
conditioned with HPC, MSCs may not need to activate these pathways. From this study we
cannot exclude the possibility that low levels of oxidative stress could have beneficial
effects (e.g. increase mobility, hypoxia inducible factor and vascular endothelial growth
factor activation). Further studies are needed to better delineate these pathways, and clarify
which ones may be needed to optimize cell biology and survival under different conditions.

To accurately assess cell survival after transplantation to the living subject, one needs to use
a non-invasive monitoring strategy. For that, we chose to use a molecular imaging approach
(reporter gene, based on intact cells) that does not disturb the physiological functions of the
transplanted cell. Our laboratory has previously shown that this strategy has the
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discriminatory capacity to accurately monitor stem cells non-invasively (Rodriguez-Porcel
et al. 2005). In the present study we show that molecular imaging can be used to detect
changes in cell viability and the effect of different therapeutic strategies (i.e. HPC), and we
did so using strategies that can be adapted for its use in the living subject. In the current
study, reporter genes were introduced using a transient transfection strategy approach. For
long term studies in the living subject, it will be important to integrate the reporter gene
DNA stably to the cells chromosome, using either a viral or non-viral approach, as
previously shown from our group (Rodriguez-Porcel et al. 2005).

In this study the strategy used for HPC was based on prior experience on the effects of HPC
in tissue and on preliminary data obtained in the laboratory. While the HPC protocol used in
this study served to prove the concept of the involvement of different biological pathways in
the survival of MSCs, it is likely that the beneficial effect of HPC can be optimized.
Furthermore, it is likely that different cell types (e.g. MSC, adult resident stem cells, induced
pluripotent cells) may have different response to HPC. Thus, future studies should focus on
the most optimized HPC protocol for the particular cell of interest.

Conclusion
In the current study we showed that the beneficial effect of HPC is in part due to
preservation of oxidant status. Furthermore, we showed that molecular imaging has the
potential to be used to monitor these effects non-invasively. Strategies like this one will
likely be important to modulate stem cell biology under different pathophysiological
conditions and may provide novel therapeutic alternatives targeted to improve cell survival
and functionality.
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Fig. 1.
A, representative histology of rat mesenchymal stromal cells (MSCs) over time showing
how, with increasing passages, cell population becomes more purified and devoid of
hematopoietic stem cells (HSCs) and macrophages (rounded cells in passage 1). B,
Fluorescent Activated Cell Sorting (FACS) analysis of MSCs (at passage 5) that are CD45−
(thus not of hematopoietic origin), CD11b/c− (thus not macrophages) and CD90+ and
CD29+, as characteristic for MSCs. C, Double staining FACS analysis: left, all CD29+ cells
were stained for CD90 and right, all CD90+ cells were stained for CD29.
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Fig. 2.
Cell survival was assessed by the LDH release assay (panel A) and the FACS staining for
Annexin-V (panel B) under hypoxic conditions (1% O2, 4% CO2, 95%N for 24 h), in cells
with and without hypoxic preconditioning (HPC). In panel C, cell viability was assessed
(using the LDH assay) with longer exposure to hypoxia. Hypoxia resulted in decreased
survival of MSCs, while HPC cells had increased survival compared to untreated cells.
Longer hypoxic exposure resulted in further decreases in cell viability. *p<0.05 compared to
control and Hypoxia + HPC.
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Fig. 3.
Assessment of oxidative stress. A, top, Representative fluorescence staining of the oxidative
stress conversion of 2′,7′-dichlorodihydrofluorescein diacetate (DCHFDA); bottom,
Fluorescence quantification of the presence of DCF (expressed as fluorescence/µg protein).
B, top, Representative fluorescence staining of the oxidative stress conversion of
Dihydroethidium (DHE); bottom, Quantification of the percent area where ethidium staining
was present, normalized by the number of nuclei in each microscopic field analyzed.
Hypoxia led to increased oxidative stress (increased ethidium and DCF) which was
prevented by HPC. * p<0.05 compared to control, Hypoxia + HPC, and Hypoxia + HPC +
catalase/superoxide dismutase (SOD).
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Fig. 4.
Assessment of oxidative stress. Protein expression bands and densitometric analysis of
NAD(P)H subunits p67phox and p47phox, the endogenous scavenger enzymes catalase and
manganese–SOD (Mn–SOD). Under hypoxic conditions, there was increased protein
expression of NAD(P)H p67phox and p47phox and a decrease of the expression of catalase
while the Mn–SOD remained unaltered. All of these resulted in an increase in the presence
of reactive oxygen species suggesting a pro-oxidant state, what was prevented by HPC.
*p<0.05 compared to control and HPC, ¥ p<0.05 compared to control and hypoxia.
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Fig. 5.
Survival and apoptosis. Protein expression bands and densitometric analysis of the survival
genes survivin, phosphorylated Akt/total Akt (top), phospho/non-phospho ERK 1–2 and
bcl-2/bax (middle), and p38MAPK and PI3K/PTEN (bottom). Under hypoxia, there was a
decrease of survivin and a mild increase in the phosphorylated Akt/total Akt ratio, changes
that were prevented by HPC. Hypoxia also decreased the ratio of ERK 1–2 and increased the
protein expression of bcl-2/bax. Lastly, hypoxia modulated the expression of p38MAPK and
PI3K/PTEN. *p<0.05 compared to control and Hypoxia + HPC, ¥ p<0.05 compared to
control.
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Fig. 6.
Cell mobility. Top, representative mobility of MSCs under control (left), hypoxia (middle),
and hypoxia + HPC (right). Bottom, quantification of the mobility of MSCs under these
conditions. Under hypoxia, there is increased mobility of MSCs, which is prevented by
HPC. Red square demarcates the area where cells were cleared at baseline. *p<0.05
compared to control and Hypoxia + HPC.
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Fig. 7.
Molecular imaging of cell survival in hypoxia. Cell survival assessment was based on
reporter gene-light emission and detection using Bioluminescence Imaging and a charge
coupled device camera. Hypoxia leads to a decrease in cell survival (assessed in ph/s/cm2/sr)
and HPC preserved cell survival (in a prolonged hypoxic challenge) compared to untreated
cells. These studies corroborated the results obtained using the LDH release assay (more
traditional method for the assessment of cell viability) but most importantly, demonstrate
that reporter genes can be used to assess cell survival in-vivo, underscoring the importance
of translating these monitoring strategies to the living subject. *p<0.05 compared to control
and hypoxia + HPC.
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