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Abstract
Cell-based therapies are a potential therapeutic alternative for the treatment of coronary artery
disease. However, transplanted cells undergo significant death in the living subject. Hypoxic
preconditioning (HPC) is a potential intervention to increase transplanted cell survival. However,
the biological mechanisms of this benefit remain unclear. We hypothesize that the beneficial effect
of HPC on stem cell survival is in part due to preservation of oxidant status, an effect that will be
monitored using state-of-the-art molecular imaging.

Methods—H9c2 rat cardiomyoblasts expressing the construct CMV-firefly luciferase (h9c2-
fluc), with and without HPC, were exposed to hypoxia, and oxidative stress and cell survival were
measured. Subsequently, H9c2-fluc cells, with and without HPC, were injected into the
myocardium of rats and cell survival was monitored daily with Bioluminescence (BLI) using a
CCD camera.

Results—Compared to controls, cells exposed to hypoxia had increased amount of reactive
oxygen species (ROS, control:14.1±0.9 vs. hypoxia:19.5±2.0 RFU/μg protein, p=0.02) and
decreased cell survival (control:0.29±0.005 vs. hypoxia:0.24±0.005 OD/μg protein, p<0.001).
HPC treatment decreased the amount of hypoxia-induced ROS (HPC:11.5±0.7RFU/μg protein,
p=0.002 vs. hypoxia and p=0.11 vs. control), associated with improved survival (HPC:
0.27±0.004OD/μg protein, p=0.002 vs. hypoxia and p=0.005 vs. control). Most importantly,
compared to unconditioned cells, HPC-cells had increased cell survival after transplantation to the
myocardium (C:34.7±6.7% vs. HPC:83.4±17.5% at day 5 post-transplant, p=0.01).

Conclusion—The beneficial effect of HPC is in part due to preservation of oxidant status.
Molecular Imaging can assess changes in cell survival in the living subject and has the potential to
be applied clinically.
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Introduction
Coronary artery disease (CAD) is the leading cause of death in the United States1. Despite
advances in medical (e.g., beta blockers, angiotensin-converting enzyme inhibitors, and
statins) and interventional therapies (e.g., stents), it continues to be a cause of significant
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morbidity and mortality2. Thus, novel therapies may be needed to reinstitute coronary flow
and cardiac function in certain situations.

Stem cell therapy has emerged as a therapeutic potential alternative for the treatment of
coronary artery disease3. However, almost invariably, transplanted cells undergo a
significant rate of cell death shortly after transplantation4, 5. Thus, novel strategies to
increased cell survival after transplantation are been actively investigated. Recently, hypoxic
preconditioning (HPC) has been shown to preserve stem cell survival after transplantation to
the myocardium6. However, the biological mechanisms underlying HPC’s beneficial effect
remain unclear. Increased oxidative stress results from an imbalance between pro- and anti-
oxidants, that can lead to deleterious changes in cell biology7. Furthermore, we have shown
that oxidative stress blockade preserves cell survival8. However, the relationship between
HPC and oxidative stress in the survival of transplanted cells remains to be determined.

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. Until recently, it was not possible to accurately and non-invasively
assess the full extent and degree of the beneficial response of interventions (like HPC) on
transplanted cells in the myocardium, in large part due to the unavailability of non-invasive
modalities to accurately assess the survival of transplanted cells directly in the living
subject. 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)9-12. Our laboratory and others have previously
demonstrated that the fate of transplanted cells can be monitored longitudinally in the
myocardium5, 13 and peripheral muscle14 using molecular imaging modalities like optical
bioluminescence (BLI)9, 12.

Thus, we tested the hypothesis that the beneficial effect of hypoxic preconditioning on
transplanted cells is in part due to preservation of oxidative stress balance, and that this
benefit can be assessed non-invasively using BLI in the living subject.

Material and Methods
Experimental approach

Embryonic rat H9c2 cardiomyoblasts were stably transfected with the CMV-firefly
luciferase reporter gene (H9c2-fluc). Transfected cells were incubated in a hypoxic chamber
(1%O2, 4%CO2, 95%N2) for 24 hours and compared to cells under normoxic conditions.
Furthermore, a different group of cardiomyoblasts were treated with HPC (2 sets of 15
minutes of hypoxia-1%O2- and 30 minutes of reoxygenation-21%O2-) prior to prolonged
hypoxic exposure. Comparable cells were used for both cell culture and studies in the living
subject.

Development of a stable cell line expressing firefly luciferase
Embryonic rat H9c2 cardiomyoblasts (American Type Culture Collection, Manassas, VA,
USA) were stably transfected with plasmids carrying the fluc gene driven by the
cytomegalovirus (CMV) promoter (H9c2-fluc), and the antibiotic resistance gene G41813,
14. After antibiotic selection, high-expressor clones, assessed by firefly luciferase protein
activity and detected by CCD camera, were isolated, grown, and used for the study14.

Role of hypoxia on cell viability
Cell viability was tested with the MTT assay15. Cells were incubated with the MTT reagent
for 2 hours at 37C, after which a solvent (0.4N HCl isopropanol) was added, and plates
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placed on a shaker at room temperature for 1 hour. Lastly, absorbance was read in a
spectrophotometer at a wavelength of 570nm.

Assessment of oxidative stress
Production of endogenous oxidative stress by-products was assessed using the conversion of
2′,7′-dichlorodihydrofluorescein diacetate (DCHFDA, Molecular Probes, Eugene, OR)16.
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 DCHFDA conversion, 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 minutes, 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)
following manufacturer’s directions. Fluorescence was corrected for background signal and
normalized for protein content, and expressed as fluorescence/μg of protein.

To further assess the involvement of oxidative stress, we measured the amount of ROS
reactions by measuring the conversion of dihidroethidium (DHE) to ethidium, as previously
described from our laboratory8. Cells were plated at a density of 70,000 per well in 12 well
plates, 4 wells per treatment, and were treated to 24 hours of hypoxia with or without
preconditioning. Cells were then treated with 10μM DHE (Molecular Probes, Eugene, OR)
in serum free clear medium (to minimize the interaction of serum with DHE) for 30 min.
Cells were rinsed and lysed with passive lysis buffer (Promega, Madison, WI) at 4°C, and
equal volumes of the cell lysates were plated on a 96-well black fluorometer plate and
fluorescence was read on a Spectramax Gemini EM plate reader with excitation at 589 nm
and emission of 610 nm. Four wells of cells untreated with DHE were used to determine
background fluorescence. To confirm the specificity of the DHE measurement, a separate
set of cells was treated with 25 units of superoxide dismutase (SOD), prior to the DHE
assay. The relative fluorescence was normalized to protein content in the lysates and
corrected for background fluorescence.

To confirm the location of the signal obtained with DCF and DHE, cells were plated (7×104/
well) in 2-well CC2 coated chamber slides (Nalge-Nunc) and exposed for 24 hours to
hypoxia (1% O2) with or without preconditioning. Cells were treated with either DHE or
DCFDA (concentrations as above) and counterstained for 5 min with DAPI and mounted
with ProLong Gold (invitrogen). Slides were photographed on a Zeiss Axiovert LSM 510
inverted confocal fluorescent microscope (Carl Zeiss, Inc., Oberkochen, Germany) with
excitation/emission of 480/530 nm (DCF) or 567/610nm (DHE). Representative staining
was displayed for each group.

Western blotting
Western blotting was performed following standard protocols17, 18. Equal amounts of cell
lysates (25 μg protein) were loaded onto 10% PAGE gels, electrophoresed for 90 min at 90V
in Tris-glycine-SDS buffer, then transferred to PVDF membranes in Tris-glycine-SDS-20%
methanol at 100V for one hour in an iced bath. Membranes were blocked for one hour 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.
Antibodies used included NAD(P)H p47phox, catalase, and Mn-SOD (dilution for NAD(P)H
1:250, dilution for catalase and Mn-SOD 1:500, all from Santa Cruz Biotechnology, Santa
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Cruz, CA). β-actin was used as the loading control (Abcam, Cambridge, MA, 1:2000).
Following incubation with primary antibody, membranes were washed once for 5 minutes,
then 3 times for 10 minutes each in TBST and then incubated on rocker for one hour 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 SuperSignal West Pico chemiluminescent substrate per manufacturers 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.

Studies in living subjects
Protocols were approved by the Mayo Animal Research Committee and conformed with the
Guide for the Care and Use of Laboratory Animals published by the U.S. National Institutes
of Health (NIH Publication No. 85-23, revised 1996). Stem cell transplantation was
performed as previously described from our laboratory13. Briefly, female rats (Charles River
Laboratories, Wilmington, MA, USA) weighing 140–150 g were divided into two groups:
control (n=6) and HPC (n=7). Cells were platted 24 hours before transplantation and
incubated with either regular medium (control) or regular medium+HPC (HPC). HPC was
induced the day of the study following the protocol described above.

The day of the study, animals were anesthetized with 2% isoflurane, their anterior chest was
shaved, and the animals were positioned on the surgical table. Using sterile techniques, a left
thoracotomy was performed and the anterolateral wall of the LV exposed. Using a 28G
needle, 1×106 cells (in 50μl of PBS) were delivered. EKG and temperature were monitored
throughout the experiment. Animals were then observed and monitored until recovery for
approximately 10 minutes after cell transplantation.

Before each study cardiac function was performed using a dedicated small animal High
Resolution Ultrasound system (Hi-Res US, VeVo 770; Visualsonics, Inc., Toronto, ON,
Canada). Global left ventricular ejection fraction was estimated using the para-sternal long
axis view of the LV (frequency= 30 MHz)13.

Optical bioluminescence imaging of cardiomyoblast transplantation
Animals were imaged daily after cell transplantation until no BLI signal was detected. BLI
was performed using a cooled CCD camera (Xenogen, Alameda, CA, USA)5, 13. After
intravenous injection of the reporter substrate D-luciferin (50 mg/kg of body weight), rats
were imaged after D-luciferin delivery using 5-min acquisition scans. Bioluminescence was
quantified as maximal radiance in photons/sec/cm2/sr and to normalize for the baseline
signal, data was expressed as percent change (compared to day 1).

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

Results
Effect of hypoxia on cell viability and survival

We examined whether hypoxic conditions (similar to what stem cells will encounter in vivo)
affect cell survival. When exposed to hypoxic conditions (1% O2 for 24 hours), there was a
decrease in cell survival compared to cells that were maintained under standard cell culture
conditions (as assessed by MTT, Figure 1). However, preconditioning cardiomyoblasts with
HPC, prior to the prolonged hypoxic challenge, resulted in preservation of cell survival
(Figure 1).
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Assessment of oxidative stress
Cells under control conditions had minimal expression of the oxidative stress markers DCF,
due to low levels of peroxide production. In response to hypoxia, however, there was an
increase in fluorescence staining to DCF (Figure 2), which was blocked by the addition of
the endogenous scavenger enzyme catalase (demonstrating the specificity of the oxidative
stress measurement, data not shown). The majority of the peroxides are produced in the
cytoplasm, thus DCF signal was observed in the cell cytoplasm (Figure 2, left). DCF
interacts with the production of a large number of peroxides7, 19, thus, as expected, blockade
with catalase (which mainly metabolizes H2O2) only partially decreased the amount of
peroxide levels. Most importantly, when cells were pre-conditioned with HPC prior to
exposure to prolonged hypoxia, the production of peroxides was significantly reduced and
not different from control cells (Figure 2), suggesting preservation of oxidant status.
Similarly, hypoxia was associated with increased conversion of DHE to ethidium (Figure
2B), also suggesting an increase in the production of ROS. As expected, DHE signal co-
localized with DAPI staining, was he DHE signal was originated in the cell nucleus
(ethidium intercalates with DNA, Figure 2 right). Treatment with SOD decreased the
conversion of DHE (less ROS reactions), providing evidence that these measurements
reflect changes in oxidative stress of these cells (data not shown). Importantly, as with DCF,
HPC decreased the amount of ROS reactions (Figure 2).

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 subfraction p47phox (Figure 2) and altered the
balance of endogenous scavenger enzymes, as shown by the increase in catalase and Mn-
SOD (Figure 2). . Furthermore, HPC normalized expression of the two endogenous
scavenger enzymes but did alter the expression of NAD(P)H p47phox.

All put together, HPC normalized the oxidative stress balance altered by hypoxia, mostly by
normalizing the metabolism of ROS, while not directly modulating the expression of pro-
oxidant enzymes like NAD(P)H.

Studies in living subjects
Thirteen Sprague-Dawley rats (weight: 130±14g, heart rate: 320±5bpm) were imaged with
HiRes US (frequency 30MHz). There was no morbidity (as assessed by changes in
respiratory rate or heart rate) or mortality associated with the procedure. In addition, no
changes in the electrocardiogram (lead II) were observed during the procedure. As expected,
there were no differences in LVEF between the groups (control: 80.5±1.6% vs. HPC:
77.5±6%, p=0.38).

Animals from both groups were followed up for 11 days or until no BLI signal was detected
in the myocardial area (Figure 3). Baseline cell viability was similar in both groups (control:
1.20×106, HPC: 1.07×106 p/sec/cm2/sr, p=0.36). Compared to day 1, the detected signal in
the HPC group was significantly higher compared to the control group (p<0.05), and that
difference was observed for the first 3 days (expressed as percent change from baseline-day
1-, Figure 3). After that, cells in the HPC group still had higher viability than cells in the
control group, but this did not reach statistical significance. It is important to mention that
for the remaining days (after day 5) the detected myocardial signal was not different than
background.
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Discussion
In the present study we showed that the beneficial effect of HPC on cell survival is
associated preservation of oxidative status, an effect that can be monitored using molecular
imaging in the living subject.

Previous studies have shown that HPC can be used to improved stem cell survival after
transplantation. Wang et al demonstrated that HPC increases the mobility and therapeutic
potential of stem cells after transplantation6. Most of the studies that examined the role of
HPC in stem cell survival focus on the role of survival genes, like Akt and bcl-26. However,
the role of other mechanisms like oxidative stress was not known. Oxidative stress has been
linked to cell survival, both in native cells as well as transplanted cells. In this study we
confirm the observations that hypoxia is associated with an alteration of the oxidant balance.
These results are in concert with other studies that showed that hypoxia was associated with
an increase in the expression of scavenger enzymes20. However, it is important to mention
that alternative pathophysiologic conditions may results in decrease (not increase) of
scavenger enzymes. In other words, oxidant status is a fine time-dependent balance of a
number of factors, and care should be exercise when applying results from one study to
other pathophysiologic situations.

Previous studies have shown that HPC can be beneficial in the preservation of stem cell
survival after transplantation. Furthermore, studies have demonstrated that HPC increased
the expression of survival genes, and suggested that it is through that mechanism that
survival is preserved. In the current, we confirmed the beneficial effect of HPC on cell
survival and further extend those observations by demonstrating the important role of
oxidative stress in stem cell survival. Furthermore, we provide evidence that maintenance of
oxidative stress balance after HPC is achieved by reduced production of the oxidant by-
product H2O2 and the normalization of the expression of Mn-SOD.

Oxidative stress has also been linked to other cell function (beyond survival) like stem cell
differentiation and many other cell functions, and it has been proposed that a certain degree
of oxidative stress is physiologic and needed for “normal” cell function. In fact, cells under
normal conditions have a “baseline” level of oxidative stress, as measured by pro-oxidant
enzymes, amount of ROS, or scavenger enzyme levels/activity. In this study, we provide
evidence that increased oxidative stress affects cell survival and mitochondrial function, and
that HPC is beneficial in preserving the level of oxidant stress. However, this study was not
designed to test some of the other biological functions linked to oxidative stress, and thus
conclusions should not be drawn.

The second important point in this study is the beneficial effect of HPC on transplanted cell
survival can be monitored non-invasively directly in the living subject. In previous studies,
we showed that the signal obtained from cells that stably express reporter genes (using
optical imaging as the imaging modality) directly correlates with the amount of viable
cells13. For these studies, we chose to use the firefly luciferase reporter gene system,
because it allows fast and high throughput imaging of cell survival, and it can be adapted for
clinical use.

In the present study we use a prolonged hypoxic challenge to stress cardiomyoblasts, and we
showed that such challenge results in changes in cell survival and increased oxidative stress.
However, it is possible that the challenge experienced by cells in the living subject may go
beyond hypoxia, as it has been postulated that other pathophysiological mechanisms, like
inflammation, immune response, etc, may also play a role and be partly responsible of the
poor cell survival observed after transplantation. In other words, the degree of change
observed in cell culture and in the living subject should not be compared, as they may not
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represent an accurate comparison between the two conditions. Furthermore, it is important
to mention that different cell types (e.g. mesenchymal stem cells or iPS cells), from the one
used in this study (cardiomyoblast), may have different responses to comparable challenge,
and thus different survival. Lastly, it should also be kept in mind that while the HPC
protocol used in this study served to prove the concept of its beneficial effect on cell
survival and its link to oxidative stress, it is likely that the beneficial effect of HPC can be
optimized.

In the current study we delivered cells using an epicardial approach. This route of delivery is
the most commonly used route in small animal models4, 5, 21 and has the potential to be
used in clinical studies 22. In the present study we used intact unperturbed rats, so results
from this study should not be extrapolated to other models of disease (e.g. myocardial
ischemia/infarction). Nevertheless, the results reported here open novel avenues to
investigate the effect of endogenous metabolic intervention in ischemic myocardium.

Conclusion
This study provides evidence that part of the beneficial response to HPC is due to
preservation of the oxidative stress balance. Furthermore, it also shows that BLI has the
sufficient molecular sensitivity to monitor cells survival after transplantation to the
myocardium. Use of imaging strategies like the one used in this study will be critical as this
novel therapies are being translated to the clinical arena.
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Figure 1. Assessment of cell survival
Cell survival was assessed using the MTT assay under hypoxic conditions (1% O2, 4% CO2,
95%N for 24 hours), in cells with and without hypoxic preconditioning (HPC). Hypoxia
resulted in decreased survival of cardiomyoblasts, while HPC cells had increased survival
compared to untreated cells. ¥p<0.05 compared to control and Hypoxia+HPC.
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Figure 2. Assessment of oxidative stress
left, top, Representative fluorescence staining of the oxidative stress conversion of 2′,7′-
dichlorodihydrofluorescein diacetate (DCHFDA); bottom, Fluorescence quantification of
the conversion of DCF (expressed as fluorescence/μg protein). Right, top, Representative
fluorescence staining of the oxidative stress conversion of Dihydroethidium (DHE); bottom,
Quantification of the percent area where DHE staining was present, normalized by the
number of nuclei in each microscopic field analyzed. *p<0.05 compared to control and
HPC.
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Figure 3. Assessment of oxidative stress
Protein expression bands and densitometric analysis of NAD(P)H p47phox (left), the
endogenous scavenger enzymes catalase (middle) and manganese-SOD (Mn-SOD, right).
Under hypoxic conditions, there was increased protein expression of NAD(P)H p47phox,
together with increased expression of catalase, and Mn-SOD. All of these suggest a pro-
oxidant state a pro-oxidant state, what was normalized by HPC. *p<0.05 compared to
control and HPC, ¥p<0.05 compared to control.
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Figure 4. Longitudinal monitoring and quantification of cell viability in living subjects
Bioluminescence imaging non-invasive monitoring of cell engraftment and survival in living
rats (n=7 in each group). Data is expressed as percent change (%) of maximal radiance
compared to day 1. Until day 3, cells that received HPC had higher myocardial engraftment
and survival compared to untreated cells (control). After day 3, cell survival was similar
between the two groups. Error bars represent SEM. *p<0.05 compared to day 0.
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