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Myocardial infarction (MI) is caused by deprivation of oxygen and nutrients to the cardiac tissue due to
blockade of coronary artery. It is a major contributor to chronic heart disease, a leading cause of mortality in
the modern world. Oxygen is required to meet the constant energy demands for heart contractility, and also
plays an important role in the regulation of heart function. However, reoxygenation of the ischemic
myocardium upon restoration of blood flow may lead to further injury. Controlled oxygen delivery during
reperfusion has been advocated to prevent this consequence. Monitoring the myocardial oxygen
concentration would play a vital role in understanding the pathological changes in the ischemic heart
following myocardial infarction. During the last two decades, several new techniques have become available
to monitor myocardial oxygen concentration in vivo. Electron paramagnetic resonance (EPR) oximetry would
appear to be the most promising and reliable of these techniques. EPR utilizes crystalline probes which yield
a single sharp line, the width of which is highly sensitive to oxygen tension. Decreased oxygen tension
results in a sharpening of the EPR spectrum, while an increase results in widening. In our recent studies, we
have used EPR oximetry as a valuable tool to monitor myocardial oxygenation for several applications like
ischemia-reperfusion injury, stem-cell therapy and hyperbaric oxygen therapy. The results obtained from
these studies have demonstrated the importance of tissue oxygen in the application of stem-cell therapy to
treat ischemic heart tissues. These results have been summarized in this review article.

© 2010 Elsevier Inc. All rights reserved.
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Introduction processes. The physiological homeostasis of these organisms is strictly

maintained by optimal cellular and tissue oxygenation status through

Oxygen is hailed as “...the elixir of life — a wonder tonic, a cure for
ageing, a beauty treatment and potent medical therapy” (Lane 2002).
Oxygen plays a principal role in aerobic respiration. In aerobic organisms,
cellular respiration involves enzyme-catalyzed oxidation of fuel sub-
strates, primarily by oxygen, to yield the energy required for biological
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complex oxygen-sensing mechanisms, signaling cascades, and transport
processes. In the event of fluctuating oxygen levels leading to either an
increase (hyperoxia) or decrease (hypoxia) in cellular oxygen, the
organism faces a crisis involving depletion of energy reserves, altered
cell-signaling cascades, oxidative reactions/events, and cell death or
tissue damage. Particularly, hypoxia can lead to serious disorders such as
ischemic stroke or myocardial infarction (MI). For example, during
myocardial ischemia which occurs when a region of the heart is deprived
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of blood supply due to a blockage of a coronary artery, the region
becomes oxygen-limited, leading to myocardial cell death. If left
untreated, MI will lead to congestive heart failure, which remains a
major cause of morbidity and mortality in the world.

Despite the recent advances in reperfusion strategies and medical
treatment, MI and its consequences remain a serious clinical concern.
The prolonged imbalance between the supply and demand for oxygen
and nutrients by the myocardial tissue leads to a sub-acute or chronic
state of myocardial ischemia, resulting in a new state of equilibrium.
Chronic ischemia contributes to poor quality of life in many patients
suffering from coronary heart disease (Thom et al. 2006b) and is an
increasingly important aspect of clinical practice. In chronically
ischemic myocardium, early revascularization may interrupt a vicious
cycle of cardiomyocyte degradation that would otherwise lead to
progressive fibrosis and/or contractile dysfunction.

Stem-cell therapy for treating myocardial infarction

The use of cell therapy to promote myocardial repair has gained
profound scientific and public interest. The first study on cell therapy
using intracoronary mononuclear bone-marrow cells (mBMC) after MI
in humans was reported in 2002 (Strauer et al. 2002). Even though
several randomized, controlled trials are using the same method of cell
delivery (Martin-Rendon et al. 2008a; Martin-Rendon et al. 2008b),
the primary endpoint has generally been associated with an increase in
left-ventricular (LV) ejection fraction (EF) after 3 to 6 months.
Feasibility of this treatment has been confirmed, and it appears to be
safe in the short term. However, the efficacy of this approach varies
between studies. The possible explanations for these differences could
be related to limited study samples, selection of measurement
techniques and disparity in timing of applied treatment. Moreover,
the number of cells used for treatment along with the selection of
placebo treatment or protocols for cell processing and expansion could
greatly contribute to differences in clinical outcome of performed
studies (Arnesen et al. 2007; Egeland and Brinchmann 2007a,b; Seeger
et al. 2007; van Beem et al. 2008).

Studies have shown that the grafting of skeletal myoblasts, fetal
cardiomyocytes, or embryonic or bone-marrow-derived stem cells
into myocardial scar tissue has resulted in marginal improvements in
cardiac function and in the attennuation of abnormal cardiac
remodeling (Agbulut et al. 2004; Chiu et al. 1995; Ghostine et al.
2002; Kamihata et al. 2001; Orlic et al. 2001a,b; Pagani et al. 2003;
Retuerto et al. 2004; Tse et al. 2003). The reason for such modest
improvements was attributed to the limited survival of the trans-
planted cells in the infarcted myocardium (McConnell et al. 2005). The
hypovascular nature of the infarcted tissue may severely compromise
the availability of oxygen, nutrients, and growth factors essential
for the survival, engraftment and differentiation of the transplanted
cells. The local hypoxic environment in the infarcted myocardium
might be the main impediment to the survival of the transplanted cells.
However, it is not clear whether the oxygen concentration in the
ischemic myocardium (infarcted area) is altered by strategies leading
to regional angiogenesis and/or by cell transplantation. It is also
unknown whether there is a direct relationship between local oxygen
concentration and transplanted cell survival.

Role of oxygen in stem-cell therapy

Oxygen tension plays an important role in the growth of stem cells
in culture and significantly influences their expansion and differen-
tiation (Ezashi et al. 2005; Ma et al. 2009; Salim et al. 2004; Wang et al.
2005). Inresponse to acute hypoxia, cardiomyocytes have been shown
to exhibit adaptations that may facilitate cell survival and develop
tolerance to subsequent acute severe hypoxia (Silverman et al. 1997).
However, the levels and roles of oxygen concentration at the sites of
transplantation in the heart have not been investigated. This is

primarily due to the significant technical challenges in obtaining
reliable and repeated measurements of oxygen tension in a functional,
beating organ during and after stem-cell therapy.

A number of methods are available to obtain measurements of
tissue oxygen concentration in vivo (Heidt et al. 2009; Mik et al. 2009;
Swartz and Clarkson 1998; Vogt et al. 2009). Of these, electron
paramagnetic resonance (EPR) oximetry would appear to be the most
promising to obtain reliable, accurate, and repeated measurements
over time (Ahmad and Kuppusamy 2010). Our group used EPR
oximetry to measure myocardial pO, in rodent (murine and rat)
hearts under a variety of pathophysiological and therapeutic condi-
tions, including ischemia, reperfusion, pharmacological intervention,
and cell therapy. The results have shown significant variations and
importance of oxygen tension during cardiac damage and repair.

Most recent studies on stem-cell therapy for MI utilizing mesen-
chymal stem cells (MSCs) suggest that understanding the importance
of the tissue micro-environment and how it may be manipulated is
critical to realize the effective therapeutic potential of these cells (Chen
et al. 2007; Djouad et al. 2007). The most recent study from our
laboratory had shown that oxygen concentration is one of the vital
components within the micro-environment (Chacko et al. 2009).
Oxygen plays a significant role in the control and regulation of many
physiological, metabolic, and signaling pathways involved in cellular
engraftment and host-tissue regeneration (Chacko et al. 2009). It is
also known that low oxygen tension is involved in holding the stem
cells in a quiescent state in which they retain their plasticity
(D'Ippolito et al. 2006).

A study by Rochefort et al. (2006) has shown that MSCs are
regularly observed in the circulating blood of rats and that the
circulating pool of MSCs is consistently and substantially increased
(15-fold) in animals exposed to chronic hypoxia. In several in vitro
studies, low oxygen concentrations have been shown to stimulate the
differentiation of MSCs into an adipocyte-like phenotype (Fink et al.
2004; Lennon et al. 2001; Ren et al. 2006). Other researchers have
reported suppressive effects of reduced oxygen tension on MSC
plasticity (Fehrer et al. 2007; Potier et al. 2007). In this article we have
summarized our findings that demonstrate the dynamics of oxygen
concentration during pathophysiological changes leading to MI, as
well as modification of regional cardiac tissue oxygenation during cell
therapy.

EPR oximetry for monitoring myocardial oxygenation

Although several methods are used to measure oxygen concentra-
tion, a suitable technique for noninvasive, repeated, and reliable
measurements of oxygen in the same tissue over time was previously
not available. The methods which are commonly available to measure
tissue oxygen concentration include: Clarke electrode, NADH fluores-
cence, phosphorescence-quenching, myoglobin saturation, and 'H
NMR. EPR spectroscopy, a technique commonly used for direct detection
of free radicals and paramagnetic species, has recently been adapted to
reliably and accurately quantify the concentration of molecular oxygen
in viable cells and tissues (Ahmad and Kuppusamy 2010; Swartz and
Clarkson 1998). EPR oximetry refers to the measurement of the partial
pressure of oxygen (pO,) by EPR spectroscopy. The principle of EPR
oximetry is based on the paramagnetic characteristics of molecular
oxygen, which in its ground state has two unpaired electrons, and
undergoes spin exchange interaction with the paramagnetic EPR spin
probe. This process is sensitive to oxygen content, with the relaxation
rate of the spin probe increasing as a function of oxygen content
(concentration/pressure). This increased spin-spin relaxation rate
results in increased line broadening that is directly proportional to the
oxygen content (Pandian et al. 2003).

EPR oximetry requires the implantation of an oxygen-sensing
paramagnetic spin probe into the tissue of interest. The particulate
probes sense and report pO, in the tissue milieu. The crystalline form
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of lithium octa-n-butoxy-substituted naphthalocyanine radical (LiNc-
BuO) is a particulate oximetry spin probe that we have recently
synthesized and validated for in vivo oximetry (Chacko et al. 2009;
Pandian et al. 2003; Wisel et al. 2007). The LiNc-BuO crystals are
composed of stacks of neutral radicals of lithiated naphthalocyanine
macrocycles (Pandian et al. 2006). The EPR spectra of these
particulates are characterized by a single and very narrow absorption
peak due to the strong exchange coupling between the unpaired
electrons within the molecular stack. The peak-to-peak linewidth of
the EPR spectrum obtained is used to calculate pO, using a standard
calibration curve (Pandian et al. 2003). The probe, in the form of
submicron-sized (2704120 nm) crystals (hereafter referred to as
OxySpin), can be internalized in cells without compromising their
function (Chacko et al. 2009; Khan et al. 2007; Wisel et al. 2007).
Unique advantages of OxySpin probes are that they are retained in
cells/tissues for substantially long periods of time, and do not alter the
differentiation capability of the stem cells (Chacko et al. 2009), thus
enabling continuous monitoring of myocardial pO, in vivo for weeks
after stem-cell transplantation in a mouse heart. Fig. 1 shows some
typical EPR spectra obtained from murine hearts receiving OxySpin-
labeled stem-cell transplants. The results demonstrated that high
quality EPR spectral data could be obtained from beating mouse
hearts after several days or weeks after transplantation.

Despite being a unique and powerful method for noninvasive
monitoring of oxygen concentration in the heart, EPR oximetry has
certain limitations. A major limitation is that the method, at present, is
applicable only to measurements in the hearts of small animals such
as mice and rats. In larger animals, motional (contractile/respiratory)
artifacts and loss of sensitivity due to increased depth from the chest
wall are major concerns. Further advances in the EPR instrumentation
would be required to perform the measurements in large animals,
including humans.

[pO;]

159 mmHg

Fig. 1. Representative EPR spectra obtained from OxySpin in the heart. EPR spectra of a
suspension of OxySpin in PBS equilibrated with room air (A) and 100% nitrogen (B). EPR
spectra obtained from an infarcted mouse heart, in vivo, 1 day (C) or 2 weeks (D) after
implantation of OxySpin-labeled skeletal myoblast (SM) cells. The peak-peak width (w) of
the spectrum is a measure of oxygen concentration. The measured pO, values are noted on
the respective spectrum.

Myocardial oxygenation under conditions of prolonged ischemia
(PI) and stem-cell treatment

The myocardial pO, measurements were performed using an in
vivo EPR spectrometer (Magnettech; Berlin, Germany) equipped with
automatic coupling and tuning controls for measurements in beating
hearts. Microcrystals of LiNc-BuO were used as a probe for EPR
oximetry. Mice and rats, under inhalation anesthesia (air mixed with
1.5-2% isoflurane), were implanted with OxySpin probes in the left-
ventricular, mid-myocardium. We have previously reported that the
implantation of OxySpin probe is non-toxic to the heart and long-term
myocardial pO, measurements could be performed in the same
animal for up to 3 months (Fig. 2) and possibly longer (Khan et al.
2009a). Hence, EPR oximetry has several significant advantages over
other techniques for in vivo applications.

In our earlier reports, we have shown that the ischemic region of a
mouse heart was significantly hypoxic for 4 weeks after the induction of
myocardial ischemia by permanent LAD ligation (Khan et al. 2007).
Furthermore, there was no significant change in tissue pO, during the
development of LV remodeling. Transplantation of skeletal myoblast
(SM) cells in the ischemic region resulted in a significant increase in pO,
compared to untreated ischemic tissue (Fig. 3). Therefore, it is inferred
that the transplanted SM cells may be responsible for the augmented
myocardial pO; in the infarcted heart. Overall, we observed an increase
of ~2 mmHg, which corresponds to an increase of ~2.5 uM of steady-
state concentration of oxygen at the site of stem-cell therapy. Thus the
magnitude of increase in oxygenation, albeit small, may still be sufficient
for the survival of cells in the infarcted region (Khan et al. 2007).
Therefore, it is imperative to investigate newer strategies that would
enhance myocardial oxygenation and to study whether it improves the
survival and engraftment of transplanted stem cells.

Myocardial oxygenation under conditions of ischemia-reperfusion

The most common cause of MI is narrowing of the epicardial blood
vessels due to atheromatous plaques. Plaque ruptures, with subsequent
exposure of the basement membrane, result in platelet aggregation,
thrombus formation, fibrin accumulation, and hemorrhage into the
plaque, followed by varying degrees of vasospasm. This can result in
partial or complete occlusion of the vessel and subsequent myocardial
ischemia. Total occlusion of the vessel for more than 4-6 h results in
irreversible myocardial necrosis, but reperfusion within this period can
salvage the myocardium and reduce morbidity and mortality. Monitor-
ing the myocardial tissue oxygenation may play a vital role in
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Fig. 2. Long-term monitoring of myocardial pO, values in beating hearts. The
measurements were performed repeatedly for 16 weeks using in vivo EPR oximetry in
murine hearts implanted with microcrystals of LiNc-BuO (OxySpin) probe in the mid-
ventricular region without LAD coronary artery ligation. Data represent meandSD;
(n=26). The results show the feasibility of pO, measurements for more than 3 months in
the beating hearts of mice.
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Fig. 3. Myocardial pO, in the infarcted heart at the site of cell transplantation. Myocardial
pO, values were measured repeatedly for 4 weeks using in vivo EPR oximetry in murine
hearts transplanted with OxySpin-labeled SM cells. (A) Tissue pO, at 4 weeks after
treatment with SM cells (MI + SM) was significantly higher when compared to untreated
(MI) hearts. (B) The time-course values of myocardial pO, measured from infarcted hearts
(MI), and infarcted hearts treated with SM cells (MI+SM) are shown. Values are
expressed as mean =+ SD; (n=7). *p<0.05 versus MI group.

understanding the pathophysiology of oxygen changes that occur as a
result of ischemia-reperfusion (I/R) injury in the heart, and it may serve
as an important indicator to monitor the pathophysiology of several
cardiovascular drugs that are administered following an acute myocar-
dial infarction.

Recently, we have published several reports on pharmacological pre-
and post-conditioning of rat hearts using various treatment remedies
like verapamil (VER), HO-4038 (a verapamil derivative), sulfaphenazole
(SPZ) and trimetazidine (TMZ) (Khan et al. 2010; Khan et al. 2009b;
Mohan et al. 2009). In all groups of hearts, the baseline myocardial pO,
was about 20 mmHg, which dropped to 2-4 mmHg upon induction of
regional ischemia by ligation of the left-anterior-descending (LAD)
coronary artery (Fig. 4A). After 30 min of ligation, blood flow was
restored (reperfusion) by release of the ligation. Immediately upon
reperfusion, there was a substantial hyperoxygenation in the untreated
(saline only) I/R control group (Fig. 4A). The myocardial oxygenation
remained significantly elevated even after 48 h of reperfusion (Khan et
al. 2010). The hyperoxygenation may be due to contractile “stunning”,
which is a reversible loss of contractlity known to occur immediately
upon reperfusion and last for several hours to days (Bolli and Marban
1999). During this time the myocardium receives adequate oxygen
supply, but it does not fully utilize the oxygen because of depressed
contractility (myocardial work) which is not immediately restored to
preischemic levels. This condition may lead to a paradoxical hyperoxia

x>

‘ Ischemia-Reperfusion

A

£
E

~ 30
o]

o
©
T 20

&

©

o
S 10t

o VP ol il
R W a0 3 " W
NV ™ W o™ a0 FF <«
2% 0" S qe‘av O |
Reperfusion (1 h)
B
| Prolonged ischemia

Gl
I

£
E
o

-3
5
e

1]

1}

°

>
=

MSC MSC+HBO

Saline

Pre-isch.
Baseline

Myocardial Infarction

Fig. 4. Values of pO, in rat hearts under conditions of ischemia-reperfusion and stem-
cell therapy for myocardial infarction. (A) Effect of pretreatment of rats with verapamil
(VER), HO-4038, SPZ, and TMZ on myocardial pO, during regional ischemia followed by
reperfusion. Myocardial tissue pO, values were measured by EPR oximetry at 30 min of
ischemia, followed by at 1h of reperfusion. *p<0.05 versus saline group; n=_6.
(B) Measurement of myocardial pO, in rat hearts transplanted with mesenchymal stem
cells (MSC) at 2 weeks. The results show an increase in myocardial oxygenation levels
in hearts treated with MSC and further enhancement in pO, was observed in hearts
treated in conjunction with HBO and MSCs The “baseline” data were obtained from
hearts before induction of ischemia. Data represent mean + SD; n==6. *p<0.05 versus
Saline group. **p<0.05 versus MSC group.

due to the lack of oxygen utilization. Ambrosio et al. have observed an
overshoot of cardiac phosphocreatine concentration in rabbit hearts
upon post-ischemic reflow (Ambrosio et al. 1987). This overshoot effect
was attributed to a decrease in phosphocreatine utilization leading to an
imbalance between supply and rate of utilization of the high energy
phosphate metabolic reserve in the “stunned” heart (Ambrosio et al.
1987). Similarly, in yet another study the marked hyperoxygenation
was attributed to decreased oxygen consumption due to NO-mediated
inhibition of mitochondrial respiration (Zhao et al. 2005).

In studies conducted by our laboratory, this reperfusion-induced
hyperoxygenation was significantly attenuated in verapamil, HO-4038,
and TMZ-treated groups when compared to untreated I/R controls
(Fig. 4A). The reduction in hyperoxygenation observed in the treated
groups may be attributed to increase in oxygen demand due to
improved recovery of cardiac function, as much as 3-fold increase in
RPP (Rate-Pressure Product) in the HO-4038 group compared to control
(Mohan et al. 2009). On the other hand, pretreatment of rats with SPZ
showed a substantial hyperoxygenation at 1-h reperfusion (Fig. 4A),
which was attributed to enhanced NO levels that may promote
increased blood flow upon reperfusion (Khan et al. 2009b). The marked
hyperoxygenation could also occur as a result of decreased oxygen
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consumption due to NO-mediated inhibition of mitochondrial respira-
tion (Khan et al. 2009b). In a recent study we observed that TMZ
ameliorated the I/R-induced oxygen overshoot (Khan et al. 2010). The
absence of hyperoxygenation (Fig. 4A) at reperfusion in the TMZ-
treated hearts could be associated with an increased recovery of
contractility and attenuation of myocardial injury. Also, the hyperox-
ygenation at reperfusion might indicate a decrease in oxygen
consumption by the injured tissue.

Effect of post-administration of hyperoxygenation on stem-cell
treatment for myocardial infarction

Hyperbaric oxygenation (HBO) is a safe, clinically-viable treatment
that has been used as a primary therapy in patients with decompres-
sion sickness, arterial gas embolism and carbon monoxide poisoning
(Tibbles and Edelsberg 1996). It is also used as an adjuvant therapy to
promote wound healing (Thackham et al. 2008), and for the treatment
of various conditions, including ischemic injury (Yogaratnam et al.
2006). HBO involves inhalation of 100% oxygen under greater-than-
one atmospheric absolute (ATA) pressure. Such doses of oxygen have a
number of beneficial biochemical, cellular, and physiologic effects
(Yogaratnam et al. 2007). HBO, administered at the onset of
reperfusion in an open-chest rabbit model of myocardial ischemia-
reperfusion injury, showed a significant reduction in infarct size
(Sterling et al. 1993). More recent studies have also shown that HBO
attenuates myocardial injury via nitric oxide signaling (Yogaratnam et
al. 2007), improves cardiac function in patients with acute myocardial
infarction (Dekleva et al. 2004 ), and helps mobilization of stem cells by
stimulating nitric oxide synthesis (Thom et al. 2006a) and enhancing
CXCR4 and VEGFR-2 in humans (Thom et al. 2006a). However, until
recently, the efficacy of HBO as an adjuvant to cell therapy had not yet
been studied.

We used periods of HBO exposure in combination with myocardial
stem-cell therapy to treat rat hearts subjected to MI. HBO exposure
(100% Oy, 2 ATA, 90 min daily for 2 was weeks) started three days after
cell transplantation to allow the animals recover from surgical trauma.
Administration of HBO, in conjunction with MSCs, increased tissue
oxygenation in the infarct heart as measured by EPR spectroscopy (Khan
et al. 2009a). In vivo myocardial pO, measurements were obtained at
baseline and at the end of 2 weeks in all groups, including the rats that
were receiving stem-cell therapy applied to the infarct heart. The mean
baseline pO, in healthy hearts prior to simulated MI was 21.25+
2.0 mmHg (Fig. 4B). The myocardial pO, in hearts receiving MSC
transplants was significantly improved when compared to untreated MI
hearts (9.842.3 versus 3.8 4 1.2 mmHg, respectively). An additional
group given adjuvant HBO therapy after receiving MSC transplants to
the MI heart had further significant (p<0.05) enhancement in
myocardial oxygenation when compared to the MSC-alone treated
group (16.2 4-2.2 versus 9.8 £ 2.3, respectively) (Fig. 4B). The pO, data
indicated that HBO therapy further increased myocardial oxygenation
values to near-normal in infarct rat hearts treated with transplanted
stem cells. Most importantly, this study showed that HBO treatment
lead to increased stem-cell engraftment and improved cardiac function
(Khan et al. 2009a).

EPR spectroscopy is a unique technique by which we can monitor
non-invasively the myocardial oxygenation in the infarct heart. Our
lab has previously published long-term monitoring of myocardial
oxygenation, for up to 3 months, following OxySpin implantation in a
healthy mouse heart (Khan et al. 2008). As mentioned earlier in our
previous reports with skeletal myoblast transplantation (Khan et al.
2007), there was a marginal improvement in myocardial oxygenation.
However, the combined treatment of stem cells along with hyperbaric
oxygen (HBO) therapy showed a significant enhancement in
myocardial oxygenation and functional recovery in the infarct heart
(Khan et al. 2009a). The oximetry studies clearly demonstrated the

role of oxygen in myocardial infarction and its importance in the
treatment of cardiac repair by stem-cell therapy.

Overall, we have demonstrated the use of EPR oximetry for
noninvasive monitoring of local tissue oxygenation in hearts treated
with stem cells. The results clearly show that tissue oxygenation is an
important factor for the survival and engraftment of stem cells in the
heart.

Conflict of interest statement

The authors do not have any conflict of interest.

Acknowledgements

We acknowledge the grant support from NIH (EB006153,
EB004031) and from AHA (SDG 0930181N).

References

Agbulut O, Vandervelde S, Al Attar N, Larghero ], Ghostine S, Leobon B, Robidel E,
Borsani P, Le Lorc'h M, Bissery A, Chomienne C, Bruneval P, Marolleau JP, Vilquin JT,
Hagege A, Samuel JL, Menasche P. Comparison of human skeletal myoblasts and
bone marrow-derived CD133+ progenitors for the repair of infarcted myocardium.
Journal of the American College of Cardiology 44 (2), 458-463, 2004.

Ahmad R, Kuppusamy P. Theory, instrumentation, and applications of electron
paramagnetic resonance oximetry. Chemical Reviews 110 (5), 3212-3236, 2010.

Ambrosio G, Jacobus WE, Bergman CA, Weisman HF, Becker LC. Preserved high energy
phosphate metabolic reserve in globally “stunned” hearts despite reduction of
basal ATP content and contractility. Journal of Molecular and Cellular Cardiology 19
(10), 953-964, 1987.

Arnesen H, Lunde K, Aakhus S, Forfang K. Cell therapy in myocardial infarction. Lancet
369 (9580), 2142-2143, 2007.

Bolli R, Marban E. Molecular and cellular mechanisms of myocardial stunning.
Physiological Reviews 79 (2), 609-634, 1999.

Chacko SM, Khan M, Kuppusamy ML, Pandian RP, Varadharaj S, Selvendiran K, Bratasz
A, Rivera BK, Kuppusamy P. Myocardial oxygenation and functional recovery in
infarct rat hearts transplanted with mesenchymal stem cells. American Journal of
Physiology (Heart and Circulatory Physiology) 296 (5), H1263-H1273, 2009.

Chen XD, Dusevich V, Feng JQ, Manolagas SC, Jilka RL. Extracellular matrix made by
bone marrow cells facilitates expansion of marrow-derived mesenchymal
progenitor cells and prevents their differentiation into osteoblasts. Journal of
Bone and Minerals Research 22 (12), 1943-1956, 2007.

Chiu RC, Zibaitis A, Kao RL. Cellular cardiomyoplasty: myocardial regeneration with
satellite cell implantation. The Annals of Thoracic Surgery 60 (1), 12-18, 1995.
Dekleva M, Neskovic A, Vlahovic A, Putnikovic B, Beleslin B, Ostojic M. Adjunctive effect of
hyperbaric oxygen treatment after thrombolysis on left ventricular function in
patients with acute myocardial infarction. American Heart Journal 148 (4), E14, 2004.

D'Ippolito G, Diabira S, Howard GA, Roos BA, Schiller PC. Low oxygen tension inhibits
osteogenic differentiation and enhances stemness of human MIAMI cells. Bone 39 (3),
513-522, 2006.

Djouad F, Delorme B, Maurice M, Bony C, Apparailly F, Louis-Plence P, Canovas F, Charbord
P, Noel D, Jorgensen C. Microenvironmental changes during differentiation of
mesenchymal stem cells towards chondrocytes. Arthritis Research & Therapy 9 (2),
R33, 2007.

Egeland T, Brinchmann JE. Cell quality in the ASTAMI study. European Heart Journal 28 (17),
2172 author reply 2173-2174, 2007a.

Egeland T, Brinchmann JE. The REPAIR-AMI and ASTAMI trials: cell isolation
procedures. European Heart Journal 28 (17), 2174-2175 author reply 2175, 2007b.

Ezashi T, Das P, Roberts RM. Low O2 tensions and the prevention of differentiation of
hES cells. Proceedings of the National Academy of Sciences of the United States of
America 102 (13), 4783-4788, 2005.

Fehrer C, Brunauer R, Laschober G, Unterluggauer H, Reitinger S, Kloss F, Gully C, Gassner R,
Lepperdinger G. Reduced oxygen tension attenuates differentiation capacity of human
mesenchymal stem cells and prolongs their lifespan. Aging cell 6 (6), 745-757, 2007.

Fink T, Abildtrup L, Fogd K, Abdallah BM, Kassem M, Ebbesen P, Zachar V. Induction of
adipocyte-like phenotype in human mesenchymal stem cells by hypoxia. Stem
Cells 22 (7), 1346-1355, 2004.

Ghostine S, Carrion C, Souza LC, Richard P, Bruneval P, Vilquin JT, Pouzet B, Schwartz K,
Menasche P, Hagege AA. Long-term efficacy of myoblast transplantation on regional
structure and function after myocardial infarction. Circulation 106 (12 Suppl 1),
1131-1136, 2002.

Heidt MC, Sedding D, Stracke SK, Stadlbauer T, Boening A, Vogt PR, Schonburg M.
Measurement of myocardial oxygen tension: a valid and sensitive method in the
investigation of transmyocardial laser revascularization in an acute ischemia
model. The Thoracic and Cardiovascular Surgeon 57 (2), 79-84, 2009.

Kamihata H, Matsubara H, Nishiue T, Fujiyama S, Tsutsumi Y, Ozono R, Masaki H, Mori Y,
Iba O, Tateishi E, Kosaki A, Shintani S, Murohara T, Imaizumi T, Iwasaka T.
Implantation of bone marrow mononuclear cells into ischemic myocardium
enhances collateral perfusion and regional function via side supply of angioblasts,
angiogenic ligands, and cytokines. Circulation 104 (9), 1046-1052, 2001.



274 M. Khan et al. / Life Sciences 87 (2010) 269-274

Khan M, Kutala VK, Vikram DS, Wisel S, Chacko SM, Kuppusamy ML, Mohan IK, Zweier JL,
Kwiatkowski P, Kuppusamy P. Skeletal myoblasts transplanted in the ischemic
myocardium enhance in situ oxygenation and recovery of contractile function.
American Journal of Physiology (Heart and Circulatory Physiology) 293 (4),
H2129-H2139, 2007.

Khan M, Kutala VK, Wisel S, Chacko SM, Kuppusamy ML, Kwiatkowski P, Kuppusamy P.
Measurement of oxygenation at the site of stem cell therapy in a murine model of
myocardial infarction. Advances in Experimental Medicine and Biology 614, 45-52,
2008.

Khan M, Meduru S, Mohan IK, Kuppusamy ML, Wisel S, Kulkarni A, Rivera BK, Hamlin
RL, Kuppusamy P. Hyperbaric oxygenation enhances transplanted cell graft and
functional recovery in the infarct heart. Journal of Molecular and Cellular
Cardiology 47 (2), 275-287, 2009a.

Khan M, Mohan IK, Kutala VK, Kotha SR, Parinandi NL, Hamlin RL, Kuppusamy P.
Sulfaphenazole protects heart against ischemia-reperfusion injury and cardiac
dysfunction by overexpression of iNOS, leading to enhancement of nitric oxide
bioavailability and tissue oxygenation. Antioxidants & Redox Signaling 11 (4),
725-738, 2009b.

Khan M, Meduru S, Mostafa M, Khan S, Hideg K, Kuppusamy P. Trimetazidine,
administered at the onset of reperfusion, ameliorates myocardial dysfunction and
injury by activation of p38 mitogen-activated protein kinase and Akt signaling. The
Journal of Pharmacology and Experimental Therapeutics 333 (2), 421-429, 2010.

Lane N. Oxygen: The Molecule that Made the World. Oxford University Press, Oxford,
2002.

Lennon DP, Edmison JM, Caplan Al Cultivation of rat marrow-derived mesenchymal
stem cells in reduced oxygen tension: effects on in vitro and in vivo
osteochondrogenesis. Journal of Cellular Physiology 187 (3), 345-355, 2001.

Ma T, Grayson WL, Frohlich M, Vunjak-Novakovic G. Hypoxia and stem cell-based
engineering of mesenchymal tissues. Biotechnology Progress 25 (1), 32-42, 2009.

Martin-Rendon E, Brunskill SJ, Hyde CJ, Stanworth SJ, Mathur A, Watt SM. Autologous
bone marrow stem cells to treat acute myocardial infarction: a systematic review.
European Heart Journal 29 (15), 1807-1818, 2008a.

Martin-Rendon E, Brunskill S, Doree C, Hyde C, Watt S, Mathur A, Stanworth S. Stem cell
treatment for acute myocardial infarction. Cochrane Database of Systematic
Reviews (Online) (4), CD006536, 2008b.

McConnell PI, del Rio CL, Jacoby DB, Pavlicova M, Kwiatkowski P, Zawadzka A, Dinsmore JH,
Astra L, Wisel S, Michler RE. Correlation of autologous skeletal myoblast survival with
changes in left ventricular remodeling in dilated ischemic heart failure. The Journal of
Thoracic and Cardiovascular Surgery 130 (4), 1001, 2005.

Mik EG, Ince C, Eerbeek O, Heinen A, Stap ], Hooibrink B, Schumacher CA, Balestra GM,
Johannes T, Beek JF, Nieuwenhuis AF, van Horssen P, Spaan JA, Zuurbier CJ.
Mitochondrial oxygen tension within the heart. Journal of Molecular and Cellular
Cardiology 46 (6), 943-951, 2009.

Mohan IK, Khan M, Wisel S, Selvendiran K, Sridhar A, Carnes CA, Bognar B, Kalai T, Hideg K,
Kuppusamy P. Cardioprotection by HO-4038, a novel verapamil derivative, targeted
against ischemia and reperfusion-mediated acute myocardial infarction. American
Journal of Physiology (Heart and Circulatory Physiology) 296 (1), H140-H151, 2009.

Orlic D, Kajstura J, Chimenti S, Jakoniuk I, Anderson SM, Li B, Pickel ], McKay R, Nadal-
Ginard B, Bodine DM, Leri A, Anversa P. Bone marrow cells regenerate infarcted
myocardium. Nature 410 (6829), 701-705, 2001a.

Orlic D, Kajstura J, Chimenti S, Bodine DM, Leri A, Anversa P. Transplanted adult bone
marrow cells repair myocardial infarcts in mice. Annals of the New York Academy
of Sciences 938, 221-229 discussion 229-230, 2001b.

Pagani FD, DerSimonian H, Zawadzka A, Wetzel K, Edge AS, Jacoby DB, Dinsmore JH,
Wright S, Aretz TH, Eisen HJ, Aaronson KD. Autologous skeletal myoblasts
transplanted to ischemia-damaged myocardium in humans. Histological analysis of
cell survival and differentiation. Journal of the American College of Cardiology 41 (5),
879-888, 2003.

Pandian RP, Parinandi NL, Ilangovan G, Zweier JL, Kuppusamy P. Novel particulate spin
probe for targeted determination of oxygen in cells and tissues. Free Radical Biology
& Medicine 35 (9), 1138-1148, 2003.

Pandian RP, Dang V, Manoharan PT, Zweier JL, Kuppusamy P. Effect of nitrogen dioxide
on the EPR property of lithium octa-n-butoxy 2, 3-naphthalocyanine (LiNc-BuO)
microcrystals. Journal of Magnetic Resonance 181 (1), 154-161, 2006.

Potier E, Ferreira E, Andriamanalijaona R, Pujol JP, Oudina K, Logeart-Avramoglou D,
Petite H. Hypoxia affects mesenchymal stromal cell osteogenic differentiation and
angiogenic factor expression. Bone 40 (4), 1078-1087, 2007.

RenH, Cao Y, Zhao Q, Li], Zhou C, Liao L, Jia M, Zhao Q, Cai H, Han ZC, Yang R, Chen G, Zhao
RC. Proliferation and differentiation of bone marrow stromal cells under hypoxic

conditions. Biochemical and Biophysical Research Communications 347 (1), 12-21,
2006.

Retuerto MA, Schalch P, Patejunas G, Carbray ], Liu N, Esser K, Crystal RG, Rosengart TK.
Angiogenic pretreatment improves the efficacy of cellular cardiomyoplasty
performed with fetal cardiomyocyte implantation. The Journal of Thoracic and
Cardiovascular Surgery 127 (4), 1041-1049 discussion 1049-1051, 2004.

Rochefort GY, Delorme B, Lopez A, Herault O, Bonnet P, Charbord P, Eder V, Domenech J.
Multipotential mesenchymal stem cells are mobilized into peripheral blood by
hypoxia. Stem Cells 24 (10), 2202-2208, 2006.

Salim A, Giaccia AJ, Longaker MT. Stem cell differentiation. Nature Biotechnology 22 (7),
804-805 author reply 805-806, 2004.

Seeger FH, Tonn T, Krzossok N, Zeiher AM, Dimmeler S. Cell isolation procedures
matter: a comparison of different isolation protocols of bone marrow mononuclear
cells used for cell therapy in patients with acute myocardial infarction. European
Heart Journal 28 (6), 766-772, 2007.

Silverman HS, Wei S, Haigney MC, Ocampo CJ, Stern MD. Myocyte adaptation to chronic
hypoxia and development of tolerance to subsequent acute severe hypoxia.
Circulation Research 80 (5), 699-707, 1997.

Sterling DL, Thornton JD, Swafford A, Gottlieb SF, Bishop SP, Stanley AW, Downey JM.
Hyperbaric oxygen limits infarct size in ischemic rabbit myocardium in vivo.
Circulation 88 (4 Pt 1), 1931-1936, 1993.

Strauer BE, Brehm M, Zeus T, Kostering M, Hernandez A, Sorg RV, Kogler G, Wernet P.
Repair of infarcted myocardium by autologous intracoronary mononuclear bone
marrow cell transplantation in humans. Circulation 106 (15), 1913-1918, 2002.

Swartz HM, Clarkson RB. The measurement of oxygen in vivo using EPR techniques.
Physics in Medicine and Biology 43 (7), 1957-1975, 1998.

Thackham JA, McElwain DL, Long R]. The use of hyperbaric oxygen therapy to treat
chronic wounds: a review. Wound Repair and Regeneration 16 (3), 321-330, 2008.

Thom SR, Bhopale VM, Velazquez OC, Goldstein LJ, Thom LH, Buerk DG. Stem cell
mobilization by hyperbaric oxygen. American Journal of Physiology (Heart and
Circulatory Physiology) 290 (4), H1378-H1386, 2006a.

Thom T, Haase N, Rosamond W, Howard V], Rumsfeld ], Manolio T, Zheng Z], Flegal K,
O'Donnell C, Kittner S, Lloyd-Jones D, Goff Jr DC, Hong Y, Adams R, Friday G, Furie K,
Gorelick P, Kissela B, Marler ], Meigs ], Roger V, Sidney S, Sorlie P, Steinberger ],
Wasserthiel-Smoller S, Wilson M, Wolf P. Heart disease and stroke statistics—2006
update: a report from the American Heart Association Statistics Committee and
Stroke Statistics Subcommittee. Circulation 113 (6), e85-e151, 2006b.

Tibbles PM, Edelsberg JS. Hyperbaric-oxygen therapy. The New England Journal of
Medicine 334 (25), 1642-1648, 1996.

Tse HF, Kwong YL, Chan JK, Lo G, Ho CL, Lau CP. Angiogenesis in ischaemic myocardium
by intramyocardial autologous bone marrow mononuclear cell implantation.
Lancet 361 (9351), 47-49, 2003.

van Beem RT, Hirsch A, Lommerse IM, Zwaginga JJ, Noort WA, Biemond B], Piek J], van
der Schoot CE, Voermans C. Recovery and functional activity of mononuclear bone
marrow and peripheral blood cells after different cell isolation protocols used in
clinical trials for cell therapy after acute myocardial infarction. Eurointervention 4
(1), 133-138, 2008.

Vogt S, Troitzsch D, Spath S, Portig I, Moosdorf R. Direct measurement of myocardial
oxygen tension and high energy phosphate content under varying ventilatory
conditions in rabbits. Biomedizinische Technik 54 (4), 179-186, 2009.

Wang DW, Fermor B, Gimble JM, Awad HA, Guilak F. Influence of oxygen on the
proliferation and metabolism of adipose derived adult stem cells. Journal of Cellular
Physiology 204 (1), 184-191, 2005.

Wisel S, Chacko SM, Kuppusamy ML, Pandian RP, Khan M, Kutala VK, Burry RW, Sun B,
Kwiatkowski P, Kuppusamy P. Labeling of skeletal myoblasts with a novel oxygen-
sensing spin probe for noninvasive monitoring of in situ oxygenation and cell therapy
in heart. American Journal of Physiology (Heart and Circulatory Physiology) 292 (3),
H1254-H1261, 2007.

Yogaratnam JZ, Laden G, Madden LA, Seymour AM, Guvendik L, Cowen M, Greenman J,
Cale A, Griffin S. Hyperbaric oxygen: a new drug in myocardial revascularization
and protection? Cardiovascular Revascularization Medicine 7 (3), 146-154, 2006.

Yogaratnam JZ, Laden G, Guvendik L, Cowen M, Cale A, Griffin S. Can hyperbaric oxygen
be used as adjunctive heart failure therapy through the induction of endogenous
heat shock proteins? Advances in Therapy 24 (1), 106-118, 2007.

Zhao X, He G, Chen YR, Pandian RP, Kuppusamy P, Zweier JL. Endothelium-derived
nitric oxide regulates postischemic myocardial oxygenation and oxygen consump-
tion by modulation of mitochondrial electron transport. Circulation 111 (22),
2966-2972, 2005.



	Oxygen and oxygenation in stem-cell therapy for myocardial infarction
	Introduction
	Stem-cell therapy for treating myocardial infarction
	Role of oxygen in stem-cell therapy
	EPR oximetry for monitoring myocardial oxygenation
	Myocardial oxygenation under conditions of prolonged ischemia (PI) and stem-cell treatment
	Myocardial oxygenation under conditions of ischemia–reperfusion
	Effect of post-administration of hyperoxygenation on stem-cell treatment for myocardial infarction
	Conflict of interest statement
	Acknowledgements
	References




