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A major challenge to the success of cell-based implants for tissue regeneration is an insufficient supply of
oxygen before host vasculature is integrated into the implants, resulting in premature cell death and dysfunction.
Whereas increasing oxygenation to the implants has been a major focus in the field, our strategy is aimed at
lowering oxygen consumption by downregulating cellular metabolism of cell-based implants. Adenosine, which
is a purine nucleoside that functions as an energy transferring molecule, has been reported to increase under
hypoxia, resulting in reducing the adenosine triphosphate (ATP) demands of the Na + /K + ATPase. In the
present study, we investigated whether adenosine could be used to downregulate cellular metabolism to achieve
prolonged survival under hypoxic conditions. Murine myoblasts (C2C12) lacking a self-survival mechanism
were treated with adenosine under 0.1% hypoxic stress. The cells, cultured in the presence of 5 mM adenosine,
maintained their viability under hypoxia, and regained their normal growth and function of forming myotubes
when transferred to normoxic conditions at day 11 without further supply of adenosine, whereas nontreated
cells failed to survive. An increase in adenosine concentrations shortened the onset of reproliferation after
transfer to normoxic conditions. This increase correlated with an increase in metabolic downregulation during
the early phase of hypoxia. A higher intracellular ATP level was observed in adenosine-treated cells throughout
the duration of hypoxia. This strategy of increasing cell survival under hypoxic conditions through down-
regulating cellular metabolism may be utilized for cell-based tissue regeneration applications as well as
protecting tissues against hypoxic injuries.

Introduction

One of the primary challenges encountered in building
volumetric tissues for cell-based human applications is

inadequate supply of oxygen.1 This is mainly due to the
delay of vasculogenesis and integration of vessels into the
tissue constructs after implantation. Insufficient oxygenation
limits normal cellular metabolism, resulting in ischemia
within the tissue implants leading to cellular dysfunction
and premature cell death. Consequently, the implanted cells
will not survive and tissue regeneration will not occur.

It is well known that cells can only survive within 200mm
from the outer boundaries of an implant due to diffusion
limitations.2–4 As a consequence, tissue implants greater
than 1 cm3 are likely to become ischemic and eventually
necrotic.5–7 Such necrosis is likely to occur in the central
region of the tissue implant because oxygen tension be-
comes too low to support viable cells. The diffusion distance
is estimated to have an inverse square relationship with the

maximum concentration of cells. This is why large tissue
constructs implanted in vivo often fail, while successful in
smaller implants.8

Given the challenges associated with inadequate supply
of oxygen for many cell-based tissue constructs, a number of
strategies have been explored. These include the use of
synthetic oxygen carriers such as perfluorocarbons9,10 and
oxygen-generating biomaterials,3,11,12 and the incorporation
of angiogenic factors such as vascular endothelial growth
factor and endothelial cells to enhance neovascularization
into the matrix.13,14 Another approach is the design of a
microcirculation network within matrices that allows en-
hanced oxygen diffusion.15 Facilitating oxygenation to the
implants at the time of implantation is the common focus of
these current strategies, however, none has been successful
to date in achieving survival of a clinically applicable
volumeteric tissue mass.3,11,16–18

In this study, we tested the hypothesis that it is possible to
maintain cell viability without facilitating oxygenation. Our
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strategy is to downregulate cellular metabolism to a new
hypometabolic steady state, resulting in lowering oxygen
consumption. Adenosine, a purine nucleoside that functions
as an energy transferring molecule, is known to be a key
regulator in controlling the metabolic activity.19 It has been
reported to increase in hypoxia-tolerant cells under hypoxic
stress and reduce the adenosine triphosphate (ATP) demands
of the Na + /K + ATPase, the dominant ATP consuming cel-
lular process, especially under severe oxygen limitations.20

By exploiting this protective property of adenosine under
hypoxic conditions, we showed in vitro that, exogenously
supplied adenosine promotes survival and maintains func-
tion under hypoxic conditions of the murine myoblasts
(C2C12), which lack the self-survival mechanism observed
in hypoxia-tolerant cells.

Materials and Methods

Cell culture

C2C12 myoblasts were selected for their relatively high
proliferation rate, *12–16 h of doubling time,21 which we
predicted would enable us to detect more sensitive cellular
responses to adenosine. C2C12 cells (ATCC) were cultured
in the Dulbecco’s modified Eagle’s medium (Gibco) sup-
plemented with 10% fetal bovine serum, 500 U/mL peni-
cillin, and 500mg/mL streptomycin.

Hypoxic treatment

At 60–80% confluency under normal conditions, a 100mL
sample of a cell suspension containing 2500 cells was plated
into each well of a 96-well plate. Cells were incubated for
24 h in normoxic conditions (21% O2, 37�C) before place-
ment in a hypoxic chamber to allow time for attachment to
the culture plates. The hypoxic condition was maintained
with a gas mixture containing 0.1% O2, 5% CO2, and 94.9%
N2 at 37�C and full humidity in an X-Vivo System (Bio-
spherix). The 0.1% hypoxic level, defined as extreme
pathological hypoxia,22 was selected to avoid partial satu-
ration of oxygen (between 1% and 10%) found in the mature
skeletal muscle.23 At day 0, each group was supplemented
with a fresh medium, where adenosine groups received
various concentrations of adenosine (0.05, 1, 2, and 5 mM,
Sigma-Aldrich) dissolved in the medium. The hypoxic groups
were then placed in the hypoxic chamber and incubated
up to day 11, whereas the normoxic group continued to be
incubated in the regular incubator. No medium change was
made for both normoxic and hypoxic groups up to day 11.
After transfer to normoxic conditions, cells were cultured in
the regular incubator with an exchange of no adenosine-
containing, fresh medium every third day.

Cell counts

Cell proliferation of each group was determined by a
Quanti-iT PicoGreen double-stranded DNA (dsDNA) Kit
(Invitrogen). After washed with phosphate-buffered saline
(PBS), cells were lysed with 55mL of RIPA buffer (Sigma)
on ice for 5 min, and then the supernatants were mixed with
an equal volume of PicoGreen dsDNA quantitation reagent,
a fluorescent DNA dye (excitation at 480 nm; emission at
520 nm). The DNA content was quantified using a SpectraMax
M5 microplate reader (Molecular Devices). The number

of cells was calculated using a standard curve plotted from
fluorescent readings of serial dilutions of a known concen-
tration of cells.

Viable cell imaging

Cell viability was visualized using a calcein AM (Invitro-
gen) where viable cells fluoresce green through the reaction
of calcein AM. Cells were rinsed with PBS and incubated
for 30 min in a PBS composed of 2mM calcein AM. Then,
the cells were observed under an inverted fluorescent mi-
croscope (Leica).

Histological analysis for myotube formation

After C2C12 cells that survived the hypoxic stress in the
presence of adenosine were transferred to normoxic condi-
tions without further supply of adenosine, they were
cultured continuously for 3 days in the growth medium
followed by a 2% horse serum-containing medium for an-
other 6 days. They were then fixed with methanol and im-
munostained with a monoclonal antibody directed against
the muscle sarcomeric myosin (MF-20, 1:25; abcam) fol-
lowed by an exposure to a secondary antibody (anti-mouse
alexa 594, 1:500; abcam). Nuclei were counterstained with
DAPI (Vector). Photomicrographs were obtained using a
Leica inverted fluorescence microscope. Myotube forma-
tion was also observed by Giemsa staining (1:20; Sigma-
Aldrich) using a Zeiss upright light microscope.

MTS metabolic assay

The mitochondrial metabolic activity of viable cells was
assessed using a 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxy-
methoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS)
assay (Promega). Cells were rinsed with PBS three times
followed by the addition of 120mL of MTS reagent to each
well. After an hour of incubation, the optical density (OD)
of a brown formazan product by dehydrogenase enzymes in
metabolically active cells was measured with a microplate
reader at 490 nm. The mean OD value obtained from media
blanks was standardized as 0% metabolic inhibition. For
some analyses, the metabolic activity measured at each time
point was normalized by the cell number obtained from
PicoGreen assay as previously described. The total meta-
bolic activity represented by the area under the curve over
time was computed using Origin Pro v. 8 (Origin Lab
Corporation).

Measurement of intracellular ATP level

Intracellular ATP was measured by using the ATP Bio-
luminescence Assay Kit HS II (Roche Applied Science).
Cells were lysed with 50mL of lysis buffer and transferred
into a well, and then 50mL of luciferase reagent was added
to it. After mixing, the light emitted was measured and in-
tegrated for 10 s by using a SpectraMax M5 luminometer
(Molecular Devices). The blank value (from a well con-
taining no ATP) was subtracted from each sample’s raw
data. ATP concentrations were calculated from the linear
part of the standard curve prepared with serial dilutions of a
known concentration of ATP and expressed as moles per
cell. This, in turn, was recalculated to a percent ATP of that
expressed in the cells grown under normoxic conditions.
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Survival of muscle tissue under hypoxia

All animal work was approved by the Animal Care and
Use Committee of Wake Forest University (protocol
number: A10–233). Soleus muscle tissues dissected im-
mediately after sacrifice of Sprague–Dawley rats (17 weeks
old, 380–400 g; Harlan) were assigned to one of the three
groups in the growth medium: (1) native tissue group, (2)
no adenosine-treated hypoxic group, and (3) hypoxic group
with 5 mM adenosine supplemented in 2 mL of medium.
The media were changed every third day. At day 10, a half
of the tissue sample was fixed in 10% neutral buffered
formalin (Sigma-Aldrich), 6 mm sections were generated by
a cryotome (Leica), and stained with hematoxylin and
eosin (H&E). Microscopic analysis was performed using a
light microscope (Zeiss). Dead assay was assessed on
the remaining tissues using 4mM ethidium homodimer-1
(EthD-1; Invitrogen) to stain dead cells with damaged cell
membranes. The stained sections were observed using a
fluorescent microscope (Leica). The number of dead cells
was quantitated using the analyze particle method with
ImageJ software (U.S. National Institute of Health) on
the fluorescence images, and its percentage was calcu-
lated based on the number of DAPI-stained cells on each
section.

Statistical analysis

Statistical analysis was performed using a single-tailed
Student’s t-test and one-way analysis of variance with Tu-
key’s post hoc tests (Origin Pro v.8; Origin Lab Corpora-
tion). A p-value < 0.05 was considered significant. All values
are reported as the mean and standard deviation of the mean.

Results

Adenosine enhances cell survival under hypoxia

The effect of adenosine on C2C12 cell survival under
hypoxia was investigated by culturing cells under 0.1%
hypoxic conditions for 11 days followed by normoxic con-
ditions without further supply of adenosine. Adenosine was
found to be stable up to 7 days, the longest duration tested
(data not shown). The normoxic cells became fully conflu-
ent at day 3 (Fig. 1A), and then their number declined. The
growth of all hypoxic groups was substantially limited under
0.1% oxygen conditions. Hypoxic cells not treated with
adenosine showed an increase in number up to day 5, but
then continued to decline. This resulted in cell death at day
11 with only 5.5% of the initial number of cells remaining
viable. Growth of these cells was never recovered even after
transfer to normoxic conditions as most of them died. This

FIG. 1. (A) Adenosine enhances C2C12
cell survival under hypoxia. C2C12 cells
(2500 cells per well) were cultured for 11
days under 0.1% hypoxic conditions fol-
lowed by normoxic conditions without fur-
ther supply of adenosine. The number of
cells was assessed using the dsDNA content.
All the experimental groups with various
concentrations of adenosine (1, 2, and
5 mM) survived hypoxic stress (n = 4). After
a transfer to normoxic conditions, these cells
reproliferated with a growth rate comparable
to that of normoxic cells, whereas the con-
trol cells did not reproliferate. The onset of
reproliferation was concentration dependent.
An earlier onset was observed with an in-
crease of concentration. (B) Representative
fluorescent images of live C2C12 cells
stained with calcein AM (green), without
(Upper) and with 5 mM adenosine (Lower)
(scale bars = 200 mm). dsDNA, double-
stranded DNA. Color images available on-
line at www.liebertpub.com/tea
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was also observed in 0.05 mM adenosine-treated cells,
however, cells exposed to 1, 2, and 5 mM adenosine sur-
vived 11 days of hypoxic stress, and still maintained ap-
proximately two to four times the initial number of cells.
These observations were also supported by the fluorescent
images of live C2C12 cells stained with calcein AM
(Fig. 1B). These surviving cells resumed their proliferation
at a growth rate comparable to that of normoxic cells until
they became fully confluent after transfer to normal oxygen
tension (Fig. 1A). The time for onset of reproliferation was
found to be concentration dependent: the higher the aden-
osine concentration the shorter the time to initiation of cell
growth. An effect of concentration on cell numbers was also
revealed under hypoxia, however, no substantial differences
in number of cells were observed among the groups except
for the 5 mM adenosine-treated group. Since the most ef-
fective adenosine concentration was 5 mM, this concentra-
tion was used for further experiments.

C2C12 cells surviving in the presence of adenosine
retain their differentiating property

It is critical that cells retain their normal function after
adenosine removal. As shown in Figure 1, exposure to
adenosine did not affect the proliferative capability of
C2C12 cells. Another important function of cells especially
for cell-based tissue applications is their differentiating ca-
pability. C2C12 cells possess the unique property of dif-
ferentiating into myotubes in the 2% horse serum-containing
medium. Using this property, the differentiating capability
was qualitatively evaluated on C2C12 cells that underwent
11 days of exposure to adenosine under 0.1% hypoxic
conditions. C2C12 cells cultured under normoxic conditions
were used as a control. As shown in Figure 2, adenosine-
treated C2C12 cells showed capability of fusing into myo-
tubes that align along their elongated cytoplasmic extensions.
Moreover, they displayed a typical culture of multicellular
myotubes compared with those obtained from the control
cells in terms of the number, length, and thickness. In the
cells not treated with adenosine, only cellular debris was
stained with Giemsa without myotubes formed.

Mechanism behind cell survival: adenosine maintains
hypometabolic steady state of hypoxic C2C12 cells

We investigated whether downregulation of metabolic
activity is observed in the surviving C2C12 cells under

hypoxic conditions by the presence of adenosine. The
metabolic activity was presented as MTS absorbance nor-
malized by the number of cells at each corresponding time
point. As shown in Figure 3, the metabolic activity of the
hypoxic cells without adenosine increased initially, but then
decreased and never recovered even after transfer to nor-
moxic conditions due to the fact that the untreated cells
died. In the cells treated with 5 mM adenosine, however, the
metabolic activity was suppressed initially up to day 5, and
showed a transient increase followed by decrease, still
maintaining *68% of the initial metabolic activity at day
11. After transfer to normoxic conditions, it was restored to
a level similar to that in normoxic cells.

FIG. 2. Representative images of myo-
tubes formed only in hypoxia-survived
C2C12 cells in the presence of adenosine.
C2C12 cells underwent identical testing
conditions, as described in Figure 1, except
that these cells were cultured in the complete
growth medium for 3 days after transfer to
normoxic conditions followed by a 2% horse
serum-containing differentiating medium for
6 days. C2C12 cells were immunostained
(Upper) with MF-20 (myosin heavy chain,
red) and DAPI (nuclei, blue), and stained
with Giemsa (Lower) (scale bars = 200mm).
Color images available online at www
.liebertpub.com/tea

FIG. 3. Effect of adenosine on metabolic activity of a
single C2C12 cell assessed through the MTS metabolic ac-
tivity and dsDNA content (n = 4). When treated with 5 mM
adenosine under 0.1% hypoxic conditions, the metabolic ac-
tivity was shifted to the right of the control group, resulting in
its downregulated states approximately for the first 5 days.
When these cells were transferred to normoxic conditions, the
metabolic activity was restored equivalent to a normal level
measured in normoxic cells. A normal level is shown only up
to day 3 because the C2C12 cells became fully confluent at
this time. MTS, 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxy-
methoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium. Color ima-
ges available online at www.liebertpub.com/tea
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A higher intracellular ATP level is observed
in the adenosine-treated cells

The cytosolic ATP level was assessed in C2C12 cells
during the hypoxic phase to investigate the effect of aden-
osine on mitochondrial metabolism. The ATP level was
normalized by the number of cells, and this, in turn, was
expressed as a percentage of the ATP level measured in
normoxic cells (Fig. 4). In the no adenosine-treated control
cells, an 81% reduction in the ATP level was observed by
day 3. This decrease continued to 93% by day 7, and ATP
was no longer detected by day 11. In contrast, a consistently
higher ATP level ( p < 0.05) was observed throughout the
hypoxic duration in the cells treated with adenosine than the
control cells, with 18% ATP still detected at day 11.

Adenosine provides tissue protection under hypoxia

The concept of prolonging cell survival proposed in this
study could also be beneficial for protecting against hypoxic
injury. We evaluated such effects of adenosine on soleus
muscles, which are primarily aerobic, by culturing these
muscles under hypoxic conditions for 10 days. The degree
of muscle damage with H&E was assessed as shown in
Figure 5A. Native muscle tissues had no histologic evidence
of injury. The tissues cultured without adenosine showed
more damage than those treated with 5 mM adenosine, in-
dicated by degenerated myofibers and loss of connective
tissues. We then evaluated whether the degree of damage
correlates with the number of dead cells. Fluorescent images
of cross-sectioned muscle tissues immunostained with
EthD-1 and DAPI showed that most of the cells died in the

no adenosine-treated tissues, whereas in the presence of
adenosine, a pronounced reduction in cell death was ob-
served (Fig. 5B). This observation was more evident when
the number of dead cells was quantified and expressed as a
percentage of number of DAPI-stained cells (Fig. 5C). The
no adenosine-treated group revealed 97% cell death, while
only 46% of dead cells was shown in the tissues supplied
with adenosine ( p = 0.0007). This result suggests that
adenosine can also be effective in protecting hypoxic mus-
cles by reducing cell death.

FIG. 4. Effect of adenosine on intracellular ATP level of a
single C2C12 cell during the 0.1% hypoxic phase. In-
tracellular ATP of hypoxic cells was expressed as a per-
centage of that measured in normoxic cells at day 0. With
only 19% remained at day 3, ATP of the control group
continued to decline until no ATP was detected at day 11.
Throughout the hypoxic duration, a higher ATP level was
observed in the cells treated with 5 mM adenosine, still
maintaining 18% of ATP by day 11 (n = 4, Student t-test,
*p < 0.05). ATP, adenosine triphosphate. Color images
available online at www.liebertpub.com/tea

FIG. 5. Adenosine protects hypoxic tissues. (A) Re-
presentative H&E images of soleus muscle tissues after 10
days of culture in hypoxic conditions (scale bar = 100mm).
The tissues cultured without adenosine show more damage
compared with tissues treated with 5 mM adenosine, indi-
cated by degenerated myofibers and loss of connective tis-
sues. (B) Representative fluorescent images of tissues stained
with EthD-1 (dead cells, red) and DAPI (nuclei, blue) (scale
bar = 200mm). (C) Quantitative analysis on a number of dead
cells expressed as a percentage of total number of cells
stained with DAPI based on images in panel B. The 5 mM
adenosine- treated tissues showed a significantly fewer dead
cells compared with the controls (n = 3, analysis of variance
with Tukey’s post hoc test, *p < 0.005). EthD-1, ethidium
homodimer-1; H&E, hematoxylin and eosin. Color images
available online at www.liebertpub.com/tea
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Discussion

Building a clinically relevant sized tissue or organ using
cell-based tissue constructs requires maintenance of cell vi-
ability and function during the early engraftment period. In
this study, we demonstrated that metabolic rate depression by
exogenously applied adenosine can be utilized to maintain
cell viability and function under hypoxic conditions.

A continued supply of oxygen is essential to maintain ad-
equate ATP production for ensuring normal function and
survival of mammalian cells. In case of oxygen limitation, the
cellular ATP demands tend to remain constant without con-
comitant reduction in its utilization. This will lead to events
associated with uncontrolled cellular swelling, and ulti-
mately, cell necrosis.24 Interestingly, certain marine species
are capable of surviving prolonged periods of oxygen depri-
vation.25,26 The survival mechanism of such hypoxic adap-
tation was mainly based on lowering the ATP demand to a
level that can be supplied by anaerobic ATP production
alone, a term known as metabolic downregulation.

A mechanism of metabolic downregulation has been
utilized in a number of strategies to protect cells.27–31 For
example, induced hypothermia has been routinely used in
surgery since the early 1950s.30 It is a well-established
means of cytoprotection in which, lowering temperature
slows metabolism and renders cells in a suspended state to
maintain cell survival. However, only a few clinical studies
have convincingly demonstrated a role in humans. As an
alternative, we sought a pharmacologic approach to induce
cytoprotection.

Adenosine is an excellent pharmacological candidate that
could modulate ATP utilization in hypoxia-sensitive cells
that lack the self-survival mechanism. It has been shown to
increase in hypoxia-tolerant cells under hypoxic stress and
downregulates the Na + /K + ATPase activity in an autocrine
manner.19,32 Na + /K + ATPase is one of the prominent ATP
consumers accounting for up to 75% of the ATP demands
under hypoxia.33 When the cells initially encounter hypoxic
episodes, a dephosphorylation of ATP to adenosine occurs,
resulting in accumulation within cells, as ATP produced by
glycolysis alone becomes insufficient to meet the cellular
needs. Adenosine then exits the cell and binds to its re-
ceptors, resulting in induction of yet unknown G-coupled
second messenger pathways followed by eventual reduction
in the Na + /K + ATPase activity.20 For a potential clinical
utilization of adenosine in humans, however, the presence of
adenosine receptors is a prerequisite. All four adenosine
receptors have been cloned in humans and are expressed in
most organs.34

In the present study, we first tested whether the use of
adenosine prolonged cell survival under hypoxic conditions.
In this setting, the C2C12 cell line was selected for its rel-
atively high proliferation rate, *12–16 h of doubling
time,21 with which more sensitive cellular responses to
adenosine were predicted. The 0.1% hypoxic level, defined
as extreme pathological hypoxia,22 was also selected to
avoid the partial saturation of oxygen found in mature
skeletal muscle between 1% and 10%,23 which may be a
normal physiologic range of oxygen for C2C12 cells.

We demonstrated that cells survived throughout the du-
ration of hypoxia in the presence of adenosine (Fig. 1). In
addition, these hypoxic cells regained their normal growth

after transfer to normoxic conditions without further sup-
plements of adenosine, suggesting that exposure to adeno-
sine did not affect their growing capability. Such transfer
was made to simulate a clinical condition when an enriched
vascular network has started oxygen transport to the trans-
planted cells. In the absence of adenosine, most of the
hypoxic cells became necrotic by day 11, which was the
decisive factor for transferring cells to normoxic conditions
at this time point. A higher number of cells up to day 7 was
maintained compared to that found in the 5 mM adenosine-
treated group. This may be due to the downregulated met-
abolic activity at this concentration of adenosine interfering
with the cell growth. It is interesting to note that the effect of
adenosine concentration on cell survival under hypoxic and
normoxic phases were found to be the opposite. The number
of cells on the last day of hypoxia was lowest with the
highest concentration of adenosine, whereas the reprolifer-
ating capability after transfer to normoxic conditions was
the most rapid. A precise mechanism for this observation
remains to be elucidated.

Maintaining the cellular function as well as the viability is
important for tissue regeneration applications due to the
therapeutic potential of cells in creating a functional tissue.
Surviving cells not only regained their normal growth af-
ter transfer to normoxic conditions but they also retained
their inherent ability to form myotubes (Fig. 2). Myotube
formation is a complex process that requires a precisely
coordinated cascade event, which includes alignment of
myoblasts, cell to cell recognition, and contact guidance
followed by membrane fusion. If cells are not healthy en-
ough and any of those processes fails, myotubes will not
form. Yun et al.35 showed that myogenic differentiation
capacity is limited under hypoxia. In their study, differen-
tiation of C2C12 cells was recovered only to a limited extent
when the cells were transferred to normoxic conditions after
3 days of culture under extreme hypoxic conditions. Con-
sidering our study with 11 days of culture under similar
extreme conditions, this suggests that exposure to adenosine
might even protect the differentiating capability of cells.

Studies seeking to confirm the underlying mechanism of
cell survival in the presence of adenosine under hypoxic
conditions revealed its correlation with metabolic down-
regulation in terms of MTS metabolic activity (Fig. 3) and
intracellular ATP content (Fig. 4). A lower MTS metabolic
activity of the cells treated with 5 mM adenosine was observed
during the early hypoxic phase compared to that in controls,
suggesting a sustained metabolic downregulation as a mech-
anism for prolonged cell survival. The restoration of normal
metabolic function is noteworthy as it implies the mainte-
nance of the therapeutic potential of cells that survived the
hypoxic stress. The ATP level in the adenosine-treated cells
remained significantly higher throughout the hypoxic period
( p < 0.05), whereas no ATP was detected in the control cells at
day 11. This observation is in agreement with other stud-
ies,36,37 and this supports our hypothesis that the prolonged
cell survival achieved was attributed to the reduced ATP de-
mand caused by adenosine. However, adenosine has been
reported to affect cell cycle arrest at G138 as well as total
protein synthesis39 and apoptosis40 by binding to various
combinations of adenosine receptors. Since all these alterna-
tives could be a potential mechanism for cell survival dem-
onstrated in this study, they need to be further investigated.
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For the concept demonstrated in this study (i.e., improv-
ing cell viability under hypoxia via metabolic down-
regulation) to be successfully utilized in tissue-engineered
constructs, adenosine should possess certain kinetic prop-
erties when incorporated into a construct. We have dem-
onstrated a dose-dependent release of adenosine released
from a porous PLGA scaffold fabricated by a salt-leaching
method and agarose sheet (unpublished data). In addition,
cells cultured together with these adenosine-containing
scaffolds revealed metabolic suppression, while normal
growth was observed in the scaffold-only groups, demon-
strating the retention of the biological activity of adenosine
released from these scaffolds. We are currently investigating
the survival of cells when they are incorporated directly to
the adenosine-containing scaffolds.

Another important aspect for this concept to be successful
is the later removal of adenosine once the construct is
vascularized because a continuous metabolic suppression
could interfere with the therapeutic function of transplanted
cells. One of the interesting properties of adenosine is its
enzymatic degradation by adenosine deaminase,34 the key
enzyme of purine metabolism. Adenosine deaminase cata-
lyzes the irreversible hydrolytic deamination of adenosine to
inosine, which can be further deribosylated to hypoxan-
thine,41 the effect of which on metabolic downregulation has
not been reported to the best of our knowledge. It is note-
worthy that adenosine deaminase is present in human blood
plasma.42 As such, we predict that an enzymatic activity of
endogenous adenosine deaminase released from newly
formed vessels that are integrated near or within an im-
planted construct would degrade adenosine remaining in the
construct in a spontaneous way. Such strategy could also be
combined with the current drug delivery technology so as to
fine tune a near full release of adenosine by the time vessels
have integrated.

There are potential benefits of the concept of metabolic
downregulation for other clinical problems, especially
hypoxic injuries. We demonstrated in vitro that hypoxic
muscle tissues were protected in the presence of adenosine,
and showed a significantly reduced number of dead cells
compared with controls ( p = 0.0007, Fig. 5C). Dissected
tissues are considered to be hypoxic inherently because they
instantly loose blood supply, however, muscles designated
as hypoxic groups were still cultured in the hypoxic medium
to prevent or minimize the exposure of tissues in the me-
dium to oxygen in the air, even though its effect might not
be significant.

Most mammalian cells, including humans, possess little
inherent tolerance to severe hypoxia.19 Using the survival
mechanisms of hypoxia-tolerant cells found in nature, we
have shown that exogenously applied adenosine can func-
tion as a suppressant of metabolism, and that this suppres-
sion has a favorable effect on the survival and function of
hypoxia-sensitive cells under hypoxic stress. This novel
strategy may be applied for cell-based tissue regeneration
applications as well as protecting against hypoxic tissue
injuries.
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