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Survival and function of mesenchymal stem cells (MSCs)
depend on glucose to overcome exposure to long-term,
severe and continuous hypoxia
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Abstract

Use of mesenchymal stem cells (MSCs) has emerged as a potential new treatment for various diseases but has generated marginally
successful results. A consistent finding of most studies is massive death of transplanted cells. The present study examined the respec-
tive roles of glucose and continuous severe hypoxia on MSC viability and function with respect to bone tissue engineering. We hereby
demonstrate for the first time that MSCs survive exposure to long-term (12 days), severe (pO2 < 1.5 mmHg) hypoxia, provided
glucose is available. To this end, an in vitro model that mimics the hypoxic environment and cell-driven metabolic changes encountered
by grafted sheep cells was established. In this model, the hallmarks of hypoxia (low pO2, hypoxia inducible factor-1« expression and
anaerobic metabolism) were present. When conditions switched from hypoxic (low pO2) to ischemic (low pO2 and glucose depletion),
MSCs exhibited shrinking, decreased cell viability and ATP content due to complete exhaustion of glucose at day 6; these results pro-
vided evidence that ischemia led to the observed massive cell death. Moreover, MSCs exposed to severe, continuous hypoxia, but with-
out any glucose shortage, remained viable and maintained both their in vitro proliferative ability after simulation with blood reperfusion
at day 12 and their in vivo osteogenic ability. These findings challenge the traditional view according to which severe hypoxia per se is
responsible for the massive MSC death observed upon transplantation of these cells and provide evidence that MSCs are able to with-
stand exposure to severe, continuous hypoxia provided that a glucose supply is available.
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Introduction

Repair of large bone defects is still a challenge for the orthopaedic,
reconstructive and maxillo-facial surgeon. Availability of pluripotent
mesenchymal stem cells (MSCs) and the potential of inducing the
osteogenic phenotype is motivating exploration and development
of custom-tailored materials known as ‘bioengineered bone
constructs’ [1]. In such cases, the clinical scenario involves either
expansion of stem cells in monolayers and loading them into a
porous scaffold prior to surgery or direct cell expansion within the
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scaffold, and implanting this novel construct back into the donor
patient. Although clinical studies have been initiated [2-5] and
encouraging results for the repair of long bones were obtained in
large animals [6-10], the therapeutic effectiveness of bone
constructs has not yet met the one of autologous bone grafts (the
benchmark of bone repair). The reasons for this limited
osteogenic potential of bone constructs are not yet fully under-
stood but massive death of transplanted cells after engraftment
into the tissue-construct is a prime factor. Support for this impli-
cation is given by in vivo experiments in which massive cell death
was observed when mesenchymal cells, loaded into scaffolds,
were implanted either subcutaneously [11] or into mouse calvar-
ial bone defects [12]. Further evidence was provided by the in vivo
delivery of a single suspension of MSCs for the treatment of either
cardiac ischemia (reviewed in [13]) or acute kidney injury in mice
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[14]. In these cases, massive MSC death was also observed upon
their in vivo transplantation. Oxidative stress, hypoxia and inflam-
mation have been involved in the early death of grafted cells upon
transplantation in either the ischemic heart or kidney. In contrast,
very little is known about the mechanisms involved when MSCs
loaded on scaffolds are used for the repair of bone defects.

Because bone constructs are devoid of pre-existing vasculariza-
tion and oxygen diffusion is effective only within 150-200 pwm from
a blood supply source [15-17], it is reasonable to postulate that
MSCs loaded into a scaffold and transplanted into a bone defect will
experience the rigors of a hypoxic microenvironment. This hypothe-
sis is supported by the finding that in vivo oxygen tension falls to 1%
02 at bone fracture sites [18, 19] and to 12-20 mmHg in the
periosteal space adjacent to an osteotomy gap between days 6 and
10 after surgery [20]. However, there are striking differences
between transplanting cell suspensions and cell-loaded scaffolds.
Cell suspensions are highly susceptible to anoikis (death by absence
of attachment) and are exposed to abrupt changes in their physico-
chemical environment upon transplantation. In contrast, cells loaded
onto scaffolds are less prone to anoikis (since these cells are
attached to the substrate scaffold prior to implantation), because the
scaffold environment ‘protects’ the cells loaded in them; in this case,
the cells tolerate changes in their physico-chemical environment
because the scaffolds act as a reservoir for oxygen and nutrients.
Most importantly, when loaded within three-dimensional scaffolds of
significant volume, MSCs (which rely on exogenous glucose as their
main fuel source) are exposed to a gradient of glucose concentration.
Until vascularization of the construct is established and takes over
the process of glucose supply, the amount of glucose is limited to the
one present within the scaffold at the time of implantation.

The aforementioned considerations provided the impetus for
establishing an in vifro model to simulate the progressive and exten-
sive depletion of oxygen and nutrients encountered by MSCs upon
transplantation. Key features of this model are the following:
(/) MSCs are adherent when they are exposed to hypoxia; (/i) these
cells are exposed to a severe and continuous hypoxic environment,
which could be considered as anoxic, throughout the experiment and
(iif) metabolic changes (i.e. depletion of glucose and lactate accumu-
lation) are not abrupt but progressive and driven by cell metabolism.
This model provides a controlled environment in which critical exper-
imental parameters can be addressed separately and tested to
access their respective contributions to the physiological and patho-
logical aspects of the response of MSCs to ischemia. In the present
study, we tested the hypothesis that glucose depletion, but not con-
tinuous severe hypoxia, impaired MSC viability and function.

Materials and methods

Chemicals

Alpha minimum essential medium («MEM) and glucose were from Sigma-
Aldrich (St. Louis, MO, USA). Antibotics, trypsin and foetal bovine serum
were from PAA (Pasching, Austia). Guava reagents for flow cytometry
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were from Millipore (Bedford, MA, USA). The CellTiter-Glo® Luminescent
cell assay was from Promega (Mannheim, Germany) and the hypoxia
inducible factor-1a (HIF-1a) Activation Kit was from Thermo Scientific
(Quebec, Canada).

Coral scaffolds

Scaffolds of natural coral (Porites) composed of spherical (630-1000 pwm
diameter) particles were kindly donated by Biocoral, Inc. (La Garenne
Colombes, France). This material, consisting mainly (99%) of calcium car-
bonate in the form of aragonite and (1%) of organic material (amino acids),
had open, communicating pores with a mean diameter of 250 um and a
porosity of 49 = 2%; this substrate was previously described in detail [21].
Coral scaffold is commonly uses in the laboratory for its biocompatibility and
its resorbability. Prior to the cell seeding procedure, these coral scaffolds
were sterilized in an autoclave.

Oxygen measurements

Oxygen tension (pO2) was measured using the OxyLab pO2™ monitor, a
fibre-optic oxygen-sensing device (Oxford Optronics, Oxford, UK) and an
implantable type sensor CI/LAS-1/0/E%. Measurement of oxygen tension is
based on the principle of oxygen quenching of fluorescence, and utilizes a
small optical sensor featuring zero oxygen consumption at the point of
measurement. The values of pO2 at 21% and 1% 02 content are 118 and
11.8 mmHg, respectively.

Culture of MSCs and experiments under normoxia
and hypoxia

Bone marrow samples were harvested from the illiac crest of six sheep and
expanded using established technique [21]. For experiments under nor-
moxia, the cells were cultured under standard cell culture conditions, /.. a
sterile, 37°C, humidified, in a pre-mixed (21% 02, 5% CO2, 74% N2) gas
environment in an incubator (Steri-Cult CO2 from Thermo-Scientific; Cergy
Pontoise, France). For experiments under hypoxic conditions, the cells
were cultured in another incubator (BINDER CO2 incubators CB-210;
Binder Scientific, Nanterre, France) in a sterile, 37°C, humidified environ-
ment of a premixed gas mixture of 1% 02, 5% CO2 and 95% Na.
Passages 2-3 sheep MSCs were seeded (5 X 103 ceIIs/cm2) into indi-
vidual wells of 24-well plates and kept in a sterile, 37°C, humidified 21%
02/95% air environment overnight. At that time, the MSCs were washed
twice with phosphate-buffered solution and then maintained under one of the
following conditions: (1) normoxia (21% 02) under «MEM supernatant
medium that contained 1 g/l glucose, and 10% foetal bovine serum (FBS)
(controls); (2) hypoxia (1% 02) under « MEM supernatant medium contain-
ing 1 g/l glucose and 10% FBS; (3) high glucose/hypoxia (1% 02) under
«MEM supernatant medium containing high (5 g/l) glucose and 10% FBS
and (4) hypoxia (1% O2) under serum-deprived (0% FBS) «MEM medium
containing 1 g/l glucose. Experiments for each one of the aforementioned
conditions were performed with separate 24-well cell-culture plasticware. In
order to ensure constant oxygen levels as well as cell-driven nutrient deple-
tion, the cells were maintained undisturbed and without medium change
until the end of the experiments. Evaluation of cell viability and glucose/lac-
tate levels were performed at days 3, 6, 9 and 12 of culture unless otherwise
stated. Each test was conducted in triplicate for each one of six animals.
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Determination of glucose, lactate and ATP

Glucose and lactate levels were monitored using a hiomedical ARCHITECT
(8000 (Abbott Diagnostic, Rungis, France) robot. Intra-cellular ATP con-
tent was quantified using the CellTiter-Glo® Luminescent cell assay
(Promega), according to the manufacturer’s instructions. The ATP content
was expressed in fold increases over the data obtained on day 0.

The lactate yield from glucose (Yiac/gic) and the cell-specific consump-
tion rate of glucose (gGlc; pmol/cell/day) during the first 3 days of culture
were calculated using experimental concentrations of glucose and lactate
and the equations made by Schop et al. [22].

Determination of cell viability and apoptosis

Viable and apoptotic cells were, respectively, identified using the Viacount
assay and the annexin-V-PE/7 amino-actinomycin (7-AAD) assay, respec-
tively, according to the manufacturer’s instructions. Briefly the Viacount
assay is based on incorporation of fluorescent propidium iodide after loss of
cell membrane integrity and the annexin-V-PE/7-AAD assay is based on the
fact that, in early apoptosis, annexin-V binds to phosphatidylserine residues
on the outer leaflet of the cell membrane, and that 7-AAD is excluded by
viable cells. Acquisitions were performed with a Guava Easy-Cyte™ PCA-96
System. Analysis of data were assessed using Viacount® and Nexin® soft-
ware, respectively, for viable and apoptotic cells quantification.

HIF-1« expression

MSCs in «-MEM medium containing 10% FBS and 1 g/I glucose were
seeded in eight separate wells of Labteck (NUNC®) plasticware (Dominque
Dutscher, Brumath, France) and exposed to either 21 or 1% 02 for 24 hrs.
HIF-1a expression was assessed using the HIF-1a Activation Kit (Thermo
Scientific) according to the manufacturer’s instructions. At the end of the
procedure, the wells were removed from the Labteck slide and mounted
using Dako Fluorescent Mounting Medium (DakoCytomation; Dako,
Trappes, France). Fixed MSCs were examined using a fluorescent micro-
scope (Nikon Eclipse TE2000-U; Nikon, Champigny sur Marne, France)
equipped with a 4’,6-diamidino-2-phenylindole (DAPI) filter (\ex = 377 =
50), for nuclei visualization, and a tetramethyl rhodamine isothiocyanate
(TRITC) filter (\ex = 543 = 22), for HIF-1« localization; this microscope
was fitted with a digital camera (DXM1200F). The Nikon NIS element
F 2.20 software was used for imaging and analysis.

In vivo assessment of the MSC osteogenic potential

MSCs were expanded either under normoxic (positive control) or serum-
deprived hypoxic (hypoxic/SD) culture conditions for 12 days. The ability of
the aforementioned cells to form ectopic ossicles was assessed using an
in vivo animal transplantation model (8-week-old female nih/nu/xid/bg mice
[Harlan Sprague-Dawley, Indianapolis, IN, USA]), which was adapted from
published reports [23]. All animal procedures were performed in compli-
ance with the guidelines published by the European Committee for Care and
Use of Laboratory Animals (Directive du Conseil 24.11.1986. 86/609/CEE).

Briefly, cells were mixed with coral powder for 90 min. Each cell contain-
ing scaffold was embedded in a Tissucol® fibrin gel whose fibrinogen (18
mg/ml) and thrombin (50 UI) concentration had been optimized in pertinent
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previous studies in our laboratories [24]. Mice were anesthetized with keta-
mine and xylazine and the cell-containing constructs were transplanted sub-
cutaneously (six constructs per animal); scaffolds without cells were used as
controls. After 8 weeks, the mice were sacrificed with an overdose of pento-
barbital. Explants were embedded in methacrylate, sectioned (500-p.m-thick
section) and stained with Stevenel Blue (nucleated cells and extracellular
matrix) and van Gieson picro-fuchsin (mineralized bone), using established
procedures for undecalcified histology [25]. The stained sections were exam-
ined using an inverse microscope (Leica DMRXA®: Leica, Nanterre, France).
Bone formation in each of the examined histological sections of interest to the
present study was quantified using Nikon NIS element F 2.20 software.

Results

Establishment of an ischemic model

To establish an in vitro model of ischemia, MSCs were cultured in
a sustained 1% oxygen environment and hallmarks of ischemia
(specifically, oxygen, glucose, ATP lactate levels and HIF-1«
expression) were determined.

Determination of oxygen tension

The kinetics of oxygen tension was determined in the supernatant
medium both in the absence and presence of cells. For this pur-
pose, the fluorescent probe was positioned 1 mm from the bottom
of a well filled with 1 ml medium. The oxygen tension dropped
from 118 to 30 mmHg within 4 hrs when the samples tested were
transferred from an incubator at 21% O to an incubator at 1% 02
(but similar other cell culture conditions) in both the absence and
presence of MSCs (Fig. 1A). Whereas control conditions (no cells)
led to stable oxygen tensions (i.e. 12 mmHg) at 24 hrs, the pres-
ence of MSCs, however, led to further decreases in oxygen tension
which reached 2 mmHg at 6 hrs and was lower than 1.5 mmHg
(i.e. 0.2% oxygen) during the culture time period from 24 hrs up
to 12 days; the latter result is a direct consequence of the oxygen
consumption by viable cells within the respective time frame.

In order to ensure sustained hypoxic conditions, the following
experimental conditions were strictly observed: (/) MSCs were
seeded, and allowed to adhere into wells, in a 21% 02 environ-
ment overnight; (/i) these cells were then transferred to incubators
with the appropriate O2 environment and were maintained undis-
turbed until the end of the experiments with no supernatant
medium change; (/i) care was taken not to disturb the cell culture
plates throughout each experiment. Under these experimental
conditions, both exhaustion of nutrients and accumulation of
metabolic waste were driven by cell metabolism; these conditions
made the experimental setting more physiologically relevant.

Expression of HIF-1«

Expression of the transcription factor HIF-1«, a chemical essential
to the response of cells to hypoxia, was assessed in MSCs
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cultured in either 21 or 1% 02. Whereas HIF-1« was always local-
ize in the cytoplasm in MSCs cultured at 21% O, it was system-
atically found in the nuclei of MSCs cultured in 1% 02 as early as
24 hrs after cell adhesion (Fig. 1B).

Determination of lactate level

Hypoxic conditions may exist when oxygen demand exceeds sup-
ply. Under these conditions, cells shift from aerobic to anaerobic
metabolism to produce energy. The hallmark of this anaerobic
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Fig. 1 Establishment and validation of the in vitro model of hypoxia. (A)
Time course of oxygen tension in the presence (black triangles) and
absence (open circles) of sheep MSCs. (B) HIF-1a expression when MSCs
were cultured (/) in normoxia with and without desferroxamine (DFX; posi-
tive control) and (/i) in hypoxia for 24 hrs. The cell nuclei were labelled using
Hoechst stain 22232 (to visualize the cell nuclei) and dylight549 (to deter-
mine the presence of HIF-1a). (C) Time course of lactate production by
sheep MSCs in normoxia (white bars) and hypoxia (black bars). (D) Time
course of residual glucose in MSC cultures (per well) in normoxia (white cir-
cles) and hypoxia (black triangles). (E) Normalized (to day 0) fold increase
of intracellular ATP in normoxia (white bars) and in hypoxia (black bars).

shift is conversion of glucose to lactate. In order to verify that the
experimental procedures used in the present study led to
hypoxia, adherent MSCs were cultured in a 1% Q2 environment
for 12 days; the lactate concentration was determined and com-
pared to values obtained from adherent MSCs cultured in 21% 02
for the same period of time. In the 1% 02 environment, a gradual
accumulation of lactate was observed (i.e. Yiac/glc = 1.55; Fig. 1C)
whereas in the 21% 02 environment, production of lactate was
the lowest (i.e. Yacglc = 0.85) measured in the present study.
These results suggest that, in the 1% 02 environment, MSCs
shifted to anaerobic glycolysis.
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Fig. 2 Viability of MSCs: in vitro model. (A) Morphology of MSCs either maintained in normoxia or
exposed to hypoxia for 12 days. Stain: haematoxylin and eosin. Light microscopy magnification:
% 20. (B) FACS analysis of cell size and area of MSCs either maintained in normoxia or exposed to
hypoxia for 12 days. (C) Time course of cell viability when MSCs were either maintained in nor-
moxia (white bars) or were exposed to hypoxia (black bars). (D) FACS analysis of apoptotic MSCs
stained with annexin-V following either maintenance in normoxia (white bar); hypoxia (black bar) 0-
for 12 days or positive control in normoxia (striped bar). *P < 0.05 and **P < 0.001.

Determination of glucose and ATP

Under the oxygen conditions tested, the kinetics of glucose con-
sumption led to complete depletion of glucose between days 6 and
9 of culture (Fig. 1D). Such glucose exhaustion was paralleled by
a drastic decrease in ATP content at days 9 and 12 (Fig. 1E) when
adherent MSCs were cultured in a 1%, but not in a 21%, 02
environment. During that time, the ¢Glc increased from 3.6 to
4.7 pmol (P < 0.001) per cell per day at 21% and 1% oxygen,
respectively (Fig. 1D).

Taken together these data indicate that, under the chosen
experimental conditions, MSCs are exposed to hypoxia (i.e. low
oxygen tension) from day 0 to day 6 and to ischemia (low oxygen
tension and glucose exhaustion) from day 6 to day 12 of culture.

The fate of MSCs in the hypoxia/ischemia model

In a 21% 02 environment, MSCs retained their typical stellate
morphology up to 6 days of culture but, when they reached con-
fluence, they exhibited a cobblestone appearance for the remain-
der of the study, i.e. 12 days (Fig. 2A, Normoxia). In contrast, in
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the 1% 02 environment, MSCs exhibited their typical stellate mor-
phology up to day 6 but shrank progressively thereafter (Fig. 2A,
Hypoxia). Such reduction in cell size was documented by measur-
ing the cell surface area (Fig. 2B, b). At day 12, the average cell
surface area was 360 + 10 and 160 =+ 60 pixel/pum2 (P < 0.001)
when adherent MSCs were cultured in a 21% and 1% Oz environ-
ment, respectively. Morphological changes were also attested by
flow cytometry (FACS) analysis which also revealed size reduction
of the MSCs exposed to 1% 02 (Fig. 2B, a).

Under both oxygen-related conditions tested, an increase in
viable cell number was observed at days 3 and 6 (Fig. 2C).
However, in the 1% 02 environment, a significant (P < 0.001)
decrease in the viable cell number was observed between days
6 and 9. At day 12, however, the number of viable MSCs was dras-
tically reduced (specifically, 2.5 = 1.2 X 10% versus 16 = 3 x
10 cells; P< 0.001) when the MSCs were cultured in the 1% ver-
sus the 21% 02 environment. In addition, FACS analysis revealed
that 80% of residual cells cultured in the 1% O2 environment were
positive in annexin-V, a marker of early apoptotic cells (Fig. 2D).
Taken together, these data establish that, under ischemic condi-
tions (i.e. hypoxia combined with absence of glucose), the MSCs
did not survive.
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Fig. 3 Effect of glucose supply on MSCs viability and function. (A)
Morphology of MSCs either maintained in normoxia (Normoxia), in serum-
deprived hypoxia (Hypoxia/SD) or in high glucose hypoxia (Hypoxia/HG);
Stain: haematoxylin and eosin; Light microscopy magnification: x20. (B, a)
Time course of cell viability and (B, b) residual glucose concentration in the
supernatant (per well) when MSCs were cultured in serum-deprived hypoxia
for 12 days. (C, a) Time course of cell viability and (C, b) residual glucose
concentration in the supernatant (per well) when MSCs were cultured in
high glucose hypoxia for 12 days. *P < 0.05 and **P < 0.001.

Respective role of continuous hypoxia and glucose
supply in MSC survival

The death of MSCs cultured in a 1% 02 environment might be due
to either a shortage of glucose or to the continuous exposure of
MSCs to hypoxia. The effect of hypoxia per se on MSC survival
was, therefore, first assessed in an experimental setting that pre-
vented exposure of MSCs to glucose shortage (i.e. the MSCs were
exposed to continuous hypoxia in serum-free conditions but to a
medium that contained 1% glucose). Under such conditions, no
shortage of glucose was observed during the 12 days of culture
(Fig. 3B, b). Under these conditions, the MSCs retained their typ-
ical stellate morphology (Fig. 3A, Hypoxia/SD); during that time
the MSCs produced lactate suggesting that they had shifted to
anaerobic metabolism (data not shown). Interestingly, these
MSCs remained quiescent for up to 6 days of culture but prolifer-
ated thereafter (Fig. 3B, a). At day 12, the percentage of apoptotic
cells was similar to that observed when MSCs were cultured in a
21% 02 environment (specifically, 10.2 = 3.5% versus 9.93 +
4.14%). These results suggest that exposure to continuous
hypoxia did not affect the viability of MSCs.
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To further investigate the essential role of glucose in the survival
of MSCs, these cells were cultured in a 1% Q2 environment in the
presence of 10% serum and excess of glucose (5 g/l). Under such
conditions, no shortage of glucose was observed for 12 days of
culture (Fig. 3C, b). During that time, the MSCs retained their typ-
ical stellate morphology (Fig. 3A, Hypoxia/HG) and proliferated for
up to 6 days of culture; at that time cell proliferation reached a
plateau (Fig. 3C, a). At day 12, the percentage of apoptotic cells in
the 1% 02 environment was similar to that obtained with MSCs
cultured in a 21% 02 environment (specifically, 9.5 = 4% versus
9.93 + 4.14%). To confirm these results, MSCs were cultured in
the absence of glucose in a 1% 02 environment with or without
serum. Under such conditions, no viable cells were observed at
day 3 of culture.

In vitro assessment of MSC function after ischemia

To assess the function of MSCs after a 12 day exposure to contin-
uous hypoxia, we simulated the conditions of blood reperfusion.
For this purpose, MSCs were first cultured under continuous
hypoxic conditions in serum-free medium for 12 days and were
then transferred to standard (21% O2) culture conditions for up to
six more days. In this case, the MSC numbers were assessed at
days 15 and 18 of culture (Fig. 4A) and provided evidence that
MSCs proliferated. To further assess the function of MSCs cul-
tured under continuous hypoxic conditions, these cells were
detached and re-seeded (50,000 cells per well) at day 12. The pro-
liferation of these cells was compared to that of MSCs cultured
under standard (21% 02) culture conditions; the respective dou-
bling time was 25 + 2 and 30 = 2 hrs (P < 0.001). This result
provided evidence of enhanced proliferation upon reperfusion of
the MSCs which were pre-exposed to continuous hypoxia.

In vivo assessment of MSC function after
ischemia

Since the long-term objective of the present study is to use MSC
to enhance bone repair, the bone-forming capability of MSCs
(after an ischemic episode) was assessed in vivo. For this pur-
pose, MSCs (cultured under continuous hypoxia in serum-free
conditions for 12 days) were loaded onto coral particles, and were
entrapped in fibrin gel. The osteogenic capability of these MSCs
was compared to that of MSCs cultured under standard culture
conditions (i.e. 21% 02; 10% serum; medium changes every 3
days) after subcutaneous implantation in mice. Scaffolds without
cells were implanted in the same animal as a negative control.
Whereas scaffolds without cells did not induce any new bone for-
mation, all scaffolds loaded with MSCs either pre-exposed to an
either ischemic episode or maintained under standard cell culture
conditions exhibited active osteogenesis translated by woven
bone with active osteoblasts (Fig. 4C). Histomorphometric analysis
revealed that the ostegenic capabilities of MSCs either pre-exposed
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to an ischemic episode or maintained under standard cell culture
conditions were similar (Fig. 4D).

Discussion

The primary objective of the present study was to establish an in
vitro model that mimics the hypoxic environment and cell-driven
changes experienced by grafted cells prior to vascularization of
tissue constructs is completed in vivo.

The local pO2 to which MSCs in culture are exposed is the
result of the balance between the rate of oxygen consumption by
the cells and the delivery of oxygen transferred across the thick-
ness of the supernatant aqueous medium layer. Because it is
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affected by cell type and density, specific rate of Oz utilization,
architectural features of the culture plate (such as, geometry, size
of the cell culture containers) as well as the depth of the super-
natant medium [26-29], determination of the local pO2 using an
equation such as the one proposed by Metzen [27] is challenging.
We, therefore, decided to use an empirical method in order to gain
insight of the time course of oxygen transport in the model used
in the present study. The results provided evidence that, in the
absence of cells, it took 10 hrs for the pO2 inside the 24-well plate
to equilibrate with the oxygen content in the gas environment (/.e.
1% 02). In contrast, in the presence of cells, it took a shorter
period of time (i.e. 5 hrs) to reach the pO2 of the gas environment
as previously observed [28] and 10 hrs to reach 0.2% oxygen.
Because the MSCs were exposed to hypoxia for 12 consecutive
days, they experienced a continuous and severe depletion of
oxygen (i.e. pO2 = 0.2%) in the present study. This condition is
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critical because brief duration exposures to hypoxia may protect
cells from lethal injury [28]. Last, but not least, the present model
is physiologically relevant because it exposed cells not only to
continuous hypoxia but also to oxygen tension levels which are
similar to the ones observed in vivo (i.e. 1 to 3% 02) [18-20].

Hypoxia is a pathological condition in which oxygen demand
by cells exceeds supply [30]. As was mentioned earlier in this dis-
cussion section, cell type, function and metabolism affect oxygen
consumption, the pO2 at which cells will face hypoxia will differ
from cell type to cell type and will be influenced by the experimen-
tal conditions. A physical measurement of pO2 per seis not, there-
fore, sufficient to establish that cells are exposed to hypoxia dur-
ing experiments. For this reason, response of the MSCs to hypoxia
was confirmed by demonstrating that: (/) MSCs relied mainly on
anaerobic glycolysis to produce energy (i.e. yiac/gle = 1.55 in
hypoxia and ~yiac/gic = 0.85 in normoxia) and (i7) MSCs expressed
HIF-1« in their nuclei (an hallmark of hypoxia). The fact that under
0.2% oxygen conditions, the MSCs proliferated with no morpho-
logical changes for up to 6 days of culture provided the first evi-
dence that MSCs have the ability to withstand severe continuous
hypoxia. Nevertheless, exposure to the severe continuous hypoxia
conditions tested in the present study led to decreased cell num-
bers suggesting a requirement for a possible acclimatization
period [31]. In the present experimental setting, day 6 of culture
was a critical point as MSCs switched from hypoxia to ischemia
(i.e. severe continuous hypoxia and glucose depletion from days 6
to 12 of culture). In the interval between days 9 and 12 of culture,
the cell size (Fig. 2A and B), number of viable cells (Fig. 2C) and
ATP content per cell (Fig. 1E) decreased drastically. At day 12,
more than 80% of residual MSCs were apoptotic (i.e. annexin-V™";
Fig. 2D). The observed apoptotic cell death is consistent with
studies reported in the literature which established apoptosis as
the primary mode of cell death in vitro in the short-term (less than
3 days) ischemic model [32-34]. Taken together, these data sug-
gest that MSCs survived exposure to severe, continuous hypoxia
but failed to survive exposure to severe continuous hypoxia in the
absence of glucose.

The second major objective of the present study was to test the
hypothesis that glucose depletion (but not exposure to continuous
severe hypoxia alone) is responsible for the impairment of MSC
survival and function. To this aim, MSCs were exposed to continu-
ous hypoxia in serum-free conditions (but in @ medium which con-
tained 1 g/l glucose) for 12 days; these conditions prevented a glu-
cose shortage. In this case, the MSCs remained quiescent for up to
6 days of culture but proliferated thereafter (Fig. 3B, a) suggesting
that exposure to severe, continuous hypoxia under these condi-
tions did not affect the viability of MSCs. To confirm these results,
MSCs were also exposed to severe, continuous hypoxia in the
presence of an excess of glucose (i.e. 5 g/l) and 10% serum. Under
these conditions, the MSCs retained their typical stellate morphol-
ogy and proliferated for up to day 6 of culture; at that time, cell pro-
liferation reached a plateau (Fig. 3C, a). At day 12, 90% of cells
were viable confirming that exposure to long-term hypoxia per se
was not detrimental to MSCs. These results confirmed, but also
extended, the time course of the studies by Mylotte [35], which

1512

reported that rat MSCs rely on anaerobic glycolysis rather than
mitochondrial respiration to tolerate a short-term (72 hrs) expo-
sure to hypoxia (0.5% 02) [35]. All together, the results of the pres-
ent study demonstrate for the first time that MSCs survive a long-
term episode of severe hypoxia (i.e. 0.2% 0O2) provided that an
appropriate supply of glucose is available. Most importantly, the
findings of the present study challenge the traditional hypothesis
that severe, continuous hypoxia per se is responsible for the mas-
sive cell death observed upon transplantation.

Because the ultimate efficacy of a tissue-engineered bone suit-
able for repairing large bone defects relies on the presence of
functional cells within the bone construct [36], we assessed the
function of MSCs after a long-term episode of continuous severe
hypoxia. We first demonstrated in vitro that exposure of MSCs to
such treatment did not affect their in vitro proliferative ability upon
reperfusion. In fact, the population doubling time of MSCs main-
tained under hypoxic conditions was lower compared to that of
MSCs maintained under standard culture conditions. We then
investigated the in vivo osteogenic ability of MSCs, pre-exposed
in vitro to long-term severe hypoxia and demonstrated for the first
time that MSCs, exposed to such in vitro treatment in the presence
of sufficient glucose, maintained their in vivo osteogenic capabil-
ity when transplanted in a subcutaneous mice model. Taken
together, these data strongly suggest that a balance between cell
number (initially loaded into a scaffold) and glucose content of the
scaffold are required in order to prevent glucose depletion inside
the scaffold before vascularization of the tissue-engineered con-
struct is achieved in vivo.

Because in the past most studies investigating the role of
hypoxia on MSC function used different cell isolation methods,
experimental parameters, oxygen tension and evaluation tech-
niques but failed to monitor the local pO2, it has been extremely dif-
ficult to reach a consensus on the exact effect of oxygen on MSC
function (for review [37]). For these reasons, it is our belief that
detailed description of experimental settings, systematic monitor-
ing of pO2 and standardization of models and procedures, which
are reproducible in all laboratories and at all times, are needed.

The present findings are particularly relevant in developing tis-
sue-engineered constructs as they suggest that transplanting
MSCs into glucose-enriched scaffolds enhances their survival
after transplantation. Nevertheless, these findings must be con-
firmed by further relevant in vivo studies. Most importantly, the
required glucose concentration must be optimized because this
chemical compound markedly affects gene regulation, prolifera-
tion and differentiation of human MSCs [38]. Last, but not least, it
should be taken into consideration that expression of HIF-1a (a
transcription factor that regulates the expression of many
hypoxia-responsive genes including vascular endothelial growth
factor, erythropoietin, glucose transporters, etc.) is regulated in
vitro by the concentration of glucose [39].

In vivo, under ischemic conditions, MSCs experienced not only
hypoxia but also reduced supply of critical metabolic nutrients and
inadequate metabolic waste removal (for review, see [40]).
Although the present study focused on the role of glucose, accu-
mulation of metabolic waste is another significant aspect of the
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model. In the present experimental setting, the maximal lactate
concentration in glucose-enriched hypoxic conditions was 20 mIV.
Such concentration is lower than the cytotoxic lactate concentra-
tion (i.e. 40 mM), determined for MSCs in another study in our lab
[41] and could not account for the limited cell proliferation
observed between days 6 and 12 of culture under glucose-enriched
hypoxic conditions. Because in the present model, metabolic waste
accumulation is cell driven and allows a gradual metabolic adapta-
tion of cells to environmental changes (such as, pO2, pH, nutrient
depletion and waste accumulation), the present model mimics
closely the in vivo conditions and, thus, improves on previous
studies which evaluated the effect of abrupt environmental changes
driven by exogenous addition of a metabolic waste entity into the
supernatant cell culture medium. The present study established a
two-dimensional model that simulated major insults experienced
by MSCs under conditions of ischemia. Although the present study
focused on bone tissue engineering, it is tempting to speculate that
the knowledge gained can be extended to other tissues where ther-
apy involving MSCs is pertinent.

Conclusions

The present study was motivated by the need to elucidate the
effect of ischemia on MSC survival and function after implantation.
Using an in vitro model of hypoxia/ischemia validated by physical
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and biological measurements, we showed that long-term expo-
sure to severe hypoxia for 12 days did not affect MSC viability
when an appropriate glucose supply was present. In addition, we
demonstrated that MSCs maintained their function (specifically,
morphology, doubling time and in vivo osteogenic ability) after
exposure to long-term, severe hypoxia. The present findings are
particularly relevant in developing tissue-engineered constructs
because they suggest that MSCs loaded into glucose-enriched
scaffolds can overcome an exposure of long-term, severe hypoxia
and remain functional.
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