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Abstract
Mesenchymal stem cells (MSC) are adult multipotent cells found in bone marrow, adipose tissue,
and other adult tissues. MSC have been shown to improve regeneration of injured tissues in vivo,
but the mechanisms remain unclear. Typically, MSC are cultured under ambient, or normoxic,
conditions (21% oxygen). However, the physiological niches for MSC in the bone marrow and
other sites have much lower oxygen tension. When used as a therapeutic tool to repair tissue
injuries, MSC cultured in standard conditions must adapt from 21% oxygen in culture to less than
1% oxygen in the ischemic tissue. We therefore examined the effects of preculturing human bone
marrow-derived MSC in hypoxic conditions (1%–3% oxygen) to elucidate the best conditions that
enhance their tissue regenerative potential. We demonstrated that MSC cultured in hypoxia
activate the Akt signaling pathway while maintaining their viability and cell cycle rates. We also
showed that MSC cultured in hypoxia induced expression of cMet, the major receptor for
hepatocyte growth factor (HGF), and enhanced cMet signaling. MSC cultured in hypoxic
conditions increased their migration rates. Since migration and HGF responsiveness are thought to
be key mediators of MSC recruitment and/or activation in vivo, we next examined the tissue
regenerative potential of MSC cultured under hypoxic conditions, using a murine hind limb
ischemia model. We showed that local expression of HGF is increased in ischemic muscle in this
model. Intra-arterial injection of MSC cultured in either normoxic or hypoxic conditions 24 hours
after surgical induction of hind limb ischemia enhanced revascularization compared with saline
controls. However, restoration of blood flow was observed significantly earlier in mice that had
been injected with hypoxic preconditioned MSC. Collectively, these data suggest that preculturing
MSC under hypoxic conditions prior to transplantation improves their tissue regenerative
potential.
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Introduction
Mesenchymal stem cells (MSC) are adult pluripotent cells isolated from bone marrow and
other adult tissues, capable of giving rise to adipogenic, osteogenic, and chondrogenic
lineages [1]. Transplantation of bone marrow-derived mesenchymal stem cells has proven to
be an effective treatment for tissue injuries, such as cardiac infarction and hind limb
ischemia [2–7]. The homing mechanisms of MSC to the site of injury after transplantation
are just beginning to be defined [8], and methods to improve the targeted migration from the
bloodstream to the site of injury after i.v. injection can now be developed in a rational
manner.

The expression of hepatocyte growth factor (HGF) and the expression of its receptor cMet
have been previously described in MSC, and the ability of MSC to migrate toward the HGF
gradient has been characterized [9,10]. Since HGF was shown to be activated at the sites of
ischemic injury [11], we hypothesized that HGF is one of the signals that recruit MSC to the
damaged tissue. Once localized to the ischemic tissue, MSC encounter severe hypoxic
conditions, ranging from 0.4% to 2.3% O2 [12], which often result in apoptosis. Hypoxia-
induced apoptosis can be circumvented by preconditioning cells in less severe hypoxic
conditions (1%–3% O2) for a period of time before exposing them to the severe ischemia at
the site of injury in other cell types [13]. In our report, we test whether hypoxic
preconditioning prior to transplantation improves the tissue-regenerating ability of MSC.
The culture in hypoxic conditions (1%–3% O2) may also be beneficial for the MSC, as this
oxygen tension is more similar to the physiologic niche for MSC in the bone marrow (2%–
7% O2). Previous reports have observed that in addition to maintaining their viability when
cultured in 2%–5% O2, MSC also increase their proliferation rate after an initial lag phase
[14–17]. There is a discrepancy in the field, however, about how hypoxia affects the self-
renewal and differentiation potential of MSC. A number of studies have found MSC
cultured in hypoxic conditions to be able to differentiate more and to have better self-
renewal [14,18], whereas some have observed a decreased differentiation potential and
decreased self-renewal [16,19,20]. In this study, we examine the effects of HGF and hypoxia
on MSC migration and tissue regenerative potential.

Materials and Methods
Cell Culture

Bone marrow-derived mesenchymal stem cells (BMSC) were cultured from human donor
bone marrow aspirates, as we have previously described [21,22]. All studies were done in
accordance with university regulatory committees. Aspirates were filtered through 70-μm
filters (ref. 352350; BD Biosciences, San Jose, CA, http://www.bdbiosciences.com/home),
and the filters were subsequently flushed with MSC medium (Iscove's Modified Dulbecco's
Medium, 15% fetal bovine serum, 15% horse serum, 10−6 M hydrocortisone, 10−4 M 2-
mercaptoethanol, 2 mM L-glutamine) to recover bony spicules. BMSC were left to adhere
for 24–48 hours, and then the nonadherent fraction was removed. Cultures were kept under
80% confluence. All experiments were done with cells passaged 3–7 times. Cells released
by cell dissociation buffer (Gibco, Grand Island, NY, http://www.invitrogen.com) were
phenotyped using a Coulter FC500 flow cytometer (Beckman Coulter, Hialeah, FL,
http://www.beckmancoulter.com) and monoclonal antibodies. Antibodies for CD34, CD45,
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CD90, and CD73 were purchased from BD Pharmingen (catalog nos. 55824, 34796,
555595, and 550257, respectively; BD Pharmingen, San Diego,
http://www.bdbiosciences.com/index_us.shtml, and the antibody for CD105 was purchased
from R&D Systems Inc. (catalog no. 10971A; R&D Systems, Minneapolis,
http://www.rndsystems.com). In vitro differentiation assays were performed as per the
manufacturer's instructions (BioWhittaker; Cambrex, Walkersville, MD,
http://www.cambrex.com).

Hypoxia
The hypoxic condition was generated using a hypoxia chamber (catalog no. 27310;
StemCell Technologies, Vancouver, BC, Canada, http://www.stemcell.com) according to
the manufacturer's instructions. Briefly, the cultures were enclosed in the chamber and
flushed with a mixture of gasses (95% N2 and 5% CO2) for 3 minutes. At the end of the
flushing period, the chamber was closed to prevent free flow of exogenous air into the
chamber. The final level of hypoxia was 1%–3%, as specified by the manufacturer.

Scratch Test Assay
BMSC were grown to 70%–80% confluence in tissue culture-treated plates, as we have
described [21,22]. The plates were scratched with a sterile cell scraper (catalog no.
08-773-2; Fisher Scientific International, Hampton, NH, http://www.fisherscientific.com) to
generate a 5-mm-wide area free of cells. The scratch border was marked with a fine black
line immediately after the scraping. BMSC cultures were then incubated at 37°C, 5% CO2,
in hypoxic or normoxic conditions in the presence or absence of 25 ng/ml HGF (catalog no.
294-HGN; R&D Systems) for 24 hours. The migration of cells was assessed as a function of
how far from the scratch line the cells had progressed, and the overall number of cells
migrating, over the 24-hour period. Alternatively, the cells were fixed with ice-cold
methanol for 5 minutes, stained with Harris hematoxylin (Sigma catalog no. HHS32) for 15
minutes, washed with water, and allowed to air dry. Pictures were taken with a Carl Zeiss
camera (AxioCam MRc5; Carl Zeiss, Jena, Germany, http://www.zeiss.com), and the
number of nuclei that had migrated over the scratch line was counted using the Bioquant
Osteo program (Bioquant Image Analysis Corporation, Nashville, TN,
http://www.bioquant.com).

Apoptosis Assay
Apoptosis assays were performed using an Annexin V-fluorescein isothiocyanate (FITC)
apoptosis antibody (catalog no. 556419; BD Pharmingen) according to the manufacturer's
instructions. Briefly, cells were collected and resuspended in binding buffer. Annexin V-
FITC and propidium iodide were added, and the reaction was incubated in the dark for 15
minutes. Cells were analyzed by flow cytometry using a FACScan flow cytometer.

Cell Cycle Assay
Cells were collected and fixed with ice-cold 90% ethanol, added dropwise while vortexing.
The fixation reaction was allowed to proceed for 1–24 hours while the cells were kept at
4°C. Cells were then collected by centrifugation and resuspended in phosphate-buffered
saline (PBS) containing 0.1% Triton X-100 and 20 μg/ml RNase and incubated for 30
minutes at 37°C. Propidium iodide at a final concentration of 50 μg/ml was added, and cells
were analyzed by flow cytometry.

Western Blot Analysis
After washing with cold PBS, lysis buffer (1% Triton X-100, 150 mM NaCl, 50 mM Hepes,
1 mM Na3VO4, and protease inhibitor cocktail [Complete Mini; catalog no. 11836153001;
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Roche Diagnostics, Basel, Switzerland, http://www.roche-applied-science.com]) was
applied directly to MSC on tissue culture plates. For immunoprecipitation, the protein
lysates were incubated with a cMet antibody (sc-10; Santa Cruz Biotechnology Inc., Santa
Cruz, CA, http://www.scbt.com) at 4°C for 3 hours and then incubated with protein G-
agarose beads (catalog no. 1243233; Roche Diagnostics). Western blotting was performed as
previously described [23]. Protein bands were quantified using ImageJ software (Rasband,
WS, ImageJ; National Institutes of Health, Bethesda, MD, http://rsb.info.nih.gov/ij). The
following antibodies were used in this study: phospho-Akt (Ser-473; catalog no. 9271; Cell
Signaling Technology, Beverly, MA, http://www.cellsignal.com), Akt (catalog no. sc-8312;
Santa Cruz Biotechnology), phospho-p44/p42 mitogen-activated protein kinase (MAPK)
(catalog no. 9106; Cell Signaling Technology), Erk2 (catalog no. sc-154; Santa Cruz
Biotechnology), phospho-p38 (catalog no. sc-7973; Santa Cruz Biotechnology), p38
(catalog no. sc-535; Santa Cruz Biotechnology), phospho-Jun N-terminal Kinase (JNK)
(catalog no. 9255; Cell Signaling Technology), JNK (catalog no. sc-474; Santa Cruz
Biotechnology), α-tubulin (catalog no. sc-5286; Santa Cruz Biotechnology), and
phosphotyrosine/4G10 (catalog no. 05-321; Upstate, Charlottesville, VA,
http://www.upstate.com).

Enzyme-Linked Immunosorbent Assay
Abductor muscles were harvested and homogenized using tissue homogenization buffer (1
M Tris-HCl, pH 7.4, 1 M EDTA, pH 7.4, with the protease inhibitor cocktail Complete
Mini). The homogenates were centrifuged, and the supernatants were analyzed using the rat
HGF enzyme-linked immunosorbent assay (ELISA) kit (B-Bridge International, Mountain
View, CA, http://eng.b-bridge.com).

Animal Surgery and MSC Injection
All animal procedures were approved by the Animal Studies Committee at Washington
University in St. Louis. Under anesthesia, NOD/SCID/β-2-microglobulin-deficient mice or
NOD/SCID mice were subjected to unilateral hind limb ischemia surgeries as described
[24]. The mice were shaved and prepped, then the right femoral artery and vein were
exposed and dissected from the femoral nerve, and the proximal portion of the femoral
artery and vein were ligated with 6-0 silk sutures. The distal portion of the saphenous artery
and vein and the remaining collateral arterial and venous side branches were ligated and
completely excised from the hind limb. The overlying skin was closed using Nexaband
veterinary glue (Abbott Animal Health, Abbott Park, IL,
http://www.abbottanimalhealth.com). MSC (5 × 105 cells per mouse) were injected into the
left ventricle 1 day after surgery, as described [25,26].

Laser Doppler Perfusion Imaging
Blood perfusion was monitored by laser Doppler imaging (MoorLDI-2; Moor Instruments,
Devon, U.K., http://www.moor.co.uk). Animals were anesthetized and placed on a heating
block at 37°C before scanning to minimize temperature variations. The laser Doppler images
were analyzed by averaging the perfusion, expressed as the relative unit of flux over the
surface of both ischemic and nonischemic foot, as determined by the Doppler imaging. The
final data were expressed as the flux ratio of ischemic and nonischemic foot. This provides a
healthy contralateral positive control in each image, to minimize light and temperature
variations.
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Results
Bone Marrow Mesenchymal Stem Cell Characterization

Bone marrow MSC were isolated from human bone marrow aspirates by adhesion to tissue
culture-coated plates in complete medium as previously described [21,22]. By the third
passage, a homogeneous population of fibroblast-like cells was obtained (data not shown).
To prevent hematopoietic cell contamination, which might be present in earlier passages, or
the presence of senescent or differentiating MSC in later passages, we used cells between
passages 3 and 7 throughout the study. Characterization by flow cytometric analysis
confirmed the absence of CD45- and CD34-positive cells in the culture. In addition, MSC
expressed CD105 (96.005% ± 1.42%), CD 90 (95.09% ± 2.41%), and CD73 (90.62% ±
3.4%) (Fig. 1A, 1B). Values are reported as mean ± SD. This marker profile is consistent
with previous reports [21,22,27,28]. MSC, plated at 5 × 103 to 6 × 103 cells per cm2, had a
population doubling time of 40 hours (data not shown) and were able to differentiate into the
adipogenic, osteogenic, and chondrogenic lineages in vitro (Fig. 1C–1E).

Hypoxia and HGF Treatment Cause Akt Activation
The PI3K/Akt signaling pathway has been shown to be an important effector pathway when
cells are presented with either HGF stimulation or hypoxic conditions, whereas inhibiting
this pathway leads to abrogation of cells' improved migratory ability and their angiogenic
factor secretion [10,29,30]. AKT activation is also associated with overcoming anoikis,
death by integrin detachment, in adhesion-dependent cells such as MSC [31–34]. To
determine whether Akt is activated in MSC at reduced oxygen and/or HGF stimulation, cells
were cultured for 16 hours in 1%–3% oxygen (hereafter defined as hypoxic conditions) or
ambient oxygen (21%) with or without 25 ng/ml HGF. Activation of Akt, as measured by
phosphorylation on Ser-473, was increased in MSC treated with hypoxia, HGF, or the
combination of the two factors (Fig. 2A, 2B); no change in total Akt was observed in any of
the conditions. These data suggest that preincubation of MSC in hypoxic conditions and in
the presence of HGF can maintain the cells at an elevated level of signaling through the Akt
pathway, possibly enabling downstream effects of these stimuli, such as improved migratory
ability and activation of prosurvival factors, even when detached from the plate for injection.

MSC Viability Is Maintained Under Hypoxic Conditions
Since previous reports suggested that prolonged hypoxia and serum deprivation can lead to
an increase in MSC apoptosis [35], we next examined cell viability in our different culture
conditions. Cell apoptosis was assessed using a standard flow cytometry-based Annexin V/
propidium iodide apoptosis assay. In this assay, the cells undergoing apoptosis are Annexin
V-positive and propidium iodide-negative; propidium iodide staining designates dead cells,
and conversely, a lack of Annexin V staining and propidium iodide uptake is observed on
live cells. After culture for 16 hours in serum-free hypoxic conditions, the percentage of
viable (Annexin V− and propidium iodide−) cells was comparable to that of MSC cultured
under normoxic conditions (Fig. 2C, 2D). The addition of HGF to the culture had no effect
on cell viability. These data show that cell viability is maintained after culture for 16 hours
in serum-free hypoxic conditions.

HGF Stimulation Activates Erk Signaling Pathway but Not JNK and p38 Pathways
In addition to the Akt pathway, both HGF and hypoxia are known to trigger a complex
signaling cascade through multiple other pathways. In particular, MAPK have been
implicated to be essential for migratory response to HGF stimulation in cortical neurons and
kidney epithelial cells [36,37]. To investigate whether any of the MAPK, Erk, p38, or JNK
are activated after a treatment with HGF or hypoxia, we incubated MSC for 16 hours in
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hypoxic or normoxic conditions, with and without addition of HGF. Western blot analyses
revealed that levels of JNK and p38 remained unchanged under these different culture
conditions, as did their phosphorylation states (Fig. 3A–3C), suggesting that there is no
persistent signaling through these pathways after HGF stimulation for 16 hours. Erk
phosphorylation levels, however, were observed to be increased when MSC were cultured
with HGF, in both hypoxic and normoxic conditions. Long-term hypoxia did not cause Erk
activation on its own, as the level of phosphorylated Erk in these MSC was equivalent to
that of cells cultured in normoxia. These data demonstrate that in response to HGF, MSC
can maintain elevated levels of signaling through the Erk pathway over a relatively long (16-
hour) stimulation period, a condition that might be encountered in certain in vivo situations,
such as transplantation of MSC into an ischemic tissue.

Hypoxia and HGF Do Not Alter MSC Proliferation
Proliferation is one of the cellular processes regulated by the Erk signaling pathway. Since
we demonstrated that Erk is activated in MSC after a 16-hour stimulation with HGF, we
further investigated whether HGF or hypoxia would alter the proliferation status of MSC.
Similar to previous experiments, cells were cultured in hypoxic or normoxic conditions,
with or without HGF, and analyzed for cell cycle status. A similar percentage of cells in the
S/G2/M phases of the cell cycle was observed in all culture conditions. (Fig. 4A, 4B). Thus,
despite Erk activation, no increase in cell proliferation was observed in HGF-treated MSC.
Exposure to hypoxia for 16 hours had no effect on MSC proliferation.

cMet Expression and Signaling Are Increased in MSC Cultured in Hypoxic Conditions
Having determined that MSC can respond to HGF and hypoxia through Akt and Erk
signaling pathways, we further examined the effects of these stimuli on the expression of the
HGF receptor cMet. cMet is a receptor tyrosine kinase composed of two subunits, a 45-kDa
α-subunit and a 145-kDa β-subunit, both of which are products of a proteolytic cleavage of a
170-kDa precursor protein. Consistent with previous reports, Western blot analysis showed
that both the precursor and mature forms of cMet are expressed in MSC cultured in
normoxic conditions (Fig. 5A, 5B). Interestingly, expression of the precursor and mature
forms of cMet was increased in MSC cultured in hypoxic conditions for 16 hours.

To determine whether the hypoxia-induced cMet upregulation resulted in an increased level
of cMet activation upon HGF treatment, the level of cMet phosphorylation was examined
after a short-term HGF stimulation of MSC precultured in hypoxic or normoxic conditions
for 24 hours. As expected, HGF stimulation of MSC cultured in normoxic conditions
resulted in the phosphorylation of cMet with maximal activation at 15 minutes (Fig. 5C,
5D). The cells cultured in hypoxic conditions had a higher level of cMet phosphorylation
than those cultured in normoxic conditions after a 15-minute HGF treatment. A 30-minute
HGF stimulation of MSC resulted in a decrease or maintenance of cMet phosphorylation
levels in hypoxic- and normoxic-preconditioned MSC, respectively, compared with the 15-
minute time point (Fig. 4C, 4D). The cMet receptor activation in hypoxic MSC at the 30-
minute time point, however, was equivalent to its activation in normoxic MSC after HGF
stimulation, suggesting that hypoxic preconditioned cells responded more robustly to the
HGF stimulation at an early time point, after which this response is downregulated, yet still
maintained at a level comparable to that of normoxic MSC. Together, these data suggest that
hypoxic conditioning of MSC results in enhanced early responsiveness to HGF.

Hypoxia and HGF Promote MSC Migration
HGF, also known as “scatter factor,” has been shown to induce MSC migration [8,9]. Since
our previous experiments had demonstrated that the HGF receptor cMet is upregulated on
MSC in hypoxic conditions, we further investigated whether hypoxia increased HGF-

Rosová et al. Page 6

Stem Cells. Author manuscript; available in PMC 2011 January 7.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



induced MSC migration. Confluent plates of MSC were denuded in a straight line with a cell
scraper to create an artificial wound, using the standard “scratch test” technique [38]. The
cultures were then incubated in hypoxic or normoxic conditions, with or without HGF for 24
hours. Plates were imaged by phase-contrast microscopy at the 24 hour endpoint, to assess
the degree of cell migration from the original line (Fig. 6A). The quantitation of the
migrated cells revealed that cells did not migrate when cultured in the “standard” conditions,
ambient oxygen and minimal medium. A significant increase in the migratory capacity of
MSC was observed when cells were stimulated with hypoxia alone (Fig. 6B). Addition of
HGF induced MSC migration (Fig. 6B), and this increase was independent of culture in
hypoxic versus normoxic conditions. These data suggest that HGF and hypoxia act as
independent stimuli to increase MSC migration.

Hind Limb Ischemia Injury Induces Local Secretion of HGF
HGF has previously been reported to be secreted at sites of ischemic injury [11]. During
regeneration, expression of HGF from the damaged tissue is upregulated and is highest at 48
hours [39,40]. The role of HGF in repair has been well documented in the liver [41,42] heart
[11,43], and muscle [44]. To confirm that HGF is one of the factors activated after hind limb
ischemia injury, we analyzed muscle lysates from NOD/SCID mice that were treated with
either sham surgery or hind limb ischemia surgery. Abductor muscles were harvested at 6,
12, 24, or 48 hours postsurgery, and muscle lysates were analyzed by ELISA for the
presence of HGF. The results show a slight increase in HGF levels in the muscles of sham-
operated animals starting at 12 hours postsurgery (Fig. 6C); however, the tissue ischemia
caused a significant increase in the HGF levels in the injured muscle, which steadily
increased up to 48 hours after surgery (two-way analysis of variance, p < .001; Fig. 6C).
These results indicate that hind limb ischemia is a good model by which to test the
therapeutic potential of MSC transplantation, the contribution of HGF to the injury repair
process, and the HGF-mediated recruitment of MSC to sites of hypoxic damage and tissue
ischemia.

Hypoxia-Pretreated MSC Accelerate Restoration of Blood Flow After Surgical Induction of
Hind Limb Ischemia

In the previous in vitro experiments, we demonstrated that culture in hypoxic conditions
elevated the levels of the cMet receptor, activated a prosurvival Akt signaling pathway in
MSC, and increased their migratory potential. We further tested the hypothesis that hypoxic
pretreatment of MSC would be beneficial, by preparing the cells to better migrate to the site
of ischemic injury and to repair the damaged tissue in the hind limb ischemia injury model.
Bone marrow-derived MSC cultured in normoxic or hypoxic conditions were injected into
the left ventricles of NOD/SCID β-2-microglobulin−/− mice (5 × 105 cells per mouse) 24
hours after surgical induction of hind limb ischemia and compared with saline-injected
controls, as described [25,26]. Laser Doppler perfusion imaging showed that mice
transplanted with MSC recovered faster and to a higher degree compared with saline
controls (Fig. 6D). Of note, although blood flow recovery was similar by day 14 after
surgery, mice injected with hypoxic MSC displayed a significantly earlier (day 5) recovery
in blood flow. There was a significantly better improvement in blood perfusion in the
experimental group transplanted with normoxic MSC, as well as hypoxic MSC, by the time
points from days 8–15. The hypoxic preconditioning caused a statistically better
improvement at the early, day 5 time point. These data demonstrate that human bone
marrow-derived MSC are an efficient therapeutic tool to enhance recovery in a hind limb
ischemia injury and that hypoxia-preconditioned MSC promoted an earlier recovery from
ischemic injury.
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Discussion
Consistent with other reports [8–10], in current study we confirm that HGF acts as a
motogenic factor for MSC, increasing their migration potential, whereas the cells exposed to
hypoxia alone demonstrate an even higher migratory ability, suggesting that high levels of
HGF might also act as a retention signal to maintain MSC at the site of tissue injury. Once
they have migrated to the site of injury, the cells encounter elevated HGF levels and severe
hypoxia. Our in vitro experiments show that even after a relatively long-term exposure to
hypoxia and HGF, MSC are able to maintain Akt and Erk signaling, which regulate
important cellular functions such as survival, migration, and proliferation. In this study, we
demonstrated that MSC cultured with HGF in hypoxic conditions maintain their viability
and proliferation status. To summarize, this is, to our knowledge, the first report showing
that improvement of MSC tissue regeneration potential by hypoxic preconditioning might be
also due to the HGF-cMet signaling pathway.

The current studies suggest that pretreatment of MSC under hypoxic conditions not only
increases cMet, which could enhance HGF-mediated chemotactic recruitment to sites of
tissue damage, but might also enhance the survival of these stem cells upon arrival at the
damaged site, through increasing the levels of phosphorylation of the prosurvival protein
AKT. Phosphorylation of Akt on Ser-473 stimulates its activity and plays a major role in the
suppression of anoikis [47], or “death by detachment.” This is especially important for
MSC, which begin to undergo apoptosis within hours after their integrin detachment from
the substrate. AKT has been used to modify MSC for injection to circumvent this problem.
Gnecchi et al. showed that, in a mouse model, conditioned medium from AKT-transduced
MSC had the same protective effect as the injected cells in acute myocardial infarction [48].
All improvements were initiated during the first 72 hours postinfarct; later injection of
medium or cells had no effect. These data suggest that a paracrine effect from the MSC is
more important than direct differentiation or fusion. Our data show that preculture of the
cells in hypoxia prior to injection naturally increases AKT activity, without artificial
overexpression, which could be tumorigenic. This effect of hypoxic preconditioning was
likely an important factor in causing improved survival and retention of the cells in the
damaged tissues and faster functional improvement.

The effects of reduced oxygen tension have previously been studied to understand how cells
react to a hypoxic environment in injured ischemic tissues or to understand the cellular
processes in their natural niches, which have a much lower oxygen tension than the 21% O2
used in tissue culture systems. In this report, we show that culturing MSC in hypoxic
conditions improves their tissue regenerative potential in the mouse model of hind limb
ischemia, whereas this effect might be caused by several factors that are altered by hypoxic
culture conditions. We and others have demonstrated that MSC have different characteristics
when cultured in hypoxic environment (2%–5% O2), and in particular the effects of hypoxia
on MSC survival, proliferation, and stem cell potential have been noted. Although one study
has found that hypoxic conditioning and serum deprivation cause apoptosis in rat bone
marrow-derived MSC [35], the consensus in the field is that either short- or long-term
hypoxic culture does not adversely affect MSC survival, consistent with our results [14–17].
In fact, after the MSC overcome a lag phase in proliferation upon the initiation of hypoxic
culture conditions, they have been shown to proliferate faster than MSC cultured at 21% O2
[15]. Although it is likely that severe ischemia (<0.5% O2) present at the site of injury might
have a negative effect on MSC survival and proliferation, a hypoxic preconditioning
regiment such as that used in the current study might enable the cells to resist the apoptotic
stimuli, possibly through increased Akt prosurvival signaling, since conditioning is too short
to negatively affect the cells' proliferation status. It is also not known whether enhanced
levels of cell division are actually beneficial in MSC culture or are causing cells to
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differentiate, as has been shown for the hematopoietic stem and progenitor cells, which
remain more primitive in the nonproliferating state.

The expression of cMet and HGF has previously been observed to be increased in a tumor
setting, which is naturally ischemic, and it has been demonstrated to correlate with tumor
angiogenesis [49–54]. Furthermore, MSC have been shown to express cMet and to migrate
toward HGF [9,10]. In this study we hypothesized that HGF and its receptor cMet are
important factors in directing the ability of MSC to repair the ischemic tissue. We
demonstrated that hypoxia caused an increase in cMet levels on MSC, and thus
preconditioned MSC were then able to respond more robustly to HGF, although elevated
levels of HGF are present at the site of ischemic muscle. Because MSC are known to
express other growth factor receptors that regulate directional MSC migration, it is unlikely
that HGF-cMet axis is the only pathway sufficient for MSC homing to the site of injury.
Therefore, additional in vivo studies are being performed to understand the importance of
HGF and cMet signaling in MSC-mediated repair of hind limb ischemia.

MSC and their therapeutic capabilities have previously been explored in the literature. Even
though MSC have been shown to differentiate into adipogenic, chondrogenic, and
osteogenic lineages in vitro, in addition to smooth muscle, endothelial, or myocardial
differentiation in vivo, the leading theory in the field is that MSC mediate tissue repair
through their secretion of angiogenic factors. There is some evidence suggesting that
hypoxia might enhance the secretion of angiogenic factors from MSC, thus revealing
another possible mechanism by which the hypoxic preconditioning enhances the tissue
repair potential of MSC. It has been demonstrated that MSC secrete multiple proangiogenic
factors, including vascular endothelial growth factor (VEGF), basic fibroblast growth factor,
HGF, and placental growth factor in response to hypoxic stimulus [2,17,55–57]. In a recent
study, a conditioned medium from hypoxic MSC prevented endothelial cell apoptosis and
enhanced tube formation in vitro [57]. In addition, when ischemic muscles were treated with
conditioned medium harvested from MSC cultured in hypoxic conditions, the experimental
animals recovered faster than the control groups, suggesting that the release of angiogenic
factors by MSC is sufficient to enhance the revascularization of the injured tissue [55,56]. In
all studies, however, the conditioned media or MSC were injected directly into the injured
muscle, which eliminated the necessity of MSC to home to the site of injury. In this report,
we show that hypoxic MSC are able to enhance the repair of the ischemic muscle even if
injected into the arterial system of the mouse, suggesting that these cells enhance the blood
flow recovery either through secreting angiogenic factors into the bloodstream or through
more efficient homing and subsequent tissue repair compared with normoxic MSC.

We addressed the question of whether hypoxia enhances the migratory/homing potential of
MSC by an in vitro scratch test assay, observing a significant increase in MSC migration. In
addition, a previously published study demonstrated a mobilization of rat MSC into the
peripheral blood under chronically hypoxic conditions [58], confirming that hypoxia acts as
a potent motogenic factor for MSC in vivo. Since ischemic injury triggers a secretion of
various cytokines, including HGF, SDF-1, MCP-1, and VEGF, it is interesting to examine
whether hypoxia can also enhance a directional migration toward a growth factor gradient.
Indeed, a few published reports have demonstrated that hypoxia increases the migration of
MSC toward various growth factors, such as VEGF, SDF-1, and CX3CR1 in vitro, whereas
this process is dependent on Hif1α-mediated elevation of receptors for particular growth
factors [16,59]. The data that we present in this study show that although hypoxia increases
the levels of the HGF receptor cMet on MSC, the long-term exposure to HGF and hypoxia
actually decreases the migratory ability of MSC compared with hypoxia alone, possibly
suggesting that higher levels of HGF allow the maintenance of the MSC in the region of
hypoxic injury. Notably, we detected a low level of human MSC retained in the injured
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muscle 2 weeks after the transplantation, suggesting that MSC are able to home and survive
in the injury area (data not shown).

In the current studies, we sought pretransplantation culture conditions for human MSC that
will prepare the cells to have the most robust cell migration and to promote the most rapid
functional repair, in the hind limb ischemia hypoxic injury model. The techniques and
strategies developed here will be useful in determining the requirements of transplanted
human stem cells for in vivo survival, recruitment to areas of hypoxic damage, and initiation
of cascades of endogenous repair. As a result of these studies, we will gain a better
understanding of how injected stem cells will be recruited to the damaged tissue to enhance
revascularization by endogenous cells. HGF expressed locally at the area of damage,
activated by hypoxia, can act as a chemotactic factor to recruit injected multipotent MSC
from the bloodstream, into the site of injury, and to extend their survival to participate in
tissue repair and to promote revascularization. The current study provides a practical and
clinically relevant model for pretreating cells to potentially enhance blood flow to human
limbs that have critical ischemia. Peripheral vascular disease and critical limb ischemia
present painful and costly clinical problems in the U.S. and worldwide, especially in diabetic
populations. Our report provides methods to culture and treat the cells in conditions that are
more physiological, prior to transplantation. Of interest, Hu et al. have just reported that
rodent MSC precultured in hypoxia promote enhanced revascularization in a cardiac injury
model [60]. Our report is, to our knowledge, the first time that hypoxia-preconditioned
human MSC have been shown to better promote recovery from vascular injury.

We measured the percentage of human cells remaining at the site of injury at the 2-week
time point, using quantitative polymerase chain reaction as we have previously described
[61]. Cells were present in an average of approximately 0.2% of the tissue (data not shown).
However, the function of the cells is not to recreate new vessels or muscle, but to release
cascades of trophic factors to enhance the endogenous revascularization process. Therefore,
from a clinical and regulatory agency point of view, it is actually preferable that the cells do
not remain in the local area for months after the injury has been repaired. We have shown in
the current study that hypoxic preconditioned MSC have the best migratory potential and the
most rapid tissue repair potential. This finding could enhance therapeutic approaches for
enhancing local tissue repair by injected human mesenchymal stem cells.

Conclusion
Our studies show that culturing MSC in hypoxic conditions improves the rapidity of their
tissue regenerative potential, as demonstrated by our in vivo experiments. Using a hind limb
ischemia injury model, we showed that mice that had received hypoxic preconditioned MSC
recovered faster than the control groups that had received normoxic MSC or saline. In
addition, we demonstrated that HGF, previously shown to be secreted in response to liver
and heart injury [43,45,46], is also secreted in a hind limb ischemia injury model in
immunodeficient mice. On the basis of our in vitro experiments showing that MSC cultured
in hypoxic conditions have elevated levels of cMet compared with those cultured in
normoxia, we further suggest that HGF and its receptor cMet might be important factors in
the mechanism by which hypoxia enhances the homing and tissue-repairing capacity of
MSC. This theory is supported by immunoblotting experiments that show that hypoxic
preconditioned MSC respond more robustly to HGF stimulation than those cultured in
normoxic conditions, therefore suggesting that MSC that are expressing higher levels of
cMet might respond faster to the HGF present at the site of tissue injury.

Rosová et al. Page 10

Stem Cells. Author manuscript; available in PMC 2011 January 7.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Acknowledgments
This work was supported by the NIH, National Institutes of Diabetes and Digestive and Kidney Diseases (2R01-
DK61848 and 2R01-DK53041; to J.A.N.), and National Heart, Lung and Blood Institute (R01-HL073256; to D.L.
and J.A.N.).

References
1. Prockop DJ. Marrow stromal cells as stem cells for nonhematopoietic tissues. Science 1997;276:71–

74. [PubMed: 9082988]
2. Kinnaird T, Stabile E, Burnett MS, et al. Local delivery of marrow-derived stromal cells augments

collateral perfusion through paracrine mechanisms. Circulation 2004;109:1543–1549. [PubMed:
15023891]

3. Al-Khaldi A, Al-Sabti H, Galipeau J, et al. Therapeutic angiogenesis using autologous bone marrow
stromal cells: Improved blood flow in a chronic limb ischemia model. Ann Thorac Surg
2003;75:204–209. [PubMed: 12537217]

4. Iwase T, Nagaya N, Fujii T, et al. Comparison of angiogenic potency between mesenchymal stem
cells and mononuclear cells in a rat model of hindlimb ischemia. Cardiovasc Res 2005;66:543–551.
[PubMed: 15914119]

5. Moon MH, Kim SY, Kim YJ, et al. Human adipose tissue-derived mesenchymal stem cells improve
postnatal neovascularization in a mouse model of hindlimb ischemia. Cell Physiol Biochem
2006;17:279–290. [PubMed: 16791003]

6. Nakagami H, Maeda K, Morishita R, et al. Novel autologous cell therapy in ischemic limb disease
through growth factor secretion by cultured adipose tissue-derived stromal cells. Arterioscler
Thromb Vasc Biol 2005;25:2542–2547. [PubMed: 16224047]

7. Pittenger MF, Martin BJ. Mesenchymal stem cells and their potential as cardiac therapeutics. Circ
Res 2004;95:9–20. [PubMed: 15242981]

8. Son BR, Marquez-Curtis LA, Kucia M, et al. Migration of bone marrow and cord blood
mesenchymal stem cells in vitro is regulated by stromal-derived factor-1-CXCR4 and hepatocyte
growth factor-c-met axes and involves matrix metalloproteinases. Stem Cells 2006;24:1254–1264.
[PubMed: 16410389]

9. Neuss S, Becher E, Woltje M, et al. Functional expression of HGF and HGF receptor/c-met in adult
human mesenchymal stem cells suggests a role in cell mobilization, tissue repair, and wound
healing. Stem Cells 2004;22:405–414. [PubMed: 15153617]

10. Forte G, Minieri M, Cossa P, et al. Hepatocyte growth factor effects on mesenchymal stem cells:
Proliferation, migration, and differentiation. Stem Cells 2006;24:23–33. [PubMed: 16100005]

11. Sato T, Fujieda H, Murao S, et al. Sequential changes of hepatocyte growth factor in the serum and
enhanced c-Met expression in the myocardium in acute myocardial infarction. Jpn Circ J
1999;63:906–908. [PubMed: 10598900]

12. Ceradini DJ, Kulkarni AR, Callaghan MJ, et al. Progenitor cell trafficking is regulated by hypoxic
gradients through HIF-1 induction of SDF-1. Nat Med 2004;10:858–864. [PubMed: 15235597]

13. Liu X, Wu X, Cai L, et al. Hypoxic preconditioning of cardiomyocytes and cardioprotection:
Phophorylation of HIF-1alpha induced by p42/p44 mitogen-activated protein kinases is involved.
Pathophysiology 2003;9:201–205. [PubMed: 14567922]

14. Grayson WL, Zhao F, Izadpanah R, et al. Effects of hypoxia on human mesenchymal stem cell
expansion and plasticity in 3D constructs. J Cell Physiol 2006;207:331–339. [PubMed: 16331674]

15. Grayson WL, Zhao F, Bunnell B, et al. Hypoxia enhances proliferation and tissue formation of
human mesenchymal stem cells. Biochem Biophys Res Commun 2007;358:948–953. [PubMed:
17521616]

16. Hung SC, Pochampally RR, Hsu SC, et al. Short-term exposure of multipotent stromal cells to low
oxygen increases their expression of CX3CR1 and CXCR4 and their engraftment in vivo. PLoS
ONE 2007;2:e416. [PubMed: 17476338]

17. Potier E, Ferreira E, Andriamanalijaona R, et al. Hypoxia affects mesenchymal stromal cell
osteogenic differentiation and angiogenic factor expression. Bone 2007;40:1078–1087. [PubMed:
17276151]

Rosová et al. Page 11

Stem Cells. Author manuscript; available in PMC 2011 January 7.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



18. Lennon DP, Edmison JM, Caplan AI. Cultivation of rat marrow-derived mesenchymal stem cells
in reduced oxygen tension: Effects on in vitro and in vivo osteochondrogenesis. J Cell Physiol
2001;187:345–355. [PubMed: 11319758]

19. Malladi P, Xu Y, Chiou M, et al. Effect of reduced oxygen tension on chondrogenesis and
osteogenesis in adipose-derived mesenchymal cells. Am J Physiol Cell Physiol 2006;290:C1139–
C1146. [PubMed: 16291817]

20. Lee JH, Kemp DM. Human adipose-derived stem cells display myogenic potential and perturbed
function in hypoxic conditions. Biochem Biophys Res Commun 2006;341:882–888. [PubMed:
16442498]

21. Dao MA, Pepper KA, Nolta JA. Long-term cytokine production from engineered primary human
stromal cells influences human hematopoiesis in an in vivo xenograft model. Stem Cells
1997;15:443–454. [PubMed: 9402657]

22. Nolta JA, Hanley MB, Kohn DB. Sustained human hematopoiesis in immunodeficient mice by
cotransplantation of marrow stroma expressing human interleukin-3: Analysis of gene transduction
of long-lived progenitors. Blood 1994;83:3041–3051. [PubMed: 7514050]

23. Dao MA, Nolta JA. Cytokine and integrin stimulation synergize to promote higher levels of
GATA-2, c-myb, and CD34 protein in primary human hematopoietic progenitors from bone
marrow. Blood 2007;109:2373–2379. [PubMed: 17095623]

24. Capoccia BJ, Shepherd RM, Link DC. G-CSF and AMD3100 mobilize monocytes into the blood
that stimulate angiogenesis in vivo through a paracrine mechanism. Blood 2006;108:2438–2445.
[PubMed: 16735597]

25. Bakewell SJ, Nestor P, Prasad S, et al. Platelet and osteoclast beta3 integrins are critical for bone
metastasis. Proc Natl Acad Sci U S A 2003;100:14205–14210. [PubMed: 14612570]

26. Hirbe AC, Uluckan O, Morgan EA, et al. Granulocyte colony-stimulating factor enhances bone
tumor growth in mice in an osteoclast-dependent manner. Blood 2007;109:3424–3431. [PubMed:
17192391]

27. Pittenger MF, Mackay AM, Beck SC, et al. Multilineage potential of adult human mesenchymal
stem cells. Science 1999;284:143–147. [PubMed: 10102814]

28. Dominici M, Le Blanc K, Mueller I, et al. Minimal criteria for defining multipotent mesenchymal
stromal cells The International Society for Cellular Therapy position statement. Cytotherapy
2006;8:315–317. [PubMed: 16923606]

29. Pore N, Jiang Z, Shu HK, et al. Akt1 activation can augment hypoxia-inducible factor-1alpha
expression by increasing protein translation through a mammalian target of rapamycin-
independent pathway. Mol Cancer Res 2006;4:471–479. [PubMed: 16849522]

30. Gort EH, Groot AJ, Derks van de Ven TL, et al. Hypoxia-inducible factor-1alpha expression
requires PI 3-kinase activity and correlates with Akt1 phosphorylation in invasive breast
carcinomas. Oncogene 2006;25:6123–6127. [PubMed: 16682946]

31. Frisch SM, Ruoslahti E. Integrins and anoikis. Curr Opin Cell Biol 1997;9:701–706. [PubMed:
9330874]

32. Frisch SM, Screaton RA. Anoikis mechanisms. Curr Opin Cell Biol 2001;13:555–562. [PubMed:
11544023]

33. Horowitz JC, Rogers DS, Sharma V, et al. Combinatorial activation of FAK and AKT by
transforming growth factor-beta1 confers an anoikis-resistant phenotype to myofibroblasts. Cell
Signal 2007;19:761–771. [PubMed: 17113264]

34. Xia H, Nho RS, Kahm J, et al. Focal adhesion kinase is upstream of phosphatidylinositol 3-kinase/
Akt in regulating fibroblast survival in response to contraction of type I collagen matrices via a
beta 1 integrin viability signaling pathway. J Biol Chem 2004;279:33024–33034. [PubMed:
15166238]

35. Zhu W, Chen J, Cong X, et al. Hypoxia and serum deprivation-induced apoptosis in mesenchymal
stem cells. Stem Cells 2006;24:416–425. [PubMed: 16253984]

36. Khwaja A, Lehmann K, Marte BM, et al. Phosphoinositide 3-kinase induces scattering and
tubulogenesis in epithelial cells through a novel pathway. J Biol Chem 1998;273:18793–18801.
[PubMed: 9668053]

Rosová et al. Page 12

Stem Cells. Author manuscript; available in PMC 2011 January 7.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



37. Segarra J, Balenci L, Drenth T, et al. Combined signaling through ERK, PI3K/AKT, and RAC1/
p38 is required for met-triggered cortical neuron migration. J Biol Chem 2006;281:4771–4778.
[PubMed: 16361255]

38. Montaldo F, Maffe A, Morini M, et al. Expression of functional tyrosine kinases on immortalized
Kaposi's sarcoma cells. J Cell Physiol 2000;184:246–254. [PubMed: 10867650]

39. Nakamura T, Nishizawa T, Hagiya M, et al. Molecular cloning and expression of human
hepatocyte growth factor. Nature 1989;342:440–443. [PubMed: 2531289]

40. Sonnenberg E, Meyer D, Weidner KM, et al. Scatter factor/hepatocyte growth factor and its
receptor, the c-met tyrosine kinase, can mediate a signal exchange between mesenchyme and
epithelia during mouse development. J Cell Biol 1993;123:223–235. [PubMed: 8408200]

41. Noji S, Tashiro K, Koyama E, et al. Expression of hepatocyte growth factor gene in endothelial
and Kupffer cells of damaged rat livers, as revealed by in situ hybridization. Biochem Biophys Res
Commun 1990;173:42–47. [PubMed: 2147853]

42. Fujimoto J. Gene therapy for liver cirrhosis. J Gastroenterol Hepatol 2000;15(suppl):D33–D36.
[PubMed: 10759218]

43. Yasuda S, Goto Y, Baba T, et al. Enhanced secretion of cardiac hepatocyte growth factor from an
infarct region is associated with less severe ventricular enlargement and improved cardiac
function. J Am Coll Cardiol 2000;36:115–121. [PubMed: 10898422]

44. Sheehan SM, Tatsumi R, Temm-Grove CJ, et al. HGF is an autocrine growth factor for skeletal
muscle satellite cells in vitro. Muscle Nerve 2000;23:239–245. [PubMed: 10639617]

45. Morishita R, Aoki M, Yo Y, et al. Hepatocyte growth factor as cardiovascular hormone: Role of
HGF in the pathogenesis of cardiovascular disease. Endocr J 2002;49:273–284. [PubMed:
12201209]

46. Kmiec Z. Cooperation of liver cells in health and disease. Adv Anat Embryol Cell Biol
2001;161:III–XIII. 1–151. [PubMed: 11729749]

47. Attwell S, Roskelley C, Dedhar S. The integrin-linked kinase (ILK) suppresses anoikis. Oncogene
2000;19:3811–3815. [PubMed: 10949937]

48. Gnecchi M, He H, Liang OD, et al. Paracrine action accounts for marked protection of ischemic
heart by Akt-modified mesenchymal stem cells. Nat Med 2005;11:367–368. [PubMed: 15812508]

49. Eckerich C, Zapf S, Fillbrandt R, et al. Hypoxia can induce c-Met expression in glioma cells and
enhance SF/HGF-induced cell migration. Int J Cancer 2007;121:276–283. [PubMed: 17372907]

50. Colombo ES, Menicucci G, McGuire PG, et al. Hepatocyte growth factor/scatter factor promotes
retinal angiogenesis through increased urokinase expression. Invest Ophthalmol Vis Sci
2007;48:1793–1800. [PubMed: 17389513]

51. Chen HH, Su WC, Lin PW, et al. Hypoxia-inducible factor-1alpha correlates with MET and
metastasis in node-negative breast cancer. Breast Cancer Res Treat 2007;103:167–175. [PubMed:
17028975]

52. Ide T, Kitajima Y, Miyoshi A, et al. Tumor-stromal cell interaction under hypoxia increases the
invasiveness of pancreatic cancer cells through the hepatocyte growth factor/c-Met pathway. Int J
Cancer 2006;119:2750–2759. [PubMed: 16998831]

53. Hara S, Nakashiro K, Klosek SK, et al. Hypoxia enhances c-Met/HGF receptor expression and
signaling by activating HIF-1alpha in human salivary gland cancer cells. Oral Oncol 2006;42:593–
598. [PubMed: 16469527]

54. Pennacchietti S, Michieli P, Galluzzo M, et al. Hypoxia promotes invasive growth by
transcriptional activation of the met protooncogene. Cancer Cell 2003;3:347–361. [PubMed:
12726861]

55. Kinnaird T, Stabile E, Burnett MS, et al. Marrow-derived stromal cells express genes encoding a
broad spectrum of arteriogenic cytokines and promote in vitro and in vivo arteriogenesis through
paracrine mechanisms. Circ Res 2004;94:678–685. [PubMed: 14739163]

56. Gnecchi M, He H, Noiseux N, et al. Evidence supporting paracrine hypothesis for Akt-modified
mesenchymal stem cell-mediated cardiac protection and functional improvement. FASEB J
2006;20:661–669. [PubMed: 16581974]

57. Hung SC, Pochampally RR, Chen SC, et al. Angiogenic effects of human multipotent stromal cell
conditioned medium activate the PI3K-Akt pathway in hypoxic endothelial cells to inhibit

Rosová et al. Page 13

Stem Cells. Author manuscript; available in PMC 2011 January 7.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



apoptosis, increase survival, and stimulate angiogenesis. Stem Cells 2007;25:2363–2370.
[PubMed: 17540857]

58. Rochefort GY, Delorme B, Lopez A, et al. Multipotential mesenchymal stem cells are mobilized
into peripheral blood by hypoxia. Stem Cells 2006;24:2202–2208. [PubMed: 16778152]

59. Okuyama H, Krishnamachary B, Zhou YF, et al. Expression of vascular endothelial growth factor
receptor 1 in bone marrow-derived mesenchymal cells is dependent on hypoxia-inducible factor 1.
J Biol Chem 2006;281:15554–15563. [PubMed: 16574650]

60. Hu X, Yu SP, Fraser JL, et al. Transplantation of hypoxia-preconditioned mesenchymal stem cells
improves infarcted heart function via enhanced survival of implanted cells and angiogenesis. J
Thoracic Cardiovasc Surg 2008;135:799–808.

61. Meyerrose TE, De Ugarte DA, Hofling AA, et al. In vivo distribution of human adipose-derived
mesenchymal stem cells in novel xenotransplantation models. Stem Cells 2007;25:220–227.
[PubMed: 16960135]

Rosová et al. Page 14

Stem Cells. Author manuscript; available in PMC 2011 January 7.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1.
Characterization of mesenchymal stem cells (MSC). Human MSC were cultured from bone
marrow aspirates in complete medium. They were selected by adherence to plastic while
hematopoietic contamination was excluded by fluorescent-conjugated antibody staining of
the MSC for CD45 and CD34. The phenotypic markers CD105, CD90, and CD73 were
assessed by flow cytometry. (A): Representative plots of the fluorescence-activated cell
sorting analysis of unlabeled MSC. (B): Antibody-labeled samples. Assessment of the lack
of CD34 and CD45 was performed with all cell cultures used for Western blot experiments,
whereas three MSC cultures derived from three separate donors were analyzed for CD105,
CD90, and CD73. When cultured in defined differentiation medium, MSC differentiated
into the adipogenic lineage, shown here by oil red O stain (C), the osteogenic lineage,
shown by alizarin red stain (D), and the chondrogenic lineage, shown by Alcian Blue stain
(E). Abbreviations: APC, allophycocyanin; FL1, fluorescence channel 1, detecting FITC;
FL2, fluorescence channel 2, detecting PE; FL4, fluorescence channel 4, detecting APC; PE,
phycoerythrin.
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Figure 2.
Hypoxia and HGF treatment activate the Akt signaling pathway and maintain MSC viability.
Bone marrow mesenchymal stem cells were incubated for 16 hours in serum-free medium
exposed to hypoxic or normoxic conditions in the presence or absence of 25 ng/ml human
recombinant HGF. MSC were tested for expression of Akt and its activation by Western
blotting (A) and for viability by flow cytometry with Annexin V and propidium iodide
staining (C). Western blot densitometry (B) showed a significant increase in Akt
phosphorylation when cells were stimulated with hypoxia and HGF, whereas quantitation of
flow cytometry data (D) demonstrated no significant difference between the different
treatment groups, using the Student's t test. Shown are representative data of four (A) and
five (C) separate experiments. Abbreviations: HGF, hepatocyte growth factor; MSC,
mesenchymal stem cells.
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Figure 3.
HGF treatment stimulates Erk but not p38 or JNK signaling pathways. Mesenchymal stem
cells were cultured in serum-free medium in hypoxia or normoxia in the presence or absence
of 25 ng/ml HGF for 16 hours. Cell lysates were collected and separated on SDS-
polyacrylamide gel electrophoresis gel and probed for Erk∼P, Erk (A), JNK∼P, JNK (B),
and p38∼P, p38 (C) antibodies. Pictured are representative results of five (A) and four (B,
C) separate experiments. Abbreviation: HGF, hepatocyte growth factor; JNK, Jun N-
terminal Kinase.
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Figure 4.
Hypoxia and HGF treatment do not significantly change the proliferation status of
mesenchymal stem cells (MSC). MSC were cultured in serum-free medium in hypoxic
versus normoxic conditions in the presence or absence of 25 ng/ml HGF. Cells were
collected, fixed, stained with PI, and analyzed with flow cytometry for cell cycle status.
Fluorescence-activated cell sorting plots are representative results of five separate
experiments (A). The bar graph shows quantitation of flow cytometry data (B). Differences
were not significant, according to Student's t-test. Abbreviations: HGF, hepatocyte growth
factor; PI, propidium iodide.
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Figure 5.
Hypoxia sensitizes human mesenchymal stem cells (MSC) by elevating the levels of HGF
receptor cMet, thus increasing the ability of MSC to respond to HGF stimulation. MSC were
cultured in serum-free medium for 16 hours in hypoxic or normoxic conditions and then
collected to generate protein lysates, which were resolved on SDS-polyacrylamide gel
electrophoresis (PAGE) gel and probed with cMet antibody (A). The bar graph represents
Western blot densitometry results, demonstrating significant increases in the levels of
mature cMet and its precursor in cells cultured in hypoxia (B). MSC were incubated in
hypoxic or normoxic conditions in serum-free medium for 24 hours. Cultures were
stimulated for 0, 15, or 30 minutes with 25 ng/ml HGF, and protein lysates were collected
and immunoprecipitated with cMet antibody. Protein was resolved on SDS-PAGE gel and
probed for anti-phosphotyrosine and cMet antibodies (C). The bar graph represents Western
blot densitometry results of phosphorylated cMet (D). Shown are representative results of
three (A, B) or four (C, D) separate experiments. Abbreviations: HGF, hepatocyte growth
factor; kD, kilodaltons.
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Figure 6.
Hypoxia increases mesenchymal stem cell (MSC) migration and enhances functional
recovery after hind limb ischemia. The growth area of MSC plated on tissue culture-treated
plates was scratched with a sterile pipette tip to create a wound. The borderline of the
scratch was immediately marked with a fine-tip marker, and the cultures were incubated in
serum-free medium for 24 hr in hypoxia versus normoxia in the presence or absence of 25
ng/ml HGF. Photographs of cell migration were captured with bright-field microscopy at the
endpoint. (A): Representative image of three separate experiments. The quantitation of
migrated cells demonstrated significant fold increases in MSC motility in samples treated
with HGF or combination of hypoxia and HGF, whereas cells cultured in hypoxia alone
migrated the most (B). The bar graph (B) summarizes the results of three separate
experiments. Hind limb ischemia and sham surgeries were performed on NOD/SCID mice
(n = 4). Abductor muscles were harvested at 6, 12, 24, or 48 hr postsurgery, and muscle
lysates were analyzed by enzyme-linked immunosorbent assay for the presence of HGF (C).
The results show a slight increase in HGF levels in muscles of sham-operated animals
starting at 12 hr postsurgery; however, the tissue ischemia caused a significant increase in
the HGF levels in the injured muscle, which steadily increased up to 48 hr after surgery
(two-way analysis of variance [ANOVA], p < .001). Alternatively, MSC cultured in
complete medium were incubated overnight (16–24 hr) in hypoxic or normoxic conditions.
Hind limb ischemia was performed on β-2-microglobulin knockout mice, which were then
transplanted 1 day after surgery with hypoxic MSC, normoxic MSC, or PBS as a control.
The functional recovery was measured by laser Doppler perfusion imaging immediately
after the surgery and twice a week for 2 weeks after the transplantation and quantified by
Moor LDI image software (D). The y-axis of the graph represents flux (measured in
arbitrary units) ratio of injured to uninjured leg, and the three curves are average values for
each treatment group (seven animals per group). The results demonstrate a significant
improvement (ANOVA, p < .005) in mice transplanted with MSC versus saline control
group, whereas the mice transplanted with hypoxic MSC improved significantly faster, as is
shown at day 5 (*, p = .011; Student's t-test). Abbreviations: BM-MSC, bone marrow-
derived mesenchymal stem cells; HGF, hepatocyte growth factor; hr, hours; PBS,
phosphate-buffered saline.

Rosová et al. Page 20

Stem Cells. Author manuscript; available in PMC 2011 January 7.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


