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Abstract
Background—Exercise stimulates the vascular response in pathological conditions, including
ischemia; however, the molecular mechanisms by which exercise improves the impaired hypoxia-
induced factor (HIF)-1α–mediated response to hypoxia associated with aging are poorly
understood. Here, we report that swimming training (ST) modulates the vascular response to
ischemia in aged (24-month-old) mice.

Methods and Results—Aged wild-type mice (MMP-2+/+) that maintained ST (swimming 1 h/
d) from day 1 after surgery were randomly assigned to 4 groups that were treated with either
vehicle, LY294002, or deferoxamine for 14 days. Mice that were maintained in a sedentary
condition served as controls. ST increased blood flow, capillary density, and levels of p-Akt,
HIF-1α, vascular endothelial growth factor, Fit-1, and matrix metalloproteinase-2 (MMP-2) in
MMP-2+/+ mice. ST also increased the numbers of circulating endothelial progenitor cells and
their function associated with activation of HIF-1α. All of these effects were diminished by
LY294002, an inhibitor of phosphatidylinositol 3-kinase; enhanced by deferoxamine, an HIF-1α
stabilizer; and impaired by knockout of MMP-2. Finally, bone marrow transplantation confirmed
that ST enhanced endothelial progenitor cell homing to ischemic sites in aged mice.

Conclusions—ST can improve neovascularization in response to hypoxia via a
phosphatidylinositol 3-kinase–dependent mechanism that is mediated by the HIF-1α/vascular
endothelial growth factor/MMP-2 pathway in advanced age.
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Aging is associated with a decreased ability to form new blood vessels in response to
ischemia, which results in higher rates of cardiovascular complications and diminished
capacity for tissue regeneration.1 There is therefore considerable interest in understanding
the mechanisms of angiogenesis in advanced age. Accumulating evidence suggests that the
process of new blood vessel formation is associated with extracellular matrix remodeling,
mainly involving the matrix metalloproteinase (MMP) family.2,3 In particular, aging reduces
MMP-2 expression in vitro and in vivo.4,5 Genetic and pharmacological intervention studies
have demonstrated in several animal models that MMP-2 plays an important role in
angiogenesis and vasculogenesis.5,6 Recently, a few studies have shown that knee-extension
exercise activates MMP expression in human skeletal muscle.7 On the basis of these
findings and past reports that exercise increases coronary vascularization by promoting
vascular growth and remodeling in response to stress,8 we hypothesize that the activation of
MMP-2 might represent a crucial mediator by which exercise triggers protective vascular
action.

Administration of bone marrow (BM)–derived or peripheral blood–derived endothelial
progenitor cells (EPCs) has improved postischemic neovascularization in various
experimental and clinical trials9,10; however, several recent randomized clinical trials of
stem and progenitor cell treatment for ischemic diseases have been disappointing in subjects
of advanced age.11 Impaired angiogenesis in advanced age might be due to an intrinsic
decline in the regenerative capacity of vascular progenitors or a decline in a proregenerative
niche.12 On the other hand, physical training increases circulating EPCs in patients with
ischemic syndromes.13 Further work is necessary to determine whether exercise improves
EPC mobilization and function in individuals of advanced age, as well as to determine the
mechanisms underlying these processes.

Exercise promotes ischemic angiogenesis by increasing vascular endothelial growth factor
(VEGF) in plasma or ischemic tissue in humans and animals14,15; however, angiogenic
growth factors and related transcriptional factor hypoxia-induced factor-1α (HIF-1α) activity
decreased in aged cell lines and animals.16,17 In the present study, we investigate the effects
of swimming training (ST) on angiogenic mechanisms and HIF-1α function in a mouse
model of limb ischemia at advanced age. We evaluated whether ST was able (1) to enhance
HIF-1α transcriptional activity through activation of the insulin-like growth factor (IGF)-1–
mediated phosphatidylinositol 3-kinase (PI3K)/Akt signaling pathway and attenuation of the
prolyl hydroxylases (PHDs) degradation system, (2) to stimulate reactivation of VEGF and
MMP-2 expression in ischemic tissue and BM-derived EPCs, (3) to improve EPC
mobilization and homing to the vasculature, and (4) to enhance neovascularization in
response to hypoxia.

Methods
An expanded Methods section is available in the online-only Data Supplement.

Mouse Model of Revascularization Without or With Exercise
Studies of wild-type (WT; MMP-2+/+; Chubu Kagaku Shizai Co., Ltd. Nagoya, Japan) and
MMP-2 knockout (KO, MMP−/−, gifted by S. Itohara RIKEN Brain Science, Institute,
Wako, Saitama, Japan)5 mice in a C57/BL6 background were approved by the Animal
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Studies Committee of Nagoya University. Male young (6 months) and aged (18 and 24
months) mice of both genotypes were subjected to unilateral hindlimb ischemic surgery and
ST programs.

Statistical Analysis
Data are expressed as mean±standard error of the mean (SEM). Student t tests (for
comparison between 2 groups) or 1-way ANOVA (for comparison of 3 or more groups)
followed by Tukey post hoc tests were used for statistical analyses. The nonparametric
Kruskal-Wallis test (Tukey-type multiple comparison) was used ANOVA for the gene
expression data. Blood flow data were subjected to 2-way repeated-measures ANOVA and
Bonferroni post hoc tests. The comparative incidence of limb amputation was evaluated by
the χ2 test. SPSS software version 17.0 (SPSS Inc, Chicago, Ill) was used. A value of
P<0.05 was considered statistically significant.

Results
Aging Reduces HIF-1α–Induced Growth Factors and Impairs Neovascularization in
Response to Hypoxia

Serial laser Doppler blood flow measurements showed that aged WT mice (18 to 24 months
old) had lower ratios of ischemic-to-nonischemic blood flow (Figure 1A and 1B) than young
(6-month-old) WT mice. The ratio decreased further from 18 to 24 months of age. The
numbers of CD31+/c-Kit+ progenitor cells in both BM and peripheral blood also decreased
markedly in an age-dependent manner (Figure 1C), which suggests a vasculogenesis-
specific impairment with age. The capillary density of nonischemic and ischemic muscle
also correlated with age (Figure 1D and 1E).

ST Restores Ischemic Neovascularization in Mice of Advanced Age (24 Months)
On day 15 after the induction of ischemia, aged WT mice exposed to ST (WT-ST mice) had
markedly higher blood perfusion than WT mice (Figure 2A), which suggests that ST
stimulated neovascularization in response to hypoxia. This was further supported by data
from longer-term ST (29 days; online-only Data Supplement Figure I). ST also increased
capillary density (Figure 3A). HIF-1α, which is regulated by the PI3K signaling pathway, is
less stable and active in aged animals during ischemia.18,19 We hypothesized that ST
protects against HIF-1α destabilization by activating the PI3K signaling pathway; the
increased stability of HIF-1α would then increase ischemic neovascularization. We tested
this hypothesis by treating aged WT mice with LY2940029 (LY), an inhibitor of PI3K, or
deferoxamine (DFO). ST-mediated improvement of blood perfusion and capillary density
were diminished by use of LY in WT-ST mice; these beneficial effects of ST treatment were
enhanced by DFO (Figures 2A, 3A, and 3B).

Aged MMP-2−/− mice exhibited a marked impairment of blood perfusion and capillary
density after hindlimb ischemia compared with MMP-2+/+ mice; these changes were not
improved by ST treatment (Figures 2A, 3B, and 3B). This finding supports the notion that
ST stimulates an angiogenic response via MMP-2 activation in ischemic tissue of aged
animals. Furthermore, spontaneous amputation occurred in 42.9% of the ischemic limbs of
WT mice and in 15.7% of ischemic limbs of WT-ST mice. The beneficial effect of ST was
diminished in WT-ST-LY mice (41.2% of limbs) and was slightly enhanced in WT-ST-DFO
mice (10% of limbs; Figure 2B). The rate of spontaneous amputation in KO mice (59.1%)
was slightly higher than in WT mice and was not affected by ST (52.3%). At day 15 after
surgery, there were no significant differences between the weights of nonischemic and
ischemic legs among the 6 experimental groups of mice (Figures 2C and 2D). Additionally,
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DFO alone increased blood perfusion and capillary density in aged mice without ST,
whereas LT alone did not have these effects (online-only Data Supplement Figure II).

ST Prevents the Formation of Pathological Vessels and Restores Collateral Artery
Formation in Response to Hypoxia in Mice at 24 Months

Abnormal corkscrewlike vessels with irregular lumens were visible in aged mice (Figure
3C). Some vessels were dilated and formed microaneurysms and hemangiomas. In contrast,
fewer pathological vessels were observed in WT-ST and WT-ST-DFO mice than in WT
mice; this effect was diminished in WT-ST-LY mice (Figure 3D). On postoperative day 15,
the microangiography and angiographic score revealed that the ischemic hindlimbs of 24-
month-old WT-ST mice had well-developed collateral arteries, and the numbers of collateral
vessels (vessel diameter >0.30 μm, of non-ST control) was improved significantly by ST,
resulting in an angiographic score 135% of that in WT-ST mice; this effect was attenuated to
a score of 98% in ST-LY mice and enhanced to a score 178% of ST-DFO mice (Figure 4A
and 4B). Similarly, fluorescent staining with α-smooth muscle actin showed that the
ischemic-to-nonischemic ratio in mature neovessels was higher in WT-ST mice than in WT
mice; this change was attenuated by LY and enhanced by DFO (Figures 4C and 4D). These
findings suggest that ST might promote collateral vessel formation and maturation and
prevent pathological vessel formation via PI3K-dependent HIF-1α activation and
stabilization, which influences ischemic tissue blood perfusion. However, ST had no
significant effect on the formation of collateral and pathological vessels in aged MMP-2−/−

mice.

ST Enhances the Hypoxia Response Through Stimulation of the PI3K Signaling Pathway
and Prevention of HIF-1α Destabilization in 24-Month-Old Mice

Western blot analysis revealed that the levels of p-Akt and HIF-1α were higher in WT-ST
mice than in WT mice; these effects were diminished by LY (Figures 5A and 5E). We then
evaluated whether ST prevents age-mediated HIF-1α destabilization. ST reduced the levels
of PHD-3 and factor inhibiting HIF-1 (FIH) proteins from those in aged non-ST-WT mice
(Figures 5A and 5D). Levels of VEGF and Flt-1 mRNAs, as well as of stromal cell–derived
factor-1, were higher in WT-ST mice than in WT mice; these effects were diminished by LY
and enhanced by DFO (Figure 5A and 5C; online-only Data Supplement Figure III).
Similarly, the level of MMP-2 mRNA was also higher in WT-ST mice than in WT mice;
this effect was diminished by LY and enhanced by DFO (Figure 5A and 5B). In addition, ST
enhanced the IGF-1 protein level in ischemic muscle of aged mice of both genotypes (Figure
5A and 5E). VEGF has been shown to regulate MMP-2 expression in several cell lines.5
Taken together, these findings suggest that ST likely provides these beneficial effects on
ischemic revascularization in aged mice through VEGF/Flt-1–mediated MMP-2 activation
induced by stimulation of IGF-1/PI3K/Akt-dependent HIF-1α synthesis and prevention of
HIF-1α destabilization. On the other hand, the level of VEGF mRNA was lower in the
ischemic muscle of aged MMP-2−/− mice than in aged MMP-2+/+ mice. Immunostaining
demonstrated that macrophage infiltration was impaired in the ischemic tissues of aged
MMP-2−/− mice (online-only Data Supplement Figure IV). A previous study demonstrated
that the reduction of VEGF in the plasma and ischemic tissues of young MMP-2−/− mice
results from decreased inflammatory cell infiltration.5 On the basis of these findings, we can
conclude that MMP-2−/−–mediated impairment of macrophage infiltration may also
contribute to the decrease in the level of VEGF in aged mice.

To test this hypothesis, we examined the ability of ST to activate the PI3K/HIF-1α/VEGF
signaling pathway in aged MMP-2−/− mice. The increase in levels of p-Akt, HIF-1α, VEGF,
and Flt-1 in aged MMP-2−/−-ST mice (Figure 5A, 5C, 5D, and 5E) supports the notion that
activation of the PI3K/HIF-1α/VEGF/MMP-2–dependent angiogenic pathway might
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represent a critical molecular mechanism by which ST triggers angiogenesis. The absence of
the last step in this pathway (MMP-2) prevents the functional effects of activating this
pathway. Otherwise, it appears that the ability of this pathway to be activated in KO mice
actually does not support a role for the pathway. There were no significant differences in the
levels of PHD-1 and total Akt proteins among the 6 experimental groups.

ST Stimulates EPC Mobilization and Improves the Intrinsic Function of EPCs in 24-Month-
Old Mice

At day 7 after ST, the numbers of CD31+/c-Kit+ EPC-like cells were higher in WT-ST mice
than in aged WT mice as measured by flow cytometry; this effect was diminished by LY
and enhanced by DFO (Figure 6D). The levels of HIF-1α protein and MMP-2 mRNA in the
EPCs from WT-ST mice were higher than in those from WT mice; these changes were
diminished by LY and enhanced by DFO (Figure 6A through 6C). This finding led us to
hypothesize that ST-mediated activation of HIF-1α and MMP-2 may facilitate the
mobilization of EPC-like cells from the BM into the circulation to support revascularization
in older mice. The numbers of adherent and invading EPCs were higher in WT-ST mice
than in WT mice (Figure 6E and 6F). Strikingly, the tubulogenic response was also better in
EPCs derived from WT-ST mice than in those derived from WT mice (Figure 6E and 6H).
These findings suggest that an improvement of EPC cellular function may contribute, in part
or entirely, to the restored revascularization seen with ST in advanced age.

ST Improves Ischemic Revascularization in Aged MMP-2−/− Mice That Received MMP-2+/+

BM–Derived EPCs
We observed a high blood flow signal on laser Doppler perfusion imaging in both aged
MMP-2+/+-ST and MMP-2−/−-ST mice that received EPC-like c-Kit+ cells derived from
aged MMP-2+/+ BM (Figure 7A). Capillary densities were also higher in the recipient mice
than in the corresponding controls (Figure 7B). Cell therapy with aged MMP-2−/− BM
abolished these ST-induced angiogenic actions in aged mice (online-only Data Supplement
Figure V). To examine whether BM-derived EPC-like c-Kit+ cells home to the ischemic
vasculature, we transplanted BM from aged green fluorescent protein (GFP)–positive
(GFP+)-MMP-2+/+ mice into MMP-2−/− mice of advanced age. Blood perfusion and
numbers of c-Kit+ cells were higher in MMP-2−/−-ST mice than in non-ST MMP-2+/+ mice
(Figure 7C through 7E), which further suggests that a defect in MMP-2 signaling for EPC
mobilization contributes in part to the decreased ischemic revascularization seen in aging
without ST. Additionally, transfection GFP gene transfection had no effect on MMP-2
mRNA and activity (online-only Data Supplement Figure VI).

HIF-1α Regulates VEGF-Mediated MMP Expression in Response to Hypoxia in Human
Umbilical Vein Endothelial Cells

Old human umbilical vein endothelial cells (HUVECs; 15 to 17 population doublings) had
much less MMP-2 activity than young HUVECs (5 to 7 population doublings; Figure 8A),
which suggests that MMP-2 transcription becomes impaired with age in vitro. To understand
the mechanism by which HIF-1α stimulates MMP-2 expression via VEGF signaling in vivo,
we used small interfering (si) RNAs targeting HIF-1α and VEGF in young HUVECs
exposed to hypoxia. Quantitative real-time polymerase chain reaction analysis demonstrated
that hypoxia stimulated MMP-2 mRNA expression; this effect was attenuated by
siHIF-1α-07, siHIF-1α-09, and siVEGF, as well as their combinations (siHIF-1α-07 plus
siVEGF or siHIF-1α-09 plus siVEGF; Figure 8B). In addition, hypoxia stimulated the
gelatinolytic activity of MMP-2; this effect was also diminished by the siRNAs singly or in
combination (Figure 8C and 8D). These findings suggest that HIF-1α can regulate VEGF-
dependent MMP-2 expression and activity in vascular endothelial cells.
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siHIF-1α Impairs HUVEC Invasion and Tubulogenesis in Response to Hypoxia
Because HIF-1α supports EPC mobilization and the angiogenic response in vivo,17 we
speculated that disruption of HIF-1α activity may influence cellular function. In hypoxic
conditions (1% O2), siHIF-1α-07 attenuated the numbers of invading HUVECs in a cell
invasion assay (online-only Data Supplement Figure VIIc and VIId). Similarly, siHIF-1α-07
inhibited the HUVEC tubulogenic response (online-only Data Supplement Figure VIIe).
These findings provide evidence that hypoxia-induced HIF-1α may support
revascularization by affecting EPC function.

Discussion
Here, we report the novel finding that ST stimulates the PI3K/Akt-dependent HIF-1α
activation pathway and attenuates the PHD/FIH-mediated HIF-1α degradation pathway in
ischemic tissues and within the cells of aged animals. The increase in HIF-1α transcriptional
activity increased the expression of the angiogenic genes VEGF, Flt-1, and MMP-2 in
ischemic tissue and BM-derived progenitor cells, thereby improving not only recruitment of
EPCs but also their function. This resulted in a substantial number of circulating CD34+/c-
Kit+ EPC-like cells and their homing to the vasculature, accelerating ischemic
revascularization and blood flow recovery.

The ability of ST to increase HIF-1α levels is likely to contribute to the stimulation of
revascularization under experimental conditions. The ability of HIF-1α to activate the
expression of multiple angiogenic growth factor genes as a direct transcriptional activator
has been demonstrated previously.20 Here, ST increased the protein levels of VEGF and
Flt-1 as well as HIF-1α in ischemic muscles of aged WT mice. It has been reported
previously that insulin or IGF-1 enhances HIF-1α activation via stimulation of the PI3K/Akt
signaling pathway in several cancer lines.18,21 A recent study demonstrated that the IGF-1/
IGF-1R signaling pathway may serve redundant roles in the cardiac response to ST.22 Here,
ST increased IGF-1 protein levels in ischemic muscle, and the ability of ST to enhance
beneficial vascular action was abrogated by LY in vivo. Thus, the increase in HIF-1α
transcriptional activity by IGF-1–mediated activation of the PI3K/Akt signaling pathway
could represent an ST-related mechanism that protects cardiovascular tissue from stress.

On the other hand, the present data show that HIF-1α stability is also required for ST-
stimulated revascularization in ischemic tissue. The PHD family of proteins degrades
HIF-1α,23 and ST inhibited increases in the levels of PHD-3 and FIH proteins in ischemic
tissues. DFO is an HIF-1α stabilizer that prevents HIF-1α degradation by several PHD
families,23,24 and DFO enhanced the ST-induced increase in ischemic muscular HIF-1α
levels and angiogenic response to ischemia but slightly reduced the ST-related effects on
PHD-3 and FIH. DFO has also been shown to stimulate angiogenic cytokines in aged
animals.23 These findings provide evidence that the vasculoprotective action of ST is
mediated, at least in part, through the increase in HIF-1α stabilization that occurs when
PHD3 and FIH expression is reduced.

It has become clear that the function and the number of EPCs are modified by pathological
conditions such as aging and cardiovascular disease and by therapeutic exercise
intervention.5,13 In the present observations, the adhesiveness, invasiveness, and
tubulogenesis responses of BM-derived EPCs to VEGF were higher in WT-ST mice than in
WT mice; these effects were abrogated by LY and enhanced by DFO. Furthermore,
siHIF-1α impaired HUVEC invasion and tubulogenic responses in vitro. Partial HIF-1α
deficiency and impaired HIF-1α stabilization decreases EPC recruitment and
revascularization in young and aged animals.17,23 Thus, the ability of ST to improve EPC
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function has a salutary effect on the vasculature under conditions of ischemic stress by
enhancing HIF-1α activity pathways in EPCs, thereby promoting revascularization.

The present findings are consistent with the results of Chang et al,23 who demonstrated an
impairment of BM-mediated vasculogenesis in the ischemic tissues of aged mice; however,
unlike in the present study, they found no effects of age on EPC number and function in
mice. This difference may be due to differences in the ischemic models or to differences in
the cell type or specific cellular functions. Chang et al23 used the skin flap model for their
evaluation. Furthermore, they studied only the migration of EPCs, defined as Flk-1+/CD11−
cells, in healthy younger and older animals. In contrast, we used a more extensive hindlimb
ischemic model, and we defined CD31+/c-Kit+ cells as EPCs and studied both their invasion
and tubulogenic response. This may have provided a more robust determination of
differences in EPC number and function.

Among the members of the MMP family, MMP-2 is sensitive to the hypoxia caused by
ischemia.5,25 Recently, we have shown that exposure to VEGF or basic fibroblast growth
factor causes the predominant accumulation of MMP-2 transcripts in vascular endothelial
cells.5,6 In the data presented here, ST stimulated MMP-2 mRNA expression in ischemic
muscle and EPCs of MMP-2+/+ mice; these changes were abolished by ST-LY and enhanced
by ST-DFO. In HUVECs, aging impairs MMP-2 expression and activity, and both siHIF-1α
and siVEGF reduced MMP-2 gene and protein expression. Because genetic deletion or
selective pharmacological inhibition of MMP-2 inhibits angiogenesis in vitro and vivo,5,6

we propose that the hypoxia-induced MMP-2 reactivation by stimulation of the PI3K/
HIF-1α/VEGF signaling pathway may be responsible for the vasculoprotective action of ST.
This notion is further supported by the lack of effect of ST on angiogenesis in MMP-2−/−

mice. More importantly, after transplantation with c-Kit+ EPC-like cells derived from aged
MMP-2+/+ BM, ST restored blood perfusion and capillary formation in aged MMP-2−/−

mice. MMP-2 deficiency impairs the mobilization of CD31+/c-Kit+ EPC-like cells in young
and old animals.5 These data suggest that that ST-mediated improvement of vascularization
may be attributable to the increase of EPC mobilization and to their functional incorporation
into the vasculature in MMP-2−/−-ST mice.

The data presented here show that aging promotes the formation of pathological vessels with
irregular lumens. Previous studies have reported that the reduction of PI3K/Akt expression
or inhibition of HIF-1α activity can contribute to vessel maturation in gastric tumors.26 In
the present study, ST reduced the formation of abnormal vessels and enhanced vessel
maturation in ischemic muscle, and the ability of ST to favorably affect angiogenesis was
abrogated in WT-ST-LY mice and was enhanced in WT-ST-DFO mice. Conversely, ST
promoted collateral artery formation in the ischemic limbs of aged WT mice; this change
was abolished by ST-LY and was enhanced by ST-DFO. We hypothesize that ST prevented
the aberrant vascular structures and enhanced collateral artery formation by increasing
HIF-1α activity, which resulted in improvement of blood perfusion recovery in ischemic
limbs of aged WT mice. To the best of our knowledge, this is the first report to have clearly
demonstrated that ST significantly enhances functional therapeutic neovascularization.

The present study confirmed the dysfunctional hypoxia response in aged ischemic tissue
with subsequent impairment in downstream gene expression (VEGF, Flt-1, and MMP-2),
offering a potential explanation for the disappointing outcome of clinical trials with cell
therapies to date. Therapeutic interventions with exercise training in advanced age designed
to restore the “young” hypoxic response can be recommended as a powerful strategy to
prevent age-associated declines in vascular regeneration and function by recruiting and
improving delivery of EPCs to the vasculature of ischemic tissues through PI3K signaling
pathway–dependent HIF-1α/VEGF/MMP-2 activation. Future studies with patients of
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advanced age will be required to investigate whether healthy subjects and specific patient
subsets with peripheral artery disease or coronary artery disease achieve the potential
vascular benefit with exercise. This might also allow the therapeutic use of
nonpharmacological interventions, such as voluntary exercising, to complement
pharmacological or genetic interventions such as statins or vascular-related gene therapy.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Aging reduces vessel density and blood flow in ischemic tissues of MMP-2+/+ mice. A, A
low perfusion signal (dark blue) was observed in the ischemic hindlimbs of aged MMP-2+/+

mice (18 and 24 months old) with laser Doppler perfusion imaging, whereas a high signal
(red) was detected in young (6-month-old) MMP-2+/+ mice. B, The ratio of ischemic-to-
normal laser Doppler blood flow (LDBF) in aged MMP-2+/+ mice (n=10 per group; †P<0.05
vs each group at day 0, *P<0.05 vs the corresponding 6-month-old mice at days 7 to 28 after
ischemia; 2-way repeated-measures ANOVA and Bonferroni post hoc tests). C, Quantitative
analysis of the numbers of EPCs in BM and peripheral blood (PB) of WT mice (n=10 per
group; *P<0.05, Tukey post hoc test). D, Immunohis-tostaining showed the capillaries in the
thigh adductor muscle at postoperative day 28. Scale bar=100 αm. E, Quantitative analysis
of capillary density in 3 groups of mice (n=8 per group; *P<0.05, paired Student t test). Ms
indicates months.
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Figure 2.
ST restores ischemic revascularization in angiogenesis-defective 24-month-old mice by
postoperative day 15. A, The ratio of ischemic-to-normal laser Doppler blood flow (LDBF)
in aged MMP-2+/+ mice (n=8 per group; †P<0.05 vs corresponding day 0, *P<0.05 vs
corresponding MMP-2+/+ mice during ischemia; 2-way repeated-measures ANOVA and
Bonferroni post hoc tests). B, Quantitative analysis of foot amputation in 6 groups (*P<0.05,
χ2 test). Upper number indicates number of amputations; lower number, number of animals.
C, Photographs of typical hindlimbs of the 6 groups of mice. R indicates right
(nonischemic); L, left (ischemic). D, Weights of ischemic and nonischemic legs of mice
(paired Student t test). Ms indicates months.
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Figure 3.
ST promotes ischemic revascularization and reduces pathological vascularity in 24-month-
old mice by postoperative day 15. A, Immunohistostaining showing the capillary density of
ischemic muscle. Scale bar=100 μm. B, Quantitative analysis of capillary density in the 6
experimental groups. (n=6 per group; *P<0.05, Tukey post hoc test). C,
Immunofluorescence of the ischemic leg vasculature. Scale bar=100 μm. D, Quantitative
analysis of the numbers of aberrant vessels, such as hemangiomas or microaneurysms, in the
6 experimental groups (n=6 per group; *P<0.05, Tukey post hoc test).
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Figure 4.
ST stimulates collateral artery formation in response to hypoxia in 24-month-old MMP-2+/+

mice by postoperative day 15. A, Representative microangiography showing collateral
artery formation of ischemic tissues of the 6 experimental groups. B, Quantitative analysis
of microangiography showed the numbers of neovessels (>0.30 μm per field) in ischemic
muscles of the 6 groups (n=4 per group; *P<0.05, †P<0.05, #P<0.05, Tukey post hoc tests).
C, Fluorescence staining of ischemic tissue of the 4 indicated MMP-2+/+ experimental
groups with mouse anti-human α-smooth muscle actin. D, Quantitative analysis of the ratio
of neovessels in ischemic to nonischemic tissue in the 4 groups (n=6 per group;
*P<0.05, †P<0.05, Tukey post hoc tests).
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Figure 5.
Expression of targeted genes in the 6 groups of 24-month-old mice on postoperative day 8.
A, Representative polymerase chain reaction (PCR) and immunoblots show the levels of the
targeted gene or protein in the ischemic muscles of mice in the 6 experimental groups. B,
Quantitative analysis of gelatin zymography for MMP-2 gelatinolytic activity in the 6
groups (n=4 per group; *P<0.05). C, Quantitative analysis of PCR bands for levels of VEGF
and Flt-1 mRNAs in the 6 groups (n=4 per group; *P<0.05, †P<0.05). D and E, Quantitative
analysis of Western blots for levels of HIF-1α, p-Akt, IGF-1, PHD-3, FIH, total Akt, and
PHD-1 proteins in the 6 groups (n=4 per group). Expression levels of targeted genes were
normalized with a PCR or Western blot with primer or antibodies, respectively, to
glyceraldehyde 3-phosphate dehydrogenase (GAPDH), β-actin, or Shc. Kruskal-Wallis tests
and Tukey post hoc tests were each used for statistical analyses. *P<0.05 vs corresponding
MMP-2+/+ or MMP-2−/−, †P<0.05 vs MMP-2+/+-ST, #P<0.05 vs MMP-2+/+.
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Figure 6.
ST stimulates MMP-2 and HIF-1α expression in BM-derived EPCs and improves EPC
function in the WT, WT-ST, WT-ST-LY, and WT-ST-DFO groups on postoperative day 8.
A, Representative polymerase chain reaction (PCR) and Western blots showing expression
of MMP-2 mRNA and HIF-1α protein in the 4 indicated groups. B–D, Quantitative analysis
of levels of MMP-2 mRNA and HIF-1α protein and the numbers of CD31+/c-Kit+ cells in
the 4 groups (*P<0.05, Kruskal-Wallis and Tukey post hoc tests). E, Cellular function
assays showing the beneficial effects of ST on the indicated cellular events in EPCs. F–H,
Quantitative analysis of the capability for adhesion, invasion, and tubulogenesis for EPCs
from the 4 groups (*P<0.05, Student t test).
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Figure 7.
ST improves the effects of cell therapy on ischemic revascularization in both genotypes
mice at age 24 months. A, Pictures of legs, laser Doppler imaging, and immunostaining
showing ST-mediated protection against spontaneous amputation of ischemic feet and
improvement of blood perfusion and capillary density in MMP-2+/+ and MMP-2−/− mice
that received BM cells from 18-month-old MMP-2+/+ mice. B, ST also reversed the
impairment of revascularization in MMP-2+/+ or MMP-2−/− mice that received cell therapy
(n=5 per group; *P<0.05, 2-way ANOVA). C, Fluorescence staining with an anti–c-Kit
monoclonal antibody (red) showing EPC homing into the vasculature of ischemic tissues of
MMP-2−/− mice that received GFP+ MMP-2+/+ BM without or with ST. D and E,
Quantitative analysis of the numbers of c-Kit+ EPCs and the ratio of ischemic-nonischemic
laser Doppler blood flow in KO and KO-ST groups (n=5 per group; *P<0.05, Student t test).
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Figure 8.
HIF-1α regulates VEGF-dependent MMP-2 expression in response to hypoxia in HUVECs.
A, Representative gelatin zymography (upper panel) showing that VEGF induces MMP-2
and MMP-9 activities in the conditioned media of young and old HUVECs. Quantitative
analysis of the zymography (lower panel) showed the gelatinolytic activities of MMP-2 and
MMP-9 (*P<0.05, 3 independent experiments, Student t test). B, Quantitative analysis of
MMP-2 mRNA expression in the lysates of young HUVECs treated with or without a
nontargeting siRNA, siRNAlamin A/C (siLamin A/C), siHIF-1α-07, siHIF-1α-09, or
siVEGF under hypoxic conditions (*P<0.05, †P<0.05, Kruskal-Wallis and Tukey post hoc
tests; 6 independent experiments). C, Representative gelatin zymography showing the
inhibitory effects of targeted siRNAs on MMP-2 activity. D, Quantitative analysis of
MMP-2 activity in the conditioned media of HUVECs treated with or without the indicated
siRNAs (*P<0.05, †P<0.05, Kruskal-Wallis and Tukey post hoc tests; 3 independent
experiments).
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