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Background: Following various types of plastic surgery, such as adipose grafting
and flap elevation, adipose tissue undergoes ischemia, leading to hypoxia and
nutrient depletion. However, few studies have examined ischemic and/or hypoxic changes in adipose tissue.
Methods: The authors established surgically induced ischemia models by severing blood vessels supplying the inguinal fat pads in mice. The partial pressure
of oxygen in adipose tissue was measured with an oxygen monitor, and ischemic
changes were analyzed by whole-mount staining, immunohistochemistry, flow
cytometry, and Western blotting. The authors also examined cell survival under
a hypoxic condition in vitro.
Results: Models for three degrees (mild, intermediate, and severe) of ischemia
showed approximately 75, 55, and 20 percent of the partial pressure of oxygen
level in normal adipose tissue (50.5 ⫾ 1.3 mm Hg), respectively. Adipose tissue
atrophy with substantial fibrosis on day 28 was seen, depending on the severity
of ischemia. Intermediate and severe ischemia induced elevated expression of
hypoxia-inducible factor 1␣ and fibroblast growth factor 2 on day 1 and degenerative changes (i.e., apoptosis, necrosis, and macrophage infiltration and
phagocytosis) in adipose tissue. Dead cells included adipocytes, vascular endothelial cells, and blood-derived cells, but not adipose-derived stem/progenitor
cells. Subsequent to degenerative changes, regenerative changes were seen,
including angiogenesis, adipogenesis, and proliferation of cells (adipose-derived stem/progenitor cells, vascular endothelial cells, and blood cells). The
authors found that, in vitro, the experimentally differentiated adipocytes underwent apoptosis and/or necrosis under severe hypoxia, but adipose-derived
stem/progenitor cells remained viable.
Conclusions: Severe ischemia/hypoxia induces degenerative changes in adipose tissue and subsequent adaptive tissue remodeling. Adipocytes die easily
under ischemic conditions, whereas adipose-derived stem/progenitor cells are
activated and contribute to adipose tissue repair. (Plast. Reconstr. Surg. 126:
1911, 2010.)

V

arious types of plastic surgery, such as fat
grafting and flap elevation, result in ischemia and hypoxia of adipose tissue. Vascularization and oxygenation of adipose tissue
strongly impact clinical outcomes, such as the
long-term volume of reconstructed tissue. Adipose
tissue easily degenerates on ischemia, and a significant portion is absorbed after free grafting.1– 4
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However, most studies have examined ischemic
changes in adipose tissue histologically rather
than at the cellular and molecular levels. In addition, it is unclear what degree of ischemia or
hypoxia induces histologic changes and/or irreversible tissue atrophy in adipose tissue.
Adipose tissue is composed of both adipocytes
and other cell types, such as adipose stem/progenitor/stromal cells and vascular endothelial
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cells.5 Each cell type can be distinguished by immunohistochemistry or flow cytometry based on
characteristic expression of cell surface markers.6
It is estimated that there are 1 million adipocytes,
1 million adipose-derived stem/progenitor cells, 1
million endothelial cells, and 1 to 2 million other
cells, such as blood-derived cells, per cubic centimeter of human adipose tissue.5,7,8 Adipose-derived stem/progenitor cells play pivotal roles not
only in adipose tissue homeostasis9,10 but also in
adipose wound healing,11 pathogenesis of lipomas12 and lipedemas,13 and increased adipogenesis in obesity.14 They may also contribute to adaptation of adipose tissue to ischemia. Although
many animal models for fat grafting have been
reported, none has been able to reproduce the
various degrees of ischemia/hypoxia that can occur in adipose tissue.
In this study, we prepared novel animal models of three degrees of adipose tissue ischemia
(mild, intermediate, and severe) by modifying our
model for ischemia-reperfusion injury of adipose
tissue in mice.11 Using these models, we examined
the cellular and molecular changes in adipose
tissue following surgically induced ischemia, focusing on adipocytes, adipose-derived stem/progenitor cells, and vascular endothelial cells.

MATERIALS AND METHODS
Animal Models
Animals were cared for in accordance with
institutional guidelines. Six-week-old ICR mice
were anesthetized with pentobarbital (50 mg/kg),
and a 2-cm incision was made in the right inguinal
region. The subcutaneous inguinal fat pad was
exposed together with the nutrient vessels from
the femoral vessels and the communicating vessels
between the skin and the fat pad. In a sham surgery model, all vessels were left intact. In the mild
ischemia model, only the femoral artery was electrocoagulated at a site proximal to the branch to
the inguinal fat pad. In the intermediate ischemia
model, all communicating vessels between the
skin and the fat pad were electrocoagulated. In the
severe ischemia model, the femoral artery and all
of the communicating vessels were electrocoagulated, permitting only reverse flow from the distal
portion of the femoral vessels (Fig. 1). At each
time interval, mice were killed, and the right inguinal fat pads were examined with the methods
described below. A total of 224 mice were used in
this study.
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Fig. 1. Three animal models were used for adipose tissue ischemia. Mouse models for three degrees (mild, intermediate, and
severe) of ischemia are shown. Ischemia was surgically induced in
the inguinal fat pad. The femoral artery in the mild model, the
communicating vessels to the skin in intermediate model, and
both the femoral artery and communicating vessels in the severe
model were electrocoagulated.

Measurement of Partial Pressure of Oxygen in
Adipose Tissue
The partial pressure of oxygen (in millimeters
of mercury) in adipose tissue was measured with
an oxygen electrode (200 m in diameter) and an
oxygen monitor (Eiko Kagaku, Tokyo, Japan).
The oxygen electrode was inserted directly into
mouse inguinal adipose tissue, and the indifferent
electrode was inserted into the abdominal subcutaneous space. The system was allowed to equilibrate for 15 to 20 minutes before every measurement (n ⫽ 8).
Whole-Mount Staining
Whole-mount staining of fresh adipose tissue
was performed as described previously.11,14 Briefly,
the adipose tissue was minced into 3-mm pieces
and incubated with the following reagents for 30
minutes: BODIPY 558/568 or BODIPY-FL (both
from Molecular Probes, Eugene, Ore.) to stain
adipocytes, Alexa Fluor 488-conjugated isolectin
GS-IB4 (lectin; Molecular Probes) to stain vascular
endothelial cells, Hoechst 33342 (Dojindo, Kumamoto, Japan) to stain all nuclei, and propidium
iodide (Sigma-Aldrich, St. Louis, Mo.) to stain
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nuclei of necrotic cells. The sample was then
washed and imaged using a TCS SP2 confocal
microscope system (Leica, Heerbrugg, Switzerland). Thirty serial images were obtained at
1-m intervals and were processed to produce a
surface-rendered, 30-m-thick, three-dimensional image (n ⫽ 3).
Immunohistochemistry
Harvested adipose tissue was zinc-fixed (Zinc
Fixative; BD Biosciences, San Diego, Calif.), paraffin-embedded, and then sectioned at 6 m for
immunostaining using the following primary antibodies: goat anti-CD34 (Santa Cruz Biotechnology, Santa Cruz, Calif.), rabbit anti-Ki67 (Thermo
Fisher Scientific, Fremont, Calif.), guinea pig antiPerilipin (PROGEN, Heidelberg, Germany), and
rat anti-MAC-2 (CEDARLANE Laboratories, Burlington, Ontario, Canada) antibodies. Isotypic antibody was used as a negative control for each
staining. For visualization with diaminobenzidine,
peroxidase-conjugated secondary antibodies appropriate for each primary antibody (Nichirei Biosciences, Tokyo, Japan) were used. Nuclei were
counterstained with hematoxylin. For double fluorescence staining, Alexa Fluor 488 – or Alexa Fluor
568 – conjugated secondary antibodies appropriate
for each primary antibody (Molecular Probes) were
used. Nuclei were stained with 4=,6-diamidino-2-phenylindole. To detect apoptosis, terminal deoxynucleotidyl transferase–mediated dUTP nick end-labeling (TUNEL) staining was performed using the In
Situ Cell Death Detection Kit (Roche Diagnostics,
Mannheim, Germany) (n ⫽ 3).
Flow Cytometry
Three and 6 hours before tissue harvest, 5-bromo-2-deoxyuridine was administered intraperitoneally. The adipose tissue was minced into 3-mm
pieces, washed with phosphate-buffered saline,
and digested on a shaker at 37°C in phosphatebuffered saline containing 0.075% collagenase for
60 minutes. Mature adipocytes and connective tissue were separated from pellets by centrifugation
(400 g for 5 minutes). The cell pellets (stromal
vascular fraction cells) were resuspended, filtered
through a 100-m mesh, and incubated with the
following monoclonal antibodies conjugated to
fluorochromes for 30 minutes: rat anti-CD31–phycoerythrin (BD Biosciences), rat anti-CD34 –fluorescein isothiocyanate (eBioscience, San Diego,
Calif.), rat anti-CD45–phycoerythrin Cy7 (Beckman Coulter, Fullerton, Calif.) antibodies, allophycocyanin (APC) 5-bromo-2-deoxyuridine Flow

Kit (BD Biosciences), and Annexin V-APC Apoptosis Detection Kit (BD Biosciences). Cells were
then analyzed using an LSR II flow cytometry system (BD Biosciences) (n ⫽ 3).
Western Blotting
After adipose tissue specimens were homogenized in 1 ml of RIPA lysis buffer (Santa Cruz
Biotechnology) and centrifuged, the aqueous
layer was collected. Protein concentrations in the
samples were determined using the BCA protein
assay kit (Pierce, Rockford, Ill.), and equal
amounts of protein (10 g) were loaded in each
lane of a gel. The resolved proteins were transferred to a polyvinylidene difluoride membrane
(Bio-Rad Laboratories, Hercules, Calif.), and immunostaining was performed using goat anti–fibroblast growth factor (FGF)-2 antibody (R&D
Systems, Minneapolis, Minn.), goat anti– hypoxiainducible factor (HIF)-1␣ antibody (Santa Cruz
Biotechnology), and goat anti–␤-actin antibody
(Abcam, Cambridge, Mass.). ␤-Actin signal served
as an internal control. The resulting protein bands
were quantified by volume summation of image
pixels with Photoshop 7.0 (Adobe Systems, Inc.,
San Jose, Calif.) (n ⫽ 3).
In Vitro Cell Death Assay
Mouse adipose-derived stem/progenitor cells
were harvested as described previously.11 Cells
were cultured in Dulbecco’s Modified Eagle Medium supplemented with 10% fetal bovine serum
under 6% oxygen, which corresponds to the normal in vivo partial pressure of oxygen. For adipogenic differentiation, cells were exposed to adipogenic medium (Dulbecco’s Modified Eagle
Medium with 10% fetal bovine serum, 0.5 mM
isobutyl-methylxanthine, 1 M dexamethasone,
10 M insulin, and 200 M indomethacin) for 3
days; then, they were maintained in control medium for 10 days. Finally, adipose-derived stem/
progenitor cells, and differentiated adipocytes
were transferred to a hypoxic condition (1% oxygen), and apoptosis (Annexin V) and necrosis
(propidium iodide) were evaluated with a fluorescent microscope. All nuclei were counterstained with Hoechst 33342 (Dojindo) (n ⫽ 4).
Statistical Analysis
Data are expressed as mean ⫾ SEM. Comparisons of multiple groups were made using
one-way analysis of variance with the Bonferroni
multiple t test. When the variances of the original data were not equal among groups, the
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square root transformation was performed before statistical analysis. Values of p ⬍ 0.05 were
considered statistically significant.

RESULTS
Changes under Mild, Intermediate, and Severe
Surgically Induced Ischemia
In our three experimental models, adipose
tissue showed varying degrees of hypoxia immediately after surgical induction of ischemia: 37.3 ⫾

2.5 mm Hg in the mild model, 29.2 ⫾ 1.7 mm Hg
in the intermediate model, and 11.6 ⫾ 1.0 mm Hg
in the severe model (n ⫽ 8), compared with
50.5 ⫾ 1.3 mm Hg in sham-operated animals (Fig.
2). The decrease in partial pressure of oxygen level
gradually recovered over the following 14 days and
stabilized. However, on day 28, the partial pressure
of oxygen level in the intermediate and severe
models remained significantly different from that
in the sham model. The weight of adipose tissue

Fig. 2. Partial pressure of oxygen in adipose tissue is shown (n ⫽ 8 per
group). Each hypoxia model showed decreased partial pressure of oxygen, which gradually recovered by day 14. #p ⬍ 0.05 between indicated
groups; *p ⬍ 0.05 versus sham.

Fig. 3. Weight of adipose tissue at each time point (n ⫽ 5). A representative sample on
day 28 is shown. The weight was significantly lower in the severe model on day 28.
*p ⬍ 0.05 versus sham.
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in the intermediate and severe models transiently
increased on day 1, suggesting tissue edema (Fig.
3), but was lower than that of controls on day 14.
By day 28, the severe model showed a significantly
lower mass of adipose tissue than controls, suggesting atrophy of the adipose tissue. This was also
evident by macroscopic observation (Fig. 3).
Although there were no histologic changes in
the mild model, infiltrating cells and large lipid
droplets resulting from adipocyte death were observed in the intermediate model on day 7; however, these changes disappeared by day 28 (Fig. 4).
Similar but more marked degenerative changes
were observed in the severe model. Furthermore,
in intermediate and severe models, small (⬍50
m in diameter) adipocytes were frequently observed on days 7 and 14, suggesting that new adipocytes were being generated. Western blotting
showed that HIF-1␣ and FGF-2 proteins were upregulated in intermediate and severe models on

day 1, but gradually returned to normal levels by
day 28 (Fig. 5).
Degenerative Cellular Events under
Severe Ischemia
To further analyze the cellular events during
adipose tissue remodeling under ischemia, we examined the severe ischemia model by wholemount staining, immunohistochemistry, and flow
cytometry. TUNEL and propidium iodide staining
indicated that apoptosis was most frequently observed on day 1, whereas necrosis occurred predominantly on days 3 and 7 (Fig. 6). There was
little apoptosis or necrosis on day 28. Flow cytometry showed that most apoptotic cells (Annexin
V-positive) on day 1 were CD45⫹ blood-derived
cells (83.0 ⫾ 1.8 percent of the total apoptotic
cells, n ⫽ 3) (Fig. 7, left). The CD45– population
of apoptotic cells consisted mainly of CD31⫹/

Fig. 4. Sequential microscopic changes in adipose tissue with severe ischemia. Sections were immunostained with perilipin
(cell membrane of viable adipocytes, green), lectin (vessels, red), and 4=,6-diamidino-2-phenylindole (nuclei, blue). Perilipinpositive small adipocytes and cell infiltration were frequently observed on days 7 and 14. Large lipid droplets resulting from
adipocyte death were negative for perilipin. Scale bar ⫽ 50 m.
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Fig. 5. Expression of HIF-1␣ and FGF-2 proteins in adipose tissue with hypoxia. (Above, left)
Western blotting for HIF-1␣ was performed in each ischemia model on day 1. ␤-Actin was
used as an internal control. HIF-1␣ protein was up-regulated in the intermediate and severe
models. *p ⬍ 0.05 versus sham (n ⫽ 3). Sequential changes in HIF-1␣ protein expression in
adipose tissue exposed to severe ischemia were observed (above, right). A significant elevation was observed on day 1. *p ⬍ 0.05 versus day 0 (n ⫽ 3). (Below, left) Images showing
Western blotting for FGF-2 on day 1. FGF-2 protein was up-regulated in the intermediate and
severe models. The ␤-actin signal served as an internal control. *p ⬍ 0.05 versus sham (n ⫽
3). Sequential changes in FGF-2 protein expression in adipose tissue exposed to severe ischemia are shown (below, right). A significant elevation was observed on days 1, 3, and 7. *p ⬍
0.05 versus day 0 (n ⫽ 3).

CD34⫹ vascular endothelial cells. CD31–/CD34⫹
adipose-derived stem/progenitor cells did not undergo apoptosis, suggesting their resistance to
ischemia/hypoxia (Fig. 7, right). Whole-mount
staining indicated that many adipocytes were dying (propidium iodide–positive) under ischemia
on days 3 and 7 (Fig. 8). Recruitment of MAC-2–
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positive macrophages was observed from day 3 and
peaked on days 7 and 14 (Fig. 9). Interestingly,
macrophages accumulated around a perilipinnegative, dead adipocyte, suggesting phagocytosis.
A similar “crown-like structure” was reported in
obese adipose tissue.15–17 Macrophages were sparse
even on day 28.
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Fig. 6. Analysis of apoptotic and necrotic cells. Number of apoptotic (green) and necrotic (red) cells (n ⫽ 3). TUNEL-positive apoptotic cells and propidium iodide–positive necrotic cells were
counted in histologic sections. Apoptosis was most frequently
observed on day 1, whereas necrosis was mostly observed on
days 3 and 7. *p ⬍ 0.05 versus day 0.

Regenerative Cellular Events under Ischemia
The vascular density, which was assessed by the
lectin-positive area in whole-mount staining, increased under ischemia on day 7 (Fig. 10, left),
suggesting that angiogenesis occurs after adipose
degeneration induced by severe ischemia. Wholemount staining also revealed an increase in the
number of small adipocytes (⬍50 m in diameter)
on days 7 and 14 (Fig. 10, right, and Fig. 11). These
cells were positive for perilipin (a membrane
marker for viable adipocytes) and negative for
propidium iodide (Figs. 4 and 8), indicating that
they were newly generated adipocytes rather than
necrotizing adipocytes. Ki67-positive proliferating

cells increased in number under ischemia, peaking on day 7 (Fig. 12, left). Immunostaining for
Ki67 and CD34 confirmed the existence of Ki67positive/CD34⫹ cells (Fig. 12, right), which are
likely proliferating adipose-derived stem/progenitor cells or vascular endothelial cells. In addition,
flow cytometry of stromal vascular fraction cells
revealed that 5-bromo-2-deoxyuridine–positive
proliferative cells on day 7 were composed of three
populations: CD45⫹ blood-derived cells (53.5 ⫾
9.9 percent of the total proliferative cells, n ⫽ 3),
CD45–/CD31⫹/CD34⫹ vascular endothelial cells
(13.4 ⫾ 1.2 percent), and CD45–/CD31–/CD34⫹
adipose-derived stem/progenitor cells (18.7 ⫾ 2.2
percent) (Fig. 13). These results suggest that ischemia induces adipose tissue remodeling characterized by degeneration (apoptosis and necrosis of
adipocytes, vascular endothelial cells, and bloodderived cells) and subsequent regeneration (adipogenesis and angiogenesis), although severe
ischemia also induces adipose tissue atrophy
and fibrogenesis. In addition, our data suggest
that adipose-derived stem/progenitor cells, together with blood-derived cells and vascular endothelial cells, play important roles in the repair
process.
In Vitro Cell Death Analysis under Hypoxia
Differentiated adipocytes underwent apoptosis and necrosis as early as 24 hours after they were
transferred to the hypoxic condition. Dead adipocytes detached from the dish, and only a few
adipocytes remained attached at 72 hours. In contrast, most adipose-derived stem/progenitor cells
survived under the hypoxic condition; they did

Fig. 7. Flow cytometry of apoptotic cells. Stromal vascular fraction cells were obtained from
ischemic adipose tissue on day 1. Most Annexin-positive apoptotic cells were found to be
CD45⫹ blood cells. Most Annexin-positive/CD45– cells were CD31⫹/CD34⫹ vascular endothelial cells, and CD31–/CD34⫹ adipose-derived stem/progenitor cells were not observed
among the apoptotic cells.
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hypoxia. These results strongly supported the in
vivo results described above.

DISCUSSION

Fig. 8. Histologic analysis of necrotizing adipocytes. Whole-mount
staining with BODIPY (adipocytes, green), propidium iodide (nuclei
of necrotizing cells, red), and Hoechst 33342 (nuclei, blue) on day 7.
Propidium iodide–positive/Hoechst-positive nuclei in necrotic cells
are shown in magenta. Horizontal and longitudinal sections at the
levels of the white broken lines show a necrotizing adipocyte. A yellow arrow indicates a small adipocyte negative for propidium iodide
that is likely a newly generated adipocyte. Scale bar ⫽ 25 m.

not undergo apoptosis or necrosis even after 72
hours (Fig. 14). The survival rate of adipose-derived stem/progenitor cells was significantly
higher than that of differentiated adipocytes in

In this study, we established novel animal models that reproduce three degrees of ischemia in
adipose tissue. Our results demonstrated that irreversible changes in adipose tissue, such as atrophy and scar formation, were induced above a
certain threshold of ischemia/hypoxia. The normal partial pressure of oxygen level in mouse adipose tissue was approximately 50 to 60 mm Hg,
similar to that reported in humans.18 Given that
intermediate and severe but not mild ischemia
induced degenerative changes in adipose tissue,
the threshold of tissue oxygenation appears to be
between 30 and 35 mm Hg. HIF-1␣, which was
up-regulated in the intermediate and severe ischemia models, is known to be a key mediator under
hypoxia.19 Many soluble factors are likely up-regulated through HIF-1␣ in ischemic adipose tissue
and are involved in the subsequent remodeling of
adipose tissue. We also showed that FGF-2 protein
expression is significantly elevated only in the severe model. FGF-2 is known to be released from
extracellular matrix or dying cells in response to
many types of injury without FGF-2 mRNA
up-regulation,20 and promotes wound healing by
stimulating various cell types, such as adipose-derived stem/progenitor cells.11 Thus, the elevated
expression of FGF-2 suggested that severe isch-

Fig. 9. Immunohistochemistry for MAC-2 (a macrophage marker) on day 28. MAC2–positive macrophages infiltrated and accumulated around a perilipin-negative
necrotic adipocyte. Scale bar ⫽ 50 m.
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Fig. 10. Regenerative changes in adipose tissue. (Left) Vascular density in whole-mount staining is shown (n ⫽ 3). The
lectin-positive vascular area increased under ischemia, peaking on day 7. *p ⬍ 0.05 versus day 0. (Right) Bar chart
showing the number of small (⬍50 m in diameter) adipocytes (n ⫽ 3). An increased number of small adipocytes was
observed on days 7 and 14. *p ⬍ 0.05 versus day 0.

Fig. 11. Whole-mount staining with BODIPY (adipocytes, green),
lectin (vessels, red), and Hoechst 33342 (nuclei, blue) on day 14.
An increase in vessel density and the number of small adipocytes
was observed. Scale bar ⫽ 25 m.

emia may cause substantial injury to the adipose
tissue. A recent report suggested that FGF-2 is
translationally, but not transcriptionally, up-regulated by hypoxia, and interacts with HIF-1␣.21 Further studies are needed to elucidate the detailed
mechanisms of FGF-2 expression in ischemic adipose tissue.
This study revealed a series of cellular events
in adipose tissue after induction of ischemia. First,
severe ischemia induced apoptosis (adipocytes,
blood-derived cells, and vascular endothelial cells)
on day 1 and necrosis on days 3 and 7. This was
followed by macrophage infiltration and phagocytosis. It is interesting that ischemia induces not
only degenerative changes but also regenerative

events, characterized by angiogenesis, adipogenesis, and proliferation of cells. This balance between degeneration and regeneration is key for
determining the amount of adipocytes, vasculature, scarring, and overall tissue volume.5 Fat lysis,
partial flap necrosis, deep tissue injury by external
forces, and soft-tissue atrophy caused by ischemia
are frequently observed clinically. Indeed, any
prolonged ischemia/hypoxia (e.g., induced by external pressure and shear, flap elevation, tissue
injury, vascular disease, and metabolic disease)
would shift the balance toward degeneration,
leading to adipose tissue atrophy and fibrogenesis.
In contrast, oxygen inhalation or hyperbaric oxygenation elevates the partial pressure of oxygen
in adipose tissue above threshold (approximately
60 percent of normal partial pressure of oxygen)
and may help to prevent adipocyte death, for example, after lipografting. In fat grafting, transplanted adipose tissue would undergo more severe ischemia/hypoxia than that represented in
our models; thus, the balance between degeneration and regeneration would most likely be
shifted toward degeneration. Our results strongly
suggested that many adipocytes died because of
the severe ischemia/hypoxia induced with lipografting and were replaced with new adipocytes
derived from resident adipose-derived stem/progenitor cells. Even under the severe ischemia induced with lipografting, our results suggested that
adipose-derived stem/progenitor cells survived
and contributed to adipose regeneration; however, endothelial cells might not contribute to tissue repair to the extent observed in this study.
Based on these observations, we propose that adipose-derived stem/progenitor cell supplementa-
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Fig. 12. Analysis of proliferating cells. (Left) Number of Ki67-positive proliferating cells (n ⫽ 3). Proliferative cells increased in number under ischemia, peaking on day 7. *p ⬍ 0.05 versus day 0. Immunohistochemistry for CD34 (green), Ki67 (red), and 4=,6-diamidino-2-phenylindole staining (nuclei, blue) on day 7
(right). Cells positive for both CD34 and Ki67 were observed. Scale bar ⫽ 10 m.

Fig. 13. Flow cytometry of proliferative cells. Stromal vascular fraction cells were obtained from ischemic adipose tissue on day 7. Approximately half of the 5-bromo-2deoxyuridine–positive proliferating cells were CD45 blood-derived cells. Proliferative
adipose-derived (5-bromo-2-deoxyuridine-positive/CD45–) cells (blue) were found to include both CD31–/CD34⫹ adipose-derived stem/progenitor cells and CD31⫹/CD34⫹ vascular endothelial cells.

tion, which we applied to clinical autologous fat
grafting,22–25 may augment and accelerate the repair process in adipose tissue under ischemia. Further studies with human adipose tissues are required to elucidate the effects of remodeling and
the roles of adipose-derived stem/progenitor cells
in free fat grafts.
The newly generated small adipocytes observed in this study suggest that adipogenesis occurs during remodeling after ischemia induction.
It is likely that adipose-derived stem/progenitor
cells play an important role in this process, but
further in vitro studies are needed to test the adipogenic capacity of adipose-derived stem/progenitor cells under ischemia, because some previous
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reports have shown that hypoxia impairs adipogenic differentiation,26,27 one of the mechanisms
that may lead to adipose tissue atrophy in this
study. In addition to their adipogenic capacity,
adipose-derived stem/progenitor cells have been
shown to have proangiogenic capacities. They not
only secrete hepatocyte growth factor and vascular
endothelial growth factor under hypoxia28,29 but
also differentiate into vascular endothelial cells,30
though at a low frequency.31 It was also shown that
adipose-derived stem/progenitor cells have pericytic characteristics and stabilize vascular networks.32 Furthermore, previous studies have
shown that adipose-derived stem/progenitor cells
could interact with endothelial cells; for example,
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Fig. 14. In vitro cell death assay. (Above) Adipose-derived stem/progenitor cells and differentiated adipocytes were
treated under hypoxia (1% oxygen) and stained with Annexin V (green), propidium iodide (red), or Hoechst 33342
(nuclei, blue) at each time point. Differentiated adipocytes underwent apoptosis and necrosis under hypoxia, whereas
adipose-derived stem/progenitor cells remained intact. Black scale bars ⫽ 200 m and white scale bars ⫽ 50 m.
Quantification of Annexin V–positive apoptotic cells (below, left) and propidium iodide–positive necrotic cells (below,
right) (n ⫽ 4) is shown. *p ⬍ 0.05 versus 0 hour.

conditioned media collected from endothelial
cells stimulated adipose-derived stem/progenitor
cells,32–34 and vice versa.28,32 Thus, adipose-derived
stem/progenitor cells are likely to contribute to
angiogenesis in collaboration with vascular endothelial cells. Although there has been no single marker that specifies adipose-derived stem/
progenitor cells, adipose-derived stem/progenitor
cells were identified as CD31–/CD34⫹ cells in

this study. It is known that adipose-derived
stem/progenitor cells do not express CD31 but
CD34 and are easily distinguished from vascular
endothelial cells, which are positive both for
CD31 and CD34. It was also shown that there
were few CD31–/CD34⫹ cells other than adipose-derived stem/progenitor cells in the adipose tissue,6 and this marker combination has
been used as a reliable expression profile spec-
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ifying adipose-derived stem/progenitor cells in
many articles.7,8,32,34,35
Obese adipose tissue is characterized by chronic
inflammation, especially accumulation of macrophages around dead adipocytes.15–17 Furthermore,
recent studies have shown that obese adipose tissue
is relatively hypoxic, which may be a basis of adipose dysfunction in obesity leading to insulin resistance and metabolic syndrome.18,19,36 –38 Unlike lipomas, in which angiogenesis-related genes are
up-regulated,12 a relative decrease in vascular density
after adipose enlargement may induce hypoxia in
obese adipose tissue. This study showed severe hypoxia with less than half the normal level of oxygenation can induce adipocyte death and subsequent
inflammatory reactions such as accumulation of
macrophages. Our animal models represent nonobese, nondiabetic adipose tissues. Therefore, they
are useful for studying ischemia-induced changes
independent of obesity, obesity-associated chronic
inflammation, and diabetes-related metabolic factors. In future studies, the model may be useful for
elucidating the complex relationship between adipose hypoxia, obesity, and adipose dysfunction.
Mesenchymal stem cells derived from bone marrow were reported to be resistant to exposure to
hypoxia; they survive and retain their multipotency
under hypoxic conditions.39 We previously showed
that adipose-derived stem/progenitor cells escaped
apoptosis and play key roles in the repair process
after ischemia-reperfusion injury to adipose tissue.11
We previously showed that human adipose-derived
stem/progenitor cells remained viable after 1 day of
storage at 4°C, but the number of adipose-derived
stem/progenitor cells was significantly reduced after
more than 2 days of storage.40 Here, we showed that
in addition to adipose-derived stem/progenitor
cells, vascular endothelial cells were detected as a
proliferating cell type and appeared to substantially
contribute to adipogenesis/angiogenesis in response to ischemia. In contrast, adipocytes and vascular endothelial cells underwent apoptosis after exposure to severe ischemia, whereas adipose-derived
stem/progenitor cells escaped from apoptosis. Adipose-derived stem/progenitor cells survived and
were activated, contributing to adipogenesis and
likely also angiogenesis. These results provide insights into possible therapeutic strategies to avoid or
minimize long-term atrophy and scar formation after severe ischemia in adipose tissue. In the future,
it would be beneficial to investigate ischemic
changes in nonadipose tissues to clarify which
changes were specific to adipose tissue.
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