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Abstract
With an increasing incidence of obesity worldwide, rational strategies are needed to control
adipogenesis. Growth of any tissue requires the formation of a functional and mature vasculature.
To gain mechanistic insight into the link between active adipogenesis and angiogenesis, we
developed a model to visualize noninvasively and in real time both angiogenesis and adipogenesis
using intravital microscopy. Implanted murine preadipocytes induced vigorous angiogenesis and
formed fat pads in a mouse dorsal skin-fold chamber. The newly formed vessels subsequently
remodeled into a mature network consisting of arterioles, capillaries, and venules, whereas the
preadipocytes differentiated into adipocytes as confirmed by increased aP2 expression. Inhibition of
adipocyte differentiation by transfection of preadipocytes with a peroxisome proliferator-activated
receptor γ dominant-negative construct not only abrogated fat tissue formation but also reduced
angiogenesis. Surprisingly, inhibition of angiogenesis by vascular endothelial growth factor
receptor-2 (VEGFR2) blocking antibody not only reduced angiogenesis and tissue growth but also
inhibited preadipocyte differentiation. We found that part of this inhibition stems from the paracrine
interaction between endothelial cells and preadipocytes and that VEGF–VEGFR2 signaling in
endothelial cells, but not preadipocytes, mediates this process. These findings reveal a reciprocal
regulation of adipogenesis and angiogenesis, and suggest that blockade of VEGF signaling can inhibit
in vivo adipose tissue formation.
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Adipose tissue exhibits angiogenic activity.1,2 recent report demonstrated that established
adipose tissue mass can actually be regulated through the vasculature.3 Importantly, the
potential to acquire new fat cells from fat cell precursors throughout one’s lifespan is now
undisputed.4 Thus, understanding the mechanistic relationship between adipocyte
differentiation and neovascularization during de novo fat tissue formation is critical and has
important implications. We used intravital microscopy5 along with appropriate animal models

© 2003 American Heart Association, Inc.
Correspondence to Rakesh K. Jain, Department of Radiation Oncology, Massachusetts General Hospital, 100 Blossom St, COX-7,
Boston, MA 02114. jain@steele.mgh.harvard.edu.
Present address of A.U. is the Department of Environmental Health, National Institute of Public Health, Tokyo, Japan.
*These authors contributed equally to this work.
Reprints: Information about reprints can be found online at http://www.lww.com/reprint

NIH Public Access
Author Manuscript
Circ Res. Author manuscript; available in PMC 2009 October 2.

Published in final edited form as:
Circ Res. 2003 October 31; 93(9): e88–e97. doi:10.1161/01.RES.0000099243.20096.FA.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.lww.com/reprints


and optical probes to monitor and quantify dynamic biological events, including angiogenesis,
noninvasively and in real time. To investigate the relationship between adipogenesis and
angiogenesis, we adapted the in vivo fat pad formation model by implanting 3T3-F442A
murine preadipocytes4,6,7 to a mouse dorsal skin chamber5 in severe combined
immunodeficient (SCID) mice. For gene expression analyses, we implanted 3T3-F442A
preadipocytes subcutaneously and recovered the fad pads at different time points. This
experimental design enabled us to monitor, in parallel, both the kinetics of angiogenesis and
adipogenesis and the gene expression patterns during fat tissue formation.

During the early phase of adipocyte differentiation, two families of transcriptional factors,
CCAAT/enhancer binding protein (C/EBP) and peroxisome proliferator-activated receptor
(PPAR) are induced.4,8,9 Activation of PPARγ in adipogenesis is well characterized and is
considered an absolute requirement for adipocyte differentiation.10–12 To elucidate the causal
link between adipocyte differentiation and angiogenesis, we introduced a dominant-negative
PPARγ mutant construct into 3T3-F442A cells before implantation using an adenoviral vector,
as described previously.13 Mature, terminally differentiated adipocytes express multiple genes
and proteins including aP2 (an adipocyte-specific fatty acid binding protein, originally
identified as 422), FAT/CD36, perilipin, adipsin, stearoyl-CoA desaturase (SCD1), glucose
transporter (GLUT4), phosphenolpyruvate carboxykinase (PEPCK), and leptin.4,8,9 Among
these, the adipocyte-specific aP2 gene is a downstream target of PPARγ activation and is the
most widely used adipocyte differentiation marker.14,15 Thus, in this study, the kinetics of aP2
expression was used to confirm the differentiation of 3T3-F442A cells.

Angiogenesis often precedes adipose tissue formation in developing tissue, which indicates
the requirement of blood vessels for tissue formation and hints at a potential direct link between
angiogenesis and adipogenesis.16 Vascular endothelial growth factor receptor 2 (VEGFR2) is
expressed on vascular endothelial cells and its signaling is critical in both physiological and
pathological angiogenesis.17 Among its ligands, VEGF-A is highly expressed in adipose tissue
and its expression increases significantly during adipocyte differentiation. 18–21 To assess the
importance of VEGFR2 signaling in angiogenesis, vessel remodeling, and adipocyte
differentiation during fat tissue formation, we determined the effect of a VEGFR2 blocking
antibody22 on angiogenesis, tissue formation, 3T3-F442A cell morphology, and changes in
aP2 expression.

Materials and Methods
Cell Lines and Animals

Male SCID mice, 8 to 12 weeks old, were bred and maintained in our defined flora facility and
used in all experiments. All procedures were carried out according to the Public Health Service
Policy on Humane Care of Laboratory Animals and approved by the Institutional Animal Care
and Use Committee. The 3T3-F442A preadipocytes (a generous gift from Dr Bruce
Spiegelman, Dana-Farber Cancer Institute, Boston, Mass) and NIH 3T3 fibroblasts were
maintained in Dulbecco’s Minimum Essential Medium (DMEM, Gibco BRL), supplemented
with 10% calf serum, glucose, L-glutamine, penicillin, and streptomycin. A murine endothelial
cell line (MECs, CRL-1927) was obtained from ATCC (Manassas, Va) and cultured as
recommended by the provider. For cell identification in vivo, preadipocytes were transfected
by the calcium phosphate method with the green fluorescent protein (GFP) gene under the
control of the EF1α promoter.23 For adipogenesis inhibition, preadipocytes were transduced
with a recombinant adenovirus encoding a PPARγ–dominant-negative (PPARγ-DN) mutant
receptor, or mock adenovirus, as previously described.13 Briefly, a multiplicity of infection of
103 for 90 minutes was used for transfection of confluent (growth arrested) preadipocytes. The
efficiency of the PPARγ-DN construct was assessed functionally, ie, by evaluating the cell
differentiation (online Figure, available in the online data supplement at
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http://www.circresaha.org). For in vivo experiments, transfected cells were implanted 2 days
after infection.

In Vivo Microscopy Using the Transparent Chamber Model
Dorsal skinfold chambers were implanted in mice, as described elsewhere.24 Cell pellets
containing 2×105 preadipocytes were implanted in the center of the chamber. In vivo
microscopy using epi-fluorescence and multiphoton techniques was performed 1 to 2 times a
week up to 4 weeks after the implantation and was followed by off-line analysis of vascular
parameters as described.24 Five random locations in the area of implantation were observed
for each animal and time point. The number of nonbranching blood vessel segments (number
of segments per unit area), functional vascular density (total length of perfused blood vessels
per unit area), vessel diameter, and vessel volume density (calculated blood vessel volume,
based on length and diameter of each segment, per unit area) were determined as described
elsewhere.24 Angiogenesis and subsequent vessel remodeling were analyzed in three different
experimental settings: after implantation of NIH 3T3 or 3T3-F442A; after implantation of GFP/
3T3-F442A infected with PPARγ-DN or mock adenovirus; and after implantation of GFP/3T3-
F442A in mice treated with DC101 or rat IgG. In vivo observation using multiphoton laser-
scanning microscopy was used as previously described.25

Reagents and Dosage
For VEGFR2 signaling blockade experiments, preadipocytes were implanted in dorsal skinfold
chambers, and the mice were divided into two groups. In one group, rat anti-mouse VEGFR2
monoclonal antibody administration (DC101, ImClone Systems Inc, New York, NY, a
generous gift from Drs D. Hicklin and P. Bohlen) was started on the day of implantation and
continued every 3 days for 4 weeks. DC101 was delivered intraperitoneally at a dose of 40 mg/
kg body weight, which was demonstrated previously to have blocking effects in vivo.26–28

The control group received 40 mg/kg body weight of nonspecific isotype-matched rat IgG
intraperitoneally on the same schedule.

For in vitro studies, recombinant mouse VEGF was obtained from R&D Systems and used at
concentrations of 0 to 100 ng/mL. Rat IgG and DC101 were used at doses previously shown
to have blocking effects in vitro.29

Subcutaneous Fat Pad Formation
Cell suspensions containing 1.5×107 cells in 100 µL of PBS were injected into the flank of
SCID mice, as described.7 For the antiadipogenesis studies, mice were divided into 3 groups
with the following cell implants: GFP/3T3-F442A, GFP/3T3-F442A expressing PPARγ-DN,
and GFP/3T3-F442A mock-transfected. For the antiangiogenesis experiments, GFP/3T3-
F442A cells were implanted in 3 groups of mice. These mice received DC101, nonspecific
IgG, or vehicle (PBS), respectively. Fat pad formation was allowed to proceed for 4 weeks,
after which mice were euthanized and tissue was harvested. Tissue formed by the implanted
preadipocytes was recovered using microscissors and fluorescence microscope-guided
dissection. Tissue samples were snap-frozen for subsequent RNA extraction.

Histology
Tissue samples were harvested and fixed at 4 weeks after implantation. Frozen sections were
used for fluorescence immunostaining using a Phyco-Erythrin anti–α-smooth muscle actin
antibody (Sigma), whereas adipose cells were identified by their constitutive GFP expression.
DAPI diacetate (Molecular Probes) staining of cell nuclei was used for counterstaining.
Quantitation of the GFP-positive tissue area was performed in 5 nonsequential transverse
sections of the fat tissue generated in the skin chambers, by calculating the area of tissue inside

Fukumura et al. Page 3

Circ Res. Author manuscript; available in PMC 2009 October 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.circresaha.org


the perimeter of the GFP-positive tissue (3 spots/section, n=5 mice). The area occupied by
nuclei was considered a measure of the number of cells within the tissue. Images were acquired
using the OpenLab software (Improvision Inc) from a fluorescence microscope (Olympus Co,
Ltd, Japan, ×20 objective) equipped with a CCD camera. After processing images with Adobe
Photoshop software (Adobe Systems Inc), binary images were quantified for tissue/cell area
using a macro designed by Dr L.L. Munn (Massachusetts General Hospital, Boston, Mass) in
the NIH Image software. Resin embedding with routine toluidine-blue counterstaining was
used for morphological analyses.

Analyses of Gene Expression
Total RNA was extracted from cells and tissue samples using Triazol (Gibco BRL) following
the protocol recommended by the manufacturer. Ten micrograms of total RNA were separated
on an agarose gel and transferred to nylon membranes. Northern blots were probed with PCR-
generated cDNA fragments. Nested primers were used to generate specific amplification
products. Primers for PCR (sense, 5′-CTGGAAGACAGCTCCTCCTCGAAG-3′ and 5′-
ATGTGTGATGCCTTTGTGGGAAC-3′; antisense, 5′-
TAATCAACATAACCATATCCAAT-3′) were synthesized based on the mouse aP2 gene
sequence (GenBank No. NM_024406).

In Vitro Preadipocyte Differentiation Assay
To investigate the effect of VEGF on in vitro differentiation of preadipocytes, 3T3-F442A cells
were grown to confluence in media supplemented with calf serum (CS, maintenance media)
and exposed to increasing concentrations of murine recombinant VEGF (R&D Systems) from
0 to 100 ng/mL. In addition to VEGF, in some experiments, the culture medium was
conditioned with blocking concentrations of DC101 or rat IgG both in the maintenance media
(10% CS) and in the differentiation media (containing 10% FBS). To investigate the paracrine
effects of VEGF, murine endothelial cells were cultured with the addition of recombinant
murine VEGF and in vitro blocking concentration of DC101 (5 µg/mL). For controls, isotype-
matched IgG antibody was added at similar concentrations. Twenty-four-hour–conditioned
media from the endothelial cells was added to confluent cultures of preadipocytes and changed
every other day. Cells were harvested at day 11 (when cell differentiation started to become
apparent morphologically) to analyze the difference in aP2 expression between groups.

MTT Assay
Five hundred preadipocytes or fibroblasts were plated in 96-well plates and mouse recombinant
VEGF (50 ng/mL) was added along with PBS, DC101 (1 µg/mL), or rat IgG (1 µg/mL). The
MTT assay was performed at day 4, when the cells were still subconfluent in all wells. Before
the assay, culture media were removed and replaced with 100 µL of fresh media and 10 µL of
sterile tetrazolium salt; MTT (3[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-tetrazolium bromide,
Sigma) was then added to each well and incubated for 4 hours at 37°C. Finally, 100 µL of 10%
SDS was added, and after incubation at 37°C overnight, the plate was read at 490 nm. The
optical density values were normalized to that of the PBS-treated cells and were used as a
measure of cell viability. To assess the paracrine effect of VEGF on preadipocyte proliferation,
cells were plated in a similar fashion, with conditioned media from EC cultured in the presence
of VEGF and blocking concentrations of DC101 or IgG. At day 4, the assay was performed as
described, and the optical density value was normalized to the optical density of cells cultured
in nonconditioned media.
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Results
Preadipocytes Induce Angiogenesis and Vessel Remodeling In Vivo

Macroscopically, after preadipocyte implantation, the tissue reddened at the site of active
angiogenesis (Figures 1A and 1B). Angiogenic vessels infiltrated the adipose cell pellet
implanted on top of the host subcutaneous tissue and striated muscle layer, in which preexisting
host vessels were detectable (Figures 1C and 1D; online Movie, available in the online data
supplement at http://www.circresaha.org). The neovascular network induced by the
preadipocyte implant was initially immature and resembled the vascular plexus during
development, with relatively large vessel diameter and no morphological vessel differentiation
(Figure 1E). With time, these vessels induced by the preadipocyte implant gradually
reorganized (Figures 1F through 1H): mesh-like patterns of angiogenic vessels turned into a
dense capillary network (Figures 1G and 1H), with arterioles and venules becoming apparent
(Figure 1H). The number of blood vessel segments (Figure 2A) and vessel density (total length
of blood vessels per unit tissue area; Figure 2B) increased, accompanied by a decrease in mean
vessel diameter (Figure 2C) as the blood vessels remodeled. The total volume of blood vessels
per unit tissue area did not change during the remodeling process (Figure 2D). The blood vessel
size distribution narrowed with the remodeling of the vessel network (Figure 2E). The
remodeled blood vessels were covered by α-SMA–positive cells (data not shown). The
angiogenic response was specific to preadipocytes, as NIH 3T3 fibroblasts did not induce
appreciable vessel formation or tissue mass (data not shown). These findings indicate that
preadipocytes have the unique ability to induce in vivo angiogenesis and remodeling of vessels
into efficient networks with a mature, stable architecture (characterized by small diffusion
distances from vessels to parenchymal cells).

Preadipocytes Differentiate Into Mature Adipocytes In Vivo
One prominent characteristic of cell differentiation into adipocytes is the accumulation of
triglyceride-containing vesicles in the cell cytosol. In tissue culture, intracellular fat droplets
were observed by light microscope (Figure 3A) and were chemically stained by Oil Red O
(Figure 3B). As early as after one week, some of subcutaneously implanted 3T3-442A cells
acquired typical adipocyte morphology. However, the presence of host subcutaneous fat
prevented the use of the Oil Red O staining in the preadipocyte implantation model. To clearly
distinguish lipid accumulation in implanted cells from host-derived cells in the skinfold
chamber, we induced constitutive expression of GFP in 3T3-F442A cells (hereafter referred
to as GFP/3T3-F442A cells). Cytoplasmic GFP fluorescence allowed us to track implanted
cells in vivo and to identify the differentiated cells, which exhibited a granular fluorescence
due to lipid droplet formation (Figure 3C). Differentiation into adipocytes began several days
after implantation and most of the cells acquired a mature phenotype after 4 weeks. In vivo
differentiation of implanted preadipocytes was further confirmed by determining the
expression levels of the adipocyte specific aP2 gene. The expression of aP2 in the subcutaneous
GFP/3T3-442A cell-derived tissue increased with time after the implantation (Figure 3D).

PPARγ-DN Inhibits Adipose Tissue Formation
To elucidate the causal link between preadipocyte differentiation and angiogenesis, we
introduced a dominant-negative PPARγ mutant construct into 3T3-F442A cells before
implantation using an adenoviral vector as described previously. 13 First, we confirmed the
effect of PPARγ-DN on adipocyte differentiation in our model. As expected, PPARγ dominant-
negative infected cells remained undifferentiated, both in vitro and in vivo (online data
supplement and data not shown). In contrast to the expanding fat tissue formed by mock-
transfected cells (Figure 3E), there was no tissue formation after the implantation of PPARγ
dominant-negative infected cells (Figure 3F). The size of the tissue mass, the number of cells,

Fukumura et al. Page 5

Circ Res. Author manuscript; available in PMC 2009 October 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.circresaha.org


and the size of individual cell were significantly larger in mock-transfected cells compared
with those in the PPARγ dominant-negative cells (Figures 3G and 3H).

PPARγ-DN Inhibits Angiogenesis Induced by Preadipocytes
Similar to nontransfected preadipocytes, mock-transfected preadipocytes induced extensive
angiogenesis during tissue formation in vivo (Figures 4A and 4C through 4F). However,
angiogenesis was significantly reduced in the PPARγ-DN cell-implanted window (Figures 4B
through 4F), whereas underlying host blood vessels remained visible for the duration of the
experiment (Figure 4B). Although the number of vessel segments and vessel density in mock-
transfected cell implants increased with time, they remained unchanged in the PPARγ-DN cell-
implanted window (Figures 4A and 4B). At later time points, mean vessel diameter was
significantly larger in the PPARγ-DN group, indicating the lack of vessel remodeling (Figure
4E). Thus, the suppression of PPARγ prevented angiogenesis and subsequent vessel
remodeling in vivo, rendering the preadipocytes unable to form vascularized tissue.

Anti-VEGFR2 Antibody Inhibits Angiogenesis Occurring During Adipogenesis
In agreement with the literature, VEGF-A expression was increased during in vitro
differentiation of adipocytes and was highest among the various proangiogenic genes expressed
by 3T3-F442A cell-derived tissue in vivo (online Table 1, available in the online data
supplement at http://www.circresaha.org). To determine the relationship between VEGFR2
signaling, angiogenesis, and adipogenesis, we treated the animals with blocking concentrations
of anti-VEGFR2 antibody (DC101). DC101 caused significant inhibition of both angiogenesis
and subsequent vessel remodeling in GFP/3T3-F442A preadipocyte implants. In control IgG
treated animals, there was robust angiogenesis and vessel maturation (Figures 5A and 5C
through 5F). On the other hand, angiogenesis was significantly inhibited and underlining host
blood vessels remained visible in the DC101 treated group (Figure 5B), as with the NIH3T3
or the PPAR-DN GFP/3T3-F442A cell implants. After 7 days, the DC101-treated group
showed significantly fewer vessel segments and lower vessel density compared with the IgG-
treated control (Figures 5C and 5D). The average vessel diameter was larger in the DC101
group (Figure 5E). Total vascular volume per unit tissue was not significantly affected (Figure
5F).

Anti-VEGFR2 Antibody Inhibits Adipose Cell Differentiation In Vivo
Implanted GFP/3T3-F442A cells showed granular GFP fluorescence indicating their
differentiation into adipocytes (Figure 3C). Surprisingly, DC101 treatment not only inactivated
local angiogenesis but also suppressed the differentiation of the implanted cells, which retained
a fibroblast-like shape typical of undifferentiated preadipocytes (data not shown). These
provocative findings were confirmed by a 6-fold reduction in aP2 expression in the tissue
formed by preadipocyte implants after blockage of the VEGFR2 signaling in vivo (Figure 5G).
Similarly, FAT/CD3630,31 expression was decreased by DC101 treatment (data not shown).
Collectively, these results show that VEGF-VEGFR2 signaling plays an important role in both
angiogenesis and adipogenesis in preadipocyte-derived tissues.

VEGF Does Not Directly Affect Adipocyte Differentiation
To discern the mechanisms by which VEGF-VEGFR2 signaling mediates adipose tissue
formation in vivo, we treated cultured 3T3-F442A cells with VEGF, anti-VEGFR2 antibody,
or a combination of the two. Adipocyte differentiation was assessed by Oil Red O staining
(Figure 6A). Because cell proliferation/survival was also involved in adipose tissue formation
(Figure 3), we quantified cell viability by the MTT assay (Figure 6B). In vitro adipocyte
differentiation and proliferation/survival were not significantly affected by exogenous VEGF
or anti-VEGFR2 antibody, even at doses as high as 100 ng/mL VEGF and/or blocking doses

Fukumura et al. Page 6

Circ Res. Author manuscript; available in PMC 2009 October 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.circresaha.org


of DC10129 (Figure 6). Furthermore, VEGFR2 expression, which is characteristic for
endothelial cells, was undetectable in preadipocytes (online Table 1). Thus, VEGF-VEGFR2
signaling does not directly mediate adipose tissue formation derived from 3T3-F442A cells.

VEGFR2 Signaling Mediates Adipocyte Differentiation in a Paracrine Manner
To test the hypothesis that VEGFR2 signaling induces endothelial cell–derived factors that
promote adipose tissue formation, we subjected confluent cultures of murine endothelial cells
for 24 hours to recombinant murine VEGF and in vitro blocking concentration of DC101 or
IgG. The conditioned media from endothelial cells cultured in the presence of VEGF increased
preadipocyte survival/proliferation, as evinced by the MTT assay (Figure 6C), and accelerated
their differentiation, revealed by an almost 3-fold increase in aP2 expression (Figure 6D). In
addition, the blockade of VEGFR2 signaling reversed the effects of VEGF to a large extent.
These data indicate that VEGFR2 signaling in vascular endothelial cells promotes adipogenesis
in a paracrine manner and explain, in part, the mechanism by which DC101 inhibits
adipogenesis in vivo.

Discussion
Our data shed new light on the complex interplay between adipose tissue formation,
angiogenesis, and vessel remodeling. Angiogenesis is needed for efficient preadipocyte
differentiation, but neovascularization is not triggered without adipocyte differentiation. A
surprising observation involved the remodeling and maturation of angiogenic vessels. Unlike
the aberrant neovascularization (driven by excess and/or unbalanced angiogenic factors) that
occurs in pathological conditions such as tumors,17 during adipose tissue formation the primary
mesh-like structure matures into a normal network of new blood vessels. This is remarkable
because “normal,” stable vasculature is rarely generated in currently available tissue
engineering models.32

The molecular mechanisms underlining blood vessel maturation during de novo adipose
formation are yet to be determined. Angiogenic activity of adipose tissue has been known and
clinically used for treating wounds and ischemic organs for more than 400 years (documented
in 15851,19). Research over the last decade has uncovered pro- and antiangiogenic growth
factors expressed by adipose tissues or adipocytes cultured in vitro, including VEGF-A, 18,
20,33 VEGF-B,20,33 VEGF-C,33 Ang-1,34 Ang-2,35,36 PAI-1,20,37 TGFβ,38 leptin,2,39 and
maspin.40 The expression and activity of these factors are interrelated. For example, leptin
induces the expression of Ang-236 and stimulates VEGF-induced angiogenesis,41 but represses
VEGF-B expression.42 The temporal and spatial interplay between these factors is critical for
angiogenesis and subsequent vessel remodeling during adipose tissue development. Ang-2
destabilizes existing vessels and induces angiogenesis in the presence of VEGF and other
angiogenic factors.17 On the other hand, activation of the Tie2 receptor by Ang-1 mediates
vessel remodeling by inducing blood vessel stabilization and maturation. The expression of
angiopoietins in adipose tissue may depend on the state of cell differentiation, site of growth,
and external stimuli. Further understanding of the kinetics of expression of angiogenic factors
and of the corresponding morphological and functional parameters of blood vessels are
warranted.

The molecular regulation of adipose differentiation has been extensively studied,4,8,9 and
PPARγ has been shown to be crucial for adipocyte differentiation.10–12 Our approach was to
use PPARγ-DN13 to specifically inhibit the differentiation of 3T3-F442A preadipocytes before
implantation. Our study confirmed that blocking the PPARγ pathway in preadipocytes inhibits
not only their differentiation into adipocytes but also angiogenesis in vivo. On the other hand,
PPARγ activation has pleiotropic effects, regulating different genes/functions in different cell
and tissue types, including endothelial cells.43–45 Exogenous PPARγ ligands actually inhibit
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angiogenesis.44–47 PPARγ ligands alter VEGF-A expression positively in adipocytes21,33 and
vascular smooth muscle cells,48 whereas a decrease in VEGF-A production is induced in
certain tumor cells.45 PPARγ ligands inhibit growth and/or migration of vascular endothelial
cells, smooth muscle cells, monocytes, and certain tumor cells.43,44 Furthermore, PPARγ
ligands have also been shown to reduce VEGFR1 and VEGFR2 expression on vascular
endothelial cells.46 Thus, PPARγ ligands can inhibit angiogenesis by directly affecting
endothelial cells without any change in VEGF level.47 Moreover, the VEGF promoter has not
been shown to possess peroxisome proliferators response elements,49 and by inhibiting PPAR-
γ activity, we could not detect any significant change in VEGF-A expression by adipose cells
(online Table 1).

A growing body of evidence shows that blood vessels are more than just carriers of nutrients
and passive filters of blood in tissues. Angiogenesis precedes the development16,50,51 and
repair52 of organs. Secreted factors from vascular endothelial cells induce proliferation and
differentiation of preadipocytes,53–55 liver organogenesis,50 pancreas differentiation,56 and
liver protection.57 VEGF is a critical factor in both pathological and physiological
angiogenesis. Our findings show that VEGFR2 signaling in phenotypically normal,
immortalized vascular endothelial cells58 mediates the survival/proliferation and
differentiation of preadipocytes, demonstrating that endothelial cells can control adipogenesis.
This is in agreement with the findings reported for liver development, where VEGFR2
signaling in the endothelial cells is critical for hepatogenic cell multiplication and migration.
50 However, stimulation of mature hepatocytes is predominantly mediated through VEGFR1
signaling in liver sinusoidal endothelial cells.57 It is conceivable that the maintenance of
established adipose tissue is mediated through additional signaling pathways in the vascular
endothelial cells.

Interactions between the extracellular matrix associated with angiogenic vessels and
preadipocytes may also mediate adipogenesis. When Matrigel supplemented with bFGF is
implanted, angiogenesis is induced followed by adipose precursor cells recruitment and fat pad
formation. 59 Microvascular endothelial cells have been shown to secrete extracellular matrix
components that promote preadipocyte differentiation.55 Remodeling of extracellular matrix
organization is important for both angiogenesis17 and adipogenesis.60 Expression of
metalloproteinases such as MMP 2 and MMP 9 is increased during adipocyte
differentiation61 and both endogenous and exogenous metalloproteases induce adipogenesis.
61,62 Of particular interest, MMP-9 has been shown to increase the availability of matrix-bound
VEGF in the tissue.63 On the other hand, tissue inhibitor of metalloproteinases-3 (TIMP-3)–
deficient mice exhibit increased adipose reconstitution during mammary involution.64

Recently, TIMP-3 has been shown to inhibit angiogenesis by blocking VEGF binding to
VEGFR2.65 Inhibition of adipogenesis by TIMP-3 could be mediated by a paracrine
mechanism involving endothelial VEGFR2 signaling, in agreement with our findings.

Finally, improved perfusion by newly formed vessels is required for adipocyte differentiation
and tissue formation. Accordingly, the HIF-1–regulated gene DEC1/Stra13 inhibits PPARγ
gene expression under hypoxia.66 Tissue oxygenation by angiogenesis and/or vessel
remodeling might accelerate adipogenesis by increasing HIF-1 degradation, thereby
potentiating PPARγ activation.

Taken together, our data show that the molecular and metabolic microenvironment associated
with functional, mature blood vessels promotes preadipocyte differentiation and adipose tissue
formation. This observation confirms that the generation of normal microcirculatory units is
indispensable for organogenesis. It also raises a provocative question corresponding to the
observation that most tissues have adipocytes interspersed with the organ cells: can
preadipocytes be used in tissue engineering, organogenesis, and therapeutic angiogenesis? The
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new adipogenesis-organogenesis model described in this study is ideal to address the
mechanisms of normalization and maturation of blood vessels, and to develop and test novel
strategies for tissue engineering, organogenesis, and therapeutic angiogenesis. 67 In turn,
interfering with this process may provide valuable information for the identification of new
targets for treating various diseases including obesity and solid tumors. Because anti-
angiogenic compounds have already been demonstrated to decrease established adipose mass,
3 anti-VEGFR2 signaling agents undergoing clinical trials for cancer treatment may be useful
candidates for controlling adipogenesis.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Angiogenesis and vessel remodeling during adipogenesis in the mouse dorsal skinfold chamber
after 3T3-F442A cell implantation. A and B, Macroscopic images 9 days after implantation.
C and D, Multiphoton laser-scanning microscopy images 28 days after preadipocyte
implantation. Images were obtained by maximum intensity projection of 31 optical slices, each
5 µm thick: the top 150-µm de novo adipose tissue layer (C) and the bottom 150-µm host
subcutaneous layer (D). E through H, High-power microscopic images of fluorescence
contrast-enhanced blood vessels at 7 days (E), 14 days (F), 21 days (G), and 28 days (H) after
implantation. Bars indicate 5 mm (A), 0.5 mm (B), 200 µm (C and D), and 100 µm (E through
H), respectively.
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Figure 2.
Quantitative analysis of blood vessels during adipogenesis (n=7 mice). A, Number of vessel
segments in the high-power view field. B, Vascular length density. C, Vessel diameter. D,
Calculated blood vessel volume. E, Vessel diameter histogram. Each vessel segment was
categorized by diameter and shown as a cumulative frequency distribution. Segment diameters
were distributed over a wide range at day 7. Distribution shifted leftward and the range became
narrow as a result of vessel remodeling with continued adipogenesis. At day 28, most segments
(92%) were 3 to 9 µm in diameter.
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Figure 3.
Differentiation of 3T3-F442A preadipocytes and de novo adipose tissue formation: the effect
of PPARγ-DN. A, Bright-field microscopic image of differentiated adipocytes in vitro. B,
Macroscopic images of Oil Red O staining. C, Fluorescence image of differentiated adipocytes
in vivo. To identify implanted cells in vivo, we used GFP-labeled preadipocytes. We found fat
accumulation in GFP-positive cells during conversion of fibroblast-shaped preadipocytes to
round-shaped adipocytes. This was visible as granular fluorescence due to fat droplets in the
cytosol and was observed by multiphoton microscope (with rhodamine-dextran vessel
enhancement). D, Active adipogenesis on a subcutaneous cell implant, confirmed by increasing
aP2 levels (values shown after quantitative densitometry of a Northern blot analysis). E and
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F, Fluorescence microscopy in tissue sections from (E) mock- and (F) PPARγ-DN–transfected
preadipocyte-generated tissues. G and H, Histological analyses of tissue expansion and cell
size. G, An increased number of cells and tissue area is seen in mock preadipocyte tissue
compared with PPARγ-DN tissue. H, Number of cells per tissue area is decreased in mock
preadipocyte–generated tissue, documenting the increase in size of the cells in these tissues.
*P<0.01 as compared with corresponding control by two-tailed t test; **P<0.05 using the
Wilcoxon rank-sum test. Bars=50 µm (A), 50 µm (C), and 0.5 mm (E and F), respectively.
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Figure 4.
Effect of PPARγ-DN on angiogenesis in the adipose tissue generated from preadipocytes. A
and B, Fluorescence images of blood vessels 21 days after mock- (A) and PPARγ-DN–
transfected (B) preadipocyte implantation. Bar=100 µm. C through F, Quantitative analyses
of tissue neovascularization: C, number of vessel segments; D, vascular length density; E,
vessel diameter; F, vessel volume. Filled circles, control (n=6); open squares, PPARγ-
dominant-negative–transfected preadipocytes (n=5). There was no difference between the two
different sets of control cells (mock-transfected preadipocytes, n=3 mice, and EF1α-GFP 3T3-
F442A cells, n=3). These two groups are combined for presentation and statistical analysis.
*P<0.01 as compared with corresponding control by two-tailed t test.
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Figure 5.
Effect of VEGFR2 blockade on angiogenesis and adipogenesis. A and B, Visualization of
rhodamine-dextran contrast-enhanced blood vessels 21 days after preadipocyte implantation
with control IgG (A) and DC101 (B) treatments. C through F, Quantitative analyses of tissue
neovascularization: C, number of vessel segments; D, vascular length density; E, vessel
diameter; F, vessel volume. Filled circles represent IgG treatment (n=6 mice); open squares,
DC101 treatment (n=6 mice). *P<0.01 as compared with IgG by two-tailed t test. G, In vivo
gene expression of aP2 in preadipocyte-generated tissue with densitometry normalized to
control condition (PBS).
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Figure 6.
Role of VEGFR2 signaling in preadipocyte differentiation and proliferation. A, Confluent 3T3-
F442A cells were maintained for 11 days with either 10% calf serum (CS, maintenance media)
with or without VEGF (50 ng/mL) or 10% FBS (differentiation media) and either DC101 or
rat IgG (1 µg/mL). At day 11, cells were stained with Oil Red O. Mouse recombinant VEGF
did not induce differentiation in preadipocytes cultured in 10% CS (maintenance media) and
did not increase the differentiation rate in cells treated with 10% FBS (differentiation media).
Addition of DC101 or IgG to the culture media had no effect on in vitro adipogenesis. Bar=50
µm. B, Mouse recombinant VEGF (50 ng/mL) and PBS, DC101, or rat IgG was added
(concentration of the antibodies, 1 µg/mL), and the MTT assay was performed at day 4. The
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optical density values were normalized to that of the PBS-treated cells and were used as a
measure of viability. C, MTT assay for preadipocytes after 4 days of culture with endothelial
conditioned media [FBS indicates nonconditioned culture media with 10% FBS; SN,
supernatant, endothelial conditioned media cultured with 10% FBS but no other additives; SN/
VEGF/IgG, endothelial conditioned media cultured with 10% FBS, VEGF (50 ng/mL) and
nonspecific IgG (5 µg/mL); SN/VEGF/DC101, endothelial conditioned media cultured with
10% FBS, VEGF (50 ng/mL) and DC101 (5 µg/mL)]. Data were normalized to the control
condition (FBS). *P<0.01 as compared with SN/VEGF/DC101 by two-tailed t test. Error bars
represent standard error. D, In vitro gene expression of aP2 in preadipocytes after 11 days of
culture with endothelial conditioned media (VEGF/IgG, endothelial conditioned media
cultured with 10% FBS, VEGF, and nonspecific IgG; SN, endothelial conditioned media with
10% FBS and no other additives; VEGF/DC101, endothelial conditioned media cultured with
10% FBS, VEGF, and DC101). Fold increase in aP2 expression by differentiating
preadipocytes was calculated by densitometry and normalized to the control condition (SN).
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