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Background: Adipose tissue must expand in response to excess caloric intake.
Results: Insulin-like growth factor-binding protein 4 (IGFbp4) expression negatively correlates with adipose tissue growth.
Insulin and IGF-1 stimulate and IGFbp4 suppresses adipose tissue expansion in an ex vivo explant model.
Conclusion: IGF-1/IGFbp4 signaling controls post-developmental adipose tissue expansion.
Significance: IGFbp4 may contribute to metabolic diseases associated with obesity.

Adipose tissue expansion requires growth and proliferation of
adipocytes and the concomitant expansion of their stromovas-
cular network. We have used an ex vivo angiogenesis assay to
study the mechanisms involved in adipose tissue expansion. In
this assay, adipose tissue fragments placed under pro-angio-
genic conditions form sprouts composed of endothelial,
perivascular, and other proliferative cells. We find that sprout-
ing was directly stimulated by insulin and was enhanced by prior
treatment of mice with the insulin sensitizer rosiglitazone.
Moreover, basal and insulin-stimulated sprouting increased
progressively over 30 weeks of high fat diet feeding, correlating
with tissue expansion during this period. cDNA microarrays
analyzed to identify genes correlating with insulin-stimulated
sprouting surprisingly revealed only four positively correlating
(Fads3, Tmsb10, Depdc6, and Rasl12) and four negatively corre-
lating (Asph, IGFbp4, Ppm1b, and Adcyap1r1) genes. Among the
proteins encoded by these genes, IGFbp4, which suppresses
IGF-1 signaling, has been previously implicated in angiogenesis,
suggesting a role for IGF-1 in adipose tissue expandability.
Indeed, IGF-1 potently stimulated sprouting, and the presence
of activated IGF-1 receptors in the vasculature was revealed by
immunostaining. Recombinant IGFbp4 blocked the effects of
insulin and IGF-1 on mouse adipose tissue sprouting and also
suppressed sprouting from human subcutaneous adipose tissue.
These results reveal an important role of IGF-1/IGFbp4 signal-
ing in post-developmental adipose tissue expansion.

The ability of white adipose tissue to expand in response to
excess calorie consumption is of great evolutionary advantage,
allowing survival in times of food scarcity. Adipose tissue can
reach 40% of body mass through hypertrophy of pre-existing
adipocytes and through hyperplasia, which involves recruit-
ment and differentiation of adipocyte precursors (1, 2). To sup-

port the enlarged and expanded adipocyte pool, an appropriate
stromovascular network must form in parallel (3–5). It is pos-
sible that expansion of the vascular network may actually pre-
cede adipocyte growth, as is known to occur during embryonic
development, when the formation of the adipose tissue vascular
network precedes the emergence of adipocytes (6). Indeed, in
adult mice, expansion of adipose tissue is accompanied by for-
mation of angiogenic foci (7).

The mechanisms by which the differentiation and growth of
adipocytes are coordinated with expansion of the capillary net-
work during adulthood are largely unknown. These mecha-
nisms, however, appear to be crucial in achieving a functional,
expanded adipose tissue, as decreased capillary density in obese
human adults is associated with metabolic disease (8, 9). One
mechanism by which capillary growth may be stimulated is in
response to local hypoxia resulting from adipocyte growth (10).
Hypoxia-induced pro-angiogenic factors such as VEGF would
then stimulate angiogenesis, thus enhancing blood and oxygen
supply and reducing hypoxia in the expanded tissue. This pos-
sibility is supported by the finding that adipocytes can secrete
numerous potent pro-angiogenic factors, some in response to
hypoxia (11), and that VEGF-A expression can mitigate the
development of metabolic dysfunction in response to a high fat
diet (HFD)2 (12, 13). However, recent studies suggest that
hypoxia of adipose tissue may not reach levels sufficient to elicit
a pro-angiogenic response (14) and that expression of HIF-1�
in adipocytes results in fibrosis rather than angiogenesis (15).

Alternatively, angiogenesis may also be elicited through
other changes that accompany adipose tissue expansion,
including infiltration by macrophages (16 –18), which have
been implicated in tumor angiogenesis (19, 20). Another alter-
native possibility is that the vasculature of adipose tissue could
expand in response to metabolic signals that accompany excess
caloric intake. Vascular expansion could thus precede the
emergence and growth of new adipocytes, recapitulating the
process of adipose tissue growth during development (6). Find-
ings consistent with this possibility are that adipose tissue cap-
illary walls are a niche for adipocyte progenitors (21), which
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share structural features with endothelial cells and pericytes
(22), and undergo differentiation into adipocytes in response to
peroxisome proliferator-activated receptor � activation (23).

Studying the growth of adipose tissue under ex vivo culture
conditions permits identification of signaling pathways and fac-
tors that regulate adipose tissue expansion. In this study, we
have used this approach to elucidate molecular mechanisms
that modulate vascular and adipocyte expansions in response to
HFD.

EXPERIMENTAL PROCEDURES

Animals—Male C57BL/6J mice (The Jackson Laboratory)
were housed (n � 4/cage) under 12:12-h light/dark cycles, with
ad libitum access to food and water. At 5 weeks of age, they
were randomly distributed into (ND) or HFD groups (Harlan
Laboratories, 15 and 45% kcal from fat, respectively) and main-
tained on these diets for up to 30 weeks. For rosiglitazone treat-
ment, diets were supplemented with 5 mg�kg�1�day�1 of Avan-
dia RSG maleate (SmithKline Beecham Pharmaceuticals) for a
period of 2 weeks (weeks 28 –30). The University of Massachu-
setts Medical School Institutional Animal Care and Use Com-
mittee approved all procedures.

Human Adipose Tissue—Human adipose tissue samples
were obtained from volunteers with body mass index ranging
from 25 to 36. Volunteers were nondiabetic, as demonstrated
by glucose tolerance test, and in good health, as shown by phys-
ical examination and standard blood work. Adipose tissue was
collected from lower abdominal area by needle aspiration with
a 14-g needle. Because the inner diameter of this needle is 1.6
mm, �1-mm fragments could be obtained without disrupting
tissue architecture. Collected adipose tissue fragments were
used to perform adipose tissue angiogenesis assay, as described
below (9). Informed consents were required and signed before
inclusion into the study, and the University of Massachusetts
Medical School Institutional Review Board approved all proto-
cols. For the analysis of IGFbp4 effects, unidentified adipose
tissue that would be otherwise discarded after panniculectomy,
and thus was exempted from Institutional Review Board
approval, was utilized.

Ex Vivo Angiogenesis Assay of Adipose Tissue—Explants from
freshly harvested mouse epididymal fat pads or human subcu-
taneous adipose tissue were prepared and embedded as
described (24). In brief, after removal of fibrotic tissue and obvi-
ous vasculature, the tissue was cut into �1-mm3 pieces, which
were embedded in the individual wells of standard 96-well cell
culture plates containing 40 �l of growth factor-depleted
Matrigel (Discovery Labware). Matrigel was allowed to poly-
merize at 37 °C for 30 min, after which wells were filled with 200
�l of EBM-2 media supplemented with microvascular endothe-
lial growth factors (EGM-2 MV) (Lonza), and half of the media
was replaced every 2nd day. In some experiments human
recombinant IGFbp4 (RD Systems; 0.5 �g/ml) was added to the
medium. Approximately 30 explant pieces from each mouse or
human subject were embedded for each treatment condition
and averaged for the analysis. The number of explants display-
ing any degree of sprouting was recorded, and the number of
branches (defined as a minimum of three cells forming a branch
structure) sprouting around the periphery of explants was

counted at day 14 in culture, at �100 magnification, by two
independent investigators. In experiments comparing insulin,
IGF-1 and IGF-2 action, three-dimensional images of each well
were captured using an automated microscopy system as
described (24), and the area of growth surrounding each
explant was quantified using automated image analysis proto-
cols. IGF-1 and IGF-2 were obtained from Creative BioMart
and used at concentrations indicated in Fig. 8A.

Analysis of Adipocyte Size and Adipose Tissue Capillary
Density—Adipose tissue samples were fixed in zinc fixative
(Ted Pella, Inc.), embedded in paraffin, cut into 4-�m sections,
mounted on Superfrost Plus microscope slides (Fisher), and
stained with rat anti-mouse CD31 antibody (Pharmingen,
1:100) using indirect immunoperoxidase method (LSABTM�/
HRP kit; Dako). Sections were processed simultaneously with
isotype controls. The numbers of positive capillary lumens per
area were counted in at least two independent sections, with at
least five fields per section for each adipose tissue sample by two
independent investigators who were blinded to the origin of the
samples. Adipocyte size was measured using the particle count-
ing feature in ImageJ, following background subtraction and
binary thresholding. Results were verified by visual inspection
and manual measurements of a sample of the total image set.

Whole Mount Tissue Staining—Fragments of adipose tissue
fixed in 4% formaldehyde and extensively washed were incu-
bated for 1 h in the presence of Alexa 568-conjugated Griffonia
simplicifolia isolectin B4 (IB4) (Invitrogen, 1:1000) and Bodipy
FL C12 (Invitrogen, 1:2000) or Alexa 488-conjugated IB4 (Invit-
rogen, 1:1000) and Alexa 568-conjugated rat anti-mouse anti-
bodies to F4/80 (AbD Serotec, 1:50). For analysis of IGF-1 and
insulin receptors, samples were incubated for 48 h at 4 °C with
rabbit anti-phospho-IGF-I receptor � (Tyr-1131)/insulin
receptor � (Tyr-1146) (Cell Signaling Technology catalog no.
3021, 1:100), followed by an hour of incubation with Alexa
Fluor 488-conjugated goat anti-rabbit IgG (H�L) (Invitrogen,
1:500) and Alexa 568-conjugated IB4.

Western Blotting—Equal amounts of protein (20 �g) were
loaded on 8% (for IR and IGF receptor analysis) or 15% (for
IGFbp4 analysis) polyacrylamide gels and transferred into
nitrocellulose membranes (PerkinElmer Life Sciences) accord-
ing to a standard procedure. The membranes were blocked with
5% dry nonfat milk for 1 h at room temperature and blotted
with the following antibodies: rabbit polyclonal anti-IGFbp4
(Millipore, 1:1000), rabbit anti-IGF1R � (Cell Signaling Tech-
nology catalog no. 9750, 1:1000), rabbit anti-insulin receptor �
(Cell Signaling Technology catalog no. 3025), or rat anti-mouse
actin antibodies (Sigma, 1:10,000) overnight at 4 °C. Secondary
antibodies used were anti-rabbit IgG and anti-rat IgG horserad-
ish peroxidase-conjugated (Promega). Blots were developed
using Western Lightning chemiluminescent reagent (PerkinEl-
mer Life Sciences).

Affymetrix Microarray Analysis—Total RNA from isolated
adipocytes was isolated using TRIzol (Invitrogen). Affymetrix
protocols were followed for the preparation of cDNA from
total RNA, which was hybridized to Affymetrix MOE430-2
GeneChip arrays. Raw expression data collected from an
Affymetrix HP GeneArray Scanner was normalized across
all 12 (three biological replicates per condition) data sets using
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the RMA algorithm. A linear model approach (25) was used to
determine differentially expressed genes. Derived p values were
adjusted for multiple testing using the Benjamini and Hochberg
method (26). Statistical significance was defined as being differ-
entially expressed with an adjusted p value of less than 0.05. A
bioconductor implementation of the MAS 5.0 algorithm
(Affymetrix) was used.

Quantitative RT-PCR—Total RNA was extracted by using
TRIzol reagent (Invitrogen). For quantitative mRNA analysis, 2
�g of the total RNA was reverse-transcribed by using an iScript
cDNA synthesis kit (Bio-Rad). 10% of each RT reaction was
subjected to quantitative real time PCR analysis using an iQ
SYBR Green supermix kit and real time PCR detection system
following the manufacturer’s instructions (MyiQ, Bio-Rad).
Ferritin heavy chain and �-actin were used as internal house-
keeping genes. Relative gene expression was calculated by the
2���CT method.

IGF-1 Measurement—Supernatants from 24 wells per condi-
tion were collected at days 1 and 3 of culture, pooled into dupli-
cate batches, and assayed for IGF-1 using the mouse/rat IGF-1
Quantikine ELISA kit (R&D Systems). The mean of four inde-
pendent experiments is shown.

RESULTS

5-Week-old C57BL/6J mice were placed on standard mouse
chow (ND) or HFD (15 or 45% calories from fat, respectively).
As expected, mice on HFD gained more weight than those on
ND (Fig. 1A), with differences being statistically significant
after 3 weeks of diet initiation and progressively increasing until
the end of the study (30 weeks). This difference was paralleled
by increased weight of the epididymal fat pads of mice on HFD
relative to those on ND (Fig. 1B); however, after �15 weeks the
epididymal fat pads of mice on HFD did not continue to

increase. Thus, as has been noted by others (27), the continued
increase in body weight seen after 15 weeks of HFD is likely due
to expansion of other adipose depots, such as the inguinal and
mesenteric depots. The increased weight of the epididymal fat
pads was paralleled by changes in adipocyte size (Fig. 1C), sug-
gesting that adipocyte hypertrophy could account for the
observed weight gain. Analysis of the size distribution of adi-
pocytes revealed a nonsynchronous behavior after 7 weeks of
HFD, i.e. rather than a shift in the distribution to a larger mean
cell size, it was characterized by the appearance peaks at small
and large cell sizes (Fig. 1, D–G). This suggests that this point
marks the activation of adipocyte hyperplasia, resulting in the
formation of new small adipocytes in parallel to the expansion
of the pre-existing ones. By 15 weeks, adipocyte hypertrophy in
HFD animals reached a plateau (Fig. 1C), at double the diameter
of adipocytes from ND-fed mice. It is interesting to note that a
doubling of cell diameter translates into an 8-fold increase in
adipocyte volume, which would predict a much larger differ-
ence in fat pad weight between ND- and HFD-fed animals than
the 2–2.5-fold difference seen at this time point (Fig. 1B). This
discrepancy is consistent with the finding that the total number
of adipocytes composing the epididymal fat pad decreases as
the fat pad expands (27), possibly due to a combination of
necrosis and apoptosis of overgrown, metabolically stressed
adipocytes (28, 29).

Among the possible mechanisms that could influence adi-
pose tissue growth are systemic factors such as insulin, which
increases in proportion to caloric intake. To test whether insu-
lin might have a direct effect on adipose tissue expandability, we
measured its effects on the formation of sprouts from tissue
explants ex vivo (Fig. 2A). This approach is advantageous in that
factors that strongly influence angiogenic growth, such as oxy-

FIGURE 1. Time course of epididymal fat pad expansion in response to ND or HFD feeding. Body weight (A), epididymal fat pad weight (B), and mean
adipocyte size (C) are given at the indicated time points after initiation of diets in 5-week-old mice. Points represent the mean and S.E. of eight mice per
condition. Statistical significance was assessed by two-tailed paired t tests for each group. *, p � 0.05; **, p � 0.01; ***, p � 0.001; ****, p � 0.0001. Comparison
of the size distribution of adipocytes at 3 weeks (D), 7 weeks (E), and 11 weeks (F) of HFD feeding compared with ND is shown. G, size distribution of adipocytes
at 3, 7, and 11 weeks of ND or HFD feeding. Arrows point to appearance of peaks in lower and higher size bins after 11 weeks of HFD.
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gen tension and key pro-angiogenic growth factors such as
VEGF, are normalized, thus exposing the role of other factors,
as well as adipose tissue-intrinsic mechanisms that regulate
expandability. Both the percent of explants out of the total
number embedded displaying any sprouting activity (Fig. 2B)
and the mean number of sprouts per explant (Fig. 2C) were
quantified. Insulin caused a significant increase in the percent
of explants from ND-fed mice displaying any degree of sprout-
ing (Fig. 2B). In addition, the number of sprouts emerging from
each explant was stimulated by insulin (Fig. 2C).

To determine whether the effect of insulin in vitro is influ-
enced by changes in insulin sensitivity in vivo, 28-week-old
mice were treated with the insulin-sensitizer rosiglitazone for
14 days prior to sacrifice. Although the mechanisms by which
rosiglitazone increases in vivo insulin sensitivity are not entirely
clear, one possibility is that, by promoting adipose tissue expan-
sion, it could mitigate lipotoxicity (30). Rosiglitazone treatment
in vivo enhanced the effects of insulin ex vivo to increase the
percentage of explants sprouting (Fig. 2D) and the number of
sprouts per explant (Fig. 2E). Thus, these results further vali-
date the ex vivo sprouting assay as a surrogate for in vivo adipose
tissue growth and support the hypothesis that insulin can
directly stimulate expansion of the adipose tissue stromovascu-
lar network.

Elevated circulating insulin can be detected almost immedi-
ately after initiation of HFD (31). If insulin indeed can stimulate
adipose tissue expandability, HFD feeding would be expected to
result in enhanced sprouting. Indeed, a progressive increase in
the percentage of explants developing sprouts (Fig. 3B), as well
as the number of sprouts per explant (Fig. 3C), was seen in
response to HFD, even in the absence of insulin. By 30 weeks of
HFD, around 80% of explants displayed sprouting in the
absence of insulin and virtually 100% in its presence, and the
number of sprouts per explant was still significantly increased
by insulin. As seen in mice on ND, rosiglitazone treatment for
the 14 days preceding sacrifice led to a significant enhancement
of the effects of insulin; the percentage of explants sprouting
reached a maximal possible level at 30 weeks (Fig. 3D); and the
number of sprouts per explant was increased in tissue from
rosiglitazone-treated animals (Fig. 3E). These results indicate
that a strong pro-angiogenic environment is generated in adi-
pose tissue during HFD feeding, which is enhanced by insulin
sensitization, consistent with a direct effect of insulin on adi-
pose tissue stromovascular expansion.

Paradoxically, the pro-angiogenic response seen ex vivo did
not seem to translate into enhanced vascularization of the tis-
sue, as immunohistochemistry of epididymal fat pads using the
endothelial cell marker CD31 (Fig. 4A) revealed a net decrease

FIGURE 2. Effect of insulin on sprouting from adipose tissue of ND-fed mice. A, representative images of adipose tissue explants embedded in Matrigel and
incubated in the absence (top) and in the presence (bottom) of insulin, visualized at day 14 post-embedding. B, effect of insulin on the percent of explants
displaying capillary sprouts after 14 days in culture. C, effects of insulin on the average number of capillary sprouts formed by explants that displayed sprouting.
The value assigned to no added insulin was 5 nM, which is contributed by 10% FBS in the growth medium. Statistical significance of the difference between no
added insulin and insulin was assessed by two-tailed paired t tests. *, p � 0.05; **, p � 0.01, n � 4. Effects of 2-week rosiglitazone (Rosi) treatment initiated at
28 weeks of ND on the percent of explants displaying capillary sprouts (D) and the number of sprouts per explant (E). *, p � 0.05; **, p � 0.01 compared with
no added insulin; #, p � 0.05 versus no rosiglitazone, n � 3.
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in the number of capillary lumens detected per adipocyte at
25–30 weeks of HFD (Fig. 4B). To further understand this dis-
crepancy, we analyzed tissue fragments using whole mount
staining, which allows a more comprehensive analysis of capil-
lary network organization. A continuous and dense network of
capillaries labeled with IB4 was observed in tissue fragments
from ND-fed mice at all ages (Fig. 5A, top panels). In contrast,
after only 5 weeks of HFD, a striking qualitative change in the
capillary network was detected, where capillaries appeared
thinner and fragmented (Fig. 5A, bottom panels). These

changes in capillary length and thickness were unrelated to the
size of adipocytes, as the capillaries in tissue from 25-week-old
ND-fed mice, which contained adipocytes comparable in size to
those in 5–15-week-old HFD-fed mice, appeared normal (Fig.
5B). The decreased thickness and fragmentation of the vascular
network may explain the apparent decrease in capillary density
seen by immunohistochemistry, where small diameter vessels
may be poorly detected. In addition to the marked fragmenta-
tion of the vascular network, free IB4-stained cells could be seen
in tissue from HFD-fed mice. These correspond to macro-

FIGURE 3. Effect of HFD and rosiglitazone treatment on basal and insulin-stimulated sprout formation. A, representative images of adipose tissue
explants from mice fed HFD for 18 weeks, embedded in Matrigel, and incubated in the absence (top) and presence (bottom) of 170 nM insulin, visualized at day
14 post-embedding. B, effect of insulin and HFD on the percent of explants displaying capillary sprouts after 14 days in culture. C, effects of insulin on the
average number of capillary sprouts formed by explants that displayed sprouting. *, p � 0.05; **, p � 0.01; ***, p � 0.001; ****, p � 0.0001 compared with no
added insulin. #, p � 0.05; ##, p � 0.01; ####, p � 0.0001 compared with 3-week value. Effects of 2-week rosiglitazone (Rosi) treatment initiated at 28 weeks of
HFD on the percent of explants displaying capillary sprouts (D) and the number of sprouts per explant (E). *, p � 0.05; ****, p � 0.0001 compared with no insulin;
#, p � 0.05 compared with no rosiglitazone. Data represent the means and S.E. from four mice. Statistical significance was assessed by two-tailed paired t tests.

FIGURE 4. Time course of changes in capillary density in response to HFD. A, representative images of anti-CD31 immunohistochemistry of epididymal
adipose tissue from ND- (top) or HFD (bottom)-fed mice at 7 (left panels) or 25 (right panels) weeks after diet initiation. B, mean and S.E. of capillary lumens per
adipocyte assessed by immunohistochemistry. Values were derived from analysis of five fields per section, from two independent sections per mouse derived
from four independent mice. Statistical significance was assessed by two-tailed paired t tests. *, p � 0.05; **, p � 0.01.
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phages, as established by double staining with F4/80 (Fig. 5C).
This finding is consistent with reports of activated macrophage
reactivity to IB4 (32) and of macrophage infiltration into adi-
pose tissue of HFD-fed mice (33). These results suggest that the
pro-angiogenic effect of HFD, clearly revealed ex vivo, may be
undermined by pathological responses to HFD, which disrupt
capillary integrity, causing hypoxia and inflammation (34, 35).

To further explore molecular mechanisms involved in adi-
pose tissue expandability, and in particular those stimulated by
insulin, we generated cDNA databases from mice fed ND or
HFD for 23 weeks, and treated or not with rosiglitazone for 2
weeks before sacrifice. All arrays were conducted using tripli-
cate samples from three independent mice. Signals lower than
50 in all sets were eliminated. Significant differences in gene
expression between conditions were identified as described
under “Experimental Procedures.” Databases were then que-
ried for genes matching the pattern of insulin-stimulated cap-

illary outgrowth as seen in Fig. 6, where sprouting potential was
expressed as the product of the number of sprouts per explant
and the percent of explants sprouting, i.e. we searched for genes
that would be progressively increased or decreased relative to
ND levels by rosiglitazone, HFD, and HFD plus rosiglitazone.
Of all the hybridizing probe sets detected in samples from
ND-fed mice (Table 1, 1st line), less than 10% was found to be
expressed at a higher (Table 1, 2nd line) or lower (Table 1, 5th
line) level in samples from rosiglitazone-treated ND-fed mice.
Of these, 10 –20% were expressed at a higher (Table 1, 3rd line)
or lower (Table 1, 6th line) level in samples from HFD-fed mice.
Strikingly, of the probe sets concordantly affected by rosiglita-
zone and HFD, only very few (Table 1, 4th and 7th lines) were
further increased or decreased in samples from HFD-fed mice
treated with rosiglitazone. This finding is consistent with the
finding that many of the gene expression changes associated
with HFD are related to increased inflammation and insulin

FIGURE 5. Effect of HFD on adipose tissue capillary network integrity. A, maximal intensity projections of 25 image stacks acquired at 10-�m intervals
(250-�m thickness) of IB4-stained fragments of adipose tissue from mice fed ND or HFD (top or bottom panels, respectively) for 5, 15-, or 30 weeks (left, middle,
and right panels, respectively). B, superimposition of images in A over corresponding Bodipy-stained images. C, optical section through a fragment of adipose
tissue from 18-week HFD-fed mouse double-stained with IB4 (left panel) and antibody to F4/80 (middle panel). Right panel is the overlap of IB4 and F4/80. Arrows
point to examples of a single cells positive for both IB4 and F4/80.
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resistance, both of which are reversed by rosiglitazone (data not
shown). Thus, very few genes are regulated in a manner corre-
lated with observed ex vivo sprouting. Table 2 depicts the iden-
tity of the genes identified by the probes within this set and their
expression levels under each condition.

Of the genes identified by this analysis, IGFbp4 has been
directly implicated in angiogenesis, specifically involved in the
regulation of tumor vascularization (36). Thus, the role of this
protein in adipose tissue expandability was further investigated.
Quantitative RT-PCR analysis to determine IGFbp4 mRNA
expression levels was conducted on whole adipose tissue from
an independent cohort of mice fed ND or HFD for 8, 15, and 25
weeks. A significant decrease in expression was seen at 15
weeks of HFD, and levels remained decreased relative to ND at
25 weeks (Fig. 7A). In contrast, macrophage infiltration, esti-
mated from the expression levels of Emr-1 and CD68, was
increased by HFD (Fig. 7, B and C). To determine whether
mRNA levels correlated with the protein levels of IGFbp4, we
analyzed whole tissue extracts by Western blotting. IGFbp4
protein levels were significantly decreased as early as 5 weeks of
HFD compared with ND (Fig. 7, D and E). Moreover, the levels
of IGFbp4 decreased with the age of the mouse, paralleling the
trend seen in message levels.

To determine whether IGFbp4 directly influences sprouting,
we examined the effect of recombinant protein. At 0.5 �g/ml,
which corresponds to average levels detected in serum (37),
IGFbp4 completely suppressed the effect of insulin to stimulate
sprouting in tissue from HFD-fed mice and significantly miti-
gated the effect of the HFD itself (Fig. 7F). These results suggest
that IGF-1 plays an important role in stimulating stromovascu-
lar expansion in response to insulin. To test this hypothesis, the
level of IGF-1 in the culture media was measured at day 1
(media in contact with explants from time 0 to 24 h post-em-
bedding) and day 3 (in contact with explants from 48 to 72 h
after embedding). Insulin caused a dose-dependent increase in
the concentration of IGF-1 in the media (Fig. 7G).

To further define the contribution of IGF-1, we analyzed the
effects of IGF-1 or IGF-2 to stimulate sprouting (Fig. 8A).
Explants from mice maintained for 8 weeks on HFD were
exposed to increasing concentrations of the growth factors.
Increased sprouting in response to both IGF-1 and insulin was
seen starting at concentrations of �15 nM, but the effect of
IGF-2 was not consistently seen. Moreover, IGFbp4 suppressed
the effects of both insulin and IGF-1.

To begin to understand the mechanism by which IGF-1 stim-
ulates sprouting, we analyzed the levels of IGF-1 and insulin
receptors present in the tissue (Fig. 8B). Western blotting
revealed the presence of both insulin and IGF-1 receptors in the
explanted tissue, but IGF-1 receptors were not detected in iso-
lated adipocytes, suggesting they are predominantly localized
to the stromovascular fraction. Staining of tissue explants with
antibodies that detect phosphorylated IGF1 and insulin recep-
tors resulted in labeling of cells along the vasculature, identified
by concomitant IB4 staining (Fig. 8C). In some fields, strongly
stained cells displaying long projections residing outside the
vasculature were also detected. We could not detect differences
in the staining pattern after insulin stimulation, but the quali-
tative nature of these experiments cannot rule out possible
quantitative differences in levels of phosphorylation or the
number of phosphorylated receptors in response to stimula-
tion. Together, these results are consistent with the hypothesis
that, through increased circulating levels of insulin, stimulated
production of IGF-1, and reduced tissue levels of IGFbp4, high
calorie feeding could result in rapid IGF-1-mediated expansion
of adipose tissue vasculature (Fig. 8D).

To determine whether similar mechanisms operate in
humans, we examined the effects of IGFbp4 on human subcu-
taneous adipose tissue explants. For reasons that remain

FIGURE 6. Effects of HFD and rosiglitazone on insulin-stimulated sprout
formation. Sprouting potential ((number of sprouts/explant)(% of explants
sprouting)) of explants derived from mice fed ND or HFD for 30 weeks and
treated without or with rosiglitazone (Rosi) for 2 weeks starting at 28 weeks of
diet feeding. Statistical significance was assessed by two-tailed paired t tests.
**, p � 0.01; ****, p � 0.0001 compared with ND; #, p � 0.05 compared with
HFD.

TABLE 1
Number of probes changing concordantly with ex-vivo sprouting
R indicates rosiglitazone.

Condition No. of probes

All 17,953
ND � ND �R 1072
ND � ND � R � HFD 110
ND � ND �R � HFD � HFD�R 6
ND 	 ND � R 1499
ND 	 ND � R 	 HFD 345
ND 	 ND �R 	 HFD 	 HFD �R 5

TABLE 2
Identity and expression levels of genes correlated with sprouting
ROSI is rosiglitazone.

Gene name
Gene

symbol ND
ND �
ROSI HFD

HFD �
ROSI

Fatty acid desaturase 3 Fads3 4160 6146 7540 8191
Thymosin, �10 Tmsb10 1292 1579 2161 2839
mTOR-binding protein Depdc6 580 870 1553 2403
RAS-like, family 12 Rasl12 65 156 330 420
Aspartate-�-hydroxylase Asph 1761 1333 1165 854
IGF-binding protein 4 Igfbp4 899 522 333 234
Protein phosphatase 1B Ppm1b 571 443 399 333
Adenylate cyclase-

activating polypeptide 1
receptor 1

Adcyap1r1 398 251 100 84
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unclear, sprouting from human explants was much higher than
that seen in explants from mouse tissue (Fig. 9A, compare with
Fig. 2A). Nevertheless, there was a good correlation between
capillary outgrowth from human subcutaneous adipose tissue
and fasting insulin levels (Fig. 9B) and circulating triglycerides
(Fig. 9C), suggesting that, as in mice, the effects of high caloric
intake persist and are reflected under ex vivo culture conditions.
Sprouting from human adipose tissue was suppressed by
recombinant IGFbp4 (Fig. 9D), consistent with a similar role for
this protein in human and mouse adipose tissue expandability.

DISCUSSION

Healthy expansion of adipose tissue requires growth and
proliferation of adipocytes and concomitant growth of their
stromovascular support network. How these events are coordi-

nated during development and during the onset of obesity
remains unclear. Several studies have reported that adipose tis-
sue expansion in response to HFD is accompanied by hypoxia,
which could potentially elicit pro-angiogenic signaling and a
subsequent expansion of the capillary network (35). However,
hypoxia signaling in adipose tissue appears to result in fibrosis,
rather than in angiogenesis (15, 38). An alternative possibility is
that expansion of the adipose tissue capillary network is trig-
gered by factors that accompany excessive energy consump-
tion. These could include persistently elevated circulating insu-
lin, lipids, or other factors increased by excess caloric intake.

Using an ex vivo assay that measures the formation of adipose
tissue stromovascular networks, here we find that insulin
directly stimulates adipose tissue sprouting. Moreover, this
effect parallels in vivo insulin sensitivity, as it is enhanced by

FIGURE 7. Expression levels and effects of IGFbp4 on sprout formation. Expression levels of IGFbp4 (A), Emr-1 (B), and CD68 (C) mRNAs in adipose tissue from
mice maintained on ND or HFD for the indicated length of time. Statistical significance of the difference between ND and HFD was assessed by two-tailed paired
t tests **, p � 0.01; ***, p � 0.005. D, representative Western blots from whole tissue extracts from mice on ND or HFD for the weeks indicated probed with
antibodies to IGFbp4 or actin. E, quantification of data in D, showing mean and S.E. of four independent experiments. F, sprouting potential ((number of
sprouts/explant)(% of explants sprouting)) of explants derived from mice maintained on ND or HFD for 25 weeks and cultured in the presence or absence of
insulin and 0.5 �g/ml IGFbp4 as indicated. Statistical significance was assessed by two-tailed paired t tests as indicated. *, p � 0.05; **, p � 0.01; ***, p � 0.005;
****, p � 0.0001. G, production of IGF-1 by explants. The supernatant from 20 wells per experiment from four independent experiments was pooled and
analyzed for IGF-1 content. Statistical significance was assessed by one-way analysis of variance and the Krustal-Wallis test with Dunn’s correction for multiple
comparisons *, p � 0.05; ***, p � 0.005.
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treatment of mice with rosiglitazone, and the elevated circulat-
ing insulin elicited by HFD. These results are consistent with a
mechanism by which expansion of the adipose tissue capillary
network is triggered by metabolic factors. This mechanism
would allow the expansion of the stromovascular network to
occur in parallel with adipocyte growth, preventing the devel-
opment of hypoxia, and subsequent compromised adipose tis-
sue function. Insufficiency of this mechanism could enhance
the risk of hypoxia, fibrosis, and metabolic disease.

In addition to insulin, HFD feeding also resulted in a marked
increase in sprouting. This effect may be due to the hyperinsu-
linemic conditions that are elicited by HFD. Another possibility

considered was the effect of macrophages, which invade adi-
pose tissue of HFD-fed mice and have been reported to play a
pro-angiogenic role (7, 39). However, treatment of HFD-fed
mice with rosiglitazone decreases macrophage infiltration and
yet enhances capillary sprouting. Thus, a direct correlation
between macrophage content and sprouting is not found.

To discern possible mechanisms underlying the effects of
insulin and HFD to stimulate adipose tissue expandability, we
turned to global gene expression analysis. This analysis was
facilitated by the unusual pattern of insulin responsiveness seen
in ex vivo sprouting, which is enhanced both by rosiglitazone
and HFD. This unusual pattern greatly decreased the number of

FIGURE 8. Effect of IGF-1 on sprout formation. A, effects of insulin, IGF-1 and IGF-2, and of IGFbp4 on the percent of explants displaying capillary sprouts after
14 days in culture. Statistical significance of the difference from no treatment was calculated by one-way analysis of variance corrected for multiple compar-
isons (Holm-Sidak). **, p � 0.005; ****, p � 0.0001. B, Western blotting for IGF-1 receptor (top panel) and insulin receptor (bottom panel) � subunits in tissue from
8-week ND- and HFD-fed mice. a indicates lane with extract from isolated adipocytes. C, whole mount staining of adipose tissue after 24 h of incubation in the
absence (top panels) or presence (bottom panels) of 150 nM insulin. Arrows highlight regions of coincidence between phosphorylated receptors and IB4
staining. Arrowhead points to cell outside the vascular wall. D, model for interaction between high fat diet, insulin, and IGFbp4 to enhance adipose tissue
growth.
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genes correlated with this response, as rosiglitazone treatment
counteracts many of the changes in gene expression induced by
HFD, which are dominated by genes associated with inflamma-
tion. A much smaller number of genes change concordantly
with HFD and rosiglitazone.

This approach identified IGFbp4 as a gene involved in adi-
pose tissue expandability. IGFbp4 is a member of a family of
secreted proteins that regulate the bio-availability and signaling
of IGF-1. IGFbp4 binds to IGF-1 and prevents its interaction
with the IGF-1 receptor, resulting in decreased mitogenic sig-
naling. We find that both mRNA and protein levels of IGFbp4
decrease with age-associated, rosiglitazone-associated, and
HFD-induced adipose tissue expansion. This decrease in
IGFbp4 levels could lead to enhanced bioavailability of locally
produced IGF-1 to stimulate endothelial and stromal cell
proliferation.

The possibility that the IGFbp4/IGF-1 signaling axis might
mediate the effects of insulin on expandability is supported by
the findings that IGF-1 directly stimulate sprouting and that
insulin directly stimulated production of IGF-1 by the tissue.
An effect of insulin to induce IGF-1 production in liver (40 – 42)
has previously been reported; moreover, trophic effects of insu-
lin have been attributed in some instances to IGF-1 production
(43), and insulin has been reported to increase IGF-1 synthesis
(44). Further experiments will be necessary to define the cells

that are the source of IGF-1 within adipose tissue and the mech-
anisms by which insulin increases its production.

Several mechanisms could be involved in the effects of insu-
lin and IGF-1 to stimulate the formation of capillary sprouts.
Acting through IGF-1 or hybrid IGF1/insulin receptors, insulin
and/or IGF-1 could have a direct effect on adipose tissue endo-
thelial cells. Indeed, the effects of insulin to stimulate endothe-
lial cell proliferation (45, 46) and VEGF production (47, 48)
have been reported and are consistent with our findings of acti-
vated receptors along the adipose tissue vasculature. Alterna-
tively, insulin and IGF-1 could stimulate other cells in the tis-
sue, including adipocytes, to produce pro-angiogenic factors.
However, the effect of insulin to stimulate sprouting was
enhanced in adipose tissue from mice fed HFD. Because adi-
pocytes from HFD-fed mice are less sensitive to insulin, these
results are consistent with an indirect and more complex effect
involving the bioavailability of IGF-1, specifically its regulation
by IGFbp4.

IGFbp4 has been directly implicated in the control of
regional adipose tissue development, being decreased in adi-
pose tissue depots that display enhanced adipogenic growth
(49). In other settings, IGFbp4 has been implicated in angiogen-
esis, as IGF-1-stimulated tumor endothelial cell proliferation
was blocked by recombinant IGFbp4 and a protease-resistant
form of IGFbp4 impaired tumor growth (36).

FIGURE 9. Effect of IGFbp4 on human adipose tissue sprout formation. A, explant from human subcutaneous adipose tissue embedded in Matrigel and
visualized after 5 (left) and 10 (right) days in culture. Average number of sprouts per explant from subcutaneous human adipose tissue explants plotted as a
function of donor’s fasting serum insulin (B) or circulating triglyceride concentration (C). D, effect of IGFbp4 on the average number of capillaries formed per
explant. In each case, �30 explants were cultured in the presence or absence of IGFbp4, and sprouting was assessed after 14 days. ***, p � 0.001. A p value of
0.037 was obtained in a one-tailed, paired Student’s t test comparing the mean of three individuals without or with IGFbp4.
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Other genes correlating with insulin-stimulated sprouting
represent components of signal transduction pathways
(Depdc6, Ras112, and Ppm1b), which have mostly not been
characterized in the context of adipose tissue expandability.
Interestingly, adipose tissue-specific Ppm1B knockout results
in enlarged adipocytes and impaired glucose tolerance (50),
consistent with a role for this protein in tissue remodeling
capacity.

An important question raised by our studies is why the stim-
ulation of adipose tissue capillary expandability in response to
HFD, evidenced by ex vivo sprouting, does not translate into
healthy adipose tissue expansion in vivo. In fact, HFD feeding
results in adipose tissue hypoxia, inflammation, and fibrosis,
and whole mount staining reveals extensive damage to capillary
integrity as early as 5 weeks after initiation of HFD feeding.
These results suggest that in vivo conditions, such as direct
effects of HFD components on endothelium (51), counteract
favorable pro-angiogenic expandability signals. Further exper-
iments in which ex vivo and in vivo conditions are compared
will allow us to better understand the causes of HFD-induced
vascular damage.

In summary, the work presented here suggest a model for the
coordinate expansion of adipocytes and the adipose tissue stro-
movascular network that occurs in response to excess caloric
intake. In this model, nutritional signals such as insulin regulate
the local production of IGF-1 and its binding protein IGFbp4 to
mediate capillary expansion. This mechanism can explain how
angiogenic expansion of adipose tissue can occur in the absence
of hypoxia-driven pro-angiogenic signals. Experiments in
human tissue are consistent with those seen in the mouse, sug-
gesting that this mechanism is likely to be conserved between
species. Factors that counteract this mechanism are likely to
enhance metabolic disease risk.
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