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Adipose Tissue Extracellular Matrix and Vascular
Abnormalities in Obesity and Insulin Resistance

Michael Spencer, Resat Unal, Beibei Zhu, Neda Rasouli, Robert E. McGehee, Jr.,
Charlotte A. Peterson, and Philip A. Kern

The Department of Medicine, Division of Endocrinology, and the Barnstable Brown Diabetes and Obesity
Center (M.S., R.U., B.Z., P.A.K.), and the College of Health Sciences (C.A.P.), University of Kentucky,
Lexington, Kentucky 40536; Division of Endocrinology, Metabolism, and Diabetes (N.R.), University of
Colorado Denver School of Medicine and Eastern Colorado Health Care System, Denver, Colorado
80220; and Department of Pediatrics (R.E.M.), University of Arkansas for Medical Sciences, Little Rock,
Arkansas 72205

Context: Insulin resistance is associated with inflammation, fibrosis, and hypoxia in adipose tissue.

Objective: This study was intended to better characterize the extracellular matrix (ECM) and vas-
cularity of insulin-resistant adipose tissue.

Design: Adipose expression of collagens, elastin, and angiogenic factors was assessed using real-
time RT-PCR and immunohistochemistry (IHC) in abdominal sc adipose tissue. Adipocyte-macro-
phage coculture experiments examined the effects of polarized macrophages on adipose ECM
gene expression, and the effects of collagens were measured in an angiogenesis assay.

Participants and Setting: A total of 74 nondiabetic subjects participated at a University Clinical
Research Center.

Interventions: Interventions included baseline adipose biopsy and measurement of insulin
sensitivity.

Main Outcome Measures: Outcome measures included characterization of vascularity and ECM in
adipose tissue.

Results: CD31 (an endothelial marker) mRNA showed no significant correlation with body mass
index or insulin sensitivity. In a subgroup of 17 subjects (nine obese, eight lean), CD31-positive
capillary number in obese was decreased by 58%, whereas larger vessels were increased by 70%,
accounting for the lack of change in CD31 expression with obesity. Using IHC, obese (compared
with lean) subjects had decreased elastin and increased collagen V expression, and adipocytes
cocultured with M2 macrophages had reduced elastin and increased collagen V expression. In
obese subjects, collagen V was colocalized with large blood vessels, and the addition of collagen
V to an angiogenesis assay inhibited endothelial budding.

Conclusions: The adipose tissue from obese/insulin-resistant subjects has fewer capillaries and
more large vessels as compared with lean subjects. The ECM of adipose tissue may play an important
role in regulating the expandability as well as angiogenesis of adipose tissue. (J Clin Endocrinol
Metab 96: E1990–E1998, 2011)
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Abbreviations: ASMA, Anti-� smooth muscle actin; BMI, body mass index; ECM, extra-
cellular matrix; HUVEC, human umbilical vein endothelial cells; MMP, matrix metallopro-
teinase; SI, insulin sensitivity index.
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The development of obesity is associated with insulin
resistance and chronic inflammation (1). There is

considerable variability in the relationship between obe-
sity and insulin resistance, with some individuals devel-
oping features of metabolic syndrome with only small de-
grees of weight gain (2).

Much attention has been focused on the adipose tissue
changes in inflammation and extracellular matrix (ECM)
that occurs with obesity (3, 4). Expansion of fat mass
occurs mainly through cellular hypertrophic mechanisms
leading to an increase in adipocyte size. With this expan-
sion, considerable tissue remodeling is required, involving
stromal cells, preadipocytes, immune cells, and endothe-
lial cells. The adipose tissue from obese, insulin-resistant
rodents and humans is characterized by an increase in
inflammatory macrophages and fibrosis and increases in
components of the ECM, including collagen VI and
thrombospondin (5–7).

One prevailing hypothesis surrounding the develop-
ment of adipose tissue inflammation predicts that adi-
pocyte enlargement results in failed microvasculature ex-
pansion, with subsequent hypoxia, adipocyte necrosis,
infiltration of macrophages, and a cycle of inflammatory
changes, adipokine secretion, and fibrosis (8–10). In sup-
port of the hypoxia hypothesis, several studies demon-
strated decreased tissue perfusion and decreased CD31-
positive labeled capillaries in obese tissue in mice and
humans (9, 11, 12). However, some studies suggest that
the obese adipose environment has proangiogenic fea-
tures. One study found little change in adipose blood flow
in obese Zucker rats and an increase in blood flow in the
GK diabetic rat (13). In another study, mice fed a high-fat
diet developed an increased number of newly created
blood vessels in sc fat (14).

Another hypothesis associated with the development of
adipose hypoxia concerns adipose tissue stiffness. If the
ECM surrounding adipocytes does not permit adequate
expansion, then adipocytes may be more susceptible to
necrosis, and angiogenesis may be impaired (15, 16). Pre-
vious studies have demonstrated increased expression of
some ECM proteins, including collagen VI and thrombos-
pondin, with obesity and insulin resistance (6, 7, 17). In
addition to generating stiffness, however, the ECM can
either promote or inhibit angiogenesis. Collagen IV, the
major basement membrane protein of blood vessels, in-
hibits the initial sprouting of vessels during angiogenesis,
and many other ECM components play a role in this pro-
cess (18). For angiogenesis to proceed, constant remodel-
ing of the ECM through proteolytic degradation of ECM
components by matrix metalloproteinases (MMP) is im-
portant, although the roles of MMP are complex, and

trials aimed at targeting MMP to inhibit angiogenesis for
tumor growth suppression have been disappointing (19).

In this study, we examined the vascular structures and
ECM properties of adipose tissue from insulin-sensitive
and insulin-resistant subjects. In insulin-resistant subjects,
we observed a decrease in capillary density but an increase
in larger blood vessels. A number of ECM components
were different in insulin-resistant subjects, including a de-
crease in elastin and an increase in collagen V. These
changes would be predicted to reduce compliance of ad-
ipose tissue and inhibit angiogenesis.

Subjects and Methods

Human subjects
Subcutaneous abdominal adipose tissue from 74 subjects

were analyzed for this study. The participants signed consent
forms approved by the Institutional Review Board from either
the University of Arkansas for Medical Sciences or the University
of Kentucky, and some of these subjects’ samples were analyzed
as part of previous studies. No participants had any significant
medical history, none were diabetic, and none were taking med-
ications likely to change adipocyte metabolism. All participants
underwent an abdominal adipose biopsy through a 3-cm inci-
sion, without suction (depth 1–2 cm), and a measurement of
insulin sensitivity using the frequently sampled iv glucose toler-
ance test, as described previously (6, 20). Of the 74 participants,
five had either impaired glucose tolerance or impaired fasting
glucose, and 64 were women. The mean body mass index (BMI)
was 30.1 (range 19–40) kg/m2 and the mean insulin sensitivity
index (SI) was 3.79 (range, 0.97–15.2) � 10�4 min�1/�U/ml) .
For histochemistry and immunohistochemical analysis, a sub-
group of the above 74 subjects was studied. This subgroup was
representative of the larger group in age and gender and included
eight lean subjects [mean BMI � 24 (range 20–28) kg/m2; mean
SI � 6.2 (range 2.67–13.6) � 10�4 min�1/�U/ml] and nine obese
subjects [mean BMI � 36 (range 32–40) kg/m2; mean SI � 1.8
(range 0.97–2.93) � 10�4 min�1/�U/ml]. Both groups included
two males, and there was no significant difference in age. In
addition to the differences between groups in BMI and SI, the
obese group had higher fasting triglycerides (obese 1.81 mmol/
liter, lean 0.80 mmol/liter, P � 0.05) and a nonsignificant trend
toward a higher fasting glucose (obese 5.0 mmol/liter, lean 4.7
mmol/liter, P value not significant) and lower high-density lipo-
protein (obese 1.3 mmol/liter, lean 1.6 mmol/liter, P value not
significant). Four of the obese subjects had impaired glucose
tolerance.

RNA isolation and real-time RT-PCR
RNA was isolated from tissue and cells using RNAeasy Lipid

Tissue Mini (QIAGEN, Valencia, CA), and RNAqueous phenol-
free total RNA kit (Ambion, Austin, TX), respectively. Real-time
RT-PCR was performed as described previously (21), using 18S
RNA as a standard. Pooled cDNA from the samples being as-
sayed were used to construct standard curves. Hence the data
accurately compare samples within each assay and are expressed
as arbitrary units. The primer sequences are listed in Supplemen-
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tal Table 1 (published on The Endocrine Society’s Journals On-
line web site at http://jcem.endojournals.org).

Histochemistry
Adipose tissue samples were placed in Bouin’s fixative, par-

affin embedded, and subsequently cut into 5-�m-thick sections
and processed as described previously (6).

To detect elastin, slides were placed in a solution containing
hematoxylin, ferric chloride, and Weigert’s iodine. For collagen,
slides were stained pink with Van Gieson solution. For quanti-
fication, sections were photographed using a Nikon Eclipse 55i
microscope fitted with a DSRiL digitial camera. Each section was
photographed using the �4 objective, and the field of view was
moved to the right, retaining 20% of the first field until the entire
section was photographed. The NIS-Elements software stitching
algorithm was used to produce a single large composite picture.
Images were quantified using NIH ImageJ. The background was
subtracted from each image, the image threshold was set to iden-
tify the stained areas, and the area of stain to total area was
calculated and expressed as percentage of total area.

Immunohistochemistry
Paraffin sections were prepared as described previously (6).

After blocking with 2% horse serum, primary collagen antibod-
ies were incubated at a dilution of 1:50 for 1 h and then rinsed
and incubated with peroxidase-conjugated secondary antibody
contained in Vector Laboratories (Burlingame, CA) Immpress
kits. Collagen V (Santa Cruz Biotechnology, Santa Cruz, CA;
sc20648) was detected with a rabbit polyclonal antibody to
COL5A1 (collagen � 1 type V) protein. Additional collagens
detected were collagen I (Santa Cruz Biotechnology; sc59772),
collagen II (Santa Cruz Biotechnology; 59958), collagen III
(Santa Cruz Biotechnology; sc28888), and collagen IV (Santa
Cruz Biotechnology; sc59814). For fluorescent images, Alexa
Fluor-conjugated secondary antibodies were used. NIH ImageJ
was used to quantify the area of collagen for each section.

An antibody to the endothelial cell marker CD31 (22) (Santa
Cruz Biotechnology; SC1506) was used to label blood vessels.
Similar staining was obtained using antibodies to von Wille-
brand factor and to lectin-tetramethylrhodamine isothiocyanate
(data not shown) (9). To differentiate between capillaries and
small vessels, double staining was performed with CD31 and
anti-� smooth muscle actin (ASMA) (Santa Cruz Biotechnology;
SC130616). Alexa Flour-conjugated secondary antibodies were
used for visualization. Cellular structures positive for CD31 only
were counted as capillaries. CD31-stained structures exhibiting
ASMA staining were counted as a blood vessel. The number of
capillaries or vessels were normalized both to the number of
adipocytes and to the area being measured and were counted in
fibrotic and nonfibrotic areas. A nonfibrotic location contained
adipocytes and was at least three adipocyte cell diameters from
fibrosis visualized by collagen staining, and a fibrotic area was
defined as vessels within fibrotic material or within three adi-
pocyte cell diameters of fibrosis.

Angiogenesis assay
An endothelial tube formation assay (CBA-200; Cell Biolabs,

San Diego, CA) was used to determine whether collagens af-
fected angiogenesis. ECM gel prepared from Engelbreth-Holm-
Swarm (EHS) tumor cells was plated into 96-well plates and
incubated at 37 C to allow a three-dimensional gel matrix to

form. Human umbilical vein endothelial cells (HUVEC((Invit-
rogen, Carlsbad, CA; C00325PA) were plated at a density of
50,000 per well. Collagen I (Sigma Chemical Co., St. Louis, MO;
C7774-5MG, human placenta) and collagen V (Sigma; C3657-
5MG, human placenta) were suspended in 1% acetic acid and
added in soluble form 30 min after HUVEC were plated. The
number of branch points in each well was scored and normalized
to total area.

Tissue culture with adipocytes and polarized
macrophages

Polarized THP-1 cells, induced to differentiate into M1, M2a,
and M2c macrophages, were cocultured with human adipocytes
derived from stem cells (23), as described previously (6). After
24 h coculture, the wells (macrophages) and the inserts (adi-
pocytes) were separated, and RNA was extracted.

Statistical analysis
All data from samples were expressed as mean � SEM. Stu-

dent’s two-sample t tests were used to compare groups with
respect to continuous variables. Pearson’s correlation coeffi-
cients were used to describe the linear association between vari-
ables. SI was not normally distributed and therefore was ana-
lyzed on a log scale.

Results

Adipose tissue vascularity
Previous papers have suggested that the adipose tissue

of obese rodents and humans is hypoxic, demonstrating
decreased capillary density (9, 11, 24). We examined gene
expression of CD31 in adipose tissue from nondiabetic
subjects covering a range of BMI and SI, expecting to see
a decrease in expression in obese, insulin-resistant subjects
due to a decrease in capillaries. However, we found that
CD31 was not associated with BMI or SI, and VEGF
mRNA was only weakly associated with BMI (Supple-
mental Table 2).

To better examine adipose tissue vascularity, we used
immunofluorescence to assess the number, location, and
characteristics of blood vessels in adipose tissue from eight
lean, insulin-sensitive subjects and eight obese insulin-
resistant subjects, and representative images are shown in
Fig. 1. Larger blood vessels can be distinguished from cap-
illaries based on the presence or absence of the ring of
ASMA surrounding the endothelial staining (stained with
CD31). The number of capillaries and larger vessels were
counted and normalized to either adipocyte number or
tissue area (Fig. 1F). When compared with lean subjects,
obese subjects demonstrated decreased numbers of capil-
laries and increased numbers of larger vessels. This pattern
was similar regardless of whether the data were expressed
per adipocyte or total area. Adipose fibrosis plays an im-
portant role in insulin resistance, and we analyzed capil-
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laries and large vessels relative to fibrosis, as described in
Subjects and Methods. In obese subjects, both fibrotic and
nonfibrotic areas containedapproximately equalnumbers
of large vessels and capillaries (Fig. 1G). Lean subjects
have much less fibrosis, but even the fibrotic areas con-
tained mostly capillaries.

ECM in adipose tissue
The difference in the relative abundance of large vessels

and capillaries between lean and obese individuals could
be due to changes in the ECM of the adipose tissue, which
can affect endothelial cell sprouting and vessel extension.
One ECM component that was differentially expressed
between obese and lean subjects was elastin. As shown in
Fig. 2, elastin was found to be abundant in lean subjects’
adipose tissue, especially in the fibrotic areas, although
some elastin was also found associated with adipocytes in

the nonfibrotic areas. In obese subjects,
however, the amount of elastin protein
was lower, and the elastin fibrils were
not as long and filamentous as in lean
subjects. Quantificationofelastinstaining
showed that adipose tissue from obese
individuals had less than 6% total elas-
tin content (normalized to total area)
compared with approximately 12% in
lean individuals (Fig. 2E). In addition,
the elastin protein level was signifi-
cantly associated with insulin sensitiv-
ity (SI: r � 0.49; n � 17; P � 0.05).
Despite this significant relationship be-
tween elastin protein, however, there
was no significant relationship between
elastin mRNA levels and either BMI or SI

(Supplemental Table 2).
Adipose collagen VI is increased in

obese subjects (6, 7), and the subjects in
this study also demonstrated significant
correlations between collagen VI and
obesity (Supplemental Table 2). Colla-
gens I, III, IV, VII, VIII, and X were all
expressed by adipose tissue and by adi-
pocytes in culture, whereas collagens II
and IX were expressed at very low lev-
els. Although there were no significant
differences between lean and obese sub-
jects in the expression of these collagens
(data not shown), collagen V was dif-
ferentially expressed at both the RNA
and protein levels. Figure 3B shows a
representative image of collagen V ex-
pression in adipose tissue from an obese
individual. Collagen V was abundant in

fibrotic areas as well as in large blood vessels; collagen V
preferentially accumulated in obese subjects (Fig. 3C), and
there was a significant inverse relationship between col-
lagen V protein and SI (r � �0.52; n � 17; P � 0.05).
Figure 3A shows collagen IV staining for comparison. Col-
lagen IV is a component of basement membranes and in
adipose tissue was noted to encircle both adipocytes and
the endothelial cell layer of vessels. Collagen IV was not
present in fibrotic areas and was not altered with obesity.
Using RNA isolated from adipose tissue of 74 subjects, cov-
ering a wide range of BMI and insulin sensitivity, we found
a significant inverse relationship between collagen V expres-
sion and SI, suggesting insulin-resistant subjects have higher
levels of collagen V (Fig. 3D and Supplemental Table 2).

To better define the relationship between collagen V,
blood vessels, and insulin resistance, we used immunoflu-

FIG. 1. Identification of blood vessels in lean and obese adipose tissue. Obese (A–D) and lean
(E) adipose tissue samples were immunoreacted with antibodies to CD31 (B, green) to identify
endothelial cells and ASMA (A, red) to delineate the vessel wall, overlaid in D. C, The bright-
field overlay of the same image. In the merged images from a representative obese (D) and
lean (E) subject, larger blood vessels (arrowheads) are recognizable because they accumulate
both ASMA and CD31. Capillaries are small and display only endothelial cell staining (arrows).
Magnification, �200; bar, 125 �m. F, Images from obese and lean subjects were scored for
the number of capillaries and larger vessels, as described in Subjects and Methods, and
normalized to cross-sectional area. Vessels are defined as structures that stained with CD31
and ASMA, and capillaries stained for only CD31. G, The areas containing the capillaries and
vessels were categorized as fibrotic and nonfibrotic. *, P � 0.05 vs. lean.
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orescence to label both ASMA and collagen V, and the
typical staining patterns for collagen V in lean and obese
subjects are shown in Fig. 4. The large blood vessels in lean
subjects expressed low levels of collagen V, with only a
very thin band of collagen V staining just below the en-
dothelial basement membrane and also within the ECM
surrounding the vessel. However, a thick band of collagen
V was localized to the large vessels of obese subjects and
extended from the endothelial basement membrane to the
outer vessel wall. This thick band of collagen V staining
was present in 80% of large blood vessels in obese adipose
tissue.

In vitro analysis of ECM expression
To understand the interactions between adipocytes and

macrophages in the expression of both elastin and colla-
gen V, we used an in vitro coculture system involving
human adipocytes and polarized M1, M2a, and M2c
macrophages, as described in Subjects and Methods. Mac-
rophages expressed very low levels of elastin and collagen
V (data not shown), and the gene expression profiles in
adipocytes are shown in Fig. 5. Collagen V was expressed
in human adipocytes, and coculture with M2a and M2c
macrophages resulted in an increase in collagen V expres-
sion (Fig. 5A). Coculture with M2a and M2c macrophages

resulted in decreased elastin expression by adipocytes (Fig.
5B). Because most of the macrophages in obese human
adipose tissue are M2 macrophages (6), these experiments
suggest that the chronic low-grade inflammatory environ-
ment comprised of M2 macrophages affects the expres-
sion of ECM components by adipocytes.

ECM effects on angiogenesis
Previous studies have suggested that collagen V may

disrupt endothelial adherence to vascular structures (25).

FIG. 3. Collagen V localizes to fibrotic areas and large vessels. The
immunohistochemical staining pattern of collagens IV (A) and V (B) are
shown. Collagen IV, a basement membrane protein, was most
abundant in blood vessels (arrowheads) and surrounding adipocytes
(arrow) and was seldom found in fibrotic areas (asterisk) within the
adipose tissue section. In contrast, collagen V was very abundant in
fibrotic areas (asterisk) and surrounding blood vessels (arrowheads).
Magnification, �200; bar, 125 �m. C, Quantification of collagen V
staining in lean and obese (BMI � 27 kg/m2) subjects. D, Relationship
between collagen V mRNA abundance and SI. *, P � 0.05.

FIG. 4. Collagen V localization in large vessels in obese subjects.
Adipose tissue sections from lean (A–C) and obese (D–F) subjects were
immunoreacted with antibodies against ASMA (B and E, green) and
collagen V (C and F, red) to localize collagen V to blood vessels in
merged images (A and D). Vessels from lean subjects exhibited very
little collagen V accumulation. Vessels from obese subjects contained
significantly more collagen V. In most vessels in obese subjects,
collagen V could be seen to extend from the endothelial basement
membrane to the outer edges of the vessel. Magnification, �200; bar,
125 �m.

FIG. 2. Elastin expression in adipose tissue. Adipose elastin was
visualized with a histochemical stain, as described in Subjects and
Methods. Representative fibrotic (A) and nonfibrotic (C) areas of a lean
subject are compared with fibrotic (B) and nonfibrotic (D) areas from
an obese subject. Elastin was present in fibrotic areas and to a lesser
extent in nonfibrotic areas of lean subjects. Obese subjects exhibited
much less elastin staining. Magnification, �200; bar, 125 �m. E, The
amount of elastin was quantified as described in Subjects and
Methods, and total elastin in lean and obese subjects is shown,
expressed as a percentage of total area. *, P � 0.05.
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We hypothesized that elevated collagen V surrounding
adipose vessels may contribute to decreased angiogenesis
and examined the effects of collagen V on endothelial pro-
liferation in an in vitro angiogenesis assay. HUVEC were
layered onto a proangiogenic ECM in the presence or
absence of collagens I, III, and V in the medium, and the
number of endothelial branch points were counted as an
indicator of angiogenesis. As shown in Fig. 6, the ad-
dition of collagen I or III had no effect on angiogenesis.
However, the addition of increasing concentrations of
collagen V led to a dose-dependent decrease in angio-
genesis. These data suggest that the adipocyte produc-
tion of collagen V may contribute to the decrease in
vascularity of adipose tissue.

Discussion

Many studies have highlighted the changes in adipose tis-
sue that occur with obesity and insulin resistance, which
include macrophage infiltration, adipokine expression, al-
tered expression of ECM proteins, and evidence for hyp-
oxia (10, 16, 26). However, the precise sequence of events
and the relative predominance of any one process are un-
clear. The use of rodent models of insulin resistance or
obesity has identified many of these changes in adipose
tissue. For example, adipose tissue inflammation and mac-
rophage infiltration can be reduced through genomic de-
letion of the TNF� receptor or MCP1 (monocyte chemot-
actic protein-1) (or its receptor) (27–29). Alteration of the
ECM through the deletion of collagen VI results in adipose
tissue that can expand without the development of inflam-
mation (15). Studies in humans have confirmed many of
these findings but have also highlighted important dif-
ferences. The adipose tissue of insulin-resistant humans
accumulates macrophages and expresses inflammatory
cytokines, and increased collagen VI and other ECM
components have been described (6, 7, 30). However,
mice fed a high-fat diet develop a large number of
crown-like structures containing mostly M1 macro-
phages, and there is an M2 to M1 phenotypic change
that occurs with obesity and reversed with exercise or
peroxisome proliferator-activated receptor-� agonist
treatment (31–33). However, human adipose tissue
contains relatively few crown-like structures, and the
macrophages are more M2 in their characteristics (6,
34) and are strongly associated with fibrosis (6).

Thisstudyexaminedtheexpressionofa
number of different genes in sc adipose tis-
sue related to hypoxia, angiogenesis, and
ECM in subjects covering a range of BMI
and SI. This study did not examine visceral
adipose tissue, which is more highly corre-
lated with insulin resistance. Although
there was a positive correlation between
BMI and VEGF gene expression, there
was no significant relationship between
CD31 or HIF1� (hypoxia-inducible
factor) and either BMI or SI. Previous
studies have described evidence for
hypoxia in rodent models of obesity,
and a human study found a lower mean
pO2 in obese (compared with lean) sub-
jects (9). Although the changes in hu-
man adipose tissue are likely not as ex-
treme as found in rodents, it is possible
that more evidence of hypoxia would
have been observed if extremely obese
or diabetic subjects were studied.

FIG. 6. Collagen V inhibits angiogenesis. HUVEC were layered onto an ECM, as described in
Subjects and Methods, and medium was then added in the presence of increasing
concentrations of the respective collagens. A–C, Micrographs show the extent of endothelial
cell branching after 10 h incubation alone (A) or with the addition of collagen I (B) and
collagen V (C) at 10 �g/ml. Magnification, �200; bar, 125 �m. D, Quantification of the
branch points from the addition of increasing concentrations of collagen V. E, Collagen I, III,
and V were added to the ECM at a concentration of 10 �g/ml, followed by incubation for
10 h and counting of branch points. *, P � 0.05 vs. control; ***, P � 0.01 vs. control.

FIG. 5. Macrophages alter elastin and collagen V gene expression in
adipocytes. As described in Subjects and Methods, a coculture system
was used to determine the effects of macrophage coculture on
adipocyte ECM expression. THP-1 monocytes were differentiated into
M1, M2a, or M2c polarized macrophages and cocultured with mature
adipocytes for 24 h. Gene expression of collagen V (A) and elastin (B)
was quantified by real-time RT-PCR in adipocytes alone or after culture
with the polarized macrophages, as indicated. *, P � 0.05; **, P �
0.01; ***, P � 0.001 vs. adipocytes alone.
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Although the expression of markers of vascularity were
not correlated well with obesity, immunohistochemical
analysis of vascular organization identified significant dif-
ferences between lean and obese subjects. When compared
with lean, insulin-sensitive subjects, obese subjects dem-
onstrated fewer capillaries but a greater number of larger
blood vessels. The increase in larger vessels in the obese
subjects would likely explain the lack of a difference in
CD31 expression but would be consistent with a trend
toward hypoxia, because large vessels have a greater dif-
fusion barrier and would likely not deliver O2 as well as
capillaries. Angiogenesis is a normal component of the
wound-healing process and is closely associated with in-
flammation. These data would suggest that the angiogenic
process is disordered in obese subjects, such that larger
vessels and fewer capillaries are formed. This process oc-
curs not only in fibrotic areas but also in nonfibrotic areas,
suggesting that these large vessels not only are associated
with scars but also may be related to changes in the ECM
throughout the tissue.

It is hard to separate obesity from insulin resistance,
and this study was limited by the study of subjects who
differed in both BMI and SI. However, a recent study per-
formed arrays on nondiabetic, BMI-matched subjects at
the extremes of insulin sensitivity and found many cate-
gories of altered gene expression, including genes involved
in angiogenesis and ECM (35). Thus, this study is consis-
tent with other studies that have examined adipose tissue
changes with the development of insulin resistance (36).

Several previous studies have noted increased fibrosis
and increased collagen VI in human adipose tissue (6, 7,
17). To better characterize other ECM proteins, we ex-
amined the expression of other collagens and elastin. Al-
though collagens II and IX were expressed only at very low
levels, other collagens were present. Because ECM pro-
teins in tissues may have a very slow turnover, regulation
at the level of expression may not necessarily be an accu-
rate reflection of ECM protein regulation. Therefore, we
used histochemical methods to examine lean and obese
adipose tissues for ECM components. As shown in Fig. 2,
major differences in elastin accumulation were found. In
lean subjects, staining of long strands was observed
throughout the adipose tissue, even in nonfibrotic areas,
whereas there was little elastin staining in obese sub-
jects, and the staining that was present included mostly
short strands. There was no association between elastin
mRNA levels and obesity, suggesting that much post-
transcriptional processing takes place, or perhaps elas-
tin is targeted by proteases during the process of adipose
remodeling (37, 38).

With weight gain, adipocytes expand considerably, and
previous studies have suggested that the flexibility of the

ECM permits a good expansion of adipose tissue in a man-
ner that would favor angiogenesis and lead to obesity with
limited metabolic consequences (10). The knockout of col-
lagen VI resulted in a mouse that could become obese with
less adipose inflammation and less insulin resistance (15).
To our knowledge, this is the first report of abnormalities
in elastin as a result of obesity or insulin resistance. Be-
cause of the role of elastin in allowing flexibility and
stretch, this deficiency of elastin in the adipose tissue of
insulin-resistant subjects may be important in causing the
impairment of angiogenesis and increased inflammation.

Another adipose ECM protein that differed between
lean and obese subjects was collagen V. A recent microar-
ray study suggested that collagen V was increased in obese
humans (39). Among our subjects, there was no significant
association between collagen V expression and BMI, but
there was a significant inverse association with SI. Al-
though this relationship was not strong, the location of
collagen V was very different based on immunohistochem-
ical analyses. Collagen V (but not collagen IV) was present
in the fibrotic areas of adipose tissue, even in the fibrotic
areas in lean subjects, comparable to collagen VI (6). Obe-
sity specifically altered organization of collagen V associ-
ated with the vasculature. A thin rim of collagen V was
observed as a component of the vessel wall of larger vessels
in lean subjects, but in obese subjects, considerably more
collagen V was localized in the vessel wall. Using in vitro
coculture of adipocytes and macrophages, we demon-
strated expression of collagen V by adipocytes and a sig-
nificant up-regulation when cocultured with M2a and
M2c macrophages. As described by us previously, M2c
macrophages express high levels of TGF� and are highly
prevalent in the adipose tissue of obese subjects (6).

Fibrosis and the deposition of ECM can affect the an-
giogenic properties of tissues. Once endothelial cells begin
sprouting, a number of ECM proteins must be degraded to
allow vessel extension. Some ECM proteins, such as col-
lagen IV, must be secreted to stabilize the vessel sprout
(40). The strong association of collagen V with larger
blood vessels and in fibrotic areas is of interest because of
the known association of collagen V with vascular func-
tion. Previous studies have suggested that collagen V may
inhibit endothelial cell adherence to the basement mem-
brane substrate and impair endothelial migration (25, 41),
and collagen V is known to have a domain that binds
thrombospondin, which is also antiangiogenic (42, 43).
Furthermore, there is a known association between col-
lagen V and scleroderma, which is characterized by intense
fibrosis and microvascular occlusion (44). Therefore, the
increase vascular collagen V in obese adipose tissue may
impair angiogenesis. To examine the effects of collagen V
on angiogenesis, collagen V was added to an in vitro an-
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giogenesis assay. Compared with collagen I and collagen
III, collagen V significantly inhibited endothelial budding
into vessels in a dose-dependent fashion.

In summary, these studies identified a number of novel
findings in the adipose tissue of obese, insulin-resistant
subjects, including a simultaneous increase in large blood
vessels and decrease in capillaries, a decrease in elastin,
and an increase in collagen V localization around large
vessels. Based on the properties of these structural pro-
teins, these changes in ECM components would be ex-
pected to make adipose tissue more stiff and less ac-
commodating for adipocyte expansion and capillary
proliferation, all of which would promote insulin
resistance.
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