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Omentum has been used clinically to promote wound
healing and to stimulate the revascularization of isch-
emic tissues. The biologic mechanism responsible for
these effects has, however, not yet been defined. A
number of polypeptide growth factors that possess po-
tent angiogenic properties have recently been identi-
fied, and we therefore sought to determine whether
one of these growth factors might be responsible for
the angiogenic properties of the omentum. The levels
of vascular endothelial growth factor (VEGF) protein
in a number of rat tissues and organs were analyzed by
Western and enzyme immunoassay analysis. Because
omentum was found to have the greatest VEGF con-
centrations of the tissues examined, antibody neutral-
ization, transcription inhibition assays, and Northern
blot analysis were performed under hypoxic and nor-
moxic conditions on tissue extractions and primary
tissue cultures of omentum to further characterize the
functional significance of VEGF expression in these
tissues. The omentum demonstrated the highest VEGF
secretion rate as well as the highest concentration of
VEGF protein of the various rat tissues and organs
examined. Fractionation studies of the omentum fur-
thermore demonstrated that omental adipocytes,
rather than the stromal-vascular cells, were the pri-
mary source of VEGF protein. An endothelial cell mito-
genic assay showed that a major portion of the mito-
genic activity of heparin-binding proteins and condi-
tioned media derived from omentum was abolished by
VEGF antibody. Additional studies with the transcrip-
tion inhibitor actinomycin-D furthermore demon-
strated that the VEGF gene was continuously tran-
scribed in the rat omental adipocytes. Incubation of
the omental adipocytes under hypoxic conditions in-
duced approximately a 1.7-fold increase in VEGF pro-
tein expression, which was abolished by actinomycin-
D. Northern blot analysis demonstrated that hypoxia
resulted in upregulation of the VEGF mRNA in the
hypoxia-cultured omental adipocytes, suggesting that
the augmentation of VEGF expression in omental adi-
pocytes by hypoxia occurs at the transcriptional level.

1 Supported in part by an American Heart Association Grant-in-
Aid (94066).
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These data suggest that VEGF is the major angiogenic
factor produced by omentum and possibly underlies
the mechanism of omentum-induced angiogenesis.
Augmented expression of VEGF by omental cells under
hypoxic conditions may furthermore reflect the mech-
anism responsible for enhancing the angiogenic activ-
ity of omentum in the setting of ischemia.
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INTRODUCTION

Angiogenesis, the formation of new capillaries and
blood vessels, plays a key role in normal physiological
processes such as growth and wound healing and in
the progression of pathological conditions such as tu-
morogenesis and atherosclerosis [1]. The angiogenic
processes are thought to be regulated by a balance be-
tween stimulatory angiogenic factors, including fibro-
blast growth factor (FGF), platelet-derived growth fac-
tor, and vascular endothelial growth factor (VEGF),
and inhibitory angiogenic factors such as angiostatic
steroids and angiostatin [2].

The angiogenic property of omentum has been docu-
mented since 1585. Ever since these initial observa-
tions, omentum has been used clinically to promote
revascularization and healing of compromised or isch-
emic organs and tissues, including the myocardium
and intestinal and bronchial anastomoses [3-5]. The
improved healing induced by omentum has been dem-
onstrated to be the result of new blood vessel formation,
or angiogenesis. Despite these clinical applications, the
angiogenic factor(s) in omentum has not yet been iden-
tified.

Adipose tissue including the omentum, once con-
ceived of as a relatively inactive biological substrate,
in fact serves as the primary site for a number of critical
biologic functions including fatty acid metabolism and
lipoprotein lipase synthesis [6]. Adipose tissue is also
capable of producing and secreting substances such as
adipsin and tumor necrosis factor-« that have signifi-
cant regulatory functions [7]. Because adipose tissue
serves as an important conduit for the vasculature, it
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is conceivable that the angiogenic properties of adipose
tissue may modulate the growth of the vasculature in a
paracrine mode. Monobutyrin, a lipid angiogenic factor
isolated from the adipocyte-conditioned medium, has
been considered a potential candidate responsible for
the angiogenic activity of adipose tissue. Monobutyrin
is not, however, mitogenic for endothelial cells and only
stimulates endothelial cell migration [8, 9]. Therefore,
other vascular endothelial cell mitogens may be in-
volved in adipose-tissue-mediated angiogenic activity.
VEGF is a heparin-binding glycoprotein that is a po-
tent, endothelial cell-specific mitogen and angiogenic
growth factor in vitro and in vivo [10]. VEGF has been
found to be widely expressed at the transcriptional
level by a number of different tissues and by a variety
of cell lines [11-13]. However, quantification of the
distribution of VEGF protein in an intact animal has
not to date been systematically determined. We there-
fore sought to characterize the distribution of VEGF at
the protein level, and to determine whether VEGF was
an important constituent of omentum, potentially re-
sponsible for the angiogenic potential of omentum.

MATERIALS AND METHODS

Protein extraction and immunoblotting analysis. Rat tissues and
organs were harvested from 4-week-old rats (Sprague—Dawley, 200—
250 g) sacrificed by pentobarbital overdose. The animals were treated
according to the National Research Council’'s animal care regulation
with the approval of the institutional review board. Biopsies were
taken of various organs and tissues as indicated. The biopsies were
extensively washed with saline and then electrically homogenized in
protein extraction buffer (10 mM Tris, pH 8.0, 0.14 M NaCl, 0.025%
sodium azide, 2% Triton X-100, 1 mM phenylmethylsulfonyl fluoride
(PMSF), and 1 M leupeptin) and the homogenates were subse-
quently centrifuged for 10 min (13,500 rpm, 4°C). Total protein was
qguantified using the BCA protein assay kit (Pierce Chemicals, Rock-
ford, IL) following the manufacturer’s instruction. Equal amount of
total proteins (100 ug) from each specimen were incubated with pre-
equilibrated heparin—Sepharose CL-6B beads (Pharmacia, Sweden)
in 1 ml equilibrate buffer (10 mM Tris, pH 7.2, 50 mM NacCl, and 1
mM PMSF) at 4°C for 2 hr. The heparin—Sepharose beads were then
collected by centrifugation (5000 rpm, 2 min), washed twice with the
equilibration buffer, and suspended in the loading buffer (125 mM
Tris, pH 6.8, 0.5% SDS, 20% glycerol, 2% 2-mercaptoethanol, and
0.001% bromophenol blue), and the bound protein was subsequently
eluted from the beads by boiling for 5 min. The proteins were sepa-
rated on a SDS—-12% polyacrylamide gel, electrically transferred to
nitrocellulose membrane, and immunoblotted overnight at 4°C with
an affinity-purified polyclonal VEGF antibody (Santa Cruz Biotech-
nology, Santa Cruz, CA) at 0.5 ug/ml. The blot was washed, probed
with an alkaline phosphatase goat anti-rabbit 1gG secondary anti-
body, and processed with alkaline phosphatase detection reagents.
Purified recombinant human (rh) VEGF,¢s (Upstate Biotechnology,
Upstate, NY) was used as a positive control in the immunoblotting
analysis.

Enzyme immunoassay. A competitive VEGF enzyme immunoas-
say (EIA) kit (Cytimmune Sciences, College Park, MA) was used to
quantify the level of VEGF in tissue samples and in the conditioned
cell media. Fifty micrograms of the total tissue protein or 50 ul of
the conditioned cell media were used in the EIA. A standard curve
was included every time and triplicate wells were conducted for each
specimen.

Obtaining heparin-binding protein from omentum. Heparin-
binding proteins from omentum were obtained by heparin—Sepha-
rose affinity chromatography [14]. Briefly, total protein extracted
from the omentum was diluted with 10 volumes of equilibrate buffer,
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loaded onto a 2-ml heparin—Sepharose column. The column was then
washed with excess equilibrate buffer and eluted with 2 ml elution
buffer (equilibrate buffer plus 0.9 M NaCl). The elutes were dialyzed
against the equilibrate buffer overnight at 4°C. The amount of VEGF
in the dialyzed eluent was quantified by EIA and used in the endothe-
lial mitogenic assay.

Isolation and culturing of omental cells. Omental adipocytes and
the vascular—stromal cells were isolated as described [15]. For analy-
sis of the distribution of VEGF, protein extracts were obtained by
lysis of the cells with the protein extraction buffer. Two hundred
micrograms of the total protein from each fraction was immunoblot-
ted as described above. For culturing the omental adipocytes, the
cells from 1 g tissue were incubated with 2 ml medium (DMEM plus
1 mM PMSF) in a CO, incubator at 37°C with or without cyclohexi-
mide (50 pg/ml) or actinomycin-D (10 pg/ml). The conditioned cultur-
ing media were collected 24 hr after the incubation and used for
immunoblotting, EIA quantification, and the endothelial mitogenic
assay. Since pituitary has been considered to be a major site of VEGF
production, cells isolated from pituitary as described [16] were also
included for the purpose of comparison.

Culturing omental cells under hypoxia. Omental cells were iso-
lated as described above. Briefly, 1 x 10* cells were suspended in 1
ml serum-free medium with or without actinomycin-D (10 pg/ml)
and cultured in a six-well plate. The plate was then put into an air-
tight chamber continuously infused with premixed gas mixture (1%
0,, 5% CO,, 94% N,; Matheson Gas Products, Inc., New York, NY)
at a flow rate of 3 L/min. The conditional medium was collected 18
hr later and filtered through a syringe filter with 0.2 um pore size.
The amount of secreted VEGF in the filtered conditional medium
was quantified by VEGF EIA. Lactate dehydrogenase activity in the
conditional medium was also conducted to monitor the viability of
the cells as described below.

Lactate dehydrogenase assay. Lactate dehydrogenase (LDH) ac-
tivity was measured to determine the viability of the primary omen-
tal cells during the period of incubation. A LDH assay kit (Sigma
Chemicals, St. Louis, MO) was used according to the manufacturer’s
instructions. The LDH activities both in the cells and in the condi-
tioned media were measured.

Endothelial mitogenic assay. Human umbilical vein endothelial
cells (HUVEC; gift from E. Jaffe, Cornell University Medical College,
New York, NY) were used in the assay. Briefly, 2 x 10* cells were
plated in each well of a 12-well plate with the assay medium (M199,
10% fetal bovine serum, 50 pg/ml streptomycin/penicillin) and incu-
bated overnight for attachment. The heparin-binding protein from
omentum and the conditioned media of the omental adipocytes with
or without the VEGF neutralizing antibody (10 ng/ml) was added to
the cells. The cells were incubated for 5 days and the number of cells
in each well was counted subsequently. Triplicate wells were counted
for each treatment.

Northern blot analysis. Total RNAs were extracted from the nor-
moxia-cultured omental adipocytes, the hypoxia-cultured omental
adipocytes, and the hypoxia-cultured omental adipocytes treated
with actinomycin-D at 10 pg/ml. Equal amounts of the total RNAs
(20 pg) were fractionated on a 1% agarose—formaldehyde gel, trans-
ferred to a Nytran membrane, and UV crosslinked to the membrane.
The cDNA probe for the VEGF was generated by excising the cDNA
insert from the plasmid containing the VEGF cDNA. The insert was
separated on an agarose gel, extracted, purified, and labeled with
[**P]dCTP by the random primer labeling technique. Denatured
probes (1 x 10° cpm/ml) were hybridized overnight at 45°C with the
prehybridized Nytran membrane containing the RNA. The blot was
then removed, washed at 65°C, air-dried, and autoradiographed.

Statistical analysis. Student’s t test was used to analyze the data.
Significant difference among the various treatments was indicated
by a P value less than 0.05. All data represent the mean + SE.

RESULTS

Abundant Expression of VEGF Protein in Omentum

The expression of VEGF at the protein level was
characterized in a number of different tissues by immu-
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FIG. 1. Western blot of the total proteins from rat tissues and
organs. The total proteins from 5 mg of the tissues or organs were
immunoblotted as described under Materials and Methods. A VEGF
expression product was not detectable by Western blot for other biop-
sied tissues and organs included in Table 1; the corresponding lanes
therefore are not shown. Lane 1, prestained protein marker; 2, rh-
VEGF4s5; 3, inguinal adipose tissue; 4, omental adipose tissue; 5,
retroperitoneal adipose tissue; 6, pituitary.

noblotting analysis and EIA. The highest levels of
VEGF were noted by Western blot analysis in the
omentum (Fig. 1). EIA quantification confirmed that
the level of VEGF protein was greatest in omentum,
and that relatively high levels of VEGF protein were
also present in pituitary and inguinal adipose tissue
(Table 1). Levels of VEGF protein detected in older (4-
month) rats were similar to those seen in these 4-week
rats, and omentum possessed the highest levels of
VEGF protein of tissues examined in rabbits and dogs
(data not shown), suggesting that these observations
were neither age nor species specific.

Cellular Localization of VEGF Protein in Omentum

Omentum consists of adipocytes and vascular—stro-
mal cells, such as vascular endothelial cells, smooth
muscle cells, mast cells, and macrophages. To deter-
mine the source of the VEGF protein in omentum,
omental adipocytes were isolated and separated from
the vascular—stromal cells based on the difference in
densities of the two groups of cells. Immunoblot analy-

TABLE 1

VEGF Protein Levels in Rat Tissues and Organs

Tissue or organ VEGF (pg/mg tissue)

Omentum 883.93 + 14.47
Pituitary 106.13 = 7.08
Inguinal adipose tissue 87.20 + 6.54
Hypothalamus 55.30 + 4.57
Tongue 52.69 = 10.54
Skeletal muscle 32.32 + 11.07
Eye 30.91 + 1.07
Lung 2455 + 7.08
Epididymis adipose tissue 2051 = 1.94
Plasma 14.61 + 2.04
Brain 8.13 + 214
Retroperitoneal adipose tissue 7.68 + 2.69
Kidney 6.26 + 1.39
Heart 5.87 = 3.32
Blood cells 5.60 + 1.12
Liver 4.28 + 0.86
Pancreas 2.79 = 0.69
Brain stem 145+ 0.48
Spleen 0.94 + 0.31
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FIG. 2. Cellular localization of VEGF protein in the omental
cells. (A) Western blot of the protein extracts from the adipocytes
and the vascular—stromal cells of the omentum. Adipocytes and the
vascular—stromal cells of the omentum were separated and the total
proteins were extracted as described under Materials and Methods.
200 pg of the total proteins from each fraction was immunoblotted.
Lane 1, prestained protein marker; 2, rh-VEGF¢5; 3, adipocytes;
4, vascular—stromal fraction. (B) Histogram showing the relative
distribution of VEGF protein in the omental cells. Adipocytes and
the vascular—stromal cells of the omentum were separated and the
total proteins were extracted as described under Materials and Meth-
ods. VEGF protein per 50 pg of total protein was quantified by EIA.
Three wells were assayed for each specimen. *P < 0.05.

sis of protein extracts from ex vivo omental adipocytes
and vascular—stromal cells demonstrated that VEGF
could only be detected in the adipocytes and not the
vascular—stromal cells (Fig. 2A). EIA quantification
showed that approximately 97% of the VEGF protein
found in omentum was associated with the omental
adipocyte fraction (Fig. 2B).

VEGF Secretion by Omental Cells

Because several isoforms of VEGF are known to be
secreted, the media conditioned by primary adipocytes
were assayed by EIA to determine whether VEGF pro-
tein was in fact secreted by these cells. Since pituitary
was also a major source of VEGF, pituitary cells were
also isolated and similarly analyzed. Of the cell types
assayed, the highest rate of VEGF secretion was noted
for adipocytes derived from omental tissue, with an
intermediate rate noted for cells derived from pituitary
(Table 2). Immunoblot analysis of the conditioned me-
dia of the omental adipocytes demonstrated a single
band corresponding to the VEGF ¢ protein marker
(Fig. 3).

Neutralization of the Mitogenicity of Omentum by

VEGF Antibody

VEGF antibody was utilized to determine whether
VEGF protein was an important constituent of the mi-
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TABLE 2
Rate of VEGF Secretion by Various Rat Tissues

Secretion rate

Tissue (pg/g tissue/hr)?
Omentum 362.51 + 14.63
Inguinal adipose tissue 9153 = 7.57
Pituitary 53.34 = 5.08
Epididymis adipose tissue 18.61 = 1.32
Retroperitoneal adipose tissue 6.45 + 1.33

@ Cells from rat adipose tissues and pituitary were isolated and
cultured as described under Materials and Methods. The conditioned
media were collected 24 hr later and the VEGF protein in the media
was quantified by EIA. Three wells were assayed for each specimen.
The secretion rate was determined by the total VEGF protein se-
creted during the period of incubation divided by the time.

togenic activity of the heparin-binding proteins isolated
from omentum and the medium conditioned by primary
omental adipocytes. In order to perform this analysis,
endothelial cell growth assays were performed. The re-
sults demonstrated that a major portion of the mito-
genic activity of the heparin-binding proteins isolated
from omentum and the medium conditioned by primary
omental adipocytes was abolished by the VEGF anti-
body (Fig. 4), confirming, respectively, that VEGF is a
critical endothelial cell mitogen in omentum and in
omental cell secretions.

Regulation of VEGF Expression in the Omentum

To examine whether the VEGF protein secreted from
the primary omental adipocytes was a preexisting, cell-
associated growth factor or represented newly synthe-
sized growth factor, primary omental adipocyte cul-
tures were incubated with inhibitors of transcription
(actinomycin-D) and protein synthesis (cycloheximide).
Each inhibitor significantly reduced (P < 0.05) the
VEGF protein levels in the conditioned media (Fig. 5),
indicating that the secreted VEGF protein was newly
synthesized. In order to monitor the potential toxicity
induced by these inhibitors, the viability of the cultured
adipocytes in these studies was confirmed both visually
and by LDH assay. Less than 1% of the intracellular
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FIG. 3. Western blot of omental adipocyte-conditioned medium.
The omental adipocytes were separated and cultured as described
under Materials and Methods. The conditioned media were collected
24 hr later. 100 ul of the medium was precipitated by heparin—
Sepharose and immunoblotted. Lane 1, prestained protein marker;
2, rh-VEGF45; 3, omental adipocyte-conditioned medium.
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FIG. 4. Bargraph showing the result of the endothelial mitogenic
assay. HUVEC cells were plated at 2 x 10 cells/well in 12-well plates
and allowed to attach overnight. Then, 2 ng/ml rh-VEGF, 2 ng/ml
rh-VEGF plus 10 pg/ml VEGF-neutralizing antibody (rh-VEGF +
Ab), heparin-binding proteins of the omental adipose tissue (H-S
fraction), heparin-binding proteins of the omental adipose tissue plus
VEGF-neutralizing antibody (H-S fraction + Ab), omental primary
adipocyte-conditioned media (C. M.), or omental primary adipocyte-
conditioned media plus VEGF-neutralizing antibody (C. M. + Ab)
was added to the media. The cells were incubated for 5 days and
counted. Three wells were assayed for each treatment. *P < 0.05 vs
the corresponding treatment without the neutralizing antibody.
N. C., negative control; Ab, antibody only.

LDH enzymatic activity was detected in the condi-
tioned media, indicating that cell death and release of
intracellular proteins did not significantly contribute
to VEGF concentrations in the media.

Induction of VEGF Expression in the Omentum by
Hypoxia

We examined whether hypoxia would enhance the
expression of VEGF by omental cells as further evi-
dence that VEGF is a regulated protein, potentially
responsive to stresses such as hypoxia and ischemia
for which VEGF-mediated angiogenesis would be an
important homeostatic mechanism. In these studies,
incubation of the primary omental adipocytes under
hypoxic conditions resulted in approximately a 1.7-fold
increase in VEGF protein secretion, which was inhib-
ited by the transcription inhibitor actinomycin-D (Fig.
6). Northern blot analysis furthermore demonstrated
that the VEGF-specific mMRNA expression was induced
by hypoxia, and that actinomycin-D also abolished this
response (Fig. 7), indicating that this regulation oc-
curred at the transcriptional level.
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FIG. 5. Effects of transcription inhibitor and protein synthesis inhibitor on the expression of VEGF protein by the primary omental
adipocytes. Primary omental adipocytes were isolated and cultured in the presence of either actinomycin-D (Act-D, 10 ug/ml) or cycloheximide
(CHX, 50 ug/nl). The conditioned media were collected 24 hr later. VEGF protein in the media was quantified by EIA. Three wells were
assayed for each specimen. The data represent the amount of VEGF protein produced by the omental adipocytes from 12 g omentum tissue

in 24 hr. *P < 0.05 vs control.

DISCUSSION

Expression of VEGF has previously been investi-
gated in different tissues and organs by several investi-
gators. These studies primarily examined VEGF ex-
pression at the transcriptional level, however, and be-
cause protein is the most biologically relevant product
of gene expression, we analyzed the distribution of
VEGF in rat tissues and organs as a protein, rather
than as an mRNA product. Abundant VEGF mRNA
expression, equal to that of several other organs, has
previously been noted in epididymal adipose tissues
by Claffey et al. [17]; other adipose tissues, such as
omentum, were not examined in these previous studies.
Similarly, adipose tissues were not included in other
studies by Berse et al. [12] and Monacci et al. [13] exam-
ining VEGF distribution, and therefore the current
finding that the greatest VEGF expression is found in
omentum cannot be compared to these previous stud-
ies. In contrast, the high levels of VEGF mRNA expres-
sion previously noted in organs other than adipose tis-
sue, including kidney and liver, were not associated
with corresponding high levels of VEGF protein in
these organs in the current study. It may be implied
from these data that VEGF expression may be signifi-
cantly regulated at the posttranscription level. In fact,
posttranscriptional regulation has been widely found

to regulate eukaryotic gene expression [18], and may
explain this discrepancy. Such considerations highlight
the need to quantify the biological effects of gene ex-
pression at the protein as well as at the mRNA level.

In this study we have analyzed the expression of
VEGF protein by immunoblot analysis and, in a more
guantified manner, by EIA studies. Both immunoblot-
ting analysis and EIA quantification in the current
study demonstrated that omentum contained concen-
trations of VEGF protein that were greater than that
of epididymal adipose tissue or other high VEGF con-
centration tissues previously identified. It must again
be emphasized, however, that VEGF protein concentra-
tions in various tissues may represent the steady-state
level of VEGF protein expression in these tissues and
are not translatable into levels of VEGF mRNA expres-
sion. On the other hand, the failure to detect the pres-
ence of VEGF proteins in tissues and organs except the
omentum, inguinal adipose tissue, and the pituitary
gland by immunoblotting analysis may be due to the
low sensitivity of this method, as described in this re-
port. The greater sensitivity of EIA complements im-
munoblotting in further defining the tissue distribution
of VEGF protein expression.

The significant angiogenic potential of omentum,
demonstrated in a number of clinical applications and
in other mammals such as rabbit, dog, and monkey [19,
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FIG. 6. Hypoxia induction of VEGF protein secretion by the omental adipocytes. Primary adipocytes were isolated from the omentum
and cultured under normoxic or hypoxic conditions with or without actinomycin-D (Act-D) at 10 ug/ml. The conditioned media were collected
24 hr later and the VEGF protein in the media were quantified by EIA. Three wells were assayed for each specimen. The data represent
the amount of VEGF protein produced by 1 X 10* omental adipocytes in 18 hr. *P < 0.05 vs the normoxic control.

20], may be explained by the abundant VEGF expres-
sion and the high levels of VEGF secretion by omentum
noted in this report. The abundant VEGF protein ex-
pression demonstrated in adipose tissues in this report
furthermore suggests the possibility that adipose tis-
sue may play a prominent biological role in stimulating
angiogenesis in several foci in vivo. Our observation
that VEGF antibody significantly decreased the endo-
thelial cell mitogenic activities of the heparin-binding
proteins derived from omentum supports the hypothe-
sis that VEGF may in fact be the major mitogen respon-
sible for the endothelial mitogenic property of the
omentum. The retention of residual mitogenic activity
by the heparin-binding proteins derived from omentum
after VEGF antibody neutralization nevertheless sug-
gests that other heparin-binding growth factors such as
FGF may also contribute to the endothelial mitogenic
activity of the omentum to a much lesser degree.

The conditioned medium represents the actual se-
creted component of growth factors and the heparin-
purified fraction is composed of the steady-state level
of all heparin-binding growth factors associated with
the cells. The more pronounced ability of VEGF anti-
body to almost totally abolish the endothelial mitogenic

activity of the primary omental adipocyte-conditioned
media, compared with its lesser effect on heparin puri-
fied extraction of omentum, furthermore suggests that
VEGF may be the predominant secreted angiogenic
growth factor produced by the omentum, and may be
solely responsible for the clinical efficacy of this tissue
in enhancing the revascularization of contiguous tis-
sues. Evidence for the upregulation of other proteins
under ischemic conditions, including FGF [21], never-
theless requires that the role of these other substances
in inducing angiogenesis under appropriate conditions
cannot be excluded.

More relevant to this discussion, however, the pre-
viously demonstrated mitogenic and angiogenic proper-
ties of VEGF [22] and the current demonstration of
the ability of adipose tissue to abundantly express and
secrete VEGF suggest that the biological role of VEGF
production in adipose tissue may be as a means of para-
crine regulation of angiogenesis, especially since adi-
pose tissue is a major conduit for the vasculature in
adulthood. In this regard, it should be noted that adipo-
cytes have previously been demonstrated to have other
significant endocrine and paracrine activities. The ob-
servation that adipose tissues are supplied by a com-
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FIG. 7. Hypoxia-induced expression of VEGF-specific mRNA in
omental adipocytes. Primary adipocytes were isolated from the
omentum and cultured under normoxic or hypoxic conditions with
or without actinomycin-D at 10 ug/ml. The total RNA from the cells
was extracted and Northern blot was performed to analyze the ex-
pression of the VEGF-specific RNA as described under Materials and
Methods. (A) Autoradiograph showing the hypoxia-induced expres-
sion of the VEGF specific mMRNA. Lanes 1, normoxia-cultured omen-
tal adipocytes; 2, hypoxia-cultured omental adipocytes; 3, hypoxia-
cultured omental adipocytes treated with actinomycin-D. The posi-
tions of the 28S, 18S, and VEGF-specific mRNA are indicated on the
autoradiograph. (B) Ethidium bromide staining of the total RNA on
the agarose gel. The total RNA from the cultured omental adipocytes
was fractionated as described under Materials and Methods. Ethid-
ium bromide staining demonstrated that equal amounts of the total
RNA were loaded on the gel. The 28S and the 18S RNA are indicated.
Lanes are assigned the same as in A.

paratively dense capillary network [23] and have been
found to be innervated by sympathetic nerve fibers [24]
further supports this consideration.

Our observation that hypoxia upregulates the ex-
pression of VEGF in cultured omental adipocytes sug-
gests a regulatory pathway whereby hypoxia may initi-
ate an increase in the VEGF response protein that in
turn induces angiogenesis to relieve the inciting isch-
emic/hypoxic insult. Interestingly, the ability of omen-
tum to induce an angiogenic response when surgically
transplanted, while such a response is not seen in qui-
escent conditions, may be explained by two lines of
evidence. First, some studies have demonstrated that
injury alone induces an upregulation of VEGF expres-
sion [25] that is similar to that induced by hypoxia
[26—28]. Second, FGF expression has been shown to be
induced in normal tissues when placed in proximity
to ischemic tissues [29], possibly through a cytokine
regulatory mechanism similar to pathways described
for the regulation of VEGF expression [30, 31].

In summary, our data demonstrate that abundant
and differential expression of VEGF proteins exists in
adipose tissues. The omentum contains and secretes
the highest level of VEGF protein. Studies utilizing
VEGF antibody furthermore suggest that VEGF is the
major endothelial mitogen in the omentum and also
in omental cell-conditioned medium. Finally, we have
demonstrated that hypoxia can induce VEGF expres-
sion in primary omental adipocytes at the transcrip-
tional level. These results suggest that modulation of
the expression of VEGF in adipose tissue, by gene

153

transfer or other techniques, may be a means of en-
hancing the clinical efficacy of angiogenic therapy, uti-
lizing omentum or other tissues.
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