Regulation of Vascular Endothelial Growth
Factor Gene Expression in Murine Macrophages
by Nitric Oxide and Hypoxia

MADHURI RAMANATHAN, AVI GILADI, AND S. JoserH LEIBOVICH!

Department of Cell Biology and Molecular Medicine, New Jersey Medical School, University of
Medicine and Dentistry of New Jersey, Newark, New Jersey 07103

Vascular endothelial growth factor (VEGF) expression in murine
peritoneal macrophages Is strongly upregulated by hypoxia via
transcriptional and posttranscriptional mechanisms. Inter-
feron-y (IFN-y) with Escherichia coll lipopolysaccharide (LPS)
also upregulates expression of VEGF, as well as of the induc-
ible nitric oxide synthase (INOS). Hypoxia (1% O,) upregulates
VEGF expression in macrophages from both wild-type and
INOS knockout mice, indicating that hypoxic upregulation of
VEGF Is independent of INOS. However, the INOS Inhibitor ami-
noguanidine (AG) decreases the VEGF expression induced by
LPS/IFN-v, indicating an important role for NO. NO-dependent
Induction of VEGF is strongly dependent on cell density. LPS/
IFN-y treatment induces minimal VEGF protein expression in
macrophages cultured at low cell densities (<0.25 x 10° cells/
cm?); at higher cell densities (>0.25 x 10° cells/cm?) that lead to
conditions of pericellular hypoxia, however, induction of VEGF
expression was strong. Transient transfection of RAW 264.7
cells with luciferase reporter constructs of the murine VEGF
promoter indicates that both hypoxia and LPS/IFN-y indepen-
dently induce VEGF promoter activity, irrespective of cell
density. Although LPS/IFN-y treatment Iinduces transcriptional
activation of the VEGF promoter, significant levels of VEGF pro-
tein are only expressed by cells at high density under condi-
tions of pericellular hypoxia. This suggests an important
regulatory role for hypoxia at the posttranscriptional level.
Deletion analysis of the VEGF promoter shows that the hypoxia
response element region and its immediate flanking sequences
are essential for both hypoxia and LPS/IFN-y-induced VEGF
promoter activation. Exp Biol Med 228:697-705, 2003
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ascular endothelial growth factor (VEGF) is an en-

\ / dothelial cell-specific mitogen and a potent angio-
genic factor. VEGF plays an important role in nor-

mal vascular development and in angiogenesis during em-
bryonic development, wound healing, solid tumor growth,
and certain chronic inflammatory diseases (1). Expression
of VEGF is regulated at the transcriptional as well as the
posttranscriptional level (2, 3). Macrophages play an im-
portant role in regulating angiogenesis and they produce
VEGEF in a tightly regulated manner (4). In wounds and
solid tumors, macrophages are exquisitely sensitive to the
microenvironment. Several cis-acting elements, including
the hypoxia response element (HRE) and binding sites for
transcription factors, including AP-1, AP-2, NF-kB, and
SP-1, are present in the murine VEGF promoter (5). These
elements are involved in the transcriptional activation of
VEGF gene expression by numerous effectors, including
hypoxia and growth factors and cytokines such as TGF-a,
TGF-B, IL-1pB, and IL-6 (6). Hypoxia has been shown to be
an important factor that induces VEGF expression. Hypoxic
upregulation of VEGF expression occurs at the transcrip-
tional level (7-9), as well as at the posttranscriptional level
(5). In hepatoma cells, hypoxic induction of VEGF is me-
diated by hypoxia inducible factor-1 (HIF-1) via its binding
to the HRE in the VEGF promoter (2). However, in human
epithelial cells and rat glial tumor cells, hypoxia upregulates
VEGF expression posttranscriptionally by stabilization of
mRNA (3, 10, 11). It has been reported recently that AP-1
DNA-binding activity is induced under acidic extracellular
pH leading to increased VEGF expression in human glio-
blastoma cells (12). In macrophages, hydrogen peroxide in-
duced VEGF promoter activity (13). Nitric oxide (NO) has
also been shown to play a role in VEGF gene expression
(14, 15). VEGF expression was either upregulated or down-
regulated by NO, depending on the cell type or the experi-
mental conditions. NO triggered enhanced induction of
VEGF in cultured keratinocytes (HaCaT) and in vivo during
cutaneous wound repair in mice (15). Exogenous addition
of NO donors or increased levels of endogenous NO en-
hanced VEGF synthesis in rat vascular smooth muscle cells
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(16, 17). However, in rat aortic smooth muscle cells, the NO
donor S-nitrosoglutathione inhibited hypoxia-induced
VEGF expression (18). NO was also shown to induce HIF-1
a (19). On the other hand, NO donors inhibited the DNA-
binding activity of HIF-1 « (20) and hypoxic induction of
the EPO gene (21, 22). NO induced VEGF gene transcrip-
tion in glioblastoma and hepatoma cells (23, 24). Activation
of VEGF transcription by NO was found to involve the
HIF-1a-binding site and HIF-1 ancillary sequence (HAS)
site within the HRE. AP-1 binding potentiated the HIF-1a-
mediated hypoxia-induced transcriptional activation of the
VEGF promoter in C6 glioma cells (25). Mutation in the
AP-1 site just downstream of the HRE of the VEGF pro-
moter partially inhibited the VEGF promoter activity, indi-
cating that AP-1 plays a role in hypoxia- and NO-induced
VEGF expression (24).

Although there are several reports on the role of hyp-
oxia and NO in regulating VEGF gene expression, data on
regulation of VEGF in macrophages are sparse. Macro-
phages play a key role in induction of angiogenesis, which
is crucial for wound healing and solid tumor development,
and express VEGF in response to both hypoxia and a com-
bination of LPS and IFN-y (14). LPS/IFN-y treatment
strongly upregulates expression of inducible NO synthase
(iNOS) in macrophages (26). Because conditions of high
cell density have been shown to create pericellular hypoxia
(27), we investigated whether in murine peritoneal macro-
phages VEGF induction by LPS/IFN-y might involve an
interaction between NO and cell density-dependent pericel-
lular hypoxia.

Materials and Methods

Reagents. Escherichia coli LPS and iNOS inhibitor,
aminoguanidine (AG), were purchased from Sigma Chemi-
cal (St. Louis, MO). Murine recombinant IFN-y was ob-
tained from Invitrogen Life Technologies (Carlsbad, CA).

Animals. C57BL/6] mice (female, 7-8 weeks old)
were purchased from Jackson Laboratories (Bar Harbor,
ME). Mice with a targeted disruption of the iNOS gene
(iNOS™ mice) were derived from an original homozygous
breeding pair, and were kindly provided by Dr. John Mac-
Micking and Dr. Carl Nathan (Cornell University Medical
College, Ithaca, NY) and Dr. John Mudgett (Merck Re-
search Laboratories, Rahway, NJ). These mice were derived
from C57BL/6] x 129Sv/Ev lines originally generated at
Merck, and were housed in the UMDNJ animal facility. The
protocols were approved by the NJMS Animal Care and
Use Committee.

Cell Culture. Mouse peritoneal macrophages were
harvested using a procedure described earlier (14) with
some modifications. C57BL/6J mice (7-8 weeks old) were
injected intraperitoneally with 2.5 ml of thioglycollate
broth, and 4 days later, peritoneal macrophages were har-
vested and cultured as a monolayer in RPMI 1640 medium
(Cellgro; Mediatech Inc., Herndon, VA) supplemented with
10% fetal bovine serum (Gemini Bio-Products, Calabasas,
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CA), 2 mM L-glutamine, 100 IU/ml penicillin, and 100 pg/
ml streptomycin (Irvine Scientific, Santa Ana, CA). The
cultures were found to be >98% pure as assessed by non-
specific esterase staining and staining with the macrophage
specific F4/80 MAb. RAW 264.7 cells were obtained from
American Type Culture Collection (Manassas, VA) and
were maintained in RPMI 1640 medium supplemented as
described above. The cells were grown at 37°C in a humidi-
fied incubator in 5% CO, and 95% air.

Experiments with peritoneal macrophages were per-
formed either in 24-well polystyrene plates, 60-mm poly-
styrene dishes, or 60-mm Permanox dishes (Nunc) at cell
densities of 0.5 x 10° cells/cm?, 0.25 x 10° cells/cm?, or
0.125 x 10° cells/cm®. Permanox dishes are made of a spe-
cial polymer that allows rapid gas exchange (28). All ex-
periments were performed at a fixed concentration of 1 x
10° cells/ml medium. Cells were plated 20 to 24 hr before
stimulation. The medium used for stimulation contained 1%
fetal bovine serum and cells were stimulated by hypoxia, a
combination of LPS (100 ng/ml) and IFN-y (100U/ml), or
by a combination of LPS, IFN-y, and AG (1.5 mM). Hyp-
oxic conditions were obtained by placing the cells in a hyp-
oxia chamber (Billups-Rothenberg, Del Mar, CA). The
chamber was filled with a gas mixture of 1% O,, 5% CO,,
and 94% N,. The sealed chamber was then placed in a 37°C
incubator. Conditioned media were harvested 24 hr after
stimulation and were stored at —20°C.

VEGF Assay. VEGF levels in macrophage-
conditioned media were assayed using Quantikine M mu-
rine VEGF ELISA kits (R&D Systems, Minneapolis, MN)
according to the manufacturer’s protocol. Each sample was
assayed for VEGF in duplicate, and results are presented as
means £ SD.

Nitrite Assay. Nitrite levels were used as a measure
of NO released into the conditioned media. Nitrite assay
was performed using the Greiss reaction as described pre-
viously (14). Each sample was assayed for nitrite in dupli-
cate, and results are presented as means + SD.

Methyl Thiazole Tetrazolium (MTT) Assay. At
the end of each experiment, the viability of the cells was
assessed by MTT assay as described previously (29).

Plasmids and Constructs. pGL3-basic (promoter-
less) luciferase vector (Promega, Madison, WI) was used to
prepare reporter constructs with a series of 5'-end deletions
of the mouse VEGF promoter (GenBank TM/EMBL acces-
sion number U41393) (5). A 1091-bp fragment of the mouse
VEGF promoter region (-975 to +116) and a series of its
5’-end deletions to —923, -857, —641, —107, and —40 bp
were generated by PCR, using oligonucleotide primers de-
signed with sites for the restriction enzymes Nhe I (forward
primer) and Bgl II (reverse primer), and the PCR products
were cloned into the Nhe I and Bgl I sites of the luciferase
vector., The vector containing the 1091-bp fragment is des-
ignated pLUC-VEGF-975. The deletions from this pro-
moter were designed to sequentially eliminate specific tran-
scription factor-binding elements, namely the HRE (pLUC-



VEGF-923), AP-1 (pLUC-VEGF-857), AP-2 (pLUC-
VEGF-641), NF-xB (pLUC-VEGF-107), and Sp-1 (pLUC-
VEGF-40) (Fig. 5). The forward PCR primers used were as
follows: —975: GCGCTAGCCTCTGTCTGCCCAGCAGT
TGT; -923: GCGCTAGCCACTCCCCGCCACTGAC
TAAC; -857: GCGCTAGCCCGTTCTCAGTGCCA
CAAATT; -641: GCGCTAGCGTGTGTATGTCAGAAA
CACGC, -107: GCGCTAGCGAAAGGCGGTGCCTG
GCTCCA; and -41: GCGCTAGCTAGATTTCCTC
TTTTTCTTTTTCTTCC. The reverse primer was GCGCA
GATCTGTCCGCTGATAGTCTGCCTTG. All PCR prod-
ucts were sequenced and confirmed to be identical to pub-
lished sequences within the mouse VEGF promoter.
Transient Transfections and Reporter As-
says. To obtain endotoxin-free DNA for transfections, all
plasmids were prepared using Endofree plasmid maxiprep
kit (Sigma). RAW 264.7 cells were plated at a density of 4
x 10° cells/dish in 100-mm dishes. After a 22-hr incubation,
cells were washed (x3) with phosphate-buffered saline
(PBS). Transient transfections were carried out using Su-
perfect (Qiagen, Valencia, CA) following the manufactur-
er’s guidelines. DNA (10 pg) was diluted in I ml of serum-
free RPMI 1640 and was incubated at room temperature for
5 min. Superfect (15 pl) was then added and the mixture
was vortexed briefly (<10 sec) and incubated at room tem-
perature for 10 to 15 min. Six milliliters of serum-free
RPMI was then added to the mixture and the transfecting
medium was then gently overlaid on cells that had been
washed with PBS. Dishes were incubated at 37°C for 2.5 to
3 hr and the cells were again washed (x2) with PBS before
returning them to RPMI 1640 supplemented with 10% fetal
bovine serum. After an 18-hr incubation, the transfectants
were harvested using fresh medium and were plated at two
different densities, 0.0625 x 10° cells/cem® and 0.25 x 10°
cells /cm?, at a concentration of 0.5 x 10° cells/ml medium.
These plating densities resulted in final cell densities at
harvest of 0.125 x 10° and 0.5 x 10° cells/cm?, comparable
with those used for primary murine peritoneal macrophages.
Cells were allowed to adhere for 6 to 7 hr at 37°C. The
medium was changed to RPMI 1640 with 1% fetal bovine
serum, and the cells were stimulated by hypoxia, a combi-
nation of LPS and IFN-y, or by a combination of LPS,

IFN-v, and AG. After a 24-hr incubation, cells were lysed’

with cell culture lysis reagent (Promega) and luciferase as-
says were performed using a luciferase assay kit (Promega)
following the manufacturer’s instructions. Luciferase light
units were normalized to total cell protein, determined
using the Bradford protein assay reagent (Bio-Rad,
Hercules, CA).

Statistics. The data presented are the results of a rep-
resentative experiment of three independent experiments
performed in duplicate and samples assayed in duplicate.
The values are expressed as means + SD. Statistical analysis
was performed using the unpaired students ¢ test. Differ-
ences with P values < 0.05 were considered significant.

Results

Effect of Cell Density on LPS/ IFN-y-Induced
VEGF Expression by Murine Peritoneal Macro-
phages. Murine peritoneal macrophages were plated at
increasing cell densities in three different culture vessels,
60-mm Permanox dishes, 60-mm polystyrene dishes, and
24-well polystyrene plates. Cells were incubated under nor-
moxic conditions in the absence or presence of LPS/IFN-y
or LPS/IFN-y + AG, or under hypoxic conditions (1% O,).
Viability of the cells, as assessed by MTT assay, was not
significantly affected by any of the treatments. The level of
VEGF produced by the unstimulated cells was not signifi-
cantly affected by cell density (Fig. 1, A~C). When stimu-
lated with LPS/IFN-v, the levels of VEGF produced were
markedly dependent on cell density. VEGF production was
greatest at the highest cell density (0.5 x 10° cells/cm?) in
all three culture vessel types, and decreased markedly at
lower cell densities. The iNOS inhibitor AG strongly inhib-
ited VEGF production, clearly indicating that NO produc-
tion is essential for induction of VEGF. Under hypoxic
conditions, VEGF production was strongly induced to a
comparable level at all cell densities.

Nitrite levels in all the LPS/IFN-y-treated cultures were
significantly higher than in untreated cultures, and the
addition of AG along with LPS/IFN-vy strongly downregu-
lated nitrite production (Fig. 1, D~F). Levels of induced
nitrite were slightly higher at higher cell densities, suggest-
ing a possible involvement of pericellular hypoxia in NO
production.

Expression of VEGF by Macrophages from
iNOS™~ versus iINOS** Mice. To further investigate
the role of the interaction between NO and lowered oxygen
tension in LPS/IFN-y-induced VEGF expression, macro-
phages from iNOS™" and iNOS** mice were plated at high
density (0.5 x 10° celis/cm?), and at low cell density
(0.125 x 10° celis/cm?). Cells were incubated under nor-
moxic conditions in the absence or presence of LPS/IFN-y
or LPS/IFN-y + AG, or under hypoxic conditions (1% O,).
Viability of the cells, as assessed by MTT assay, was not
significantly affected by any of the treatments. VEGF ex-
pression by both iNOS™ and iNOS** macrophages was
induced to a similar extent by hypoxia (Fig. 2, A and B). At
low cell density, neither iINOS™" nor iNOS** macrophages
showed VEGF upregulation in response to LPS/IFN-y (Fig.
2A); however, at high cell density, VEGF expression by
LPS/IFN-y was induced 2.6-fold in iNOS** macrophages
and 1.7-fold in iNOS™ macrophages (Fig. 2B). There were
no detectable nitrites in the conditioned media of LPS/IFN-
v-treated iNOS™~ macrophages (Fig. 2, C and D).

Deletion Analysis of Murine VEGF Promoter.
To investigate whether the interaction between NO and
pericellular hypoxia in LPS/IFN-y-mediated upregulation
of VEGF expression by murine macrophages occurs at the
transcriptional level, a 1091-bp fragment (=975 to +116) of
the murine VEGF promoter and a series of sequential 5'-end
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Figure 1. Effect of cell density on LPS/IFN-y-induced VEGF protein expression by murine peritoneal macrophages. Murine peritoneal
macrophages were plated in 60-mm Permanox dishes (A and D), 60-mm polystyrene dishes (B and E)_, or 24-well polystyrene platgs (Q and
F) at cell densities of 0.5 x 10° celis/cm?, 0.25 x 10° cells/cm?, or 0.125 x 10 celis/cm?, Cells were stimulated by hypoxia, a combination of
LPS (100 ng/ml) and IFN-y (100 U/ml), or by a combination of LPS, IFN-y, and AG (1.5 mM). Conditioned media were harvested after 24 hr
and were assayed in duplicate for VEGF (A-C) by ELISA and nitrites (D-F) by Greiss reaction. VEGF and nitrite levels were normalized to the
number of viable cells as represented by MTT values. Results of a representative experiment are shown and are presented as means = SD.
* Indicates a P value of < 0.05 in comparison with cells plated at a density of 0.5 x 10° cells/cm?.
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Figure 2. Expression of VEGF by macrophages from iNOS~~ versus iINOS** mice. Peritoneal macrophages from INOS~~ and iNOS** mice
were cultured at a density of 0.125 x 10° cells/cm® (A and C) and at a density of 0.5 x 10° cells/ cm? (B and D). Cells were stimulated by
hypoxia, a combination of LPS (100 ng/mi) and IFN-y (100 U/ml), or by a combination of LPS, IFN-y, and AG (1.5 mM). Conditioned media
were harvested after 24 hr and were assayed in duplicate for VEGF (A and B) by ELISA and for nitrites (C and D) by Greiss reaction. Results

of a reBresentative experiment are shown and are presented as means + SD. * Indicates a P value of < 0.05 in comparison with cells from
iNOS*™ mice.
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deletion fragments were inserted into a promoterless lucif-
erase reporter vector (pGL3-basic). These constructs in-
volved sequential deletions of known transcription factor
binding elements in the promoter, including the HRE, AP-1,
AP-2, NFk-B, and SP-1 sites (Fig. 3). RAW 264.7 cells
were then transiently transfected with these reporter con-
structs. Cells transfected in the same dish were harvested
and plated at low density (0.0625 x 10° cells/cm?) and high
density (0.25 x 10° cells/cm?), and were then stimulated
with various agents to study VEGF promoter activity. The
results of a representative experiment are shown in Figure 4,
A and B. At lower cell density, both hypoxia and LPS/
IFN-vy treatments strongly induced luciferase expression
driven by the complete promoter in the pLUC-VEGF-975
vector, indicated by the 28.5-fold increase in luciferase ac-
tivity induced by hypoxia and the 29-fold increase by LPS/
IFN-y treatment (Fig. 4A). This major induction of” VEGF
promoter activity by LPS/IFN-y, however, was not reflected
in the VEGF protein levels expressed by RAW 264.7 cells
cultured and treated under the same conditions used in the
transient transfection experiments, suggesting a role for
posttranscriptional regulation (Fig. 5). Downregulation of
LPS/IFN-vy-induced luciferase activity by AG (from 29- to
4-fold) clearly indicates that NO mediates this transcrip-
tional regulation. Deletion of the HRE decreased the hyp-
oxic upregulation of VEGF promoter activity from 28.5- to
2.5-fold, suggesting that the HRE and/or regions flanking
the HRE are involved in the hypoxia response. Deletion of

-975
pLUC-VEGF-975 AV
HRE APl AP2 AP2 AP2

pLUC-VEGF-923

pLUC-VEGF-857
pLUC-VEGF-641

pLUC-VEGF-107
pLUC-VEGF-40
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the HRE also caused a decrease in LPS/IFN-y-induced lu-
ciferase activity from 29.3- to 3.7-fold, indicating that the
HRE is involved in the LPS/IFN-vy-induced activation of
VEGF promoter. Further deletions of the cis-acting ele-
ments did not result in any further significant decrease in
luciferase activity. When.all the known cis-acting elements
were deleted, luciferase activity was completely abolished.

When the cells transfected with pLUC-VEGF-975
(complete promoter) were plated at a density of 0.25 x 10°
cells/cm?, LPS/IFN-vy induced a 25.4-fold increase in lucif-
erase activity, whereas hypoxic induction was 16.4-fold
(Fig. 4B). AG decreased the LPS/IFN-y-induced VEGF ex-
pression from 25.4- to 6.1-fold, suggesting that NO is a
strong transcriptional activator of VEGF promoter activity.
Again, the corresponding induction of VEGF protein ex-
pression by RAW 264.7 cells was significantly lower (9.3-
fold), suggesting the posttranscriptional control of VEGF
protein expression after LPS/IFN-y-mediated transcrip-
tional induction (Fig. 5). Levels of induction of VEGF pro-
tein and VEGF promoter activity by hypoxia were, how-
ever, comparable under both culture conditions. As ob-
served in the cells plated at a lower density of 0.0625 x 10°
cells/cm? (Fig. 4A), deletion of the HRE caused a signifi-
cant decrease in LPS/IFN-y induction (from 25.4- to 5.9-
fold), as well as in hypoxic induction (from 16.4- to 1.9-
fold) of VEGF promoter activity. Further deletions did not
cause any significant change in luciferase levels, Deletion of

NFkB NFkB SP1 SP1

Luc

Figure 3. Luciferase reporter con-
structs of mouse VEGF promoter
Luc and its 5’-end deletions.
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Figure 4. Deletion analysis of
mouse VEGF promoter. A 1091-
bp fragment (-975 to +116) of the
murine VEGF promoter, and a se-
ries of sequential 5'-end deletion
— fragments were inserted into a
Control

[ | : promoterless luciferase reporter
B Hypoxia [ vector (pGL3 basic). RAW 264.7
1 LPS+ IFN-y | cells were then transiently trans-
[J LPS+IFN-y+AG | fected with these reporter con-

structs. Cells transfected in the
same dish were harvested and
plated at a density of 0.0625 x 108
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cells/cm? (A) and at a density of
0.25 x 108 cells/cm? (B). Trans-
fectants were allowed to adhere
for 6 hr and were then stimulated
by hypoxia, a combination of LPS
(100 ng/ml) and IFN-y (100 U/mi),
or by a combination of LPS, IFN-y,
and AG (1.5 mM). After a 24-hr
incubation, cells were lysed with
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erase assays were performed us-
ing luciferase assay kit. Luciferase
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cell protein determined using the
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means + SD.
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all cis-acting elements resulted in complete loss of induction
of luciferase activity.

Discussion

In murine peritoneal macrophages, VEGF expression
has been shown to be upregulated by both hypoxia and
LPS/IFN-y (14, 28, 29). In macrophages, LPS/IFN-y treat-

ment upregulates expression of iNOS and thus upregulates
NO production. Although considerable research has been
carried out to investigate the role of NO in VEGF induction,
there has been little information on NO-mediated VEGF regu-
lation in macrophages, which are an important source of
VEGF in healing wounds. There are conflicting reports on the
role of NO in regulation of VEGF expression (16-18).
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Figure 5. Expression of VEGF by RAW 264.7 cells. RAW 264.7
cells were plated at densities of 0.0625 x 10° cells/cm? and 0.25 x
108 cells/cm?. Cells were allowed to adhere for 6 hr and were then
stimulated by hypoxia, a combination of LPS (100 ng/ml) and IFN-y
(100 U/ml), or by a combination of LPS, IFN-y, and AG (1.5 mM).
After a 24-hr incubation, conditioned media were harvested and as-
sayed in duplicate for VEGF by ELISA. At the end of the incubation
period, wells were lysed using cell culture lysis reagent. VEGF levels
were normalized to total cell protein determined using the Bradford
protein assay. Results of a representative experiment are shown and
are presented as means = SD.

We have studied the role of NO in the regulation of
VEGF expression in murine peritoneal macrophages and
RAW 264.7 cells. Under hypoxic conditions, upregulation
of VEGF expression was found to be independent of iNOS
activity, as indicated by the hypoxic upregulation of VEGF
in macrophages from iNOS™~ mice. Also, the iNOS inhibi-
tor AG did not affect hypoxia-induced VEGF expression. In
the present study, LPS/IFN-vy treatment produced high lev-
els of VEGF expression when macrophages were cultured at
increasing cell densities that lead to conditions of pericel-
lular hypoxia (27). This induction of VEGF was strongly
downregulated by AG, indicating that NO was critically
involved in this upregulation of VEGF by LPS/IFN-vy at
high cell densities. Levels of nitrite in cultures at high den-
sities were slightly higher than those in cultures at lower
densities. Hypoxia induces iNOS synergistically with IFN-y
(30, 31), and this may cause higher nitrite levels in LPS/
IFN-y-treated oxygen-deprived cultures. However, the lev-
els of VEGF produced in the cultures at higher densities are
much higher than the slight increase in NO production,
suggesting that NO alone is insufficient to induce the
strongly increased expression of VEGF protein, and that
some degree of hypoxia is also required. On the other hand,
unstimulated macrophages cultured at high cell density do
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not produce increased levels of VEGF, indicating that in the
absence of stimulation by LPS/IFN-y, conditions of peri-
cellular hypoxia alone are not sufficient for VEGF gene
induction. These observations suggest that stimulation of
NO production in macrophages by LPS/IFN-y, together
with the conditions of pericellular hypoxia, leads to in-
creased expression of VEGF protein by murine peritoneal
macrophages.

The transient transfections using luciferase reporter
constructs of the murine VEGF promoter showed that
VEGF promoter activity was strongly upregulated both by
hypoxia and by LPS/IFN-vy. The LPS/IFN-vy-induced lucif-
erase expression was downregulated by AG, indicating a
significant role for NO at the transcriptional level. Although
VEGF promoter activity was strongly induced by LPS/IFN-
v, when RAW 264.7 cells were treated with LPS/IFN-y
under normoxic conditions at the same cell density, VEGF
protein levels did not increase, as was also observed in
murine peritoneal macrophages. This suggests that there are
major posttranscriptional control mechanisms regulating
VEGF expression in response to LPS/IFN-y. These mecha-
nisms result in the failure of the transcribed gene to produce
increased levels of stable VEGF protein. This regulation
could be at the level of mRNA or protein stability or at the
translational level. There is extensive data implicating a role
for VEGF mRNA stability in the regulation of VEGF ex-
pression (10, 32, 33). Hypoxia has been shown to upregulate
VEGF by stabilizing VEGF mRNA (3, 10, 11). It is likely
that LPS/IFN-y-induced VEGF mRNA is also stabilized
under reduced oxygen tension, thereby leading to increased
expression of VEGF protein. However, strong hypoxic in-
duction of the VEGF promoter was matched by comparable
levels of VEGF protein, indicating that when macrophages
are incubated in a hypoxic environment (1% O,), induction
of VEGF is at the transcriptional level. Deletion of the HRE
caused a significant decrease in induction of VEGF pro-
moter activity by LPS/IFN-y as well as by hypoxia, indi-
cating a crucial role for the HRE and its immediate flanking
sequences in VEGF gene induction by these stimuli.
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