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Abstract Hypoxia affects vascular function and cell me-
tabolism, survival, growth, and motility; these processes are
partially regulated by prostanoids. We analyzed the effect of
hypoxia and inflammation on key enzymes involved in pros-
tanoid biosynthesis in human vascular cells. In human vas-
cular smooth muscle cells (VSMC), hypoxia and interleukin
(IL)-1B synergistically increased prostaglandin (PG)I, but
not PGE, release, thereby increasing the PGI,/PGE, ratio.
Concomitantly, these stimuli upregulated cyclooxygenase-2
(COX-2) expression (nRNA and protein) and COX activity.
Interestingly, hypoxia enhanced PGI-synthase (PGIS) ex-
pression and activity in VSMC and human endothelial
cells. Hypoxia did not significantly modify the inducible
microsomal-PGE-synthase (mPGES)-1. Hypoxia-inducible
factor (HIF)-la-silencing abrogated hypoxia-induced PGIS
upregulation. PGIS transcriptional activity was enhanced by
hypoxia; however, the minimal PGIS promoter responsive
to hypoxia (-131 bp) did not contain any putative hypoxia
response element (HRE), suggesting that HIF-1 does not di-
rectly drive PGIS transcription. Serial deletion and site-
directed mutagenesis studies suggested several transcription
factors participate cooperatively. Plasma levels of the stable
metabolite of PGI, and PGIS expression in several tissues
were also upregulated in mice exposed to hypoxia.lli These
data suggest that PGIS upregulation is part of the adaptive
response of vascular cells to hypoxic stress and could play a
role in counteracting the deleterious effect of inflammatory
stimuli.—Camacho, M., C. Rodriguez, A. Guadall, S. Alcolea,
M. Orriols, J-R. Escudero, J. Martinez-Gonzalez, and L. Vila.
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Hypoxia is the underlying condition in several human
pathologies, including cardiovascular diseases, chronic re-
nal disease, hematological and pulmonary disorders, and
cancer (1). It triggers adaptive mechanisms aimed to in-
crease local oxygen concentration to insure cell viability,
and it is critical driving tissue remodeling (2, 3). In fact,
hypoxia regulates a large number of genes involved in wide-
spread biological activities, including regulation of vascular
function, cell metabolism, cell survival, and cell growth and
motility. The transcriptional response to hypoxia is medi-
ated by a network of transcription factors (4-9), but partic-
ularly by the hypoxia-inducible factor (HIF). HIF-1, the
prototype of this family, is a heterodimeric basic helix-
loop-helix transcription factor composed of HIF-13 (consti-
tutive subunit) and HIF-la (oxygen-sensitive subunit) (10).
In recent years, a growing number of genes potentially reg-
ulated by hypoxia have been identified (11). Nevertheless,
the global picture of genes and proteins regulated by hy-
poxia in vascular cells is not completely understood.

Increasing evidence emphasizes the role of a prostanoid
biosynthetic pathway in hypoxia-mediated biological effects.
In several cell types, hypoxia upregulates the inducible
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isoform of prostaglandin (PG) endoperoxide H synthase
(cyclooxygenase-2, COX-2) (4), one of the two isoenzymes
that catalyzes the conversion of arachidonic acid to PGH,,
the first committed step in the biosynthesis of a wide range
of prostanoids. COX-2, rarely expressed in normal tissues,
is an immediate/early gene transiently induced in response
to hormones, growth factors, and cytokines (12). COX-2 has
commonly been associated with pro-inflammatory/pro-
atherogenic stages, due to its upregulation at inflamma-
tory sites such as active atherosclerotic lesions. However,
COX-2 is constitutively expressed in the endothelium (13,
14), is upregulated by atheroprotective lipoproteins in vas-
cular cells (15-17), and seems to contribute to the innate
defensive mechanism of the myocardium (18, 19). Indeed,
the pathophysiological meaning of COX-2 induction in a
particular setting depends on the activity of downstream
enzymes that transform PGH, into different prostanoids
in a cell-type-specific manner (12, 20). PGH, is trans-
formed into PGI, (prostacyclin), the main prostanoid syn-
thesized in the mammalian vasculature, by PGl-synthase
(PGIS, prostacyclin-synthase). PGI, counteracts the bio-
logical effects of thromboxane (Tx) A, and exerts a wide
spectrum of vasoprotective functions (12). PGH, is also
the intermediate in the biosynthesis of PGE, by the cata-
lytic activity of PGE-synthases (PGES). PGE, is a pro-
inflammatory molecule that can act through four different
receptor subtypes (EP1, EP2, EP3, and EP4), eliciting
disparate effects (21). Although three PGES isoenzymes
have been characterized so far, two microsomal isoforms
(mPGES-1 and mPGES-2) and one cytosolic isoform
(cPGES) (22), mPGES-1 seems to be the main isoenzyme
involved in PGE, biosynthesis in human vasculature (23).

Data from experimental and clinical studies suggest that
COX-2 is the major source of vascular PG, (13, 14). This is
in agreement with the increased risk of cardiovascular
events, including myocardial infarction and stroke, re-
ported for selective COX-2 inhibitors (20, 24). Neverthe-
less, COX-2 and mPGES-1 upregulation leads to large
amounts of prothrombotic and pro-inflammatory pros-
tanoids (untransformed PGH, and PGE,) (23, 25, 26). At
least in part, the balance between PGI, versus PGE, de-
pends on the PGIS/PGES activity ratio (23, 26). Therefore,
the induction of COX-2 could have a dissimilar impact on
the prostanoid biosynthetic profile depending on the ex-
pression and activity of the COX-downstream enzymes pres-
ent in vascular cells (23, 25, 26). As the effect of hypoxia on
the final synthases of the COX-pathway in vascular cells is as
yet unknown, we aimed to investigate the effect of hypoxia
on the prostanoid biosynthesis and mPGES-1 and PGIS ex-
pression in resting vascular cells and under exposure to a
strong COX-2 inducer such as interleukin (IL)-1f.

MATERIAL AND METHODS

Cell culture and treatment

Human VSMC were isolated from aorta of multi-organ donors
by an explant procedure as previously described (26). Cells were
maintained in medium supplemented with 1% fetal bovine se-
rum (FBS) for 24 h prior to hypoxia treatment and/or to the

addition of 50 U/ml of human recombinant IL-18 (Roche Ap-
plied Science). VSMC were maintained in these conditions for
the indicated period of time until prostanoid, enzyme activity, or
gene expression was determined. Cells were used between
passages 3 and 7. Endothelial cells from human umbilical veins
(HUVEC) were isolated and cultured as previously described
(23). Cells in the first passage were cultured in 6-well plates in
M199 medium containing 20 % fetal bovine serum (without hep-
arin and EC growth factor) for 48 h prior to hypoxia treatment
and/or the addition of IL-18 (10 U/ml). Treatments were per-
formed in M199 supplemented with 1% FCS for the indicated
period of time (shown in “Results” section) until prostanoid, en-
zyme activity, or enzyme expression (see below) was determined.
Mouse lung endothelial cells (MLEC) were isolated from
C57BL/6 mice by collagenase digestion, then selected by ICAM-
2-coated magnetic beads and cultured as previously described
(27). Cells were exposed to hypoxia (1% Oy, 5% CO,, balanced
with Ny) in a Forma Series II hypoxic incubator (model 3141;
Thermo Electron Corp.). To determine whether hypoxia affected
PGIS transcription, cells were preincubated (30 min) with actino-
mycin D (4 pmol/1; Sigma) before hypoxia exposure. To assess the
effect of hypoxia on PGIS mRNA half-ife, cells were maintained
under normoxic conditions or exposed to hypoxia for 24 h. Actino-
mycin D was then added to inhibit further transcription. Finally,
PGIS mRNA levels were examined at different time points. All
the procedures were approved by the Reviewer Institutional
Committee on Human Research of the Hospital de la Santa Creu
i Sant Pau and conformed to the Declaration of Helsinki.

Prostanoids released in the conditioned medium

Prostanoid levels were analyzed by specific enzyme immunoas-
says (EIA) following the manufacturer’s instructions. 6-oxo-PGFy,
(stable hydrolysis product of PGly) and PGE, were from GE
Healthcare; TxB, (stable metabolite of TxA,) and PGF,, were
from Cayman.

Western blot analysis

Vascular cells were exposed to hypoxia and/or IL-13 for the
indicated periods of time, and protein extracts were analyzed by
Western blot as described (23). Briefly, cell cultures were washed
twice with phosphate buffered saline (PBS) and lysed with lysis
buffer (20 mM Tris-HCI, pH 7.4) containing protease inhibitor
cocktail (Roche Diagnostics), 1 mM EDTA, and 0.1% Triton
X-100. Protein concentration was determined by the Bradford
method. Total protein equivalents were resolved by SDS-PAGE
and electrotransferred onto polyvinylidene difluoride mem-
branes (Immobilon-P; Millipore). Membranes were incubated
with antibodies against human PGIS (Cayman Chemical), COX-2
(PG27; Oxford Biomedical Research), mPGES-1 (PG15; Oxford
Biomedical Research), and HIF-1a (NB100-449; Novus Biologicals).
Bound antibody was detected using the appropriate horseradish
peroxidase-conjugated antibody (Dako) and a chemiluminescent
detection system (Amersham ECL Plus Western Blotting Detec-
tion Reagents; GE Healthcare). Results were normalized by
B-actin (Sigma) used as a loading control.

COX and PGIS enzymatic activities

Cells were exposed to hypoxia in the presence or absence of
IL-1B for the indicated periods of time. COX activity was assayed
by incubating cells with 25 wmol/1 [1-""C]arachidonic acid ([''C]
AA, 55-58 mCi/mmol; GE Healthcare) for 10 min as previously
reported (25). COX activity was evaluated as the sum of all HPLC
peaks corresponding to eicosanoids formed through the COX
pathway. PGIS activity was evaluated as noted previously (25).
HPLC analysis of eicosanoids was performed as described (28).
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Animal procedures

All procedures in the study were reviewed and approved by the
Animal Care and Experimentation Committee of the Cardiovas-
cular Investigation Centre. The investigation conformed to the
Guide for the Care and Use of Laboratory Animals published by
the U.S. National Institutes of Health (NIH Publication No. 85-
23, revised 1996). Male C57BL/6 mice (two months old; n = 16;
Charles River) were acclimated to custom-made plexiglas cham-
bers (260 x 120 x 170 mm) for 48 h. Mice were maintained on a
12-h light/12-h dark cycle and housed in groups of four animals,
with unlimited access to water and chow (R04, SAFE). To prevent
the accumulation of CO,, a CO, absorber (Medisorb; GE Health-
care) was put inside the cage beyond the reach of mice. At the
start of the experiment, mice were placed in the custom-made
sealed plexiglas chambers and exposed to continuous hypoxia
(Hyp; n = 8) or room air [Control group (Normoxia); n = 8].
Hypoxia exposure was performed by means of a gas delivery sys-
tem, using a hypoxic gas mixture (10% Oy, balanced with Ny; Abellé
Linde). The level of the inspiratory fraction of oxygen (FiO,) to
10% was decreased within 5 min by flushing the chamber with
the hypoxic gas mixture at an appropriate high flow rate. The
flow was then lowered to 1 1/min for the duration of the hypoxic
exposure. The Oy concentration inside the chamber was moni-
tored using a multi-gas analyzer (Anagas CD 98 Plus; Bacharach).
Mice were kept at hypoxia or normoxia for 24 h. They were ter-
minally anesthetized with ketamine (150 mg/kg; Merial Labora-
tories) and medetomidine (1 mg/kg; Divasa-Farmavic). Blood
was immediately collected by heart puncture with a heparinized
syringe. Plasma samples were collected from blood centrifuged
(2,000 g for 10 min) and kept at —=80°C until PGI, determination
(Cayman). Tissues were excised and cut into small pieces that
were quickly frozen in liquid nitrogen and stored at —80°C for
subsequent RNA extraction. All tissue harvesting was performed
within 10 min of taking the mice out of the chambers.

Real-time PCR

Total RNA from vascular cells was isolated by chloroform/
isopropanol precipitation, whereas RNA extraction from mouse
tissues was performed by RNAeasy kit (Qiagen, Hilden, Germany)

according to the manufacturer’s recommendations. The quality
and quantity of the RNA was determined using the Agilent’s 2100
Bioanalyzer. cDNA was prepared by reverse transcribing 1 pg
RNA with High-Capacity cDNA Archive Kit with random hexa-
mers (Applied Biosystems, Foster City, CA) (23). mRNA levels were
quantified by real-time PCR using TaqManTM Gene Expression
Assays (Applied Biosystems) for COX-2 (Hs00153133_ml),
COX-1 (Hs00377721_m1), mPGES-1 (Hs00610420_m1), and
PGIS (human: Hs00168766_m1; mouse: Mm00447271_m1). Levels
of EPO were analyzed by real-time-PCR in mouse tissues using
SYBR Green (Roche) and primers (Biomers.net) as follows: for-
ward 5-GATGGGGGTGCCCGAACGTC-3’, and reverse 5- GTC-
GCAGATGAGGCGTGGGG-3". RT-PCR data were analyzed for
relative gene expression using the AACt method. Gene expres-
sion data were normalized by B-actin (Hs99999903_m1) or 18S
rRNA (4319413E) used as endogenous controls (as stated).

siRNA transfection and knockdown experiments

Silencer predesigned siRNA (Ambion) targeting HIF-la (ID#
42840) or Silencer™ Negative Control #1 siRNA (siControl; ID#
4390843) were used in knockdown experiments. HUVEC and
VSMC were transfected with siRNAs using Nucleofector™ (Amaxa)
and the corresponding kits according to the manufacturer’s rec-
ommendations (9). Briefly, electroporation was carried out with
1% 10° cells and 3 pg of siRNA with the U001 or the A33 program
(for HUVEC and VSMC, respectively). After electroporation, cells
were resuspended in 500 pl of prewarmed cell culture medium
and seeded in complete medium for 24 h. Finally, cells were ar-
rested and exposed to hypoxia. Gene knockdown was verified by
real time-PCR and/or Western-blot as indicated.

Constructs of PGIS promoter

Deletions of human PGIS promoter were generated by PCR
from the plasmid pGL3/PGIS-1963 as previously described (29).
The putative AP2 site and the CACCC box present in PGIS pro-
moter at positions -146 and -137, respectively, were mutated using
the QuickChange II Site-directed Mutagenesis Kit (Stratagene Agi-
lent Technologies) according to the manufacturer’s instructions
(9). The primers used were: forward AP-2 mut (5-TCGGAGGG-

Fig. 1. Time course of prostanoid release by hu-
man VSMC as a function of the time of exposure to
hypoxia. VSMC were cultured with/without IL-13
(50 U/ml) under normoxia or hypoxia for the indi-

cated periods of time, and (A) PGI, (measured as its
stable metabolite 6-0x0-PGF,, n = 8), (B) PGE, (n =
8), (C) PGFy, (n=4),and (D) TxA, (measured as its
stable metabolite TxBy, n = 4) were analyzed by EIA.
Data are mean + SEM. *P < 0.05 versus cells exposed
to normoxia or hypoxia alone; *P < 0.05 versus cells
exposed to normoxia, hypoxia alone, or treated with
IL-1B alone. All comparisons refer to the same treat-
ment time.
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CCCCATaaCCCACCCCCCC-3" and reverse (5-GGGGGGGTG-
GGUHATGGGGCCCTCCGA-3"; and forward CACCC box mut
(5"-GAGGGCCCCATCCCCCA2aCCCCCCACC-3") and reverse
(5-GGTGGGGGGUTGGGGGATGGGGCCCTC3) (putative sites
are underlined, and changes are indicated in lowercase let-
ters). Mutation was confirmed by DNA sequencing using the
ABIPRISM Big Dye Terminator cycle sequencing kit v3.1 (Ap-
plied Biosystems).

Transient transfection assays

Vascular cells were transfected with luciferase reporter plas-
mids using LipofectinTM Reagent (Invitrogen) (30). Briefly, tran-
sient transfections were performed in subclonfluent cells seeded
in 6-well plates using 1 pg/well of the luciferase reporter plas-
mid, 0.3 pg/well of pSVB-gal (Promega) as an internal control,
and 3 pl of LipofectinTM. The complexes DNA/liposome were
added to the cells for 6 h. Cells were washed once with arrest-
ing medium containing 1% FBS, without heparin or endothe-
lial growth factor. They were arrested overnight and then
exposed to hypoxia. Luciferase activity was measured in cell
lysates using the Luciferase Assay Kit (Promega) and a lumi-
nometer (Orion I; Berthold Detection Systems) according to
the manufacturer’s instructions. Results were normalized by
B-galactosidase activity using the Enzyme Assay System'
(Promega).
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PGIS nitration

Nitration of PGIS in cell extracts was determined by immu-
noprecipitation and Western blot by a modification of the pre-
viously described method (31). HUVEC were cultured under
normoxia or hypoxia in presence or absence of IL-1p for 48 h.
Briefly, cells were washed, harvested, and homogenized in lysis
buffer: 1 mM PMSF, 5 mM EDTA, 150 mM NacCl, 0.5% (v/v)
Nonidet P40, 1x protease inhibitor cocktail set I (Calbio-
chem), and 50 mM Tris/HCI, pH 8.0. Solubilized extracts
were sonicated twice for 30 s with a BioruptorTM UCD-200 son-
icator (Diagenode) set on medium power. Extracts were then
centrifuged at 4°C for 5 min to remove cellular debris. Protein
concentration was estimated by the BCA method, and an ali-
quot was saved as input protein. Protein extracts (150 pg)
were incubated with 3 pg of a PGIS antibody (Cayman Chemi-
cal) for 18 h at 4°C. Specific immune complexes were incu-
bated with 50 pl of Protein A/G PLUS-Agarose at 4°C for 18 h.
After washing with lysis buffer, immune complexes were pre-
cipitated by centrifugation (10000 g, 3 min). Supernatants
were resuspended in Laemmli sample buffer, boiled, resolved
by 7.5 % SDS-PAGE, and blotted onto polyvinylidene difluo-
ride membranes. Membranes were incubated with an anti-
nitrotyrosine antibody (clone 1A6; Millipore). Bound antibody
was detected using the Clean-Blot IP Detection Reagent
(HRP) and the SuperSignal West Dura Chemiluminescent
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Fig. 2. COX-2 expression and COX activity in human VSMC as a function of the time of exposure to hy-
poxia. VSMC were cultured with/without IL-18 (50 U/ml) under normoxia (N) or hypoxia (H) for the in-
dicated periods of time. A: COX-2 mRNA levels were analyzed by real-time PCR and expressed relative to
IL-1B-untreated cells in normoxia (Control) (n =7). The top inset show the transient and early upregulation
of COX-2 by hypoxia. B: COX-2 protein levels were analyzed by Western blot. A representative immunoblot
is shown. Bar graph represents computer-assisted densitometry values normalized to Control (n = 6). C:
COX activity was analyzed by incubating the cells with [1—14C]arachid0nic acid as described (25, 28) (n=5).
Values are the mean + SEM. *P < 0.05 versus cells exposed to normoxia; *P < 0.05 versus cells exposed to
normoxia or hypoxia alone; *P< 0.05 versus cells exposed to normoxia, hypoxia alone, or IL-13 alone. All

comparisons refer to the same treatment time.
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Substrate (Thermo Scientific) following the manufacturer’s
recommendations.

Statistical analysis

Sigma-Stat software was used for statistical analysis. Statistical
significance between more than two groups was assessed using
one-way ANOVA and the Student-Newman-Keuls test; Student’s
ttest was used to compare two groups. P < 0.05 was considered
significant.

RESULTS

Hypoxia increases IL-13-induced release of PGI, in
VSMC

Fig. 1 shows the time course of IL-1B-induced release of
prostanoids to the medium by VSMC, in normoxia and hy-
poxia (1% Oy). IL-1p increased production of all the pros-
tanoids analyzed: PG, (in terms of 6-oxo-PGFy,), PGE,,
PGFy,, and TxA, (in terms of TxBy,), although the last was
scarcely produced. Hypoxia caused a further increase in
PGI; accumulation in the culture medium in response to
IL-1B, compared with that elicited by this cytokine under
normoxic conditions. In contrast, hypoxia did not modify
the release of the other prostanoids analyzed. Similar re-
sults were obtained in endothelial cells (data not shown).
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In the absence of IL-1, the release of all prostanoids ana-
lyzed was scarce and not modified by hypoxia, suggesting
that hypoxia per se was not able to mobilize arachidonic
acid from cellular stores.

Hypoxia increases IL-13-induced expression of COX-2 in
VSMC

We analyzed the effect of hypoxia and inflammation on
key enzymes involved in prostanoid synthesis. As expected,
IL-1B was a strong inducer of COX-2 expression (Fig. 2A,
B). Hypoxia also upregulated COX-2 in terms of mRNA
(Fig. 2A, top inset), but this effect, comparatively lower
than that of IL-18, was not accompanied by a significant
increase in COX-2 protein levels (Fig. 2B). However, a syn-
ergistic effect between IL-1$ and hypoxia regarding COX-2
was observed. Indeed, in cells treated with IL-13, hypoxia
further increased COX-2, in terms of both mRNA and pro-
tein levels 24 h after challenge (Fig. 2A, B). This finding
was also associated with a synergistic increase in COX ac-
tivity (Fig. 2C). Neither IL-1B nor hypoxia modified the
expression of COX-1 (the constitutive COX isoform; data
not shown).

Hypoxia increases PGIS expression and activity in VSMC

Next, we analyzed the effect of hypoxia and inflamma-
tion on the expression pattern of PGIS, the key enzyme for

B IL-1B
N H N H
PGIS | s s w— —

(ractin l—— —— ——

9h

PGIS |- S -
24 h

B-actin | c— — ————

PGIS w4l = S0 |

_ 48 h
B-actin | — — -|

-

22 09! — control

z E 8 Hypoxia *
T2 IL-1B *

s 2 ESEE IL-1p Hypoxia

20

2o

oo

[ =

oo

g2

Fig. 3. PGIS expression and activity in human VSMC as a function of the time of exposure to hypoxia.
VSMC were cultured with/without IL-13 (50 U/ml) under normoxia (N) or hypoxia (H) for the indicated
periods of time. A: PGIS mRNA levels were analyzed by real-time PCR and expressed relative to IL-1(3-
untreated cells in normoxia (Control) (n =5). B: PGIS protein levels were analyzed by Western blot. A rep-
resentative immunoblot is shown. Bar graph represents computer-assisted densitometry values normalized
to Control (n =5). C: PGIS activity was analyzed by incubating the cells with [1-"'C]PGH, as described (25)
(n =4). Values are the mean + SEM. *P < 0.05 versus cells exposed to normoxia or IL-13 alone. All compari-

sons refer to the same treatment time.
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PGI, synthesis. In VSMC, hypoxia increased PGIS mRNA
levels, which reached a maximum at 24 h and then pro-
gressively declined (Fig. 3A). In contrast, PGIS protein lev-
els (Fig. 3B) and PGIS activity (Fig. 3C) did not change
significantly before 24 h, but they then increased mark-
edly, reaching statistical significance at 48 h. As expected
and in agreement with our previous report, IL-13 did not
modify PGIS expression (25).

Hypoxia does not modify mPGES-1 expression in VSMC

Regarding mPGES-1, IL-18 induced mPGES-1 mRNA
levels in VSMC at an early stage and significantly increased
mPGES-1 protein levels after a certain delay (Fig. 4). Hypoxia
did not modify mPGES-1 expression, although in cells
treated with IL-1B, it decreased in terms of mRNA and
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Fig. 4. mPGES-1 expression in human VSMC as a function of the
time of exposure to hypoxia. VSMC were cultured with/without
IL-1B (50 U/ml) under normoxia (N) or hypoxia (H) for the indi-
cated periods of time. A: mPGES-1 mRNA levels were analyzed by
real-time PCR and expressed relative to IL-1B-untreated cells in
normoxia (Control) (n = 7). B: mPGES-1 protein levels were ana-
lyzed by Western blot. A representative immunoblot is shown. Bar
graph represents computer-assisted densitometry values normal-
ized to Control (n = 7). Values are the mean + SEM. ¥*P< (.05 versus
cells exposed to normoxia or hypoxia alone. All comparisons refer
to the same treatment time.

protein, although this effect failed to reach statistical
significance.

In addition, we explored the effect of hypoxia on PGD-
synthase (PGDS) expression. In agreement with previous
reports (32), hematopoietic-type PGDS was not detected.
Neither hypoxia nor IL-13 (or their combination) signifi-
cantly modified the expression of the lipocalin-type PGDS
(LPGDS) in either VSMC or HUVEC (data not shown).

Hypoxia upregulates PGIS mRNA, protein, and activity in
endothelial cells

Next we addressed whether PGIS expression could also
be modulated by hypoxia in human endothelial cells. Hy-
poxia increased PGIS expression in terms of mRNA, pro-
tein, and activity in HUVEC (Fig. 5). It is noteworthy that the
increase in mRNA in endothelial cells is more sustained
than in VSMC and that the increase in both PGIS protein
and activity occurred earlier (after 24 instead of 48 h).

Hypoxia reduces basal and IL-13-induced PGIS
nitration in HUVEC

Because IL-1B promotes tyrosine nitration-dependent
PGIS inactivation in rat mesangial cells (31, 33), we as-
sessed whether hypoxia could affect PGIS nitration in
HUVEC. IL-1B increased the proportion of nitrated PGIS
(approximately 2-fold; P < 0.05). As shown in Fig. 6, basal
and IL-I1B-induced PGIS nitration were significantly re-
duced under hypoxic conditions.

Hypoxia increases PGIS transcriptional activity

Actinomycin D completely prevented the upregulation
of PGIS by hypoxia in both VSMC and HUVEC, suggesting
the involvement of a transcriptional mechanism. Addition-
ally, hypoxia did not modify PGIS mRNA stability (data
not shown). Since the transcriptional response to hypoxia
is primarily mediated by HIF-1a, we explored the implica-
tion of HIF-law in PGIS expression induced by hypoxia.
Hypoxia strongly increased HIF-la protein levels, and
when HIF-1a was inhibited by siRNA (siHIF-1), hypoxia-
induced PGIS expression was completely suppressed in
both VSMC and HUVEC (Fig. 7).

To gain further insight into the molecular mechanisms
involved in hypoxia-induced PGIS upregulation, transient
transfection experiments were performed in HUVEC us-
ing the luciferase reporter construct (pGL3/PGIS-1963)
previously described (Fig. 8A) (29). Hypoxia significantly
increased (2.01-fold) the transcriptional activity of this
construct (Fig. 8B). As reported, serial deletion analysis
showed that basal promoter activity increased as shorter
constructs were assayed (34). A construct encompassing
163 bp of PGIS proximal promoter exhibited the maximal
basal transcriptional activity and maintained hypoxia-
dependent induction (1.99-fold). Further promoter deletion
to -131 induced a partial loss of hypoxia responsiveness.
The region located between promoter positions -163 and
-131 contains a CACCC box and an AP-2 site (Fig. 8C).
Basal promoter activity decreased significantly when the
AP-2 site was mutated and dramatically when the CACCC
box was deleted. In these constructs, the upregulation of
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when compared with normoxia or IL-1 alone.

PGIS transcriptional activity in response to hypoxia was
partially prevented (1.72-fold and 1.56-fold in AP-2- and
CACCC box-mutated constructs, respectively) (Fig. 5B).
Subsequent deletion (to -66 bp) fully abolished basal tran-
scriptional activity. Although PGIS proximal promoter
contains several putative GC boxes recognized by Spl
(Fig. 8C), specific inhibition of this transcription factor
by siRNA did not affect PGIS induction by hypoxia (data
not shown).

Hypoxia increases plasma PGI, levels and PGIS
expression in highly vascularized tissues

We tested whether hypoxic upregulation of PGIS could be
extended to other species and other vascular beds. Our stud-
ies performed in MLEC confirmed that PGIS expression is
also enhanced in these cells (data not shown), suggesting
that regulation of PGIS by hypoxia is a general phenomenon
in vascular cells. Next, we aimed to establish the occurrence
of this effect in vivo. Mice were kept in a 10% O, atmosphere
for 24 h. Hypoxia significantly induced PGIS expression in
highly vascularized tissues, including lung, brain, and kidney
(Fig. 9A). Additionally, plasma levels of 6-oxo-PGF,, were sig-
nificantly increased (about 2-fold) in mice exposed to hy-
poxia (Fig. 9B). These findings demonstrate that hypoxia
stimulates the release of PGI, in vivo and support the contri-
bution of vascular PGIS to this effect.
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DISCUSSION

In recent years, a growing number of genes whose ex-
pression is modulated by hypoxia have been identified.
Among them is COX-2, the putative rate-limiting enzyme
in the inducible biosynthesis of eicosanoids (4, 5, 11).
However, the potential regulation by hypoxia of down-
stream enzymes involved in this pathway is not completely
understood. In this work, we investigated the modulation
of the enzymes involved in the biosynthesis of PGI, and
PGE,, two prostanoids with dissimilar effects on vascular
function, under both hypoxic and hypoxic/inflammatory
conditions. PGI, levels were synergistically modulated by
hypoxia and inflammation in vascular cells. This finding
was associated with a concomitant upregulation of COX-2
by hypoxia and IL-18. More interestingly, the induction of
PGIS, but not mPGES-1, by hypoxia favors the conversion
of COX-2-derived PGH, to PGI,, increasing the PGIly/
PGE, ratio.

PGI, and PGE, are the main prostaglandins produced
by human vascular cells (12). PGI, plays an important role
in vascular biology in preventing thrombosis, acting as a
potent vasorelaxant agent, and preserving endothelial cell
viability (35-37). PGE, is a pro-inflammatory molecule
that is able to act through four different receptor subtypes.
It elicits disparate effects (21), including vasoconstriction,
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at least at high concentrations (38). The production of
PGI, and untransformed PGH, depends on the PGIS/
COX activity ratio (25), and the biosynthesis of PGI, versus
PGE; depends on the relative expression/activity of PGIS
and mPGES-1 (23). We here show that the upregulation of
COX-2 expression/activity elicited by IL-1( was further in-
creased by hypoxia, and that concomitantly, hypoxia sig-
nificantly induced PGIS.

Our data support the involvement of a transcriptional
mechanism in the upregulation of PGIS by hypoxia. Al-
though it has recently been shown that PGIS is induced by
retinoids in vascular cells (29), PGIS appears to be consti-
tutively expressed in different tissues, and few studies have
focused on the characterization of its promoter region.
Transcriptional response to hypoxia is primarily mediated
by HIF-1a. HIF-1 regulates a wide array of genes contain-
ing functional HRE, but it can also trigger secondary tran-
scriptional programs through other transcription factors,
including Spl (4-9). Data from our knockdown experi-
ments supported the involvement of HIF-1 on hypoxia
PGIS regulation; however, by serial deletion studies, we de-
limited hypoxia responsiveness to a proximal promoter
region of -163 bp that does not exhibit any putative HRE.
This sequence contains several Spl-recognized GC boxes
that are well-conserved among mouse and human PGIS
genes (34). Spl is activated by hypoxia in HUVEC and is
involved in hypoxia-mediated COX-2 regulation (5); how-
ever, Spl silencing had no consequences on PGIS induc-
tion by hypoxia (data not shown). The regulation of PGIS

transcriptional activity by hypoxia could be the result of
the cooperative binding of several transcription factors as
has been reported for other hypoxia target genes, such as
PAI-1 or COX-2 (4, 5, 8). Accordingly, deletion of the PGIS
promoter region between -163 and -131 bp partially pre-
vented the induction of PGIS transcriptional activity elic-
ited by hypoxia. By site-directed mutagenesis, we identified
a CACCC box that seemed to be partially responsible for
this effect, although suppression of this element did not
completely prevent PGIS activation by hypoxia. Further
promoter analysis was hampered by the null transcrip-
tional activity exhibited by shorter constructs, in agree-
ment with previous studies that identified this region as a
minimal promoter needed to retain basal PGIS transcrip-
tional activity (34). As induction of PGIS was only seen af-
ter long exposure to hypoxia, significantly lagging behind
changes in HIF-1, we assessed whether PGIS would be
modulated by vascular endothelial growth factor (VEGF),
a cytokine regulated by this transcription factor and in-
duced by hypoxia in vascular cells at an early stage (9).
However, VEGF was unable to modulate PGIS expression.
We thus ruled out this cytokine acting in an autocrine
manner (data not shown). Epigenetic mechanisms have
been related with PGIS downregulation in pathologies
such as lung cancer (39), and in the last few years modula-
tion of chromatin methylation has been reported to un-
derlie some of the cellular responses triggered by hypoxia
(40). Furthermore, hypoxia-induced histone eviction con-
tributes to hypoxic responses in endothelial cells (41).
Transcriptional reprogramming under hypoxia is, there-
fore, a more complex process than the mere regulation of
genes containing functional HIF binding sites. Further ef-
forts are required to gain insight into the mechanisms by
which hypoxia regulates PGIS transcriptional activity.

We show that PGIS expression was significantly en-
hanced in highly vascularized tissues (brain, lung, and kid-
ney) from mice exposed to hypoxia. The increment in
brain PGIS after 24 h of hypoxia conformed to the time-
course reported in a model of cerebral ischemia (42). In-
terestingly, systemic hypoxia increased PGI, plasma levels,
as had been reported in previous studies in animals ex-
posed to hypoxia (43, 44). Pidgeon et al. (43) reported an
increase in the urinary excretion of 6-oxo-PGF,, in mice
chronically exposed to hypoxia. This increase was associ-
ated with the upregulation of COX-2 observed in pulmo-
nary tissues of these animals. Blumberg et al. (44) also
reported an increase in plasma 6-oxo-PGFy, levels in rats
chronically exposed to hypoxia, associated with the induc-
tion of lung PGIS mRNA levels. The increase was attrib-
uted to the hemodynamic changes triggered by pulmonary
hypertension. Our in vivo studies further confirm the
modulation of PGI, synthesis by systemic hypoxia, while
our in vitro results emphasize the role of hypoxia per se as
a major driving force regulating PGIS expression. How-
ever, there was an apparent discrepancy between in vivo
and in vitro experiments regarding release of PGI, caused
by hypoxia per se, because in cell cultures, hypoxia alone
did not increase PG release. This finding could be explained
by the fact that hypoxia alone was not able to mobilize
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arachidonic acid from cell membranes when vascular cells
were in culture. In vivo, the scenario is more complex.
Likely with the cooperation of inflammatory cells, hypoxia
could induce the release of pro-inflammatory mediators.
These in turn would activate phospholipases, releasing
free arachidonic acid available for the COX catalysis. In-
deed, in cultured cells, the upregulation of PGIS contrib-
uted to further increase PGI, release when arachidonic
acid was released and COX-2 was induced by the action of
IL-1B. Conversely, hypoxia did not modify basal mPGES-1
expression and tended to downregulate mPGES-1 expres-
sion/activity in the presence of IL-13, further contributing
to increase the PGI,/PGE, ratio.

Accumulative evidence supports the concept that PGIS/
PGI, plays a protective role in pathologies with an ische-
mic substrate. Deficient pulmonary PGI, synthesis seems
to underlie the development of pulmonary hypertension
in humans. Indeed, PGI, administration improves patient
survival and is currently the most effective treatment for
this disease (45). Accordingly, overexpression of PGIS
protects mice against pulmonary hypertension triggered
by chronic hypoxia (46). PGIS gene transfer protects
against ischemic cerebral infarction (42, 47), and intrave-
nous PGl, administration also prevents ischemic brain
damage in experimental models (48). In cell cultures,
PGI, exerts an anti-apoptotic effect (49), and PGIS overex-
pression improves cell survival and protects cells against
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cytokine toxicity (35, 37). Therefore, PGI, seems to play a
cytoprotective role under ischemic and inflammatory con-
ditions. The stabilization of HIF-la by PGI, under pro-
longed hypoxia (50) could further contribute to the
survival response induced by hypoxic stress. Despite the
fact that COX activity in normal condition is the limiting
step in PGIy, upregulation of PGIS could be relevant for
PGI, production when PGIS activity becomes limiting for
the PGI, biosynthesis, as could occur in an inflammatory
environment. Under inflammatory conditions, PGIS could
be more prone to be inactivated by several mechanisms. It
is well known that PGIS undergoes substrate-dependent
suicide inactivation (51). We have shown that PGIS cata-
Iytically inactivates faster than COX-2 when the latter en-
zyme is strongly upregulated, yielding high amounts of
PGH, (25, 52). Other mechanisms of PGIS inactivation in-
volve tyrosine nitration at the catalytic center by nitrating
agents derived from nitric oxide, which are produced in
abundance under inflammatory conditions (25, 31, 33,
53). This nitric oxide-dependent inactivation of PGIS has
been observed in systemic inflammatory syndromes, ath-
erosclerosis, hypoxia-reoxygenation injury, and diabetes
(36, 54-58). An oxygen tension-dependent downregula-
tion of nitrotyrosine-containing protein levels has been
reported under hypoxic conditions (59, 60), and we con-
sistently observed that hypoxia reduces IL-1B-induced ni-
tration of PGIS. PGIS modulation by hypoxia could thus
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contribute to preserving vascular biosynthesis of PGI; un-
der pathological conditions involving inflammation and
hypoxic-ischemic insult.

Our results are also consistent with the fact that hypoxia
increases production of vasorelaxant eicosanoids other
than prostanoids. Hypoxia enhances expression of en-
dothelial 15-lipoxygenase in several animal models (61, 62)
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and human retinal microvascular endothelial cells (63).
15-lipoxygenase metabolizes AAc to 11,12,15-trihydroxy-
eicosatrienoic acids and 15-hydroxy-11,12-epoxyeicosa-
trienoic acids, which act as relaxing factors (64).

In summary, our results indicate that the delayed up-
regulation of PGIS by hypoxia in vascular cells, both in
culture and animal tissues in vivo, could be critical for the

Fig. 9. PGIS expression in highly vascularized tis-
sues and plasma levels of PG, in animals exposed to
hypoxia. C57BL/6 mice were maintained under
normoxia (Norm, n = 8) or exposed to hypoxia for
24 h (Hyp [10% O,], n = 8). A: Tissue PGIS mRNA
levels in mice exposed to normoxia or hypoxia for
24 h were analyzed by real-time PCR. Data were nor-
malized to 18S rRNA and expressed relative to nor-
moxia. B: Levels of PGl, (measured as its stable
metabolite 6-oxo-PGFy,) in plasma were determined
by EIA. Results are the mean + SEM. *P< 0.05 versus

Lung Brain Kidney Norm

normoxia.

Hyp
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hypoxia-increased production of PGI,, a potent anti-
thrombotic agent with a wide range of pro-angiogenic, vascu-
loprotective, and cytoprotective properties. This mechanism
could contribute to the adaptive response of vascular cells
to hypoxic stress, counteracting the deleterious effect in-
duced by concomitant inflammatory stimuli. Bl
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