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ABSTRACT In many diseases, tissue hypoxia occurs in
conjunction with other inflammatory processes. Since previ-
ous studies have demonstrated a role for leukocytes in isch-
emia/reperfusion injury, we hypothesized that endothelial
hypoxia may "superinduce" expression of an important leu-
kocyte adhesion molecule, E-selectin (ELAM-1, CD62E). Bo-
vine aortic endothelial monolayers were exposed to hypoxia in
the presence or absence of tumor-necrosis factor ax (TNF-a) or
lipopolysaccharide (LPS). Cell surface E-selectin was quan-
titated by whole cell ELISA or by immunoprecipitation using
polyclonal anti-E-selectin sera. Endothelial mRNA levels were
assessed using ribonuclease protection assays. Hypoxia alone
did not induce endothelial E-selectin expression. However,
enhanced induction of E-selectin was observed with the com-
bination of hypoxia and TNF-a (270%o increase over normoxia
and TNF-ca) or hypoxia and LPS (190%'o increase over nor-
moxia and LPS). These studies revealed that a mechanism for
such enhancement may be hypoxia-elicited decrements in
endothelial intracellular levels of cAMP (<50% compared
with normoxia). Addition of forskolin and isobutyl-methyl-
xanthine during hypoxia resulted in reversal of cAMP de-
creases and a loss of enhanced E-selectin surface expression
with the combination ofTNF-a and hypoxia. We conclude that
endothelial hypoxia may provide a novel signal for superin-
duction of E-selectin during states of inflammation.

Tissue hypoxia frequently accompanies a variety of vascular
diseases, including thrombosis, atherosclerosis, and ischemia/
reperfusion injury. Endothelial cells that line blood vessels are
anatomically positioned at the interface of the blood and tissue
exchange, and thus, endothelial cells are especially influenced
by hypoxemia. The impact of hypoxia on endothelial cells is
complex and includes changes in metabolism, gene expression,
and induction of specific cell surface proteins (1). Moreover,
hypoxia often occurs in conjunction with, or as a direct result
of, other inflammatory processes. Under such conditions, the
endothelium is bathed in a myriad of soluble factors, including
cytokines, bioactive lipids, and bacterial endotoxin (2).

Significant evidence clearly defines a central role for leu-
kocytes in tissue injury during reperfusion, termed ischemia/
reperfusion injury (3). Indeed, previous studies have shown
that white blood cells, especially polymorphonuclear leuko-
cytes (neutrophils), play a prominent role in the development
of acute inflammatory conditions resulting from diminished
blood flow (3). During conditions of inflammation, endothe-
lial E-selectin (ELAM-1, CD62E), mediates transient adhe-
sion between endothelia and leukocytes (4). While it is known
that endothelial E-selectin is induced by a diverse array of
physiological mediators, including cytokines and bacterial
endotoxin (5, 6), little is known about the role of hypoxia in the

regulation of endothelial adhesion molecules such as E-
selectin or whether inflammatory mediators at sites of hypoxia
might differentially regulate such adhesion molecules.

Thus, we hypothesized that endothelial exposure to hypoxic
stress may also serve as a physiologic signal to regulate the
expression of endothelial E-selectin. We report here that
hypoxia provides an additional signal for superinduction of
E-selectin expression. Such enhancement occurs at the cell
surface, extends to total cellular E-selectin and to mRNA
levels, and is mediated, at least in part, by hypoxia-dependent
decreases in endothelial intracellular cAMP.

MATERIALS AND METHODS
Cell Culture. Bovine aortic endothelial cells (BAEC) were

obtained from Cell Systems (Kirkland, WA) as first passage
cells and were used before passage 10 for experiments. En-
dothelial monolayers were established, maintained, and sub-
cultured with DMEM (GIBCO/BRL) containing 10% heat-
inactivated fetal calf serum, glucose, pyruvate, glutamine,
penicillin, and streptomycin (7). Confluent BAEC monolayers
exhibited typical cobblestone appearance and uptake of acety-
lated low density lipoprotein (Biomedical Technologies,
Stoughton, MA; data not shown). Where indicated, endothe-
lial monolayers were exposed to human recombinant tumor-
necrosis factor a (TNF-a; R & D Systems), lipopolysaccharide
(LPS; from Escherichia coli; Sigma), forskolin (Sigma), or
3-isobutyl-1-methyl-xanthine (IBMX; Sigma) at indicated con-
centrations and durations.

Confluent BAEC monolayers were exposed to hypoxia as
follows. Growth medium was replaced with fresh medium
equilibrated with hypoxic gas mixture, and cells were placed in
the hypoxic chamber (Coy Laboratory Products, Ann Arbor,
MI). This hypoxia chamber consisted of an.airtight glove box
with the atmosphere continuously monitored by an oxygen
analyzer interfaced with oxygen and nitrogen flow adapters.
Oxygen concentrations were as indicated with the balance
made up of nitrogen, carbon dioxide [constant pCO2 35 torr (1
torr = 133 Pa)], and water vapor from the humidified chamber.

Bovine E-Selectin Polyclonal Antibody. A polyclonal anti-
body against bovine E-selectin was generated by immunizing
rabbits with bovine E-selectin-Ig fusion protein produced as
described (8). The antiserum specifically recognized bovine
and human E-selectin expressed in the COS7 cells but did not
bind to P- or L-selectins. The antiserum recognizes a =100
kDa N-glycosylated protein in bovine capillary endothelial
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cells and bovine aortic endothelial cells that is up-regulated by
TNF-a or LPS activation (data not shown).

Cell Surface Immunoassay. E-selectin cell surface expres-
sion was quantitated using a cell surface ELISA, as described
(9). BAEC were grown and assayed for antibody binding after
endothelial exposure to normoxia or hypoxia in the presence
or absence of additional inflammatory stimuli, as indicated.
BAEC were lightly fixed with paraformaldehyde (1% wt/vol in
PBS) to preserve cell surface protein. Cells were washed with
Hanks' balanced salt solution (HBSS; Sigma) and blocked with
medium. Rabbit anti-bovine E-selectin antibody (1:2000 final
dilution) was added to fixed cells and allowed to incubate for
2 h at 4°C. After washing with HBSS, a peroxidase-conjugated
sheep anti-rabbit antibody secondary was added. Secondary
antibody (1:2000 final dilution) was diluted in BSA (1% in
HBSS). After washing, plates were developed by addition of
peroxidase substrate [2,2'-azino-bis(3-ethylbenzthiazoline-6-
sulfonic acid); 1 mM final concentration; Sigma] and read on
a microtiter plate spectrophotometer at 405 nm (Molecular
Devices). Controls consisted of no primary antibody (medium
only, background control) and addition of equivalent dilutions
of preimmune E-selectin rabbit serum (specificity control).
Data are presented as mean ± SEM specific OD 405 (back-
ground subtracted).

Immunoprecipitation of Biotinylated Endothelial Mem-
branes. BAEC were grown to confluence on six-well plates,
exposed to experimental conditions, and washed with HBSS,
followed by labeling of extracellular cell surface proteins with
biotin (Immuno Pure Sulfo-NHS-Biotin; 1 mM; Pierce) as
described (10). Unbound biotin was quenched with NH4Cl (50
mM) in HBSS. Labeled BAEC were lysed with lysing buffer
(150 mM NaCl/25 mM Tris/1 mM MgCl2/1% Triton
X-100/1% Nonidet P-40/5 mM EDTA/5 ,ug/ml chymosta-
tin/2 ,ug/ml aprotinin/1.25 mM phenylmethylsulfonyl fluo-
ride; all from Sigma). Cell debris was removed by centrifuga-
tion (10,000 x g for 5 min). BAEC lysates were precleared with
50 Al of preequilibrated protein-G Sepharose (Pharmacia) for
2 h. Immunoprecipitation of E-selectin was performed by
addition of anti-E-selectin polyclonal serum (10 ,ul) or preim-
mune serum (negative control) for 2 h followed by 50 ,ul of
preequilibrated protein-G Sepharose overnight on an end-
over-end rotator. Washed immunoprecipitates were boiled in
nonreducing sample buffer (2.5% SDS/0.38 M Tris, pH 6.8/
20% glycerol/0.1% bromophenol blue), separated by SDS/
PAGE (10% linear gel) under nonreducing conditions, and
transferred to nitrocellulose using standard protocols. Biotin-
ylated proteins were labeled with streptavidin-peroxidase and
visualized by enhanced chemiluminescence (ECL; Amer-
sham). Resulting E-selectin bands were quantitated from
scanned images using IMAGE software (National Institutes of
Health, Bethesda).

Total E-Selectin Western Blotting. BAEC were grown to
confluence on six-well plates, exposed to experimental con-
ditions, washed, lysed, and debris was removed as described
above. BAEC lysates were separated by nonreducing SDS/
PAGE, transferred to nitrocellulose, and blocked overnight in
blocking buffer (250 mM NaCl/0.02% Tween 20/5% goat
serum/3% BSA). Primary antibody (1:500 rabbit 61B anti-E-
selectin polyclonal E-selectin serum) was added for 3 h, blots
were washed, and species-matched peroxidase-conjugated sec-
ondary antibody was added. Labeled bands from washed blots
were detected by ECL. Resulting E-selectin bands were quanti-
tated from scanned images using IMAGE software (National
Institutes of Health).
RNase Protection Assay. Total RNA was extracted from the

confluent BAEC by the guanidinium-thiocyanate method of
Chomczynski and Sacchi (11) with RNAzol B (Cinna/Biotecx
Laboratories, Friendswood, TX), resuspended in 0.5% SDS,
and quantitated by spectrophotometry. Bovine E-selectin and
y-actin cDNA templates were designed to be of different

lengths to allow multiplex RNase protection analysis from each
BAEC sample. The uncut E-selectin template (including
polylinker) was 317 bp with a 186-bp-long protected sequence,
corresponding to nucleotides 324-510 of bovine E-selectin (2);
the template was generated by PCR. The E-selectin PCR
fragment was cloned into the plasmid pCRII using the TA
Cloning kit (Invitrogen). The.uncut y-actin template consisted
of 162 bp with a 124-bp protected sequence, from bp 372 (XhoI
site) to bp 496 (XbaI site) of bovine y-actin cDNA (12),
generously provided by David Morris (University of Wash-
ington, Seattle). The fragment was cloned into pBluescript II
KS (Stratagene).

E-selectin and y-actin templates were linearized with Xba
and Xho, respectively. Riboprobes were synthesized by runoff
transcription with the appropriate RNA polymerase (SP6 for
antisense E-selectin riboprobe and T7 for antisense y-actin
riboprobe; Boehringer Mannheim). Sense riboprobes from
each template were also synthesized and hybridized with
sample RNA as controls (data not shown). Equal amounts of
total RNA (7.5 ,ug) from each sample condition were analyzed
in triplicate. A sample of yeast tRNA (10 ,g) was used as a
negative control. Signals were quantified using IMAGEQUANT
software after 24-h exposures on PhosphorImager screens
(Molecular Dynamics). The signals were controlled for back-
ground by subtraction of the tRNA signal.

Modulation and Measurement of Intracellular cAMP Lev-
els. Confluent BAEC on 24-well plates were exposed to
indicated experimental conditions and washed. BAEC cAMP
was elevated during incubation in hypoxia or normoxia using
forskolin (Sigma; 10 ,uM final concentration) and IBMX
(Sigma; 5 mM final concentration). After incubation, cells
were cooled to 4°C, cAMP was extracted from washed mono-
layers with extraction buffer (66% EtOH/33% HBSS contain-
ing 5 mM IBMX), and lysates were cleared by spinning at
10,000 x g for 5 min. cAMP was quantitated using a displace-
ment ELISA (ELISA Technologies, Lexington, KY) according
to the manufacturer's instructions. Data were converted to
concentrations using a daily standard curve, and concentra-
tions were expressed as cAMP per cm2 confluent BAEC.
Where indicated, similar conditions were used to elevate

(forskolin and IBMX as above) or reduce (Rp-cAMPS ob-
tained from Biomol, Plymouth Meeting, PA), followed by
measurement of E-selectin surface expression using the im-
munoassay described above.
Data Presentation. ELISA data and cAMP data were

compared by two-factor ANOVA or by Student's t test. Values
are expressed as the mean ± SEM of n experiments.

RESULTS
Hypoxia enhances TNF-a/LPS-induced E-selectin expression.
Consistent with previous reports (7, 13, 14), BAEC monolayers
tolerated exposure to hypoxia well [pO2 = 7 mmHg (1
mmHg = 133 Pa), up to 24 h]. No changes in morphology were
observed, and no evidence of cell death was apparent (based
on soluble lactate dehydrogenase measurements from super-
natants and trypan blue exclusion; data not shown). We first
examined the induction of BAEC E-selectin surface expression
by LPS (Fig. 1 A and C) or TNF-a (Fig. 1 B and D) with or
without hypoxia. Using an ELISA (described in Materials and
Methods), LPS and TNF-a brought about a dose-dependent
induction of E-selectin surface expression (for both, P < 0.01,
one-way ANOVA). No significant baseline E-selectin (i.e.,
unstimulated) expression was detected on confluent BAEC.
The E-selectin ELISA signal was specific since addition of
equivalent dilutions of preimmune E-selectin serum yielded no
significant signal (P < 0.001 compared with immune serum;
Fig. 1 A and B).
We next determined the impact of hypoxia on E-selectin

surface expression using the ELISA. As shown in Fig. 1 C and
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FIG. 1. Induction of BAEC E-selectin by LPS/
TNF-a and hypoxia. (A and B) Confluent BAEC mono-
layers were exposed to LPS alone (A; range = 0-500
ng/ml, 12 h) or TNF-a alone (B; range = 0.1-100 ng/ml,
12 h) at 37°C. (C and D) Confluent BAEC monolayers
were exposed to LPS (C; 100 ng/ml) or TNF-a (D; 100
ng/ml) in the presence (a) or absence (-) of hypoxia
(pO2 7 mmHg) or hypoxia alone (-) for indicated
periods of time. Monolayers were washed and lightly
fixed (1% paraformaldehyde) followed by addition of
immune serum (polyclonal E-selectin, 0) or control
serum (preimmune E-selectin, *) and assayed forBAEC
expression of E-selectin by ELISA. Results are pre-
sented as the mean ± SEM OD405 (background sub-
tracted) from 8-12 monolayers in each condition from
at least three experiments.

D, hypoxia alone failed to induce E-selectin surface expression
(P = not significant compared with normoxic controls). BAEC
monolayers exposed to hypoxia in conjunction with TNF-a or
LPS, however, resulted in a time-dependent, synergistic induc-
tion of endothelial E-selectin expression (85 ± 10% and 105 ±
8% over LPS or TNF-a alone, respectively; for both, P < 0.001
compared with either stimulus alone). These data indicate that
hypoxia, in combination with other stimuli, provides an addi-
tional signal for induction of BAEC E-selectin surface expres-
sion.

Hypoxia-Elicited Increase in Surface E-Selectin. To con-
firm our ELISA results, we examined E-selectin surface pro-
tein using immunoprecipitation of E-selectin from surface
biotinylated BAEC. As shown in Fig. 2, BAEC exposure to
LPS (100 ng/ml, 12 h) under normoxic conditions revealed
immunoprecipitation of a 100-kDa biotinylated protein, con-
sistent with BAEC E-selectin. No discernible expression was
apparent from control samples not exposed to LPS, consistent
with our ELISA findings (Fig. 1). Confluent BAEC exposed to
a combination of LPS and hypoxia followed by biotinylation
and immunoprecipitation with an E-selectin-specific antibody
revealed a 100-kDa band of increased density over normoxic
BAEC exposed to LPS (Fig. 2). Immunoprecipitation of
biotinylated BAEC exposed to hypoxia alone resulted in no
distinct E-selectin band. Densitometric analysis of these bands
(Fig. 2B) revealed a 270% increase in the hypoxia/LPS
condition over LPS alone, confirming our ELISA results and
indicating that the combination of hypoxia and inflammatory
stimuli such as LPS act synergistically in induction of BAEC
cell surface E-selectin.

Hypoxia-Elicited Synergism at Level of Total Cellular E-
Selectin. We next used Western analysis to quantitate total
cell-associated E-selectin. As depicted in Fig. 3A, no immu-
noprecipitable E-selectin was detected in normoxic or hypoxic
cells in the absence of added stimuli. In the presence of LPS
or TNF-a activation, a readily detectable 100-kDa band was
observed. The combination of LPS or TNF-a and hypoxia

resulted in the appearance of a band with increased density.
Analysis of these bands by densitometry (Fig. 3B) revealed that
hypoxia increased E-selectin by 280% and 190% for TNF-a-
and LPS-activated BAEC, respectively. These data indicate
that this hypoxia-elicited impact on E-selectin expression
extends to total cell-associated protein.
Impact of Hypoxia on BAEC E-Selectin mRNA. To examine

whether the hypoxia-elicited synergism was present at the
mRNA level, we developed an RNase protection assay using
a 186-bp segment of the bovine E-selectin gene. As shown in
Fig. 4A, a time course of TNF-a activation revealed the
appearance of quantifiable mRNA bands by 6 h of activation.
Hypoxia alone did not induce BAEC E-selectin mRNA at any
time point examined. The combination of hypoxia and TNF-a
brought about increased levels ofmRNA with similar kinetics
as normoxic cells. Quantitation of E-selectin bands (Fig. 4B)
revealed that hypoxia elicited a 190% increase over cytokine
alone in E-selectin mRNA at both the 6-h and the 12-h time
points. No synergism was evident at earlier time points. These
data demonstrate that the observed synergism of hypoxia and
inflammatory stimuli is at least partially regulated at the
transcriptional level.
Mechanism of Hypoxia-Elicited E-Selectin Induction. Oth-

ers have reported that hypoxia results in decreased generation
of intracellular cAMP (15). In addition, endothelial cAMP
levels are reported to modulate endothelial E-selectin surface
expression (16). Thus, we examined whether hypoxia-elicited
decreases in cAMP could account for our observed synergism
with TNF-a. As shown in Fig. SA, hypoxia elicited a >50%
decrease in baseline cAMP compared with normoxic controls
(P < 0.025). Incubation of hypoxic BAEC monolayers with
forskolin and IBMX maintained cAMP levels to within the
normoxic range (P = NS compared with baseline normoxic
controls). TNF-a alone or in combination with hypoxia or
forskolin/IBMX did not influence intracellular cAMP levels
(P = NS). As shown in Fig. SB, cell surface expression of
E-selectin was inversely related to intracellular cAMP levels.

0.30

0.20

0

0
0

0.10

LO
0

0
0

0 4 12

Time, hr.

Cell Biology: Ziind et aL



Proc. Natl. Acad. Sci. USA 93 (1996)

A

LPS
HYPOXIA NORMOXIA

+ +

E-selectin ->

B 3o0

20C

Density
(units)

100

A
MW

MW

196
116

85

1 2 3 4 5 6

116

85

49

B
3001

(4-

E
0

a;

200

100

LPS - + t
Hypoxia Normoxia

FIG. 2. Immunoprecipitation of cell surface biotinylated BAEC
E-selectin induced by LPS in normoxia and hypoxia. Confluent BAEC
monolayers were exposed to media or media containing LPS (500
ng/ml) under conditions of normoxia (pO2 147 mmHg) or hypoxia
(p02 7 mmHg) for 12 h. Cells were cooled to 4°C, and total cell surface
proteins were biotinylated followed by immunoprecipitation of E-
selectin. Blots were probed with streptavidin-peroxidase and devel-
oped by ECL. (A) The resulting blots from immunoprecipitation of
normoxic and hypoxic BAEC with and without addition of LPS. (B)
Densitometry tracings from immunoprecipitated bands shown in A.
One of four experiments is represented.

Indeed, decreased cAMP in hypoxic monolayers correlated
with increased TNF-a-induced E-selectin. Moreover, BAEC
exposure to forskolin/IBMX resulted in attenuated TNF-a-
elicited expression of E-selectin in both normoxic and hypoxic
monolayers and in an observable loss of synergism (P = NS
between normoxic and hypoxic monolayers in the presence of
TNF-a and forskolin/IBMX). Finally, experiments were per-
formed to determine the influence of intracellular cAMP
antagonists on E-selectin surface expression. As shown in Fig.
6, the addition of a combination of LPS or TNF-a with
Rp-cAMPS, a potent inhibitor of kinases that elevate cAMP
(17, 18), resulted in a dose-dependent enhancement of E-
selectin surface expression. No significant increases were
observed in the absence of LPS or TNF-a (Fig. 6), indicating
that Rp-cAMPS alone does not enhance E-selectin. These
results indicate that decreased intracellular cAMP during
hypoxia is, at least in part, responsible for synergism between
TNF-a and hypoxia in E-selectin surface expression. More-
over, we can partially recapitulate such observations using
pharmacologic antagonists to cAMP.

DISCUSSION
During many disease states, tissue hypoxia occurs in conjunc-
tion with other inflammatory events. Reperfusion injury is
associated with leukocyte accumulation; thus, in this study we

1 2 3 4 5 6

Lane

FIG. 3. Immunoblot of total cellular BAEC E-selectin induced by
LPS or TNF-a in normoxia and hypoxia. Confluent BAEC monolayers
were exposed to media or media containing LPS (500 ng/ml) or
TNF-a (100 ng/ml) under conditions of normoxia (pO2 147 mmHg)
or hypoxia (pO2 7 mmHg) for 12 h. Cells were cooled to 4°C, lysed,
and scraped. Lysates were separated by SDS/PAGE under nonreduc-
ing conditions, and blots were probed with polyclonal bovine E-
selectin serum, labeled with peroxidase-conjugated secondary anti-
body, and developed by ECL. (A) Resulting blots of control normoxic
(lane 1), control hypoxic (lane 2), normoxia with LPS (lane 3), hypoxia
with LPS (lane 4), normoxia with TNF-a (lane 5), and hypoxia with
TNF-a (lane 6). (B) Densitometry tracings from resultant bands
shown in A. One of three experiments is represented.

examined regulation of endothelial E-selectin expression un-
der conditions of hypoxia. These studies provide a number of
important insights. First, our findings indicate that hypoxia
alone fails to induce E-selectin at any level. At several different
levels (cell surface protein, total cellular protein, and mes-
sage), however, hypoxia synergizes with other inflammatory
mediators to enhance induction of E-selectin. We provide
evidence that implicates intracellular cAMP as a mechanism of
such hypoxia-elicited enhancement.

Vascular endothelial cells exist at the crucial interface
between tissue and blood, and because of this critical location,
endothelia serve as a buffering monolayer during episodes of
decreased oxygen tension. Thus, the ability of these cells to
tolerate and respond to hypoxia is critical to their survival.
Significant evidence clearly defines a central role for leuko-
cytes in ischemia/reperfusion injury (3). Indeed, end organ
damage of reperfused tissue exceeds that of ischemia alone,
and blockade of leukocyte adhesion molecules appears to
afford some protection (19-22). At present, the mechanisms
that contribute to leukocyte accumulation under such condi-
tions are poorly understood. We were unable to demonstrate
an hypoxia-elicited induction of E-selectin in the absence of
additional stimuli. These data confirm previous studies, indi-
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FIG. 4. Time course ofBAEC E-selectin mRNA induced byTNF-a
in normoxia and hypoxia. (A) RNase protection assay of E-selectin
mRNA; conditions are as specified. The internal control for each
sample was bovine -y-actin. BAEC were exposed to either hypoxia or
normoxia in the presence or absence of TNF-a. Controls consisting of
normoxia alone were not different than hypoxia alone. (B) Phospho-
rimager quantitation of the 186-bp E-selectin bands from RNase
protection assays. Each point is the average of triplicate determina-
tions.

cating that short-term endothelial exposure to hypoxia alone
either failed to elicit increased levels of E-selectin (23-25) or
increased expression only slightly. Such conditions, however,
have been shown to increase E-selectin-dependent polymor-
phonuclear adhesion with reoxygenation (24-26).

In many disease states, hypoxia occurs in conjunction with,
or as a result of, other inflammatory processes. In such
settings, the endothelial cell surface is exposed to a myriad of
soluble mediators (i.e., cytokines, bioactive lipids, and endo-
toxin) at concentrations that can influence cellular function
(2). Thus, a relevant in vitro model of tissue hypoxia might
include the combination of hypoxia and additional defined
mediators. Under such conditions, we find that hypoxia pro-
motes effects of TNF-a and endotoxin for induction of endo-
thelial E-selectin.
The lack of induction of E-selectin by hypoxia alone pro-

vides important insight into mechanisms by which hypoxia
might synergize with other inflammatory mediators. E-selectin
is readily induced by a number of diverse stimuli, including
cytokines and endotoxin (5, 6). With regard to hypoxia as a
relevant activator, previous studies have demonstrated that
hypoxia/reoxygenation stimulates endothelial cells to secrete
proinflammatory cytokines such as interleukin la (IL-lci; refs.
23 and 24), IL-6 (27), and IL-8 (28). Such endogenous release
of cytokine (especially IL-la) and concomitant induction of
E-selectin through autocrine mechanisms (24) are, however,
an unlikely explanation for our observation, since hypoxia
alone resulted in no detectable E-selectin induction, either at
the protein or message level (Figs. 1-4). The E-selectin gene
is under the control of a number of transcription factors,
including AP-1, GATA-binding proteins, and NFKB (29, 30).
It is unlikely, however, that hypoxia directly regulates the
function of these transcription factors, since no detectable
mRNA signal was demonstrated in the absence of additional
mediators. We cannot, however, rule out possible mechanisms
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FIG. 5. Stimulation ofBAECcAMP during hypoxia results in a loss
of synergism toward TNF-a. BAEC monolayers were grown to con-
fluence on 24-well plates (A) or on 96-well plates (B) and exposed to
media or TNF-a (100 ng/ml) in the presence or absence of forskolin
(10 ,uM final concentration) and IBMX (5 mM final concentration).
Monolayers were exposed to normoxia (pO2 147 mmHg) or hypoxia
(pO2 7 mmHg) for 12 h. (A) BAEC were lysed in the presence of
IBMX, and cAMP was determined from cell lysates. (B) BAEC
monolayers were analyzed for specific E-selectin surface expression by
ELISA. Results are presented as the mean ± SEM from 8-12
monolayers in each condition from three experiments.

by which hypoxia may decrease rates of protein turnover.
While RNase protection assays revealed that hypoxia-elicited
synergism with TNF-a is readily detectable at the level of
mRNA, we have not determined whether this is due to
increased transcription or increased mRNA stability.

These studies provide evidence that enhanced E-selectin may
be mediated by hypoxia-elicited decreases in intracellular cAMP
levels. Recently, it was shown that agents that elevate intracellular
cAMP levels inhibit TNF-a-induced E-selectin expression (16).
This effect maps to the cAMP-responsive element/activating
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FIG. 6. Influence of cAMP antagonist Rp-cAMPS on TNF-a- or

LPS-stimulated E-selectin surface expression. BAEC monolayers were

grown to confluence on 96-well plates, exposed to media (E), LPS (100
ng/ml, 0), or TNF-a (100 ng/ml, 0) in the absence or presence of
indicated concentrations (in ,uM) of the cAMP antagonist Rp-cAMPs for
12 h in normoxia (p02 147 mmHg). BAEC monolayers were analyzed for
specific E-selectin surface expression by ELISA. Results are presented as

the mean ± SEM percent increase in E-selectin expression from 8-10
monolayers in each condition from three experiments.

transcription factor within the E-selectin gene (31), and recently
it was shown that this cAMP-responsive element controls the
transcription rate of many genes (23). cAMP-responsive element
activation increases or decreases transcription in a gene- and
cell-specific manner, and thus, our results extend such findings to
indicate that the hypoxia-elicited decrease in cAMP may serve as

a physiologically relevant signal for stimulus-dependent E-
selectin expression. Increased cAMP resulted in a loss of such
synergism, suggesting a role for cAMP in this response. Some
precedence exists to support our findings. For instance, others
have shown that hypoxia-elicited decreases in cAMP may pro-
mote endothelial barrier function defects (15). The specific
mechanism(s) for reduced adenylate cyclase activity in hypoxic
endothelia remains to be elucidated, although a role for G
proteins has been suggested (15). Thus, it appears that cAMP
signaling may serve as a important intracellular messenger for the
regulation of variety of cellular functions important in the in-
flammatory response.

In conclusion, our findings indicate that hypoxia may serve

as a relevant pathophysiological stimulus and, thus, may pro-
vide an additional mechanism for regulation of E-selectin. At
present, it is not known how such mechanisms might influence
other endothelial adhesion molecules. Further investigation,
both in vivo and in vitro, will shed on light on the regulatory role
of hypoxia during disease states.
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