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The Isoprostane 8-1s0-PGE, Stimulates Endothelial Cells
to Bind Monocytes via Cyclic AMP- and
p38 MAP Kinase-Dependent Signaling Pathways
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ABSTRACT

Increased levels of isoprostanes have been detected in human atherosclerotic lesions. To examine a possible
role for 8-iso-prostaglandin E, (8-iso-PGE,) in atherogenesis, we tested the effect of 8-iso-PGE, on adhesion of
leukocytes to human umbilical vein endothelial cells (EC). We demonstrate that 8-iso-PGE, stimulates EC to
bind monocytes, but not neutrophils. This effect was inhibited by the thromboxane A, receptor antagonist
SQ29548. Moreover, 8-iso-PGE, increased levels of cyclic AMP in EC, and monocyte adhesion induced by 8-
iso-PGE, was blocked by a protein kinase A inhibitor, H89. In addition, 8-iso-PGE, induced phosphorylation
of p38 and extracellular signal-regulated kinase (ERK) 1/2 mitogen-activated protein (MAP) kinase and stim-
ulated expression of EGR-1. A specific inhibitor of p38 MAP kinase (SB203580) abrogated monocyte binding,
whereas an inhibitor of the ERK pathway (PD98059) did not block monocyte adhesion induced by 8-iso-
PGE,. Activation of nuclear factor-kB (NF-kB) and expression of NFkB-dependent genes intercellular adhe-
sion molecule-1, vascular cell adhesion molecule-1, and E-selectin were not induced by 8-iso-PGE,. Taken to-
gether, these results demonstrate that 8-iso-PGE, stimulates EC to specifically bind monocytes, but not
neutrophils. This effect is mediated by cyclic AMP/protein kinase A- and p38 MAP kinase-dependent path-
ways and is independent of the classical inflammatory NFkB pathway. Thus, formation of 8-iso-PGE, may
play an important role in chronic inflammatory diseases such as atherosclerosis by increasing adhesion and
extravasation of monocytes. Antioxid. Redox Signal. 5, 163—169.

INTRODUCTION

ISOPROSTANES are chemically stable products of free radi-
cal-catalyzed peroxidation of arachidonic acid, struc-
turally related to prostaglandins (15). Biological effects of
isoprostanes include broncho- and vasoconstriction, as well
as activation of platelets, smooth muscle cells, and endo-
thelial cells (EC) (4, 6,7, 11, 18, 19). The specific receptor(s)
mediating effects of isoprostanes are not identified. In some
cases, effects of isoprostanes are mediated by the thrombox-
ane A, (TXA,) receptor [T prostanoid (TP) receptor] (10, 13).
However, other studies have suggested the existence of a spe-

cific isoprostane receptor, which is similar to, but distinct
from, the TP receptor (6, 19).

The levels of isoprostanes in vivo are increased by oxida-
tive stress, which accompanies many pathological conditions.
In particular, increased concentrations of isoprostanes have
been detected in blood of smokers (16, 21), patients with
hypercholesterolemia (3, 22), and apolipoprotein E-knockout
hyperlipidemic mice (20). Isoprostanes were found in oxi-
dized low-density lipoprotein (14) and in human athero-
sclerotic lesions (8), suggesting that they can play a role in
development of atherosclerosis. This hypothesis is further
supported by the ability of antioxidants to blunt generation of
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isoprostanes and reduce atherosclerosis in a mouse model of
atherogenesis (20).

One of the initiating steps in atherogenesis is attachment of
circulating monocytes to EC, followed by extravasation of
monocytes (12). In contrast to acute inflammation, mono-
cytes, but not neutrophils, are the predominant cell type re-
cruited during atherosclerosis and other types of chronic in-
flammation. We have shown that certain products of lipid
peroxidation, such as oxidized phospholipids, cholesterol
esters, and the isoprostane 8-iso-prostaglandin F, (8-iso-
PGF, ), can selectively induce monocyte adhesion to EC, but
do not stimulate adhesion of neutrophils (9, 11, 26). Here,
we expand these observations by showing that another major
product of nonenzymatic arachidonate oxidation, 8-iso-
prostaglandin E, (8-is0-PGE,), also stimulates EC to bind
monocytes, but not neutrophils. Our findings indicate that 8-
is0-PGE,-induced monocyte binding is mediated by cyclic
AMP (cAMP)/protein kinase A (PKA) and p38 mitogen-acti-
vated protein (MAP) kinase signaling pathways and is inde-
pendent of the classical inflammatory nuclear factor-xB
(NFkB) mechanism. These data provide further insight into
signaling and transcriptional mechanisms of chronic inflam-
mation, which is characteristic of atherosclerosis.

MATERIALS AND METHODS
Materials

The isoprostane 8-iso-PGE, and the TXA,/prostaglandin
receptor agonist and antagonist (U46619 and SQ29548, re-
spectively) were purchased from Cayman Chemical (Ann
Arbor, MI, U.S.A.). Antibodies for detection of E-selectin, vas-
cular cell adhesion molecule-1 (VCAM-1), and intercellular
adhesion molecule-1 (ICAM-1) by whole-cell enzyme-linked
immunosorbent assay (ELISA) were obtained from R&D Sys-
tems (Minneapolis, MN, U.S.A.). Antibodies for Western blot-
ting of phospho-p38 MAP kinase, total, extracellular signal-
regulated kinase (ERK) 1/2, and phospho-ERK1/2 were
purchased from New England BioLabs (Beverly, MA, U.S.A.).
Anti-IkBa was from Santa Cruz Biotechnologies (Santa Cruz,
CA, U.S.A.). SB203580, PD98059, and bisindolylmaleimide I
were from Calbiochem (La Jolla, CA, U.S.A.), indomethacin
was from Sigma Chemicals (St. Louis, MO, U.S.A.), and sup-
plemented calf serum was from HyClone (Logan, UT, U.S.A.).

Tissue culture

Human aortic EC were cultured as described previously
(1). Human umbilical vein EC were prepared and cultured as
described (27). Blood monocytes were obtained from a large
pool of healthy donors as described previously (5). U937 and
HL-60 cells, which were shown to behave like peripheral
blood monocytes and neutrophils in adhesion experiments (9,
17), were obtained from American Type Culture Collection
(Manassas, VA, U.S.A.).

Leukocyte adhesion assays

EC were incubated with test medium for 4 h at 37°C. In
some experiments, EC were preincubated for 1 h with in-
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hibitors and then incubated for 4 h with a combination of ag-
onists and inhibitors. The test medium was removed, cells
were extensively washed, and a suspension of human mono-
cytes, U937 cells, or HL-60 cells was added. After 12-15
min, nonadherent cells were removed by gentle washing/aspi-
ration. Bound monocytes, U937, or HL-60 cells were counted
microscopically.

Cell ELISA

EC were plated into 96-well plates and treated with stimuli
for 4 h. After washing, cells were fixed with 0.1% glutaralde-
hyde in phosphate-buffered saline. Antibodies specific for E-
selectin, VCAM-1, and ICAM-1 were added for 1 h at 37°C
and, after washing, detected with goat anti-mouse IgG conju-
gated to peroxidase. o-Phenylenediamine (Sigma) was used
for development, and the reaction was stopped by an equal
volume of 0.5 M H,SO,. Optical density was read at 492 nm.

Western blotting

Experiments were performed exactly as described by us
previously (2). To confirm equal protein loading, all blots
were stripped and stained for total ERK1/2 (both phospho
and non-phospho forms).

cAMP assay

Cells were cultured in six-well dishes and pretreated for
10 min with 0.5 mM isobutyl-1-methylxanthine. Then 8-iso-
PGE, or forskolin was added and cells incubated for 2 h.
After washing with phosphate-buffered saline containing 4
mM EDTA, cells were scraped from the dish in the same
buffer. After centrifugation, the pellet was resuspended and,
after three cycles of freeze-thawing, sonicated. Coagulated
macromolecules were removed by centrifugation (13,000 g, 2
min). cAMP levels were determined in the supernatant using
a cAMP EIA kit (Cayman Chemical).

Statistics

Statistical analysis was performed using one-way ANOVA.
The data in the figures are expressed as means + SDs and are
representative of two to five independent experiments (see
figure legends).

RESULTS

In this study, we investigate a possible role of 8-iso-PGE,
in atherogenesis and chronic inflammation by testing its ef-
fects on adhesion of leukocytes to vascular EC. Treatment of
EC with 2.5-20 uM 8-iso-PGE, for 4 h induced binding of
unstimulated monocytes to EC in a concentration-dependent
manner (Fig. 1A). For all further experiments, 8-iso-PGE,
was used at a concentration of 10 uM, which induced a repro-
ducible twofold increase in monocyte binding.

Accumulating data indicate that isoprostanes exert biologi-
cal action through the TXA,/prostaglandin H, (TP) receptor
and through an additional isoprostane-specific receptor (11).
TP receptors and putative isoprostane receptors are probably
structurally similar, as evidenced by the ability of the com-
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FIG. 1. 8-iso-PGE, concentration-dependently stimulates
EC to bind monocytes through isoprostane/TXA , receptor.
(A) EC grown in 48-well dishes were incubated with the indi-
cated concentrations of 8-iso-PGE, for 4 h at 37°C and then
tested for monocyte adhesion. (B) SQ29548 (SQ) was added
together with 8-iso-PGE, (E2) (both at 10 uM). The data are
representative of five independent experiments. *p < 0.05
compared with cells treated with medium only (control).

pound SQ29548 to block effects of both TXA, and iso-
prostanes. Accordingly, addition of SQ29548 abrogated the
effects of 8-iso-PGE, on monocyte adhesion (Fig. 1B).

To investigate whether the action of 8-iso-PGE, was spe-
cific for induction of adhesion of monocytes, its ability to in-
duce neutrophil-endothelial interactions was also examined.
8-is0-PGE, did not stimulate EC to bind neutrophil-like HL-
60 cells (Fig. 2A). In contrast to 8-iso-PGE,, the TP receptor
agonist U46619 stimulated EC to bind neutrophil-like cells
(Fig. 2A).

We then tested the effect of 8-iso-PGE, on the expres-
sion of the neutrophil-binding adhesion molecule E-selectin
on EC. 8-is0-PGE, did not change expression of E-selectin on
EC (Fig. 2B). 8-is0-PGE, also did not change expression by
EC of monocyte-specific adhesion molecule VCAM-1 (Fig.
2C), suggesting that 8-iso-PGE,-induced binding of mono-
cytes to EC is mediated by adhesion molecules other than
VCAM-1.

Agonists of the TP receptor, such as TXA, and U46619, are
known to stimulate production of prostaglandins, which can
stimulate EC in an autocrine fashion. To examine whether the
effect of 8-is0-PGE, on monocyte adhesion could be medi-
ated by induction of prostaglandin synthesis, experiments
were also performed with addition of a cyclooxygenase in-
hibitor, indomethacin. Inhibition of cyclooxygenase did not
have any effect on 8-is0-PGE,-induced monocyte adhesion
(data not shown). Therefore, de novo prostaglandin synthesis
was not responsible for the increase of monocyte adhesion in-
duced by 8-iso-PGE,.

We further investigated intracellular signaling pathways
mediating 8-is0-PGE,-induced monocyte binding to EC. One
important mechanism for accumulation of monocytes under
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FIG. 2. 8-is0o-PGE, does not stimulate adhesion of neu-
trophils and does not up-regulate E-selectin or VCAM-
1. EC grown in 48- (A) or 96-well plates (B and C) were in-
cubated with 8-iso-PGE, (E2) or TXA, receptor agonist
U46619 (both at 10 uM) for 4 h at 37°C. After the incubation,
EC were analyzed for binding of neutrophil-like HL-60 cells
(A) or for surface expression of E-selectin (B) or VCAM-1 (C).
The data are representative of four ndependentexperiments. *p
< 0.001 compared with cells treated with medium only.

250
40 | T *
200
-
30 | - =
;_: glso
g T 5 g
= > 0
g 20| 2%
= £ =100
B S
= =7
2,
S 10 50
0 0
E2 ~ t - E2 ~*t+
sQ ~— — *t - Hgg ~— — %
orsk — — — *

FIG. 3. 8-iso-PGE, elevates cAMP levels in EC, which is
functionally important for monocyte binding. (A) EC
grown in six-well plates were stimulated with 8-iso-PGE, (E2)
or forskolin (Forsk) (both at 10 uM) for 2 h at 37°C, and then
processed for determination of cAMP contents. (B) EC grown
in 48-well plates were preincubated with the PKA inhibitor
H39 (10 uM) for 1 h, then incubated with 8-iso-PGE, with or
without H89 (both at 10 uM) for 4 h at 37°C. After the incuba-
tion, EC were analyzed for binding of monocytes. The data are
representative of three independent experiments. *p < 0.01
compared with cells treated with medium only.
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FIG. 4. 8-iso-PGE, does not induce degradation of
IkBa. EC grown in six-well plates were treated with 10 uM
8-is0-PGE, for the indicated times in the CO, incubator. The
cells were scraped, and contents of IkBa were determined by
western blotting. The data are representative of three experi-
ments.

conditions of chronic inflammation is cAMP-dependent cell-
surface deposition of fibrinogen containing the CS-1 frag-
ment, which is a ligand for binding of monocytes (23, 24). In
order to elucidate the role of cAMP in 8-iso-PGE,-induced
monocyte adhesion, we measured the effects of 8-iso-PGE,
on cAMP levels in EC. 8-is0-PGE, increased levels of cAMP
approximately twofold above control, which was comparable
to the action of the adenylate cyclase activator forskolin (Fig.
3A). 8-is0-PGE,-induced cAMP generation was inhibited by
addition of SQ29548. We then examined whether elevation of
cAMP by 8-is0-PGE, was functionally important to induce
monocyte binding. Addition of 25 puM H89, a specific in-
hibitor of PKA, blocked 8-is0-PGE,-induced monocyte bind-
ing to EC (Fig. 3B).

Classical mechanisms of induction of inflammatory adhe-
sion molecules in EC involve stimulation of the NFkB path-
way. A key event in the activation of this pathway by a variety
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FIG. 5. Monocyte adhesion induced by 8-iso-PGE, is in-
dependent of PKC. EC grown in 48-well plates were pre-
treated with the PKC inhibitor bisindolylmaleimide I (Bis; 10
uM) for 1 h, and then further incubated in the presence of 10
uM 8-iso-PGE, (E2) for 4 h. Monocyte adhesion experiments
were performed as described in Materials and Methods. The
data are representative of five independent experiments. *p <
0.01 compared with cells treated with medium only.
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FIG. 6. 8-iso-PGE, induces phosphorylation of p38 MAP
kinase in EC, which is important for activation of mono-
cyte binding. (A) EC grown in six-well dishes were treated
with 10 pM 8-iso-PGE, for the indicated times. After the incu-
bation, the cells were scraped off and analyzed by western blot-
ting using an antibody specific for the phosphorylated form of
p38 MAP kinase. (B) EC grown in 48-well plates were pre-
treated with SB203580 (SB; 10 uM) for 1 h. After further stim-
ulation with 10 uM 8-iso-PGE, (E2) for 4 h at 37°C, monocyte
adhesion to the EC was measured. The data are representative
of three independent experiments. *p < 0.01 compared with
cells treated with medium only.

of inflammatory agonists includes degradation of the in-
hibitory subunit IkB, resulting in generation of free NFkB
subunits, which are translocated into the nucleus and stimu-
late transcription of target genes. 8-is0-PGE, did not induce
degradation of IkBa in EC (Fig. 4). In addition, as shown
above, treatment of EC with 8-iso-PGE, did not stimulate ex-
pression of E-selectin, VCAM-1, and ICAM-1, which are
typical NFkB-responsive genes in EC (Fig. 2B and C, and
datanot shown). Taken together, these results indicate that the
NFkB pathway is not involved in the stimulatory action of
8-is0-PGE, on monocyte adhesion to EC.

Agonists of the TP receptor are known to activate protein
kinase C (PKC) (10). We tested whether the PKC-dependent
pathway plays a role in 8-is0-PGE,-induced monocyte bind-
ing to EC. Inhibition of PKC by bisindolylmaleimide I (10
uM) did not abrogate monocyte binding, stimulated by 8-iso-
PGE, (Fig. 5). These results indicate that the induction of
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monocyte binding by 8-iso-PGE, is independent of the PKC
pathway.

We further tested the effects of 8-iso-PGE, on the activity
of p38 MAP kinase, which is important for induction of adhe-
sion molecules by various inflammatory stimuli, such as
lipopolysaccharide, tumor necrosis factor-o, and oxidized
phospholipids. 8-iso-PGE, stimulated phosphorylation of
p38 MAP kinase with levels of phosphorylated p38 MAP ki-
nase being sustained for up to 20 min after stimulation (Fig.
6A). Pretreatment of EC with a specific inhibitor of p38
MAP kinase (SB203580) abrogated monocyte binding in-
duced by 8-iso-PGE, (Fig. 6B). These data suggest that the
p38 MAP kinase pathway is activated by 8-iso-PGE, and is
functionally important for enhancement of monocyte binding
induced by this isoprostane.

In a previous study, we have shown that 8-iso-PGF, acti-
vated ERK1/2 in EC and that activation of these kinases was
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necessary for 8-iso-PGF,-induced monocyte adhesion to EC
(11). 8-iso-PGE, also induced phosphorylation of ERK1/2
in EC, which was sustained for up to 40 min after stimula-
tion (Fig. 7A). Phosphorylation of ERK1/2 induced by 8-
iso-PGE, was inhibited by the TXA, receptor antagonist
SQ29548, but was insensitive to inhibitors of PKC (bisin-
dolylmaleimide) and PKA (H89) (Fig. 7B). In addition, 8-iso-
PGE, stimulated expression of the transcription factor EGR-1
(Fig. 7C). It is known that transcription of the Egr-/ gene is
activated by the ERK kinase cascade and that induction of
this protein by oxidized phospholipids can be inhibited by the
compound PD98059, known to inhibit the ERK pathway (2).
In order to elucidate the functionalimportance of the ERK1/2/
EGR-1 cascade for stimulation of monocyte binding by 8-iso-
PGEZ, we checked whether this induction could be blocked
by the MEK1/2 inhibitor PD98059, which acts upstream of
ERK1/2. Inhibition of the ERK pathway by PD98059 did not
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FIG. 7. 8-iso-PGE, stimulates phosphorylation of ERK1/2 MAP kinases and expression of EGR-1in EC. (A) EC grown
in six-well plates were stimulated with 10 uM 8-iso-PGE, for the indicated times. Afterwards, the cells were scraped and analyzed
by western blotting using an antibody specific for the phosphorylated forms of ERK1/2. (B) EC were stimulated for 20 min with
10 uM 8-iso-PGE, (E2) in the presence or absence of bisindolylmaleimide I (Bis), SQ29548 (SQ), or H89 (all at 10 uM), and then
were analyzed for phosphorylaied ERK1/2. (C) EC, stimulated with 10 uM 8-iso-PGE,, were analyzed for expression of the EGR-
1 protein using western blotting. (D) EC grown in 48-well plates were pretreated for 1 h with a specific inhibitor of MEK1/2
[PD98059 (PD)] then stimulated for 4 h with 10 uM 8-iso-PGE,, and analyzed for monocyte adhesion. Data are representative of
two to four independentexperiments. *p < 0.01 compared with cells treated with medium only.
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block 8-is0-PGE,-induced monocyte binding, demonstrating
an interesting and unexpected difference in mechanism of
8-is0-PGE, and 8-iso-PGF, (Fig. 7D).

DISCUSSION

A large body of evidence indicates that isoprostanes are
markers for increased oxidative stress. Elevated concentrations
of isoprostanes were detected in patients after coronary reper-
fusion and angioplasty and in atherosclerotic lesions. A variety
of pharmacological effects of isoprostanes strongly suggest
that they are not merely markers of oxidative stress induced by
these disorders, but actively participate in their pathogenesis.

Two of the most extensively studied isoprostanes produced
from arachidonic acid are 8-iso-PGF, and 8-iso-PGE,. Pre-
viously, we demonstrated that 8-iso-PGF, stimulates EC to
bind monocytes. Here we demonstrate that 8-iso-PGE, also
selectively induces monocyte-endothelial interactions, a pro-
cess known to be an importantinitiating event in atherogenesis.

Systemic plasma concentrations of isoprostanes found in
humans are in the picomolar range (3). As 8-iso-PGE, in the
present study was active in the micromolar range of con-
centrations, it is unlikely that circulating isoprostanes would
induce monocyte binding to EC. However, in human athero-
sclerotic plaques, these compounds are present in abundance
(8). Immunochemically, local accumulation of isoprostanes
in macrophages near the necrotic core and in smooth muscle
cells has been shown.

The region of the plaque near the necrotic core is thought
to be a locus for monocyte recruitment, further implicating a
role for these lipid oxidation products. In addition, one has to
take into account that a combination of lipid oxidation prod-
ucts from all lipid classes is present in atherosclerotic vessels,
including various isoprostanes (11), oxidized phospholipids
(26), and oxidized cholesteryl esters (9). Acting in concert,
these oxidized lipids may lead to specific monocyte adhesion,
and thus to the progression of the lesion.

We found that 8-iso-PGE, increased intracellular endothe-
lial levels of cAMP and that inhibition of the cAMP-depen-
dent PKA clearly attenuated 3-iso-PGE,-induced monocyte
adhesion. These results are consistent with another study,
which demonstrated the ability of 8-iso-PGE, to elevate intra-
cellular levels of cAMP (25). cAMP in EC is known to acti-
vate surface deposition of a splice variant of fibrinogen,
which contains the CS-1 fragment (24). As we did not ob-
serve any effect of 8-iso-PGE, on the levels of ICAM-1,
VCAM-1, or E-selectin, we propose that enhanced binding of
monocytes to 8-iso-PGE,-stimulated EC was mediated by in-
teraction of a,f3, integrin of monocytes with the CS-1 frag-
ment of fibrinogen on EC. However, this question requires
further experimentation.

In addition, we demonstrate that the p38 MAP kinase sig-
naling pathway is activated by 8-iso-PGE, and that blocking
of this pathway results in abrogation of monocyte adhesion
induced by 8-iso-PGE, (Fig. 6). Phosphorylation of ERK1/2
was also induced by 8-iso-PGE,, but, surprisingly, inhibition
of this pathway did not block induction of monocyte binding
to EC by 8-iso-PGE, (Fig. 7). In contrast, in our previous
work we found that 8-iso-PGF, -induced monocyte adhesion
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was dependenton ERK1/2 activation (11). However, we show
that EGR-1 expression is induced by 8-iso-PGE,, and this
transcription factor is up-regulated by the PKC/ERK1/2 MAP
kinase pathway (2).

Here we present evidence that NFkB translocation, as well
as induction of NFkB-dependent genes, is not induced by
8-is0-PGE,. This result is in accordance with other studies
showing that monocyte-specific adhesion induced by oxi-
dized lipids such as 8-iso-PGF, , oxidized phospholipids, and
oxidized cholesteryl esters is determined by induction of
cAMP/PKA and MAP kinase pathways, rather than by the
common inflammatory NFkB paythway (9, 11).

In summary, we have shown that 8-is0-PGE, specifically
induces monocyte adhesion to EC through cAMP/PKA- and
p38 MAP kinase-dependent signaling pathways. These re-
sults demonstrate that 8-iso-PGE, may play an importantrole
in the development of the atherosclerotic lesion.
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