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Abstract

 

Hypercholesterolemia is associated with impair-
ments in endothelium-dependent vascular relaxations. Para-
doxically, endothelial production of nitrogen oxides is in-
creased in early stages of hypercholesterolemia. Prior work
has shown that oxidized low density lipoprotein (LDL) has
both stimulatory and inhibitory effects on endothelial nitric
oxide synthase expression (eNOS) and has focused on lyso-
phosphatidyl choline (LPC) as a component of oxidized LDL
which may modulate this effect. Another biologically active
component of oxidized LDL is 13-hydroperoxyoctadecadi-
enoic acid (13-HPODE), an oxidized form of linoleic acid.
The purpose of this study was to determine the effect of
HPODE on the expression of eNOS in bovine aortic endothe-
lial cells (BAECs). Twenty four hour treatment of endothelial
cells with HPODE caused a dose-dependent increase in eNOS
mRNA levels as assessed by Northern analysis. The time re-
sponse studies show that HPODE treatment significantly in-
creased eNOS mRNA levels at 12 and 24 h. Concomitant with
the increase in eNOS mRNA levels, 20 

 

m

 

m

 

 HPODE treatment
significantly increased eNOS protein content and enzyme ac-
tivity. Nuclear run-on studies indicated that the rate of tran-
scription of eNOS gene was significantly elevated 4 h after
HPODE treatment when compared to control cultures. Also,
actinomycin D studies demonstrated that the half-life of
eNOS mRNA was increased from 6 h to 12 h by HPODE treat-
ment. Thus, HPODE-induced up-regulation of eNOS expres-
sion is mediated by both transcriptional and posttranscrip-
tional mechanisms.  These observations suggest that
endothelial cells may attempt to compensate for oxidative in-
jury by increasing expression of eNOS in early stages of hyper-
cholesterolemia.

 

—Ramasamy, S., S. Parthasarathy, and D. G.
Harrison.
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The endothelial cell nitric oxide synthase, (eNOS)
plays an important role in modulating vasomotion, in-
hibiting platelet aggregation and smooth muscle cell
growth (for review see ref. 1). While eNOS is constitu-
tively expressed, there is evidence that its level of ex-

 

pression can be modulated by factors such as shear
stress (2), hypoxia (3, 4), tumor necrosis factor alpha
(5), and oxidized low density lipoprotein (LDL) (6, 7).
Functionally, the vascular release of nitric oxide (NO

 

•

 

)
is abnormal in the setting of hypercholesterolemia and
atherosclerosis (8–10). The mechanisms for this abnor-
mality are likely multifactorial; however, studies of ves-
sels from animals with short-term hypercholesterolemia
show that endothelial production of nitrogen oxides is
not suppressed, but paradoxically increased (11). In
this model, treatment with superoxide dismutase can
restore the bioactivity of NO

 

•

 

, suggesting that at least a
portion of the altered bioactivity of nitric oxide is due
to degradation by superoxide anions. The finding that
vessels from hypercholesterolemic animals release ele-
vated quantities of nitrogen oxides suggests that eNOS
expression is increased at least early after onset of
hypercholesterolemia.

In keeping with the concept that hypercholester-
olemia can affect expression of eNOS, it has been
shown that oxidized LDL can increase eNOS mRNA
levels in low concentrations and decrease the eNOS ex-
pression at high concentrations (6). It is also reported
that the decrease in eNOS expression is positively cor-
related to TBARS content in the oxidized LDL (7).
Lysophosphatidyl choline (LPC) in oxidized LDL can
increase eNOS expression in human umbilical vein en-
dothelial cells in a dose-dependent fashion (6, 12).

In addition to LPC, another important component

 

Abbreviations: eNOS, endothelial nitric oxide synthase; LPC, lyso-
phosphatidyl choline; BAECs, bovine aortic endothelial cells; 13-
HPODE, 13-hydroperoxyoctadecadienoate; NO, nitric oxide; FCS, fe-
tal calf serum; PBS, phosphate-buffered saline; TBS-T, Tris-buffered
saline containing 0.1% Tween; 12(S) HETE, hydroxyeicosatetraenoic
acid; HPETE, hydroperoxyeicosatetraenoic acid; NDGA, nordihy-
droguaretic acid; HODE, 13-hydroxy-octadecadienoate; VCAM-1, vas-
cular cell adhesion molecule 1; NFkB, nuclear factor kappa B; AP-1,
activator protein-1.
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of oxidized LDL is 13-HPODE (HPODE; 13-hydroper-
oxy-octadecadienoate). Several lines of evidence sug-
gest that the major polyunsaturated fatty acid present
in LDL is linoleic acid which is converted to oxidized li-
noleic acid during the atherosclerotic process (13, 14).
HPODE has potent biological effects that include the
induction of interleukin-1 (15) and VCAM-1 expres-
sion (16). We hypothesized that HPODE is a candidate
molecule which might mediate the effect of oxidized
LDL on increased NO production. One of the mecha-
nisms by which HPODE might increase nitric oxide
production is by up-regulating the eNOS gene expres-
sion in atherosclerotic vessels. The present study was
performed to test this hypothesis using bovine aortic
endothelial cells (BAEC(s)). We examined the effect of
HPODE on levels of eNOS mRNA, protein and enzyme
activity. Also, the transcriptional activity of eNOS gene
and eNOS mRNA stability were measured upon expo-
sure to HPODE treatment.

MATERIALS AND METHODS

 

Cell culture

 

Endothelial cells were harvested from bovine aortas
and cultured in medium (M199; Gibco Laboratories,
Grand Island, NY) containing 10% fetal calf serum
(FCS) (Hyclone Laboratories, Logan, UT) as described
earlier (17). The post-confluent cells between passages
4 and 9 were used for the experiments.

 

Experimental media

 

Post-confluent endothelial cells were exposed to
M199 

 

1

 

 1% FCS (control) or M199 

 

1

 

 1% FCS supple-
mented with HPODE (13-hydroperoxyoctadecadi-
enoic acid). The HPODE-containing media were pre-
pared as described earlier (18). Briefly, 2 m

 

m

 

 linoleic
acid (Sigma) was incubated with 10 

 

m

 

l of soybean li-
poxygenase (10,000 U/

 

m

 

l) (Sigma) in 0.2 

 

m

 

 potassium
borate buffer (pH 8.0) for 10 min at room tempera-
ture. The reaction was monitored by measuring the ab-
sorbance of an aliquot of reaction mixture at 234 nm.
The reaction was stopped by adding 100 

 

m

 

l of 1.3 N
HCl and the HPODE was extracted twice with 2.0 ml
of hexane. The hexane was evaporated under nitro-
gen and HPODE was dissolved in ethanol to yield a 1
m

 

m

 

 stock. The concentration of HPODE was calcu-
lated using the extinction coefficient of 2.52 

 

3

 

 10

 

4

 

m

 

2

 

1

 

. Lipoxygenase-mediated oxidation of linoleic
acid generated predominantly 13-HPODE (19). For
the dose response study, the cells were exposed to 0
to 20 

 

m

 

m

 

 HPODE-containing media for 24 h. The

time point experiments were done using 0 or 20 

 

m

 

m

 

HPODE-containing media up to 24 h.

 

Northern blotting

 

Northern analysis was performed as previously de-
scribed (20). The total RNA from endothelial cells
treated with HPODE was extracted using TRI reagent
(Molecular Research Center, Inc., Cincinnati, OH).
The RNA (20 

 

m

 

g) was then size-fractionated on a 1.0%
agarose/3% formaldehyde gel and transferred to a
nitrocellulose membrane overnight. The transferred
RNA was immobilized using a UV Stratalinker 2400
(Stratagene, La Jolla, CA) before hybridization. The
full length (4.2 kb) radioactive labeled eNOS probe
was prepared using a [

 

32

 

P] dCTP (Dupont NEN, Bos-
ton, MA), and oligolabeling kit (Pharmacia Biotech,
Piscataway, NJ). The membranes were pre-hybridized
for 10 min at 68

 

8

 

C using Quick Hyb (Stratagene) and
subsequently hybridized in the same solution contain-
ing probe (1 

 

3

 

 10

 

7

 

 cpm) for 1 h at 68

 

8

 

C. The mem-
branes were then washed twice with 2 

 

3

 

 SSC and 0.1%
SDS for 20 min at 55

 

8

 

C, and then once with 0.2 

 

3

 

 SSC
and 0.1% SDS for 20 min at 55

 

8

 

C. The blots were ex-
posed to phosphor screen, and the screens were
scanned in PhosphorImager and the radioactivity of
the eNOS bands were quantitated using ImageQuaNT
software (Molecular Dynamics, Sunnyvale, CA). The
negatives of the ethidium bromide-stained blots were
scanned and the 28s rRNA bands were quantitated us-
ing Bio-Rad Imaging Densitometer. The eNOS mRNA
levels were corrected for the corresponding 28s band
densities.

 

Nitric oxide synthase activity assay

 

NO synthase activity was measured by conversion
of 

 

l

 

-[

 

14

 

C]arginine to 

 

l

 

-[

 

14

 

C]citrulline. The post-con-
fluent cells were treated with 0 or 20 

 

m

 

m

 

 HPODE-
containing media for 24 h. The cells were washed
with ice-cold PBS, and harvested by scraping with a
rubber policeman. The cells were centrifuged at 400 

 

g

 

for 10 min. The cells were then homogenized using
sonication with ultrasonic processor, XL (Misonix,
Farmingdale, NY) in 100 

 

m

 

l of homogenization buffer
(50 m

 

m

 

 Tris-HCl, 0.1 m

 

m

 

 EDTA, 0.1 m

 

m

 

 EGTA, pH 7.5)
containing protease inhibitors (1 

 

m

 

m

 

 pepstatin A, 2 

 

m

 

m

 

leupeptin, 1 

 

m

 

m

 

 bestatin, and 1 m

 

m

 

 phenylmethylsulfo-
nyl fluoride). The homogenates (200–400 

 

m

 

g total pro-
tein) were then used for NO-synthase activity assay.
Each sample (100 

 

m

 

l) was incubated in 50 m

 

m

 

 Tris-
HCl/0.1 m

 

m

 

 EDTA/0.1 m

 

m

 

 EGTA buffer, pH (7.5),
containing the cofactors (final concentration: 100 n

 

m

 

calmodulin, 2.5 m

 

m

 

 CaCl

 

2

 

, 1 m

 

m

 

 reduced nicotinamide
adenine dinucleotide phosphate (NADPH), 30 

 

m

 

m

 

 tet-
rahydrobiopterin, 1 m

 

m

 

 

 

l

 

-citrulline and the substrate
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10 

 

m

 

m

 

 cold 

 

l

 

-arginine combined with 

 

l

 

-[

 

14

 

C]arginine
(Amersham; specific activity: 304 mCi/mmol) for 15
min at 37

 

8

 

C. The reaction was quenched by addition of
1 ml of cold stop buffer (20 m

 

m

 

 HEPES, pH 5.5, con-
taining 2 m

 

m

 

 EDTA and 2 m

 

m

 

 EGTA). The reaction
mix was loaded onto a 10-ml Bio-Rad column contain-
ing 1.0 ml of Dowex AG 50WX-8 (Na

 

1

 

 form, Bio-Rad)
resin that had been preequilibrated with 8 ml stop
buffer. The eluate containing the product 

 

l

 

-[

 

14

 

C]citrul-
line was collected in a scintillation vial. The column was
washed twice with 0.5 ml of stop buffer and the eluates
were combined. The radioactivity in the eluate was de-
termined using LS6500 Beckman Liquid Scintillation
Counter (Beckman Instruments, Inc., Schaumburg, IL).
the protein in the homogenate was determined using Bio-
Rad DC reagent (Bio-Rad Laboratories, Hercules, CA).

 

Western blotting

 

The homogenates from post-confluent endothelial
cells treated with either 0 or 20 

 

m

 

m

 

 HPODE-containing
media were used for Western analyses. The cells were
harvested and the homogenates were prepared as
described in NOS assay. Twenty 

 

m

 

g of protein was elec-
trophoresed using 7.5% SDS polyacrylamide gel. The
proteins were transferred to a nitrocellulose mem-
brane blocked with 5% non-fat dried milk overnight at
4

 

8

 

C in Tris-buffered saline (pH 7.6) containing 0.1%
Tween (TBS-T) at room temperature. The membranes
were then incubated with a 1:2000 dilution of affinity
purified rabbit polyclonal antibody for endothelial
NOS, p459. This polyclonal antibody was raised in rab-
bits against bovine eNOS peptide sequence 628–638
(WRRKRKESSNTC). The membranes were then incu-
bated with a goat anti-rabbit secondary antibody conju-
gated to horseradish peroxidase (Amersham Corpora-
tion, Arlington Heights, IL). After incubation with each
antibody, the membranes were washed 4 times with
TBS-T at each step to minimize the background. Sig-
nals of the immunoreactive bands were measured using
the ECL detection system (Amersham).

 

Nuclear run-on assay

 

Nuclear run-on assays were performed using a
method described by Greenberg (21) with modifica-
tions. Briefly, endothelial cells were harvested with
trypsin and centrifuged at 500 

 

g

 

 for 10 min. The cell
pellets were suspended in buffer A (composition
[mmol/L]: 10 Tris-HCl, pH 7.4, 150 KCl, 8 magnesium
acetate). After centrifugation at 500 

 

g

 

 for 10 min, the
cells were lysed in buffer A containing 0.5% NP-40. The
cell lysates were then layered onto buffer B (composi-
tion [mmol/L]: 100 Tris-HCl, 5 MgCl

 

2

 

, 600 sucrose)
and the nuclei were isolated by centrifugation at 500 

 

g

 

for 10 min. The nuclei were suspended in buffer C

(composition: 40% glycerol, 50 mmol/L Tris-HCl, 5
mmol/L MgCl

 

2

 

, and 0.1 mmol/L EDTA) and stored at

 

2

 

80

 

8

 

C until ready for further analysis.

 

In vitro transcription

 

Identical numbers of nuclei from cells treated with
either 0 or 20 

 

m

 

m

 

 of HPODE-containing media for 4 h
were used for preparation of nascent transcripts. To
perform in vitro transcription, 5 

 

3

 

 10

 

7

 

 nuclei were in-
cubated in a reaction buffer [composition: 5 mmol/L
Tris-HCl, pH 8.0, 2.5 mmol/L MgCl

 

2

 

, 150 mmol/L KCl,
2 mmol/L each of ATP, GTP, CTP, and 100 

 

m

 

Ci of [

 

a

 

-

 

32

 

P]UTP (DuPont NEN)] for 30 min at 30

 

8

 

C. The reac-
tion was stopped by addition of 2000 units of RNase-
free DNase (Life Technologies, Inc.) and incubated for
5 min at 30

 

8

 

C. The nuclei were then lysed by the addi-
tion of buffer D (composition: 10 mmol/L Tris-HCl,
1% SDS, 5 mmol/L EDTA), and the reaction mixtures
were treated with 20 

 

m

 

l of proteinase K (equivalent to
200 

 

m

 

g). RNA was extracted using TRI Reagent (Molec-
ular Research Center Inc., Cincinnati, OH). The 4.2 kb
bovine eNOS cDNA was digested from a pBluescript
SK

 

1

 

 using EcoR1. The 1.5 kb human 

 

b

 

-actin cDNA was
restriction digested from a pBluescript SK

 

1

 

 (ATCC)
using EcoR1. Equal amounts (5 

 

m

 

g) of linearized, de-
natured (0.4 m

 

m

 

 NaOH and 10 m

 

m

 

 EDTA) eNOS, hu-
man 

 

b

 

-actin cDNA, and 2.9 kb vector, pBluescript

 

1

 

(Stratagene), were slotblotted onto a Zeta-Probe GT
membrane (Bio-Rad) using a Bio-Dot SF microfiltra-
tion apparatus (Bio-Rad Laboratories). The DNA was
immobilized by 0.4 

 

m

 

 NaOH treatment. The vector
DNA was used to eliminate any nonspecific DNA-na-
scent transcript interaction. Blots were prehybridized
for 3 h at 658C in a buffer containing 10 mm Tris-HCl,
0.2% SDS, 10 mm EDTA, 23 Denhardts, 0.3 m NaCl
and 0.25 mg/ml yeast tRNA. The radiolabeled tran-
scripts (total activity approximately 5 3 106 cpm) were
added to the blots and hybridized for 48–72 h at 658C.
Care was taken to assure that identical counts of na-
scent transcripts for control and HPODE-treated cells
were hybridized with the blots. The membranes were
washed twice with 2 3 SSC and 1%SDS for 15 min at
558C, and then once with 0.2 3 SSC and 0.1% SDS for
30 min at 558C. The blots were exposed to phosphor
screen, and the screens were scanned in Phosphor-
Imager and the radioactivity of the eNOS, b-actin
cDNA bands were quantitated using ImageQuaNT soft-
ware (Molecular Dynamics, Sunnyvale, CA).

eNOS mRNA stability assay

Post-confluent endothelial cells grown in P150 dishes
were exposed to 0 or 20 mm HPODE media containing
2.5 mg/ml actinomycin D. The culture media was re-
moved at 0, 6, 12 and 24 h post actinomycin D treat-
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ment. The cell monolayers were lysed in 4.0 ml TRI
Reagent and RNA was extracted. Twenty-four mg of
total RNA was loaded onto each lane in 1% agarose/
3% formaldehyde gel. RNA was transferred overnight
into nitrocellulose membrane and hybridized and
washed according to the conditions described under
Northern blotting.

Statistical analysis

The data in the manuscript are expressed as mean 6
SEM. Comparisons of data between control and
HPODE treatment were made by paired t -tests and
where appropriate, by analysis of variance with a Fish-
ers least significant difference post hoc test. Values of
P , 0.05 were considered significant.

RESULTS

HPODE treatment causes an increase in eNOS
steady state mRNA levels

HPODE treatment of bovine aortic endothelial cells
caused a dose-dependent increase in eNOS steady state
mRNA levels. The endothelial cells were exposed to 0,
5, 10, or 20 mm HPODE for 24 h and eNOS mRNA lev-
els were measured by Northern analysis. Figure 1A
shows a representative blot of Northern analysis of en-
dothelial cells exposed to HPODE treatment. The
eNOS mRNA levels were significantly increased at 20
mm concentrations when compared to 0 mm of HPODE
treatment. The radiolabeled eNOS mRNA bands were
corrected for loading by the ethidium bromide stained

28 s bands. Figure 1B shows the average results from
four separate experiments after correcting for the RNA
loading. The eNOS mRNA levels were elevated more
than 2-fold by 20 mm HPODE treatment.

Figure 2A shows a representative Northern blot for
the time response effect on eNOS gene expression in
bovine aortic endothelial cells exposed to 20 mm

HPODE-containing media. Both control as well as
HPODE-treated cells were harvested at 0, 6, 12, and 24
h. The eNOS mRNA levels were corrected for loading
using ethidium bromide-stained 28s rRNA bands. The
average results from four separate experiments were
combined and plotted in Fig. 2B. HPODE treatment
caused a significant increase in eNOS gene expression
at 12 and 24 h.

HPODE exposure increases eNOS protein content

Treatment of bovine aortic endothelial cells with 20
mm HPODE also significantly increases eNOS protein
content by Western analysis (Fig. 3A). Densitometric as-
sessment of three different blots reveal that eNOS pro-
tein increased (47%) from 3.80 units in control cul-
tures to 5.59 units in HPODE-treated cells (Fig. 3B).

HPODE treatment elevates eNOS activity

In accordance with eNOS protein content, the activ-
ity of the enzyme also increased in bovine aortic endo-
thelial cells treated with 20 mm HPODE for 24 h (Fig.
4). The eNOS activity was measured by the conversion
of 14C-labeled arginine to 14C-labeled citrulline. The ac-
tivity of the enzyme significantly increased (57%) from
9.64 to 15.14 picomoles of citrulline per mg protein
per min.

Fig. 1. HPODE treatment causes a dose-dependent increase in eNOS steady state mRNA levels. The en-
dothelial cells were exposed to 0, 5, 10, and 20 mm HPODE for 24 h. The representative blot of Northern
analysis of endothelial cells exposed to different doses of HPODE is shown on left side (A). The graphic
representation of the average results from four separate experiments after correcting for the RNA loading
using ethidium bromide-stained 28s bands is shown in the right side (B). Data are mean 6 SEM of four
separate experiments. The results are significant at P , 0.05 level.
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HPODE increases the transcription rate of eNOS gene

The 2-fold increase in steady state eNOS mRNA lev-
els upon HPODE treatment could be due to either an
elevated transcription rate or to decreased degradation
of eNOS mRNA in the endothelial cultures. The rate of
transcription was studied using a nuclear run-on assay.
Four-hour exposure of bovine aortic endothelial cells
to HPODE caused a significant increase in eNOS tran-
scription rate (Fig. 5A). The results also indicate the
transcription rate of b-actin remained unchanged in
HPODE-treated cells. The blots had negligible back-
ground as could be seen from the absence of hybridiza-

tion of the 32P-labeled nascent transcripts to nonspe-
cific plasmid DNA. Figure 5B shows the average results
from three different experiments. The ratio of eNOS/
b-actin transcription rate was significantly increased
(36%) in cells treated with 20 mm of HPODE.

HPODE exposure increases the eNOS mRNA stability

The degradation rate of eNOS mRNA was studied in
bovine aortic endothelial cells after stopping the tran-
scription with actinomycin D. The cells were exposed
to 0 or 20 mm HPODE-containing media up to 24 h in
the presence of actinomycin D (2.5 ml/ml). The cells

Fig. 2. HPODE treatment causes a time-dependent increase in eNOS steady state mRNA levels. The
cells were exposed to 0 or 20 mm HPODE for 6, 12, and 24 h. RNA was harvested and analyzed. The repre-
sentative blot of Northern analysis is shown in left side panel (A). The graphic representation of the average
results from four separate experiments after correcting for the RNA loading using ethidium bromide-
stained 28s bands is shown in the right side panel (B). Data are mean 6 SEM of four separate experi-
ments. The results are significant at P , 0.05 level.

Fig. 3. HPODE treatment elevates eNOS protein content. Western analysis of eNOS protein in endo-
thelial cells exposed to 0 or 20 mm HPODE. eNOS protein (135 kD) bands are shown just below the 144
kD molecular mass marker (A). Densitometric assessment of three different blots are shown in the right
side panel (B). Data are mean 6 SEM of three separate experiments. The results are significant at P ,
0.05 level.
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were harvested at 0, 6, 12, and 24 h. Figure 6A shows a
representative Northern blot analysis of three separate
experiments. The half-life of eNOS mRNA in control
cultures is 6 h and it increased to 12 h after HPODE
treatment (Fig. 6B).

DISCUSSION

The results from the present study suggest that
HPODE treatment in bovine aortic endothelial cells

causes a dose- and time-dependent increase in eNOS
mRNA levels. The nuclear run-on and actinomycin D
studies reveal that the increase in eNOS mRNA is due
to both increased transcription as well as increase in
mRNA stability. In accordance with an increase in
eNOS mRNA levels, eNOS protein and enzyme activity
were increased upon HPODE treatment. Recent stud-
ies have shown that hypercholesterolemia increases en-
dothelial cell •O2

2 production, which contributes to in-
activation of locally produced nitric oxide (22).
Likewise, oxidized LDL has been shown to directly in-
activate nitric oxide (23), and LDL has been shown to
interfere with signaling events leading to nitric oxide
production (24). Thus, an increase in eNOS expression
in response to HPODE may be a compensatory mecha-
nism for maintaining the release of nitric oxide in the
setting of early hypercholesterolemia. The elevation in
HPODE-induced NO production might explain, in
part, the increased production of nitric oxide observed
in vessels of atherosclerotic animals (11).

Nuclear run-on assays indicated that 4 h of HPODE
treatment significantly increased the rate of transcrip-
tion for eNOS in bovine aortic endothelial cells. Oxi-
dized fatty acids have been shown to alter expression of
other genes. For example, oxidized arachidonic acid,
hydroxyeicosatetraenoic acid (12(S)-HETE) enhances
transcription of integrin av in lung vascular endothelial
cells (25). Transcription rate of the heat-shock protein
is increased in HeLa cells by arachidonic acid (26). In
addition, 12(R)-HETE increases NFkB binding in rab-
bit endothelial cells (27). While there are no classical
NFkB binding sites in the promoter of eNOS, there are
GAGACC sequences that have been shown to bind

Fig. 4. Effect of HPODE on eNOS enzyme activity. Bar graph
shows the eNOS activity measured in cells treated with 0 or 20 mm

HPODE-containing media. The specific activity of the enzyme was
measured by the conversion of 14C-labeled arginine to 14C-labeled
citrulline. The results are expressed in picomoles of citrulline
formed per mg protein per minute. Data are mean 6 SEM of five
separate experiments. The results are significant at P , 0.05 level.

Fig. 5. Effect of HPODE on the transcription rate of eNOS gene by nuclear run-on analysis. Bovine aor-
tic endothelial cells were exposed to HPODE for 4 h and the nascent transcripts were elongated using 32P-
labeled UTP. Equal counts of labeled transcripts from 0 to 20 mm HPODE-treated cells were hybridized
with blots containing 2 mg each of eNOS, b-actin, and plasmid DNA. A representative blot from nuclear
run-on experiment done is shown in panel A. The average ratios of eNOS to b-actin from three different
experiments are shown in the bar graph (B).
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NFkB in response to acute shear in other genes (28).
The promoter regions of the bovine and human eNOS
contain AP-1 binding sites (29). Recently, Ares et al.
(30) reported that when human smooth muscle cells
were exposed to either oxidized LDL or lysophosphati-
dyl choline, AP-1 binding activity increased in a dose-
dependent manner. Likewise, the oxidized derivative of
arachidonic acid, hydroperoxyeicosatetraenoic acid
(HPETE), has been shown to increase AP-1 binding ac-
tivity in vascular smooth muscle cells (31). Arachidonic
acid and its metabolites have been shown to increase
expression of c-fos and c-jun in endothelial cells (27),
stromal cells (32), and fibroblasts (33, 34). It is there-
fore conceivable that the increase in eNOS transcrip-
tion upon exposure to HPODE might be modulated by
AP-1. It is important to note that, in preliminary exper-
iments, we found that unoxidized linoleic acid also in-
creased eNOS mRNA levels, but at concentrations four
times higher than required for HPODE (data not
shown).

In addition to transcriptional regulation, post-tran-
scriptional mechanisms have also been shown to modu-
late eNOS expression. The basal half-life for eNOS
message in our study was found to be 6 h and it in-
creased to 12 h after HPODE treatment. This increase
in eNOS mRNA half-life after HPODE treatment ap-
peared to be due to slow degradation of eNOS message
in the first 6 h post actinomycin D/HPODE treatment.
The eNOS mRNA degradation rate subsequent to 6 h
appeared similar between control and HPODE-treated
cells. The cause of biphasic pattern of eNOS mRNA de-
cay after HPODE treatment is not clear at this time, al-
though it could be related to the stability of HPODE or
the metabolites in the culture media or the cells. Never-
theless, the overall increase in the half-life of eNOS

message upon HPODE treatment could contribute to
increased steady state mRNA levels. The eNOS mRNA
half-life reported in other endothelial cell types varies
from 24 to 36 h (3, 5, 7). The reason for the discrepan-
cies in the basal half-life for eNOS between our study
and other studies is not clear; however, it might relate
to the growth sate of cells studied. Data from our labo-
ratory (unpublished results) have shown that eNOS
mRNA in proliferating cells has a substantially longer
half-life as compared to confluent cells. In the present
studies, we used only confluent cells. There is prece-
dent for fatty acid modulation of mRNA half-life.
Metabolites of arachidonic acid have been shown to
increase mRNA half-life of the macrophage-specific col-
ony stimulating factor (35).

Interestingly, exposure of endothelial cells to HPODE
can have beneficial effects. For example, the hydroxy-
derivative of HPODE, HODE inhibits platelet aggrega-
tion (36, 37) and production of thromboxane (38). In
addition, HPODE has been shown to stimulate prosta-
cyclin synthesis by the endothelium, which may have
antiatherogenic effects (39). On the other hand,
HPODE treatment could cause pro-atherogenic effects.
Exposure of endothelium to HPODE can compromise
the endothelial barrier function (18, 40). Similarly,
HPODE treatment of human vascular endothelial cells
augments TNF-induced expression of VCAM 1 (41),
contributing to inflammatory properties in the vascular
wall. The present data provide another mechanism
whereby HPODE could modulate the atherosclerotic
process. Nitric oxide inhibits platelet aggregation, leu-
kocyte adhesion, vascular smooth muscle growth, and
the expression of inflammatory molecules (1, 16). It is
therefore conceivable that an increase in eNOS expres-
sion in response to HPODE could exert antiatheroscle-

Fig. 6.  Effect of HPODE on the stability of eNOS message. Northern blot analysis, measuring the effect of HPODE on the half-life of
eNOS mRNA after actinomycin D (2.5 mg/ml) treatment (A). The cells were exposed to 0 or 20 mm HPODE-containing media in the
presence of actinomycin D. The cells were harvested at 0, 6, 12, and 24 h for Northern analysis. The average results from three separate
experiments are shown in the right side graph (B). Data are mean 6 SEM of three separate experiments.
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rotic effects via these mechanisms, in part offsetting the
pro-atherosclerotic processes caused by HPODE.
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