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Abstract 

Endotoxin causes the expression of inducible nitric oxide (NO) synthase and cyclooxygenase-2. We have compared the ability 
of endotoxin to increase the activities of these enzymes in bovine aortic endothelial cells and the macrophage cell line (J774.2). 
Endotoxin (1 /zg ml-1; for 24 h) caused a time-dependent increase in the accumulation of cyclooxygenase metabolites from 
endogenous arachidonic acid, in both cell types. Cyclooxygenase activity towards exogenous arachidonic acid (30/zM; for 15 min) 
was also increased in both cell types. Endothelial cells and macrophages also contained comparable amounts of cyclooxygenase-2 
protein after incubation with endotoxin for 24 h which was prevented by pretreatment with cycloheximide (10/xg ml t; 30 min 
prior to endotoxin). Endotoxin for 24 h caused a time-dependent increase in nitrite accumulation in macrophages, but not in 
endothelial cells. Thus, endotoxin increased cyclooxygenase activity and induced cyclooxygenase-2 protein in endothelial ceils 
and macrophages. Endotoxin also increased NO synthase activity in macrophages, but not in endothelial cells. 
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I. Introduction 

The prostaglandins and nitric oxide (NO) are ubiq- 
uitous mediator  systems which have numerous cardio- 
vascular and inflammatory effects (Vane and Botting, 
1992; Moncada et al., 1991). Cyclooxygenase is the first 
enzyme in the pathway in which arachidonic acid is 
converted to prostaglandins, prostacyclin and throm- 
boxane A 2 (Vane and Botting, 1990; Smith and Mar- 
nett, 1991). This enzyme, like the one which forms NO 
from the guanidino group of L-arginine, NO synthase, 
exists in at least two isoforms. The constitutive iso- 
forms, cyclooxygenase-1 and constitutive NO synthase, 
are present  in many types of cells, while the inducible 
isoforms of cyclooxygenase (cyclooxygenase-2) and NO 
synthase are expressed after stimulation of ceils with a 
variety of agents including endotoxin (bacterial  
lipopolysaccharide) and a number  of cytokines and 
mitogens (Lee et al., 1992; Xie et al., 1992; see 
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Thiemermann,  1994). The induction of cyclooxygen- 
ase-2 and NO synthase results in the increased synthe- 
sis of prostaglandins and NO. However, the mecha- 
nisms involved in this increased synthesis of prosta- 
glandins and NO are complicated by the interaction 
between the products of the two systems (Marotta  et 
al., 1992; Salvemini et al., 1993) and by the cytokines 
used for induction (Radomski  et al., 1990; Schini et al., 
1992; Pusztai et al., 1993). Here  we have compared the 
degree of induction of cyclooxygenase-2 and inducible 
NO synthase caused by endotoxin in bovine aortic 
endothelial cells and macrophages,  in order to explore 
potential  differences between the responses of the two 
mediator  systems. Some preliminary results of this work 
have been communicated to the British Pharmacologi- 
cal Society (Akarasereenont  et al., 1994). 

2. Materials and methods 

2.1. Cell cul ture 

Murine macrophages  (J774.2; The European Collec- 
tion of Animal Cell Culture; Salisbury, UK) were cul- 
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tured in 96-well plates with Dulbecco's modified Eagle's 
medium (DMEM; 200 tzl/well) containing 10% foetal 
calf serum (Gibco) and 4 mM L-glutamine. Bovine 
aortic endothelial cells were obtained from fresh bovine 
aortae as previously described (De Nucci et al., 1988) 
and cultured in 96-well plates as above. Each well was 
loaded with 105 endothelial cells or 1.3 x 106 
macrophages. All agents were dissolved in distilled 
water and sterilised by filtration through a filter (pore 
size: 0.22 /xm) before being added to the cells under 
sterile conditions. Cells were incubated at 37°C in a 
humidified incubator. 

2.2. Measurement of  the release of  cyclooxygenase 
metabolites 

Cyclooxygenase metabolites were measured by ra- 
dioimmunoassay (Salmon, 1978) for 6-oxo-prostaglan- 
din F~,  prostaglandin E2, prostaglandin F2, or throm- 
boxane B 2. Antibodies to thromboxane B2, prostaglan- 
din E 2 and prostaglandin F2, had less than 5% cross- 
reactivity with any of the other prostanoids measured. 
Antibody to 6-oxo-prostaglandin F~, had less than 5% 
cross-reactivity to thromboxane B e and prostaglandin 
F2,,, and 17% cross-reactivity to prostaglandin E 2. For 
experiments designed to measure the release of cyclo- 
oxygenase metabolites from endogenous arachidonic 
acid, ceils were treated with endotoxin (1/zg m1-1) for 
3, 6, 12, or 24 h and the medium was subsequently 
removed for radioimmunoassay. In separate experi- 
ments designed to measure 'cyclooxygenase activity', 
cells were treated with endotoxin for 3, 6, 12, or 24 h 
after which time fresh medium containing arachidonic 
acid (30 /xM) was added for 15 min at 37°C and then 
removed for radioimmunoassay. In some experiments, 
acetylsalicylic acid, indomethacin (both at 1, 10 or 100 
/xg ml-1; 30 min prior to endotoxin), cycloheximide (10 
/xg ml-1; 30 rain prior to endotoxin) or dexamethasone 
(1 tzM; 1 h prior to endotoxin) were added prior to a 
24 h treatment with endotoxin and the predominant 
cyclooxygenase metabolite for bovine aortic endothelial 
cells (6-oxo-prostaglandin Fl, ,) or macrophages (pros- 
taglandin F2, ,) was measured as above. 

2.3. Immunoblot (Western blot) analysis 

Bovine aortic endothelial cells or macrophages with 
or without endotoxin (1 tzg m1-1) were cultured in 
T175 flasks (37°C; 24 h). Ceils were washed with phos- 
phate buffered saline (pH 7.4) and incubated (10 min) 
with 2-3 ml of extraction buffer (Tris, 50 mM; EDTA, 
10 mM; Triton X-100, 1% v/v; phenylmethylsulfonyl 
fluoride, 1 mM; pepstatin A, 0.05 mM and leupeptin, 
0.2 mM) with gentle shaking. The cell extract was then 
boiled (10 min) in a ratio of 1 : 1 with gel loading buffer 

(Tris, 50 mM; sodium dodecyl sulfate, 10% w/v; glyc- 
erol, 10% v/v; 2-mercaptoethanol 10% v/v  and 
bromphenol blue, 2 mg ml-1). Samples were cen- 
trifuged at 10000 ×g  for 2 min before being loaded 
onto gradient gels (4-12% Tris-glycine; Novex) and 
subjected to electrophoresis (1.5 h at 125 V). The 
separated proteins were transferred to nitrocellulose 
(BioRad; 1 h at 200 V). After transfer to nitrocellulose, 
the blot was incubated in blocking solution (dried 
minimal-fat milk 5% w/v and Tween-20 0.25% v/v in 
phosphate buffered saline solution) for 1 h and then 
primed with primary antibody (dilution 1 : 1000), a rab- 
bit antibody raised to murine cyclooxygenase-2 (Cay- 
men Chemical Company, MI, USA; no detectable 
cross-reactivity with cyclooxygenase-1), for 1 h. The 
blot was then incubated with secondary antibody (dilu- 
tion 1:1000), an anti-rabbit IgG developed in sheep, 
linked to alkaline phosphatase conjugate, for 1 h. Fi- 
nally, the blot was developed for approximately 5 min 
with premixed solution (BCIP/NBT) containing 5- 
bromo-4-chloro-3-indolyl phosphate (BCIP), 0.56 mM; 
nitro blue tetrazolium (NBT), 0.48 mM; Tris, 10 mM; 
and MgCI2, 59.3 mM; (pH 9.2). The detection limit of 
protein in cell extract was 1-10 ng of protein. 

2. 4. Measurement of  NO synthase activity 

NO synthase activity (3, 6, 12 and 24 h after endo- 
toxin) was measured as the accumulation of nitrite in 
the culture medium using the Griess reaction adapted 
for a 96-well plate reader (Gross et al., 1991). Nitrite 
levels were measured in aliquots of the same culture 
medium used to determine cyclooxygenase metabolites. 
Nitrite was measured by adding 100 #1 of Griess 
reagent (1% w/v sulphanilamide and 0.1% w/v  naph- 
thylethylenediamide in 5% v/v  phosphoric acid) to 100 
/zl of sample culture medium. The optical density at 
550 nm (OD550) was measured using a Molecular De- 
vices microplate reader (Richmond, CA, USA). Nitrite 
concentrations were calculated by comparison with 
OD550 of standard solutions of sodium nitrite prepared 
in culture medium. The detection limit for nitrite mea- 
surement in culture medium was 1 IzM. 

2.5. Measurement of  cell viability 

Cell respiration, an indicator of cell viability, was 
assessed by the mitochondrial dependent reduction of 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT) to formazan (Gross and Levi, 1992). 
At the end of each experiment, cells in 96-well plates 
were incubated (37°C; 1 h) with MT/" (0.2 mg ml l) 
dissolved in culture medium, after which time the 
medium was removed by aspiration and cells were 
solubilized in DMSO (200/xl). The extent of reduction 
of MTT to formazan within cells was quantitated by 
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measurement of optical density at 650 nm (OD650) 
using a Molecular Devices microplate reader (Rich- 
mond, CA, USA). 

2.6. Materials 

Escherichia coli l ipopolysaccharide (serotype: 
0I l l :B4) ,  aspirin, indomethacin, cycloheximide, dexa- 
methasone, DMSO, phosphate buffered saline, Trizma 
base, EDTA, Triton X-100, phenylmethylsulfonyl fluo- 
r ide ,  p e p s t a t i n  A,  l e u p e p t i n ,  g lycero l ,  2- 
mercaptoethanol,  bromphenol blue, sulfanilamide, 
naphthylethylenediamide, phosphoric acid, sodium ni- 
trite, sodium dodecyl sulfate, anti-rabbit IgG antibody, 
premixed B C I P / N B T  solution, 3-(4,5-dimethylthiazol- 
2-yl)-2,5-diphenyltetrazolium bromide (MTI'), 6-oxo- 
prostaglandin F~ ,  prostaglandin E2, thromboxane B2, 
prostaglandin F2~ and their respective antibodies were 
supplied by Sigma Chemical Company (Poole, UK). 
[3H]6-oxo-Prostaglandin F1, ,, [3H]prostaglandin E2, 
[3H]thromboxane B 2 and [3H]prostaglandin F2~ were 
purchased from Amersham International (Bucking- 
hamshire, UK). Dulbecco's modified Eagle's medium 
(DMEM) was obtained from Flow Laboratories. L- 
Glutamine was obtained from B.D.H. (Dagenham, UK) 
and foetal calf serum was obtained from Gibco BRL 
(UK). Tris-glycine gels (4-12%) were purchased from 
Novex (British Biotechnology Limited, Oxford, UK). 
Pure nitrocellulose membrane (0.45 /xm) and filter 
paper were purchased from BioRad (Hertfordshire, 
UK). 

2. 7. Statistical analysis 

Results are shown as mean + S.E.M. from triplicate 
determinations (wells) from 3 separate experimental 
days (n = 9). Student's paired or unpaired t-tests, as 
appropriate, were used to determine the significance of 
differences between means and a P,value of less than 
0.05 was taken as statistically significant. 

3 .  R e s u l t s  

3.1. Accumulation of  cyclooxygenase metabolites from 
endogenous arachidonic acid by endothelial cells or 
macrophages incubated with endotoxin 

The relatively low levels of cyclooxygenase metabo- 
lites released from untreated ceils and accumulating in 
the supernatant after 3 h were not significantly in- 
creased after 24 h incubation (Fig. 1; n = 9). The 
addition to the cell cultures of endotoxin, over a range 
of concentrations from 0.001 to 1 /xg m1-1, increased 
the accumulation of cyclooxygenase metabolites from 
either cell type in a dose-dependent manner (data not 
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Fig. 1. Increased accumulation of cyclooxygenase metabolites in the 
culture medium of bovine aortic endothelial cells or murine 
macrophages incubated with endotoxin (1 ~g ml *) over 24 h. The 
values shown represent total cyclooxygenase metabolites (6-oxo-pros- 
taglandin Fl,,, prostaglandin E 2, prostaglandin F2, and thromboxane 
B 2) present at the different times. Untreated cells accumulated very 
small amounts of cyclooxygenase metabolites over 24 h (C). In the 
presence of endotoxin, the amounts of cyclooxygenase metabolites in 
the medium of both bovine aortic endothelial cells (open squares) 
and macrophages (filled squares) were increased several-fold, al- 
though the total output from macrophages was approximately 10-fold 
less than that from bovine aortic endothelial cells. 

shown). As a result of these initial experiments, a 
single, fixed concentration of 1/xg ml -  ~ was used in all 
subsequent work. This concentration did not affect the 
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Fig. 2. Time-dependent increase of cyclooxygenase activity in endo- 
toxin-activated bovine aortic endothelial cells measured by the for- 
mation of 6-oxo-prostaglandin F1, (open columns), prostaglandin E e 
(filled columns), thromboxane B 2 (hatched columns) and 
prostaglandin F2, , (striped columns) in the presence of exogenous 
arachidonic acid (30 /zM; 15 min). Data are expressed as mean_+ 
S.E.M. from triplicate determinations (wells) from 3 separate experi- 
mental days (n = 9). * P < 0.05 when compared to untreated cells at 
24 h (C). 
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Fig. 3. Time-dependent increase of cyclooxygenase activity in endo- 
toxin-activated murine macrophages measured by the formation of 
6-oxo-prostaglandin FI, ~ (open columns), prostaglandin E 2 (filled 
columns), thromboxane B 2 (hatched columns) and prostaglandin F2, 
(striped columns) in the presence of exogenous arachidonic acid (30 
/zM; 15 rain). Data are expressed as mean±S.E.M, from triplicate 
determinations (wells) from 3 separate experimental days (n = 9). 
* P < 0.05 when compared to untreated cells at 24 h (C). 

viability of the cells as determined by the M q ~  assay 
over 24 h ( >  80% viability of control cells). 

The effects of adding endotoxin (1 /zg ml-~) to the 
two cell types on the accumulation of cyclooxygenase 
metabolites over 24 h are shown in Fig. 1. The increase 
was first significant at 3 h and continued over 24 h. 
Although the time course of the increase after endo- 
toxin was similar in both cell types, the total amounts 
of metabolites formed were very different (140 ng ml-  
for the bovine aortic endothelial ceils, but only 16 ng 
ml-~ for the macrophages). Moreover, the composition 
of the mixture of cyclooxygenase metabolites was dif- 
ferent. At 24 h endothelial ceils released predomi- 
nantly 6-oxo-prostaglandin F1, , (94 + 20 ng ml-1), and 
to a lesser extent prostaglandin E 2 (42 + 3 ng ml-~), 
thromboxane B 2 (1.8 + 0.2 ng ml -  l) and prostaglandin 
F2, (1.2 + 0.1 ng ml-1), (n = 9). In contrast, macro- 
phages activated with endotoxin produced mainly 
prostaglandin F2, (7.1 + 1.6 ng ml-1)  and prostaglandin 
E 2 (5.7 + 0.2 ng m1-1) and smaller amounts of 6-oxo- 
prostaglandin F1, ~ (2.6 + 0.2 ng ml-1)  and thromboxane 
B 2 (1.07 + 0.02 ng ml-1), (n = 9). The rank order of 
cyclooxygenase metabolites released at 24 h after endo- 
toxin was representative of the release at all time 
points (data not shown). The release of cyclooxygenase 
metabolites in both cell types, stimulated by endotoxin, 
was strongly inhibited (>  75%) by pretreatment with 

cycloheximide (10 tzg ml-1)  o r  dexamethasone (1 izM) 
and by the addition of acetylsalicylic acid or in- 
domethacin (100/xg ml-  ~; n = 9 for each condition). 

3.2. Activity of cyclooxygenase after different times of 
incubation with endotoxin 

We obtained a more direct estimate of cyclooxygen- 
ase activity by incubating washed cells with exogenous 
substrate (30/~M for 15 min) and measuring the cyclo- 
oxygenase metabolites formed. From these assays, cy- 
clooxygenase activity was increased by endotoxin treat- 
ment for 24 h (Figs. 2 and 3) but for both cell types, the 
maximum value of cyclooxygenase activity was now 
attained at 12 h. Cyclooxygenase activity at 24 h was 
still higher than in untreated cells, but only about 50% 
of the maximum. Figs. 2 and 3 also show that with 
exogenous substrate, the major cyclooxygenase metabo- 
lites were 6-oxo-prostaglandin F~, for bovine aortic 
endothelial cells and prostaglandin F2, ~ for macro- 
phages. The stimulation by endotoxin of cyclooxygen- 
ase activity measured by this method was much less 
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Fig. 4. Western blots using polyclonal antibodies to cyclooxygenase-2 
of cell extracts from endotoxin-treated and untreated bovine aortic 
endothelial cells (panel A) and murine macrophages (panel B). 
Equal amounts of protein were loaded in all lanes of bovine aortic 
endothelial cells (1-2 p,g/lane) and macrophages (4-5 p~g/lane). 
Control untreated bovine aortic endothelial cells or macrophages 
(lane 1) contained no cyclooxygenase-2 protein. In contrast, endo- 
toxin-activated (1 ~g ml-1 for 24 h) bovine aortic endothelial cells or 
macrophages contained cyclooxygenase-2 protein (lane 2). The in- 
duction of cyclooxygenase-2 protein by endotoxin in both bovine 
aortic endothelial cells and macrophages was abolished by cyclohex- 
imide (10 tzg ml-1; 30 min prior to endotoxin; lane 3). Similar results 
were obtained using cell extracts from 3 separate batches of cells. 
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( >  80% inhibition) after pretreatment of either cell 
type with cycloheximide (10 /~g ml-1). Pretreatment  
with dexamethasone (1 /zM) was equally effective in 
decreasing the stimulated cyclooxygenase activity in 
macrophages (>  80% inhibition), but less so in bovine 
aortic endothelial cells (about 40% inhibition; n = 9). 

3.3. Characterisation of cyclooxygenase isoforms present 
in endothelial cells and macrophages 

Extracts of untreated bovine aortic endothelial cells 
or macrophages contained no detectable cyclooxygen- 
ase-2 protein, as determined by Western blot analysis 
(Fig. 4; detectable level is 1-10 ng of protein). In 
contrast, after incubation for 24 h with endotoxin, 
bovine aortic endothelial cells or macrophages con- 
tained a protein of approximately 70 kDa, which was 
recognised by a specific antibody to cyclooxygenase-2 
(Fig. 4). This figure also shows that the degree of 
induction of cyclooxygenase-2 protein caused by endo- 
toxin in endothelial cells was comparable to that elicited 
by endotoxin in macrophages. As shown in lane 3 of 
the figure, the induction of cyclooxygenase-2 protein by 
endotoxin in both endothelial cells and macrophages 
was abolished by pretreatment  of the cells with cyclo- 
heximide (10 tzg ml- l ) .  

3.4. Accumulation of nitrite in the medium of endothelial 
cells and macrophages after incubation with endotoxin 

Incubation with endotoxin (1 /xg m1-1) caused a 
t ime-dependent increase in nitrite accumulation in the 
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Fig. 5. Time-course for the accumulation of nitrite in the culture 
medium of bovine aortic endothelial cells (open squares) and 
macrophages (closed squares) stimulated with endotoxin. Data are 
expressed as mean+S.E .M,  from triplicate determinations (wells) 
from 3 separate experimental days (n = 9). * P < 0.05 when com- 
pared to untreated cells at 24 h (C). The open triangle represents the 
concentration of nitrite in the medium of macrophages treated with 
endotoxin plus dexamethasone (1 /xM; 1 h prior to endotoxin). The 
closed triangle represents the nitrite concentration in the culture 
medium of macrophages treated with endotoxin plus cycloheximide 
(10 mg /~l- t ;  30 min prior to endotoxin). 

culture medium of macrophages after 6 and up to 24 h 
(Fig. 5; n = 9). This formation of nitrite after endotoxin 
was inhibited by more than 80% by the NOS inhibitor, 
NG-monomethyl-L-arginine (1 raM; administered to- 
gether with endotoxin, n = 9). Cycloheximide (10 /xg 
ml-1; 30 min prior to endotoxin) or dexamethasone (1 
/xM; 1 h prior to endotoxin) also prevented the in- 
creased nitrite release in macrophages stimulated by 
incubation with endotoxin (Fig. 5; n = 9). 

In contrast to macrophages, bovine aortic endothe- 
lial cells did not release detectable amounts (<  1 /zM) 
of nitrite when stimulated with endotoxin (1 /xg ml - l )  
for up to 24 h (Fig. 5; n = 9). Addition of acetylsalicylic 
acid or indomethacin (either at 100 /zg ml-1)  had no 
significant effect on nitrite formation from bovine aor- 
tic endothelial cells over 24 h with or without endo- 
toxin (n = 9; data not shown). 

4. Discussion 

Here  we show that incubation of bovine aortic en- 
dothelial cells or macrophages with endotoxin for 24 h 
results in (i) accumulation of cyclooxygenase metabo- 
lites, (ii) enhanced cyclooxygenase activity, and (iii) 
induction of cyclooxygenase-2 protein. The increased 
accumulation of cyclooxygenase metabolites derived 
from endogenous arachidonic acid could result from an 
increased availability of endogenous arachidonic acid 
due to increased activity of phospholipase A 2 (Glaser 
et al., 1993). However, endotoxin also increased the 
formation of cyclooxygenase metabolites from exoge- 
nous substrate, implying an increase in cyclooxygenase 
enzymatic activity. Increased cyclooxygenase activity in 
macrophages after endotoxin treatment has already 
been noted (Mitchell et al., 1993), but a comparison 
with the increased activity in bovine aortic endothelial 
ceils under similar conditions shown here disclosed two 
interesting discrepancies. First, although the accumu- 
lated amounts of cyclooxygenase metabolite formed 
from endogenous substrate were highest at 24 h, the 
maximal level of cyclooxygenase activity exhibited to- 
wards exogenous substrate was reached at 12 h with a 
clear fall at 24 h. This difference could reflect the 
stability of the accumulated cyclooxygenase metabolites 
in the supernatant medium (unpublished experiments 
showed no loss over 12 h of exogenous prostaglandin 
E 2 added to cultures of either cell type). At longer 
incubation times, for instance 36 h, a fall in accumu- 
lated metabolites might have been shown. It would also 
be compatible with the shorter half-life of cyclooxygen- 
ase-2 mRNA and protein (relative to that of cyclooxy- 
genase-1) observed in other systems (Nusing and Ull- 
rich, 1992; Hamasaki et al., 1993). 

Second, after 12 h of incubation with endotoxin, the 
accumulated metabolites in bovine aortic endothelial 
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cell cultures were 6 times greater than in macrophages, 
but the level of cyclooxygenase activity towards exoge- 
nous arachidonic acid in the two cell types was essen- 
tially equal. This equivalence was matched by the equal 
increase of cyclooxygenase-2 protein shown by the im- 
munoblot assay in both cell types. We have already 
reported the induction of cyclooxygenase-2 protein in 
macrophages (Mitchell et al., 1993) and here we show 
that cyclooxygenase-2 is induced by endotoxin also in 
bovine aortic endothelial cells. 

Thus, the increased cyclooxygenase activity exhib- 
ited by the cells was reflected by the induction of 
cyclooxygenase-2 protein. Although the cyclooxygen- 
ase-1 isoform is also known to be increased after a 
variety of stimuli (Hamasaki et al., 1993; Hoff et al., 
1993; Smith et al., 1993) the magnitude of the increase 
and its susceptibility to inhibition by dexamethasone 
are less than that found with cyclooxygenase-2 (Hoff et 
al., 1993; O'Banion et al., 1992; Kujubu and Hersch- 
man, 1992). Another possible contributory factor which 
would be affected by dexamethasone is the provision of 
endogenous substrate by phospholipid hydrolysis. There 
is indirect evidence for increased levels of endogenous 
arachidonic acid contributing to accumulation of 6- 
oxo-prostaglandin F~, in smooth muscle cells following 
interleukin-1 and more directly, the mRNA for phos- 
pholipase A 2 was increased in endothelial cells ex- 
posed to interleukin-1 (Jackson et al., 1993), a cytokine 
released from endothelial cells by endotoxin (Man- 
tovani et al., 1992). Such an increase of phospholipase 
A 2 activity in endothelial cells, but not in macrophages, 
after exposure to endotoxin could account for the 
10-fold higher accumulation of cyclooxygenase metabo- 
lites from endogenous substrate in bovine aortic en- 
dothelial cell cultures, although synthesis from exoge- 
nous arachidonic acid was approximately equal, as was 
the amount of cyclooxygenase-2 enzyme induced. 

Although the induction of cyclooxygenase-2 in the 
two cell types was similar, the effects of endotoxin on 
inducible NO synthase were substantially different with 
a more than 10-fold increase in nitrite production in 
the macrophages and no detectable increase in bovine 
aortic endothelial cell cultures. Increased inducible 
NO synthase activity following endotoxin exposure in 
macrophages is a well-established phenomenon (Di 
Rosa et al., 1990; McCall et al., 1991; Baydoun et al., 
1994) and in our experiments it served as a positive 
control for the effects of endotoxin. The lack of in- 
creased inducible NO synthase activity in the bovine 
aortic endothelial cells must be considered in context. 
Firstly the assay we used, the Griess reaction, has a 
detection limit of 1 /zM nitrite and this is clearly not 
able to measure NO production by bovine aortic en- 
dothelial cells which may be detectable by bioassay on 
smooth muscle or on platelets or by increases in cGMP 
(Gryglewski et al., 1986; Salvemini et al., 1990; Lamas 

et al., 1991). Radomski et al. (1990), using the oxy- 
haemoglobin assay, found NO formed from their en- 
dothelial cell preparation was about 100 pmol NO/mg 
microsomal protein. After endotoxin, this was in- 
creased by 10 pmol/mg; even after treatment with 
endotoxin and interferon-y, the additional activity was 
only 40 pmol/mg, a 40% increase over the basal value. 
We would not have been able to detect this level of 
activity or this magnitude of change by the Griess 
assays. Thus, we cannot demonstrate conclusively that 
NO synthase in the bovine aortic endothelial ceils was 
not increased at all; any such increase was very clearly 
less than that observed in the macrophages over 24 h 
with endotoxin. However, there is clear evidence of the 
lack of induction of inducible NO synthase in human 
(MacNual and Hutchinson, 1993) or rat (Marumo et 
al., 1993) aortic endothelial cells, following treatment 
with endotoxin or cytokines. Further, no increase in 
nitrite accumulation was reported in bovine aortic en- 
dothelial cells cultures incubated with endotoxin for 24 
h, using the sensitive chemiluminesence assay (Berman 
et al., 1993). It is possible that a low level of induction 
of inducible NO synthase, relative to the macrophage, 
is a general characteristic of aortic endothelia. There 
may be a pathophysiological purpose to this differen- 
tial induction. High concentrations of NO are consid- 
ered to be cytotoxic (Moncada et al., 1991) and as such 
would be appropriate in conditions where activated 
macrophages with induced NO synthase may be pres- 
ent (inflammation, infection and other host defence 
conditions). Even in these situations, however, cyto- 
toxic behaviour would not be helpful at the level of the 
endothelium, a cell that needs to be protected espe- 
cially in conditions where oxygen derived or other free 
radicals are being generated. 

What, then, is the mechanism by which endotoxin 
greatly increased NO synthase activity in the murine 
macrophages, but not in bovine aortic endothelial cells? 
One possibility is the inhibition of NO synthase by 
cyclooxygenase metabolites. Exogenous prostaglandin 
E 2 or the prostacyclin analogue, iloprost, inhibit the 
induction of inducible NO synthase activity in endo- 
toxin-activated macrophages (Marotta et al., 1992). In 
our experiments, endotoxin treatment of bovine aortic 
endothelial cells released large amounts of prostaglan- 
din E 2 and prostaglandin 12 and these may have atten- 
uated the increase of NO synthase activity in these 
cells. This possibility, however, was excluded, because 
acetylsalicylic acid or indomethacin, in amounts suffi- 
cient to inhibit the accumulation of cyclooxygenase 
metabolites by bovine aortic endothelial cells, did not 
alter the amounts of NO produced. Another possibility 
is that bovine aortic endothelial cells release a factor(s) 
which permits increased cyclooxygenase activity, but 
selectively suppresses NO synthase induction or activ- 
ity. Endothelial cells are known to release several 
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mediators including platelet derived growth factor 
(Cross and Dexter, 1991) when stimulated by inter- 
leukin-1 (Mantovani et al., 1992) and tumour necrosis 
factor (Puztai et al., 1993): interleukin-1 and tumour 
necrosis factor are both evoked by endotoxin. As 
platelet derived growth factor inhibits the induction of 
inducible NO synthase (Schini et al., 1992) and induces 
cyclooxygenase-2 activity (Rothe and Falanga, 1989), 
an enhanced formation of platelet derived growth fac- 
tor may well attenuate any potential induction of in- 
ducible NO synthase in bovine aortic endothelial cells 
activated with endotoxin. 

It is also possible that endotoxin needs the presence 
of other cytokines to induce inducible NO synthase 
activity in bovine aortic endothelial cells. In vivo, endo- 
toxin may generate these other factors from a variety 
of cell types, directly or indirectly, but in a monocul- 
ture these additional factors have to be provided. Thus, 
endotoxin in combination with other cytokines induced 
inducible NO synthase activity in murine endothelial 
cells (Kilbourn and Belloni, 1990; Gross et al., 1991). 
However, endotoxin alone did not induce nitrite pro- 
duction (Oswald et al., 1994) or mRNA for inducible 
NO synthase (Marumo et al., 1993) in endothelial cell 
cultures, where mixtures of interferon-T with tumour 
necrosis factor-a or endotoxin or other cytokines were 
highly effective. Nevertheless, if a mixture of cytokines 
is needed then the cytokines essential to the induction 
of inducible NO synthase in bovine aortic endothelial 
cells must be different from those required by the 
macrophages. The elucidation of these cytokines and 
their transduction pathways which lead to the induc- 
tion of inducible NO synthase and cyclooxygenase-2 in 
a variety of cells, will help to identify differences that 
may be turned to therapeutic advantage. 
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