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ABSTRACT: We wanted to ~ the respective ro~ of arachidonic acid products and 
nitric oxide in the modulation of pulmonary hypertension in chronically hypoxic rats. 

In isolated blood-perfused lungs, the effects of arachidonic acid before and after 
treatment with the cyclooxygenase inhibitor, meclofenamate, were compared in control 
(C) rats and rats exposed for two weeks to 10% oxygen (chronic hypoxia CH). 

Arachidonic acid caused mixed dilator and constrictor effects during both normoxia 
and hypoxia; dilatation W$ more prominent in cbrooicaDy hypoxic rats. Meclofenamate 
abolished both dilator and constrictor actions of arachidonic acid; it raised baseline, 
normoxic pulmonary artery pressure, in chronically hypoxic but not control rats, 
which !>'Uggests that dilator products of arachidonic acid are released in the pulmonary 
hypertension of chronic hypoxia and attenuate pulmonary artery pressure. As shown 
previously, the nitric oxide J>')'nthase inhibitor N-nitro-L-arginine methyl ester (L
NAME) rai<;ed p~ in chrooical)y hypoxic but not control rats. Meclofenamate and 
L-NAME given in sequence both raised pulmonary artery pressure in chronically 
hypoxic rats and the combined rise was substantial (+13 mm.Bg). 

We conclude that, in the conditions of our experiment, both nitric oxide and dilator 
prostanoids are released in hypoxic pulmonary hypertension in rats. Thus, two 
synthetic processes, both possibly endothelial dependent, may modulate hypoxic 
pulmonary hypertension. 
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MONCADA et al. [1] have shown that nitric oxide, derived 
from L-arginine through NO synthase, is continually released 
and attenuates pressure in the systemic circulation. In 
recent work, we investigated whether the same process 
might account for the normally dilated state of the pul
monary vasculature in the rat [2]. Our evidence was 
against this hypothesis but, instead, suggested that when 
pulmonary artery pressure was raised by chronic exposure 
to hypoxia, NO might be released and act as a feed-back 
mechanism, which attenuated the high pressure. 

high pressure pulmonary circulation of these rats. The 
effect of prostaglandin F2a (PGF~ was also compared in 
normal and chronically hypoxic rats. Some preliminary 
results have been published [6]. 

Other dilator autocoids might be responsible for the low 
normal pulmonary artery pressure and attenuate hypoxic 
pulmonary hypertension. For example, there is evidence for 
release of prostacyclin in acute hypoxia [3]. In this work. 
we have looked at the actions of arachidonic acid (AA) on 
the pulmonary circulation. Some of its products are dilator, 
some constrictor, and some cause microvascular leakage. 
We have found, in rats exposed chroniCally to hypoxia, that 
naruraJ vasoactive substances frequently have quantitatively, 
and even qualitatively, different effects on the pulmonary 
circulation from normal rats [4, 5]. Some changes can 
be attributed to the increased muscularity and increased 
tone found in these rats, but others imply metabolic changes. 

Our aim in this study was to see whether there is any 
change in the metabolic products of exogenous arachidonic 
acid, and whether these might contribute to, or modulate, the 

Methods 

Litters of six male Wistar rats (A. Tuck and Son, SPF), 
were divided at 31 days of age. Half were placed in a 
normobaric chamber at 10% 0 2 for 2-3 weeks (chronically 
hypoxic (CH) rats), whilst half remained in the same room 
in air (control (C) rats) as described previously [4]. For 
some experiments, stock Wistar rats were used as controls. 
Lungs of CH and C rats were compared at comparable 
ages, CH rats within 1-5 h of removal from the chamber. 

Isolated perfused lungs 

After pentobarbitone anaesthesia (60 mg·kg-1 i.p.), the 
lungs were perfused in situ in the chest with autologous 
blood of normal haematocrit (taken from normal rats for 
both C and CH rats, volume ea 10 ml) at 38°C, via a roller 
pump (Watson-Marlow) from a plastic reservoir, as des
cribed previously [4]. The pH was adjusted to 7.35-7.45 
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with bicarbonate. Blood flow rate was kept constant at 
18-20 ml·min·• in both groups, which produced inflow 
pulmonary artery pressures (Ppa) within the normal range. 
Ppa was measured with an electromanometer (Electromed) 
and recorded on a pen-recorder (Bryans); changes in press
ure at constant flow reflected changes in vascular resistance. 
The lungs were ventilated by a Starling ideal pump via a 
tracheal cannula, with either air +5% C02 (normoxia), or 
2% 0 2 +5% C02, balance N2 (hypoxia). 

Protocol 

Experiment 1. Fourteen C rats (277.4±7.2 g) and 15 CH 
rats (214±6.2 g) (body weights on day of experiment) 
were used; in this, as in all of the experiments, CH rats 
gained less weight. The same flow rate was used for 
perfusion as in C rats, because the lung~ were found to be 
of similar size [4]. Several hypoxic tests were made 
initially, until a stable response was achieved Ppa reached 
a maximum in 5--10 min. which was usually followed by a 
plateau but sometimes by a slow decline in pressure. At 
least 5 min were allowed between tests for the Ppa to 
return to control values, although in many experiments, 
particularly in CH rats, the baseline pressure rose during the 
course of the experiment, as described previously [4]. 
Thereafter, increasing doses of AA (Na arachidonate, Sigma, 
10--200 J.tg), were given into the perfusion circuit during 
both hypoxia and normoxia. Doses were given in 0.1-0.2 
ml volumes, and similar volumes of 0.9% NaCI were 
given as controls. The saline injections had no effect A 
stock solution of AA (10 mg·rnl·•) was prepared by 
vigorous mixing with 0.9% NaCl and stored under N2 at 
-20°C. Small aliquots were diluted to 1 mg·ml-•; these 
were diluted with NaCI to 0.5 and 0.1 mg·ml·• on the day 
of the experiment. Owing to loss of activity by air and 
light, these solutions were briefly gassed with N2 and stored 
on ice between injections. 

Experiment 2. In 7 C and 9 CH rats, AA was tested 
before and after Na meclofenarnate (Warner Lambert Co., 
Michigan, USA, O.l rni of 1 mg·rnl-• in 0.9% NaCI into the 
blood reservoir) given to inhibit cyclooxygenase activity. 
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Experiment 3. In a further 8 C and 10 CH rats, the effects 
of meclofenarnate and N-nitro-L-arginine methyl ester CL
NAME) (lOO IJ.g in 0.1 ml into the reservoir), the latter to 
block NO synthase, were given in sequence, in either order, 
to observe their effect on normoxic Ppa. 

Experiment 4. In a further 6 C and 6 CH rats, PGF2<x 
(Upjohn Ltd, 2, 20 and 40 J.Lg) was tested during normoxia 

Statistics 

Means and sEM are given in text and tables. Groups are 
compared by paired or unpaired t-tests, as appropriate, and 
differences considered significant if p<0.05. 

Results 

Experiment 1: dose-response curve to arachidonic acid 

When comparing C rats to CH rats, both the initial Ppa 
(17.4±0.4 vs 32.2±2.7 mmHg) before the first hypoxic test 
and the increase in Ppa during hypoxia (+ 16.2±1.0 vs 
32.2±2.7 mmHg) were greater, as found previously [4]. 
In both groups of rats, increasing doses of AA were given; 
each dose was given first during hypoxia and then during 
the next normoxic period. Figure la and b shows typical 
responses in a C rat (a) and a CH rat (b) for the dose range 
20--100 J.tg. It shows the different initial normoxic Ppa 
values in the C and CH rat; also in the CH rat there is a 
biphasic decline in Ppa on changing from 2% 0 2 to air, 
which is not seen in normal rats. During hypoxia, biphasic 
changes in Ppa are seen in both rats after 50 and 100 IJ.g 
AA; there is a sharp, short-lived rise in Ppa followed by a 
slow decline to a lower level, which is sustained during the 
period of the test. In the CH rat, all doses given during 
normoxia caused a rise in Ppa followed by a slow fall 
below the base line pressure. In C rats, dilatation during 
normoxia was not seen because there is little or no basal 
tone. Tracheal pressure was recorded in some experiments; 
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Fig. I. - Comlricwr aocl dilator effects of arachidonic acid Original ttaces of pulmonary artery pressure (Ppa) in a) a ronttol (C) r.!l; 800 b) a chronically hypoxic 
(CH) !liL Asachidonic doses 20, 50 800 100 fJg are given into the perl'usion circuit 31 the anows. Each dose is given M! during hypoxia ( .---., 2% <>;) and 
then during liO!TilOxia Note highel- baseline pressure in CH rat. and that dilatation is more marked than in the C !liL 
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it rose slightly after the high doses, but not sufficiently to 
have caused the rises seen in Ppa. Oedema sometimes 
followed the higher doses; it occurred more often in C 
than CH rats (8 out of 10 vs 6 out of 15). Table I shows 
both the constrictor and dilator effects of AA (10-200 Jlg) 
for 14 C and 15 CH rats during normoxia and hypoxia. 
The threshold dose for both rat groups is 10 Jlg. In 
normoxia, constriction is less, but not significantly less, in 
CH rats, whilst in C rats virtually no dilatation is seen. In 
hypoxia, CH rats show significantly less constriction and 
significantly greater dilatation than C rats after 20-200 J..tg. 
When the responses were calculated as a percentage of 
the hypoxic rise in Ppa (greater in CH rats), CH constriction 
was significantly less than in C rats at all doses (p<O.OOl), 
but dilatation was only greater at the highest dose (p<0.05). 

Experiment 2: effect of cyclooxygenase blockade with 
meclofenamate 

Meclofenamate was used to inhibit cyclooxygenase. 
F'ustly, it was established that a repeatable response could be 
achieved with 100 Jlg AA; thus, any change in response 
was not attributable to tachyphylaxis. Figure 2a + b shows 
that both constrictor and dilator actions of AA were 
abolished by meclofenamate in normoxia and hypoxia in a 
C rat (a) and a CH rat (b); in both of these rats, after 
meclofenamate, 100 Jl8 AA caused only an injection artefact 
followed by a slow fall in Ppa during continued hypoxia. 
This fall is the decay in hypoxic vasoconstriction, which is 
frequently seen without intervention and is unaffected by 
meclofenamate. Table 2 shows that the dilator and 

Table 1. - Dilator and constrictor effects of arachidonic add on pulmonary artery pressure (Ppa) in 
control (C) and chronically hypoxic (CH) rats during normoxia and hypoxia 

Dose AA M>pa mmHg 

lig 10 20 50 100 200 

Nonnoxia 
Crats t +0.1±().1 +2.1±{).7 +5.7±Ll +10.7±2.5 

+ 0 .{)Ji().l .{).4±{).1 .{).3±().1 
(3) (10) (11) (9) 

CH rats t +0.8±0.3 +4.9±2.0 +8.4±1.7 
I 

-1.9±0.4** -3.3±().8** -3.1±1.3* • 
(11) (11) (8) 

Hypoxia 

t+ Crats +0.6±0.6 +1.8±{).5 +4.7±{).9 +7.9±1.1 +10.1±2.3 
-2.0±1.1 -4.9±0.8 -9.3±0.8 -13.5±1.4 9.5±2.1 

(7) (14) (14) (12) (3) 

CH mts t 0 +{),li().l ** +D.6±0.3*** +2.7±().8*** +2.1±{).7* 
+ -7.3±2.2 -12.5±1.9** -20.1±1.7*** -25.0±2.3*** -25.4±4.7 

(7) (15) (5) (13) (4) 

Data are presented as mean±sEM. Values in brackets are number of mts. t: rise in Ppa; .. : fall in Ppa; p values; 
*: p<0.05; **: <i:l.l>0.001; ***: <i:l.001 for comparison between C and CH r'diS. 

a) C rat 
100 
+ 

45 [ 
0> 15 ::c 
E b) CH rat E 

"' 
8l 

a. 
a. 

25 

100 
+ 

100 
+ 

100 
+ 

Fig. 2. - Effect of cyclooxygenase inhibition on constrictor and dilator effects of arachidonic acid Original traces of pulmonary artery pressure {Ppa) in: 
a) a conlrol (C) rat; and b) a chronically hypoxic (CH) rat Arachidonic acid, lOO ).lg, causes mixed dilator and constrictor effects during hypoxia ( ........... 
2% OJ and nonnoxia. Meclofenamate (M), 100 ).lg, has little effect of Ppa in the C rat but causes a steep rise in the CH rat Afterwards, both constrictor 
and dilator effects are virtually abolished. During hypoxia there is "decay" of hypoxic constriction (see text). 
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Table 2. - Cyclooxygenase inhibition abolishes the 
constrictor and dilator effects of ataehidonic acid (100 ~) on 
pulmonary artery pressure (Ppa) in control (C) and 
chronically hypoxic (CH) rats during normoxia and hypoxia 

M'pa mmHg 

Before After 
meclofenamate meclofenamate 

Normoxia 
Ctats t +8.0±1.7 +1.6±0.6* 

+ -D.4i0.2 0 
(6) (5) 

CH rats t +8.5±2.0 ~.9±0.6* 

+ -2.1±1.0 ~.8±0.3 
(7) (6) 

Hypoxia 
C rats t +7.0±1.7 ~.7i0.6** 

+ -13.0±2.4 -1.0±(}.6** 
(7) (7) 

CH rats t +2.0±().6 ~.1±0.1* 

+ -25.7±2.0 -2.3±0.4*** 
(9) (8) 

Data are presented ac; rnean±s!'M. Values in brackets are number of 
rats. t : rise in Pp~;+: fiill in Ppa. p values: *: <.0.05; **: 0.01>0.001; 
***: <.0.001 foc c.ompuisons befcre arx:t after meclofenamate (lOO !lg). 
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Fig. 3. - Distribution curve of changes in nonnoxic pulmonary artery 
pressure (Ppa) after meclofenamate, 100 j.lg, in control rats (0) and 
chronically hypoxic rat~ (~ ). The rise in Ppa. with few exceptions, is 
greater in chronically hypoxic rats. 
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constrictor effects of AA were virtually abolished after 
meclofenamate, during both hypoxia and normoxia in all C 
and CH rats. 

Experiment 3: effect of cyclooxygenase and NO synthase 
bloclauie, separately and combined, on normoxic pressure 
in C and CH rats 

In 18 CH rats, meclofenamate (100 Jlg), given during 
normoxia, caused a prompt and substantial rise in pressme 
(+10.0±1.4 mmHg, p<O.OOl). However, in 16 C rats there 
was only an occasional rise in pressme (+{).6±0.3 mmHg, 
NS). These results include those from experiment 2, those 
from experiment 3 in which meclofenamate was given 
before L-NAME, and some from previous work [7]. The 
trace shown in figure 2 shows these differences; in the 
CH rat, there is a large rise in Ppa after meclofenarnate, 
which persists after the next hypoxic test, but in the C rat 
there is only a slight continued drift upwards, which is 
often seen during the course of ari experiment Figure 3 
shows a distribution curve of all the results; there is a 
clear distinction between C and CH rats. 

We previously found that L-NAME caused a rise in 
normoxic Ppa in CH rats, but rarely in C rats [2]. In 
that srudy, we gave meclofenarnate after the L-NAME in a 
few CH rats, and found that it caused an additional rise in 
Ppa. In a total of 10 CH and 8 C rats, we gave both 
enzyme inhibitors and results were similar whichever drug 
was given first In CH rats, both drugs caused a rise in 
pressure (fig. 4), whilst in C rats, there was rarely a rise 
with either drug. Table 3 shows the mean results for 
meclofeoamate alone, L-NAME alone (taken from [2]), 
and the two drugs in sequence. Thus, the combined 
blockade caused a substantial rise in Ppa in CH rats (+13.1 
±2.3 mmHg), but only a small rise in C rats ( +2.8±1.4 
mmHg). Figure 4 shows that after L-NAME hypoxic 
vasoconstriction was enhanced, as seen previously [2]; we 
sometimes, but not regularly, observed an increase in this 
response after meclofenamate. 

Experiment 4: responses to PGF2a in C and CH rats 

PGF2a caused dose-related increase in Ppa during nor
moxia, which was greater in CH than C rats, but only 
significantly so at the highest dose (fig. 5). 

Fig. 4. - Trace of pulmonary artery pressure (Ppa) in a chronically hypoxic rat MeclofenamaJe and L-NAME bolh raise nonnoxic Ppa 
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Table 3. - Effect of cyclooxygenase and NO synthase 
blockade on normoxic pulmonary artery pressure (Ppa) 

Blocker 6Ppa nunHg 

Crats CH rats p value 

Meclofenamate 0.52.±().3 10.15±1.3 <O.(XJI 
(18) (19) 

L-NAME 2.3±0.6 8.1±0.8 <0.001 
(39) (22) 

Meclofenamate+ 2.8±1.4 13.1±2.3 <0.001 
L-NAME (8) (10) 

Data are presented as mean±sa.~. C: control; CH: chronically 
hypoxic; L-NAME: L-NG-nitroarginine methyl ester. 
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Fig. 5. - Log dose-response curve ID prostaglandin F:ra (PGF~ in 6 CH 
rats and 6 C rats (mean±sEM). Constriction is greater in CH rats, 
significantly at the highest dose; *: 0.05>p>0.02. CH: chronically hypoxic; 
C: control. 

Discussion 

Changed arachidonic acid metabolism in chronic hypoxia 

In this work, exogenous arachidonic acid caused mixed 
constrictor and dilator effects; with higher doses, dilatation 
predominated. In CH rats the balance was tilted towards 
dilatation. In normoxia, dilatation is possible in CH rats 
because, in contrast to nonnal rats, there is basal tone (a fact 
which has been demonstrated with a number of dilator 
substances [4, 5]). However, greater dilatation was also 
seen during hypoxic vasoconstriction in CH than C rats. 
Thus, it seems likely that there is either a shift in the 

proportion of dilator and constrictor products of cyclo
oxygenase, a change in receptor proportions or expression, 
or a change in enzymatic inactivation of these substances. 
In these blood perfused preparations, we cannot exclude that 
AA was metabolized in circulating blood cells, or that the 
effects seen were due to secondary release of substances, 
such as thromboxane ~. adenosine diphosphate (ADP) or 
serotonin, from platelets or other blood cells. However, 
wherever the conversion, the products or their effects 
differed in CH rats. Previous studies have also shown 
mixed dilator and constrictor actions of exogenous AA 
and the predominance of one or other effect has varied with 
the dose, species, age of animal and mode of administration 
[8, 9]. We also found an enhanced effect of PGF24 in CH 
rats. Although this might be due to metabolic changes, it 
could also be due to the increased smooth muscle mass and 
the narrowing of pulmonary vessels of these rats. The 
same degree of smooth muscle shortening will cause a 
greater change in vessel radius, if it takes place from an 
initially smaller circumference. 

The effects of arachidonic acid were attributable to 
cyclooxygenase activity 

Blockade of cyclooxygenase with meclofenamate virtually 
abolished both constrictor and dilator effects of arachidonic 
acid. It seems, therefore, that products of this enzyme 
system were responsible for all the effects observed. 
However, after meclofenamate, oedema was sometimes 
seen in both rat groups, perhaps due to products of lipoxy
genase activity. After meclofenamate, GERBER et al. [10) 
found that meclofenamare abolished the immediate responses 
to AA in petfused rat lungs but that a slow delayed increase 
in pressure persisted; this was attributed to products of 
lipoxygenase. 

Evidence that dilator products of arachidonic acid 
metabolism as well as nitric oxide attenuate pulmonary 
hypertension in chronic hypoxic 

The rise in Ppa caused by meclofenamate in CH rats sug
gests that dilator products of cyclooxygenase may be 
continuously released in the chronically hypoxic state, and 
attenuate the high pressure. This effect summed with the 
rise in Ppa which followed blockade of NO synthase with 
the L-arginine analogue, L-NAME. The two enzyme 
inhibitors caused rises in pressure of similar magnitude. 
The combined effect was very substantial; the combined rise 
in pressure of 13 mrnHg represents a 40% increase. Thus, 
it seems that in the conditions of our experiment, two 
dilator mechanisms attenuate the pulmonary hypertension of 
chronic hypoxia. 

Stimuli for release of nitric oxide and dilator prostanoids 

In our previous work, we suggested that continuous 
release of NO in CH rats might be due to the basal smooth 
muscle tone in their lung vessels and/or the narrowing of 
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these vessels. In nonnal rats, we found evidence for NO 
release dwing vasoconstriction and vessel narrowing caused 
by several stimuli [2]. In contrast, we have no clue as to 
the stimulus for release of the dilator prostanoids. Unlike 
NO, their release was not usually triggered by hypoxic 
vasoconstrition in normal rats; meclofenamate only occasion
ally caused a rise in Ppa when given during hypoxia. In 
other work, production of prostacyclin has been observed 
during hypoxic vasoconstriction, raised left atrial pressure 
and lung inflation [3, 11 ]. The lungs of chronically hypoxic 
rats are held in a more inflated state than nonnal [12], a 
condition frequently also present in human hypoxic lung 
disease. 

Role of prostaTWids during chronic exposure to hypoxia 

Our results suggest that cyclooxygenase products might 
influence the remodelling of the pulmonary circulation in 
chronic hypoxia Prostanoids have already been implicated, 
both in causing and attenuating the changes in the pul
monary vasculature in chronic hypoxia In rats, Roos et al. 
[13] failed to attenuate right ventricular hypertrophy and 
vascular changes by chronic meclofenamate treatment. 
However, KENTERA et al. [14] gave aspirin to rats exposed 
to hypoxia and hypercapnia and found a reduction in both 
right ventricular hypertrophy and pulmonary hypertension. 
The effect was attributed to reduced erythropoiesis and 
blood viscosity. Indomethacin treatment has led to pul
monary hypertension and increased reactivity in sheep [15], 
whilst acute but not chronic indomethacin has led to severe 
increase in Ppa in new-born lambs [16, 17]. A most 
interesting recent fmding is that a diet high in fish oils 
reduced both haemodynamic and morphological conseque
nces of chronic hypoxia in rats [18]. These oils deplete the 
lung store of AA, replacing it in cell membranes with 
omega-2-eicosanoids, including eicosapentaenoic acid. 

Conclusions 

Our most important finding was that, in the circumstances 
of this experiment, the pulmonary hypertension of chroni
cally hypoxic rats was modulated both by dilator products 
of cyclooxygenase and by NO synthase. Both enzymes are 
active in endothelial cells, but also occur elsewhere. Their 
activities seem not to have been impaired in our chronically 
hypoxic rats, but this carmot be taken as evidence that 
these properties of the endothelium were normal. However, 
in severe pulmonary hypertension in man, the endothelium 
is often damaged, as can be assessed from the failure of its 
amine uptake activity. Endothelial damage could perhaps 
open the way for development of unmodulated high 
pressure. Indeed, since there are many dilator autocoids, we 
should consider that multiple influences may contribute to, 
or attenuate, an elevated pulmonary artery pressure. Also, 
a deficiency of dilator activity might be responsible for 
elevation of pressure in the absence of constrictor influences. 
What part a dilator deficiency might play in the develop-

ment of new muscle and connective tissue, carmot be 
surmised at present. Should the mechanisms described 
here be similar in man, important implications for treatment 
would follow. 
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