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Summary
The effect of chronic administration of angiotensin converting enzyme inhibitor on the development of 
hypoxic pulmonary hypertension was studied in rats. Male Wistar rats were exposed for 3 weeks to 
isobaric hypoxia (10 % O2) and treated with 10 mg/kg b.w. of Ramipril daily. The haemodynamic 
properties of the pulmonary vasculature were then measured in isolated blood-perfused lung 
preparation. Ramipril administration during the sojourn in hypoxia resulted in lower baseline perfusion 
pressure and lower slope of perfusion pressure-flow relationship compared to non-treated hypoxic rats. 
Partitioning of the distribution of pulmonary vascular resistance across the vascular bed by the 
occlusion technique showed that it was mainly due to a decrease of arterial and venous vascular 
resistances to blood flow. It is suggested that Ramipril attenuates the process of morphological 
reconstruction of pulmonary vasculature by chronic hypoxia rather than the level of vascular smooth 
muscle tone.

Key words
Pulmonary hypertension -  Collagen -  Chronic hypoxia -  Angiotensin II -  Angiotensin converting enzyme

Introduction

Exposure to chronic hypoxia results in hypoxic 
pulmonary hypertension mainly due to structural 
reconstruction of the pulmonary vascular bed (Reid 
1986). Growth of vascular smooth muscles in 
peripheral vessels and proliferation of collagen and 
elastin fibres in the matrix of their walls is the main 
cause of increased pulmonary vascular resistance to 
lung blood flow.

The effect of angiotensin II on acute hypoxic 
pulmonary vasoconstriction has been studied 
extensively (Voelkel et al. 1980, Kiely et al. 1995). Less 
is known, however, about its effects on chronic 
hypoxia-induced remodelling of pulmonary blood 
vessels. It was discussed recently that the proliferative 
ability of vascular mesenchymal cells is related to the 
trophic action of angiotensin II (Peacock and Matthews

1992). Angiotensin II may act as a modulator of 
cellular growth and thus may play a role in the 
development and maintenance of myocardial and 
vascular hypertrophy (Abraham et al. 1995). 
Angiotensin II causes vascular smooth muscle 
hypertrophy (Geisterfer et al. 1988, Owens 1989) and 
seems to be closely related to cell growth regulation 
(Bobik et al. 1990, Baker and Aceto 1990). Inhibition of 
cellular proliferation may be the long-term mechanism 
of action of angiotensin converting enzyme (ACE) 
inhibitors. Chronic treatment with ACE inhibitors 
reduced the pulmonary vascular changes in
monocrotaline and hypoxic pulmonary hypertensions 
(Kentera et al. 1981, Molteni et al. 1986, Zakheim et al. 
1975).

In the present study, we have assessed the 
effect of chronic administration of ACE inhibitor 
Ramipril on the haemodynamic properties of
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pulmonary vascular bed during the development of 
hypoxic pulmonary hypertension in rats exposed for 
3 weeks to hypoxic environment.

Methods

Twenty-four male Wistar rats were used. 
They were divided randomly into four groups. Two 
groups were exposed to chronic hypoxia in the isobaric 
hypoxic chamber (10 % O2) (Hampl and Herget 1991). 
The remaining two groups of rats lived in atmospheric 
air. One group of rats exposed to hypoxia and one 
group kept in air were treated throughout the 
experiment by daily gastric instillation of 10 mg/kg of 
Ramipril (Hoechst A.G.) under light ether anaesthesia. 
Corresponding control groups were given the same 
volume of distilled water. The hypoxic chamber was 
opened for 15-20 min each day for the Ramipril 
applications, food and water supply and cleaning of 
cages.

Isolated lung preparation

The haemodynamic properties of the 
pulmonary vasculature were measured on a 
preparation of isolated perfused rat lungs (Herget and 
McMurtry 1987). Rats were anaesthetized by 
thiopental (100 mg/kg b.w, i.p.) and ventilated via a 
tracheal cannula with air containing 5 % CO2 at 65 
breaths per min. The pulmonary artery and the left 
ventricle were cannulated after sternotomy and 
heparinization. The lungs and heart were removed 
from the chest en block and suspended in a humid and 
thermostated chamber (38 °C). They were perfused in 
a recirculating manner with blood at a rate of 0.06 
ml/min/g b.w. Blood was obtained from a separate

group of rats under ether anaesthesia by cardiac 
puncture. After 20 min of stabilization the lungs were 
challenged with 10 min of ventilatory hypoxia (3 % O2 
+ 5 % CO2). The perfusion pump was then stopped 
for about 30 s after which the perfusion flow was 
increased in 4 -5  steps (30-90 s each) up to 32-37 
ml/min. After the perfusion pressure-flow (P/Q) 
relationship measurement had been completed, the 
baseline perfusion flow was adjusted again for 5 min. 
Then the distribution of pulmonary vascular resistance 
was partitioned by rapid occlusion of the inflow and 
outflow cannulas of the preparation (Hakim et al. 1982, 
Herget and Kuklik 1995). Ventilation was arrested at 
the end of expiration (alveolar pressure 2.5 cm H2O) 
and the inflow cannula was rapidly occluded with an 
electromagnetic device. After 3 min of stabilization, a 
similar occlusion was applied to the outflow cannula 
and then arterial and venous cannulas were occluded 
simultaneously. The pressure drops across the arterial 
segment, the venous segment and the middle vascular 
segment were calculated from the pressures obtained 
after the particular occlusions (Hakim et al. 1982, 
Herget and Hampl 1995).

Statistics

Differences in body weight and baseline 
perfusion pressure in isolated lungs between the groups 
were analyzed by one-way ANOVA and the Scheffe 
test (Steel and Torrie 1960). Perfusion pressure-flow 
data were analyzed by linear regression. The relation 
was always found to be linear (r = 0.942). Therefore, 
the relationship was described by its slope and 
extrapolated intercept with the pressure axis. The 
values of P<0.05 were considered significant. The 
results are presented as means ± S.E.M.

Table 1
Characteristics of the pressure-flow relationships in isolated perfused lungs

GROUP Pap
(mm Hg)

INTERCEPT 
(mm Hg)

SLOPE 
(mm Hg/ml)

HR 17 ±1 8.76 ±0.81 0.287 ±0.011
H 22 ±3* 8.85 ±0.82 0.641 ±0.053*
NR 16 ± 1 8.12 ± 1.00 0.267 ±0.039
N 16 ± 1 5.66 ±0.89 0.304 ±0.026

Significant differences (P<0.05): * vs all other groups, HR = Chronic hypoxia + Ramipril, 
H  = Chronic hypoxia, NR = Normoxia + Ramipril, N  = Normoxia, Pap -  Baseline 
perfusion pressure, INTERCEPT = extrapolated intercept of pressure-flow plot with the 
perfusion pressure axis, SLOPE = slope of the pressure-flow plot.
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Results

There was no mortality in either group of 
animals. The body weight in all groups did not differ at 
the beginning of the experiment. At the end of 
experiment the body weight of rats exposed to hypoxia 
(Ramipril -  329 ±17 g, saline -  316 ±10 g) was lower 
(p<0.05) than in the corresponding controls (359 ±11 g 
and 378 ±8 g). The body weights of normoxic and 
hypoxic rats were not affected by Ramipril treatment.

Perfusion flow-perfusion pressure relationship

The baseline perfusion pressure in the non- 
treated rats exposed to chronic hypoxia was 
significantly higher (p<0.05) than that in all other 
groups (Table 1). The perfusion flow-perfusion 
pressure plots in the groups of rats studied are given in 
Fig. 1, the results of the linear regression analysis are 
presented in Table 1. The slope of the relation was 
significantly higher (p < 0.05) in rats exposed to hypoxia 
and not treated by Ramipril than that in all other 
groups where it did not differ significantly. The 
intercepts with the perfusion pressure axis did not 
differ significantly between the groups.

HR

H Fig. 1
Perfusion pressure-flow plots in 

NR control and hypoxic rats treated with 
Ramipril. For the group 

m denominations see Table 1.

Per f us i on  f low [ml/min]

Table 2
Pressure drops across the pulmonary vascular bed measured by occlusion technique in 
isolated perfused lungs

GROUP Pt (mm Hg) Pa (mm Hg) Pv (mm Hg) Pm (mm Hg)

HR 19.9 ±1.3 7.4 ±0.9 8.4 ±8.9 4.6 ±1.3
H 25.8±2.5X 9.1±1.1 + 11.3 ±1.2* 6.6 ±1.7
NR 17.4 ±1.9 5.4 ±0.8 7.1 ±0.7 6.9 ±0.7
N 17.8 ±0.6 6.6 ±0.5 7.4 ±0.6 4.2 ±0.8

Significant differences (P<0.05): * vs all other groups, # vs groups kept in normoxia 
(NR and N), + vs NR. The group denominations are the same as in Table 1.

Occlusion measurements

Occlusion experiments resulted in significantly 
larger perfusion drops across the pulmonary vascular

bed (Pt) in non-treated rats exposed to hypoxia than in 
both normoxic groups (Table 2). The value in the 
hypoxic group treated with Ramipril did not differ 
significantly from the other groups studied. The
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pressure drops across the arterial segment (Pa) 
significantly differed between the non-treated hypoxic 
group and Ramipril-treated normoxic group only, Pa 
values being larger in the hypoxic animals. Marked 
differences were found in the drops across the venous 
part of pulmonary vasculature (Pv), where the pressure 
drops in the non-treated hypoxic rats were significantly 
greater than those in all other groups. There were no 
significant differences in the pressure drops across the 
middle portion of pulmonary vasculature (Pm) between 
the groups. The estimated "pulmonary capillary 
pressure" measured by the simultaneous occlusion of 
inflow and outflow cannulas was significantly higher in 
the non-treated hypoxic group (Pc=11.2±1.7 mm Hg) 
than that in the other groups (hypoxia + Ramipril 
8.1 ±0.9, normoxia 6.7±0.5 and normoxia + Ramipril 
7.4± 1.2 mm Hg).

Discussion

The baseline perfusion pressure in isolated 
lungs from the group of rats exposed to hypoxia and 
treated with Ramipril was significantly lower than that 
in non-treated hypoxic rats and did not differ from that 
in the controls. According to our previous experience, 
the baseline perfusion pressure in isolated perfused 
lungs correlates well with the pulmonary artery blood 
pressure in vivo (Herget and Hampl 1995). We 
therefore assume that Ramipril treatment during the 
sojourn of experimental rats in a hypoxic environment 
inhibited the development of hypoxic pulmonary 
hypertension. However, for the technical reasons it was 
not possible to perform additional measurements in the 
present study which would be necessary for proving the 
presence of pulmonary hypertension.

The measurement of perfusion pressures over 
a reasonably wide range of perfusion flows (P/Q 
relationship) in isolated lungs provides sufficient 
information about the changes of haemodynamic 
properties of the pulmonary vascular bed (Barer 1976). 
As it is linear, it can be described by an extrapolated 
intercept with the pressure axis at zero flow and the 
slope of the P/Q  line. The pressure axis intercept 
represents the mean critical closing pressure of 
pulmonary vasculature, the slope is related to the 
upstream incremental vascular resistance. In our 
current experiment, we found that the intercept with 
the pressure axis did not differ between the groups. 
This is not in agreement with our previous experiments 
(Herget and Kuklik 1995, Herget and Hampl 1995), 
and also with the results of others (Emery et al. 1981), 
where exposure of experimental rats to similar chronic 
hypoxia resulted in a significant rise of the pressure 
axis intercept. We do not have an explanation for this 
unexpected observation apart from the effect of 
biological variation in a small group of animals. The 
only difference between our previous and present 
experiments was the fact that the hypoxic chamber was

opened more often in the present study. We cannot, 
however, offer any explanation why this intermittent 
hypoxic exposure may affect the closing pressure of 
pulmonary vasculature. Similarly as in our previous 
studies (Herget and Hampl 1995, Herget and Kuklik 
1995), the slope of the P/Q  line in rats exposed to 
chronic hypoxia was significantly steeper. We interpret 
this finding as a result of the increase in haemodynamic 
resistance and/or decrease of compliance of 
pulmonary vessels upstream from the collapsible 
vascular portion (middle vascular portion). The 
haemodynamic resistance in hypoxic pulmonary 
hypertension increases due to encroachment of 
hypertrophied smooth muscles into the vascular lumen 
(Finlay et al. 1986). The vascular compliance decreases 
(Emery et al. 1981), mainly due to a deposition of 
collagen and hypertrophy of smooth muscle cells in the 
walls of peripheral pulmonary vessels (Hislop and Reid 
1976). The slope of the P/Q  line in Ramipril-treated 
hypoxic rats was not increased. Inhibition of ACE 
therefore prevented the increase of upstream vascular 
resistance and/or the decrease of the compliance of 
pulmonary vessels induced by exposure to hypoxia. 
Both may be affected if the proliferation of 
mesenchymal cells in the vascular wall is inhibited. The 
possibility that Ramipril attenuates the structural 
reconstruction of the pulmonary vascular bed rather 
than affects the smooth muscle tone is supported by 
the fact that Ramipril decreased the slope but not the 
pressure axis intercept of the P/Q  plot.

Occlusion experiments showed significantly 
higher pressure drops across the pulmonary vascular 
bed in rats exposed to chronic hypoxia. The increase 
resulted from the larger pressure drops in arterial and 
venous segments of pulmonary vasculature. This is in 
accordance with our previous findings (Herget and 
Kuklik 1995). In this previous study we also found a 
small increase of resistance in the middle vascular 
segment of chronically hypoxic rats. This was not the 
case in the present study. This difference may be 
related to the already discussed and unexplained 
absence of the increase in the pressure axis intercept in 
the group exposed to hypoxia. The effects of Ramipril 
administration on the distribution of pulmonary 
vascular resistance across the pulmonary vasculature in 
chronically hypoxic rats support the interpretation of 
changes in the P/Q  relationships. These results are in 
accord with other studies (Zakheim et al. 1975, 
Abraham et al. 1995) where administration of 
angiotensin converting enzyme inhibitors to hypoxic 
rats prevented the morphological reconstruction of 
pulmonary vasculature. In contrast to our results, 
authors of the latter study found an increase in total 
lung vascular resistance after Cilazapril treatment in 
rats exposed to hypoxia. The cardiac output, however, 
decreased in their experimental rats. Their paper 
unfortunately did not give sufficient data for further 
analysis.
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The present study does not provide 
information concerning the mechanism by which ACE 
inhibitors block the increase of the pulmonary vascular 
resistance in hypoxic animals. It is not clear whether 
the effect is attributable to the haemodynamic 
influence induced by the drug administration (lower 
production of vasoconstrictor angiotensin II) or 
whether it is related to the indirect or direct action on 
mesenchymal cell proliferation in the vascular wall. It 
has been shown that these two processes are linked. 
The increase of vascular wall tension stimulates the 
proliferation of pulmonary vascular cells (Riley and 
Gullo 1988). Angiotensin II itself has several actions 
(see above) which can be attributed to regulation of the 
mesenchymal cell cycle. Therefore, the direct relation

References

of angiotensin II and morphological reconstruction of 
pulmonary blood vessels cannot be excluded. There is 
evidence that the renin-angiotensin system is activated 
during exposure to chronic hypoxia. Plasma renin 
activity is higher in high altitude climbers (Milledge et 
al. 1983) so that the decrease of ACE activity found in 
hypoxic rats (Jederlinic et al. 1988, Oparil et al. 1988) 
may be a compensatory reaction to a still unknown 
mechanism.

Acknowledgements
The study was supported by grants of the Grant 
Agency of the Czech Republic No. 306/93/0582 and 
Grant Agency of Charles University No. 214.

ABRAHAM W.T., RAYNOLDS M.V., GOTTSCHALL B., BADESCH D.B, WYNNE K.M., GROVES B.M., 
LOWES B.D., BRISTOW M.R., PERRYMAN M.B., VOELKEL N.F.: Importance of angiotensin­
converting enzyme in pulmonary hypertension. Cardiology 86: 9—15, 1995.

BAKER K.M., ACETO J.F.: Angiotensin II stimulation of protein synthesis and cell growth in chick heart cells. 
Am. J. Physiol. 259: H610-H618, 1990.

BARER G.R. The physiology of pulmonary circulation. Methods of study. Pharmacol. Ther. 2: 247-273, 1976.
BOBIK A., GRINPUKEL S., LITTLE P.J., GROOMS A., JACKMAN G.: Angiotensin II and noradrenaline 

increase PDGF-BB receptors and potentiate PDGF-BB stimulated DNA synthesis in vascular smooth 
muscle. Biochem. Biophys. Res. Commun. 166: 580 -  588, 1990.

EMERY CJ., BEE D., BARER G.R.: Mechanical properties and reactivity of blood vessels in isolated perfused 
lungs in chronically hypoxic rats. Clin. Sci. 61: 569-580, 1981.

FINLAY M., SUGGETT A.J., BARER G.R.: Quantitative changes in the rat pulmonary vasculature in chronic 
hypoxia — relation to hemodynamic changes. Q. J. Exp. Physiol. 71:151-163, 1986.

GEISTERFER AA.T., PEACH M.J., OWENS G.K.: Angiotensin II induces hypertrophy, not hyperplasia, of 
cultured rat aortic smooth muscle cells. Circ. Res. 62: 749 -  756, 1988.

HAKIM T.S., MICHEL R.P., MINAMI H., CHANG H.K.: Site of pulmonary hypoxic vasoconstriction studied 
with arterial and venous occlusion./. Appl. Physiol. 54: 1298—1302, 1983.

HAMPL V., HERGET J.: Perinatal hypoxia increases hypoxic pulmonary vasoconstriction in adult rats recovering 
from chronic exposure to hypoxia. Am. Rev. Respir. Dis. 142: 619 -  624, 1990.

HERGET J., HAMPL V.: Pulmonary circulation. In: Biomechanics o f the Cardiovascular System. B.B. ŠRÁMEK, 
J. VALENTA, F. KLIMEŠ (eds), Faculty of Mechanical Engineering, Prague, Foundation for 
Biomechanics of Man, Irvine, CA, USA, 1995, pp. 327- 336.

HERGET J., KUKLÍK V.: Perinatal lung injury extends in adults the site of hypoxic pulmonary vasoconstriction 
upstream. Physiol. Res. 44: 25-30, 1995.

HERGET J., McMURTRY I.F.: Dexamethasone potentiates hypoxic vasoconstriction in salt solution-perfused rat 
lungs. Am. J. Physiol. 253: H542-H554, 1987.

HISLOP J., REID L.M.: New findings in pulmonary arteries of rats with hypoxia-induced pulmonary hypertension. 
Br. J. Exp. Pathol. 57: 542-554, 1976.

JEDERLINIC P., HILL N.S., OU L.C., FANBURG B.L.: Lung angiotensin converting enzyme activity in rats with 
differing susceptibilities to chronic hypoxia. Thorax 43: 703 -  707, 1988.

KENTERA D., SUSIC D., CVETKOVIC D., DJORJEVIC G.: Effect of SQ 14 225, an orally active inhibitor of 
angiotensin converting enzyme, on hypoxic pulmonary hypertension in rats. Basic Res. Cardiol. 76: 
344- 351,1981.

KIELY D.G., CARGILL R.I., LIPWORTH B.J.: Acute hypoxic pulmonary vasoconstriction in man is attenuated 
by type I angiotensin II receptor blockade. Cardiovasc. Res. 30: 875 -  880, 1995.

MILLEDGE J.S., CATLEY D.M., WILLIAMS E.S., WITHEY W.R., MINTY B.D.: Effect of prolonged exercise
at altitude on the renin aldosterone system./. Appl. Physiol. 55:413-418,1983.

MOLTENI A., WARD W.F., TSAO C.H., SOLLIDAY N.H.: Monocrotaline induced cardiopulmonary damage in 
rats: amelioration by the angiotensin-converting enzyme inhibitor CL242817. Proc. Soc. Exp. Biol. Med. 
182: 483 -  493,1986.



226 Herget et al. Vol. 45

OPARIL S., NARRATES A.J., JACKSON R., ANN H.S.: Altered angiotensin converting enzyme in lung and 
extrapulmonary tissues of hypoxia adapted rats. J. Appl. Physiol. 65: 218 -  227, 1988.

OWENS G.K.: Control of hypertrophic versus hyperplastic growth of vascular smooth muscle cells. Am. J. Physiol. 
257: 755-765,1989.

PEACOCK AJ., MATTHEWS A.: Transpulmonary angiotensin II formation and pulmonary haemodynamics in 
stable hypoxic lung disease: the effect of captopril. Respir. Med. 86: 21-26, 1992.

REID L.M.: Structure and function in pulmonary hypertension. New perceptions. Chest 89: 279 -  288, 1986.
RILEY D., GULLO J.: Pressure applied to cultured pulmonary artery endothelial cells causes release of a 

fibroblast mitogen and induces a proto-oncogene. FASEB J. 2: A300, 1988.
STEEL R.G.D., TORRIE J.H.: Principles and Procedures of Statistics. 1960.
VOELKEL N.F., GERBER J.C., McMURTRY I.F., REEVES J.T., NIES A.S.: Release of dilatator 

prostaglandins from rat lung during angiotensin Il-induced vasoconstriction. In: Advances in Prostaglandin 
and Thromboxane Research, Vol. 7. S. SAMUELSON, P.W. RAMWELL, R. PAOLETTI (eds), Raven 
Press, New York, 1980, pp. 957-960.

ZAKHEIM R.M., MATTIOLI L., MOLTENI A., MULLIS K.B., BARTLEY K.H.: Prevention of pulmonary 
vascular changes of chronic alveolar hypoxia by inhibition of angiotensin I converting enzyme in the rat. 
Lab. Invest. 33: 57-61, 1975.

Reprint Requests
Dr. Jan Herget, Department of Physiology, Second Faculty of Medicine, Charles University, Prague, Plzeňská 221, 
150 00 Prague 5, Czech Republic.


