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Abstract. Angiotensin I1 has been previously implicated as a mediator of vasoconstriction 
during the development of hypoxic pulmonary hypertension. The effect of angiotensin- 
converting enzyme inhibition with teprotide (SQ 2088 1) on development of pulmonary 
hypertension was determined by measurement of the drug's ability to modify hypertension- 
induced protein synthetic changes in the rat pulmonary trunk. Rats were injected with either 
SQ 20881 (2 mg/kg body wt every 8 hr) or saline vehicle during exposure to chronic hypoxia 
at 0.5 atm for either 3 or 7 days. Comparisons were made of tissue weight, absolute protein 
content, and in vitro synthesis of collagen and noncollagen protein of the pulmonary trunks of 
SQ-treated hypoxic, SQ-treated normoxic, saline-treated hypoxic, and saline-treated normoxic 
rats. Treatment of hypoxic rats with SQ 20881 was found to significantly decrease right 
ventricular pressure, tissue weight, absolute protein content, and in vitro protein synthesis after 
7 days compared to saline-treated hypoxic rats. Neither right ventricular hypertrophy nor the 
development of polycythemia was decreased by SQ 2088 1 treatment. o 1984 Society for Experimental 

Biology and Medicine. 

The role of the renin-angiotensin system 
in the induction and maintenance of pul- 
monary hypertension has been studied both 
clinically and experimentally but remains 
equivocal. Angiotensin-converting enzyme 
(ACE), which directs the transformation of 
angiotensin I (AI) to the potent vasoconstric- 
tor angiotensin I1 (AII), is located on the 
luminal membrane of vascular endothelium 
on both the arterial and venous sides of the 
pulmonary capillary bed (1). It has therefore 
been hypothesized that alveolar oxygen con- 
tent may regulate the development of pul- 
monry hypertension by increasing ACE ac- 
tivity and thus increasing local AII-mediated 
vasoconstriction. 

Berkov (2) has demonstrated that A11 is 
necessary for hypoxia-induced vasoconstric- 
tion in the isolated perfused rat lung. How- 
ever, analysis of serum and lung ACE activity 
during the onset and maintenance of hypoxia 
and monocrotaline-induced pulmonary hy- 
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pertension provides a complex temporal pat- 
tern of ACE alterations. Serum ACE levels 
were increased after mice were exposed to 
hypoxia for 7 days (3), and have been reported 
to increase (4) or remain the same (5) after 
3 weeks of hypoxic exposure. Lung ACE 
activity increased by 9 days in mice (3) but, 
appeared to be decreased in rats exposed to 
3 weeks of hypobaric hypoxia (5). During 
the onset of monocrotaline-induced pulmo- 
nary hypertension lung ACE activity is ele- 
vated one week after initiation of treatment 
(6), but is dramatically reduced by 3 weeks 
(7). In addition, long-term treatment with 
converting enzyme inhibitors reduced right 
ventricular hypertrophy and pulmonary ar- 
terial wall thickness in rats exposed to chronic 
hypoxia (4, 8). Thus, evidence from those 
studies indicate that the angiotensin system 
may play an important role in the develop- 
ment and maintenance of pulmonary hyper- 
tension. 

To date, most studies of the antihyperten- 
sive effects of ACE inhibition in pulmonary 
hypertension have involved physiological 
and morphological measurements. However, 
McKenzie and Klein (9, 10) have demon- 
strated dramatic changes in the ability of the 
rat pulmonary trunk to synthesize protein in 
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vitro and in vivo after 3 or 7 days of hypoxic 
exposure. In the present study, the converting- 
enzyme inhibitor teprotide (SQ 2088 1) was 
used to determine whether inhibition of A11 
formation could diminish or block the de- 
velopment of hypoxia-induced pulmonary 
hypertension as measured by the level of 
hypertension-associated protein synthesis in 
the pulmonary trunk. Alterations in biosyn- 
thetic parameters of the pulmonary trunk 
were correlated with changes in physiological 
parameters produced by hypoxic exposure 
and teprotide treatment. 

Materials and Methods. One hun- 
dred twenty-eight male Sprague-Dawley rats 
(Sasco, Omaha, Neb.) were used in these 
experiments. For each experiment rats were 
separated into the following groups (16 rats 
each): saline-normoxic (SC), saline-hypoxic 
(SH), SQ-normoxic (SQC), and SQ-hypoxic 
(SQH). Hypoxic groups were placed in 0.25- 
m3 hypobaric chambers maintained at 0.5 
atm with an airflow of 0.08-m3/min and pair- 
fed with normoxic controls housed in an 
open chamber in the same room. A 12-hr 
light-dark cycle was maintained with lights 
on 0600-1800 hr. Chambers were opened 
for about 30 min every 8 hr to inject rats, 
replenish food and water and clean cages. 
The rats in groups SQC and SQH received 
sc injections of SQ 20881 (2 mg/kg body wt) 
in sterile physiological saline at 0800, 1600, 
and 2400 hr while rats in groups SC and SH 
received injections of vehicle only. This dos- 
age schedule has been shown to effectively 
reduce pulmonary arteriolar medial hyper- 
trophy during the development of hypoxia- 
induced pulmonary hypertension (4). 

Hematocrit was measured using an IEC 
Microcapillary Centrifuge (Model MB) and 
Reader. Mean right ventricular pressure was 
measured as described previously (9). The 
heart was removed from each rat and fixed 
in 2% glutaraldehyde/O. 1 M phosphate buffer 
for determination of right-ventricular hyper- 
trophy (RVH) which was evaluated by ex- 
pressing the weight of the free wall of the 
right ventricle (RV) as a ratio of the weight 
of the left ventricle and interventricular sep- 
tum (LV + S) (1 1). The pulmonary trunk 
(PT) and left pulmonary artery (from the 
infundibulum to the hilum of the left lung) 
were removed in one piece and placed in 

cold (4°C) Krebs Ringer’s bicarbonate buffer. 
Collagen and noncollagen protein assays have 
been described previously (9), but are sum- 
marized briefly. The vessels were stripped of 
loose fat and connective tissue, sized to 9 
mm by removing material from the distal 
end, pooled in groups of three and sliced 
into 1- to 2-mm rings. Subsequent processing 
followed the method of Newman and Lang- 
ner (12). Pooled trunks were incubated for 
90 min at 37°C in 10 ml Krebs Ringer’s 
bicarbonate buffer containing 10 pCi 
[ I4C]glycine (New England Nuclear, Boston, 
Mass.) under 95% 0 2 / %  C02 .  Following 
incubation the pooled trunks were washed in 
two changes of cold (4°C) distilled water, 
blotted dry, and weighed. The pooled trunks 
were then frozen in liquid nitrogen and stored 
at -70°C for up to 2 weeks. Pooled trunks 
were subsequently homogenized in 2.0 ml of 
0.25 A4 sucrose in a glass homogenizer and 
the homogenate was diluted to 5 ml with the 
same sucrose solution. Protein content of the 
homogenate was determined from a 0.1-ml 
aliquot by the Bio-Rad Protein Assay 
(BioRad, Richmond, Calif.). A 2.0-ml aliquot 
of the homogenate was then combined with 
2.0 ml 10% TCA (final concentration 5% 
TCA). Centrifugation and washing of the 
pellet were performed three times and colla- 
gen was solubilized with hot TCA. A 0.2-ml 
aliquot of the collagen extract was combined 
with 10 ml of scintillation cocktail and 
counted in a Searle Model 6892 Liquid Scin- 
tillation Counter using standard I4C windows 
and 10-min counts. The residual protein 
pellet was solubilized for 20 hr at 45°C in 
2.0 ml Protosol and a 0.2-ml aliquot was 
taken for liquid scintillation counting (LSC). 
The data were analyzed statistically by anal- 
ysis of variance and the Bonferroni modifi- 
cation of Student’s t test for multiple com- 
parisons (13). A P value d 0.025 was consid- 
ered statistically significant. 

Results. There were no differences in mean 
hematocrit or mean right-ventricular pressure 
within hypoxic groups (SH vs SQH) or 
normoxic groups (SC vs SQC) at 3 or 7 days. 
Therefore, values for control groups were 
combined. After 3 days of hypoxic exposure, 
hematocrit was significantly increased in both 
groups of hypoxic rats (SH = 57.7 f 1.2%, 
SQH = 56.7 k 1.3%) compared to normoxic 
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groups (C = 48.4 k 0.5%) and remained ele- 
vated at 7 days (SH = 58.2 k 1.6%, SQH 
= 57.6 k 1.4%). 

Mean right-ventricular pressure (RVP) was 
significantly elevated in both hypoxic groups 
(SH = 26.0 k 2.7 mm Hg, SQH = 21.0 
k 1.0 mm Hg) compared to normoxic con- 
trols (1 5.7 k 1.8 mm Hg) at 3 days. RVP 
continued to be significantly elevated in SH 
(24.0 k 1.9 mm Hg) compared to normoxic 
controls at Day 7. However, a significant 
reduction in RVP occurred by Day 7 in SQH 
group (18.5 k 1 .O mm Hg) compared to SH. 

Heart weight and the ratio of right-ventric- 
ular weight to the weight of the left-ventricle 
plus septum (RV/LV + S) showed variable 
results at Day 3 (Fig. 1). At 7 days, RV/LV 
+ S remained significantly elevated in SQH 
compared to SH. This was apparently not 
due to an increase in RV weight, but to a 
decrease in LV + S in the SQH group. At 
this time, both hypoxic groups demonstrated 
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FIG. 1 .  Ventricle weight and right-ventricular hyper- 
trophy of control rats and rats exposed to hypobaric 
hypoxia for 3 or 7 days. Y-axis represents ventricle 
weight in grams or the ratio of right-ventricular weight 
to the weight of the left ventricle and septum. RV 
= right-ventricle weight, LV + S = left ventricle + sep- 
tum, right-ventricular hypertrophy = RV/LV + S, SH 
= saline hypoxic rats, SC = saline control rats. SQH 
= SQ 20881-treated hypoxic rats, and SQC = SQ 2088 1- 
treated control rats. After 3 days of hypoxia, SH rats 
demonstrated reduced LV + S compared to SC, but with 
overlapping standard error bars. 0, SQH significantly 
different from SH, P < 0.025; 0, SQC significantly dif- 
ferent from SC, P < 0.025; A, SH significantly different 
from SC, P < 0.025; A, SQH significantly different from 
SQC, P < 0.025. 
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FIG. 2. Pool weight (g) and absolute protein content 
(mg) of control rats and rats exposed to hypobaric 
hypoxia for 3 or 7 days. See Fig. 1 legend for explanation 
of abbreviations and key to symbols. 

significant increases in RV and RVH. When 
compared to values from SH rats, SQH rats 
did not demonstrate significant differences in 
the weight of the right ventricle (RV) or left 
ventricle + septum (LV + S) (Fig. 1). 

Both pooled tissue weight and absolute 
protein content were significantly elevated in 
hypoxic vs normoxic control groups at Day 
3 (Fig. 2) with one exception. Although hav- 
ing a higher ratio of means (hypoxic/norm- 
oxic) than the saline groups, absolute protein 
content was not significantly different in SQH 
vs SQC due to a large standard error in SQH 
(Fig. 2). This difference was significant when 
analyzed by a t test unmodified for multiple 
comparisons. Pool weight and absolute pro- 
tein content remained significantly elevated 
in SH vs SC at Day 7. There was also a 
significant decrease in absolute protein con- 
tent and pool weight in SQ-treated hypoxic 
rats as compared to saline-treated hypoxic 
rats at this time. 

Changes in the in vitro synthesis of collagen 
(C) and noncollagen protein (NC) followed 
much the same pattern as pooled trunk weight 
and absolute protein content at 3 and 7 days 
(Fig. 3). At 3 days there were no significant 
differences between either C or NC in SQH 
vs SH. Collagen synthesis was significantly 
elevated in both hypoxic groups at 3 days 
compared to normoxic controls. 

Synthesis of noncollagen protein was also 
elevated in hypoxic rats although the differ- 
ence between SQH and SQC, as analyzed by 
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FIG. 3. [‘4C]Glycine incorporation into collagen and 
noncollagen protein of control rats and rats exposed to 
hypobaric hypoxia for 3 or 7 days. See Fig. 1 legend for 
explanation of abbreviations and key to symbols. 

t test for multiple comparisons, was not 
significant due to a large standard error. By 
7 days, there was a dramatic decrease in in 
vitro synthesis of C and NC in SQH compared 
to SH as C and NC synthesis in SQH were 
reduced to near control levels (SQC). 

Discussion. In previous studies from this 
laboratory, we have demonstrated that the 
development of pulmonary hypertension re- 
sults in both hyperplastic and hypertrophic 
changes in the rat pulmonary trunk (10) and 
that the hypertrophic response included in- 
creased synthesis (9) and deposition (9, 10) 
of extracellular matrix protein, particularly 
collagen. Thus, the quantitative and temporal 
pattern of hypertension-induced changes in 
protein synthesis of the pulmonary trunk, in 
association with other markers for the devel- 
opment of pulmonary hypertension, provides 
a model system for studies of the regulation 
of pulmonary arterial pressure in the hypoxic 
rat. This model system has previously been 
used to determine the contribution of the 
sympathetic nervous system to the develop- 
ment of PH in the rat (14). In the present 
study of the role of angiotensin I1 in the 
development of hypoxia-induced pulmonary 
hypertension treatment with the angiotensin- 
converting enzyme inhibitor SQ 20881 re- 
sulted in decreased mean right-ventricular 
pressure (RVP) and protein synthesis in the 
pulmonary trunks of hypoxic rats after 7 
days. 

Right-ventricular pressure and right-ven- 
tricular hypertrophy were used to assess the 
development and/or regression of pulmonary 
hypertension in treated and untreated hypoxic 
rats. Previous studies have demonstrated al- 
most identical patterns of development of 
RVP and RVH in hypoxic rats (9). In the 
present study, treatment with teprotide con- 
current with hypoxic exposure produced a 
significant reduction in mean RVP after 7 
days. This reduction corroborates the work 
of Kentera et al. (8) in which long-term 
treatment of rats with captopril during 
chronic hypoxic exposure resulted in a sig- 
nificant decrease in right-ventricular systolic 
and mean right-ventricular pressures. Al- 
though SQ 20881 treatment decreased RVP 
compared to untreated hypoxic rats in this 
study, there was no concurrent decrease in 
RVH. This result contradicts long-term treat- 
ment (3-4 weeks) with captopril or teprotide 
which resulted in significant decreases in 
RVH and a larger relative decrease in weight 
of the right ventricle (4, 8). This discrepancy 
is most likely due to the differences in dura- 
tion of hypoxic exposure and treatment be- 
tween this and the previous studies. Other 
factors indirectly related to SQ 20881 treat- 
ment may also have contributed to this dis- 
crepancy. After 3 days of hypoxic exposure, 
RV weight and RVH were significantly higher 
in treated vs untreated rats. Left-ventricular 
weight was also significantly elevated in SQH 
vs SH at this time. However, after 7 days 
RV weights had equalized while significant 
left-ventricular hypertrophy appeared in un- 
treated rats. At this time LV weight of the 
treated hypoxic group was not significantly 
different from treated controls, resulting in a 
significantly larger RV/LV + S ratio in treated 
vs untreated hypoxic rats. In order to further 
understand the effect of SQ 20881 treatment 
on the development of RVH it may be 
necessary to completely dissociate hemody- 
namic from direct cardiac effects. At this 
point we are unable to explain the significant 
elevations in RV weight and RV/LV + S in 
normoxic treated vs untreated rats. 

The significant inhibition of protein syn- 
thesis and deposition, as determined from 
analysis of changes in absolute PT protein 
content and in vitro incorporation of [14C]- 
glycine into newly synthesized collagen and 
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noncollagen protein, was coincident with sig- 
nificantly decreased RVP in SQ 2088 1 -treated 
hypoxic rats in the present study. Increased 
deposition of collagen in blood vessel walls 
has been routinely found to be a prominent 
feature of vascular hypertrophy in experi- 
mental (1  5 ,  16) studies of systemic hyperten- 
sion as well as in pulmonary hypertension 
(9, 10, 17, 18) and appears to be positively 
correlated with increased blood pressure (8, 
9, 19, 20, 21). The periods of 3 and 7 days 
of hypoxic exposure and SQ 2088 1 treatment 
used in the present study were chosen because 
they represent the peak periods for the hy- 
pertension-induced increases in collagen and 
noncollagen protein synthesis respectively in 
the rat pulmonary trunk (9). The pattern of 
changes in protein synthesis in SH vs SC 
reported here are almost identical to those 
previous studies thus indicating that the ob- 
served significant reduction in protein syn- 
thesis in the PT of treated rats was not due 
to variations in the model system. It is also 
possible that SQ 20881 treatment may have 
a direct inhibitory effect on vascular protein 
synthesis. This explanation, however, is un- 
likely since treatment did not result in any 
significant differences in tissue weight, abso- 
lute protein content or protein synthesis be- 
tween normoxic groups at either 3 or 7 days. 
It appears likely, then, that SQ 20881 treat- 
ment reduced pressure-induced protein syn- 
thesis in the pulmonary trunk as a result of 
inhibiting conversion of A1 to A11 in the 
peripheral pulmonary vascular bed and thus 
reducing levels of A11 available to induce 
local vasoconstriction. 

Failure of SQ 20881 to alter RVP and 
protein synthesis after only 3 days of treat- 
ment may reflect a real lag-time in efficient 
inhibition of angiotensin-converting enzyme 
by the dosage of inhibitor used, perhaps due 
to increased converting enzyme levels (4, 22). 
Recent studies have reported decreased lung 
ACE levels after pulmonary hypertension has 
become well established in either monocro- 
taline or chronic hypobaric hypoxia models 
( 5 ,  7). However, Szidon et a/. (23) have 
demonstrated that decreased lung ACE activ- 
ity during chronic hypoxia may reflect altered 
pulmonary hemodynamics rather than an 
absolute reduction in ACE activity. In addi- 
tion, other studies suggest transient increases 

in lung ACE activity during the early devel- 
opment of hypoxia-induced PH in mice (3) 
or monocrotaline-induced PH in rats (6). It 
is also possible that other factors may regulate 
the development of PH during this early time 
period. 

In conclusion, we have demonstrated the 
ability of converting-enzyme inhibition with 
SQ 20881 to significantly reduce RVP and 
protein synthetic capability in the rat pul- 
monary trunk during the early development 
of hypoxia-induced pulmonary hypertension. 
Furthermore, the results presented herein 
indicate that treatment with SQ 20881 did 
not directly inhibit protein synthesis but ac- 
complished this through reduction of arterial 
pressure. Finally, the failure of ACE inhibition 
to prevent increased arterial pressure and 
associated increased protein synthesis at 3 
days indicates that angiotensin I1 may play a 
role in the maintenance but not early induc- 
tion of hypoxia-induced pulmonary hyper- 
tension. 
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