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It is suggested that vasoconstriction mediated by angiotensin II cleaved
from angiotensin I by angiotensin converting enzyme (ACE) is counterbal-
anced by concomitant formation of vasodilator angiotensin (1–7) by neutral
endopeptidase (NEP). Here, we tested this hypothesis using as a bioassay the
isolated rat lung perfused with Krebs-Henseleit (KH) solution and ventilated
with negative pressures.

Addition of angiotensin I (100 nM) into the isolated lung resulted in an
immediate increase in pulmonary arterial pressure (� PAP) which was not ac-
companied by a significant change in respiratory lung function or weight of
the lung. The � PAP response induced by angiotensin I was abolished by an
inhibitor of ACE, perindoprilate (1 �M), or by angiotensin type 1 receptor
antagonist (losartan, 1�M) but not by angiotensin type 2 receptor antagonist
(PD 123.319, 10 �M) suggesting the involvement of ACE and AT1 (but not
AT2) receptors in this response. On the other hand, antagonist of bradykinin
receptor B2 (icatibant, 100 nM) or an inhibitor of neutral endopeptidase, thior-
phan (1 �M and 10 �M) did not modify �PAP response induced by angio-
tensin I.

In summary, in the isolated rat lung perfused with KH solution, ACE has
a dominant role in the pulmonary conversion of angiotensin I to angiotensin
II, while NEP-derived angiotensin 1–7 does not seem to constitute a major
counterbalancing mechanism in the pulmonary vasoconstriction induced by
endogenously formed angiotensin II.
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Abbreviations: ACE – angiotensin converting
enzyme, AT1 – angiotensin II type 1 receptor, AT2
– angiotensin II type 2 receptor, NEP – neutral
endopeptidase, PAP – pulmonary arterial pressure,
PVP – pulmonary venous pressure, TV – tidal
volume

INTRODUCTION

The renin-angiotensin system (RAS) is consid-
ered one of the most important regulatory systems
for cardiovascular homeostasis and its hyperactiva-
tion is associated with hypertension, diabetes, heart
failure and atherothrombosis. Angiotensin II cleaved
from angiotensin I by angiotensin-converting en-
zyme (ACE) is believed to be the principal bioac-
tive end product of RAS and its vasoconstrictor,
mitogenic, pro-thrombotic and pro-inflammatory
effects are mediated by AT1 receptor. Importantly,
the advent of ACE inhibitors or AT1 receptor an-
tagonists brought great therapeutic benefits in the
treatment and prevention of cardiovascular dis-
eases [11].

Recent evidences have uncovered the complex-
ity of the angiotensin system. Firstly, a new homo-
logue of ACE named ACE2 has been identified
[28, 33]. Secondly, enzymes other than ACE, e.g.
chymase, can convert angiotensin I to angiotensin
II [35]. Finally, it is now apparent that in addition
to angiotensin II multiple other peptides can be
cleaved from angiotensin I including angiotensin
III, angiotensin IV, angiotensin 1–9, angiotensin
1–7 and angiotensin 1–5 [3, 16, 17, 27]. Heptapep-
tide angiotensin 1–7 is particularly interesting as,
apart from angiotensin II, it is the only one among
angiotensin peptides known so far to exert physio-
logical effects. Indeed, angiotensin 1–7 promotes
natriuresis and induces vasodilation mediated by
endothelial bradykinin and nitric oxide (NO) as
well as by endothelium derived hyperpolarising fac-
tor (EDHF) [14, 22, 23, 25]. In addition, angio-
tensin 1–7 was shown to inhibit ACE activity and
to antagonize AT1 receptors [20]. The cardiopro-
tective profile of angiotensin 1–7 activity has led to
the concept that angiotensin 1–7 may be an en-
dogenous counterplayer of RAS limiting the pro-
duction or opposing the biological effects of angio-
tensin II [10]. This concept has also a therapeutic
significance since ACE inhibition increases plasma
angiotensin 1–7 levels, and some effects of ACE-I

may be related to the formation of angiotensin 1–7
[4, 13, 18, 34].

Although recently discovered ACE2 [8, 28, 31]
may also be involved, neutral endopeptidase (NEP)
is considered to be the major pathway of angio-
tensin 1–7 formation in vivo [33, 35].

Here we attempt to test the hypothesis that the
formation of vasodilator angiotensin 1–7 by NEP
counterbalances vasoconstriction mediated by endo-
genously formed angiotensin II. For that purpose,
in the isolated rat lung perfused with Krebs-
Henseleit buffer and ventilated with negative pres-
sures, we analyzed the pulmonary vasoconstrictor
response induced by angiotensin II upon its conver-
sion from exogenous angiotensin I. The role of
ACE, NEP, AT1 AT2 and bradykinin receptors in
this response was investigated using the selective
pharmacological tools.

MATERIALS and METHODS

Isolated lung preparation

Lungs were isolated from Wistar rats weighing
200–250 g (Lod: WIST BR from Animal Labora-
tory of Polish Mother’s Memorial Research Insti-
tute, Hospital in £ódŸ, Poland). In anesthetized rats
(thiopental 120 mg/kg, ip), trachea was cannulated
and lungs were ventilated with the positive pres-
sures at a rate of 80 breaths/min (VCM module
from Hugo Sachs Electronic-HSE). After laparato-
my, diaphragm was cut and nadroparine at a dose
of 600 I.U. was injected into the right ventricle to
prevent microthrombi formation during surgery.
Then, the animals were exsanguinated by incision
of left renal artery. Lungs were exposed via a me-
dial sternotomy. The pulmonary artery and left
atrium were cannulated via right and left atrium, re-
spectively. Immediately after the cannulation the
lung/heart block was dissected from the thorax. Us-
ing the tracheal cannula, the isolated lung was
mounted in the water-jacketed (38°C), air-tight
glass chamber (HSE), and ventilated with negative
pressures. The residual blood was washed out
within the first 10 min of the initial perfusion with
prewarmed (38°C) Krebs-Henseleit buffer. Then,
the rate of perfusion was increased to a constant
perfusion flow of about 16 ml/min.

Krebs-Henseleit (KH) buffer used for lung per-
fusion was of the following composition (in mM):
NaCl 118, KCl 4.7, KH2PO4 1.2, MgSO4 1.2,

1072 Pol. J. Pharmacol., 2003, 55, 1071–1078

J.B. Bartuœ, S. Ch³opicki



CaCl2 2.5, NaHCO3 12.5, albumin 0.6, glucose 5.6
and HEPES 12.6. The pH of perfusate was main-
tained at 7.35 throughout the whole experiment by
continuous addition of 5% CO2 to the inspiratory air.

The venous pressure was set at a level of 2–5 cm
H2O. The end-expiratory pressure in the chamber
was set to be –2 cm H2O and inspiratory pressure
was adjusted between –6 to –10 cm H2O to yield
the initial tidal volume (TV) of about 2.0 ml.
Breathing frequency was set to be 80 breaths/min
and a duration of inspiration versus expiration was
1:1 in each breath. Every 5 min throughout the ex-
periments, a deep breath of end-inspiratory pres-
sure of –18 cm H2O was automatically initiated by
VCM module (HSE) to avoid atelectasis. The in-
spired air was moistured by bubbling through wa-
ter. Airflow velocity was measured with a pneumo-
tachometer tube connected to a differential pressure
transducer (HSE) from which value of respiratory
TV was determined.

Both arterial and venous pulmonary pressures
(PAP, PVP) were continuously monitored by ISO-
TEC pressure transducers (HSE) connected to per-
fusion line on arterial and venous side, respectively.
The weight of lungs was monitored by a specially
designed transducer (HSE) [29].

TV, PAP, PVP and lung weight data were ac-
quired by the PC transducer card and subsequently
analyzed by Pulmodyn-pulmo software (HSE), as
well as continuously recorded on Graphtec linear
recorder WR 3310. The investigation conforms
with the Guide for the Care and Use of Laboratory
Animals published by the US National Institutes of
Health and the experimental procedure used in the
present study was approved by the local Animal
Research Committee.

Experimental protocols

All lung preparations after mounting were al-
lowed to equilibrate for 10 min until baseline PAP,
PVP, TV and weight were stable. At this time point,
weight of the lung (value of which varied consid-
erably between experiments) was set to zero.

Angiotensin I-induced responses were evoked
twice before and after the following inhibitors: an
angiotensin II type 1 (AT1) receptor antagonists-lo-
sartan, 1 �M or angiotensin II type 2 (AT2) recep-
tor antagonists-PD 123.319 (10 �M), a bradykinin
type 2 receptor antagonist (B2 antagonist icatibant,
100 nM), an ACE inhibitor (ACE-I perindoprilate

0.1 �M, 1 �M) or a NEP inhibitor (NEP-I thior-
phan, 1 �M, 10 �M). All inhibitors were added to
the reservoir with KH-buffer at least 5 min prior to
the second angiotensin I-induced lung response.
All experiments presented here lasted less than
60 min. Although, TV, PAP, PVP and weight were
continuously monitored throughout the experiment,
for data analysis only maximum increase in PAP
(�PAP) elicited by angiotensin I was taken. TV,
PVP and weight did not change significantly in re-
sponse to angiotensin I.

Statistical analysis

The results were presented as mean ± SEM of
changes in PAP (�PAP), in relation to the values
taken 1 min before angiotensin I challenge. Signifi-
cance of differences was established by paired Stu-
dent’s t-test. The minimum level of significance
was considered to be p � 0.05.

Reagents and drugs

Bovine albumin fraction V was from Serva,
Germany; thiopental sodium (Tiopental) was from
Biochemie GMBH, Germany; angiotensin I (Asp-
Arg-Val-Tyr-Ile-His-Pro-Phe-His-Leu), PD 123.319
(S-(22)-1[(4-[dimethylamino]-3-methylphenyl)me-
thyl]-5-[diphenylacetyl]-4,5,6,7-tetrahydro-1H-imi-
dazo[4,5-c]pyridine-6-carboxylic acid), DL-thior-
phan (DL-3-mercapto-2-benzylpropanoyl-glycine)
were from Sigma. Perindoprilate, losartan, icati-
bant (HOE-140) were kindly donated by Servier,
MSD and Hoest Marion Roussel, respectively.

Angiotensin I, losartan, PD 123.319, icatibant,
perindoprilate and thiorphan were dissolved in 1 ml
of saline immediately before administration.

RESULTS

Characteristics of the isolated lung

response to exogenous angiotensin I

In the isolated rat lung perfused with KH buffer,
baseline PAP, PVP and TV were 6.0 ± 0.5 cm H2O,
2.2 ± 0.1 cm H2O and 2.0 ± 0.0 ml, respectively
(n = 48). Addition of angiotensin I (100 nM) into
the KH buffer perfusing the isolated lung resulted
in an immediate increase in PAP. This response was
accompanied by minor changes in TV (decrease in
TV was lower than 0.5 ml), PVP and weight of the
lung (n = 48) (Fig. 1). As shown in Figure 1, in-
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crease in PAP evoked by angiotensin I was repro-
ducible though �PAP responses induced by the se-
cond addition of angiotensin I (100 nM) was
slightly augmented [14.9 ± 1.5 cm H2O (n = 10) vs.
13.7 ± 0.8 cm H2O (n = 10), respectively (ns)].

In the presence of AT1 receptor antagonist (lo-
sartan, 1�M; n = 4) but not in the presence of AT2
receptor antagonist (PD 123.319, 10 �M; n = 5)
�PAP response induced by angiotensin I was abol-
ished. On the other hand, antagonist of bradykinin
receptor B2 (icatibant, 100 nM; n = 6) did not mod-
ify second response to angiotensin I (Fig. 2).

Importantly, neither of three antagonists (losar-
tan, PD 123.319 or icatibant) influenced baseline
respiratory or circulatory parameters of isolated
lungs.

Effect of ACE and NEP inhibition on the

pulmonary vasoconstriction induced by

exogenous angiotensin I

�PAP response induced by angiotensin I in the
isolated rat lung was inhibited by an inhibitor of
ACE, perindoprilate. Effect of perindoprilate at

a concentration of 0.1 �M (n = 4) was weak, how-
ever, at a concentration of 1 �M (n = 8), perindo-
prilate abolished angiotensin I-induced �PAP re-
sponse. On the other hand, an inhibitor of NEP,
thiorphan (1 �M; n = 6 and 10 �M; n = 5) did not
modify �PAP response induced by angiotensin I
(Fig. 3).

Administration of perindoprilate or thiorphan
did not influence baseline respiratory or circulatory
parameters of isolated lungs.

DISCUSSION

There are several techniques available today to
study, in vitro or in vivo, activity of ACE [13, 16,
34]. However, the major localization of ACE is the
lung [24, 30] and the bioassay technique presented
here, taking advantage of the pulmonary vascular
response in a whole organ as a fingerprint of ACE
activity, seems to be of an advantage. Most impor-
tantly, in our experiments biological action of an-
giotensin II formed in the isolated lung from ex-
ogenous angiotensin I was detected by its vasocon-
strictor action in pulmonary circulation and not by
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Fig. 1. (A) Original tracing from an isolated rat lungs experiment depicting two consecutive responses to Ang I. (B) Summarized data
showing �PAP for two consecutive responses induced by Ang I. Columns represent means and vertical bars represent SEM from n =
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its effects on detector tissue suspended beneath and
superfused with lung effluent as originally de-
scribed by Bakhle et al. [2].

Here, we show that pulmonary vasoconstriction
induced by angiotensin I in the isolated rat lung
was entirely dependent on ACE and AT1 receptors
as perindoprilate (1 �M) and losartan (1 �M) abol-

ished this effect. Similarly to classical experiments
of Backle et al. [2], in our hands, isolated lung was
perfused by electrolyte solution. This is why con-
vertion of angiotensin I to angiotensin II in this
model was dependent on endothelial ACE not on
ACE in plasma. Moreover, as the lung response to
angiotensin I was not associated with significant
lung weight changes and only weak, not significant
airway constriction, the vascular pulmonary re-
sponse which was observed could be attributed to
a direct effect of angiotensin II on pulmonary vas-
culature but not to indirect effects related to angio-
tensin II-induced changes in pulmonary airway re-
sistance or lung weight.

Accordingly, using adapted version of angio-
tensin conversion “bioassay”, we demonstrated the
dominant role of endothelial ACE in the conver-
sion of angiotensin I to angiotensin II in pulmonary
circulation of the rat. The role of alternative path-
ways suggested in numerous papers recently [5, 6,
8, 31, 33] seems to be of minor importance in the
pulmonary circulation of the rat.

Importantly, our data also refute an important
role of NEP in angiotensin I metabolism in the rat
lung perfused with electrolyte solution. It was sug-
gested that NEP converted angiotensin I to vasodi-
lator angiotensin 1–7 which opposes biological ac-
tion of angiotensin II by inducing bradykinin-
dependent and NO-dependent vasodilation medi-
ated by angiotensin 1–7 or AT 2 receptors or other
receptors [1, 10, 14, 32]. In our hands, inhibitor of
NEP (tiorphan 1 �M) and bradykinin receptor an-
tagonist (icatibant) did not modify significantly
angiotensin I-induced pulmonary vascular respon-
se. We also found that exogenous angiotensin 1–7
(1 �M) did not modify the pulmonary response to
angiotensin I (100 nM) (data not shown). Accord-
ingly, our experiments do not confirm the major
role of NEP-derived angiotensin 1–7 in the regula-
tion of vascular tone in pulmonary circulation in
the isolated lung perfused with blood-free prefu-
sate. Angiotensin I-angiotensin 1–7 pathway may
undergo compensatory activation in disease states
associated with increased activity of ACE, such as
heart failure, diabetes or atherosclerosis [12, 15,
26]. Indeed, it was demonstrated that ACE-I in-
creased angiotensin 1–7 level in blood in patients
with atherosclerosis [9]. It was also suggested that
increased generation of angiotensin 1–7 contrib-
uted to the therapeutic effects of ACE-I [10, 19] al-
though the matter is still controversial [7, 21]. We
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are currently testing in the model described in the
present work whether NEP-dependent generation
of angiotensin 1–7 is augmented in heart failure.

In summary, we adapted the classical bioassay
technique for studying the pharmacology of angio-
tensins in the pulmonary circulation. Using this
technique, we demonstrated the dominant role of
ACE in pulmonary conversion of angiotensin I to
angiotensin II and excluded the major role of
NEP-derived angiotensin 1–7 in counterbalancing
the pulmonary vasoconstriction induced by exoge-
nous angiotensin I.
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