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ABSTRACT:  Plasma atrial natriuretic peptide (ANP) is an endogenous vasodila-
tor, which might counteract pulmonary hypertension due to hypoxaemia.  The aim
of this study was to investigate the influence of acute and chronic hypoxia on plasma
(ANP) concentrations in humans.

Venous plasma ANP concentrations in six healthy subjects were measured before
and after inhalation of hypoxic air (11% O2) at rest for 30 min, and following 5
min of mild hypoxic exercise (25 W).  Pulmonary arterial plasma ANP levels were
determined in 31 right heart catheterized patients with lung disease.

In healthy subjects, mean arterial oxygen tension (PaO2) was 6.8±1.9 kPa after
30 min hypoxia at rest, and 4.7±0.9 kPa after hypoxic exercise testing.  Hypoxia at
rest did not induce significant changes in ANP concentrations, whereas hypoxic
exercise led to significantly increased ANP levels.  Among hypoxaemic patients, sig-
nificantly elevated plasma ANP levels were found only in the subgroup with increased
mean pulmonary artery pressure, but not in the subgroup with normal pulmonary
artery pressure.

In summary, severe acute hypoxia induced by hypoxic exercise, but not moder-
ate acute hypoxia at rest, leads to increased ANP levels in healthy subjects.  Chronic
hypoxia alone does not lead to elevated plasma ANP levels; whereas, hypoxia com-
bined with pulmonary hypertension causes increased plasma ANP concentrations
in diseased subjects.
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Atrial natriuretic peptide (ANP) is released into the
circulation from right and left atrial myocytes.  Atrial
distension leads to an increased ANP release [1–5].
Previous animal studies have provided evidence for an
augmented ANP release into the circulation during acute
and chronic hypoxia [6–12].  Hypoxia-induced changes
of the pulmonary haemodynamics may trigger this res-
ponse [10, 11].  The chemotropic effects of hypoxia lead-
ing to an enhanced ANP synthesis [11], as well as a
reduction of the ANP plasma clearance [13], have also
been discussed.

The ANP hormone leads to pulmonary vasodilatation,
and might therefore, counteract pulmonary hypertension
and right heart hypertrophy in hypoxic organisms [8,
14–18].  In patients with chronic obstructive lung dis-
ease (COLD), ANP infusion lowered the pulmonary
artery pressure [19].  In contrast, the administration of
an anti-ANP antibody aggravated pulmonary hyperten-
sion in hypoxia-adapted rats [15].  The blockade of
endogenous ANP, however, failed to have a significant
effect on pulmonary artery pressure during the first 6 h
of hypoxic exposure, but led to an elevation of the pul-
monary arterial pressure at later times.  This suggests
that endogenous ANP modulates the subacute, but not
the acute phase of hypoxic pulmonary hypertension [20].

Most of the results from the above mentioned studies
have been obtained from animal experiments.  Little is
known about ANP regulation during hypoxia in humans.
Therefore, the aim of this study was to investigate whether
hypoxia provides a relevant stimulus for an augmented
ANP release in humans.  Furthermore, we wanted to
determine whether acute and chronic hypoxia should be
regarded as two different entities in the regulation of
ANP release.

Materials and Methods

Subjects

Six healthy volunteers (five males and one female)
aged 20–24 yrs (mean 22 yrs), height 1.70–1.89 m (mean
1.81 m), and weight 59–96 kg (mean 73 kg) were invest-
igated.  Medical history, physical examination, 12-lead
electrocardiogram (ECG) registration, and the results of
an investigation of serum and blood parameters were
within the normal range for each individual.  Water
and salt loading was examined by measuring the plasma
sodium content.  The plasma sodium content in all of
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the subjects was within the limits of normal range.  None
of the volunteers was taking any medication.

Thirty one patients (24 males, and 7 females) aged
49–78 yrs (mean 63 yrs), height 1.53–1.86 m (mean 1.70
m), and weight 44–98 kg (mean 73 kg) with various
lung diseases, who had undergone right heart catheter-
ization for diagnostic reasons, were admitted to the
study.  The following clinical diagnoses of lung diseases
had been established: bronchial carcinoma (n=24); bron-
chial carcinoma and COLD (n=2); COLD (n=3); and
lung resection due to bronchial carcinoma (n=2).  None
of the subjects was undergoing corticosteroid therapy,
and in all patients drug therapy (beta-adrenergic drugs,
xanthine derivatives, calcium channel-blockers or nit-
rates) was stopped 36 h prior to the investigation.

Informed written consent was obtained from all of the
healthy subjects and patients.

Design of the study

The study consisted of two protocols.  Protocol 1 was
designed to investigate the effects of acute normobaric
hypoxia on plasma ANP release in six healthy volun-
teers.  Protocol 2 was designed to assess the effect of
chronic hypoxia on plasma ANP levels in 31 patients
with various lung diseases.

Acute hypoxia was defined as an inducible hypox-
aemia according to a sudden hypoxic stimulus of short
duration. Hypoxaemia not fulfilling this condition was
defined as chronic hypoxia.

Protocol 1. Examination of the volunteers started at
10.00 a.m.  Subjects were placed in a supine position.
Physiological variables monitored during the examina-
tion were: heart rate, systolic, diastolic and mean sys-
temic arterial pressure, arterial blood gases including
the arterial oxygen partial pressure (PaO2), and the con-
centration of ANP in peripheral venous plasma (AN-
Pven).  The measurements were made at precisely
defined time intervals, as follows: C = control measure-
ments after 10 min in a supine position, breathing room
air; H1, H2 and H3 i.e. after 10, 20, and 30 min, respect-
ively, of breathing a hypoxic gas with an inspiratory
oxygen fraction (FIO2) of 0.11; HE = measurements after
5 min exercise with a bicycle ergometer (workload of
25 W) in a supine position breathing a hypoxic gas
(FIO2=0.11); R1 and R2 = measurements after 15 and 30
min recovery, respectively, breathing room air.  The entire
experiment lasted 75 min.

Protocol 2.  Examination of the patients also started at
10.00 a.m.  As all the patients chosen for the study under-
went right heart catheterization for diagnostic purposes,
The following additional measurements were also per-
formed: pulmonary arterial blood gases, mean right
atrial pressure, mean pulmonary arterial pressure (Ppa),
pulmonary capillary wedge pressure (PCWP), and car-
diac output.  Concentrations of ANP within the pul-
monary artery plasma (ANPpa) were determined from
routinely obtained blood samples.  For the evaluation of

the measurements, the patients were subdivided into four
groups, according to their PaO2 and Ppa values at rest
(fig. 1a and b): Group 1.  Patients with arterial hy-
poxaemia and normal pulmonary artery pressure (n=7);
Group 2.  Patients with arterial hypoxaemia and ele-
vated pulmonary artery pressure (n=5); Group 3.  Patients
with arterial normoxaemia and elevated pulmonary
artery pressure (n=7); and Group 4.  Patients with arterial
normoxaemia and normal pulmonary artery pressure
(n=12).

Arterial hypoxaemia and pulmonary hypertension
were defined as follows.  Arterial hypoxaemia: PaO2 (kPa)
<(86 - age × 0.4) × 0.1333 + 10%.  Pulmonary hyperten-
sion: Ppa ≥2.7 kPa (≥20 mmHg).  There were no signifi-
cant intergroup differences in the patients' age, height
and weight.

Methods

Heart rate was measured via a continuously recorded
ECG lead.  Systemic arterial pressure was monitored by
an indwelling 20-gauge polyethylene arterial cannula,
within the left brachial artery, connected to a pressure
transducer (PPG Hellige GmbH, Freiburg, FRG).  All
arterial blood samples were taken from the cannula
within the left brachial artery.  All peripheral venous
blood samples were taken from an indwelling poly-
ethylene cannula located in a left forearm vein; whilst
all pulmonary artery blood samples were obtained from
the proximal pulmonary artery lumen of a Swan Ganz
catheter.  Immediately after the blood samples were
drawn, blood gas analysis was performed using a blood
gas analyser (Ciba Corning Diagnostics GmbH, Fernwald,
FRG) with automatic adjustment to atmospheric humid-
ity and pressure.

Acute normobaric hypoxia was evoked in the healthy
volunteers through inhalation of a gas mixture of 11%
O2 and 89% N2 (FIO2=0.11), which was provided from a
steel gas cylinder (Linde AG, Munich, FRG).  The gas
mixture was introduced by means of a mouthpiece con-
nected to the gas cylinder via a plastic tube and a "demand
valve" (Dräger Werke, Lübeck, FRG).  A Y-valve ex-
cluded the possibility that expired air could be reinhaled.

Physical exercise was carried out in a supine position
with a cycle ergometer (Erich Jaeger, Würzburg, FRG).

To facilitate right heart catheterization, a balloon-
directed and thermistor-tipped triple-lumen Swan Ganz
catheter 7F (Spectramed, Düsseldorf, FRG) was posi-
tioned within the pulmonary artery via the left basilic
vein or left internal jugular vein, using Seldinger's tech-
nique.  The catheter was coupled to a pressure transducer
(PPG Hellige GmbH, Freiburg, FRG), using the mid-
axillary line as zero reference level.  Measurements
of right atrial pressure (PRA), Ppa, and PCWP were
performed by calculating the mean values of three res-
piratory cycles.  The pressures and an ECG lead were
recorded by a four-channel monitor and a four-channel
writer (PPG Hellige GmbH, Freiburg, FRG).  Cardiac
output was determined by means of the thermodilution
method using a Cardiac Output Computer® (Edwards
Laboratories, Santa Ana, California, USA).   Pulmonary
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vascular resistance was calculated from a standard for-
mula [21].  Blood for determination of plasma ANP
levels was drawn into tubes coated with ethylene-diamine
tetra-acetic acid (EDTA) and centrifuged for 10 min at
2,000×g at 4° C.  Plasma was stored at  -70°C for a maxi-
mum of one month.  Human ANP plasma concentra-
tions were measured with the help of the commercially
available radio-immunoassay ANP-RIAcid hANP (99-
126)® (Henning GmbH, Berlin, FRG) as described pre-
viously [21].

Statistical analysis

Data are expressed as mean values±standard devia-
tions (SD).  The effects of acute normobaric hypoxia,
hypoxic exercise and recovery on plasma ANP levels
and haemodynamic and blood gas values in healthy vol-
unteers were assessed on paired data using the Wilcoxon
signed-rank test.  Analysis among and between more
than two groups with different patient numbers was per-
formed using the Kruskal-Wallis-test.  For analysis bet-
ween two groups, the Mann-Whitney test was used. The
coefficients of correlation between plasma ANP levels
and various blood gas and haemodynamic data were

determined by linear regression analysis.  Probabilities
of less than 0.05 were considered as significant.

Results

Protocol 1

Concentrations of ANP within the venous plasma
(ANPven) and PaO2 in six healthy study subjects are
listed in table 1.  After acute normobaric hypoxia, mean
ANPven increased.  However, this change was not sta-
tistically significant.  In contrast, mean PaO2 decreased
significantly (p<0.05) during this time period. After
5 min of exercise under hypoxic conditions (HE), ANPven
increased in each individual.  The plasma concentration
was 31% higher than that in control conditions.  This
increase was statistically significant (p<0.05).  The PaO2

further decreased and stood at a level which was signif-
icantly lower (p<0.05) than that after 30 min hypoxia at
rest (H3).  Following recovery (R1 and R2) both ANPven
and PaO2 returned to baseline levels.

Regression analysis did not reveal any significant
positive or negative coefficient of correlation between
ANPven and arterial blood gas measurements.
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Fig. 1.  –  a) Arterial oxygen partial pressure (PaO2);  b) mean pulmonary arterial pressure (Ppa);  c) concentrations of ANP in the pulmonary
artery plasma (ANPpa); and d) pulmonary capillary wedge pressure (PCWP) were determined during right heart catheterization of 31 patients with
various lung diseases.  The patients were subdivided into four groups according to their PaO2 and Ppa values at rest (see a and b):  G1=hypox-
aemia with normal Ppa (n=7); G2=hypoxaemia with elevated Ppa (n=5); G3=normoxaemia with elevated Ppa (n=7); and G4=normoxaemia with
normal Ppa (n=12).  c) G2 and G3 were significantly higher than G1 and G4, indicating that elevated plasma ANP levels in hypoxaemic pat-
ients only occur in the subgroup with pulmonary hypertension.  d) G3 was significantly higher than G1, G2 and G4.  Values represent mean±SD.
*: p<0.05 and **: p<0.01.
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Protocol 2

The summary of the results in four groups (Groups
1–4) of 31 patients is illustrated in figure 1.  Note that
in the hypoxaemic patients (Groups 1 and 2), signifi-
cantly increased concentrations of pulmonary arterial
plasma ANP (ANPpa) were found only in the subgroup
with elevated Ppa (fig. 1c).

Interestingly, the pattern of mean ANPpa measure-
ments in the four groups was similar to the pattern of
the pulmonary capillary wedge pressures (PCWP) (com-
pare fig. 1c and d).  ANPpa was significantly correlat-
ed with PCWP (r=0.673; p<0.01).   However, regression
analysis did not reveal a significant coefficient of cor-
relation between ANPpa and any of the blood gas para-
meters measured in the systemic and pulmonary artery
blood samples.

Discussion

In this study, we investigated whether hypoxia pro-
vides a stimulus for an augmented ANP release in hu-
mans.  In healthy subjects, severe acute hypoxia caused
an increase in plasma ANP levels.  In diseased subjects
with chronic hypoxia, elevated plasma ANP concentra-
tions were detected only in the subgroup with pulmonary
hypertension.

The results obtained in this study differed from the
observations made in animal experiments, where inha-
lation of a hypoxic gas mixture had led to a significant

increase of plasma ANP concentrations [7–10].  Al-
though the healthy subjects at rest were exposed to a
hypoxic gas mixture comparable to the gas mixtures
used in the animal models, no significant ANP eleva-
tions in this condition were observed.  However, the
lack of statistical significance must be interpreted cau-
tiously, as the number of the subjects was small in this
study and minor effects of acute hypoxia on ANP rel-
ease cannot be definitely excluded.  The time of expo-
sure to hypoxia at rest might have been too short to
demonstrate a relevant stimulation of the ANP system.
This possibility, however, appears unlikely, since in
animal models under normobaric hypoxia plasma ANP
levels peaked after 6–15 min [7, 8, 10], and in our study
the hypoxic phase was extended to 30 min.

As only a moderate arterial hypoxaemia was mea-
sured in the hypoxia-exposed subjects at rest, a further
decrease of the PaO2 was evoked by mild hypoxic exer-
cise.  It should be remembered that the oxygen tension
(PO2) of the central venous blood, which was not moni-
tored in this experiment, is even lower than the systemic
arterial    PO2 measured  and may have been in the range
of a perfusate used to evoke a chemotropically-induced
release of ANP from isolated animal hearts [6].  Under
these conditions, a significant increase in the venous
plasma ANP concentration occurred.  This suggests
that severe acute hypoxia is a relevant stimulus for the
ANP system in healthy humans.

Might the significant increase in plasma ANP levels
be due to the physical exercise rather than to hypoxia?
Although it has been shown that exercise is a potent
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Table 1.  –  Concentrations of venous plasma ANP and PaO2 in six healthy study subjects exposed
to normobaric hypoxia

a)  Venous plasma ANP  pmol·l-1

Subject C H1 H2 H3 HE R1 R2

No.

1 3.5 3.5 3.5 3.5 4.5 3.0 3.0
2 6.0 7.5 7.0 7.0 7.0 7.0 5.5
3 4.0 4.5 5.0 5.0 6.5 5.5 5.5
4 6.0 4.5 5.0 6.0 7.0 4.0 5.5
5 10.0 9.0 11.0 11.0 13.5 11.0 10.5
6 10.5 11.5 12.5 9.5 11.0 13.5 11.0

Mean 6.5 7.0 7.5 7.0 8.5* 7.5 7.0
SD 3.0 3.0 3.5 3.0 3.5 4.0 3.0

b)  PaO2 kPa

Subject C H1 H2 H3 HE R1 R2

No.

1 11.7 4.9 4.8 4.8 3.7 12.3 12.9
2 12.7 8.9 8.9 8.9 5.3 12.0 12.5
3 12.0 8.9 9.6 8.0 6.0 10.9 12.9
4 12.3 5.6 4.7 4.5 4.5 14.3 13.1
5 12.7 6.1 6.5 6.8 4.0 10.2 12.1
6 11.7 7.6 7.6 8.0 4.1 11.1 11.5

Mean 12.3 7.1* 7.1* 6.8* 4.7* 11.9 12.5
SD 0.5 1.7 2.1 1.9 0.9 1.4 0.7

C: control (room air condition); H1, H2, H3: 10, 20 and 30 min of normobaric hypoxia (FIO2=0.11); HE: exer-
cise testing under hypoxic conditions.  (FIO2=0.11; workload 25 W); R1, R2: 15 and 30 min recovery (room
air conditions); ANP: atrial natriuretic peptide;  PaO2: arterial oxygen partial pressure.  FIO2: inspiratory oxy-
gen fraction.  *: p<0.05 when compared with the values at control conditions (C).



trigger for an augmented ANP release in humans [22,
23], the intensity and duration of exercise used in our
study were minimal.  Therefore, we think that under our
experimental conditions the severe acute hypoxia caused
the increase in plasma ANP levels.

Previous studies in humans have yielded inconsistent
results with respect to the influence of acute normobaric
hypoxia on the plasma concentrations of ANP.   LAWRENCE

et al. [24] found a significant increase of the plasma
ANP concentration within 30 min in healthy subjects
breathing a gas mixture with 12% oxygen.  Their study
conditions, however, were different from the present
study regarding dietary restrictions, premedication, and
posture of the subjects during examination.  MORICE et
al. [25] did not observe any significant change in plas-
ma ANP concentrations in subjects who had been exposed
to normobaric hypoxia for 20 min.  This result was con-
firmed by ROCK et al. [23], who exposed healthy sub-
jects to hypobaric hypoxia for one hour.  Similar results
were also obtained by SCHMIDT et al. [22], who found
that there was no significant effect of normobaric hy-
poxia on ANP concentrations in venous plasma sam-
ples from healthy subjects breathing air with a 12%
oxygen content for 90 min.  However, in the present
study, we showed that a supplemental hypoxic stimu-
lus evoked by minimal exercise during hypoxia, causing
a severe degree of hypoxaemia, can induce an elevation
of plasma ANP levels.

After demonstrating that severe acute hypoxia has a
significant effect on the ANP release in healthy hu-
mans, we wondered whether chronic hypoxia in patients
with lung diseases leads to an elevation of plasma ANP
concentrations.  Various studies on rodents have shown
that with chronic exposure to hypoxia, plasma ANP con-
centrations increased significantly [3, 4, 11, 12].  As
pulmonary hypertension has been repeatedly reported
to be a stimulus for ANP release into the plasma fluid
of humans [25–27], we focused on the effect of mean
pulmonary arterial pressure on ANP release.  Our results
indicate that in hypoxaemic patients with pulmonary
hypertension, significantly increased concentrations of
ANP within the pulmonary arterial plasma occur.  Pul-
monary hypertension in these patients was of the pre-
capillary type.  In animal models, atrial stretch appears
to be a predominant stimulus for an increase of ANP
release [5].  Therefore, it is possible that in these pat-
ients distension of the right atrium has led to the in-
crease of plasma ANP concentrations.  This is consistent
with the results of BURGHUBER et al. [27], who demon-
strated a strong correlation between plasma ANP con-
centrations and mean right atrial pressure in patients with
precapillary pulmonary hypertension.  In the present study,
correlation of plasma ANP concentration with mean
right atrial pressure was poor.  However, right ventricular
overload, which occurs in chronic pulmonary hyperten-
sion, may cause right atrial enlargement in the absence
of increased atrial pressures [26].  Moreover, mean right
atrial pressure does not accurately reflect the dynamic
stretch of the right atrial myocardium, which may be the
main trigger for an ANP release in patients with pul-
monary hypertension [25].

In hypoxic patients without pulmonary hypertension
(G4), plasma ANP concentrations were not elevated.  It
must be pointed out that in these patients the plasma
ANP concentrations were similar to those seen in the
subgroup of normoxaemic patients without pulmonary
hypertension (G1). Therefore, we suggest that chronic
hypoxaemia alone is not a significant stimulus for an
elevation of plasma ANP concentrations.  In contrast,
hypoxaemia with concomitant pulmonary hypertension
is associated with increased plasma ANP concentrations.
Taking into account that ANP can lower an increase of
pulmonary arterial pressure in animals and humans [14–
16, 19, 28], this may be a regulatory mechanism to coun-
teract the pulmonary haemodynamic response in chron-
ically hypoxaemic patients.

Previous studies in humans and animals have shown
that not only the right but also the left atrium releases
ANP if an adequate stimulus occurs [3, 29].  In the pre-
sent study, the highest plasma ANP levels were observed
in the subgroup of normoxaemic patients with pulmo-
nary hypertension and an increase in the capillary wedge
pressure, reflecting an overload of the left atrium.  The
underlying impaired left ventricular function was prob-
ably due to concomitant cardiovascular disorders, which
have been present in these patients: arterial hypertension
in two cases, arterial hypertension and coronary heart
disease in four, and mild aortic valve stenosis in one.  It
can be suggested that the highly elevated plasma ANP
concentrations in these patients can be attributed to the
distension of the left atrium, as well as to an overload
of the right atrium due to passive pulmonary hyperten-
sion.

We conclude that in healthy subjects at rest, acute nor-
mobaric hypoxia fails to induce a significant release of
ANP into the plasma fluid.  In contrast, at a severe degree
of hypoxaemia, evoked by mild physical exercise under
hypoxic conditions, plasma ANP concentrations increase
significantly.  In patients with lung diseases leading to
chronic hypoxia, normal plasma ANP concentrations
can be measured, as long as pulmonary haemodynamics
are not altered.  Therefore, hypoxia, per se, appears to
be no relevant stimulus for an increase in plasma ANP
concentrations in man.  On the other hand, hypoxia
together with supplemental factors, such as physical ex-
ercise in healthy subjects or pulmonary hypertension in
patients, leads to significant elevations in plasma ANP
levels.

Further investigations are needed to elucidate whether
a therapeutic benefit can be obtained from augmented
plasma ANP concentrations, for example by the ad-
ministration of a neutral endopeptidase enzyme inhibi-
tor [28].
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