
 

 

Introduction 
 
In 1981 Adolfo de Bold and colleagues [1] in-
jected extracts of rat heart atrial tissue into the 
blood circulation of a rat and observed an in-
crease in both natriuresis and diuresis, as well 
as a decrease in blood pressure. They con-
cluded that the extracts contained a factor 
which produced these effects and gave it the 
name Atrial Natriuretic Factor (ANF). Many labo-
ratories subsequently competed to be the first 
to reveal the structure of ANF, as a result of 
which several groups published its structure in 
mammals within a short period of time in 1983-
84 [2-8]. The factor was a peptide (later re-
ferred to as Atrial Natriuretic Peptide, ANP) and 
as soon as the structure of the new hormone 
was known, it could be synthesized and a spe-
cific and sensitive radioimmunoassay could be 
developed [9,10], which facilitated experimenta-
tion. Within a few months, experiments were 
performed by infusing synthetic ANP into human 
volunteers. The responses were similar: blood 

pressure fell and diuresis and natriuresis in-
creased [11]. ANP was localized in small gran-
ules near the nucleus of atrial myocytes, previ-
ously described by cell biologists [12,13], when 
the electron microscope had become available.  
 
In 1985, when ANP was the main focus of inter-
est in physiology, an extensive review was pub-
lished on Natriuretic Hormone (NH), which had 
been studied for more than twenty years [14]. 
Its structure was not known, but unlike ANP, NH 
exerted its effects by inhibiting NaK-ATPase, 
thus probably being a digitalis-like substance. 
Later, an ouabain-like compound, qualitatively 
similar to commercial ouabain, was identified 
and characterized from human plasma [15]. 
 
These findings suggested that there was both 
an endogenous diuretic regulating primarily 
blood pressure and an endogenous digitalis 
affecting the heart muscle in the human body: 
thus, studies with ANP were directed towards 
clinical cardiology and possible drug develop-
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Abstract: Numerous clinical studies have addressed the role of the natriuretic peptide system either as a diagnostic 
tool or as a guide to treatment in many cardiac diseases. The concept behind these studies has been that intravascu-
lar overload produces cardiac wall stress that alone stimulates the synthesis and release of natriuretic peptides the 
result of which is diuresis, natriuresis, and vasodilatation. However, almost thirty years after the discovery of the natri-
uretic peptides the measurement of these peptides, especially the BNP, has not met all the expectations of a simple 
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the wall stress effect. In the same way as in pressure studies, it has been shown that hypoxia is a direct and suffi-
cient stimulus for the synthesis and release of ANP and BNP. Additionally, hypoxia-response elements have been 
characterized from the promoter sequence of both the ANP and the BNP genes. Furthermore, a physiological rhythm 
(eupnea-apnea), causing changes in blood oxygen tension, regulates the plasma levels of ANP in sleeping seal pups 
which are spontaneously able to hold back their breathing. We suggest, on the basis of the extensive published litera-
ture, that the stimulus for the synthesis and release of natriuretic peptides is the oxygen gradient which always oc-
curs in all human tissues in physiological conditions. The plasma volume contraction caused by natriuretic peptides 
(natriuresis, diuresis, and plasma shift) leads to hemoconcentration and ultimately to the increased oxygen-carrying 
capacity of unit volume of blood.  
 
Keywords: Hypoxia, natriuretic peptides, hemoconcentration 



Hypoxia and natriuretic peptides 

 
 
192                                                                           Int J Physiol Pathophysiol Pharmacol 2011;3(3):191-201 

ment to treat high blood pressure. Also, during 
that period of time many departments of physi-
ology working with whole animals were trans-
formed into departments of molecular biology. 
Today, almost thirty years since the seminal 
findings, the biological significance of the natri-
uretic peptide system in healthy human adults 
of reproductive age appears to be still unclear 
despite over 24000 articles published on natri-
uretic peptides.  
 
Here we present a hypothesis, based on our 
recent review [16], suggesting that the role of 
the natriuretic peptide system is to regulate 
hemoconcentration, thus offering a new inter-
pretation of published clinical results and open-
ing a new avenue for basic and clinical re-
search. 
 
All vertebrates have natriuretic peptides 
 
Natriuretic peptides occur across the whole ani-
mal kingdom [17,18]. A-type natriuretic peptide 
(ANP), B-type natriuretic peptide (Brain Natri-
uretic Peptide, BNP) and C-type natriuretic pep-
tide (CNP) are the three major types with their 
own receptors in peripheral tissues. Both ANP 
and BNP are stored in the heart as prohor-
mones, which are processed in the sarcolemma 
into the biologically active carboxy-terminal hor-
mones and into a more stable amino-terminal 
(NT) pro-sequence when released from myo-
cytes into the circulation in response to a stimu-
lus [19,20]. Recent findings, however, suggest 
that additional peripheral activation of circulat-
ing inactive precursors of natriuretic peptides 
occurs in circulation [21]. It appears that the C-
type represents the ancestral form of natriuretic 
peptides as its variant is present in hagfish, the 
most ancient group of vertebrates which 
evolved about 500 million years ago, and which 
do not osmoregulate [22]. The wide distribution 
and structural versatility of natriuretic peptides 
within the animal kingdom support the notion 
that natriuretic peptides play a significant role in 
vertebrate physiology. 
 
Oxygen availability in heart tissue 
 
When studying the consumption of oxygen by 
the heart the majority of investigations have 
concentrated on the local and systemic mecha-
nisms that regulate interactions between flow 
and anatomy to meet the oxygen need of the 
myocardium [23]. According to the prevailing 

concept, flow changes in coronary circulation 
are solely responsible for oxygen supply to the-
myocardium, and error signals for the changes 
are metabolic factors other than oxygen tension 
in the heart [24]. In support of this concept, the 
augmented coronary flow can be as high as five-
fold compared to control levels during heavy 
exercise suggesting that there is a large flow 
reserve in the contracting heart [24] and, spe-
cifically, that these flow changes will take place 
in both the large epicardial conduit and in resis-
tance vessels [23]. Less attention has been 
paid to the diffusional component of oxygen 
supply from coronary arteries into myocytes and 
within myocytes. In all biological systems the 
oxygen gradient is from ca. 100 mmHg in the 
arterial capillaries, including coronary circula-
tion, to close to 0 mmHg in the oxygen-
consuming mitochondria. The steepness of the 
gradient as well as the extent of the low-
oxygenated area in the tissue depends on the 
capillary density, blood flow, the amount of oxy-
gen in the blood entering tissue capillaries, and 
the oxygen consumption of tissues. The resting 
heart undoubtedly receives an adequate 
amount of oxygen, but this is not necessarily 
true for the heart under strenuous exercise, for 
example, arterial oxygen saturation decreases 
in heavy exercise [25]. While perfusion via coro-
nary flow enables normal cardiac function (i.e. 
myocardial contraction) [26], oxygen tensions in 
myocytes at different distances from the capil-
laries of coronary circulation are not known, 
largely because the measurements in situ are 
technically very difficult. In line with theoretical 
considerations, significant oxygen gradients 
have been shown to exist in both the myocar-
dium [27] and the epicardium [28]. Notably, the 
cellular oxidative metabolism may be limited by 
diffusional oxygen transport from capillaries to 
mitochondria [27].  
 
Hypoxia and the natriuretic peptide system 
 
Accumulated experimental data clearly shows 
that a decrease in oxygen tension (hypoxia) is 
an independent factor regulating the synthesis 
and release of natriuretic peptides. Chronic hy-
poxic conditions lead to an increased synthesis 
of ANP in both the normal [29] and the hypertro-
phied myocardium [30-32]. When, in experimen-
tal animals with right ventricular hypertrophy, 
hypoxic conditions were replaced by normoxia, 
the ANP content fell to control levels despite 
persistent right ventricular hypertrophy [30]. 
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These findings provide evidence that oxygen 
tension as such, and not the increase in heart 
mass alone, causes increased natriuretic pep-
tide synthesis.  
 
The transcription of natriuretic peptides in hy-
poxia is most likely mediated by hypoxia-
inducible factors (HIFs) which transcriptionally 
regulate the expression of hundreds of hypoxia-
dependent genes in all mammalian cell types 
[33]. In cultured atrial myocytes without any 
stretch changes, hypoxia stimulated the ANP 
gene expression and a 120-bp region of hypoxia
-response elements could be characterized and 
localized within the ANP gene promoter [34]. 
Hypoxia-response elements have also been 
found in the promoter sequence of the human 
BNP gene [35-37], confirming that also the BNP 
gene is under the control of HIFs. Furthermore, 
in cell lines derived from human ventricular 
myocytes, hypoxia induced both the synthesis 
and secretion of BNP through HIF-dependent 
enhanced transcriptional activity [38]. 
 
The isolated perfused rodent heart is widely 
used to investigate a broad variety of questions 
both in cardiac physiology and pharmacology. 
Specifically, the perfusion system has been util-
ized to study the effects of volume/pressure 
overload on the release of natriuretic peptides 
since the 1980’s. In the method called the Lan-
gendorff preparation, the isolated heart is per-
fused in retrograde mode either under constant 
pressure or under constant flow conditions 
which can be manipulated. But when it comes 
to sufficient oxygenation, this model is problem-
atic. Normally, crystalloid perfusion solutions 
contain only dissolved oxygen which carries 
maximally 1/30th of the amount carried by hu-
man blood in similar conditions, resulting most 
likely in inadequate oxygenation of the myocar-
dium [39-43]. More precisely, about 20 % of the 
myocardium is hypoxic in buffer-perfused hearts 
even when they are perfused with fully oxygen-
ated buffer solution [44]. In hypertrophied iso-
lated hearts, perfused by the Langendorff 
method, ischemic areas developed although the 
perfusion solution was oxygen-saturated [45].  It 
seems, therefore, that in all the experiments on 
natriuretic peptides in which the Langendorff 
perfusion system has been used as a model, 
hypoxia should have been considered as a con-
founding factor when interpreting the results. 
 
On the other hand, it was shown with the iso-
lated Langendorff-perfused heart of rat and rab-

bit, in the same way as in pressure overload 
studies, that hypoxia was a direct and sufficient 
stimulus for the release of ANP: a short hypoxic 
exposure caused a several-fold increase of ANP 
concentration in the perfusate compared with 
control levels [46], while the ventricular pres-
sure remained constant in these experiments. 
Later, these findings were corroborated with the 
same experimental model [47-49]. When the 
perfusion pressure was changed in this model, 
ANP release increased or decreased with con-
comitant changes in coronary flow rate [50]. 
Using perfused rat ventricle, it was shown that 
hypoxia stimulated the release of both ANP and 
BNP [51]. Although the experiments with Lan-
gendorff-perfused hearts of rats [52-54] and 
rabbits [55] were not designed to study the ef-
fects of oxygen as such, they clearly provided 
evidence that hypoxic conditions significantly 
increased the release of ANP into the perfusate. 
In line with these findings, hypoxia resulted in 
the release of ANP from the isolated heart 
atrium, pieces of the right ventricle, and isolated 
myocytes, in the absence of any mechanical 
load [56,57]. The source of ANP was later 
shown to be the atrial tissue both in neonatal 
[58] and in hypoxia-adapted rat hearts in vitro 
[59]. In muscle strips from human myocardium, 
in which any movements of actins and myosins 
were completely blocked with butanedione mon-
oxime, resulting in a decrease in systolic force, 
hypoxia caused a significant increase in the 
transcription of the BNP gene [60].  
 
Several in vivo studies support the findings and 
conclusions made with in vitro experimental 
models. In anesthetized, spontaneously breath-
ing rabbits, while the mean arterial pressure, 
central venous pressure, and heart rate did not 
change significantly, an acute hypoxic stimulus 
increased plasma levels of ANP [61]. Similarly, 
an acute experimental exposure of man to hy-
poxia was associated with elevated concentra-
tion of plasma ANP [62-64], and in catheterized 
fetal sheep and bovine fetuses, with a reduced 
blood volume, hypoxia elevated plasma ANP [65
-67]. Alveolar hypoxia further increased ANP 
concentrations three-fold in conscious lambs 
with a prior 15 % blood volume expansion [68]. 
When the blood flow was locally decreased in 
the pig heart by surgical interventions, the tis-
sue content of BNP mRNA was increased sev-
eral-fold in the wall area that had become hy-
poxic [69]. Chronic hypoxia alone, in the ab-
sence of cardiac dysfunction, was sufficient to 
cause an increase of ventricular BNP in neona-



Hypoxia and natriuretic peptides 

 
 
194                                                                           Int J Physiol Pathophysiol Pharmacol 2011;3(3):191-201 

tal swine [70].  
 
Diving mammals such as seals, being able to 
spontaneously hold back their breathing 
(apnea) for long periods of time, are interesting 
physiological models from the point of view of 
this review. Apnea, which was associated with 
reduced oxygen tension in the blood, in sleeping 
seal pups caused elevated plasma levels of ANP 
which decreased to control levels when the 
pups breathed normally (eupnea) [71]. This is 
significant evidence that a physiological rhythm 
(eupnea-apnea), causing changes in oxygen 
tension, is able to regulate the plasma concen-
tration of ANP. Table 1 gives examples of stud-
ies in which hypoxia has been shown to be asso-
ciated with the natriuretic peptide system.  
 
Hypoxia in cardiac diseases 
 
Patients with symptoms of heart failure have 
elevated BNP levels accurately identifying ven-
tricular dysfunction. In those patients, who do 
not have heart failure but have only myocardial 
ischemia (stable coronary disease), plasma lev-
els of BNP are associated with ischemia [72-
75]. If patients had, additionally, left ventricular 
dysfunction, BNP independently predicted the 
presence of complex coronary lesions [76,77], 
while a recent meta-analysis suggested that the 
B-type natriuretic peptide was able to identify 
inducible myocardial ischemia as detected by 
standard non-invasive stress tests [78]. Again, 
ischemia is a direct and sufficient stimulus for 
natriuretic peptide release in coronary disease. 
 
There are no direct measurements showing that 
hypoxic gradients occur in the hypertrophied 
human myocardium although hypoxic conditions 
will cause hypertrophy, resulting in augumented 

natriuretic peptide synthesis like in pulmonary 
hypertension. Since the wall thickness is in-
creased in hypertrophy, a greater proportion of 
the myocardium will be below a given oxygen 
tension. However, there exists experimental 
evidence clearly showing that hypoxia alone is 
capable of regulating the plasma or tissue level 
of natriuretic peptides independent of vascular 
remodeling [29-32].  
 
The measurement of natriuretic peptides, espe-
cially the BNP, seems not to have met all the 
requirements for a simple and useful tool in risk 
stratification in clinical cardiology [79]. Confus-
ing data have accumulated, especially from criti-
cally ill patients in intensive care units [80], 
where patients most probably experience vari-
able tissue oxygenation and, therefore, it has 
been speculated that the diagnostic perform-
ance of BNP and NT-proBNP to detect heart 
failure may be low in intensive care units [81], 
where the most promising indications seem to 
be hypoxic respiratory failure and the timing of 
extubation [82]. It is likely that in many cardiac 
diseases there are hypoxic gradients in the 
heart that play an independent role in regulating 
the synthesis of natriuretic peptides and in con-
fusing the interpretation of the wall stress ef-
fect. It is of note that, when hypoxic conditions 
in experimental animals with right ventricular 
hypertrophy were replaced by normoxia, the 
ANP concentration fell to the control level, de-
spite persistent right ventricular hypertrophy 
[30]. 
 
Hypoxia as a physiological stimulus for natri-
uretic peptides 
 
Whenever vertebrates are exposed to hypoxia, 
they respond by an increase in the amount of 

Table 1. Experimental Evidence that Hypoxia Regulates Directly the Natriuretic Peptide System 
Model References 

Hypoxia-response elements in the promoter sequence 
of ANP and BNP genes 

[34,35,36,37] 

Isolated heart myocytes [56,57,58,59] 

Muscle strips from human myocardium, 
systolic force blocked 

[60] 

Langendorff-perfused rodent heart [46,47,48,49,51,52,53,54,55] 

Human subjects and whole animals [61,62,63,64,65,66,67,68,70] 

Seal pups breathing normally [71] 
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hemoglobin per unit of blood volume. In acute 
hypoxia, plasma volume contracts as a result of 
diuresis and fluid shift from the circulation into 
the interstitial space and cells. While this de-
creases the total blood volume, it increases the 
oxygen carrying capacity of the unit blood vol-
ume by hemoconcentration [83,84,85,86] and, 
as a result, the overall oxygen transport will be 
enhanced. In addition, the total oxygen capacity 
of blood will be increased when erythrocytes are 
rapidly released into circulation from storage 
organs such as the spleen [87]. In chronic hy-
poxia, de novo synthesis of red blood cells, 
erythropoiesis, is increased, the fundamental 
stimulus being the ratio between the oxygen-
consumed and the oxygen-delivered [88].  
 
When ANP was infused into hypoxia-exposed 
subjects, about 10% of plasma volume was 
shifted into the interstitium, causing hemocon-
centration which improved the pulmonary gas 
exchange in the subjects, while in normotensive 
subjects, an infusion of ANP caused plasma 
volume to decrease and vascular permeability 
to increase [89,90]. In nephrectomized rats, 
ANP caused an increase in hematocrit and a 
decrease in plasma volume [91]; this finding 
was later corroborated with normal rats ex-
posed to alveolar hypoxia [92]. Both hypoxia 

[93] and ANP increased capillary permeability in 
experimental models [94,95]. When the effects 
of a low-dose infusion of ANP in normal men 
were investigated, the infusion, causing plasma 
ANP concentrations entirely within the range for 
normal subjects, was associated with significant 
urinary excretion [96]. The rapid volume de-
crease by diuresis, natriuresis, and water shift 
into the extracellular space has, however, been 
interpreted as ANP having a significant role in 
blood pressure regulation.  
 
Anatomically the right atrium of heart is in con-
tact with the blood before the respiratory sur-
face. Thus, it will experience the full extent of 
the reduction in oxygen tension. Since the oxy-
gen tension of incoming blood is much lower in 
the right atrium than in the left atrium, one 
would expect to find higher concentrations of 
ANP in the right atrium than in the left atrium 
and indeed this is the case in the laboratory rat 
[97]. Interestingly, ANP also affects the function 
of the body’s major oxygen-sensing structure, 
the carotid body [98-101]. Stimulation of ca-
rotid chemoreceptors, as occurs in hypoxia, 
causes an increase of plasma ANP levels in 
dogs [102]. The short half-life and a large reser-

voir of ANP in the heart atria suggest that large 
amounts of ANP are needed for a relatively 
short period of time, thus fitting in with the hy-
poxia hypothesis. If the direct atrial stretch or 
pressure were the primary stimulus for the re-
lease of ANP as suggested by a rapid and large 
intravascular volume load in the rat [103], then 
the regulatory system should be able to differ-
entiate a physiologically relevant signal from 
blood volume and flow changes in atria, caused 
by physical activity, without any information 
about the actual need for natriuretic peptides in 
peripheral tissues. In addition, atrial pressure 
swings are rather small, and atrial pressure is a 
result of complex and dynamic flows during the 
filling and emptying of atria [104]. It appears, 
therefore, that the signal-to-noise ratio of the 
direct atrial pressure hypothesis is low. Although 
commonly used in volume overload experi-
ments, the laboratory rat originates from dry 
and warm environments where the rat hardly 
ever experiences large and rapid intravascular 
volume changes. Interestingly, a large volume 
overload did not increase the plasma ANP level 
in conscious rats, while it did so in anesthetized 
rats [105], and the brain has been unequivo-
cally shown to have a trophical regulatory role in 
the volume-expansion-induced release of ANP 
from heart atria [106,107], with the activity of 
cardiac sympathetic nerves contributing to the 
regulation of ANP secretion [108].  
 
Although it is clear that ANP relaxes precon-
tracted rat aortic smooth muscle preparations 
in vitro, there appear to be both species and 
profound regional vascular differences in the 
vasodilatory activity of the natriuretic peptide 
[109-114], which may be due to the degree of 
contractile preload [115]. At systemic level, the 
hypotensive effects of ANP have been little stud-
ied: in anesthetized dogs, ANP decreased car-
diac output independent of coronary vasocon-
striction [116], which alone could result in hy-
potension. In contrast to the vasodilatation hy-
pothesis, natriuretic peptide infusions caused 
gastrointestinal vasoconstriction in conscious 
dogs [117-121]. 
 
To conclude, we have outlined here, on the ba-
sis of a substantial amount of published experi-
mental evidence, that hypoxic conditions di-
rectly stimulate the natriuretic peptide system 
under physiological circumstances. In hypoxia, 
mediated by natriuretic peptides, plasma vol-
ume contracts due to diuresis, natriuresis, and 
plasma shift, leading to hemoconcentration 
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and, ultimately, to increased oxygen-carrying 
capacity per unit volume of blood (Figure 1). In 
many pathophysiological conditions, where na-
triuretic peptides have been used either as a 
diagnostic tool or as a guide to treatment, oxy-
gen gradient has been an independent and con-
founding factor beyond the interpretation of the 
wall stress effect. 
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