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ABSTRACT

Background Mechanical stress on the heart is commonly
considered the sole stimulus explaining the synthesis
and release of circulating natriuretic peptides and their
derivatives. While one of the most critical paradigms

in cardiology is that mechanical load increases oxygen
consumption, clinical studies on these peptides have
neglected the relationship between mechanical stress
and oxygen metabolism. At the cellular level, cardiac
myocytes have a ubiquitous oxygen-sensing pathway
mediated by a nuclear transcription factor, the hypoxia-
inducible factor (HIF). Published studies indicate that

the human myocardium starts expressing HIF during
infarction. In myocardial cell cultures, natriuretic peptides
are synthesised and released under hypoxic conditions
through immediate and sufficient actions of HIF.
Conclusion Myocardial oxygen metabolism directly
regulates the plasma levels of natriuretic peptides in heart
diseases. The function of oxygen gradients should be
correlated with circulating natriuretic peptides to achieve
better sensitivity in plasma measurements of natriuretic
peptides in myocardial infarction.

BACKGROUND

About 40 years ago, the isolation and char-
acterisation of natriuretic peptides from the
heart profoundly changed our perspective
of this organ. 20 years earlier, a cell biology
article had been published that showed
that mammalian heart atria had small gran-
ules near atrial nuclei which, the authors
concluded, were ‘presumably secretory
in nature’.' Strong cardiovascular effects
(natriuresis and diuresis) of the A-type and
then B-type natriuretic peptides revealed that
the heart was also an endocrine organ® and
the granules were the source of natriuretic
peptides. This discovery provoked tremen-
dous scientific activity in cardiology: the
search term ‘natriuretic peptide’ identified
more than 48000 articles in the PubMed
database in December 2024. However, there
has been a failure to truly capitalise on natriu-
retic peptides and their derivatives in diag-
nosing and following up cardiac diseases.
These issues stem from the fact that the
results achieved on the cardiac cell physi-
ology of natriuretic peptides have not been

fully implemented, and, therefore, inter-
pretations of their measurements in diverse
cardiac conditions have varied. Nonethe-
less, their use has been increasing in other
medical branches.

INTRODUCTION

An article that has become the cornerstone of
all the clinical studies on the roles of natriu-
retic peptides in cardiology was published
in Nature in the mid-1980s.” Its authors
rapidly infused a large volume of physio-
logical buffer solution into the circulation
of a laboratory rat, more than doubling the
intravascular volume. They concluded that
mechanical atrial stretching (confirmed in
isolated rodent hearts) was the sole stimulus
that could explain the synthesis and release
of natriuretic peptides, which then contrib-
uted to reducing volume overloads. However,
terrestrial mammals rarely encounter such
conditions; in contrast, they are at constant
risk of becoming dehydrated. Since this
article was published, mechanical stress has
become a static paradigm in the cardiology
of natriuretic peptides that can clarify all
cardiac diseases, as evidenced by a recent
educational article with learning objectives.*
While wall stress represents one of the major
determinants of myocardial oxygen consump-
tion,” ® mechanical stress and oxygen metab-
olism have been disconnected in clinical
studies on natriuretic peptides. According to
a strong tradition since the times of William
Harvey, cardiologists have looked on the
heart as only a mechanical pump and have
explained its function using mechanical
parameters. Consequently, the cellular phys-
iology underlying the mechanical stress has
been less studied; while clearly unphysiolog-
ical in the context of natriuretic peptides,
mechanical stretching of the atria matched
well with cardiology practice. In addition, one
additional reason why the mechanical stress
paradigm has robustly prevailed and has
not been challenged was the transformation
of physiology departments into molecular
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biology departments during the 1980s and 1990s, which
ended research into the in vivo physiology of natriuretic
peptides. However, it is paradoxical that cardiologists
whose clinical work focuses on rescuing the myocardium
from hypoxic damage have neglected to study the role of
oxygen metabolism in the pathophysiology of natriuretic
peptides and developing drugs related to them.

HYPOXIA-INDUCIBLE FACTOR

All cells, including cardiac myocytes, must have some
mechanism to respond to oxygen tension at the cellular
level, which has been a critical constraint during biolog-
ical evolution. Under natural selection, the ubiquitous
solution to this problem has been evolving a common
oxygen-sensing pathway; its functional and structural
components are phylogenetically conserved across the
animal kingdom. The key actor in this pathway is the
hypoxia-inducible factor (HIF), a heterodimeric nuclear
transcription factor that comprises a labile o subunit
(o0 1-3) and a stable B unit. The o subunit is regulated,
whereas the [ subunit is constitutively expressed. HIF-1o
is rapidly oxidised under normal oxygen tension but is
stabilised when cells become hypoxic, starting the expres-
sion of thousands of genes. HIF can be considered a
master regulator of oxygen homeostasis to match the
oxygen supply and demand in the progression, preven-
tion and treatment of cardiovascular disease.” The discov-
erers of the HIF pathway were awarded the Nobel Prize in
Physiology or Medicine in 2019.

Studies on natriuretic peptides have used in vitro
methods and experimental animal models, not far from
clinical cardiology, to outline how cardiac myocytes and
tissues operate at the cellular level under normal and
hypoxic conditions. However, their results have not been
adopted or implemented in clinical studies, guidelines or
influential position papers.

Interestingly, hypoxia was a direct and sufficient stim-
ulus to induce the expression of both the A and B types of
natriuretic peptide by cardiac myocytes in culture, and the
responses were mediated via the HIF pathway.®’ When the
HIF pathway was blocked in human cardiac cells cultured
under hypoxic conditions, they stopped secreting brain
natriuretic peptide (BNP).10 In addition, in cultures of
retinal pigment epithelium cells from a human eye in
which undisputedly no stretching occurred, hypoxia
induced the release of N-terminal pro-BNP (NT-proBNP)
with a concomitant increase in HIF expression.'" In pigs
in which the blood flow to myocardial arteries had been
surgically inhibited, hypoxia increased BNP gene expres-
sion distally from the lesions. '

Generally, almost all in vitro models that have been used
to study the synthesis and release of natriuretic peptides
(cell cultures, isolated myocytes, atrial or ventricular
blocks and Langendorff perfusion system) have suffered
from limited and overlooked oxygen control. Critical
parameters have not been reported, and the conditions

have been either hypoxic or hyperoxic and infrequently
normoxic." '*

CELLULAR OXYGEN

Under normal conditions, the intracellular partial pres-
sure of oxygen near mitochondria in a myocyte is very
low, with reported values ranging from 1 to 10mm Hg."”
It follows that large oxygen gradients occur between
coronary arteries and myocytes in a healthy myocar-
dium. When the myocardium is deprived of blood during
infarction, these gradients become irreversibly disrupted
and remodelling is initiated, resulting in changes in the
heart’s size, shape, structure and function. During infarc-
tion, gene expression in the ventricles shifts towards the
fetal state and ventricles start synthesising and releasing
natriuretic peptides.”

Previously, Lee et al'® collected ventricular biopsy speci-
mens from patients undergoing coronary bypass surgery,
which were analysed for HIF-lo. HIF-loo messenger
RNA was found in myocardial samples with patholog-
ical evidence of acute ischaemia or early infarction but
not in those from healthy ventricles. While this study did
not measure natriuretic peptides (it instead measured
vascular endothelial growth factor), its results clearly
showed that HIF pathway activation was among the
first adaptations of the human myocardium to oxygen
deficiency.

New information about the role of oxygen metabolism
in myocardial infarction has emerged from studies using
modern molecular biology methods. For example, single-
cell gene expression has enabled the generation of an
integrative map of the human heart after infarction with
high spatial resolution, profiling physiological zones at
different time points in affected patients.17 More specif-
ically, the boundary between the injured hypoxic tissue
and normal tissue, known as the border zone and char-
acterised by an oxygen gradient, can be studied with an
engineered microphysiological system in a cellular envi-
ronment."® This method provides us with a more detailed
understanding of the effects of oxygen gradients in
tissues, such as the expression of inflammatory cascades,
compared with traditional in vitro models in which all
cells are globally exposed to hypoxia. A spatial transcrip-
tome in the borderzone-on-a-chip model demonstrated
that changes induced by the oxygen gradient during
myocardial infarction are distinct from those observed
during uniform hypoxia.

CONCLUSION

Based on published results, hypoxia regulates the
synthesis and release of both the A-type and B-type natriu-
retic peptides. Hypoxia is a direct and sufficient condi-
tion, and responses are intracellularly mediated via the
HIF pathway. Most likely, high plasma levels of natriuretic
peptides, especially NT-proBNP, found during infarc-
tion and coronary artery disease'” relate directly to the
volume of injured hypoxic tissue.” In the future, the

2

Arjamaa 0. Open Heart 2025;12:€003130. doi:10.1136/0penhrt-2024-003130

'salbojouyoal Jejiwis pue ‘Buluresy |y ‘Buiuiw elep pue 1xa) 01 parejal sasn 1o} Buipnjour ‘ybLAdod Ag pajoslold

1sanb Aq Gz0z AelN Z uo wodfwg-uesyuadoy/:sdny woly papeojumoqd ‘G20z YdIeN 22 Uo 0ETE00-7202-Myuado/9eTT 0T Se paysiignd 1sly :ueaH uado



function of oxygen gradients in the myocardium should
be correlated with circulating natriuretic peptides to
achieve better predictive value in plasma measurements
of natriuretic peptides in myocardial diseases.
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