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Abstract

The central role of natriuretic peptides (NPs) in the complex cardio-renal inte-
grated physiology and organ failure has been revealed over the last four decades.
Atrial natriuretic peptide (ANP), the oldest representative of the NPs family, is
produced through conversion of proANP to the mature peptide by corin, a trans-
membrane protease localized to the cardiac myocyte membrane. Similarly, brain
natriuretic peptide (BNP) is generated by furin, which cleaves proBNP to BNP
in myocytes. Though the components of NPs system, their synthesis and target
organs are well established, understanding their role in the interplay between
the heart and the kidney is steadily evolving. In this context, Feldman et al. (New
England Journal of Medicine, 389, 1685) recently described patients with hyper-
tension, cardiomyopathy, atrial arrhythmia and left atrial fibrosis, associated
with a homozygous loss-of-function variant of the gene encoding corin (Cor~'").
Notably, reduced baseline urinary electrolyte and creatinine excretion have been
observed in one of the studied patients. This renal excretory functional impair-
ment could be attributed to the lack of cardiac-derived ANP in these patients, as
implied by Feldman et al. Yet, in this mini-review we suggest that this aberrant
renal manifestation may principally stem from lack of local ANP production at
renal tissue, as corin is normally expressed in proximal tubules, Henle's loop and
collecting ducts, with locally produced ANP provoking Na* and water exertion.
Collectively, it seems that beside the classic well-established cardio-renal axis,
the renal NPs system functions as local endocrine machinery in the regulation of
sodium excretion.
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Since the discovery of atrial natriuretic peptide (ANP)
four decades ago (Flynn et al., 1983), major develop-
ments have taken place in our understanding of the
role of the heart as an endocrine organ, under both

physiological and pathophysiological conditions. ANP,
a 28 aa peptide, represents a broader family of natri-
uretic peptides (NPs) consisted of at least two additional
members, namely brain natriuretic peptide (BNP) and
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C-peptide natriuretic peptide (CNP), encoded by differ-
ent genes: NPPA, NPPB and NPPC, respectively (Goetze
et al., 2020). While ANP is released mainly from the right
atrium either constitutively or in response to atrial des-
tination due to volume expansion, BNP is secreted from
the cardiac ventricles in response to volume or pressure
overload (Goetze et al., 2020) (Figure 1a). The biological
actions of both ANP and BNP are mediated via a specific
membranal receptor, NPR-A coupled with the activation
of an intracellular signal transduction system using gua-
nosine 3’,5'-cyclic monophosphate (cGMP) as a second
messenger (Goetze et al., 2020). In contrast, CNP, which
shares structural similarities with ANP and BNP, lacks a
natriuretic effect as it acts via NPR-B localized to bone,
fibroblasts and the uterus, suggesting a different biologi-
cal role for the CNP-NPR- B system from that of the car-
diac NPs (Goetze et al., 2020). The involvement of NPs
in maintaining body fluid and electrolyte homeostasis
and the regulation of blood pressure is well established.
In this context, circulating ANP and BNP have power-
ful natriuretic activity (Goetze et al., 2020; McGregor
et al., 1990) along vasorelaxant properties due to relax-
ation of vascular smooth muscle and mesangial cells
(Levin et al., 1998), suppression of the renin angiotensin
aldosterone system and the sympathetic nervous system,
and acts on the central nervous system to modulate va-
somotor tone, thirst, and vasopressin release (Goetze
et al., 2020; Song et al., 2015). Furthermore, NPs also
exert anti-proliferative and anti-fibrotic activity in car-
diac tissue, glomeruli and at the vasculature, effects that
may constitute the basis for their cardiac and renal pro-
tective properties (Goetze et al., 2020; Song et al., 2015).
NPs are produced from pro-NPs, where ANP and BNP
are generated by the conversion of pro-ANP and pro-
BNP into ANP and BNP, executed by corin and furin,
respectively (Semenov et al., 2010) (Figure 1a). While

corin is a membrane-bound serine protease, generating
ANP, furin is a cytosolic and membranal enzyme respon-
sible for the activation of BNP (Goetze et al., 2020; Song
et al., 2015). Although, the heart is considered as a major
site of ANP and BNP synthesis, numerous studies have
explicitly demonstrated that some or all the components
of NPs system are also expressed in non-cardiac tis-
sues including the lung and kidney (Abassi et al., 2022;
Khoury et al., 2018; Khoury, Fokra, et al., 2021; Khoury,
Knaney, et al., 2021). Renal ANP is produced in most
segments of renal tubules (Dong et al., 2016). Moreover,
BNP is also expressed in different tubule segments
(Beltowski & Wojcicka, 2002), as immunocytochemistry
revealed that immunoreactive BNP was colocalized with
immunoreactive ANP in the segments of distal tubules
(Totsune et al., 1994). ANP/BNP bind to NPR-A cou-
pled to intracellular cGMP production, and eventually
provokes natriuresis and diuresis (Goetze et al., 2020;
Song et al., 2015). The latter are mainly mediated by the
inhibitory action of ANP on the basolaterally expressed
Na™-K*-ATPase, reducing apical sodium, potassium, and
protein organic cation transporter in the proximal tu-
bule (PT), and through decreasing Na*-K*-2CI~ cotrans-
porter activity and renal concentration efficiency in the
thick ascending limb (TAL). In medullary collecting
ducts (CD), ANP reduces sodium reabsorption by in-
hibiting the epithelial sodium channel (ENaC) (Theilig
& Wu, 2015). Interestingly, analysis of renal expression
of corin in human and rats revealed that it co-localized
with ANP in epithelial cells, with expression in the PT,
TAL and throughout the CD (Dong et al., 2016; Polzin
et al., 2010). Specifically, Dong et al. (Dong et al., 2016)
reported that corin expression was most abundant in the
proximal convoluted tubules and the medullary con-
necting ducts of human kidney, and to a lesser extent
in the TAL. Similar distribution pattern of renal ANP/

FIGURE 1 (a)Classic cardio-renal axis: Volume/sodium homeostasis is controlled by natriuretic peptides (NPs), namely atrial

natriuretic peptide (ANP) secreted in response to right atrium distention and brain natriuretic peptide (BNP) secreted from cardiac

ventricles in response to volume/pressure overload. While, ANP is produced through conversion of proANP to the mature peptide by corin,
a trans-membrane protease localized to the cardiac myocyte membrane, brain natriuretic peptide (BNP) is generated by furin, which cleaves
proBNP to BNP in myocytes. Both ANP and BNP acts via NPR-A in the kidney to increase urine output and Na* excretion, thus reducing
extracellular volume. These effects are due to NPs actions on the glomerulus, where they increase glomerular perfusion and filtration, and

the tubule, where they inhibit Na™ reabsorption at proximal tubules, Henle's loop and collecting duct (CD). (b) Local Renal Natriuretic

Peptides-Synthesis and Actions: Besides the classic cardio-renal axis described above, the kidney contains in situ components of NPs

system, namely corin, ANP and NPR-A, that act in auto/paracrine manner to enhance Na* and H,O excretion. By converting NPs to their

active form, corin constitutes an essential player in the regulation of water and salt balance in both physiological and pathophysiological

conditions. Specifically, corin is expressed in the proximal tubule, thick ascending Henle's loop (TAL) and collecting duct, co-localized with
ANP and NPR-A. Thus, it is tempting to assume that locally produced ANP may act in situ in the kidney to regulate Na* and water balance.
Collectively, these findings suggest that renal NPs functions as local endocrine system with certain degree of independency from the well-

established classic cardiac NPs system, which plays a keen role in cardio-renal axis. ANP, atrial natriuretic peptide; BNP, brain natriuretic

peptide; C17, chloride; IMCD, inner collecting duct; ENaC, epithelial sodium channel; Na*, sodium; K*, potassium; NPR-A, natriuretic

peptide receptor type A; SGLT2, sodium glucose cotransporter.
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NRP-A expression has been noted. Noteworthy, these
authors found a defuse pattern of pro-ANP/ANP stain-
ing in the cytoplasm of the proximal tubular epithelial
cells. Similarly, Polzin et al. (Polzin et al., 2010) reveal
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that renal corin immunostaining was found in epithelial
cells, with segmental expression in the PT, TAL, connect-
ing tubule (CNT), and throughout the CD, with the high-
est expression taking place in the medulla. In line with
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Dong et al. (Dong et al., 2016) findings, corin immuno-
histochemistry co-localized with ANP. Given the similar
corin, pro-ANP/ANP and NPR-A expression patterns in
the same renal segment, corin-generated ANP is likely to
act in situ in the proximal convoluted tubules and prob-
ably in other segments of the tubule (Dong et al., 2016;
Polzin et al., 2010).

Of notice, corin-deficient (Cor™'~) mice express high
levels of pro-ANP with no detectable levels of ANP, and
develop hypertension, exacerbated by salt load and preg-
nancy as do ANP- and guanylyl cyclase-A- deficient mice
(Chan et al., 2005). Interestingly, corin”/~ mice show in-
creased levels of renal f-ENaC and phosphodiesterase 5
(PDES), possibly responsible for impaired renal excretory
functions in these animals (Polzin et al., 2010). Edematous
disease states are characterized by ANP resistance and
corin deficiency, highlighting the importance of renal
ANP signaling in salt and water balance and in kidney
pathophysiology (Abassi et al., 2022).

Since most of the reported studies utilized either exper-
imental models or clinical loss-of-function mutations of
various components of the NPs system, including NPR-A,
ANP, and Cor™", affecting both the kidney and cardiac
tissues, it is impossible to distinguish between the contri-
bution of local alterations in either cardiac- or renal gener-
ation of NPs to the observed renal physiology.

In a pioneer study by Feldman et al. (Baris Feldman
et al., 2023) two siblings are described with hyperten-
sion, cardiomyopathy, atrial arrythmia and left atrial
fibrosis, associated with a homozygous loss-of-function
variant of the gene encoding corin (Cor~'7). A plasma
sample obtained from one of the siblings had no de-
tectable levels of corin or N-terminal pro-ANP but had
showed elevated levels of BNP. Furthermore, one of
the studied patients displayed reduced baseline urinary
electrolyte and creatinine excretion despite the high
levels of circulating BNP, an agonist of NPR-A. The
authors suggested that BNP cannot fully compensate
for a lack of activation of the ANP pathway and that
corin is critical to normal ANP activity and for left atrial
function and cardiovascular homeostasis. Yet this hy-
pothesis has one major drawback: although variants in
genes encoding ANP receptor-NPR-A have been linked
to cardiovascular diseases (Chan et al., 2005; Goetze
et al., 2020; Song et al., 2015), NPR-A shows high affin-
ity to both ANP and BNP. Thus, impaired NPR-A activa-
tion could not solely explain the observed phenomenon,
as a likely compensatory elevated BNP could activate
this receptor subtype. Therefore, we would like to sug-
gest an additional hypothesis where we assume that
cardiac and renal NPs plays distinct independent roles
beside the classic interplay between the heart and the
kidney as described above (Figure 1a). In this context,

the observed impaired kidney function in the studied
patient could be attributed to low levels of plasma ANP
in these patients as suggested by the authors; however,
aberrant local renal corin/ANP/NPR-A machinery
could take place as well. This notion is supported by
the fact that corin, is also expressed, as stated above,
at the apical membrane of proximal tubules epithelial
cells, Henle's loop and CD (Dong et al., 2016; Polzin
et al., 2010) (Figure 1b), with locally produced ANP pro-
voking Na* and water exertion (Song et al., 2015; Theilig
& Wu, 2015). Furthermore, keen back up for this hy-
pothesis was derived from a genetically modified mice
model, where corin conditional knockout (cKO), either
in the kidney (kcKO) or heart (hcKO) were selectively
disrupted (Zhou et al., 2022). When placed on a normal-
salt diet (0.3% NacCl), corin kcKO and hcKO mice had
increased blood pressure, indicating that both renal and
cardiac corin is necessary for normal blood pressure
in mice. However, on a high-salt diet (4% NaCl), corin
kcKO mice, but not corin hcKO mice showed reduced
urinary Na* and CI~ excretion, increased body weight,
salt-exacerbated hypertension, and cardiac hypertro-
phy. These findings indicate that renal corin plays an
important role in enhancing natriuresis upon high salt
intake and that this function may not be compensated
by the cardiac-generated corin (Figure 1la). This may
underscore the plausible important apocrinic corin-
ANP association at the renal tubular level.

In summary, although the fundamental concept con-
cerning the components of NPs system and its cardiac
origin as well as its target organs are still valid, the last
decade witnessed breakthrough in our understanding
of this system. These new insights were derived mainly
from either genetically modified animals or clinical loss-
of-function mutations in the components of NPs system,
where it is obvious today that the heart and kidney main-
tain keen interplay, but still in term of sodium balance,
renal NPs functions as local endocrine system with a cer-
tain degree of independency.
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