NEW PLAYERS AND NEW INTERACTIONS WITHIN THE
NATRIURETIC PEPTIDE SYSTEM: MECHANISMS AND
PATHOPHYSIOLOGICAL CONSEQUENCES

Xudong Zhu

Submitted in accordance with the requirements for the degree of
Doctor of Philosophy

The University of Hull and The
University of York

Hull York Medical School

September, 2012

Abstract
The natriuretic peptide system plays a pivotal role in the regulation of
cardiorenal homeostasis as well as in the pathogenesis of cardiovascular diseases. In
this thesis, the biological effects of the newly designed natriuretic peptide (NP)
ACNP and mechanisms of the interaction between natriuretic peptide receptor A
(NPRA) and B (NPRB) are elucidated. The receptor profiles of different BNPs and
degradation profile of hBNP1-42 are also investigated. ACNP stimulates both
NPRA and NPRB and thus is more potent and effective compared to human ANP or
CNP in stimulating cGMP in primary cells in vitro. In sham-operated mice, 4-week
treatment with ACNP exerted similar potency in lowering blood pressure compared
to that of ANP or CNP. However, ANP, but not ACNP, ameliorated the myocardial
infarction- induced left ventricular dysfunction. The lack of benefit of ACNP might
relate to its fast degradation by a still unknown enzyme in mouse serum. The
interaction between NPRA and NPRB has been suggested since an impaired cGMP
generation upon NP stimulation was observed in NPRA/NPRB co-transfected cells.
The
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NP/NPR/cGMP signalling were receptor dose-dependent. The attenuation of the
CNP/NPRB/cGMP axis is caused by a blocked formation of NPRB mRNA by
NPRA and thus decreasing NPRB quantity on the membrane. The attenuated ANP
and BNP signalling may involve conformational changes within the NPRA/NPRB
heterodimer, leading to less ligand accessibility or ligand-mediated activation of
guanylyl cyclise (GC). Furthermore, different forms of BNP have been studied. The
N-terminal truncated BNP (mBNP7-32) and the elongated BNP (mBNP1-45) are
able to stimulate NPRA, whereas the C-terminal elongated hBNP1-42 is a poor
activator of NPRA. Meanwhile, metabolism of hBNP1-42 on kidney membrane was
different to that of lung membrane, suggesting specific peptidase(s) in the kidney
being important for renal action of hBNP1-42. Taken together, this thesis gives
novel insight into the new players and new interactions in the natriuretic peptide
system. It provides potential mechanisms in receptor interplay leading to an
impaired cGMP generation. It also opens new directions for the better understanding
of cardiovascular diseases and may identify completely new treatment options.
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Chapter 1
Introduction
Some 10,000 articles associated with the natriuretic peptide system (NPS) have
been published up to date after the iconic discovery of atrial natriuretic factor
(ANF)/atrial natriuretic peptide (ANP) by de Bold and his colleagues in 1981 (de
Bold et al., 1981), a cardiac hormone secreted in response to volume expansion
inducing plentiful natriuresis. This then led to the cloning of the ANP gene and the
isolation of ANP, the first member of natriuretic peptides (NPs) with natriuretic,
diuretic, and vasorelaxant activity (Flynn et al., 1983, Misono et al., 1984b).
Subsequent investigations by many contributors highlighted the recognition of
additional members of this peptide family in many tissues, and the discovery of
receptors for these peptides throughout the mammalian species. Such exciting
findings led to the speculation that NPs and their cognate receptors would be the
basis and targets for the treatment of cardiorenal diseases, including hypertension,
acute renal failure, and congestive heart failure. Hence, substantive basic and
clinical studies on physiological and pathophysiological functions of the NPS were
carried out with the aim to elaborate mechanisms involved in the regulation of
cardiovascular, renal, and endocrine homeostasis. Desirably, a foregone conclusion
has been addressed that the NPs and their receptors should yield potential
therapeutic targets in treating patients with cardiovascular disorders.

1.1. The natriuretic peptide system
The NPS is composed of three structurally similar but genetically distinct
peptides, atrial natriuretic peptide (ANP), B-type natriuretic peptide (BNP), and Ctype natriuretic peptide (CNP) (Rosenzweig and Seidman, 1991). Urodilatin (URO)
is a homologue NP being synthesized in human kidneys, sharing the full amino acid
(AA) sequences of human ANP with a 4-AA N-terminal extension through a
different post-translational process. These peptides share a highly conserved 17
amino acid (AA) disulﬁde-linked loop structure (Figure 1).
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Figure 1. Amino acid sequences of natri uretic pepti des. Residues in grey circles denote those
conserved between the peptides. mANP, mouse ANP; hANP, human ANP; mBNP, mouse BNP;
hBNP, human BNP; CNP sequence is universal in human, porcine, and rodent. hURO, human
urodilatin.

This ring structure has been deemed essential for the pharmacological activity
of the peptides (Misono et al., 1984a). The biofunctions of NPs are mainly
modulated by three different membrane-bound receptor subtypes, natriuretic peptide
receptor A, B, and C (NPRA, NPRB and NPRC; also known as NPR1, NPR2, and
3

NPR3) (Koller and Goeddel, 1992, Suga et al., 1992). Many of the responses to NPs
have been attributed to the action of cyclic 3’,5’- guanosine monophosphate (cGMP)
as a second messenger (Potter et al., 2006). Guanylyl cyclases (GC) are the
intracellular catalytic domains of the NPRA and NPRB, responsible for the
generation of cGMP in response to ligand stimulation. ANP and BNP are ligands of
NPRA and play a key role in blood pressure control, while CNP is the most potent
ligand known for stimulation of NPRB, exerting vasodilating effects in blood
vessels as well as acting as an endothelium-derived hyperpolarising factor (EDHF)
(Hobbs et al., 2004). The third member of the NPR family is NPRC. This receptor is
homologous in its extracellular domain to NPRA and NPRB, but has only a short
37-AA cytoplasmic domain and is involved in internalisation and clearance of NPs
(Maack et al., 1987) (Figure 2). Studies with cloned receptors have shown that all
three, ANP, BNP, and CNP bind to NPRC with similar affinity (Anand-Srivastava,
2005). The distribution and function of the NPR are listed in Table 1.
Receptor

Distribution

Ligand

Function

NPRA
(GC-A)

vascular smooth
muscle cells,
endothelial cells,
nerve system, adrenal
gland, kidney, spleen,
heart

ANP, BNP

Lowering arterial pressure
and blood volume,
inhibiting growth of cardiac
myocytes and cardiac
fibroblasts

NPRB
(GC-B)

Fibroblast, renal
tubular cells,
mesangial cells,
vascular endothelial
cells, chondrocytes,
brain, uterus

CNP

Cartilaginus ossification,
revascularisation

Endothelium,
intestinal epithelial
cell, regenerating liver

ANP, BNP, CNP,
Osteocrin(Thomas,
2004), cANP4-23
(Maack et al., 1987)

Enhancing water and ions
transportation via small
intestine and kidney,
facilitating growth and
differentiation of epithelial
cells

NPRC
(clearance
receptor)

Table 1. Members of the NPR family, their distribution, ligands and physiological function.
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Figure 2. Schematic representation of the natriuretic peptide receptors. NPRA and NPRB share a similar topology including an extracellular ligand binding domain
(ECD), a singl e transmembrane domain, a protein kinas e homology domain (PKHD) and a guanylyl cyclase catalyti c domain (GCD) in the intracellular portion of
the protei n. ANP and BNP bind to NPRA with high affini ty. CNP binds preferentially to NPRB. NPRC has a similar ECD and transmembrane domain to NPRA and
NPRB but lacks PKHD and GCD. NPRC is defined as a clearance receptor with an i ndiscriminate affini ty to all three natriu retic peptides. The chloride-bindi ng site in
ECD and ATP-binding site in PKHD are thought to be essential for the ligand binding and transmembrane signal trans duction (Potter and Hunter, 2001; Ogawa et al.,
2010).
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1.2.

Structural and pathophysiological profiles of natriuretic
peptides

1.2.1.

The role of ANP under physiological and pathophysiological

conditions
The first identified cardiac natriuretic hormone, ANP, originally named atrial
natriuretic factor, is mainly produced, stored, and released by cardiac myocytes of
the atria in the heart. It is released in response to atrial stretch and a variety of other
signals induced by hypervolemia, exercise, or caloric restriction (Potter et al., 2009).
The precursor proANP (1-126) is stored in membrane-bound granules in cardiac
myocytes. Upon the stimulation, the circulating form of ANP is proteolytically
cleaved from proANP to this 28-AA bioactive peptide, which is then constitutively
expressed in the ventricle in response to stress induced by increased afterload (e.g.
increased ventricular pressure from aortic stenosis) or injury (e.g. myocardial
infarction). By binding to its specific receptor, the NPRA, a reduction in blood
volume and therefore a reduction in cardiac output and systemic blood pressure is
achieved. Lipolysis is increased and renal sodium reabsorption is decreased (de Bold,
1985, Potter et al., 2009). The overall physiological effect of ANP on the body is to
suppress the increases in blood pressure and volume caused e.g. by the renin
angiotensin system (RAS). Specifically in the kidney, ANP increases the pressure in
the glomerular carpillaries via dilating the afferent glomerular arteriole and
constricting the efferent glomerular arteriole, thus increasing the glomerular
filtration rate (GFR), resulting in greater excretion of sodium and water (Kiberd et
al., 1987). Renin and aldosterone secretion are reduced by the adrenal cortex,
thereby inhibiting the RAS. Related to the cardiovascular effects, ANP relaxes
vascular smooth muscle in arterioles and venules by mediating cGMP release and
inhibits cardiac hypertrophy. NPRA-deficient mice develop increased cardiac mass
and severe fibrosis and die suddenly (Kuhn et al., 2002). Besides, ANP increases
intracellular cGMP levels that induce the phosphorylation of a hormone-sensitive
lipase and perilipin A via the activation of a cGMP-dependent protein kinase-I
(cGK-I), which controls the lipolysis in human adipocytes (Sengenes et al., 2003).
So far, two distinct pathways have been suggested to regulate the effects of ANP,
one is mediated by the clearance receptor NPRC possibly via an internalization
6

mechanism, and the other pathway involves the gradual degradation mainly by
neutral endopeptidase (NEP, EC 3.4.24.11). The ring-structure of ANP is destroyed
by NEP with a cleavage at Cys-7-Phe-8 bond ensuing biological deactivation of
ANP (Vanneste et al., 1988).
The clinical implications of ANP can be inferred from research on the use of
ANP or BNP as either diagnostic and prognostic markers or as therapeutic agents in
the treatment of heart disease (Gardner, 2003, Munagala et al., 2004). It is suggested
that ANP synthesis was significantly augmented in the streptozotocin- induced
diabetic rat compared with that in the normal rat. Such enhanced cardiac ANP
mRNA level was even greater in spontaneously hypertensive rat (SHR) suffered
with streptozotocin- induced diabetes (Matsubara et al., 1990). Importantly, the
cardiac ANP mRNA level in the diabetic rats was fully reverted to control levels
after insulin therapy, indicating that insulin-deficient diabetes mellitus rather than
the cardiac toxicity of streptozotocin could be the principal cause for the altered
cardiac ANP synthesis (Matsubara et al., 1990).

1.2.2.

The role of BNP under physiological and pathophysiological

conditions
B-type natriuretic peptide (BNP), was originally named brain natriuretic
peptide, because it was initially identified in the extracts of porcine brain (Sudoh et
al., 1988). This 32-AA polypeptide is mainly secreted by the ventricles of the heart
in response to excessive stretching of cardiomyoc ytes. Human BNP is synthesized
as a preprohormone of 134 residues containing a signal sequence that is cleaved to
yield a 108-AA prohormone (proBNP). proBNP is further cleaved by furin, into two
polypeptides: the bioactive 32-AA BNP, along with a 76-AA N-terminal fragment
(NT-proBNP: NT-BNP1-76) which is biologically inactive (Sawada et al., 1997,
Porcel, 2005). Of note, Kojima et al. reported that the mature rat and mouse BNP is
of 45-AA (Kojima et al., 1989). The physiological actions of BNP are similar to
ANP and include decrease in systemic vascular resista nce and central venous
pressure as well as an increase in natriuresis. Unlike ANP, BNP was found to be
resistant to NEP degradation (Pankow et al., 2009).
The biological half- life of BNP is twice as long as that of ANP, and that of
NT-proBNP is even longer. Thus, BNP and NT-proBNP levels in the blood are
7

more often referred for screening, diagnosis of acute congestive heart failure (CHF)
and may be useful to establish prognosis in heart failure than ANP, as both markers
are typically higher and they are better predictors in patients with worse outcome
(Bhalla et al., 2004). For hospitalised patients with acute decompensated heart
failure, BNP has a better prognostic value than any other serum marker or imaging
modality in predicting short-term death and rehospitalisation (Logeart et al., 2004).
In recent years, clinical investigators have made similar observations in the general
population. Elevated BNP or NT-proBNP levels are closely associated with
incremental increases in risk for cardiovascular events such as myocardial infarction
(MI), stroke, and heart failure (HF) (Kistorp et al., 2005, Costello-Boerrigter et al.,
2006). Recently, it has been suggested that elevated serum BNP levels are strongly
associated with cardioembolic stroke and increased poststroke mortality, but
significantly decreased the odds of good functional outcome at 6 months after
ischemic stroke (Rost et al., 2012).

1.2.3.

The role of CNP under physiological and pathophysiological

conditions
Mature CNP is synthesized from the cleavage of pro-CNP by furin into a 53AA residue, a form of 22-AA peptide is also identified, yet the enzyme responsible
for this 22-AA CNP cleavage has not been clarified. CNP is produced by the
vascular endothelium and the central nervous system and has vasodilative properties.
It is stored in endothelial cells and is able to induce vasorelaxation by
hyperpolarisation (Barton et al., 1998) suggesting that CNP may represent an
endothelium derived hyperpolarizing factor (EDHF), participating to the paracrine
action of other endothelial vasorelaxant mediators, such as nitric oxide (NO) and
prostacyclin. Recent studies have demonstrated that CNP may act as an EDHF in the
mesenteric and coronary vascular bed conﬁrming its pivotal role in the regulation of
vascular tone and blood flow (Chauhan et al., 2003, Griffith, 2004). Hobbs et al.
(2004) demonstrated that endothelium-derived CNP is involved in the regulation of
the coronary circulation, and NPRC activation underlies the vasorelaxant activity of
this peptide. Wang and his colleagues concluded that the over-expression of CNP in
cardiomyocytes does not affect ischemia/reperfusion- induced infarct size but
prevents cardiac hypertrophy induced by MI (Wang et al., 2007). Woods et al.
(2007) identified CNP as a key anabolic regulator of endochondral bone growth;
8

they found that CNP increased expression of enzymes involved in chondroitin
sulfate synthesis, which subsequently regulates cellular condensation and
glycosaminoglycan synthesis during chondrogenesis. Moreover, compared to other
natriuretic peptides, NEP exhibits a higher rate of hydrolysis of CNP suggesting that
this enzyme may be more important in regulation of CNP bioavailability (Woods et
al., 2007).

1.2.4. The role of urodilatin under physiological and pathophysiological
conditions
Urodilatin (URO) was initially isolated by Schulz-Knappe et al. in 1988
(Schulz-Knappe et al., 1988). This 32-AA peptide (Figure 1), first extracted in the
human urine, is localised in the kidney. URO is primarily distributed in distal tubule
of the nephron and secreted luminally to exert a paracrine effect in the nephron
mainly at the inner medullar collecting duct where the peptide regulates water and
sodium excretion/reabsorption (Goetz et al., 1990, Hildebrandt et al., 1992, Meyer
et al., 1996). Since URO derives from the same precursor preproANP and results in
highly identical structure of circulating form of ANP, as a consequence it was
postulated that NPRA is the physiological receptor for URO and it favours similar
potency in many biological response (e.g. natriuresis, diuresis) with that of ANP,
and it has been wildly proved (Schulz-Knappe et al., 1990, Goetz, 1991, Saxenhofer
et al., 1993, Valentin et al., 1993, Kuse et al., 1996, Carstens et al., 1997, SantosNeto et al., 2006). In addition, it has been known for some time that the kidney
elutes with urodilatin but not ANP, demonstrating URO is little affected by renal
enzymes that inactivate ANP (Goetz et al., 1990). More recent studies showed that
hyperleptinemia- induced upregulation of Na+, K +-ATPase and excessive renal
sodium retention contributed to leptin- induced hypertension in hypertensive obese
individuals (Beltowski et al., 2004). URO exerted an antagonistic effect via
increasing renal dopamine uptake and stimulating the NPRA/cGMP/protein kinase
G (PKG) cascade, causing reversible deactivation of renal tubular Na+, K +-ATPase,
and consequently enhancing natriuretic and diuretic effects with lowering of mean
blood pressure (Carstens et al., 1998, Citarella et al., 2009, Vives et al., 2010).
Moreover, i.v. bolus injection of URO as compared with ANP resulted in dosedependent increases in urinary cGMP and Na + excretion accompanied by an
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elevated GFP and heart rate (HR), with URO being more potent than ANP
(Saxenhofer et al., 1990).

1.2.5. Natriuretic peptides by alternative splicing
Technique availability of analysing the vast genome direct a brilliant avenue to
the identification of alternatively spliced genes by splicing exons from premessenger RNA (mRNA) at variable sites. This process allows individual genes to
generate multiple protein isoforms of varying functions. Among them, the mutant

Figure 3. Amino acid sequences of alternatively spliced natriuretic peptides. Residues of fsANP
(A) and BNP1-42 (B) resulting from alternative splicing are in black circles. Residues in grey
circles denote those are conserved between the peptides.

ANP (fsANP) was identified as being resistant to proteolytic degradation (Dickey et
al., 2009). This 40-AA frameshift product, 12-AA extension to the C terminus of
ANP (Figure 3A), was genetically linked to patients with familial atrial fibrillation
(Hodgson-Zingman et al., 2008). fsANP induced synthesis of a similar amount of
cGMP compared to ANP in primary cardiac fibroblasts (CF) and exerted more
potent natriuretic, diuretic, GFR, and renal blood flow enhancing actions than native
ANP in vivo (McKie et al., 2009). Later, McKie and his colleagues compared the
therapeutic potential of fsANP in a canine model of acute angiotensin II (Ang II)induced hypertension with equimolar human BNP (McKie et al., 2010a). fsANP
significantly lowered mean arterial pressure (MAP) and systemic vascular resistance
that was even better than BNP. Notably, despite a reduction in blood pressure, renal
function was enhanced with significant increases in renal blood flow, GFR, diuresis,
and natriuresis after fsANP infusion. fsANP remarkably attenuated Ang II- induced
pulmonary capillary wedge pressure elevation, and suppressed Ang II- induced
activation of aldosterone. These cardiovascular and renal enhancing actions of
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fsANP were accompanied by significant increases in plasma and urinary cGMP
(McKie et al., 2010a).
Pan et al. (2009) identified an alternative spliced transcript for BNP resulting
from intronic retention during BNP transcription in HF patients. This transcript
generates ASBNP, a 60-AA peptide with a unique 34-AA carboxyl terminus while
retaining the amino terminus and the ring-structure of the native BNP (Pan et al.,
2009). Unlike BNP, ASBNP lacks the properties of vasodilating preconstricted
arterial rings or stimulating cGMP in vascular cells. Given structural considerations,
a carboxyl-terminal truncated form of ASBNP was generated by deleting the last 18AA in the carboxyl terminus of ASBNP, designated as BNP1-42 (Figure 3B). Pan
and colleagues found that BNP1-42 failed to activate NPRA and NPRB in vascular
cells, but it could stimulate cGMP in a dose-dependent manner exclusively in
isolated canine glomeruli and human mesangial cells. The cGMP effects in
mesangial cells were inhibited in a dose-dependent manner by HS-142-1, an
inhibitor of particulate guanylyl cyclase receptors (Sano et al., 1992, Pan et al.,
2009). In a canine-pacing model of heart failure, BNP1-42 increased GFR,
suppressed plasma renin and angiotensin, while inducing natriuresis and diuresis,
thus implicating that BNP1-42-stimulated cGMP generation could be mediated via
an unknown GC-coupled receptor in the kidney (Pan et al., 2009).

1.3. Structure and function of natriuretic peptide receptors
Natriuretic peptides (ANP, BNP, and CNP) bind and activate speciﬁc cognate
receptors present on the plasma membranes of a wide variety of target cells. Such
ligand/receptor complex leads to a conformational change of structural domain(s)
and stimulates intracellular signalling cascades, exerting diverse physiological
functions. Molecular cloning and expression of cDNAs have identiﬁed three
different membrane-bound forms of natriuretic peptide receptors in terms of their
ligand speciﬁcity: NPRA, NPRB, and NPRC (Figure 2). They are also known as
GC-A, GC-B, and the clearance receptor, or as NPR1, NPR2, and NPR3,
respectively (Potter et al., 2006).

1.3.1. Structure and function of NPRA
The hormonal activities of ANP and BNP are selectively mediated by NPRA.
NPRA is a 118-135 kDa single transmembrane receptor linked to its intrinsic
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guanylyl cyclase (GC) (EC 4.6.1.2) activity in the intracellular domain (Figure 2).
The basic topology of NPRA is consistent with that identified in the common GCcoupled receptors, containing at least four distinct regions: an ~450-AA extracellular
domain (ECD) with a ligand-binding site, a 21-residue single transmembrane
domain (TD), an intracellular domain (ICD) comprised of a ~280-AA protein kinase
homology domain (PKHD) and a ~250-AA guanylyl cyclase domain (GCD) (Potter
and Hunter, 2001). Under basal condition, in absence of ligand, NPRA exists as a
homodimer or homotetramer where some key residues in the PKHD are in a highly
phosphorylated state, and the catalytic GC activity is inactive (Potter and Hunter,
2001). The binding of the ligand to the pocket structure (one molecule of ligand
binds per two molecules of NPRA) in the ECD induces the transmembrane signal
transduction, leading to the binding of adenosine triphosphate (ATP) to some high
affinity site in PKHD. This ultimately brings the catalytic GCD into an active form
(Potter and Hunter, 2001). The crystal structure of the dimerized extracellular
hormone-binding domain of NPRA revealed that the transmembrane signalling by
the NPRA might be initiated via a hormone- induced rotation mechanism (Ogawa et
al., 2004). Recently, it has been suggested that ANP binding to the ECD of NPRA
requires chloride, and it is chloride concentration dependent (Ogawa et al., 2010).
Nevertheless, the potential significance of this chloride-dependent control
mechanism for the BNP-bound NPRA has not been mentioned, and its clarification
awaits further physiologic studies.
NPRA has been associated

with a

number of physiological and

pathophysiological functions. NPRA-deficient animals exhibit elevated adrenal Ang
II and aldosterone levels, increased blood pressure, cardiac hypertrophy, and
ventricular fibrosis (Oliver et al., 1997, Zhao et al., 2007). By contrast, it has been
reported that increased expression of NPRA in gene-duplicated mutant mice or
increasing number of NPRA gene (Npr1) copies would significantly reduce blood
pressure and increase the levels of cGMP (Oliver et al., 1998, Pandey et al., 1999).
These findings appear to be in accordance with that ANP and BNP acting via NPRA
to

antagonise

cardiac

hypertrophic

and

fibrotic

growth,

thus

exerting

cardioprotective effects in disease states. In human, deletion of Npr1 allele in the 5'flanking region massively reduced the receptor activity. Interestingly, normotensive
individuals in Japan with the Npr1 deletion had left ventricular hypertrophy but
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without hypertension (Nakayama et al., 2000). In the presence of pressure overload,
reduced myocardial cGMP levels but increased ventricular hypertrophy, fibrosis,
filling pressures, and mortality were detected in point mutant (D893A) form of
NPRA mice compared with wild type (WT) mice (Patel et al., 2005). Moreover,
Npr1 knockout (KO) mice exhibited an impaired ability to initiate a natriuretic
response to acute blood volume expansion (Shi et al., 2003), while an augmented
natriuresis was achieved by low dose ANP infusion in Npr1-duplicated mice, and
such enhancement of natriuresis is Npr1-dose dependent, implicating that NPRA
signalling also plays an important role in mediating renal sodium reabsorption (Zhao
et al., 2010).

1.3.2. Structure and function of NPRB
The second GC coupled NPR, NPRB, has a structural topology similar to that
of NPRA, especially conserved in the GCD with an overall homology of 62% to
NPRA in human. Instead, the homology between the ECD of NPRA and NPRB is
relatively low at 44%, likely reflective of the unique ligand pharmacology. An
explanation for that is that ~130 kDa protein favours specific binding of CNP, but
not of ANP or BNP. To date, studies on purified NPRB or its crystal structure has
not been reported yet.
NPRB is distributed in many organs/tissues as listed in Table 1. However, in
part due to the poor availability of specific inhibitors of the receptor-signalling
pathways, the functions of NPRB are still unclear. Nevertheless, this receptor has
been strongly implicated in playing a significant counterregulatory role to a variety
of growth factors that promote cell proliferation, migration, and hypertrophy, in both
cell culture and in a limited number of animal models. Mutations in the human
NPRB gene were reported to cause acromesomelic dysplasia, type Maroteaux, a
type of skeletal dysplasia (Bartels et al., 2004). Of note, impaired growth of the
longitudinal bone seen in the CNP-deficient mice may cause early death, which
could also be mediated in part of CNP/NPRB/cGMP signalling pathway (Chusho et
al., 2001). Bartels et al. detected a higher Npr2 gene expression in the murine uterus
than in the ovaries, indicating signalling through NPRB may play a role in uterine
development (Bartels et al., 2004). Moreover, Npr2-KO mice have been generated
by targeted deletion of exons 3 through 7, which encode the C-termini of the
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extracellular domain and transmembrane segment of NPRB and the phenotype
characterized. The gene deletion resulted in dwarfism and female sterility, further
suggesting important functions for this receptor in skeletal growth and the
maturation of female reproductive organs (Tamura et al., 2004).

1.3.3. Structure and function of NPRC
NPRC, also known as the natriuretic peptide clearance receptor, is a disulﬁdelinked homodimer that contains a single intracellular domain of only 37 intracellular
amino acids and no guanylyl cyclase activity (Fuller et al., 1988). NPRC is the most
promiscuous of the receptors, the ECD of NPRC is approximately 30% identical to
that of NPRA and NPRB, binding indiscriminately to all three NPs with the rank
order of ligand affinity: ANP ≥ CNP > BNP (Suga et al., 1992). The crystal
structure studies of NPRC in both quiescent and hormone-bound forms revealed the
hormone binding to NPRC with a stoichiometry of one molecule of hormone to two
molecules of NPRC,

inducing a

notable conformational change in the

juxtamembrane regions (He et al., 2005). This mechanism of hormone recognition is
also evidenced in the response of the NPRA and NPRB ectodomain to ligand
binding (Ogawa et al., 2004), implicating such allostery as a general activation
signal of NPRs, despite their differing downstream signalling cascades.
Recent studies have implicated NPRC may be involved in signal transduction
(Murthy et al., 2000, Pagano and Anand-Srivastava, 2001, Anand-Srivastava, 2005),
but the majority of physiological data acknowledge that the principal role of NPRC
is to clear natriuretic peptides from the extracellular environment via a receptormediated internalisation and enzymatic degradation process. The distinguishing
affinity of NPRC for the NP family members may contribute to the longer serum
half- life of BNP than that of ANP. Furthermore, NPRC-KO mice displayed slightly
decreased blood pressure and mild diuresis that are believed to be due to the longer
half- life of circulating NPs arising from their reduced clearance. Additionally,
increased body and bone dimensions were observed in Npr3-KO mice. A hypothesis
is that NPRC in growing bone modulates the autocrine/paracrine effects of locally
produced NPs (mainly CNP) (Matsukawa et al., 1999).

14

1.4. Natriuretic peptide receptor signalling
1.4.1. Intracellular signalling of NPRA and NPRB
Of considerable potential importance for a better understanding of biological
and pathophysiological consequences of NPR signalling is the earlier discovery by
Ashman and co-workers of classic intracellular second messenger cGMP in rat urine
(Ashman et al., 1963). Later, three cGMP binding proteins, cGMP-dependent
protein kinases (PKG), cyclic nucleotide- gated (CNG) channels, and cyclic
nucleotide binding phosphodiesterases (PDEs) were discovered and widely
investigated regarding their effects on varying targets associated with the natriuretic
peptide system (Figure 4).
1.4.1.1. NPRA/NPRB-stimulated GC/cGMP/PKG axis
The cGMP-dependent protein kinases (PKG), also known as cGK, has been
vastly studied as a sophisticated cGMP signalling effector. Serine and threonine
kinases that are activated by cGMP binding (Lohmann et al., 1997). Two PKG
genes, PKG I and PKG II, were identified conducting signals from widespread
signalling systems, though mainly via a NO/soluble GC (sGC)/cGMP signalling
pathway (Pfeifer et al., 1998, Fiscus, 2002, Rangaswami et al., 2009, Fellner and
Arendshorst, 2010). In mammals, PKG I gene consists of α and β isoforms (76kDa)
that differ in their N-terminal dimerisation domain, whereas PKG II is a membraneassociated protein of 86 kDa. Vives et al. (2010) reported that ANP and URO
specifically inhibited Na+-ATPase activity by activation of the NPRA/cGMP/PKG
pathway in luminal membrane and basolateral membranes, suggesting the regulation
of NPs on renal sodium excretion, with proximal tubule Na +-ATPase one possible
target (Vives et al., 2010). A recent study in mouse mesangial cells found that
ANP/NPRA signalling inhibited the vascular endothelial growth factor-stimulated
phosphorylation of mitogen-activated protein kinases (MAPK) and antagonized
downstream effector molecules, activating protein-1 (AP-1) and cAMP-response
element binding protein (CREB), indicating an inhibitory effect on cell growth and
proliferation via the NP/NPRA/PKG axis (Tripathi and Pandey, 2012). Moreover,
dwarfism caused by disturbed chondrocyte proliferation was delineated in PKG IIdeficient mice (Pfeifer et al., 1996). Later, a similar dwarfism has been reported in
the mice model of genetic deletion of CNP or its cognate receptor NPRB (Tamura et
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al., 2004), suggesting the CNP/NPRB/PKG axis is crucial for bone growth. In
contrast, activating mutations in PKG II as well as overexpression of CNP result in
general skeletal overgrowth in mice, further demonstrating the positive role of
CNP/NPRB/PKG signalling in the regulation of mammalian chondrocyte
ossification and cartilage matrix production (Yasoda et al., 2004).
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Figure 4. Diagram depicting the NPRs and possible association to the cGMP signalling. NPs bi nd to either NPRA or NPRB, in a chlori de-/ATPdependent fashion, stimulating the intri nsic GC activity of the receptor. cGMP exerts its biologic effects indirectly through PKG, or CNG
channels, or different PD Es. NPs also bind to NPRC, which mediates internalisation, degradation, receptor recycling and other undetermined
cell signallings. NPs may also be degraded or metabolized by NEP or IDE.
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1.4.1.2. NPRA/NPRB-mediated cGMP/CNG channels activation/inhibition
Cyclic nucleotide- gated (CNG) ion channels modulate ion flux and influx in
response to the binding of intracellular cyclic nucleotides, like cAMP and cGMP.
Recent studies have demonstrated that cGMP generated by NP/particulate GC (pGC)
preferentially regulates plasma membrane–localized targets such as ion channels and
pumps, likely in a PKG-dependent manner (Zolle et al., 2000, Zhang et al., 2005).
Nanomolar ANP-induced increases in cGMP levels activated CNG channels in a
dose-dependent

manner,

whereas

the

nitric

oxide

donor

S-nitroso-n-

acetylpenicillamine (SNAP) failed to activate CNG channels, indicating that cGMP
signals are compartmentalized in the cells (Piggott et al., 2006). Castro et al. also
reported that pGC and sGC synthesized cGMP in different compartments in adult rat
ventricular myocytes, where PKG activation increased the cGMP- gated current
response to ANP and amplified the stimulatory effect of ANP on pGC activity.
However, such PKG activation in adult cardiomyocytes limited the accumulation of
cGMP induced by NO donors via PDE5 stimulation (Castro et al., 2010).
1.4.1.3. NPRA/NPRB-mediated cGMP/PDEs activation/inhibition
PDEs, degrading the phosphodiester bond in the intracellular cyclic
nucleotides, are pivotal regulators of signal transduction mediating the localisation,
duration, and concentration of these second messengers. To date, 11 PDE isoforms
have been characterized based on substrate specificities. PDE4, 7, and 8 are cAMPspecific while PDE5, 6, and 9 are cGMP-selective. The PDE1, 2, 3, 10, and 11 can
hydrolyze both cAMP and cGMP (Maurice et al., 2003). Many biological
significances of PDEs have been explored associated with their pharmacological
inhibition due to the advances in studies of PDE inhibitors (Table 2).
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Type

Nonselective
PDE inhibitors

Selective PDE
inhibitors

Targets

Function

Caffeine

Central nervous system

Stimulant effect,
antifatigue

Theophylline and
Aminophylline

Bronchus

Bronchodilator

1-(5-oxohexyl)-3, 7dimethylxanthine
(Pentoxifylline)

Limb arteries, brain

3-isobutyl-1methylxanthine (IBMX)

PDEs-riched cells

PDE1 inhibitor
(Vinpocetine)

Cerebral vasculature

PDE2 inhibitor, erythro9-(2-hydroxy-3nonyl)adenine (EHNA)
PDE3 inhibitor
(amrinone, cilostazol,
milrinone and
enoximone.)

Cardiac myocytes,
cortical neurons

Treatment for
intermittent
claudication and
vascular dementia
Attenuate
cAMP/cGMP
degradation
Cerebral blood-flow
enhancing and
neuroprotective
effects
Adenos ine deaminase
inhibitor, increase
cGMP

Heart

Inotropics for acute
HF, treatment for
cardiogenic shock

PDE4 inhibitor
(rolipram, mesembrine,
ibudilast, roflumilast)

Immune cells, central
nervous system

Treatment for chronic
obstructive
pulmonary disease,
bronchodilator

PDE5 inhibitor
(Sildenafil, avanafil,
lodenafil, mirodenafil,
tadalafil, vardenafil,
udenafil)

Smooth muscle cells,
lung

Treatment for erectile
dysfunction,
pulmonary
hypertension

PDE10 inhibitor
(papaverine)

Brain, heart,
gastrointestinal tract,
ureter

Antipsychotics,
cerebral and coronary
vasodilator

Table 2. Members of the PD E inhibitor family, their targets, and physiological function.

Study of renin and Ang II levels in Npr1-disrupted mice revealed a direct
evidence that NPRA activation can inhibit the effects of RAS (Shi et al., 2001).
Previous investigation suggested the possible mechanism for the ANP-dependent
reductions in cAMP and aldosterone may involve PDE2, where the accentuated
ANP/NPRA/cGMP signalling activated PDE2 activity, thereby degrading cAMP,
which is the major intracellular determinant for aldosterone synthesis (MacFarland
et al., 1991). Castro et al. (2006) found that PDE5 controls the soluble but not the
particulate pool, whereas the latter is under the exclusive control of PDE2 in cardiac
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myocytes, demonstrating that compartmental regulation of cGMP concentration
through NPs/pGC or NO/sGC signalling pathways may attribute to the specific PDE
distribution (Castro et al., 2006) (Figure 4). He and co-workers further elucidated a
juxtamembrane barrier comprised by PDE2 mediated NPs/pGC/cGMP/CNG
channels signal cascade via PKG activation, while cGMP generated by sGC
activated PKG, leading to an enhanced PDE5 activity and regulating the diffusion of
cGMP (Castro et al., 2010).

1.4.2. Intracelluar signalling of NPRC
The intracellular domain-truncated form of NPR, NPRC, interacts with NPs or
the specific NPRC agonist, cANP4-23 to inhibit adenylyl cyclase activity through Gi
protein (Anand-Srivastava et al., 1990), or to activate the phospholipase C signalling
pathway (Resink et al., 1988). Prins et al. (1996) demonstrated that both ANP and
the ring- truncated peptide of ANP, cANP4-23, could inhibit MAPK uniquely
through NPRC in astrocytes, indicating NPRC may also play a role in cell
proliferation through inhibition of MAPK (Prins et al., 1996). In addition, cANP423 stimulated NPRC in VSMC to decrease cAMP levels and thus activated
phosphatidyl inositol turnover signalling, which has been recognized as a major
signal transduction pathway for hormones mobilizing intracellular calcium,
suggesting NPRC as a key mediator in the feedback control of cAMP levels and
phospholipase C signalling (Mouawad et al., 2004). Moreover, Di Fusco and
Anand-Srivastava reported that NG- nitro-L-arginine methyl ester (L-NAME)-treated
rats exhibited enhanced expression of Gi alpha protein and NPRC-mediated
inhibition of adenylyl cyclase activity was abolished, which might be associated to
the downregulation of NPRC (Di Fusco and Anand-Srivastava, 2000). This
hypothesis was partially confirmed by Lee et al. using L-NAME- induced
hypertensive rats, which exhibited attenuated expression of NPRA and NPRC
mRNA, whereas angiotensin II type 1 (AT1) receptor and angiotensin-converting
enzyme (ACE) mRNA expression was upregulated (Lee et al., 2002), indicating
there might be the interaction between NPRC and AT1 receptor. Besides, the
attenuated inhibition of adenylyl cyclase activity in L-NAME- induced hypertensive
rats was restored via oral administration of the AT1 receptor antagonist, losartan
(Hashim and Anand-Srivastava, 2004).
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1.4.3. Desensitisation of natriuretic peptide receptors
Biochemical studies showed that NPRA and NPRB were desensitized by
homologous ligand- induced dephosphorylation of residues at their PKHD (Potter
and Garbers, 1992, Potter, 1998), in turn, proper phosphorylation of NPR is the
prerequisite for hormone-stimulated guanylyl cyclase activity. Further investigation
suggested that homologous (e.g. NPs) desensitisation of NPRs was not due to
receptor internalisation or degradation, but mediated by dephosphorylation of
specific residues through protein kinase C (PKC)-dependent pathways (Potter and
Garbers, 1994, Potter and Hunter, 2000). Of note, heterologous desensitisation also
plays a crucial role in unresponsive receptor to hormonal stimulation. It has been
shown that increased local concentration of Ang II, endothelin, and other growth
factors antagonized the activation of NPRs, which could also be mediated by a
protein kinase C-induced dephosphorylation of NPRs (Jaiswal, 1992, Potter and
Garbers, 1994, Chrisman and Garbers, 1999). Taken together, these aforementioned
mechanisms of homologous or heterologous desensitisation of NPRs may partially
explain why patients with cardiovascular diseases (e.g. CHF, cardiac hypertrophy)
exhibited elevated plasma NPs levels correlated to severity, but impaired
NPR/cGMP response to either endogenous NPs secretion or exogenous NPs
administration (Tikkanen et al., 1985, Hirooka et al., 1990).

1.4.4. The interactions between NPRs and other hormone & signalling
systems
Accumulating evidence have revealed interactions within the natriuretic
peptide system or crosstalk with other peptide systems. Li et al. reported an
attenuated cardiac hypertrophy and fibrosis in NPRA-deficient mice via inhibiting
the endogenous angiotensin II type 1A receptor (AT1A), suggesting NPRA inhibited
cardiac remodelling partially via antagonizing AT1A signalling (Li et al., 2002).
Besides, responses to both ANP-stimulated NPRA activation and sodium
nitroprusside (SNP)-stimulated sGC stimulation were significantly enhanced in
endothelial nitric oxide synthase (eNOS) KO mice, demonstrating that deprivation
of endothelium-derived NO results in upregulation of the sensitivity of both sGC
and pGC in vivo. Reciprocally, in NPRA KO mice, ANP failed to lower the MAP as
expected, whereas SNP elicited a greater MAP lowering effect in comparison to that
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of WT mice. Meanwhile, a cAMP-dependent vasodilator, epoprostenol caused
similar haemodynamic changes in both WT and eNOS KO animals, suggesting that
the reciprocal regulation of vascular tone is specific to cGMP- generating systems
(Madhani et al., 2006). Costa and his colleagues demonstrated that ANP infusion
augmented NOS activity in SHR rats, where eNOS stimulation was induced via
ANP/NPRC/Gi protein and Ca2+-calmodulin signalling pathway (Costa et al., 2009).
In addition, Kinoshita et al. reported that the overexpression of transient receptor
potential canonical 3/6 (TRPC3/6) in mice lacking guanylyl cyclase domain of
NPRA exacerbated cardiac hypertrophy, while ANP acted via the cGMP/PKG
pathway to directly inhibit TRPC3/6 activity, which in turn suppressed prohypertrophic signalling (Kinoshita et al., 2010). Furthermore, under normal
physiological state, calcium homeostasis is achieved via the counterbalance between
the ANP/NPRA/cGMP/PKG axis and the Ang II/inositol triphosphate (IP3)/Ca2+i
axis. Klaiber et al. found a cGMP- independent pathway when NPRA was
desensitized by high ANP levels, causing elevating Ca2+i levels initiated by the
activation of TRPC3/6 channels within a NPRA/TRPC complex (Klaiber et al.,
2011). Langenickel et al. used COS-7 cells, which were co-transfected with NPRB
and the dominant negative NPRB mutant, NPRBΔKC. They found that intracellular
cGMP accumulation upon CNP stimulation was b lunted with increasing amounts of
NPRBΔKC, while non-mutated NPRB homodimers were able to generate cGMP,
hence demonstrating NPRBΔKC acts as a dominant-negative molecule for the
cardioprotective CNP/NPRB pathway (Langenickel et al., 2006). Our research
group studied the cross-talk between the NP system and Ang II/AT1 signalling
pathways, and found that co-transfection of NPRC could inhibit the activation of
serum response factor and nuclear factor of activated T-cells (NFAT) induced by
Ang II/AT1, and this inhibitory effect was dose-dependent.
Recently, the preliminary data showed that NPs/NPRs/cGMP signalling
pathway was down-regulated in NPRA and NPRB co-transfected HEK cells in a
dose-dependent manner. This finding led the speculation that such unanticipated
down-regulated cGMP production may involve the cross-talk between NPRA and
NPRB in the context of cardiovascular diseases, e.g. desensitisation/internalisation
or heterodimerisation of NPRs under pathophysiological conditions.
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1.5. Novel designed natriuretic peptides
The NPs/NPRs/cGMP signalling pathway has long been viewed as a
compensatory axis in the setting of CVD, affording beneficial cardiorenal and
hemodynamic effects. However, a lack of efficacy for the clinical end point was
observed by intravenous injection of recombinant NPs due to reduction in renal
perfusion pressure and the potential for reﬂex sympathetic responses (Voors and van
Veldhuisen, 2010, Kilic et al., 2010). Recently, a study involving 7141 patients
revealed that the recombinant BNP (Nesiritide®) could lead to significant
hypotension accompanied with occasionally severe renal impairment (O'Connor et
al., 2011). Hence, as per current primary clinical trial, a thorough validation of
efficiency of such recombinant NPs should be addressed, and drugs reducing
vascular effects and therefore maintaining renal perfusion pressure and volume
unloading functions are sought to be synthesized. Enlightened by Wei et al.’s
pioneering synthetic peptide (Wei et al., 1993), designated as vasonatrin peptide
(VNP), an emerging innovative therapeutic strategy is to engineer designed proteins
by manipulating natively occurring peptides by elongating/deleting AA, or
combining two or more peptides to create chimeras, which possess favo urable
therapeutic properties (Foran et al., 2000). Such an approach with natriuretic
peptides is advanced in the current study and involves the selection and
incorporation of isolated structural determinants from two native peptides that result
in a unique peptide with a specific activity profile that could go beyond native
peptides as therapeutic agents in cardiovascular diseases.
The VNP of 27-AA was synthesized representing the fusion of 22-AA CNP,
complemented with the C-terminus of ANP. VNP combined the venodilating and
natriuretic actions of CNP and ANP, respectively, and uniquely favored the arterial
vasodilating actions independent to either ANP or CNP (Wei et al., 1993). In 2008,
Lisy et al. reported the novel design of a chimeric natriuretic peptide, CD-NP (Lisy
et al., 2008). This 37-AA peptide possesses the entire 22-AA of CNP together with
the 15-AA C-terminus of Dendroaspis natriuretic peptide (DNP). Chen et al.
discovered that the long C-terminus of DNP may render DNP highly resistant to
degradation by NEP contributing to potent natriuretic and diuretic actions (Chen et
al., 2002). Thus, the chimera kept the cardiac unloading actions of CNP with
minimal hypotensive properties together with the additional renal effects of
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natriuresis and dieresis. More recently, a non- vasodilatating NP synthesized from
the ring structure of CNP and both C- and N-terminus of URO, termed CU-NP,
exerted direct anti- hypertrophic effect through sodium- hydrogen exchanger-1
(NHE-1) inhibition, thereby preventing calcineurin activation and NFAT nuclear
import (Kilic et al., 2010). Together, chimeric NPs may afford the promising
therapeutic properties targeting the cardiorenal pathophysiology and the speciﬁc
structural requirements for certain pharmacological actions.
In the current study, we (Zhu et al., 2011) and others (Chen et al., 2011)
synthesized ACNP, a designed natriuretic peptide consisting of the N-terminus and
C-terminus arms from human ANP and the disulfide bond ring structure of CNP. In
normal rats, ACNP has been proved to be more potentially diuretic, natriuretic and
hypotensive compared with other NPs, and it is equally efficient to relax rat
abdominal aorta compared to either ANP, CNP or VNP (Chen et al., 2011).
However, it was not yet investigated the receptor and degradation profile for ACNP
and its potency/efficacy in stimulating cGMP generation in different cells. More
importantly, under pathophysiological conditions, the pathophysiological effects of
ACNP compared with native NPs need to be studied. The intensive in vitro and in
vivo studies have been elucidated in Chapter 2.

1.6. Degradation of natriuretic peptides
Generally, there are two proposed mechanisms eliminating NPs, the
degradation by peptidases and the receptor- mediated clearance associated with
internalisation and subsequent lysosomal hydrolysis (Hirata et al., 1985,
Nussenzveig et al., 1990). In regard to the latter one, some dissentions have been
raised in terms of receptor internalisation and recycling. Early studies conducted on
PC12 cells suggested a rapid internalisation and intracellular recycling mechanism
for NPRB, whereas NPRC underwent a lower rate and a lesser extent of
internalisation and recycling (Rathinavelu and Isom, 1991). Pandey and colleagues
also reported in many different cell types that the majority of the NPRA were
internalised after ANP binding, with a smaller portion being recycled to the plasma
membrane (Pandey et al., 1986, Pandey, 1992, Pandey, 1993, Pandey et al., 2000).
By contrast, Koh et al. reported that ANP/NPRA complex in cultured rat mesangial
cells and renomedullary interstitial cells did not undergo internalisation or lysosomal
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hydrolysis (Koh et al., 1992). Consistent finding was generated by Jewett et al.; they
found that transiently NPRA-transfected HEK293 cells bound less ANP. Such
reduced binding was not related to quantity loss of NPRA mediated by endocytosis,
but due to a negative modulation of hormone affinity to NPRA (Jewett et al., 1993).
Nevertheless, ligand- mediated internalisation is still a vital mechanism for
terminating transmembranal receptor-mediated signalling. More complicated
regulations in the cellular signal transduction remain to be definitively defined.
The other pathway involves specific enzymatic degradation, e.g. neprilysin
(NEP), the most well-described zinc-dependent enzyme responsible for NPs
degradation. However, biochemical studies suggested that murine or human BNP, in
contrast to the structurally related ANP and CNP, was resistant to be hydrolyzed by
NEP suggesting that its catabolism may involve other NP-degrading peptidases
(Smith et al., 2000, Walther et al., 2004a). Using high-performance liquid
chromatography (HPLC), our group demonstrated that the native mouse BNP1-32
was metabolized by meprin A (EC 3.4.24.18) to the N-terminal truncated but
bioactive metabolite

mouse BNP7-32 on the kidney membrane. Further

investigation suggested that BNP7-32 was successively catabolized by NEP, leading
to renal BNP clearance (Pankow et al., 2007). Moreover, phosphoramidon, a
protease inhibitor targeting NEP, prevented the degradation of ANP in HEK293
cells expressing NPRA but not NPRC, indicating the differing degradation
mechanisms between NEP and NPRC (Fan et al., 2005).

1.7. Aims of the study
With the attempt to better understand and to generate a more global view on
the structure and function of the natriuretic peptide system, especially the effects of
native peptides, peptide metabolites, and a novel synthetic peptide under various
conditions (e.g. specific receptor binding, receptor heterodimeric complexes) on
neurohormonal and

haemodynamic profiles,

and

other

pathophysiological

consequences, the aims/hypotheses of the PhD thesis are:


To identify the receptor(s) that mediates the function of ACNP using transfected
cells and to investigate its efficacy in generating intracellular cGMP in cultured
primary renal cells, endothelial cells, smooth muscle cells, and cardiac
fibroblasts in comparison to the native natriuretic peptides ANP and CNP.
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To access the haemodynamic, neurohumoral, pharmacological and other
biological properties of ACNP compared with ANP and CNP in vivo, with the
murine model subjected to left coronary occlusion.



To test the hypothesis that physical interaction between NPRA and NPRB
causes alterations on the transcriptional or translational levels of the receptors,
leading to altered NP- mediated cGMP generation; or transcription or translation
of NPRs are not influenced, but less NPR is on the membrane due to faster
internalisation or delayed reconstitution.



To examine if a NPRA/NPRB heterodimer leads to conformational change(s)
and thus prevents NPs binding to their specific domain or inhibits the activation
of guanylyl cyclase domain responsible for cGMP generation.



To characterise receptor profiles of different B-type natriuretic peptides, and
also to investigate the degradation profile of hBNP1-42. It is aimed to identify
the difference in hBNP1-42 metabolism/degradation on murine and human
kidney membranes by HPLC.
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Chapter II
In vitro and in vivo properties of the newly designed
natriuretic peptide ACNP
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Chapter 2
In vitro and in vivo properties of the newly designed
natriuretic peptide ACNP
2.1. Introduction
Cardiovascular diseases (CVD) are the number one cause of death globally
presumably killing more than 20 million people per year by 2030 (cited from
http://www.who.int/cardiovascular_diseases/en/).

The

severity

of

myocardial

infarction (MI) and heart failure (HF), the two main lethal contributors, can be
monitored and predicted correlatively by plasma levels of natriuretic peptides (NPs)
(von Haehling et al., 2007). In fact, N-terminal pro-atrial natriuretic peptide (NTproANP) shows significant predictive value for mortality, while NT-proBNP is
regarded as an effective biomarker for the diagnosis, risk stratification, and
prediction of mortality in patients with HF and MI (Balion et al., 2006, McKie et al.,
2011).
Beneficial effects of the natriuretic peptide system which consists of two axes
(ANP/BNP-NPRA and CNP-NPRB) have been discussed for decades (Walther et al.,
2002). Although cGMP is their common second messenger, these two axes may play
different roles under certain circumstances because of different receptor pattern and
regulation of peptides and receptors. Human synthetic ANP (carperitide®) and BNP
(nesiritide®) have been confirmed to improve symptoms of patients with acute
decompensated heart failure due to their potent natriuresis, diuresis, and arterial
dilation (Voors and van Veldhuisen, 2010). However, in some clinical trials,
infusion of ANP and BNP increased morbidity and/or mortality, presumably due to
NP-induced hypotension and thus renal perfusion (Dontas et al., 2009, O'Connor et
al., 2011, Yancy et al., 2008). Also, there are final data missing investigating the
influence of differences in heart failure severity, the treatment/dosage given,
maximum tolerated dose on the beneficial/side effects of NP administration.
Furthermore, under heart failure condition, human NPRA is significantly downregulated in the heart (Dickey et al., 2007). In contrast, CNP has less potent diuretic
and natriuretic actions compared to ANP and BNP, but it is more potent to induce
venodilation (Dickey et al., 2008). Importantly, unlike ANP and BNP, the CNPNPRB axis is still active under chronic heart failure conditions (Dickey et al., 2007).
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Therefore, it is desirable to design agonists targeting both axes, which can combine
the autocrine and paracrine effects of CNP in the heart with the diuretic and
natriuretic actions of ANP and BNP in the kidneys, but have less impact on systemic
and renal blood pressure. Although intensively searched for, such optimal nonpeptidic agonist is not available up to now, mainly due to the fact that natriuretic
peptides have a relatively complex 3-D structure. Therefore, inspired by the work on
substrate specificity of BNP metabolites for neprilysin (Pankow et al., 2009),
different combinations of ring and arms from ANP, BNP, and CNP were tested and
finally, we (Zhu et al., 2011) and others (Chen et al., 2011) synthesized ACNP, a
synthetic natriuretic peptide consisting of the 6-AA N-terminus and 5-AA Cterminus of human ANP and the disulfide bond ring structure of CNP (Figure 5).

Figure 5. Amino acid s equence of the designed ACNP. The 28-AA ACNP is synthesized from the
disulfide bond ri ng structure of CNP (in red circle) along with N - and C-terminal arms of human
ANP (in red rectangl e). Residues in grey circles denote those are conserved within the peptides.

In normal rats, Chen et al. implicated that natriuretic and diuretic potency of
ACNP was higher than that of ANP and CNP, while it had a similar vasorelaxing
effect in isolated rat abdominal aorta (Chen et al., 2011). However, there was still a
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significant lack in information regarding the receptor(s) that mediates the effects of
ACNP and the cell types responsive towards its stimulation. In addition, the
cardiorenal and humoral actions of ACNP under pathophysiological conditions
remained unclear.
The goals of the following study were: 1) to characterize the receptor(s) profile
of ACNP using transfected cells; 2) to investigate its efficacy in generating
intracellular cGMP in cultured primary cardiac fibroblasts, renal cells, endothelial
cells, and smooth muscle cells in comparison to the native natriuretic peptides ANP
and CNP; 3) to assess in vivo the hemodynamic and neurohumoral properties of
ACNP compared with ANP and CNP in healthy mice and mice with experimental
MI; and 4) to investigate the metabolic/degradative profile of ACNP.
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2.2. Materials and methods
2.2.1. Animal and housing
Wild-type C57/Bl6 male mice (6- to 8-week old) used as source for primary
cell culture were purchased from Harlan Laboratories (Shardlow, UK) and further
bred in the animal facility of the University of Hull, Hull, UK. In vivo studies were
conducted in anesthetized male C57/Bl6 mice (weight 24 - 26g, 11- to 13-week old,
Charles River, Sulzfeld, Germany). Mice were either kept with their siblings in
Plexiglas cages, or individually housed post surgery in a climate-controlled room
(21 ± 1 °C) under a 12 h : 12 h light-dark cycle. Animals were provided with rodent
chow and water ad librium. All experiments were conducted according to both the
Animals (Scientific Procedures) Act 1986, UK, and the guidelines of the Federal
Law on the Use of Experimental Animals in Germany, which were further approved
by the local authorities.

2.2.2. Reagents
Lyophilized powders of human ANP and CNP, and the designed ACNP
peptide had a purity of approximately 95% and were synthesized by Biosyntan
GmbH (Berlin- Buch, Germany). Double distilled water (ddH2 O) was used as solvent
for the powders at varying dilution. The peptide solution was further analyzed by
HPLC and mass spectrometry before use. Recombinant neprilysin (NEP) was
bought from R&D Systems (Wiesbaden, Germany). The expression vector
harbouring

recombinant

human

NPRA

cDNA

(Genbank

accession

No.

NM_000906.3) was purchased from OriGene Technologies Inc. (Rockville, MD,
USA). The human NPRB cDNA fragment (Genbank accession No. NM_003995.3)
was amplified via a forward primer 5’-GGAAGGAGTTTAAACCATGGCG-3’ and
a reverse primer 5’-CCGCACTCGAGTTACAGGAGTCC-3’, and was subcloned
into pcDNA3.1(-) vector (Invitrogen, Paisley, UK). Cell culture products were
purchased from Invitrogen (Karlsruhe, Germany). The QuantiTect ® Reverse
Transcription Kit and the QuantiTect® SYBR® Green PCR Kit were used from
Qiagen GmbH. Alzet® Mini-osmotic pumps (model 2004) were purchased from
Charles River (Sulzfeld, Germany). All other chemicals used were obtained from
Sigma (Taufkirchen, Germany).
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2.2.3. Culture of permanent cells, transfection, and stimulation
Human embryonic kidney cells (HEK293) and the monkey kidney fibroblast
cell line COS7 were cultured in Dulbecco modified Eagle medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) and penicillin-streptomycin (100
IU/ml to 100 μg/ml). The cultures were maintained at 37 °C in a 5% CO 2 humidified
incubator. One day before transfection, cells were plated in 24-well cell culture
dishes, and were transiently transfected with 500 ng total DNA per well using 2.5 μl
per well PolyFect reagent (Qiagen GmbH, Hilden, Germany)(Pankow et al., 2007).
After 24 h, cells were stimulated by the solvent alone, or 10-7 M ANP, CNP, or
ACNP for 5 min. Dose response curves were done in the same culture and
transfection pattern with a 5 min stimulation at various concentrations of NPs. After
sucking away the supernatant, 150 μl/well hydrochloric acid (0.1 N) was used to
lyse the cells, and the supernatant was then stored at -80 ºC until cGMP
measurement.

2.2.4. Isolation and culture of primary cells and their stimulation
Primary aortic smooth muscle cells (VSMC) were derived from the thoracic
aortas of 6- to 8-week-old male C57/Bl6 mice and were grown in complete DMEM,
as described previously (Pankow et al., 2007). Kidney mesangial cells (MC) were
isolated from the same animals according to the protocol by Mene et al. with minor
modification (Mene and Stoppacciaro, 2009). In brief, kidneys were decapsulated
and minced thoroughly in ice-cold RPMI medium. The homogenate was dispersed
with 5 ml chilled RPMI medium to a 100-μm nylon filter, sequential sieved with
another 10 ml, and then the filtrate transferred to a 70-μm nylon filter. After
decapsulated, the glomerular ‘cores’ were digested with collagenase type II for
approximately 30 min, then centrifuged at 1000 rpm for 10 min. The pellet was
resuspended in RPMI 1640 medium supplemented with 17% FBS, penicillin/
streptomycin (100 IU/ml to 100 ug/ml), and 0.1 U/mL insulin, and cultured in an
incubator with 37 o C and 5% CO 2 . Both VSMC and MC were used between passage
2 and 3. Primary cardiac fibroblast (CF) were isolated from wild type C57/Bl6 male
mice (6- to 8-week old). Briefly, excised hearts were washed in ice-cold 1×
Dulbecco's phosphate buffer saline (1× DPBS) solution. Then ventricular tissues
were minced into small pieces by use of 22-gauge blade in a mixture of 0.2%
collagenase type 2 and 0.25% trypsin. Minced tissue was then placed into a sterile
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50-ml tube and incubated with agitation at 37 °C for 50 min. The supernatant was
collected, and the remaining tissue was immersed in digestion solution. The
supernatants were pooled and filtered through a 100- µm nylon cell strainer, then
centrifuged at 1,000 g for 5 min at 4 °C. The supernatant was removed, and cells
were maintained in the fibroblast culture media (DMEM, 10% fetal bovine serum
and 1% penicillin/streptomycin/fungizone) and incubated for 2 h at 37 °C with 5%
CO2 and 95% air. Cells were examined for positivity for vimentin. Fibroblasts
between passages 2 to 3 were used for experiments.
Primary human dermal microvascular endothelial cells (HDMEC) and bovine
aortic endothelial cells (BAEC) were purchased from European Collection of Cell
Cultures (Salisbury, UK). All primary cells were plated on 24-well plates until they
reached at least 80% confluence, then medium was changed by serum- free medium
before stimulation with (VSMC and MC) or without (BAEC and HDMEC) 10 min
pretreatment with 3- isobutyl-1- methylxanthine. After stimulation for 5 min with the
solvent or one of the three peptides at 10-6 M, cells were lyzed by 150 μl/well 0.1 N
hydrochloric acid with 0.5% Triton X-100, then stored at -80 ºC until cGMP
measurement. The same procedures were done for the dose response curve studies,
except for the various NP stimulation concentrations. VSMC, MC, and both EC
have been charactesized and validated by previous colleagues, and cell morphology
is further confirmed under microscopic examination.

2.2.5. Measurement of cGMP
Total cGMP in cell lysate was measured using a commercially available
ELISA kit (Enzo Life Sciences, Exeter, UK) according to the manufactures
instructions. Final cGMP concentration was expressed as pmol/ml for plasma, or
normalized by total protein concentration and expressed as pmol/mg for cell lysate.

2.2.6. Measurement of plasma TNF-α
Plasma TNF-α was measured using a commercially available ELISA kit
(RayBiotech, Inc., Heidelberg, Germany) according to the manufactures instructions.
Final TNF-α concentration was expressed as pg/ml.

2.2.7. Cell proliferation study
MC, VSMC, and CF were inoculated at 5,000 cells/well in 96-well plate and
cultured with 100 μl colourless DMEM supplemented with 0.5% FBS in presence of
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either 10 μl 1x DPBS, or 10 μl NPs (final concentration of 10-6 M) for 12 h, 24 h, 36
h, and 48 h respectively, 1 h before the end of incubation, 10 μl/well premixed
WST-1 reagent was added in 100 μl volume at various time point. The cells were
reincubated for another 3 h at 37 °C until the color change (to yellow) was visible to
the naked eye. Thereafter, the formazan formed was quantitated as O.D. value at 450
nm subtracted by a 630 nm reference using an absorbance plate reader.

2.2.8. Animal experimental protocols
2.2.8.1. Cardiac surge ry
Before starting the surgery, mice was sedated with 4% isoflurane for
approximately 3.5 min prior to the intubation. The mice were fixed in the supine
position on a heating pad to maintain body temperature. Surgical techniques were
employed according to Tarnavski et al. with some minor revisions (Tarnavski et al.,
2004). Briefly, the intubated mice were anaesthetized and artificially ventilated with
a mixture of 70% room air and 30% oxygen including 2 - 2.5% isoflurane for
anesthesia. The ventilation rate was set at 90 strokes/min, a peak inspiration pressure
of 18 cm H2 O and a positive end expiration pressure of 4 cm H2 O. After the left
chest was shaved and disinfected with 70% ethanol, the skin was delicately
dissected by a lateral 1.5-cm cut along the left side of the sternum. A 6-0
polypropylene suture was passed along the edge of the incision before the skin was
dissected. The subcutaneous tissues were detached along the inferior fringe of the
left pectoralis major muscles, and the left pectoralis major muscles were then
refracted. The 4th intercostal space was exposed and delicately dissected 1 cm with
the aid of microforceps. Self- retaining microretractors were then used to separate the
3rd and 4th ribs enough to get adequate exposure of the operating region, but the ribs
were kept intact. MI was produced by permanent ligation using a 7-0 silk suture tied
around the left anterior descending coronary artery approximately 1-2 mm from its
origin. The ischemic area was identified visually as a result of blanching of the
tissue upon ligation. Due to the large animal number, the infarcted size was
evaluated by two experienced researchers by the eye. Only mice with infarcted size
of > 25% were counted as MI mice. Sham operations were performed identically but
loosely ligated the coronary.
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2.2.8.2. Minipump implantation
Osmotic minipumps (Alzet, model # 2004) containing either 200 μl saline, or
200 μl (release rate at 0.1ng/g body weight/min) human ANP, or 200 μl equimolar
CNP, or 200 μl equimolar ACNP, were implanted subcutaneously one week post MI
(full detailed implantation procedures can be obtained at the following online link:
http://www.alzet.com/products/guide_to_use/implantation_and_explantation.html#S
Cimplant).
2.2.8.3. Metabolic cage study
Metabolic cage study was performed at Day 28 and 29 post cardiac surgery.
Mice were weighed before placed into the metabolic cage system (TSE Systems,
Phenomaster, Bad Homburg, Germany). Water and food were available ad librium
throughout the study. Food/water intake, body weight (BW) changes, urine volume
(UV) were measured at the 24 h and 48 h respectively following the placement in
metabolic cages. After 48 h, mice were released from metabolic cages and housed in
their previous Plexiglas cages. Blood was collected from conscious mice by
puncturing the submandibular vessels as previously described (Golde et al., 2005)
and collecting about 60-100 μl of the emerging blood into a heparin-containing
Eppendorf tube. Blood cells and plasma were separated by centrifugation for 3 min
at 12,000 rpm; the plasma was ejected into an Eppendorf tube and frozen at -80 ºC
until used for renal function study.
2.2.8.4. Haemodynamic measure ments and pressure-volume loop analyses*
Haemodynamic parameters of the mice were examined 4 weeks post cardiac
surgery by cardiac catheterization. A zero-pressure baseline was obtained by placing
the pressure sensor in 37 °C saline before the catheter was advanced into the aorta
and the left ventricular (LV). The right carotid artery was cannulated by a 1.4-Fr
pressure-conductance catheter (Model No. SPR-839, Millar Instruments, Houston,
TX, USA). Blood pressure and heart rate were recorded when the catheter was
inserted into the right coronay artery. The baseline was recorded for 10 min. The
haemodynamic parameters were measured for 5 min after advancing the catheter
into LV recording blood pressure signals using the MacLab 3.6/s data acquisition
system (AD Instruments). LV systolic pressure (LVSP), LV end-diastolic pressure
(LVEDP), and positive and negative first derivatives for maximal rates of LV
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pressure development (+dP/dt and -dP/dt) and other parameters were recorded,
followed by transient occlusion of the left jugular vein. Subsequently, parallel
conductance (Vp) was determined by a 10 μl injection of hypertonic saline (30%)
into the left jugular vein to establish the offset due to the conductivity of structures
external to the blood pool. The derived Vp was used to exclude the heart muscle
influence on volume and thus to correct the pressure-volume (P-V) loop data. All
data were analyzed with the LabChart v7.0 Pro software package from AD
Instruments. At the end point, 0.5 M EDTA blood was taken under isoflurane
anesthesia by puncturing of the left ventricle. Half of the blood samples were used
for haematological examination, and the other half underwent centrifugation at
10,000 rpm for 10 min, and the plasma was snap frozen in liquid nitrogen and stored
at -80 °C until further processing. After mice were sacrificed, LV, right ventricular
(RV), wet lung, spleen, and bilateral kidney weights were obtained. One half of each
organ was snap frozen in liquid nitrogen, and the other half was fixed in 4%
paraformaldehyde for histological analysis.
2.2.8.5. Measure ments of haematological parameters
The fresh EDTA blood samples were collected into sterile 1.5 ml Eppendorf
tubes and

immediately sent for

haematological parameter measurements.

Haematological indices were measured with the ADVIA 2120 hematology analyzer
(Siemens Healthcare Diagnostics GmbH, Eschborn, Germany) equipped with
veterinary software version 5.3.1.-MS. ADVIA 2120 analyses included red blood
cells (RBC), white blood cells (WBC), hematocrit (HCT), hemoglobin (HGB), mean
corpuscular haemoglobin (MCH) concentration, platelet count (PLT), and WBC
differential (including neutrophils (Neut), lymphocytes (Lymph), monocytes (Mono),
eosinophils (Eos) and basophils (Baso)).

2.2.9. One-step quantitative real-time PCR
Total RNA from LV and kidney tissue were extracted by Trizol® with
subsequent chloroform- isopropanol extraction according to the manufacture’s
protocol (Invitrogen, Paisley, UK). The RNA concentration and purity were
determined via NanoDrop 1000 Spectrophotometer (Thermo Fisher Scientific Inc.,
East Sussex, UK). Ten ng of RNA was used as template to determine mouse BNP
mRNA, mouse collagen type I, and the reference gene mouse glyceraldehyde 336

phosphate dehydrogenase (GAPDH) mRNA expression in an ABI StepOnePlus™
Real-Time PCR System (Applied Biosystems). Quantitative real-time PCR was
carried out using one-step QuantiTect SYBR Green RT-PCR Kit and specific
primers for mouse BNP (NM_008726), mouse Collagen type I (NM_007742), and
mouse GAPDH (NM_008084) according to the manufacturer’s instructions (Qiagen
GmbH, Crawley, UK). Melting curve analyses were performed to monitor PCR
product purity.

2.2.10. Natriuretic peptides degradation studies*
Human ANP, BNP, CNP, and ACNP in the concentration of 10 -5 M were
incubated with 100 μl recombinant human NEP (1 μl stock solution first diluted with
9 μl Assay Buffer (Assay Buffer: 50 mM Tris, 0.05% Brij35, pH 9.0), and then
further diluted in 50 mM Tris buffer to a final volume of 100 μl) at 37 °C for 10 or
60 min. Additionally, 10-5 M of each NP was incubated with serum solution (1 : 12.5
diluted) from either human, or mouse and rat at 37 °C for 30 min. The reaction was
stopped by adding perchloric acid (0.35 M). After centrifugation, the supernatant has
been analyzed with High-Performance- Liquid-Chromatography using an UVDetector. A linear gradient (Buffer A: acetonitrile with 0.05 % trifluoracetic acid;
and Buffer B: double distilled water with 0.05% trifluoracetic acid) for both
analyses was used to separate peptides on a RP Nucleosil 100 C12 column
(Phenomenex, Torrance, CA, USA). Peak areas have been calculated with the
LabSolutions® software from Shimadzu.

2.2.11. Statistical analysis
Results are expressed throughout as the mean ± SEM unless otherwise
indicated. For the cell culture studies, each experiment was performed in triplicate in
2 or 3 separate experiments. Differences between groups were calculated using
unpaired Student's t-tests. Physiological parameters in study groups were compared
with one-way ANOVA, and Turkey post analysis. Two-way ANOVA was used to
compare the main group effects of ANP, CNP, and ACNP in dose-response curves.
EC50 values were calculated by using sigmoidal dose response curve fit in GraphPad
Prism 5.0 (GraphPad Software, San Diego, CA, USA). Delta values were calculated
by subtracting the MAP, or LVSP, or LVEDP, or dP/dt in sham-operated mice from
each sample in MI group. Survival curves of the sham and MI mice were calculated
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by Kaplan and Meier analysis method. A P value of < 0.05 was considered as
signiﬁcant.
*Haemodynamic and degradation studies were conducted in coope ration with
Dr. Yong Wang and Anja Schwiebs, respectively, from Excellence Cluster
Cardio-Pulmonary System, Justus-Liebig-Universität Giessen, Germany.
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2.3. Results
2.3.1. ACNP is an activator of both NPRA and NPRB
2.3.1.1. Characterisation of ACNP/cGMP signalling in transfected cells
While we and others identified ACNP to be bioactive (Chen et al., 2011, Zhu
et al., 2011), it was not clear which receptor mediates the described beneficial
effects of this designed peptide. To define the associated receptors, HEK293 cells
were transfected with plasmids harboring human NPRA or NPRB cDNA and
stimulated with the solvent only, or 10-7 M of human ANP, CNP, or ACNP. As
expected, ANP, but not CNP, dramatically increased cGMP concentration compared
to vehicle control in NPRA-transfected cells. ACNP was able to stimulate cGMP
generation almost equally potent as ANP (Figure 6A). By contrast, CNP stimulation
significantly enhanced cGMP generation in NPRB-transfected HEK293 cells, while
ANP could not stimulate cGMP generation. Impressively, ACNP also stimulated
cGMP in NPRB-transfected cells with similar efficacy as CNP (Figure 6B).

Figure 6. Generation of cGMP in NPRA- or NPRB-transfected HEK293 cells. (A) Absolute values
of cGMP generation with NPRA-transfected HEK293 cells; (B) Absolute values of cGMP
generation with NPRB-transfected HEK293 cells. Experiments were conducted in 3
independent settings as triplicates. **P < 0.01, ***P < 0.001 vs. control (Ctrl); ### P < 0.001 vs.
ANP; ^^P < 0.01, ^^^P < 0.001 vs. CNP.
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To check whether these findings were limited to HEK293 cells or are a general
phenomenon, another reference cell line, COS7, was stimulated with equimolar
natriuretic peptides. Comparable to HEK293 cells, ACNP could also stimulate both
receptors in COS7 cells with slightly, but not significant less efficacy than ANP to
NPRA (Figure 7A), but with similar one to CNP in NPRB-transfected cells (Figure
7B).

Figure 7. Generation of cGM P in NPRA- or NPRB-transfected COS7 cells. (A) Absolute values of
cGMP generation with NPRA-transfected CO S7 cells; (B) Absolute values of cGMP generation
with NPRB-transfected CO S7 cells. Experiments were conducted in 3 independent settings as
triplicates. **P < 0.01, ***P < 0.001 vs. control (Ctrl); ## P < 0.01 vs. ANP; ^^P < 0.01, ^^^P <
0.001 vs. CNP.

This receptor profile has been further confirmed by dose-response curves in
transfected HEK293 cells identifying ACNP to have a very low EC 50 being almost
as low as the one for ANP (Figure 8A), whereby the two curves were not
significantly different. Dose-response curves in NPRB transfected cells identified an
even better potency of ACNP in stimulating cGMP generation via the NPRB
receptor compared to the endogenous ligand CNP in HEK293 cells, although ACNP
was significantly less efficient than CNP (P < 0.001) (Figure 8B).
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Figure 8. Dose-response curves i n NPRA- or NPRB-transfected HEK293 cells. (A) Doseresponse curves and EC50 calculation in NPRA-transfected HEK293 cells; (B) Dose-response
curves and EC50 calculation in NPRB-transfected HEK293 cells. Human ANP, CNP, and ACNP
ranging from a concentration of 10-10 to 10-5 M were used. Experiments were conducted in 3
independent setti ngs as triplicates. ### P < 0.001 vs. ANP; ^^^P < 0.001 vs. CNP.

2.3.1.2. Characterisation of ACNP/cGMP signalling in primary cells
Above results suggested that the recombinant human ACNP can stimulate
cGMP generation via both natriuretic receptors, NPRA and NPRB, with slightly
lower or equal efficacy than the endogenous ligands. To test whether similar results
can be generated in primary cell lines which play a crucial role in cardiovascular
regulation and with endogenous expression of different proportions of the NPRA
and NPRB, search was performed for additive effects of ACNP in those cells. Firstly,
HDMEC were stimulated with 10-6 M of the peptides. Such endothelial cells have no
significant NPRB expression as shown by very minor cGMP response on CNP
stimulation but had robust NPRA expression as illustrated by the strong cGMP
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signal induced by ANP (Liang et al., 2007)(Figure 9). In such cells, ACNP was
equally efficient as ANP.

Figure 9. Generation of cGM P in human dermal microv ascular endothelial cells (HDMEC).
cGMP generation after stimulation with either solvent (control), 10-6 M of human ANP, CNP or
ACNP was presented from 3 independent experimental settings as triplicates. ***P < 0.001 vs.
control (Ctrl); ^^^P < 0.001 vs. CNP.

Figure 10. Generation of cGM P in bovine aortic endothelial cells (BAEC). (A) cGM P generation
after stimulation with either solvent (control), 10-6 M of human ANP, CNP, or ACNP is presented
from at least 3 independent experiments. (B) cGM P generation after stimulation with either
solvent (control), human ANP, CNP, or ACNP ranging from a concentration of 10 -9 to 10-5 M
were used and EC50 values of each NP curve determined. ***P < 0.001 vs. control (Ctrl); ## P <
0.01, ### P < 0.001 vs. ANP; ^^^P < 0.001 vs. CNP.
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A similar cGMP stimulation pattern, although with significantly less cGMP
generation by ACNP compared to ANP, could be observed in BAEC, used to
exclude species-specific expression of such receptors or receptor signalling profile
in EC of different species (Figure 10A). Consistently, dose-response curves in
BAEC exhibited lower potency of ACNP compared to ANP (EC 50 : ANP: 3.7x10-8
M; ACNP: 6.3x10-8 M), with significant differences between the two curves (P <
0.01) (Figure 10B).
In contrast, in kidney MC, which express mostly NPRB (Suga et al., 1992),
CNP stimulated cGMP generation to a much higher e xtent than ANP (Figure 11A).
Due to the minor, but still significant expression of NPRA, which the designed
peptide could also stimulate, ACNP was even more efficient than CNP and therefore
the most efficient NP tested. Dose-response curves in such cells revealed higher
potency of ACNP compared to CNP, with significant differences between the two
curves (P < 0.05) (Figure 11B).

Figure 11. Generation of cGMP in primary mesangial cells (MC). (A) cGM P generation after
stimulation with either solvent (control), 10-6 M of human ANP, CNP, or ACNP is presented
from at least 3 independent experiments. (B) cGMP generation after stimulation with either
solvent (control), human ANP, CNP, or ACNP ranging from a concentration of 10 -10 to 10-5 M
were used and EC50 values of each NP curve determined. ***P < 0.001 vs. control (Ctrl); ### P <
0.001 vs. ANP; ^P < 0.05, ^^P < 0.01 vs. CNP.
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This additive effect from endogenous NPRA expression was even more
obvious in primary vascular smooth muscle cells (Figure 12A), which has been
described as cells expressing predominantly NPRB but also robust amounts of
NPRA (Suga et al., 1992, Pankow et al., 2007). ACNP generated significantly
higher cGMP concentration than CNP whereby such level was comparable to the
sum of cGMP generated by ANP and CNP (Figure 12A). Consequently, doseresponse curves in VSMC revealed higher potency of ACNP compared to CNP
(EC50 : CNP: 2.3x10-7 M; ACNP: 6.3x10-8 M), with significant differences between
the two curves (P < 0.01) (Figure 12B).

Figure 12. Generation of cGMP in primary vascular smooth muscle cells (VSMC). (A) cGMP
generation after stimulation wi th either solvent (control), 10-6 M of human ANP, CNP, or ACNP
is presented from at least 3 independent experiments. (B) cGMP generation after stimulation
with either solvent (control), human ANP, CNP, or ACNP ranging from a concentration of 10 -9 to
10-5 M were used and EC50 values of each NP curv e determined. *P < 0.05, **P < 0.01, ***P <
0.001 vs. control (Ctrl); ## P < 0.01, ### P < 0.001 vs. ANP; ^P < 0.05, ^^P < 0.01 vs. CNP.

Moreover, another NPRB-rich cell type, CF, depicted a very similar cGMP
stimulation pattern in comparison to either MC or VSMC (Figure 13A). 10-6 M of
CNP stimulated cGMP generation to a much higher extent than ANP (P < 0.01).
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Equimolar ACNP could stimulate such cells more efficiently than CNP due to
additive cGMP production by the minor expressed of NPRA, though not significant.
Therefore, dose-response curves in CF showed higher efficacy of ACNP compared
to CNP (P < 0.05), though no difference in their potency (Figure 13B).

Figure 13. Generation of cGMP in primary cardiac fibroblasts (CF). (A) cGMP generation after
stimulation with either solvent (control), 10-6 M of human ANP, CNP, or ACNP is pres ented from
at leas t 3 independent experiments. (B) cGMP generation after stimulation wi th either solvent
(control), human ANP, CNP, or ACNP ranging from a concentration of 10 -9 to 10-5 M were used
and EC50 values of each NP curve determined. **P < 0.01, ***P < 0. 001 vs. control (Ctrl); ## P <
0.01, ### P < 0.001 vs. ANP; ^P < 0.05 vs. CNP.

2.3.2. Cell proliferation study in different primary cells
To quantify the proliferative effect of natriuretic peptides on three different
primary cells, either solvent (Ctrl), 10-6 M of ANP, CNP, or ACNP were incubated
with MC, VSMC, and CF for 12 h, 24 h, 36 h, and 48 h, respectively. One hour
before the end of each incubation period, the premixed WST-1 reagent was added to
each well and incubated for another 3h to assay the cell proliferation. As shown in
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Figure 14A, ANP did not influence the MC proliferation along with the time elapse
and exhibited similar ΔOD changes compared to control cells.

Figure 14. Comparison of proliferation of different primary cells in respons e to natriuretic
peptides. (A) MC; (B) VSMC; and (C) CF were incubated in presence of 10-6 M of NPs, or
equivolume 1x DPBS (Ctrl). (n = 6 wells per group). §P<0.05, §§P<0.01 vs. 12h-Ctrl ; **P<0.01,
***P<0.001 vs. 24h-Ctrl; †P<0. 05, †††P<0.001 vs. 36h-Ctrl; # P<0.05, ^P<0.05 vs. 48h-Ctrl;
## P<0.01 vs. 24h-ANP; ‡‡ P<0.01 vs. 36h-ANP.

At 24h, MC grew significantly faster in CNP and ACNP preincubated wells
than those of control and ANP, but maintained in a non-proliferative stage
afterwards. A similar pattern of cell proliferation after pre- incubation with CNP and
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ACNP was found in VSMC (Figure 14B), with no significant changes of ΔOD in
comparison with control cells. ANP treated VSMC displayed a slightly but not
statistically significant increase of OD value by the time elapse (Figure 14B). In CF,
natriuretic peptide-treated cells showed an overall increase in ΔOD over control
cells at different time points, whereby CNP and ACNP demonstrated an identical
cell proliferation pattern (Figure 14C).

2.3.3. ACNP in a mouse model of myocardial infarction
2.3.3.1 Survival after MI
To test the cardiorenal and humoral actions of ACNP under pathophysiological
condition, a MI mouse model was established via permanent ligation of the left
coronary artery. Sham operation was done with a loose ligature around the left
coronary artery. MI areas were visualized in the anterior wall, lateral wall, or
posterior wall of the left ventricle respectively as early as 24 h following the ligation.
As shown in Figure 15, the left ventricular wall in MI groups was significantly
thinner in comparison to that of sham groups 5 weeks post MI, associated with
visable left ventricular hypertrophy. However, no significant difference in cardiac
morphology was observed within either four sham subgroups, or MI subgroups.

Figure 15. Representative photos of the heart cross-sections 5 weeks post operation. (A) Sham
operation; (B) MI operation.

As MI is associated with high mortality, survival data of pooled sham groups
and MI groups were analysed (Figure 16). Overall, sham group showed a 8.2% (4/49)
mortality and all death occurred within 7 days post surgery. MI group exhibited 40.4%
(23/57) mortality overall and majority of death occurred within 7 days post surgery.
Of note, no differences in mortality rate were found among the different MI groups.
All deaths in sham group and 3 deaths in MI group were due to trachea damage47

induced dehydration, while most of the deaths in the MI group were caused by
cardiac rupture, except one was euthanized due to blindness.

Figure 16. Mortality rate in sham and MI mice. Survival curv es used Kaplan-M eier estimates.
***P < 0.001 vs. sham.

2.3.3.2 Metabolic cage study
To access the natriuretic and diuretic effects of the tested NPs and their impact
on drinking and feeding behavior, mice were housed individually in a metabolic
cage for 48h at the end of week 4 post MI. As shown in Figure 17, except a decrease

Figure 17. Body weight(BW) changes i n sham and MI groups. (A) BW changes in sham groups;
(B) BW changes in MI groups. BW were weighed at Day7, 27, 28, 29, and Day35, respectively.
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during the period in metabolic cage, BW of mice were increased over time and there
were no significant differences within the sham and MI groups at Day 7, 27, 28, 29,
and Day 35, indicating that these three NPs had no effect on BW (Figure 17).
After 24 h adaptive time, metabolic cages were cleaned and mice re-entered
cages immediately for a second 24 h- monitoring. The 24 h and 48 h urines were
collected by the container of the metabolic cage, and UV was calculated (Figure 18).
All sham subgroups had a similar UV during 24-48 h except Sham- ACNP group,
showing 30% less urine excretion, although not statistically significant. MI-saline
group showed a similar urine excretion compared that of sham-saline group,
whereas MI-ANP group displayed the minimum UV during the second 24 h period,
with nearly one third reduction compared to sham- ANP, although not statistically
significant. An identical significantly enhanced urine excretion was observed in both
MI-CNP and MI-ACNP groups in comparison to MI-ANP group (P < 0.05). Only
the MI-ACNP group exhibited more diuresis in comparison to its sham group, with a
40% UV increase compared with that of sham-ACNP group (P < 0.05).

Figure 18. Urine volume (UV) changes in sham and M I groups. UV were calculated at the 24-48
h of metabolic cage study. Data repres ent the mean ± SEM (n = 6 - 8 per group). †P < 0.05 vs.
sham-ACNP; ¶P < 0.05 vs. MI-ANP.

2.3.3.3 Organ we ights comparison in s ham and MI animals
To compare changes in organ mass and to evaluate visceral lesions (e.g.
cardiac hypertrophy and pulmonary edema) within the sham and MI groups 5 weeks
post surgery, heart (LV and RV, no atrium), wet lung, average of bilateral kidney,
and whole spleen weight normalised by tibia length (organ weight/tibia length) were
immediately calculated after mice were sacrificed. No differences in tibia growth
were seen between the 8 subgroups after 4-week saline or NP infusion (Figure 19A).
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Figure 19. Comparisons of organ mass-to-tibia l ength in sham and MI groups. (A) Tibia length;
(B) LV mass/tibia length; (C) RV mass/tibia length; (D) Lung mass/tibia length; (E) kidney
mass/tibia length; and (F) Spleen mass/tibia length. Data represent the mean ± SEM (n = 6 - 8
per group). ***P < 0.001 vs. sham-saline; ## P < 0.01 vs. sham-ANP, ‡P < 0.05, ‡‡P < 0.01, ‡‡‡P <
0.001 vs. sham-CNP; †P < 0.05, ††P < 0.01, †††P < 0.001 vs. sham-ACNP.

However, a clear LV hypertrophy was displayed in all MI groups. The LV weightto-tibia length ratios in all MI groups were illustrating with no significant
differences within MI groups (Figure 19B). RV weight-to-tibia length ratios in MIsaline group slightly increased comparable to the ANP-infused MI mice. By contrast,
RV weight in both MI-CNP and MI-ACNP groups were significantly increased
compared to their sham-operated peptide groups (Figure 19C). This was congruent
with the development of the lung weight, where both MI-CNP and MI-ACNP
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groups showed a remarkable increase in pulmonary weight (Figure 19D), whereas
no significant difference was observed in either saline or ANP groups post MI.
However, saline or NP infusion did not change the kidney or spleen weight in either
sham or MI groups (Figure 19E&F). These data demonstrate that CNP and ACNP
might play negative roles in the development of cardiac hypertrophy and pulmonary
edema under MI condition.
2.3.3.4 Cardiac re modelling and function in sham and MI animals
All animals were implanted with osmotic minipumps containing either saline
or different NPs at a stable flow rate for 4 weeks, and haemodynamic measurements
were performed to evaluate cardiac remodelling and function at the end point (5
weeks post MI). There was no difference in most of cardiac function parameters
between peptides in sham groups. Compared to the sham groups, a slight decrease in
MAP after MI was found in saline- infused mice, while it was significantly decreased
in ANP-infused group. However, it did not differ in CNP- or ACNP-infused mice
post MI (Figure 20A). All four MI groups experienced an impaired systolic function,
since indices such as LVSP and ejection fraction (EF%) were decreased compared to
sham groups, with no significant differences within the MI groups (Figure 20B and
Table 3). Elevated LVEDP were seen in all groups subjected to MI except ANPtreated mice, which had a very minor decrease (Figure 20C). This finding was
supported by the indices of LV systolic and diastolic function, as peak rate of
pressure rise (dP/dt max ) (Figure 20E), peak rate of pressure decline (dP/dt min ) (Figure
20F), and ventricular isovolumic relaxation time constant (Tau), where ANP
attenuated LV dyfunction after MI (Table 3). The P-V loops (Figure 21) obtained
from individual sham-operated or infarcted mice further illustrated the improvement
in dP/dt max and dP/dt min in ANP-treated animal, five weeks post MI. LV end-systolic
and -diastolic pressures/volumes were reduced compared to that of sham animals.
Due to dilation of the chamber and a decrease in contractility with time post-MI, a
characteristic right-shift in the P-V loops and a decline in amplitude of the pressure
signal indicated a greater LV operating volume in saline, CNP, and ACNP infused
animals (Figure 21A, C&D), while the MI-ANP group exhibited a minimal rightshift compared with other MI groups (Figure 21B). Moreover, stroke work/stroke
volume, cardiac ouput, and Tau indicated better performance in ANP-infused mice
post MI (Table 3). Collectively, ANP, but not CNP and ACNP, preserved LV
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function post MI. Further, a decreased HR was found in MI-saline group compared
to sham-saline (ΔHR-saline: –72.2 ± 10.3 bpm), while no statistical differences was
observed in the remaining NP groups (Figure 20D). Of note, LV hypertrophy in MI
groups also affected the cardiac dilatation, where clear increases of volume at
maximal and minimal pressure were seen in MI mice in comparison to that of shamoperated mice (Table 3).

Figure 20. Cardi ac function comparisons in sham/MI mice. Effects of NPs or saline on (A) Mean
arterial pressure; (B) Left ventricular systolic pressure; (C) Left ventricular end di astolic
pressure; (D) LV systolic function parameter dP/dt max ; (E) LV di astolic function parameter
dP/dt min; and (F) Heart rate. Data repres ent the mean ± SEM (n = 6 - 8 per group). *P < 0.05 vs.
Saline; # P < 0.05, ## P < 0.01, ### P < 0.001 vs. ANP; ^^P < 0.01 vs. CNP.
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Parameters

Sham

MI

Saline

ANP

CNP

ACNP

Saline

ANP

CNP

ACNP

SW (mmHg*RVU)

819.1±51.00

732.7±79.51

681.2±48.38

714.6±61.52

413.9±108.5**

537.7±146.5

399.1±86.15ﬃ

411.7±86.71†

CO (RVU/ mi n)

6067±265.0

4901±493.0

4756±393.2*

4972±172.5**

3901±809.6*

4698±973.8

4218±343.6

3855±502.2

SV (RVU)

10.21±0.55

8.82±0.71

8.36±0.59*

8.49±0.42*

6.95±1.25*

8.17±1.57

7.22±0.53

7.02±1.01

Vmax (RVU)

17.65±1.23

17.71±1.47

15.75±1.21

14.38±1.71

22.7±1.89*

23.85±2.23#

24.37±3.59ﬃ

24.06±2.12††

Vmin (RVU)

7.45±1.21

8.89±1.12

7.39±1.07

5.89±1.66

15.75±2.65**

15.68±1.69##

17.15±3.94ﬃﬃ

17.03±1.65†††

Ves (RVU)

7.95±1.21

9.56±1.21

7.90±1.16

6.42±1.66

16.72±2.55**

16.62±1.65##

17.86±3.85ﬃﬃ

17.92±1.63†††

Ved (RVU)

17.29±1.26

17.20±1.50

15.26±1.18

13.75±1.81

22.47±1.81*

23.51±2.07#

23.84±3.75ﬃ

23.59±2.06††

SBP (mmHg)

91.55±2.53

95.21±2.43

92.04±3.10

91.25±3.07

87.76±4.23

81.73±3.08##

90.58±2.84

86.29±1.81

DBP (mmHg)

65.5±2.47

67.26±2.18

64.33±2.11

61.52±3.05

61.59±4.43

55.30±4.00#^

67.48±2.00

61.53±1.69^

MAP (mmHg )

74.18±2.37

76.57±2.22

73.56±2.31

71.43±2.99

70.31±4.17

64.11±3.60#

75.18±2.19

69.79±1.64

Pmax (mmHg)

98.36±2.02

100.45±3.95

101.89±3.96

97.43±2.26

90.98±5.11

91.02±2.14

88.36±2.24ﬃ

87.66±2.48†

Pmin (mmHg )

0.47±0.73

2.68±0.70*†

3.89±1.30*†

-0.77±0.97

8.25±2.44**

2.46±0.86

7.33±3.40

10.87±2.65†††¶

Pmean (mmHg )

40.41±1.78

45.70±2.72

45.93±2.29†

36.85±3.15

44.91±2.53¶

36.85±1.14

44.19±2.57¶

46.00±2.22†¶

Pdev (mmHg )

95.11±3.27

91.31±3.64

98.00±4.28

98.20±2.16

73.07±11.12*

88.56±2.82

81.02±4.64ﬃ

76.79±3.42†††¶

Pes (mmHg )

90.47±2.48

94.44±3.31

96.12±4.53

89.65±3.28

89.19±5.05

88.22±1.41

86.33±2.19

85.63±2.57

Ped (mmHg)

4.91±1.33

7.99±1.44†

8.17±1.49†

2.78±1.50

13.78±2.91**¶

4.99±0.93

13.45±3.83

17.52±2.25†††¶

HR (bpm)

597.8±8.92

553.4±27.60

565.6±13.49

589.3±21.80

552.84±16.26*

568.52±16.01

582.89±8.32

554.66±14.65

EF (% )

61.88±4.50

51.79±3.31

55.85±4.54

63.82±5.88

34.13±7.34**

35.19±5.37#

33.6±5.91ﬃ

30.13±2.86†††

Ea (mmHg/RVU)

9.48±0.71

11.4±0.59

11.94±1.00

10.68±0.40

15.76±2.00*

13.04±3.77

12.24±0.76

13.38±1.58

PowMax (mmHg/s)

14136±2892

10309±2362

10307±1589

10845±1902

14417±3594

10101±1330

7331±1745

11999±1934

dP/ dt max (mmHg/s)

10582±557.0

9079±495.5

9339±756.4

10490±527.6

6683±1134**

7318±392.0#

5999±658.0ﬃ

5243±340.2†††¶¶

dP/ dt mi n (mmHg/s)

-9339±547.2

-8195±487.2

-8382±504.6

-9842±826.8

-5383±1156**

-6834±614.0

-4709±614.2ﬃﬃ

-4236±311.3†††¶¶

dV/ dt max (RVU/s)

517.6±53.04

455.2±38.45

421.5±58.40

421.8±50.17

431.9±89.92

386.8±54.39

486.6±44.71

409.1±36.34

dV/ dt min (RVU/s)

-575.2±59.72

-385.9±38.50*

-348.4±29.85**

-433.1±39.39

-420.3±93.24

-553.4±160.0

-433.1±28.66

-310.2±41.58

P@dV/ dt min (mmHg)

7.93±3.33

10.43±3.52

9.42±3.87

2.20±2.04

18.48±4.90

7.36±3.91

19.63±13.63

15.35±3.36††

P@dP/ dt max (mmHg)

61.17±3.22

63.25±5.87

60.13±2.76

56.17±3.12

64.49±11.83

52.61±2.01

53.56±1.71

51.42±2.57

V@dP/ dt max (RVU)

17.04±1.18

17.47±1.44

15.46±1.21

14.05±1.71

21.69±1.95

22.73±1.80

23.28±3.60ﬃ

23.34±2.14††

V@dP/ dt min (RVU)

7.76±1.18

9.12±1.11

7.84±1.24

6.06±1.64

16.28±2.60**

16.01±1.62##

17.82±4.45ﬃ

17.32±1.61†††

PVA (mmHg* RVU)

852.8±668.9

213.4±818.3

2121±671.2

2279±638.0

-2043±3085

1326±3041

-390.31±362.2

4163±3151

PE (mmHg*RVU)

33.86±661.3

-519.3±825.7

1457±697.8

1564±627.6

-2457±3048

788.4±2956

-789.5±424.0

3750±3168

CE

0.87±0.26

0.84±0.79

-0.18±0.66

-0.16±0.38*

-0.28±0.31

0.02±0.23

0.27±0.49

-0.42±0.62

Tau (ms)
6.25±0.58
7.99±0.80†
8.01±0.88†
5.02±0.67
13.25±3.93*
7.22±0.79
10.14±1.30
11.44±1.12†††¶
Table 3. Haemodynamic parameters in mice 5 weeks after induction of myocardial infarction or sham operation. SW, stroke work; CO, cardiac output; SV, stroke
volume; Vmax, maximum volume; Vmin, minimum volume; Ves, end-systolic volume; Ved, end-dias tolic volume; SBP, systolic blood pressure; DBP, dias tolic blood
pressure; MAP, mean arterial pressure; Pmax , maximum pressure; Pmin, minimum pressure; Pmean, mean pressure; Pdev , developed pressure; Pes, end-systolic
pressure; Ped, end-di astolic pressure; HR, heart rate; EF, eject fraction; Ea, arterial elastance (measure of ventricul ar afterload) ; PowM ax, maximum power;
dP/dt max, peak rate of pressure rise; dP/dtmin, peak rate of pressure decline; dV/dtmax, peak rate of volume rise; dV/dtmin, peak rate of volume decline; P@ dV/dtmax,
pressure at peak rate of volume rise; P@dV/dtmin, pressure at peak rate of volume decline; V@ dP/dt max, volume at peak rate of pressure rise; V@dP/dt min, volume
at peak rate of pressure decline; PVA, pressure volume area; PE, potenti al energy; CE, cardi ac efﬁciency ; Tau, relaxation time constant (calculated by Glantz
method). Data represent the mean ± SEM (n = 6 - 8 per group). *P < 0.05, **P < 0.01, ***P < 0.001 vs. sham-saline; †P < 0.05, ††P < 0.01, †††P < 0.001 vs. sham-ACNP;
‡ P < 0.05, ‡‡ P < 0.01 vs. sham-CNP; # P < 0.05 vs. sham-ANP; ¶P < 0.05, ¶¶P < 0.01 vs. MI-ANP; ^P < 0.05 vs. MI-CNP.
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Figure 21. Representative pressure-volume loops from sham and M I mice 5 weeks post cardiac
surgery. The red loops denote s ham -operated mice, whereas the black loops denote MI mice. (A)
Saline; (B) ANP; (C) CNP; (D) ACNP. Data represent the mean ± SEM (n = 6 - 8 per group).
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2.3.4. Haematological comparison and TNF-α levels in sham/MI animals
To compare haematological parameters within sham and MI groups, EDTAblood samples taken from individual mice at the end of experiment were
immediately analyzed and subjected to haematological analysis. Red blood cell
(RBC) counts and platelet (PLT) counts did not differ between sham- and MIoperated mice (Figure 22A and B). Meanwhile, there were also no changes in
haemoglobin (HGB) concentrations,

hematocrit (HCT) values,

and

mean

corpuscular haemoglobin (MCH) concentrations within sham and MI groups
(Appendix 1).

Figure 22. Haematological parameters within sham and MI groups. (A) Red blood cells (RBC)
counts ; (B) Platelet (PLT) counts. Data represent the mean ± SEM (n = 6 - 8 per group).
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The number of white blood cells (WBC) was not different between all groups
under sham conditions, however, it was significantly increased in natriuretic
peptide- infused MI animals, except for MI-CNP group (Figure 23A). To find the
contributor(s) to the elevated WBC counts, three main sub populations of WBC
were further investigated. No significant difference in neutrophils concentration was
seen after 4-week NP administration in both sham and MI groups (Figure 23B). In
contrast, the major component in mouse WBC, lymphocytes, and the cytophagic
factor monocytes exhibited identical quantitative changes compared to that of total
WBC (Figure 23C and D).

Figure 23. Hematological parameters wi thin sham/M I groups. (A) White blood cells (WBC) ; (B)
Neutrophils (Neut); (C) Lymphocytes (Lymph); (D) Monocy tes (Mono). Data represent the
mean ± SEM (n = 6 - 8 per group). &&P < 0. 01, &&&P < 0.001 vs. MI-saline; # P < 0.05, ## P < 0.01,
### P < 0.001 vs. sham-ANP; ‡ P < 0.05 vs. sham-CNP; †† P < 0.01, ††† P < 0.001 vs. sham-ACNP.

To further explore whether such NP- induced leukocytosis could stimulate
certain cytokine secrection in terms of immune response to e.g. inflammation, the
concentration of tumor necrosis factor-alpha (TNF-α) in plasma was measured. No
statistically significant differences were seen depending on either NP treatment or
MI (Figure 24). Taken together, these results suggest that 4-week exogenous NP
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administration may cause changes in WBC counts and differential but this does not
lead to secretion of proinflammatory cytokines in sham or MI mice.

Figure 24. Tumor necrosis factor-α production in sham and MI mouse pl asma. Data represent
the mean ± SEM (n = 6 - 8 per group).

2.3.5. Plasma cGMP levels and quantification of markers of cardiac
failure
Previous data depicted significant increases of heart and LV mass in left
coronary artery ligated mice vs. sham-operated mice (Figure 19), indicating that MI
led to cardiac hypertrophy, regardless of saline infusion or NP infusion. To
investigate whether the changes of organ weight in different NP groups would affect
the expression levels of cardiorenal biochemical markers, and to check whether the
alterations of levels of such markers are dependent on MI and/or NPs, plasma levels
of cGMP and mRNA expression levels of mouse BNP and collagen type I were
examined, which are associated with cardiac failure and fibrosis, respectively. In
sham-operated groups, ACNP slightly increased cGMP, yet not statistically
significant. Under MI condition, plasma cGMP level was significantly upregulated
in saline group compared to that in sham-saline group, while elevated plasma cGMP
levels in comparison to their sham pattern were observed in all MI-NP groups,
although not statistically significant (Figure 25A). mRNA levels of cardiac BNP
were significantly elevated after MI in all groups without a significant inter-group
difference (Figure 25B), while no differences were seen in renal BNP mRNA levels
among the groups (Figure 25C). mRNA levels of cardiac collagen type I did not
differ between all sham groups, while it exhibited a significant increase post MI,
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except for MI-ANP (Figure 25D). Moreover, elevated renal collagen type I mRNA
levels were found in all MI groups except for saline group (Figure 25E).

Figure 25. Changes in plasma cGMP levels and real-time PCR quantification of cardi ac and
renal BNP and collagen ty pe I mRNA in sham and MI mice. (A) Comparisons of plasma cGMP
levels between sham and MI groups; (B) Comparisons of cardiac BNP mRNA level between
sham and MI groups; (C) Comparisons of renal BNP mRNA level between sham and MI groups;
(D) Comparisons of cardiac collagen type I mRNA level between sham and MI groups; (E)
Comparisons of renal collagen type I mRNA level between sham and MI groups. Sham-saline
group is normalised as 1. 0. Data represent the mean ± SEM (n = 6 - 8 per group). *P < 0.05, **P <
0.01 vs. sham-saline; ### P < 0.05 vs. sham-ANP. ‡P < 0.05, ‡‡P < 0.01 vs. sham-CNP; †P < 0.05, ††P
< 0.01 vs. sham-ACNP.
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2.3.6. Degradation profiles of different NPs
ACNP has been identified to be equally potent in stimulating the two
independent natriuretic peptide receptors, NPRA and NPRB, and to be thus more
efficient in primary cells to stimulate the generation of the protective cGMP under in
vitro condition. However, in vivo study suggested that ANP, but not ACNP,
ameliorated the MI-induced LV dysfunction. Hence, to identify the mechanisms
which lead to the discrepancy between in vitro and in vivo data in mice, human ANP,
CNP, and ACNP as well as the NEP-resistant human BNP as an internal control
were incubated together with recombinant human NEP, a well-known enzyme
mediating natriuretic peptide degradation (Pankow and Schwiebs et al., 2009). After
10 min incubation period, nearly no degradation for BNP was detected, whereas 22%
of ACNP, 31% of ANP, and 30% of CNP was degraded by NEP (Figure 26A). After
60 min incubation, there was still more than 80% of hBNP remaining, while most of
ACNP was degraded by NEP, comparable to the degradation rate of ANP and CNP
(Figure 26B).

Figure 26. Degradation percentage of natriuretic peptides. (A) Remaining NPs after 10 min
incubation with NEP; (B) Remaining human NPs after 60 min incubation with NEP. Data
repres ent the mean ± SEM (n = 3 per group).

While different degradation rate of NEP are not responsible for the
discrepancy between the in vitro and in vivo data, further analyses were conducted
on the degradation of NPs in serum of three different species. In mouse serum,
ACNP was degraded faster (43% degraded) compared to ANP (33% degraded) and
CNP (8% degraded) after 30 min incubation (Figure 27A). A similar degradation
profile for all three natriuretic peptides could be found if incubated with rat serum
(Figure 27B). Similar to other sera, in human serum, a 30% degradation of CNP
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could be observed, but a significant degradation of both ANP (43% degraded) and
ACNP (61% degraded) after 30 min incubation (Figure 27C).

Figure 27. Percentage of degradation of natriuretic pepti des. (A) Remaining NPs after 30 min
incubation with mous e serum; (B) Remaining NPs after 30 min incubation with rat serum; and
(C) Remaining NPs after 30 min incubation with human serum. Data represent the mean ± SEM
(n = 3 per group). # P < 0.05, ## P < 0.01 vs. ANP; ^^P < 0.01 vs. CNP.

To further investigate the stability of ACNP in comparison to ANP and CNP,
mouse and rat kidney membrane preparations where many peptidases (e.g. NEP,
meprin A, dipeptidyl peptidases, etc.) are highly expressed were used to characterize
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their degradation profile. No differences were seen among these three NPs on the
degradation rate with mouse kidney membranes (Figure 28), whereby the
degradation rate is much faster with rat kidney membranes (Figure 28B) than with
mouse preparations (Figure 28A). Interestingly, ANP was fastest degraded on rat
kidney membrane

Figure 28. Percentage of degradation of natriuretic peptides. (A) Remaining human NPs

after 10 min incubation with mouse kidney membrane preparations; (B) Remaining
human NPs after 10 min incubation with rat kidney membrane preparations. Data
repres ent the mean ± SEM (n = 3 per group). # P < 0.05 vs. ANP.
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2.4. Discussion
This study is the first to define the receptor(s) profile of the newly designed
ACNP and to compare the potential therapeutic actions of ACNP in a MI model in
mice with naturally occuring natriuretic peptides. The cell proliferative, degradative
and humoral profiles for ACNP and natural NPs were also characterised.
Importantly, ACNP is a ligand for both natriuretic peptide receptors (NPR), the
NPRA and NPRB, and consequently more potent in stimulating cGMP in primary
cells expressing both receptors in different ratios. In sham-operated mice, 4-week
treatment with ACNP exerted similar potency in lowering blood pressure compared
to that of ANP or CNP. However, under MI condition, ANP, but not ACNP,
ameliorated the myocardial infarction-induced left ventricular dysfunction. The
lacking benefit of ACNP might relate to its fast degradation by an unknown
enzyme(s) existing in mouse serum as well as in rat or human serum, whereas
impairment of cardiac function was less pronounced in MI-ANP group in
comparison to other MI groups where a less infarcted size was observed in MI-ANP
mice.
Chimeric peptides have been developed to possess favorable therapeutic
properties of naturally occurring natriuretic peptides (e.g. to circumvent the
hypotensive nature of BNP, to preserve or augment renal function in HF patients).
The novel designed CD-NP (Lisy et al., 2008), is a partial agonist of human NPRA
and NPRB with a lower potency in mediating cGMP generation than their natural
peptides in either NPRA or NPRB overexpressing HEK293 cells. By contrast, the
newly designed ACNP, composed of sequences of the ANP arms and the CNP ring
(Walther and Schwiebs, 2012), acts as a dual activator of NPRA and NPRB with
similar potencies to their endogenous peptides in receptor transfected HEK293 cells.
Of note, ACNP has been found more potent to generate intracellular cGMP in
various primary cultured cells, as aortic VSMC, kidney MC, and CF, than the native
natriuretic peptides ANP and CNP. The enhanced potency of ACNP for NPRA and
NPRB compared to CD-NP could be an explanation of ligand binding to NPRA or
NPRB hindered by long C-terminus of CD-NP, where the C-terminal fragment was
unable to induce a cGMP response in either NPRA or NPRB expressing cells but
increased resistance to NEP proteolysis (Dickey and Potter, 2011, Dickey et al.,
2008). In addition, it is noticed that ACNP stimulation was less strong in NPRA62

transfected cells and ECs exclusively express NPRA compared to ANP, while it is
equipotent as CNP in NPRB-transfected cells. Consequently, a stronger signal of
ACNP than of CNP could be seen in MC predominantly expressing NPRB (Suga et
al., 1992). Due to parallel expression of NPRA, although minor, ACNP can
stimulate both receptors to generate cGMP and thus ACNP-stimulated cGMP is
additive to the one of ANP and CNP. This significant increase in e fficacy is also
confirmed in primary VSMC which express mainly NPRB but NPRA to a higher
extent than the MC. The cGMP generation of both receptors mediated by ACNP is
additive and makes ACNP the most effective peptide in such cells. It is worth noting
that the significant less cGMP generation by ACNP compared to ANP in bovine
endothelial cells suggests a species-related difference in bovine-derived NPR/cGMP
signalling stimulated by human NPs or chimera, with ANP being less influenced due
to a better ligand/receptor filling. Indeed, evidence by Schoenfeld et al. suggested
that human NPRA is less sensitive than rat or mouse NPRA to cGMP response after
agonist stimulation (Schoenfeld et al., 1995). Thus, testing different models/species
when evaluating compounds for therapeutic potential is of gre at importance.
Discrepant observations regarding proliferative/anti-proliferative effect of NPs
have been reported and is still of controversy. A dominant view is that NPs exert
inhibitory effect towards cell proliferation induced by Ang II, endothelin-1 (ET-1),
norepinephrine (NE) and other cell growth factors in many cell types, including CF,
VSMC, EC, and MC (Kohno et al., 1993, Morishita et al., 1994, Fujisaki et al.,
1995, Calderone et al., 1998). CNP has been shown antiproliferative effect in the
absence of CVD (Horio et al., 2003) and in models of acute myocardial ischemia
(Hobbs et al., 2004, Soeki et al., 2005), the chimeric CD-NP also suppressed cell
proliferation in cultured human fibroblasts (Lisy et al., 2008). In contrast, some have
suggested proliferative properties of NPs but mainly focusing on CNP. Khambata et
al. concluded that CNP facilitates proliferation of human umbilical vein endothelial
cells (HUVEC) and inhibits rat aortic SMC growth concentration-dependently in
NPRC knockout mice (Khambata et al., 2011). Lenz et al. suggested CNP may
enhance the proliferation of human osteoblasts (Lenz et al., 2010).
Proliferative studies here have revealed minor differences between ANP, CNP,
and ACNP in comparison to non-NP treated controls in VSMC. ANP shows little
proliferative/anti-proliferative effect on all three types of cells investigated, whereas
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CNP and ACNP present an increased ΔOD compared to control MC and CF at
certain incubation time points. The addition of cell growth factors, independent
experimental protocols, and NP treatment period may account for the discrepancy
from the dominant view. Firstly, different cell growth factors were used in previous
studies, whereas no additives were preincubated to the investigated cells except 1x
DPBS (control), or 10-6 M of NPs. Such discrepancy in cell pretreatment might lead
to the different findings regarding the effects of NPs on cell proliferation. Secondly,
investigated cells were maintained in DMEM supplemented with 10 -6 M of NPs and
0.5% FBS, and were subjected to either 12 h-, 24 h-, 36 h-, or 48 h- incubation
period prior to 3h-incubation with the cell proliferation reagent WST-1, but in
previous studies cells were maintained in serum- free or 1% FBS DMEM for 24-48 h,
and the effects of NPs on DNA synthesis of different cells were evaluated by the
incorporation of 0.5 μCi/well 3 H-thymidin for a further 24 h. Hence, there is no
strong evidence supporting that NPs could remarkably potentiate/inhibit cell
proliferation in absence of cell growth factors. Further experiments testing the
inhibition/promotion of cell proliferation by NPs should be performed in presence
and absence of certain cell growth factors.
Novel designed peptides have been shown many favourable effects in vitro and
in vivo. A less but still clear hypotensive effect was observed upon the infusion of
CD-NP in dogs (Lisy et al., 2008), while the non-vasodilatating CU-NP was able to
reduce cardiomyocyte

hypertrophy induced by

hypertrophic stimuli, e.g.

phenylephrine, angiotensin II, and endothelin-1 (Kilic et al., 2010). Chen et al. have
implicated that natriuretic and diuretic potencies of ACNP are higher than that of
ANP and CNP in normal rat models, while it has a similar vasorelaxing effect in
isolated rat abdominal aorta (Chen et al., 2011). Thus, such findings together with
our promising in vitro data led to the suggestion that administration of ACNP may
exert a better cardioprotective effect in the settings of CVD, such as MI and chronic
HF. This chapter is the first to assess how ACNP affects cardiorenal function, in
both sham- and MI- mice.
Cardiac remodelling after the onset of MI is accompanied by structural
changes in the LV, such as chamber dilatation, wall thinning in the infarcted region,
and hypertrophy in the viable region. These findings agree with previous reports in
mouse and rat models of MI (Pfeffer et al., 1991, Patten et al., 1998, Lutgens et al.,
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1999). It has been suggested that infarct size was highly correlated with cardiac
systolic dysfunction (Takagawa et al., 2007). Indeed, mice with an infarcted size of
< 25% (such mice did not count as MI/sham mice) have shown little difference in
haemodynamic parameters compared to sham-operated mice in present study, while
all MI mice experienced impaired cardiac function with remarkable reductions of
pressure- volume parameters (e.g. SW, SV, CO, EF%, and peak dP/dt) and increases
of other load-dependent/independent parameters (e.g. Ves, Ved, peak V@dP/dt, and
Tau), which agree with previous studies of varying models (Wang et al., 2007,
Shioura et al., 2007, Pokreisz et al., 2009). Of note, infusion of ANP, but not CNP
or ACNP, has exhibited a less biased PV loop and thus less pronounced impairment
in the haemodynamic parameters tested in comparison to that of MI-saline group.
The mechanism of such cardiac-protective properties observed in MI-ANP group
could be multifactorial. First, infusion of ANP has been shown to elicit protective
effects against ischaemia/reperfusion (I/R) in isolated rat hearts (Okawa et al., 2003),
while such beneficial effect on I/R injury was absent using cardiomyocyte-restricted
over-expression of CNP (Wang et al., 2007). In vitro data suggest that ANP is more
efficient to stimulate cGMP compared to equimolar CNP or ACNP in NPRAtransfected cells, hence, it can be speculated that infusion of ANP could induce a
better ventricular performance and reduce the load on heart possibly via
NPRA/cGMP related vasodilatation. Secondly, ANP in the circulation is derived
primarily from myocardium, whereas CNP is mainly derived from endothelial cells
and the central nervous system. When cardiac remodelling occurs induced by e.g.
MI and HF, endogenous ANP would be dramatically secreted in an autocrine
manner in response to the increased afterload, which makes an additive benefit
besides subcutaneous absorption of the NPs by local capillaries. Third, a less
average of infarcted size was obtained in MI-ANP (33.4%) and MI-saline (32.7%)
groups in comparison to that of MI-CNP (38.9%) and MI-ACNP (39.0%) groups.
This discrepancy in infarcted size could be attribute to the different effect of saline
and three NPs on myofibroblast and endothelial cell proliferation during murine
myocardial infarct repair (Virag and Murry, 2003), where CNP and ACNP may have
a stronger anti-proliferative effect on such cells. As a result, MI-ANP group favours
a less pronounced impairment in LV function, but not for MI-saline group,
presumably due to no beneficial cGMP generated by saline.
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NPRB is suggested being involved in preventing cardiac hypertrophy in heart
failure (Langenickel et al., 2006). In vivo administration of CNP via osmotic
minipumps ameliorated cardiac hypertrophy and significantly improved cardiac
function in rats 2 weeks post MI (Soeki et al., 2005). Such anti- hypertropic effect
was also comfirmed by Wang et al. in MI mice with cardiomyocyte-restricted overexpressing of CNP. In present chapter, however, neither saline nor NP
administration via osmotic minipumps attenuate MI- induced LV hypertrophy.
Species-specific differences, independent approaches of NP delivery, and unequal
MI duration may account for this discrepancy. As in the study by Wang et al., CNP
originated from the cardiomyocytes in transgenic mice were used and thus acted in
an autocrine way; Soeki et al. (2005) applied CNP by minipump intravenously to MI
rat model for 2 weeks, however, in current chapter, NPs were given via 4-week
minipump infusion that resulted in a slow systemic administration, thereby exposing
the myocardium to a much lower concentration and consequently a less antihypertrophic effect. Interestingly, RV hypertrophy accompanied by elevated lung
mass was prevented in MI-ANP and MI-saline groups but still presented in MI-CNP
and MI-ACNP groups. A possible explanation could be that MI- induced LV
dysfunction causes elevated LVEDP, in some severe cases (i.e. larger infarcted size
observed in MI-CNP and MI-ACNP groups) lung edema could be seen which might
lead to anomalous pulmonary venous return and thus elevated pulmonary arterial
pressure, and eventually, causing RV hypertrophy. In addition, it has been evidenced
that CNP acts as a local endogenous inhibitor of vascular ACE activity in the human
forearm resistance vessels (Davidson et al., 1996), recently our unpublished data
suggest that increased CNP level in circulation may stimulate Ang II effect, both
implicating that CNP may exhibit detrimental effect post MI via activating
ACE/AngII axis.
Although the cardiac function was not preserved in ACNP-infused mice 5
weeks post MI, diuretic effect was enhanced in ACNP-MI group, whereas a
significant less urine flow was seen in MI-ANP group compared to that of MI-CNP
and MI-ACNP groups. This agrees with the finding by Chen et al. that ACNP was
more potently natriuretic and diuretic after intravenous injection (Chen et al., 2011).
However, CNP retained an unexcepted diuresis, as CNP is thought to lack renal
action in healthy human (Clavell et al., 1993, La Villa et al., 1998). This
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contradiction may be related to pathological circumstance (e.g. MI) in present study,
it is possible that a less degraded level of CNP osmosed through renal capillary
decreases local blood pressure, thus enhances renal blood flow and diuresis.
However, this is speculative and would require additional studies to confirm.
Furthermore, MI induced a clear increase in plasma cGMP levels, but the
increase was to a less extent in MI-ANP mice compared to other MI groups,
implicating that plasma cGMP elevation is more depending on MI than on NP
infusion. The less increase in plasma cGMP in MI-ANP group could be an
explanation of less infarcted size observed in MI-ANP mice led to less severity of
LV dysfunction as mentioned above. Although current experiments do not allow the
identification of the mechanisms responsible for this increased cGMP level induced
by MI, which may be related to the induction of cardiac NO synthesis after MI.
Another possibility is that increased cGMP levels may inhibit cAMP hydrolysis,
augmenting LV cAMP levels and contractile function after MI and thereby limiting
the stimulus to adverse LV remodelling. Moreover, HF markers such as cardiac
BNP and collagen type I mRNA levels were all evelated post MI, regardless of NP
or saline infusion, while renal BNP and collagen type I mRNA levels did not differ
between the sham and MI groups, except for increased collagen type I mRNA level
in MI-CNP group. These findings confirm that augmented level of cardiac
functional markers (BNP gene expression, collagen type I gene expression) are
associated with MI (Goetze et al., 2003), while suggesting that increased level of
cardiac fibrosis indicator (collagen type I mRNA) is more related to MI than NP
infusion. It is worth noting that, haematological studies demonstrated elevated WBC
counts in NP groups but not saline group post MI. A further check in three main cell
types in WBC (Neut, Lymph, and Mono counts) suggested an increased activity of
immune system against MI and/or NP infusion, which also could predict coronary
artery disease (e.g. MI) risk (Horne et al., 2005). Of note, such leukocytosis might
also partly attribute to anesthesia described before (Kress and Eberlein, 1992).
Indiscriminate plasma TNF-α concentration among all the groups suggested that
such NP-induced leukocytosis did not stimulate certain cytokine secrection in terms
of immune response to e.g. inflammation, although extensive cardiomyocyte
necrosis was found after coronary artery occlusion (Frangogiannis et al., 2002).
Taken together, these results suggest that 4-week exogenous NP administration may
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cause changes in WBC counts and differential but this does not lead to secretion of
proinflammatory cytokines in sham or MI mice.
Previous studies demonstrated at least in vitro, that NEP could efficiently
degrade ANP and CNP (Brandt et al., 1997, Kenny et al., 1993), whilst BNP was
resistant to be degraded by NEP, implicating the existence of NEP-independent
peptidase(s) in the degradation process of BNP (Walther et al., 2004a, Walther et al.,
2004b). Later, our group discovered the necessity of BNP truncation to make it
accessible for NEP degradation, whereby the first peptidase we identified to initiate
such truncation was the metallopeptidase meprin A (Pankow et al., 2007). Due to
ACNP is a hybrid of ANP and CNP, it might not be surprising that it is also an
excellent substrate for NEP, and thus can be easily inactivated by NEP due to the
opening of the ring structure. However, since more peptidases than NEP are able to
degrade NPs, the stability of ACNP in serum was also investigated in comparison to
its two parent NPs, ANP and CNP. In all three investigated species, CNP was most
stable, while ACNP was fastest degraded. This finding could be a perfect
explainanation for

the failure of ACNP to ameliorate the MI- induced LV

dysfunction in vivo, although the ability of ACNP to activate both NPRA and NPRB
may prove doubly beneficial in regards to inhibiting cardiac remodelling. One
speculation is that the cleavage site targeted by the responsible peptidase(s) in the
serum may locate differently in ANP and CNP (e.g. cleavage site on the arms for
ANP while in the ring loop for CNP), where the responsible peptidase(s) has lower
accessibility to CNP than to ANP due to their spatial structure differences. Given the
above speculation, ACNP therefore would have two recognition sites (both on the
arm and in the ring loop) in one molecule and thus it could be easier to be captured
by the peptidase(s). Moreover, the length of the N- and C-terminus of a NP was
suggested as a potential determinant for the degradation rate of the NP by NEP,
since longer N- and C-terminal extensions may cause spatial clashes and impede the
correct orientation of the NP within the cave of NEP, leading to the inability of NEP
to hydrolyse the target site in the ring structure (Pankow et al., 2009). Indeed, it has
been shown that DNP with the long 15-AA C-terminus is also highly resistant to
NEP proteolysis (Dickey and Potter, 2011). Consequently, such finding is of great
importance when evaluating ACNP as a potential new treatment option for CVD.
Since ACNP is less stable than the endogenous NPs, it might fail to be more
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effective than ANP and/or CNP, although it is more potent in generating cGMP and
has a very promising receptor profile. Hence, studies should be performed to
identify amino acid substitutions in ACNP ensuring higher stability of ACNP in
blood, but preserving its properties. Although approaches like elongating C-terminus
of the NPs/chimeric NPs may extend their half- life, the tailing may also lead to
poorer cGMP generation. Further investigation regarding the responsible peptidase(s)
for ACNP degradation in the serum is urgently required.
In conclusion, the present chapter demonstrates that the novel chimeric
natriuretic peptide ACNP could be a promising therapeutic agent as it stimulates
both NPRA and NPRB. Further investigations on peptide stability and on specific
proteases being responsible for the proteolysis of the ACNP, and the development of
inhibitors of such protease(s) or structural modification of ACNP may help to
increase the half- life time of ACNP-based drugs, selectively and efficiently
stimulating the protective cardiorenal effects of ACNP. Though many limitations
ahead, such worthwhile attempt will open the avenue for the design of novel
peptidic agonists acting on both beneficial axes of the natriuretic peptide system.
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Chapter III
The mechanism and biological consequences of the interaction
between NPRA and NPRB
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Chapter 3
The mechanism and biological consequences of the interaction
between NPRA and NPRB
3.1. Introduction
CVD are one of the leading causes of death in developed countries (cited from:
http://apps.who.int/ghodata/?vid=10012). Unfortunately, rare explanation could
thoroughly elaborate the underlying pathogenesis. The NPS plays a pivotal role in
the regulation of cardiorenal homeostasis as well as in the pathogenesis of CVD
(Levin et al., 1998). Two homologous membrane-bound receptor subtypes,
natriuretic peptide receptor A and B (NPRA and NPRB) generate the second
messenger cGMP upon binding of the NPs (Potter et al., 2006). The third member of
NPR family, NPRC, has been regarded as a clearance receptor involving the
receptor internalisation and degradation (Matsukawa et al., 1999). Under certain
pathological circumstances, NPRs undergo either homologous desensitisation (via
NP binding) or heterologous desensitisation (inhibiting NPRs/cGMP generation via
activator of PKC, e.g. phorbol 12-myristate 13-acetate) leading to unresponsive
receptor to hormonal stimulation (Jaiswal, 1992, Potter and Garbers, 1992, Potter
and

Garbers, 1994, Potter, 1998).

The inhibited

signal transduction in

NPs/NPRs/cGMP axis leads to the failure in counteracting its antagonising axes, as
ACE/Ang II/AT1 receptor axis of the renin angiotensin system.
Crystal structural studies suggest that natriuretic peptide receptors exist as
homodimers. ANP and BNP preferentially bind to NPRA while CNP selectively
binds to NPRB in a 1:2 ligand:receptor stoichiometry (Potter et al., 2009). As shown
in Chapter 2, the designed natriuretic peptide ACNP acts as a potent dual activator
of both NPRA and NPRB with an equal potency as the endogenous ligands in
mediating cGMP generation. Of note, it is widely regarded that most of functions
and effects of ANP & BNP/NPRA and CNP/NPRB complexes are exerted through
activating the intracellular guanylyl cyclase domains and consequently the bioactive
second messenger, cGMP (Kuhn, 2003, Potter, 2005). However, many CVD patients
have shown elevated plasma NP levels but blunted cGMP formation and endocrine
effects of endogenous/exogenous NP. A large randomized trial with recombinant
BNP (nesiritide) also suggested that BNP fails to reduce mortality or
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rehospitalisation in heart failure patients (O'Connor et al., 2011). More recently, our
unpublished data revealed an inhibited cGMP generation upon NP stimulation in
human NPRA and rat/mouse NPRB double-transfected cells (Appendix 4),
implicating such unanticipated consequence may involve the cross-talk between
NPRA and NPRB in the context of CVD, e.g. desensitisation/internalisation,
heterodimerisation, or altered proportion of NPRs, under pathophysiological
conditions.
However, there was still a significant lack in information regarding the
mechanisms of interaction between NPRA and NPRB. Such understanding could be
also beneficial as the basis for pathogenetic explanations in CVD patients. The
hypotheses of the studies in this chapter were: 1) Down-regulated natriuretic peptide
receptor expression on transcriptional or translational levels leads to lower NPmediated cGMP generation; or transcription or translation of NPRs are not
influenced, but less NPRs are in the membrane; 2) Physical interaction between
NPRA and NPRB by forming a NPRA/NPRB heterodimer leads to comformational
changes of the receptors, and thus prevents NPs binding to their specific domain or
inhibits the activation of guanylyl cyclase domain leading to less/no cGMP
generation.
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3.2. Materials and methods
3.2.1. Materials and reagents
Juvenile FVBN and C57/Bl6 mice (6- to 8-week old) were supplied by Charles
River (Margate, Kent, UK), and further bred in the animal facility of the University
of Hull according to the Animals (Scientific Procedures) Act 1986, UK. Primers
were purchased from either Invitrogen (Paisley, UK) or Qiagen (Crawley, UK).
small interfering RNA against NPRA and NPRB (siRNA-NPRA and siRNA-NPRB),
QIAprep Spin Miniprep Kit, Plasmid Maxi Kit, Polyfect transfection reagent,
Hiperfect transfection reagent, QuantiTect SYBR Green RT-PCR Kit were all
bought from Qiagen (Crawley, UK). The rapid DNA ligation kit and competent
E.coli were supplied by Promega (Southampton, UK). All natriuretic peptides were
synthesized by Biosyntan GmbH (Berlin-Buch, Germany) and had a purity of
approximately 95%. Double distilled water (ddH2O) was used as solvent for the
powders at varying dilution. The peptide solution was further analyzed by HPLC
and mass spectrometry before used for experiments. The expression vectors
harbouring

recombinant

human

NPRA

cDNA

(Genbank

accession

No.

NM_000906.1) and mouse NPRB cDNA (Genbank accession No. BC042470.1)
were purchased from OriGene Technologies Inc. (Rockville, MD, USA). Human
NPRA-eYFP (Genbank accession No. NM_000906.1) and NPRB-eCFP (Genbank
accession No. NM_003995.3) constructs were bought from GeneCopoeia (Rockville,
MD). Biometra Standard Power Pack P25 was purchased as the low voltage power
supply for electrophoresis and blotting (Biometra GmbH, Goettingen, Germany).
The LivingColor® GFP polyclonal antibodies were obtained from ClonTech (SaintGermain-en- Laye, France). The anti-calreticulin antibody (Cat. No. ab2907) was
obtained from Abcam (Cambridge, UK). Goat anti-rabbit IgG-HRP were bought
from Santa Cruz (Heidelberg, Germany). The cGMP kit was purchased from Enzo
life sciences (Exeter, UK). Random primers, Lipofectamine 2000 transfection
reagent, the mammalian expression vector pcDNA3.1(-), penicillin/streptomycin,
FBS, sodium pyruvate were all bought from Life Technologies (Paisley, UK). All
restriction enzymes and their respective buffers were obtained from either Roche
(Welwyn Garden City, UK) or New England Biolabs (Hitchin, UK). DMEM,
RPMI1640 were from PAA laboratories (Somerset, UK). All other chemicals and
reagents were mentioned where appropriate.
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3.2.2. Plasmid construction
3.2.2.1 Mouse lung isolation
Juvenile, male C57/Bl6 mice were killed by dislocation of the neck in
accordance with The Animals (scientific procedures) act 1986. An incision was
made longitudinally down the front of the animal, then opened the thoracic cavity by
scissoring diaphragm and part of ribs, carefully cut out lung tissue, and immediately
went to ‘3.2.2.2 mRNA extraction’, or stored the tissue in liquid nitrogen (LN).
3.2.2.2 mRNA extraction
Freshly isolated or LN-reserved lung tissue were immediately placed into a 15
ml Falcon tube containing 1.5 ml Trizol, homogenized at highest speed for 1 min
under ice- incubated condition to maintain RNA stability. After that, the homogenate
was taken to room temperature (RT) for 10 min, then transferred to a 1.5 ml
Eppendorf tube containing 0.3 ml chloroform and subsequently vortexed vigorously,
and incubated at RT for 2 to 3 min. The tube was then centrifuged at 4 C, 10,000
rpm for 30 min, the supernatant was transferred to a new tube mixed with 0.5 ml
isopropanol, incubated at RT for 10 min. A second centrifuge step was carried out at
4 C, 12,000 rpm for 10 min, then discarded the supernatant, washed the pellet with
1.5 ml 70% ethanol. A final centrifugation was performed at 4 C, 7500 rpm for 8
min, then discarded ethanol and inverted the tube o n fluff out tissue for 15 to 20 min
to dry the pellet. The eluted RNA was dissolved in 100 μl diethylpyrocarbonate
(DEPC)-treated water, mixed at 55 C for 10 to 15 min in the thermomixer (500
rpm). Recovered mRNA was then quantified using a spectrophotometer and stored
at -80 C until use.
3.2.2.3 Reverse transcription
Messenger RNA was reverse transcribed into stable cDNA by M-MLV reverse
transcriptase (M-MLV RT). The reverse transcription reaction comprised of 4 μg of
mRNA, 0.5 mM dNTP mix, 1.8 nM of random primer oligonucleotides, 0.01 M
DTT, 10 U of Moloney Murine Reverse Transcriptase and 5x First-Strand Buffer
from the Invitrogen M-MLV RT kit to a total volume of 20 μl. To remove RNA
complementary to the cDNA, 1 μl (2 U) of E. coli RNase H was added into the
cDNA solution and incubated at 37 °C for 20 min. The reaction was performed as
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described in Table 4, and cDNA was subsequently stored at -20 C. The thermal
cycler (Eppendorf Mastercycler® gradient) was programmed to run the following
cycles:
Process
Enzyme Acti vation

Temperature (C)

Ti me (Minutes)

37C (before adding reverse transcriptase)

2

25C (after 1μl reverse transcriptase)

10

Annealing and
Extension
Enzyme Inacti vati on

37C

50

70C

15

Table 4. Rev erse transcri ption PCR cycles.

3.2.2.4 Amplification of mouse NPRA cDNA and TA ligation
Mouse NPRA (mNPRA) cDNA possesses an open reading frame (ORF) of
3,174 nucleotides (accession number NM_008727.5). Primers were designed to
amplify the product in two separate but overlapping fragments (Table 5 and Figure
29). Primer mNPRA51 was designed prior to the start codon of the mNPRA
sequence, while primer mNPRA31 included the stop codon (TGA) to allow
positional cloning. Another pair of primers (mNPRA52 and mNPRA32) was used
containing a Nde I restriction site (CATATG) in between to allow two fragments’
position specific ligation.
Frag ment

Primers’ name

mNPRA

mNPRA 51

CCGTCGCTGCGCTCGCTGA GGCC

1 st half

mNPRA 32

GCA GAATGA GCA CTTGA CCA G

mNPRA

mNPRA 52

CAA GACA GCATA CTATAA GGGC

mNPRA 31

GCA GCA CTCGA GGCTTGA CCTA C

2

nd

half

Sequence

Annealing
Temperature (C)
58

57

Table 5. Primer details and conditions of mNPRA PCR. The stop codon was underlined.

Expand Long Template (ELT) PCR (Roche) was used with the aim to
efficiently amplify the fragments. Each PCR was performed in an Eppendorf
Mastercycler® gradient with 5 μl 10x PCR buffer with MgCl2 , 2 μl cDNA, 0.3 μmol
of each primer, 0.35 mM dNTP, and 0.75 μl ELT enzyme mix in a 50 μl reaction
volume. Specific PCR conditions for each product are given in Table 6. The PCR
thermal cycler was programmed to run the following cycles:
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Temperature

Time

Cycles

Initial denaturation

94C

2min

1

Denaturation

94C

10s

10

Annealing

55C

30s

Elongation

68C

1min12s

Denaturation

94C

15s

Annealing

55C

30s

Elongation

68C

Final elongation

68C

7min

Cooling

4C

Unlimited time

20

1min12s+20s cycle elongation
for each successive cycle
1

Table 6. Extended long template PCR cycles.

Once the two fragments (1st half and 2nd half of mNPRA cDNA) had been
generated and gel purified, rapid ligation was performed respectively to ligate the 1st
of mNPRA cDNA fragment and 2nd half into pGEM® T-Easy vector, before
conducting a final ligation procedure to link 1st half with 2nd half (the whole open
reading frame of mNPRA). The recombinant T-easy constructs were enzyme
digested (Acc I, EcoR I and Nde I) and sequenced to identify mutants and inserts
orientation. The ligation products, were subsequently gel purified before undergoing
restriction digest and then ligation into vector pcDNA3.1(-).
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mNPRA cDNA (CDS: 364..3537, 3174bp)
1st mNPRA frag ment (1801bp)

364
mNPRA 51

3537

Nde I
mNPRA 52

5’

3’

3’

5’
mNPRA 31

mNPRA 32

2nd mNPRA frag ment (1531bp)

Figure 29. Diagramatic representation of the ORF of mNPRA, showing the primer and restriction enzyme positions within the s equence.
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3.2.2.5 Restriction digest of vectors and dephos phorylation of pcDNA3.1(-)
The vector pcDNA3.1(-) was digested with Not I and dephosphorylated in
order to linearise the vector and reveal the Not I cohesive ends for 1st half and 2nd
half mNPRA. Meanwhile, the pGEM® T-easy vectors with correct inserts were
digested by the restriction enzymes Not I and Nde I respectively, to be ligated later
with the dephosphorylated pcDNA3.1(-). Not I and Nde I exhibit optimum activity at
same temperature. Therefore in a total volume of 20 μl, 5 μl of each T-easy vector
was separately incubated with 5 U of Not I and Nde I for 1 h at 37 C in a reaction
mixture containing 10x Roche Buffer H, and DNase/RNase free water. Same
procedure was performed for pcDNA3.1(-) except using Not I restriction enzyme
only. Following the incubation, digested pcDNA3.1(-) was gel purified once and
dephosphorylated by 2 U Alkaline Phosphatase (Calf Intestinal Phosphatase, CIP) in
NEB buffer 4. The total reaction was incubated at 37 C for another 1 h. The
digested fragments from T-easy vectors and dephosphorylated product were then gel
purified to remove the unwanted, cleaved portion of DNA, dissolved in
DNase/RNase free water and stored at -20 C.
3.2.2.6 Ligation of 1st and 2nd fragments into pcDNA3.1(-)
Both two fragments were mixed together into one ligation. The ligation
reaction contained 2 l of 10x ligation buffer, 6 l of each linearised fragment from
T-easy vector, 5 l of dephosphorylated pcDNA3.1(-), and 1 l of T4 ligase to have
a final volume of 20 l. The reaction was incubated at RT for 1 h. As negative
control, an identical reaction was set up with 12 l of DNase/RNase free water in
place of the inserts, 1 st and 2nd mNPRA. A second gel purification was applied, the
product was dissolved in DNase/RNase free water and enzyme digested to identify
insert orientation, finally stored at -20 C.
3.2.2.7 Amplification of human NPRB cDNA
Human NPRB (hNPRB) cDNA (Genbank accession No. NM_003995.3) was
extracted from the commercially purchased hNPRB-CFP (Genecopoeia, Rockville,
MD) by designing two primers containing two restriction sites (Pme I: GTTTAAAC,
blunted overhang; Xho I: CTCGAG, cohesive overhang), and with the stop codon
where appropriate (Table 7).
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Frag ment

Annealing
Temperature (C)

Primers’ name

Sequence

5’-hNPRB

GGAA GGA GTTTAAACCATGGC G

3’-hNPRB

CCGCA CTCGAGTTACA GGA GTCC

hNPRB

68

Table 7. Primer details and conditions of hNPRB PCR. The restriction sites were i n bold and the
stop codon was underlined.

Phusion® High-Fidelity DNA Polymerase (New England Biolabs Ltd.,
Hitchin, UK) was used with the aim to efficiently amplify the fragments (3171bp).
PCR was performed in an Eppendorf Mastercycler® gradient with 5 μl 5x PCR
buffer with MgCl2 , 1 μl cDNA template, 0.3 μmol of each primer, 0.35 mM dNTP,
and 0.5 μl Phusion DNA polymerase in a 25 μl reaction volume. Specific PCR
conditions for each product are given in Table 8. The PCR thermal cycler was
programmed to run the following cycles:
Temperature

Time

Cycles

Initial denaturation

98C

30s

1

Denaturation

98C

10s

35

Annealing

68C

30s

Elongation

72C

1min

Final elongation

72C

7min

Cooling

4C

Unlimited time

1

Table 8. PCR Amplification of human NPRB cDNA using Phusion® High-Fidelity DNA
polymeras e.

3.2.2.8 A-tailing for human NPRB cDNA and TA ligation
The 3171bp cDNA fragment was gel purified first, the A-tailing procedure was
performed in an Eppendorf Mastercycler® gradient with 2 μl 10x PCR buffer with
MgCl2 , 16 μl purified cDNA template, 0.5 μl dATP (0.1 mM), and 1.5 μl Taq DNA
polymerase in a 20 μl reaction volume. The mixture was then incubated at 72 C for
20 to 30 min.
Rapid ligation was performed to ligate hNPRB cDNA fragment into pGEM®
T-Easy vector according to manufacture’s protocol (Promega, Southampton, UK).
The recombinant T-easy constructs were enzyme digested (Sal I and Xba I) and
sequenced to identify mutants and inserts orientation. The ligation products, were
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subsequently gel purified before undergoing restriction digest and then ligation into
vector pcDNA3.1(-).
3.2.2.9 Restriction digest of recombinant T-easy constructs and ligation with
dephosphorylated pcDNA3.1(-)
The T-easy hNPRB construct was digested by Not I and incubated for 1 h at
37 C in a total 20 μl reaction volume, which contained 3 μl recombinant construct,
1 μl 10x Roche Buffer H, 1 μl Not I (5 U), and 5 μl DNase/RNase free water. The
linearised fragment was then extracted via gel electrophoresis and purified by a
PureLinkT M PCR Purification Kit (Invitrogen, Paisley, UK). The purified fragment
with Not I cohesive end was finally ligated to the dephosphorylated pcDNA3.1(-)
vector also containing Not I overhang. The final ligation reaction contained 2 l of
10x ligation buffer, 6 l of linearised hNPRB fragment from T-easy vector, 3 l of
dephosphorylated pcDNA3.1(-),1 l of T4 ligase, and 8 μl DNase/RNase free water
to have a final volume of 20 l. The reaction was incubated at RT for 1 h. As
negative control, an identical reaction was set up with 12 l of DNase/RNase free
water in place of the insert. A second gel purification was applied, the product was
dissolved in DNase/RNase free water and enzyme digested to identify insert
orientation, finally stored at -20 C.
3.2.2.10 Transformation
Competent E.coli cells (Promega, Southampton, UK) were allowed to thaw on
ice. 10 l of each ligation product, mNPRA and hNPRB (refer to 3.2.2.6 and 3.2.2.9)
were added into 50 l E.coli respectively, and incubated for 30 min on ice. The cells
were then heat shocked by placing the reaction into a thermomixer at 42 C for 50
sec before placing back onto ice for 2 min. LB broth (800 l for each at 37 C,
without any antibiotics) was then applied to the E.coli tubes before being placed in a
shaking incubator (500 rpm) for 1 h at 37 ºC. After that, 150 μl of each E.coli were
plated on LB Agar plates containing 100 g/ml ampicillin, 50 μg/ml X-Gal, and
placed the LB-agar plates in an incubator at 37 C overnight, the remaining were
stored at 4 C.
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3.2.2.11 Screening colonies
The blue-white screen was used for the detection of successful ligations.
Theoretically, plasmid contains bacterial lacZ gene can produce β-galactosidase if
its ORF is not interrupted by insert DNA. Together with α peptide expressed by
hosting E.coli strain, functional β- galactosidase can be produced by transforming
wild type lacZ containing plamid into E.coli and the β-galactosidase can turn the Xgal into a blue colour products. When a foreign DNA is inserted into the multiple
cloning site (MCS) within the lacZ gene, the open reading frame of lacZ is changed
and will not produce β-galactosidase therefore the recombinant colony will be in
white colour. Here, single white bacterial colonies from the transformed E.coli were
individually selected with a 20 l pipette tip and placed straight into separate 15 ml
Falcon tube containing 3 ml of LB broth and 7 l of 100 μg/ml Ampicillin. The
Falcon tubes were then placed in a shaking incubator at 37 C overnight to allow the
colonies to grow.
Plasmid DNA was extracted from the expanded colonies and purified
according to the Miniprep isolation protocol (Qiagen, Crawley, UK). Restriction
digest analyses (For mNPRA using Xho I, cut 3 times; for hNPRB using Eco47-III
& Xba I) were performed to ascertain whether the plasmid contained the right
orientation insert. For each digest 5 l of the plasmid miniprep was used. Following
digestion each reaction was run on a 1.0% agarose gel and visualised by UV
illumination. All cloned constructs were confirmed by DNA sequencing (YorkBioscience, Heslington, UK). After the products were sequencing proved, maxiprep
would be performed to generate high yields of plasmid DNA for later cell
transfection.

3.2.3. Culture of cells, transfection, and stimulation
Culture of permanent cells and primary cells refers to 2.2.3 and 2.2.4. One day
before transfection, HEK293 cells and COS7 cells of 90% confluency were plated in
24-well cell culture dishes, and were transiently transfected according to the
following Table 9. After 24 h, cells were stimulated by the solvent alone, or ANP,
BNP, CNP, or ACNP for 5 min. After sucking away the superna tant, 150 μl/well
hydrochloric acid (0.1 N) was used to lyse the cells, and the lysed cells were
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subjected to centrifugation at 1,200 rpm for 10 min. The supernatant was then stored
at -80 ºC until cGMP measurement.

Cell lines

Cells
per
well

DNA per well
siRNA per well
Volume
(diluted into 20 μl suspension)
of
medi um 0.25 μg 0.25 μg 0.25 μg 22 nM 22 nM
22 nM
(μl)
NPRA NPRB pcDNA siCtrl siNPRA siNPRB

Transfection
reagent per
well (diluted
into 20 μl
suspension)

HEK293

2x105

400

√

-

√

-

-

-

2.5

HEK293

2x105

400

-

√

√

-

-

-

2.5

HEK293

2x105

400

√

√

-

-

-

-

2.5

HEK293

2x105

400

√

√

-

√

-

-

2.5

HEK293

2x105

400

√

√

-

-

√

-

2.5

HEK293

2x105

400

√

√

-

-

-

√

2.5

COS 7

1.8x105

400

√

-

√

-

-

-

2.5

COS 7

1.8x105

400

-

√

√

-

-

-

2.5

COS 7

1.8x105

400

√

√

-

-

-

-

2.5

Table 9. Different transient transfection combinations of permanent cell lines. Lipofectamine
TM 2000 was used for plasmid-DNA transfection and co-transfection of siRNA and plasmid DNA.

3.2.4. Measurement of cGMP
Measurement of cGMP refers to 2.2.5.

3.2.5. Pre parations of cytoplasmic and membrane fractions
HEK293 cells (2x106 cells per 6-cm Petri dish at 90% confluency) were used
for membrane preparations and transfected according to Table 10&11.
Elements

pcDNA3.1(-)

NPRA

NPRA-YFP

NPRB-CFP

Control

6 μg

-

-

-

100%NPRA

4 μg

2 μg

-

-

100%NPRB-CFP

4 μg

-

-

2 μg

25%NPRA+100% NPRB-CFP

3.5 μg

0.5 μg

-

2 μg

50%NPRA+100% NPRB-CFP

3 μg

1 μg

-

2 μg

100%NPRA+100% NPRB-CFP

2 μg

2 μg

-

2 μg

200%NPRA+100% NPRB-CFP

-

4 μg

-

2 μg

Groups

Table 10. Different transient transfection combinations of permanent cell lines. A total of 6 μg
plasmid-DNA per group was transfected for 24 h wi th 30 μl/dish Polyfect transfection reagent.
Two microgram of either human NPRA or human NPRB-CFP regards as 100%.
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Elements

pcDNA3.1(-)

NPRB

NPRA-YFP

NPRB-CFP

Control

6 μg

-

-

-

100%NPRB

4 μg

2 μg

-

-

100%NPRA-YFP

4 μg

-

2 μg

-

25%NPRB+100% NPRA-YFP

3.5 μg

0.5 μg

-

2 μg

50%NPRB+100% NPRA-YFP

3 μg

1 μg

-

2 μg

100%NPRB+100% NPRA-YFP

2 μg

2 μg

-

2 μg

200%NPRB+100% NPRA-YFP

-

4 μg

-

2 μg

Groups

Table 11. Different transient transfection combinations of permanent cell lines. A total of 6 μg
plasmid-DNA per group was transfected for 24 h wi th 30 μl/dish Polyfect transfection reagent.
Two microgram of either human NPRB or human NPRA-YFP regards as 100%.

After 24 h incubation, transfected cells were harvested and centrifuged at
3,000 g, RT for 5 min. The supernatants were discarded, and the pellets were
resuspended in 800 µl 50 mM Tris (pH 7.5). The following steps were all
manipulated on ice in case of overheated and subsequently cells might be damaged.
The resuspension was homogenised for 1 min at 24,000 rpm and the homogenates
were then ultrasound treated for 10 sec using a Dawe Soniprobe type 7533A
(Branson Sonic Power Co., Danbury, CT). After that, the ultrasound treated cells
solution was centrifuged at 40,000 g, 4 °C for 22 min. The supernatants were
collected as cytosol part. The pellets were resuspended in radio-immunoprecipitation
assay (RIPA) buffer (150 mM NaCl, 10 mM Tris pH 7.2, 0.1% SDS, 1% Triton X100, 1% deoxycholate and 5 mM EDTA) as membrane part. The protein was
quantified by a bicinchoninic acid (BCA) protein assay kit (Thermo Fisher Scientific,
Cramlington, UK). Both membrane and cytosol preparations were stored at -80°C
ready for use.

3.2.6. Western blot analysis
Each of memebrane and cytosol preparations was supplied with 5 µl of 6x
loading buffer and filled up with ddH2 O to an end volume of 30 µl and incubated at
95°C for 10 min. A 10 µg protein was loaded into stacking gel at 80 Volts and
separated in a 10 % separation gel at 120 Volts, and subjected to SDS-PAGE for 3h
using a Mini-PROTEAN Tetra System (Bio-Rad Laboratories, Hertfordshire, UK).
After that, the gel was blotted by 0.8 mA/cm2 for 1 h (Semi- Dry-Blotter PEGASUS,
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PHASE GmbH, Luebeck, Germany). Proteins were electrically transferred onto the
polyvinylidene fluoride (PVDF) membrane (Millipore, Consett, UK, Immobilon-P
Transfer Membrane Pore Size 0.45 µm) and the membrane was blocked with 5 %
milk powder (Carl Roth GmbH + Co. KG, Karlsruhe, Germany) in 1x Tris buffered
saline-with Tween-20 (TBS-T) (3 g TrisBase, 8.8 g NaCl, 0.2 g KCl plus 500 µl
Tween-20, pH 7.4, autoclaved) at RT for 1 h. After the blocking, the PVDF
membrane was carefully cut into two pieces (Upper piece of ≥ 90 kDa incubated
with Living Colors Full- length A.v. polyclonal antibody; lower piece of ≤ 90kDa
incubated with anti-calreticulin antibody). The Living Colors Full- length A.v.
polyclonal antibody and the house-keeping protein anti-calreticulin antibody (both
diluted to 1:1000 in 1xTBST with 5% milk) were incubated onto the upper and
lower pieces of membrane overnight at 4°C, respectively. Before the secondary
antibody was added, the membrane was washed for 30 min with 1x TBS-T changing
every 5 min. The membrane was incubated for 1 h with the secondary antibody
(goat anti- rabbit IgG-HRP, diluted to 1:2000 1x TBS-T with 3% milk) at RT and
washed two times for 15 min with 1x TBS-T. The specific bands were visualised by
ECL Plus Western Blotting Detection Reagents (GE Healthcare Life Sciences,
Amersham Place, Buckinghamshire, UK) as instructed in the user manual
(Amersham ECL Plus Western Blotting Detection Rea gents, Product Booklet,
Codes RPN2132/2133). The targeted bands were then developed, fixed in a dark
room via Hyperfilm ECL (GE Healthcare Life Sciences, Amersham Place,
Buckinghamshire, UK). Finally, the developed film was scanned and analyzed via
the ImageJ program, which is a Java-based open source image enumeration software
package freely downloadable from the US National Institute of Health website
(http://rsbweb.nih.gov/ij/). The signal intensity of the proteins of interest was
calculated against the signal intensity of house-keeping proteins (anti-calreticulin).

3.2.6. RNA preparation and one-step quantitative real-time polymerase
chain reaction
Culture of the HEK293 cells refers to 2.2.3. One day before transfection,
HEK293 cells of 90% confluency were plated in 6-well cell culture dishes, and were
transiently transfected according to the following Table 12.
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Sets

Control

100%
NPRA

NPRB

25%

50%

100%

200%

ets
pcDNA3.1(-)

6 μg

4 μg

4 μg

3.5 μg

3 μg

2 μg

-

X%NPRA

-

2 μg

-

0.5 μg

1 μg

2 μg

4 μg

100% NPRB

-

-

2 μg

2 μg

2 μg

2 μg

2 μg

Elements

s

Table 12. Detailed parameters for transient transfection of HEK293 cells with different formats.
A total of 6 μg plasmid-DNA per group was transfected for 24 h with 30 μl/dish Polyfect
transfection reagent. 2 μg of either human NPRA or human NPRB regards as 100%.

After 24 h, total RNA from transfected HEK293 cells was extracted by Trizol®
with subsequent chloroform- isopropanol extraction according to the manufacture’s
protocol (Invitrogen, Paisley, UK). The RNA concentration and purity were
determined via NanoDrop 1000 Spectrophotometer (Thermo Fisher Scientific Inc.,
East Sussex, UK). Ten ng of RNA was used as template to determine human NPRA
gene, human NPRB gene and the reference gene human glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) mRNA expression in an ABI StepOnePlus™ Real-Time
PCR System (Applied Biosystems). Quantitative real-time PCR was carried out
using one-step QuantiTect SYBR Green RT-PCR Kit and specific primers for
human NPRA (NM_000906), human NPRB (NM_000907) or human GAPDH
(NM_002046) according to the manufacturer’s instructions (Qiagen GmbH,
Crawley, UK). Melting curve analyses were performed to monitor PCR product
purity. Relative quantification of the gene expression output was performed using
Sequence Detection System software (SDS v2.2.1, ABI). The SDS utilizes relative
quantification of gene expression by way of the comparative CT method where the
relative quantity (RQ) = 2-ΔΔCT , CT is defined as the threshold cycle where the target
gene surpasses a defined amplification.

3.2.7. Fluorescence resonance energy transfer*
Fluorescence resonance energy transfer (FRET) experiments were performed
24 h after transfection of HEK293 cells. Cells were maintained at room temperature
in a Ringer modified saline (NaCl 125 mmol/L, KCl 5 mmol/L, Na 3 PO4 1 mmol/L,
MgSO 4 1 mmol/L, Hepes 20 mmol/L, Glucose 5.5 mmol/L, CaCl2 1 mmol/L, pH
7.4), and an LSM510 NLO multiphoton laser scanning microscope (ZEISS, Jena,
Germany) equipped with a tunable Titan-Sapphir-Laser (2-photon-absorption) and a
40x or 100x oil objective lens was used for the detection of FRET. CFP and YFP
were used as the donor and acceptor fluorophore, respectively, since the emission
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spectrum of CFP overlaps with the excitation spectrum of YFP (CFP was excited at
~436 nm and emitted at ~480nm, whereas the acceptor YFP was excited at ~480nm
and emitted at ~532nm). The donor (CFP) was excited at 810 nm (two photon
technique) and due to the META detector, a λ-stack (spectrum) from 436 to 650 nm
with a resolution of 10 nm was detected. Such settings were used throughout the
whole experiment, excluding the direct excitation of the acceptor (YFP) at the
excitation wavelength of the donor at 810 nm. Cells with equal expression levels of
CFP and YFP were selected and imaging was performed at RT. The detected spectra
were normalized to 1.0 at 468 nm. The signal value at 532 nm was calculated as the
point of maximal YFP intensity. Acceptor photobleaching experiments were not
performed, but the increase in CFP intensity due to acceptor bleaching was
calculated out of the unbleached CFP spectrum as described before (Teichmann et
al., 2012b, Teichmann et al., 2012a). The FRET efficiency (ET) was calculated
according to the following equation:
ET (%)  1 

I DA
1
 100 
 100
ID
1  ( R / R0 ) 6

where the intensities IDA and ID describe the fluorescence of the donors in
presence and absence of the acceptor, respectively. The Förster radius R0 is the
distance when ET is 50%. It is depended on the type of fluorescence molecule. For
CFP (donor) and YFP (acceptor) a value of R0 = 4.9 nm is used (Sourjik and Berg,
2002). By detection of fluorescence intensities, ET can be calculated and with known
R0 , the distance R between donor and acceptor can be determined. This equation can
be expressed as:
489
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where the donor intensitiy after acceptor bleaching is calculated as follows:
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where ÎDA is the normalized fluorescence intensity of CFP in absence of YFP,
and ÎD is the normalized fluorescence intensity of CFP after the bleaching of YFP.
The parameter  D and  A are the fluorescence quantum yields of CFP (0.4) and
YFP (0.61), respectively (Tsien, 1998). The variable Î describes the normalized
fluorescence spectra with a maximum of 1.0 at 468 nm.

3.2.8. Statistical analysis
Results are expressed throughout as the mean ± SEM unless otherwise
indicated. For cell culture studies, each experiment was performed in triplicate in 2
or 3 separate experiments. Differences between groups were compared with oneway ANOVA followed by the Bonferroni posttest when the global test was
significant. Two-way ANOVA was used to compare the main group effects of ANP,
BNP, CNP, and ACNP in dose-response curves, and to test the differences of FRET
signal between NPRB-CFP single- and NPRA-YFP/NPRB-CFP co-transfected cells.
EC50 values were calculated by using sigmoidal dose response curve fit in GraphPad
Prism 5.0 (GraphPad Software, San Diego, CA, USA). A P value of < 0.05 was
considered as signiﬁcant.
* The FRET assay was conducted in cooperation with Dr. Burkhard Wiesner,
from Leibniz-Institut für Molekulare Pharmakologie (FMP), Berlin, Ge rmany.
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3.3. Results
3.3.1. Generation of mNPRA and hNPRB constructs
mNPRA cDNA was successfully amplified from mouse lung cDNA consisting
of two overlapping fragments (1801bp 1st mNPRA and 1531bp 2nd mNPRA, see
Figure 29). Each fragment was ligated into T-easy vector, and the reconstructed Teasy vectors containing either 1st mNPRA or 2nd mNPRA fragment were confirmed
by restriction enzyme digestion, where two bands at 3330bp and 1486bp occur to
prove correct 1st mNPRA construct, while three bands at 2998bp, 1548bp, and
275bp occur to prove correct 2nd mNPRA construct. Then, the 1st mNPRA and 2nd
mNPRA fragments were extracted from their T-easy vectors by Not I and Nde I and
successfully subcloned into the Not I digested and dephosphorylated vector
pcDNA3.1(-). The reconstructed pcDNA3.1(-) vectors containing full- length
mNPRA were screened by restriction enzyme digestion (Figure 30C).

Figure 30. Plasmid generation of 1st mNPRA, 2nd mNPRA fragements in T-easy vectors, and fulllength mNPRA in pcDNA3.1(-) confi rmation by gel electrophoresis using enzyme di gestion.
mNPRA was amplified by amplifying two overlapping fragments (1st mNPRA and 2nd mNPRA)
from mouse lung cDNA. (A) Restriction enzyme di gestion and plasmid chart of pGEM T-easy 1st
half mNPRA. λ marker indicated fragments size. Both lanes were digested by Acc I to prove for
correct inserts. (B) Restriction enzyme di gestion and plasmid chart of pGEM T-easy 2nd half
mNPRA. λ marker indicated fragments size. Both lanes were digested by EcoR I to prove for
correct inserts. (C) Res triction enzyme diges tion and plasmid chart of pcDNA3.1(-) mNPRA. λ
marker i ndicated fragments size. Lane A, B were digested by Nde I, while Lane C to J were
digedted by Xho I. Lane B, C, I, and J were proven as the correct inserts, while others were either
wrong ori ented inserts, or unexpected fragments.
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hNPRB cDNA was successfully extracted from the commericially purchased
hNPRB-CFP vector (GeneCopoeia, Rockville, MD) using a primer pair (5’-hNPRB
and 3’-hNPRB) covering the start and stop codon of the full- length hNPRB cDNA
(Figure 31A). After A-tailing procedure, the 3171bp fragment was ligated into Teasy vector and confirmed by restriction enzyme digestion (Figure 31B&C). The
hNPRB fragment (3207bp) was extracted from the fused T-easy hNPRB construct
digested by Not I (Figure 31D). the 3207bp fragment was successfully subcloned
into the Not I ended dephosphorylated pcDNA3.1(-) vector (Figure 31E&F). None
nucleotide DNA polymerase error was identified in either mNPRA or hNPRB
cDNA compared to their published sequences (Appendix 3&4).

Figure 31. Pl asmid generation of hNPRB in T-easy vector, and hNPRB in pcDNA3.1(-)
confirmation by gel electrophoresis using enzyme digestion. (A) Extraction of hNPRB fragment
(3171bp) via hi gh fidelity PCR. λ marker indicated fragments size. (B) Restriction enzyme
digestion of pGEM T-easy hNPRB. λ marker indicated fragments size. Bands in Lane 2, 5 (Uorientation) and Lane 3 (N -orientation) were proven as correct inserts, which were digested by
Sal I & Xba I. (C) Plasmid chart of human NPRB in T -easy vector. (D) Extraction of human NPRB
fragment (3207bp) by Not I. λ marker indicated fragments size. (E) Restriction enzyme
digestion of pcDNA3.1(-) hNPRB. λ marker indicated fragments size. Both lanes were digested
by Eco47-III & Xba I, and proven as correct inserts. (F) Plasmid chart of the newly generated
plasmid merging hNPRB and pcDNA3. 1 (-) vector.
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3.3.2. NP/cGMP signalling is attenuated in human NPRA and human
NPRB double-transfected cells
Data presented previously suggested that a dramatically down-regulated
NP/cGMP generation occurred in the co-transfection of human NPRA and rat/mouse
NPRB (Appendix 4). To exclude the species-related influence causing such blunted
cGMP generation, mouse NPRA and human NPRB were cloned respectively,
allowing the investigation the interaction of receptors of the same species. As shown
in Figure 32, human NPR-transfected HEK293 cells were stimulated with 10-7 M of
different NPs and the receptor triggered increase in intracellular cGMP measured.

Figure 32. cGMP generation s timulated by 10-7 M of human NPs in human receptor single- or
double-transfected HEK293 cells. (A) Absolute v alues of cGMP generation in hNPRA singletransfected HEK293 cells; (B) Absolute values of cGMP generation in hNPRB single-transfected
HEK293 cells; (C) Absolute values of cGMP generation in hNPRA and hNPRB double-transfected
HEK293 cells. Experiments were conducted in 3 independent settings as triplicates. ***P <
0.001 vs. control (Ctrl); ### P < 0.001 vs. ANP; &&& P < 0.001 vs. BNP; ^^^P < 0. 001 vs. CNP.
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CNP stimulated hNPRB, but not hNPRA (Figure 32A&B). ACNP stimulated
NPRA mediated cGMP generation, though less efficient than ANP, similar to BNP
(Figure 32A). Additionally, ACNP stimulated NPRB mediated cGMP release in
comparable to CNP, where neither ANP nor BNP were able to mediate cGMP
generation (Figure 32B). In double-transfected cells, the ANP-mediated cGMP
generation was dramatically down-regulated by 65% compared to NPRA singletransfected cells, while BNP-mediated cGMP production was decreased by 48%. In
comparison to NPRB single-transfected cells, 57% less cGMP production was seen
stimulated by CNP. By contrast, ACNP stimulated a similar cGMP generation
compared with that in NPRB-transfected HEK293 cells, but only 50% from that of
NPRA-transfected HEK293 cells (Figure 32C).

3.3.3. Comparison of effects of siRNA-NPR on NP/cGMP signalling in
human NPRA and human NPRB doubl e-transfected cells
To test whether reduction in co-transfetced NPR quantity could restore NPmediated cGMP production in double-transfected cells, siRNA against either human
NPRA (siRNA-NPRA) or NPRB (siRNA-NPRB), or scrambled siRNA (siCtrl) as
internal control were co-transfected with the NPRA/NPRB double-transfected HEK
293 cells. Identically, a very similar cGMP generation pattern was seen in
NPRA/NPRB/siCtrl triple-transfected

HEK293 cells compared

to

that

in

NPRA/NPRB double-transfected HEK cells (Figure 33A). By applying siRNANPRA, ANP and BNP mediated NPRA/cGMP signalling were totally abolished,
whereas CNP/cGMP signalling was fully restored to that of NPRB-transfected
HEK293 cells (Figure 33B). Such findings suggest that the inhibition of the
expression of NPRA can restore NPRB/cGMP signalling. Notably, ACNP/cGMP
signalling was even enhanced compared to the NPRB-transfected cells, with a
similar cGMP production to that of NPRA-transfected cells (Figure 33B). However,
no down-regulation of CNP/cGMP signalling or restoration of NPRA/cGMP
signalling was observed after co-transfecting with siRNA against NPRB to the
NPRA/NPRB double-transfected HEK293 cells (Figure 33C).
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Figure 33. cGMP generation stimulated by 10-7 M of human NPs in doubl e-transfected HEK293
cells in presence of either 22nM siCtrl, or equimolar siRNA-hNPRA, or siRNA-hNPRB. (A)
Absolute v alues of cGMP generation in siCtrl/hNPRA/hNPRB co-transfected HEK293 cells. (B)
Absolute values of cGMP generation in siRNA-hNPRA/hNPRA/hNPRB co-transfected HEK293
cells. (C) Absolute values of cGM P generation in siRNA-hNPRB/hNPRA/hNPRB co-transfected
HEK293 cells. Experiments were conducted in 3 independent settings as triplicates. *P < 0.05,
**P < 0.01, ***P < 0.001 vs. control (Ctrl); # P < 0.05, ### P < 0.001 vs. ANP; &P < 0.05, &&& P < 0.001
vs. BNP; ^P < 0.05, ^^P < 0.01, ^^^P < 0.001 vs. CNP.

3.3.4. The attenuated cGMP signalling in NPRA and NPRB cotransfection is not species restricted
To test whether the attenuated cGMP signalling in hNPRA/hNPRB cotransfection can be reproduced, HEK293 cells were single- or double-transfected
with plasmids harboring mNPRA or mNPRB cDNA in presence or absence of
siRNA against either mNPRA or mNPRB. After 24 h, such cells were stimulated
with the solvent only, or 10-7 M of mouse ANP, BNP, CNP, or ACNP. A very
similar cGMP stimulation pattern was found in mNPRA-transfected HEK293 cells
in comparison of that in hNPRA-transfected cells (Figure 32A), although mouse
BNP mediated a similar cGMP generation than mouse ANP. Both stimulated cGMP
slightly more than ACNP although not being significant (Figure 34A). CNP
activated mNPRB to increase cGMP levels, while neither ANP nor BNP was able to
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mediate significant cGMP response (Figure 34B). Interestingly, equimolar ACNP
was even more potent in stimulation of cGMP generation in mNPRB-transfected
HEK293 cells compared to CNP (P < 0.001; Figure 34B), where CNP/cGMP was
slightly stronger than ACNP in hNPRB-transfected HEK293 cells (P > 0.05; Figure
32B). The ANP/NPRA/cGMP signalling pathway in mNPRA/mNPRB cotransfected HEK293 cells was down-regulated by 34% and thus to a less extent than
that in cells transfected with human receptors (65%; Figure 32C). Similarly,
BNP/cGMP signalling in mNPRA/mNPRB co-transfected HEK293 cells was
downregulated by 29%, while it was 48% in cells transfected with human receptors.
However, CNP/cGMP signalling was blunted by 77% in mouse receptor cotransfected cells in comparison to that of 57% in human receptor co-transfected cells.
In contrast, ACNP was much less affected and stimulated a similar cGMP
generation compared with that in mNPRA-transfected HEK293 cells (Figure 34C).

Figure 34. cGMP generation stimul ated by 10-7 M of mouse ANP, mous e BNP, CNP, and ACNP in
double-transfected HEK293 cells. (A) Absolute values of cGMP generation in mNPRA singletransfected HEK293 cells; (B) Absolute v alues of cGM P generation in mNPRB singl e-transfected
HEK293 cells; (C) Absolute v alues of cGMP generation in mNPRA/mNPRB double-transfected
HEK293 cells. Experiments were conducted in 3 independent settings as triplicates. ***P <
0.001 vs. control (Ctrl); ### P < 0.001 vs. ANP; &&&P < 0.001 vs. BNP; ^^P < 0. 01, ^^^P < 0. 001 vs.
CNP.
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Identically,

a very similar cGMP

generation pattern was seen in

NPRA/NPRB/siCtrl triple-transfected HEK293 cells (Figure 35A) compared to the
NPRA/NPRB double-transfected HEK cells. By applying siRNA against mNPRA,
nearly half of mouse ANP, mouse BNP and ACNP mediated NPRA/cGMP
signalling were inhibited compared to the double-transfected pattern (Figure 35B).
However, CNP/cGMP signalling was not restored (Figure 35B). Further, CNPmediated cGMP formation was totally abolished whilst no significant restoration of
NPRA/cGMP signalling were observed after co-transfecting siRNA against mNPRB
to the mNPRA/mNPRB double-transfected HEK293 cells (Figure 35C), indicating
the mechanism of interaction within mNPRA and mNPRB may differ from that of
human species. Nevertheless, the attenuated NP/cGMP signalling was confirmed in
double-trasfected cells regardless of receptor origin.

Figure 35. cGMP generation stimul ated by 10-7 M of mouse ANP, mous e BNP, CNP, and ACNP in
double-transfected HEK293 cells in presence of either 22nM siCtrl, or equimolar siRNA -mNPRA,
or siRNA-mNPRB. (A) Absolute values of cGM P generation i n siCtrl, mouse NPRA and NPRB cotransfected HEK293 cells. (B) Absolute values of cGMP generation in siRNA agai nst mouse
NPRA, mous e NPRA and NPRB tri ple-transfec ted HEK293 cells. (C) Absolute values of cGMP
generation in siRNA against mous e NPRB, mouse NPRA and NPRB triple-transfected HEK293
cells. Experiments were conducted in 2 independent settings as triplicates. ***P < 0.001 vs.
control (Ctrl); ^^P < 0.01, ^^^P < 0.001 vs. CNP.
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3.3.5. The inhibitory effect of receptor co-transfection is dose-dependent
To investigate whether the co-transfection of NPRA and NPRB leading to less
cGMP production is dose-dependent, and to test if such attenuated NP/NPR/cGMP
signalling in double-transfected cells could be abolished by using siRNA against
hNPRA or hNPRB, different proportions of hNPRA and hNPRB in presence or
absence of siCtrl/siRNA were co-transfected in HEK293 cells and such cells
stimulated with either 10-7 M of human ANP, BNP, or CNP. All three NPs activated
their natural receptors by leading to a rapid cGMP generation. ANP and BNP
stimulated cGMP generation decreased upon the co-transfection of hNPRA with
increasing ratio of hNPRB (Figure 36A&B), and these dose-dependent inhibitory
effects could not be restored by siRNA against hNPRB as found before (Figure 33C).

Figure 36. Comparisons of cGM P generation stimul ated by 10-7 M of human ANP and human
BNP in HEK293 cells transfected with different proportions of hNPRA/hNPRB/siCtrl/siRNAhNPRB. (A) Absolute values of cGMP generation stimulated by human ANP upon the cotransfection wi th hNPRA and increasing ratio of hNPRB in pres ence or absence of siCtrl/siRNAhNPRB; (B) Absolute values of cGMP generation stimul ated by human BNP upon the cotransfection wi th hNPRA and increasing ratio of hNPRB in pres ence or absence of siCtrl/siRNAhNPRB. * P < 0.05, ***P < 0.001 vs. Ctrl; P < 0.05,
P < 0.001 vs. 100% hNPRB + 0% hNPRA;
P < 0.05 vs. 100% hNPRB + 50% hNPRA.
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Interestingly, the effect of hNPRA cotransfection on CNP-mediated cGMP
generation was less pronounced than that of hNPRB influencing hNPRA mediated
cGMP signalling. There is no downregulation of cGMP generation after
cotransfecting 0.25 μg (50%) NPRA co-transfected with 0.5 μg (100%) NPRB, but
the cGMP signalling was attenuated by further increasing concentrations of hNPRA
co-transfected with 100% hNPRB in a dose-dependent manner. In contrast, a
detectable but not significacnt restoration of cGMP generation was seen by applying
siRNA against hNPRA (restored by 49% vs. 200%NPRA + 100%NPRB) (Figure
37).

Figure 37. Comparisons of cGMP generation stimulated by 10-7 M of CNP in HEK293 cells.
Absolute values of cGMP generation stimulated by CNP upon the co-transfection with human
NPRB and increasing concentration of human NPRA in presence or absence of siCtrl/siRNAhNPRA. **P < 0.01, ***P < 0.001 vs. Ctrl; P < 0.05 vs. 100% hNPRB + 0% hNPRA; P < 0.05 vs.
100% hNPRB + 50% hNPRA.

3.3.6. Characterisation of NPs/NPRs/cGMP signalling in transfected
primary cells
Above results suggested that there is a dose-dependent inhibitory effect on
cGMP generation upon NP stimulation in NPRA/NPRB double-transfected HEK293
cells. To test whether such attenuated NP/cGMP mediated by receptors interaction
can be reproduced in primary cell lines transfected with exogenous NPRA or NPRB,
two cultured primary cell types with inversely proportion of endogenously expressed
NPRA and NPRB were used. Mesangial cells (MC) predominately expressing
NPRB and human dermal microvascular endothelial cells (HDMEC) endogenously
expressing NPRA were transfected with mNPRA and hNPRB, respectively, in
presence or absence of siRNA against either mNPRA or hNPRB. In untransfected
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MC, 10-6 M of mouse ANP or BNP generated only one tenth cGMP in comparison
to CNP (Figure 38A). ANP/cGMP and BNP/cGMP signalling were rapidly activated
after transfecting with mNPRA, whilst CNP/cGMP signalling was ~30% attenuated
compared to the untransfected cells (Figure 38B). A similar result was seen in
mNPRA and siCtrl co-transfected MC (Figure 38C). By applying siRNA again
mNPRA to mNPRA-transfected MC, ANP- and BNP-mediated cGMP generation
was significantly inhibited, while CNP/cGMP signalling was partially restored by 23%
in comparison of that in mNPRA-transfected MC (Figure 38D), but not significantly
higher than that in untransfected MC.

Figure 38. Comparison of cGMP generation stimulated by 10-6 M of mouse ANP, mouse BNP,
and CNP in untransfected and transfected M C. (A) Absolute values of cGMP generation in
untransfected MC; (B) Absolute values of cGM P generation in mNPRA single-transfected M C; (C)
Absolute values of cGMP generation in mNPRA and siCtrl double-transfected MC; (D) Absolute
values of cGMP generation in mNPRA and siRNA-mNPRA double-transfected MC. Experiments
were conducted in 3 independent settings as tri plicates. *P < 0.05, **P < 0.01, ***P < 0.001 vs.
control (Ctrl); ^^^P < 0.001 vs. CNP.

Further, the endogenous NPRA-rich HDMEC were stimulated with either
solvent, or 10-6 M of human ANP, BNP, or CNP. In untransfected HDMEC, which
has only little endogenous NPRB, CNP failed to mediate cGMP release as expected,
while ANP induced a strong cGMP signal being significantly higher than that of
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BNP (Figure 39A). CNP/cGMP signalling was rapidly activated after transfecting
with human NPRB, accompanied with a slight but not significant decrease in ANPand BNP-mediated cGMP formation (Figure 39B). Similarly, siCtrl did not affect
the cGMP formation (Figure 39C). Moreover, the down-regulated ANP/cGMP and
BNP/cGMP signalling were not restored via siRNA against NPRB, where
CNP/cGMP signalling was interfered and had a more than 70% decrease versus that
of NPRB-transfected HDMEC (Figure 39D). Thus, these data validated the
substantial NPRA and NPRB interaction through both axes of exogenous/exogenous
and exogenous/endogenous receptor interplays, which might involve complicated
and distinct mechanisms.

Figure 39. Comparison of cGM P generation in untransfected and transfected HDMEC. (A)
Absolute values of cGMP generation in untransfected HDM EC; (B) Absolute values of cGMP
generation in hNPRB single-transfected HDM EC; (C) Absolute values of cGM P generation in
hNPRB and siCtrl double-transfected HDMEC; (D) Absolute values of cGMP generation in
hNPRB and siRNA-hNPRB doubl e-transfected HDMEC. Experiments were conducted in 3
independent settings as triplicates. *P < 0.05, **P < 0.01, ***P < 0.001 vs. control (Ctrl); # P < 0.05
vs. ANP; ^^P < 0.01, ^^^P < 0.001 vs. CNP.
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3.3.7. Evaluation of NPRA and NPRB interaction by Western blotting
To test if NPRA down-regulates NPRB expression on translational levels
leading to lower CNP-mediated cGMP generation; or translation of NPRB is not
influenced by NPRA, but less NPRB is on the membrane due to altered
internalisation, immunoblots were performed to assess the interaction of human
NPRB-CFP with different ratio of untagged human NPRA in membrane and
cytoplasma preparation. Living Colors antibody was used as the primary antibody
and Calreticulin was used as a housekeeping protein (spanning 64-70kDa). As
shown in Figure 40, NPRB-CFP appeared as a strong band whose apparent
molecular mass (spanning 130-135kDa) agrees with previous estimation (Tian and
Yang, 2006,

Abdelalim and

Tooyama, 2009).

No NPRB-CFP-associated

immunoactivity was seen in pcDNA3.1(-) or NPRA transfected membrane samples,
while the strongest band occured in membrane of NPRB-CFP single transfected
cells. A decreasing immunoreactivity of NPRB-CFP was seen in the membrane
preparations by increasing the concentration of co-transfected NPRA. In contrast, in
the cytosol, no detectable signal was found in any transfection pattern, suggesting
the absence of internlisation occurred during the interaction between NPRA and
NPRB (Appendix 5). Taken together, these data implicate that the transcription or
translation of NPRB might be inhibited by NPRA in a dose dependent manner.

Figure 40. Comparison of human NPRB-CFP protein levels in HEK293 cell membrane
preparations co-transfected with human NPRB-CFP and different concentration of human
NPRA. HEK293 cells were single-transfected with ei ther 0.5 μg pcDNA3.1(-) vector, or 0.5 μg
human NPRA (as 100%), or 0. 5μg human NPRB-CFP (as 100%); or double-transfected wi th 100%
NPRB-CFP plus v arious concentration of NPRA. Cell membrane samples were prepared and
analysed by wes tern blot with a Living Colors antibody raised agains t CFP tag, or calreticulin.
Experiments were conducted in 3 independent settings as triplicates. The immunoreactivity of
sample of 100% single NPRB-CFP transfection was normalized as 1.0. Each lane of a 10%

PAGE was loaded with 10 μg of membrane protein.

99

Inversely, to test the hypothesis that NPRB down-regulates NPRA expression
on translational level leading to lower ANP- and BNP-mediated cGMP generation,
or translation of NPRA is not influenced by NPRB, but less NPRA is on the
membrane due to altered internalization, an identical procedure was conducted with
untagged human NPRB and human NPRA-YFP, instead of aforementioned human
NPRA and human NPRB-CFP. As shown in Figure 41, NPRA-YFP appeared as a
broad band of immunoreactivity whose apparent molecular mass (spanning 130135kDa) agrees with previous estimation (Liu et al., 2010, You and Laychock,
2011). No human NPRA-YFP-associated immunoreactivity was observed in
pcDNA3.1(-) or human NPRB transfected membrane samples, while the normalized
densities of targeted bands were all similar among the 100% NPRA-YFP lane and
the lanes co-transfected with varying concentration of human NPRB (Figure 41).
This indicates that the down-regulation of ANP- and BNP-medaited cGMP
generation in double-transfected cells is not due to a translational alteration of
NPRA. Moreover, in the cytosol, no detectable signal was found in any transfection
pattern, suggesting again the absence of internlization occurring during the
interaction between NPRA and NPRB in ligand-unstimulated cells (Appendix 6).

Figure 41. Comparison of human NPRA-YFP protein levels in HEK293 cell membrane
preparations co-transfected with human NPRA-YFP and different concentration of human
NPRB. HEK293 cells were single-transfected with ei ther 0.5 μg pcDNA3.1(-) vector, or 0.5 μg
human NPRB (as 100%), or 0.5 μg human NPRA-YFP (as 100%); or doubl e-transfected with
100% NPRA-YFP plus various ratio of NPR B. Cell membrane samples were prepared and
analysed by wes tern blot with a Living Colors antibody raised agains t YFP tag, or calreticulin.
Experiments were conducted in 3 independent settings as triplicates. The immunoreactivity of
sample of 100% single NPRA-YFP transfection was normalized as 1.0. Each lane of a 10%

PAGE was loaded with 10 μg of membrane protein.

100

3.3.8. Quantification of NPRA and NPRB mRNA expression in
transfected HEK293 cells
To further assess whether the interaction between NPRA and NPRB leading to
impaired cGMP generation was due to transcriptional alteration or direct
intervention on translational level, 24 h after transfection, cells were harvested and
RNA was isolated. Quantitative RT-PCR was performed to determine the changes in
human NPRA and NPRB mRNA in transfected HEK293 cells, respectively.

Figure 42. Real-time PCR quantification of human NPRs in receptor transfected HEK293 cells.
(A) Rel ative quantity (RQ) of human NPRA Mrna expression; (B) Relative quantity (RQ) of
human NPRB mRNA expression. HEK293 cells were single-transfected with either 0.5 μg
pcDNA3.1(-) vector, or 0.5 μg human NPRA (as 100%), or 0.5μg human NPRB (as 100%); or
double-transfected wi th 100% NPRB plus various ratio of NPRA. Relative quantity (RQ) is
normalized to human GAPDH level. Data represent the mean ± SEM (n = 6 per group).

As shown in Figure 42A, relative quantity (RQ) of human NPRA mRNA was
gradually increased by raising the concentration of human NPRA (from 25% to
200%) in human NPRB-transfected HEK293 cells. In contrast, RQ of human NPRB
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mRNA displayed a gradient reduction when co-transfected with an increasing
portion

of

human

NPRA

(Figure

42B),

suggesting

NPRA

inhibits

CNP/NPRB/cGMP signalling on transcriptional level.

3.3.9. Physical interaction between NPRA and NPRB
To further investigate if a direct physical interaction of NPRA and NPRB
occurs, human NPRB-CFP and NPRA-YFP were co-expressed in HEK293 cells and
FRET signals were analyzed as a measurement for direct interaction between both
receptors when two fluorophores are in close proximity to each other. Both CFP
signal (Figure 43A) and YFP signal (Figure 43B) were detected in hNPRAYFP/hNPRB-CFP co-transfected HEK293 cells using the CFP and YFP channel,
respectively. Merged signal (Figure 43C) demonstrated the coexpression of hNPRAYFP and hNPRB-CFP in the double-transfected cells.

Figure 43. Representative images illustrating the coexpression of human NPRA-YFP and
human NPRB-CFP. (A) HEK293 cells expressing the targeted human NPRB -CFP using the CFP
channel; (B) HEK293 cells expressing the targeted human NPRA-YFP using the YFP channel; (C)
The ov erlay of HEK293 cells co-expressing hNPRA-YFP and hNPRB-CFP. Images were captured
with Zeiss LSM510 using 40× oil objective.
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Compared to the fluorescence intensity of NPRB-CFP alone, decrease in
donor (CFP) emission (at ~480 nm) and increase in acceptor (YFP) emission (at
~532 nm) intensities was observed in co-transfection of NPRB-CFP and NPRA-YFP
(Figure 44), and these signal values are significantly different between the single
NPRB-CFP spectrum and that of co-transfection of NPRB-CFP and NPRA-YFP (P
< 0.001). Furthermore, the distance between the two fluorophores was determined
(R = 7.42 ± 0.89 nm) by knowing the FRET efficiency (ET = 8.99 ± 4.05),
demonstrating the energy transfer occurred when two fluorophores were close to
each other enough (distance of the donor and acceptor molecules < 10 nm) and
interacting with each other.

Figure 44. Fluorescence spectra of human NPRB-CFP alone, human NPRB-CFP plus human
NPRA-YFP, and human NPRB-CFP plus human NPRA-YFP (YFP-bleaching). Data represent the
mean ± SD (n = 46-49 per group).
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3.4. Discussion
Characterisation of the crosstalk among different signalling pathways that
involve cardiovascular pathogenesis should lead to a better understanding of
molecular and cellular processes and ultimately, leading to the discovery of novel
and fundamental therapeutic options for CVD. In this chapter, a NPRA/NPRB
interplay was uncovered involving the down-regulated NP-mediated cGMP
signalling via their cognate receptors in the cells double-transfected with NPRA and
NPRB. Such inhibitory effect on signalling of heterogeneous receptor complexes by
receptor co-transfection was dose-dependent. Interestingly, the data revealed that
increasing concentration of NPRA co-transfected with NPRB leads to a reduced
generation of NPRB mRNA and thus to decrease the amount of NPRB protein in the
membrane, which consequently results in the observed lower cGMP release
stimulated by CNP in NPRA/NPRB double-transfected cells in comparison to
NPRB single-transfected cells. In contrast, by increasing concentration of NPRB in
NPRA, it is revealed that the decreased cGMP formation stimulated by ANP and
BNP in co-transfected cells is not attributed to lowered receptor quantity in the
membrane, but very likely due to the newly identified physical interaction of the two
receptors, causing conformational change of the NPRA receptor in NPRA/NPRB
heterodimer, thereby reducing the GC activity after ligand stimulation.
The protein interaction between NPRA and NPRB is not species related,
because the down-regulation of cGMP formation was observed in cells doubletransfected with NPRA and NPRB of different species. Using analysis with basic
local alignment search tool (BLAST) revealed that such concordant attenuated
cGMP signalling in receptor combinations of different species possibly results from
a relatively high homology of 87% between human NPRA (accession number
NM_000906.3) and mouse/rat NPRA (accession number NM_012613.1 for rat, and
NM_008727.5 for mouse), and of 91% between human NPRB (accession number
NM_003995.3) and mouse/rat NPRB (accession number NM_053838.1 for rat, and
NM_173788.3 for mouse). Yet, NP mediated cGMP formation in cells doubletransfected with NPRA and NPRB is incompletely understood, the ratio of NPRA
and NPRB in living cells/tissues has not been quantified in pathophysiological states
(Dickey et al., 2007). Previous studies demonstrated cGMP generation in primary
cells expressing different concentrations of NPRA and NPRB (Suga et al., 1992,
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Pankow et al., 2007, Potter et al., 2006), and different receptor distribution was
shown in isolated tissue/organs (Ritter et al., 1995, Del Ry et al., 2010). Thus, the
here generated data demonstrate for the first time an attenuated cGMP generation in
equal amount of NPRA/NPRB double-transfected cells after equimolar NP
stimulation in comparison to single-transfected cells using the same receptor cDNA
concentrations as in double-transfected cells. Many reports have suggested that
NPRA exists as a homodimer (Rondeau et al., 1995, Ogawa et al., 2004, Misono et
al., 2011). It was shown for the NPRA homodimer that a rotation at the
transmembrane domain after ligand binding is associated with the signal
transduction, thereby leading to the activation of the GC domain (Parat et al., 2010).
Crystallographic studies also showed a minor extent of conformational difference
between the unliganded and liganded forms of the NPRA ECD, supporting the
concept of conformational change as the basis for intracellular signalling (Ogawa et
al., 2004). The present study demonstrate that using the same amounts of receptor
plasmid DNA for transfection, CNP mediated cGMP formation in NPRB-transfected
cells is less pronounced than NPRA/cGMP formation stimulated by ANP or BNP.
This is in well congruence with former findings (Pankow et al., 2007). One possible
explanation could be that the receptor rotation in the CNP/NPRB complex leads to a
less extent of intracellularly GC activation in comparison to that in ANP/NPRA or
BNP/NPRA complex by e.g. less significant rotation, and thus resulting in less
cGMP generation. Although such rotational mechanism in NPRB activation requires
further investigation, it could then be speculated that the combination of a better and
less good transmembrane domain in the investigated heterodimers leads to a
significant inhibition of the intracellular signalling by the more efficient ANP/BNP.
In addition, it could be shown here that ACNP is an activator for NPRA and
NPRB and can stimulate an augmented cGMP release in primary cells expressing
both receptors (Zhu et al., 2011). Thus, it was postulated that ACNP could exert
additive cGMP production in NPRA/NPRB double-transfected cells. However, in
current study, ACNP only showed a similar cGMP generation compared to that of
ANP and BNP (Figure 32C and 38C). The model of altered rotation/activation in
such heterodimers could explain this. While NPRB is down-regulated in
NPRA/NPRB double-transfected cells, the signals of NPRA in complexes with the
remaining NPRB could be not as good as the NPRA alone. Langenickel et al.
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demonstrate that intracellular cGMP accumulation upon CNP stimulation was
blunted in COS-7 cells co-transfected with NPRB and a dominant negative NPRB
mutant, NPRBΔKC, while native NPRB homodimers were able to generate cGMP
(Langenickel et al., 2006), implicating that such alteration in signalling efficacy can
be due to disturbed interaction resulting from domains of the receptors in the
heterodimers compared to the optimal interaction of such domains in homodimers.
Hence, altered rotation and thus alteration in signalling efficacy in the NPRA/NPRB
heterodimer blunts the expected additive effect of ACNP in stimulating both
receptors.
It has been shown in Chapter 2 that ACNP stimulated an augmented cGMP
release in primary cells, e.g. MC, VSMC, and CF, what should not be expected
taking the data in double-transfected cells. However, presumably the unbalanced
ratio between NPRA and NPRB in these primary cells (predominant NPRB but also
minor NPRA expression) leads to a very limited receptor heterodimerisation. Indeed,
co-expression of 50% NPRA with 100% NPRB in HEK293 cells had almost no
inhibitory effect on CNP-mediated cGMP generation (Figure 37C). Furthermore, in
NPRA single-transfected cells, ANP was more potent than BNP in stimulating
cGMP as shown here (Figure 32A and 39A) and by others (Kambayashi et al., 1990,
Nakao et al., 1991). It is also suggested that BNP was approximately 10- fold less
potent than ANP (Koller and Goeddel, 1992). When the cells were co-transfected
with both NPRA and NPRB, however, ANP was less potent than BNP in generating
cGMP in double-transfected HEK293 cells (Figure 32A&C and Figure 34A&B).
This is likely due to the structural differences between ANP and BNP, allowing
BNP under co-transfection condition, to better interact with the NPRA/NPRB
heterodimer and leading to a better transmembrane rotation in comparison to the one
initiated by ANP, and subsequently to more stirring GC activity. Of note, the
importance of other determinants for a normal transmembrane signalling such as
association, spatial position, and binding angle of the ligand/receptor complex
cannot be excluded, since natriuretic peptides are small polypeptides with a relative
disordered conformation in solution (Carpenter et al., 1997).
siRNA-NPRA and siRNA-NPRB have been successfully used in many
applications to knock down NPRA and NPRB expression, respectively (Wang et al.,
2008, Kong et al., 2008, Wang et al., 2011, Simon et al., 2009). Here, it was shown
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that siRNA-NPRA could efficiently abolish human NPRA/cGMP formation and
restore CNP-mediated NPRB/cGMP signalling in the double-transfected HEK293
cells and NPRA-transfected MC. One explanation could be that the siRNA-NPRA
balances the NPRA/NPRB ratio similar to primary cells where the NPRA effect on
NPRB expression and NPRB on heterodimer-associated reduction in efficacy of
ANP/BNP are minor. Surprisingly, the siRNA-NPRA intervention ameliorated
ACNP/cGMP signalling in the double-transfected HEK293 cells to a better
performance than that in NPRB-transfected HEK293 cells, reaching a comparable
cGMP generation as that in NPRA-transfected HEK293 cells. It has been
documented by Ribeiro et al. that reduced transfection efficiency occurred while
increasing the size of the plasmid (Ribeiro et al., 2012). Hence, such enhanced
ACNP/cGMP signalling could also be attributed to the competitive transfection
efficiency between the empty vector (pcDNA3.1(-)) and the NPR constructs.
Because the NPRB transfection contained equal amount of pcDNA3.1(-) cotransfected with NPRB, the transfection efficiency of the empty vector (5427 bp) is
presumably higher than that of the larger NPRB construct (8634 bp). Deducibly, the
commercial human NPRA construct (~8200 bp) should also have a similar or
slightly better transfection efficiency than NPRB. Consequently, compared to the
ACNP/cGMP signalling in NPRB-transfected cells which were also transfected with
the empty vector (Figure 32B), a higher transfection efficiency of NRPB could be
achieved after silencing the NPRA via siRNA and ensuing an augmented
ACNP/cGMP signalling without the transfection competition from either NPRA or
the empty vector.
However, apart from the slightly increased ACNP-mediated cGMP
generation in NPRA/NPRB double-transfected HEK293 cells and inhibition of
CNP-mediated NPRB/cGMP signalling in NPRB-transfected HDMEC are seen in
current study, siRNA-NPRB failed to suppress CNP/NPRB signalling as well as to
restore ANP- or BNP-mediated NPRA/cGMP signalling in NPRA/NPRB doubletransfected HEK293 cells. It is very likely the siRNA-NPRB did not work properly.
However, it has been observed a reduced CNP-mediated cGMP formation in NPRBtransfected HDMEC (Figure 39D). Nevertheless, experiments should be repeated
using siRNA-NPRB from other companies to confirm whether there is a different
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mechanism of NPRB interacts with NPRA, leading to an irreversible downregulated NPRA/cGMP signalling.
Western blotting assay in transfected cell membrane preparations of various
NPR ratios revealed that the NPRB protein expression in double-transfected cells is
counterregulated by NPRA in a dose-dependent manner, but NPRA quantity on the
membrane is not influenced by NPRB co-transfection. Although emerging specific
NPRA or NPRB antibodies have been generated and reportedly functioned in many
applications, neither these described antibodies previously (Tian and Yang, 2006,
You and Laychock, 2010) nor other primary antibodies purchased elsewhere worked
properly in western blotting. Therefore, in the experiments of Chapter 3 (data not
shown), the NPRA tagged with enhanced YFP and NPRB tagged with enhanced
CFP both at C-terminus were used in combination with untagged NPRs in cotransfection experiments. Here, no fluorescent protein signal was detected in the
cytoplasm for both tagged receptors (Appendix 5&6). This makes it unlikely that the
less NPRB on the membrane would attribute to faster internalisation under NPRA
and NPRB interaction, since this should have had led to a stronger intracellular
signal in double-transfected cells. A previous study on interaction between Mas and
AT1 receptor (Von Bohlen and Halbach et al., 2000) showed that the membranebound AT1 receptor expression was not restricted to the cell membrane but also
occurred in the cytoplasm, suggesting the possibility of internalised AT1 receptors
via Mas interaction. Meanwhile, the discrepancy in protein level alteration between
the preparations of NPRA/NPRB-CFP and NPRB/NPRA-YFP leads to further
consideration on the regulation of transcriptional level on NPRB. Thereupon, the
mRNA regulation of both NPRA and NPRB were investigated in receptor
transfected HEK293 cells. Such experiments confirmed that dose-dependent
inhibition of NPRB transcription occurs with increasing NPRA in transfected cells
(Figure 42), thereby reducing the quantity of NPRB on the membrane. Such
decreased NPRB is then the key factor for the attenuated CNP/NPRB/cGMP
signalling in NPRA/NPRB double-transfected cells.
However, it is hard to deduce the same mechanism for the down-regulated
NPRA/cGMP signalling. No direct evidence supports that NPRA is affected by
NPRB on transcriptional- or translational level leading to reduced ANP/BNP effects
in double-transfected cells. Previous studies demonstrated that NPRA is desensitized
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in the failing human heart (Tsutamoto et al., 1993, Kuhn, 2003) despite of elevated
N-terminal pro-NP and NP levels in patients with hypertensive cardiac hypertrophy
and heart failure (McKie et al., 2010b, McKie et al., 2011), causing an impairment
in cGMP formation and preventing the diverse cardioprotective NP functions.
Additionally, neither NPRA nor NPRB were internalised or degraded in response to
NP binding (Fan et al., 2005). Here it is demonstrated that with increasing
concentration of NPRB co-transfected with stable concentration of NPRA, the
decreased cGMP formation stimulated by ANP and BNP in co-transfected cells is
not attributed to a change in receptor quantity either on NPRA mRNA or protein
level, but very likely due to the following two potential reasons: 1) Less ANP/BNP
interacts with the NPRA caused by the less accessibility to the binding domain built
by the NPRA/NPRB heterodimer, which is presumably due to conformational
change in the ‘binding-pocket’ structure. 2) The affinity is unchanged but the ligandreceptor complexes experience an altered NP-induced rotation in the juxtamembrane
region that partly hinder the two intracellular domains to change into the active
conformation, thereby reducing the GC activity. Here it is shown with FRET assay
that energy transfer occurred and a significant difference between the spectrum of
NPRB-CFP

homodimer and

that of NPRB-CFP/NPRA-YFP

heterodimer,

demonstrating the two different fluorophores were interacting with each other. By
using cysteine substitution of the extracellular juxtamembrane domain of NPRA
which leads to an unpaired Cys432 and results in spontaneous disulfide bridge
formation, Labrecque et al. indicated that the juxtamembrane regions of the ECD
subunits should be juxtaposed (Labrecque et al., 1999). However, mutation D435C,
producing an unpaired Cys435 three residues distal to Cys432, lead ing to a disulfide
bridge only upon NPRA activation by ANP (Labrecque et al., 2001). These results
are compatible with a conformational change of the juxtamembrane domain that was
also documented by Parat et al. using FRET autoquenching (Parat et al., 2010). It
therefore led to the speculation that the unanticipated down-regulated NPRA/cGMP
generation in certain types of CVD, e.g. hypertention, heart failure, etc. may involve
physical interaction between NPRA and NPRB, leading to a conformational change
at the binding site(s) or inhibited GC activation between the two receptors. Still, it
would be of interest to determine the exact conformational changes in the
NPRA/NPRB heterodimer in presence of NP, which might finally identify the
mechanism for such impaired ANP/BNP signalling in double-transfected cells.
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Figure 45. Anatomy of arterial wall and NPR distribution under normal and abnormal
states. (A) Anatomy of normal arteri al wall and NPR distribution. The vessel wall consists of
three layers (i ntima, medi a, and adventiti a). The innermos t layer is mainly formed by
elastica interna and endothelial cells, which is in direct contact with the blood blow in the
lumen. The outermost layer is the tunica externa (also known as adventitia) and is
composed of connective tissue and some fibroblasts. Between intima and adventiti a is the
tunica media, this layer is made up by elastic tissue and smooth muscle cells. The NPRs are
distributed differently in these types of cells with unbal anced proportio ns, NPs bind to thei r
cognate receptors and medi ate cGMP rel ease to exert vasodilating effect. (B) Anatomy of
abnormal arterial wall and impai red NPR distribution. The conformation of NPRA is
changed after interacti ng wi th NPRB, which may inhibit the GC domain activation and
attenuated its cGMP signalling. NPRB/cGMP signalling is also affected by the i nteraction of
NPRA and less NPRB are present on the cell membrane. Cons equently, the overall effects of
NPRA and NPRB interaction lead to the dysfunction of NPs /NPRs/cGMP axis in regulating
vasculature tone.
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A proposed model for the impaired vasorelaxation in the artery has been
raised in which, under normal condition, NPRA and NPRB have different
distributions in the vessel layers, NPRA are preferentially located on the
endothelium and also partly in VSMC and fibroblasts, whereas NPRB preferentially
anchor on VSMC and fibroblasts (Figure 45A). Under pathological condition,
NPRA and NPRB interaction leads to a conformational change in the binding
domain of the NPRA while the NPRB is down-regulated on the cell membrane,
blocking the NPR/cGMP signalling and thus causing the dysfunction in regulating
vasculature tone (Figure 45B). Indeed, the finding that NPRA had a physical
interaction with NPRB in the FRET assay may support this notion (Figure 44). In
that regard, the precise site(s) of the interaction remains to be determined.
Moreover, it has been reported that the clearance receptor is the most
abundant NPR in most tissues (Maack, 1992). It also has been shown in VSMC that
knockdown of NPRA enhanced NPRC expression and signalling (Li et al., 2011). In
present study, the interaction between NPRA (or NPRB) and NPRC was not
investigated, but first orientating experiments indicate that the co-transfection of
NPRA with NPRC or NPRB with NPRC showed at least no significant influence on
cGMP production stimulated by ANP/BNP or CNP (Appendix 7). This cannot
exclude the possibility that a NPRA/NPRC or NPRB/NPRC heteromeric complexes
play an unseen role in mediating cAMP signalling, since it has been suggested that
NPRC regulates adenylyl cyclase activity (Mouawad et al., 2004). Nevertheless, it
will be of interest to further investigate how these three NPRs might influence each
other in receptor complexes and whether such interaction might play a role in the
patients with CVD, also by comparing the NPRs distribution in tissue of healthy
people. Also, it is urged to identify whether any receptor conformation might lead to
intracellular signalling alteration in response to different NPs. This might also allow
the identification of a pharmacologically- distinct receptor (complex) signalling
specifically in response to certain peptide, and finally, to open the avenue for a
better understanding of the pathogenesis of CVD.
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Chapter IV
The receptor profiles of different B-type natriuretic peptides and
the degradation profile of BNP1-42
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Chapter 4
The receptor profiles of different B-type natriuretic peptides and
the degradation profile of BNP1-42
4.1. Introduction
BNP has been viewed as a potent cardiac hormone in regulating blood vessel
tone and kidney function, exerting natriuretic, anti- hypertrophic, anti- fibrotic, and
BP-lowering effects, with the longest AA sequence compared to its structurally
similar but genetically distinct homologous peptides, ANP and CNP. Meanwhile,
BNP and the inactive N-terminal proBNP serve as biomarkers for many CVD, such
as decompensated HF, due to their high negative predictive values (Hunt et al., 1997,
McCullough et al., 2002, Maisel et al., 2002, Maisel et al., 2004). The synthesis of
mature human BNP (hBNP1-32) occurs almost exclusively in the ventricular
myocardium. Different molecular weight forms of BNP can be generated through
distinct cleavages of the BNP precursor, proBNP which has a length of 108 AA, or
from alternative RNA splicing, as the ASBNP (Pan et al., 2009) (Figure 46).
Notably, apart from the mature mouse BNP (mBNP1-32), another circulating form
of mBNP was isolated and determined as mBNP1-45, with a 22-AA N-terminus
(Steinhelper, 1993, Sudoh et al., 1989) (Figure 47).
Many physiological responses of BNP are mediated by cGMP formation via
BNP binding to NPRA, and its clearance from the circulation mainly involves the
common NP clearance receptor NPRC. Besides, the circulating BNP level could
also be controlled via glomerular filtration and degradation by peptidases, to
generate different BNP metabolites/catabolites with or without bioactivity.
Interestingly, our laboratory reported that mouse BNP7-32 (mBNP7-32) was yielded
from mature mBNP1-32 by murine renal metallopeptidase meprin A (EC 3.4.24.18)
(Figure 47) (Pankow et al., 2007), and it is BNP8-32 in human (hBNP8-32)
(Walther, 2007). Both mBNP7-32 and hBNP8-32, but neither BNP1-32 nor BNP332 (a BNP metabolite cleaved by dipeptidyl peptidase IV at N-terminus of BNP1-32)
(Brandt et al., 2006), are substrates of NEP (Brandt et al., 2006, Pankow et al., 2007,
Boerrigter et al., 2009). Later, Boerrigter et al. suggested that hBNP8-32 has a
similar haemodynamic but reduced renal effect in vivo compared with native
hBNP1-32 (Boerrigter et al., 2009), indicating that such different BNPs resulting
113

from enzymatic processing may have different receptor profiles and thus
physiological function. Moreover, it has been described in 1.2.5 that the designed Cterminal truncated form of ASBNP, namely BNP1-42, had little vasodilating effect
but a preserved renal action, e.g. stimulating cGMP in MC and glomeruli, increasing
GFR and suppressing plasma renin and angiotensin, and inducing natriuresis and
diuresis (Pan et al., 2009), implicating there might be an undefined pGC linked
receptor in MC with hBNP1-42 as a potential ligand, or there might be a cell-type
specific peptidase which rapidly metabolizes hBNP1-42 to a bioactive one in MC.

Figure 46. Scheme of the genetic structure of the human BNP gene and the biosynthetic
pathways for the human BNP, BNP1-42, and BNP metabolites. BNP1-42 was designed by a 18AA deletion at C-terminus of ASBNP (BNP1-60), which is an alternative spliced transcript for
BNP resulting from intron 2 retention (Pan et al., 2009). BNP3-32 is the product of dipeptidylpeptidas e IV (DPP4)-cleav ed BNP1-32, while BNP8-32 is a metabolite of BNP1-32 cleaved by
meprin A.
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Figure 47. Amino acid sequences of mouse BNP7-32 and mouse BNP1-45. Residues in grey
circles denote those are conserved among the mouse natriuretic peptides. Circles in dotted
boundaries denote the disappearance of those amino acids from mBNP1-32. The arrow
indicates the cleavage site of mepri n A.

This chapter aims to identify specific receptor profiles of different BNPs,
including two murine BNPs, the N-terminal elongated mBNP1-45 and N-terminal
truncated mBNP7-32, and also the human BNP variant, hBNP1-42, resulting from a
truncated version of the alternative spliced transcript of hBNP (Pan et al., 2009).
The potency and efficacy of these BNPs in stimulating cGMP generation were
studied in various cell types (transfected HEK293 cells, cultured primary BAEC,
HDMEC, VSMC, and MC) in comparison to their native BNP, mBNP1-32 and
hBNP1-32, respectively. Meanwhile, it is also aimed to explore if the
metabolism/degradation of hBNP1-42 differs from that of native BNP, whereby
peptide degradation by NEP or murine lung and kidney membranes were
specifically examined by HPLC.
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4.2. Materials and methods
4.2.1. Materials and reagents
mBNP7-32, mBNP1-45, and hBNP1-42 were synthesized by Biosyntan GmbH
(Berlin-Buch, Germany) with a purity of 95%. All other materials and reagents
refers to 3.2.1.

4.2.2. Culture of cells, transfection, and stimulation
Culture of the permanent cells and primary cells, transfection, and cell
stimulation refer to 2.2.3 and 2.2.4. Exclusively Lipofectamine 2000 transfection
reagent was used for plasmid DNA transfection.

4.2.3. Measurement of cGMP
Measurement of cGMP has been described in 2.2.5.

4.2.4. Membrane preparations
Mouse lung and kidney membranes were prepared by homogenising whole
tissue pieces in a 50 mM Tris buffer (pH 7.4) with an IKA Ultra-Turrax® T25
homogeniser (Staufen, Germany). Samples were centrifuged at 40,000 g to separate
membranes from cytosol. After a washing step, the pellet was resuspended in 50
mM Tris buffer and stored at -80 °C. The total protein content of the membrane
preparations was determined by BCA assay and adjusted depending on the
experiment.

4.2.5. Degradation of BNP1-42 by membrane preparations and
recombinant human NEP
hBNP1-42 was incubated with different membrane preparations (mentioned in
4.2.4) in Tris buffer (50 mM, pH 7.5) supplemented with 0.1% BSA (Tris/BSA buffer) at 37 °C. Additionally, hBNP1-42 in the concentration of 10-5 M was
incubated with 100 μl recombinant human NEP (1 μl stock solution first diluted with
9 μl Assay Buffer (Assay Buffer: 50 mM Tris, 0.05% Brij35, pH 9.0), and then
further diluted in 50 mM Tris buffer to a final volume of 100 μl) at 37 °C for 10 or
30 min. The reaction was stopped by adding perchloric acid (0.35 M). After
centrifugation, the supernatant has been analyzed with High-Performance-LiquidChromatography using an UV-Detector. A linear gradient (Buffer A: acetonitrile
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with 0.05 % trifluoracetic acid; and Buffer B: double distilled water with 0.05%
trifluoracetic acid) for both analyses was used to separate peptides on a RP
Nucleosil 100 C12 column (Phenomenex, Torrance, CA, USA). Peak areas have
been calculated with the LabSolutions® software from Shimadzu.

4.2.6. Statistical analysis
Results are expressed throughout as the mean ± SEM unless otherwise
indicated. For the cell culture studies, each experiment was performed in triplicate in
2 or 3 independent experiments. Differences between groups were compared with
one-way ANOVA followed by the Bonferroni posttest when the global test was
significant. Two-way ANOVA was used to compare the main group effects of
hBNP1-32, hBNP1-42, mBNP1-32, and mBNP1-45 in dose-response curves. EC 50
values were calculated by using sigmoidal dose response curve fit in GraphPad
Prism 5.0 (GraphPad Software, San Diego, CA, USA). A P value of < 0.05 was
considered as signiﬁcant.
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4.3. Results
4.3.1. Characterisation of cGMP generation by different BNPs in
receptor transfected cells
In human NPRA-transfected HEK293 cells, total cGMP concentration
increased only one fifth with 10-6 M of hBNP1-42 compared to the cGMP stimulated
with equimolar hBNP1-32 (Figure 48A). Neither hBNP1-32 nor hBNP1-42 were
able to mediate robust cGMP generation in human NPRB-transfected HEK293 cells,
though hBNP1-32 significantly stimulated the human NPRB versus the control
(Figure 48B). Dose-response curves confirmed hBNP1-32 to be more efficient than
hBNP1-42 in NPRA-transfected HEK293 cells. Such curves also exhibited a
significantly lower EC50 and thus a higher potency of hBNP1-32 than that of
hBNP1-42 (P < 0.001; Figure 48C).

Figure 48. Comparison of cGMP generation by hBNP1-32 or hBNP1-42 in receptor transfected
HEK293 cells. (A) Absolute v alues of cGMP generation with human NPRA-transfected HEK293
cells; (B) Absolute values of cGMP generation with human NPRB-transfected HEK293 cells; (C)
Dose-respons e curves stimulated by 10-11 to 10-5 M hBNP1-32 and hBNP1-42 in human NPRAtransfected HEK293 cells. Experiments were conducted in 3 independent settings as triplicates.
**P < 0.01, ***P < 0.001 vs. control (Ctrl); $$$ P < 0.001 vs. hBNP1-32.
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To evaluate the efficacy of murine BNPs to stimulate cGMP generation, 10 -6
M of mBNP1-32, mBNP1-45, or mBNP7-32 were incubated with HEK293 cells
transfected by mouse NPRs. All three murine BNPs were able to mediate potent
cGMP generation with no significant differences among them (Figure 49A). Similar
to the hBNPs in Figure 48B, none of the mBNPs was able to elicit robust cGMP
formation via mouse NPRB (Figure 49B). Dose-response curves identified mBNP145 as the most potent BNP with an approximately 4- fold lower EC 50 in comparison
to mBNP1-32 and mBNP7-32 (Figure 49C), although there were no differences in
maximal efficacy in cGMP formation among them.

Figure 49. Comparison of cGMP generation by mBNP1-32, mBNP1-45, or mBNP7-32 in mouse
receptor transfected HEK293 cells. (A) Absolute values of cGMP generation with mouse NPRAtransfected HEK293 cells; (B) Absolute values of cGMP generation with mous e NPRBtransfected HEK293 cells; (C) Dose-res ponse curv es stimulated by 10-11 to 10-5 M mBNP1-32,
mBNP1-45, and mBNP7-32 in mouse NPRA-transfected HEK293 cells. Experiments were
conducted in 3 independent setti ngs as triplicates. **P < 0.01, ***P < 0.001 vs. control (Ctrl);
ΔΔΔ
P < 0.001 mBNP7-32 vs. mBNP1-45.
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4.3.2. Characterisation of cGMP generation by different BNPs in
primary cells
To further evaluate the specific receptor profile of the investigated BNPs in
cultured primary cells with varying NPRA and NPRB expression, and also to test if
activation of GC in the mouse kidney cells by hBNP1-42 may result in similar
cGMP accumulation compared to native BNP was seen in human kidney cells
before (Pan et al., 2009), firstly HDMEC predominantly expressing NPRA were
stimulated with 10-6 M of each BNP. The most efficacious NP among the BNPs was
hBNP1-32, increasing the cGMP level ~50-fold above basal, whereas hBNP1-42
had least efficacy yielding cGMP levels being only one third of hBNP1-32 (Figure
50). Probably due to the species difference between the murine ligands and
endogenous human receptor, the three mouse BNPs had a similar cGMP production
but were less efficacious than hBNP1-32 (P > 0.05, Figure 50).

Figure 50. Generation of cGMP i n cultured primary human dermal microvascular endothelial
cells. Absolute values of cGMP generation are given after stimulation with ei ther solvent
(control), or 10-6 M of different BNPs. Experiments were conducted in 2 independent s ettings as
triplicates. *P < 0.05, **P < 0.01, ***P < 0.001 vs. control (Ctrl); $ P < 0.001 vs. hBNP1-32.

By contrast, in mouse kidney MC, where NPRB is mainly expressed, hBNP132 was 2.1-fold more efficacious than hBNP1-42, but apparently its cGMP
generation was much lower compared to that of the mouse BNPs (Figure 51A). A
similar cGMP stimulation pattern was found in VSMC, which express both NPRA
and NPRB. Interestingly, no difference between hBNP1-32 and hBNP1-42 was
detected in such cells (figure 51B).
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Figure 51. Generation of cGM P in cultured primary cells. (A) mouse mesangi al cells; (B) mouse
vascular smooth muscle cells. Absolute values of cGMP generation are given after stimul ation
with ei ther solvent (control), or 10-6 M of different BNPs. Experiments were conducted in 2
independent setti ngs as triplicates. *P < 0.05, **P < 0.01, ***P < 0.001 vs. control (Ctrl).

4.3.3. Characterisation of the degradation profile of hBNP1-42
To investigate whether the different relation of hBNP1-42 to hBNP1-32 effects
in different primary cells is due to its undefined metabolic signature, the degradation
profile of hBNP1-42 was characterised by incubating it with human recombinant
NEP and membrane preparations of different species and organs. After 10 min
incubation with NEP, nearly no degradation occurred for both hBNPs, whereas 28.2%
of CNP was degraded by NEP (Figure 52A). After 30 min incubation, there was still
89.6% hBNP1-32 remaining, while one third of BNP1-42 was degraded by NEP. At
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the same time 68.1% CNP was degraded (Figure 52A). These results suggest that
hBNP1-42 is a better substrate than hBNP1-32 but still not as good as the classical
substrate CNP. Further analyses were conducted on the catabolism of hBNP1-42 on
both murine lung and kidney membrane preparations. By using HPLC it was
identified that hBNP1-42 was degraded much faster by the kidney membrane than
lung membrane (Figure 52B).

Figure 52. Percentage of degradation of natriuretic peptides by recombinant human neprilysin
or by murine lung membrane (mLM) and kidney membrane (mKM). (A) hBNP1-32, hBNP1-42,
and CNP of 10-5 M were i ncubated with NEP for 10 or 30 min. (B) Remaining BNP1-42
percentage after 10min incubation with mLM and mKM. Experiments were conducted in 2
independent setti ngs as duplicates. $$$ P < 0.001 vs. hBNP1-32.

Interestingly, apart from the significant difference in hBNP1-42 degradation
rate in murine membrane preparations, the metabolisms/degradation products of
hBNP1-42 also differed between lung and kidney membranes. As seen in Figure
54A ignoring the background before 8 min and after 25 min, a unique peak appeared
at 21 min when using only hBNP1-42. After co-incubating with either lung or
kidney membrane preparations, the hBNP1-42 peak became smaller, while three
metabolisms/degradation peaks came up at different time points in mouse lung
membrane preparation (Figure 53B). By contrast, three more undefined peaks (at 8.5,
16 and 20 min) occurred in the kidney membrane while did not exist in the lung
membrane (Figure 53B&C).
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Figure 53. Representative HPLC chromatograms of metabolisms/degradation of hBNP1-42 in
murine lung and kidney membranes. (A) hBNP1-42 alone; (B) hBNP1-42 wi th murine lung
membranes (mLM). hBNP1-42 of 10-5 M were incubated wi th 30 µg mLM preparations for 10
min. (C) hBNP1-42 wi th murine kidney membranes (mKM). hBNP1-42 at 10-5 M were
incubated with 30 µg mKM preparations for 10 mi n.

Given the species difference in aforementioned HPLC degradation study
(human peptide and murine membrane preparations), it could be that hBNP1-42 is
differently truncated by human kidney and lung membranes. Hence, a similar
degradation study was carried out in human lung and kidney membrane preparations.
As for human, hBNP1-42 was also faster degraded by the kidney membrane than
lung membrane (Figure 54), though less dramatic in comparison to that with murine
membranes. A different hBNP1-42 metabolism profile could also be seen between
lung and kidney membrane preparations. Two different peaks (at 17 and 22 min)
either occurred in the lung membrane (at 17 min) or in the kidney membrane (at 22

123

min) (Figure 55B&C), although three out of four product peaks (at 8.5, 12.5, and
19.5 min) occurred both in the lung membrane or kidney membrane.

Figure 54. Remaining BNP1-42 percentage after 10min incubation i n human lung membrane
(hLM) or human kidney membrane (h KM). Experiments were conducted in 2 independent
settings as duplicates.
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Figure 55. Representative HPLC chromatograms of metabolisms/degradation of hBNP1-42 in
human lung and kidney membranes. (A) hBNP1-42 alone; (B) hBNP1-42 with human lung
membranes (hLM). hBNP1-42 of 10-5 M were incubated with 30 µg hLM preparations for 10
min. (C) hBNP1-42 with human kidney membranes (hKM). hBNP1-42 of 10-5 M were incubated
with 30 µg hKM preparations for 10 min.
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4.4. Discussion
In this chapter, the receptor profiles of different molecular weight forms of
BNP in different species, i.e. mBNP7-32, mBNP1-45, and hBNP1-42 were
investigated. In addition, the degradation profile of hBNP1-42 in vitro was identified.
Similar to the finding of cGMP generation by Pankow et al. (2007), the mBNP1-32
metabolite mBNP7-32, could activate NPRA and increase cGMP generation with no
statistical difference to mBNP1-32 and mBNP1-45 in either mouse NPRAtransfected HEK293 cells, or primary HDMEC, mouse MC and mouse VSMC. In
contrast, hBNP1-42 mediated significant lower cGMP formation in human NPRAtransfected HEK293 cells and endogenous NPRA-rich HDMEC when compared to
the native hBNP1-32. Meanwhile, very limited cGMP generation by either hBNP132 or hBNP1-42 has been observed in mouse MC and VSMC, where have
endogenously predominant NPRB but also minor NPRA expression. These findings
agree with the previous description that hBNP1-42 lacked vascular effects (Pan et
al., 2009), suggesting that hBNP1-42 is neither a potent activator of NPRA nor
NPRB. In addition, HPLC identified that hBNP1-42 is degraded much faster by the
kidney membrane than lung membrane, and metabolism of hBNP1-42 on both
human and murine kidney membrane are different from that of lung membrane,
implicating there might be a specific peptidase in the kidney metabolising hBNP142.
Some evidences have suggested that proteases in the circulation degrade
proBNP1-108 into many bioactive or inactive fragments of BNP isoforms, e.g. furin
has been demonstrated to cleave pro BNP1-108 into NT-proBNP and BNP1-32
(Sawada et al., 1997); whereas corin- mediated cleavage led to the production of
BNP4-32 (Semenov et al., 2010). Other studies revealed that BNP could also be
metabolised to BNP3-32, BNP5-32, BNP7-32, BNP8-32, BNP2-31, BNP5-31,
BNP1-30, BNP4-27 by various proteolytic enzymes (Shimizu et al., 2002, Walther
et al., 2004a, Walther, 2007, Schellenberger et al., 2009, Schwiebs et al., 2011). By
using matrix assisted laser desorption ionization-time of flight mass spectrometry
(MALDI-T of MS) immunoassay, our group has manifested the existence of
mBNP7-32 on mouse lung membrane, which at least in vitro is produced from
mature mBNP1-32 by meprin A (Pankow et al., 2007). Meanwhile, it is hBNP8-32
for hBNP1-32 after enzymatic processing by the renal meprin A (Walther, 2007).
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Boerrigter et al. (2007) declared that the N-terminal truncated BNP3-32 has reduced
vasodilating and natriuretic bioactivity compared with BNP1-32 in vivo (Boerrigter
et al., 2007), however, the ability of BNP3-32 in stimulating cGMP has not been
determined. Another N-terminal truncated BNP (hBNP8-32) has shown a similar
haemodynamic but reduced renal effect in vivo compared with native hBNP1-32
(Boerrigter et al., 2009). Such findings led to the speculation that the reduced
bioactivity may involve a less cGMP formation mediated by these BNP metabolites.
In that regard, Pankow et al. (2007) found a less pronounced but preserved cGMP
formation by mBNP7-32 than mBNP1-32 in human NPRA-transfected cells,
although the species differences between the ligand and receptor may lead to a
discrepancy in its cGMP signalling.
To increase the knowledge regarding the receptor profile and bioactivity of Nterminal truncated mBNP7-32, a cell-based assay measuring cGMP production was
performed with native mBNP1-32 and the N-terminal elongated mBNP1-45. Here it
shows that mBNP7-32 selectively activates mouse NPRA and displays slight lower
potency and efficacy in cGMP production but no statistically differences compared
with mBNP1-32 or mBNP1-45 in either receptor transfected HEK293 cells or
primary cells. This could be explained by the slightly lowered receptor affinity of
mBNP7-32 compared to native ligands, which agrees with a previous report by
Dickey and Potter that the length or size of NPs might be associated with the
receptor affinity (Dickey and Potter, 2011). ANP of 28-AA is proven to be more
potent than BNP of 32-AA in cGMP production because of the higher affinity to the
NPRA (Potter et al., 2006, Pankow et al., 2007). However, a contradiction to the
suggestion by Dickey and Potter is that the N-terminal elongated mBNP1-45 could
stimulate cGMP generation with a tendency toward increased activity but no
significant difference when comparing its potency with that of mBNP1-32, and it is
significant when comparing with that of mBNP7-32. Besides, our unpublished data
also suggest a C-terminal truncated BNP (mBNP1-30) favours a better efficacy and
higher potency in generating cGMP in comparison to native mBNP1-32.
Consequently, receptor affinity may not necessarily depend on NP size/length.
Further studies are required to clarify the effect of NP size/length in receptor affinity
and their relevance. Another explanation for the marginally less cGMP production
mediated by mBNP7-32 could be that it is faster degraded to inactive fragments than
mBNP1-32 (Pankow et al., 2007) and mBNP1-45. Previous study also implied a
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presumptive association between the size of NPs and their degradability by NEP,
where they demonstrated that mBNP1-32 cleaved by meprin A to become a
substrate for NEP (Pankow et al., 2007). Although study presented here has not
investigated the degradability of mBNP1-45 by NEP, very unlikely that mBNP1-45
is accessible to the binding cavity of NEP, as the truncation by meprin A is the
prerequisite for fast mBNP clearance (Pankow et al., 2007). The degradation profile
of the bioactive BNP metabolites requires further elucidation.
Previous study by Pan et al. (2009) identiﬁed an alternative spliced transcript
for BNP resulting from intronic retention, namely ASBNP. Unlike native BNP,
ASBNP of 34-AA reconstituted C-terminus failed to stimulate cGMP in vascular
cells or vasorelax pre-constricted arterial rings. Given structural considerations, the
designed hBNP1-42 with a shortened C-terminus was generated resulting from the
end 18-AA deletion of ASBNP (hBNP1-60), though it is still longer than native
BNP1-32. Congruently, data presented here show that hBNP1-42 is a poor activator
of NPRA with a EC 50 of three orders of magnitude higher compared to that of
hBNP1-32 in NPRA-transfected HEK293 cells. This is possibly due to the long Cterminus of hBNP1-42 and thus lowering its affinity to NPRA. It is worth noting
that, the C-terminus of hBNP1-42 is reconstituted and it is completely different from
that of hBNP1-32, such difference in AA composition may also influence the ability
of NP to stimulate cGMP. Therefore, further experiments should be performed to
test whether the long C-terminus of hBNP1-42 or specific AA in the C-terminus
being responsible for the NPRA activation.
Moreover, unlike the finding by Pan et al. (2009) that hBNP1-42 could
equipotently stimulate cGMP as hBNP1-32 in cultured human MC, hBNP1-42 could
only mediate half of cGMP generation of hBNP1-32 in mouse MC. The speciesspecific difference, independent experimental treatment may account for this
discrepancy. Firstly, human kidney/MC were used in previous study (Pan et al.,
2009), whereas murine kidney/MC were investigated in this chapter. As compared
to mBNP1-32, hBNP1-32 was much less potent in activating endogenous mouse
NPRA in mouse MC (Figure 51A), which is in keeping with the data demonstrating
the attenuated hBNP1-32-mediated cGMP generation in mouse NPRA-transfected
cells (Figure 56). Secondly, the human MC were stimulated with 10-5 M of hBNP132 or hBNP1-42 for 10 min in the previous study by Pan et al., but a protocol of 5
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min of 10-6 M NPs stimulation in mouse MC was used in this chapter. Thirdly, there
might be another receptor in human MC that is not in mouse MC or does not
respond to hBNP1-42. Thus, only further experiments using human MC to be
stimulated with hBNP1-32 and hBNP1-42 for a same incubation time can clarify on
this discrepancy.

Figure 56. cGM P generation comparisons of transfected HEK293 cells. Three NPRA constructs
(two commercial purchased pCMV NPRA of human and mouse species and cloned pcDNA3.1(-)
mouse NPRA) were tested.

A slight decreased cGMP production by mouse BNPs in HDMEC which
express endogenous human NPRA (Figure 50), and an even obvious decreased
cGMP pattern by human BNPs in mouse MC and VSMC (Figure 51) could be seen
in data presented in this chapter. One possible explanation is that human BNP has
lower affinity to mouse NPRA, which has been aforementioned. In addition,
evidence by Schoenfeld and his colleagues suggested that human NPRA is less
sensitive than rat or mouse NPRA to the changes in the loop structure of ANP and to
the species differences in BNP (Schoenfeld et al., 1995), which is well congruent
with the finding that hBNP mediated mNPRA/cGMP generation is significantly less
than that of mBNP, whereas no significant difference occurs in human NPRA
pattern (Figure 56). Therefore, it could lead to a further speculation that the species
differences in activity and NPR specificity of BNP might be correlated to different
AA composition in the peptide sequence. It may also related to propensity to form
beta-sheet

structures,

flexibility

patterns,

dynamics

properties

and

free

conformations explored during the BNP simulation (Papaleo et al., 2010).
Surprisingly, Pan et al. (2009) presented that hBNP1-42 favored distinct renal
effects but lacked the dose- limiting hypotensive effects of BNP. It is of interest to
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see if inhibiting NEP activity could further potentiate the renal action of hBNP1-42.
Data presented here indicate that hBNP1-42 does not serve as a good NEP substrate
since it was degraded by NEP at a relatively low speed compared to CNP. Hence,
pharmacological blockage of NEP activity may not influence the renal action of
hBNP1-42. However, HPLC data indicated a faster degradation of hBNP1-42 in the
mouse kidney membrane than mouse lung membrane, and its metabolites/catabolites
on the kidney membrane were different from that of lung membrane (Figure 53).
Such discrepancy in the metabolism of hBNP1-42 indicates a tissue/organ-specific
metabolic mechanism. Given the different species consideration, hBNP1-42
metabolism on human kidney and lung membrane were also studied. Congruently,
hBNP1-42 was faster degraded on human kidney membrane than lung membrane
(Figure 54), and a different hBNP1-42 metabolism profile could be observed
between human lung and kidney membrane preparations (Figure 55). Of note, the
degradation product peaks differed between human and mouse species, regardless of
lung or kidney membrane preparations. The exact metabolites should be determined
by using LC-MS and MALDI-T of MS to unveil the species-directed metabolism
differences in the near future. Meanwhile, incorporating with the data from Pan et al.
(2009), such findings also suggest that there might be a specific peptidase in the
kidney metabolising hBNP1-42 to a bioactive BNP, or there is an unknown GClinked receptor mediating the biofunction of hBNP1-42 in the kidney. The
responsible peptidase(s)/receptor for selective renal actions of hBNP1-42 will
require further study.
In conclusion, current study suggests that the species/degradability/sequence of
NP may influence the receptor specificity and activity of different BNPs. Thus,
sequence modification of BNPs or other NPs and identification of novel NP targets
(e.g. specific pepdidase) in specific tissue/organ may lead to an advanced
development of NP-based drug with desirable therpeutic effects and half- life.
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Chapter V
Summary, general discussion and open questions
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Chapter 5
Summary, general discussion and open questions
5.1. Summary
This study elucidates the pathophysiological consequences of the newly
designed natriuretic peptide ACNP in vitro and in vivo, and explores the
mechanisms of new interactions between the two functional receptors of the
natriuretic peptide system, NPRA and NPRB. Also briefly, it has a glance at various
BNP metabolites and the designed BNP variant, hBNP1-42, which is a truncated
version of a hBNP (BNP1-60) that is production of an alternative spliced transcript.
By using a variety of techniques involving biochemical, molecular biological,
cellular

biological,

pharmacological

and

pathophysiological

studies,

the

objectives/hypotheses of this thesis were tested and major findings are outline below:
1) The designed ACNP stimulates both NPRA and NPRB with similar
potencies and efficacies to their endogenous peptides in receptor transfected
HEK293 cells and COS7 cells. An augmented cGMP formation in comparison to
ANP and CNP was seen in cultured primary cells (MC, VSMC, CF, BAEC, and
HDMEC) having varying NPRA and NPRB distributions.
2) In sham-operated mice, ACNP exerted similar potency in lowering blood
pressure compared to that of ANP or CNP. However, after myocardial infarction,
only ANP, but not CNP or ACNP, ameliorated the MI- induced LV dysfunction. It is
speculated that the lacking benefit of ACNP might relate to its poor resistance
against degradation by an unknown enzyme(s) in mouse serum.
3) A down-regulated cGMP generation upon NP stimulation was observed in
NPRA and NPRB double-transfected cells, and such inhibitory effect of
heterogeneous receptor complexes on natural NP/NPR/cGMP signalling was dosedependent. The attenuated CNP/NPRB/cGMP axis can be restored via silencing the
NPRA expression using siRNA-NPRA; however, the impaired ANP- and BNPmediated NPRA/cGMP signalling pathway in double-transfected cells was
irresponsive to the application of siRNA-NPRB.
4) The increasing concentration of NPRA in cells co-transfected with NPRB
leads to a supressed formation of NPRB mRNA and thus decreasing the amount of
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NPRB protein on the membrane, which results in a lower cGMP release by CNP in
such co-transfected cells. However, impaired ANP and BNP signalling in doubletransfected cells may not attribute to the receptor quantity alteration either from
mRNA or protein level, but might due to the observed physical interaction between
NPRA and NPRB that causes conformatio nal changes within the receptor
heterodimer, leading to less ligand accessibility or ligand mediated activation of GC.
5) hBNP1-42 is a poor NPRA activator. HPLC identified that hBNP1-42 is
degraded much faster by the kidney membrane than lung membrane, and
metabolisms of hBNP1-42 on the kidney membrane is different from that of lung
membrane, suggesting a specific peptidase in the kidney metabolising hBNP1-42.
6) The N-terminal truncated BNP (mBNP7-32) and the elongated BNP
(mBNP1-45) are able to stimulate NPRA comparable to the native BNP1-32,
whereas the C-terminal reconstituted BNP (hBNP1-42) only can mediate a much
less pronounced NPRA/cGMP formation. Such findings suggest the BNP-mediated
NPRA/cGMP signalling may involve a specific recognition site(s) in the C-terminus
of BNP.
Taken together, the data of this thesis give a novel insight into the new players
and new interactions within the NP system. By searching the potential mechanisms
of receptor-receptor interplay leading to an impaired cGMP generation, it may
provide very promising treatment options and open novel directions for a better
understanding of the aetiology of CVD.

5.2. General discussion
5.2.1 The sequence/structure of natriuretic peptides define the receptor
specificity and their degradation pattern
The NPS exerts a unique pleiotropic strategy in regulating cardiovascular and
renal homeostasis (Levin et al., 1998, Rubattu et al., 2008). However, exogenous
administration of native ANP and BNP has been met with success but also
limitations. Any treatment with only a single NP seems insufficient to address the
complex interaction between structural, functional, neurohumoral, and renal
mechanisms involved in the diseases. Thus, innovative therapeutic strategies
emerged to engineer designed proteins via manipulating natively occurring peptides
(e.g. elongating/deleting AA, or combining parts of two or more peptides to create
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new chimeras), which may possess favorable therapeutic properties. Among the
emerging chimeric peptides, we (Zhu et al., 2011) and others (Chen et al., 2011)
synthesised ACNP, composed of the ring structure from CNP and the N- and Cterminus from human ANP.
In vitro studies with ACNP by measuring cGMP responses in transfected
immortalized cells and cultured primary cells show that ACNP stimulates both
NPRA and NPRB. Meanwhile, augmented cGMP release by ACNP is found in
different primary cells, e.g. MC, VSMC, and CF. In vivo studies by Chen et al.
implicates that natriuretic and diuretic potencies of ACNP are higher than that of
ANP and CNP in normal rat, while it has a similar but not enhanced vasorelaxing
effect in isolated rat abdominal aorta (Chen et al., 2011). However, ACNP is fast
degraded by NEP and in serum, which may partly explain its lacking
cardioprotective effects towards mice subjected to MI. Another chimeric NP,
designated as CD-NP (cenderitide), has been previously described (Lisy et al., 2008,
Dickey and Potter, 2011). CD-NP possesses the entire CNP structure and elongated
C-terminus from DNP. In contrast, this designer peptide succeeds the merit of DNP
in coping against proteolytic inactivation (Dickey and Potter, 2011), although it
shows less potency and efficacy in mediating cGMP formation in comparison to
ACNP, presumably due to the long C-terminus of CD-NP decreases its receptor
affinity. Such favourable or unfavourable properties of ACNP and CD-NP led to
some conjecture regarding the relation between the sequence/structure of natriuretic
peptides and their receptor specificity/degradation pattern.
It has been reported that the highly conserved ring structure of a NP with a
Cys-Cys disulfide bond determinatively participates in stimulation of cGMP
accumulation (Misono et al., 1984a, Schoenfeld et al., 1995, Papaleo et al., 2010).
Especially, the sequence Leu9- Lys10-Leu11 in the ring portion of CNP executed
essential roles for both elevation of cGMP and se lectivity of the ligand for NPRB
(Furuya et al., 1992). Since CNP lacks the C-terminus, it could be deduced that the
C-terminus may involve in the NPRA activation. By comparing the AA sequence
among the NPs, it could be found that the common arginine (Arg) at the fourth
position of C-terminus of human ANP (Arg27)/BNP (Arg30)/DNP (Arg27)/ACNP
(Arg27) may play a crucial role for selectivity of the ligand for human NPRA,
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although no substantial investigation has been reported and required further
confirmation.
A 4-fold less cGMP formation mediated by human BNP in comparison to
mouse BNP has been observed in mouse NPRA-transfected HEK293 cells, whereas
no significant down-regulation of cGMP production is seen in mouse BNP/human
NPRA stimulation pattern (Figure 56). This finding agrees with a previous report by
Schoenfeld and his colleagues that human NPRA is less sensitive than rat or mouse
NPRA to changes in the loop structure of ANP and to the species differences in
BNP (Schoenfeld et al., 1995), indicating the species differences in activity and
NPR specificity of CNP and ANP/BNP might be correlated to different AA
composition of the cyclic loop and C-terminus, also probably, related to propensity
to form beta-sheet structures, flexibility patterns, dynamics properties and free
conformations explored during the simulation (Papaleo et al., 2010).
Furthermore, enzymatic processing of a NP hormone does not merely involve
in degradation, it could also be essential modification of a specific peptide to take
different actions in verying targets/organs. Undoubtedly, chimeras are designed for a
better biofunction exertion combining dispersive effects from two or more distinct
peptides, its degradation profile should be also considered and examined. NEP (EC
3.4.24.11), a ubiquitous peptidase with a very broad substrate spectrum, is always
used to check the substrate specificity of a NP. The length of the N- and C-terminus
of a NP has been found as a potential determinant for the degradation rate of the NP
by NEP (Pankow et al., 2009), although human BNP containing a considerably
longer N-terminus compared to ANP, is resistant to be degraded directly by NEP.
Longer N- and/or C-terminal extensions may cause spatial clashes and impede the
correct orientation of the NP within the cave of NEP, leading to the inability of NEP
to hydrolyse the target site in the ring structure (Pankow et al., 2009). Deducibly,
DNP with the long C-terminus of 15-AA is highly resistant to NEP proteolysis
(Dickey and Potter, 2011). In current thesis, ACNP shared a similar degradation rate
in comparison to that of ANP and CNP when incubated with NEP overtime, all
these three NPs were significantly faster degraded than BNP. Therefore, approaches
like enlongating C-terminal tail of the NPs/chimeric NPs may extend their half- life
and thus potentiate the beneficial effects, although the elongated C-terminal tail may
lead to poorer cGMP generation. Besides, data presented here suggest that ACNP is
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faster degraded in mouse serum, implicating there might be peptidase(s) degrading
ACNP in the serum and ACNP is a good substrate. Further investigations on specific
proteases being responsible for the proteolysis of the NP and development of
protease inhibitors may help to increase the half- life of NP-based drugs and
selectively manipulating cardiorenal effects of the NPs by regulating NP proteolysis
on target organs. Taken together, omnifarious considerations on the relation between
AA sequence/structure of NP and receptor specificity/enzymatic degradation are
necessary when designing chimeric peptides.

5.2.2 Mechanisms for the altered cGMP generation and its importance
for cardiovascular diseases
The role of cGMP as a second messenger in cardiovascular physiology and
pathology has been widely appreciated (Kuhn, 2004, Tsai and Kass, 2009, KempHarper and Schmidt, 2009). Aberrant cGMP production and/or signalling may
multifactorially occur due to e.g. abnormal NP degradation/metabolism, mutant(s) in
protein structure, imbalance between two antagonisms e.g. NP system and RAS,
leading to many cardiovascular disorders such as cardiac hypertrophy, hypertension,
atherosclerosis, coronary artery disease and diabetic complications. Indeed, Santos
et al. found that angiotensin-(1-7) was an endogenous ligand for the G proteincoupled receptor Mas (Santos et al., 2003). Kostenis et al. showed that Mas could
hetero-oligomerize with the AT1 receptor and by inhibiting the actions of Ang II,
demonstrating the interaction between Mas and AT1 within the renin angiotensin
system (Kostenis et al., 2005). In this regard, current study in the NPRA and NPRB
interaction leading to desensitisation of NPRs might serve as one possible
mechanism for these pathophysiological consequences. Under normal physiological
condition, either NPRA or NPRB is predominately expressed and they are
distributed unequally in certain types of cells or organs (Table 1), exerting
pleiotropic biofunctions with relative functional division and cooperation.
Reciprocally, impaired NPRs activity or redistribution of NPRs proportion may
occur during the pathophysiological exacerbation. Western blot and quantitative RTPCR analyses for the inhibited CNP/NPRB/cGMP signalling pathway provided
further evidence that the lowered NPRB mRNA level in NPRA/NPRB cotransfected HEK293 cells led to the less NPRB in the cell membrane. It is worth
noting that, many studies have shown that post-translational modification are
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essential for protein folding, stability, cell-surface expression and signalling
(Helenius, 1994, Taylor and Drickamer, 2003, Helenius and Aebi, 2004). Failure in
N-glycosylation of the AT1 receptor showed the disappearance of receptor on the
plasma membrane, but retention in the endoplasmic reticulum (ER) (Deslauriers et
al., 1999). Similarly another group also report that the functional expression of D5
dopamine receptors at the cell surface of HEK293 cells required the addition of N linked glycosylation (Karpa et al., 1999). It was seen in the FRET result that the
fluorophores tagged at C-terminus of both receptors were predominantly expressed
intracellularly. Hence, current study cannot exclude the possibility that the impaired
processes of post-translational modifications (e.g. N-glycosylation) attribute to the
decreased NPRB expression on the membrane, presumably related to ER or Golgi
apparatus. The effect of protein modification on receptor expression during receptor
interaction need to be further studied.
Kim and colleagues used monocrotaline to induce cardiac hypertrophy. In
monocrotaline-treated rats with pulmonary hypertension, specific
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I-labelled rat

ANP binding to hypertrophied RV endocardium almost disappeared and the cyclase
activities of both NPRA and NPRB were significantly decreased in membranes from
the monocrotaline-treated rats, despite the plasma levels of ANP and BNP were
increased by 5- fold compared with controls (Kim et al., 1999). Singh et al.
demonstrated a significant downregulation in the density of NPRA in heart and
coronary artery of patients with ischemic heart disease, which may explain, in part,
the attenuated NP response in such patient group (Singh et al., 2006). Dickey and
colleagues reported that in normal hearts, 10-6 M of CNP increased about 70% pGC
activity in that of ANP response by measuring cGMP formation. In contrast, NPRA
activity was reduced in failed heart preparations, whereas NPRB activity remained
unchanged (Dickey et al., 2007). Therefore, evidence in this thesis may provide the
mechanism for the decrease in NPRA activity in the failed heart. It was shown that
attenuated cGMP expression in equal amount of NPRA and NPRB doubletransfected cells after equimolar NP stimulation (Figure 32C). Moreover, the
inhibitory effect of NPRA on NPRB was accentated in a dose-dependent manner,
and vice versa (Figure 36 and 37). Different from the findings of the attenuated
NPRB signalling, the impaired NPRA signalling may involve in an independent
mechanism, e.g. conformational change(s) on receptor structure, presumably caused
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by the physical interaction in the NPRA/NPRB heterodimer. A schematic diagram
illustrates the hypothesised receptor desensitisation after NPRA/NPRB interaction
(Figure 57).

Figure 57. Diagram depicting the normal and abnormal status of NPR on the cell membrane.
Upon the interaction between NPRA and NPRB, the NPRB quantity on the membrane is
decreas ed while NPRA experiences a conformational change on the extracellular domain, both
having an attenuated cGMP formation. 1. Normal NPRA and NPRB distributions and struct ures
in NPRA-dominant expressing cells (e.g. ECs); 2. Normal NPRA and NPRB distributions and
structures in NPRB-dominant expressing cells (e.g. MC, CF); 3. Abnormal NPRA and NPRB
distributions and structures in ei ther NPRA - or NPRB-domi nant expressing cells. The ‘YY’ shape
structures in black and blue colour indicate NPRA homodimers and NPRB homodimers,
respectively. The conformation-altered NPRA in black in combination with ‘Y’ shape NPRB in
blue indicate NPRA/NPRB heterodimers. The dotted ‘YY’ structures in grey indicate the
disappearance of NPRB on the membrane due to its interaction with NPRA.

Nevertheless, the exact conformational change occurring during activation of
NPRA in NPRA/NPRB heterodimer is still largely unknown. One speculation is that
NPRA homodimer and NPRA/NPRB heterodimer coexist in the double-transfected
cells (e.g. 50% for each). It could be that the attenuated cGMP generation in doubletransfected cells is not mediated by the 50% heterodimer, but from the 50%
homodimer. Presumably the NPRA/NPRB heterodimer cannot mediate cGMP
signalling due to its faulty conformational change, ensuing the failure in GC
activation. While the homodimer retains its function since a correct alteration at the
positioning of the receptor subunits and thus enabling the GC catalysis (Ogawa et al.,
2004, Misono et al., 2011). It therefore requires further experiments to reveal if a
failed/wrong rotation elicited by NPRA and NPRB interaction in NPRA/NPRB
heterodimer occurs, subsequently hindering the intracellular GC catalysis.
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Overall, these findings provide potential mechanisms for the interaction
between NPRA and NPRB, and give an alternative and promising hypothesis among
the numerous contributors for the pathogenesis and aetiology of CVD.

5.3. Study limitations and open questions
There are several limitations in this thesis. First, the in vivo property studies of
human derived ACNP as well as its parent peptides, ANP and CNP, were carried out
in a mouse model. Although human ANP shares very similar AA sequence and
structure with mouse ANP (Met12 in human ANP and Ile12 in mouse), and the AA
sequence and structure of CNP have been found universal among most species
(procine, mouse, rat, human, and dog), it cannot exclude the possibility that receptor
binding and peptide metabolism for ANP and ACNP may differ between murine and
human. Therefore, the findings in mouse model cannot be certainly extrapolated to
human. Second, the degradation studies of ACNP were performed in diluted serum
samples (1:12.5 dilution) due to the pure serum samples could not go through the
capillary in the HPLC machine, and the NP concentrations were far more than the
normal physiological level since the peptide peaks would be undetectable with lower
NP concentrations. More importantly, due to the shortage of blood samples from the
MI mice in this study, the proposed degradation profiles of different NPs incubating
with such MI blood are not investigated. Thus, it is unknown whether the dilution of
the blood samples (both normal blood and MI blood) and the excessive NP
concentrations would cause a different degradation profile in disease conditions.
Third, elevated endogenous NP levels (e.g. BNP) are usually associated with certain
pathological states. Could it be possible that local endogenous NPs exert cardiorenal
effect in a more direct and efficient manner compared to exogenous NP
administration? And could it be that NPRA/NPRB interation involved in the
desensitisation of NPRs and forming NPRA/NPRB heterodimer, any direct evidence
in vivo? Fourth, due to the experimental condition limitation, the binding study of
NP, especially ACNP to the different receptors was not included. The
conformational change at extracellular binding site(s) of NPRA and NPRB
heterodimers after ligand binding remains unknown. Finally, the anesthesia used in
the ACNP MI experiment might affect the response to the peptides (Matsukawa et
al., 1993).
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Consequently, with the aim to better understand the structure and function of
the natriuretic peptide system, and to generate a more global view on it, especially
the effects of native peptides, peptide metabolites, and synthetic peptides under
various conditions (e.g. specific receptor binding, undefined receptor(s), receptor
heterodimeric or heterotrimeric complexes) on neurohormonal and haemodynamic
profiles, and other physiological consequences, the following open questions will be
investigated in future: 1) What is(are) the sequence determinant(s) influencing the
agonist selectivity for different species of NPRs? Does the structure and sequence of
ACNP help to understand the structure of the binding pockets of NPRA, NPRB, and
NPRC? 2) Whether the degradation profile of ACNP in pathological (e.g. MI)
condition be different from that in normal condition? If so, it may account for the
hindering of beneficial cardiac effects of ACNP in mice post MI. 3) What is the
peptidase(s) being responsible for the fast degradation of ACNP in serum? If found,
it might be promising to seek the mechanism to prevent degradation via a)
modification of the ACNP amino acid sequence or b) by specifically inhibiting this
peptidase(s). Such approaches will extend the half- life of ACNP and thus potentiate
the beneficial effects of ACNP. 4) Whether the broad receptor profile of ACNP and
other chimeric peptides is a benefit or drawback in a therapeutic setting. Could
ACNP have more unwanted effects in these targets when used to treat
cardiovascular ailments, as compared to e.g. BNP? 5) Apart from examining the
functional indicator (e.g. cAMP, cGMP), how NPRA/NPRC, NPRB/NPRC,
NPRA/NPRB/NPRC would structurally influence each other in the receptor
complexes under pathological conditions. It would be very interesting to see if any
receptor conformation might change intracellular signalling alteration in response to
mature NPs and their identified metabolites. This might also allow the identification
of a pharmacologically-distinct receptor (complex) signalling specifically in
response to one of peptide metabolites. 6) Whether any post-translational processes
(e.g.

glycosylation,

phophorylation)

regulate

cell-surface

NPRs

concentration/activation, since such modifications have been shown to be important
for many biofunctions including protein folding, stability, intracellular trafficking,
cell-surface expression and signal transduction (Helenius, 1994, Taylor and
Drickamer, 2003, Helenius and Aebi, 2004). If so, whether the lowered NPRB
quantity in the cell membrane involves the interaction with elements of the ERbased quality control processes.
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Appendix 1: Haematological parameters within sham and MI group s

Appendix 1. Comparison of haematological parameters within sham and MI groups. (A)
haemoglobin (HGB); (B) hematocri t (HCT); (C) mean corpuscular haemoglobin (MCH).
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Appendix 2: Sequence for mouse NPRA cDNA (3174bp)
ATGCCGGGTTCCCGACGCGTCCGTCCGCGCCTAAGGGCGCTGCTGCTGC
TACCGCCGCTGCTGCTGCTCCGAAGCGGCCACGCGAGCGACCTGACCGT
GGCCGTGGTGCTGCCGCTGACCAACACCTCGTACCCGTGGTCTTGGGCG
CGTGTAGGGCCGGCGGTGGAACTGGCTCTCGGGAGGGTGAAGGCTCGGC
CGGACTTGCTGCCGGGTTGGACGGTCCGTATGGTGCTGGGCAGCAGCGA
GAACGCGGCGGGCGTCTGCTCCGACACCGCTGCACCGCTGGCCGCGGTG
GATCTCAAGTGGGAGCACAGCCCCGCGGTGTTCCTGGGCCCCGGCTGCG
TATACTCTGCTGCCCCGGTGGGACGCTTCACCGCGCACTGGCGGGTGCC
GCTGCTGACGGCTGGCGCCCCGGCTCTGGGCATCGGGGTGAAGGATGAG
TACGCGTTAACCACCCGCACAGGACCCAGCCATGTCAAGCTGGGCGACT
TCGTGACGGCGCTGCATCGACGGCTGGGCTGGGAGCACCAGGCGCTTGT
GCTCTATGCAGATCGGCTGGGCGACGACCGGCCGTGCTTCTTCATAGTGG
AGGGGCTGTACATGCGGGTGCGTGAGCGACTCAACATCACAGTAAATCA
CCAGGAGTTCGTCGAGGGCGACCCGGACCACTACACCAAGCTACTGCGG
ACCGTGCAGCGCAAGGGCAGAGTTATCTACATCTGCAGTTCTCCGGATG
CCTTCAGGAATCTGATGCTTTTGGCCCTGGATGCTGGCCTGACTGGGGAG
GACTATGTTTTCTTCCACCTGGATGTGTTTGGGCAAAGCCTTCAGGGTGC
TCAGGGCCCTGTTCCCAGGAAGCCCTGGGAAAGAGACGATGGGCAGGAT
AGGAGAGCCCGCCAGGCCTTTCAGGCTGCCAAAATTATTACTTACAAAG
AACCCGATAATCCTGAGTACTTGGAATTCCTGAAGCAGCTAAAACTCTTG
GCTGACAAGAAATTCAACTTCACCATGGAGGATGGCCTGAAAAATATCA
TCCCAGCATCCTTCCATGACGGGCTCCTGCTCTATGTCCAGGCAGTGACA
GAGACTCTGGCACAGGGGGGCACTGTCACTGATGGAGAGAACATCACTC
AGCGGATGTGGAACCGAAGCTTCCAAGGTGTGACAGGATACCTGAAAAT
TGATAGAAATGGAGATCGGGACACTGATTTCTCCCTCTGGGATATGGAC
CCCGAGACAGGTGCCTTCAGGGTTGTCCTGAACTTTAATGGTACTTCCCA
GGAGCTGATGGCTGTGTCAGAACACAGATTATACTGGCCTCTGGGATAC
CCACCTCCTGACATCCCTAAATGTGGCTTTGACAATGAGGACCCAGCCTG
CAACCAAGACCACTTTTCCACACTGGAGGTTCTGGCTTTGGTGGGCAGCC
TCTCTCTGGTTAGCTTTCTGATCGTGTCTTTCTTCATATACAGGAAGATGC
AGCTGGAAAAGGAGCTGGTCTCAGAGTTGTGGCGGGTGCGCTGGGAGGA
CTTGCAGCCCAGCAGCCTGGAGAGGCACCTTCGGAGCGCTGGCAGTCGG
CTGACCCTGAGTGGGCGAGGCTCCAATTATGGCTCCCTGCTAACCACGG
AGGGCCAGTTCCAAGTCTTTGCCAAGACAGCATACTATAAGGGCAACCT
CGTGGCTGTGAAACGTGTGAACCGGAAACGCATTGAGTTGACACGAAAA
GTCCTGTTTGAACTTAAACATATGCGGGATGTGCAGAATGAGCACTTGA
CCAGATTTGTGGGAGCTTGTACCGACCCTCCCAACATCTGTATCCTCACA
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GAGTACTGTCCCCGTGGGAGCCTACAGGACATTCTAGAGAATGAGAGTA
TTACCCTGGACTGGATGTTTCGGTACTCACTCACCAATGACATTGTCAAG
GGAATGCTCTTTCTACACAACGGGGCCATTGGTTCCCATGGGAACCTCAA
GTCATCCAACTGCGTGGTAGATGGACGTTTTGTGTTAAAGATCACAGACT
ATGGGCTCGAGAGCTTCAGAGACCCGGAGCCAGAGCAAGGACACACCC
TCTTTGCCAAAAAACTGTGGACTGCACCTGAGCTCCTGCGAATGGCTTCC
CCACCTGCCCGTGGCTCCCAAGCTGGGGATGTCTACAGTTTTGGTATCAT
CCTTCAGGAAATTGCCCTAAGAAGTGGGGTCTTCTATGTGGAAGGTTTGG
ACCTCAGCCCAAAAGAGATCATTGAGCGTGTGACTCGGGGCGAGCAGCC
CCCATTCCGACCTTCCATGGATCTGCAGAGCCACCTGGAGGAACTGGGG
CAGCTGATGCAGAGGTGCTGGGCAGAGGATCCTCAGGAGCGGCCACCCT
TTCAACAGATCCGCCTGGCGCTGCGCAAGTTCAACAAGGAGAACAGCAG
CAACATCCTGGACAACCTGCTGTCACGCATGGAACAGTACGCCAACAAC
CTGGAGGAACTGGTAGAGGAGAGAACACAGGCTTATCTGGAGGAGAAG
CGCAAAGCTGAGGCCCTGCTTTACCAGATTCTGCCTCACTCTGTGGCTGA
GCAGCTGAAGAGAGGCGAGACAGTCCAGGCTGAGGCATTTGATAGTGTT
ACTATCTATTTCAGTGATATCGTGGGCTTTACAGCTCTTTCAGCAGAGAG
CACACCCATGCAGGTGGTCACCCTGCTCAATGATCTGTACACCTGTTTTG
ATGCTGTCATAGACAACTTTGATGTGTACAAGGTAGAGACCATTGGTGA
TGCTTACATGGTGGTATCAGGGCTCCCAGTGAGGAATGGACAGCTCCAT
GCCCGAGAGGTAGCCCGAATGGCACTTGCACTGCTCGATGCTGTACGCT
CCTTCCGCATCCGCCATAGGCCCCAGGAACAGCTGCGCTTGCGCATTGG
AATTCACACAGGTCCCGTGTGTGCTGGTGTGGTAGGGCTAAAGATGCCC
CGATACTGCCTCTTTGGAGACACAGTCAACACAGCTTCAAGAATGGAGT
CTAATGGGGAAGCCCTCAGGATCCACTTGTCTTCGGAGACCAAGGCTGT
GCTGGAAGAGTTCGATGGTTTTGAGCTGGAGCTCCGAGGTGACGTGGAA
ATGAAGGGCAAAGGCAAGGTTCGAACCTATTGGCTCCTCGGGGAGCGGG
GATGCAGCACTCGAGGCTGA
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Appendix 3: Sequence for human NPRB cDNA (3144bp)
ATGGCGCTGCCATCACTTCTGCTGTTGGTGGCAGCCCTGGCAGGTGGGG
TGCGTCCTCCCGGGGCGCGGAACCTGACGCTGGCGGTGGTGCTGCCAGA
ACACAACCTGAGCTATGCCTGGGCCTGGCCACGGGTGGGACCCGCTGTG
GCACTAGCTGTGGAGGCTCTGGGCCGGGCACTGCCCGTGGACCTGCGGT
TTGTCAGCTCCGAACTGGAAGGCGCCTGCTCTGAGTACCTGGCACCGCT
GAGCGCTGTGGACCTCAAGCTGTACCATGACCCCGACCTGCTGTTAGGT
CCCGGTTGCGTGTACCCTGCTGCCTCTGTGGCCCGCTTTGCCTCCCACTG
GCGCCTTCCCCTGCTGACTGCGGGTGCTGTGGCCTCTGGTTTTTCGGCTA
AGAATGACCATTATCGTACCCTGGTTCGCACTGGCCCCTCTGCTCCCAAG
CTGGGTGAGTTTGTGGTGACACTACACGGGCACTTCAATTGGACTGCCCG
TGCTGCCTTGCTGTACCTGGATGCTCGCACAGATGACCGGCCTCACTACT
TCACCATCGAGGGCGTCTTTGAGGCCCTGCAGGGCAGCAACCTCAGTGT
GCAGCACCAGGTGTATGCCCGAGAGCCAGGGGGCCCCGAGCAGGCCAC
CCACTTCATCCGGGCCAACGGGCGCATTGTGTATATCTGCGGCCCTCTGG
AGATGCTGCATGAGATCCTGCTTCAGGCCCAGAGGGAGAATCTGACCAA
TGGGGATTATGTCTTCTTTTACCTGGATGTCTTTGGGGAGAGTCTCCGTG
CAGGCCCCACACGTGCTACAGGCCGGCCCTGGCAGGACAATCGCACCCG
GGAACAGGCCCAGGCCCTCAGAGAGGCCTTTCAGACTGTATTGGTGATC
ACGTACCGAGAACCCCCAAATCCTGAGTATCAGGAATTCCAGAATCGTC
TGCTGATAAGAGCCCGGGAAGACTTTGGTGTGGAGCTGGGCCCTTCCCT
GATGAACCTCATCGCTGGCTGCTTCTATGATGGGATCCTGCTATATGCTG
AAGTCCTGAATGAGACAATACAGGAAGGAGGCACCCGGGAGGATGGAC
TTCGAATTGTGGAAAAGATGCAGGGACGAAGATATCACGGTGTAACTGG
GCTGGTTGTCATGGACAAGAACAATGACCGAGAGACTGACTTTGTCCTC
TGGGCCATGGGAGACCTGGATTCTGGGGACTTTCAGCCTGCAGCCCACT
ACTCGGGAGCTGAGAAGCAGATTTGGTGGACGGGACGGCCTATTCCCTG
GGTGAAGGGGGCTCCTCCCTCGGACAATCCCCCCTGTGCCTTTGACTTGG
ACGACCCATCCTGTGATAAAACTCCACTTTCAACCCTGGCAATTGTGGCT
CTGGGCACAGGAATCACCTTCATCATGTTTGGTGTTTCCAGCTTCCTAAT
TTTCCGAAAGCTGATGCTGGAGAAGGAGCTGGCTAGCATGTTGTGGCGT
ATTCGCTGGGAAGAACTGCAGTTTGGCAACTCAGAGCGTTATCACAAAG
GTGCAGGCAGTCGCCTCACACTGTCGCTGCGGGGATCCAGTTACGGCTC
GCTCATGACAGCCCATGGGAAATACCAGATCTTTGCCAACACCGGTCAC
TTCAAGGGAAATGTTGTCGCCATCAAACATGTGAATAAGAAGCGCATTG
AGCTGACCCGGCAGGTTCTGTTTGAACTCAAACATATGAGAGATGTTCA
GTTCAACCATCTCACTCGCTTCATTGGCGCCTGCATAGACCCTCCCAACA
TTTGCATTGTCACTGAATACTGTCCTCGTGGGAGTTTACAGGATATTCTA
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GAAAATGACAGCATCAACTTGGACTGGATGTTTCGTTATTCACTCATTAA
TGACCTTGTTAAGGGCATGGCCTTTCTCCACAACAGCATTATTTCATCGC
ATGGGAGTCTCAAGTCCTCCAACTGTGTGGTGGATAGTCGTTTTGTGCTC
AAAATCACAGACTATGGCCTGGCCAGCTTCCGATCAACTGCTGAACCTG
ATGACAGCCATGCCCTCTATGCCAAGAAGCTGTGGACTGCCCCAGAACT
GCTCAGTGGGAACCCCTTGCCAACCACAGGCATGCAGAAGGCTGACGTC
TATAGCTTTGGGATCATCCTGCAGGAGATAGCACTTC GCAGTGGTCCTTT
CTACTTGGAGGGCCTGGACCTCAGCCCCAAAGAGATTGTCCAGAAGGTA
CGAAATGGTCAGCGGCCATATTTCCGGCCAAGCATTGACCGGACCCAAC
TGAATGAAGAGCTAGTTTTGCTGATGGAGCGATGTTGGGCTCAGGACCC
AGCTGAGCGGCCAGACTTTGGACAGATTAAGGGCTTCATTCGGCGCTTT
AACAAGGAGGGTGGCACCAGCATATTGGACAACCTCCTGCTGCGCATGG
AACAGTATGCCAATAACTTGGAGAAGCTGGTGGAGGAACGCACACAGG
CCTATCTGGAGGAAAAACGCAAGGCTGAAGCTCTGCTCTACCAAATCCT
ACCCCATTCAGTGGCAGAGCAGTTAAAACGGGGAGAGACTGTACAGGCT
GAGGCCTTTGACAGTGTTACCATCTACTTCAGTGACATTGTTGGCTTCAC
AGCATTGTCAGCAGAGAGCACCCCCATGCAGGTAGTGACACTTCTTAAT
GACCTGTATACCTGCTTTGATGCCATAATTGACAACTTTGATGTCTACAA
GGTGGAGACGATTGGGGATGCTTACATGGTGGTATCTGGCCTCCCAGGC
CGAAATGGTCAACGCCATGCACCAGAAATTGCTCGTATGGCCCTAGCAT
TACTAGATGCAGTTTCTTCCTTTCGCATCCGCCACCGACCCCATGACCAG
CTGAGGCTACGCATAGGGGTCCATACTGGGCCAGTCTGTGCTGGGGTTG
TTGGCCTGAAGATGCCCCGTTATTGTCTTTTTGGAGACACAGTGAACACT
GCTTCTCGAATGGAGTCTAATGGTCAAGCGCTGAAGATCCATGTCTCCTC
TACCACCAAGGATGCCCTAGATGAGCTAGGATGCTTCCAGCTAGAGCTT
CGGGGGGATGTGGAAATGAAGGGAAAAGGAAAGATGCGAACATACTGG
CTCTTAGGAGAGCGGAAAGGACCTCCTGGACTCCTGTAA
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Appendix 4: Downregulated cGMP generation by human NPs in human NPRA and
rat/mouse NPRB co-transfected HEK 293 cells

Appendix 4. cGMP generation stimulated by 10-7 M of human NPs in receptor transfected
HEK293 cells. (A) Absolute values of cGM P generation i n hNPRA single-transfected HEK293
cells; (B) Absolute values of cGMP generation in rNPRB single -transfected HEK293 cells; (C)
Absolute v alues of cGMP generation in hNPRA and rNPRB double-transfected HEK293 cells; (D)
Absolute values of cGMP generation in hNPRA single -transfected HEK293 c ells; (E) Absolute
values of cGM P generation in mNPRB single-transfected HEK293 cells; (F) Absolute v alues of
cGMP generation i n hNPRA and mNPRB double -transfected HEK293 cells. **P < 0.01, ***P <
0.001 vs. control (Ctrl); &P < 0.05 vs. BNP; ^^P < 0.01, ^^^P < 0.001 vs. CNP.
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Appendix 5: Undetectable immunoblot for hNPRB-CFP in cytosol preparations

Appendix 5. No detectable immunoblot for hNPRB-CFP in untransfected/receptor transfected
HEK293 cells preparations using antibody against GFP tag. Anti -calreticulin antibody were used
as house-keeping protein. Numbers on the top indicate different protein fractions as follows: 1
= untransfected; 2 = 0.5 µg hNPRA; 3 = 0.5 µg hNPRB-CFP; 4 = 0.5 µg hNPRB -CFP + 0.125 µg
hNPRA; 5 = 0.5 µg hNPRB-CFP + 0.25 µg hNPRA; 6 = 0.5 µg hNPRB-CFP + 0.5 µg hNPRA; 7 = 0.5
µg hNPRB-CFP + 1.0 µg hNPRA.
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Appendix 6: Undetectable immunoblot for hNPRA-YFP in cytosol preparations

Appendix 6. No detectable immunoblot for hNPRA-YFP in untransfected/receptor transfected
HEK293 cells preparations using antibody against GFP tag. Anti -calreticulin antibody were used
as house-keeping protein. Numbers on the top indicate different protein fractions as follows: 1
= untransfected; 2 = 0.5 µg hNPRB; 3 = 0.5 µg hNPRA -YFP; 4 = 0. 5 µg hNPRA-YFP + 0.125 µg
hNPRB; 5 = 0.5 µg hNPRA-YFP + 0.25 µg hNPRB; 6 = 0.5 µg hNPRA-YFP + 0.5 µg hNPRB; 7 = 0.5
µg hNPRA-YFP + 1.0 µg hNPRB.
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Appendix 7: Unaffected cGMP generation by mouse NPs in mouse receptor
transfected HEK293 cells

Appendix 7. cGM P generation stimulated by 10-7 M of mouse NPs in receptor transfected
HEK293 cells. (A) Absolute values of cGMP generation in mNPRA single -transfected HEK293
cells; (B) Absolute values of cGMP generation i n mNPRB single-transfected HEK293 cells; (C)
Absolute values of cGMP generation in mNPRC single-transfected HEK293 cells; (D) Absolute
values of cGMP generation in mNPRA and mNPRC double-transfected HEK293 cells; (E)
Absolute values of cGM P generation in mNPRB and mNPRC double-transfected HEK293 cells.
**P < 0.01, ***P < 0.001 vs. control (Ctrl); & P < 0. 05 vs. BNP; ^^P < 0.01, ^^^P < 0.001 vs. CNP.
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Appendix 8: Sequence alignment results of human NPRA, rat NPRA and mouse
NPRA cDNA
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Appendix 9: Sequence alignment results of human NPRA, rat NPRA and mouse
NPRA protein
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Appendix 10: Sequence alignment results of human NPRB, rat NPRB and mouse
NPRB cDNA
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Appendix 11: Sequence alignment results of human NPRB, rat NPRB and mouse
NPRB protein
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Appendix 12: Relevant publications
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Abbreviations
AA

amino acid

ACE

angiotensin-converting enzyme

ANF

atrial natriuretic factor

ANP

atrial natriuretic peptide

AT1

angiotensin II type 1

BAEC

bovine aortic endothelial cells

BLAST

basic local alignment search tool

BNP

brain natriuretic peptide

BSA

bovine serum albumin

bp

base pairs

BW

body weight

cAMP

cyclic 3’,5’-adenosine monophosphate

cDNA

complementary deoxyribonucleic acid

CF

cardiac fibroblasts

cGMP

cyclic 3’,5’-guanosine monophosphate

CHF

congestive heart failure

CIP

calf intestinal alkaline phosphatase

CNP

C-type natriuretic peptide

COS

CV-1 in Origin, and carrying the SV40 genetic material cells

CREB

cAMP-response element binding protein

CVD

cardiovascular diseases

ddH2 O

double distilled water

DEPC

diethylpyrocarbonate

DMEM

Dulbecco’s modified eagle medium

DNA

deoxyribonucleic acid

DNP

Dendroaspis natriuretic peptide

DPBS

Dulbecco's phosphate buffered saline

EBSS

Earle's balanced salts

ECD

extracellular domain

ECE-1

endothelin-converting enzyme 1
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eCFP

enhanced cyan fluorescent protein

E.coli

Escherichia coli

EDHF

endothelium derived hyperpolarizing factor

EF

ejection fraction

ELT

expand long template

eNOS

endothelial nitric oxide synthase

ER

endoplasmic reticulum

eYFP

enhanced yellow fluorescent protein

FCS

foetal calf serum

FRET

fluorescence resonance energy transfer

GC

guanylyl cyclise

GCD

guanylyl cyclase domain

GFR

glomerular filtration rate

GPCR

G-protein coupled receptor

HDMEC

human dermal microvascular endothelial cells

HEK293

human embryonic kidney cells

HF

heart failure

HPLC

high-performance liquid chromatography

HUVEC

human umbilical vein endothelial cells

IBMX

3-isobutyl-1- methylxanthine

ICD

intracellular domain

IDE

insulin-degrading enzyme

KO

knockout

L-NAME

NG-nitro-L-arginine methyl ester

LN

liquid nitrogen

LV

left ventricle

MALDI- T of MS

matrix assisted laser desorption ionization-time of flight mass
spectrometry

MAP

mean arterial pressure

MAPK

mitogen-activated protein kinases

MC

mesangial cells

MCS

multiple cloning site

MI

myocardial infarction

M-MLV RT

Moloney Murine Leukemia Virus Reverse Transcriptase
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mRNA

messenger ribonucleic acid

NEP

neutral endopeptidase

NFAT

nuclear factor of activated T-cells

NHE-1

sodium-hydrogen exchanger-1

NO

nitric oxide

NOS

nitric oxide synthase

NPRA

natriuretic peptide receptor A

NPRB

natriuretic peptide receptor B

NPRC

natriuretic peptide receptor C

NPS

natriuretic peptide system

NPs

natriuretic peptides

ORF

open reading frame

PCR

polymerase chain reaction

pGC

particulate guanylyl cyclase

PKC

protein kinase C

PKHD

protein kinase homology domain

qRT-PCR

quantitative real-time polymerase chain reaction

RAS

renin angiotensin system

RPMI

Roswell Park Memorial Institute medium

RQ

relative quantity

RT

room temperature

RT-PCR

reverse transcriptase-polymerase chain reaction

RV

right ventricle

SEM

standard error of the mean

sGC

souble guanylyl cyclase

SMC

smooth muscle cell

SNAP

S-nitroso-n-acetylpenicillamine

SRF

serum response factor

TD

transmembrane domain

TG

transgenic

TNF-α

tumor necrosis factor-alpha

TRPC

transient receptor potential canonical

URO

urodilatin

UV

urine volume
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VNP

vasonatrin peptide

VSMC

vascular smooth muscle cells

WHO

World Health Organisation

WT

wild type
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