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Abstract 28
29

The balance between vasoconstrictor/sodium retaining and vasodilator/natriuretic systems is 30
essential for maintaining body fluid and electrolyte homeostasis. Natriuretic peptides, such as 31
atrial natriuretic protein (ANP) belong to the vasodilator/natriuretic system. ANP is produced 32
by the conversion of pro-ANP into ANP which is achieved by a proteolytical cleavage 33
executed by corin. In the kidney, ANP binds to the natriuretic peptide receptor-A (NPR-A)34
and enhances its guanylyl cyclase activity, thereby increasing intracellular cyclic guanosine 35
monophosphate production to promote natriuretic and renoprotective responses. In the 36
glomerulus, ANP increases glomerular permeability and filtration rate and antagonizes the 37
deleterious effects of the renin-angiotensin-aldosterone system activation. Along the 38
nephron, natriuretic and diuretic actions of ANP are mediated by inhibiting the basolaterally 39
expressed Na+/K+-ATPase, reducing apical sodium, potassium and protein organic cation 40
transporter in the proximal tubule, and decreasing the Na+-K+-2Cl- co-transporter activity and41
the renal concentration efficiency in the thick ascending limb. In the medullary collecting duct,42
ANP reduces sodium reabsorption by inhibiting the cyclic nucleotide gated cation channels, 43
the epithelial sodium channel, and the heteromeric channel transient receptor potential-44
vanilloid 4 and -polycystin 2 and diminishes vasopressin-induced water reabsorption. Long 45
term ANP treatment may lead to NPR-A desensitization and ANP-resistance, resulting in 46
augmented sodium and water reabsorption. In mice, corin deficiency impairs sodium 47
excretion and causes salt-sensitive hypertension. Characteristics of ANP resistance and 48
corin deficiency are also encountered in patients with edema-associated diseases,49
highlighting the importance of ANP-signalling in salt-water balance and renal 50
pathophysiology.51
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1. Introduction55
56

Maintaining body fluid and electrolyte homeostasis is a fundamental requirement in virtually 57
all animals. The regulation is controlled by a variety of endocrine, autocrine and neuronal 58
factors, which can be divided into two antagonizing systems: the vasoconstrictor/sodium 59
retaining systems, such as the renin-angiotensin-aldosterone system (RAAS), the60
sympathetic nervous system, endothelin-1 and antidiuretic hormones; and the 61
vasodilator/natriuretic systems, such as the natriuretic peptides and nitric oxide (NO) (94). 62

63
The natriuretic peptides were evolved in the earliest vertebrates to serve as osmoregulatory 64
hormones (105, 106). In mammals, the natriuretic peptide system is well preserved. Three 65
similar peptides, i.e. atrial, brain or B-type and C-type natriuretic peptides (ANP, BNP and 66
CNP, respectively) have been identified. Among them, ANP and BNP are more closely 67
related, as indicated by high sequence similarities and a shared receptor, natriuretic peptide 68
receptor-A (NPR-A), also called guanylyl cyclase-A. ANP is produced mainly in atrial and 69
ventricular myocytes, and secreted in response to cardiac wall stretching and various stimuli 70
such as endothelins and alpha-adrenergic factors (29). BNP is generated mostly in cardiac 71
ventricles and released in response to volume or pressure overload (48). The function of 72
CNP differs from that of ANP and BNP. CNP is widely expressed in the central nervous 73
system, the vasculature, and the bones, where it acts in a paracrine fashion by binding to a 74
separate receptor, the natriuretic peptide receptor-B (NPR-B) to regulate cell differentiation 75
and organ function (31, 78, 84). All three natriuretic peptides indiscriminately bind to a third 76
receptor, NPR-C, which serves as the clearance receptor for these peptides (37). 77

78
Like many peptide hormones, the natriuretic peptides are synthesized in precursors, i.e. pro-79
forms. Proteolytic cleavage to remove the pro-peptide is an essential step to activate the 80
natriuretic peptides. In cardiomyocytes, where most ANP and BNP are produced, the 81
membrane-bound serine protease corin has been identified as a critical enzyme for activating 82
the natriuretic peptides (118). Corin, however, is not involved in pro-CNP processing. It has 83
been shown that pro-CNP processing is mostly mediated by furin, an intracellular proprotein 84
convertase (114). 85

86
2. Corin structure and function 87

Corin is a trypsin-like serine protease (116). The protein contains a single-span 88
transmembrane domain at the N-terminus, which anchors corin on the cell surface. Among89
normal tissues, corin is most abundantly expressed in cardiomyocytes (117). Functional 90
studies have shown that corin is critical for activating the natriuretic peptides and regulating 91
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salt-water balance and blood pressure (6, 116). In mice, for example, lack of corin leads to 92
salt-sensitive hypertension (20, 111), a phenotype similar to that in ANP knockout mice (59). 93
To date, corin gene variations and mutations have been reported in patients with 94
hypertension and heart disease, supporting the physiological importance of corin in 95
maintaining normal blood pressure and cardiac function (35, 38, 93, 124). Most recent 96
studies also indicate a local function of corin and ANP in the pregnant uterus to promote 97
spiral artery remodelling and to prevent pregnancy-induced hypertension (26). Interestingly, 98
corin mutations that impair the natriuretic peptide processing activity have been identified in99
patients with preeclampsia supporting a role for corin in preeclampsia–induced symptoms100
(26). 101

102
3. ANP receptors and downstream signalling103
NPR-A/NPR-B and NPR-C are two major types of receptors for the natriuretic peptides.104
NPR-A and NPR-B are membrane guanylyl cyclase receptors, whereas NPR-C lacks the 105
guanylyl cyclase activity (70). The binding of ANP to the receptor NPR-A leads to the 106
conversion of guanosine triphosphate (GTP) to the intracellular second messenger cyclic 107
guanosine monophosphate (cGMP) (55, 90). The active NPR-A receptor is a homodimer.  108
Each NPR-A monomer contains an extracellular ANP-binding domain at its amino-terminus109
and an intracellular guanylyl cyclase domain at its carboxyl terminus (47). Synthetized 110
cGMPs bind to target proteins, including the cGMP-dependent protein kinases (PKG) I and II, 111
cyclic-nucleotide gated ion-channels, and the cyclic nucleotide phosphodiesterase (11). 112

113
Two different subtypes of NPR-C with molecular masses of 67 and 77 kDa, respectively, 114
have been identified.  These receptors may bind to a broad range of ligands, including ANP, 115
BNP and CNP. 4-23C-ANP is a cleaved form of ANP, which also binds to NPR-C, but not 116
NPR-A or NPR-B. The 77-kDa NPR-C primarily serves as a clearance receptor for ligand 117
internalization, whereas the 67-kDa NPR-C also participates in adenylyl cyclase activity 118
inhibition through inhibitory guanine nucleotide regulatory protein Gi and activation of 119
phospholipase C to exert anti-hypertensive effects (70). 120

121
Recently, both NPR-A and NPR-C were shown to mediate the effects of ANP by enhancing 122
the Ca2+/calmodulin-dependent NO synthase (NOS) activity, another factor of the123
vasodilator/natriuretic system with similar renal effects as ANP. It appears that these 124
receptors may act through different mechanisms; NPR-A-induced NO production was shown 125
to be cGMP-dependent, whereas NPR-C-dependent NO release was partially mediated by 126
Gi protein (41, 42). 127

128
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4. Renal expression of ANP-signalling cascade components and its functional 129
implications 130
Within the kidney, components of the ANP signalling cascade are widely expressed and 131
antagonize the vasoconstrictor/sodium retaining system by affecting the activity and 132
expression of various transporters, channels and other signalling components (Figure 1).133

134
4.1. Glomerulus 135
Within the glomerulus, corin expression was undetectable (43), suggesting that glomerular 136
ANP production and activation are negligible, if any. ANP from the circulation, however, may 137
act on glomerular epithelial and mesangial cells (21, 66). The receptor NPR-A has been 138
localized to the surface of podocytes and mesangial cells (82, 103). Attributed renal actions 139
of ANP include the regulation of the glomerular filtration rate (GFR) and glomerular140
permeability. ANP-induced increases in GFR and filtration fractions have been reported in141
numerous studies [for review see (52)]. This function has been suggested to occur by raising 142
the capillary glomerular pressure through relaxation of the afferent arteriole and contraction 143
of the efferent arteriole (40). ANP was also shown to cause a rapid (within 5 min) increase in 144
glomerular permeability (7). Analysis of the glomerular filtration barrier revealed that ANP 145
directly and in a reversible manner increases the radius and the number of large glomerular 146
pores without affecting the charge selectivity. As a result of the augmented glomerular 147
permeability, ANP may induce microalbuminuria, which is associated with many diseases 148
such as diabetes and congestive heart failure (CHF) (7, 125). 149

150
The ANP-induced cGMP production and its functional consequence are not fully understood. 151
It may involve reorganization of F-actin filaments, thereby causing cellular relaxation (101). 152
The possible function of podocytes in this process remains to be elucidated. Mesangial cells 153
express NPR-A and respond to ANP with strong elevations in intracellular cGMP (10). ANP 154
may also relax mesangial cells by increased hyperpolarisation, leading to an increase in 155
ultrafiltration coefficient associated with augmented glomerular hydrostatic pressure, GFR 156
and filtration fraction (52). 157

158
Additionally, the endogenous ANP/NPR-A/cGMP system may have pleiotropic and 159
renoprotective properties (82) by antagonizing the RAAS. Ogawa et al. (82) demonstrated 160
that an aldosterone-induced glomerular injury led to more severe proteinuria and fibrotic 161
changes in NPR-A knockout mice than control wild-type mice. The authors proposed that 162
ANP-induced NPR-A activation may inhibit local extracellular signal-regulated kinase and163
p38 mitogen-activated protein kinase signalling pathways as well as the formation of reactive 164
oxygen species. Another possible mechanism underlying the aldosterone-antagonizing165
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effects of ANP was reported recently. In transfected human embryonic kidney cells, ANP 166
attenuated the aldosterone-induced nuclear translocation of the mineralocorticoid receptor167
(MR) via NPR-A/cGMP-dependent PKGI, resulting in an association of NPR-A with the MR 168
and thus preventing MR activation (75). Furthermore, the importance of the balance between 169
the RAAS and the ANP systems is demonstrated by an Ang-(1-9)-induced ANP secretion 170
from cardiomyocyte in an AT2-receptor-dependent manner involving phosphoinositide kinase 171
3, Akt, NO, and cGMP (19). Thus, the balance between the RAAS and the ANP-induced 172
signalling cascade may be regulated through receptor interactions, hormone secretion and 173
intracellular signalling pathways. 174

175
4.2. Proximal tubule 176
In the proximal tubule, corin was localized to the apical membrane of the endocytic 177
apparatus and in the brush border membrane (BBM) of rodent kidneys (89) as well as in 178
human kidneys (43). The particular corin expression pattern suggests the cleavage of filtered 179
and locally produced pro-ANP into active ANP. In this nephron segment, local production of 180
ANP mRNA was detected by in situ hybridization (67, 89). Natriuresis elicited by ANP has 181
been attributed to the inhibition of sodium reabsorption at both proximal (122) and distal 182
nephron segments including the collecting duct. ANP may promote natriuresis without 183
altering GFR (96). Lithium clearance studies showed that ANP inhibited proximal tubular 184
sodium reabsorption (17, 50), in part by counteracting angiotensin-stimulated sodium 185
reabsorption (51). ANP also inhibits several Na+-dependent transport systems, such as the 186
Na+/H+-exchanger (112) and type IIa Na/Pi co-transporter (8). The Na+/K+-ATPase plays a 187
pivotal role in sodium reabsorption in all tubular segments including the proximal tubule. It 188
has been shown that the Na+/K+-ATPase is an ANP target (4, 15) and that the inhibition of 189
the Na+/K+-ATPase by ANP is mediated, to a large extent, via renal dopamine 1-like 190
receptors. Among other transports that may be regulated by ANP include protein organic 191
cation transporter and Cl- and K+ channels (28, 53, 54, 76). 192

193
4.3. Distal tubule 194
Within the distal tubule, corin is highly expressed in vesicles near the apical plasma 195
membrane of medullary thick ascending limb (89), where it is believed to cleave locally 196
produced pro-ANP (67, 89). Cytochemical localization revealed a plasma membrane 197
expression of NPR-A in the thick ascending limb upon ANP treatment (92). In this nephron 198
segment, ANP was shown to inhibit Cl--transport in a cGMP- and PKG-dependent manner (9,199
80). Furthermore, increased intracellular cGMP levels were shown to directly inhibit Na+-K+-200
2Cl- co-transporter (NKCC2) activity (85, 86) by decreasing its apical surface expression 201
through a mechanism mediated by cGMP-stimulated phosphodiesterase 2 (PDE2) (5). 202
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Presumably, this effect may affect NKCC2 trafficking by PDE2-mediated reduction in cAMP203
and subsequently protein kinase A levels. Thus, ANP may inhibit NKCC2 and reduce urine 204
concentrating capacity, thereby increasing urine excretion. It also has been shown that ANP 205
may initiate Ca2+ transients in isolated cortical thick ascending limbs. This activity appeared 206
to be mediated by NPR-C (27). ANP-dependent NPR-C activation is known to activate 207
phospholipase C and release NO. The functional implication in ANP-mediated NO release 208
remains to be determined. 209

210
4.4. Collecting duct211
In the collecting duct system, corin was identified within the apical plasma membrane and 212
apical vesicles (89). The signal intensity increased towards the medulla. Like in the nephron 213
segments, local ANP mRNA and protein expression was detected. Moreover, all components 214
of the ANP-induced signalling cascade could be identified within the inner medullary 215
collecting duct (IMCD). Immunohistochemical studies localized NPR-A to the apical 216
membranes of IMCD (45), and the cGMP-stimulated phosphodiesterase 5 (PDE5) and 217
protein kinase G II (PKGII) in the cytosol (89, 104). 218

219
It is well established that the medullary collecting duct is the main site of ANP action in 220
promoting sodium excretion (122). The current data indicate that ANP regulates Na+221
reabsorption at both the apical and basolateral sides in IMCD. As in the nephron segments, 222
sodium reabsorption in principal cells of the IMCD consists of passive Na+ entry through the 223
apical membrane and active pumping into the peritubular space by the basolateral Na+,K+-224
ATPase. The epithelial sodium channel (ENaC) is the main sodium channel for sodium entry 225
and is characterized by low conductance (4-5 pS) with high specificity for Na+ over K+ (>20 226
fold), which is inhibited by amiloride (18, 102). 227

228
Current data on cGMP/PKGII-induced ENaC activation are less conclusive. In single-patch 229
clamp studies with Xenopus 2F3 cells, ANP and 8-pCPT-cGMP were shown to decrease the 230
open probability of ENaC in an NPR-A-dependent manner (49). Long term ANP treatment,231
however, induced a translocation of ENaC into the apical membrane presumably to prevent232
sustained natriuresis after prolonged ANP exposure (110). 233

234
In addition to ENaC, another type of sodium channel exists in principal cells of the collecting 235
duct, i.e. the cyclic nucleotide gated cation channels (CNG) (24, 71, 72). CNG channels have 236
a higher conductance (28 pS), transport Na+, K+ and NH4+ with similar affinities, and are 237
inhibited by cGMP, amiloride and diltiazem (24, 71, 72). It has been shown that cGMP 238
inhibits these channels by PKG-dependent channel phosphorylation and allosteric changes239
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(71). It is possible, therefore, that CNGs may serve as another ANP target in promoting240
sodium excretion (Figure 2).241

242
At the basolateral site of IMCD, ANP is known to inhibit Na+/K+-ATPase activity through 243
PKGII-induced phosphorylation and in a cGMP-dependent manner (Figure 2) (15, 44, 98). 244
Moreover, ANP was shown to modulate transepithelial water transport in collecting duct cells. 245
In isolated rat and rabbit CCD, short term ANP treatment reduces vasopressin-stimulated 246
water permeability (33, 79). Furthermore, in vasopressin-pre-treated cells ANP markedly 247
decreased the kinetics of cell swelling, which was mimicked by 8-bromo-cGMP and blunted 248
by PKGII inhibition. ANP also reduced vasopressin-induced phosphorylation of aquaporin-2 249
(AQP2) at position S256 (64). However, in untreated collecting duct cells, long-term ANP 250
treatment induced an AQP2 translocation into the apical membrane followed by increased 251
phosphorylation, which may increase transepithelial water flux (14, 110). Thus, similarly as 252
shown for ENaC, prolonged ANP actions favour volume retention.  253

254
Another mechanism of ANP-dependent natriuresis has been proposed recently and may 255
involve the inhibition of flow-activated Ca2+ entry into collecting duct cells (Figure 2) (39). The256
transient receptor potential vanilloid 4 (TRPV4) and the transient receptor potential polycystin 257
2 (TRPP2) were shown to form a heteromeric channel complex in cilia, a crucial structure for 258
flow sensation. It was found that ANP, cGMP and PKGII inhibited Ca2+ entry through their 259
action on heteromeric TRPV4-P2 channels. PKGII was shown to phosphorylate the channel 260
complex on TRPP2T719A and TRPP2S827A, thereby inhibiting the channel complex formation 261
and preventing the flow-induced Ca2+ entry in to CCD cells. These findings are intriguing. 262
Further studies are needed to elucidate the influence of intracellular Ca2+ levels on sodium 263
absorption.264

265
5. Regulation of ANP-cascade components266
ANP, corin and NPR-A expression pattern are mainly regulated by varying their transcription 267
rate. The involved transcription factors as well as factors modulating their action have been 268
identified in the past years. 269
GATA transcription factor family members, particularly GATA-4 and -6, and T box factor 5,270
have been shown to play an important role for ANP gene expression in cardiac myocytes. 271
GATA-4 functionally synergizes with transcription factors GATA-6, MEF-2, dHAND, SRF, 272
Nkx2.5 and YY1 (48). The phosphorylation of GATA-4 by p38 mitogen-activated protein 273
kinase (MAPK) was shown to increase the binding affinity of GATA-4 to the ANP promoter,274
thereby promoting ANP gene expression (48). Other factors modulating ANP gene 275
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expression include -adrenergic agonists, endothelin, prostaglandin F2 , growth factors, 276
vitamin D, retinoids, glucocorticoids, mechanical strain, and hypoxia (48). 277

278
In the corin gene promoter, similar conserved binding sites for Tbx5, GATA, Nkx2.5 and 279
Krüppel-like transcription factors have been identified (34). GATA-4 appears to be the major 280
transcription factor in the heart accounting for increased corin and ANP gene expression281
under hypertrophic conditions (115). Transcription factors controlling renal corin and ANP 282
expression pattern as well as factors modulating the promoter activity in the kidney remain to 283
be determined.284

285
The NPR-A gene expression is regulated primarily by Sp1 possessing three binding sites in286
the promoter region, as determined by mutational analysis (48). A number of factors have 287
been reported to regulate the NPR-A gene promoter activity, which includes vitamin D, 288
angiotensin II, endothelin, osmotic stimuli, endothelial NOS, p38 MAPK (48) and serum and 289
glucocorticoid inducible kinase 1 (23). Interestingly, ANP was demonstrated to negatively 290
regulate NPR-A promoter activity and gene expression via a cGMP-dependent mechanism291
involving cGMP-response element-binding protein (CREBP) (74). CREBP is widely 292
distributed in human tissues with high abundance in the heart and was found at low levels in 293
the kidney. 294

295
Phosphorylation is another important mechanism in regulating NPR-A activity (99, 120). 296
Binding of ANP to NPR-A induces a homologous desensitization of NPR-A which correlates 297
with a complex phosphorylation pattern of the receptor. Under steady state conditions, NPR-298
A is highly phosphorylated at multiple sites on its intracellular domain including Ser473,299
Ser487, Ser497, Thr500, Thr502, Thr506, Ser510 and Thr513. ANP-provoked 300
desensitization was accompanied with increased phosphorylation at Ser487, whereas at the 301
other sites dephosphorylation occurred. Performing functional analysis of Ser487 using site-302
directed mutagenesis revealed that phosphorylation at this site blunts the NPR-A activation 303
but also prevents further desensitization (99, 119). It is believed that ANP-mediated NPR-A-304
desensitization is one of the reasons for the receptor resistance in the presence of high 305
circulating ANP levels.306

307
6. Mechanisms in ANP Resistance308
In many edematous disease states, ANP-induced signalling components may be improperly 309
regulated and thereby prevent the natriuretic action of ANP. In fact, the ANP resistance is a 310
hallmark of diseases such as CHF (22), liver cirrhosis (68, 77), and nephrotic syndrome (87,311
107, 108), which are commonly associated with sodium retention. In these diseases, 312
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cumulative sodium retention often leads to edema and ascites. As an underlying mechanism 313
a maladaptive renal response to compensate edematous disorders has been identified and 314
reduced ANP response and a dysregulated ANP-induced signaling was found (25, 65, 81,315
91, 95).  316

317
In animal models of and patients with CHF, liver cirrhosis and proteinuric kidney disease, 318
attenuated or reduced urine flow rate and decreased urinary sodium excretion are common 319
(12, 22, 30, 32, 46, 57, 58, 61, 69, 73, 113). Increased circulating ANP levels often correlated 320
with the severity of the disease (16, 68, 87, 100). Under these pathological conditions, the321
renal response to pharmacological ANP infusion was markedly attenuated (22, 83, 87, 88,322
107). In fact, the lack of a proper renal response to ANP is a pathological feature, but the 323
underlying mechanism remains controversially discussed. It has been suggested that the 324
ANP resistance may be due to decreased ANP availability and/or NPR-A desensitization at325
the renal site.326

327
To date, reduced uterine, cardiac and renal corin level and/or activity have been found in328
animal models of and patients with preeclampsia, heart failure and nephrotic syndrome (56,329
89, 109). These findings suggest that corin deficiency may impair the ANP signaling 330
pathway, contributing to the ANP resistance in these diseases. In addition, there is growing 331
evidence that PDE5 up-regulation may also play a role in the ANP resistance. PDE5 is 332
known to degrade cGMP. In chronic cardiovascular diseases, liver cirrhosis or nephrotic 333
syndrome, increased PDE5 levels have been associated with decreased renal cGMP levels, 334
which may contribute to ANP resistance and sodium retention in patients (1, 3, 87, 107). 335
  336
The renal origin of volume retention has been located in the collecting duct, which involves 337
increased activation of the Na+/K+-ATPase (2, 36, 73) and augmented expression and apical 338
membrane targeting of ENaC subunits (60, 61, 123). In liver cirrhosis, this increase was 339
shown to occur early in disease progression and was reduced subsequently, probably as a340
counter regulatory mechanism (62). It remains unclear whether Na+/K+/2Cl- and Na+/Cl- co-341
transporter contribute to volume retention under these disease conditions (60, 97, 121). 342

343
In rats, long-term ANP infusion induced AQP2 and ENaC trafficking into the apical 344
membrane (110). Similarly, ANP- and cGMP-stimulated mpkCCDcl14 cells led to increased 345
membrane insertion of AQP2 (13). It is possible that in edematous conditions with high 346
circulating ANP levels, the augmented membrane availability of ENaC and AQP2 may 347
promote sodium and water retention and may therefore, at least partially, be accountable for 348
the accompanied formation of edema and/or hypertension. 349
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350
Corin is the rate limiting enzyme for ANP activation. Recently, reduced corin levels were 351
found in kidneys of proteinuric rats (89) and patients with chronic kidney disease (43). So far,352
no data have been reported regarding the renal expression levels of the ANP-induced 353
signaling components in patients with or animal models of CHF, liver cirrhosis and354
preeclampsia. Analysis of kidneys from corin knockout mice revealed a paradoxical increase 355

of medullary PKGII, PDE5 and ENaC -subunit, whereas ENaC - and subunits as well as 356
Na+/K+-ATPase expression levels remained unchanged (89). Corin knockout mice developed 357
salt-sensitive hypertension, which was caused by impaired sodium excretion and increased 358
water retention (111). This phenotype was corrected by amiloride treatment; treatment with 359
amlodipine, a Ca2+-channel inhibitor or losartan, an AT1-receptor blocker had no such effect.360
These data suggest a potential role of ENaC in inducing a salt-sensitive hypertension in corin 361
knockout mice. Similarly, kidneys of proteinuric rats had increased levels of PKGII and PDE5 362
in the medullary collecting duct (Figure 3). It remains unclear how corin reduction and/or the363
increase in PKGII and PDE5 lead to ENaC activation. Further studies are needed to364
elucidate the underlying molecular mechanism.365

366
Summary and perspectives367
Corin and ANP play an important role in regulating body fluid and electrolyte homeostasis. 368
Components of the ANP signaling cascade are expressed in the glomerulus and along the 369
nephron to exert natriuretic, diuretic and renoprotective effects. The main natriuretic and 370
diuretic ANP actions occur in the medullary collecting duct via its receptor NPR-A. 371
Dysregulation of the ANP-induced signaling cascade may impair sodium and water 372
excretion. In this context, reduced corin activity, as the rate limiting enzyme for ANP 373
production, and altered expression levels of ANP signaling components have been found in 374
animal models and patients with ANP resistance and sodium and water retention. There are 375
many open questions which need to be addressed in future. For example, what is the 376
importance of the renal vs. the cardiac corin-ANP system on renal ANP-induced natriuresis 377
and diuresis? What are the molecular mechanisms of long term ANP treatment leading to378
augmented ENaC and AQP2 membrane availability? How is the expression level of corin 379
and ANP signaling components in CHF, liver cirrhosis or preeclampsia? How is the time 380
course of expression level of corin and ANP-induced signaling components in edematous 381
diseases? How may dysregulated ANP signaling cascade components contribute to the ANP 382
resistance commonly observed in patients with edematous diseases? Further studies to 383
answer these questions will help understanding the role of corin and ANP in sodium 384
homeostasis and renal pathophysiology.385

386
387

ht
tp

://
do

c.
re

ro
.c

h



ACKNOWLEDGEMENTS388
389

Support from the Deutsche Forschungsgemeinschaft (FOR 667 F.T.), Swiss National 390
Foundation (31003A_138517 F.T.) and NIH grants (HL089298 and HD064634 Q.W.) are 391
gratefully acknowledged. 392

393

ht
tp

://
do

c.
re

ro
.c

h



Reference list394
395

1. Abraham WT, Hensen J, Kim JK, Durr J, Lesnefsky EJ, Groves BM, and 396
Schrier RW. Atrial natriuretic peptide and urinary cyclic guanosine monophosphate in 397
patients with chronic heart failure. J Am Soc Nephrol 2: 1697-1703, 1992.398
2. Ackermann D, Mordasini D, Cheval L, Imbert-Teboul M, Vogt B, and Doucet A.399
Sodium retention and ascites formation in a cholestatic mice model: role of aldosterone and 400
mineralocorticoid receptor? Hepatology 46: 173-179, 2007.401
3. Angeli P, Jimenez W, Veggian R, Fasolato S, Volpin R, MacHenzie HS, 402
Craighero R, Libera VD, Sticca A, Arroyo V, and Gatta A. Increased activity of guanosine 403
3'-5'-cyclic monophosphate phosphodiesterase in the renal tissue of cirrhotic rats with ascites. 404
Hepatology 31: 304-310, 2000.405
4. Aperia A, Holtback U, Syren ML, Svensson LB, Fryckstedt J, and Greengard P.406
Activation/deactivation of renal Na+,K(+)-ATPase: a final common pathway for regulation of 407
natriuresis. FASEB J 8: 436-439, 1994.408
5. Ares GR, Caceres P, Alvarez-Leefmans FJ, and Ortiz PA. cGMP decreases surface 409
NKCC2 levels in the thick ascending limb: role of phosphodiesterase 2 (PDE2). American 410
journal of physiology Renal physiology 295: F877-887, 2008.411
6. Armaly Z, Assady S, and Abassi Z. Corin: a new player in the regulation of salt-412
water balance and blood pressure. Current opinion in nephrology and hypertension 22: 713-413
722, 2013.414
7. Axelsson J, Rippe A, and Rippe B. Transient and sustained increases in glomerular 415
permeability following ANP infusion in rats. American journal of physiology Renal 416
physiology 300: F24-30, 2011.417
8. Bacic D, Hernando N, Traebert M, Lederer E, Volkl H, Biber J, Kaissling B, and 418
Murer H. Regulation of the renal type IIa Na/Pi cotransporter by cGMP. Pflugers Arch 443: 419
306-313, 2001.420
9. Bailly C. Effect of luminal atrial natriuretic peptide on chloride reabsorption in mouse 421
cortical thick ascending limb: inhibition by endothelin. J Am Soc Nephrol 11: 1791-1797,422
2000.423
10. Ballermann BJ, Hoover RL, Karnovsky MJ, and Brenner BM. Physiologic 424
regulation of atrial natriuretic peptide receptors in rat renal glomeruli. J Clin Invest 76: 2049-425
2056, 1985.426
11. Beavo JA, and Brunton LL. Cyclic nucleotide research -- still expanding after half a 427
century. Nature reviews Molecular cell biology 3: 710-718, 2002.428
12. Bernardi M, Di Marco C, Trevisani F, Fornale L, Andreone P, Cursaro C, 429
Baraldini M, Ligabue A, Tame MR, and Gasbarrini G. Renal sodium retention during 430
upright posture in preascitic cirrhosis. Gastroenterology 105: 188-193, 1993.431
13. Boone M, Kortenoeven M, Robben JH, and Deen PM. Effect of the cGMP pathway 432
on AQP2 expression and translocation: potential implications for nephrogenic diabetes 433
insipidus. Nephrology, dialysis, transplantation : official publication of the European Dialysis 434
and Transplant Association - European Renal Association 25: 48-54, 2010.435
14. Bouley R, Breton S, Sun T, McLaughlin M, Nsumu NN, Lin HY, Ausiello DA, 436
and Brown D. Nitric oxide and atrial natriuretic factor stimulate cGMP-dependent membrane 437
insertion of aquaporin 2 in renal epithelial cells. J Clin Invest 106: 1115-1126, 2000.438
15. Brismar H, Holtback U, and Aperia A. Mechanisms by which intrarenal dopamine 439
and ANP interact to regulate sodium metabolism. Clin Exp Hypertens 22: 303-307, 2000.440
16. Burnett JC, Jr., Kao PC, Hu DC, Heser DW, Heublein D, Granger JP, 441
Opgenorth TJ, and Reeder GS. Atrial natriuretic peptide elevation in congestive heart 442
failure in the human. Science 231: 1145-1147, 1986.443

ht
tp

://
do

c.
re

ro
.c

h



17. Burnett JC, Jr., Opgenorth TJ, and Granger JP. The renal action of atrial 444
natriuretic peptide during control of glomerular filtration. Kidney Int 30: 16-19, 1986.445
18. Canessa CM, Schild L, Buell G, Thorens B, Gautschi I, Horisberger JD, and 446
Rossier BC. Amiloride-sensitive epithelial Na+ channel is made of three homologous 447
subunits. Nature 367: 463-467, 1994.448
19. Cha SA, Park BM, Gao S, and Kim SH. Stimulation of ANP by angiotensin-(1-9) 449
via the angiotensin type 2 receptor. Life sciences 93: 934-940, 2013.450
20. Chan JC, Knudson O, Wu F, Morser J, Dole WP, and Wu Q. Hypertension in 451
mice lacking the proatrial natriuretic peptide convertase corin. Proc Natl Acad Sci U S A 102: 452
785-790, 2005.453
21. Chansel D, Pham P, Nivez MP, and Ardaillou R. Characterization of atrial 454
natriuretic factor receptors in human glomerular epithelial and mesangial cells. The American 455
journal of physiology 259: F619-627, 1990.456
22. Charloux A, Piquard F, Doutreleau S, Brandenberger G, and Geny B.457
Mechanisms of renal hyporesponsiveness to ANP in heart failure. Eur J Clin Invest 33: 769-458
778, 2003.459
23. Chen S, McCormick JA, Prabaker K, Wang J, Pearce D, and Gardner DG. Sgk1 460
mediates osmotic induction of NPR-A gene in rat inner medullary collecting duct cells. 461
Hypertension 43: 866-871, 2004.462
24. Ciampolillo F, McCoy DE, Green RB, Karlson KH, Dagenais A, Molday RS, and 463
Stanton BA. Cell-specific expression of amiloride-sensitive, Na(+)-conducting ion channels 464
in the kidney. The American journal of physiology 271: C1303-1315, 1996.465
25. Cody RJ, Atlas SA, Laragh JH, Kubo SH, Covit AB, Ryman KS, Shaknovich A, 466
Pondolfino K, Clark M, Camargo MJ, and et al. Atrial natriuretic factor in normal subjects 467
and heart failure patients. Plasma levels and renal, hormonal, and hemodynamic responses to 468
peptide infusion. J Clin Invest 78: 1362-1374, 1986.469
26. Cui Y, Wang W, Dong N, Lou J, Srinivasan DK, Cheng W, Huang X, Liu M, 470
Fang C, Peng J, Chen S, Wu S, Liu Z, Dong L, Zhou Y, and Wu Q. Role of corin in 471
trophoblast invasion and uterine spiral artery remodelling in pregnancy. Nature 484: 246-250,472
2012.473
27. Dai LJ, and Quamme GA. Atrial natriuretic peptide initiates Ca2+ transients in 474
isolated renal cortical thick ascending limb cells. The American journal of physiology 265: 475
F592-597, 1993.476
28. Darvish N, Winaver J, and Dagan D. A novel cGMP-activated Cl- channel in renal 477
proximal tubules. The American journal of physiology 268: F323-329, 1995.478
29. de Bold AJ. Atrial natriuretic factor: a hormone produced by the heart. Science 230: 479
767-770, 1985.480
30. de Seigneux S, Kim SW, Hemmingsen SC, Frokiaer J, and Nielsen S. Increased 481
expression but not targeting of ENaC in adrenalectomized rats with PAN-induced nephrotic 482
syndrome. American journal of physiology Renal physiology 291: F208-217, 2006.483
31. Del Ry S. C-type natriuretic peptide: a new cardiac mediator. Peptides 40: 93-98, 484
2013.485
32. Deschenes G, Wittner M, Stefano A, Jounier S, and Doucet A. Collecting duct is a 486
site of sodium retention in PAN nephrosis: a rationale for amiloride therapy. J Am Soc 487
Nephrol 12: 598-601, 2001.488
33. Dillingham MA, and Anderson RJ. Inhibition of vasopressin action by atrial 489
natriuretic factor. Science 231: 1572-1573, 1986.490
34. Dong N, Chen S, Wang W, Zhou Y, and Wu Q. Corin in clinical laboratory 491
diagnostics. Clinica chimica acta; international journal of clinical chemistry 413: 378-383,492
2012.493

ht
tp

://
do

c.
re

ro
.c

h



35. Dong N, Fang C, Jiang Y, Zhou T, Liu M, Zhou J, Shen J, Fukuda K, Qin J, and 494
Wu Q. Corin mutation R539C from hypertensive patients impairs zymogen activation and 495
generates an inactive alternative ectodomain fragment. The Journal of biological chemistry 496
288: 7867-7874, 2013.497
36. Doucet A, Favre G, and Deschenes G. Molecular mechanism of edema formation in 498
nephrotic syndrome: therapeutic implications. Pediatr Nephrol 22: 1983-1990, 2007.499
37. Drewett JG, and Garbers DL. The family of guanylyl cyclase receptors and their 500
ligands. Endocrine reviews 15: 135-162, 1994.501
38. Dries DL, Victor RG, Rame JE, Cooper RS, Wu X, Zhu X, Leonard D, Ho SI, 502
Wu Q, Post W, and Drazner MH. Corin gene minor allele defined by 2 missense mutations 503
is common in blacks and associated with high blood pressure and hypertension. Circulation 504
112: 2403-2410, 2005.505
39. Du J, Wong WY, Sun L, Huang Y, and Yao X. Protein kinase G inhibits flow-506
induced Ca2+ entry into collecting duct cells. J Am Soc Nephrol 23: 1172-1180, 2012.507
40. Dunn BR, Ichikawa I, Pfeffer JM, Troy JL, and Brenner BM. Renal and systemic 508
hemodynamic effects of synthetic atrial natriuretic peptide in the anesthetized rat. Circ Res 509
59: 237-246, 1986.510
41. Elesgaray R, Caniffi C, Ierace DR, Jaime MF, Fellet A, Arranz C, and Costa MA.511
Signaling cascade that mediates endothelial nitric oxide synthase activation induced by atrial 512
natriuretic peptide. Regulatory peptides 151: 130-134, 2008.513
42. Elesgaray R, Caniffi C, Savignano L, Romero M, Mac Laughlin M, Arranz C, 514
and Costa MA. Renal actions of atrial natriuretic peptide in spontaneously hypertensive rats: 515
the role of nitric oxide as a key mediator. American journal of physiology Renal physiology 516
302: F1385-1394, 2012.517
43. Fang C, Shen L, Dong L, Liu M, Shi S, Dong N, and Wu Q. Reduced urinary corin 518
levels in patients with chronic kidney disease. Clin Sci (Lond) 124: 709-717, 2013.519
44. Fedorova OV, Agalakova NI, Morrell CH, Lakatta EG, and Bagrov AY. ANP 520
differentially modulates marinobufagenin-induced sodium pump inhibition in kidney and 521
aorta. Hypertension 48: 1160-1168, 2006.522
45. Forssmann WG, Richter R, and Meyer M. The endocrine heart and natriuretic 523
peptides: histochemistry, cell biology, and functional aspects of the renal urodilatin system. 524
Histochem Cell Biol 110: 335-357, 1998.525
46. Gadau J, Peters H, Kastner C, Kuhn H, Nieminen-Kelha M, Khadzhynov D, 526
Kramer S, Castrop H, Bachmann S, and Theilig F. Mechanisms of tubular volume 527
retention in immune-mediated glomerulonephritis. Kidney Int 75: 699-710, 2009.528
47. Garbers DL. Guanylyl cyclase receptors and their endocrine, paracrine, and autocrine 529
ligands. Cell 71: 1-4, 1992.530
48. Gardner DG, Chen S, Glenn DJ, and Grigsby CL. Molecular biology of the 531
natriuretic peptide system: implications for physiology and hypertension. Hypertension 49:532
419-426, 2007.533
49. Guo LJ, Alli AA, Eaton DC, and Bao HF. ENaC is regulated by natriuretic peptide 534
receptor-dependent cGMP signaling. American journal of physiology Renal physiology 304:535
F930-937, 2013.536
50. Harris PJ, Skinner SL, and Zhuo J. The effects of atrial natriuretic peptide and 537
glucagon on proximal glomerulo-tubular balance in anaesthetized rats. J Physiol 402: 29-42,538
1988.539
51. Harris PJ, Thomas D, and Morgan TO. Atrial natriuretic peptide inhibits 540
angiotensin-stimulated proximal tubular sodium and water reabsorption. Nature 326: 697-698,541
1987.542
52. Hirsch JR, Meyer M, and Forssmann WG. ANP and urodilatin: who is who in the 543
kidney. Eur J Med Res 11: 447-454, 2006.544

ht
tp

://
do

c.
re

ro
.c

h



53. Hirsch JR, Meyer M, Magert HJ, Forssmann WG, Mollerup S, Herter P, Weber 545
G, Cermak R, Ankorina-Stark I, Schlatter E, and Kruhoffer M. cGMP-dependent and -546
independent inhibition of a K+ conductance by natriuretic peptides: molecular and functional 547
studies in human proximal tubule cells. J Am Soc Nephrol 10: 472-480, 1999.548
54. Hirsch JR, Weber G, Kleta I, and Schlatter E. A novel cGMP-regulated K+ 549
channel in immortalized human kidney epitheliall cells (IHKE-1). J Physiol 519 Pt 3: 645-550
655, 1999.551
55. Huo X, Abe T, and Misono KS. Ligand binding-dependent limited proteolysis of the 552
atrial natriuretic peptide receptor: juxtamembrane hinge structure essential for transmembrane553
signal transduction. Biochemistry 38: 16941-16951, 1999.554
56. Ibebuogu UN, Gladysheva IP, Houng AK, and Reed GL. Decompensated heart 555
failure is associated with reduced corin levels and decreased cleavage of pro-atrial natriuretic 556
peptide. Circulation Heart failure 4: 114-120, 2011.557
57. Ichikawa I, Rennke HG, Hoyer JR, Badr KF, Schor N, Troy JL, Lechene CP, 558
and Brenner BM. Role for intrarenal mechanisms in the impaired salt excretion of 559
experimental nephrotic syndrome. J Clin Invest 71: 91-103, 1983.560
58. Jimenez W, Martinez-Pardo A, Arroyo V, Bruix J, Rimola A, Gaya J, Rivera F, 561
and Rodes J. Temporal relationship between hyperaldosteronism, sodium retention and 562
ascites formation in rats with experimental cirrhosis. Hepatology 5: 245-250, 1985.563
59. John SW, Krege JH, Oliver PM, Hagaman JR, Hodgin JB, Pang SC, Flynn TG, 564
and Smithies O. Genetic decreases in atrial natriuretic peptide and salt-sensitive 565
hypertension. Science 267: 679-681, 1995.566
60. Kim SW, Schou UK, Peters CD, de Seigneux S, Kwon TH, Knepper MA, 567
Jonassen TE, Frokiaer J, and Nielsen S. Increased apical targeting of renal epithelial 568
sodium channel subunits and decreased expression of type 2 11beta-hydroxysteroid 569
dehydrogenase in rats with CCl4-induced decompensated liver cirrhosis. J Am Soc Nephrol 570
16: 3196-3210, 2005.571
61. Kim SW, Wang W, Nielsen J, Praetorius J, Kwon TH, Knepper MA, Frokiaer J, 572
and Nielsen S. Increased expression and apical targeting of renal ENaC subunits in 573
puromycin aminonucleoside-induced nephrotic syndrome in rats. American journal of 574
physiology Renal physiology 286: F922-935, 2004.575
62. Kim SW, Wang W, Sassen MC, Choi KC, Han JS, Knepper MA, Jonassen TE, 576
Frokiaer J, and Nielsen S. Biphasic changes of epithelial sodium channel abundance and 577
trafficking in common bile duct ligation-induced liver cirrhosis. Kidney Int 69: 89-98, 2006.578
63. Klein JD. Corin: an ANP protease that may regulate sodium reabsorption in nephrotic 579
syndrome. Kidney Int 78: 635-637, 2010.580
64. Klokkers J, Langehanenberg P, Kemper B, Kosmeier S, von Bally G, Riethmuller 581
C, Wunder F, Sindic A, Pavenstadt H, Schlatter E, and Edemir B. Atrial natriuretic 582
peptide and nitric oxide signaling antagonizes vasopressin-mediated water permeability in 583
inner medullary collecting duct cells. American journal of physiology Renal physiology 297:584
F693-703, 2009.585
65. Koepke JP, and DiBona GF. Blunted natriuresis to atrial natriuretic peptide in 586
chronic sodium-retaining disorders. The American journal of physiology 252: F865-871,587
1987.588
66. Koseki C, Hayashi Y, Torikai S, Furuya M, Ohnuma N, and Imai M. Localization 589
of binding sites for alpha-rat atrial natriuretic polypeptide in rat kidney. The American journal 590
of physiology 250: F210-216, 1986.591
67. Lai FJ, Hsieh MC, Hsin SC, Lin SR, Guh JY, Chen HC, and Shin SJ. The cellular 592
localization of increased atrial natriuretic peptide mRNA and immunoreactivity in diabetic rat 593
kidneys. J Histochem Cytochem 50: 1501-1508, 2002.594

ht
tp

://
do

c.
re

ro
.c

h



68. Levy M. Atrial natriuretic peptide: renal effects in cirrhosis of the liver. Semin 595
Nephrol 17: 520-529, 1997.596
69. Levy M. Sodium retention in dogs with cirrhosis and ascites: efferent mechanisms. 597
The American journal of physiology 233: F586-592, 1977.598
70. Li Y, Sarkar O, Brochu M, and Anand-Srivastava MB. Natriuretic peptide 599
receptor-C attenuates hypertension in spontaneously hypertensive rats: role of nitroxidative 600
stress and Gi proteins. Hypertension 63: 846-855, 2014.601
71. Light DB, Corbin JD, and Stanton BA. Dual ion-channel regulation by cyclic GMP 602
and cyclic GMP-dependent protein kinase. Nature 344: 336-339, 1990.603
72. Light DB, Schwiebert EM, Karlson KH, and Stanton BA. Atrial natriuretic peptide 604
inhibits a cation channel in renal inner medullary collecting duct cells. Science 243: 383-385,605
1989.606
73. Lourdel S, Loffing J, Favre G, Paulais M, Nissant A, Fakitsas P, Creminon C, 607
Feraille E, Verrey F, Teulon J, Doucet A, and Deschenes G. Hyperaldosteronemia and 608
activation of the epithelial sodium channel are not required for sodium retention in 609
puromycin-induced nephrosis. J Am Soc Nephrol 16: 3642-3650, 2005.610
74. Martel G, Hamet P, and Tremblay J. GREBP, a cGMP-response element-binding 611
protein repressing the transcription of natriuretic peptide receptor 1 (NPR1/GCA). The 612
Journal of biological chemistry 285: 20926-20939, 2010.613
75. Nakagawa H, Oberwinkler H, Nikolaev VO, Gassner B, Umbenhauer S, Wagner 614
H, Saito Y, Baba HA, Frantz S, and Kuhn M. Atrial natriuretic peptide locally counteracts 615
the deleterious effects of cardiomyocyte mineralocorticoid receptor activation. Circulation 616
Heart failure 7: 814-821, 2014.617
76. Nakamura K, Hirano J, Itazawa S, and Kubokawa M. Protein kinase G activates 618
inwardly rectifying K(+) channel in cultured human proximal tubule cells. American journal 619
of physiology Renal physiology 283: F784-791, 2002.620
77. Ni X, Cheng Y, Cao L, Gardner DG, and Humphreys MH. Mechanisms 621
contributing to renal resistance to atrial natriuretic peptide in rats with common bile-duct 622
ligation. J Am Soc Nephrol 7: 2110-2118, 1996.623
78. Nishikimi T, Kuwahara K, and Nakao K. Current biochemistry, molecular biology, 624
and clinical relevance of natriuretic peptides. J Cardiol 57: 131-140, 2011.625
79. Nonoguchi H, Sands JM, and Knepper MA. ANF inhibits NaCl and fluid 626
absorption in cortical collecting duct of rat kidney. The American journal of physiology 256:627
F179-186, 1989.628
80. Nonoguchi H, Tomita K, and Marumo F. Effects of atrial natriuretic peptide and 629
vasopressin on chloride transport in long- and short-looped medullary thick ascending limbs. 630
J Clin Invest 90: 349-357, 1992.631
81. Ogawa K, Ito T, Hashimoto H, Ito Y, Ohno O, Tsuboi H, Takasu N, Tanahashi T, 632
and Satake T. Plasma atrial natriuretic factor in congestive heart failure. Lancet 1: 106, 1986.633
82. Ogawa Y, Mukoyama M, Yokoi H, Kasahara M, Mori K, Kato Y, Kuwabara T, 634
Imamaki H, Kawanishi T, Koga K, Ishii A, Tokudome T, Kishimoto I, Sugawara A, and 635
Nakao K. Natriuretic peptide receptor guanylyl cyclase-A protects podocytes from 636
aldosterone-induced glomerular injury. J Am Soc Nephrol 23: 1198-1209, 2012.637
83. Olivera A, Gutkowska J, Rodriguez-Puyol D, Fernandez-Cruz A, and Lopez-638
Novoa JM. Atrial natriuretic peptide in rats with experimental cirrhosis of the liver without 639
ascites. Endocrinology 122: 840-846, 1988.640
84. Olney RC. C-type natriuretic peptide in growth: a new paradigm. Growth Horm IGF 641
Res 16 Suppl A: S6-14, 2006.642
85. Ortiz PA, and Garvin JL. NO Inhibits NaCl absorption by rat thick ascending limb 643
through activation of cGMP-stimulated phosphodiesterase. Hypertension 37: 467-471, 2001.644

ht
tp

://
do

c.
re

ro
.c

h



86. Ortiz PA, Hong NJ, and Garvin JL. NO decreases thick ascending limb chloride 645
absorption by reducing Na(+)-K(+)-2Cl(-) cotransporter activity. American journal of 646
physiology Renal physiology 281: F819-825, 2001.647
87. Perico N, Delaini F, Lupini C, Benigni A, Galbusera M, Boccardo P, and 648
Remuzzi G. Blunted excretory response to atrial natriuretic peptide in experimental 649
nephrosis. Kidney Int 36: 57-64, 1989.650
88. Petrillo A, Scherrer U, Gonvers JJ, Nussberger J, Marder H, de Vane P, Waeber 651
B, Hofstetter JR, and Brunner HR. Atrial natriuretic peptide administered as intravenous 652
infusion or bolus injection to patients with liver cirrhosis and ascites. J Cardiovasc 653
Pharmacol 12: 279-285, 1988.654
89. Polzin D, Kaminski HJ, Kastner C, Wang W, Kramer S, Gambaryan S, 655
Russwurm M, Peters H, Wu Q, Vandewalle A, Bachmann S, and Theilig F. Decreased 656
renal corin expression contributes to sodium retention in proteinuric kidney diseases. Kidney 657
Int 78: 650-659, 2010.658
90. Potter LR, and Hunter T. Identification and characterization of the phosphorylation 659
sites of the guanylyl cyclase-linked natriuretic peptide receptors A and B. Methods 19: 506-660
520, 1999.661
91. Raine AE, Erne P, Burgisser E, Muller FB, Bolli P, Burkart F, and Buhler FR.662
Atrial natriuretic peptide and atrial pressure in patients with congestive heart failure. N Engl J 663
Med 315: 533-537, 1986.664
92. Rambotti MG, Saccardi C, and Spreca A. Evidence for particulate guanylate 665
cyclase in rat kidney after stimulation by atrial natriuretic factor. An ultracytochemical study. 666
The Histochemical journal 22: 469-474, 1990.667
93. Rame JE, Drazner MH, Post W, Peshock R, Lima J, Cooper RS, and Dries DL.668
Corin I555(P568) allele is associated with enhanced cardiac hypertrophic response to 669
increased systemic afterload. Hypertension 49: 857-864, 2007.670
94. Riegger AJ. Role of neuroendocrine mechanisms in the pathogenesis of heart failure. 671
Basic research in cardiology 86 Suppl 3: 125-131, 1991.672
95. Riegger GA, Kromer EP, and Kochsiek K. Human atrial natriuretic peptide: plasma 673
levels, hemodynamic, hormonal, and renal effects in patients with severe congestive heart 674
failure. J Cardiovasc Pharmacol 8: 1107-1112, 1986.675
96. Roy DR. Effect of synthetic ANP on renal and loop of Henle functions in the young 676
rat. The American journal of physiology 251: F220-225, 1986.677
97. Sansoe G, Aragno M, Tomasinelli CE, di Bonzo LV, Wong F, and Parola M.678
Calcium-dependent diuretic system in preascitic liver cirrhosis. J Hepatol 53: 856-862, 2010.679
98. Scavone C, Scanlon C, McKee M, and Nathanson JA. Atrial natriuretic peptide 680
modulates sodium and potassium-activated adenosine triphosphatase through a mechanism 681
involving cyclic GMP and cyclic GMP-dependent protein kinase. J Pharmacol Exp Ther 272:682
1036-1043, 1995.683
99. Schroter J, Zahedi RP, Hartmann M, Gassner B, Gazinski A, Waschke J, 684
Sickmann A, and Kuhn M. Homologous desensitization of guanylyl cyclase A, the receptor 685
for atrial natriuretic peptide, is associated with a complex phosphorylation pattern. The FEBS 686
journal 277: 2440-2453, 2010.687
100. Selvais PL, Donckier JE, Robert A, Laloux O, van Linden F, Ahn S, Ketelslegers 688
JM, and Rousseau MF. Cardiac natriuretic peptides for diagnosis and risk stratification in 689
heart failure: influences of left ventricular dysfunction and coronary artery disease on cardiac 690
hormonal activation. Eur J Clin Invest 28: 636-642, 1998.691
101. Sharma R, Lovell HB, Wiegmann TB, and Savin VJ. Vasoactive substances induce 692
cytoskeletal changes in cultured rat glomerular epithelial cells. J Am Soc Nephrol 3: 1131-693
1138, 1992.694

ht
tp

://
do

c.
re

ro
.c

h



102. Sheng S, McNulty KA, Harvey JM, and Kleyman TR. Second transmembrane 695
domains of ENaC subunits contribute to ion permeation and selectivity. The Journal of 696
biological chemistry 276: 44091-44098, 2001.697
103. Shimonaka M, Saheki T, Hagiwara H, Hagiwara Y, Sono H, and Hirose S.698
Visualization of ANP receptor on glomeruli of bovine kidney by use of a specific antiserum. 699
The American journal of physiology 253: F1058-1062, 1987.700
104. Sonnenburg WK, Mullaney PJ, and Beavo JA. Molecular cloning of a cyclic GMP-701
stimulated cyclic nucleotide phosphodiesterase cDNA. Identification and distribution of 702
isozyme variants. The Journal of biological chemistry 266: 17655-17661, 1991.703
105. Takei Y, Kawakoshi A, Tsukada T, Yuge S, Ogoshi M, Inoue K, Hyodo S, Bannai 704
H, and Miyano S. Contribution of comparative fish studies to general endocrinology: 705
structure and function of some osmoregulatory hormones. J Exp Zool A Comp Exp Biol 305: 706
787-798, 2006.707
106. Tsukada T, and Takei Y. Integrative approach to osmoregulatory action of atrial 708
natriuretic peptide in seawater eels. Gen Comp Endocrinol 147: 31-38, 2006.709
107. Valentin JP, Qiu C, Muldowney WP, Ying WZ, Gardner DG, and Humphreys 710
MH. Cellular basis for blunted volume expansion natriuresis in experimental nephrotic 711
syndrome. J Clin Invest 90: 1302-1312, 1992.712
108. Valentin JP, Ying WZ, Sechi LA, Ling KT, Qiu C, Couser WG, and Humphreys 713
MH. Phosphodiesterase inhibitors correct resistance to natriuretic peptides in rats with 714
Heymann Nephritis. J Am Soc Nephrol 7: 582-593, 1996.715
109. van Dijk M, and Oudejans C. (Epi)genetics of pregnancy-associated diseases. Front 716
Genet 4: 180, 2013.717
110. Wang W, Li C, Nejsum LN, Li H, Kim SW, Kwon TH, Jonassen TE, Knepper 718
MA, Thomsen K, Frokiaer J, and Nielsen S. Biphasic effects of ANP infusion in conscious, 719
euvolumic rats: roles of AQP2 and ENaC trafficking. American journal of physiology Renal 720
physiology 290: F530-541, 2006.721
111. Wang W, Shen J, Cui Y, Jiang J, Chen S, Peng J, and Wu Q. Impaired sodium 722
excretion and salt-sensitive hypertension in corin-deficient mice. Kidney Int 82: 26-33, 2012.723
112. Winaver J, Burnett JC, Tyce GM, and Dousa TP. ANP inhibits Na(+)-H+ antiport 724
in proximal tubular brush border membrane: role of dopamine. Kidney Int 38: 1133-1140,725
1990.726
113. Wong F, Liu P, and Blendis L. The mechanism of improved sodium homeostasis of 727
low-dose losartan in preascitic cirrhosis. Hepatology 35: 1449-1458, 2002.728
114. Wu C, Wu F, Pan J, Morser J, and Wu Q. Furin-mediated processing of Pro-C-type 729
natriuretic peptide. The Journal of biological chemistry 278: 25847-25852, 2003.730
115. Wu F, Yan W, Pan J, Morser J, and Wu Q. Processing of pro-atrial natriuretic 731
peptide by corin in cardiac myocytes. The Journal of biological chemistry 277: 16900-16905, 732
2002.733
116. Wu Q, Xu-Cai YO, Chen S, and Wang W. Corin: new insights into the natriuretic 734
peptide system. Kidney Int 75: 142-146, 2009.735
117. Yan W, Sheng N, Seto M, Morser J, and Wu Q. Corin, a mosaic transmembrane 736
serine protease encoded by a novel cDNA from human heart. The Journal of biological 737
chemistry 274: 14926-14935, 1999.738
118. Yan W, Wu F, Morser J, and Wu Q. Corin, a transmembrane cardiac serine 739
protease, acts as a pro-atrial natriuretic peptide-converting enzyme. Proc Natl Acad Sci U S A 740
97: 8525-8529, 2000.741
119. Yoder AR, Robinson JW, Dickey DM, Andersland J, Rose BA, Stone MD, Griffin 742
TJ, and Potter LR. A functional screen provides evidence for a conserved, regulatory, 743
juxtamembrane phosphorylation site in guanylyl cyclase a and B. PloS one 7: e36747, 2012.744

ht
tp

://
do

c.
re

ro
.c

h



120. Yoder AR, Stone MD, Griffin TJ, and Potter LR. Mass spectrometric identification 745
of phosphorylation sites in guanylyl cyclase A and B. Biochemistry 49: 10137-10145, 2010.746
121. Yu Z, Serra A, Sauter D, Loffing J, Ackermann D, Frey FJ, Frey BM, and Vogt 747
B. Sodium retention in rats with liver cirrhosis is associated with increased renal abundance of 748
NaCl cotransporter (NCC). Nephrology, dialysis, transplantation : official publication of the 749
European Dialysis and Transplant Association - European Renal Association 20: 1833-1841, 750
2005.751
122. Zhao D, Pandey KN, and Navar LG. ANP-mediated inhibition of distal nephron 752
fractional sodium reabsorption in wild-type and mice overexpressing natriuretic peptide 753
receptor. American journal of physiology Renal physiology 298: F103-108, 2010.754
123. Zheng H, Liu X, Rao US, and Patel KP. Increased renal ENaC subunits and sodium 755
retention in rats with chronic heart failure. American journal of physiology Renal physiology 756
300: F641-649, 2011.757
124. Zhou Y, and Wu Q. Corin in natriuretic peptide processing and hypertension. 758
Current hypertension reports 16: 415, 2014.759
125. Zietse R, Derkx FH, Weimar W, and Schalekamp MA. Effect of atrial natriuretic 760
peptide on renal and vascular permeability in diabetes mellitus. J Am Soc Nephrol 5: 2057-761
2066, 1995.762

763
764

ht
tp

://
do

c.
re

ro
.c

h



Figure legend 765
Figure 1. Distribution of ANP production and corin expression along the nephron. In766
renal epithelia ANP mRNA was encountered together with corin expression in the proximal 767
tubule, medullary thick ascending limb and medullary collecting duct (purple), suggesting an 768
immediate activation of pro-ANP and subsequent paracrine signalling. Additional ANP mRNA 769
without corin expression was found in podocytes, connecting tubule and cortical collecting 770
duct (red) where a downstream activation of the secreted pro-ANP is necessary.771

772
Figure 2. ANP-induced action in medullary collecting duct cells. Urinary ANP binds to its 773
receptor NPR-A and thereby induces the conversion of GTP to cGMP. cGMP inhibits apically 774
sodium entry through the cyclic nucleotide gated channels (CNG), heteromeric channel of 775
transient receptor potential V4 (TRPV4) and -P2 (TRPP2) and basolaterally through the 776
Na+/K+-ATPase (NKA) and thereby promoting natriuresis.777

778
Figure 3. Effects of reduced renal corin expression in nephrotic syndrome. Reduced 779
renal corin expression leads to increased pro-ANP and reduced ANP levels through 780
diminished pro-ANP processing. The decreased ANP levels result in reduced conversion of 781
guanosine triphosphate (GTP) into cyclic guanosine monophosphate (cGMP). The782
downstream impact on the signaling cascade involves increased phosphodiesterase 5 783
(PDE5) and phospho-PDE5, increased protein kinase G II (PKGII) and increased expression 784

level of -ENaC, which may lead to overall sodium and volume reabsorption/retention. This 785
figure is adapted from an illustration in a commentary by J. Klein (63). 786

ht
tp

://
do

c.
re

ro
.c

h



ht
tp

://
do

c.
re

ro
.c

h



ht
tp

://
do

c.
re

ro
.c

h



ht
tp

://
do

c.
re

ro
.c

h




