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Natriuretic Peptides and Their Receptors

Guanylin peptides (GPs), guanylin (GN) and uroguanylin 
(UGN) belong to the family of natriuretic peptides (NPs), which 
includes atrial natriuretic peptide (ANP), brain natriuretic 
peptide (BNP) and C-type natriuretic peptide (CNP). NPs 
activate membrane guanylate cyclases (GC), also called 
particulate GCs, and lead to the production of their second 
messenger cyclic guanosine monophosphate (cGMP), which 
acts on cGMP dependent protein kinases (PKG), cGMP-
regulated phosphodiesterases (PDE) and cGMP–gated 
channels. 

To this day, there are seven known GCs, spanning from GC-A 
to GC-G, all in the form of homodimers with each subunit 
composed of a chain of ~1500 amino acids. The intracellular 
domain has a juxtamembranous protein kinase-homology 

domain, an amphipathic α–helical separation domain and a 
cGMP forming GC domain on the C-terminal. The extracellular 
domain, which is connected to the intracellular part by short 
transmembrane domain, is a binding site for NPs [for a review, 
see 1]. GC-A is a receptor for ANP and BNP, which are mainly 
released from the atria due to atrial stretch. GC-A has a main 
role in maintaining blood pressure and intravascular volume 
by its effects on kidneys, adrenals, and central nervous system 
[2]. Other important effects on metabolism are the induction 
of lipolysis in human adipocytes [3], an increase in the energy 
expenditure in brown adipose tissue (BAT) and the “browning” 
of white adipose tissue (WAT) [4], secretion of the adipokine 
adiponectin [5] and the improvement of insulin sensitivity in 
muscle and liver [6,7]. GC-B is the receptor for CNP. Besides 
their expression in many tissues, their main role is in the 
physiological regulation of skeletal growth [8]. Other effects 
include embryonal axonal branching, oocyte maturation, 
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inhibition of hypertrophic cardiomyocyte growth and the 
proliferation of fibroblasts and vascular smooth muscle cells 
[for a review, see 1].

ANP, BNP, and CNP, but not GPs, also bind to another receptor 
which does not have GC activity, called natriuretic peptide 
receptor C (NPR-C) [9]. All three hormones bind to NPR-C with 
a similar affinity which is alike the affinity for GC-A or GC-B [10-
12]. This GC independent receptor is also called the clearance 
receptor since it is suggested that its main role is to remove 
NPs from the circulation and modulate their physiological 
effects [13]. Further research showed that removing NPs is 
not NPR-C’s only function as it exerts other functions as well. 
NPR-C is coupled to the pertussis toxin-sensitive adenylate 
cyclase inhibitory G protein (Gi) and contains specific Gi-
activator domain, therefore NPs, via activation of the NPR-C, 
can decrease cyclic adenosine monophosphate (cAMP) levels 
[14,15]. Furthermore, NPR-C can activate the β-isoform of 
phospholipase C (PLCβ) by β subunit of the same Gi protein 
and lead to an increase in intracellular Ca2+ concentration [16]. 
NPR-C is widely expressed in many tissues and cell lines and 
in most tissues its expression is higher than that of the GC 
receptors for NPs [17].

Guanylate Peptides and Guanylate Cyclase C

GN and UGN are small peptides that bind to GC-C and, like 
other NPs, increase production of cGMP. Human GN is a 15- 
and UGN a 16-amino acid peptide, respectively, with two 
disulphide bonds between cysteine positions 4–12 and 7-15 
[18,19]. The main site of expression of GPs is the intestine, where 
they play their major role in sodium and water reabsorption. 
They are also expressed in many other tissues like the kidney, 
lungs, pancreas, adrenal glands, and reproductive system, 
where their role and signaling is still not fully discovered [20]. 
The only known receptor for GPs, that is known today, is GC-C. 
It can be found in the form of dimer and trimer [21,22]. Activity 
of the GC-C can be regulated by adenosine triphosphate (ATP) 
and protein kinase C (PKC). ATP leads to an increase in GC 
activity by stabilizing the active form of the receptor, while 
phosphorylation by PKC, which is different to the regulation of 
GC-A and GC-B, increases GC-C activity by 70% [21,23-26]. GC-
C, like GPs, is also widely expressed with the major expression 
site being the intestines but also the kidney, brain, embryonic 
and regenerating liver, adrenal glands, pancreas, lungs, male 
and female reproductive system, and lymph nodes [27-
29]. The role of GC-C in many of those organs, similar to the 
function of GPs, is still unknown, since most studies were done 
on the gastrointestinal tract and kidneys, and, in recent years, 
in the brain.

GPs and GC-C in intestine

Since GPs are mainly produced after a salty meal in the 
intestines and released into the gut lumen and circulation, 
most of GPs/GC-C signaling has been investigated in the 

intestine [30]. cGMP, produced by activation of the GC-C on 
the apical membrane of enterocytes, leads to the activation 
of PKG II, the inhibition of the Na+/H+ exchanger, and an 
increase in intracellular cAMP and the activation of protein 
kinase A (PKA) directly, or by inhibition of its degradation via 
PDE3. PKG II and PKA activate cystic fibrosis transmembrane 
regulator (CFTR) that activates the Cl−/HCO3

− exchanger [for 
a review, see 31]. In general, GPs released in the gut lumen 
lead to decreased Na+ reabsorption and increased Cl-, HCO3

− 
and water secretion (Figure 1). Since GPs are also released into 
the circulation, and GC-C is widely distributed, they also have 
effects on other organs. 

GPs and GC-C in the kidney

The function of GC-C in the kidneys is less known. The major 
effects of GPs in the kidney are contributed to their activation 
of the GC-C independent signaling pathway (see later). Even 
though the natriuresis, kaliuresis, and diuresis are still present 
in GC-C knock out (GC-C KO) male mice [32], the volume of 
urine is decreased in female GC-C KO mice compared to their 
wild-type (WT) littermates suggesting sex differences in GC-C 
function in the kidney [33]. To determine the importance of 
these sex differences and GC-C action in the kidney, further 
study is necessary. 

GPs and GC-C in the brain

Recently, research of effects of UGN/GC-C signaling pathway 
in the brain and their role in metabolism became a hot topic. 
GC-C was shown in the rodent brain in neurons of the cerebral 
cortex, amygdala, midbrain, hypothalamus and Purkinje 
cells and neurons of deep nuclei of the cerebellum, but also 
confirmed in the human hypothalamus and prefrontal cortex 
[33-39]. 

In the amygdala, we showed a GC-C expression in basolateral 
amygdaloid nucleus and cortical amygdaloid area as well 
as sex-dependent effects on anxiety-like behavior with an 
increase in the GC-C mRNA expression 2 hours after feeding. 
This was shown only in female mice who exert higher anxiety 
level after a meal [35]. Since the sex differences in the function 
of GC-C are well known in different parts of the brain as well 
as in the kidney, further studies are necessary to resolve the 
important question of effects of female sex hormones and the 
importance of the phase of estrous cycle on GC-C function in 
female animals and women. 

In the midbrain, GC-C is located on dopaminergic neurons of 
substantia nigra compacta and ventral tegmental area where 
UGN neuromodulates neurons by increasing the activity of 
group 1 metabotropic glutamate receptors (mGLUR) and 
muscarinic acetylcholine receptors (mAChR) which leads to 
an increase in the firing frequency, which is possibly mediated 
by cation channels of transient receptor potential canonical 
(TRPC) channel family. Thus, GC-C KO mice have symptoms 
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similar to attention deficit and hyperactivity disorder (ADHD) 
with an increase in locomotor activity, higher level of novelty 
seeking, and deficits in sustaining attention [36]. 

GPs and GC-C in the hypothalamus

UGN role in metabolism, including regulation of glucose 
homeostasis, induction of satiety and changes in activity 
of brown adipose tissue, is mediated by GC-C located in the 
proopiomelanocortin expressing (POMC) neurons of the 
arcuate nucleus in the hypothalamus, both in rodent and 
humans, but also in POMC-negative neurons in female mice 
and women [33,37,38]. This suggests that a sex difference 
in UGN action on the metabolism should be expected. 
This hypothesis is supported by the GC-C expression 
upregulation after feeding, like in the intestine, but only in 
the hypothalamus of male mice [33,35,40]. After a meal, GC-C 
expression is differently regulated in different brain regions. 
It increases only in the female amygdala [35] and only in the 
male hypothalamus [33], suggesting a completely different 

physiological function of GC-C in male and female animals. 
Besides the difference in localization, GC-C is more expressed 
during diestrus compared with estrus, which probably affects 
the changes in appetite during the menstrual cycle (the less 
GC-C, the weaker the satiety effect of UGN) [33]. Even though 
metabolic studies in female subjects are still rare, the common 
mistake is to neglect the estrous cycle phase and feeding 
schedule when comparing food intake in male and female 
animals [38]. 

Intracerebroventricular (icv) administration of UGN leads to 
a decrease in 24-hour food intake and weight gain and it is 
not than surprising that GC-C KO mice have signs of metabolic 
syndrome with increased body mass, hyperinsulinemia, 
hyperleptinemia, and disturbed glucose metabolism [38,41]. 
Except satiety, UGN has also effects on BAT physiology, but 
its activity is different compared to other natriuretic peptides, 
like ANP. 

BAT is specialized adipose tissue that expresses special 

Figure 1: Guanylin peptides in the intestine. Guanylin (GN), uroguanylin (UGN), and heat-stable enterotoxin of Escherichia coli (STa) activate 
membrane-bound guanylate-cyclase C (GC-C), which leads to an increase of the intracellular concentration of cGMP. Function of cGMP is: 
inhibition of the Na+/H+ exchanger (NHE), activation of protein kinase G type II (PKG II) directly and protein kinase A (PKA) via increase in 
intracellular cAMP concentration by inhibition of phosphodiesterase type III (PDE III). PKA and PKG II activate cystic fibrosis transmembrane 
regulator (CFTR) followed by an activation of the Cl-/HCO3

- exchanger which leads to Cl- and HCO3
- secretion. GC-C independent biding site 

for guanylin peptides is located basolaterally. This signaling pathway involves an increase in intracellular Ca2+ concentration and a decrease 
in intracellular cAMP concentration which stimulates HCO3

- secretion [54]. PKC: Protein Kinase C.
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proteins of thermogenesis, like uncoupling proteins (UCPs). 
BAT transforms energy given by glucose or fatty acids not to 
ATP, but rather to heat. It is activated by exposure to cold with a 
goal to warm up the body [42,43]. Since GC-C is not expressed 
in the BAT, UGN acts via hypothalamus-sympathetic nervous 
system axis. Chronic icv administration of UGN increases 
BAT thermogenic markers, like UCP1, UCP3, peroxisome 
proliferator-activated receptor gamma coactivator 1-alpha 
(PGC1α), therefore GC-C KO mice have decreased levels of 
those markers [33,41]. This effect of UGN on BAT is probably 
mediated by the sympathetic nervous system since in the 
triple KO (β1, β2 and β3 adrenergic receptor knock out) mice 
this increase of UCP1 in BAT is abolished (Figure 2) [41]. 

BAT activity is also increased after a meal and participates 
in diet induced thermogenesis (DIT). DIT is increased energy 
expenditure after a meal above basal rate. DIT occurs due to 
movement of the intestine, digestive and absorption processes, 
and activation of BAT [44]. GC-C KO mice almost completely 
lack activation of BAT and DIT after a meal while intranasal 
UGN administration increases BAT activity 2 and 4 hours after 
application in WT male mice, which was not seen in GC-C KO 
male mice [33]. The DIT and BAT activation after a meal as well 
as UGN effects of BAT activity are, again, in laboratory animals, 
as well as in humans, sex dependent but also phase of estrous 
cycle and age dependent [our unpublished results, 33]. The 
summarized hypothalamic effects of UGN are presented in 

Figure 2: Uroguanylin effects. Central uroguanylin (UGN) affects satiation, activity of brown adipose tissue (BAT) followed by a decrease in 
plasma glucose and fatty acid concentration and an increase in energy expenditure. UGN could also affect the physiology of white adipose 
tissue (WAT) by promoting browning (rejuvenation of BAT) and lipolysis (systemic effects). The net-results of UGN application could be 
weight loss due to higher increase in energy expenditure and decrease in food intake, as well as the regulation of glucose metabolism, 
increase in insulin sensitivity (less insulin could be needed), and increase in the BAT volume (browning), with more capacity for glucose 
usage. Diuretic and natriuretic properties (systemic effects) of UGN could lower high blood pressure. CREB: cAMP Response Element-Binding 
protein; FA: Fatty Acids; GC-C: Guanylat-Cyclase C; GLUT1/4: Glucose Transporter; NE: Norepinephrine; Ucp-1: Uncoupling protein 1.
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Figure 2. The more detailed discussion of the matter is beyond 
the scope of this review. 

Guanylate Cyclase C Independent Signaling Pathway 
for Guanylin Peptides

As we previously mentioned, ANP, BNP and CNP, except 
activating their GC receptors, also activate NPR-C which lacks 
GC activity. NPR-C, besides its role in removing the NPs from 
circulation, has many different physiological functions [9]. To 
this day, GC-C is the only known receptor for GPs but for many 
years there was published evidence of the existence of other 
GC-C independent signaling pathways for GPs.

GC-C independent signaling pathway in the intestine

In the intestine, the localization of binding sites for 
Escherichia coli heat-stable enterotoxin (STa) and GC-C mRNA 
are not identical [45]. STa is the strongest exogenous GC-C 
agonist that could activate all GPs receptors. Two binding 
sites are identified. One has a higher affinity for STa than GC 
with 5% of STa binding sites. Lower affinity GC receptor has 
95% of STa binding sites [46]. Even though GC-C is dominantly 
located on the apical membrane, GC independent binding 
sites are located on the basolateral site of the colonocytes 
[47]. Another evidence of the existence of a novel signaling 
pathway was shown on a cell culture of rat enterocytes where 
STa administration lead to an increase in intracellular Ca2+ 
concentration (Figure 1) [48].

GC-C independent signaling pathway in the kidney

When studying GPs’ effects on kidneys, more evidence of 
GC-C independent signaling pathway for GPs exists. Renal 
effects of GPs are still present in GC-C KO mice and GPs and 
STa still change membrane potential of principal cells of 
cortical collecting ducts isolated from GC-C KO mice [32,49]. 
Further evidence of the existence and importance of the GC-C 
independent signaling pathway in human physiology is that 
GPs depolarize human principal cells of cortical collecting 
ducts where the GC-C is not expressed, while the same cells are 
hyperpolarized by cGMP [50]. Therefore, it is not surprising that 
GC-C KO male mice have normal blood pressure while UGN KO 
male mice develop hypertension showing an important role 
of UGN via GC-C independent signaling pathway in the kidney 
(diuresis and natriuresis) in blood pressure regulation (Figure 
2) [51,52]. Future studies will determine the importance of the 
GC-C independent signaling pathway in female subjects.

GC-C independent signaling pathway in the brain

The importance of the UGN and GC-C dependent and/
or independent signaling pathways on metabolism is 
controversial. As Valentino et al. showed that GC-C KO mice 
have signs of metabolic syndrome as mentioned above [38], 
Begg et al. showed that GC-C KO mice have normal body 

weight, glucose tolerance, and that the central administration 
of GC-C agonists did not reduce food intake according to their 
WT littermates, showing that UGN/GC-C role on satiety and 
metabolism is UGN dependent, but GC-C independent [37].

We also noticed the possible existence of a novel signaling 
pathway for GPs in the brain. In physiological conditions, 
GC-C is strictly located in neurons of the mouse and human 
brain, but not in the astrocytes [33-35]. Surprisingly, UGN still 
has effects on astrocyte function. UGN increases intracellular 
Ca2+ concentration in astrocytes of different brain regions 
(cerebral cortex, cerebellar cortex, and hypothalamus). 
This, Ca2+ signaling pathway, is present in GC-C KO animals. 
Furthermore, cultured astrocytes hyperpolarize in the 
presence of UGN which is opposite to the depolarization 
caused by cell permeable cGMP. Therefore, cGMP is not the 
second messenger for UGN in these cells. In astrocytes, this 
GC-C independent signaling pathway changes intracellular 
pH by change in H+ and HCO3- transport [34]. 

Ca2+ signaling is the most important mechanism for 
astrocytes in modulating neuronal function as shown in the 
model of the tripartite synapse. In this model, astrocytes 
are, along with presynaptic and postsynaptic neuron, part 
of the synapse and contribute to synaptic transmission as a 
third party by releasing several known neurotransmitters like 
glutamate, ATP, D-serine, and GABA. These neurotransmitters 
are also called gliotransmitters as they are released from glial 
cells [for a review, see 53]. As GC-C is located only in neurons 
where UGN acts as a neuromodulator [36] and astrocytes 
showed presence of GC-C independent signaling pathway 
[34], we propose a model of UGN action on the tripartite 
synapse (Figure 3). UGN can act as a neuromodulator both in 
neurons directly by GC-C or indirectly by activating the GC-C 
independent signaling pathway in astrocytes. An increase 
in intracellular Ca2+ concentration in astrocytes can lead to 
the acidification of interstitial fluid and possible release of 
gliotransmitters.

Future Aspects

As shown in this review, GPs and GC-C are present in many 
systems of the body but the GC-C independent signaling 
pathway is only investigated in some, like the brain, the 
intestine, and the kidney. The presence of GC-C independent 
signaling pathway for GPs should be determined in other 
systems wherever GC-C/cGMP signaling pathway exist (such 
as lungs, reproductive system, pancreas) since both signaling 
pathways can be present and act simultaneously. The special 
interest is the involvement of the GC-C independent signaling 
pathway in pathophysiological conditions such as asthma, 
cystic fibrosis, stroke, unexplained male, or female infertility 
etc. While using GPs centrally or systemic in treatment of 
diabetes, obesity, or hypertension, it is still not known whether 
its effect would be due to activation of the dependent or the 
independent GC-C signaling pathway (Figure 2).
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The researchers should also pay attention to the interpretation 
of the results on the GC-C KO animals and determine the 
effects on the GP KO animals, like the UGN KO mice, where 
all signaling pathways for GPs are diminished. Discovery and 
cloning of the GC-C independent receptor or diorphanization 
of one of the already known orphan receptors that bind GPs 
should be the most important task for the future. Knowing the 
new receptor will bring the field of GPs’ roles in physiology to 
a new era.

Conclusion

Many recent studies and controversial results considering 
roles of UGN in metabolism and brain physiology indicate that 
the GPs/GC-C axis is a very interesting field of research. This 
axis gives us novel insights into physiology of energy balance, 
glucose metabolism and pathophysiology of the most 
common diseases of the modern world. Signaling pathways 
for GPs in the intestine and kidneys are more investigated 
than in other tissues where GPs and GC-C are expressed. Like 

other NPs, except GC, they have a GC independent receptor, 
but there is growing evidence that GPs also have other GC-C 
independent signaling pathway. In addition to age and sex, 
estrous cycle has an effect on GPs’ function, which should 
be better investigated in the future. Discovery of the new 
receptor for GPs involved in the GC-C independent, but Ca2+ 
dependent, signaling pathway will surely help to distinguish 
GPs’ action whether they are GC-C dependent or independent 
and clear discrepancies and controversies in the field.
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