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Abstract
The natriuretic peptide (NP) system comprises of three ligands, the Atrial Natriuretic Peptide (ANP), Brain Natriuretic pep-
tide (BNP) and C-type Natriuretic peptide (CNP), and three natriuretic peptide receptors, NPRA, NPRB and NPRC. Here 
we present a comprehensive study of the natriuretic peptide system in healthy murine and human submandibular salivary 
glands (SMGs). We show CNP is the dominant NP in mouse and human SMG and is expressed together with NP receptors 
in ducts, autonomic nerves and the microvasculature of the gland, suggesting CNP autocrine signalling may take place in 
some of these glandular structures. These data suggest the NP system may control salivary gland function during homeostasis 
through the regulation of electrolyte re-absorption, neural stimulation and/or blood vessel wall contraction/relaxation. We 
also show abnormal expression of NPRA in the stroma of a subset of human SMGs resected from patients diagnosed with 
oral squamous cell carcinoma (OSCC) of non-salivary gland origin. This finding warrants further research to investigate a 
possible correlation between early OSCC invasion and NPRA overexpression.

Keywords Atrial natriuretic peptide, ANP · B-type natriuretic peptide, BNP · C-type natriuretic peptide, CNP · Natriuretic 
peptide receptor A, NPRA · Natriuretic peptide receptor B, NPRB · Natriuretic peptide receptor C, NPRC · Submandibular 
gland · Salivary gland · Autonomic nervous system · Oral squamous cell carcinoma

Introduction

The natriuretic peptide (NP) system is composed of 
three ligands—Atrial Natriuretic Peptide (ANP), Brain 
Natriuretic Peptide (BNP) and C-type Natriuretic Peptide 
(CNP)—and three natriuretic peptide receptors (NPRs), 
NPRA, NPRB and NPRC. NPs have been shown to bind 
to NPRs selectively. ANP and BNP bind to NPRA and 
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NPRC, while CNP binds to NPRB and NPRC (Koller et al. 
1991; Suga et al. 1992a). NPRA and NPRB are guany-
lyl cyclase receptors mediating the production of cGMP, 
which regulates a number of intracellular signalling path-
ways in a complex manner. NPRC lacks a catalytic domain 
and therefore has a different mode of action. NPRC, which 
binds to all NPs with a similar affinity, was initially impli-
cated in the metabolic clearance of NPs. Following the 
binding of NPs to NPRC, the ligand/receptor complexes 
are internalized, with the ligands undergoing lysosomal 
degradation, while the NPRC receptor is recycled to the 
plasma membrane (Potter 2011). Apart from its role in NP 
clearance, NPRC is also coupled to Gi-dependent signal-
ling leading to adenylyl cyclase inhibition and a subse-
quent reduction in intracellular cAMP levels in certain 
tissues (Pagano and Anand-Srivastava 2001; Murthy et al. 
2000).

ANP is predominantly produced in the atrial myocar-
dium, BNP in the brain and ventricular myocardium and 
CNP in the central nervous system and vascular endothe-
lium (Suga et al. 1992b). ANP and BNP have endocrine, 
paracrine and autocrine effects (D’Souza et al. 2004; Evrard 
et al. 1999), whereas CNP appears to act as local paracrine 
regulator (Suda et al. 1996; Suga et al. 1993). The best char-
acterised function of the NP system relates to the control of 
the pressure–volume homeostasis of the renal-cardiovascular 
system. Upon stretch of the cardiac wall, ANP and BNP 
are released into the circulation, inducing increased renal 
excretion of sodium and water, increased vascular perme-
ability and vasodilation, leading to a reduction in systemic 
blood pressure (Curry 2005; Houben et al. 2005), while CNP 
induces vasodilation (Wei et al. 1993). Recent research has 
also shown BNP and CNP regulate cardiovascular function 
by direct inhibition of cardiac sympathetic neurotransmis-
sion (Buttgereit et al. 2016; Li et al. 2015). Identification 
of NP production and NPR expression in a broad range of 
tissues suggests this system has biological effects beyond the 
regulation of kidney and cardiovascular functions. Immu-
noreactivity for ANP has been identified in the brain, gan-
glia of the peripheral nervous system, spinal cord, pituitary 
gland, eye, lung, adrenal medulla, thymus and thyroid gland 
(Gutkowska and Nemer 1989; Vollmar 1990; Hodes and 
Lichtstein 2014). Furthermore, NPRs are present in a large 
number of cell and tissue types. For example, macrophages, 
T-lymphocytes and dendritic cells express receptors for ANP 
(Kiemer and Vollmar 2001; Mohapatra 2007) and there is 
growing evidence the NP system plays a significant role in 
the modulation of the immune system. Indeed, mice defi-
cient for NprA, the receptor for ANP, exhibit reduced lung 
inflammation in an injury model for allergic asthma, indi-
cating ANP/NprA signalling plays a significant role in the 
inflammatory process (Kong et al. 2008). Importantly, NP 
and NPR levels are altered in pathophysiological conditions 

such as heart failure (Volpe et al. 2016) and cancers (Li et al. 
2016; Zhao et al. 2014; Wang et al. 2011). Hence under-
standing the varied physiological effects of NP signalling 
and the mechanisms at play can help elucidate the role and 
diagnostic and therapeutic potential of the NP system in 
pathophysiological conditions.

The presence of NPs has been reported in salivary glands 
(SGs). There are three pairs of major SGs, the parotid, 
sublingual and submandibular salivary glands, producing 
respectively a serous, mucous and mixed saliva. SGs contain 
secretory acinar cells organised in units (acini) that empty 
their secretions in ducts of increasing diameters, formed 
of intercalated ducts, granular ducts (rodent-specific), 
striated ducts and excretory ducts, by order of increasing 
diameter. A primary saliva produced in acini is modified 
as it passes through striated ducts.  Na+ and  Cl− ions are 
reabsorbed while  K+ and  HCO3− ions are secreted, result-
ing in the production of a saliva hypotonic to plasma. The 
secretory function of SGs is under control of the autonomic 
nervous system (ANS). The two divisions of the ANS have 
very distinctive effects on saliva production: the stimulation 
of parasympathetic fibres leads to the production of watery 
secretions, while sympathetic stimulation induces protein-
rich viscous secretions. Immunoreactivity for ANP and CNP 
was identified in the intercalated, granular and striated ducts 
as well as in endothelial cells of rat parotid and submandibu-
lar glands (Gutkowska and Nemer 1989; Cantin et al. 1984; 
Vollmar et al. 1991; Cho et al. 2000a). Moreover, identifica-
tion of Nppa mRNA (encoding ANP) and ANP prohormone 
(a storage form of ANP) in rat parotid glands further sug-
gested ANP was locally synthesized in SGs (Vollmar et al. 
1991). Interestingly, immunoreactivity for ANP in adult 
parotid gland ducts is conserved in humans (Lipari et al. 
2013). ANP levels in healthy human saliva correlate with 
plasma levels (Gauquelin et al. 1992), suggesting either ANP 
is secreted in saliva but produced in small amounts in SGs, 
or ANP locally produced in SGs is not secreted in saliva. 
While the three NP receptors were found to be expressed 
in rat parotid glands (Nashida et al. 1996), the spatial dis-
tribution of these receptors, which could have suggested a 
local role for the NP system in SGs, was not investigated. 
We have carried out a comprehensive study of the expres-
sion and spatial distribution of all NPs and their receptors 
in the adult submandibular gland (SMG), a major SG com-
monly used as a model to study SG physiological and patho-
physiological states. Our investigation reveals the dominant 
NP expressed in mouse and human SMGs is CNP. CNP is 
expressed in autonomic nerves, ducts and blood vessels of 
the human SMG together with the three NPRs, which offers 
the possibility CNP autocrine signaling may take place in 
distinct SG structures. The NP system may therefore regu-
late SG function by controlling autonomic nerve stimulation, 
blood vessel diameter and/or saliva composition. We show 
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components of the NP system exhibit mostly similar distri-
butions in murine and human SMGs apart from microvascu-
lature expression of the NP system that is specific to human 
SMGs. We also analyzed human SMG tissues obtained 
from patients diagnosed with oral squamous cell carcino-
mas (OSCC). Although these SMG tissues did not show 
gross morphological changes, ectopic NPRA expression was 
identified in the glandular stroma of a subset of OSCC cases. 
Considering NPRA overexpression has been identified in a 
number of malignancies (Li et al. 2016; Zhao et al. 2014; 
Wang et al. 2011), this finding warrants further studies to 
explore a potential link between early OSCC invasion and 
NPRA overexpression.

Materials and methods

Ethics statement

The care and use of all mice in this study were conducted in 
accordance with the United Kingdom’s Animal (Scientific 
Procedures) Act of 1986, under two UK project licences 
(70/7866 and P5F0A1579), which were approved by the UK 
Home Office. Human salivary gland tissues were obtained 
from patients who had undergone surgery at the Division 
of Surgery of the Medical School within the University of 
Palermo (Italy). Informed consent was obtained from all 
patients. The study protocol conformed to the ethical guide-
lines of the 1975 Declaration of Helsinki.

Salivary gland tissue

CD1 wild-type adult mice over 8 weeks-old were used. 
Submandibular salivary glands (SMGs) were excised, fixed 
in 4% paraformaldehyde and embedded in paraffin wax. 
Human SMG tissues embedded in paraffin were from the 
archives of the Department of Pathology of the University 
of Palermo. Human SMG biopsies from eight patients were 
analyzed, comprising three normal SMGs and five SMGs 
resected from patients diagnosed with squamous cell carci-
nomas (SCCs) of non-SG origin. Tumor cases presented a 
history of variable size of primary tumors as well as vari-
able presence of metastasis in draining lymph nodes. Cases 
of SCCs analyzed originated from various locations within 
the oral cavity, including the lower lip, larynx and tongue. 
Human SMG biopsies were included in the present study 
after being reviewed by a pathologist who confirmed the 
initial diagnosis. The median age of SMG biopsies analyzed 
in this study was 58.5 years (36–67 years).

Immunostaining

4–7 µm-thick tissue sections were de-paraffinized and rehy-
drated. For immunohistochemistry, an antigen retrieval was 
performed with the Novocastra Epitope Retrieval Solutions 
pH 6 and pH 9 (Leica) in a PT Link station (Agilent). After 
neutralization of endogenous peroxidase with 3%  H2O2 and 
incubation in blocking solution (Novocastra UK), tissue sec-
tions were incubated overnight with the following primary 
antibodies: mouse anti-ANP (1:50, #ab2093, Abcam); rabbit 
anti-NPRA (1:100, #orb38973, Biorbyt), rabbit anti-BNP 
(1:500, #ab19645, Abcam), rabbit anti-pro-CNP (1:100, 
#ab202139, Abcam), rabbit anti-NPRA (1:50, #ab70848, 
Abcam), rabbit anti-NPRB (1:100, #ab14357Abcam), rab-
bit anti-NPRC (1:50, #ab37617, Abcam), mouse anti-beta 
III tubulin (1:100, #ab78078, Abcam). The Novocastra 
Novolink™ detection system (Leica) based on biotin-free 
Compact Polymer™ was used to increase detection sensi-
tivity. Slides were counterstained with Harris hematoxylin 
(Novocastra), coverslipped with Aquatex (Merck) (Manzel-
Glaser) and imaged with a Nikon (Y-THPL) microscope. 
For immunohistofluorescence, antigen retrieval was per-
formed in a pressure cooker (Biocare Medical) with a pH 
9 citrate Target Retrieval Solution (Dako). Tissues were 
permeabilized with 0.05% Tween twice for 5 min, blocked 
for 1 h in 1X PBS containing 10% Goat serum, 1% BSA and 
0.05%  Triton®, and then incubated overnight at 4 °C with 
previously described primary antibodies in 1X PBS with 
1% Goat serum, 1% BSA and 0.05%  Triton®. The next day, 
tissue sections were washed in 1X PBS with 0.1% Triton 
for three times 5 min, followed by incubation in secondary 
antibodies (1:200, #DI-2488, DyLight 488 goat anti-mouse 
and 1:200, #DI-1594, DyLight 594 Goat anti-rabbit, Vec-
tor) for 1 h at room temperature. Nuclei were counterstained 
with 1:500 Hoechst (Sigma). Slides were then coverslipped 
with  CitiFluor® (Electron Microscopy Sciences) mounting 
medium. Fluorescence was visualized with a Leica TCS SP5 
confocal laser microscope.

RNA extraction, RT‑qPCR

RNA was extracted from adult wild-type CD1 mouse 
SMGs using Trizol (Ambion). The extracted RNA was 
further purified using the DNA-free™ Kit (Ambion) and 
quantified using a Nanodrop 2000 spectrometer (Thermo 
Scientific). Complementary DNA (cDNA) was made by 
reverse transcription of extracted RNA using random prim-
ers (M-MLV Reverse Transcriptase kit, Promega) follow-
ing the manufacturer’s instructions. 384-well qPCR plates 
(BioRAD, HSR480) were used to assay gene expression 
by real-time qPCR using a SYBR Green master mix (Pow-
erUp™ SYBR™ Green Master Mix) on a BioRAD CFX384 
Touch™ Real-Time PCR Detection System. Mouse primer 
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sequences are listed in Table 1. GAPDH was used to nor-
malize the relative quantification of amplified genes and Ct 
values were calculated by the  2−ΔΔCT method (Livak and 
Schmittgen 2001). This analysis was conducted using three 
SMGs from three distinct animals. For human biopsies, 
RNA was extracted using the RNeasy FFPE kit (Qiagen) 
from 4 paraffin-embedded tissue sections of 5 μm each, fol-
lowing the manufacturer’s instructions. Purified RNA was 
quantified using the Qubit 3.0 fluorometer (Life technol-
ogy). cDNA synthesis was carried out with the Quantinova 
reverse transcripton Kit (Qiagen) following the manufac-
turer’s instructions. Real-time quantitative polymerase 
chain reactions (qPCR) were performed with the Quan-
tinova SYBR green PCR kit (Qiagen) in triplicate on a 
Rotor-Gene Q system (Qiagen) following the manufacturer’s 
instructions. QuantiTech Primer assay (Qiagen) was used 
with Hs_NPPA_1_SG QT00203322, and Hs_ACTB_1_SG 
QT00095431 primers, for the quantification of human NPPA 
and ACTB (normalizer) transcripts, respectively. Data were 
analyzed using the  2−ΔΔCT method.

Results

All natriuretic system components, except BNP, are 
locally expressed in mouse submandibular glands

In order to identify which ligands and receptors of the 
NP system were locally expressed in SGs, we first stud-
ied their RNA expression levels in adult mouse subman-
dibular glands (mSMGs). Primers were initially validated 
with RNA extracted from mouse adult heart and brain tis-
sues. All primers amplified products of expected size in 
both tissues (data not shown). In the mSMG, we found 
all three receptors were expressed, with Npr1 (encoding 
NprA) displaying highest levels of expression, followed by 
Npr2 (encoding NprB) and Npr3 (encoding NprC). Only 
Nppa and Nppc, the genes encoding respectively ANP 
and CNP, were expressed (Fig. 1a). Nppa was the least 

expressed gene, with expression found in only one of the 
three male mSMGs analysed and the Ct value for Nppa 
came up late at cycle 37 out of 40. Both male (Fig. 1a) and 
female (data not shown) mSMGs showed similar levels of 
gene expression. Similar to data obtained in males, Nppa 
expression was identified in only two of the three female 
mSMGs analysed (data not shown). We next investigated 
by immunohistochemistry which cells produced NPs and 
expressed NPRs with antibodies previously validated on 
mouse heart tissue. With the exception of NprA, regu-
lar immunohistochemistry proved not sensitive enough 
to detect NprB, NprC, ANP and pro-CNP (a propeptide 
that needs to be cleaved to produce a biologically active 
CNP) (Wu et al. 2003), suggesting these proteins were 
present in very low amounts in mSMGs. Immunohisto-
chemistry combined with a polymer amplification system 
was tested on adult mouse and human SMGs for non-spe-
cific immunostaining as background immunostaining has 
been previously reported in SGs (Cauli et al. 1994). In 
the absence of primary antibodies, no background stain-
ing could be observed in ducts, acini and neurovascular 
bundles of adult mouse and human SMGs (Fig. 2a–d). 
However, non-specific staining could be observed occa-
sionally inside mouse and human blood vessels (Fig. 2e, 
f). Immunohistochemistry combined with polymer amplifi-
cation revealed the three NPRs were expressed in a subset 
of granular ducts cells (Fig. 1b–f), as well as in autonomic 
nerves (Fig. 1g–p). In mice, the submandibular and sub-
lingual SGs are located within the same capsule and a 
chain of parasympathetic glanglia is found at the hilum of 
the glands, a region containing large neurovascular bun-
dles (Fig. 1k, p). Immunoreactivity for NprA, NprB and 
NprC was found in neurons populating parasympathetic 
submandibular ganglia (Fig. 1g–i) and large nerve bun-
dles (Fig. 1g–i, l–n), while immunoreactivity for NprA 
and NprC was found in the muscular walls of arterioles 
(Fig. 1l–n). We took advantage of the high expression 
level of NprA in mSMG to further investigate by dou-
ble immunofluorescence whether this NPR was present in 

Table 1  Details of primers used for mouse RT-qPCR analysis

m mouse

Genes NCBI Reference Primer sequences 5′–3′ Size (bp)

Forward Reverse

m-NppA NM_008725.3 TCG TCT TGG CCT TTT GGC TT TGG TCT AGC AGG TTC TTG AAA TCC 100
m-NppB NM_001287348.1 TTG GGC TGT AAC GCA CTG AA TTC AAA GGT GGT CCC AGA GC 109
m-NppC NM_010933.5 GAG CGG TCT GGG ATG TTA GT TCA GTG CAC AGA GCA GTT CC 64
m-Npr1 NM_008727.5 TGG AGA CAC AGT CAA CAC AGC CGA AGA CAA GTG GAT CCT GAG 70
m-Npr2 NM_173788.3 GAC TAA GCT TGC CCC CAC TT CCT ACT GGG CAG GCA CAA 80
m-Npr3 NM_008728.2 TCC TTG TTC CCC GAC CTT GGC ACA CAT GAT CAC CAC TC 113
m-GAPDH NM_002046.7 AGG TCG GTG TGA ACG GAT TTG TGT AGA CCA TGT AGT TGA GGTCA 123
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neural cells. Double immunofluorescence for NprA and 
beta III tubulin showed high levels of NprA in nerve bun-
dles, which co-localized with beta III tubulin, confirming 
NprA was expressed in axons (Fig. 1q1–q3). Lower levels 
of NprA were identified in ganglionic neuron cell bodies 
(Fig. 1r1–3r). NprA immunoreactivity was notably mainly 
found in the cytoplasm of granular duct cells and parasym-
pathetic ganglion neurons. Both pro-CNP and ANP were 
identified in ducts. However, while ANP immunoreactivity 

was found in a subset of granular duct cells (Fig. 1f), pro-
CNP appeared to be specifically produced by striated duct 
cells (Fig. 1e). This finding was confirmed in sublingual 
salivary glands. Mouse sublingual glands, which do not 
contain granular ducts, presented strong immunoreactiv-
ity for pro-CNP in striated ducts (data not shown). While 
ANP was not detected outside granular ducts, low immu-
noreactivity for pro-CNP was also found in parasympa-
thetic ganglia (Fig. 1j). However, although pro-CNP was 

Fig. 1  Expression of the natriuretic peptide system in mouse adult 
submandibular salivary glands. a RT-qPCR for Npr1, Npr2, Npr3, 
Nppa, Nppb and Nppc encoding respectively the three natriuretic 
receptors NprA, NprB and NprC and the three natriuretic ligands 
ANP, BNP and CNP in male mSMGs. The lowest gene expression 
(Nppa) is represented as one. Expression of other genes was com-
pared to Nppa expression. b–p Immunohistochemistry for NprA (b, 
g, l), NprB (c, h, m), NprC (d, i, n), CNP (e, j, o), ANP (f) and beta 
III tubulin (k, p). b–d, f The three receptors and ANP are present in 
granular ducts. Note a minority of granular duct cells are devoid of 
immunoreactivity. e Immunostaining for CNP is observed in striated 
ducts and not granular ducts. An enlargement of a stained striated 
ducts is presented in the lower right corner showing staining concen-
trated in the basal striations. g–i The three receptors are present in 

the submandibular parasympathetic ganglia (g, green arrowheads) as 
well as large nerve bundles (red arrowheads). l–n Immunoreactivity 
for natriuretic receptors in big nerve bundles (red arrowheads) as well 
as the blood vessel walls of arterioles (blue arrowheads). j CNP is the 
only NP detected in parasympathetic ganglia. However, no immuno-
reactivity for CNP is found in neurovascular bundles (o). k, p Immu-
noreactivity for beta III tubulin in parasympathetic ganglia (g), nerve 
bundles (red arrowheads) and arteriole wall (blue arrowheads). q–r 
Double immunofluorescence for NprA and beta III tubulin. q1–q3 
NprA and beta III tubulin co-localise in axons. r1–r3 NprA and beta 
III tubulin co-localise in axons (white arrowheads) and ganglionic 
neuron cell bodies. The scale bar represents 40 µm in b–p and 25 µm 
in q1–s3. Bv blood vessel, d duct, g ganglion
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detected in parasympathetic neuronal cell bodies, pro-CNP 
immunoreactivity was not found in neuro-vascular bundles 
(Fig. 1o). 

Expression of the NP system in ducts, autonomic 
nerves and blood vessels is conserved in human 
submandibular glands

We next investigated whether the presence of NPs and NPRs 
was conserved in human submandibular glands (hSMGs). 
hSMG biopsies archived in paraffin wax were used to per-
form immunohistochemistry with the same polymer ampli-
fication system that was used on mSMG. Immunoreactiv-
ity for the three ligands and three receptors was detected in 
striated ducts (Fig. 3a–f). Since only a subset of mSMGs 
showed Nppa expression, we investigated expression of 
NPPA in three normal hSMG biopsies from three inde-
pendent patients. While the ACTB gene used to normalise 

mRNA levels between samples was expressed in all hSMG 
biopsies, one hSMG biopsy did not exhibit NPPA expres-
sion (Fig. 3v), suggesting either ANP is not produced in 
SMG of all individuals or ANP production is differentially 
regulated. Stronger staining for pro-CNP could be observed 
in the luminal part of striated duct cells, suggesting CNP 
may be secreted in saliva (Fig. 3c). While BNP and ANP 
immunoreactivity was not observed in other hSMG struc-
tures (Fig. 3g, h, m, n), pro-CNP was found in nerve bun-
dles (Fig. 3i) as well as in blood vessel walls (Fig. 3o). In 
autonomic nerve bundles, immunostaining for the three 
receptors was found in the cell membranes, whereas pro-
CNP immunostaining located to cell cytoplasm, in line with 
their function as receptors and secreted ligand, respectively. 
Double immunofluorescence for NPRA and beta III tubu-
lin showed co-localisation of NPRA and beta III tubulin in 
nerve bundles, confirming the NPRA receptor is present in 
neural cells (Fig. 3t1–t3). In small arterioles, both the inner 
endothelial lining and beta III tubulin+ adventitia were posi-
tive for NPRA (Fig. 3u1–u3). Finally, uniform NPRA immu-
noreactivity was found in ducts (Fig. 3s1–s3).

Ectopic NPRA expression in submandibular glands 
of patients with oral squamous cell carcinoma

NPRA overexpression in a number of malignancies (Li et al. 
2016; Zhao et al. 2014; Wang et al. 2011) combined with 
the requirement for NprA for tumour growth in a murine 
model (Kong et al. 2008) prompted us to study NPRA dis-
tribution in SMG tissue in pathological situations. Malignant 
tumours of SGs are uncommon, with squamous cell car-
cinoma (SCC) accounting for less than 1% of SG tumours 
(Kaszuba et al. 2007). Hence, we studied NPRA distribution 
in hSMG biopsies obtained from patients with cutaneous or 
mucosal head and neck SCC, who had undergone large tis-
sue resections containing SMG tissue. We examined SCC 
cases that originated from several different locations in the 
head and neck region, including the larynx, tongue, lower lip 
and mucosa of the oral cavity. These SCC cases presented 
with primary tumours of variable size and metastasis had 
been identified in regional tumour-draining lymph nodes in 
all clinical cases studied. Haematoxylin and eosin staining 
of resected hSMG tissues was reviewed by a pathologist who 
did not find significant morphological anomalies. Localised 
inflammatory cell infiltrates were observed in all SMG tis-
sues studied, which comprised of three normal SMG tissues 
and five SMG samples collected from patients with SCC of 
non-SG origin. Consistent with previous observations made 
in normal hSMG tissue (Fig. 4a, d), immunoreactivity for 
NPRA was observed in striated ducts, blood vessel walls and 
nerves of all SMG biopsies obtained from head and neck 
SCC patients. However, in two out of the five cases of head 
and neck SSC analysed, strong ectopic immunoreactivity 

Fig. 2  Non-specific background immunostaining in adult murine and 
human submandibular salivary gland tissue is restricted to content of 
blood vessels. All steps of immunodetection were carried out, but pri-
mary antibodies were omitted from the first incubation step. Immu-
nostaining with anti-rabbit secondary antibodies are shown here. 
Similar results were obtained with anti-mouse secondary antibodies. 
No background immunostaining is observed in mouse (a, yellow out-
line) and human (b) SMG ducts, as well as in mouse (c) and human 
(d) neuro-vascular bundles. Some non-specific background immu-
nostaining (yellow arrowheads) could be observed inside the blood 
vessels of mouse (e) and human (f) SMGs. The scale bars represent 
50 µm in all panels. Bv blood vessel, d duct, g ganglion
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for NPRA was identified in the stromal tissue of the SMG, 
surrounding acini and intra-lobular ducts (Fig. 4b, c, e, f) 
as well as in the connective tissue of septa, while acinar 
cells remained devoid of immunoreactivity for NPRA. The 
NPRA receptor being able to bind with a high affinity to 
both ANP and BNP (Koller et al. 1991; Suga et al. 1992a), 
we investigated whether the distribution of these two natriu-
retic peptides was altered in SMG tissues exhibiting high 
NPRA expression in the glandular stroma. Both ANP and 
BNP, as well as NPRB and NPRC, did not show significant 
changes in expression (data not shown).

Discussion

In this study, we carried out a comprehensive analysis of 
the NP system in the murine and human adult SMG. In 
adult hSMGs, we found all NPRs were strongly expressed 
in ductal cells, nerve bundles and blood vessel walls. CNP 
was co-expressed with NPRs in ducts, nerves and blood 
vessels, while ANP and BNP expression was restricted to 
striated ducts. Although the NP system showed a grossly 
similar expression pattern in the murine adult SMG, a few 
differences were observed. Whereas the three NPRs were 
expressed in ducts, neurons of the submandibular para-
sympathetic ganglia and large nerve bundles, only NprA 
and NprC were present in murine blood vessel walls. The 
lack of NprB in blood vessels was mirrored by the lack of 

Fig. 3  All natriuretic peptide components are produced within human 
submandibular glands. a–r Immunohistochemistry on normal adult 
hSMGs showing immunoreactivity in striated ducts (a–f), nerve 
bundles (g–l) and blood vessels (m–r). All natriuretic peptides and 
receptors are present within SMG striated ducts (a–f), note accumu-
lation of pro-CNP on the luminal side of striated duct cells (c) and 
presence of pro-CNP in larger interlobular collecting ducts (o). Apart 
from ANP and BNP (g, h, m, n), immunoreactivity for all natriuretic 
components is found in nerve bundles (i–l, black arrowheads) as well 
as in the muscular wall of arterioles (o–r, red arrowheads). s1–u3 

Double immunohistofluorescence for NPRA (red) and beta III tubu-
lin (green). Immunoreactivity for NPRA is found in ducts (s1–s3) and 
nerve bundles, in which it co-localises with beta III tubulin (t1–t3). In 
blood vessels, NPRA is found within the innermost endothelial cell 
layer as well as in the beta III tubulin+ outer adventitia layer (u1–u3). 
v RT-qPCR for NPPA (encoding the natriuretic peptide ANP) on 
normal hSMGs. NPPA expression was found in two out of the three 
normal hSMGs analysed. The scale bar represents 40 µm in a–r and 
25 µm in s1–u3. Bv blood vessel, cd collecting duct, d duct
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expression of its ligand CNP in the walls of blood vessels. 
Furthermore, BNP was not expressed in murine SMGs. 
Despite these species variations, CNP appears as the major 
NP locally produced in SMGs, both in mice and humans. 
Interestingly, while previous reports have demonstrated the 
production of ANP in SGs, our study suggests local produc-
tion of ANP is marginal in the SMG, being either barely 
detectable or absent both in mouse and human SMGs, as 
shown by qPCR, a highly sensitive detection technique. 
Indeed, mouse Nppa expression was identified in three out of 
six wildtype mSMGs analysed and human NPPA expression 
was identified in two out of three biopsies of normal hSMGs. 
These conserved variations in NPPA expression may result 
from intrinsic differences between individuals or a timely 
regulation of NPPA in SGs.

One of the key findings of this investigation is the pres-
ence of CNP and its two receptors NPRB and NPRC in 
autonomic nerves controlling SG function. Widespread CNP 
expression within nerve bundles strongly suggests CNP is 
expressed in neural cells and possibly associated glial cells. 
CNP is a peptide that is abundant in the central nervous 
system, with a significant amount of CNP detected in the 
cerebrospinal fluid (Kaneko et al. 1993), while CNP plasma 
concentration is at the limit of detection (Schulz 2005). It 

is believed CNP plays an important role in the nervous sys-
tem as CNP can inhibit proliferation induced by either brain 
derived neurotrophic factor or nerve growth factor in olfac-
tory neuronal precursors and promote their differentiation 
(Simpson et al. 2002). In adult mice, CNP has been shown 
to be expressed by Schwann cells located within dorsal root 
ganglia and in skeletal muscle nerve bundles (Kishimoto 
et al. 2008). Impaired neuronal NPRB signalling by overex-
pression of a dominant-negative NPRB mutant receptor in 
neurons results in sympathetic excitation, suggesting CNP 
normally plays a role in dampening sympathetic neurotrans-
mission (Buttgereit et al. 2016; Ajijola et al. 2016). If CNP 
plays a similar neuromodulator role in the SMG, it is likely 
to reduce the protein content, and therefore influence the vis-
cosity of saliva. The murine data, showing immunoreactivity 
for CNP, NprB and NprC in neuronal bodies of mouse sub-
mandibular ganglia, yet suggest the NP system may also play 
a role in the parasympathetic innervation of the SMG. This 
discovery raises questions about the functional significance 
of CNP, NprB, NprC and NprA in the peripheral nervous 
system of the SMG.

NPs could control saliva production via not only the local 
autonomic innervation but also the glandular microvascu-
lature, a site of exchange of water, nutrients and oxygen. 

Fig. 4  Changes in NPRA expression are observed in a subset 
of  human submandibular glands from patients  with OSCC from 
non-SG origin. a–f Immunohistochemistry for NPRA  on normal 
hSMGs from a 62-year-old male (a, d) and hSMGs obtained from 
two patients with head and neck cutaneous or mucosal squamous 
cell carcinoma showing ectopic stromal expression of NPRA (b, c, 
e, f). Head and neck cancer patients showing abnormally high NPRA 

expression were both males and respectively 60-year-old (b, e) 
and 57-year-old  (c, f). d–f are higher magnifications of areas taken 
respectively from a, b and c. a, d In normal hSMGs, NPRA immu-
noreactivity is restricted to striated ducts (d) and blood vessel walls 
(bv). Acinar cells (Ac) do not express NPRA. b–f Out of five SCC 
cases analysed, two cases presented ectopic NPRA expression in the 
stroma of hSMGs. The scale bars represent 50 µm in all panels
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Indeed, CNP, NPRB and NPRC were detected in the blood 
vessel walls of hSMGs. Furthermore, circulating ANP 
secreted by the heart is known to bind to receptors in blood 
vessels, causing vasodilation by relaxing vascular smooth 
muscles and causing an increase in vascular permeability 
(Tucker 1996; Renkin and Tucker 1996). Arterioles within 
human and mouse SMGs express the ANP receptors NPRA 
and NPRC, enabling them to respond to circulating ANP. 
Expression of the CNP receptor NPRB in the muscular wall 
of arterioles of the hSMG supports both endocrine signal-
ling from circulating CNP and paracrine signalling from 
local CNP found in smooth muscle cells of arterioles. Puta-
tive CNP/NPRB signalling appears to be specific to human 
SG arterioles, since these two natriuretic components are 
not expressed in murine arteriole walls. While CNP produc-
tion was identified in endothelial cells of bovine and human 
carotid artery (Suga et al. 1992b; Stingo et al. 1992), we 
failed to identify significant levels of CNP in the endothe-
lium of arterioles of salivary glands.

All NP components were identified in ductal cells of 
SMGs, with the exception of BNP in mSMGs. While similar 
saliva and plasma levels of ANP indicate little if no secre-
tion of ANP in saliva (Gauquelin et al. 1992), CNP may be 
secreted in saliva as immunoreactivity for pro-CNP was sig-
nificantly stronger at the luminal membrane of striated and 
excretory duct cells in hSMGs. Considering the role of CNP 
in bone growth (Yasoda et al. 2009), lipid metabolism (Bae 
et al. 2018b) and its recently reported anti-inflammatory and 
anti-fibrotic effects (Bae et al. 2018a), it will be important 
to test the presence of CNP in saliva, which is often used as 
a diagnostic tool (Javaid et al. 2016). If CNP is secreted in 
saliva, CNP saliva concentrations could be exploited as an 
alternative way to assess CNP plasma concentrations, which 
are known to vary in pathological states, e.g. increased in 
chronic heart failure (Kalra et al. 2003). It is interesting the 
three NPs are expressed in human striated ducts, while in 
the mouse ANP is detected in granular ducts and CNP in 
striated ducts. Rodent granular and striated ducts as well 
as human striated ducts play a significant role in modifying 
saliva composition by actively secreting and reabsorbing 
substances as primary saliva transits towards the oral cav-
ity. In the kidney, ANP acts on collecting duct cells to inhibit 
sodium reabsorption through epithelial sodium channels, 
thereby increasing urinary sodium excretion (Stanton 1991). 
In normal SGs, especially during low flow periods, granu-
lar and striated ducts reabsorb sodium ions rendering the 
salivary fluid hypotonic. Hypotonic saliva allows taste buds 
to perceive different tastes that would otherwise be masked 
by normal plasma sodium levels (Humphrey and William-
son 2001) and allows for hydration and expansion of mucin 
glycoproteins in the oral cavity, enabling them to protect 
exposed tissues in the oral cavity (Tabak et al. 1982). ANP 
administration within the blood circulation does modify the 

composition of agonist-induced saliva, suggesting circulat-
ing ANP, and possibly ANP locally produced in SGs may 
modulate saliva composition. ANP production in SG ducts 
may contribute to the regulation of electrolyte reabsorption 
in an autocrine manner, since NPRA and NPRB, the recep-
tors for ANP, are also expressed in granular and striated 
ducts. However, the mouse and human data show variable 
expression of ANP between individuals, which suggests 
a putative role of ANP in saliva electrolyte regulation is 
either timely regulated or individual-specific, in which case 
it could account for differences in taste sensitivity between 
individuals. BNP and CNP might fulfil similar functions in 
SG ducts as their receptors, respectively NPRA and NPRC 
for BNP and NPRB and NPRC for CNP, are present within 
ductal cells. The presence of some of the components of 
the natriuretic peptide system in duct cells of other major 
SGs (Vollmar 1990; Lipari et al. 2013; Cantin et al. 1984), 
other exocrine glands such as the lacrimal gland (Cho et al. 
2000b; Lange et al. 1990) and the salt gland of the Pekin 
duck (Lange et al. 1989), further strengthens an involvement 
of this system in the regulation of water and electrolytes in 
glandular secretions.

In addition to the physiological effects of the NP system, 
recent research has also identified NPRA expression and 
signalling in a number of cancers. Overexpression of NPRA 
correlates with tumour size and disease stage in gastric can-
cer (Li et al. 2016), with TNM stages and poor prognosis in 
oesophageal squamous cell carcinomas (Zhao et al. 2014) 
and the severity of the clinical stage of prostate cancers 
(Wang et al. 2011). It was demonstrated in the mouse that 
signalling through NPRA plays a key role in tumorigenesis. 
Indeed, NprA-deficient mice injected with either lung, skin 
or ovarian tumour cells showed little tumour growth com-
pared to wild-type control mice (Kong et al. 2008). Although 
the downstream pathways involved in this anti-tumour effect 
are not yet known, down-regulation of VEGF in NprA-defi-
cient mice suggests an attenuation of angiogenesis may con-
tribute to the suppression of tumour growth in the absence 
of NprA. In line with the abnormal overexpression of NPRA 
in malignant neoplasms, we found NPRA was ectopically 
expressed in the glandular stroma of SMGs resected from 
patients diagnosed with OSCC of non-SG origin. Two out 
of five cases of OSCC presented abnormally high stromal 
expression of NPRA in resected  SMG  tissue. Interest-
ingly, ectopic stromal expression of NPRA was observed 
in another glandular malignancy, namely high-grade pros-
tate cancers (Wang et al. 2011). Considering none of the 
SMG tissues from healthy patients displayed NPRA stro-
mal expression, it is likely this abnormal finding is linked 
to the presence of head and neck cancer. These alterations 
in NPRA immunoreactivity may reflect early molecular 
changes that have not yet translated into tissue disorganisa-
tion, given all of the analysed SMG tissues from head and 
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neck cancer patients appeared histologically normal. Ectopic 
stromal expression of NPRA may correlate with the stromal 
invasion of tumours cells (the initial step of metastasis) or 
the presence of immune cells, some of which being known 
to express the ANP receptor NPRA (Kiemer and Vollmar 
2001; Mohapatra 2007; Tsukagoshi et al. 2001). Alterna-
tively, abnormal stromal NPRA immunoreactivity could 
reflect non-specific binding of the antibody to a remodelled 
stroma. Cancer-associated fibroblasts secrete extracellular 
matrix (ECM) and enzymes that crosslink collagen fibres, 
thereby stiffening the tissue, a pathological feature that is 
thought to correlate with an increased risk of metastasis 
(Egeblad et al. 2010; Kalluri and Zeisberg 2006; Cox et al. 
2013). Consistent with a role of NPRA in ECM reorganisa-
tion, downregulation of NPRA in human oesophageal SCC 
suppresses expression of the matrix metalloproteinases 
MMP2 and MMP9 (Zhao et al. 2014). These data warrant 
further studies to confirm high stromal NPRA expression at 
the invasive front of OSCC.

In conclusion, the NP system has the potential to regu-
late SG homeostasis at three distinct levels, by controlling 
electrolyte secretion/re-absorption in ducts, modulating the 
input of the autonomic nervous system and regulating the 
state of contraction/relaxation of the musculature of small 
blood vessels. Our exploratory study suggests this system is 
deregulated in oral malignancies, highlighting the need for 
further research.
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