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 In the present study, we investigated the expression of nitric oxide synthase in the rabbit sublingual 
glands and evaluated the effects of N ω- Nitro-L-arginine methyl ester hydrochloride (L-NAME) on NOS 
expression.

In order to identify the morphological characteristics of sublingual glands, histological 
analysis of HE staining was performed. Immunohistochemistry using monoclonal mouse anti-endothelial 
NOS and anti-neuronal NOS was performed oneday and three days after L-NAME treatment in the salivary 
glands of rabbits. 

Endothelial NOS (eNOS) immunoreactivity was observed in the secretory duct system of 
sublingual gland of rabbit. L-NAME administration significantly decreasede NOS-positive 
immunoreactivities, but restored three days after L-NAME administration. Neuronal NOS (nNOS)-positive 
immunoreactivity was detected in the nerve fibers, however, unlike eNOSexpression, L-NAME 
administration did not 
significantly decrease 
nNOS immunoreactivity 
one day after treatment. 

The 
present study suggests 
that endogenous NOS is 
cer ta in ly  present  in  
sublingual glands of 
rabbits, and that the 
presence of eNOS and 
nNOS in the sublingual 
glands may be closely 
related with the actions of 
NO on regulating salivary 
secretion. 
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Introduction

Humans have three types of major salivary glands: 
parotid, mandibular and sublingual glands. Saliva, secreted by 
the salivary glands, not only contributes to digestion but also 
protects teeth and mucosa from exogenous bacteria and various 
toxicants (Mayhall, 1975; Tabak et al., 1982; Wolff et al., 1990). 
Without saliva, oral and mucosal infections may induce systemic 
diseases and microorganism infections may easily prevail (Hall 
1993). Salivary glands also have endocrine functions by 
containing and secreting vascular endothelial growth factor, a 
multifunctional cytokine, through their own duct system or blood 
vessels (Taichman et al., 1998). There are two types of ducts, 
intra- and interlobular ducts, in mammal salivary glands. 
Interlobular ducts consist of intercalated and striated ducts, and 
these ducts have the functions of exocrine and active transport 
(Humphrey and Williamson, 2001; Proctor and Carpenter, 2007). 
With these structures, the components of saliva secretion are 
controlled depending on the physiological or pathological 
situations.  

Nitric oxide (NO) is a very important factor for regulating 
blood supply to salivary glands. NO does not directly control the 
secretion of saliva, but it triggers the release of parasympathetic 
neurotransmitters, such as acetylcholine and vasoactive 
intestinal polypeptide, which consequently induce atropine-
resistant vasodilation and saliva secretion (Edwards and Garrett, 
1993; Edwards et al., 1996). NO is produced by the reaction of 
nitric oxide synthase (NOS) with L-arginine, and modulates 
various physiological functions, including neurotransmission and 
smooth muscle relaxation (Brennan et al., 2003; Bult et al., 1990; 
Ekblad et al., 1994). Therefore, it is essential to know where NOS 
is synthesized and distributed in order to understand its exact 
function and to find therapeutic methods for xerostomia caused 
by various diseases (Fox et al., 1984; Wijers et al., 2002).

NOS has three isoforms in mammals, and endothelial 
NOS (eNOS) and neuronal NOS (nNOS) are constitutive forms 
along with the calcium-calmodulin-dependent enzymes 
(Förstermann et al., 1991). The inducible isoform (iNOS) is closely 
concerned with immune response and induces NO production 
through defense mechanism (Knowles and Moncada, 1994). 
NOS is expressed in the sympathetic and parasympathetic 
ganglions, which control saliva secretion of sublingual glands 
(Alm et al., 1995; Zhu et al., 1996). These reports suggest that NO 
is directly synthesized and secreted from neurons which are 
innervated into sublingual glands and may be closely related with 
the control of blood supply and saliva secretion. However, there 
have been few studies on the expression of NOSs in the 
substructures of rabbit sublingual glands and their expressional 
changes after treatment with their inhibitors. 

In view of the above, in this study, we investigated the 
expression of eNOS and nNOS in sublingual glands of rabbits. In 

addition, we confirmed the expressional changes of NOS after 
treatment of N ω- Nitro-L-arginine methyl ester hydrochloride (L-
NAME), known as a NOS inhibitor.  

Materials and Methods

Experimental animals: Male New Zealand white rabbits, 
approximately nine in number and weighing about 3 kg were 
purchased from OrientBio (Seongnam, South Korea) and housed 
in a conventional state under standard conditions (light/dark cycle 
12:12, and 22 ± 2 °C, 55 ± 5%). The rabbits were cared in 
accordance with current international policies (NIH publication 
no. 85-23, 1985, revised 1996), and all procedures were 
conducted under approval from the Laboratory Animal Care of 
Soonchunhyang University.

Experimental groups and drug treatment: The animals were 
divided into three groups: control group,  L-NAME (50 mg)-
treated group sacrificed one day after treatment (L-NAME-1d), 
and L-NAME-treated group sacrificed three days after treatment 

-1(L-NAME-3d). L-NAME saturated in saline (50mg10ml ) was 
administered intraperi.issues were embedded in paraffin and 
sectioned using microtome (Leica Microsystems GmbH, Wetzlar, 
Germany) into 5-μm sections. The sections were then stained 
with hematoxylin and eosin according to the standard protocol.

Immunohistochemistry for nitric oxide synthase 
expression: Sections from all groups were processed under 
similar conditions in order to ensure that immunohistochemical 
data remained comparable between the groups. The sections 
were deparaffinized and hydrated, then treated with 3 % H O in 60 2 2

% CH OH for 1 hr in order to remove the activity of endogenous 3

peroxidase. After PBS washing, the sections were incubated in 
10% normal ovine serum in PBS for 1 hr. The sections were then 
incubated with primary antibodies in PBS with 0.3 % bovine 
serum albumin overnight at room temperature: mouse anti-
endothelial nitric oxide synthase (eNOS, diluted 1:200, 
Transduction Laboratories; Lexington, KY) and mouse anti-
neuronal nitric oxide synthase (nNOS, diluted 1:200, 
Transduction Laboratories). The sections were washed three 
times with PBS, then sequentially incubated with goat anti-mouse 
IgG (diluted 1:200, Vector Laboratories, Burlingame, CA) and 
streptavidin peroxidase complex (Vector Laboratories). The 
sections were visualized with 3, 3-diaminobenzidine 
tetrahydrochloride (Sigma-Aldrich) in 0.1 M Tris-HCl buffer. 
Digital images were captured using a BX51 light microscope 
(Olympus Corporation, Tokyo, Japan) equipped with a digital 
camera (DP72; Olympus Corporation) connected to a computer 
monitor.

Statistical analysis: The data were expressed as mean ± S.D. 
Difference between the means were analyzed by one-way 
analysis of variance, followed by Bonferroni's post hoc test. 
Analysis was performed using GraphPad Prism software 
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changes in sublingual glands.In the control group, 
immunoreactivity for eNOS was clearly detected in intercalated 
ducts, striated ducts and intralobular ducts. In the blood vessels of 
intra- and inter- lobular connective t issues, eNOS 
immunoreactivity was also observed, but its expression was 
rarely observed in acinar cells (Fig. 2A). In the L-NAME-1d group, 
eNOS expression was detected in the same regions as in the 
control group, but the immunoreactivity of eNOS was significantly 
decreased (Fig. 2B). In the L-NAME-3d group, eNOS 
immunoreactivity was restored and clearly detected in the intra- 
and inter-lobular ducts (Fig. 2C). It has been reported that NOS 
was not detected in the vascular endothelial cells or secretary 
ducts in the rat salivary glands using NADPH diaphorase staining 
(Alm et al., 1995). In the present study, however, 
immunoreactivity of eNOS was clearly detected in the intra- and 
interlobular ducts as well as in the vascular endothelial cell, but 
not in the acinar cells of rabbit sublingual glands. 

The expression of eNOS in the vascular endothelial cells 
of salivary glands supports the idea that endogenous NOS is 
closely concerned with regulating blood supply to the salivary 
glands (Leirós et al., 2000; Murthy et al., 1993). In addition, it has 
been reported that vasodilation occurs by vasoactive intestinal 
peptide (VIP), acetylcholine and bradykinin through the action of 
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(GraphPad Software, Inc., La Jolla) and significant differences 
were indicated at p ≤  0.05.

Results and Discussion

Effects of L-NAME on histological morphology in rabbit 
sublingual glands: Hematoxylin and eosin staining was 
performed in order to examine the normal histological 
morphology and evaluate the effects of L-NAME on 
morphological changes in sublingual glands of rabbits. The 
sublingual gland is a tubuloalveolar gland with well-developed 
capsule and granular duct, intercalated ducts, striated ducts, 
intralobular ducts were detected within the lobules. Most 
glandular cells consisted mucinous acinar cells, and a few serous 
cells were also observed (Fig.1A). L-NAME has been commonly 
used to establish the hypertension animal model in various 
studies. Hypertension induced by L-NAME treatment may induce 
cellular damages or histological changes (Paulis et al., 2010; 
White et al., 2014). In the present study, no distinct structural 
changes were detected either in the L-NAME-1d nor in L-NAME-
3d group compared to the control group (Fig. 1B and C). 

Endothelial nitric oxide synthase (eNOS): One or three days 
after L-NAME administration, immunohistochemical analysis for 
eNOS and nNOS was performed to evaluate the expressional 

D.S. Kim et al.: L-NAME transiently decreases NOS expression in sublingual glands

Fig. 1: Structure of sublingual gland of a normal male rabbit. Hematoxylin and eosin staining in sublingual glands of control (A); L-NAME-1d (B) and L-
NAME-3d (C) groups. gd-granular duct; ic-intercalated ducts; s-striated duct; iD-intralobular duct. Scale bar = 30 um.
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NO (Rosignoli et al., 2001), and that expression eNOS in the 
vascular endothelial cells supports it. In the present study, eNOS-
positive immunoreactivity was not observed in the acinar cells, 
but it has been reported that endogenous NO regulates calcium 
influx into acinar cells of mice submandibular glands (Kim, 1995). 
This result suggests that endogenous NO from endothelial cells 
or secretary ducts may act on acinar cells in the sublingual 
glands.

Neuronal nitric oxide synthase (nNOS): nNOS immunore 
activity was observed only in nerve fibers and ganglion cells in the 
interlobular connective tissue in the control group (Fig. 3A). Unlike 
the result of immunohistochemistry for eNOS, nNOS immunore 
activity was not detected in any secretary ducts and vascular 
endothelial cells. Treatment of L-NAME did not induce significant 
changes of nNOS expression in either L-NAME-1d or L-NAME-3d 
group (Fig. 3B and 3C). L-NAME is known to be a non-selective 
NOS inhibitor, and it has been reported that treatment of L-NAME 
reduces NOS activity in the rat brain (Hsieh et al., 2005). In the 
present study, L-NAME treatment decreased eNOS 
immunoreactivity, however, nNOS immunoreactivity was not 
markedly changed one day after L-NAME treatment. This finding is 

in contrast to the general action of L-NAME, however, there were 
differences of sensitivity to L-NAME between the sub-regions of rat 
brain (Ayers et al., 1997). It was reported that the effect of L-NAME 
is dose-dependent, and NOS activities reach a normal level 48 hr 
after administration of 5mg L-NAME in the rat brain (Ayers et al., 
1997). Based on these reasons, few changes of nNOS 
immunoreactivity in the L-NAME-1d group may be due to 
difference in sensitivity, time, or dose of L-NAME. nNOS not only 
catalyzes NO production in both central and peripheral nervous 
tissues (Förstermann, 2011), but generated NO also has 
multifarious physiological roles, such as LTP formation in the brain, 
relaxing the smooth muscles and vasodilation through peripheral 
nerves (Huang, 1997;Kavdia and Popel, 2004, Qu et al., 2016). In 
addition, NO-mediated signaling regulates transcription and post-
translational modification, however, uncontrolled excessive 
modification can induce various neurodegenerative disease 
(Bradley and Steinert, 2016; Nakamura and Lipton, 2008). In the 
present study, we did not observe nNOS expression in the 
intralobular structures and blood vessels, but we did confirm its 
expression in peripheral nerve fibers, and that it may contribute to 
regulate blood supply and saliva secretion through nitrergic nerves 
(Förstermann et al., 1994). 

D.S. Kim et al.: L-NAME transiently decreases NOS expression in sublingual glands

Fig. 2: Immunohistochemistry for eNOS in sublingual glands of control (A); L-NAME-1d (B) and L-NAME-3d (C) groups. (D) Relative optical density of 
eNOS-positive immunoreactivity compared to L-NAME-1d group; * indicates a significant difference versus L-NAME-1d group (p< 0.05). a-artery; v-vein; 
gd-granular duct; ic-intercalated ducts; s-striated duct; iD-intralobular duct; ROD-relative optical density. Scale bar = 30 um.
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In the present study, we confirmed eNOS and nNOS 
expression in the sub-regions of sublingual glands. It has been 
reported that NO acts as a potential cytotoxic agent, however, it is 
also recognized as a regulator in secretion of glands and a 
messenger molecule in various physiological functions (Hibbs Jr 
et al., 1988, Kitay et al., 2017; Qu et al., 2016). NOS expression in 
sublingual glands supports the idea that secretion induced by 
endogenous NO contributes not only to systemic endocrine 
secretion, but also to local exocrine secretion. 
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