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Abstract

The various functions of saliva—among them diges-
tive, protective and trophic ones—not just limited to
the mouth, and the relative contribution of the
different types of gland to the total volume secreted
as well as to various secretory rhythms over time are
discussed. Salivary reflexes, afferent and efferent
pathways, as well as the action of classical and
non-classical transmission mechanisms regulating
the activity of the secretory elements and blood
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vessels are in focus. Sensory nerves of glandular
origin and an involvement in gland inflammation are
discussed. Although, the glandular activities are
principally regulated by nerves, recent findings of an
‘‘acute’’ influence of gastro-intestinal hormones on
saliva composition and metabolism, are paid atten-
tion to, suggesting, in addition to the cephalic
nervous phase, both a regulatory gastric and intes-
tinal phase. The influence of nerves and hormones in
the long-term perspective as well as old age,
diseases and consumption of pharmaceutical drugs
on the glands and their secretion are discussed with
focus on xerostomia and salivary gland hypofunc-
tion. Treatment options of dry mouth are presented
as well as an explanation to the troublesome
clozapine-induced sialorrhea. Final sections of this
chapter describe the families of secretory salivary
proteins and highlight the most recent results
obtained in the study of the human salivary prote-
ome. Particular emphasis is given to the post-
translational modifications occurring to salivary
proteins before and after secretion, to the polymor-
phisms observed in the different protein families and
to the physiological variations, with a major concern
to those detected in the pediatric age. Functions
exerted by the different families of salivary proteins
and the potential use of human saliva for prognostic
and diagnostic purposes are finally discussed.

1 Functions of Saliva: An Overview

Saliva exerts digestive and protective functions
and a number of other functions, depending on the spe-
cies, usually grouped under the heading ‘‘additional
functions.’’ Digestive functions include the mechanical
handling of food such as chewing, bolus formation, and
swallowing. The chemical degradation of food is by
amylase and lipase—these enzymes continue to exert
their activities in the stomach, amylase exerting its
activity until the acid penetrates the bolus. The group of
digestive functions also includes the process of dissolv-
ing the tastants, and thus allowing them to interact with
the taste buds. If pleasant, taste sets up a secretory reflex
of gastric acid as part of the cephalic regulation of gastric
secretion. To the protective functions belong the lubri-
cation of the oral structures by mucins, the dilution of hot
or cold food, and spicy food, the ability of the buffer

(by bicarbonate, phosphates, and protein) to maintain
salivary pH around 7.0 (note that in many laboratory
animals, the pH is higher, 8.5–9.0), the remineralization
of enamel by calcium, the antimicrobial defense action
by immunoglobulin A, a-defensins, and b-defensins, and
wound healing by growth-stimulating factors such as
epidermal growth hormone, statherines, and histatines.
Additionally, saliva is necessary for articulate speech, for
excretion (as discussed below), and for social interac-
tions (such as kissing). Moreover, saliva exerts trophic
effects. It maintains the number of taste buds. Further, it
has recently become apparent that the composition of
saliva secreted during fetal life may be of importance for
the development of oral structures (Jenkins 1978;
Tenouvo 1998; Mese and Matsuo 2007; Inzitari et al.
2009; Castagnola et al. 2011a). It has already been
mentioned that the salivary enzymes accompanying the
bolus are still active in the stomach. There are further
examples of the fact that the action of saliva is not
restricted to the mouth. Swallowed saliva protects the
esophageal wall from being damaged by regurgitating
gastric acid as is the case with a lowered tone of the lower
esophageal sphincter (Shafik et al. 2005). The defense
mechanisms of saliva protect the upper as well as the
lower respiratory tract from infectious agents (Fig. 1).

Although the exocrine function of the salivary glands
is in focus, it is worth noting that salivary glands have, in
addition, excretory and possibly endocrine functions.
Circulating non-protein-bound fractions of hormones,
such as of melatonin, cortisol, and sex steroids, passively
move into the saliva, as do a number of pharmaceutical
drugs (Gröschl 2009). Interestingly, melatonin, when in
the oral cavity, exerts antioxidative, immunomodula-
tory, and anticancerogenic effects (Cutando et al. 2007).
Iodide is actively taken up by the glands by the same
transport system as in the thyroid gland, a situation that
may be deleterious for the salivary glands if the iodide
is radioactive and is used in the treatment of thyroid
tumors (Mandel and Mandel 2003). Salivary substances
may appear in the blood as indicated by amylase and
epidermal growth factor, which suggests endocrine
functions of the glands (Isenman et al. 1999).

In animals, saliva may be secreted to lower the body
temperature by evaporative cooling (panting of dogs and
spreading of saliva on the scrotum and the fur by rats), for
grooming (rats and cats) and, by salivary pheromones, to
mark territory or to attract mates (mice and pigs); partic-
ularly, sex steroids of the saliva serve as olfactory signals
(Gregersen 1931; Hainsworth 1967; Gröschl 2009).
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2 Major and Minor Salivary Glands
and Mixed Saliva

Saliva is produced by three pairs of major glands, the
parotids, the submandibulars, and the sublinguals,
located outside the mouth, and hundreds of minor

glands—each the size of a pinhead and located just
below the oral epithelium (Figs. 2 and 3). As judged
by magnetic resonance imaging, the volume of the
parotid gland is about 2.5 times that of the sub-
mandibular gland and eight times that of the sublin-
gual gland (Ono et al. 2006). Similar relationships are
obtained when the comparisons are based on gland

Fig. 2 Parotid gland and
accessory gland. (With
permission from Elsevier)

Fig. 1 Functions of saliva
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weights, the parotid gland weighing 15–30 g (Gray
1988). The saliva from the parotid and submandibular
glands reaches the oral cavity via long excretory ducts
(7 and 5 cm, respectively), the parotid duct (also
called Stensen’s duct) opening at the level of the
second upper molar, and the submandibular duct
(Wharton’s duct) opening on the sublingual papilla. In
about 20% of the population, the parotid duct is sur-
rounded by a small accessory gland. Sublingual saliva
empties into the submandibular duct via the major
sublingual duct (Bartholin’s duct) or directly into the
mouth via a number of small excretory ducts opening
on the sublingual folder. Likewise, the saliva of minor
glands, such as of the buccal, palatine (located just in
the soft palate), labial, lingual, and molar glands,
empties into the mouth directly via small, separate
ducts just traversing the epithelium (Tandler and Riva
1986). Unless saliva is collected directly from the
cannulated duct, the saliva in the mouth will be
contaminated by the gingival crevicular fluid, blood
cells, microbes, antimicrobes, cell and food debris,
and nasopharyngeal secretion. Consequently, mixed
saliva (‘‘whole saliva’’) collected by spitting or
drooling is not pure saliva, although the term ‘‘saliva’’
is usually used.

3 Spontaneous, Resting,
and Stimulated Secretion

Some salivary glands have an inherent capability to
secrete saliva (Emmelin 1967). The type of gland dif-
fers among different species. In humans, only the minor
glands secrete saliva spontaneously. Although these
glands are innervated and may increase their secretory
rate in response to nervous activity, they secrete saliva
at a low rate, without exogenous influence during the
night. In daytime and at rest, a nervous reflex drive—set
up by low-grade mechanical stimuli due to movements
of the tongue and lips, and mucosal dryness—acts on
the secretory cells, particularly engaging the sub-
mandibular gland (Fig. 4). In the clinic, the saliva
secreted at rest is often called ‘‘unstimulated secre-
tion,’’ despite the involvement of nervous activity.
With respect to stimulated secretion, the parotid con-
tribution becomes more dominant: in response to strong
stimuli, such as citric acid, the flow rate is about equal to
that from the submandibular gland, whereas in
response to chewing, the flow rate is twice as high as
that from the submandibular gland. The total volume of
saliva secreted amounts to 1–2 L per 24 h. The flow rate

Fig. 3 Submandibular and
sublingual glands. Note the
many small ducts from the
sublingual gland. (With
permission from Elsevier)
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correlates with gland size, and is higher in males than in
females (Heintze et al. 1983). The relative contribu-
tions of each type of gland to the total volume secreted
are as follows: roughly 30% for the parotid glands, 60%
for the submandibular glands, 5% for the sublingual
glands, and 5% for the minor glands (Dawes and Wood
1973). Different types of glands produce different
types of secretion. Depending on the reaction to the
histochemical staining of the acinar cells for light-
microscopy examination, the cells are classified as
(basophilic) serous or (eosinophilic) mucous cells.
The serous cells are filled with protein-storing granules
and are associated with the secretion of water and
enzymes, whereas the mucous cells are associated with
the secretion of the viscous mucins stored in vacuoles.
The parotid gland is characterized as a serous gland, the
submandibular gland is characterized as a seromucous
gland (10% mucous cells and 90% serous cells), and
the sublingual gland and most of the minor glands are

characterized as mucous glands. The deep posterior
lingual glands (von Ebner’s glands), found in circum-
vallate and foliate papillae close to most of the taste buds,
are, however, of the serous type. Though, the contribu-
tion of the minor glands is small, they continuously,
during day and night, provide the surface of the oral
structures with a protective layer of mucin-rich saliva that
prevents the feeling of mouth dryness from occurring.
Together with the sublingual glands, they are responsible
for 80% of the total mucin secretion per 24 h.

4 The Salivary Response Displays
Circadian and Circannual Rhythms

On the whole, the flow rate of resting as well as of
stimulated saliva is higher in the afternoon than in
the morning (Ferguson and Botchway 1980; Dawes
1975), the peak occurring in the middle of the after-
noon. Also the salivary protein concentration follows
this diurnal pattern. In addition, the flow of the resting
saliva is higher during winter than during summer,
indicating a circannual rhythm (Elishoov et al.
2008). Just a small change in the ambient tempera-
ture (by 2 �C) in a warm climate is enough to
inversely affect the flow rate (Kariyawasam and
Dawes 2005).

5 The Diversity of the Salivary
Response

Pavlov drew attention to the fact that the volume of
saliva secreted and its composition vary in a seem-
ingly purposeful way in response to the physical and
chemical nature of the stimulus (see Babkin 1950).
Not only does the secretion adapt ‘‘acutely’’ to the
stimulus, but also long-term demands may induce
changes in gland size and secretory capacity. The
variety in the salivary response is attained by the
involvement of different types of glands, different
types of cells within a gland, different types of
reflexes displaying variations in intensity, duration,
and engagement of the two divisions of the autonomic
innervation, different types of transmitter and varying
transmitter ratios, different types of receptors, and
various intracellular pathways either running in par-
allel or interacting synergistically (Fig. 5).

Fig. 4 Different rates of salivary flow
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6 Afferent Stimuli for Secretion

Eating is a strong stimulus for the secretion of saliva
(Hector and Linden 1999). A number of sensory
receptors are activated in response to food intake:
gustatory receptors, mechanoreceptors, nociceptors,
and olfactory receptors (Fig. 5). All four modes of
taste (sour, salt, sweet, and bitter) elicit secretion
(‘‘gustatory salivary reflex’’) but sour, followed by
salt, is the most effective stimulus. Taste buds reside
in the papillae of the tongue. The sensation of salt is

particularly experienced at the tip of the tongue and
that of bitter at the dorsum of the tongue, whereas the
sensations of sweet and sour are experienced in
between. Regions other than the tongue, in particular
the soft palate, but also the epiglottis, the esophagus,
the nasopharynx, and the buccal wall, also contain
areas of taste buds. Chewing causes the teeth to move
sideways, thereby stimulating mechanoreceptors of
the periodontal ligaments (‘‘masticatory salivary
reflex’’). In addition, gingival mucosal tissue
mechanoreceptors are activated during chewing.
Olfactory receptors are located at the cribriform plate,

Fig. 5 Afferent and efferent
nerves, and various elements
of salivary glands
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i.e., at the roof of the nasal cavity, and they respond to
volatile molecules of the nasal and the retronasal
airflow (the latter arising from the oral cavity or the
pharynx). Sniffing increases the airflow and thereby
the access of stimuli to the receptor area. The epi-
thelium containing the olfactory receptors has a rich
blood supply. Interestingly, blood-borne odorants
may pass through the vessel walls and stimulate these
receptors. The submandibular glands, but not the
parotid glands, are regulated by an ‘‘olfactory salivary
reflex.’’ Irritating odors, do, however, mobilize the
parotid gland, in addition to the submandibular gland,
in this case in response to the stimulation of epithelial
trigeminal ‘‘irritant receptors.’’ The nociceptors may
also be activated in response to spicy food (e.g., chilli
pepper). Thermal stimuli also influence the rate of
secretion. Ice-cold drinks cause a greater volume of
saliva to be produced than do hot drinks (Dawes et al.
2000). Dryness of the mucosa acts as yet another
stimulus for secretion (‘‘dry mouth reflex’’; Cannon
1937). Salivary secretion as a consequence of pain is
a well-known phenomenon, and both pain receptors
and mechanoreceptors may cause secretion elicited by
esophageal distension due to swallowing dysfunctions
(Sarosiek et al. 1994). When applied unilaterally, the
stimulus may evoke secretion from the glands of both
sides. However, the secretory response is more pro-
nounced on the stimulated side. Afferent signals
arising from the anterior part of the tongue preferen-
tially engage the submandibular gland, whereas sig-
nals arising from the lateral and posterior parts
preferentially engage the parotid gland (Emmelin
1967). Patients suffering from chronic gastroesopha-
geal reflux of acid may experience salivation in
response to
acid directly hitting the muscle layers of a damaged
esophageal wall (‘‘esophageal salivary reflex’’; Helm
et al. 1987). This reflex is also elicited in healthy
subjects (Shafik et al. 2005). Salivation is part of the
vomiting reflex set up by a number of stimuli,
including distension of the stomach and duodenum as
well as of chemical stimuli acting locally or centrally.
The phenomenon of conditioned reflexes has been
tightly associated with salivary secretion since the
pioneering work by Pavlov on dogs. In humans,
however, it is difficult to establish conditioned sali-
vary reflexes to sight, sound, or anticipation of food.
The feeling of ‘‘mouth watering’’ at the sight of an
appetizing meal is attributed to anticipatory tongue

and lip movements as well as to an awareness of
preexisting saliva in the mouth (Hector and Linden
1999).

7 Efferent Stimuli for Secretion

Since the days of the ninetieth century pioneers of
experimental medicine who were exploring the action
of nerves, the secretion of saliva has been thought to be
solely under nervous control (Garrett 1998). Recent
studies, however, imply an ‘‘acute’’ role for hormones
in the regulation of saliva composition (see below). The
secretory elements (acinar, duct, and myoepithelial
cells) of the gland are invariable richly supplied with
parasympathetic nerves. The sympathetic innervation

Fig. 6 Acinar cells: transmitters, receptors, and intracellular
pathways
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differs in intensity between the glands, however. In
humans, the secretory elements of the parotid glands
are reported to be supplied with fewer sympathetic
nerves than the submandibular glands, and the labial
glands are thought to lack a sympathetic secretory
innervation (Rossoni et al. 1979). The parasympathetic
innervation is responsible for the secretion of
large volumes of saliva, whereas, in the event of a
sympathetic secretory innervation, the sympathetically
nerve-evoked flow of saliva is usually sparse. Both the
parasympathetic and the sympathetic innervations
cause the secretion of proteins. Whereas gustatory
reflexes activate both types of autonomic nerves,
masticatory reflexes preferentially involve the activity
of the parasympathetic innervation (Jensen Kjeilen
et al. 1987). Since the accompanying flow of saliva is
much greater in response to parasympathetic stimula-
tion than to sympathetic stimulation, the salivary
protein concentration is lower in parasympathetic sal-
iva than in sympathetic saliva. In case of a double
innervation of the secretory cells, parasympathetic and
sympathetic nerves interact synergistically with respect
to the response (Emmelin 1987). The secretion of
saliva requires a large water supply from the circula-
tion. Parasympathetic activity causes vasodilation, and
the glandular blood flow may increase 20-fold.

8 Autonomic Transmitters
and Receptors

Traditionally, acetylcholine is the parasympathetic
postganglionic transmitter and noradrenaline the
sympathetic postganglionic transmitter that act on the
secretory elements of the glands (Fig. 6). Noradren-
aline acts on a1-adrenoceptors and b1-adrenoceptors,
whereas acetylcholine acts on muscarinic M1 and M3
receptors. The parasympathetic nerve of the salivary
glands has been found to use other transmission
mechanisms besides the cholinergic one, i.e., pepti-
dergic (vasoactive intestinal peptide, calcitonin-
gene-related peptide, substance P, neurokinin A,
neuropeptide Y) and nitrergic (nitric oxide, NO)
mechanisms (Ekström 1999a). The cotransmitters to
acetylcholine may, on their own, evoke secretory
effects and potentiate the acetylcholine-evoked
responses (Ekström 1987). For instance, vasoactive
intestinal peptide causes the secretion of proteins
with no (or little) fluid. However, in concert with

acetylcholine, both the protein and the fluid secretion
are enhanced by vasoactive intestinal peptide.
Although the parasympathetic innervation of the sal-
ivary glands contains the NO synthesizing enzyme
NO synthase, NO of parasympathetic origin does not
seem to take part in the regulation of the secretory
activity. Instead, NO of intracellular origin is
mobilized, and particularly upon sympathetic nerve
activity (Ekström et al. 2007). With respect to the
parasympathetic-evoked vasodilator response, both
vasoactive intestinal peptide and NO, besides acetyl-
choline, are involved.

9 Secretory Units

The glands are divided into lobules, each lobule
consisting of a number of secretory units composed of
acini and ducts. The acini, the lumen of which is
surrounded by the secretory cells, form a blind end,
and the saliva produced passes through intercalated,
intralobular, and excretory ducts before finally emp-
tying into a main excretory duct; on its way through
the duct system, the primary saliva is modified.

10 Fluid and Protein Secretion

Fluid and protein secretion is an active, energy-
dependent process. The acinar cells are responsible
for the secretion of fluid. They are also responsible for
most of the protein secretion, whereas the duct cells
contribute to a minor proportion of the total protein
output. Large volumes of water are transported from
the interstitium to the lumen by paracellular and
transcellular passages in response to the osmotic force
exercised by intraluminal NaCl. An intracellular rise
in calcium concentration opens basolateral channels
for potassium and apical channels for chloride.
Potassium leaves the cell for the interstitium and
chloride leaves the cell for the lumen. Next, the
luminal increase in chloride concentration drags
sodium, via paracellular transport, from the interstitium
to the lumen and, as a result, water will move along
the osmotic gradient produced by NaCl (Poulsen
1998; Melvin et al. 2005) (Fig. 7a and b).

The primary isotonic saliva formed in the acini
undergoes changes during its passage through the
duct system. The water permeability of the ducts is
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extremely small. Sodium and chloride are reabsorbed
without accompanying water. A certain secretion of
potassium and bicarbonate occurs at a lower rate than
the rate of reabsorption of sodium and chloride.
Consequently, the so-called secondary saliva that
enters the mouth is hypotonic. The low salivary
sodium concentration, one fifth of that of the primary
saliva, makes it possible for the taste buds to detect
salt at low concentrations.

The permeability of the duct system may increase
under conditions that elevate the blood level of cir-
culating catecholamines, released from the adrenal
medulla, as illustrated by the appearance of glucose in
the saliva in response to cold stress, mental stress, and
physical exercise (Borg-Anderson et al. 1992; Teesalu
and Roosalu 1993).

Immunoglobulins, in particular immunoglobu-
lin A, are transported across the epithelial cells of
acini and ducts. They are formed by plasma cells
within the gland. After release to the interstitium, they
form a complex with polymeric immunoglobulin
receptor, which serves as transporter (Brandtzaeg
2009), a complex that splits in the saliva.

The secretion of proteins is of two types (Gorr
et al. 2005). The constitutive (vesicular) secretion
is a direct release of proteins as soon as they are

synthesized by the Golgi vesicles. The constitutive
secretion is responsible for a continuous secretion of
several proteins without any ongoing external stimuli.
The constitutive secretion is, however, also influenced

Fig. 7 a Acinar cells: water and protein secretion via vesicular and granular pathways—primary secretion. b Duct cells:
modifications of saliva—secondary secretion

Fig. 8 Serous acinus of a human submandibular gland
filled with secretory granules. Osmium maceration method.
Magnification 92,500. (Courtesy of Alessandro Riva, Cagliari
University)
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by the nervous activity and, upon intense and pro-
longed stimulation, the importance of this pathway
will increase concomitantly with the depletion of
granules, as demonstrated experimentally (Garrett and
Thulin 1975). Granular secretion is the regulated type
of secretion. After synthesis, the proteins are stored in
granules (Fig. 8). Upon stimulation, the granules
empty their content of proteins into the lumen, i.e.,
the secretion occurs by exocytosis. The various routes
for secretion may allow variations in the composition
of the secretions (Ekström et al. 2009). Mobilization
of the intracellular messenger adenosine 30,50-cyclic
monophosphate (cAMP) by stimulation of b1-adren-
ergic receptors and vasoactive intestinal peptide
receptors is associated with protein secretion by
exocytosis and a small volume response. Mobilization
of the intracellular messenger Ca2+ by stimulation of
muscarinic receptors (M1, M3) and a1-adrenergic
receptors is associated with fluid secretion—and
particularly large volumes in response to muscarinic
agonists—and protein secretion via vesicular secre-
tion and, with intense stimulation, also via exocytosis
(Ekström 2002). In acinar cells, agonists using cAMP
may activate NO synthase of neuronal type but of
nonneuronal origin to generate NO, which catalyzes
the formation of guanosine 30,50-cyclic monophos-
phate (cGMP) (Sayardoust and Ekström 2003). The
NO/cGMP pathway may contribute to the protein
secretion partly by prolonging the action of cAMP
(Imai et al. 1995), partly by catalyzing the generation
of cyclic adenosine diphosphate ribose, which
triggers the release of Ca2+ by its action on ryanodine-

sensitive receptors of intracellular Ca2+ stores
(Gallacher and Smith 1999) (Fig. 7).

The combined mobilization of Ca2+ and cAMP
results in synergistic interactions with respect to
both fluid and protein secretion (Ekström 1999a).
Moreover, the two sets of autonomic innervations are
also involved in protein synthesis. The nonadrenergic,
noncholinergic mechanisms play a major role in
parasympathetically nerve-induced protein synthesis
(Ekström et al. 2000). The sympathetically nerve-
induced protein synthesis is exerted via the two types
of adrenergic receptors with a predominance for
b-adrenergic receptors (Sayardoust and Ekström
2004). Importantly, the parasympathetic nonadrener-
gic, noncholinergic mechanisms have been shown to
take part in the regulation of salivary gland activities
under reflex activation due to taste and chewing
(Ekström 1998, 2001; Ekström and Reinhold 2001).

11 Myoepithelial Cell Contraction

Myoepithelial cells display characteristics in common
with both smooth muscle cells and epithelial cells.
They embrace acini and ducts (Fig. 9). They receive a
dual innervation, and both muscarinic receptors and
a1-adrenergic receptors cause the cells to contract; in
some species, tachykinins also cause contraction
(Garrett and Emmelin 1979). Myoepithelial cell con-
traction increases the ductal pressure, which may be of
importance for the flow of high-viscosity mucin-rich
saliva and for overcoming various obstacles to the
flow. Moreover, the contraction of the myoepithelial
cells may play a supportive role for the underlying
parenchyma, particularly at a high rate of secretion.

12 Blood Flow

Salivary glands are supplied with a dense capillary
network comparable with that of the heart (Edwards
1988; Smaje 1998). The capillaries are extremely
permeable to water and solutes but not to macro-
molecules such as albumin. Parasympathetically
induced vasodilatation may generate a 20-fold
increase in gland blood flow, which ensures the
secretory cells produce large volumes of saliva over a
long period of time. The parasympathetic transmitter
vasoactive intestinal peptide, besides acetylcholine,

Fig. 9 Myoepithelial cells on the surface of, and embracing, a
human parotid acinus. NaOH maceration method. Scanning
electron microscope image, magnification 92,000. (Courtesy of
Alessandro Riva, Cagliari University)
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plays a major role in the vasodilator response, which
also involves the action of NO. Stimulation of the
sympathetic innervation causes vasoconstriction by
a1-adrenergic receptors and neuropeptide Y receptors.
However, the sympathetic innervation of the blood
vessels of the gland is activated not in response to a
meal but in response to a profound fall in systemic
blood pressure in order to restore the blood pressure.
The sympathetic vasoconstrictor nerve fibers origi-
nate from the vasomotor center and are separated
from the sympathetic secretomotor nerve fibers taking
part in alimentary reflexes (Emmelin and Engström
1960). Interestingly, the sympathetic nerve fibers
innervating the blood vessels contain the potent
constrictor transmitter neuropeptide Y, whereas the
sympathetic secretomotor fibers lack this peptide
(Ekström et al. 1996; Ekström 1999a, b).

13 Salivary Centers

The parasympathetic salivary center is located in the
medulla oblongata and is divided into a superior and
an inferior salivatory nucleus, and, in addition,
an intermediate zone. The superior nucleus connects
(the facial nerve) with the submandibular and the
sublingual glands, whereas the inferior nucleus con-
nects (the glossopharyngeal nerve) with the parotid
gland (Emmelin 1967; Matsuo 1999). The inter-
mediate zone makes connections with both the
submandibular gland and the parotid gland. The
sympathetic salivary center resides in the upper tho-
racic segments of the spinal cord. Higher centers of
the brain exert both excitatory (glutamate) and
inhibitory (c- aminobutyric acid and glycine) influ-
ences on the salivary centers. The inhibitory influence
is illustrated by the reduced flow of saliva associated
with depression, fever, sleep, and emotional stress.
Mouth dryness in response to stress is not a conse-
quence of sympathetic activity: there are no inhibitory
sympathetic fibers innervating the secretory cells
(Garrett 1988).

14 Efferent Nerves

The parasympathetic preganglionic nerve fibers of the
submandibular and sublingual glands leave the facial
nerve and join, via the chorda tympani nerve, the

lingual nerve to form the chorda-lingual nerve to
reach the submandibular ganglion. The postganglionic
nerve fibers of the submandibular ganglion innervate
the submandibular and sublingual parenchyma (Rho
and Deschler 2005). In humans, this ganglion is
located outside the parenchyma of the two glands,
which is in contrast to the intraglandular localization
in many laboratory animals. The parasympathetic
preganglionic nerve fibers of the parotid gland travel
via the tympanic branch of the glossopharyngeal
nerve (Jacobson’s nerve), the tympanic plexus, and
the lesser superficial petrosal nerve and, after relaying
in the otic ganglion, the postganglionic nerve fibers
are usually thought to reach the gland via the auric-
ulotemporal nerve. With respect to the preganglionic
innervation of the parotid gland, reflex studies suggest
that not only fibers of the glossopharyngeal nerve but
also fibers of the facial nerve (chorda tympani nerve)
contribute, since cutting the chorda tympani nerve in
the tympanic membrane reduces the response
(Reicher and Poth 1933; Diamant and Wiberg 1965).
The routes of the postganglionic cholinergic nerve
fibers may differ as judged by extensive animal
studies. Cholinergic nerve fibers may detach at an
early stage from the auriculotemporal nerve, to reach
the gland via the internal maxillary artery. Moreover,
and in contrast to the general textbook view, the facial
nerve passing through the parotid gland parenchyma,
with its twigs, supplies the secretory cells with a
cholinergic innervation that takes part in the reflex
secretion (Ekström and Holmberg 1972; Khosravani
et al. 2006; Khosravani and Ekström 2006). The facial
nerve is therefore a potential contributor to the
development of Frey syndrome (Dunbar et al. 2002).
Frey syndrome is characterized by sweating, redness,
flushing, and warming over the parotid region when
eating. It develops over a period of months following
parotid gland surgery, neck dissection, blunt trauma
to the cheek, and chronic infection of the parotid area.
It is considered to be due to aberrant regeneration of
postganglionic parasympathetic cholinergic nerve
fibers of the auriculotemporal nerve that innervate
sweat glands and skin vessels following loss of the
sympathetic postganglionic cholinergic innervation
but may, in the light of a secretory role for the facial
nerve, also involve regenerating parasympathetic
postganglionic cholinergic nerve fibers of the facial
nerve. Since botulinus toxin, preventing transmitter
exocytosis, is more effective than the muscarinic
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receptor antagonist atropine in the treatment of the
syndrome, a cotransmitter or cotransmitters to ace-
tycholine is/are likely to contribute to the symptoms;
vasoactive intestinal peptide is such a cotransmitter
(Drummond 2002).

The routes of the parasympathetic nerves of the
minor glands (Tandler and Riva 1986) are via the
buccal branch of the mandibular nerve with respect to
the molar, buccal, and labial glands (postganglionic
nerves originate from the otic ganglion), via the lin-
gual nerve with respect to the lingual glands
(Remak’s ganglia, intralingually located), and via the
palatine nerve with respect to palatine glands (sphe-
noplatine ganglion).

The sympathetic preganglionic nerve fibers ascend
in the paravertebral sympathetic trunk to synapse with
their postganglionic nerve fibers in the superior cer-
vical ganglion, which then reach the glands via the
arteries. However, their actual anatomical pathways
are not completely defined, e.g., the parotid gland
may be reached both via the external carotid artery
and via intracranial routes (Garrett 1988).

15 Sensory Nerves of Glandular Origin

Pain in the salivary gland region is a well-known
phenomenon in response to gland swelling upon
inflammation or sialolithiasis. Although the pain is
usually attributed to an increase in the intercapsular
tension and activation of afferent nerves of the glan-
dular fascia (Shapiro 1973; Leipzig and Obert 1979),
sensory nerves occur in the glands and are therefore
likely to be involved in the response. Nerve fibers
showing colocalization of substance P and calcitonin-
gene-related peptide are of sensory origin, and in the
glands, these fibers are present in close connection
with ducts and blood vessels (Ekström et al. 1988).
The facial nerve and the great auricular nerve are
pathways for nerves of this type of the parotid
gland, originating from the trigeminal ganglion and
dorsal root ganglia, respectively (Khosravani et al.
2006, 2008); in addition, the great auricular nerve
innervates the parotid fascia (Zohar et al. 2002). The
lingual nerve is thought to supply the submandibular
and sublingual glands with sensory fibers of trigemi-
nal origin. The periductal sensory nerves may serve
protective functions. They may release defense
substances from the duct cells (such as b-defensins)

and by causing the myoepithelal cells to contract,
noxious substances may be expelled and ductal dis-
tension may be overcome. Both substance P and
calcitonin-gene-related peptide evoke protein extrav-
asation and periglandular edema. Therefore, the per-
ivascular sensory nerve fibers may be involved in
gland swelling and gland inflammation. A role for
sensory nerves in chronic inflammation has been
pointed out, for instance, in asthma. In analogy, there
might be a role for these nerves in chronic salivary
gland inflammation. The levels of both substance P
and calcitonin-gene-related peptide increase follow-
ing extirpation of the superior cervical ganglion
(Ekström and Ekman 2005), a phenomenon that may
be associated with the clinical condition of parotid
postsympathectomy pain upon eating (Schon 1985).

16 Hormones

Animal experiments demonstrate a long-term influ-
ence of sex steroids, growth hormone, and thyroid
hormones on salivary gland metabolism, morphology,
and secretory capacity (Johnson 1988). In humans, the
development of postmenopausal hyposalivation
illustrates the consequence of the loss of the contin-
uous influence of estrogen and progesterone (Meur-
man et al. 2009). The opposite, i.e., excessive
salivation, has been reported during pregnancy (Jen-
kins 1978). Apart from the effect of circulating cate-
cholamines from the adrenal medulla in response to
sympathetic activity, little attention has been paid to a
short-term hormonal influence on the glands and their
secretion. Aldosterone-induced ductal uptake of
sodium (without water), lowering the sodium con-
centration of the saliva, is a well-known phenomenon
in the parotid gland of the sheep, but in humans the
effect of aldosterone is small (Blair-West et al. 1967).
Recent animal investigations on the effect of some
gastrointestinal hormones—gastrin, cholecystokinin,
and melatonin, the latter found in large amounts in the
intestines—do, however, imply that the secretory
activity of salivary glands, like other exocrine glands
of the digestive tract, are under the control of both
nerves and hormones, and that the secretion from the
salivary glands can be divided into three separate
phases depending on the location from where the
stimulus for secretion arises during a meal (Cevik
Aras and Ekström 2006, 2008; Ekström and Cevik
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Aras 2008; Cevik Aras et al. 2011). Thus, in addition
to the well-known cephalic phase (nerves), a gastric
phase (gastrin) and an intestinal phase (cholecysto-
kinin and melatonin) may regulate salivary gland
secretion. The hormones cause the secretion of pro-
teins and stimulate the synthesis of secretory proteins
but have little effect on the volume response. Ongoing
studies show that human glands, like animal glands,
are supplied with receptors for the three hormones
and further, in vitro, release proteins from pieces of
human gland tissues upon administration of the hor-
mones (Riva et al. 2010).

Gastrointestinal hormones such as cholecystoki-
nin, gastrin, and melatonin exert anti-inflammatory
actions on salivary glands (Cevik Aras and Ekström
2010).

17 Trophic Effects of Nerves: Gland
Sensitivity to Chemical Stimuli
and Gland Size

When the amount of a drug required to elicit a certain
submaximal biological response diminishes, the tissue
is referred to as being supersensitive (Emmelin 1965;
Ekström 1999b). Salivary glands, in particular, have
been used as model organs to explore the phenome-
non of supersensitivity. Depriving the glands of their
receptor stimulation by trauma, surgery, or the phar-
macological action of drugs results in the gradual
development of denervation supersensitivity. The

sensitization is most pronounced in response to the
loss of influence of the postganglionic parasympa-
thetic nerve. Restoration of a functional innervation
normalizes the sensitivity. Experimentally, variations
in the gland sensitivity can be brought about in ani-
mals supplied with functionally intact reflex arcs by
varying the intensity of the reflex stimulation, the
gland subjected to disuse (liquid diet) being more
sensitive to stimuli than the gland subjected to over-
use (chewing-demanding pelleted diet)—thus illus-
trating that the state of ‘‘normal sensitivity’’ is indeed
a relative phenomenon (Ekström and Templeton
1977). Supersensitivity is attributed to intracellular
events rather than to a change in the number of
receptors on the cell membrane. The phenomenon is
usually regarded as nonspecific but it seems, in fact,
possible to demonstrate agonist-specific patterns
associated with the degree of disuse of the various
intracellular pathways (Ekström 1999b).

As might be expected, under physiological condi-
tions the gland size is of primary importance for the
volume response of the gland. Preclinical studies
show that when the chewing-demanding diet is
changed to a liquid diet in rats, the parotid gland loses
about 50% of its dry weight, the amount of saliva
secreted as a response to submaximal muscarinic
stimulus is reduced by 40%, and the maximally
evoked muscarinic volume response is reduced by
25% (Ekström and Templeton 1977). Parasympa-
thetic postganglionic denervation causes a profound
decrease in gland weight (by 30–40%). However, loss
of the action of acetylcholine on the gland is probably

Fig. 10 Physiological
changes at old age
contributing to hyposalivation
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not the cause: prolonged treatment with the mus-
carinic antagonist atropine results in no decrease in
weight. Instead parasympathetic nonadrenergic, non-
cholinergic transmission mechanisms maintain the
gland weight, and induce mitotic activity in the glands
(Ekström et al. 2007). The nature of the transmitter or
transmitters involved is unknown.

As previously pointed out, salivary glands are sup-
plied with b1-adrenergic receptors (Ekström 1969);
however, the sympathetic system seems to play a minor
role in the regulation of gland size under physiological
conditions. Although the b-adrenergic agonist iso-
prenaline is known to cause gland swelling after
prolonged treatment of asthma and isoprenaline in
preclinical studies is known to increase gland weights
severalfold (Barka 1965), sympathetic denervation
only slightly, if at all, reduces gland weight. In agree-
ment, treatment with the b1-adrenergic receptor
antagonist metoprolol causes only a small decrease in
gland weight (Ekström and Malmberg 1984). It should
be noted that the severalfold gain in weight caused by
isoprenaline does not correspond to a similar increase
in secretory capacity (Ohlin 1966).

18 Ageing

The secretory capacity is usually thought to decline
with age; however, functional data do not support
such an assumption (Vissink et al. 1996; Nagler 2004;
Österberg et al. 1992). No doubt, the proportion of fat
and fibrovascular tissue gradually increases with time
and consequently, the proportion of functional
parenchyma decreases. However, despite these mor-
phological changes, the secretory volumes of
unstimulated and stimulated saliva are only slightly
affected, if at all. With respect to the composition of
saliva, the individuality of the glands comes to light
since the parotid saliva composition is considered
unchanged whereas the mucin secretion of the
mucous/seromucous glands as well as the immuno-
globulin A secretion of the labial glands is thought to
decrease (Fig. 10).

A number of events associated with ageing will
make salivary gland functions particularly vulnerable,
and in concert, these events may eventually have
implications for the production of the saliva. For
instance, the intensity of the reflex activity diminishes

owing to reduction in the number of olfactory and
taste receptors as well as loss of teeth; the neuro-
glandular junction widens, diminishing the concen-
tration of transmitters acting on the receptors; the
blood levels of the sex steroids decrease; and the
blood perfusion of the glands is reduced. To this list
of changes, diseases and pharmaceutical drugs are
added. In 70-year-olds, 64% of women and 55% of
men were found to be receiving medication in a
recent Swedish study; the average number of drugs
was 4.0 for women and 3.3 for men (Johanson 2011).

19 Xerostomia, Salivary Gland
Hypofunction, and Dry Mouth

Usually, the salivary secretion is estimated after an
overnight fast or 2 h after a meal (Birkhed and
Heintze 1989; Navazesh and Kumar 2008). To collect
whole unstimulated/resting saliva, the subject, sitting
in a chair, is instructed to swallow and then to lean the
body forward, allowing the saliva to drip passively
through a funnel into an (ice-chilled) graduated
(or preweighed) cylinder for 15 min. The stimulated
whole saliva is usually collected over 5 min:
by chewing paraffin wax, usually at a fixed frequency
(e.g., 40 or 70 strokes per min); by citric acid applied
either on the dorsum of the tongue for 30 s or as a
solution (2.5%) held in the mouth for 1 min; or by
sucking a lemon-flavored candy. The saliva pouring
into the mouth is spat into a cylinder, preferentially at
fixed intervals. The secretion is expressed per
milliliters per minute or per milligrams per minute
(the density of saliva is assumed to be 1.0 g/ml).

In humans, salivary ducts are not usually cannu-
lated to measure the flow of saliva from individual
glands. However, by applying the Lashley–Crittenden
‘‘cup’’ over the orifice of the parotid duct, one can
record the flow of parotid saliva. Devices of various
types have been constructed for the collection of
submandibular/sublingual secretion—but here, saliva
from the two types of gland is mixed. By the so-called
Periotron method, saliva from the minor glands can
be estimated (Eliasson and Carlén 2010). A filter
paper is placed over a small area of the oral epithe-
lium, and the fluid collected on the filter paper is
measured using the change in conductance to indicate
fluid.
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An unstimulated flow rate of whole saliva less than
0.1 ml/min and a stimulated flow rate of whole saliva
less than 0.7 ml/min are considered to indicate sali-
vary gland hypofunction (Ericsson and Hardwick
1978). Xerostomia is the subjective sensation of
dryness of the oral mucosa. Importantly, xerostomia
and salivary gland hypofunction may or may not be
related phenomena—only about 55% of those com-
plaining of xerostomia show, by objective measure-
ment, a decrease in saliva volume (Field et al. 1997;
Longman et al. 1995). The term ‘‘dry mouth’’ refers to
the oral sensation of dryness with or without the
demonstration of salivary gland hypofunction.

The thickness of the fluid layer covering the oral
mucosa varies markedly, being 70 lm at the posterior
dorsum of the tongue and 10 lm at the hard palate
(DiSabato-Mordaski and Kleinberg 1996; Wolff and
Kleinberg 1998). The volume of saliva in the mouth is
dependent not only on the secretion of saliva but also on
evaporation, absorption of fluid through the oral
mucosa, and swallowing. Mouth breathing and speak-
ing are the main causes of the fluid loss by evaporation;
the hard palate with its thin fluid layer is directly
exposed to the flow of inspired air (Thelin et al. 2008).
An excess of saliva in the mouth elicits a swallowing
reflex. Usually, the volume of saliva that enters the
mouth at rest exceeds the volume lost by evaporation
and swallowing. Despite wide differences in the rate of
unstimulated secretion, a decrease by about 50% of this
secretion in an individual will give rise to the sensation
of oral dryness (Dawes 1987; Wolff and Kleinberg
1999). In this case, the thickness of the saliva film of the
anterior dorsum of the tongue and the hard palate is less
than 10 lm. It is also from these locations that the
subject experiences the most pronounced symptoms of
xerostomia (Wolff and Kleinberg 1999). A decrease in
the labial secretion by only 20% is correlated to the
feeling of oral dryness (Eliasson et al. 1996).

20 Causes of Dry Mouth

The prevalence of dry mouth is 15–40%. The condi-
tion is more common among women and increases
with age (Österberg et al. 1984; Nederfors et al.
1997). Dry mouth dramatically impairs the quality of
life (Ship et al. 2002; Wärnberg et al. 2005), and is
both a physical and a social handicap. It is associated

with difficulties in chewing, swallowing, and speak-
ing. The lips are cracked and dry. Taste acuity
weakens and oral mucosal infections, dental caries
and halitosis develop. Among known causes of dry
mouth are chronic gland inflammation as Sjögren
syndrome, diabetes, depression, head and neck
radiotherapy, radioiodide therapy, HIV/AIDS,
orofacial trauma, surgery, and use of medications
(Grisius and Fox 1988). Drugs presently in use may
interfere with the reflexly elicited secretion at the
level of the central nervous system and/or at the level
of the neuroglandular junction. In this connection, it
should be remembered that the salivary glands are
effectors of the autonomic nervous system and that
they are supplied with the same set of receptor types
as other effector organs of this system. Consequently,
when a dysfunction of an effector within this system
is treated by interfering with the transmission mech-
anisms, e.g., overactive urinary bladder (by musca-
rinic receptor antagonists) or hypertension (see
below), the functions of the salivary glands are
invariably influenced. Drugs with antimuscarinic
actions cause a marked reduction in the volume of
saliva produced. Although the volume is not always
changed to any great extent, the composition of the
saliva may have undergone changes resulting in the
subjective feeling of oral dryness. The use of drugs
belonging to the cardiovascular category or the psy-
chotropic category is particularly correlated with a
decreased rate of secretion as a side effect. Antihy-
pertensive drugs may block a1- adrenergic receptors
and b1-adrenergic receptors, and stimulate prejunc-
tional (neuronal) a2-adrenergic receptors (which
inhibits the transmitter release). Although diuretics in
in vitro experiments influence various electrolyte
exchange processes in the glands and dry mouth is a
common complaint in response to the treatment with
diuretics, the salivary flow rate in humans is only
slightly affected, if at all (Atkinson et al. 1989;
Nederfors et al. 1989). Oral mucosal tissue dehydra-
tion has been suggested as cause of the dry mouth
feeling. Antiarythmics block b1-adrenergic receptors
and exert anticholinergic effects. Apart from the
central action of antidepressants, this group of drugs
blocks peripherally the muscarinic receptors. Anti-
psychotics have not only antimuscarinic actions but
also have anti-a1-adrenergic actions. Importantly,
when one set of receptor type is blocked, not only is
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the response mediated by this particular receptor
abolished, but the synergistic interaction provided by
the receptor is also abolished.

Several hundred drugs are said to be xerogenic,
and dry mouth is the third most common side effect of
drug treatment. It is important to realize that reference
guides to drugs causing dry mouth are usually put
together on the basis of the sensation of oral dryness
rather than on the basis of the actual measurement of
the saliva output. There is a correlation between the
total intake of the number of drugs and dry mouth
(with or without hyposalivation). The use of four
drugs or more increases the probability that the phe-
nomenon of dry mouth will occur. If the number of
drugs is increased, the chance of consuming a drug
producing dry mouth by itself or by its interaction
with other drugs is likely to increase.

21 Treatment of Dry Mouth

The options to treat dry mouth are, unfortunately,
limited and focused on maintaining the salivary
reflexes by flavored gums or lozenges, or by the use of
salivary substitutes such as artificial saliva, oral rinses,
and oral gels. These treatments are of short duration.
In addition, scrutiny of the medication list may make it
possible to achieve a reduction in the number of drugs
taken by the patients or in the dose of individual drugs
and, in addition, replacement with drugs with less
xerogenic effects may be effected. A number of drugs
for systemic use have been introduced, such as para-
sympathomimetics, cholinesterase inhibitors, the bile
stimulating agent anethole trithione, the mycolytic
agents bromhexine and guafensin, the immune-
enhancing substance interferon-a, the cytoprotective
amifostine, and the antimalarial drug hydroxychloro-
quine. In many cases, the clinical effects are question-
able, and moreover some of these drugs are associated
with serious side effects. The parasympathomimetics
pilocarpine (Salagen�) and cevimeline (Evoxac�)
stimulate the flow of saliva but may also cause nausea,
sweating, gastrointestinal discomfort, respiratory dis-
tress, urges to empty the bladder, and hypotension.
Recent clinical trials using topical application of the
cholinesterase physostigmine on the oral mucosa have
demonstrated local treatment of dry mouth as an
alternative approach to systemic treatment (Khosravani

et al. 2009). After diffusion of the drug through the
mucosal barrier, the underlying mucin-producing
minor glands are stimulated to secrete saliva, while at
the same time the systemic effects are minimized. The
patient suffering from dry mouth should maintain
meticulous oral hygiene, including the use of a fluoride-
rich gel, frequent visits to the dental hygienist, and in
addition, avoiding food and beverages that are sweet,
acidic, or carbonated.

22 Sialorrhea

Neuromuscular dysfunctions associated with cerebral
palsy, Parkinson disease, amyotrophic lateral scle-
rosis, and stroke are examples of conditions that
cause drooling. Under these conditions, saliva pools
in the mouth owing to lack of swallowing rather than
to an increased rate of secretion of saliva (Young
et al. 2011). An increase in the rate of secretion may
occur in the treatment of Alzheimer disease and
myasthenia gravis owing to the medication with
reversible cholinesterases (Freudenreich 2005; Eco-
bichon 1995). Sialorrhea is reported as a side effect
of clozapine in about one third of patients under
treatment for schizophrenia (Praharaj et al. 2010).
Clozapine is an atypical antipsychotic drug used
when traditional antipsychotics fail to treat schizo-
phrenia. During the night, patients are troubled with
choking sensations and the aspiration of saliva. The
situation may be so bothersome that the drug regi-
men is discontinued. The phenomenon has been
largely unexplained, and some authors have referred
it to a weakened swallowing reflex. A number of
various categories of drugs have been suggested for
the treatment of clozapine-induced hypersalivation,
usually with limited success and with side effects of
their own (Sockalingam et al. 2007). Recent pre-
clinical studies have shown that both clozapine and
its main metabolite N-desmethylclozapine exert
mixed actions on the salivation (Ekström et al.
2010a, b; Godoy et al. 2011). Upon reflex secretion,
the two drugs decrease the flow of saliva by antag-
onistic actions on muscarinic M3 receptors and a1-
adrenergic receptors. During sleep and at rest, an
agonistic action by the drugs on muscarinic M1
receptors maintains a low-grade, continuous flow of
saliva.

34 J. Ekström et al.



23 Protein Components of Human
Saliva and Posttranslational
Modifications

The recent availability of mass spectrometry (MS)-
based techniques applicable to the study of complex
protein mixtures has stimulated the effort to obtain a
qualitative and quantitative comprehensive under-
standing of the protein composition of saliva.

Indeed, MS techniques are capable of identifying
and quantifying thousands of protein components in
complex samples. The mass spectrometer makes it
possible to obtain precise mass values through the
measure of the mass-to-charge ratio (m/z) of the ions
generated from peptides and proteins at the source.
Selected ions may also be submitted to a fragmenta-
tion process (this technique is called MS/MS), and the
determination of the m/z ratio of the fragments allows
the peptide structure to be investigated. Thus, the
power of MS rests in the possibility to obtain infor-
mation on not only the exact mass of a given peptide/
protein, but also on its sequence. Two main strategies
may be used to investigate protein mixtures: the top-
down and the bottom-up approaches. In the bottom-up
approach, the nonfractionated sample is submitted to
digestion, typically by trypsin, and the resulting
digestion mixture is fractionated and analyzed by MS.
Thus, presence and quantification of the proteins in
the sample are inferred from the ensemble of identi-
fied digestion peptides, supposing that any peptide
identified derives from a unique protein. Even though
this approach is of high throughput, the digestion step

introduces a limitation, since relevant naturally
occurring cleavages may obviously not be disclosed.
The top-down approach overcomes this problem,
since peptide and protein separation followed by MS
analysis is performed with undigested samples.
However, top-down platforms often cannot cover the
entire proteome, because some proteins can escape
from the analysis (e.g., proteins insoluble in acidic
milieu). High-performance liquid chromatography
(HPLC) is more suitable than gel electrophoresis as a
separation step technique for the analysis of the sali-
vary proteome, since it is mainly represented by
peptides and small/medium-sized proteins. Moreover,
with respect to gel electrophoresis, HPLC offers the
advantage that MS analysis can be performed online,
i.e., peptides and proteins are submitted directly to the
ion source of the MS apparatus.

24 The Salivary Proteome

Most of the about 2,400 different proteins of whole
saliva characterized in recent years by proteomic
studies are not of glandular origin but probably orig-
inate from exfoliating epithelial cells and oral micro-
flora. Proteins of gland secretion origin should not be
more than 200–300 in number, and they represent
more than 85% by weight of the salivary proteome
(Fig. 11). They belong to the following major fami-
lies: a-amylases, carbonic anhydrase, histatins, muc-
ins, proline-rich proteins (PRPs), further divided in
acidic, basic, and basic glycosylated PRPs, statherin,
P–B peptide, and salivary-type (S-type) cystatins.

Fig. 11 Approximate
percentages (w/w) of the
different protein families
present in human adult whole
saliva, assuming a comparable
contribution of parotid and
submandibular/sublingual
glands. (Modified from
Messana et al. 2008b)
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The function, origin, and encoding genes of the
major salivary proteins are reported in Table 1,
together with the name of mature proteins and the
main posttranslational modifications occurring before,
during, and after secretion.

Histatins are a family of small peptides, the name
referring to the high number of histidine residues in
their structure. All the members of this family
arise from histatin 1 and histatin 3, which share very
similar sequences and are encoded by two genes

Table 1 Families of major salivary proteins: function, origin, genes, name of mature proteins, and main posttranslational
modifications (PTMs)

Family Function Origin Gene Mature proteins Other PTMs

a-Amylases Antibacterial,
digestion, tissue
coating

Pr Sm/
Sl

AMY1A a-Amylase 1 Disulfide bond,
N-glycosylation,
phosphorylation, proteolytic
cleavages

Acidic PRPs Lubrication,
mineralization,
tissue coating

Pr Sm/
Sl

PRH1,
PRH2

Db-s, Pa, PIF-s, Pa 2-mer, Db-f,
PIF-f, PRP-1, PRP-2, PRP-3,
PRP-4, P–C peptide

Disulfide bond, further
proteolytic cleavages,
phosphorylation, protein
network

Basic PRPs Binding of
tannins, tissue
coating

Pr PRB1,
PRB2,
PRB3,
PRB4

II-1, II-2, CD-IIg, IB-1, IB-6,
IB-7, IB-8a (Con1-/+), P–D,
P–E, P–F, P–J, P–H, PRP Gl
1–8, protein N1, salivary PRP
Po

Disulfide bond (Gl 8),
further proteolytic
cleavages, N- and
O-glycosylation,
phosphorylation, protein
network

Glycosylated
PRPs

Antiviral,
lubrication

Carbonic
anydrase VI

Buffering, taste Pr Sm CA6 Carbonic anhydrase 6 Disulfide bond,
glycosylation

Cystatins Antibacterial,
antiviral,
mineralization,
tissue coating

Pr Sm/
Sl

CST1,
CST2,
CST3,
CST4,
CST5

Cystatin SN, cystatin SA,
cystatin C, cystatin S, cystatin D

Disulfide bond,
O-glycosylation,
phosphorylation, sulfoxide,
truncated forms

Histatins Antifungal,
antibacterial,
mineralization,
wound-healing

Pr Sm/
Sl

HTN1,
HTN3

Histatin 1, histatin 2, histatin 3,
histatin 5, histatin 6

Further proteolytic
cleavages, phosphorylation,
sulfation

Lactoferrin Antibacterial,
antifungal,
antiviral, innate
immune response

All
salivary
glands

LTF Lactoferrin Disulfide bond,
glycosylation,
phosphorylation

Lysozyme Antibacterial Pr Sm LYZ Lysozyme C Disulfide bond

Mucins Antibacterial,
antiviral,
digestion,
lubrication, tissue
coating

All
salivary
glands

MUC5B,
MUC19,
MUC7

Mucin-5B, mucin-19, mucin-7 Disulfide bond, N- and
O-glycosylation,
phosphorylation

Peptide P–B Not defined Pr Sm/
Sl

SMR3B
(PROL3)

Proline-rich peptide P–B Proteolytic cleavages

Statherins Inhibits crystal
formation,
lubrication,
mineralization,
tissue coating

Pr Sm/
Sl

STATH Statherin, statherin SV2 Phosphorylation, proteolytic
cleavages, protein network

Modified from Castagnola et al. (2011b)
PRP proline-rich protein, Pr parotid, Sm submandibular, Sl sublingual, GCF gingival crevicular fluid
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(HTN1 and HTN3) located on chromosome band 4q13
(Sabatini and Azen 1989). Statherin is an unusual
tyrosine-rich 43-residue phosphorylated peptide
involved in oral cavity calcium ion homeostasis and
tooth mineralization (Schwartz et al. 1992). Its gene
(STATH) is localized on chromosome band 4q13.3
(Sabatini et al. 1987), near the histatin genes. Usually
P–B peptide is included in the basic PRP family.
However, it is the product of PROL3 gene localized
on chromosome band 4q13.3, very close to the
statherin gene, and several characteristics of P–B
peptide suggest a functional relationship with stath-
erin (Inzitari et al. 2006). Cystatin S, SN, and SA are
salivary cystatins; they are inhibitors of cysteine
proteinases and this property suggests its role in the
protection of the oral cavity from pathogens and in
the control of lysosomal cathepsins (Bobek and
Levine 1992). Cystatin S1 and cystatin S2 correspond
to monophosphorylated and diphosphorylated cystatin
S, respectively. The loci expressing all the S-type
cystatins (CST1–CST5) are clustered on chromosome
band 20p11.21 together with the loci of cystatins
C and D. Whereas cystatin SA seems to be specifi-
cally expressed in the oral cavity, cystatin S and SN
have also been detected in other bodily fluids
and organs, such as tears, urine, and seminal fluid
(Dickinson 2002; Ryan et al. 2010). Human salivary

acidic PRPs consist of five principal isoforms codified
by two distinct loci called PRH1 and PRH2 localized
on chromosome band12p13.2. They show acidic
character in the first 30 amino acid residues of the
N-terminal region; the remaining part is basic and,
similarly to basic PRPs, shows repeated sequences
rich in proline and glutamine. Basic and glycosylated
(basic) PRPs are the most complex group of salivary
peptides, encoded by four different genes named
PRB1–PRB4 clustered on chromosome band 12p13.2.
Numerous homologous and unequal crossing-overs
are present within the tandem repeats of the third
exon, producing frequent length polymorphisms.

Salivary amylases consist of two families of iso-
enzymes, called A and B, each family comprising
three isoforms whose differences are connected to
different posttranslational modifications (Scannapieco
et al. 1993).

Salivary mucins are divided in two distinct classes:
the large gel-forming mucins (MG1) and the small
soluble mucins (MG2). MG1 represents a heteroge-
neous family of 20 9 106–40 9 106 Da glycoproteins
expressed by MUC5B, MUC4, and MUC19 genes
(Offner and Troxler 2000; Thomsson et al. 2002).
MG2, a much smaller mucin of 130–180 kDa, is the
product of the MUC7 gene mapped to chromosome
bands 4q13–4q21 (Bobek et al. 1996). Mucins are

Fig. 12 The sequential proteolytic cleavage of histatin 3, which generates histatin 6 and histatin 5, before granule maturation, and
a multitude of other fragments after granule secretion. (From data reported in Castagnola et al. 2004; Messana et al. 2008a)
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composed of approximately 15–20% protein and up
to 80% carbohydrate, present largely in the form of
serine and threonine O-linked glycans (Strous and
Dekker 1992; Gendler and Spicer 1995). The poly-
peptide backbone can be divided into three regions.
The central region contains tandemly repeated
sequences of eight 169 amino acids. This domain
serves as the attachment site for the O-glycans, and
each mucin has a unique, specific tandem-repeat
sequence. Many mucins with monomeric molecular
masses greater than 29 106 Da form multimers more
than ten times bigger than that size.

25 Polymorphism of the Salivary
Proteome

The human salivary proteome shows high interindi-
vidual variability. The different isoforms of salivary
proteins may be genetic in origin (different alleles
codifying acidic PRPs, basic PRPs, mucins, cystatins;
differential splicing), but may also derive from several
posttranslational modifications which occur during
the trafficking of the proteins through the secretory
pathway and after secretion.

One of the better known examples of polymor-
phism and modifications occurring before, during, and
after secretion concerns acidic PRPs. The two loci
which encode acidic PRPs have different alleles. The
PRH2 locus is biallelic, and the expression products
are PRP-1 and PRP-2. There are three alleles of the
PRH1 locus and they express Pif-s (parotid isoelec-
tric-focusing variant, slow), Db-s (double band, slow),
and Pa (parotid acidic protein) proteins (Inzitari et al.
2005). All the isoforms are N-terminally modified
(pyroglutamic moiety) and are subjected to phos-
phorylation before granule storage. The major deriv-
atives are diphosphorylated, but low levels of
monophosphorylated and triphosphorylated forms are
also detected in saliva. Another important modifica-
tion is the cleavage. Before granule storage PRP-1,
PRP-2, Pif-s, and Db-s are in part cleaved at the
Arg-106 residue by a specific enzyme of the conver-
tase family. Cleavage generates four truncated
derivatives, called PRP-3, PRP-4, Pif-f, and Db-f, and
a common C-terminal peptide of 44 amino acids,
called P–C peptide (Messana et al. 2008a). The Pa
isoform is not cleaved, since the Arg-106 ? Cys
substitution eliminates the consensus sequence

recognized by the proteinase. However, the cysteine
residue generates a disulfide bridge and only the Pa
dimeric form may be detected in whole saliva.

Also histatins, statherin, P–B peptide, and princi-
pally basic PRPs undergo proteolytic cleavage before
granule storage and during secretion, but the entire
forms of basic PRPs, differently from the other salivary
proteins, are not detected in saliva (Messana et al.
2008a). Following proteolytic cleavage, many salivary
peptides are also subjected to the removal of C-terminal
residues by the action of specific carboxypeptidases,
and this modification is considered an event common to
all the secretory processes (Steiner 1998). An important
example concerns the formation of histatin 5 from
histatin 6. The two histatins derive from the parent
peptide of 32 amino acid residues called histatin 3.
Histatin 3, from the presence of the RGYR; convertase
consensus sequence recognized by an unknown, but
specific, proteinase acting before granule storage, gen-
erates histatin 6 (histatin 3 fr 1/25). Subsequently, an
unknown carboxypeptidase removes the C-terminal
arginine residue, generating histatin 5 (histatin 3 fr
1/24). Sequentially, histatins 5 and 6 are subjected to
further proteolytic cleavages after granule secretion as
shown in Fig. 12 (Castagnola et al. 2004; Messana et al.
2008a).

Before granule storage salivary proteins are also
subjected to phosphorylation, glycosylation, and sul-
fation. MG1, MG2, glycosylated PRPs, and amylase
are salivary glycosylated proteins (Ramachandran
et al. 2006). The glycomoiety may be N- and/or
O-linked and the sugars show the same architectures
demonstrated for other glycoproteins (Guile et al.
1998). In the same way, the tyrosylprotein sulfo-
transferase involved in the polysulfation of histatin 1
seems to be the same enzyme acting in other tissues
(Cabras et al. 2007).

The salivary proteome changes dynamically also
after secretion under the action of endogenous and
exogenous enzymes, the latter derived from micro-
organisms resident in the oral cavity. For instance,
it has been demonstrated that a glutamine endopro-
teinase localized in dental plaque—likely of microbial
origin—generates in the oral cavity a lot of small
fragments (from seven to 20 amino acid residues)
from different basic PRPs (Helmerhorst et al. 2008).
Another important modification occurring in the
oral cavity is the formation of cross-linked deriva-
tives of salivary proteins, generating a protective

38 J. Ekström et al.



proteinaceous network on tooth surfaces (enamel
pellicle) and oral mucosa. This protein film is
important for the integrity of tooth enamel, because it
acts as a boundary lubricant on the enamel surface
(Douglas et al. 1991). Moreover, interactions between
pellicle proteins and bacterial surfaces are responsible
for specificity of the bacterial colonization during the
earliest stage of plaque formation (Gibbons and Hay
1988). This protein network could also interact with
the oral epithelial cell plasma membrane and its
associate cytoskeleton and might contribute to the
mucosal epithelial flexibility and turnover. Histatins,
statherin, and acidic PRPs are among the proteins
involved. It has been indeed demonstrated that acidic
PRPs, statherin, and the major histatins are substrates
of oral transglutaminase 2 and they participate in
cross-linking reactions (Yao et al. 1999).

26 Physiological Variability

The composition of oral fluid varies depending on
various factors. It has already been reported that the
contribution of the different salivary glands to whole
saliva in resting and stimulated conditions is different,
and parotid saliva is the prevalent contributor to
stimulated saliva. It has been also demonstrated that

the protein composition of mixed submandibular/
sublingual saliva is different from that of parotid
saliva (Table 2). For instance, the levels of acidic
PRPs, histatin 1, and a-amylases are higher in parotid
saliva than in submandibular/sublingual saliva.
Conversely, S-type cystatins are more concentrated in
submandibular/sublingual saliva. Furthermore, the
secretion of some peptides is gland-specific: basic
PRPs are secreted only by the parotid glands. Finally,
among the other proteins detected in whole saliva,
a-defensins 1–4 and b-thymosins 4 and 10 originate
mainly from gingival crevicular fluid (Pisano et al.
2005).

As a consequence, the salivary output is charac-
terized by variations not only of the flow rate but also
of the protein concentration and composition.

Age is another important factor affecting protein
saliva composition. A recent study performed on
human preterm newborns demonstrated the profound
difference in the protein composition of their saliva
with respect to that of adults (Castagnola et al. 2011a).
Indeed, in saliva from preterm human newborns, more
than 40 protein masses usually undetected in adult
saliva were revealed. Among them, stefin A and stefin B
(three isoforms), S100A7 (two isoforms), S100A8,
S100A9 (eight isoforms), S100A11, S100A12, small
PRP-3 (two isoforms), lysozyme C, thymosins b4 and

Table 2 Different contributions to salivary peptides and proteins

Peptide or family Parotid glands Sm/Sl glands Plasma exudate GCF

Acidic PRP (all the isoforms) dddd ddd

Basic PRP dddd

Basic glycosylated PRP ddd

Histatin 3 dddd ddd

Histatin 1 ddd ddd

Statherin dddd dddd d

P–B peptide dd dddd d

‘‘S-type’’ cystatins d dddd

Amylase dddd d

MG1 dddd

MG2 ddd

Albumin (HSA) dd dd

Thymosins b4 and b10 ? dd

a-Defensins 1–4 d dd

Modified from Messana et al. (2008b)
GCF gingival crevicular fluid, HSA human serum albumin, Four circles high contribution, three circles medium contribution, two
circles low contribution, one circle very low contribution, question mark unknown
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b10, antileukoproteinase, histone H1c, and a- and
b-globins were identified. The salivary concentration
of these proteins decreased as a function of postcon-
ceptional age, reaching the values observed in full-term
newborns at about 270 days of postconceptional age,
and the values observed in adult whole saliva later in
development. Interestingly, the shape of decrease for
many proteins was different, suggesting that the vari-
ations were connected to coordinate and hierarchical
actions of these proteins. Many of the identified pro-
teins are candidates as tumor markers in the adult. This
observation led to the suggestion that during fetal
development, the interplay between these proteins
contributes to the molecular events that regulate cell
growth and death. A preliminary study showed that
salivary glands are responsible for the high levels of
oral thymosin b4 detected in preterm newborn saliva,
whereas in adult saliva this peptide is primarily derived
from crevicular fluid (Inzitari et al. 2009; Nemolato
et al. 2009). These studies suggest that salivary glands
switch their secretion to adult salivary proteins only
after the normal term of delivery.

Whereas basic PRPs in whole saliva do not reach
their mature concentrations until the age of adoles-
cence (Cabras et al. 2009), other proteins show mature
levels as early as an age of 3 years or show variable
concentrations as a function of age, i.e., acidic PRPs,
histatin 5, histatin 6, histatin 1, and cystatin S. For
instance, acidic PRPs show a minimum of concen-
tration around 6–9 years of age, probably in connec-
tion with events occurring in the mouth during the
replacement of the deciduous dentition. A process
called ‘‘exfoliation’’ might cause a decrease in the
concentration of specific salivary protein and peptides,
owing to their recruitment to dental and gingival sur-
faces. The higher concentration of histatin 1 around
3–5-years of age is of particular interest, since it may
be associated with its recently demonstrated wound-
closing properties (Oudhoff et al. 2008).

27 Function of Salivary Proteins

No doubt exists about the fundamental role of saliva
and its protein content in the protection of oral
mucosa and teeth. It is enough to consider the
devastating macroscopic effects detectable in the
oral cavity of patients affected by severe Sjögren
syndrome. The mucosal epithelium is subjected to

wounds and infections. The dental arc is compro-
mised by recurrent periodontitis and caries. It is,
however, very difficult to establish, at the molecular
level, not only the specific role played by each sali-
vary protein in oral protection but also the interactions
between the different salivary proteins in their
protection of the mouth and, since saliva is swal-
lowed, of the entire digestive tract. Some roles seem
evident, such as the lubricating and protecting role of
mucins, and the buffering properties of carbonic
anhydrase, as reported in Table 1. The high concen-
tration of salivary amylase is traditionally associated
with starch predigestion. However, owing to the low
enzymatic activity of the enzyme, some researchers
are convinced that oral amylase plays a presently not
specified role in the protection of the mouth.

The information obtained by recent proteomic
studies are a clue and a stimulus for the understanding
of the roles of the different families of salivary pro-
teins in the oral cavity. For instance, it is challenging
to decipher the significant qualitative and quantitative
differences in gland secretions, which suggest specific
molecular requirements for different oral districts.
Other suggestions could emerge from the variations
observed in protein composition during the pediatric
age which could offer valuable information on pos-
sible functions. Except for their tannin-binding
properties (Lu and Bennick 1998), the function of
basic PRPs is still almost completely obscure. Recent
studies demonstrated that an unidentified component
of the basic PRP family displays antiviral activity
against HIV (Robinovitch et al. 2001), and a peptide
fragment of ten amino acid residues considerably
inhibits Propionibacterium acnes growth (Huang
et al. 2008), revealing interesting antiviral properties
for peptide fragments related to basic PRPs.

Acidic PRPs are responsible for the modulation of
the salivary calcium ion concentration and are
involved in the formation of acquired enamel pellicle
and oral mucosal pellicle, networks originating from
cross-linking of the proteins caused by the action of
transglutaminase 2. However, no information is
available on the functional differences exerted by the
entire and truncated isoforms or on the possible role
of P–C peptide, the C-terminal peptide deriving from
the cleavage of all the isoforms of acidic PRPs.

Most salivary peptides and proteins are directly or
indirectly involved in innate immunity and in the
modulation of the oral microflora (Gorr 2009). In this
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respect, the antifungal activity shown by histatin 3
and its fragments on Candida albicans species is
particularly interesting. Recently, it was demonstrated
that histatin 3 binds to heat shock cognate protein 70
(HSC70) during the G1/S transition in human gingival
fibroblasts (Imamura et al. 2009); it prevents ATP-
dependent dissociation of the HSC70–p27 complex,
and it induces DNA synthesis. These findings suggest
that histatin 3 may also be involved in oral cell
proliferation.

Recently, it was shown that histatin 1 displays
wound-healing activity (Oudhoff et al. 2008). Inter-
estingly, histatin 1 induced cell spreading and
migration in a full-skin human wound model; how-
ever, the peptide did not stimulate cell proliferation.
N- to C-cyclization potentiated peptide activity 1,000-
fold, indicating that a specific peptide conformation
was responsible for the effect (Oudhoff et al. 2009a).
The minimally active domain was found to be frag-
ment 20–32 of the parent histatin peptide. The
wound-healing effect was strongly inhibited by
mucin-5B, probably by blocking reepithelialization.
Interestingly, histatin 1 stimulated wound closure of
primary cells of both oral and nonoral origin (Oudhoff
et al. 2009b), which suggests a therapeutic application
of histatin 1 derived peptides in the treatment of skin
wounds.

Statherin is a singular salivary phosphopeptide of
43 amino acid residues involved in the inhibition of
calcium phosphate precipitation and in the formation
of acquired enamel pellicle (Schüpbach et al. 2001).
However, statherin may have other relevant oral
functions implicated in the formation of the oral
epithelial protein pellicle, and it probably has a
functional connection with the P–B peptide, whose
function is still completely obscure (Messana et al.
2008b).

28 Pathological Modifications

Saliva is a very attractive bodily fluid for the diag-
nosis of diseases for several reasons: (1) collection of
saliva is usually economical, ‘‘safe,’’ ‘‘easy,’’ and can
be performed without the help of health care workers,
allowing home-based sampling; (2) collection of
saliva is considered an acceptable and noninvasive
process by patients because it does not provoke any
pain (and so saliva can be easily collected for patients

in the pediatric age range) (Tabak 2001). Nowadays,
saliva is used effectively for the detection of specific
antibodies (i.e., HIV, hepatitis C), hormones, and
pharmaceuticals (i.e., drugs of abuse). However, the
widespread use of saliva for diagnostics is compli-
cated by the above-reported dynamism and poly-
morphism that characterizes the salivary proteome.
The present and future analytical ability of proteomic
techniques to contemporaneously quantify the great
variety of possible translational salivary states will
inevitably lead to defining ‘‘individual salivary pro-
files.’’ The challenges are to establish the differences
between particular polymorphisms or posttransla-
tional modifications connected with diseases and
further, to determine whether these differences inhibit
or promote the development of specific diseases.

The salivary proteome presents several unique
proteins; thus saliva-based diagnostics may provide
information complementary to that from blood- and
urine-based diagnostics. Since about one quarter of
the salivary proteome overlaps with the plasma pro-
teome (Loo et al. 2010), it will be important to
establish if disease-linked plasma modifications are
reflected in the saliva secreted in order to rely upon
noninvasive tests for disease screening, detection, and
monitoring.

Indeed, several studies have shown that systemic
diseases may affect the human salivary proteome. The
salivary biomarkers characterized so far show satis-
factory clinical sensitivity and specificity (i.e., good
prediction of the patients with the disease and normal
values in healthy subjects). An interesting example
concerns the detection of low phosphorylation levels
of three salivary peptides (statherin, histatin 1, acidic
PRPs) in a subset (about 60%) of patients with autism
spectrum disorder (Castagnola et al. 2008). A set of
salivary proteins has been shown to display a different
concentration in children affected by type 1 diabetes
compared with healthy subjects (Cabras et al. 2010),
i.e., a significant increase of amounts of the short
form of S100A9, a-defensins 1–3, and various frag-
ments deriving from P–C peptide paralleled by a
decrease of the amounts of P–C peptide, statherin,
P–B peptide, and histatins 3, 5, and 6.

Many studies have addressed the early detection of
different oral tumors such as oral squamous cell car-
cinoma (Jou et al. 2010; Shintani et al. 2010; Hu et al.
2008) and head and neck squamous cell carcinoma
(Dowling et al. 2008; Ohshiro et al. 2007; de Jong
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et al. 2010; Chen et al. 2002). Because the research
groups used different proteomic platforms, it is not
surprising that the results may differ. Jou et al. (2010),
using 2D electrophoresis followed by matrix-assisted
laser desorption/ionization (MALDI) time-of-flight
(TOF) MS, found the level of salivary transferrin to
be increased in patients with oral squamous cell car-
cinoma. Shintani et al. (2010), using surface-
enhanced laser desorption/ionization TOF analyses,
showed an increase in the level of a truncated form of
cystatin SN. Hu et al. (2008), using both liquid
chromatography–MS/MS and 2D electrophoresis,
found increased amounts of protectin, catalase, pro-
filin, and S100A9 for oral squamous cell carcinoma.
The salivary proteome of patients affected by primary
Sjögren syndrome has also been extensively investi-
gated (Giusti et al. 2007; Ryu et al. 2006; Peluso et al.
2007; Fleissig et al. 2009). The principal platform
utilized was based on 2D electrophoresis followed
either by MALDI-TOF MS or by electrospray ioni-
zation MS/MS analyses of the tryptic protein digests.
Some controversial results were, however, obtained.
For instance, whereas Giusti et al. (2007) found the
level of salivary a-amylase decreased, Fleissig et al.
(2009) found it increased, suggesting that the search
of new biomarkers has to be performed in a large
number of patients and validation of most of the
results reported is necessary.

Even though it is a demanding task, for widespread
introduction of saliva-based diagnostics it is manda-
tory to define proper reference proteomes and further,
to standardize analytical procedures. As for blood
and urine samples, the time and site of specimen
collection, as well as the definition of specific treat-
ments for sample stabilization, need to be established.
Thus, high-throughput proteomic approaches, applied
under standardized conditions, will result in the
introduction of simple, sensitive, and specific ana-
lytical procedures to demonstrate salivary biomarkers
in clinical practice.

References

Atkinson JC, Shiroky JB, Macynski A, Fox PC (1989) Effects
of furosemide on the oral cavity. Gerodontology 8:23–26

Bobek LA, Levine MJ (1992) Cystatins–inhibitors of cysteine
proteinases. Crit Rev Oral Biol Med 3:307–332

Bobek LA, Liu J, Sait SN, Shows TB, Bobek YA, Levine MJ
(1996) Structure and chromosomal localization of the
human salivary mucin gene, MUC7. Genomics 31:277–
282

Babkin BP (1950) Secretory mechanism of the digestive
glands, 2nd edn. Hoeber, New York

Barka T (1965) Induced cell proliferation: the effect of
isoproterenol. Exp Cell Res 37:662–679

Birkhed D, Heintze U (1989) Salivary secretion rate, buffer
capacity, and pH. In: Tenovuo J (ed) Human saliva. Clinical
chemistry and microbiology, vol 11. CRC, Boca Raton

Blair-West JR, Coghlan JP, Denton DA, Wright RDI (1967)
Alimentary canal II. In: Code CF (ed) Handbook of
physiology, 6th edn. American Physiological Society,
Bethesda

Borg-Andersson A, Ekström J, Birkhed D (1992) Glucose in
human parotid saliva in response to cold stress. Acta Physiol
Scand 146:283–284

Brandtzaeg P (2009) Mucosal immunity: induction, dissemina-
tion and effector functions. Scand J Immunol 70:505–515

Cabras T, Fanali C, Monteiro JA, Amado F, Inzitari R,
Desiderio C, Scarano E, Giardina B, Castagnola M,
Messana I (2007) Tyrosine polysulfation of human salivary
histatin 1. A post-translational modification specific of the
submandibular gland. J Proteome Res 6:2472–2480

Cabras T, Pisano E, Boi R, Olianas A, Manconi B, Inzitari R,
Fanali C, Giardina B, Castagnola M, Messana I (2009) Age-
dependent modifications of the human salivary secretory
protein complex. J Proteome Res 8:4126–4134

Cabras T, Pisano E, Mastinu A, Denotti G, Pusceddu PP,
Inzitari R, Fanali C, Nemolato S, Castagnola M, Messana I
(2010) Alterations of the salivary secretory peptidome
profile in children affected by type 1 diabetes. Mol Cell
Proteomics 9:2099–2108

Cannon WB (1937) Digestion and health. Secker and Warburg,
London

Castagnola M, Inzitari R, Rossetti DV, Olmi C, Cabras T,
Piras V, Nicolussi P, Sanna MT, Pellegrini M, Giardina B,
Messana I (2004) A cascade of 24 histatins (histatin 3
fragments) in human saliva. Suggestions for a pre-secretory
sequential cleavage pathway. J Biol Chem 279:
41436–41443

Castagnola M, Messana I, Inzitari R, Fanali C, Cabras T,
Morelli A, Pecoraro AM, Neri G, Torrioli MG, Gurrieri F
(2008) Hypo-phosphorylation of salivary peptidome as a
clue to the molecular pathogenesis of autism spectrum
disorders. J Proteome Res 7:5327–5332

Castagnola M, Inzitari R, Fanali C, Iavarone F, Vitali A,
Desiderio C, Vento G, Tirone C, Romagnoli C, Cabras T,
Manconi B, Sanna MT, Boi R, Pisano E, Olianas A,
Pellegrini M, Nemolato S, Heizmann CW, Faa G, Messana I
(2011a) The surprising composition of the salivary prote-
ome of preterm human newborn. Mol Cell Proteomics
10:M110.003467

Castagnola M, Cabras T, Vitali A, Sanna MT, Messana I
(2011b) Biotechnological implication of the salivary prote-
ome. Trends Biotechnol 29:409–418

Çevik-Aras H, Ekström J (2006) Cholecystokinin- and gastrin-
induced protein and amylase secretion from the parotid
gland of the anaesthetized rat. Reg Pept 134:89–96

42 J. Ekström et al.



Çevik-Aras H, Ekström J (2008) Melatonin-evoked in vivo
secretion of protein and amylase from the parotid gland of
the anaesthetized rat. J Pineal Res 45:413–421

Çevik-Aras H, Ekström J (2010) Anti-inflammatory action of
cholecystokinin and melatonin in the rat parotid gland. Oral
Dis 16:661–667

Çevik-Aras H, Godoy T, Ekström J (2011) Melatonin-induced
protein synthesis in the rat parotid gland. J Physiol Phar-
macol 62:95–99

Chen YC, Li TY, Tsai MF (2002) Analysis of the saliva from
patients with oral cancer by matrix-assisted laser deso-
rption/ionization time-of-flight mass spectrometry. Rapid
Commun Mass Spectrom 16:364–369

Cutando A, Gómez-Moreno G, Arana C, Acuña-Castroviejo D,
Reiter RJ (2007) Melatonin: potential functions in the oral
cavity. J Periodontol 78:1094–1194

Dawes C (1975) Circadian rhythms in the flow rate and
composition of unstimulated and stimulated human sub-
mandibular saliva. J Physiol 244:535–548

Dawes C (1987) Physiological factors affecting salivary flow
rate, oral sugar clearance, and the sensation of dry mouth.
J Dent Res 66:648–653

Dawes C, Wood CM (1973) The contribution of oral minor
mucous gland secretions to the volume of whole saliva in
man. Arch Oral Biol 18:337–342

Dawes C, O’Connor AM, Aspen JM (2000) The effect on
human salivary flow rate of the temperature of a gustatory
stimulus. Arch Oral Biol 45:957–961

de Jong EP, Xie H, Onsongo G, Stone MD, Chen XB, Kooren
JA, Refsland EW, Griffin RJ, Ondrey FG, Wu B, Le CT,
Rhodus NL, Carlis JV, Griffin TJ (2010) Quantitative
proteomics reveals myosin and actin as promising saliva
biomarkers for distinguishing pre-malignant and malignant
oral lesions. PLoS One 5:e11148

Diamant H, Wiberg A (1965) Does the chorda tympani in man
contain secretory fibres for the parotid gland? Acta Otolar-
yngol 60:255–264

Dickinson DP (2002) Cysteine peptidases of mammals: their
biological roles and potential effects in the oral cavity and
other tissues in health and disease. Crit Rev Oral Biol Med
13:238–275

DiSabato-Mordaski T, Kleinberg I (1996) Measurement and
comparison of the residual saliva on various oral mucosal
and dentition surfaces in humans. Arch Oral Biol 41:
655–665

Douglas WH, Reeh ES, Ramasubbu N, Raj PA, Bhandary KK,
Levine MJ (1991) Statherin: a major boundary lubricant of
human saliva. Biochem Biophys Res Commun 180:91–97

Dowling P, Wormald R, Meleady P, Henry M, Curran A,
Clynes M (2008) Analysis of the saliva proteome from
patients with head and neck squamous cell carcinoma reveals
differences in abundance levels of proteins associated with
tumour progression and metastasis. J Proteomics 71:168–175

Drummond PD (2002) Mechanisms of gustatory flushing in
Frey’s syndrome. Clin Auton Res 12:179–184

Dunbar EM, Singer TW, Singer K, Knight H, Lanska D,
Okun MS (2002) Understanding gustatory sweating. What
have we learned from Lucja Frey and her predecessors?
Clin Auton Res 12:179–184

Ecobichon DJ (1995) Toxic effects of pesticides. In: Klassen CD
(ed) Casarett and Doulll’s toxicology. The basic science of
poisons, 5th edn. McGraw- Hill, New York

Edwards AV (1988) Autonomic control of salivary blood flow.
In: Garrett JR, Ekström J, Anderson LC (eds) Glandular
mechanisms of salivary secretion. Frontiers of oral biology,
vol 10. Karger, Basel

Ekström J (1969) 4(2-hydroxy-3-isopropylaminopropoxy) acet-
anilide as a beta-receptor blocking agent. Experientia 25:372

Ekström J (1987) Neuropeptides and secretion. J Dent Res 66:
524–530

Ekström J (1998) Non-adrenergic, non-cholinergic reflex
secretion of parotid saliva in rats elicited by mastication
and acid applied on the tongue. Exp Physiol 83:697–700

Ekström J (1999a) Role of non-adrenergic, non-cholinergic
autonomic transmitters in salivary glandular activities in
vivo. In: Garrett JR, Ekström J, Anderson LC (eds) Neural
mechanisms of salivary gland secretion. Frontiers of oral
biology, vol 11. Karger, Basel

Ekström J (1999b) Degeneration secretion and supersensitivity
in salivary glands following denervations, and the effects on
choline acetyltransferase activity. In: Garrett JR, Ekström J,
Anderson LC (eds) Neural mechanisms of salivary gland
secretion. Frontiers of oral biology, vol 11. Karger, Basel

Ekström J (2001) Gustatory-salivary reflexes induce non-
adrenergic, non-cholinergic acinar degranulation in the rat
parotid gland. Exp Physiol 86:475–480

Ekström J (2002) Muscarinic agonist-induced non-granular and
granular secretion of amylase in the parotid gland of the
anaesthetized rat. Exp Physiol 87:147–152

Ekström J, Çevik-Aras H, Sayardoust S (2007) Neural- and
hormonal-induced protein synthesis and mitotic activity in
the rat parotid gland and the dependence on NO-generation.
J Oral Biosci 49:31–38

Ekström J, Çevik Aras H (2008) Parasympathetic non-adrener-
gic, non-cholinergic transmission in rat parotid glands: effects
of cholecystokinin-A and -B receptor antagonists on the
secretory response. Reg Pept 146:278–284

Ekström J, Ekman R (2005) Sympathectomy-induced increases
in calcitonin gene-related peptide (CGRP)-, substance P-
and vasoactive intestinal peptide (VIP)-levels in parotid and
submandibular glands of the rat. Arch Oral Biol 50:909–917

Ekström J, Ekman R, Håkanson R, Sjögren S, Sundler F (1988)
Calcitonin gene-related peptide in rat salivary glands: neu-
ronal localization, depletion upon nerve stimulation, and
effects on salivation in relation to substance P. Neuroscience
26:933–949

Ekström J, Ekman R, Luts A, Sundler F, Tobin G (1996)
Neuropeptide Y in salivary glands of the rat: origin, release
and secretory effects. Regul Pept 61:125–134

Ekström J, Godoy T, Riva A (2010a) Clozapine: agonistic
and antagonistic salivary secretory actions. J Dent Res 89:
276–280

Ekström J, Godoy T, Riva A (2010b) N-Desmethylclozapine
exerts dual and opposite effects on salivary secretion in the
rat. Eur J Oral Sci 118:1–8

Ekström J, Havel GE, Reinhold A (2000) Parasympathetic non-
adrenergic, non-cholinergic-induced protein synthesis and
mitogenic activity in rat parotid glands. Exp Physiol 85:171–176

Saliva and the Control of Its Secretion 43



Ekström J, Holmberg J (1972) Choline acetyltransferase in the
normal and parasympathetically denervated parotid gland of
the dog. Acta Physiol Scand 86:353–358

Ekström J, Malmberg L (1984) Beta 1-adrenoceptor mediated
salivary gland enlargement in the rat. Experientia 40:862–
863

Ekström J, Murakami M, Inzitari R, Khosravani N, Fanali C,
Cabras T, Fujita-Yoshigaki J, Sugiya H, Messana I,
Castagnol M (2009) RP-HPLC-ESI-MS characterization of
novel peptide fragments related to rat parotid secretory
protein in parasympathetic induced saliva. J Sep Sci 32:
2944–2952

Ekström J, Reinhold AC (2001) Reflex-elicited increases in
female rat parotid protein synthesis involving parasympa-
thetic non-adrenergic, non-cholinergic mechanisms. Exp
Physiol 86:605–610

Ekström J, Templeton D (1977) Difference in sensitivity of
parotid glands brought about by disuse and overuse. Acta
Physiol Scand 101:329–335

Eliasson L, Birkhed D, Heyden G, Strömberg N (1996) Studies
on human minor salivary gland secretion using the Periotron
method. Arch Oral Biol 41:1179–1182

Eliasson L, Carlén A (2010) An update on minor salivary gland
secretions. Eur J Oral Sci 118:435–442

Elishoov H, Wolff A, Kravel LS, Shiperman A, Gorsky M
(2008) Association between season and temperature and
unstimulated parotid and submandibular/sublingual secre-
tion rates. Arch Oral Biol 53:75–78

Emmelin N (1965) Action of transmitters on the responsiveness
of effector cells. Experientia 15:57–65

Emmelin N (1967) Nervous control of salivary glands. In: Code CF
(ed) Handbook of physiology alimentary canal II, 6th edn.
American Physiological Society, Bethesda

Emmelin N (1987) Nerve interactions in salivary glands. J Dent
Res 66:509–517

Emmelin N, Engström J (1960) On the existence of specific
secretory sympathetic fibres for the cat’s submaxillary
gland. J Physiol 153:1–8

Ericsson Y, Hardwick L (1978) Individual diagnosis, prognosis
and counseling for caries prevention. Caries Res 12:94–102

Ferguson DB, Botchway CA (1980) A comparison of circadian
variation in the flow rate and composition of stimulated
human parotid, submandibular and whole salivas from the
same individuals. Arch Oral Biol 25:559–568

Field EA, Longman LP, Bucknall R, Kaye SB, Higham SM,
Edgar WM (1997) The establishment of a xerostomia clinic:
a prospective study. Br J Oral Maxiofac Surg 35:96–103

Fleissig Y, Deutsch O, Reichenberg E, Redlich M, Zaks B,
Palmon A, Aframian DJ (2009) Different proteomic protein
patterns in saliva of Sjögren’s syndrome patients. Oral Dis
15:61–68

Freudenreich O (2005) Drug-induced sialorrhea. Drugs Today
(Barc) 41:411–418

Gallacher DV, Smith PM (1999) Autonomic transmitters and
Ca 2+ -activated cellular responses in salivary glands in
vitro. In: Garrett JR, Ekström J, Anderson LC (eds) Neural
mechanisms of salivary gland secretion. Frontiers of oral
biology, vol 11. Karger, Basel

Garrett JR (1988) Innervation of salivary glands: neurohisto-
logical and functional aspects. In: Sreebny LM (ed) In the
salivary system. CRC, Boca Raton

Garrett JR (1998) Historical introduction to salivary secretion.
In: Garrett JR, Ekström J, Anderson LC (eds) Glandular
mechanisms of salivary secretion. Frontiers of oral biology,
vol 10. Karger, Basel

Garrett JR, Emmelin N (1979) Activities of salivary myoep-
ithelial cells: a review. Med Biol 57:1–28

Garret JR, Thulin A (1975) Changes in parotid acinar cells
accompanying salivary secretion in rats on sympathetic or
parasympathetic nerve stimulation. Cell Tissue Res 159:
179–193

Gendler SJ, Spicer AP (1995) Epithelial mucin genes. Ann Rev
Physiol 57:607–634

Gibbons RJ, Hay DI (1988) Human salivary acidic proline-rich
proteins and statherin promote the attachment of Actino-
myces viscosus LY7 to apatitic surfaces. Infect Immun
56:439–445

Gorr S-U (2009) Antimicrobial peptides of the oral cavity.
Periodontol 2000 51:152–180

Giusti L, Baldini C, Bazzichi L, Ciregia F, Tonazzini I, Mascia G,
Giannaccini G, Bombardieri S, Lucacchini A (2007) Proteome
analysis of whole saliva: a new tool for rheumatic diseases—
the example of Sjögren’s syndrome. Proteomics 7:1634–1643

Godoy T, Riva A, Ekström J (2011) Clozapine-induced
salivation: interaction with N-desmethylclozapine and
amisulpride in an experimental rat model. Eur J Oral Sci
119:275–281

Gorr SU, Venkatesh SG, Darling DS (2005) Parotid secretory
granules: crossroads of secretory pathways and protein
storage. J Dent Res 84:500–509

Gray H (1988) Gray’s anatomy: the classical collector’s
edition. Bounty Books, New York

Gregersen MI (1931) A method for uniform stimulation of the
salivary glands in the unaesthetized dog by exposure to a
warm environment, with some observations on the quanti-
tative changes in salivary flow during dehydration. Am J
Physiol 97:107–116

Grisius MM, Fox PC (1988) Salivary gland dysfunction and
xerostomia. In: Linden RWA (ed) The scientific basis of
eating. Frontiers of oral biology, vol 9. Karger, Basel

Gröschl M (2009) The physiological role of hormones in saliva.
Bioessays 31:843–852

Guile GR, Harvey DJ, O’Donnell N, Powell AK, Hunter AP,
Zamze S, Fernandes DL, Dwek RA, Wing DR (1998)
Identification of highly fucosylated N-linked oligosaccha-
rides from the human parotid gland. Eur J Biochem
258:623–656

Hainsworth RF (1967) Saliva spreading, activity, and body
temperature regulation in the rat. Am J Physiol 212:
1288–1292

Hector MP, Linden RWA (1999) Reflexes of salivary secretion.
In: Garrett JR, Ekström J, Andersson LC (eds) Neural
mechanisms of salivary glands. Frontiers of oral biology,
vol 11. Karger, Basel

Heintze U, Birkhed D, Björn H (1983) Secretion rate and buffer
effect of resting and stimulated whole saliva as a function of
age and sex. Swed Dent J 7:227–238

Helm JF, Dodds WJ, Hogan WJ (1987) Salivary response to
esophageal acid in normal subjects and patients with reflux
esophagitis. Gastroenterology 93:1393–1397

Helmerhorst EJ, Sun X, Salih E, Oppenheim FG (2008)
Identification of Lys-Pro-Gln as a novel cleavage site

44 J. Ekström et al.



specificity of saliva-associated proteases. J Biol Chem 283:
19957–19966

Hu S, Arellano M, Boontheung P, Wang J, Zhou H, Jiang J,
Elashoff D, Wei R, Loo JA, Wong DT (2008) Salivary
proteomics for oral cancer biomarker discovery. Clin
Cancer Res 14:6246–6252

Huang CM, Torpey JW, Liu YT, Chen YR, Williams KE,
Komives EA, Gallo RL (2008) A peptide with a ProGln C
terminus in the human saliva peptidome exerts bactericidal
activity against Propionibacterium acnes. Antimicrob Agents
Chemother 52:1834–1836

Imai A, Nashida T, Shimomura H (1995) Regulation of cAMP
phosphodiesterases by cyclic nucleotids in rat parotid gland.
Biochem Mol Biol Int 37:1029–1036

Imamura Y, Fujigaki Y, Oomori Y, Usui S, Wang PL (2009)
Cooperation of salivary protein histatin 3 with heat shock
cognate protein 70 relative to the G1/S transition in human
gingival fibroblasts. J Biol Chem 284:14316–14325

Inzitari R, Cabras T, Onnis G, Olmi C, Mastinu A, Sanna MT,
Pellegrini MG, Castagnola M, Messana I (2005) Different
isoforms and post-translational modifications of human
salivary acidic proline-rich proteins. Proteomics 5:805–815

Inzitari R, Cabras T, Rossetti DV, Fanali C, Vitali A,
Pellegrini M, Paludetti G, Manni A, Giardina B, Messana I,
Castagnola M (2006) Detection in human saliva of different
statherin and P-B fragments and derivatives. Proteomics
6:6370–6379

Inzitari R, Cabras T, Pisano E, Fanali C, Manconi B, Scarano E,
Fiorita A, Paludetti G, Manni A, Nemolato S, Faa G,
Castagnola M, Messana I (2009) HPLC-ESI-MS analysis of
oral human fluids reveals that gingival crevicular fluid is the
main source of oral thymosins beta(4) and beta(10). J Sep
Sci 32:57–63

Isenman L, Liebow C, Rothman S (1999) The endocrine
secretion of mammalian digestive enzymes by exocrine
glands. Am J Physiol 276:E223–E232

Jenkins GN (1978) The physiology and biochemistry of the
mouth. Blackwell, Oxford

Jensen Kjeilen JC, Brodin P, Aars H, Berg T (1987) Parotid
salivary flow in response to mechanical and gustatory
stimulation in man. Acta Physiol Scand 131:169–175

Johanson CN (2011) Cariological and salivary studies in
70-year-old cohorts. Dissertation, University of Gothenburg

Johnson DA (1988) Regulation of salivary glands and their
secretion by masticatory, nutritional and hormonal factors.
In: Sreebny LM (ed) The salivary system. CRC, Boca Raton

Jou YJ, Lin CD, Lai CH, Chen CH, Kao JY, Chen SY,
Tsai MH, Huang SH, Lin CW (2010) Proteomic identifi-
cation of salivary transferrin as a biomarker for early
detection of oral cancer. Anal Chim Acta 681:41–48

Kariyawasam AP, Dawes C (2005) A circannual rhythm in
unstimulated salivary flow rate when the ambient tempera-
ture varies by only about 2 degrees C. Arch Oral Biol 50:
919–922

Khosravani N, Ekman R, Ekström J (2008) The peptidergic
innervations of the rat parotid gland. Effects of section of
the auriculo-temporal nerve and/or otic ganglionectomy.
Arch Oral Biol 53:238–242

Khosravani N, Birkhed D, Ekström J (2009) The cholinesterase
inhibitor physostigmine for the local treatment of dry
mouth: a randomized study. Eur J Oral Sci 117:209–217

Khosravani N, Sandberg M, Ekström J (2006) The otic
ganglion in rats and its parotid connection: cholinergic
pathways, reflex secretion and a secretory role for the facial
nerve. Exp Physiol 91:239–247 (Erratum in: Exp Physiol
91:481, 2006)

Khosravani N, Ekström J (2006) Facial nerve section induces
transient changes in sensitivity to methacholine and in
acetylcholine synthesis in the rat parotid gland. Arch Oral
Biol 51:736–739

Leipzig B, Obert P (1979) Parotid gland swelling. J Fam Pract
9:1085–1093

Loo JA, Yan W, Ramachandran P, Wong DT (2010)
Comparative human salivary and plasma proteomes. J Dent
Res 89:1016–1023

Longman LP, Higham SM, Rai K, Edgar WM, Field EA (1995)
Salivary gland hypofunction in elderly patients attending a
xerostomic clinic. Gerodontology 12:67–72

Lu Y, Bennick A (1998) Interaction of tannin with human
salivary proline-rich proteins. Arch Oral Biol 43:717–728

Mandel SJ, Mandel L (2003) Radioactive iodine and the
salivary glands. Thyroid 13:265–271

Matsuo R (1999) Central connections for salivary innervations
and efferent impulse formation. In: Garrett JR, Ekström J,
Anderson LC (eds) Neural mechanisms of salivary gland
secretion. Frontiers of oral biology, , vol 11. Karger, Basel

Melvin JE, Yule D, Shuttleworth T, Begenisich T (2005)
Regulation offluid and electrolyte secretion in salivary gland
acinar cells. Annu Rev Physiol 67:445–469

Messana I, Cabras T, Pisano E, Sanna MT, Olianas A, Manconi B,
Pellegrini M, Paludetti G, Scarano E, Fiorita A, Agostino S,
Contucci AM, Calò L, Picciotti PM, Manni A, Bennick A,
Vitali A, Fanali C, Inzitari R, Castagnola M (2008a) Traffick-
ing and postsecretory events responsible for the formation of
secreted human salivary peptides: a proteomics approach. Mol
Cell Proteomics 7:911–926

Messana I, Inzitari R, Fanali C, Cabras T, Castagnola M (2008b)
Facts and artifacts in proteomics of body fluids. What
proteomics of saliva is telling us? J Sep Sci 31:1948–1963

Mese H, Matsuo R (2007) Salivary secretion, taste and
hyposalivation. Oral Rehabil 34:711–723

Meurman JH, Tarkkila L, Tiitinen A (2009) The menopause
and oral health. Maturitas 63:56–62

Nagler RM (2004) salivary glands and the aging process:
mechanistic aspects, health-status and medicinal-efficacy
monitoring. Biogerontology 5:223–233

Navazesh M, Kumar SKS (2008) Measuring salivary
flow: challenges and opportunities. J Am Dent Assoc 139:
35S–40S

Nederfors T, Isaksson R, Mörnstad H, Dahlöf C (1997)
Prevalence of perceived symptoms of dry mouth in an
adult Swedish population—relation to age, sex and phar-
macotherapy. Community Dent Oral Epidemiol 25:211–216

Nederfors T, Twetman S, Dahlöf C (1989) Effects of the
thiazide diuretic bendroflumethiazide on salivary flow rate
and composition. Scand J Dent Res 97:520–527

Nemolato S, Messana I, Cabras T, Manconi B, Inzitari R,
Fanali C, Vento G, Tirone C, Romagnoli C, Riva A,
Fanni D, Di Felice E, Faa G, Castagnola M (2009)
Thymosin beta(4) and beta(10) levels in pre-term newborn
oral cavity and foetal salivary glands evidence a switch of
secretion during foetal development. PLoS One 4:e5109

Saliva and the Control of Its Secretion 45



Offner GD, Troxler RF (2000) Heterogeneity of high-molecular-
weight human salivary mucins. Adv Dent Res 14:69–75

Ohlin P (1966) Effects of isoprenaline treatment of secretory
responses and respiratory enzymes of the submaxillary
gland of the rat. J Oral Ther Pharmacol 3:190–193

Ohshiro K, Rosenthal DI, Koomen JM, Streckfus CF, Cham-
bers M, Kobayashi R, El-Naggar AK (2007) Pre-analytic
saliva processing affect proteomic results and biomarker
screening of head and neck squamous carcinoma. Int J
Oncol 30:743–749

Ono K, Morimoto Y, Inoue H, Masuda W, Tanaka T, Inenaga K
(2006) Relationship of the unstimulated whole saliva flow
rate and salivary gland size estimated by magnetic resonance
image in healthy young humans. Arch Oral Biol 51:345–349

Österberg T, Landahl S, Heidegård B (1984) Salivary flow,
saliva pH and buffering capacity in 70-year-old men and
women. J Oral Rehab 11:157–170

Österberg T, Birkhed D, Johanson CN, Svanborg A (1992)
Longitudinal study of stimulated whole saliva in an elderly
population. Scand J Dent Res 100:340–345

Oudhoff MJ, Bolscher JG, Nazmi K, Kalay H, van ‘t Hof W,
Amerongen AV, Veerman EC (2008) Histatins are the
major wound-closure stimulating factors in human saliva as
identified in a cell culture assay. FASEB J 22:3805–3812

Oudhoff MJ, Kroeze KL, Nazmi K, van den Keijbus PA,
van ‘t Hof W, Fernandez-Borja M, Hordijk PL, Gibbs S,
Bolscher JG, Veerman EC (2009a) Structure-activity
analysis of histatin, a potent wound healing peptide from
human saliva: cyclization of histatin potentiates molar activity
1,000-fold. FASEB J 23:3928–3935

Oudhoff MJ, van den Keijbus PA, Kroeze KL, Nazmi K,
Gibbs S, Bolscher JG, Veerman EC (2009b) Histatins
enhance wound closure with oral and non-oral cells. J Dent
Res 88:846–850

Peluso G, De Santis M, Inzitari R, Fanali C, Cabras T,
Messana I, Castagnola M, Ferraccioli GF (2007) Proteomic
study of salivary peptides and proteins in patients with
Sjögren’s syndrome before and after pilocarpine treatment.
Arthritis Rheum 56:2216–2222

Pisano E, Cabras T, Montaldo C, Piras V, Inzitari R, Olmi C,
Castagnola M, Messana I (2005) Peptides of human
gingival crevicular fluid determined by HPLC-ESI-MS.
Eur J Oral Sci 113:462–468

Poulsen JH (1998) Secretion of electrolytes and water by
salivary glands. In: Garrett JR, Ekström J, Anderson LC
(eds) Glandular mechanisms of salivary secretion. Frontiers
of oral biology, vol 10. Karger, Basel, pp 55–72

Praharaj SK, Jana AK, Goswami K, Das PR, Goyal N, Sinha
VK (2010) Salivary flow rate in patients with schizophrenia
on clozapine. Clin Neuropharmacol 33:176–178

Ramachandran P, Boontheung P, Xie Y, Sondej M, Wong DT,
Loo JA (2006) Identification of N-linked glycoproteins in
human saliva by glycoprotein capture and mass spectrom-
etry. J Proteome Res 5:1493–1503

Reichert FL, Poth EJ (1933) Pathways for the secretory fibres
of salivary glands in man. Proc Soc Exp Biol Med 30:
973–977

Rho MB, Deschler DG (2005) Salivary gland anatomy.
In: Witt RL (ed) Salivary gland diseases. Surgical and
medical management. Thieme, New York

Riva A, Loy F, Diana M, Isola R, Lantini MS, Ekström J (2010)
Secretory effects of pentagastrin and melatonin on human
parotid gland in vitro. An HRSEM study. In: XXI interna-
tional symposium on morphological sciences. Taormina -
Messina, 18/22 September - 2010, p 60

Robinovitch MR, Ashley RL, Iversen JM, Vigoren EM,
Oppenheim FG, Lamkin M (2001) Parotid salivary basic
proline-rich proteins inhibit HIV-I infectivity. Oral Dis
7:86–93

Rossoni RB, Machado AB, Machado CRS (1979) A histo-
chemical study of catecholamines and cholinesterases in the
autonomic nerves of human minor salivary glands. Histo-
chem J 11:661–688

Ryan CM, Souda P, Halgand F, Wong DT, Loo JA, Faull KF,
Whitelegge JP (2010) Confident assignment of intact mass
tags to human salivary cystatins using top-down Fourier-
transform ion cyclotron resonance mass spectrometry. J Am
Soc Mass Spectrom 21:908–917

Ryu OH, Atkinson JC, Hoehn GT, Illei GG, Hart TC (2006)
Identification of parotid salivary biomarkers in Sjogren’s
syndrome by surface-enhanced laser desorption/ionization
time-of-flight mass spectrometry and two-dimensional dif-
ference gel electrophoresis. Rheumatology (Oxford) 45:
1077–1086

Sarosiek J, Rourk RM, Piascik R, Namiot Z, Hetzel DP,
McCallum RW (1994) The effect of esophageal mechanical
and chemical stimuli on salivary mucin secretion in healthy
individuals. Am J Med Sci 308:23–31

Sabatini LM, Carlock LR, Johnson GW, Azen EA (1987)
cDNA cloning and chromosomal localization (4q11–13) of
a gene for statherin, a regulator of calcium in saliva. Am J
Hum Genet 41:1048–1060

Sabatini LM, Azen EA (1989) Histatins, a family of salivary
histidine-rich proteins, are encoded by at least two loci
(HIS1 and HIS2). Biochem Biophys Res Commun 160:
495–502

Sayardoust S, Ekström J (2003) Nitric oxide-dependent in vitro
secretion of amylase from innervated or chronically dener-
vated parotid glands of the rat in response to isoprenaline
and vasoactive intestinal peptide. Exp Physiol 88:381–387

Sayardoust S, Ekström J (2004) Nitric oxide-dependent protein
synthesis in parotid and submandibular glands of anaes-
thetized rats upon sympathetic stimulation or isoprenaline
administration. Exp Physiol 89:219–227

Scannapieco FA, Torres G, Levine MJ (1993) Salivary alpha-
amylase: role in dental plaque and caries formation. Crit
Rev Oral Biol Med 4:301–307

Schon F (1985) Postsympathectomy pain and changes in
sensory neuropeptides: towards an animal model. Lancet
2:1158–1160

Schüpbach P, Oppenheim FG, Lendenmann U, Lamkin MS,
Yao Y, Guggenheim B (2001) Electron-microscopic dem-
onstration of proline-rich proteins, statherin, and histatins in
acquired enamel pellicles in vitro. Eur J Oral Sci 109:60–68

Schwartz SS, Hay DI, Schluckebier SK (1992) Inhibition of
calcium phosphate precipitation by human salivary
statherin: structure-activity relationships. Calcif Tissue Int
50:511–517

Shafik A, El-Sibai O, Shafik AA, Mostafa R (2005) Effect of
topical esophageal acidification on salivary secretion:

46 J. Ekström et al.



identification of the mechanism of action. J Gastroenterol
Hepatol 20:1935–1939

Shapiro SL (1973) Recurrent parotid gland swelling. Eye Ear
Nose Throat 52:147–150

Shintani S, Hamakawa H, Ueyama Y, Hatori M, Toyoshima T
(2010) Identification of a truncated cystatin SA-I as a saliva
biomarker for oral squamous cell carcinoma using the SELDI
ProteinChip platform. Int J Oral Maxillofac Surg 39:68–74

Ship J, Pillemer SR, Baum BJ (2002) Xerostomia and the
geriatric patient. J Am Geriatr Soc 50:535–543

Smaje LH (1998) Capillary dynamics in salivary glands. In:
Garrett JR, Ekström J, Anderson LC (eds) Glandular
mechanisms of salivary secretion. Frontiers of oral biology,
vol 10. Karger, Basel

Sockalingam S, Shammi C, Remington G (2007) Clozapine-
induced hypersalivation: a review of treatment strategies.
Can J Psychiatry 52:377–384

Steiner DF (1998) The proprotein convertases. Curr Opin Chem
Biol 2:31–39

Strous GJ, Dekker J (1992) Mucin-like glycoproteins. Crit Rev
Biochem Mol Biol 27:57–92

Tabak LA (2001) A revolution in biomedical assessment: the
development of salivary diagnostics. J Dent Educ 65:
1335–1339

Tandler B, Riva A (1986) Salivary glands. In: Mjör IA,
Fejerskov O (eds) Human oral embryology and histology.
Munksgaard, Copenhagen

Teesalu S, Roosalu M (1993) Mixed salivary glucose and other
carbohydrate leverls and their changes in emotional stress
and in physical activity. Acta Physiol Scand 149:P57

Tenouvo J (1998) Antimicrobial functions of human saliva—
how important is it for oral health? Acta Odontol Scand
58:250–256

Thelin WR, Brennan MT, Lockhart PG, Singh ML, Foc PC,
Papas AS, Boucher RC (2008) The oral mucosa as a
therapeutic target for xerostomia. Oral Dis 14:683–689

Thomsson KA, Prakobphol A, Leffler H, Reddy MS,
Levine MJ, Fisher SJ, Hansson GC (2002) The salivary
mucin MG1 (MUC5B) carries a repertoire of unique
oligosaccharides that is large and diverse. Glycobiology
12:1–14

Vissink A, Spijkervet F, Amerongen A (1996) Aging and
saliva: a review of the literature. Spec Care Dent 16:95–103

Wärnberg GE, Einarson S, Jonsson M, Aronsson JI (2005)
Impact of dry mouth on oral health-related quality of life in
older people. Gerodontology 22:219–226

Wolff MS, Kleinberg I (1999) The effect of ammonium
glycopyrrolate (Robinul)-induced xerostomia on oral muco-
sal wetness and flow of gingival crevicular fluid in humans.
Arch Oral Biol 44:97–102

Wolff MS, Kleinberg I (1998) Oral mucosal wetness in hypo-
and normosalivators. Arch Oral Biol 43:455–462

Yao Y, Lamkin MS, Oppenheim FG (1999) Pellicle precursor
proteins: acidic proline-rich proteins, statherin, and hista-
tins, and their crosslinking reaction by oral transglutami-
nase. J Dent Res 78:1696–1703

Young CA, Ellis C, Johnson J, Sathasivam S, Pih N (2011)
Treatment for sialorrhea (excessive saliva) in people with
motor neuron disease/amyotrophic lateral sclerosis. Coch-
rane Database Syst Rev 11(5):CD006981

Zohar Y, Siegal A, Siegal G, Halpern B, Levy M, Gal R (2002)
The great auricular nerve: does it penetrate the parotid
gland? An anatomical and microscopical study. J Cranio-
maxillofac Surg 30:318–321

Saliva and the Control of Its Secretion 47


	481 Saliva and the Control of Its Secretion
	Abstract
	1…Functions of Saliva: An Overview
	2…Major and Minor Salivary Glands and Mixed Saliva
	3…Spontaneous, Resting, and Stimulated Secretion
	4…The Salivary Response Displays Circadian and Circannual Rhythms
	5…The Diversity of the Salivary Response
	6…Afferent Stimuli for Secretion
	7…Efferent Stimuli for Secretion
	8…Autonomic Transmitters and Receptors
	9…Secretory Units
	10…Fluid and Protein Secretion
	11…Myoepithelial Cell Contraction
	12…Blood Flow
	13…Salivary Centers
	14…Efferent Nerves
	15…Sensory Nerves of Glandular Origin
	16…Hormones
	17…Trophic Effects of Nerves: Gland Sensitivity to Chemical Stimuli and Gland Size
	18…Ageing
	19…Xerostomia, Salivary Gland Hypofunction, and Dry Mouth
	20…Causes of Dry Mouth
	21…Treatment of Dry Mouth
	22…Sialorrhea
	23…Protein Components of Human Saliva and Posttranslational Modifications
	24…The Salivary Proteome
	25…Polymorphism of the Salivary Proteome
	26…Physiological Variability
	27…Function of Salivary Proteins
	28…Pathological Modifications
	References


