Role of Oral Mucosal Fluid and Electrolyte Absorption

and Secretion in Dry Mouth
Guo H. ZHANG!, Robert CASTRO?

Dry mouth is induced by dehydration of the oral mucosa, resulting from an imbalance of
fluid supply and clearance within the oral cavity. Saliva is the major source of oral mucosal
fluid, whereas oral fluid clearance includes evaporation and swallowing. Oral mucosal fluid
absorption has been suggested to play a critical role in oral fluid clearance; over-absorption
of water and ions across the oral mucosa under certain conditions may be a major compo-
nent for oral fluid imbalance, leading to mucosal dehydration. While numerous studies have
confirmed that the oral mucosa absorbs fluid and electrolytes, the pathways and mechan-
isms mediating the absorption remain undefined. The transcellular pathway regulating oral
mucosal epithelial absorption includes aquaporins, epithelial Na* channel and/or Na*/H™*
exchanger, whereas the paracellular transport is likely to be mediated by tight junctions.
The regulatory mechanisms of these pathways require further elucidation. It remains unclear
whether the oral mucosa also secretes fluid and ions into the oral cavity. Although intercel-
lular lipids secreted by epithelial cells form the major barrier to paracellular water and ion
transport, the role and regulation of these lipids in oral mucosal hydration in physiological
and pathological conditions need further investigation. Delineation of these mechanisms will
be conducive to the development of preventive and therapeutic interventions for dry mouth.

Key words: dry mouth, mucosal fluid film, mucosal transport pathways, oral mucosal dehy-
dration, water and ion absorption and secretion

ry mouth can seriously impair oral health and

diminish the quality of life in patients, although
its impact on overall health has long been debated. Dry
mouth is not a clear term. It is often misused or incor-
rectly interchanged with another term, xerostomia; the
latter refers to the subjective sensation of oral dryness'-2,
it can be a patient’s primary complaint and is considered

a symptom of dry mouth. Although the nomenclature
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dry mouth has been widely used to describe xerosto-
mia and hyposalivation’, these terms have different
meanings!. Currently, a diagnosis of dry mouth is based
primarily on the existence of hyposalivation, second-
ary to the hypofunction of salivary glands, determined
by measuring unstimulated or stimulated salivary flow
rates. An unstimulated salivary flow rate of <0.1 ml/min
is considered to be hyposalivation®.

Xerostomia is common in the general population,
especially in the elderly®. In a review of 24 published
high quality reports from 1989 to 2009, the preva-
lence of xerostomia and salivary gland hypofunction
in elderly individuals, taken from the general public,
community dwellings, institutionalised and hospital
populations, varied from 11.3% to 78.0%° More
recently, Benn et al’ found that the overall prevalence
of xerostomia amongst a representative sample of den-
tate adult community-dwelling New Zealanders (age 18
years old and over) was 13.1%. Lee et al® reported that
the prevalence of xerostomia in Koreans undergoing
physical examinations at various hospitals was 33%. In

135



ZHANG and CASTRO

Oral Evaporation

Mucosal

/"
Fluid Film \‘

Swallowing
Absorption l I Secretion?

Oral
Epithelia

Saliva | )

Fig 1 The balance of oral fluid supply and clearance. The
oral mucosa fluid film covers the mucosa and is in a continu-
ous dynamic balance of fluid secretion and clearance. Saliva
is the major source of the oral fluid. Fluid secretion by the
mucosa may also contribute a portion of the fluid film, but
further research is needed to quantify its role. Oral fluid is
not only cleared by evaporation and swallowing, but mucosal
absorption may constitute a major role in oral fluid clearance.
Over-absorption by the mucosa may be a critical factor in the
development of dry mouth.

another study not included in the review by Liu et al®,
34% of subjects from 18 to 92 years of age complained
of xerostomia®. Overall, it has been well-established
that aetiological factors for xerostomia include old
age, being female, certain autoimmune disorders, spe-
cifically Sjdgren’s syndrome!?, medications reducing
saliva secretion!!"13, and radiation exposure to the head
and neck areas!-'%-20, Additional factors also include
smoking?! and wearing dentures?2.

Since the lack of sufficient saliva production is the
primary mechanism, current research has focused on
the various aetiological factors resulting in hyposaliva-
tion. Xerostomia is associated with reduced rates of
saliva secretion!%23-27. However, not all studies confirm
that all subjects who complain of xerostomia exhibit
hyposalivation>%13-28-30 For example, Ohara et al?®
found that in 34.8% of the 65- to 84-year old subjects
complaining of xerostomia, only 11.5% had hyposali-
vation. Similar results were reported in separate stud-
ies”30. Additional factors, other than hyposalivation,
must play a substantial role in the pathogenesis of dry
mouth.

The oral mucosa is a complex surface lining of the
oral cavity, consisting of various structures within
different regions of the mouth. Based on its function,
the oral mucosa is divided into three subtypes: the lin-
ing (60%), masticatory (25%), and specialised (15%)
mucosa’!. The major function of the oral mucosa
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includes protection of deeper tissues, the sensation of
temperature, the maintenance of pH and hydration. The
oral mucosa also secretes required substances‘that ‘are
not clearly defined. Specialised sensory and neuromus-
cular properties of the oral mucosa cause the unique
sensation found within the intraoral environment, such
as temperature, taste, and touch, as well as to provide
information regarding the size, texture, moisture, and
the movement of foods in the mouth. The oral mucosa is
continuously exposed to a variety of physical, mechani-
cal, chemical, and biological challenges, which includes
compression, stretching, shearing, abrasion, tempera-
ture variation, pH changes, toxic substances and micro-
bial invasions. Therefore, it is extremely important to
maintain a well moisturised, buffered, and protected
oral cavity surface and the significance of maintaining
a healthy oral mucosa cannot be overemphasised.

Oral mucosal hydration: Balance between fluid
secretion and clearance

Amongst a number of elements that influence oral
mucosal health, the key component is maintaining
appropriate mucosal hydration. The healthy oral mucosa
is in a continuous dynamic balance of fluid secretion and
clearance (Fig 1)3233. Dawes>* first proposed that if the
sum of fluid loss, including from absorption, evapora-
tion, and swallowing, is greater than the salivary flow
rate, affected individuals will experience the sensation
of dry mouth. To sustain a fully moist surface of the oral
cavity, the oral mucosa requires specific and distinct
regulatory mechanisms supplying a fluid comprising of
the appropriate water content and concentrations of elec-
trolytes, lipids and proteins. Three major pairs of sali-
vary glands, which include the parotid, submandibular,
and sublingual glands, provide the largest component of
fluid from distinct anatomical positions during eating
and mastication. There are approximately 800 to 1,000
minor salivary glands located within the submucosa of
different oral locations, including the buccal, labial, lin-
gual, soft and hard palatal sites, the floor of the mouth,
and the tongue, which continuously supply appropriate
moisture, and inorganic and organic substances. In addi-
tion, sebaceous glands in the oral mucosa may also play
arole in secreting lipids and other materials.

Residual saliva and oral mucosal fluid film

It is widely acknowledged that an unstimulated salivary
flow rate of < 0.1 ml/min is consistent with hyposaliva-
tion33-3¢. However, it has also been shown that not all
patients with this reduced unstimulated salivary flow
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rate experience symptoms of xerostomia3’. Similarly,
as previously described, not all individuals with xerosto-
mia have hyposalivation®28:30, Furthermore, it has been
reported that the severity of dry mouth symptoms often
does not correlate directly with the reduction in salivary
flow rates?38-39. It is widely accepted that dry mouth
occurs when the fluid influx, primarily from salivary
gland secretion, is exceeded by the fluid loss from the
mouth32-33, In other words, the sensation of a dry mouth
in those individuals is due to insufficient mucosal hydra-
tion*0-44, On the oral tissue surfaces, there is a thin layer
of remaining fluid following saliva swallowing, termed
residual saliva. It is probably more accurate to call it
‘residual fluid’, since a major component may not be
actual saliva. The mean saliva volume in the mouth, as
measured by Lagerldf and Dawes*, was approximate-
ly 1.07 ml and 0.77 ml prior to and after swallowing,
respectively, with large ranges for individual variations.
The residual fluid forms a thin film covering the oral sur-
face tissues, termed either oral mucosal fluid film, oral
mucosal film, oral salivary film or simply saliva film.
One of the major functions of the film is to maintain
hydration or wetness of the oral tissue surfaces. Appro-
priate hydration status provided by this film protects the
oral mucosa from feeling dry.

The relationship between the oral mucosal fluid
film and the oral mucosal pellicle remains undefined.
The latter is a protein film that is bound tightly to the
mucosal cells. It is widely known that the acquired
pellicle found on the teeth forms a protective and lubri-
cating film*. In contrast, the mucosal pellicle on the
epithelial cells of the oral mucosa forms a physical bar-
rier, prevents pathogen adhesion and lubricates oral soft
tissues*”. Although the acquired pellicle on the teeth has
been extensively studied, the formation, components
and function of the mucosal pellicle require further
characterisation. Salivary mucins, specifically mem-
brane-bound mucin (MUC1)* and gel-forming mucins
(MUC5B* and MUC7%), are major components of
the mucosal pellicle, which strongly adhere to the oral
epithelial cell surface. Other bound proteins, includ-
ing cystatin S, carbonic anhydrase VI, and IgA, do not
strongly adhere to the surface and can easily be washed
off>%, Mucins appear to provide lubrication, preventing
abrasion damage to the oral mucosa, whereas IgA may
play arole in the so-called immune reservoir in the fight
against invasion of pathogens>°. When the oral mucosal
fluid film is inadequate and there are symptoms of dry
mouth, the protein concentrations remaining on the oral
mucosa surface is significantly increased*>-%4. Although
these proteins may not play a functional role within the
mucosal pellicle, the significance or consequence of
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this derangement in the protein concentrations needs
further investigation. Currently, it is not.clear whether
the oral mucosal pellicle has any influencé con “oral
mucosal fluid absorption and whether the pellicle acts
as a barrier to fluid transport via the mucosal cells.

An index often utilised to assess the hydration or wet-
ness status is the oral mucosal film thickness, which is
considered a better criterion for dry mouth evaluation’!.
This film thickness is calculated by measuring residual
fluid. Collins and Dawes>? determined that the total sur-
face area of the oral cavity in adults was approximately
215 ¢cm? and the area of the oral mucosa was estimated
to be 178 cm?2, without significant differences between
males and females. The wetness of the oral mucosa or
the thickness of oral mucosal film depends mainly on
unstimulated whole salivary flow rates, and to a lesser
extent, the salivary secretion rates from minor salivary
glands**. Increasing evidence indicates that a negative
correlation exists between the thickness of oral mucosal
film and the severity of dry mouth*!:44.53,

Oral mucosal film has several characteristics. The
film thickness varies with intraoral locations (Table 1).
In general, the mucosa at the hard palate and the upper
lip has the thinnest film, in contrast to the thicker
surface films of the tongue and the floor of the mouth
(Table 1). This suggests that the perception of mucosal
dryness is most likely generated on the hard palate and
the upper lip, although the process and mechanisms of
oral dryness sensation are considerably complex and
remain poorly understood. Children have a similar
thickness of oral mucosal film in comparison to adults.
For example, the average film thickness in 5-year-old
children is not significantly different from measured
adult values, despite lower salivary flow rates in chil-
dren®®. It has been shown that the moisture content
in epidermal stratum corneum decreases with age’>.
Similarly, there is a negative correlation in the lower
labial mucosa between age, mucosal moisture and the
labial mucosa function indices>°.

In contrast to salivary flow rates, the thickness of
the oral mucosal film does not appear to correlate
with circadian thythms. The thickness measured in
20 individuals did not significantly vary between the
middle morning and afternoon hours*’, While further
investigations on potential differences between daytime
and night-time are lacking, this observation indicates
that oral mucosal film or thickness is constant during
daytime hours.

The most important clinical significance of the
mucosal fluid film is its close association with oral dry-
ness. In three groups of subjects (25 individuals each)
with unstimulated mean salivary flow rates of 0.04,
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Table 1 The thickness of oral mucosal film in human subjects with normal salivary flow rates.

DiSabato-Alordarski Wolff and Klein-  Wolff and Klein- Won et al Lee et al
Site of Oral Mucosa  and Kleinberg (1996)*° berg (1998)*! berg (1999)*? (2001)*3 (2002)**
(n = 10) [Right, Left] (n =25) (n=10) (n =30) (n =20)

Soft (posterior) palate 20, 30 15.9 32.9 21.6 26.4
Hard (anterior) palate 10, 10 15.9 41.6 7.3 7.6
Floor of Mouth

Duct 89.7 92.2

Canine 39.3 82.1

Anterior 40, 50

Posterior 50, 50
Buccal 314 48.8
Cheek

Anterior 38.3 77.4

Posterior 441 93.0

Above parotid duct 60, 30 89.7

Near parotid duct 60, 60 39.3
Anterior tongue 50, 50 77.2 99.8 57.2
Posterior tongue 70,70 90.0 115.5
Upper lip 10, 10 42.0 69.6 23.9 17.6
Lower lip 10, 20 32.5 59.5 26.7 28.9

0.19, and 0.39 ml/min, Wolff et al'* measured corre-
sponding mucosal film thickness values of 22.4, 27.8
and 41.8 um, respectively. The group with a salivary
flow rate of 0.19 ml/min complained of xerostomia,
despite a salivary flow rate higher than the criterion
for hyposalivation (0.1 ml/min). However, the average
oral mucosal film thickness in this group was 27.8 pum,
which was much closer to the 22.4 um value found
in patients with severe hyposalivation (with a corre-
sponding 0.04 ml/min salivary flow rate). Dawes and
Odlum®” hypothesised that dry mouth occurs when the
residual saliva level is reduced by more than 29% of
normal values. Therefore, the oral mucosal film thick-
ness measured by Wolff et al'# in their xerostomia group
had decreased by 33.5%, compared to healthy controls.
This observation indicates that the oral mucosal film
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thickness correlates with dry mouth and is a more useful
index compared to salivary flow rates. However, further
studies in this area are needed.

Significance of minor salivary glands in oral mucosal
wetness

Saliva secreted by minor salivary glands constitutes
approximately 7% to 8% of unstimulated and stimu-
lated whole salivary volumes>®. Despite the estimated
minimal contributions from the minor salivary glands,
reduced secretion rates from the palatal®® and labial
glands®%-93 are reported amongst individuals with xeros-
tomia. A positive correlation was also observed between
soft palatal mucosal wetness and secretion rates from
minor salivary glands*?. Therefore, it is suggested that
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the secretions of minor salivary glands may play an
important role in protecting the oral mucosa from the
sensation of dry mouth#3-:64,

Eliasson et al® measured the role of minor salivary
gland secretion and xerostomia in 142 subjects (18 to 82
years old). Individuals with xerostomia had significant-
ly lower unstimulated and stimulated labial secretion
rates compared to secretion rates in individuals without
xerostomia. Interestingly, individuals with xerostomia,
but normal stimulated whole saliva secretion rates, had
lower labial secretion rates compared to individuals
without xerostomia. This observation suggests that
labial salivary secretion may play an important role in
the perception of oral mucosal wetness.

The role of minor salivary gland secretion is likely
to be important in maintaining oral mucosal wetness
since these glands are broadly distributed in the entire
areas of the oral mucosa. Several studies®®®’ have
observed that secretory rates of minor salivary glands
are unaltered by gustatory stimulation with citric acid,
a typical stimulant for increasing salivary flow rates
from major glands. Thus, it is proposed that secretory
rates of the minor salivary glands may be more accurate
in reflecting dry mouth conditions. Satoh-Kuriwada et
al®® measured secretion rates of the lower labial glands
and compared whole salivary flow rates in 66 individu-
als with xerostomia and 30 healthy control subjects. A
significantly larger reduction in secretion rates from
the labial glands was measured compared to the gum-
stimulated whole salivary flow rates. They concluded
that measurements of minor salivary gland secretion
rates are a more accurate and sensitive method for the
assessment of dry mouth®®,

Oral mucosal absorption

Since the fluid in the oral mucosal film is in constant
and close contact with the oral cavity’s mucosal epithe-
lia; the role of fluid, ions, nonelectrolytes, and protein
exchange between the fluid film and the epithelium on
oral health was investigated. Dawes>? first proposed that
absorption of significant fluid volumes is regulated by
the oral mucosa. Thelin et al®? later demonstrated that
fluid and ion absorption across the oral mucosa is an
important mechanism for fluid clearance. Numerous
pharmacological studies have utilised the oral mucosa,
specifically the sublingual and buccal mucosa, as a ven-
ue for drug delivery®®. In fact, the oral mucosa has now
become an increasingly popular and important mode for
drug administration. The rationale for oral mucosal drug
delivery is based on the tissue’s unique characteristics.
For example, the oral cavity has fewer enzymes to poten-
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tially interact or interfere with the administered drugs;
drugs are absorbed directly into the circulation and the
oral mucosa repairs rapidly. A large number of medica=
tions have been approved for oral mucosal delivery by
the U.S. Food and Drug Administration (FDA) and/or
the European Medicines Agency (EMA). Examples are
the orally disintegrating or dissolving tablets approved
by the FDA and which are available in the U.S. These
include alprazolam, aripiprazole, carbidopa, clonaze-
pam, clozapine, desloratadine, donepezil hydrochloride,
lamotrigine, lansoprazole, levodopa, loratadine, meto-
clopramide hydrochloride, mirtazapine, olanzapine,
ondansetron hydrochloride, phentermine hydrochloride,
prednisolone sodium phosphate, risperidone, rizatriptan
benzoate, selegiline hydrochloride, vardenafil hydro-
chloride and zolmitriptan’®. Orally disintegrating or thin
film delivery of FDA- or EMA-approved drugs include
asenapine, buprenorphrine, cannabidiol, fentany] citrate,
miconazole nitrate, midazolam, naloxone, ondansetron,
8-9-tetrahydrocannabinol and zolpidem tartrate’®. In
addition, there are currently wide-scale studies focusing
on vaccine delivery via the sublingual mucosa, such as

vaccines against the HIN1 influenza or HIV-1 virus’°.

Histological structure of the oral mucosa

The oral mucosa consists of two major tissue constitu-
ents, the epithelium and the underlying lamina propria.
The former is a stratified squamous tissue with up to
50 layers of cells, as found in the buccal mucosa. The
epithelia in the regions of the hard palate, gingiva, and
various sites of the dorsum of the tongue are keratinised
epithelia. The cells in the keratinised epithelia consist of
the basal, prickle, granular and keratinised layers. How-
ever, the epithelia in the regions of the lip, buccal, alveo-
lar and soft palatal mucosa, including the underside of
the tongue and the floor of mouth, are non-keratinised,
consisting of the basal, prickle, intermediate and superfi-
cial cell layers3!. The thickness of the oral mucosa varies
considerably in different regions within the oral cavity
(Table 2) due to the distinct functions required in differ-
ent oral locations. The thinnest region within the human
oral mucosa is the floor of mouth, with a thickness of
86 to 113 pum. In contrast, the buccal epithelium has a
measured thickness up to 500 pm’!-73,

Beneath the epithelium is the lamina propria, a layer
of connective tissue containing blood vessels, nerve
fibers and a variety of cell populations, including
fibroblasts, lymphocytes, plasma cells, macrophages,
eosinophilic leukocytes, and mast cells. The function
of the lamina propria is to provide nutrition and aid in
defense. Underneath the lamina propria is the submu-
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Table 2 The thickness of human oral mucosa (um).

Mucosal Site

Klein-Szanto and Schroeder (1977)"! a)

Prestin et al (2012)’2b) ~ Almeida et al (2013)° c)

Floor of mouth 86 + 13 (6)
Anterior 99 + 22
Lateral 113 + 28
Hard Palate 248 + 37 (13) 239 + 57
Anterior palatal arch 124 + 26
Palatal uvula 144 + 30
Alveolar mucosa 260 + 40 (8)
Attached gingiva 255 + 57 (6) 233 (8)
Lip 370 (8)
Buccal mucosa 480 + 90 (23) 294 + 68 307 (12)
Lateral tongue 216 + 59 279 (12)

a) Human oral mucosa samples were fixed and measured with a microscope. The results are expressed in mean + standard deviation and subject
numbers are indicated in parentheses. Data shown in the table”! summarise results from different reports within the same laboratory”#7%. b) The
thickness of the oral mucosa was measured in the oral cavity in human subjects with optical coherence tomography and the results are expressed
in mean + standard deviation from 143 healthy volunteers. c) Human oral mucosa samples were fixed with paraffin inclusion techniques, stained
with hematoxylin-eosin (HE), and mucosa thickness was measured with an Olympus BX41 microscope.

cosa, containing dense connective tissue, blood vessels,
lymphatic vessels, nerve fibers, adipose tissue and small
salivary glands. It provides support and nutrition to the
epithelium. An additional function of the submucosa is
to attach to the underlying tissue, muscle or bone. It has
been well-documented that the major barrier function of
the oral mucosa is found in the top layers of the epithe-
lium. It is important to note that the lamina propria does
not provide a substantial barrier to permeations of fluids
or other molecules®77.

The histological structure of the keratinised oral
mucosa is substantially similar to that of skin epidermis.
The primary function of the epidermis is to prevent
transepidermal water loss (TEWL) from underlying
tissues. A major function of the oral mucosa also is to
prevent transmucosal water loss (TMWL) and the lat-
ter has been proposed as an index for mucosal water
retention’8. In normal skin, the stratum corneum, the
outermost epidermal layer, constitutes the main bar-
rier against bidirectional diffusional transport’®. The
significance of this barrier is to preserve hydration of
the stratum corneum’s outer layer, a critical function
for maintaining skin flexibility. The low permeability
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also generates a water gradient in the stratum corneum,
maintaining sufficient cell layer hydration for enzy-
matic reactions required for metabolic processes, such
as desquamation®%-8!, This property is known as stratum
corneum moisturisation, which is dependent on the
barrier formed by the stratum corneum, the corneocyte
envelopes, the intercellular lamellar lipids and natural
moisturising factors (NMFs) (see below).

Water absorption

Although a major barrier exists for the movement of
various molecules across the oral mucosal epithelia,
permeation of fluid, electrolytes, and other macromol-
ecules, especially water flux across the oral epithelia
and the entire mucosa, occurs in regulated amounts.
Dawes32 proposed that relatively large volumes of water
are absorbed by the oral mucosa. This is based on the
osmotic pressure generated by saliva, which is approxi-
mately one sixth of extracellular fluid, and creates a driv-
ing force for water to traverse across the oral mucosa.
Using the average surface area of the oral mucosa at
178 cm? 2 and a measured water permeability coeffi-
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Table 3 Water permeability in the oral mucosa.

Mucosal region

K, (10> cm min’})*

Investigator (year)

Human
Buccal
Isolated 5.79 Lesch et al (1989)%7
Isolated 32.80 Selvaratnam et al (2001)88
Cultured 35.90 Selvaratnam et al (2001)88
Hard palatal
Isolated 40.40 Selvaratnam et al (2001)88
Cultured 61.50 Selvaratnam et al (2001)58
Tongue
Lateral border 7.72 Lesch et al (1 989)87
Ventral 48.00 Healy et al (2000)%2
49.60 Howie et al (2001)%3
Floor of Mouth 9.73 Lesch et al (1989)%7
Nonhuman Primate
Buccal 2.40 Nielsen and Rassing (2000) 89
Porcine
Buccal 4.51 Squier and Hall (1985)84
0.82 Nielsen and Rassing (2000)%°
Floor of Mouth 7.53 Squier and Hall (1985)84
Gingival 2.79 Squier and Hall (1985)%3
Canine
Buccal 306.60 Galey et al (1976)90

*Water permeability coefficient (Kp) was measured with 3H20 in freshly isolated or cultured human, non-human primate, porcine or canine
oral mucosa. K_ was calculated using the equation®!: Kp = Q/[A(Cy - C) 1], where Q (mol) is the quantity of 3H20 crossing the mucosa; A is

p

the area (cm?) of the mucosa; C, is the concentration (mol/l) of 3H20 outside of the mucosa; C; is the concentration (mol/l) of 3H20 inside of
the mucosa; and t is time (min). Kp values were expressed in different units in the original publications (i.e. 10”7 cm sec™ or 104 cm min)
and have been converted to similar units (10 cm min™") for direct comparison.

cient (I%) of 4.8 x 10 cm min'! across the human oral
mucosa®®83, the maximum rate of water transfer from
the saliva across the oral mucosa is calculated to be
0.19 ml/min32. This corresponds to 274 ml/day of fluid
absorption, assuming a stable rate of fluid movement.
Thelin et al®3, utilising the data observed in healthy vol-
unteers, estimated a total oral cavity fluid absorption rate
of 0.564 ml/min. This would be consistent with much
larger amounts of fluid volume absorption, again assum-
ing a steady state rate. Although these estimations were
not intended to encourage accurate movement of fluid
volumes due to multiple uncertainties or assumptions,
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these novel water absorption models indicate that the
absorptive properties of the oral mucosa may contribute
significantly to the pathogenesis of dry mouth.

The oral mucosa has a higher permeability to water
compared to the skin. Measurements from different oral
regions indicate that the buccal mucosa has the highest
permeability coefficient (Table 3). The permeability
barrier of the oral mucosa is measured from the surface
or upper one third of the epithelium®¥-3, corresponding
to the superficial layer of the whole mucosa.

Mechanisms mediating water absorption: although
the specific mechanisms mediating oral mucosal water
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absorption and fluid flux remain unclear, the process
does not require active epithelial transport systems,
since inhibiting energy production with potassium
cyanide (KCN) does not alter water permeability®*.
The precise locations for transepithelial water move-
ment across the oral mucosal epithelium also remains
unclear. However, it has been suggested that there are
two routes or pathways, transcellular and paracellular,
where the regulated movement of water and other
substances cross the oral mucosal barrier. Since oral
epithelia have multiple cell layers, movement via these
pathways are expected to be complex.

Transcellular absorption of water via aquaporins:
aquaporins (AQPs) are a family of proteins mediating
rapid water flow across cell membranes with low water
permeability. AQP functions and isoforms can be divid-
ed into three subgroups®?: 1) water-selective or classic
AQPs, including AQPs 1, 2, 4 and 5; 2) aquaglycerop-
orins, including AQPs 3, 7, 9 and 10, which facilitate
passage of water and small uncharged molecules, such
as glycerol and other small solutes like urea’?; and 3)
unorthodox AQPs, including AQPs 6, 8, 11 and 12.
Currently, it is unclear which AQP isoforms exist in the
oral mucosa and there are limited studies characterising
the expression of aquaglyceroporins in the oral mucosa.

AQP3 is the most frequently studied aquaglyceropor-
in isoform. It is the most abundant aquaglyceroporin in
the skin, mediating both water and glycerol transport; it
plays a vital role in maintaining hydration of the mam-
malian skin epidermis. In addition, AQP3 regulates
lipid metabolism, proliferation and differentiation of
keratinocytes, wound healing, migration of water chan-
nels within the cells and skin tumorigenesis®*. AQP3
exists in several cell layers, including the basal®>-%
and the prickle layers of the epidermis®*, but not in the
dermis®*. The subcellular location of AQP3 expression
has not been extensively studied, but strong expres-
sion has been identified in the plasma membranes,
including the prickle and basal cell layers, and in all
keratinised cells?*?3. Recently it has also been shown,
with Western blotting, that AQP3 also exists in human
skin stratum corneum cells®’ and its proposed role is to
act as a barrier against water loss, improving hydration
below the cornified layer”®100, Measurements of water
transport across stripped human skin and reconstructed
epidermis confirmed that water transport was sensitive
to AQP inhibition with HgCl, or by lowering the pH,
indicating that AQP3 mediates water permeability and
is essential for epidermis hydration®>. AQP3-knockout
mice have reduced stratum corneum water content
and elasticity in comparison to wild-type mice!?!, and
are unable to increase hydration in response to high
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humidity”®°. The glycerol content in-the epidermis,
specifically in the stratum corneum;. is) reduced in
AQP3-knockout mice, presumably from “décreased
glycerol transport. Although the permeability to water
and glycerol in the stratum corneum was significantly
reduced in AQP3-knockout mice, the topical or sys-
tematic glycerol administration restored all abnormal
phenotypes, including the reduced stratum corneum
hydration. These results suggest that the functional
alterations induced by decreased expression or function
of AQP3 are due to the decrease in glycerol transport”S.

Earlier studies found that AQP3, in addition to AQP4
and AQPS5, were expressed in the suprabasal layers of
the oral epithelium during tooth development in humans
and mice!9%103, However, the function of these AQPs
in the developing oral epithelium is unclear. Recently,
Poveda et al!% determined the expression of aquaglyc-
eroporins in rat oral stratified squamous epithelia in
the palatal and buccal mucosae, the inferior side of the
tongue and the floor of the mouth, by utilising RT-PCR,
immunofluorescence and immunogold electron micros-
copy. They found that AQP3 and AQP9 mRNAs were
expressed in these oral epithelia and AQP3 protein
was identified by immunostaining in specific epithelia.
AQP3 proteins are accumulated and transported to the
plasma membrane, where they incorporate into the
cornified or surface layers. The location of AQP3 sug-
gests that this aquaglyceroporin may facilitate water
flux induced by an osmotic gradient across the plasma
membrane, hence regulating the permeability of the
mucosal barrier. However, whether AQP3 has a similar
function in facilitating glycerol transport and whether
glycerol plays a similar role in epithelial hydration in
the oral mucosa requires further investigation.

Another aquaglyceroporin, AQP9, is expressed
in various tissues, including the liver, brain, skin,
epididymis, Leydig cells and leukocytes!?>. AQP9
expression differs and is highly restricted to the upper
stratum granulosum in the human epidermis, where
AQP3 expression is limited”®. AQP9 also co-exists with
occludin, suggesting that AQP9 and the tight junction
may co-regulate transport of glycerol, urea or other
small solutes®.

AQP9 appears to be capable of mediating permeation
of a broad spectrum of uncharged solutes, including
glycerol, mannitol, sorbitol, urea, thiourea, adenine,
pyrimidines (uracil and fluorouracil [5-FU]) and mono-
carboxylates (lactate and B-hydroxybutyrate)!05-106,
However, contradictory results exist in terms of AQP9’s
role in water and urea permeability. The expression of
AQP9 in normal human epidermal keratinocytes did
not alter osmotic water permeability and is consistent
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with the lack of change in water and urea permeability
measured in erythrocytes from AQP9-null and wild-
type mice'%’. AQP9 also mediates methylarsonic acid
and arsenite transport'%-110, Although the function of
AQP9 in the epidermis is not well characterised, it is
hypothesised that this aquaglyceroporin isoform is also
required for normal skin hydration and elasticity since
its expression is in the outermost layer of the stratum
granulosum. However, further evidence is required to
identify distinct physiological role(s).

AQP9 is expressed in the marginal areas of the basal
and suprabasal layers of rat oral stratified squamous
epithelia in the palate, buccal mucosa, the inferior side
of the tongue and the floor of the mouth!%4, Therefore,
it was proposed that AQP9 may act as a channel for
glycerol uptake from general circulation. Nonetheless,
the role of glycerol in oral mucosal hydration remains
unclear.

Hyperosmotic stress increases AQP3 and AQP9
expression: the expression of AQP3 and AQP9 is sig-
nificantly increased in response to hyperosmotic stress
in several specific cell types. Incubation of human
keratinocytes in hypertonic medium through the addi-
tion of 200 mM sorbitol significantly increased AQP3
mRNA expression. This effect is the direct result of
changes in medium osmolality and not by the type of
solute added to the culture medium, since 100 mM
NaCl, 200 mM mannitol, 200 mM glucose or 200 mM
sucrose produced similar effects. However, hypertonic
challenges did not alter AQP9 expression'!!. Arima
et al'!2 observed that in rat brain cortical astrocytes,
hyperosmotic stress by addition of mannitol or sorbitol
increased the expression of AQP4 and AQP9 mRNA
and the increased expression was inhibited by 10 uM
SB203580, a p38 mitogen-activated protein kinase
(MAPK) inhibitor. Yang et al'!3 also exposed rat brain
astrocytes to hyperosmotic medium and observed an
increase in the expressions of AQP isoforms 3, 4, §,
and 9, and p38 MAPK inhibition blocked the increase
in AQP4 and AQPY expression.

It is still unclear which other AQP isoforms are
expressed in the oral mucosa; however, AQP3 and
AQP9 may facilitate both transcellular osmotic water
flow!%* and glycerol transport in oral epithelial cells.
Since their expression appears to be regulated by the
osmotic status of oral fluids, these AQPs may play a key
role in the hydration of the oral mucosa. Considering
that the oral mucosa is a multilayer structure, how water
and ions traverse across multiple cell layers to reach
the circulatory blood vessels needs further investiga-
tion. More studies are also needed to elucidate the AQP
isoform expression and their localisation within the cell.
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Further delineation of these AQP functions, including
their roles in oral mucosal fluid transport, will contrib-
ute to a better understanding of the mucosal hydration
processes.

Paracellular water absorption through tight junc-
tions: tight junctions (TJs) are major intercellular
barriers with a primary function, which form a sealing
complex between cells, establishing not only barri-
ers, but channels for water, ions and to a much lesser
magnitude, large molecules. TJs are essential in sali-
vary secretory function (see review by Zhang et al)'14,
but whether they also significantly contribute to oral
mucosal hydration or dehydration has not been exten-
sively studied. In measuring the permeability of porcine
oral mucosa to polyethylene glycol (PEGs), Goswami
et al'!> found the pore radius of aqueous pathways were
18 to 22 A in the buccal mucosa and 30 to 53 A in the
sublingual mucosa. However, these pore sizes are much
larger than reported radii ( <9 A) of aqueous pathways
in other epithelia, such as the kidney, intestine, lung and
salivary glands!'®. This discrepancy requires further
investigation.

Although their distribution varies considerably, a
number of TJ mRNAs and proteins are expressed in the
mammalian epidermis, a tissue with similar character-
istics as oral mucosa, including claudins 1, 4, 5, 6, 7,
10, 11, 12, 17 and 18, occludin, JAM-A, ZO-1, MUPP-
1 and cingulin'!®. TJs are present in the uppermost
epidermal living cell layers of the stratum granulosum,
including claudin-1, claudin-4, occludin, ZO-1, ZO-2
and cingulin. These major TJ proteins are expressed in
stratified epithelia, and are also expressed in the gingi-
val, lingual and other oral mucosa!!”. Measurements of
occludin in the oral mucosa revealed that TJs exist in
the upper spinous and granular keratinocytes!'8. Studies
using TJ protein-knockout animal models suggest that
TJ proteins are essential for regulating normal TEWL.
Claudin-1 is critical in retaining water, since claudin-
1-knockout mice die within 1 day after birth due to
increased TEWL!!®. However, Ouban and Ahmed!??
observed that normal squamous mucosae from the
tongue, gingiva and palate have only low levels of
claudin-1 expression.

Since TJ formation is dependent on established
adherens junctions (AJs), paracellular water permeabil-
ity is also affected by the stability of AJs. Epidermal
E-cadherin-knockout mice showed increased TEWL
and died shortly after birth due to the leaky TJs!?!.
E-cadherin knockout prevented TJ formation since
TJ assembly is dependent on AJs!'?2. However, in oral
mucosal epithelia, the major intercellular junctions

are primarily desmosomes, TJs and gap junctions’!.
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Whether desmosomes influence TJ barrier and channel
function remains unclear. In cultured human gingival
epithelial cell monolayers, the formation of intercellular
desmosomes appears to be dependent on Ca?" con-
centration in the culture medium; low Ca2* (0.3 mM)
medium abolishes desmosome formation'?3. Given that
desmosomes are strong intercellular connections, with
a critical role in maintaining cell-to-cell distance, it is
likely that disturbances in desmosome formation may
impair TJ function. Studies focusing on the properties
of TJs should prove invaluable in providing insights on
the mechanisms regulating water transport in the oral
mucosa.

Although TJs are likely to be critical for fluid trans-
port in the oral mucosa, the characteristics of water
movement and its regulation as it passes through the
barriers are undefined. Further investigations are need-
ed in characterising which TJ proteins are expressed
in oral mucosal cells, what roles these proteins play in
water absorption and secretion, and how the function of
these proteins are regulated.

Water absorption coupled with glucose transport:
in the small intestinal mucosa, Na* and glucose trans-
port through the Na*/glucose cotransporter (SGLUT1)
creates dilation of the tight junctions, mediating bulk
absorption of water and other nutrients through the
paracellular pathway!24125 It has been reported that the
stoichiometry of SGLUT] transport involves two Na*
ions, one glucose molecule and 249 water molecules'26,
which would provide a high-capacity water transport
mechanism. It has been shown that oral mucosal cells
express SGLUT1 and glucose transporter (GLUT)-1, -2
and -3 (see below). Thus, it is highly likely that the oral
mucosal cells possess a similar water transport system
as identified in the intestinal epithelium. However, stud-
ies to explore this unique system in oral mucosal cells
are needed.

lon absorption

It was long thought that the oral epithelium did not have
absorptive properties since its function was to form an
impermeable barrier’'; whether this concept was valid
was the subject of investigations in the 1960s. These ear-
ly studies confirmed that Na* and K* were transported
across the oral mucosa (see review by Thelin et al)*3. In
1988, Orlando et al'?7 measured transmucosal electrical
potential differences (PD) and short-circuit currents (I )
using Ussing chambers from isolated hamster, rabbit,
dog, and human buccal mucosae, and measured PD val-
ues from -18 to -39 mV across these mucosal samples.
It was also found that a component of the I across the

144

mucosae was generated by Na® flux, ‘since 18% and
32% inhibition was measured following ‘application of
10 M and 10* M amiloride, respectively, a Na*chan-
nel and Na/H" exchanger inhibitor. In addition the I
was dependent on extracellular Na* concentrations and
complete replacement of Na* by choline in the bathing
solution reduced I, by 60%. Studies with 14C-mannitol
flux also showed that the paracellular pathway contrib-
uted approximately 21% to the conductance. Similar
results were obtained by altering ion transport properties
and barrier function in the buccal mucosa, using smoke-
less tobacco!28, It was concluded that the buccal mucosa
PD was generated by Na* absorption via epithelial Na*
channels (ENaC) and by Na™/K" pumps. Specifically,
Na* enters oral mucosal cells through ENaC and is
extruded out of the basolateral aspect of the cell by the
Na*/K*-pump. This would be consistent with the base-
line mean Na* concentration of 20 mM in saliva'2%130
and only 0.3 to 0.5 mM measured within buccal mucosal
cells'3!. This gradient provides a strong driving force for
transcellular Na" transport, whereas, the Na* concen-
tration in the interstitial space is much higher and the
gradient is reversed. Therefore, Na' traversing across
TJs seems less likely. Based on the studies by Orlando
et al'?7 and others, therapies utilising ENaC inhibitors
would potentially treat the symptoms of dry mouth by
inhibiting Na™ transport, thereby blocking water absorp-
tion and increasing mucosal hydration33.

The study by Orlando et al'?’ raises important
issues. Firstly, although transepithelial Na™ absorption
has been thought to mediate oral mucosal hydration
through ENaC, only 60% of the I . was dependent on
Na* containing solutions. In addition, amiloride at low
and high concentrations (10 M and 104 M, respective-
ly) inhibited only small portions of basal 1., (18% and
32%). Therefore, other ion transport mechanisms are
likely to be involved. Secondly, the evidence indicates
that ion flux via paracellular pathways may play a more
significant role. Finally, as discussed by Orlando et
al'?’, it will be important to further investigate the role
of anions, such as CI" or HCOj;" efflux, on transepithe-
lial movement and their contribution to oral hydration.

McMurchie et al'32 measured 22Na* uptake in iso-
lated human cheek (buccal mucosal) cells and found a
Michaelis constant (K, ) for Na* uptake from 5.7 mM of
extracellular Na* and a maximal uptake rate of 4.3 nM
Na'*/mg protein/30 s. The Na" uptake was dependent on
a H" gradient with a K for 0.17 pM of intracellular H'.
This Na" uptake was inhibited by amiloride (104 M),
5-(N-methyl-N-isobutyl)-amiloride (MIA) and 5-(N,N-
hexamethylene)-amiloride (NNHA), but not by Na'/
K*-ATPase or Na*/K*/2CI" cotransporter inhibitor oua-
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bain or bumetanide, respectively. This suggests that Na*
uptake is mediated by the Na*/H* exchanger.

Dysfunctional H" gradient-dependent Na® uptake
in cells has been associated with hypertension. Uptake
of 22Na" in buccal mucosal cells, isolated from hyper-
tensive adult human subjects, was 45% lower than in
cells obtained from control subjects'33. Similarly, the
activity of the Na*/H' exchanger in buccal mucosal
cells isolated from hypertensive adolescents was 50%
lower compared with adolescents with lower or normal
blood pressures!34. Also in buccal mucosal cells, altera-
tions in the cellular ionic concentrations also alter Na*
uptake. Utilising the K or Na* ionophores, valinomy-
cin or gramicidin, Na* uptake was increased by 177%
and 227%, respectively. Treatment with a dual K* and
H" ionophore enhanced Na" uptake by 654%!33. These
results demonstrated that by increasing cytosolic HY,
thereby increasing the H* gradient, this significantly
potentiates Na' uptake. Interestingly, incubation of
these same cells with saliva'3> or low molecular weight
salivary components!3:136 for 2 h significantly stimu-
lated Na™ uptake. Na*/H" could also be stimulated with
pre-incubation with 25 mM potassium phosphate buff-
er. In these studies, the V| of the Na”/H" exchanger
activity was increased, whereas K for extracellular
Na' was unchanged'?>.

Since salivary concentrations of K* and phosphate
are high, it is possible that the stimulation of Na™/H"
exchange is by the K salts of PO,3", HPO42' or H,PO,".
Physiologically, in vivo pH values of oral fluids are
likely to be similar to the cytosolic pH in oral mucosal
cells and large proton gradients may not exist. It is also
questionable if Na* transport mechanisms are designed
to mediate significant Na* absorption and ionic compo-
nents or whether substances in the saliva play a more
significant role stimulating Na® absorption through
transcellular pathways. Further research is needed to
address such issues and what role higher salivary K*
and phosphate content, and its association with Na*
absorption, may have on symptoms of dry mouth or
overall oral health.

The relationship between Na® transport and water
absorption in the oral mucosa has not been established.
As Na' concentration is higher in oral fluids than in
mucosal cells, Na* is likely to be absorbed by ENaC or
other mechanisms, into the cells and then extruded by
the Na*/K*-pump. It is unlikely that significant amounts
of Na* traverse across the paracellular pathway con-
sidering that TJs may lack a substantial Na gradient
as a driving force. On the other hand, water may move
through the paracellular pathway more easily since
osmotic gradients seem to exist across the oral mucosa.
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Investigation of these issues is of high significance in
revealing the mechanisms associated with dry mouth.

Nonelectrolyte absorption

The oral mucosal absorption of endogenous nonelec-
trolytes produced by the body and secreted into saliva
is unclear. This is partly due to a limited number of
studies, which identify and characterise nonelectrolytes
secreted by the salivary glands. Urea and sugars, such
as glucose, are secreted into saliva in relatively large
amounts, but their absorption by the oral mucosa is dif-
ficult to quantify.

Exogenous or foreign nonelectrolytes, such as sugar
alcohols, including maltitol, erythritol, mannitol, sorbi-
tol, xylitol and isomalt, are widely used as sweeteners
in oral health products, including toothpastes, chew-
ing gums and mouthwashes. Mannitol has also been
used as a tracer to examine paracellular permeability.
Absorption of most of these nonelectrolytes, especially
various types of sugars, appears to be coupled with
water movement!?>126, The influence of these none-
lectrolytes on the function of oral mucosa has received
increasing attention in recent years. The transport of
exogenous nonelectrolytes and their impact on the oral
mucosa will be discussed separately.

Sugars: saliva contains low concentrations of glu-
cose!'37-139 and other forms of sugar, such as sucrose.
The glucose concentration in saliva collected from
healthy human subjects has been reported to be 0.03
to 0.13 mM with an average level of 0.07 mM!37-140,
Sugars are absorbed by the oral mucosa, including
D-glucose and sucrose'#!143_ although the physiologi-
cal significance of sugar absorption by the oral mucosa
remains undefined. Manning and Evered'#* observed
that sugars were transported across the buccal mucosa
by a carrier-mediated mechanism and the absorption
of D-glucose, galactose and 3-O-methyl-D-glucose
were partly dependent on Na'. Subsequently, several
studies demonstrated that oral mucosal epithelial cells
expressed sugar transport mechanisms, including glu-
cose transporter (GLUT)-1, -2, and -3 and Na'/glu-
cose cotransporter (SGLUT1). GLUT1 is extensively
expressed in all epithelial cell layers of the oral mucosa,
reflecting the high turnover rates'4. Studies carried out
in vitro, elucidating the mechanisms of glucose uptake
in isolated human oral mucosal cells from the buccal
mucosa and the dorsum of the tongue by Oyama et al'4°,
found that D-glucose uptake was greater in cells from
the tongue’s dorsum compared to the buccal mucosa.
Glucose uptake was inhibited more extensively by
2-deoxy-D-glucose, a substrate of the facilitative glu-
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cose transporters compared to oa-methyl-D-glucoside,
a specific substrate of SGLT1. This suggests that a
significant portion of glucose transport is via facilitative
transporters compared to transport through SGLUT1'46,
Furthermore, it has been demonstrated that other glu-
cose transporters, GLUT1 and GLUTS3, also participate
in glucose uptake in oral mucosal cells'40. However,
not all glucose is transported via glucose transporters.
In isolated and cultured human oral mucosal cells,
approximately 40% of 4C-D-glucose movement is via
transporters and the remainder is likely to be through
paracellular pathways, potentially via tight junctions'4”.

In enterocytes, glucose and fructose uptake is medi-
ated by SGLUT1 and GLUTS, respectively, and these
monosaccharides are transported out of the cell through
GLUT?2 located on the basolateral membrane!*8. It
is unclear if glucose transport in oral mucosal cells
is mediated by a similar mechanism. Since glucose
transport appears to be associated with water transport
in small intestinal mucosal cells, delineation of oral
mucosal glucose transport via a similar system and a
possible association with water movement would be of
importance.

Urea: urea is synthesised in the body by the urea
cycle in the liver, transported through blood, and excret-
ed by the kidney. Urea is a water-soluble and non-toxic
polar nonelectrolyte and is involved in many metabolic
processes, most importantly with nitrogen excretion.
The discovery of a cellular urea transporter (UT) ended
the long-held assumption that urea moved freely across
cell membranes. There are two types of urea transport-
ers, UT-A and UT-B. The former consists of a group of
subtypes, UT-A1 to UT-AS, with additional mRNA iso-
forms; UT-B consists of UT-B1 and UT-B2 (see review
by Sands!#? and Klein et al'3%). UT-A isoforms are
expressed mainly in kidneys and mediate urea reabsorp-
tion. In addition, the other UT-A isoforms have been
isolated in the liver (A2), heart (A2b) and testis (A5)'4?,
but their function in these organs remains poorly under-
stood. UT-B has been isolated in a number of tissues,
including red blood cells and endothelial cells'*’, as
well as the human bladder!3!, rat urothelia!>2, the rat
gastrointestinal tract!>? and the human colon'34. It is
important to note that UT-B is also expressed in bovine
parotid glands!3®. However, whether oral mucosal cells
express urea transporters remains unclear.

The role of urea transporters in tissues other than
kidney and red blood cells is still poorly understood.
It has been hypothesised that these tissues require urea
removal following endogenous intracellular production
(ureagenesis). For example, urea is likely to be produced
by active polyamine synthesis since urea is a by-product
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of polyamine metabolism. The oral mucosal cells have
a fast turnover; therefore, it is possible that high urea
synthesis reflects increased polyamine metabolism: It
is well known that saliva contains urea. Salivary urea
appears to play a critical role in maintaining oral pH,
and as a result, prevents dental caries. For example, sali-
vary urea concentrations were significantly lower (3.4
to 5.5 mM) in adolescents with high decayed, missed
and filled teeth (DMFT) indices compared to the levels
(5.5 to 9.1 mM) found in adolescents with low DMFT
indices'*®. Urea has been widely used in oral health
products, such as toothpastes, chewing gums, and
mouth rinse liquids, to improve the oral fluid pH and to
prevent caries. Urea can also enhance stratum corneum
hydration and has been used topically to improve bar-
rier function and increase hydration in the skin.

There is very little information available regarding
urea transport in the oral mucosa. Nonetheless, the oral
mucosa has been proposed to absorb urea!41-143.157,
Early studies'4! demonstrated urea absorption by the
buccal mucosa in rats. Dawes and Dibdin'*® measured
the levels of urea in the saliva of human subjects chew-
ing urea-containing gum and found that the measured
residual urea was 81.5%. To explore the possibility
that urea was absorbed by the oral mucosa, Dawes'>’
measured urea recovery in 10 individuals after chewing
gums containing 27.3 mg urea and 0.5 mg Phenol red as
a recovery marker. After 10 min, the urea recovery was
85.7%, whereas the Phenol red recovery was 96.7%.
It was concluded that urea was partly absorbed by the
oral mucosa. Therefore, investigations examining the
expression of urea transporters in oral mucosal cells and
the characteristics of urea absorption will be important.

Amino acids: human saliva contains a consider-
able level of free L-amino acids!3%-101 although the
significance of their existence in saliva remains poorly
delineated. Measurements of amino acid levels in saliva
have been utilised as biomarkers for physiological
conditions or diseases, such as migraine headaches!6%;
however, oral biological studies have focused on amino
acid effects on ammonium production and incidences of
caries!>%:160,

Few studies have been conducted, which measure
amino acid absorption by the oral mucosa. Vadgama and
Evered!%? confirmed that amino acids were absorbed by
the oral mucosa. A solution containing amino acids
was administered to three subjects, with the solution
remaining in the subjects’ mouth for 5 min and then
being subsequently collected. The remaining amino
acid concentration measured was standardised with
inulin, an insoluble and non-absorbable polysaccharide.
The recovery of inulin was > 99%, whereas the absorp-
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tion of all 15 tested L-amino acids was concentration-
dependent. Absorption rates correlated with the amino
acid concentrations in the solution. The long-chain
neutral amino acids were absorbed rapidly, whereas
the short-chain neutral amino acids and glycine, serine,
and threonine were absorbed slowly. Overall, if amino
acid concentrations were similar, the rapidly absorbing
amino acid group included phenylalanine, arginine,
methionine, leucine, and isoleucine; the intermediate
absorbing group included proline, glycine, histidine,
lysine, alanine and serine; and the slower absorbing
group included aspartic acid, threonine, glutamic acid
and valine. Replacing Na™ with K* in the buffering
solution reduced the uptake rates significantly when
amino acid concentrations were low. With increasing
amino acid concentrations, the influence by K* in the
solution was weakened. These results indicate that
specific amino acid transport is Na'-dependent and is
consistent with the current understanding of amino acid
transport in multiple organ systems'®4,

With the limited data provided since Vadgama and
Evered’s report'®, further investigations focusing on
the significance of amino acid transport mechanisms
in the oral mucosa are needed. Specifically, the fol-
lowing issues need to be examined: the significance
of amino acid absorption and secretion by the oral
mucosa; the amino acid transport systems expressed
in the oral mucosa; the mechanisms by which amino
acids are transported by oral mucosal epithelial cells;
the regulation of amino acid transport, typically which
factors play a role in controlling the transport systems;
and the role of amino acid transport in dry mouth and
oral mucosal disorders as well as other dental disorders
in the oral cavity.

Oral mucosal secretion

Although it has been shown that water, ions, and none-
lectrolytes are absorbed by oral mucosal epithelia, the
question as to whether the oral mucosa also secretes
fluid and ions into the oral cavity remains unaddressed.
In the airway mucosa, Cl secretion by epithelial cells
is critical for maintenance of normal airway mucosal
hydration and for appropriate fluid levels; mucosal
dehydration is a functional derangement in cystic fibro-
sis and results from decreased Cl secretion via the cystic
fibrosis transmembrane conductance regulator (CFTR)
and increased Na' absorption through ENaC33:163,166,
Based on airway mucosal models and since the oral
mucosa is an absorptive epithelium, Thelin et al®? pro-
posed that the oral mucosal epithelium share similar
mechanisms regulating oral mucosal hydration and dry
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mouth was the result of increased Na* absorption and
decreased CI- secretion. Since Na* absotption through
ENaC or Na*/H" exchanger has been identified in“oral
mucosal epithelia, it was reasonable to hypothesise that
inhibiting ENaC and/or Na*/H" exchanger may improve
oral mucosal hydration. There have been attempts to
change mucosal hydration by reducing Na™ absorption,
but currently no studies have been performed attempt-
ing to increase Cl secretion. This may reflect the issue
of whether oral mucosal cells express CI- channels or
anion exchanger. In addition, the role of Cl- efflux in
oral mucosal hydration remains to be established. Singh
etal'®’ conducted a Phase I clinical study evaluating the
effects of blocking Na™ absorption utilising an ENaC
inhibitor in patients with primary Sjogren’s syndrome
and observed that dry mouth symptoms significantly
improved. Although the significance of Cl- secretion in
oral mucosal hydration and dry mouth is uncertain, the
similarities between Cl- secretory dysfunction in the air-
way epithelium and mucosal dehydration!%>-196 make it
an intriguing subject.

CI" efflux in other similar epithelia, such as epider-
mal keratinocytes and intestinal mucosa, is mediated
by the CI" channel or anion exchanger. Mastrocola
et al'®8 observed that human keratinocytes had two
CI" transport mechanisms with the anion exchanger
accounting for 50% and the Cl" channel contributing
40% of CI efflux. Similarly, studies of Cl" transport
in cultured human keratinocytes using patch-clamps,
Ussing chambers and isotope efflux analysis con-
firmed that C1- efflux is mediated by a Ca2"-activated
CI" channel, not sensitive to protein kinase A or C acti-
vation'®®. In mouse intestinal cells and human Caco-2
cells, CI" and water secretion are coupled!”?. CI- secre-
tion can be activated by application of glucose to the
apical (luminal) side, but not the basolateral (serosal)
side. Glucose also induces an increase in intracellular
Ca?*, consistent with electrogenic CI- efflux mediated
by a specific type of CI" channel. The addition of a
Ca?"-activated CI- channel blocker niflumic acid or
intracellular Ca%" chelators partially inhibited the CI-
efflux. The glucose-stimulated Cl- efflux is also partly
inhibited by Cl/anion exchange inhibitors, suggest-
ing that Cl7/anion exchange plays a significant role in
mediating CI™ efflux. Interestingly, low concentrations
(0.6 mM) of glucose induce a significant increase in
CI" secretion!’0. It is possible that oral mucosal epithe-
lial cells possess various Cl™ channels and/or Cl”/anion
exchangers, similar to other epithelial cells. Further
studies in this area could have a tremendous impact on
oral mucosal hydration models and the pathogenesis
of dry mouth.
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In summary, there are very few, if any, studies con-
ducted to examine fluid and ion secretion from the oral
mucosa. This is partly due to the presumption that the
oral mucosal epithelia are considered absorptive and
not secretory. However, the histological characteristics
of the oral mucosal epithelia make water secretion
possible, since oral epithelia have similar components,
including TJs between cells, commonly found in other
secretory epithelia. The oral mucosa has a medium
level of permeability to water, i.e., less than gastroin-
testinal epithelia, but greater than skin. If a substantial
proportion of water flux is mediated by TJs, the dry
mouth condition is likely to establish a water gradient
between the interstitial space and the mucosal surface,
providing a driving force for water efflux via TJs.
Future investigations would address the following ques-
tions: whether there is a difference in water absorption
between healthy subjects and patients with dry mouth,
including the dryness induced by Sjogren’s syndrome,
radiation therapy, and aging; how fluid efflux occurs
in experimental conditions, such as in isolated mucosa
using Ussing chamber; whether ENaC activity is altered
in dry mouth; whether oral mucosal cells express CI-
channels or Cl/anion exchanger; and what role TJs and
aquaporins play in fluid absorption and secretion.

Factors influencing mucosal fluid and ion transport

Intercellular lipids

The oral mucosa has a strong barrier function, highly
similar to that in the epidermis. In the last four decades,
researchers have conducted a series of investigations
characterising the barrier function and permeability of
the oral mucosa, concluding that the barrier function in
the oral mucosal epithelium is similar to that found in
the epidermis®®. The oral mucosa is capable of blocking
entry by foreign substances, such as chemicals, toxins and
microbial agents. It also prevents water loss. This unique
property is mediated by intercellular lipids released from
membrane-coating granules (MCGs)!71172  also termed
lamellar bodies, specifically within the epidermis.
Lamellae of MCGs, formed in the stratum spinosum,
move to the stratum granulosum and their contents are
discharged into the intercellular space between the gran-
ular and keratinised layers through exocytosis' 73175, In
non-keratinised oral mucosal epithelia, MCG content
are not lamellar but amorphous and are released into the
intercellular spaces between the intermediate and super-
ficial layers®®. The regulation of MCG release remains
poorly understood. It is assumed that any factors alter-
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ing exocytosis have an impact on' batrier function.
Unfortunately, direct evidence supporting this associa-
tion is still needed. Nevertheless, studies have‘observed
that some factors influence MCG lipid release. For
example, MCG release by the buccal mucosal epithe-
lium is reduced in Zinc-deficient rats!7%177. Long-term
(24 months) application of smokeless tobacco applied
to the cheek pouches of Syrian hamsters also abolished
the release of MCGs, leading to lipid accumulation
within the granular cells'’®. However, whether these
changes in lipid secretion altered the water and electro-
lyte permeability was not specifically examined.

The shape difference of MCGs between the kerati-
nised and non-keratinised oral epithelia results from their
distinct lipid compositions. Accordingly, the permeabil-
ity differences between keratinised and non-keratinised
mucosae are also related to their intercellular lipid com-
positions®®. Similar intercellular lipids released from
MCGs in both keratinised and non-keratinised epithelia
include phospholipids (38% to 44%), cholesterol (14%
to 34%), and triglycerides (11% to 17%). However, the
keratinised mucosa, closely resembling the epidermis,
has more acylceramides and ceramides (6.3% to 9.1%)
compared to the non-keratinised mucosa (less than 1%),
whereas, the content of glycosylceramides is much high-
er in non-keratinised mucosa (6% to 17%) compared to
keratinised mucosa (about 2%). In addition, the content
of cholesteryl esters is significantly higher in non-
keratinised mucosa (6.0% to 15.0%) than in keratinised
mucosa (0.2% to 1.1%). Compared with the epidermis,
the amount of acylceramides and ceramides is 25% to
50% less, a primary factor for greater water permeability
in keratinised oral mucosa3®-17%-181 Although the neu-
tral lipid components in non-keratinised epithelia have
been proposed to effectively restrict the penetration of
pathogens through the mucosa, including toxins and
enzymes, the barrier to fluids and small molecules such
as nonelectrolytes is not high.

Although the role of MCGs in reducing oral mucosal
permeability to water, electrolytes and nonelectrolytes
has been documented for decades, it remains unclear
whether there are differences in the quality and quantity
of MCGs in normal versus dry mouth oral mucosae.
Additional well-designed trials are needed to quantify
the impact of autoimmune disorders (Sjogren’s syn-
drome) and other disorders associated with dry mouth
on the expression and composition of MCGs.

Natural moisturising factors (NMFs)

Although intercellular lipids are considered a major bar-
rier in epidermal and oral mucosal epithelia, it has been
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proposed that NMFs may also play a vital role in barrier
function. NMFs include low-molecular-weight, water-
soluble compounds, such as free amino acids and their
derivatives, pyrrolidone carboxylic acid, lactate, citrate,
urea, sugars and certain types of inorganic ions®. The
amino acids and derivatives are derived primarily from
filaggrin, a special protein synthesised in the kerato-
hyalin granules within cells of the stratum granulosum.
Recent studies have proposed that lactate and potassium
are more important for maintaining water content in the
epidermis>®182, These low-molecular-weight substanc-
es have a strong capacity for water retention®?. They
account for 5% to 30% of the total dry weight of stratum
corneum®®!83 which is comparable to their intercellular
lipid content; the latter accounting for 10% to 25% of
the total dry weight of the stratum corneum!'84. While
NMFs are known to play a substantial role in binding
and retaining water, and are able to produce a softer and
more flexible skin surface®0:8! their importance in oral
mucosal barrier function remains unclear.

Potential regulators of mucosal transport

Limited studies have been performed elucidating the
regulation of oral mucosal fluid and ion absorption
and secretion. It is well-documented that abnormal
ENaC activity plays a critical role in the development
of serious disorders, such as cystic fibrosis and salt-
sensitive hypertension!3. In lung epithelia, the lack
of CFTR can lead to increased ENaC activity, result-
ing in over-absorption of Na* and airway epithelial
dehydration'86.

Recent studies demonstrate that airway ENaC activ-
ity can be altered by the short palate lung and nasal epi-
thelial clone 1 (SPLUNC1)'®7, extracellular nucleotides
ATP, UTP and nucleosides such as adenosine!$8:189,
as well as the pH of the airway surface fluid!®>.
SPLUNCI is a water-soluble ENaC inhibitor!0-192,
Extracellular nucleotides and adenosine are released
by epithelial cells in response to mechanical stress in
the airways!3-194. Similarly to oral mucosal fluid, the
airway surface fluid within the lungs covers the respira-
tory epithelium, playing an essential role in normal lung
function by maintaining optimal mucus concentrations,
anecessary component for airway defense mechanisms.
The height of the airway surface fluid is controlled by
Na* absorption through ENaC and CI- secretion via
both Ca**-activated Cl- and CFTR CI- channels'®°.
Since saliva contains ATP, ADP and AMP!% as well as
SPLUNCI1% it is highly likely that these extracellular
nucleotides activate, whilst SPLUNC1 inhibits Na*
absorption, as observed in the airway epithelia.
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Saliva contains multiple metabolic-hormones, such
as insulin, glucagon, glucagon-like peptide-1 (GLP-1),
cholecystokinin, vasoactive intestinal peptide;cghrelin,
and obestatin!®’. Although their major function in saliva
appears to be related to modulation of taste perception
and/or stimulation of wound healing through mucosal
regeneration, it may be possible that many of these
hormones and proteins act as regulatory factors on
oral mucosal fluid and ion transport. A comparison of
the levels of hormones, nucleotides, nucleosides and
SPLUNCT in saliva from healthy subjects and patients
with dry mouth will most likely provide important
information and lead to further exploration in oral
mucosal fluid and electrolyte transport regulation.

Conclusion and future directions

Although it has been confirmed that hyposalivation is
the major aetiological factor for dry mouth, increasing
evidence indicates that abnormal or dysfunctional fluid
and electrolyte absorption and secretion by oral mucosal
epithelia may be another major factor. Since the majority
of current research projects focus on salivary gland dys-
function, more research on oral mucosal transport physi-
ology is needed and is of great significance. Many issues
in this area need to be clarified, such as to characterise
water and ion absorption, to further confirm ENaC and/
or Na'/H" exchange expression in oral mucosal epithe-
lial cells, to characterise the roles of these ion transport-
ers, to elucidate the regulatory mechanisms by which
these transporters are controlled, to examine whether
CI" channels and/or whether the CI/HCO3" exchangers
are expressed in oral mucosal cells, to compare whether
TJ proteins and aquaporins are expressed differently
between healthy subjects and patients with dry mouth,
and to measure the differences of intercellular lipids
between healthy subjects and dry mouth patients. Fur-
ther information on these important topics will provide
a solid basis for developing novel preventive and thera-
peutic interventions for dry mouth.

References

1. Nederfors T. Xerostomia and hyposalivation. Adv Dent Res
2000;14:48-56.

2. Delli K, Spijkervet FK, Kroese FG, Bootsma H, Vissink A. Xerosto-
mia. Monogr Oral Sci 2014;24:109-125.

3. Thomson WM, Chalmers JM, Spencer AJ, Williams SM. The Xeros-
tomia Inventory: a multi-item approach to measuring dry mouth.
Community Dent Health 1999;16:12—-17.

4. Dawes C. Salivary flow patterns and the health of hard and soft oral
tissues. J Am Dent Assoc 2008;139(suppl): 18S-24S.

5. Billings RJ, Proskin HM, Moss ME. Xerostomia and associated fac-
tors in a community-dwelling adult population. Community Dent
Oral Epidemiol 1996;24:312-316.

149



ZHANG and CASTRO

10.

11.

12.

14.

15.

16.

20.

21.

22.

23.

24.

25.

Liu B, Dion MR, Jurasic MM, Gibson G, Jones JA. Xerostomia and
salivary hypofunction in vulnerable elders: prevalence and etiology.
Oral Surg Oral Med Oral Pathol Oral Radiol 2012;114:52—60.

Benn AM, Broadbent JM, Thomson WM. Occurrence and impact
of xerostomia among dentate adult New Zealanders: findings from
a national survey. Aust Dent J 2014 Oct 20. doi: 10.1111/adj.12238.
[epub ahead of print].

Lee E, Lee YH, Kim W, Kho HS. Self-reported prevalence and sever-
ity of xerostomia and its related conditions in individuals attending
hospital for general health examinations. Int J Oral Maxillofac Surg
2014;43:498-505.

Marton K, Madléna M, Bandczy J, et al. Unstimulated whole sali-
va flow rate in relation to sicca symptoms in Hungary. Oral Dis
2008;14:472-477.

van den Berg I, Pijpe J, Vissink A. Salivary gland parameters and clin-
ical data related to the underlying disorder in patients with persisting
xerostomia. Eur J Oral Sci 2007;115:97-102.

Nederfors T, Nauntofte B, Twetman S. Effects of furosemide and
bendroflumethiazide on saliva flow rate and composition. Arch Oral
Biol 2004;49:507-513.

Nguyen CT, MacEntee MI, Mintzes B, Perry TL. Information
for physicians and pharmacists about drugs that might cause dry
mouth: a study of monographs and published literature. Drug Aging
2014;31:55-65.

. Scully C. Drug effects on salivary glands: dry mouth. Oral Dis

2003;9:165-176.

Sreebny LM, Valdini A. Xerostomia. Part I: Relationship to other oral
symptoms and salivary gland hypofunction. Oral Surg Oral Med Oral
Pathol 1988;66:451-458.

Thorselius I, Emilson CG, Osterberg T. Salivary conditions and drug
consumption in older age groups of elderly Swedish individuals.
Gerodontics 1988;4:66-70.

Baum BJ, Alevizos I, Zheng C, et al. Early responses to adenoviral-
mediated transfer of the aquaporin-1 ¢cDNA for radiation-induced
salivary hypofunction. Proc Natl Acad Sci U S A 2012;109:19403—
19407.

. Beech N, Robinson S, Porceddu S, Batstone M. Dental manage-

ment of patients irradiated for head and neck cancer. Aust Dent J
2014;59:20-28.

. Grundmann O, Mitchell GC, Limesand KH. Sensitivity of salivary

glands to radiation: from animal models to therapies. J Dent Res 2009;
88:894-903.

. Hill G, Headon D, Harris ZI, Huttner K, Limesand KH. Pharma-

cological activation of the EDA/EDAR signaling pathway restores
salivary gland function following radiation-induced damage. PLoS
One 2014;9:¢112840.

Vissink A, Mitchell JB, Baum BJ, et al. Clinical management of
salivary gland hypofunction and xerostomia in head-and-neck can-
cer patients: successes and barriers. Int J Radiat Oncol Biol Phys
2010;78:983-991.

Dyasanoor S, Saddu SC. Association of xerostomia and assess-
ment of salivary flow using modified Schirmer test among smokers
and healthy individuals: A preliminutesary study. J Clin Diagn Res
2014;8:211-213.

Al-Dwairi Z, Lynch E. Xerostomia in complete denture wearers:
prevalence, clinical findings and impact on oral functions. Gerodon-
tolgy 2014;31:49-55.

Johnson G, Barenthin I, Westphal P. Mouth dryness among patients
in longterm hospitals. Gerodontology 1984;3:197-203.

Longman LP, McCracken CF, Higham SM, Field EA. The clinical
assessment of oral dryness is a significant predictor of salivary gland
hypofunction. Oral Dis 2000;6:366-370.

Bardow A, Nyvad B, Nauntofte B. Relationships between medication
intake, complaints of dry mouth, salivary flow rate and composi-
tion, and the rate of tooth demineralization in situ. Arch Oral Biol
2001;46:413-423.

150

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Nederfors T, Holmstrom G, Paulsson G, Sahlberg D. The relation
between xerostomia and hyposalivation in subjects with rheumatoid
arthritis or fibromyalgia. Swed Dent J 2002;26:1-7:

Suh KI, Lee JY, Chung JW, Kim YK, Kho HS. Relationship between
salivary flow rate and clinical symptoms and behaviours in patients
with dry mouth. J Oral Rehabil 2007;34:739-744.

Ohara Y, Hirano H, Watanabe Y, et al. Factors associated with self-
rated oral health among community-dwelling older Japanese: A cross-
sectional study. Geriatr Gerontol Int 2015;15:755-761.

Spielman A, Ben-Aryeh H, Gutman D, Szargel R, Deutsch E. Xeros-
tomia — diagnosis and treatment. Oral Surg Oral Med Oral Pathol
1981;51:144—147.

Wiener RC, Wu B, Crout R, et al. Hyposalivation and xerostomia in
dentate older adults. J Am Dent Assoc 2010;141:279-284.

Kauzman A. Chapter 12: Oral Mucosa. In: Nanci A (ed). Ten Cate’s
Oral Histology; Development, Structure, and Function. St. Louis,
MO: Elsevier, 2008:319-357.

Dawes C. How much saliva is enough for avoidance of xerostomia?
Caries Res 2004;38:236-240.

Thelin WR, Brennan MT, Lockhart PB, et al. The oral mucosa as a
therapeutic target for xerostomia. Oral Dis 2008;14:683—689.
Dawes C. Physiological factors affecting salivary flow rate, oral
sugar clearance, and the sensation of dry mouth in man. J Dent Res
1987;66:648—653.

Sreebny LM, Valdini A. Xerostomia. A neglected symptom. Arch
Intern Med 1987;147:1333-1337.

Working Group 10 of the Commission on Oral Health, Research and
Epidemiology (CORE). Saliva: its role in health and disease. Int Dent
J1992; 42:287-304.

Ship JA, Fox PC, Baum BJ. How much saliva is enough? ‘Normal’
function defined. J Am Dent Assoc 1991;122:63-69.

von Knorring L, Mérnstad H. Qualitative changes in saliva composi-
tion after short-term administration of imipramine and zimelidine in
healthy volunteers. Scand J Dent Res 1981;89:313-320.

Donatsky O, Johnsen T, Holmstrup P, Bertram U. Effect of Saliment
on parotid salivary gland secretion and on xerostomia caused by
Sjogren’s syndrome. Scand J Dent Res 1982;90:157-162.
DiSabato-Mordarski T, Kleinberg I. Measurement and comparison of
the residual saliva on various oral mucosal and dentition surfaces in
humans. Arch Oral Biol 1996:;41:655-665.

Wolff M, Kleinberg I. Oral mucosal wetness in hypo- and normosali-
vators. Arch Oral Biol 1998;43:455-462.

Wolff MS, Kleinberg 1. The effect of ammonium glycopyrrolate
(Robinul)-induced xerostomia on oral mucosal wetness and flow of
gingival crevicular fluid in humans. Arch Oral Biol 1999;44:97-102.
Won S, Kho H, Kim Y, Chung S, Lee S. Analysis of residual saliva and
minor salivary gland secretions. Arch Oral Biol 2001;46:619-624.
Lee SK, Lee SW, Chung SC, Kim YK, Kho HS. Analysis of residual
saliva and minor salivary gland secretions in patients with dry mouth.
Arch Oral Biol 2002;47:637-641.

Lagerlof F, Dawes C. The volume of saliva in the mouth before and
after swallowing. J Dent Res 1984;63:618-621.

Hannig C, Hannig M, Attin T. Enzymes in the acquired enamel pel-
licle. Eur J Oral Sci 2005;113:2—13.

Bradway SD, Bergey EJ, Jones PC, Levine MJ. Oral mucosal pellicle.
Adsorption and transpeptidation of salivary components to buccal
epithelial cells. Biochem J 1989;261:887-896.

Cone RA. Barrier properties of mucus. Adv Drug Deliv Rev
2009;61:75-85.

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

Gibbins HL, Proctor GB, Yakubov GE, Wilson S, Carpenter GH.
Concentration of salivary protective proteins within the bound oral
mucosal pellicle. Oral Dis 2014;20:707-713.

Volume 18, Number 3, 2015



ZHANG and CASTRO

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Kho HS. Understanding of xerostomia and strategies for the develop-
ment of artificial saliva. Chin J Dent Res 2014;17:75-83.

Collins LM, Dawes C. The surface area of the adult human mouth and
thickness of the salivary film covering the teeth and oral mucosa. J
Dent Res 1987;66:1300-1302.

Kleinberg I, Wolff MS, Codipilly DM. Role of saliva in oral dryness,
oral feel and oral malodour. Int Dent J 2002;52(suppl 3):236-240.
Watanabe S, Dawes C. Salivary flow rates and salivary film thickness
in five-year-old children. J Dent Res 1990;69:1150-1153.

Shirai K. Measurement of the moisture content of the epidermal stra-
tum corneum of the forearm in adult women. Japan J Matern Health
2003;4:504-511.

Nakagawa K, Sakurai K, Ueda-Kodaira Y, Ueda T. Age-related
changes in elastic properties and moisture content of lower labial
mucosa. J Oral Rehabil 2011;38:235-241.

Dawes C, Odlum O. Salivary status in patients treated for head and
neck cancer. J Can Dent Assoc 2004;70:397—-400.

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

Niedermeier W, Hiiber M. Quantitative studies on the secretory out-
put of the palatine salivary glands [in German]. Dtsch Zahnérztl Z
1989;44:37-40.

Greaves IC, Hume WJ, Nisbet T. Stereophotomicroscopic assessment
of labial salivary gland flow. J Oral Med 1986;41:172—-174.
Eliasson L, Birkhed D, Heyden G, Stromberg N. Studies on human
minor salivary gland secretions using the Periotron method. Arch Oral
Biol 1996;41:1179-1182.

Eliasson L, Carlén A, Laine M, Birkhed D. Minor gland and whole
saliva in postmenopausal women using a low potency oestrogen (oes-
triol). Arch Oral Biol 2003;48:511-517.

Inamura T, Ino C, Katoh M, et al. A simple method to estimate the
secretion of saliva from minor salivary glands using iodine-starch
reaction. Laryngoscope 2001;111:272-277.

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

Eliasson L, Birkhed D, Carlén A. Feeling of dry mouth in rela-
tion to whole and minor gland saliva secretion rate. Arch Oral Biol
2009;54:263-267.

Shern RJ, Fox PC, Li SH. Influence of age on the secretory rates of
the human minor salivary glands and whole saliva. Arch Oral Biol
1993;38:755-761.

Wang Z, Shen MM, Liu XJ, SiY, Yu GY. Characteristics of the saliva
flow rates of minor salivary glands in healthy people. Arch Oral Biol
2015;60:385-392.

Satoh-Kuriwada S, likubo M, Shoji N, Sakamoto M, Sasano T. Diag-
nostic performance of labial minor salivary gland flow measurement
for assessment of xerostomia. Arch Oral Biol 2012;57:1121-1126.
Sattar M, Sayed OM, Lane ME. Oral transmucosal drug delivery —
current status and future prospects. Int J Pharm 2014;471:498-506.
Senel S, Rathbone MJ, Cansiz M, Pather 1. Recent developments
in buccal and sublingual delivery systems. Expert Opin Drug Deliv
2012;9:615-628.

Klein-Szanto AJ, Schroeder HE. Architecture and density of the con-
nective tissue papillae of the human oral mucosa. J Anat 1977;123:93—
109.

Prestin S, Rothschild SI, Betz CS, Kraft M. Measurement of epithelial
thickness within the oral cavity using optical coherence tomography.
Head Neck 2012;34:1777-1781.

Elia CSA, Renata ME, Benito ASM, Vitorino MS, Maria GR. Oral
epithelial changes in HIV-positive individuals. Pathol Res Pract
2013;209:399-403.

Bernimoulin JP, Schroeder HE. Quantitative electron microscopic
analysis of the epithelium of normal human alveolar mucosa. Cell
Tissue Res 1977;180:383-401.

The Chinese Journal of Dental Research

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

Landay MA, Schroeder HE. Quantitative electron microscopic analy-
sis of the stratified epithelium of normal human’buccal mucosa. Cell
Tissue Res 1977;177:383-405.

Kulkarni U, Mahalingam R, Pather SI, Li X, Jasti:B. Porcine buecal
mucosa as an in vitro model: relative contribution of epithelium and
connective tissue as permeability barriers. J Pharm Sci 2009;98:471—
483.

Veuillez F, Kalia YN, Jacques Y, Deshusses J, Buri P. Factors and
strategies for improving buccal absorption of peptides. Eur J Pharm
Biopharm 2001;51:93—109.

Amores S, Domenech J, Colom H, et al. An improved cryopreserva-
tion method for porcine buccal mucosa in ex vivo drug permeation
studies using Franz diffusion cells. Eur J Pharm Sci 2014;60:49-54.

Scheuplein RJ, Blank IH. Permeability of the skin. Physiol Rev
1971;51:702-747.

Rawlings AV, Harding CR. Moisturization and skin barrier function.
Dermatol Ther 2004;17:43-48.

Rawlings AV, Matts PJ. Stratum corneum moisturization at the molec-
ular level: an update in relation to the dry skin cycle. J Invest Derma-
tol 2005;124:1099-1110.

Healy CM, Cruchley AT, Thornhill MH, Williams DM. The effect
of sodium lauryl sulphate, triclosan and zinc on the permeability of
normal oral mucosa. Oral Dis 2000;6:118-123.

Howie NM, Trigkas TK, Cruchley AT, Wertz PW, Squier CA, Wil-
liams DM. Short-term exposure to alcohol increases the permeability
of human oral mucosa. Oral Dis 2001;7:349-354.

Squier CA, Hall BK. The permeability of skin and oral mucosa to
water and horseradish peroxidase as related to the thickness of the
permeability barrier. J Invest Dermatol 1985;84:176-179.

Squier CA, Rooney L. The permeability of keratinized and non-
keratinized oral epithelium to lanthanum in vivo. J Ultrastruct Res
1976;54:286-295.

Squier CA. The permeability of oral mucosa. Crit Rev Oral Biol Med
1991;2:13-32.

Lesch CA, Squier CA, Cruchley A, Williams DM, Speight P. The
permeability of human oral mucosa and skin to water. J Dent Res
1989;68:1345-1349.

Selvaratnam L, Cruchley AT, Navsaria H, et al. Permeability barrier
properties of oral keratinocyte cultures: a model of intact human oral
mucosa. Oral Dis 2001;7:252-258.

Nielsen HM, Rassing MR. TR146 cells grown on filters as a model
of human buccal epithelium: IV. Permeability of water, mannitol, tes-
tosterone and beta-adrenoceptor antagonists. Comparison to human,
monkey and porcine buccal mucosa. Int J Pharm 2000;194:155-167.
Galey WR, Lonsdale HK, Nacht S. The in vitro permeability of skin
and buccal mucosa to selected drugs and tritiated water. J Invest
Dermatol 1976;67:713-717.

Siegel 1A, Izutsu KT, Watson E. Mechanisms of non-electrolyte pen-
etration across dog and rabbit oral mucosa in vitro. Arch Oral Biol
1981;26:357-361.

Ishibashi K, Kondo S, Hara S, Morishita Y. The evolutionary aspects
of aquaporin family. Am J Physiol Regul Integr Comp Physiol
2011;300:R566-R576.

Hara-Chikuma M, Verkman AS. Physiological roles of glycerol-
transporting aquaporins: the aquaglyceroporins. Cell Mol Life Sci
2006;63:1386-1392.

Boury-Jamot M, Sougrat R, Tailhardat M, et al. Expression and func-
tion of aquaporins in human skin: Is aquaporin-3 just a glycerol trans-
porter? Biochim Biophys Acta 2006;1758:1034-1042.

Sougrat R, Morand M, Gondran C, et al. Functional expression of
AQP3 in human skin epidermis and reconstructed epidermis. J Invest
Dermatol 2002;118:678-685.

Sugiyama Y, Yamazaki K, Kusaka-Kikushima A, Nakahigashi K,
Hagiwara H, Miyachi Y. Analysis of aquaporin 9 expression in human
epidermis and cultured keratinocytes. FEBS Open Bio 2014;4:611—
616.

151



ZHANG and CASTRO

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

152

Jungersted JM, Bomholt J, Bajraktari N, et al. In vivo studies of
aquaporins 3 and 10 in human stratum corneum. Arch Dermatol
Res 2013;305:699-704.

Hara M, Verkman AS. Glycerol replacement corrects defective skin
hydration, elasticity, and barrier function in aquaporin-3-deficient
mice. Proc Natl Acad Sci USA 2003;100:7360-7365.

Ma T, Hara M, Sougrat R, Verbavatz JM, Verkman AS. Impaired
stratum corneum hydration in mice lacking epidermal water chan-
nel aquaporin-3. J Biol Chem 2002;277:17147-17153.

Matsuzaki T, Suzuki T, Koyama H, Tanaka S, Takata K. Water chan-
nel protein AQP3 is present in epithelia exposed to the environment
of possible water loss. J Histochem Cytochem 1999;47:1275-1286.
Hara-Chikuma M, Takahashi K, Chikuma S, Verkman AS, Miyachi
Y. The expression of differentiation markers in aquaporin-3 defi-
cient epidermis. Arch Dermatol Res 2009;301:245-252.
Felszeghy S, Modis L, Németh P, et al. Expression of aquaporin
isoforms during human and mouse tooth development. Arch Oral
Biol 2004;49:247-257.

Wang W, Hart PS, Piesco NP, Lu X, Gorry MC, Hart TC. Aquaporin
expression in developing human teeth and selected orofacial tis-
sues. Calcif Tissue Int 2003;72:222-227.

Poveda M, Hashimoto S, Enokiya Y, et al. Expression and localiza-
tion of aqua-glyceroporins AQP3 and AQP9 in rat oral epithelia.
Bull Tokyo Dent Coll 2014;55:1-10.

Rojek A, Praetorius J, Frekiaer J, Nielsen S, Fenton RA. A cur-
rent view of the mammalian aquaglyceroporins. Annu Rev Physiol
2008;70:301-327.

Tsukaguchi H, Shayakul C, Berger UV, et al. Molecular characteri-
zation of a broad selectivity neutral solute channel. J Biol Chem
1998;273:24737-24743.

Liu Y, Promeneur D, Rojek A, et al. Aquaporin 9 is the major path-
way for glycerol uptake by mouse erythrocytes, with implications
for malarial virulence. Proc Natl Acad Sci USA 2007;104:12560—
12564.

Liu Z, Shen J, Carbrey JM, Mukhopadhyay R, Agre P, Rosen BP.
Arsenite transport by mammalian aquaglyceroporins AQP7 and
AQP9. Proc Natl Acad Sci USA 2002;99:6053-6058.

Liu Z, Carbrey JM, Agre P, Rosen BP. Arsenic trioxide uptake by
human and rat aquaglyceroporins. Biochem Biophys Res Commun
2004;316:1178-1185.

Liu Z, Styblo M, Rosen BP. Methylarsonous acid transport by
aquaglyceroporins. Environ Health Perspect 2006;114:527-531.
Sugiyama Y, Ota Y, Hara M, Inoue S. Osmotic stress up-regulates
aquaporin-3 gene expression in cultured human keratinocytes. Bio-
chim Biophys Acta 2001;1522:82—-88.

Arima H, Yamamoto N, Sobue K, et al. Hyperosmolar mannitol
stimulates expression of aquaporins 4 and 9 through a p38 mitogen-
activated protein kinase-dependent pathway in rat astrocytes. J Biol
Chem 2003;278:44525-44534.

Yang M, Gao F, Liu H, et al. Hyperosmotic induction of aquaporin
expression in rat astrocytes through a different MAPK pathway. J
Cell Biochem 2013;114:111-119.

Zhang GH, Wu LL, Yu GY. Tight junctions and paracellular fluid and
ion transport in salivary glands. Chin J Dent Res 2013;16:13-46.
Goswami T, Jasti BR, Li X. Estimation of the theoretical pore
sizes of the porcine oral mucosa for permeation of hydrophilic
permeants. Arch Oral Biol 2009;54:577-582.

Brandner JM. Pores in the epidermis: aquaporins and tight junc-
tions. Int J Cosmet Sci 2007;29:413-422.

Franke WW, Pape UF. Diverse types of junctions containing tight
junction proteins in stratified mammalian epithelia. Ann NY Acad
Sci 2012;1257:152—-157.

Donetti E, Gualerzi A, Sardella A, Lodi G, Carrassi A, Sforza C.
Alendronate impairs epithelial adhesion, differentiation and prolif-
eration in human oral mucosa. Oral Dis 2014;20:466—472.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

Furuse M, Hata M, Furuse K, et al. Claudin-based tight junctions
are crucial for the mammalian epidermal barrier: a lesson from
claudin-1-deficient mice. J Cell Biol 2002;156:1099~1111.

Ouban A, Ahmed A. Analysis of the Distribution and Expression.of
Claudin-1 Tight Junction Protein in the Oral Cavity. Appl Immuno-
histochem Mol Morphol 2015:23:444-448.

Tunggal JA, Helfrich I, Schmitz A, et al. E-cadherin is essential
for in vivo epidermal barrier function by regulating tight junctions.
EMBO J 2005;24:1146-1156.

Ooshio T, Fujita N, Yamada A, et al. Cooperative roles of Par-3 and
afadin in the formation of adherens and tight junctions. J Cell Sci
2007;120:2352-2365.

Gasparoni A, Squier CA, Fonzi L. Intercellular junctions in oral
epithelial cells: ultrastructural and immunological aspects. Ital J
Anat Embryol 2005;110:83-91.

Madara JL, Pappenheimer JR. Structural basis for physiological
regulation of paracellular pathways in intestinal epithelia. ] Membr
Biol 1987;100:149-164.

Drozdowski LA, Thomson AB. Intestinal sugar transport. World J
Gastroenterol 2006;12:1657-1670.

Loo DD, Wright EM, Zeuthen T. Water pumps. J Physiol
2002;542:53-60.

Orlando RC, Tobey NA, Schreiner VJ, Readling RD. Active elec-
trolyte transport in mammalian buccal mucosa. Am J Physiol
1988;255:G286—-G291.

Tobey NA, Schreiner VJ, Readling RD, Orlando RC. The acute
effects of smokeless tobacco on transport and barrier function of
buccal mucosa. J Dent Res 1988;67:1414—1421.

Edgar WM. Saliva: its secretion, composition and functions. Br
Dental J 1992;172:305-312.

Humphrey SP, Williamson RT. A review of saliva: normal composi-
tion, flow, and function. J Prosthet Dent 2001;85:162—-169.

Lee EJ, Patten GS, Burnard SL, McMurchie EJ. Osmotic and other
properties of isolated human cheek epithelial cells. Am J Physiol
1994;267:C75-C83.

McMurchie EJ, Burnard SL, Patten GS, Lee EJ, King RA, Head
RJ. Characterization of Na(*)-H" antiporter activity associated with
human cheek epithelial cells. Am J Physiol 1994;267:C84-C93.
McMurchie EJ, Burnard SL, Patten GS, King RA, Howe PR, Head
RJ. Depressed cheek cell sodium transport in human hypertension.
Blood Press 1994;3:328-335.

McMurchie EJ, Burnard SL, Patten GS, Smith RM, Head RJ,
Howe PR. Sodium transport activity in cheek epithelial cells from
adolescents at increased risk of hypertension. J Hum Hypertens
1994;8:329-336.

Patten GS, Leifert WR, Burnard SL, Head RJ, McMurchie EJ.
Stimulation of human cheek cell Na*/H" antiporter activity by
saliva and salivary electrolytes: amplification by nigericin. Mol
Cell Biochem 1996;154:133—-141.

McMurchie EJ, Head RJ. Human buccal epithelial cells as a
potential biochemical predictor of essential hypertension: iden-
tification of key cellular processes. Clin Exp Pharmacol Physiol
1995;22:772-774.

Abikshyeet P, Ramesh V, Oza N. Glucose estimation in the salivary
secretion of diabetes mellitus patients. Diabetes Metab Syndr Obes
2012;5:149-154.

Balan P, Babu SG, Sucheta KN, et al. Can saliva offer an advantage
in monitoring of diabetes mellitus? — A case control study. J Clin
Exp Dent 2014;6:e335-e338.

Panchbhai AS. Correlation of salivary glucose level with blood
glucose level in diabetes mellitus. J Oral Maxillofac Res 2012;3:e3.
Kumar S, Padmashree S, Jayalekshmi R. Correlation of salivary
glucose, blood glucose and oral canidal carriage in the saliva of type
2 diabetics: A case-control study. Contemp Clin Dent 2014;5:312—
317.

Volume 18, Number 3, 2015



ZHANG and CASTRO

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

Siegel IA, Gordon HP. Surfactant-induced increases of permeabil-
ity of rat oral mucosa to non-electrolytes in vivo. Arch Oral Biol
1985;30:43-47.

Siegel IA, Gordon HP. Effects of surfactants on the permeability of
canine oral mucosa in vitro. Toxicol Lett 1985;26:153—158.

Siegel 1A, Gordon HP. Surfactant-induced alterations of perme-
ability of rabbit oral mucosa in vitro. Exp Mol Pathol 1986;44:132—
137.

Manning AS, Evered DF. The absorption of sugars from the human
buccal cavity. Clin Sci Mol Med 1976;51:127-132.

Kuroki S, Yokoo S, Terashi H, Hasegawa M, Komori T. Epitheli-
alization in oral mucous wound healing in terms of energy metabo-
lism. Kobe J Med Sci 2009;55:E5-E15.

Oyama Y, Yamano H, Ohkuma A, Ogawara K, Higaki K, Kimura
T. Carrier-mediated transport systems for glucose in mucosal cells
of the human oral cavity. J Pharm Sci 1999;88:830-834.

Kimura T, Yamano H, Tanaka A, et al. Transport of D-glucose
across cultured stratified cell layer of human oral mucosal cells. J
Parm Pharmacol 2002;54:213-219.

Wright EM. 1. Glucose galactose malabsorption. Am J Physiol
1998;275:G879-G882.

Sands JM. Mammalian urea transporters. Annu Rev Physiol
2003;65:543-566.

Klein JD, Blount MA, Sands JM. Molecular mechanisms of urea
transport in health and disease. Pflugers Arch 2012;464:561-572.
Walpole C, Farrell A, McGrane A, Stewart GS. Expression and
localization of a UT-B urea transporter in the human bladder. Am J
Physiol Renal Physiol 2014;307:F1088—F1094.

Spector DA, Deng J, Stewart KJ. Hydration status affects urea
transport across rat urothelia. Am J Physiol Renal Physiol
2011;301:F1208-F1217.

Collins D, Walpole C, Ryan E, Winter D, Baird A, Stewart G.
UT-B1 mediates transepithelial urea flux in the rat gastrointestinal
tract. ] Membr Biol 2011;239:123-130.

Collins D, Winter DC, Hogan AM, Schirmer L, Baird AW, Stew-
art GS. Differential protein abundance and function of UT-B urea
transporters in human colon. Am J Physiol Gastrointest Liver Phys-
01 2010;298:G345-G351.

Dix L, Ward DT, Stewart GS. Short communication: urea trans-
porter protein UT-B in the bovine parotid gland. J Dairy Sci
2013;96:1685-1690.

Zabokova Bilbilova E, Sotirovska Ivkovska A, Ambarkova V.
Correlation between salivary urea level and dental caries. Prilozi
2012;33:289-302.

Dawes C. Absorption of urea through the oral mucosa and estima-
tion of the percentage of secreted whole saliva inadvertently swal-
lowed during saliva collection. Arch Oral Biol 2006;51:111-116.
Dawes C, Dibdin GH. Salivary concentrations of urea released
from a chewing gum containing urea and how these affect the urea
content of gel-stabilized plaques and their pH after exposure to
sucrose. Caries Res 2001;35:344-353.

Fonteles CS, Guerra MH, Ribeiro TR, et al. Association of free
amino acids with caries experience and mutans streptococci levels
in whole saliva of children with early childhood caries. Arch Oral
Biol 2009;54:80-85.

Masoudi Rad H, Rabiei M, Sobhani A, Sadegh Khanjani M, Rahbar
Taramsar M, Kazemnezhad Leili E. Free amino acids in stimulated
and unstimulated whole saliva: advantages or disadvantages. J Oral
Rehabil 2014;41:759-767.

Zhang W, Li P, Geng Q, Duan 'Y, Guo M, Cao Y. Simultaneous deter-
mination of glutathione, cysteine, homocysteine, and cysteinylgly-
cine in biological fluids by ion-pairing high-performance liquid
chromatography coupled with precolumn derivatization. J Agric
Food Chem 2014;62:5845—5852.

The Chinese Journal of Dental Research

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

Rajda C, Tajti J, Komoroczy R, Seres E, Klivényi P, Vécsei L.
Amino acids in the saliva of patients with-migraine. Headache
1999;39:644—649.

Vadgama JV, Evered DF. Absorption of amino.acids-from the
human mouth. Amino Acids 1992;3:271-286.

Broer S. Amino acid transport across mammalian intestinal and
renal epithelia. Physiol Rev 2008;88:249-286.

Garland AL, Walton WG, Coakley RD, et al. Molecular basis for
pH-dependent mucosal dehydration in cystic fibrosis airways. Proc
Natl Acad Sci USA 2013;110:15973-15978.

Goralski JL, Boucher RC, Button B. Osmolytes and ion transport
modulators: new strategies for airway surface rehydration. Curr
Opin Pharmacol 2010;10:294-299.

Singh ML, Papas AS, Fox PC et al. Use of sodium channel block-
er to relieve dryness in Sjogren’s (Abstract #0553). J Dent Res
2008;87 (Special Issue A):101150.

Mastrocola T, De Luca M, Rugolo M. Characterization of chlor-
ide transport pathway in cultured human keratinocytes. Biochim
Biophys Acta 1991;1097:275-282.

Kansen M, Keulemans J, Hoogeveen AT, et al. Regulation of chlor-
ide transport in cultured normal and cystic fibrosis keratinocytes.
Biochim Biophys Acta 1992;1139:49-56.

Yin L, Vijaygopal P, MacGregor GG, et al. Glucose stimulates
calcium-activated chloride secretion in small intestinal cells. Am J
Physiol Cell Physiol 2014;306:C687-C696.

Squier CA. The permeability of keratinized and nonkeratinized
oral epithelium to horseradish peroxidase. J Ultrastruct Res
1973;43:160-177.

Chen LL, Chetty D, Chien YW. A mechanistic analysis to character-
ize oramucosal permeation properties. Int J Pharm 1999;184:63—
72.

Ashrafi SH, Meyer J, Squier CA. The ultrastructural demonstra-
tion of membrane-coating granules in rat oral epithelium using the
periodic acid-bismuth technique. Arch Oral Biol 1977;22:343-347.
Hayward AF. Membrane-coating granules. Inter Rev Cytol
1979;59:97-127.

Schmitz G, Miiller G. Structure and function of lamellar bodies,
lipid-protein complexes involved in storage and secretion of cel-
lular lipids. J Lipid Res 1991;32:1539-1570.

Ashrafi SH, Meyer J, Squier CA. Effects of zinc deficiency on the
distribution of membrane-coating granules in rat buccal epithelium.
J Invest Dermatol 1980;74:425-432.

Ashrafi SH, Said-al-Naief NA. Zinc deficiency produces time-
related ultrastructural changes in rat cheek epithelium. Scanning
Microsc 1996;10:209-217.

Colvard MD, Ashrafi SH, Alonge OK, Cordell GA. Smoke-
less tobacco-induced lamellar body abnormalities. Oral Dis
2006;12:343-348.

Squier CA, Cox PS, Wertz PW, Downing DT. The lipid compo-
sition of porcine epidermis and oral epithelium. Arch Oral Biol
1986;31:741-747.

Cox P, Squier CA. Variations in lipids in different layers of porcine
epidermis. J Invest Dermatol 1986;87:741-744.

Wertz PW, Cox PS, Squier CA, Downing DT. Lipids of epidermis
and keratinized and non-keratinized oral epithelia. Comp Biochem
Physiol B 1986;83:529-531.

Nakagawa N, Sakai S, Matsumoto M, et al. Relationship between
NMF (lactate and potassium) content and the physical properties
of the stratum corneum in healthy subjects. J Invest Dermatol
2004;122:755-763.

Verdier-Sévrain S, Bonté F. Skin hydration: a review on its molecu-
lar mechanisms. J Cosmet Dermatol 2007;6:75-82.

Harding CR. The stratum corneum: structure and function in health
and disease. Dermatol Ther 2004;17(suppl 1):6-15.

153



ZHANG and CASTRO

185.

186.

187.

188.

189.

190.

191.

154

Rossier BC, Pradervand S, Schild L, Hummler E. Epithelial
sodium channel and the control of sodium balance: interaction
between genetic and environmental factors. Annu Rev Physiol
2002;64:877-897.

Althaus M. ENaC inhibitors and airway re-hydration in cystic fibro-
sis: state of the art. Curr Mol Pharmacol 2013;6:3-12.
Garcia-Caballero A, Rasmussen JE, Gaillard E, et al. SPLUNCI1
regulates airway surface liquid volume by protecting ENaC from
proteolytic cleavage. Proc Natl Acad Sci USA 2009;106:11412—
11417.

Button B, Boucher RC; University of North Carolina Virtual Lung
Group. Role of mechanical stress in regulating airway surface
hydration and mucus clearance rates. Respir Physiol Neurobiol
2008;163:189-201.

Button B, Okada SF, Frederick CB, Thelin WR, Boucher RC.
Mechanosensitive ATP release maintains proper mucus hydration
of airways. Sci Signal 2013;6:ra46.

Tarran R, Redinbo MR. Mammalian short palate lung and nasal
epithelial clone 1 (SPLUNCI1) in pH-dependent airway hydration.
Int J Biochem Cell Biol 2014;52:130-135.

Choi HC, Kim CS, Tarran R. Automated acquisition and analysis of
airway surface liquid height by confocal microscopy. Am J Physiol
Lung Cell Mol Physiol 2015;309:L109-L118.

192.

193.

194.

195.

196.

197.

Tarran R, Trout L, Donaldson SH, Boucher/RC. Soluble media-
tors, not cilia, determine airway surface liquid volume in normal
and cystic fibrosis superficial airway epithelia:/J.Gen Physiol
2006;127:591-604.

Tarran R, Button B, Picher M, et al. Normal and cystic fibrosis
airway surface liquid homeostasis. The effects of phasic shear stress
and viral infections. J Biol Chem 2005;280:35751-35759.

Tarran R, Button B, Boucher RC. Regulation of normal and cystic
fibrosis airway surface liquid volume by phasic shear stress. Annu
Rev Physiol 2006;68:543-561.

Kochanska B, Smolenski RT, Knap N. Determination of adenine
nucleotides and their metabolites in human saliva. Acta Biochim
Pol 2000;47:877-879.

Kohlgraf KG, Ackermann AR, Burnell KK, et al. Quantitation of
SPLUNCI in saliva with an xMAP particle-based antibody capture
and detection immunoassay. Arch Oral Biol 2012;57:197-204.
Zolotukhin S. Metabolic hormones in saliva: origins and functions.
Oral Dis 2013;19:219-229.

Volume 18, Number 3, 2015



