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Abstract

Although the physiological control of salivary secretion has been well studied, the impact of disease on salivary gland function and how this
changes the composition and function of saliva is less well understood and is considered in this review. Secretion of saliva is dependent
upon nerve-mediated stimuli, which activate glandular fluid and protein secretory mechanisms. The volume of saliva secreted by salivary
glands depends upon the frequency and intensity of nerve-mediated stimuli, which increase dramatically with food intake and are subject
to facilitatory or inhibitory influences within the central nervous system. Longer-term changes in saliva secretion have been found to
occur in response to dietary change and aging, and these physiological influences can alter the composition and function of saliva in the
mouth. Salivary gland dysfunction is associated with different diseases, including Sjégren syndrome, sialadenitis, and iatrogenic disease,
due to radiotherapy and medications and is usually reported as a loss of secretory volume, which can range in severity. Defining salivary
gland dysfunction by measuring salivary flow rates can be difficult since these vary widely in the healthy population. However, saliva can
be sampled noninvasively and repeatedly, which facilitates longitudinal studies of subjects, providing a clearer picture of altered function.
The application of omics technologies has revealed changes in saliva composition in many systemic diseases, offering disease biomarkers,
but these compositional changes may not be related to salivary gland dysfunction. In Sjgren syndrome, there appears to be a change
in the rheology of saliva due to altered mucin glycosylation. Analysis of glandular saliva in diseases or therapeutic interventions causing
salivary gland inflammation frequently shows increased electrolyte concentrations and increased presence of innate immune proteins,
most notably lactoferrin. Altering nerve-mediated signaling of salivary gland secretion contributes to medication-induced dysfunction

and may also contribute to altered saliva composition in neurodegenerative disease.
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Introduction

Saliva is secreted by paired parotid, submandibular, and sublin-
gual major salivary glands, along with hundreds of small, minor
submucosal salivary glands. A further pair of “tubarial salivary
glands” has very recently been identified and may provide a
similar function in the oropharynx (Valstar et al. 2020). Oral
health is dependent upon the continuous presence of saliva on
the mucosal and tooth surfaces of the oral cavity, where it func-
tions to maintain tooth mineralization and provide a protective,
lubricating, renewing layer that interacts with and modifies the
oral microbiota. Salivary glands must secrete sufficient vol-
umes of saliva containing the components necessary for its
rheological properties and other functions. Different diseases
can cause salivary gland dysfunction, usually recorded as a
reduced rate of salivary secretion. There have been fewer stud-
ies of the impact of disease on the composition of saliva. In this
review, we consider the neural and cellular signaling that con-
trols salivary secretion along with longer physiological influ-
ences in health, to provide background information before
addressing how different diseases can affect salivary gland pro-
duction and composition of saliva.

Neural Regulation and Glandular
Mechanisms of Salivary Secretion

The secretion of saliva is evoked by taste, mastication, and oral
mechanoreception. Nerve-mediated signals are carried to the
central nervous system by afferent sensory nerves, and efferent
signals to salivary glands are carried in parasympathetic and
sympathetic autonomic nerves (Proctor and Carpenter 2007).
Parotid gland secretion is strongly influenced by mastication
while different smells associated with food can evoke subman-
dibular/sublingual gland secretion. Saliva is also secreted in
response to trigeminal chemosensory stimulation of transient
receptor potential (TRP) V1 and TRPMS channels, by agonists
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always some stimulation provided by the central
nervous system. The “unstimulated” flow is approx-
imately 0.3 to 0.4 mL/min but with wide variation
between subjects and is sustained presumably by
minor reflex activity and central nervous system
activity since the flow of saliva decreases during
sleep to around 0.1 mL/min. During food consump-
tion, salivary secretion can increase over 5-fold
compared to the unstimulated/resting flow rate.
The properties and composition of mixed saliva
delivered to the mouth during eating differ from
those in unstimulated saliva, reflecting altered con-
tributions from each of the salivary glands. A greater
proportion of stimulated saliva is of parotid origin,
and since parotid saliva is a watery, non-mucin-
containing secretion, the mixed saliva in the mouth is
less viscoelastic. Viscoelastic mucin glycoproteins
make a relatively greater contribution to whole-

Y mouth saliva during rest (Veerman et al. 1996).

The nature of the reflex stimulus may also influ-
ence the composition of saliva. Changes in the pro-
teome of whole-mouth saliva following trigeminal

Figure |. Nerve-regulated salivary secretion. Peripheral and central involvement in

reflex-stimulated secretion by the major salivary glands.

such as capsaicin and menthol (Houghton et al. 2020). Central
integration of sensory nerve signals in the salivary nuclei is sub-
ject to regulation by stimulatory or inhibitory signals descend-
ing from the cortical centers in the brain (Fig. 1). Muscarinic
M3 receptors (m3AChRs), a,- and B1-adrenoceptors, and vaso-
active intestinal polypeptide receptors play prominent roles in
acinar cell stimulation—secretion coupling (Fig. 2A and
Appendix). Acinar cell fluid secretion and ductal cell modifica-
tion of saliva are driven by electrolyte concentration gradients
created by active Na*, K* ATPase transport in combination with
a polarized distribution of cell membrane transport proteins
(Fig. 2B and Appendix). The total protein concentration of
saliva is mostly composed of proteins synthesized, stored, and
exocytosed by acinar cells (see Appendix). Other non—salivary
gland derived proteins in whole-mouth saliva are derived prin-
cipally from gingival crevicular fluid. IgG is present in whole-
mouth saliva at a concentration of approximately 0.016 mg/mL
(1,000-fold lower than serum), while serum albumin is present
at approximately 0.05 mg/mL (Gronblad 1982). There are other
non-salivary gland derived components of whole-mouth saliva,
including squamous epithelial cells, neutrophils, and microbial
cells (Fig. 2C).

Physiological Influences on Salivary
Secretion and Composition

Reflex-Stimulated and Resting Saliva

In the absence of stimulation provided by food consumption,
salivary secretion is largely maintained at an “unstimulated” or
“resting” flow rate. However, in conscious subjects, there is

nerve—stimulating agonists have been revealed
(Houghton et al. 2020). Bitter and other taste
modalities and phenolic astringency have been
found to cause acute changes in the salivary pro-
teome (Neyraud et al. 2006).

The submandibular/sublingual, parotid, and labial minor sub-
mucosal glands contribute to a 12-h circadian rhythm of unstim-
ulated saliva secretion, which shows a peak fluid flow in the
mid-afternoon and a low point in the early morning (Dawes
1972; Wang et al. 2015). Time of day of saliva collection should
therefore be considered when planning and executing studies on
human subjects. Further considerations are the level of hydration
and length of time following previous intake of food or drink
since these also influence salivary flow rates (Dawes 1972).

Autonomic Nerve—Mediated Trophism and Diet

Interruption of the autonomic nerve supply for extended peri-
ods causes salivary gland “disuse” atrophy in animal models
and is more profound following parasympathectomy but also
evident following sympathectomy (Proctor and Asking 1989).
The trophic influence of nerves on human salivary glands was
observed in submandibular glands transplanted to the lateral
fornix for prevention of irreversible ocular dryness (Borrelli
et al. 2010). Adherence to a liquid diet for 7 to 8d decreased
the volume and amylase content of parotid and whole-mouth
saliva; the decrease was reversed on restoration of a solid diet
(Hall et al. 1967). Whether increased reflex stimulation leads
to salivary gland hypertrophy in humans is less certain.
Reversible changes in parotid gland saliva composition, atro-
phy, and hypertrophy were observed in rats fed liquid and bulk
diets, respectively (Johnson 1984; Takahashi et al. 2018). The
submandibular and sublingual glands demonstrate little or no
atrophy following a liquid diet (Scott and Gunn 1991;
Takahashi et al. 2014).
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Aging and Cellular Senescence

Salivary gland histological structure changes with age,
whereby the volume of epithelial secretory tissue is reduced
and intraglandular fat and connective tissue increase (Scott
1977). Although previously disputed, a systematic review of
the evidence indicates that salivary glands show age-dependent
loss of function independent of polypharmacy (see later) mani-
fested as a decrease in unstimulated but not stimulated whole-
mouth salivary flow (Affoo et al. 2015). Studies in animal
models have revealed age/senescence-dependent declines in
salivary gland function (Miyagi et al. 2019).

There is modest evidence of altered saliva composition in
elderly subjects. Concentrations of histatins in parotid and sub-
mandibular/sublingual saliva were found to be reduced in older
age groups (Johnson et al. 2000). Analysis of saliva from self-
reported disease-free elderly (60+y old) subjects showed that
salivary rheology (spinnbarkeit) and mucin (MUC7) content of
unstimulated whole-mouth saliva were reduced compared with
18- to 30-y-old subjects (Pushpass et al. 2019). In a follow-up
study, reduced MUC?7 sialylation and mucoadhesion were
detected, although symptoms of oral dryness were not reported.
Altered submandibular gland mucin glycosylation with age
has also been reported in the mouse (Kameyama et al. 2021).

Disease-Induced Changes in Salivary
Gland Function and the Composition
of Saliva

Salivary gland dysfunction can be described as the production
of saliva, insufficient in terms of quantity and quality, as deter-
mined by composition, to preserve oral homeostasis and nor-
mal function. Different diseases and disease symptoms are
linked with salivary gland dysfunction (Fig. 3). However,
establishing salivary gland dysfunction can be problematic
since there is a wide range of “normal” function. Measurement
of whole-mouth salivary flow rates can reveal overall hypo-
function (very low, less than 0.1 mL/min; low, 0.2mL/min)
while individual glands can be assessed by sampling ductal
saliva. Salivary gland scintigraphy provides a simultaneous
assessment of the function of each paired parotid and subman-
dibular gland by quantitative imaging of the uptake and stimu-
lated excretion of the radiotracer Tc-99m pertechnetate
(Mandel and Mandel 2003).

Altered composition of whole-mouth saliva can reflect
local, oral disease. The increased sensitivity of detection meth-
ods means that trace salivary components from the systemic
circulation can be quantified, which has broadened the poten-
tial use of saliva as a diagnostic fluid. Altered composition of
whole-mouth saliva or ductal saliva may therefore reflect more
distant systemic diseases/pathologies without salivary gland
dysfunction (Fig. 3). In this review, we focus on diseases that
alter salivary gland secretion and saliva composition.

Sjogren Syndrome

The impact of Sjogren syndrome (SjS) on salivary gland func-
tion has been extensively studied. A number of hypotheses have

been put forward and evidence accumulated to explain the loss
of function in salivary (and other exocrine) glands, and it may
well be that a number of disease mechanisms contribute during
the prolonged course of SjS (Mariette and Criswell 2018). Loss
of secretory function has been attributed to infiltrating inflam-
matory cells, and although there may not be extensive tissue
destruction early in the disease, it has been suggested that the
inflammatory cytokines produced can influence acinar cell
secretory function. The presence of focal infiltrates of inflam-
matory cells is a diagnostic feature of glandular involvement
but appears not to be well correlated with loss of salivary secre-
tory function. Studies in different animal models, including the
nonobese diabetic (NOD) mouse and viral-mimicking Toll-like
receptor 3 activation models, have confirmed that loss of secretory
function may occur independently of infiltrating inflammatory
cells (Jonsson et al. 2006; Bombardieri et al. 2012).

Salivary gland involvement is a component of the diagnos-
tic criteria for SjS and is often confirmed by a labial gland
biopsy. Measurement of salivary flow rates or assays of saliva
components would allow repeated assessments of glandular
function to monitor disease activity over time. However,
whole-mouth salivary flow rate is not sufficiently specific to
confirm salivary gland involvement in SjS. A large study of
mixed groups of patients with salivary gland-related disease
concluded that measurements of both submandibular/sublin-
gual and parotid gland flow rates were required to provide suf-
ficient specificity in confirming salivary gland involvement in
primary SjS (Atkinson 1993). A combination of raised salivary
sodium concentration and submandibular/sublingual saliva
flow rate proved a useful biomarker (Pijpe et al. 2007). In com-
parison with healthy subjects and patients with non-S;jS sali-
vary gland disease, there were increased levels of soluble
immune-related proteins, lactoferrin, $2-microglobulin, IgA,
and autoantibodies in glandular and whole-mouth saliva from
patients with SjS (Tabak et al. 1978; Carpenter et al. 2000;
Katsiougiannis and Wong 2016). Early protein electrophoresis
studies by Josie Beeley’s group demonstrated altered presence
of unidentified proteins and were followed by the first use of a
proteomics approach in which semiquantitative changes in a
number of proteins were found, including lactoferrin, poly-
meric immunoglobulin receptor, and 2-microglobulin (Ryu
etal. 2006). Following the advent of high-throughput proteomic
analyses and characterization of the human salivary proteome,
there have been a number of studies of the proteomics of saliva
in SjS (Katsiougiannis and Wong 2016). The Wong laboratory
has combined proteomics and transcriptomics approaches and
identified multiple upregulated proteins and messenger RNAs
(mRNAs) in whole-mouth saliva of patients with primary SjS
compared with healthy control subjects; the proteins appeared
to be mostly of non—salivary gland origin while the upregu-
lated mRNAs suggested an interferon-inducible gene signature
(Hu et al. 2007).

A proportion of patients with SjS complain of xerostomia
even though their measured salivary flow rates do not confirm
hypofunction, suggesting that the quality and composition of
saliva might be changed (Osailan et al. 2011). The rheology of
saliva is largely dependent on soluble mucins (MUCS5B and
MUCY7) that contribute to the lubrication of oral surfaces.
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Figure 2. Salivary gland secretion of fluid and protein. (A) Coupling of nerve-mediated stimuli to secretion of fluid, proteins, and mucins by salivary
acinar cells. Release of acetylcholine from parasympathetic (ps) nerves activates muscarinic receptors (m3/m| AChRs), leading to activation of

phospholipase C (PLC) and generation of IP, (inositol triphosphate) from PIP,

(polyinositol biphosphate), binding to IP, receptor and release of Ca2*

from RER (rough endoplasmic reticulum), increasing intracellular calcium concentration. Noradrenaline (NA) release from sympathetic (sy) nerves can

cause a minor secretion of fluid through a.l adrenoceptors. Protein exocytos

is is evoked by activation of PKA (protein kinase A) by intracellular cAMP

generated from ATP by AC (adenylate cyclase) activated following NA binding to 3|-adrenoceptors or vasointesinal polypeptide (VIP) signaling from
ps nerves. Exocytosis from mucous acinar cells appears to occur without involvement of sy nerves. Acetylcholine release from ps nerves activates
exocytosis through increased intracellular Ca?* and PKC (protein kinase C) activated by DAG (diacylglycerol). VIP also signals mucous cell exocytosis
through PKA activation (see Appendix). (B) Cellular mechanisms of fluid secretion. Acinar cell secretion of isotonic NaCl and water is followed by

striated duct cell absorption of NaCl and secretion of KHCO, in a hypotonic
Acinar cell secretion is dependent on an apical chloride channel (TMEMI6A),

fluid. The principal membrane transporter proteins involved are shown.
basolateral sodium, potassium cotransporter (NKCCI), antiports (AE2,

NHE]1), potassium channels, water channel (AQ5), and paracellular movement of sodium and water, all underpinned by sodium potassium ATPase.
Ductal cell absorption of sodium and secretion of potassium through the ENaC and IK| channels, respectively, is accompanied by secretion of
bicarbonate through a combination of the CFTR chloride channel and the slc26a6 antiport, all ultimately dependent on sodium potassium ATPase (see
Appendix). (C) Composition of saliva in the mouth. In addition to the saliva secreted by major and minor salivary glands, whole-mouth saliva contains

components of non—salivary gland origin, including cells, bacteria and other m
gingival crevicular fluid (GCF), mucosal transudate, tooth enamel, and dentin.

icroorganisms, cellular particles along with molecules contributed from
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Compared with healthy control subjects,
the extensional rheology of saliva from
patients with SjS was reduced even in
those without apparent glandular hypo-
function. Mucin glycosylation but not con-
centration was reduced, which is likely to
alter function (Chaudhury et al. 2016).

Salivary Gland Obstructive Disease

Recurrent, chronic sialadenitis of the sub-
mandibular or parotid glands is most fre-
quently associated with obstruction of the
ductal system due to stones and/or ductal
stricture with episodes of microbial infec-
tion associated with salivary stasis in the
ductal system (Iro et al. 2009; Zhang et al.
2019). Clinical investigation is directed at
establishing the presence of ductal obstruc-
tion using sialography, and the dysfunc-
tion relates to swelling and pain associated
with “meal-time” syndrome. Minimally
invasive salivary gland surgery and litho-
tripsy are now used to treat obstructive
disease, and a few studies have assessed
secretory dysfunction. Parotid secretory
function was improved following removal
of the ductal obstruction, as assessed by

Systemic disease

« Sjogren’s syndrome and other autoimmune
conditions including rheumatoid arthritis,
systemic lupus erythematous

Parkinson’s disease

PR Diabetes mellitus and other endocrine diseases
Crohn’s disease, inflammatory bowel disease
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Figure 3. Relationships between disease, salivary gland dysfunction, and composition of saliva.
The present review focuses on disease-related salivary gland dysfunction leading to altered
composition and function of saliva. The causes considered are systemic diseases and therapeutic
interventions (e.g., anticholinergic medications) that can cause salivary gland disease and
dysfunction (solid lines). Saliva contains biomarkers of other systemic diseases (e.g., diabetes or
liver disease) and oral diseases (e.g., periodontitis), which can directly alter the composition of
saliva without necessarily causing salivary gland disease or dysfunction (dashed lines).

scintigraphy (99mTc pertechnetate) and
sialometry (Zhang et al. 2019).

Studies on animal models have demonstrated that ductal
ligation—induced glandular obstruction causes a rapid loss of
secretory function that is not dependent on inflammatory cell
infiltration of glands (Correia et al. 2008). Saliva chloride and
sodium concentrations were increased, suggesting that ductal
cell function is also affected. Even following prolonged peri-
ods of obstruction and extreme glandular atrophy, functional
recovery can take place with secretion of saliva containing a
normal protein composition (Osailan et al. 2006).

Salivary Gland Infection

A longitudinal study of acute bacterial sialadenitis in a patient
with chronic recurrent parotitis demonstrated rapid loss of
secretory function accompanied by increased presence of
innate immune proteins (lactoferrin and lysozyme), immuno-
globulins, and albumin, which resolved over a 2- to 3-wk
period, although secretory function remained lower than the
control gland (Tabak et al. 1978). Several viruses are associ-
ated with salivary gland inflammation, including paramyxovirus
(mumps), cytomegalovirus, hepatitis C, human immunodefi-
ciency virus (HIV), and human herpes virus. The secretion and
composition of submandibular/sublingual (SMSL) saliva in
HIV-infected patients was assessed (Jainkittivong et al. 2009).
Unstimulated and citric acid—stimulated SMSL saliva secretion
was reduced in highly active antiretroviral therapy (HAART)—
treated and non-HAART patient groups. Saliva contained

increased concentrations of the mucins MUC5B and MUC7,
which have an antiviral activity, but secretory output of both
mucins over time was similar in HIV-positive and control sub-
jects. Lower SMSL saliva flow rates and blood CD4" counts
were seen in Candida-positive compared with Candida-
negative HIV-positive subjects, but there was no association
between Candida and salivary mucin concentrations. Influenza
A (H3N2) is associated with parotitis, and more recently, the
presence of severe acute respiratory syndrome coronavirus 1
(SARS-CoV-1) in salivary glands and association of severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) with
saliva have been described, but it is unclear whether these
viruses affect salivary gland function (Chern et al. 2020).

Medication-Induced Salivary Gland Dysfunction

Medication and salivary dysfunction were considered in a series
of systematic reviews that emerged from the World Workshop
on Oral Medicine VI (Wolff et al. 2017). It is clear from these
reviews that many medications cause xerostomia as a side
effect, but very few have been tested for objective changes in
salivary flow. The principal peripheral target of medications
causing salivary gland dysfunction is the m3AChR and, to a
lesser extent, ml AChR of salivary gland acinar cells, which are
blocked by antimuscarinic drugs used in the treatment of
irritable bladder and chronic obstructive pulmonary disease.
Antihypertensive a2-adrenoceptor agonists and antidepressants
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that inhibit noradrenaline and serotonin reuptake appear to act
centrally by inhibiting nerve-mediated transmission in descend-
ing pathways acting on the salivary centers (Moreira Tdos et al.
2002). There have been few studies of the composition of saliva
in relation to medication-induced salivary gland dysfunction.
Nonselective and 1-adrenergic receptor antagonists in humans
altered the composition of saliva by reducing the amount of
total protein, histatin, statherin, and amylase (Jensen et al.
1994). Similar effects were also shown with nonselective (pro-
pranolol) and the Pl-selective (atenolol) adrenergic receptor
antagonists (Nederfors 1996). More studies are needed to iden-
tify the effects of new medications on composition and flow
rate of saliva from both minor and major salivary glands. Acute
dosage with B1-selective or nonselective 3-adrenoceptor antag-
onists reduces total salivary protein secretion, and longer-term
application alters salivary protein expression in studies on ani-
mal models (Johnson and Cortez 1988).

Irradiation—External Beam

Xerostomia after radiotherapy (RT) for head and neck cancer
(HNC) is a very frequent complication that has a major impact
on quality of life in HNC survivors. Loss of secretory function
in coirradiated salivary glands occurs early following treat-
ment, even before apparent loss of secretory acinar cells, but
progresses to approximately 10% of control levels of salivation
as secretory cells die and are not replaced (Vissink et al. 2010).
Valdez et al. (1992) compared parotid and submandibular/sub-
lingual gland function approximately 2y following irradiation
therapy and found similar levels of irradiation dose-dependent
reduction, compared with unirradiated control subjects.
Sialochemistry revealed reduced total protein secretion but
increased secretion of lactoferrin. Ductal dysfunction was indi-
cated by increased concentrations of chloride and sodium even
though salivary flow rates were reduced.

The severity of xerostomia following therapeutic irradia-
tion can be reduced by using parotid gland—sparing intensity-
modulated radiotherapy (IMRT) in treating patients for HNC.
In a longitudinal study, at 3 to 6 mo after IMRT, stimulated and
unstimulated parotid saliva flow rates were significantly
decreased compared with baseline before IMRT but showed
some recovery by 12mo (Richards et al. 2017). Compositional
analysis revealed reduced total protein secretion that recovered
at 12mo while increased lactoferrin concentration persisted.
Overall, more severe xerostomia was associated with lower
parotid saliva flow rates.

Radioactive lodine and Radiolabeled Prostate-
Specific Membrane Antigen Infusions

A substantial proportion of thyroid cancer sufferers are treated
with radioactive iodine (RAI), which is also concentrated in
parotid and submandibular glands by expressed sodium iodide
membrane symporter proteins. Acute salivary gland hypofunction
is seen in the first week following treatment and chronic sial-
adenitis from 3mo onward, associated with ductal strictures

and obstructive disease, which causes pain and associated sali-
vary gland dysfunction, usually determined by salivary gland
scintigraphy (Singer et al. 2020).

Radioactive actinium (225Ac)— or lutetium (177Lu)-
labeled prostate-specific membrane antigen (PSMA)-617 are
low molecular weight ligands of prostate-specific membrane
antigen and are used in the treatment of prostate cancer. Dry
mouth is the main side effect of this therapy owing to uptake of
radioligand by PSMA expressing salivary glands causing sali-
vary gland hypofunction as determined by salivary gland scin-
tigraphy (Rathke et al. 2018). The impact of treatment on
salivary volume and composition has not been determined.

Hematopoietic Stem Cell Transplantation

Autologous or allogeneic hematopoietic stem cell transplanta-
tion (HSCT) is given for the treatment of leukemia, malignant
lymphoma, and other blood malignancies and is preceded by a
conditioning chemotherapy and/or radiotherapy. An early com-
plication of treatment is oral mucositis due to the conditioning
therapy while graft-versus-host reactions may occur acutely or
chronically. Salivary flow rates are reduced following HSCT,
but the reported time span differs between published studies.

A recent review of published studies showed a trend toward
decreasing salivary flow rate days and months after HSCT and
reported compositional changes in saliva reflecting an inflam-
matory response directly after HSCT, followed by increases in
salivary antimicrobial defense mechanisms at 6 mo after HSCT
(van Leeuwen et al. 2019). In a longitudinal study, there was an
early reduction in salivary fluid secretion but not total protein
secretion (van Leeuwen et al. 2018). An early phase of oral
mucosal—-associated pathology coincided with increased sali-
vary albumin. During this period, numbers of circulating neu-
trophils were decreased, and salivary levels of the antimicrobial
proteins, including IgA, myeloperoxidase, and neutrophil-
derived o-defensin, were decreased. In this period, there
appeared to be salivary gland inflammation since salivary lac-
toferrin levels were elevated, suggesting that glandular expres-
sion of this antimicrobial protein might be compensating for
loss of other oral antimicrobial activity. Previous studies have
similarly shown decreases in IgA and increases in lactoferrin,
secretory leukocyte protease inhibitor, and B2-microglobulin
after HSCT (Imanguli et al. 2007) .

Neurodegenerative Disease

Autonomic dysfunction involving the gastrointestinal system
is a frequent early manifestation of Parkinson disease (PD).
Sialorrhea is problematic in PD, but the drooling and swallow-
ing difficulties experienced by sufferers are due to loss of mus-
cular control rather than hypersalivation. To reduce drooling
and inhalation of saliva, botulinum toxin is sometimes injected
into major salivary glands (Ruiz-Rocaetal. 2019). Intraneuronal
inclusions of aggregated a-synuclein protein, termed Lewy
pathology, are the pathological hallmark of PD and have been
found in the submandibular glands as well as in multiple sites
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of the autonomic nervous system involved in control of saliva
production in patients with PD (Beach etal. 2010). Paradoxically,
a number of studies have demonstrated decreased saliva secre-
tion in PD. An assessment of salivary secretion in subjects with
PD, “on” or “off” levodopa therapy, demonstrated reduced
unstimulated salivary flow rates compared with non-PD con-
trol subjects; salivary flow was greater in PD levodopa-treated
compared to untreated PD subjects. The latter effect appeared
to be exerted through a central mechanism since treatment with
the peripheral dopaminergic D, receptor antagonist domperi-
done did not reduce salivary flow (Tumilasci et al. 2006).

A further study of salivary flow and protein composition in
PD patients compared with age-matched control subjects
found similar salivary flow rates in both groups, but total pro-
tein, amylase, and albumin concentrations were higher in the
PD group, whether on or off levodopa, suggesting altered glan-
dular function and oral epithelial integrity (Masters et al.
2015).

In Alzheimer disease (AD), submandibular but not parotid
gland secretion is reduced (Ship et al. 1990). A recent study
found reduced lactoferrin concentration in unstimulated whole-
mouth saliva to be specific to AD, which suggests a deficit in
salivary gland expression or secretion of lactoferrin, but the
disease mechanism linking salivary lactoferrin and AD is at
present unclear (Gonzalez-Sanchez et al. 2020).

Bulimia Nervosa

Parotid gland enlargement has been varyingly reported in
bulimia nervosa. An early study reported enlargement in 25%
of patients with binge eating syndrome of bulimia nervosa,
and it appeared to be correlated with raised parotid salivary
amylase and total protein concentrations and increased serum
levels of salivary type amylase (Kronvall et al. 1992).
Dynesen et al. (2008) found reduced unstimulated whole-
mouth salivary flow in bulimia nervosa patients coinciding
with increased xerostomia, primarily due to the intake of anti-
depressant medications. Nevertheless, following adjustment
for medication intake, there was a residual effect of bulimia ner-
vosa reducing unstimulated whole-mouth salivary secretion.

Crohn Disease

The incidence and severity of xerostomia have been found to
be correlated with the severity of Crohn disease (CD) (de Vries
et al. 2018). Reduced unstimulated salivary flow was found in
a recent study of CD subjects, but further studies are required
to determine whether altered salivary gland function is respon-
sible for the recorded xerostomia. Raised secretory immuno-
globulin A (SIgA) and IgA levels in saliva have been detected
in CD alone and in combination with orofacial granulomatosis,
an associated oral inflammatory phenotype, which is also char-
acterized by raised concentrations of lactoferrin (Jansakova
et al. 2021). The raised SIgA and lactoferrin concentrations
suggest altered salivary gland function or inflammation, pos-
sibly in major or minor salivary glands.

Conclusion

Salivary gland function is dependent on nerve-mediated stim-
uli, which exert acute control of saliva secretion and can alter
function through longer-term trophic influences. A reduction in
nerve-mediated stimuli may be a contributory factor in addi-
tion to iatrogenic reductions in salivary flow rates due to medi-
cations taken by elderly subjects. Salivary gland dysfunction
manifested as reductions in salivary flow rate is observed in
different diseases and often accompanied by the perception of
dry mouth, particularly where there is widespread involvement
of salivary glands as in advanced Sjogren syndrome and fol-
lowing therapeutic irradiation. Relatively few studies have
addressed how salivary gland dysfunction alters the composi-
tion and function of secreted saliva and the mechanisms under-
lying such disease-induced changes.
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