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Abstract

Radiation therapy for head and neck cancer causes significant secondary side-effects in normal
salivary glands, resulting in diminished quality of life for these individuals. Salivary glands are
exquisitely sensitive to radiation and display acute and chronic responses to radiotherapy. This review
will discuss clinical implications of radiosensitivity in normal salivary glands, compare animal
models used to investigate radiation-induced salivary gland damage, address therapeutic advances,
and project future directions in the field.
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INTRODUCTION

Salivary gland function plays an important role in oral health by aiding in food digestion,
protecting oral mucosa, facilitating remineralization of dental hard tissues, and moistening the
palate for articulation (Grisius and Fox, 1998). Saliva is composed of water, electrolytes,
proteins, and carbohydrates, which interact to accomplish diverse tasks in the oral cavity
(reviewed in de Almeida et al., 2008). The major salivary glands consist of paired
submandibular, sublingual, and parotid glands that work in concert with hundreds of minor
salivary glands located throughout the region. Each gland has a unique combination of mucous
or serous acinar cells, which are responsible for synthesizing protein components of saliva and
transporting water and electrolytes (Pinkstaff, 1993). Branching ducts within major salivary
glands finalize electrolyte composition of saliva and deliver it to the mouth (Pinkstaff, 1993).
Submandibular glands contribute approximately two-thirds of unstimulated saliva volume,
whereas parotid glands contribute the majority of stimulated saliva volume (Ship et al.,
1991; de Almeida et al., 2008). The autonomic nervous system predominantly regulates
salivary gland secretion and may have a role in glandular regeneration (Proctor and Carpenter,
2007). Radiation-induced xerostomia is hypothesized to be multi-factorial (Eisbruch et al.,
1999), involving damage to major and minor salivary glands and associated nerves and
endothelium.
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CLINICAL RELEVANCE OF RADIATION-INDUCED SALIVARY GLAND

DAMAGE

Each year, roughly 50,000 cases of head and neck cancer are diagnosed in the United States
(St John et al., 2006). Worldwide, the problem is more significant, with head and neck cancer
ranking as the 51" most common malignancy (Seiwert et al., 2007). Upon diagnosis, the
standard of care is dictated by tumor stage and, for locally advanced tumors, entails surgical
resection followed by radiotherapy. Due to the positioning of many oral tumors, non-diseased
tissues, such as the salivary glands, are often exposed to therapeutic radiation. This results in
several adverse secondary side-effects, including xerostomia, difficulty swallowing
(dysphagia), oral discomfort, malnutrition, oral mucositis, changes in taste, and increased oral
infections (Hancock et al., 2003; Cady, 2007; Nguyen et al., 2007). Xerostomia is the most
common complication of radiotherapy for head and neck cancer (Dirix et al., 2006), and
significant reductions in salivary gland function may contribute to a high frequency of
mucositis and dysphagia (Kaplan et al., 2008). Destruction of the oral tissues following
therapeutic radiation results in significant morbidity, diminished quality of life, and, in some
cases, interruptions in treatment schedules (Malouf et al., 2003; Trotti et al., 2003; Dirix et
al., 2006).

Radiosensitivity

Salivary glands are exquisitely sensitive to radiation, yet, unlike classically radiosensitive
tissues (Fig. 1), they proliferate slowly and are made up of highly differentiated cells
(summarized in Hall, 2000). Early and late effects of radiation generally correlate with a tissue’s
rate of proliferation. Early (acute) effects occur within a few days or weeks of irradiation, due
to high levels of cell death. Late effects occur months or years after irradiation and may be
affected by vascular damage and loss of parenchymal cells. Interestingly, there is a third type,
termed ‘consequential late effects’, which are hypothesized to result from persistent severe
early effects (summarized in Hall, 2000).

Acute and Chronic Response in Affected Individuals

Affected individuals display a 50-60% loss of salivary flow within the first week of
radiotherapy (Henson et al., 1999; Eisbruch et al., 2001; Dirix et al., 2006). The degree of
salivary gland hypofunction (% of baseline) correlates with lower quality of life, as assessed
by questionnaires (Malouf et al., 2003). Loss of acinar cells and glandular shrinkage also occurs
during the acute phase (Robar et al., 2007; Hoebers et al., 2008), which affects the composition
and volume of saliva (Henson et al., 1999; Dirix et al., 2006). The acute reduction in saliva
flow and changes in saliva composition have been attributed to an impairment of the gland
tissue to produce sufficient saliva volume, as well as to reduced secretion of certain components
of normal saliva (Makkonen et al., 1986). Within three weeks of radiotherapy, a majority of
individuals present with mucositis, which can be life-threatening (Hancock et al., 2003). Many
studies have suggested that chronic effects of radiation may be the consequence of acute
damage to salivary glands (Stephens et al., 1986b; Li et al., 2007). Chronically, affected
individuals continue to display significant decreases in unstimulated and stimulated salivary
flow for several months or years following radiotherapy (Eisbruch et al., 2001; Dirix et al.,
2006; Li et al., 2007). In a subset of persons whose salivary glands received lower doses of
radiation (< 25 Gy), there is recovery of salivary function within 12-24 months (Braam et
al., 2006; Dirix et al., 2006; Li et al., 2007). However, many individuals have permanent
salivary gland hypofunction (Li et al., 2007), which has been attributed to attrition of acinar
cells followed by replacement with fibrotic tissue (Radfar and Sirois, 2003). Due to the chronic
loss of salivary function, long-term dietary adaptations are required if the individuals are to
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maintain adequate nutrition and hydration (Hancock et al., 2003; Cady, 2007), which have a
significant impact on their quality of life.

Improvements in Radiation Physics

In recent years, tremendous improvements have been made in targeting radiation to spare
surrounding tissues. One of these technologies, intensity modulated radiotherapy (IMRT),
allows for maximal treatment of a tumor while sparing normal tissues and reducing side-effects
(Braam et al., 2006). However, one study evaluated tumor recurrence in three persons who
underwent salivary gland sparing close to the treatment site and concluded that caution should
be used when delineating treatment parameters (Cannon and Lee, 2008). Alternatively,
hyperfractionated radiotherapy, accelerated fractionated radiotherapy, or combined
chemoradiotherapy has been used to treat head and neck cancer, with side-effects similar to
those associated with radiotherapy alone (Seiwert and Cohen, 2005; St John et al., 2006). The
major limitations of these technologies include availability of equipment, distance to
experienced treatment centers, tumor location in relation to other tissues, and anatomic changes
that occur during treatment (St John et al., 2006; Robar et al., 2007; Seiwert et al., 2007).
Solutions will likely involve both novel biological interventions for sparing normal tissues and
improved technology.

Radiation Dose Delivered to Salivary Glands

Numerous studies have defined maximal dose calculations for salivary gland exposure to
minimize side-effects. Clinically, radiation exposure of parotid salivary glands is kept below
2 Gyl/day and a cumulative dose of 24-26 Gy, to allow for recovery of salivary function
(Eisbruch et al., 1999; Li et al., 2007). In general, there does not seem to be compensation by
the contralateral gland to improve total saliva production (Li etal., 2007). Using planar salivary
gland scintigraphy combined with single-photon-emission computed tomography (SPECT),
Bussels et al. have determined the amount of salivary excretion fraction (SEF) lost in different
anatomical slices within the parotid gland following conformal radiotherapy (Bussels et al.,
2004). They estimated that the mean dose resulting in 50% loss of salivary excretion fraction
(dSEF) was 22.5 Gy. Interestingly, in 7 out of 15 individuals, there was a significant loss of
function at lower mean doses (10-15 Gy), which corresponded to the caudal part of the spared
parotid gland (Bussels et al., 2004). Maximum cumulative exposure of the submandibular
glands has recently been set at 39 Gy (Murdoch-Kinch et al., 2008), suggesting that these
glands may be less radiosensitive than parotid glands. It should be noted that radiation doses
are delivered 5 days/week over a total period of 35-50 days (Henson et al., 1999; Braam et
al., 2006; Li et al., 2007); therefore, a dose of 26 Gy delivered to the salivary glands over
multiple fractions is not equivalent to a single megadose of 26 Gy (Radfar and Sirois, 2003).
This is an important consideration when the different animal models are evaluated, since the
range of radiation doses used in these models varies drastically (summarized in Fig. 2).

MODELS OF RADIATION-INDUCED SALIVARY GLAND DAMAGE

Elucidation of potential mechanisms underlying salivary gland radiosensitivity has focused on
functional animal studies and, in recent years, on molecular approaches. While it is perceivable
that no animal model will directly recapitulate human biology, significant advancements in
our understanding of radiation-induced DNA damage to the salivary glands have been
discovered through these models. This section serves to define and compare data gathered from
the 4 major models: rat, mouse, miniature pig, and rhesus monkey.

Acute Physiological Response following Single-dose Irradiation

The most consistent observations in all animal models have been significant reductions in flow
rate, loss of glandular weight, and loss of acinar area (Stephens et al., 1986b; Vissink et al.,
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1990; Nagler etal., 1998; Li et al., 2005). For example, studies in rats reported a 40% reduction
in salivary flow rates with single doses of 5 or 10 Gy, and ~ 60% reduction following 15 or 20
Gy three days after treatment (Vissink et al., 1990). The major difference between the models
involves the radiation dose administered for a significant loss of function to be observed (Fig.
2). Studies in rats have used a singledose range of 5-40 Gy (Vissink et al., 1990; Nagler et
al., 1998; Konings et al., 2005a, 2006) compared with 1-15 Gy in the mouse, 2.5-15 Gy in
the rhesus monkey, and 15-20 Gy in the miniature pig (Stephens et al., 1986b; Bralic et al.,
2005; Li et al., 2005; Humphries et al., 2006; Limesand et al., 2006; Muhvic-Urek et al.,
2006). Loss of serous acinar cells has been linked to reductions in salivary flow, since these
cells account for about 80% of parotid gland volume and are responsible for water and protein
secretion (Stephens et al., 1986a; Turner, 1993).

Chronic Physiological Response following Single-dose Irradiation

Persistent reductions in salivary flow rate, which suggest lifelong glandular dysfunction, have
also been reported in all models (Stephens et al., 1986a; Nagler, 1998; Nagler et al., 1998; Li
et al., 2005; Konings et al., 2006; Takakura et al., 2007). For example, single doses of 15 or
20 Gy to miniature pigs resulted in a 50% decrease in parotid flow rates after 16 wks and ~
50% reduction in acinar cell area at 4 and 16 wks post-irradiation (Li et al., 2005). Another
study in rats reported a higher loss of acinar cells when the cranial part of the gland was
irradiated vs. the caudal part, which was replaced by connective tissue 1 yr after exposure to a
single 30-Gy dose (Konings et al., 2006). In general, chronic dysfunction has been attributed
to loss or impairment of serous acinar cells and replacement by connective tissue and fibrosis
(Stephens et al., 1986b; Li et al., 2005; Muhvic-Urek et al., 2006). Many studies have reported
significant acinar cell atrophy at chronic time-points (Stephens et al., 1986b; Nagler, 1998; Li
et al., 2005; Muhvic-Urek et al., 2006), which has been postulated to be due to lack of
regeneration (Stephens et al., 1986a). Inflammatory infiltration has also been observed in
miniature pig and rhesus monkey models (Stephens et al., 1986b; Li et al., 2005), but not
consistently in rodent models, which may indicate species differences in the responses of
salivary glands to radiation (Nagler et al., 1998; Nagler, 1998; O’Connell et al., 1999b;
Muhvic-Urek et al., 2006).

Radiation Targeting

It has been proposed that radiation delivered to the entire head and neck region of the rat results
in indirect damage to the salivary glands, and studies should be designed targeting radiation
only to the parotid and submandibular glands (Konings et al., 2005b). The authors ascertained
that irradiation of non-salivary gland tissue within a head and neck treatment portal can
influence radiation-induced reductions in salivary function. Importantly in affected
individuals, the head and neck tumor is the primary direct target, and salivary glands are indirect
targets. The functioning of the parotid and submandibular glands is only one factor contributing
to the symptom of xerostomia (Kaplan et al., 2008). Therefore, studies with head and neck
treatment portals in animal models provide vital information on the potential interplay between
salivary and non-salivary gland tissue as it relates to radiation-induced loss of function and
evaluation of protective therapies.

Fractionated Radiation

In contrast to single megadoses of 15-40 Gy reported in many studies, fractionated radiation
schedules resemble clinical practice. Following a clinically relevant fractionated radiation
schedule (30 x 2 Gy over 6 wks, cumulative dose of 60 Gy), there is a progressive deterioration
of function, loss of serous acinar cells, and development of fibrosis and inflammation 6 mos
following radiation to the head and neck in rats (Friedrich et al., 2002; Sagowski et al.,
2003). Another study in miniature pigs (Radfar and Sirois, 2003) found significant reductions
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in flow rates, with pronounced acinar atrophy, fibrosis, and parenchymal loss that could be
detected as early as 30 days after a fractionated radiation treatment (35%2 Gy, cumulative dose
of 70 Gy).

The most consistent observations in all animal models have been significant reductions in flow
rate, loss of glandular weight, and loss of acinar area or cells. However, not all animal models
have been described in the same amount of detail (i.e., methods, radiation doses, time-points,
etc.), so it is premature to decide the best animal model. Our ability to decipher mechanisms
involved in salivary gland dysfunction is limited in fractionated radiation studies; therefore,
studies using an appropriate single therapeutic dose of radiation can contribute greatly.

MECHANISMS OF SENSITIVITY

The complexity of salivary gland morphology suggests involvement of multiple pathways
leading to dysfunction following irradiation. Therefore, stable cell lines and primary or organ
cultures from salivary glands are valuable tools for uncovering regulatory events in the cellular
response of salivary acinar cells to radiation (Stephens et al., 1989; O’Connell et al., 1998;
Limesand et al., 2003b, 2006). In recent years, several genetically engineered mouse models
have been evaluated, which provide considerable insight into the molecules involved.

Cellular Attrition

Three major pathways are involved in maintaining tissue homeostasis via cell death: apoptosis,
necrosis, and autophagy. Apoptosis is a highly conserved, tightly regulated process that has
been defined morphologically and biochemically (Riedl and Shi, 2004). Many methods for the
detection of apoptotic cells have been reported, based on early (activation of caspase-3, keratin
18 cleavage) or late events (nuclear condensation, DNA fragmentation) in the pathway
(reviewed in Krysko et al., 2008). It has been noted in some tissues that apoptotic cells are
usually taken up by phagocytes before chromosomal fragmentation (Savill et al., 1993). In
contrast to apoptosis, no standard biochemical markers exist for necrosis, but rather the absence
of apoptotic markers, together with morphological changes detected by electron microscopy,
is indicative of necrosis. Autophagy is characterized by the presence of double-membrane
autophagic vacuoles, detected by transmission electron microscopy, or lipidation of LC3, as
detected by immunofluorescence (Martinet et al., 2006). An alternative method of autophagy
detection is quantification of LC3-11 processing by Western blot (Ogata et al., 2006); however,
this would not provide cell-type-specific information. Depending on the radiation dose, it is
likely that all 3 modes of cell death are present and not mutually exclusive. Although apoptosis
has been studied to some extent in the salivary glands, contributions from necrosis and
autophagy to radio-sensitivity and persistent loss of function in salivary glands remain elusive.

The major cause for significant acinar cell loss across animal models following irradiation (Fig.
2) has been widely debated. Earlier work in the rat quantified radiation-induced apoptosis by
counting condensed nuclei and reported 2—-3% apoptotic cells 6 hrs after treatment within a
broad range of doses (2.5-25 Gy) (Paardekooper et al., 1998). The extent of apoptosis was not
dose-dependent, and the authors concluded that the magnitude of apoptosis could not explain
the significant loss of function (Paardekooper et al., 1998). In contrast to rats, radiation-induced
apoptosis is dose-dependent in parotid glands of mice, with significantly higher levels detected
by immunohistochemistry against activated caspase-3 (Humphries et al., 2006;Limesand et
al., 2006). Twenty-four hours after radiation exposure, mouse parotid glands have ~ 30%
apoptosis after a single 5-Gy exposure, compared with ~ 15% after a single 1-Gy dose
(Humphries et al., 2006;Limesand et al., 2006). One group reported that 5-8% of murine
submandibular acinar cells are apoptotic 3 days after 7.5 and 15 Gy (Bralic et al., 2005), while
another group observed only 2% apoptosis 24 hrs after 5 Gy (Humphries et al., 2006). In rhesus
monkeys, loss of acinar cells in the first 24 hrs is also dose-dependent (range, 2.5 to 15 Gy)
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and attributed to interphase cell death caused by apoptosis (Stephens et al., 1991). While
decreases in acinar cell area have been reported in miniature pigs (Li et al., 2005), the mode
of cell death was not reported.

Considerable debate has emerged regarding the ratio of acinar cells lost following radiation
and the extent of salivary gland dysfunction (Konings et al., 2005b; Limesand et al., 2006).
Logically, there are at least two possible discussion positions. The first position maintains a
1:1 ratio in the percentage of acinar cells lost and percent decrease in function. This position
relies on the assumption that all acinar cells contribute equally to saliva production. The second
position maintains that a certain percentage of cells are lost, and these cells affect the function
of the cells around them. For example, in the process of activating a cell death program, factors
could be secreted that communicate an adverse environment to the surrounding cells (Gudkov
and Komarova, 2003). In this case, a low percentage of acinar cells lost acutely could signal
surrounding cells to decrease function that potentially contributes to a chronic 50% loss of
function. At this point, there is no definitive evidence for either position, further emphasizing
the need for molecular and biochemical studies on the mechanisms of radiosensitivity in
salivary glands.

Signaling Pathways Involved in Apoptosis of Salivary Acinar Cells

Although many intracellular signaling steps in the regulation of apoptosis are similar, there are
cell-type- and tissue-specific differences that may, in part, account for the radiosensitivity of
salivary glands. An important molecule that regulates radiosensitivity in other tissues is p53.
Classically, p53 is known as a tumor suppressor, due to its response to oncogene activation
(Horn and Vousden, 2007). It is intricately involved in regulating DNA damage repair, cell
cycle arrest, and apoptosis (Riley et al., 2008). lonizing radiation (5 Gy) induced p53
transcriptional activation and apoptosis of mouse salivary acinar cells in vitro and in vivo
(Limesand et al., 2006). In transgenic mice expressing a constitutively activated mutant of the
anti-apoptotic kinase Akt (myr-Aktl), p53 activation was reduced and the induction of
apoptosis was abrogated in vitro and in vivo (Limesand et al., 2006). This negative regulation
of p53 protein levels by myr-Aktl was mediated via the activation of Murine Double Minute
Clone 2 (MDM2) (Limesand et al., 2006) (Fig. 3), which binds to p53 and targets it for
degradation by the proteasome (Ogawara et al., 2002). These findings are supported by a recent
investigation from our research group in irradiated p53-null mice, which had no apoptosis and
preserved salivary flow 3 and 30 days following a single dose of 2 or 5 Gy (Avila et al.,
2009). These studies suggest that in vivo p53 expression is required for acute and chronic
salivary gland dysfunction following irradiation.

Other Pathways Involved in Radiation Damage to Salivary Acinar Cells

Potentially, multiple pathways could lead to salivary gland dysfunction following irradiation
(Fig. 3). Other relevant pathways in the salivary glands reported in the literature include: de-
granulation hypothesis, aquaporin expression, calcium signaling, and protein kinase C &
(PKCb) regulation of apoptosis. An earlier hypothesis suggested that the secretory granules of
acinar cells are damaged by radiation-induced lipid peroxidation, which leads to the generation
of free radicals and lysis of these cells (Nagler et al., 1997). While the administration of
muscarinic or adrenergic agonists, which trigger degranulation of secretory cells, prior to
radiation (15 Gy) has been shown to maintain partial salivary flow in rats and mice (Nagler et
al., 1997;Nagler and Laufer, 1998;Coppes et al., 2000; Takakura et al., 2007), not all clinical
studies have corroborated these effects (Roesink et al., 2004). Down-regulation of aquaporin-5
(AQP5), a water channel present on the apical membrane of acinar cells, has been observed in
rat submandibular glands on days 3 and 30 after a single 15-Gy dose (Li et al., 2006).
Restoration of AQP5 levels in mouse submandibular acinar cells, with the oral administration
of the muscarinic agonist cevimeline, prior to a single dose of 15 Gy resulted in partial
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preservation of salivary flow rates up to day 28 in vivo (Takakura et al., 2007). Reports on the
impairment of calcium signaling following irradiation have been inconsistent; therefore, it is
unclear whether it has a role in chronic loss of function (O’Connell et al., 1998,1999b;Coppes
etal., 2005). Expression of PKC3 has been shown to regulate apoptosis in salivary acinar cells
(reviewed in Reyland, 2007), and PKCs-deficient mice exhibited significantly lower levels of
radiation-induced apoptosis (1 and 5 Gy) (Humphries et al., 2006). Since the response of the
salivary glands to irradiation is complex and presumably multi-factorial, it will be important
to integrate these pathways with each other and with functional studies by therapeutic doses
of radiation.

TREATING RADIATION-INDUCED XEROSTOMIA

Some therapies for radiation-induced xerostomia are designed to protect salivary glands during
radiotherapy. Some are intended to provide temporary relief of symptoms. Others are aimed

at restoring function to previously damaged glands. It is difficult to say that any one of these
approaches is better than another. Certainly, outright prevention is a lofty goal, but for more

than 500,000 (Jemal et al., 2008) people in the U.S. who have undergone treatment for head

and neck cancer, palliative and restorative therapies are equally important. In this section, we
provide an overview of available treatments and promising new leads in each of these treatment
categories.

PROTECTIVE THERAPIES

Amifostine and Tempol

During the 1950s, the U.S. Army developed the prodrug, amifostine, to protect soldiers in case
of nuclear attack. Amifostine is dephosphorylated by alkaline phosphatase, yielding an active
free thiol that can scavenge free radicals and limit indirect damage by ionizing radiation.
Studies have indicated that accumulation of the active metabolite of amifostine, WR-1065, is
selective to normal tissues including the salivary glands (Utley et al., 1976), which may be due
to lower alkaline phosphatase activity in tumor vasculature than in normal vasculature
(Calabro-Jones et al., 1985). In 1999, a phase |11 clinical trial examining the radioprotective
effects of amifostine on salivary glands led the FDA to approve it as an agent for preventing
radiation-induced xerostomia (Brizel et al., 2000). The study reported that amifostine
administered intravenously 15 to 30 min prior to doses of fractionated radiation (~ 2 Gy/day;
cumulative dose of 50-70 Gy) reduced the occurrence of acute xerostomia (grade > 2) from
78% to 51%, and the occurrence of chronic xerostomia (grade > 2), 1 yr after treatment, from
57% to 38%. Persons receiving amifostine also have a reduced caries incidence (Rudat et al.,
2000), which is the most costly complication of salivary gland hypofunction. Importantly,
overall survival after 2 yrs was not significantly affected by amifostine—a concern for any
radioprotective therapy (Brizel et al., 2000). A later phase 111 trial ended after 41% of
individuals discontinued amifostine due to severe side-effects, including hypotension,
vomiting, and allergic reaction (Rades et al., 2004). After a review of several studies using a
range of doses, the authors concluded that roughly 25% of persons receiving intravenous
injections of amifostine discontinue treatment. It has been suggested, however, that
subcutaneous injection of amifostine may reduce toxicity (Koukourakis et al., 2000; Anneg,
2002).

Due to high toxicity and claims that it may protect tumors (Lindegaard and Grau, 2000), others
have begun looking at alternatives to amifostine. One alternative is the nitroxide tempol. In a
recent study with fractionated radiation (6 Gy/day for 5 days), mice were administered tempol
(i.p. or topical) 10 min prior to each dose (Cotrim et al., 2007a). After 8 wks, these mice had
significantly higher levels of stimulated salivary flow than mice treated with radiation alone.
Preliminary results are promising, and tempol may soon be ready for clinical trials.
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Growth Factors

Recent studies have indicated growth factors’ potential use as radioprotectants. These
endocrine proteins activate cellular signaling pathways promoting cell survival, DNA repair,
and growth. Our own work focuses on survival signals modulated by the protein kinase Akt
(Fig. 3). One study indicated that insulinlike growth factor (IGF1) is a potent activator of Akt
in salivary acinar cells cultured from rat parotid glands (Limesand et al., 2003a). In these cells,
as well as primary parotid acinar cells from mice, stimulation with IGF1 prior to etoposide
treatment resulted in an Akt-dependent reduction of apoptosis (Limesand et al., 2003a). In
another study, constitutive activation of Aktl in primary murine salivary acinar cells resulted
in reduced apoptosis following treatment with ionizing radiation (Limesand et al., 2006).
Importantly, activation of Aktl through transgenic mice or intravenous injections of IGF1
completely prevented radiation-induced salivary gland hypofunction at acute and chronic time-
points (Limesand et al., 2009). Currently, we are pursuing targets downstream of Akt that may
be manipulated clinically to protect salivary glands from ionizing radiation.

One growth factor that is currently undergoing clinical trials for the prevention of radiation-
induced xerostomia is keratinocyte growth factor (KGF). Unfortunately, a recent phase I trial
of recombinant human KGF (palifermin) had mixed results (Brizel et al., 2008). In persons
receiving standard fractionated radiotherapy (2 Gy/day; cumulative dose of 70 Gy), palifermin
provided no protection against xerostomia (grade > 2) up to 12 wks post-treatment. In those
receiving hyper-fractionated doses of radiation (1.25 Gy twice per day to a cumulative dose
of 72 Gy), however, palifermin seemed to offer some protection, although the results were not
significant. Palifermin did not affect five-year survival in either group.

Recently, two novel methods have been proposed for the delivery of growth factors to salivary
glands prior to irradiation. One study showed that rat cells treated with basic fibroblast growth
factor (bFGF) 4 hrs prior to a single dose of radiation have a 44% reduction in apoptosis (Thula
et al., 2005). Importantly, the study demonstrated that polymer spheres loaded with bFGF can
be used for the delayed release of growth factor over 28 days—roughly the length of a
radiotherapy regimen. Another proposed mechanism for the delivery of growth factors is by
gene transfer with adenoviral vectors (Cotrim et al., 2007b). One study proposed that salivary
gland dysfunction results from radiation-induced loss of microvasculature in salivary glands
(Cotrim et al., 2007b). To test this, the investigators administered adenoviruses expressing
bFGF (AdbFGF) or vascular endothelial growth factor (AdVEGF) via cannulation to the
submandibular glands of mice 48 hrs prior to irradiation (15 Gy). Microvascular density of the
gland assessed 4 hrs post-treatment was reduced by 50% in control mice, but by only 20% in
mice treated with either AdbFGF or AAVEGF. These results corresponded with similar
improvements in salivary flow rates measured after 8 wks. One concern with adenoviral-
mediated gene transfer is expression of the transgene outside of target cells or tissues. However,
ductal cannulation results in delivery of the vector directly to the salivary glands. One group
suggests that salivary glands are well-encapsulated, thereby limiting spread of a viral vector
(Baum et al., 2006). Also, it is possible to target adenoviral vectors specifically to one type of
salivary cell (Zheng et al., 2001).

While work in this area has provided very promising leads, one drawback for most growth
factors is the lack of specificity for normal tissues required for clinical use. Understanding
survival signaling, however, may allow us to uncover an effector molecule that can be
specifically modulated in affected individuals to protect normal tissues such as salivary glands.

PALLIATIVE THERAPIES

Generally, palliative treatments for radiation-induced xerostomia are muscarinic-cholinergic
agonists intended to stimulate secretion from remaining salivary cells or the use of artificial
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saliva and mouth moisturizers. One such drug, pilocarpine, had been approved by the FDA for
this purpose. Another, cevimeline, which is already approved for Sjogren’s syndrome, has
undergone open-label studies for use in affected individuals following radiotherapy (Chambers
et al., 2007a,b). Both drugs improve salivary flow, but are fairly short-lived and, due to a non-
specific mechanism of action, can cause a variety of side-effects, including nausea, diarrhea,
and excessive sweating. Overall, these treatments are not well-suited for long-term treatment;
thus, an emphasis has been placed on restorative therapies.

RESTORATIVE THERAPIES

Gene Transfer

A recent review describes a clinical trial for the use of adenoviral-mediated gene transfer in
treating persons with chronic radiation-induced xerostomia (Baum et al., 2006). The authors
suggest that water is the crucial component protecting the upper Gl tract. Therefore, they
propose that increasing the water permeability of ductal cells that remain following
radiotherapy may alleviate the symptoms of chronic xerostomia. To achieve this, they plan to
deliver an adenoviral vector expressing the water channel protein human aquaporin-1
(AdhAQP1) to salivary glands via ductal cannulation. AQP1 was chosen because, unlike other
aquaporins, it is not specific to basolateral or apical sides of the cell, thus allowing for an overall
increase in cellular permeabilization.

This approach has been tested extensively in vivo. In one study, ductal cannulation of
AdhAQP1 to the submandibular glands of rats resulted in a roughly five-fold increase in AQP1
present in membranes throughout the gland (Delporte et al., 1997). Four months after receiving
a single dose of radiation (21 Gy), rats were infected with AdhAQP1 or a control vector, and
salivary secretion was measured 3 days later. Rats treated with AdhAQP1 had salivary flow
rates 2 to 3 times higher than those of rats treated with the control vector (Delporte et al.,
1997). A similar study in miniature pigs, with a single dose (20 Gy) of radiation targeted to 1
parotid gland, reported that delivery of AdhAQP1 after 17 wks resulted in recovery of parotid
flow to roughly 80% of pre-irradiation values, vs. 20% in animals receiving a control vector
(Shan et al., 2005). Unfortunately, another study showed post-irradiation salivary flow
improvements in only 2 of 3 rhesus monkeys treated (O’Connell et al., 1999a).

Itis important to note that adenoviral expression of the hAQP1 transgene is transient. Recovery
of parotid flow by AJAQP1 in miniature pigs fell from roughly 80% of pre-irradiation values
3 days after vector delivery to roughly 69% of pre-irradiation values 7 days after vector delivery
(Shan et al., 2005). To address this issue, a recent study demonstrated that an adenoviral vector
containing specific retroviral elements resulted in gene expression for at least 2 mos when
delivered via ductal cannulation to rat subman-dibular glands (Zheng et al., 2008). While
adenoviral gene therapy has had several experimental set-backs and may still have issues with
the host immune response, there is still some optimism that it is a viable therapeutic option
(Cotrim and Baum, 2008).

Artificial Salivary Gland

To benefit from gene therapy, individuals suffering from xerostomia must have some intact
salivary tissue. Unfortunately, one group suggests that this therapeutic option is limited because
of the massive amounts of fibrosis seen in salivary glands after radiotherapy. To address this
issue, they have begun developing an artificial salivary gland (Tran et al., 2006). Their design
consists of a biodegradable polymer tube covered with an extracellular matrix protein, such as
collagen, on which a monolayer of polarized epithelial cells can be grown. Recently, it has
been demonstrated that primary cells from rhesus monkey parotid glands can proliferate on a
poly-L-lactic acid membrane coated with collagen (Tran et al., 2006). These cells, which
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appear to be ductal, are correctly polarized and can limit fluid movement from the basal to the
apical surface. When transduced with an adeno-associated virus expressing agquaporin-1
(AAV2-hAQP1), roughly 9% of the cells became positive for AQP1 within 72 hrs, allowing
for a six-fold increase in fluid movement. The percentage of transduced cells was low, and
there are questions about whether these channels alone will be enough to establish proper
osmotic gradients for secretion; nevertheless, the work is promising.

Stem Cell Transplantation

It has been proposed that the loss of salivary function post-irradiation is due to attrition of the
salivary stem cells necessary for maintaining a healthy gland (Konings et al., 2005b). Based
on this hypothesis, a 2008 study revealed that salivary stem cell transplantation post-irradiation
can rescue glandular function (Lombaert et al., 2008). To isolate putative stem cells, murine
submandibular glands were digested enzymatically, and cells were cultured in vitro. After 2
days, mucin-containing acinar cells were undetectable in culture. In time, many of the
remaining ductal-like cells differentiated, and the culture was repopulated by acinar cells.
Indeed, these ductal cells stained positive for several stem cell markers, supporting previous
claims that salivary stem cells reside in the ductal compartment (Denny and Denny, 1999; Man
et al., 2001).

To determine whether cultured stem cells could re-populate a damaged gland, a group of
investigators grew salivary stem cells from male mice in culture for 3 days and injected them
into the submandibular glands of female mice 30 days post-irradiation (15 Gy) (Lombaert et
al., 2008). Remarkably, after 90 days, the glands of these mice were re-populated by donor-
derived proliferating acinar cells, as determined by the presence of the Y chromosome. These
mice also exhibited a marked recovery of salivary flow at the same time-point, demonstrating
the first use of transferring salivary specific cells to restore glandular function.

While this work is exciting, there are still obstacles. For instance, the authors propose using
autologous salivary stem cells to re-populate the glands of affected individuals after
radiotherapy. Unfortunately, they show that these cells lost expression of stem cell markers
after 3 days in culture, which would diminish their use after the ~ 30-day radiotherapy regimen.
It is clear that the next step involves the development of methods for maintaining the
pluripotency of these cells in culture.

FUTURE DIRECTIONS

In the past few years, a wealth of research has been conducted that has improved our
understanding of radiation-induced salivary gland dysfunction and affected the development
of new treatment strategies. The renewed national interest in quality-of-life issues coincides
perfectly with the future direction of this field.

One major obstacle in the field has been identification of the salivary stem cell. Radiosensitivity
of stem cells has been evaluated in numerous other systems, including cancer, intestine, bone
marrow, mammary gland, and skin, with no clear consensus, since both radiosensitive and
radioresistant populations have been described (Potten, 2004; Rieger et al., 2005; Zhao et al.,
2005; Bao et al., 2006; Woodward et al., 2007) (Fig. 1). Rachidi et al. evaluated the
radiosensitivity of keratinocyte stem cells and their direct progeny progenitor cells (Rachidi
et al., 2007). Interestingly, the stem cells were radioresistent, and the progenitor cells were
radiosensitive (Fig. 1). The radioresistence of the keratinocyte stem cells was correlated with
the down-regulation of apoptosis and cell-death-related genes following a therapeutic dose of
2 Gy. This dichotomy of radiosensitivity within a particular tissue may have applicability to
the salivary glands as well. Identification of stem cells or progenitor cells within the salivary
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gland and their fate following radiotherapy directly influences the type of therapy that could
be beneficial.

This path to improved care for the secondary side-effects of radiotherapy on salivary glands
will no doubt be challenging, and several different approaches to success could be envisioned.
Importantly, new biological interventions will need to be paired with new technological
advances to accomplish this goal. Advances in other areas of dental research—salivary
diagnostics and nanoparticles, for instance—could be incorporated into investigations on
radiation-induced injury to the salivary glands. It is also possible that collaborations with other
areas of medicine could generate useful outside perspectives on this problem and may
demonstrate that ideas discussed in this section are far from exhaustive. Although precise
mechanisms for the exquisite sensitivity of salivary glands to therapeutic radiation have yet to
be completely elucidated, important advances have improved our understanding of the
pathways involved and provided substantial optimism for future studies.

SUMMARY

Salivary glands are exquisitely sensitive to radiation and display acute and chronic responses
to radiotherapy. Maximum cumulative exposure to the parotid and submandibular glands in
affected individuals has been set at 24-26 Gy and 39 Gy, respectively, to limit sideeffects. In
recent years, elucidation of the potential mechanisms underlying salivary gland radiosensitivity
has been approached by functional animal studies as well as from a molecular perspective. The
most consistent observations in all animal models have been significant reductions in flow rate,
loss of glandular weight, and loss of acinar area or cells. However, the major difference among
the models is the radiation dose necessary for significant loss of function to be observed. While
several pathways may be involved in the radiosensitivity of salivary glands, studies suggest
that p53 expression plays a major role in acute and chronic salivary gland dysfunction following
irradiation. Some of the most exciting advances in therapeutic options involve preventive
measures to preserve salivary function and restore function to previously damaged glands.
Future directions in molecular mechanisms and stem cell biology might lead to new therapeutic
interventions to improve the quality of life for persons undergoing radiation therapy for head
and neck malignancies.
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Figure 1.

Radiosensitivity of various tissues. Radiosensitivity of different tissues classified by early cell
death and proposed distribution of stem and progenitor cells. Modified from Rubin and
Casarett, 1968 (with permission).
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Figure 2.

Comparison of radiation responses in animal models following a single dose. The typical
fraction size (~ 2 Gy) in affected individuals is provided at the top as a reference for the other
models. Physiological, molecular, and histological changes are graphed relative to the single
radiation dose evaluated in the rat, mouse, miniature pig, and rhesus monkey models (Stephens
etal., 1986a,b, 1991; Vissink et al., 1990; Nagler, 1998; Nagler et al., 1998; Paardekooper et
al., 1998; Bralic et al., 2005; Konings et al., 2005a, 2906; Lj et al., 2005; Humphries et al.,
2006; Limesand et al., 2006; Muhvic-Urek et al., 2006; Takakura et al., 2007; Avila et al.,
2009).
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Figure 3.

Putative signaling pathway involved in radiation-induced salivary gland dysfunction. In
general, activation of Akt occurs through the binding of growth factors (GF) to their specific
receptor (reviewed in (Manning and Cantley, 2007) and, in salivary acinar cells, requires the
activation of PI-3 kinase (combined p85 and p110 subunits) (Limesand et al., 2003a). An
important molecule that regulates the DNA damage response is p53, and negative regulation
of p53 protein levels by Akt is mediated via activation of the Murine Double Minute Clone 2
(MDM2). p53 activation following radiation leads to apoptosis of salivary acinar cells (arrows
mark activated caspase-3-positive cells) and subsequent loss of function. It is probable that
other pathways (right-side icon) regulating the apoptotic response, discussed in the section
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“Other Pathways Involved in Radiation Damage”, could play a role in radiation-induced

salivary gland dysfunction. In addition, other factors (left-side icon), such as autophagy,
necrosis, senescence, etc., could be involved in DNA damage, leading to loss of function.
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