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SUMMARY 

 

• Salivary gland damage due to radiotherapy, leading 

to xerostomia and causing a great of suffering to patients, is a 

phenomenon known since the beginning of this century. The 

mechanism responsible for it has not been elucidated and no 

adequate treatment for patients is available. According to the 

mechanism suggested for the parotid irradiation-induced 

specific damage, the injurious agents resulting in delayed 

serous cell death, leading to specific parotid radiosensitivity, 

are transition, highly redox-active metal ions, such as Fe and 

Cu, associated with secretion granules. These ions enhance 

the lethal effect that irradiation has on DNA, resulting in a 

reproductive delayed cell death. The immediate effects of 

metal-mediated enhancement of irradiation damage in cells 

may occur but does not seem to play a major role in the 

underlying mechanism. Indeed, in a series of recent experi 

ments, it was succeeded in positively correlating an extended 

time point (two months) protection of parotid function with 

preirradiation degranulation and redox active metal ion 

mobilization out of the gland into the secreted saliva prior to 

irradiation. In contrast, a negative correlation in the subman- 

dihular gland, with no protection, no degranulation, no metal 

ion mobilization and no redox activity was demonstrated. The 

ability to protect the parotid function at two months with Zn- 
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DFO, a specific transition metal ionmobilher, from sensitive 

intracellular targets lends further credence to these studies. 

(Biomed Rev 1998; 9: 121-129) 

INTRODUCTION 

• In 1911, Bergonie el al (1) were the first to describe 

salivary gland swelling shortly following irradiation, a mode of 

therapy for cancer used since the beginning of this century. 

Salivary gland damage due to radiotherapy which leads to 

xerostomia, while not life-threatening, causes a great deal of 

suffering. Xerostomia due to irradiation will engage annually 30 

000-50 000 individuals treated for head and neck cancer in the 

United States alone (2-4). Due to their size, location and bilateral 

symmetry, it is inevitable that at least a portion of the major 

salivary glands will be included in most radiation fields, deliv 

ered to control and abate the primary malignant neoplasm and/ 

or its common cervical lymph node metastasis (5). Even radio 

therapy modalities such as total body irradiation delivered pri 

or to bone marrow transplantation, mouth field irradiation ad 

ministered while treating Hodgkin's lymphoma or radioactive 

iodine therapy given for thyroid carcinoma, all expose salivary 

glands to the severe effect of ionizing irradiation (6-8). The se 

vere negative impact that xerostomia has on the patient's life 

results from various secondary effects, such as impairment of 

taste, mastication, swallowing, speech and sleep patterns. Fur 

thermore, xerostomia often causes a reduction in the oral cavity 

protection for both hard and soft tissues, alters microbial flora 

to a more pathogenic one, initiates dry ulcerated painful mucosa, 

limits the wearing of oral prostheses and often causes consti 

pation (4,9-11). No adequate treatment for xerostomia is cur 

rently available. Thus, one may speculate that a better under- 



  

  

standing of the xerostomia phenomena may help in developing a 

proper treatment or even to prevent the problem. The lack of 

understanding the phenomena, i.e. the "enigma" as it is often 

defined (12), is generally based on the fact that salivary glands 

are highly differentiated and metabolically active tissues with a 

low mitotic rate which are considered as "reverting post-mi-

totic" tissue (13,14), and presumably belong to the "flexible 

tissues" (15). These kinds of tissues are not expected to be 

radiosensitive according to the rules for high cellular radiosen-

sitivity, as suggested in 1906 by Bergonie and Tribon-dean, as 

they do not have a high mitotic rate, have no expected future 

mitoses and are largely differentiated. The commonly accepted 

characteristics of irradiation-iduced xerostomia are that (i) it 

occurs rapidly following relatively low doses of irradiation, (ii) 

the parotid is the main if not the only salivary gland involved, 

and (in) often there is no objective recovery. Recovery, 

however, may occur if the irradiation dose and the portion of 

the exposed gland are limited enough and if it correlates well 

with the preirradiation secretion capacity (16). These 

characteristics are widely accepted and the biologic-mechanistic 

point of view is probably the basis for the large amount of 

literature dealing with the different sources of ionizing irradiation, 

modalities of delivery, doses, volumes, and irradiated fields 

in different species, and with studies of numerous 

parameters, mainly clinical and morphological. The most studied 

species are human and rodent, although studies have been done 

on monkeys, dogs, cats, swine and rabbits. However, we 

remain far from understanding the development of xerostomia. 

The purpose of this review is to provide an updated description of 

early and late irradiation effects on salivary glands in humans, 

other primates and in rodents. Based on this description, the 

mechanism underlying xerostomia will be discussed. 

IONIZING IRRADIATION EFFECTS ON SALIVARY GLANDS 

OF HUMAN AMD OTHER PRIMATES 

• The usual total irradiation dose given for controlling 

head and neck tumors lies in the range of 40-70 Gy, although in 

rare cases the dose can be as low as 20 Gy or as high as 80 Gy. 

Deeg el a! (6) and Rubin and Cassaret (13) suggested that 

xerostomia, as the most severe end-point complication, has a TD 

5/50 (probability of 5% within 5 years) when 5 0 Gy are delivered, 

and aTD 50/50 when 60 Gy are delivered. This xerostomia is ra 

pid in appearance following low doses. Doses of up to 10 Gy, 

usually given within the first week of therapy, may reduce the 

salivary flow by as much as 50-60% (5-12,17-20). The parotid 

gland is affected early following irradiation, demonstrating a 

rapid reduction of its secretion capacity and especially "at rest" 

rather than "at stimulated" conditions (17,20). After the initial 

sharp reduction in secretion rate, there is a less rapid rate of 

reduction until it eventually reaches barely measurable values 

(18,21-23). Recovery of the secretion capacity occurs in few 

cases, depending on the radiation dose. It is a dose-dependent 

phenomenon which seems to be completed when the 

administered dose is up to 25-30 Gy, whereas only a partial 

recovery is achieved at doses up to 50-60 Gy; the recovery does 

not occur following higher doses. The volume of parotid gland 

exposed to irradiation seems to be an even more important factor 

for the prognosis of both damage and recovery. Other factors that 

may also play a role are the primary functional capacity of the 

glands, the age of the patient, the personal sensitivity, and the 

sex (14,16-18,20,23-26). 

In contrast to the parotid, the other major salivary glands have 

lesser been studied in respect to their response to irradiation. In 

the only available human direct submandibular/sublingual 

study which dealt with the long-term secretion capacity under 

stimulated and unstimulated conditions, the irradiation-related 

flow reduction was found to be comparable yet smal ler than that of 

the parotid gland (12). 

The most sensitive indicator of salivary irradiation is an 

immediate induced hyperamylasemia. Within a few hours after 

low-dose irradiation (1 -4 Gy), a profound, 10 to 80 fold increase 

ofthe parotid amylase isoenzyme is found. This elevation 

reaches its peak within 12-36 hours and may be the result of 

immediate serous cell death ofthe parotid gland, accompanied by 

disruption ofthe cellular membrane and leakage ofthe 

secretory enzyme into the extracellular space and the blood 

circulation (6,7,27-33). Another immediate clinical finding is 

enlargement ofthe major salivary glands, occasionally painful. 

This infrequently occurring phenomenon may be the result of 

induced edema and inflammation, is noticed within a few hours 

after irradiation and subsides within a few days (1,5,16,23,27,34). 

Contrary to the numerous chronic phase postirradiation studies, 

only one large human study and a few primate studies have been 

published on the acute phase for both parotid glands and 

sumandibular glands (SMG) (27,29). Dead serous cells were 

consistently observed as early as one hour after irradiation and 

even after as low a dose as 2.5 Gy. However, the amount of 

serous cell destruction was dose-dependent and reached 

saturation at 10-15 Gy. Extensive destruction reached its maximal 

extent at 24 hours when the acute inflammatory cells were 

replaced by chronic ones. At 16-22 and 40 weeks post-15 Gy 

irradiation, primate salivary glands revealed a comparable extent 

of atrophy with approximately 100% loss of serous acini and a 

relative radioresistant state of mucous cells. Although loss of 

serous acini occurs very quickly, early gross atrophy of the 

salivary glands may be concealed by the swelling induced by 

the inflammatory, hyperemic and edematous reaction. Only after 

this swelling subsides can the salivary atrophy be evaluated, as 

was also demonstrated in sialograms (35,36) and 67Ga-citrate 

accumulation studies (37-39). 97Tc-sialograms examining the 

functional impairment of both parotid glands and SMG of 20- 
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70 Gy demonstrated that the effect was similar at later times in 

both glands, although the parotid was more affected up to 3 

months (40). Clinically, the SMG may become firm and en larged, 

whereas histologically, the characteristic principle features of 

the salivary chronic changes are atrophy and loss of parenchy 

ma (mainly serous acini), fibrosis, chronic inflammation and 

occasional adipose tissue replacement. The duct system increa 

ses its prominence relative to a loss of acinar tissue and the duct 

epithelium commonly demonstrates squamous metaplasia. Vas 

cular changes of hyaline thickening of arterioles, teleangiecta- 

sia. arterial internal proliferation and endothelial cell enlarge 

ment are inconsistent changes of variable severity (41-43). 

Salivary compositional changes leading to a reduction in the 

protective capacity of the saliva were also widely reported. 

These changes included reduction in pH and buffer capacity 

(bicarbonate levels), increase in viscosity, increase in specific 

immunoglobulins, lysozymes and lactoferrin levels, but an 

overall reduction due to the secretion decrease (5,12). : 

IONIZING IRRADIATION EFFECTS ON SALIVARY 

GLANDSOF RODENTS 

• The rodent is the most studied species regarding 

ionizing effects and salivary glands. The factors which rendered 

the rodent into the animal of choice include the relative conve 

nience of harvesting glands for morphological and histoche- 

mical studies, the ease in comparing various factors between 

different animal groups or in comparing some factors at different 

time points in the same animal, and the relatively low costs in 

volved. There are, however, somenotable differences in bioche 

mical, physiologic and morphologic characteristics between 

salivary glands of humans and rodents. The submandibular/ 

sublingual size compared with the parotid is relatively larger in 

the rat. The rodent salivary glands are under endocrine control 

and the effects of irradiation differ between the sexes. Some 

morphological studies have indicated that the rat and mouse 

parotid glands are more radioresistant than the human glands. 

Contrary to humans, acute inflammatory cell infiltration does 

not occur in rat salivary glands and hyperamylasemia does not 

consistently develop after irradiation (44-56). While the chronic 

irradiation damage to the human salivary glands is fully devel 

oped and stabilized by 1 -2 years (13,14), it is suggested that this 

period is much shorter, 60-90 days, in the rat (57). However, one 

of the major differences between human and rat studies seems 

to be the severe and systemic effects that head and neck irra 

diation has on rats, mediated by the oropharyngeal mucositis 

and leading to substantial reduction in food and water intake, 

total body weight and to reduction in the survival of rats dur 

ing the second week post-irradiation. This reduction in food and 

water intake could be at least partially responsible for various 

parameter alterations (gland weight, flow rate, amylase activity) 

which are considered to be related directly to the irradiation 

effects (58,59). Even morphological and histochemical enzy- 

matic activity changes have been demonstrated to result from 

total body irradiation with neck shielding or starvation (60). 

When analyzing the post-irradiation period studies, it seems 

that the acute phase is the "weakness" in human studies, while 

the chronic phase is poorly dealt with in rodents, with a few 

exceptions such as the studies of Cherry and Glucksmann (61, 

62), who followed the morphological alterations of all three rat 

major salivary glands up to ayear after irradiation. There are very 

few flow rate functional studies with the few available con-

centratingmainly on the parotid. Viss'mkelal (44,45,63) are the 

only authors who studied submandibular/sublingual functional 

parameters, comparing them up to 30 days to those of the 

parotid and demonstrating extensive functional similarity. Mor-

phologically, the first cellular alterations, including cell death, 

are demonstrated by electron microscopy, during the first few 

hours after irradiation. This cellular destruction reached its nadir 

after 3-4 days, which is estimated to be relatively low when 

compared to the functional loss (44,45,53,63-70). However, 

following this nadir, there is a recovery, invilving not only 

morphological alterations but other parameters as well, such 

as glandular weight, cellular "Tc and leucine uptake, amylase 

activity, proliferation, functional parameters such as flow rate, 

flow volume and lag phase, and salivary composition parameters 

such as sodium, potassium and amylase (44,45,48,52,55,58, 

63,64,68-74). After this intermediate phase of recovery, it seems 

that another phase of decline occurs for some of the parameters 

studied, starting at the third week after irradiation and progressing 

gradually until at least 6 weeks postirradiation (44,45,63, 71,72). 

In 1970, Phillips(71)dividedthepost-irradiationperiod into 

three: the first phase characterized by a decline, reaching nadir 

in the middle of the first week; the second phase being 

recovery up to the 16th day; the third period another degenerative 

phase. It seems, therefore, reasonable to conclude that the 

traditional classification of the postirradiation period as acute 

versus chronic phases may be too simplistic and to suggest a 

new, four-phase classification: (i) the immediate phase; the first 

few hours postirradiation, in which most of the sublethal 

damage is repaired and the first signs of immediate cell death 

become apparent, (ii) the short phase; the two weeks following 

irradiation, in which the oropharyngeal syndrome predominates 

while a major part of the potential tissue repopulation, ede-

matous changes and recovery are expressed to their most 

advanced extent. (Hi) the late phase; further progress at the 

cellular and tissue levels, until a state of stabilization is 

achieved, a period which is yet to be defined but that 

presumably takes months; this progress may have a pattern of 

further decline until stabilization is achieved, and (iv) the extended 

phase; stabilized state, at a level which is presumably dependent 

on the irradiation dose given, as well as on other general and 

specific parameters which may play a role, such as the 

protraction and frac-tionation modalities and the irradiation 

linear energy transfer, presence of pharmacological modifiers, 

and level of tissue 
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oxygenation. Salivary gland recovery will be complete following 

doses of up to 2.5 Gy but compromised at higher doses. 

However, there is no consistency in the literature regarding 

threshold doses (55). Since most studies were based on a single 

rather than a fractionated dose, drawing conclusions from the 

results would not be warranted when compared to those in 

humans which are based on a fractionated modality. It seems 

that maximal damage for the rodent is achieved with doses of 7.5-

15 Gy, as concluded from a series of rat studies examining 

various salivary and general parameters following irradiation 

doses in the range of 2.5-15 Gy(44,45,48,52,63,68,69,73-80). 

IRRADIATION EFFECT ON RAT SALIVARY 

GLANDS AT THE FUNCTIONAL LEVEL 

• Duringthe first two weeks following 15 Gy irradiation, 

there was a distinct dissociation between the parotid glands and 

SMG. While there were no significant alterations in the subman- 

dibular flow rate during this period, the parotid function was 

reduced drastically. Nevertheless, it almost completely recov 

ered towards the end of the second week. These reduction 

values were significant at 1,4,8 and 11 days were by 42%, 74%, 

75% and 90%, respectively. On the 14th day post 15 Gy irradia 

tion, there was no significant reduction in the parotid flow rate 

compared with control animals (81,82). During the first two 

weeks postirradiation, with doses at 15 Gy, food and water intake 

is profoundly reduced in the rodent due to the induction of 

severe oropharyngeal mucositis (83). As a result, dehydration, 

dysphagia and reduction in mastication are inflicted, all known 

to cause salivary gland atrophy and reduction of secretion ca 

pacity. This phenomenon mainly involves the parotid glands 

and not the SMG. To examine the assumption that the so-called 

' irradiation1 effects on the parotid gland of the rat during the first 

two weeks are actually mucositic effects and, thus, are transient, 

both function and partitution-coefficient parameters of the sa 

livary glands were examined in both irradiated and pair-fed but 

not irradiated rats (81,84). It was clearly shown that during the 

first two weeks postirradiation in the rat it is the mucositis rather 

than the irradiation which predominates in the parotid func 

tional response. However, at later time points and after a short 

recovery phase of a few weeks, there was a functional deterio 

rating phase for both parotid glands and SMG. At two months 

post-15 Gy irradiation, the flow rate reduction of both glands 

was 84% and 68%, respectively. The functional reduction of 

both glands becomes similar and the deleterious effect of even 

very low irradiation doses on both salivary glands was reveal 

ed only at delayed time points. It was shown that even the low 

est dose of only 2.5 Gy caused over 60% of the maximal damage 

resulting from lOGyat 12 months (82,85,86). Also demonstrated 

was that during the year following irradiation there was a dose- 

dependent relation in the rat salivary functional damage for 

various doses in the range of 2.5-15 Gy. 

IRRADIATION EFFECT ON RAT SALIVARY GLAND 

AT THE BIOCHEMICAL AND MOLECULAR LEVELS 

• In 1996, we evaluated the expression of early response 

proto-oncogenes (c-fos and jun-B), tissue specific genes (pro- 

line-rich protein and kallikrein), and proteolysis linked ubiqui- 

tin gene following exposure to 15 Gy irradiation alone or in com 

bination with P-adrenergic stimulation of the rat SMG (87). Head 

and neck irradiation resulted notonly in dysfunction andtissue 

loss of the salivary glands but also in a systemic effect express 

ed as profound body weight loss. Irradiation alone was found 

to induce expression of the jun-B but not the c-fos proto- 

oncogenes. The combination of irradiation and p-adrenergic 

stimulation by isoproterenol induced earlier expression ofjun- 

B and profound expression of the c-fos proto-oncogene in 

comparison to irradiation alone. In contrast, the kallikrein and 

ubiquitin genes were expressed constitutively and were not af 

fected by irradiation alone or in combination with p-adrenergic 

stimulation. In addition, irradiation had no effect on SMG mRN A 

translation. We observed that the expression of these genes 

was enhanced by irradiation alone or in combination with 

isoproterenol administration. In contrast, the expression of 

genes associated with the functional integrity of the cell, i.e. 

kallikrein, ubiquitin, and proline-rich protein, was unaffected. 

These findings, in addition to delayed gland dysfunction, led us 

to believe that the irradiation-induced injury to the SMG is to 

be attributed to reproductive stem cell death. Further, we exa 

mined various sialochemical parameters in parotid gland and 

SMG secreted saliva of irradiated rats (88). Various doses of 

radiation from 2.5 to 15 Gy were administered to the head and 

neck region and the saliva was evaluated for its amylase activi 

ty and the concentration of sodium, potassium and total protein. 

Saliva samples containing equal amounts of proteins were also 

electrophoresed on separately sodium dodecyl sulphate gels, 

silver-stained and examined for possible qualitative altera 

tions. The total protein concentrations of parotid saliva showed 

a radiation dose-dependent reduction at 3 days and 3 and 9 

months following 15 Gy of 93%, 82% and 73%, respectively. 

Forty days after the 15 Gy irradiation, the reduction was not as 

severe (55%). Three and 40 days post 15 Gy, amylase activity 

demonstrated a similar pattern of reduction, 98% and 89%, 

respectively. In contrast to the parotid, no quantitative changes 

in the protein concentrations of the SMG saliva were detected. 

As for the qualitative profiles of separated proteins, no radia 

tion-induced changes were found for either parotid glands or 

SMG at 3 and 40 days or 3 and 9 months, as compared with con 

trols. The electrolyte concentrations were found to be flow-rate 

dependent. The Na concentrations of parotid saliva at 3 and 40 

days following 15 Gy were reduced by 65% and 83%, respec 

tively. For SMG saliva, the Na concentration was reduced at 40 

days by 58%. The K concentration of parotid saliva increased 

at 40 davs by 79%. We believed that the data suggested that 
- ~>                                                                                                                             Go 

the various observed sialochemical changes could result from   
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a number of surviving parenchymal cells. Thus we presumed 

that the observed salivary compositional alterations were not 

directly induced by radiation but, rather, were secondary 

effects. Further, we examined the hypothesis that intracellular and 

redox-acti ve ions of iron and copper, which are associated with 

the secretion of granules, play a catalytic role in the irradiation-

induced damage (89). Rats were subjected to head and neck 

ilTadiation (15 Gy) and allowed to recover for two months. The 

function of the parotid glands and SMG was then determined by 

pilocarpine-stimulated salivary secretion. A 45% decrease in 

the function of both glands was obtained when compared to 

non-irradiated controls. Treatment prior to irradiation (90 min) 

with cyclocytidine (200 mg/kg) led to massive degranulation of 

the parotid gland and yielded nearly complete protection from 

irradiation-induced damage. In contrast, pilocarpine stimulation 

prior to ilTadiation led to marginal degranulation of the parotid 

gland and yielded only 13% protection. Neither agent caused 

degranulation of the SMG mucous cells or yielded functional 

protection of this gland. Treatment with both agents yielded a 

marked increase in iron, copper and manganese levels in the 

parotid gland saliva. An analogous marked increase in the redox 

activity of iron and copper ions was recorded for the parotid 

saliva stimulated by pilocarpine and cyclocytidine. 

Pilocarpine-stimulated SMG saliva contained metal levels similar 

to those of the parotid gland saliva. However, no redox activity 

and no increase in metal mobilization could be demonstrated 

in the SMG saliva stimulated by both agents. We suggested 

that the correlation between the patterns of the gland 

degranulation, mobilization of redox-active metals and the 

protection of gland function for both parotid and SMG 

focuses attention on the catalytic roles played by transition 

metal ions in promoting free radical reactions which likely 

participate in the process of injury to the tissue. 

CONCLUSION 

• Based on the literature available and on our own 

studies, we believe that one can suggest an overall mechanism 

for the damage induced by irradiation to the salivary glands. Our 

results have shown a mutual delayed expression of irradiation- 

induced damage in both parotid glands and SMG, more evident 

in the parotid gland. We have demonstrated that the short-term 

effect of irradiation on the parotid gland during the first two 

weeks was transient and secondary to the oropharynge syn 

drome. In the rodent, this syndrome is predominated by severe 

and transient mucositis resulting in dehydration, malnutrition 

and reduced mastication. All these are known to induce pro 

found hypofunction of the parotid, unrelated to the direct 

salivary effect (83,90-92). We have supported this hypothesis 

by a study in which we mimicked the "two week irradiation" 

effects (including recovery) by pair feeding the animals (81,84). 

The direct effect was expressed later, and the morphological 

analysis demonstrating short- versus long-term sparing of the 

serous cells adds credence to this observation. Furthermore, 

while immediate cell death cannot be excluded, it does not play a 

major role in the long-term accumulating damage, due to the 

nearly total recovery from the short-term effects (81). 

What is responsible for the delayed effect on the one hand and 

the specific radiosensitivity of the parotid gland on the other? 

The mechanism of radiobiological delayed damage is usually 

considered to reveal DNA latent damage being expressed 

during mitosis in cells with a low mitotic rate. This damage 

results in reproductive cell death. The mitotic rate of salivary 

parenchymal cells is reported to be one-three months, with a 

parotid rate twice as high as that of the SMG (61,62). The 

accumulative nature of the delayed hypofunction of both 

glands in conj unction with the maj or component being expressed 

at three months postirradiation and the lagging behind of the SMG 

seems to be in accordance with this data. DNA is considered to 

be a very radiosensitive cellular target and was shown to be so in 

salivary glands as well (75,76,93). The profound effect induced by 

2.5 Gy that we observed undoubtedly reflects a very 

radiosensitive target, a peculiar enhancement of the irradiation 

effect, or both. The "sudden" disappearance of normally 

functioning serous cells as demonstrated by morphology is 

suggested by the accumulative reduction in volume of secreted 

saliva whose normal composition is preserved. This seems to be 

well in accordance with reproductive cell death and is also the 

case in the unaltered expression pattern of salivary functional 

tissue-specific genes, such as amylase, proline-rich protein and 

kallikrein. Concomitantly, the irradiation-induced injury to DNA 

leading to reproductive cell death is further supported by the 

profound high expression following irradiation of DNA damage-

induced genes, such as c-fos andjun-B (94,95). 

Two more questions have yet to be addressed: (/) why is the 

parotid gland specifically affected, and (if) are there any 

enhancing agents which increase the effect of ilTadiation even if 

DNA is the target? According to the hypothesis suggested by 

Abok et al (47), heavy metal ions such as Zn, Mn and Fe 

contained within the secretion granules are the damage-

enhancing agents and are responsible for irradiation-induced 

immediate death of serous cells. This hypothesis could explain 

the rapid response of the parotid gland, as serous cells contain 

high levels of these secretion granules and are in a much higher 

prevalence in the parotid gland. However, when examining this 

hypothesis, we faced two major problems: (/) the predominant 

salivary effect of irradiation is the induced delayed cell death 

rather than an immediate one, and (//) according to basic 

principles of radiobiology, heavy metal ions as such cannot 

participate in the enhancement of irradiation-induced 

biological damage, which is mediated by a greater production 

of hydro-xyl free radicals. Metal ions that may be involved in 

such a process should fulfil three conditions. They must be 

transition metal ions, redox active in physiologic conditions, 

and in a   
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"free" state to participate in the process. Fe and Cu may fulfil 

these conditions, but Zn and Mn do not. . 

The following mechanism for the irradiation-induced parotid 
specific damage is suggested: the injurious agents resulting in 
delayed serous cell death leading to the specific parotid ra-
diosensitivity are transition, highly redox-active metal ions, 
such as Fe and Cu, associated with secretion granules. These 
ions enhance the lethal effect that irradiation has on DNA, 
resulting in a reproductive delayed cell death. The immediate 
effects of metal-mediated enhancement of irradiation damage in 
cells may occur, but does not seem to play a major role in the 
underlying mechanism. Indeed, in a series of experiments, we 
succeeded in positively correlating an extended time point (two 
months) protection of parotid function with preirradiation de-
granulation and redox-active metal ion mobilization out of the 
gland into the secreted salivapriorto irradiation. In contrast, we 
demonstrated a negative correlation in the SMG with no 
protection, no degranulation, no metal ion mobilization and 
no redox activity (89,96,97). Our ability to protect the parotid 
function at two months with Zn-DFO, which is a specific 
transition metal ion mobilizer, from sensitive intracellular 
targets gives further credence to our suggestion (97). We 
believe that the mechanism we suggested is fairly 
comprehensive for the parotid gland, although we are not aware 
of the specific ''trigger parameter" which induces the profound, 
even if delayed, injury to the SMG at this time. 

ACKNOWLEDGMENT 

• The author wishes to thank Mrs M. Perlmutter for her 
assistance in the preparation of the manuscript. 

REFERENCES 

1. Bergonie J et al. Sur quelques formes de reactions precoces 

apres des irradiations. Arch Elect Med1911 \ 19:241-245. 

2. Silvennan JrS. Radiation effects. In: Silvennan S, editor. Oral 

Cancer. American Cancer Society, New York. 1985;70-81. 

3. Silvennan Jr S, Chierici G. Radiation therapy of oral carcinoma. 

Radial Ther 1965; 44-50. 

4. 's-Gravenmade EJ, Panders AK. Clinical applications of 

saliva substitutes. Front Oral Physiol 1981; 3: 154-161. 

5. Stephens LC, Schultheiss TE, Small SM, Ang KK, Peters LJ. 

Response of parotid gland organ culture to radiation. Radial 

Res 1989; 120:140-153. 

6. DeegM, MaierH, Bi l lH,AdlerD. Klinischesbildundmagli-

che ursachen der funktionsstorugen des glandula parotis 

bei der radiojodtherapie des differenzierten schild-drusen-

karzinomas. Laryng Rhino! Otol 1988; 67:326-366. 

7. Maier H, Bihl H. Effect of radioactive iodine therapy on 

parotid gland function. Ada Otolaryngol (Stockh) 1987; 103: 

318-324. 

8. MarkitziuA, Zafiropoulon G, Tsalikis L, Cohen L. Gingival 

health and salivary function in head and neck irradiated 

patients: a 5 year follow-up. Oral Sitrg Oral Med Oral 

Pathol 1992; 73:427-433. 

9. Fox PC, van der Yen PF, SoniesBC, Weiffenbach JM, Baum 

BJ. Xerostomia: Evaluation of a symptom with increasing 

significance. JAmDentAssoc 1985; 110:519-525. 

10. Vissink A, 's-Gravenmade EJ, Panders AK, Vermey A, 

Petersen JK, Visch LL et al. A clinical comparison between 

commercially available mucin- and CMC-containing saliva 

substitutes. 1983; 12:232-238. 

11. Nakamoto RY. Use of a saliva substitute in postradiation 

xerostomia. J Pros Dent} 979; 42:539-542. 

12. Valdez IH, Atkinson JC, Ship JA, Fox PC. Major salivary 

gland function in patients with radiation-induced xerostomia: 

flow rates and sialochemistry. IntJRadiat Oncol Biol Phys 

1992;25:41-47. 

13. Rubin P, Casarett G W. Clinical radiation pathology as applied 

to curative radiotherapy. Cancer 1968:22: 767-778. 

14. Rubin P, Casarett GW. Clinical Radiation Pathology'. 

Saunders, Philadelphia. 1968. 

15. WheldonTE,Michalowski AS, Kirk J. The effect of irradiation 

on function in self-renewing nonnal tissues with differing 

proliferative organization. Brit J Radial 1982; 55:759-766. 

16. Mira JG, Wescott WB, Starcke EN, Shannon IL. Some factors 

influencing salivary function when treating with radio-

therapy. IntJ Rod Oncol Biol Phys 1981; 7: 535-541. 

17. ShannonIL, Starcke EN, Wescott WB. Effect of radiotherapy on 

whole saliva flow. J Dent Res 1977; 56: 693. 

18. Marks JE, Davis CC, Gottsman VE, Purdy JE, Lee F. The 

effects of radiation on parotid salivary function. Int J Rad 

Oncol Biol Phys \98\;7:1013-1019. 

19. Kuten A, Ben-Aryeh H, Berdichevski I, Ore L, SzargR, 

Gutman D etal. Oral side effects of head and neck irradiation: 

correlation between clinical manifestations and laboratory 

data. IntJRadiat Oncol Biol Phys 1986; 12:401-405. 

20. Shannon IL, Trodahl NJ, Starcke EN. Radiosensitivity of the 

human parotid gland. ProcSocExp Biol Med 1978; 157:50-

53. 

21. Dreizen S, Brown LR, Handler S, Levy BM. Radiation-

induced xerostomia in cancer patients. Effect on salivary and 

serum electrolytes. Cancer 1976;38:273-278. 

22. Dreizen S, Brown LR, Daly TE, Drane JB. Prevention of 

xerostomia-related dental caries in irradiated cancerpatients. 

JDetitRes\971;56:99-\04. 

23. Mossman KE, Shatzman AR, Chencharick JD. Effects of 

radiotherapy on human parotid saliva. Radial Res 1981; 88: 

403-412. 

24. Brown LR, Dreizen S, Rider LJ, Johnston DA. The effect of 

radiation-induced xerostomia on saliva and serum lysozyme 

and immunoglobulin levels. OralSurg 1976;41: 83-92.   

126 Nagler 

Biomed Rev 9, 1998 



Ionizing irradiation and salivary glands 

  

25. ChengVST, Downs J, Herbert D, ArarnanyM. The function of 

the parotid gland following radiation therapy for head and 

neckcancer. hit J Radiat Oncol Biol Phys 1982; 7:253-258. 

26. Makkonen TA, Edelman L, Farsten L. Salivary flow and 

caries prevention in patients receiving radiotherapy. Proc 

Finn DentSoc 1986; 82:93-100. 

27. Kashima HK, Kirkham WR, Andrews JR. Post-irradiation 

sialadenitis: a study of the clinical features, histo-pathologic 

changes and serum enzyme variations following irradiation 

of human salivary glands. Am J Roentgen ol 1965; 94:271-

291. 

28. Baum B J, Bodner L, Fox PC, Izutsu KT, Pizzo PA, Wright WE. 

Therapy-induced dysfunction of salivary glands: 

implications for oral health. Special Care Dent 1985; 5: 274-

275. 

29. Anderson MW, Izutsu KT, Rice JC. Parotid gland patho-

physiology after mixed gamma and neutron irradiation of 

cancerpatients. OralSurg 1981; 52:495-500. 

30. Stephens LC, KingGK, Peters LJ, AngKK,SchultheissTE, 

Jardine JH. Unique radiosensitivity of serous cells in rhesus 

monkey submandibular glands., 4mJPathol 1986; 124:479-

487. 

31. SchneyerCA, Finn JR, Phillips RM. Modification of irradiation 

effects on rat parotid by chronic pretreatment with isopro-

terenol. ProcSocExpBiolMed 1969; 13 1:723-727. 

32. Wolf RO, Taylor LL, Broce K. Effects of irradiation of the 

parotid gland and pancreas on human isoamylases. Am J 

C7//7/W/7o/1970;54:214-218. 

33. Edgar WM, Bowen WH, Cole MF. Protein components in 

saliva and plaque fluid from irradiated primates. J Oral 

Pathol 1982; 11:252-259. 

34. EnerothCM, HenriksonCO, JakobssonPA. Effect of frac-

donated radiotherapy on salivary gland function. Cancer 

1972;30:1147-1153. 

35. Eneroth CM, Henrikson CO, Jakobsson PA. The effect of 

irradiation in high doses on parotid gland. Ada Otolaiyngol 

1971;71:349-356. 

36. Eneroth CM. Henrikson CO, Jakobsson PA. Pre-irradiation 

qualities of a parotid gland predicting the grade of functio-

nal disturbance by radiotherapy. Actu Otolaiyngol 1972; 

74:436-444. 

37. Bekerman C, Hoffer PB. Salivary gland uptake of 67Ga-citrate 

following radiation therapy. JNucl Med 1976; 17:685-687. 

38. LentleBC, Jackson FLMcGowanDG. LocalizationofGallium-67 

citrate in salivary glands following radiation therapy. J 

CanAssocRadiol\976;21:89-9\. 

39. Takahashi I,Nagai T, Miyaishi K, Maehara Y,Niibe H. 

Clinical study of the radioprotective effects of amifostine 

on chronic radiation injury. IntJ Radiat Oncol Biol Phys 

1986; 12:935-938. 

40. Tsujii H. Quantitative dose response analysis of salivary 

function following radiotherapy using sequential Rl-sia-

lognphy. IntJ Radiat Oncol Biol Phys 1985; 11:1603-1612. 

41. Ackerman LV. The pathology of radiation effect of normal 

andneoplastictissue.^/7?l/^oe«fgeno/1972; 114:447-459. 

42. Evans JC, Ackerman LV. Irradiated and obstructed sub-

maxillary salivary glands simulating cervical lymph node 

metastasis.Radiology 1954; 62: 550-555. 

43. Espinal EG, de Rey BM, Cabrini RL. Radiation effects on 

submandibular glands of the rat: steriological and ultra-

structural study. Strahlentherapie 1983; 159:290-295. 

44. Vissink A. Konings AWT, Ligeon EE. "s-Gravenmade EJ. 

Irradiation-induced changes in secretion and composition 

of rat saliva. JBiol Bvccale 1990; 18: 3-8. 

45. Vissink A,'s-Gravenmade EJ, Ligeon EE, Konings AWT. A 

functional and chemical study of radiation effects on rat 

parotid and submandibular/sublingual glands. Radiat Res 

1990; 124:259-265. 

46. Stephens LC, Ang KK, Schultheiss TE, King GK, Brock WA, 

Peters LJ. Target cell and mode of radiation injury in rhesus 

salivary glands. Radiother Oncol 1986; 7:253-258. 

47. Abok K, Brunk U, Jung B, Ericsson J. Morphologic and 

histochemical studies on the differing radiosensitivity of 

ductular and acinar cells of the rat submandibular gland. 

Virchows Arch B CellPalhol 1984; 45:443-460. 

48. Van den Brenk HAS, Hurley RA, Gomez C, Richter W. Serum 

amylase as a measure of salivary gland radiation damage. Br J 

Radio! \969;42:6&S-67Q. 

49. Elzay RP, Levitt SH, Sweeney WT. Histologic effect of 

fractionated doses of selectively applied megavoltage 

irradiation on the major salivary glands of the albino rat. 

Radio!og)'\969;93:146-152. 

50. English JA. Morphologic effects of irradiation on the salivary 

glands ofrats. J Dent Res 1955; 34: 4-11. 

51. GreenspanJS, Melamed MR, Pearse AGE. Early histochemical 

changes in irradiated salivary glands and lymph nodes of 

therat.J Path Bacterial 1964; 88:439-453. 

52. Van den Brenk HAS, Stone MG. Effects of x-irradiation on 

salivary growth mtherat.IntJRadiatBio! 1972; 21:247-256. 

53. Sholley MM, SodicoffM, PrattNE. Early radiation injury in 

the rat parotid gland. Lab Invest 1974; 31: 340-354. 

54. Balzi M, Cremonini D. Tomassi I, Cecciolini A, Giannardi G, 

Pelu G. Radiation effects on the parotid gland of mammals. 

Strahlentherapie 1979; 155: 566-569. 

55. GlucksmannA,CherryCP.EffectsoflrradiationonSalivaiy 

Glands. 1911; 290-295. 

56. Fajardo LF, Berthrong M. Radiation injury in surgical 

pathology. Am JSurgPathol 1981; 5: 279-296. 

57. Conger AD, SodicoffM, Samel A. Comparison of cAMP 

with other radioprotectors against chronic damage to the rat 

parotid gland. Radiat Res 1985; 102: 99-105. 

58. SodicoffM, PrattNE, Trepper P, Sholley MM, Hoffenberg 

S. Effects of x-irradiation and the resultant inanition on 

amylase content of rat parotid gland. Archs Oral Biol 1977; 

22:261-267. 

59. Menard TW, Izutsu KT, Ensign WY, Keller PJ, Motion TH, 

Truelove EL. Radioprotection by WR-2721 of gamma- 

  

127 

Biomed Rev 9,  1998 



  

  

irradiated rat parotid gland: effect on gland weight and sec-

retion at 8-10 days post-radiation. Int JRadial Oncol Biol 

Phys 1984; 10:1555-1559. 

60. Ito M. Biological effects of x-irradiation on salivary glands of 

mice. Radial Res 1967; 30:283-300. 

61. Cherry CP, Glucksmann A. Injury and repair following 

irradiation of salivary glands in male rats. BrJ Radio! 

1959; 32:596-608. 

62. Glucksmann A, Cherry CP. The induction of adenomas by 

the irradiation of salivary glands of rats. Radial Res 1962; 17: 

186-202. 

63. Vissink A, Downs J D, Konings A WT. Contrasting dose rate 

effects of irradiation on rat salivary gland function. Int J 

/W/flf S/o/199!:61:275-282. 

64. SodicoffM, PrattNE, ShoIleyMM. Ultrastructuralradiation 

injury of rat parotid gland: ahistopathological dose-response 

study. Radial Res 1974:58: 196-208. 

65. Pratt NE, SodicoffM. Ultrastructural injury following x-

irradiation of rat parotid gland acinar cells. Arc/is Oral Biol 

1972; 17:1177-1186. 

66. El-Mofty SK. Kahn AJ. Early membrane injury in lethally 

irradiated salivary gland eel Is. Int JRadiat Biol 1981; 39:55-62. 

67. Stern MH, Turner JE, Lett LS, Mincer H, McGinnis JP. 

Electron microscopic changes in rat parotid and subman-

dibular glands subsequent to total body irradiation with fast 

neutrons. OralSurg Oral Med Oral Palhol 1976; 42: 620-

630. 

68. Savage NW. Kruger BJ, Atkins KF. The effects of fractionated 

megavoltage x-irradiation on the rat submandibular gland: 

an assessment by light microscopy and autoradiography. 

Austral Dent J\985;3Q: 1-7. 

69. SavageN W. Kruger BJ. Adkins KF. The effects of fractionated 

megavoltage x-irradiation on the rat submandibular gland: 

an assessment by electron microscopy. Austral Dent J1985; 

30:188-193. 

70. BodnerL.KuyattBL,HandAR,BBJ.Ratparotidcellfunction 

//7V/Yr«fo!lowingx-irradiation/77v/vo. RadiatRes 1984;97: 

386-395. 

71. Phillips RM. X-ray-induced changes in function and structure 

of the rat parotid gland. J Oral Surg 1970; 28:432-437. 

72. Rice JC. Ezutsu KT, Truelove EE, Menard TW, Anderson 

MW, Morton TH el al. Rat parotid gland pathophysiology 

following l:'7Cs irradiation. RadiatRes 1982; 90:330-338. 

73. Van den Brenk HAS. Sparrow N. Moore V. Effects of x-

irradiation on salivary gland growth in the rat. Int J Radial 

Biol 1970; 17: 135-161. 

74. Van den Brenk HAS, Stone MG. Effect of x-radiation on 

salivary gland growth in the rat. Int J Radial Biol 1972; 22: 

205-223. 

75. Sasaki T. Toda M. Effect of irradiation on mouse salivary 

glands during the prereplicative phase of isoproterenol-

stimulated DNA synthesis. Cancer Res 1972; 32:2807-2812. 

76. Sasaki T, Nogami T. Response of x-irradiated mouse salivary 

gland cells to a proliferative stimulus. Cancer Res 1973; 33: 

1701-1706. 

77. Sasaki T. Eatent and persistent lethal injury in mouse 

salivary gland cells following gamma irradiation. Radial 

Res 1976;67:104-113. 

78. Sasaki T, Yamamoto M, TakedaM. Function of parotid gland 

following irradiation and its relation to biological parameters. 

RadiatRes 1980; 83:579-591. 

79. Sasaki T, Yamamoto M. Collagen turnover in isoproterenol-

induced DNA synthesis and its modification by x-ray 

irradiation. BiochimBiophys A eta 1980;610: 130-140. 

80. Santangelo MV, Toto PD. Radiation effects on mouse 

submandibulargland..//)«?//?«• 1965:44:1291-1298. 

81. Nagler RM, Baum BJ, Fox PC. A 2 weekpair-fed study of early 

x-irradiation effects on rat major salivary gland function. 

ArchsOralBiol\996;41:713. 

82. Nagler RM, Baum BJ, Fox PC. Effects of x-irradiation on the 

function of rat salivary glands at 3 and 40 days. Radial Res 

136:392-396,1993. 

83. Quastler H. Austin MK, Miller M. Oral radiation death. 

RadiatRes 1956;5:338-353. 

84. Hiramatsu Y, NaglerRM, Baum BJ, Fox PC. Rat salivary gland 

blood flow and blood-to-tissue partition coefficients fol-

lowingx-iiTadiation.^rcfoOm/,8/0/1994; 39: 77-80. 

85. Nagler RM, Baum BJ, Fox PC. Acute effects ofx-irradiation 

on the function of rat salivary glands. Radial Res 1993; 136: 

42^7. 

86. Nagler RM, Miller G, Baum BJ, Fox PC. Eong-tenn salivary 

effects of single dose regional head and neck irradiation in 

the rat. Archs Oral Biol 1998. Submitted. 

87. Nagler RM. Effects of radiotherapy and chemotherapeutic 

cytokines on a human salivary cell line. AnlicancerRes 1998; 

18:309-314. 

88. NaglerRM,Nagler A, EauferD. Sialochemicalprofileofx-

irradiated major salivary glands: an extended term animal 

study. Int JRadiat Biol 1997; 71:444-448. 

89. Nagler RM, Marmary Y, Fox PC, Baum BJ, Har-El R, Chevion 

M. Irradiation induced damage to the salivary glands: the 

role of redox-active iron and copper. Radial Res 1997; 147: 

468^75. 

90. Goepp RA, Fitch FW. Pathological study of oral radiation 

death in mice. RadiatRes 1962; 16: 833-845. 

91. Goepp RA, Fitch FW. Prevention of death in mice after lethal 

irradiation of the head. RadiatRes 1963; 19: 670-675. 

92. Goepp RA, Fitch FW, Douil J. The use of parenteral chemicals 

for protection against oral radiation in mice. RadiatRes 1967; 

31:149-155. 

93. Furuno I, IwasakiT, MatsudairaH. Effects of x-irradiation on 

cell proliferation and DNA synthesis induced by 

administration of isoproterenol in salivary glands of the 

mouse. RadiatRes 1974; 57:434-441. 

94. NaglerRM. Nagler A. Effects of ionizing irradiation and p-   

Nagler 128 

Biomed Rev 9, 1998 



Ionizing irradiation and salivary glands 129 

adrenergic stimulation on gene expression in rat subman- 96. NaglerRM,Marmary Y,GolanE, ChevionM.Novelprotec- 

dibular glands. AnticancerRes 1996; 16:2749-2756. tion strategy against irradiation-induced damage to saliva- 

95. MertzPM, Fox PC, Pluta A, Baum BJ,KousvelariEE. Effects ry glands. Radial Res 1998; 142:271-276. 

of ionizing radiation and p-adrenergic stimulation on the 97. Nagler RM. Protection against irradiation-induced damage 

expression of early response genes in rat parotid glands. to salivary glands by adrenergic agonist administration. Int 

RadiatRes 1992; 130:104-112. JRadial OncolBiolPhys 1998; 40: 477-481. 

Biomed Rev 9, 1998 


