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Abstract

Objectives: One of the major side effects of radiotherapy for treatments of the head

and neck cancer is the radiation-induced dysfunction of salivary glands. The aim of

the present study is to investigate the efficacy of deferoxamine (DFO) to restore the

secretory function of radiation-damaged salivary glands in mice.

Methods: DFO (50 mg/kg/d) was administered intraperitoneally in C57BL/6 mice for

3 days before and/or after point-fixed irradiation (18 Gy) of submandibular glands.

The total 55 mice were randomly divided into: (1) Normal group: mice received no

treatment (n55); (2) Irradiation group (IR): mice only received irradiation (n55); (3)

Pre-DFO group (D+IR) (n510); (4) Pre+Post DFO group (D+IR+D) (n510); (5)

Post-DFO group (IR+D) (n510); (6) For each DFO-treated group, the mice were

intraperitoneally injected with 0.1 ml sterilized water alone (by which DFO was

dissolved) for 3 days before and/or after irradiation, and served as control. Sham1:

Pre-sterilized water group (n55); sham2: Pre+Post sterilized water group (n55);

sham3: Post-sterilized water group (n55). The salivary flow rate (SFR) was

assessed at 30th, 60th an
d 90th day after irradiation, respectively. After 90 days, all mice were
sacrificed and their submandibular glands were removed for further
examinations.

Results: The salivary glands showed remarkable dysfunction and tissue damage

after irradiation. DFO restored SFR in the irradiated glands to a level comparable to

that in normal glands and angiogenesis in damaged tissue was greatly increased.

DFO also increased the expression levels of HIF-1a and VEGF while reduced

apoptotic cells. Furthermore, Sca-1+cells were preserved in the salivary glands

treated with DFO before IR.
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Conclusions: Our results indicate DFO could prevent the radiation-induced

dysfunction of salivary glands in mice. The mechanism of this protective effect may

involve increased angiogenesis, reduced apoptosis of acinar cells and more

preserved stem cells.

Introduction

Oral and maxillofacial malignant tumors, which occur in the lip, oral cavity,

paranasal sinuses and salivary glands, account for 644,000 patients of all new

cancer cases each year in the world. A majority of patients are treated with

radiotherapy, which is considered one of the most effective treatments, either

alone or in combination with other treatments such as surgery and/or

chemotherapy [1]. Because of its special anatomic location and sensitivity to

irradiation, the salivary glands (SG) are always injured during irradiation (IR)

therapy. Progressive loss of function may occur within the first weeks of

radiotherapy and can persist for life [2]. Radiation-induced salivary gland

dysfunction may cause dental caries, difficulties in speaking and swallowing,

mucositis, and xerostomia (dry mouth syndrome), which may severely

compromise the life quality of these patients [3, 4].

The underlying mechanism of the IR-induced injury to SGs remains unclear.

The possibility that microvascular endothelial cells might be targeted by IR was

first revealed in gastrointestinal cancer by Paris et al. [5]. Later, several following

studies found that endothelium of blood vessel was also damaged by radiation

during treatment of lung and brain cancers [6, 7]. More importantly, Cotrim et al

showed that reduction of microvessel density in murine SGs occurred 4 hours

after IR, indicating the injury of endothelial cells. To overcome the drawback of

irradiation therapy, transfer of vascular endothelial growth factor (VEGF) and

basic fibroblast growth factor (bFGF) complementary DNAs to endothelial cells

by means of vectors was carried out to enhance angiogenesis in damaged tissue. It

was found secretion of salivary fluid by SG was greatly restored with enhanced

capillary density and more survived endothelial cells after irradiation [8].

However, gene transfer therapy is complicated and brings great safety concerns in

clinical application. Thus, to explore an alternative approach to protect SG from

irradiation injury is very important for treating oral and maxillofacial malignant

tumors.

Deferoxamine (DFO), a bacteria-derived siderophore from actinobacter

Streptomyces pilosus, has been used in the treatment of the diseases with excess

iron, such as hemochromatosis, thalassemia, myeloid dysplasia syndrome and

chronic iron overload, as well as in treating the patients suffering from an

overload of aluminum during a continuous kidney dialysis. In addition to the

iron-chelating function, DFO administration was associated with up-regulated

expression of vascular endothelial growth factor (VEGF) in both normal tissues
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and malignant tumors [9]. Further studies revealed that application of DFO could

accelerate angiogenesis in ischemic tissue via VEGF-mediated pathway [10, 11].

However, whether DFO administration would improve angiogenesis, thus

protecting salivary gland from irradiation damage remains unclear.

Here, the aim of the present study is to evaluate the effects of DFO

administration on the salivary gland function after irradiation in mouse model.

Meanwhile, the potential mechanism of the functional improvement of

irradiation-damaged salivary glands was investigated.

Materials and Methods

Irradiation of Salivary Glands

A Total of 55 male C57BL/6 mice (8–12 week old and 20–25 g in body weight)

were purchased from SLAC National Rodent Laboratory Animal Resources

(Shanghai, China). The mice were kept under clean conventional conditions and

fed with food pellets and acidified tap water (pH52.8). This study was carried out

in strict accordance with the recommendations of the Guide for the Care and Use

of Laboratory Animals of the National Institutes of Health. The protocol was

approved by the Committee on the Ethics of Animal Experiments of the Ninth

People’s Hospital, affiliated to Shanghai Jiao Tong University School of Medicine,

China. The mice were anesthetized by intraperitoneal injection of 0.4 ml/100 g

chloral hydrate. Submandibular gland was then subjected to point-fixed

irradiation with a single dose of 18 Gy by photon MLC linear accelerator (Elekta,

Swedish). The radiation dose is known to induce sufficient reduction of salivary

flow rate without affecting general health of the animals [12].

Administration of DFO

The mice were divided into several groups: (1) Normal group: the mice that

received no treatment (n55); (2) Irradiation group (IR): the mice that received a

single dose of 18 Gy of irradiation (n55); (3) Pre-DFO group (D+IR): the mice

that received daily injection of DFO for 3 days before irradiation (n510); (4)

Pre+Post DFO group (D+IR+D): the mice that received daily injection of DFO for

3 days both before and after irradiation (n510); (5) Post-DFO group (IR+D): the

mice that received daily injection of DFO for 3 days after irradiation (n510). (6)

For each DFO-treated group, their sham control mice were intraperitoneally

injected with 0.1ml sterilized water (vehicle control) for 3 days before or/and after

irradiation and served as sham control. Sham1: Pre-sterilized water group (n55);

sham2: Pre+Post sterilized water group (n55); sham3: Post-sterilized water group

(n55) (Figure 1). DFO administration was performed as its indication and usage.

Briefly, 500 mg of desferrioxamine mesylate (Beijing Novartis Pharma Ltd) was

dissolved in 40 ml of sterilized water and was then intraperitoneally injected daily

at a dose of 50 mg/kg. We chose a safety dosage of 50 mg/kg/d based on the fact
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that intravenous LD50 of desferrioxamine mesylate in mice is 287 mg/kg as shown

in the instruction manual [13].

Secretory function evaluation of salivary glands

The mice were injected with pilocarpine chloride (2 mg/kg i.p) under anesthesia

to stimulate secretion of saliva, at 30th, 60th, and 90th day after irradiation,

respectively. Two minutes after injection, the whole volume of saliva was collected

by five small pre-weighed cotton balls that were placed under the tongue for 10

minutes. Immediately after soaked with saliva, the cotton balls were removed

from the mouth and weighed. The volume of saliva was determined

gravimetrically, assuming a density of 1 g/ml for saliva [14].

Histological observation

Ninety days after irradiation, the mice were sacrificed by cervical dislocation and

their submandibular glands were harvested and immediately weighed, followed by

fixation in 4% paraformaldehyde, dehydrated and embedded in paraffin.

Structures of the glands were analyzed by H&E staining. The functionalities of

acinar cells were determined using periodic acid-Schiff’s base staining (PAS,

Sigma-Aldrich, USA; 395B). The surface area of PAS-positive acinar cells was

examined from two different sections (the upper and the middle) of each

submandibular gland and at least 3 fields in each section were assessed blindly by

two independent investigators. The software Image-Pro Plus 6.0 was used to

analyze the surface area occupied by acinar cells.

Figure 1. Schematic representation of the experimental design. Local 18 Gy irradiation of salivary glands
was given before or/and after 3-day DFO treatment (50 mg/kg/d). Normal: no treatment; IR: only Irradiation
group; D+IR: Pre-DFO group; sham1: Pre-sterilized water group; IR+D: Post-DFO group; sham3: Post-
sterilized water group; D+IR+D: Pre+Post DFO group; sham2: Pre+Post sterilized water group; DFO:
deferoxamine.

doi:10.1371/journal.pone.0113721.g001
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Immnunohistochemical staining

Tissue sections with 5 um thickness were deparaffinized and rehydrated. After

treated with 3% of H2O2 for 15 minutes at the room temperature to block

endogenous peroxidase, the sections were blocked in 0.1% trypsin and 1% bovine

serum albumin (BSA, Sigma-Aldrich, USA) for 30 minutes at 37 ,̊ and then

incubated with the primary antibodies against CD31 (Abcam, UK; ab28364), Sca-1

(Abcam, UK; ab51317) or PCNA (CST, USA; 2586) at 4 C̊ overnight. After rinsed

with PBS, sections were incubated with the second antibody (goat anti-mouse

IgG, Roche, USA) for 30 minutes at 37 C̊ and subsequently developed with Liquid

DAB Substrate Chromogen System (Roche, USA) for 5 minutes. The nucleus was

then counterstained with hematoxylin for 2 minutes. For quantification of blood

vessel density, the percentage of surface area occupied by blood vessels indicated

by CD31 positive staining was assessed under 1006 magnification chosen from

the two different sections (the upper and the middle) of each submandibular

gland. Blood vessel densities were calculated using Image-Pro Plus 6.0 software

from at least 3 fields in each section.

For detection of cell proliferation, PCNA positive cells within 3 representative

fields from each section were counted independently. Two sections were chosen

from each gland examined.

Cellular Apoptosis detected by TUNEL

Cell apoptosis was assessed by the terminal deoxynucleotide transferase mediated

ddUTP nick end labeling (TUNEL, Roche, USA; 11684817910) assay according to

manufacturer’s instruction. Briefly, apoptotic nuclear DNA strand breaks were

end labeled with digoxigenin conjugated dideoxy-UTP by terminal transferase and

visualized immunohistochemically with digoxigenin antibody conjugated to

alkaline phosphatase. The assay was standardized with the use of adjacent tissue

sections treated with DNase I to induce DNA fragmentation as a positive control

for apoptosis. Apoptotic cells were identified by the presence of apoptotic bodies

in the cell. The TUNEL-positive cells were assessed under 2006 magnification

chosen from the two different sections (the upper and the middle) of each

submandibular gland. Ratio of TUNEL-positive cells to total nuclei (% per gland)

were calculated using Image-Pro Plus 6.0 software from at least 3 fields in each

section.

Quantitative Real-Time (PCR)

Total RNA was extracted with Trizol from submandibular glands harvested at

indicated time points. Three micrograms of RNA were reversely transcribed into

cDNA using AMV Reverse transcriptase (PROMEGA, USA; M5101) and Real-

time PCR kit (TAKARA, Japan; DRR420A). Real-time PCR was performed at

57 C̊ for 30 cycles in the Opticon Continuous Fluorescent Detector using

StepOnePlus PCR system (Applied BioSystems, USA). Triplicates were performed

for each sample, and results were normalized to b-actin level. The following
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primers were used. b-actin: F59ACC CCCACTGATACGCCTGA39, R59

TGAGCACTGAAGCGAAAGC39. VEGF: F59ACGAAGCGCAAGAAATCCC39,

R59TTAACTCAAGCTGCCTCGCC39.

Western Blot analysis

Western blot was performed to evaluate HIF-1a accumulation in gland tissue.

Nuclear extracts (100 ug) were electrophoresed through 5% sodium dodecyl

sulfate (SDS)-polyacrylamide gels and electrotransferred onto PVDF membrane.

Blots were incubated with primary antibody against HIF-1a (Abcam, UK; ab8366)

and b-actin (CST, USA; 4970). Secondary antibody of goat anti-mouse IgG (CST,

USA; 7076) was applied and visualized using chemiluminescence (HRP), and then

exposed to X-ray films. Protein expression levels were quantified by densitometry.

Statistical Analysis

Data were expressed as mean¡standard error of mean (mean¡SEM). For

comparison among different groups, statistical significance was assessed using a

one-way analysis of variance (ANOVA) and the significance of each difference was

determined by post hoc testing using LSD. Statistical significance was considered

at P,0.05. Statistical analysis was performed with SPSS16.0.

Result

DFO attenuated Radiation-induced Hyposalivation

To investigate whether DFO administration could attenuate hyposalivation

resulted from radiation injury, salivary flow rate (SFR) was calculated at 30th, 60th,

and 90th day after the point-fixed irradiation at a single dose of 18 Gy, respectively

(The original data were shown in Table S1). Irradiated mice without DFO

administration developed severe hyposalivation. In contrast, DFO treatment,

irrespective of the treatment schedule, resulted in significantly higher SFR in

irradiated mice than vehicle-treated animals (P,0.05; Fig. 2D). Moreover, we

found that, at 30th day after irradiation, each group that had received DFO

treatment showed similar SFR (P.0.05; Fig. 2A). Sixty days after irradiation, the

D+IR+D group preserved the highest SFR (97%) which was comparable to those

of normal non-irradiated control mice (P.0.05; Fig. 2B). Although there was a

slight reduction at 90th day after irradiation, SRF of D+IR+D group maintained

the highest level among all DFO-treated groups (P,0.05; Fig. 2C). However,

90 days after irradiation, the weight of salivary glands harvested showed no

significant difference between individual groups (P.0.05; Fig. 3. The original

data were shown in Table S2).
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Anti-apoptosis effect of DFO in irradiation damaged tissue

Ninety days after irradiation, massive acinar cells were clearly delepted within

gland tissue in all irradiation-treated groups that received no DFO administration,

indicating delayed and continuous irradiation damage in gland tissue. In contrast,

DFO administration reduced the loss of acinar cells in gland tissue. The surface

area of functional acinar cells increased to 61.05%, 83.17% and 60.22% compared

with that of normal SGs in D+IR, D+IR+D and IR+D respectively, among which

surface area in D+IR+D group showed the greatest increase (P,0.05; Fig. 4. The

original data were shown in Table S3).

TUNEL analysis was carried out to determine the effect of DFO in the

prevention of cell apoptosis in irradiated salivary glands. Ninety days after

irradiation, TUNEL assay revealed that apoptotic cells in irradiated salivary glands

Figure 2. Salivary flow rate (SFR) was calculated at 30th, 60th, and 90th day after irradiation. Sham1: Pre-sterilized water group; sham2: Pre+Post
sterilized water group; sham3: Post-sterilized water group. Data is presented as means ¡ SEM. *: P,0.05 compared with normal group; **: P,0.05
between two individual groups; ***: P.0.05 compared with normal group.

doi:10.1371/journal.pone.0113721.g002
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increased significantly compared to those in normal SGs (P,0.05); The TUNEL

positive cells was remarkably reduced in each DFO-treated group as compared to

their vehicle groups (P,0.05; Fig. 5. The original data were shown in Table S4).

Moreover, as determined by PCNA staining, the number of proliferating cells was

significantly increased in DFO-treated groups (P,0.05; Fig. 6. The original data

were shown in Table S5). Again, the lowest number of apoptotic cells and highest

number of proliferating cells were observed in D+IR+D group (Fig. 5 & Fig. 6).

Figure 3. The weight of salivary gland harvested at 90th day post irradiation. The weight of salivary gland
shows no significant difference among individual groups. Sham1: Pre-sterilized water group; sham2:
Pre+Post sterilized water group; sham3: Post-sterilized water group. Data is presented as means ¡ SEM. *:
P,0.05 compared with normal group.

doi:10.1371/journal.pone.0113721.g003

Figure 4. PAS staining and Surface area occupied by acinar cells determination at 90th day after irradiation. A: PAS staining of submandibular gland
tissue from each group. Arrows indicate functional acinar cells. B: Surface area occupied by acinar cells (% per gland) between different groups. Sham1:
Pre-sterilized water group; sham2: Pre+Post sterilized water group; sham3: Post-sterilized water group. Data is presented as means ¡ SEM. *: P,0.05
compared with normal group; **: P,0.05 between two individual groups.

doi:10.1371/journal.pone.0113721.g004
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DFO improved angiogenesis via activating HIF-1a-VEGF Pathway

To investigate whether the protective effect of DFO on SG function was

accompanied with enhanced angiogenesis, we performed calculation of capillary

density and surface area occupied by CD31 positive cells in salivary glands. H&E

staining (Data not shown) showed that density of capillary containing

erythrocytes was much higher in DFO-treated groups than that in vehicle-treated

groups. By more specific immunohistochemistry for CD31, it was found that the

surface area of CD31 positive cells was much larger in DFO treated groups, among

which surface area in D+IR+D group was highest, reaching 77.93% of that in

normal group (P,0.05; Fig. 7. The original data were shown in Table S6).

To evaluate whether increased vascular density resulted from elevated

expression of VEGF, we examined VEGF expression in the salivary glands after

DFO treatment. We found that VEGF mRNA level was increased in all DFO

treated groups, among which D+IR+D group showed the highest level (P,0.05;

Fig. 8A. The original data were shown in Table S7). We also performed western

blot to assess the protein level of HIF-1a, the master regulator of VEGF

expression, in salivary gland. Similarly, the highest expression of HIF-1a was

found in D+IR+D group (P,0.05; Fig. 8B, C. The original data were shown in

Table S7).

DFO improved survival of salivary stem/progenitor cells

To determine whether DFO administration could promote the survival of salivary

stem cells, we detected Sca-1 positive cells, which had been widely accepted as

stem/progenitor cells in SG [15], by immunohistochemistry staining at 90th day

post irradiation. Sca-1+ cells could be easily detected in normal salivary glands and

the salivary glands from groups that received DFO administration before

irradiation (D+IR and D+IR+D groups). Meanwhile, few Sca-1+cells could be

detected in the group treated with irradiation alone or in the group that received

DFO administration after irradiation (IR and IR+D group) (Fig. 9).

Figure 5. Analysis of apoptotic cells by TUNEL determination at 90th day after irradiation. TUNEL assay of apoptotic cells in different groups. A:
TUNEL-positive cells of submandibular gland tissue from each group. B: Ratio of TUNEL-positive cells to total nuclei (% per gland) between different groups.
Sham1: Pre-sterilized water group; sham2: Pre+Post sterilized water group; sham3: Post-sterilized water group. Data is presented as means ¡ SEM. *:
P,0.05 compared with normal group; **: P,0.05 between two individual groups.

doi:10.1371/journal.pone.0113721.g005
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Figure 6. Detection of proliferating cells in submandibular gland tissue at 90th day after irradiation. A: Immunohistochemical staining of PCNA from
each group. Images of lower panel represent the higher magnification of the boxed area in corresponding images of upper panel. B: Surface area occupied
by PCNA-positive cells (% per gland) between different groups. Sham1: Pre-sterilized water group; sham2: Pre+Post sterilized water group; sham3: Post-
sterilized water group. Data is presented as means ¡ SEM. *: P,0.05 compared with normal group; **: P,0.05 between two individual groups.

doi:10.1371/journal.pone.0113721.g006
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Figure 7. Effect of DFO administration on angiogenesis in irradiated submandibular gland. A: Immunohistochemical staining of CD31 in different
groups. Images of lower panel represent the higher magnification of the boxed area in corresponding images of upper panel. B: Surface area occupied by
CD31

+ cells (% per gland) between different groups. Sham1: Pre-sterilized water group; sham2: Pre+Post sterilized water group; sham3: Post-sterilized
water group. Data is presented as means ¡ SEM. *: P,0.05 compared with normal group; **: P,0.05 between two individual groups.

doi:10.1371/journal.pone.0113721.g007

Restoring Irradiation-Damaged Salivary Gland by Deferoxamine

PLOS ONE | DOI:10.1371/journal.pone.0113721 November 26, 2014 11 / 18



Discussion

In the present study, we have demonstrated the efficacy of DFO for correcting the

dysfunction of salivary glands induced by point-fixed irradiation. We found that,

in addition to the restoration of salivary function, DFO administration also

increased angiogenesis and the number of stem/progenitor cells while reduced the

apoptosis of acinar cells.

In our study, SFR in all DFO-treated groups was higher than that in vehicle-

treated groups, demonstrating the therapeutic effect of DFO in restoring the

function of irradiated glands. SFR is a common parameter for evaluating secretion

function of salivary gland due to it is a noninvasive, simple approach with

minimal infection risk that can reduce the mortality of mice. However, SFR

appears to be influenced by the intake of food and water of irradiated animals

during the experimental period [16]. Moreover, the collected saliva represented

the sum of the saliva from both parotid and submandibular glands. In the current

study, a point-fixed irradiation (18 Gy) was given only to the submandibular

glands and the parotid received little irradiation. Thus, the reduction of salivary

flow is mainly resulted from the irradiation damage to the submandibular glands.

It’s worth noting that (1) there is a much higher prevalence of serous cells in the

parotid gland as compared with the submandibular gland, the parotid gland

exhibits higher radiosensitivity, while salivary gland is relative radioresistant; (2)

Figure 8. DFO administration improved angiogenesis in irradiated tissue via activating HIF-1a-VEGF
Pathway. A: Real-time PCR detection of VEGF expression 90 days after irradiation. B: Western-blot analysis
of HIF-1a in tissues received DFO. Sham1: Pre-sterilized water group; sham2: Pre+Post sterilized water
group; sham3: Post-sterilized water group. Data is presented as means ¡ SEM. *: P,0.05 compared with
normal group; **: P,0.05 between two individual groups. C: HIF-1a in each group. Annotate: 1A represents
D+IR group; 1B represents sham1; 2A represents IR+D group; 2B represents sham3; 3A represents D+IR+D
group; 3B represents sham2; 4 represents IR; 5 represents normal group; b-Actin represents reference.

doi:10.1371/journal.pone.0113721.g008
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In a 1 year follow-up study, it was observed that irradiation-induced salivary

hypofunction was more severe in parotid gland than in submandibular gland at

each time point examined; (3) although most of the reduction in salivary function

is achieved within 3 months following irradiation, the parotid gland showed a

substantial dysfunction during the first 2 weeks, which was not observed in

submandibular gland [17]. Collectively, these data implicate the different response

of parotid and submandibular glands to irradiation and more detailed

investigation are needed to explore the potential therapeutic effect of DFO on the

two glands, respectively.

In addition, we found that the highest SFR recovery induced by DFO

administration occurred 60 days after irradiation and it was slightly decreased

Figure 9. DFO administration improved survival of salivary stem/progenitor cells. Immunohistochemical staining of Sca-1 in different groups. Images
of lower panel represent the higher magnification of the boxed area in corresponding images of upper panel. Arrows indicate Sca-1+ cells.

doi:10.1371/journal.pone.0113721.g009
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after 90 days. In agreement with our study, Lim et al recently reported a decline of

SRF 12 weeks (84 days) after irradiation in a similar irradiated mice model, which

was corrected by systemically administration of adipose derived stem cells

immediately after the irradiation [18]. Thus, our results indicate that the

therapeutic effect of DFO occurred within the duration of 60–90 days after

irradiation. Beyond this period of time, and with no further DFO administration

conducted, the initial therapeutic effect may gradually decay. Thereby, to

investigate whether treatment effects are short term or continuous, and to stabilize

its effects on salivary flow for a long-term therapy, it will be helpful to extend the

observation time to 120 or 150 days in future studies to find a more appropriate

and effective time-interval for DFO administration.

By calculating the capillary density, detecting the expression of VEGF and HIF-

1a, we found that DFO may stimulate angiogenesis via increasing HIF-1a level,

which consequently leads to the up-regulation of VEGF expression. Furthermore,

the improved function of irradiated glands by DFO administration was in parallel

to the enhanced angiogenesis in the damaged tissue. Consistent with these results,

Kojima et al observed that improved salivary flow rates occurred with increased

expression of VEGF by injection of adipose-derived stem cells into irradiation

damaged glands [19]. However, Nagler et al. found that long-term (2 months

after irradiation) parotid function was partially protected against irradiation by

the pre-irradiation administration of zinc-desferoxamine (Zn-DFO) at a dose of

20 mg/kg. While the submandibular glands, in contrast to the parotids, were not

protected by Zn-DFO. They attributed this protective effect of Zn-DFO to

chelation of the intracellular redox-active metal ions [20]. We speculated the

difference in animal models (rat versus mice), doses of DFO (20 mg/kg for 1 time

versus 50 mg/kg for 3 times), and timing of injection (pre-irradiation versus pre-

and post-irradiation) may cause the discrepancies between Nagler’s and our

studies. Also, the group size of our animal study is relatively small. We found the

mortality rate of the irradiated mice without DFO administration was high. Thus,

we have to make a balance between the optimal sample size and the ethics of

animal experiment and finally we chose 5 animals in control groups. The

irradiated mice with DFO injection showed slightly high survival rate, so we chose

10 as the sample size of the DFO-treated groups.

In the present study, we also observed some Sca-1+ salivary stem cells were

preserved only in D+IR and D+IR+D groups. We, thus, suppose DFO

administration before radiotherapy could promote survival of salivary stem cells

in the irradiated-SGs. The stem cells which had suffered from irreversible damage

of irradiation would not survive, even though DFO was administrated after

radiotherapy. The effect of DFO on maintenance of stem cells through

suppression of proliferation has been documented in a study of cardiac stem cell

by Song et al [21]. Thus, in the present study, we present the in-vivo evidence

supporting the in-vitro effects of DFO on stem cells.

Quite a few experimental studies as well as clinical trials have demonstrated that

some aggressive tumors [22–24], particularly neuroblastoma [25] and leukemia

[26], are sensitive to Fe chelation therapy such as DFO. Additionally, DFO
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administration has been proved to be able to inhibit the growth and/or induce the

apoptosis of malignant cells from leukaemia [27, 28], neuroblastoma [29, 30],

melanoma [31], hepatoma [32], Kaposi’s sarcoma [33] and cervical cancer [34].

More importantly, it was found that DFO could inhibit the growth of oral

squamous carcinoma cell lines [35]. Given all these findings, we propose that DFO

administration would protect SGs from irradiation damage with additional

benefit in inhibiting the growth of head and neck tumor. However, there are

distinct differences in structure and physiological functions of salivary glands

between human and mouse. For example, saliva is secreted only following

stimulation in rodents, while in humans saliva is secreted spontaneously without

stimulation. Furthermore, serous cell death resulted from irradiation in human

salivary glands is predominant and accompanied with infiltration of inflammatory

cells, which could not be observed in rats [17]. Thus, the potential benefits of

DFO to the treatment of head and neck tumor remains to be tested in human.

In conclusion, our study provided the evidence that DFO administration could

protect salivary glands from radiation damage in a mice model. The improvement

in function of salivary glands is accompanied with reduced apoptotic acinar cells,

enhanced angiogenesis and more survived Sca-1+ salivary stem cells. The potential

of our finding as an alternative therapeutic approach to prevent radiation-induced

dysfunction of salivary glands in clinical application deserves more investigation

in future.

Supporting Information

Table S1. Salivary flow rate (SFR) of each mouse was calculated at 30th, 60th, and

90th day after the point-fixed irradiation with a single dose of 18 Gy. Sham1: Pre-

sterilized water group; sham2: Pre+Post sterilized water group; sham3: Post-

sterilized water group.

doi:10.1371/journal.pone.0113721.s001 (DOC)

Table S2. The weight of each salivary gland harvested at 90th day post irradiation.

Sham1: Pre-sterilized water group; sham2: Pre+Post sterilized water group;

sham3: Post-sterilized water group.

doi:10.1371/journal.pone.0113721.s002 (DOC)

Table S3. Surface area occupied by acinar cells (% per gland) of each salivary

gland. Sham1: Pre-sterilized water group; sham2: Pre+Post sterilized water group;

sham3: Post-sterilized water group. The software Image-Pro Plus 6.0 was used to

analyze the surface area occupied by acinar cells.

doi:10.1371/journal.pone.0113721.s003 (DOC)

Table S4. Ratio of TUNEL-positive cells to total nuclei (% per gland) of each

salivary gland. Sham1:Pre-sterilized water group; sham2: Pre+Post sterilized water

group; sham3: Post-sterilized water group. The software Image-Pro Plus 6.0 was

used to analyze the ratio of TUNEL-positive cells to total nuclei.

doi:10.1371/journal.pone.0113721.s004 (DOC)
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Table S5. Surface area occupied by PCNA-positive cells (% per gland) of each

salivary gland. Sham1: Pre-sterilized water group; sham2: Pre+Post sterilized

water group; sham3: Post-sterilized water group. The software Image-Pro Plus 6.0

was used to analyze the surface area occupied by PCNA+ cells.

doi:10.1371/journal.pone.0113721.s005 (DOC)

Table S6. Surface area occupied by CD31+ cells (% per gland) of each salivary

gland. Sham1: Pre-sterilized water group; sham2: Pre+Post sterilized water group;

sham3: Post-sterilized water group. The software Image-Pro Plus 6.0 was used to

analyze the surface area occupied by CD31+ cells.

doi:10.1371/journal.pone.0113721.s006 (DOC)

Table S7. Real-time PCR detection of VEGF expression and Western-blot analysis

of HIF-1a 90 days after irradiation. We showed the value of DCT of VEGF and

HIF-1a densitometry in each group. Sham1: Pre-sterilized water group; sham2:

Pre+Post sterilized water group; sham3: Post-sterilized water group.

doi:10.1371/journal.pone.0113721.s007 (DOC)
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