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Objective: Statins are widely used lipid-lowering drugs, which have pleiotropic effects, such 

as anti-inflammation, and vascular protection. In our study, we investigated the radioprotec-

tive potential of simvastatin (SIM) in a murine model of radiation-induced salivary gland 

dysfunction.

Design: Ninety-six Institute of Cancer Research mice were randomly divided into four groups: 

solvent + sham irradiation (IR) (Group I), SIM + sham IR (Group II), IR + solvent (Group III), 

and IR + SIM (Group IV). SIM (10 mg/kg body weight, three times per week) was admin-

istered intraperitoneally 1 week prior to IR through to the end of the experiment. Saliva and 

submandibular gland tissues were obtained for biochemical, morphological (hematoxylin and 

eosin staining and Masson’s trichrome), and Western blot analysis at 8 hours, 24 hours, and 

4 weeks after head and neck IR.

Results: IR caused a significant reduction of salivary secretion and amylase activity but eleva-

tion of malondialdehyde. SIM remitted the reduction of saliva secretion and restored salivary 

amylase activity. The protective benefits of SIM may be attributed to scavenging malondialde-

hyde, remitting collagen deposition, and reducing and delaying the elevation of transforming 

growth factor β1 expression induced by radiation.

Conclusion: SIM may be clinically useful to alleviate side effects of radiotherapy on 

salivary gland.

Keywords: simvastatin, radiation protection, submandibular gland, transforming growth 

factor-β1, mice

Introduction
Radiotherapy plays an important role in the treatment of malignant tumors of the head 

and neck. Despite new improvements in radiotherapy technique and equipment, it is 

impossible to spare the salivary glands, and the life quality of these patients is severely 

compromised because of radiation-induced impairment of salivary gland function. 

Patients with radiation-induced salivary gland dysfunction suffer from dysphagia, 

impaired sense of taste, increased mucosal infections, and other discomforts. Of all 

these complications, salivary gland dysfunction associated with irreversible xerostomia 

is one of the most important complications that impairs the quality of life significantly.1 

Xerostomia can occur early during radiation therapy; a rapid decrease of the salivary 

flow rate is observed during the first week of radiation therapy, after which there is 

a continuing gradual decrease to ,10% of the initial flow rate.2 Patients affected by 

xerostomia have a hypofunction of the salivary output, leading to functional oral dis-

orders such as sore throat, altered taste, dental decay, changes in voice quality, and 

impaired chewing and swallowing function.3 However, current management approaches 

remain palliative and are generally considered to be unsatisfactory.
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The commonly used lipid-lowering compounds, statins, 

have pleiotropic effects, such as cholesterol-lowering, 

cardiovascular protection, and antioxidative properties.4–7 In 

addition, it was reported that simvastatin (SIM) ameliorated 

radiation-induced enteritis and lung injury.8,9

The purpose of our study was to investigate the radio-

protective effect of SIM on salivary gland and the possible 

mechanisms by which SIM exerted the radioprotective 

potential in mice.

Materials and methods
animals
Eight-week-old male Institute of Cancer Research (ICR) 

mice weighing 30±2 g purchased from Nanjing Medical 

University Laboratory Animal Center were used in this 

study and maintained in a specific pathogen-free environ-

ment. The mice were fed a standard pellet diet and allowed 

free access to water. During the study, mice were observed 

daily for general condition and activity levels. Any signs of 

abnormalities (depilation, weight loss, illness, or mortality) 

were recorded and investigated. All animal procedures were 

approved by the Animal Care and Use Committee of Nanjing 

Medical University.

Treatment groups
Using StataSE11.0 software to produce random numbers, a 

total of 96 ICR mice were randomly divided into four groups: 

solvent + sham irradiation (IR) (Group I), SIM (Sigma-Al-

drich Co., St Louis, MO, USA) + sham IR (Group II), IR + 

solvent (Group III), and IR + SIM (Group IV). Mice 

were treated with 10 mg/kg SIM via intraperitoneal 

(IP) injection every 2 days beginning 1 week (Monday, 

Wednesday, Friday, and Sunday) before IR and continuing 

up to the end of the experiment. Particularly, SIM was 

given 30 minutes before IR on the first Sunday. Saliva 

and submandibular gland (SMG) tissues were obtained for 

biochemical, morphological, and Western blot analysis at 

8 hours, 24 hours, and 4 weeks after localized IR of the 

head and neck.

radiation procedure
Prior to IR, mice were anesthetized by an IP injection of 

50 mg/kg sodium pentobarbital. Then, the mice were placed in 

a plastic tube holding them firmly in a supine position during 

IR. The head and neck regions were then locally irradiated 

with a single exposure to a 15 Gy electron beam from a medi-

cal linear accelerator (Elekta Precise, Stockholm, Sweden;  

6 Mev, dose rate =400 MU/min, source skin distance =100 cm). 

During the IR procedure, the rest of the body was shielded by a 

12-mm-thick lead shield positioned on the chest and abdomen. 

The total radiation field used on the accelerator was 8×20 cm, 

allowing eight mice to be irradiated simultaneously.

saliva collection and salivary amylase 
activity analysis
Saliva samples were collected for 15 minutes following stimula-

tion with 2 mg/kg pilocarpine nitrate, which was administered 

in anesthetized mice by IP injection. Saliva was collected in 

preweighed ice-cooled microfuge tubes 8 hours, 24 hours, and 

4 weeks after IR. The total volume of saliva secreted was esti-

mated by weight as described previously.10 Saliva volume was 

then normalized to body weight to obtain a value for saliva flow. 

Salivary amylase (AMS) activity was measured by the iodine–

starch colorimetric method using the AMS Assay Kit (Nanjing 

Jiancheng Bioengineering Institute, Nanjing, People’s Republic 

of China) according to the manufacturer’s instructions.

Biochemical assays
To ensure that SIM exerted its potency, blood samples were 

collected at 1 day and 28 days after IR, and then left at room 

temperature for 2 hours to allow coagulation. Subsequently, 

samples were centrifuged (10 minutes, 5,000× g) to yield 

serum for the analysis of serum cholesterol using Total 

Cholesterol Reagent Kit (Dongou Diagnostics Co., Ltd, 

Zhejiang, People’s Republic of China).

The content of malondialdehyde (MDA) was detected 

using the thiobarbituric acid method. Briefly, SMG samples 

were removed, cleared of blood, and immediately transferred 

to ice-cold containers containing 10 mM phosphate-buffered 

saline. A known amount of tissue was homogenized using 

normal saline in a tissue homogenizer on ice. The homoge-

nate was centrifuged at 3,000 rpm for 10 minutes at 4°C, 

and the supernatant was used for the assay of MDA content 

using the MDA Assay Kit. The protein concentration was 

measured by the bicinchoninic acid method using protein 

quantification kit. All the indicators were measured at least 

three times from six samples according to the manufacturer’s 

instructions (Jiancheng Bioengineering Institute, Nanjing, 

People’s Republic of China).

histology
The SMG tissues were fixed in 10% neutral formalin and 

embedded in paraffin for histological sections. Tissue 

sections (5 μm) were stained with hematoxylin and eosin 

(H&E) and Masson’s trichrome stains and then examined 

under a microscope with a camera. All tissue sections were 
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examined for the characterization of histopathological 

changes by an experienced histologist who was unaware 

of the treatment conditions.

Preparation of protein extracts and 
Western blot analysis
For the preparation of total protein extracts, ~60 mg SMG tissue 

was homogenized in ice-cold cell lysis buffer for Western blot 

(Beyotime Institute of Biotechnology, Haimen, Jiangsu, Peo-

ple’s Republic of China; 20 mM Tris, pH 7.5, 150 mM NaCl, 

1% Triton X-100, sodium pyrophosphate, β-glycerophosphate, 

1 mM ethylenediaminetetraacetic acid, 1 mM Na
3
VO

4
, 1 mM 

phenylmethylsulfonyl fluoride). Subsequently, the homogenate 

was centrifuged at 12,000× g for 10 minutes at 4°C, and the 

supernatant was collected for protein determination by bicin-

choninic acid. Equal amounts of proteins were then separated 

by sodium dodecyl sulfate polyacrylamide gel electrophoresis 

before being transferred on to polyvinylidene fluoride mem-

branes (EMD Millipore, Billerica, MA, USA). The membranes 

were blocked in a blocking buffer (5% nonfat milk, 1% Tween 

20, in 20 mM Tris-buffered saline, pH 7.6) for 1 hour at room 

temperature, followed by incubation with the transforming 

growth factor (TGF)-β1 rabbit polyclonal immunoglobulin 

G (IgG) (Santa Cruz Biotechnology Inc., Dallas, TX, USA) 

in a blocking buffer overnight at 4°C. This was followed by 

incubation with horseradish peroxidase-conjugated anti-rabbit 

secondary antibody (Bioworld Technology Co., Ltd, St Louis 

Park, MN, USA) for 1 hour, and then washing three times, and 

detection by ChemiDoc™ XRS+ system (Bio-Rad Laboratories 

Inc., Hercules, CA, USA) according to the manufacturer’s 

instructions. The density measurement of each band was 

obtained using Image Lab software (Bio-Rad Laboratories 

Inc.). Values were expressed as fold change relative to con-

trol and normalized to β-actin, the loading control (Beyotime 

Institute of Biotechnology).

statistical analysis
Statistical analysis was performed using SPSS 18.0 software 

(SPSS Inc., Chicago, IL, USA). All results were expressed as 

the mean ± standard deviation. Analysis of variance was used 

to compare differences among each group by Dunnett’s tests 

for multiple comparisons. A value of P,0.05 was considered 

statistically significant.

Results
There were no significant differences in water in take, food 

consumption, or weight gain among the four groups during 

the follow-up period after IR. No deaths occurred.

siM prevents radiation-induced salivary 
gland hypofunction
To investigate salivary gland function, saliva was collected 

for 15 minutes after pilocarpine injection and assessed 

at intervals of 8 hours, 24 hours, and 4 weeks after IR 

(Figure 1A). At 8 hours, salivary flow in Group III was 

significantly reduced when compared to Group I (decreased 

by 19.07%, P,0.01), but there was no clear reduction in 

Group IV (P=0.993) compared with Group I. At 24 hours and 

4 weeks, both Group III and Group IV showed a significant 

reduction of salivary flow (41.6% vs 28.7%, 61% vs 54.5%) 

when compared to Group I.

The salivary flow of Group III demonstrated a progressive 

and significant time-dependent decrease with time after IR, 

suggesting that the irradiated mice developed acute (8 hours, 

24 hours) and subacute (30 days) hyposalivation compared 

with the normal mice (Figure 1A, P,0.01). In contrast, there 

was no significant difference in saliva flow between Group I 

and Group IV 8 hours after IR. Although the salivary flow in 

Group IV began to decline 24 hours after IR and continued 

to show hyposalivation at 4 weeks, the extent of reduction 

in Group IV was less pronounced than that of Group III at 

either of the two time intervals (P,0.01, P.0.05).

For salivary AMS (Figure 1B), there were no significant 

differences between any of the groups at 8 hours and 24 hours 

after IR. But, at 4 weeks, the salivary AMS activity of Group III 

was significantly reduced when compared with Group I 

(P,0.01). However, the salivary AMS activity of Group IV 

showed a significant increment compared with Group I at 

4 weeks (P,0.01).

effects of lowering serum cholesterol and 
scavenging sMg MDa
Just as expected, the total serum cholesterol of SIM-treated 

groups showed a decreasing tendency with time (Figure 2A). 

It is noted that serum cholesterol of the irradiated groups 

showed a slight but not significant increase compared to the 

respective control groups.

Electron-ray radiation induced a significant increase of 

MDA content in SMG in Groups III and IV when compared 

to Group I at all three time intervals (all P,0.01; Figure 2B). 

However, the extent of the increment in Group IV was less 

pronounced than that in Group III at 8 hours and 24 hours 

(P,0.01) and returned to control levels by 4 weeks after IR.

histology
SIM-alone treatment did not alter the histology of SMG 

when compared to the control group (Figure 3A and B). 
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Figure 1 Salivary flow and AMS activity exam.
Notes: Saliva flow in a preclinical murine model of radiation-induced hyposalivation (A). saliva was collected for 15 minutes after pilocarpine stimulation at 8 hours, 24 hours, 
and 4 weeks after 15 Gy irradiation and then normalized to body weight measured before collection (n=8). Saliva flow of Group III (irradiation + solvent) presented with 
time-dependent decrease. While saliva flow of Group IV (irradiation + siM) was not altered until 24 hours after ir, the extent of decrease was less than that of group iii at 
the other two time intervals. AMS activity of the four groups at different time intervals (B). aMs activity decreased only at 4 weeks after ir in ir-only group, while it increased 
significantly in the combination group at this time point. **P,0.01, compared with the respective solvent group; #P,0.05, ##P,0.01, compared with Group IV.
Abbreviations: ir, irradiation; aMs, amylase; h, hours; w, weeks.

Figure 2 serum cholesterol and MDa content in sMgs of the four groups at different time intervals.
Notes: The total serum cholesterol of siM-treated groups showed a decreasing tendency with time. serum cholesterol of the irradiated groups showed a slight but not 
significant increase compared to the respective control groups (Figure 2A). Electron-ray radiation induced a significant increase of MDA content in SMG in Groups III 
(irradiation + solvent) and IV (irradiation + SIM) when compared to Group I (solvent + sham irradiation) at all three time intervals (P,0.01, Figure 2B). The extent of the 
increment in Group IV was less pronounced than that in Group III at 8 hours and 24 hours and returned to control levels by 4 weeks after IR. Each group consisted of six 
samples. **P,0.01, compared with the respective solvent group; ##P,0.01, compared with Group IV.
Abbreviations: MDa, malondialdehyde; sMg, submandibular gland; d, days; h, hours; w, weeks.
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At 8 hours and 24 hours post-IR, the most obvious changes of 

Group III are vacuolization of acinar cells, but no clear patho-

logical changes in the ducts or interstitium were observed 

(Figure 3C and D). In contrast, SIM-treated group showed 

clearer lobular structures, fewer vacuoles than that in Group III 

at 8 hours and 24 hours after IR (Figure 3F and G). At 

4 weeks, the most remarkable changes of interstitium in 

Group III are mononuclear infiltration and focal fibrosis 

(Figure 3E). However, no clear inflammatory infiltration or 

fibrosis was present at 4 weeks after IR, but some vacuoles 

(Figure 3H).

Peri-striated ductal and perivascular collagen deposition 

was demonstrated by Masson’s trichrome stain (Figure 4). 

A very small amount of collagen deposition was seen in Group I 

(Figure 4A) and Group II (Figure 4B). A larger amount of 

collagen deposition could be observed in both Group III 

(Figure 4C) and Group IV (Figure 4D) at 4 weeks after IR 

compared with Group I. However, there was less collagen in 

Group III at 4 weeks after IR than that in Group IV.

effect of siM on TgF-β1 expression by 
Western blot
IR induced a striking increase of TGF-β1 protein 

expression in Group III at 8 hours and 4 weeks after 

IR when compared with Group I (Figure 5). At 8 hours 

after IR, the amount of TGF-β1 protein expression was 

increased ~5.8 fold in comparison to Group I. Moreover, 

a slight decrease in TGF-β1 expression of Group III 

was observed at 24 hours after IR. This experiment was 

repeated six times using SMG from three mice, at this time 

point, and similar results were obtained. In contrast, we 

did not observe a significant increase in TGF-β1 protein 

levels in Group IV at 8 hours, though we did see a mod-

est increase at 24 hours, which then recovered to normal 

levels at 4 weeks.

Discussion
Our results suggest that SIM may serve as a novel alternative 

to radiation-induced hyposalivation, a severe complication 

of radiotherapy that impairs the life quality of hundreds of 

thousands of patients worldwide receiving radiotherapy for 

head and neck malignancies. Although the protective effects 

of statins in animal models of radiation injury have previ-

ously been investigated,9,11,12 our study is the first to demon-

strate that SIM could protect salivary gland from radiation. 

Moreover, we report histological alteration of SMG after IR 

and the effects of SIM on MDA content and TGF-β1 changes 

of SMG tissues.

It has been reported that hyperlipidemia developed after 

exposure to ionizing radiation, which results in the accumula-

tion of cholesterol, triacylglycerols, and phospholipids.13,14 

The results of our study showed slight but not significant ele-

vation in serum cholesterol in the IR-treated mice. This could 

be attributed to regional IR rather than total body IR used, or 

different time intervals in other studies, which did not induce 

abundant release of cholesterol into peripheral blood. This 

Figure 3 Histopathological changes in SMGs after irradiation (H&E staining).
Notes: (A and B) Normal appearances of SMG in nonirradiated mice (A: group i solvent + sham irradiation; B: group ii siM + sham irradiation). (C–E) histopathological 
changes in SMG of Group III (irradiation + solvent) at 8 hours, 24 hours, and 4 weeks separately after IR. (F–H) Histopathological changes in SMG of Group IV (irradiation + 
SIM) at the three time points. At 8 hours (C) and 24 hours (D), vacuolization of acinar cells and some pyknotic and polymorphic nuclei could be observed. at 4 weeks after 
IR (E), some inflammatory cells infiltration and focal fibrosis presented. Group IV showed clearer lobular structures, fewer vacuoles and inflammatory infiltration, and less 
fibration (F, G, H). , vacuolization; →, inflammatory cells infiltration; *, fibrosis. Original magnification, ×400.
Abbreviations: SMG, submandibular gland; H&E, hematoxylin and eosin; IR, irradiation; SD, striated duct; bv, blood vessel; Ser, seromucous acinus.
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Figure 4 Masson’s trichrome staining; collagen stained blue.
Notes: A small amount of collagen was seen in Group I (solvent + sham irradiation) (A) and Group II (SIM + sham irradiation) (B), while a large amount of collagen in 
Group III (irradiation + solvent) at 4 weeks after IR (C), but less than that in Group IV (irradiation + SIM) (D) could be observed (green arrows).
Abbreviation: ir, irradiation.

Figure 5 Protein content of TgF-β1 (25 Kd) in SMGs of mice at 8 hours, 24 hours, and 4 weeks after IR was assessed by Western blot analysis.
Notes: (A) Representative Western blots from three to five experiments with similar results. (B) changes in TgF-β1 quantified by scanning densitometry analysis using 
Image Lab software. The data (relative density normalized to β-actin) are expressed as mean ± sD; *P,0.05, **P,0.01.
Abbreviations: TgF-β1, transforming growth factor β1; sMg, submandibular gland; ir, irradiation; sD, standard deviation; h, hours; w, weeks.
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test made sure that SIM exerted its lipid-lowering effect in 

the body of mice.

Exposure to ionizing radiation induces the production 

of reactive oxygen species, including superoxide, hydroxyl 

radicals, singlet oxygen, and hydrogen peroxide.15 Then, 

these free radicals damage proteins, lipids, and nucleic acids, 

resulting in cell dysfunction and death.16 Thus, the elimina-

tion of the free radical species from the cell environment 

could alleviate the side effects caused by IR.17 In this study, 

SIM alone did not significantly alter the lipid peroxidation 

in unirradiated mice but SIM pretreatment significantly 

lowered the radiation-induced lipid peroxidation in terms of 

MDA production. Therefore, inhibition of lipid peroxidation 

by SIM is also of significance in protecting the cells from 

radiation-induced cell damage. So it may be proposed that 

the free radical scavenging ability of SIM may be one of 

the mechanisms for its radioprotective potential.

Following exposure to radiation, reactive oxygen species 

are produced,18 and these have been shown to be capable 

of activating latent TGF-β1.19 Large quantities of TGF-β1 

released from cells to the extracellular matrix could recruit 

inflammatory cells to an injury site,20 inhibition of the 

proliferation of epithelial cells,21 and enhancement of the 

maturation of fibroblasts into post-mitotic fibrocytes that 

increase production of fibrous tissue.22 Our histopathological 

findings further substantiated these observations. It was 

reported that TGF-β1 increased significantly in mouse lung 

tissue after IR exposure, and suppression of TGF-β1 resulted 

in a lower level of fibrosis in the lung of mice after IR.23,24 In 

this study, we found a pronounced overexpression of TGF-β1 

in response to IR after 8 hours and 4 weeks in normal SMG 

tissue. Administration of SIM could delay the rise and reduce 

the extent of elevation of TGF-β1, which in turn protects the 

SMGs from radiation injury. Remarkably, a slightly lower 

expression of TGF-β1 was observed compared with that of 

the normal group at 24 hours after IR, which presented non-

decreasing tendency of TGF-β1. To determine this issue, 

further studies are needed to detect the alteration of TGF-β1 

around 24 hours after IR.

Conclusion
Our findings demonstrated the potential of SIM as a radio-

protective agent for SMG. These effects may be partly 

attributed to scavenging of radiation-induced free radicals 

and inhibiting collagen deposition and increases in TGF-β1 

expression. Based on the data presented here, we suggest 

that SIM may be clinically useful to alleviate side effects of 

radiotherapy on salivary gland, thus improving the overall 

therapeutic efficiency and tolerance of radiation-based 

tumor therapy.
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