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Cytoprotective effects of amifostine and melatonin against 
radiation-induced oral mucositis in rats 

INTRODUCTION 

Radiotherapy (RT) plays a pivotal role in the  
management of head and neck cancer (HNC), but        
indirect damage to nearby tissues inevitably leads to 
side effects (1). Radiation-induced oral mucositis 
(ROM) is a dose-limiting acute toxicity of RT in HNC 
patients and markedly reduces quality of life due to 
dysphagia, bleeding, malnutrition, and high                       
hospitalization rates. Furthermore, ROM may               
interrupt RT schedules and adversely affect               
prognosis (2). However, despite considerable                     
technologic advancements, no effective preventative 
intervention has been devised for ROM (3). 

Reactive oxygen species (ROS) generated by            
irradiation cause DNA damage, which leads to loss of 
mucosal surface membrane integrity (4). Hydroxyl 
radicals (OH•), hydrogen peroxide (H2O2), and the 
superoxide anion (O2−) are produced by the              
radiolysis of water, and the activities of the               
antioxidant enzymes superoxide dismutase (SOD), 
catalase, and glutathione peroxidase (GPX) are        
increased by radiation-induced oxidative stress (5, 6). 

Amifostine (AMI, WR-2721) is the only                        
FDA-approved protective compound for the             

prevention of xerostomia after RT and is also a ROS 
scavenger (7). However, its use is limited by side          
effects, which include nausea, emesis, and                      
hypotension (8). On the other hand, melatonin (MEL, N
-acetyl-5-methoxytryptamine) is a major product of 
the pineal gland and has free radical scavenging and 
antioxidant activities and anti-inflammatory effects. 
Moreover, the toxicity of MEL is very low (9), and in 
rat models of RT-induced uterine tissue injury, MEL 
was reported to be more potent than AMI (10). 

In this study, we examined the cytoprotective  
effects of AMI and MEL on ROM in rats, and given the 
wide safety margin of MEL, we also investigated the 
effects of combined AML and MEL treatment. 

 
 

MATERIALS AND METHODS 
 

Study design 
All experiments were conducted after obtaining 

approval from our institutional animal ethics             
committee (approval number: 2022-200, dated 15th 
February 2022) and were performed as per 
"Guidelines for the Care and Use of Laboratory           
Animals" issued by the National Institutes of Health. 
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ABSTRACT 

Background: Amifostine (AMI) protects against radiotherapy (RT)-induced toxicities 
and melatonin (MEL) is a potent free radical scavenger. This study was performed to 
investigate the protective effects of AMI and MEL on radiation-induced oral mucositis 
(ROM). Materials and Methods: Thirty female Sprague-Dawley rats were randomly 
divided into five groups as follows: the control (Cont), RT alone (RT), RT+AMI, RT+MEL, 
and RT+AMI+MEL. RT groups were irradiated with a single dose of 15 Gy to the head. 
AMI (200 mg/kg) and MEL (100 mg/kg) were administered intraperitoneally 1 hour 
before radiation exposure. Changes in body weights and histology in irradiated tongue 
tissues were analyzed 10 days after exposure. Results: AMI and/or MEL treatment 
significantly prevented irradiation-induced body weight loss and promoted epithelial 
cell proliferation. Mean epithelial thickness was markedly higher in the AMI+MEL 
group (73.9 ± 9.7 um) than in the RT group (28.8 ± 13.9 um) (P<0.001), and Ki67 
expression was significantly higher in AMI, MEL, and AMI+MEL groups than in the RT 
group (p < 0.001). Terminal deoxynucleotidyl transferase dUTP nick end labeling 
(TUNEL) revealed that AMI+MEL treatment significantly inhibited radiation-induced 
apoptosis in irradiated epithelium (p=0.006). Conclusion: AMI and MEL 
administrations similarly protected animals from ROM and, when co-administered, 
had additive effects. 
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Thirty female Sprague-Dawley rats (125 - 143 g, 6 
weeks old) were used in the study. Animals were 
housed in polypropylene cages in a temperature and 
humidity-controlled environment with free access to 
sterile water and food and allocated to five groups (6 
rats/group) as follows; the control group (Cont) and 
the RT, RT+AMI, RT+MEL, and RT+AMI+MEL groups. 

Rats in the RT+AMI, RT+MEL, and RT+AMI+MEL 
groups were administered a single dose of AMI (200 
mg/kg, Sigma Chemical Co, St. Louis, USA) and/or 
MEL (100 mg/kg, Sigma Chemical Co, St. Louis, USA) 
intraperitoneally (i.p.) 1 hour before irradiation (9,11). 
All procedures were performed under alfaxalone (20 
mg/kg, i.p.)/xylazine (3.9 mg/kg, i.p.) anesthesia.  
Animals were followed for 10 days, and body weights 
were recorded every 3 days. 

 

Irradiation 
With a rat restrained on a treatment table in the 

prone position, a single dose of 15 Gy was delivered 
to the head at 5 Gy/min using an AP-PA 6 MV photon 
beam generated by a linear accelerator (Versa HD, 
Elekta, Stockholm, Sweden). To ensure uniform dose 
distribution, a tissue-equivalent bolus was placed on 
the head. Animals were closely monitored after              
irradiation until they recovered from anesthesia. 

 

Histopathology 
After sacrifice on day 10, tongues were dissected 

longitudinally in the median plane, fixed in 10%              
buffered formalin for 24 h, embedded in paraffin,  
sectioned at 4-um, and stained with hematoxylin and 
eosin (H&E). Sections were imaged at x200, and             
epithelial thicknesses were measured in four non-
overlapping microscopic fields. 

 

Immunohistochemistry 
 The immunohistochemical study was performed 

using paraffin-embedded tissue sections.                    
Deparaffinized sections were incubated in a blocking 
solution containing Ki-67 (1:200; Abcam, ab16667) 
antibody overnight at 4°C, washed in TBS containing 
0.025% Triton, and incubated for 2 hours at room 
temperature in HRP Peroxidase Polymer Detection 
Kit (MP-7401-15, Vector Laboratories, Burlingame, 
CA) solution. Diaminobenzidine (DAB) was used as 
the chromogen to assess antigen intensities and 
quantities by light microscopy. In Ki-67 (a marker of 
epithelial cell proliferation) stained sections,                
numbers of Ki-67 positive cells per field at 200× were 
counted using a Nikon Eclipse TE 200 microscope 
equipped with OptiView image analysis software 
(Korea Lab Tech, Seongnam, Korea). Results are         
presented as average counts of four non-overlapping 
sections of six rats/group. 

 

TUNEL assay 
 Apoptosis is a primary pathologic finding of            

mucositis, and degrees of apoptosis and mucositis 
severities are known to be positively related.               

262 

Apoptotic nuclei in paraffin-embedded tissue sections 
were detected using a TUNEL (terminal deoxynucleo-
tidyl transferase dUTP nick end labeling) assay kit 
(ab206386, HRP-DAB, Abcam, Cambridge, MA). At 
points of DNA cleavage, DAB reacts with HRP-labeled 
samples to generate a brown color. The analysis was 
performed by counting numbers of TUNEL-positive 
cells per field at 200× in 4 randomly selected non-
overlapping fields. 

 
Statistical analysis 

Results are expressed as means ± SEMs (standard 
errors of means). One way analysis of variance 
(ANOVA) followed by Dunnett's test was used to              
determine the significances of intergroup differences. 
The analysis was conducted using online software 
(IBM SPSS Statistics Version 26.0; IBM Corp., Armonk, 
NY, USA), and statistical significance was accepted for 
single-sided P values of < 0.05.  

 
 

RESULTS 
 

Effects of treatments on body weights 
No mortality occurred during the experiment  

period. The Control and RT+AMI+MEL groups gained 
weight over the 9 day follow-up period. The RT, 
RT+AMI, and RT+MEL groups lost weight on day 3, 
but from days 6 to 9, all groups showed progressive 
increases in body weight (Figure 1). However, the 
RT+AMI+MEL group showed a more rapid increase in 
weight than the RT, RT+AMI, and RT+MEL groups. 
Furthermore, all, except the rats in the RT+AMI+MEL 
groups (p = 0.643) had significantly lower mean body 
weights than the controls on day 10. 

 
 
 
 
 
 
 
 
 
 
 
 

 
 

Histopathology 
At the end of the study, extensive mucosal lining 

ulceration, inflammatory infiltration, and                       
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Figure 1. Mean body weights of the study groups from day 0 
to day 10. Mean body weights in the control and RT+AMI+MEL 

groups increased on day 3, whereas the RT, RT+AMI, and 
RT+MEL groups showed weight losses. Furthermore, the RT, 
RT+AMI, and RT+MEL groups had significantly lower mean 
body weights than the control group on day 10 (P < 0.05). 
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vasodilation were observed in submucosa in the RT 
group. In contrast, epithelium was relatively            
preserved, and blood vessels were more numerous in 
the RT+AMI and RT+MEL groups. However, epithelial 
layers were better preserved in the RT+AMI+MEL 
group, with fewer inflammatory cells, and resembled 
those in the control group (figure 2A). 

Irradiation reduced epithelial layer thickness in 
the RT group, but this was markedly mitigated in the 
AMI or MEL groups. Mean epithelium thicknesses in 
the RT, RT+AMI, and RT+MEL groups were 
28.8±13.9, 40.8±6.2 (p=0.208), and 40.2±7.0 um 
(p=0.269), respectively, and no significant difference 
was observed between the RT and RT+AMI or 
RT+MEL groups. Mean epithelium thickness in the 
RT+AMI+MEL group was 73.9±9.7 um, which was 
significantly greater than mean thicknesses in the RT, 
RT+AMI, or RT+MEL groups (P<0.001) (figure 2B). 

 
 
 
 
 
 
 
 
 
 
 

 
 
 

Ki67 immunohistochemistry 
Immunostaining with specific antibodies against 

Ki-67 revealed a significantly lower number of prolif-
erating cells in the RT group (6.5±3.1) than in the 
other groups (p<0.05). Most of the positive cells were 
located at the germinal layer of squamous epithelium. 
No significant difference was observed between the 
RT+AMI, RT+MEL, and RT+AMI+MEL groups 
(26.9±8.5, 27.7±8.0, and 35.1±9.3, respectively) 
(figure 3).  

 

TUNEL assay 
The mean number of TUNEL-positive cells was 

significantly greater in the RT group than in the 
RT+AMI+MEL group (31.5 ± 9.6 vs. 13.4 ± 4.1, p = 
0.006), but no significant difference was observed 
between the RT group and the RT+AMI (22.5±6.8) or 
RT+MEL (20.7±6.6) groups (figure 4). 
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Figure 2. Histopathologic images of tongue mucosa 10 days 
after irradiation (H&E staining, x200). Animals in the RT group 

showed mucosal ulceration, submucosal vasodilation, and 
epithelial atrophy (arrow), but administrations of AMI, MEL, or 

AMI+MEL mitigated these changes (A, Scale bar = 100 um). 
Mean epithelial thickness was markedly greater in the 

RT+AMI+MEL group (73.9 ± 9.7 um) than in the RT group (28.8 
± 13.9 um) (B). Results are expressed as means ± SEMs. aP < 

0.05 versus treatment-naïve controls, bP < 0.05 versus the RT 
group. 

Figure 3. Immunohistochemical staining for Ki67 (x200) in 
radiation-induced oral mucositis (A). Ki67 expressions (arrow) 

were significantly higher in the RT+AMI, RT+MEL, and 
RT+AMI+MEL groups (26.9 ± 8.5, 27.7 ± 8.0, and 35.1 ± 9.3, 
respectively) than in the RT group (6.5 ± 3.1) (B). Results are 

expressed as means ± SEMs.  aP < 0.05 versus treatment-naïve 
controls, bP < 0.05 versus the RT group. 

Figure 4. TUNEL staining (x200) in radiation-induced oral           
mucositis (A). TUNEL-positive cell (arrow) numbers were          
higher in the RT group than in the RT+AMI, RT+MEL, and 

RT+AMI+MEL groups (31.5 ± 9.6 vs. 22.5 ± 6.8, 20.7 ± 6.6, and 
13.4 ± 4.1, respectively) (B). Results are expressed as means ± 

SEMs.  aP < 0.05 versus treatment-naïve controls, bP < 0.05 
versus the RT group. 
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DISCUSSION 
 

Our results show that the administration of AMI 
and/or MEL before RT significantly ameliorated            
mucosal reactions in rats. No significant difference 
was observed between the effects of AMI and MEL, 
but when co-administered, they had an additive             
effect on body weights and histologic findings, which 
is an encouraging finding given that no                            
pharmacologic agent is available for ROM. 

Radiation generates intracellular ROS, which 
damage DNA and cause genomic instability and cell 
death or senescence (12). Therefore, mitigators of  
radiation-induced damage target components of the 
DNA-damage signaling pathway, such as free radical 
scavengers, anti-apoptotic proteins, or DNA repair 
promoters (13).  

Attenuators of oxidative stress and inflammation, 
such as SOD, catalase, and GPX, can alleviate tissue 
toxicity. SOD catalyzes the dismutation of the              
superoxide radicals to generate H2O2 or oxidases, 
such as xanthine oxidase. Alternatively, superoxide 
radicals are reduced to water by catalase or GPX, the 
latter of which plays an essential protective role 
against membrane lipid peroxidation (14). 

Agents that prevent ROM are urgently required to 
improve treatment efficacy by preventing treatment 
interruption or cessation. In 2004, the FDA approved 
the use of palifermin, a recombinant human    
keratinocyte growth factor, to reduce the rate and 
duration of grade 3 or 4 oral mucositis. However, its 
use in the United States has been limited to patients 
with a hematologic malignancy undergoing intensive 
chemotherapy and scheduled for hematopoietic stem 
cell transplantation. Unfortunately, palifermin has 
been reported to have no effect on analgesic use,  
patient-reported pain, or chemoradiotherapy              
compliance in randomized trials on locally advanced 
HNC, and thus its use for managing HNC is limited 
(15,16).  

AMI is a phosphorylated aminothiol prodrug             
activated by membrane-bound alkaline phosphatase 
to its active metabolite, WR-1065 (17). AMI provides 
broad-spectrum cytoprotection and selectively               
protects normal tissues from acute and late radiation 
damage without reducing the cytotoxic effect of              
radiation on tumor cells. Normal cells have higher 
alkaline phosphatase activity in the plasma                    
membrane, better vascular supply, and a higher pH 
than tumor cells (18). Furthermore, it has been           
reported that a pH of 7.4 is optimum for the 
dephosphorylation and uptake of AMI by cells (13), 
and that AMI concentration is ~100 times higher in 
normal cells than in tumor cells (19).  

Eleven of 21 prospective HNC trials reported that 
AMI administration significantly reduced the rate of 
mucositis of grade<3 (13). In the largest of these            
studies, 303 previously untreated HNC patients were 
randomized to receive RT alone or RT plus 200 mg/

m2 of AMI i.v. 15–30 min before radiotherapy, and 
there was no statistically significant difference in 
ROM between the two groups (20). In a meta-analysis 
of 17 trials, AMI reduced the rate of grade 3/4            
mucositis (risk ratio [RR] = 0.72, P < 0.00001), but 
subgroup analyses revealed significant reductions 
only in patients treated with RT alone (RR = 0.49, p = 
0.03) and patients administered AMI intravenously 
(RR = 0.52, p = 0.002). Furthermore, patients who 
were treated with concurrent chemoradiation and 
subcutaneously administered AMI failed to                     
ameliorate ROM (7). In situations where the effect of 
AMI on mucositis is unclear, co-treatment with other 
agents appears to be required. 

The protective effect of MEL against ionizing              
radiation has been described in many studies. In vitro, 
MEL neutralized OH• activity 5 times more effectively 
than glutathione and that of peroxyl radicals (ROO•) 
twice as effectively as vitamin E (14, 21). In addition, 
MEL has been reported to mitigate the severity of oral 
mucositis and associated pain in HNC patients              
receiving RT (22), and it has been suggested that MEL 
might increase the radiosensitivity of tumor cells (23). 
Thus, a comparison of MEL and AMI seemed                     
appropriate based on the reported potent                       
radioprotective effect, low toxicity, and high tissue 
penetration of MEL. However, in the present study, no 
significant difference was found between the effects 
of AMI and MEL on ROM, though they were found to 
have an additive effect. 

The present study has a number of limitations that 
warrant consideration. First, the single dose of 15 Gy 
used may not be clinically relevant in the context of 
HNC. Second, rats were irradiated with a single high 
dose based on approaches used in other animal             
models. Therefore, we recommend that fractionated 
radiation protocols be adopted in future studies. 
Third, AMI (200 mg/kg) and/or MEL (100 mg/kg) 
were administered 1h before irradiation, as described 
in previous studies (9,11). Thus, we also recommend 
that studies be undertaken using different AMI and/
or MEL doses and administration schedules to                 
investigate their radioprotective effects. 

 
 

CONCLUSIONS  
 

AMI or MEL administration before irradiation  
similarly ameliorated the effects of ROM and, when co
-administered, had additive effects. These findings 
suggest that co-treatment with AMI and MEL could be 
used to protect against ROM during RT for HNC. 
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