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Abstract 

Head and neck cancers remain the sixth most common cancer worldwide and represent over 600,000 new 

cases diagnosed annually. Typical treatment of early-stage head and neck cancers includes either surgery or 

radiotherapy; however, advanced cases often require surgery followed by radiation and chemotherapy.  Salivary 

gland damage following radiotherapy leads to severe and chronic hypofunction with decreased salivary output, 

xerostomia, impaired ability to chew and swallow, a greatly increased risk of developing oral mucositis, and 

malnutrition. There is currently no standard of care for radiation induced salivary gland dysfunction; treatment is 

often limited to palliative treatment that provides only temporary relief.  AMP-activated protein kinase (AMPK) is 

an enzyme that activates catabolic processes and has been shown to influence the cell cycle, proliferation, and 

autophagy.  Additionally, AMPK has been implicated in the cellular response to radiation.  In the present study, we 

found that radiation (IR) decreased tissue levels of phosphorylated AMPK, as well as NAD+ and AMP.  Further, 

expression of Sirtuin-1 and nicotinamide phosphoribosyl transferase (NAMPT) was lower five days following IR.  

Treatment with AMPK activator AICAR attenuated compensatory proliferation following IR, and both AICAR and 

Metformin treatment reversed chronic salivary gland dysfunction post-IR.  Taken together, these data suggest that 

AMPK may be a novel therapeutic target for treatment of radiation-induced salivary damage. 
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Introduction 

Head and neck cancers remain the sixth most common cancer worldwide and represent over 600,000 new cases 

diagnosed annually.1 Of these cases, over 90% are squamous cell carcinomas of the mucosal layer of the oral cavity, 

oropharynx, and larynx, and are most commonly associated with tobacco and alcohol use.1 Worldwide incidence of 

these cancers varies considerably due to declining tobacco use in developed countries compared to widespread use 

in South and Southeast Asia.1,2  In these countries, head and neck squamous cell carcinoma is the most common 

cancer in men and the third most common in women, accounting for an estimated 25% of all new cancer diagnoses.2  

As it stands, France has the highest incidence of this type of cancer among European countries, representing 5.5% 

of all cancers.2  Other regions heavily affected by head and neck squamous cell carcinoma include Brazil and other 

areas of South America, Pacific islands including Papua New Guinea, and countries in Eastern Europe including 

Hungary, Slovakia, and Slovenia.2   

Despite declining rates of tobacco use in areas of high socioeconomic status, cases of oropharyngeal squamous 

cell carcinoma (OSSC) are rising in these regions, with cases of OSSC increasing in the US by over 200% from 

1988-2004.3 This has been attributed to human papilloma virus-associated tumors.3 Recently, a link between human 

papilloma virus (HPV) infection and oropharyngeal squamous cell carcinoma incidence has been identified via 

epidemiological studies that show a concurrent increase in OSCC incidence and HPV-positive tumors.4  This 

association is of major concern due to the high prevalence of HPV worldwide; it is suggested that almost all sexually 

active adults will be exposed to some form of HPV in their lifetime.5  Further, patients with HPV-positive OSCC 

tend to be younger and do not use tobacco or alcohol,4,6 indicating a greater need for advances in care to reduce 

comorbities and improve quality of life for patients following radiation and chemotherapy for head and neck 

cancers. 

Although incidence of head and neck cancers are rising in parts of the world, treatment options remain limited.6 

Typical treatment of early-stage head and neck cancers includes either surgery or radiotherapy; however, advanced 

cases often require surgery followed by radiation and chemotherapy.3 Although treatment options and survival rates 

vary heavily depending on the location and severity of malignancy, thousands of cancer survivors retain impaired 

quality of life following treatment due to secondary damage to surrounding tissues, including the salivary glands.7 
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Salivary gland damage following radiotherapy leads to severe and chronic hypofunction with decreased salivary 

output, xerostomia, impaired ability to chew and swallow, a greatly increased risk of developing oral mucositis, and 

malnutrition.7,8 There is currently no standard of care for radiation induced salivary gland dysfunction; treatment is 

often limited to palliative therapeutics that provide only temporary relief.8,9  Further, as previously mentioned, cases 

of OSCC are now presenting in younger individuals, indicting an imperative need to ameliorate the effects of 

radiation therapy on salivary gland function, as these individuals may experience symptoms for many years.4,6   

Three major salivary gland pairs include the submandibular, parotid, and sublingual glands.  All three gland 

types maintain similar structure, with a central duct branching into smaller acini that contain secretory acinar cells.10 

In humans, the parotid gland is the largest and is composed of serous acini that produce a watery secretion in 

response to parasympathetic stimulation.10 The submandibular and sublingual glands contain both mucous and 

serous acini, with fewer mucous than serous acini in the submandibular than sublingual.10   The salivary glands are 

particularly radiosensitive, with the parotid gland being the most radiosensitive,11 yet the mechanisms of the cellular 

response to radiation remain unclear.8  Several studies have been conducted to determine the mechanism of gland 

damage following radiation, focusing on acinar cell apoptosis, autophagy, proliferation, DNA damage, and others.12-

20 Based on the variety of research and outcomes identified, it appears that the mechanism is complex and likely 

involves more than one cellular process.   

Compensatory proliferation in the wound healing response is a process conserved across species and tissue 

types and has been implicated in the cellular response to radiation. While proliferation following tissue damage is 

typically considered beneficial to replace apoptotic and/or necrotic cells, the proliferative response in radiation-

treated salivary glands occurs concomitantly with significant reductions in salivary output.21-24 In 2005, Bralic et al. 

suggested an increase in proliferative cells following both 7.5 and 15 Gy radiation, peaking 5-7 days following 

radiation.24 Additionally, several animal studies have proposed models of restoration that result in significant 

increases in salivary flow and correlate with decreases in acinar cell proliferation.  Previous work indicates that 

administration of insulin-like growth factor-1 (IGF-1) to mice exposed to 5 Gy radiation restores glandular function 

and salivary output when multiple doses are administered following exposure.13,22-23 Functional restoration of the 

gland is associated with attenuation of the proliferative response in irradiated plus IGF-1 treated mice23, possibly 
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indicating that the newly dividing cells have limited functional capability and are therefore not contributing to saliva 

production. Similarly, 5 Gy irradiated mice treated with the Rapalouge CCI-779 have improved salivary function 

30 days following radiation; parotid salivary glands from these mice also show lower levels of proliferative cells 

compared to irradiated controls.21 Further, functional restoration via pharmacological activation of the 

ectodysplasin/ectodysplasin receptor (EDA/EDAR) signaling pathway restores salivary gland function in radiation-

treated mice.  This model correspondingly shows reductions in proliferative cells in EDAR-agonist monoclonal 

antibody treated irradiated mouse parotid glands.25 Taken together, these data suggest that reducing the proportion 

of proliferative cells in the parotid salivary gland may play a role in improving functionality following radiation 

therapy.   

Several enzymes involved in cellular metabolism also play a role in cell survival, and may regulate proliferation, 

cell cycle arrest, DNA repair, and apoptosis. One of the most frequently studied metabolic regulators, AMP-

activated protein kinase (AMPK), modulates flux through metabolic pathways in response to low energy states 

within the cell.26-28 AMPK is activated during low energy states during starvation or stress, and phosphorylates 

enzymes involved in glucose, lipid, and protein metabolism and synthesis, as well as many proteins involved in 

redox regulation, inflammatory processes, and cellular survival.27,29-31,33  AMPK is composed of three subunits.  The 

alpha subunit contains the catalytic domain that is primarily responsible for phosphorylation of downstream 

substrates.27,33 The gamma subunit is composed of AMP-binding domains that allow AMPK to respond to changes 

in the AMP:ATP ratio.  AMP binding to this subunit induces a conformational change that allows for 

phosphorylation and subsequent activation via liver kinase B1 (LKB1), calcium-calmodulin-dependent 

kinase kinase 2 (CaMKK2), or TGFβ-activated kinase 1 (TAK1).27,33 AMPK can be dephosphorylated and, thus, 

deactivated via protein phosphatase 2A (PP2A), protein phosphatase 2C (PP2C) and Mg2+-/Mn2+-dependent 

protein phosphatase 1E (PPM1E).27,33 Active AMPK plays a role in the phosphorylation of several metabolic 

enzymes that result in activation of catabolic processes, including fatty acid oxidation and glycolysis; AMPK can 

also promote autophagy to preserve cells in energy deplete conditions.27,31-33  Additionally, AMPK leads to 

inhibition of high-energy anabolic pathways, including fatty acid synthesis, protein synthesis, and proliferation.33    
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In various normal and cancerous cell lines, AMPK activation is shown to inhibit cell division via numerous 

mechanisms.35-38 The inhibitory effect of AMPK activation on cell growth and proliferation has been primarily 

attributed to modulation of the tumor suppressor protein, p53, and inhibition of mammalian target of rapamycin 

(mTOR1) signaling.34,35 Jones et al. found that activation of AMPK in vascular smooth muscle cells led to a 

significant increase in p53 phosphorylation (p-p53) and cell-cycle arrest.35 In a study aimed to determine the role 

of AMPK in atherosclerosis, Hao et al. treated primary cultured human aortic muscle cells with metformin, a 

commonly prescribed antidiabetic drug that activates AMPK.  The results show that metformin treatment increased 

levels of p-AMPK and p-p53, as well as inhibited proliferation of these cells.39 mTOR complex 1 (mTORC1) 

induces activation of catabolic processes, including macromolecule synthesis, growth and cell cycle progression.40 

AMPK has been shown to directly inhibit mTORC1 in carcinoma cells and hepatocytes, independent of p53, leading 

to cell growth inhibition.41,42 

Although the role of AMPK in models of obesity, diabetes, and cancer has been well characterized in the 

literature, the function of AMPK in saliva production remains to be fully elucidated.  In 2003, Stoltoff et al. induced 

salivary fluid secretion via treatment with carbachol and 3′-O-(4-benzoyl)benzoyl adenosine 5′-triphosphate 

(BzATP); both drugs also induced AMPK phosphorylation in parotid salivary gland cells.43 They then investigated 

carbachol-stimulated AMPK phosphorylation in parotid acinar cells further and found that inhibition of the Na-K-

ATPase attenuated AMPK phosphorylation, indicating that ATP depletion due to activity of this ion channel 

indirectly causes AMPK activation.44  Another study in rat submandibular gland cells indicated that treatment with 

either adiponectin, a hormone known to regulate glucose and lipid metabolism, or AICAR, a well-characterized 

AMPK activator, promoted salivary gland secretion. Further, pharmacological AMPK inhibition abolished the 

effects of adiponectin and 5-Aminoimidazole-4-carboxamide ribonucleotide (AICAR), indicating a role for AMPK 

in adiponectin-stimulated fluid secretion.45 Additional studies in salivary gland cells indicate a different role for 

AMPK in fluid secretion.  One such study by Xiang et al. found that AMPK activation with AICAR modulated 

paracellular permeability in SMG cells via phosphorylation of tight junction protein claudin-4.46 Although 

preliminary data implicate AMPK in salivary secretion, additional research is necessary to clarify these 

mechanisms.   
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Based on preliminary evidence suggesting a role for AMPK in salivary secretion, the present study aimed to 1) 

asses changes in NAD+ and AMP levels in parotid salivary glands five days following exposure to 5 Gy ionizing 

radiation (IR), 2) characterize the levels of phosphorylated AMPK and enzymes in downstream pathways five days 

following IR, 3) determine the effect of pharmacological activation of AMPK with AICAR on radiation-induced 

compensatory proliferation in parotid acinar cells and 4) evaluate the effect of AICAR or metformin treatment on 

chronic salivary output following radiation exposure.  We hypothesize that the irradiated tissue will exhibit 

significantly lower AMP and NAD+ levels and, concurrently, phosphorylated AMPK levels will be lower at day 5 

following radiation.  We also hypothesize that treatment with AICAR will attenuate the well characterized 

proliferative response following IR and that treatment with AICAR or metformin will improve chronic (day 30) 

salivary output when administered at 4, 5, and 6 days following radiation.   
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Materials and Methods 

Ethics Statement. All mice were housed and maintained in accordance with the University of Arizona Institutional 

Animal Care and Use Committee (IACUC). All protocols were approved by the IACUC. 

 

Mice. FVB mice were purchased from Jackson Laboratories (Bar Harbor, ME) and housed in cages exposed to 12-

hour light/dark cycles.  Mice had ad libitum access to food and water. Size- and age-matched four to eight week-

old mice were randomly assigned to treatment groups for all experiments.  Administration of metformin or AICAR 

was done on days 4, 5, and 6 following IR via oral gavage (metformin, 100 mg/kg body weight) or intraperitoneal 

injection (AICAR, 500 mg/kg body weight). 

 

Radiation treatment. Four to eight week-old mice were sedated with a ketamine/xylazine solution (70 mg/kg, 10 

mg/ml) via intramuscular injection prior to irradiation.  Mice were placed in 50 ml conical tubes and shielded with 

>6 mm lead blocks to ensure targeted head and neck exposure.  The mice were set 80 cm from the radiation source 

(60Co Teletherapy Unit, Theratron-80, Atomic Energy of Canada Ltd) and received a 5 Gy radiation dose (~0.5 

Gy/min).   

 

Western Blot.  Parotid glands were removed from four to eight week-old FVB mice and lysed in RIPA buffer 

containing 5 mM sodium orthovanadate (Fisher Scientific), 1x concentration of protease inhibitor cocktail (Sigma-

Aldrich) and 100 mM phenylmethylsulfonyl fluoride (Thermo Scientific).  Samples were homogenized then boiled 

at 100°C for ten minutes, and sonicated for ~2 minutes to ensure homogenous solutions.  Samples were then 

centrifuged at 10,000 RPM at 4°C for 15 min. and the supernatant collected.  50 ug of protein were loaded in 10% 

polyacrylamide gels.  Protein was transferred at 100 V for 1 hour onto 0.45 um Immobilon-P membranes 

(Millipore), followed by blocking for 1 hour in TBST with 5% dry nonfat milk. Blocking solution was washed from 

membrane with TBST for 5 min.  Membranes were incubated in primary antibody overnight at 4°C (Anti-p-AMPK, 

Cell Signaling #2531, 1:500 in TBST with 5% BSA; anti-AMPK, Cell Signaling #2603, 1:500 in TBST with 5% 

BSA). Membranes were washed with TBST (3 x 5 min.), followed by incubation with secondary antibody (HRP-
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conjugated, Cell Signaling #7074S, 1:10,000 in TBST) for 1 hour at room temp.  Membrane was washed with TBST 

(3 x 5 min.) and incubated in SuperSignal West Pico Plus Chemiluminescent Substrate (Thermo Scientific) for 5 

min.       

 

RNA isolation and qRT-PCR. Parotid glands were removed from four to eight week old FVB mice 3 and 5 days 

after 5 Gy radiation. Tissues were incubated in RNAlater (Qiagen) for 24 hours. RNA was isolated with the RNeasy 

Mini Kit (Qiagen) per the manufacturer’s instructions, followed by DNA digestion with the RNase-free DNase set 

(Qiagen). RNA was diluted to 200 µg/µl for each sample and cDNA was synthesized using the SuperScript IV 

First-Strand Synthesis Kit (Invitrogen) with oligo (dT) and 5 µl of diluted RNA per reaction, per the manufacturer’s 

instructions. cDNA was diluted 1:5 and used for RT-PCR analysis. RT-PCR was performed on the iQ5 Real-Time 

PCR detection system (Bio-Rad), using the QuantiTect SYBR green PCR Kit (Qiagen). NAMPT primers (forward: 

5’-GGCTACGTGGACGACGACAC-3’; reverse: 5’-CATCCCCTGCAGGCCTGGTCT-3’) and Sirt1 primers 

(forward: 5’- AGAGTTGCCACCAACACCTCTT-3’; reverse: 5’- TTAGGCCAGCATTTTCTCACTGT-3’) were 

purchased from Integrated DNA Technologies (IDT).  Target genes were normalized to 15S ribosomal RNA 

(forward: 5’-ACTATTCTGCCCGAGATGGTG-3’, reverse: 5’-TGCTTTACGGGCTTG TAGGTG- 3’) also 

purchased from IDT. 

 

Histology. Salivary glands were removed at days 5, 6, or 7 following exposure to 5 Gy radiation, fixed in 10% (v/v) 

formalin for 24 hours and sent to IDEXX Bioresearch (Columbia, MO), where they were transferred to 70% (v/v) 

ethanol, embedded in paraffin and sectioned into 4 µm sections, and returned for immunoflourescent staining. 

 

Immunofluorescent staining and manual cell counting.  Slides were baked at 37°C for 20 minutes ensure tissue 

adherence to glass prior to staining.  Slides were then rehydrated in Histoclear (2 x 5 min., National Diagnostics), 

100% ethanol (EtOH, 2 x 5 min.), 95% EtOH (2 x 5 min.), 70% EtOH (2 x 5 min.), 50% EtOH (2 x 5 min.), and 

diH20 (2 x 5 min.).  Slides were then permeabilized for 15 minutes with 0.2% Triton X-100 in PBS.  Antigen 
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retrieval was performed by microwaving slides in 100 mM citric acid (2 x 5 min.) and allowed to cool for 20 min. 

Slides were washed with PBS (3 x 5 min.) and non-specific binding sites were blocked with 0.5% NEN blocking 

solution (Perkin Elmer) at room temperature for 1 hour.  Slides were incubated at 4°C overnight in primary Ki-67 

antibody (Cell Signaling, #9129S) diluted 1:400 in 1% BSA in PBS, then incubated in secondary antibody (Alexa 

Fluor 488, Thermo Fischer).  Slides were treated with 4′,6-diamidino-2-phenylindole (DAPI, 1 ug/ml) nuclear stain 

for 3 minutes and mounted with glass coverslips in 1 drop of ProLong Gold Antifade Mounting Reagent (Thermo 

Scientific).  Slides were imaged with a Leica DM5500 microscope (Leica Microsystems) and an ORCA-Flash4.0 

LT Digital CMOS camera (Hamamatsu Photonics K.K.).  At least 5 images per mouse (4-5 mice/group) were 

manually counted for Ki67+ and total acinar cells and compared to untreated controls.  

 

Saliva collection. Stimulated whole saliva collection was performed on days 3 and 30 following radiation treatment. 

Mice were injected intraperitoneally with carbachol (0.25 mg/kg body weight) and whole saliva was collected for 

5 minutes by vacuum aspiration. Saliva was collected in pre-weighed tubes and snap frozen on dry ice. Salivary 

flow rates were calculated by dividing the difference in tube weight by the number of minutes to determine the 

amount of saliva (mg) per minute of collection. These values were then normalized to the average saliva flow rate 

of the untreated group on each day of collection to determine the relative change in salivary output.  

 

Statistical analysis. Statistical analysis was performed using GraphPad Prism 6 software (GraphPad Software).  

Manual cell counts from immunofluorescent stained slides were analyzed by ANOVA with Tukey’s multiple 

comparisons test.  Data from qRT-PCR was normalized to loading controls (GAPDH/S15) and analyzed with a t-

test comparing irradiated values to untreated.  Densitometry data from Western blot was analyzed using a t-test 

comparing untreated to irradiated values.  Saliva collection data was normalized to untreated values for each 

collection day and compared with a one-way ANOVA with Newman-Keuls multiple comparisons test.   
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Results 

NAD+ and AMP levels are lower in parotid salivary gland tissue five days following radiation. 

Radiation exposure has been shown to affect metabolism within a whole organism or specific tissue.47-49 To 

determine metabolic changes in salivary gland tissue following radiation, uncover potential biomarkers for radiation 

exposure and damage, and discover new therapeutic targets to ameliorate salivary gland dysfunction following 

radiation, an untargeted metabolomics analysis was performed. 4-6 week old mice were irradiated and parotid 

glands removed at day 5 following radiation with an equal number of untreated parotid glands.  Glands were sent 

to Metabolon and analyzed by LC-MS for NAD+ and AMP levels, among many others.  We observe significantly 

lower NAD and AMP levels in irradiated parotid salivary glands 5 days following radiation compared to untreated 

controls (Fig. 1A,B).  These data suggest that tissue damage following radiation may alter pathways involved in 

NAD+ and AMP metabolism.   

 
Radiation suppresses parotid salivary gland AMPK phosphorylation and expression of NAMPT and SIRT1. 

Previous research in both cancerous and normal cell lines has shown changes in AMPK activity following radiation 

exposure.50,51 To evaluate changes in active AMPK following IR in parotid salivary glands, we collected glands 

from four to eight week-old mice on radiation days 3 and 5 as well as untreated, extracted protein, and performed a 

Western blot on these samples.  Phosphorylated AMPK protein levels are significantly decreased 5 days following 

radiation in parotid mouse salivary glands compared to untreated controls (Fig. 2A,B).  Sirtuin-1 (Sirt1) and 

nicotinamide phosphoribosyltransferase (NAMPT), proteins involved in the NAD salvage pathway, may be 

regulated by AMPK activity.33,42,52-54 Sirt1 and NAMPT expression are significantly lower in mouse parotid salivary 

glands at day 5 following radiation (Fig. 2C), occurring at the same time point as the greatest decrease in p-AMPK 

levels.  Therefore, radiation causes alterations in p-AMPK, as well as expression of associated pathway proteins 

Sirt-1 and NAMPT in parotid salivary glands.  
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AICAR treatment decreases compensatory proliferation of parotid acinar cells at D6 and D7 following 
radiation. 
 
Previous research using models of functional restoration of the salivary gland indicate a decrease in compensatory 

proliferation following treatment that occurs concomitantly with improved salivary output.20-23 Further, AMPK 

activation is known to inhibit proliferation by decreasing flux through anabolic pathways that require excessive 

ATP, inhibition of mTOR signaling and activation of p53.34-39,41,42 To determine if AMPK activation has a similar 

effect on proliferation in the parotid salivary gland, we treated 4-6 week old FVB mice with one dose of AICAR 

(500 mg/kg body weight) 5 days following radiation and collected glands 6 days following radiation for histological 

analysis (Fig. 3A-D).  Similarly, we treated 4-6 week old FVB mice with 3 doses of AICAR (500 mg/kg body 

weight/injection) at days 4, 5, and 6 following radiation and collected glands for histological analysis at day 7 (Fig. 

3F-J).  Both AICAR dosing regimens result in a decrease in Ki67+ acinar cells in parotid salivary glands following 

radiation compared to irradiated-only controls (Fig. 3).  These data indicate that AMPK activation following IR 

attenuates the proliferative response to radiation in parotid salivary glands. 

 

AMPK activation with either AICAR or Metformin improves salivary output 30 days following radiation. 

Reduced proliferation in irradiated salivary glands occurs with improved salivary output in previous models of 

restoration.20-23 AMPK activation with AICAR decreases proliferation following radiation (Fig. 4), indicating 

potential involvement of AMPK in the wound healing response to radiation. To determine the restorative potential 

of pharmacological AMPK activation, we irradiated 4-6 week old mice and treated them with known AMPK 

activators AICAR and metformin.  Treatment with AICAR (500 mg/kg body weight/injection) at days 4, 5, and 6 

following radiation significantly improves salivary output compared to irradiated controls (Fig. 4C).  Treatment 

with metformin (100 mg/kg body weight/injection) at days 4, 5, and 6 following radiation also significantly 

improves salivary output following radiation (Fig. 4C). Non-irradiated mice treated with three doses of AICAR 

have no significant difference in salivary flow compared to untreated controls; however, non-irradiated mice treated 

with metformin have significantly lower salivary flow rates compared to untreated controls (Fig. 4D).  Taken 
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together, these data implicate a role for AMPK activation in preservation of salivary gland function following 

radiation.  

 

Discussion 

Chronic hyposalivation remains an incurable side effect of radiation therapy; because of this, research into 

novel therapeutic targets is necessary.  In the present study, we found that post-radiation treatment with AICAR and 

metformin improved salivary output 30 days following radiation (Fig. 4B). This work provides a potential new 

model utilizing AMPK activation via AICAR and metformin for functional salivary gland restoration that may 

prove safer and more cost-effective than some proposed therapies, including gene therapy and surgical 

strategies.55,56 Although research utilizing metformin in a salivary gland damage model has yet to be explored, 

metformin treatment has been widely studied in other models of epithelial wound healing.  In a 2017 study, Han et 

al. found significantly improved cutaneous wound healing in diabetic mice treated with metformin.57 Further, in an 

aged-mouse model of cutaneous would healing also published in 2017, metformin, as well as known AMPK 

activator resveratrol, improved the speed of cutaneous wound healing.58 Activation of AMPK by metformin and 

resveratrol likely has multiple consequences, including mTOR inhibition and subsequent inhibition of protein 

synthesis as well as proliferation.  As previously stated, compensatory proliferation in irradiated salivary glands is 

associated with negative functional outcomes; inhibition of proliferation and associated anabolic processes may 

improve cell survival and preserve acinar cell function in irradiated salivary glands.20-23 

 It is important to note that administration of metformin to non-irradiated tissues significantly reduced 

salivary output (Fig. 5). A similar study utilizing the Rapalouge CCI-779 demonstrated similar results, with 

significantly lower salivary flow in non-irradiated tissues compared to untreated tissue; however, post-radiation 

treatment with CCI-779 improved salivary output.20 Both CCI-779 and metformin inhibit mTOR activity.59-63 While 

mTOR inhibition in irradiated, stressed tissues may promote gland healing and repair, the molecular consequence 

of mTOR inhibition in unstressed tissues remains to be determined. It is possible that inhibition of protein synthesis 

by rapalougs or metformin prevents secretion of salivary proteins, thereby reducing saliva volume in normal tissues, 
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whereas inhibition of protein synthesis in a damaged tissue has ulterior effects. More research into the effects of 

metformin on normal tissues may be necessary to determine the mechanism of changes in salivary output. 

 There is a significant gap in knowledge of the impact of radiation exposure on cellular metabolism in the 

salivary glands.  We observe significantly lower levels of NAD+ and AMP in parotid salivary glands five days 

following radiation (Fig. 1A), as well as significantly lower levels of phosphorylated AMPK at the same time point 

(Fig. 2).  NAMPT catalyzes the rate-limiting step in the NAD-salvage pathway, thus impacting intracellular NAD+ 

levels.64 In accordance with this finding, we observe significantly lower NAMPT expression at day 5 following 

radiation that occurs at the same time point as reduced NAD+ levels (Fig.1) and phosphorylated AMPK (Fig. 3).  

NAMPT expression in submandibular salivary glands has been investigated previously, and results indicated that 

NAMPT is downregulated in submandibular glands following IR and that increasing NAMPT expression via 

phenylephrine treatment improves cell survival.65 AMPK has been shown to regulate expression of NAMPT in 

skeletal muscle cells;54 however, there remains a need for future studies into the effects of AMPK activation on 

NAMPT expression and cell survival in irradiated parotid salivary glands.  

NAD+ has been long associated with cell survival and is implicated in various models of ageing.66 Many 

studies suggest that the role of NAD+ in ageing is modulated by the effects of NAD+ levels on sirtuin-1 (Sirt1) 

activity.66 In the present study, we measured Sirt1 mRNA levels at day 5 following radiation and found that they 

are significantly lower in irradiated vs. untreated parotid glands (Fig 3). Sirt1 is a NAD-dependent histone 

deacetylase involved in the DNA damage response, cellular survival, and metabolism.67-69 Studies dating back to 

1999 in yeast indicate a role for Sir2, the yeast ortholog of mammalian Sirt1, in longevity as well as the effects of 

calorie restriction.70,71 Further, mammalian studies suggest that Sirt1 activity affects stress resistance in cells via 

deacetylation of p53, NF-ΚB, and FOXO family proteins.72-75  Dysregulation of the DNA damage response has 

been identified as a driver of radiation-induced salivary gland dysfunction.76 In one study, Meyer et al. found 

significant evidence of DNA damage in irradiated parotid salivary glands, as well as significantly lower levels of 

Sirt1.76  Further, IGF-1 treatment rescued radiation-induced loss of Sirt-1 and resulted in fewer double-stranded 

DNA breaks, indicating a potential role for Sirt1 in the DNA damage response following radiation.76   
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Future studies on hyposalivation following targeted head and neck radiation should further elucidate the 

mechanism of AMPK modulation of proliferation in the parotid gland as well as the impact of AMPK on salivary 

output.  Determination of the role of AMPK activation in salivary output will provide an avenue for clinical studies 

utilizing metformin or other AMPK activators that may broaden treatment options available for head and neck 

cancer patients undergoing radiation therapy.  Development of new targets for AMPK activation may also provide 

an additional means to utilize these findings in the future. 

In conclusion, five days following radiation, phosphorylated AMPK, NAD+, AMP, Sirt1 and NAMPT 

levels are suppressed compared to untreated glands.  Activation of AMPK both inhibits proliferation at days 5 and 

7, and improves chronic salivary flow rates at day 30 following IR, as depicted in Fig 5.  This work provides a novel 

therapeutic target for functional gland restoration following radiotherapy that could eventually provide relief for 

those affected by chronic hyposalivation.   
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Figure 1. NAD+ and AMP levels are lower in parotid salivary gland tissue five days following radiation. FVB 
mice were either untreated (UT) or exposed to 5 Gy radiation (IR) and sacrificed at day 5 following radiation. 
NAD+ (A) and AMP (B) in untreated (n=4) or irradiated (n=4) parotid salivary gland tissue measured via LC-MS.  
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Figure 2. Radiation suppresses parotid salivary gland AMPK phosphorylation and expression of NAMPT 
and SIRT1. (A,B) Western blot analysis on samples from untreated (UT) or irradiated (IR) mice at days 3 or 5 (n=3 
per group) were probed for phosphorylated and total AMPK. (C) Sirt-1 and NAMPT expression in UT or IR day 5 
parotid salivary glands measured via qRT-PCR (n=4 per group).  
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Figure 3. AICAR treatment decreases compensatory proliferation of parotid acinar cells at D6 and D7 
following radiation. (A-D) Representative images of positive Ki67 acinar cells (green) over total nuclei stained 
with DAPI (blue) in (A) untreated (n=4); (B) day 6 following 5 Gy radiation (n=4), (C) treated with AICAR only 
(500 mg/kg) (n=4); and (D) day 6 following 5 Gy radiation and one AICAR injection (500 mg/kg) (n=5). (E) 
Quantification of Ki67+ nuclei as a percentage of the total number of nuclei per field of view from 5 fields of view 
per mouse.  (F-I) Representative images of positive Ki67 acinar cells (green) over total nuclei stained with DAPI 
(blue) in (F) untreated (n=3); (G) day 7 following 5 Gy radiation (n=4), (H) treated with AICAR only (500 
mg/kg/day, 3 days) (n=4); and (I) day 7 following 5 Gy radiation and AICAR on days 4, 5, and 6 (500 
mg/kg/injection) (n=5). (E) Quantification of Ki67+ nuclei as a percentage of the total number of nuclei per field 
of view from 5 fields of view per mouse.   
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Figure 4. AMPK activation with either AICAR or Metformin increases salivary output 30 days following 
radiation. (A) Timeline of radiation and AICAR/metformin administration for salivary output experiments. (B) 
FVB mice were randomly assigned to be receive no treatment (UT; n=18) or 5 Gy radiation (IR; n=25). Carbachol-
stimulated saliva (0.25 mg/kg) was collected 3 days following radiation. (C) Irradiated mice were then randomized 
to receive three injections of either AICAR (500 mg/kg; n=10) or three doses of Metformin (100 mg/kg; n=8) on 
days 4, 5, and 6 following radiation, or no further treatment (n=17).  Saliva was collected again 30 days following 
radiation. (D) FVB mice were randomly assigned to receive no treatment (UT, n=18), three injections of AICAR 
(500 mg/kg, n=8), or three doses of metformin (100 mg/kg; n=8). Carbachol-stimulated saliva (0.25 mg/kg) was 
collected 24 days following the final dose. 
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Figure 5. Schematic representation of the role of AMP-activated protein kinase (AMPK) in radiation-
induced damage to salivary glands.  Radiation decreases tissue levels of NAD+ and AMP, which correlates with 
a decrease in phosphorylation of AMPK at day 5 post-IR.  Further, NAMPT and Sirt1 expression were decreased 
at the same time-point. Activation of AMPK suppressed compensatory proliferation following IR and improved 
chronic salivary output following radiation. 
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