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Abstract

Over 54,000 new cases of head and neck cancer (HNC) are estimated for 2022 in the
Unites States and the current treatment involves surgery and radiotherapy. Due to the proximity
of the salivary glands to HNC tumors, they are indirectly damaged by radiotherapy and lose
secretory function due to their high level of radiation sensitivity. Salivary gland hypofunction
leads to xerostomia and other deleterious conditions, such as malnutrition, dental caries, and
periodontal disease. Salivary hypofunction treatments include topical agents and saliva
stimulants, which temporarily treat the symptoms without regenerating the tissue to restore
function for HNC patients who experience chronic xerostomia following radiotherapy. Progress
has been made in identifying the mechanisms driving the radiation-damage response, but the
metabolic reprogramming that facilitates these mechanisms in the salivary gland is not
understood.

Metabolomics analysis has been useful for identifying biomarkers of radiation damage in
tissues using animal models and in urine and serum of humans. By incorporating additional
“omics” data with metabolomics data, more accurate metabolic reactions can be mapped to
identify biological networks affected by radiation. To investigate the metabolic phenotype of
radiation-induced damage in the salivary gland, we integrated transcriptomic and metabolomic
data analysis to identify significant gene-metabolite interactions (Chapter I1). Altered metabolites
and transcripts significantly converged on a specific region in the metabolic reaction network in
parotid tissue glands of mice collected 5 days following radiation treatment. Both integrative
pathway enrichment using rank-based statistics and network analysis highlighted significantly
coordinated changes in glutathione metabolism, energy metabolism (TCA cycle and
thermogenesis), peroxisomal lipid metabolism, and bile acid production with radiation.

Integrated changes observed in energy metabolism suggest that radiation induces a mitochondrial
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dysfunction phenotype. These findings validated previous pathways involved in the radiation-
damage response, such as altered energy metabolism, and identified robust signatures in the
salivary gland, such as reduced glutathione metabolism, that may be driving salivary gland
dysfunction.

The aforementioned study identified metabolic changes at 5 days after radiation treatment
in the salivary gland, which is the time point when compensatory proliferation begins in the
gland in an attempt to heal the damaged tissue. However, the cells are not differentiating
properly and becoming fully functional as assessed by decreased amylase levels in the cells.
Additionally, decreases in apical and basolateral polarity markers begin at 5 days post-radiation,
contributing to the loss of function in the gland. Day 5 denotes the transition between the acute
phase of the radiation-damage response marked by increased DNA damage, apoptosis, and
reactive oxygen species (ROS) production leading to loss of salivary gland function at 3 days
post-radiation, to the chronic phase where increased ROS production continues as well as
increased compensatory proliferation and decreased differentiation markers. Due to the
complexity of the radiation-damage response over time, we sought to delineate metabolic
changes at the acute, intermediate, and chronic radiation-damage response stages in the salivary
glands of mice following a single 5 Gy dose (Chapter I1). Ultra-high performance liquid
chromatography-mass spectrometry was performed on parotid salivary gland tissue collected at
3, 14, and 30 days following radiation treatment. Pathway enrichment analysis, network analysis
based on metabolite structural information, and weighted-gene correlation network analysis were
used to incorporate both metabolite levels and structural annotation into the analysis for robust
results. The greatest number of enriched pathways was observed at 3 days following radiation

and the lowest at 30 days following radiation, and various amino acid metabolism pathways were
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significantly enriched at all three radiation time points as well as glutathione metabolism and
central carbon metabolism in cancer. This study identified the temporal changes in pathways
underlying the radiation damage response in the salivary gland to aid in the development of
precision therapy for different stages of radiation-induced salivary gland dysfunction.

Due to the changes observed in energy metabolism by integrating transcripts and
metabolites at day 5 following radiation in the salivary gland, we decided to pursue a deeper
investigation of the effects of radiation on energy metabolism in the salivary gland (Chapter 1V).
The reprogramming of energy metabolism has been observed in cancer and wound healing
models to provide the necessary fuel for cell proliferation, but the reprogramming of energy
metabolism in the salivary gland in response to radiation has not been investigated. We
hypothesized that glycolytic flux increases to fuel compensatory proliferation while oxidative
phosphorylation decreases due to mitochondrial dysfunction following radiation. We measured
the oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) of irradiated
primary acinar cells to assess glycolytic flux and oxidative phosphorylation and ATP production
produced from each pathway. We measured protein levels and enzymatic activity of the rate-
limiting enzymes in glycolysis and measured lactate concentrations in irradiated parotid gland
tissue. To assess mitochondrial function, we measured protein levels of complex I and 111
subunits of the electron transport chain and measured mitochondrial DNA (mtDNA) copy
number and spare respiratory capacity. Lastly, we tested fuel dependency and flexibility of
irradiated acinar cells. Our results showed an increase in OCR, ECAR, and ATP production rate
at 24 hours and 5 days post-radiation with a subsequent decrease at chronic time points.
Hexokinase protein levels and activity increased at 3 days post-IR and lactate concentration

increased at days 5 and 14 post-radiation. Complex | and Il subunit protein levels decreased at
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days 3 and 5 post-radiation while mitochondrial DNA copy number increased chronically post-
radiation. Primary acinar cells became more dependent on long-chain fatty acids for fuel at day 5
post-radiation. These results elucidated the reprogramming of energy metabolism in the salivary
gland in response to radiation over time, which may contribute to the radiosensitivity of the

gland and aid in identifying therapeutic targets for restoring function.
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|. Literature Review

Clinical significance

Over 54,000 new cases of head and neck cancer (HNC) are estimated in 2022 in the
Unites States with over 11,000 estimated deaths attributed to HNC [1]. Squamous cell
carcinomas are the most common types of HNC arising in the oral cavity, the sinonasal cavity,
the larynx and pharynx, and the salivary glands [2]. Older males who regularly consume tobacco
and alcohol, two of the most historical risk factors for HNC, are the population most commonly
diagnosed with HNC, however the incidence rate has decreased in recent decades due to
decreased tobacco consumption in the United States [2], [3]. Currently, the most common risk
factor for HNC is infection with human papillomavirus (HPV) [4]. An increased incidence in
HPV-related HNC is observed over the past several decades in younger adults, as the percentage
of HPV-related HNC cases increased from 41% in 2000 to 72% by 2009 and has already
surpassed the number of HPV-related cervical cancers by 2020 [5]. Additionally, an increase in
the number of survivors of HNC is increasing, with over 249,330 male survivors in the United
States identified by the American Cancer Society and the National Cancer Institute in 2019 with

a projected 5% increase by 2030 [6].

Treatment for head and neck cancer

Surgery is considered the standard of care for oral cavity cancers, whether by endoscopic or
robotic surgery, while radiation therapy in combination with chemotherapy is used for areas
outside of the oral cavity for treatment [7]. Treatment choice for HNC patients is determined by
tumor size, type, and location, patient factors such as smoking and age, and patient preference
[7]. Radiation therapy is commonly used in the management of HNC because tumor progression
is typically local and can therefore be controlled with radiation treatment [8]. A longitudinal
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study of patients from 1975-2001 with glottic carcinomas receiving exclusively radiation
treatment (65 Gray in 44 days) resulted in 75% survival with laryngeal preservation observed in
85% of the group, demonstrating that radiotherapy is an effective disease management treatment
[9]. Not only is radiation an effective treatment, but improvements in radiation delivery,
specifically with intensity-modulated radiotherapy (IMRT) using targeted photon beams to
conform to the shape of the tumor, have reduced the amount of toxic radiation damage to tissues
surrounding the tumor [10]. Unfortunately, limiting properties of the photon beam still result in
radiation exposure to the surrounding healthy tissues leading to acute and chronic damage [10].
The three major salivary glands (parotid, submandibular, and sublingual) are a set of
tissues located within the head and neck region that is typically within the field of radiation
exposure when HNC patients undergo radiotherapy. The salivary glands are radiosensitive,
which is surprising considering they are a slowly proliferating tissue that is highly differentiated
[11]. Radiation exposure results in salivary gland hypofunction, which can lead to
hyposalivation, mucositis, a persistent dry-mouth sensation (xerostomia), oral infections,
malnutrition, and dysphagia [11]. Within 1 week of radiation treatment, unstimulated and
stimulated saliva flow rates decrease sharply (50-60%) and continue decreasing throughout the
course of treatment, resulting in impaired saliva production chronically that can persist for over 2
years following radiotherapy [12 13]. Acute salivary gland dysfunction is predictive of chronic
dysfunction (lasting at least six months following radiotherapy), and loss of functional acini with
fibrosis development contributes to chronic dysfunction of the gland [13]. Salivary gland
hypofunction and xerostomia have been reported in over 80% of HNC patients [14], [13] and

thus negatively affect the quality of life of most HNC survivors. This is a serious concern as
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many HNC patients are elderly and immunocompromised and may experience poor survival

outcomes.

Radiation dosing strategies

Conventional radiation therapy for HNC patients delivers a total of 60-70 Gray (Gy) with
the goal of curing the cancer, and the administration of radiation is divided into approximately 2
Gy doses per day, five days a week [15]. This division of the radiation dose into smaller fractions
is called fractionated radiation therapy, and it has been in use since the 1920’s in 50% of cancer
treatments and 40% of cancer cures [16]. Fractionated radiotherapy is advantageous because it
increases tumor radiosensitivity by allowing reoxygenation and cell cycle redistribution between
fractions, and in surrounding normal tissue it allows time for DNA repair mechanisms to reduce
toxic effects [16]. The parotid salivary gland, the largest of the salivary glands in humans, is
more radiosensitive compared to the submandibular salivary gland, and radiologists have
concluded that a 23 Gy total dose to the parotid gland and a 42 Gy total dose to the
submandibular gland is ideal for preserving salivary gland function when administered in
fractionated doses [17], [18]. Experimentation with conventional fractionated radiotherapy to
reduce toxic side effects to normal tissues has utilized administering 1-2 Gy twice a day instead
of once per day to reduce the occurrence of late toxicity, reduce total treatment time, and allow
for higher total dosing to be administered compared to conventional fractionation [19]. An
updated meta-analysis of radiotherapy in squamous cell carcinomas of head and neck (MARCH)
compared hyperfractionation radiotherapy (twice per day fractions) to conventional fractionation
radiotherapy and discovered that hyperfractionation radiotherapy was associated with a 3.1%
increase in HNC patient survival at 5 years post treatment and local tumor control was improved

with hyperfractionation radiotherapy [19]. Although benefits have been observed using
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hyperfractionation radiotherapy compared to conventional radiotherapy, logistical issues prevent
hyperfractionation radiotherapy from becoming the standard of care due to difficulty scheduling
patients twice a day, patient management between the daily doses, and cost [19]. Additionally,
reports of chronic toxic effects (occur 90 days or more after hyperfractionation radiotherapy)
have been reported in HNC patients, such as aspiration pneumonia, esophageal narrowing, and
osteoradionecrosis [20]. Due to the costs outweighing the benefit for hyperfractionation

radiotherapy, conventional fractionated radiotherapy remains the standard of care for HNC.

Conformal radiation therapy (CRT)

CRT was a popular radiation therapy modality in the 1960’s and 1970’s that directs
single-intensity photon radiation beams to the tumor using x-rays to image the target area [21].
Two types of CRT exist: two-dimensional (2D)-CRT and three-dimensional (3D)-CRT, with 3D-
CRT developing when computed tomography (CT), magnetic resonance imaging (MRI), and
positron emission tomography (PET) scans were invented for 3D imaging. 2D-CRT uses one to
four lateral boxes to direct the radiation beam while 3D-CRT incorporates axial anatomy that can
accommodate irregular shapes [22]. Although 3D-CRT improved delivery of radiation to tumors
compared to 2D-CRT, the photon beam damages surrounding healthy tissues due to the uniform
dose administration [21]. The limitations associated with 3D-CRT, specifically damage to
surrounding tissue often preventing target dosing volume to the tumor, led to the development of

intensity modulated radiation therapy (IMRT).

Intensity modulated radiation therapy (IMRT)

IMRT emerged in the 1980’s as the newest radiation therapy modality and was
advantageous due to its targeted delivery of high radiation doses reaching the target volume to
the tumor, thereby delivering a more concentrated radiation dose to the tumor for eradication
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[20]. Additionally, due to the tight dose gradients used in IMRT, normal tissues surrounding the
tumor are spared to a greater extent than when using conventional radiotherapy with beams of
uniform intensity [20]. Advances in volumetric imaging using CT, MRI, and PET scans led to
the development of IMRT due to the geometry of the tumor and surrounding healthy tissues
being detected with three-dimensional (3D) imaging, which opened the door to the idea of
modulating the radiation intensity based on the spatial arrangement of the tissues to deliver
conformal dose distributions [23]. Advances in computer software for calculating dose
distribution provide a standardized approach for choosing every beam angle and treatment
volume, thereby reducing the amount of time it takes clinicians to calculate accurate radiation
dosing using IMRT [22]. A study compared treatment outcomes in nasopharyngeal carcinoma
patients receiving either 2D-CRT, 3D-CRT, or IMRT and the results showed better 5-year
overall survival for the patients receiving 3D-CRT and IMRT (74% and 77%, respectively)
compared to 2D-CRT (60%) [24]. In a group of patients with advanced primary tumors, IMRT
significantly improved 5-year overall survival compared to both 2D-CRT and 3D-CRT [24]. In
addition to improving overall survival, IMRT has been demonstrated to improve local tumor
control and improve salivary function by sparing the parotid glands in clinical trials [25], [26],
[27]. Although IMRT has been shown to improve salivary function as assessed by salivary flow
rate, xerostomia has not always been reported as improved by patients following IMRT and still

remains a clinical problem [28], [29].

Volumetric modulated arc therapy (VMAT)

VMAT was a radiation modality introduced in 2007 to overcome the limitation of the
fixed field used in IMRT [30]. VMAT delivers radiation in a continuous rotation that allows the

patient to be treated from a full 360° beam angle, and during the rotation the clinician can adjust
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rotation speed, treatment aperture shape, and dose rate [30]. Two advantages of VMAT over
IMRT is that treatment time is reduced, and the number of monitor units (MU) used is reduced,
which decreases the amount of low-dose radiation exposed to the rest of the body [30], [31].
However, the algorithm design for VMAT is a larger and more challenging problem compared to
IMRT and is still in the optimization stages for different cancer types [32]. A study compared
VMAT to IMRT using varying radiation doses to ten patients with oropharynx or nasopharynx
carcinoma and observed 100% coverage of the planned target volume of 95-100% using VMAT
while 96-100% coverage was observed using IMRT, demonstrating that both plans are clinically
acceptable with slightly higher coverage achieved with IMRT [33]. Both VMAT and IMRT
demonstrated sparing of the spinal cord and brainstem while VMAT was superior to IMRT in
parotid gland sparing [33]. A similar study comparing VMAT and IMRT found no significant
difference in coverage of the planned target volume (96% average for both treatment plans), but
it confirmed the previous study in demonstrating superior tissue sparing of the parotid gland
using VMAT compared to IMRT [34]. A recent study published in 2022 evaluated the clinical
efficacy and late toxicity of VMAT in 86 patients with nasopharyngeal carcinoma and observed
an average 85.9% disease-free survival rate, 100% locoregional control at 12 months, and 96.2%
locoregional control at 24 months [35]. Although local tumor control was excellent using VMAT
treatment, 10% of the patients presented with distant metastases, demonstrating the importance
of combining chemotherapy with radiotherapy to improve disease-free survival [35]. The effect
of VMAT treatment on xerostomia in thirty squamous cell cancer of unknown primary (SCCUP)
HNC patients was evaluated and grade 2 + xerostomia incidence decreased from 6 months
(55.5%) to 12 months (7.7%), with no patients reporting xerostomia at 24 months post-treatment

[36]. Based on these results, VMAT is an improved mode of radiation delivery for sparing
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healthy salivary glands to preserve tissue function in HNC patients compared to IMRT and

conventional radiotherapy.

Intensity modulated proton therapy (IMPT)

The newest radiotherapy technique for HNC patients is intensity modulated proton
therapy, which replaces the photons used in IMRT with protons. The use of protons for
radiotherapy was first introduced in 1946 by Robert Wilson due to the unique dose distribution
of protons, which delivers a maximal radiation dose to a designated tissue depth with no
observed exit dose [37]. This is advantageous as protons can administer high dose radiation to
tumor sites with practically no collateral damage to surrounding normal tissue, and several
studies have demonstrated decreased radiation exposure to surrounding healthy tissue in HNC
patients receiving IMPT compared to IMRT [38], [39], [40]. A recent study compared the effects
of IMPT and IMRT on xerostomia in 532 oropharyngeal cancer patients and observed at 18-36
months post-treatment fewer cases of moderate-severe xerostomia in IMPT patients (6%)
compared to IMRT patients (20%), suggesting that improved parotid gland sparing is reducing
xerostomia in oropharyngeal cancer patients receiving IMPT [41]. Even with the observed
dosimetric and clinical advantages of IMPT over IMRT, technological limitations with this new
technique exist [37]. IMPT displays high sensitivity to changes in patient positioning, therefore
frequent imaging is required throughout treatment for adaptive planning, which is estimated to
occur in 16-38% of treatment plans [42]. Currently, the development of linear energy transfer-
guided optimization is being researched for implementation in the clinic to improve the
technology [43].

The choice of which radiotherapy treatment plan to use is individualized to the HNC

patient based on tumor type, stage, and location, and with improvements in dose delivery and
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tissue sparing, less damage to the surrounding salivary glands is observed [44]. Yet even with the
recent technological advancements in radiotherapy, HNC patients still report xerostomia,
demonstrating the necessity of investigating mechanisms underlying radiation-induced salivary

gland dysfunction in order to identify therapeutic targets to restore tissue function [13].

Chemotherapy and Immunotherapy

If the tumor in a HNC patient is considered high risk for surgical removal, such as a high
risk of developing blood clots, the chemotherapy agent cisplatin (100 mg/m? every 3 weeks)
combined with radiotherapy is a standard non-surgical treatment strategy [44]. For advanced
tumors, concurrent chemotherapy using platinum agents that bind to the DNA of cancer cells and
induce cell death combined with radiotherapy results in a 10-20% overall survival benefit at 3
years post-treatment compared to radiotherapy alone [45]. The two primary platinum agents used
to treat HNC are cisplatin and carboplatin, and even though cisplatin is the more widely used
agent, carboplatin results in less adverse side effects compared to cisplatin [45]. A study
compared the effect of cisplatin versus carboplatin on overall survival in head and neck
squamous cell carcinoma (HNSCC) patients and found no significant differences between the
two chemotherapy agents, suggesting that carboplatin-based chemotherapy may be a viable
alternate treatment for patients who do not tolerate cisplatin, such as those with underlying renal
damage [45].

Cetuximab was approved in 2006 by the United States Food and Drug Administration
(FDA) as an immunotherapy treatment for HNC, and it is an immunoglobulin G1 (IgG1)
monoclonal antibody that binds to the epidermal growth factor receptor (EGFR) on epithelial
cancer cells and inhibits signaling, which sensitizes the cancer cells to radiation treatment [46].

Although cetuximab in conjunction with radiotherapy has been demonstrated to improve HNC
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patient overall survival compared to radiotherapy alone [46], [47], studies have demonstrated
decreased overall survival for chemoradiotherapy with cetuximab compared to
chemoradiotherapy with cisplatin in HPV-positive oropharyngeal carcinoma [48], [49].
Therefore, combination platinum-based chemotherapy with cetuximab was investigated to
determine if combination chemotherapy with immunotherapy can further improve HNC patient
survival. A study compared the effects of cisplatin or carboplatin with cetuximab and 5-
fluorouracil, which is a pyrimidine analog that inhibits DNA synthesis by inhibiting the
thymidylate synthase enzyme involved in pyrimidine biosynthesis [50]. The addition of
cetuximab and 5-fluorouracil to platinum-based chemotherapy improved overall survival from
7.4 months to 10.1 months in HNC patients with recurrent or metastatic cancer [50]. Additional
studies have corroborated these results, leading to platinum chemotherapy plus cetuximab plus 5-
fluorouracil becoming the standard first-line treatment for recurrent or metastatic HNC [51],
[52]. Although combination chemotherapy with immunotherapy is effective in improving overall
survival, it often results in toxic effects such as anemia, neutropenia, and thrombocytopenia that
further decrease the quality of life of HNC patients and can result in early treatment cessation
[50].

More recently, immunomodulatory drugs that target immune-suppressive pathways have
been approved for HNC treatment. The mechanism of action of these drugs is to target the
programmed cell death protein 1 (PD-1) and the programmed cell death ligand 1 (PD-L1)
pathways. The PD-1/PD-L1 axis blocks T cell activation, proliferation, and survival within
cancer cells and inhibits the immune response, thus enhancing survival of the cancer against the
anti-tumor immune response [53]. PD-1 and PD-L1 are both expressed on tumor-specific T cells,

which allows anti-PD-1/PD-L1 agents to enhance the anti-tumor immune response by blocking
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the tumor’s immunosuppressive signaling through PD-1/PD-L1 [53]. Pembrolizumab is an
immune checkpoint inhibitor (IgG4 antibody) that targets PD-1/PD-L1 and is FDA approved for
treating HNC [54]. A recent phase 111 clinical study compared the effects of pembrolizumab
alone, pembrolizumab plus platinum chemotherapy and 5-fluorouracil, and cetuximab plus
platinum chemotherapy and 5-fluorouracil on overall survival and progression-free survival [55].
The results showed improved overall survival with the pembrolizumab plus chemotherapy
treatment compared to the cetuximab plus chemotherapy treatment, with no significant
differences in progression-free survival between the groups, thus supporting the use of
pembrolizumab as a first-line treatment for recurrent or metastatic HNC [55]. Nivolumab is
another anti-PD-1/PD-L1 agent that is FDA approved for treating HNC, and a phase 11 clinical
trial compared nivolumab treatment to cetuximab treatment on overall survival in recurrent HNC
patients six months following platinum chemotherapy [56]. Overall survival was improved with
nivolumab compared to cetuximab (36% versus 16.6%), suggesting that nivolumab is a
successful agent for improving survival in platinum refractory HNC patients [56]. Durvalumab
and tremelimumab are additional anti-PD-1/PD-L1 agents that demonstrated acceptable safety
profiles and clear antitumor activity in head and neck squamous cell carcinoma patients in a
phase | study, which shows promise for these immunomodulatory drugs to also become utilized
in HNC treatment [57]. Although advances in chemotherapy and immunotherapy for HNC
improve patient survival, radiation is still the standard of care for early-stage tumors and is used
in conjunction with surgery and chemo/immunotherapy for advanced-stage tumors [44].

Therefore, xerostomia is still a significant clinical problem in HNC patients receiving treatment.
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Clinical management of xerostomia

Several treatment options are available for radiation-induced salivary gland hypofunction
in HNC patients, yet they are limited in their effect on prevention and recovery of salivary gland
function. The approved treatment options exhibit transient beneficial effects and certain drugs
are associated with unpleasant side effects. Current treatments for salivary gland hypofunction
will be presented in this section, followed by research identifying possible therapeutic targets for

restoring salivary gland function.

Preventative therapies

To date, amifostine is the only FDA-approved radioprotective drug used during
chemoradiotherapy for xerostomia prevention in HNC patients. Amifostine was originally
developed for use by the U.S. army, and upon declassification of the drug it was subsequently
used for medical experiments [58]. Animal experiments in the 1970’s-90’s supported the
radioprotective activity of amifostine in mice exposed to radiation in a variety of normal tissues,
including the parotid gland [59], [60], [61]. Amifostine exerts radioprotective effects to normal
tissues by its activated thiol group scavenging free radicals produced by radiation and by
preventing radiation-induced DNA single and double-strand breaks [62]. Additionally, the drug
exerts chemoprotective effects to normal tissues by preventing cisplatin-DNA adducts [63]. The
selectivity of amifostine into non-tumor cells is based on a few factors. One factor is the higher
concentration of the enzyme alkaline phosphatase on the membrane of non-tumor cells compared
to malignant cells [64]. Alkaline phosphatase is the enzyme that dephosphorylates the prodrug
form of amifostine into its activated thiol form that can freely diffuse into cells [64]. Another
factor contributing to the selectivity of amifostine is the acidic environment of the tumor

lowering the dephosphorylation rate of amifostine into the active free thiol form [65].
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Additionally, poor tumor vascularization is hypothesized to reduce delivery of amifostine to the
tumor and contribute to the drug’s cytoprotective selectivity [58].

Clinical trials investigating the use of amifostine in reducing radiation side effects in
HNC patients demonstrate conflicting results. Amifostine has been shown to decrease both acute
and chronic xerostomia with the use of chemotherapy or radiation, although over half of the
HNC patients experienced unpleasant side effects that included nausea, vomiting, and
hypotension [66], [67]. In other clinical trials, amifostine treatment during chemoradiotherapy
showed no significant reduction in acute or chronic xerostomia in HNC patients [68], [69], with
28% of the patients discontinuing amifostine treatment before the end of radiotherapy due to
unpleasant side effects (nausea and vomiting) and ineffectiveness of amifostine on reducing
xerostomia development [68]. A clinical trial investigating the toxic side effects of amifostine on
HNC patients undergoing chemoradiotherapy observed 41% of their patients discontinue
amifostine treatment due to hypotension, vomiting, or allergic reactions [70]. The authors further
compiled their results with previous literature on amifostine toxic effects, and they observed 78%
discontinuation in patients receiving concurrent chemotherapy and 24% discontinuation in
patients receiving only concurrent radiotherapy, suggesting that amifostine might be better
tolerated in HNC patients receiving only radiotherapy as treatment [70]. Although amifostine has
been FDA-approved for nearly 20 years, it is not routinely used clinically due to the toxic side
effects, drug cost, and additionally, the increased use of IMRT and IMPT reduce the need for the
radioprotective agent [71].

A prosthetic device utilized during radiation treatment to prevent radiation-induced
salivary gland damage is an intraoral radiation stent (IRS). The concept of an IRS is that it can

diminish the radiation dose delivered to surrounding healthy tissues by increasing the distance of
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the healthy tissue from the radiation beam [72]. Positioning stents are the type of IRS commonly
used in the clinic for photon and proton radiation delivered to HNC patients, and they are
effective in decreasing radiation delivery to the salivary gland by depressing the mandible [72].
One of the first clinical studies to evaluate the effect of positioning stents on xerostomia,
mucositis, and salivary changes tested the stents on lingual carcinoma patients [73]. After a 60-
day evaluation period, the experimental group that used positional stents during radiotherapy
reported significantly decreased xerostomia, mucositis, and changes in saliva compared to the
control group that did not use positional stents [73]. Another study investigated the effect of a
personalized IRS on late xerostomia and dental cavity development in six patients with early-
stage lip cancer and observed no signs of late xerostomia or dental cavity development at 39-
months following treatment [74]. Although these devices are used in the clinic due to their
efficacy at decreasing radiation-induced side effects in HNC patients, their use is not routine due
to the expertise and time required to fabricate the IRS [72].
Alternative therapies

Acupuncture has been tested clinically to alleviate radiation-induced xerostomia, but the
incorporation of the method as a component of standard care remains controversial due to the
lack of mechanistic knowledge regarding the effect of acupuncture on xerostomia and variability
in current acupuncture treatment protocols [75]. Several clinical trials demonstrated that true
acupuncture compared to sham acupuncture may alleviate radiation-induced xerostomia in HNC
patients by improving self-reported xerostomia scores acutely and chronically following 6-8
weeks of acupuncture treatment [76], [77], [78]. However, significant improvements in salivary
flow with acupuncture treatment following radiotherapy remain to be established in clinical

trials. To investigate which areas of the brain are stimulated with acupuncture for xerostomia
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treatment, twenty healthy subjects received true and sham acupuncture at the LI-2 acupoint of
the non-dominant hand as this acupoint has been reported to improve radiation-induced
xerostomia in HNC patients [79]. Functional magnetic resonance imaging (fMRI) scans showed
that true acupuncture stimulated areas of the brain related to salivation/gustation while sham
acupuncture did not stimulate these areas [79]. Additionally, saliva production was significantly
higher in the true acupuncture group compared to sham acupuncture, suggesting a possible
mechanism by which LI-2 acupuncture stimulates increased saliva production [79]. This
mechanism remains to be investigated in HNC patients receiving radiotherapy.

Hyperbaric oxygen therapy (HBOT) is a technique that has been utilized for decades to
treat radiation injury and is used as an adjuvant to surgery for osteoradionecrosis in HNC
patients [80]. HBOT increases oxygen delivery to tissues by the person breathing 100% oxygen
in a sealed chamber containing higher atmospheric pressure (2-3 atmospheres absolute (ATA),
which translates to 200-300 kilopascals) [81]. The increased oxygen concentration in radiation-
damaged tissues promotes wound healing through angiogenesis [80]. A prospective study tested
the effects of HBOT on xerostomia in HNC patients following radiotherapy and discovered after
thirty 90-minute sessions of HBOT over a period of 6 weeks, both saliva volume and xerostomia
scores significantly improved at the end of the treatment period [82]. A systematic review was
performed to determine if HBOT improves xerostomia in HNC patients and observed
improvements in saliva viscosity and xerostomia scores across seven studies [83]. However, the
majority of the studies were prospective, demonstrating the need for more randomized controlled
clinical trials to strengthen the effectiveness of HBOT treatment for improving xerostomia in the

clinic.
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Palliative therapies

Treatments for radiation-induced xerostomia manage the dry-mouth sensation by
lubricating the oral cavity or stimulating saliva production from the remaining functional gland.
Physicians often recommend sipping water and over-the-counter agents to their HNC patients
post-radiotherapy to alleviate xerostomia symptoms, such as mouthwashes, sugar-free gums, and
moisturizing gels, specifically Biotene® products as they have demonstrated clinical efficacy in
alleviating oral discomfort following radiotherapy [84]. The formulation of oral lubricants/saliva
substitutes includes hydrophilic compounds, such as mucin, xanthan gum,
hydroxyethylcellulose, and glycerine, and sometimes immunologically active compounds are
incorporated as well [85], [86]. Due to the variety of available saliva substitutes, a study
investigated the saliva substitute preferences of HNC patients with xerostomia following
radiotherapy and discovered that product flavor and consistency were the most influential factors
in deciding which saliva substitute they preferred to use since the duration of effect was short for
each agent, ranging from 20 minutes to 2 hours depending on the patient [87]. Due to the
transient efficacy of current saliva substitutes, studies are investigating an alternative strategy
whereby the endogenous mucins in the patient’s mouth are enhanced to improve oral lubrication
rather than relying on exogenous compounds to lubricate the oral cavity [88], [89]. One such
study tested the effects of the mucoadhesive chitosan on recruiting glycoproteins in the saliva of
a Sjogren’s syndrome patient to increase the lubricant properties of the saliva using an ex vivo
tongue-enamel friction system and discovered over a 7-fold increase in duration of lubricant
effect compared to buffer control [88]. Another study tested the safety and efficacy of
preactivated chitosan covalently linked to mercaptonicotinic acid (MNA) on HNC squamous
cells and observed no cell toxicity from the compound and a 1.3-fold improvement in

mucoadhesion compared to unmodified chitosan, suggesting that preactivated chitosan may be a
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promising mucoadhesive for improving xerostomia symptom relief and duration [90], but more
research is needed before this compound can reach clinical trial testing.

Pilocarpine is an FDA-approved drug for treating xerostomia that acts as a muscarinic
acetylcholine agonist in acinar cells to stimulate saliva secretion [91]. The efficacy of pilocarpine
in improving radiation-induced xerostomia in HNC patients has been demonstrated in multiple
clinical trials [92],[93], [94], but unfortunately adverse systemic effects are commonly observed.
These adverse effects include excessive sweating, lacrimation, nausea, vomiting, and chest pain
in a dose-dependent manner, which lead to decreased adherence to the drug treatment [95].
Recent research has focused on topical administration of pilocarpine as a mouthwash to reduce
the adverse side effects associated with the drug. A clinical trial compared the effects of 1% and
2% pilocarpine mouthwash on salivary flow and adverse side effects in subjects with xerostomia
and discovered after two weeks of treatment significantly higher salivary flow in the 1% and 2%
pilocarpine mouthwash groups compared to the placebo mouthwash, with the 2% pilocarpine
group displaying significantly higher salivary flow compared to the 1% pilocarpine group [96].
No adverse side effects were reported by any of the 48 subjects, which may increase patient
adherence to the treatment [96]. It is important to note that none of the subjects exhibited
radiation-induced xerostomia, therefore the effects of this study may be different based on
various etiologies (such as radiation damage compared to Sjogren’s syndrome) [96]. Cevimeline
is another FDA-approved muscarinic acetylcholine agonist for saliva stimulation that has
demonstrated efficacy clinically for improving radiation-induced xerostomia in HNC patients,
but it is also associated with adverse side effects, the most common one being excessive
sweating [97], [98]. A study compared the efficacy and adverse side effects of pilocarpine and

cevimeline and discovered that the two drugs exhibit similar improvements in salivary secretion
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and similar adverse side effects in xerostomia patients [99]. Bromhexine, nizatidine, and
cisapride are additional drugs that have demonstrated the ability to increase saliva secretion by
mucolytic action and cholinergic stimulation, but the research is limited investigating their
effects on radiation-induced xerostomia [100], [101]. Even though topical administration of
pilocarpine appears promising for alleviating xerostomia, it is still only a temporary solution for

treating radiation-induced salivary gland damage.
Mechanisms of radiation-induced salivary gland damage

Salivary gland structure

The three major salivary glands (parotid, submandibular, and sublingual) contribute to
over 90% of saliva production [17] and serve particular functions based on their structural
composition. The parotid gland is mainly composed of acinar cells that secrete saliva and are
responsible for the majority of stimulated saliva production in addition to ductal cells that deliver
saliva to the mouth [102], [11]. The submandibular gland is composed of ductal cells and a
mixed acinar cell population with both saliva and mucous secretion functions and is responsible
for the majority of unstimulated saliva production [103], [11]. The sublingual gland is also
composed of a mixture of ductal and acinar cells, but the acinar cells contain 10-fold higher
levels of mucins compared to acinar cells in the submandibular gland and therefore the
sublingual gland is responsible for the majority of mucous secretion [104], [17]. Thus,
investigating individual cellular compartments within the major salivary glands is necessary to
investigate the different functions of salivary glands collectively.
DNA damage, inadequate DNA repair, cell cycle arrest

It is well established that radiation (IR) directly and indirectly damages intracellular

DNA, and in the salivary gland the typically-observed DNA damage types are oxidative damage
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to the sugars and bases, clustered DNA damage, and DNA single- and double-stranded breaks
(SSBs/DSBs) [105], [106], [107]. One study demonstrated in parotid salivary gland tissue
extracted from mice exposed to a single 5 Gy IR dose a 3.3-times increase in DNA DSBs
compared to untreated tissue within 15 minutes of exposure [108]. This same study demonstrated
inadequate DNA repair in irradiated parotid tissue by measuring Sirtuin-1 (SirT-1) protein levels,
as SirT-1 is recruited to DNA damage sites and deacetylates p53 and Forkhead box class O
(FOXO) transcription factors, which suppresses apoptosis and promotes DNA damage repair
[109]. SirT-1 protein levels were significantly reduced in irradiated parotid tissue compared to
untreated, which is correlated with inadequate DNA DSB repair [108]. The study also measured
phosphorylation of the histone H2A variant H2AX at Ser139 (known as y-H2AX), which is
reflective of DNA repair, and compared it to irradiated mice pretreated with insulin-like growth
factor-1 (IGF-1) [108]. Phosphorylated y-H2AX protein levels were about 50% lower in the
irradiated mice pretreated with IGF-1 compared to irradiated only mice, indicating that IGF-1
enhances DNA DSBs repair resolution after IR treatment [108]. Furthermore, it was
demonstrated that SirT-1 activity is necessary for IGF-1 mediated DNA repair in irradiated
parotid acinar cells as pretreatment with the SirT-1 specific inhibitor EX 527 and IGF-1 resulted
in DSBs comparable to that of non-irradiated controls [108]. IGF-1 pretreatment has been shown
to preserve salivary gland function in mice at 30 and 90 days post-fractionated IR treatment
[110], therefore SirT-1-dependent IGF-1 DNA repair may be one of the mechanisms facilitating
the preservation of salivary gland function following IR.

DNA damage checkpoints are essential for halting the cell cycle to allow DNA repair to
occur before proceeding through mitosis to ensure cell viability [111]. It has been demonstrated

in acinar cells from parotid glands exposed to 5 Gy IR that the percentage of cells in the G2/M
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phase checkpoint is not significantly different from untreated cells, but when mice are pretreated
with IGF-1 and exposed to IR, the percentage of cells in G2/M increases fourfold compared to
untreated and irradiated only groups [112]. Expression levels of the cell cycle arrest gene p21
and phosphorylated cyclin-dependent kinase cdc2 levels were significantly higher in the groups
pretreated with IGF-1 compared to untreated and irradiated only groups, suggesting IGF-1-
induced G2/M cell cycle arrest is promoted through p21 and its inhibitory action on cdc2 [112].
It was further demonstrated that IGF-1 pretreatment reduces the binding of ANp63 (a truncated
p63 isoform lacking a transactivation domain) to the p21 promoter after irradiation, which
corroborates the increase in p21 expression observed with IGF-1 pretreatment [112].
Additionally, irradiated mice pretreated with IGF-1 displayed decreased phosphorylated and total
p53 protein levels at 8- and 24-hours following IR compared to irradiated only mice, suggesting
that p53 is involved in IR-induced cell cycle arrest [112]. To confirm the involvement of p53,
parotid tissue from irradiated p53 knockout (**) mice with or without IGF-1 pretreatment was
stained for proliferating cell nuclear antigen (PCNA) and the percentage of PCNA-positive
acinar cells increased significantly in the p53” mice pretreated with IGF-1 compared to wild-
type controls, showing that p53 is necessary to induce cell cycle arrest following IR and prevent
proliferation [112]. Another study tested the effects of a cyclin-dependent kinase inhibitor,
Roscovitine, on cell cycle arrest following 5 Gy IR treatment and discovered that pretreatment of
mice with Roscovitine significantly increased the percentage of cells in the G2/M phase
checkpoint and upregulated p21 expression at 6 hours post treatment compared to IR plus vehicle
group [113]. Roscovitine pretreatment preserved salivary gland function at days 3, 14, and 30
following IR treatment compared to radiation plus vehicle group [110], suggesting that the

increase in G2/M cell cycle arrest underlies preserved salivary gland function after IR treatment.
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Apoptosis, autophagy, and cellular senescence

Apoptosis has been shown to increase acutely following radiation in salivary acinar cells
of mice, beginning at 8 hours, peaking at 24 hours, and diminishing after 72 hours [114], [115],
[116], [117]. To investigate the apoptotic mechanism, the role of Akt in suppressing apoptosis
following (0.25-5 Gy) IR treatment was tested using transgenic mice expressing a constitutively
activated mutant of Aktl, myr-Aktl [114]. Akt phosphorylates MDM2 (murine double minute
clone 2), which stimulates translocation of MDM2 from the cytoplasm to the nucleus where it
binds p53 to target it for degradation [118]. In addition to the role of p53 in signaling cell cycle
arrest in response to DNA damage, it can also induce apoptosis when DNA repair is ineffective
[119]. At 8 and 24 hours post-IR treatment (single 5 Gy dose), the percent of activated caspase-3
positive cells was significantly lower in acinar cells from the irradiated myr-Akt mice compared
to the irradiated control mice, which supports the role of Akt in suppressing radiation-induced
apoptosis in salivary acinar cells [114]. Additionally, levels of phosphorylated p53 at serine!®
and total p53 protein levels significantly decreased in acinar cells from irradiated myr-Akt mice
compared to irradiated control mice [114]. To test the role of MDM2 in the Akt/p53 pathway of
apoptotic suppression, the researchers used short interfering RNA (siRNA) to knockdown
MDM2 in myr-Akt derived acinar cells and discovered increased total p53 protein levels at 48
and 72 hours post-transfection and increased susceptibility to etoposide-induced apoptosis in the
siRNA transfected myr-Akt derived acinar cells compared to the lipid transfection control myr-
Akt derived acinar cells [114]. Thus, these results support the role of the Akt/MDM2/p53
pathway suppressing apoptosis in irradiated salivary acinar cells.

Another study confirmed p53-dependent apoptosis following IR in the salivary gland
using a p53”-mouse model [115]. A dose-dependent increase in transcription of pro-apoptotic

genes (PUMA and Bax) was observed at 4 hours post-(1, 2, or 5 Gy) IR treatment in the parotid
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glands of p53** and p53*", and this increase was attenuated in the p53” group [115].
Additionally, salivary flow rate did not significantly change in the p53” group following IR at
both acute and chronic time points while salivary flow rate significantly decreased in the p53**
and p53™~ groups chronically, which further supports the role of p53-dependent apoptosis
contributing to loss of function of the salivary gland following IR treatment [115].

Further research has corroborated p53-dependent apoptosis underlying IR-induced
salivary gland dysfunction using human parotid epithelial cells (hPECs) [120]. This study
investigated the mechanistic effect of keratinocyte growth factor-1 (KGF-1) on radioprotection
in hPECs, as KGF-1 has been shown to regenerate damaged epithelial cells in other tissues (lung,
oral mucosa, and gastrointestinal tract) [120]. KGF-1 was administered to the cells directly after
10 or 20 Gy IR and the results of the TUNEL assay that detects fragmented DNA revealed a
significant decrease in TUNEL-positive apoptotic cells in the treatment group compared to
irradiated-only control cells [120]. The researchers investigated the anti-apoptotic mechanism by
measuring protein levels of pro-apoptotic proteins p53, Bax, PUMA, cleaved caspase-9 and -3,
and Bcl-2 and again observed a significant decrease in the pro-apoptotic protein levels in the
treatment group compared to irradiated-only control cells [120]. To study the role of KGF-1 p53-
dependent apoptosis inhibition in conferring radioprotection of the salivary gland, the researchers
locally delivered KGF-1 to the salivary glands in rats and observed a significant improvement in
salivary flow rates at 2 and 16 weeks post-15 Gy IR compared to the control group that received
radiation only plus phosphate buffered saline (PBS) vehicle, which suggests the radioprotective
effect of KGF-1 in the salivary gland is associated with regulation of p53-dependent apoptosis
[120]. Thus, targeting p53-dependent apoptosis may be a promising mechanism for restoring IR-

induced salivary gland dysfunction.
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In addition to p53-dependent apoptosis contributing to IR-induced salivary gland
dysfunction, protein kinase C delta (PKC5d) is a pro-apoptotic isoenzyme that has also been
demonstrated to play a role in salivary gland dysfunction following IR. PKC3 is cleaved by
caspase-3 following IR stimuli to induce apoptosis and PKCs knockdown was demonstrated to
protect parotid salivary glands in vivo from radiation-induced apoptosis compared to wild-type
littermates at 24 hours following radiation [121]. This study tested if p53 is inactivated when
PKCS3 is knocked down and discovered no significant differences in phosphorylated p53 levels
between PKC3” and PKC8*'* cells exposed to the apoptotic inducer etoposide, demonstrating
that PKC3d is downstream of p53-induced apoptotic signaling [121]. The study also showed that
PKC3 activates c-Jun amino-terminal kinase (JNK) since JNK phosphorylation was significantly
decreased in the PKC5™ cells exposed to the apoptotic inducer etoposide compared to the
PKC§** cells exposed to etoposide [121]. A different study tested the effect of PKCS on IR-
induced salivary gland dysfunction using tyrosine kinase inhibitors to prevent phosphorylation
and activation of PKCd [122]. Dasatinib is a broad-spectrum tyrosine kinase inhibitor and
significantly abrogated phosphorylation of PKC3 at Tyr-64 and Tyr-155 in pretreated ParC5 (rat
parotid acinar) cells compared to untreated ParC5 cells [122]. The researchers administered
dasatinib orally to mice 1 hour before and 3 hours after 10 Gy IR treatment and harvested parotid
tissue at 24 hours post treatment to analyze apoptosis using caspase-3 staining [122]. Dasatinib
treatment reduced activated caspase 3 in the irradiated parotid tissue by over 60% compared to
the irradiated only parotid tissue group [122], suggesting that targeting PKC5 activation may
provide another mechanism for preventing apoptosis-dependent IR damage in the salivary gland.

Autophagy is a mechanism by which cellular components are degraded and recycled, and

activation of this mechanism has been linked to apoptosis following damage but the relationship
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between the two mechanisms is not fully elucidated [123]. The role of autophagy in IR-induced
salivary gland damage was investigated by measuring the conversion of LC3-1to LC3-I1, p62
phosphorylation levels, Atg5, and Atg 7 levels in the parotid tissue of irradiated mice as these are
markers of autophagy induction [124]. At 4, 6, and 8 hours following 5 Gy IR treatment,
autophagy was not significantly induced [124], so the researchers tested if IGF-1 pretreatment
would induce autophagy and preserve salivary gland function after IR treatment since IGF-1 has
previously been shown to decrease apoptosis and preserve salivary gland function [110]. At 6
and 8 hours post IR, autophagy was induced in the IGF-1 pretreated irradiated mice compared to
the irradiated only control group, as demonstrated by increased Atg5 and Atg7 protein levels,
increased LC3-1I levels, and decreased phosphorylated p62 levels [124]. To confirm that
autophagy is a mechanism by which IGF-1 preserves salivary gland function following IR,
autophagy-deficient mice (Atg5""; Aqp5-Cre) received IGF-1 treatment prior to 5 Gy IR and when
saliva was collected at acute, intermediate, and chronic IR time points, the salivary flow rate was
significantly lower in the autophagy-deficient mice compared to Atg5*'*; Aqp5-Cre wild-type
mice, demonstrating the importance of autophagy for IGF-1-mediated salivary gland
preservation after IR [124]. Interestingly, the study observed a significant increase in apoptosis at
24 and 48 hours post-IR in the autophagy-deficient mice compared to the wild-type mice,
suggesting an inverse relationship exists between apoptosis and autophagy in the parotid gland
following IR [124].

Based on the previous research, autophagy induction may be a therapeutic mechanism for
restoring IR-induced damage in the salivary gland. A pharmacological autophagy inducer, the
rapalogue CCI-779, was given 4-8 days following 5 Gy IR treatment in FVB mice and salivary

flow rates were restored to untreated levels compared to the irradiated-only group at chronic time

38



points following IR [125], suggesting rapalogues may be useful in the clinic for the management
of IR-induced xerostomia in HNC patients. Recently, a 3D organoid system was used to
investigate the role of autophagy in the self-renewal capability of salivary gland stem cells and
found that pharmacological stimulation of autophagy promoted self-renewal in both mouse and
human salivary gland stem cells [126], which provides a promising mechanism to investigate for
permanent restoration of function following IR damage in the salivary gland.

Cellular senescence has been observed to occur following IR in the salivary gland of
different model organisms [127], [128], [129]. One study used a mouse model to investigate
senescence induction in the salivary gland following 15 Gy IR exposure and observed persistent
DNA damage at 48 hours to 8 weeks following IR (measured by increased yH2AX and p53
binding protein-1 (53BP1) phosphorylation in response to DNA DSBs), and an increase in
senescence-associated markers SA-pgal, p19ARF, and DcR2, PAI-1 and inflammatory cytokine
interleukin (IL)-6 at 2 and 8 weeks following IR treatment [127]. The study further demonstrated
the significance of IL-6 in senescence induction following IR in the salivary gland by using an
IL-6 knockout (IL-67) mouse and observed a significant reduction in the aforementioned
senescence-associated markers, and they further supported this point by pretreating wild-type
mice with local IL-6 administration before IR treatment and observed a reduction in the
senescence-associated markers as well as increased saliva production compared to irradiated-
only control wild-type mice at 8 weeks post-IR [127]. Another group used a swine model and
observed a significant decrease in expression of the anti-senescence marker vascular endothelial
growth factor (VEGF) in salivary gland epithelial cells at 1 and 5 weeks post-20 Gy IR
treatment, and they were able to reverse this decrease through Hedgehog activation in resident

parotid gland macrophages to reduce epithelial cell senescence [128]. These findings were
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corroborated in a follow-up study where the researchers observed that transient Sonic Hedgehog
(Shh) activation in the submandibular glands of mice via adenoviral delivery at day 3 following
15 Gy IR treatment reduced cellular senescence (Gdf15 gene expression) and oxidative stress
while promoting DNA repair (increased expression of survivin and miR-21 genes) [130]. Thus,
inhibiting cellular senescence may be a therapeutic mechanism for restoring IR-induced

dysfunction in the salivary gland.

Reactive oxygen species production

It is well-established that IR increases reactive oxygen species (ROS) production, and
this effect has been demonstrated to alter mitochondrial function in salivary submandibular cells
by contributing to destruction of mitochondrial membrane structures, decreased mitochondrial
membrane potential, and increased cytochrome c release [131]. The role of mitochondrial ROS
production in IR-induced salivary gland dysfunction was demonstrated in a study where mice
received MitoTEMPO treatment 10 minutes before, 24 hours after, and 48 hours after 15 Gy IR
treatment [132]. MitoTEMPO is a pharmacological mitochondrially targeted ROS scavenger,
and MitoTEMPO treatment attenuated the initial IR-induced increase at 24-72 hours in
mitochondrial ROS and it rescued the decrease in salivary flow rate observed in irradiated mice
at 30 and 60 days post-IR treatment [132]. Thus, the acute increase in mitochondrial ROS after
IR contributes to chronic salivary gland dysfunction and inhibiting this initial increase is
beneficial in managing chronic damage. Another group developed an ROS scavenger, HL-003,
with the goal of achieving superior antioxidant potential compared to amifostine [133]. Mice
received an injection of either HL-003 or amifostine 30 minutes prior to 15 Gy IR and salivary
gland tissue was collected 2 weeks after treatment, and pretreatment with both HL-003 and

amifostine rescued salivary flow rate compared to irradiated only mice, with the HL-003 IR
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group displaying a slightly higher improvement compared to the amifostine IR group [133]. This
study demonstrated that HL-003 protects the salivary epithelium from IR damage as the
expression of the salivary epithelial marker, AQP-5, was preserved with HL-003 pretreatment in
irradiated mice, and that HL-003 decreases oxidative damage as total antioxidant capacity levels
were rescued to untreated control levels in the HL-003 pretreated IR mice [133]. A separate
study investigated salidroside, the main ingredient of a Chinese herb, and discovered that
submandibular acinar cells pretreated with salidroside for 24 hours prior to 15 Gy IR had
decreased mitochondrial ROS production, rescued mitochondrial damage, and significantly
increased levels of the antioxidants superoxide dismutase (SOD), catalase (CAT), and reduced
glutathione (GSH) compared to irradiated only cells at 24, 48, and 72 hours post-IR [134]. Based
on these studies, pharmacological agents that scavenge free radicals and inhibit their production
are promising for preserving salivary gland function following IR and possibly decreasing the

adverse side effects associated with amifostine treatment.

Inflammatory response

Inflammation is an essential phase of wound healing and unresolved inflammation may
underlie IR-induced salivary gland dysfunction. It has been shown that expression levels of
inflammatory cytokine interleukin (IL)-6 increase at 3 hours post-13 Gy IR treatment, decrease
at 6 hours, and increase again at day 14 post-IR in the salivary glands of mice [127]. Since IL-6
is a proinflammatory cytokine, the role of this cytokine in IR-induced salivary gland dysfunction
needs to be further studied [13]. The P2X7 receptor (P2X7R) is an extracellular ATP (eATP)-
gated ion channel that upon activation by eATP released from damaged cells promotes
proinflammatory signaling of cytokines (including IL-6), tumor necrosis factor-a (TNF-a), and

the eicosanoid prostaglandin E> (PGE2) [135]. A study investigated the role of P2X7R in salivary
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gland damage post-IR using P2X7R knockout (P2X7R"") mice and observed significantly
decreased PGE: release in the primary parotid cells of P2X7R” mice compared to wild-type
mice following 5 Gy IR at 24, 48, and 72 hours [135]. Importantly, the study demonstrated that
P2XT7R deletion using the knockout mice and antagonism using P2X7R antagonist (A438079)
pretreatment 1 hour prior to IR significantly restored saliva flow rate at both 3 and 30 days
following IR compared to irradiated wild-type and irradiated wild-type plus vehicle controls
[135]. P2X7R was shown to play a role in salivary gland dysfunction following IR that may be
mediated by PGE> secretion, and it was further demonstrated that the effect of P2X7R is
independent of apoptosis as apoptotic levels were similar in parotid cells of P2X7R knockout
mice and wild-type mice at 24-72 hour following IR [135]. To further elucidate the role of PGE>
secretion in IR-induced salivary gland dysfunction, the researchers treated FVB and C57B6/6J
mice with indomethacin at days 3, 5, and 7 post 5 Gy IR and observed restoration of salivary
flow rate at days 10 and 30 post-IR compared to the irradiated plus vehicle control [136].
Indomethacin is a non-steroidal anti-inflammatory drug (NSAID) that decreases PGE; secretion
by preferentially blocking cyclooxygenase-1 (COX-1) in parotid acinar cells, and the study
confirmed that indomethacin treatment significantly decreased both COX-1 activity and PGE>
secretion at 24 hour post 5 Gy IR [136]. The researchers further investigated the mechanism of
PGE: secretion in salivary gland damage post-IR and discovered decreased JNK activity at day 8
following IR and decreased proliferation and increased amylase levels at day 30 post-IR in mice
receiving post-IR indomethacin treatment compared to irradiated plus vehicle control mice,
suggesting JNK signaling via PGE> secretion contributes to salivary gland damage and loss of

function following IR [136].
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Neuronal and vascular changes

Parasympathetic innervation is essential for normal function of the salivary glands as
denervation results in irreversible salivary gland atrophy [137]. More specifically,
parasympathetic ganglion removal in mouse explant organ culture significantly decreased keratin
5-positive (K5Y) epithelial progenitor cells, and these cells are necessary for organogenesis to
occur when they are in an undifferentiated state [138]. Knox et al. tested the importance of
parasympathetic innervation in the IR damage response by exposing fetal submandibular explant
cultures from transgenic mice expressing fluorescent progenitor cells (K5%) to 5 Gy IR [139]. At
days 5 and 7 following IR, the progenitor cells (K5%) survived but parasympathetic function was
impaired as evidenced by decreased end bud number, and neurturin expression was reduced,
which increased neuronal apoptosis [139]. Neurturin is a neurotrophic factor produced by the
submandibular gland during development and is important for normal parasympathetic signaling
[139], [140]. The researchers treated the submandibular explant cultures with neurturin and it
rescued the parasympathetic function that was diminished with IR as well as increased epithelial
regeneration, suggesting that neurturin protects parasympathetic innervation and may restore
salivary gland function following IR [139]. In vivo adenoviral delivery of neurturin to mouse
salivary glands 24 hours prior to 5 Gy IR treatment restored salivary flow rates to untreated
levels at 60 days following IR, and using ex vivo fetal salivary gland cultures they demonstrated
that neurturin adenovirus improved salivary gland growth after IR by increasing parasympathetic
innervation [141], thus supporting the role of neurturin in protecting the salivary gland from IR-
induced dysfunction by increasing parasympathetic innervation. To improve delivery of the
neurturin gene for clinical use, an adeno-associated virus serotype 2 (AAV2) vector was used to

reduce the number of immune side effects associated with the adenovirus serotype 5 vector used
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in the previous study [142]. This follow-up study delivered an AAV2-based vector encoding
human neurturin (CERE-120) to the salivary glands of minipigs 10 days prior to fractionated IR
(6 x 5 Gy) and observed restoration of salivary flow rates at 90, 120, and 300 days post-IR and
RNA sequencing (RNA-seq) analysis revealed a decrease in expression of genes involved in IR-
induced fibrosis and the innate and adaptive humoral immune responses with CERE-120
pretreatment [142]. Not only does neurturin appear to increase parasympathetic innervation to
restore IR-induced salivary gland dysfunction, but it also appears to affect the immune and
fibrotic responses, suggesting that neurturin exerts multi-faceted effects on salivary gland
restoration.

While the acinar cells have been the main focus for investigating IR-induced salivary
gland damage, the microvascular endothelial cells are also involved in IR damage, and this was
first demonstrated in the gastrointestinal (Gl) tract of mice [143]. A group investigated the effect
of 15 Gy IR on the microvasculature of the salivary glands of mice and discovered an
approximate 45% decrease in the microvessel density (MVD) of irradiated mice compared to
unirradiated controls [144]. VEGF and basic fibroblast growth factors (bFGF) were previously
shown to protect the Gl tract of mice, so the researchers used adenoviral delivery of VEGF and
bFGF to the salivary glands of mice 48 hours prior to 15 Gy IR treatment and observed
restoration of MVD to non-irradiated control levels at 4 hours post-IR as well as restoration of
salivary flow rate at 8 weeks post-IR compared to non-irradiated controls [144]. Another study
sought to investigate the mechanism by which IR-induced microvascular damage contributes to
salivary gland dysfunction and tested the role of ROS by pretreating mice with TEMPOL, the
ROS scavenger, 10 minutes prior to 15 Gy IR [145]. Pretreatment with TEMPOL significantly

restored MVD levels to non-irradiated control levels at 4 hours post-IR, suggesting that IR-
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induced microvascular damage is mediated by increased ROS production, which contributes to
loss of salivary gland tissue function [145]. A different approach was used by a group to
investigate if bone marrow-derived cells (BMCs) mobilized with cytokine agents (granulocyte
colony-stimulating factor (G-CSF) or the combination of FMS-like tyrosine kinase-3 ligand,
stem cell factor, and G-CSF (termed F/S/G)) can regenerate IR-damaged salivary glands [146].
The F/SIG post-IR treatment was more effective compared to the G-CSF treatment as the F/S/G
treatment increased the amount of mobilized BMCs by 10-fold and resulted in significantly
reduced damage to submandibular blood vessels and BMC-derived vessels, suggesting that
combination cytokine treatment can increase the efficacy of BMCs regenerating IR-damaged

salivary glands [146].

Cell structure alterations

Adherens junctions are important in the formation of new cell-cell contacts during wound
healing and are essential for acinar cell differentiation in embryonic submandibular gland
development [147]. A complex interplay exists between adherens junctions and the actin
cytoskeleton in response to injury to regulate cell shape, and a study investigated how 5 Gy IR
affects both adherens junctions (the E-cadherin/B-catenin complex) and actin in the parotid
salivary glands of mice and observed a significant decrease in E-cadherin/pB-catenin binding at
days 4, 7, and 30 post-IR and disrupted F-actin organization at days 7 and 30 post-IR [148]. The
researchers further elucidated the mechanism of E-cadherin/B-catenin disassociation following
IR and discovered that phosphorylated Rho-associated coiled-coil containing kinase 1 (ROCK1)
increases at day 7 post-IR, and activated ROCK regulates the myosin regulatory light chain
(MLC) that controls actin filament movement, suggesting that IR induces a ROCK-mediated E-

cadherin/p-catenin disassociation that results in disrupted F-actin organization and contributes to
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loss of tissue function [148]. In addition to adherens junctions, tight junctions between cells
maintain the cellular polarity and following 20 Gy IR targeted to the submandibular glands of
rats, tight junction width decreased at 1 and 12 weeks post-IR, and both secretory function and
tight junction width were restored when pilocarpine was administered 1 hour prior to IR and for
6 consecutive days post-IR, which supports the importance of tight junction function for
preserving IR-induced salivary gland dysfunction [149]. Cellular polarity was demonstrated to be
disrupted following IR as decreased levels of the apical polarity marker, protein kinase C zeta
(PKCC), were observed at days 5, 7, and 30 post-5 Gy IR in mouse parotid salivary glands [150].
The researchers observed increased levels of Jun N-terminal kinase (JNK), a kinase that
increases cell proliferation, at day 5 post-IR, and discovered using PKC( knockdown in vivo and
inhibition in vitro that PKCC suppression increases JNK activation, leading to compensatory
proliferation in the irradiated salivary gland [150]. Thus, IR-induced apical-basolateral polarity
disruption is correlated with increased compensatory proliferation in the salivary gland, which

contributes to chronic loss of function.

Compensatory proliferation

Increased cell proliferation in response to tissue damage, termed compensatory
proliferation, has been observed to occur in the salivary gland following IR, beginning acutely in
the intercalated duct and starting at 5-6 days post-IR in the acinar cells and granular convoluted
tubule cells of the parotid and submandibular glands [151], [152], [153]. Although the number of
cells is increasing to re-populate the tissue, measured using antigen KI-67 (Ki67) positive cells
as a proliferation marker, they are not differentiating properly to restore function to the salivary
gland tissue, as evidenced by reduced levels of the acinar cell differentiation marker salivary

amylase and decreased salivary flow rates chronically following IR [154], [155]. Various
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pharmacological agents have been tested to inhibit compensatory proliferation in the salivary
gland and see if the inhibition correlates with loss of tissue function. The agonist monoclonal
antibody mAbEDAR1 activates the signaling of the ectodermal signaling molecule
ectodysplasin-Al (EDA)/EDA receptor (EDAR), which initiates development of teeth, hair
follicles, and salivary glands [156]. Administration of mMAbEDARL to mice 4 days following 5
Gy IR resulted in restoration of salivary gland function to unirradiated vehicle control levels at
day 14 and chronically post-IR [157]. Proliferating cell nuclear antigen (PCNA) staining
revealed a significant decrease in the number of PCNA-positive acinar cells in the post-IR
MADbEDAR1 treatment group compared to the irradiated plus vehicle group as well as restoration
of amylase positive area to unirradiated vehicle control levels, demonstrating that mMAbEDAR1
decreases cell proliferation and increases differentiation following IR in the salivary gland,
which is correlated with restored salivary gland function [157]. The rapalogue CCI-779 was
previously shown to induce autophagy in a mouse model following 5 Gy IR and restore salivary
flow rates chronically, and in the same study CCI-779 administered post-IR restored PCNA
levels and amylase area to untreated control levels, which further supports the role of
compensatory proliferation contributing to IR-induced salivary gland dysfunction [125].
Additionally, IGF-1 administered 4-8 days post-5 Gy IR reduced the percentage of PCNA
positive acinar cells at day 9 post-IR and chronically compared to irradiated control mice and
restored amylase area and salivary flow rates to untreated levels chronically [154].

Chibly et al. used a mouse model to demonstrate that inactivation of atypical protein
kinase C zeta (aPKC{) is correlated with the initiation of compensatory proliferation in
progenitor cells, identified as label-retaining cells (LRCs), in the acinar compartment of the

salivary gland at 5-7 days post-IR [153]. Upon administration of IGF-1 post-5 Gy IR, the
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percentage of aPKC( positive LRCs as well as salivary flow rates were restored to untreated
levels at day 30 post-IR, and using a Prkcz’- mouse model the study showed that aPKC( is
required for IGF-1-induced restoration of salivary gland function following IR [153].
Interestingly, Prkcz” mice display significantly higher baseline proliferation, assessed by
percentage of Ki67-positive acinar cells, compared to wild-type mice, and 5 Gy IR does not alter
proliferation levels over time in the Prkcz” mice, further supporting the observation that PKCC is
modulated by IR and correlated with increased cell proliferation at day 5 and 30 post-IR [150].
Thus, PKC( may be a therapeutic target to reduce proliferation post-IR in the salivary gland and
restore function due to its role in regulating both cellular polarity and compensatory

proliferation.

Stem/progenitor cells and tissue regeneration

The reactivation of endogenous adult stem cells in the salivary gland is a promising
therapeutic mechanism for restoration of IR-induced dysfunction. Initiating cells that aid in
tissue reconstruction following injury are defined as progenitor cells since their differentiation
capabilities are limited compared to multipotent stem cells [158]. A hinderance to this research is
the limited knowledge regarding the identity of the salivary gland stem and progenitor cell (SPC)
population in the salivary gland, especially since cellular differences exist across the three major
glands [153], [158], [159]. More specifically, the identity of adult SPCs that contribute to acinar
cell formation during wound healing is unclear and is needed to restore secretory function
following IR damage [160]. One view is that SPCs in the adult ductal compartment give rise to
both ductal and acinar cells [161], however, a lack of definitive lineage tracing experiments has
led to this hypothesis not demonstrating the contribution of ductal cell replacement to salivary

gland function [162]. An older study identified the transcriptional regulator Mistl exclusively
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expressed in salivary acinar cells across all three major pairs of salivary glands [163], paving the
way for a more recent study to investigate acinar cell replacement using a genetic pulse-chase
experiment [162]. Using a tamoxifen-inducible Cre reporter for Mist1 gene expression in the
Rosa26Brainbow2.1 (Ro@)Brainbow2.1 rengrter mouse strain, the researchers were able to trace the
proliferating acinar cells through the expression of fluorescent reporter proteins and observed
clonal expansion of the acinar cells after a 6-month chase in submandibular and parotid glands
[162]. The researchers further demonstrated that acinar cells are replaced by clonal expansion of
differentiated acinar cells rather than unlabeled stem cells following injury by performing ductal
ligation and observed clonal expansion of the acinar cells following de-ligation [162]. Another
group demonstrated that SOX2" is a marker for salivary gland progenitor cells that differentiate
into acinar cells using a similar genetic lineage tracing design as the previous study and
demonstrated that SOX2™" is necessary for proper acinar cell function as SOX2 ablation in SOX2*
cells resulted in atrophic cells and decreased total number of acinar cells in the salivary gland
[160]. Furthermore, the researchers tested the effect of 10 Gy IR on SOX2-mediated acinar cell
replenishment in the sublingual gland of their genetic lineage tracing mouse model and
discovered 14 days post-IR replacement of acinar cells by SOX2* cells, which they further
demonstrated can be activated by post-IR treatment with the acetylcholine mimetic carbachol
[160]. Thus, SOX2* cells may be a therapeutic target to restore the functional acinar
compartment of the salivary gland following IR damage.

A different model for identification of salivary gland SPCs uses a label retention assay,
which is a pulse-chase assay utilizing bromodeoxyuridine (BrdU) or 5-Ethynyl-2’-deoxyuridine
(EdU) injections in a pup mouse model that incorporates into the DNA of actively dividing cells

and detects label retaining cells (LRCs) in the salivary glands of the adult mice [164], [165],
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[166]. One study administered BrdU or EdU to 10-day old mice and chased them to 8 weeks
when the salivary glands are fully developed and observed the presence of LRCs in both the
acinar and ductal compartments of parotid and submandibular glands [165]. Putative salivary
SPC markers Keratin 5 (K5), Keratin 14 (K14) and c-kit co-localized with the LRCs in various
gland compartments and structures, suggesting that the salivary LRCs are a heterogeneous
population [165]. The researchers further demonstrated that LRCs are progenitor cells as the
LRCs were able to proliferate to form primary and secondary spheres that co-localized with the
proliferation marker Ki67 and matured to produce amylase, which provides support for the
regenerative capacity of LRCs to restore salivary gland function [165]. Importantly, the effect of
5 Gy IR on salivary LRCs was tested and a similar percentage of LRCs was observed in both
acinar and ductal compartments in the irradiated mice compared to the untreated mice, and no
apoptosis was observed in the LRC population 24 hours post-IR as no co-localization of caspase-
3 and Edu was observed [165]. These results suggest that an endogenous, heterogeneous LRC
population remains in the salivary gland following IR damage and could be stimulated to
regenerate the gland. A different investigation observed salispheres generated from Edu-labeled
LRCs in the parotid glands of mice exposed to 5 Gy IR and noticed a significant decrease in the
number and size of spheres formed compared to salispheres from non-irradiated mice [167].
Additionally, post-IR treatment with the growth factor fetal bovine serum (FBS) or IGF-1
restored salisphere numbers and size from irradiated glands to those from non-irradiated glands,
suggesting that certain growth factors can stimulate salivary LRCs to proliferate ex vivo

following IR damage [167].
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Calcium signaling dysregulation

Salivary gland secretion is controlled by store-operated Ca?* entry (SOCE) signaling in
acinar cells [168]. The calcium-permeable channel, transient potential melastatin-like 2
(TRPM2), was activated by 15 Gy exposure in mouse submandibular acinar cells as evidenced
by a high Ca?* influx 24 hours post-IR [169]. Interestingly, salivary flow was restored in both
TRPM2 knockout mice and wild-type mice receiving the ROS scavenger TEMPOL or the poly
[ADP-ribose] polymerase 1 (PARPL1) inhibitor 3-aminobenzamide at 30 days post-IR treatment,
demonstrating that TRPM2-induced loss of salivary function following IR is mediated by both
PARP1 and ROS activity [169]. A follow-up study investigated the mechanism by which
TRPM2 activation mediates loss of salivary gland function and using TRPM2 knockout mice
observed that 15 Gy IR decreases the endoplasmic reticulum (ER)-Ca2* sensor protein, stromal
interaction molecule 1 (STIM1), and SOCE in submandibular acinar cells starting at 48 hours
post-IR [170]. The researchers observed a significant increase in caspase-3 activation at 3 and 10
days post-IR in the wild-type mice compared to the TRPM2 knockout mice, demonstrating the
role of TRPM2 stimulating caspase-3 cleavage of STIML, resulting in decreased levels of the
protein that initiates SOCE following IR [170]. Adenoviral delivery of STIM1 to the salivary
glands of mice 15 days post 15 Gy IR resulted in a twofold increase in SOCE in the acinar cells
and in saliva secretion at 30 days post-IR compared to irradiated control virus mice, further
illustrating that STIM1 depletion following IR treatment in the salivary gland decreases saliva
secretion by decreasing SOCE [170]. Thus, calcium signaling dysregulation contributes to loss of
salivary gland function after IR treatment and TRPM2 and STIML1 are promising therapeutic

targets for restoring tissue function.
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Metabolomics Analysis

Background and Methods

Metabolomics is the study of metabolites, which are the substrates and products of
metabolic reactions that drive cellular functions essential for life. Metabolites are involved in a
plethora of biochemical actions, such as energy production and storage, apoptosis, post-
translational modification regulation, epigenetic regulation, embryonic stem cell pluripotency,
and signal transduction through their interaction with proteins [171], [172], [173], [174], [175].
Metabolites modulate both gene and protein activity and reflect environmental changes, thus
metabolites and their activity reflect the phenotype of the biological system [176].

Metabolomic studies are untargeted or targeted depending on the research question.
Untargeted studies are hypothesis-generating investigations aimed at acquiring as much data as
possible, annotating the metabolites, and identifying metabolite changes as relative levels to each
other to provide an overview of metabolic changes [177]. Targeted studies are hypothesis-driven
investigations using internal standards to identify and quantify a select number of known
metabolites, typically metabolites of interest from untargeted studies [177]. The two major
analytical methods used in metabolomics are separation techniques coupled to mass
spectrometry (MS) and nuclear magnetic resonance (NMR) spectroscopy. Liquid
chromatography coupled to MS (LC-MS) and gas chromatography coupled to MS (GC-MS) are
used to separate the compounds through elution or gas gradients, with the choice of method
depending on the sample composition [178]. High performance liquid chromatography (HPLC)
is a commonly-used separation technique as it is capable of separating compounds of a wide
polarity range [178]. Within the mass spectrometer, the ion source converts the molecules within

samples into ions, the mass analyzer resolves the ions in an electromagnetic field or time-of-

52



flight tube, and then the detector measures the ions [178]. Electrospray ionization (ESI) is a
popular ion source and is termed “soft ionization” as many of the detected molecular ions remain
intact through the conversion process [178]. MS-based metabolomics approaches have several
advantages, such as high detection sensitivity and a large output of detected metabolites, but
sample preparation is more technical than in NMR spectroscopy as different chromatography
techniques are required for different classes of metabolites and the sample is destroyed through
the analysis [179]. NMR spectroscopy is a more simplified workflow compared to MS
approaches, where alterations in the electromagnetic waves emitted by the nuclei of the sample
are detected and analyzed to form spectral data [179]. NMR spectroscopy is an advantageous
technique due to its high reproducibility and it can also be used for in vivo studies using *H
magnetic resonance spectroscopy [179]. Although a full review of metabolomics methodology is
beyond the scope of this literature review, an overview of the methods used in the following

research studies is presented here for context.

Metabolic biomarker discovery

Due to the ability of metabolites to distinguish phenotypes, identifying metabolic
signatures that are biomarkers of disease is helpful for prediction, diagnosis, and early treatment.
One of the earliest metabolic biomarkers discovered for tumors is an increase in glycolysis in the
presence of oxygen, termed the “Warburg effect”, which increases the rate of ATP production
for sustained malignant cell proliferation [180]. Since this discovery, the metabolic
reprogramming of cancer cells has been further elucidated and is quite complex, involving many
pathways that interact with glucose and glutamine synthesis for energy production, such as
mutations in Kreb’s cycle enzymes corresponding to the intermediates isocitrate, succinate, and

fumarate [181]. Isocitrate dehydrogenase (IDH) gain-of-function mutations are present in several
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cancers, such as glioma and acute myeloid leukemia, and targeted inhibitors of IDH1 and IDH2
inhibited malignant cell proliferation and induced cell differentiation in vitro and in vivo, and
early clinical trials confirm the efficacy of the inhibitors for suppressing cancer growth in
hematological cancers [182]. Thus, metabolic biomarker discovery for diseases can identify
therapeutic targets for disease treatment. Metabolomics studies extend across many disease and
damage phenotypes for biomarker discovery and targeted therapy, including but not limited to
different cancer models, cardiovascular disease, diabetes, liver disease, ischemia—reperfusion

injury, and radiation (IR) damage [183], [184], [185].

Metabolic biomarkers of radiation damage: rodent model biofluids

Much research has focused on utilizing metabolomics to rapidly identify individuals
exposed to IR, through accidental exposure or a nuclear event, as a biodosimetric method for
treatment of acute radiation syndrome (ARS). Easily accessible biofluids are the preferred
analysis medium for humans and include urine, serum, and saliva. Therefore, many animal
studies utilize these biofluids for assessing IR-induced metabolic biomarkers.

The utility of urine for biodosimetric research has been supported by numerous studies
using various model systems [186], [187], [188], [189]. Tyburski et al. used a mouse model
(C57BL/6-N) to investigate the effects of low-IR doses at different time points on the urinary
metabolic profile [186]. Mice were exposed to single doses of 0 (sham), 1, 2, or 3 Gy radiation
(whole-body) and urine was collected in 24-hours intervals at day 1, 3, 5, 7, and 9 after IR
exposure [186]. Urine samples were analyzed using ultra-performance liquid chromatography
coupled to time-of-flight mass spectrometry (UPLC-TOFMS) and revealed elevated levels of
deaminated purine and pyrimidine derivatives thymidine, 2’-deoxyuridine, 2'-deoxyxanthosine,

xanthine and xanthosine at day 1 following 1-3 Gy IR with a decrease in metabolite levels
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observed with increasing time post-IR compared to sham irradiated controls [186]. These
deaminated purine and pyrimidine derivatives reached peak levels at 8-12 hours post-IR and
returned to baseline levels at 36 hours post-IR, revealing a time-dependent excretion [186]. The
authors hypothesized that IR induces nitrosative deamination of 2'-deoxycytidine and 2'-
deoxyguanosine acutely, which leads to increased production of thymidine, xanthine and
xanthosine in the urine [186]. Thus, urinary levels of deaminated purine and pyrimidine
derivatives may aid in identifying the time course of low-IR exposure dose response for
appropriate treatment to be administered. A different group investigated the effect of a range of
IR doses (0.5 to 10 Gy IR) at different time points on the urinary metabolic prolife using a rat
model [187]. UPLC-TOFMS of urine samples at 6-72 hours post-IR revealed a dose- and time-
dependent decrease in urine metabolite excretion as thymidine and creatine levels increased and
citrate levels decreased compared to sham irradiated controls [187]. These results in a rat model
are similar to IR-induced metabolic biomarkers observed in the mouse model.

The effects of higher-IR dose (8 Gy IR exposure to whole-body) on the urinary
metabolite profile of mice was investigated using nuclear magnetic resonance (NMR)
spectroscopy and the samples were analyzed for a 6 hour period on days 1 through 7 post-IR
[190]. Creatine, succinate, methylamine, citrate, 2-oxoglutarate, taurine, N-methyl-nicotinamide,
hippurate, and choline were dysregulated post-IR, displaying a decreasing trend through days 3
and 4 followed by an increasing trend through day 7 with levels closely restored to sham
irradiated control levels [191]. These metabolites are associated with the Kreb’s cycle, amine
metabolism, lipid metabolism, amino acid metabolism, and nucleotide metabolism, suggesting
time-dependent alterations in a variety of metabolic pathways in response to 8 Gy IR [190].

Another group used NMR spectroscopy (untargeted metabolomics analysis) to identify
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biomarkers that differentiate between whole-body IR exposure and partial-body IR exposure in a
mouse model [192]. Mice received 10 Gy radiation to the whole body or targeted to the thoracic,
abdominal, or hind limb region and urine samples were collected 24 hours post-IR [192].
Energy, gut flora, and taurine metabolism were common to whole-body and partial-body IR, but
distinct metabolic profiles were observed in the urine between the whole body, thoracic,
abdominal, and hind limb IR groups [192]. Taurine, creatine, and trimethylamine-N-oxide
(TMAOQO) were most significantly upregulated in the hind limb IR group [192]. These results
demonstrate that urinary metabolic markers are able to acutely distinguish whole-body from
partial-body IR exposure. A follow-up study aimed to assess the reproducibility of urinary
metabolite markers of IR exposure using NMR spectroscopy (untargeted metabolomics) and a
logistic regression model using a mouse model [193]. Mice received whole-body 7.5 Gy IR and
urine was collected 24 hours post-IR [193]. Tri-carboxylic acid (TCA) cycle, taurine and
hypotaurine metabolism, and primary bile acid biosynthesis were the most significantly altered
pathways with IR exposure compared to sham irradiated controls, and the logistic regression
model predicted taurine, citrate, alpha-ketoglutarate, and fumarate as biomarkers with high
sensitivity (1.00) and specificity (0.964) [193]. This study was able to validate previously
identified biomarkers of IR exposure using a prediction model, which supports the use of these
metabolites for IR exposure screening.

A more comprehensive urinary metabolic profiling of radiation exposure was performed
by integrating liquid chromatography coupled to mass spectrometry (LC-MS) and NMR
spectroscopy (both untargeted metabolomics analysis) [194]. Mice were exposed to 5 or 7.5 Gy
radiation to the whole body and urine was collected 24 hours post-IR [194]. Taurine, creatine,

citrate, and 2-oxoglutarate were elevated at both IR doses and enhanced coverage of metabolites
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and correlation networks in energy, taurine, gut flora, L-carnitine, and nucleotide metabolism
was observed at both IR doses compared to sham irradiated controls [194]. This study
demonstrated a similar urinary metabolic signature in response to both 5 and 7.5 Gy IR and
improved metabolic profiling depth by combining the analysis of two independent metabolomics
analysis techniques.

In addition to urine, saliva has been demonstrated to be a useful medium for assessing IR-
induced metabolic changes. In a pilot study, mice were exposed to 0.5, 3, or 8 Gy (very low, low,
or high dose) radiation to the whole body and saliva was collected on day 1 and 7 post-IR [195].
UHPLC-MS (untargeted metabolomics) analysis identified amino acids, fatty acids, and
intermediates of nicotinate and nicotinamide metabolism as dysregulated at day 1 in saliva of
each IR dose group, and at day 7 only the 8 Gy IR group displayed metabolic changes [195].
Based on these results, acute collection of saliva following IR exposure is needed to capture the
complete metabolic effects, unless the dose is high enough to induce long-term effects as was

observed with the 8 Gy IR dose.

Metabolic biomarkers of radiation damage: rodent model tissues

Although using biofluids to assess metabolic signatures of IR damage is convenient due
to the non-invasive method of collection, biofluid metabolic profiles reflect the effect of IR on
multiple organs and are therefore not useful for identifying tissue-specific mechanisms induced
by IR exposure. A group investigated the effect of IR on cardiotoxicity by targeting 0.2 or 2 Gy
IR to the heart tissue of mice and collecting the tissue at 48 hours and 20 weeks post-IR [185].
NMR spectroscopy (untargeted metabolomics analysis) revealed elevated levels of pantothenate
and glutamate and decreased levels of alanine, malonate, acetylcarnitine, glycine, and adenosine

at 48 hours post-2 Gy IR compared to sham irradiated controls [185]. Amino acid and amine
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derivatives were dysregulated between the 48-hour and 20-week time points in the groups
exposed to 2 Gy IR [185]. Interestingly, histological analysis of the heart tissue did not reveal
significant differences in collagen content or apoptosis between the two IR doses at the two time
points compared to sham irradiated control, indicating that metabolomics analysis is a more
sensitive method for detecting IR-induced effects in heart tissue compared to histological
analysis [185]. Other researchers investigated metabolic changes in testicular tissue of mice
exposed to 2 Gy whole-body IR and tissue was harvested at 24 hours, 3 weeks, and 5 weeks
post-IR [196]. NMR spectroscopy (untargeted metabolomics analysis) identified changes in
energy metabolism, osmolytes, and membrane metabolism acutely at 24 hours and some of these
changes persisted chronically compared to sham irradiated controls [196]. Importantly,
trichostatin A administration at 1 hour and 24 hours post-IR reversed the observed metabolic
changes in testicular tissue and morphological and functional properties of sperm were restored
[196], suggesting that reversing IR-induced metabolic changes may ameliorate IR-induced
damage and restore tissue function.

The effects of IR, both whole-body and targeted, on liver metabolism have been
investigated using in vivo mouse models. The effects of different types of whole-body radiation,
v (3.0 and 7.8 Gy) or proton (3.0 Gy), on liver metabolism at days 4 and 11 post-IR in mice was
tested using NMR spectroscopy (untargeted metabolomics analysis) [197]. Distinct metabolic
profiles were observed for each IR source and IR dose in liver tissue compared to sham
irradiated controls [197]. However, across the different IR sources, seven metabolites were
significantly increased (including glutathione, creatinine, and glutamine) and choline, O-
phosphocholine, and trimethylamine N-oxide levels were significantly decreased at days 4 and

11 post-IR [197]. Another group compared the effects of whole-body IR and targeted IR to the
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liver on metabolic reprogramming by analyzing both liver tissue and plasma [198]. Mice
received 10 or 50 Gy IR targeted to the liver or 10 Gy whole-body IR, and using LC-MS and
GC-MS (untargeted metabolomics analysis) at 24 hours post-IR, purine and pyrimidine
metabolites were associated with both liver and plasma samples from the 50 Gy IR targeted to
the liver group [198]. The results from this study suggest that plasma may be useful for
identifying biomarkers of IR-induced liver toxicity since common metabolites were altered in
both the liver and plasma samples [198]. The effect of IR on intestinal metabolism was
investigated by applying targeted 2 or 20 Gy IR to the abdomen of mice and harvesting the
intestinal tissue 24 hours post-IR for GC-MS (untargeted metabolomics analysis) [199]. Elevated
levels of amino acids, carbohydrates, organic acids, and sugars were observed in the tissue
compared to sham irradiated controls [199], and the authors hypothesized that the increased
amino acid levels are associated with increased oxidative stress.

In addition to research investigating IR exposure in the context of a nuclear event, other
researchers are investigating radiation exposure in the context of space travel. Space radiation
consists of protons, y-rays, neutrons, and heavy ions mixed together, which is a health risk for
astronauts on long-term space missions [200]. A study investigated the effects of three different
low-dose IR exposures (y-rays, %0, and **Fe) on splenic metabolism in mice at 1, 2, and 4
months post-IR, which is similar to the accumulated IR exposure astronauts would encounter on
a long duration space flight [201]. UHPLC-MS (untargeted metabolomics analysis) of spleen
tissue showed different metabolite profiles between the 3 different IR sources, but purine
metabolism, Krebs cycle, fatty acids, acylcarnitines, and amino acid metabolism were altered
with IR across the different sources at different time points [201]. Metabolite alterations were

more significant at 1-month post-IR in the y IR group whereas the alterations were more
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significant at 4 months post-IR in the %0 and *°Fe IR groups [201]. Due to the involvement of
purine metabolism in DNA repair, the authors speculate that metabolic dysregulation of purine
metabolism in the spleen may contribute to increased DNA damage and inflammation previously

observed in the blood of astronauts on long-term missions [201].

Metabolic biomarkers of radiation damage: nonhuman primate model

Due to the closer genetic similarity of nonhuman primates (NHPs) to humans over other
animal models, many studies have utilized NHP models, usually rhesus monkeys or macaques, to
improve the translation of murine IR biomarkers to humans. Additionally, NHP models
minimize the genetic differences observed in human studies, which is useful for identifying
metabolic IR signatures [188]. However, limited studies have examined tissues of NHP for
mechanistic responses to IR damage, and those studies focus on histological analysis and not
metabolic perturbations [202], [203], [204]. Thus, metabolomic profiling of biofluids is the
standard for investigating metabolic IR signatures in NHPs. To identify IR biomarkers in NHPs
and compare them to those previously identified in rodent models, urine was collected from
NHPs exposed to 1.0, 3.5, 6.5 or 8.5 Gy whole-body IR at 12-hour intervals up to 3 days post-IR
[205]. UPLC-TOFMS (untargeted metabolomics analysis) revealed the greatest increase in the
urinary biomarkers taurine, hypoxanthine, adipic acid, and tyramine sulfate at 24 hours post 8.5
Gy IR with a subsequent decrease at 48 and 72 hours post-IR [205]. To compare radiation
biomarkers in NHPs to those previously identified in rodents, targeted metabolomics of
xanthosine, thymidine, 2'-deoxyuridine, N-hexanoylglycine, tyrosine, and tyramine was
performed and interestingly, the concentrations of these metabolites did not significantly change
with IR in NHP urine, demonstrating that inter-species differences exist in metabolic IR

signatures [205]. A different group investigated radiation biomarker differences between NHPs
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exposed to 5.8 and 7.2 Gy whole-body IR and mice exposed to 14 and 9.6 Gy whole-body IR by
combining NMR spectroscopy and LC-MS untargeted metabolomics analysis [206]. Mouse
serum was collected at 5 hours and days 1-4 post-IR while NHP serum was collected at 8 hours,
days 2, 3, 7, and 8 post-IR and glucose metabolism, phospholipid biosynthesis, and nucleotide
metabolism were commonly altered temporally across the two species [206]. Carnitine was the
only significantly dysregulated metabolite shared between the two species, and it was decreased
over time in the mouse model and contrastingly increased over time in the NHP model [206].
Thus, the direction of metabolite alterations in response to IR differs across species.

A study desired to investigate the metabolic radiation signature at 7 days post IR (2, 4, 6,
7 and 10 Gy whole-body IR) in the urine of NHPs since previous studies were performed acutely
(24 hours post-1R) [189]. Alterations in fatty acid B oxidation, tryptophan metabolism, purine
catabolism, taurine metabolism, and steroid hormone biosynthesis were observed while males
excreted significantly higher levels of L-carnitine, L-acetylcarnitine, xanthine and xanthosine
compared to females using UPLC-TOFMS (untargeted metabolomics analysis) [189]. This study
was useful for identifying sex differences in the metabolic response to radiation that may be
translatable to humans. Another study observed the temporal effects of a single IR dose (7.2 Gy
whole-body IR) in the serum of NHPs [207]. UPLC-TOFMS (untargeted metabolomics) at 24,
36, 48 and 96 hours post-IR revealed increased carnitine, propionylcarnitine, and acetylcarnitine
at 24 hours that subsequently decreased to 96 hours post-IR in the serum [207]. The researchers
also measured cytokine levels and observed increases in proinflammatory cytokines that
correlated with temporal changes in amino acids, lipids, and deaminated purines, which supports
a relationship between the metabolome and the immune response that is altered upon IR

exposure in the serum [207]. To further investigate temporal effects of a single IR dose, a group
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administered a lower IR dose (4 Gy whole-body IR) to NHPs and collected serum and urine for
metabolomics analysis on days 1-60 post-IR [208]. UHPLC-MS untargeted metabolomics
analysis revealed the highest enrichment of protein metabolism, fatty acid p oxidation, DNA
base deamination, and energy metabolism at day 1 post-IR in urine and at days 1-21 in serum
[208]. These results suggest that urinary biomarkers are more useful for identifying IR exposure
acutely while serum biomarkers are useful for identifying IR exposure at later time points.

Other studies have used serum to identify radiation metabolic signatures in NHPs. The
effects of 2-10 Gy whole-body IR on the serum metabolic profile of NHPs at day 7 post-IR were
investigated using UHPLC-MS untargeted metabolomics and lipidomics analysis [209].
Diacylglycerols (DGs) and short chain triacylglycerols (TGs) were decreased in the serum at 7
days post-IR [209]. IR dose-dependent changes in levels of the serum biomarkers valine,
hypoxanthine, L-carnitine, proline, uridine, tyrosine, and taurine were observed [209]. This study
was useful for identifying specific metabolomic as well as lipidomic IR exposure signatures in
the serum of NHPs.

Recently, a group investigated metabolic changes in IR-induced multiple-organ injury in
NHPs to identify tissue biomarkers of radiation exposure [210]. NHPs were exposed to 12 Gy
partial body IR to spare the bone marrow and kidney, liver, lung, heart, and jejunum tissues were
harvested over a period of 3 weeks for LC-MS (untargeted metabolomics analysis) [210]. The
results showed temporal changes in both citrulline and branched chain amino acids in all tissue
types, with changes in fatty acid oxidation observed across the tissue types in response to

radiation, suggesting a conserved metabolic damage response across different tissue types [210].
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Metabolic biomarkers of radiation damage: human model

Few studies utilize human models to identify metabolic biomarkers of IR exposure due to
the limited subject selection, which are those who have been exposed to IR either through
medical treatment or a nuclear event. One study used patients diagnosed with leukemia, non-
Hodgkin’s lymphoma, myelodysplastic syndrome, or essential thrombocytosis and collected
urine samples at 4-6 hours following a single IR dose (1.25 Gy whole-body IR) and at 24 hours
following three fractions of 1.25 Gy IR [188] to identify a metabolic IR signature in humans.
UPLC-TOFMS (untargeted metabolomics analysis) showed increased excretion of
decanoylcarnitine and decreased excretion of octanoylcarnitine at 24 hours post-IR in the urine
of both male and female patients [188]. However, sex differences were observed in
hypoxanthine, xanthine, and uric acid alterations at 24 hours post-IR [188]. This group observed
a higher amount of noise in the dataset than they had observed in previous animal studies, as
variables such as age, diet, race, and genetics influence the metabolic phenotype and make it
difficult to draw conclusions correlating IR exposure to specific metabolic biomarkers, especially
since the patients had various types of cancer [188].

A different group used the serum of human patients with head and neck squamous cell
carcinoma (HNSCC) to identify metabolic biomarkers of acute radiation damage that leads to
weight loss [211]. The patients were of different tumor stages and received different radiation
treatment plans that ranged from 51-72 Gy total IR dose delivered in fractions over a period of 5-
7 weeks and serum was collected weekly during the treatment period [211]. NMR spectroscopy
untargeted metabolomics analysis showed that ketone bodies (D-3-hydroxybutyrate (3HB),
acetoacetate (AcAc), and acetone) significantly increased as weight loss increased following IR

in the serum, starting at 2 weeks after treatment initiation [211]. N-acetyl containing
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glycoproteins (NAGS), choline, propylene glycol, and acetate increased in the serum as IR
treatment duration increased [211]. Thus, the researchers identified IR-induced metabolic
biomarkers associated with weight loss that may help stratify patients for individualized
treatment. The same group sought to identify serum metabolic markers reflective of IR exposure
to tumors in HNSCC patients using NMR spectroscopy [212]. These patients with various tumor
stages received one of four IR techniques: 1) conventional fractionation- 2 Gy per fraction, 35
fractions over 7 weeks, 2) continuous accelerated irradiation- 1.8 Gy per fraction, 40 fractions
over 6 weeks, 3) accelerated hypofractionated irradiation-3 Gy per fraction, 17 fractions over 3.5
weeks, or 4) accelerated irradiation with simultaneous integrated boost-2.2 Gy per fraction, 30
fractions over 6 weeks [212]. Serum was collected weekly during the treatment period for
metabolomics analysis [212]. Across the IR treatment protocols, N-acetyl-glycoprotein (NAG),
N-acetylcysteine, glycerol, glycolate, and lipid species were significantly altered starting at 3
weeks since treatment initiation and continuing through the rest of treatment, which corroborates
the data from their previous study [212]. IR tissue volume was positively correlated with
inflammatory markers and creatinine while negatively correlated with lymphocyte count [212].
In addition to the previously mentioned variables affecting human metabolic phenotypes, these
results also identified drugs taken by patients and inconsistencies in blood sampling as affecting
the data, again adding to the difficulty of correlating targeted IR exposure to specific biomarkers

in human serum [212].

Metabolic biomarkers of radiation damage: saliva
The use of saliva for identifying IR metabolic biomarkers is relatively emergent
compared to the use of urine, serum, and tissues. The use of saliva is attractive and has been

shown to increase compliance, especially in studies with children, due to the ease of sample
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collection and storage compared to blood [213]. However, limitations exist with using saliva for
biomarker identification, such as the lower concentration of molecules in saliva compared to
blood and the influence of lifestyle factors (smoking, diet, etc.) on saliva composition [214].
Saliva has been utilized to identify biomarkers of cancer, including systemic biomarkers for
lung, breast, pancreas, and pelvic tumors, as well as other diseases such as cardiovascular disease
and diabetes [215], [216]. One of the first published studies to investigate biomarkers of IR
exposure in saliva of cancer patients exposed to whole-body IR performed proteomics analysis
on the saliva at 2, 4, and 24 hours post each IR fraction (1.5, 1.65, or 2 Gy) [217]. Using a
targeted assay, the study observed responses of monocyte chemo-attractant protein 1 (MCP-1),
interleukin 8 (IL8), and intercellular adhesion molecule 1 (ICAM-1) to IR, which may influence
the metabolomic response to IR as well [217].

A pilot study investigating the metabolic response to IR in saliva was performed with a
mouse model exposed to 0.5, 3 and 8 Gy whole-body IR [195]. Saliva was collected on day 1
and 7 post-IR and UHPLC-MS untargeted metabolomics analysis identified enrichment of amino
acids, fatty acids, and intermediates of nicotinate and nicotinamide metabolism across all 3 IR
doses at day 1 post-IR in saliva [195]. At day 7 post-IR, only 8 Gy IR induced significant
metabolic alterations in dodecanedioic acid, proline, and nicotinic acid [195]. These results
successfully identified a metabolic IR signature in mice that required further validation. The
same research group performed a follow-up study to validate their results observed in mice using
a NHP model. NHPs received 4 Gy whole-body IR and saliva was collected over time between
day 1 and 60 post-IR [218]. UPLC-TOFMS untargeted metabolomics analysis revealed
enrichment of amino acids and nucleotides from day 1 to day 60 post-IR in saliva and the

metabolic profile of the day 60 IR group separated the most from the pre-treatment control
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metabolic profile [218]. This study corroborated the results observed in the mouse model with
amino acid enrichment observed in saliva post IR and it displayed chronic salivary IR metabolic

signatures following acute IR exposure.

Metabolomics analysis related to the salivary gland

Salivary gland metabolism has mainly been studied in the context of the salivary gland
autoimmune disorder, Sjogren’s syndrome (SS), oral cancers and diseases, and aging models
[219], [220], [221]. A group analyzed the saliva of primary SS (pSS) patients using NMR
spectroscopy untargeted metabolomics analysis and observed significant increases in choline,
taurine, and alanine over a 20-week collection period compared to healthy controls [219].
Interestingly, the researchers observed large variations between subjects for glycine, choline, and
alanine levels in saliva of pSS patients [219], which suggests that using salivary metabolite
biomarkers for pSS diagnosis may be challenging. Another group analyzed the saliva of pSS
patients using GC-MS untargeted metabolomics analysis and observed decreased levels of
glycine, tyrosine, uric acid and fucose in saliva of pSS patients compared to healthy controls
[222]. An interesting find was that the salivary metabolite profile of pSS patients was less
diverse compared to healthy controls [222], suggesting that metabolic diversity is beneficial for
healthy salivary gland function. A different group used LC-MS untargeted metabolomics to
analyze the saliva of pSS patients and observed significant dysregulation of tryptophan
metabolism, tyrosine metabolism, carbon fixation, and aspartate and asparagine metabolism in
saliva of pSS patients [223]. Using a machine-learning algorithm, phenylalanine was found to be
a good predictor of pSS [223]. Collectively, these findings suggest that various amino acids may

serve as biomarkers of pSS in saliva for diagnostic purposes.
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Salivary and serum metabolic biomarkers have been explored as diagnostic tools of
salivary gland tumors, periodontitis, and oral cancer. A group collected serum from human
patients with salivary gland tumors and performed UHPLC-MS and NMR spectroscopy
untargeted metabolomics analysis and discovered significant enrichment of valine, leucine and
isoleucine biosynthesis, aminoacyl-tRNA biosynthesis, and alanine, aspartate and glutamate
metabolism in the serum of salivary gland tumor patients compared to healthy controls [224].
The researchers also observed that serine and lactic acid serum levels increased in patients with
benign salivary gland tumors as they transformed into malignant tumors [224]. Another group
collected saliva from a human cohort to identify metabolic biomarkers of periodontitis [225].
Using UHPLC-MS untargeted metabolomics, they identified a significant association between
the bacterial metabolite phenylacetate and periodontal variables in saliva [225]. Interestingly, the
researchers observed a difference in the salivary metabolite profile between adults 20-59 years
old and adults 60 years old and older, with the older adults displaying increased levels of
creatine, lactate, propionylcarnitine, glycerophosphorylcholine, and adenosine 5’-monophophate
that are associated with missing teeth [225]. Several studies have investigated salivary
biomarkers of oral cancer. One group tested the effect of saliva collection timing on metabolic
biomarker detection of oral cancer in human patients [220]. Saliva was collected at 12 hours after
dinner, 1.5 hours after breakfast, and 3.5 hours after breakfast for capillary electrophoresis time-
of-flight mass spectrometry (CE-TOFMS) analysis [220]. The results showed 12-hour fasting
after dinner resulted in a higher number of significantly altered metabolites in saliva of oral
cancer patients compared to the other collection time points, and at all collection time points
N,N-dimethylglycine, trimethylamine N-oxide, isopropanolamine, guanosine, cystine and

hypotaurine were significantly elevated in the saliva of oral cancer patients compared to healthy
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controls [220]. A different group compared the salivary metabolic biomarkers between different
developmental stages of oral cancer: Oral squamous cell carcinoma (OSCC), oral epithelial
dysplasia (OED), and persistent suspicious oral mucosal lesions (PSOML) [191]. Using CE-
TOFMS untargeted metabolomics analysis on saliva collected from human patients, the
researchers observed 6 metabolites that were significantly decreased in the saliva of OSCC and
OED patients compared to PSOML patients, and they discovered decreased ornithine, o-
hydroxybenzoate, and ribose 5-phosphate levels in saliva were predictive of OSCC and OED and
discriminated against PSOML using a logistic regression model [191]. Thus, these results
demonstrate that the salivary metabolic profile may be useful for diagnosing early stages of
OSCC. Other researchers used the salivary metabolome to differentiate between OSCC and oral
lichen planus (OLP), an inflammatory condition affecting the mucous membranes in the mouth
[226]. Saliva was collected from human patients with OSCC and OLP and CE-TOFMS
untargeted metabolomics analysis identified enrichment of indole-3-acetate and ethanolamine
phosphate levels in the saliva of OSCC compared to OLP patients [226]. The researchers also
observed 14 metabolites (mainly amino acid and amide derivatives) that were differentially
expressed in the saliva of OSCC compared to OLP patients [226]. These results provide useful
salivary metabolic biomarkers to distinguish OSCC from OLP for clinical diagnosis.

As salivary gland function deteriorates with aging, research has investigated the effect of
aging on the salivary metabolome to identify therapeutic targets for restoring function. A group
used an extensive aging mouse model, SAMP1/Klotho”- mice, and performed CE-TOFMS
untargeted metabolomics on salivary gland tissue to identify mechanistic changes within the
gland [221]. The results revealed that acetylcholine levels and mRNA and protein expression of

choline acetyltransferase (ChAT) were significantly decreased in the salivary glands of
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SAMP1/Klotho”" mice compared to wild-type controls [221]. The researchers manipulated
ChAT levels using adenoviral delivery of ChAT in vivo to SAMP1/ Klotho™ mice, which
resulted in restored salivary secretion to wild-type control levels [221]. The researchers also
observed disruption of ascorbic acid biosynthesis, which they further investigated in a follow-up
study [227]. The researchers again performed CE-TOFMS untargeted metabolomics analysis on
salivary tissue from the SAMP1/Klotho™ mice and observed decreased levels of UDP-glucuronic
acid, D-glucuronic acid, and L-ascorbic acid compared to wild-type mice [227]. Supplementation
with ascorbic acid treatment for 18 days increased saliva secretion in SAMP1/Klotho™ mice, and
they observed that ascorbic acid treatment restored expression of muscarinic receptors M1
(M1AchR) and M3 (M3AchR) in SAMP1/Klotho” mice to levels observed in the wild-type
controls [227]. Collectively, these studies demonstrate the efficacy of targeting choline

acetyltransferase and ascorbic acid to improve salivary gland function in a mouse aging model.

Multi-omics analysis of radiation damage/disease

Radiation damage and resistance models

While metabolomics is a useful platform of high-dimensional data for identifying
phenotypes of IR damage and disease models, the integration of multiple data platforms can
provide even more mechanistic insight to improve precision medicine. Multi-omics refers to the
use of more than one “omics” platform, including but not limited to genomics, transcriptomics,
epigenetics, proteomics, metabolomics, and microbiome research [228]. A major advantage of
multi-omics approaches is the identification of network-level relationships between genes,
proteins, metabolites, and gut bacteria that are driving the observed phenotype. A few studies
have incorporated multi-omics analysis of the IR damage response using mouse models to better

understand the relationship between gut microbiota and their metabolites as gut microbiota
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dysbiosis has been demonstrated to play a role in IR-induced intestinal damage [229]. One group
was interested in the gut microbiota/metabolite signatures of mice that survive high-dose IR
exposure to create a targeted therapeutic for IR resistance [230]. Using specific pathogen-free
(SPF) C57BL/6 mice to control for metabolites produced from gut microbiota, mice were
exposed to 9.2 Gy whole-body IR and 5-15% of the mice survived up to 600 days post-IR [230].
Feces was collected from the mice that survived long-term, called “elite survivors”, at 290 days
post-IR and high-throughput gene-sequencing analysis of 16S ribosomal RNA (rRNA) in fecal
bacterial DNA was performed to identify the gut microbiome profile and UHPLC-MS untargeted
metabolomics analysis to identify the metabolomic profile conferring radiation resistance [230].
Bacterial taxa Lachnospiraceae and Enterococcaceae were elevated in the feces of surviving
mice as well as tryptophan metabolites and short-chain fatty acids acetate, butyrate, and
propionate at 290 days post-IR and were demonstrated to protect mice from radiation-induced
death [230]. Using a gut microbiome-metabolome network approach, the researchers were able
to identify the microbiota taxa and the metabolites they produce that confer IR resistance in
mice. Another group investigated radiation enteritis by combining gut microbiota and lipidomic
analysis in the colorectal tissue of mice exposed to 18 Gy IR targeted to the abdomen [231].
Dubosiella and Alistipes bacteria were the most highly correlated with differentially expressed
glycerophospholipid metabolites in the colon, and the correlation was the strongest acutely at 1-
week post-IR compared to chronically at 6 weeks post-IR [231]. The results from this study
elucidated the relationship between specific bacterial taxa and their metabolites that are
correlated with IR damage in the colon.

Multi-omics research has also investigated IR resistance in tumors. Using The Cancer

Genome Atlas (TCGA) and metabolic Flux Balance Analysis (FBS) models generated from the
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TCGA genomic and transcriptomic datasets, a group developed a machine learning algorithm to
differentiate metabolic biomarkers of radiation-resistant and radiation-sensitive tumors and then
experimentally validated the metabolic biomarkers in radio-sensitive and radio-resistant cell lines
using LC-MS [232]. Increased levels of fatty acid and cholesterol metabolites were associated
with tumor radiation resistance while central carbon, lipid, and nucleotide metabolism were

biomarkers of radiation sensitivity [232].

Cancer models

Multi-omics analysis is becoming increasingly utilized in cancer studies for discovering
greater mechanistic insight. A study used prostate cancer tissue and adjacent non-cancerous
tissue from human subjects and performed integrated RNA-sequencing and UHPLC-MS
untargeted metabolomics to identify metabolic pathways altered in prostate cancer [233]. In the
pathway analysis, cysteine and methionine metabolism, nicotinamide adenine dinucleotide
metabolism, and hexosamine biosynthesis were altered at both the transcript and metabolite level
in prostate cancer tissue compared to non-cancerous adjacent tissue [233]. At the metabolite
level, sphingosine showed high specificity and sensitivity for differentiating prostate cancer from
non-cancerous prostatic hyperplasia [233]. A different group investigated prostate cancer
mechanisms by integrating transcriptomics data, GC-MS and LC-MS untargeted metabolomics
data, and protein level data using human prostate cancer tissue [234]. Integrated analysis showed
dysregulation of fatty acid, sphingolipid, and polyamine metabolism in prostate cancer, which
provided additional pathway-level alterations compared to the previous study [234]. Fatty acid
oxidation was altered in the clinically used pathologic variable, TMPRSS2-ERG (ERG)
translocation positive prostate cancer samples, and ERG translocation was negatively correlated

with gluconic acid and maltotriose in prostate cancer [234]. These results were able to
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demonstrate the effect of ERG translocation on the metabolomic profile of prostate cancer
patients by integrating multi-omics analysis. In addition to prostate cancer, integrated analysis
has identified the relationship between the adipokine chemerin and the metabolic profile in clear
cell renal cell carcinoma (ccRCC) [235]. Combining RNA-sequencing and UHPLC-MS
untargeted metabolomics and lipidomics using human ccRCC samples and plasma, 4 cell lines,
and a xenograft mouse model of ccCRCC, the researchers observed obesity-dependent elevations
of the adipokine chemerin in ccRCC tissue samples and plasma compared to healthy controls
[235]. The multi-omics analysis showed that chemerin suppressed fatty acid oxidation, prevented
ferroptosis, and maintained fatty acid levels in ccRCC [235]. Furthermore, monoclonal antibody
treatment targeting chemerin decreased lipid levels and tumor growth [235], demonstrating the
relationship between chemerin and the metabolome in ccRCC. Multi-omics analysis has also
been used to investigate triple-negative breast cancer (TNBC) mechanisms. RNA-sequencing
and UHPLC-MS untargeted metabolomics were combined to analyze in vitro and in vivo mouse
and human models of TNBC and discovered differences in ferroptosis-related metabolites and
pathways compared to healthy controls [236]. Additionally, oxidized phosphatidylethanolamines
and glutathione metabolism (GPX4) levels were increased in the luminal androgen receptor
(LAR) subtype, and GPX4 inhibition induced tumor ferroptosis and improved antitumor
immunity in TNBC LAR subtype tumors [236]. Thus, integrated multi-omics analysis identified

ferroptosis induction as a type of immunotherapy for TNBC LAR subtype tumors.

Spaceflight damage models

An interesting application of combining multi-omics approaches was used to investigate
the effects of spaceflight on human physiology, as many of the molecular mechanisms

underlying spaceflight effects, such as bone loss and immune dysfunction, are unknown [237].
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This group collected urine and blood from human astronauts and performed transcriptomics,
proteomics, and UHPLC-MS untargeted metabolomics and observed significant enrichment of
mitochondrial processes, innate immunity, chronic inflammation, cell cycle, circadian rhythm,
and olfactory functions during spaceflight compared to controls [237]. The results also showed
evidence of DNA damage in blood and urine samples of astronauts in spaceflight [237].
Collectively, these results suggest mitochondrial dysfunction plays a role in the physiological

effects associated with spaceflight. For additional study details, view Table 1.1.
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Table 1.1. Metabolomics analysis of radiation exposure in different models, metabolomics

analysis related to the salivary gland, and multi-omics analysis of radiation damage/disease in

various models.

Model
system

Methodology

Tissue/bio
fluid
sample

Major findings

Ref

Metabolic bio

markers of radiation damag

e: rodent model biofluids

Dose- and
time-
dependent IR
exposure in
C57BL/6N
mice

UPLC-
TOFMS
untargeted
metabolomics

1-3 Gy

Urine

e Thymidine, 2'-
deoxyuridine, 2'-
deoxyxanthosine, xan-
thine and xanthosine
were elevated in the
urine 24 hours post-1-3
Gy IR.

e The elevated
deaminated purine and
pyrimidine derivatives
peaked at 8-12 hours
post IR and returned to
baseline levels by 36
hours post-IR.

[186]

IR exposure
in
C57BL/6mic
e

NMR
spectroscopy
untargeted
metabolomics

8 Gy to
whole
body

Urine

e Creatine, succinate,
methylamine, citrate, 2-
oxoglutarate, taurine,
N-methyl-
nicotinamide,
hippurate, and choline
were urinary
biomarkers at 7 days
post-1R.

e Temporal analysis
showed a decrease in
citrate, taurine, 2-
oxoglutarate, and
hippurate at days 3 and
4 post-IR.

[190]

Total body
vs. partial

body IR in
C57BL/6J
mice

NMR
spectroscopy
untargeted
metabolomics

10 Gy to
whole
body,
abdomen,
thoracic
cavity, or
hind limb

Urine

e Energy, gut flora, and
taurine metabolism
were common to whole
body and partial body
IR at 24 hours post-
exposure.

¢ Distinct metabolic
signatures were

[192]
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observed in each IR
group compared to
each other and control
group.

Taurine, creatine, and
trimethylamine-N-
oxide (TMAO) were
the most significantly
upregulated in the hind
limb IR group.

Prediction NMR 7.5Gyto | Urine Tri-carboxylic acid [193]
model of IR | spectroscopy | whole (TCA) cycle, taurine
exposure in | untargeted body and hypotaurine
C57BL/6J metabolomics metabolism, and
mice and logistic primary bile acid
regression biosynthesis were the
model most significantly
altered pathways in IR
exposure at 24 hours.
The prediction model
resulted in high
sensitivity, specificity,
and accuracy for
taurine, citrate, alpha-
ketoglutarate, and
fumarate as biomarkers
of IR exposure in urine.
IR exposure | Integrated 5Gyor Urine Taurine, creatine, [194]
in C57BL/6J | NMR 7.5 Gy to citrate, and 2-
mice spectroscopy | whole oxoglutarate were
and UHPLC- | body dose-dependent
MS biomarkers of IR
untargeted exposure at 24 hours.
metabolomics Integrated analysis
showed enrichment of
energy, taurine, gut
flora, L-carnitine, and
nucleotide metabolism
with IR.
Dose- and UHPLC-MS | 0.5-10 Gy | Urine A dose- and time- [187]
time- untargeted to whole dependent decrease in
dependent IR | metabolomics | body urine metabolite
exposure in excretion was observed
Sprague from 6 to 72 hours
Dawley rats post-IR.
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Carnitine, uric acid,
cytosine, isocitrate,
thymidine, and creatine
were biomarkers of 2.5
Gy IR exposure across
time.

Metabolic bio

markers of radia

tion damag

e: rodent model tissues

IR
cardiotoxicit
yin
C57BI/6NCrl
mice

NMR
spectroscopy
untargeted
metabolomics

0.20r2
Gy to
heart
tissue

Heart
tissue

Elevated levels of
pantothenate and
glutamate and
decreased levels of
alanine, malonate,
acetylcarnitine, glycine
and adenosine were
observed 48 hours post-
2 Gy IR.

Decreased levels of
glutamine and
acetylcarnitine were
observed 20 weeks
post-2 Gy IR.

0.2 Gy IR did not
induce significant
changes.

[185]

IR testicular
toxicity in
C57BL/6
mice

NMR
spectroscopy
untargeted
metabolomics

2Gyto
whole
body

Testicular
tissue

Changes in energy,
osmolytes, and
membrane metabolism
occurred acutely at 24
hours and some of the
changes persisted
through weeks 3 and 5
post-IR in testicular
tissue.

Trichostatin A
administration at 1 hour
and 24 hours post-IR
reversed the observed
metabolic changes in
testicular tissue and
morphological and
functional properties of
sperm were restored.

[196]

IR liver
toxicity in
C57BL/6
mice

NMR
spectroscopy
untargeted
metabolomics

3o0r7.8
Gyto
whole
body

Liver
tissue

3 Gy proton and 3 Gy
gamma IR resulted in
different metabolic

[197]
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profiles in the liver at
days 4 and 11 post-IR.
Choline, O-
phosphocholine, and
trimethylamine N-
oxide levels were
significantly decreased
post-IR.

Glutamine, glutathione,
malate, creatinine,
phosphate, betaine and
4-
hydroxyphenylacetate
were significantly
increased post-IR.

IR liver
toxicity in
C57BL/6
mice

GC-MS and
LC-MS
untargeted
metabolomics

10 or 50
Gy to liver
or 10 Gy
to whole
body

Liver
tissue and
plasma

Liver metabolites
enriched with targeted
50 Gy IR were pentose
phosphate, purine, and
pyrimidine metabolites.
Liver metabolites
commonly enriched in
targeted and whole-
body IR were amino
acids, sugars, fumarate,
lineolate, n-
hexadecanoic acid, and
uridine.

Plasma biomarkers
commonly enriched in
targeted and whole-
body IR were 3 indoxyl
sulfate, indole-3-lactic
acid, phenyllactic acid,
pipecolic acid, hippuric
acid, and 2-
deoxyuridine.

[198]

IR intestinal
toxicity in
C57BL/6
mice

GC-MS
untargeted
metabolomics

2Gyor20
Gy
targeted to
the
abdomen

Intestinal
tissue

Elevated levels of
amino acids,
carbohydrates, organic
acids, and sugars were
observed in intestinal
tissue in a dose-
dependent manner.
The authors
hypothesize that

[199]
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increased amino acids
are correlated with
increased oxidative
stress contributing to
damage.

IR splenic
toxicity in
C57BL/6
mice

UHPLC-MS
untargeted
metabolomic
S

0.2 Gy of
160, 0.2
Gy

of Fe, or
1

Gy of
137CS

Spleen
tissue

Purine metabolism,
tricarboxylic acid
cycle, fatty acids,
acylcarnitines, and
amino acids are altered
with IR in the spleen.
Purine degradation and
fatty acid metabolism
increased over time
post-IR (1, 2, and 4
months) in the spleen.
More metabolic
alterations were
observed at 1 month
post-IR in the y-
radiation group
compared to the high
energy particle

IR groups where
more alterations were
observed at 4 months
post-IR.

[201]

Biomarkers of radiation damage: nonhuman primate model

IR exposure
in nonhuman
primates

UPLC-
TOFMS
untargeted
metabolomics

2-10 Gy to
whole
body

Urine

Males excreted
significantly higher
levels of I-carnitine, |-
acetylcarnitine,
xanthine, and
xanthosine compared to
females 7 days post-IR
exposure.

Fatty acid B oxidation,
tryptophan metabolism,
purine catabolism,
taurine metabolism and
steroid hormone
biosynthesis were
altered with IR.

[189]

IR exposure
in nonhuman
primates

UHPLC-MS
untargeted

1-8.5 Gy
to whole
body

Urine

Temporal analysis of
the urinary biomarkers
taurine, hypoxanthine,

[205]

78



and targeted
metabolomics

adipic acid, and
tyramine sulfate
showed an increase at
24 hours post-8.5 Gy
IR with a subsequent
decrease at 48 and 72
hours post-IR.

Targeted metabolomics
on previously identified
rodent biomarkers
(xanthosine, thymidine,
2'-deoxyuridine, and N-
hexanoylglycine) in
nonhuman primate
urine showed no
significant changes in
metabolite
concentration with IR.

Temporal IR
exposure in
nonhuman
primates

UPLC-
TOFMS
untargeted
metabolomics

7.2Gyto
whole
body

Serum

Carnitine,
propionylcarnitine, and
acetylcarnitine
increased at 24 hours
post-IR and decreased
to 96 hours post-IR in
serum.

Arginine and betaine
decreased at 48- and
96-hours post-IR in
serum.

Temporal changes were
observed in pro-
inflammatory
cytokines, deaminated
purines, and lipids
post-IR in serum.

[207]

Temporal IR
exposure in
nonhuman
primates

UHPLC-MS
untargeted
metabolomics

4 Gy to
whole
body

Serum and
urine

Protein metabolism,
fatty acid  oxidation,
DNA base
deamination, and
energy metabolism
were enriched the most
at day 1 post-IR in
urine and at days 1-21
in serum.

Using a training and
validation cohort,

[208]
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urinary acetylcarnitine
and serum carnitine
displayed high
sensitivity and
specificity as
biomarkers of IR in
nonhuman primates.
IR exposure | UHPLC-MS | 2-10 Gy to | Serum Diacylglycerols (DGs) | [209]
in nonhuman | untargeted whole and short chain
primates metabolomics | body triacylglycerols (TGs)
and were decreased in the
lipidomics serum at 7 days post-
IR.
Valine
biosynthesis/degradatio
n was enriched at all IR
doses.
IR dose-dependent
changes in levels of the
serum biomarkers
valine, hypoxanthine,
L-carnitine, proline,
uridine, tyrosine, and
taurine were observed.
IR exposure | NMR 14 and 9.6 | Serum Across the 2 species, [206]
across mouse | spectroscopy | Gy to glucose metabolism,
(CD2F1) and | and LC-MS | whole phospholipid
nonhuman untargeted body of biosynthesis, and
primates metabolomics | mouse nucleotide metabolism
groups, were altered temporally
5.8 and (8 hours to 8 days post-
7.2 Gy to IR).
whole L-carnitine was the
body of only common
nonhuman metabolite altered by
primates IR across the 2 species.
Amifostine pre-
treatment corrected the
IR-induced alterations
in metabolic pathways
by day 7 post-IR.
IR multiple- | LC-MS 12 Gy Kidney, Temporal changes in [210]
organ injury | untargeted partial lung, both citrulline and
in nonhuman | metabolomics | body IR liver, branched chain amino
primates sparing heart, and acids occurred in all
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the bone
marrow

jejunum
tissue

tissue types over a 3-
week period.

Changes in fatty acid
oxidation were
observed across all
tissue types, suggesting
a conserved metabolic
IR damage response.

Biomarkers of radiation damage: human model

IR exposure | UHPLC-MS | 3 fractions | Urine Increased excretion of | [188]
in humans untargeted of 1.25 Gy decanoylcarnitine and
using metabolomics | to whole decreased excretion of
patients body with octanoylcarnitine was
diagnosed a 4-6 hour observed at 24 hours
with interval post-IR in both males
leukemia, between and females.
non- fractions Hypoxanthine,
Hodgkin’s xanthine, and uric acid
lymphoma, were significantly
myelodyspla altered 24 hours post-
stic IR and sex differences
syndrome, or were observed in the
essential alterations.
thrombocyto
sis
IR treatment | NMR Targeted | Serum Ketone bodies (D-3- [211]
of head and | spectroscopy | IR to hydroxybutyrate
neck untargeted tumor (3HB), acetoacetate
squamous metabolomics | location: (AcAc), and acetone)
cell 51-72 Gy significantly increased
carcinoma delivered as weight loss
(HNSCC) in increased following IR
patients fractions in the serum.
over 5-7 N-acetyl containing
weeks glycoproteins (NAGS),
choline, propylene
glycol, and acetate
increased in the serum
as IR treatment
duration increased.
IR treatment | NMR Targeted | Serum Across the IR [212]
of head and | spectroscopy | IR to treatments, N-acetyl-
neck untargeted tumor glycoprotein (NAG),
squamous metabolomics | location: N-acetylcysteine,
cell A.2 Gy glycerol, glycolate, and
carcinoma per
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(HNSCC) fraction, lipid species were
patients 35 significantly altered.
fractions IR tissue volume was
B. 1.8 Gy correlated with
per inflammatory markers,
fraction, creatinine, and
40 lymphocyte count.
fractions
C.3Gy
per
fraction,
17
fractions
D. 2.2 Gy
per
fraction,
30
fractions
Metabolic biomarkers of radiation damage: saliva
IR exposure | UHPLC-MS | 0.5, 3, or 8 | Saliva Amino acids, fatty [195]
in C57BL/6 | untargeted Gy to acids, and
mice metabolomics | whole intermediates of
body nicotinate and
nicotinamide
metabolism were
enriched with all 3 IR
doses at 1 day post-IR
in saliva.
At 7 days post-IR only
8 Gy IR induced
significant metabolic
alterations
(dodecanedioic acid,
proline, and nicotinic
acid).
IR exposure | UPLC- 4 Gy to Saliva Amino acids and [218]
in nonhuman | TOFMS whole nucleotides were
primates untargeted body enriched from day 1 to

metabolomics

day 60 post-IR in
saliva.

Adenine, tyrosine, and
leucine were decreased
at all time points post-
IR in saliva.
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The metabolite profile
of the day 60 IR group
displayed the clearest
separation from the
pretreatment control.

Metabolomics analysis related

to the salivary gland

Model Damage/disea | Methodology | Tissue/ | Major findings Ref
system se phenotype biofluid
sample

Human Primary NMR Saliva Choline, taurine, and [219]
primary Sjogren's spectroscopy alanine were
Sjogren's syndrome untargeted significantly increased
syndrome (pSS) metabolomic in the saliva of pSS
(pSS) S patients over a 20-week
patients collection period.

Large inter-individual

variation was observed

for glycine, choline,

and alanine in saliva of

pSS patients.
Human Primary GC-MS Saliva Glycine, tyrosine, uric | [222]
primary Sjogren's untargeted acid and fucose levels
Sjogren's syndrome metabolomic were decreased in
syndrome (pSS) S saliva of pSS patients.
(pSS) The salivary metabolite
patients profile of pSS patients

was less diverse

compared to healthy

controls.
Human Primary LC-MS Saliva Tryptophan [223]
primary Sjogren's untargeted metabolism, tyrosine
Sjogren's syndrome metabolomic metabolism, carbon
syndrome (pSS) S fixation, and aspartate
(pSS) and asparagine
patients metabolism were

significantly

dysregulated in saliva

of pSS patients.

Using a machine-

learning algorithm,

phenylalanine was

found to be a good

predictor of pSS.
Human Salivary gland | UHPLC-MS | Serum Valine, leucine and [224]
patients with | tumors (SGT) | and NMR isoleucine biosynthesis,

spectroscopy aminoacyl-tRNA
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salivary
gland tumors

untargeted
metabolomic
S

biosynthesis, and
alanine, aspartate and
glutamate metabolism
were significantly
enriched in SGT patient
serum.

Serine and lactic acid
serum levels increased
from healthy controls,
to benign SGTs, to
malignant SGTSs.

Study of
Health in
Pomerania
human
cohort,
nondiabetic

Periodontitis

UHPLC-MS
untargeted
metabolomic
S

Saliva

The bacterial
metabolite
phenylacetate was
significantly associated
with periodontal
variables in saliva.
Phenylalanine and
tyrosine metabolites
(phenylacetate,
phenyllactate, 3-
phenylpropionate, and
3-[4-
hydroxyphenyl]propion
ate), N6-acetyllysine,
pipecolate, isovalerate,
isocaproate, and ®-6
fatty acid dihomo-
linolenate were
associated with
periodontal variables in
saliva of adults 20-59
years old.

Increased levels of
creatine, lactate,
propionylcarnitine,
glycerophosphorylcholi
ne, and adenosine 5'-
monophophate were
associated with missing
teeth in saliva of adults
60 years old and older.

[225]

Human oral
cancer
patients

Oral cancer

CE-TOFMS
untargeted
metabolomic
S

Saliva

12-hour fasting after
dinner resulted in a
higher number of
significantly altered

[220]
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metabolites in saliva of
oral cancer patients
compared to both 1.5
and 3.5-hour fasts after
breakfast.
N,N-dimethylglycine,
trimethylamine N-
oxide,
isopropanolamine,
guanosine, cystine and
hypotaurine were
significantly elevated
in the saliva of oral
cancer patients
compared to healthy
controls at all fasting
time points.

Human oral | Oral CE-TOFMS | Saliva 6 metabolites were [191]
squamous squamous cell | untargeted significantly decreased
cell carcinoma metabolomic in the saliva of OSCC
carcinoma (OSCC), oral |s and OED patients
(OSCC), oral | epithelial compared to PSOML
epithelial dysplasia patients.

dysplasia (OED), and Decreased ornithine, o-
(OED), and | persistent hydroxybenzoate, and
persistent suspicious ribose 5-phosphate
suspicious oral mucosal levels in saliva were
oral mucosal | lesions predictive of OSCC
lesions (PSOML) and OED and
(PSOML) discriminate against
patients PSOML.

Human oral | Oral CE-TOFMS | Saliva Indole-3-acetate and [226]
squamous squamous cell | untargeted ethanolamine

cell carcinoma metabolomic phosphate levels were
carcinoma (OSCC)and |s enriched in the saliva
(OSCC) and | oral lichen of OSCC patients

oral lichen planus (OLP) compared to OLP
planus (OLP) patients.

patients 14 metabolites (mainly

amino acid and amide
derivatives) were
differentially expressed
in the saliva of OSCC
patients compared to
OLP patients.
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Mouse model | Age- CE-TOFMS | Salivar | e Acetylcholine levels [221]
of associated untargeted y gland and mRNA and protein
accelerated loss of metabolomic | tissue expression of choline
aging salivary gland | s acetyltransferase
(SAMP1/Klo | function (ChAT) were
tho -/-) significantly decreased

in the salivary glands

of SAMP1/Klotho-/-

mice compared to wild-

type controls.

e Adenoviral delivery of
ChAT invivo to
SAMP1/Klotho-/- mice
restored salivary
secretion to wild-type
control levels.

Mouse model | Age- CE-TOFMS | Salivar | ¢ UDP-glucuronic acid, [227]

of associated untargeted y gland D-glucuronic acid, and

accelerated loss of metabolomic | tissue L-ascorbic acid levels

aging salivary gland | s were decreased in the

(SAMP1/Klo | function salivary glands of

tho -/-) SAMP1/Klotho-/- mice
compared to wild-type
controls.

e Expression of
muscarinic receptors
M1 (M1AchR) and M3
(M3AchR) was
restored in
SAMP1/Klotho-/- mice
to wild-type control
levels with ascorbic
acid treatment.

e Ascorbic acid treatment
increased saliva
secretion in
SAMP1/Klotho-/-
mice.

Multi-omics analysis of damage/disease
Model Damage/disea | Methodology | Tissue/ | Major findings Ref
system se phenotype biofluid

sample
Specific IR-9.2 Gy to | High- Feces | e Bacterial taxa [230]
pathogen free | whole body throughput Lachnospiraceae and
(SPF) 16S rDNA Enterococcaceae were
C57BL/6 sequencing elevated in the feces of
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and UHPLC-

surviving mice at 290

MS global days post-IR and
metabolomic protected mice from
S radiation-induced
death.
Tryptophan metabolites
and short-chain fatty
acids acetate, butyrate,
and propionate were
elevated in the
surviving mice at 290
days post-IR and
protected mice from
radiation-induced
death.
C57BL/6 IR-18 Gy to | High- Colorec Dubosiella and [231]
mice abdomen throughput tal Alistipes bacteria were
16S rDNA tissue the most highly
sequencing correlated with
and UHPLC- differentially expressed
MS global lipid metabolites in the
lipidomics colon at 1 week post-
IR.
Glycerophospholipids
were the most prevalent
and significant
biomarker of IR
enteritis at 24 hours
post-exposure.
The Cancer | IR- human Integrated TCGA A machine-learning [232]
Genome patients in RNA-seq tumors algorithm was
Atlas TCGA gene across developed that
(TCGA) previously expression multipl predicted metabolic
human received data from e biomarkers of
patients, radiotherapy | TCGA cancer radiation-resistant and
radio- patients with | and radiation-sensitive
resistant and LC-MS radio- tumors and validated
radio- untargeted resistan the biomarkers with
sensitive cell metabolomic | tand high accuracy and
lines s from radio- | radio- sensitivity by
resistant and | sensitiv integrating
radio- e cells experimental
sensitive cell metabolomics data with
lines training RNA-seq data.

Increased levels of fatty
acid and cholesterol
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metabolites were
associated with tumor
radiation resistance.
Central carbon, lipid,
and nucleotide
metabolism were
biomarkers of radiation

sensitivity.
Human Prostate Integrated Prostate Cysteine and [233]
prostate cancer RNA-seq cancer methionine
cancer gene tissue metabolism,
patients expression and nicotinamide adenine
and UHPLC- | adjacen dinucleotide
MS t non- metabolism, and
untargeted cancero hexosamine
metabolomic | us biosynthesis were
S tissue altered at the transcript
and metabolite level in
prostate cancer tissue.
Sphingosine showed
high specificity and
sensitivity for
differentiating prostate
cancer from non-
cancerous prostatic
hyperplasia.
Human Prostate GC-MS, LC- | Prostate Integrated analysis [234]
prostate cancer MS cancer showed dysregulation
cancer untargeted tissue of fatty acid,
patients metabolomic sphingolipid, and
S, gene polyamine metabolism
expression, in prostate cancer.
and protein Fatty acid oxidation
levels was altered in ERG
translocation positive
prostate cancer
samples.
ERG translocation was
negatively correlated
with gluconic acid and
maltotriose in prostate
cancer.
4 cell lines, | Clear cell RNA- Human Obesity-dependent [235]
xenograft renal cell sequencing ccRCC elevations of the
mouse carcinoma and UHPLC- | samples adipokine chemerin
model, and (ccRCC) MS and were observed in
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human clear untargeted plasma, ccRCC tissue samples
cell renal cell metabolomic | 4 cell and plasma.
carcinoma s and lines, Multi-omics analysis
(ccRCCQC) lipidomics and showed that chemerin
patients xenogra suppressed fatty acid

ft oxidation, prevented

mouse ferroptosis, and

model maintained fatty acid

of levels.

ccRCC Monoclonal antibody
targeting chemerin
decreased lipid levels
and tumor growth.

14 cell lines, | Triple- RNA- human Differences in [236]
xenograft negative sequencing triple- ferroptosis-related

mouse breast cancer | and UHPLC- | negativ metabolites and

model, and (TNBC) MS e breast pathways were

human triple- untargeted cancer observed in TNBC

negative metabolomic | tissue subtypes.

breast cancer S samples Oxidized

patients , 14 cell phosphatidylethanolam
(TNBC) lines, ines and glutathione

Xenogra metabolism (GPX4)

ft levels were increased in

mouse the luminal androgen

model receptor (LAR)

of subtype.

TNBC GPX4 inhibition
induced tumor
ferroptosis and
improved antitumor
immunity in TNBC
LAR tumors.

Human Spaceflight Transcriptom | Urine Significant enrichment | [237]
astronauts, 4 | effects ics, and of mitochondrial
human cell proteomics, | blood processes, innate
models, 13 and UHPLC- | of immunity, chronic
different MS astrona inflammation, cell
tissues (11 untargeted uts, 4 cycle, circadian

mouse and 2 metabolomic | human rhythm, and olfactory
human), and S cell functions was observed
2 mouse models, in spaceflight.

strains 13 DNA damage was
(C57BL/6 differen evidenced in blood and
and t tissues urine samples of
BALB/C) (11
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mouse astronauts in

and 2 spaceflight.

human) | e Lipid metabolism was
,and 2 upregulated in the liver
mouse and kidneys and
strains downregulated in the
(C57B eyes and adrenal gland
L/6 and in spaceflight.

BALB/

)

Future directions in metabolomics/multi-omics and radiation damage research

The presented studies demonstrate the significant effect of radiation exposure on the
metabolic profile, whether it is analyzed in urine, serum, saliva, or tissue. Urine, serum, and
saliva metabolic biomarkers of acute radiation syndrome (ARS) have been identified and
validated using machine-learning algorithms and multiple cohorts. Salivary biomarkers
associated with Sjogren's syndrome, oral cancers, and salivary gland aging are useful for clinical
diagnosis. However, more mechanistic studies are required to correlate the biomarker
perturbations with the physiological effects of radiation exposure or disease to discover more
metabolic and signaling pathways that can be used as therapeutic targets for prevention or
treatment.

The use of multi-omics approaches to identify network-level relationships between genes,
metabolites, proteins, and gut microbiota is highly valuable data for uncovering complex
dynamic relationships that regulate radiation resistance and cancer. Multi-omics approaches have
become utilized for investigating the physiological effects of low-dose radiation experienced
during spaceflight on astronauts, and more research in this field is expected as the number of
long-term spaceflights is increasing. As the data analysis pipelines for integrating the different
“omics” platforms is still in the developmental stages, more publications will emerge with novel

pipelines for integrating multi-omics data using different model systems investigating radiation
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damage. Multi-omics analysis of radiation damage in various tissues is necessary for identifying

tissue-specific metabolic pathway perturbations underlying loss of function.

Gaps in Knowledge

The presented research illustrates the necessity for investigating the metabolic response
to radiation damage in salivary gland tissue. Although metabolomics analysis has been
performed on biofluids collected from whole-body radiation exposure using in vivo animal
models across multiple species as well as in human patients, metabolomics analysis on irradiated
salivary gland tissue has not been published. Additionally, multi-omics analyses of genes and
metabolites altered with radiation damage in salivary gland tissue have not been published,
which would provide greater insight into the metabolic reactions altered in response to radiation.
Acquiring untargeted metabolomics data will open the door to validation studies of metabolic
pathways of interest altered in response to radiation in the salivary gland, with the goal of
correlating the data with previously identified mechanisms underlying radiation-induced salivary
gland dysfunction to identify additional druggable targets for functional salivary gland tissue

restoration after radiation exposure.
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Introduction

The American Cancer Society estimates over 53,000 new cases of head and neck cancer
reported each year in the United States [238]. Radiation therapy is part of the standard of care for
these types of cancers, but unfortunately it causes irreversible damage to the surrounding salivary
glands resulting in a significant loss of physiological function [239]. This damage leads to
chronic hyposalivation and xerostomia, diminishing the quality of life of these cancer patients
[240], [241]. Prevention and treatment options for xerostomia, such as anti-inflammatory
cytokine drugs and topical analgesics, only provide symptom control and do not restore
endogenous production of saliva [12], [242].

In order to capture the systemic damage caused by radiation, metabolomics analyses have
been conducted of saliva, serum, and urine to identify biomarkers of whole-body radiation
exposure in mouse models [195], [218], [243]. At the tissue level, radiotherapy (2 Gy v-
radiation) has been shown to alter energy and membrane metabolism in testicular tissue of mice
at acute (24 hour) and chronic (5 week) time points post-radiation [196]. Interestingly,
trichostatin A administration (an epigenetic regulator) reversed the observed radiation-induced
metabolic alterations and testicular dysfunction [196]. This research demonstrates that a
therapeutic intervention can restore tissue-specific function following radiotherapy. To our
knowledge, no study has investigated the metabolic alterations caused by radiation-induced

damage in the salivary gland.

Although metabolomic profiling technologies have become increasingly powerful,
metabolite levels alone may not specifically determine which reactions are altered by irradiation,
and other ‘omics data can help fill this gap. Integration of transcriptomic and metabolomic data

can identify significant associations between enzymes and metabolites that drive the phenotype
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under study. A common approach for interpreting ‘omics data is to evaluate the differentially
expressed genes or metabolites for known pathways, but this analysis will necessarily limit the
scope to a small subset of features. Gene set enrichment analysis (GSEA) [244] is a popular
alternative approach that uses the full range of p-values across all genes to identify pathways
ranked higher than expected by chance. GSEA and metabolite set enrichment analysis (MSEA)
[245] can be combined to find pathways that are significant across both modalities. However,
changes in metabolic state cannot always be neatly confined to pre-defined pathways, and these
analysis strategies cannot discover new disease pathways. Overlaying gene and/or metabolite
data on networks of known interactions can reveal “active modules” that provide mechanistic
insight without being limited to pre-defined pathways [246].

The purpose of this study was to integrate genes and metabolites altered in response to
irradiation in the salivary gland and integrate their function using network- and pathway-based
enrichment analysis. One key finding is that radiation treatment leads to coordinated changes in a
statistically significant region of the metabolic network. Integrated enriched pathways include
glutathione metabolism, energy metabolism (TCA cycle and thermogenesis), peroxisomal lipid
metabolism, and bile acid production. Manual curation of metabolites not annotated to KEGG
and HMDB databases correspond to increased synthesis of glycosyl ceramides and increased
sphingosine levels, highlighting additional metabolic pathways involved in the radiation-damage
response that cannot, by definition, be captured using conventional pathway enrichment. Both
our manual curation and our automated network integration analyses revealed new metabolic
facets of previously observed radiation-induced salivary gland phenotypes. These metabolic

alterations potentially explain the exquisite sensitivity of salivary gland tissue to radiation.
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Materials and Methods

Mice and radiation treatment

Mice were housed and treated following protocols approved by the University of Arizona
Institutional Animal Care and Use Committee (IACUC). All experiments were conducted using
female FVB mice obtained from Jackson Laboratories (Bar Harbor, ME). At 4-6 weeks of age,
mice were treated with one 5 Gy radiation dose using a ®°Cobalt Teletherapy Instrument from
Atomic Energy of Canada Ltd Theratron (80-cm distance from source). Prior to radiation
treatment, mice were anesthetized with an intramuscular injection of ketamine/xylazine (70
mg/kg-10 mg/mL) and placed in a 50 mL conical tube. To target the head and neck region for
radiation treatment, the rest of the body was shielded with >6mm thick lead during radiation

exposure.

Tissue preparation and metabolomics processing

Parotid salivary glands were extracted from mice five days post-radiation treatment (N=4) and
from untreated mice (N=4). Tissue was shap frozen and shipped to Metabolon, Inc., for
metabolomic profiling. Samples were prepared by precipitating proteins with methanol
containing standards for reporting extraction efficiency. The resulting supernatant was analyzed
on three platforms, split into equal parts. The instrument settings, data procurement, and software
for data management were previously described in detail [247], [248]. The samples were
desiccated under a vacuum for at least 24 hours followed by nitrogen derivatization using
bistrimethyl-silyl-trifluoroacetamide. Electron impact ionization was used to analyze the samples
on a Thermo-Finnigan Trace DSQ fast-scanning single-quadrupole mass spectrometer (Thermo

Fisher Scientific Inc.). A Waters Acquity UPLC (Waters Corporation) coupled to a linear trap
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quadrupole MS (Thermo Fisher Scientific Inc.) equipped with an electrospray ionization source
was used to perform ultra-performance liquid chromatography (UPLC)/MS-MS2 on the samples.
From each sample, one injection (5 uL) was optimized for positive ions and a second for
negative ions. Identification of metabolites was performed by automated comparison of the ion
features in the samples to an in-house reference library. The reference library contains over 2,400
reliable chemical standard entries that incorporate retention time, molecular weight (m/z),
preferred adducts, and in-source fragments with their associated MS-MS2 spectra. Fast
identification of metabolites in the samples was achieved with high confidence utilizing this
reference library. The median relative standard deviation (RSD) for the internal standards used
for each sample run was calculated to assess instrument variability and was found to be 3%. To
assess total process variability, the RSD for all endogenous biochemicals in the technical

replicates was calculated and found to be 7%.

Metabolomics statistical analysis

Metabolon data was processed using MetaboAnalyst (MetaboAnalyst 4.0) [249]. Metabolites
with missing values in at least 50% of samples were removed; remaining missing values were
imputed with half of the minimum positive value in the original data based on the assumption
that the values were below the instrument detection sensitivity limits. The data were then
normalized using log-transformation and Pareto scaling as previously described for
metabolomics studies [250]. Sample distribution of metabolite data was assessed by Principal
Component Analysis (PCA), using the package prcomp from R [251], and Orthogonal partial
least squares discriminant analysis (OPLS-DA), using the package ropls from R [252]. Both
PCA and OPLS-DA results were visualized with the ggplot2 package from [253]. A significant-

features plot (S-plot) was generated that visualized the variable influence in the OPLS-DA
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model. Metabolites with p1 between -20 and -10 were considered important metabolites
upregulated in response to radiation, and metabolites with p1 between 10 and 20 were considered
important metabolites downregulated in response to radiation. The metabolites identified as
important from the S-plot that are not annotated to Human Metabolome Database (HMDB) IDs
were assigned corresponding pathway(s) and enzymes using MetaCyc [254], [255]. For
metabolites not identified by MetaCyc, corresponding pathways(s) and enzymes were curated

manually using PubChem and KEGG when available [256].

Metabolite Differential Intensity Analysis

Normalized metabolite data were compared between untreated and irradiated conditions using
the R package limma [257]. A significance threshold of Pagj < 0.25 (p-values adjusted using
Benjamin-Hochberg method) was used and differentially expressed metabolites visualized with
the pheatmap package from R [258]. Metabolite pathway enrichment was performed by
Metabolite Set Enrichment Analysis (MSEA), using the R package fgsea with the pre-ranked
option. Metabolites were ranked by their (-logio[p-value])*sign(logz(fold change)) value and

tested for enrichment against the metabolite Consensus Pathways Database (CPDB).

RNA Isolation, NGS Library Preparation and Sequencing

Parotid salivary glands were extracted from a separate set of mice five days post-radiation
treatment (N = 3) and from untreated mice (N = 3) for transcriptomic profiling. Tissue was snap
frozen and shipped to the University of Arizona Genomics Core for RNA-seq analysis. RNA was
isolated with TRIzol reagent using the manufacturer's protocol (Thermo Fisher Scientific Inc.),
then treated with RNase-free DNase. Presence of residual genomic DNA (gDNA) was assessed
by PCR. The degree of RNA degradation was assessed by microfluidic electrophoresis. cDNA
libraries were prepared with the Illumina TruSeq™ Stranded Total RNA Library Prep Kit and
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[llumina RNA single indexing following the manufacturer’s protocol with an input of 2,000ng of
template. Prepared cDNA libraries were quantified with and sequenced using the HiSeq 2500
platform in the Rapid Run configuration (2x100 paired-end sequencing) and the base calling

software BCL2Fastg from lllumina.

RNA-seq data preprocessing and analysis

Raw reads were trimmed using Trimmomatic 0.32 [259] and quality was assessed using FastQC
0.1 [260]. Reads were aligned to mouse reference genome GRCm38 using HISAT2 [261] Gene-
level counts were determined using HTSeg-count 0.6.1 [262]. Genes with zero read counts in all
six samples were removed from further analysis. Counts data were normalized using the variance
stabilizing transformation method from DESeq?2 [263]. Principal Component Analysis (PCA)
was carried out in R. Differential expression analysis was performed with default parameters in
DESeq2, and genes with an adjusted p-value < 0.05 were visualized with the ComplexHeatmap
package from R [264]. Pathway enrichment was determined by Gene Set Enrichment Analysis
(GSEA), as implemented in the R package fgsea, using the pre-ranked genes option. Genes were
ranked by their (-logio[p-value])*sign(logz(fold change)) value, and were tested for enrichment

in Gene Ontology (GO) biological process gene sets from MSigDB.

Pathway enrichment

Integrated pathway analysis was conducted by first performing gene and metabolite pathway
enrichment separately by pre-ranked Gene Set Enrichment Analysis (GSEA), as implemented in
the R package fgsea. Genes and metabolites were ranked by their (-logio[p-value])*sign(logz(fold
change)) value, and were tested for enrichment against the Consensus Pathways Database
(CPDB) - downloaded from the CPDB website on 11 Jun 2020 12:13 - GMT-0700. Joint

pathway enrichment analysis was carried out according to Cavill [265], where metabolite and
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gene set enrichment analysis results were combined, and only pathways with enrichment
estimates for both genes and metabolites were selected. For each pathway i, the joint p-value (p-
joint) was calculated by the product pm; * pgi, where pm; is the metabolite enrichment p-value
and pgi is the gene enrichment p-value for pathway i determined via fgsea. P-value adjustment
for joint p-values was then calculated according to the Benjamini & Hochberg method [266].
Pathways considered as significant were selected based on the criteria of having pmi < 0.05, pgi <

0.05 and FDR < 0.05.

Network analysis of significant metabolites and genes

STITCH: All human chemical-protein interactions were downloaded from STITCH
(stitch.embl.de) on Feb 9 2020. Note that this graph is bipartite, as edges exist only between
proteins and chemicals. A radiation-associated subgraph of STITCH was created by restricting to
genes with Pagj < 0.05 and metabolites with P < 0.05, where P is the unadjusted p-value. This
subgraph had 61 metabolites and 91 genes and 298 edges between them. To test the significance
of the subgraph, we selected 1000 random sets of matched metabolites and genes from the set of
all measured genes and metabolites in our platforms. We then computed the number of unique
STITCH interactions and total edge weight for each matched random subgraph. An empirical p-
value was computed by summing the number of times the random subgraph had a larger number
of unique interactions or total edge weight than the observed radiation-associated subgraph. To
visualize the subgraph, we used the R package condor to identify bipartite network communities,
MetaboAnalyst to identify enriched pathways (parameters on web-based application: “Joint
pathway enrichment” with no fold changes, KEGG or HMDB metabolite IDs used depending on
which had better coverage, enrichment run against “All pathways” not just metabolic, Fisher’s

exact test with, “Combine queries” option), and Cytoscape v3.7.2 to create the final network
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image [267]. Recon3d: The Recon3d reactions and annotations were downloaded from
https://www.vmbh.life on 13-May-2020. Genes and metabolites were restricted using the same p-
value thresholds as above for STITCH. Edges were drawn between every differential gene and
metabolite (mapping to a KEGG ID) that participated in a common reaction according to
Recon3d. The network was visualized using Cytoscape v3.7.2. Meta-network: Meta-networks
were created by adding the scores of the STITCH interactions between all measured members of
the two pathways, or only the GSEA leading edge genes and metabolites in the two pathways.
The total STITCH score was then used as the final edge weight connecting two pathway nodes in

the meta-network.

Active module analysis

JActiveModules: Active modules were identified using jActiveModules plugin in [246].
Cytoscape 3.7.2. The input network was the STITCH subnetwork consisting of all genes and
metabolites that were measured in our dataset (by Metabolon or by RNA-sequencing).
Unadjusted differential expression p-values were used to score all nodes. Module search was
carried out using default settings. “Max depth from start nodes” was set to the default value of 2.
Genes and Metabolites app (GAM) [268]: Unadjusted p-values and logz(fold change) values
were input for all measured genes and all measured metabolites with KEGG identifiers.
Whenever multiple transcripts mapped to the same gene, the transcript with the lowest p-value
was chosen to represent that gene. GAM was run using the R Shiny app

(https://artyomovlab.wustl.edu/shiny/gam/) with default parameters.

Data availability
The RNA-sequencing data can be accessed in the Gene Expression Omnibus (GEQO) with

accession number GSE155902
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(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE155902). All supplemental data,

including raw metabolomics data, can be accessed using the following link to Zenodo;

https://doi.org/10.5281/zenod0.4391402.
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Results

Metabolomic and transcriptomic profiling of irradiated salivary glands

Compensatory proliferation in the parotid salivary gland and loss of tissue function at 5
days post-radiation treatment has been previously demonstrated and is reflective of the radiation-
damage response [117], [153], [11]. There were 749 total metabolites identified by the
metabolomics analysis. At this timepoint, a clear distinction was observed between the
metabolite profiles of the irradiated and untreated (control) group in the principal component
analysis (PCA; Fig. 2.1.A) and orthogonal partial least squares discriminant analysis (OPLS-DA,;
Fig. 2.1.B). From the OPLS-DA S-plot (Fig. 2.1.C), we identified 34 metabolites of importance
that were upregulated (between -20 to -10 p1) and 20 that were downregulated (between 10 to 20
pl) in response to irradiation (Supplemental Table S1; for all supplemental material, use the
Zenodo link provided in the Data Accessibility section of the Methods). The upregulated
metabolites included amino acid derivatives, bile acids, and ceramides, whereas many
downregulated metabolites fell into glutathione and glycerol families. Out of the 54 metabolites
identified from the S-plot, 5 were not annotated to KEGG, HMDB, or PubChem: 1-dihomo-
linolenylglycerol (20:3), 1-heptadecenoylglycerol (17:1), equol sulfate, glycosyl ceramide
d18:1/20:0, d16:1/22:0, and glycosyl ceramide (d18:2/24:1, d18:1/24:2) (Supplemental Table
S1). Therefore, these 5 metabolites could not be included in GSEA, MSEA, joint pathway
enrichment, or network analysis and were manually annotated to pathways.

Differential intensity analysis showed 7 metabolites with Pagj < 0.1, and 30 metabolites
with unadjusted P < 0.01 between the irradiated and untreated conditions, out of the 749 total
identified metabolites (Supplemental Table S2). The top 25 most significant differentially

expressed metabolites are shown in the heatmap (Fig. 2.1.D). Using Metabolite Set Enrichment
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Analysis (MSEA) we found that altered metabolites are enriched for amino acid metabolism,
sphingolipid metabolism, and nucleotide metabolism (the full list of significant pathways is

provided in Supplemental Table S3).
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Figure 2.1. Metabolite profile differences between irradiated (IR) (N=4) and untreated (UT)

(N=4) parotid salivary gland tissue in female mice.

(A) Principal component analysis (PCA) scores of normalized metabolite data separated by
condition with principal component 1 (PC1) accounting for 30% of the variance and principal
component 2 (PC2) accounting for 25% of the variance between conditions. (B) Orthogonal

partial least squares discriminant analysis (OPLS-DA) scores of normalized metabolite data
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separated by condition (p1 is the predictive component displaying variation between conditions
and ol is the orthogonal component displaying variation within conditions). (C) OPLS-DA
loadings significant features (S-plot) shows the contribution (p1) and the reliability (p1_corr) of
the predictive component separating the metabolites by condition. (D) Heatmap of top 25
differentially expressed metabolites with a significance threshold of Pagj < 0.25 in irradiated

versus untreated samples. Color key denotes the Z-score by row.

To profile the transcriptome, we performed RNA-sequencing of untreated and irradiated
salivary glands. The PCA plot showed separation between irradiated and control samples (Fig.
2.2A). Differential expression analysis resulted in 155 genes with Pagj < 0.05 annotated to mouse,
out of which 135 have an associated human ortholog gene symbol (Fig. 2.2B, Supplemental
Table S4). Furthermore, pre-ranked gene set enrichment analysis against the Gene Ontology
database for biological processes mainly showed perturbation in pathways associated with
immune response, cell adhesion, and protein targeting (Supplemental Table S5). Six genes that
are annotated to enzyme commission (EC) metabolic enzymes were differentially expressed;
these included carbonic anhydrase 6 (CA6), ceramide glucosyltransferase (UGCG), the
phosphatase INPP4B, and the phosphodiesterase ENPP2. The lack of GO term enrichment in
metabolic pathways, coupled with the relative scarcity of differentially expressed enzymes,
prompted us to move to a more integrative approach that would help interpret the transcriptomic

profiles in the context of the metabolic network.
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Figure 2.2. Transcriptome profile differences between irradiated (IR) (N=4) and untreated (UT)

(N=4) parotid salivary gland tissue in female mice.

(A) Principal Component Analysis (PCA) plot of RNA sequencing data. (B) Heatmap of 155
differentially expressed genes with Pagj < 0.05 in irradiated and untreated samples. Pre-ranked
gene set enrichment analysis against the Gene Ontology database for biological processes shows
significant upregulation for ceramide glucosyltransferase activity, lipid binding and
phosphatidylinositol trisphosphate phosphatase activity, and protein kinase binding and
phosphatase activity; significant downregulation is observed for oxidoreductase activity, long-
chain fatty acid-CoA ligase activity, and carbonate dehydratase activity in response to radiation.
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Integration of metabolomic and transcriptomic data through rank-based statistics

Separate analysis of metabolomic and transcriptomic data revealed some common
pathways (such as DNA replication), but most of the enriched processes were distinct.
Furthermore, only a handful of enzymes and metabolites were significantly different between
irradiated and control samples after applying the standard differential expression pipeline.
Therefore, we decided to use rank-based enrichment tests similar to Gene Set Enrichment
Analysis (GSEA) to integrate the two datasets (see methods section and Supplemental Table S6).
Based on this analysis, we discovered 103 pathways that have a joint FDR < 0.05 and also have
nominally significant enrichment in the genes and the metabolites separately, showing that they
are supported by alterations in both data types (Figure 2.3A, Supplemental Table S7). The
highest ranked enriched pathways include the TCA cycle and respiratory electron transport,

thermogenesis, and the cell cycle.
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Figure 2.3. Integration of metabolomic and transcriptomic data through pathway enrichment

and network analysis.

(A) Joint pathway enrichment p-values were calculated by the product of each metabolite and
gene enrichment p-value against the Consesus Path Database. Adjusted p-values were then
estimated according to the Benjamini & Hochberg method. Bubble plot shows the top 10
enriched pathways ranked by (-log10(joint adjusted p-value) * leading edge number of enzymes
* leading edge number of transcription factors) / total number of leading edge genes. (B)
(Above) Network shows all STITCH interactions between nominally significant metabolites (P <
0.05; rectangles) and statistically significant genes (Pagj < 0.05; ellipses), with the edge thickness
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proportional to the interaction score in the STITCH database. Nodes are colored according to
community membership and significantly enriched pathways are indicated in the matching color.
Note that yellow genes/metabolites were not statistically enriched for any KEGG pathway.
(Below) Histograms show how the observed number of STITCH interactions (left) or total
STITCH interaction score (right) among the irradiation-altered genes and metabolites (Pagj <
0.05 and P < 0.05, respectively) compares with 1000 randomly chosen matched sets of genes and

metabolites measured by our transcriptomic and metabolomic platforms.

Identifying key gene-metabolite interactions through network analysis

Using the human orthologs determined earlier, we overlaid our expression and metabolite
data in the context of human metabolic networks assembled in publicly available resources
(STITCH and Recon3d) [269], [270]. We observed that the 475 genes with P < 0.01 and the 134
metabolites with P < 0.05 interact more strongly with each other in the STITCH chemical-
protein network than expected by chance (P < 0.001; permutation test). This interaction
demonstrates that our two profiling experiments converge on a common metabolic subnetwork
that underlies the response of the salivary gland to radiation. Using network community
detection, we found that the network of altered genes and metabolites fall in clusters enriched for
distinct metabolic pathways including bile acid biosynthesis, fatty acid degradation, central
carbon metabolism, and sphingolipid metabolism (Figure 2.3B). Likewise, overlaying altered
genes and metabolites on the Recon3d network of reconstructed metabolic reactions
(https://Iwww.vmh.life/#reconmaps) highlights key interactions, including the regulation of
reduced glutathione by GPX4; an increase in the amino acid transporter SLC38A1 associated
with higher levels of glutamine, arginine, and other amino acids; and the catalysis of the reaction

creating phosphoenolpyruvate (PEP) by the enolase ENO3 (Supplemental Figure S1).
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Next, we sought to expand the subnetworks of altered genes and metabolites through
nodes that are not themselves altered by irradiation, but which are implicated by their close
proximity to differentially expressed nodes using jActiveModules [246] and the Genes and
Metabolites web application (GAM) [268]. The top-scoring module from jActiveModules

involved amino acid metabolism, bile acids (taurochenodeoxycholate), peroxisomal lipid

metabolism (ACOT1/2) and glutathione (Figure 2.4A). GAM also led to a network module that

centered on glutamate and glutathione metabolism and connected with amino acids and

putrescine (Figure 2.4B). Overall, overlaying the data on the metabolic network highlighted the

central role of glutathione in connecting the observed changes in amino acid metabolism, lipid

metabolism, and bile acids.

109



e o~ HE TR
& e T

N\ Gy -4 0 +4
— N = ad Log,(fold change)

0 +2
Log,(fold change)

AL G
Glatatiooe gisutize

n.;.m (F)-8-Lae ulathene

Figure 2.4. Active module analysis.

(A) Top-scoring module from jActiveModules analysis in Cytoscape. Rectangles indicate
metabolites and ovals indicate genes. (B) Active module found by the Shiny app Genes And
Metabolites (GAM). Circles represent metabolites and edges are labeled by genes that help

catalyze the metabolic reactions between those metabolites.

Integrated view of how radiation alters cellular metabolism in salivary glands

From the list of significantly enriched pathways from GSEA, we manually removed cell
cycle and cell proliferation pathways (which are commonly observed in the radiation damage
response [117]) and manually selected twelve representative metabolic pathways from the

remaining results. To visualize how these pathways feed into each other, we constructed two
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meta-networks, where each pathway is represented as a single node. In the first “unperturbed”
meta-network, edges represent the total weight of STITCH interactions between all pathway
members that were measured using our ‘omics platforms; in the second “IR-perturbed” version,
the edges represent the total weight of interactions between only the GSEA “leading edge” genes
and metabolites that were altered five days after irradiation. The first meta-network (Fig. 2.5A)
shows that the baseline pathway definitions cause strong interactions between TCA cycle,
thermogenesis, and peroxisomal lipid metabolism. Comparing with the IR-perturbed meta-
network (Fig. 2.5B), we see that irradiation causes a major shift towards interactions among

protein digestion, glutathione metabolism, nucleotide metabolism, and cellular respiration.
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Figure 2.5. Meta-network showing interactions between pathways.

Nodes represent manually selected set of twelve significantly enriched metabolic pathways. Edge
weights between pathways correspond to the total strength of protein-chemical interactions from
the STITCH database between members of those pathways. Edge width and transparency are
both proportional to edge weight. (A) Baseline network: All measured genes and metabolites in
each pathway are included. (B) Perturbed network: Only the leading edge genes and metabolites

(i.e. those most altered by irradiation) are included from each pathway.

Next, we mapped out in greater detail the metabolic reactions in these pathways and the
cellular compartments in which they take place (Fig. 2.6). We identified leading edge genes and

metabolites from the GSEA and MSEA analyses within the mapped metabolic pathways and
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denoted them as upregulated or downregulated in response to radiation. Most genes involved in
phosphatidylinositol (PI) signaling increase with radiation treatment. In contrast, most
metabolites annotated to PI signaling do not show significant changes or are not detected, but we
do see a significant decrease in 2-arachidonylglycerol (2-AG) levels from the differential
expression analysis, which can be annotated to PI signaling or endocannabinoid metabolism.
Several leading edge amino acids that map to glutathione metabolism increase with radiation
treatment, including elevation in the levels of glutamine, a precursor in glutathione synthesis, and
the glutamine transporter gene SLC38A1. Further down the glutathione metabolism pathway,
reduced glutathione (GSH) and GPX4 (gene that encodes the enzyme glutathione peroxidase
which converts GSH to the oxidized form, GSSG) both decrease post-radiation. Peroxisomal
lipid metabolism displays reductions at both the transcript and metabolite levels. Interestingly,
there is a significant increase from the differential expression analysis in the levels of at least 4
secondary bile acids and at least 5 acyl-amino acids, which can both be synthesized in the
peroxisome. Mitochondrial fatty acid beta-oxidation is also downregulated at both the transcript
and metabolite level. A decrease is seen in the transcript levels of the enzyme acyl-CoA
thioesterase 1 that hydrolyzes acyl-CoA into coenzyme A and free fatty acids, and additionally in
the metabolite coenzyme A. Mitochondrial oxidative phosphorylation is downregulated at the
transcript level, specifically within complex I, 111, IV, and the ATP synthase complex. Within the
sphingolipid metabolism pathway, we observe an increase in the levels of four sphingomyelin
species and two glycosyl ceramide species from differential intensity analysis. The expression of
UGCG that encodes the enzyme which converts ceramide to glycosyl ceramide is upregulated,
corresponding with an increase in glycosyl ceramide biosynthesis in response to radiation

treatment. The lipolysis regulation pathway contains decreases in a few genes and metabolites,
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most notably ADRB3 that encodes for a beta-adrenergic receptor family member and LIPE, a
lipase involved in free fatty acid production. This manual curation of metabolites to metabolic
pathways reveals an additional layer of detail that, when combined with the integrated networks,
creates a more holistic representation of irradiation-induced changes in a metabolic context

within the salivary gland.

Figure 2.6. Integrative visualization of enriched pathways in metabolic reaction diagram.

Map of the metabolic pathways and the cellular compartments in which they take place with
upregulated and downregulated transcripts and metabolites observed in response to irradiation.
Rectangles correspond to MSEA leading edge (LE) metabolites, ovals correspond to GSEA LE
transcripts. Red denotes upregulated transcripts/metabolites and blue denotes downregulated
transcripts/metabolites. Non-LE metabolites that are statistically significant (Pagj < 0.05) from

differential intensity analysis are denoted by the rectangular shape with the rounded edges.
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Asterisks denote transcripts/metabolites found in Recon3d reactions. Pound sign denotes the

transcript/metabolite is found in radiation-damage response literature.
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Discussion

Radiation-induced salivary gland dysfunction and xerostomia continue to be significant
problems for head and neck cancer patients due to a lack of mechanistic understanding of
salivary gland damage. Here we have conducted a pathway and network analysis of metabolomic
and transcriptomic profiles of the irradiated salivary gland compared to control. Our results
support previous work that suggests involvement of glutathione and P1 metabolism [271], [272],
[273]; and suggest novel interactions including sphingolipid/ceramide metabolism, peroxisomal
metabolism dysregulation, and mitochondrial dysfunction.

Radiation induces the production of reactive oxygen species (ROS) such as hydrogen
peroxide, resulting in DNA damage and lipid damage (lipid peroxidation) [274]. Glutathione is
one of the most abundant antioxidants produced to neutralize ROS and prevent radiation-induced
damage [275]. Our data shows a significant decrease in reduced glutathione (GSH) and the
transcript GPX4 that encodes glutathione peroxidase involved in the synthesis of oxidized
glutathione (GSSG), suggesting that the decreased GSH levels following radiation treatment
could be driving the sensitivity to radiation that results in the loss of tissue function. Previous
metabolomics research showed decreased levels of GSH in non-cancerous bone marrow tissue
and increased levels in non-cancerous liver tissue in response to 6 Gy radiation [271]. In
different model systems, GSH administration has produced mixed results in terms of protection
from radiation damage [275]. In our data, both the jActiveModules and the GAM network
analyses highlight GSH as a central node connecting different facets of cellular response to
irradiation. Our meta-network analysis also revealed strong interactions between genes and
metabolites within glutathione metabolism and members of several other pathways (TCA

cycle/electron transport chain and protein digestion/absorption) that could be involved in
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regulating radiation-induced loss of function. An interaction of interest from the Recon
metabolic reconstruction (https://www.vmh.life/#reconmaps) involves downregulated cysteine in
glutathione metabolism concurrent with increased alanine and asparagine and decreased SLC1A5
expression in protein digestion/absorption. SLC1A5 encodes a neutral amino acid transporter that
can facilitate the sodium-dependent exchange of alanine and asparagine as well as cysteine
(https://www.vmh.life/#reconmaps). Targeting SLC1A5 may increase cysteine import and
increase glutathione synthesis and metabolism to mitigate radiation-induced damage.

Our RNA-seq and network analysis detected significant upregulation of a majority of
transcripts involved in P1 signaling following radiation, but most metabolites associated with Pl
signaling were not detected. This is in line with a previous study in an irradiated 3D skin model
where the phosphatidylinositol-4,5 diphosphate pathway was significantly upregulated at the
transcriptomic and proteomic levels but not at the metabolomic level [273]. The PI metabolism
pathway is involved in the regulation of diverse cellular functions including proliferation, cell
motility, and glycolysis [276]. The Pl 5-phosphatases have been demonstrated to play a role in
polarity and cell motility of cancer cells [277]. Cellular communication from irradiated cells via
the PI3K pathway may lead to distinct transcriptional activation in bystander cells [278]. In a
model of acute pancreatitis, loss of phosphoinositide 3-kinase-gamma (PI3K gamma) led to
enhanced survival due in part to reductions in cell death and neutrophil infiltration [279].
Collectively, Pl signaling plays a critical, yet complex role during damage and repair responses.

Radiation-induced changes in sphingolipid metabolism may play a role in the
apoptosis-induced compensatory proliferation response or the inflammatory response in the
salivary gland. Acidic sphingomyelinase (ASMase) converts sphingomyelin to ceramide; in the

plasma membrane, ceramide acts as a secondary messenger capable of triggering several
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pathways to execute apoptosis, such as by direct interaction with phospholipase A2 and
cathepsin D [280]. Acute increases in ceramide production and apoptosis lead to the switch from
apoptotic signaling to increased cell proliferation [280]. In this study we observed significantly
increased expression of the transcript UGCG that encodes the enzyme ceramide
glucosyltransferase in the irradiated salivary glands compared to control, as well as significantly
increased levels of glycosyl ceramide (d18:1/20:0, d16:1/22:0) and glycosyl ceramide
(d18:2/24:1, d18:1/24:2). In response to radiation treatment, increased apoptosis is observed in
parotid salivary gland that peaks at 24 hours following radiation treatment [115], [154], [113]
and is followed by a compensatory proliferation response that begins five days after treatment
that continues for at least 90 days [153], [150]. Thus, understanding the role of glycosyl
ceramides in the induction and chronic upregulation of compensatory proliferation may reveal
new targets that could restore function to the salivary gland following radiation.

In this study, significantly increased levels of sphingosine and the transcript SPHK1
were observed in the irradiated salivary glands compared to control. SPHK1 encodes the enzyme
involved in sphingosine-1-phosphate (S1P) synthesis [281]. S1P is a bioactive sphingolipid
derived from sphingosine that has been shown to increase prostaglandin E> (PGEy) levels in
human granulosa cells as part of regulating the reproductive system [282]. We have previously
demonstrated that radiation induces an inflammatory response through PGE: release and that
deletion in the P2X7 receptor (P2X7R™) exhibited reductions in PGE; release and preserved
saliva flow following radiation treatment [135]. Additionally, the transcripts SIPR1 and S1PR4
that encode S1PR1 and S1PR4, respectively, were significantly upregulated following radiation
in our dataset. Binding of S1P to these receptors has been associated with mediation of

inflammatory signaling to enhance cell survival, migration, angiogenesis, proliferation, and
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differentiation depending on tissue and type of injury [281], [283]. S1P treatment in human
granulosa cells has been shown to activate yes-associated protein (Yap) via SIP1R and S1P3R
during follicular development [153]. Our lab has previously shown that radiation-induced loss of
apical-basolateral polarity leads to Yap activation at five days post-radiation, which is the same
time point as the current study [153]. Interestingly, in a model that restores salivary gland
function following radiation treatment (using injections of insulin-like growth factor 1), apical-
basolateral polarity is restored and Yap activation is reduced [153]. Here, according to the
STITCH interaction database (http://stitch.embl.de/), SLIPR4 interacts with glutamate in
glutathione metabolism and adenosine in selenoamino acid metabolism, highlighting the
complexity of the role of sphingolipid signaling in the radiation response due to interactions with
multiple metabolic pathways. Overall, this suggests that radiation may increase the activation of
inflammatory signaling mechanisms associated with S1IPR1 and S1PR4 in the salivary gland that
integrates with the compensatory proliferation response. Future studies inhibiting the
sphingolipid receptors should shed light on the downstream mechanisms mediating the radiation
phenotype.

We observed downregulated levels of both propionylcarnitine (peroxisomal lipid
metabolism) and the transcript HADHA, which encodes the enzyme hydroxyacyl-CoA
dehydrogenase (mitochondrial fatty acid beta-oxidation). Propionylcarnitine is known to interact
with HADHA [284]. Previous reports have also shown that peroxisomal and mitochondrial
metabolism are tightly synchronized to coordinate the effects on lipid oxidation [284], [285].
Interestingly, HADHA is expressed at higher levels in the salivary gland as compared with other
tissues throughout the body [286]. In a metabolomics analysis of mouse serum, whole-body 6 Gy

radiation resulted in enrichment of branched chain fatty acids (BCFAs) and very-long chain fatty
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acids (VLCFAs), implying dysregulated peroxisomal fatty acid beta-oxidation [271]. BCFA and
VLCFA substrates are specifically transported into peroxisomes and not mitochondria for
oxidation [287]. Conversely, in the irradiated salivary glands we observed lower expression of
the ABCDL1 transcript which encodes the ABCD1 transporter responsible for the import of
VLCFA:s into the peroxisome [287]; this suggests decreased peroxisomal fatty acid oxidation in
response to radiation.

Since the joint pathway enrichment analysis identified peroxisomal lipid metabolism as
significantly downregulated in response to radiation, this prompted us to investigate if other
metabolic processes associated with the peroxisome are also dysregulated. Dysregulation of bile
acid synthesis, acyl glycine conjugation, and glyoxylate metabolism, processes that occur in the
peroxisome, are observed following radiation. Increased levels of bile acids and their conjugates
(e.g. chenodeoxycholate and taurochenodeoxycholate), acyl glycine conjugates (e.g.
phenylalanylglycine and cinnamoylglycine), as well as increased expression of the ABCD3
transcript that encodes the ABCD3 transporter responsible for import of bile acid intermediates
into the peroxisome are observed following radiation. The bile acid and acyl glycine conjugated
products may be involved in cell signaling that functions in the radiation-damage response [288].
Additionally, increased peroxisomal glyoxylate metabolism occurs in response to radiation. The
AGT enzyme converts glyoxylate to glycine specifically in the peroxisome, and a significant
increase in AGT transcript expression as well as glycine levels are observed in the salivary gland.
The transcripts involved in glyoxylate metabolism in the cytosol and mitochondria are
downregulated in response to radiation (LDHA and GRHPR, respectively). These results imply
that radiation increases glyoxylate detoxification via the conversion to glycine specifically in the

peroxisome in the salivary gland. Results from the Recon metabolic reconstruction
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(https://www.vmh.life/#reconmaps) further support the connection between these various
peroxisomal metabolic pathways by identifying a connection between the reaction facilitated by
the SLC27A2 transcript in peroxisomal alpha-oxidation and the synthesis of the bile acid
chenodeoxycholate, supporting the evidence for peroxisomal-specific bile acid synthesis.
Collectively, these results demonstrate unique peroxisomal metabolic changes in response to
radiation that deserve further investigation to understand the specific roles that each alteration
plays in the radiation-damage response.

Alterations in thermogenesis and beta-oxidation pathways (Figure 2.5a,b), along with
significant reductions in genes within mitochondria (Figure 2.6), suggest that radiation may
induce a mitochondrial dysfunction phenotype. Many studies have described a loss or
inefficiencies in electron transport chain (ETC) function as a hallmark of mitochondrial
dysfunction [289], [290], [291]. Within the results depicted in this study, reductions in NAD+,
UQCR, NDUF, COX, ATP5, and MT-ND family members are most notably related to reduced
ETC capacity. The products of these genes function within complexes I, 111, IV, and V and are
largely encoded within mitochondrial DNA (mtDNA) [292]. In contrast to nuclear DNA,
mtDNA is not associated with histones and has been shown to be more sensitive to genotoxic
stress [292]. In addition, reductions in propionylcarnitine (C3) were observed (Figure 2.6) that
may lead to increases in free radicals and lipid peroxidation [293]. The direct and indirect effects
of radiation treatment along with potential inefficiencies in translation of these mtDNA products
[290], [292] may explain the global reductions observed in these genes.

The reductions in NAD+ may also be an indication of inefficiencies in NADH transport
across mitochondrial membranes. Under conditions where glycolytic intermediates are diverted

to secondary pathways (pentose phosphate pathway, etc.), the glycerol-3-phosphate and malate—
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aspartate shuttles provide a mechanism for NADH utilization by the ETC in order to maintain
glycolysis by increasing NAD+ availability [294]. Following radiation treatment, glycerol-3-
phosphate levels are decreased that likely impact the efficiency of the glycerol-3-phosphate
shuttle to transport NADH. In addition, increases in lipid peroxidation due to reductions in C3
can lead to ferroptosis where mitochondria exhibit structural alterations [293], further
exacerbating the mitochondrial dysfunction phenotype.

By integrating metabolomic and transcriptomic data, we showed that the genes and
metabolites altered by irradiation of the salivary gland converge on a statistically significant
metabolic network that involves glutathione metabolism, energy metabolism (TCA cycle and
thermogenesis), peroxisomal lipid metabolism, and bile acid production. Manual curation of the
metabolite data not annotated to KEGG or HMDB identified sphingolipid metabolism to also be
an important pathway in the damage response. These findings provide specific metabolic
signatures of irradiation damage in the salivary gland as well as plausible signaling interactions

that drive radiation-induced salivary gland dysfunction.
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Introduction

Annually, over 54,000 new cases of head and neck cancer (HNC) are estimated in the
United States by the American Cancer Society, with approximately 5% of these cases resulting in
death [295]. Radiotherapy, combined with chemotherapy and surgery, is the dominant treatment
for HNC and is effective in eliminating tumors and preventing cancer recurrence [296], [45].
Due to the proximity of the salivary glands to HNC tumors, they are indirectly damaged by
radiotherapy and lose secretory function due to their high level of radiation sensitivity [297], [12],
[13]. Acutely, oral mucositis and loss of saliva production begins to occur within the first week of
radiotherapy as loss of acinar cells and glandular shrinkage occurs [13], [298]. Hyposalivation
continues to persist chronically in over 80% of HNC patients [11], [14], [299]. Failure of the
acinar cells to functionally repair and regenerate contributes to chronic salivary gland
dysfunction, with the level of acute damage reflecting the level of chronic complications, such as
dental caries, periodontitis, and nutritional deficiencies [300], [301], [302], [303]. The underlying
mechanisms regulating chronic radiation-induced salivary gland dysfunction are unknown [13].
Current treatments to temporarily relieve symptoms include sialagogues without restoring
function to the damaged salivary gland, and are associated with unpleasant side effects and
inconsistent results [304], [305]. Therefore, the underlying mechanisms of radiation-induced
salivary gland damage need to be discovered to identify methods for restoring function to the
damaged gland.

Metabolomics is a powerful platform that reflects the effects of disease or damage in
cells, tissues, or biological fluids since the metabolic phenotype is the interaction of multiple
environmental factors in combination with genetic factors [306], [307], [308], [309]. Small

changes in gene expression or protein levels are magnified at the metabolite level, which suggests
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that changes in metabolite profiles may provide a clearer reflection of an organism’s phenotype
compared to changes at the gene and protein level [310]. Metabolomics is a useful tool for
discovering biomarkers of disease and has been utilized to identify metabolite biomarkers in
many disease states, including head and neck cancers and Sjogren’s syndrome (SS) [310], [311].
SS is an autoimmune disease that disrupts normal function of the salivary and tear glands,
resulting in a comparable phenotype observed in radiation-induced salivary gland dysfunction
[312]. In an untargeted metabolomics study of SS patient serum using machine learning, 21
significant metabolites were correlated with lipid and amino acid metabolic pathways, suggesting
that these pathways are biomarkers of SS [313]. To understand the mechanisms underlying dry
mouth conditions, Hynne and colleagues incorporated both SS patients and HNC patients after
receiving radiation treatment (50-70 Gy total dose delivered over 6 weeks in 2 Gy fractions) and
performed saliva metabolomics on both groups compared to healthy controls [314]. Although
distinct metabolic profiles were observed between the SS patients, the radiation-treated HNC
patients, and the controls, pyrimidine nucleotides and nucleosides were elevated in both patient
groups compared to control groups and amino acid metabolism was dysregulated in both patient
groups, suggesting that these metabolites may be useful in the diagnostics of these two dry mouth

conditions [314].

Metabolomics has also been used to identify mechanisms underlying the radiation-
damage response in multiple tissue types. The effects of different radiation dosages (0, 2, and 20
Gy) on the intestinal tissue metabolite profile in C57BL/6 mice revealed increases in amino acid
levels that correlated with increased radiation dosage, which the authors suggest might be
reflective of oxidative stress and pose amino acid metabolism as a possible therapeutic target

mechanism to alleviate radiation-induced intestinal toxicity [199]. The effect of 12 Gy partial
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body radiation on liver, kidney, heart, lung, and small intestinal tissue of non-human primates at
acute and intermediate damage time points revealed temporal changes in both citrulline and
branched chain amino acids in all tissue types [210]. Our previous work integrated metabolites
and transcripts altered in response to radiation treatment at five days post-IR in mouse parotid
salivary gland tissue and identified joint pathway enrichment for glutathione metabolism, energy
metabolism (TCA cycle and thermogenesis), bile acid production, and peroxisomal lipid metabolism
[315]. Decreases in apical/basolateral polarity and increases in compensatory proliferation in the
acinar cell compartment have been demonstrated at five days post-IR, with continued increases in
compensatory proliferation correlated with chronic loss of secretory function [153], [117]. Since loss
of secretory function has been previously demonstrated to begin as early as three days post-IR and
continue for at least 90 days, these data suggest that the aforementioned metabolic pathways may
drive salivary gland dysfunction [117], [153], [154], [315]. The purpose of this study is to perform a
temporal analysis and identify metabolic changes that occur in the salivary gland due to radiation
treatment at acute, intermediate, and chronic damage time points. We can then articulate the metabolic
changes that are correlated with the different stages of the radiation-induced damage response and

place them in a biological context through network analysis.
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Materials and Methods

Mice

Mice were housed and treated following protocols approved by the University of Arizona
Institutional Animal Care and Use Committee (IACUC). All experiments were conducted using

4-6 week old female FVVB/NJ mice obtained from Jackson Laboratories (Bar Harbor, ME).

Radiation treatment

Mice were treated with a single five Gy radiation dose using a ®°Cobalt Teletherapy Instrument
from Atomic Energy of Canada Ltd Theratron (80-cm distance from source). Prior to radiation
treatment, mice were anesthetized with an intraperitoneal injection of ketamine/xylazine
(70mg/kg-10 mg/mL) and placed in a 50 mL conical tube. To target the head and neck region for
radiation treatment, the rest of the body was shielded with >6mm thick lead during radiation

exposure.

Tissue preparation and metabolomics processing

Parotid salivary glands were extracted from mice at 3 days post-IR (N=8), 14 days post-IR
(N=8), 30 days post-IR (N=8), and from untreated mice (N=4). 10-20mg of parotid salivary gland
tissue sample was subjected to a methanol (1mL) extraction of both polar and nonpolar
metabolites. Samples were homogenized in a MPbio FastPrep 24 bead beater utilizing 2mL
homogenization tubes, Glass beads (Sigma 425-600um acid washed, G8772-100G), and 1mL
methanol spiked with internal standard mix (10uL Deuterated Amino Mix, 10uL of SPLASH
LipidoMIX Internal standard mixture, Avanti, Al; Product number 330707) for additional
semiquantitative analysis. Sample were homogenized under the following Fast prep conditions:

twice at 6.5m/s for 20Sec. Tissue precipitant was pelleted through centrifugation (10 min, 10,000
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RPM, 4°C), supernatant was transferred and dried under nitrogen and further stored at -20°C until

resuspended in 100uL methanol/0.1% formic acid.

Ultra-high performance liquid chromatography-mass spectrometry (UHPLC-MS) analysis

One pL of sample extract was injected onto a Thermo Vanquish Duo UHPLC system in
randomized order and separated using a Thermo Scientific Accucore 150-Amide-HILIC (250 x
2.1mm 2.6p) and Hypersil GOLD (150 x 2.1mm 1.9u) columns for hydrophilic interaction liquid
chromatography (HILIC) and reverse phase (RP) chromatography, respectively, as described by
Najdekr et al. [316]. The HILIC solvent system included a gradient from solvent A (95%
acetonitrile/ 5% water with 10 mM ammonium acetate and 0.1% formic acid) to solvent B (50%
acetonitrile/ 50% water with 10 mM ammonium acetate and 0.1% acetic acid) over 12 mins at
500uL/min, and column re-equilibration occurs during RP analysis. The RP chromatography
included a gradient from solvent A (0.1% formic acid in water) to solvent B (0.1% formic acid in
methanol) over 12 minutes at 300uL/min, and column re-equilibration occurs during HILIC
analysis. Column temperatures were maintained at 50°C. Mass spectrometry (MS) detection was
performed using a state-of-the-art Thermo Exploris 480, utilizing default lipidomic and
metabolomic acquisition settings optimized by Thermo unless otherwise stated. These settings
include: 3.4kV spray voltage in positive ion mode, 45AU sheath gas, 10AU auxiliary gas, and
325°C ion transfer tube, 350 °C vaporizer temperature. The Orbitrap mass analyzer scanned from
67-1000 m/z at 120,000 resolution for full scans and 15,000 for MS/MS scans. Samples were run
in MS mode only, while Pooled QC’s were run in MS/MS mode. HCD was utilized for
fragmentation in Data-dependent acquisition (20 scans) and dynamic exclusion was set to 8 sec.
Thermo AquireX platform was utilized on the pooled QC sample to achieve optimal feature

annotation.
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Metabolite 1D annotation

Compound Discoverer version 3.3 provided Compound Names, SMILES IDs and KEGG IDs for
a portion of the detected metabolites as part of its output. A single Pooled QC was created as a
composited from all sample groups (aliquots were combined post extraction) and run between
every 15 samples during LC/MS analysis, then utilized post processing to remove features with
greater that 30% variation in the QC samples. The QC sample was also utilized for peak area and
retention time normalization over the entire run. Annotations were assigned in Compound
Discoverer utilizing the following data bases: MZcloud, Metabolika, ChemSpider, and MassL.ist.
Features with predicted formulas (only) based on accurate mass were also exported as part of the
output. PubChem ID annotation was carried out by querying the PubChem database primarily
from compound names and secondarily from compound formulas using the function get_cid from
the webchem package. KEGG IDs that were not supplied by Compound Discoverer were
annotated primarily by querying the Chemical Translation Service (CTS) database from
compound names using the cts_convert function from the webchem package and secondarily by
querying the KEGG database from compound formulas using the keggFind function from the
KEGGREST package. SMILES IDs that were not supplied by compound discoverer were
annotated by gquerying the PubChem database from PubChem IDs using the pc_prop function
from the webchem package. In HILIC mode, 1,540 compounds were detected, and 598
metabolites (39%) were annotated at each timepoint. In RP mode, 2,852 compounds were

detected, and 1,172 metabolites (41%) were annotated at each time point.

Metabolite class annotation
Metabolite class annotation was performed using the Human Metabolome Database (HMDB)

(HMDB Version 5.0) first, and if the compound was not identified in HMDB then the PubChem
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database (National Library of Medicine) was used. The compound names were entered into the
metabolite search engine and when the correct metabolite was identified, the class information was
found under “Chemical Taxonomy” in the HMDB database or under the description of the

metabolite in the PubChem database. If the metabolite could not be identified, “NA” was recorded.

Metabolomics statistical analysis

HILIC and RP peak files were obtained through the Compound Discoverer software version 3.3
and analyzed using the R statistical computing environment. Metabolite intensity counts were
loaded with the Read.TextData function. Data quality assessment was carried out with the
SanityCheckData function, followed by quality control via ContainMissing and the ReplaceMin
functions. Data was normalized with the Normalization function (parameters: rowNorm =
"NULL", transNorm ="LogNorm", scaleNorm = "ParetoNorm", ratio = FALSE, ratioNum = 20).
All metabolite data processing steps were carried out using the MetaboAnalystR package.
Principal components for PLS-DA with the opls function from the ropls package. Normalized
metabolite data distribution was visualized with PSL-DA using the ggplot2 package.

Differentially expressed metabolites with Pagj < 0.05 were defined as significant.

Pathway enrichment analysis

Metabolite set enrichment analysis was carried out with fora (over representation analysis) and
fgsea (pre-ranked set enrichment analysis) functions from the fgsea package (parameters:
minimal metabolite set size 5, maximal metabolite set size 500). Pathway enrichment was
performed against KEGGpathways from the ConsensusPathDB (CPDB) database for metabolites.

Enriched pathways with Pagj <0.25 were defined as significant.
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Network analysis

Metabolite PubChem and SMILES IDs were annotated primarily from compound names and
secondarily from compound formulas. The metabolite annotation was used as input to obtain the
structural data file (sdf) information and compute the metabolite structural similarity network,
done with the Metamapp package. The generated network files (sif) were used to detect
communities with the Louvain algorithm, and overrepresentation analysis (ORA) was applied to
each detected cluster with more than 50 metabolites to identify enriched pathways. Enrichment
analysis was carried out with the fora function from the fgsea package (parameters: minimal
metabolite set size 5, maximal metabolite set size 500) using all KEGG pathways from the
ConsensusPathDB (CPDB) database for metabolites. Metabolites clusters (communities) with

hypergeometric p-value cutoff of 0.05 were defined as significant.

Weighted gene correlation network analysis (WGCNA)

Normalized metabolite levels were used for assessing correlation patterns using weighed gene co-
expression analysis (WGCNA). Briefly, the scale free topology fit R? was computed and the
smallest value above a 0.9 threshold was used. The adjacency matrix was then computed using
the established R? value and used to obtain the Topological Overlap Matrix (TOM). The
corresponding dissimilarity matrix (1 - TOM) values were hierarchically clustered, and modules
detected using the criteria of a tree height of 0.995 and a minimum of 50 metabolites. Pathway
enrichment overrepresentation analysis (ORA) was applied to each detected module, using the fora
function from the fgsea package and CPDB KEGG pathways as described above. Enriched pathways

with Pqgj < 0.25 were defined as significant.
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Data availability
All supplemental data, including raw metabolomics data and R code, can be accessed using the

following link to Zenodo; https://doi.org/10.5281/zenodo.7775482.
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Results

The IR time points chosen for this study reflect the acute, intermediate, and chronic
damage responses in the salivary gland to identify kinetic changes in metabolites (Figure 3.1).
Selection of radiation dose (5 Gy) was based on consideration of the clinical exposure in patients
(2 Gy/day), comparison to other papers in the field (10-40 Gy), and data from our previous
studies (2-10 Gy) [37], [116], [317] , [318], [113], [319]. Apoptosis of salivary acinar cells has
been reported between 8-72 hours following radiation with peak in levels around 24 hours post-
treatment [114], [320]. Increased levels of reactive oxygen species (ROS) have been detected as
early as 24 hours post-IR and persist for at least ten days [170]. Loss of secretory function has
been reported as early as three days post-IR [321], [154]. Therefore, three days post-IR was
chosen as a representative acute damage time point. At five days post-IR, increases in
compensatory proliferation and decreases in apical/basolateral polarity in the acinar cellular
compartment begins and persistent increases in compensatory proliferation is correlated with
chronic loss of secretory function [153], [157] , [154], [125]. Decreases in acinar cell
differentiation markers (e.g. amylase) have been reported as early as ten days post-IR and persist
for at least 90 days post-treatment [136], [157], [154], [125]. Fourteen days post-IR was selected
as a representative intermediate damage time point as it exhibits increased compensatory
proliferation, decreased differentiation and decreased function and we hypothesize may be a
pivotal time point in the wound healing response [322]. We have previously demonstrated that
radiation-induced loss of secretory function at 30 days post-treatment is similar at 60 and 90 day
post-treatment [154]. Therefore 30 days was chosen as a representative chronic damage time
point as it exhibits increased compensatory proliferation, decreased differentiation and decreased

function.
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I Time points chosen for metabolomics analysis }
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Figure 3.1. Summary of previously identified mechanisms underlying the radiation

damage response in the salivary gland over time following exposure to a single 5 Gy dose.

Abbreviations: h=hours, d=days, DNA=deoxyribonucleic acid, ROS=reactive oxygen species.

Metabolomic profiling reveals separation between all radiation time points

Metabolomic profiles in each phase were compared between treated and untreated
groups at days 3, 14 and 30 post-IR to determine temporal differences. HILIC chromatography
was used to separate hydrophilic metabolites while RP chromatography was used to separate
polar and aromatic metabolites as well as organic acids, thus improving the scope of metabolites
detected [316]. The number of detected features in HILIC phase was 4,600 and the number of
detected features in RP phase was 8,525. There were 1,534 metabolites identified by Compound
Discoverer in HILIC phase at day 3 IR (Table S1; for all supplemental material, use the Zenodo
link provided in the Data Accessibility section of the Methods), 1,531 at day 14 IR (Table S2),
and 1,535 at day 30 IR (Table S3). There were 2,844 metabolites identified in RP phase at day 3

IR (Table S1), 2,840 at day 14 IR (Table S2), and 2,841 at day 30 IR (Table S3). The partial least
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squares discriminant analysis reveals distinct metabolite profile separation patterns between the
three IR time point groups and the untreated group in both HILIC and RP phases (Fig. 3.2A,B).
The heatmaps of all identified metabolites at each time point in HILIC and RP phases display a
pattern of increased metabolite levels for each IR group compared to untreated (Fig. 3.2C,D).
Differential intensity analysis identifies 507 metabolites in HILIC phase and 976 in RP phase
with Pagj <0.05 between the day 3 IR group and the untreated group (Table S1), 407 metabolites
in HILIC phase and 901 metabolites in RP phase between the day 14 IR group and the untreated
group (Table S2), and 276 metabolites in HILIC phase and 504 metabolites in RP phase between
the day 30 IR group and the untreated group (Table S3). The significant differentially expressed
metabolites with Pagj < 0.05 are shown in the heatmaps for each IR group compared to untreated

in HILIC and RP phases (Fig. 3.2E,F).
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Figure 3.2. Metabolomic profiling of irradiated parotid salivary glands at days 3 (N=8), 14
(N=8), and 30 (N=8) compared to untreated (N=4) reveals separation.

A) PLS-DA plot of HILIC phase data. B) PLS-DA plot of RP phase data. C) Heatmap of all
metabolites identified in HILIC phase. D) Heatmap of all metabolites identified in RP phase. E)
Heatmap of differentially expressed metabolites in HILIC phase (Pagj<0.05). F) Heatmap of
differentially expressed metabolites in RP phase (Pagj<0.05). Abbreviations: IR=radiation,

HILIC= hydrophilic interaction liquid chromatography, RP=reverse phase chromatography.

We next annotated the top 100 significant metabolites by class (day 3 IR is Table S4,
day 14 IR is Table S5, and day 30 IR is Table S6). Table 3.1 presents a summary of the most
commonly-observed metabolite classes for all IR time points compared to untreated in HILIC and
RP phases. We observe across all IR time points that the majority of significant metabolites (Pag;
< 0.01) are upregulated, with the highest percentage of upregulated metabolites observed at day
14 IR and the lowest percentage of upregulated metabolites observed at day 30 IR (Table 3.1,
Tables S4, S5, S6). Across the 3 IR time points and 2 detection phases, alpha amino acids,
carboxylic acids, peptides, and alcohol derivatives are upregulated in response to IR, while most
of the significant downregulated metabolites are unidentified, with the few identified
downregulated metabolites annotated to amino sugars and organonitrogen compounds (Table

3.1).
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Table 3.1. Summary of the top 100 significant metabolites (Padj<0.05) annotated with

metabolite class information at day 3, day 14, and day 30 IR compared to untreated in HILIC

and RP phases.

Abbreviations: =radiation, HILIC= hydrophilic interaction liquid chromatography, RP=reverse

phase chromatography, padj=a Benjamini Hochberg adjusted p-value.

IR HILIC: HILIC: HILIC: significant | RP: RP: RP: significant

Time number of significant downregulated number of significant downregulated

Point | significant upregulated metabolites by class | significant upregulated metabolites by
metabolites metabolites by metabolites metabolites class
(padj<0.01) class (padj<0.01) by class

Day3 | 315 (94% alpha amino unidentified, amino | 615 (92% prenol lipids, unidentified,

IR upregulated, acids, peptides, sugars, biotin and upregulated, benzene and organonitrogen
6% azoles, carboxylic | derivatives 8% derivatives, compounds,
downregulated)| acids, 1,2-amino downregulated) | carboxylic diazines,

alcohols acids, phosphocholines
diazines, peptides

Day 14 | 271 (96% alkaloids, alpha unidentified, amino | 503 (96% fatty acyls, unidentified,

IR upregulated, amino acids, n- sugars, amines upregulated, carboxylic steroids and
4% acylethanolamines, 4% acids, derivatives,
downregulated)| phosphosphingolipi downregulated) | piperidines, organonitrogen

ds, carboxylic acids, benzene and compounds,
secondary alcohols derivatives, diazines
peptides and
dipeptides

Day 30 | 139 (91% azoles, alpha unidentified, amino | 229 (79% quinolines, unidentified,

IR upregulated, amino acids, fatty | sugars, guanines, upregulated, piperidines, organonitrogen
9% amides, 1,2-amino | phosphocholines, 21% benzene and compounds,
downregulated)| alcohols, pyridines and downregulated) | derivatives, diazines,

phosphocholines, derivatives fatty acyls, steroids and
alkaloids carboxylic derivatives,
acids phosphocholines

Pathway enrichment analysis identifies significant enrichment at days 3 and 14 following

radiation

We performed enrichment analysis on the metabolites with associated KEGG IDs using

gene set enrichment analysis (GSEA) with KEGG pathways and the top 10 enriched pathways at

each IR time point are presented in Table 3.2. We observe 16 significant pathways using Padj <

0.25 at day 3 IR in HILIC phase and 3 significant pathways in RP phase (full set of enriched
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pathways for D3 IR presented in Table S7). The top 3 enriched pathways in day 3 IR HILIC
phase are glutathione metabolism, aminoacyl-tRNA biosynthesis, and protein digestion and
absorption, and the 3 significant pathways in RP phase are cysteine and methionine metabolism,
central carbon metabolism in cancer, and glutathione metabolism (Table 3.2). At day 14 IR, 11
pathways are significantly enriched in HILIC phase and 10 pathways are significantly enriched in
RP phase (full set of enriched pathways for D14 IR presented in Table S8). The top 3 enriched
pathways in day 14 IR HILIC phase are ferroptosis, aminoacyl-tRNA biosynthesis, and protein
digestion and absorption, and the top 3 enriched pathways in RP phase are central carbon
metabolism in cancer, phenylalanine metabolism, and aminoacyl-tRNA biosynthesis (Table 3.2).
At day 30 IR, no pathways reached significance at Pagj < 0.25 in HILIC phase, but the top
enriched pathways are ferroptosis, diabetic cardiomyopathy, and glutathione metabolism (full set
of enriched pathways for D30 IR presented in Table S9). In RP phase at day 30 IR, no pathways
reached significance at Pagj < 0.25, with the top listed pathways being tryptophan metabolism,
glutathione metabolism, and ubiquinone and other terpenoid-quinone biosynthesis (Table 3.2).
The leading edge metabolites within the enriched pathways observed at each IR time point
compared to untreated are shown in Supplemental Table S10. The leading edge metabolites are
the metabolites with the highest contribution to the enrichment signal for the enriched pathway,

which is comparable to leading edge genes in gene set enrichment analysis (GSEA) [323].
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Table 3.2. Gene set enrichment analysis (GSEA) of top 3 pathways enriched at day 3, day 14,

and day 30 IR compared to untreated in HILIC and RP phases using (Padj<0.05) for

statistical significance.

No significant enrichment was observed at day 30 IR. Abbreviations: IR=radiation, HILIC=

hydrophilic interaction liquid chromatography, RP=reverse phase chromatography, pval=an

enrichment p-value, padj=a Benjamini Hochberg adjusted p-value, log2err=the expected error for

the standard deviation of the p-value logarithm, ES=enrichment score, NES=enrichment score

normalized to mean enrichment of random samples of the same size.

Day 3 IR - HILIC Day 3 IR -RP
Pathway pval padj log2err | ES NES | Pathway pval padj log2err | ES NES
Glutathione 0.001 | 0.013 | 0.139 0.792 | 1.648 | Cysteine and 0.008 | 0.222 | 0.052 0.698 | 1.523
metabolism - methionine
Homo sapiens metabolism - Homo
(human) sapiens (human)
Aminoacyl- 0.001 | 0.013 | 0.129 0.735 | 1.607 | Central carbon 0.011 | 0.221 | 0.044 0.686 | 1.497
tRNA metabolism in
biosynthesis - cancer - Homo
Homo sapiens sapiens (human)
(human)
Protein 0.001 | 0.013 | 0.129 0.735 | 1.607 | Glutathione 0.013 | 0.222 | 0.043 0.793 | 1.524
digestion and metabolism - Homo
absorption - sapiens (human)
Homo sapiens
(human)
Day 14 IR - HILIC Day 14 IR - RP
Pathway pval padj log2err | ES NES | Pathway pval padj log2err | ES NES
Ferroptosis - 0.002 | 0.022 | 0.113 0.799 | 1.665 | Central carbon 0.001 | 0.025 | 0.171 0.754 | 1.640
Homo sapiens metabolism in
(human) cancer - Homo
sapiens (human)
Aminoacyl- 0.002 | 0.022 | 0.100 0.708 | 1.624 | Phenylalanine 0.002 | 0.025 | 0.117 0.800 | 1.638
tRNA metabolism - Homo
biosynthesis - sapiens (human)
Homo sapiens
(human)
Protein 0.002 | 0.022 | 0.100 0.708 | 1.624 | Aminoacyl-tRNA 0.002 | 0.025 | 0.105 0.730 | 1.589
digestion and biosynthesis -
absorption - Homo sapiens
Homo sapiens (human)
(human)
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Network analysis identifies the highest number of significant metabolites at day 3 following
radiation

To further investigate metabolite interactions in the context of biological reactions, we
implemented a network analysis of the metabolites based on structural annotation information in
addition to metabolite level information. MetaMapp visualizes networks based on both chemical
and biochemical similarity between metabolites, thus providing improved functional
characterization of all metabolites, not just the small fraction that have KEGG IDs [324]. Figure
3.3A (HILIC) and 3.3B (RP) illustrate metabolomics networks from day 3 IR constructed using
MetaMapp. Day 3 IR MetaMapp networks has the greatest number of significant metabolites
relative to day 14 and day 30 IR (see Figure S1 for day 14 IR MetaMapp networks and Figure S2
for day 30 IR MetaMapp networks). At day 3 IR HILIC phase, we observe a cluster of 120
metabolites with 42 of them being differentially expressed (identified as Community 2 in the
MetaMapp network), annotated to arginine biosynthesis as the top pathway (Fig. 3.3A).
Communities are defined as clusters of metabolites detected using the Louvain method [325].
Most of the metabolites annotated to Community 2 are upregulated at day 3 IR compared to
untreated. This is the only significant community using a hypergeometric p-value cutoff of 0.05
at this time point in HILIC phase (see Table S11 for full list of identified metabolite communities,
see Table S12 for full list of pathways annotated to significant metabolite communities). At day
14 arginine biosynthesis remains the only significant pathway at day 14. At day 30, however,
Community 1, consisting of 65 metabolites (25 are differentially expressed) is annotated to
purine metabolism as the top pathway (Table 3.3, Table S12). In summary, for HILIC phase
network analysis across the 3 IR time points, arginine biosynthesis is annotated as a significant

metabolite community at day 3 and day 14 IR but not at day 30 IR, whereas lysine degradation and
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purine metabolism are significant metabolite communities at day 30 IR.

For the RP phase, we observe two significant communities identified as Communities 6
and 14 atday 3 IR (Fig. 3.3B). Community 6 is a cluster of 138 metabolites with 30 significant
metabolites annotated to phenylalanine metabolism as the top pathway and Community 14 is a
cluster of metabolites with 31 significant metabolites annotated to alanine, aspartate, and
glutamate metabolism as the top pathways (Table 3.3, Table S12). Again, most of the significant
metabolites are upregulated at day 3 IR compared to untreated. At day 14 IR RP phase,
Community 14 remains significant, but not Community 6. Community 2, however, is detected as
significant and consists of 182 metabolites (30 are significant) with tyrosine metabolism as the
top annotated pathway (Table 3.3, Table S12). Community 2 remains significant at day 30 IR RP
phase. Additionally, Communities 5 and 9 are significant (Table 3.3). Community 5 consists of
123 metabolites (30 are significant) with tryptophan metabolism annotated as the top pathway.
Community 9 consists of 50 metabolites (25 are significant) with diabetic cardiomyopathy as the
top annotated pathway (Table 3.3). In summary for RP phase network analysis across the 3 IR
time points, alanine, aspartate, and glutamate metabolism is a significant metabolite community
at day 3 and day 14 IR but not at day 30 IR. At day 30 IR RP phase, tryptophan metabolism,

diabetic cardiomyopathy, and tyrosine metabolism are the significant metabolite communities.

142



Day 3 IR - HILIC

-
|
g

i

w
:

Day 3 IR-RP

v
"

:
:

143



Figure 3.3. MetaMapp network analysis identifies significant metabolite clusters at day 3 IR.

A) HILIC phase. B) RP phase. Rectangles correspond to individual metabolites, edges denote

chemical reactions between the metabolites, and numbers denote the communities that clusters of

metabolites belong to. Color indicates Log2 (fold change) - red denotes upregulated metabolite

levels versus untreated and blue denotes downregulated metabolite levels versus untreated.

Abbreviations: IR=radiation, HILIC= hydrophilic interaction liquid chromatography, RP=reverse

phase chromatography.

Table 3.3. Significant (Hypergeometric P-value <0.05) MetaMapp metabolite communities at

day 3, day 14, and day 30 IR compared to untreated in HILIC and RP phases.

Abbreviations: IR=radiation, HILIC=hydrophilic interaction liquid chromatography, RP=reverse

phase chromatography.

IR Time Point Community | Cluster Number of Pathway Pathway | Hypergeometic
Size Significant P-value P-value
Metabolites

HILIC Day 3 IR 2 120 42 Arginine biosynthesis - 2.97E-05 | 2.16E-08
Homo sapiens (human)

HILIC Day 14 IR 2 120 33 Arginine biosynthesis - 2.97E-05 | 0.0017
Homo sapiens (human)

HILIC Day 30 IR 2 104 31 Lysine degradation - 0.0004 7.39E-05
Homo sapiens (human)

HILIC Day 30 IR 1 65 25 Purine metabolism - 1.72E-07 | 0.0212
Homo sapiens (human)

RP Day 3 IR 14 124 31 Alanine, aspartate and 1 0.0240
glutamate metabolism -
Homo sapiens (human)

RP Day 3 IR 6 138 30 Phenylalanine metabolism | 0.0236 0.0459
- Homo sapiens (human)

RP Day 14 IR 14 116 31 Alanine, aspartate and 1 0.0060
glutamate metabolism -
Homo sapiens (human)

RP Day 14 IR 2 182 30 Tyrosine metabolism - 0.0002 0.0131
Homo sapiens (human)

RP Day 30 IR 5 123 30 Tryptophan metabolism - | 6.98E-05 | 4.53E-05
Homo sapiens (human)

RP Day 30 IR 9 50 25 Diabetic cardiomyopathy - | 0.0672 0.0068
Homo sapiens (human)

RP Day 30 IR 2 181 24 Tyrosine metabolism - 0.0002 0.0147

Homo sapiens (human)
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Weighted gene correlation network analysis (WGCNA) shows amino acid metabolism
enrichment at all radiation time points

We used a complementary approach, weighted gene correlation network analysis
(WGCNA), to investigate correlations between metabolite networks and radiation damage.
WGCNA does not use information about chemical structure or KEGG pathways, but instead is a
completely data-driven method to identify networks of correlated metabolites, the functional
modules active in the network, and the “hub” nodes (metabolites in our study) that may drive
those biological functions [326]. Thus, WGCNA can incorporate all data from the platform,
regardless of whether they have known chemical structures or pathway annotations. After
identifying the WGCNA modules, over-representation analysis was performed to obtain pathway
enrichment results using KEGG IDs (see Supplemental Table S13 for day 3 IR, S14 for day 14
IR, and S15 for day 30 IR). At day 3 IR HILIC phase, 6 metabolite correlation-based modules are
identified (Table S13) and using a Pagj < 0.25 cutoff, we observe significant enrichment of purine
metabolism (Table 3.4). The hub, or central metabolite, in purine metabolism is 6-
Methoxyquinoline (Table 3.4). At day 14 IR HILIC phase, 8 metabolite correlation-based
modules are detected (Table S14) and we observe significant enrichment for histidine metabolism
and mineral absorption (Table 3.4). At day 30 IR, 8 modules are identified in HILIC phase (Table
S15) with significant pathway enrichment only observed for arginine biosynthesis (Table 3.4). At
day 3 IR RP phase, 9 modules are identified (Table S13) and we observe significant enrichment
of glyoxylate and dicarboxylate metabolism and purine metabolism with the metabolite hub 3'-
Adenosine monophosphate (3'-AMP) (Table 3.4). At day 14 IR RP phase, 13 modules are
identified (Table S14) and we observe significant enrichment for phenylalanine metabolism and

steroid hormone biosynthesis (Table 3.4). At day 30 IR, 12 modules are identified in RP phase
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(Table S15) and no significant enrichment is observed (Table 3.4). When comparing the top
pathway enrichment results for the detection phases across IR time points regardless of statistical

significance, phenylalanine metabolism and lysine degradation are common to all IR time points

(Tables S13,S14,515). Glyoxylate and dicarboxylate metabolism is specific to day 3 IR,

sphingolipid signaling pathway and thermogenesis are specific to day 14 IR, and ABC

transporters and biosynthesis of unsaturated fatty acids are specific to day 30 IR (Tables

S13,514,S15).

Table 3.4. Significant (Padj<0.05) weighted gene correlation network analysis (WGCNA)

metabolite modules with pathway enrichment annotation at day 3, day 14, and day 30 IR

compared to untreated in HILIC and RP phases.

No significant enrichment was observed at day 30 IR RP phase. Abbreviations: IR=radiation,

HILIC= hydrophilic interaction liquid chromatography, RP=reverse phase chromatography,

Padj=a Benjamini Hochberg adjusted p-value.

Day 3 IR HILIC
Module | Top module Padj Pathway | Overlap Module hub | Hub metabolite name
pathway size metabolites metabolite
green Purine metabolism - | 0.2043 10 6: Guanine, CL0H9NO | 6-Methoxyquinoline
Homo sapiens Adenine, GMP,
(human) Hypoxanthine,
Adenosine, IMP
Day 14 IR HILIC
Module | Top module Padj Pathway | Overlap Module hub | Hub metabolite name
pathway size metabolites metabolite
blue Histidine 0.0660 9 6: 3-Methylhistidine, | C17 H11 Cl 4-{2-[(2-
metabolism - Homo L-Aspartate, L- N2OS chlorophenoxy)methyl]
sapiens (human) Glutamate, L- -1,3-thiazol-4-
Histidinol, yl}benzonitrile
Urocanate, L-
Histidine
green Mineral absorption - | 0.1186 11 3: L-Threonine, L- C25H43N3 | NA
yellow Homo sapiens Asparagine, L- 06
(human) Serine
Day 30 IR HILIC
Module | Top module Padj Pathway | Overlap Module hub | Hub metabolite name
pathway size metabolites metabolite
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red Arginine 0.1441 6 4: L-Aspartate, L- C41H71N3 | NA
biosynthesis - Homo Glutamine, L- o7
sapiens (human) Ornithine, N-
Acetylornithine
Day 3IRRP
Module | Top module Padj Pathway | Overlap Module hub | Hub metabolite name
pathway size metabolites metabolite
green Glyoxylate and 0.0302 6 3: L-Serine, Glycine, | C6 H5 N8 NA
yellow dicarboxylate 2-Oxoglutarate 016 P3 S5
metabolism - Homo
sapiens (human)
cyan Purine metabolism - | 0.1309 12 7: Guanine, C10H14 N5 | 3-Adenosine
Homo sapiens Adenine, o7P monophosphate (3'-
(human) Hypoxanthine, AMP)
Guanosine, 3'-AMP,
5'-AMP, Adenosine
Day 14 IR RP
Module | Top module Padj Pathway | Overlap Module hub | Hub metabolite name
pathway size metabolites metabolite
light Phenylalanine 0.0890 10 3: Benzoate, L- C30H56N4 | NA
yellow metabolism - Homo Tyrosine, 2- O3P2S
sapiens (human) Phenylacetamide
purple Steroid hormone 0.1841 7 3: Pregnenolone, C8H2CIN2 | NA
biosynthesis - Homo Pregnanediol, 010 P3S3
sapiens (human) Allopregnanolone

Intersection of amino acids within mitochondrial metabolic pathways

Table S16 presents a summary of the significant metabolite classes, GSEA pathways and

their associated leading-edge metabolites, MetaMapp community pathways, and WGCNA

module pathways observed at day 3, day 14, and day 30 IR. We observe the highest number of

significant metabolites and the highest number of significant enriched pathways at day 3 IR, and

this significance decreases with increasing time as zero significant enriched pathways were

observed at day 30 IR from the GSEA analysis. Common enriched pathways at day 3 and day 14

IR are glutathione metabolism, aminoacyl-tRNA biosynthesis, central carbon metabolism, and

several types of amino acid pathways. Due to the high prevalence of enrichment for amino acid

metabolism and significance for amino acids at all IR time points (Figure 3.4), we decided to

further investigate amino acid metabolism as an application of this data by interpreting the results
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in a biological context (see Discussion). Figure 3.4A displays individual amino acid level changes
in response to radiation over time, which are further grouped together based on where they
interact with mitochondrial metabolic pathways. Figure 3.4B shows where the grouped amino
acids feed into the tricarboxylic acid (TCA) cycle, central carbon metabolism in cancer, and one-

carbon metabolism.
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Figure 3.4. Amino acids connected to mitochondrial metabolism.

A) Individual amino acids analyzed by one-way ANOVA with post-hoc Tukey’s test for multiple
comparisons. Letters denote statistical significance between groups, P<0.05. Box plots display
the upper quartile, median, and lower quartile with the maximum and minimum values denoted
by the whiskers. N=4 for untreated (UT), N=8 for day 3 (D3) IR, N=8 for day 14 (D14) IR, and
N=8 for day 30 (D30) IR. Alanine, cysteine and valine were not detected in our data set. B)
Overview of pathways related to amino acid metabolism. Created in BioRender.com.
Abbreviations: TCA = tricarboxylic acid.
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Discussion

This study utilized a metabolomics approach to identify metabolites and pathways altered
in the salivary gland in response to IR over time. The results from the current study provide
mechanistic insight into the different stages (acute, intermediate, and chronic) of salivary gland
dysfunction following IR. While we identified the greatest number of significant enriched
pathways at the acute damage stage, the metabolites and pathways still altered at the chronic
damage timepoint most likely reflect the pathways of interest to develop targeted interventions
against persistent xerostomia. We observed conservation of enriched pathways across the three
time points: glutathione metabolism, aminoacyl-tRNA biosynthesis, central carbon metabolism in
cancer, ferroptosis, and various amino acid metabolism pathways. These findings suggest
targeting the enriched metabolic pathways conserved across the acute and chronic damage
response stages may ameliorate chronic loss of salivary gland function following radiation
treatment. Our group’s previous study [315] combined a transcriptomics and metabolomics
approach to identify metabolic changes in the salivary gland at day 5 IR, which is when increased
compensatory proliferation and decreased apical/basal polarity are observed as the damage state
transitions from the acute to the chronic responses (Figure 3.1) [153], [150]. Our previous study
identified coordinated changes in glutathione metabolism, peroxisomal lipid metabolism, bile
acid production, and energy metabolism pathways (TCA cycle and thermogenesis) at day 5 IR
[315]. In the current study, peroxisomal lipid metabolism, bile acid production, and the TCA
cycle and thermogenesis were not identified as significant pathways, and this is most likely due
to the MS detection settings not selecting for bile acids and certain TCA cycle intermediates in
positive ion mode. Another factor contributing to this discrepancy might be the absence of

combinatorial transcriptomic analysis in the present study [315].
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In our current study, glutathione metabolism was identified as a significant enriched
pathway at day 3 and day 14 IR using GSEA, and as a significant enriched pathway at all three IR
timepoints using MetaMapp network analysis (Table S16). Interestingly, reduced glutathione
levels were lower in IR vs control at day 5 IR in our previous study [315] while reduced
glutathione levels were significantly higher in IR vs control at day 3 in RP phase and at day 14 in
HILIC and RP phases in the current study (Tables S1,S2). At day 30 IR, reduced glutathione
levels were higher compared to control in RP phase although statistical significance was not
reached (Table S3). A metabolomics analysis of liver tissue in mice exposed to 3 Gy and 11 Gy
gamma IR to compare metabolic effects of low versus high dose IR exposure showed
significantly higher levels of reduced glutathione levels at both day 4 and day 11 IR compared to
untreated tissue, with the highest reduced glutathione levels observed at day 4 compared to day
11 in both the 3 Gy and 11 Gy treatment groups [197], thus supporting the results from our
current study. It is well established that glutathione is one of the most prominent radioprotectors
in cells as it scavenges free radicals produced from DNA damage [275], which would be a
possible explanation for why we observed decreased reduced glutathione at day 5 IR previously
as it was utilized to scavenge reactive oxygen species (ROS) that remain elevated in the salivary
gland following IR (Figure 3.1) [170]. The elevation of reduced glutathione observed in the
current study and in the metabolomics analysis of IR liver tissue could occur due to the increased
synthesis of reduced glutathione from glutamine to fuel protection of the salivary gland tissue
from the increase in ROS, which has been previously demonstrated in cancer cells as a protective
mechanism against increased oxidative stress [327], [328]. Thus, the mixed results for reduced
glutathione observed in our current and previous study may be attributed to flux of the metabolite

as it scavenges ROS in the damaged salivary gland tissue over time.
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Amino acid metabolic pathways were prominently enriched in the present study across all
three IR time points in the GSEA, MetaMapp network modules, and WGCNA module results and
include arginine biosynthesis, lysine degradation, histidine metabolism, cysteine and methionine
metabolism, phenylalanine, tyrosine and tryptophan biosynthesis, and alanine, aspartate, and
glutamate metabolism (Table S16). We investigated the levels of the detected amino acids that
compose these pathways and discovered upon further analysis that all are significantly increased in at
least one IR time point compared to untreated (Fig. 3.4A). Multiple studies observed increases in
amino acid metabolites in response to IR acutely and chronically. Twelve hours following exposure to
total body 6 Gy gamma IR in a mouse model, glutamate and glutamine were increased in the ileum,
glutamate was increased in the liver, and phenylalanine in the muscle [271]. At 1, 2, and 3 days
following exposure to 2 or 6 Gy x-ray IR in a rat model, phenylalanine was increased in the jejunum,
phenylalanine, glutamine, serine, and lysine were elevated in the spleen, and glutamine and serine
were increased in the liver [329]. At two months following exposure to 1.6 or 2 Gy gamma IR in a
mouse model, histidine, glutamine, and phenylalanine were elevated in intestinal tissue at both IR
doses [330]. Thus, it is established that amino acids increase in tissue exposed to IR, but the

involvement of these amino acids in various metabolic pathways is not clearly understood.

Amino acid metabolism feeds into many different pathways, several of which were
identified as significant enriched pathways in the current study: central carbon metabolism,
glutathione metabolism, and purine metabolism. Central carbon metabolism in cancer refers to
various pathways that increase energy production and macromolecule synthesis to sustain tumor
growth [331], [332]. There are two main ways that cells accomplish this increase in energy and
growth. One method is increasing glucose uptake and the rate of glycolytic flux to increase ATP

production quickly, which also increases nucleotide production through the pentose phosphate
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pathway [331], [332]. A second method is increasing glutamine uptake, which is converted to
glutamate and subsequently to other amino acids to synthesize proteins or it feeds into the TCA
cycle to increase ATP production [331], [332]. Our previous study identified increased levels of
the glutamine transporter transcript SLC38AL1 as well as increased levels of glutamine at day 5 IR
in the salivary gland [315]. We observed an increase in glutamine levels at day 3, day 14, and
day 30 IR in our current study, and a significant increase in glutamate (glutamic acid) levels at
day 3 IR (Tables S1,52,S3). The leading-edge metabolites in GSEA results for central carbon
metabolism in cancer (across all three IR timepoints) include glutamate, asparagine, aspartate,
methionine, phenylalanine, proline, serine, tryptophan, and tyrosine, which suggests increased
glutamine levels fueling synthesis of these other amino acids (Table S10). These results support
the hypothesis that IR increases glutamine levels, and subsequently other amino acid levels,
potentially to rebuild the damaged salivary gland tissue, similar to what is observed in cancer
cells by increasing central carbon metabolism to support tumor growth (Fig. 3.4B). However, the
accumulation of amino acids following IR may have a detrimental effect on the function of the
salivary gland. Autophagy maintains cellular homeostasis by recycling damaged proteins and is
necessary for normal salivary gland function. Morgan-Bathke and colleagues previously
demonstrated that administration of the rapalogue CCI-779, an autophagy activator, post-IR
treatment significantly improved salivary flow rates at days 30, 60, and 90 post IR compared to
mice that only received IR [125]. Therefore, the observed increases in amino acid levels in our
current study may be reflective of impaired autophagy in the salivary gland following IR
treatment.

Amino acid metabolism is closely linked to glutathione metabolism and purine

metabolism through one-carbon metabolism. One-carbon metabolism refers to various anabolic
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reactions in both the cytoplasm and mitochondria that are responsible for nucleotide synthesis,
methylation reactions that affect gene expression, amino acid homeostasis, and reductive/oxidative
(redox) defense (Fig. 3.4B) [333], [334]. The methionine cycle is a component of one-carbon
metabolism [333], and in our present study we observed significant increases in methionine at all 3
IR time points and significant increases in an intermediate in the methionine cycle, S-
Adenosylhomocysteine (SAH), at day 3 and day 14 IR (Tables S1,S2). The methionine cycle
synthesizes cysteine and reduced glutathione, and our study identified significant increases in
reduced glutathione at day 3 and day 14 IR (Tables S1,S2). A leading-edge metabolite annotated to
glutathione metabolism, which was significantly enriched in our GSEA output at all IR time
points, was spermidine (Table S10), which is a by-product of the methionine cycle and was
increased at all IR time points (Fig. 3.4B), (Tables S1,52,S3). We observed increases in glycine,
serine, and threonine levels at all IR timepoints in our study, and these three amino acids feed into
the folate cycle, which generates purines and pyrimidines (Fig. 3.4A,B). Upon further
investigation, the detected leading-edge metabolites (Table S10) for purine metabolism were
increased at all IR time points (hypoxanthine was the one exception and was slightly
downregulated at day 14 IR, although not significantly) and the leading-edge metabolites for
pyrimidine metabolism were also increased at all IR time points (Tables S1,S2,S3). Collectively,
the increase of cysteine, methionine, glycine, serine and threonine observed in response to IR over
time may be linked to the increase in reduced glutathione and purine/pyrimidine levels in the
salivary gland through elevated one-carbon metabolism. Previous research has demonstrated that 2,
5, and 7 Gy gamma IR alters one-carbon metabolism in murine liver at days 1, 2, 3, 4, 5, and 8 by
shifting priority to nucleotide synthesis at the expense of transmethylation reactions, which can

further exacerbate DNA damage [335]. Further investigation of transmethylation products and
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enzyme levels and activity in the folate and methionine cycles (specifically S-adenosylmethionine)
would need to be evaluated to test if the results from our study in the salivary gland support the
one-carbon metabolism alteration observed in previous IR research in the liver. Prior research has
manipulated the supply of methyl group donors to mitigate the IR response in different model
systems, with animal studies displaying significant increases in animal survival, bone marrow
health, and intestinal integrity following low- and high-dose IR after receiving glycine betaine as a
pre-treatment [336], [337], providing support for further pursuit of this mechanism in IR-induced

salivary gland dysfunction as a possible therapeutic target.

This study has several strengths. A major strength is the use of multiple IR time points
and multiple analytical methods at each timepoint, thus increasing the confidence in our
identified pathways. Using the network-based analysis in our study aided in creating a biological
context for the metabolomics output. The animal model is also a strength as it has previously
been demonstrated that F\VVB mice treated with 5 Gy radiation experience a 40-50% reduction in
stimulated salivary flow rates beginning at day 3 and continuing through days 30, 60, and 90
following IR treatment [154]. The use of salivary gland tissue instead of serum, blood, or urine
for the metabolomics analysis was a strength as it reduced the influence of metabolites released
from other tissues and organs on the metabolomics output. Future studies can use isotope tracing
to confirm the directionality of metabolic reactions of interest. This data set is a useful resource
for salivary gland biologists investigating mechanisms correlated with radiation-induced
disfunction as they can mine the data for metabolic pathways related to their studied mechanism.

An inherent challenge in metabolomics is metabolite annotation. Metabolites vary in
structure and lack a common building block, making the synthesis of reference standards for

identification challenging despite utilization of several databases including KEGG, HMDB,
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ChemSpider, or PubChem [177], [338]. Thus, the majority of detected signals in untargeted mass
spectrometry runs remain unidentified [339]. Another limitation of using solely metabolomics
analysis is the biological interpretation of the alterations in individual metabolite levels because
the metabolites are not identified as reactants or products in a biochemical reaction. For example,
increased levels of glutamine could indicate increased output of glutamine, decreased
consumption of glutamine, or increased synthesis of glutamine via shunting from another
pathway. Due to the complex interplay of metabolic reactions, metabolic flux cannot be
simplified to a unidirectional linear model, thus several biological interpretations of the data are
possible.

This study incorporated both structural annotation and metabolite level data to identify
metabolic pathways altered in the salivary gland at acute, intermediate, and chronic time points
following radiation treatment, with the highest number of metabolic changes observed at the
acute damage stage. Further investigation of metabolic changes in glutathione metabolism, amino
acid metabolism, and central carbon metabolism in cancer may yield promising therapeutic
targets to restore loss of tissue function after radiation treatment during the acute damage

response to prevent chronic loss of function in the salivary gland.
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Introduction

According to the National Cancer Institute’s Unites States (US) Cancer Statistics data,
the prevalence of oropharyngeal cancer has increased over the past 20 years in the US with the
highest increases observed in older males [340], [341]. With the prevalence rate increasing, the
quality of life of head and neck cancer (HNC) patients is becoming increasingly important to
address as the number of cancer survivors continues to grow due to improvements in diagnosis
and treatment [342], [343]. Human papillomavirus (HPV)-associated HNC cases have increased
as smoking-associated HNC cases have decreased, and HPV-associated HNC patients display
significantly increased progression-free survival compared to smoking-associated HNC cancer
patients [344], [343], [3]. Although HPV-associated HNC patients exhibit increased long-term
survival, they still experience adverse side effects associated with radiation therapy (IR), which
is the standard of care for approximately 80% of HNC patients [345], [44]. The salivary gland is
a nearby organ in HNC patients that is damaged by IR, resulting in hyposalivation, mucositis,
xerostomia, malnutrition, and dental caries [13], [12], [346]. The majority of HNC patients
exhibit xerostomia (70-80%) that lasts chronically, which negatively affects their quality of life
[13], [12], [346]. Xerostomia is typically managed with topical saliva substitutes or cholinergic
drugs that stimulate saliva production such as pilocarpine and cevimeline, but they only
temporarily manage the symptoms and cholinergic agents have been reported to produce
unpleasant side effects such as sweating and gastrointestinal distress [345], [12], [347].
Treatments are needed to restore function to the salivary gland itself to treat xerostomia in HNC
patients, therefore more mechanistic understanding of radiation-induced salivary gland damage

is needed to identify therapeutic drug targets to restore tissue function.
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Energy metabolism is a well-studied mechanism that is necessary to produce ATP, amino
acids, and fatty acid intermediates to fuel biosynthetic processes within cells to restore damaged
tissue. The association between aberrant energy metabolism and disease has been established in
type 11 diabetes mellitus, cancer, aging, and organ fibrosis [348], [349], [350], [351]. The classic
example of metabolic reprogramming in cancer cells, termed the Warburg effect, is an increase
in anaerobic ATP production through glycolysis instead of an increase in aerobic oxidative
phosphorylation due to impaired mitochondrial function [352]. In HNC, glycolysis is elevated to
fuel tumor cell proliferation and glycolytic inhibition leads to increased radiosensitivity of the
tumor cells [353]. In the wound-healing response, glycolytic activity is observed to increase
quickly to synthesize ATP and generate carbon backbones for macromolecule synthesis in stem
cells, muscle tendons, endothelial cells, and epithelial cells [354], [355], [356], [357]. We
previously integrated transcriptomic and metabolomic analysis and identified enrichment of
energy metabolism at day 5 post-radiation treatment in the parotid gland of mice [315], however,
the effect of IR on glycolysis in the salivary gland has not been studied, which may uncover a
new mechanism for restoring tissue function. Following IR treatment, the acinar cells in the
parotid salivary gland increase compensatory proliferation starting at day 5 and this increase is
sustained chronically [117], [153], [11]. The significance of this compensatory proliferation is
that it is correlated with loss of function of the tissue [11], therefore it is essential to investigate if
glycolysis is a mechanism driving this sustained compensatory proliferation.

Investigating the role of glycolysis in IR-induced salivary gland dysfunction necessitates
the exploration of the role of mitochondrial function in this damaged state. Historically, the focus
of IR effects has been on the nucleus for DNA damage as the primary detrimental contributor

[358], [359]. The mitochondrion is the only other organelle that contains coding DNA, and
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control of mitochondrial DNA (mtDNA) copy number, the number of multiple copies of mMtDNA
in each cell, is essential for normal cell function [360], [361]. An increase in mtDNA copy
number (polyploidization) was observed in the brain and spleen cells of mice exposed to 3 Gy
IR, and this increase in mtDNA copy number following IR is believed to be an adaptive repair
response when mitochondrial function is reduced due to reactive oxygen species (ROS) damage
[362]. It has been established that ROS increases acutely in the mitochondria of irradiated
salivary gland acinar cells [170], but the effect of IR on mtDNA copy number in salivary glands
is not established. Although mtDNA copy number polyploidization has been observed following
IR, the effects of this process are not understood, specifically on mitochondrial oxidative
phosphorylation. Improper electron transport chain function in the mitochondria is an indicator
of mitochondrial dysfunction [289], [290], [291]. In our previous work, we identified reductions
in NAD+, UQCR, NDUF, COX, ATP5, and MT-ND family members in the salivary gland five
days following 5 Gy IR targeted to the head and neck region, and the products of these genes
function within complexes I, 111, 1V, and V of the electron transport chain [315]. The purpose of
this study was to investigate changes in energy metabolism and mitochondrial function over time
in the parotid salivary glands of mice following a single 5 Gy dose targeted to the head and neck
region. We hypothesized that IR would increase glycolysis and decrease mitochondrial oxidative
phosphorylation as a response to mitochondrial damage, and that this modulation may be a factor

contributing to the radiosensitivity of the salivary gland.
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Materials and Methods

Mice and ethics statement

Female FVB/NJ mice (wild type; stock no. 001800) were purchased from Jackson Laboratories
(Bar Harbor, ME). No differences in phenotype have been observed between sexes [153], [124].
All mice were housed and maintained in accordance with the University of Arizona Institutional
Animal Care and Use Committee. All protocols were approved by the Institutional Animal Care

and Use Committee.

Radiation treatment

Mice: Four- to eight-week-old female FVB mice were sedated via intraperitoneal injection of a
ketamine-xylazine mixture (70 mg/kg-10 mg/ml) before irradiation. Mice were then constrained
in 50-ml conical tubes and shielded with >6 mm lead with only their head and neck region
exposed to a single dose of 5 Gy irradiation (X-ray, RS 2000 Small Animal Irradiator, Rad
Source).

Primary cells: Primary cells isolated from parotid salivary glands were plated on an Agilent
Seahorse XF96 Cell Culture Microplate (Part No. 101085-004, Agilent Technologies, Cedar
Creek, TX) and cultured prior to irradiation at 24 hours or 48 hours before running the Seahorse
ATP Rate Assay. Cells were exposed to a single dose of 5 Gy irradiation (X-ray, RS 2000 Small

Animal Irradiator, Rad Source). The untreated cells were shielded with >6 mm lead.

Primary cell culture

Parotid glands were removed from four-eight-week-old female FVB mice, minced for 2 minutes,
and added to a siliconized Erlenmeyer flask with 30 mL dispersion media (Hank’s salt solution,

1 mg/ml collagenase, and 1mg/ml hyaluronidase, pH 7.4). Cells were incubated in a shaking
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water bath at 37°C for 1 hour with mechanical agitation at 40, 45, 50, 55, and 60 min. Cells were
then centrifuged, resuspended in wash media [modified Hank’s solution containing CaCI2 and
0.2% (wt/vol) BSA], recentrifuged, and resuspended again. The suspension was run through a
sterile funnel filter, recentrifuged, and suspended in primary cell culture media: DMEM/F12
containing (in wt/vol except where noted) gentamycin (0.5%; Fisher Scientific), fungizone
(0.2%; Invitrogen), hydrocortisone (0.04%; Sigma-Aldrich), EGF (0.4%; Fisher Scientific),
insulin (0.125%; Invitrogen), transferrin (0.125%, Invitrogen), retinoic acid (0.05%; Sigma-
Aldrich), glutamine (1.25%; Invitrogen), nonessential amino acids (1%; Invitrogen), trace
elements (1%; Fisher Scientific), and fetal bovine serum (5% vol/vol; Fisher Scientific). Cells
were plated on an Agilent Seahorse XF96 Cell Culture Microplate (Part No. 101085-004,
Agilent Technologies, Cedar Creek, TX) that was manually coated with 50 ug/mL rat tail
collagen I (Ref. no. A10483-01, Gibco, Grand Island, NY) prior to cell plating. The cells sat for
1 hour at room temperature prior to placement in the 37°C/5% CO; incubator for culture. Three
mice supply an adequate number of cells for a single treatment group on one Seahorse
microplate, with 1-3 treatment groups on a single microplate. One microplate from each
independent primary cell culture preparation is considered a replicate for Seahorse assays

involving the use of primary cells.

Seahorse XF Real-Time ATP Rate Assay

Acute IR time points: Primary acinar cells were isolated (see previous methods) from parotid
salivary glands of untreated female FVB mice (n=6/plate) and plated on a 96-well collagen-
coated Seahorse microplate at a seeding density of 150K/well. Optimization of seeding density
and time in culture was performed prior to experimental runs. The effect of collagen on total

protein concentration was determined as this was the normalization method for the extracellular
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acidification rate (ECAR) and oxygen consumption rate (OCR) data and showed to be non-
significant (Supplemental Figure S1; for all supplemental material, use the Zenodo link provided
in the Supplemental Data section of the Methods). Cells were cultured for 5 days and irradiated
at 24 and 48 hours prior to the assay (Supplemental Figure S2). Cell culture media was removed
and replaced with fresh media every 48 hours. One hour prior to running the assay, cell culture
media was replaced with assay media (Seahorse XF DMEM medium pH 7.4, Cat. No. 103575-
100, Agilent Technologies, Cedar Creek, TX, supplemented with 1 mM pyruvate, 2 mM
glutamine, and 10 mM glucose) and incubated at 37°C. The XF Real-Time ATP Rate Assay Kit
(Cat. No. 103592-100, Agilent Technologies, Cedar Creek, TX) was performed according to the
manufacturer’s protocol using the Seahorse XF96 Analyzer (Agilent Technologies, Cedar Creek,
TX). Optimization of drug concentrations was performed prior to experimental runs. Oligomycin
(2uM) was injected into the cell media to inhibit ATP synthase and a mixture of rotenone and
antimycin A (0.5uM) was injected into the cell media to inhibit Complex I and I11, respectively,
of the electron transport chain. Basal ATP production rates were calculated using the Seahorse
XF Real-Time ATP Rate Assay Kit Report Generator (Wave Desktop Software, Agilent
Technologies, Cedar Creek, TX). Briefly, glycolytic ATP production is calculated from the
glycolytic proton efflux rate (PER), which is calculated from the ECAR data, while
mitochondrial ATP production is calculated from the OCR data [363]. Data are presented as
ECAR, OCR, and basal ATP production rate normalized to protein concentration. Protein
content was determined using the bicinchoninic acid (BCA) assay.

Day 5 and chronic IR time points: Female FVB mice received 5 Gy IR targeted to the head and
neck region (n=3/group) and primary acinar cells were isolated from parotid salivary glands of

UT and IR mice at day 5, day 30, and day 60 post-IR. Cells were seeded on a 96-well collagen-
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coated Seahorse microplate at a seeding density of 150K/well and cultured for 2 days
(optimization of time in culture was determined prior to experimental assays). On day 2 the XF
Real-Time ATP Rate Assay Kit (Cat. No. 103592-100, Agilent Technologies, Cedar Creek, TX)
was run following the manufacturer’s protocol using the Seahorse XF96 Analyzer as described

above.

Western Blotting

Whole protein lysates from parotid glands of female FVB mice were harvested and processed for
immunoblotting as previously described [153], [148]. The Coomassie Plus-The Better Bradford
Assay (Thermo) was used to determine protein concentrations and 50ug total lysate was loaded
onto a 10% polyacrylamide gel, transferred to an Immobilon PDVF membrane (Millipore,
Bedford, MA), and blocked in 5% nonfat milk in Tris-buffered saline-Tween 20 (1X TBST). The
following antibodies were used: anti-hexokinase isoform 1 (HK1) (Product no. C35C4, Cell
Signaling), anti-muscle phosphofructokinase (PFKM) (Cat. No. 55028-1-AP, Proteintech), anti-
muscle pyruvate kinase isoform 1 (PKM1) (Product no. D30G6, Cell Signaling), anti-complex |
— 75 kDa subunit (ABN302, EMD Millipore), anti-complex I11 ubiquinol-cytochrome C
reductase core protein 2 (UQCRC2) subunit (Cat. No. 14742-1-AP, Proteintech), and anti-
extracellular signal-regulated protein kinases 1/2 (ERK1/2) (p44/42 MAPK, Cell Signaling). For
detection, ECL substrate (Thermo Scientific) or SuperSignal West Pico Chemiluminescent
Substrate (Thermo Scientific) was used. Restore Western Blotting Stripping Buffer (Fisher) was
used to strip the membrane, re-block with 5% nonfat milk in 1X TBST, and re-probe for the

loading control ERK1/2. Densitometry was performed using ImageJ software (NIH).
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Enzyme Activity Assays

A split-sample approach was used for the enzyme activity assays. From the same mouse sample,
one parotid salivary gland was analyzed using the hexokinase assay kit (ab136957, Abcam,
Cambridge, UK) and the second parotid salivary gland was analyzed using the pyruvate kinase
activity assay kit (cat. No. MAKQ72, Sigma-Aldrich, St. Louis, MO). For both activity assays,
the samples were plated on a 96-well plate at a concentration of 10 ng/uL/well. Luminescence
readings were measured every 5 minutes for a total period of 60 minutes to calculate enzymatic

activity following the manufacturer’s protocols.

Lactate Assay

A pair of parotid salivary glands were harvested from each mouse and directly placed in 500 uL
of Lactate Assay Buffer from the L-Lactate Assay Kit (ab65331, Abcam, Cambridge, UK), 10
uL of protease inhibitor (PI) cocktail for mammalian cells (cat # P8340, Sigma-Aldrich, St.
Louis, MO) and 5 uL of 100 mM phenylmethylsulfonyl fluoride (PMSF). Samples were
homogenized and deproteinated prior to the assay following the manufacturer’s protocol. For the
assay, 30 uL of sample was added to a well for a single replicate. Lactate concentration was

measured following the manufacturer’s protocol (ab65331, Abcam, Cambridge, UK).

Quantitative real-time polymerase chain reaction (qQRT-PCR)

Parotid glands were removed from mice and total DNA was immediately isolated using the
DNeasy Blood & Tissue Kit (Ref. No. 69504, Qiagen, Hilden, Germany). DNA samples were
diluted with nuclease-free water to a concentration of 10 ng/uL. For quantitative (q) PCR,
samples were analyzed in triplicate for each DNA sample (five mice per condition) with an iQ5
Real-Time PCR Detection System (Bio-Rad). Master mixes were prepared as follows: 5 ul of

diluted DNA, 2 ul of the forward and reverse primers, 7.5 ul of SYBR Green (Qiagen), and 0.5
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ul nuclease-free water to a final volume of 15 pl. Forty cycles of PCR were performed (95°C for
15 s, 54°C for 30 s, 72°C for 30 s); fluorescence detection occurred during the 72°C step at each
cycle. The data were analyzed using the 2-AACT method [364]. Results were normalized to S15,
which remains unchanged in response to treatment, and graphed as fold change in comparison to
untreated. The following primers were purchased from Integrated DNA Technologies
(Coralville, 1A): S15 (ribosomal protein S15; Forward: 5-ACT ATT CTG CCC GAG ATG
GTG-3'; Reverse: 5-TGC TTT ACG GGC TTG TAG GTG-3"), COX2 (cyclooxygenase-2;
Forward: 5'-ATA ACC GAG TCG TTC TGC CAA T-3"; Reverse: 5-TTT CAG AGC ATT
GGC CAT AGA A-3"), Rspl18 (ribosomal protein S18; Forward: 5'-TGT GTT AGG GGA CTG
GTG GAC A-3’; Reverse: 5'-CAT CAC CCA CTT ACC CCC AAA A-3"), HK2 (hexokinase 2;
Forward: 5'-GCC AGC CTC TCC TGA TTT TAG TGT-3’; Reverse: 5'-GGG AAC ACA AAA
GAC CTC TTC TGG-3"), and ND1 (NADH:Ubiquinone Oxidoreductase Core Subunit 1;
Forward: 5'-CTA GCA GAA ACA AAC CGG GC-3'; Reverse: 5'-CCG GCT GCG TAT TCT

ACG TT-3".

Mitochondrial DNA (mtDNA) Copy Number

Total DNA was extracted from mouse parotid gland tissue following the manufacturer’s protocol
for DNeasy Blood & Tissue Kit (Ref. No. 69504, Qiagen, Hilden, Germany). Mitochondrial
DNA (mtDNA) copy number was measured by assessing the relative levels of mitochondrial
gene targets COX2 and ND1 to genomic DNA (gDNA) targets Rsp18 and HK2 [365], [366] in

extracts of total DNA using qRT-PCR analysis as described above.

Seahorse XF Mito Fuel Flex Test and Cell Mito Stress Test
Female FVVB mice received 5 Gy IR targeted to the head and neck region (n=3/group) and

primary acinar cells were isolated from parotid salivary glands of UT and IR mice at day 5 post-
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IR. Cells were seeded on a 96-well collagen-coated Seahorse plate at a seeding density of

150K /well and cultured for 2 days. One hour prior to running the assay, cell culture media was
replaced with assay media (Seahorse XF DMEM medium pH 7.4, Cat. No. 103575-100, Agilent
Technologies, Cedar Creek, TX, supplemented with 1 mM pyruvate, 2 mM glutamine, and 10
mM glucose) and incubated at 37°C.

Mito Fuel Flex Test: The Seahorse XF Mito Fuel Flex Test Kit (Cat. No. 103260-100, Agilent
Technologies, Cedar Creek, TX) was performed according to the manufacturer’s protocol using
the Seahorse XF96 Analyzer (Agilent Technologies, Cedar Creek, TX). UK5099 (2 uM) was
injected into the cell media to inhibit glucose oxidation, BPTES (3 uM) was injected into the cell
media to inhibit glutamine oxidation, and Etomoxir (4 uM) was injected into the cell media to
inhibit long-chain fatty acid oxidation. The order of inhibitor injections and inhibitor
combinations allowed the calculation of fuel dependency (glucose, glutamine, and long-chain
fatty acids) and the calculation of the capability of the cells to use alternate fuel sources. Fuel
flexibility was calculated using the Seahorse XF Mito Fuel Flex Test Report Generator (Wave
Desktop Software, Agilent Technologies, Cedar Creek, TX) and data is presented as oxygen
consumption rate (OCR) normalized to protein concentration. Protein content was determined
using the BCA assay.

Cell Mito Stress Test: The Seahorse XF Cell Mito Stress Test Kit (Cat. No. 103015-100, Agilent
Technologies, Cedar Creek, TX was performed according to the manufacturer’s protocol using
the Seahorse XF96 Analyzer (Agilent Technologies, Cedar Creek, TX). FCCP concentration was
optimized prior to the experimental runs. Oligomycin (2uM) was injected into the cell media to
inhibit ATP synthase, carbonyl cyanide-4 (trifluoromethoxy) phenylhydrazone (FCCP) (2uM)

was injected into the cell media to uncouple electron transport from ATP production in the
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electron transport chain, and a mixture of rotenone and antimycin A (0.5uM) was injected into
the cell media to inhibit Complex I and I11, respectively, of the electron transport chain. Spare
respiratory capacity was calculated using the Seahorse XF Cell Mito Stress Test Report
Generator (Wave Desktop Software, Agilent Technologies, Cedar Creek, TX) and data is
presented as oxygen consumption rate (OCR) normalized to protein concentration. Protein

content was determined using the BCA assay.

Statistics

Data were analyzed using Prism 6.04 (GraphPad, La Jolla, CA). All values are reported as
means =+ standard error (SE) of at least three independent experiments unless denoted otherwise.
Statistical tests were two-sided and differences between more than two group means were
evaluated using the one-way analysis of variance (ANOVA) test and Bonferroni post-hoc
multiple comparison test with significant differences at p < 0.05. Differences between two group
means were evaluated using two-sided unpaired T-tests with significant differences at p < 0.05.

Treatment groups with the same letter are not statistically different from each other.

Supplemental Data
All supplemental data can be accessed using the following link to Zenodo;

https://doi.org/10.5281/zenodo.7776238.
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Results

Cellular bioenergetics of acute irradiated salivary gland acinar cells

Measurements of the extracellular acidification rate (ECAR) and oxygen consumption
rate (OCR) of live cells qualitatively reflects glycolysis and mitochondrial respiration,
respectively [367], [368], [369]. To understand the effect of radiation on cellular energy
production in the salivary gland, the Seahorse XF Real-Time ATP Rate Assay Kit [363] was
performed to collect ECAR and OCR data in salivary gland primary acinar cells and calculate
baseline ATP production rates at acute (24 and 48 hours) radiation (IR) time points. The use of
primary cells is necessary as immortalized cells disrupt p53 function and it has previously been
established that increased apoptosis in parotid acinar cells following radiation is p53 dependent
[114], [115]. Therefore, we need p53 signaling to remain intact to study the radiation-damage
response. Between 8-72 hours following IR, apoptosis of acinar cells occurs with a peak
occurring at 24 hours post-1R, and reactive oxygen species levels increase starting at 24 hours
post-IR [114], [320], [170], therefore 24 and 48 hours post-IR were chosen as acute IR time
points in this study. Basal ECAR and OCR data was first collected, and then oligomycin was
injected into the cell media to inhibit mitochondrial ATP production and allow the ATP
production rate attributed to mitochondrial oxidative phosphorylation production to be quantified
[363]. Injection of rotenone plus antimycin A completely inhibits mitochondrial respiration,
which accounts for mitochondrial-associated acidification, and is used with ECAR to calculate
the ATP production rate attributed to glycolysis [363].

At baseline readings, 24-hour IR ECAR measurements are significantly higher compared
to untreated and 48-hour IR (Fig. 4.1A,B). Following oligomycin and rotenone/antimycin A

injections, 24-hour IR ECAR measurements remain significantly higher compared to untreated
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and 48-hour IR, with the 48-hour IR readings decreasing slightly compared to untreated (Fig.
4.1A,B). At baseline readings, 24-hour IR OCR measurements are significantly higher than
untreated and 48-hour IR OCR measurements are significantly lower compared to untreated (Fig.
4.1C,D). Following oligomycin and rotenone/antimycin A injections, the 24-hour IR OCR
measurements decrease but are still higher compared to the 48-hour IR and untreated OCR
measurements and the 48-hour IR and untreated OCR readings are not significantly different
from each other (Fig. 4.1C,D). Calculation of the basal ATP production rates reveals a
significantly higher ATP production rate in the 24-hour IR group compared to untreated and 48-
hour IR groups (Fig. 4.1E), with the 24-hour IR group displaying a higher glycolytic ATP
production compared to both the untreated and 48-hour IR groups (Fig.4.1F). Acutely, we
observe an increase in ECAR, OCR, and ATP production rate at 24 hours post-IR that is

attenuated at 48 hours post-IR.

171



>
w

- Ur
-= 24hrIR  Rot/AA

o0 48hr IR l
Oligo

-
=)
S

ECAR (mpH/min/ug protein)
> 8 &
o3
ECAR (mpH/min/ug protein)
n B
o o

. uT F
@8 24hr IR
48R p

@
=}

=)
=}

10 20 30 40 50
Time (min)

o

(@]
o

250 - ur
BB 24hr IR
48hr IR

w
=3
S

Oligo - ur
= 24hr IR
l 48hr IR

200

200
Rot/AA

|

10 20 30 40 50
Time (min)

100

OCR (pmol/min/ug protein)
OCR (pmol/min/ug protein)

-n

700
600

(pmol/min/ug protein)

0 100 200 300 400

mito ATP Production Rate

&
.&\
W

glyco ATP Production Rate (pmol/min/ug
protein)

ATP Production Rate (pmol/min/ug protein)

Figure 4.1. ECAR, OCR, and ATP production rate increase acutely at 24-hours following

radiation in salivary acinar cells.

Primary acinar cells were isolated from parotid salivary glands of untreated female FVB mice
(n=6/plate) and plated on a 96-well collagen-coated Seahorse microplate at a seeding density of
150K /well. Cells were cultured for 5 days and irradiated at 24 and 48 hours prior to the assay.
The Seahorse XF Real-Time ATP Rate Assay Kit was performed using the Seahorse XF96
Analyzer. A) Individual ECAR readings for untreated (UT), 24-hour IR (24hr IR), and 48-hour
IR (48hr IR) groups with the responses to 2.0uM oligomycin (oligo) injection and 0.5uM
rotenone/antimycin A (rot/AA) injection shown. B) Average basal, oligo, and rot/AA ECAR
readings for UT, 24hr IR, and 48hr IR. C) Individual OCR readings for UT, 24hr IR, and 48hr IR
groups with the responses to 2.0uM oligomycin (oligo) injection and 0.5uM rotenone/antimycin
A (rot/AA) injection shown. D) Average basal, oligo, and rot/AA OCR readings for UT, 24hr IR,
and 48hr IR. E) Basal ATP production rates of UT, 24hr IR, and 48hr IR groups. F) The
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proportion of mitochondrial (mito) ATP production rate and glycolytic (glyco) ATP production
rate for UT, 24hr IR, and 48hr IR groups. Each panel is representative of 3 independent assays
(n=3/group). Significant differences were determined using one-way ANOVA and Bonferroni
post-hoc test, p<0.05. Treatment groups with the same letter are not significantly different from

each other.

Cellular bioenergetics of transitional and chronic irradiated salivary gland acinar cells

Due to the observed changes in ECAR, OCR, and basal ATP production at acute time
points following IR, we decided to further investigate acinar cell bioenergetics at day 5, day 30,
and day 60 following IR. Day 5 post-IR was chosen as a transitional time point where increased
compensatory proliferation and decreased apical/basolateral polarity in the acinar compartment
of the salivary gland begins following loss of function starting at day 3 post-IR [153], [154],
[157], [125]. We have previously observed chronic loss of salivary gland function correlated
with decreased acinar cell differentiation markers and continued compensatory proliferation at
days 30, 60, and 90 post-IR [136], [154], [153], therefore days 30 and 60 were chosen as
representative chronic IR time points. At baseline readings, day 5 IR ECAR measurements are
higher compared to untreated (Fig. 4.2A,B), and following rotenone/antimycin A injection the
increase becomes statistically significant (Fig. 4.2A,B). At baseline readings, day 5 IR OCR
measurements are significantly higher than untreated (Fig. 4.2C,D). Following oligomycin and
rotenone/antimycin A injections, day 5 IR OCR measurements remain higher compared to
untreated (Fig. 4.2C,D). Calculation of the basal ATP production rates shows a significantly
higher ATP production rate in the day 5 IR group compared to untreated (Fig. 4.2E), with the
day 5 IR group displaying a higher mitochondrial ATP production rate compared to the untreated

group (Fig.4.2F).
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Cellular bioenergetics change sharply at chronic IR time points. At baseline readings, day
30 and day 60 IR ECAR measurements are lower compared to untreated with the day 30 IR
group showing a statistically significant decrease (Fig. 4.2G,H). Following oligomycin and
rotenone/antimycin A injections, day 30 and day 60 IR ECAR readings continue to remain lower
compared to untreated (Fig. 4.2G,H). At baseline readings, day 30 and day 60 OCR
measurements are significantly decreased compared to untreated and remain significantly
decreased following oligomycin and rotenone/antimycin A injections (Fig. 4.21,J). Visual
inspection of the cells prior to running the assay confirmed viability to ensure that the low OCR
cell readings are not due to cell death (Supplemental Figure S3; for all supplemental material,
use the Zenodo link provided in the Supplemental Data section of the Methods). Calculation of
the basal ATP production rates reveals a significantly lower ATP production rate in the day 30
and day 60 IR groups compared to untreated (Fig. 4.2K), with the day 30 and day 60 IR groups
displaying a lower mitochondrial ATP production rate compared to the untreated group
(Fig.4.2L). Thus, ECAR, OCR, and ATP production rate increase at day 5 IR and then

subsequently decrease chronically following radiation.
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Figure 4.2. ECAR, OCR, and ATP production increase at 5 days and decrease chronically

following radiation in salivary acinar cells.

Female FVB mice received 5 Gy IR targeted to the head and neck region (n=3/group) and
primary acinar cells were isolated from parotid salivary glands of untreated (UT) and IR mice at
day 5, day 30, and day 60 post-IR. Cells were seeded on a 96-well collagen-coated Seahorse
microplate at a seeding density of 150K/well and cultured for 2 days. On day 2 of culture the
Seahorse XF Real-Time ATP Rate Assay Kit was run using the Seahorse XF96 Analyzer. A)
Individual ECAR readings for untreated UT and day 5 IR (D5 IR) groups with the responses to
2.0uM oligomycin (oligo) injection and 0.5uM rotenone/antimycin A (rot/AA) injection shown.
B) Average basal, oligo, and rot/AA ECAR readings for UT and D5 IR. C) Individual OCR
readings for UT and D5 IR groups with the responses to 2.0uM oligomycin (oligo) injection and
0.5uM rotenone/antimycin A (rot/AA) injection shown. D) Average basal, oligo, and rot/AA
OCR readings for UT and D5 IR. E) Basal ATP production rates of UT and D5 IR groups. F)
The proportion of mitochondrial (mito) ATP production rate and glycolytic (glyco) ATP
production rate for UT and D5 IR groups. G) Individual ECAR readings for UT, day 30 IR (D30
IR), and day 60 IR (D60 IR) groups with the responses to 2.0uM oligomycin (oligo) injection
and 0.5uM rotenone/antimycin A (rot/AA) injection shown. H) Average basal, oligo, and rot/AA
ECAR readings for UT, D30 IR, and D60 IR. 1) Individual OCR readings for UT, D30 IR, and
D60 IR groups with the responses to 2.0uM oligomycin (oligo) injection and 0.5uM
rotenone/antimycin A (rot/AA) injection shown. J) Average basal, oligo, and rot/AA OCR
readings for UT, D30 IR, and D60 IR. K) Basal ATP production rates of UT, D30 IR, and D60
IR groups. L) The proportion of mitochondrial (mito) ATP production rate and glycolytic (glyco)
ATP production rate for UT and D5 IR groups. Each panel is representative of 3 independent
assays (n=3/group). Significant differences were determined using one-way ANOVA and
Bonferroni post-hoc test, p<0.05. Treatment groups with the same letter are not significantly
different from each other.

Glycolytic enzyme levels and activity in irradiated salivary glands
After identifying changes in cellular ECAR both acutely and chronically in response to

radiation treatment, we sought to further investigate glycolytic flux in salivary gland tissue at
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multiple IR time points. To investigate the key metabolic enzymes that drive glycolysis, protein
levels and enzymatic activity of rate-limiting enzymes were measured in salivary gland tissue as
enzymatic activity is an established technique to assess glycolysis [370]. Western blot analysis of
the first glycolytic enzyme, hexokinase (HK1-isoform found in the salivary glands), reveals
statistically higher levels of the protein at day 3 IR compared to untreated, day 5 IR, and day 30
IR (Fig. 4.3A,B). No differences in protein levels of phosphofructokinase (PFKM-isoform found
in salivary glands) and pyruvate kinase (PKM1-isoform found in salivary glands) are observed
between the untreated and IR groups. The enzymatic activity of hexokinase measured over 60
minutes is higher in the day 3 IR group compared to untreated, day 5 IR, day 14 IR, and day 30
IR groups (Fig. 4.3C). The enzymatic activity of pyruvate kinase measured over 60 minutes is
higher in the day 30 IR group compared to all other groups but is not statistically significant (Fig.
4.3D). Lactate is produced from pyruvate, the end product of glycolysis, under anaerobic
conditions when pyruvate is not transported into the mitochondria to proceed to aerobic
mitochondrial respiration [371]. The lactate concentration of irradiated salivary gland tissue

reveals significantly higher levels at day 5 IR and day 14 IR compared to untreated (Fig. 4.3E).
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following radiation and lactate concentration increases at day 5 and day 14 following

radiation in the salivary gland.

Female FVB mice were untreated (UT) or exposed to IR and parotid salivary glands were
removed at 3 (D3 IR), 5 (D5 IR), 14 (D14 IR), and 30 (D30 IR) days after radiation treatment.
A) Representative western blots probing for hexokinase 1 (HK1), phosphofructokinase-muscle
(PFKM), and pyruvate kinase muscle isozyme-1 (PKM1) using untreated, D3 IR, D5 IR, and
D30 tissue samples (n=3/group). Extracellular signal-regulated kinase 1/2 (ERK 1/2) was used as
a loading control. B-D) Quantification of (A). E) A hexokinase enzyme activity assay was
performed on tissue samples (n=4/group) and activity was measured over 60 minutes. F) A
pyruvate kinase enzyme activity assay was performed on tissue samples (n=4/group) and activity
was measured over 60 minutes. G) A lactate assay kit was used to measure lactate concentration
in tissue samples (n=5/group). Data are presented as mean + standard error of the mean (SEM).
Significant differences were determined using one-way ANOVA and Bonferroni post-hoc test,

p<0.05. Treatment groups with the same letter are not significantly different from each other.
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Mitochondrial function in irradiated salivary glands

Due to the observed changes in OCR at acute and chronic time points in irradiated
salivary gland acinar cells, we further investigated mitochondrial function in salivary gland
tissue. In our previous work, we observed significant decreases in transcript families belonging
to the core subunit of Complex I in the mitochondrial electron transport chain (NDUF and MT-
ND), and in transcript families belonging to various subunits of Complex Il (UQCR, CYC1, and
MT-CYB) at day 5 IR in parotid salivary gland tissue [315]. Therefore, we measured protein
levels of Complex I-75 kDa subunit and of UQCRC2, a subunit of Complex I1l. We observe a
significant decrease in Complex I-75 kDa subunit at day 5-IR compared to untreated (Fig.
4.4A,B), and we observe a significant decrease in Complex I111-UQCRC2 subunit at day 3 IR and
day 5 IR (Fig. 4.4C,D). The data suggests a decrease in mitochondrial respiration at day 3 IR and
day 5 IR in parotid salivary gland tissue. To further explore the effects of irradiation on
mitochondrial function, we measured mitochondrial DNA (mtDNA) copy number.
Mitochondrial DNA copy number partially regulates mitochondrial biogenesis, and research has
shown increased mtDNA copy number following radiation treatment, which is hypothesized to
be an adaptive response to help the remaining cells in the irradiated tissue survive [372], [373],
[374]. Although this increase may appear beneficial, it can lead to the overproduction of
mitochondrially encoded subunits, which can lead to mitochondrial dysfunction [361]. The
relative ratio of a mitochondrial DNA target to a nuclear DNA target gives an estimate of
MtDNA copy number. We utilized two different mitochondrial DNA and nuclear DNA targets to
increase the reproducibility of our results. Looking at the relative ratio of COX2 mitochondrial
gene target to Rsp18 genomic gene target, we see a significant increase in the relative ratio of

COX2/Rsp 18 at day 5 IR and day 30 IR compared to untreated, with no significant difference
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observed at day 3 IR (Fig. 4.4E). Looking at the relative ratio of ND1 mitochondrial gene target
to HK2 genomic gene target, we observe a significant increase in the relative ratio of ND1/HK2
at day 30 IR compared to untreated (Fig. 4.4F). At day 3 IR the ND1/HK2 relative ratio appears
to slightly decrease compared to untreated, although this decrease is not significant (Fig. 4.4F).
The observed increase in mtDNA copy number suggests mitochondrial dysfunction chronically

following radiation in the salivary gland.
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Figure 4.4. Mitochondrial complex I and I11 protein subunit levels decrease at day 5 following
radiation and mitochondrial DNA copy number increases chronically following radiation in

the salivary gland.

Female FVB mice were untreated (UT) or exposed to IR and parotid salivary glands were
removed at 3 (D3 IR), 5 (D5 IR), and 30 (D30 IR) days after radiation treatment. A)
Representative western blot probing for complex 1-75 kDa subunit using tissue samples
(n=3/group). Extracellular signal-regulated kinase 1/2 (ERK 1/2) was used as a loading control.
B) Quantification of (A). Data are presented as mean * standard error of the mean (SEM). C)
Representative western blot probing for ubiquinol-cytochrome-C reductase complex core protein
2 (UQCRC?2) using tissue samples (n=3/group). ERK 1/2 was used as a loading control. D)
Quantification of (C). Data are presented as mean + standard error of the mean (SEM). E-F)
DNA was isolated from tissue samples (n=5/group) and RT-gPCR was performed with primers
specific for the mitochondrial gene cyclooxygenase-2 (COX2) and the ribosomal gene ribosomal
protein S18 (Rsp18) (E), and primers specific for the mitochondrial gene NADH:ubiquinone
oxidoreductase core subunit 1 (ND1) and the nuclear gene hexokinase 2 (HK2) in (F). Data were
normalized to 15S ribosomal protein as an internal control and fold change was calculated

relative to DNA content in UT mice. Mitochondrial DNA (mtDNA) copy number was estimated
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using the ratio of COX2/Rsp18 DNA content (E) and the ratio of ND1/HK2 DNA content (F).
Data are presented as the interquartile range of the data with the median indicated by the line +
standard error of the mean (SEM). Significant differences were determined using one-way
ANOVA and Bonferroni post-hoc test, p<0.05. Treatment groups with the same letter are not

significantly different from each other.

Mitochondrial function was also assessed in primary salivary gland acinar cells by
performing the Seahorse XF Cell Mito Stress Test Kit [375] to measure spare respiratory
capacity, which is the ability of the cells to respond to increased energy demand due to IR
damage. The Seahorse XF Cell Mito Stress Test has been used to assess mitochondrial
dysfunction in a number of disease models [376], [377], [378]. Due to the increased OCR and
ATP production observed at day 5 IR and the decrease in mitochondrial complex protein | and
I11 subunits, we chose day 5 IR as the time point to investigate spare respiratory capacity. Spare
respiratory capacity is calculated as the difference between maximal respiration and basal
respiration, and maximal respiration is induced by injecting the drug carbonyl cyanide-4
(trifluoromethoxy) phenylhydrazone (FCCP) into the cell media, which uncouples electron
transport from ATP synthesis in oxidative phosphorylation, allowing unlimited electron transport
and maximal OCR [375]. Following FCCP injection, OCR is significantly higher in the untreated
group compared to day 5 IR, indicating a higher maximal respiration without radiation treatment
(Fig. 4.5A,B). The spare respiratory capacity of the untreated group is significantly higher
compared to the day 5 IR group (Fig. 4.5C), suggesting that day 5 IR salivary acinar cells have a
reduced ability to respond to increased energy demand under stress, which is reflective of

mitochondrial dysfunction.
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Figure 4.5. Spare respiratory capacity decreases at day 5 following radiation compared to

untreated in salivary acinar cells.

Female FVB mice received 5 Gy IR targeted to the head and neck region (n=3/group) and
primary acinar cells were isolated from parotid salivary glands of untreated (UT) and IR mice at
day 5. Cells were seeded on a 96-well collagen-coated Seahorse microplate at a seeding density
of 150K/well and cultured for 2 days. On day 2 of culture the Seahorse XF Cell Mito Stress Test
Kit was run using the Seahorse XF96 Analyzer. A) Individual OCR readings for untreated UT
and day 5 IR (D5 IR) groups with the responses to 2.0uM oligomycin (oligo) injection, 2.0uM
FCCP injection, and 0.5uM rotenone/antimycin A (rot/AA) injection shown. B) Average basal,
oligo, FCCP, and rot/AA OCR readings for UT and D5 IR. C) Spare respiratory capacity of
untreated and day 5 IR groups. Each panel is representative of 2 independent assays (n=3/group).
Significant differences were determined using one-way ANOVA and Bonferroni post-hoc test,
p<0.05 in panel B. Significant differences were determined using the two-tailed unpaired T-test,
p<0.05 in panel C. Treatment groups with the same letter are not significantly different from
each other.

Mitochondrial energy substrate utilization following radiation in salivary gland acinar cells

Due to the observed increase in ATP production and reduced spare respiratory capacity at
day 5 IR, we investigated the fuel preference of day 5 IR salivary acinar cells using the Seahorse
XF Mito Fuel Flex Test Kit [379]. The fuel dependency of acinar cells to oxidize glucose,

glutamine, and long-chain fatty acids was assessed by measuring OCR in response to the
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following fuel inhibitors: UK5099 inhibits the transport of pyruvate from glycolysis into the
mitochondria for oxidation, BPTES inhibits the conversion of glutamine to glutamate so that it
cannot enter the Kreb’s cycle for oxidation, and etomoxir inhibits carnitine palmitoyl-transferase
1A (CPT1A), which inhibits the transport of long chain fatty acids into the mitochondria for
oxidation (Fig. 4.6A). Untreated salivary acinar cells appear highly flexible in their use of fuel
for energy production and show a low amount of dependency on glutamine (Fig. 4.6B,C,D). The
day 5 IR group shows less dependency on glutamine and more dependency on long chain fatty
acids as a fuel source in comparison to the untreated group (Fig. 4.6C,D). Radiation treatment

does not appear to affect glucose dependency (Fig. 4.6B).
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Figure 4.6. Dependency on long-chain fatty acids as a fuel source increases at day 5 following

radiation treatment compared to untreated in salivary acinar cells.

Female FVB mice received 5 Gy IR targeted to the head and neck region (n=3/group) and
primary acinar cells were isolated from parotid salivary glands of untreated (UT) and IR mice at
day 5. Cells were seeded on a 96-well collagen-coated Seahorse microplate at a seeding density
of 150K/well and cultured for 2 days. On day 2 of culture the Seahorse XF Mito Fuel Flex Test
Kit was run using the Seahorse XF96 Analyzer. A) Schematic diagram of glucose, glutamine,
and long-chain fatty acid metabolism and where the assay inhibitors block fuel oxidation. Image
created in Biorender.com. B) Glucose dependency and flexibility in untreated and day 5 IR (D5
IR) groups. C) Glutamine dependency and flexibility in untreated and D5 IR groups. D) Long-
chain fatty acid (LCFA) dependency and flexibility in untreated and D5 IR groups. Data is
expressed as % of total oxidation of glucose, glutamine, and long-chain fatty acids + standard
error of the mean (SEM). Significant differences were determined using two-way ANOVA and
Bonferroni post-hoc test, p<0.05. Treatment groups with the same letter are not significantly

different from each other. Abbreviations: MPC = mitochondrial pyruvate carrier complex,
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CPT1A = carnitine palmitoyltransferase 1A, TCA cycle = tricarboxylic acid cycle, a-KG =
alpha-ketoglutarate, GLS1 = glutaminase-1, BPTES = (bis-2-(5-phenylacetamido-1,3,4-
thiadiazol-2-yl)ethyl sulfide).
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Discussion

Due to the ongoing need to identify therapeutic targets for restoring salivary gland
function following radiation (IR) treatment clinically, mechanistic research is essential for
providing new insight. In this study, we employed a variety of techniques to investigate how
energy metabolism and mitochondrial function are altered in the irradiated salivary gland using
both primary acinar cells and parotid gland tissue. We observed energy production variation over
time in response to IR in the salivary gland. Acutely, we observed an increase in glycolysis
assessed by extracellular acidification rate (ECAR), oxidative phosphorylation assessed by
oxygen consumption rate (OCR), and energy (ATP) production rate at 24 hours post-IR in acinar
cells that was attenuated at 48 hours post-IR. At day 5 post-IR when the transition to the chronic
damage stage begins, ECAR, OCR, and ATP production rate increased. Energy metabolism
reprogramming significantly changed chronically as displayed by decreased ECAR, OCR, and
ATP production rate compared to untreated, suggesting changes in energy metabolism underlie
the different stages of IR-induced damage in the salivary gland.

The reprogramming of energy metabolism and mitochondrial function has been assessed
in different IR damage models, most notably the heart and skeletal muscle as these are highly
metabolic tissues [380], [381], [349], [361], [382]. A study locally irradiated the heart (2 Gy) of
mice and detected decreased activity of Complex | and Complex Il in the electron transport
chain of isolated mitochondria, decreased oxidative phosphorylation, and increased ROS levels
at 4 weeks post-IR, indicating mitochondrial dysfunction [380]. The same group performed a
follow-up study analyzing irradiated cardiac tissue collected at a more chronic time point, 40
weeks post-IR, and noted the same indicators of mitochondrial dysfunction observed in their

previous study, demonstrating the non-transient effects of radiation on cardiac mitochondria
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[381]. In our study, we observed decreased protein levels of Complex | and Complex 11 at days
3 and 5 post-IR in parotid tissue and decreased oxidative phosphorylation at days 30 and 60 post-
IR. Although we observed increased OCR, ECAR, and ATP production at day 5 post-IR, we
discovered a 76% decrease in spare respiratory capacity at day 5 post-IR, indicating a reduced
ability of the mitochondria to overcome the stress induced by radiation, which is supported by
OCR and ATP production significantly decreasing after the day 5 IR time point and Complex |
and 111 protein subunit levels decreasing at day 5 IR. Together, the data suggests mitochondrial
impairment at day 5 and chronically post-IR. Additional data to support this conclusion is the
increase in mitochondrial DNA (mtDNA) copy number at day 5 and chronically post-IR in
parotid tissue, which is hypothesized to be an adaptive response to maintain function following
damage [374], [373].

Our results both support and contradict IR-induced metabolic reprogramming in skeletal
muscle, although skeletal muscle and salivary gland exocrine tissue are not comparable in terms
of function. One study exposed mice to whole-body 6 Gy IR and observed reduced skeletal
muscle mitochondrial fatty acid beta-oxidation, reduced mitochondrial enzymatic activity, and
impaired glucose uptake at 5 weeks post-IR [382]. In our previous work, we overlaid gene
expression and metabolite data in the context of human biological networks and identified fatty
acid degradation as an enriched metabolic pathway at day 5 post-radiation, with downregulation
of metabolites and genes annotated to mitochondrial beta-oxidation of fatty acids and
peroxisomal lipid metabolism observed [315], which supports the reduction in mitochondrial
fatty acid beta-oxidation observed in irradiated skeletal muscle [382]. In our current study, we
observed decreased protein levels of mitochondrial electron transport chain proteins and reduced

ECAR, which suggests reduced glucose uptake chronically post-IR and supports observations
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observed in skeletal muscle [382]. A different group exposed mice to whole-body 6 Gy IR and
discovered decreased ATP production, increased spare respiratory capacity, and increased fatty
acid and amino acid metabolism through the TCA cycle at 24 hours post-IR in skeletal muscle
mitochondria [361]. In contrast, we observed an increase in ATP production at 24 hours post-IR
in salivary acinar cells and reduced spare respiratory capacity at day 5 post-IR, displaying time-
and tissue-dependent differences in metabolic reprogramming following radiation exposure.

It is well established that radiation exposure acutely results in DNA damage and reactive
oxygen species (ROS) production [105], [106], [107], [170], [383], and that mitochondria are the
main source of ROS production [384], [385]. In our salivary gland radiation-damage model,
apoptosis peaks at 24 hours post-radiation, and ROS production by mitochondria has been shown
to mediate apoptosis [114], [320], [386]. A study investigated the mechanisms underlying
radiation inducing mitochondrial ROS production using a human lung carcinoma cell line
exposed to 10 Gy radiation (IR) and observed an acute increase in mitochondrial oxidative
phosphorylation at 12 and 24 hours post-IR that corresponded to increased mitochondrial ROS
production [387], which supports the observed increase in OCR and ATP production at 24 hours
post-IR shown in our study and suggests a relationship between increased mitochondrial OCR
and ROS production acutely following radiation in the salivary gland, which may mediate
apoptosis and contribute to tissue dysfunction. Targeting the acute increase in OCR and ATP
production observed in this study may be a mechanism to reduce mitochondrial ROS production
and apoptosis and restore function to the salivary gland following IR.

The increase in OCR and mitochondrial ATP production observed in day 5 post-IR acinar
cells in this study corroborates the enrichment of respiratory electron transport and the

tricarboxylic acid (TCA) cycle identified in our previous work where we integrated
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transcriptomics and metabolomics analysis to identify pathway-level enrichment at day 5 post-IR
in the salivary gland [315]. This observed metabolic reprogramming at day 5 post-IR is of
interest due to the transition from the acute radiation damage response to the chronic damage
response, which is associated with increased compensatory proliferation and mechanistic Target
of Rapamycin (mTOR) pathway hyperactivation suggesting autophagy reduction. [153], [150],
[125]. The increase in ECAR and total ATP production observed at day 5 IR in this study may
facilitate the increase in compensatory proliferation within the salivary gland to quickly increase
the level of carbon backbones for macromolecule synthesis for sustaining growth, as has been
observed in other wound healing models [354], [355], [356], [357]. This proposed increase in
glycolysis at day 5 IR is supported by increased lactate concentration observed in the parotid
tissue compared to untreated, which is reflective of rapidly proliferating cells performing aerobic
glycolysis and accumulating lactate [388], [355]. Hyperactivation of mTOR has been
demonstrated to increase glycolysis in many diseases through the hypoxia inducible factor-1
alpha (HIF-1a), including breast cancer [389], lung fibrosis [390], Alzheimer’s disease [391],
and colorectal cancer [392], and targeting this pathway has demonstrated efficacy as a
therapeutic mechanism for these diseases. Our lab previously demonstrated that post-IR
treatment with the mTOR inhibitor, the rapalogue CCI-779, improves salivary gland function
chronically post 5 Gy IR and restores proliferation levels in the gland of mice to untreated levels
following IR [125]. A reduction in glycolysis may be a mechanism by which mTOR inhibition
reduces compensatory proliferation and restores salivary gland function chronically following
IR.

This paper demonstrates that primary acinar cells are flexible in their choice of fuel for

energy production, with day 5 irradiated cell displaying a 27% increase in long-chain fatty acid
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(LCFA) dependency for fuel oxidation. Interestingly, increased parotid gland fat content in head
and neck cancer patients prior to beginning radiotherapy and chemotherapy treatments was
shown to correlate with chronic radiation-induced xerostomia at 12 months post-treatment [393],
but it is unknown how radiation affects the fat content of parotid glands and whether fat content
in the gland influences the usage of fat as a preferred fuel source in response to radiation.
Additionally, it has repeatedly been shown in Sjogren’s syndrome (SS) patients that fat
deposition is a biomarker of the disease and positively correlates with the level of salivary flow
reduction [394], [395], [396], [397]. A microarray analysis on salivary glands from primary SS
(pSS) patients showed enrichment for genes annotated to adipose tissue development and
reduced mitochondrial fatty acid beta-oxidation, with interleukin (IL) 17 positive adipocytes
observed in the salivary glands of pSS patients compared to healthy controls, suggesting that
adipocyte deposition is involved in the immune response of the disease, but whether this
phenomenon is part of disease progression or the repair process is unknown [398]. In the
irradiated salivary gland, we don’t know if adipocyte deposition occurs as part of the
inflammatory repair process or damage response, and whether this will lead to increased salivary
acinar cell dependency on fatty acids as a fuel source and contribute to metabolic reprogramming
underlying IR-induced dysfunction.

Due to the complexity of cellular energy metabolism and mitochondrial function, this
study used several techniques to help gain knowledge of these mechanisms in response to IR in
the salivary gland and optimized primary acinar cells for OCR and ECAR measurements with
the Seahorse XF96 Analyzer. It is important to note that OCR and ECAR measured in this study
only constitute the metabolism of cells in the acinar compartment of the salivary gland and do

not reflect the entire salivary gland (striated ductal cells, intercalated ductal cells, and granular
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ductal cells). Therefore, the measurements of glycolytic enzyme protein levels and activity,
lactate concentration, mitochondrial complex | and 111 protein subunit levels, and mitochondrial
DNA (mtDNA) copy number are reflective of a combination of cell types. To improve the
assessment of mitochondrial function, isolating mitochondria from the parotid gland would
improve the specificity of the assays measuring OCR and ATP production rate. The use of non-
radioactive stable isotope tracing to track the flow of carbon from glycolysis, fatty acid beta-
oxidation, and glutaminolysis into the TCA cycle would provide great insight into fuel
dependency and metabolic flux in response to IR. This study helped elucidate the energy
metabolism profile of the salivary gland, which is an understudied area of research, and
demonstrated how IR reprograms energy metabolism in the salivary gland at different stages of
damage following IR. Future research can test targeting enzymes within the altered metabolic
pathways to reverse the changes observed following IR with the goal of restoring salivary gland

function to improve the quality of life of head and neck cancer patients.
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V. Conclusions

The American Cancer Society estimates over 54,000 new cases of head and neck cancer
(HNC) annually in the United States [1], and the standard of care includes surgical removal of
the tumor if operable followed by radiation (IR) treatment. Salivary glands are indirect targets of
radiation treatment due to their adjacent location to HNC tumors, resulting in loss of tissue
function. Loss of salivary gland function results in decreased saliva flow, which diminishes the
quality of life of HNC patients and can lead to xerostomia, oral infections, periodontal disease,
and even malnutrition [12]. Treatment options for xerostomia are limited and palliative, with
certain drug treatments being associated with unpleasant side effects [13]. Therefore,
mechanistic research of IR-induced salivary gland dysfunction is needed to identify drug targets
that can restore tissue function and decrease the unpleasant side effects associated with current
treatment options.

Metabolomics is a useful platform that reflects an organism’s phenotype and has been
utilized to identify mechanisms underlying IR-induced damage in various tissue types.
Furthermore, drug targeting to reverse the observed radiation-induced metabolic alterations has
been demonstrated to restore function in mouse testicular tissue [196], which paves the way for
investigating metabolic alterations in irradiated salivary gland tissue to identify therapeutic
targets to reverse IR-induced damage. Adding different “omics” data platforms can provide a
deeper understanding of the metabolic reactions occurring in irradiated salivary glands. We
integrated transcriptomic and metabolomic data and identified significant gene-metabolite
interactions at day 5 post-IR in the parotid gland (Chapter Il). Using integrated pathway
enrichment analysis and network analysis, we identified changes in glutathione metabolism,

energy metabolism (TCA cycle and thermogenesis), peroxisomal lipid metabolism, and bile acid
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production at day 5 post-IR (Chapter Il). These metabolic changes may be related to previously
identified increased compensatory proliferation and decreased apical/basolateral polarity
beginning at this IR time point, which is correlated with reduced saliva flow [153], [150].

Due to day 5 post-IR marking the transitional beginning between the acute and chronic phases of
the IR-damage response, with loss of salivary function beginning at day 3 and continuing
chronically [321], we evaluated the effects of IR on the metabolic profile temporally at an acute
(day 3), intermediate (day 14), and chronic (day 30) time point after radiation treatment in the
salivary gland (Chapter I1). The highest pathway-level enrichment occurred acutely at 3-days
post-IR with a subsequent decrease at 14- and 30-days post-IR (Chapter I11). Multiple amino acid
metabolism pathways, glutathione metabolism, and central carbon metabolism in cancer were
significantly enriched at all three IR time points (Chapter I11), suggesting that these pathways
underlie the damage response contributing to loss of salivary gland function.

We further investigated the enrichment of energy metabolism observed in Chapter Il by
measuring glycolytic flux and oxidative phosphorylation in primary acinar cells and parotid
gland tissue exposed to IR at multiple time points (Chapter 1V). Extracellular acidification rate
(ECAR; reflective of glycolysis), oxygen consumption rate (OCR; reflective of oxidative
phosphorylation), and ATP production rate increased at 24 hours and 5 days post-IR and then
decreased at chronic time points (Chapter IV). Hexokinase protein levels and activity increased
at 3 days post-IR, suggesting an increase in glycolysis at this time point (Chapter 1V). Complex |
and 11 subunit protein levels decreased at days 3 and 5 post-IR while mitochondrial DNA copy
number increased chronically post-IR (Chapter 1V), which may reflect adaptive responses of

dysfunctional mitochondria. Primary acinar cells were more dependent on long-chain fatty acids
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for fuel at day 5 post-IR (Chapter V), showing that IR changes fuel preference in primary acinar
cells.

The presented research helps elucidate understanding of the metabolic response to IR at
acute, intermediate, and chronic damage stages and provides novel insight into energy
metabolism reprogramming in the salivary gland. Previous work has shown that glycolysis
increases during tumor growth and that glycolytic inhibition reduces tumor cell proliferation
[399], [400], [401], suggesting that inhibiting the observed increase in glycolysis at day 5 post-
IR may reduce compensatory proliferation and prevent chronic salivary gland hypofunction.
Changes in reduced glutathione levels observed at day 3, 5, 14, and 30 post-IR in Chapters Il and
I11 may be reflective of reduced antioxidant capacity in the salivary gland, which may be
correlated with previously identified increased reactive oxygen species (ROS) production [170]
and decreased oxygen consumption rate and increased mitochondrial DNA copy number
reflective of chronic mitochondrial dysfunction presented in Chapter IV. Further investigation of
mitochondrial function following IR exposure in the salivary gland is needed to understand the
relationship between metabolic reprogramming and salivary gland hypofunction and test

druggable targets for restoring chronic loss of function in HNC patients.
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