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ABSTRACT 

 

Resistance to therapy in cancer is a major cause of poor prognosis in patients. Tumor hypoxia 

plays an active role in mediating treatment resistance and has been linked to metastases and 

metastatic potential in cancer. Our research focused on three objectives: i) To understand 

metabolic effects of chronic and intermittent hypoxia in murine breast cancer cells and its 

affiliation with metastatic potential ii) To identify the metabolic changes associated with radiation 

therapy in a panel of radiosensitive and radioresistant human head and neck cancer cells and 

iii) to monitor the changes in cell metabolism associated with gain of treatment resistance. To 

detect these changes, we employed optical imaging of endogenous fluorophores with two-

photon excited fluorescence (TPEF) to quantify cellular metabolism. Our studies with cancer 

cells exposed to hypoxic stress revealed that chronic hypoxia led to changes in cellular 

metabolism in only poorly metastatic cancer cells while intermittent hypoxia exposure had no 

effect on cellular metabolism in any cancer cells. While hypoxia is known to lead to stable 

expression of the transcription factor – hypoxia-inducible factor (HIF-1), there are other 

microenvironmental stresses, such as radiation therapy that can cause activation of HIF-1. 

Therefore, we next investigated changes in cellular metabolism in a panel of head and neck 

cancer cells using TPEF and determined if the radiation-induced changes in metabolism were 

driven by HIF-1. Our final study involved investigating the effects of radiation therapy on cellular 

metabolism in a panel of isogenic cell lines that had increasing levels of radiation resistance. 

We found that wild type cells exhibit transformations in cellular metabolism on exposure to 

varied treatments while moderately resistant cells show changes in cell metabolism on exposure 

to HIF-1 inhibitor, YC-1 and combination of YC-1 and radiation. Conversely, there were no 

changes in radiation-r-resistant cells on exposure to any therapy. This present study 

demonstrates the ability of optical metabolic imaging to provide new insights into understanding 

treatment resistance in cancer cells.  
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Chapter 1:  

Introduction 

Cancer Statistics and factors influencing cancer: 

 

The word “cancer” has its origins in the Greek word “karkinos1”. Cancer is characterized by 

uncontrolled cell growth ultimately leading to metastasis that is invasion of cancer cells to 

neighboring organs other than the primary site2. Risk factors for cancer include age, family 

history, tobacco, alcohol, obesity, viral infections such as  human papillomavirus (HPV), 

exposure to radiation and certain carcinogenic chemicals3. According to Global Cancer 

Observatory (GLOBOCAN), 1,806,590 newer cases of cancer and 10 million deaths from 

cancer were predicted in the year 20204. Surgery followed by radiation and/or chemotherapy is 

a treatment of choice in most cancers5. Treatment resistance in patients is a major cause of 

metastases, that is, infiltration of cancer cells to secondary sites resulting in mortality6.  

Treatment resistance in cancer cells arises due to inherent mutations or modifications in tumor 

microenvironment7 (TME). One of the critical factors that drive these changes in tumor cells is 

tumor hypoxia. Tumor hypoxia plays a critical role in cancer progression and determining patient 

outcome8.  

Tumor Hypoxia 

 

One of the hallmarks of cancer listed by Weinberg et al is judicious growth and proliferation of 

tumor cells9. To sustain this growth of tumor, it must be equipped with vasculature that provides 

the cells with oxygenation and nutrients. Increased proliferation in tumor cells leads to absence 

of vasculature or underdeveloped vasculature leading to oxygen deficiency. Tumor hypoxia is 

generated as a consequence of imbalance between cellular oxygen consumption rate and 

supply of oxygen to the cells10. Some of the prominent factors by which hypoxia is generated in 

https://www.cancer.net/node/24561
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the tumor microenvironment are as follows: perfusion-related, diffusion related anemic hypoxia. 

Perfusion related hypoxia is generated because of faulty vasculature leading to inadequate 

blood flow. Tumor growth and proliferation leads to an increase in diffusion distances ensuing 

diffusion related hypoxia. This is mostly observed in cells that are at a distance >70µm. Anemic 

hypoxia is induced in tumors due to decreased oxygen transport capacity resulting in tumor 

associated or therapy induced anemia11. Hypoxia is a feature observed in most tumors and is 

associated with poor prognosis12,13,14,15. This is because tumor hypoxia grants resistance to 

cancer cells towards therapeutic agents firstly by restricting the amount of oxygen that is pivotal 

for the cytotoxic effect of the therapeutic agents but also by promoting cell cycle arrests, 

suppressing apoptosis, influencing drug delivery as well as cellular uptake of the 

chemotherapeutic agents16,17,18. In case of radiation therapy, oxygenation plays a significant role 

as well oxygenated cells are susceptible to radiation while hypoxic cells are resistant to it as 

oxygen reacts with free radicals in DNA generated by ionizing radiation driving permanent 

damage17,19. Furthermore, it has been proven that  cells that are resistant to therapy are 

passive, less proliferating with stem cell-like properties resides in the hypoxic regions of the 

tumors20,21. Therefore, hypoxia promotes stem cell like phenotype, reduces senescence, 

disorganized angiogenesis, metastases and treatment resistance22,23,24,25,26,27,28. This cellular 

remodeling by hypoxia is intervened by a transcriptional regulator, Hypoxia Inducible Factor-1 

(HIF-1). HIF family comprises of HIF-1, HIF-2, and HIF-3 with α and β subunits that disintegrate 

in normoxic conditions29. Overexpression of HIF-1 is generally observed in tumor cells while 

certain subgroups of tumor- associated macrophages highly express HIF-2. HIF-3 is expressed 

in pulmonary alveolar epithelial cells and human kidney30. Activation of HIF-1 subunits and their 

stabilization (HIF-1α, HIF-2α, HIF-3α) is determined by Prolyl Hydroxylase (PHD) and Factor 

Inhibiting HIF-1 (FIH-1)31. Although HIF-1α is expressed universally in all cell types32, HIF-2α is 

expressed only in distinct cell types33. Intratumoral hypoxia and genetic alterations like gain- of-

function or loss-of- function mutations in genes lead to higher expression of HIF-1α in many 
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human cancers34. HIF-1α is rapidly destroyed in normoxic conditions through ubiquitin- 

mediated process which is activated by pVHL (von-Hippel- Lindau protein) a tumor suppressor 

protein. Lower oxygen levels lead to stabilization of HIF-1α leading to its translocation in 

nucleus wherein it binds to HIF-1β ultimately culminating into HIF-1 activation35.  

 

Although hypoxia activates HIF-1, it can be generated in response to other alternative stress 

factors. Free radicals are produced on exposure to ionizing radiation in DNA. Peroxy radical 

(DNA-OOˑ) is produced when free radicals in DNA (DNAˑ) react with the available oxygen 

leading to chemical modifications in the DNA ultimately causing cell death. In case of oxygen 

deficiency, reduction of DNA radical takes place causing restoration of DNA to its original 

composition (DNA H) eventually influencing cell survival36.  Treatment outcome employing 

fractioned therapy in patients is highly improved by reoxygenation causing radiosensitization of 

hypoxic cancer cells37. Nonetheless, an unintended consequence of tumor reoxygenation post 

radiation is buildup of ROS, that further leads to stabilization of HIF-1 even under well- 

oxygenated conditions38,39. HIF-1 instantaneously targets several genes that are linked to 

glycolysis leading to glucose catabolism under oxygenated conditions40,41,42,43,44. This change to 

higher glucose catabolism can stimulate radiation resistance via pentose phosphate shunt to 

maintain the NADPH- glutathione buffer thereby scavenging radiation- induced ROS45. 

Furthermore, it also generates higher lactate production, which is an important ROS scavenger, 

causing reduced radiosensitivity46.  

 

HIF-1 also determines the direct and indirect regulation of more than 100 genes like vascular 

endothelial growth factor (VEGF), glucose transporter 1, glucose transporter 3, insulin-like 

growth factor binding protein-1 and -3, insulin-like growth factor II, transforming growth factor-β3 

and p21 which advances angiogenesis, cell growth and proliferation, invasion/metastasis, and 

metabolic reprogramming47. Activation of phosphatidylinositol 3-kinase (PI3K) and ERK 
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mitogen-activated protein kinase (MAPK) pathways by tyrosine kinase receptors, non- receptor 

tyrosine kinases or G-protein-coupled receptors induces the protein synthesis of HIF-1α29.  One 

of the important enzymes upregulated due to tumor hypoxia is carbonic anhydrase IX(CAIX)48. 

In normal cellular functioning, CAIX catalyzes the hydration of carbon dioxide to bicarbonate 

ions and protons and is an important reaction regulating acid-base balance in subcellular 

components in the plasma membrane49. In tumor cells, induction of CAIX by hypoxia leads to 

generation of acidic by products sustaining the tumor cell proliferation. Additionally, it supports 

angiogenesis, epithelial- mesenchymal transition, invasiveness, enhancing tumor-stroma 

crosstalk48. A recent study has pointed out that colon cancer cells that express hypoxia receptor 

carbonic anhydrase IX (CA IX) on treatment with CA IX inhibitors results into decreased growth 

in the tumor cells50. 

 

 In 1955, Gray et al laid the groundwork identifying the relationship between tumor hypoxia with 

radioresistance in cancer cells51. Lately, studies have pointed that HIF-1 plays a critical role in 

inducing treatment resistance in cancer52,53. Many studies have demonstrated that HIF-1α is 

expressed in radioresistant cells at normal oxygen levels. Additionally, post radiation has led to 

a considerable increase in the HIF-1α expression as compared to pre-radiation in radiation 

resistant cells54. Another study conducted by Milosevic et al in 247 patients with prostate cancer 

demonstrated relapse post radiotherapy with local recurrence in tumors exhibiting hypoxia55,53. 

A  study conducted by Dales et al in 745 patients with breast cancer exhibited increased 

metastatic risk with higher expression of HIF-1, transcription factor for hypoxia with decrease in 

survival rate56.  

 

However, tumors experience large spatial and temporal variations in hypoxia that lead to 

different outcomes57. The heterogenic hypoxic exposure in tumors arises from the following 

factors: 1) chronic hypoxia resulting from restricted diffusion of oxygen from blood vessels to the 
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tumor cells owing to distance (>70 µm) 2) varied red blood cell (RBC) flux and large blood 

viscosity 3) proliferating tumor cells causing narrowing of blood vessels58,59. Martinive et al 

found out that intermittent hypoxia in conjunction with radiation therapy led to 50% decrease in 

cell death and faster cell growth60. Another study determined that intermittent hypoxia leads to 

downregulation of ER- alpha expression leading to reduced therapeutic response in tumors and 

development of resistance towards therapy61. In studies involving animal models, intermittent 

hypoxia increased the chances of lung metastases in mice with xenografts62. Additionally, tumor 

hypoxia and expression of its transcription factor HIF-1 plays a crucial function in elucidating 

survival rate in head and neck cancer patients63. Recently, a study by Alhallak et al has found 

that isogenic radiation resistant cells inherently expressed higher HIF-1α as compared to its 

radiosensitive counterpart at normoxic conditions54. Furthermore, Lee et al investigated long 

term changes in tumor cell metabolism on exposure to radiation and combination therapy and 

found that blocking the HIF-1α pathway not only leads to an increase in redox ratio as an output 

of cellular metabolism, but also lead to an increase in ROS production, mitochondrial clustering, 

and glucose uptake64.  

Tumor cell metabolism: 

 

Cellular metabolism is one of the key features of the tumor microenvironment65. Cellular 

metabolism can be described as chemical reactions that transform nutrients into energy and 

building blocks of body that sustain growth and development 66.  One of the key molecules that 

drive energy dependent cellular mechanisms is Adenosine triphosphate (ATP) and is essentially 

produced by two key metabolic pathways: glycolysis and oxidative phosphorylation (OXPHOS). 

Glycolysis, wherein glucose is converted to pyruvate in cytoplasm, generates 2 molecules of 

ATP while OXPHOS leads to routing of pyruvate to the tricarboxylic acid (TCA), or Krebs, cycle 

in the mitochondria, generates 30 molecules of ATP per molecule of glucose. Lower oxygen 

levels lead to anaerobic glycolysis modifying pyruvate into lactate which is a very inefficient way 
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of producing energy67. In presence of adequate oxygen levels, a more efficient process 

OXPHOS occurs in mitochondria. Compared to normal cells, cancer cells undergo to aerobic 

glycolysis also known as “Warburg effect 68.”  To maintain this high rate of glycolysis, cancer 

cells switch from aerobic glycolysis to uncouple ATP generation from electron transport chain in 

the mitochondria. As a result, tumor cells can expend nicotinamide adenine dinucleotide 

(NADH) a key metabolic coenzyme without production of ATP thereby transforming the 

intermediate glycolytic products into non-ATP producing bypass mechanisms67. Modifications in 

the metabolic pathways consequently lead to changes in the mitochondria and other cellular 

organelles69. Variation in the functioning of the oncogenes like Ras or Myc results in the 

activation of transcription factors like HIF-1 initiating influx of glucose and suppression of 

OXPHOS. Consequently, this prompts the activation of pentose phosphate pathway(PPP) or 

amino acid biosynthetic pathways70. 

Increased reactive oxygen species (ROS) production leading to enhanced cell proliferation is 

another key characteristic of tumor cell metabolism70.To combat apoptosis driven by larger 

volumes of ROS, the tumor cells produce larger volumes of NADPH in the cytosol and 

mitochondria. Additionally, mitochondrial ROS is responsible for buildup of oncogenic DNA 

abnormalities triggering oncogenic signaling pathways71. Furthermore, activation of ROS 

scavenging system leads to an increase in lipid biosynthesis to protect and sustain the growth of 

tumor72.  

Fatty acids support the functioning of signaling molecules, membrane assembly molecules and 

bioenergetic substrates. Several studies have demonstrated the lower expression of adipose 

triglyceride lipase (ATGL) an enzyme that engenders the catalysis of triacylglycerols in many 

cancer subtypes. In the context of tumor cell metabolism, ATGL is associated with proliferator-

activated receptor-α (PPAR-α) signaling and other metabolic pathways related to inflammation, 

autophagy, and redox homeostasis. These pathways are critical in inducing the growth of tumor 

and ultimately metastases70. Downregulation of ATGL has resulted in the metabolic switch from 
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OXPHOS to glycolysis which is one of the hallmarks of cancer mentioned by Weinberg73. 

Dysregulation in the lipid function also results in morphological change in the mitochondria 

which ultimately causes a reduction in OXPHOS expression and need for substitute source of 

energy74. 

In summary, we have literature backing the fact that tumor hypoxia plays a critical role in tumor 

cell metabolism that contributes towards treatment resistance followed by metastases ultimately 

leading to poor prognosis. However, there remains a gap in knowledge about the changes in 

cellular metabolism in cancer cells that drive the treatment resistance and metastasis fueled by 

hypoxia. 

Multiphoton Imaging: Optical Redox Ratio (ORR) 

 

One of the promising pre-clinical techniques to evaluate cell metabolism is via optical imaging of 

endogenous fluorescent metabolic cofactors, nicotinamide adenine dinucleotide (NADH) and 

flavin adenine dinucleotide (FAD)75. Optical imaging of these endogenous fluorophores or 

biomarkers was first conceptualized and reported by Britton Chance in 1950’s while establishing 

the connection between redox state of respiratory enzymes and spectra, reaction kinetics in 

whole as well as homogenized cells76. Furthermore, Chance et al demonstrated the 

interconnection between changes in intracellular redox states of pyridine nucleotides because of 

fluorescence produced due to reduced pyridine nucleotides in mitochondria in rat brain cortex 

and kidney employing microfluorometry77,78. Additionally, a recent study by Xu et al reported a 

novel redox imaging method to quantitatively determine the concentration of NADH and 

flavoproteins (Fp) exhibiting the intracellular mitochondrial redox state in an in vivo set up using 

a low temperature 3D optical redox scanner which was previously developed by Britton 

Chance79.  

The idea of two-photon scanning fluorescence microscopy was first developed and later 

patented by  Winfried Denk, James Strickler and Watt W. Webb in 1990 although the theoretical 

https://en.wikipedia.org/wiki/Winfried_Denk
https://en.wikipedia.org/wiki/Watt_W._Webb
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concept of two-photon absorption by atoms was the innovative brainchild of Maria Goeppert 

Mayer80,81. The source of two-photon excitation results from synchronous absorption of two 

photons in a single event. To understand two photon excitation, we should consider one-photon 

excitation or single photon excitation. In a one-photon excitation, a fluorophore exists in ground 

state S0 and elevates into an excited state S1 after the absorption of a photon. After a moment in 

the excited state, the fluorophore bounces back to its original state subsequently emitting a 

photon. For successful excitation of fluorophore, every fluorophore should have a wavelength 

(λ) and energy (E) that equals the energy of the excited state of fluorophore. For proficient 

excitation of fluorophore from ground state to excited state, the energy required is given by the 

formula: 

𝑬𝒔𝟏 − 𝑬𝒔𝟎 = 𝒉𝒄/𝝀 

where 𝐸𝑠1 is the energy of the fluorophore in the excited state, 𝐸𝑠0 is the energy of the 

fluorophore in the ground state, h is Planck’s constant= 6.626176 x 10-34 joule-seconds, c is the 

speed of light 3x108 m/s.  

In case of two photon excitation wherein there is simultaneous absorption of two photons in a 

single event, each photon possesses half the energy as compared to a single-photon 

absorption. The photons in a two-photon excitation must acquire wavelength nearly twice that in 

case of photons in a one-photon excitation in a similar situation as the energy of a photon is 

inversely proportional to its wavelength.  Therefore, the ensuing fluorescent intensity in a two-

photon excitation relies upon the square of excitation intensity, which is supported by an ultra-

short, pulsed laser source and a two-photon excitation microscopy. 

 An ultra-short, pulsed laser source ensures that the two photons in a two-photon excitation are 

absorbed simultaneously in approximately 10−18 seconds affirming the possibilities of 

occurrence of two photons at the fluorophore at the same time. Additionally, a high numerical 

aperture (NA) objective generates convergence of photons thereby expanding the likelihood of 

two photons coincident at the fluorophore concurrently. All these factors contribute towards 
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higher focus at the center in a two-photon excitation microscopy leading to one of its advantage 

over one-photon excitation. Another advantage is the decrease in the chances of 

photobleaching and phototoxicity that can occur in live cells and tissues. Moreover, as 

compared to a conventional confocal microscope, imaging depth with a two-photon excitation is 

greater and falls in the range of 200µm to 1mm which is contingent upon the type of tissue, 

intensity of labelling at the target and the caliber of the laser81,82. Overall, two photon microscopy 

is a non-invasive, label free technique with a deeper light penetration as compared to classic 

microscopic techniques. 

NADH and FAD stimulate the generation of fluorescence that can be exploited to determine 

metabolic activity of different organs under different physiological conditions. Majority of the 

fluorescence from NADH and FAD originates from mitochondria wherein oxygen is employed to 

produce Adenosine Triphosphate (ATP). The ratio of FAD/ (FAD + NADH), known as the optical 

redox ratio (ORR) can be potentially used for evaluation of cell metabolism83 and to investigate 

changes in cell metabolism in cell differentiation and malignant transformation84,85.  

Furthermore, evidence suggests high optical sensitivity that could be used to evaluate vital 

changes in cell metabolism that are characteristic of metastatic ability and invasiveness of the 

cancer cells86. Recent investigation by Alhallak et al. has demonstrated that ORR could be used 

as an instantaneous approach for early detection of radiation resistance based on early shifts in 

metabolism of cancer cells64. Another investigation by Pouli et al determined metabolic changes 

in live human cervical biopsies that are indicative of diagnosing precancerous growths87.   

Application of metabolic imaging in-response to therapy: 

 

The choice of therapy for cancer depends on various factors; predominantly the location of the 

primary tumor, type of cancer and histopathological classification of tumor play an important 

role88. Treatment choices for cancer vary from having only one type of treatment or a 

combination of treatments like surgery followed by chemotherapy and / or radiotherapy, 
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immunotherapy, hormone therapy etc89. One of safest, non-invasive approaches to monitor 

molecular processes in is metabolic imaging in-response to therapy.  Radionuclide imaging has 

facilitated contrast imaging in studies related to cancer cell metabolism and receptor expression.  

This technique is highly specific and receptive to cell death and therefore used to detect 

metabolic shifts in tumor cells in response to therapy by administering low doses of the 

radionuclides. One of the key advantages of this method is that it doesn’t exhibit any adverse 

pharmacological effects from the radionuclides. Secondly, many recent studies have 

demonstrated that small tracer molecules have been employed for quick tumor penetration and 

clearance. The disadvantages of this technique are the detection of emission signal and the 

number of times a patient would be injected with radionuclides and imaged while undergoing 

therapy90.   

Magnetic Resonance Imaging (MRI) methods are responsive towards identifying changes in the 

cellular level that are associated with cell death processes, like apoptosis, macromolecular 

changes, influx of water and water exchange across the cellular membrane etc. The major 

drawback with techniques that utilize MRI is the low signal to noise ratio90.  

Dynamic contrast-enhanced ultrasound (DCE-US) shares some of the benefits of the ultrasound 

techniques such as- fast, portable, safe, widely available and cost effective. It enhances the 

properties of microbubble contrast agents in tracking the therapeutics that target blood 

perfusion. Constraints due to regulatory hurdles has limited the utilization of microbubble agents 

in their clinical approval in many countries91.  

One of the non-invasive imaging techniques that has been demonstrated to be useful to monitor 

treatment response in breast cancer patient is diffuse optical imaging92. The limitation of this 

technique is its application restricted to tissues like breast and brain due to depletion of near-

infrared light in soft tissues93. 

Fluorodeoxyglucose-positron emission tomography (FDG-PET) is a frequently used technique 

in the clinic to detect glycolytic metabolism in tumors and track their response to treatment94. 
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Metabolic reprogramming in tumors is a key emerging hallmark of cancer. New research has 

highlighted that metabolic reprogramming involves a highly complex pathways that eventually 

facilitates the cells to boost the employment of a various set of substrates and nutrients to 

expand and adapt their microenvironment to bypass death and ultimately metastasize95. 

Therefore, there is an unmet need for imaging modalities with higher sensitivities to metabolic 

changes with superior resolution and in vivo applications. Some of the key gaps that can be 

addressed, particularly in context of non-destructive, increased imaging depth, reduced 

phototoxicity and multi-parametric metabolic functional imaging is by employing optical, non-

linear microscopic imaging methods. 

Monitoring treatment response with optical metabolic imaging: 

 

In the past couple of years, optical imaging employing multiphoton microscopy has been 

implemented in various diseases for deeper understanding into elucidating the metabolic 

changes in the cells and modifications to the extracellular matrix (ECM) in normal cells versus 

the diseased counterparts96. Two-photon excitation microscopy not only elucidates deep tissue 

imaging (up to 1000µm) but also allows for three-dimensional imaging as compared to confocal 

microscopy82. This technique allows for out of background light rejection because of its spatial 

confinement leading to higher concentration of photons at the focal point87. Owing to its ability to 

reduce phototoxicity, it has promoted long term imaging of photosensitive biological samples. 

On the contrary, high intensity two photon illumination has been used to generate ROS in 

minuscule amounts in cardiomyocytes further studying its effects on cell metabolism97. Unlike 

Sea Horse Metabolic analysis, two-photon microscopy has the capability to potentially detect 

cellular heterogeneity in a sample which would be beneficial in identifying cells with higher 

metastatic phenotype in tumors.  

The Chance Redox Scanner was first conceptualized by Britton Chance as mentioned earlier 

has been used extensively to study cancer. Studies have demonstrated its capability in 
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differentiating between normal and cancerous breast tissue biopsies from patients Recently, 

studies have shown that optical imaging was able to identify between estrogen receptor positive 

(ER+) breast tumors, estrogen negative (ER-) tumors and normal breast tissues because redox 

ratio in ER- and ER+ tumors is relatively lower than the normal breast tissues98. Additionally, 

studies have depicted that optical imaging could detect the glycolytic status, sub-types and 

predicting treatment responses and metastatic potential in a panel of breast cancer cells99,100,101. 

The application of optical imaging isn’t limited to only one cancer subtype. Furthermore, a study 

has highlighted that optical imaging was able to elucidate the treatment response in head and 

neck cancer cells102. Optical imaging in head and neck cancer organoids could identify various 

heterogenous tumor cell populations and has opened channels for a potential setting in a high-

throughput assay in the drug discovery process103.  Microfluidic model that simulates the 

mammary duct in the ductal in situ carcinoma (DCIS) in which a co-culture of various cell types 

was seeded was first developed by Bischel et al104. This model was later adapted by Ayuso et al 

to study the growth and metabolism of cells involved in DCIS. Optical imaging could identify the 

generation of various metabolic signatures within the lumen across hypoxic and nutrient 

gradients thereby providing insights into changes in metabolism from DCIS to an invasive ductal 

carcinoma105. Recently a study by Gil et al has demonstrated that optical imaging could track 

prolonged changes in the structure as well as metabolism arising from treatments in patient 

derived cancer organoids106. Apart from studying tumor cell metabolism, optical imaging has 

could identify changes in the cellular metabolism associated with stem cell differentiation85, 

assimilation of donor cells post intracardiac transplantation with respect to its functionality107, 

calcium signaling in cardiomyocytes108 etc.  

With the evolution of chromophores with increased two photon excitation, future developments 

in the optical imaging using two photon microscopy would lead to an increase with higher 

imaging depths Improvement in the laser bandwidth might enhance imaging depth thereby 
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reducing photobleaching and photodamage. Finally, combining two-photon microscopy with 

other techniques would support new scopes for discovering new aspects of cell metabolism109. 
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Chapter 1: Appendix 

 

In 2020, nearly 1,806,590 new cases of cancer were diagnosed in the United States. Radiation 

and/or chemotherapy is the primary form of treatment in a majority of cancer patients. A critical 

challenge encountered by these patients is treatment resistance. While there is a large body of 

knowledge suggesting that tumor hypoxia (lack of oxygen) is responsible for treatment 

resistance and has been directly linked to metastases, the role of metabolic changes within 

cancer cells that may contribute to treatment resistance and tumor metastases are not well 

understood. The overall goal of this dissertation is to study the effects of microenvironmental 

stresses induced by hypoxia and radiation on tumor cell metabolism using nondestructive and 

label-free optical imaging.  

Optical imaging based on two-photon excited fluorescence (TPEF) can provide a quantitative 

measure of cellular metabolism by imaging the endogenous fluorophores – Nicotinamide 

Adenine Dinucleotide (NADH) and Flavin Adenine Dinucleotide (FAD). The optical redox ratio 

(ORR) of FAD/(NADH+FAD) has been used to investigate changes in cell metabolism during 

cell differentiation and malignant transformation in vitro and in vivo. Furthermore, the ORR has 

been used to monitor treatment response in tumor organoids from different organ sites. The 

central premise of this dissertation is that the ORR can be utilized to determine the metabolic 

changes in response to microenvironmental stresses in tumors. We propose the following 

specific aims:  

Aim 1: Determine the metabolic effects of chronic and intermittent hypoxia in murine breast 

cancer cells and its association with metastatic potential. 

While several studies have investigated the effects of hypoxia on metabolism, hypoxia in tumors 

is not static. Rather, variations in blood flow cause cancer cells within and at the oxygen 

diffusion limit to experience cycles of hypoxia or intermittent hypoxia. Using a panel of isogenic 

murine breast cancer cells of different metastatic potential, we will test the hypothesis that 
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chronic and intermittent hypoxia leads to cell-line specific changes in ORR which can be 

associated with metastatic potential. At the end of this aim, we will determine the distinct 

longitudinal changes in optical redox ratio within each cell line in response to chronic and 

intermittent hypoxia. We will also determine if such changes can be directly correlated with 

metastatic potential through specific targeting of metastasis-promoting genes.  

Aim 2: Determine the effects of radiation therapy on cellular metabolism in a panel of radiation-

sensitive and resistant human head and neck cancer cells.  

Previous studies have determined the negative effects of tumor hypoxia on the responsiveness 

of chemotherapy and radiation in tumors; however, our understanding of the effects of radiation 

therapy on cellular metabolism is limited. We will evaluate longitudinal changes in cellular 

metabolism in response to radiation therapy in a group of radiation-resistant and radiation-

sensitive cell lines. The radiation sensitivity of these cell lines has been established previously. 

We will test the hypothesis that exposure to radiation therapy will reveal distinct metabolic 

changes in ORR that can be associated with radiation resistance or sensitivity. We will also 

determine whether hypoxia-inducible factor (HIF-1) plays a key role in mediating treatment 

resistance in these cancer cells. 

Aim 3: Evaluate the changes in cellular metabolism associated with acquisition of treatment 

resistance.  

In this Aim, we will evaluate the effects of radiation therapy on cellular metabolism in a panel of 

isogenic cell lines that have been engineered to have increasing levels of radiation resistance. 

These studies will allow us to understand metabolic reprogramming associated with radiation 

resistance in a panel of cell lines with a common genetic background. We will also determine 

the role of HIF-1 in the development of radiation resistance by measuring metabolic changes in 

response to HIF-1 inhibition in these cell lines.  
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Chapter 2: 

Optical metabolic imaging of the effects of chronic and intermittent hypoxia in murine 

breast cancer cells 

 

1. Introduction 

 

Tumor hypoxia has been associated with poor disease-free survival, resistance to radiation 

therapy and the development of distant metastasis in multiple organ sites. Cancer cells 

frequently outgrow their vascular supply, resulting in regions of hypoxia within a tumor. While 

increased oxygen consumption and the oxygen diffusion limit can contribute to the development 

of such chronically hypoxic regions within a tumor, the irregular development of tumor 

vasculature can also lead to temporal variations in hypoxia. Specifically, variations in red cell 

flux through poorly developed vessels leads to fluctuations in oxygen availability to the cells. 

Such fluctuations can cause tumor cells within and at the oxygen diffusion limit in tumors to 

experience cycles of hypoxia1,2,3,4,5,6. The periodicity of such fluctuations has been measured to 

be on the order of minutes to days3,4,7,8,9 . Exposure to such intermittent or cycling hypoxia (IH) 

has been shown to increase the number of breast cancer stem cells10, downregulate estrogen 

receptor (Erα)11 , increase radiation resistance in vitro12 , increase DNA damage13 , and 

increase metastatic potential both in vitro and in vivo14,15,16 , all relative to chronic hypoxia. 

Reoxygenation following acute hypoxia results in the generation of reactive oxygen species that 

can cause DNA damage. Pires et al. have demonstrated that cells with a p53 mutation are able 

to restart replication and continue proliferation in the presence of ROS-induced DNA damage 

caused by reoxygenation events following short periods of hypoxia. ROS have also been shown 

to be sufficient and necessary for stabilization of HIF-1. These cycles of hypoxia-reoxygenation 

can lead to upregulation of hypoxia-inducible factor (HIF-1α) to a level greater than that caused 
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by chronic hypoxia. HIF-1 is a master regulator of oxygen homeostasis and is known to affect 

more than 100 metabolic genes. While researchers have studied the effects of normoxia and 

chronic hypoxia on glucose consumption and lactate production to examine the ‘Warburg 

effect17,18, few studies have compared the metabolic consequences of cycling hypoxia and 

chronic hypoxia.  

Optical imaging of endogenous fluorescence from the metabolic cofactors, nicotinamide 

adenine dinucleotide (NADH) and flavin adenine dinucleotide (FAD) can provide a quantitative 

measure of the redox status of a cell. The optical redox ratio of FAD/FAD+NADH is strongly 

correlated with mass spectrometry-based measurements of the concentrations of NAD+/NADH 

and can be used to determine metabolic changes within a cell. Specifically, a decrease in the 

optical redox ratio can be attributed to hypoxia, fatty acid synthesis or fatty acid oxidation while 

an increase in the redox ratio can be associated with increased oxidative metabolism or glucose 

starvation.  

Using the optical redox ratio, we have shown that radiation therapy causes a significant 

decrease in the optical redox ratio of lung cancer cells, concordant with a significant increase in 

HIF-1 expression19. We have also shown that HIF-1 inhibition increases the optical redox ratio, 

and that this was associated with a decrease in pyruvate dehydrogenase kinase (PDK-1), which 

inhibits pyruvate entry to the mitochondria and an increase in ROS20. These studies have 

demonstrated the sensitivity of the optical redox ratio to modulation of pathways involved in the 

hypoxic response of a cancer cell. 

In a recent study on a panel of breast cancer cell lines with the same genetic background (all 

derived from the same murine tumor), we found that exposure to a short duration of hypoxia 

followed by reoxygenation (1 hour each) resulted in a metastatic potential-dependent change in 

the optical redox ratio21. We found a significant increase in the optical redox ratio in the highly 

metastasis-capable 4T1 and 4T07 cell lines after reoxygenation following hypoxia compared 

with normoxic control and no change in the non-metastatic 168FARN and 67NR cell lines. 
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Previous work has shown that the differences in metastatic potential of these cell lines was 

likely due to TWIST, a master regulator of embryonic morphogenesis22. To investigate whether 

the differences in the optical redox ratio observed in our previous study were due to TWIST, we 

used CRISPR/Cas9 gene editing to delete TWIST in the 4T1 cell line and performed optical 

imaging of the cellular redox state on this clonal population. We compared the metabolic effects 

of exposure to 3 hours of chronic or cycling hypoxia in the 4T1-TWIST-/-, parental 4T1, 

168FARN, and 66cl4. We found a significant increase in the optical redox ratio only in poorly 

metastatic 168FARN cells after exposure to chronic hypoxia. The duration of chronic hypoxia 

and frequency of intermittent hypoxia utilized in this study did not result in significant metabolic 

differences between the two types of hypoxia. This can be attributed to hypoxic cycles with 

oxygen levels set at 21% for normoxia and 0.5% for hypoxia as compared to invivo settings 

wherein the oxygen levels for hypoxia would be less than 5%while oxygen levels for normoxia 

would be around 5%.  While deletion of TWIST did result in lower redox ratio compared with the 

parental 4T1 cell line, this was not statistically significant. Further work utilizing longer durations 

of hypoxia, varying cycles of intermittent hypoxia, and imaging during hypoxia is necessary to 

better capture the metabolic differences between the two types of hypoxia. 

2. Methods 

 

2.1 Cell Culture 

 

The cell lines used in this study – 4T1, 168FARN and 66cl4 – were first developed from a 

spontaneous breast tumor in a BALB/c mouse and were provided by Dr. Fred Miller from 

Karmanos Cancer Institute. 4T1-Twist-/- was developed using CRISPR-cas9 gene editing 

techniques. Cells were cultured using Dulbecco’s Modified Eagle’s Medium (DMEM) 

supplemented with 10%(v/v) of Fetal Bovine Serum (FBS), 2 mM L-Glutamine, 1% (v/v) 

nonessential amino acids, and 1%(v/v) penicillin-streptomycin in a humidified incubator that was 
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set to 5% CO2 and 37 C̊. Cells were passaged when they reached about 80% confluency and 

were utilized for all the experiments in the first 10 passages. 

2.2 CRISPR/Cas9 Deletion of TWIST and Clonal Selection 

 

Using the sgRNA guide tool provided by the Zhang laboratory (MIT, Cambridge, MA), the 20-

base pair sgRNA was identified to target the TWIST gene, also known as the Twist1 gene, in 

4T1 mouse cells. The sgRNA was cloned into pCas-Guide-EF1a-GFP plasmids (Origene, 

Rockville, MD) These plasmids were expanded using E. Coli bacteria, and plasmid isolation 

from E. Coli was achieved using the QIAGEN Plasmid Maxi Kit. For plasmid transfection, 4T1 

cells were seeded in a 6-well plate at a concentration of one million cells/well and incubated for 

24 hours. 10 μg of plasmid were added to Lipofectamine 3000 and added to the 4T1 cells. After 

24 to 48 hours, green fluorescent protein (GFP) signal was detected using a Nikon TiE 

fluorescence microscope workstation with a CoolSnap HQ2 camera; signals exhibiting GFP 

expression indicated the transfected cells, as the plasmid contained GFP. Transfected 4T1 cells 

were suspended in a PBS solution at a concentration of two million cells per ml. The transfected 

cells were filtered through a 50 μm filter into a FACS tube. Cell sorting was achieved through 

the FACS Aria III System (BD Biosciences, San Jose, CA). The 5% of transfected cells that 

exhibited the greatest GFP expression were sorted to have cells with the highest CRIPSR/Cas9 

plasmid concentration. The sorted cells were incubated and cultured for 7 to 14 days in the 

same incubation settings described above. The cell colonies were then cloned into 13 clones to 

produce a population that had the least TWIST expression, as confirmed through Western blot. 

2.3 Exposure to Hypoxia 

 

A dual gas controller (Oxycycler C42, Biospherix, Parish, NY) connected to a modular sub-

chamber was used to control oxygen, nitrogen, and carbon dioxide levels. The modular sub-

chamber is placed inside a humidified incubator with temperature set at 37̊ C, 5% CO2 which 
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houses the experimental cell plates. The gas controller is located outside the incubator and is 

connected to the sub-chamber through the door of the incubator. For chronic hypoxia, the gas 

controller was set to a constant level of 0.5% O2 and 5% CO2 for a period of 3 hours. The 

controller reaches the set point of 0.5% O2 in approximately 20 minutes. Hypoxic exposure of 

cells did not include this 20-minute-period. For intermittent hypoxia, the 3 hours of hypoxic 

exposure was delivered over a period of 6 hours with 1-hour intervening periods of 

reoxygenation at 21% O2. The time required for oxygen levels to adjust from 0.5% to 21% and 

vice versa was taken into consideration and was accounted in the timeframes.  A detailed 

schematic of chronic and intermittent hypoxia exposure is presented in Figure 1.  

 

 

Figure 1. Experimental set up of chronic hypoxia and intermittent or cyclic hypoxia along with 
the normoxic control. 
 

2.4 Two-photon imaging of cellular autofluorescence 

  

Cells were plated on a glass slide at a pre-determined cellular density in a standard 6-well plate 

on the day prior to experiment. After 24 hours, the glass slide was removed and was placed in a 

heated chamber (37  ̊C) perfused with 1 ml of regular DMEM media. Cells were imaged using a 
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custom-built resonant-scanning multiphoton microscope with a MaiTai ultrafast Ti:Sapphire 

tunable laser source (Spectra Physics, Santa Clara, CA). For NADH fluorescence, the laser 

source was excited at 750nm and 860nm for FAD fluorescence. Image acquisition was 

executed employing non-descanned GaAsP photomultiplier tubes (H7422-40, Hamamatsu) with 

460/40 nm (NADH) or 525/40 nm (FAD) bandpass filters, respectively. Images (512 x 512 

pixels; 16-bit depth; 130 µm x 130 µm) were acquired using a 20x water immersion objective 

(NA = 0.8, working distance = 3.5 mm, diffraction-limited lateral resolution = 0.6 μm). Image 

analysis was accomplished using MATLAB. 

The optical redox ratio images were generated by computing pixel wise ratios of 

FAD/(NADH+FAD) fluorescence. For data presentation and statistical analysis, the average 

redox ratios of the cell plates were calculated by separately quantifying the average FAD and 

NADH intensities from the respective images and taking the ratio of these values. For each cell 

line, distinct cell plates were imaged at normoxia and post hypoxia for each time point, for both 

chronic and intermittent hypoxia. Three fields of view were acquired in each cell plate and 6 

cells were randomly selected within each field of view. Two independent runs of these 

experiments were performed. An in-depth schematic of chronic and intermittent hypoxia 

exposure is presented in Figure 2. 

2.5 Statistical analysis 

 

A nested, two-way analysis of variance (ANOVA) was used to determine statistically significant 

differences in the average redox ratio. Cell line and the hypoxic perturbation (intermittent or 

chronic) were considered fixed effects while the cell plates and fields of view nested within each 

group were considered random effects. Interactions between all effects were also considered. 

Post-hoc Tukey HSD tests were used to evaluate statistical significance between specific cell 

groups.   
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Figure 2. Data acquisition and analysis workflow using two-photon microscope and MATLAB. 
 

3. Results 

 

3.1. Exposure to chronic hypoxia leads to a significant increase in the optical redox ratio only in 

poorly metastatic 168FARN cells  

We exposed the cells to chronic hypoxia for 3 hours at 0.5% O2 and acquired NADH and FAD 

fluorescence images at normoxia (no hypoxic exposure) and 0-, 60-, and 120-min post hypoxia. 

Representative images at each time point from each cell line are shown in Figure 3A. We found 

no significant changes in the optical redox ratio of the 4T1 cell line at 0, 60, and 120 post-

hypoxic exposure. While the 4T1-Twist-/- cells had a lower optical redox ratio under normoxic 

conditions compared with the 4T1 cell line, exposure to chronic hypoxia did not cause a 

significant change in the optical redox ratio in 4T1-Twist-/- cells at any of the time points 

examined. In contrast, the optical redox ratio was higher in 168FARN cells examined 

immediately after hypoxia (p > 0.05) and nearly twice that of the normoxic control after 60 

minutes of reoxygenation following hypoxia (p = 0.01). At 120 minutes post hypoxia, the optical 

redox ratio was significantly lower than the 60-minute time point (p = 0.027). and had declined 
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to the level of normoxic control. Finally, the 66cl4 cells had the highest optical redox ratio under 

normoxic conditions of all the cell lines examined and were significantly higher than the 4T1 and 

168FARN cells (p = 0.004). Similar to the 4T1 and 4T1-Twist -/- cells, the 66cl4 cells did not 

show significant changes in the ORR upon exposure to chronic hypoxia 

 

Figure 3. Exposure to chronic hypoxia causes a significant change in the optical redox ratio of 
only poorly metastatic 168FARN cells. A. Representative redox ratio images of 4T1, 66cl4, 
168FARN and 4T1-Twist-/- under normoxia and 0-, 60-, and 120-min post chronic hypoxia. We 
recorded 18 images for each of the time points mentioned above, the images provided 
represent the fields if view with redox ratios closest to the average of the 18 fields of view 
together. Quantification of mean redox ratios for B. 4T1, C. 4T1-Twist-/-, D. 168FARN and E. 
66cl4 cells under normoxia, and 0-, 60-, and 120-min post hypoxia. The seeding density for 
each cell line was individually optimized before the actual experiments. Experiments were 
performed in triplicate across 2 independent experiments. Error bars represent standard 
deviation of the mean, n=2. Asterisks placed above bars indicate statistical significance. 
 * Denotes statistical significance at p<0.05. 
 

3.2. Exposure to intermittent hypoxia does not lead to changes in the optical redox ratio of 

metastatic and non-metastatic cancer cells 

We studied the metabolic effects of intermittent hypoxia by delivering the 3 total hours of 

hypoxia in cycles of 1 hour (alternating with 1 hour of reoxygenation). Figure 3A shows 

representative images from each cell line that were acquired 60 minutes after completion of 

intermittent hypoxia and their respective normoxic controls. 4T1-Twist-/-, 168FARN and 66cl4 

cells show a small but insignificant increase in the optical redox ratio at 60-min post hypoxia as 
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compared to their normoxic controls. However, there was a small decrease in the optical redox 

ratio of the 4T1 cells.  

 

Figure 4. Intermittent hypoxia does not cause a significant change in the optical redox ratio. A 
Representative redox ratio images of 4T1, 66cl4, 168FARN and 4T1-TWIST -/- under normoxia 
and 60 min post intermittent hypoxia. We recorded 18 images for each of the time points 
mentioned above, the images provided represent the fields if view with redox ratios closest to 
the average of the 18 fields of view together. B. Quantification of mean redox ratios of 4T1, 4T1-
TWIST -/-, 168FARN and 66cl4 60 min post chronic and intermittent hypoxia. The seeding 
density for each cell line was individually optimized before the actual experiments. Experiments 
were performed in triplicate across 2 independent experiments. Error bars represent standard 
deviation of the mean, n=2. 
 
3.3. There are no differences in the metabolic response to 3 hours of chronic or intermittent 

hypoxia in glycolytic murine breast cancer cells.  

We calculated the difference in the redox ratio between the post-hypoxia and corresponding 

normoxia groups for each cell line. We found no differences in the magnitude of change of the 

optical redox ratio in response to chronic or intermittent hypoxia. The magnitude of change also 

does not appear to depend on the metastatic potential of the cell line.   
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Figure 5. We observe no significant differences in optical redox ratio after exposure to 3 hours 
of chronic and intermittent hypoxia.  Bar plots represent the difference in the mean values of 
normoxia and post-hypoxia reoxygenation groups on exposure to A. chronic hypoxia and B. 
Intermittent hypoxia. Error bars represent standard deviation and were calculated as follows: 

√(𝒔𝒅𝟏)𝟐 +  (𝒔𝒅𝟐)𝟐, where sd1 and sd2 represent the normoxia and post-hypoxia groups within 

each cell line. 
 
 
4. Discussion 

Hypoxia and metabolic reprogramming have been independently shown to be key determinants 

of cancer cell metastasis. While a clear difference in tumor fate has been demonstrated for chronic 

and intermittent hypoxia, there are few studies that have explored the metabolic changes 

associated with each type of hypoxia and whether such metabolic changes are ultimately 

responsible for promoting cancer cell metastasis. This study uses label-free and non-destructive 

imaging of NADH and FAD autofluorescence to compare metabolic changes in response to each 

type of hypoxia in cell lines of known metastatic potential.  

Previously, many studies have used hypoxic fractions ranging from minutes to hours to days. An 

earlier study from our lab21 had shown that the optical redox ratio of murine breast cancer cells at 

baseline decreased with decreasing metastatic potential (4T1>4T07>168FARN) after exposure 

to 60 minutes of hypoxia. Using this as a motivation, we decided to test our cells to higher hypoxic 

fractions by exposing our cells to 3 hours of hypoxia. Here, we found that the baseline redox ratio 

was nearly unchanged across all cell lines, except for the 66cl4 cells that had a redox ratio 

significantly higher than the 4T1 cells (p < 0.05). While both 4T1 and 66cl4 cells are highly 
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metastatic, the 4T1 cells metastasize through the vasculature while the 66cl4 cells are more likely 

to metastasize through the draining lymph nodes23.  This downward shift in the redox ratio of the 

4T1 cells compared to the previous study (0.4 vs. 0.14) could be attributed to a higher passage 

number for these cells. Repeated passaging of cells in high-glucose medium has the potential to 

render these cells more glycolytic, which is reflected in the lower redox ratio. In accordance with 

this shift towards increased glycolysis, the 4T1 cells showed no significant change in the redox 

ratio in response to 3 hours of chronic or intermittent hypoxia. On the other hand, our previous 

study had found an increase in the redox ratio of highly metastatic cancer cells (4T1 and 4T07) 

after exposure to just 60 minutes of hypoxia. A lack of metabolic response to hypoxic perturbations 

is representative of aerobic glycolysis. Previous studies in human breast cancer cells have shown 

no change in glucose consumption or lactate production of malignant MDA-MB-231 cells in 

response to hypoxia while a significant increase in both parameters was observed in the benign 

MCF7 cells17. We observe similar results here, with the poorly metastatic 168FARN cells showing 

a statistically significant increase in the redox ratio upon exposure to chronic hypoxia. While there 

was a general trend towards an increase in the redox ratio after intermittent hypoxia in all cell 

lines, these changes were not statistically significant. Exposure to intermittent hypoxia has been 

shown to lead to the generation of ROS13. In addition, we have demonstrated an increase in the 

redox ratio concordant with an increase in ROS20. Further studies evaluating the levels of 

mitochondrial ROS are necessary to determine if the changes in the redox ratio observed here 

are due to an increase in ROS.  

To determine if our previous results demonstrating a metastatic potential-dependent 

change in the optical redox ratio were due to the TWIST gene, we investigated the effect of 

deleting TWIST from the 4T1 cell line on the optical redox ratio. We observed a decrease in the 

baseline optical redox ratio of the 4T1-TWIST-/-- cells compared with the parental 4T1 cells and 

there were no differences between the cell lines in their response to chronic and intermittent 

hypoxia. Another study has shown that overexpression of TWIST in MCF10A mammary epithelial 
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cells led to an increase in glycolysis and hence lactate production at baseline and in response to 

hypoxia24. Given these results, it is necessary to investigate the effects of TWIST expression on 

cellular metabolism in multiple cell lines. 

In summary, we have used two-photon imaging of cellular metabolism to compare the 

metabolic response to chronic and intermittent hypoxia. While our data do not reveal differences 

in the metabolic response to each type of hypoxia, it is important to note that the changes in 

cellular metabolism are highly dependent on the duration of hypoxia and the number of hypoxia-

reoxygenation cycles. Additionally, because we perform imaging in the reoxygenation period 

following hypoxia, these data do not provide a clear picture of the cell’s metabolic response during 

hypoxia. Optical metabolic imaging in response to longer durations of hypoxia as well as during 

hypoxia can better elucidate the metabolic differences between chronic and intermittent hypoxia.  
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Chapter 3: 

Optical metabolic imaging of the effects of radiation in head and neck cancer cells 

 

1. Introduction: 

 

Head and neck cancer constitutes a diverse tumor population originating from various organs 

like the upper aerodigestive tract, paranasal sinuses, and salivary and thyroid glands1. An 

interdisciplinary approach consisting of surgery followed by radiotherapy are the main 

approaches employed to combat head and neck cancers2. Resistance to radiation therapy is the 

leading cause of treatment failure in head and neck cancer therapies. One of the factors that 

causes impediment to radiation therapy is tumor hypoxia considering DNA damage in cells 

depends on existence of oxygen leading to reduced control of tumor growth and survival3. 

Radiation-induced reoxygenation in cancer cells can lead to the production of ROS and hence 

the stable expression of HIF-1 as discussed in Chapter 14. Upregulation of HIF-1α induces the 

expression of distinct angiogenic factors thereby promoting the growth and sustenance of tumor 

vasculature ultimately promoting cellular growth5. Additionally, a recent study has also identified 

that HIF-1α plays an important role in predicting the radiotherapy response of cancer stem cells 

(CSC’s)6. Another study by Lee et al 2018 established that HIF-1 inhibition led to a decrease in 

glucose catabolism in radiation resistant lung cancer cells7. This residual glucose is further 

employed by the pentose phosphate pathway (PPP) to maintain the NADPH-glutathione buffer 

that scavenges the reactive oxygen species (ROS) thereby facilitating radiation resistance8.  

Nicotinamide and flavin adenine dinucleotides (NADH and FAD), coenzymes in redox reactions 

are central to cellular metabolism9 . Optical Imaging of these biomarkers utilizing the formula 

FAD/(FAD+NADH), that is, optical redox ratio (ORR) can be used to detect shifts in metabolism, 

and it corresponded with the mass spectrometry measurements of NAD+/NADH10.  
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Perturbations in the cellular metabolism like production of reactive oxygen species (ROS), 

increase in oxidative phosphorylation (OXPHOS), glucose starvation and exposure to 

mitochondrial uncouplers drives an increase in redox ratio7,11,9. On the contrary, a drop in redox 

ratio is identified in conditions like exposure to hypoxia, fatty acid synthesis or fatty acid 

oxidation, macromolecular synthesis etc12,13. 

ORR has been previously utilized to investigate radiosensitive and radioresistant cells and their 

metabolic response on exposure to radiotherapy14. Increase in ORR was observed after 

inhibition of HIF-1 which was linked to downregulation of pyruvate dehydrogenase kinase (PDK-

1) which further obstructs the passage of pyruvate into the mitochondria thereby promoting a 

surge in the reactive oxygen species (ROS)15. These studies have identified the validity of ORR 

to distinguish metabolic response to therapy in radiosensitive and radioresistant cells. In a 

recent in vivo study, it was demonstrated that label-free Raman spectroscopy identifies 

metabolic shifts post radiotherapy in radiosensitive UMSCC22B and radioresistant UMSCC 47 

cells16. The purpose of this study was to evaluate longitudinal changes in cellular metabolism in 

response to radiation therapy in a group of radiation-resistant and radiation-sensitive head and 

neck cancer cell lines. We hypothesize that radiation-resistant cancer cells will demonstrate 

increased glycolytic metabolism post-radiation that is mediated by HIF-1 to promote cell 

survival. To evaluate these shifts in cellular metabolism, we employed a panel of head and neck 

carcinoma cell lines and determined the metabolic changes on exposure to HIF-1α inhibition 

alone and in combination with radiation as seen in Figure 1.  

2. Methods: 

2.1 Cell culture, Radiation of cells and suppression of HIF-1α: 

 

The panel of head and neck cell lines used in this study is as follows: UMSCC22B, UMSCC47, 

93VU147T and SCC2. UMSCC22B cell line was established from a metastatic lymph node 
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tumor of a female patient and has been tested negative for Human Papilloma Virus16(HPV16) 

was obtained from Millipore Sigma. UMSCC47 cells which were also obtained from EMD 

Millipore were derived from the primary tumor from the lateral tongue of a male patient were 

found to be HPV-16 positive. 93VU147T cell lines were first isolated from primary tumor from 

the floor of the mouth of a male patient has been found to be HPV-16 negative. Cells were 

cultured employing Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10%(v/v) 

of Fetal Bovine Serum (FBS), 2 mM L-Glutamine, 1% (v/v) nonessential amino acids, and 

1%(v/v) penicillin-streptomycin in a humidified incubator that was set to 5% CO2 and 37 C̊. 

UDSCC2 cells were acquired from primary tumor of the hypopharynx of a male patient and 

found to be HPV-16 positive. These cells were cultured with Dulbecco’s Modified Eagle’s 

Medium (DMEM) supplemented with 10%(v/v) of Fetal Bovine Serum (FBS), 2 mM L-Glutamine, 

1% (v/v) nonessential amino acids, 1%(v/v) Pyruvate and 1%(v/v) penicillin-streptomycin. 

Passaging of all the cells was fulfilled at about 80% confluency and were used for all the 

experiments in the first 10 passages. Irradiation of cells was done to develop radiation resistant 

cells. Inhibition of HIF-1α was achieved by dosing it with 50 μM (3-(5′-hydroxymethyl-2′-furyl)-1-

benzyl indazole (YC-1; Sigma-Aldrich, St. Louis, MO) and equivalent volume of DMSO for 24 

hours and 48 hours. Cells exposed to radiation treatment were untreated (0hours) and further 

radiated to 2Gy of radiation and were imaged at 24 and 48 hours respectively. Biological 

radiator (X-Rad320, Precision X-ray Inc., North Branford, CT) was used to accomplish radiation. 

In specimens exposed to combination of YC-1 and radiation treatment, the cells were at first 

imaged untreated (0hours). After imaging the untreated cells, the specimens were early treated 

with 50 μM of YC-1 and were further exposed to 2Gy of radiation 5 minutes after the addition of 

YC-1. These specimens exposed to combination therapy and were imaged at 24 hours and 48 

hours post treatment. One independent sample exposed to only YC-1 was imaged untreated 

(0hours) and 24, 48 hours post treatment.  
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2.2 Two-photon imaging of cellular autofluorescence: 

 

An optimized cell number was used to plate cells in glass bottom dishes 24-48 hours prior to the 

experiment. After 48 hours, the dishes were placed in a heated chamber (37  ̊C) and were 

imaged at baseline and 24, 48 hours post treatment employing a custom-built, resonant-

scanning multiphoton microscope with a MaiTai ultrafast Ti:Sapphire tunable laser source 

(Spectra Physics, Santa Clara, CA).Laser was excited to 760nm and 850nm for NADH and FAD 

fluorescence. 

Non-descanned GaAsP photomultiplier tubes (H7422-40, Hamamatsu) with 460/40 nm (NADH) 

or 525/40 nm (FAD) bandpass filters were used to acquire images. 20x water immersion 

objective (NA = 0.8, working distance = 3.5 mm, diffraction-limited lateral resolution = 0.6 μm) 

was adopted to acquire images (256 x 256 pixels; 16-bit depth; 130 µm x 130 µm). MATLAB 

was used for analyzing images. The ratios of FAD/(NADH+FAD) fluorescence were used to 

generate optical images by computing their pixel wise values. The average values of NADH and 

FAD intensities were quantified from their corresponding images separately and the ratio of 

these values were further used to calculate the average redox ratio of each cell plate for the 

purpose of data representation and statistical analysis. For each cell line, separate plates were 

imaged for all the treatment conditions and were imaged at 0(untreated), 24 and 48 hours post 

treatment. Image acquisition was done using three fields of view in each cell plate and 6 random 

cells were selected within each field of view. Two independent runs of these experiments were 

performed. 
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Figure 1. Experimental set up of a panel of head and neck cancer cells on exposure to radiation, 
HIF-1α inhibitor and a combination treatment of YC-1 followed by radiation together with control. 
 

2.3 Statistical analysis 

 

A nested, two-way analysis of variance (ANOVA) was employed to determine the statistically 

significant differences in the average redox ratio.  Treatment and the time points on exposure to 

treatment were considered under the fixed effects category while the cell plates and fields of 

view within each group were considered as random effects. Interactions between all effects 

were also considered. Post-hoc Tukey HSD tests were used to assess statistical significance 

between cell groups.   

3. Results: 

 

3.1 Radiation-sensitive and HPV16-negative UM-SCC-22B cells are minimally perturbed by YC-

1 and radiation therapy 

UMSCC22B radiation sensitive cells were exposed to 2Gy radiation, 50µM YC-1 that inhibits the 

HIF-1α pathway, DMSO, and a combination therapy of YC-1 followed by 2Gy radiation after 5 

minutes. Representative images for each treatment condition for UMSCC22B cell line are 

shown in Figure 2A. We found significant increase in ORR 48 hours (p< 0.01) post seeding in 

UMSCC22B cells. Additionally, we also found a significant increase in ORR 24 hours post 
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exposure to DMSO(p<0.05) and 48 hours post exposure to DMSO(p<0.01). However, we did 

not see any considerable changes in the redox ratio on exposure to YC-1 and radiation therapy. 

 

Figure 2. Optical redox ratio shows significant changes in control group and in group exposed to 
DMSO in radiosensitive UMSCC22B cells. A. Representative redox ratio images of UMSCC22B 
on exposure to 2Gy radiation, DMSO, YC-1 and YC-1 followed by radiation. We recorded 18 
images for each of the time points mentioned above. B. Quantification of mean redox ratios: 
control, on exposure to 2Gy radiation, DMSO, YC-1 and YC-1 followed by radiation. The 
seeding density for each cell line was individually optimized before the actual experiments. 
Experiments were performed in triplicate across 2 independent experiments. Error bars 
represent standard deviation of the mean, n=2. Asterisks placed above bars indicate statistical 
significance. * ** and *** denotes statistical significance at p<0.05, p<0.01 and p<0.001 
respectively. 
 

3.2 Exposure to radiation causes an increase in the redox ratio of radiation-sensitive and HPV-

16 positive UD-SCC-2 cells 

Representative images for UDSCC2 radiation sensitive cells on exposure to 2Gy radiation, 

50µM YC-1 that inhibits the HIF-1α pathway, DMSO, and a combination therapy of YC-1 

followed by 2Gy radiation after 5 minutes along with control are displayed in Figure 3A. We 

found significant increase in ORR in cells 48 hours post radiation exposure (p<0.05) and 48 

hours post exposure to DMSO (p< 0.01) in UDSCC2 cells.  
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Figure 3. We observe a significant change in the optical redox ratio in control samples and in 
samples exposed to DMSO in in radiosensitive UDSCC2 cells. A. Representative redox ratio 
images of UDSCC2 cells on exposure to 2Gy radiation, DMSO, YC-1 and YC-1 followed by 
radiation along with control. We recorded 18 images for each of the time points mentioned 
above. B. Quantification of mean redox ratios: control, on exposure to 2Gy radiation, DMSO, 
YC-1 and YC-1 followed by radiation. The seeding density for each cell line was individually 
optimized before the actual experiments. Experiments were performed in triplicate across 2 
independent experiments. Error bars represent standard deviation of the mean, n=2. Asterisks 
placed above bars indicate statistical significance. * ** and *** denotes statistical significance at 
p<0.05, p<0.01 and p<0.001 respectively. 
 
3.3 HPV16-positive and radiation-resistant UMSCC 47 cells are minimally perturbed by 

exposure to YC-1 and radiation therapy 

UMSCC 47 radiation resistant cells were treated to 2Gy radiation, 50µM YC-1 that blocks the 

HIF-1α pathway, DMSO, and a combination therapy of YC-1 followed by 2Gy radiation after 5 

minutes in addition to control samples. Representative images for each treatment condition for 

UMSCC22B cell line are shown in Figure 4A. We found a significant decrease (p<0.05) in the 

ORR in cells 24 hours post exposure to radiosensitizer YC-1.  
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Figure 4. Considerable decrease in optical redox ratio was observed in cells 24 hours post 
exposure to YC-1 in radiation resistant UMSCC 47 cells. A. Representative redox ratio images 
of UMSCC 47 cells on exposure to 2Gy radiation, DMSO, YC-1 and YC-1 followed by radiation 
along with control. We recorded 18 images for each of the time points mentioned above. B. 
Quantification of mean redox ratios: control, on exposure to 2Gy radiation, DMSO, YC-1 and 
YC-1 followed by radiation. The seeding density for each cell line was individually optimized 
before the actual experiments. Experiments were performed in triplicate across 2 independent 
experiments. Error bars represent standard deviation of the mean, n=2. Asterisks placed above 
bars indicate statistical significance. * ** and *** denotes statistical significance at p<0.05, 
p<0.01 and p<0.001 respectively. 
 
3.4 Significant increase in the optical redox ratio is observed on exposure to radiation, YC-1, 

and combination therapy in 93VU147T cells 

Representative images for 93VU147T radiation resistant cells that were exposed to 2Gy 

radiation, 50µM YC-1 that obstructs the HIF-1α pathway, DMSO, and a combination therapy of 

YC-1 followed by 2Gy radiation after 5 minutes with control samples are displayed in Figure 5A. 

Significant increase in ORR (p<0.05) is observed 48 hours post exposure to radiation, YC-1 and 

YC-1 followed by radiation. 
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Figure 5. A significant increase in optical redox ratio was observed in cells 48 hours post 
exposure to radiation, YC-1 and YC-1 in combination with radiation in radioresistant 93VU147T 
cells. A. Representative redox ratio images of 93VU147T cells on exposure to 2Gy radiation, 
DMSO, YC-1 and YC-1 followed by radiation along with control. We recorded 18 images for 
each of the time points mentioned above. B. Quantification of mean redox ratios: control, on 
exposure to 2Gy radiation, DMSO, YC-1 and YC-1 followed by radiation. The seeding density 
for each cell line was individually optimized before the actual experiments. Experiments were 
performed in triplicate across 2 independent experiments. Error bars represent standard 
deviation of the mean, n=2. Asterisks placed above bars indicate statistical significance. * ** and 
*** denotes statistical significance at p<0.05, p<0.01 and p<0.001 respectively. 
 

4. Discussion: 

 

There’s a large body of knowledge suggesting metabolic reprogramming as a cause of 

resistance to both radiation as well as chemotherapy17,18,19. However, there remains a gap in 

knowledge regarding the molecular mechanisms that lead to therapeutic resistance. This study 

has utilized optical imaging to elucidate changes in metabolism on exposure to therapy. Earlier 

studies from our lab have shown that ORR can be used to predict treatment response in 

radiosensitive and radioresistant cell lines20. In this study, we have found out that UMSCC22B 

radiosensitive cells show increase in the redox ratio in control and DMSO samples at 48 hours. 

This upward trend of increase in the redox ratio as compared to basline can be associated with 

increased proliferation of the cells. No considerable cytotoxic effects were observed in cancer 

cells with 0.1% DMSO as per the previous studies conducted. This might explain the spike in 

ORR on exposure to DMSO 24-,48- hours post exposure due to proliferating cancer cells 

unaffected by DMSO exposure21.UDSCC2 cells are more radiosensitive than the UMSCC22B.  
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Low ORR on exposure to radiation can be elucidated for increased radiosensitivity in HPV16 

positive cells. A study conducted by Gleber-Netto et al describes the variations in HPV+ tumors 

as a survival mechanism that can be interpreted by the higher ORR at 48 hours post exposure 

to radiation22.Previously, studies have indicated that UMSCC47 cells express higher levels of 

HIF-1α at normoxia and on exposure to hypoxia23. Some of our previous results have elucidated 

that radio resistant cells exhibit higher redox ratios on HIF-1 inhibition by YC-17. Therefore, 

more work is needed to investigate this decrease in ORR on 24 hours post exposure to YC-1 

Increase in ORR on exposure to radiation in 93VU147T possibly due to G2 moderate arrest and 

lower number of double stranded break’s (DSB’s) thereby exhibiting metabolic 

reprogramming24. The increase in ORR is observed in cells on exposure to YC-1 can be 

possibly due to higher ROS production consequent to HIF-1 inhibition thereby leading to 

increased proliferation and survival. The combination of YC-1 followed by radiation also saw an 

increase in ORR 48 post treatment which could be an aftermath of a combination of reduced 

DSB’s and increased ROS production. To further understand the changes in the tumor 

microenvironment, we should measure glucose uptake using 2-NBDG, HIF-1, PDK-1 

expression, and ROS expressions at these timepoints. 

In summary, we have identified the metabolic changes in the redox state of the cells 24-,48-

hours post treatment employing a non-invasive, nondestructive imaging approach. These time 

points are extremely crucial as these changes in tumor microenvironment post radiation would 

lay groundwork for treatment response in clinical settings. Metabolic traits corresponding to the 

optical redox state were established by employing a combination of radiosensitizer and 

irradiation that was used to sensitize the radioresistant cells. Our results show that ORR can 

effectively distinguish radiosensitive effects between distinct radioresistant cells with increasing 

levels of radiation resistance at 24-, 48- hours post treatment. There is a crucial need for label 

free methods to pinpoint appropriate treatment choices in patients undergoing radiation or 

chemotherapy. A preliminary understanding of the time-dependent shifts in cellular metabolism 
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post radiation and combined chemoradiotherapy have been established with these results. Our 

future approach would be to investigate these metabolic endpoints in patient- derived organoids, 

co-culture models and in xenograft animal models. 
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Chapter 4: 

Optical metabolic imaging of changes in cell metabolism in a matched model of radiation 

resistance   

1.Introduction: 

 

Oral squamous cell carcinoma (OSCC) comprises of 40% of the total head and neck cancer 

cases and is considered as one of the most prevalent cancers in humans with 90% of tumors 

progressing towards malignancy1. Surgery followed by radiation or/and chemotherapy is a 

treatment of choice in OSCC2,3.  A higher patient mortality is observed in patients with OSCC 

resulting from radioresistance which can be factually described as resistance of cells, tissues, 

organs, or entire organisms to the pharmacological aftereffects to radiation therapy4 . 

One of the critical factors contributing towards radiation resistance is tumor hypoxia5. Several 

studies have depicted that hypoxia is a negative prognostic factor in head and neck cancer 

patients6,7,8. Additionally, studies have demonstrated that hypoxia not only negatively affects the 

patient but also diminishes the effectiveness of radiotherapy, surgery and thereby increases the 

risk of metastases9. The expression of hypoxia in cells is regulated by the transcription factor 

hypoxia inducible factor- 1α(HIF-1α)10. Recently, a study was conducted by Zhang et al 

evaluating the role of HIF-1α employing a mouse model of sarcoma. This study identified that 

deletion of HIF-1α results in switches in the cellular response post radiation resulting in higher 

radiosensitivity, mitochondrial density and mitochondrial biogenesis11. Further studies in the 

Furdui group have detected characteristic metabolic phenotypes with higher reliance on glucose 

but diverging from the classical Warburg pathway and employing fatty acids to meet the energy 

demands in radiation resistant cells12. Additionally, studies employing proteomics have revealed 

upregulation and downregulation of several networks like DNA replication and base excision 

repair, extracellular matrix-receptor interaction, cell cycle, focal adhesion, and regulation of actin 

cytoskeleton4.   
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Metabolic cofactors or coenzymes or electron carriers, nicotinamide adenine dinucleotide 

(NADH) and flavin adenine dinucleotide (FAD) exhibit endogenous fluorescent biomarkers that    

play a significant role in cellular metabolism13. Quantification of these fluorescent biomarkers 

employing multiphoton microscopy techniques has been used to detect changes in cellular 

metabolism. This quantification, known as optical redox ratio (ORR) is defined by the formula: 

FAD/ (NADH+FAD) and is a validated method that has been adopted to evaluate cellular 

metabolism14. Modifications in cellular metabolism such as production of reactive oxygen 

species (ROS), increase in oxidative phosphorylation (OXPHOS), glucose starvation and on 

exposure to mitochondrial uncoupler leads to increase in the redox ratio. Conversely, a 

decrease in the redox ratio was identified in conditions like exposure to hypoxia, fatty acid 

oxidation, macromolecular synthesis etc15,13.  Previously, a study established that ORR could be 

used to evaluate vital changes in cell metabolism that are characteristic of metastatic ability and 

invasiveness of the cancer cells16. Additionally, another study has identified that radiation 

resistant cells exhibit a higher expression of HIF-1α and exhibited glycolytic metabolism and 

propensity towards glycolysis post radiation17. Another recent investigation has indicated that 

ORR could be employed for early detection of radiation resistance in cancer cells. This was 

established based on early metabolic shifts in cellular metabolism after suppression of HIF-1α18. 

These studies have established the efficacy of label free imaging approach with minimum 

invasion and photodamage with promising clinical applications to determine metabolic 

perturbations in cellular metabolism on exposure to treatment. However, there remains a gap in 

knowledge regarding metabolic changes that are linked with radiation resistance in a panel of 

oral squamous cell carcinoma lines with a similar genetic background. 

The objective of this study was to evaluate the redox variations resulting from differences in 

cellular metabolism in squamous carcinoma cells with distinct grades of radiation resistance and 

common genetic makeup on exposure to HIF-1α inhibitor, YC-1. Our underlying hypothesis was 

that with progressive increase in radiation resistance from the most sensitive to most resistant 
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cell line, we will observe a shift in baseline cell metabolism towards a more glycolytic phenotype 

that allows cells to better survive radiation-induced damage. Additionally, we also verified if a 

combination therapy of YC-1 with radiation exposure would modify the metabolic traits linked 

with radiation resistance. We assessed the modifications in ORR in wild type and two isogenic 

clones of radiation-resistant murine squamous carcinoma cell lines on exposure to HIF-1α 

inhibitor, YC-1, alone and in combination with radiation as seen in Figure 1.  

  

Figure 1. Experimental set up of murine squamous cancer cells on exposure to radiation, HIF-
1α inhibitor and a combination treatment of Yc-1 followed by radiation along with the control. 
 

2. Methods 

 

2.1 Cell culture, generation of radiation resistant cells and restriction of HIF-1α pathway 

 

Mouse squamous carcinoma SCC7 cells were obtained as a gift from Dr. Dings’s laboratory at 

UAMS, Little Rock. They were cultured employing Dulbecco’s Modified Eagle Medium (DMEM) 

medium which consists of 10% Fetal Bovine Serum (FBS), 1% penicillin- streptomycin, 1% 

glutamine, and 1% sodium pyruvate. Irradiation of cells was accomplished employing a 

biological radiator (X-Rad 320, Precision X-ray Inc., North Branford, CT). Radiation resistant 
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cells were generated that were resistant to 13 fractions and 26 Gy of radiation 

(SCC713FX26GY) and 25 fractions and 55 Gy of radiation (SCC726FX55GY) at UAMS. 

Cells were cultured in T25 flasks and received radiation every 3 days (320 kv 12 mA) after 

which the media was changed. Cells received 20 fractions of 2 Gy and 5 fractions of 3 Gy 

totaling 55 Gy. Radiation resistance was confirmed clonogenically at least 2 passages after the 

final dose of radiation.  

To inhibit the HIF-1α pathway, cells were treated with 50 μM (3-(5′-hydroxymethyl-2′-furyl)-1-

benzyl indazole (YC-1; Sigma-Aldrich, St. Louis, MO) and equivalent volume of DMSO was 

used as a control for 0,24 and 48 hours. Cells that were exposed to radiation were untreated (0 

hours) and imaged and then further exposed to 2Gy radiation and were imaged at 24 and 48 

hours.  A combinatorial treatment wherein the cells were first treated with 50 μM YC-1 and after 

5 minutes were treated with 2Gy radiation 24-,48- hours post treatment.  

2.2 Two photon imaging of NADH and FAD autofluorescence: 

 

A pre-determined cell number were seeded 24 hours prior to experiment. After 24 hours, cells 

were imaged untreated (0 hours) and were further imaged post treatment at 24-,48 hours 

respectively. Imaging was accomplished employing a MaiTai Ti:Sapphire laser source (Spectra-

Physics, Santa Clara CA) by measuring the endogenous fluorescence of NADH wherein laser 

was tuned to 760nm for NADH excitation while FAD fluorescence was measured by tuning the 

laser to 850nm. A resonant-galvo scanner and GaAsP photomultipler tubes (H7422-40, 

Hamamatsu) with bandpass filters at 440/60 nm (NADH) and 525/45 nm (FAD) were used to 

capture images. Pixel wise calculation of FAD/(NADH+FAD) ratio were used to produce images. 

2.3 Statistical Analysis: 

 

Statistically significant differences in the average redox ratio were evaluated via a nested, two-

way analysis of variance (ANOVA).  Treatment and the time points on exposure to treatment 



 

54 
 

were considered fixed effects while the cell plates and fields of view within each group were 

considered random effects. Interactions between all effects were also considered. Post-hoc 

Tukey HSD tests were used to evaluate statistical significance between specific cell groups.   

3. Results:  

 

3.1 A decrease in redox ratio is exhibited in SCC7 wild type cells 48 hours post initial plating in 

comparison to baseline values.  

SCC7 wild type cells were plated and later imaged untreated. Post untreated imaging, cells 

were treated with 2Gy radiation, 50µM YC-1, DMSO, combination therapy of YC-1 followed by 

radiation along with control sample. Representative images at each time point from each cell 

line are shown in Figure 2. We observed a lower redox ratio in untreated cells 48 hours post 

plating(p<0.05). Decrease in the redox ratio 48 hours post radiation exposure was also detected 

in wild type SCC7 cells(p<0.05). Additionally, SCC7 cells also demonstrated a lower ORR  48 

hours post exposure to Dimethyl sulfoxide (DMSO) (p<0.01). Finally, a significant decline in 

redox ratio was also observed 24-, 48- hours post exposure to YC-1 and combination therapy of 

YC-1 and radiation, (p<0.01 and p<0.001). 

 

 

 

Figure 2. Exposure to diverse therapies causes significant changes in the optical redox ratio in 
SCC7 wild type cells in all the conditions. We recorded 18 images for each of the time points 
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mentioned above. A. Representative redox ratio images of SCC7 wild type cells on exposure to 
treatments along with the control. B. Quantification of mean redox ratios for SCC7 wild type 
cells at baseline(untreated), 24-,48-hours post treatment. The seeding density for SCC7 wild 
type cells cell was optimized before the actual experiments. Experiments were performed in 
triplicate across 2 independent experiments. Error bars represent standard deviation of the 
mean, n=2. Asterisks placed above bars indicate statistical significance. * ** and *** denotes 
statistical significance at p<0.05, p<0.01 and p<0.001 respectively. 
 

3.2 HIF-1α inhibition in SCC713FX26GY radiation resistant cells demonstrated a significant 

decrease in the redox ratio 24 hours post exposure to YC-1 and combination treatment  

SCC7 cells that are resistant to 13 fractions and 26Gy of radiation were treated with 2Gy 

radiation, 50µm YC-1 and a combination treatment of YC-1 followed by radiation after 5 

minutes. We observed that these cells exhibited a considerable decrease in the redox ratio 24 

hours post exposure to YC-1 (p<0.01) (Figure 3) and combination treatment of YC-1 with 

radiation(p<0.01) No significant differences were observed between any other treatment groups. 

 

  
Figure 3. SCC713FX26GY radiation resistant cells exhibited a considerable decrease in the 
redox ratio 24 hours post exposure to YC-1 and combination treatment. A. Representative redox 
ratio images of SCC713FX26GY radiation resistant cells on exposure to treatments along with 
the control. We recorded 18 images for each of the time points mentioned above. 
B. Quantification of mean redox ratios for SCC713FX26GY radiation resistant cells at 
baseline(untreated), 24-,48-hours post treatment. The seeding density for SCC713FX26GY 
radiation resistant cells were optimized before the actual experiments. Experiments were 
performed in triplicate across 2 independent experiments. Error bars represent standard 
deviation of the mean, n=2.   Asterisks placed above bars indicate statistical significance. * ** 
and *** denotes statistical significance at p<0.05, p<0.01 and p<0.001 respectively. 
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3.3 No significant changes were observed in the redox ratio on exposure to any treatment in 

SCC726FX55GY radiation resistant cell lines  

SCC7 that are resistant to 26 fractions and 55Gy of radiation didn’t have any substantial effect 

to any treatment conditions at baseline(untreated), 24 and 48 hours post treatment (Figure 4). 

  

Figure 4. SCC726FX55GY radiation resistant cell lines did not exhibit a considerable decrease 
in the redox ratio on exposure to any treatment. A. Representative redox ratio images of 
SCC726FX55GY radiation resistant cells on exposure to treatments along with the control. We 
recorded 18 images for each of the time points mentioned above. B. Quantification of mean 
redox ratios for SCC726FX55GY radiation resistant cells at baseline(untreated), 24-,48-hours 
post treatment. The seeding density for SCC726FX55GY cells were optimized before the actual 
experiments. Experiments were performed in triplicate across 2 independent experiments. Error 
bars represent standard deviation of the mean, n=2. 
 

3.4 We observed significant differences in the redox ratio on exposure to YC-1 and YC-1 with 

radiation in murine squamous cancer cells.  

We calculated the difference in the redox ratio between 24-,48- hours post treatment and 

corresponding untreated groups for each cell line. We found considerable differences in the 

ORR on exposure to YC-1 and in combination with YC-1 with radiation (Figure 5). This change 

in ORR could be possibly related to the radioresistance of the cells. 
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Figure 5. Significant differences in optical redox ratio were observed 24-,48- hours post 
exposure to YC-1 and in combination with radiation in radioresistant cells.  Bar plots represent 
the difference in the mean values of redox ratio on exposure to A. Untreated/ Control B. 
Radiation C. DMSO D. YC-1 and E. YC-1+Radiation. 
 

4. Discussion: 

 

Treatment failure due to resistance to radiotherapy is the leading cause of death in patients with 

OSCC19,20 Although many studies have pointed out metabolic adaptations in cells as a cause of 

treatment failure, there remains a lack of non-destructive method to quantify these changes. In 

this study, we have elucidated the metabolic reprogramming linked with radiation resistance in 

cell lines with a universal genetic background employing optical imaging. Optical imaging 

employing ORR has indicated effectiveness in identifying variations in different metabolic 

pathways in distinct cellular subtypes emulating changes in glycolysis and corresponding 

oxidative phosphorylation20,21. In SCC7 wild type cells we observed lower redox ratio 48 hours 

post seeding. Previously studies have indicated decrease in the redox ratio reflecting the 

changes in cell metabolism like macromolecular synthesis, exposure to hypoxia, fatty acid 

oxidation, cell death etc13,15,22,23. 0.1% DMSO which has been used in our study doesn’t 

contribute to any considerable cytotoxic effects in cancer cells consequently leading to 

proliferation of cancer cells24.  
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Decrease in the ORR 24 hours post YC-1 exposure in SCC713FX26GY cells may be due to 

inhibition of pyruvate dehydrogenase kinase 1 (PDK1) whose expression is controlled by HIF-1 

leading to reduced production of Acetyl CoA thereby suspending the TCA cycle25,18. Studies 

have demonstrated that inhibition of HIF-1 induces decreased rate of glucose uptake and 

lactate production in vitro which could have manifested into decreased cellular metabolism and 

lower redox ratio26. This decline in the redox ratio can also be explained by an in vivo study 

wherein HIF-1 inhibition followed by radiation increased the tumor hypoxia and thereby curbed 

the effect of radiation27.  

The most radioresistant cell line SCC726FX55GY didn’t exhibit any significant changes in the 

redox ratio on exposure to any treatment. Lately a study by Jonsson et al emphasized that 

radioresistant cells modified their cellular metabolism to manipulate the redox status of the cells, 

regulate DNA repair and transformed DNA methylation post radiation28. A study conducted by 

Mims et al delving into tumor cell metabolism in radiation resistant cells have highlighted key 

metabolic features as follows: 1. Higher glucose uptake along with decline in fatty acid uptake; 

2. Diverging from the Warburg effect and switching towards the pentose phosphate pathway; 3. 

Higher reliance on glucose metabolism than glutamine metabolism assisting growth of the cells 

4. Diminished mitochondrial oxidative phosphorylation; 5. Higher expression of fatty acid 

synthase resulting into boost of fatty acid biosynthesis; and 6. Exploiting fatty acids to comply 

with the energy requirements needed for cell proliferation29. Another study on head and neck 

cancer has identified 4 key transcription factors that are linked to radioresistance. These key 

factors are as follows: focal adhesion, PI3K-Akt signaling, HIF-1 signaling, and pluripotency of 

stem cells30. Lately a study by Ishigami et al has identified 25 genetic signatures that are highly 

expressed in radioresistant cells as compared to radiosensitive cells in OSCC31.  

To better understand the changes in redox ratio, we need to execute proteomic studies that can 

give us a definite scientific interpretation of the changes in metabolism in relation to protein 
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upregulation or downregulation.  Additionally, our future studies would focus on conducting cell 

viability studies in these cell lines utilizing these timepoints. 
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Chapter 5: 

Discussion and Future Steps 

 

One of the leading causes of deaths in United States (US) is cancer. Most of these deaths are a 

result of treatment resistance that maybe inherent (intrinsic) prior to treatment or a consequence 

of therapy (acquired) leading to metastatic recurrence1. One of the critical factors that promotes 

treatment resistance is tumor hypoxia or lack of oxygen and its transcription factor hypoxia-

inducible factor (HIF-1)2,3. Clinical studies in patients have demonstrated that higher expression 

of HIF-1 is associated with higher metastatic risk and lower survival4. Although studies have 

pointed that tumor hypoxia is responsible for treatment resistance and has been directly 

associated to metastases, there remains a gap in knowledge regarding understanding the role 

of metabolic changes in tumor cells that might contribute to treatment resistance and tumor 

metastases. 

Nicotinamide Adenine Dinucleotide (NADH) and Flavin Adenine Dinucleotide (FAD) are 

metabolic coenzymes that play a critical role in cellular metabolism5. Optical imaging of these 

biomarkers utilizing two-photon excited fluorescence (TPEF) has provided a quantitative 

assessment of the cell metabolism. Previously, studies have proved that optical redox ratio 

(ORR), that is ratio of FAD/(NADH+FAD) has been used to track changes in cell metabolism in 

vitro and in vivo6. 

We started our study with three objectives: to identify the metabolic effects of chronic and 

intermittent hypoxia in murine breast cancer cells and its association with metastatic potential, to 

evaluate the effects of radiation therapy on cellular metabolism in a panel of radiation-sensitive 

and resistant human head and neck cancer cells and to identify the changes in cellular 

metabolism associated with acquisition of treatment resistance.  

To fulfill our first objective, we employed a 2D isogenic murine breast cancer model to study the 

effects of hypoxic exposures on tumor cell metabolism. Chronic hypoxia, that is, continuous 
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hypoxic exposure for a period and intermittent hypoxia, that is, hypoxia followed by normoxia at 

regular time intervals. Chronic hypoxic exposure revealed a significant difference in cellular 

metabolism in poorly metastatic 168FARN cells owing to glycolysis. Highly invasive 4T1 cells 

exhibited a higher glycolytic output on post chronic hypoxia. Previously,4T1 cells have exhibited 

propensity towards both oxidative phosphorylation (OXPHOS) and glycolysis. This shift from 

OXPHOS to glycolysis assists the need for higher ATP thereby supporting the peculiar traits of 

uncontrolled growth and proliferation which are one of the key hallmarks of cancer. No 

considerable changes in cellular metabolism were observed in isogenic murine cancer cells post 

intermittent hypoxia. However, we did observe an increase in the redox ratio post intermittent 

hypoxia as compared to normoxic counterparts. Reactive oxygen species (ROS) is associated 

with an increase in the optical redox ratio as per previous studies conducted in our lab. Since 

intermittent hypoxia has demonstrated an increase in the redox ratio, we are currently 

investigating if our results are owing to an increase in ROS. Another aspect of investigation 

would be to test the HIF-1α expression at normoxia, 0,60-,120 minutes post chronic and 

intermittent hypoxia. Testing the levels of HIF-1α would provide a supplementary data in 

addition to the metabolic imaging that could be used to link to our results. If HIF-1α levels are 

detected, CAIX levels should be tested as well. CAIX is involved in lowering the pH of the tumor 

microenvironment making it more acidic. Detection of CAIX could possibly explain the glycolytic 

output we see in our cells on exposure to hypoxia. 

To address our second objective, we utilized a panel of radiation-sensitive and resistant human 

head and neck cancer cells. The rationale for this study was to determine the shifts in cellular 

metabolism in response to radiation therapy in a group of radiation-resistant and radiation-

sensitive cell lines. Higher redox ratio was observed in more radiation resistant 93VU147T as 

compared to UMSCC47 cells on exposure to radiation, radiosensitizer YC-1, and combination 

therapy of YC-1 followed by radiation. This result was concurrent with one of the previous 

publications in the lab. Determining the HIF-1α, PDK-1 expressions in these cell lines would 
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help us better understand the A higher redox ratio was observed in UDSCC2 cells as compared 

to UMSCC22B on exposure to radiation. UDSCC2 cells are HPV positive and variations in HPV 

positive tumors are associated with survival due to deregulated pathways observed in the 

cellular metabolism.  

To address our third objective, we have evaluated the effects of radiation therapy in a panel of 

isogenic murine squamous cancer cell lines that have been engineered to have increasing 

levels of radiation resistance.  We observed a considerable difference in the cellular metabolism 

in all treatment conditions in wild type murine squamous cancer cells. Radiosensitivity to YC-1 

and a combination of YC-1 with radiation was observed in a moderately radiation resistant cells. 

Furthermore, no differences in the cellular metabolism in the most radiation resistant cells on 

exposure to any therapy. Proteomic analysis of head and neck cancer cells and isogenic murine 

squamous cancer cells 24-,48- hours post treatment will be able to shed light on protein 

expression post therapy and its impact on radiation resistance.  

Our research was designed to identify the effects of microenvironmental stresses on tumor cell 

metabolism employing nondestructive and label-free optical imaging. Our findings suggest that 

the chronic exposure to hypoxia has exhibited considerable difference in cellular metabolism in 

only 168FARN cells that are poorly metastatic. Conversely, we do observe an increase in the 

redox ratio post intermittent hypoxia, but it didn’t exhibit a significant difference in redox ratio. 

We are currently probing if this increase is a consequence of increase in reactive oxygen 

species (ROS).  

We also identified that redox ratio could differentiate between radiosensitive effects in cellular 

metabolism in different radioresistant cells with increasing levels of radiation resistance at 24-, 

48- hours post treatment. Moreover, we also demonstrated that redox ratio could distinguish 

between cellular metabolism in radiosensitive cells of variable radiosensitivities. Furthermore, 

we investigated the changes in cellular metabolism associated with acquisition of treatment 

resistance by exposing a panel of isogenic cell lines that have been devised to have increasing 
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levels of radiation resistance to radiation therapy. Our results show that a difference in redox 

ratio as an output of cellular metabolism is observed in wild type cells on exposure to 24-,48- 

hours post therapy. Additionally, we identified an increase in redox ratio 24 hours post YC-1 and 

combination therapy depicting an increase in radiosensitivity in a radioresistant cells. 

Conversely, no effect in redox ratio was observed in highly radioresistant cells. These findings 

further our knowledge of metabolic shifts within cancer cells that may contribute to treatment 

resistance and tumor metastases. 

Our future steps will focus on combining these results with transcriptomics to determine which 

pathways are activated or deactivated in resistant and non-resistant cells with similar timepoints. 

This would provide a deeper understanding of shifts in the cellular metabolic activity that are 

controlled by gene expressions. Although majority of the studies have employed 2D invitro cell 

models to investigate tumor cell metabolism, it would be advantageous to study the interactions 

of cancer cells with its neighboring cells in a co-culture setting or organoids derived from 

patient’s tumor samples that mimic the tumor microenvironment after exposure to hypoxia or 

other treatments.  For a co-culture study, cells would be imaged in a 2D setting at baseline and 

on exposure to hypoxia. A training model would be used to train a machine learning algorithm 

and would be used to correlate it with the output. Once the algorithm is trained it would be used 

to identify cells in the co-culture settings. After recognition of these cells employing machine 

learning, experimental conditions would be further tested. In case of organoids, heterogenous 

population can be differentiated using machine learning and a secondary endpoint employing 

flow cytometry would be employed to distinguish between different cell populations and their 

gene expression. Mathematical modeling simulating switches in cellular metabolism in radiation 

resistance and varying hypoxic durations is another method that could provide further insights 

into understanding the long-term effects of hypoxia and radiation on cancer cells. Furthermore, 

an in vivo study employing xenografts would highlight the differences in tumor cell metabolism in 
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response to therapy as compared to studies accomplished in an in vitro (2D, co-culture and 3D) 

settings.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

68 
 

      References: 

1. Wang, X., Zhang, H. & Chen, X. Drug resistance and combating drug resistance in 
cancer. (2019). doi:10.20517/cdr.2019.10 

2. Chen, S. & Sang, N. HHS Public Access. 117, 267–278 (2016). 

3. Muz, B. et al. The role of hypoxia in cancer progression, angiogenesis, metastasis, and 
resistance to therapy. doi:10.2147/HP. S93413 

4. Santos, M. dos et al. HIF1-Alpha Expression Predicts Survival of Patients with 
Squamous Cell Carcinoma of the Oral Cavity. PLoS One 7, (2012). 

5. Georgakoudi, I. & Quinn, K. P. Optical imaging using endogenous contrast to assess 
metabolic state. Annu. Rev. Biomed. Eng. 14, 351–367 (2012). 

6. Kolenc, O. I. & Quinn, K. P. Evaluating cell metabolism through autofluorescence 
imaging of NAD(P)H and FAD. Antioxidants Redox Signal. 30, 875–889 (2019). 

7. Lee, D. E. et al. A Radiosensitizing Inhibitor of HIF-1 alters the Optical Redox State of 
Human Lung Cancer Cells In Vitro. Sci. Rep. 8, 8815 (2018). 

 
 
 


	Investigating Effects of Microenvironmental Stress on Cell Metabolism using Multiphoton Imaging
	Citation

	tmp.1652462643.pdf.Ykl7x

