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The importance of inflammation in the pathogenesis of cancer was first proposed by Rudolph Virchow over 150 years ago, and our understanding of its significance has grown over decades of biomedical research. The arachidonic acid pathway of inflammation, including cyclooxygenase (COX) enzymes, PGE2 synthase enzymes, prostaglandin E2 (PGE2) and PGE2 receptors has been extensively studied and has been associated with different diseases and different types of cancers, including oral squamous cell carcinoma (OSCC). In addition to inflammation in the tumour microenvironment, low oxygen levels (hypoxia) within tumours have also been shown to contribute to tumour progression. Understandably, most of our OSCC knowledge comes from study of this aggressive cancer in human patients and in experimental rodent models. However, domestic animals develop OSCC spontaneously and this is an important, and difficult to treat, form of cancer in veterinary medicine. The primary goal of this review article is to explore the available evidence regarding interaction between hypoxia and the arachidonic acid pathway of inflammation during malignant behaviour of OSCC. Overlapping mechanisms in hypoxia and inflammation can contribute to tumour growth, angiogenesis, and, importantly, resistance to therapy. The benefits and controversies of anti-inflammatory and anti-angiogenic therapies for human and animal OSCC patients will be discussed, including conventional pharmaceutical agents as well as natural products.
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Introduction

Hypoxia, defined as reduced oxygen levels or deficiencies in oxygen transport, is a common feature of solid tumours, and plays an important role in triggering the development of new blood vessels (angiogenesis), which is critical for supporting tumour growth. Importantly, hypoxia and production of reactive oxygen species (ROS) can serve as drivers of inflammation (1). Additionally, tumour associated inflammation can lead to activation of hypoxia-inducible factors and pathways that help support tumour progression (2). One of the key mechanisms of tumour-associated inflammation is activity of the arachidonic acid pathway resulting in generation of prostaglandin E2 (PGE2). Increased PGE2 secretion is usually attributed to increased expression and activity of cyclooxygenases 1 and 2 (COX-1 and COX-2), but there are a number of other points in the arachidonic acid pathway that can influence PGE2 production and there are a variety of PGE2 receptors that are responsible for PGE2-related responses (3). Areas of chronic hypoxia have been identified in the tumours of patients with oral cancer (4). Targeting the cycle of inflammation and hypoxia may represent an opportunity to slow tumour progression and improve therapeutic outcomes for patients diagnosed with oral and oropharyngeal squamous cell carcinoma (OSCC).

OSCC is the 6th most common form of cancer worldwide (5), and has an overall 5-year survival of only 63% (6). Despite decades of research, improved therapies are desperately needed for patients battling this aggressive form of cancer. We hypothesise that the arachidonic acid pathway of inflammation and hypoxia possess overlapping activities and mechanisms that might serve as ideal therapeutic targets. The presence of overlapping mechanisms also raises the possibility that certain therapeutic strategies may be rendered less effective under certain conditions (such as in areas of tumour hypoxia). The purpose of this review is to explore the scientific literature related to the interaction of hypoxia and the arachidonic acid pathway of inflammation, in order to improve our understanding of how these interactions contribute to OSCC disease progression and treatment resistance.

Development of OSCC is not limited to humans. In fact, OSCC is diagnosed in domestic animals and is of particular significance in feline oncology. Feline OSCC (FOSCC) is the most common form of cancer in the oral cavity of cats, and is similar to human OSCC in several ways including microscopic appearance (Figure 1), invasiveness, poor prognosis, and expression of mediators including cyclooxygenase (COX) enzymes and CD147 (involved in inflammation and invasion) (7, 8). Research resulting in improved outcomes for pet cats with FOSCC, has the potential to improve outcomes for human OSCC patients as well.




Figure 1 | Microscopic appearance of untreated human and feline OSCC. Human (A) and feline (B) OSCC tumours (T) with clusters of well differentiated malignant squamous epithelial cells showing progression from peripheral basal-like cells through stratified squamous epithelium with keratinization forming a central ‘keratin pearl’ (*). Islands of OSCC cells are surrounded by supporting stroma (S) composed of fibrous connective tissue (fibroblasts and collagen). Less differentiated human (C) and feline (D) OSCC are composed of irregular islands and trabeculae of tumour cells (T) lacking orderly arrangement and keratin pearls. A thin walled vessel (vein or lymphatic) is indicated by the black arrow. (haematoxylin and eosin stain, 40X objective).



A natural model of OSCC in cats can improve human OSCC research by complimenting existing experimental animal models. For example, immunocompromised rodent models are extensively used in human cancer research, but the animals do not have the genetic diversity and intact immune systems that human cancer patients have. Therefore, this literature review includes a discussion of the comparative biology of these mechanisms in people and in veterinary patients, especially in cats.

We recently reviewed the roles of PGE2 in development and progression of OSCC (3) and readers are referred to other publications for recent literature dedicated to the general role of hypoxia in OSCC (9, 10). Here, we focus on the overlapping and intertwined mechanisms of inflammation and hypoxia in OSCC that contributes to disease progression and treatment resistance (Figure 2).




Figure 2 | Introduction to hypoxia and inflammation in OSCC. OSCC tumours are composed of a variety of cell types, which include vascular endothelial cells, inflammatory and immune cells, stromal cells, and OSCC tumour cells. This literature review explores the relationship between hypoxia and inflammation in OSCC tumours, as well as how this relationship contributes to disease progression. Key products of this relationship include inflammatory PGE2 (prostaglandin E2), angiogenic VEGF (vascular and endothelial growth factor), ROS (reactive oxygen species). Throughout this literature review, mechanisms leading to the synthesis of these factors will be described, with emphasis on how these mechanisms interact and overlap. An understanding of these interactions is important to the process of developing new therapeutic strategies for OSCC in humans and in animals.



Despite efforts of the scientific community to find chemoprotective or chemotherapeutic strategies for OSCC, including conventional pharmaceuticals and naturally-derived products, there is still controversy about the safety, bioavailability, and effectiveness of these therapies. These therapeutic considerations will also be covered in this comparative oncology review. We are emphasizing OSCC-specific literature, but references to other forms of cancer are included when they include relevant findings that have not yet been reported in OSCC.



Cancer-Related Roles of Hypoxia and Angiogenesis in OSCC


Overview of Tumour Hypoxia

In tumours, disturbed microcirculation due to structural abnormalities of a tumour vascular network is an essential contributor to hypoxia, as reviewed previously (11). In the tumour microenvironment, there are two types of hypoxia; chronic hypoxia and cyclic hypoxia. Chronic hypoxia was first described in 1955, when Thomlinson and Gray noticed the presence of necrotic areas surrounded by intact tumour cells, corresponding to a falling gradient in oxygen tension between the periphery and the centre of tumours (12). Similar features can be found in OSCC (Figure 3). Chronic hypoxia occurs when tumour cell proliferation exceeds what the blood vascular network can support (11). The second type of hypoxia is cyclic hypoxia, which is caused by fluctuations in tumour perfusion, and was first described by Brown In 1979 (13). Repeated fluctuations between periods of hypoxia and reoxygenation trigger production of reactive oxygen species (ROS). Cyclic hypoxia can be caused by high-frequency hypoxia cycles or low-frequency hypoxia cycles. High-frequency cycles are due to transient fluctuations in perfusion, and low-frequency hypoxic cycles are caused by vascular remodelling (dynamic changes occurring in the microvascular structure) within a tumour vascular network on a daily basis (14). A study in OSCC patients showed that areas of acute and chronic hypoxia within a tumour can change over time, and may contribute to radiation therapy resistance (4). Contributions of hypoxia to treatment resistance is discussed in more detail in section 4.2.




Figure 3 | Areas of necrosis and new blood vessel formation in untreated human and feline OSCC. Human (A) and feline (B) OSCC tumours showing transition from intact, viable-appearing OSCC tumour cells (T) to areas of necrosis (*) characterised by loss of structure and replacement with eosinophilic (pink) proteinaceous material and cellular debris. Small blood vessels are present near the tumour cells (arrows). One of the causes of tumour necrosis is hypoxia. Within the stroma (S) of human (C) and feline (D) OSCC, numerous blood vessels are present (arrows), indicating growth of new blood vessels into the region. In both (C, D), inflammatory cells (neutrophils, arrowheads) are marginating along the endothelial surface. [haematoxylin and eosin stain, 20X objective (A, B) and 40X objective (C, D)].



Cyclic hypoxia is particularly significant because it conditions endothelial cells to become more resistant to stress compared to endothelial cells in chronic or normoxic conditions. Additionally, cyclic hypoxia is associated with a greater upregulation of hypoxia-inducible factor 1 (HIF-1), a transcription factor important in the development of new blood vessels, compared to chronic hypoxia (15). Furthermore, production of damaging ROS is stimulated by cyclic hypoxia to a much greater extent than chronic hypoxia (16). Interestingly, hypoxia is not the only condition within tumours that can contribute to the accumulation of ROS; tumour-associated inflammation is also known to stimulate ROS production.



Hypoxia Inducible Transcription Factors

The HIF family of transcription factors has three distinct members, HIF-1, HIF-2, and HIF-3. They all contain an oxygen-sensitive HIFα subunit (HIF-1α, HIF-2α or HIF-3α), which dimerises with the constitutively expressed HIF-1β subunit. In the presence of oxygen, HIFα subunits become hydroxylated, which causes them to bind to von Hippel-Lindau tumour suppressor (VHL) and ultimately leads their degradation. Similar to HIF-1α and HIF-2α, HIF-3α levels are increased during periods of hypoxia, however HIF-3α appears to antagonise the function of HIF-1α and HIF-2α (17).

VHL is the causal gene of von Hippel-Lindau disease, which is a hereditary neoplastic syndrome characterised by susceptibility to hyper-vascular tumour development in multiple organs such brain, pancreas, adrenal gland, and kidney, as well as clear-cell renal cell carcinoma. The gene mutation is either a germline mutation which is responsible for disease inheritance, or a sporadic mutation (18, 19). Sporadic mutation of VHL has been shown in a study of patients with OSCC of the tongue (20), and another OSCC study showed that HIF-1α expression was inversely related to VHL expression and was positively associated with invasion, metastasis and poor prognosis (21). Further evidence for the importance of HIF-1α in the pathogenesis of OSCC comes from Chen et al. (22) who showed that that HIF-1α polymorphisms are associated with increased susceptibility to OSCC (22).

Although most studies indicate a positive relationship between HIF-1α and poor prognosis in people with OSCC, conflicting evidence exists. For example, in patients surgically treated for OSCC, high levels of HIF-1α expression appeared to have a beneficial effect of improved survival, but this was not observed for HIF-2α expression (23). In contrast, a different study revealed that OSCC patients with high HIF-2α had better outcomes than patients with low HIF-2α expression (24).

HIF transcription factors are not only regulated by hypoxia, they can also be upregulated by inflammation. For example, Yoshimura et al. (25) found that HIF-2α was related to COX-2 expression in colorectal cancer, which was in turn related to tumour aggressiveness (25). In a lung cancer cell line, PGE2 induced HIF-1α and expression of proangiogenic vascular and endothelial growth factor (VEGF) (26). Interestingly, hypoxic conditions increased the expression and activity of HIF-1 in OSCC cells via nuclear factor kappa-light-chain-enhancer of activated B cells (NFκB), leading to additional HIF-1 expression as well as expression of inflammatory cytokines such as interleukin (IL)-6 and IL-8 (27), which have been shown to be indicators of OSCC prognosis (28). Within the tumour, OSCC cells are not the only potential source of inflammatory cytokines; studies in other forms of cancer have shown that tumour associated inflammatory cells also produce cytokines, which can activate transcription factors such as NFκB that activate genes controlling cell survival, proliferation, growth, angiogenesis, invasiveness, and motility (29–31). Details of the intersecting mechanisms linking hypoxia and inflammation are discussed in section 3. The result of HIF transcription factor activation is increased expression of the VEGF family of growth factors, leading to the formation of new blood vessels in a process called angiogenesis (32, 33).



Vascular and Endothelial Growth Factors (VEGFs) and Angiogenesis

Angiogenesis is the formation of new blood vessels, typically occurring during embryonic development, organ homeostasis, and in certain diseases (34). Normally, angiogenesis is a highly ordered process under tight regulation, relying on a balance between pro-angiogenic factors such as VEGF, fibroblast growth factors (FGFs), transforming growth factor-beta (TGF-β), and angiopoietin-1 and 2; and anti-angiogenetic factors such as angiostatin and platelet factor 4) (35, 36). In cancer, this balance becomes disturbed, and the resulting vessels are dilated, convoluted, and are highly permeable due to lack of functional pericytes, enlarged endothelial gaps, and an incomplete basement membrane (37, 38). Figure 3 provides examples of prominent vascularity in OSCC.

Expression of VEGF in OSCC tumours is correlated with prognosis, lymph node metastasis, clinical stage, and low survival (39). Meta-analysis of twelve studies showed that VEGF positivity correlated with worse overall survival in OSCC patients, with the risk of death at 24 months being 1.88-fold higher in the patients with VEGF-positive tumours (40). It seems logical that increased VEGF and vascularisation of tumours would contribute to poor prognosis, yet VEGF appears to be capable of supporting OSCC progression in other ways. For example, VEGF has been shown to stimulate phosphoinositide 3′ kinase (PI3K)/protein kinase B (PKB/Akt) intracellular signalling leading to enhanced migration of OSCC cells (41).

The VEGF family consists of five secreted proteins including VEGF-A (usually referred to simply as VEGF), VEGF-B, VEGF-C, VEGF-D and placental growth factor (PLGF) (42–44). VEGF members bind tyrosine kinase receptors referred to as VEGFR1 (Fms-like tyrosine kinase 1; Flt1), VEGFR2 (foetal liver kinase 1; Flk1) and VEGFR3 (Fms-like tyrosine kinase 4; Flt4). Ligand binding of these receptors activates a complex network of intracellular signal transduction pathways such as extracellular signal-regulated kinase (ERK)/mitogen-activated protein kinase (MAPK), PI3K/Akt, and the stress kinase p38 MAPK (45). These signalling pathways go on to trigger cellular responses such as proliferation, migration, survival, and vascular permeability (46).

VEGF family members have different binding affinities for the VEGF receptors (47). VEGF-A, VEGF-B and PLGF bind to VEGFR1, VEGF-A also binds to VEGFR2, and VEGF-C and -D bind to VEGFR3. Vascular endothelial cells express VEGFR1, VEGFR2 and VEGFR3, however lymphatic endothelial cells also express VEGFR3 (48, 49). VEGFR1 is interesting in that it exists as a transmembrane isoform and as a soluble isoform. Binding of either VEGFR1 isoform with VEGF-A can influence the amount of VEGF-A available to bind VEGFR-2 or VEGFR-3, and therefore it can act as a negative or positive regulator of VEGF signaling (50).

Peterle et al. (51) revealed that VEGF-A is a prognostic tumour marker in OSCC patients (51). Elevations in VEGF-A, along with the inflammatory cytokine IL-6, in OSCC tumours has been attributed to increased IL-17, which was correlated with disease progression and a reduced overall survival (52). Interestingly, invasive and osteolytic (bone destructive) behaviour of OSCC cell lines was increased by VEGFR1 signaling (53). When considering the interaction between angiogenesis and inflammation, it is important to note that the levels of VEGF-C and -D can be upregulated by PGE2 within the tumour microenvironment (54). Other angiogenic factors, such as angiogenin (ANG), can also contribute to hypoxia-induced neovascularisation (55). ANG was increased by hypoxia in OSCC cell lines and was correlated with increased HIF-1 expression, demonstrating the potential importance of ANG in OSCC-associated angiogenesis (49).

In summary, tumour growth causes increased cellular demand for nutrients and oxygen, leading to hypoxia and HIF activation, which in turn stimulates angiogenesis via VEGF family members and their corresponding receptors. This type of angiogenesis is if often disorganized in tumours, leading to continued cycles of hypoxia and HIF activation (56–58). Treating OSCC with the help of antiangiogenic therapy will be discussed section 4.




Interaction of Hypoxia and Inflammation in OSCC


Overview of Hypoxia and Inflammation Crosstalk

Inflammation in OSCC tumours is characterised on a cellular level by infiltration with inflammatory cells including neutrophils, lymphocytes and plasma cells (Figure 4). Hypoxia and inflammation work together in tumorigenesis, with the survival of cancer cells dependent on the regulation of the gene expression that controls antioxidant mechanisms in the tumour microenvironment (59, 60). Generally speaking, hypoxia and associated ROS generation can lead inflammation via a variety of mediators and pathways, such as tumour necrosis factor (TNF), interleukin-6 (IL-6), and inflammasome activation (1). One of the key ways that tumour hypoxia leads to inflammation is through activation of the transcription factor, nuclear factor kappa-light-chain-enhancer of activated B cells (NFκB), which leads to transcription of several pro-inflammatory factors (27). Importantly, ROS has been shown to upregulate PGE2 production and PGE2 receptor expression leading to enhanced cellular proliferation (61, 62). In cancer, such as oesophageal squamous cell carcinoma, hypoxia upregulates HIF-1α, which not only leads to angiogenesis, but can cause activation the PGE2 synthesis pathway, upregulation of inflammatory IL-1β as well as activation of growth factor signalling pathways (63, 64). Just as hypoxia can lead to PGE2 synthesis, an in vitro study using lung cancer cells showed that PGE2 can in turn induce HIF-1α which increases VEGF (26), suggesting that a vicious cycle of hypoxia and inflammation can be triggered in certain tumours, resulting in progressive disease. Whether or not such a cycle exists in progressive OSCC disease remains to be elucidated.




Figure 4 | Inflammation in untreated human and feline OSCC. (A) An island of human OSCC tumour cells (T) embedded in stroma (S) with infiltrating neutrophils (circles). (B) Islands of feline OSCC tumour (T) with neutrophils (circles) infiltrating the tumour stroma (S) and within small blood vessels (arrows). (C) Small islands of human OSCC tumour cells (T) surrounded by numerous lymphocytes and plasma cells (circles). (D) Small islands of feline OSCC tumour cells (T) associated with mixed inflammatory infiltrates composed of plasma cells, lymphocytes and neutrophils (circles). (haematoxylin and eosin stain, 40X objective).





PGE2-Mediated Inflammation

The roles of PGE2, COX-1, and COX-2 in OSCC have been discussed in detail previously (3). Here, we provide additional background on PGE2 synthase enzymes and PGE2 receptors. Briefly, prostaglandins (PGs), including PGE2, are members of the eicosanoid family and are produced from arachidonic acid (AA) (65, 66) by almost all the cells of the body. PGH2 is synthesised by cyclooxygenase enzymes from AA (67), which is then converted to PGE2 by PGE synthase enzymes and exits the cell by a specific transporter named multidrug resistance protein 4 (MRP4) (68). COX enzymes include COX-1 (prostaglandin endoperoxide H synthase-1) and COX-2 (prostaglandin endoperoxide H synthase-2). They are similar in structure and catalytic activity, but they are genetically distinct and they function independently to utilise different pools of AA to synthesise prostaglandins (69–71). An important difference between these two enzymes is located in their promoter regions; the promoter region of the human COX-1 gene lacks transcriptional regulatory sequences, leading to its constitutive expression in a majority of cells (72). In contrast, COX-2 has multiple transcriptional regulatory sequences in its promoter region, and its expression can be induced by multiple cytokines (72). Reid et al. (68) found that PGE2 efflux was inhibited by nonsteroidal anti-inflammatory drugs (NSAIDs), so NSAIDs may reduce extracellular PGE2 levels by inhibiting PG synthesis and by inhibiting PGE2 secretion (68). PGE2 then acts locally through binding of one or more of its four receptors, EP1–EP4 (73).


Prostaglandin E2 Synthase Enzymes (mPGES-1, mPGES-2, and cPGES)

Microsomal prostaglandin E synthase-1 (mPGES-1) was first isolated from bovine seminal vesicles in 1977 (74). Over 20 years later, Jakobsson et al. (75) characterised human PGES and found that it had the ability to convert PGH2 to PGE2 (75). Forsberg et al. (76) studied human PGES gene structure, localisation, and regulation and concluded that mPGES-1 couples with COX-2 activity to increase PGE2 production (76). Microsomal PGES-1 is upregulated in inflammation and in cancer (77, 78). This has been demonstrated by Ramanan et al., who found that overexpressed COX-2 is linked to mPGES-1 activity and increased proliferation in different cancer cell lines including those of prostate, lung, and colon (79). Further support of the role of inflammation and PGE2 in tumour progression comes from an OSCC study showing that fibroblasts (an important stromal cell component of the tumour microenvironment) enhances PGE2 secretion and upregulates COX-2 and mPGES-1 leading to increased angiogenesis and tumour cell migration and proliferation (80).

COX-2 and mPGES-1 have been shown to be co-expressed in OSCC (81), and their expression was positively associated with proliferation and differentiation (82). In OSCC patients who had not received chemotherapy before surgery, high levels of COX-2 and mPGES-1 were associated with poor prognosis (83). To our knowledge, the impact of hypoxia on PGE2 synthase enzymes in OSCC has not been explored. However, a positive relationship between hypoxia and mPGES-1 expression was identified in a mouse model of neonatal hypoxia (84). In a mouse model of colon carcinoma, mPGES-1 expression was stimulated by HIF-2α activity, and in murine cartilage cells, mPGES-1 was stimulated by HIF-1α (85, 86). Collectively, these findings indicate that a relationship between hypoxia and mPGES-1 in OSCC is worth exploring.

The second enzyme involved in PGE2 synthesis is microsomal prostaglandin E synthase-2 (mPGES-2). Microsomal-PGES-2 is coupled with both COX-1 and COX-2 to produce PGE2 for tissue homeostasis as well as in disease and shows modest coordination with COX-2 (87). Camacho et al. (88) found that tumour samples of OSCC patients demonstrated that COX‐1 expression was correlated with mPGES‐2 expression, while COX-2 expression was not (88).

The third enzyme important in PGE2 production is cytosolic prostaglandin E synthase (cPGES). Its expression is constitutive and is coupled with COX-1 to maintain PGE2 production required for cellular homeostasis (89). Increased expression of cPGES expression has been shown in OSCC tumour samples, but it was not related to either COX-1 or COX-2 expression. The significance is unknown, but the authors noted that cPGES is identical to p23 which binds to heat shock protein 90 (a chaperone capable of protecting abnormal proteins in tumour cells from degradation), and has been implicated in carcinomas of the breast, prostate and thyroid (88).



Prostaglandin E2 Degradation Enzyme (15-Hydroxyprostaglandin Dehydrogenase)

15-hydroxyprostaglandin dehydrogenase (15-PGDH) is an important enzyme in the degradation pathway of the prostaglandins. Yan et al. (90) showed that 15-PGDH is highly expressed in normal intestine while its expression is inhibited in cancer of the colon, and concluded that 15-PGDH acts as a tumour suppressor (90). Tumour suppressor activity of 15-PGDH has also been shown in OSCC, including a study showing that Apricoxib (a COX-2 inhibitor) upregulated 15-PGDH in OSCC cell lines (91, 92). A relationship between hypoxia and 15-PGDH activity has not been investigated in OSCC, but in lung cancer cell lines, 15-PGDH was negatively associated with angiogenesis and COX-2 expression (93, 94). In colon cancer cell lines, hypoxia decreased the expression of 15-PGHD, which was accompanied by increases in COX-2/PGE2 (95). Future studies should be conducted to determine if hypoxia leads to increased PGE2 levels in OSCC via reduced expression of 15-PGHD.



PGE2 Receptors (EP1, EP2, EP3, and EP4)

PGE2 exerts its effects by binding to one of its four receptors, EP1–EP4 (73). The potential of EP receptors as therapeutic targets in cancer was reviewed by O’Callaghan and Houston in 2015 (96). In this section, we provide a brief overview of EP receptors and their significance to OSCC. Overall, there is evidence that all 4 receptors may be present in OSCC, but individual studies are occasionally conflicting. Physiologic functions of EP1 include thermal hyperalgesia and inflammatory nociceptive responses (97). Several studies have suggested a role for EP1 in OSCC, including a study showing that an EP1 selective antagonist (ONO-8711) reduced proliferation of OSCC in a rat model (81, 88, 98, 99). Furthermore, Yang et al. showed that overexpression of COX-2 and increased PGE2 in OSCC led to increased cellular migration and intercellular adhesion molecule 1 (ICAM) expression through EP1 but not EP2, -3 or -4, and this effect was attenuated by inhibitors of protein kinase C (98).

EP2 is expressed in OSCC (81, 100–102). Functions of EP2 outside of neoplasia include regulation of mammary gland hyperplasia induced by COX-2 (103), limitation of phagocytosis by alveolar macrophages (104), and inhibition of T cell proliferation (105). In cancer, EP2 contributes to diminished antitumor cellular immune responses in vivo by inhibiting dendritic cell differentiation and function (106), and has shown ability to inhibit Treg differentiation in vitro (107). It also regulates endothelial cell motility, survival and tumour angiogenesis in vivo (108).

The physiologic functions of EP3 include inhibition of inflammatory allergic reaction (109), and improved angiogenesis and lymphangiogenesis during wound healing via VEGF-C and VEGF-D (110). The role of EP3 in cancer is controversial, demonstrating both protective and promoting effects depending on the study. In squamous cell carcinoma of the skin, EP3 receptor deficiency either had no effect (111, 112), or was shown to contribute to squamous cell carcinoma development, but not to progression (113). On the other hand, other research groups have shown that EP3 has a pro-tumour role. For example, the EP3 antagonist (ONO-AE3-240) decreased the growth of OSCC cells in vitro (101), suggesting EP3 facilitates OSCC proliferation. It has been proposed that both EP2 and EP3 can increase proliferative responses to PGE2, but EP3 has been claimed to be more important than EP2 in the proliferation of OSCC (102). EP3 expression has also been shown to increase with the degree of differentiation in OSCC tumours (81, 114).

The normal roles of EP4 include participation in bone remodeling (115) and inhibition of CD4 T cell activation with subsequent downregulation of the immune response (116). PGE2 modulates macrophage function by activating the EP4 receptor and inhibiting cytokine release, while EP2 and EP4 receptors regulate antigen-presenting cell functions (105). EP2 and EP4 also have downstream signalling pathways in common, including activation of the PI3K/Akt signalling pathway, as well as activity of β-catenin (a positive mediator of tumour invasion and metastasis) (96). These are important pathways in the pathogenesis of cancer in general, and in hypoxia specifically, and will be discussed further in section 3.4. In wound healing, EP4 behaves similarly to EP3 by promoting angiogenesis and lymphangiogenesis by upregulating VEGF-C and VEGF-D expression (110), illustrating another overlapping mechanism with hypoxic response. Multiple studies have shown EP4 expression in OSCC and an EP4 antagonist (L-161,982) inhibited the proliferation in OSCC (81, 101, 117). This is in contrast with Abrahao et al. (102) who showed that all EP receptors except EP4 were expressed in OSCC (102). More recently however, Li (107) and Osawa (118) have demonstrated that EP4 does indeed function in OSCC. Li et al. showed that an EP4 inhibitor blocked PGE2-mediated signalling and proliferation in tongue OSCC cells (117). Osawa et al. showed that EP4 contributes to OSCC cellular migration and metastasis in a mouse model though a calcium selective ion channel called ORAI1 (118).

Studies evaluating the relationship between hypoxia, Prostaglandin E2 synthase enzymes and EP receptor expression in OSCC have not been published. However, hypoxia has been shown to increase PGE2 secretion and EP1 expression in a murine osteoblast cell line, but not EP2, EP3 or EP4 (62). It would be interesting to know how hypoxia impacts EP receptor expression and activity in OSCC.




Reactive Oxygen Species and Oxidative Damage in Cancer

An important overlapping feature of hypoxia and inflammation is the generation of ROS and oxidative damage. ROS include both free radicals and non-radical derivatives of oxygen (119), such as hydroxyl radicals, hydrogen peroxide, and superoxide, and are produced inside the cell from oxygen metabolism (120, 121). ROS are capable of inducing DNA damage and genomic instability (122), leading to more inflammation,1 stabilisation of HIF-12 and subsequent angiogenesis (123), and reprogramming of cellular metabolism (124). Interestingly, there is the potential for a positive feedback mechanism where ROS can go on to stimulate the production of PGE2 in vitro, which was demonstrated in a study using human keratinocytes (125). The importance of inflammation and ROS in OSCC patients is demonstrated by the association between OSCC and tobacco products (126), with tobacco use known to result in free radicals capable of DNA damage (127), an important in event in the development of OSCC (128).

The extent of oxidative damage from ROS is normally kept in check by antioxidant mechanisms that involve the activity of superoxide dismutase, glutathione peroxidase, phospholipid-hydroperoxide glutathione, and catalase (129). Pharmacologic and dietary antioxidants represent an opportunity to mitigate the harmful outcomes of ROS generated by hypoxia and inflammation in the tumour environment. This strategy will be revisited in section 4, which is dedicated to cancer therapy.



Mechanisms Linking Inflammation and Hypoxia in Progression of OSCC

To this point, this review has focused on evidence for overlapping roles of hypoxia and inflammation in OSCC progression. In this section, the focus shifts to candidate mechanisms that may be responsible for this overlap. Key transcription factors include HIF-1α and NFκB, as well as a variety of cytokines and growth factors (130). NFκB is considered a sensor for oxidative stress and it regulates genes involved in inflammation, immune response, cell survival, and apoptosis (30, 131, 132), and importantly has been found to be activated in OSCC (133). NFκB can be directly activated by ROS, and therefore represents a signalling node that is common to inflammation and hypoxic pathways (Figure 5) (132). Additionally, NFκB can be activated indirectly via other inflammatory mediators such as tumour necrosis factor alpha (TNFα) and IL-1 (132). A study using a lung cancer cell line showed that inflammatory IL-1β can activate NFκB, which in turn activates the COX-2/HIF-1α/VEGF angiogenic axis (26). Although not yet demonstrated in OSCC models or patients, these findings suggest that ROS generated in the OSCC microenvironment has the potential to activate both the COX/PGE2 and HIF-1α/VEGF pathways via activation of NFκB.




Figure 5 | Summary of proposed mechanisms linking inflammation and hypoxia in OSCC. There are several studies demonstrating the presence and function of the molecular components of these pathways in OSCC, yet mechanistic studies investigating how these pathways intersect during hypoxia and inflammation are more limited. The green arrows represent pathways that have been demonstrated in OSCC studies such as (10, 21, 27, 28, 41). The black arrows are pathways that have been demonstrated in non-OSCC studies, including (26, 62, 110, 125, 134). The signalling pathways associated with hypoxia-driven angiogenesis and the COX2/PGE2 axis of inflammation are numerous and our understanding is constantly evolving. However, based on the literature, important areas of overlap between inflammation and hypoxia include generation of ROS, activation of NFκB, signalling through the PI3K/Akt/mTOR pathway, and activity of β-Catenin.



Evidence for the importance of the NFκB and Akt signalling nodes in the COX/PGE2 pathway of inflammation and in hypoxic response was presented in previous sections. Importantly, both of these pathways are involved in OSCC invasion and metastasis. An important step in metastasis is epithelial-to-mesenchymal transformation (EMT). Kaneko et al. (135) found that hypoxia induces EMT activation in OSCC cells via the PI3K/Akt pathway (135). Additionally, Joseph et al. (10) recently reviewed the role of hypoxia in OSCC EMT including the contributions of NFκB and tumour associated macrophages (TAMs) (10). In general, hypoxia contributes to EMT and metastasis by reducing E-cadherin expression and increasing β-catenin availability (134). As mentioned earlier, signalling through β-catenin is one of the pathways utilised by EP2 and EP4 prostaglandin receptors (96), highlighting the possibility that hypoxia and PGE2-mediated inflammation could have converging effects on EMT through β-catenin (Figure 5).

In OSCC cells, reduced E-cadherin was associated with HIF expression (136), which is congruent with the finding that lymph node metastasis and tumour recurrence in OSCC patients was associated with HIF-1α and VEGF (137, 138). Similarly, the COX-2/PGE2 pathway, along with hypoxia, has been reported to contribute to OSCC metastases by increasing tumour cell migration and upregulation of intercellular adhesion molecule-1 (ICAM-1) (98, 139, 140). Several other OSCC studies have shown that hypoxia leads to increased HIF-1α and proliferation (141–143). Similarly, the COX-2/PGE2 axis promotes cell proliferation and tumour growth in OSCC (144–147). Although studies have not looked directly at the relationship between HIF transcription factors and cyclooxygenase enzymes in OSCC, both pathways appear to exert similar influences on OSCC behaviour lending support to the idea that they share common mechanisms such as NFκB activity and Akt signalling. An overview of interacting mechanisms in inflammation and hypoxia is provided in Figure 5.




Role of Inflammation and Hypoxia in Cancer Treatment


Overview of OSCC Treatment

OSCC treatment may include surgery, radiation, chemotherapy, and psychological support, with the outcome of the treatment differing for individual patients (148). As most OSCC patients are diagnosed late in the disease; they require combinations of chemotherapeutic agents with radiation (149). Chemoradiotherapy can cause complications such as dysphagia (150), cachexia, poor wound healing (151), and dryness of the mouth (152). Additionally, 30% to 50% of patients of OSCC develop malnutrition (153). In patients that are determined to be clear of OSCC after therapy, 50-60% will go on to develop local recurrence with an overall 5-year survival rate of less than 50%, and 20-30% of them developing metastasis (154).



Impact of Hypoxia on Radiotherapy and Chemotherapy

Jing et al. (155) has recently published a review article summarizing the impact of hypoxia on cancer treatment in general (155). Here, we provide a brief overview of hypoxia in the context of treatment resistance, and then emphasize OSCC-specific studies. Radiation therapy works by causing DNA breakage (156), endothelial cell apoptosis in tumour blood vessels (157), and cell cycle arrest (156). Oxygen is essential for radiation to work as it allows for ROS production which will cause DNA damage, ultimately leading to tumour cell death (158). The tumour response to radiotherapy depends on different factors including tumour size, oxygenation, and pH (lactate levels) (159). Larger tumours require more oxygen and are more likely to become hypoxic and utilise glycolysis accompanied by acidosis (159). While DNA damage is an important feature of radiation therapy success, it has been proposed that acidosis-associated reduction in DNA repair can actually lead to accumulation of mutations allowing treatment-resistant tumour cell lineages will emerge (159–161). Tonissi et al. (162) showed that reoxygenation of OSCC cell lines before radiotherapy inhibited proliferation and sensitised the cells to radiotherapy compared to hypoxic OSCC cells. The authors concluded that hypoxia contributes to OSCC radioresistance (162).

Interestingly, one of the proposed mechanisms of radioresistance is the ability of radiation therapy to induce VEGF expression, which helps to protect tumour blood vessels from the cytotoxic effects of radiation (163). Also, it has been shown that VEGF expression after radiation contributes to the survival of cancer cells as well as tumour resistance in vitro (164). As mentioned above, VEGF leads to the formation of new blood vessels; however, the blood vessels are disorganised and highly permeable, leading to areas of low oxygenation and poor drug delivery (165). HIF-1 has been shown to be upregulated after radiation therapy, with the subsequent promotion of EMT and post-radiation tumour recurrence (166). The phenomenon of radiation-associated HIF-1 activity and upregulation of VEGF has led to the use of antiangiogenic drugs to help to solve the problem of radiation resistance. Counterintuitively, antiangiogenic drugs can potentially stabilise the vasculature, temporarily improving oxygenation which leads to generation of more free radicals, resulting in more DNA damage (163).

Although one of the rationales of antiangiogenic therapy is reduce tumour perfusion and therefore inhibit growth, worsening tumour hypoxia can lead to the tumour cells using anaerobic glycolysis to sustain themselves (167). Additionally, antiangiogenic therapy has been associated with tumour cells taking on a more invasive phenotype, leading to increased intravasation and metastasis (168). A clinical trial in OSCC patients showed that Sunitinib and SU5416 (a receptor tyrosine kinase inhibitor and an antiangiogenic drug) generated no treatment response, yet serious side effects such as fatigue, vomiting, and fatal haemorrhage caused the treatment to not be recommended (169, 170). Myoung et al. (171) showed that thalidomide (an antiangiogenic drug) did not inhibit OSCC as a monotherapy (171), providing support to the concept that angiogenesis inhibitors have limited effectiveness when used as a solitary agent.

Despite angiogenesis inhibitors having limited effectiveness as single-agent cancer therapy, there have been some promising results when they are combined with other medication. For example, Yoo. et al. (172) found that VEGF inhibitors combined with chemoradiation are safe and efficacious for the treatment of advanced non-metastatic OSCC (172). Hsu et al. (173) reviewed the benefits of VEGF inhibitors combined with radiotherapy in OSCC treatment, which included selective cytotoxic effects on proliferating endothelial cells (rather than non-proliferating cells), targeting of VEGF receptors in the tumour (163, 174), and less toxicity in normal tissues (175). The authors concluded that the combination of antiangiogenic drugs and radiation can improve survival as well as radiosensitivity in OSCC (173).

Under hypoxic conditions, HIF-1 reprogramming of cancer cell metabolism includes increased glucose transport into the cell and increased conversion of glucose to pyruvate (176). Targeting metabolic enzymes regulated by HIF-1 can be a therapeutic approach to cancer (176). A study focusing on OSCC revealed that HIF-1α helps cancer cells adapt to hypoxia by increasing their glucose transport and lactate production, which can contribute to OSCC radiotherapy resistance (177). Interestingly, lactate accumulation was found to be related to subsequent development of metastases in OSCC patients (178).

Based on the finding that hypoxia alters tumour metabolism, drugs capable of altering cellular metabolism have been studied as part of cancer therapy. Metformin, a biguanide, is an example of a metabolism-modifying drug, Metformin is used in the treatment of type 2 diabetes and has anticancer activities (179). It has been shown to reduce HIF-1α expression, inhibit cell proliferation and migration, and stimulate apoptosis in an OSCC cell line under hypoxic conditions (143). Combination of metformin with 5-fluorouracil inhibited in vivo and in vitro HIF-1α expression, proliferation, and invasion of OSCC. This combination was well tolerated in mice (141).



Hypoxia and Inflammation Crosstalk in Cancer Treatment

Support for the role of hypoxia combined with inflammation in chemosensitivity is provided by Xuan and Wang (180), who showed that the inflammatory cytokine, IL-1α, was upregulated in gastric cancer during hypoxia and had a positive correlation with tumour stage, lymph node metastasis and resistance to cisplatin (180). Huang et al. (181) showed that HIF-1α stimulates COX-2 expression, invasion, metastasis, and EMT after transcatheter arterial chemoembolisation treatment in hepatocellular carcinoma patients, which contributed to poor prognosis (181). In xenograft models of melanoma and oral carcinoma, COX-2 has been shown to be upregulated in tumour endothelial cells compared to normal endothelial cells, and a COX-2 inhibitor (NS398) exhibited inhibition of angiogenesis only in tumours (182). In a nude mouse model of OSCC, the COX-2 inhibitor, celecoxib, demonstrated antiangiogenic effects characterised by inhibition of new blood vessel formation, reduced tumour volume, and chemopreventive activity if given early (183). It also decreased COX-2 and VEGF expression in OSCC as well as stimulating apoptosis and inhibiting proliferation and invasion in vivo and in vitro (184).



Natural Products Targeting Inflammation and Angiogenesis in Cancer Treatment

Natural products have shown anti-inflammatory and anticancer activities and have gained attention as alternative and/or adjuvant therapy for conventional cancer treatments. Different types of natural products that have been investigated in OSCC include cranberries, blueberries and turmeric (curcumin).

Cranberries have been shown to contain phytochemicals with anticancer, anti-inflammatory and antioxidant activities (185–187). Cranberry polyphenols have been shown to possess antiproliferative activity in oral cancer cell lines (188), and extracts from cranberries, grapes and blueberries also inhibited proliferation of OSCC cells (189, 190). A double-blind, randomised and placebo-controlled study showed that blueberries have immunomodulatory effects, can attenuate oxidative stress and reduce inflammation in metabolic syndrome in adults. These effects were accompanied by reduced ROS levels in the blood and decreased monocyte gene expression of TNFα, IL-6, and toll-like receptor 4 compared to the placebo (191). In a hamster model of OSCC, blueberry extract inhibited angiogenesis and invasion by inhibition of NFκB activation and PI3K/Akt pathways (192). Other natural products besides cranberries and blueberries have shown anti-inflammatory and anticancer activities in OSCC cells. For example, 3-O-acetyloleanolic acid (3AOA) is an oleanolic acid derivative isolated from the seeds of Vigna sinensis K (cow pea), which inhibited VEGF-A production in hypoxic OSCC cells and reduced lymphangiogenesis and lymph node metastasis in OSCC in vivo (193). Isocudraxanthone K (a natural compound derived from Cudrania tricuspidata, a herbal remedy for inflammation and cancer), showed antiproliferative effects on OSCC cell lines by inhibition of HIF-1-α (194).

Natural products can be combined with conventional therapies in cancer treatment to decrease their toxicity and enhance their activity. For example, studies have shown that curcumin combined with chemotherapy (paclitaxel) increased apoptosis and inhibited proliferation of OSCC cells compared to chemotherapy alone (195). Curcumin also sensitised OSCC to radiotherapy in vivo and in vitro, which was accompanied by decreased COX-2 expression (196).

Despite studies showing the success of natural products in cancer treatment, there is still controversy about their safety and bioavailability and most of these products are not approved as a therapeutic agents. Wang et al. (197) reviewed herbal products for their bioavailability, side effects and interactions with prescription drugs, leading them to conclude that they are not suitable for all types of patients and should be taken cautiously (197). In summary, the ability of natural products to inhibit hypoxic and inflammatory mechanisms in OSCC treatment needs more investigation.




Comparative Oncology: Inflammation and Hypoxia in Domestic Animal Cancer


Comparative Biology of Tumour Hypoxia

Although studies of angiogenesis in animal cancer are relatively limited compared to human cancer research, HIFs and VEGF have been shown to have critical roles during placentation in cats (198). In the context of cancer, Brown et al. (199) showed that HIF-1α upregulation is responsible for increased VEGF in feline OSCC cell lines (199). Harris et al. (200) showed that VEGF-D, VEGF-A and HIF-1α are also expressed in FOSCC tissues and cell lines, and they confirmed that FOSCC cells grown in hypoxic conditions express increased levels of VEGF-D. They also determined that HIF-1α expression was related to Twist expression (a marker for EMT), which they proposed could serve as a therapeutic target (200). These findings demonstrate that, like their human counterparts, feline OSCC cells are capable of hypoxia-induced expression of VEGF, and HIF-1α appears to play a role in EMT.

Other studies have demonstrated VEGF expression in animal cancer. Millanta et al. (201) found that VEGF expression is a prognostic indicator in invasive feline mammary carcinomas, as unfavourable prognosis was associated with a higher percentage of VEGF-positive cells (201). An angiogenesis drug (bevacizumab) suppressed tumour growth in a xenograft model of VEGF-expressing feline mammary carcinoma (202). VEGF can have a prognostic value in the early detection of oral neoplasms (squamous cell carcinoma, fibrosarcoma, and melanoma) in dogs, as it is negatively associated with prognosis (203). Further support of the role of inflammation in angiogenesis in comparative oncology is demonstrated by a study showing that COX-2 expression was significantly correlated with VEGF expression in feline and canine cutaneous SCCs and OSCC tissues (204).

Our previous work found that a combination of a bisphosphonate bone resorption inhibitor (zoledronic acid) and an NSAID (meloxicam) was well tolerated and reduced tumour growth in an orthotopic mouse model of bone-invasive FOSCC (205). Interestingly, another group of researchers showed that zoledronic acid caused a reduction in circulating serum VEGF in feline OSCC patients and inhibited tumour-induced angiogenesis in vivo and in vitro (206). The authors of that study speculated that zoledronic acid may have reduced VEGF levels by reducing the release of bone‐derived TGF‐β (an inducer of VEGF expression), or by reducing VEGF release by OSCC cells due to inhibited secretion, or due to death of VEGF-secreting OSCC cells.

Feline immunodeficiency virus (FIV) is related to the development of feline cancer (207). Biezus et al. (208) found that FIV can cause an imbalance of oxidant-antioxidant mechanisms with increased ROS and DNA abnormalities, supporting of the role of inflammation, oxidative stress and cancer development in cats (208). Allemann et al. (209) found that there are heterogonous areas of hypoxia in feline fibrosarcomas (209), and HIF-1α expression is has been related to angiogenesis and poor prognosis in canine mammary cancer (210). VEGF and HIF-1α have been shown to be upregulated in feline OSCC cell lines and tissues, with STAT3 activation leading to increased proliferation and reduced apoptosis in OSCC cell lines (199). Similarly, Cannon et al. (211) found that the downregulation of protein kinase CK2 [an activator of NFκB (212) and PI3K/Akt (213)] in feline OSCC can cause increased OSCC apoptosis (211). These limited studies support the role of hypoxia, ROS, and inflammation in tumours of cats and other animals, but the underlying mechanisms require further investigation.



Comparative Biology of PGE2 Synthesis and Signalling in Cancer

It has been previously shown that feline OSCC cell lines (SCCF1, SCCF2, and SCCF3) express COX-1 and COX-2 and secrete PGE2 in a cell line-specific manner (7). Since cats have demonstrated responsiveness to cyclooxygenase inhibitors (214), it would be expected that PGE2 synthase enzymes and EP receptors would be present in feline tissues and cells. To date, these receptors and synthase enzymes have not been published in feline OSCC. In contrast, Van den Top et al. (215), found that mPGES-1 was expressed in papilloma and SCC in horses, and the expression was strongest in well-differentiated tissue compared with poorly differentiated tissue (215). Millanta et al. (216), found that mPGES-1 and EP2 receptor was expressed in canine osteosarcoma, as opposed to their lack of expression in normal canine bone (216). In another canine study, EP1, EP2, EP3, and EP4 were present in urinary bladder and urethra, with expression varying with the region and tissue layer of the lower urinary tract. There was a higher expression in the proximal urethra compared to other regions (217). Additionally, mPGES-1 and EP2 receptor expression was found to be significantly higher in canine and feline mammary carcinomas compared to adenomas and non-neoplastic mammary tissues (218).



Impact of Inflammation and Hypoxia on Treatment of Animal OSCC

Traditional NSAIDS and COX-2 selective inhibitors are widely used in animals. In cats, they are used for preoperative pain and osteoarthritis (219), but they can cause increased motility of the small intestine, intestinal damage (220), as well as gastroduodenal perforation (221). Even though there are side effects for NSAIDS, they are still used in cancer treatment due to their anticancer and pain-relieving properties. For example, celecoxib and citrate showed antitumor activity (apoptotic and antiproliferative effects) in a canine mammary tumour cell line, individually and in combination, overcoming chemoresistance (222). Mavacoxib is a relatively new selective COX-2 inhibitor used for the management of inflammatory disease in dogs, with improved tolerance, and has been shown to possess antiproliferative and apoptotic effects in a canine cancer cell lines representing osteosarcoma, glioma, lymphoma, mast cell tumour, and hemangiosarcoma (223). In recent years, a selective prostaglandin receptor (EP4) antagonist, Grapiprant, has been approved for the management of pain associated with degenerative joint disease in dogs, and has been determined to be well tolerated in research cats (224). To our knowledge, there have been no published studies evaluating the antineoplastic potential of Grapiprant in canine or feline tumour cells.

Piroxicam can cause a decrease in tumour size with increased apoptosis in invasive transitional cell carcinoma of the urinary bladder in dogs (225). Moreover, it has shown to have anticancer activity at a well-tolerated dose of 0.3 mg/kg daily in cats with OSCC, causing more than 50% reduction of the tumour volume in two cats (there was no effect of tumour progression in nine cats with OSCC) (226). Additionally, NSAIDs (piroxicam and indomethacin) reduced the development of OSCC in rats with precancerous lesions of the tongue to 23%–31% compared to 71% in rats that did not receive NSAIDs (227).

NSAIDs can be used in cancer treatment as an adjuvant to augment the effectiveness of conventional therapy in animals. For example, firocoxib in combination with radiotherapy is safe and improved life quality (activity and appetite) in dogs with nasal carcinomas (228). Furthermore, a combination of a receptor tyrosine kinase inhibitor (Masitinib, AB1010) and NSAIDs (piroxicam) inhibited the proliferation of OSCC feline and canine cell lines as compared to either drug alone (229). Similarly, meloxicam (a COX-2 selective inhibitor) reduced feline OSCC xenograft growth in nude mice and was well tolerated when combined with a bisphosphonate bone resorption inhibitor (zoledronic acid) (205).

Despite promising studies, the use of NSAIDs as part of cancer therapy in cats is controversial. A retrospective study of 73 cats receiving long-term daily piroxicam ranging from 1 to 38 months, indicated that it is well tolerated in cats at conventional doses (230). A retrospective study (2009-2013) showed that a combination of NSAIDs with toceranib phosphate (Palladia) was well tolerated in feline OSCC. Unfortunately, the benefit of adding NSAIDS could not be determined, because only three cats (of 32) were still alive at the end of the study due to tumour progression (231). While another retrospective study of 23 cases with mammary gland adenocarcinoma treated with chemotherapy, surgery and a COX-2 inhibitor (meloxicam) showed that there was no impact on the prognosis or the survival (232, 233).

As mentioned earlier, the PI3K/Akt signalling pathway may serve as a link between inflammatory and hypoxic pathways in human OSCC. Interestingly, combination of chemotherapy (doxorubicin), its derivative (AD198) and an inhibitor of the PI3K/Akt pathway was anti-proliferative and pro-apoptotic in canine and feline OSCC cells (234). Also, the combination of etanidazole (hypoxic cell sensitiser) and radiation caused a 70% regression of tumour volume in cats with OSCC. Although it was well tolerated, unfortunately it was not curative, with all cats succumbing to tumour complications by the end of the study (235).

As mentioned above, natural products have shown promise in human cancer studies for their anti-inflammatory and antioxidant abilities and investigators have started to evaluate them as cancer therapy for animals. Most studies have been in canine patients, with cats and other species appearing less frequently in the literature. Natural products such as blueberries, turmeric, grapes, and curcumin have been tested in dogs. For example, sled dogs fed blueberries while exercising showed a significant increase in blood antioxidants compared to dogs fed a control diet (236). Martineau et al. (237) showed that polyphenol-rich extracts of blueberries and grapes were safe to be used in dog diets without affecting their renal or hepatic functions (237). Turmeric and rosemary were found to be pro-apoptotic in a variety of canine cancer cell lines (mastocytoma, mammary carcinoma, osteosarcoma) (238). Furthermore, adding turmeric and rosemary to chemotherapy augmented the antiproliferative response of cancer cells lines (239). Leray et al. (240) showed that curcumin in obese cats reduced serum acute-phase protein as well as IL-2 mRNA expression in peripheral blood mononuclear cells, leading the authors to conclude that curcumin has anti-inflammatory activity in cats and a protective effect on the feline liver (240). To our knowledge, studies of blueberries and blueberry derivatives in cats have not been published.




Conclusion

Research has revealed that hypoxia and PGE2-mediated inflammation in the tumour microenvironment contribute to tumour progression and treatment resistance in OSCC as well as in other forms of cancer. Continued investigation of the interacting mechanisms between hypoxia and inflammation will help improve current therapies, not only for people, but for animals with OSCC. Although much is known about the interacting roles of hypoxia and inflammation, controversies still exist regarding the contributions of specific elements such as EP3 receptor and HIF isoforms. There is evidence, both for and against, the use of drugs capable of targeting inflammation and angiogenesis as part of cancer therapy, necessitating continued study. Ideally, therapies will be developed that interrupt the cycle of inflammation and hypoxia in OSCC tumours, leading to slower progression and improved response to therapy. The fact that pro-neoplastic effects of hypoxia- and inflammation-related oxidative damage also participate in the desired effects of radiotherapy, means that targeting these pathways must be carefully investigated in the context of adjuvant therapy. Although there has been much focus on inhibition of cyclooxygenase enzymes, specific inhibition of PGE2 synthase enzymes and receptors deserve more study. Similar challenges are revealed in research related to domestic animals. Continued research in the field of veterinary oncology will help animal patients survive longer and with greater quality of life. Additionally, the relatively short life span of pet animals compared to humans, combined with their intact immune systems and diverse genetics, make them valuable resources for the study of novel treatment strategies that could improve outcomes for people.



Author Contributions

Writing-Original Draft Preparation, WN. Writing-Review and Editing, CM. All authors contributed to the article and approved the submitted version.



Funding

We acknowledge the support of the Natural Sciences and Engineering Research Council of Canada (NSERC), [RGPIN-2019-06898, CM] and the Mitacs Training Award [WN].



Acknowledgments

The authors thank Atlantic Veterinary College Diagnostic Services, and Dr. Marvin Tesch at Provincial Health Services, Health PEI, for contributing human OSCC histopathology slides for Figures 1, 3 and 4.



References

1. Naik, E, and Dixit, VM. Mitochondrial Reactive Oxygen Species Drive Proinflammatory Cytokine Production. J Exp Med (2011) 208(3):417–20. doi: 10.1084/jem.20110367

2. Gao, P, Zhang, H, Dinavahi, R, Li, F, Xiang, Y, Raman, V, et al. HIF-Dependent Antitumorigenic Effect of Antioxidants In Vivo. Cancer Cell (2007) 12(3):230–8. doi: 10.1016/j.ccr.2007.08.004

3. Nasry, WHS, Rodriguez-Lecompte, JC, and Martin, CK. Role of COX-2/PGE2 Mediated Inflammation in Oral Squamous Cell Carcinoma. Cancers (Basel) (2018) 10(10). doi: 10.3390/cancers10100348

4. Nehmeh, SA, Lee, NY, Schroder, H, Squire, O, Zanzonico, PB, Erdi, YE, et al. Reproducibility of Intratumor Distribution of (18)F-Fluoromisonidazole in Head and Neck Cancer. Int J Radiat Oncol Biol Phys (2008) 70(1):235–42. doi: 10.1016/j.ijrobp.2007.08.036

5. Warnakulasuriya, S. Global Epidemiology of Oral and Oropharyngeal Cancer. Oral Oncol (2009) 45(4-5):309–16. doi: 10.1016/j.oraloncology.2008.06.002

6. Canadian Cancer Society’s Advisory, and Committee on Cancer Statistics. Canadian Cancer Statistics 2016. Toronto, ON: Canadian Cancer Society (2016). ISSN 0835-2976.

7. Nasry, WHS, Wang, H, Jones, K, Dirksen, WP, Rosol, TJ, Rodriguez-Lecompte, JC, et al. CD147 and Cyclooxygenase Expression in Feline Oral Squamous Cell Carcinoma. Vet Sci (2018) 5(3). doi: 10.3390/vetsci5030072

8. Nasry, WHS, Wang, H, Jones, K, Tesch, M, Rodriguez-Lecompte, JC, and Martin, CK. Cyclooxygenase and CD147 Expression in Oral Squamous Cell Carcinoma Patient Samples and Cell Lines. Oral Surgery Oral Medicine Oral Pathol Oral Radiol (2019) 124:400–10.e3. doi: 10.1016/j.oooo.2019.06.005

9. Kujan, O, Shearston, K, and Farah, CS. The Role of Hypoxia in Oral Cancer and Potentially Malignant Disorders: A Review. J Oral Pathol Med (2017) 46:246–52. doi: 10.1111/jop.12488

10. Joseph, JP, Harishankar, MK, Pillai, AA, and Devi, A. Hypoxia Induced EMT: A Review on the Mechanism of Tumor Progression and Metastasis in OSCC. Oral Oncol (2018) 80:23–32. doi: 10.1016/j.oraloncology.2018.03.004

11. Michiels, C, Tellier, C, and Feron, O. Cycling Hypoxia: A Key Feature of the Tumor Microenvironment. Biochim Biophys Acta (2016) 1866(1):76–86. doi: 10.1016/j.bbcan.2016.06.004

12. Thomlinson, RH, and Gary, LH. The Histological Structure of Some Human Lung Cancers and the Possible Implications for Radiotherapy. Br J Cancer (1955) 9(4):539–49. doi: 10.1038/bjc.1955.55

13. Brown, JM. Evidence for Acutely Hypoxic Cells in Mouse Tumours, and a Possible Mechanism of Reoxygenation. Br J Radiol (1979) 52(620):650–6. doi: 10.1259/0007-1285-52-620-650

14. Dewhirst, MW, Cao, Y, and Moeller, B. Cycling Hypoxia and Free Radicals Regulate Angiogenesis and Radiotherapy Response. Nat Rev Cancer (2008) 8(6):425–37. doi: 10.1038/nrc2397

15. Martinive, P, Defresne, F, Bouzin, C, Saliez, J, Lair, F, Gregoire, V, et al. Preconditioning of the Tumor Vasculature and Tumor Cells by Intermittent Hypoxia: Implications for Anticancer Therapies. Cancer Res (2006) 66(24):11736–44. doi: 10.1158/0008-5472.CAN-06-2056

16. Granger, DN, and Kvietys, PR. Reperfusion Injury and Reactive Oxygen Species: The Evolution of a Concept. Redox Biol (2015) 6:524–51. doi: 10.1016/j.redox.2015.08.020

17. Yang, SL, Wu, C, Xiong, ZF, and Fang, X. Progress on Hypoxia-Inducible Factor-3: Its Structure, Gene Regulation and Biological Function (Review). Mol Med Rep (2015) 12(2):2411–6. doi: 10.3892/mmr.2015.3689

18. Latif, F, Tory, K, Gnarra, J, Yao, M, Duh, FM, Orcutt, ML, et al. Identification of the Von Hippel-Lindau Disease Tumor Suppressor Gene. Science (1993) 260(5112):1317–20. doi: 10.1126/science.8493574

19. Maher, ER, and Kaelin, WG Jr. Von Hippel-Lindau Disease. Med (Baltimore) (1997) 76(6):381–91. doi: 10.1097/00005792-199711000-00001

20. Asakawa, T, Esumi, M, Endo, S, Kida, A, and Ikeda, M. Tongue Cancer Patients Have a High Frequency of Allelic Loss At the Von Hippel-Lindau Gene and Other Loci on 3p. Cancer (2008) 112(3):527–34. doi: 10.1002/cncr.23200

21. Zhang, S, Zhou, X, Wang, B, Zhang, K, Liu, S, Yue, K, et al. Loss of VHL Expression Contributes to Epithelial-Mesenchymal Transition in Oral Squamous Cell Carcinoma. Oral Oncol (2014) 50(9):809–17. doi: 10.1016/j.oraloncology.2014.06.007

22. Chen, MK, Chiou, HL, Su, SC, Chung, TT, Tseng, HC, Tsai, HT, et al. The Association Between Hypoxia Inducible factor-1alpha Gene Polymorphisms and Increased Susceptibility to Oral Cancer. Oral Oncol (2009) 45(12):e222–6. doi: 10.1016/j.oraloncology.2009.07.015

23. Beasley, NJ, Leek, R, Alam, M, Turley, H, Cox, GJ, Gatter, K, et al. Hypoxia-Inducible Factors HIF-1alpha and HIF-2alpha in Head and Neck Cancer: Relationship to Tumor Biology and Treatment Outcome in Surgically Resected Patients. Cancer Res (2002) 62(9):2493–7.

24. Lim, E, Kuo, CC, Tu, HF, and Yang, CC. The Prognosis Outcome of Oral Squamous Cell Carcinoma Using HIF-2alpha. J Chin Med Assoc (2017) 80(10):651–6. doi: 10.1016/j.jcma.2017.06.005

25. Yoshimura, H, Dhar, DK, Kohno, H, Kubota, H, Fujii, T, Ueda, S, et al. Prognostic Impact of Hypoxia-Inducible Factors 1alpha and 2alpha in Colorectal Cancer Patients: Correlation With Tumor Angiogenesis and Cyclooxygenase-2 Expression. Clin Cancer Res (2004) 10(24):8554–60. doi: 10.1158/1078-0432.CCR-0946-03

26. Jung, YJ, Isaacs, JS, Lee, S, Trepel, J, and Neckers, L. Il-1beta-mediated Up-Regulation of HIF-1alpha Via an NFkappaB/COX-2 Pathway Identifies HIF-1 as a Critical Link Between Inflammation and Oncogenesis. FASEB J (2003) 17(14):2115–7. doi: 10.1096/fj.03-0329fje

27. Han, S, Xu, W, Wang, Z, Qi, X, Wang, Y, Ni, Y, et al. Crosstalk Between the HIF-1 and Toll-like Receptor/Nuclear Factor-Kappab Pathways in the Oral Squamous Cell Carcinoma Microenvironment. Oncotarget (2016) 7(25):37773–89. doi: 10.18632/oncotarget.9329

28. Schiegnitz, E, Kammerer, PW, Schon, H, Blatt, S, Berres, M, Sagheb, K, et al. Proinflammatory Cytokines as Serum Biomarker in Oral Carcinoma-a Prospective Multi-Biomarker Approach. J Oral Pathol Med (2018) 47(3):268–74. doi: 10.1111/jop.12670

29. Prasad, S, Ravindran, J, and Aggarwal, BB. NF-Kappab and Cancer: How Intimate is This Relationship? Mol Cell Biochem (2010) 336(1-2):25–37. doi: 10.1007/s11010-009-0267-2

30. Joyce, D, Albanese, C, Steer, J, Fu, M, Bouzahzah, B, and Pestell, RG. NF-Kappab and Cell-Cycle Regulation: The Cyclin Connection. Cytokine Growth Factor Rev (2001) 12(1):73–90. doi: 10.1016/S1359-6101(00)00018-6

31. Xia, Y, Weng, B, Wang, Z, Kang, Y, Shi, L, Huang, G, et al. W346 Inhibits Cell Growth, Invasion, Induces Cycle Arrest and Potentiates Apoptosis in Human Gastric Cancer Cells In Vitro Through the NF-kappaB Signaling Pathway. Tumour Biol (2015) 37:4791–801. doi: 10.1007/s13277-015-4277-2

32. Mohan, S, and Epstein, JB. Carcinogenesis and Cyclooxygenase: The Potentialrole of COX-2 Inhibition in Upper Aerodigestive Tract Cancer. Oral Oncol (2003) 39:537–46. doi: 10.1016/S1368-8375(03)00035-6

33. Han, Y, Zhang, Y, Jia, T, and Sun, Y. Molecular Mechanism Underlying the Tumor-Promoting Functions of Carcinoma-Associated Fibroblasts. Tumour Biol (2015) 36:1385–94. doi: 10.1007/s13277-015-3230-8

34. Papetti, M, and Herman, IM. Mechanisms of Normal and Tumor-Derived Angiogenesis. Am J Physiol Cell Physiol (2002) 282(5):C947–70. doi: 10.1152/ajpcell.00389.2001

35. Carmeliet, P, and Jain, RK. Molecular Mechanisms and Clinical Applications of Angiogenesis. Nature (2011) 473(7347):298–307. doi: 10.1038/nature10144

36. Hanahan, D, and Folkman, J. Patterns and Emerging Mechanisms of the Angiogenic Switch During Tumorigenesis. Cell (1996) 86(3):353–64. doi: 10.1016/S0092-8674(00)80108-7

37. Benjamin, LE, Golijanin, D, Itin, A, Pode, D, and Keshet, E. Selective Ablation of Immature Blood Vessels in Established Human Tumors Follows Vascular Endothelial Growth Factor Withdrawal. J Clin Invest (1999) 103(2):159–65. doi: 10.1172/JCI5028

38. Carmeliet, P, Mackman, N, Moons, L, Luther, T, Gressens, P, Van Vlaenderen, I, et al. Role of Tissue Factor in Embryonic Blood Vessel Development. Nature (1996) 383(6595):73–5. doi: 10.1038/383073a0

39. Shang, ZJ, Li, JR, and Li, ZB. Upregulation of Serum and Tissue Vascular Endothelial Growth Factor Correlates With Angiogenesis and Prognosis of Oral Squamous Cell Carcinoma. J Oral Maxillofac Surg (2007) 65(1):17–21. doi: 10.1016/j.joms.2005.11.105

40. Kyzas, PA, Cunha, IW, and Ioannidis, JP. Prognostic Significance of Vascular Endothelial Growth Factor Immunohistochemical Expression in Head and Neck Squamous Cell Carcinoma: A Meta-Analysis. Clin Cancer Res (2005) 11(4):1434–40. doi: 10.1158/1078-0432.CCR-04-1870

41. Islam, MR, Jones, SJ, Macluskey, M, and Ellis, IR. Is There a pAkt Between VEGF and Oral Cancer Cell Migration? Cell Signal (2014) 26(6):1294–302. doi: 10.1016/j.cellsig.2014.02.004

42. Paavonen, K, Horelli-Kuitunen, N, Chilov, D, Kukk, E, Pennanen, S, Kallioniemi, OP, et al. Novel Human Vascular Endothelial Growth Factor Genes VEGF-B and VEGF-C Localize to Chromosomes 11q13 and 4q34, Respectively. Circulation (1996) 93(6):1079–82. doi: 10.1161/01.CIR.93.6.1079

43. Maglione, D, Guerriero, V, Viglietto, G, Delli-Bovi, P, and Persico, MG. Isolation of a Human Placenta cDNA Coding for a Protein Related to the Vascular Permeability Factor. Proc Natl Acad Sci U S A (1991) 88(20):9267–71. doi: 10.1073/pnas.88.20.9267

44. Yamada, Y, Nezu, J, Shimane, M, and Hirata, Y. Molecular Cloning of a Novel Vascular Endothelial Growth Factor, VEGF-D. Genomics (1997) 42(3):483–8. doi: 10.1006/geno.1997.4774

45. Tchaikovski, V, Fellbrich, G, and Waltenberger, J. The Molecular Basis of VEGFR-1 Signal Transduction Pathways in Primary Human Monocytes. Arterioscler Thromb Vasc Biol (2008) 28(2):322–8. doi: 10.1161/ATVBAHA.107.158022

46. Koch, S, and Claesson-Welsh, L. Signal Transduction by Vascular Endothelial Growth Factor Receptors. Cold Spring Harb Perspect Med (2012) 2(7):a006502. doi: 10.1101/cshperspect.a006502

47. Olsson, AK, Dimberg, A, Kreuger, J, and Claesson-Welsh, L. VEGF Receptor Signalling - in Control of Vascular Function. Nat Rev Mol Cell Biol (2006) 7(5):359–71. doi: 10.1038/nrm1911

48. Tammela, T, Zarkada, G, Nurmi, H, Jakobsson, L, Heinolainen, K, Tvorogov, D, et al. VEGFR-3 Controls Tip to Stalk Conversion At Vessel Fusion Sites by Reinforcing Notch Signalling. Nat Cell Biol (2011) 13(10):1202–13. doi: 10.1038/ncb2331

49. Matsumoto, K, and Ema, M. Roles of VEGF-A Signalling in Development, Regeneration, and Tumours. J Biochem (2014) 156(1):1–10. doi: 10.1093/jb/mvu031

50. Failla, CM, Carbo, M, and Morea, V. Positive and Negative Regulation of Angiogenesis by Soluble Vascular Endothelial Growth Factor Receptor-1. Int J Mol Sci (2018) 19(5). doi: 10.3390/ijms19051306

51. Peterle, GT, Maia, LL, Trivilin, LO, de Oliveira, MM, Dos Santos, JG, Mendes, SO, et al. Pai-1, CAIX, and VEGFA Expressions as Prognosis Markers in Oral Squamous Cell Carcinoma. J Oral Pathol Med (2018) 47:566–74. doi: 10.1111/jop.12721

52. Lee, MH, Tung-Chieh Chang, J, Liao, CT, Chen, YS, Kuo, ML, and Shen, CR. Interleukin 17 and Peripheral IL-17-Expressing T Cells are Negatively Correlated With the Overall Survival of Head and Neck Cancer Patients. Oncotarget (2018) 9(11):9825–37. doi: 10.18632/oncotarget.23934

53. Subarnbhesaj, A, Miyauchi, M, Chanbora, C, Mikuriya, A, Nguyen, PT, Furusho, H, et al. Roles of VEGF-Flt-1 Signaling in Malignant Behaviors of Oral Squamous Cell Carcinoma. PLoS One (2017) 12(11):e0187092. doi: 10.1371/journal.pone.0187092

54. Karnezis, T, Shayan, R, Fox, S, Achen, MG, and Stacker, SA. The Connection Between Lymphangiogenic Signalling and Prostaglandin Biology: A Missing Link in the Metastatic Pathway. Oncotarget (2012) 3(8):893–906. doi: 10.18632/oncotarget.593

55. Hartmann, A, Kunz, M, Kostlin, S, Gillitzer, R, Toksoy, A, Brocker, EB, et al. Hypoxia-Induced Up-Regulation of Angiogenin in Human Malignant Melanoma. Cancer Res (1999) 59(7):1578–83.

56. Semenza, GL. Targeting HIF-1 for Cancer Therapy. Nat Rev Cancer (2003) 3(10):721–32. doi: 10.1038/nrc1187

57. Semenza, GL. HIF-1 and Mechanisms of Hypoxia Sensing. Curr Opin Cell Biol (2001) 13(2):167–71. doi: 10.1016/S0955-0674(00)00194-0

58. Kerbel, RS. Tumor Angiogenesis. N Engl J Med (2008) 358(19):2039–49. doi: 10.1056/NEJMra0706596

59. Nogueira, V, and Hay, N. Molecular Pathways: Reactive Oxygen Species Homeostasis in Cancer Cells and Implications for Cancer Therapy. Clin Cancer Res (2013) 19(16):4309–14. doi: 10.1158/1078-0432.CCR-12-1424

60. Aybastier, O, Dawbaa, S, Demir, C, Akgun, O, Ulukaya, E, and Ari, F. Quantification of DNA Damage Products by Gas Chromatography Tandem Mass Spectrometry in Lung Cell Lines and Prevention Effect of Thyme Antioxidants on Oxidative Induced DNA Damage. Mutat Res (2018) 808:1–9. doi: 10.1016/j.mrfmmm.2018.01.004

61. Diebold, L, and Chandel, NS. Mitochondrial ROS Regulation of Proliferating Cells. Free Radic Biol Med (2016) 100:86–93. doi: 10.1016/j.freeradbiomed.2016.04.198

62. Lee, CM, Genetos, DC, You, Z, and Yellowley, CE. Hypoxia Regulates PGE(2) Release and EP1 Receptor Expression in Osteoblastic Cells. J Cell Physiol (2007) 212(1):182–8. doi: 10.1002/jcp.21017

63. Sullivan, LB, and Chandel, NS. Mitochondrial Reactive Oxygen Species and Cancer. Cancer Metab (2014) 2:17. doi: 10.1186/2049-3002-2-17

64. Lee, JJ, Natsuizaka, M, Ohashi, S, Wong, GS, Takaoka, M, Michaylira, CZ, et al. Hypoxia Activates the Cyclooxygenase-2-Prostaglandin E Synthase Axis. Carcinogenesis (2010) 31(3):427–34. doi: 10.1093/carcin/bgp326

65. Smith, WL. The Eicosanoids and Their Biochemical Mechanisms of Action. Biochem J (1989) 259(2):315–24. doi: 10.1042/bj2590315

66. Funk, CD. Prostaglandins and Leukotrienes: Advances in Eicosanoid Biology. Science (2001) 294(5548):1871–5. doi: 10.1126/science.294.5548.1871

67. Morita, I. Distinct Functions of COX-1 and COX-2. Prostaglandins Other Lipid Mediat (2002) 68-69:165–75. doi: 10.1016/S0090-6980(02)00029-1

68. Reid, G, Wielinga, P, Zelcer, N, van der Heijden, I, Kuil, A, de Haas, M, et al. The Human Multidrug Resistance Protein MRP4 Functions as a Prostaglandin Efflux Transporter and is Inhibited by Nonsteroidal Antiinflammatory Drugs. Proc Natl Acad Sci U S A (2003) 100(16):9244–9. doi: 10.1073/pnas.1033060100

69. Funk, CD, Funk, LB, Kennedy, ME, Pong, AS, and Fitzgerald, GA. Human Platelet/Erythroleukemia Cell Prostaglandin G/H Synthase: cDNA Cloning, Expression, and Gene Chromosomal Assignment. FASEB J (1991) 5(9):2304–12. doi: 10.1096/fasebj.5.9.1907252

70. Tay, A, Squire, JA, Goldberg, H, and Skorecki, K. Assignment of the Human Prostaglandin-Endoperoxide Synthase 2 (PTGS2) Gene to 1q25 by Fluorescence in Situ Hybridization. Genomics (1994) 23(3):718–9. doi: 10.1006/geno.1994.1569

71. Shitashige, M, Morita, I, and Murota, S. Different Substrate Utilization Between Prostaglandin Endoperoxide H Synthase-1 and -2 in NIH3T3 Fibroblasts. Biochim Biophys Acta (1998) 1389(1):57–66. doi: 10.1016/S0005-2760(97)00129-X

72. Tanabe, T, and Tohnai, N. Cyclooxygenase Isozymes and Their Gene Structures and Expression. Prostaglandins Other Lipid Mediat (2002) 68-69:95–114. doi: 10.1016/S0090-6980(02)00024-2

73. Sugimoto, Y, and Narumiya, S. Prostaglandin E Receptors. J Biol Chem (2007) 282(16):11613–7. doi: 10.1074/jbc.R600038200

74. Ogino, N, Miyamoto, T, Yamamoto, S, and Hayaishi, O. Prostaglandin Endoperoxide E Isomerase From Bovine Vesicular Gland Microsomes, a Glutathione-Requiring Enzyme. J Biol Chem (1977) 252(3):890–5. doi: 10.1016/S0021-9258(19)75182-5

75. Jakobsson, PJ, Thoren, S, Morgenstern, R, and Samuelsson, B. Identification of Human Prostaglandin E Synthase: A Microsomal, Glutathione-Dependent, Inducible Enzyme, Constituting a Potential Novel Drug Target. Proc Natl Acad Sci US A (1999) 96(13):7220–5. doi: 10.1073/pnas.96.13.7220

76. Forsberg, L, Leeb, L, Thoren, S, Morgenstern, R, and Jakobsson, P. Human Glutathione Dependent Prostaglandin E Synthase: Gene Structure and Regulation. FEBS Lett (2000) 471(1):78–82. doi: 10.1016/S0014-5793(00)01367-3

77. Menter, DG, and Dubois, RN. Prostaglandins in Cancer Cell Adhesion, Migration, and Invasion. Int J Cell Biol (2012) 2012:723419. doi: 10.1155/2012/723419

78. Ramanan, M, Pilli, VS, Aradhyam, GK, and Doble, M. Transcriptional Regulation of Microsomal Prostaglandin E Synthase 1 by the Proto-Oncogene, C-Myc, in the Pathogenesis of Inflammation and Cancer. Biochem Biophys Res Commun (2017) 482(4):556–62. doi: 10.1016/j.bbrc.2016.11.073

79. Ruan, D, and So, SP. Prostaglandin E2 Produced by Inducible COX-2 and mPGES-1 Promoting Cancer Cell Proliferation In Vitro and In Vivo. Life Sci (2014) 116(1):43–50. doi: 10.1016/j.lfs.2014.07.042

80. Alcolea, S, Anton, R, Camacho, M, Soler, M, Alfranca, A, Aviles-Jurado, FX, et al. Interaction Between Head and Neck Squamous Cell Carcinoma Cells and Fibroblasts in the Biosynthesis of PGE2. J Lipid Res (2012) 53(4):630–42. doi: 10.1194/jlr.M019695

81. Cohen, EG, Almahmeed, T, Du, B, Golijanin, D, Boyle, JO, Soslow, RA, et al. Microsomal Prostaglandin E Synthase-1 is Overexpressed in Head and Neck Squamous Cell Carcinoma. Clin Cancer Res (2003) 9(9):3425–30.

82. Kawata, R, Hyo, S, Araki, M, and Takenaka, H. Expression of Cyclooxygenase-2 and Microsomal Prostagalandin E Synthase-1 in Head and Neck Squamous Cell Carcinoma. Auris Nasus Larynx (2010) 37(4):482–7. doi: 10.1016/j.anl.2009.11.009

83. Kekatpure, VD, Singh, M, Selvam, S, Shetkar, G, Hedne, NC, Trivedi, NP, et al. Factors Predicting Outcome After Salvage Treatment for Stage IV Oral Squamous Cell Carcinoma: Evidence of the Potential Importance of the Cyclooxygenase-2-Prostaglandin E2 Pathway. Head Neck (2015) 37(8):1142–9. doi: 10.1002/hed.23721

84. Siljehav, V, Olsson Hofstetter, A, Jakobsson, PJ, and Herlenius, E. mPGES-1 and Prostaglandin E2: Vital Role in Inflammation, Hypoxic Response, and Survival. Pediatr Res (2012) 72(5):460–7. doi: 10.1038/pr.2012.119

85. Xue, X, and Shah, YM. Hypoxia-Inducible Factor-2α is Essential in Activating the COX2/mPGES-1/PGE2 Signaling Axis in Colon Cancer. Carcinogenesis (2013) 34(1):163–9. doi: 10.1093/carcin/bgs313

86. Grimmer, C, Pfander, D, Swoboda, B, Aigner, T, Mueller, L, Hennig, FF, et al. Hypoxia-Inducible Factor 1α is Involved in the Prostaglandin Metabolism of Osteoarthritic Cartilage Through Up-Regulation of Microsomal Prostaglandin E Synthase 1 in Articular Chondrocytes. Arthritis Rheum  (2007) 56(12):4084–94. doi: 10.1002/art.23136

87. Murakami, M, Nakashima, K, Kamei, D, Masuda, S, Ishikawa, Y, Ishii, T, et al. Cellular Prostaglandin E2 Production by Membrane-Bound Prostaglandin E Synthase-2 Via Both Cyclooxygenases-1 and -2. J Biol Chem (2003) 278(39):37937–47. doi: 10.1074/jbc.M305108200

88. Camacho, M, Leon, X, Fernandez-Figueras, MT, Quer, M, and Vila, L. Prostaglandin E(2) Pathway in Head and Neck Squamous Cell Carcinoma. Head Neck (2008) 30(9):1175–81. doi: 10.1002/hed.20850

89. Tanioka, T, Nakatani, Y, Semmyo, N, Murakami, M, and Kudo, I. Molecular Identification of Cytosolic Prostaglandin E2 Synthase That is Functionally Coupled With Cyclooxygenase-1 in Immediate Prostaglandin E2 Biosynthesis. J Biol Chem (2000) 275(42):32775–82. doi: 10.1074/jbc.M003504200

90. Yan, M, Rerko, RM, Platzer, P, Dawson, D, Willis, J, Tong, M, et al. 15-Hydroxyprostaglandin Dehydrogenase, a COX-2 Oncogene Antagonist, is a TGF-beta-induced Suppressor of Human Gastrointestinal Cancers. Proc Natl Acad Sci U S A (2004) 101(50):17468–73. doi: 10.1073/pnas.0406142101

91. St John, MA, Wang, G, Luo, J, Dohadwala, M, Hu, D, Lin, Y, et al. Apricoxib Upregulates 15-PGDH and PGT in Tobacco-Related Epithelial Malignancies. Br J Cancer (2012) 107(4):707–12. doi: 10.1038/bjc.2012.203

92. He, Q, Chen, Z, Dong, Q, Zhang, L, Chen, D, Patel, A, et al. MicroRNA-21 Regulates Prostaglandin E2 Signaling Pathway by Targeting 15-Hydroxyprostaglandin Dehydrogenase in Tongue Squamous Cell Carcinoma. BMC Cancer (2016) 16(1):685. doi: 10.1186/s12885-016-2716-0

93. Li, Y, Li, S, Sun, D, Song, L, and Liu, X. Expression of 15-Hydroxyprostaglandin Dehydrogenase and Cyclooxygenase-2 in non-Small Cell Lung Cancer: Correlations With Angiogenesis and Prognosis. Oncol Lett (2014) 8(4):1589–94. doi: 10.3892/ol.2014.2371

94. Huang, G, Eisenberg, R, Yan, M, Monti, S, Lawrence, E, Fu, P, et al. 15-Hydroxyprostaglandin Dehydrogenase is a Target of Hepatocyte Nuclear Factor 3beta and a Tumor Suppressor in Lung Cancer. Cancer Res (2008) 68(13):5040–8. doi: 10.1158/0008-5472.CAN-07-6575

95. Moore, AE, Greenhough, A, Roberts, HR, Hicks, DJ, Patsos, HA, Williams, AC, et al. HGF/Met Signalling Promotes PGE(2) Biogenesis Via Regulation of COX-2 and 15-PGDH Expression in Colorectal Cancer Cells. Carcinogenesis (2009) 30(10):1796–804. doi: 10.1093/carcin/bgp183

96. O'Callaghan, G, and Houston, A. Prostaglandin E2 and the EP Receptors in Malignancy: Possible Therapeutic Targets? Br J Pharmacol (2015) 172(22):5239–50. doi: 10.1111/bph.13331

97. Moriyama, T, Higashi, T, Togashi, K, Iida, T, Segi, E, Sugimoto, Y, et al. Sensitization of TRPV1 by EP1 and IP Reveals Peripheral Nociceptive Mechanism of Prostaglandins. Mol Pain (2005) 1:3. doi: 10.1186/1744-8069-1-3

98. Yang, SF, Chen, MK, Hsieh, YS, Chung, TT, Hsieh, YH, Lin, CW, et al. Prostaglandin E2/EP1 Signaling Pathway Enhances Intercellular Adhesion Molecule 1 (ICAM-1) Expression and Cell Motility in Oral Cancer Cells. J Biol Chem (2010) 285(39):29808–16. doi: 10.1074/jbc.M110.108183

99. Makita, H, Mutoh, M, Maruyama, T, Yonemoto, K, Kobayashi, A, Fujitsuka, H, et al. A Prostaglandin E2 Receptor Subtype EP1-selective Antagonist, ONO-8711, Suppresses 4-Nitroquinoline 1-Oxide-Induced Rat Tongue Carcinogenesis. Carcinogenesis (2007) 28(3):677–84. doi: 10.1093/carcin/bgl178

100. Miyamoto, S, Yasui, Y, Kim, M, Sugie, S, Murakami, A, Ishigamori-Suzuki, R, et al. A Novel rasH2 Mouse Carcinogenesis Model That is Highly Susceptible to 4-NQO-induced Tongue and Esophageal Carcinogenesis is Useful for Preclinical Chemoprevention Studies. Carcinogenesis (2008) 29(2):418–26. doi: 10.1093/carcin/bgm225

101. Hoshikawa, H, Goto, R, Mori, T, Mitani, T, and Mori, N. Expression of Prostaglandin E2 Receptors in Oral Squamous Cell Carcinomas and Growth Inhibitory Effects of an EP3 Selective Antagonist, ONO-AE3-240. Int J Oncol (2009) 34(3):847–52. doi: 10.3892/ijo_00000211

102. Abrahao, AC, Castilho, RM, Squarize, CH, Molinolo, AA, dos Santos-Pinto, D, and Gutkind, JS. A Role for COX2-derived PGE2 and PGE2-receptor Subtypes in Head and Neck Squamous Carcinoma Cell Proliferation. Oral Oncol (2010) 46(12):880–7. doi: 10.1016/j.oraloncology.2010.09.005

103. Chang, SH, Ai, Y, Breyer, RM, Lane, TF, and Hla, T. The Prostaglandin E2 Receptor EP2 is Required for Cyclooxygenase 2-Mediated Mammary Hyperplasia. Cancer Res (2005) 65(11):4496–9. doi: 10.1158/0008-5472.CAN-05-0129

104. Aronoff, DM, Canetti, C, and Peters-Golden, M. Prostaglandin E2 Inhibits Alveolar Macrophage Phagocytosis Through an E-prostanoid 2 Receptor-Mediated Increase in Intracellular Cyclic AMP. J Immunol (2004) 173(1):559–65. doi: 10.4049/jimmunol.173.1.559

105. Nataraj, C, Thomas, DW, Tilley, SL, Nguyen, MT, Mannon, R, Koller, BH, et al. Receptors for Prostaglandin E(2) That Regulate Cellular Immune Responses in the Mouse. J Clin Invest (2001) 108(8):1229–35. doi: 10.1172/JCI200113640

106. Yang, L, Yamagata, N, Yadav, R, Brandon, S, Courtney, RL, Morrow, JD, et al. Cancer-Associated Immunodeficiency and Dendritic Cell Abnormalities Mediated by the Prostaglandin EP2 Receptor. J Clin Invest (2003) 111(5):727–35. doi: 10.1172/JCI16492

107. Li, H, Chen, HY, Liu, WX, Jia, XX, Zhang, JG, Ma, CL, et al. Prostaglandin E2 Restrains Human Treg Cell Differentiation Via E Prostanoid Receptor 2-Protein Kinase A Signaling. Immunol Lett (2017) 191:63–72. doi: 10.1016/j.imlet.2017.09.009

108. Kamiyama, M, Pozzi, A, Yang, L, DeBusk, LM, Breyer, RM, and Lin, PC. EP2, a Receptor for PGE2, Regulates Tumor Angiogenesis Through Direct Effects on Endothelial Cell Motility and Survival. Oncogene (2006) 25(53):7019–28. doi: 10.1038/sj.onc.1209694

109. Kunikata, T, Yamane, H, Segi, E, Matsuoka, T, Sugimoto, Y, Tanaka, S, et al. Suppression of Allergic Inflammation by the Prostaglandin E Receptor Subtype EP3. Nat Immunol (2005) 6(5):524–31. doi: 10.1038/ni1188

110. Hosono, K, Isonaka, R, Kawakami, T, Narumiya, S, and Majima, M. Signaling of Prostaglandin E Receptors, EP3 and EP4 Facilitates Wound Healing and Lymphangiogenesis With Enhanced Recruitment of M2 Macrophages in Mice. PLoS One (2016) 11(10):e0162532. doi: 10.1371/journal.pone.0162532

111. Sung, YM, He, G, and Fischer, SM. Lack of Expression of the EP2 But Not EP3 Receptor for Prostaglandin E2 Results in Suppression of Skin Tumor Development. Cancer Res (2005) 65(20):9304–11. doi: 10.1158/0008-5472.CAN-05-1015

112. Rundhaug, JE, Simper, MS, Surh, I, and Fischer, SM. The Role of the EP Receptors for Prostaglandin E2 in Skin and Skin Cancer. Cancer Metastasis Rev (2011) 30(3-4):465–80. doi: 10.1007/s10555-011-9317-9

113. Shoji, Y, Takahashi, M, Takasuka, N, Niho, N, Kitamura, T, Sato, H, et al. Prostaglandin E Receptor EP3 Deficiency Modifies Tumor Outcome in Mouse Two-Stage Skin Carcinogenesis. Carcinogenesis (2005) 26(12):2116–22. doi: 10.1093/carcin/bgi193

114. Kashif, M, Ishfaq, M, and Nagi, AH. Expression of Prostanoid Ep3 Receptors in Oral Squamous Epithelium and Oral Squamous Cell Carcinoma. Patholog Res Int (2015) 2015:602929. doi: 10.1155/2015/602929

115. Yoshida, K, Oida, H, Kobayashi, T, Maruyama, T, Tanaka, M, Katayama, T, et al. Stimulation of Bone Formation and Prevention of Bone Loss by Prostaglandin E EP4 Receptor Activation. Proc Natl Acad Sci U S A (2002) 99(7):4580–5. doi: 10.1073/pnas.062053399

116. Kabashima, K, Saji, T, Murata, T, Nagamachi, M, Matsuoka, T, Segi, E, et al. The Prostaglandin Receptor EP4 Suppresses Colitis, Mucosal Damage and CD4 Cell Activation in the Gut. J Clin Invest (2002) 109(7):883–93. doi: 10.1172/JCI0214459

117. Li, X, Yang, B, Han, G, and Li, W. The EP4 Antagonist, L-161,982, Induces Apoptosis, Cell Cycle Arrest, and Inhibits Prostaglandin E2-induced Proliferation in Oral Squamous Carcinoma Tca8113 Cells. J Oral Pathol Med (2017) 46(10):991–7. doi: 10.1111/jop.12572

118. Osawa, K, Umemura, M, Nakakaji, R, Tanaka, R, Islam, RM, Nagasako, A, et al. Prostaglandin E2 Receptor EP4 Regulates Cell Migration Through Orai1. Cancer Sci (2020) 111(1):160–74. doi: 10.1111/cas.14247

119. Sies, H. Oxidative Stress: A Concept in Redox Biology and Medicine. Redox Biol (2015) 4:180–3. doi: 10.1016/j.redox.2015.01.002

120. Poillet-Perez, L, Despouy, G, Delage-Mourroux, R, and Boyer-Guittaut, M. Interplay Between ROS and Autophagy in Cancer Cells, From Tumor Initiation to Cancer Therapy. Redox Biol (2015) 4:184–92. doi: 10.1016/j.redox.2014.12.003

121. Gough, DR, and Cotter, TG. Hydrogen Peroxide: A Jekyll and Hyde Signalling Molecule. Cell Death Dis (2011) 2:e213. doi: 10.1038/cddis.2011.96

122. Wang, PW, Chen, ML, Huang, LW, Yang, W, Wu, KY, and Huang, YF. Prenatal Nonylphenol Exposure, Oxidative and Nitrative Stress, and Birth Outcomes: A Cohort Study in Taiwan. Environ Pollut (2015) 207:145–51. doi: 10.1016/j.envpol.2015.08.044

123. Kelly, BD, Hackett, SF, Hirota, K, Oshima, Y, Cai, Z, Berg-Dixon, S, et al. Cell Type-Specific Regulation of Angiogenic Growth Factor Gene Expression and Induction of Angiogenesis in Nonischemic Tissue by a Constitutively Active Form of Hypoxia-Inducible Factor 1. Circ Res (2003) 93(11):1074–81. doi: 10.1161/01.RES.0000102937.50486.1B

124. Anastasiou, D, Poulogiannis, G, Asara, JM, Boxer, MB, Jiang, JK, Shen, M, et al. Inhibition of Pyruvate Kinase M2 by Reactive Oxygen Species Contributes to Cellular Antioxidant Responses. Science (2011) 334(6060):1278–83. doi: 10.1126/science.1211485

125. Hu, YP, Peng, YB, Zhang, YF, Wang, Y, Yu, WR, Yao, M, et al. Reactive Oxygen Species Mediated Prostaglandin E2 Contributes to Acute Response of Epithelial Injury. Oxid Med Cell Longev (2017) 2017:4123854. doi: 10.1155/2017/4123854

126. Li, S, Lee, YA, Li, Q, Chen, CJ, Hsu, WL, Lou, PJ, et al. Oral Lesions, Chronic Diseases and the Risk of Head and Neck Cancer. Oral Oncol (2015) 51:1082–7. doi: 10.1016/j.oraloncology.2015.10.014

127. Da Silva, FR, Erdtmann, B, Dalpiaz, T, Nunes, E, Da Rosa, DP, Porawski, M, et al. Effects of Dermal Exposure to Nicotiana Tabacum (Jean Nicot, 1560) Leaves in Mouse Evaluated by Multiple Methods and Tissues. J Agric Food Chem (2010) 58(17):9868–74. doi: 10.1021/jf101477z

128. Guttikonda, VR, Patil, R, and Kumar, G. DNA Damage in Peripheral Blood Leukocytes in Tobacco Users. J Oral Maxillofac Pathol (2014) 18(Suppl 1):S16–20. doi: 10.4103/0973-029X.141329

129. Szymonik-Lesiuk, S, Czechowska, G, Stryjecka-Zimmer, M, Slomka, M, Madro, A, Celinski, K, et al. Catalase, Superoxide Dismutase, and Glutathione Peroxidase Activities in Various Rat Tissues After Carbon Tetrachloride Intoxication. J Hepatobiliary Pancreat Surg (2003) 10(4):309–15. doi: 10.1007/s00534-002-0824-5

130. Szade, A, Grochot-Przeczek, A, Florczyk, U, Jozkowicz, A, and Dulak, J. Cellular and Molecular Mechanisms of Inflammation-Induced Angiogenesis. IUBMB Life (2015) 67(3):145–59. doi: 10.1002/iub.1358

131. Wang, T, Zhang, X, and Li, JJ. The Role of NF-kappaB in the Regulation of Cell Stress Responses. Int Immunopharmacol (2002) 2(11):1509–20. doi: 10.1016/S1567-5769(02)00058-9

132. Chen, AC, Arany, PR, Huang, YY, Tomkinson, EM, Sharma, SK, Kharkwal, GB, et al. Low-Level Laser Therapy Activates NF-kB Via Generation of Reactive Oxygen Species in Mouse Embryonic Fibroblasts. PLoS One (2011) 6(7):e22453. doi: 10.1371/journal.pone.0022453

133. Li, F, Zhang, J, Arfuso, F, Chinnathambi, A, Zayed, ME, Alharbi, SA, et al. NF-Kappab in Cancer Therapy. Arch Toxicol (2015) 89(5):711–31. doi: 10.1007/s00204-015-1470-4

134. Tam, SY, Wu, VWC, and Law, HKW. Hypoxia-Induced Epithelial-Mesenchymal Transition in Cancers: Hif-1α and Beyond. Front Oncol (2020) 10:776–84. doi: 10.3389/fonc.2020.00486

135. Kaneko, T, Dehari, H, Sasaki, T, Igarashi, T, Ogi, K, Okamoto, JY, et al. Hypoxia-Induced Epithelial-Mesenchymal Transition is Regulated by Phosphorylation of GSK3-beta Via PI3 K/Akt Signaling in Oral Squamous Cell Carcinoma. Oral Surg Oral Med Oral Pathol Oral Radiol (2016) 122(6):719–30. doi: 10.1016/j.oooo.2016.06.008

136. Domingos, PLB, Souza, MG, Guimaraes, TA, Santos, ES, Farias, LC, de Carvalho Fraga, CA, et al. Hypoxia Reduces the E-cadherin Expression and Increases OSCC Cell Migration Regardless of the E-cadherin Methylation Profile. Pathol Res Pract (2017) 213(5):496–501. doi: 10.1016/j.prp.2017.02.003

137. Lee, LT, Wong, YK, Chan, MY, Chang, KW, Chen, SC, Chang, CT, et al. The Correlation Between HIF-1 Alpha and VEGF in Oral Squamous Cell Carcinomas: Expression Patterns and Quantitative Immunohistochemical Analysis. J Chin Med Assoc (2018) 81(4):370–5. doi: 10.1016/j.jcma.2017.06.025

138. Li, JN, Feng, ZE, Wang, L, Wang, YX, and Guo, CB. Expression of Hypoxia-Inducible Factor 1alpha is Associated With Lymph Node Metastasis in Oral Squamous Cell Carcinoma. Beijing Da Xue Xue Bao Yi Xue Ban (2018) 50(1):26–32.

139. Tang, RH, Tng, E, Law, SK, and Tan, SM. Epitope Mapping of Monoclonal Antibody to Integrin Alphal Beta2 Hybrid Domain Suggests Different Requirements of Affinity States for Intercellular Adhesion Molecules (ICAM)-1 and ICAM-3 Binding. J Biol Chem (2005) 280(32):29208–16. doi: 10.1074/jbc.M503239200

140. Huang, CM, Yan, TL, Xu, Z, Wang, M, Zhou, XC, Jiang, EH, et al. Hypoxia Enhances Fusion of Oral Squamous Carcinoma Cells and Epithelial Cells Partly Via the Epithelial-Mesenchymal Transition of Epithelial Cells. BioMed Res Int (2018) 2018:5015203. doi: 10.1155/2018/5015203

141. Harada, K, Ferdous, T, Harada, T, and Ueyama, Y. Metformin in Combination With 5-Fluorouracil Suppresses Tumor Growth by Inhibiting the Warburg Effect in Human Oral Squamous Cell Carcinoma. Int J Oncol (2016) 49(1):276–84. doi: 10.3892/ijo.2016.3523

142. Verma, A, Rich, LJ, Vincent-Chong, VK, and Seshadri, M. Visualizing the Effects of Metformin on Tumor Growth, Vascularity, and Metabolism in Head and Neck Cancer. J Oral Pathol Med (2018) 47(5):484–91. doi: 10.1111/jop.12705

143. Guimaraes, TA, Farias, LC, Santos, ES, de Carvalho Fraga, CA, Orsini, LA, de Freitas Teles, L, et al. Metformin Increases PDH and Suppresses HIF-1alpha Under Hypoxic Conditions and Induces Cell Death in Oral Squamous Cell Carcinoma. Oncotarget (2016) 7(34):55057–68. doi: 10.18632/oncotarget.10842

144. Toyoshima, T, Kamijo, R, Takizawa, K, Sumitani, K, Ito, D, and Nagumo, M. Inhibitor of Cyclooxygenase-2 Induces Cell-Cycle Arrest in the Epithelial Cancer Cell Line Via Up-Regulation of Cyclin Dependent Kinase Inhibitor P21. Br J Cancer (2002) 86(7):1150–6. doi: 10.1038/sj.bjc.6600183

145. Sumitani, K, Kamijo, R, Toyoshima, T, Nakanishi, Y, Takizawa, K, Hatori, M, et al. Specific Inhibition of Cyclooxygenase-2 Results in Inhibition of Proliferation of Oral Cancer Cell Lines Via Suppression of Prostaglandin E2 Production. J Oral Pathol Med (2001) 30(1):41–7. doi: 10.1034/j.1600-0714.2001.300107.x

146. Aggarwal, S, and Das, SN. Garcinol Inhibits Tumour Cell Proliferation, Angiogenesis, Cell Cycle Progression and Induces Apoptosis Via NF-kappaB Inhibition in Oral Cancer. Tumour Biol (2016) 37(6):7175–84. doi: 10.1007/s13277-015-4583-8

147. Cao, J, Guo, T, Dong, Q, Zhang, J, and Li, Y. miR-26b is Downregulated in Human Tongue Squamous Cell Carcinoma and Regulates Cell Proliferation and Metastasis Through a COX-2-dependent Mechanism. Oncol Rep (2015) 33(2):974–80. doi: 10.3892/or.2014.3648

148. Shah, JP, and Gil, Z. Current Concepts in Management of Oral Cancer Surgery. Oral Oncol (2009) 45(4-5):394–401. doi: 10.1016/j.oraloncology.2008.05.017

149. Bonner, JA, Harari, PM, Giralt, J, Azarnia, N, Shin, DM, Cohen, RB, et al. Radiotherapy Plus Cetuximab for Squamous-Cell Carcinoma of the Head and Neck. N Engl J Med (2006) 354(6):567–78. doi: 10.1056/NEJMoa053422

150. Perry, A, Lee, SH, Cotton, S, and Kennedy, C. Therapeutic Exercises for Affecting Post-Treatment Swallowing in People Treated for Advanced-Stage Head and Neck Cancers. Cochrane Database Syst Rev (2016) 8:CD011112. doi: 10.1002/14651858.CD011112.pub2

151. Platteaux, N, Dirix, P, Dejaeger, E, and Nuyts, S. Dysphagia in Head and Neck Cancer Patients Treated With Chemoradiotherapy. Dysphagia (2010) 25(2):139–52. doi: 10.1007/s00455-009-9247-7

152. Rogus-Pulia, NM, Larson, C, Mittal, BB, Pierce, M, Zecker, S, Kennelty, K, et al. Effects of Change in Tongue Pressure and Salivary Flow Rate on Swallow Efficiency Following Chemoradiation Treatment for Head and Neck Cancer. Dysphagia (2016) 31(5):687–96. doi: 10.1007/s00455-016-9733-7

153. Shune, SE, Karnell, LH, Karnell, MP, Van Daele, DJ, and Funk, GF. Association Between Severity of Dysphagia and Survival in Patients With Head and Neck Cancer. Head Neck (2012) 34(6):776–84. doi: 10.1002/hed.21819

154. Sahu, N, and Grandis, JR. New Advances in Molecular Approaches to Head and Neck Squamous Cell Carcinoma. Anticancer Drugs (2011) 22(7):656–64. doi: 10.1097/CAD.0b013e32834249ba

155. Jing, X, Yang, F, Shao, C, Wei, K, Xie, M, Shen, H, et al. Role of hypoxia in cancer therapy by regulating the tumor microenvironment. Mol Cancer (2019) 18:157. doi: 10.1186/s12943-019-1089-9

156. Ogawa, K, Boucher, Y, Kashiwagi, S, Fukumura, D, Chen, D, and Gerweck, LE. Influence of Tumor Cell and Stroma Sensitivity on Tumor Response to Radiation. Cancer Res (2007) 67(9):4016–21. doi: 10.1158/0008-5472.CAN-06-4498

157. Garcia-Barros, M, Paris, F, Cordon-Cardo, C, Lyden, D, Rafii, S, Haimovitz-Friedman, A, et al. Tumor Response to Radiotherapy Regulated by Endothelial Cell Apoptosis. Science (2003) 300(5622):1155–9. doi: 10.1126/science.1082504

158. Karar, J, and Maity, A. Modulating the Tumor Microenvironment to Increase Radiation Responsiveness. Cancer Biol Ther (2009) 8(21):1994–2001. doi: 10.4161/cbt.8.21.9988

159. Vaupel, P. Tumor Microenvironmental Physiology and its Implications for Radiation Oncology. Semin Radiat Oncol (2004) 14(3):198–206. doi: 10.1016/j.semradonc.2004.04.008

160. Stubbs, M, McSheehy, PM, Griffiths, JR, and Bashford, CL. Causes and Consequences of Tumour Acidity and Implications for Treatment. Mol Med Today (2000) 6(1):15–9. doi: 10.1016/S1357-4310(99)01615-9

161. Yuan, J, Narayanan, L, Rockwell, S, and Glazer, PM. Diminished DNA Repair and Elevated Mutagenesis in Mammalian Cells Exposed to Hypoxia and Low Ph. Cancer Res (2000) 60(16):4372–6.

162. Tonissi, F, Lattanzio, L, Astesana, V, Cavicchioli, F, Ghiglia, A, Monteverde, M, et al. Reoxygenation Reverses Hypoxia-Related Radioresistance in Head and Neck Cancer Cell Lines. Anticancer Res (2016) 36(5):2211–5.

163. Gorski, DH, Beckett, MA, Jaskowiak, NT, Calvin, DP, Mauceri, HJ, Salloum, RM, et al. Blockage of the Vascular Endothelial Growth Factor Stress Response Increases the Antitumor Effects of Ionizing Radiation. Cancer Res (1999) 59(14):3374–8.

164. Brieger, J, Kattwinkel, J, Berres, M, Gosepath, J, and Mann, WJ. Impact of Vascular Endothelial Growth Factor Release on Radiation Resistance. Oncol Rep (2007) 18(6):1597–601. doi: 10.3892/or.18.6.1597

165. Nagy, JA, Benjamin, L, Zeng, H, Dvorak, AM, and Dvorak, HF. Vascular Permeability, Vascular Hyperpermeability and Angiogenesis. Angiogenesis (2008) 11(2):109–19. doi: 10.1007/s10456-008-9099-z

166. Harada, H, Inoue, M, Itasaka, S, Hirota, K, Morinibu, A, Shinomiya, K, et al. Cancer Cells That Survive Radiation Therapy Acquire HIF-1 Activity and Translocate Towards Tumour Blood Vessels. Nat Commun (2012) 3:783. doi: 10.1038/ncomms1786

167. Polet, F, and Feron, O. Endothelial Cell Metabolism and Tumour Angiogenesis: Glucose and Glutamine as Essential Fuels and Lactate as the Driving Force. J Intern Med (2013) 273(2):156–65. doi: 10.1111/joim.12016

168. Paez-Ribes, M, Allen, E, Hudock, J, Takeda, T, Okuyama, H, Vinals, F, et al. Antiangiogenic Therapy Elicits Malignant Progression of Tumors to Increased Local Invasion and Distant Metastasis. Cancer Cell (2009) 15(3):220–31. doi: 10.1016/j.ccr.2009.01.027

169. Choong, NW, Kozloff, M, Taber, D, Hu, HS, Wade, J, Ivy, P, et al. Phase II Study of Sunitinib Malate in Head and Neck Squamous Cell Carcinoma. Invest New Drugs (2010) 28(5):677–83. doi: 10.1007/s10637-009-9296-7

170. Fury, MG, Zahalsky, A, Wong, R, Venkatraman, E, Lis, E, Hann, L, et al. A Phase II Study of SU5416 in Patients With Advanced or Recurrent Head and Neck Cancers. Invest New Drugs (2007) 25(2):165–72. doi: 10.1007/s10637-006-9011-x

171. Myoung, H, Hong, SD, Kim, YY, Hong, SP, and Kim, MJ. Evaluation of the Anti-Tumor and Anti-Angiogenic Effect of Paclitaxel and Thalidomide on the Xenotransplanted Oral Squamous Cell Carcinoma. Cancer Lett (2001) 163(2):191–200. doi: 10.1016/S0304-3835(00)00701-1

172. Yoo, DS, Kirkpatrick, JP, Craciunescu, O, Broadwater, G, Peterson, BL, Carroll, MD, et al. Prospective Trial of Synchronous Bevacizumab, Erlotinib, and Concurrent Chemoradiation in Locally Advanced Head and Neck Cancer. Clin Cancer Res (2012) 18(5):1404–14. doi: 10.1158/1078-0432.CCR-11-1982

173. Hsu, HW, Wall, NR, Hsueh, CT, Kim, S, Ferris, RL, Chen, CS, et al. Combination Antiangiogenic Therapy and Radiation in Head and Neck Cancers. Oral Oncol (2014) 50(1):19–26. doi: 10.1016/j.oraloncology.2013.10.003

174. Lee, CG, Heijn, M, di Tomaso, E, Griffon-Etienne, G, Ancukiewicz, M, Koike, C, et al. Anti-Vascular Endothelial Growth Factor Treatment Augments Tumor Radiation Response Under Normoxic or Hypoxic Conditions. Cancer Res (2000) 60(19):5565–70.

175. Scappaticci, FA. Mechanisms and Future Directions for Angiogenesis-Based Cancer Therapies. J Clin Oncol (2002) 20(18):3906–27. doi: 10.1200/JCO.2002.01.033

176. Semenza, GL. Regulation of Cancer Cell Metabolism by Hypoxia-Inducible Factor 1. Semin Cancer Biol (2009) 19(1):12–6. doi: 10.1016/j.semcancer.2008.11.009

177. Leung, E, Cairns, RA, Chaudary, N, Vellanki, RN, Kalliomaki, T, Moriyama, EH, et al. Metabolic Targeting of HIF-dependent Glycolysis Reduces Lactate, Increases Oxygen Consumption and Enhances Response to High-Dose Single-Fraction Radiotherapy in Hypoxic Solid Tumors. BMC Cancer (2017) 17(1):418. doi: 10.1186/s12885-017-3402-6

178. Brizel, DM, Schroeder, T, Scher, RL, Walenta, S, Clough, RW, Dewhirst, MW, et al. Elevated Tumor Lactate Concentrations Predict for an Increased Risk of Metastases in Head-and-Neck Cancer. Int J Radiat Oncol Biol Phys (2001) 51(2):349–53. doi: 10.1016/S0360-3016(01)01630-3

179. Martin-Castillo, B, Vazquez-Martin, A, Oliveras-Ferraros, C, and Menendez, JA. Metformin and Cancer: Doses, Mechanisms and the Dandelion and Hormetic Phenomena. Cell Cycle (2010) 9(6):1057–64. doi: 10.4161/cc.9.6.10994

180. Xuan, Y, and Wang, YN. Hypoxia/IL-1alpha Axis Promotes Gastric Cancer Progression and Drug Resistance. J Dig Dis (2017) 18(9):511–20. doi: 10.1111/1751-2980.12496

181. Huang, M, Wang, L, Chen, J, Bai, M, Zhou, C, Liu, S, et al. Regulation of COX-2 Expression and Epithelial-to-Mesenchymal Transition by Hypoxia-Inducible factor-1alpha is Associated With Poor Prognosis in Hepatocellular Carcinoma Patients Post TACE Surgery. Int J Oncol (2016) 48(5):2144–54. doi: 10.3892/ijo.2016.3421

182. Muraki, C, Ohga, N, Hida, Y, Nishihara, H, Kato, Y, Tsuchiya, K, et al. Cyclooxygenase-2 Inhibition Causes Antiangiogenic Effects on Tumor Endothelial and Vascular Progenitor Cells. Int J Cancer (2012) 130(1):59–70. doi: 10.1002/ijc.25976

183. Wang, Z, Fuentes, CF, and Shapshay, SM. Antiangiogenic and Chemopreventive Activities of Celecoxib in Oral Carcinoma Cell. Laryngoscope (2002) 112(5):839–43. doi: 10.1097/00005537-200205000-00012

184. Kim YY, S, Lee EJ, S, Kim YK, S, Kim SM, S, Park JY, N, Myoung H, S, et al. Anti-Cancer Effects of Celecoxib in Head and Neck Carcinoma. Mol Cells (2010) 29:185–94. doi: 10.1007/s10059-010-0026-y

185. Denis, MC, Desjardins, Y, Furtos, A, Marcil, V, Dudonne, S, Montoudis, A, et al. Prevention of Oxidative Stress, Inflammation and Mitochondrial Dysfunction in the Intestine by Different Cranberry Phenolic Fractions. Clin Sci (Lond) (2015) 128(3):197–212. doi: 10.1042/CS20140210

186. Huang, Y, Nikolic, D, Pendland, S, Doyle, BJ, Locklear, TD, and Mahady, GB. Effects of Cranberry Extracts and Ursolic Acid Derivatives on P-fimbriated Escherichia Coli, COX-2 Activity, Pro-Inflammatory Cytokine Release and the NF-kappabeta Transcriptional Response In Vitro. Pharm Biol (2009) 47(1):18–25. doi: 10.1080/13880200802397996

187. Katsargyris, A, Tampaki, EC, Giaginis, C, and Theocharis, S. Cranberry as Promising Natural Source of Potential Anticancer Agents: Current Evidence and Future Perspectives. Anticancer Agents Med Chem (2012) 12(6):619–30. doi: 10.2174/187152012800617669

188. Seeram, NP, Adams, LS, Hardy, ML, and Heber, D. Total Cranberry Extract Versus its Phytochemical Constituents: Antiproliferative and Synergistic Effects Against Human Tumor Cell Lines. J Agric Food Chem (2004) 52(9):2512–7. doi: 10.1021/jf0352778

189. Seeram, NP, Adams, LS, Zhang, Y, Lee, R, Sand, D, Scheuller, HS, et al. Blackberry, Black Raspberry, Blueberry, Cranberry, Red Raspberry, and Strawberry Extracts Inhibit Growth and Stimulate Apoptosis of Human Cancer Cells In Vitro. J Agric Food Chem (2006) 54(25):9329–39. doi: 10.1021/jf061750g

190. Chatelain, K, Phippen, S, McCabe, J, Teeters, CA, O'Malley, S, and Kingsley, K. Cranberry and Grape Seed Extracts Inhibit the Proliferative Phenotype of Oral Squamous Cell Carcinomas. Evid Based Complement Alternat Med (2011) 2011:467691. doi: 10.1093/ecam/nen047

191. Nair, AR, Mariappan, N, Stull, AJ, and Francis, J. Blueberry Supplementation Attenuates Oxidative Stress Within Monocytes and Modulates Immune Cell Levels in Adults With Metabolic Syndrome: A Randomized, Double-Blind, Placebo-Controlled Trial. Food Funct (2017) 8(11):4118–28. doi: 10.1039/C7FO00815E

192. Baba, AB, Kowshik, J, Krishnaraj, J, Sophia, J, Dixit, M, and Nagini, S. Blueberry Inhibits Invasion and Angiogenesis in 7,12-Dimethylbenz[a]Anthracene (DMBA)-Induced Oral Squamous Cell Carcinogenesis in Hamsters Via Suppression of TGF-beta and NF-kappaB Signaling Pathways. J Nutr Biochem (2016) 35:37–47. doi: 10.1016/j.jnutbio.2016.06.002

193. Hwang-Bo, J, Bae, MG, Park, JH, and Chung, IS. 3-O-Acetyloleanolic Acid Inhibits VEGF-A-induced Lymphangiogenesis and Lymph Node Metastasis in an Oral Cancer Sentinel Lymph Node Animal Model. BMC Cancer (2018) 18(1):714. doi: 10.1186/s12885-018-4630-0

194. Shin, MR, Lee, HJ, Kang, SK, Auh, QS, Lee, YM, Kim, YC, et al. Isocudraxanthone K Induces Growth Inhibition and Apoptosis in Oral Cancer Cells Via Hypoxia Inducible Factor-1alpha. BioMed Res Int (2014) 2014:934691. doi: 10.1155/2014/934691

195. Liu, M, Zhang, J, Li, JF, and Wang, XX. Roles of Curcumin Combined With Paclitaxel on Growth Inhibition and Apoptosis of Oral Squamous Cell Carcinoma Cell Line CAL27 In Vitro. Shanghai Kou Qiang Yi Xue (2016) 25(5):538–41.

196. Khafif, A, Lev-Ari, S, Vexler, A, Barnea, I, Starr, A, Karaush, V, et al. Curcumin: A Potential Radio-Enhancer in Head and Neck Cancer. Laryngoscope (2009) 119(10):2019–26. doi: 10.1002/lary.20582

197. Wang, CZ, Calway, T, and Yuan, CS. Herbal Medicines as Adjuvants for Cancer Therapeutics. Am J Chin Med (2012) 40(4):657–69. doi: 10.1142/S0192415X12500498

198. Agaoglu, OK, Agaoglu, AR, Guzeloglu, A, Kurar, E, Kayis, SA, Ozmen, O, et al. Expression of Hypoxia-Inducible Factors and Vascular Endothelial Growth Factor During Pregnancy in the Feline Uterus. Theriogenology (2015) 84(1):24–33. doi: 10.1016/j.theriogenology.2015.02.009

199. Brown, ME, Bear, MD, Rosol, TJ, Premanandan, C, Kisseberth, WC, and London, CA. Characterization of STAT3 Expression, Signaling and Inhibition in Feline Oral Squamous Cell Carcinoma. BMC Vet Res (2015) 11:206. doi: 10.1186/s12917-015-0505-7

200. Harris, K, Gelberg, HB, Kiupel, M, and Helfand, SC. Immunohistochemical Features of Epithelial-Mesenchymal Transition in Feline Oral Squamous Cell Carcinoma. Vet Pathol (2019) 56(6):826–39. doi: 10.1177/0300985819859873

201. Millanta, F, Lazzeri, G, Vannozzi, I, Viacava, P, and Poli, A. Correlation of Vascular Endothelial Growth Factor Expression to Overall Survival in Feline Invasive Mammary Carcinomas. Vet Pathol (2002) 39(6):690–6. doi: 10.1354/vp.39-6-690

202. Michishita, M, Ohtsuka, A, Nakahira, R, Tajima, T, Nakagawa, T, Sasaki, N, et al. Anti-Tumor Effect of Bevacizumab on a Xenograft Model of Feline Mammary Carcinoma. J Vet Med Sci (2016) 78(4):685–9. doi: 10.1292/jvms.15-0550

203. Sobczynska-Rak, A, Polkowska, I, and Silmanowicz, P. Elevated Vascular Endothelial Growth Factor (VEGF) Levels in the Blood Serum of Dogs With Malignant Neoplasms of the Oral Cavity. Acta Vet Hung (2014) 62(3):362–71. doi: 10.1556/avet.2014.009

204. Millanta, F, Andreani, G, Rocchigiani, G, Lorenzi, D, and Poli, A. Correlation Between Cyclo-Oxygenase-2 and Vascular Endothelial Growth Factor Expression in Canine and Feline Squamous Cell Carcinomas. J Comp Pathol (2016) 154(4):297–303. doi: 10.1016/j.jcpa.2016.02.005

205. Martin, CK, Dirksen, WP, Carlton, MM, Lanigan, LG, Pillai, SP, Werbeck, JL, et al. Combined Zoledronic Acid and Meloxicam Reduced Bone Loss and Tumour Growth in an Orthotopic Mouse Model of Bone-Invasive Oral Squamous Cell Carcinoma. Vet Comp Oncol (2015) 13(3):203–17. doi: 10.1111/vco.12037

206. Wypij, JM, Fan, TM, Fredrickson, RL, Barger, AM, de Lorimier, LP, and Charney, SC. In Vivo and In Vitro Efficacy of Zoledronate for Treating Oral Squamous Cell Carcinoma in Cats. J Vet Intern Med (2008) 22(1):158–63. doi: 10.1111/j.1939-1676.2007.0010.x

207. Hartmann, K. Clinical Aspects of Feline Retroviruses: A Review. Viruses (2012) 4(11):2684–710. doi: 10.3390/v4112684

208. Biezus, G, Casagrande, RA, Baldissera, MD, Bottari, NB, Ferian, PE, Morsch, VM, et al. Oxidative Stress and Changes on the Adenosinergic System of Cats Infected by Feline Leukemia Virus (Felv). Acta Scientiae Veterinariae (2017) 45(1502):1502. doi: 10.22456/1679-9216.80760

209. Allemann, K, Wyss, MT, Wergin, M, Ohlerth, S, Rohrer-Bley, C, Evans, SM, et al. Measurements of Hypoxia ([(18)F]-FMISO, [(18)F]-EF5) With Positron Emission Tomography (PET) and Perfusion Using PET ([(15)O]-H(2)O) and Power Doppler Ultrasonography in Feline Fibrosarcomas*. Vet Comp Oncol (2005) 3(4):211–21. doi: 10.1111/j.1476-5810.2005.00081.x

210. Shin, JI, Lim, HY, Kim, HW, Seung, BJ, and Sur, JH. Analysis of Hypoxia-Inducible Factor-1alpha Expression Relative to Other Key Factors in Malignant Canine Mammary Tumours. J Comp Pathol (2015) 153(2-3):101–10. doi: 10.1016/j.jcpa.2015.05.004

211. Cannon, CM, Trembley, JH, Kren, BT, Unger, GM, O'Sullivan, MG, Cornax, I, et al. Evaluation of Protein Kinase CK2 as a Therapeutic Target for Squamous Cell Carcinoma of Cats. Am J Vet Res (2017) 78(8):946–53. doi: 10.2460/ajvr.78.8.946

212. Eddy, SF, Guo, S, Demicco, EG, Romieu-Mourez, R, Landesman-Bollag, E, Seldin, DC, et al. Inducible IkappaB Kinase/Ikappab Kinase Epsilon Expression is Induced by CK2 and Promotes Aberrant Nuclear Factor-Kappab Activation in Breast Cancer Cells. Cancer Res (2005) 65(24):11375–83. doi: 10.1158/0008-5472.CAN-05-1602

213. Guerra, B. Protein Kinase CK2 Subunits are Positive Regulators of AKT Kinase. Int J Oncol (2006) 28(3):685–93. doi: 10.3892/ijo.28.3.685

214. Khan, SA, and McLean, MK. Toxicology of Frequently Encountered Nonsteroidal Anti-Inflammatory Drugs in Dogs and Cats. Vet Clin North Am Small Anim Pract (2012) 42(2):289–306, vi-vii. doi: 10.1016/j.cvsm.2012.01.003

215. van den Top, JG, Harkema, L, Ensink, JM, Barneveld, A, Martens, A, van de Lest, CH, et al. Expression of Cyclo-Oxygenases-1 and -2, and Microsomal Prostaglandin E Synthase-1 in Penile and Preputial Papillomas and Squamous Cell Carcinomas in the Horse. Equine Vet J (2014) 46(5):618–24. doi: 10.1111/evj.12144

216. Millanta, F, Asproni, P, Cancedda, S, Vignoli, M, Bacci, B, and Poli, A. Immunohistochemical Expression of COX-2, mPGES and EP2 Receptor in Normal and Reactive Canine Bone and in Canine Osteosarcoma. J Comp Pathol (2012) 147(2-3):153–60. doi: 10.1016/j.jcpa.2012.02.003

217. Ponglowhapan, S, Church, DB, and Khalid, M. Expression of Prostaglandin E(2) Receptor Subtypes in the Canine Lower Urinary Tract Varies According to the Gonadal Status and Gender. Theriogenology (2010) 74(8):1450–66. doi: 10.1016/j.theriogenology.2010.06.017

218. Millanta, F, Asproni, P, Canale, A, Citi, S, and Poli, A. Cox-2, mPGES-1 and EP2 Receptor Immunohistochemical Expression in Canine and Feline Malignant Mammary Tumours. Vet Comp Oncol (2014) 14:270–80. doi: 10.1111/vco.12096

219. Lascelles, BDX. Feline pain management and nsaids: recent developments: In Proceedings of the North American Veterinary Conference Orlando, Florida, USA: Eastern States Veterinary Association, 19-23 January 2013, 2013:un-un.

220. Satoh, H, Hara, T, Murakawa, D, Matsuura, M, and Takata, K. Soluble Dietary Fiber Protects Against Nonsteroidal Anti-Inflammatory Drug-Induced Damage to the Small Intestine in Cats. Dig Dis Sci (2010) 55(5):1264–71. doi: 10.1007/s10620-009-0893-2

221. Cariou, MP, Halfacree, ZJ, Lee, KC, and Baines, SJ. Successful Surgical Management of Spontaneous Gastric Perforations in Three Cats. J Feline Med Surg (2010) 12(1):36–41. doi: 10.1016/j.jfms.2009.12.005

222. Vahidi, R, Safi, S, Farsinejad, A, and Panahi, N. Citrate and Celecoxib Induce Apoptosis and Decrease Necrosis in Synergistic Manner in Canine Mammary Tumor Cells. Cell Mol Biol (Noisy-le-grand) (2015) 61(5):22–8.

223. Pang, LY, Argyle, SA, Kamida, A, Morrison, KO, and Argyle, DJ. The Long-Acting COX-2 Inhibitor Mavacoxib (Trocoxil) has Anti-Proliferative and Pro-Apoptotic Effects on Canine Cancer Cell Lines and Cancer Stem Cells In Vitro. BMC Vet Res (2014) 10:184. doi: 10.1186/PREACCEPT-9511370941246208

224. Monteiro, B, and Steagall, PV. Antiinflammatory Drugs. Vet Clin North Am Small Anim Pract (2019) 49(6):993–1011. doi: 10.1016/j.cvsm.2019.07.009

225. Mohammed, SI, Bennett, PF, Craig, BA, Glickman, NW, Mutsaers, AJ, Snyder, PW, et al. Effects of the Cyclooxygenase Inhibitor, Piroxicam, on Tumor Response, Apoptosis, and Angiogenesis in a Canine Model of Human Invasive Urinary Bladder Cancer. Cancer Res (2002) 62(2):356–8.

226. DiBernardi, L, Dore, M, Davis, JA, Owens, JG, Mohammed, SI, Guptill, CF, et al. Study of Feline Oral Squamous Cell Carcinoma: Potential Target for Cyclooxygenase Inhibitor Treatment. Prostaglandins Leukot Essent Fatty Acids (2007) 76(4):245–50. doi: 10.1016/j.plefa.2007.01.006

227. Tanaka, T, Nishikawa, A, Mori, Y, Morishita, Y, and Mori, H. Inhibitory Effects of non-Steroidal Anti-Inflammatory Drugs, Piroxicam and Indomethacin on 4-Nitroquinoline 1-Oxide-Induced Tongue Carcinogenesis in Male ACI/N Rats. Cancer Lett (1989) 48(3):177–82. doi: 10.1016/0304-3835(89)90115-8

228. Cancedda, S, Sabattini, S, Bettini, G, Leone, VF, Laganga, P, Rossi, F, et al. Combination of Radiation Therapy and Firocoxib for the Treatment of Canine Nasal Carcinoma. Vet Radiol Ultrasound (2015) 56(3):335–43. doi: 10.1111/vru.12246

229. Rathore, K, Alexander, M, and Cekanova, M. Piroxicam Inhibits Masitinib-induced Cyclooxygenase 2 Expression in Oral Squamous Cell Carcinoma Cells In Vitro. Transl Res (2014) 164(2):158–68. doi: 10.1016/j.trsl.2014.02.002

230. Bulman-Fleming, JC, Turner, TR, and Rosenberg, MP. Evaluation of Adverse Events in Cats Receiving Long-Term Piroxicam Therapy for Various Neoplasms. J Feline Med Surg (2010) 12(4):262–8. doi: 10.1016/j.jfms.2009.09.007

231. Olmsted, GA, Farrelly, J, Post, GS, and Smith, J. Tolerability of Toceranib Phosphate (Palladia) When Used in Conjunction With Other Therapies in 35 Cats With Feline Oral Squamous Cell Carcinoma: 2009-2013. J Feline Med Surg (2017) 19(6):568–75. doi: 10.1177/1098612X16638118

232. Borrego, JF, Cartagena, JC, and Engel, J. Treatment of Feline Mammary Tumours Using Chemotherapy, Surgery and a COX-2 Inhibitor Drug (Meloxicam): A Retrospective Study of 23 Cases (2002-2007)*. Vet Comp Oncol (2009) 7(4):213–21. doi: 10.1111/j.1476-5829.2009.00194.x

233. Novosad, CA, Bergman, PJ, O'Brien, MG, McKnight, JA, Charney, SC, Selting, KA, et al. Retrospective Evaluation of Adjunctive Doxorubicin for the Treatment of Feline Mammary Gland Adenocarcinoma: 67 Cases. J Am Anim Hosp Assoc (2006) 42(2):110–20. doi: 10.5326/0420110

234. Smolensky, D, Rathore, K, Bourn, J, and Cekanova, M. Inhibition of the PI3K/AKT Pathway Sensitizes Oral Squamous Cell Carcinoma Cells to Anthracycline-Based Chemotherapy In Vitro. J Cell Biochem (2017) 118(9):2615–24. doi: 10.1002/jcb.25747

235. Evans, SM, LaCreta, F, Helfand, S, VanWinkle, T, Curran, W, Brown, DQ, et al. Technique, Pharmacokinetics, Toxicity, and Efficacy of Intratumoral Etanidazole and Radiotherapy for Treatment of Spontaneous Feline Oral Squamous Cell Carcinoma. Int J Radiat Oncol Biol Phys (1991) 20(4):703–8. doi: 10.1016/0360-3016(91)90012-S

236. Dunlap, KL, Reynolds, AJ, and Duffy, LK. Total Antioxidant Power in Sled Dogs Supplemented With Blueberries and the Comparison of Blood Parameters Associated With Exercise. Comp Biochem Physiol A Mol Integr Physiol (2006) 143(4):429–34. doi: 10.1016/j.cbpa.2005.09.007

237. Martineau, AS, Leray, V, Lepoudere, A, Blanchard, G, Bensalem, J, Gaudout, D, et al. A Mixed Grape and Blueberry Extract is Safe for Dogs to Consume. BMC Vet Res (2016) 12(1):162. doi: 10.1186/s12917-016-0786-5

238. Levine, CB, Bayle, J, Biourge, V, and Wakshlag, JJ. Cellular Effects of a Turmeric Root and Rosemary Leaf Extract on Canine Neoplastic Cell Lines. BMC Vet Res (2017) 13(1):388. doi: 10.1186/s12917-017-1302-2

239. Levine, CB, Bayle, J, Biourge, V, and Wakshlag, JJ. Effects and Synergy of Feed Ingredients on Canine Neoplastic Cell Proliferation. BMC Vet Res (2016) 12(1):159. doi: 10.1186/s12917-016-0774-9

240. Leray, V, Freuchet, B, Le Bloc'h, J, Jeusette, I, Torre, C, and Nguyen, P. Effect of Citrus Polyphenol- and Curcumin-Supplemented Diet on Inflammatory State in Obese Cats. Br J Nutr (2011) 106(Suppl 1):S198–201. doi: 10.1017/S0007114511002492



Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Nasry and Martin. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fonc-11-539361-g002.jpg
Altered metabolism,
OSCC  cnhanced prolifration, migration,

. Cells  metastasis and treatment resistance

Hypoxic Tumour

Environment
PGE2

@%nous Inflammatory ¢

T Cytokines

Stromal O\
Cells ‘%/
Inflammatory

Cells

Disorganized
Vasculature





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Intersecting Mechanisms of Hypoxia and Prostaglandin E2-Mediated Inflammation in the Comparative Biology of Oral Squamous Cell Carcinoma

      

        		

          Introduction

        



        		

          Cancer-Related Roles of Hypoxia and Angiogenesis in OSCC

        

          		

            Overview of Tumour Hypoxia

          



          		

            Hypoxia Inducible Transcription Factors

          



          		

            Vascular and Endothelial Growth Factors (VEGFs) and Angiogenesis

          



        



        



        		

          Interaction of Hypoxia and Inflammation in OSCC

        

          		

            Overview of Hypoxia and Inflammation Crosstalk

          



          		

            PGE2-Mediated Inflammation

          

            		

              Prostaglandin E2 Synthase Enzymes (mPGES-1, mPGES-2, and cPGES)

            



            		

              Prostaglandin E2 Degradation Enzyme (15-Hydroxyprostaglandin Dehydrogenase)

            



            		

              PGE2 Receptors (EP1, EP2, EP3, and EP4)

            



          



          



          		

            Reactive Oxygen Species and Oxidative Damage in Cancer

          



          		

            Mechanisms Linking Inflammation and Hypoxia in Progression of OSCC

          



        



        



        		

          Role of Inflammation and Hypoxia in Cancer Treatment

        

          		

            Overview of OSCC Treatment

          



          		

            Impact of Hypoxia on Radiotherapy and Chemotherapy

          



          		

            Hypoxia and Inflammation Crosstalk in Cancer Treatment

          



          		

            Natural Products Targeting Inflammation and Angiogenesis in Cancer Treatment

          



        



        



        		

          Comparative Oncology: Inflammation and Hypoxia in Domestic Animal Cancer

        

          		

            Comparative Biology of Tumour Hypoxia

          



          		

            Comparative Biology of PGE2 Synthesis and Signalling in Cancer

          



          		

            Impact of Inflammation and Hypoxia on Treatment of Animal OSCC

          



        



        



        		

          Conclusion

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          References

        



      



      



    



  



OEBPS/Images/fonc-11-539361-g004.jpg





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fonc.2021.539361_cover.jpg
’ frontiers
in Oncology

Intersecting Mechanisms of Hypoxia
and Prostaglandin E2-Mediated
Inflammation in the Comparative

Biology of Oral Squamous
Cell Carcinoma





OEBPS/Images/fonc-11-539361-g001.jpg





OEBPS/Images/logo.jpg
’ frontiers
in Oncology





OEBPS/Images/fonc-11-539361-g003.jpg





OEBPS/Images/fonc-11-539361-g005.jpg
ThmEmA BvEton; Hrammion Set
Tumour segeted facors

ieffectsof  Tomourdemands Fluctuations in
Vol aratuon o poton
ey ey i o
v I T T
€y 4 A ( Yooty ormmied st

Suate i Hypoxia inducible

[om—— erpiontaaars
s ,m

gt |

msumm

2
e mu/m/m
Y pods mmt‘ A (e y
w Ecadherin /





