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Abstract

:

Acute inflammation or resolved inflammation is an adaptive host defense mechanism and is self-limiting, which returns the body to a state of homeostasis. However, unresolved, uncontrolled, or chronic inflammation may lead to various maladies, including cancer. Important evidence that links inflammation and cancer is that nonsteroidal anti-inflammatory drugs (NSAIDs), such as aspirin, reduce the risk and mortality from many cancers. The fact that NSAIDs inhibit the eicosanoid pathway prompted mechanistic drug developmental work focusing on cyclooxygenase (COX) and its products. The increased prostaglandin E2 levels and the overexpression of COX-2 in the colon and many other cancers provided the rationale for clinical trials with COX-2 inhibitors for cancer prevention or treatment. However, NSAIDs do not require the presence of COX-2 to prevent cancer. In this review, we highlight the effects of NSAIDs and selective COX-2 inhibitors (COXIBs) on targets beyond COX-2 that have shown to be important against many cancers. Finally, we hone in on specialized pro-resolving mediators (SPMs) that are biosynthesized locally and, in a time, -dependent manner to promote the resolution of inflammation and subsequent tissue healing. Different classes of SPMs are reviewed, highlighting aspirin’s potential in triggering the production of these resolution-promoting mediators (resolvins, lipoxins, protectins, and maresins), which show promise in inhibiting cancer growth and metastasis.
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1. Introduction


Inflammation as a fundamental response to injury has been recognized for thousands of years. The Greek physician, Hippocrates, may have been the first to regard inflammation as the beginning of a healing process, introducing words such as edema and erysipelas to describe its symptoms. The first comprehensive description of inflammatory symptoms can be found in De Medicina, written by Aulus Celsus (~25 BC-AD 38), who described the four symptoms of inflammation as rubor, tumor, color, and dolor (redness, swelling, heat, and pain) [1]. The fifth sign of inflammation, functio laesa (impaired function), was added by Galen of Pergamon some 100 years later [1,2]. The relationship between inflammation and cancer was first proposed by Rudolf Virchow in 1863, who noted the presence of leukocytes in neoplastic tissues [2,3].



Inflammation is the body’s response to an insult, such as infections or injuries. Inflammation can be acute or chronic. Acute inflammation or resolved inflammation is an adaptive host defense mechanism and is self-limiting, which returns the body to a state of homeostasis [4]. However, unresolved, uncontrolled, or chronic inflammation may lead to various ailments, including cancer [4,5,6,7].



Key features of cancer-related inflammation are infiltration of white blood cells, tumor-associated macrophages (TAM), cytokines, such as IL-1, IL-6, and TNF-α, some chemokines, cell cycle acceleration, cell proliferation, evasion from apoptosis, and stimulation of tumor angiogenesis [4,5]. Important evidence that links inflammation and cancer is that nonsteroidal anti-inflammatory drugs (NSAIDs), such as aspirin, reduce the risk and mortality from certain cancers, such as colon [8,9,10], ovarian [11,12], prostate [13], hepatocellular [14], skin [15,16], esophageal [17], pancreatic [18], breast [19,20], bladder [21,22], and head and neck cancer [23]. Recent reports indicate that daily aspirin use, whether regular strength or low dose, resulted in reductions in cancer incidence and mortality [24] and also prevented distant metastasis [25].



NSAIDs have been in widespread use since the advent of aspirin by Bayer in 1898 and COX-2 selective NSAIDs (COXIBs) since 1999 [26]. Aspirin is the only NSAID that covalently modifies the COX enzymes. It acetylates the catalytic subunits of the COX enzymes by accessing the enzymatic active site via the arachidonic acid (AA)-binding channel [26,27]. Aspirin acetylates serine 530 of the cyclooxygenase-1 (COX-1, constitutive) enzyme [26]; the interposition of the bulky acetyl residues prevents AA from accessing and binding to the enzymatic active site. This inhibition of AA binding blocks COX-1 from synthesizing prostaglandins (PGs) [27]. This modification also occurs with the second COX isoform, aspirin acetylates serine 516 of COX-2 (inducible enzyme), inhibiting AA binding to COX-2, and thus COX-2 activity [26,27]. The acetylation of COX-1 and COX-2 makes aspirin an irreversible inhibitor of the COX enzyme [27,28], which lends aspirin its various properties, beyond anti-inflammation, antipyretic, and pain relief. Blood platelets contain only COX-1 [26]; thus, when AA activates COX-1, thromboxane TXA2 is produced. A vasoconstrictor, TxA2, also aids in the aggregation of platelets during hemostasis [26]. In addition to its prothrombotic properties, it stimulates the activation of new platelets [29]. Aspirin inhibition of COX-1 in platelets decreases the production of TxA2 [30] and, hence, the antithrombotic property of aspirin and its potential for cardiovascular protection [27]. Aspirin inhibits TxA2 synthesis, resulting in a decreased chance of thrombosis or thrombotic events.




2. NSAIDs Protect against Cancer: Proof of Principle


Cancer prevention entered a new era when it was recognized that subjects using NSAIDs had a lower incidence of colorectal cancer [31]. Over 30 epidemiological studies, collectively describing results on over one million subjects, have established NSAIDs as the prototypical chemopreventive agents against many forms of cancer. NSAIDs, both nonselective and COXIBs, have been associated with reduced cancer risk [32,33]. However, COXIBs are associated with a more significant reduction in cancer risk [32,33,34]. In a nested case–control study of the association between COXIBs and breast cancer risk, more extended and/or higher doses of celecoxib and rofecoxib were associated with significantly decreased risk [32]. In general, COXIBs have shown more substantial protective effects than nonselective NSAIDs against many cancers [32,33,35].



The use of NSAIDs is limited by their significant toxicity, which includes (i) gastrointestinal side effects, which range from dyspepsia to gastrointestinal bleeding, obstruction, and perforation; (ii) renal side effects; and (iii) a large number of additional side effects, some of which are serious, ranging from hypersensitivity reactions to the distinct salicylate intoxication [2]. Among patients using NSAIDs, up to 4% per year have serious gastrointestinal (GI) complications, with ~8000 deaths [36]. The gastric damage is caused through two distinct mechanisms: (1) direct epithelial damage as a result of their acidic properties; (2) breakdown of mucosal defense mechanisms (leukocyte adherence, decreases in blood flow, bicarbonate, and mucus secretions) due to a reduction in mucosal PG synthesis [37].




3. Molecular Targets of NSAIDs


In addition to COX, traditional NSAIDs and COXIBs can modulate many different signaling pathways, such as NF-κB, phosphodiesterases, NSAID-activated gene (NAG-1), peroxisome proliferator-activated receptors (PPAR), the Wnt pathway, cell kinetic effects, Akt pathway, and pro-resolving mediators. These are discussed below.



3.1. COX Cascade


Conceptually, NSAIDs prevent cancer through their effects on the eicosanoid pathways. In the presence of molecular oxygen, the COX pathway produces PGH2, which is then converted to various PGs and TxA2 by specific isomerases [2,38] (Figure 1). Since human colon cancers have elevated PGE2 levels [39,40] and COX-2 is overexpressed in 45% of colon adenomas and 85% of colon carcinomas [41,42,43], COX-2 inhibition should, therefore, arrest carcinogenesis. Multiple in vitro and in vivo studies supported the notion that COXIBs have utility against many forms of cancers [44]. For example, in mice, deletion of COX-2 significantly decreased the number of intestinal tumors in APCD716 mice [45]. In December 1999, the Food and Drug Administration approved the use of celecoxib in patients with familial adenomatous polyposis (FAP) [46].



The role of COX-2 as a central player in carcinogenesis was challenged very early on when it was shown that both sulindac sulfide and piroxicam induced apoptosis in COX-2-expressing HT-29 and the COX-2-deficient HCT-15 human colon cancer cells [47]; NS-398, a potent COXIB, had similar effects in HT-29 and S/KS (COX-2-negative) human colon cancer cell lines [48]. Furthermore, results were disappointing when COX-2 inhibitors were combined with chemotherapeutic agents to control cancer. For example, celecoxib combined with trastuzumab failed to affect patients with HER2/neu-overexpressing, trastuzumab-refractory metastatic breast cancer [49]. Preclinical studies had demonstrated a link between overexpression of HER-2/neu and COX-2 activity. Similarly, in a phase II study of metastatic colon cancer, rofecoxib combined with chemotherapy showed increased toxicity and no efficacy [50].



Recent data suggest that PGE2 produced by the tumor cells may contribute to a weakened immune system in cancer patients [26,51]. The secretion of PGE2 by tumor cells suppresses NF-κB, which plays a role in inducing the natural killer (NK) cells, thus preventing these immune cells from maturing and reducing their ability to damage cells. This leads to their ineffectiveness in combating infections and tumor growth and spread [51]. Furthermore, numerous studies have concluded that NSAIDs, such as indomethacin and modified aspirins, effectively reduce or mitigate immunosuppression in tumor-bearing mice [26].



COX-2 Inhibition


COXIBs inhibit COX-2 by a combination of hydrophobic interactions and hydrogen bonding to the enzyme’s active site [26]. COXIBs were developed to have similar efficacy as traditional NSAIDs, that is, to have anti-inflammatory, antipyretic, and analgesic properties without affecting the role of COX-1 in maintaining physiological functions [27,52]. They essentially offered the same benefits as nonselective NSAIDs, but without the consequential GI side effects [27,53]. However, in some patients that are at an increased risk of GI ulceration, the benefits of COXIBs over traditional NSAIDs are significantly reduced [54].



A number of studies [55,56,57,58], including some clinical trials, have shown that long-term use of COXIBs is associated with an increased risk of adverse myocardial events. For example, in the Vioxx Gastrointestinal Outcomes Research (VIGOR) studies comparing the upper GI safety of rofecoxib and naproxen in patients with rheumatoid arthritis, it was shown that the rate of serious GI events among those using rofecoxib was half compared to those using naproxen (2% vs. 4%). However, an increase by a factor of 4 in MI incidence was observed [59].



The Celecoxib Long-Term Arthritis Safety Study (CLASS) trial comparing the upper GI safety profile of celecoxib to that of ibuprofen or diclofenac in patients with osteoarthritis and rheumatoid arthritis showed that, within the first six months, there were fewer GI side effects and no increases in cardiovascular risk amongst the celecoxib treatment group [60]. However, after one year, celecoxib did not differ from the traditional NSAIDs on its GI effects [61]. Furthermore, a meta-analysis of 55 trials (99,087 patients) indicated a higher incidence of cardiovascular events in various COXIB users, including celecoxib [62]. Finally, the Adenomatous Polyp Prevention on Vioxx (APPROVe) study was launched to evaluate the efficacy of rofecoxib in patients with a previous history of colorectal adenomas and showed that 3.5% of rofecoxib recipients and 1.9% of placebo recipients suffered myocardial infarctions or strokes during the trial [63]. This prompted the termination of this and all related trials and voluntary withdrawal of rofecoxib. Reductions in prostacyclin (PGI2) due to COX-2 inhibition in the vasculature, thus reducing vasodilation with a consequent increase in thromboxane, were proposed as the underlying mechanism for this increased risk [64]. It has also been suggested that COX-2 inhibition in the kidneys leading to decreases in PGI2 could lead to increases in blood pressure and, hence, increases in myocardial infarctions and stroke [65]. It should also be noted that traditional NSAIDs can also precipitate untoward cardiovascular events under certain conditions [66].






4. NSAID Targets beyond COX


It is clear that NSAIDs prevent various human cancers and that they act on multiple molecular targets, of which COX-2 is only one. Table 1 represents the effects of NSAIDs on some of these non-COX targets that we have addressed in the following sections.



4.1. NF-κB


The nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) is a transcription factor relevant to the gene expression in inflammation and immune responses [139]. Many reports demonstrate that NF-κB is involved in the development of cancer. It is upregulated through chromosomal changes or constitutive activation in various hematological malignancies, such as lymphomas and solid tumors, including breast, ovarian, colon, pancreatic, and prostate cancer [140,141,142,143,144,145,146]. Activation of NF-κB in cancer increases cell proliferation and angiogenesis but suppresses apoptosis, all of which define the development of the tumor mass [67,147,148,149]. The NF-κB pathway is initiated by stimuli in the form of pathogens, infection, or wound and involves the subsequent activation of and communication between other inflammatory cytokines and receptors [150,151]. NF-κB is held inactive in the cytoplasm by IκB protein, which, upon phosphorylation, is proteasomally degraded, and NF-κB dissociates from this complex. Nuclear translocation of NF-κB brings it into contact with its binding site in target genes, allowing for transcription and expression of genes involved in inflammation and growth [38]. NF-κB can be activated by TNF-α, which leads to the expression of genes that code enhanced proinflammatory activity, thus linking TNF-α and NF-κB to inflammation and cancer [151,152,153]. Prolonged activation of NF-κB has been linked to carcinogenesis and tumor promotion [154].



Kopp and Ghosh were the first to demonstrate that aspirin inhibits the activation of NF-κB without interfering with the cell’s transcriptional machinery [68]. Prolonged treatment of colorectal cancer cells with aspirin decreases cytoplasmic IκBα, and thus increases translocation of NF-κB to the nucleus; such activation of the NF-κB pathway induced apoptosis in these cells [38,67,69,155]. This was also observed with diclofenac [70]. Sulindac decreases Iκκβ kinase activity, thus regulating the NF-κB pathway and reducing proliferation of colon cancer cells [71,72].




4.2. PDK-1/Akt Pathway


PDK-1 is a serine/threonine kinase that activates the phosphoinositide 3-kinase (PI3K) signal transduction pathway. When PI3K is activated and catalyzes phosphatidylinositol (4,5)-bisphosphate (PIP2) to phosphatidylinositol (3,4,5)-trisphosphate (PIP3) in the plasma membrane, PDK-1 is recruited to the membrane, where it binds to PIP3, and PI3K activates it. Then, PDK-1 phosphorylates and activates protein kinase B (Akt), which has downstream effects in cell survival and inhibition of apoptosis [156].



Akt is a serine/threonine kinase and, like many other protein kinases, is intimately involved in cell death and survival and has a pivotal role in many cell signaling pathways involved in angiogenesis, cell growth, division, apoptosis, and metabolism [157]. All available data show that Akt is hyperactive in cancer cells, and many types of human cancer are associated with the upregulation of Akt [158], for example, gastric carcinoma, glioblastomas, gliosarcomas, head and neck squamous cell carcinoma, pancreatic, ovarian, breast, and prostate cancers [159,160,161]. Inhibition of PI3K or targeting other molecules associated with this signaling network are bona fide targets in cancer treatment [162,163].



Celecoxib inhibits PDK-1 activity in colon cancer by blocking the phosphorylation of Akt at specific serine and threonine residues, thus promoting apoptosis [73]. In normal glomerular mesangial cells, celecoxib activated the PI3K signaling pathway by phosphorylating its downstream effector molecules [164]. However, in the prostate [74] and colorectal [73] cancer cell lines, celecoxib inhibited the PI3K pathway, causing apoptosis. In addition, naproxen treatment of urinary bladder cancer cells showed that its binding and inhibition of PI3K leads to the inhibition of Akt and further downstream effectors that play roles in apoptosis and cell survival [75]. Similar effects were seen with aspirin treatment of PIK3CA mutant colorectal cancer cells [165].




4.3. PPARs


The peroxisome proliferator-activated receptors (PPARs) are nuclear receptors that control the expression of genes involved in cell proliferation, growth, and inflammation. There are three isoforms of PPARs, α, β/δ, and γ; the a is involved in fatty acid catabolism, and thus is expressed in the related organs; β/δ is present in all cell types; and γ is involved in the differentiation of adipose cells [166,167]. PPARs heterodimerize with the retinoid X receptor (RTX). This complex interacts with specific response elements in the DNA of target genes to recruit cofactors, leading to increases in the transcription of these genes [166,167].



Although all PPAR forms are associated with cancer [168,169,170,171], PPARγ has anticarcinogenic properties, as it promotes apoptosis and restricts cell growth [172]. In a xenograft model using HCT116 colon cancer cells, the PPARγ agonist troglitazone inhibited the development of tumors [168]; also, feeding troglitazone to rats [173] and mice [174] decreased the incidence of colitis, which is a risk factor for colon cancer development in humans, and formation of aberrant crypt foci, an early step in the development of colon carcinoma [172]. However, using the APCMin mouse model, treatment with troglitazone increased the number of tumors [175,176]. The conundrum of PPARγ in colon carcinogenesis suggests that early treatment with the PPARγ agonists before the first step of carcinogenesis occurs may prevent tumor formation, but that activation of PPARγ after tumor initiation, as is the case in the APCMin mice, may promote cancer [172,177]. High-fat diets may also lead to colon cancer formation potentially due to PPARγ activation [177].



The role of PPARβ/δ in cancer is controversial, with some studies suggesting that it promotes carcinogenesis, while others suggest that it may inhibit it [178]. PPARβ/δ enhances colon cancer formation by inhibiting differentiation, promoting cell movement, and causing apoptotic resistance [179]. PPARβ/δ, which is highly expressed in colon cancer cells, was suppressed by the APC gene via the β-catenin/Tcf-4 response elements in its promoter region [77], although this mechanism is debatable, as disruption of APC in the mouse colon does not increase PPARβ/δ expression [180]. Furthermore, PPARβ/δ-null Min mice showed increased intestinal tumorigenesis [180].



As PPARs are receptors for products of arachidonic and linoleic acids, they are affected by NSAID exposure. NSAIDs inhibit PPAR-δ expression and activity, thus reducing colorectal cancer promotion; this is mediated by the NSAID-induced reductions in 15-LOX-1 expression [181]. 15-LOX-1 and 15-LOX-2 are enzymes in the lipoxygenase (LOX) pathway and have anticarcinogenic effects (reviewed in [2,38]) (Table 1).



The preferred substrate for 15-LOX-1 is linoleic acid, and for 15-LOX-2 is arachidonic acid [182]. 15-LOX-1 is the main enzyme for metabolizing linoleic acid into 13-S-HODE [183] and is the only 15-LOX isozyme found in the human colon epithelium [184]. 13-S-HODE is linked to cellular differentiation and apoptosis, 15-LOX-1 expression levels are reduced in human colorectal cancers, and NSAIDs induce its expression, which is COX-2-independent [185], as reviewed in [38].



Aspirin, ibuprofen, and indomethacin are ligands for PPARγ, thus activating the receptor and inducing adipocyte cell differentiation and increasing peroxisomes’ activity in hepatocytes [76]. Therefore, there is a potential role for NSAIDs via activation to induce the anticarcinogenic properties of PPARγ.



For PPARβ/δ, its tumorigenic properties may be inhibited by NSAIDs. Sulindac and indomethacin impaired the ability of PPARβ/δ to bind to its DNA recognition sequences, resulting in decreased activity, similar to that observed in the APC model [77]. However, sulindac also induced apoptosis in both wild-type and PPARβ/δ-null HCT116 colon cancer cell lines [78], suggesting that NSAID-induced inhibition of PPAR is not the main mediator of sulindac-induced apoptosis [186]. Furthermore, NS398 in combination with rosiglitazone caused synergistic apoptosis and growth inhibition in SW1990 human pancreatic cancer cells [79]. Celecoxib in combination with DHA had greater growth inhibition and apoptosis induced in prostate cancer cells (LNCaP, PC-3, and DU145) treated with lower doses of DHA/celecoxib combination therapy than in cells treated with higher doses of the individual agents [80].




4.4. Mitogen-Activated Protein Kinases (MAPKs)


The MAPKs are a family of serine/threonine kinases that transduce signals from the cell membrane to the nucleus in response to various stimuli, modulating gene transcription and leading to biological responses (reviewed in [187,188]). The MAPKs in mammals include p38, c-Jun N-terminal kinase (JNK), and extracellular-signal-regulated kinase (ERK1/2) [188,189,190], which are important in inflammation [191,192], arthritis [191], and cancer [190,193,194]. Mitogens and differentiation-related signals activate ERK signaling, while p38 and JNK MAPKs are activated by inflammation and stress stimuli [187]. The ERK signaling is constitutively active in cancer, promoting progression through the cell cycle and growth [86,195]. JNK is activated by dual phosphorylation at tyrosine and threonine residues; it phosphorylates serine residues on c-Jun, an oncoprotein and transcription factor [190,196]. P38 and JNK activity induce apoptosis of lung tumor cells [197]. JNK and p38 MAPKs were highly expressed in the stroma cells of human colon adenomas [198]. Increased JNK activity was observed in osteosarcoma cells with high c-Jun and phosphorylated (activated) c-Jun present in higher-grade tumors, suggesting the role of the JNK signaling pathway in tumor progression [196].



In many human cancers, Ras is frequently mutated [199,200]; this includes cancers of the colon [201,202], lung [203], and pancreas [204]. Ras mutations were found in over one third of human colorectal cancers [201]. K-Ras and N-Ras are members of the small G-proteins superfamily and act as switches, regulated by GDP and GTP, to communicate signals from the extracellular environment to intracellular signaling and response pathways. When mutated, these proteins remain in the GTP-bound state and are activated [205]. Mutations in the Ras oncogene are associated with tumor progression from adenoma to carcinoma. They were found in 58% of colorectal adenomas bigger than 1 cm, compared to 9% of those smaller than 1 cm, and in 47% of colorectal adenocarcinomas [206]. K-Ras mutations, which frequently occur in colon cancers, play an initiating role in neoplasia [201,207]. It activated MEK/ERK signaling and increased cell proliferation in the proximal colon [207]. Human colon cancer cells with the K-Ras mutation exhibited hyperproliferation due to hyperactivation of the MEK/ERK pathway, while N-Ras mutation conferred apoptotic resistance to colon cancer cells [200].



NSAIDs induce p38 [208] and JNK activation [209], thus providing another target for their chemopreventive properties. NSAIDs have been shown to mediate the MAPK signaling pathway in numerous cancers, including that of gastric [81], renal [82], liver [87], colorectal [83,84,85,86], and head and neck cancers [88]. Indomethacin and NS-398 reduced cell growth and proliferation and induced apoptosis in MKN28 human gastric cancer cell lines by inhibiting the ERK2 MAPK signaling pathway [81]. When indomethacin treated 786-O renal carcinoma cells, p38 and JNK activity and apoptosis increased [82]. Celecoxib lowered ERK signaling in mice models of ulcerative-colitis-associated colon cancer [86]. In head and neck squamous cell carcinoma, celecoxib upregulated ERK and/or p38 signaling and inhibited cell growth; when these ERK and/or p38 signaling pathways were blocked, the celecoxib-induced cell growth inhibition was significantly reversed [88]. In mice with liver cancer, celecoxib inhibited ERK activity and increased activation of p38 and JNK signaling, thus blocking cancer growth and inducing apoptosis of cancer [87]. When the COXIB NS-398 was used to treat HT29 colorectal cancer cells, there was sustained activation of ERK by MEK, followed by lower cell yield and increased apoptosis, suggesting a proapoptotic role by NSAID-induced ERK activity [84]. These HT29 cells also exhibited sustained activation of the MAPKs and induced apoptosis in response to indomethacin [83]. Sulindac sulfide and NS-398 treatment of HCT-15 and HCA-7 colon cancer cells also showed time- and dosage-dependent activation of the MEK/ERK and p38 MAPKs. However, sulindac sulfide exhibited greater ERK activation than NS-398 [85].




4.5. Wnt/β-Catenin Pathway


The Wnt/β-catenin pathway is a characteristic signaling cascade of tumors and cancers [38,210,211]. In normal function, Wnt/β-catenin signaling is critical for developing, differentiating, and growing immune and stem cells [212,213]. The involvement of the Wnt/β-catenin pathway in response to pathogens is reviewed in [213], and, in cancers, in [214,215]. Dysregulated Wnt/β-catenin signaling poses disastrous effects on the immune system, leading to incidences of uncontrolled inflammation and poor immune defense [212,216]. It dampens leukocyte infiltration to the inflamed site, and the resulting growth and invasion of the tumors have been well studied (reviewed in [212]). In addition, wnt/β-catenin signaling has been shown to promote and counter inflammatory activity in relation to its communication with NF-κB [217].



In carcinogenesis, the β-catenin pathway in dendritic cells, which are important for achieving adaptive immunity and blocking autoimmune attacks [218], is activated by tumors that allow them to avoid surveillance by the body’s immune system and continue to grow and spread [216]. The Wnt/β-catenin pathway is implicated in colorectal [219,220,221], breast [222,223,224], and hematological [89,225,226,227] cancers, as well as in melanoma [228,229,230,231].



NSAIDs target the Wnt/β-catenin signaling pathway in colorectal [38,232], gastric [233], leukemia [89], lung [90], glioblastoma [93], and breast [90,94] cancer cell lines. Treatment of chronic myeloid leukemia stem cells with indomethacin resulted in lower levels of β-catenin and decreases in leukemia stem cells, thus delaying oncogenesis [89]. Sulindac treatment of colon cancer cells led to downregulation and degradation of β-catenin in a dose- and time-dependent manner, inhibiting tumor growth [91]. Moreover, sulindac treatment of the colorectal cancer cell lines DLD1 and SW480 resulted in lower β-catenin expression; furthermore, sulindac prevented nuclear translocation and the transcriptional activity of β-catenin [92]. Treatment of human glioblastoma cells with diclofenac and celecoxib resulted in decreased cell proliferation and migration, along with reduced β-catenin expression and suppression of the Wnt/β-catenin signaling pathway [93].




4.6. Phosphodiesterases (PDEs)


Phosphodiesterases (PDEs) are enzymes that cleave phosphodiester bonds and catalyze the hydrolysis of cyclic nucleotides, such as cAMP and cGMP [234]. Phosphodiesterases are implicated in cancer because apoptosis and inhibition of cancer cell growth and migration are promoted when cAMP levels are high. Cancer cell invasion and migration are decreased by higher cAMP levels [235]. Thus, PDE inhibitors may be potential anticancer treatments [234,236]. They promote the increase in intracellular cAMP levels and induce/effect apoptosis at levels similar to chemotherapeutic drugs cisplatin and gemcitabine [236]. Sildenafil and vardenafil, which selectively inhibit PDE5 and PDE6, respectively, result in higher cGMP levels and effectively induce apoptosis in B-chronic lymphocytic leukemia cells in a caspase-dependent manner, with vardenafil being three times as effective as sildenafil [237].



Sulindac and its derivatives highlight the involvement of the cGMP/PDE/PKG signaling pathway in cancer. PDE5 promotes tumorigenesis and is overexpressed in tumors of the colon, lung, and breast [95,238,239,240]. Sulindac sulfide inhibited PDE5, resulting in higher intracellular cGMP levels, thus activating protein kinase G (PKG) [95,96]. PKG goes on to phosphorylate and activate β-catenin, an oncoprotein, thus inducing the degradation of the non-phosphorylated and oncogenic β-catenin pool and the subsequent inhibition of Wnt/β-catenin signaling and transcriptional activity and, hence, cell proliferation [96,97,98,239,240].




4.7. NSAIDs and the mTOR Pathway


Mammalian target of rapamycin (mTOR) is a serine/threonine kinase that is part of the PI3K family and is the core catalytic component of the mTOR complexes 1 (mTORC1) and 2 (mTORC2) [241]. mTOR is a downstream effector of the Akt signaling pathway and plays key roles in cellular growth, metabolism, and proliferation [242]. Both the MAPK and PI3K/Akt pathways result in the activation of mTORC1. mTORC2 increases phosphorylation and activation of Akt, thus promoting continued activation of mTORC1. The mTOR pathway, which regulates tumor metabolism and promotes growth and metastasis [243], is activated in many cancers, including that of breast [244,245], prostate [246], hepatocellular [247], pancreatic, renal, and melanoma cancers [248]. Aspirin inhibits mTOR signaling, inducing autophagy in HCT116, SW480, and RKO human colon cancer cell lines [99]. Celecoxib sensitized non-small cell lung cancer cells to radiation therapy, in part due to decreased mTOR expression [100].




4.8. Autophagy


Autophagy is part of the programed cell death process. In autophagy, the material is endocytosed by autophagosomes, which then fuse to lysosomes so that hydrolytic enzymes break down the contents for them to be recycled by the cell (reviewed in [249,250]). Normally, autophagy is used to clear debris and damaged organelles. However, increasing autophagy activity would induce autophagy cell death, an irreversible and nonapoptotic mechanism of programed cell death induced by some anticancer therapies [251,252]. Cytoprotective autophagy protects cancer cells in nutrient-poor or treatment-rich environments [249,253]. Induced autophagic death improves tumor outcomes, as it acts as a self-destruction mechanism; conversely, inhibiting cytoprotective autophagy can increase treatment efficacy [249,254].



Autophagic activity is lower in cancer than in normal cells [249]. However, this activity increases when cancer cells are treated with chemotherapeutic drugs [251,252]. In addition, autophagy may contribute to tumor cell survival when in dormancy [255].



Activation of mTORC1 inhibits autophagy. Under hypoxia and in the tumor microenvironment, the PI3K/Akt/mTOR signaling pathway is activated, inhibiting autophagy [256]. Thus, mTOR inhibitors induce autophagy [257]. NSAIDs can induce autophagic cell death via many targets, including the PI3K/Akt, mTOR, and MAPK pathways. For example, celecoxib suppressed cytoprotective autophagy while inducing apoptosis and necrosis in HL-60 acute leukemia cells [101] and HCT116, SW480, and HT-29 colorectal cancer cells [102], as well as NTUB 1 and T24 urothelial carcinoma [103] cells. Another COXIB, meloxicam, was shown to promote autophagic activity in HepG2, Bel-7402, Huh-7, SMMC-7721, and SMMC-7402 hepatocellular carcinoma cells [104,105]. Aspirin treatment enhances autophagy in human cancer cells in the short term, 12 h, but inhibits autophagic activity and induces apoptosis in the long term, 48 h, in cancers [106]. Autophagy is also induced by aspirin in HCT116, SW480, and RKO colorectal cancer cells [99].




4.9. Cell Kinetics


The first report suggesting that NSAIDs inhibit cancer cell growth by a COX-independent mechanism was published in 1996 [47]. Evaluating the effects of sulindac and piroxicam on cell kinetic parameters of two human colon cancer cell lines, HT-29, which expresses both COX-1 and COX-2 enzymes, and HCT-15, which is COX-null, it was shown that cell proliferation, cell cycle arrest, and apoptosis were independent of their inhibitory effect on PG synthesis [47].



Effects of celecoxib and SC560, a selective COX-1 inhibitor, were similar in other colon cancer lines that have different levels of COX-2 expression. Both NSAIDs resulted in a G0/G1 cell cycle arrest and lower survival rates regardless of COX-2 expression levels [107].



In urinary bladder cancer cells, naproxen induced G1 cell cycle arrest by inhibiting cdk4, cyclin D1, and increasing p21 expression, leading to higher apoptosis by increasing cleavage of caspases 3 and 7 [75].



In breast and ovarian cancer cells, sulindac sulfide increased p21 expression and cell cycle arrest, while decreasing cyclin D1 expression [108].




4.10. Cytochrome C Release


Apoptosis is mediated by cytochrome c, Bcl-2 family proteins, and caspases. Apoptosis initiation requires proapoptotic Bcl-2, multidomain Bax and Bak, and the BH-3-only proteins (Bid, Bad, Noxa, Puma, Bim), which detect death or damage cues [258]. These BH-3-only proteins induce the translocation of Bax and Bak to the mitochondrial outer membrane, where they form a channel through which cytochrome c leaks out from the mitochondria into the cytoplasm [258,259,260]. The cytochrome c leaked from the mitochondria binds to Apaf-1 and procaspase-9 to form the apoptosome, resulting in the activation of caspases that cleave cellular proteins to mediate apoptosis [260,261,262].



Indomethacin induced cytochrome c release in Caco-2 cells, which are of human intestinal epithelial origin, by increasing Ca2+ concentrations in the mitochondrial matrix [109]. Meanwhile, in the same cell line, celecoxib increased caspase-9 and caspase-3 activity [111]. In three colon cancer cell lines (HCT-15, SW620, SW480), NS398 (a COX-2 selective inhibitor) induced apoptosis via mitochondrial cytochrome c release [113]. Aspirin also induced cytochrome-c-dependent apoptosis in HeLa cervical cancer cells [114]. In MGC803 gastric cancer cells, celecoxib induced apoptosis through cytochrome c release and zymogen cleavage and activation of caspase-9 [112]. In esophageal cancer cell lines, indomethacin treatment resulted in higher expression of proapoptotic Bax protein, cytochrome c release, and caspase-9 activation [110].




4.11. NSAID-Activated Gene (NAG-1)


NAG-1 is a divergent and unique member of the TGF-β superfamily of proteins, which are important in growth and development. NAG-1 has antitumorigenic properties and promotes apoptosis [115,263,264]. Its expression is upregulated by NSAIDs such as aspirin and ibuprofen in various cancers, such as colon [115,116], breast [119], pancreas [122], prostate [123,265], glioblastoma [117], ovarian [108], and gastric cancers [118,120]. NAG-1 expression is mediated by several tumor suppressor pathways, including p53, GSK-3β, and EGR-1 [263]. NAG-1 induction following NSAID treatment is also mediated by the p38 MAPK pathway [123]. NSAID treatment of HCT-116 colon cancer cells that are COX-null resulted in higher NAG-1 expression and higher levels of basal apoptosis [115,116], thus exhibiting COX-independent effects. Furthermore, NAG-1-transfected cells exhibited increased basal apoptosis and increased response to NSAIDs. When tumors derived from NAG-1-transfected HCT-116 cells were transplanted in athymic nude mice, they showed reduced tumorigenicity [116].



NAG-1 expression was upregulated, while COX-2 was inhibited, by celecoxib administration to APCMin/+/NAG-1Tg/Lox (human NAG-1) mice [121]. In yet another study, sulindac sulfide was identified as the most potent inducer of NAG-1 and it was concluded that NAG-1 is a mediator in sulindac sulfide inhibition of ovarian cancer growth [108]. NSAIDs that promote apoptosis can also increase NAG-1 expression and strongly inhibit COX enzymes, demonstrating that NAG-1 may play a role in these proapoptotic properties [38]. NAG-1 expression is higher in many cancers, and abnormal increases correlate with cancer severity and survival. NAG-1 has been shown to prevent tumor growth and development in prostate [123] and colorectal cancers [115,116]. It was also found that NAG-1 induction by ibuprofen and flurbiprofen inhibited the migration of prostate PC-3 cancer cells [123]. In addition, NSAIDs have been linked to metastasis suppression in various cancers, including the prostate. Thus, a potential mechanism of NSAID-mediated metastasis suppression may be through the induction of NAG-1 [123].




4.12. Ca2+ Mobilization


Ca2+, a ubiquitous secondary messenger, regulates various cellular processes, such as survival, growth, differentiation, and death, by activating or inhibiting cellular signaling pathways and Ca2+-regulated proteins. Three main classes of membrane-bound proteins that have diverse tissue expression are directly involved in Ca2+ regulation; these are (i) exchangers, (ii) channels, and (iii) ATPases (pumps) [266,267]. Dysregulation of any of these exchangers, channels, and pumps or Ca2+-binding proteins (such as calmodulin, calnexin, calpains, and others) are involved in many cancers, including those of colon [268], breast [269], pancreas [270], prostate [271], skin [272], leukemia [273], lung [269], and others.



Celecoxib treatment of prostate cancer PC-3 cell line blocked Ca2+ reuptake via inhibition of the Ca2+ channels on the endoplasmic reticulum, resulting in Ca2+ intake into the cell and release of Ca2+ by the ER [125]. This increases Ca2+ concentration and triggers the ER-associated stress response, resulting in apoptosis. This behavior is unique only to celecoxib but is observed in various cancer cell types, including Jurkat T cells and NIH 3T3 fibroblasts [125]. This antitumor effect was also seen with 2,5-dimethyl-celecoxib (DMC), an analog that lacks COX-2-selective specificity [126]. When comparing celecoxib with DMC on Ca2+ mobilization, celecoxib inhibited the ER Ca2+ ATPases stronger than DMC, though DMC showed a greater potency when measuring Ca2+ transport [127]. Indomethacin treatment of HT29 colon cancer cells inhibited Ca2+ entry into the cell in a dose-dependent manner that decreased its intracellular concentration, thus blocking cell migration and preventing tumor metastasis [124]. When human intestinal epithelial Caco-2 cells were studied, there was increased Ca2+ release from the ER through the IP3 and ryanodine receptors, resulting in cytotoxicity and apoptotic events [109].




4.13. Inhibition of Angiogenesis


Angiogenesis is the process by which new blood vessels form, allowing the delivery of oxygen and nutrients to the body’s tissues. It also plays a vital role in cancer formation, since tumors also need a blood supply to thrive and grow (reviewed in [274,275]). Angiogenesis inhibitors have been used to treat cancer. They lead to apoptosis with no associated changes in cell proliferation, suggesting that apoptosis results from the lack of growth and survival factors secreted by the endothelial cells in the tumor microenvironment [276,277]. Treatment of tumor metastases T241 fibrosarcoma and Lewis lung carcinoma cell lines with an angiogenesis inhibitor TNP-470 was found to prolong tumor dormancy by increasing the apoptosis rate without affecting the proliferation of the tumor cells [276]. In human adenocarcinomas, endogenous inhibitors of angiogenesis, such as thrombospondin-1, are downregulated, while proangiogenic vascular endothelial growth factor (VEGF) is upregulated [277,278,279]. The increased angiogenic activity allows micrometastases to leave this dormant stage and spread to other areas of the body [276].



As angiogenesis involves both COX isoforms, NSAIDs play a role in inhibiting angiogenesis. Mechanisms of NSAID-induced blockage of angiogenesis include changes in the profiles of angiogenic growth/survival and inhibitory factors, VEGF expression, inhibition of the MAPK (ERK2) signaling pathway, and obstruction of the localization of ERK to the nucleus [280].



NSAIDs have been shown to inhibit angiogenesis in various cancer types, including gastric [130], breast [128,129], and colorectal cancers [131]. For example, low-dose therapeutic levels of ibuprofen reduced tumor growth and metastases of colorectal cancer human HT-29 and mice MC-26 cell lines by blocking angiogenesis. Furthermore, they did so without a higher risk of GI toxicity [131]. Ibuprofen also exhibited similar results when studied in gastric adenocarcinoma [130]. In addition, aspirin-induced blockage of angiogenesis and tumor metastasis were observed with the estrogen-receptor-negative human breast cancer MDA-MB-231 and MDA-MB-435 cell lines and the murine melanoma B16F10 cell line [128].




4.14. Carbonic Anhydrase (CA) Inhibition


Carbonic anhydrases (CAs), of which there are 15 isoforms, are enzymes that catalyze the reversible conversion of carbon dioxide (CO2) to bicarbonate ion and proton and are present in all body cells [281]. Of the 15 isoforms, CA IX and XII isozymes are tumor-associated because they are induced under hypoxic conditions [282,283]. In addition, the presence of CAs in the tumor microenvironment allows for pH regulation in response to changes induced by hypoxia, thus aiding tumor cell invasion and adhesion and, thus, metastasis [284].



Indomethacin increased the activity of CA I and II isozymes from human and bovine erythrocytes, respectively, in a dose-dependent noncompetitive manner [132]. It was suggested that CA and COX activity are inversely related, in that pH changes due to CA being activated result in inhibition of COX activity [132]. Celecoxib inhibited human CA II of the renal tubule cells with comparable affinities as the classical CA inhibitor (CAI), dichlorophenamide (DCP) [133,134], and both celecoxib and valdecoxib potently inhibited CA IX with effectiveness that was stronger than the best CAIs, acetazolamide and methazolamide [133]. This effect displayed by celecoxib and valdecoxib was thought to occur because they possess the sulfonimide moiety present in CAIs [133,134].



CA IX and XII isozymes were overexpressed in tumors and are markers for hypoxia in the tumor microenvironment [285]. They were observed in various cancer types, including cervical [286], breast [287,288], ovarian [285], pancreas [289], and brain cancers [290]. In a study on breast cancer MDA-MB-231 and ZR-75-1 cell lines, all metastatic lymph nodes studied expressed either CA IX or CA XII, or both isozymes [287]. A retrospective study on CA IX expression in patients who had invasive breast cancer found that CA IX expression was a significant predictor of survival. Patients with CA-IX-positive tumors had 2.5 times the risk of death as patients with CA-IX-negative tumors [288]. The poor prognosis of CA IX was also observed in oligodendroglial brain tumors [290].





5. Specialized Pro-Resolving Mediators (SPMs)


The resolution phase of acute inflammation is an active process whose purpose is to clear polymorphonuclear leukocytes (PMNs) and cellular debris from the injury site [291]. This phase engages in cleaning the inflammation site and restoring homeostasis [291,292,293]. This includes removing the cause for infection or injury, deactivating proinflammatory signals and their pathways, and the efferocytosis of apoptotic PMNs via phagocytosis by monocyte-derived macrophages [291,294]. Not only that, but lipid mediators also involved in the resolution phase modulate chemokine gradients such that the acute inflammation response is concluded and homeostasis is achieved. These endogenous anti-inflammatory bioactive lipid mediators are called specialized pro-resolving mediators (SPMs), biosynthesized locally and in a time-dependent manner to promote the resolution of inflammation and subsequent tissue healing [291,292,293,295]. SPMs are synthesized from the essential fatty acids and include the lipoxins (LXs) [296], resolvins (Rvs) [295], maresins (MaRs) [297], and protectins (PDs) [297]. Of these, LXs are AA-derived, while Rvs, MaRs, and PDs are derived from omega-3 PUFAs, EPA, and DHA [298] (Figure 2).



As omega-3 fatty acids, EPA and DHA decrease cancer risk [299,300,301,302] by suppressing the biosynthesis of eicosanoids from AA. High dietary consumption of DHA and EPA leads to their greater incorporation into the phospholipid bilayer of the cell membrane, competing for position against AA. Decreased availability of AA precursors allows for the production of EPA-derived prostanoids and leukotrienes. Not only that, the greater presence of omega-3 fatty acids reduces the conversion of linoleic acid (LA) to AA and, consequently, the generation of AA-derived eicosanoids. The lower AA level dampens COX-2 activity, which results in reduced formation of proinflammatory eicosanoids. Since the LOX pathway prefers EPA as a substrate, there is an increased production of EPA-derived LOX products [292]. The inhibited formation of AA-derived eicosanoids by omega-3 fatty acids and their derived eicosanoids suggests their anti-inflammatory and anticarcinogenic potential.



Current cancer therapy aims to suppress the proinflammatory mechanisms and mediators; a novel approach would be promoting and enhancing the resolution phase of inflammation [303]. In cancer treatment, the focus has been on killing tumor cells to curb tumor growth and/or metastasis; this results in the buildup of dead cells or cellular debris that must then be cleared from the sites of inflammation [304]. Engaging the resolution processes would be necessary to remove apoptotic tumor cells and immune system components. In addition, the activity of resolution-promoting mediators may stimulate further healing and the dissipation of the accompanying surge of proinflammatory cytokines, also known as cytokine storm, present during uncontrolled inflammation [305,306]. NSAIDs, such as aspirin, reduce inflammation and prevent cancer. Therefore, it has been suggested that particular focus be placed on the potential of aspirin in triggering the production of these resolution-promoting mediators (resolvins, lipoxins, protectins, and maresins), which show promise in inhibiting cancer growth and spread (reviewed in [303]).



5.1. Lipid Class Switching


PGs and leukotrienes (LTs) initiate the inflammatory response by attracting neutrophils to the site of injury or infection. After some time, the lipid profile begins to change, mediated by the expression/activation of the biosynthetic enzymes necessary for the generation LXs, Rvs, PDs, and MaRs [307]. PGE2 and PGI2 play crucial roles in the switch of these lipid profiles. Intercellular interactions between the lipoxygenase enzymes in PMNs recruited to the injury site and in inflamed tissue cells result in the switch in the synthesis of LTs to the generation of pro-resolving mediators, thereby enhancing resolution mechanisms [308]. The class-switching of eicosanoids involved in inflammation allows for the effective initiation, progression, and termination of the inflammatory response (Figure 2).



5.1.1. Lipoxins


Engaged extensively in the inflammatory response, LXs, along with their C15 epimers, aspirin-triggered lipoxins (AT-Ls), play crucial roles in the resolution phase (reviewed in [291,309,310]). LXs are produced through transcellular biosynthesis involving interactions between stimulated neutrophils and different cell types [309]. The enzyme 15-LOX-2 acts on AA to form 15-S-HETE, which binds as a substrate to 5-LOX in leukocytes to form the lipoxins LXA4 and LXB4. Alternatively, lipoxins can be synthesized by transforming AA to leukotriene LTA4 by 5-LOX; LTA4 then binds to platelet 12-LOX to generate lipoxins [307]. In this pathway, the initial steps are the same for the generation of leukotrienes. Thus, proinflammatory activity may be mediated through mechanisms that convert LTA4 (proinflammatory) to LX (anti-inflammatory), in addition to the direct anti-inflammatory effects of LXs. The third biochemical pathway leads to the formation of epi-lipoxins, or aspirin-triggered lipoxins (AT-Ls), which occur during cell–cell interactions, such as between endothelial cells and PMNs. Aspirin-acetylated COX-2 binds AA and mirrors 15-LOX-2 activity by oxygenating AA to form 15-R-HETE. Further oxygenation by 5-LOX generates the epimeric forms of lipoxins or ATLs [311].



The anti-inflammatory actions of LX/ATL include sending a stop signal to end the chemotaxis of PMNs to the inflamed tissue, inhibiting proinflammatory cell signaling to prevent tissue damage, and co-ordinating cellular interactions and responses to promote resolution and wound healing [312]. In addition, LXA4 increases the enlistment of macrophages to the site of inflammation and decreases the production of cytokines to mediate the inflammatory response, such as to clear away bacteria and signaling pathways. In this manner, LX/ATL closely mirrors the functions of resolvins [291].



Lipoxins may be useful targets for the induction of resolution and/or chemoprevention during carcinogenesis. Cancer cells, not just normal cells, can also synthesize lipoxins when treated with aspirin. These lipoxins, as autocoids, can exert their antitumor effects on the cancer cells that produce them. For example, co-stimulation of aspirin-treated A549 human lung adenocarcinoma epithelial cells with PMNs produced LXA4, LXB4, and their aspirin-triggered epimers; these LXs inhibited cell proliferation, with AT-LXB4 showing more potency than LXB4. However, cell growth inhibition of A549 cells by LXA4 and AT-LXA4 were affected to the same extent [135].




5.1.2. Resolvins


Resolvins are oxygenated metabolites formed from the metabolism of omega-3 fatty acids. EPA produces the E-series resolvins (RvEs), and DHA forms the D-series resolvins, maresins, and protectins, while DPA gives rise to the T-series resolvins (Figure 2).



RvEs are made during interactions between endothelial cells and leukocytes. RvE1 and RvE2 are made by two pathways: (i) cytochrome p450 and (ii) aspirin-acetylated COX-2. Aspirin acetylation of the COX-2 enzyme inhibits its ability to produce PGs but does not affect its peroxidation function, thus allowing the formation of anti-inflammatory mediators [313]. Occurring in the epithelial and endothelial tissues, cytochrome P450 [314] or aspirin-triggered COX-2 [313] acts upon EPA to form the intermediate 18-hydroxyeicosapentaenoic acid (18-HEPE). 18-HEPE interacts with the 5-LOX of the PMN leukocytes to produce RvE1 and RvE2 [315]. RvE1 may also be synthesized from the catalysis of 18-HEPE by the enzyme LTA4 hydroxylase, which also plays a key role in the formation of leukotrienes [313]. When human upregulated COX-2 endothelial cells were treated with indomethacin, acetaminophen, and aspirin, EPA formed 15-R-HEPE and 18-R-HEPE, which are intermediates for resolvins and are themselves bioactive [316].



In vascular endothelial cells, DHA reacts with 15-LOX and later 5-LOX to generate the 17-S-D-series resolvins (RVD1-6). In the presence of aspirin, DHA is catalyzed by aspirin-acetylated COX-2, followed by 5-LOX to produce the 17-R-resolvins, aspirin-triggered D-series resolvins (AT-RvDs) [317,318]. Resolvin D1 (RvD1) is associated with decreased leukocyte infiltration into inflamed tissue and augments the phagocytosis and removal of macrophages in the inflammatory response [293]. RvD1 and AT-RvD1 regulate leukocyte infiltration in a dose-dependent manner as oxidoreductases convert 17S configuration to 17-oxo-RvD1, its inactive form, which differs from the AT-RvD1, which is resistant to rapid inactivation [318]. Resolvin D2 (RvD2) has been shown to reduce the production of cytokines and the recruitment of immune cells to the site of inflammation. It possesses complex roles in the inflammatory response, influencing leukocyte transmission from plasma to inflamed tissue and the levels of cytokine and eicosanoid products [291].



The T-series resolvins (RvTs), also called 13-series resolvins, are derived from n-3 docosapentaenoic acid (DPA). RvTs are synthesized via neutrophil–endothelial cell interactions in which COX-2 converts DPA to 13-R-hydroperoxyDPA (13-R-HpDPA), which is hydrolyzed to 13-hydroxyDPA (13-R-HDPA) and then converted to resolvins in neutrophils; its synthesis is increased by atorvastatin, which results in S-nitrosylation of COX-2 [319]. RvTs (1-4) inhibit macrophage-mediated activation of inflammasomes and activity of proinflammatory cytokine IL-1b. Like other SPMs, DPA-derived resolvins stimulate pro-resolving activities, while also exhibiting anti-inflammatory properties, including enhancing phagocytosis of cell debris and infectious agents [319].



Aspirin-triggered resolvins exhibit anticarcinogenic and pro-resolving properties without immunosuppression [298,320]. AT-RvDs promoted macrophage-mediated phagocytosis of therapy-generated H460 and HCC827 human lung cancer cells and therapy-killed murine Lewis lung carcinoma (LLC) tumor cells [136]. AT-RvD1, AT-RvD3, and AT- LXA4 hindered tumor growth in various murine cancer cell lines, including LLC lung, MC38 colon, and 4T1 breast cells [136]. Furthermore, both AT-LXA4 and AT-RvD3 inhibited the release of proinflammatory cytokines, including the macrophage migration inhibitory factor (MIF); MIF secretion decreased due to AT-LXA4 or AT-RvD3 treatment of macrophages incubated with etoposide-generated human H460 lung tumor cell debris [136]. Another study suggested the potential for AT-RvDs in preventing tumor development and spread. This study found that AT-RvD1 inhibited the TGF-b1-induced epithelial to mesenchymal transition of A549 human lung adenocarcinoma epithelial cells, thus blocking tumor cell migration and metastasis [137]. In another model of lung adenocarcinoma in mice with an oncogenic KrasG12D mutation, AT-RvD1 decreased tumor growth and reduced the neutrophil-to-lymphocyte ratio, which is a marker for poor prognosis of cancer outcomes [138].




5.1.3. Protectins and Maresins


To the best of our knowledge, the effects of NSAIDs on protectins and maresins in cancer have not been reported. The synthesis of protectins [321] and maresins (macrophage mediator in resolving inflammation) [322,323] also occurs during the resolution of inflammation. However, their pro-resolving actions may be critical in cancer.



The 17R epimer of PD1 is generated via an aspirin-triggered pathway in which aspirin-acetylated COX-2 of leukocytes catalyzes DHA to 17-R-hydroperoxyDHA (17-R-HDHA), which undergoes epoxidation to form the 16R,17R-epoxy-protectin, and then hydrolysis to form aspirin-triggered protectin D1 (AT-PD1/AT-NPD1) [317,321]. PD1 and AT-PD1 inhibit trans-endothelial leukocyte migration and stimulate macrophage-mediated efferocytosis [297,321,324]. Because PD1 partially inhibits the recruitment of leukocytes to the inflamed site, PD1 exerts its anti-inflammatory effects without compromising the body’s immune defense. In addition, the actions of PD1 on various cell types allow for the regulation of cell signaling and transmigration of immune cells during the inflammatory response [297].



Maresins, derived from DHA via the 12-LOX pathway, are synthesized by macrophages [297]; the biosynthesis of maresin 1 (MaR1) [323] and maresin 2 (MaR2) [322] have been studied in detail. The bioactions of maresins include antinociception, tissue healing and regeneration, and return to homeostasis, making them critical for host defense and counter-regulators of inflammation [297]. The epoxide intermediate in the maresin biosynthetic pathway, 13,14-epoxyDHA, directly inhibits the enzyme LTA4 hydrolase, thus affecting LTB4 formation [297,325]. These findings show the role of maresins in regulating proinflammatory lipid mediators in addition to their anti-inflammatory actions, either directly or by way of precursors along the biosynthetic pathways [325]. Maresins prevent PMN infiltration and increase the phagocytic uptake of dead PMNs by macrophages, with comparable potency to RvE1 and PD1 [323]. MaR1 stimulated efferocytosis and tissue regeneration with higher potency than RvD1 and decreased the chemotactic movement of peripheral blood neutrophils [326]. Less potent than MaR1, MaR2 is still effective in promoting efferocytosis and blocking the arrival of neutrophils to the inflamed site, but at lower concentrations [322]. MaR1 possesses anti-inflammatory actions that are also apparent in cancer and metastasis, partly due to its counter-regulation of macrophage-secreted proinflammatory signals and inhibition of tumor growth and metastasis [327]. MaR1 promotes macrophage phagocytotic uptake of chemotherapy-treated and apoptotic human tumor cells of the PC3M-LN prostate, A375-SM melanoma, HEY ovarian, and HSC-3 oral cell lines [327]. These effects were also observed in estrogen-receptor-positive and -negative breast cancer cell lines [328].






6. Summary and Perspectives


NSAIDs inhibit the eicosanoid pathway, paving the way for mechanistic drug-developmental work focusing on COX and its products. Overexpression of COX-2 in the colon and many other cancers provided the rationale for clinical trials with COXIBs for cancer prevention or treatment. As alluded to here, the combination of COXIBs with chemotherapeutic agents has been disappointing. NSAIDs do not require the presence of COX-2 to prevent cancer. This review highlights the effects of NSAIDs and COXIBs on targets beyond COX-2 that have shown to be important against many cancers. A significant need in chemoprevention is the development of effective and safe agents. NSAIDs, in general, including COXIBs, do not meet these criteria. Developing the appropriate pharmacological agents and identifying biomarkers that will aid in both monitoring the response and selecting the best candidates for chemoprevention is key to the development of such agents.



There are no “magic bullets” when it comes to cancer treatment. This is a complex disease and, as such, requires a multi-prong, mechanistically targeted approach. Cancer treatment modalities have principally concentrated on the destruction of the tumor cell. Strategies to modulate the host microenvironment offer a new perspective in cancer chemotherapy. How to target cancer-related inflammation in patients with cancer has been a big dilemma. Understanding the various biochemical and signaling pathways involved in tumor cell kinetics has provided the necessary tools for designing agents that augment or inhibit these potential targets.



Aspirin and NSAIDs inhibit the cyclooxygenase pathway, limiting prostanoid biosynthesis. What is important is that aspirin is an irreversible inhibitor that acetylates COX; other NSAIDs are reversible inhibitors. Aspirin acetylation of COX-2 modifies the catalytic domain, blocking PG biosynthesis, but the enzyme remains active, producing 15R-HETE from arachidonic acid, 18R-HEPE from EPA, and 17R-HDHA from DHA in COX-2-expressing cells. Leukocytes transform these to aspirin-triggered lipoxins, aspirin-triggered resolvins, and aspirin-triggered protectins. These AT-SPMs are potent mediators that stop PMN infiltration and enhance macrophage cleanup. Of note, COX-1 does not produce appreciable aspirin-triggered epimers, and NSAIDs inhibit both COX-1 and COX-2, and COXIBs prevent their production. Thus, aspirin-triggered SPMs may induce cancer resolution, demonstrating their utility for chemotherapy. In this arena, much work still needs to be done.
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Abbreviations




	13-HDPA
	13-hydroxyDPA



	13-HODE
	13-Hydroxyoctadecadienoic acid



	13-HpDPA
	13-hydroperoxyDPA



	15-HEPE
	15-hydroxyeicosapentaenoic acid



	15-HETE
	15-Hydroxyeicosatetraenoic acid



	17-R-HDHA
	17-R-hydroperoxyDHA



	18-HEPE
	18-hydroxyeicosapentaenoic acid



	AA
	Arachidonic acid; (20:4, n-6)



	Akt
	Protein kinase B (PKB)



	Apaf-1
	Apoptotic protease activating factor 1



	APC
	Adenomatous polyposis coli



	APPROVe
	Adenomatous Polyp Prevention on Vioxx



	AT-LXA4
	Aspirin-triggered lipoxin A4



	ATL
	Aspirin-triggered lipoxin



	AT-PD1/AT-NPD1
	Aspirin-triggered protectin D1/Aspirin-triggered neuroprotectin D1



	AT-RvD
	Aspirin-triggered D-series resolvin



	AT-RvE
	Aspirin-triggered E-series resolvin



	Bad
	Bcl-2-agonist of death



	Bak
	Bcl-2 homologous antagonist/killer



	Bax
	Bcl-2-like protein 4



	Bcl-2
	B-cell lymphoma 2



	BH3
	Bcl-2 homology 3



	Bid
	BH3-interacting domain death agonist



	Bim
	Bcl-2-like protein 11



	CA
	Carbonic anhydrase



	CAI
	Carbonic anhydrase inhibitor



	cAMP
	Cyclic adenosine monophosphate



	cdk4
	Cyclin-dependent kinase 4



	cGMP
	Cyclic guanosine monophosphate



	CLASS
	Celecoxib Long-Term Arthritis Safety Study



	CO2
	Carbon dioxide



	COX
	Cyclooxygenase



	COXIBs
	COX-2 selective NSAIDs



	DCP
	Dichlorophenamide



	DHA
	Docosahexaenoic acid; (22:6, n-3)



	DMC
	2,5-Dimethyl-celecoxib



	DPA
	Docosapentaenoic acid (22:5, n-3)



	EGR-1
	Early growth response factor 1



	EPA
	Eicosapentaenoic acid; (20:5, n-3)



	ER
	Endoplasmic reticulum



	ERK
	Extracellular-signal-regulated kinase



	FAP
	Familial adenomatous polyposis



	GDP
	Guanosine diphosphate



	GI
	Gastrointestinal



	GSK-3β
	Glycogen synthase kinase-3beta



	GTP
	Guanosine triphosphate



	IL
	Interleukin



	IP3
	Inositol trisphosphate



	IκB
	I-kappa-B



	JNK
	c-Jun N-terminal kinase



	LA
	Linoleic acid; (18:2, n-6)



	LOX
	Lipoxygenase



	LT
	Leukotriene



	LTA4
	Leukotriene A4



	LX
	Lipoxin



	MAPK
	Mitogen-activated protein kinase



	MaR
	Maresin



	MEK
	MAPK/ERK kinase



	MIF
	migration inhibitory factor



	mTOR
	Mammalian target of rapamycin



	mTORC1
	Mammalian target of rapamycin complex 1



	mTORC2
	Mammalian target of rapamycin complex 2



	NAG-1
	NSAID-activated gene



	NF-κB
	Nuclear factor kappa light-chain enhancer of activated B cells



	NK cells
	Natural killer cells



	NSAIDs
	Nonsteroidal anti-inflammatory drugs



	PD1/NPD1
	Protectin D1/Neuroprotectin D1



	PDE
	Phosphodiesterase



	PDK-1
	phosphoinositide-dependent kinase-1



	PDs
	Protectins



	PG
	Prostaglandin



	PGI2
	Prostacyclin



	PI3K
	Phosphoinositide 3-kinase



	PIP2
	Phosphatidylinositol (4,5)- bisphosphate



	PIP3
	Phosphatidylinositol (3,4,5)- trisphosphate



	PKG
	Protein kinase G



	PMNs
	Polymorphonuclear leukocytes



	PPAR
	Peroxisome-proliferator-activated receptor



	PUFAs
	Polyunsaturated fatty acids



	Puma
	p53 upregulated modulator of apoptosis; Bcl-2-binding component 3



	RTX
	retinoid X receptor



	Rv
	Resolvin



	RvD
	D-series resolvin



	RvE
	E-series resolvin



	RvT
	T-series resolvin



	SPMs
	Specialized pro-resolving mediators



	TAM
	Tumor-associated macrophages



	Tcf-4
	Transcription factor 4



	TGF-β
	Transforming growth factor-beta



	TNF-α
	Tumor necrosis factor-alpha



	TXA2
	Thromboxane A2



	VEGF
	Vascular endothelial growth factor



	VIGOR
	Vioxx Gastrointestinal Outcomes Research



	Wnt/β-catenin
	Wingless-related integration site/beta-catenin
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Figure 1. Overview of the cyclooxygenase pathway. Arachidonic acid, the substrate of the cyclooxygenase, (COX) biosynthetic pathways, is derived from diet or synthesized from linoleic acid and is released from membrane phospholipids through a series of reactions requiring phospholipases. The enzyme prostaglandin H2 synthase catalyzes the committed step. It exhibits two catalytic activities, cyclooxygenase and peroxidase. The enzyme expressing both activities is referred to as COX. There are two isoforms of PGH2 synthase, designated COX-1 and COX-2. The cyclooxygenase component of PGH2 synthase, produces the unstable intermediate PGG2, which is rapidly converted to PGH2 by the peroxidase activity of PGH2 synthase; this requires 2 equivalents of GSH. Specific isomerases convert PGH2 to various PGs and TxA2. Steroids have powerful anti-inflammatory properties because they inhibit phospholipases, thus limiting the bioavailability of arachidonic acid. Abbreviations: prostaglandin H2 synthase, PGH2 synthase; prostaglandin G2, PGG2; prostaglandin H2, PGH2; phospholipases A2, C, and D, PLA2, PLC, PLD; glutathione, GSH; prostaglandins (respective receptors), PGE2 (EP1-4), PGF2α (FP), PGD2 (DP, CRTH2); prostacyclin, PGI2 (IP); thromboxane A2, TxA2 (TP). 
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Figure 2. Production of special pro-resolving mediators (SPMs). Biosynthesis of lipoxins and aspirin-triggered (AT) lipoxins from arachidonic acid (AA); biosynthesis of resolvins and aspirin-triggered (AT) resolvins, protectins and aspirin-triggered (AT) protectins, and maresins from eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA); biosynthesis of the T series resolvins from docosapentaenoic acid (DPA). Abbreviations: RvE1, resolvin E1; RvE2, resolvin E2; RvE3, resolvin E3; RvE4, resolvin E4; AT-RvEs, aspirin-triggered E-series resolvins; LXA4, lipoxin A4; LXB4, lipoxin B4; AT-LXA4, aspirin-triggered lipoxin A4; 15-LOX, 15-lipoxygenase; 5-LOX, 5-lipoxygenase; 12-LOX, 12-lipoxygenase; COX2/ASA, aspirin-acetylated cyclooxygenase-2; P450, cytochrome P450; RvD1, resolvin D1; RvD2, resolvin D2; RvD3, resolvin D3; RvD4, resolvin D4; RvD5, resolvin D5; RvD6, resolvin D6; AT-RvDs, aspirin-triggered D-series resolvins; PD1/NPD1, protectin D1/neuroprotection D1; AT-PD1, aspirin-triggered protectin D1; MaR1, maresin 1; MaR2, maresin 2; RvT1, resolvin T1; RvT2, resolvin T2; RvT3, resolvin T3; RvT4, resolvin T4. 
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Table 1. Selected COX-independent targets of NSAIDs in cancer discussed in the text.
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Target

	
NSAID

	
Reference






	
NF-κB

	
Aspirin

	
[67,68,69]




	
Diclofenac

	
[70]




	
Sulindac

	
[71,72]




	
PDK-1/Akt

	
Celecoxib

	
[73,74]




	
Naproxen

	
[75]




	
PPAR

	
Aspirin

	
[76]




	
Ibuprofen

	
[76]




	
Indomethacin

	
[76,77]




	
Sulindac

	
[78]




	
NS398

	
[79]




	
Celecoxib

	
[80]




	
MAPKs

	
Indomethacin

	
[81,82,83]




	
NS398

	
[81,84,85]




	
Celecoxib

	
[86,87,88]




	
Sulindac sulfide

	
[85]




	
Wnt/β-catenin

	
Indomethacin

	
[89]




	
Sulindac

	
[90,91,92]




	
Diclofenac

	
[93]




	
Celecoxib

	
[93,94]




	
PDEs

	
Sulindac sulfide

	
[95,96,97,98]




	
mTOR

	
Aspirin

	
[99]




	
Celecoxib

	
[100]




	
Autophagy

	
Celecoxib

	
[101,102,103]




	
Meloxicam

	
[104,105]




	
Aspirin

	
[99,106]




	
Cell kinetics

	
Sulindac

	
[47]




	
Piroxicam

	
[47]




	
Celecoxib

	
[107]




	
SC560

	
[107]




	
Naproxen

	
[75]




	
Sulindac sulfide

	
[108]




	
Cytochrome c

	
Indomethacin

	
[109,110]




	
Celecoxib

	
[111,112]




	
NS398

	
[113]




	
Aspirin

	
[114]




	
NAG-1

	
Sulindac

	
[115]




	
Sulindac sulfide

	
[108,116,117,118]




	
Indomethacin

	
[116,118,119]




	
Piroxicam

	
[119]




	
Diclofenac

	
[119]




	
Aspirin

	
[118]




	
Celecoxib

	
[120,121]




	
NS398

	
[122]




	
Ibuprofen, Flurbiprofen

	
[123]




	
Ca2+ mobilization

	
Indomethacin

	
[109,124]




	
Celecoxib

	
[125]




	
2,3-Dimethylcelecoxib

(DMC, celecoxib analog)

	
[126,127]




	
Angiogenesis

	
Aspirin

	
[128,129]




	
Ibuprofen

	
[130,131]




	
Carbonic Anhydrase

	
Indomethacin

	
[132]




	
Celecoxib

	
[132,133,134]




	
Valdecoxib

	
[133,134]




	
SPMs

Lipoxins

Resolvins

Protectins

Maresins

	

	




	
Aspirin

	
[135]




	
Aspirin

	
[136,137,138]




	
Not studied

	




	
Not studied
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