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Described almost 50 years ago, the glycerophosphocholine lipid mediator Platelet-activating factor (PAF) has been implicated in many pathologic processes. Indeed, elevated levels of PAF can be measured in response to almost every type of pathology involving inflammation and cell damage/death. In this review, we provide evidence for PAF involvement in pathologic processes, with focus on cancer, the nervous system, and in photobiology. Importantly, recent insights into how PAF can generate and travel via bioactive extracellular vesicles such as microvesicle particles (MVP) are presented. What appears to be emerging from diverse pathologies in different organ systems is a common theme where pro-oxidative stressors generate oxidized glycerophosphocholines with PAF agonistic effects, which then trigger more enzymatic PAF synthesis via the PAF receptor. A downstream consequence of PAF receptor activation is the generation and release of MVP which provide a mechanism to transmit PAF as well as other bioactive agents. The knowledge gaps which when addressed could result in novel therapeutic strategies are also discussed. Taken together, an enhanced understanding of the PAF family of lipid mediators is essential in our improved comprehension of the relationship amongst the diverse cutaneous, cancerous, neurologic and systemic pathologic processes.
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Introduction

The term “platelet-activating factor” was first given by Benveniste and colleagues in their landmark Journal of Experimental Medicine manuscript in 1972, to a biochemical activity released by activated basophils which caused platelets to aggregate (1). This activity (PAF) was subsequently determined to be a class of glycerophosphocholines (GPC) with 1-hexadecyl-2-acetyl-GPC being amongst the most potent (2, 3). Though PAF has been demonstrated to have multiple biological activities due to a binding at high picomolar-low nanomolar concentrations to single G-protein coupled receptor widely expressed (4, 5), the term Platelet-activating factor has remained. Indeed, the PAF family of lipid mediators have been implicated in pro-inflammatory processes ranging from asthma to sepsis to ultraviolet radiation (UVR) responses. Administration of PAF results in an acute inflammatory response, yet also can generate immunosuppressive effects via upregulation of regulatory T cells (6–9). A recent PubMed search indicates that more than 14,000 publications involve PAF, which attests to the large body of information available on this lipid mediator.

The synthetic pathways for PAF have been extensively reviewed (5, 10). The major pathway associated with cellular stimuli is the remodeling pathway. Cellular activation resulting in increased intracellular calcium levels induces phospholipase A2 (often group IVA cytosolic cPLA2) activation which releases an unsaturated fatty acid from the sn-2 position of a GPC, with the released fatty acid often a substrate to form eicosanoids. The lyso GPC species then is acetylated using acetylCoA by an acetyltransferase (10) to form PAF. Of interest, the PAF receptor (PAFR) is a potent stimulus for enzymatic PAF synthesis via this pathway, indicating a feed-forward system (11). The limit on enzymatic PAF synthesis appears to be the substrate as well as amounts of acetylCoA available. Once produced, PAF is quickly broken down by cell- and serum-associated PAF acetylhydrolases (PAF-AH) (12). Thus, PAF is a highly potent mediator whose synthesis and degradation are tightly regulated.

In contrast to the highly regulated enzymatic pathways, PAFR agonists can also be formed in response to reactive oxygen species (ROS) via the direct attack of free radicals on the sn-2 long-chained unsaturated fatty acids in the GPC (13–15). Oxidation of the esterified fatty acyl residue can introduce oxy functions, bond rearrangements and can result in the fragmentation of carbon-carbon bonds via β-scission. This process can result in a large number of phospholipid reaction products, to include some that exert PAFR agonistic activity. Unlike the tightly regulated enzymatic processes, this non-enzymatic process producing oxidized GPC (ox-GPC) with PAFR activity is dependent upon amounts of GPC substrate, pro-oxidants and antioxidant defenses. It should be noted that the majority of ox-GPC species have not been structurally characterized to allow quantitation using mass spectrometric techniques. Hence, we believe that the most accurate manner to measure PAF is via its biochemical effects such as intracellular calcium mobilization responses or release of cytokines such as IL-8 in genetically engineered cell lines with/without the PAFR (14, 16–18).

Once PAF is generated, it can either reside in the cellular membranes and potentially act upon the cell itself or to neighbor cells in juxtacrine fashion (19, 20). Some cell types, in particular monocytes, neutrophils and keratinocytes have been demonstrated to release PAF to allow it to exert effects away from the host cell. The exact mechanisms by which cells release PAF is as yet unknown, however, our group has recently demonstrated that a keratinocyte cell line can generate subcellular microvesicle particles (MVP; see ref (21–23) for recent reviews) released from budding from the plasma membrane which contain PAFR agonistic activity (24, 25). As PAFR activation results in both MVP release as well as PAF generation, this results in the potential linkage of the two processes. Presumably, traveling in an MVP might afford protection from degradation by PAF-AH in comparison to being free or protein-bound in tissue fluids. As MVPs merge with target cells, this could place PAF back into a target cell membrane. It should be noted that recent evidence from x-ray crystallography of the PAFR indicates that helix VIII appears to cover the ligand-binding site (26). This novel structural finding could be suggestive that optimal PAFR agonists bind to the receptor while residing in the plasma membrane, rather than accessing the binding site extracellularly. This finding might also provide an explanation for the low affinity of all known PAFR antagonists in comparison to native PAF ligand (27). Of importance, MVP release from many stimuli (including PAF) are dependent upon the lipid enzyme acid sphingomyelinase (aSMase) (25, 28). As aSMase inhibitors including imipramine and other molecules in the tricyclic anti-depressive class of molecules are available (29), this could potentially result in pharmacologic modulation of PAF release. This adds a potential adjunctive pharmaceutical strategy in addition to the use of PAFR antagonists.



PAF and Disease Processes

Because elevated PAF levels can be measured in many diseases, and exogenous PAF can mimic many aspects of disorders, PAF has been implicated in many processes. However, no actual diseases have been demonstrated to be due entirely to the presence or lack of the PAF system. The picture that is emerging is that the PAF system appears to serve as a modulator of pathologic processes. There are three areas that we would like to focus this review upon- the role of PAF in cancers and cancer therapy responses, central nervous system pathologies, and the effects of ultraviolet B radiation. Given that the skin is a complex organ that has epithelial, mesenchymal, immunologic, and neuronal components, all of these areas link to the overall theme of the epilipidome. Moreover, the three areas are connected to what we believe is a common three-part process. First, ROS from various agents generate small levels of PAFR agonists. Second, these PAFR agonists act upon the PAFR resulting in cellular activation and generation of additional PAF enzymatically, potentially allowing a PAFR amplification response. Finally, aSMase activation results in the formation and release of MVP carrying PAFR agonists to other sites. Activation of PAFR in target organs then mediate further pathology. This process provides several therapeutic targets to include antioxidants, PAFR antagonists, aSMase inhibitors as well as agents that block down-stream effects such as cyclooxygenase-2 (COX-2) inhibitors.



PAF and Cancer and Cancer Therapies


Evidence Linking PAF System to Cancers

The ability of the PAF-PAFR signaling to induce a robust systemic pro-inflammatory, pro-proliferative, and delayed immune suppressive responses, implicated in various pathological conditions, rationalized its exploration in cancer development as many malignant cells were identified to express PAFR (3–5, 30). Notably, studies by Im and colleagues provided the first report demonstrating that a single systemic administration of PAF can augment IL-1α and TNF-α-induced increased pulmonary metastasis of murine B16F10 melanoma cells in syngeneic C57BL/6 hosts, in a process blocked by the PAFR antagonist BN50739 (31). The critical role of the PAF-PAFR signaling in melanoma tumorigenesis was also supported by the phenotype of the PAFR-overexpressing transgenic mice that exhibited keratinocyte hyperplasia, which was accompanied by hyperpigmentation and increased number of dermal melanocytes in the ear and tail with subsequent development of melanocytic tumors (32, 33). Since the PAFR is expressed in keratinocytes but not melanocytes (34), it is presumed that the melanocytic tumors are in response to inappropriate expression of the PAFR which resulted in a proliferative response. Biancone and colleagues also evaluated the role of the PAF-metabolizing enzyme PAF-AH in melanoma tumor development (35). C57BL/6 mice implanted with PAF-AH-overexpressing B16F10 melanoma cells exhibited significantly decreased tumor vascularization and growth, as well as increased survival compared to the mice harboring PAF-AH-deficient B16F10 tumors (35). These studies provided the rationale to further define the contributions of tumoral versus host PAFR signaling in melanoma development.

Given that ectopic PAF-AH expression in KS-Imm human Kaposi’s sarcoma cells, or B16F10 melanoma cells resulted in reduced neoangiogenesis and tumor growth in their respective SCID and C56Bl/6J hosts, and that IFNγ-stimulated PAF synthesis enhanced the invasiveness of F10-M3, a clone of B16F10 melanoma line (35, 36), the direct evidence of tumoral PAFR in melanoma growth remained unclear as unlike many human melanoma cell lines (37–40), murine B16F10 cells do not express PAFR (41, 42). To address this question, our group generated PAFR-expressing B16F10 melanoma cells and demonstrated that regardless of the tumoral-PAFR expression, systemic administration of a PAFR agonist, CPAF resulted in increased growth of melanoma tumors in wild type (WT) mice, but not in PAFR-deficient (PAFR-KO) counterparts (43). Using environmental UVB exposure that generates PAF-agonists (to mirror systemic immunosuppressive model), we observed that similar to systemic CPAF injection, cutaneous UVB radiation also significantly increased the growth of PAFR-deficient, parental B16F10 tumor xenografts in WT hosts, and can be blocked by antioxidants supplementation (43). Importantly, this UVB-mediated increased growth of melanoma tumors was not seen in PAFR-KO hosts (43). Along similar lines, we have also shown that host activation of the host PAFR signaling augments the in-vivo growth and metastatic ability of murine Lewis lung carcinoma cells, yet these effects were not seen in PAFR-KO hosts (44). These studies support an important role of the host PAFR signaling in favoring the development and progression of melanoma and lung tumors.



PAFR Expression in Tumor Proliferation and Clinical Significance

As most malignant cells of murine and human origins such as the Kaposi’s sarcoma, breast, prostate, lung, esophageal squamous cell carcinoma, ovarian, and pancreatic cancers express PAFR (40, 45–52), several studies have evaluated its relevance using various experimental in vitro models, as well as in clinical settings of cancer patients. Data from in vitro cellular models indicate that regardless of the anatomical origins, genetic backgrounds or the mechanisms involved, activation of tumoral-PAFR or PAFR overexpression accelerate the proliferation, aggressiveness, migration and invasion compared to respective control cells in various cancer models (45, 49, 50). Of note, multiple tumor cell lines expressing PAFR have been shown to produce more PAF or undergo increased PAFR expression in response to various stimuli including multiple growth factors and therapeutic agents (39, 40, 42). These lines of evidence also suggest that tumoral-PAFR expression could directly modulate the in vivo tumor growth via inducing systemic immunosuppressive effects mediated by more enzymatic PAF production by positive feed-forward mechanisms. Of significance, high tumoral-PAFR expression has also been detected in clinical settings of primary as well as lymph node metastatic tumors compared to the matched normal tissue (49, 50). High levels of tumoral PAFR expression was found to be positively correlated with increasing tumor stages, tumor status, tumor invasiveness, and poor prognosis in lung and esophageal squamous cell carcinoma patients (49, 50). Importantly, patients with high PAFR-expressing tumors experienced significantly decreased overall survival compared to the patients with low tumor PAFR expression (49, 50). Moreover, increased PAF concentrations were also detected in tumor samples of esophageal squamous cell carcinoma patients compared to matched adjacent normal tissue (50). These studies suggested the translational significance of tumoral PAFR expression in impacting not only tumor progression but also affecting the prognosis and overall survival of cancer patients.



PAFR Activation Blocking Anti-Tumor Immune Responses

Immune and non-immune factors including inflammatory milieu within the tumor microenvironment play significant roles in fostering tumor growth, angiogenesis, and metastatic progression (53). Given that PAFR activation is critical in both acute inflammatory and delayed systemic immunosuppressive effects, studies including ours have assessed its function in anti-tumor immune responses. Among various immune cell types, macrophages have been recognized for their contributions not only in phagocytosis but also in pathological conditions such as cancer. Macrophages express various receptors including for immunoglobulin (e.g., IgG), endotoxin, phosphatidylserine (PS) etc., which get stimulated upon the engulfment of microbial organisms or their products to then mediate proinflammatory signals. However, when apoptotic bodies are presented, PS interaction with PS-receptor (PSR) on macrophages induce anti-inflammatory signal (54, 55). Importantly, the published reports have also shown that the clearance of apoptotic cells by macrophages induces their differentiation into a regulatory phenotype possessing immune suppressive function. The scavenger receptor CD36 expressed on macrophages, binds to oxidized low density lipoproteins (oxLDL) consisting of phospholipids, which also act as ligands for apoptotic cells. Thus, CD36 mediates apoptotic cell recognition by macrophages and facilitates its clearance (54, 55). As oxLDL mediated effects were found to be blocked by PAFR antagonists, studies by Oliveira et al., have demonstrated that blockade of PAFR or CD36 inhibited apoptotic cell phagocytosis (i.e., efferocytosis) by bone-marrow derived murine macrophages (56). These studies have also shown that this efferocytosis increased the colocalization of CD36 and PAFR in the plasma membrane of macrophages (56). Overall, the data indicate that apoptotic cell phagocytosis requires the engagement of both CD36 and PAFR in lipid raft, which induces macrophage differentiation into a regulatory phenotype.

Earlier studies have evaluated the role of PAF in macrophage regulation via measuring its spreading ability ex vivo. Macrophages were isolated from the peritoneal cavity of mice bearing Ehrlich ascites tumor (EAT) tumors and treated with or without PAF antagonist and added over glass coverslips. Increased spreading of macrophages was observed within a shorter period after tumor cell implantation. However, as tumors continued to grow, the spreading of macrophages derived from the normal (vehicle-treated) mice decreased, but macrophages from PAF antagonist-treated mice maintained the elevated levels of spreading (57).

Systemic treatment of PAF antagonists not only reduced the in vivo growth of EAT but also restored the spreading capability of macrophages (57). Importantly, PAFR antagonists have also been shown to decrease the growth of B16F10 tumors as well as the number of tumor-associated regulatory immunophenotypes expressing galectin-3 (58). Based upon the stimuli and tumor microenvironment, macrophages can acquire pro-inflammatory (M1) or anti-inflammatory (M2) phenotypes. These findings were supported by a recent report demonstrating that the in vivo tumor growth of PAFR-expressing TC-1 carcinoma or PAFR-deficient B16F10 melanoma were significantly reduced in PAFR-KO compared to their WT counterparts. Interestingly, the reduced growth of these tumor types in PAFR KO mice was accompanied by increased infiltration of Gr-1+ neutrophils and CD8+ T cells in B16F10 tumors, and CD4+ T cells in TC-1 tumors (59). In addition, both tumor types from PAFR KO mice exhibited high frequency of CD11c+ M1 and decreased frequency of CD206+ M2 macrophages consistent with higher iNOS, lower arginase activity and IL-10 expression levels as compared to the tumors implanted into WT mice (59). Overall, these findings suggested that endogenous PAF-like molecules bind with macrophages expressing PAFR, which then acquire more M2-like phenotype (TAMs) in the tumor microenvironment to favor tumor promotion. Importantly, a novel macrophage phenotype (i.e., Mox) has also been identified from oxidized phospholipid-treated murine macrophages, which possess distinct genetic profiles characterized by overexpression of Nrf2-mediated redox-regulatory genes, decreased phagocytic and chemotactic capabilities (60). These studies indicated that Mox macrophages could play critical roles in the development of development of atherosclerotic lesion as well as chronic inflammation.

Notably, dendritic cells have been shown to express PAFR, and its stimulation was found to result in increased production of cytokines such as IL-10 and the prostaglandin PGE2 associated with the regulatory phenotype in a process blocked by PAFR antagonists (61). Our studies have also supported the involvement of immune cells and PAFR in regulating the tumor growth by demonstrating that PAFR activation did not appreciably augment the growth of B16F10 melanoma tumors in immunocompromised SCID mice (43). As other prominent suppressive immunophenotypes which play critical roles in host anti-tumor immune response are regulatory T cells (Tregs), we have shown that increased growth of B16F10 tumors mediated via UVB-PAF agonists in syngeneic hosts was correlated with upregulation of tumoral Tregs compared to the sham-treated mice (43). Importantly, depletion of Tregs via anti-CD25 Abs or neutralizing Abs against IL-10, a cytokine secreted by immunosuppressive phenotypes including Tregs significantly blocked both UVB- and CPAF-mediated increased growth of B16F10 tumors compared to control groups of mice injected with isotype control Abs (43). Similarly, these effects are blocked by COX-2 inhibitors which appear critical for PAF-mediated Treg generation (18, 42). Myeloid-derived suppressor cells (MDSCs), a heterogeneous group of immature myeloid cells have also been shown to favor tumor development via mechanisms including the recruitment of other suppressive immunophenotypes into the tumor microenvironment (62). Given that murine MDSCs express CD11b and Gr-1 surface markers, and that their depletion have been explored as potential therapeutic approaches against solid tumors (reviewed in ref. 62), we evaluated its role in mediating PAFR-dependent tumor growth. Our studies found that UVB- or CPAF-mediated increased growth of B16F10 melanoma tumors was blocked by depleting MDSCs (via systemic injection of anti-Gr-1 Abs) (63). Overall, these studies indicated the relative contributions of several immune cell types in favoring tumor growth.



Multiple Therapies That Kill Tumor Cells Generate PAF

That dying tumor cells could generate PAF ligands provided the premise to explore the significance of PAFR signaling in the therapeutic efficacies of anti-cancer agents with known cytotoxic effects. Studies including ours have shown that multiple tumor lines including melanoma, lung, lymphoma, pancreatic, and nasopharyngeal carcinomas generate oxidized PAF agonists in response to chemotherapeutic agents or radiation therapy, with increased levels were detected in PAFR-expressing tumor cells (41, 42, 52, 64). Importantly, increased tumoral PAFR expression has also been detected upon the treatment of chemotherapy and radiation therapy (39, 64). These findings led to the hypothesis that systemic generation of PAF agonists via these therapies could tolerize the tumor bearing mice due to their ability to induce systemic immunosuppression, and thus, can impact their therapeutic efficacies. Notably, one of the major challenges in the medical oncology field is to define the mechanisms involved in inducing tumor resistance to the ongoing therapeutic options for cancer treatment, with the focus of devising novel approaches to improve their effectiveness. To address this clinically relevant question, ours and Sonia Jancar’s group have evaluated the potential significance of this “bystander effect” generated by chemotherapeutic agents and radiation therapy using murine cutaneous melanoma or squamous cell carcinoma (SCC) tumor lines (41, 42, 64).

Consistent with the systemic immunosuppressive model, we implanted two tumors into the flanks of mice, where one tumor is treated with chemotherapy or radiation therapy and their responses were evaluated on the growth of secondary-untreated tumors. Our studies demonstrated that treatment of one tumor resulted in increased growth of secondary tumor in a PAFR-dependent manner in a process blocked by systemic administration of antioxidants, cyclooxygenase type 2 (COX-2) inhibitors or depleting antibodies against Tregs (41, 42). Consistent with our findings, Jancar’s group have shown that co-injection of irradiated TC-1 cells with TC-1 expressing luciferase (TC-1 fluc+) in syngeneic hosts, or human PAFR-expressing KBP cells with irradiated PAFR-deficient KBM cells in immunocompromised mice resulted in increased tumor growth compared to the mice co-injected with unirradiated TC-1 cells with TC-1 fluc+ or KBM cells with irradiated KBM cells (64). In another report, the same group investigated the involvement of PAFR in tumor cell survival following radiation therapy (65). They observed a dose-dependent increased expression of the PAFR, increased generation of PAF agonists, and secretion of PGE2 after radiation therapy in keratinocytes (HaCaT), cervical cancer (C33, SiHa, HeLa), and squamous carcinoma (SSC78 and SSC90) cell lines compared to their respective unirradiated controls (65). Treatment with PAFR antagonist CV3988 pre-radiation therapy reduced PGE2 secretion and increased tumor cell death compared to untreated controls, indicating the tumor cells generate PAF agonists to protect themselves from cell death (65).

Importantly, our studies have also detected an increased level of PAFR activity in the perfusates collected post-chemotherapy compared to pre-chemotherapy in melanoma patients using the isolated limb chemoperfusion (42). Higher concentrations of tumoral PAF were measured in post-radiation compared to pre-radiation therapy treated basal cell carcinoma (BCC), bladder cancer, or pseudo lymphoma patients (41). Increased tumoral PAFR expression was detected in post-radiation therapy treated compared to untreated cervical invasive carcinoma patients (64). These studies suggest that PAF agonists generated via these therapeutic agents impede treatment efficacies in a PAFR dependent manner, and that PAFR serves to mediate pro-survival responses to these agents.



Potential Pharmacologic Strategies

Several groups including ours have proposed PAFR as a promising target to not only inhibit tumor growth but also to increase the efficacy of therapeutic agents. This hypothesis has been tested in multiple experimental models demonstrating that genetic blockade of the PAFR (via studies in PAFR KO mice or PAFR shRNAs) or pharmacologic PAFR antagonists significantly reduced tumor burden, increased murine host survival, as well as augmented the effectiveness of therapeutic agents compared to their respective control groups (39, 41–44, 49, 50, 58, 64, 65). While multiple structurally different but specific PAFR antagonists have been shown to exert promising effects against various experimental tumor models (39, 58, 64, 65), none of these agents have been explored in clinical settings of cancer patients. Importantly, the structural analysis as well as anti-inflammatory effects of several organic compounds (natural and synthetic) and different classes of metal-based inhibitors of PAF have been tested with the focus if these agents could exert anti-cancer properties (66). The authors observed that while these metal-based inorganic compounds possess a very promising class of anti-PAF and anti-inflammatory drugs, the rhodium(III) PAF inhibitor Rh-1 exhibited the moderate cytotoxicity in HEK 293 cell lines, which corroborates with its increased anti-inflammatory action (66). Overall, these studies provided the rationale of designing and exploring a new class of metal-based inhibitors of PAF. Another recent review has summarized the effects and outcomes of major synthetic PAF antagonists tested in clinical trials against several disease pathologies (67). The overall outcomes of these clinical studies are that majority of the synthetic PAF antagonists exerted no significant effects in reducing the clinical symptoms in patients, indicating the exploration of other compounds for their effects as potent inhibitors of PAF or PAFR (67). Thus, other strategies such as the inhibition of ox-GPC formation using antioxidants or the PAFR-mediated immunomodulatory effects using COX-2 inhibitors could be alternative strategies. Finally, the role of MVPs released from tumor cells as the potential source of PAFR agonists could provide an alternative pathway which could be amenable to aSMase inhibitors.




PAF in CNS Function and Pathology


Evidence for PAF System in CNS Pathologies

At present, it is unclear whether the PAF system plays an important functional role in the nervous system. Though PAF injection into the skin has been reported to be painful (68–71), much of the evidence linking the PAF system and neuropathology is derived from studies of the central nervous system (CNS). Previous work reported that PAFR agonists can increase intracellular calcium concentration (72), inhibit acetylcholine release in hippocampal slices (73), enhance catecholamine release from cultured chromaffin cells (74), inhibit ionotrophic GABA receptor activity in hippocampal neurons (75), and enhance glutamate release from primary hippocampal cultures (76). There is conflicting evidence with regard to PAF’s role in long term potentiation (LTP), an example of synaptic plasticity in which a synapse enhances its strength typically resulting from high frequency stimulation. One study reported PAF treatment can induce LTP in hippocampal slices at similar potentiation level as that induced by high frequency stimulation (77). However, these data could not be replicated in a later study, in which they demonstrated that PAF alone could not induce LTP in hippocampal slices (78).

Although the role of PAF in CNS function is unknown, the PAF system has been implicated in multiple CNS pathological states. Elevated PAF levels have been detected in and appear to correlate with severity of several CNS diseases. The association of elevated PAF with Alzheimer’s Disease (AD), multiple sclerosis (MS), cerebral infarction, cerebral ischemia-reperfusion injury, and spinal cord injury has been recently reviewed (79). Moderate increases of 20% in PAF were measured in healthy subjects as they age over a 7.5 year period, whereas a greater than 60% average increase in blood PAF levels was detected in AD patients (80). Similarly, patients suffering from MS have elevated CSF as well as plasma PAF levels as compared to healthy subjects (81). Increase in hippocampal PAF levels was observed after evoked seizures in a mouse model of temporal lobe epilepsy (82). Ischemia and traumatic brain injury (TBI) have also been shown to result in significant production of PAF contributing to the pathophysiological events following ischemia or TBI (83–86).

In addition to increases in PAF levels, a reduction in PAF-AH activity was observed in PD (87) and MS patients (88). PAF-AH is an enzyme that degrades PAF and has been shown to be upregulated in stroke patients likely as a response to elevated blood PAF and PAFR agonist levels (86, 89). There is no clear explanation for the reduction in PAF-AH measured in PD and MS patients that were previously reported. The authors suggest that there may additional lipid oxidation products during PD and MS progression that may act to inhibit the PAF-AH and thus inducing and/or augmenting the elevated PAF levels (87).



PAFR Activation and CNS Toxicity

Relevant to CNS pathologies, PAFR-mediated increases in intracellular calcium levels and glutamate release can result in excitotoxicity and apoptosis (82, 90, 91). On a tissue level, PAFR are expressed in different regions of the brain including hypothalamus, cerebral cortex, olfactory bulb, hippocampus, brainstem and spinal cord (72). At the cellular level, PAFR is expressed predominantly in microglia, the brain resident immune cells (92, 93), but also found in neurons and other glial cells such as astrocytes and oligodendrocyte progenitor cells (72, 94–96). Though high (micromolar) levels of PAF can certainly induce cell toxicity, PAF acts primarily through PAFR. Indeed, its reported effects can be suppressed in the presence of PAFR antagonists or no longer detected in a PAFR knock-out mouse model. PAF-mediated increase in intracellular calcium concentration (72) and neurotransmitter release (73, 74, 76) are no longer detected in the presence of PAFR antagonists. In vivo administration of a PAFR antagonist (LAU-0901) in a mouse model of temporal lobe epilepsy attenuated seizure susceptibility and neuronal hyper-excitability as well as reduced hippocampal damage (82, 96). The adverse CNS effects following TBI were alleviated in mice deficient in PAFR expression (97). Ischemic damage can be attenuated by treatment with PAFR antagonist in rabbits (98). Preclinical studies also showed that PAF signaling through PAFR is involved in the dopaminergic neurodegeneration induced by 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) as PAFR knockout mice and mice treated with a PAFR antagonist did not suffer neurological deficits from MPTP (99). Furthermore, amyloid beta-induced neurotoxicity can be suppressed by antagonizing PAFR (100, 101).

Although the precise mechanistic steps by which PAF and PAFR play a role in these CNS dysfunction are not yet clearly defined, strong evidence indicates that PAF can induce or enhance neuroinflammation by promoting microglia activation thereby exacerbating disease states and neuronal injury in a PAFR-dependent manner (92, 93). Exogenous application of PAF was shown to induce a microglial chemotactic response that was dependent on PAFR, as chemotaxis was not observed in the presence of PAFR antagonist (WEB2086) or in PAFR deficient mice (102). PAF-mediated activation of microglia is thought to occur through an increase in intracellular calcium concentration (103, 104). The source of the PAF-mediated calcium increase has been reported to be primarily from endoplasmic reticulum stores which in turn induce a more sustained increase in calcium by activation of the store-operated calcium channels (SOCs) (103, 104).

Excessive PAF can also disrupt the blood brain barrier (BBB) via a PAFR-dependent mechanism (105–107). Rat brain microvascular endothelial cells, an essential component of the BBB, were shown to have increased PAF production when exposed to hypoxia, consequently resulting in the breakdown of BBB (105). There is evidence that similar to PAF effects on microglia, this PAF-mediated BBB disruption occurs via an increase in intracellular calcium (105, 107). However, unlike in microglia, the source of PAF-mediated calcium increase in microvascular endothelial cells is the influx of calcium ions through L-type voltage-gated calcium channels, thereby inducing depolarization, and ultimately resulting in increased BBB permeability (107). Treatment with a PAFR antagonist prevented the PAF-induced increase in calcium concentration and prevented disruption in BBB permeability (105, 107).



MVP and CNS Pathologies

At present, there are no reports as to the identification of PAF-containing MVP in the CNS. However, microglia release MVP containing IL-1β within the CNS upon ATP stimulation (108). Similar to the formation and release of MVP in other systems, this process in microglia was found to be dependent on aSMase (28). In the case of TBI, mice that were genetically deficient in aSMase or pharmacologically treated with aSMase inhibitor experienced significantly less adverse neurological effects at 1 month post injury (109). It is unclear whether these microparticles also contain PAF or PAFR agonists in addition to IL-1β.



Potential Pharmacologic Strategies

In summary, multiple studies have implicated the PAF system in a number of neuroinflammatory and neurodegenerative conditions. As these mechanisms are further elucidated, there is potential for PAF and PAFR targeted therapeutics for various CNS disorders. In particular, one area which has significant promise as a therapeutic target relates to MVPs, which are likely elevated in a broad range of CNS pathologies. It is presumed that an enhanced understanding of the PAF system in CNS disorders would be reflected upon the peripheral nervous system.




PAF and UVB Radiation


Evidence Linking PAF System to UVB

There is accumulating data suggestive that the PAF system could play a significant role in cutaneous pathophysiology, in particular how the skin responds to exogenous environmental stressors (110). Cell types in the skin such as the keratinocyte (34), mast cell (111, 112), and multiple monocytic and granulocytic cell types express PAFRs (113, 114). Of interest, melanocytes, skin fibroblasts, and T cells do not, yet B cells express PAFRs (34, 115, 116). Elevated PAFR agonist levels can be detected following multiple pathophysiologic stressors ranging from burn injury to X-radiation (41, 117, 118). Moreover, PAF can be detected in cold urticaria (119), immunobullous diseases such as bullous pemphigoid (120), following sunburn (121), and in the skin disease psoriasis (122). Consistent with the notion that PAF could exert cutaneous effects, intradermal injection or topical application of PAF onto skin results in an almost immediate painful urticarial response (68–71).

Ultraviolet B radiation (290-320 nm; UVB) is a pro-oxidative stressor which exerts profound cutaneous effects. Though only appreciably absorbed in the epidermis, sunlight’s “burning rays” are critical for vitamin D metabolism, yet, also generate sunburns as well as both melanoma and non-melanoma skin cancer (8, 9, 123–126). Inasmuch as UVB generates anti-inflammatory effects in skin, phototherapy is used clinically to treat a large number of skin diseases including atopic dermatitis and psoriasis (9)..

Multiple lines of evidence link UVB with the PAF system. UVB generates the production of PAF and ox-GPC with PAFR agonistic activity (14). PAFR signaling is involved in two distinct aspects of photobiology. First, PAFR activation has been implicated in the early acute responses of UVB. In a murine model of photosensitivity from deficiency of the DNA repair enzyme xeroderma pigmentosum type A (XPA), UVB treatment results in dramatically increased levels of ROS, as well as PAF and ox-GPC formation (127). Moreover, UVB-mediated exaggerated pro-inflammatory responses in XPA-deficient mice are blocked by PAFR antagonists (127). Of interest, PAFR-deficient epithelial cells and mice exhibit diminished acute inflammation as well as decreased production of multiple cytokines including tumor necrosis factor in response to UVB (71, 127–129). Second, UVB-mediated systemic immunosuppression involves PAFR signaling via ox-GPCs (6–9, 112). Of note, UVB induces both local immunosuppression (where a UVB-treated site is anergic) in addition to systemic immunosuppression (where a non-UVB-treated UVB site is anergic). UVB-mediated local immunosuppression appears to involve dendritic cells, whereas systemic immunosuppression involves mast cells and Tregs. It has been reported by several groups that exogenous PAF is immunosuppressive, and UVB-induced systemic immunosuppression is attenuated by PAFR antagonists and absent in PAFR deficient mice (6–9, 112). However, local immunosuppression is normal in PAFR KO mice (129). As noted elsewhere in this review, exogenous PAF agonists augment experimental melanoma tumor progression (41–43). Finally, systemic PAFR antagonists have been reported to inhibit tumor formation in a murine model of UVB photocarcinogenesis (130).



PAF and UVB and MVP

Environmental stressors which produce PAF such as thermal burn injury or UVB also cause the production and release of MVP (24, 52, 131, 132). Indeed, MVP generated in response to UVB or thermal burn injury by keratinocytes in vitro, human skin ex vivo, and murine skin in vivo is dependent upon the PAFR (24, 25). Finally, MVP produced in response to UVB or thermal burn injury contain PAFR agonistic activity (24).

The picture that is emerging (see Figure 1) fits with the hypothesis that UVB generates ox-GPC PAFR agonists, which in turn act upon the PAFR-positive keratinocyte resulting in PAFR activation. This PAFR activation then results in additional PAF enzymatically, as well as increased ROS and thus more ox-GPC. PAFR activation also translocates aSMase which then triggers MVP release. The MVP which contain PAF and ox-GPC then travel from the epidermis. One of the critical PAFR cell types these UVB-generated MVP (UVB-MVP) encounter is the dermal mast cell, which contributes to both UVB acute responses as well as delayed systemic immunosuppression.




Figure 1 | Hypothetical model by which UVB generates PAFR agonists via ROS which then result in PAF-laden MVP release. In this model, ROS generated by UVB result in ox-GPC as well as enzymatic PAF synthesis. These PAFR agonists act upon the PAFR resulting in MVP generation release via acid sphingomyelinase activation. These MVP contain bioactive agents, especially PAFR agonists which then can mediate UVB effects.





Potential Pharmacologic Strategies

Knowledge gaps which need to be addressed include the role the PAF system and UVB-MVP in photosensitivity, as well as in photocarcinogenesis. Of note, a human study using the COX-2 inhibitor celecoxib demonstrated decreased numbers of skin cancers (133), which could be in part related to the ability of these agents to block UVB-mediated systemic immunosuppression (6–9). Since MVP generation and release can be modulated pharmacologically by aSMase inhibitors such as imipramine (25, 29), addressing these knowledge gaps could result in novel strategies for managing photodermatology disorders and photocarcinogenesis.




Discussion

Though much has been learned about this class of lipid mediators first described almost 50 years ago, significant knowledge gaps remain. Several major hurdles have limited our understanding of the PAF system. First, there is a tremendous heterogeneity of GPC species produced enzymatically and even more via non-enzymatic processes which can exert PAFR agonistic effects (5, 15). Moreover, some members of the PAF family of mediators include the 1-acyl species which are in much greater abundance than 1-alkyl GPC, yet have much lower binding affinities and have been suggested to act as antagonists (120, 134, 135). PAF is rapidly metabolized, with a half-life in biological fluids measured in minutes. Hence, it is challenging to be able to accurately measure PAFR activity in biologic systems. A second issue that potentially limits the study of, and ability to use pharmacologic tools is also that PAFR antagonists are of much lower affinity than the most active PAF species, and that inhibitors of the biosynthetic and inactivation enzymatic pathways are not available.

A relatively new area which could result in an enhanced understanding of the PAF system relates to how PAF is released from a host cell. Extracellular vesicles such as MVP appear to be a logical mechanism for the release of PAF and multiple bioactive molecules. Recent findings from our group indicate that PAFR activation is a potent mediator for MVP generation/release, and that these MVP contain PAFR agonistic activity (24). Inasmuch as MVP formation can be blocked by aSMase inhibitors, this allows another potential level of pharmacologic intervention. Future studies should provide new insights into the PAF system which should result in novel targets for diseases of the skin as well as for other systemic disorders.



Author Contributions 

JT wrote large parts of the manuscript. JR and RS wrote parts of the manuscript and proofread. All authors contributed to the article and approved the submitted version.



References

1. Benveniste, J, Henson, PM, and Cochrane, CG. Leukocyte-dependent histamine release from rabbit platelets. The role of IgE, basophils, and a platelet-activating factor”. J Exp Med (1972) 136(6):1356–77. doi: 10.1084/jem.136.6.1356

2. Demopoulos, CA, Pinckard, RN, and Hanahan, DJ. Platelet-activating factor. Evidence for 1-O-alkyl-2-acetyl-sn-glyceryl-3-phosphorylcholine as the active component (a new class of lipid chemical mediators). J Biol Chem (1979) 254(19):9355–8. doi: 10.1016/S0021-9258(19)83523-8

3. Braquet, P, Touqui, L, Shen, TY, and Vargaftig, BB. Perspectives in platelet-activating factor research. Pharmacol Rev (1987) 39(2):97–145.

4. Ishii, S, Nagase, T, and Shimizu, T. Platelet-activating factor receptor. Prostaglandins Other Lipid Mediat (2002) 68-69:599–609. doi: 10.1016/s0090-6980(02)00058-8

5. Shimizu, T. Lipid mediators in health and disease: enzymes and receptors as therapeutic targets for the regulation of immunity and inflammation. Annu Rev Pharmacol Toxicol (2009) 49:123–50. doi: 10.1146/annurev.pharmtox.011008.145616

6. Walterscheid, JP, Ullrich, SE, and Nghiem, DX. Platelet-activating factor, a molecular sensor for cellular damage, activates systemic immune suppression. J Exp Med (2002) 195(2):171–9. doi: 10.1084/jem.20011450

7. Zhang, Q, Yao, Y, Konger, RL, Sinn, AL, Cai, S, Pollok, KE, et al. UVB radiation-mediated inhibition of contact hypersensitivity reactions is dependent on the platelet-activating factor system. J Invest Dermatol (2008) 128:1780–7. doi: 10.1038/sj.jid.5701251

8. Damiani, E, and Ullrich, SE. Understanding the connection between platelet-activating factor, a UV-induced lipid mediator of inflammation, immune suppression and skin cancer. Prog Lipid Res (2016) 63:14–27. doi: 10.1016/j.plipres.2016.03.004

9. Bernard, JJ, Gallo, RL, and Krutmann, J. Photoimmunology: how ultraviolet radiation affects the immune system. Nat Rev Immunol (2019) 19(11):688–701. doi: 10.1038/s41577-019-0185-9

10. Kita, Y, Shindou, H, and Shimizu, T. Cytosolic phospholipase A2 and lysophospholipid acyltransferases. Biochim Biophys Acta Mol Cell Biol Lipids (2019) 1864(6):838–45. doi: 10.1016/j.bbalip.2018.08.006

11. Travers, JB, Harrison, KA, Johnson, CA, Clay, KL, Morelli, JG, and Murphy, RC. Platelet-activating Factor biosynthesis induced by various stimuli in human HaCaT keratinocytes. J Invest Dermatol (1996) 107:88–94. doi: 10.1111/1523-1747.ep12298295

12. Stafforini, DM, and Plasma, PAF-AH. (PLA2G7): Biochemical Properties, Association with LDLs and HDLs, and Regulation of Expression. Enzymes (2015) 38:71–93. doi: 10.1016/bs.enz.2015.09.004

13. Marathe, GK, Prescott, SM, Zimmerman, GA, and McIntyre, TM. Oxidized LDL contains inflammatory PAF-like phospholipids. Trends Cardiovasc Med (2001) 11:139–42. doi: 10.1016/s1050-1738(01)00100-1

14. Marathe, GK, Johnson, C, Billings, SD, Southall, MD, Pei, Y, Spandau, D, et al. Ultraviolet B radiation generates platelet-activating factor-like phospholipids underlying cutaneous damage. J Biol Chem (2005) 280:35448–57. doi: 10.1074/jbc.M503811200

15. Konger, RL, Marathe, GK, Yao, Y, Zhang, Q, and Travers, JB. Oxidized glycerophosphocholines as biologically active mediators for ultraviolet radiation-mediated effects. Prost Other Lipid Mediat (2008) 87(1-4):1–8. doi: 10.1016/j.prostaglandins.2008.04.002

16. Pei, Y, Barber, LA, Murphy, RC, Johnson, CA, Kelley, SW, Dy, LC, et al. Activation of the epidermal platelet-activating factor receptor results in cytokine and cyclooxygenase-2 biosynthesis. J Immunol (1998) 161(4):1954–61.

17. Zhang, Q, Mousdicas, N, Yi, Q, Al-Hassani, M, Billings, SD, Perkins, SM, et al. Staphylococcal lipoteichoic acid inhibits delayed-type hypersensitivity reactions via the platelet-activating factor receptor. J Clin Invest (2005) 115(10):2855–61. doi: 10.1172/JCI25429

18. Sahu, RP, Petrache, I, Van Demark, MJ, Rashid, BM, Ocana, JA, Tang, Y, et al. Cigarette smoke exposure inhibits contact hypersensitivity via the generation of platelet-activating factor agonists. J Immunol (2013) 190(5):2447–54. doi: 10.4049/jimmunol.1202699

19. Silva, AR, de Assis, EF, Caiado, LF, Marathe, GK, Bozza, MT, McIntyre, TM, et al. Monocyte chemoattractant protein-1 and 5-lipoxygenase products recruit leukocytes in response to platelet-activating factor-like lipids in oxidized low-density lipoprotein. J Immunol (2002) 168(8):4112–20. doi: 10.4049/jimmunol.168.8.4112

20. Zimmerman, GA, McIntyre, TM, Prescott, SM, and Stafforini, DM. The platelet-activating factor signaling system and its regulators in syndromes of inflammation and thrombosis. Crit Care Med (2002) 30(5 Suppl):S294–301. doi: 10.1097/00003246-200205001-00020

21. Lane, RE, Korbie, D, Hill, MM, and Trau, M. Extracellular vesicles as circulating cancer biomarkers: opportunities and challenges. Clin Transl Med (2018) 7(1):14. doi: 10.1186/s40169-018-0192-7

22. Beyer, C, and Pisetsky, DS. The role of microparticles in the pathogenesis of rheumatic diseases. Nat Rev Rheumatol (2010) 6(1):21–9. doi: 10.1038/nrrheum.2009.229

23. Camussi, G, Deregibus, MC, Bruno, S, Cantaluppi, V, and Biancone, L. Exosomes/microvesicles as a mechanism of cell-to-cell communication. Kidney Int (2010) 78(9):838–48. doi: 10.1038/ki.2010.278

24. Liu, L, Fahy, KE, Awoyemi, AA, Thapa, P, Kelly, LE, Chen, J, et al. Thermal Burn Injury Generates Bioactive Microvesicles: Evidence for a Novel Transport Mechanism for the Lipid Mediator Platelet-Activating Factor (PAF) That Involves Subcellular Particles and the PAF Receptor. J Immunol (2020) 205(1):193–201. doi: 10.4049/jimmunol.1901393

25. Liu, L, Rapp, CM, Zheng, S, and Travers, JB. UVB-generated microvesicle particles mediate systemic immunosuppression. J Invest Dermatol (2020) 140(7):S85. doi: 10.1016/j.jid.2020.03.638

26. Cao, C, Tan, Q, Xu, C, He, L, Yang, L, Zhou, Y, et al. Structural basis for signal recognition and transduction by platelet-activating-factor receptor. Nat Struct Mol Biol (2018) 25(6):488–95. doi: 10.1038/s41594-018-0068-y

27. Summers, JB, and Albert, DH. Platelet-activating factor antagonists. Adv Pharmacol (1995) 32:67–168. doi: 10.1016/s1054-3589(08)61012-1

28. Bianco, F, Perrotta, C, Novellino, L, Francolini, M, Riganti, L, Menna, E, et al. Acid sphingomyelinase activity triggers microparticle release from glial cells. EMBO J (2009) 28(8):1043–54. doi: 10.1038/emboj.2009.45

29. Liangpunsakul, S, Rahmini, Y, Ross, RA, Zhao, Z, Xu, Y, and Crabb, DW. Imipramine blocks ethanol-induced ASMase activation, ceramide generation, and PP2A activation, and ameliorates hepatic steatosis in ethanol-fed mice. Am J Physiol Gastrointest Liver Physiol (2012) 302(5):G515–23. doi: 10.1152/ajpgi.00455.2011

30. Yost, CC, Weyrich, AS, and Zimmerman, GA. The Platelet Activating Factor (PAF) Signaling Cascade in Systemic Inflammatory Responses. Biochimie (2010) 92(6):692–7. doi: 10.1016/j.biochi.2010.02.011

31. Im, SY, Ko, HM, Kim, JW, Lee, HK, Ha, TY, Lee, HB, et al. Augmentation of tumor metastasis by platelet-activating factor. Cancer Res (1996) 56(11):2662–5.

32. Ishii, S, Nagase, T, Tashiro, F, Ikuta, K, Sato, S, Waga, I, et al. Bronchial hyperreactivity, increased endotoxin lethality and melanocytic tumorigenesis in transgenic mice overexpressing platelet-activating factor receptor. EMBO J (1997) 16(1):133–42. doi: 10.1093/emboj/16.1.133

33. Sato, S, Kume, K, Ito, C, Ishii, S, and Shimizu, T. Accelerated proliferation of epidermal keratinocytes by the transgenic expression of the platelet-activating factor receptor. Arch Dermatol Res (1999) 291(11):614–21. doi: 10.1007/s004030050463

34. Travers, JB, Huff, JC, Rola-Plexzczynski, M, Gelfand, EW, Morelli, JG, and Murphy, RC. Identification of functional platelet-activating factor receptors on human keratinocytes. J Invest Dermatol (1995) 105:816–23. doi: 10.1111/1523-1747.ep12326581

35. Biancone, L, Cantaluppi, V, Del Sorbo, L, Russo, S, Tjoelker, LW, and Camussi, G. Platelet-activating factor inactivation by local expression of platelet-activating factor acetyl-hydrolase modifies tumor vascularization and growth. Clin Cancer Res (2003) 9(11):4214–20.

36. Fallani, A, Calorini, L, Mannini, A, Gabellieri, S, Mugnai, G, and Ruggieri, S. Platelet-activating factor (PAF) is the effector of IFN gamma-stimulated invasiveness and motility in a B16 melanoma line. Prostaglandins Other Lipid Mediat (2006) 81(3–4):171–7. doi: 10.1016/j.prostaglandins.2006.09.004

37. Melnikova, V, and Bar-Eli, M. Inflammation and melanoma growth and metastasis: the role of platelet-activating factor (PAF) and its receptor. Cancer Metastasis Rev (2007) 26(3-4):359–71. doi: 10.1007/s10555-007-9092-9

38. Melnikova, VO, Dobroff, AS, Zigler, M, Villares, GJ, Braeuer, RR, Wang, H, et al. CREB inhibits AP-2alpha expression to regulate the malignant phenotype of melanoma. PloS One (2010) 5(8):e12452. doi: 10.1371/journal.pone.0012452

39. Onuchic, AC, Machado, CML, Saito, RF, Rios, FJ, Jancar, S, and Chammas, R. Expression of PAFR as part of a prosurvival response to chemotherapy: a novel target for combination therapy in melanoma. Mediators Inflamm (2012) 2012:175408. doi: 10.1155/2012/175408

40. Bussolati, B, Biancone, L, Cassoni, P, Russo, S, Rola-Pleszczynski, M, Montrucchio, G, et al. PAF produced by human breast cancer cells promotes migration and proliferation of tumor cells and neo-angiogenesis. Am J Pathol (2000) 157(5):1713–25. doi: 10.1016/S0002-9440(10)64808-0

41. Sahu, RP, Harrison, KA, Weyerbacher, J, Murphy, RC, Konger, RL, Garrett, JE, et al. Radiation therapy generates platelet-activating factor agonists. Oncotarget (2016) 7(15):20788–800. doi: 10.18632/oncotarget.7878

42. Sahu, RP, Ocana, JA, Harrison, KA, Ferracini, M, Touloukian, CE, Al-Hassani, M, et al. Chemotherapeutic agents subvert tumor immunity by generating agonists of platelet-activating factor. Cancer Res (2014) 74(23):7069–78. doi: 10.1158/0008-5472.CAN-14-2043

43. Sahu, RP, Turner, MJ, DaSilva, SC, Rashid, BM, Ocana, JA, Perkins, SM, et al. The environmental stressor ultraviolet B radiation inhibits murine antitumor immunity through its ability to generate platelet-activating factor agonists. Carcinogenesis (2012) 33(7):1360–7. doi: 10.1093/carcin/bgs152

44. Hackler, PC, Reuss, S, Konger, RL, Travers, JB, and Sahu, RP. Systemic Platelet-activating Factor Receptor Activation Augments Experimental Lung Tumor Growth and Metastasis. Cancer Growth Metastasis (2014) 7:27–32. doi: 10.4137/CGM.S14501

45. Bussolino, F, Arese, M, Montrucchio, G, Barra, L, Primo, L, Benelli, R, et al. Platelet activating factor produced in vitro by Kaposi’s sarcoma cells induces and sustains in vivo angiogenesis. J Clin Invest (1995) 96(2):940–52. doi: 10.1172/JCI118142

46. Axelrad, TW, Deo, DD, Ottino, P, Van Kirk, J, Bazan, NG, Bazan, HE, et al. Platelet-activating factor (PAF) induces activation of matrix metalloproteinase 2 activity and vascular endothelial cell invasion and migration. FASEB J (2004) 18(3):568–70. doi: 10.1096/fj.03-0479fje

47. Anandi, VL, Ashiq, KA, Nitheesh, K, and Lahiri, M. Platelet-activating factor promotes motility in breast cancer cells and disrupts non-transformed breast acinar structures. Oncol Rep (2016) 35(1):179–88. doi: 10.3892/or.2015.4387

48. Ji, W, Chen, J, Mi, Y, Wang, G, Xu, X, and Wang, W. Platelet-activating factor receptor activation promotes prostate cancer cell growth, invasion and metastasis via ERK1/2 pathway. Int J Oncol (2016) 49(1):181–8. doi: 10.3892/ijo.2016.3519

49. Chen, J, Lan, T, Zhang, W, Dong, L, Kang, N, Zhang, S, et al. Feed-Forward Reciprocal Activation of PAFR and STAT3 Regulates Epithelial-Mesenchymal Transition in Non-Small Cell Lung Cancer. Cancer Res (2015) 75(19):4198–210. doi: 10.1158/0008-5472.CAN-15-1062

50. Chen, J, Lan, T, Zhang, W, Dong, L, Kang, N, Zhang, S, et al. Platelet-activating factor receptor-mediated PI3K/AKT activation contributes to the malignant development of esophageal squamous cell carcinoma. Oncogene (2015) 34(40):5114–27. doi: 10.1038/onc.2014.434

51. Yu, Y, Zhang, X, Hong, S, Zhang, M, Cai, Q, Jiang, W, et al. Epidermal growth factor induces platelet-activating factor production through receptors transactivation and cytosolic phospholipase A2 in ovarian cancer cells. J Exp Clin Cancer Res (2014) 33(1):85. doi: 10.1186/s13046-014-0085-6

52. Thyagarajan, A, Kadam, SM, Liu, L, Kelly, LE, Rapp, CM, Chen, Y, et al. Gemcitabine Induces Microvesicle Particle Release in a Platelet-Activating Factor-Receptor-Dependent Manner via Modulation of the MAPK Pathway in Pancreatic Cancer Cells. Int J Mol Sci (2018) 20(1):32. doi: 10.3390/ijms20010032

53. Malekghasemi, S, Majidi, J, Baghbanzadeh, A, Abdolalizadeh, J, Baradaran, B, and Aghebati-Maleki, L. Tumor-Associated Macrophages: Protumoral Macrophages in Inflammatory Tumor Microenvironment. Adv Pharm Bull (2020) 10(4):556–65. doi: 10.34172/apb.2020.066

54. Fadok, VA, Bratton, DL, and Henson, PM. Phagocyte receptors for apoptotic cells: recognition, uptake, and consequences. J Clin Invest (2001) 108(7):957–62. doi: 10.1172/JCI14122

55. de Oliveira, SI, Fernandes, PD, Amarante-Mendes, JG, and Jancar, S. Phagocytosis of apoptotic and necrotic thymocytes is inhibited by PAF-receptor antagonists and affects LPS-induced COX2 expression in murine macrophages. Prostaglandins Other Lipid Mediat (2006) 80(1-2):62–73. doi: 10.1016/j.prostaglandins.2006.04.002

56. Ferracini, M, Rios, FJ, Pecenin, M, and Jancar, S. Clearance of apoptotic cells by macrophages induces regulatory phenotype and involves stimulation of CD36 and platelet-activating factor receptor. Mediators Inflamm (2013) 2013:e950273. doi: 10.1155/2013/950273

57. Fecchio, D, Russo, M, Sirois, P, Braquet, P, and Jancar, S. Inhibition of Ehrlich ascites tumor in vivo by PAF-antagonists. Int J Immunopharmacol (1990) 12(1):57–65. doi: 10.1016/0192-0561(90)90068-x

58. de Oliveira, SI, Andrade, LN, Onuchic, AC, Nonogaki, S, Fernandes, PD, Pinheiro, MC, et al. Platelet-activating factor receptor (PAF-R)-dependent pathways control tumour growth and tumour response to chemotherapy. BMC Cancer (2010) 10:200. doi: 10.1186/1471-2407-10-200

59. da Silva Junior, IA, Stone, SC, Rossetti, RM, Jancar, S, and Lepique, AP. Modulation of Tumor-Associated Macrophages (TAM) Phenotype by Platelet-Activating Factor (PAF) Receptor. J Immunol Res (2017) 2017:5482768. doi: 10.1155/2017/5482768

60. Kadl, A, Meher, AK, Sharma, PR, Lee, MY, Doran, AC, Johnstone, SR, et al. Identification of a novel macrophage phenotype that develops in response to atherogenic phospholipids via Nrf2. Circ Res (2010) 107(6):737–46. doi: 10.1161/CIRCRESAHA.109.215715

61. Koga, MM, Bizzarro, B, Sa-Nunes, A, Rios, FJO, and Jancar, S. Activation of PAF-receptor induces regulatory dendritic cells through PGE2 and IL-10. Prostaglandins Leukot Essent Fatty Acids (2013) 89(5):319–26. doi: 10.1016/j.plefa.2013.09.003

62. Thyagarajan, A, Alshehri, MSA, Miller, KLR, Sherwin, CM, Travers, JB, and Sahu, RP. Myeloid-Derived Suppressor Cells and Pancreatic Cancer: Implications in Novel Therapeutic Approaches. Cancers (Basel) (2019) 11(11):1627. doi: 10.3390/cancers11111627

63. Thyagarajan-Sahu, A, Travers, JB, and Sahu, RP. Myeloid derived suppressor cells as mediator of PAF-R dependent systemic immunosuppression and melanoma tumor growth. FASEB J (2015) 29(1). doi: 10.1096/fasebj.29.1_supplement.147.7

64. da Silva, IA Jr, Chammas, R, Lepique, AP, and Jancar, S. Platelet-activating factor (PAF) receptor as a promising target for cancer cell repopulation after radiotherapy. Oncogenesis (2017) 6(1):e296. doi: 10.1038/oncsis.2016.90

65. da Silva-Junior, IA, Dalmaso, B, Herbster, S, Lepique, AP, and Jancar, S. Platelet-Activating Factor Receptor Ligands Protect Tumor Cells from Radiation-Induced Cell Death. Front Oncol (2018) 8:10:10. doi: 10.3389/fonc.2018.00010

66. Papakonstantinou, VD, Lagopati, N, Tsilibary, EC, and Demopoulos, CA. Philippopoulos AI. A Review on Platelet Activating Factor Inhibitors: Could a New Class of Potent Metal-Based Anti-Inflammatory Drugs Induce Anticancer Properties? Bioinorg Chem Appl (2017) 2017:6947034. doi: 10.1155/2017/6947034

67. Lordan, R, Tsoupras, A, Zabetakis, I, and Demopoulos, CA. Forty Years Since the Structural Elucidation of Platelet-Activating Factor (PAF): Historical, Current, and Future Research Perspectives. Molecules (2019) 24(23):4414. doi: 10.3390/molecules24234414

68. Archer, CB, Page, CP, Morley, JP, and MacDonald, DM. Inflammatory characteristics of platelet-activating factor (Pafacether) in human skin. Br J Dermatol (1984) 110:45–9. doi: 10.1111/j.1365-2133.1984.tb07310.x

69. Hellewell, PG, and Williams, TJ. Antagonism of PAF-induced oedema formation in rabbit skin: a comparison of different antagonists. Br J Pharmacol (1989) 97(1):171–80. doi: 10.1111/j.1476-5381.1989.tb11939.x

70. Travers, JB, Pei, Y, Morin, M, and Hood, A. Antiinflammatory effects of the platelet-activating factor receptor antagonist A85783. Arch Dermatol Res (1998) 290:569–73. doi: 10.1007/s004030050353

71. Zhang, Q, Sitzman, LA, Al-Hassani, M, Cai, S, Pollok, KE, Travers, JB, et al. Involvement of Platelet-Activating Factor in Ultraviolet B-Induced Hyperalgesia. J Invest Dermatol (2009) 129(1):167–74. doi: 10.1038/jid.2008.181

72. Bito, H, Nakamura, M, Honda, Z, Izumi, T, Iwatsubo, T, Seyama, Y, et al. Platelet-activating factor (PAF) receptor in rat brain: PAF mobilizes intracellular Ca2+ in hippocampal neurons. Neuron (1992) 9:285–94. doi: 10.1016/0896-6273(92)90167-c

73. Wang, HY, Yue, TL, Feuerstein, G, and Friedman, E. Platelet-activating factor: diminished acetylcholine release from rat brain slices is mediated by a Gi protein. J Neurochem (1994) 63:1720–5. doi: 10.1046/j.1471-4159.1994.63051720.x

74. Morita, K, Suemitsu, T, Uchiyama, Y, Miyasako, T, and Dohi, T. Platelet-activating factor mediated potentiation of stimulation-evoked catecholamine release and the rise in intracellular free Ca2+ concentration in adrenal chromaffin cells. J Lipid Mediat Cell Signal (1995) 11:219–30. doi: 10.1016/0929-7855(94)00038-e

75. Chen, C, and Bazan, NG. Platelet-activating factor inhibits ionotropic GABA receptor activity in cultured hippocampal neurons. Neuroreport (1999) 10:3831–5. doi: 10.1097/00001756-199912160-00020

76. Clark, GD, Happel, LT, Zorumski, CF, and Bazan, NG. Enhancement of hippocampal excitatory synaptic transmission by platelet-activating factor. Neuron (1992) 9:1211–6. doi: 10.1016/0896-6273(92)90078-r

77. Wieraszko, A, Li, G, Kornecki, E, Hogan, MV, and Ehrlich, YH. Long-term potentiation in the hippocampus induced by platelet-activating factor. Neuron (1993) 10:553–7. doi: 10.1016/0896-6273(93)90342-o

78. Kobayashi, K, Ishii, S, Kume, K, Takahashi, T, Shimizu, T, and Manabe, T. Platelet-activating factor receptor is not required for long-term potentiation in the hippocampal CA1 region. Eur J Neurosci (1999) 11:1313–6. doi: 10.1046/j.1460-9568.1999.00538.x

79. Liu, Y, Shields, LBE, Gao, Z, Wang, Y, Zhang, YP, Chu, T, et al. Current Understanding of Platelet-Activating Factor Signaling in Central Nervous System Diseases. Mol Neurobiol (2017) 54:5563–72. doi: 10.1007/s12035-016-0062-5

80. Dorninger, F, Moser, AB, Kou, J, Wiesinger, C, Forss-Petter, S, Gleiss, A, et al. Alterations in the Plasma Levels of Specific Choline Phospholipids in Alzheimer’s Disease Mimic Accelerated Aging. J Alzheimers Dis (2018) 62:841–54. doi: 10.3233/JAD-171036

81. Callea, L, Arese, M, Orlandini, A, Bargnani, C, Priori, A, and Bussolino, F. Platelet activating factor is elevated in cerebral spinal fluid and plasma of patients with relapsing-remitting multiple sclerosis. J Neuroimmunol (1999) 94:212–21. doi: 10.1016/s0165-5728(98)00246-x

82. Musto, AE, and Samii, M. Platelet-activating factor receptor antagonism targets neuroinflammation in experimental epilepsy. Epilepsia (2011) 52:551–61. doi: 10.1111/j.1528-1167.2010.02920.x

83. Frerichs, KU, Lindsberg, PJ, Hallenbeck, JM, and Feuerstein, GZ. Platelet-activating factor and progressive brain damage following focal brain injury. J Neurosurg (1990) 73:223–33. doi: 10.3171/jns.1990.73.2.0223

84. Lindsberg, PJ, Hallenbeck, JM, and Feuerstein, G. Platelet-activating factor in stroke and brain injury. Ann Neurol (1991) 30:117–29. doi: 10.1002/ana.410300202

85. Faden, AI, and Tzendzalian, PA. Platelet-activating factor antagonists limit glycine changes and behavioral deficits after brain trauma. Am J Physiol (1992) 263:R909–14. doi: 10.1152/ajpregu.1992.263.4.R909

86. Satoh, K, Imaizumi, T, Yoshida, H, Hiramoto, M, and Takamatsu, S. Increased levels of blood platelet-activating factor (PAF) and PAF-like lipids in patients with ischemic stroke. Acta Neurol Scand (1992) 85:122–7. doi: 10.1111/j.1600-0404.1992.tb04010.x

87. Seet, RC, Lee, CY, Lim, EC, Tan, JJ, Quek, AM, Chong, WL, et al. Oxidative damage in Parkinson disease: Measurement using accurate biomarkers. Free Radic Biol Med (2010) 48:560–6. doi: 10.1016/j.freeradbiomed.2009.11.026

88. Osoegawa, M, Niino, M, Ochi, H, Kikuchi, S, Murai, H, Fukazawa, T, et al. Platelet-activating factor acetylhydrolase gene polymorphism and its activity in Japanese patients with multiple sclerosis. J Neuroimmunol (2004) 150:150–6. doi: 10.1016/j.jneuroim.2004.01.008

89. Satoh, K, Yoshida, H, Imaizumi, T, Takamatsu, S, and Mizuno, S. Platelet-activating factor acetylhydrolase in plasma lipoproteins from patients with ischemic stroke. Stroke (1992) 23:1090–2. doi: 10.1161/01.str.23.8.1090

90. Bennett, SA, Chen, J, Pappas, BA, Roberts, DC, and Tenniswood, M. Platelet activating factor receptor expression is associated with neuronal apoptosis in an in vivo model of excitotoxicity. Cell Death Differ (1998) 5:867–75. doi: 10.1038/sj.cdd.4400434

91. Bellizzi, MJ, Geathers, JS, Allan, KC, and Gelbard, HA. Platelet-Activating Factor Receptors Mediate Excitatory Postsynaptic Hippocampal Injury in Experimental Autoimmune Encephalomyelitis. J Neurosci (2016) 36:1336–46. doi: 10.1523/JNEUROSCI.1171-15.2016

92. Righi, M, Letari, O, Sacerdote, P, Marangoni, F, Miozzo, A, and Nicosia, S. myc-immortalized microglial cells express a functional platelet-activating factor receptor. J Neurochem (1995) 64:121–9. doi: 10.1046/j.1471-4159.1995.64010121.x

93. Mori, M, Aihara, M, Kume, K, Hamanoue, M, Kohsaka, S, and Shimizu, T. Predominant expression of platelet-activating factor receptor in the rat brain microglia. J Neurosci (1996) 16:3590–600. doi: 10.1523/JNEUROSCI.16-11-03590.1996

94. Brodie, C. Functional PAF receptors in glia cells: binding parameters and regulation of expression. Int J Dev Neurosci (1994) 12:631–40. doi: 10.1016/0736-5748(94)90015-9

95. Maclennan, KM, Smith, PF, and Darlington, CL. Platelet-activating factor in the CNS. Prog Neurobiol (1996) 50:585–96. doi: 10.1016/s0301-0082(96)00047-0

96. Musto, AE, Rosencrans, RF, Walker, CP, Bhattacharjee, S, Raulji, CM, Belayev, L, et al. Dysfunctional epileptic neuronal circuits and dysmorphic dendritic spines are mitigated by platelet-activating factor receptor antagonism. Sci Rep (2016) 6:30298. doi: 10.1038/srep30298

97. Yin, XJ, Chen, ZY, Zhu, XN, and Hu, JJ. Loss of PAFR prevents neuroinflammation and brain dysfunction after traumatic brain injury. Sci Rep (2017) 7:40614. doi: 10.1038/srep40614

98. Lindsberg, PJ, Yue, TL, Frerichs, KU, Hallenbeck, JM, and Feuerstein, G. Evidence for platelet-activating factor as a novel mediator in experimental stroke in rabbits. Stroke (1990) 21:1452–7. doi: 10.1161/01.str.21.10.1452

99. Kim, BK, Shin, EJ, Kim, HC, Chung, YH, Dang, DK, Jung, BD, et al. Platelet-activating factor receptor knockout mice are protected from MPTP-induced dopaminergic degeneration. Neurochem Int (2013) 63:121–32. doi: 10.1016/j.neuint.2013.05.010

100. Li, J, Hu, J, Shao, B, Zhou, W, Cui, Y, Dong, C, et al. Protection of PMS777, a new AChE inhibitor with PAF antagonism, against amyloid-beta-induced neuronal apoptosis and neuroinflammation. Cell Mol Neurobiol (2009) 29:589–95. doi: 10.1007/s10571-009-9351-0

101. Li, ZY, Chung, YH, Shin, EJ, Dang, DK, Jeong, JH, Ko, SK, et al. YY-1224, a terpene trilactone-strengthened Ginkgo biloba, attenuates neurodegenerative changes induced by beta-amyloid (1-42) or double transgenic overexpression of APP and PS1 via inhibition of cyclooxygenase-2. J Neuroinflammation (2017) 14:94. doi: 10.1186/s12974-017-0866-x

102. Aihara, M, Ishii, S, Kume, K, and Shimizu, T. Interaction between neurone and microglia mediated by platelet-activating factor. Genes Cells (2000) 5:397–406. doi: 10.1046/j.1365-2443.2000.00333.x

103. Wang, X, Bae, JH, Kim, SU, and McLarnon, JG. Platelet-activating factor induced Ca(2+) signaling in human microglia. Brain Res (1999) 842:159–65. doi: 10.1016/s0006-8993(99)01849-1

104. Park, JH, Kim, JN, Jang, BC, Im, SS, Song, DK, and Bae, JH. Glucosamine suppresses platelet-activating factor-induced activation of microglia through inhibition of store-operated calcium influx. Environ Toxicol Pharmacol (2016) 42:1–8. doi: 10.1016/j.etap.2015.12.014

105. Deng, Y, Fang, W, Li, Y, Cen, J, Fang, F, Lv, P, et al. Blood-brain barrier breakdown by PAF and protection by XQ-1H due to antagonism of PAF effects. Eur J Pharmacol (2009) 616:43–7. doi: 10.1016/j.ejphar.2009.06.017

106. Fang, W, Geng, X, Deng, Y, Li, Y, Shang, E, Cen, J, et al. Platelet activating factor induces blood brain barrier permeability alteration in vitro. J Neuroimmunol (2011) 230:42–7. doi: 10.1016/j.jneuroim.2010.08.015

107. Brailoiu, E, Barlow, CL, Ramirez, SH, Abood, ME, and Brailoiu, GC. Effects of Platelet-Activating Factor on Brain Microvascular Endothelial Cells. Neuroscience (2018) 377:105–13. doi: 10.1016/j.neuroscience.2018.02.039

108. Bianco, F, Pravettoni, E, Colombo, A, Schenk, U, Moller, T, Matteoli, M, et al. Astrocyte-derived ATP induces vesicle shedding and IL-1 beta release from microglia. J Immunol (2005) 174:7268–77. doi: 10.4049/jimmunol.174.11.7268

109. Niziolek, GM, Boudreau, RM, Baker, J, Friend, LA, Makley, AT, Edwards, MJ, et al. Acid Sphingomyelinase Inhibition Mitigates Histopathological and Behavioral Changes in a Murine Model of Traumatic Brain Injury. J Neurotrauma (2020) 37(17):1902–9. doi: 10.1089/neu.2019.6436

110. Travers, JB. Platelet-activating Factor as an effector for Environmental Stressors. Handb Exp Pharmacol (2020) 259:185–203. doi: 10.1007/164_2019_218

111. Chacon-Salinas, R, Chen, L, Cha´vez-Blanco, AD, Limo´n-Flores, AY, Ma, Y, and Ullrich, SE. An essential role for platelet-activating factor in activating mast cell migration following ultraviolet irradiation. J Leukoc Biol (2014) 95:139–48. doi: 10.1189/jlb.0811409

112. Ocana, JA, Romer, E, Sahu, RJ, Pawelzik, S-C, FitzGerald, G, Kaplan, MH, et al. Platelet-activating factor-induced reduction in contact hypersensitivity responses is mediated by mast cells via cyclooxygenase-2-dependent mechanisms. J Immunol (2018) 4004-4011:2018. doi: 10.4049/jimmunol.1701145

113. Wardlaw, AJ, Moqbel, R, Cromwell, O, and Kay, AB. Platelet activating factor. A potent chemotactic and chemokinetic factor for human eosinophils. J Clin Invest (1986) 78:1701–6. doi: 10.1172/JCI112765

114. Hakansson, L, and Venge, P. Inhibition of neutrophil and eosinophil chemotactic responses to PAF by the PAF-antagonists WEB-2086, L-652,731, and SRI-63441. J Leukoc Biol (1990) 47:449–56. doi: 10.1002/jlb.47.5.449

115. Travers, JB, Li, Q, Kniss, DA, and Fertel, RH. Identification of functional platelet- activating factor receptors in Raji lymphoblasts. J Immunol (1989) 143(11):3708–15.

116. Travers, JB, Shaw, J, Li, Q, Kniss, D, and Fertel, RH. Evidence for platelet-activating factor (PAF) receptors on B lymphoblastic cell lines. Life Sci (1991) 49:1755–60. doi: 10.1016/0024-3205(91)90318-6

117. Alappatt, C, Johnson, CA, Clay, KL, and Travers, JB. Acute keratinocyte damage induces the production of platelet-activating factor. Arch Dermatol Res (2000) 292(5):256–9. doi: 10.1007/s004030050483

118. Harrison, KA, Romer, E, Weyerbacher, J, Ocana, JA, Sahu, RP, Murphy, RC, et al. Enhanced Platelet-activating Factor synthesis facilitates acute and delayed effects of ethanol intoxicated thermal burn injury. J Invest Dermatol (2018) 138(11):2461–9. doi: 10.1016/j.jid.2018.04.039

119. Grandel, KE, Farr, RS, Wanderer, AA, Eisenstadt, TC, and Wasserman, SI. Association of platelet-activating factor with primary acquired cold urticaria. N Engl J Med (1985) 313(7):405–9. doi: 10.1056/NEJM198508153130702

120. Travers, JB, Murphy, RC, Johnson, CA, Pei, Y, Morin, SM, Barber, LA, et al. Identification and pharmacological characterization of PAF and 1-acyl species found in human inflammatory blistering diseases. Prostaglandins Other Lipid Mediat (1998) 56:305–24. doi: 10.1016/s0090-6980(98)00060-4

121. Travers, JB, Berry, D, Yao, R, Konger, RL, and Travers, JB. Ultraviolet B Radiation of Human Skin Generates Platelet-activating Factor Receptor Agonists. Photochem Photobiol (2010) 86:949–54. doi: 10.1111/j.1751-1097.2010.00743.x

122. Mallet, AI, and Cunningham, FM. Structural identification of platelet-activating factor in psoriatic scale. Biochem Biophys Res Commun (1985) 126:192–6. doi: 10.1016/0006-291x(85)90590-x

123. Wacker, M, and Holick, MF. Sunlight and Vitamin D. Dermatoendocrinol (2013) 5(1):51–108. doi: 10.4161/derm.24494

124. Liu-Smith, F, Jia, J, and Zheng, Y. UV-Induced Molecular Signaling Differences in Melanoma and Non-melanoma Skin Cancer. Adv Exp Med Biol (2017) 996:27–40. doi: 10.1007/978-3-319-56017-5_3

125. Madan, V, Lear, JT, and Szeimies, RM. Non-melanoma skin cancer. Lancet (2010) 375(9715):673–85. doi: 10.1016/S0140-6736(09)61196-X

126. Tse, BCY, and Byrne, SN. Lipids in ultraviolet radiation-induced immune modulation. Photochem Photobiol Sci (2020) 19(7):870–8. doi: 10.1039/d0pp00146e

127. Yao, Y, Harrison, KA, Al-Hassani, M, Murphy, RC, Rezania, S, Konger, RL, et al. Platelet-activating factor agonists mediate Xeroderma Pigmentosum A photosensitivity. J Biol Chem (2012) 287:9311–21. doi: 10.1074/jbc.M111.332395

128. Travers, JB, Edenberg, HJ, Zhang, Q, Al-Hassani, M, Yi, Q, Baskaran, S, et al. Augmentation of Ultraviolet B Radiation-mediated Early Gene Expression by the Epidermal Platelet-activating Factor Receptor. J Invest Dermatol (2008) 128:455–60. doi: 10.1038/sj.jid.5701083

129. Sahu, RP, Yao, Y, Konger, RL, and Travers, JB. Platelet-activating Factor does not Mediate UVB-induced Local Immune Suppression. Photochem Photobiol (2012) 88:490–93. doi: 10.1111/j.1751-1097.2011.01071.x

130. Sreevidya, CS, Khaskhely, NM, Fukunaga, A, Khaskina, P, and Ullrich, SE. Inhibition of photocarcinogenesis by platelet-activating factor or serotonin receptor antagonists. Cancer Res (2008) 68(10):3978–84. doi: 10.1158/0008-5472.CAN-07-6132

131. Bihl, JC, Rapp, CM, Chen, Y, and Travers, JB. UVB generates microvesicle particle release in part due to Platelet-activating Factor signaling. Photochem Photobiol (2016) 92(3):503–6. doi: 10.1111/php.12577

132. Fahy, K, Liu, L, Rapp, CM, Borchers, C, Bihl, JC, Chen, Y, et al. UVB-generated microvesicle particles: A novel pathway by which a skin-specific stimulus could exert systemic effects. Photochem Photobiol (2017) 93(4):937–42. doi: 10.1111/php.12703

133. Elmets, CA, Viner, JL, Pentland, AP, Cantrell, W, Lin, HY, Bailey, H, et al. Chemoprevention of nonmelanoma skin cancer with celecoxib: a randomized, double-blind, placebo-controlled trial. J Natl Cancer Inst (2010) 102(24):1835–44. doi: 10.1093/jnci/djq442

134. Marathe, GK, Chaithra, VH, Ke, LY, and Chen, CH. Effect of acyl and alkyl analogs of platelet-activating factor on inflammatory signaling. Prostaglandins Other Lipid Mediat (2020) 151:106478. doi: 10.1016/j.prostaglandins.2020.106478

135. Chaithra, VH, Jacob, SP, Lakshmikanth, CL, Sumanth, MS, Abhilasha, KV, Chen, CH, et al. Modulation of inflammatory platelet-activating factor (PAF) receptor by the acyl analogue of PAF. J Lipid Res (2018) 59(11):2063–74. doi: 10.1194/jlr.M085704



Conflict of Interest: JR is an employee of the U.S. Government. This work was prepared as part of her official duties. Title 17, USC, §105 provides that ‘Copyright protection under this title is not available for any work of the U.S. Government.’ Title 17, USC, §101 defines a U.S. Government work as a work prepared by a military service member or employee of the U.S. Government as part of that person’s official duties.

This research was supported in part by grants from the National Institutes of Health grant R01 HL062996 (JT), Veteran’s Administration Merit Award 5I01BX000853 (JT).

The remaining 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. The views expressed in this presentation are those of the authors and do not necessarily reflect the official policy or position of the Department of the Navy, Department of Defense, nor the U.S. Government.

Copyright © 2021 Travers, Rohan and Sahu. 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/fendo.2021.624132_cover.jpg
, frontlers
n Endocrinology

New Insights Into the Pathologic
Roles of the Platelet-Activating
Factor System





OEBPS/Images/logo.jpg
’ frontiers
in Endocrinology





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        New Insights Into the Pathologic Roles of the Platelet-Activating Factor System

      

        		

          Introduction

        



        		

          PAF and Disease Processes

        



        		

          PAF and Cancer and Cancer Therapies

        

          		

            Evidence Linking PAF System to Cancers

          



          		

            PAFR Expression in Tumor Proliferation and Clinical Significance

          



          		

            PAFR Activation Blocking Anti-Tumor Immune Responses

          



          		

            Multiple Therapies That Kill Tumor Cells Generate PAF

          



          		

            Potential Pharmacologic Strategies

          



        



        



        		

          PAF in CNS Function and Pathology

        

          		

            Evidence for PAF System in CNS Pathologies

          



          		

            PAFR Activation and CNS Toxicity

          



          		

            MVP and CNS Pathologies

          



          		

            Potential Pharmacologic Strategies

          



        



        



        		

          PAF and UVB Radiation

        

          		

            Evidence Linking PAF System to UVB

          



          		

            PAF and UVB and MVP

          



          		

            Potential Pharmacologic Strategies

          



        



        



        		

          Discussion

        



        		

          Author Contributions 

        



        		

          References

        



      



      



    



  



OEBPS/Images/fendo-12-624132-g001.jpg
PAFR

ANTAGONISTS
PAFR

agomsu

i ewe il ee il

PAFR
Slynallng

and ASMAS!
Inhibitors ANTIOXIDANTS

L3 4

ACUTE DELAYED
INFLAMMATION IMMUNOSUPPRESSION





OEBPS/Images/crossmark.jpg
©

2

i

|





