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    In the post-genomic era, understanding inflammation and its intricate mechanisms is the final frontier. While ancient physicians recognized inflammation’s cardinal signs as heat, redness, swelling and pain centuries ago,the cellular and molecular players in this vital inflammatory host response have only been elucidated for the most part in the last century. Today, it’s now well appreciated that uncontrolled inflammation and excessive tissue levels of inflammatory mediators play central roles in the pathogenesis of many widely occurring diseases throughout the body and all its organs. At one time, the study of inflammation and inflammatory diseases was confined to chronic inflammatory diseases such as rheumatoid arthritis, periodontal disease and the like, while today it is commonly appreciated that neurodegenerative diseases, cognitive decline, vascular diseases, asthma, obesity and many other widely occurring diseases involve uncontrolled, recurrent bouts of inflammation. In order for us to gain and harness new approaches to treat these diseases and appreciate the complexity of the inflammatory response, it is essential for students, scientists and health care practitioners to command a detailed appreciation of the cellular and molecular language of the inflammatory response, the mediators and governance of this body defense system.




    The acute inflammatory response is protective, many of the cell types, mediators and mechanisms are known today, and the control of self-limited responses and the progression to natural resolution and tissue homeostasis are beginning to be unraveled. As a major defense mechanism, the innate immune response protects from bacterial invasion and is centered on containment and killing of microbes for their elimination from the body. Hence, the interrelationship between infection and inflammation is a battleground with language that needs to be fully decoded and appreciated in order for us to gain advantage in treatment of diseases where inflammation plays a critical component and hopefully translate into protective practices in personalized medicine.




    Inflammation and the controlled inflammatory response, namely its resolution, is thus linked to many of life’s processes such as wound healing and aging, while an uncontrolled inflammatory response is viewed today as the instigating mechanism underlying diabetes, neurodegenerative diseases and neuroinflammation and likely many diseases, both sterile injury from within and yet-to-be-described invaders, emphasizing the importance of the inflammatory response and ongoinginflammation as maybe relevant in obesity, metabolic syndrome and aging. The microbiome’s relationship to containment, infection and local tissue inflammation in organs throughout the body remains to be fully decoded, and it is well recognized that the stress of surgery and the local scalpel cut of the surgeon initiate inflammatory responses and potentially (via occlusion of blood vessels with blood reflow), injury from within.




    It is within the spirit of widely appreciating these cellular events, processes and mechanisms that the editors, Drs. Diegelmann and Chalfant, have assembled this eBook containing major contributions from an international distinguished panel of experts to present a didactic experience of the basic cell biology as well as clinical aspects of inflammation. The chapters are by authorities and leading investigators and systematically introduce the cellular and molecular initiators and defenders in the acute inflammatory response and go on to include chapters on inflammation in metabolism, aging, allergy, diabetes, cardiovascular, arthritis, oral disease, gastrointestinal and neural inflammation in well-illustrated and clearly presented didactic chapters.




    Inflammation when presented in medical school is usually a component of general pathology, or immunology, and in some cases microbiology as well as each of the medical specialties in small bites. Thus, in many respects, the presentation of the innate immune response and its communication to acquired immunity is fragmented in the traditional medical curriculum. This ebook helps to provide, in one succinct presentation, a cohesive view of our multi-disciplinary appreciation of inflammation today and how it impacts many disease processes and organs throughout the body.




    The editors have also taken care to present current approaches in pharmacotherapy in inflammatory responses as well as the application of mathematical modeling and network analysis to inflammation. These are valuable and can help provide a strong foundation to the readers for appreciating the role of inflammation and its treatment for both personalized and precision medicine. This eBook on Basic Biology and Clinical Aspects of Inflammation should be of wide interest across disciplines to not only practitioners, health care providers and basic medical scientists, but should also be of interest to the pharmaceutical and cosmetic industries as well as nutrition and economists, because of the tremendous economic burden of diseases where uncontrolled inflammation is a key culprit. Drs. Diegelmann and Chalfant give us a well-integrated eBook and chapters that will enable the reader to increase our present understanding and gain insight to discover new means to marvel and control this important life process.Inflammation is all!




    

      Charles N. Serhan


      Brigham and Women’s Hospital,


      Harvard Medical School,


      77 Avenue Louis Pasteur (HIM 829)


      Boston, MA 02115,


      USA


      cnserhan@zeus.bwh.harvard.edu
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    In recent years, there have been many exciting advances made in the field of inflammation. State of the art scientific technologies have helped make these advances possible. As underlying cellular and biochemical mechanisms responsible for the inflammatory response are better understood, new therapeutic strategies can be developed to treat the spectrum of clinical problems associated with excessive inflammation.




    This educational eBook, “Basic Biology and Clinical Aspects of Inflammation” was developed for a wide audience. Basic scientists, academicians, clinicians, health care regulators, industrial and pharmaceutical scientists as well as the lay public can benefit from the expanse of knowledge presented herein.




    To help continue promoting cutting edge scientific research and technology, the Editors and all contributing Authors have agreed to donate their royalties from this eBook to the Wound Healing Foundation (http://www.woundhealingfoundation.org) for young investigator research grants. In addition, we recognize and appreciate Bentham Science Publishers for their generous support and contributions to the Wound Healing Foundation.
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      Abstract




      Abstract: Inflammation has been recognized as biological phenomena for more than 2000 years by the Roman physician Aulus Cornelius Celcus who described the four cardinal signs of inflammation heat (calor), redness (rubor), pain (dolour), and swelling (tumour), a fifth sign, the loss of function was added later [1]. Consequently, there is ample literature on this subject as illustrated by the fact that more than 500,000 publications on this subject are listed in PubMed. Nevertheless, this volume provides new relevant information on the topic of inflammation, demonstrating that we have not yet complete knowledge on this subject. The reader is directed to extensive introduction of the subject of inflammation [2] as well as many other reports which deals with this subject [3-10]. This introductory chapter provides a brief summary of the individual chapter contain in this book.
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      INTRODUCTION




      The inflammatory response is classified into the following categories:




      Acute Inflammation: is defined as a localized protective response elicited by injury or destruction of tissues, which serves to destroy, dilute, or wall off both the injurious agent and the injured tissue.




      Chronic Inflammation: is defined as prolonged and persistent inflammation marked chiefly by new connective tissue formation; it may be a continuation of an acute form or a prolonged low-grade form.




      Systemic Inflammatory Response Syndrome (SIRS): is defined as a generalized inflammatory response with vasodilation of capillaries and post capillary venules, increased permeability of capillaries, and hypovolemia. Depressed cardiac function and decreased organ perfusion follow. The various initiating stimuli include sepsis and septic shock, hyperthermia, pancreatitis, trauma, snake bite and immune-mediated diseases [11, 12].




      Septic shock, is the most severe complication of sepsis, and is a deadly disease.
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Fig. (1))


      Overview of the basic inflammatory cells and mediator responses in tissues following trauma.



      An abbreviated schematic of the inflammatory process is provided in (Fig. 1). This tome further illustrates that Inflammation is both a blessing [13] and a curse [14] and both are described in the following chapters.


    




    

      CHAPTER 2




      Cell Mediators of Acute Inflammation.




      Phagocytic cells, including neutrophils and macrophages, produce cytokines that promote inflammation, but are also important for the clearance of microbes and apoptotic cells. This chapter reviews the key functions of these cells in response to an acute insult.


    




    

      CHAPTER 3




      Biochemical Mediators of Inflammation and Resolution.




      Some biochemical mediators are specifically pro-inflammatory or pro-resolution, while others perform both functions. These biochemical mediators play key roles and thus the production and inhibition of these inhibitors are often targets for pharmaceutical intervention.


    




    

      CHAPTER 4




      Wound Healing and Dermatologic Aspects of Inflammation.




      The chapter examines the normal inflammatory response as well as the factors that lead to chronic non-healing wounds. Identification of abnormal cellular and molecular immune responses may lead to targeted therapeutic strategies that promote harmony in the wound healing symphony.


    




    

      CHAPTER 5




      Metabolic Regulation of Inflammation.




      Addresses the metabolic control of inflammation and immunity as well as the molecular aspects of metabolic inflammation converging to insulin resistance.


    




    

      CHAPTER 6




      Aging and inflammation.




      Inflammaging is a term referring to the constitutive low-grade inflammation that underlies the process of aging. The inflammaging is considered the main contributing factor to the development of various aging-associated diseases, including cancer, atherosclerosis, metabolic and neurodegenerative diseases.


    




    

      CHAPTER 7




      Allergic Inflammation.




      This chapter provides a description of the various cell types involved in allergic inflammation and the inflammatory responses leading to allergy, including innate and adaptive immunity, are presented in this chapter.


    




    

      CHAPTER 8




      Inflammation in Type 2 diabetes.




      An overview of the key inflammatory mediators and signalling pathways driving the onset of diabetes (beta cell failure and insulin resistance) and the development of complications is presented in this chapter.


    




    

      CHAPTER 9




      The Vascular Tree and Heart with Relationship to Inflammation.




      Deals with the dynamic interactions of endothelium, coagulation and inflam-mation with a focus upon how perturbations of these systems play in creating disease.


    




    

      CHAPTER 10




      Rheumatoid and Degenerative Arthritis-Associated Inflammation.




      Gives a selected overview over the current knowledge about rheumatoid and degenerative arthritis with a focus on shedding light on the etiopathogenic context including establishment of inflammation in both entities.


    




    

      CHAPTER 11




      Inflammation in Oral Disease




      This Chapter discusses the fact that the oral cavity is a unique environment that is subjected to a continuous barrage of physical, chemical and microbial injuries that result in ongoing low levels of inflammation. Perturbation of normal patho-physiological processes results in infections, tissue damage and compromised functions that need to be causally addressed. Managing inflammation in oral tissues is a critical component of oral care and more research is critical in this area to ensure effective clinical management of oral diseases.


    




    

      CHAPTER 12




      Intestinal Inflammation and Inflammatory Bowel Disease




      The combined effects of genetic polymorphisms and dysbiosis combine to result in altered activation and regulation of the intestine’s innate immune and adaptive immune systems that result in sustained inflammation are reviewed. The advances that have elucidated the complex alterations and interactions that shape the inflammatory response of the intestine in the setting of inflammatory bowel disease are highlighted.


    




    

      CHAPTER 13




      Neuroinflammation.




      This chapter outlines the basic mechanisms relevant to central nervous system (CNS) inflammation. The cells of the CNS innate immune response, including microglia, astrocytes, their mechanisms of activation and innate effector mechanisms such as the production of reactive oxygen and nitrogen species and cytokines are discussed. Features unique to the CNS such as the blood-brain barrier and other mechanisms of CNS immune privilege are outlined. Cells and mechanisms of CNS adaptive immune response such as T lymphocytes, B-lymphocytes, activation and effector mechanisms are discussed.


    




    

      CHAPTER 14




      Pharmacotherapy for Inflammatory Processes.




      Drugs that dampen acute and chronic inflammation and their sequelae are currently some of the most widely utilized therapeutic agents. With the increasing appreciation that inflammation is involved in the pathobiology of most of the serious and complex disorders that affect mankind, the development and therapeutic uses of anti-inflammatory drugs will likely grow with increasing demand for precision interventions in inflammatory pathways. In this article, we examine commonly utilized anti-inflammatory drugs with a view to how their efficacy has informed our fundamental understanding of inflammatory mediators and pathways. We then look at more recently developed, or developing, targeted strategies that have emerged from a deeper appreciation of these pathways. Throughout, utility and limitations of these agents will be discussed with a view to what anti-inflammatory drugs of the future might look like.


    




    

      CHAPTER 15




      Mathematical Modelling of Inflammation.




      Mathematical modelling has been used to investigate the body’s dynamic response to inflammation within the context of a wide variety of conditions and diseases.


    




    

      CHAPTER 16




      Network Analysis of Inflammation.




      An overview of network analysis methods that serve two goals related to detection of biological networks relevant to measured experimental profiling data.




      Fig. (2) provides an overview of the topics covered in this book.
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Fig. (2))


      Overview of the topics covered in this book.
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      Abstract




      The acute inflammatory response that occurs due to tissue injury or infection involves multiple cell types with both overlapping and specific functions. The resident mast cell is an important sentinel and able to rapidly release proinflammatory mediators via degranulation. Phagocytic cells, including neutrophils and macrophages, produce cytokines that promote inflammation, but are also important for the clearance of microbes and apoptotic cells. Importantly, macrophages also provide substantial reparative signals to direct the healing process once the inflammatory insult is cleared. Other cells that may mediate acute inflammation include epithelial cells and lymphocytes. This chapter reviews the key functions of these cells in response to an acute insult.
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      INTRODUCTION




      Acute inflammation, a process that begins within seconds of damage, is a short term process that quickly resolves over hours to days as the insult is removed and tissue is repaired [1]. The cells that are critical to acute inflammation are typically those of the innate immune system. In contrast to adaptive, or specific immune cells (such as lymphocytes), innate immune cells are able to recognize a broad range of microbes and danger-related signals and respond quickly.




      Acute inflammation is a short term event that ends when the pathogen or foreign particles are removed. By comparison, chronic inflammation involves both innate and adaptive, or specific, immune cell types, and is generally distinguished by a situation where the insult cannot be removed. In some disease states, such as rheumatoid arthritis, tuberculosis, or liver fibrosis, a chronic inflammatory condition persists for years.




      This chapter describes the types of immune cells that initiate and execute the acute inflammatory process. Acute inflammation is initiated by specialized immune cells that reside in tissues and serve as sentinels for damage or infection. These sentinel cells include resident mast cells, macrophages, and certain non-immune cells. Sentinel cells identify injury or microbes via specific surface receptors called pattern recognition receptors (PRRs) [2, 3]. PRRs recognize molecules that are commonly found on pathogens (but not normal host cells), as well as molecules that are exposed when tissue is damaged. The activation of PRRs triggers sentinel cells to action, including the release of mediators that attract additional immune cells and further stimulate the acute inflammatory response. Many of the mediators that are released are members of the cytokine family, an important group of proteins that allows cells to signal to one another via interaction with receptors. Other mediators include small molecules such as nitric oxide and eicosanoids. The acute inflammatory response is designed to quickly clear the foreign agent or damaged cells, allowing for tissue repair and resolution of the condition. In addition to the cell types described below, certain cells that are not of immune lineage may also contribute to an acute inflammatory response. For example, epithelial cells can respond to damage as well as to inflammatory mediators by producing cytokines that stimulate the immune response. Other “non-immune” cells that can spur inflammation via the production of cytokines include endothelial cells and connective tissue cells such as adipocytes and fibroblasts [4, 5]. While this chapter focuses on cells of immune lineage, non-immune cells can be important regulators of the acute immune response in certain disease states.




      As the inflammatory insult is cleared, the acute response resolves. Levels of pro-inflammatory mediators drop as do the numbers of acute inflammatory cells in the tissue. The process of resolution also involves the active production of mediators that resolve inflammation; this process is described further in Chapter 3.




      

        Toll-like Receptors




        Toll like receptors (TLRs) are a group of molecules that are present on many immune cells such as macrophages, neutrophils and dendritic cells. They are among the first molecules to respond to a breach in immune protection. The presence of TLRs on the cell surface allows the immune system to sense the attack of foreign invaders and begin to coordinate an appropriate host response. TLRs recognize small segments of pathogens also known as Pathogen Associated Molecular Patterns (PAMPs). To date, there are nine known TLR s. Those found on the cell surface (TLR 1, 2, 4-6) recognize bacterial and fungal components. Intracellular TLRs recognize viral double-stranded RNA (TLR-3), viral single-stranded RNA (TLR-7 and 8) and bacterial DNA (TLR-9) [6]. In the skin, TLRs 2 and 4 are the most abundant and are found on the surface of keratinocytes, fibroblasts, Langerhans cells, macrophages and mast cells [7]. Although TLRs do not normally recognize most host molecules, they can interact with ligands produced by injured or damaged cells [8]. Thus, TLR’s present on the surface of sentinel skin cells provide a recognition system for tissue damage and possible infection.




        When a TLR on the surface of a cell binds with its cognate PAMP, a conformational change occurs which results in a complex signaling cascade within the cell. The result of the signaling differs depending on the TLR ligand interaction. For example, when LPS, a component of gram-negative bacteria, binds to and is recognized by TLR4, the signaling cascade leads to the production of proinflammatory cytokines that can attract more cells to the area to control a possible infection.


      




      

        Mast Cells




        Mast cells are relatively large, granule filled cells that are found throughout many tissues in the body. Mast cells were first identified more than 100 years ago by the German Nobel awardee, Paul Ehrlich, who named them mastzellen from the German word mast, to indicate their “fat” appearance [9]. Tissue bound mast cells derive from immature progenitors, and become fully developed and filled with granules only after they enter tissues. The granules consist of preformed mediators such as cytokines and vasoactive amines. These granules are released upon activation and allow a quick immune response to be initiated. Mast cells exhibit a high level of heterogeneity, and vary both in amount of mediators produced and responses to specific stimuli [10]. High levels of mast cells are typically seen at surfaces that are directly exposed to external stimuli such as the lungs, gastrointestinal tract, mouth, and skin [11]. This localization makes the mast cell a particularly important as a first responder to external insults. During an inflammatory response, the numbers of mast cells at the site may transiently increase as mast cells migrate from adjacent tissue into the site of inflammation. Mast cells respond to stimuli by undergoing degranulation, a process by which a large variety of preformed mediators are released from their granules. In addition, mast cells may actively produce cytokines and inflammatory molecules in response to stimuli.


      




      

        Triggers of Mast Cell Degranulation




        Mast cells can be activated by a variety of different stimuli including those derived from allergy or trauma [11]. In regard to the allergic response, this process is well described in Chapter 7, Allergic Inflammation. In brief, mast cells carry high-affinity receptors for the constant region of IgE, the immunoglobulin class that is the culprit of allergic inflammation [12]. IgE binds these mast cell receptors, and mast cells are thus coated with IgE. In non-allergic situations, the receptors filled with IgE remain inactive. However, in persons with IgE mediated allergy, mast cells can become coated with IgE directed against the allergen. If an exposure to the allergen occurs, surface IgE becomes cross-linked, stimulating a signaling cascade that leads to mast cell activation and degranulation. While this function of mast cells has been widely studied in terms of allergic reaction, this response may also be important in the immune and inflammatory response to parasitic infections, some of which evoke an IgE response.




        The activation of mast cells by allergens and the subsequent release of a large amount of vasoactive amines can create a life-threatening situation. Because of this, the response of mast cells to IgE has received a good deal of experimental attention. The mast cell role goes well beyond allergic and parasitic diseases, though, as mast cells can be activated by many other stimuli in addition to those that activate via IgE [13]. Mast cells may degranulate in response to thrombin, a molecule produced whenever the vasculature is breached. Mast cells also respond to the complement fragments C3a and C5a via specific receptors. Like many innate immune cells, mast cells are able to recognize common molecular motifs on microbes via Pattern Recognition Receptors (PRRs) [14]. Finally, non-specific stimuli, including pressure, heat and cold, may lead to mast cell degranulation [15]. Thus there are multiple paths by which mast cells detect dangerous events and are induced to undergo degranulation and activated to secrete mediators, with the end result of eliciting an inflammatory response.


      




      

        Mediators Released by Mast Cells




        The mediators that are released by mast cells include preformed molecules that are stored in granules and those that are synthesized following activation [14]. The release of preformed mediators via degranulation is a rapid process that occurs via a Ca++ dependent exocytosis. Preformed mediators that are released by mast cells consist of several serine proteases (e.g. tryptase, chymase), vasoactive amines, and cytokines/growth including VEGF, TNFα, and FGF2. The vasoactive amines, of which the most functionally prominent may be histamine, cause dilation and increased permeability of the vasculature and constriction of smooth muscle. This increased permeability will allow circulating immune cells to enter the injured area to respond to and control infection. Locally, these effects lead to edema; in the lung, bronchiolar constriction may also result.




        Beyond the rapid release of preformed mediators from granules, the activation of mast cells induces active synthesis of pro-inflammatory molecules. Inflammatory lipid molecules, including leukotrienes and prostaglandins, are produced by activated mast cells via the arachidonic acid pathway. More than 20 different inflammatory cytokines have also been described to be synthesized by mast cells following activation. In contrast to the quick release of the premade molecules stored in the granules, production of cytokines via mast cell activation occurs by transcriptional activation and resulting protein synthesis.


      


    




    

      NEUTROPHILS




      Neutrophils are the most abundant white cell in humans, and play a critical role in acute inflammation [16]. Neutrophils form in the bone marrow and are released in mature form. Within the circulation, neutrophils have a relatively short half-life of about five days, and in health, they rarely exit the blood stream. Yet when an inflammatory insult occurs, neutrophils are able to mobilize very quickly and can enter the site of injury within minutes. Neutrophil recruitment, similar to the recruitment of almost any circulating leukocyte, involves the sequential steps of endothelial cell activation, recognition of the activated endothelium by the circulating cell, cell-to-cell interaction, and active migration through the endothelium into the extravascular space [17]. The neutrophil has specific receptors than allow it to follow a path of chemotactic signals such as activated complement components and chemotactic cytokines released by the activated sentinel cells; these signals direct the neutrophil through the endothelium and towards the inflammatory site. Once within the tissue, neutrophils contain an arsenal of weapons that allow them to destroy most microbes. They are part of the phagocytic lineage of immune cells, a lineage in which ingestion of particles is a common mechanism of pathogen clearance.




      Neutrophils kill pathogens by ingestion via phagocytosis and by trapping microbes in extracellular nets [18]. During phagocytosis, microbes are recognized by surface receptors that recognize common microbial molecular motifs. In a process called opsonization, phagocytosis can be greatly enhanced if microbes are coated with antibody or activated complement, as neutrophils have high affinity receptors for these molecules. Following recognition, particles are engulfed by the neutrophil into an intracellular membrane bound vesicle termed a phagosome. The phagosome then fuses with lysosomes, creating a phagolysosome. The phago-lysosome is a hostile environment in which reactive oxygen species (ROS) are created and enzymatic activity occurs. The generation of ROS requires oxygen, and the use of oxygen during the phagocytic process has been called the respiratory burst. Large amounts of superoxide are produced in the phago-lysosome by the activation of NADPH oxidase. Superoxide is broken down to hydrogen peroxide, which is further converted to HOCL by myeloperoxidase. Each of the reactive oxygen species may contribute to the killing of microbes within the phagolysosome. Phagolysosomes also contain additional elements that support microbial destruction, including proteases and anti-microbial peptides. The end result of the phagocytic process is microbial death and digestion.




      In contrast to phagocytosis, extracellular killing of microorganisms can occur when activated neutrophils release a web of DNA that surrounds the microbe. NETs, or neutrophil extracellular traps, are composed of DNA and proteases and lead to microbial death. NETs are believed to create an environment that is rich in anti-microbial agents, but may also represent a physical barrier that prevents microbial movement [19]. Neutrophils can be induced to form NETs by a variety of cytokines and chemokines, and it has been shown that NADPH oxidase and myeloperoxidase may be involved in the production of NETs in at least some situations [20].




      One important consequence of neutrophilic activity is the extracellular release of mediators contained within the granules. While granular contents that fuse with the phagolysosome remain internal to the neutrophil, frequently some granular contents are released into the extracellular space. The release of reactive oxygen species, proteases, and other active compounds can lead to destruction of normal cells in the area, an event called bystander destruction.




      As clearance of the pathogen and necrotic tissue winds down, the neutrophils that have entered the site must themselves be cleared. Senescent and apoptotic neutrophils at sites of inflammation exhibit a range of markers that make them susceptible to apoptosis by macrophages. This active clearance of neutrophils is believed to be important to the resolution of inflammation and the restoration of tissue homeostasis [20].


    




    

      MACROPHAGES




      Macrophages represent a cell type that has great diversity of function and many phenotypic variations of this cell type have been described [21]. Macrophages are phagocytes, and derive from the same precursor as neutrophils. Distinct from neutrophils, however, most macrophages reside within the tissue, as the mature cell is not normally found in circulation. Subsets of the macrophage lineage may bear characteristics specific to their tissue location, and macrophages at specific site are frequently referred to by specific names that derive from both function and histologic appearance (Table 1). The commonality among these subsets of tissue resident macrophages is their ability to respond to invading pathogens, inflammatory mediators, and tissue destruction to contain the insult and further the appropriate inflammatory response.




      

        Table 1 Tissue Resident Macrophages.




        

          

            	Macrophage Name



            	Location

          




          

            	Adipose tissue macrophages



            	Adipose tissue

          




          

            	Monocyte/immature macrophage



            	Bone marrow and blood

          




          

            	Kupffer cell



            	Liver

          




          

            	Sinus histioctyes



            	Lymph node

          




          

            	Alveolar macrophages



            	Lungs

          




          

            	Tissue macrophage



            	Connective tissue

          




          

            	Langerhans cell



            	Skin and mucosa

          




          

            	Microglia



            	Central nervous system

          




          

            	Hofbauer cell



            	Placenta

          




          

            	Intraglomerular mesangial cell



            	Kidney

          




          

            	Osteoclasts



            	Bone

          




          

            	Red Pulp Macrophage



            	Spleen

          




          

            	Peritoneal macrophages



            	Peritoneum

          


        




      




      While the overall macrophage levels in normal tissue appear static, turnover of these cells does occur, albeit slowly. During acute inflammation, though, macrophage content in tissues generally increases substantially. This increase is largely dependent upon the movement of circulating monocytes into the tissue; monocytes then mature into functional macrophages. Recent evidence also suggests that macrophages have the capacity for self-renewal within tissues, and the contribution of self-renewal versus monocyte derivation to the increase in macrophages during inflammation requires further investigation [22]. Fig. (1) depicts a summary of the innate immune response to tissue injury.




      

        Macrophage Function and Phenotypes




        Macrophages can respond to their environment by developing phenotypes that support either the generation or resolution of inflammation [23]. The specific phenotype depends upon the factors to which the cell is exposed (Fig. 2). Resident macrophages in tissue are quickly stimulated during the initial inflammatory response to become more actively phagocytic and to produce a variety of proinflammatory mediators.




        
[image: ]


Fig. (1))


        A summary of the innate immune response to tissue damage. When the tissue is broken, bacteria, viruses or debris may enter. Blood platelets initiate clotting while mast cells begin to degranulate. Degranulation of mast cells releases histamine and cytokines. This release attracts neutrophils and macrophages to the site of damage where pathogens are phagocytosed. The macrophages eventually change their phenotype to secrete cytokines involved in tissue repair. Exposure to a wide range of factors, including microbial molecules, activated com-plement, interferons, and other cytokines causes macrophages to move from a relatively inactive state into an activated proinflammatory phenotype. The activated and inflammatory state has been dubbed the M1 macrophage (Fig. 2). M1 macrophages produce a large number of mediators and cytokines that enhance the inflammatory response by 1) activating endothelium, 2) serving as chemoattractants that recruit additional leukocytes, and 3) stimulating phagocytosis and other cellular processes that eliminate the inflammatory insult. M1 macrophages are also highly phagocytic and remove microbes and other particles in a process quite similar to that described for neutrophils, above.



        
[image: ]


Fig. (2))


        Macrophage phenotypes and functions. Macrophages exhibit a wide range of different functional capacities. Many in vitro studies suggest that macrophages fall into discrete phenotypes, such as those depicted here (M1 and M2). However, emerging evidence supports that idea that macrophages actually take on a large variety of intermediary phenotypes in vivo.



        As inflammation resolves, macrophages respond by converting from the M1 pro-inflammatory phenotype to a reparative, wound healing phenotype termed an M2 macrophage. The M2 macrophage expresses anti-inflammatory mediators, and is also characterized by the production of growth factors that support tissue repair [17]. In point of fact, the switch of macrophages from an M1 to an M2 phenotype involves a continuum of phenotypes; in vivo studies suggest that macrophages at sites of inflammation rarely fall cleanly into the M1 or M2 phenotype. Thus, the use of M1 and M2 (or other phenotypic nomenclature) has been suggested to be highly limiting to our understanding of macrophage function [24]. Dispensing with nomenclature, certain functional elements of macrophage activity in acute inflammation are clear. The macrophage, via modulation of phenotype, is capable of sequentially supporting inflammation and then the tissue repair that is needed as inflammation subsides. The macrophage is therefore a critical player in both clearance of pathogens and in wound healing.




        As inflammation resolves, one important feature of macrophage activity is their ability to remove neutrophils. Macrophages recognize and ingest apoptotic neutrophils, removing them in a process termed efferocytosis [25]. Macrophages have also been described to induce apoptosis in neutrophils, further contributing to the resolution of inflammation. Multiple pieces of evidence suggest that the ingestion of apoptotic neutrophils promotes a phenotypic switch in macrophages to the reparative phenotype as inflammation resolves. Defects in the capacity of macrophages to effectively remove neutrophils have been described to prolong the inflammatory process, inhibiting resolution and tissue repair [25, 26].




        The link between the innate and adaptive immune response is provided by cells that can process antigen encountered in the tissue, travel to the lymph tissue and present that antigen to lymphatic T cells. Both macrophages and dendritic cells can act as antigen presenting cells (APCs). Once the surface of an APC is coated with fragments of foreign proteins, APC’s travel to the peripheral lymph tissue, where they present the antigens to T-helper lymphocytes residing there. This process activates antigen specific T-cells to proliferate and produce cytokines to continue the immune response.


      


    




    

      ADAPTIVE IMMUNE CELLS IN ACUTE INFLAMMATION




      The acute inflammatory response is dominated by cells of the innate immune system. However, the acute inflammatory response does include some immune cells that are derived from the adaptive immune lineage. In this situation the cells behave as innate immune cells. Two specific examples of this intersection of the adaptive and innate systems are gamma delta T cells and Th17 lymphocytes.




      

        Gamma Delta T Cells




        Gamma delta T (γδT) cells are a complex cell type that is described to bridge adaptive and innate immunity [27]. Derived from the T lymphocytic lineage, a subset of γδT cells that bear a highly restricted T cell receptor reside within tissues that are exposed to the environment, including mucosa and skin. Several pieces of evidence suggest resident γδT cells serve as sentinels at sites of injury and can promote acute inflammation. γδT cells can be directly activated by pathogen-associated or danger-associated molecular patterns. At sites of injury, γδT cells secrete effectors that contribute to the acute inflammatory response, including chemotactic and proinflammatory cytokines, defensins, and interferon. These unconventional lymphocytes may often play a role in acute inflammation, but may also take on roles in adaptive immunity via diversification of their T cell receptor and the development of antigen-specific responsiveness.


      




      

        TH17 T Lymphocytes




        Although T lymphocytes most frequently function strictly within the context of the adaptive immune system, the T helper 17 (Th17) cells are unique in distribution and function. Th17 cells are widely distributed in tissues, and are activated by pathogens and proinflammatory cytokines [28, 29]. Once activated, Th17 cells produce multiple cytokines that enhance host defense at sites of inflammation. Importantly, Th17 cells produce IL-17, an interleukin attracts and stimulates neutrophils. Moreover, IL-17 induces several other cell types to produce cytokines that are chemoattractant for neutrophils. IL-17 also stimulates the production of factors that induce granulopoiesis, a process that leads to the production of more neutrophils in the bone marrow. Functionally, Th17 cells play an important role in generating an effective inflammatory response, particularly to extracellular bacteria [28].


      


    




    

      SUMMARY




      Acute inflammation represents an important physiologic process that is designed to remove foreign agents quickly. The principal cells that mediate acute inflammation are those of the innate immune system, including mast cells, neutrophils, and macrophages. These cells produce a variety of inflammatory and anti-microbial mediators; the cells clear microbial particles and damaged tissue by phagocytosis. The end result of an effective acute inflammatory process is the removal of the offending agent and/or damaged tissue, and the initiation of tissue repair.
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      Abstract




      Inflammation is the response of the immune system to injury and infection. As such, it is a critical component of multiple disease states, including anaphylaxis, cancer, cardiovascular disease, obesity, rheumatoid arthritis, diabetes and asthma. Inflammation is a complex process that is composed of multiple stages – the main stages being a pro-inflammatory stage followed by a pro-resolution phase. Eicosanoids and cytokines are critical biochemical mediators involved in both the initiation of the inflammatory response and the resolution of the inflammatory response. Some biochemical mediators are specifically pro-inflammatory or pro-resolution, while others perform both functions. These biochemical mediators play key roles, and thus, the production and inhibition of these mediators are often targets for pharmaceutical intervention.
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      INTRODUCTION




      Inflammation can be defined as the body’s immediate response to damage to its tissues and cells by pathogens, noxious stimuli, or physical injury [1], and it can be acute or chronic. It is composed of many coordinated processes (Fig. 1) that are actively signaled by both specific protein and lipid molecules [2]. The first step in the immune response involves inflammation and is characterized by the pro-duction of pro-inflammatory mediators, an influx of innate immune cells, and tissue destruction [3]. The resolution of inflammation involves the production of anti-inflammatory mediators, an influx of macrophages, and tissue repair [3]. Eicosanoids are well established mediators of both the initiation and the resolution of inflammation, but there is still much to learn as the roles of only few eicosanoids have been well studied. Additionally, cytokines and chemokines play roles in both the initiation and resolution of inflammation.




      Inflammation is a critical component of many disease states including anaphylaxis, cancer, cardiovascular disease, obesity, rheumatoid arthritis, diabetes and asthma [4-13]. For example, in tumor development, inflammatory responses are involved in infiltration, promotion, malignant conversion, invasion, and metastasis [5]. There is also increasing evidence that prolonged inflammation in the vascular wall results in atherosclerosis [14-17].




      Another increasing health concern, obesity, is also characterized by an overall inflammatory response in the body, and may impact the ability of the body to utilize insulin effectively [10, 18, 19].




      As inflammation is intrinsically involved in multiple disease states, gaining a greater understanding of the mechanisms involved in this process could lead to new strategies for disease treatment and prevention.


    




    

      BIOSYNTHESIS OF LIPID MEDIATORS




      

        Phospholipase A2




        Phospholipases A2 (PLA2s) are enzymes that hydrolyze the sn-2 ester bond of cellular phospholipids to release free fatty acids and, as a result, form lysophospholipids [20, 21].
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Fig. (1))


        General Course of Inflammation. Inflammation is a multi-step process that is actively signaled by specific lipid and protein molecules.



        These lipid mediators may act as either intracellular messengers or leave the cell and interact with neighboring cells [23]. PLA2s were first discovered as a major component of snake venoms at the end of the nineteenth century [24], and since then over 30 enzymes that possess PLA2 activity have been identified [21]. These enzymes have been classified into six groups – 1) the cytosolic PLA2s, 2) the secretory PLA2s, 3) the calcium-independent PLA2s, 4) the platelet activating factor acetylhydrolases, 5) the lysosomal PLA2s, and 6) the adipose-specific PLA2s [22]. This chapter will discuss the three main PLA2 groups that are involved in the inflammatory process – cytosolic, secretory, and calcium-independent PLA2s (Fig. 2).
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Fig. (2))


        Structures of the three main PLA2 groups that are involved in the inflammatory process.(A) cPLA2α structure. (B) iPLA2β structure. (C) sPLA2 (IIA) structure.

      




      

        Group IVA Cytosolic Phospholipase A2 (cPLA2α)




        cPLA2α was first characterized in platelets and macrophages and was cloned from a macrophage cDNA library [23, 25, 26]. Platelets, macrophages, neutrophils, endothelial cells, vascular smooth muscle cells, alveolar epithelial cells, renal mesangial cells, mast cells, and keratinocytes have all been shown to contain cPLA2α [27-29]. Studies have also shown that the cPLA2α protein is expressed in the spleen, brain, lung, heart, liver, kidney, and uterus of the mouse [30, 31].




        The cPLA2α cDNA encodes for a 749 amino acid protein with a molecular weight of approximately 85 kDa [23]. Several discrete domains have been identified in the cPLA2α protein [23], including the C2/CaLB domain which encodes the Ca2+-dependent binding of cPLA2α to membranes [23, 32], the catalytic domain of cPLA2α which includes essential amino acids for catalytic activity (Arg200 and Ser228) [23, 33, 34], the flexible hinge region which has homology to the hinge region of PKC [23, 32].




        The subcellular localization of cPLA2α has been examined using immuno-fluorescence microscopy, and studies have shown that upon activation, cPLA2α translocates to the endoplasmic reticulum, Golgi apparatus, and the nuclear membrane [35, 36]. An additional study has shown that in subconfluent endothelial cells, a portion of cPLA2α appears within the nucleus [23, 37]. Regarding the cleaving activity of cPLA2α, it preferentially cleaves arachidonic acid-containing phospholipids with a preference for phosphatidylcholine (PC) [38].




        Activation of cPLA2α in cells (translocation to membranes and induction of AA release) requires an extracellular stimulus, Ca2+, and the C2/CaLB domain [23, 32-34]. A wide variety of extracellular stimuli can activate cPLA2α. These stimuli include growth factors, cytokines, interferons, and UV light [23]. Calcium ionophores, such as A23187, also induce a large release of arachidonic acid due to the large increase of intracellular Ca2+ levels [39]. Phosphorylation may also play a role in the regulation of cPLA2α activation, as a variety of extracellular stimuli cause rapid phosphorylation of cPLA2α [23]. Ser505 has been shown to be phosphorylated by ERK and p38 kinases, while Ser727 is phosphorylated by p38-activated protein kinases [40-42].




        Two anionic lipids have been demonstrated to activate cPLA2α – phosphatidylinositol-4,5-bisphosphate (PI(4,5)P2) and ceramide-1-phosphate (C1P). Over the past decade, the Chalfant laboratory has demonstrated a distinct role for ceramide-1-phosphate in regulating cPLA2α activation via a direct interaction between C1P and the C2/CaLB domain of cPLA2α [39, 43-50]. C1P increases the membrane residence time of cPLA2α, which enables the enzyme to cleave more arachidonic acid. In contrast, though PI(4,5)P2 has been shown to activate cPLA2α [51-53], it activates the enzyme in a different manner than C1P. Specifically, PI(4,5)P2 increases the catalytic efficiency of cPLA2α by increasing both membrane penetration and the rate of substrate hydrolysis [49].


      




      

        Secretory Phospholipase A2 (sPLA2)




        Secreted PLA2s have been cloned from humans, mice, and rats [54-56]. There are currently 17 different isoforms of sPLA2 identified, with 11 of those expressed in mammalian cells [22]. This enzyme has been detected in P388D1 macrophages, mast cells, platelets, eosinophils, neutrophils, monocytes, and basophils [56-59] as well as the heart, lung, placenta, spleen, pancreas, and thymus [56-60].




        The various sPLA2 isoforms have lower molecular weights than the other phospholipase A2s, typically 14-19 kDa [22]. Structurally, this group of enzymes shares a highly conserved calcium binding region, six conserved disulfide bonds, and a histidine/aspartic acid catalytic dyad [22]. Similarly to cPLA2α, sPLA2s are typically calcium dependent and require millimolar concentrations for optimal function [22]. For this reason, sPLA2s typically are only active extracellularly and will hydrolyze a variety of phospholipids [22], though they tend to prefer those with negatively charged head groups such as phosphatidylserine, phospha-tidylglycerol, and phosphatidylethanolamine [22]. In mouse bone marrow derived mast cells, sPLA2 has been shown to be associated with the Golgi apparatus, nuclear envelope, and plasma membrane [61].


      




      

        Group VIA Phospholipase A2 (iPLA2β)




        iPLA2 was first identified in P388D cells and macrophages and was then purified, cloned, sequenced, and characterized [62]. This enzyme has also been detected in INS-1 cells [63], pancreatic islet cells [64], insulinoma cells [64], and P388D1 macrophages [65] as well as the heart [65], brain [65], and kidney [65].




        iPLA2β is an approximately 85 kDa protein, and despite a similar molecular weight, it does not have any sequence homology with cPLA2α [66]. It can occur in at least 5 different splice variants with two demonstrating enzymatic activity. These two variants differ only by an interruption of the eight ankyrin-like repeated domain by a proline-rich 54-amino acid stretch [66].




        Activation of iPLA2β has been examined in vitro, and has shown that specific activity may be higher in the presence of ATP [66] and that the active species is a tetramer [66]. Intriguingly, studies have demonstrated that in the presence of calcium, calmodulin will bind tightly and inhibit activity of the enzyme [66], and deletion of the ankyrin repeats will also inactivate the enzyme [66].


      




      

        Eicosanoid Production Pathways




        Once arachidonic acid is released from cellular phospholipids by the action of a phospholipase A2, it can be metabolized through three main pathways – the cyclooxygenase pathway, the lipoxygenase pathway, and the cytochrome P450 pathway. Each of these pathways convert arachidonic acid to various eicosanoids (Fig. 3).
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Fig. (3))


        General biosynthetic pathways for eicosanoids and 3-PUFA-derived lipid mediators. Red = pro-inflammatory lipid mediators; Green = anti-inflammatory lipid mediators; and Yellow = Reported as both pro- and anti-inflammatory.

      




      

        Cyclooxygenase (COX) Pathway




        The COX pathway consists of two enzymes, cyclooxygenase 1 (COX-1) and cyclooxygenase 2 (COX-2). COX-1 was first purified in 1976 from bovine vesicular glands and is constitutively expressed in a wide variety of tissues including kidney, lung, stomach, duodenum, ileum, and colon [67]. COX-2 was identified in 1989 [68] and, unlike COX-1, is not constitutively expressed in most tissues [69, 70]. Rather, this enzyme is induced via a variety of extracellular and intracellular stimuli including LPS, IL-1, TNF, and EGF [71-76]. Induction of COX-2 is transient and will typically return to basal levels within 24-48 hours [67].




        Despite these two enzymes having similar primary protein structures and carrying out the same catalytic activity, they are derived from distinct genes [77] and differ in their utilization of arachidonic acid and in mRNA stability [77]. For COX-2, mRNA regulation appears to be an important mechanism used to regulate prostaglandin levels. It has also been demonstrated that COX-2 can utilize arachidonic acid that is already located in cells whereas COX-1 does not have this ability.




        As previously mentioned, both of these enzymes utilize the arachidonic acid released by phospholipase A2 enzymes to begin the prostaglandin synthetic pathways [60, 78]. The conversion of arachidonic acid into other eicosanoids by the COX enzymes occurs via a two-step process. First, arachidonic acid is converted to PGG2, via introduction of two oxygen molecules. PGG2 is then reduced to PGH2via peroxidation. Next, a variety of synthetic enzymes transform PGH2 into all other prostaglandins, prostacyclin, and thromboxanes [67].


      




      

        Lipoxygenase Pathway




        A second pathway composed of six lipoxygenase enzymes can also act upon arachidonic acid to produce a different subset of eicosanoids [79]. These enzymes are found in a wide variety of animals, plants, and fungi [80] and do have a few common structural features. The lipoxygenase enzymes are composed of a single polypeptide chain containing six conserved histidines, an N-terminal β-barrel domain, and a larger catalytic domain. The catalytic domain contains a single non-heme iron molecule which is liganded to histidines and to the carboxyl group of an isoleucine at the C-terminus of the protein [80, 81]. The enzymes are approximately 75-80 kDa [80]. In this chapter we will focus on three of the lipoxygenase enzymes – 5-lipoxygenase (5-LO), 12-lipoxygenase (12-LO), and 15-lipoxygenase (15-LO).




        5-lipoxygenase has been cloned from a variety of sources, including human, rat, mouse, and hamster [81] and can be found in the placenta, leukocytes, neutrophils, eosinophils, macrophages, mast cells, B-lymphocytes, and dendritic cells [79, 82]. 5-LO will convert arachidonic acid to 5-HPETE which can then be reduced to 5-HETE, or 5-LOX can again act on 5-HPETE and convert it to leukotriene A4 (LTA4). Next, various synthetic enzymes can convert LTA4 into LTB4 or LTC4. LTC4 can be further acted upon to produce LTD4 and LTE4. Regarding activation of 5-LO, the enzyme needs calcium and ATP as well as the assistance of 5-lipoxygenase activating protein (FLAP) [80, 81]. FLAP, an 18 kDa integral membrane protein, assists by presenting arachidonic acid to 5-LO [80].




        12-LO and 15-LO function in similar manners to 5-LO in that they produce 12-HETE and 15-HETE. They differ from 5-LO in that they do not require an activating protein like FLAP to perform their function. 12-lipoxygenase converts arachidonic acid to 12-HETE, and this was first demonstrated in the mid-1970s [83]. There are actually two different types of 15-LO – 15-LO-1 and 15-LO-2 [84]. Both types of 15-LO convert arachidonic acid to 15-HETE, though the difference is the location of where the oxygenation occurs. 15-LO-1 will oxygenate arachidonic acid at both C-15 and C-12 [84] while 15-LO-2 oxygenates only C-15 [85].


      




      

        Cytochrome P450 Pathway




        A third subset of enzymes, those from the cytochrome P450 pathway, can be utilized to convert arachidonic acid into hydroxyeicosatetraenoic acids (HETEs) and epoxytrienoic acids (EETs). This pathway can be divided into two sub-pathways – the ω-hydrolase and the epoxygenase pathways [86]. A variety of ω-hydrolases will produce the various HETE isomers, while epoxygenases are utilized to create various EET isomers from arachidonic acid [87]. The EETs can then be further modified into dihydroxyeicosatrienoic acids (DHETs) by epoxide hydrolases.


      


    




    

      PRO-INFLAMMATORY LIPID MEDIATORS




      Lipid mediators provide a wide variety of functions in the cell and in the body and can function as both pro-inflammatory or pro-resolution/anti-inflammatory. The main lipid mediators which are pro-inflammatory are the leukotrienes (LTB4, LTC4, LTD4, and LTE4) and the HETEs (particularly 5-HETE).




      The leukotrienes are a class of eicosanoids that are produced via the 5-lipoxygenase (5-LO) pathway by a variety of leukocytes. This class of lipids has been demonstrated to play a role in a variety of disease states, including multiple cancer types (e.g. lung, pancreatic, and prostate [88]), peritonitis [89], arthritis [90], airway hyperresponsiveness [91], and ischemia-reperfusion injuries [92]. In humans, the various leukotrienes are produced by different leukocytes in varying amounts, with some cells producing largely one type. For example, neutrophils, B-lymphocytes, monocytes, and macrophages typically produce LTB4, while eosinophils and mast cells largely produce LTC4 [88]. Each of the leukotrienes plays different roles in the immune and inflammatory response.




      LTB4 is a major pro-inflammatory eicosanoid. It has significant roles in the inflammatory response, varying from recruitment of leukocytes into tissues through chemotaxis, activation of leukocytes, and increasing adherence of leukocytes to the endothelium [88]. As expected, this eicosanoid has been shown to be upregulated in a variety of inflammatory disease states, including rheumatoid arthritis [93], psoriasis [94], Crohn’s disease [95], and cystic fibrosis [96].




      The other leukotrienes (LTC4, LTD4, and LTE4) are often grouped together and referred to as the cysteinyl leukotrienes (CysLTs). The members of this group of eicosanoids are well known bronchoconstrictors [88, 91], but are also implicated in vasoconstriction and activation of eosinophils and monocytes [88]. The CysLTs are also major components of asthma and allergy. They affect the production of chemokines by mast cells and also increase proliferation of mast cells [91, 97]. LTE4 is particularly potent in this regard [91]. The CysLTs are also intricately involved in edema that is characteristic of allergic reactions as they act on epithelial cells to allow leaking of plasma into tissues [88]. LTC4 and LTD4 are rapidly metabolized into LTE4, which is therefore the most abundant cysteinyl leukotriene when levels are measured in biological fluids [97]. Interestingly, in one study, LTE4 was demonstrated to induce the accumulation of both eosinophils and basophils in the bronchial submucosa of mild asthmatic subjects, while LTD4 was unable to do so [97].




      5-HETE is another eicosanoid that plays a pro-inflammatory role and is produced by human neutrophils, eosinophils, monocytes, lymphocytes, and macrophages [98]. It is particularly effective in regard to neutrophil activities. Studies have demonstrated that 5-HETE is a potent neutrophil aggregating agent” [99, 100], and is involved in chemokinesis, chemotaxis, and mobilization of intracellular calcium levels in neutrophils [101]. 5-HETE also will be rapidly incorporated into cellular lipids in PMNs [101]. 5-HETE can be transformed into 5-oxo-ETE [101], which serves as a potent eosinophil chemoattractant [102]. This eicosanoid also has multiple functions, including chemokinesis in eosinophils [102], as well as being involved in both chemotaxis and inducing intracellular calcium mobilization in neutrophils [103]. 5-HETE also plays a role in anaphylaxis and other disease states that involve the airway. It has been shown to be upregulated in human airways after anaphylaxis in high enough levels to increase mucus secretion [98]. It will also induce bronchial smooth muscle contraction and enhance antigen-induced histamine release from human basophils [98]. In regard to neutrophil chemotaxis, one study demonstrated that 5-HETE will induce human neutrophil migration across naked filters and endothelial (HUVEC) and epithelial (A549) barriers in a dose- and time-dependent fashion [98].




      Intriguingly, some eicosanoids play both pro-inflammatory and pro-resolution roles. These include PGE2, PGD2, PGF2α, PGI2, TXA2, and TXB2. Of this group of eicosanoids, PGE2 is the most widely studied. Regarding pro-inflammatory roles, PGE2 has been shown to play a role in rheumatoid arthritis and atherosclerosis [104]. PGE2 regulates multiple cell types, including dendritic cells, T-cells, B cells, and macrophages [104].




      PGD2, an isomer of PGE2, is produced in the central nervous system and peripheral tissues, and by mast cells, dendritic cells, and Th2 cells [104]. PGD2 plays a variety of physiological roles, including bronchoconstriction and eosinophil infiltration in asthma and increased allergic response in ovalbumin-induced airway hyperresponsiveness [104].




      PGI2 regulates cardiovascular homeostasis [104], and thus many vascular cell types produce PGI2, including endothelial cells, vascular smooth muscle cells, and endothelial progenitor cells [105]. PGI2 is rapidly converted to 6-keto PGF1α [104]. In regard to cardiovascular homeostasis, PGI2 is a potent vasodilator, an inhibitor of platelet aggregation, leukocyte adhesion, and VSMC proliferation [104].




      PGF2α is widely distributed and has been shown to be present in multiple species including mice, cows [106], guinea pigs [107], and humans [108]. It plays a large role in the female reproductive system (e.g. ovulation, parturition) [109], arthritis [110], renal function [111], arterial contraction [112], brain injury [113], pain [114], and myocardial dysfunction [115].


    




    

      PRO-RESOLUTION LIPID MEDIATORS




      Lipoxins are produced by a sequential process that begins with lipoxygenases acting on arachidonic acid and then continues through other enzymes [2]. They act on a variety of cells, including neutrophils, eosinophils, monocytes, macro-phages, T cells, dendritic cells, and fibroblasts [2]. One of the main roles of lipoxins is to inhibit neutrophil infiltration into inflamed areas [2], though they also block the secretion of TNF from T cells [2]. Additionally, lipoxins will increase the rate of phagocytosis as well as increase IL-10 production [116]. Lipoxins have been detected in a variety of disease states, including periodontis [2], peritonitis [117], colitis [118], asthma [119], cystic fibrosis [120], and ischaemia-reperfusion injury [121].




      Resolvins are another category of pro-resolution lipid mediators which were first identified in 2000 [2]. There are two categories of resolvins, the E-series and the D-series, which are derived from EPA and DHA, respectively [2]. The E-series resolvins, RvE1 and RvE2, target mucosal epithelial cells, neutrophils, macrophages, dendritic cells, and T-cells [116] and have a wide variety of functions. For example, they reduce neutrophil infiltration [2], inhibit NF-kB reporter gene activation, and reduce dendritic cell IL-12 production [116]. Additionally, they will increase PMN apoptosis, lipoxin production, and microbial killing [116]. The D-series resolvins are particularly interesting in that the brain, synapses, and retina are highly enriched in DHA and therefore will produce this series of resolvins more readily [2]. There are four members of this group, RvD1, RvD2, RvD3, and RvD4 [2]. RvD1 appears to be the most studied member of this group, with RvD2 having the next most known information. RvD1 and RvD2 both act on neutrophils, macrophages, and endothelial cells [116]. RvD1 has a role in ending neutrophil recruitment [2], protecting kidneys from ischaemia-reperfusion injury [122], and regulating macrophage function [122]. Additionally, RvD1 will increase the rate of phagocytosis and IL-10 expression [116]. RvD2 has similar roles, but it will also increase nitric oxide and prostacyclin production in endothelial cells as well as microbial killing and clearance [116].




      A third category of pro-resolution lipid mediators is the protectins. These lipid mediators are produced from DHA, and the most studied is protectin D1. Protectin D1 (PD1) is produced by leukocytes and human peripheral blood mononuclear cells [2], and it targets neutrophils, macrophages, T-cells, microglial cells, and epithelial cells. As with other pro-resolution lipid mediators, protectin D1 has many functions, including blocking T-cell migration [123], decreasing TNF and interferon-gamma secretion [123], down regulating NF-κB and COX-2 expression [116], as well as upregulating neuroprotective actions [116] and CCR5 expression on T-cells [116]. Serhan et al. have found that PD1 essentially shortens the resolution interval of infection [2]. This occurs via a similar mechanism to RvE1, as these two lipid mediators reduce the influx of neutrophils as well as increase neutrophil phagocytosis by macrophages [2].




      A final group of pro-resolution lipid mediators is the maresins, with maresin 1 (MaR1), being the main lipid mediator of the group. MaR1 is derived from DHA and is produced by macrophages [116]. Similarly to the other pro-resolution lipid mediators, MaR1 inhibits neutrophil infiltration and enhances neutrophil phagocytosis by macrophages [116]. It has been shown to be protective in murine peritonitis as well as both the DSS and TNBS models of colitis [116, 124].




      As previously mentioned, many prostaglandins have been shown to have both pro-inflammatory and pro-resolution effects. PGE2 has been shown to have anti-inflammatory effects on neutrophils, monocytes, and natural killer cells [104] and has been demonstrated to suppress Th1 differentiation, B cell functions, and allergic reactions [104].




      PGI2 also can have anti-inflammatory effect on immune responses, particularly in regard to asthma and allergy. In allergy, some studies have demonstrated that PGI2 and its receptor play a role in Th2-mediated responses [104]. In this system, signaling through the receptor likely enhances the production of IL-10, an anti-inflammatory cytokine, by Th2 cells.


    




    

      BIOSYNTHEIS OF CYTOKINES AND CHEMOKINES




      Cytokines are proteins which serve as chemical messengers with cells of the immune system utilize to modulate inflammation [125, 126]. These proteins also can be involved in T cell differentiation, migration, and polarization into subtypes [127]. Cytokines play roles in both acute and chronic inflammation and can be classified based on either nature of immune response or upon cell type and location [125]. Cytokines are typically not stored, rather they are produced as needed by various lymphocytes. Typically their secretion is limited [128] and various signals can cause these proteins to be produced. Some cytokines are produced as a precursor protein (e.g. IL-1β, IL-18, TNF-α) that must be processed by a protease such as caspase-1 [129], or for TNF-α, TNF-α-converting enzyme (TACE/ADAM17) [130]. Others do not need to be processed to be active (e.g. IL-1α and IL-33) [131].




      Chemokines are small proteins (approximately 8-14 kDa) which are involved in the immune response, particularly in regards to the trafficking of leukocytes [127, 132]. Over 50 different chemokines have been identified in vertebrates. All chemokines are structurally related as they share conserved sequences, including four conserved cysteines [127]. The chemokines are classified into four categories, based upon the configuration of these cysteines [133]. Chemokines function via activation of various G-protein coupled receptors [134] which are expressed in a wide variety of cells, including neurons, glial cells, T-cells, and various leukocytes [135]. Together these proteins regulate both the pro-inflammatory stage of inflammation as well as participate in the resolution of inflammation.


    




    

      PRO-INFLAMMATORY CYTOKINES AND CHEMOKINES




      As with lipid mediators, cytokines and chemokines can either be pro-inflammatory or pro-resolution/anti-inflammatory. The main cytokines which are pro-inflammatory are members of the IL-1 family, IL-6 family, and TNF family [125, 136]. The main chemokine which is pro-inflammatory is CCL2.




      The IL-1 family contains multiple pro-inflammatory cytokines, including IL-1α, IL-1β, IL-18, and IL-33. IL-1α is expressed in a variety of cells, including keratinocytes and endothelial cells whereas IL-1β is mainly produced by monocytes and macrophages [137]. Regarding location of action, IL-1α typically signals locally as it is usually associated with the plasma membrane whereas IL-1β circulates systemically [137]. As IL-1 is expressed in large amounts in the skin, it is implicated in various skin diseases such as psoriasis and contact hypersensitivity [137]. IL-1 is also involved in asthma, Crohn’s disease, and ulcerative colitis [137]. IL-18 is expressed by macrophages, dendritic cells, and epithelial cells [137]. IL-33 is abundantly expressed in many tissues [137]. Neutrophils, monocytes, and macrophages will respond to IL-1, IL-18, and IL-33 [137]. Elevated levels of both IL-18 and IL-33 have been found in patients with rheumatoid arthritis [137].




      IL-6 is produced by a variety of immune cells including macrophages, dendritic cells, mast cells, and B cells [138]. Interestingly, IL-6 is also produced by non-immune cells including endothelial cells, fibroblasts, and epithelial cells [138]. Levels of IL-6 are elevated in some autoimmune inflammatory diseases including rheumatoid arthritis and Crohn’s disease [139] and asthma [140]. IL-6 has also been shown to be involved in the modulation of TH1 and TH2 cells [138] and works with TGFβ to promote differentiation of TH17 cells [138]. It also has the ability to regulate expression of different chemokines, such as CXCL1 and CXCL5 [138].




      TNF, a major pro-inflammatory cytokine, was first identified in 1975 and human TNF was cloned in 1985 [141]. It is produced by a wide range of cells, including macrophages, T and B lymphocytes, mast cells, neutrophils, endothelial cells, and natural killer cells [141]. TNF is initially produced as pro-TNF, which must be cleaved in the extracellular domain by TNF-α converting enzyme (TACE, also known as ADAM17), to release the soluble form of TNF [141]. Production of TNF and the detection of it by cells can produce a wide variety of pro-inflammatory functions. For example, endothelial cells will not only release chemokines and recruit leukocytes, but they will also increase COX-2 expression which can increase PGI2 expression and therefore promote vasodilation [141]. TNF can also induce the expression of pro-coagulant proteins and increase vascular permeability [141].




      IL-12 and IL-23 are pro-inflammatory cytokines from the IL-12 cytokine family. They are both produced by dendritic cells and macrophages in response to microbial pathogens, and IL-12 is also produced by B cells [142]. IL-12 induces production of IFN-γ by both T cells and natural killer cells and is also involved in TH1 differentiation [142]. Differing from IL-12, IL-23 plays a role in TH17 development by stabilizing IL-17 expression and including the pathogenic phenotype in TH17 cells [142].




      CCL2 (MCP-1 in humans) is a pro-inflammatory chemokine that is expressed in monocytes, macrophages, fibroblasts, endothelial cells, and mast cells [133]. As such, an elevated level of CCL2 is observed in many chronic inflammatory diseases, including rheumatoid arthritis, multiple sclerosis, inflammatory bowel disease, atherosclerosis, and asthma [133]. CCR2 is the receptor for this chemokines and is expressed on monocytes, activated T cells, natural killer cells, and dendritic cells [133]. A major function of CCL2 is to produce a gradient that directs the movement of leukocytes into inflammatory sites and tissue injury sites [133].


    




    

      PRO-RESOLUTION CYTOKINES AND CHEMOKINES




      The subset of cytokines and chemokines which are pro-resolution include mainly the IL-10 family and the IL-12 family of cytokines [125].




      IL-10 was first described as a T helper 2 specific cytokine [143], and almost all cells of the immune system can express IL-10 – including dendritic cells, macrophages, natural killer cells, eosinophils, neutrophils, mast cells, B cells, and T cells [144]. IL-10 is important in protecting the body from infection-associated issues such as autoimmunity, allergy, and immunopathology [144]. It also has the capability to inhibit activated macrophage functions including synthesis of monokines and nitric oxide as well as expression of IL-12 and class II MHC [144].




      Two members of the IL-12 family function as inhibitory cytokines – IL-27 and IL-35. IL-27 is typically produced by antigen-presenting cells while IL-35 is produced by Treg cells [142]. IL-27 can work with IL-12 and/or IL-2 to induce IFN-γ production by both T cells and natural killer cells [142]. However, IL-27 can also inhibit IL-2 production which inhibits the development of TH17 cells as IL-2 is required for TH17 proliferation [142]. Additionally, IL-27 is able to induce IL-10 production, which will also repress development of TH17 cells [142]. IL-35 will also suppress T cell proliferation [142].


    




    

      CONCLUSION




      Inflammation is a complex process that is a critical component of multiple disease states. A variety of biochemical mediators (e.g. eicosanoids, cytokines) play distinct roles in the regulation of the inflammatory process – ranging from initiation of inflammation to the resolution of inflammation. As such, the production and inhibition of these mediators has been examined as potential drug targets for controlling inflammation. Interestingly, as more studies are conducted, this field continues to evolve, expand, and become more complex. With each new study, we gain more insight into the mediators of inflammation and how we may be able to utilize them to improve inflammatory conditions.
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