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        Abstract



        The clinical manifestations and consequence of acute and chronic gout are closely associated with the activation of the innate immune system, stimulation of the NLP3 inflammasome and secretion of interleukin-1β and interleukin-18 via caspace-1 activity. This leads to cytokine release and an inflammatory response. It is now clear that a similar involvement of the innate immune system occurs in many forms of acute and chronic kidney disease with accentuation of renal tubular injury and stimulation of tubulointerstitial fibrosis. The local and systemic activation of the innate immune system may help explain the close association of these conditions and provide a target for therapeutic interdiction.
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      INTRODUCTION


      The relationship between hyperuricemia, gout and kidney disease has been the source of interest for decades. In recent years it has become of increasing concern as the prevalence of both gout [1] and chronic kidney disease [2] increases. Although the reasons for these increases may differ, there continues to be considerable epidemiological data to suggest that the close association of gout with chronic kidney disease is not by chance alone. In almost all forms or acute and chronic renal disease - regardless of the etiology of the primary disease - there is a significant tubulointerstitial involvement. The anatomical changes are accompanied by a variety of functional tubular defects, not the least of which are the effects on the sophisticated group of urate transporters contained in renal tubular cells that are critical in the maintenance of homeostasis.


      While the influence of chronic kidney disease on urate excretion is understandable, not so is the influence of urate - particularly in the subject with gout - on kidney disease. Whether an instigator or promoter, the effects of urate on the kidney have gone through a number of reiterations only to fail to reach a consensus. Certainly there are isolated cases of cases of renal tophi. However, the general idea of a specific nephropathy related to hyperuricemia and gout has been dismissed by some [3]. On the other hand, the demonstration that the appearance of hyperuricemia predicts the later development of chronic kidney disease [4] has kept the issue alive.


      In part, the conundrum persists because of a lack of a unifying hypothesis that can explain common patho-physiology. Nonetheless, there is one feature of hyperuricemia and gout and chronic kidney disease that is shared. That is, both conditions have prominent inflammatory components. This is most obvious in dealing with acute and chronic gout where the clinical manifestations are intimately associated with activation of the innate immune system. While it is true that the adaptive immune system is involved in certain forms of kidney disease, this does not preclude giving consideration to the role of the innate immune system in the onset and progression of kidney disease. Indeed, the classical understanding that the innate immune system is primarily designed to abort external pathogenic attacks has been contemporized by the realization that the innate immune system also responds to internal non-pathogenic or sterile injury. Of note is the suggestion that the chronic, low-grade, systemic inflammatory response that occurs in another rheumatologic disease (i.e. rheumatoid arthritis) is central to the accelerated atherogenesis and high rate of cardiovascular disease present in this condition [5].


      By extension, this raises the possibility that the innate immune responses that are triggered by uric acid/mono-sodium urate (UA) could contribute to the comorbidities of gout including chronic renal disease [6]. It is possible, this helps to explain the accelerant effect each appears to have on the other (Fig. 1).


      [image: ]
Fig. (1)


      Hyperuricemia and gout are commonly associated with both acute chronic kidney disease. Common to both conditions is stimulation of the innate immune system with activation of the NLRP3 inflammasone, generation of IL-1β and IL-18, and release of cytokines and chemokines.

    


    
      URIC ACID AND THE KIDNEY


      What then is the association of hyperuricemia and gout with kidney disease? To begin it should be recognized that neither term describes a specific entity. Hyperuricemia and gout may be hereditary or acquired, related to over production or under excretion of uric acid, or influenced by drugs, environmental agents or concomitant disease activity. Moreover, the disconnection between asymptomatic hyperuricemia and clinical acute and chronic gout offers additional complexity. In similar fashion, the nature of the renal diseases associated with hyperuricemia and gout range from renal stone formation and occasional renal tophi [7] to overt renal parenchymal lesions with varying degrees of arteriolar sclerosis, glomerularsclerosis and interstitial fibrosis [4, 7-10].


      The daily excretion of UA occurs through both the gastrointestinal tract and the kidneys. The gastrointestinal tract accounts for only 20-30% of the total while the kidney is responsible for the larger amount. UA is freely filtered through the glomerulus. Because of substantial tubular reabsorption, the fractional excretion of UA is usually not more than 10%. That is, 90% of the total UA filtered is reabsorbed. The system responsible for the real tubular handling of UA has collectively come to be known as the UA transportasome. UA transport in the renal proximal tubule involves a sophisticated group of transporters that control the secretion and reabsorption of UA from and into the tubular lumen. Each process requires the transcellular movement of UA across the apical and basolateral membranes. The balance between these two processes determines the amount of UA that ultimately appear in the urine. The transporters include the urate anion transporter 1 (URATE-1), the glucose transporter type 9 (GLUT-9), the ATP-binding cassette subfamily (BCRP), various organic anion transporters (OAT1, OAT3, OAT4, ORCTL-3), the multidrug resistant protein 4 (MRP4), the type 1 phosphate transporter (NPT4), the sodium phosphate transporter (NPT4) and the sodium-coupled monocarboxylate transporter 1 and 2 (SMCT1, SMCT2) [11, 12].


      The pKa of uric acid is approximately 5.3. At the physiologic pH of 7.4, the equilibrium between the undissociated acid and the salt form is significantly shifted towards the more soluble salt form as monosodium urate. Supersaturation may occur at concentrations > 6.8 mg/dL, favoring the tissue deposition of monosodium urate crystals (MSU). There are two features of the intrarenal environment that are of note. First the urine pH may be as low as 4.4 compared to the plasma pH of 7.4. This is equivalent to a hydrogen ion gradient of 1000:1. At this pH, the equilibrium shifts from monosodium urate to less soluble undissociated uric acid. Second, due to the countercurrent multiplication system, the renal concentration of UA in the renal papilla and collecting ducts may easily exceed the solubility level. These physiological considerations favoring crystal formation provided the basis for the concept “gouty nephropathy”.


      When it was realized that intrarenal UA crystals could be found without associated pathological changes or were located in locations apart from the areas of renal scarring, the designation of “gouty nephropathy” was questioned [13]. While it is clear that chronic kidney disease contributes to the progression of hyperuricemia and gout, the question of whether hyperuricemia and gout independently contribute to the onset and progression of chronic kidney disease is the issue [14, 15]. This notion persists because of several studies that have identified elevated levels of serum UA as an independent risk factor for the onset and progression of chronic kidney disease [16-20]. This is true for both men and women [21].


      To explain this association, mechanisms of injury have been proposed that do not depend on the physical presence of uric acid in the kidney. These include the hyperuricemic induction of renal afferent arteriosclerosis [22], abnormalities in endothelial dysfunction caused by impaired nitric oxide production, increased oxidative stress, platelet activation, vascular smooth muscle proliferation, and stimulation of proinflammatory cytokines [23]. Whatever the cause, the preponderance of data support the hypothesis that UA is a cause or exacerbating factor of progressive kidney disease [24].

    


    
      INNATE IMMUNE SYSTEM


      The human innate immune system is a critical regulator of the inflammatory response - serving as the initial and immediate immune defense against pathogens and various stress factors released by damaged tissue. There is a considerable amount of information on the role played by the innate immune system in the clinical manifestations and consequences of gout. In addition, there is increasing evidence that the innate immune system is an important determinant of the response of the kidneys to acute and chronic renal injury. With the incompletely understood association between gout and kidney disease, it is reasonable to explore the possibility that activation of the innate immune system - common to both - may help explain this association.


      Protection from infection is accomplished by the recognition on bacteria, virus or fungi of various molecular patterns (pathogen-associated molecular patterns or PAMPs) that coincide with receptors on the responding cells (pattern recognition receptors of PRRs). These PRRs are the foundation of the innate immune system [25]. Examples of PAMPs include bacterial cell membrane lipopolysaccharides, nucleic acids associated with viruses and complex carbohydrates present in fungal cell walls. Important to our discussion is the ability of innate immune system to also respond to non-microbial signals that are considered dangerous. These are generally but not exclusively intracellular molecules liberated from injured cells (damage-associated molecular patterns or DAMPs). Protein DAMPs include intracellular proteins and proteins derived from the extracellular matrix that are generated following tissue injury. Non-protein DAMPs include ATP, uric acid, heparin sulfate and DNA. The cells that recognize PAMPs and DAMPs include cells residing in tissues, such as macrophages, fibroblasts, mast cells, and dendritic cells, as well as circulating leukocytes, including monocytes and neutrophils.


      Several classes of PRRs have been described. They include cell surface or endosomal Toll-like receptors (TLRs). These initiate the immune response following recognition of either PAMPs present in microbial molecules or DAMPs released by damaged cells. In a different category are the cytosolic retinoic acid-inducible gene -1 (RIG-1-like receptors or RLRs) that are involved in the recognition of viral RNA. The C-type lectin receptors (CLRs) are both transmembrane and soluble and able to recognize carbohydrates on microbial cells. The AIM2-like receptors are important in the sensing of bacterial and viral pathogens and are both necessary and sufficient for inflammasome activation in response to cytoplasmic DNA. There is one family of intracellular receptors that is of particular interest. This is the cytosolic nucleotide-binding oligomerization domain receptors or NOD-like receptors (NLRs) that are sensors of both PAMPs and DAMPs. They provide a second line of defense against pathogens that have gained entry within cells and very importantly deal with the consequences of non-pathogenic, sterile injury.

    


    
      INFLAMMASOMES


      The NLR family contains a number of subfamilies, several of which are capable of forming multiprotein inflamma-somes. These complexes survey intracellular compartments for the presence of pathogenic microorganisms and various damage-associated molecular patterns that may include various sterile stressors that include products of injured or dying cells and are thus critical in the host response [26]. Several inflammasome complexes have been identified. Each is typically named after the NLR protein that initiates signaling (i.e. NLRP1, NLRC4, NLRP3). The best studied and most relevant is the NLRP3 inflammasome which is expressed in a number of cells including monocytes, macrophages, neutrophiles and dendritic cells and is closely involved in the response to sterile, non-pathogen related signals. The inflammasome consists of three components: a sensor, an adapter protein ASC (Apoptosis-associated Speck-like protein containing a CARD) and caspace-1. The sensor or pattern recognition receptor is the NLRP molecule. The adapter protein acts in the assembly of the inflammasome, linking NLRP to pro-caspase-1 leading to the autocatalysis and activation of caspace-1. Caspace-1 - formally referred to as interleukin-1 converting enzyme - proteolytic cleaves other proteins, such as the precursor forms of the inflammatory cytokines interleukin-1β (IL-1β) and interleukin-18 (IL-18), into active mature peptides [27].


      IL-1β and IL-18 are secreted locally but circulate systemically where they play critical roles as mediators of generalized acute and chronic inflammation. Both are involved in a variety of cellular activities, including cell proliferation and differentiation [28]. By subsequently activating cytokine-inducing effects on cells of the innate immune system they have the capacity to relay or amplify the initial danger message and to extend the inflammatory response to other areas. The stimulation of the cellular response serves as a crucial link in translating innate immune responses into the appropriate adaptive immune response. In chronic inflammatory conditions, the overall process, while serving a necessary function, may be responsible for varying degrees of tissue dysfunction and destruction [29, 30] such as the erosive arthritis of gout and the interstitial fibrosis in many forms of chronic kidney disease.


      To minimize this possibility, there are mechanisms to abrogate the inflammatory response. Under ordinary circumstances activation of the inflammasomes culminates in the resolution of infection and the onset of tissue repair. In some cases, however, the inflammatory response persists with the potential for adding to the initial tissue injury. Deregulated innate immunity is not uncommon and is a contributing feature in a range of progressive renal diseases [31] marked by prolonged increase in IL-1β production and signaling [32]. The ongoing inflammation may relate to a failure of the caspase-1 inflammasome to control the processing of the IL-1β precursor. Also, IL-1β may drive its own synthesis by promoting persistent inflammasome activation [33]. In either case, excessive or prolonged IL-1β generation and the downstream effect can cause widespread tissue damage [34]. Thus, when the innate immune system is permanently stimulated, phagocytosis, activation and regulation of the inflammasome and activity of cytokines, chemokines may be locally and systemically injurious [35].

    


    
      INNATE IMMUNE SYSTEM AND GOUT


      The inflammatory manifestations of gout and other conditions associated with crystal deposition are intimately related to the consequence of NLRP3-mediated IL-1β secretion as a fundamental pathologic mechanism. With the deposition of MSU crystals, resident cells within tissues such as macrophages or monocytes, respond by the phagocytosis and internalization of crystals by monocytes. MSU crystals disrupt lysosomes and in this way activate the NALP3 inflammasome. The NALP3 protein activation leads to the maturation of pro-IL-1β into its biologically active form, IL-1β. The subsequent recruitment of inflammatory leukocytes to the site accounts for the subsequent release of inflammatory mediators and the recognized inflammatory manifestations of acute gout [36]. Binding of IL-1β to its target cells activates inflammatory transcription factors such as NF-kβ thereby promoting the production and release of inflammatory mediators such as neutrophil-recruiting chemokines. The influx of neutrophils into the joint with the prospect of chronic inflammation and joint destruction is the signature pathogenic hallmark of gout. The central role of IL-1β in this process is supported by the ability to achieve a rapid and sustained reduction in disease severity by the use of IL-1β blocking agents [37]. Success is such that this class of drugs has potential therapeutic as a treatment for gout [38].

    


    
      INNATE IMMUNE SYSTEM AND KIDNEY DISEASE


      There is growing evidence that the innate immune system is involved in the initiation and progression of various forms of both acute and chronic kidney disease. There have been a number of recent reviews on the subjects of the innate immune system and inflammasome activation in kidney disease [39-44]. These reviews have considered in detail the experimental and clinical evidence that supports a prominent role of the innate immune system in a broad spectrum of renal disease ranging from acute kidney injury and progressive chronic kidney disease. The common theme is that the kidneys possess all of the necessary components to activate the innate immune system and in particular, NLRP3 inflammasome activity in both resident and infiltrating cells [43-45].


      
        Lessons from Oxalate Nephropathy


        Oxalate, an end product of metabolism, is a small molecule that is readily filtered through the glomerulus. In the setting of hyperoxaluria the urine eventually becomes supersaturated with calcium oxalate. Crystals can formation within tubular cells, in the tubular lumen and in the renal pelvis, resulting in tubular epithelial cell injury, tubular obstruction and stones formation and eliciting an inflammatory response in the surrounding interstitium. Studies in mice [46, 47] have shown that calcium oxalate crystals activate renal dendritic cells, increase expression of the NLP3 inflammasome and the production of IL-1β. However, in mice deficient in NLRP3, caspase-1, IL-1β or IL-18 the intrarenal inflammation, tubular damage, and renal dysfunction could be abrogated. Also, the nephropathy could be attenuated by dendritic cell depletion, ATP depletion, or therapeutic IL-1 antagonism. In these studies, calcium oxalate crystals triggered the NLRP3-caspase-1-IL-1β axis in intrarenal mononuclear phagocytes and directly damaged tubular epithelial cells [46] and progressive renal failure [47]. Thus, prolonged activation of the intrarenal inflammasome is responsible for the loss of kidney function in oxalate crystal nephropathy and raises the possibility that this mechanism contributes to other forms of chronic kidney disease [48].

      


      
        The Role of the Inflammasome in Kidney Diseases


        
          Acute Kidney Injury:


          Renal tubular epithelial cells are highly susceptible to injury from nephrotoxic agents and/or significant reductions in renal blood flow. The extent of recovery from acute injury depends not only on the severity of the initial insult but also to the nature of the subsequent inflammatory response. Indeed, inflammation is an important contributor to the development of renal failure. Injured tubular epithelial cells release various damage-associated molecular patterns that activate receptors on renal parenchymal and dendritic cells. These ‘danger signals’ may include but are not limited to reactive oxygen species, extracellular ATP and uric acid, nucleic acids, and various extracellular matrix components. A number of pattern recognition receptors including Toll-like receptors and NOD-like receptors are constitutively expressed in many parts of the kidney.


          Information concerning the toll-like receptors and acute kidney injury is limited with exception of their involvement on ischemia-reperfusion injury where they have been implicated in the recognition of endogenous molecules released during cellular necrosis and may be critical regulators of sterile inflammation and injury. The toll-like receptors are more widely described as contributing to activation of the complement system and recruitment of immune cells in response to microbial stimuli [49].


          There is more information concerning the NOD-like receptors and their involvement in acute sterile inflammation. For example, ATP released from mitochondria of necrotic cells is capable of starting the sequence of NLRP3 activation, IL-1β and IL-18 release and an inflammatory response which is amplified by infiltrating monocyte/macrophage and neutrophils. Once initiated, the inflammatory response may be disproportionate to the severity of the initial injury with the potential to worsen the kidney injury [41] and effect recovery. The result may be persistent inflammation, failure of injured cells to regenerate, tubular atrophy, and interstitial fibrosis [50].

        


        
          Chronic Kidney Disease:


          In almost all forms of renal disease the rate of progression and the ultimate prognosis are dictated by the extent of involvement of the tubulointerstitial compartment. Interstitial inflammation is such an important complication of most glomerular diseases that it is considered to be an independent predictor of disease progression in as much as irreversible kidney damage may occur when inflammation spreads to the tubulointerstitium. As is generally the case, this inflammation is initiated by soluble mediators that are liberated in response to local cell stress and tissue injury. This leads to cytokine expression and the subsequent infiltration into the interstitium of mononuclear cells. Glomerular cells (mesangial cells or podocytes) have the capacity to activate the NLRP3 inflammasome and to initiate inflammatory pathways that secondarily involve the tubulointerstitium. Alternatively or in addition, tubulointerstitial injury may occur as a consequence of alterations in peritubular capillary blood flow and downstream ischemia. Lastly, the tubulointerstitial injury could be a result of a primary pathogenic process. In each case, the result is NLRP3 inflammasome activation. The cells involved include cells in residence (e.g. tubulointerstitial and dendritic cells) or infiltrating inflammatory cells (e.g. monocytes/macrophages) [41]. Once again, it is important to point out that unresolved inflammation promotes progressive renal fibrosis through activation of intrinsic renal cells with the consequent production and release of profibrotic cytokines and growth factors that drive the fibrotic process which can culminate in end-stage renal disease [51].


          There are a number of clinical observations that support the notion that the activity of the NHLP3 inflammasome may be relevant to a wide variety of glomerular and tubulointerstitial diseases [41]. These range from studies on human renal biopsy material to the analysis of serum and urine samples for the presence of inflammatory biomarkers. In many cases, a correlation can be made between disease activity and the degree of activation of the innate immune system. To mention a few, in subjects with chronic kidney disease levels of mRNA encoding NLRP3 correlate with renal function [52]. In tissue from human renal biopsies, a wide variety of nondiabetic kidney diseases exhibited increased expression of NLRP3 mRNA, which correlated with renal function [53]. It has been suggested that activation of the NLRP3 inflammasome and secretion of IL-1β and IL-18 family of cytokines causes the development of tubulointerstitial inflammation in subjects with diabetic nephropathy [54]. Similarly, in both proximal and distal tubules of human kidney biopsies in diabetic patients the severity of proteinuria correlates wells with the protein expression of caspase-1, IL-1β and IL-18 and evidence has been presented that albuminuria may itself be responsible for inflammasome activation in the renal tubule and thus contribute to the progressive tubulointerstitial fibrosis [55] and the endothelial dysfunction associated with chronic kidney disease [56]. IL-17 and IL- 18 are detectable in the urine of patients with the nephrotic syndrome and the levels correlate with the disease activity [57, 58]. Increased serum levels of IL-18 has been found in the serum of patients with chronic kidney disease [59].


          In addition to the response to kidney-specific DAMPs, inflammasome within the kidney can be induced by pro-inflammatory cytokines emanating from extra-renal sites [39]. That is, cytokines released by circulating leukocytes may act in a systemic, paracrine, or an autocrine fashion [60]. This is an important - if not critical - consideration for it has the potential of linking external inflammatory conditions to intrinsic renal disease.

        

      

    


    
      SUMMARY


      The possibility that the chronic inflammation associated with gout has a detrimental effect on the kidney and that this occurs as a consequence of activation of the innate immune system seems reasonable. There are several studies that support the possibility that reductions in the serum UA concentration with the xanthine oxidase inhibitor allopurinol may improve or stabilize renal function [61-76]. Several of these studies [61-68] have been the subject of a meta-analysis [69] with the conclusion that UA-lowering therapy with allopurinol may retard the progression of CKD but that the studies are not sufficiently powered to properly evaluate the benefits and risks of UA-lowering therapy in CKD. Other clinical observational studies suggest an association between serum UA levels and renal outcomes [70-73] including those receiving the xanthine oxidase inhibitor febuxostat [72].


      To a considerable extent, the subjects included in these studies have had years of exposure to elevate serum levels of UA and likely have had a significant increase in the total body burden of UA. This is certainly the case in those with tophaceous gout. It may be that the indeterminate nature of studies that had concentrated only on lowering serum UA levels may not have effectively removed the potential inflammatory stimulus of UA retained in tissues. This does not necessarily disagree with the experimental and clinical studies that relate an elevated level of UA - even without the deposition of UA crystals - to the onset or progression of kidney disease [74].


      The Interruption of the inflammatory pathway by the use of interleukin-1 receptor antagonist has been shown to be an effective treatment of a broad spectrum of inflammatory syndromes [75] including gout [76]. Several primary renal diseases and systemic diseases affecting the kidney are associated with NLRP3 inflammasome and IL-1β and IL-18 activation and as a result, therapeutic agents targeting this pathway may have the potential for controlling chronic inflammation in both the patient with gout and chronic renal disease [77, 78].
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