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Abstract

:

Inter-organ crosstalk plays an essential role in the physiological homeostasis of the heart and other organs, and requires a complex interaction between a host of cellular, molecular, and neural factors. Derangements in these interactions can initiate multi-organ dysfunction. This is the case, for instance, in the heart or kidneys where a pathological alteration in one organ can unfavorably affect function in another distant organ; attention is currently being paid to understanding the physiopathological consequences of kidney dysfunction on cardiac performance that lead to cardiorenal syndrome. Different cardiorenal connectors (renin–angiotensin or sympathetic nervous system activation, inflammation, uremia, etc.) and non-traditional risk factors potentially contribute to multi-organ failure. Of these, inflammation may be crucial as inflammatory cells contribute to over-production of eicosanoids and lipid second messengers that activate intracellular signaling pathways involved in pathogenesis. Indeed, inflammation biomarkers are often elevated in patients with cardiac or renal dysfunction. Epigenetics, a dynamic process that regulates gene expression and function, is also recognized as an important player in single-organ disease. Principal epigenetic modifications occur at the level of DNA (i.e., methylation) and histone proteins; aberrant DNA methylation is associated with pathogenesis of organ dysfunction through a number of mechanisms (inflammation, nitric oxide bioavailability, endothelin, etc.). Herein, we focus on the potential contribution of inflammation in pathogenesis of cardiorenal syndrome.
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1. Introduction


Heart and kidney function are strongly connected. Organ crosstalk, or biological communication between organs, involves cellular, molecular and neural factors; it plays an essential role in physiological homeostasis and in the event of malfunction can induce organ dysfunction [1,2,3,4,5]. Multi-factorial mechanisms that lead to cardiorenal syndrome (i.e., a pathophysiological disorder of the heart and kidneys where acute or chronic failure in one organ adversely affects the other [6]) are not only limited to hemodynamic parameters (extracellular fluid volume, cardiac output, arterial pressure, etc.) [7]. Cardiorenal syndrome involves complex interactions at the molecular level which induce vessel inflammation, atherosclerosis, cardiac fibrosis, and hypertrophy [8]; in addition, structural and biochemical abnormalities can adversely affect cardiovascular or renal function [9,10]. However, these complex associations could result from various confounding factors and not direct organ-to-organ interactions. Specific cardiorenal connectors (higher renin–angotensin system activity, oxidative stress, inflammation, increased sympathetic nervous system activity) have been studied [11]. Furthermore, non-traditional risk factors such as metabolic syndrome, anemia, arterial stiffness, chronic inflammation, and uremic toxins are also implicated [12]. To date, five different subtypes of cardiorenal syndrome, each reflecting primary as well as secondary pathologies, have been described [13]. In type 1 and 2 cardiorenal syndrome both acute and chronic heart failure produce AKI or accelerated chronic kidney disease (CKD) [14,15]. In types 3 and 4, both AKI and accelerated CKD are present and lead to heart failure. Type 5 involves systemic disorders, for example sepsis, whereby both organs are injured simultaneously [16].



The causal association between CKD and cardiovascular risk was initially deliberated by Bright in 1836 [17]; his observations have since been confirmed but the underlying physiopathological mechanisms remain unresolved. Why should we be interested in studying the physiopathological processes involved in inter-organ interactions such as the kidneys and the heart?



Firstly, patients with CKD are amongst the highest risk groups for adverse cardiovascular events and cardiovascular-related mortality and therefore require particular clinical attention [18]. Additionally, the economic burden of cardiorenal syndrome in developed countries is increasing; estimates in the United States alone indicate that billions of dollars are spent annually on these patients primarily because of prolonged hospitalizations and long-term morbidities. Secondly, clinical and epidemiological observations support the strong causal association between CKD, cardiovascular risk, and heart failure [19,20]. This suggests that prevention of either component could help to attenuate disease progression and death [21,22]; however, it is clear that co-existence of either of these conditions significantly affects patient outcomes [23]. Of note is that renal failure does not by itself cause death [24]; cardiogenic or non-cardiogenic injury is believed to be responsible for the high mortality in these patients [25,26].



Recent findings document that detrimental bi-directional interaction between different renocardiac connectors influence vascular endothelium (renin–angiotensin–aldosterone system, sympathetic nervous system, activated inflammatory mediators, reactive oxygen species, endothelin and uremic toxins) and contribute to progression of multi-organ failure [7,27]. Under normal circumstances, bi-directional communications between the heart and kidneys coordinate to modulate cardiac output, vascular tone, and volume status as well as excretion of metabolic waste products. Disruption of either of these pathways contributes to progressive cardiovascular or kidney dysfunction; indeed, failure of one organ system appears to accelerate structural damage and failure of another organ [7]. Vascular endothelial health may also be key to reducing the negative effects of cardiorenal syndrome; activation of the endothelium is important for innate immunity and inflammation, complement activation, coagulation, platelet function, and vasoconstriction [28]. Capillary loss, induced by endothelial injury, can also lead to ischemia and its attendant complications.



Inflammation is a potentially important stressor for acute and chronic cardiorenal dysfunction. Altered endothelial regulation [29], which may be linked to inflammation, has been documented to affect afterload–preload mismatch in heart failure patients consequent to greater arterial stiffness or reduced venous capacitance and increased venous pressure [30]. Higher central venous pressures (i.e., including higher renal venous pressures) promote kidney dysfunction, injury, and release of pro-inflammatory cytokines [31,32]. Clearly, physiopathological consequences and how they influence organ crosstalk and pathogenesis remain complex.



In this review, we discuss clinical and experimental findings related to the role of inflammation in the pathogenesis of cardiorenal syndrome as well as heart and kidney disease. Herein we attempt to establish a role for inflammation in the physiopathology of cardiorenal syndrome per se without taking into account the multifaceted presentations of CKD from early kidney involvement through renal replacement therapy and organ transplantation. Clinical and basic science reports were searched using MEDLINE, PubMed, and Google Scholar with the keywords cardiorenal syndrome, heart–kidney interactions, ischemia, heart and kidney function, inflammation, and various combinations thereof. Finally, experimental data from our own studies in this field were also consulted.




2. Kidney Pathology


The pathogenesis of kidney disease is complicated by the cellular composition and anatomy of nephrons; injured tubular epithelial cells contribute to functional impairment of water and electrolyte homeostasis along with reduced disposal of metabolic waste products. Enhanced inflammatory status also contributes to renal injury and reduced kidney function [7,33,34]. Furthermore, worsening kidney function directly affects acute/chronic cardiac disease [35,36] and could contribute to poor clinical outcomes [37].



Various triggers (i.e., focal segmental glomerulosclerosis, mesangial proliferation, tubular necrosis, or interstitial fibrosis, etc.) produce pathologically distinct lesions in the kidneys [38]. Renal vessel injury causes intravascular clotting and increased risk of extra-vascular hemorrhage; a close relation exists between clotting and inflammation due to activation of platelets (with attendant aggregation) that stimulates release of cytokines and chemokines to promote leukocyte recruitment [39,40]. A coagulation-mediated release of mitogenic factors (epidermal growth factors, cytokines, chemokines, etc.) promotes re-epithelialization of the epithelial cell barrier, thereby limiting fluid losses [38]. Persistent de-epithelialization increases the risk of chronic injury; however, uncoordinated epithelial hyperplasia is also detrimental (i.e., glomerular crescent formation) [41]. Moreover, increased attention is being directed towards the role of miRNAs in epithelial regeneration [42,43]. Inflammatory markers such as C-reactive protein could be associated with a higher risk in cardiovascular mortality in patients with CKD [44]; however, questions remain regarding potential synergy [45].



Stimulation of inflammation mechanisms during AKI results in release of soluble mediators into the bloodstream that exert harmful effects on distant organs. Knowledge on physiopathological mechanisms is limited; however, insights into cellular and molecular mechanisms are currently being addressed in pre-clinical studies. For instance, after organ injury, monocytes (involved in both tissue damage and repair) release cytokines into the peripheral circulation that trigger pathogenic mechanisms in distant organs [46]. Monocyte migration with the resultant release of pro-inflammatory cytokines has been documented in type 1 cardiorenal syndrome [47]; interleukin levels (IL-6, IL-8, etc.) are also substantially elevated [48]. A recent report on inflammatory mediators and their role in the different types of cardiorenal syndrome is available [2].



A sophisticated connection or crosstalk exists between the sympathetic nervous and immune systems; activation of the sympathetic nervous system amplifies the release of inflammatory cells (monocytes, leukocytes, etc.) into the bloodstream, resulting in low-grade systemic inflammation [49] and can affect cardiovascular regulation.



Neuroimmunomodulation interventions that are based on bidirectional control by the brain of physiological functions of various organs (heart, intestines, lung, immune system, etc.) are also being tested [50]. Recent clinical findings using catheter-based renal denervation documented significant modifications in inflammatory status of monocytes in hypertensive patients when the activity of the sympathetic nervous system was markedly reduced [51]. Similar findings were reported with experimental hypertension in mice [52]. In addition, Tang and co-workers recently reported an increased risk of ventricular fibrillation in dogs with CKD, which was attenuated by renal denervation [53]. These results were attributed to reduced left ventricle (LV) hypertrophy, sympathetic activation, and inflammation. Early clinical trials with vagus nerve stimulation also document substantial attenuation of inflammation; however, further studies are required to identify principal neural circuits that regulate kidney function [54]. The reader is referred to a recent review that examined innervation of kidney and potential cardiovascular control in pathological conditions [55]. A disequilibrium between pro- and anti-inflammatory cytokines following activation of inflammatory cells is accompanied by oxidative stress [56,57]; these findings support the concept for a mechanistic link between hypertension and atherosclerosis, which can be targeted therapeutically.




3. Cardiac Pathology


Coronary artery disease most often results in an acute coronary occlusive event due to rupture of atherosclerotic plaque; various inflammatory cells contribute to atherogenic pathogenesis and its complications [58] (the reader is referred to a recent review article by Sager and Nahrendorf for details [59]).



Myocardial tissue is highly dependent on delivery of oxygen and nutrients in blood, therefore any interruption in blood flow results in a marked disruption of cardiac function. Physiopathology of acute myocardial infarction is well established [60,61,62], with two types of ischemic injury: (1) reversible, where myocytes survive periods of ischemia <15 min duration; and (2) irreversible, with no capacity for myocyte recovery. In irreversible injury, marked cellular ultrastructural changes (i.e., cell swelling, denaturation of intracellular proteins, membrane disruption, etc.) are produced due to metabolic failure and rapid depletion of high-energy stores [63,64,65].



Inflammatory cells also participate in myocardial injury, as well as post-ischemic repair of affected myocardium [66]. For instance, cardiac remodeling, which is associated with increased risk of heart failure, ischemic heart disease, and sudden death is commonly observed in early CKD patients [67,68]. In rats with CKD, cardiac interstitial fibrosis increases without affecting LV function; however, expansion of renal tubules (in medullar sections) along with interstitial fibrosis and inflammation has also been reported [69,70]. Additional studies in rats using gene chip array analysis were unable to show augmented cell death (apoptosis) in cardiac sections from rats with CKD [13]; on the basis of these findings they suggested that CKD produces pathological changes in the heart that are not related to myocyte death. Cardiomyopathy resulting from viral, bacterial, or non-infectious (autoimmune, hypersensitivity, etc.) causes is also associated with impaired myocardial function [71]. Inflammatory signaling networks also link different organs and systems to atherosclerotic plaque [66].




4. Inflammation


Inflammation is a non-traditional risk factor in cardiovascular disease; in addition, it is a systemic condition mediated by multiple factors (cytokines, complement, etc.). Ischemia, infection, and uremic milieu have the potential to stimulate diverse inflammatory components in both kidney and heart disease [72]. Leukocytosis and C-reactive protein are known to be independently related to cardiovascular problems outcomes [73,74,75]. An association between inflammatory markers and outcomes has also been documented in CKD patients [76,77]; inflammation may therefore be a crucial link for increased cardiovascular risk in the setting of kidney disease. Direct contribution of immune- or inflammation-mediated damage to pathogenesis of cardio-renal syndrome needs to be confirmed [78].



Under adverse conditions such as myocardial ischemia, different inflammatory cells, platelets, and fibroblasts contribute to chronic production of eicosanoids and other lipid second messengers; this is potentially deleterious and can result in dysfunctional excitation–contraction coupling, bioenergetic inefficiency, and accelerated necrosis, all of which contribute to myocardial pathology. We refer the reader to the review paper by Jenkins et al. that examined the role of myocardial eicosanoid signaling pathways in cardiac function [79]. Arachidonic acid (AA) metabolites are crucial for regulation of normal myocardial function; cardiac AA metabolism is coordinated through paracrine signaling to regulate blood flow, contraction, and hemodynamic function. Eicosanoids resulting from activation of intracellular phospholipases are oxidized by: (1) cyclooxygenases (COXs); (2) lipoxygenases (LOXs); and (3) cytochrome P450 (CYP450) enzymes to produce lipid second messengers that regulate cellular processes (i.e., gene transcription, ion channel kinetics, etc.).



Myocardial membranes are highly enriched with choline and ethanolamine plasmalogens that comprise esterified AA at the sn-2 position; these plasmalogens markedly affect membrane dynamics [80,81,82]. Phospholipase A2 catalyzes hydrolysis of the sn-2 ester linkage of glycerophospholipids to generate free fatty acids such as AA and other lysolipid products. The important role of myocardial phospholipase A2-activated release of AA from cellular phospholipids is well established [83,84,85]. During ischemia, myocardial phospholipase modulation affects membrane-associated protein complexes, thereby leading to altered metabolism and bioenergetics.



COXs catalyze AA to form prostaglandin G2; COX-1 is expressed constitutively and is involved in cardiac homeostasis [86]. On the other hand, COX-2 can mediate inflammation and exacerbate cardiac function [87,88] but it has also been suggested to play a role in cardioprotection [89,90]. Further studies are necessary to assess the potential influence of eicosanoid mediated signaling in physiopathology of organ failure.



Catalysis of AA by LOXs to hydroperoxyeicosatetraenoic acids results in production of hydroxyeicosatrienoic (HETE) derivatives. In normal myocardium HETEs contribute to regulation of cardiac function; post-ischemic activation of lipoxygenases may be important in the development of cardiac fibrosis and hypertrophy [91]. Upregulation of LOX products may also contribute to myocyte apoptosis [79]. The role of LOX-derived products in cardio-renal interactions and physiopathology requires further investigation; indeed, the role of specific HETE moieties remains to be established.



In cardiac tissues, several CYP450-generated eicosanoids have been identified and linked to the pathogenesis of hypertension, myocardial infarction, AKI and stroke [92,93,94,95,96,97]. The CYP epoxygenases (CYP2C, CYP2J) convert AA to epoxyeicosatrienoic acids (EETs), while the ω-hydroxylases (CYP4A, CYP4F) generate ω-hydroxyeicosatetraenoic acids (HETEs) [98,99]. EET regioisomers have potent vasodilator and anti-inflammatory properties [95]; these EETs are rapidly broken down by soluble epoxide hydrolases to dihydroxyeicosatrienoic acids (DHETs) and modulate vascular responses to endogenous endothelium-active compounds such as acetylcholine, bradykinin, nitric oxide, etc. Arachidonic acid can also be metabolized by either CYP4A or CYP4F to 20-hydroxyeicosatetraenoic acid (20-HETE), an autocrine factor that promotes vasoconstriction and inflammation and regulates renal blood flow and afferent arteriolar function [100,101]. Functional polymorphisms of CYP epoxygenases and ω-hydroxylases are implicated in cardiovascular disease in genetic epidemiology studies in humans [102,103]. CYP450-metabolites are also involved in regulation of extracellular fluid volume as well as renal and peripheral vascular tone [93,104,105]; however, the functional relationship of these metabolites and vascular dysfunction and their contribution to pathogenesis of organ failure remains unclear.



CYP450-derived AA metabolites have been evaluated in animal models of cardiac pathology [106,107]. The 20-HETE levels increase in cardiac hypertrophy and are associated with cardiotoxicity [79,106], but in kidney 20-HETE is associated with vasoconstriction of afferent arterioles [108,109]. The biological actions of HETEs remain to be established. Findings from our laboratory in dogs with kidney dysfunction (stage 2) reported a significant lowering of cardiac 20-HETE levels but no effect on other EET catabolites (i.e., 14,15-DHET) [110]. A similar change was not observed in other organs (i.e., liver, kidneys) from the same animals; expression and activity levels of CYP-derived metabolites were not studied but merit further investigation.



In clinical studies, inflammation and its impact on cardiovascular renal pathogenesis remain to be established. Weiner et al. performed a study with two patient cohorts (Cardiovascular Health Study, Atherosclerosis in Communities Study) [45]; they documented an association between inflammation and increased risk of stroke, cardiac events, and death. On the other hand, other studies (Dallas Heart Study, Baltimore Longitudinal Study of Aging) have provided evidence for an association between inflammation and cardiovascular risk [111,112]. Direct evidence that inflammation is an important contributor to cardiorenal syndrome is incomplete at present; however, both chronic heart failure and CKD are considered states of chronic inflammation (with elevated levels of circulating inflammatory mediators). As such, inflammatory burden and duration may chronicle development of cardiorenal disease [113].




5. Epigenomics


Epigenetic inheritance is responsible for phenotypic differences between cell types in multicellular organisms; epigenetics is considered a dynamic process that regulates gene expression patterns, accessibility to the genome through gene expression and ultimately gene function [114]. In mammals, primary mechanisms of epigenetic modifications include DNA methylation and a combination of post-translational modifications of the histone proteins (involved in packaging chromatin) that affect chromatin structure and expression of genes (the reader is referred to a recent review by Napoli and colleagues [8] for additional details). Interestingly, noncoding RNAs such as miRNAs may regulate expression of drug-metabolizing genes [115,116]. For instance, regulation of pregnane X receptor (PXR; a transcription factor) by miRNA148a indirectly affects expression of CYP3A4 [117]. Various functions of different short and long non-protein coding RNAs remain to be determined; however, their overall importance in epigenetic regulation of gene expression is increasingly recognized. Within the context of the physiopathology of kidney and heart disease, epigenetic modifications occur particularly at the level of histone-modifying enzymes [8]. For instance, renal failure has been documented to increase cardiac histone H3 epigenetics [118]; these findings directly link renal failure with induction of cardiomyopathy-related genes. Other studies reported the occurrence of epigenetic modifications in single-organ disease. For example, aberrant DNA methylation contributes to accelerated atherosclerosis by upregulating/downregulating susceptible genes [119]; uremia can also affect DNA methylation, which suggests that epigenetic alterations are involved in cardiorenal syndrome. Homocysteine and S-adenosylmethionine levels in patients with vascular disease are increased and have been associated with DNA hypomethylation. In addition, inflammation has been proposed to link low homocysteine levels with cardiovascular outcomes in patients with CKD; inflammation also causes aberrant DNA methylation [120]. Evidence for histone modification has been derived from the use of histone deacetylase (HDAC) inhibitors that act as signal responsible repressors of cardiac hypertrophy by regulating specific transcription factors and cardiac gene expression [121,122]. Although HDAC inhibitors promote expression of protective genes, they could also block expression of pathological genes. An example in the heart for cardioprotection by HDAC inhibitors relates to their ability to de-repress expression of protective cardiac genes that code for endogenous antioxidant enzymes; these drugs also reverse the myosin isoform switch (associated with functional consequences of heart failure) [123,124].



Endothelin (ET-1) also contributes to cardiac and renal physiopathology; elevated ET-1 levels are found in arterial hypertension and chronic renal failure [125,126]. DNA methylation and histone modification patterns have been documented to affect transcriptional activity of edn1, an ET-1 encoding gene [127]. Another major player in post ischemic endothelial dysfunction is nitric oxide (NO). Epigenetic mechanisms that affect expression of various nitric oxide synthase isoforms contribute to bioavailability of NO and ultimately to the potential for tissue injury caused, in part, by impaired blood flow distribution in the heart and kidneys [128,129].




6. Conclusions


A better understanding of underlying mechanisms involved in organ crosstalk in relation to heart and kidney disease is required to improve clinical outcomes; the same is true for co-morbidities including cardiorenal syndrome. It may not be that important which organ is initially affected, but how pathogenesis in one organ affects other distant organs merits investigation. Inflammation may be a key underlying mechanism in the progression of multi-organ disease; however, epigenetics and their influence on inflammation and disease progression also warrant consideration. Controlled clinical studies with drugs investigating these factors in cardiorenal syndrome patients remain at a preliminary stage, however, results from ongoing studies will undoubtedly improve future therapeutic approaches for patients.







Author Contributions


J.G.K.: contributed to conception and design, contributed to acquisition and interpretation, drafted original manuscript, critically revised and gave final approval; D.S.: contributed to acquisition and interpretation, contributed to critical revision and gave final approval; J.R.R.: contributed to interpretation, contributed to critical revision and gave final approval; B.D.: contributed to acquisition and interpretation, contributed to critical revision and gave final approval; C.S.: contributed to design and interpretation, contributed to critical revision and gave final approval.




Conflicts of Interest


The authors declare no conflict of interest with regard to research, authorship or publication of this paper.




References


	



Virzi, G.; Day, S.; de Cal, M.; Vescovo, G.; Ronco, C. Heart-kidney crosstalk and role of humoral signaling in critical illness. Crit. Care 2014, 18, 201. [Google Scholar] [CrossRef] [PubMed]

	



Virzi, G.M.; Clementi, A.; Ronco, C. Cellular apoptosis in the cardiorenal axis. Heart Fail. Rev. 2016, 21, 177–189. [Google Scholar] [CrossRef] [PubMed]

	



Azimzadeh Jamalkandi, S.; Azadian, E.; Masoudi-Nejad, A. Human rnai pathway: Crosstalk with organelles and cells. Funct. Integr. Genomics 2014, 14, 31–46. [Google Scholar] [CrossRef] [PubMed]

	



Molls, R.R.; Rabb, H. Limiting deleterious cross-talk between failing organs. Crit. Care Med. 2004, 32, 2358–2359. [Google Scholar] [CrossRef] [PubMed]

	



SAS Institute. Repeated measures anova using the sas glm procedure. In Sas User’s Guide: Statistics, 5th ed.; SAS Institute: Cary, NC, USA, 1985. [Google Scholar]

	



Ben-Shoshan, J.; Entin-Meer, M.; Guzner-Gur, H.; Keren, G. The cardiorenal syndrome: A mutual approach to concomitant cardiac and renal failure. Isr. Med. Assoc. J. 2012, 14, 570–576. [Google Scholar] [PubMed]

	



Bongartz, L.G.; Cramer, M.J.; Doevendans, P.A.; Joles, J.A.; Braam, B. The severe cardiorenal syndrome: ‘Guyton revisited’. Eur. Heart J. 2005, 26, 11–17. [Google Scholar] [CrossRef] [PubMed]

	



Napoli, C.; Casamassimi, A.; Crudele, V.; Infante, T.; Abbondanza, C. Kidney and heart interactions during cardiorenal syndrome: A molecular and clinical pathogenic framework. Future Cardiol. 2011, 7, 485–497. [Google Scholar] [CrossRef] [PubMed]

	



Feltes, C.M.; Van Eyk, J.; Rabb, H. Distant-organ changes after acute kidney injury. Nephron Physiol. 2008, 109, 80–84. [Google Scholar] [CrossRef] [PubMed]

	



Li, X.; Hassoun, H.T.; Santora, R.; Rabb, H. Organ crosstalk: The role of the kidney. Curr. Opin. Crit. Care 2009, 15, 481–487. [Google Scholar] [CrossRef] [PubMed]

	



Muhlberger, I.; Monks, K.; Fechete, R.; Mayer, G.; Oberbauer, R.; Mayer, B.; Perco, P. Molecular pathways and crosstalk characterizing the cardiorenal syndrome. OMICS 2012, 16, 105–112. [Google Scholar] [CrossRef] [PubMed]

	



Smith, G.L.; Masoudi, F.A.; Shlipak, M.G.; Krumholz, H.M.; Parikh, C.R. Renal impairment predicts long-term mortality risk after acute myocardial infarction. J. Am. Soc. Nephrol. 2008, 19, 141–150. [Google Scholar] [CrossRef] [PubMed]

	



Rofe, M.T.; Levi, R.; Hertzberg-Bigelman, E.; Goryainov, P.; Barashi, R.; Ben-Shoshan, J.; Keren, G.; Entin-Meer, M. Cardiac hypertrophy and cardiac cell death in chronic kidney disease. Isr. Med. Assoc. J. 2015, 17, 744–749. [Google Scholar] [PubMed]

	



Ronco, C.; Di, L.L. Cardiorenal syndrome. Heart Fail. Clin. 2014, 10, 251–280. [Google Scholar] [CrossRef] [PubMed]

	



Ronco, C.; Cicoira, M.; McCullough, P.A. Cardiorenal syndrome type 1: Pathophysiological crosstalk leading to combined heart and kidney dysfunction in the setting of acutely decompensated heart failure. J. Am. Coll. Cardiol. 2012, 60, 1031–1042. [Google Scholar] [CrossRef] [PubMed]

	



Husain-Syed, F.; McCullough, P.A.; Birk, H.W.; Renker, M.; Brocca, A.; Seeger, W.; Ronco, C. Cardio-pulmonary-renal interactions: A multidisciplinary approach. J. Am. Coll. Cardiol. 2015, 65, 2433–2448. [Google Scholar] [CrossRef] [PubMed]

	



Bright, R. Cases and observations illustrative of renal disease accompanied with the secretion of albuminous urine. Guy’s Hosp.Trans. 1836, 1, 338–379. [Google Scholar]

	



Iwanaga, Y.; Miyazaki, S. Heart failure, chronic kidney disease, and biomarkers—An integrated viewpoint. Circ. J. 2010, 74, 1274–1282. [Google Scholar] [CrossRef] [PubMed]

	



Harnett, J.D.; Foley, R.N.; Kent, G.M.; Barre, P.E.; Murray, D.; Parfrey, P.S. Congestive heart failure in dialysis patients: Prevalence, incidence, prognosis and risk factors. Kidney Int. 1995, 47, 884–890. [Google Scholar] [CrossRef] [PubMed]

	



McAlister, F.A.; Ezekowitz, J.; Tonelli, M.; Armstrong, P.W. Renal insufficiency and heart failure: Prognostic and therapeutic implications from a prospective cohort study. Circulation 2004, 109, 1004–1009. [Google Scholar] [CrossRef] [PubMed]

	



Gansevoort, R.T.; Correa-Rotter, R.; Hemmelgarn, B.R.; Jafar, T.H.; Heerspink, H.J.; Mann, J.F.; Matsushita, K.; Wen, C.P. Chronic kidney disease and cardiovascular risk: Epidemiology, mechanisms, and prevention. Lancet 2013, 382, 339–352. [Google Scholar] [CrossRef]

	



Ruilope, L.M.; Bakris, G.L. Renal function and target organ damage in hypertension. Eur. Heart J. 2011, 32, 1599–1604. [Google Scholar] [CrossRef] [PubMed]

	



Bongartz, L.G.; Braam, B.; Gaillard, C.A.; Cramer, M.J.; Goldschmeding, R.; Verhaar, M.C.; Doevendans, P.A.; Joles, J.A. Target organ cross talk in cardiorenal syndrome: Animal models. Am. J. Physiol. Ren. Physiol. 2012, 303, F1253–F1263. [Google Scholar] [CrossRef] [PubMed]

	



Kelly, K.J.; Molitoris, B.A. Acute renal failure in the new millennium: Time to consider combination therapy. Semin. Nephrol. 2000, 20, 4–19. [Google Scholar] [PubMed]

	



Lien, J.; Chan, V. Risk factors influencing survival in acute renal failure treated by hemodialysis. Arch. Intern. Med. 1985, 145, 2067–2069. [Google Scholar] [CrossRef] [PubMed]

	



Rabb, H.; Chamoun, F.; Hotchkiss, J. Molecular mechanisms underlying combined kidney-lung dysfunction during acute renal failure. Contrib. Nephrol. 2001, 132, 41–52. [Google Scholar]

	



Ter Maaten, J.M.; Voors, A.A. Renal dysfunction in heart failure with a preserved ejection fraction: Cause or consequence? Eur. J. Heart Fail. 2016, 18, 113–114. [Google Scholar] [CrossRef] [PubMed]

	



Johnson, R.J.; Nangaku, M. Endothelial dysfunction: The secret agent driving kidney disease. J. Am. Soc. Nephrol. 2016, 27, 3–5. [Google Scholar] [CrossRef] [PubMed]

	



Cotter, G.; Moshkovitz, Y.; Milovanov, O.; Salah, A.; Blatt, A.; Krakover, R.; Vered, Z.; Kaluski, E. Acute heart failure: A novel approach to its pathogenesis and treatment. Eur. J. Heart Fail. 2002, 4, 227–234. [Google Scholar] [CrossRef]

	



Damman, K.; van Deursen, V.M.; Navis, G.; Voors, A.A.; Van Veldhuisen, D.J.; Hillege, H.L. Increased central venous pressure is associated with impaired renal function and mortality in a broad spectrum of patients with cardiovascular disease. J. Am. Coll. Cardiol. 2009, 53, 582–588. [Google Scholar] [CrossRef] [PubMed]

	



Mullens, W.; Abrahams, Z.; Francis, G.S.; Sokos, G.; Taylor, D.O.; Starling, R.C.; Young, J.B.; Tang, W.H. Importance of venous congestion for worsening of renal function in advanced decompensated heart failure. J. Am. Coll. Cardiol. 2009, 53, 589–596. [Google Scholar] [CrossRef] [PubMed]

	



Colombo, P.C.; Ganda, A.; Lin, J.; Onat, D.; Harxhi, A.; Iyasere, J.E.; Uriel, N.; Cotter, G. Inflammatory activation: Cardiac, renal, and cardio-renal interactions in patients with the cardiorenal syndrome. Heart Fail. Rev. 2012, 17, 177–190. [Google Scholar] [CrossRef] [PubMed]

	



Ronco, C.; House, A.A.; Haapio, M. Cardiorenal syndrome: Refining the definition of a complex symbiosis gone wrong. Intensive Care Med. 2008, 34, 957–962. [Google Scholar] [CrossRef] [PubMed]

	



Satoh, M.; Minami, Y.; Takahashi, Y.; Nakamura, M. Immune modulation: Role of the inflammatory cytokine cascade in the failing human heart. Curr. Heart Fail. Rep. 2008, 5, 69–74. [Google Scholar] [CrossRef] [PubMed]

	



Goh, C.Y.; Vizzi, G.; De Cal, M.; Ronco, C. Cardiorenal syndrome: A complex series of combined heart/kidney disorders. Contrib. Nephrol. 2011, 174, 33–45. [Google Scholar] [PubMed]

	



Ronco, C.; Haapio, M.; House, A.A.; Anavekar, N.; Bellomo, R. Cardiorenal syndrome. J. Am. Coll. Cardiol. 2008, 52, 1527–1539. [Google Scholar] [CrossRef] [PubMed]

	



Takahama, H.; Kitakaze, M. Pathophysiology of cardiorenal syndrome in patients with heart failure: Potential therapeutic targets. Am. J. Physiol. Heart Circ. Physiol. 2017, 313, H715–H721. [Google Scholar] [CrossRef] [PubMed]

	



Suarez-Alvarez, B.; Liapis, H.; Anders, H.J. Links between coagulation, inflammation, regeneration, and fibrosis in kidney pathology. Lab. Investig. 2016, 96, 378–390. [Google Scholar] [CrossRef] [PubMed]

	



Delvaeye, M.; Conway, E.M. Coagulation and innate immune responses: Can we view them separately? Blood 2009, 114, 2367–2374. [Google Scholar] [CrossRef] [PubMed]

	



Wu, Y. Contact pathway of coagulation and inflammation. Thromb. J. 2015, 13, 17. [Google Scholar] [CrossRef] [PubMed]

	



Ryu, M.; Migliorini, A.; Miosge, N.; Gross, O.; Shankland, S.; Brinkkoetter, P.T.; Hagmann, H.; Romagnani, P.; Liapis, H.; Anders, H.J. Plasma leakage through glomerular basement membrane ruptures triggers the proliferation of parietal epithelial cells and crescent formation in non-inflammatory glomerular injury. J. Pathol. 2012, 228, 482–494. [Google Scholar] [CrossRef] [PubMed]

	



Liu, G.; Friggeri, A.; Yang, Y.; Park, Y.J.; Tsuruta, Y.; Abraham, E. Mir-147, a microRna that is induced upon toll-like receptor stimulation, regulates murine macrophage inflammatory responses. Proc. Natl. Acad. Sci. USA 2009, 106, 15819–15824. [Google Scholar] [CrossRef] [PubMed]

	



Wang, T.; Feng, Y.; Sun, H.; Zhang, L.; Hao, L.; Shi, C.; Wang, J.; Li, R.; Ran, X.; Su, Y.; et al. Mir-21 regulates skin wound healing by targeting multiple aspects of the healing process. Am. J. Pathol. 2012, 181, 1911–1920. [Google Scholar] [CrossRef] [PubMed]

	



Shlipak, M.G.; Fried, L.F.; Cushman, M.; Manolio, T.A.; Peterson, D.; Stehman-Breen, C.; Bleyer, A.; Newman, A.; Siscovick, D.; Psaty, B. Cardiovascular mortality risk in chronic kidney disease: Comparison of traditional and novel risk factors. JAMA 2005, 293, 1737–1745. [Google Scholar] [CrossRef] [PubMed]

	



Weiner, D.E.; Tighiouart, H.; Elsayed, E.F.; Griffith, J.L.; Salem, D.N.; Levey, A.S.; Sarnak, M.J. Inflammation and cardiovascular events in individuals with and without chronic kidney disease. Kidney Int. 2008, 73, 1406–1412. [Google Scholar] [CrossRef] [PubMed]

	



Wrigley, B.J.; Lip, G.Y.; Shantsila, E. The role of monocytes and inflammation in the pathophysiology of heart failure. Eur. J. Heart Fail. 2011, 13, 1161–1171. [Google Scholar] [CrossRef] [PubMed]

	



Nian, M.; Lee, P.; Khaper, N.; Liu, P. Inflammatory cytokines and postmyocardial infarction remodeling. Circ. Res. 2004, 94, 1543–1553. [Google Scholar] [CrossRef] [PubMed]

	



Virzi, G.M.; de Cal, M.; Day, S.; Brocca, A.; Cruz, D.N.; Castellani, C.; Cantaluppi, V.; Bolin, C.; Fedrigo, M.; Thiene, G.; et al. Pro-apoptotic effects of plasma from patients with cardiorenal syndrome on human tubular cells. Am. J. Nephrol. 2015, 41, 474–484. [Google Scholar] [CrossRef] [PubMed]

	



Heidt, T.; Sager, H.B.; Courties, G.; Dutta, P.; Iwamoto, Y.; Zaltsman, A.; von Zur Muhlen, C.; Bode, C.; Fricchione, G.L.; Denninger, J.; et al. Chronic variable stress activates hematopoietic stem cells. Nat. Med. 2014, 20, 754–758. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Okusa, M.D.; Rosin, D.L.; Tracey, K.J. Targeting neural reflex circuits in immunity to treat kidney disease. Nat. Rev. Nephrol. 2017, 13, 669–680. [Google Scholar] [CrossRef] [PubMed]

	



Zaldivia, M.T.; Rivera, J.; Hering, D.; Marusic, P.; Sata, Y.; Lim, B.; Eikelis, N.; Lee, R.; Lambert, G.W.; Esler, M.D.; et al. Renal denervation reduces monocyte activation and monocyte-platelet aggregate formation: An anti-inflammatory effect relevant for cardiovascular risk. Hypertension 2017, 69, 323–331. [Google Scholar] [CrossRef] [PubMed]

	



Xiao, L.; Kirabo, A.; Wu, J.; Saleh, M.A.; Zhu, L.; Wang, F.; Takahashi, T.; Loperena, R.; Foss, J.D.; Mernaugh, R.L.; et al. Renal denervation prevents immune cell activation and renal inflammation in angiotensin ii-induced hypertension. Circ. Res. 2015, 117, 547–557. [Google Scholar] [CrossRef] [PubMed]

	



Tang, X.; Shi, L.; Cui, X.; Yu, Y.; Qi, T.; Chen, C.; Tang, X. Renal denervation decreases susceptibility of the heart to ventricular fibrillation in a canine model of chronic kidney disease. Exp. Physiol. 2017, 102, 1414–1423. [Google Scholar] [CrossRef] [PubMed]

	



Koopman, F.A.; Chavan, S.S.; Miljko, S.; Grazio, S.; Sokolovic, S.; Schuurman, P.R.; Mehta, A.D.; Levine, Y.A.; Faltys, M.; Zitnik, R.; et al. Vagus nerve stimulation inhibits cytokine production and attenuates disease severity in rheumatoid arthritis. Proc. Natl. Acad. Sci. USA 2016, 113, 8284–8289. [Google Scholar] [CrossRef] [PubMed]

	



Abdulla, M.H.; Johns, E.J. The innervation of the kidney in renal injury and inflammation: A cause and consequence of deranged cardiovascular control. Acta Physiol. 2017, 220, 404–416. [Google Scholar] [CrossRef] [PubMed]

	



Mirhafez, S.R.; Mohebati, M.; Feiz Disfani, M.; Saberi Karimian, M.; Ebrahimi, M.; Avan, A.; Eslami, S.; Pasdar, A.; Rooki, H.; Esmaeili, H.; et al. An imbalance in serum concentrations of inflammatory and anti-inflammatory cytokines in hypertension. J. Am. Soc. Hypertens. 2014, 8, 614–623. [Google Scholar] [CrossRef] [PubMed]

	



Watanabe, T.; Yasunari, K.; Nakamura, M.; Maeda, K. Carotid artery intima-media thickness and reactive oxygen species formation by monocytes in hypertensive patients. J. Hum. Hypertens. 2006, 20, 336–340. [Google Scholar] [CrossRef] [PubMed]

	



Tabas, I.; Garcia-Cardena, G.; Owens, G.K. Recent insights into the cellular biology of atherosclerosis. J. Cell Biol. 2015, 209, 13–22. [Google Scholar] [CrossRef] [PubMed]

	



Sager, H.B.; Nahrendorf, M. Inflammation: A trigger for acute coronary syndrome. Q. J. Nucl. Med. Mol. Imaging 2016, 60, 185–193. [Google Scholar] [PubMed]

	



Burke, A.P.; Virmani, R. Pathophysiology of acute myocardial infarction. Med. Clin. N. Am. 2007, 91, 553–572. [Google Scholar] [CrossRef] [PubMed]

	



Jennings, R.B.; Somers, H.M.; Smyth, G.A.; Flack, H.A.; Linn, H. Myocardial necrosis induced by temporary occlusion of a coronary artery in the dog. Arch. Pathol. 1960, 70, 68–78. [Google Scholar] [PubMed]

	



Jennings, R.B.; Ganote, C.E. Structural changes in myocardium during acute ischemia. Cardiovasc. Res. 1974, 35 (Suppl. 3), III-156–III-172. [Google Scholar]

	



Leist, M.; Single, B.; Castoldi, A.F.; Kuhnle, S.; Nicotera, P. Intracellular adenosine triphosphate (atp) concentration: A switch in the decision between apoptosis and necrosis. J. Exp. Med. 1997, 185, 1481–1486. [Google Scholar] [CrossRef] [PubMed]

	



Jennings, R.B.; Reimer, K.A.; Hill, M.L.; Mayer, S.E. Total ischemia in dog hearts in vitro: 1.Comparison of high energy phosphate production, utilization and depletion and of adenosine nucleotide catabolism in total ischemia versus severe ischemia in vivo. Circ. Res. 1981, 49, 892–900. [Google Scholar] [CrossRef] [PubMed]

	



Reimer, K.A.; Jennings, R.B.; Hill, M.L. Total ischemia in dog hearts in vitro: 2.High energy phosphate depletion and associated defects in energy metabolism, cell volume regulation and sarcolemmal integrity. Circ. Res. 1981, 49, 901–911. [Google Scholar] [CrossRef] [PubMed]

	



Libby, P.; Nahrendorf, M.; Swirski, F.K. Leukocytes link local and systemic inflammation in ischemic cardiovascular disease: An expanded “cardiovascular continuum”. J. Am. Coll. Cardiol. 2016, 67, 1091–1103. [Google Scholar] [CrossRef] [PubMed]

	



Edwards, N.C.; Moody, W.E.; Yuan, M.; Hayer, M.K.; Ferro, C.J.; Townend, J.N.; Steeds, R.P. Diffuse interstitial fibrosis and myocardial dysfunction in early chronic kidney disease. Am. J. Cardiol. 2015, 115, 1311–1317. [Google Scholar] [CrossRef] [PubMed]

	



Kuwahara, M.; Bannai, K.; Segawa, H.; Miyamoto, K.; Yamato, H. Cardiac remodeling associated with protein increase and lipid accumulation in early-stage chronic kidney disease in rats. Biochim. Biophys. Acta 2014, 1842, 1433–1443. [Google Scholar] [CrossRef] [PubMed]

	



Entin-Meer, M.; Ben-Shoshan, J.; Maysel-Auslender, S.; Levy, R.; Goryainov, P.; Schwartz, I.; Barshack, I.; Avivi, C.; Sharir, R.; Keren, G. Accelerated renal fibrosis in cardiorenal syndrome is associated with long-term increase in urine neutrophil gelatinase-associated lipocalin levels. Am. J. Nephrol. 2012, 36, 190–200. [Google Scholar] [CrossRef] [PubMed]

	



Entin-Meer, M.; Levy, R.; Goryainov, P.; Landa, N.; Barshack, I.; Avivi, C.; Semo, J.; Keren, G. The transient receptor potential vanilloid 2 cation channel is abundant in macrophages accumulating at the peri-infarct zone and may enhance their migration capacity towards injured cardiomyocytes following myocardial infarction. PLoS ONE 2014, 9, e105055. [Google Scholar] [CrossRef] [PubMed]

	



Krejci, J.; Mlejnek, D.; Sochorova, D.; Nemec, P. Inflammatory cardiomyopathy: A current view on the pathophysiology, diagnosis, and treatment. Biomed. Res. Int. 2016, 2016, 4087632. [Google Scholar] [CrossRef] [PubMed]

	



Rysava, R.; Kalousova, M.; Zima, T.; Dostal, C.; Merta, M.; Tesar, V. Does renal function influence plasma levels of advanced glycation and oxidation protein products in patients with chronic rheumatic diseases complicated by secondary amyloidosis? Kidney Blood Press. Res. 2007, 30, 1–7. [Google Scholar] [CrossRef] [PubMed]

	



Ridker, P.M.; Hennekens, C.H.; Buring, J.E.; Rifai, N. C-reactive protein and other markers of inflammation in the prediction of cardiovascular disease in women. N. Engl. J. Med. 2000, 342, 836–843. [Google Scholar] [CrossRef] [PubMed]

	



Ridker, P.M.; Stampfer, M.J.; Rifai, N. Novel risk factors for systemic atherosclerosis: A comparison of c-reactive protein, fibrinogen, homocysteine, lipoprotein(a), and standard cholesterol screening as predictors of peripheral arterial disease. JAMA 2001, 285, 2481–2485. [Google Scholar] [CrossRef] [PubMed]

	



Madjid, M.; Awan, I.; Willerson, J.T.; Casscells, S.W. Leukocyte count and coronary heart disease: Implications for risk assessment. J. Am. Coll. Cardiol. 2004, 44, 1945–1956. [Google Scholar] [CrossRef] [PubMed]

	



Soriano, S.; Gonzalez, L.; Martin-Malo, A.; Rodriguez, M.; Aljama, P. C-reactive protein and low albumin are predictors of morbidity and cardiovascular events in chronic kidney disease (ckd) 3–5 patients. Clin. Nephrol. 2007, 67, 352–357. [Google Scholar] [CrossRef] [PubMed]

	



Menon, V.; Greene, T.; Wang, X.; Pereira, A.A.; Marcovina, S.M.; Beck, G.J.; Kusek, J.W.; Collins, A.J.; Levey, A.S.; Sarnak, M.J. C-reactive protein and albumin as predictors of all-cause and cardiovascular mortality in chronic kidney disease. Kidney Int. 2005, 68, 766–772. [Google Scholar] [CrossRef] [PubMed]

	



Virzi, G.M.; Torregrossa, R.; Cruz, D.N.; Chionh, C.Y.; de Cal, M.; Soni, S.S.; Dominici, M.; Vescovo, G.; Rosner, M.H.; Ronco, C. Cardiorenal syndrome type 1 may be immunologically mediated: A pilot evaluation of monocyte apoptosis. Cardiorenal Med. 2012, 2, 33–42. [Google Scholar] [CrossRef] [PubMed]

	



Jenkins, C.M.; Cedars, A.; Gross, R.W. Eicosanoid signalling pathways in the heart. Cardiovasc. Res. 2009, 82, 240–249. [Google Scholar] [CrossRef] [PubMed]

	



Gross, R.W. Identification of plasmalogen as the major phospholipid constituent of cardiac sarcoplasmic reticulum. Biochemistry 1985, 24, 1662–1668. [Google Scholar] [CrossRef] [PubMed]

	



Chen, X.; Gross, R.W. Phospholipid subclass-specific alterations in the kinetics of ion transport across biologic membranes. Biochemistry 1994, 33, 13769–13774. [Google Scholar] [CrossRef] [PubMed]

	



Ford, D.A.; Hale, C.C. Plasmalogen and anionic phospholipid dependence of the cardiac sarcolemmal sodium-calcium exchanger. FEBS Lett. 1996, 394, 99–102. [Google Scholar] [CrossRef]

	



Ford, D.A.; Hazen, S.L.; Saffitz, J.E.; Gross, R.W. The rapid and reversible activation of a calcium-independent plasmalogen-selective phospholipase a2 during myocardial ischemia. J. Clin. Investig. 1991, 88, 331–335. [Google Scholar] [CrossRef] [PubMed]

	



Hazen, S.L.; Ford, D.A.; Gross, R.W. Activation of a membrane-associated phospholipase a2 during rabbit myocardial ischemia which is highly selective for plasmalogen substrate. J. Biol. Chem. 1991, 266, 5629–5633. [Google Scholar] [PubMed]

	



Mancuso, D.J.; Abendschein, D.R.; Jenkins, C.M.; Han, X.; Saffitz, J.E.; Schuessler, R.B.; Gross, R.W. Cardiac ischemia activates calcium-independent phospholipase a2beta, precipitating ventricular tachyarrhythmias in transgenic mice: Rescue of the lethal electrophysiologic phenotype by mechanism-based inhibition. J. Biol. Chem. 2003, 278, 22231–22236. [Google Scholar] [CrossRef] [PubMed]

	



Zidar, N.; Dolenc-Strazar, Z.; Jeruc, J.; Jerse, M.; Balazic, J.; Gartner, U.; Jermol, U.; Zupanc, T.; Stajer, D. Expression of cyclooxygenase-1 and cyclooxygenase-2 in the normal human heart and in myocardial infarction. Cardiovasc. Pathol. 2007, 16, 300–304. [Google Scholar] [CrossRef] [PubMed]

	



Saito, T.; Rodger, I.W.; Hu, F.; Robinson, R.; Huynh, T.; Giaid, A. Inhibition of cox pathway in experimental myocardial infarction. J. Mol. Cell. Cardiol. 2004, 37, 71–77. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Z.; Vezza, R.; Plappert, T.; McNamara, P.; Lawson, J.A.; Austin, S.; Pratico, D.; Sutton, M.S.; FitzGerald, G.A. Cox-2-dependent cardiac failure in gh/ttg transgenic mice. Circ. Res. 2003, 92, 1153–1161. [Google Scholar] [CrossRef] [PubMed]

	



Shinmura, K.; Tang, X.L.; Wang, Y.; Xuan, Y.T.; Liu, S.Q.; Takano, H.; Bhatnagar, A.; Bolli, R. Cyclooxygenase-2 mediates the cardioprotective effects of the late phase of ischemic preconditioning in conscious rabbits. Proc. Natl. Acad. Sci. USA 2000, 97, 10197–10202. [Google Scholar] [CrossRef] [PubMed]

	



Xuan, Y.T.; Guo, Y.; Zhu, Y.; Han, H.; Langenbach, R.; Dawn, B.; Bolli, R. Mechanism of cyclooxygenase-2 upregulation in late preconditioning. J. Mol. Cell. Cardiol. 2003, 35, 525–537. [Google Scholar] [CrossRef]

	



Wen, Y.; Gu, J.; Peng, X.; Zhang, G.; Nadler, J. Overexpression of 12-lipoxygenase and cardiac fibroblast hypertrophy. Trends Cardiovasc. Med. 2003, 13, 129–136. [Google Scholar] [CrossRef]

	



De Lemos, J.A.; Morrow, D.A.; Blazing, M.A.; Jarolim, P.; Wiviott, S.D.; Sabatine, M.S.; Califf, R.M.; Braunwald, E. Serial measurement of monocyte chemoattractant protein-1 after acute coronary syndromes: Results from the a to z trial. J. Am. Coll. Cardiol. 2007, 50, 2117–2124. [Google Scholar] [CrossRef] [PubMed]

	



Roman, R.J. P-450 metabolites of arachidonic acid in the control of cardiovascular function. Physiol. Rev. 2002, 82, 131–185. [Google Scholar] [CrossRef] [PubMed]

	



Deng, Y.; Theken, K.N.; Lee, C.R. Cytochrome p450 epoxygenases, soluble epoxide hydrolase, and the regulation of cardiovascular inflammation. J. Mol. Cell. Cardiol. 2010, 48, 331–341. [Google Scholar] [CrossRef] [PubMed]

	



Schuck, R.N.; Theken, K.N.; Edin, M.L.; Caughey, M.; Bass, A.; Ellis, K.; Tran, B.; Steele, S.; Simmons, B.P.; Lih, F.B.; et al. Cytochrome p450-derived eicosanoids and vascular dysfunction in coronary artery disease patients. Atherosclerosis 2013, 227, 442–448. [Google Scholar] [CrossRef] [PubMed]

	



Zordoky, B.N.; El-Kadi, A.O. Modulation of cardiac and hepatic cytochrome p450 enzymes during heart failure. Curr. Drug Metab. 2008, 9, 122–128. [Google Scholar] [PubMed]

	



Delozier, T.C.; Kissling, G.E.; Coulter, S.J.; Dai, D.; Foley, J.F.; Bradbury, J.A.; Murphy, E.; Steenbergen, C.; Zeldin, D.C.; Goldstein, J.A. Detection of human cyp2c8, cyp2c9, and cyp2j2 in cardiovascular tissues. Drug Metab. Dispos. 2007, 35, 682–688. [Google Scholar] [CrossRef] [PubMed]

	



Imig, J.D.; Hammock, B.D. Soluble epoxide hydrolase as a therapeutic target for cardiovascular diseases. Nat. Rev. Drug Discov. 2009, 8, 794–805. [Google Scholar] [CrossRef] [PubMed]

	



Imig, J.D. Epoxides and soluble epoxide hydrolase in cardiovascular physiology. Physiol. Rev. 2012, 92, 101–130. [Google Scholar] [CrossRef] [PubMed]

	



Imig, J.D. Epoxyeicosatrienoic acids, 20-hydroxyeicosatetraenoic acid, and renal microvascular function. Prostaglandins Other Lipid Mediat. 2013, 104–105, 2–7. [Google Scholar] [CrossRef] [PubMed]

	



Inoue, K.; Sodhi, K.; Puri, N.; Gotlinger, K.H.; Cao, J.; Rezzani, R.; Falck, J.R.; Abraham, N.G.; Laniado-Schwartzman, M. Endothelial-specific cyp4a2 overexpression leads to renal injury and hypertension via increased production of 20-hete. Am. J. Physiol. Ren. Physiol. 2009, 297, F875–F884. [Google Scholar] [CrossRef] [PubMed]

	



Spiecker, M.; Darius, H.; Hankeln, T.; Soufi, M.; Sattler, A.M.; Schaefer, J.R.; Node, K.; Borgel, J.; Mugge, A.; Lindpaintner, K.; et al. Risk of coronary artery disease associated with polymorphism of the cytochrome p450 epoxygenase cyp2j2. Circulation 2004, 110, 2132–2136. [Google Scholar] [CrossRef] [PubMed]

	



Tsai, I.J.; Croft, K.D.; Mori, T.A.; Falck, J.R.; Beilin, L.J.; Puddey, I.B.; Barden, A.E. 20-hete and f2-isoprostanes in the metabolic syndrome: The effect of weight reduction. Free Radic. Biol. Med. 2009, 46, 263–270. [Google Scholar] [CrossRef] [PubMed]

	



Roman, R.J.; Alonso-Galicia, M. P-450 eicosanoids: A novel signaling pathway regulating renal function. News Physiol. Sci. 1999, 14, 238–242. [Google Scholar] [PubMed]

	



Sarkis, A.; Lopez, B.; Roman, R.J. Role of 20-hydroxyeicosatetraenoic acid and epoxyeicosatrienoic acids in hypertension. Curr. Opin. Nephrol. Hypertens. 2004, 13, 205–214. [Google Scholar] [CrossRef] [PubMed]

	



El-Sherbeni, A.A.; El-Kadi, A.O. Alterations in cytochrome p450-derived arachidonic acid metabolism during pressure overload-induced cardiac hypertrophy. Biochem. Pharmacol. 2014, 87, 456–466. [Google Scholar] [CrossRef] [PubMed]

	



Zordoky, B.N.; Anwar-Mohamed, A.; Aboutabl, M.E.; El-Kadi, A.O. Acute doxorubicin cardiotoxicity alters cardiac cytochrome p450 expression and arachidonic acid metabolism in rats. Toxicol. Appl. Pharmacol. 2010, 242, 38–46. [Google Scholar] [CrossRef] [PubMed]

	



Imig, J.D.; Zou, A.P.; Ortiz de Montellano, P.R.; Sui, Z.; Roman, R.J. Cytochrome p-450 inhibitors alter afferent arteriolar responses to elevations in pressure. Am. J. Physiol. 1994, 266, H1879–H1885. [Google Scholar] [PubMed]

	



Zou, A.P.; Imig, J.D.; Kaldunski, M.; Ortiz de Montellano, P.R.; Sui, Z.; Roman, R.J. Inhibition of renal vascular 20-hete production impairs autoregulation of renal blood flow. Am. J. Physiol. 1994, 266, F275–F282. [Google Scholar] [PubMed]

	



Kingma, J.G.; Patoine, D.; Pilote, S.; Drolet, B.; Simard, C. Effect of subtotal renal nephrectomy on cyp450-mediated metabolism of arachidonic acid: A potential player in pathogenesis o renocardiac syndrome. Cardiovasc. Pharmacol. Open Access 2016, 5. [Google Scholar] [CrossRef]

	



Khera, A.; de Lemos, J.A.; Peshock, R.M.; Lo, H.S.; Stanek, H.G.; Murphy, S.A.; Wians, F.H., Jr.; Grundy, S.M.; McGuire, D.K. Relationship between c-reactive protein and subclinical atherosclerosis: The dallas heart study. Circulation 2006, 113, 38–43. [Google Scholar] [CrossRef] [PubMed]

	



Ruggiero, C.; Metter, E.J.; Cherubini, A.; Maggio, M.; Sen, R.; Najjar, S.S.; Windham, G.B.; Ble, A.; Senin, U.; Ferrucci, L. White blood cell count and mortality in the baltimore longitudinal study of aging. J. Am. Coll. Cardiol. 2007, 49, 1841–1850. [Google Scholar] [CrossRef] [PubMed]

	



Longhini, C.; Molino, C.; Fabbian, F. Cardiorenal syndrome: Still not a defined entity. Clin. Exp. Nephrol. 2010, 14, 12–21. [Google Scholar] [CrossRef] [PubMed]

	



Portela, A.; Esteller, M. Epigenetic modifications and human disease. Nat. Biotechnol. 2010, 28, 1057–1068. [Google Scholar] [CrossRef] [PubMed]

	



Tsuchiya, Y.; Nakajima, M.; Takagi, S.; Taniya, T.; Yokoi, T. MicroRna regulates the expression of human cytochrome p450 1b1. Cancer Res. 2006, 66, 9090–9098. [Google Scholar] [CrossRef] [PubMed]

	



Pan, Y.Z.; Gao, W.; Yu, A.M. MicroRnas regulate cyp3a4 expression via direct and indirect targeting. Drug Metab. Dispos. 2009, 37, 2112–2117. [Google Scholar] [CrossRef] [PubMed]

	



Takagi, S.; Nakajima, M.; Mohri, T.; Yokoi, T. Post-transcriptional regulation of human pregnane X receptor by micro-rna affects the expression of cytochrome p450 3a4. J. Biol. Chem. 2008, 283, 9674–9680. [Google Scholar] [CrossRef] [PubMed]

	



Gaikwad, A.B.; Sayyed, S.G.; Lichtnekert, J.; Tikoo, K.; Anders, H.J. Renal failure increases cardiac histone h3 acetylation, dimethylation, and phosphorylation and the induction of cardiomyopathy-related genes in type 2 diabetes. Am. J. Pathol. 2010, 176, 1079–1083. [Google Scholar] [CrossRef] [PubMed]

	



Turunen, M.P.; Aavik, E.; Yla-Herttuala, S. Epigenetics and atherosclerosis. Biochim. Biophys. Acta 2009, 1790, 886–891. [Google Scholar] [CrossRef] [PubMed]

	



Teitell, M.; Richardson, B. DNA methylation in the immune system. Clin. Immunol. 2003, 109, 2–5. [Google Scholar] [CrossRef]

	



Zhang, C.L.; McKinsey, T.A.; Chang, S.; Antos, C.L.; Hill, J.A.; Olson, E.N. Class ii histone deacetylases act as signal-responsive repressors of cardiac hypertrophy. Cell 2002, 110, 479–488. [Google Scholar] [CrossRef]

	



Antos, C.L.; McKinsey, T.A.; Dreitz, M.; Hollingsworth, L.M.; Zhang, C.L.; Schreiber, K.; Rindt, H.; Gorczynski, R.J.; Olson, E.N. Dose-dependent blockade to cardiomyocyte hypertrophy by histone deacetylase inhibitors. J. Biol. Chem. 2003, 278, 28930–28937. [Google Scholar] [CrossRef] [PubMed]

	



Gupta, M.P. Factors controlling cardiac myosin-isoform shift during hypertrophy and heart failure. J. Mol. Cell. Cardiol. 2007, 43, 388–403. [Google Scholar] [CrossRef] [PubMed]

	



Davis, F.J.; Pillai, J.B.; Gupta, M.; Gupta, M.P. Concurrent opposite effects of trichostatin a, an inhibitor of histone deacetylases, on expression of alpha-mhc and cardiac tubulins: Implication for gain in cardiac muscle contractility. Am. J. Physiol. Heart Circ. Physiol. 2005, 288, H1477–1490. [Google Scholar] [CrossRef] [PubMed]

	



Napoli, C.; Di Gregorio, F.; Sorice, P.; Di Benedetto, A.; Ciafre, S.; Posca, T.; Ferrara, A.; Di Paolo, E.; Bruzzese, G.; D’Armiento, F.P.; et al. High prevalence of myocardial ischemia and vasoconstrictive hormonal release in hypertension during chronic renal failure. Nephron 1997, 76, 434–444. [Google Scholar] [CrossRef] [PubMed]

	



Napoli, C.; Di Gregorio, F.; Leccese, M.; Abete, P.; Ambrosio, G.; Giusti, R.; Casini, A.; Ferrara, N.; De Matteis, C.; Sibilio, G.; et al. Evidence of exercise-induced myocardial ischemia in patients with primary aldosteronism: The cross-sectional primary aldosteronism and heart italian multicenter study. J. Investig. Med. 1999, 47, 212–221. [Google Scholar] [PubMed]

	



Stow, L.R.; Jacobs, M.E.; Wingo, C.S.; Cain, B.D. Endothelin-1 gene regulation. FASEB J. 2011, 25, 16–28. [Google Scholar] [CrossRef] [PubMed]

	



Ignarro, L.J.; Cirino, G.; Casini, A.; Napoli, C. Nitric oxide as a signaling molecule in the vascular system: An overview. J. Cardiovasc. Pharmacol. 1999, 34, 879–886. [Google Scholar] [CrossRef] [PubMed]

	



Chan, G.C.; Fish, J.E.; Mawji, I.A.; Leung, D.D.; Rachlis, A.C.; Marsden, P.A. Epigenetic basis for the transcriptional hyporesponsiveness of the human inducible nitric oxide synthase gene in vascular endothelial cells. J. Immunol. 2005, 175, 3846–3861. [Google Scholar] [CrossRef] [PubMed]







© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  jcdd-04-00021


  
    		
      jcdd-04-00021
    


  




  





media/file0.png





