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            Abstract

            
               
Hypertension (HTN) may not be properly controlled despite the ideal blood pressure (BP)-lowering drugs and good patient compliance.
                  These scenarios emphasize the need for innovative approaches to treat HTN cases that are difficult to manage pharmaceutically.
                  Numerous recent studies have documented the effectiveness of renal denervation (RDN) therapy in reducing sympathetic nerve
                  system (SNS) overactivity. Although this therapy is invasive and expensive, its appropriate use in specific cases is still
                  being refined. 
               

               SNS overactivity is documented in HTN, chronic kidney disease (CKD), and end-stage renal disease patients. Over the past decade,
                  RDN therapy has been used in different countries to treat HTN, with a positive response in most cases. However, some hospitals
                  have no resources or interventionists to perform these procedures. Nonetheless, there is an increased number of physicians
                  expressing interest in using RDN in sustained HTN therapy and prevention of CKD progression. There are no consensus guidelines
                  worldwide; however, some societies have developed guidelines for using RDN based on updated information covering the BP-lowering
                  mechanism, efficacy, patient selection, post- and preprocedural assessment, and procedural safety. In this review, we aimed
                  to evaluate the effectiveness of the RDN procedure for treating HTN and prevention of CKD development and progression.
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               Introduction

            Systemic hypertension (HTN) is a significant cause of escalating morbidity and mortality worldwide. HTN is the primary determinant
               of significant cardiovascular (CV) events. Moreover, HTN is a risk factor for CV disease (CVD), chronic kidney disease (CKD),
               eye complications, and cerebrovascular disease.1 According to a study that included > 1.5 million people from 29 nations conducted by the International Society of HTN in
               2019, the global prevalence of HTN was 34%.2 Although several efficacious and secure drugs for reducing blood pressure (BP) have been developed recently, the proportion
               of hypertensive individuals who successfully achieve their BP objectives remains low in most global regions.3, 4 Inadequate compliance with polypharmacy therapy is the primary factor contributing to treatment ineffectiveness. 5 Nevertheless, certain cohorts of individuals with HTN continue to have unregulated BP levels despite their diligent adherence
               to many antihypertensive drugs. In addition, some individuals may encounter substantial adverse effects from certain drugs
               used to decrease BP, thus complicating its management. Consequently, scientists are now seeking innovative approaches or methodologies,
               other than drug therapy, to reduce BP in individuals with HTN.
            

            Thailand surveys reported a decline in the rate of BP control among hypertensive individuals receiving antihypertensive therapy.
               The BP control rate decreased from 61% in a survey conducted in 2014 to 48% in a study conducted in 2020.4 Data from a comprehensive survey conducted across Thailand revealed that 17% of individuals with HTN used three or more drugs
               to reduce their BP. 6 In the HTN clinic of a tertiary care university hospital, 33% of patients require three or more medications, including diuretic,
               to manage their high BP, suggesting the need for novel strategies to assist in controlling persistently high BP. 4 The first catheter-based renal denervation (RDN) treatment report was published in 2009.7 
            

            Renal denervation (RDN) (renal ablation) is a minimally invasive, therapeutical procedure for HTN that has not responded to
               > 3 antihypertensive medications, including diuretic agents. This type of HTN is labeled resistant HTN (RHTN). Multiple studies
               have shown that RDN may effectively reduce BP in hypertensive individuals. Nevertheless, the extent to which BP decreases
               following RDN differs across different studies. Owing to the invasive and expensive nature of RDN treatment, there is currently
               a focus on selecting the most suitable patients for this procedure. In addition, some factions of medical professionals and
               individuals seeking medical treatment are keen on using the RDN to maintain consistent BP readings over an extended period.
               This was done with the hope that prolonged BP management could be accomplished by consuming a minimum number of antihypertensive
               medications. Strangely, it was reported that the therapeutic benefits of RDN in patients with RHTN have been demonstrated
               in both clinical trials and experimental studies. This is contrary to meta-analyses and evaluations that did not show any
               substantial effect of RDN therapy on BP control.1 It was evident that RDN reduces also the risk of CKD and CKD progression due to its effect on BP and sympathetic overactivity
               in CKD patients.8, 9 
            

            This review will discuss RDN effectiveness, benefits, and complications in patients with RHTN and CKD. Different phrases,
               texts, and keywords such as renal denervation, renal ablation, RHTN surgical therapy, RHTN, autonomic nervous system denervation,
               BP control, nephrectomy, and HTN were used to search PubMed, Scopus, Google, EMBASE, and Google Scholar for articles related
               to kidney ablation in RHTN therapy.
            

         

         
               Resistant Hypertension

            Obesity and aging populations have caused HTN to become more common worldwide. Approximately 10% of people with HTN have RHTN,
               which is defined as a systolic BP of 140 mmHg or higher despite taking at least three maximally tolerated doses of antihypertensive
               medications from different classes, including a diuretic agent administered in an appropriate dose. 10, 11, 12 The European Society of HTN guidelines define RHTN as when lifestyle changes and pharmacological interventions with optimal
               or best-tolerated doses of three or more drugs fail to lower office BP < 140/90 mmHg. 13 Checking 24-hour BP outside the clinic should indicate poor BP management. True RHTN requires complete therapeutic adherence
               and exclusion of secondary causes. 13 Otherwise, it is called “pseudo-resistant” HTN. 8 RHTN patients are at increased risk of stroke, major CV events, and end-organ damage. 14 Various variables contribute to HTN in CKD patients and treating them may not control the BP. 8

            Renal artery catheter-based radiofrequency denervation is a therapeutic option for RHTN that has been adopted in clinical
               practice across countries. 15, 16 Nonrandomized and unblinded randomized trials have shown significant reductions in BP during office visits following renal
               denervation. 7, 17 Due to the study participants not being large enough, the absence of a sham procedure as a control, limited ambulatory BP
               recording, and lack of blinding made the results of those studies unreliable. To address these issues and increase the reliability
               of the findings, the SYMPLICITY HTN-3 study was designed. 18

            Several factors precipitate HTN, making its pathogenesis a complicated process. For many years, researchers have acknowledged
               the significant role of SNS in essential HTN pathogenesis. SNS plays a significant role in increasing cardiac output (CO),
               heart rate, and BP. Although SNS overactivity inhibition is a well-established pharmacological treatment for many HTN patients,
               its effectiveness in HTN control was not always established, especially in RHTN. Early treatments for HTN aim to decrease
               sympathetic tone through sympathectomy or sympatholytic medications. Interestingly, more recent studies have re-evaluated
               the roles of the afferent and efferent sympathetic renal nerves in the pathophysiology of HTN, particularly RHTN.1

            The establishment of sympathetic crosstalk between the kidneys and the brain plays a significant role in the pathogenesis
               of RHTN. 19 Nonrandomized studies suggest that surgical sympathectomy may help some patients with uncontrolled HTN. 20 Sympathectomy, a surgical procedure that was conducted in the 1950s, has significant advantages in HTN management. Nevertheless,
               surgical sympathectomy is abended because of unbearable postural hypotension.1 RDN is a more targeted approach than less-refined surgical sympathectomy and is supported by robust experimental evidence.
               1

            Depending on how the clinical hypertensive phenotype is characterized, observational studies estimate a prevalence of 2–30%
               for RHTN. 13 To minimize office BP-related alarming features, rigorous anamnestic data collection and assessment of ABP are necessary
               for appropriate diagnosis. 13 Some experts thought-resistant hypertensive conditions are pseudo-RHTN after extensive evaluation. Microneurographic examination
               of sympathetic nerve traffic showed that real RHTN had a more persistent sympathetic overdrive than pseudo-RHTN. 21 RHTN is more frequent in CKD and CV disease patients 22, 23 and increases CV events compared to treated HTN. 13 The Antihypertensive and Lipid-Lowering Treatment to Prevent Heart Attack Trial (ALLHAT) sub-analysis showed that RHTN patients
               develop ESRD about 2-fold faster than normotensive individuals. 24 Fluid overload is a key hallmark of RHTN in dialysis-dependent patients; 25 however, it only explains a third of HTN. 8

            The pathophysiology of RHTN is attributed to intensified SNS activity. The renal arteries are innervated by afferent and efferent
               sympathetic fibers. Stimulation of the efferent SNS leads to renal vasoconstriction, a decrease in renal blood flow, and an
               increase in the release of renin and epinephrine, as well as sodium reuptake by the kidneys. 8 The stimulation of afferent sympathetic fibers through the renal sympathetic fibers results in a strengthening of central
               sympathetic activity. Given the fundamental role of renal sympathetic nerves in RHTN development, as shown by increased renal
               noradrenaline spillover and increased SNS activity of skeletal and smooth muscle, modulation of their activity could be a
               targeted treatment for this type of HTN. 26

            Stimulating the efferent nerves of the kidneys lowers BP by reversing the underlying cause of HTN. Sophisticated investigations
               using radiofrequency ablation or other techniques to denervate renal arteries have illustrated a decrease in systemic BP and
               SNS activity. The antihypertensive action of RDN has been attributed to a decrease in systemic vascular resistance. Therefore,
               RDN is a legitimate therapeutic technique for reducing BP and is applicable both in experimental settings and in clinical
               practice. 1

            HTN causes left ventricular hypertrophy (LVH), endothelial dysfunction, hyperplasia, and enlargement of vessel smooth muscle
               cells. 27 It has been reported that after administration of norepinephrine at sub-hypertensive doses, myocardial cell hyperplasia and
               LVH are observed. 28 Moreover, higher SNS activation without BP increase has been reported to cause hypertrophy and proliferation of blood vessels
               in smooth muscle cells. 28 Elevated SNS activation, independent of BP, can also cause exaggerated coronary vasoconstriction, 29 arrhythmogenicity, 30 impaired renal function, 31 glomerular podocyte injury 32 metabolic impairment, increased arterial stiffness, endothelial dysfunction 33 and atherosclerosis 34 increasing CV event risk.
            

            It was reported that decreasing SNS activation without lowering BP protects the kidney. 35 Compared to untreated rats, partially nephrectomized rats treated with non-hypotensive moxonidine showed decreased glomerulosclerosis
               and urine albumin excretion. 35 In diabetics, modest dosages of moxonidine without BP changes lowered albuminuria. 36 These findings strongly suggest that sympathetic overactivity, regardless of the BP, may harm the heart, liver, and kidneys.
               Sympathetic overactivity in CKD is well-documented, although the causes of chronic sympathetic excitation in CKD are complicated
               and poorly understood.
            

         

         
               Mechanism of Kidney Denervation Therapy for HTN

            Modifications to the diet by lowering sodium consumption in hypertensive patients can be beneficial. However, it is challenging
               to create lasting dietary changes. Therefore, it is important to consider the risk of end-organ damage due to uncontrolled
               HTN. Reduced baroreflex sensitivity can increase BP variability, which may be exacerbated by a higher salt intake. 37 Chronic baroreflex failure can lead to adverse pressure-natriuresis response, 37 and age-related baroreflex failure can result in extended increases in BP levels and variability in higher salt sensitivity
               and intake. 38 Furthermore, the non-dipper and riser patterns of nocturnal BP depend on increased intravascular volume, which is associated
               with higher salt intake and sensitivity.
            

            RDN is a practical approach for reducing BP in patients with uncontrolled HTN regardless of their clinical scenario, including
               those who are antihypertensive-naïve or have discontinued treatment. 38 Morning and nocturnal uncontrolled HTN pose a higher risk of CVD and stroke regardless of whether the patient's office BP
               is controlled. 39 The effectiveness of antihypertensive medication tends to decrease overnight before the regular morning dose, suggesting
               that nighttime and morning BP control may be a weakness of current antihypertensive medication regimens. 40 Consequently, RDN can be used as an adjunctive and alternative complementary therapy for HTN management. 38

            RDN influences efferent and afferent SNS sensory pathways, contributing to a reduction in BP. 41, 42 By ablating sympathetic efferent nerves, RDN inhibits the RAAS, which leads to increased renal blood flow, decreased salt
               sensitivity, and reduced urinary sodium excretion. 38 The nocturnal non-dipping BP pattern primarily serves as a compensatory mechanism to promote excess sodium excretion in patients
               with increased blood volume. 43 Thus, RDN should be effective in populations with higher salt intake and sensitivity. However, further prospective studies
               are necessary to determine the direct effects of sodium concentration and volume status on the response to RDN. Additionally,
               ablation of afferent nerve suppresses central sympathetic outflow, which increases baroreceptor sensitivity and decreases
               overstated BP variability, such as sleep-triggered and morning BP surges.
            

            In humans, sympathetic afferent and efferent nerve fibers are located inside the adventitial layer surrounding the renal arteries.
               The afferent sympathetic nerves carry signals from the kidneys to the hypothalamus, often in reaction to kidney damage. This
               leads to an increase in central sympathetic outflow, eventually resulting in elevated BP. 44 Efferent sympathetic nerves emerge from the central nervous system and subsequently innervate the kidneys. Efferent sympathetic
               nerves primarily exert three key actions on the kidneys: enhancing renin production, promoting salt reabsorption by the renal
               tubules, and inducing renal vasoconstriction that reduces kidney blood flow. 44 Thus, reducing sympathetic activity directed towards the kidneys may lead to a decrease in systemic BP. 45 Before the widespread availability of efficient drugs to decrease BP, surgical sympathectomy was performed to reduce BP.
               4, 46 Nevertheless, the impact of renal sympathetic outflow on increasing BP, the structure of easily reachable renal sympathetic
               nerves, and the need for a new treatment for HTN have motivated researchers to explore other methods for diminishing the sympathetic
               nerve fibers surrounding the renal arteries. The initial purpose of developing a radiofrequency ablation catheter was to provide
               heat to eliminate nerves located in the adventitial layer of the renal arteries. Additional methods for ablating the renal
               nerve include intravascular ultrasound nerve ablation 47 and alcohol-mediated kidney nerve ablation using a Peregrine catheter. 48

         

         
               Indicators of Successful Renal Denervation

            The strongest predictor of BP reduction following RDN was baseline systolic BP in post hoc analyses of the SYMPLICITY HTN-3
               trial and meta-analysis. 49 SYMPLICTY HTN-3 concluded that the RDN group had a BP drop (-14.13 ± 23.93 mmHg) and the Sham surgery (placebo surgery) group
               had -11.74 ± 25.94, with a significant statistical difference of < 0.0001 for comparing the change from baseline in 553 patients
               who were distributed 2:1randomly. The BP-lowering efficacy of RDN therapy in HTN was derived from data from first-generation
               RDN studies that showed that RDN therapy effectively reduced BP in patients with RHTN. 49 In 153 hypertensives post-RDN, BP progressively dropped by 18.9/9.4 mmHg after a month in 141 patients, and by 22/10.2 mmHg
               after 6 months in 144 patients, and after a year in 132 patients, the BP decreased by 26.5/13.5 mmHg. Interestingly, in a
               study conducted in Thailand to assess the efficacy of RDN in patients with RHTN, RDN was highly effective in reducing BP and
               was maintained for up to nine years in Thai patients with good outcomes. 50

            
                  Indications and contraindications of RDN

               Once the exclusion criteria are applicable, there is no contraindication, and the patient has RHTN, proper assessment can
                  be initiated. Patients should be evaluated by a multidisciplinary team consisting of HTN specialists, cardiologists, physicians,
                  specialist nurses, anesthesiologists, and social supporters. The indications for and contraindications to RDN are listed in
                  Table  1.
               

               In addition to uncontrolled HTN, the potential of RDN has been studied in other clinical scenarios. These include metabolic
                  syndrome51, 52  [54-55)], sleep apnea, atrial fibrillation 53 ventricular arrhythmias 54 heart failure 55 and chronic kidney disease. 56 The positive results of pivotal trials suggest that RDN may have applications beyond HTN. Given the increasing metabolic
                  syndrome prevalence in East and Southeast Asian countries 57 evaluating RDN's effects of RDN on this condition is particularly important. Similarly, sleep apnea is a promising target
                  for CV risk reduction through RDN, owing to its association with neurogenic HTN. However, further long-term data are required.
               

            

         

         
               Sympathetic Nervous System Activation Role in CKD Progression

            Data have consistently reported that sympathetic hyperactivity is a common occurrence in patients with CKD. Growing evidence
               suggests that neurogenic changes may have a significant impact on both CV and chronic renal diseases prognosis. 58 With sympathetic overactivity, cardiac output and peripheral resistance increase, leading to HTN. This can be caused by direct
               activities on cardiac and vascular receptors or the effects of the renin-angiotensin system (RAAS) on renal salt retention
               and renin release. 59 
            

            Initially, micro neurography was used to discover a reverse sympathetic hyperactivity in CKD and HD dependent patients. 38, 60 However, subsequent research revealed a progressive increase in sympathetic activity during chronic renal failure, showing
               that adrenergic activation in HD patients is greater than that in simple essential HTN. 61 Some indirect data have shown that neurogenic signals from damaged kidneys produce sympathetic overactivity in ESRD patients.
               62 ESRD patients on HD had more adventitia interior region nerve endings than those with normal renal function or milder CKD.
               Patients with CKD and ESRD with abnormal SNS activation have an increased risk of sudden cardiac mortality. 63 SNS overactivity is a persistent characteristic of CKD and ESRD, which elevates the risk of CV disease and mortality. Moreover,
               SNS overactivity does not only exacerbate HTN in CKD but also has a detrimental impact on CKD progression, regardless of its
               effect on BP. 8 
            

            HTN and CKD are linked, and 80% of CKD patients had HTN. 64 HTN worsens CKD, and uncontrolled HTN increases the risk of ESRD within five years. 65 Reduced renal function increases HTN incidence and severity. 64 Unfortunately, CKD and CV disease caused 4.6% of worldwide deaths in 2017. 66 RHTN occurs in 40% of CKD patients, making HTN control difficult (22). Physician reluctance to modify therapy, patient noncompliance,
               poor social support, and the complexity of managing several drugs in severe HTN contribute to this issue. 67

            HTN therapy depends on normal kidney function and in patients with kidney disease. Catheter-based renal denervation employing
               radiofrequency radiation, perivascular injection of neurotoxic drugs, or US has been examined in preclinical and clinical
               studies of patients with CKD. Recent recommendations and position statements from the European Society of Cardiology and European
               Society of HTN (ESC/ESH) incorporate renal denervation. 44, 67, 68 These therapies use technology at diverse stages of development, but several have been examined in sham-controlled trials
               to fulfill US regulatory approval standards. 69

            RDN lowers BP and prevents kidney impairment in hypertensive patients. The reason for this is to avoid excessive kidney-CNS
               interactions (Crosstalk). Renal nerves regulate renin secretion, nephron tubule salt reabsorption, and renal hemodynamics.
               When efferent neurons are stimulated, they decrease renal blood flow, renin release, and sodium and water excretion thereby
               increasing BP. 70 This mechanism also involves the afferent renal nerves; An increase in afferent signaling in the brain causes CNS-mediated
               arterial vasoconstriction. High sympathetic activity causes high BP and end-organ damage, including cardiac hypertrophy and
               renal dysfunction 71 Plasma noradrenaline levels in HD patients independently predict mortality and fatal and nonfatal CV events. 72

            The kidney regulates sympathetic activity in normal individuals and patients with CKD. Bilateral nephrectomy significantly
               reduces SNS activity, mean arterial pressure, and calf vascular resistance. 73 Further studies in renal transplant patients have shown that damaged kidneys might boost CNS activity. Even with good graft
               function, native kidneys show increased SNS activity in transplant patients without nephrectomy. Calf vascular resistance
               and muscle sympathetic nerve activity are considerably decreased in bilateral nephrectomy transplanted patients. 8

            RDN has been found to significantly reduce sympathetic muscle activity in hypertensive patients, with a substantial decrease
               observed after three months. 74 This intervention also lowers the activity of both single and multiple-unit muscles. 75 These results imply that RDN can decrease both efferent and afferent nerve activity, which may modulate the direct effect
               of renal signaling on BP and the indirect effect of afferent signaling on brain sympathetic activity outflow. 76

         

         
               Mechanisms of Sympathetic Nervous System Overactivity in Chronic Kidney Disease

            
                  Renin's Role in Sympathetic Nervous System Activation

               Elevated plasma angiotensin II (Ang II) level is documented in CKD patients due to RAAS activation. 28, 77 Ang II is a strong vasoconstrictor with several peripheral and central effects (31, 82). Ang II level controls peripheral
                  SNS activation and vasoconstriction by increasing SNS terminal norepinephrine release, and Ang II level regulates brainstem
                  sympathetic outflow. 28 It was reported that Ang II microinjection into the rostral ventrolateral medulla activates vasomotor sympathetic neurons,
                  raising SNS activity in rats. 78 In addition, losartan (an ARB inhibitor) microinjection inhibits SNS impulse genesis. 79 Hence, it appears that Ang II regulates directly central SNS outflow. 28, 80 Ang II receptor blockers and ACE inhibitors are the first-line therapy for HTN in CKD patients. Although their prolonged
                  use lowers muscle SNS activity 81, 82 after prolonged Ang II receptor blocker and ACE inhibitor therapy, muscle SNS activity in CKD patients is still greater than
                  that in non-CKD hypertensive patients. 28 Thus, it is most probable that sympathetic overactivity in CKD patients is caused by processes other than the RAAS activation.
                  This assumption needs to be investigated further.
               

            

         

         
               Renal Afferent Sympathetic Nervous System Activation Role

            The brain receives signals from chemoreceptors and baroreceptors in the kidneys to control the sympathetic outflow and systemic
               BP. Human investigations showed that kidney-originating neural impulses increase SNS outflow in CKD. 83 Renal ischemia increases adenosine synthesis, which excites renal afferent neurons and constricts afferent arterioles, lowering
               GFR. 84 It was found that smooth muscle SNS activity in renal transplant patients with intact native kidneys was equivalent to dialysis
               patients (stage 5 CKD). 85 In transplant patients who had bilateral native nephrectomy, smooth muscle SNS activity dropped to levels comparable to those
               in the controls. Thus, renal diseases may increase smooth muscle SNS activity through natural kidney signaling. Recent investigations
               have shown that lower renalase levels may contribute to higher SNS activity in CKD 86, 87 The kidneys produce prorenalase, an inactive monoamine oxidase in the blood. 87 Renalase lowers BP by degrading catecholamines. 87, 88 Renal failure and CKD patients have lower renalase levels, which reduce catecholamine breakdown, increasing SNS activity.
               87

         

         
               Nitric Oxide Role in Sympathetic Nervous System Activation in Chronic Kidney Disease

            Chronic SNS excitation in CKD may be caused by the diminished bioavailability of nitric oxide (NO) bioavailability. NO synthase
               (NOS) produces NO by oxidizing l-arginine to l-citrulline. 89 In healthy people, systemic NOS inhibition reduces NO and vasodilation, increasing arterial BP immediately. 28, 90 In addition to vasodilation, NO inhibits platelet aggregation, smooth muscle cell proliferation, and leukocyte endothelium
               adhesion to maintain vascular homeostasis. 28, 91 Additionally, endothelium-derived NO modulates vascular tone and arterial BP and helps maintain healthy vasculature. Although
               the significance of peripheral NO in vasodilation and BP control is well recognized, its central influence is less well understood.
               28 NO seems to regulate brainstem sympathetic outflow as a signaling molecule, as animal investigations have shown. 92 Further research is required to prove the central effect of NO in BP control.
            

            SNS activity decreased in early investigations, which extrapolated these results from direct central injections to systemic
               NO synthetase inhibitor infusions. In humans, systemic NOS inhibitors increase BP rapidly and significantly while decreasing
               SNS activity. 93 Inhibition of NO-mediated dependent peripheral vasodilation caused a rapid increase in BP. This BP increase stimulates arterial
               baroreflex and decreases SNS activity. Therefore, baroreflex-mediated SNS activation decreases the disguised sympathetic outflow
               increases owing to a decrease in central NO. 
            

            Elevated levels of asymmetric dimethylarginine (ADMA), the main endogenous NOS inhibitor, lowers NO concentrations in CKD.
               94 In mild CKD, plasma ADMA concentrations increase as renal function diminishes. 95, 96 Many studies have demonstrated that ADMA is a robust independent predictor of CV risk in CKD patients. 97, 98 Plasma ADMA concentrations predict CV and all-cause mortality in patients with renal failure (105). ADMA concentrations in
               early-stage CKD predict mortality rate and CVD risk. In a large cohort of patients with stage 3–4 CKD, higher ADMA was strongly
               associated with CVD and modestly associated with CV and all-cause of mortality. 99 It is obvious that high ADMA plasma levels are related to CV risk, but most ADMA research has been correlational, focusing
               on NO's vascular endothelial characteristics of NO. ADMA may contribute to SNS overactivity in CKD given the growing functional
               evidence that NO is also a critical signaling molecule in the tonic control of central SNS outflow.
            

            All cell types generate ADMA, which crosses the blood-brain barrier. 100 Arginine methyltransferase type I post-translationally methylates proteins to create it. 101 The dimethylarginine dimethylaminohydrolase (DDAH) enzyme metabolizes it, or the kidneys excrete it. 102 Although impaired renal ADMA clearance in CKD patients increases plasma levels, DDAH metabolism is the main method of ADMA
               elimination. Approximately 300 µmol of ADMA is produced daily by the human body, with 250 µmol processed by DDAH and a minor
               quantity eliminated by the kidneys. 103 Elevated ADMA levels reduce central NO in CKD patients, which may increase brainstem sympathetic outflow. 104 In patients with stage 2–4 CKD, higher ADMA levels were associated with higher resting muscle SNS activity and lower eGFR.
               28 This might be the reason for the high BP in CKD patients; however, further research is required on this topic.
            

         

         
               Oxidative Stress Species Role in Sympathetic Nervous System Activation in Chronic Kidney Disease

            CKD patients have greater levels of oxidative stress species (ROS). 105, 106 which may cause persistent SNS excitation. ROS in the central nervous system regulates brainstem sympathetic output (113). Animal investigations have observed that oxidative stress in the brain increases central sympathetic outflow by directly
               or indirectly scavenging NO. 107, 108 Ang II activates NADPH oxidase, which increases ROS production. 109 Reduced brain ROS with a superoxide dismutase mimetic tempol or overexpression of superoxide dismutase reverses enhanced
               central SNS outflow. 110, 111 Tempol treatment with drinking extra water and systemic fluid infusion restores SNS activity and diminishes paraventricular
               parasympathetic neuronal activity in rats. 112 ROS may produce direct and persistent SNS excitations. In addition to ROS direct effects, high ROS inhibits DDAH, which is
               the main ADMA breakdown mechanism. 113 This may boost the central SNS activation from ADMA. These findings show that ROS enhances brainstem sympathetic outflow
               and may cause higher SNS activity in CKD patients.
            

            
                  
                  Table 1

                  Indications and contraindications for kidney denervation.

               

               
                     
                        
                           	
                              
                           
                           
                              Recommended 
                              (51, 52).
                              
                           

                           
                        
                        	
                              
                           
                            

                           
                        
                        	
                              
                           
                            RHTN (persistent BP > 140/90 mmHg with 3 drugs including diuretics).

                           
                        
                     

                     
                           	
                              
                           
                            

                           
                        
                        	
                              
                           
                            

                           
                        
                        	
                              
                           
                            Not achieved BP control with maximum recommended antihypertensive drugs and full adherence. RHTN.

                           
                        
                     

                     
                           	
                              
                           
                            

                           
                        
                        	
                              
                           
                            

                           
                        
                        	
                              
                           
                            Repeated H/O non-adherence despite numerous counseling sessions.

                           
                        
                     

                     
                           	
                              
                           
                            

                           
                        
                        	
                              
                           
                            

                           
                        
                        	
                              
                           
                            Comorbidities need multiple medications.

                           
                        
                     

                     
                           	
                              
                           
                            

                           
                        
                        	
                              
                           
                            

                           
                        
                        	
                              
                           
                            Multi-end-organ damage, with high CV risk.

                           
                        
                     

                     
                           	
                              
                           
                            

                           
                        
                        	
                              
                           
                            

                           
                        
                        	
                              
                           
                            No good complaint with taking long-term pharmacotherapy

                           
                        
                     

                     
                           	
                              
                           
                            

                           
                        
                        	
                              
                           
                            

                           
                        
                        	
                              
                           
                            Antihypertensive medication intolerance.

                           
                        
                     

                     
                           	
                              
                           
                            Indications

                           
                        
                        	
                              
                           
                           Potential 

                           
                        
                        	
                              
                           
                            Type 2 DM/insulin resistance. 

                           
                        
                     

                     
                           	
                              
                           
                            

                           
                        
                        	
                              
                           
                            

                           
                        
                        	
                              
                           
                            Heart failure. 

                           
                        
                     

                     
                           	
                              
                           
                            

                           
                        
                        	
                              
                           
                            

                           
                        
                        	
                              
                           
                            Sleep apnea (53).

                           
                        
                     

                     
                           	
                              
                           
                            

                           
                        
                        	
                              
                           
                           Bleeding risk

                           
                        
                        	
                              
                           
                            Severe coagulation factors deficiencies. 

                           
                        
                     

                     
                           	
                              
                           
                            

                           
                        
                        	
                              
                           
                            

                           
                        
                        	
                              
                           
                            Severe anemia. 

                           
                        
                     

                     
                           	
                              
                           
                            

                           
                        
                        	
                              
                           
                            

                           
                        
                        	
                              
                           
                            Severe thrombocytopenia.

                           
                        
                     

                     
                           	
                              
                           
                            

                           
                        
                        	
                              
                           
                            Chronic diseases
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            HTN (HTN), Diabetes mellitus (DM), chronic kidney disease (CKD), and estimated glomerular filtration rate (eGFR).

            
                  
                  Figure 1

                  Renal denervation by Ureter radio frequency via the renal artery.
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                  Illustrate distinctions among simplicity study (I, II, III)
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               Renal Denervation in Chronic Kidney Disease Outcome

            RDN reduces high BP via two major mechanisms. First, by depressing renal efferent neurons, renal blood flow, and increase
               in urine salt and water excretion. 114 Second, RDN reduces central sympathetic tone by interrupting renal afferents, which lowers total peripheral resistance and
               BP. 71 RDN has been studied for its effect on HTN for the past decade, and a recent network meta-analysis of 20 randomized controlled
               trials with 2152 patients showed that it lowers BP better than sham or antihypertensive therapy. 115 Mohammad et al. examined the safety and efficacy of RDN as a possible therapy for HTN in CKD and its effects on different
               renal function indicators. The authors noted that the incidence of RDN-related problems was 4.86% in CKD patients, making
               it a safe maneuver. RDN's use in numerous chronic conditions beyond HTN such as HFrEF therapy has advanced, and this article
               presents key evidence that supports its use as a therapy for RHTN and CKD. 9, 104

         

         
               Sympathetic Nervous System Overactivity Clinical implications in Chronic Kidney Disease Treatment

            CKD is characterized by sympathetic overactivity that requires treatment. There are identified routes that may increase SNS
               activity in CKD patients, which should be considered when evaluating treatment options to lower SNA in this high-risk group.
               ARB and ACEi diminish resting muscle SNS activation and BP, but neither normalizes muscle SNS activation in CKD. 81, 82, 83, 84, 85, 86, 87, 88, 89, 90, 91, 92 However, additional treatments are required. Sympatholytic drugs, such as moxonidine, reduce muscle SNS activation in HTN
               patients (36), but adverse effects restrict their clinical use 116, 117 Other therapies that decrease cholesterol, SNS activity, and ROS include statins. 118 Statins downregulate brain Ang II receptors and upregulate neural NO synthetase. 118 Even short-term statin medication reduces sympathetic overactivity 119 making it a promising treatment for CKD. In predialysis CKD patients, statin treatment lowered muscle SNS activation 120 delayed dialysis 121, all-cause mortality, and CV events. 122 
            

            Another maneuver to reduce SNS overactivity in CKD is by reducing ROS. Decreased SNS activity following ROS reduction has
               been proven in several animal studies, whereas patient investigations have had inconsistent outcomes. 123, 124 This may be attributable to the antioxidant utilized in the study (vitamin E vs. vitamin C), the period of therapy (acute
               vs. chronic), the antioxidant dosage, and its efficiency in lowering ROS. However, the effect of ROS reduction in humans requires
               further assessment.
            

            Pioglitazone lowers ADMA levels; hence, it may also help in CKD. 125 Lower plasma ADMA levels enhance central NO levels and decrease the brainstem sympathetic output. Thus, pioglitazone may
               reduce ADMA levels and sympathetic overactivity in CKD patients. In general, more studies are needed to identify pharmaceutical
               treatments for sympathetic overactivity in CKD and its beneficial and adverse effects.
            

            RDN and carotid baroreflex excitation may help diminish SNS overactivity in CKD patients. RDN is mostly used to treat RHTN.
               In humans and animal models of HTN, renal denervation significantly reduced BP. 126, 127 A major controlled clinical study (SYMPLICITY HTN-3) found that renal denervation reduced BP in HTN patients, similar to
               a sham control group. 128 Renal denervation may benefit patients with CKD, as bilateral nephrectomy in HD patients reduces resting muscle SNS activation.
               85 Renal denervation lowers renin production, improves GFR, and lowers albuminuria in pilot investigations. 129, 130 Despite these benefits, non-optimal renal artery diameter, contrast-induced nephropathy in CKD, and low renal blood flow
               must be addressed before RDN. 129, 131 
            

            Carotid baroreceptor stimulation may alleviate SNS overactivity in CKD patients. This procedure involves the implantation
               of a device to activate persistently carotid baroreceptors. In hypertensive individuals, this approach reduces BP by inhibiting
               SNS. 132, 133 Chronic carotid baroreflex stimulation may benefit patients with CKD; however, further research is required.
            

         

         
               Role of Sympathetic Nervous System in Chronic Kidney Disease Progression

            The CKD and ESRD-related HTN involve multiple pathophysiological mechanisms that contribute to its development and progression.
               The sympathetic supply of efferent and afferent arteries plays an essential role in the development and progression of HTN
               in ESRD. Bilateral renal nerve ablation has shown promise in reducing BP in RHTN patients with normal kidney function. The
               native non-functioning kidney's neural excitatory influences on the central sympathetic drive can be reduced by denervation,
               potentially lowering the CV morbidity and mortality seen in ESRD. 8

            HTN is a major risk factor for ESRD and CV illness in patients undergoing chronic HD. 8, 134 HTN affects 80–85% of patients with CKD and most patients with ESRD. 135 High BP, especially HTN, lowers GFR faster for any etiology of CKD, making HTN an independent factor for ESRD development.
               8, 135 HTN affects 50–60% of HD patients, depending on whether it is detected before or after dialysis and measured in an office
               or ambulatory setting. 8, 135

            In a vicious cycle, uncontrolled RHTN increases the risk of ESRD over five years. 65 Multiple crosstalk mechanisms maintain CKD's inevitable high BP and contribute to elevated CV risk 8, 135, 136 In HD patients, sodium retention and volume expansion lead to HTN (143). Volume overload increases BP owing to cardiac output
               and systemic vascular resistance. 8, 135 In 60% of HD patients, correcting volume overload by eliminating excess sodium and decreasing the target dry weight improves
               BP. 8, 135 Endothelial dysfunction, RAAS activation, and SNS overactivity are prohypertensive pathogenic processes. 137 Recent studies have enhanced the significance of sympathetic neural variables and shed light on noradrenergic activation
               mechanisms. 58 Native kidneys may transmit afferent nerve signals to the CNS, causing sympathetic overdrive. 60, 73 CKD development increases sympathetic activity 8, 61 and intrarenal damage excites afferent renal neurons, which may affect the central sympathetic neural output. 138 Finally, renal sympathetic tone of efferent and afferent contributes to HTN development, and progression in ESRD patients,
               typically resulting in RHTN. 58

         

         
               Renal Denervation in End-Stage Renal Disease

            Pioneering research 7 decades ago indicated promising HTN management following comprehensive surgical sympathectomy. These
               operations caused considerable comorbidities and adverse effects, despite better mortality rates. Native kidney nephrectomy
               reduces HTN and SNS hyperactivity in HD patients. 139 After partial nephrectomy in hypertensive rats, spinal rhizotomy reduced hypothalamic norepinephrine and HTN, proving that
               the kidneys are active neurologically and share neurogenic HTN. 140 Thus, inhibiting renal SNS overactivity in CKD may reduce HTN and delay kidney function deterioration. Bilateral nephrectomy
               is indicated in patients on HD with severe HTN. Because the therapeutic advantages of improving HTN seldom outweigh the substantial
               perioperative morbidity risk, it is rarely performed. However, rare non-compliant individuals with life-threatening HTN who
               cannot be treated using conventional methods may undergo bilateral nephrectomy. 141 In recent years, evidence of bilateral nephrectomy of native kidneys as an antihypertensive therapy has supported catheter-based
               renal SNS ablation in CKD patients and genuine RHTN. Experimental models have shown that ablation reduces SNS overactivity
               and prevents HTN and renal illness.
            

            As kidney artery SNS ablation may help hypertensive CKD patients, nephrologists are interested in it because of emerging clinical
               evidence of its safety and effectiveness. Preclinical and clinical studies have suggested that patients with CKD may benefit
               from nephroprotection. Therapeutic SNS ablation of native nonfunctioning kidneys in ESRD patients has poor safety and effectiveness.
               Pilot trials with limited sample sizes on ESRD and RHTN have shown promising evidence of renal SNS denervation over the last
               10 years. Studies found that surgery was possible and successful in ESRD, despite reduced renal artery diameter and small
               atrophic kidneys. 131, 142 One study reported the largest ESRD cohort with nine cases of successful denervation. Office systolic HTN and SNS traffic
               decreased after renal denervation, but ambulatory HTN did not. 131 A lower LV mass index was observed with decreased HTN. These effects were observed 3 months after treatment and lasted for
               12 months.
            

            In a nonrandomized investigation of HD patients with RHTN despite maximum pharmacological treatment and proven adherence,
               our group examined renal denervation. 143 Ambulatory systolic HTN decreased early during the follow-up period and remained low for 12 months. The sham-treated patients
               showed no changes in HTN. Renal denervation significantly lowered HTN during the day and night, indicating its benefits in
               patients undergoing HD. 131 A new meta-analysis of 238 CKD/ESRD patients with RHTN examined the effects of kidney SNS ablation. This study included patient
               data from 11 non-randomized, uncontrolled, single-center trials of CKD stages 1–5 and HD patients. 144 Research has shown that RDN reduces office and 24-hour ambulatory HTN after 24 months. 144 These patients should receive special follow-up, which should include monthly renal function assessments, clinical HTN checks,
               and 6-month ambulatory HTN monitoring. 13, 44, 145

         

         
               Blood Pressure Lowering Effects of Renal Denervation

            After the initial non-randomized proof-of-concept research (SYMPLICITY-HTN1), many catheter-based renal nerve ablation clinical
               studies have been conducted. Different national and international scientific bodies have documented the procedure's major
               elements. The Italian Society of HTN emphasizes the importance of patient selection criteria. 145

            In five sham-controlled randomized studies, second-generation radiofrequency or ultrasound devices were safe and effective
               in patients who had or had no medical treatment. 8, 146, 147 Office systolic BP decreased by (9.0 to 10.8 mmHg), diastolic BP decreased (5.0 to 5.5 mmHg), and ambulatory BP decreased
               (4.7 to 9.0 and 3.7 to 6.0 mmHg), respectively. 44 In the final SYMPLICITY-HTN-3 study analysis, patients with renal RDN experienced substantially larger decreases in office
               and 24-hour ambulatory systolic BP from baseline to 36 months compared with the sham group. 148 These encouraging findings support the current recommendations of the European Society of HTN for the positive assessment
               of RDN. 13

            In addition to lowering BP, bilateral renal nerve ablation reduces SNS overactivity and systemic and renal norepinephrine
               spillovers. 8, 75 Although the procedure reduced BP, a recent meta-analysis found a limited association between renal denervation-dependent
               SNS traffic reduction measured by microneurography and BP reduction. 149 Thus, processes other than noradrenergic inhibition may influence the BP-lowering effects of this RDN. Hence, further studies
               are mandatory to investigate the underlying mechanism(s) that interplay(s) in BP lowering effect of RDN.
            

         

         
               Method of Kidney Denervation

            RDN involves the destruction or damage of renal arteries' sympathetic innervation to the renal arteries. RDN can be done via
               renal artery cannulization, U/S high-frequency beam, or chemical SNS fiber ablation (Figure 1). RDN is the most common method
               of treating renal HTN, and radiofrequency (RF) ablation is the most common technique used for RDN. RF ablation involves damaging
               the renal arteries' nerve supply via the renal arteries, resulting in nerve discontinuity. To improve the RF ablation efficacy
               for RDN, several advances in techniques and procedures have been made. Over the years, RF ablation has been evidenced to be
               a mature and widely applicable method in both experimental and clinical settings. Figure 1 illustrates the high radio-frequency ablation via renal artery cannulization.
            

         

         
               Ultrasound-Based Renal Denervation

            High-frequency ultrasound (U/S) has been used to specifically induce selective RDN. Several empirical and clinical investigations
               have validated the potential efficacy of U/S-mediated RDN treatment. These investigations have shown that U/S use may cause
               specific damage to the kidneys and reduce SNS activity. Preliminary investigations in the USA have shown encouraging outcomes,
               similar to those observed with radiofrequency (RF) ablation. Similar to RF technology, advancements in U/S technology have
               been made to protect the vascular endothelium-independent of the size and shape of the renal artery. However, this method
               can be challenging for some individuals. The current discourse and empirical investigations seek to ascertain whether U/S-mediated
               RDN surpasses RF. 
            

            The RADIANCE-HTN SOLO study was conducted on 74 individuals with treatment-RHTN. 150 This study aimed to evaluate the long-term effectiveness and safety of US-guided RDN in reducing office BP and the use of
               antihypertensive drugs. At the beginning of the study, the OBP of the patients was assessed, and antihypertensive agents were
               initiated for a home BP of > 135/85 mmHg. After two months, the primary endpoint was reached, and the trial was double-blind
               after six months (patients and physicians). The study found that overall office BP control improved from 29.4% at the screening
               stage to 45.1% at 36 months. Systolic office BP decreased by 10.8 mmHg at 36 months in patients with uncontrolled BP at the
               screening stage (n=36), while they were still on the same antihypertensive drugs. The study concluded that the safety and
               effectiveness of US-related RDN were durable for up to 36 months, with reduced OBP and improved office BP control despite
               a similar starting medication burden, and no new long-term safety concerns were identified.
            

         

         
               Chemical Renal Denervation

            Renal neurolysis, a type of chemical ablation, reduces both SNS activity and BP in animal models. This method entails deliberately
               damaging the renal nerves by administering chemicals such as alcohol, vincristine, and guanethidine, resulting in the loss
               of myelin from renal neurons. Although chemical denervation is sound biophysiological, there are presently no clinical data
               to substantiate its efficacy as a treatment for HTN in people. Chemical denervation, in comparison to radiofrequency ablation,
               generates lesions that penetrate deeper and lead to a more pronounced decrease in SNS impulses. Although chemical denervation
               shows potential, further studies are needed to thoroughly evaluate its safety before considering it as a viable therapeutic
               option.
            

         

         
               Clinical Studies Assessed Renal Denervation

            Clinical assessment of RF ablation for RDN commenced with the introduction of the first-generation SYMPLICITY catheter system.
               By employing a solitary unipolar electrode, this system facilitated the induction of RDN by rotating and guiding the catheter
               via the renal arteries using a helical template. SYMPLICITY HTN-1 was a major clinical study (including 45 patients) aimed
               at examining RDN in patients with HTN. 146 This study demonstrated a significant decrease in office BP records, which was sustained over up to 36 months. Additionally,
               a subset of patients exhibited reduced norepinephrine levels post-RDN, validating the fundamental pathophysiological concept.
            

            In the SYMPLICITY HTN-2 clinical trial, patients with treatment-RHTN were treated with RDN therapy. 151 The trial demonstrated significant improvements in both office BP records and 24-hour ambulatory systolic BP. In this unblinded
               study, most patients responded positively to the RDN therapy. It is important to note that the results of both the SYMPLICITY
               HTN-1 and 2 trials were based solely on office BP records rather than ambulatory or home BP recordings. However, the absence
               of a sham control arm in both trials received widespread criticism.
            

            The SYMPLICITY HTN-3 trial was a critical clinical research study that included a sham control group and mandated 24-hour
               ambulatory BP records for the study groups. 49 At the six-month mark, the BP records did not reveal a significant difference between RDN-treated and sham patients. Therefore,
               RDN was not superior to sham in treating RHTN. The decrease in BP in the sham group was substantial. The findings of the SYMPLICITY
               HTN-3 trial almost completely disqualified RDN as a therapeutic option for HTN. Several explanations, including incomplete
               denervation and a lack of operator experience, have been proposed for the failure of RDN therapy in the SYMPLICITY HTN-3 trial.
               To obtain additional comparative information, refer to the presented Table  2 which illustrates the distinctions among the three investigations.
            

         

         
               Complications of Renal Denervation

            The combined analysis showed no notable change in Scr and eGFR at 6, 12, and 24 months compared to the baseline, but other
               trials indicated improvements. 9

            Regarding complications, none of the studies reported renal artery dissection during surgery. One patient experienced post-RDN
               femoral bleeding. 152 Some patients developed femoral pseudoaneurysms that required surgery and hematomas. 9

         

         
               Limitations and Their Clinical Effects

            CKD and uncontrolled HTN share a complicated pathophysiological mechanism that prevents medical treatment. A meta-analysis
               by Mohammad et al. and a comprehensive literature review indicated that CKD patients are the optimum cohort for RDN since
               it lowers BP and stabilizes eGFR and creatinine for 24 months in treating RHTN patients. Additionally, RDN may have distinct
               CV and renoprotective properties, which require additional studies in CKD populations. The procedure was safe and effective,
               with a complication rate of 4.86 %. 9

            The limitations of RDN in CKD patients have not been studied in gold-standard randomized control trials. There were 9 prospective
               observational and biased studies, making it difficult to assess the influence of RDN.  Significant limitations: The limited
               study size (n = 226) may have exaggerated RDN's influence of RDN on BP and kidney function. 153

            Many variables contributed to heterogeneity in the meta-analysis. Study design, procedural methods, data collection, CKD stages,
               baseline population, dialysis, treatment-RHTN definition, medical therapy, and drug adherence assessment. This occurred during
               data pooling and was addressed using sensitivity analysis. 45 This heterogeneity was eliminated from 6 pooled results by sensitivity analysis. The heterogeneity was due to 63% of the
               patients with stage 2 CKD having the maximum mean eGFR of all included trials and using a new catheter type. In outcomes where
               the sensitivity analysis was found to be a cause of heterogeneity, its removal did not impact the statistical significance.
               45 From 4 pooled results, after Prasad study was excluded from the four pooled results. 154 This research may introduce heterogeneity due to the group having the lowest mean ODBP and 24-hour systolic and diastolic
               ABP. Both DOBP and diastolic 24-hour DABP were significant when the Prasad 2017 data were absent from the pooled analysis
               at 24 months.154 However, these outcomes only had only 2 studies post-sensitivity analysis; therefore, definitive conclusions should be interpreted
               with caution. Scalise 2020 had 12 stage 5 CKD dialysis patients and caused variability in the two pooled outcomes. As its
               removal from the 12-month diastolic 24-hour ABP study had no impact, the significance was lost.
            

            The findings of the Scalise 2020 review should be interpreted with caution. However, few CKD cohort studies on this innovative
               strategy show similarities in technique, intervention, and results. The pooled analysis offers a relevant literature overview
               with more evidence on RDN policy and future agreements on homogenizing larger comparative trials.
            

         

         
               Conclusions and Perspectives

            Renal denervation is proven to have a substantial reduction in both diastolic and systolic office blood pressure over 12 months,
               as well as a drop in 24-hour ambulatory blood pressure over 24 months in patients with chronic kidney disease and hypertension.
               The safety of renal denervation in patients with chronic kidney disease has been demonstrated, indicating its potential efficacy
               in treating patients with resistant hypertension and chronic kidney disease. This slows chronic kidney disease progression
               to end-stage renal disease. New studies are needed to identify how renal denervation affects estimated glomerular filtration
               rate, whether by reducing sympathetic overactivity or by other methods. If found, the other potential will change hypertension
               treatment in chronic renal disease and other non-hypertensive individuals.
            

         

         
               Source of Funding

            None.

         

         
               Conflict of Interest

            None.

         

      

      
         
               References

            
                  
                  
                     
                        1 
                              

                     

                     Ram, CV, Iyengar, SS, Wander, G, Nair, T, Kumar, AS & Ray, S,   (2021). Renal denervation therapy for hypertension: truths and half-truths: Renal denervation therapy for hypertension.
                        AsiaIntervention, 7(1), 62–70.
                     

                  

                  
                     
                        2 
                              

                     

                     Beaney, T, Schutte, AE, Stergiou, GS, Borghi, C, Burger, D & Charchar, F,   (2020). Measurement Month 2019: The Global Blood Pressure Screening Campaign of the International Society of Hypertension.
                        Hypertension, 76(2), 333–74.
                     

                  

                  
                     
                        3 
                              

                     

                     (NCD-RisC, NCD Risk Factor Collaboration,   (2021). Worldwide trends in hypertension prevalence and progress in treatment and control from 1990 to 2019: a pooled analysis
                        of 1201 population-representative studies with 104 million participants. Lancet, 398, 957–80.
                     

                  

                  
                     
                        4 
                              

                     

                     Roubsanthisuk, W, Kunanon, S, Chattranukulchai, P, Panchavinnin, P, Wongpraparut, N & Chaipromprasit, J,   (2022). Renal denervation therapy for the treatment of hypertension: a statement from the Thai Hypertension Society. Hypertens Res, 46(4), 898–912.
                     

                  

                  
                     
                        5 
                              

                     

                     Burnier, M & Egan, BM,   (2019). Adherence in Hypertension. Circ Res, 124(7), 1124–64.
                     

                  

                  
                     
                        6 
                              

                     

                     Sakboonyarat, B, Rangsin, R, Kantiwong, A & Mungthin, M,   (2019). Prevalence and associated factors of uncontrolled hypertension among hypertensive patients: a nation-wide survey
                        in Thailand. BMC Res Notes, 12(1), 380.
                     

                  

                  
                     
                        7 
                              

                     

                     Krum, H, Schlaich, M, Whitbourn, R, Sobotka, PA, Sadowski, J & Bartus, K,   (2009). Catheter-based renal sympathetic denervation for resistant hypertension: a multicentre safety and proof-of-principle
                        cohort study. Lancet, 373(9671), 1275–81.
                     

                  

                  
                     
                        8 
                              

                     

                     Scalise, F, Trevano, FQ, Toscano, E, Sorropago, A, Vanoli, J & Grassi, G,   (2024). Renal Denervation in End-Stage Renal Disease: Current Evidence and Perspectives. High Blood Press Cardiovasc Prev, 31(1), 7–13.
                     

                  

                  
                     
                        9 
                              

                     

                     Mohammad, AA, Nawar, K, Binks, O & Abdulla, MH,   (2024). Effects of renal denervation on kidney function in patients with chronic kidney disease: a systematic review and
                        meta-analysis. J Hum Hyper, 38(1), 29–44.
                     

                  

                  
                     
                        10 
                              

                     

                     Sarafidis, PA, Georgianos, P & Bakris, GL,   (2013). Resistant hypertension--its identification and epidemiology. Nat Rev Nephrol, 9(1), 51–9.
                     

                  

                  
                     
                        11 
                              

                     

                     Ghofrani, H, Weaver, FA & Nadim, MK,   (2015). Resistant hypertension: medical management and alternative therapies. Cardiol Clin, 33(1), 75–87.
                     

                  

                  
                     
                        12 
                              

                     

                     Kumbhani, DJ, Steg, PG, Cannon, CP, Eagle, KA, Smith, SC & Crowley, J,   (2013). Resistant hypertension: a frequent and ominous finding among hypertensive patients with atherothrombosis. Eur Heart J, 34(16), 1204–18.
                     

                  

                  
                     
                        13 
                              

                     

                     Mancia, G, Kreutz, R, Brunström, M, Burnier, M, Grassi, G & Januszewicz, A,   (2023). 2023 ESH Guidelines for the management of arterial hypertension The Task Force for the management of arterial hypertension
                        of the European Society of Hypertension: Endorsed by the International Society of Hypertension (ISH) and the European Renal
                        Association (ERA) J Hypertens, 41(12), 1874–2071.
                     

                  

                  
                     
                        14 
                              

                     

                     Calhoun, DA, Jones, D, Textor, S, Goff, DC, Murphy, TP & Toto, RD,   (2008). Resistant hypertension: diagnosis, evaluation, and treatment: a scientific statement from the American Heart Association
                        Professional Education Committee of the Council for High Blood Pressure Research. Circulation, 117(25), 510–36.
                     

                  

                  
                     
                        15 
                              

                     

                     Bhatt, DL & Bakris, GL,   (2012). The promise of renal denervation. Cleve Clin J Med, 79(7), 498–500.
                     

                  

                  
                     
                        16 
                              

                     

                     Myat, A, Redwood, SR, Qureshi, AC, Thackray, S, Cleland, JC & Bhatt, DL,   (2013). Renal sympathetic denervation therapy for resistant hypertension: a contemporary synopsis and future implications.
                        Circ Cardiovasc Interv, 6(2), 184–97.
                     

                  

                  
                     
                        17 
                              

                     

                     Esler, MD, Krum, H, Sobotka, PA, Schlaich, MP, Schmieder, RE & Böhm, M,   (2010). Renal sympathetic denervation in patients with treatment-resistant hypertension (The Symplicity HTN-2 Trial): a
                        randomised controlled trial. Lancet, 376(9756), 1903–12.
                     

                  

                  
                     
                        18 
                              

                     

                     Kandzari, DE, Bhatt, DL, Sobotka, PA, O&apos;neill, WW, Esler, M & Flack, JM,   (2012). Catheter-based renal denervation for resistant hypertension: rationale and design of the SYMPLICITY HTN-3 Trial.
                        Clin Cardiol, 35(9), 528–63.
                     

                  

                  
                     
                        19 
                              

                     

                     Bakris, G & Nathan, S,   (2014). Renal denervation and left ventricular mass regression: a benefit beyond blood pressure reduction? J Am Coll Cardiol, 63(18), 1924–9.
                     

                  

                  
                     
                        20 
                              

                     

                     Bhatt, DL, Kandzari, D E, Neill, O, Katzen, JM, Agostino, D & Flack, R,   (2014). A Controlled Trial of Renal Denervation for Resistant Hypertension. New Engl J Med, 370(15), 1393–401.
                     

                  

                  
                     
                        21 
                              

                     

                     Dell’oro, R, Trevano, FQ, Seravalle, G, Zanchettin, F, Bertoli, S & Airoldi, F,   (2019). Sympathetic Nerve Traffic and Arterial Baroreflex Function in Apparent Drug-Resistant Hypertension. Hypertension, 74(4), 903–12.
                     

                  

                  
                     
                        22 
                              

                     

                     Thomas, G, Xie, D, Chen, HY, Anderson, AH, Appel, LJ & Bodana, S,   (2016). Prevalence and Prognostic Significance of Apparent Treatment Resistant Hypertension in Chronic Kidney Disease: Report
                        From the Chronic Renal Insufficiency Cohort Study. Hypertension, 67(2), 387–96.
                     

                  

                  
                     
                        23 
                              

                     

                     Beus, E De, Sande, N Van Der, Bots, ML, Spiering, W, Voskuil, M & Visseren, F,   (2017). Prevalence and clinical characteristics of apparent therapy-resistant hypertension in patients with cardiovascular
                        disease: a cross-sectional cohort study in secondary care. BMJ Open, 7(9), e016692.
                     

                  

                  
                     
                        24 
                              

                     

                     Muntner, P, Davis, BR, Cushman, WC, Bangalore, S, Calhoun, DA & Pressel, SL,   (2014). Treatment-resistant hypertension and the incidence of cardiovascular disease and end-stage renal disease: results
                        from the Antihypertensive and Lipid-Lowering Treatment to Prevent Heart Attack Trial (ALLHAT) Hypertension, 64(5), 1012–33.
                     

                  

                  
                     
                        25 
                              

                     

                     Zoccali, C, Moissl, U, Chazot, C, Mallamaci, F, Tripepi, G & Arkossy, O,   (2017). Chronic Fluid Overload and Mortality in ESRD. J Am Soc Nephrol, 28(8), 2491–8.
                     

                  

                  
                     
                        26 
                              

                     

                     Schlaich, MP, Sobotka, PA, Krum, H, Lambert, E & Esler, MD,   (2009). Renal sympathetic-nerve ablation for uncontrolled hypertension. N Engl J Med, 361(9), 932–6.
                     

                  

                  
                     
                        27 
                              

                     

                     Feihl, F, Liaudet, L, Levy, BI & Waeber, B,   (2008). Hypertension and microvascular remodelling. Cardiovasc Res, 78(2), 274–85.
                     

                  

                  
                     
                        28 
                              

                     

                     Kaur, J, Young, BE & Fadel, PJ,   (2017). Sympathetic Overactivity in Chronic Kidney Disease: Consequences and Mechanisms. Int J Mol Sci, 18(8), 1682.
                     

                  

                  
                     
                        29 
                              

                     

                     Coutsos, M, Sala-Mercado, JA, Ichinose, M, Li, Z, Dawe, EJ & Leary, O,   (2013). Muscle metaboreflex-induced coronary vasoconstriction limits ventricular contractility during dynamic exercise in
                        heart failure. Am J Physiol Heart Circ Physiol, 304(7), 1029–66.
                     

                  

                  
                     
                        30 
                              

                     

                     Volders, PG,   (2010). Novel insights into the role of the sympathetic nervous system in cardiac arrhythmogenesis. Heart Rhythm, 7(12), 1900–6.
                     

                  

                  
                     
                        31 
                              

                     

                     Dibona, GF,   (2002). Sympathetic nervous system and the kidney in hypertension. Curr Opin Nephrol Hypertens, 11(2), 197–200.
                     

                  

                  
                     
                        32 
                              

                     

                     Rafiq, K, Noma, T, Fujisawa, Y, Ishihara, Y, Arai, Y & Nabi, AH,   (2012). Renal sympathetic denervation suppresses de novo podocyte injury and albuminuria in rats with aortic regurgitation.
                        Circulation, 125(11), 1402–15.
                     

                  

                  
                     
                        33 
                              

                     

                     Thijssen, DH, Groot, P De, Kooijman, M, Smits, P & Hopman, MT,   (2006). Sympathetic nervous system contributes to the age-related impairment of flow-mediated dilation of the superficial
                        femoral artery. Am J Physiol Heart Circ Physiol, 291(6), 3122–31.
                     

                  

                  
                     
                        34 
                              

                     

                     Kaplan, JR & Manuck, SB,   (1997). Using ethological principles to study psychosocial influences on coronary atherosclerosis in monkeys. Acta Physiol Scand Suppl, 640, 96–105.
                     

                  

                  
                     
                        35 
                              

                     

                     Amann, K, Rump, LC, Simonaviciene, A, Oberhauser, V, Wessels, S & Orth, SR,   (2000). Effects of low dose sympathetic inhibition on glomerulosclerosis and albuminuria in subtotally nephrectomized rats.
                        J Am Soc Nephrol, 11(8), 1469–78.
                     

                  

                  
                     
                        36 
                              

                     

                     Strojek, K, Grzeszczak, W, Górska, J, Leschinger, MI & Ritz, E,   (2001). Lowering of microalbuminuria in diabetic patients by a sympathicoplegic agent: novel approach to prevent progression
                        of diabetic nephropathy? J Am Soc Nephrol, 12(3), 602–7.
                     

                  

                  
                     
                        37 
                              

                     

                     Kario, K, Yamamoto, E, Tomita, H, Okura, T, Saito, S & Ueno, T,   (2019). Sufficient and Persistent Blood Pressure Reduction in the Final Long-Term Results From SYMPLICITY HTN-Japan - Safety
                        and Efficacy of Renal Denervation at 3 Years. Circ J, 83(3), 622–31.
                     

                  

                  
                     
                        38 
                              

                     

                     Kario, K, Kim, BK, Aoki, J, Wong, A Y, Lee, YH & Wongpraparut, N,   (2020). Renal Denervation in Asia: Consensus Statement of the Asia Renal Denervation Consortium. Hypertension, 75(3), 590–602.
                     

                  

                  
                     
                        39 
                              

                     

                     Kario, K, Kanegae, H, Tomitani, N, Okawara, Y, Fujiwara, T & Yano, Y,   (2019). Nighttime Blood Pressure Measured by Home Blood Pressure Monitoring as an Independent Predictor of Cardiovascular
                        Events in General Practice. Hypertension, 73(6), 1240–1248.
                     

                  

                  
                     
                        40 
                              

                     

                     Kario, K, Bhatt, DL, Brar, S, Cohen, SA, Fahy, M & Bakris, GL,   (2015). Effect of Catheter-Based Renal Denervation on Morning and Nocturnal Blood Pressure: Insights From SYMPLICITY HTN-3
                        and SYMPLICITY HTN-Japan. Hypertension, 66(6), 1130–7.
                     

                  

                  
                     
                        41 
                              

                     

                     Kario, K,   Essential manual on perfect 24-hour blood pressure management from morning to nocturnal hypertension: up-to-date for anticipation
                        medicine.  Japan: Wiley Publishing. (Vol. 2018, pp. 1–309) 
                     

                  

                  
                     
                        42 
                              

                     

                     Kario, K,   (2009). Obstructive sleep apnea syndrome and hypertension: ambulatory blood pressure. Hyper Res, 32(6), 428–60.
                     

                  

                  
                     
                        43 
                              

                     

                     Kimura, G,   (2008). Kidney and circadian blood pressure rhythm. Hypertension, 51(4), 827–35.
                     

                  

                  
                     
                        44 
                              

                     

                     Schmieder, RE, Mahfoud, F, Mancia, G, Azizi, M, Böhm, M & Dimitriadis, K,   (2021). European Society of Hypertension position paper on renal denervation 2021. J Hypertens, 39(9), 1733–74.
                     

                  

                  
                     
                        45 
                              

                     

                     Kiuchi, MG, Esler, MD, Fink, GD, Osborn, J W, Banek, CT & Böhm, M,   (2019). Renal Denervation Update From the International Sympathetic Nervous System Summit: JACC State-of-the-Art Review.
                        J Am Coll Cardiol, 73(23), 3006–23.
                     

                  

                  
                     
                        46 
                              

                     

                     Grimson, KS, Orgain, ES, Anderson, B & Angelo, D,   (1953). Total thoracic and partial to total lumbar sympathectomy, splanchnicectomy and celiac ganglionectomy for hypertension.
                        Ann Surg, 138(4), 532–79.
                     

                  

                  
                     
                        47 
                              

                     

                     Azizi, M, Sanghvi, K, Saxena, M, Gosse, P, Reilly, J P & Levy, T,   (2021). Ultrasound renal denervation for hypertension resistant to a triple medication pill (RADIANCE-HTN TRIO): a randomised,
                        multicentre, single-blind, sham-controlled trial. Lancet, 397, 2476–86.
                     

                  

                  
                     
                        48 
                              

                     

                     Mahfoud, F, Renkin, J, Sievert, H, Bertog, S, Ewen, S & Böhm, M,   (2020). Alcohol-Mediated Renal Denervation Using the Peregrine System Infusion Catheter for Treatment of Hypertension. JACC Cardiovasc Interv, 13(4), 471–84.
                     

                  

                  
                     
                        49 
                              

                     

                     Bhatt, DL, Kandzari, DE, Neill, O, Katzen, JM, Aagostino, D & Flack, R,   (2014). A controlled trial of renal denervation for resistant hypertension. N Engl J Med, 370(15), 1393–401.
                     

                  

                  
                     
                        50 
                              

                     

                     Panchavinnin, P, Wanthong, S, Roubsanthisuk, W, Tresukosol, D, Buranakitjaroen, P & Chotruangnapa, C,   (2022). Long-term outcome of renal nerve denervation (RDN) for resistant hypertension. Hyper Res, 45(6), 962–8.
                     

                  

                  
                     
                        51 
                              

                     

                     Chia, YC, Ahmad, W, Fong, WA, Rosman, A & Rahman, A,   (2022). Malaysian Working Group Consensus Statement on Renal Denervation for management of arterial hypertension. Hypertens Res, 45(7), 1111–33.
                     

                  

                  
                     
                        52 
                              

                     

                     Schmieder, R, Burnier, M, East, C, Tsioufis, K & Delaney, S,   (2023). Renal Denervation: A Practical Guide for Health Professionals Managing Hypertension. Interv Cardiol, 18, 1–6.
                     

                  

                  
                     
                        53 
                              

                     

                     Feyz, L, Theuns, DA, Bhagwandien, R, Strachinaru, M, Kardys, I & Mieghem, NM Van,   (2019). Atrial fibrillation reduction by renal sympathetic denervation: 12 months’ results of the AFFORD study. Clin Res Cardiol, 108, 634–76.
                     

                  

                  
                     
                        54 
                              

                     

                     Jiang, Z, Zhou, X, Chen, C, Wang, Y, Fang, P & Geng, J,   (2018). Renal Denervation for Ventricular Arrhythmia in Patients with Implantable Cardioverter Defibrillators Experience
                        in Asian Population. Int Heart J, 59(2), 328–60.
                     

                  

                  
                     
                        55 
                              

                     

                     Brandt, MC, Mahfoud, F, Reda, S, Schirmer, SH, Erdmann, E & Böhm, M,   (2012). Renal sympathetic denervation reduces left ventricular hypertrophy and improves cardiac function in patients with
                        resistant hypertension. J Am Coll Cardiol, 59(10), 901–10.
                     

                  

                  
                     
                        56 
                              

                     

                     Hering, D, Mahfoud, F, Walton, AS, Krum, H, Lambert, GW & Lambert, EA,   (2012). Renal denervation in moderate to severe CKD. J Am Soc Nephrol, 23(7), 1250–7.
                     

                  

                  
                     
                        57 
                              

                     

                     Nestel, P, Lyu, R, Low, LP, Sheu, WH, Nitiyanant, W & Saito, I,   (2007). Metabolic syndrome: recent prevalence in East and Southeast Asian populations. Asia Pacific J Clin Nut, 16(2), 362–7.
                     

                  

                  
                     
                        58 
                              

                     

                     Trevano, FQ, Seravalle, G, Grassi, G & Mancia, G,   (2021). Autonomic Cardiovascular Alterations in Chronic Kidney Disease: Effects of Dialysis, Kidney Transplantation, and
                        Renal Denervation. Curr Hypertens Rep, 23(2), 1–10.
                     

                  

                  
                     
                        59 
                              

                     

                     Seravalle, G, Mancia, G & Grassi, G,   (2014). Role of the sympathetic nervous system in hypertension and hypertension-related cardiovascular disease. . High Blood Pressur Cardiova Prev, 21, 89–105.
                     

                  

                  
                     
                        60 
                              

                     

                     Converse, RL, Jacobsen, TN, Toto, RD, Jost, CM, Cosentino, F & Tarazi, FF,   (1992). Sympathetic overactivity in patients with chronic renal failure. N Engl J Med, 327(27), 1912–20.
                     

                  

                  
                     
                        61 
                              

                     

                     Grassi, G, Trevano, FQ, Seravalle, G, Arenare, F, Volpe, M & Furiani, S,   (2011). Early sympathetic activation in the initial clinical stages of chronic renal failure. Hypertension, 57(4), 846–51.
                     

                  

                  
                     
                        62 
                              

                     

                     Rubinger, D, Backenroth, R & Sapoznikov, D,   (2013). Sympathetic nervous system function and dysfunction in chronic hemodialysis patients. Semin Dial, 26(3), 333–76.
                     

                  

                  
                     
                        63 
                              

                     

                     Saravanan, P & Davidson, NC,   (2010). Risk assessment for sudden cardiac death in dialysis patients. Circ Arrhythm Electrophysiol, 3(5), 553–62.
                     

                  

                  
                     
                        64 
                              

                     

                     Muntner, P, Anderson, A, Charleston, J, Chen, Z, Ford, V & Makos, G,   (2010). Hypertension awareness, treatment, and control in adults with CKD: results from the Chronic Renal Insufficiency
                        Cohort (CRIC) Study. Am J Kidney Dis, 55(3), 441–51.
                     

                  

                  
                     
                        65 
                              

                     

                     Sim, JJ, Bhandari, SK, Shi, J, Reynolds, K, Calhoun, DA & Zadeh, KK,   (2015). Comparative risk of renal, cardiovascular, and mortality outcomes in controlled, uncontrolled resistant, and nonresistant
                        hypertension. Kidney Int, 88(3), 622–54.
                     

                  

                  
                     
                        66 
                              

                     

                       (2017). Global, regional, and national burden of chronic kidney disease, 1990-2017: a systematic analysis for the Global
                        Burden of Disease Study. Lancet, 395(10225), 709–42.
                     

                  

                  
                     
                        67 
                              

                     

                     Kandzari, DE, Townsend, RR, Bakris, G, Basile, J, Bloch, MJ & Cohen, DL,   (2021). Renal denervation in hypertension patients: Proceedings from an expert consensus roundtable cosponsored by SCAI
                        and NKF. Catheter Cardiovasc Interv, 98(3), 416–42.
                     

                  

                  
                     
                        68 
                              

                     

                     Williams, B, Mancia, G, Spiering, W, Rosei, A, Azizi, E & Burnier, M,   (2018). ESC/ESH Guidelines for the management of arterial hypertension. Eur Heart J, 39(33), 3021–104.
                     

                  

                  
                     
                        69 
                              

                     

                     Schmieder, RE,   (2023). Renal denervation in patients with chronic kidney disease: current evidence and future perspectives. Nephrol Dial Transplant, 38(5), 1089–96.
                     

                  

                  
                     
                        70 
                              

                     

                     Sata, Y, Head, GA, Denton, K, May, CN & Schlaich, MP,   (2018). Role of the Sympathetic Nervous System and Its Modulation in Renal Hypertension. Front Med (Lausanne), 5, 82. 10.3389/fmed.2018.00082

                  

                  
                     
                        71 
                              

                     

                     Schmieder, RE,   (2022). Renal denervation: where do we stand and what is the relevance to the nephrologist? Nephrol Dial Transplant, 37(4), 638–82.
                     

                  

                  
                     
                        72 
                              

                     

                     Mallamaci, F & Tripepi, G,   (2024). Risk Factors of Chronic Kidney Disease Progression: Between Old and New Concepts. J Clin Med, 13(3), 678. 10.3390/jcm13030678

                  

                  
                     
                        73 
                              

                     

                     Masuo, K, Lambert, GW, Esler, MD, Rakugi, H, Ogihara, T & Schlaich, MP,   (2010). The role of sympathetic nervous activity in renal injury and end-stage renal disease. Hypertens Res, 33(6), 521–9.
                     

                  

                  
                     
                        74 
                              

                     

                     Grassi, G, Seravalle, G, Brambilla, G, Trabattoni, D, Cuspidi, C & Corso, R,   (2015). Blood pressure responses to renal denervation precede and are independent of the sympathetic and baroreflex effects.
                        Hypertension, 65(6), 1209–25.
                     

                  

                  
                     
                        75 
                              

                     

                     Hering, D, Lambert, EA, Marusic, P, Walton, AS, Krum, H & Lambert, GW,   (2013). Substantial reduction in single sympathetic nerve firing after renal denervation in patients with resistant hypertension.
                        Hypertension, 61(2), 457–64.
                     

                  

                  
                     
                        76 
                              

                     

                     Osborn, JW, Tyshynsky, R & Vulchanova, L,   (2021). Function of Renal Nerves in Kidney Physiology and Pathophysiology. Annu Rev Physiol, 83, 429–50.
                     

                  

                  
                     
                        77 
                              

                     

                     Anguiano, L, Riera, M, Pascual, J, Valdivielso, JM, Barrios, C & Betriu, A,   (2016). Circulating angiotensin converting enzyme 2 activity as a biomarker of silent atherosclerosis in patients with chronic
                        kidney disease. Atherosclerosis, 253, 135–43. 10.1016/j.atherosclerosis.2016.08.032

                  

                  
                     
                        78 
                              

                     

                     Hu, L, Zhu, DN, Yu, Z, Wang, JQ, Sun, ZJ & Yao, T,   (1985). Expression of angiotensin II type 1 (AT(1)) receptor in the rostral ventrolateral medulla in rats. J Appl Physiol, 92(5), 2153–61.
                     

                  

                  
                     
                        79 
                              

                     

                     Allen, AM,   (2001). Blockade of angiotensin AT1-receptors in the rostral ventrolateral medulla of spontaneously hypertensive rats reduces
                        blood pressure and sympathetic nerve discharge. J Renin Angiotensin Aldosterone Syst, 2(1), 120–4.
                     

                  

                  
                     
                        80 
                              

                     

                     Davisson, R L,   (2003). Physiological genomic analysis of the brain renin-angiotensin system. Am J Physiol Regul Integr Comp Physiol, 285(3), 498–511.
                     

                  

                  
                     
                        81 
                              

                     

                     Klein, IH, Ligtenberg, G, Oey, PL, Koomans, HA & Blankestijn, PJ,   (2003). Enalapril and losartan reduce sympathetic hyperactivity in patients with chronic renal failure. J Am Soc Nephrol, 14(2), 425–55.
                     

                  

                  
                     
                        82 
                              

                     

                     Ligtenberg, G, Blankestijn, PJ, Oey, PL, Klein, IH, Dijkhorst-Oei, LT & Boomsma, F,   (1999). Reduction of sympathetic hyperactivity by enalapril in patients with chronic renal failure. New Engl J Med, 340(17), 1321–9.
                     

                  

                  
                     
                        83 
                              

                     

                     Ye, S, Zhong, H, Yanamadala, V & Campese, VM,   (2002). Renal injury caused by intrarenal injection of phenol increases afferent and efferent renal sympathetic nerve activity.
                        Am J Hyper, 15(8), 717–41.
                     

                  

                  
                     
                        84 
                              

                     

                     Vallon, V, Muhlbauer, B & Osswald, H,   (2006). Adenosine and kidney function. Physiol Rev, 86(3), 901–41.
                     

                  

                  
                     
                        85 
                              

                     

                     Hausberg, M, Kosch, M, Harmelink, P, Barenbrock, M, Hohage, H & Kisters, K,   (2002). Sympathetic nerve activity in end-stage renal disease. Circulation, 106(15), 1974–83.
                     

                  

                  
                     
                        86 
                              

                     

                     Desir, GV & Peixoto, AJ,   (2014). Renalase in hypertension and kidney disease. Nephrol Dial Transplant, 29(1), 22–30.
                     

                  

                  
                     
                        87 
                              

                     

                     Xu, J, Li, G, Wang, P, Velazquez, H, Yao, X & Li, Y,   (2005). Renalase is a novel, soluble monoamine oxidase that regulates cardiac function and blood pressure. J Clin Invest, 115(5), 1275–80.
                     

                  

                  
                     
                        88 
                              

                     

                     Li, G, Xu, J, Wang, P, Velazquez, H, Li, Y & Wu, Y,   (2008). Catecholamines regulate the activity, secretion, and synthesis of renalase. Circulation, 117(10), 1277–82.
                     

                  

                  
                     
                        89 
                              

                     

                     Mungrue, I, Bredt, D, Stewart, D & Husain, M,   (2003). From molecules to mammals: what's NOS got to do with it? Acta Physiol Scandinavica, 179(2), 123–58.
                     

                  

                  
                     
                        90 
                              

                     

                     Sander, M, Chavoshan, B & Victor, RG,   (1999). A large blood pressure-raising effect of nitric oxide synthase inhibition in humans. Hypertension, 33(4), 937–79.
                     

                  

                  
                     
                        91 
                              

                     

                     Cannon, RO,   (1998). Role of nitric oxide in cardiovascular disease: focus on the endothelium. Clin Chem, 44(8), 1809–28.
                     

                  

                  
                     
                        92 
                              

                     

                     Harada, S, Tokunaga, S, Momohara, M, Masaki, H, Tagawa, T & Imaizumi, T,   (1993). Inhibition of nitric oxide formation in the nucleus tractus solitarius increases renal sympathetic nerve activity
                        in rabbits. Circ Res, 72(3), 511–7.
                     

                  

                  
                     
                        93 
                              

                     

                     Hansen, J, Jacobsen, TN & Victor, RG,   (1994). Is nitric oxide involved in the tonic inhibition of central sympathetic outflow in humans? Hypertension, 24(4), 439–83.
                     

                  

                  
                     
                        94 
                              

                     

                     Xiao, S, Wagner, L, Schmidt, RJ & Baylis, C,   (2001). Circulating endothelial nitric oxide synthase inhibitory factor in some patients with chronic renal disease. Kidney Int, 59(4), 1466–72.
                     

                  

                  
                     
                        95 
                              

                     

                     Grassi, G, Seravalle, G, Ghiadoni, L, Tripepi, G, Bruno, RM & Mancia, G,   (2011). Sympathetic nerve traffic and asymmetric dimethylarginine in chronic kidney disease. Clin J Am Soc Nephrol, 6(11), 2620–7.
                     

                  

                  
                     
                        96 
                              

                     

                     Kielstein, JT, Böger, RH, Bode-Böger, SM, Frölich, JC, Haller, H & Ritz, E,   (2002). Marked increase of asymmetric dimethylarginine in patients with incipient primary chronic renal disease. J Am Soc Nephrol, 13(1), 170–6.
                     

                  

                  
                     
                        97 
                              

                     

                     Mallamaci, F, Tripepi, G, Maas, R, Malatino, L, Böger, R & Zoccali, C,   (2004). Analysis of the relationship between norepinephrine and asymmetric dimethyl arginine levels among patients with
                        end-stage renal disease. J Am Soc Nephrol, 15(2), 435–76.
                     

                  

                  
                     
                        98 
                              

                     

                     Ravani, P, Tripepi, G, Malberti, F, Testa, S, Mallamaci, F & Zoccali, C,   (2005). Asymmetrical dimethylarginine predicts progression to dialysis and death in patients with chronic kidney disease:
                        a competing risks modeling approach. J Am Soc Nephrol, 16(8), 2449–55.
                     

                  

                  
                     
                        99 
                              

                     

                     Young, JM, Terrin, N, Wang, X, Greene, T, Beck, GJ & Kusek, JW,   (2009). Asymmetric dimethylarginine and mortality in stages 3 to 4 chronic kidney disease. Clin J Am Soc Nephrol, 4(6), 1115–35.
                     

                  

                  
                     
                        100 
                              

                     

                     Watson, CP, Pazarentzos, E, Fidanboylu, M, Padilla, B, Brown, R & Thomas, SA,   (2016). The transporter and permeability interactions of asymmetric dimethylarginine (ADMA) and L-arginine with the human
                        blood-brain barrier in vitro. Brain Res, 1648(A), 232–74.
                     

                  

                  
                     
                        101 
                              

                     

                     Fliser, D, Kronenberg, F, Kielstein, JT, Morath, C, Bode-Böger, SM & Haller, H,   (2005). Asymmetric dimethylarginine and progression of chronic kidney disease: the mild to moderate kidney disease study.
                        J Am Soc Nephrol, 16(8), 2456–61.
                     

                  

                  
                     
                        102 
                              

                     

                     Tran, CT, Leiper, JM & Vallance, P,   (2003). The DDAH/ADMA/NOS pathway. Atheroscler Suppl, 4(4), 33–40.
                     

                  

                  
                     
                        103 
                              

                     

                     Achan, V, Broadhead, M, Malaki, M, Whitley, G, Leiper, J & Macallister, R,   (2003). Asymmetric dimethylarginine causes hypertension and cardiac dysfunction in humans and is actively metabolized by
                        dimethylarginine dimethylaminohydrolase. Arterioscler Thromb Vasc Biol, 23(8), 1455–64.
                     

                  

                  
                     
                        104 
                              

                     

                     Augustyniak, RA, Victor, RG, Morgan, DA & Zhang, W,   (2006). L-NAME-and ADMA-induced sympathetic neural activation in conscious rats. Am J Physiol Regul Integrat Comp Physiol, 290(3), 726–58.
                     

                  

                  
                     
                        105 
                              

                     

                     Cantarin, MP Martinez, Menezes, DW, Lin, Z & Falkner, B,   (2017). Uremia induces adipose tissue inflammation and muscle mitochondrial dysfunction. Nephrol Dialysis Transpl, 32(6), 943–51.
                     

                  

                  
                     
                        106 
                              

                     

                     Takahashi, N, Morimoto, S, Okigaki, M, Seo, M, Someya, K & Morita, T,   (2010). Decreased plasma level of vitamin C in chronic kidney disease: comparison between diabetic and non-diabetic patients.
                        Nephrol Dialy Transp, 26(4), 1252–9.
                     

                  

                  
                     
                        107 
                              

                     

                     Hirooka, Y, Kishi, T, Sakai, K, Takeshita, A & Sunagawa, K,   (2011). Imbalance of central nitric oxide and reactive oxygen species in the regulation of sympathetic activity and neural
                        mechanisms of hypertension. Am J Physiol Regul Integr Comp Physiol, 300(4), 818–44.
                     

                  

                  
                     
                        108 
                              

                     

                     Nishihara, M, Hirooka, Y, Matsukawa, R, Kishi, T & Sunagawa, K,   (2012). Oxidative stress in the rostral ventrolateral medulla modulates excitatory and inhibitory inputs in spontaneously
                        hypertensive rats. J Hypertens, 30(1), 97–106.
                     

                  

                  
                     
                        109 
                              

                     

                     Griendling, KK, Minieri, CA, Ollerenshaw, JD & Alexander, RW,   (1994). Angiotensin II stimulates NADH and NADPH oxidase activity in cultured vascular smooth muscle cells. Circ Res, 74(6), 1141–9.
                     

                  

                  
                     
                        110 
                              

                     

                     Chan, SH, Hsu, KS, Huang, CC, Wang, LL, Ou, CC & Chan, JY,   (2005). NADPH oxidase-derived superoxide anion mediates angiotensin II-induced pressor effect via activation of p38 mitogen-activated
                        protein kinase in the rostral ventrolateral medulla. Circ Res, 97(8), 772–80.
                     

                  

                  
                     
                        111 
                              

                     

                     Patel, KP, Mayhan, WG, Bidasee, KR & Zheng, H,   (2011). Enhanced angiotensin II-mediated central sympathoexcitation in streptozotocin-induced diabetes: role of superoxide
                        anion. Am J Physiol Regul Integr Comp Physiol, 300(2), 311–31.
                     

                  

                  
                     
                        112 
                              

                     

                     Shi, Z, Chen, AD, Xu, Y, Chen, Q, Gao, XY & Wang, W,   (2009). Long-term administration of tempol attenuates postinfarct ventricular dysfunction and sympathetic activity in rats.
                        Pflügers Archiv-Eur J Physiol, 458(2), 247–57.
                     

                  

                  
                     
                        113 
                              

                     

                     Ito, A, Tsao, PS, Adimoolam, S, Kimoto, M, Ogawa, T & Cooke, JP,   (1999). Novel mechanism for endothelial dysfunction: dysregulation of dimethylarginine dimethylaminohydrolase. Circulation, 99(24), 3092–7.
                     

                  

                  
                     
                        114 
                              

                     

                     Dibona, GF,   (2000). Neural control of the kidney: functionally specific renal sympathetic nerve fibers. Am J Physiol Regul Integr Comp Physiol, 279(5), 1517–41.
                     

                  

                  
                     
                        115 
                              

                     

                     Silverwatch, J, Marti, KE, Phan, MT, Amin, H, Roman, YM & Pasupuleti, V,   (2021). Renal Denervation for Uncontrolled and Resistant Hypertension: Systematic Review and Network Meta-Analysis of Randomized
                        Trials. J Clin Med, 10(4), 782. 10.3390/jcm10040782

                  

                  
                     
                        116 
                              

                     

                     Cohn, JN, Pfeffer, MA, Rouleau, J, Sharpe, N, Swedberg, K & Straub, M,   (2003). Adverse mortality effect of central sympathetic inhibition with sustained-release moxonidine in patients with heart
                        failure (MOXCON) Eur J Heart Fail, 5(5), 659–67.
                     

                  

                  
                     
                        117 
                              

                     

                     Swedberg, K, Bristow, MR, Cohn, JN, Dargie, H, Straub, M & Wiltse, C,   (2002). Effects of sustained-release moxonidine, an imidazoline agonist, on plasma norepinephrine in patients with chronic
                        heart failure. Circulation, 105(15), 1797–803.
                     

                  

                  
                     
                        118 
                              

                     

                     Gao, L, Wang, W & Zucker, IH,   (2008). Simvastatin inhibits central sympathetic outflow in heart failure by a nitric-oxide synthase mechanism. J Pharmacol Exp Ther, 326(1), 278–85.
                     

                  

                  
                     
                        119 
                              

                     

                     Lewandowski, J, Symonides, B, Gaciong, Z & Siński, M,   (2015). The effect of statins on sympathetic activity: a meta-analysis. Clin Auto Res, 25(2), 125–56.
                     

                  

                  
                     
                        120 
                              

                     

                     Siddiqi, L, Joles, JA, Oey, PL & Blankestijn, PJ,   (2011). Atorvastatin reduces sympathetic activity in patients with chronic kidney disease. J Hypertens, 29(11), 2176–80.
                     

                  

                  
                     
                        121 
                              

                     

                     Chung, CM, Lin, MS, Hsu, JT, Hsiao, JF, Chang, ST & Pan, KL,   (2017). Effects of statin therapy on cerebrovascular and renal outcomes in patients with predialysis advanced chronic kidney
                        disease and dyslipidemia. J Clin Lipidol, 11(2), 422–53.
                     

                  

                  
                     
                        122 
                              

                     

                     Messow, CM & Isles, C,   (2017). Meta-analysis of statins in chronic kidney disease: who benefits? Qjm, 110(8), 493–500.
                     

                  

                  
                     
                        123 
                              

                     

                     Bruno, RM, Daghini, E, Ghiadoni, L, Sudano, I, Rugani, I & Varanini, M,   (2012). Effect of acute administration of vitamin C on muscle sympathetic activity, cardiac sympathovagal balance, and baroreflex
                        sensitivity in hypertensive patients. Am J Clin Nutr, 96(2), 302–10.
                     

                  

                  
                     
                        124 
                              

                     

                     Gomes, ME, Messaoudi, S El, Lenders, JW, Bellersen, L, Verheugt, FW & Smits, P,   (2011). High dose ascorbic acid does not reverse central sympathetic overactivity in chronic heart failure. J Clin Pharm Ther, 36(5), 546–52.
                     

                  

                  
                     
                        125 
                              

                     

                     Tahara, N, Yamagishi, S, Mizoguchi, M, Tahara, A & Imaizumi, T,   (2013). Pioglitazone decreases asymmetric dimethylarginine levels in patients with impaired glucose tolerance or type 2
                        diabetes. Rejuvenation Res, 16(5), 344–51.
                     

                  

                  
                     
                        126 
                              

                     

                     Katholi, RE & Rocha-Singh, K J,   (2009).  sympathetic nerves in hypertension: has percutaneous renal denervation refocused attention on their clinical significance?
                        . Prog  Cardiov Dis, 52(3), 243–51.
                     

                  

                  
                     
                        127 
                              

                     

                     Lohmeier, TE, Hildebrandt, DA, Dwyer, TM, Barrett, AM, Irwin, ED & Rossing, MA,   (2007). Renal denervation does not abolish sustained baroreflex-mediated reductions in arterial pressure. Hypertension, 49(2), 373–82.
                     

                  

                  
                     
                        128 
                              

                     

                     Bhatt, DL, Kandzari, DE, Neill, O, Katzen, JM, Agostino, D & Flack, R,   (2014). A controlled trial of renal denervation for resistant hypertension. New Engl J Med, 370(15), 1393–401.
                     

                  

                  
                     
                        129 
                              

                     

                     Papademetriou, V, Doumas, M, Anyfanti, P, Faselis, C, Kokkinos, P & Tsioufis, C,   (2014). Renal nerve ablation for hypertensive patients with chronic kidney disease. Curr Vasc Pharmacol, 12(1), 47–54.
                     

                  

                  
                     
                        130 
                              

                     

                     Kiuchi, MG, Maia, GL, Carreira, MA De Queiroz, Kiuchi, T, Chen, S & Andrea, BR,   (2013). Effects of renal denervation with a standard irrigated cardiac ablation catheter on blood pressure and renal function
                        in patients with chronic kidney disease and resistant hypertension. Eur Heart J, 34(28), 2114–35.
                     

                  

                  
                     
                        131 
                              

                     

                     Schlaich, MP, Bart, B, Hering, D, Walton, A, Marusic, P & Mahfoud, F,   (2013). Feasibility of catheter-based renal nerve ablation and effects on sympathetic nerve activity and blood pressure
                        in patients with end-stage renal disease. Int J Cardiol, 168(3), 2214–34.
                     

                  

                  
                     
                        132 
                              

                     

                     Heusser, K, Tank, J, Engeli, S, Diedrich, A, Menne, J & Eckert, S,   (2010). Carotid baroreceptor stimulation, sympathetic activity, baroreflex function, and blood pressure in hypertensive
                        patients. Hypertension, 55(3), 619–45.
                     

                  

                  
                     
                        133 
                              

                     

                     Bisognano, JD, Bakris, G, Nadim, MK, Sanchez, L, Kroon, AA & Schafer, J,   (2011). Baroreflex activation therapy lowers blood pressure in patients with resistant hypertension: results from the double-blind,
                        randomized, placebo-controlled rheos pivotal trial. J Am Coll Cardiol, 58(7), 765–73.
                     

                  

                  
                     
                        134 
                              

                     

                     Leoncini, G, Viazzi, F, Rosei, EA, Ambrosioni, E, Costa, FV & Leonetti, G,   (2011). Chronic kidney disease in the hypertensive patient: an overview of the I-DEMAND study. High Blood Press Cardiovasc Prev, 18(1), 31–7.
                     

                  

                  
                     
                        135 
                              

                     

                     Johansen, KL, Chertow, GM, Gilbertson, DT, Ishani, A, Israni, A & Ku, E,   (1931). US Renal Data System 2022 Annual Data Report: Epidemiology of Kidney Disease in the United States. Am J Kidney Dis, 81(1), 8–11.
                     

                  

                  
                     
                        136 
                              

                     

                     Muntner, P, He, J, Astor, B C, Folsom, A R & Coresh, J,   (2005). Traditional and nontraditional risk factors predict coronary heart disease in chronic kidney disease: results from
                        the atherosclerosis risk in communities study. J Am Soc Nephrol, 16(2), 529–38.
                     

                  

                  
                     
                        137 
                              

                     

                     Sarafidis, PA, Persu, A, Agarwal, R, Burnier, M, Leeuw, P De & Ferro, CJ,   (2017). Hypertension in dialysis patients: a consensus document by the European Renal and Cardiovascular Medicine (EURECA-m)
                        working group of the European Renal Association-European Dialysis and Transplant Association (ERA-EDTA) and the Hypertension
                        and the Kidney working group of the European Society of Hypertension (ESH) Nephrol Dial Transplant, 32(4), 620–60.
                     

                  

                  
                     
                        138 
                              

                     

                     Schlaich, MP, Socratous, F, Hennebry, S, Eikelis, N, Lambert, EA & Straznicky, N,   (2009). Sympathetic activation in chronic renal failure. J Am Soc Nephrol, 20(5), 933–42.
                     

                  

                  
                     
                        139 
                              

                     

                     Sata, Y & Schlaich, MP,   (2016). The Potential Role of Catheter-Based Renal Sympathetic Denervation in Chronic and End-Stage Kidney Disease. J Cardiovasc Pharmacol Ther, 21(4), 344–52.
                     

                  

                  
                     
                        140 
                              

                     

                     Hausberg, M, Kosch, M, Harmelink, P, Barenbrock, M, Hohage, H & Kisters, K,   (2002). Sympathetic nerve activity in end-stage renal disease. Circulation, 106(15), 1974–83.
                     

                  

                  
                     
                        141 
                              

                     

                     Aldiabat, M, Alabdallah, K, Kofahi, A & Aziz, S,   (2020). Bilateral Nephrectomy, the Forgotten Measure in the Treatment of Refractory Hypertension in Patients With End-Stage
                        Renal Disease: A Case Report and Literature Review. Cureus, 12(7), 9031.
                     

                  

                  
                     
                        142 
                              

                     

                     Ott, C, Schmid, A, Ditting, T, Sobotka, PA, Veelken, R & Uder, M,   (2012). Renal denervation in a hypertensive patient with end-stage renal disease and small arteries: a direction for future
                        research. J Clin Hyper (Greenwich), 14(11), 799–801.
                     

                  

                  
                     
                        143 
                              

                     

                     Scalise, F, Sole, A, Singh, G, Sorropago, A, Sorropago, G & Ballabeni, C,   (2020). Renal denervation in patients with end-stage renal disease and resistant hypertension on long-term haemodialysis.
                        J Hypertens, 38(5), 936–78.
                     

                  

                  
                     
                        144 
                              

                     

                     Xia, M, Liu, T, Chen, D & Huang, Y,   (2021). Efficacy and safety of renal denervation for hypertension in patients with chronic kidney disease: a meta-analysis.
                        Int J Hyperthermia, 38(1), 732–74.
                     

                  

                  
                     
                        145 
                              

                     

                     Bruno, R M, Taddei, S, Borghi, C, Colivicchi, F, Desideri, G & Grassi, G,   (2020). Italian Society of Arterial Hypertension (SIIA) Position Paper on the Role of Renal Denervation in the Management
                        of the Difficult-to-Treat Hypertensive Patient. High Blood Press Cardiovasc Prev, 27(2), 109–26.
                     

                  

                  
                     
                        146 
                              

                     

                     Azizi, M, Schmieder, RE, Mahfoud, F, Weber, MA, Daemen, J & Davies, J,   (2018). Endovascular ultrasound renal denervation to treat hypertension (RADIANCE-HTN SOLO): a multicentre, international,
                        single-blind, randomised, sham-controlled trial. Lancet, 391, 2335–80.
                     

                  

                  
                     
                        147 
                              

                     

                     Böhm, M, Kario, K, Kandzari, DE, Mahfoud, F, Weber, MA & Schmieder, RE,   (2020). Efficacy of catheter-based renal denervation in the absence of antihypertensive medications (SPYRAL HTN-OFF MED
                        Pivotal): a multicentre, randomised, sham-controlled trial. Lancet, 395(10234), 1444–51.
                     

                  

                  
                     
                        148 
                              

                     

                     Bhatt, DL, Vaduganathan, M, Kandzari, DE, Leon, MB, Singh, KR & Townsend, RR,   (2022). Long-term outcomes after catheter-based renal artery denervation for resistant hypertension: final follow-up of
                        the randomised SYMPLICITY HTN-3 Trial. Lancet, 400, 1405–21.
                     

                  

                  
                     
                        149 
                              

                     

                     Biffi, A, Dell, R, Trevano, FQ, Cuspidi, C, Corrao, G & Mancia, G,   (2023). Effects of Renal Denervation on Sympathetic Nerve Traffic and Correlates in Drug-Resistant and Uncontrolled Hypertension:
                        A Systematic Review and Meta-Analysis. Hypertension, 80(3), 659–67.
                     

                  

                  
                     
                        150 
                              

                     

                     Rader, F, Kirtane, AJ, Wang, Y, Daemen, J, Lurz, P & Sayer, J,   (2022). Durability of blood pressure reduction after ultrasound renal denervation: three-year follow-up of the treatment
                        arm of the randomised RADIANCE-HTN SOLO trial. EuroIntervention, 18(8), 677–85.
                     

                  

                  
                     
                        151 
                              

                     

                     Esler, MD, Böhm, M, Sievert, H, Rump, CL, Schmieder, RE & Krum, H,   (2014). Catheter-based renal denervation for treatment of patients with treatment-resistant hypertension: 36 month results
                        from the SYMPLICITY HTN-2 randomized clinical trial. Eur Heart J, 35(26), 1752–61.
                     

                  

                  
                     
                        152 
                              

                     

                     Kiuchi, MG, Graciano, ML, Carreira, MA, Kiuchi, T, Chen, S & Lugon, JR,   (2016). Long-Term Effects of Renal Sympathetic Denervation on Hypertensive Patients With Mild to Moderate Chronic Kidney
                        Disease. J Clin Hyper (Greenwich), 18(3), 190–6.
                     

                  

                  
                     
                        153 
                              

                     

                     Sterne, JA, Gavaghan, D & Egger, M,   (2000). Publication and related bias in meta-analysis: power of statistical tests and prevalence in the literature. J Clin Epidemiol, 53(11), 1119–48.
                     

                  

                  
                     
                        154 
                              

                     

                     Prasad, B, Berry, W, Goyal, K, Dehghani, P & Townsend, RR,   (2019). Central Blood Pressure and Pulse Wave Velocity Changes Post Renal Denervation in Patients With Stages 3 and 4 Chronic
                        Kidney Disease: The Regina RDN Study. Can J Kidney Health Dis, 6, 2054358119828388. 10.1177/2054358119828388

                  

               

            

         

      

      

   EPUB/nav.xhtml

    
      Renal denervation benefits in chronic kidney disease: An updated review


      
        		
          Content
        


      


    
  

