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Abstract

Excessive activation of the sympathetic nervous system is one of the pathophysiological hallmarks 

in hypertension and heart failure. Within the central nervous system, the paraventricular nucleus 

(PVN) of the hypothalamus and the rostral ventrolateral medulla in the brain stem play 

critical roles in the regulation of sympathetic outflow to peripheral organs. Information from 

the peripheral circulation, including the serum concentrations of sodium and angiotensin II, is 

conveyed to the PVN via adjacent structures with weak blood-brain barrier. In addition, signals 

from baroreceptors, chemoreceptors and cardiopulmonary receptors as well as afferent input via 

the renal nerves are all integrated at the level of the PVN. The brain renin-angiotensin system and 

the balance between nitric oxide and reactive oxygen species in these brain areas also determine 

the final sympathetic outflow. Additionally, brain inflammatory responses are also shown to 

modulate these processes. Renal denervation interrupts both the afferent inputs from the kidney 

to the PVN and the efferent outputs from the PVN to the kidney, resulting in suppression of 

sympathetic outflow and eliciting beneficial effects in both hypertension and heart failure.

Introduction

In patients with hypertension and heart failure (HF), there is increased spillover of 

norepinephrine in the heart and the kidney as well as augmented muscle sympathetic 

nerve activity (MSNA). In treatment-resistant hypertension and HF, conditions such as 

diabetes mellitus, chronic kidney disease (CKD), obesity, and sleep apnea syndrome (SAS) 

commonly exist as comorbidities and have been associated with a greater firing rate of 

MSNA compared to that in controlled hypertension alone1, 2. These findings suggest that the 

excessive activation of the sympathetic nervous system occurs as a common feature in both 

treatment-resistant hypertension and HF. The sympathetic nervous system is regulated by 
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specific brain areas involved in the regulation of cardiovascular function. In cardiovascular 

diseases, including hypertension and HF, an imbalance between excitatory and inhibitory 

inputs within these specific brain areas induces an excessive activation of the sympathetic 

nervous system. Recently, renal denervation (RDN) has drawn a fair amount of attention as a 

novel innovative therapy to modify the regulation of the circulation so as to reduce the onset 

and severity of cardiovascular disease. The kidneys regulate electrolyte and fluid balance 

for optimal volume in the circulation, and their homeostatic dysfunction is directly related 

to the pathogenesis of hypertension and HF. RDN blocks the renal sympathetic nervous 

system, which is an organ-specific-related pathway between the brain and the kidney3. In 

the present review, we focus on the mechanisms by which the central and peripheral nervous 

system regulate blood pressure and fluid balance under both physiological and pathological 

conditions. We then consider the basic and clinical aspects of RDN as a new horizon in the 

treatment of hypertension and HF.

Blood pressure regulation by the central nervous system

Specific areas within the central nervous system (CNS), the paraventricular nucleus (PVN) 

of the hypothalamus and the rostral ventrolateral medulla (RVLM) in the brain stem 

govern sympathetic outflow to regulate cardiovascular function including blood pressure. 

Previous studies have shown that the RVLM plays a crucial role in regulating sympathetic 

outflow and blood pressure4, 5. RVLM neurons project to sympathetic preganglionic 

nuclei of the spinal cord (intermediolateral cell column: IML) to control sympathetic 

outflow in peripheral organs including the heart, kidneys and blood vessels. Activation 

of RVLM neurons causes sympathoexcitation, leading to increased blood pressure through 

activation of adrenoceptors in the heart, kidneys and peripheral arterioles. Activation of 

β1-adrenoceptor in the heart increases contractility and heart rate to augment cardiac 

output. Intrarenal sympathoexcitation induces β1-adrenoceptor-mediated renin secretion 

from the juxtaglomerular apparatus and α1-adrenoceptor-mediated sodium reabsorption in 

the proximal tubules. In the peripheral arterioles, activation of α1-adrenoceptor induces 

vasoconstriction (Figure 1). Collectively, these effects via adrenoceptors work together to 

increase blood pressure. The activities of RVLM neurons are modulated by the inputs from 

other regions in the CNS, including the PVN of the hypothalamus and the nucleus tractus 

solitarius (NTS) of the brainstem. The circumventricular organs, such as the subfornical 

organ (SFO), organum vasculosum lamina terminalis (OVLT) and median preoptic nucleus 

(MnPO), lack a blood-brain barrier and thus can sense the osmolarity and concentrations of 

sodium and angiotensin II (Ang II) in the serum and convey the information to the PVN. 

It is also known that the PVN receives inputs from the baroreceptors, chemoreceptors and 

cardiopulmonary receptors as well as afferent renal nerves6, 7. Afferent renal nerves densely 

innervate the pelvis of the kidney and are thought to convey its signals via baroreceptors 

or chemoreceptors in the pelvis8. The parvocellular neurons in the PVN projecting to the 

IML directly or via the RVLM integrate these inputs from the periphery, and thus this 

PVN-RVLM-IML pathway is considered to be important for generating sympathetic outflow 

(Figure 1)4, 9. The NTS is one of the main sites that receive visceral sensory afferent signals 

from various peripheral tissues, including baroreceptors in the aortic arch and carotid sinus. 

The glutamatergic neurons in the NTS project to neurons containing γ-aminobutyric acid 
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(GABA) in the caudal ventrolateral medulla (CVLM) that inhibit RVLM neurons, resulting 

in suppression of sympathetic activity (Figure 1). This NTS-CVLM-RVLM pathway is 

the well known neural pathway utilized by the baroreflex response4. The NTS receives 

projections from the area postrema, which lacks a blood-brain barrier, rendering it capable 

of sensing humoral changes in the blood. The NTS also receives vagal afferent signals 

via the nodose ganglion10, 11. The NTS neurons also project to the PVN, CVLM, nucleus 

ambiguous and dorsal motor nucleus of the vagus to modulate the overall autonomic balance 

between sympathetic and parasympathetic outflows. It has been suggested that in animal 

models of hypertension such as spontaneously hypertensive rats (SHR) or renovascular 

hypertension rats, impaired functions within the NTS-CVLM-RVLM pathway contribute 

to the development and maintenance of hypertension1. Further investigations into central 

regulatory sites within the brain and their roles in human diseases are needed.

Brain renin-angiotensin system in hypertension

The brain renin-angiotensin system (RAS) contributes to regulation of blood pressure 

independent of the circulatory RAS5, 12. Activation of angiotensin type 1 (AT1) receptor 

within the hypothalamus and the brain stem existing upstream of increased reactive oxygen 

species (ROS) and decreased nitric oxide (NO) augments sympathetic outflow5. Activation 

of the (pro)renin receptor producing Ang II in the brain increases blood pressure. There 

are two isoforms of brain renin, namely, secreted renin and intracellular renin. It has 

been reported that increased secreted renin and decreased intracellular renin within the 

PVN and RVLM induce sympathoexitation13. Angiotensin converting enzyme 2 (ACE2) 

and angiotensin 1–7 (Ang (1–7)) are also key players in the brain RAS in hypertension. 

In transgenic mice with overexpression of brain ACE2, brain Ang (1–7) and expression 

of angiotensin type 2 (AT2) receptors are augmented, suppressing the development of 

hypertension induced by continuous infusion of Ang II14. In rats, overexpression of ACE2 

specifically within the PVN attenuates Ang II-induced hypertension and increase in the 

expressions of tumor necrosis factor α (TNF-α), interleukin-1β (IL-1β) and IL-6 in the 

PVN15. In deoxycorticosterone acetate (DOCA)-salt hypertensive mice, development of 

hypertension is accompanied with a decrease in brain ACE2 expression and an increase 

in sympathetic nerve activity. In contrast, overexpression of brain ACE2 counteracts 

hypertension and sympathoexcitation in DOCA-salt hypertensive mice16. As possible 

mechanisms underlying these effects, it has been suggested that ROS and extracellular 

signal-regulated kinase activate A disintegrin and metalloprotease 17 (ADAM17) to inhibit 

expression of ACE216. The brain angiotensin III (Ang III) also has properties that lead to a 

capability to regulate blood pressure. Ang III is generated from Ang II and then degraded 

by aminopeptidase A. Both Ang II and Ang III increase blood pressure via AT1 receptors 

in the brain (Figure 2). A series of studies using SHR and DOCA-salt hypertensive rats 

have revealed a critical role for Ang III in brain RAS-mediated blood pressure regulation 

and demonstrated an antihypertensive effect of aminopeptidase A inhibitor17. Currently, a 

phase II clinical trial is ongoing to investigate the antihypertensive effect of an oral dose of 

firibastat, an aminopeptidase A inhibitor.
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Brain NO and ROS in hypertension

Brain NO and ROS mechanisms are important factors in regulating sympathetic outflow5. 

Previous studies have shown that overexpression of endothelial NO synthase (eNOS) 

within the NTS18 or RVLM19 decreases blood pressure and heart rate accompanied with 

sympathoinhibition. Some of our previous studies showed that overexpression of neuronal 

NOS (nNOS) within the PVN suppresses renal sympathetic nerve activity both under normal 

and disease conditions such as HF20–22. It has also been reported that these brain NO-

mediated sympathoinhibitory effects are impaired in various hypertensive models, including 

SHR and stroke-prone SHR (SHRSP)23–25. In addition, it has been shown that chronic 

infusion of an NOS inhibitor in normotensive rats induces development of hypertension26.

In animal models of hypertension—such as mice with Ang II infusion, SHR and SHRSP—

enhanced ROS production within the hypothalamus and brain stem are thought to induce 

sympathoexcitation5, 27–30. In SHR, transfer of the gene of an antioxidant agent, super 

oxide dismutase (SOD), into the RVLM decreases blood pressure and heart rate, attenuates 

decreases in blood pressure and RSNA elicited by blockade of glutamine receptors, and 

enhances increases in blood pressure and RSNA by blockade of GABA receptors29. 

Overexpression of SOD in the PVN decreases heart rate and attenuates increases in blood 

pressure and RSNA by blockade of GABA receptors. The reduction in blood pressure 

and RSNA is greater following overexpression of SOD in the RVLM than following 

overexpression of SOD in the PVN30. These findings suggest that ROS production in the 

RVLM enhances excitatory glutamatergic input and attenuates inhibitory GABAergic input 

from the PVN, thereby increasing sympathetic outflow and leading to hypertension.

Brain inflammation in hypertension

Enhanced inflammation in specific brain areas is thought to be involved in development/

maintenance of hypertension. In hypertensive rats with continuous infusion of Ang 

II, microglia are activated within the PVN, which induces enhanced expression of 

inflammatory cytokines, including IL-1β, IL-6 and TNF-α31. Intracerebroventricular 

injection of an anti-inflammatory agent, minocycline, inhibits activation of microglia, 

and then decreases the expression of inflammatory cytokines as well as blood pressure 

and plasma levels of norepinephrine32. Enhanced inflammation within the PVN and 

antihypertensive effects of anti-inflammatory treatment have also been demonstrated in 

other animal models of hypertension, such as rats with infusion of NOS inhibitor, SHR 

and SHRSP5. Additionally, another study showed that enhanced expression of leukotriene 

B4 (LTB4) induces inflammation in the NTS of SHR compared with normotensive Wistar 

Kyoto rats33. Conversely, administration of LTB4 inhibitor into the NTS decreases blood 

pressure and suppresses sympathetic nerve activity, as indexed by spectrum analysis for 

blood pressure variability33. Recently, it has also been reported that oral administration of 

LTB4 inhibitor to SHR decreases blood pressure accompanied with sympathoinhibition34.
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RDN in experimental models of hypertension

It is now well-established that RDN decreases arterial pressure in various models of 

hypertension in animals as well as in humans8, 35–37. It is plausible that the antihypertensive 

effect of RDN is mainly mediated by sympathetic efferent denervation-induced suppression 

of renin secretion, sodium reabsorption and renal vascular resistance3, 8. Additionally, it 

has been proposed that specific afferent denervation modulates sensory signals from the 

kidney to the CNS to suppress sympathetic outflow3, 8. However, the role of afferent renal 

nerves in regulation of the cardiovascular system has not been fully elucidated. In animal 

models, RDN is generally performed by surgical cutting of visible renal nerves followed by 

phenol and/or ethanol application to destroy invisible nerves. This procedure achieves both 

efferent and afferent renal denervation, which is termed total RDN (T-RDN). Classically, 

dorsal rhizotomy has been performed to address the contribution of afferent renal nerves. 

This is achieved by sectioning the dorsal roots through which afferent renal nerves travel 

into the spinal cord. In SHR, dorsal rhizotomy does not reduce blood pressure, but T-RDN 

does reduce blood pressure, suggesting that afferent renal nerves do not contribute to the 

pathogenesis of hypertension in SHR38. However, dorsal rhizotomy has a limitation in that 

it does not specifically ablate renal afferent nerves. Recently, a novel method to achieve 

specific afferent renal denervation (A-RDN) with capsaicin application was reported39, 40. 

In this procedure, capsaicin is applied at a high dose (33 mM) that is known to affect 

only afferent nerves expressing capsaicin receptors; the applied capsaicin thus induces 

intracellular destruction and dysfunction of afferent nerves but not efferent nerves. By 

comparing the effects of T-RDN with those by A-RDN, it becomes possible to assess the 

different contributions of efferent and afferent renal nerves. To date, several studies have 

reported different effects of T-RDN or A-RDN on blood pressure in various animal models 

of hypertension (Table 1). In DOCA-salt hypertensive rats and renovascular hypertensive 

rats/mice, A-RDN reduces blood pressure, and this effect of A-RDN is comparable to that 

of T-RDN, suggesting that afferent renal nerves contribute to the pathology of hypertension 

in these animal models39, 41–43. In contrast, in Dahl salt-sensitive hypertensive rats and 

hypertensive mice with continuous infusion of Ang II, A-RDN does not reduce blood 

pressure, while T-RDN does reduce blood pressure44, 45. These observations of different 

effects of T-RDN or A-RDN in different animal models of hypertension suggest the 

potentially complicated and diversified origins of hypertension.

RDN in experimental models of HF

Neuroanatomical studies suggest that afferent renal nerves project to specific areas within 

the CNS, such as the PVN46–49. Consistent with these observations, stimulation of afferent 

renal nerves has been shown to increase the neuronal discharge frequency and neuronal 

activity in the PVN7, 9. Recently, we have shown that basal afferent renal nerve activity is 

increased in rats with HF induced by coronary artery ligation (Figure 3)40, 50. An enhanced 

afferent renal input to the PVN may be critically involved in dictating sympathoexcitation 

in HF6, 7, 9. It has also been shown that there is greater activation of neurons in the PVN 

induced by afferent renal nerve stimulation in rats with HF7, 9, 51. It is well known that, just 

as in various models of hypertension, brain nNOS/NO is decreased in the PVN of various 
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models of HF6, 40, 51–53. Both A-RDN and T-RDN restore nNOS/NO in the PVN with 

concomitant sympathoinhibition in rats with HF6, 40, 51.

Animal studies using rats with HF have also shown that sympathoexcitation to the kidney 

induces enhanced expressions of renal epithelial sodium channels (ENaC) and water channel 

aquaporin 2 (AQP2), leading to subsequent renal sodium and water retention associated 

with HF. T-RDN significantly reduces the expressions of these transporters54. Another study 

has shown that neprilysin activity is greater in the kidneys of swine with HF induced by 

coronary artery occlusion. Catheter-based radiofrequency renal denervation reduces renal 

neprilysin activity and augments circulating levels of natriuretic peptides55. It remains to be 

examined whether afferent or efferent renal nerves mainly contribute to the expressions of 

ENaC and AQP2, and to neprilysin activity in the kidneys. In the hearts of rats with HF, 

sympathoexcitation induces the desensitization or downregulation of β-adrenoceptors and 

the fibrosis in cardiomyocytes, leading to cardiac remodeling and dysfunction associated 

with HF. T-RDN restores β-adrenoceptor-mediated cardiac function and attenuates cardiac 

fibrosis56. Moreover, the diuretic and natriuretic responses that are generated by glucagon-

like peptide-1 (GLP-1) are blunted in rats with HF. A-RDN reestablishes these responses 

to GLP-1, indicating that A-RDN has potential therapeutic efficacy for use in HF50. Taken 

together, these findings demonstrate the beneficial effects of RDN during HF, and suggest 

that these effects are partially mediated by afferent renal denervation interrupting the signals 

from the kidney to the brain, and thereby ameliorating sympathetic outflow to the kidneys 

and the heart (Figure 4). This crosstalk between the kidney and the CNS interacting with 

the heart provides intriguing insight into the potential mechanisms underlying cardio-renal 

syndrome.

Clinical aspects of RDN in hypertension and HF

In drug-resistant hypertensive patients with hemodialysis, bilateral nephrectomy normalizes 

MSNA57 and improves control of blood pressure58, suggesting that afferent renal nerve 

activity could potentially elicit sympathoexcitation and consequent hypertension. Another 

study in patients with SAS demonstrated the relationship between enhanced MSNA and 

activation of the areas of the brain cortex projecting to the NTS and RVLM as assessed 

by functional magnetic resonance imaging59. RDN has been reported to improve SAS60, 61 

and hypoxia-induced nocturnal hypertension62. As to the mechanism potentially underlying 

these effects, RDN is known to interrupt afferent renal inputs to the CNS to suppress the 

activities of specific areas in the brain, as outlined and discussed above, which could thereby 

inhibit sympathoexcitation and ameliorate SAS. Nighttime blood pressure and dipping status 

are important contributors to the risk of target organ damage and cardiovascular diseases 

including HF63–67. Randomized prospective sham-controlled clinical trials have shown that 

RDN is particularly effective in lowering nighttime blood pressure35, 36. In animal studies, it 

has been shown that RDN has a positive effect not only on blood pressure but also on fluid 

retention associated with natriuresis, renal transporters and neprilysin activity, as mentioned 

above50, 54, 55. Taken together, these findings suggest that RDN has potential therapeutic 

effects for reducing the detrimental sympathoexcitation that is commonly observed in HF as 

well as hypertension.
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Conclusion

Blood pressure and fluid volume regulation by the sympathetic nervous system is the 

process that integrates visceral cardiovascular inputs from various peripheral sites, including 

the kidneys within the CNS, specifically within the PVN to influence sympathetic outflow 

innervating the kidneys, heart and systemic arterioles. Brain RAS, NO, and ROS as well 

as inflammation are intimately involved in these complex interactive processes within these 

central sites. RDN is a new approach which alleviates these pathophysiological processes 

by interrupting the vicious cycle of positive feedback to enhance sympathoexcitation in 

cardiovascular diseases such as hypertension and HF. Further investigations are needed to 

explore the differential roles of afferent and efferent renal nerves in the pathophysiology of 

hypertension and HF. In clinical terms, it would be very useful to establish serum or urinary 

biomarkers reflecting efferent and afferent renal nerve activity in these disease conditions in 

order to identify potential responders to RDN and to estimate the efficacy of RDN.
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Figure 1. 
Proposed model for the integration of afferent information to the PVN and the subsequent 

sympathetic outflow regulating the heart, peripheral arterioles and the kidney. SFO: 

subfornical organ; OVLT: organum vasculosum lamina terminalis; MnPO: median preoptic 

nucleus; PVN: paraventricular nucleus; RVLM: rostral ventrolateral medulla; IML: 

intermediolateral cell column; NTS: nucleus tractus solitarius; CVLM: caudal ventrolateral 

medulla; Ang II: angiotensin II.
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Figure 2. 
A schematic of the brain renin-angiotensin system, which affects various central nervous 

system sites involved in the regulation of cardiovascular function.
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Figure 3. 
Activation of afferent renal nerve activity (ARNA) from the renal pelvis. ARNA response to 

intrapelvic injection of capsaicin (activating the transient receptor potential vanilloid 1, i.e., 

the non-selective cation channel) is shown. A: Raw tracings and integrated signals of ARNA 

from Sham and HF rats. The ARNA was recorded before and after intrapelvic injection of 

capsaicin 100 μM to determine the peak level of ARNA (ARNAmax). B: Summary data for 

basal ARNA expressed as a percentage of ARNAmax in the two groups of rats. Data are 

presented as mean ±SE. n=6. *P < 0.05 vs. Sham.
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Figure 4. 
Proposed model for the potential therapeutic effects of RDN in HF on cardiac function, 

changes in the CNS and fluid retention. Red arrows indicate the effects of HF on these 

parameters. Green arrows indicate the effects of T-RDN on these parameters in HF. Blue 

arrows indicate the effects of A-RDN on these parameters in HF. CNS: central nervous 

system; NO: nitric oxide; nNOS: neuronal NO synthase; T-RDN: total renal denervation; A-

RDN: afferent renal denervation; ENaC: epithelial sodium channels; AQP2: water channel 

aquaporin 2; GLP-1: glucagon-like peptide-1.
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Table 1

Antihypertensive effects of T-RDN or A-RDN in different animal models

Blood pressure

Animal Model T-RDN A-RDN References

SHR ↓ → (DR) Can J Physiol Pharmacol 1980;58:1384–1388

↓ Am J Physiol 1982;243:H284–8

↓ Can J Physiol Pharmacol 1987;65:1548–1558

↓ Clin Exp Pharmacol Physiol 1995;22:512–517

↓ J Hypertension 2005;23:851–859

↓ Am J Physiol Regul Integr Comp Physiol 2006;290:R341–R344

SHR-Salt ↓ ? Hypertension 1993;22:1–8

SHRSP ↓ ? Compr Physiol 2017; 7:263–320

SHRSP-Salt ↓ ? J Am Heart Assoc 2013;2:e000375

SHRcp ↓ ? J Am Heart Assoc 2013;2:e000197

Dahl SS (Rat) ↓ → Hypertension 2013;61:806–811

Am J Physiol Regul Integr Comp Physiol 2016;310:R262-R267

DOCA-Salt (Rat) ↓ ↓ Am J Physiol Regul Integr Comp Physiol 2015;308:R112-R122

Hypertension 2016;68:1415–1423

AngII-Salt (Rat) → → Physiol Rep 2018;6:e13602

AngII-Salt (Rat) ↓ ? Clin Exp Pharmacol Phys 2006;33:1225–1230

AngII-Salt (Mouse) ↓ → Circ Res 2015;117:547–557

AngII(ICV)-Salt (Rat) ↓ ? Hypertension 1997;30:331–336

Obesity HT (Mouse) ↓ ? Hypertension 2016;68:929–936

Obesity HT (Dog) ↓ ? Hypertension 2012;59:331–338

CKD HT (5/6 nephrectomy Rat) ↓ J Hypertens 2020;38:765–773

CKD HT (2K1C Rat) ↓ ↓ Auton Neurosci 2017;208:43–50

Pflugers Arch 2020;472:325–334

CKD HT (2K1C Mouse) ↓ ↓ J Neurophysiol 2019;122:358–367

SAS HT (Mouse) ↓ ? SciRep 2018;8:17926

↓: depressor effect; →: no effect; ?: untested;. T-RDN: total renal denervation; A-RDN: afferent renal denervation; DR: dorsal rhizotomy; 
SHR: spontaneously hypertensive rat; SHRSP: stroke-prone SHR; SHRcp: SHR/NDmcr-cp(+/+) rat; Dahl SS: Dahl salt-sensitive rat; DOCA: 
deoxycorticosterone acetate; Ang II: angiotensin II; ICV: intracerebroventricular injection; HT: hypertension; CKD: chronic kidney disease; 2K1C: 
2 kidney 1 clip model; SAS: sleep apnea syndrome.
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