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Abstract 

Over-activation of renal sympathetic nervous system and low-grade systemic inflammation 

are common features of hypertension. Renal denervation reduces sympathetic activity in 

patients with resistant hypertension. However, its effect on systemic inflammation has not 

been examined. We prospectively investigated the effect of renal denervation on monocyte 

activation and inflammation in patients with uncontrolled hypertension scheduled for renal 

denervation. Ambulatory blood pressure, monocyte as well as monocyte subset activation and 

inflammatory markers were assessed at baseline, 3 and 6 months post-procedure in 42 

patients. Renal denervation significantly lowered blood pressure at 3 months 

(150.5±11.2/81.0±11.2 mmHg to 144.7±11.8/77.9±11.0 mmHg), which was sustained at 6 

months (144.7±13.8/78.6±11.0 mmHg). Activation status of monocytes significantly 

decreased at 3 months (p<0.01) and 6 months (p<0.01) post-procedure. In particular, classical 

monocyte activation was reduced at 6 months (p<0.05). Similarly, we observed a reduction of 

several inflammatory markers including monocyte-platelet aggregates (3 months p<0.01), 

plasma MCP-1 levels (3 months p<0.0001; 6 months p<0.05), IL-1β (3 months p<0.05; 6 

months p<0.05), TNF-α (3 months p<0.01; 6 months p<0.05) and IL-12 (3 months p<0.01; 6 

months p<0.05). A positive correlation was observed between muscle sympathetic nerve 

activity and monocyte activation before and after the procedure. These results indicate that 

inhibition of sympathetic activity via renal denervation is associated with a reduction of 

monocyte activation and other inflammatory markers in hypertensive patients. These findings 

point to a direct interaction between the inflammatory and sympathetic nervous system, 

which is of central relevance for the understanding of beneficial cardiovascular effects of 

renal denervation. 
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Introduction 

Hypertension contributes significantly to the high cardiovascular morbidity and 

mortality rates worldwide. While acknowledging the complexity and multifactorial etiology 

of hypertension, it has been suggested that activation of the sympathetic nervous system 

(SNS) is an important contributor in at least 50% of cases (1). Persistent sympathetic 

activation initiates and sustains elevated blood pressure (BP) via various pathways including 

renal (sodium and water retention), humoral (activation of the renin angiotensin system), 

peripheral (vasoconstriction) and other mechanisms (1). Sustained sympathetic activation has 

also been closely linked to a range of clinical adverse consequences such as left ventricular 

hypertrophy, progression of renal disease and others (1).  

Catheter-based renal denervation (RDN) is a relatively novel therapeutic approach 

used primarily in the context of resistant hypertension aimed at targeting sympathetic 

overactivity commonly encountered in these patients (2).   Indeed, we and others have 

demonstrated that RDN reduces both renal sympathetic activity (by up to 42% in obese 

hypertensive dogs and by 47% in patients with resistant hypertension (3, 4)) as well as 

muscle sympathetic nerve activity (2). Furthermore, RDN-induced reduction in SNS 

observed in hypertensive patients has been associated with a significant and sustained 

reduction of BP at least up to 36 months (5).  

Accumulating evidence suggests that cells of the innate immune system, particularly 

monocytes, are also implicated in the development of hypertension. Observational studies in 

animals and hypertensive patients have shown that elevated blood pressure is linked to pre-

activated monocytes and increased levels of pro-inflammatory cytokines, which can 

contribute to BP elevation acutely and in the long term (6-8). In fact, increased accumulation 

of monocytes/macrophages has been observed in the kidneys of hypertensive animals (7). 
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Furthermore, genetic depletion of LysM+ monocytes resulted in blunted angiotensin-II in-

duced-hypertension in mice whilst adoptive transfer of pro-inflammatory monocytes restored 

the BP elevation, providing direct evidence of a role for monocytes in hypertension (8). 

The role of sympathetic nerves innervating the bone marrow and spleen, and the 

associated release of hematopoietic cells in the blood circulation has been highlighted 

recently (9). In cases where high activation of SNS is observed, the release of inflammatory 

cells into the blood circulation is amplified leading to low-grade systemic inflammation (9). 

These inflammatory cells have adrenergic receptors present on their cell surface (10) making 

them highly sensitive to catecholamine-induced modulation including cell activation. Further 

support for such an interaction has been derived from studies in mice with increased SNS 

activity triggered by exposure to chronic variable socio-environmental stressors such as cage 

tilting, isolation and others, in which atherosclerotic plaque formation was attenuated with 

blockade of the β3-adrenergic receptor on leukocytes (9, 10). These findings are indicative of 

relevant cross-talk between the sympathetic and the immune system, with consequences for 

cardiovascular regulation and cardiovascular disease (CVD) including high activation of SNS 

and inflammation in hypertension.  

Although there is evidence showing that high SNS activation and pre-activated 

peripheral blood monocytes play a role in the pathogenesis of hypertension (1, 6), studies 

demonstrating a direct link between these two systems in patients with high BP are scarce. 

We therefore aimed to investigate the potential link between inflammation and SNS activity 

by investigating the inflammatory status of hypertensive patients before and after RDN aimed 

at reducing sympathetic nerve activity and BP.  We examined monocyte activation using the 

single-chain antibody MAN-1, which specifically binds to the activated conformation of 

integrin MAC-1 (αMβ2; CD11b/CD18) during monocyte activation (11). The specificity of 

MAN-1 to detect activated monocytes has been previously shown when used in detecting 
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monocyte activation in patients suffering from sepsis thereby highlighting the diagnostic 

potential of this antibody (11). Using this unique diagnostic tool together with measurement 

of monocyte-platelet aggregates and other inflammatory markers we sought to investigate 

whether RDN-induced reduction of SNS reduces monocyte activation in hypertensive 

patients.  
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Methods 

Subjects 

A total of 42 consecutive patients aged 18-85 years, who were scheduled for RDN due to 

uncontrolled hypertension, participated in the current study. In all patients a comprehensive 

medical history was taken, and they underwent a thorough review of medication. In 

addition,biochemistry and imaging studies were obtained to exclude secondary forms of 

hypertension. Treating physicians and patients were instructed not to change medications 

during the follow-up period, except when medically required. Exclusion criteria included 

eGFR<15mL/min/1.73m2 based on the Modification of Diet in Renal Disease criteria or a 

renal artery anatomy that was ineligible for RDN treatment. Based on previously published 

data from our laboratory (11) comparing patients with sepsis to healthy volunteers, the 

expected mean difference of monocyte activation measured by MAN-1 antibody binding is 

12% with a standard deviation of 20%. Consequently using the paired t-test with a sigma of 

0.05 and a power of 0.9, a minimal sample size of 32 was calculated. Thirty-seven patients 

and 39 patients out of the total 42 patients were ultimately available for the 3 and 6 month 

follow-up, respectively. The study was approved by The Alfred Ethics Committee in 

accordance with the Declaration of Helsinki and all patients provided written informed 

consent. 

 

Blood pressure measurements 

The 24-hour Ambulatory Blood Pressure Monitoring (ABPM) was performed using a 

validated device (Spacelabs 90207 or 90217 recorder; Spacelabs Healthcare, Washington, 

USA) in patients at baseline (n=41), 3 months (n=37) and 6 months (n=39) follow-up. 
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Catheter-based Radio-frequency Renal Denervation 

Bilateral RDN was performed using a radiofrequency ablation catheter (SymplicityTM; 

Medtronic Ardian Inc., Palo Alto, California, USA) as described previously (2). 

 

Single-chain Antibody MAN-1 Production and Purification 

The single-chain antibody MAN-1 was produced and purified as previously described 

(11, 12).   

 

Flow Cytometry 

Citrated peripheral blood was collected before RDN as well as 3 months and 6 months 

post-procedure. Blood samples were lysed with BD FACS Lysing Solution (1x final solution; 

BD Bioscience), washed and stained for 15 minutes in the dark on ice with single-chain 

antibody MAN-1 (10µg/ml) detected via secondary Alexa Fluor-488 anti-His-tag antibody 

(Qiagen), CD14-PE (Beckman Coulter), CD16-APC (BD Bioscience) and CD61-PERCP 

(BD Bioscience) for identification of the different monocyte cell populations. Once samples 

have been processed, cells were fixed immediately with BD Cell FIX™ solution (1x final 

solution; BD Bioscience) to prevent transitory activation of monocytes and platelets. Labeled 

and fixed samples were immediately analyzed or within a maximum of 24 hours analyzed by 

flow cytometry on a FACSCantoII (BD Bioscience). Prior to every run, BD cytometer setup 

and tracking beads (BD Bioscience) were used for internal calibration. Appropriate controls 

were prepared for each subject to allow compensation and detect non-specific binding. The 

cellular fluorescence was quantified as mean fluorescence intensity (MFI) or percentage of 

the double positive CD14+CD61+ cells at all time points. All results have been analyzed using 
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BD FACS Diva software (BD Bioscience). MAN-1 binding in healthy volunteers 

demonstrated an inter-assay variation of less than 10% (S3).   

 

Imaging Monocyte-Platelet Aggregates (MPA) 

 Citrated peripheral blood was lysed, washed, stained with CD14-PE and CD41-FITC 

(Beckman Coulter) and fixed for identification of MPAs. Samples were analyzed 

using AMNIS ImageStreamX MKII (EMDMillipore). All results were analyzed using 

IDEAS™ v6.0. 

 

Measurement of Plasma Markers 

Plasma was isolated from citrated whole blood by centrifugation and stored at -80ºC 

until further analysis. Plasma concentrations of MCP-1, IL-1β, IL-12, TNF-α and IL-6 

(ELISA kits, R&D) were measured by commercially available enzyme-linked 

immunosorbent assays, according to the manufacturer’s instructions. All measurements 

below the lower limit of quantitation of each assay were recorded as zero. 

 

Muscle Sympathetic Nerve Activity (MSNA) Assessment 

After 15 minutes of rest, multi-unit MSNA was recorded from postganglionic 

sympathetic nerves using microneurography (662C-3 Nerve Traffic Analysis System, 

Bioengineering of Iowa University, USA), as described previously (2). 
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Statistical Analysis 

The data are presented as mean ± SEM or otherwise stated in the text. Monocyte 

activation, inflammatory markers and changes in 24-hour ABPM at 3 and 6 months were 

compared with baseline measurements using paired Student t-test. Correlations between 

variables were assessed with Pearson correlation coefficient. A two-sided P<0.05 was 

considered statistically significant. All statistical analyzes were performed using GraphPad 

Prism version 6.0 (GraphPad Software).  
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Results 

Baseline Characteristics of Study Participants 

The baseline characteristics and demographics of the patients are displayed in Table 1 

(S1). Patients had a mean age of 65±10 years and 67% of the patient cohort were men. There 

were no gender-based differences observed in the study. Hypertensive patients had a mean 

baseline 24-hour systolic BP of 150.5±11.2 mmHg and were on an average of 4.1±2.1 anti-

hypertensive medications including angiotensin-converting enzyme inhibitors (43%), 

angiotensin II receptor blocker (62%), β-blockers (55%), calcium-channel blocker (60%), α-

blockers (29%), diuretics (67%), central acting sympatholytics (40%), aspirin (31%) and 

statins (24%). The cohort had a mean body-mass index of 31.7±4.6 kg/m2, eGFR of 

66.5±17.7 mL/min per 1.73 m2, CRP of 2.9±2.6 mg/L and serum creatinine of 96.4±29.7 

µmol/L. A proportion of patients that underwent the RDN procedure were previously 

diagnosed with type-2 diabetes mellitus (31%), coronary artery disease (19%) and 

hypercholesterolaemia (48%).  

 

Blood pressure effects of RDN 

In line with previous reports, 24-hour ABPM demonstrated a significant reduction in 

BP from 150.5±11.2/81.0±11.2 mmHg to 144.7±11.8/77.9±11.0 mmHg at 3 months after 

RDN, which was sustained at 6 months 144.7±13.8/78.6±11.0 mmHg (Figure 1). 

 

Monocyte activation in hypertensive patients 

 The activation status of peripheral blood monocytes obtained from hypertensive 

patients was assessed using the single-chain antibody MAN-1 at baseline as well as at 3 and 6 
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months after RDN. Monocytes were gated based on a double sequential gating strategy of 

forward and side scatter light profile and CD14 expression (Figure 2A). This subsequently 

allowed us to determine the level of MAN-1 binding to monocytes, as a unique measure of 

monocyte activation (Figure 2A). Compared to baseline, MAN-1 binding to monocytes was 

significantly reduced at 3 months (P<0.01; Figure 2B) and 6 months (P<0.01; Figure 2B) 

following RDN, indicating a decrease in monocyte activation in hypertensive patients. 

Furthermore, human monocytes were further categorized into three functionally and 

phenotypically heterogeneous subsets: classical/CD14++CD16-, intermediate/CD14++CD16+ 

and nonclassical/CD14+CD16++ monocytes (Figure 2C) (13). The activation status of 

classical monocytes based on MAN-1 binding was decreased at 6 months after RDN (P<0.05; 

Figure 2D), whilst no differences were observed in the activation status of intermediate and 

non-classical monocyte subsets (Figure 2E-F).  

 

Monocyte platelet aggregates in hypertensive patients 

 The formation of MPAs was used as an additional measure of monocyte activation. 

The presence of MPAs in circulating blood of hypertensive patients was demonstrated in an 

imaging flow cytometer using CD14 as monocyte and CD41 as platelet marker (Figure 3A, 

B). Of note, hypertensive patients demonstrated higher MPA numbers when compared to a 

cohort of healthy volunteers (S4). MPA formation was then determined in hypertensive 

patients before and after RDN. Here a protocol previously used in clinical studies was applied 

(14-16). Monocytes were identified using the surface marker CD14 and platelets using the 

integrin subunit CD61, which is highly expressed on platelets, but not to a significant, in flow 

cytometry detectable level on monocytes (β3; Figure 3C). Following RDN, basal MPAs 

significantly decreased at 3 months (P<0.01; Figure 3C) after RDN, while only a numerical 
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but statistically non-significant reduction was observed at the 6 month time point (P=0.1387; 

Figure 3C). When MPA formation was assessed for overall activated monocytes,MPA 

reduction was observed at 3 months (P<0.01; S5A) after RDN, when compared to baseline 

measurement. Interestingly, when differentiated for monocyte subtypes, classical (3 months 

P<0.01 and 6 months P<0.05; S5B), intermediate (3 months P<0.01; S5C) and non-classical 

(6 months P<0.05; S5D) MPA formation was significantly reduced after RDN. 

 

Inflammatory cytokines and chemokines in hypertensive patients  

Monocyte-related cytokines and chemokines were measured. Subsequent to RDN, 

MCP-1 concentration was significantly reduced at 3 months (P<0.0001; Figure 4A) and at 6 

months (P<0.05; Figure 4A). Plasma IL-1β levels showed a reduction at 3 months (P<0.05; 

Figure 4B) and 6 months (P<0.05; Figure 4B) post-RDN. TNF-α concentration was reduced 

at both time points (3 months P<0.01 and 6 months P<0.05; Figure 4C) when compared to 

baseline measurement. Similarly, IL-12 was reduced after RDN at both time points (3 months 

P<0.01 and 6 months P<0.05; Figure 4D). Plasma concentration of IL-6 showed a trend in 

reduction at 3 months (P=0.0512; Figure 4E) and 6 months (Figure 4E) after RDN. 

 

Association of multi-unit muscle sympathetic nerve activity (MSNA) and monocyte 

activation 

 The sympathetic outflow to the periphery was determined using MSNA recordings in 

a subgroup of participants. There was a positive correlation observed between baseline 

MSNA (bursts/min) and monocyte activation (r=0.62, p<0.05; S2 Table 2). There was also a 

positive correlation between changes in MSNA and monocyte activation from baseline to 3 

month follow-up (Δ3 month MSNA (bursts/min) vs. Δ3 month monocyte activation, r=0.63, 
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p<0.05; S2 Table 2) and at 6 month follow up (Δ6 month MSNA (bursts/min) vs. Δ6 month 

monocyte activation, r=0.88, p<0.05; S2 Table 2).  
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Discussion 

The main findings of the current study are the following (see also Figure 5): 1) RDN 

substantially reduced 24-hour ABPM up to 6 months in patients with uncontrolled 

hypertension 2) RDN was associated with a decrease in monocyte activation, MPA 

formation, and a reduction in plasma levels of monocyte-related cytokines and chemokines, 

and 3) a positive correlation between MSNA and monocyte activation before and after RDN 

was evident. Overall, these findings suggest that RDN influences BP as well as the 

inflammatory status of monocytes in hypertensive patients and that this is, at least in part, 

mediated by RDN-induced reduction in SNS activity.  

The marked reduction in monocyte activation in hypertensive patients observed in the 

present study may prevent exacerbation of systemic inflammation, which leads to beneficial 

effects beyond BP reduction. In line with this, a recent study in experimental hypertension in 

mice, RDN prevented leukocyte and T cell activation and infiltration in the kidney thereby 

blunting angiotensin II induced hypertension (17). As such, dampening of subsequent 

progression of atherosclerotic disease at an early stage of CVD may be observed.  

Human monocyte subsets are known to display heterogeneous functionality according 

to the expression levels of lipopolysaccharide (CD14) and FcγIII (CD16) cell surface 

markers. Intermediate and non-classical monocytes, collectively called CD16+, are known to 

have a distinct characteristic compared to classical monocytes (CD16-). The CD16+ 

monocytes patrol the vasculature and are associated with wound healing (18, 19). Classical 

monocytes, on the other hand, predict increased cardiovascular risk (20). They also express 

high levels of MCP-1 receptor CCR2, which plays a role in atherosclerosis by abolishing 

atherosclerotic lesions in mice lacking this receptor (21). In our study, we observed a 

reduction in the activation of classical monocytes and MCP-1 plasma levels after RDN. 
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Taken together with previous literature, this suggest that reduction of this subset population 

may reduce the risk of cardiovascular events by slowing the progression of atherosclerosis. 

The distinct recruitment, activation and functionality of different monocyte subsets in various 

stages of CVD may be the reason why no changes were observed in the activation status of 

intermediate and non-classical monocytes. However, a detailed study on the functionality of 

monocyte subsets in the setting of hypertension is warranted. Of note, in another slightly 

older cohort of patients with more severe uncontrolled hypertension, in whom we 

investigated the effects of RDN on endothelial function and related biomarkers, we could not 

observe a significant change in MCP-1 with RDN (22). Differences in patient characteristics, 

treatment regimen and sensitivity of different kits used to measure MCP-1 may account for 

this discrepancy 

It has also been well documented that monocytes interact with activated platelets 

forming pro-thrombotic MPAs, thereby playing not just a role in orchestrating inflammation 

but also in thrombosis (23). Previous studies have shown that MPAs are elevated in diseases 

that are highly inflammatory and prone to thrombus formation such as myocardial infarction 

and stroke (24). We identified high levels of MPAs (>30%) in hypertensive patients, which is 

in accordance with data published by Gkaliagkousi et al. previously (23). Healthy volunteers 

had a significantly lower level of circulating MPAs (~ 3-6%; S4). The strong reduction of 

MPAs seen with RDN, is consistent with MPAs being a sensitive marker of monocyte 

activation. Notably, the reduction of MPA formation in hypertensive patients after RDN was 

seen in the three different monocyte subtypes as well as in activated monocytes. As MPA 

formation can be driven by activation of both partners, monocytes and platelets (25, 26), the 

important question arises whether RDN can influence the platelet activation status as well. A 

question that warrants to be studied in the future, particularly because of the potential 
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association of platelet activation with cardiovascular events and thus potential 

mortality/morbidity outcome benefits of RDN.   

In a subset of patients who underwent RDN, MSNA was recorded in order to measure 

real time sympathetic nerve activity. Our results showed a positive correlation in baseline 

MSNA and monocyte activation. Furthermore, a reduction in MSNA activation at 3 months 

and 6 months after RDN also showed a positive correlation with the decrease in monocyte 

activation in this patient cohort, thereby further highlighting the relationship between SNS 

and innate immune system in human hypertension. Indeed, RDN, a therapeutic approach that 

targets increased sympathetic nerve activity, can dampen monocyte activation and systemic 

inflammation, which can potentially lead to reduced risk for cardiovascular events in 

hypertensive patients (Figure 5). 

The slight increase in MPA and the cytokines and chemokines measured at 6 months 

following RDN compared to the 3 month time point raises the question of whether the 

reduction in inflammatory markers will be maintained in the long term. To date, there have 

been no reports on re-innervation of renal nerves following RDN in hypertensive patients 

although an animal study suggested otherwise (27). This would need to be carefully 

monitored in future studies with a longer patient follow-up together with application of renal 

noradrenaline spillover to help establish whether the effects on inflammation are reversible. 

Likewise, occurrence of seasonal infection and other concomitant diseases may affect 

monocyte activation. However, CRP levels of patients were routinely monitored and showed 

no changes before and after RDN (data not shown), indicating that the inflammatory status 

has not changed. Furthermore, while patients were specifically asked not to change any of 

their antihypertensive medication, we have not performed specific tests to rule this out. On 

the other hand, while non-adherence with some medication may well have an influence on 
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BP, an effect on monocyte activation, while possible, in our view would be unlikely to have 

had a substantial impact on the results presented.  

As previously reported, RDN has been successfully used as therapy for resistant or 

uncontrolled hypertension. The lower baseline BP of patients enrolled in this study compared 

to earlier clinical trials and other studies (4, 28), may explain why the magnitude of the BP 

drop observed is less than what has been reported previously. While the recent sham 

controlled Symplicity HTN-3 trial was neutral and did not confirm a BP effect beyond that of 

the sham control (29), several confounding factors such medication changes, patient cohorts, 

and number and efficacy of ablations delivered to the renal artery question the validity of the 

findings (30). Of note, the experience from surgical splanchnicectomy summarized by 

Smithwick et al (31) indicates that while the surgery per se was associated with several side 

effects, it clearly decreased mortality and morbidity in hypertensive patients in spite of 

absence of significant reductions in BP in around half of the patients treated. Similarly, 

patients enrolled in other RDN trials show regression of target organ damage including 

reduced arterial stiffness (32) and left ventricular hypertrophy (33).  

Hypertension is widely considered to represent a pro-inflammatory milieu, which may 

contribute to atherosclerosis and its complication frequently encountered in this patient 

cohort. While there is abundant experimental evidence to suggest an important role of 

inflammatory processes in the pathogenesis of hypertension and its cardiovascular 

consequences, direct evidence in humans for such an intricate interaction was scarce and less 

convincing yet. Furthermore, biomarkers of oxidative stress and inflammation, while 

frequently measured in human studies, have not yet had an impact on current risk 

stratification and treatment guidelines (34, 35). This may at least in part be related to the 

relative unspecific nature of the currently used biomarkers, which can be altered in response 

to a number of stimuli. Nevertheless, an imbalance in pro- and anti-inflammatory cytokines 
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with activation of inflammatory cells accompanied by generation of reactive oxygen species 

resulting in oxidative stress has been described (36, 37).  Furthermore, heme-oxygenase 1 has 

recently been demonstrated to confer protection to the vasculature in hypertension through its 

modulatory role in determining the phenotype of inflammatory circulating and infiltrating 

monocytes (38). Also monocyte activation contributes to atherosclerosis via the generation of 

reactive oxygen species (37). In this context, MAN-1 binding with its unique capacity to 

specifically detect activation of circulating monocytes may have the potential to serve as a 

useful biomarker for atherosclerotic risk in patients with hypertension. Future studies will 

have to address this highly attractive concept in more detail.   

The uncontrolled nature of the study and relatively small sample size are limitations 

to the current study. Inclusion of control groups, such as aged-matched and untreated subjects 

or a sham control group with longer term follow-up would be more scientifically robust and 

is required for further substantiation of our findings. However, measurements before and after 

RDN have provided a unique “study opportunity” to obtain proof-of-concept data that is of 

central relevance for the understanding of the benefits achievable by RDN. 

Perspectives 

Sustained activation of the SNS, an established and important factor in the 

pathogenesis of arterial hypertension, not only raises BP levels, but also promotes activation 

of circulating monocytes in hypertensive patients, providing a mechanistic link between 

hypertension and atherosclerotic vascular disease. Modulation of SNS activation via RDN is 

associated with improved BP control and also attenuates monocyte activation, thereby 

targeting two mechanisms relevant for cardiovascular risk. Our findings demonstrate an 

intricate link between the sympathetic nervous and immune system that can be targeted 

therapeutically and is likely to confer CV risk reduction.    

19 
 



 

Sources of Funding 

This study was supported by the National Health and Medical Research Council of 

Australia (NHMRC), NMH was supported by a NHMRC scholarship, and GWL, MPS and 

KP were supported by senior fellowships from the NHMRC. 

 

Disclosures 

MPS was an investigator in studies sponsored by Medtronic. The laboratories of MPS 

and GWL received research funding from Medtronic, Abbott, and Servier Australia. MPS 

serves on scientific advisory boards for Abbott, BI, Novartis, and Medtronic and has received 

honoraria and travel support from Abbott, BI, Servier, Novartis, and Medtronic. GWL has 

received honoraria or travel support from Medtronic, Pfizer and Wyeth. 

 

20 
 



 

References 

1. Esler M, Lambert E, Schlaich M. Point: Chronic Activation of the Sympathetic 

Nervous System is the Dominant Contributor to Systemic Hypertension. J Appl Physiol 

2010;109(6):1996-8. 

2. Hering D, Lambert EA, Marusic P, Walton AS, Krum H, Lambert GW, Esler MD, 

Schlaich MP. Substantial reduction in single sympathetic nerve firing after renal denervation 

in patients with resistant hypertension. Hypertension 2013;61(2):457-64. 

3. Henegar JR, Zhang Y, Rama RD, Hata C, Hall ME, Hall JE. Catheter-Based 

Radiorefrequency Renal Denervation Lowers Blood Pressure in Obese Hypertensive Dogs. 

Am J Hypertens 2014;27(10):1285-92. 

4. Krum H, Schlaich M, Whitbourn R, Sobotka PA, Sadowski J, Bartus K, Kapelak B, 

Walton A, Sievert H, Thambar S, Abraham WT, Esler M. Catheter-based renal sympathetic 

denervation for resistant hypertension: a multicentre safety and proof-of-principle cohort 

study. Lancet 2009;373(9671):1275-81. 

5. Krum H, Schlaich MP, Sobotka PA, Bohm M, Mahfoud F, Rocha-Singh K, Katholi 

R, Esler MD. Percutaneous renal denervation in patients with treatment-resistant 

hypertension: final 3-year report of the Symplicity HTN-1 study. Lancet 

2014;383(9917):622-9. 

6. Dorffel Y, Latsch C, Stuhlmuller B, Schreiber S, Scholze S, Burmester GR, Scholze J. 

Preactivated Peripheral Blood Monocytes in Patients With Essential Hypertension. 

Hypertension 1999;34(1):113-7. 

7. Hilgers KF, Hartner A, Porst M, Mai M, Wittmann M, Hugo C, Ganten D, Geiger H, 

Veelken R, Mann JF. Monocyte chemoattractant protein-1 and macrophage infiltration in 

hypertensive kidney injury. Kidney Int 2000;58(6):2408-19. 

21 
 



 

8. Wenzel P, Knorr M, Kossmann S, Stratmann J, Hausding M, Schuhmacher S, 

Karbach SH, Schwenk M, Yogev N, Schulz E, Oelze M, Grabbe S, Jonuleit H, Becker C, 

Daiber A, Waisman A, Munzel T. Lysozyme M-positive monocytes mediate angiotensin II-

induced arterial hypertension and vascular dysfunction. Circulation 2011;124(12):1370-81. 

9. Heidt T, Sager HB, Courties G, Dutta P, Iwamoto Y, Zaltsman A, Von Zur Muhlen C, 

Bode C, Fricchione GL, Denninger J, Lin CP, Vinegoni C, Libby P, Swirski FK, Weissleder 

R, Nahrendorf M. Chronic variable stress activates hematopoietic stem cells. Nat med 

2014;20(7):754-8. 

10. Motulsky HJ, Cunningham EM, DeBlasi A, Insel PA. Desensitization and 

redistribution of beta-adrenergic receptors on human mononuclear leukocytes. Am J Physiol 

1986;250(5 Pt 1):E583-90. 

11. Eisenhardt SU, Schwarz M, Schallner N, Soosairajah J, Bassler N, Huang D, Bode C, 

Peter K. Generation of activation-specific human anti-alphaMbeta2 single-chain antibodies as 

potential diagnostic tools and therapeutic agents. Blood 2007;109(8):3521-8. 

12. Eisenhardt SU, Schwarz M, Bassler N, Peter K. Subtractive single-chain antibody 

(scFv) phage-display: tailoring phage-display for high specificity against function-specific 

conformations of cell membrane molecules. Nat protoc 2007;2(12):3063-73. 

13. Ziegler-Heitbrock L, Ancuta P, Crowe S, Dalod M, Grau V, Hart DN, Leenen PJ, Liu 

YJ, MacPherson G, Randolph GJ, Scherberich J, Schmitz J, Shortman K, Sozzani S, Strobl 

H, Zembala M, Austyn JM, Lutz MB. Nomenclature of monocytes and dendritic cells in 

blood. Blood. 2010;116(16):e74-80. 

14. Furman MI, Barnard MR, Krueger LA, Fox ML, Shilale EA, Lessard DM, Marchese 

P, Frelinger AL 3rd, Goldberg RJ, Michelson AD. Circulating monocyte-platelet aggregates 

are an early marker of acute myocardial infarction. Journal of the American College of 

Cardiology. 2001;38(4):1002-6. 

22 
 



 

15. Powell CC, Rohrer MJ, Barnard MR, Peyton BD, Furman MI, Michelson AD. 

Chronic venous insufficiency is associated with increased platelet and monocyte activation 

and aggregation. Journal of Vascular Surgery. 1999;30(5):844-53. 

16. Singh MV, Davidson DC, Jackson JW, Singh VB, Silva J, Ramirez SH, Maggirwar 

SB. Characterization of platelet-monocyte complexes in HIV-1-infected individuals: possible 

role in HIV-associated neuroinflammation. Journal of immunology (Baltimore, Md : 1950). 

2014;192(10):4674-84. 

17. Xiao L, Kirabo A, Wu J, Saleh MA, Zhu L, Wang F, Takahashi T, Loperena R, Foss 

JD, Mernaugh RL, Chen W, Roberts J 3rd, Osborn JW, Itani HA, Harrison DG. Renal 

Denervation Prevents Immune Cell Activation and Renal Inflammation in Angiotensin II-

Induced Hypertension. Circ res 2015; 117(6):547-57. 

18. Nahrendorf M, Swirski FK, Aikawa E, Stangenberg L, Wurdinger T, Figueiredo JL, 

Libby P, Weissleder R, Pittet MJ. The healing myocardium sequentially mobilizes two 

monocyte subsets with divergent and complementary functions. The J Exp Med 

2007;204(12):3037-47. 

19. Tsujioka H, Imanishi T, Ikejima H, Kuroi A, Takarada S, Tanimoto T, Kitabata H, 

Okochi K, Arita Y, Ishibashi K, Komukai K, Kataiwa H, Nakamura N, Hirata K, Tanaka A, 

Akasaka T. Impact of heterogeneity of human peripheral blood monocyte subsets on 

myocardial salvage in patients with primary acute myocardial infarction. J Am Coll Cardiol 

2009;54(2):130-8. 

20. Berg KE, Ljungcrantz I, Andersson L, Bryngelsson C, Hedblad B, Fredrikson GN, 

Nilsson J, Bjorkbacka H. Elevated CD14++CD16- monocytes predict cardiovascular events. 

Circ Cardiovasc Genet 2012;5(1):122-31. 

23 
 



 

21. Boring L, Gosling J, Cleary M, Charo IF. Decreased lesion formation in CCR2-/- 

mice reveals a role for chemokines in the initiation of atherosclerosis. Nature 

1998;394(6696):894-7. 

22. Eikelis N, Hering D, Marusic P, Sari C, Walton A, Phillips S, Lambert E, Duval J, 

Krum H, Lamber G, Esler M, Schlaich M. The effect of renal denervation on endothelial 

function and inflammatory markers in patients with resistant hypertension. Int J Cardiol 

2015;188:96-8. 

23.  Gkaliagkousi E, Corrigall V, Becker S, de Winter P, Shah A, Zamboulis C, Ritter J, 

Ferro A. Decreased platelet nitric oxide contributes to increased circulating monocyte-platelet 

aggregates in hypertension. European heart journal. 2009;30(24):3048-54. 

24. McCabe DJH, Harrison P, Mackie IJ, Sidhu PS, Purdy G, Lawrie AS, Watt H, Brown 

MM, Machin SJ. Platelet degranulation and monocyte–platelet complex formation are 

increased in the acute and convalescent phases after ischaemic stroke or transient ischaemic 

attack. Br J Haematol 2004;125(6):777-87. 

25. Gkaliagkousi E, Passacquale G, Douma S, Zamboulis C, Ferro A. Platelet activation 

in essential hypertension: implications for antiplatelet treatment. American journal of 

hypertension. 2010;23(3):229-36. 

26. van Gils JM, Zwaginga JJ, Hordijk PL. Molecular and functional interactions among 

monocytes, platelets, and endothelial cells and their relevance for cardiovascular diseases. J 

Leukoc Biol. 2009;85(2):195-204. 

27. Booth LC, Nishi EE, Yao ST, Ramchandra R, Lambert GW, Schlaich MP, May CN. 

Reinnervation of renal afferent and efferent nerves at 5.5 and 11 months after catheter-based 

radiofrequency renal denervation in sheep. Hypertension 2015;65(2):393-400. 

24 
 



 

28. Esler MD, Krum H, Sobotka PA, Schlaich MP, Schmieder RE, Bohm M. Renal 

sympathetic denervation in patients with treatment-resistant hypertension (The Symplicity 

HTN-2 Trial): a randomised controlled trial. Lancet 2010;376(9756):1903-9. 

29. Bhatt DL, Kandzari DE, O'Neill WW, D'Agostino R, Flack JM, Katzen BT, Leon 

MB, Liu M, Mauri L, Negoita M, Cohen SA, Oparil S, Rocha-Singh K, Townsend RR, 

Bakris GL. A Controlled Trial of Renal Denervation for Resistant Hypertension. N Engl J 

Med 2014;370(15):1393-401. 

30. Kandzari DE, Bhatt DL, Brar S, Devireddy CM, Esler M, Fahy M, Flack JM, Oparil 

S, O’Neill WW, Patel MR, Rocha-Singh K, Sobotka PA, Svetkey L, Townsend RR, Bakris 

GL. Predictors of blood pressure response in the SYMPLICITY HTN-3 trial. Eur Heart J 

2014; 21;36(4):219-27. 

31. Smithwick RH, Thompson JE. Splanchnicectomy for essential hypertension; results in 

1,266 cases. J Am Med Assoc 1953;152(16):1501-4. 

32. Hering D, Lambert EA, Marusic P, Ika-Sari C, Walton AS, Krum H, Sobotka PA, 

Mahfoud F, Bohm M, Lambert GW, Esler MD, Schlaich MP. Renal nerve ablation reduces 

augmentation index in patients with resistant hypertension. J Hyperten 2013;31(9):1893-900. 

33. Mahfoud F, Urban D, Teller D, Linz D, Stawowy P, Hassel JH, Fries P, Dreysse S, 

Wellnhofer E, Schneider G, Buecker A, Schneeweis C, Doltra A, Schlaich MP, Esler MD, 

Fleck E, Bohm M, Kelle S. Effect of renal denervation on left ventricular mass and function 

in patients with resistant hypertension: data from a multi-centre cardiovascular magnetic 

resonance imaging trial. Eur Heart J 2014;35(33):2224-31b. 

34. Mancia G, Fagard R, Narkiewicz K, et al. 2013 ESH/ESC guidelines for the 

management of arterial hypertension: the Task Force for the Management of Arterial 

Hypertension of the European Society of Hypertension (ESH) and of the European Society of 

Cardiology (ESC). European heart journal 2013;34(28):2159-219. 

25 
 



 

35.   Montezano AC, Dulak-Lis M, Tsiropoulou S, Harvey A, Briones AM, Touyz PM. 

Oxidative stress and human hypertension: vascular mechanisms, biomarkers, and novel 

therapies. The Canadian journal of cardiology 2015;31(5):631-41. 

36.  Mirhafez SR, Mohebati M, Disfani MF, Karimian MS, Ebrahimi M, Avan A, Eslami 

S, Pasdar A, Rooki H, Esmaeili H, Ferns GA, Ghayour-Mobarhan M. An imbalance in serum 

concentrations of inflammatory and anti-inflammatory cytokines in hypertension. Journal of 

the American Society of Hypertension 2014;8(9):614-23. 

37.  Watanabe T, Yasunari K, Nakamura M, Maeda K. Carotid artery intima-media 

thickness and reactive oxygen species formation by monocytes in hypertensive patients. 

Journal of Human Hypertension 2006;20(5):336-40. 

38. Wenzel P, Rossman H, Müller C, et al. Heme oxygenase-1 suppresses a pro-

inflammatory phenotype in monocytes and determines endothelial function and arterial 

hypertension in mice and humans. European heart journal 2015;36(48):3437-46. 

 

26 
 



 

Novelty and significance 

What is new? 

• First clinical experience of beneficial effects of renal denervation on monocyte and 

systemic inflammation in resistant hypertension.  

• Proof-of concept for an interaction between the sympathetic nervous system and the 

inflammatory system in human hypertension. 

 

What is relevant? 

Renal denervation-induced inhibition of sympathetic tonus not only reduces 

ambulatory blood pressure but also reduces monocyte activation and systemic inflammation 

in patients with hypertension. This finding is of central relevance for the understanding of 

beneficial cardiovascular effects of renal denervation. 

 

Summary 

Our results indicate that renal denervation-induced inhibition of the sympathetic 

nervous system activity lowers monocyte activation and inflammation in hypertensive 

patients. This finding represents a mechanism by which renal denervation can improve 

cardiovascular outcome in hypertensive patients.  
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Figures and Figure Legends 

Figure 1: Changes in 24-hour ambulatory systolic and diastolic BP from baseline to 3 

months and 6 months after RDN. *P<0.05, **P<0.01, ***P<0.001 compared to baseline. 

Figure 2: (A) Monocytes were gated based on a double sequential gating of forward and side 

scatter light profile and CD14 expression. Then, binding of the single-chain antibody MAN-1 

to these CD14+ monocytes was determined as measure of monocyte activation. (B) 

Activation of the overall monocyte population at baseline, 3 months and 6 months after RDN. 

(C) Monocyte subsets were classified according to their CD14 and CD16 cell surface 

expression. (D) Activation of classical monocytes, (E) intermediate monocytes and (F) non-

classical monocytes assessed by the single-chain antibody MAN-1 binding at baseline, 3 

month and 6 month follow-ups (Mean ± SEM). Side scatter light, SSC-A; forward scatter 

light, FSC-A. *P<0.05, **P<0.01 compared to baseline. 

Figure 3: (A) Bright field image of MPA in hypertensive patients. (B) Representative 

fluorescence images of MPA in hypertensive patients. CD14 was used for monocyte 

detection, CD41 for platelet detection. (C) The percentage of monocytes with adhering 

platelet (MPA formation) out of the overall number of monocytes at baseline, 3 month and 6 

month follow-up after RDN. CD14 was used for monocyte detection, CD61 for platelet 

detection. Mean ± SEM. Bars represent 10μm. **P<0.01 compared to baseline. 

Figure 4: The plasma levels of (A) Monocyte Chemoattractant Protein-1, (B) Interleukin-1β, 

(C) TNF-α, (D) Interleukin-12 and (E) Interleukin-6 at baseline, 3 months and 6 months after 

RDN. Mean ± SEM, *P<0.05, **P<0.01, ****P<0.0001 compared to baseline. 

Figure 5: Renal denervation, a therapeutic approach that targets increased sympathetic nerve 

activity, can dampen monocyte activation potentially leading to reduced risk for 

cardiovascular events in hypertensive patients.  
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