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Abstract 

Renal denervation (RDN) has been shown in several studies to reduce blood pressure (BP) in 

patients with resistant hypertension (RH). Data on potential biomarkers associated with BP 

changes remain scarce. We evaluated whether soluble vascular endothelial growth factor 

receptor (sVEGFR-1) is affected by the procedure. A total of 57 patients with RH participated in 

this study. BP and heart rate were recorded at baseline and 3 months follow up, at which time 

blood samples were collected to determine the levels of sVEGFR-1, VEGF-A, VEGF-C, nitric 

oxide (NO), sVCAM-1 and sICAM-1. None of the biomarkers had a predictive value that could 

identify responders vs non-responders to RDN. However, sVEGFR-1 concentration was 

dramatically reduced after RDN (5913±385 vs 280±57 pg/ml, p<0.001). At the same time 

VEGF-A levels were significantly increased (10.0±3.0 vs 55.5±7.9 pg/ml, p<0.001), without 

significant changes in VEGF-C. NO levels were significantly increased after RDN in the whole 

group (82.6±6.2 vs 106.9±7.8 uU, p<0.001). Interestingly, the elevation in NO levels at 3 months 

was only seen in patients who demonstrated a reduction in systolic blood pressure of ≥ 10 mmHg 

(78.9±8.3 vs 111.6±11.7 uU, p<0.001). We report a significant reduction in sVEGFR-1 levels 

post RDN procedure which was accompanied by a significant increase in VEGF-A concentration 

as well as NO. Changes in plasma cytokines were not quantitatively linked to magnitude of BB 

reduction. An RDN-induced reduction in sVEGFR-1 plasma levels and increase in VEGF-A 

would raise the VEGF-A/sVEGFR-1 ratio, thereby increasing VEGF-A bioavailability to act on 

its full length receptor and may contribute to the BP lowering effect potentially via NO mediated 

pathways. 
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Introduction 

Hypertension is a major risk factor for a coronary heart disease and stroke. About 10% of 

patients diagnosed with high blood pressure (BP) have resistant hypertension (RH), defined as 

high BP that remains uncontrolled despite treatment with at least three antihypertensive drugs 

(1). The activation of the sympathetic nervous system has been shown to play a major role in the 

aetiology and maintenance of raised BP (2). Over recent years a procedure based on the 

radiofrequency ablation of the renal sympathetic nerves has emerged as a potential treatment for 

patients with RH (3), although its efficacy in lowering BP has been questioned in a recent sham-

controlled clinical trial (4).  

While the BP lowering effects of renal denervation (RDN) has been demonstrated in a number of 

clinical trials (3, 5, 6) and smaller mechanistic studies (7-9), non-response to treatment (defined 

as a reduction in office systolic BP of less than 10 mmHg following RDN) is frequently reported 

in a subset of patients. The rates of this non-response to treatment are reported to range between 

8-37% (10). Identification of biomarkers that can successfully predict BP reduction after RDN 

has therefore been a main focus of interest.   

Dӧrr and colleagues (11) were the first to report on a number of potential predictive biomarkers, 

namely soluble intracellular adhesion molecule 1 (sICAM-1), soluble vascular adhesion 

molecule 1 (sVCAM-1) and soluble vascular endothelial growth factor receptor 1 (sVEGFR-1). 

Their results indicated that responders (those patients that had a reduction in office systolic BP of 

at least 10 mmHg or more) had significantly higher levels of the aforementioned cytokines 

compared to non-responders, and as such postulated that the plasma levels of these compounds 

could  potentially be used as biomarkers, predictive of successful BP reduction. 
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sVEGFR-1, also known as sFLT-1, is a soluble receptor for a vascular endothelial growth factor 

(VEGF). sVEGFR-1 binds VEGF thereby reducing its circulating levels, with sVEGFR-1 acting 

as a scavenger of circulating VEGF. Some studies suggest that VEGF may play a vascular 

protective role through its actions on nitric oxide (NO) (12). For example, it has been 

demonstrated that VEGF can stimulate e-NOS expression in cultured endothelial cells which 

results in increased production of bioactive NO (12). 

Therefore, the aims of this study were two-fold, firstly, to assess the reproducibility of previous 

observations that sVEGFR-1, sICAM-1 and sVCAM-1 can be used as potential predictors of BP 

reduction after RDN; and secondly, to test if RDN-induced changes in the sVEGFR-1/VEGF 

ratio may lead to increased NO bioavailability as a potential mechanism of the BP lowering 

effects of RDN. 

Methods 

Patients 

Fifty seven consecutive patients with RH, who were participating in our RDN program, formed 

the cohort for this study  (5, 13). All participants underwent relevant biochemical and imaging 

studies to exclude secondary forms of hypertension. Hypertension was diagnosed according to 

the European Society of Hypertension guidelines for the management of arterial hypertension 

(14) and the current statement of the American Heart Association (15). The clinical definition of 

resistant hypertension included BP ≥ 140/90 mmHg despite treatment with at least three 

antihypertensive drugs, one of which was a diuretic. Clinical history was recorded for each 

participant. 
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Office seated BP was measured after 5 minutes of rest on both arms and was calculated as the 

average of three consecutive measurements within a 2-minute interval at baseline and 3 months 

following RDN using a validated semi-automatic oscillometric device (Omron HEM-907, 

Omron Healthcare Singapore PTE Ltd). The arm with higher BP readings was used for 

subsequent measures.  

All participants provided written informed consent and the study was approved by the Alfred 

Hospital Ethics Committee. All investigations conformed to the principles outlined in the 

Declaration of Helsinki. 

Renal denervation procedure 

Renal denervation (RDN) was performed according to standard clinical practice with the 

Symplicity catheter (Medtronic). Details of the denervation procedure have been described 

previously (3, 5, 16). 

Laboratory tests 

Blood samples were drawn into EDTA containing chilled tubes at baseline and at the 3-month 

follow-up visit with patients in the supine position after ~30 minutes of rest for the determination 

of sVEGFR-1, VEGF-A, VEGF-C and nitric oxide (NO). sICAM-1 and sVCAM-1 levels were 

also measured. Blood samples were centrifuged and plasma was frozen at -800C until assayed. 

sVEGFR-1, VEGF-A, VEGF-C, sICAM-1 and sVCAM-1 were measured with the use of 

enzyme-linked immunosorbent assays (R&D Systems, Minneapolis, MN, USA), according to the 

manufacturer’s instructions. Sample absorbencies were recorded using a Benchmark Plus 

Microplate spectrophotometer (Bio-Rad Laboratories, Hercules, CA).  
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We measured nitrate and nitrite as an indicator of total NO production (17) with the use of the 

commercial colourimetric kit from Cayman Chemical Company (Ann Arbor, MI, USA). The 

final products of NO in vivo are nitrate (NO3-) and nitrite (NO2-), with the best index of NO 

production being the sum of both NO3- and NO2-. Measurement of total nitrate/nitrite 

concentration was achieved in a two-step process. The first step involved the conversion of 

nitrate to nitrite using nitrite reductase. In the second step, addition of the Griess Reagent 

resulted in the conversion of nitrite into a deep purple compound, which was photometrically 

measured using Benchmark Plus Microplate spectrophotometer (Bio-Rad Laboratories, Hercules, 

CA). Griess reaction is the most frequently used analytical method for quantification of the 

major metabolites of NO (NO3- and NO2-) in blood (17). 

For all laboratory tests the samples were assayed in duplicates. Quality controls were included in 

each run to check for inter-assay variability. For each patient baseline and follow up samples 

were measured within the same assay. The person doing the assays was naive to the blood 

pressure response. 

Statistical Analysis 

Statistical analyses were performed using SigmaStat for Windows Version 3.5 (Jandel Scientific, 

San Rafael, CA). Two way repeated measures ANOVA was used to compare the differences 

between BSL and follow up in the whole group as well as in responders vs non-responders.   

Univariate correlation between the reduction in BP and physiological and experimental variables 

were evaluated using Pearson’s (for normally distributed variables) or Spearman’s (for not 

normally distributed variables) correlation coefficient in the overall group and then on both the 

responders and non-responders. Data are expressed as meanSEM. Statistical significance was 

set at p<0.05  
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 Results 

Characteristics of the participants are presented in Table 1. Patients who demonstrated a 

reduction in systolic blood pressure (SBP) of ≥10 mmHg at 3 months follow up were defined as 

responders, while those with a SBP reduction of <10mmHg were defined as non-responders. 

Participants were prescribed an average of 4.6±0.2 antihypertensive medications. The mean 

office SBP was 168.8±2.6 mmHg. At 3-month follow up visit office SBP was significantly 

reduced to 155.5±3.2 (p<0.001). The same was true for the office diastolic blood pressure (DBP) 

(90.7±2.3 vs 83.7±2.4 mmHg, p<0.001). There was no effect of RDN on heart rate. 

Thirty one patients (54% of the total cohort) demonstrated a reduction in SBP of ≥10 mmHg at 3 

months post denervation. There were no differences in baseline SBP or DBP between responders 

and non-responders (Table 1). Non-responders had a significantly higher heart rate at rest 

(73.4±3.5 vs 63.9±3.3 beats/min, p=0.020).  

In the entire group of 57 patients we observed significant increases in sVCAM-1 levels after 

RDN (685.5±19.7 vs 738.2±23.0 ng/ml, p<0.001). This increase was evident in both the 

responder group (691.4±25.9 vs 748.0±27.9 ng/ml, p=0.006) and non-responder group 

(678.5±30.8 vs 726.4±38.5 ng/ml, p=0.033) (Table 2). The reduction in SBP was not associated 

with baseline levels of sVCAM-1 either in the whole group or sub-group analyses. 

There was a small but significant increase in sICAM-1 concentrations before and after RDN in 

the whole group (209.1±5.9 vs 221.0± 7.7 ng/ml, p=0.039). However, the differences were not 

present in subgroup analysis. The reduction is SBP was not associated with baseline levels of the 

cytokine either in a whole group or sub-group analyses.  
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The concentrations of sVEGFR-1, VEGF-A and VEGF-C are presented in Figure 1 and Table 2. 

Measurements of sVEGFR-1 revealed significantly higher levels of sVEGFR-1 concentrations at 

baseline (5913.9±384.8 vs 279.8±57.2 pg/ml, p<0.001). No significant differences in baseline 

sVEGFR-1 were detected between responders and non-responders, with reductions in sVEGFR-

1 after RDN being comparable between groups. 

Plasma VEGF-A was significantly higher after RDN in the whole group (10.0±3.0 vs 55.5±7.9 

pg/ml, p<0.001). The increase in VEGF-A was similar between responders and non-responders 

and there were no differences in baseline levels between the groups (Table 2, figure 1). There 

was no association between the fall in SBP and baseline levels of VEGF-A. We have also 

measured the levels of VEGF-C which, unlike VEGF-A, does not bind to sVEGFR-1. There 

were no differences in VEGF-C levels before and after treatment either in a whole group or 

subgroups and no associations with SBP fall.  

Measurements of NO (total of nitrate and nitrite) revealed significantly higher levels at 3 month 

post procedure (82.6±6.2 vs 106.9±7.8 uM, p<0.001) in the whole group (Figure 2). However, 

this increase was only seen in responders (78.9±8.3 vs 111.6 ±11.7 uM, p<0.001) (Figure 2). 

There were no associations between baseline NO levels and the reduction in SBP. 

Discussion 

Reaching blood pressure goals is an important aspect in treating patients with hypertension, 

however, in some cases it is very difficult to achieve. Given the lack of adherence to anti-

hypertensive medications, there has been growing interest in device-based therapeutic therapies 

such as sympathetic nerve ablation. The Symplicity HTN-1 and 2 trials, as well as smaller 

uncontrolled studies, demonstrated a significant reduction in systolic blood pressure following 
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renal denervation. More importantly that reduction has been shown to be sustained up to at least 

3 years follow-up (3, 5). The Symplicity HTN-3 trial, however, raised some concerns over the 

effectiveness of the procedure (4). In addition, it has been shown, that not all patients benefit 

from renal denervation. Therefore, it is important to identify a biomarker(s) that could predict 

treatment response. In this study we measured a number of cytokines, previously shown to have 

a predictive value in identifying responders vs non-responders (11). None of the plasma 

cytokines measured in this study (sVCAM-1, sICAM-1, sVEGFR-1, VEGF-A or VEGF-C) were 

correlated with the reduction in systolic blood pressure at 3 months post procedure. Interestingly, 

while baseline cytokine concentrations were not different between responders and non-

responders, we noted significant changes in the levels of sVEGFR-1 and VEGF-A at 3 months 

post procedure.    

VEGF is a potent mitogen for vascular endothelial cells (18). Although there are multiple 

variants of VEGF, the angiogenic effects are mainly mediated through its most common variant, 

VEGF-A (often referred to simply as VEGF). VEGF-A exerts its effects via two high affinity 

receptors: sVEGFR-1 and VEGFR-2 with the latter receptor being the major mediator of its 

actions (19). sVEGFR-1 (also known as sFlt-1) is a splice variant of the vascular endothelial 

growth factor receptor that lacks the cytoplasmic and transmembrane domains but has an intact 

ligand binding site. It binds VEGF-A with the same efficiency as a functional VEGFR-2 receptor 

(also known as Flk-1) capable of transmitting a signal. Therefore, sVEGFR-1 acts as an 

endogenous inhibitor of VEGF-A. Scavenging of VEGF-A elevates BP in patients receiving 

anti-angiogenic therapy. Similarly, inhibition of circulating VEGF by its soluble receptor 

underlies BP elevation (20).  



11 

 

The major finding of the current study is a highly significant reduction in sVEGFR-1 levels post 

RDN. Reduction in circulating sVEGFR-1 was documented in all but two patients but was 

independent of changes in office BP at 3 months after RDN. It should be noted, however, that 

baseline plasma concentrations of sVEGFR-1 reported in our study are substantially higher than 

those described in a previously published paper (11). In particular, Dӧrr et al (11) report 

sVEGFR-1 values between 100-150 pg/ml, whereas in our study the concentrations at the 

baseline visit were around 5,500 pg/ml. These differences are unlikely due to different 

methodologies used as the same commercial kit was employed in both studies. It is unclear why 

there is such a disparity in the values given the patient population was similar between the 

studies. The levels seen at a follow up visit are about two times higher than in the Dӧrr study, 

with the only difference being that  sVEGFR-1 was measured at 6 months (11) rather than 3 

months follow up. Irrespective of this discrepancy, the reduction in sVEGFR-1 from baseline 

was highly significant in our study and reproducible.  

High sVEGFR-1 levels are commonly seen in patients with preeclampsia (21). Elevated levels 

have been also reported in patients with chronic kidney disease which was associated with 

decreased renal function (22). Another study reported increased sVEGFR-1 levels in a cohort of 

essential hypertensive patients (23). A number of reports indicate that heparin leads to increased 

plasma levels of sVEGFR-1 (24, 25). In this view, it must be stated that all patients had a 

standard dose of heparin on the day of the procedure when the baseline sample was drawn, 

which potentially resulted in increased sVEGFR-1 concentration. However, heparin was also 

administered to 34 patients on the follow up visit. While those that received heparin at follow up 

visit did have higher sVEGFR-1 levels compared to those that did not (352.4±85.8 vs 149.8±27.0 

pg/ml, p=0.312, data not shown), the reduction in circulating sVEGFR-1 levels was very 
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significant in both groups, irrespective of heparin administration. Taken together these 

observations suggest that, while heparin most likely resulted in higher circulating sVEGFR-1 

concentration, there was still a significant reduction after renal ablation. 

In variance with the data presented by Dӧrr and colleagues (11) is our lack of observation that 

baseline sVEGFR-1 concentration was predictive of BP fall after nerve ablation. We have 

previously reported the levels of sICAM-1 and sVCAM-1 prior and following denervation (13). 

In the present paper the baseline levels of these cytokines have been examined with a view of 

determining whether their concentrations before the procedure could predict a successful 

denervation as demonstrated by Dӧrr et al (11). Similarly to sVEGFR-1 there was no correlation 

between baseline sVCAM-1 and sICAM-1 and SBP or change in SBP at a follow up visit. 

However, unlike sVEGFR-1, observed concentrations of sVCAM-1 and sICAM-1 in the current 

paper are similar to those reported by Dӧrr et al (11).     

Interestingly, we also report a significant increase in circulating levels of VEGF-A after 

denervation. VEGF-A plays a role in numerous physiological processes, including stimulation of 

blood vessel formation. Such VEGF-A induced angiogenesis has been implicated in cancer and 

other human diseases. To slow down the progression of cancerous tumours, VEGF inhibitors 

have been developed, and while some have shown promise in clinical trials, they are frequently 

associated with side effects, in particular elevation in BP. In fact, a series of experimental studies 

have provided further support for significant BP lowering effects of VEGF-A (26, 27). Knocking 

down sVEGFR-1 resulted in an increased production/action of VEGF, which in turn stimulated 

NO release (28). Importantly, in the current study, a reduction in sVEGFR-1 concentration was 

associated with a significant increase in NO levels, as assessed by established methodology (17).  
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Earlier studies by Tsurumi and colleagues (29) suggested an interaction between VEGF and NO 

production showing that VEGF released from a damaged vessel wall can stimulate re-

endotheliasation by acting in concert with NO. VEGF has been shown to induce vasodilatation in 

vitro as a result of endothelial derived NO (30). Furthermore, other studies also showed that 

VEGF can stimulate eNOS-derived NO production (31). Reduced expression of nitric oxide 

synthase enzymes (eNOS and nNOS) has been demonstrated in the kidneys of mice undergoing 

anti-VEGFR-2 antibody treatment (26). Taken together these data suggest that chronic inhibition 

of a functional VEGF receptor (VEGFR-2) may reduce NO production which in turn contributes 

to BP elevation.  

An interesting observation from our study is that NO elevation after RDN was only seen in 

responders. There was no significant change in NO concentration in patients that demonstrated a 

reduction in office SBP of less than 10 mmHg at 3 months after RDN, despite a significant drop 

in sVEGFR-1 and coincident increase in VEGF-A concentrations. A possible explanation not 

tested in this study may be uncoupling of the VEGF-NO pathway that prevents generation of NO 

despite excess abundance of VEGF-A, thereby limiting the BP lowering effect. While 

theoretically possible, this is clearly a hypothesis that needs to be tested in adequate molecular 

experiments. 

In summary, our study documents a marked reduction in sVEGFR-1 and a concomitant increase 

in VEGF-A. A significant increase in NO levels however, was only evident in those patients who 

experienced a clinically relevant BP reduction. None of the plasma cytokines measured had a 

predictive value in terms of differentiating reponders vs non-responders. We conclude that an 

RDN-induced reduction in sVEGFR-1 plasma would raise VEGF-A bioavailability to act on its 

full length receptor and contribute to the BP lowering effect via NO mediated pathways. 
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Summary table 

What is known about this topic: 

 Prevalence of RH is 10-20% in the general hypertensive population. 

 Renal nerve ablation leads to a significant reduction in blood pressure in patients with 

RH. 

What this study adds: 

 This is the first study to demonstrate significant changes in plasma levels of sVEGFR-1, 

VEGF-A and NO in patients with resistant hypertension 3 months after renal denervation. 

 This study demonstrates that blood pressure reduction, following RDN, is at least to some 

degree attributable to increased VEGF-A bioavailability, potentially via increased NO 

mediated pathways.  
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Figure legends 

Figure 1.  

Plasma concentrations of sVEGFR-1 (top panel), VEGF-A (middle panel) and VEGF-C (bottom 

panel) in RH patients before and 3 months after RDN. 

Figure 2. 

Plasma concentrations of NO in RH patients before and 3 months after RDN.  

p indicates the difference between BSL and 3 MFU. 
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Table 1. Baseline characteristics of study cohort 

 All Responders Non-responders p value 

Age (years) 60.8±1.5 62.3±1.5 59.0±2.7 0.682 

Gender (M/F) 37/20 23/8 14/12  

BMI (kg/m2) 32.7±0.7 33.6±1.0 31.6±1.1 0.212 

Office SBP (mmHg) 168.8±2.6 171.2±3.3 165.9±4.1 0.316 

Office DBP (mmHg) 90.7±2.3 91.9±2.3 89.3±4.3 0.755 

Heart rate (beats/min) 68.3±2.2 63.9±2.4 73.4±3.5 0.020 

N of medications 4.6±0.2 4.7±0.3 4.5±0.4 0.579 

 

BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure. 

p indicates the difference between responders and non-responders. 
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Table 2. The effect of renal denervation on inflammatory markers 

 Responders p value Non-responders p value 

 BSL 3 MFU  BSL 3 MFU  

sICAM-1 (ng/ml) 206.2±8.5 216.6±8.8 p=0.178 212.7±8.1 226.4±13.4 p=0.113 

sVCAM-1 (ng/ml) 691.4±25.9 748.0±27.9 p=0.006 678.5±30.8 726.4±38.5 p=0.033 

sVEGFR-1 (pg/ml) 6339±502 327.7±88.7 p<0.001 5360±590 217.2±63.2 p<0.001 

VEGF-A (pg/ml) 10.3±4.8 47.6±8.3 p<0.001 9.6±3.5 64.7±14.2 p<0.001 

 

sICAM, soluble intracellular adhesion molecule 1; sVCAM, soluble vascular adhesion molecule 

1; sVEGFR-1, soluble vascular endothelial growth factor receptor 1; VEGF-A, vascular 

endothelial growth factor A, BSL, baseline; 3 MFU, 3 months follow up.  

p indicates the difference between BSL and 3 MFU. 

 


