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Efferent and afferent sympathetic nerves are closely related to the development of hypertension and 
heart failure. Catheter-based renal sympathetic denervation (RDN) is implemented as a strategy to 
treat resistant hypertension. We investigated whether RDN procedure causes inflammatory damage on 
myocardium in the early phase of sympathetic denervation. Twenty-five female swine were divided 
into 3 groups: normal control (Normal, n=5), sham-operated control (Sham, n=5), and RDN groups 
(RDN, n=15). The RDN group was further subdivided into 3 subgroups according to the time of sacri-
fice: immediately (RDN-0, n=5), 1 week (RDN-1, n=5), and 2 weeks (RDN-2, n=5) after RDN. There 
were no significant changes in the clinical parameters between the normal control and sham-operated 
group using contrast-media. In the myocardium, inflammatory cytokines, IL-1β and TNF-α increased 
at the first week, and then decreased at the second week after RDN. Anti-inflammatory cytokine, IL-10 
increased immediately, and then decreased at the second week after RDN. Caspase-1 activity and 
apoptosis-associated speck-like protein containing a caspase recruitment domain (ASC) expression in-
creased immediately after RDN until the second week. However, nucleotide-binding oligomerization 
domain, leucine rich repeat and pyrin domain containing protein 3 (NLRP3) expression did not show 
any significant differences among the groups. The RDN can cause acute myocardial inflammation 
through activation of caspase-1 and IL-1β. We should pay attention to protecting against early in-
flammatory myocardial damage after RDN.
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Introduction

Treatment-resistant hypertension is defined as the failure 

to achieve target blood pressure (BP) despite the concomi-

tant use of maximally tolerated doses of at least three differ-

ent antihypertensive agents, including a diuretic [4, 18]. The 

percentage of patients achieving an adequate BP target re-

mains low [5, 24], thus creating the need for alternative inter-

ventional strategies. Recently, endovascular catheter-based 

radiofrequency renal sympathetic denervation (RDN) has 

been introduced to denervate efferent and afferent renal 

sympathetic nerve fibers selectively [13, 21, 22]. Renal func-

tion, as assessed by serum creatinine (SCr), estimated glo-

merular filtration rate (eGFR), and cystatin C concentration, 

was unchanged from baseline at 6 months after RDN, sug-

gesting that the procedure itself, and associated hemody-

namic changes, have no adverse effects on the kidneys. 

In the Renal Denervation for Hypertension (DENERHTN) 

trial, RDN plus standardized stepped-care antihypertensive 

treatment (SSAHT) showed more decreases in ambulatory 

BP compared with the same SSAHT alone at 6 months. This 

additional BP lowering effect might contribute to a reduction 

in cardiovascular morbidity if maintained in the long term 

after RDN [1, 20]. In experimentally induced heart failure, 

RDN has been associated with some improvements in renal 

and cardiac function. Those studies demonstrated reductions 

in left ventricular filling pressure, myocardial fibrosis and 

baroreceptor-mediated cardiac sympathetic nerve activity, 

and increased β-adrenergic receptor expression [3, 16, 23]. 

In the aspect of chronic safety, renal function was re-

ported to be unchanged from baseline, however, there have 

been no reports about the short-term safety of myocardium 

following RDN procedure. The aim of this study was to in-

vestigate whether RDN causes acute inflammatory damage 

on myocardium, using early inflammatory biomarkers such 

as IL-18, caspase-1, apoptosis-associated speck-like protein 

containing a caspase recruitment domain (ASC), and nucleo-
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tide-binding oligomerization domain, leucine rich repeat 

and pyrin domain containing protein 3 (NLRP3) inflamma-

some.

Materials and Methods

Twenty-five juvenile female swine (aged 5±0.6 months, 

mean weight 36.5±1.8 kg) were used. The care of the animals 

complied with the Guides for the Care and Use of Laboratory 

Animals published by the United States National Institute 

of Health (publication No. 85-23, revised 1996). The experi-

ment was performed at the Preclinical Trial and Training 

Center (Pusan National University Yangsan Hospital, Yang-

san, Korea), and it was approved by the Ethics Committee 

of our institution, Pusan National University Yangsan 

Hospital. Midazolam 0.5 mg/kg and ketamine 15 mg/kg 

were administered intravenously and the trachea was 

intubated. Ventilation was performed and general anesthesia 

was maintained using 1~2% isoflurane and oxygen. An 

8-French introducer sheath was inserted into the right femo-

ral artery using modified Seldinger’s technique. Continuous 

electrocardiogram and blood pressure monitoring was 

performed. A heparin bolus of 100 U/kg was administered 

intravenously. An 8-French guiding catheter was inserted to 

engage each renal artery and both renal angiograms were 

obtained using non-ionic contrast media, iohexol (Omni-

paqueTM, 300 mgI/ml, GE Healthcare, Fairfield, CT, USA, 

Little Chalfont, UK) 1 ml/kg (0.5 ml/kg each) for the con-

firmation of normal renal arterial anatomy[27]. Normal con-

trol group (Normal) was sacrificed without any procedure. 

In sham operated group using contrast-media (Sham), renal 

denervation catheter was inserted into each renal artery 

without radiofrequency energy delivery, which was sacri-

ficed immediately after renal angiogram. Actual RDN was 

performed in group RDN-0, RDN-1 and RDN-2 using the 

SymplicityTM Renal Denervation System (Medtronic, Santa 

Rosa, CA, USA). The RDN catheter was positioned proximal 

to the bifurcation of each renal artery and the impedance 

of each electrode was checked to identify wall attachment. 

Radiofrequency ablation was applied consecutively and a 

number of either 5 or 6 ablation points were created at each 

renal arteries. The impedance, temperature and radio-

frequency energy delivery were monitored and recorded 

during the procedure [27]. When the RDN procedure was 

completed, bilateral renal angiograms were obtained again 

and signs of renal artery irregularities, such as vasospasm, 

stenosis or dissection, were checked.

Blood and urine samples were collected at the time of 

sacrifice by inferior vena cava puncture and urinary bladder 

puncture, respectively. We measured blood urea nitrogen 

(BUN), serum creatinine (Cr), lactate dehydrogenase (LDH), 

C-reactive protein (CRP), cystatin C and random spot urine 

protein/creatinine ratio (UPCR). Myocardium samples were 

harvested at the time of sacrifice, and stored at -80℃. Tissue 

samples were homogenized mechanically (TissueLyser, 

QAIGEN) in a PBS-based buffer containing proteinase in-

hibitor and non-ionic detergent (Tween-20). Tissue extrac-

tion was done from the supernatant with neutral buffer (PBS 

with 0.15% Tween-20). Interleukin (IL)-1α, -1β, -18, -6, -10, 

and tumor necrosis factor (TNF)-α were determined using 

tissue lysate by Porcine Cytokine Magnetic, 6 Plex Kit 

(Milliplex◯R MAP, catalog number PCYTMAG-23K-06) (Merck 

Millipore, Billerica, MA, USA). Caspase-1 activity was meas-

ured by Pig caspase-1 ELISA kit (catalog number CSB- 

EL004543PI) (CUSABIO, Wuhan, China). ELISA was per-

formed according to the manufacturer’s instructions. Protein 

samples were separated on either 8 or 15% SDS-PAGE gels. 

Gels were transferred to nitrocellulose membranes and 

blocked with 5% milk protein. Membranes were incubated 

at 4℃ overnight with primary antibodies. Immunoblot anal-

yses of ASC and NLRP3 were performed with the following 

primary antibodies: 1) a purified rabbit anti-ASC polyclonal 

antibody (1:1,000) (catalog number bs-6741R) (Bioss, 

Woburn, MA, USA), 2) a goat anti-human NLRP3 polyclonal 

antibody (1:200) (catalog number MBS241660) (MyBioSource, 

San Diego, CA, USA). 

Statistical analysis was performed using SPSS for Win-

dows, version 21.0 (SPSS Inc., Chicago, IL, USA). Non-nor-

mally distributed data were analyzed by the nonparametric 

Kruskal-Wallis test. Multiple group comparisons were per-

formed using analysis of variance (ANOVA) with post-test 

according to Mann-Whitney U. A p-value of <0.05 was con-

sidered statistically significant. Values were expressed as 

means ± SE.

Results and Discussion

Renal somatic afferent nerves to central sympathetic drive 

and efferent sympathetic signaling to the kidneys are closely 

related to the development of hypertension and heart failure 

[7, 12]. Renal sympathetic nerve activation enhances nora-

drenaline production, while renal denervation results in a 
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Table 1. Clinical parameters in acute renal and myocardial injury after RDN

Normal Sham RDN-0 RDN-1 RDN-2

BUN (mg/dl)

SCr (mg/dl)

LDH (U/L)

CRP (mg/L)

CysC (mg/L)

UPCR (mg/g)

  6.4±0.4

  0.9±0.1

745.3±24.1

 0.09±0.04

 0.00±0.00

154.5±16.7

  7.1±1.7

  0.9±0.0

796.3±46.1

 0.02±0.00

 0.00±0.00

153.8±1.5

   9.0±0.5

   1.1±0.0

1159.7±132.3*

  0.09±0.01

  0.17±0.09

 188.8±9.7

   6.6±0.7

   1.3±0.0

1131.0±166.7*

  0.02±0.00

  0.27±0.03

 150.4±22.8

  8.9±1.1

  1.2±0.0

836.0±18.9**

 0.03±0.01

 0.27±0.03

118.9±17.3

Normal normal control group, Sham sham-operated group using contrast-media, RDN-0 renal sympathetic denervation (RDN) group 

sacrificed immediately after RDN, RDN-1 RDN group sacrificed 1 week after RDN, RDN-2 RDN group sacrificed 2 weeks after 

RDN, Hb hemoglobin, BUN blood urea nitrogen, SCr serum creatinine, LDH lactate dehydrogenase, CRP C-reactive protein, CysC 

cystatin C, UPCR random spot urine protein/creatinine ratio, UACR random spot urine albumin/creatinine ratio. *p<0.05, vs. normal 

control group; **p<0.05, vs. RDN-1

Fig. 1. Clinical parameter. Serum LDH increased immediately 

after RDN (p<0.05, Normal vs. RDN-0 and RDN-1, re-

spectively), and then decreased at the 2nd week (p<0.05, 

RDN-1 vs. RDN-2). Normal normal control group, Sham 

sham-operated group using contrast-media, RDN-0 re-

nal sympathetic denervation (RDN) group sacrificed im-

mediately after RDN, RDN-1 RDN group sacrificed 1 

week after RDN, RDN-2 RDN group sacrificed 2 weeks 

after RDN.

marked decrease of noradrenaline by up to 95%[2, 6, 10, 11]. 

Experimental studies of heart failure have demonstrated 

some improvements in cardiac and renal function through 

ablation of sensory afferent and/or efferent sympathetic 

nerve fibers by RDN [3, 16, 23]. However, we hypothesized 

that RDN might cause acute subclinical inflammatory dam-

age on myocardium, especially in the early phase of sym-

pathetic denervation. BUN, serum Cr, cystatin C, CRP and 

UPCR showed no significant differences between the groups 

(Table 1). Serum LDH levels increased immediately after 

RDN until the 1st week (p<0.05, Normal vs. RDN-0 and 

RDN-1, respectively), and then decreased at the 2nd week 

(p<0.05, RDN-1 vs. RDN-2) (Fig. 1).   

IL-1β and TNF-α levels were increased at the 1st week 

(p<0.05, Normal vs. RDN-1, respectively), and then decreased 

at the 2nd week after RDN (p<0.05, RDN-1 vs. RDN-2, re-

spectively) (Fig. 2A, Fig. 2B). However, IL-1α, -18 and -6 lev-

els showed no significant differences between the groups 

(p=NS, Normal vs. RDN-0 and RDN-1, respectively) (Fig. 3A, 

Fig. 3B, Fig. 3C). Anti-inflammatory IL-10 level increased im-

mediately after RDN (p<0.05, Normal vs. RDN-0 and RDN-1, 

respectively), and then decreased at the 2nd week (p<0.05, 

RDN-1 vs. RDN-2) (Fig. 2C). Casapse-1 activity increased im-

mediately and continuously until the 2nd week after RDN 

(p<0.05, Normal vs. Sham and RDN-0, and RDN-0 vs. 

RDN-1, respectively), and showed a tendency to decrease 

at the 2nd week after RDN (p=NS, RDN-1 vs. RDN-2) (Fig. 

4). Myocardial ASC expression increased immediately after 

RDN (p<0.05, Normal vs. RDN-0 and RDN-1, and RDN-0 

vs. RDN-1, respectively), and then decreased at the 2nd 

week (p<0.05, RDN-1 vs. RDN-2). However, myocardial 

NLRP3 expression did not show any significant differences 

among the groups (p=NS, Normal vs. RDN-0, RDN-1 and 

RDN-2, respectively) (Fig. 5). The inflammasome is a molec-

ular complex that contains NLRP proteins and an adaptor 

protein, ASC [15, 25]. The most fully characterized in-

flammasome is the NLRP3 inflammasome which contains 

the NLRP3 protein [26]. Pro-inflammatory caspase-1, which 

is activated by inflammasome complexes in response to 

pathogen-associated molecular patterns (PAMPs) and dam-

age-associated molecular patterns (DAMPs), converts IL-1β 

and -18 to their active forms [8, 14]. The inflammasome is 

activated mainly in inflammatory cells, where it plays an 

important role in the innate immune response, and causes 

tissue inflammation and apoptosis [25, 26]. Recent clinical 

studies showed that RDN significantly reduced cardiac sym-
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A B C

Fig. 2. Pro-inflammatory and anti-inflammatory cytokines associated with myocardial damage after RDN. (A) IL-1β, and (B) TNF-α

levels increased at the 1st week (p<0.05, Normal vs. RDN-1, respectively), and then decreased at the 2nd week after RDN 

(p<0.05, RDN-1 vs. RDN-2, respectively). (C) IL-10 levels increased immediately after RDN (p<0.05, Normal vs. RDN-0 and 

RDN-1, respectively), and then decreased at the 2nd week (p<0.05, RDN-1 vs. RDN-2).

A B C

Fig. 3. Pro-inflammatory and inflammatory cytokines associated with myocardial damage after RDN. (A) IL-1α, (C) IL-18, and (D) 

IL-6 showed no significant differences among the groups (p=NS, Normal vs. RDN-0 and RDN-1, respectively).

Fig. 4. Caspase-1 activity associated with myocardial damage 

after RDN. Caspase-1 activity increased immediately af-

ter RDN (p<0.05, Normal vs. Sham and RDN-0, and RDN- 

0 vs. RDN-1, respectively; p=NS, RDN-1 vs. RDN-2). 

pathetic activity, independently from its BP effects, and were 

associated with lower atrial fibrillation recurrence and im-

proved echocardiographic parameters [9, 19]. An animal 

study showed that both cardiac sympathetic denervation 

and renal sympathetic denervation induced similar effects 

on ventricular electrophysiologic properties, thus signifi-

cantly reducing the heart rate, prolonged QT interval, the 

ventricular effective refractory period, and the action poten-

tial duration [17]. Another animal study demonstrated that 

RDN attenuated and stabilized left ventricular remodeling 

after myocardial infarction via the regulation of the matrix 

metalloproteinase (MMP)-9/tissue inhibitor of matrix metal-

loproteinase (TIMP)-1 balance in the transforming growth 

factor (TGF)-β1 signaling pathway [28]. However, in our 

study, myocardial IL-1β, -10, TNF-α, ASC levels and cas-

pase-1 activity increased after RDN procedure. This my-

ocardial damage in the early phase of sympathetic denerva-

tion is thought to be associated with the activation of cas-

pase-1 and inflammatory cytokines, but not NLRP3 in-

flammasome. We thought that other NLRP pathway such 

as NLRP1 can activate caspase cascade, and we need more 

experiments to evaluate the role of other inflammasomes in 

the experimentally induced heart failure model.
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Fig. 5. ASC and NLRP3 expression associated with myocardial damage after RDN. Myocardial ASC (24 kDa) expression increased 

at the first week after RDN (p<0.05, Normal vs. RDN-1) and then decreased at the 2nd week (p<0.05, RDN-1 vs. RDN-2). 

Myocardial NLRP3 (118 kDa) expression did not show any significant differences among the groups (p=NS, Normal vs. 

RDN-0, RDN-1, and RDN-2, respectively). In the densitometric analysis of the immunoblots, data are presented as pro-

tein/GAPDH ratios plotted on the y-axis. GAPDH was used as the loading control and did not vary among the groups. 

Representative immunoblots of at least 3 separate experiments.

In conclusion, RDN could cause acute myocardial damage 

through activation of caspase-1 and IL-1β. The inflammatory 

damage was transient and reversible. However, we should 

pay attention to protecting against early inflammatory my-

ocardial damage after RDN.
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록：교감신경 제술(RDN) 후 caspase-1과 interleukin-1β 활성화로 인해 유발된 염증성 성심

근손상

이동원*․김일 ․곽임수

(부산대학교 의과대학 내과학교실, 신장내과)

원심성, 구심성 교감신경 신호는 고혈압 및 심부전의 발생과 밀접한 관련이 있다. 혈관 내 카테터를 이용한 교

감신경절제술(RDM)은 난치성 고혈압의 대체치료로 시행되어 왔다. 시술과 관련하여 장기간 신장의 안정성에 대

해서는 보고가 있었으나 단기간 심근의 안정성에 대한 연구 결과는 없었다. 저자들은 RDN 시술로 인한 교감신경 

차단 후 염증성 심근손상이 발생할 수 있음을 가정하여 실험으로 검증하고자 하였다. 25마리의 암컷돼지를 3군으

로 나누고–정상대조군(n=5), Sham군(n=5), RDN 시술군(n=15)–RDN 시술군을 시술 후 sacrifice 시기에 따라 다

시 세분하였다–시술 후 즉시 sacrifice한 RDN-0 (n=5), 시술 1주 후 sacrifice한 RDN-1 (n=5), 시술 2주 후 sacrifice

한 RDN-2 (n=5). 조영제의 영향을 배제하기 위해 설정했던 Sham군과 정상대조군 간에는 의미있는 차이를 보이

지 않았다. IL-1β, TNF-α 등의 염증 싸이토카인은 시술 1주 후 증가하여 2주째 감소하였다. 항염증 싸이토카인 

IL-10은 시술 직후부터 증가하여 2주째 감소하였다. Inflammasome에 의해 위험신호(danger signal)를 전달받고 

활성화되는 Caspase-1 및 inflammasome을 매개하는 도메인 ASC는 시술 직후 활성화되어 발현이 증가하였고 2

주까지 지속되었다. 그러나 caspase-1을 매개할 것으로 추정되었던 NLRP3 inflammasome의 발현은 의미있는 차

이를 보이지 않았다. RDN 시술에 의한 교감신경차단은 caspase-1, IL-1β 등의 활성화에 의해 염증성 심근손상을 

초래할 수 있으며 RDN 시술 후에는 그 위험성을 고려해야 하겠다. NLRP3 외에 다른 NLRP inflammasome path-

way의 관련성에 대한 추가연구가 필요하다.




