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Renal Denervation Prevents Atrial 
Arrhythmogenic Substrate Development in CKD
Mathias Hohl ,* Simina-Ramona Selejan,* Jan Wintrich ,* Ulrike Lehnert, Thimoteus Speer , Clara Schneider,  
Muriel Mauz, Philipp Markwirth, Dickson W.L. Wong , Peter Boor, Andrey Kazakov, Martin Mollenhauer, Benedikt Linz ,  
Barbara Mara Klinkhammer , Ulrich Hübner, Christian Ukena , Julia Moellmann, Michael Lehrke , Stefan Wagenpfeil ,  
Christian Werner, Dominik Linz , Felix Mahfoud , Michael Böhm

BACKGROUND: In patients with chronic kidney disease (CKD), atrial fibrillation (AF) is highly prevalent and represents a major risk 
factor for stroke and death. CKD is associated with atrial proarrhythmic remodeling and activation of the sympathetic nervous 
system. Whether reduction of the sympathetic nerve activity by renal denervation (RDN) inhibits AF vulnerability in CKD is unknown.

METHODS: Left atrial (LA) fibrosis was analyzed in samples from patients with AF and concomitant CKD (estimated glomerular 
filtration rate [eGFR], <60 mL/min per 1.73 m2) using picrosirius red and compared with AF patients without CKD and patients 
with sinus rhythm with and without CKD. In a translational approach, male Sprague Dawley rats were fed with 0.25% adenine 
(AD)-containing chow for 16 weeks to induce CKD. At week 5, AD-fed rats underwent RDN or sham operation (AD). Rats on 
normal chow served as control. After 16 weeks, cardiac function and AF susceptibility were assessed by echocardiography, 
radiotelemetry, electrophysiological mapping, and burst stimulation, respectively. LA tissue was histologically analyzed for 
sympathetic innervation using tyrosine hydroxylase staining, and LA fibrosis was determined using picrosirius red.

RESULTS: Sirius red staining demonstrated significantly increased LA fibrosis in patients with AF+CKD compared with AF 
without CKD or sinus rhythm. In rats, AD demonstrated LA structural changes with enhanced sympathetic innervation 
compared with control. In AD, LA enlargement was associated with prolonged duration of induced AF episodes, impaired 
LA conduction latency, and increased absolute conduction inhomogeneity. RDN treatment improved LA remodeling and 
reduced LA diameter compared with sham-operated AD. Furthermore, RDN decreased AF susceptibility and ameliorated 
LA conduction latency and absolute conduction inhomogeneity, independent of blood pressure reduction and renal function.

CONCLUSIONS: In an experimental rat model of CKD, RDN inhibited progression of atrial structural and electrophysiological 
remodeling. Therefore, RDN represents a potential therapeutic tool to reduce the risk of AF in CKD, independent of changes 
in renal function and blood pressure.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.

Key Words: animals ◼ atrial fibrillation ◼ humans ◼ kidney failure, chronic ◼ male ◼ nervous system ◼ rats
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Atrial fibrillation (AF) represents the most common 
sustained arrhythmia with increasing prevalence 
worldwide.1 Patients with chronic kidney disease 

(CKD) exhibit a 2- to 3-fold higher risk for AF develop-
ment compared with that in the general population.2,3 AF 
represents a major cardiovascular risk factor for stroke 

and death in patients with CKD.2–5 AF and CKD often 
coexist and share common clinical and pathophysiologi-
cal risk factors such as hypertension, diabetes, structural 
heart disease, and activation of the renin-angiotensin-
aldosterone system and the sympathetic nervous sys-
tem.1,2,6–8 Thus, CKD increases the risk of incident AF, 
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and, vice versa, AF associates with the development of 
kidney failure, suggesting a possible bidirectional link 
between CKD and AF.6 Activation of the sympathetic 
nervous system, mediated by afferent signaling originat-
ing from the diseased kidneys,8,9 is a major component of 
the initial clinical phase of kidney failure, and its activity 
increases with the severity of kidney dysfunction, thus 

participating to the progression of CKD.7,10 Additionally, 
sympathetic activity contributes to the development of 
atrial arrhythmogenic substrates and represents a cru-
cial factor for the initiation and maintenance of AF.11–13 
Besides imbalance of the autonomic nervous system, AF 
comprises extensive electrophysiological and structural 
alterations, involving fibrosis as a key component of atrial 
proarrhythmic remodeling.13,14 In addition to atrial fibrosis, 
chronic inflammation and dysregulation of gap junction 
proteins such as connexin 43 have been reported as fur-
ther potential mediators of AF vulnerability in an experi-
mental CKD model.15

Renal denervation (RDN) is associated with a reduc-
tion of central sympathetic activity16,17 and represents 
a device-based therapy for patients with uncontrolled 
hypertension18,19 and AF.20 Beyond blood pressure, 
experimental animal studies suggest RDN to reduce 
atrial fibrosis and subsequently inhibit AF inducibility and 
complexity in animals without renal failure.21–23 How-
ever, the pathophysiological relationship leading to atrial 
remodeling and AF is complex and depends on various 
factors and comorbidities.11–15 Although the majority of 
AF triggers and substrates originate from the diseased 
left atrium (LA),24 it remains unclear how RDN treatment 
affects AF susceptibility. To verify a possible additive 

Nonstandard Abbreviations and Acronyms

AD adenine
AD-RDN adenine-renal denervation
AF atrial fibrillation
CKD chronic kidney disease
Ctrl control
FAW free atrial wall
LA left atrium
LV left ventricle
PVI pulmonary vein isolation
RDN renal denervation
SR sinus rhythm
TH tyrosine hydroxylase

Novelty and Significance

What Is Known?
• Atrial fibrillation (AF) is highly prevalent in patients with 

chronic kidney disease (CKD) and represents a major 
risk factor for stroke and death.

• CKD is associated with atrial proarrhythmic remodeling 
and activation of the sympathetic nervous system.

• Renal denervation (RDN) reduces sympathetic activ-
ity and represents a device-based therapy for patients 
with uncontrolled hypertension and AF.

What New Information Does This Article  
Contribute?
• In patients with AF and coexisting CKD, left atrial (LA) 

interstitial fibrosis was significantly higher compared 
with AF patients without CKD and patients in sinus 
rhythm with and without CKD.

• In a CKD rat model, progressive decline of kidney func-
tion was accompanied by LA enlargement and atrial 
remodeling with increased interstitial fibrosis formation 
and heightened sympathetic innervation, resulting in a 
prolonged P-wave duration, elevated vulnerability to AF, 
and impairment of atrial conduction homogeneity.

• Modulation of renal sympathetic nerves by RDN 
attenuated atrial structural and sympathetic remodel-
ing, reduced AF susceptibility, and improved electrical 
properties of the LA.

CKD is associated with a higher incidence of AF and 
AF-associated cardiovascular complications compared 
with the general population. CKD associates with early 
activation of the sympathetic nervous system, which 
originates from the failing kidney and thus may pro-
mote the development of an arrhythmogenic sub-
strate and increased susceptibility to AF. In patients 
with AF+CKD, LA fibrosis content was significantly 
increased compared with AF without CKD or sinus 
rhythm. This finding in patients further demonstrates 
that CKD highly contributes to structural alterations of 
the LA. To investigate the impact of the sympathetic 
nervous system in CKD on atrial remodeling and 
arrhythmogenesis, rats with adenine-induced CKD 
were subjected to RDN to deplete renal nerve activ-
ity. In rats, CKD resulted in LA fibrosis formation with 
enhanced sympathetic innervation. LA enlargement 
was associated with prolonged duration of induced AF 
episodes, as well as impaired LA conduction propaga-
tion. This study is the first to demonstrate that RDN 
treatment improved LA remodeling, reduced LA diam-
eter, decreased AF susceptibility, and ameliorated LA 
conduction disturbances in CKD rats, independent of 
changes in blood pressure and renal function. Con-
sequently, RDN may represent a potential therapeutic 
tool to reduce the risk of AF in CKD.
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effect of CKD on the development of atrial fibrotic sub-
strates in AF, we compared human LA myocardium from 
AF patients with and without CKD and respective con-
trols in sinus rhythm (SR). In a translational experimen-
tal approach, we used a well-characterized rat model of 
adenine (AD)-induced kidney damage and CKD25–28 to 
study the impact of renal sympathetic nerve activity on 
atrial proarrhythmic remodeling. As a therapeutic inter-
vention, we investigated the effect of bilateral RDN on 
atrial structural remodeling, AF inducibility, and electrical 
properties.

METHODS
Data Availability
Full information about materials and methods as well as all 
supporting data are available within the Supplemental Material 
and are available from the corresponding author upon reason-
able request. Also, see the Major Resources Table within the 
Supplemental Material.

Study Approval
The studies on human myocardial tissue were approved by 
the Ethics Committee of the Ärztekammer des Saarlandes 
(#131/00). All animal studies were performed in accor-
dance with the German law for the protection of animals. The 
investigation conforms to the Guide for the Care and Use of 
Laboratory Animals published by the US National Institutes of 
Health (eighth edition; revised 2011). Animal experiments were 
planned without an a priori power calculation, as there were no 
benchmarks for an assumed effect size. The study was approved 
by the regional Animal Welfare Inspectorate (Saarländisches 
Landesamt für Verbraucherschutz: #35/2017).

Statistics
Normal distribution of data was tested by the Kolmogorov-
Smirnov and Lilliefors test as well as the Shapiro-Wilk and 
D’Agostino and Pearson normality test. Data are presented as 
mean±SEM for continuous variables, and group differences 
were tested for significance using ANOVA with appropriate 
multiple comparisons test in case of >2 groups. A nonpara-
metric test was used when normality was rejected significantly 
or sample size (n) was below 6. When comparing ≥3 groups, 
2-way ANOVA or Kruskal-Wallis ANOVA was performed with 
Tukey, Holm-Sidak, or Dunn multiple comparison test, respec-
tively. Categorical variables are presented as frequencies and 
percentages and were compared using the Fisher exact test. 
Two-way repeated measures ANOVA with Tukey multiple 
comparison test was used to analyze differences within the 
study groups in the course of time. For continuous variables 
and comparison of 2 groups only, an unpaired, 2-tailed t test 
was applied for normally distributed data. A 2-sided P of 
<0.05 was considered statistically significant. Statistical anal-
ysis was performed using GraphPad Prism 8.4.2. We did not 
account for multiple testing considering all different outcome 
variables, but report raw, albeit for multiple group comparisons 
adjusted, P for each single outcome variable (ie, within-test 
corrections).

RESULTS
Increased LA Fibrosis in Patients With AF and 
CKD
Compared with patients in SR without CKD (n=8), 
LA interstitial fibrosis was significantly increased in 
SR with CKD (n=4; 5.13±0.4% versus 8.08±0.8%; 
P=4.57×10−2). LA fibrosis content was also significantly 
increased in AF without CKD (n=16) compared with SR 
without CKD (7.79±0.2%; P=1.81×10−2) but not com-
pared with SR with CKD (P=7.98×10−1). In patients with 
AF, concomitant CKD resulted in an augmented LA fibro-
sis formation (AF with CKD: n=14; 11.32±0.7%) being 
significantly increased compared with all other groups 
(P=2.31×10−7 versus SR without CKD; P=2.36×10−2 
versus SR with CKD; P=1.52×10−4 versus AF without 
CKD; Figure 1A and 1B). LA fibrosis correlated inversely 
with estimated glomerular filtration rate (eGFR) (Fig-
ure 1C). Patient characteristics are depicted in Table S1.

Experimental Rat Model of AD-Induced CKD: 
General Physiological Characteristics and 
Cardiac Alterations
The Table summarizes the physiological characteristics 
of the control group on normal standard chow (Ctrl) and 
the AD-induced CKD group (AD) at baseline and before 
assignment of AD to either sham operation or RDN (for 
experimental timeline, see Figure 2A). After 4 weeks, AD 
had significantly increased plasma concentrations of urea 
and creatinine compared with Ctrl (Table; Figure 2B and 
2C). Echocardiographic assessment of cardiac function 
demonstrated concentric hypertrophy of the left ventricle 
(LV), as well as increased LA diameter and LA area in AD 
compared with Ctrl (Table; Figure S1). However, after 4 
weeks, there was no statistically significant difference in 
mean arterial pressure and heart rate between AD and 
Ctrl (Table; Figure 2D and 2E). After 16 weeks, 0.25% 
AD diet resulted in a significantly decreased body weight 
with reduced food intake and increased water consump-
tion (Table). In AD, plasma concentrations of urea and 
creatinine were significantly increased compared with 
Ctrl. The deterioration of renal function parameters over 
time showed a similar course in both the AD and the 
AD-RDN groups (Table S2), and there was no significant 
difference in plasma levels of urea and creatinine in AD 
versus AD-RDN after 16 weeks (Table; Figure 2B and 
2C). Kidney tissue norepinephrine content (56.95±7.2 
versus 93.22±10.3 pg/mL; P=5.56×10−3 versus AD; 
n=15 per group) and protein expression of renal tyrosine 
hydroxylase (TH; 1.20±0.13 versus 1.85±0.2 integrated 
optical density/GAPDH; P=1.60×10−2 versus AD) were 
significantly reduced in AD-RDN compared with AD, and 
histological staining of renal TH demonstrated dimin-
ished immunofluorescence signal in AD-RDN (Figure 
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S5), suggesting effective denervation of the kidneys. Of 
note, in the kidneys of AD-fed rats, RDN had no effect 
on tubular crystal formation or regulation of xanthine oxi-
dase (Figure S5).

RDN Inhibits CKD-Induced Cardiac Hypertrophy 
and Atrial Enlargement
During the course of 16 weeks, mean arterial pressure 
increased in AD and AD-RDN but not in Ctrl (Table S2), 
without statistically significant reduction following RDN 
at week 16 compared with AD (P>9.99×10−1 versus AD; 
Table; Figure 2D). Heart rate decreased over time in all 
groups (Table S2), being statistically comparable between 
all groups at week 16 (Table; Figure 2E). Echocardio-
graphic evaluation demonstrated pronounced hypertro-
phy of the LV anterior wall and the LV posterior wall in 
AD, which was accompanied by an elevated E wave (early 
diastole)/A wave (atrial contraction) (E/A) ratio, indicat-
ing diastolic dysfunction (Table). In AD-RDN, LV anterior 
and posterior wall thickness was normalized and the 
elevated E/A ratio was ameliorated compared with AD. 
Fractional shortening remained statistically unchanged 
between all groups (Table). Echocardiography in AD also 
demonstrated increased LA diameter (4.76±0.06 ver-
sus 4.22±0.05 mm; P=2.77×10−6 versus Ctrl) and LA 
area (23.12±0.4 versus 18.25±0.6 mm2; P=5.82×10−6 

versus Ctrl; Figure 3A through 3C) compared with Ctrl. 
RDN significantly reduced LA diameter (4.23±0.06 mm; 
P=6.62×10−7 versus AD) and LA area (17.43±0.6 mm2; 
P=3.73×10−8 versus AD) compared with AD (Figure 3B 
and 3C). Development of cardiac functional parameters 
over time for each group is depicted in Table S2.

RDN Prevents CKD-Induced Structural 
Alterations of the LA
AD-induced CKD resulted in LA structural and auto-
nomic remodeling with increased formation of interstitial 
fibrosis (16.8±1.3% versus 6.4±0.5%; P=2.10×10−8 
versus Ctrl; Figure 4A and 4C) and higher density of TH-
positive stained axons (11.2±0.9 versus 7.1±0.6 positive 
axons/200 µm2; P=2.75×10−3 versus Ctrl; Figure 4B 
and 4D) compared with Ctrl. LA interstitial fibrosis 
(8.8±0.6%; P=9.75×10−7 versus AD; Figure 4C) and the 
amount of TH-positive stained axons (7.1±0.6 positive 
axons/200 µm2; P=9.36×10−4 versus AD; Figure 4D) 
were attenuated by RDN. There were no significant 
regional differences in interstitial fibrosis between free 
atrial walls (FAWs) and LA appendages: in Ctrl: 5.7+0.4% 
FAW versus 6.8+1.8% appendages, P=5.77×10−1; in 
AD: 12.4+2.3% FAW versus 11.5+6.8% appendages, 
P=8.13×10−1; in AD+RDN: 7.1+2.2% FAW versus 
4.4+0.6% appendages, P=2.66×10−1. The density of 

Figure 1. Increased left atrial (LA) fibrosis formation in atrial fibrillation (AF) with concomitant chronic kidney disease (CKD).
A, Representative images of human LA appendages stained with picrosirius red to visualize fibrosis. B, Quantification of LA interstitial fibrosis in patients 
with sinus rhythm (SR) and normal glomerular filtration rate (SR without CKD; n=8), compared with SR patients with CKD (n=4), patients with AF 
without CKD (n=16), and patients with AF and coexisting CKD (n=14). Data are shown as mean±SEM. Two-way ANOVA with Holm-Sidak multiple 
comparisons test was applied. C, Correlation between LA fibrosis and estimated glomerular filtration rate (eGFR) (Spearman correlation, P, n=41).D
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TH-positive stained axons correlated with LA interstitial 
fibrosis formation (Figure 4E). Western blot analysis of LA 
tissue confirmed increased TH protein expression in AD 
compared with Ctrl (Ctrl, 0.22±0.06 versus AD, 0.73±0.10 
integrated optical density/GAPDH; P=4.66×10−4), 
which was attenuated by RDN (0.37±0.04 integrated 
optical density/GAPDH; P=6.65×10−3 versus AD; Fig-
ure 4F and 4G). Of note, LA remodeling was neither 

associated with statistically significant enhanced atrial 
cardiomyocyte diameters (Figure S6) nor with significant 
infiltration of LA tissue with neutrophils or macrophages 
(Figure S7). Besides, expression of LA connexin 43 was 
statistically unchanged between Ctrl (6.04±0.6%), AD 
(6.49±0.5%; P=8.39×10−1 versus Ctrl), and AD-RDN 
(5.89±0.4%; P=9.14×10−1 versus Ctrl; Figure S8). Right 
atrial tissue did not demonstrate statistically enhanced 

Table. General Physiological Characteristics of AD-Induced Chronic Kidney Disease in Rats

 Baseline P value Week 4 (before RDN) P value

 Ctrl AD Ctrl vs AD Ctrl AD Ctrl vs AD

BW, g 379.3±8.0 (n=11) 383.0±5.5 (n=30) P=7.01×10−1* 494.1±16.5 (n=11) 430.1±6.8 (n=30) P=3.09×10−4*

Plasma urea, mg/dL 38±2 (n=11) 44±2 (n=23) P=1.33×10−1* 35±2 (n=11) 78±5 (n=22) P=5.66×10−6*

Plasma creatinine, mg/dL 0.37±0.02 (n=11) 0.38±0.01 (n=23) P=9.05×10−1* 0.41±0.01 (n=11) 0.64±0.03 (n=22) P=4.57×10−5*

MAP, mm Hg 99.5±1.2 (n=8) 102.7±1.5 (n=13) P=1.67×10−1* 103.1±2.1 (n=8) 108.1±2.4 (n=13) P=1.69×10−1*

HR, bpm 343±4 (n=8) 351±4 (n=13) P=2.42×10−1* 339±9 (n=8) 323±5 (n=13) P=1.25×10−1*

FS, % 51.67±1.9 (n=11) 50.89±1.6 (n=29) P=9.42×10−1* 51.91±1.2 (n=11) 51.46±1.2 (n=29) P=8.41×10−1*

LVPWd, mm 1.84±0.01 (n=11) 1.82±0.02 (n=29) P=6.40×10−1* 1.88±0.02 (n=11) 2.19±0.02 (n=29) P=2.65×10−9*

LVAWd, mm 1.77±0.03 (n=11) 1.79±0.02 (n=29) P=6.83×10−1* 1.89±0.02 (n=11) 2.17±0.02 (n=29) P=2.76×10−7*

E/A ratio 1.15±0.06 (n=10) 1.07±0.03 (n=29) P=2.71×10−1* 1.17±0.09 (n=10) 1.52±0.05 (n=29) P=2.14×10−3*

LA diameter, mm 4.0±0.05 (n=11) 4.1±0.02 (n=29) P=9.98×10−2* 4.1±0.06 (n=11) 4.6±0.04 (n=29) P=3.11×10−7*

LA area, mm2 16±0.6 (n=11) 17±0.2 (n=29) P=6.84×10−1* 17±0.7 (n=11) 21±0.3 (n=29) P=5.14×10−5*

 Week 16 P value

 Ctrl AD AD-RDN Ctrl vs AD Ctrl vs AD-RDN AD vs AD-RDN

BW, g 524.0±16.2 (n=11) 451.8±11.7 (n=15) 435.5±8.9 (n=15) P=9.51×10−8† P=2.93×10−8† P=9.10×10−1†

Water intake (mL/24 h) 44±3 (n=11) 82±3 (n=15) 75±6 (n=15) P=3.86×10−6‡ P=4.10×10−6‡ P=7.92×10−1‡

Food intake (g/24 h) 31±1 (n=11) 21±1 (n=15) 19±0.5 (n=15) P=3.14×10−5‡ P=4.95×10−6‡ P>9.99×10−1‡

HW, g 1.61±0.03 (n=11) 1.37±0.04 (n=15) 1.32±0.05 (n=15) P=4.75×10−3† P=6.14×10−4† P=7.17×10−1†

HW/tibia length, g/cm 0.36±0.007 (n=11) 0.31±0.01 (n=15) 0.30±0.01 (n=15) P=1.30×10−2‡ P=1.29×10−3‡ P>9.99×10−1‡

Plasma urea, mg/dL 49±2 (n=11) 324±27 (n=15) 313±17 (n=14) P=1.21×10−10† P=5.19×10−10† P=9.13×10−1†

Plasma creatinine, mg/dL 0.66±0.04 (n=11) 2.56±0.17 (n=15) 2.44±0.14 (n=14) P=2.55×10−10† P=2.02×10−9† P=8.04×10−1†

Serum sodium, mmol/L 138.1±0.9 (n=10) 139.8±2.1 (n=11) 141.6±1.2 (n=12) P=7.50×10−1† P=2.84×10−1† P=6.90×10−1†

Serum potassium, mmol/L 6.91±0.3 (n=7) 8.14±0.2 (n=10) 8.02±0.1 (n=11) P=2.10×10−3† P=4.70×10−3† P=8.97×10−1†

Plasma aldosterone, pg/mL 602.5±107.3 (n=10) 1607±227.6 (n=13) 1271±156.4 (n=15) P=1.83×10−3† P=3.80×10−2† P=3.57×10−1†

Plasma renin activity, ng/mL 4.16±0.04 (n=10) 4.13±0.02 (n=13) 4.09±0.03 (n=15) P=8.06×10−1† P=4.02×10−1† P=7.60×10−1†

Urinary volume, mL/h 0.92±0.2 (n=6) 3.07±0.28 (n=8) 2.64±0.4 (n=10) P=1.98×10−3† P=8.95×10−3† P=6.44×10−1†

Urinary urea, mg/dL 3471±430 (n=8) 1038±112 (n=12) 1268±101 (n=15) P=1.19×10−8† P=4.04×10−8† P=6.50×10−1†

Urinary creatinine, mg/dL 87.75±14.8 (n=8) 18.00±2.8 (n=12) 20.87±2.71 (n=15) P=1.46×10−7† P=1.47×10−7† P=9.37×10−1†

MAP, mm Hg 103.3±1.4 (n=7) 123.9±4.6 (n=5) 114.8±3.2 (n=5) P=3.84×10−3‡ P=8.24×10−2‡ P>9.99×10−1‡

HR, bpm 313±9 (n=7) 302±12 (n=5) 295±11 (n=5) P>9.99×10−1‡ P=7.26×10−1‡ P>9.99×10−1‡

FS, % 54.70±2.3 (n=10) 57.10±2.6 (n=13) 59.94±2.2 (n=15) P=7.88×10−1† P=3.10×10−1† P=6.63×10−1†

LVPWd, mm 1.91±0.02 (n=10) 2.34±0.05 (n=13) 1.99±0.03 (n=15) P=1.00×10−7† P=3.47×10−1† P=9.24×10−7†

LVAWd, mm 1.92±0.01 (n=10) 2.26±0.04 (n=13) 1.94±003 (n=15) P=2.38×10−6† P=9.15×10−1† P=1.19×10−6†

E/A ratio 1.12±0.02 (n=9) 1.75±0.11 (n=13) 1.19±0.07 (n=15) P=8.65×10−4‡ P>9.99×10−1‡ P=3.82×10−4‡

QTc Interval, s 0.12±0.004 (n=7) 0.15±0.006 (n=12) 0.15±0.008 (n=14) P=4.53×10−2† P=3.71×10−2† P=9.99×10−1†

PQ interval, ms 51.08±0.85 (n=9) 62.88±1.93 (n=10) 58.49±2.34 (n=13) P=1.39×10−3† P=3.36×10−2† P=2.63×10−1†

All results are presented as mean±SEM. AD indicates adenine; BW, bodyweight; Ctrl, control; E/A, E wave (early diastole)/A wave (atrial contraction); FS, fractional 
shortening; HR, heart rate; HW, heart weight; LA, left atrium; LVAWd, left ventricular anterior wall thickness end-diastole; LVPWd, left ventricular posterior wall thickness 
end-diastole; MAP, mean arterial pressure; and RDN, renal denervation.

*P value was determined using an unpaired, 2-tailed t test.
†P value was determined using 2-way ANOVA with Tukey multiple comparison test.
‡P value was determined by a Kruskal-Wallis test with Dunn multiple comparison test.
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Figure 2. Development of renal function and mean arterial pressure following chronic adenine (AD) intake.
A, Experimental timeline. At an age of 10 wk, male Sprague Dawley rats were fed with either standard diet (control [Ctrl]; n=11) or with 0.25% 
AD-containing chow for 16 wk to induce chronic kidney disease. At week 5, AD rats were subjected to renal denervation (AD-RDN; n=15) or 
sham operation (AD; n=15; green arrow). Twelve weeks after renal denervation (RDN), all rats were sacrificed at an age of 26 wk. Renal function 
was assessed by measurement of (B) plasma urea and (C) plasma creatinine concentrations. Animal numbers are depicted below. Data are 
shown as mean±SEM. Two-way ANOVA with Tukey multiple comparisons test was applied for P determination. Development of (D) mean arterial 
pressure and (E) heart rate of control (Ctrl), AD-fed rats and AD-RDN. Animal numbers are depicted below. In AD and AD-RDN, mean arterial 
pressure was elevated after 16 wk compared with Ctrl on normal standard diet (Ctrl vs AD: P=3.84×10−3; Ctrl vs AD-RDN: P=8.24×10−2). Mean 
arterial pressure did not significantly differ between AD and AD-RDN after 16 wk (P>9.99×10−1). Data are shown as mean±SEM. Kruskal-Wallis 
ANOVA with Dunn multiple comparison test was applied for P determination. There was no statistically significant difference in heart rate between 
all groups (Ctrl vs AD: P>9.99×10−1; Ctrl vs AD-RDN: P=7.26×10−1; AD vs AD-RDN: P>9.99×10−1). Data are shown as mean±SEM. Kruskal-
Wallis ANOVA with Dunn comparisons test was applied for P determination.
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cardiomyocyte diameters between groups; however, 
right atrial interstitial fibrosis formation was significantly 
increased in AD compared with Ctrl (9.88±0.5% [Ctrl] 
versus 13.41±0.5% [AD]; P=2.54×10−3), while RDN 
resulted in a numerical reduction of right atrial fibro-
sis content, which did not reach statistical significance 
(11.26±0.5%; P=5.91×10−2 versus AD; Figure S9).

RDN Improves CKD-Induced 
Electrophysiological Alterations
To assess the effects of LA structural remodeling (ie, 
fibrosis and LA enlargement) on electrophysiological 

properties, ECG recordings were analyzed (Figure 5A). 
AD promoted prolonged duration of P waves (31.2±1.3 
versus 22.6±0.9 ms; P=4.74×10−4 versus Ctrl; Fig-
ure 5B) compared with Ctrl. In AD-RDN, a significant 
reduction of P-wave duration was observed (24.1±1.4 
ms; P=1.24×10−3; Figure 5B), which significantly corre-
lated with the amount of LA tissue fibrosis (Figure 5C). 
Moreover, transesophageal burst stimulation resulted in 
a higher inducibility of AF episodes (25.33±6.61% ver-
sus 8.18±4.11%; P=1.65×10−1 versus Ctrl) and a sig-
nificantly longer inducible AF duration in AD compared 
with Ctrl (0.95±0.14 versus 0.40±0.14 s; P=2.51×10−7 
versus Ctrl; Figure 6B and 6C). AF inducibility was 

Figure 3. Renal denervation (RDN) inhibits chronic kidney disease–induced atrial enlargement.
A, Original echocardiography images of 2-dimensional B mode (top, end-diastolic state with closed aortic valve) and M mode (bottom) in 
PLAX (parasternal long-axis view) for measurement of left atrial (LA) diameter at end systole from control (Ctrl; n=10), adenine (AD)-fed rats 
(n=13), and AD-fed rats with RDN (AD-RDN; n=15). Echocardiographic evaluation of atrial diameter (B) and area (C) suggests significant LA 
enlargement in AD rats compared with Ctrl. In AD-RDN, pronounced LA enlargement was significantly inhibited compared with AD. Data are 
shown as mean±SEM. For P determination, a 2-way ANOVA with Tukey multiple comparisons test was applied. M mode of §, LA diameter; $, 
aortic root; A4C, apical 4-chamber view.
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Figure 4. Renal denervation (RDN) prevents atrial remodeling in chronic kidney disease (CKD).
A, Representative left atrial (LA) interstitial fibrosis stained by picrosirius red (top; scale bars, 200 µm) and (B) immunofluorescence staining of 
LA tyrosine hydroxylase (TH; bottom, scale bar, 100 µm for images to the left). Magnification of the boxed area is shown to the right (scale bar, 
50 µm). White arrowhead indicates stained TH in control (Ctrl), adenine (AD)-fed rats, and AD-fed rats with RDN (AD-RDN). Secondary antibody 
only control showed no specific staining. C, Quantification of LA interstitial fibrosis shows a significant increase in fibrosis formation in AD (n=13) 
compared with Ctrl (n=10), which was inhibited in AD-RDN (n=15). Data are shown as mean±SEM. P was determined using 2-way ANOVA with 
Tukey multiple comparisons test. D, Quantification of LA tyrosine hydroxylase (TH)–positive axons was higher in AD (n=12) compared with Ctrl 
(n=10), suggesting increased sympathetic innervation in CKD. RDN (AD-RDN, n=15) reduced the amount of TH-positive axons. Data are shown 
as mean±SEM. P was determined using 2-way ANOVA with Tukey multiple comparisons test. E, Spearman correlation between LA fibrosis and 
TH-positive axons (n=37). F, Representative Western blot of TH protein expression in LA tissue and (G) quantification of TH in Ctrl (n=7), AD 
(n=8), and AD-RDN (n=9) using glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as loading control. Data are shown as mean±SEM. P 
was determined using 2-way ANOVA with Tukey multiple comparisons test. IOD indicates integrated optical density. (Continued ) 
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reduced by RDN (6.53±2.91%; P=5.98×10−2 versus 
AD), and duration of AF episodes was significantly short-
ened (0.22±0.07; P=1.14×10−9 versus AD; Figure 6B 
and 6C). Effects of RDN on AF duration remained pres-
ent even for longer AF thresholds (Figure S10). Of note, 
radiotelemetry recordings did not reveal any spontane-
ous AF episodes during the experimental period.

To characterize the electrophysiological proper-
ties of the fibrotic arrhythmogenic substrates, epi-
cardial contact mapping was conducted. In AD, LA 
conduction latency was prolonged (2.3±0.2 versus 
1.4±0.1 s/m; P=9.53×10−3 versus Ctrl) and abso-
lute inhomogeneity, an indicator for the occurrence 
of local electrical conduction blocks, was increased 
(7.6±0.7 versus 4.4±0.3; P=3.85×10−3 versus Ctrl; 
Figure 7B and 7C). RDN attenuated LA conduction 
latency (1.5±0.2 s/m; P=1.95×10−2 versus AD) and 
LA absolute inhomogeneity (5.3±0.6; P=3.20×10−2 
versus AD; Figure 7B and 7C).

DISCUSSION
CKD is associated with a higher incidence of AF and AF-
associated cardiovascular complications compared with 

the general population.2–5 We observed a significantly 
increased amount of LA interstitial fibrosis in patients 
with AF and coexisting CKD compared with AF patients 
without CKD or patients in SR with CKD. This obser-
vation indicates a novel pathophysiological link between 
the failing kidney and the development of a fibrotic sub-
strate—a known key component of atrial proarrhythmic 
remodeling.13–15 Additionally, CKD is associated with early 
activation of the sympathetic nervous system,7,10 which 
originates from the failing kidney8 and highly contributes 
to the development of an arrhythmogenic substrate and 
increased susceptibility to AF.11–13 Sympathetic activity, 
especially β-adrenergic activation, is known to induce 
myocardial interstitial fibrosis.29 To elucidate the effect of 
the sympathetic nervous system in CKD on atrial remod-
eling and arrhythmogenesis, we used a rat model of AD-
induced kidney damage mimicking CKD in humans.25–28 
This model exhibited established kidney disease but not 
end-stage CKD potentially relating to an important group 
of patients presenting with renal and cardiac comorbidi-
ties.2,6 In our AD-fed rats, the progressive decline of kid-
ney function was accompanied by LA enlargement and 
interstitial atrial remodeling with increased LA fibrosis 
formation. Besides, CKD induced enhanced LA sympa-
thetic innervation as shown by TH-positive atrial nerve 

Figure 4 Continued. 
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fibers, the latter being an established marker of sympa-
thetic activity.30 LA remodeling was associated with pro-
longed P-wave duration, elevated vulnerability to AF, and 
impairment of atrial conduction homogeneity. Disruption 
of renal sympathetic nerves by RDN attenuated atrial 
structural and sympathetic remodeling, reduced AF sus-
ceptibility, and improved LA electrical properties. These 
cardiac findings were independent of kidney damage or 
elevated blood pressure since RDN did neither affect the 
progression of CKD nor did it induce a reversal of the 
established kidney disease phenotype induced by AD 
feeding. As there were no significant regional differences 
in interstitial fibrosis between FAWs and LA appendages, 
this also strengthens the conclusion that fibrosis forma-
tion was rather independent of atrial loads in our animal 
model. Additionally, increased collagen deposition in the 
right atrium indicated that atrial fibrosis rather depends 
on CKD itself than on atrial load.

To our knowledge, this is the first experimental study 
showing that RDN may inhibit the development of AF 
substrates in CKD. CKD is associated with sympathetic 
activity,7,10 which initiates and maintains AF.11 RDN may 
decrease central sympathetic activity by reducing affer-
ent nerve signaling in hypertensive rat models31,32 and 
humans.17,33 Catheter-based RDN can safely lower 
blood pressure in resistant34 and uncontrolled hyper-
tension with35 and without36 antihypertensive medica-
tions associated with reduced sympathetic nerve firing.37 
Recent randomized clinical trial studies demonstrated 
that in patients with hypertension and symptomatic AF, 
the combination of RDN and pulmonary vein isolation 
(PVI) significantly decreased the risk of recurrent AF 
as compared with PVI alone within the first 12 months 
after intervention.20,38,39 Moreover, in patients with resis-
tant hypertension and moderate-to-severe CKD, RDN 
was reported to be safe and effective in reducing blood 

Figure 5. Renal denervation (RDN) reduces P-wave duration in chronic kidney disease.
A, Representative ECG recordings of control (Ctrl; n=9), adenine (AD)-fed rats (n=10), and AD-fed rats with RDN (AD-RDN; n=14). P-wave 
duration was measured if clearly distinguishable with a regular heart rhythm. B, Quantification of P-wave duration demonstrated a significant 
increase in AD rats compared with Ctrl. Enhanced P-wave duration could be statistically normalized by RDN. Data are shown as mean±SEM. 
P was determined using 2-way ANOVA with Tukey multiple comparisons test. C, Spearman correlation of left atrial (LA) fibrosis and P-wave 
duration (n=33).
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pressure, proteinuria, and peripheral arterial stiffness 
without deterioration of renal function.40,41

In this AD-induced CKD model, AF vulnerability was 
associated with enhanced LA diameter, atrial interstitial 
fibrosis formation, and sympathetic innervation, resulting 
in prolonged P-wave duration and LA conduction times. 
In an animal model of burst pacing–induced AF, perpetu-
ation of atrial intracellular connectivity preserved con-
duction velocity and prevented sustained AF episodes, 
demonstrating the impact of atrial conduction properties 
on AF.42 Here, the progression of LA arrhythmogenic 
substrates was suppressed following RDN, resulting in 

maintained LA conduction latency and deteriorated AF 
inducibility. Increased fibrosis formation impairs intra- 
and interatrial electrical conduction, which has a major 
impact on the occurrence of AF.43 In a canine model of 
long-term intermittent atrial pacing, LA enlargement and 
fibrosis determined a prolonged P-wave duration44—a 
known risk factor for incident AF in humans.45 In these 
dogs, atrial remodeling was suppressed by RDN, and 
incidences of AF were reduced.44 Moreover, enhanced 
autonomic innervation provides an additional critical fac-
tor, which is associated with AF in humans and animal 
models alike.11 Activation of the sympathetic nervous 

Figure 6. Renal denervation (RDN) attenuates atrial fibrillation (AF) inducibility by transesophageal atrial pacing in chronic 
kidney disease (CKD).
A, Original representative ECG recordings of sinus rhythm and AF after burst stimulation. Twenty burst stimuli of 3 s each were applied per 
animal. AF was considered as positive by induction of an episode of rapid, quivering atrial beats with an irregular heart rhythm lasting at least 1 s 
with a missing P wave. The recurrence of P waves represented the termination of AF. B, Quantification of AF inducibility per animal demonstrated 
that adenine (AD)-induced CKD resulted in higher inducibility (in 11 of 15 rats) compared with controls (Ctrl; 5 of 11 rats). RDN repressed AF 
inducibility (5 of 13 rats). Data are shown as mean±SEM. P was determined using Kruskal-Wallis ANOVA with Dunn multiple comparisons test. 
C, Burst stimulation resulted in a significantly elevated duration of induced AF episodes in CKD rats (75 of 300 bursts) compared with Ctrl (18 of 
220 bursts). RDN shortens the duration of induced AF episodes (17 of 260 bursts). Data are shown as mean±SEM. P was determined using the 
Kruskal-Wallis ANOVA with Dunn multiple comparisons test.
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system induces changes of atrial electrophysiology and 
acts as a trigger on a susceptible AF substrate.11 Neuro-
modulation by RDN attenuated atrial autonomic innerva-
tion, structural and electrophysiological alterations, and 
reduced AF inducibility and complexity in various experi-
mental AF models without CKD.21–23,44,46

Using the AD-induced model of CKD enabled us to 
investigate the effect of interventional neuromodulation 
by RDN on atrial proarrhythmic remodeling independent 
of improving kidney function, mirroring the most com-
mon clinical situations.40,41 Administration of AD-contain-
ing chow resulted in a significant upregulation of renal 
xanthine oxidase, which is an essential enzymatic pro-
tein involved in the conversion of AD to 2.8-dihydroxy-
adenine.25,26 These poorly soluble 2.8-dihydroxyadenine 
crystals deposit within the tubules, inducing tubulointer-
stitial nephropathy, which comprises tubular injury and 
inflammation, followed by renal interstitial fibrosis. As a 
secondary consequence, nephron loss and glomerular 
damage evolves.25,26 However, RDN has been shown to 
protect the kidney against hemodynamic stress primarily 

generated by the sympathetic nervous system in several 
preclinical models with primary glomerular damage.31,32 
In our model of AD-induced tubular and interstitial dam-
age, we observed no functional renal improvement since 
elevated renal retention parameters like plasma creati-
nine and blood urea nitrogen did not improve after RDN.

Study Limitation
Using an experimental rat model of CKD, we observed 
beneficial effects of RDN on atrial arrhythmogenesis, yet 
a clinical study investigating the effect of RDN on new-
onset AF in patients with CKD is still missing. It should 
be kept in mind that many of the causes of CKD in our 
patient population are also factors associated indepen-
dently with atrial remodeling, like hypertension and diabe-
tes,1 which represent potentially confounding issues for 
most if not all clinical studies with CKD patients. Recent 
clinical studies reported that RDN reduced AF recur-
rence rate in hypertensive patients with a history of par-
oxysmal or refractory AF when combined with PVI.20,38,39 

Figure 7. Chronic kidney disease–induced atrial electrophysiological alterations are prevented by renal denervation (RDN).
A, Representative maps of spontaneous atrial conduction of control (Ctrl; n=8), adenine (AD)-fed rats (n=11), and AD-fed rats with RDN 
(AD-RDN; n=9). Conduction starts from dark red to dark blue; bars indicate total time from the first to last measurement within 1 heartbeat. 
Quantification of (B) mean interelectrode left atrial (LA) conduction latency and (C) LA absolute inhomogeneity implies disruption of conduction 
homogeneity in AD rats compared with Ctrl. Epicardial mapping analyses revealed that electrophysiological alterations shown in AD could be 
inhibited by RDN. Data are shown as mean±SEM. P was determined using 2-way ANOVA with Tukey multiple comparisons test.
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Furthermore, ongoing clinical trial studies investigating 
the occurrence of AF episodes, AF burden, as well as 
safety and effectiveness of PVI in combination with or 
without RDN in hypertensive patients with AF (SYM-
PLICITY AF [Renal Nerve Denervation in Patients With 
Hypertension and Paroxysmal and Persistent Atrial Fibril-
lation]: https://www.clinicaltrials.gov; unique identifier: 
NCT02064764 and ASAF [Treatment of Atrial Fibrilla-
tion in Patients by Pulmonary Vein Isolation in Combina-
tion With Renal Denervation or Pulmonary Vein Isolation 
Only]: https://www.clinicaltrials.gov; unique identifier: 
NCT02115100) will provide additional insights.

Rodent models offer the opportunity to simulate 
atrial remodeling in different settings of AF and also in 
the case of CKD alone, like in our study, but translat-
ability from rodents to humans remains challenging.47,48 
Although atrial circumference-to-wavelength is compa-
rable in both species, other electrophysiological prop-
erties like ion channel distribution and differences in 
clinical presentation of AF (intrinsic AF versus induced 
AF and AF duration) vary vastly, which makes a direct 
translation difficult.49

In our rats, CKD was established after 4 weeks of 
AD diet. Therefore, the RDN procedure was performed 
in animals with established CKD. Creatinine and urea 
levels were further rising after RDN treatment, sug-
gesting the cardiac effects of RDN to be independent 
of the severity of the established CKD. Therefore, ben-
eficial effects of RDN on LA remodeling even in late 
stages of CKD are likely. This finding might be clinically 
important as the effect of RDN on atrial remodeling 
and electrophysiology might be seen also in patients 
presenting already with CKD.2,6 In our animal model, 
LV mass increased in AD-fed rats, which might have 
caused elevated LA pressure, eventually contributing to 
LA fibrosis. However, measurement of LA pressure was 
not part of the study protocol. This study was designed 
to be explorative and was done to characterize patho-
physiological changes of the LA in CKD, as well as the 
unknown effects of RDN. Due to the novelty of the 
investigated approach, there was no benchmark for a 
size of an expected treatment effect. Hence, we only 
used descriptive statistics for both, the patient study 
cohort and the animal model, since there was no sound 
basis for a power calculation available. Nevertheless, for 
future studies in this field, the results inform the design 
of further adequately powered studies. Besides RDN, 
other novel interventional approaches such as epicar-
dial fat pad removal, ablation of intracardiac ganglion-
ated plexi, ganglion stellatum ablation, and carotid body 
denervation also aim to modulate the autonomic ner-
vous system with potential antiarrhythmic effects12,50,51 
and shall be considered in future investigations on AF 
in CKD. For instance, epicardial fat has been associ-
ated with AF in several studies,12,50,51 and its removal is, 
therefore, being studied as a new treatment approach 

in AF. Moreover, the combination of ganglionated plexi 
ablation and PVI has been investigated in patients with 
paroxysmal AF and led to a significant decrease in AF 
recurrences compared with PVI alone.52

CONCLUSIONS
In an experimental rat model, CKD was associated with 
atrial arrhythmogenic remodeling and increased AF sus-
ceptibility. Sympathetic nervous system modulation by 
RDN prevented the development of atrial structural and 
electrophysiological remodeling. Therefore, disruption of 
renal sympathetic nerves by RDN may provide a novel 
therapeutic option to interrupt the cross talk between the 
failing kidney and the sympathetic nervous system with 
effects on atrial arrhythmogenic remodeling, protecting 
patients with CKD from AF (Graphic Abstract).
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