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ORIGINAL RESEARCH

Early Renal Denervation Attenuates Cardiac 
Dysfunction in Heart Failure With Preserved 
Ejection Fraction
Jake E. Doiron , BS; Zhen Li , PhD; Xiaoman Yu, MS; Kyle B. LaPenna , PhD;  
Heather Quiriarte , MS; Timothy D. Allerton , PhD; Kashyap Koul, BS; Andrew Malek , BS;  
Sanjiv J. Shah , MD; Thomas E. Sharp , PhD; Traci T. Goodchild, PhD; Daniel R. Kapusta , PhD; 
David J. Lefer , PhD

BACKGROUND: The renal sympathetic nervous system modulates systemic blood pressure, cardiac performance, and renal 
function. Pathological increases in renal sympathetic nerve activity contribute to the pathogenesis of heart failure with pre-
served ejection fraction (HFpEF).

We investigated the effects of renal sympathetic denervation performed at early or late stages of HFpEF progression.

METHODS AND RESULTS: Male ZSF1 obese rats were subjected to radiofrequency renal denervation (RF-RDN) or sham pro-
cedure at either 8 weeks or 20 weeks of age and assessed for cardiovascular function, exercise capacity, and cardiorenal 
fibrosis. Renal norepinephrine and renal nerve tyrosine hydroxylase staining were performed to quantify denervation follow-
ing RF-RDN. In addition, renal injury, oxidative stress, inflammation, and profibrotic biomarkers were evaluated to determine 
pathways associated with RDN. RF-RDN significantly reduced renal norepinephrine and tyrosine hydroxylase content in both 
study cohorts. RF-RDN therapy performed at 8 weeks of age attenuated cardiac dysfunction, reduced cardiorenal fibrosis, 
and improved endothelial-dependent vascular reactivity. These improvements were associated with reductions in renal injury 
markers, expression of renal NLR family pyrin domain containing 3/interleukin 1β, and expression of profibrotic mediators. 
RF-RDN failed to exert beneficial effects when administered in the 20-week-old HFpEF cohort.

CONCLUSIONS: Our data demonstrate that early RF-RDN therapy protects against HFpEF disease progression in part due to 
the attenuation of renal fibrosis and inflammation. In contrast, the renoprotective and left ventricular functional improvements 
were lost when RF-RDN was performed in later HFpEF progression. These results suggest that RDN may be a viable treat-
ment option for HFpEF during the early stages of this systemic inflammatory disease.
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Heart failure with preserved ejection fraction (HFpEF) 
is a growing health care concern due to its in-
creasing incidence, high morbidity and mortality, 

and lack of effective treatment options.1–3 Unlike HF 
with reduced EF (HFrEF), advances in HFpEF therapy 
have been challenging given HFpEF’s complex patho-
genesis.4 The presence of multiple comorbidities (ie, 

hypertension, diabetes, central obesity) that patholog-
ically activate the sympathetic nervous system (SNS) 
combined with previous reports of increased norepi-
nephrine levels in patients with HFpEF suggest that SNS 
overactivation contributes to HFpEF pathology.5–9 Given 
this, pharmacotherapies targeting the SNS (β-blockers, 
angiotensin receptor blockers, angiotensin-converting 
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enzyme inhibitors, mineralocorticoid receptor antago-
nists, angiotensin receptor neprilysin inhibitor) have been 
investigated in HFpEF and proven to be largely ineffec-
tive.10–14 While underwhelming, these clinical observa-
tions may be a result of transient or incomplete blockade 
of the SNS and downstream SNS-derived mediators, 
which is insufficient to treat the complex pathology as-
sociated with HFpEF. The demonstrated evidence for 
robust SNS upregulation in patients with HFpEF com-
bined with the well-established deleterious effects of 
SNS overactivation warrants further investigation of po-
tent SNS-targeted therapeutic approaches in HFpEF.15

Renal denervation (RDN) is a sympathomodulatory, 
catheter-based therapeutic approach that downregu-
lates the cardiorenal sympathetic axis through ablation 
of efferent and afferent renal nerves. RDN clinical trials 
highlight the effects of RDN on blood pressure (BP) re-
duction in resistant hypertension with the presence or 
absence of antihypertensive medications.16–19 However, 
SNS overactivation influences a number of cardiac and 
vascular responses beyond BP regulation including 
pathologic cardiac hypertrophy and fibrosis, renal im-
pairment, metabolic dysregulation and arrhythmogenic-
ity, all of which are frequently comorbid with HFpEF.20–25 
To this point, additional benefits of RDN treatment have 
been elucidated from previous investigations in patients, 
including attenuation of left ventricular (LV) hypertrophy, 
diastolic dysfunction, estimated glomerular filtration rate 
decline, and atrial fibrillation burden.26–29 Further support-
ing the notion that RDN could be beneficial in HFpEF, a 
retrospective analysis revealed that patients with HFpEF 
who received RDN exhibited reduced pathological se-
verity compared with patients with untreated HFpEF.30

We have previously reported that radiofrequency 
RDN (RF-RDN) inhibits renal neprilysin activity, increases 
nitric oxide signaling, and reduces pathologic renin-
angiotensin-aldosterone signaling in animal models of 
acute myocardial ischemia–reperfusion injury as well as 
myocardial ischemia–reperfusion–induced HFrEF.31–33 
These findings suggest that the benefits of RDN in myo-
cardial infarction and HFrEF are partly mediated by the 
renoprotective actions of RDN. Preservation of renal in-
tegrity is critical in HFpEF populations as renal dysfunc-
tion is associated with a higher incidence of all-cause 
and cardiovascular mortality, as well as HF-related 
hospitalizations.34 Given the evidence of pathologic car-
diorenal sympathetic cross-talk and the importance of 
adequate renal function in HFpEF, we investigated the 
effects of RF-RDN in a rodent model of HFpEF with con-
comitant renal disease.35,36

METHODS
The data that support the findings of this research article 
are available upon request to the corresponding author.

CLINICAL PERSPECTIVE

What Is New?
•	 Radiofrequency renal denervation exerts car-

dioprotective and renoprotective actions in a 
rodent model of cardiometabolic heart failure 
with preserved ejection fraction (HFpEF) when 
applied at an early stage in HFpEF pathophysi-
ological progression.

•	 Ablation of renal sympathetic nerve activity 
improved cardiac diastolic function, vascular 
function, and perivascular cardiac fibrosis 
without significant reductions in systemic blood 
pressures in the Zucker Spontaneously Fatty 1 
obese rat HFpEF model.

•	 Renal denervation similarly reduced renal 
injury markers, fibrosis, and renal inflammatory 
mediators in part by reducing synthesis of 
renal NLR family pyrin domain containing 3 
inflammasome–mediated interleukin 1β.

What Are the Clinical Implications?
•	 Pathologic sympathetic overactivation has been 

postulated as a fundamental driver of HFpEF 
disease progression, and our results suggest 
that downregulation of renal-mediated sympa-
thetic outflow through renal denervation could 
be an effective treatment strategy for patients 
with HFpEF.

•	 Renal denervation was recently approved by 
Food and Drug Administration for resistant hy-
pertension, and this therapeutic approach to 
attenuate renal sympathetic nerve pathological 
activity might be suitable for additional cardio-
vascular disease states including heart failure.

NonstandardAbbreviations and Acronyms

HFpEF	 heart failure with preserved 
ejection fraction

HFrEF	 heart failure with reserved 
ejection fraction

KCCQ	 Kansas City Cardiomyopathy 
Questionnaire

KIM-1	 kidney injury marker 1
NLRP3	 NLR family pyrin domain 

containing 3
RDN	 renal denervation
RF-RDN	 radiofrequency renal denervation
SGLT2	 sodium/glucose cotransporter 2
SNS	 sympathetic nervous system
TH	 tyrosine hydroxylase
ZSF1	 Zucker Spontaneously Fatty 1
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Experimental Animals
Male Zucker Spontaneously Fatty 1 (ZSF1) obese 
rats were purchased from Charles Rivers Breeding 
Laboratories (Wilmington, MA) at an age of either 6 weeks 
or 18 weeks. Animals were allowed to acclimate at 
Louisiana State University Health Sciences Center–New 
Orleans for a minimum of 1 week prior to randomiza-
tion to RDN or sham procedure. The sample size for the 
data presented varies due to procedural complications, 
postoperative complications, limited sample collection 
(ie, plasma volume), or lack of participation in involuntary 
treadmill running. All experimental protocols were ap-
proved by the Louisiana State University Health Sciences 
Center–New Orleans Institute for Animal Care and Use 
Committee (Protocol #3790) and conformed to the Guide 
for the Care and Use of Laboratory Animals.

RDN Procedure
RF-RDN was performed as previously described.32,37 
Animals were randomly assigned to bilateral RF-
RDN or sham RDN (sham-RDN) at either 8 weeks 
or 20 weeks of age. All surgical procedures were 
performed using aseptic techniques. Anesthesia 
was induced with 5% isoflurane and maintained at 
2% to 3% isoflurane for the remainder of the pro-
cedure. A 3-cm flank incision was made to access 
the right renal artery with a segment (~4 mm) of the 
renal artery subsequently dissected and isolated. 
Prior to RF-RDN, a small sterile plastic strip was 
placed under the renal artery to prevent tissue injury 
to underlying structures and other organs. For the 
RF-RDN group, a 6F radiofrequency probe (Celsius 
Electrophysiology Cather, Biosense Webster) was 
positioned 4 times circumferentially around the renal 
artery and at each position and a 20-second ablation 
at 10 W of radiofrequency energy (Stockert 70 RF 
generator, Biosense Webster) was performed. The 
probe temperature was not allowed to exceed 65 
°C to minimize renal artery injury. For the sham-RDN 
group, the probe was similarly positioned around the 
renal artery and held for 20 seconds on each face 
with 0 W of radiofrequency energy administered at 
each position. Following RF-RDN ablation, the plastic 
strip was removed and the surgical site was closed. 
The same procedure was then performed on the 
contralateral renal artery.

Transthoracic Echocardiography
Echocardiography was performed utilizing a Vevo-2100 
ultrasound system (Visual Sonics). LV ejection fraction 
and ventricular wall dimensions were measured using 
a series of 3 M-mode images (apical, middle, base) 
across the parasternal long-axis view. Early filling veloc-
ity (E), atrial filling velocity (A), and early diastolic tissue 

velocity (E’) were measured in the 4-chamber apical 
view. Animals were induced at 5% isoflurane and main-
tained at 1% to 3% isoflurane for a target heart rate of 
270 to 310 beats per minute for diastolic measures and 
>300 beats per minute for systolic measures.

Exercise Capacity Testing
Rats were introduced to a flat-plane treadmill (IITC 
Life Sciences) with a 5-minute acclimation period. 
Following acclimation, a warmup protocol was initi-
ated consisting of a starting speed of 6 m/min that 
increased by 1.5 m/min until a final speed of 12 m/
min was achieved and maintained for 60 seconds. 
Animals were then placed on the treadmill, which was 
maintained at a rate of 12 m/min until animal exhaus-
tion, determined by refusal to run for >5 consecutive 
seconds or the inability to reach the front of the tread-
mill for 20 consecutive seconds. Exercise capacity 
was plotted as total distance traveled during the ex-
perimental run after warmup.

Systemic and LV Hemodynamics
Systemic and LV pressures were measured at eutha-
nasia as previously described with slight modifica-
tions.38 At the 28-week age end point, animals were 
anesthetized using 3% isoflurane until unresponsive 
to stimuli. Animals were maintained at 2% to 3% iso-
flurane while the right common carotid artery was 
surgically isolated and exposed. Once exposed, the 
isoflurane was reduced to 1% while a 1.6F transonic 
high-fidelity pressure catheter (Transonic) was inserted 
in the carotid artery and measurements of systemic 
BPs were recorded. The catheter was then advanced 
into the LV lumen, and LV end-diastolic pressure and 
Tau were recorded.

Vascular Reactivity Studies in Isolated 
Aortic Rings
Vascular reactivity of isolated aortic rings was per-
formed in all animals at the 28-week end point as 
previously described.39,40 Isolated thoracic aorta seg-
ments (2–3 mm) were obtained and equilibrated in 
oxygenated Krebs–Henseleit solution with force ten-
sion for 60 to 90 minutes, at which time a stable rest-
ing tension ≈1.5 to 2 g was achieved. Rings were then 
precontracted with phenylephrine (1 μmol/L) and im-
mediately thereafter challenged with either increasing 
concentrations of acetylcholine (10−9 to 10−5 mol/L) for 
assessment of endothelial-dependent vasorelaxation 
or sodium nitroprusside (10−9 to 10−5 mol/L) for assess-
ment of endothelial-independent vasorelaxation. Data 
are reported as percent relaxation from the maximum 
contraction to phenylephrine.
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Conscious BP Recordings
At 16 weeks of age, a subset of rats in the ZSF1 obese 
rats in the late RDN cohort were implanted with BP 
radiotelemeter devices (Data Science International, 
DSI). Animals were anesthetized with 2% to 3% iso
flurane while the right femoral artery was isolated, and 
the telemetry probe was advanced and secured in the 
abdominal aorta. Animals were allowed to recover for 
2 weeks prior to the collection of conscious BP (sys-
tolic and diastolic) and heart rate was recorded. BP 
and heart rate were recorded weekly and reported 
measurements represent the value across a 12-hour 
average from 6 pm to 6 am. Weeks without respective 
values were the result of an incomplete 12-hour acqui-
sition window.

Renal Tissue Norepinephrine Content
Renal norepinephrine content was measured as previ-
ously described at a core laboratory at Michigan State 
University.33,41 During euthanasia, renal cortex tissue 
samples were harvested from the left and right kidneys 
in each animal. Renal tissue samples were frozen in liq-
uid nitrogen and stored at −80 °C until catecholamine 
levels could be measured. Tissue homogenates were 
assayed using high-performance liquid chromatogra-
phy and data are presented as nanogram(s) of norepi-
nephrine per milligram of total tissue.

Renal Artery Tyrosine Hydroxylase 
Staining
Immunohistochemistry to determine tyrosine hydroxy-
lase (TH) levels was performed (StageBio) on renal arter-
ies from sham-RDN– and RF-RDN–treated animals as 
previously described to assess renal sympathetic nerve 
viability.33 At 28 weeks of age, renal arteries were ex-
cised and preserved in formalin. Two sections, 1 proxi-
mal and 1 distal to the descending aorta, were made 
and further paraffin-embedded, sectioned (3 μm) and 
stained with TH. The stained samples were then placed 
on glass slides and analyzed in a blinded fashion.

Histological Assessment of Renal and 
Cardiac Tissues
Renal cortex and LV cardiac tissue were harvested at 
the time of euthanasia and preserved in formalin. Renal 
and cardiac tissue samples imbedded in paraffin, 
sectioned into 3-μm-thick cross sections and stained 
with Masson trichrome for subsequent determination of 
interstitial and perivascular fibrosis in a blinded fashion. 
To quantify interstitial fibrosis, 7 to 10 images were 
taken at ×20 magnification using an Olympus (model 
BX53-DP80) and analyzed for fibrotic content using 
ImageJ software (National Institutes of Health). For 
perivascular fibrosis, 5 to 8 medium-large arteries were 

imaged at ×20 magnification and similarly analyzed. 
Renal cortical tissue was additionally assessed for 
glomerular hypertrophy and tubular hyalinization. All 
imaging and analyses were performed in a blinded 
fashion. Derived values are represented as averages 
across all respective slide images in each study group.

Renal Biomarker Analysis
Circulating acute kidney injury marker 1 (KIM-1) was 
evaluated using a commercially available ELISA kit 
(ab223858, Abcam) according to the manufacturer’s 
instructions. Plasma samples were sent to IDEXX 
Bioanalytics for quantification of circulating blood urea 
nitrogen and albumin.

Real-Time Polymerase Chain Reaction
For polymerase chain reaction analysis, RNA was 
precipitated from renal cortex or myocardial tissue in 
TriReagent (AM9738, Invitrogen). Samples were then 
added to RNeasy spin columns (74 104, Qiagen) and 
manufacturer’s instructions were followed. RNA integ-
rity (A260/280 >2.0) and quantity was determined using  
a NanoDrop One MicroVolume UV–Vis Spectrophot
ometer (Thermo Fisher). Reverse transcription was per-
formed using a high-capacity reverse transcription 
kit (4 368 813, Thermo Fisher) and RNAsin (N2515, 
Promega) with manufacturer’s instructions followed to 
yield complementary DNA. We assessed the expres-
sion of acute renal injury, oxidative stress, inflammation, 
and fibrotic genes using SYBR Green premix (RR42LR, 
Takara Bio USA) as the detector and primers listed in 
the Table. Real-time polymerase chain reaction experi-
ments were performed on a QuantStudio 6 Pro Real-
Time PCR system (Applied Biosystems). Genes were 
run in triplicate and expression data were determined 
as the quantity mean, yielded from the standard curve 
linear regression, and further normalized to internal con-
trol CycloA. Data are represented as relative expression 
to sham-RDN gene expression.

Statistical Analysis
All data were analyzed in a blinded manner  until all 
measurements were complete. All data were ana-
lyzed using Prism 8 (GraphPad Software). Group sizes 
of 6 to 8 were determined using a power and sam-
ple analysis with a significance level at 5% and power 
at 80%. Prior to conducting statistical analysis, out-
lier testing using the ROUT method (Q=1%) through 
GraphPad were conducted and outliers were sub-
sequently removed. For comparison within groups, 
we used unpaired 2-tailed Student t test for groups 
≥6 and Mann–Whitney U test for groups <6. For our 
vascular reactivity assay, body weight, and conscious 
BP measurements, results were compared used a 
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repeated-measures 2-way ANOVA with a Bonferroni-
corrected multiple comparisons test. A P value <0.05 
was considered to be statistically significant. All data 
are represented as mean±SEM.

RESULTS
Early RF-RDN Reduces Renal 
Sympathetic Innervation and Improves 
HFpEF Pathology
Eight-week-old male ZSF1 obese rats were subjected to 
either bilateral RF-RDN or sham-RDN procedures and 
monitored for 20 weeks as described in the experimental 
protocol (Figure 1A). To confirm adequate denervation, 
we evaluated renal nerve TH straining, as well as overall 
renal tissue norepinephrine content (Figure 1B through 
1D). We observed significant reductions in overall TH 
staining (Figure  1C) as well as significant reductions 
in renal NE content (Figure  1D). There were no differ-
ences in body weight between treatment groups and all 
animals exhibited an ejection fraction ≥60%, consistent 
with an HFpEF phenotype (Figure 1E and 1F). Similarly, 
there were no changes in ventricular wall or chamber 
dimensions between RDN- and sham-RDN–treated 
animals as well as no changes in gross heart weights 
(Figure  S1A through S1G). However, animals treated 
with RDN at 8 weeks of age displayed reductions in both 

E/A and E/mitral annular early diastolic velocity (e’) ratio, 
suggesting that RDN attenuates LV diastolic dysfunc-
tion seen in the ZSF1 obese rat (Figure 1G and 1H). We 
additionally performed LV catheterization and observed 
significant reductions in LV end-diastolic pressure, con-
sistent with our echocardiographic findings (Figure 1I). 
There were no significant differences in relaxation con-
stant τ associated with RDN treatment (Figure  S1H). 
Interestingly, we did not observe any significant reduc-
tions in either systolic or diastolic BP with RDN treatment 
when measured at the 20-week study end point during 
the hemodynamics procedure (Figure 1J and 1K). These 
data suggest that the effects of RDN on LV diastolic 
function are unrelated to changes in BP and corrobo-
rate previous investigations of BP-independent effects 
of RDN in cardiovascular disease.31,33

Diminished exercise capacity is a hallmark of HFpEF 
pathology, and as such we evaluated the effects of RDN 
on involuntary treadmill exercise capacity and saw no 
improvements (Figure 1L).42 However, RDN therapy re-
sulted in meaningful improvements in aortic ring vas-
cular vasorelaxation to acetylcholine (Figure 1M). These 
data indicate that RDN preserves vascular endothelial 
function and nitric oxide production in large, conduit 
vessels in the setting of cardiometabolic HFpEF. These 
data are significant in that the RDN procedure was 
applied in the renal artery, and we observed improve-
ments in vascular endothelium at remote anatomical 

Table .  Primer List for PCR Experiments in Renal and Cardiac Tissue

Gene target Forward sequence Reverse sequence

CycloA CCACT​GTC​GCT​TTT​CGCCGC TGCAA​ACA​GCT​CGA​AGG​AGACGC

IL-6 TCCGG​AGA​GGA​GAC​TTCACA ACAGT​GCA​TCA​TCG​CTGTTC

TGFβ1 GTCAA​CTG​TGG​AGC​AACACG TTCCG​TCT​CCT​TGG​TTCAGC

Col1a1 TGACG​CAT​GGC​CAA​GAAGA CGTGC​CAT​TGT​GGC​AGATAC

Col3a1 TCCCC​TGG​AAT​CTG​TGAATC TGAGT​CGA​ATT​GGG​GAGAAT

KIM-1 CACCT​CAG​CAG​TTG​TCTCAT TCTCC​ACC​TCT​ACT​CCA​ACAC

NGAL GCACA​TCG​TAG​CTC​TGT​ATCTG GTCAC​TTC​CAT​CCT​CGTCAG

TNFα CATCT​TCT​CAA​AAC​TCG​AGT​GACAA TGGGA​GTA​GAT​AAG​GTA​CAGCCC

IL-18 ACCAC​TTT​GGC​AGA​CTT​CACT ACACA​GGC​GGG​TTT​CTTTTG

IL-1β CAGCA​GCA​TCT​CGA​CAAGAG CATCA​TCC​CAC​GAG​TCACAG

NLRP3 TGATG​CAT​GCA​CGT​CTA​ATCTC CAAAT​CGA​GAT​GCG​GGAGAG

ASC TGGCT​ACT​GCA​ACC​AGTGTC GGCTG​GAG​CAA​AGC​TAAAGA

Casp1 CCGTG​GAG​AGA​AAC​AAGGAG GGACA​GGA​TGT​CTC​CAGGAC

SOD1 GTCCT​TTC​CAG​CAG​TCACAT GGTTC​CAC​GTC​CAT​CAG​TATG

GPX1 AGGTC​GGA​CGT​ACT​TGAGG GACTA​CAC​CGA​GAT​GAA​CGAT

NOX4 AATGA​AGG​GCA​GAA​TCT​CAGAG TCCAC​TGA​AAC​CAA​AGC​AACA

The primer abbreviations represent the following: ASC, apoptosis-associated speck-like protein containing a caspase recruitment domain; Casp-1, caspase 
1; Col1a1, collagen type 1 alpha 1 chain; Col3a1, collagen type 3 alpha 1 chain; CycloA, cyclophilin A; GPX1, glutathione peroxidase 1; IL-6, interleukin 6; IL-
18, interleukin 18; IL-1β, interleukin 1 beta; KIM-1, kidney injury marker 1; NGAL, neutrophil gelatinase-associated lipocalin; NLRP3, NLR family pyrin domain 
containing 3; NOX4, NADPH oxidase 4; SOD1, superoxide dismutase 1; TGFβ1, transforming growth factor beta 1; TNFα, tumor necrosis factor alpha.

ASC indicates apoptosis-associated speck-like protein containing a caspase recruitment domain; Casp-1, caspase 1; Col1a1, collagen type 1 alpha 1 chain; 
Col3a1, collagen type 3 alpha 1 chain; cycloA, cyclophilin A; GPX1, glutathione peroxidase 1; IL, interleukin; KIM-1, kidney injury marker 1; NGAL, neutrophil 
gelatinase–associated lipocalin; NLRP3, NLR family pyrin domain containing 3; NOX4, NADPH oxidase 4; PCR, polymerase chain reaction; SOD1, superoxide 
dismutase 1; TGFβ1, transforming growth factor β1; and TNFα, tumor necrosis factor α.
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sites. Aortic vascular ring relaxation to sodium nitro-
prusside (Figure  1N) was not different between the 
RF-RDN and sham-RDN groups, suggesting that the 
vascular injury observed in this preclinical model of 
HFpEF is restricted to endothelial dysfunction char-
acterized by reduced nitric oxide bioavailability. These 
results could be significant in that large artery stiffness 
has been proposed as a pathophysiological driver of 
HFpEF, meaning the observed RDN-mediated benefits 
in aortic vasorelaxation could provide an additional im-
plication for use of RDN in HFpEF.43

Early RDN Attenuates Renal Fibrosis and 
Injury in HFpEF
Glomerulosclerosis and overall renal fibrosis are features 
of renal pathology that have previously been shown to 

be ameliorated following RDN.32,44 The antifibrotic ef-
fects of RDN are of particular interest considering the 
ZSF1 obese rat model displays significant renal and car-
diac fibrosis.36,45 We investigated renal interstitial fibrosis 
as well as perivascular fibrosis of the renal vasculature 
and observed significant reductions in both compart-
ments with RDN treatment (Figure  2A and 2B). Other 
prominent features of renal pathology include glomeru-
lar hypertrophy and tubular cast formation. To this end, 
we evaluated renal glomerular hypertrophy and tubular 
cast formation at 20 weeks following RF-RDN and failed 
to observe any attenuation in glomerular hypertrophy 
as shown in Figure 2C. However, early RDN therapy re-
sulted in diminished tubular cast abundance (Figure 2D).

The observed reductions in renal histopathology 
following RF-RDN therapy were accompanied by de-
creased serum KIM-1, a clinically relevant marker of 

Figure 1.  Early renal denervation (RDN) reduces sympathetic activity and severity of heart failure with preserved ejection 
fraction (HFpEF) in Zucker Spontaneously Fatty 1 (ZSF1) obese rats.
A, Study timeline. B, Representative imaging of tyrosine hydroxylase (TH) staining at ×4 and ×20 magnification. C, Quantification of TH 
staining in renal nerves. D, Renal cortex norepinephrine content. E, Body weight. F, Left ventricular ejection fraction (LVEF). G, Ratio 
of early mitral diastolic inflow velocity (E) and atrial mitral diastolic inflow velocity (A). H, Ratio of E and mitral annular early diastolic 
velocity (e’). I, Left ventricular end-diastolic pressure (LVEDP). J, Systolic blood pressure (SBP). K, Diastolic blood pressure (DBP). L, 
Treadmill exercise distance. M, Aortic vascular reactivity to acetylcholine (ACh). N, Aortic vascular reactivity to sodium nitroprusside 
(SNP). Circles inside bars indicate sample size. Data in (C) through (D) and (F) through (L) were analyzed with unpaired 2-tailed Student 
t test. Data in (E), (M), and (N) were analyzed with repeated measures 2-way ANOVA. Data are presented as mean±SEM. sham-RDN 
indicates sham renal denervation.
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acute renal tubular injury, and decreased blood urea 
nitrogen (Figure 2E and 2F).46 We also observed a sig-
nificant increase in serum albumin with RDN treatment 
(Figure  2G). While many factors contribute to serum 
albumin levels, the increases in serum albumin ex-
hibited by RDN-treated animals suggests a benefit in 
terms of reduced albuminuria or an anti-inflammatory 
effect of RDN, given albumin is a negative acute-phase 
protein.47 Supporting the antifibrotic effects of RDN in 
our study, expression of profibrotic markers interleukin 
(IL-6), transforming growth factor β1, collagen type 1 
alpha 1 chain, and collagen type 3 alpha 1 chain was 
decreased in renal cortical tissue (Figure 2H). We sim-
ilarly investigated the expression of KIM-1 as well as 
another pertinent marker of acute tubular injury, neu-
trophil gelatinase–associated lipocalin 2, and observed 
no RDN-mediated effects on KIM-1 expression but a 
decrease in neutrophil gelatinase–associated lipo-
calin expression (Figure 2H).48 While KIM-1 expression 
was not decreased, RDN-treated animals exhibited 

reduced circulating KIM-1, which is likely of greater 
clinical relevance for this specific biomarker.

Regarding mechanistic pathways responsible for 
the effects in our study, we considered the potential 
anti-inflammatory effects of RDN, given that HFpEF is a 
syndrome characterized by low-grade systemic inflam-
mation.49 Previous work in hypertensive patients re-
vealed that RDN is able to reduce monocyte activation 
and trafficking, including reduction of monocyte-related 
chemokines monocyte chemoattractant protein 1, IL-6, 
tumor necrosis factor α (TNF-α), IL-12, and IL-1β.50 One 
proinflammatory pathway recently shown to be under 
sympathetic control is activation of the NLR family pyrin 
domain containing 3 (NLRP3) inflammasome.51 The 
NLRP3 inflammasome is the principal pathway leading 
to activation of IL-1β through a caspase-1–dependent 
mechanism.52 To determine whether this inflam-
masome plays a role in our findings, we first quanti-
fied expression of inflammatory chemokines TNF-α, 
IL-18, and IL-1β and saw reductions in TNF-α and IL-1β, 

Figure 2.  Early renal denervation (RDN) remediates renal fibrosis and NLRP3 inflammasome synthesis.
A, Representative images of renal interstitial fibrosis in sham RDN (sham-RDN; left) and RDN-treated (right) animals stained with 
Masson trichrome and quantification of renal interstitial fibrosis. B, Representative images of renal medium-large arteries and 
quantification of renal perivascular fibrosis. C, Representative images and quantification of glomerular size. D, Representative images 
and quantification of cast abundance in renal tubules. E, Circulating kidney injury marker-1 (KIM-1). F, Circulating blood urea nitrogen 
(BUN). G, Circulating albumin. H, Polymerase chain reaction (PCR) quantification of profibrotic gene expression in renal tissue. I, PCR 
quantification of proinflammatory and NLR family pyrin domain containing 3 (NLRP3) inflammasome-related gene expression in renal 
tissue. Circles inside bars indicate sample size. Data in (A) through (I) were analyzed with unpaired 2-tailed Student t test. Data are 
presented as mean±SEM. ASC indicates apoptosis-associated speck-like protein containing a caspase recruitment domain; Casp-1, 
caspase 1; Col1a1, collagen type 1 alpha 1 chain; Col3a1, collagen type 3 alpha 1 chain; FC, fold change; IL, interleukin; NGAL, 
neutrophil gelatinase–associated lipocalin; TGFβ1, transforming growth factor β1; and TNFα, tumor necrosis factor α.
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consistent with previous findings in RDN-treated hy-
pertensive patients (Figure 2I). The highly significant re-
ductions in IL-1β expression with RDN treatment led us 
to further investigate the NLRP3 inflammasome, where 
we saw reductions in all 3 inflammasome components 
(NLRP3, apoptosis-associated speck-like protein con-
taining a caspase recruitment domain, and caspase-1) 
in renal cortical tissue (Figure 2I). These data suggest 
that renal IL-1β production and pro–IL-1β signaling is 
under sympathetic influence, amenable via RDN treat-
ment, and is part of the benefits of RDN in HFpEF.

Early RF-RDN Attenuates Cardiac 
Perivascular Fibrosis in the Absence of 
Anti-Inflammatory Effects
We have previously reported that RDN attenuates renal 
neprilysin activity in a rodent HFrEF model, which was 
associated with attenuation of cardiac fibrosis.31 In the 
present study, we quantified interstitial and perivascu-
lar cardiac fibrosis at 20 weeks following sham-RDN 
or RF-RDN. We observed a significant decrease in 

cardiac perivascular fibrosis following RDN treatment; 
however, there were no reductions in interstitial fibrosis 
(Figure 3A and 3B). Cardiac fibrosis initially occurs in 
the perivascular space with ensuing inflammatory cell 
infiltration leading to dispersed interstitial fibrosis.53,54 
The differences in perivascular and interstitial fibrosis 
pathogenesis suggest that the cardiovascular benefits 
of RDN are related to improved fluid homeostasis or 
vascular function secondary to improved renal func-
tion, rather than a direct antifibrotic or anti-inflammatory 
effect at the heart. These results are supported by a 
lack of reduction in cardiac profibrotic and fibrotic gene 
expression (Figure 3C). We also investigated whether 
ablation of renal sympathetic activity impacts oxidative 
stress, inflammatory, and NLRP3-related cardiac gene 
expression. We observed modest reductions in cardiac 
glutathione peroxidase 1 and apoptosis-associated 
speck-like protein containing a caspase recruitment 
domain expression without any significant changes 
in other proteins that modulate oxidative stress, in-
flammation, or cell death (Figure 3D). Atrial and brain 
natriuretic peptide expression were also measured, 

Figure 3.  Early renal denervation (RDN) improves cardiac fibrosis without affecting cardiac NLR family pyrin domain 
containing 3 (NLRP3) synthesis.
A, Representative images of cardiac interstitial fibrosis in sham RDN (sham-RDN; left) and RDN-treated (right) animals stained with 
Masson trichrome and quantification of cardiac interstitial fibrosis. B, Representative images of cardiac medium-large arteries and 
quantification of cardiac perivascular fibrosis. C, Polymerase chain reaction (PCR) quantification of profibrotic gene expression in 
cardiac tissue. D, PCR quantification of proinflammatory and NLRP3 inflammasome-related gene expression in cardiac tissue. E, 
PCR quantification of atrial natriuretic peptide (ANP) gene expression in cardiac tissue. F, PCR quantification of brain natriuretic 
peptide (BNP) gene expression in cardiac tissue. Circles inside bars indicate sample size. Data in (A) through (F) were analyzed with 
unpaired 2-tailed Student t test. Data are presented as mean±SEM. ASC indicates apoptosis-associated speck-like protein containing 
a caspase recruitment domain; Casp-1, caspase 1; Col1a1, collagen type 1 alpha 1 chain; Col3a1, collagen type 3 alpha 1 chain; 
FC, fold change; GPX1, glutathione peroxidase 1; IL, interleukin; NOX4, NADPH oxidase 4; SOD1, superoxide dismutase 1; TGFβ1, 
transforming growth factor beta 1; and TNFα, tumor necrosis factor α.

IL-6

TGFβ1

Col1a
1

Col3a
1

0.0

0.5

1.0

1.5

2.0

2.5
C

ar
di

ac
tis

su
e

re
la

tiv
e

ex
pr

es
si

on
(F

C
)

SOD1
GPX1

NOX4
TNFa

IL-18 IL-1β

NLRP3
ASC

Cas
p1

0.0

0.5

1.0

1.5

2.0

2.5

3.0

C
ar

di
ac

tis
su

e
re

la
tiv

e
ex

pr
es

si
on

(F
C

)

P = 0.02 P = 0.01

0.0

0.5

1.0

1.5

2.0

2.5

B
N

P
re

la
tiv

e
ex

pr
es

si
on

(F
C

)

8 7
0

2

4

6

8

10

A
N

P
re

la
tiv

e
ex

pr
es

si
on

(F
C

)

8

7

0

2

4

6

8

10

C
ar

di
ac

in
te

rs
tit

ia
l

fib
ro

si
s

(%
)

7 7

caidra
C

ralucsavirep

0

10

20

30

40

50

C
ar

di
ac

pe
riv

as
cu

la
r

fib
ro

si
s

(%
)

p < 0.01

7

7

Sham-RDN + HFpEF RDN + HFpEF

caidra
C

laititsretni

A

B

D

C

Sham-RDN + HFpEF RDN + HFpEF

E F



J Am Heart Assoc. 2024;13:e032646. DOI: 10.1161/JAHA.123.032646� 9

Doiron et al� Renal Denervation Attenuates HFpEF Severity

to which there were no significant changes (Figure 3E 
and 3F). These data suggest that the benefits of RDN 
on cardiovascular function in HFpEF are likely related 
to peripherally mediated mechanisms (ie, improved 
fluid homeostasis and vascular health maintenance) or 
other cardiocentric mechanisms not evaluated.

Cardiorenal Benefits of RDN Are 
Diminished in End-Stage HFpEF

To further evaluate the effects of RDN in HFpEF, we 
performed RF-RDN at a later stage to more closely 
mimic HFpEF in patients with established and severe 
disease. We subjected 20-week-old male ZSF1 obese 
rats to bilateral RF-RDN or sham-RDN procedures 
and subsequently monitored the animals for 8 weeks 
as described in Figure 4A. Renal sympathetic function 
was similarly downregulated following RDN as shown 

in Figure  4B through 4D. Animals receiving RF-RDN 
at 20 weeks of age did not exhibit changes in body 
weight compared with sham-RDN–treated animals, 
and both groups maintained preserved ejection frac-
tions (Figure  4E and 4F). No changes in ventricular 
dimensions or heart weights were observed between 
the late RDN treatment groups (Figure  S2A through 
S2G). However, late-stage RF-RDN treatment failed 
to result in any significant improvement in LV diastolic 
function (ie, E/A or E/e’) or LV end-diastolic pressure 
in contrast to RDN therapy at 8 weeks of age (ie, early 
RDN) (Figure 4G through 4I). Significant reductions in 
relaxation constant τ were observed in the late RDN 
treatment group when compared with their sham-RDN 
controls (Figure S2H). Consistent with the early RDN 
study group, we also saw no reduction in BP or im-
provements in exercise capacity following treatment 
(Figure 4J through 4L). Given our findings of unchanged 

Figure 4.  Late renal denervation (RDN) intervention attenuates RDN benefits in heart failure with preserved ejection 
fraction (HFpEF).
A, Study timeline. B, Representative imaging of tyrosine hydroxylase (TH) staining at ×4 and ×20 magnification. C, Quantification of TH 
staining in renal nerves. D, Renal cortex norepinephrine content. E, Body weight. F, Left ventricular ejection fraction (LVEF). G, Ratio 
of early mitral diastolic inflow velocity (E) and atrial mitral diastolic inflow velocity (A). H, Ratio of E and mitral annular early diastolic 
velocity (e’). I, Left ventricular end-diastolic pressure (LVEDP). J, Systolic blood pressure (SBP). K, Diastolic blood pressure (DBP). L, 
Treadmill exercise distance. M, Aortic vascular reactivity to acetylcholine (ACh). N, Aortic vascular reactivity to sodium nitroprusside 
(SNP). Circles inside bars indicate sample size. Data in (C) through (D) and (F) through (L) were analyzed with unpaired 2-tailed Student 
t test. Data in (E), (M), and (N) were analyzed with repeated-measures 2-way ANOVA. Data are presented as mean±SEM.
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BP following RDN treatment when measured at a sin-
gle timepoint at the termination of the study protocol, 
we interrogated the effects of RDN on conscious BP 
using radiotelemetry devices in the ZSF1 obese rat. 
In these experiments, 12-hour conscious BP record-
ings confirmed the lack of an antihypertensive effect of 
RDN in the ZSF1 obese rat (Figure S3A through S3D). 
Our previous experiments of RDN therapy in sponta-
neously hypertensive rats in the setting of HFrEF failed 
to demonstrate any effects of RDN on systemic BPs 
despite beneficial effects in terms of improved LV sys-
tolic function and reductions in myocardial fibrosis.31 
RDN therapy did result in improved aortic ring vaso-
relaxation to acetylcholine combined with a modest 
increase in vasomotor response to sodium nitroprus-
side in the late RF-RDN–treated group (Figure 4M and 
4N). The lack of an explicit reduction in BP with RDN 

treatment but improved ex  vivo aortic vasorelaxation 
in both our early and late RDN cohorts are in line with 
previous RDN investigations and highlight the complex 
mechanisms that govern systemic BP that likewise ex-
pand beyond isolated, large artery vasoreactivity.31

Late RDN Therapy Fails to Attenuate 
Renal and Cardiac Fibrosis and 
Inflammation
Histological characterization of renal fibrosis and in-
jury in sham-RDN and RF-RDN animals at 28 weeks 
revealed no differences as shown in Figure 5A through 
5D. Similarly, we did not observe any appreciable 
changes in circulating markers of renal injury and func-
tion as well as profibrotic and renal injury gene expres-
sion described in Figure 5E through 5H. Interestingly, 

Figure 5.  Late renal denervation (RDN) intervention does not influence renal NLR family pyrin domain containing 3 (NLRP3) 
inflammasome synthesis.
A, Representative images of renal interstitial fibrosis in sham RDN (sham-RDN) (left) and RDN-treated (right) animals stained 
with Masson trichrome and quantification of renal interstitial fibrosis. B, Representative images of renal medium-large arteries and 
quantification of renal perivascular fibrosis. C, Representative images and quantification of glomerular size. D, Representative images 
and quantification of cast abundance in renal tubules. E, Circulating kidney injury marker-1 (KIM-1). F, Circulating blood urea nitrogen 
(BUN). G, Circulating albumin. H, Polymerase chain reaction (PCR) quantification of profibrotic gene expression in renal tissue. I, PCR 
quantification of proinflammatory and NLRP3 inflammasome-related gene expression in renal tissue. Circles inside bars indicate 
sample size. Data in (A) through (D) were analyzed with 2-tailed Mann–Whitney U test. Data in panels (E) through (I) were analyzed with 
unpaired 2-tailed Student t test. Data are presented as mean±SEM. ASC indicates apoptosis-associated speck-like protein containing 
a caspase recruitment domain; Casp-1, caspase 1; Col1a1, collagen type 1 alpha 1 chain; Col3a1, collagen type 3 alpha 1 chain; FC, 
fold change; IL, interleukin; NGAL, neutrophil gelatinase–associated lipocalin; TGFβ1, transforming growth factor beta 1; and TNFα, 
tumor necrosis factor alpha.
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TNF-α and IL-18 expression were downregulated fol-
lowing RDN treatment in the absence of any alterations 
in the NLRP3/IL-1β pathway (Figure 5I). This suggests 
that the reductions in renal TNF-α expression by real-
time polymerase chain reaction in the early RDN treat-
ment did not significantly contribute to the benefits in 
renal function and HFpEF pathology observed.

Histological evaluation of cardiac tissue from 
late-stage RDN– and sham-RDN–treated animals 
(Figure  6A and 6B) similarly showed no differences 
in interstitial fibrosis or perivascular fibrosis. Cardiac 
tissue expression of profibrotic gene expression was 
also not impacted by RDN treatment, supporting the 
hypothesis that late-stage RDN in our study did not ex-
hibit antifibrotic effects (Figure 6C). Last, no differences 
were witnessed in cardiac oxidative stress, inflamma-
tory, NLRP3/IL-1β, or natriuretic peptide gene expres-
sion (Figure  6D through 6F). Taken together, these 
results show that RDN performed at a later, more se-
vere stage of HFpEF was not effective in remediating 
HFpEF pathological burden and emphasizes the need 

for examination of therapeutic interventions not only in 
early disease but also in established, severe disease.

DISCUSSION
Pathological activation of the SNS is considered to be 
a major driver in the pathogenesis of cardiovascular 
diseases including HF.55 However, given the highly 
complex nature of HFpEF, the current therapeutic ap-
proaches to downregulate deleterious SNS overacti-
vation should be reconsidered. RDN therapy using 
radiofrequency energy, ultrasound energy, or chemical 
ablation has emerged as a viable treatment option for 
resistant hypertension that targets sympathetic signal-
ing at a proximal point in this highly pathological sign-
aling cascade.16,56,57 We postulated that implementing 
this device-mediated intervention would provide more 
sustained and powerful sympathoinhibitory effects on 
cardiorenal signaling in HFpEF. Through our investiga-
tion, we were able to elucidate that: (1) early treatment of 
HFpEF with RDN significantly improves cardiovascular 

Figure 6.  Cardiac histopathology unaffected by late renal denervation (RDN) intervention.
A, Representative images of cardiac interstitial fibrosis in sham-RDN (left) and RDN-treated (right) animals stained with Masson 
trichrome and quantification of cardiac interstitial fibrosis. B, Representative images of cardiac medium-large arteries and quantification 
of cardiac perivascular fibrosis. C, Polymerase chain reaction (PCR) quantification of profibrotic gene expression in cardiac tissue. D, 
PCR quantification of proinflammatory and NLR family pyrin domain containing 3 (NLRP3) inflammasome-related gene expression in 
cardiac tissue. E, PCR quantification of atrial natriuretic peptide (ANP) gene expression in cardiac tissue. F, PCR quantification of brain 
natriuretic peptide (BNP) gene expression in cardiac tissue. Circles inside bars indicate sample size. Data in panels (A) through (F) 
were analyzed with unpaired 2-tailed Student t test. Data are presented as mean±SEM. ASC indicates apoptosis-associated speck-
like protein containing a caspase recruitment domain; Casp-1, caspase 1; Col1a1, collagen type 1 alpha 1 chain; Col3a1, collagen 
type 3 alpha 1 chain; FC, fold change; GPX1, glutathione peroxidase 1; IL, interleukin; NOX4, NADPH oxidase 4; SOD1, superoxide 
dismutase 1; TGFβ1, transforming growth factor beta 1; and TNFα, tumor necrosis factor alpha.
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function in the ZSF1 obese rat model of cardiometa-
bolic HFpEF; (2) the beneficial effects of RF-RDN in 
HFpEF are likely mediated by a renal-centric mecha-
nism; (3) one mechanism for the observed benefit is 
through downregulation of renal NLRP3-mediated IL-
1β synthesis; and (4) RDN failed to provide the same 
benefit when performed in later-stage HFpEF disease 
in the ZSF1 obese rat.

The ZSF1 obese rat has emerged as a clinically rel-
evant genetic model of cardiometabolic HFpEF given 
their well-characterized pathophysiological complex-
ity involving hypertension, obesity, and diabetes that 
closely mimics human HFpEF.35 The ZSF1 obese rat 
has also been extensively studied as a model of dia-
betic nephropathy and severe renal disease, making it 
appropriate for investigation of the cardiac as well as 
the renal consequences of HFpEF.36,58 While the pri-
mary benefit of RDN is BP reduction, in our study, RF-
RDN did not significantly reduce systemic BP despite 
reductions in renal norepinephrine and improvements in 
vascular endothelial function. Our results are similar to 
previous investigations of RF-RDN in preclinical models 
of cardiovascular disease.31,33 Clinical RDN trials offer 
conflicting results regarding RDN-mediated effects on 
BP, where the SPYRAL-HTN-ON MED (Global Clinical 
Study of Renal Denervation With the Symplicity Spyral 
Multi-electrode Renal Denervation System in Patients 
With Uncontrolled Hypertension on Standard Medical 
Therapy) trial displayed reductions in BP irrespective 
of concomitant antihypertensive treatment; however, 
the SYMPLICITY HTN-3 (Renal Denervation in Patients 
With Uncontrolled Hypertension) trial failed to show 
significant BP reductions on RDN treatment.18,19 In the 
present study, RDN therapy resulted in significant ben-
efits including improved LV diastolic function, reduced 
LV filling pressures, and renoprotection including at-
tenuated renal fibrosis in the absence of reductions in 
systolic or diastolic BP when applied at an early stage 
in HFpEF progression.

The LV diastolic functional benefits of RDN have 
previously been reported by Brandt et al,27 where pa-
tients with resistant hypertension who subsequently 
received RDN exhibited improvements in mitral valve 
E/e’ and isovolumetric relaxation time. In a similar study 
performed by Kresoja et al,30 patients with HFpEF who 
previously received RDN for hypertension exhibited a 
less severe cardiovascular phenotype with improved 
diastolic function in comparison to patients with un-
treated HFpEF. In the Kresoja et  al study,30 patients 
with arterial hypertension who are at risk for develop-
ment of HFpEF may represent a pre-HFpEF state that 
is most amenable to therapies such as RDN, whereas 
patients with severe HFpEF may not achieve the same 
benefits, corresponding to our experimental findings. 
While we failed to observe antihypertensive effects 
from RDN, the detrimental effects of hypertension on 

diastolic function have been extensively reported, sup-
porting the idea that any further BP-lowering effects of 
RDN would likely further improve diastolic function in 
future studies.59

Renoprotection is a well-documented benefit of 
RDN that might provide insight into the mechanisms 
by which RDN improves cardiac function in HFpEF.60 
Chronic kidney disease (CKD) has been shown to be 
an independent predictor of HF diagnosis, hospital-
ization, and HF-related morbidity and mortality.34,61,62 
The mounting evidence of cardiorenal involvement on 
HFpEF diagnosis and progression has led investiga-
tors to develop HFpEF phenotypes specific for CKD 
alone or as a key contributor to the phenotypic pathol-
ogy, where CKD-associated HFpEF involves notably 
depleted cardiac function compared with other phe-
notypes.63,64 Given that impaired renal function and 
kidney tissue injury leads to increased cardiovascular 
severity in patients with HFpEF, it is reasonable to hy-
pothesize that improving or preserving kidney function 
and tissue integrity could further improve cardiac func-
tion in HFpEF.

In our study, RDN-treated animals exhibited re-
duced renal fibrosis, acute kidney injury biomark-
ers, blood urea nitrogen, and tubular cast formation. 
These changes in renal histopathology and function 
were accompanied by improvements in key HFpEF 
cardiac parameters E/e’ and LV end-diastolic pres-
sure. Renoprotection has been shown to be a BP-
independent effect of sympathoinhibition. Preclinical 
studies on the effects of subhypotensive doses of 
moxonidine or phenoxybenzamine/metoprolol resulted 
in reductions of microalbuminuria and glomeruloscle-
rosis.22,65,66 These results were validated by Strojek 
et al, who showed that subhypotensive doses of mox-
onidine were similarly able to reduce microalbuminuria 
in patients with type 1 diabetes.67 Sympathoinhibition 
through RDN has also been shown to attenuate es-
timated glomerular filtration rate decline in patients 
with mild to moderate CKD while also being a valid 
treatment option in severe CKD, whereas most cur-
rent HFpEF pharmacotherapies are not recommended 
for patients with severe CKD.29,68,69 Our data do not 
provide direct insights into the potential cross-talk be-
tween the kidney and heart in HFpEF and how RDN-
mediated renal protection resulted in reductions in 
cardiac perivascular fibrosis and improved LV function. 
It is likely that attenuated renal tissue injury and inflam-
mation resulted in improved renal function and fluid 
homeostasis, thereby reducing LV filling pressures and 
improving LV function. However, additional studies are 
required to more fully address this hypothesis.

To explain the renoprotective effects of early RDN in 
our study, we hypothesized that inflammation, specifi-
cally through increased renal IL-1β synthesis, is a con-
tributor to the observed phenotype. IL-1β is a potent 
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proinflammatory chemokine largely associated with 
triggering of the innate immune response.70 Previous 
RDN studies have reported that RDN treatment re-
duces IL-1β in patient and preclinical models of hy-
pertension and myocardial ischemia–reperfusion.50,71 
However, the rate-limiting step in IL-1β secretion in-
volves formation of the NLRP3 inflammasome and the 
aforementioned investigations have not explored the 
effects of RDN on NLRP3 expression.72 In our study, 
RDN reduced expression of renal IL-1β expression as 
well as the 3 constituents of the NLRP3 inflammasome 
(NLRP3, apoptosis-associated speck-like protein con-
taining a CARD, caspase-1), suggesting the reduc-
tion in IL-1β following RDN is likely due to decreased 
cleavage and secretion of mature IL-1β. Reduced IL-1β 
proinflammatory signaling corroborates many of our 
experimental findings. IL-1β secretion through NLRP3 
inflammasome activation follows necrotic cell injury 
as part of a sterile and innate immune response.73 
Inhibition of this pathway through NLRP3−/− KO or IL-1 
receptor antagonism lead to preserved renal function, 
decreased immune cell trafficking, and decreased 
tubular cell apoptosis in renal ischemia-reperfusion 
models.73,74 In addition, IL-1β has been shown to in-
dependently increase neutrophil gelatinase–associ-
ated lipocalin synthesis, whereas other inflammatory 
mediators (TNF-α, LPS, IL-6) did not exhibit the same 
effects.75 IL-1β signaling could also underpin the de-
creases in KIM-1 in our studies, as the hypothesized 
mechanism of KIM-1 secretion involves ERK1/2 activa-
tion, which is under the influence of IL-1β.76,77

Given the powerful and widespread effects of the 
SNS, it is plausible to speculate that other mechanisms 
could be involved with the RDN-mediated benefits in 
the early intervention cohort. RDN has been previously 
shown to downregulate renin-angiotensin-aldosterone 
system signaling and inhibit renal neprilysin, mimick-
ing the effects of angiotensin receptor neprilysin in-
hibitor therapy.31,33 While PARAGON-HF (Prospective 
Comparison of Angiotensin Receptor Neprilysin 
Inhibitor With Angiotensin Receptor Blocker Global 
Outcomes in Heart Failure With Preserved Ejection 
Fraction) did not show improvements in the primary 
composite outcome of HF-related hospitalization and 
cardiovascular-related death, angiotensin receptor 
neprilysin inhibitor therapy has been shown to improve 
renal function and had a primary outcome benefit in 
the subgroup of patients with estimated glomerular 
filtration rate <60 mL/min per 1.73 m.214 Another ben-
efit of RDN not investigated in the current study is its 
effects on glucose handling and insulin responsivity.78 
Hyperinsulinemia, obesity, and metabolic syndrome 
have all been shown to increase sympathetic activity 
independent of changes in BP.79–81 A potential mech-
anism contributing to this effect is that sympathetic 

overactivation increases expression of SGLT2 (sodium/
glucose cotransporter 2) in the renal proximal tubule, 
with the renal nerves believed to be the main con-
tributor.81,82 SGLT2 has become a primary target for 
HFpEF, where SGLT2 inhibitors are the only treatment 
shown to reduce HF hospitalizations, increase exercise 
capacity, and improve Kansas City Cardiomyopathy 
Questionnaire (KCCQ) scores.83–86 Upregulation of 
SGLT2 expression has been remediated with RDN in 
HFrEF and diabetic cardiomyopathy models, where 
treatment with an SGLT2 inhibitor provided no ad-
ditional benefit compared with the RDN treatment 
groups.82,87 The ZSF1 obese rat model is plagued by 
severe metabolic dysregulation and it is possible that 
SGLT2 inhibition following RF-RDN could contribute to 
the beneficial effects observed in the present study.

While our study targeted renal nerve sympathetic 
influence on HFpEF pathology, splanchnic denerva-
tion is a similar strategy being investigated in HFpEF.88 
Splanchnic sympathetic nerves aid in shifting of blood 
volume between the splanchnic vascular bed and 
central vascular compartment, insinuating array of 
this system contributes to whole body and, most no-
tably, pulmonary congestion.89,90 Preliminary HFpEF 
clinical trials of greater splanchnic nerve denervation 
resulted in reduced resting and exercise pulmonary 
capillary wedge pressure as well as improved KCCQ 
score, New York Heart Association functional class, 
and diastolic function.91,92 Given the similar yet differ-
ent aspects of HFpEF pathology addressed by renal 
and splanchnic denervation, both interventions high-
light the widespread influence of pathological SNS 
activation in HFpEF. Both splanchnic denervation and 
RDN significantly reduce pathological SNS signaling 
and could result in meaningful beneficial actions and 
outcomes in our preclinical model of HFpEF and in the 
HFpEF patient population. The recent US Food and 
Drug Administration approval of RDN for the treatment 
of resistant hypertension and a current trial of RDN in 
HFpEF (NCT05030987) suggest that RDN may soon 
become an important tool for remediating HFpEF pa-
thology. This is especially true in patients with a hy-
pertensive- or cardiorenal-driven phenotype as well as 
patients intolerant or nonadherent to antihypertensive 
medication regimens.93 Our data in the ZSF1 obese rat 
suggest that early treatment with RDN in the setting 
of hypertension prevents the development of severe 
HFpEF, and it is possible that early RDN in patients 
could reduce their progression to HFpEF.

STUDY LIMITATIONS
Our study has a few notable limitations. We investigated 
only male ZSF1 rats and did not explore sex-based dif-
ferences in terms of HFpEF disease pathology and the 
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effects of RF-RDN in cardiometabolic HFpEF. Female 
ZSF1 rats have been shown to exhibit a similar cardiac 
HFpEF phenotype as male ZSF1 rats; however, these 
studies were conducted in premenopausal rats, and 
little is known about female ZSF1 renal function.94 In 
addition, Shah et al64 reported that 45% of the CKD-
associated HFpEF phenotype is male, warranting in-
vestigation into disease manifestation in both sexes. 
Based on the results of our current study, additional 
studies of RF-RDN therapy in female ZSF1 rats are 
warranted. In the current study, renal norepinephrine 
and renal nerve TH were significantly reduced in both 
RDN therapy cohorts, albeit to a lesser extent than pre-
viously reported results using surgical denervation.95 
We contest that despite our lower degree of dener-
vation, significant improvements were observed in our 
investigation. More complete renal nerve denervation 
may be required to achieve clinically significant benefit 
in HFpEF, and a greater degree of denervation in our 
context would likely augment the beneficial effect of 
RDN therapy in severe HFpEF.

CONCLUSIONS
We report that ablation of renal sympathetic nerve 
activity is an effective strategy for sympathetic 
overactivation in HFpEF. When applied at an early stage, 
RDN provided cardioprotection and renoprotection 
in a clinically relevant HFpEF animal model through 
protection against renal inflammation and renal tissue 
injury, which were mediated by attenuation of NLRP3/
IL-1β synthesis. RDN failed to exert significant beneficial 
effects when administered at a later time in the setting 
of severe cardiometabolic HFpEF in the ZSF1 obese 
rat. Of importance, our findings, along with most 
HFpEF clinical trial findings, emphasize that testing of 
novel treatment strategies after chronic manifestation 
of this comorbid-laden disease has led to an inability 
to observe any meaningful efficacy. Future prospective 
studies should seek to enroll patients at earlier stages 
in HFpEF progression, thereby potentially affording 
greater likelihood of reaching primary outcomes. In 
addition, further studies in both animals and humans 
are required to explore the potential of RF-RDN and 
other device-based approaches to mitigate the 
overactivation of the SNS in the kidney, heart, lungs, 
and splanchnic circulation.
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