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BACKGROUND: Chronic kidney disease (CKD) is an independent cardiovascular risk factor. Patients with CKD develop uremic
cardiomyopathy characterized by activation of the sympathetic nervous system, left ventricular hypertrophy, and accumula-
tion of uremic toxins such as indoxyl sulfate (IS). The aim of this study was to assess the effects of renal denervation (RDN) on
uremic cardiomyopathy in a rat model of CKD.

METHODS: Sprague—Dawley rats were fed a standard chow (control group, n=6) or a 0.25% adenine-enriched chow (n=16) for
16 weeks to induce CKD. After 4 weeks, CKD rats with CKD were subjected to bilateral RDN (AD-RDN, n=8) or to sham opera-
tion (AD, n=8). Blood pressure measurements, echocardiography, and cardiac magnetic resonance imaging were deployed
during the experiment. Left ventricular hypertrophy was evaluated histologically. IS was measured using ELISA. In HOC2 car-
diomyoblasts, the hypertrophic effects of IS were characterized in vitro.

RESULTS: In AD rats, left ventricular septal wall thickness (2.37+0.036 versus 1.91+0.014 mm in CTRL, P <0.0001), E/A ratio,
and cardiomyocyte size were significantly increased. Following RDN, left ventricular wall thickness (P <0.0001 versus AD), E/A
ratio (P <0.0001 versus AD), and myocyte hypertrophy were significantly reduced. Plasma IS was increased in AD (0.79+0.07
versus 0.2+0.12 ug/mg in the control group, P=0.0044) and reduced in AD-RDN (P=0.0073 versus AD). Urinary IS remained
unchanged after RDN, whereas hepatic concentration of IS decreased after RDN (P=0.023). Plasma IS correlated with left
ventricular hypertrophy (r=0.779, P <0.0001). Stimulation of HOC2 cardiomyoblasts with IS or serum from AD rats showed an
increase in cell size (P=0.0015), whereas AD-RDN serum showed no effect.

CONCLUSIONS: In a rat model of CKD, improved cardiac function following RDN was associated with reduced plasma concen-
trations of IS. To the present, IS remains a persistent clinical concern in patients with CKD due to its inefficient removal by con-
ventional hemodialysis and its significant role in promoting both kidney and myocardial disease. Thus, RDN may ameliorate
uremic cardiomyopathy by reducing IS and potentially represents a treatment option for patients with CKD and cardiovascular
disease. Clinical trials are warranted to investigate the effects of RDN on cardiovascular outcomes in patients with CKD.
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tor for cardiovascular disease (CVD).! CVD is the  tors such as hypertension, diabetes, or dyslipidemia,
leading cause of death in CKD and occurs more  explaining some but not the total risk in CKD. Large
frequently than the progression to end-stage renal epidemiological studies demonstrated an excess

Chronic kidney disease (CKD) is a major risk fac- disease.! Both CVD and CKD share common risk fac-
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RESEARCH PERSPECTIVE
What Is New?

e In patients with chronic kidney disease,
accumulation of the uremic toxin indoxyl sulfate
is associated with left ventricular hypertrophy.

e Renal denervation was shown to reduce
plasma indoxyl sulfate and mitigate left ven-
tricular hypertrophy.

What Question Should Be Addressed

Next?

e The precise mechanisms by which renal
denervation influences indoxyl sulfate levels
remain elusive, and further research is needed
to explore this intriguing relationship.

Nonstandard Abbreviations and Acronyms

AD adenine-fed sham-denervated group
AD-RDN adenine-fed renal denervated group
CKD chronic kidney disease

CTRL control group

CVD cardiovascular disease

LVH left ventricular hypertrophy

RDN renal denervation

cardiovascular morbidity and mortality in CKD, which
cannot be fully explained by traditional risk factors.?
Patients with CKD may develop a uremic cardiomy-
opathy, a condition characterized by left ventricular
hypertrophy, fibrosis, diastolic dysfunction, and sus-
ceptibility for arrhythmias,® also known as Cardiorenal
Syndrome Type IV or chronic renocardiac syndrome.*
Emerging evidence suggests that uremic toxins play
a major role in uremic cardiomyopathy.® The low-
molecular and protein-bound uremic toxin indoxyl sul-
fate (IS) is of particular interest, because it has been
shown to contribute to the progression of both CKD
and CVD.® Both in vitro and in vivo studies found that
IS promotes cardiac hypertrophy and inflammation
and that inhibition of IS with an oral adsorbent can mit-
igate these effects.®” Importantly, IS is highly bound
to plasma proteins, preventing it from being eliminated
by conventional hemodialysis. CKD associates with in-
creased activity of the sympathetic nervous system. In
fact, this overactivity of the sympathetic nervous sys-
tem is thought to contribute to cardiovascular mortal-
ity in CKD.® Renal denervation (RDN) reduces not only
renal sympathetic tone, but also central sympathetic
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activity.'® Furthermore, RDN was shown to reduce
left ventricular (LV) hypertrophy partly independent of
blood pressure (BP).!" We investigated the influence of
RDN on plasma concentrations of IS and tested the
hypothesis that RDN ameliorates uremic cardiomyop-
athy in a rat model of CKD.

METHODS

The data that support the findings of this study are
available from the corresponding author upon reason-
able request.

Animal Model

The animal studies complied with the Guide for the
Care and Use of Laboratory Animals (United States
National Institutes of Health, 8th edition, revised 2011)
and conform to the German law for the protection of
animals. They were approved by the regional Animal
Welfare Inspectorate (Saarlandisches Landesamt flr
Verbraucherschutz, #35/2017). Animal studies were
reported in compliance with the Animal Research:
Reporting of In Vivo Experiments guidelines.

Male Sprague—-Dawley rats (n=22, 6weeks of age)
were obtained from Charles River (Germany) and kept
under standard conditions (12hours dark/light cycle).
Rats had free access to a standard chow and drink-
ing water ad libitum. CKD was induced in 16 rats by
feeding a 0.25% (w/w) adenine-containing diet, while
6 rats served as controls (CTRL, n=6). After 4 weeks,
rats receiving the adenine-enriched diet were ran-
domly assigned to either bilateral RDN (AD-RDN, n=_8)
or sham-surgery (AD, n=8). CTRL were also subjected
to sham-surgery. After a total of 16 weeks, all rats were
euthanized under deep anesthesia and analgesia (in-
traperitoneal ketamine 80 mg/kg body weight, xylazine
6mg/kg body weight, and 2.5% isoflurane) and organs
were harvested for further analyses.

Metabolic Cages and Blood Sampling

At week 4 and at week 15, rats were placed in meta-
bolic cages to collect urine samples. Blood samples
were obtained during the experiment from the tail vein
and shortly before euthanized by cardiac puncture. A
chemistry analyzer (AU480, Beckman Coulter, Krefeld,
Germany) was used to measure plasma and urinary
concentration of creatinine and urea.

BP Measurement

Systolic and diastolic BP were measured by either a
catheter-based telemetry system (HD-S11-FO, Data
Sciences International, St. Paul, MN) (CTRL: n=2; AD:
n=3; AD-RDN: n=3) or plethysmographically using
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a tail-cuff device (Visitech Systems with BP-2000
Analysis Software) twice weekly (CTRL: n=4, AD: n=>5;
AD-RDN: n=5). The telemetry system was implanted
into the abdominal aorta as described previously
2weeks before the start of the experiment.'? In rats un-
dergoing cardiac magnetic resonance imaging (MRI),
BP was measured plethysmographically using a tail-
cuff device. At the end of the experiment, rats were
placed in a cage and 3 consecutive measurements
were performed after 30minutes of resting. Data are
presented as the mean+SEM.

Renal Denervation

Bilateral RDN was performed after 4 weeks of adenine
feeding in the respective groups as described previ-
ously.”® Rats were placed in a supine position and an-
esthesia was achieved by 1.5% to 2.5% isoflurane. Both
kidneys were surgically denervated by stripping the ad-
ventitia from the renal artery. Thereafter, a 20% phenol/
ethanol solution was applied circumferentially to mois-
ten the renal artery for 5minutes to chemically destroy
remaining nerve fibers. In sham-operated animals, the
kidneys were exposed without performing RDN.

Echocardiography

Echocardiography was performed in all animals at
baseline, at 4 weeks, and shortly before euthanasia at
week 15 (GE Healthcare LOGIQ S6 with 12-MHz trans-
ducer). Rats were anesthetized with 1% isoflurane. Left
ventricular end-systolic diameter, left ventricular end-
diastolic diameter as well as LV wall thickness were
measured by M-mode in the parasternal long-axis and
short-axis view. In order to assess diastolic function, a
pulsed-wave Doppler sample was placed in between
the mitral valve leaflet tips in the apical 4-chamber view
to obtain transmitral diastolic peak early (E) and atrial
(A) velocities to yield E/A ratio.

Cardiac MRI

Cardiac MRI was performed using a 9.4-T animal
scanner (Biospec Avance Il 94/20, Bruker BioSpin,
Germany) with rats under general anesthesia (1.5%
isoflurane). Body temperature, ventilation, and ECG
were continuously monitored. Cine FLASH sequences
were obtained in 2-chamber view (TR 18 milliseconds,
TE 1.8milliseconds, field of view 25.6 x 25.6mm, slice
thickness 1mm, interslice gap 0.5mm). To assess
cardiac function, 6 to 8 sequences in the 2-chamber
view were created. Image analysis was done using
the freely available software Segment v2.0 R4265
(Medviso, segment.heiberg.se) medical image analysis
software. Left ventricular hypertrophy was determined
by measuring LV wall thickness in the anterior, sep-
tal, and inferior wall in all 2-chamber view sequences,
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and means were calculated by the image analysis soft-
ware. Also, end-systolic, end-diastolic volumes, and
peak filling rate were determined after segmentation of
all 2-chamber view images.

Hematoxylin—-Eosin Staining

Immediately after euthanasia, hearts were fixed in
buffered 4% formaldehyde for 48 hours and imbed-
ded in paraffin. A microtome was used to cut 3-um
sections that were fixed at 56 °C overnight. Sections
were then deparaffinized, rehydrated, and stained with
hematoxylin and eosin (HE, Morphisto, Frankfurt a. M.,
Germany). Images were acquired using a whole slide
scanner (Aperio Versa 8, Leica Biosystems, Wetzlar,
Germany) and analyzed using the corresponding
Aperio ImageScope software. To determine myocyte
hypertrophy, the cross-sectional area of LV cardiomy-
ocytes was measured in cells that were orthogonally
cut (round in shape, nucleus centered) and an average
was calculated.

Immunostaining for Tyrosine Hydroxylase
For immunofluorescence-staining of LV tyrosine hy-
droxylase, sections were deparaffinized and hydrated
as described above. After incubating in 0.05% citra-
conic anhydride (Sigma-Aldrich Chemie, Mulnchen,
Germany) at 95 °C and pH 6.8 and washing twice in
phosphate-buffered saline ([PBS], pH 7.4), slices were
incubated with primary antibody (rabbit polyclonal anti-
tyrosine hydroxylase, Abcam #ab112, diluted 1:100 in
PBS) at 4 °C in a moisture chamber overnight. To re-
move unbound antibodies, slices were washed twice
in PBS-T (containing 0.1% Tween20) and once in PBS
followed by incubation with secondary antibody (anti-
rabbit IgG FITC [Dianova, Hamburg, Germany, diluted
1:50 in PBS]) at 37 °C for 2hours. Finally, slides were
mounted with mounting medium (Vector Laboratories,
Burlingame, USA, #H-1200) and stained with DAPI.
Images were acquired as described above. Interstitial
tyrosine hydroxylase—positive axons within 200 um?
areas were counted. To exclude nonspecific binding of
the primary antibody, isotype controls were performed
using a polyclonal rabbit IgG isotype control (Abcam
#ab37415, diluted 1:100 in PBS).

ELISA

Concentrations of IS in plasma, urine, and hepatic tis-
sue were determined by ELISA (Rat Indoxyl Sulfate
ELISA Kit, MyBioSource, San Diego, CA) according to
the manufacturer’s protocol. Plasma IS was normal-
ized to plasma total protein and urinary IS was nor-
malized to the urinary creatinine concentration. Plasma
concentrations of rat NT-proBNP (N-terminal pro-
brain natriuretic peptide; MyBioSource, Catalog No:
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MBS2509356) was determined by ELISA, following the
manufacturer’s protocol.

Determination of Renal Norepinephrine
Content

Kidney tissue was minced thoroughly in TRIS-EDTA
buffer (in mmol/L: 5.0 Tris(hydroxymethyl)aminometh-
ane, 2.0 Na-EDTA, pH 7.4). After centrifugation, su-
pernatants were used to analyze norepinephrine
content by high-pressure liquid chromatography using
Chromosystems plasma catecholamine Kit for HPLC
(Chromosystems Instruments & Chemicals GmbH,

Renal Denervation Improves Uremic Cardiomyopathy

Liquid Chromatography-Mass
Spectrometry/Mass Spectrometry

We measured liver indole concentrations using liquid
chromatography tandem mass spectrometry. A de-
tailed description is provided in Data S1. Indole was nor-
malized to protein concentration in liver homogenates.

H9C2 Cell Culture

The immortalized rat cardiomyoblast cell line H9C2
was purchased from Sigma-Aldrich (Germany) and
distributed to uncoated 6-well dishes. Each well was
covered with 2mL DMEM medium (Thermo Fisher

Munich, Germany) following the manufacturer's  Scientific) containing 10% fetal bovine serum and cells
protocol. were incubated at 37 °C and 5% CO,,. After reaching a
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Figure 1. Kidney function, blood pressure, and renal norepinephrine.

CKD was confirmed in adenine-fed rats by elevated plasma concentration of creatinine and urea, which was unaltered by RDN (A
and B). Analysis of renal norepinephrine (NE) content in kidneys demonstrated decreased NE level in AD-RDN (n=8) compared with
AD (n=8) (C). Systolic BP as assessed by tail-cuff plethysmography or radiotelemetry and was increased in AD (n=8) compared
with CTRL (n=6) (D). After RDN (n=8), systolic BP was not changed. Diastolic BP and heart rate were not significantly changed
(E and F). Data are shown as mean+SEM. P value was determined using ANOVA with Tukey’s test for multiple comparisons. AD
indicates adenine-fed sham denervated group; AD-RDN, adenine-fed renal denervated group; BP, blood pressure; CKD, chronic
kidney disease; CTRL, control group; NE, norepinephrine; ns, not significant; and RDN, renal denervation.
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confluency of 80%, cells were covered with a hunger
medium containing 0.1% fetal bovine serum. Stimulation
experiments were performed with IS (Sigma-Aldrich) at
concentrations of 10 ug/mL and 100 ug/mL over a pe-
riod of 72hours with daily stimulations. After 72 hours,
cells were harvested and processed for FACS analysis
as described below. For staining with hematoxylin and
eosin: HIC2 cells were fixed in buffered 4% formalde-
hyde onto four six-well dishes per group and stained
with hematoxylin and eosin (HE, Morphisto, Frankfurt
a. M., Germany). For stimulation with conditioned
media: H9C2 cells were cultured in 24 well-plates
(Falcon; #353047) with 300 uL. DMEM containing 10%
heat-inactivated (30 minutes, 56 °C) rat serum (instead
of FCS) derived from either CTRL, AD, or AD-RDN.
After 72hours, cells were stained with hematoxylin
and eosin as described above. HIC2 cells treated with
CTRL serum and 100 ug/mL IS served as internal posi-
tive control. Cell circumference and cell cross-sectional
area was gquantified from 400 cells/group using Nikon
Instruments Software (NIS)-Elements (BR 3.2, Nikon
instruments).

FACS

After removing cell culture medium, 500 uL trypsin was
added to each well and cells were resuspended in
450 uL FACS buffer and 20 uL of 0.5 mol/L EDTA solu-
tion. The samples were then washed several times be-
fore the cells were finally resuspended in FACS buffer
and 1% paraformaldehyde. Cell hypertrophy was esti-
mated by the forward-scatter as a correlate of cell size
via FACS analysis (BD FACSVerse).

Renal Denervation Improves Uremic Cardiomyopathy

Statistical Analysis

The data are presented as mean+SEM if not other-
wise specified. Data were tested for normality using
the Shapiro-Wilk test. Between-group differences
were tested using univariate ANOVA with Tukey’s post-
hoc test for multiple comparisons if normality was as-
sumed. If the assumption of normality was rejected,
a nonparametric Kruskal-Wallis test was performed.
All data were analyzed using GraphPad Prism 8.4.2
(GraphPad Software, Boston, MA). For comparison
of 2 groups, an unpaired Student ¢ test was used. A
2-sided P value of <0.05 was considered to be sta-
tistically significant. Additional permutational ANOVA
in R using the one-way test function from the “coin”
package were performed. Plain unadjusted P values
are shown as well as adjusted P values for multiple
comparison (ANOVA: Tukey’s post-hoc test, Welch
ANOVA: Dunnett's T3 test, Kruskal-Wallis: Dunn’s
test, permutational ANOVA: Bonferroni) are shown as
Table S1 and Figure S1.

RESULTS

Kidney Function and Blood Pressure in
CKD Remain Unchanged After RDN

CKD was confirmed in AD by elevated plasma concen-
trations of creatinine (2.42+0.1 versus 0.59+0.04mg/
dL, P <0.0001) and urea (289+9.9 versus 45.5+2.9mg/
dL, P <0.0001) compared with CTRL (Figure 1A and 1B).
RDN had no effect on creatinine and urea concentration
(2.39+0.23mg/dL, P=0.99; 289+22mg/dL, P=0.99) as
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Figure 2. Increased left ventricular tyrosine hydroxylase expression in adenine-fed rats

was reduced by RDN.

Quantification of left ventricular (LV) tyrosine hydroxylase-positive nerve fibers (A) and
representative immunofluorescence staining of LV tyrosine hydroxylase in control (CTRL n=6),
Adenine-fed rats (AD; n=7) and adenine-fed rats with renal denervation (AD-RDN; n=7) (B).
Scale bar=100um. Data are shown as mean+SEM. P value was determined using ANOVA with
Tukey’s test for multiple comparisons. AD indicates adenine-fed sham denervated group; AD-
RDN, adenine-fed renal denervated group; CTRL, control group; and TH, tyrosine hydroxylase.
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compared with AD. Effective RDN was demonstrated by
reduced renal norepinephrine content (67.6+19.6 versus
136+19pg/mL, P=0.025) (Figure 1C). Systolic blood pres-
sure was increased in AD compared with CTRL (145.1+3.4
versus 124.9+3.3mmHg, P=0.0029). In AD-RDN, systolic
blood pressure was not changed as compared with AD
(133.6+3.9mmHg, P=0.069) (Figure 1D). Diastolic BP
was not different among the groups (99.7+4.5mmHg in
CTRL, 113.9+4.7 mmHg in AD, P=0.10; 104+4.1 mmHg in
AD-RDN, P=0.25 versus AD) (Figure 1E). Also, heart rate
was not significantly altered (364.9+15.8min"" in CTRL,
327+13.2min"" in AD, P=0.19; 265.8+14.3min™! in AD-
RDN, P=0.94 versus AD) (Figure 1F).

RDN Decreases LV Sympathetic
Innervation

In the LV, tyrosine hydroxylase—positive cells were
significantly increased in AD as compared with CTRL
(8.06+0.69 per 200 um? versus 2.85+0.43 per 200 um?,
P <0.0001), while RDN reduced LV tyrosine hydroxy-
lase—positive cells (3.12+0.52 per 200 um?, P <0.0001)
(Figure 2A and 2B).

RDN Reduces Myocardial Hypertrophy

LV myocardial hypertrophy was assessed by 3 differ-
ent modalities. First, echocardiographic measurement
revealed elevated thickness of the LV septal wall in AD
(2.39+0.036 versus1.91+0.014mm in CTRL, P <0.0001),
which was reduced by RDN (1.97+0.054 mm, P <0.0001
versus AD) (Figure 3A). Figure 3B depicts representative
echocardiograms in the parasternal long-axis view. LV di-
astolic function was estimated using E/A ratio. In AD, E/A
was markedly increased (1.95+0.14 versus 1.06+0.03
in CTRL, P <0.0001) indicating elevated LV filing pres-
sures. After RDN, E/A was decreased and comparable
to CTRL (1.08+0.049, P <0.0001 versus AD) (Figure 3C).
Mitral Doppler spectra are shown in Figure 3D. In line,
plasma levels of N-terminal B-type natriuretic peptide
were decreased following RDN (AD 6842 pg/mL ver-
sus AD-RDN 5584 pg/mL, P=0.016). Second, cardiac
MRI demonstrated similar results with increased wall
thickness of the anterior, posterior, and septal LV wall
in AD (1.98+0.042 versus 1.68+0.053mm in CTRL,
P=0.0032; 1.79+0.017 versus 1.68+0.042mm in CTRL,
P=0.049; 1.93+0.043 versus 1.65+0.067mm in CTRL,
P=0.0073; respectively), which was reversed in AD-RDN
(1.7¢0.051mm, P=0.009 versus AD; 1.66+0.03mm,
P=0.035 versus AD; 1.7+0.02mm, P=0.033 versus AD;
respectively) (Figure 4). In AD, peak filing rate (1642+95
versus 2383+290uL/s in CTRL; P=0.06) end systolic
volume (137+7 versus 158+6uL in CTRL, P=0.25) and
end diastolic volume (512+26 versus 563+19uL in CTRL,
P=0.86) were reduced compared with control. RDN at-
tenuated impaired peak filling rate (1863+172uL/s), end
systolic volume (164+28uL), and end diastolic volume
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Figure 3. Increased septal wall thickness and impaired
diastolic function was improved in AD-RDN.
Echocardiographic measurement of septal wall thickness (A).
Adenine-fed rats AD (n=8) display increased wall thickness as
compared with CTRL (n=6), which was normalized after RDN
(n=8). Representative echocardiograms in parasternal long-axis
(B). Diastolic function as assed by E/A ratio worsened in AD
compared with CTRL and was significantly improved in AD-RDN
(C). Representative PW Doppler spectra of transmitral velocity
in early and late diastole (D). Data are shown as mean+SEM. P
value was determined using ANOVA with Tukey’s test for multiple
comparisons. AD indicates adenine-fed sham denervated group;
AD-RDN, adenine-fed renal denervated group; CTRL, control
group; and RDN, renal denervation.

(653+97 uL/s). Ejection fraction was unchanged be-
tween groups (Table S2). Third, histological analysis of
the cardiomyocyte cross-sectional area confirmed myo-
cyte hypertrophy to contribute to LV wall thickening in AD
(403+10.3 versus 331+9.1um? in CTRL, P=0.0008). In
AD-RDN, myocyte size was decreased (349+12.4um?,
P=0.0057 versus AD) (Figure 5).

RDN Reduces Uremic Toxin IS in Liver
and Plasma in CKD

Concentrations of IS in plasma and urine as well
as hepatic tissue were measured. In plasma, IS
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Figure 4. Adenine-induced left ventricular wall thickening was inhibited by RDN.

A, Quantification of the left ventricular (LV) anterior, posterior, and septal wall thickness demonstrated a significant increase
in adenine-fed rats (AD, n=5) compared with control (CTRL, n=4), while wall thickening was prevented in AD-RDN (n=3). (B)
Representative images in the short-axis view are shown in CTRL, AD, and AD-RDN. Data are shown as mean+SEM. P value was
determined using ANOVA with Tukey’s test for multiple comparisons. AD indicates adenine-fed sham denervated group; AD-
RDN, adenine-fed renal denervated group; CTRL, control group; MRI, magnetic resonance imaging; and RDN, renal denervation.

concentration in AD was significantly elevated compared
with CTRL (0.79+0.07 versus 0.2+0.12 ug/mg, P=0.0004)
(Figure 6A). After RDN, plasma IS concentration was
decreased (0.26+0.078ug/mL, P=0.0006 versus AD).
In urine, IS concentration was elevated both in AD and
AD-RDN without significant difference between AD and
AD-RDN (0.76+0.065 versus 0.79+0.058 ug/g, P=0.95
AD versus AD-RDN) (Figure 6A). IS concentration in
hepatic tissue was increased only in AD (2.49+0.24
versus 1.63+0.28ug/500ug in CTRL, P=0.029) but not
in AD-RDN (1.73+0.097 ug/500ug, P=0.036 versus AD).
Furthermore, there was a significant correlation between
plasma IS concentrations and LV hypertrophy (=0.779,
P <0.0001) (Figure 6B). Liver indole concentrations were
not significantly different among groups (Figure S2).

IS Induced Hypertrophy in H9C2
Cardiomyoblasts

In vitro experiments were conducted using H9C2
cells stimulated with IS. At 10ug/mL, cell size as

measured by forward scatter was only numerically
increased (95.8+0.88 versus 94.8+1.04, P=0.74
versus Control), reaching statistical significance at
100 ug/mL (100.5+0.81, P=0.0015 versus Control)
(Figure 6C). Histological analysis of H9C2 confirmed
IS-induced hypertrophy, demonstrating a signifi-
cantly increased cross-sectional area and cell diam-
eter following treatment with 100 ug/mL IS (Figure 6D
through 6F). Furthermore, we incubated H9C2 with
conditioned medium containing serum of CTRL, AD,
or AD-RDN rats. Cells incubated with medium de-
rived from AD displayed significantly increased cell
size (20606+1443um? versus 15460+1255um?;
P=0.029 versus CTRL), whereas incubation with me-
dium derived from AD-RDN rats (15893+1012 um?,
P=0.031 versus AD) did not result in increased cell
size as compared with CTRL (Figure 6H and 6l).
The addition of IS to CTRL serum led to a similar
effect on cellular hypertrophy as incubation with AD
serum (15460+1255um? versus 22087+1971 um?,
P=0.0016) (Figure 6G).

J Am Heart Assoc. 2025;14:e038785. DOI: 10.1161/JAHA.124.038785 7
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Figure 5. Adenine-induced left ventricular (LV) hypertrophy
of cardiomyocytes was attenuated by RDN.

Quantification of cardiomyocyte cross-sectional area was
increased in AD (n=8) compared with CTRL (n=6) and
significantly decreased in AD-RDN (n=8) (A). Representative
images of cardiomyocytes stained with hematoxylin and eosin
(B). Scale bar=100um. Data are shown as mean+SEM. P value
was determined using ANOVA with Tukey’s test for multiple
comparisons. AD indicates adenine-fed sham denervated group;
AD-RDN, adenine-fed renal denervated group; CTRL, control
group; and RDN, renal denervation.

DISCUSSION

In rats with CKD induced by adenine-enriched chow
resulting in tubulo-interstitial nephropathy, RDN miti-
gates myocardial hypertrophy as assessed by echo-
cardiography, MRI, and histological analysis. In rats
with adenine-induced CKD, plasma concentrations
of IS were elevated compared with CTRL and signifi-
cantly decreased after RDN. Interestingly, urinary IS
concentration was found to be similar in AD-RDN as
compared with AD, whereas the hepatic concentration
was significantly reduced after RDN. In H9C2 cells,
stimulation with IS at concentrations observed in pa-
tients with CKD with end-stage renal disease induced
cellular hypertrophy.

AD Model of CKD

In the AD model, a 0.25%-adenine-containing diet
was used to induce tubulo-interstitial nephropathy.'*
Adenine is a purine base that converts to insoluble
2,8-dihydroxy-adenine. 2,8-Dihydroxy-adenine pre-
cipitates within renal tubules, causing the formation of
crystals with consecutive obstruction. The pathophysi-
ology as well as the resulting renal injury have been
described in great detail elsewhere.’> Adenine-induced
CKD represents a suitable model for assessing car-
diovascular complications concomitant with CKD,
because rats develop uremic cardiomyopathy charac-
terized by LV wall thickening, decreased LV cavity, and
increased LV stiffness.™

J Am Heart Assoc. 2025;14:e038785. DOI: 10.1161/JAHA.124.038785
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Role of IS in Uremic Cardiomyopathy
Uremic cardiomyopathy is the result of several fac-
tors, among which uremic toxins play a key role.'® LV
hypertrophy represents a major issue inasmuch as
it is a predictor of mortality."'® Hitherto, approaches
to treat LV hypertrophy mainly aim at controlling tra-
ditional risk factors, above all hypertension. Intestinal
absorption of IS can be reduced by the oral charcoal
adsorbent AST-120. In a rat model of CKD, rats fed
with AST-120 showed less cardiac hypertrophy than
controls.'® However, in prospective human outcome
trials, AST-120 failed to reduce cardiovascular and
renal end points.?®?" There is accumulating evidence
that RDN reduces left ventricular hypertrophy in sev-
eral models. In Dahl salt-sensitive rats, RDN led to a
significant decrease in left ventricular mass.?> Human
trials enrolling patients with uncontrolled hypertension
showed that RDN was able to reduce left ventricular
mass independent of BP.123

Accumulation of uremic toxins in the circulation and
tissues is associated with progression of kidney fail-
ure and its related comorbidities.?* IS has been most
frequently implicated as a contributor to renal disease
progression and cardiovascular disease.?®

We performed in vitro experiments using H9C2 rat
embryonic cardiomyoblasts, a cell line that had been
previously shown to mimic hypertrophic responses
of neonatal cardiomyocytes,?® to investigate the hy-
pertrophic effect of IS. Our findings that IS induces
hypertrophy in H9C2 are in line with previous experi-
ments that demonstrated pro-hypertrophic effects of
IS in vitro.?” Forward scatter in FACS analysis provides
a surrogate of cell size and was therefore used to de-
termine myocyte hypertrophy as described before.?®
Additionally, treatment of H9C2 with conditioned me-
dium (10% rat serum) derived from adenine-induced
CKD-rats induced cell hypertrophy compared with
control, whereas conditioned medium derived from
adenine rats with RDN did not affect cell size. The
higher amount of IS contained in the AD serum may
have played a role here, because the addition of IS to
CTRL serum yielded a similar effect as incubation with
AD serum.

Metabolism of IS and Possible
Mechanisms of RDN-Dependent
Regulation

IS originates from indole, which is produced by
intestinal bacteria metabolizing dietary tryptophan.?®
After absorption, indole reaches the liver, where it
enters phase | and Il of bio-transformation, ultimately
being released as IS into the systemic circulation.3%:3!
Since IS is highly bound to albumin,® it is excreted by
the kidneys mainly through active tubular secretion
via organic anion transporters.®® Hence, IS cannot be
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Figure 6. Indoxyl sulfate (IS) is associated with hypertrophy.

Plasma IS concentration was significantly increased in AD (n=8) but not in AD-RDN (n=8) (A). Urine
IS excretion did not differ between AD (n=8) and AD-RDN (n=8), whereas hepatic IS was significantly
decreased in AD-RDN. Plasma IS concentration correlated with septal wall thickness (n=22) (B).
H9C2 stimulation with IS led to a numerical increase in cell size at 10ug/mL, reaching statistical
significance at 100ug/mL (n=6 each) (C). Representative images of H9C2 cells stimulated with IS
(100 ug/mL) and stained with hematoxylin and eosin (D). Cross-sectional area and MiniFeret (smallest
diameter) of H9C2 significantly increases after treatment with 100 ug/mL IS compared with control
(CTRL) (E and F). Incubation with sera derived from AD produced cellular hypertrophy as compared
with CTRL and AD-RDN (H and ). Addition of IS to CTRL serum led to a similar hypertrophic effect
(G). Each data point represents the mean value of 20 H9C2 cells. Altogether, 400 cells per group were
analyzed. Data are shown as mean+SEM. P value was determined using ANOVA and Tukey’s multiple
comparisons test for comparison of 3 groups. An unpaired t test was used for comparison of 2 groups.
AD indicates adenine-fed sham denervated group; AD-RDN, adenine-fed renal denervated group;
CTRL, control group; IS, indoxyl sulfate; LVH, left ventricular hypertrophy; and ns, not significant.
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effectively removed by hemodialysis and its toxicity
remains a major issue in patients with end-stage renal
disease.® Previous in vitro studies have suggested that
IS has pro-hypertrophic effects on both neonatal and
adult cardiomyocytes.®?” Furthermore, there is in vivo
evidence that IS induces cardiac hypertrophy in rats
with subtotal nephrectomy,” adenine-induced CKD,3
and rats with IS administration.3® Prospective clinical
trials support the hypothesis that IS even has prognostic
significance in patients with CKD and concomitant
CVD.36-38 Against this background, our results appear
particularly relevant. We found that plasma IS was
elevated in AD rats compared with CTRL, which was
markedly reduced after RDN. To ascertain whether
this effect is due to an increased renal excretion or a
decreased IS production, we measured both urinary
and hepatic concentrations of IS. Interestingly, urinary
excretion of IS did not differ between AD and AD-RDN,
albeit elevated as compared with CTRL. However,
hepatic concentration of IS was significantly increased
in AD and reduced after RDN. Therefore, we suggest
that RDN reduces the hepatic production of IS, thus
resulting in decreased IS plasma levels.

One possible mechanism leading to decreased
hepatic IS production would be the altered intestinal
absorption of indole. Patients with CKD exhibit certain
intestinal pathologies, in particular intestinal epithelial
barrier dysfunction and dysbiosis.?®*° As a conse-
quence, malfunction of the intestinal barrier renders
these patients vulnerable to absorption of small mol-
ecules leading to systemic inflammation and uremic
toxicity. A major constituent of this barrier are tight
junction proteins connecting the epithelial entero-
cytes to regulate paracellular diffusion. In uremic 5/6
nephrectomized rats, the expression of intestinal tight
junction proteins is down-regulated.*! Elevated urea
and ammonium concentrations have been proposed
as possible mechanisms causing the disruption of the
intestinal barrier.#? In addition to the increased intesti-
nal permeability in CKD, dysbiosis further aggravates
the production of uremic toxins. In CKD, the micro-
biome is altered in a fashion that is characterized by
the expansion of tryptophanase-expressing families
such as Clostridiaceae and Enterobacteriaceae, thus
contributing to the production of indole.*® From a gen-
eral perspective, uremic toxicity is not only a result of
insufficient renal excretory function, but also from an
increased intestinal permeability and increased syn-
thesis of precursor molecules.** This leads us to the
second possible mechanism for the observed reduc-
tion in hepatic IS production, namely, a liver-specific
intrinsic change in the indole procession, through for
example an altered activity of the enzymes involved
in the process. Because RDN is known to reduce ef-
ferent sympathetic outflow to peripheral organs, this
raises the interesting question of whether RDN is able
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to modify the hepatic and enteric nervous system as
well. CKD is associated with disruption of the intestinal
barrier structure,** altered reactivity, and cholinergic
signaling of the enteric nervous system, effecting ab-
sorptive and secretory processes,*® events that play a
major role in the pathogenesis of uremic toxicity. It has
been shown that RDN decreased renal and intestinal
sympathetic nerve activity in rats with myocardial in-
farction. This was associated with improved intestinal
structure, permeability, reduced plasma lipopolysac-
charide and ameliorated the gut microbial dysbiosis.*®
In rats with heart failure, RDN improved intestinal bar-
rier function and mediated beneficial effects on the
gut microbiota.*” Therefore, it is conceivable that RDN
may also improve intestinal injury in CKD effecting gut-
derived uremic toxicity.

Limitations

Our study has some potential limitations. First, the
number of animals is relatively low and may de-
crease statistical power. Second, the animal model of
adenine-induced CKD does not imitate human CKD
in every aspect. Although CKD in humans originates
predominantly from glomerular injury secondary to hy-
pertension and diabetes, adenine-induced nephropa-
thy leads primarily to tubular injury due to precipitation
of adenine crystals with concomitant renal interstitial
inflammation and injury. Third, despite IS being quan-
titatively the most dominant uremic toxin that cannot
be dialyzed, there are several other uremic toxins,
which might influence uremic cardiomyopathy and that
could not be addressed in this study. Fourth, we did
not assess liver and intestinal sympathetic innervation
nor liver indole detoxification steps or gut permeability,
which is beyond the scope of this study.

CONCLUSIONS

In a rat model of CKD, RDN reduced plasma IS and
mitigated the development of left ventricular hypertro-
phy independent of blood pressure. It is conceivable
that hepatic IS production is decreased by RDN.
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