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HIGHLIGHTS

Uremic cardiomyopathy is characterized
by LVH, diastolic dysfunction, and cardiac
fibrosis, leading to HF.

Dysregulation of NRG-1f signaling is a
known contributor to HF.

rhNRG-1f alleviated the progression of
uremic cardiomyopathy and kidney
dysfunction.

RhNRG-1f is a novel promising candidate
in the prevention and therapy of uremic
cardiomyopathy and renal dysfunction.
Further studies are needed to translate
the beneficial effects of rhNRG-18 in
patients with CKD.
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ABBREVIATIONS
AND ACRONYMS

ACET1 = angiotensin-converting
enzyme-1

Ang II = angiotensin Il
CKD = chronic kidney disease
CVD = cardiovascular disease

ELISA = enzyme-linked
immunosorbent assay

HE = hematoxylin and eosin*
HF = heart failure
LV = left ventricular

LVEDD = left ventricular end-
diastolic diameter

LVEDV = left ventricular end-
diastolic volume

LVH = left ventricular
hypertrophy

NRG = neuregulin

nox2 = NADPH-oxidase
isoform 2

nox4 = NADPH-oxidase
isoform 4

Nppb = B-type natriuretic
peptide
PSFG = picrosirius red/fast

green*

rhNRG = human recombinant
neuregulin

RT-qPCR = real-time
quantitative polymerase chain

reaction

TGF = transforming growth
factor

TRIS = tris(hydroxymethyl)
aminomethane hydrochloride

SUMMARY

by-nc-nd/4.0/).

hronic kidney disease (CKD) is a

public health problem affecting 1

out of 10 people owing to the
growing prevalence of its primary causes,
including aging, diabetes mellitus, hyperten-
sion, and hyperlipidemia.”” CKD and end-
stage renal disease patients have a 5 to 10
times increased risk of developing cardiovas-
cular diseases (CVDs) than the age-matched
population without CKD.>* CKD-associated
chronic and often irreversible structural and
functional changes of the heart are called
uremic cardiomyopathy (ie, type 4 cardiore-
nal syndrome).>” It is characterized by left
hypertrophy (LVH), diastolic
dysfunction, capillary rarefaction, endothe-
lial dysfunction, and cardiac fibrosis, ulti-
mately leading to heart failure (HF).”-®

ventricular

In general, kidney function is often
impaired in patients with HF with preserved

ejection fraction and patients with HF with reduced

ejection fraction; conversely, chronic HF aggravates
renal dysfunction in cardiorenal syndromes.®
Dysfunction of each organ can induce and perpet-
uate injury in the other via complex hemodynamic,
neurohormonal, and biochemical pathways.>” Multi-
ple factors and mechanisms may contribute to the
development of uremic cardiomyopathy and type 4
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Chronic kidney disease is a global health problem affecting 10% to 12% of the population. Uremic cardiomy-
opathy is often characterized by left ventricular hypertrophy, fibrosis, and diastolic dysfunction. Dysregulation
of neuregulin-1p signaling in the heart is a known contributor to heart failure. The systemically administered
recombinant human neuregulin-18 for 10 days in our 5/6 nephrectomy-induced model of chronic kidney disease
alleviated the progression of uremic cardiomyopathy and kidney dysfunction in type 4 cardiorenal syndrome.
The currently presented positive preclinical data warrant clinical studies to confirm the beneficial effects of
recombinant human neuregulin-1f in patients with chronic kidney disease. (J Am Coll Cardiol Basic Trans
Science 2023; m:m-m) © 2023 The Authors. Published by Elsevier on behalf of the American College of Cardiology
Foundation. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/

cardiorenal syndrome. These factors include non-
CKD-specific mechanisms (ie, shared in CVDs and
CKD) such as pressure and volume overload with over-
activation of the renin-angiotensin-aldosterone sys-
tem and sympathetic nervous system, hypertension,
endothelial injury, inflammation, and increased nitro-
oxidative stress, and CKD-specific factors such as
circulating uremic toxins (eg, indoxyl-sulfate and p-
cresyl sulfate) and renal anemia.”-® The protein-bound
and consequently nondialyzable uremic toxins pro-
duced by colonic microbes are probably the most
critical factors in the development of LVH and fibrosis
in patients with CKD.°-'° Indeed, the disproportionally
high incidence of cardiovascular events and the
severity of LVH were decreased dramatically after
successful kidney transplantations.'®

However, the precise molecular mechanisms in the
development of uremic cardiomyopathy remain un-
clear. Despite the broad availability of standard
medications to control the underlying diseases,
including hypertension, diabetes mellitus, and
hyperlipidemia, the high cardiovascular morbidity
and mortality among patients with CKD remain un-
resolved.® Therefore, novel multitarget agents able to
alleviate the severity of uremic cardiomyopathy are
urgently needed.

Growing evidence demonstrates that dysregulation
of neuregulin-1 (NRG-1P) signaling via its receptors
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ErbB (2, 3, and 4) could facilitate adverse cardiac
remodeling and HF. NRG-1f is a stress-mediated
paracrine transmembrane growth factor derived
from endothelial cells." It plays an essential role in
embryonic cardiac development.'” The dysregulation
of NRG-1B expression is also linked to various CVDs
such as myocardial infarction and HF.'*"® Recombi-
nant human NRG-1f (thNRG-1f) protein administra-
tion has been reported to protect against myocardial
ischemia/reperfusion injury and cardiac fibrosis and
to stimulate cardiac repair in post-myocardial infarc-
tion remodeling."”'>'* Notably, Hopf et al'* demon-
strated that chronic administration of rhNRG-1§
improved diabetes-induced passive stiffness in car-
diomyocytes (CMs). A recent study demonstrated that

the NRG-1B/ErbB signaling activation reduced
myocardial macrophage infiltration, cytokine
expression, and concomitant fibrosis in mice.”

Indeed, macrophages and T cells could play a causal
role in CM hypertrophy and diastolic dysfunction in
uremic cardiomyopathy, but the significance of NRG-
1 in CKD and uremic cardiomyopathy remains un-
known.'®'7 Therefore, in our current study, we
measured the cardiac and renal levels of NRG-1f and
evaluated the effects of thNRG-1B-therapy applied in
a rat model of CKD.

METHODS

ETHICS APPROVAL. This investigation conformed to
the EU Directive 2010/63/EU and was approved by the
regional Animal Research Ethics Committee of Cson-
grad County (XV.2598/2020, date of approval: 18
September 2020) and the University of Szeged in
Hungary. All institutional and national guidelines for
the care and use of laboratory animals were followed.

ANIMALS. In this study, a total of 29 adult male
Wistar rats (Rattus norvegicus, 9-10 weeks old, 350-
380 g) were housed in individually ventilated cages
(Tecniplast Sealsafe IVC system) and were main-
tained with a 12 hour:12 hour light/dark cycles in a
temperature-controlled room (22 =+ 2 °C; relative hu-
midity 55% =+ 10%) throughout the study. Standard rat
chow and tap water were supplied ad libitum.

EXPERIMENTAL SETUP AND PROTOCOL. Control
animals underwent a sham operation (n = 9), and 20
animals received a subtotal 5/6 nephrectomy in 2
phases to induce CKD (Supplemental Figure 1), as
described previously.'®*° After the operations, rats
were followed for 10 weeks. On the first day of the
third follow-up week, rats were randomized into 3
treatment groups: 1) saline-treated (intravenous [IV]
0.5 mL/kg/d) sham-operated group; 2) saline-treated
(IV 0.5 mL/kg/d) CKD group; and 3) and rhNRG-18-
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treated (IV 10 pg/kg/d in 0.5 mL/kg end volume,
Stemcell Technologies) CKD group. The animals were
treated with saline or rhNRG-1f for 10 consecutive
days via the tail veins, and the dosage and experi-
mental protocol were selected based on previous
studies.'®?° During the follow-up time, 2 animals died
in the rhNRG-1B-treated CKD group. At follow-up
weeks 2, 4, and 10, cardiac morphology and function
were assessed by transthoracic echocardiography
(Supplemental Figure 1).'®'° The animals were placed
into metabolic cages (Tecniplast Metabolic Cage Sys-
tem) at weeks 4 and 10 for 24 hours to measure urine
volume, creatinine, and protein levels (Supplemental
Figure 1)."%?"' Blood was collected from the saphenous
vein at week 4 and from the abdominal aorta at week
10 to measure serum carbamide (ie, urea), creatinine,
and lipid levels as well as plasma uremic toxin levels
at the endpoint.’®***> At the termination of the
experiment, body weight was measured, then rats
were anesthetized with sodium pentobarbital
(Euthasol; 40 mg/kg, intraperitoneally; Produlab
Pharma b.v.), and an invasive blood pressure mea-
surement was performed in the right femoral artery in
a subgroup of animals (Supplemental Figure 1).'° Af-
ter the blood pressure measurement, the abdominal
cavity was opened to collect 1.0 to 1.5 mL of blood
from the aorta. Then sodium pentobarbital was
overdosed (Euthasol, 200 mg/kg, intraperitoneally;
Produlab Pharma b.v.) to euthanize the rats. Then the
hearts, left kidneys, lungs, and tibias were isolated,
and the blood was washed out in calcium-free Krebs-
Henseleit solution. The hearts, kidneys, and lungs
were weighed, left ventricles (LV) and right ventricles
were separated and weighed, and the cross-section of
the LV at the ring of the papillae and a middle cross-
sectional ring of the left kidney were cut and fixed in
4% buffered formalin for histological analysis. Other
parts of the LVs and kidneys were freshly frozen in
liquid nitrogen and stored at —80 °C until further
biochemical measurements. The development of CM
hypertrophy, glomerular and tubular morphology, as
well as cardiac and renal fibrosis in CKD, were verified
on hematoxylin and eosin (HE) and picrosirius red/
fast green (PSFG)-stained sections, respectively.'®”!
Additionally, inflammation in cardiac tissue and
renal fibrosis were investigated by staining of CD68-
positive macrophages and collagen-1 (COL1), respec-
tively (see the detailed descriptions in the
Supplemental Appendix). LV and renal NRG-1§ pro-
tein levels were measured by enzyme-linked immu-
nosorbent assay (ELISA). Markers associated with
hypertrophy,
oxidative stress were measured by real-time quanti-
tative polymerase chain reaction (RT-qPCR) and

fibrosis, inflammation, and nitro-
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ELISA in LV tissue samples. In addition, expressions
of ErbB2-4 isoforms in LV and renal samples were also
measured by RT-qPCR. Cell culture experiments were
performed in human ventricular cardiac fibroblasts
(HVCF) and isolated adult mouse ventricular CMs
isolated and cultured as previously described.”*?®

SUBTOTAL (5/6) NEPHRECTOMY MODEL. Anes-
thesia was induced by intraperitoneal injection of
pentobarbital sodium (Euthasol; 40 mg/kg; Produlab
Pharma b.v.). At the first operation, 2 pieces of su-
tures (5-0 Mersilk; Ethicon) were placed around both
poles of the left kidney, approximately at the one-
third position. Then the sutures were gently ligated
around the kidney. The one-third kidney on both
ends was excised right beyond the ligatures. One
week after the first operation, the animals were
anesthetized again, and the right kidney was freed
from the surrounding adipose tissue and the renal
capsule, then pulled out of the incision gently. The
adrenal gland was gently freed and placed back into
the abdominal cavity. The renal blood vessels and the
ureter were ligated, and the right kidney was
removed. During sham operations, only the renal
capsules were removed. After the surgeries, the
incision was closed with continuous sutures, and
povidone-iodine was applied to the surface of the
skin. As a postoperative medication, subcutaneous
0.3 mg/kg nalbuphine hydrochloride (nalbuphine
10 mg/mL, Teva Pharmaceuticals Ltd) was adminis-
tered for 4 days: twice on the first 2 days, then once
on the third and fourth postoperative days. Enro-
floxacin antibiotics (Enroxil 75 mg tablets, Krka; dis-
solved in tap water in 3.5 mg/L end concentration)
were administered in the drinking water for 4 days
after both surgeries.

TRANSTHORACIC ECHOCARDIOGRAPHY. Cardiac
morphology and function were assessed by trans-
thoracic echocardiography as described previ-
ously.'*' Rats were anesthetized with 2% isoflurane
(Forane, AESICA). Then, the chest was shaved, and
the animal was placed supine on a heating pad. Two-
dimensional, M-mode, Doppler, and tissue Doppler
echocardiographic examinations were performed by
the criteria of the American Society of Echocardiog-
raphy with a Vivid IQ ultrasound system (General
Electric Medical Systems) using a phased array 5.0- to
11.0-MHz transducer (12S-RS probe, General Electric
Medical Systems). Data from 3 consecutive heart cy-
cles were analyzed (EchoPac Dimension v201 soft-
ware, General Electric Medical Systems) by an
experienced investigator in a blinded manner. The
mean values of the 3 measurements were calculated
and used for statistical evaluation. Systolic and
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diastolic wall thickness parameters were obtained
from the parasternal short axis view at the level of the
papillary muscles (anterior and inferior walls) and the
long axis view at the level of the mitral valve (septal
and posterior walls). The LV diameters were
measured using M-mode echocardiography from long
axis views between the endocardial borders. Frac-
tional shortening was used as a measure of cardiac
contractility (fractional shortening = (LV end-
diastolic diameter [LVEDD] - LV end-systolic diam-
eter [LVEDD])/LVEDD x 100). Functional parameters,
including LV end-diastolic volume (LVEDV) and LV
end-systolic volume, were calculated on 4-chamber
view images delineating the endocardial borders in
diastole and systole. The ejection fraction was
calculated using the formula (LVEDV - LV end-
systolic volume)/LVEDV x 100. Diastolic function
was assessed using pulse-wave Doppler across the
mitral valve from the apical 4-chamber view and tis-
sue Doppler images at the lateral and septal mitral
annulus. Early mitral flow (E), septal mitral annulus
(E’) velocities and their ratio (E/E’) indicate diastolic
function. Heart rate was calculated using pulse-wave
Doppler images during the measurement of trans-
valvular flow velocity profiles according to the length
of 3 consecutive heart cycles measured between the
start points of the E waves.

ARTERIAL BLOOD PRESSURE MEASUREMENT. A
PE50 polyethylene catheter (Cole-Parmer) was inser-
ted into the left femoral artery under sodium-
pentobarbital anesthesia (Euthasol; 40 mg/kg;
Produlab Pharma b.v.) at week 10. Blood pressure
measurements were performed between 09:00 and
14:00 hours using a SEN-02 pressure transducer (MDE
Ltd.) connected to an EXP-HG-1 amplifier (MDE Ltd.)
and WS-DA data acquisition system (MDE Ltd.). Data
evaluation was made by S.P.E.L. Advanced Haemosys
software (MDE Ltd.)."?

SERUM AND URINE METABOLITE CONCENTRATIONS.
Urea and creatinine levels in serum were quantified
by kinetic UV spectrophotometric method using ure-
ase and glutamate dehydrogenase enzymes according
to the Jaffe’s method. The reagents and the platform
analyzers were from Roche Diagnostics (Hoffmann-La
Roche Ltd.).'®?? Creatinine clearance, an indicator of
renal function, was calculated according to the stan-
dard formula (urine creatinine concentration [pM] x
urine volume for 24 hours [mL])/(serum creatinine
concentration [umol/L] x 24 x 60 minutes). At weeks
4 and 10, urine volume, urine creatinine, and serum
creatinine concentration were measured.'®>? Total
serum cholesterol, high-density lipoprotein choles-
terol, and triglyceride levels were measured by a
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Roche Cobas 8000 analyzer system using enzymatic
colorimetric assays from Roche (Hoffmann-La Roche
Ltd). Low-density lipoprotein (LDL) cholesterol was
calculated according to Friedewald’s formula.'®

PLASMA UREMIC TOXIN LEVELS. The levels of
plasma uremic toxins were measured according to
previously published methodologies using ultra-high
performance liquid chromatography-tandem mass
spectrometry.”®?” Multiple reaction monitoring tran-
sition of indoxyl sulfate was 211.9/131.9 using -50 V as
declustering potential and -25 V as collision energy,
with a retention time of 11.48 minutes. Multiple re-
action monitoring transition of p-cresyl sulfate was
186.9/107.0 using -50 V as declustering potential and
-26 V as collision energy, with a retention time
of 12.50 minutes.

HE AND PSFG STAININGS. Formalin-fixed paraffin-
embedded subvalvular areas of the LVs and the
middle cross-sectional rings of the left kidneys were
cut into 5-um sections and were stained with HE or
PSFG, as described previously.'®?%2° Histological
slides were scanned with a Pannoramic Midi II scan-
ner (3DHistech Ltd.). Digital slide processing was
performed in SlideViewer version 2.6 (last accessed
on January 3, 2023). On the digital HE images, CM
diameters and cross-sectional areas were measured to
verify the development of LVH at the cellular level.

The Biology Image Analysis Software (BIAS 1.0,
Single-Cell Technologies Ltd.) was used to evaluate
HE images.'®?®?° Image preprocessing was followed
by deep learning-based cytoplasm segmentation.
User-selected objects were forwarded to the feature
extraction module configurable to extract properties
from the selected cell components. The transverse
CM diameter at the nuclear level and cell perimeter
were measured in 100 (consecutive) CMs selected
based on longitudinal orientation and mono-
nucleation from a single cut surface (digitalized his-
tological slide) of the LV tissue blocks. The BIAS
software also calculated CM cross-sectional areas of
the same cells.

Renal cell nucleus quantification was performed on
HE-stained slides by QuantCenter (version 2.3)
NuclearQuant module (3DHistech Ltd.). Tubule dila-
tation was measured by QuantCenter (version 2.3)
HistoQuant module (3DHistech Ltd.) on HE-stained
slides. Kidney cortex areas were annotated manu-
ally, and the proportion of white area was measured,
representing tubular lumen areas.

Cardiac fibrosis was assessed on PSFG slides with a
program developed in-house, as described previ-
ously.'®*! Briefly, this program determines the pro-
portion of red pixels in LV sections using 2 simple

color filters. For each red-green-blue (RGB) pixel, the
program calculates the color of the pixel in the hue-
saturation-luminance color space. The first filter is
used for detecting red portions of the image. The
second filter excludes any white (empty) or light gray
(residual dirt on the slide) pixel from further pro-
cessing using a simple RGB threshold. In this way, the
program groups each pixel into 2 sets: pixels consid-
ered red, and pixels considered green but not red,
white, or grey. Red pixels in the first set correspond
with connective tissue and fibrosis. Green pixels in
the second set correspond with cardiac muscle.
Dividing the number of elements in the first set by the
number of elements in both sets gives the proportion
of the connective tissue compartment of the heart
area examined.

Renal interstitial fibrosis was measured by Quant-
Center (version 2.3) HistoQuant module (3DHistech
Ltd.) on PSFG-stained slides. Kidney cortex areas
were manually annotated, and the proportion of red
areas (red filter 123-221, green filter 13-153, blue filter
33-166) was measured, representing interstitial
fibrosis.

ASSESSMENT OF NRG-1 LEVELS IN LV AND KIDNEY
SAMPLES. The protein levels of NRG-1f were
assessed by ELISA (E-EL-R0790 Elabscience) in the LV
and kidney tissue sample extracts according to the
manufacturer’s protocol.

NITROTYROSINE ASSESSMENT. An ELISA kit for
3-nitrotyrosine measurement was purchased from
Bioassay Technology Laboratory (Cat. No: EO019Ra).
LVs were homogenized with an ultrasonicator
(UP100H) in phosphate-buffered saline (PBS, pH 7.4)
and then centrifuged at 3000 rpm for 20 minutes at 4
°C. After quantifying the supernatants’ protein con-
centrations using the BCA Protein Assay Kit (Pierce
Thermo Fisher Scientific Inc), 3-nitrotyrosine was
measured according to the manufacturer’s
structions. Optical densities were determined at 450
nanometers and amounts of analytes standardized to

in-

protein concentrations (nmol/g) were reported.

ANGIOTENSIN-CONVERTING ENZYME-1 ACTIVITY
MEASUREMENTS. Angiotensin-converting enzyme-1
(ACE1) activity in kidney tissue samples was
measured as described previously.>° Briefly, tissue
samples were weighed, and a proportional amount of
100 mM tristhydroxymethyl)aminomethane hydro-
chloride (TRIS) buffer (pH 7.0) was added and then
homogenized. The tissue homogenates were centri-
fuged at 13,000 rpm for 5 minutes, and the protein
concentration of the supernatant was determined by
Pierce BCA Protein Assay Kit (Thermo Fisher Scienti-
fic) using TECAN (SparkControl Magellan V2.2) plate
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reader. ACE1 activity was determined using an artifi-
cial substrate (Abz-FRK(Dnp)P-OH (Peptide 2.0) in a
reaction mixture containing 6 pL of 1 mg/mL tissue
homogenates in 35-fold dilution in 100 mmol/L TRIS
buffer, 50 mmol/L NaCl, and 10 pmol/L ZnCl2 in 96-
well plates (Greiner-Bio One) at 37 °C. The fluores-
cence intensity change was detected by TECAN
(SparkControl Magellan V2.2) plate reader, Aex Was
340 nm, and A, was 405 nanometers. The changes in
fluorescence intensity were detected in kinetic loops
at 1-minute intervals for at least 30 minutes, and the
intensity values were plotted as a function of reaction
time. The fluorescence intensity values were fitted by
linear regression (GraphPad Software). Only the linear
part of the data with a correlation coefficient of r > 0.95
were accepted. ACE1 activity was calculated by the
following equation: activity = (S/k) x D/P; where S is
the rate of the increase in fluorescence intensity (1/
min), k is the change of fluorescence intensity
during the complete cleavage of 1 pmol Abz-
FRK(Dnp)P-OH substrate, D is the dilution of the
sample, and P is the protein concentration (in mg/
mL). One unit (1 U) corresponds with 1 pmol sub-
strate cleavage in 1 minute by 1 mg of protein.

CELL CULTURE EXPERIMENTS. HVCF (Lonza) were
cultured in a fibroblast basal medium supplemented
with 0.1% insulin, 0.1% fibroblast growth factor, 0.1%
GA-1000, and 10% fetal bovine serum (all Lonza) as
previously described.** Cultures were washed with
HEPES buffered saline (Lonza) when indicated and
split at a confluency level of 70%. Cells were serum
starved for 24 hours, with subsequent treatment with
one of the following: 1) without treatment (control);
2) 20 ng/mL transforming growth factor (TGF)-f)
(Abcam); 3) rhNRG-1f (40 ng/mL); and 4) rhNRG-18
(40 ng/mL, Stemcell Technologies) + ErbB3 antibody
(1 pg/mL, R&D Systems) for an additional 24 hours.
Then, total RNA was extracted, and RT-qPCR was
performed. In addition, HCVFs on coverslips were
used for immunocytochemistry. Cells washed in PBS
were fixed in 4% paraformaldehyde for 10 minutes.
After removal of the fixative by rinsing in PBS, cells
were permeabilized with Triton X-100 (0.5% v/v in
PBS) for 3 minutes and washed twice in PBS-Tween
(PBS-T, 0.1% v/v). Then, the fixation solution was
removed with 3 rinses with PBS. Coverslips were
blocked using 5% bovine serum albumin and incu-
bated with primary antibody (a-smooth muscle actin,
Novusbio, 10 pg/mL) in bovine serum albumin 1% for
1 hour. The first antibody was revealed by the Texas-
red conjugated secondary antibody (horse anti-mouse
IgG antibody [H+L], Texas Red, Thermo Fischer Sci-
entific Inc) for 1 hour, and counterstained for
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detection of nuclei for 10 minutes with 4,6-
diamidino-2-phenylindole (Sigma-Aldrich). Cover-
slips mounted on glass slides in Permafluor aqueous
mounting fluid (Beckman Coulter) were observed
under confocal imaging (LSM 700, Zeiss).

Adult mouse ventricular CMs were isolated ac-
cording to a method developed by Ackers-Johnson
et al.>®> C57BL/6H mice were anesthetized with a
mixture of ketamine and xylazine, and the hearts
were harvested. CMs isolation was performed by
enzymatic dissociation using perfusion buffer, 37 °C
prewarmed 40mL enzyme solution (collagenase II
0.5mg/mL (Worthington Biochemical Corporation),
collagenase IV 0.5 mg/mL (Worthington Biochemical
Corporation), and Protease XIV 0.05mg/mL, Sigma-
Aldrich). CM-containing solution was filtered
through 100-um filters and applied to a 50-mL
centrifugation tube. Filters were washed through
with 7 mL of sterile stop buffer. The filtered CM so-
lution was divided equally into two 15-mL centrifu-
gation tubes, and cells were allowed to settle for
20 minutes. The supernatant was aspirated, and
every pellet was resuspended in 4 mL of buffer 1,
followed by 10 minutes of incubation. This process
was repeated for buffer 2 and buffer 3. After 10 mi-
nutes of settling in buffer 3, every pellet was resus-
pended in 1 mL of culture medium, and cells were
counted in a hemocytometer. Cells were diluted to
20,000 cells per mL by applying an appropriate vol-
ume of plating medium. Cells were seeded in laminin-
coated plates and incubated at 37 °C. After 1 hour,
only viably CMs have been attached to the laminin
surface. The plating medium was aspirated, and cells
were washed with a culture medium to remove dead
and nonattaching cells. Afterward, CMs were covered
with a fresh culture medium and incubated for 24
hours before experimental treatment. CMs were
exposed to treatment within 24 hours after isolation.
CMs were then treated with different compounds for
24 hours: 1) 20 ng/mL TGF-f; 2) 200 nmol/L
angiotensin-II (ANG-II, Merck); or 3) 200 nmol/L Ang-
II + 40 ng/mL NRG-1f. mRNA expression of B-type
natriuretic peptide (Nppb), A-type natriuretic pep-
tide, tumor necrosis factor-alpha, and NADPH-
oxidase isoforms 2 and 4 (Nox2 and Nox4) were
assessed by RT-qPCR.

TRANSCRIPTION PROFILING BY RT-qPCR. Total RNA
was extracted from LV and kidney samples as well as
isolated primary adult mouse CMs and HVCFs using
the RNeasy Mini Kit (Qiagen) and quantified by
NanoDrop spectrophotometer as described previ-
ously.”®> The cDNAs prepared using the QuantiTect
reverse transcription kit (Qiagen) were analyzed in
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technical duplicates in 20-uL reaction volumes. The
initial denaturation step of 15 minutes at 95 °C was
followed by 45 cycles of 15 seconds 95 °C, 30 seconds
50 °C, and 30 seconds 72 °C, using a Rotor-Gene Q
thermocycler with the accompanying software (Qia-
gen) for cycle threshold value analysis. Relative gene
expression was calculated by the 2-24¢t method. The
primers are listed in Supplemental Table 1.

STATISTICAL ANALYSES. All analyses were per-
formed with GraphPad Prism Software (version 9.4,
GraphPad Software Inc). The data distribution was
checked for normality by the Shapiro-Wilk test. One-
way analysis of variance was used for comparisons
among groups, which reduces to a t-test for only 2
groups. In cases of significant differences between
the groups, the Holm-Sidak (in cases of serum and
urine data, blood pressure, echocardiographic and
histology data, and organ weights) or Tukey’s
correction (in cases of RT-qPCR, ELISA, and cell cul-
ture experiment data) was used as the post hoc test
for multiple pairwise comparisons. Repeated mea-
sures 2-way analysis of variance was used to compare
longitudinal data among groups across multiple
follow-up time points, followed by the Holm-Sidak
post hoc test. All values are presented as mean +
SEM, and a P value of <0.05 was accepted as a sta-
tistically significant difference. The corresponding
table or figure legends describe specific sample
numbers and statistical tests used for comparisons.

RESULTS

NRG-13 EXPRESSION IS SIGNIFICANTLY DECREASED IN
THE LV AND KIDNEY IN CKD. At week 10, NRG-18
expression markedly declined in both LV and kidney
tissues in CKD rats compared with the sham group
(Figures 1A and 1B).

RhNRG-18 TREATMENT PRESERVED THE RENAL
FUNCTION AND DECREASED THE CIRCULATING
UREMIC TOXIN LEVELS IN CKD. Serum carbamide
and creatinine concentrations were significantly
increased in the CKD group at weeks 4 and 10, sug-
gesting an impaired renal function from week 4 on-
ward (Supplemental Figure 1, Supplemental Table 2,
Figures 1C and 1D). Urine protein concentration
showed a tendency to increase at week 4 and a sig-
nificant increase at week 10 in the CKD group, indi-
cating worsening glomerular function (Figure 1E,
Supplemental Table 2). Creatinine clearance, the
main clinical renal functional parameter, was signifi-
cantly decreased in the CKD group compared with the
sham-operated group at both follow-up time points,
showing the development of renal dysfunction from
week 4 (Figure 1F, Supplemental Table 2). In the

Neuregulin-1p in Uremic Cardiomyopathy

sham-operated group, the creatinine clearance was
significantly increased at the endpoint compared with
the week 4 value, which could be attributed to the
growth of the animals (Supplemental Table 2).

Notably, the serum creatinine level was markedly
decreased by the thNRG-1f treatment in CKD at weeks
4 and 10 (Figure 1D, Supplemental Table 2). There was
no significant difference in the urine protein level
between the sham-operated and rhNRG-1p-treated
CKD groups (Figure 1E, Supplemental Table 2). At
week 10, creatinine clearance showed an increasing
tendency in response to ThNRG-1f treatment
compared with the CKD group (Figure 1F,
Supplemental Table 2). Importantly, serum creatinine
and urine protein levels did not show significant
worsening in response to rhNRG-1f at week 10
compared with the week 4 values, suggesting the
renoprotective  role of rhNRG-18 in CKD
(Supplemental Table 2). At the endpoint, both p-
cresyl sulfate and indoxyl sulfate plasma levels were
significantly elevated in CKD compared with the
sham-operated group (Figures 1G and 1H). In contrast,
the rhNRG-1f treatment helped to significantly
reduce uremic toxin levels in comparison with the
CKD group (Figures 1G and 1H).

RhNRG-18 REDUCED THE SERUM LDL CHOLESTEROL
LEVEL IN CKD. At weeks 4 and 10, the serum total
cholesterol, high-density lipoprotein cholesterol, LDL
cholesterol, and total cholesterol levels were signifi-
cantly increased in the CKD group compared with the
time-matched values of the sham-operated group
(Supplemental Table 2). In response to the rhNRG-1
treatment, at week 4, the serum LDL level was not
significantly different from the value of the sham-
operated group, and at week 10, the serum LDL
cholesterol level was significantly lower compared
with the CKD group (Supplemental Table 2). Notably,
serum total and high-density lipoprotein cholesterol
levels showed a trend to decrease in response to
rhNRG-18 to the time-matched values of the CKD
group (Supplemental Table 2). At week 4, there was
no significant difference in serum triglyceride levels
between the groups (Supplemental Table 2). At week
10, serum triglyceride levels were significantly
increased in the CKD group compared with the sham-
operated group (Supplemental Table 2). There was no
significant difference in the serum triglyceride levels
between the sham-operated and rhNRG-1B-treated
CKD groups at week 10 (Supplemental Table 2).

RhNRG-18 TREATMENT DID NOT ALTER THE
ELEVATED BLOOD PRESSURE IN CKD. Systolic arte-
rial blood pressure was significantly elevated in the
CKD groups, independent of rhNRG-1§ treatment as
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FIGURE 1 The Effects of rhNRG-1f on the Development of CKD at Week 10
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(A) NRG-1p protein expression in left ventricles and (B) kidney tissue at week 10 in 5/6 nephrectomized rats (unpaired Student t test). (C) Serum carbamide con-
centration, (D) serum creatinine concentration, (E) urine protein concentration, (F) creatinine clearance, (G) plasma p-cresyl sulfate concentration, and (H) plasma
indoxyl sulfate concentration at week 10. Values are presented as mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001, n = 7-10, 1-way analysis of variance, Holm-Sidak
post hoc test. CKD = chronic kidney disease group; CKD + rhNRG-1B = recombinant human neuregulin-1B-treated chronic kidney disease group; LV = left ventricular;
Sham = sham-operated group.

compared with the sham-operated group (CKD, 162 +
7 mm Hg and CKD+rhNRG-1f, 163 £ 7 mm Hg vs
sham-operated, 130 + 9 mm Hg) at week 10. The
diastolic blood pressure values showed a trend to-
ward an increase in the CKD (112 + 8 mm Hg;
P = 0.099) and CKD+rhNRG-1f (113 + 6 mm Hg;
P = 0.051) groups compared with the sham-operated
group (94 + 6 mm Hg) at week 10. Similarly, the
mean arterial blood pressure increased in the CKD
(129 £ 8 mm Hg; P 0.058) and CKD+rhNRG-18
groups (129 + 7 mm Hg; P = 0.047, unpaired t-test)
compared with the sham-operated (106 + 7 mm Hg)
group at week 10.

RhNRG-1f LIMITED THE ECHOCARDIOGRAPHIC
SIGNS OF LVH IN CKD. There was no significant dif-
ference in the cardiac morphologic or functional

parameters between the groups 2 and 4 weeks after
the operations (Supplemental Tables 3 and 4,
Figures 2A to 2J). At week 10, significantly increased
wall thickness and markedly decreased LVEDD indi-
cated the development of concentric LVH in the CKD
group (Supplemental Table 4, Figures 2A, 2G, and 2H).
The rhNRG-1p treatment decreased the LVH indices
significantly and increased the LVEDD markedly
compared with the values of the CKD group at week
10, pointing out its potential antihypertrophic effects
(Supplemental Table 4, Figures 2G and 2H). In
contrast, the ThNRG-1f8-treated CKD group did not
show any difference in the wall thicknesses (except
for the diastolic septal wall) and LV diameters be-
tween weeks 4 and 10 values, indicating that rhNRG-
1B treatment prevented the progression of LVH in our
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FIGURE 2 The Effects of rhNRG-1f on Echocardiographic Parameters at Weeks 4 and 10
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Holm-Sidak post hoc test. Abbreviations as in Figure 1.

(A) Representative M-mode and (B) tissue Doppler images, (C) posterior wall thickness in systole (PWTs), and (D) diastole (PWTd), (D) left ventricular ejection fraction
(EF), (E) ratio of early mitral flow velocity (E) and diastolic septal mitral annulus velocity (E') at week 4, (F) posterior wall thickness in systole (PWTs) and (G) diastole
(PWTd) at week 10, (H) left ventricular EF, and (1) E/E' at week 10. Values are presented as mean =+ SEM. * P < 0.05, **P < 0.01, n = 7-10, one-way analysis of variance,

CKD model (Supplemental Table 4). In contrast, at
week 10, anterior, posterior, and septal wall thick-
nesses increased further in the CKD group compared
with the week 4 values, indicating the worsening LVH
in CKD (Supplemental Table 4).

RhNRG-1B AMELIORATED THE DIASTOLIC DYSFUNCTION
IN cKD. The global pump function represented by the
ejection fraction was not significantly different
among the groups at weeks 4 or 10, showing that the
uremic cardiomyopathy persisted in the HF with
preserved ejection fraction phase (Supplemental
Table 4, Figures 2E and 2I). The mitral valve early
flow velocity (E) was not significantly different be-
tween the groups, or the follow-up time points within
the groups (Supplemental Table 4). At week 4, there
was no significant difference in the septal mitral
annulus velocity (E’) or the E/E’ ratio between the
groups, probably owing to the lack of the develop-
ment of severe LVH at this early time point of CKD
(Supplemental Table 4, Figure 2F). In contrast, the E’
was decreased significantly at week 10, and the E/E’
was increased markedly in the CKD group compared
with the sham-operated group indicating the

progression of diastolic dysfunction in CKD
(Supplemental Table 4, Figure 2J). At week 10, the E’
velocity showed an increasing tendency in response
to thNRG-1p treatment compared with the CKD group
(Supplemental Table 4). Moreover, in the rhNRG-1f-
treated CKD group, there was no significant differ-
ence in the E’ between the values at weeks 4 and 10
(Supplemental Table 4). Notably, there was no sig-
nificant difference in the E/E’ between the sham-
operated and rhINRG-1f-treated CKD group at week
10, pointing out the beneficial lusitropic effect of
rhNRG-1f on the diastolic function (Supplemental
Table 4, Figure 2J).

RhNRG-13 TREATMENT DECREASED THE MACROSCOPIC
SIGNS OF LVH IN CKD. The LV weight showed a sig-
nificant increase in the CKD group compared with the
sham-operated group indicating the macroscopic
signs of LVH (Supplemental Table 5). In consonance
with echocardiographic results, the ThNRG-1f treat-
ment significantly reduced the LV weight compared
with the CKD group (Supplemental Table 5). The
remnant left kidney weight increased in the CKD and
the rhNRG-1B-treated CKD group compared with the
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FIGURE 3 The Effects of rhNRG-1J on LV and Renal Morphology Assessed by Histology at Week 10
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(A) Representative hematoxylin-eosin (HE)-stained slides and picrosirius red/fast green (PSFG)-stained slides of left ventricles. (B) cardiomyocyte cross-sectional areas,
(C) perimeters, (D) left ventricular (LV) fibrosis, (E) representative HE-stained slides and PSFG-stained slides of the kidney tissue, (F) glomerular capillary area, (G)
tubular lumen area, and (H) kidney interstitial fibrosis. In the case of left ventricles, scale bars represent 50 pum in the HE images and 100 um in the PSFG images. In the
case of kidney tissue, scale bars represent 100 pm in the HE images and 200 um in the PSFG images. Values are presented as mean + SEM, *P < 0.05, **P < 0.01,
***p < 0.001, n = 7-10, one-way analysis of variance, Holm-Sidak post hoc test. Abbreviations as in Figure 1.

weight of the whole left kidney in the sham-operated
group, suggesting compensatory renal hypertrophy in
CKD (Supplemental Table 5).

RhNRG-18 TREATMENT ALLEVIATED CM HYPERTROPHY
AND LV INTERSTITIAL FIBROSIS. CMs showed a
significantly enlarged cross-sectional area and
perimeter in the CKD group compared with the sham-
operated group, confirming the development of LVH
at the cellular level at week 10 (Figures 3A to 3C). The
rhNRG-1f treatment significantly decreased the CM
cross-sectional area and perimeter in CKD, validating
the echocardiographic and macroscopic findings
(Figures 3A to 3C). Significant interstitial fibrosis was
found in the CKD group compared with the sham-
operated group (Figures 3A and 3D), and this was
markedly suppressed in the thNRG-1B-treated group
(Figures 3A and 3D).

RhNRG-13 TREATMENT BETTER PRESERVED THE
GLOMERULAR CAPILLARY AREA AND AMELIORATED
KIDNEY INTERSTITIAL FIBROSIS. The size of the

glomeruli and their nuclear count were more promi-
nent in the CKD groups compared with the sham-
operated group, indicating the development of the
compensatory enlargement of the remaining
glomeruli in the remnant kidney (Figures 3E and 3F).
Interestingly, the glomerular capillary areas were
better preserved by the rhNRG-1p treatment in CKD
(Figures 3E and 3F), whereas the tubular lumina dila-
tion did not change proportionally by the adminis-
tration of rhNRG-1 in CKD (Figures 3E and 3G).
Marked interstitial fibrosis was found in the un-
treated CKD animals compared with the sham-
operated group (Figures 3E and 3H, Supplemental
Figure 2). The significant renal interstitial fibrosis
was markedly ameliorated by the rhNRG-1p treatment
in CKD (Figures 3E and 3H, Supplemental Figure 2).

ACE1 ACTIVITY IN KIDNEY SAMPLES. Compared
with the sham-operated group, ACE1l activity was
increased in CKD (P 0.065) (Supplemental
Figure 3), and a tendency toward declining ACE1
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FIGURE 4 The Effects of rhNRG-13 on mRNA Expressions in Uremic Cardiomyopathy in Left Ventricular Samples
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mRNA expressions of (A) Col 1, collagen 1; (B) Col 3, collagen 3; (C) alpha-smooth muscle actin (Acta2), alpha-smooth muscle actin; (D) Mmp2, matrix metalloprotease
2; (E) Mmp9, matrix metalloprotease 9; (F) Nppb, B-type natriuretic peptide; (G) Acel, angiotensin-converting enzyme; (H) Agtr1, angiotensin |l type 1 receptor; and (1)
16, interleukin 6 in left ventricles. Data are expressed as mean + SEM; n = 8/group, **P < 0.01, ***P < 0.001, one-way analysis of variance, Tukey post hoc test.

Abbreviations as in Figure 1.

activity (approximately 20%) was found in kidney
tissue samples after the rhNRG-1f treatment in
comparison to the wuntreated CKD group
(Supplemental Figure 3).

RhNRG-18 TREATMENT DECREASED THE OVEREXPRESSION
OF CARDIAC INFLAMMATION, HYPERTROPHY, AND
FIBROSIS MARKERS IN CKD. Transcript levels of Coli,
collagen-3 (Col3), alpha-smooth muscle actin, matrix
metalloprotease-2, matrix metalloprotease-9, Nppb,
angiotensin-converting enzyme 1 (Acel1), and angio-
tensin II (ang II) receptor type 1 (Agtri) were signifi-
cantly increased in the CKD group compared with the
sham-operated group supporting our echocardio-
graphic and histology findings (Figures 4A to 4H).
Furthermore, CKD animals also displayed increased
Il6 mRNA expression (Figure 4l1) and cardiac CD68-
positive macrophage infiltration (Supplemental
Figure 4). In contrast, these fibrotic, inflammatory,
and hypertrophic markers were significantly blunted

in response to the thNRG-1p treatment (Figures 4A to
41, Supplemental Figure 4).

To further validate the antifibrotic effect of NRG-
1B, we investigated its effect on HVCFs exposed to
TGF-B in vitro in the presence or absence of rhNRG-1
using alpha-smooth muscle actin immunofluorescent
staining (Figure 5A). The overexpression of ¢-smooth
muscle actin on TGF-} exposure was accompanied by
elevated transcript levels of Coli, Col3, and
the collagen cross-linking lysyl oxidase-1 (Figures 5B
to 5E). These changes were ameliorated significantly
in HVCFs co-treated with ThNRG-1f.

The expressions of ErbB 2, 3, and 4 mRNA levels
were measured both in LV and kidney samples
(Supplemental Figures 5A to 5E). ErbB3 expression
was significantly decreased in kidney samples and
showed a tendency to preserve its expression by the
administration of  rhNRG-1f (Supplemental
Figure 5B). The expression of ErbB2 and ErbB4 in
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FIGURE 5 The Effects of rhNRG-1 on mRNA Expressions in Human Ventricular Cardiac Fibroblasts
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(A) Representative 4,6-diamidino-2-phenylindole (DAPI) and SMA staining of human ventricular cardiac fibroblasts. The mRNA expression of (B) a SMA, alpha-smooth
muscle actin; (C) Col 7, collagen 1; (D) Col 3, collagen 3; and LOX1, lysyl oxidase 1in human ventricular cardiac fibroblasts. Scale bar, 50 um. Data are expressed as mean
+ SEM, n = 6 replicates/group; *P < 0.05, **P < 0.01, ***P < 0.01, one-way analysis of variance, Tukey post hoc test. Ctrl = control; TGF-f = transforming growth
factor beta; ErbB3 AB = EbB3 antibody; other abbreviations as in Figure 1.

the kidney did not show a difference among the
groups (Supplemental Figures 5A and 5C). In the
cardiac tissue, the ErbB2 expressions showed no sig-
nificant differences between the groups
(Supplemental Figure 5D). Interestingly, the cardiac
ErbB3 and ErbB4 transcript levels were significantly
increased in response to rhNRG-1B compared with
the untreated CKD group (Supplemental Figures 5E
and 5F).

To demonstrate the role of ErbB3 in the NRG-1B-
mediated antifibrotic process, we applied siRNA-
ErbB3 and ErbB3-specific antibody (Supplemental
Table 6). The silencing of ErbB3 or application of

antibody against ErbB3 significantly abrogated the
antifibrotic effects of rhNRG-1f (Supplemental
Figure 6, Figures 5B to 5E).

Isolated murine primary CMs were exposed to Ang
II to assess the CM-specific effects. Accordingly, the
cells showed a substantial increase in markers of
stretch (A-type natriuretic peptide and Nppb),
inflammation (tumor necrosis factor-alpha), and
nitro-oxidative stress (NADPH oxidase isoforms 2 and
4 [Nox2 and Nox4], and 3-nitrotyrosine) (Figures 6A
to 6F). In contrast, thNRG-1p treatment significantly
blunted these mRNA expressional changes, and there
was no significant difference in the 3-nitrotyrosine
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FIGURE 6 The Effect of rhNRG-1f on the Isolated Murine Cardiomyocytes Treated by ANG Il
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(A) Nppa, A-type natriuretic peptide, (B) Nppb, B-type natriuretic peptide, (C) Tnf, tumor necrosis factor-alpha, (D) Nox2, NADPH oxidase isoform 2, (E) Nox4, NADPH
oxidase isoform 4, and (F) 3-NT, 3-nitrotyrosine. Data are expressed as mean -+ SEM, n = 10 replicates/group; *P < 0.05, **P < 0.01 and ***P < 0.01, one-way analysis
of variance, Tukey post hoc test. ANG Il + angiotensin Il. Abbreviations as in Figure 1.

levels between the sham-operated and rhNRG-1f-
treated CKD groups (Figures 6A to 6F).

DISCUSSION

The present study demonstrates, to our knowledge,
for the first time that rhNRG-1f treatment prevents
the progression of renal dysfunction and uremic car-
diomyopathy and decreases the circulating uremic
toxin levels in a rat model of CKD. The rhNRG-13 was
administered in an early phase of CKD development,
that is, 2 weeks after CKD induction, to investigate its
therapeutic potential. In addition, this protocol re-
flects the clinical application of ThNRG-1 in patients
with HF.”° The rhNRG-1B treatment significantly

alleviated diastolic dysfunction, fibrosis, inflamma-
tion, and oxidative stress markers in the LVs of CKD
animals. In addition, the direct cardioprotective ef-
fects of rhNRG-1p were further confirmed in HVCFs
and mouse CMs in vitro. Moreover, rhNRG-1§ treat-
ment decreased plasma uremic toxins levels and
renal fibrosis, further supporting its indirect effects
on uremic cardiomyopathy.

Our study identified that NRG-1p protein levels
markedly decreased in LV and kidney tissues in CKD
animals compared with the sham-operated group. A
recent high-throughput proteomics study demon-
strated that normalized serum NRG-1p levels were
associated strongly with recovered kidney function in
patients with acute kidney injury and dialysis.?"
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Inversely, the downregulation of NRG-1f-mediated
signaling in the kidney may play a role in the pro-
gression of renal dysfunction.

In consonance with previous results, animals with
CKD showed progressive LVH and deterioration of
diastolic function,'®9:21:3%:33 g]beit those symptoms
were not detectable up to 4 weeks after 5/6 nephrec-
tomy. However, characteristic laboratory changes of
CKD, including elevated serum urea and creatinine
concentrations, urine protein levels, and a decrease
in creatinine clearance, were evidenced at week 4
in the 5/6 nephrectomy CKD model. These findings
suggest that renal dysfunction has developed
already during the early phase of CKD. In most
cases, routine laboratory screening tests reveal the
signs of CKD at this stage in patients. Therefore, we
aimed to start tThNRG-1p treatment in a relatively
early and asymptomatic phase of CKD in the
absence of uremic cardiomyopathy (ie, before the
development of LVH, diastolic dysfunction, and
concomitant fibrosis), mimicking the clinical sce-
To investigate its therapeutic potential,
rhNRG-18 was applied for 10 consecutive days, then
the treatment was terminated, and the final results

nario.

were evaluated 10 weeks after CKD initialization.
This protocol has been addressed by Gao et al*° in a
phase II, randomized, double-blind, multicenter,
placebo-controlled study. Patients were randomly
assigned to 4 groups, treated with placebo or rhNRG-
1B (0.3, 0.6, or 1.2 pg/kg/d) for 10 consecutive days
and followed for 90 days.”® It is important to
emphasize that even at day 90, that is, 80 days after
treatment, the LV ejection fraction remained at a
high level compared with baseline or placebo treat-
ment group values.”® Encouraged by these important
findings, we designed a similar study protocol to test
the efficacy of thNRG-1f in our CKD model.

Based on our present laboratory tests and echo-
cardiographic findings, the severity of CKD in our
model corresponds with human G2 or G3a stages,
with mildly or moderately decreased kidney function
at week 10.#*> Renal function worsened between
weeks 4 and 10 in the untreated CKD group. In
contrast, serum creatinine and urine protein did not
show substantial changes between 4 and 10 weeks in
the rhNRG-1B-treated group, highlighting its reno-
protective effects. Moreover, the rhNRG-1f treatment
significantly reduced the prohypertrophic and profi-
brotic circulatory uremic toxin levels in CKD, sug-
gesting indirect effects on uremic cardiomyopathy.
Consonantly, previous studies also demonstrated the
protective effects of NRG-1f in a mouse model of type
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1 diabetes mellitus and Ang II-induced cardiorenal
dysfunction, respectively.3®-37

Severe hypertension is usually not a typical feature
of CKD in the 5/6 nephrectomy-induced model.*?
Consonantly, our CKD model showed a significant
increase in systolic arterial blood pressure and
moderately elevated diastolic and mean arterial blood
pressure. We observed significantly less LVH and
fibrosis in the rhNRG-1f-treated group compared with
the untreated CKD group by a similar degree of sys-
tolic blood pressure elevation. Therefore, we suggest
that the factors involved in the development of dia-
stolic dysfunction and fibrosis may not be linked
primarily with arterial hypertension in this animal
model of CKD.

Both preclinical and clinical studies showed that
uremic toxins, the overactivation of the renin-
angiotensin-aldosterone system and sympathetic
nervous system, increased nitro-oxidative stress, and
inflammation contribute to the development of ure-
mic cardiomyopathy.”-*® Indeed, the observed eleva-
tion of plasma uremic toxin levels, LVH, diastolic
dysfunction, and cardiac fibrosis 10 weeks after 5/6
nephrectomy were associated with significant over-
expression of Acel1, Agtri, and Il6 in the LV tissue.
Additionally, tendentiously increased renal ACE1 ac-
tivity was observed in the CKD group compared with
the sham-operated group, which was slightly
decreased after hNRG-1f treatment. In line with our
findings, Erdranta et al®*° also found an increase in
kidney ACE expression in the surgical 5/6 nephrec-
tomy rat model. More recently, we have demon-
strated that the Ang II receptor blocker losartan
(10 mg/kg/d by mouth from week 5 to week 13)
significantly decreased the urine volume, LVH,
fibrosis, and improved diastolic dysfunction in asso-
ciation with a marked decrease of the LV expressions
of fibrotic and inflammatory markers in an identical
CKD model."”” Therefore, we may speculate that the
combination of renin-angiotensin-aldosterone sys-
tem inhibitors and rhNRG-1f treatment would have a
synergic cardiorenal benefit, but further studies are
warranted to clarify that. The role of Ang Il in LVH has
also been supported by the study of Okabe et al,*°
showing a marked decreased of LVH after the sup-
pression of the NOX4 signaling. Our data demon-
strated that thNRG-1p effectively prevented Ang II-
induced CM hypertrophy, inflammation, and LV
nitro-oxidative stress in concordance with previous
findings.*® Although several studies already demon-
strated the anti-remodeling effects of NRG-1f in
different models of heart disease, we showed for the
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first time that rhNRG-1f markedly alleviates the
overexpression of Nox2 and Nox4 in isolated murine
CMs exposed to Ang II. Similar to our present find-
ings, the increase in Nox2 and Nox4 expression was
associated with CM dysfunctions.*>**

Cardiac fibrosis is central to the pathology of HF
and uremic cardiomyopathy.** Ample HF treatment
modalities target fibrotic pathways indirectly, but a
specific and clinically effective antifibrotic therapy
remains elusive. Therefore, new approaches are
needed urgently. In the present study, the application
of rhNRG-1B for 10 days resulted in a massive
decrease in the progression of LV fibrosis, expression
of extracellular matrix remodeling genes, and
macrophage infiltration. These results are consistent
with previous findings to show the antifibrotic effects
of NRG-1p via the ErbB4 receptor in macrophages.'” In
addition, previous studies demonstrated the impact
of NRG-1p on macrophages in different models of
CVD.15’44’45
confirmed the causative role of tissue macrophages in
the development of diastolic dysfunction.*®*” In our
present study, at week 10, we found that rhNRG-1f-
treated rats showed significantly less CD68-positive

Recent pioneering studies have

macrophage infiltration in LV tissue, which may
contribute at least partially to the improvement in
diastolic dysfunction.

Moreover, Yin et al*® demonstrated that ErbB3
signaling in myeloid cells could be extrapolated to
responses in cardiac pressure overload. Based on the
Human Protein Atlas, the expression of ErbB3 is
comparable between immune cells and cardiac fibro-
blasts.*® Therefore, we investigated the effects of
rhNRG-1f on the transition from cardiac fibroblast to
myofibroblast via the ErbB3 receptor. We found that
siRNA-ErbB3 (Supplemental Figure 6) or ErbB3 anti-
body administration eliminated the protective effect
of ThNRG-1B in cardiac fibroblasts inferred from the
Col1 and Col3 expressions. In addition, rhNRG-1B
ameliorated the ErbB3 repression in the LV samples
and increased the ErbB3 and ErbB4 expressions in our
CKD model. These findings suggest the causative role
of ErbB3- and ErbB4-mediated signal transduction in
cardiac and/or renal fibrosis and the antifibrotic ef-
fects of NRG-1f.

STUDY LIMITATIONS. We intended to test the thera-
peutic effects of ThNRG-1§ in a rat model of uremic
cardiomyopathy, which represents a limitation of our
study. Significant differences exist in the patho-
mechanisms of experimental and clinical CKD,
comprising the used juvenile inbred rat species, the
absence of atherosclerosis and diabetes mellitus, less

Neuregulin-1B in Uremic Cardiomyopathy

pronounced hypertension, and earlier development
of HF. Notably, female sex could slow down the
progression and severity of CKD and uremic cardio-
myopathy owing to female sex hormonal effects.”*">°
Therefore, only male rats were used in the present
study. Animal models of both sexes with concomitant
comorbidities and advanced aging would be more
suitable to mirror the clinical scenario of CKD in
future studies. In addition, we only measured the
mRNA levels of ErbB2-4 in both kidney and tissue
samples; further studies are warranted to clarify and
measure the protein or phospho-protein expressions
of ErbB2-4 at different stages of CKD. Moreover, there
remain many unknown mechanisms in the develop-
ment of CKD and uremic cardiomyopathy.

CONCLUSIONS

The rhNRG-1f treatment improved uremic cardiomy-
opathy and prevented the progression of renal
dysfunction in association with a marked decline of
circulating uremic toxins in a rat model of CKD.
Therefore, thNRG-1p may represent a novel promising
therapeutic strategy in translational studies aiming to
treat CKD-induced cardiomyopathy in type 4 car-
diorenal syndrome. RhNRG-1 has already been tested
in accomplished clinical trials targeting chronic HF,
and at least 3 studies are recruiting patients for
ongoing studies (https://clinicaltrials.gov). Gao et al*°
reported a moderate but nonsignificant increase of LV
ejection fraction vs placebo in a phase II, randomized,
double-blind, multicenter, placebo-controlled trial.
Jabbour et al®’ used an intravenous infusion of
rhNRG-1f82a isoform for 11 days in their phase I trial
with a favorable improvement of hemodynamic
function, but with adverse side effects detected
already in a very small group of patients. To avoid
further negative clinical trials, we warrant multiple
dose-finding and mechanistic studies in different
preclinical models, including large animals, which
better mimic the clinical setting. Considering the
broad expression of ErbB3 receptor,”” the investiga-
tion of side effects should include multiple organs
and should include animal models demonstrating a
combination of HF with reduced ejection fraction
with typical comorbidities. The activation of ErbB
receptors is implicated in tumor development;
consequently, a standard oncologic screening will be
highly recommended during the design of clinical
trials.”” We would like to emphasize the novel, proof-
of-concept character of our study in uremic cardio-
myopathy, in which a single dose of rhNRG-1B
administered for 10 days improved the cardiac and
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kidney function and paved the route for drug devel-
opment strategies.
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: CKD
is a global health problem affecting 10% to 12% of
the population. Uremic cardiomyopathy is defined by
CKD-associated chronic and often irreversible struc-
tural and functional changes of the heart. It comprises
LVH, diastolic dysfunction, and cardiac fibrosis, ulti-
mately leading to HF (ie, type 4 cardiorenal syn-
drome). Inflammation and dysregulation of
endothelium-derived NRG-1f signaling are known
contributors to HF with different etiologies. Here, we
showed that the daily systemic administration of
rhNRG-1f for 10 days in our rat model of CKD induced
by 5/6 nephrectomy alleviated the progression of
uremic cardiomyopathy and kidney dysfunction.

TRANSLATIONAL OUTLOOK: Our present study

the contents of this paper to disclose.
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identified rhNRG-1p as a novel promising druggable
candidate in the prevention and therapy of uremic
cardiomyopathy and renal dysfunction in type 4 car-
diorenal syndrome. The currently presented positive
preclinical data warrant clinical studies to confirm the
beneficial effects of rhNRG-1p in patients with CKD.
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